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The time dependence of differential capacity and that of polarographic current were observed to elucidate
the adsorption behavior of Triton X. The adsorption showed a relatively ideal system of the diffusion-controlled
type in which semi-infinite linear diffusion was assumed. The results from the two different observations agreed
approximately. The Koryta equation was applied to obtain the maximum surface concentration I",, of Triton
X in the adsorption of the monolayer. log I',, decreased linearly with increasing log A (mean molecular weight),
the slope being ca. —1. In the case of high bulk concentration, the adsorption showed unusual phenomena con-
sidered to be caused by the formation of a multi-layer which tended to become marked with the decrease of i7.
The inhibition effect of Triton X on reduction current revealed approximately the same tendency regardless of
cations Cd?+ and Cu2?t. Though the dependence of inhibitive action on M was relatively small, the degree of
inhibition became somewhat small with increasing M in contrast to the cases of PVP and PEG. The shape of
instantaneous ¢ vs. ¢ curve was approximately elucidated by Matsuda’s treatment of the system where the limiting
current was depressed by diffusion-controlled adsorption. The i-¢ curve revealed that the degree of inhibition

scarcely increases until attainment of a certain high coverage when a sharp increase takes place.

The adsorption of water-soluble polymer at the
mercury/solution interface is mainly controlled by dif-
fusion. The behavior is approximately explained by
means of the Koryta equation,? as shown in the cases
of polyvinylpyrrolidone (PVP)? and polyethyleneglycol
(PEG).®» Triton X (alkylphenoxy polyethoxy eth-
anols)? is often used as a suppressor of the maximum
wave in polarography. We examined its interfacial
behavior by means of measurements of differential
capacity and instantaneous current.

Schmid and Reilley® showed instantaneous current
vs. time curves classified into three extreme -cases.
The current-time curve depressed by Triton X is a
typical example of diffusion-controlled adsorption.
Barradas and Kimmerle®? examined the maximum
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surface concentration I'y of Triton X by means of
two methods; measurement of suppression of the oxygen
maximum wave® and that of the potential dependence
of interfacial tension.”? The disagreement between
I' ’s obtained by the two methods seems to result
from the formation of a multi-layer. In the present
investigation, the formation of a monolayer was con-
sidered primarily, the formation of a multi-layer being
also taken into account.

Experimental

A DME (dropping mercury electrode) was used as a test
electrode. Its drop time was about 12's for the measure-
ments of differential capacity and instantaneous current, and
about 3—4s for the polarographic measurements. The
counter electrode was a cylindrical platinum net with a
sufficiently large surface. All potentials were referred to the
saturated calomel electrode (SCE).

The differential capacity at the mercury/solution interface
was measured with a transformer impedance bridge of 1 kHz
whose input was kept less than 10 mVp_p. A series equi-
valent circuit with resistance and capacitance was used for
the bridge measurement.

The instantaneous current vs. time curves were determined
from the 7R drop observed with a recorder or an oscilloscope
in parallel with 2k{) resistance which was connected in series
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with the DME and the polarization circuit.

Triton X-45, X-100, X-205, and X-405 (Rohm and Haas)
were used without further purification, their degrees of
polymerization for ethylene oxide groups being 5 (M=430),
9—10 (M=600—650), 20 (M=1100), and 40 (M=2000),
respectively. Solutions were prepared from guaranteed re-
agent and triply-distilled water. All experiments were con-
ducted in an atmosphere of purified nitrogen at 25°C in IN
sulfuric acid.

Results and Discussion

Dependence of Differential Capacity on Potential (C-E
Curuves). Figures 1-(a) and (b) show the C-E
curves of Triton X-45 and X-405 at adsorption time
of 5s. The anodic peaks due to adsorption or
desorption were observed at ca. 0—0.1 V. No cathodic
peak was observed. The adsorption or desorption
peaks become large with the increase in bulk concen-
tration. The potential dependence of the peak is seen
to some extent except for the case of Triton X-405.
Since the differential capacity decreases with the in-
crease of Triton X concentration in a more cathodic
potential than an anodic peak, adsorption occurs in
this range.
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Fig. 1. The differential capacity vs. potential curves.
25 °C, adsorption time of 5s, (a) IN aqueous sulfuric acid
+Triton X-45 (solid line: 0 mg/l, O: 10 mg/l, A\: 20 mg/l,
@: 60 mg/l, x: 200 mg(l), (b) IN aqueous sulfuric acid
+Triton X-405 (solid line: 0 mg/l, O: 10 mg/l, A: 20 mg/l,
@: 40 mg/l, x : 100 mg/l).

