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The adsorption kinetics of Triton X-100 and Triton X-405 at
solution/air and solution/hexane interfaces is studied by the recently
developed fast formed drop technique. The dynamic interfacial ten-
sion of Triton X-100 and Triton X-405 solutions against hexane
has been measured without preequilibration of the water and oil
phases. It is found that the dynamic interfacial tension of Triton
X-100 solutions passes through a minimum. This strange behavior
is attributed to partial solubility of the surfactant in hexane. Such
minima of the dynamic interfacial tension of Triton X-405 solutions
have not been observed, which correlates well with the solubilities
of both surfactants in hexane reported in the literature.

The dynamic surface tension of solutions of both surfactants and
the dynamic interfacial tension of Triton X-405 solutions are in-
terpreted by the Ward and Tordai model for diffusion controlled
adsorption. It is shown that proper interpretation of the experi-
mental data depends on the type of isotherm used. More consistent
results are obtained when the Temkin isotherm is used instead of
the Langmuir isotherm.

The results obtained with Triton X-100 at the solution/air in-
terface confirm that the adsorption of this surfactant occurs under
diffusion control. The adsorption of Triton X-405 at solution/air and
at solution/hexane interfaces seems to occur under diffusion con-
trol at short periods of time, but under mixed (diffusion—kinetic)
control at long periods of time. A hypothesis is drawn to explain
this phenomenon by changes in the shape of the large hydrophilic
heads of Triton X-405 molecules.  © 2000 Academic Press
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INTRODUCTION

Polyethylene glycol octylphenyl ethers,4l,,0(C,H40),H,

cially as detergents, emulsifiers, wetting agents, etc. (1-3). T
adsorption from their solutions at water/air and water/oil inter
faces was intensively studied during the last decade (4—-13). Al
of these studies deal with the adsorption kinetics of Triton X-10
(n=10) and Triton X-4051 =40) at a water/air interface (4,
6—11). It is found that the adsorption of these surfactants occt
under diffusion control. However, there are some peculiaritie
of their adsorption properties, which are still not very clear an
some contradictions among published data exist. For instance
is known that the Langmuir adsorption isotherm is operative fc
many nonionic surfactants (14). It can also be applied in the ca
of Triton X-100 and Triton X-405. However, itis found that when
the Langmuir isotherm is used, the results obtained by dynarr
experiments cannot be described in a satisfactory way, while |
the use of the Temkin isotherm they can (4, 7, 11).¢étfial. (6)
found that the Frumkin isotherm describes equilibrium surfac
tension data better than the Langmuir isotherm at low concentt
tions of Triton X-100. They have obtained reasonable values f
the diffusivity D of this surfactant) = 2.6 x 10~6 crré/s) from
dynamic surface tension (DST) data by means of the form
isotherm. Fainermagt al. (9) have studied the adsorption kinet-
ics of six polyethylene glycol octylphenyl ethers witlanging
from 4.5 to 40 (including Triton X-100 and Triton X-405) by
the maximum bubble pressure method. The equilibrium adsor
tionsTI'e of the surfactants studied have been calculated from i
kinetic data at long periods of time by using diffusivity values ir
the range from @ x 107 to 0.95x 10 cn?/s, depending on
the molecular weight of the surfactant. Thgvalues obtained
have been in good agreement with those calculated by mean:
the Langmuir isotherm. The Langmuir model of adsorption als
gave consistentresults in the case of some mixtures of the surf

are biphilic compounds with different numbers of ethoxy group&nts studied (9). Some peculiarities with respect to the adsol
n, incorporated in their molecules. A gradual increase (fay ton kinetics at short and long perlod_s of time have _been pointe
from 1 to several tens) leads to a gradual change in their prop@yt in Ref. (8). The authors have studied the dynamic surface te

ties. They are typical nonionic surfactants widely used comm&on of Triton X-100 and Triton X-405 aqueous solutions by ths
maximum bubble pressure and the inclined plate methods in t

