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Adsorption of Naphthalene at Mercury/Aqueous' Solution Interface
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The adsorption of naphthalene at the mercury/1N sodium sulphate solution interface has been studied by the
capiilary electrometer method. From the evaluated thermodynamic data like charge on the metal surface (9m) and
surface excess of organic compcound adsorbed (I'org) and from the adsorption data obtained it has beer. shown that
the adsorption of naphthalene, which is flat on the metal surface because of r-electron interaction with metal surface,
obeys Frumkin’s isotherm. The experimental variation of electrostatic free energy of adsorption with charge (gm) has
been compared with the theoretically evaluated variation obtained using the equation proposed by Devanathan and

Tilak [Indian J. Chem., 3(1965), 373].

Marked deviations are observed both on anodic and cathodic sides of

electrocapillary maximum. Adsorption as well as free energy of adsorption is found to be maximum at 9m of +3

to + 4 pc/cm?,

RGANIC molecules generally do not follow
O a standard pattern in their adsorption at the

interface as the nature of active groups present
in them influences their physical properties. Follow-
ing the models for the structure of the electrical
double layer in the presence of organic compounds
putforth by several authors'-?, Devanathan and
Tilak®? have putforth a theory of adsorption of
organic compounds and also proposed an equation
for the evaluation of electrostatic free energy of
adsorption. The validity of this equation has already
been tested in the case of adsorption of aliphatic orga-
nic molecules like formaldehyde and formamide®1t,
The aim of the present study is to test the validity
of this equation for the adsorption of naphthalene.
The study of adsorption of naphthalene at both
liquid*®-1* and solid'®'® metal surfaces and from
aqueous and non-aqueous solutions!?’-% has already
been reported. The present study involves the evalua-
tion of thermodynamic parameters like charge (gu)
and surface excess (Iorg) from electrocapillary curves
in the presence of various concentrations of naphtha-
lene, application of a suitable isotherm and a com-
parison of experimental and theoretical values of
electrostatic free energies of adsorption for various
values of gm.

Materials and Methods

The design of the capillary electrometer and the
cell used for measurements have been described
already*®11, Hydrogen used for deaeration was ob-
tained electrolytically and purified by passing through
palladised asbestos. Mercury used for filling up the
capillary electrometer was purified by electrolysis
and distillation in the manner previously described®'.
All solutions were prepared using conductivity water.
Sodium sulphate used was of AR (BDH) grade.
Naphthalene used was a Baker and Adamson product.
A mercury/mercurous sulphate electrode was used as
the reference electrode. All the measurements were
carried out in an air thermostat at 25 4+ 0.2°C. The
mercury in the capillary electrometer was polarised
at various values of potential by means of a Tinsley
potentiometer, type, 3387 (B. H. Tinsley, London),
powered by a 2V lead acid battery.
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Results

Electrocapillary curves — Electrocapillary curves
for 1IN sodium sulphate in the presence of five
different concentrations of naphthalene in water are
illustrated in Fig. 1. All the runs were duplicated
and the results are reproducible to + 0.2 dyne at the
electrocapillary maximum (e.c.m.) and + 0.8 dyne at
the extremes of the curves.

Charge on the metal surface — Charge gu on the
metal surface was evaluated by the graphical diffe-
rentiation of the electrocapillary curve at 50 mV
intervals. The error limits for the charge density are
0.15 pe/cm? around e.c.m. to 0.5 pe/cm? at the
extremes of the curves. Values of ga obtained in this
way for different concentrations of naphthalene are
plotted as a function of E in Fig. 2.

Surface excess of the naphthalene adsorbed — The
surface excess of the neutral organic molecule ad-
sorbed is a function of the rate of change of inter-
facial tension with concentration or activity of organic
compound at a constant E. Values of surface excess
(Iorg) were evaluated by the graphical differentiation
of the curve, interfacial tension versus log C at
constant E. Values of I'org obtained for various
concentrations of naphthalene, as a function of gu is
shown in Fig. 3.

