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ADSORPTION OF 1,10-PHENANTHROLINE BY
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Abstract—The adsorption of 1,10-phenanthroline (OP) onto some clays and oxides was studied as a function
of concentration, pH, and time. The adsorption was found to be irreversible and the isotherms, except for
silica gel, were hyperbolic and gave rise to plots similar to that of Langmuir. Kinetic and light scattering
studies show that OP is adsorbed as a micellar unit composed on the average of 3.5 molecules/micelle. This
fact explains the overestimation observed in the surface areas of some sorbents since no true monomo-
lecular layer of OP is formed on the surfaces. The adsorption was also found to be pH dependent, attaining
a maximum, independent of the sorbent, at about pH 6. This maximum was approximately at the same pH
in which only the molecular form of OP began to be present. The partial desorption of OP as the pH in-
creased beyond 6 is possibly associated with the aggregation of micelles on the surfaces.
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INTRODUCTION

A variety of methods is available for the determi-
nation of the specific surface areas of clays and oxides,
including gas adsorption, heats of immersion, negative
adsorption, and molecular adsorption from solution
{Van Olphen, 1970). In general the methods are of dif-
ferent reliability and accuracy; some are absolute, and
others need calibration.

Among the methods used with some success is that
based on orthophenanthroline adsorption from an
aqueous solution. Lawrie (1961) and Bower (1963) re-
ported that this method gives reliable results for some
clays such as montmorillonite, illite, and kaolinite, but
not for halloysite or vermiculite. The present study was
undertaken with the purpose of examining the adsorp-
tion reaction of orthophenanthroline on some clays and
oxides and its suitability for surface area determination
of such materials.

MATERIALS AND METHODS

Seven substances were used as sorbents of 1,10-
phenanthroline.

(1) Montmorillonite from Cerro Bandera, Argentina,
with a cation-exchange capacity of 0.92 meq/g and
a glycerol specific surface area of 808 m2/g (Peine-
mann ef al., 1972). Particles smaller than 2 um were
saturated with Na, K, NH,, or Ca by repeated
washings with 0.5 M chloride saits followed by
washing out of the excess salt with the help of a
centrifuge.

Kaolin from Birch Pit, Macon, Georgia (USA), with
a cation-exchange capacity of 0.06 meq/g and sur-
face area of 7.9 m%g as determined by paranitro-
phenol (PNP) adsorption from xylene (Giles and
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Trivedi, 1969). Particles smaller than 2 pm were
saturated with Na as described above.

Silica gel from Davison Chemicals, Baltimore,
Maryland, with a N, surface area of 600 m?*/g and
an average pore diameter of 67 A.

Synthetic amorphous silica-alumina prepared in
this laboratory of composition: SiO, 75.6, Al,O,
14.2, and H,0 10.1% and a PNP surface area of 94.9
m?/g.

Hydrous oxide of aluminum, chromatographic
grade, from Carlo Erba, Milano (Italy). This ma-
terial is amorphous to X-rays and has a PNP surface
area of 48 m%/g.

Aluminum hydroxide that gave an X-ray powder
diffraction pattern of bayerite. It has a surface area
of 27.9 m?/g as determined by lauric acid adsorption
from n-pentane (de Boer et al., 1962).

Hematite (a-Fe,0;) from May and Baker Compa-
nies, USA, with a surface area of 10.3 m%g as de-
termined by water vapor adsorption.
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Two samples of Merck analytical-grade orthophen-
anthroline (OP) were used in this study. One is a mono-
hydrate with the composition C;,HgN,-H,0, a water
solubility of 14 mmole/dm? giving a solution of pH 6.4
and a melting point of 117-120°C. The other is ortho-
phenanthroline hydrochloride with the composition
C.HoN,Cl- H,0, a melting point of 224-228°C, and a
water solubility of about 2 mole/dm? giving a pH of 3.

According to Perkampus and Kohler (1960), OP dis-
sociates as follows:

K,
(CioH y N,)** = (C,HyN,)* + H*

K,
(C.HyN,)* = C,HgN, + H*
with pK,; = —1.4 and pK, = 4.85.