N _ o time range from 0.001 s up to 10 s. They have found that the fz
Present address: CHIMATECH Corp., Surfactants Division, 14 Iskarslgyecrease of the dynamic surface tension at short periods of i
Shosse Blvd., Sofia 1592, Bulgaria. . . . .
2To whom correspondence should be addressed. E-mail: chimatecG@NNot be described in a satisfactory way by means of the diff
mbox.cit.bg. sivity values equal to 88 x 10°® cm?/s and 07 x 10°¢ cné/s
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for Triton X-100 and Triton X-405, respectively, calculated from METHODS
the data at long periods of time. They have concluded that ad-
sorption kinetics at short periods of time is much faster than thatThe experimental setup and the experimental procedure of
at long periods of time. In order to explain this effect, they haJeFD technique were described in detail in our previous wo
proposed a theoretical model based on a hypothesis for the &). Here, we will review briefly the main points. A sketch o
sorption of polyethylene glycol chains (the hydrophilic heads #fe experimental set-up is shown in Fig. 1. One end of a gle
the surfactants) at the solution/air interface at small and medi@apillary with an outer radiuB. = 0.0659 cm is connected to a
values of the surface pressure (i.e., at short and medium perigggervoir of surfactant solution and to a precise pressure tra
of time) and the partial or total submergence of the hydrophilfiicer. A stopcock is mounted in the pipeline not far from th
chains in the water phase at large surface pressures (i.e., at [eagjllary. When the stopcock is closed, the transducer can m
periods of time). This model has been further developed and sgpte the pressure inside the compartment with the capillary. T
ported with kinetic studies performed over a wide temperatu@tput signal of the transducer is amplified and by means of
range (10). The adsorption kinetics of the surfactants conside@stlog-to-digital converter (ADC) is stored in a file on a PC
at solution/oil interfaces is less studied (4, 5, 12). Some of tA&e timet is measured by the PC's clock and is recorded in
published results contradict the findings at the solution/air intdile as well. The capillary is mounted inside the left branch of
face described above. Liggiest al. have studied the dynamic U-shaped vessel partially filled with solution. When the stoy
interfacial tension (DIT) of Triton X-100 solutions against hexcock is open, the solution flows from the reservoir through tt
ane by the so-called expanded drop technique in the time rafg@illary as a jet (Fig. 1a). After several seconds, the stopcocl
from 0.1 s up to 400 s (12). The results have been interpreted @lsed, the flow stops, and the jet breaks off very fast. This m
suming diffusion controlled adsorption by use of the Freundlidhent is taken as the beginning of the adsorption protes$}.
isotherm. The latter is found to be operative for the system stutie small drop remaining at the capillary tip after stopping th
ied (13). The diffusivity calculated in Ref. (12) from the data aow (Fig. 1b) is observed by a long focus microscope, whil
short periods of time is equal to abouttk 10-% cm?/s, while  the pressure inside the drop is measured by the transducer,
that calculated by means of the long time approximation is muth output signal is recorded. The heidfitof the drop and the
greater and equal to®x 1078 cn?/s. These results suggest thaglepth of immersionAz of the capillary in the oil (when the
the adsorption kinetics atlong periods of time is faster than thafiT is studied) are measured by the microscope (Fig. 1b). T
short periods of time. This contradicts the findings of Fainerm&itput voltageJ, of the pressure transducer corresponding to
et al. at the solution/air interface (8). flat solution/air surface at the capillary tip is determined befol
In our previous work, we have developed the so-called fa¥easurements are made as described previously (15). The L
formed drop (FFD) technique (15). There, we have demofid the DIT are calculated by the equation
strated the applicability of this technique for well-reproducible
mea§urements of the.dynamic surfac_:e and interfaciql tension P(t) = 2‘7_(0 _ Q[U(t) — Ug] — ApgAz, [1]
of Triton X-100 and Triton X-405 solutions at constant interfa- R ou

cial area in the time domain from 50 ms up to several minutes,

The results obtained were compared with those measuredvﬂqfrePC(t)’ U(t), ando (t) are the capillary pressure, the outpu

the static drop weight method but were not quantitatively intef?'129¢€ of the transducer, and the dynamic surface (interfaci

- : D 2 D2 ; ]
preted. The present work aims to interpret kinetic data obtaintfiSion at timé, respectivelyR=(H* + Rg)/(2H) is the ra
j,IS of the spherical drop attached at the capillary tip (Fig. 1k

at solution/air and solution/hexane interfaces and (if possible} he diff b he densiti fthe drop liquid
to clarify some of the contradictions pointed out above. For thay 'S the difference between the densities of the drop liquid a

purpose, some additional measurements of the dynamic surfitesSurrounding fluidg is the acceleration of gravity; arf: is
and interfacial tension of Triton X-100 and Triton X-405 solu'Ehe out_er radius of the capillary tip. The first term on the right
tions are made. The experimental data are interpreted by meA@Qd side of Eq. [1] is the pressure measured by the transdu

of the Langmuir isotherm and by the Temkin isotherm, and tH&ile the second term is the hydrostatic pressure due to imm
results obtained are compared. sion of the capillary in the oil phase. The constam/oU =

450 dyn/cm per volt was preliminarily determined by experi-
ments with pure water (15).

MATERIALS Some measurements of the DST of Triton solutions have be

made by the static drop weight method as described in our p
The surfactants used in the present study were Triton X-10@us work (15).

and Triton X-405, both purchased from Serva and used with-All experiments were performed at room temperaturé @4
out further purification. The DIT measurements were performed
with n-hexane (Aldrich, 99% purity). The water phase was not RESULTS
preliminarily saturated with oil in these experiments and vice
versa. Deaerated water, prepared as described previously (15T,he DST of Triton X-100 and Triton X-405 solutions are plot
was used in all experiments. ted in Figs. 2 and 3, respectively. The data obtained by the FI
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FIG. 1. Sketch of the experimental setup (a) and close-up of the capillary tip (b).