Discussion

Electrocapillary curves — Figure 1 indicates that
naphthalene is strongly adsorbed on the positive
side of the electrocapillary maximum (e.c.m.) due to
the interaction of m-electrons of the naphthalene
adsorbed in a flat position and the positively charged
metal surface. The extent of adsorption on the posi-
tive side of e.c.m. is more than in the case of
benzene??. This, as shown by Gerovich and Rybal-
chenko'* and Frumkin?3, can be attributed to the fact
that adsorption on a positively charged surface
increases with an increase in the number of double
bonds. Naphthalene gets desorbed as the mercury
surface becomes negatively charged and also at
extreme anodic polarisation owing to salting out
effect.
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Fig. 1 — Electrocapillary curves of naphthalene in 1N sodium
sulphate. [Curve A, IN Na,SO, alone curves, B—F, naph-
thalpene conc. in the range 0.2687 X 1074M to 1.3480x 10~%M]
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Fig. 2—Variationof gm (pc/ecm?) with E (volts) for the adsorp-
tion: of naphthalene on mercury [Naphthalene conc. in the
range 0.2687x107* M (A—A) to 1.3480x 10~* M (B—§&)]

Charge (qu) versus potential (—E) curve —It is seen
from Fig. 2 that curves for base solution alone and
containing various concentrations of naphthalene
added intersect one another at a potential of 780 mV,
which is positive to e.c.m. and at a charge of
+3 pe/cm?,  showing that maximum adsorption
occurs at these values of potential and charge.

Surface excess versus charge curves — Figure 3
indicates that naphthalene is preferentially adsorbed
on the positive branch and gets desorbed at extremes
of potential. All the curves in Fig. 3 exhibit a maxi-
mum value of surface excess at a gu value of +4puc/
cm?. This is contrary to that observed in the case of
adsorption of aliphatic organic molecules where
maximum adsorption occurs at a charge of —2 to
—3 pefcm?.

Coverage (8 ) versus charge (qu) curves — Coverage
0 has been determined using the relation I'/T'n==0,

NAPHTHALENE AT MERCURY SOLUTION INTERFACE
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Fig. 3 — Variation of surface excess (I'org) with gM(uc/cm?)
on the metal for the adsorption o naphthalene. [Naphlhalene
conc.:A—A. 1.3480%x 1074, O—0, 1.074x 1074;@ —@, 0.8061

X107 x—x, 0.5374%107% and EB—M8, 0.2687 x 10~% M]

being evaluated by plotting ¢/T" against C, for gy = 0
and measuring the initial slope of the linear plot
obtained. The value of I'n obtained equal to 4.938 x
1071° mol/cm®. Values of coverage evaluated in this
way, have been plotted against the charge density
gu on the metal (Fig. 4). These curves exhibit a
maximum value of coverage at gy = + 4 pc/cm2

Application of Frumkin’s isotherm® — From the
calculated values of coverage @, it is possible to
show that the adsorption of naphthalene obeys
Frumkin’s adsorption isotherm, which can be written
as

BC = 0/1 — 0 exp. (—2ab) . (D
where « is the quantity characterising the interaction
between the adsorbed particles and B is a constant
determining the adsorption equilibrium at small
coverage, i.e.

B = exp(— A G° /RT) .i2)

AG° in Eq. (2) represents the free energy of adsorp-
tion.

The applicability of this isotherm has been tested
by plotting (log C—log 6/1—6 ) against 8 for various
values of gu. A family of parallel linear lines is
obtained (Figs. 5 and 6), thereby proving that the
system obeys Frumkin’s isotherm. The intercepts of
these linear plots give a measure of AG°® of na-
phthalene.