149


https://doi.org/10.1346/CCMN.1980.0280212

150

Orthophenanthroline was determined colorimetric-
ally (Lawrie, 1961) from the color developed with fer-
rous iron in the presence of the reducing agent hydrox-
ylamine hydrochloride and acetate buffer at pH 3.5.
Usually 5-ml samples were diluted to 25 ml using a pH
3, 0.2 M sodium acetate/acetic acid solution that con-
tained 1 ml of 0.2% (w/v) FeSo,- 7H,0 and 1 ml of 10%
(w/v) of hydroxylamine hydrochloride per 20 ml.

The adsorption of OP by the above mentioned sor-
bents was carried out by adding 25 ml of OP solutions
of different concentrations to 0.1-1 g of sorbent in 50-
ml pyrex bottles. The bottles were then shaken for 30
min and left for 1.5 hr with occasional shaking. Filtra-
tion followed, and filtrates were analyzed for OP. The
final pH was also measured in the suspensions. The
amounts of OP adsorbed were calculated from the ini-
tial and final concentrations. The surface area of each
material was calculated from the amount of OP ad-
sorbed at the adsorption maximum, assuming that each
molecule of OP occupies an area of 60 A2, This calcu-
lation assumes that each OP molecule lies flat on the
surface.

The effect of pH on the adsorption of OP was carried
out in the same way except that the pH of the OP so-
lutions was adjusted by adding HCl or KOH. The equi-
librium pH range covered was 3-9, at two initial OP
concentrations of 5 and 1 mmole/dm?.

The reversibility of the OP sorption reaction was
studied using montmorillonite and silica-alumina. To
0.16-g samples in 50-ml bottles, 40 ml of solution was
added containing from 80 to 400 micromoles of OP. The
bottles were stoppered and shaken for 30 min and left
for 24 hr with occasional shaking. Twenty-milliliter
samples from the supernatant liquids were withdrawn
for analysis, and 20 ml of water was added. The bottles
were then shaken and left for 24 hr, at which time liquid
samples were withdrawn, as above. The amounts of OP
adsorbed were calculated from the material balance in
the systems.

The effect of time on the adsorption was carried out
using montmorillonite and silica-alumina. The initial
concentration of OP was 6 mmole/dm? for montmoril-
lonite and 1 mmole/dm? for silica-alumina.

For the determination of the weight-average molec-
ular weight of dissolved OP, Raleigh’s ratios (ratio of
scattered to incident radiation) were determined from
light scattering of solutions of different concentrations
at a constant pH of 6.5 using a Brice Phoenix light scat-
tering photometer. The wavelength of the radiation was
436 nm. The weight-average molecular weight M is re-
lated to Raleigh’s ratio R, by the relation (Tanford,
1961):

kc/Ry = (VM) + 2Be

where k = 32n3n,2(dn/dc)?/N A%,
B = constant,

8V
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¢ = concentration in g/cm?,
ny, n = index of refraction of solvent and solution
respectively,
N = Avogadro’s number,

A = wavelength of radiation.

For obtaining (dn/dc), a differential refractometer
was used which permitted measurements of the differ-
ence in refractive index between a solution of OP and
the solvent.

RESULTS AND DISCUSSION

The adsorption curves of OP as a function of con-
centration onto montmorillonite, kaolin, iron oxide,
aluminum oxide, silica gel, and silica-alumina are
shown in Figure 1. The data are also plotted according
to the Langmuir equation in the same figure. As may
be seen, straight lines are traced except for aluminum
oxide. For the silica gel little adsorption took place, and
the sorption is non-Langmuirian. The specific surface
areas calculated from OP adsorption are much lower
for Al-oxide and silica gel than for those determined by
other methods, as given in the experimental section.
Similar results were obtained by Lawrie (1961). For the
other sorbents the following specific surface areas in
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Figure 1. Adsorption isotherms and Langmuir plots of or-
thophenanthroline on (a) kaolin, (b) silica-alumina, (¢) iron
oxide, (d) aluminum oxide, (e) silica gel, (f) Ca- (A) and NH,-
montmorillonite (@), (g) Na-montmorillonite in presence (@)
and/or absence (A) of acetate buffer, and (h) K-montmorillon-
ite in absence (O, ®) and/or presence of acetate (M) and phtha-
late ('¥) buffer.
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Figure 2. Adsorption/desorption isotherms of OP on: (a)
montmorillonite, and (b) silica-alumina.

m?/g were obtained: kaolin 29.5; silica-alumina 83; Na-,
K-, Ca-, and NH,-montmorillonites 860, 708, 649, and
598, respectively.