technique (solid figures) are collected from at least four runsThe dynamic interfacial tension of Triton X-100 and Triton
at each surfactant concentration and confirm the good repke405 solutions againgt-hexane are plotted in Figs. 4 and 5,
ducibility of the measurements. The data measured by the staéispectively. A well-pronounced minimum in the DIT of the
drop weight method (empty figures) are also shown in Figs.n2ost concentrated Triton X-100 solution (curve 5a in Fig. 4) i
and 3 for comparison. The discrepancies observed between 8€n. In order to checkiif this behavior is due to surfactant trans
at short periods of time can be attributed to the greater initial aidem the solution into the oil phase, we have measured the D
sorption of the surfactants in the static drop weight experimertdfthe same solution, but after preequilibration with hexane f
compared to that in the FFD measurements (15). a certain time. The DIT of the preequilibrated system for 15
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FIG. 2. Dynamic surface tension of Triton X-100 solutions measured by FIG. 3. Dynamic surface tension of Triton X-405 solutions measured b
the FFD technique (solid figures) and by the static drop weight method (empie FFD technique (solid figures) and by the static drop weight method (emy
figures) at concentrations<(.0® mol cm~3) equal to 1.0 (1); 2.58 (X7); 5.0 figures) at concentrations<(0° mol cni~3) equal to 1.25@); 1.75 Q); 2.5
(3,4); 7.5 (4,V); 23.25 (5); 31.0 (6); and 62.0 (7). The dashed line shows tH@, 0); 5.0 (A, A);and 7.6 ). The dashed line shows the lower limit of validity
lower limit of validity of Egs. [6] and [7]. of Egs. [6] and [7].
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AL HereI'(t) is the surfactant adsorption at tirnd™(0) is the initial
adsorptionD is the diffusivity,ce is the surfactant concentration
in the bulk far from the interfaceg is the subsurface concen-
tration, andt is a dummy variable. The initial adsorptiéi{0)
is assumed to be equal to zero in the original work of Ward at
Tordai (16), but we will keep this term in our considerations
Equation [2] withT"(0)# 0 is sometimes called the modified
Ward and Tordai equation (4, 5). Strictly speaking, Eq. [2] |
for the case of diffusion toward a plane interface, whereas
our experiments the interface is curved. However, the diffusic
process occurs in a very thin layer, whose thickness is mu
P T e Y S PP smaller than the drop radius. That is why Eq. [2] can also |
time (s) used in our case. In order to avoid integration, approximate <

FIG. 4. Dynamic interfacial tension of Triton X-100 solutions against hexl-thlons Of. Eq. [2] at _Iong or at Short.pe”Ods of time are usuall

ane measured by the FFD technique at concentratiof6®(mol cm3) equal used for interpretation of the experimental data.

to 1.0 (1); 2.58 (2); 5.0 (3); 7.5 (4): 23.25 (5a, 5b) without preequilibration of Following the approach of Joes al. (17, 18), i.e., assuming

oil and water phases (1-5a) and after 15 h of preequilibration of the phases (8hatcs = const. at long periods of time, Eq. [2] can be easily in
tegrated and a long time approximated solution can be obtain
The solution derived by Joet al. (17, 18) has been comparec

is lower, and the minimum is hardly visible (curve 5b in Fig. 4)with other approximate solutions in Ref. (19), where its reliabi

This is not the case with Triton X-405 solutions, where neithetly for interpretation of the kinetic data at long periods of time

minima nor a significant effect of preequilibration of the phasés discussed. Taking into account the Gibbs equation

is observed (see Fig. 5).

50

40}

DIT {dyn cm™)

20

1 do
Fe=—"RTdl o [3]
DISCUSSION RyT dInce
Theoretical Considerations after integration of Eq. [2], we obtain

The data measured by the FFD technique are obtained at a FO)\R,TI2 [7 1
constantinterfacial area. Hence the Ward and Tordai equation for o(t) =0+ (1 - ) € \/j— (4]
diffusion controlled adsorption (16) can be applied to interpret Ie 2Ce DVt
the results. It reads

Hereoe andT¢ are the equilibrium surface (interfacial) tensior
D (Vi and the equilibrium adsorption, respectiveRy; is the gas con-
I'(t) = I'(0)+ 2\/if [Ce — Cs(t — £)] d\/g. [2] stant, and istemperature. Since we kdpt0) # 0, our solution
T Jo (i.e., Eq. [4]) differs from that of Joast al. (17, 18) by the term
1—T'(0)/ T'e. Hence, the slope of the line= o (t~%/?) defined
by Eq. [4] depends also on the initial adsorption. A gre&i@)

S |eads to a smaller slope. The equilibrium surface tension c
50| be obtained from the intercept of the linear ploversust —/2,
while the surfactant diffusivityD can be calculated from the
~ 45F slope if ' andT"(0) are known. Disregarding(0) in Eq. [4]
E 40| will lead to some overestimation @f in these calculations. The
£ initial adsorption can be obtained from the data at short perio
2 35| of time (see below).
E 30 At short periods of time, whea, < ¢, EQ. [2] reduces to
25}
I'(t)=r0)+ 2ce\/§ﬁ. [5]
20 L T
101 100 10t 102
time (s) Hence, the diffusivityD and the initial adsorptioir(0) can be