In the case of high bulk concentration of Triton
X-45, the differential capacity ascends gradually as the
potential becomes more cathodic and finally becomes
constant independent of potential. The ascent at the
cathodic potential can hardly be ascribed to adsorption
or desorption but rather to the formation of a multi-
layer of Triton X as stated by Barradas,” since the
capacity after the ascent attains a constant value lower
than that in the blank solution in a relatively wide
range of potential. However, the ascent of differential
capacity is scarcely seen in the case of Triton X-405.

Since it becomes marked with decreasing M in the
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cathodic potential, it might be more easy for Triton
X of low M to form the multi-layer.

Dependence of Differential Capacity on Adsorption Time.
The differential capacity vs. time curve was measured
at —0.6 V where the adsorption always attains equi-
librium or saturation to form the monolayer. Figures
2-(a) and (b) show the C-t¥/2 relations of Triton X-45
and X-405, which indicate that the adsorption of
Triton X is controlled by diffusion in a relatively low
bulk concentration in the same way as in the cases of
organic polymers.2:3)
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Fig.2. The differential capacity vs. square root of time curves.
25°C, —0.6 V, (a) I~ sulfuric acid solution-}Triton X-45,
(b) I~ sulfuric acid solution-Triton X-405.

In the limiting case controlled by linear diffusion,
the following relation (1)® can be derived from the
Koryta equation? with the Frumkin parallel condenser
model.”

C = Gy — 0.736(Cy— C.)DV2T" . "1atV/? for t<t, (1)

where G, and C; are unit area capacities (uF/cm?) for
6 (coverage)=0 and 0=1, a the bulk concentration
(mol/cm3), D the diffusion coefficient (cm?/sec), ¢ the
adsorption time (sec), f, the time required to attain
the saturated adsorption to form the monolayer and
I', the maximum surface concentration (mol/cm?).
Equation (1) holds for ¢<¢,. However, when t>{,
the differential capacity becomes constant as follows.

c=c (2)

It is seen from Egs. (1) and (2) that C decreases linearly
with t¥2 or a when the adsorption is controlled by
diffusion (¢<t,), while C becomes constant at the
saturated adsorption (¢>¢,).

The C-t1/2 relation in Fig. 2 consists of two linear
portion; one corresponding to that of diffusion-con-
trolled adsorption (C decreases with ¢%/2), and the other
to that of saturated adsorption (C is constant). Thus,
the results in Fig. 2 are explained by Egs. (1) and
(2). Extrapolation of the two linear portions gives the
value of 7. Though the differential capacity at the
adsorption equilibrium somewhat depends on bulk con-
centration, the initial linear portion was extrapolated

8) P. W. Board, D. Britz, and R. V. Holland, Electrochim. Acta,
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9) A.N. Frumkin, Z. Phys., 35, 792 (1926).
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to that of G for the sake of convenience. The observed
Cs may be the value for the multi-layer, but the error
due to the selection of Cy is considered to be small
because of the small concentration dependence of C at
the adsorption equilibrium. It is possible to calculate
I, by substituting ¢, into the Koryta equation on the
assumption of D. Directly obtainable values of at,1/2
(=I'",,/0.736D%2) are also given in Table 1.
Polarograms. The adsorption behavior of surface-
active compounds can also be investigated by the
inhibition effect on current. I', can be calculated by
use of the Koryta equation from the instantaneous
current us. time relation (i-¢ curve) where the limiting
current is inhibited by diffusion-controlled adsorption.
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Fig.3. Polarograms inhibited by Triton X-405.

IN sulfuric acid solution + Triton X-405, (a) depolarizer:
1 mM Cu?*, (b): depolarizer: 1 mM Cdzt,

Figures 3-(a) and (b) give typical examples of the
inhibition effect of Triton X-405 on the reduction of
Cu?+ and Cd?+ in 1N sulfuric acid. The reaction is
depressed with increasing bulk concentration in both
cases. The current peak at ca. —0.1V for Cu?+
(Fig. 3-(a)) may be due to the desorption of Triton
X-405 since the desorption peak.is revealed at ca.
—0.1 V in the C-E curves (¢f. Fig. 1-(b)). The current
begins to increase at ca. —0.7 V for Cu?t and at ca.
—1.0V for Cd*t (Fig. 3-(b)). The decrease of the
inhibition effect can hardly be ascribed to the desorp-
tion of inhibitor but rather to the sufficient overpotential
in view of the results in Fig. 1.

