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ADSORPTION OF PHENOLS AT MERCURY-SOLUTION INTERFACE*
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The adsorption of phenol (hydroxy benzene), pyrocatechol (o-dibydroxy
benzene) and phlorogiucinol (symtrihydroxy benzene) on mercury from
aqueous sodium perchlorate solutions were studied using differential capacity
and interfacial tension measurements.

In the differential capacity-potential curves for phenol, well-defined peaks were
observed for concentrations higher than 0.02M at high negative surface charges
while for low concentrations, the peaks were spread out and inflections were
also observed. The cathodic desorption peaks observed for pyrocatechol were
much broader than those observed for phenol. At low concentrations of
pyrocatechol small peaks at the anodic side were also observed. The diffe-
rential capacitance — curves for symtrihydroxy benzene showed not only well-
defined desorption peaks but also a break at a potential less negative to the
desorption peaks. The capacitance curves for different concentrations fused
together at the adsorption region, but the capacitance was much higher (~
3uF/cm?) than that observed for a condensed monolayer.

The results were processed using an IBM 370/155 operating system. Frumkin,
FVT and Florry-Huggins isotherms were used to analyse the data; free energies
of adsorption and interaction constants obtained for the three compounds
through this analysis are compared.

The results show that the interactions predicted by Frumkin isotherm is pre-
dominantly repulsive for the three compounds, while FVT isotherm predicts
an attractive interaction. A general discussion is given relating some of the
structural aspects.

The data obtained for phenol and pyrocatechol in sodium perchlorate have
been compared with the data reported in literature for the same compounds in
sodium sulphate solutions and discussed.

Keywords: Adsorption; Phenols; Mercury-Solution Interface; Frumkin; FVF &
Florry-Huggins Isotherms ‘

INTRODUCTION

IN the past two decades, the adsorption of mono- and dihydroxy benzenes at mercury
solution interface were studied mainly from solutions containing sulphate or chloride
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anions (Bloomgren & Bockris, 1961; Damaskin et al.,, 1964; Kulikova & Ryzhov,
1968; and Dyatkina & Damaskin, 1969) except in the case of phenol which was
studied in perchloric acid also (Kelsh, 1962). The sym-trihydroxy benzene viz.,
phloroglucinol on mercury was studied very recently by us (Sarangapani &
Venkatesan, 1979). In this paper the adsorption of mono- and di-hydroxy benzenes—
phenol and pyrocatechol respectively —on mercury from sodium perchlorate solutions
was studied and their adsorption behaviour has been compared with that of symtrihy-
droxy benzene as well as with their adsorption behaviour from sodium sulphate
solutions. Differential capacity and interfacial tension data were acquired to
investigate the adsorption of phenol and pyrocatechol.

EXPERIMENTAL

Differential capacitance was measured using a standard a.c. bridge and interfacial
tension using Lippman capillary electrometer, similar to that used by Devanathan
and Peries (1954). The details of the capacitance measurements and the processing
of differential capacitance and interfacial tension data using G-level Fortran Compiler
of and IBB 370/155 operating system are described elsewhere (Sarangapani &
Venkatesan, 1979).

Twice recrystallized sodium perchlorate (AR Fluka) was used to make the 0.5M
solution used in all the experiments. Phloroglucinol (AR BDH) was recrystallized
twice. AR grade phenol was twice distilled before use. Pyrocatechol was re-
crystallized twice. Normal calomel electrode was used as reference. Mercury (GR
E. Merck) was distilled twice before use. Capacitance was determined for five
concentrations and interfacial tensions for 14, in the range of 10~%to 10*M in
aqueous solutions of 0.5M sodium perchlorate. Solutions were deaerated with
hydrogen generated from an electrolytic generator and subsequently purified by pass-
ing through heated palladized asbestos. The hydrogen gas was presaturated using
the experimental solution.