. . . . . . obtained from the slope and the intercept of the linear plot
FIG.5. Dynamic interfacial tension of Triton X-405 solutions against hex- t1/2_ Surfactant ad tioR (t b lculated f th
ane measured by the FFD technigue at concentratioh&*(mol cni-3) equal Vs - Surfactant adsorptiofi(t) can be calculated from the

to 1.25 0), 2.5 @), and 5.0 {\, A) without preequilibration of oil and water measured DST \{aluedt) by means of the adsorption isotherm
phases®, O, A) and after 15 h of preequilibration of the phasas.( if a local equilibrium between the surface and the subsurface
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t >0 is assumed. Very often a linear relationship betwEen The constantl’,, can be obtained from the fit of the equilib-
andcs is assumed (the Henry isotherm) for interpretation of thium surface tension data versus surfactant concentration
data at short periods of time. This means that the adsorptimeans of Eq. [11]. There is not a commonly accepted type
layer behaves like an ideal two-dimensional gas accordingismtherm for Triton X-100 and Triton X-405, as we pointed ou
the equation in the introductory section of the present work. In order to chec
the importance of the type of isotherm for the interpretation c
Ao =09—o0 = RyTT, [6] the experimental data, we also used the Temkin isotherm. T

latter reads

where Ao is the surface pressure ang is the surface (inter-
facial) tension of the pure solvent. The substitution of Eq. [5] 0 = 0o — al'g, [12]
(with '(0)=0) in Eq. [6] yields

wherea is a constant. When coupled with Eq. [3], it gives (4)

D
Ao (t) = 2RgT G,/ — 1. [7] RyT k1
Fe=——1I — 13
T e= 5, INCe+ NG [13]
Usually, Eq. [7] is used without any analysis of its range of va-
lidity. To do such an analysis, let us take the Langmuir isotherfd
which reads T )
Oe = 00 — <§gwlnce+k1> , [14]

wherek; is another constant. The Temkin isotherm has a disa
Herel ., is the saturation adsorption, aads called a Langmuir vantage that it does not predict ideal behavior of the adsorpti
constant. It is known that the Langmuir isotherm reduces to thayer at small surface pressures (see Eq. [6]), as the Langm
linear Henry isotherm under conditianfa <« 1. Thusc/a can isotherm does. However, the above analysis showed that m
be neglected in the denominator of Eq. [8]. To do so, one cahour experimental data are out of the range of ideal behavi
assume that/a < 0.1. Hencel™ < 0.1T . After substitution of of the adsorption layer. Hence, the Temkin isotherm can be us
the latter condition in Eq. [6], we obtain the following criteriorfor the interpretation of our data.

r—r,-2 (8]
1+c/a

for the validity of Eq. [7]: Based on the above considerations, we can apply the f
lowing consecutive steps for the interpretation of the result
o(t) > 00— 0.1Rg T s [9] (i) determination of the equilibrium surface (interfacial) tensiol

oe and the slop@o /3 (t~/?) according to Eq. [4] at long periods

It is found out that in the particular case of Triton X-100 an@f ime; (ii) determination of the constant;, a, «, ki) of the
Triton X-405, T, is equal to 33 x 10-° mol/cn? and 14 x ~ adsorption isotherms from the fits @f versusce dependencies

10-1° mol/cr?, respectively (9). Hence, Eq. [7] can be applied ipy means of Egs. [11] _and [14]; (iii) calculation B(t) from the _
o (t) > 0o — 0.8in the case of Triton X-100 anddf(t) > oo — 0.3 measured DST by using Egs. [10] and [;2] and det.erm|nat|(
in the case of Triton X-405. The calculated limiting values of théf '(0) andD accordl?g to Eq. [5]; and (iv) calculation &
DST are shown in Figs. 2 and 3 (dashed lines). Obviously, E§2M the slopelo/d(t=/%) at long periods of time by using the
[7] cannot be used for interpretation of our data because the Difial adsorptionI’(0) obtained and". calculated by Egs. [8]
of the solutions studied are out of the range of validity of Eq&nd [13]inthe case of the Langmuir or Temkinisotherm, respe
[6] and [7] (except the most dilute solutions). That is why E !vely. Flnall)_/, thg diffusivity values obtained by short and long
[5] has to be used together with some nonlinear isotherm (e §Te approximations can be compared to each other and to |

the Langmuir isotherm). Equation [8] coupled with Eq. [3] give§XPected valu®expec: The latter can be estimated by mean
of the Stokes-Einstein equation as described elsewhere (

a0 — O 21). We obtaineMexpect= 3.5 x 106 cm?/s for Triton X-100
RyTT )} [10] (MW =647, d3°=1.07 g/cn?) and Dexpect= 2.4 x 1078 cn?/s
* for Triton X-405 (MW= 1967, d?°=1.10 g/cn?).