As may be also observed in Figure 1, the presence
of 0.2 M acetate buffer did not affect the calculated area
for Na-montmorillonite. However, acetate and/or
phthalate buffer (0.02 M) reduced the adsorption and
the calculated areas for K-montmorillonite by about
14%. The use of buffers improved the experimental
conditions by maintaining the pH and facilitating the
filtration of the supernatant liquids.

The reduction in the OP surface areas of the mont-
morillonites saturated with Ca, NH,, and K as com-
pared to that obtained for Na-montmorillonite is not
due to a reduction in the interlamellar spacing, thus re-
ducing penetration of OP molecules, since X-ray dif-
fraction examination of these montmorillonites gave
similar basal spacings, as may be seen from the follow-
ing datain A units: Ca-clay: 19.6 (15.3); NH,-clay: 18.4
(12.3); K-clay: 18.4 (12.3); and Na-clay: 18.8(12.3). The
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Figure 3. (A) The variation of OP concentration in solution

as a function of time in: (a) Ca-montmorillonite, (b) silica-alu-
mina. (B) The logarithm of the rate of change of OP concen-
tration plotted against the logarithm of concentration for: (a)
Ca-montmorillonite, and (b) silica-alumina.
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Figure 4. Effect of pH on OP adsorption at two initial con-

centrations of 5 and 1 mmole/dm?. The dotted line included
with the iron oxide curves represents the percentage of the
molecular form of OP as a function of pH.

values in parenthesis are for the air-dried, cation-sat-
urated clays before OP adsorption. The amount of OP
adsorbed, therefore, seems to be affected by the cation
present on the surface of the clay.

More pronounced reduction in specific surface areas
of montmorillonites saturated with Ca, NH,, and K (as
determined from negative adsorption of chloride) was
reported by Edwards et al. (1965a, 1965b). However,
de Haan (1965) found that both Na- and Ca-montmo-
rillonites had identical surface areas as determined by
negative adsorption of chloride.

The adsorption of OP by kaolin gives rise to a Lang-
muir plot but leads to an overestimation of the specific
area. The value calculated from OP adsorption is about
3 times that determined by paranitrophenol adsorption.
Similar high results were given by Lawrie (1961). Bow-
er (1963) reported good agreement between OP and
ethylene glycol specific areas for kaolin, but the value
reported (18 m?/g) is rather high.

The adsorption/desorption curves of OP on both
montmorillonite and silica-alumina are shown in Figure
2. It is clear from the figure that the adsorption reaction
is irreversible, since the amount present on the surface
at any given equilibrium concentration is dependent on
the manner by which the process took place. On both
sorbents, dilution of the equilibrium solution did not
result in regular desorption of molecules, and the
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Figure 5. (a) The turbidity  of OP solutions as a function of

concentration; (b) The turbidity data are plotted according to
Eq. (1), for the evaluation of the weight average molecular
weight; and (c) The increment in the refractive index of OP
solutions as a function of concentration.

amount desorbed depended strongly on the amount
present on the surface as manifested by the occurrence
of a family of desorption curves.

The effect of time on the adsorption of OP by mont-
morillonite and silica-alumina is shown in Figure 3. As
is apparent from the figure, the adsorption reaction is
complete in about 1 hr on montmorillonite and in 4 hr
on silica-alumina. More information about the kinetics
of OP adsorption, can be obtained by plotting log(—Ac/
At) against log ¢, where ¢ is the concentration of OP in
solution. As seen in Figure 3, the plots are linear for
both sorbents. The slope of the lines represent the order
of the adsorption reaction, which is the value of n in the
kinetic equation:

—dc/dt = ken 2

For montmorillonite, n = 3.50, and for silica-alumina,
n = 3.57. Both values are similar and indicate that OP
is sorbed as a unit composed on the average of 3.5 mol-
ecules.