RESULTS AND DiISCUSSION

The differential capacitance values measured as a function of potential with respect
to normal calomel electrode for different concentrations of phenol are shown in
Fig. 1. The capacitance curves are almost similar to those reported by Kelsh (1962)
for phenol in 0.1N HCIO, except that cathodic peaks for higher concentrations are
absent in his results probably due to the restrictions imposed on the cathodic polari-
zation in acid medium. But the curves differ from those reported by Damaskin and
coworkers (1969); the difference can be traced to the pronounced hump present in
perchlorate base electrolyte whereas Damaskin et al. used sodium sulphate as base
electrolyte whose hump is almost negligible compared to perchlorate or nitrate.

The C — E curves for pyrocatechol are given in Fig. 2. The peaks in the C — E
curves are much broader than those observed for phenol. At low concentrations
(0.001-0.01M) of pyrocatechol, small peaks are observed at the anodic side also.
The increase in the height of peaks with decreasing concentration is observed for
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three concentrations (viz., 0.01, 0.005 and 0.001M) unlike phenol where only one
concentration exhibited such seemingly anamolous result. A plot of log C vs. Epeax
does not correspond to the parabolic shape normally one expects (Damaskin, 1971)
for the (desorption) peak potential dependence on concentration. These three con-
centrations alone form a distinct linear segment, while the higher concentrations
form the linear segment of the parabolic curves. A comparison with the correspond-
ing electrocapillary curves (Fig. 3) for pyrocatechol indicates that for 0.001 and
0.005M concentrations, the potentials at which this hump/peak occurs correspond to
maximum adsorption; for 0.01M, the potentijal corresponds to appreciable adsorp-
tion, if not maximum. Hence, it can be concluded that for lower concentrations of
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pyrocatechol alone (where adsorption effects are not strong enough to suppress the
hump in the base electrolyte), the hump in perchlorate is shifted to more cathodic
values.

Differential capacity curves for phloroglucinol obtained with dme are given in
Fig. 4 and they show a very interesting bebaviour. At cathodic potentials, this
substance behaves as a normal aromatic compound with characteristic desorption
peaks; at some critical potential, characteristic of the concentration of the organic,
a sudden decrease in the capacitance occurs. The capacitance curves for a wide
range of concentrations (10-4 to 10-3M) fuse together in the adsorption region. As
regards the jump and the fusing together of the capacitance curves, this substance
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behaves similar to camphor, adamentanol and related compounds. But there are
many differences too (Sarangapani & Venkatesan, 1979). There are no well-defined
desorption peaks for camphor like substances; the adsorption region is very wide for
them (~ 1.0V) unlike a very narrow 200mV region observed for phloroglucinol.
They do not exhibit such cris-cross behaviour on the anodic side as observed in this
case. Of the many compounds reported so far to exhibit comphor like behaviour,
none is aromatic. Almost similar behaviour is exhibited in HMDE measurements,.
except that the minimum capacitauce is higher than that observed with DME
(400Hz). A comparison with electrocapillary curves (Fig. 5) suggests that the peak
potentials correspond to desorption.

Electrocapillary curves both for pyrocatechol and phlorogucinol (Figs. 3 & 5)
indicate strong adsorption on the anodic side. The irregularities observed in the
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¢ — E curves for phloroglucinol are due to its pecular adsorption behaviour; measure-
ment for large number (fourteen) of concentrations were carried out to reduce the
uncertainty in analysis.

The charge density-potential curves (not shown) for all systems have been
derived from capacity and interfacial tension data. The curves do not show a unique
e Mmax — Emax point, common to all concentrations. The maximum adsorption
potential varies with adsorbate concentration. However, the range of potential over
which maximum adsorption occurs for different concentrations decreases in the
following series: phenol pyrocatechol phloroglucinol. Unique ¢ Mmax — Fmax
behaviour is observed only in the case of adsorption of a two-dimensional ideal gas,
viz., simple aliphatics. The variation of Bysx With concentration is due to some
complication in the adsorption phenomenon.