I' =T [1 - exp(—

and Interpretation of the Results

The DST of the solutions studied measured by the FFD tec
nigue and by the static drop weight method are plotted vers
t~¥2 in Figs. 6 and 7. As expected, the DST of the three mo
The adsorptior™(t) can be calculated from the DST data byoncentrated Triton X-100 solutions tend to the samgalue
Eqg. [10]. Then Eq. [5] can be applied at short periods of timbecause their concentrations are above the CMC (4, 6). Althou

06 = 00— RyTTw In<1+ g) [11]



ADSORPTION KINETICS OF POLYETHYLENE GLYCOL ETHERS 151

60| -
50|
E -
S § 40
s s |
[ = a0
0 ©
a
20 |-
A A
25 L L L 1 L 10 H'\-B S llluw-7 PR 11\»\”-6 I .‘....|-5
0.0 0.2 0.4 0.6 0.8 1.0 1.2 10 10 10 10
112 (g172) ¢, (mol cm?)
FIG. 6. Dynamic surface tension of Triton X-100 solutions versu¥?. FIG.8. Extrapolated to infinite time DST (circles and boxes) and DIT (tri-
Notations are the same as in Fig. 2. angles) values of Triton X-100 (boxes) and Triton X-405 (circles and triangle

solutions obtained by the FFD technique (solid figures), the static drop weig
method (O, O), the maximum bubble pressure method in Ref. (32) %),

the DST measured by the static drop weight method is smalfgf by the Wilhelmy plate method in Ref. (38)). The lines are the best fits
than that measured by the FFD technique at short periods§§erding to Eq. [14] (solid lines) and Eq. [11] (dashed lines).
time, they practically tend to the same value at long periods

of time. It is eas_ily seen (especially in Fig. 7) that the slop&gysug/2 in the case of Temkin isotherm are shown in Figs.
90 /(t™*/?) obtained by the former method are smaller thaghq 10, Similar curves were obtained in the case of the Langm
that obtained by the FFD technique. In view of Eq. [4], the lattegqinerm. Indeed, a linear relationship betw&eandt /2 exists
fact is in accordance with our previous conclusion for greatgf short periods of time. The initial adsorptib(0) is not equal
initial adsorption in the static drop weight method in compaty zer0. This seems reasonable because a completely surfact
iso'n 'Fo'the. FFD technique (15). Thg extrapolated DST valugge surface can hardly exist in these experiments.IT0§/ e

at infinite time (the intercepts) obtained by both methods agges were used for calculation of the diffusivity from the slope
plotted as a function of surfactant concentration in Fig. 8, whegg/a(tfl/z) obtained at long periods of time. The results ok
the data of Fainermaet al. (9) obtained by the MBPM are alsoqined at long and short periods of time by means of Egs. [4] a
presented for comparison. Very good agreement is seen in E@F respectively, are summarized in Table 2, where the valu
results, althqugh they have been obtained by different methoggtained by using the Langmuir isotherm are given in pare
_ The equilibrium surface tension values obtained by us &fgses. In general, the diffusivities of Triton X-100 obtained a
fitted with Egs. [11] and [14] (see the lines in Fig. 8). The pgpasonable and confirm the conclusion of others that the ¢
rameters of the best fits are summarized in Table 1. The eqyiption of this surfactant occurs under diffusion control (4, 6

librium adsorption was calculated by Eqgs. [8] or [13], whereagy) The diffusivities obtained by the Temkin isotherm are mol
Egs. [10] and [12] were used for calculation of the surfactant

adsorptionl’(t) from measured DST data. The plotsof I'e

1.0
0.9}
0.8 |-
0.7 |-
0.6 |-
0.5
0.4
0.3 Y%
0.2
01 |

0'00 1 2 3 4 5 6 7 8 9 10
| . L L /2 (81/2)
0.0 041 02 03 04 05 06 07 038
172 (g112) FIG. 9. Surfactant adsorption at solution/air interface calculated from tt
DST of Triton X-100 solutions by means of the Temkin isotherm at concentr
FIG. 7. Dynamic surface tension of Triton X-405 solutions versuk2.  tions (x10° mol cm~3) equal to 1.0 (1), 2.58 (2), 5.0 (3), and 7.5 (4) versd&
Notations are the same as in Fig. 3. The lines are drawn according to Eq. [5].