Instantaneous Current vs. Time Curves. The -t
relations for the reduction of Cu?t and Cd?*+ were
examined at the potentials of —0.3 and —0.8 V, where
the currents are most depressed. Since the i-f curves
for the inhibition effect of Triton X on cadmium
deposition showed a tendency similar to that on copper
deposition, the latter is discussed herewith. Figures
4-(a) and (b) show the i-¢ curves of copper deposition
inhibited by Triton X-100 and X-405. The initial
portion of the i-¢ curve for the process inhibited by
Triton X coincides with that for the process with no
inhibitor, while the limiting current decreases rapidly
at a certain time and finally the reaction is depressed
almost completely after full coverage is attained. The
time required to attain complete inhibition becomes
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Fig. 4. Instantaneous current vs. time curves.
25°C, —0.3V, 1 mM Cu?t, (a) I~ sulfuric acid solution
+ Triton X-100, (b) I~ sulfuric acid solution 4 Triton
X-405.

shorter as the content of Triton X is increased.

The tendency of i-t curves for the process inhibited
by PVP in IN sulfuric acid is similar to that in the
case of Triton X. However, the i-t curves for the pro-
cess inhibited by PEG® show a different tendency,
complete inhibition not being attained even at 0=1.
The tendency becomes more marked as A decreases,
that is, the current after attainment of the full coverage
depends distinctly on the bulk concentration especially
in the case of a relatively low A of PEG. Such a
tendency can be expected from the behavior of dif-
ferential capacity which depends on the bulk concen-
tration after attainment of adsorption equilibrium. As
seen in Fig. 4, the current after ¢, is almost completely
inhibited by Triton X in spite of the concentration
dependence of differential capacity after attainment of
adsorption equilibrium (Fig. 2). Thus, the concen-
tration dependence of C after t=>¢,, may be caused by
the formation of a multi-layer.

The time required to attain complete inhibition is
given by extrapolating the portion of rapidly decreasing
current in ¢-f curve to :=0. The {, values obtained
from the relations of C-t¥/2 and i-t are expressed by
tme and ¢, respectively.

Maximum Surface Concentration of Triton X. The
values of at, . V/? and at,;/? are given in Table 1, since
the directly obtainable term in the Koryta equation is
at, /2 which corresponds to the ratio of I', to D2
The at, Y2 (or aty;¥/?) value somewhat depends on
a, viz., at, M2 (or at,;¥/?) becomes somewhat large with
a. Such a phenomenon was also observed in the case
of PVP? and the variation of af, /% with a was ex-
plained by means of the concentration dependence of
diffusion coefficient or the effect of spherical diffusion.
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TaBLE 1. COMPARISON OF at,,'/* WITH at,,'/".

L e aly 1 (mg]lsT?)

Triton X a mcl " —_ ]
(mg/1-s/) Cu2t Cdzt
X- 45 35.2 34.8 35.1
X-100 35.4 39.7 42.1
X-205 30.7 37.5 40.6
X-405 43.5 42.5 47.3

a) The mean values of atmc'/* at 5, 10, 15, and 20 mg/l.
b) The mean values of atm;'/* 12 at 10, 20, and 30 mg/l.

The at, /2 values in Table 1 are the mean values of
a at 5, 10, 15, and 20 mg/l, and the at_;/? values are
those at 10, 20, and 30 mg/l. The I',, values of Triton
X were calculated from the mean values of at., /2 (or
at;1/2) and D' assumed by Scholtan’s relation!)
(MD?=10-9).

Barradas and Kimmerle®”) give I'}, values of Triton
X-100 as follows: 22 X 10~ mol/cm? by the interfacial
tension measurement” and 1.3—1.4 X 10-19 mol/cm? by
the observation of suppression of polarographic oxygen
wave.® They have ascribed the disagreement of the
results to the formation of a multi-layer, namely, I'
by the electrocapillary data corresponds to that of the
multi-layer adsorbed perpendicularly with the alkyl end
in contact with mercury, while I' , by the suppression
effect corresponds to that of nearly monolayer which
is adsorbed on mercury with planar configuration. The
I',,, values given in Table 2 are considered to be those
of the monolayer, since the dependence of differential
capacity and that of inhibition upon the diffusion
process of adsorbates may be caused mainly by the
monolayer formation. From the linear relation of log
I’ vs. log M with a slope of ca. —1, the configuration
of monolayer of Triton X is expected to be flat, which
is similar to the cases of PVP? and PEG (#>600).%