The surface excess values at constant charge and potential derived from capa-
citance measurements are shown in Figs. 6-8. The curves indicate absence of com-
plete desorption on the anodic side for all the three phenols. The surface excess
passes through a maximum for higher concentrations of phenol and pyrocatechol
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whereas for lower concentrations (< 0.05M), no maximum is observed, Phloro-
glucinol behaves differently: surface excess derived from both electrocapillary and
capacity data show near constant adsorption over a wide range of potential
(~ 400mYV). Negative surface excess values are obtained at lower concentrations
(0.001 and 0.005M) on the cathodic region. Such behaviour is not unique for our
systems (Sarangapani & Venkatesan, 1979). It is worth recalling at this stage
Payne’s observations (Payne, 1973) on negative surface excess values observed for
dilute HCl and MgCl, solutions.

Orientation behaviour of organic molecules at the electrical double layer has
been studied by several workers. In a detailed study of pyridine reorientation
(Conway ct al., 1974), AE vs T' plots have been used to demonstrate such a tendency
among pyridine molecules. It has been found that both the charge on the electrode
surface and the surface excess of the adsorbate determine the point of reorienta-
tion.

Shift of the inner layer potential with I" has been used by Payne (1973) to show
the reorientation of N-methyl formamide. The effect of the variation of the
thickness of the double layer and variation of the dipole contributions on the
direction of the potential shift (with charge) has been considered and orientation is
predicted whenever deviation from the normally expected behaviour is observed.

Damaskin (1971) has given a theoretical treatment for such a two-position
adsorption. This treatment is based on the assumption that the adsorption of such
molecules can be represented by a three-condenser model with water moiecules
between the plates of the first, organic molecules in the first position between the
plates of the second and organic molecules in the second position between the plates
of the third condenser. This model is combined with the modified Florry-Huggins
isotherm for the determination of respective interaction parameters and the free
energy terms. This treatment due to Damaskin is analogous to that developed by
Parry and Parsons (1966) to describe the two-position adsorption of p-toluene
sulphonate.

The results obtained for the hydroxy benzenes have been examined for any such
possible orientation behaviour. The shift of the inner layer potential with I' at
constant charge is shown for phenol in Fig. 9. As expected, the shift is in the
negative direction for the negative charge densities; this is due to the increasing
thickness of the double layer and due to replacement of oriented water molecules.
But at zero and more positive surface charges, the shift is towards negative. direction
at low concentrations; at higher concentrations, the shift becomes positive. Such
behaviour must be due to the orientation of the phenol molecules.

The A E vs T plots (where A E = (E, — E)oM) (Fig. 10) also confirm the above
findings. The slope components of these plots are resolved to give the contributions
due to phenol and water orientations alone (Fig. 11) according to the method of
Conway et al. (1974). From Fig. 11 it can be inferred that the orientation contribu-
tion due to solvent is almost constant at zero and positive charge densities, while
phenol becomes increasingly oriented at more and more positive surface charges.
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Kelsh (1962) has also suggested reorientation of phenols based on an analysis of
C — E curves. He compared the calculated values of pseudo capacitance (calculated
using a theoretical expression derived assuming two different orientations—flat and
vertical) for phenol with the experimental results and concluded in favour of
reorientation. .
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Damaskin ef al. (1964) have first suggested that the difference between experimental
and calculated surface excess values for phenol in sodium sulphate solutions can be
attributed to poly-layer formation. But as Frumkin et al. (1934) has stressed that
poly-layer formation occurs only at and near saturation the difference in the two
surface excess values at such low concentrations cannot be explained from this point
of view. However, in a subsequent communication Damaskin (1965) suggested that
reorientation of phenol is possibly occurring when 8 varies from low to high values.
These facts, together with our analysis of ¢M—2% — ' (and Esin-Markov plots
Figs. 10 & 11) suggest two possible orientations for phenols. At zero and more positive
surface charge densities, an orientation change is observed, the orientation changing
from flat to vertical with increasing surface excess. We are not sure whether a field
dependent conformation is also present. Any conclusion on these lines can be made
only if accurate interfacial tension data is made *available over a wide range of
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concentrations. However the ¢M-* — T’ lots do not show any break in the negative
charge densities. Since we normally expect a flat orientation at positive surface
charges, the break in the curve at some critical indicates change over from flat to
vertical position or an inclined orientation.

