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1 — INTRODUCTION

The importance of molybdenum in agriculture
and the determining role of clay minerals in
the fixation and mobility of this element in
soils have been reviewed in a previous publi-
cation I1].
Adsorption of molybdate by clay minerals is
also interesting from the point of view of tes-
ting and comparing the performance of mo-
dels which are currently being applied to the
adsorption of ions by oxides, hydrous oxides
and clay minerals 12-71. Whereas a number of
studies are available concerning another im-
portant nutrient, phosphate (Cf. ref. 2 and
literature cited therein), data are relatively
scarce for other specifically adsorbed anions.
Adsorption of molybdate by oxides 18, 9, 10)
and by clay minerals 18, 111 has been investi-
gated but litle information 112) seems to be
available concerning its adsorption isotherms
by clay minerals.
We have recently investigated the adsorption
of molybdate by kaolinite 1131. In the present
paper we report a similar study of the adsorp-
tion isotherms of molybdate by montmorillo-
nite and illite at 25°C and at 40°C and also
data on the 40°C isotherm for the system mo-
lybdate/kaolinite.

2 — EXPERIMENTAL

The adsorption of molybdate by montmorrilonite and illite was

investigated at 25°C and 40"C in a 0.01 M sodium chloride back-

ground medium. A maximum of adsorption was observed at
pH=3.8 for montmorrilonite and at pH=4.0 for Wile. Both clay

minerals adsorb less molybdate at 40°C than at 25°C. The adsorp-
tion isotherms can all be fitted to the Langmuir equation. The

limiting values are 1.98 mg Mo and 1.80 mg Mo per gram of mont-
morillonite at 25°C and 40'C, respectively; the correspondig values

for illite are 0.424 mg Mo and 0.270 mg Mo per gram of adsorbent.
The adsorption isotherms can be approached by straight lines and

adsorption treated as a partition problem for molybdenum concen-
trations in solution lower than 0.2 pg cm-' for montmorillonite and

lower than 3 pg cm ,' for illite at 25°C, with Kd equal to (15.3 ± 1.6)

x 102 cm 3 g' for montmorillonite and equal to (5.9 ± 0.2) cm 3 g' for

illite. Estimations of free energy, enthalpy and entropy of adsorp-

tion are presented for both clay minerals and for kaolinite as well.

Montmorillonite was obtained from FLUKA.
X-ray diffraction analysis of this material sho-
wed, besides the characteristic line of mont-
morillonite at 1.5 nm, a weak line at 1.0 nm
indicating only a few per cent illite. Illite was
obtained from CLAY MINERALS SOCIETY,
SOURCE CLAY MINERALS REPOSITORY.
The X-ray pattern showed the two characte-
ristic lines of illite at 0.496 nm and 1.0 nm; no
other lines were observed thus indicating no
contamination with other minerals.
Sedimentation analysis in hexametaphos-
phate medium yielded the particle size distri-
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Table I

Particle size distribution for montmorillonite and illite

Mineral > 50 µm

( %)

50-20 inn

(%)

20-2 µm

(%)

2-0.5 µm <

(%)

0.5 µm

(%)

Montmor-
illonite 12.6 10.3 44.7 21.0 9.9

Illite 17.0 24.1 28.9 17.0 11.4

bution shown in table I. Specific BET (N2) areas
are 220 m 2 g' and 21 m2 g ' for montmorillo-
nite and for illite, respectively.
Preliminary experiments allowed to choose
clay solution ratios equal to 10 g dm -3 for
montmorillonite and to 50 g dm -3 for illite in
order to obtain a conveniently measurable
distribution of molybdate between solid and
liquid phases. The initial Mo concentration
ranged from 3 to 100 .tg cm -3 for montmorillo-
nite and from 1 to 250 pg cm -3 for illite. The
initial pH of the suspensions in adsorption
experiments was 4.0 for montmorillonite and
8.9 for illite, which were the pH the suspen-
sions of these clays spontaneously assumed in
0.01 M NaCI medium.
Each adsorption equilibrium was carried out
in three replicates. Equilibrium was reached
in less than 24 hours in every case. In experi-
ments at varying imposed pH, the suspen-
sions were ajusted to the desired pH allowed
to equilibrate overnight. The appropriate
amount of molybdate solution was then added
and the final pH measured after the exchange
equilibrium was reached. The pH drift was
always less than 0.8.
Experimental details concerning the equili-
bration procedure and the determination of
molybdenum by flameless atomic absorption
were given in a previous paper [13].

3 — RESULTS AND DISCUSSION

a) pH
The dependence of molybdenum adsorption on
pH is shown in figures 1 and 2. A maximum is
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reached at pH=3.8 for montmorillonite and at
pH=4.0 for illite, both values being close to the
pKa of the HMoO-4 as it could be antecipated
from the theory of Hingston et al [ 141 and as
we also observed in the case of kaolinite [13].