Free energy of adsorption (AG®) as a function of
gu — The AG° of naphthalene on mercury surface
has been evaluated from the found values of inter-
cept and plotted against gu (Fig. 7). The almost
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Fig. 4 — Variation of coverage (6) with charge (uc/cm?)

on the metal for the adsorption of naphthalene [Naphthalene

conc.: O—0, 1.3480x107*; X —x, 1.074x10 *; [1—[1,0.8061
x10™% A—A, 0.5374x107%; and @—@, 0.2687 x 104N

constancy of free energy on the anodic side of e.c.m.
can be explained as due to the interaction between
n-electrons of the naphthalene nucleus adsorbed
flat on the metal surface and positive charge on the
metal surface. The decrease in AG° on the cathodic
side shows the lack of interaction between the aroma-
tic nucleus and negative charge on the metal surface.
AG° shows a maximum value at a charge of 44
pe/cm? which is in keeping with the observation
that maximum adsorption for naphthalene also
occurs at this charge.

Evaluation of electrostatic free energies of adsorption
of naphthalene — The metal/solution interface offers
the possibility of studying the effect of electrical
field on the chemical bond between the metal and
neutral organic molecules. Neutral organic molecules
like butanol gets adsorbed to the maximum at the
metal surface with the hydrocarbon end near it when
gqu = 0. When the field is increased, water molecules
which have a high polarisability get adsorbed at the
metal surfaces displacing organic molecules. In the
case of thiourea, adsorption is maximum on the
positively charged metal surface and it adsorbs with
the sulphur atom in contact with the metal surface.
In order to evaluate the role of electrical field in
increasing the bond between sulphur atom and the
metal, it is necessary to assess (i) magnitude of ur
terms relevant to adsorption and (ii) the role of water
in organic adsorption. Both these require a knowledge
of the structure of the electrical double layer in the
presence of organic compounds. The main feature of
the theory putforth by Devanathan and Tilak®? is
that water molecules are assumed to be adsorbed
flat, unlike previous models which assume water
molecules to be perpendicular with the dipole to or
away from the metal surface. The electrostatic part
of the free energy of adsorption can be written in the
form
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Fig. 5 —Plot of (log C—log 6/1-6) vs 6 at some anodic
values of charge for the adsorption of naphthalene.
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Fig. 6 — Plot of (log C—log 6/1-6) vs 6 at some cathodic
values of charge for the adsorption of naphthalene.

AGe = 2nty, 2 (‘:—"— ﬁ) + 4 ngw

0 €w
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where 7 is the thickness of water molecules, A, the
area of the organic molecule, ey the diclectric cons-
tant of water, ¢, the dielectric constant of the
organic group within the first water layer and » the
number of water molecules replaced by organi-
molecule. Equation (3) permits an absoluteclaccu-
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Fig. 7 — Plot of variation of the free energy of adsorption of
naphthalene (AG°) with the charge gm on the metal surface.

lation of the electrostatic free energy of adsorption,
since it contains no unknown or adjustable para-
meters.

Electrostatic free energies of adsorption have
been evaluated using the Eq. (3) and by considering
that the molecule lies flat on the metal surface. So
the area of the molecule in flat position has been
obtained using catalin models. Naphthalene gets ad-
sorbed to the metal due to x-bonding. The effect of
n-clectrons has been demonstrated from a comparative
study of conjugated unsaturated hydrocarbons and
their hydrogenated derivatives*2-*%, These effects can
be quantitatively formulated by considering the pola-
risability of m-electrons. Hence the m-bond contribu-

tion (am) towards the free energy from six m-elec- .

trons is 8n? gu? an [ekT. Here ¢ is the dielectric
constant of the vacuum. Since benzene adsorbs
flat, m-electrons interact with the metal directly. The
m-electron  contribution to the free energy of ad-
sorption has been included on both sides of e.c.m.
The values of #, Ao, pw, ew and n used in the eva-
luation of AGE are given in Table 1.

Figure 8 shows a comparison between experi-
mental and theoretical values of electrostatic free
energies of adsorption. Marked deviations are
observed at high field strengths both on the anodic
and cathodic sides. This may be due to the fact that
n-clectron polarisability may apply only at low
field strengths and may be much smaller at high
anodic and cathodic fields.