The effect of pH on the adsorption of OP on kaolin,
montmorillonite, bayerite, silica gel, iron oxide, and
silica-alumina is given in Figure 4. The pH range cov-
ered was 3-9 at OP concentrations of 5 and 1 mmole/
dm3. Asis clear from the curves in Figure 4, a maximum
in OP adsorption takes place at pH 6, with minor dif-
ferences between the sorbents. The effect of pH on OP
adsorption is probably related to the effect of pH on the
OP species as it can exist as a cation or as a neutral
molecule. In Figure 4, together with the data of the iron
oxide, is shown the percentage of the molecular form
of OP as a function of pH. At pH 6, 93% of the OP is
in the molecular form, and at pH 7 the percentage rises
to 99. The near coincidence of the maximum in the
molecular form of OP with the maximum in OP ad-
sorption indicates that the molecular form is preferred
over the positive species by the sorbents. Hence, as the
pH increases in solution, the concentration of the mo-
lecular form in solution also increases, and more ad-
sorption takes place.
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Figure 6. Schematic representation of the micelle formed of
3 molecules of OP.

The decrease in OP adsorption above pH 6 has also
been reported by Herz (1978) and by Dobias (1977,
1978) for other types of molecules and may be explained
as follows. Aggregation of micelles may take place on
surfaces but no similar aggregation occurs in the solu-
tion phase. The chemical potential of the aggregated
units is thus higher in the surface phase than in solution,
causing a net movement of units from surface to solu-
tion where they disintegrate into smaller units.

To identify the units of OP present in solution, the
weight average molecular weight (M) of OP in solution
was determined by light scattering measurements as
detailed above (see also Figure 5). The value of M ob-
tained was 714.3 g/mole, indicating that OP forms in
solution micellar units composed on the average of
(714.3/198.23) = 3.6 molecules per micelle. This num-
ber is in excellent agreement with that obtained from
the kinetic study discussed above.

The adsorption reaction of OP may thus be described
as follows: OP forms micelles in solution which are
composed on the average of 3.6 molecules/micelle. This
is the unit adsorbed. Dispersive interactions between
adjacent molecules increases with the increase in sur-
face concentration of micelles causing their aggrega-
tion. This may cause partial desorption of units. As the
pH falls below 6, more OP molecules become positively
charged and the formation of micelles in the solution
decreases, thus leading to little OP adsorption. The de-
crease in micelle formation is easily understood in
terms of the electric repulsion that could take place be-
tween the positively charged OP molecules within a
micelle, causing its disintegration.

That the unit adsorbed is composed of 3.6 molecules/
unit causes some concern with respect to the calcula-
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tion of surface areas from OP adsorption. The surface
areas are calculated assuming that each OP molecule
lies flat on a surface and occupies 60 A2 (Lawrie, 1961).
Judging by the way OP complexes ferrous iron, namely
an octahedral structure formed by 3 molecules as
shown in Figure 6, and taking into consideration the
data obtained from light scattering, one is tempted to
assume that the same unit exists in solution and on the
surface albeit not as stable as the unit in the presence
of ferrous iron. As may be appreciated from Figure 6,
the surface area occupied by such a unit is expected to
be less than 3 times the area of one molecule of OP.
This explains the overestimation of specific surface
area obtained for kaolin and throws doubt on the sig-
nificance of the Langmuir plots in Figure 1, since the
formation of a true monomolecular layer on the surface
does not take place. This overestimation does not ap-
pear to take place with montmorillonite, probably be-
cause the micelle comes in contact with the two sur-
faces of the interlamellar spaces of the crystals. The
agreement between the OP and the other methods for
surface area determination of montmorillonite is per-
haps due to this fact.