/T,

DST (dyn cm™)
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TABLE 1
Parameters of the Adsorption Isotherms
System amol cm 3 oo x 1010 mol cm2 a x 10721 dyn cn? mol—2 ki dynt/2 cm~1/2
Triton X-100/air 1488x 1079 3.414 0.248 18.64
Triton X-405/air 5039x 10712 0.691 3.101 7.69
Triton X-405/hexane P75x 10714 0.792 4.780 8.39

consistent and closer to the expected value. 553106 cn/s  the drop, thus equalizing the surfactant concentration just aff
than those obtained by the Langmuir isotherm. The diffusivétopping the flow and helping in better matching of the initia
ties of Triton X-100 obtained by short-time approximation witigondition of the Ward and Tordai equatiory(0) = ce). Some
the Temkin isotherm practically coincide with those obtained agceleration of adsorption due to agitation at very short pe
long periods of time. This is not the case with Triton X-4050ds of time cannot be excluded since the initial adsorption
Its diffusivity obtained at long periods of time is more than siRur experiments is not found equal to zero (Table 2). Howeve
times lower than that at short periods of time, irrespective of titee turbulence should disappear very fast in comparison to t
isotherm used. The average diffusivity obtained at short perio@¢olution of the concentration profile inside the drop, becau
of time by the Temkin isotherm is close to the expected valtiee Schmidt number§c= v/D ~ 10%, wherev is the kinematic
2.4 x 1078 cn?/s, whereas that obtained at long periods of timé@scosity) is very large. That is why the turbulence should hax
seems too small. Our results suggest that in contrast with Tritarminor or no effect on the diffusion at periods of time longe
X-100, the adsorption of Triton X-405 is retarded at long perthan 40-50 ms after formation of the drop. The same is true f
ods of time. One can conclude that at long periods of time tkiee shock wave caused by the inertial effect. Since we ignore t
adsorption of Triton X-405 is not purely diffusion controlleddata collected during first 40-50 ms of the measurements (
but some barrier contribution exists. A similar conclusion hdgef. (15)), both effects considered do not significantly affect tr
been reached in Ref. (5). interpretation of the results obtained by the FFD technique.
The above analysis needs some comments related to the agts we have already pointed out, the Ward and Tordai equ
plicability of Eq. [2] and to some hydrodynamic effects dugon (Eq. [2]) can be applied to curved interfaces if the dept
to the fast method of drop formation. Indeed, switching frorf the diffusion layer = I'e/c. is negligible in comparison to
the dynamic (jet) regime to the static (drop) regime by cloghe radius of curvatur®. The latter requirement is satisfied if
ing the stopcock (Fig. 1) causes (i) a hydrodynamic shock (§8€ inequalitys/R < 0.1 is fulfilled. It can be verified that this
called “water hammer”) due to the inertial effect and probabipequality is valid for all Triton X-405 solutions studied by the
(ii) some turbulence inside the drop. Both effects operate f6FD techniqueR> R;, see Table 2). Hence, the use of Eq. [2
a very short period of time just after stopping the flaw=(0). should not lead to any significant error in the results obtaine
The shock wave causes some high-frequency pressure osciif-Triton X-405. The following values o8/R; are obtained:
tions that damp within 30—-50 ms (see Ref. (15), Fig. 2c¢). The
turbulence may cause a vigorous agitation of the solution inside TABLE 2

Results Obtained from the DST and DIT at Short (Eg. [5]) and
Long (Eq. [4]) Periods of Time

1.0
0.9 cx 108 e x 100 D x 10° (cn? s71)
0.8 mol cr3 mol cn2 I'(0)/Te Eq. [5] Eq. [4]
0.7 | Triton X-100/air
sl 1.00 2.661 (2.972) 0.155(0.018) 5.2(10.3) 5.5(11.6)
e 2.58 3.132(3.228) 0.163(0.032) 4.9 (12.1) 4.8(7.2)
= 05] 5.00 3.462(3.315) 0.176 (0.086) 4.9 (11.4) 3.7 (3.9)
04| 4 7.50 3.664(3.348) 0.191(0.144) 3.8(8.0) 3.2(2.5)
03l / Triton X-405/air
/ ; 1.25 0.656 (0.691)  0.017 (0.000) 3.6 (11.4) 0.6(0.8)
02y / 2.50 0.684 (0.691) 0.107 (0.155) 2.1(8.5) 0.3(0.3)
01 . 5.00 0712 (0.691) 0.154 (0.401) 1.5(3.3) 0.2(0.1)
0.0 & . . . . . Triton X-405/hexane
0.0 0.5 1.0 15 2.0 25 3.0 1.25 0.743(0.792)  0.000 (0.000) 5.8(24.3) 0.5 (0.6)
f12 (gV72) 2.50 0.761(0.792) 0.048 (0.165) 4.8 (24.6) 0.5 (0.5)
5.00 0.779 (0.792)  0.060(0.280) 4.0(13.1) 0.4(0.2)

FIG. 10. The same as in Fig. 9 in the case of Triton X-405 solutions at
concentrationsx 108 mol cm3) equal to 1.25 (1), 2.5 (2) and 5.0 (3). 2The values in parentheses are obtained by the Langmuir isotherm.
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0.40, 0.18, 0.11, and 0.08 in the case of Triton X-100 solution 50