Orientation of adsorbed naphthalene — Area of the
molecule evaluated from the experimental values,
i.e. 33.7 A? corresponds almost to the area of the
molecule obtained from catalin model, when it is
adsorbed in the flat position, i.e. 42 A% x-Electron
interaction of nephthalene with positively charged
metal surface is maximum when it is adsorbed in
the flat position. This interaction is responsible for
the strong adsorption of naphthalene on the anodic
side. As the number of m-electrons in naphthanlene
is more than that in benzene, the extent of adsorp-

TABLE 1 — VALUES OF CONSTANTS USED IN THE EVALUATION OF
ELECTROSTATIC FREE ENERGIES OF ADSORPTION

Molecular area (from catalin models) 42.0 A®
Molecular area (from experimental) 33.63 A
Dipole moments 0
Dielectric constant - 2.540
Number of water molecules replaced - 7
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Fig. 8 — Variation of electrostatic free energy of adsorption
(—AGE) with gM for the adsorpton of naphthalene. [A, experi-
mental; @nd B, theoretically calculated curves]

tion is more. There is desorption of naphthalene
molecule on the cathodic side due to the lack of
interaction between the m-clectrons and the negatively
charged metal surface and strong attraction of water
molecules to the metal surface.

Acknowledgement

Thanks are due to Dr H. V. K. Udupa, Director,
Central Electrochemical Research Institute, Karai-
kudi-6 for his keen interest shown during the course
of this investigation and also for his kind permission
to publish this paper.

References

1. BUTLER, J. A. V., Proc. r. Soc. London, 122A (1929), 399.

2. Bockris, J. O’M, DEVANATHAN, M. A. V. & MULLER, K.,
Proc. r. Soc. London, 274A (1963), 55.

3. FRUMKIN, A. N., Z. physik Chem. 116 (1925), 466.

4. FRUMKIN A. N., Z. physik 35 (1926), 792

5. FRUMKIN, A. N. & DAMASKIN, B. B., Modern aspects of

electrochemistry, Vol. 3, edited by J.O'M Bockris
(Butterworths, London), 1964, 149.

6. DEVANATHAN, M. A. V., Proc. r. Soc. London, 264A
(1961), 133.

7. DEVANATHAN, M. A. V., Proc. r. Soc., 267A (1962), 256.

8. Dé:;’g\NATHAN, M.A.V & TILAK, B., Chem. Rev., 65 (1965),

9. DEVANATHAN, M. A. V. & TiLAk, B., Indian J. Chem., 3
(1965), 373.

10. VENKATAKRISHNA IYER, S. & DEVANATHAN, M. A. V., J.
electrochem. Soc, (1980), (accepted).

11. VENKATAKRISHNA IVER, S. & DEVANATHAN, M. A. V.,
Trans. SAEST, 15 (1980), 27.

12. Gerovica, M. A. & OrmaN, P. C., Zh. fiz. khim., 28
(1954), 19.

13. GerovicH, M. A., Dokl. Akad Nauk, SSSR, 86 (1954),
543; 105 (1955), 1278.

14. GerovicH, M. A. & RyBaLcHENKkO, C. F., Zh. fiz. khim.,
32 (1958), 109.

15. Bockrrs, J. O’'M & SwinNkLEs, D. A.J., J. electrochem.
Soc., 111 (1964), 736.

16. Danmis, H. & GreeN, M., J. electrochem. Soc., 110
(1963), 1075.

17. BenzyGLyl, V. D. & KorsHikov, L. A., Elektrokhimiya,
4 (1968), 318.

18. BAIKERIKAR, K. G & SATHYANARAYANA, S.,J. electroanal
Chem., 24 (1970), 333.

19. VEronskl, E. B., Electrochem. Acta, 14 (1969), 259.

20. KaGgaNovich, R. I., DAaMmaskIN, B. B. & KarsHErRA, M. K.,
Elektrokhimiya, 6 (1970), 1359.

21, H?I,JSLETT, G. H. & MiNaHIN, H. P., Phys. Rev., 21 (1905),

8.

22. VENKATAKRISHNA IYER S., unpublished data.

23. FRUMKIN, A.. N., Prec. Second Intern. Cong. Surface Acti-
vity, London 3 (1957), 58.

651