The relation between C; and thickness of adsorbed
layer can be expressed by

C, = ¢/(4nd) 3)

where ¢ and ¢ are the dielectric constant and thickness
of the adsorbed layer, respectively. The C; of Triton
X may correspond to that of the multi-layer, since it is
relatively low and varies considerably with A7 as com-
pared with the cases of PVP? and PEG.®» The con-
siderable dependence of Cs on A1 is inconsistent with
the planar configuration of monolayer at the interface
under the assumption of e=constant. The fact that
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C; becomes larger with the increase in A is also incon-
sistent with the configuration of monolayer adsorbed
perpendicularly, because Cg should become small with
increasing M in view of the inverse proportionality
between 6 and C; (¢f. Eq. (3)). Consequently, the
configuration of multi-layer adsorbed perpendicularly,
assumed by Barradas, is applicable to the results of Cs.
It must be taken into account that Triton X of low
M is apt to form the multi-layer as shown in Fig. 1.
Shape of Instantancous Current vs. Time Curve. Some
theoretical approaches to elucidate the polarographic
current vs. time curve have been given.»1%1%) The i-¢
curve for the system where the limiting current is
inhibited by diffusion-controlled adsorption will be dis-
cussed, Weber ¢t al.'®» and Kuta and Smoler!® solved
the problem of the inhibition effect on the rate constant
of electrode reaction. Matsuda'® has recently intro-
duced the following theoretical equation for the i-¢

0
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T T T T

T 1.0

(ta—1)[ia

Fig. 5. The time-dependence of instantaneous current inhi-

bited by Triton X, observed or calculated, and the coverage-
dependence of inhibition by Triton X.
I~ sulfuric acid solution + Triton X-100 of 15 mg/l, 1 mM
Cu?t, —0.3 V, i-t curves (solid lines: observed curves with
and without Triton X, broken line: theoretical curve), [(ia—
i)[ia]-0 curve (circles: observed curve with 15 mg/l Triton
X, dashed-dotted line: theoretical curve).

TABLE 2. MAXIMUM SURFACE CONCENTRATION AND MINIMUM DIFFERENTIAL CAPACITY OF TRriTON X,

Triton X r.» r,» r,» Cs
X- 45 1.38x 10-10 1.32x 10710 1.33x 10-10 5.2
X-100 8.00x 1011 8.96x10-11 9.53x 10-11 6.1
X-205 3.62x 1011 4.42x 1011 4.79x 1011 6.5
X-405 2.45x 1011 2.39x 1011 2.66x 10-11 6.9

a) I'm by means of differential capacity measurenents.

b) I'm by means of measurements of the inhibition effect on electrodeposition of copper.
¢) I' m by means of measurements of the inhibition effect on electrodeposition of cadmium.

10) The values of the diffusion coefficient estimated with MD?=
10-8 are 4.84 X 10~% cm?[s for Triton X-45, 3.94 x 10-¢ for X-100,
3.04 % 10-® for X-205, and 2.26 X 10~ for X~405.

11) W. Scholtan, Makromol. Chem.,7,209 (1951).

12) J. Weber, J. Koutecky, and J. Koryta, Z. Electrochem., 63,
583 (1959).

13) J.Kuta and I. Smoler, ibid., 64, 285 (1960).

14) H. Matsuda, Rev. Polarog. (Kyoto), 14,87 (1967).
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curve assuming that the adsorbed films are perfectly
immobile.

(] .35)'mt1/2)1-091

ta 1+ (1.354,¢1/2)1.00 (4)

1=

where ¢ and i4 are the instantaneous currents with and
without adsorbates, respectively, and 1. is given by
the following:

Ao = [Ag+ (1-0)4/[(1-6){—In (1-6)}]V*]16"*
}vz = kz/Dollz: 4= Do/Rm = K'¢*

where £,, Dy, and R are respectively the rate constant
of forward reaction on the adsorbed surface, the dif-
fusion coeflicient of oxidized form of depolarizer and
the mean radius of the congregated molecules adsorbed
at the interface. K’ and z are the arbitrary constants.
A typical example in which the limiting current of
copper deposition is inhibited by Triton X of 15 mg/l
is given in Fig. 5 and shown by the solid line. The
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theoretical curve whose parameters (1,=0.020, K'=
0.347, z=—11.0, and ¢,;=6.5) are estimated from
experimental data is given by the broken line. The
shape of -t curve is well explained by Matsuda’s
equation except for the region in the neighborhood of
t=t,;. Figure 5 shows also the inhibition effect by
means of (iq—i)[iq vs. 0 relation. The coverage is
given by the Koryta equation as 0=/(t/t,;)*/2. Inhibi-
tion is hardly seen at a small coverage and then a
sharp rise occurs at a certain coverage. Such a
tendency is always revealed by the limiting current
which is depressed by diffusion-controlled adsorption.
The coverage at which the sharp rise of inhibition
occurs may be dependent on the properties of the
adsorbates and on the parameter, 2z, in Eq. (4). The
shape of the i-t curve in a relatively ideal system can
be explained with Eq. (4). However, further ap-
proaches must be made to explain the behavior some-
what deviating from the ideal one, e.g., the i-t curve
inhibited by PEG of a relatively low M.®