The C — E curves (Fig. 2) for low concentrations of pyrocatechol (0.001, 0.005
and 0.01M) show a small peak at the extreme positive surface charge. At such low
concentrations no polylayer can be expected to form. The peaks occur in the
adsorbed state (i.e., the capacitance is lower than that of base electrolyte); after the
peak, still lower values of capacitance are observed. This is well expected since the
molecule attains a different absorbed state after reorientation. This behaviour is
similar to the observation of Dyatkina & Damaskin (1969) who studied the adsorp-
tion of dihydroxy benzenes in sodium sulphate electrolyte. The anodic maxima have
been interpreted as resulting from reorientation. But the ¢M-% — D-curves
(Fig. 12) do not show any break; perhaps the break caused is so small that observa-
tions at closer concentration intervals and at more positive charges must be made to
detect the break. At higher concentrations, polylayer formation is favoured as
indicated by the criss-cross pattern of the C — E curves. Thus the results indicate
that the reorientation of the pyrocatechol molecule occurs from vertical to flat as the
charge is made more positive. Whether an increasing I" at positive charge (of phenol)
can also bring about reorientation is not very evident.
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The capacitance-potential curves and the ¢M—2 — T curves (Fig. 13) for phloro-
glucinol do not show any such indication for reorientation of the organic molecule.

An analysis of the experimental results, for congruence tests viz., (i) eM — T
plot at constant £ and ¢¥~% — T plot at constant «M and (ii) the Damaskin test has
shown that (@) sM congruence is more probable than F congruence for phenol, (b)
while Damaskin tests indicates a simultaneous congruenece for pyrocatechol and (c)
both charge and potential congruences are observed for phloroglucinol.

Analysis of Experimental Data with Frumkin Isotherm

To verify whether the adsorption of the three phenols follow the Frumkin
isotherm, the following form of Frumkin isotherm has been used. The computer

0
In B =+ 2a6 = In ['—ITGZ']

]
y_ln[l——ﬁc]

program described above calculates the ‘Y’ values. These ‘Y’ values were then
plotted against ‘6’ manually.

The linearised constant E isotherm plots for phenol (Fig. 14) show deviations
from linearity especially at extreme values of potential. This may be due to the
limitations in calculating 0 values, using the Hansen’s formula which neglects the
db6/dE term in
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The interaction coefficient (Table I) is constant at extreme negative potentials and
then shows a marked linear dependence on E at positive potentials. Linear depend-
ence of interaction constant on E has been reported for phenol adsorption from

TABLE 1

Interaction parameter and AG®aas for the three phenols from Frumkin isotherm
(constant E analysis)

Potential Phenol} Pyrocatecholf Phloroglucinol*
E/V °
vs. NCE ‘a’ G°ads ‘a’ G®aas ‘a’ G°ads
(kcals/mole) (kcals/mole) (kcals/mole)
-—0.20 —5.90 —5.21 - —5.967 —9.24 —11.72
—0.30 —4.80 —5.15 — —5.683 —4.41 ~71.75
—0.40 —4.20 —4.81 —2.80 —5.268 —3.52 —6.55
—0.50 —2.04 —3.76 —2.60 —3.907 —-3.44 —6.45
~0.60 —0.38 —2.56 —1.85 —2.664 —2.90 —5.63
—0.70 +0.60 —1.62 —0.85 —3.037 —2.34 —4.82
at —0.640V)
—0.80 +0.74 ~1.37 - - —2.02 —4.04
~0.90 +0.70 —0.81 - - —-1.90 —3.46

1 ‘a’ and A G°s4s from capacity data
* ‘g’ and A G°uqs from electrocapillary data
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sodium sulphate electrolyte (Damaskin ef al., 1964) though the constancy at negative
potentials was absent in their cases. The free energy of adsorption showsa quadratic
dependence on E. The interaction constants derived from constant charge analysis
are greater in magnitude than those obtained from constant potential analysis. This
is an expected behaviour and is in accordance with Damaskin’s explanation
(Damaskin ef al., 1964). Damaskin observes that the difference observed is due to
the change in the strength of the electric field with change in concentration at
constant charge.