Hence, some influence of the curvature on the results for Tritc

X-100 solutions at concentrationsx11078, 2.58 x 1078, and

5 x 1078 mol/cm?® should be expected. The effect of the curva—~

ture on the adsorption in the case of an outer diffusion proble §

(the surfactant is outside the drop) has been studied in Ref. ( €

It has been shown that the curvature effect is negligible at shc2

periods of time (< 62/ D) even at large values éf R. At long E

periods of time, however, curvature has a significant effect ¢

dynamic adsorption. The latter is greater than the adsorptit 10 ‘m

at a plane interface in the case of an outer diffusion probler T % 5b

Our experiments correspond to an inner diffusion problem (tt 00 01 02 03 04 05 06 07 08 09 1.0

surfactant is inside the drop), and some slowing down of tr 172 (g172)

adsorption process in comparison to the adsorption on a plane

interface at long periods of time should be expected. Hence',:IG'll' _Ili)ynamicinterf_acialtension_quriton X—lOOsqutions againsthex
e . ané versus~Y2. The experimental conditions are the same as in Fig. 4.

the diffusivity values obtained by means of Eq. [2] at long pe-

riods of time should be smaller than those at short periods of

time in the case of diluted Triton X-100 solutions. AIthoughﬁeously fulfilled: (i) the surfactant is soluble in both phase:

this is true for some of the Triton X-100 solutions studied (s . .

. i),the two phases are not preequilibrated with respect to t
Table 2), a more profound analysis of the results suggests that

. e surfactant, and (iii) the volume of the surfactant-free phase
the observed differences between diffusivity values at short an o ,
. : much greater than the volume of the phase containing surf:
long periods of time are hardly due to the curvature effect. In- . . -
: . -~ tant. The same authors have determined the partition coefficie
deed, the influence of the curvature should increase with the

increase i/ R;. However, our results exhibit just the opposites of Triton X-100 and Triton X-405 in a water/hexane syster

tendency. The difference betweénat short and long periodse.(\rzriA%nT;i%;Olfl_nht”\/:lg'rﬁg I)?rtr;rer If&;ﬁ?%iﬁ?@ ;&:{'thgrs 0
of time is largest for 5< 10~8 mol/cn? Triton X-100 solution ' P ’

(6/R.—0.11). but absent for & 10-8 mol/cn?® Triton X-100 times greater than the volume of the solution (the drop pha:

solution §/R. = 0.4). Comparison of the data measured by tr;iour experiments. Hence, the above conditions are fulfilled

FFD technique with those measured by the static drop wei ! ? case of Triton X-100, and minima of the DIT are observe

. . L e absence of such minima in solutions of low concentratic
method gives other evidence for the negligible influence of cur- . )
IS garobably due to the restricted duration of measurements.

vature on the results obtained by the former method. The rad&'eed the minimum of the DIT should a later at a |
of curvature estimated from the volume of the detached dropsin .’ . ppear fater at a low
. . . surfactant concentration (23). Our results with Triton X-100 ce
static drop weight measurements is larger than 0.27 cm becauyse .. .. : . . ,
a wide capillary was used in these experiments (see Ref. (la$ _g:alrlftsél(\a/e:qyainggllr;i((j:;nethea?_z(i) wi;’\{ﬁg afeizr:]fén slfgr?] (2.‘
Hence, we obtaini/R=0.04« 1 for 258 x 108 mol/cm® massl:ransfer i quatl P Y w
Triton X-100 solution, whileS/R is equal to 0.18 for the same
solution in the FFD measurements. Although a large difference ar . ]
betweerd/R values exists, DST measured by both methods coin- dat - Jw = I
cides in a whole studied time range (see Figs. 2 and 6, curve 2).
One can conclude that the curvature of the interface does mdtere j, and j, are the surfactant fluxes in the water an
significantly affect the results obtained with both surfactants lrexane phase, respectively. Roughly,~ (Cew — Csw) and jn ~
our experiments. The large differences observed between diffGenh — Csn) = Csh, because&en < csh (subscripts “w” and “h” de-
sivity values of Triton X-405 at short and long periods of tim@ote the water and hexane phases, respectively). In the be
are not due to the curvature effect, but to some other reasonswag (at short periods of time), subsurface concentrations in bc
will discuss later. phasescs, andcsy, are very small, and,, is greater thanjy;
The minima of the DIT of Triton X-100 solutions observedience @' /dt > 0. The adsorptioi” increases (DIT decreases)
in Fig. 4 are more easily visible in Fig. 11, where the DIT igvith time. This leads to an increase jnpdue to an increase in
plotted versus—%2. It is seen that the slopes of the curves argy, and to a decrease if, because,,, decreases from exhaus-
negative at long periods of time, except for the first two less cotien of the surfactant in the drop phase. At a certain momer
centrated solutions. Minima of DIT of some nonionic surfactarjt, becomes equal t@,, andI’ reaches a maximum (the DIT is
solutions under similar experimental conditions have alreadyminimum). After that, prevails overj,,, and the adsorption
been reported by other researchers (22, 23). They have provdgtreases (the DIT increases). The quantitative interpretatior
both experimentally and theoretically, that a minimum in thiéhe results involves numerical computations and could be do
DIT can be observed if the following conditions are simultasimilarly to Ref. (23).