Bower (1963) observed that the OP adsorption on a
bentonite is associated with an increase of 5.3-7.8 A in
the basal spacings, while Berkheiser and Mortland
(1977) obtained an increase of 3.8 and 3.9 A in the basal
spacings of hectorite saturated with Fe(II) and Cu(Il)
phenanthroline complexes, respectively. The present
XRD data and those of Bower (1963) indicate that two
molecules of OP could be present within the interla-
mellar spaces (the OP molecular thickness is about 3
A), though perhaps not in a totally uniform manner.
This is because of the dependence of the amount ad-
sorbed on the saturating cation and the tendency of OP
to micellar formation.
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Pesome—HM3yuanacs agcopouns 1,10-®enarponnna (OI1) HekOTOPLIMA TIMHAME W OKHCJIaMH KaK (pyHK-
15 KOHUeHTpauuk, pH, u BpeMeHu. Afcopbnus oka3zaiach HeoOpaTHMOK B U30TEPMbI, KDOME H30TEPM
JUI1 KPEMHEBOTO refist, ObU rUnepOoNinYecKe, KOTOphbie HO3BOMUIM MOCTPOUTh rpaduky Nofo6HbIe
rpaduxam Jlaurmyupa. KuneTnueckue HcclieloOBaHUs H M3YUYEHHUS C IOMOUIBIO pacCesiHUs! CBETA M0OKA3bI-
BatoT, 4To OII agcopOupyercs Kak MHUENNIOBAs eOUHHLA, COCTaBjieHnHas B cpefiHeM u3 3,5 MonekyJ/
MHLEUIA. OTOT (PakT 00 BACHAET NEPEOLEHKY, 3aMEYCHHY IO B IOBEPXHOCTHBIX 30HAX HEKOTOPBIX COpOeH-
TOB, MOCKOJILKY HacTOMIIME MOHOMONEKYNsipHbIe ciod OIl He topmupyroTCsl Ha noBepXHOCTsX. bbiio
oOHAPYIKEHO TaKXKe, 4To agcopOuus 3aBucut oT pH, noXols 4o MakcuMyMa, He3aBUCHMO OT copOeHTa,
npu pH paBHOM npumepHO 6. 3TOT MaKCHUMYM ObL1 NpubaM3uTELHO NpU ToM ke pH u1st coryygasi, xorga
TOJbKO MoJyieKkysipHas ¢opma OIl Havana nosisisaThest. YacTrunas agcop6rms OIl mpu yBesmveHnn
pH cBbie 6 BO3MOXKHO CBsA3aHA ¢ 00bEJMHEHHEM MUIE/UIA Ha nopepxHocTax. [N. R.]
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Resuimee—Die Adsorption von 1,10-Phenanthrolin (OP) an einige Tone und Oxide wurde in Abhéngigkeit
von Konzentration, pH, und Zeit untersucht. Es zeigte sich, da die Adsorption irreversibel ist, und dafl
die Isothermen, mit Ausnahme von Silica-Gel, hyperbolisch sind und Darstellungen &hnlich denen von
Langmuir ermdglichen. Kinetische und Lichtstrenungs-Untersuchungen zeigen, dal OP in Form einer
micellaren Einheit aus durchschnittlich 3,5 Molekiilen/Micelle adsorbiert wird. Diese Tatsache erklért die
Uberbewertung, die in den Oberflichenbereichen einiger Adsorber beobachtet wurde, da keine echten
monomolekularen Schichten von OP auf den Oberflichen gebildet werden. Es zeigte sich, dalf die Ad-
sorption pH-abhingig ist, und unabhingig vom Adsorber ein Maximum bei pH ~6 erreicht. Dieses Max-
imum war etwa bei dem gleichen pH, bei dem nur die molekulare Form von OP aufzutreten beginnt. Die
teilweise Desorption von OP, wenn der pH iiber 6 ansteigt, hiingt moglicherweise mit der Aggregation von
Micellen auf den Oberflichen zusammen. [U. W.]

Résumé—L adsorption de 1,10-phenalthroline (OP) sur certains argiles et oxides a été étudieé en fonction
de la concentration, du pH, et du temps. On a trouvé que ’adsorption était irréversible et que les iso-
thermes, sauf pour le gel de silice, étaient hyperboliques, produisant des graphes semblables a celui de
Langmuir. Des études kinétiques et de dispersion de lumiére montrent que OP est adsorbé en tant qu’unité
micellaire composée en moyenne de 3,5 molécules/micelle. Ce fait explique la surestimation observée dans
les régions de surface de quelques sorbants puisqu’aucune vraie couche monomoléculaire de OP n’est
formée sur les surfaces. On a aussi trouvé que ’adsorption était dépendante du pH, atteignant un maximum,
indépendant du sorbant, & ~pH 6. Ce maximum était approximativement au méme pH auquel seule la
forme moléculaire de OP commengait 4 étre présente. La désorption partielle de OP lorsque le pH croissait
au-dela de 6 est possiblement associée avec I’aggrégation de micelles & la surface. [D. J.]
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