For pyrocatechol, the deviation from linearity is higher for constant charge than
for the constant potential isotherm (Fig. 15). The ‘¢’ and AG® values are given in
TableI. The interaction parameters is constant at negative potentials and shows
linear dependence on F at positive potentials.

The dependence of free energy of adsorption on potential (Fig. 16) is not linear
but tends to be parabolic. Though the actual values of free energies derived from
interfacial tension and capacity measurements differ slightly, the form of the curves
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is identical. The differences in values can be traced to the arbitrary I'm (highest T
observed experimentally) assumed for calculations of 8 from interfacial tension data.
Such an assumption will not cause any error in the values of ‘a’. Nor will it affect
the curve fitting procedure since the error is not random but systematic. This
method of calculation of 8 is devoid of the defects of using the Hansen’s formula. It
has already been shown (Sarangapani & Venkatesan, 1979) that for phloroglucinol
Frumkin isotherm fit is excellent both at constant charge and constant potential.
Table I gives the values of ‘a’ as a function of electric variable.

The ‘@’ values are constant at negative potentials (and charge) and show a linear
dependence at positive potentials.

A comparison of the behviour of phenol, pyrocatechol and phloroglucinol shows
that the dependence of interaction parameter on potential is the same for all the
three components—an essentially constant portion from most negative potentials upto
—0.70 to —0.80V and a linear dependence beyond this value and pyrocatechol
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(Dyatkina & Damaskin, 1969) the reported dependence of ‘a’ on E is different from
what we have obtained. For phenol, no constant region is obtained in the earlier
work; for pyrocatechol, they report an almost constant value of —0.35, in the

potential range —0.9 to —1.2V (nce). In both the cases, the supporting electrolyte
is sodium sulphate.

Borovaya and Damaskin (1972) investigated the influence of the nature and
concentration of the supporting electrolyte on the adsorption of n-butanol on a
mercury electrode and reported the potential dependence of interaction parameter
for different supporting electrolytes including NaClQ,. The interaction parameter is
almost potential-independent for sodium sulphate over the entire range of potential
investigated. In perchlorate, the behaviour is similar to what we have observed in
the case of the three phenols—an essentially constant value in the cathodic region and
a strong potential dependence in the positive surface charge region. We conclude
in conformity with that of Borovaya and Damaskin (1972) that in the region of anodic
potentials, C1O,™ ions are inserted between the adsorbed phenols (all the three) and
as a result of the steric effect, they reduce the effective value of the interaction
coefficient.

Fig. 16 shows a comparative plot of the free energies of adsorption (as a function
of potential) for the three phenols. The decrease in the free energy of adsorption is
in the order; Phloroglucinol > Pyrocatechol > Phenol indicating that the ease of
adsorption decreases in that order. The difference is more pronounced at positive
potentials than at negative potentials. Since all the three substances show a variation
of ‘@’ with E, we conclude from the above discussions of results that both £ and
«M congruence are absent for all the three. This conclusion for phenol and pyroca-
techol could not be compared with the results of Damaskin and co-workers (1964,
1969) since congruence tests have not been carried out by them; they have assumed
a priori an E congruence.

Structure of the Electrical Double Layer in the Presence of Three Phenols

The phenol molecule is adsorbed in two different orientations at the interface—
flat and vertical or inclined. They change over from flat to vertical orientation at
positive surface charges with increase of I'; we do not rule out the possibility of field
dependent conformation also.