40 |-
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We already pointed out in the previous section that neithe short times (small 7) Jong times (large I)
minima nor a significant effect of preequilibration of the phase air air
is observed in the Triton X-405/hexane system (see Fig. £ S Z (oil) 5 l K S K {oil
These results suggest that the partition coefficient of Triton @& @ Yoy
405 is not large enough to affect significantly the DIT of the =7 ‘ =~

Triton X-405 in hexane, we have processed the DIT data in t
same way as in the case of a solution/air interface. The DIT ve
sust~%/? is plotted in Fig. 12. The extrapolated DIT values a
infinite time are compared with the equilibrium data obtained b
van Hunsel (4) in Fig. 8. Since perfect agreement exists betwec.. @) (b)

both sets of data, we have fitted the data all together by Eqs. [11§iG.13. Shape of the hydrophilic polyoxyethylene heads of the surfactan
or [14]. The parameters obtained are shown in the last row aykhort (a) and long (b) times (see the text).

Table 1. We used them for further calculations. The results ob-

tained by means of Eqgs. [4] and [5] (i.e., the short and long time

approximations, respectively) are summarized in Table 2. T
same discrepancy between the valuedoét short and long

solution @%i i ]@ solution
solutions studied. Neglecting the possible small solubility ¢ sg % ) "

Bgr of EO units (27, 28). Based on the above, we can draw t
. X ) . . 2 following hypothesis. At short periods of time, Triton X-405
perlods of time is observed as in the case of the SOlm'onl?ﬁrolecuIes adsorb at the interface in the form they have in tl
interface. . . bylk (i.e., a small hydrophobic tail connected to a large ball-lik

Our results suggest that a difference exists between the ﬁaélrophilic coil) because there is enough empty space at t

sorption kinetic§ of Triton X-100 and that_of T_riton X-405. _Thﬁnterface (Fig. 13a). That is why the rate of adsorption depen
adsorption of Triton X-100 occurs under diffusion control W'th"?nainly on the diffusion of the molecules from the bulk to the

the whole time range S.IUd'?d' However, the adsorpnon of T”t%r&bsurface. The adsorption layer becomes more dense at |
X-405 occurs under diffusion control at short periods of tim

eperiods of time. Then there is not enough space for the adso

vyhdereafst_somethadsgrptlon parrlﬁr see:[mstto zfapr:jear att '0”% [t of surfactant molecules with large ball-like heads. Furthe
riods ot ime, thus decreasing he net rate ot adsorption. asorption is possible only after some rearrangement of the |
latter phenomenon is observed at both the solution/air and h ts in the heads. Thus their shape changes to an ellipsoid el
solution/hexane interfaces. Since both surfactants have the s £.d normal to the interface direction (Fig. 13b). The energ

hydrophobic tail, the explanation of the observed difference ;
probably hidden in the difference between their hydrophil eded for such a rearrangement is recovered due to transfe

. : e hydrophobic tail from the polar (water) to the nonpolar pha:
h;ajrgsE.(I)nde.(tad,ljhe hy.?TOPh"'Ch headt oft;ntotnh X;]4OE:j C???'fgir or oil). Since the change of the head shape needs some ti
0 units. mence 1t 1s much greater than the head ot TR, q p4te of adsorption decreases at long periods of time. St
X-100 (10 EO units). There is evidence that the ponoxyeth)é- rearrangement of the EO units in the heads of Triton X-1(

lene chains OT sgrfactants with Iarge ”“mber of EO umts ex\%olecules is more difficult, or if it exists, the effect should be les
as random coils in the bulk of solution as in the adsorption lay;

fonounced because of the smaller number of EO groups. M
(25-28). The size of the coils increases with an increasing nu group

udies are needed to confirm or to reject the above hypothes

CONCLUSIONS

40
38 | The fast formed drop technique is a powerful tool for studyin
36 the adsorption kinetics of surfactants at solution/air and sol
’.{E‘ 34 tion/oil interfaces in the time domain from 50 ms up to sever:
G 32/ minutes. The experimental data obtained by this technique ¢
% 30} be easily interpreted by the Ward and Tordai model in the ca
= o8l of diffusion controlled adsorption.
G o6 The results obtained with Triton X-100 at the solution/air in
o4t terface confirm that the adsorption of this surfactant occurs unc
50 diffusion control. The adsorption of Triton X-405 at solution/ait

20 J . l \ ‘ . | and at solution/hexane interfaces seems to occur under diffus

0.0 01 02 03 04 05 06 07 controlatsmall surface coverage (short periods of time), butu

12 (g1/2) der mixed (diffusion—kinetic) control at large surface coverag

FIG.12. Dynamic interfacial tension of Triton X-405 solutions againsthex(Iong perl_ods of tlme)' This phenomenon IS p_rObably relate(_j |

ane versus~/2 at concentrationsx168 mol cm3) equal to 1.25 (1), 2.5 (2), changes in the shape of the large hydrophilic heads of Tritc
and 5.0 (3). X-405 molecules.
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