At positive surface charges, more and more of perchlorate can enter into the
inner layer (at oM = +5 pC/cm?, the specifically adsorbed charge for 0.5M NaClO,
(estimated) is ~ 10xC/cm®. The interaction of phenol molecules with ClO,~ anions
and aiso with the water of hydration surrounding these anions can decrease the ‘@’
value (Borovaya & Damaskin, 1972). This interpretation is supported by the steep
decrease observed in the Frumkin ‘@’ values at positive surface charges.

The area of pyroctechol calculated using catalin model is 32 A2, The area of

phenol and pyrocatechol molecules obtained from I'm values correspond to 28 A?

and 40 A? respectively. (The I' values were obtained by extrapolating the —;r vs.
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%— plots to lc- = 0, and they are 5.9 and 4.2 x 10~%* moles/cm? respectively). We

feel that the pyrocatechol molecules change over from vertical to flat orientation at
positive surface charges. The Frumkin interaction term changes over from attractive
to repulsive values at positive surface charges, much similar to the behaviour
exhibited by phenol. The interaction of pyrocatechol with perchlorate anion is
reduced due to the presence of an intramolecular hydrogen bond between the two
phenolic groups in ortho-position. The almost similar values of ‘@’ (Frumkin
interaction coefl.) for phenol and pyrocatechol also confirm this since, otherwise
interaction of two phenolic groups with the anions should cause much steeper
potential dependence on ‘a’.

The structure of phloroglucinol at the mercury-solution interface has been
discussed in detail (Sarangapani & Venkatesan, 1979) using the model of Wallwork
and Powell (1957). In the proposed model, it has been suggested that the phloro-
glucinol molecules adsorbed in flat orientation lie apart due to repulsive interaction
and that the water molecules in the adsorbed layer from hydrogen bonding with
phloroglucinol molecules giving rise to a network. This structure simultaneously
explains both the break in the C — E curve and the negative sign of the interaction
constant.

Formation of a network results in sudden jump in the C — E curves and the
observation that in phloroglucinol dihydrate, the molecules are linked through water
explains the possible repulsive interaction which prevents hydrogen bonding among
the phloroglucinol molecules themselves.

At positive surface charges, more and more of perchlorate must enter the inner
layer and as explained above, this will result in the lowering of the interaction
coefficient. However, the interaction of perchlorate with water of the inner layer
should result in the hump formation, at least at low concentration of the phenols
where adsorption effects are not that predominant to suppress the hump. Whereas
such a hump is observed upto 10-2M (Figs. 1, 2) concentration of phenol and
pyrocatechol, in phloroglucinol even at 10—%M concentration (Fig. 3), we do not
observe any hump. This is probably because the water molecules are bound to
phloroglucinol through hydrogen bonding and are not free to interact with the
perchlorate anion.
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Discussion

R. NARAYANAN (Department of Chemistry, Indian Institute of Technology, Madras) : 1. What is
the influence of pH on the adsorption behaviour? 2. Is it possible that two models could
lead to exactly opposite conclusion as you have observed with respect to ‘a’? 3. At high
concentration of phenol your slide shows a further increase of T" at the potential beyond the
desorption of potentials. Is the correct? If so, what is the explanation?

V. K. VENKATESAN : 1. We have not studied the effect of pH on the adsorption behaviour of the
three phenols. The pH value of the solutions used in our studies were very nearly in the
neutral region. 2. We have used both the Frumkin isotherm and the FVT isotherm suggested
by Professor Rangarajan for understanding the adsorption behaviour of the three phenols.
While Frumkin isotherm results in an interaction cofficient ‘a’ having a negative sign, the
FVT isotherm yields an ‘e’ which has a positive sign. The change in sign means the change
over from repulsive to attractive interaction. As it is difficult at present to comprehend how
a change of the ‘basis (of an equation of state)’ can result in a change of the nature of
interaction, we have come to the conclusion that, it is better not to assign a completely
physical meaning to parameter ‘a’ until more detailed further work makes available a
molecular interpretation for ‘a’. 3. The surface excess-potential curves for phenol do not
show any further increase beyond the desorption potential.