Figure 1

Adsorption of molybdate by montmorillonite: dependence
on pH. 1 g montmorillonite; 100 cm 3 0.01 M NaCI;

Co(Mo) = 2.0 g cm-3.
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Figure 2

Adsorption of molybdate by illite: dependence on pH. 1 g
illite; 100 cm3 0.01 M NaCI; Co(Mo) = 10 g cm-3.
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b) Molybdenum concentration. Temperature

Adsorption isotherms for montmorillonite and
illite are shown in figures 3 and 4 for 25°C
and 40°C respectively, pH remained unchan-

The four curves are all of L type (Giles classi-
fication MD, molybdate showing less affinity
for illite than for montmorillonite, and both
minerals adsorbing less molybdate at 40°C
than at 25°C.
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Figure 3

Adsorption isotherms for molybdate on montmorillonite in
0.01 MNaCI medium: • 25°C (3.98 < pH 54.05),

040°C (3.85 <_ pH 5 4.45)

ged during equilibration in the case of illite,
owing to the buffering effect due to the high
clay/solution ratio which was convenient to
employ. As to montmorillonite, pH changed
from 4.0 to at most 4.8 in the course of equili-
bration.

Figure 4

Adsorption isotherms for molybdate on illite in 0.01 M
NaCI medium: • 25'C (pH = 8.90), A 40°C (pH = 8.20)

The isotherms at 25°C can be fitted to the
Langmuir equation (Figs. 5 and 6), yielding
for the linerarized form

= 5.06 x 10-4 C + 7.50 x10-4 	(1)
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Figure 5

Langmuir plot for the adsorption isotherm of molybdate by
montmorillonite at 25°C

Figure 6

Langmuir plot for the adsorption isotherm of molybdate by
illite at 25°C
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for montmorillonite, and

Ce 

= 0.236 x 10 -2 C e + 16.06 x10 -2 	(2)
C s

for illite, where C e and C 6 are the equilibrium
Mo concentration in the liquid and solid pha-
ses expressed in .tg cm' and µg Mo g - ' clay
respectively.
The differences between calculated and expe-
rimental values amount to 9.4 ± 3.2% and to
4.4 ± 0.9% for montmorillonite and for illite
respectively; these are to be compared with
the variation coefficient for the experimental
C s , 2.2 ± 0,3%. The fit is therefore reasona-
bly good for illite but less so for montmorillo-
nite. This may be connected with increasing
affinity between molybdate and the adsorbent
on going from illite to kaolinite and then to
montmorillonite under our experimental con-
ditions, namely an ionic strength of 0.01 M.
Actually, all the isotherms being of L type,
illite may nevertheless be considered to show
some tendency to C-type behaviour and mont-
morillonite to H-type behaviour.
For molybdenum concentrations in solution
lower than 0.2 µg cm -3 for montmorillonite
and lower than 3 µg cm' for illite, the iso-
therms can be described by straight lines:

C, = 15.3 x 102 C e 	(Ce < 0.2 µg cm') (3)

for montmorillonite, and

C s = 5.9 C e 	(Ce < 3 µg cm') (4)

The differences between calculated and expe-
rimental values amount to 8 ± 3% for mont-
morillonite and 4 ± 2% for illite. The adsorp-
tion equilibrium can thus be characterized in
these concentration ranges by a single para-
meter, the distribution coefficient, Kd, which
is equal to  (15.3 ± 1.6) x 10 2 cm3 g ' for
montmorillonite and equal to (5.9 ± 0.2) cm 3

g for illite.
Since molybdenum concentration in soil solu-
tion is tipically lower than 3 ppm, adsorption
of molybdenum by illite as a soil constituent
can be treated as a simple partition problem.
The same is true for kaolinite as we have
shown in a previous paper [13]. As to mont-
morillonite, a two parameters equation, like
Langmuir's, will be required in order to des-
cribe the behaviour of molybdenum in mont-
morillonitic soils.
The isotherms at 40°C can also be fitted to the
Langmuir equation (Figs. 7 and 8) yielding for
the linearized form

= 5.57  x 10-4 C e + 7.99  x10 -4 	(5)
C S

C ,

Figure 7

Langmuir plot for the adsorption isotherm of molybdate by
montmorillonite at 40'C
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Figure 8

Langmuir plot for the adsorption isotherm of molybdate by
illite at 40°C
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= 0.370 x 10 -2 C + 54.04 x10 -2 	(6)
C s

C ,
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for montmorillonite, and

for illite. The differences between calculated
and experimental values amount to
3.1 ± 1.3% and to 0.9 ± 0.3% for montmo-
rillonite and illite respectively.
For low molybdenum concentrations the iso-
therms approach to straight lines as it was
found at 25°C; partition coefficientes at 40°C
are, however, unlikely to be useful in soil che-
mistry studies since this is not a common tem-
perature in soils.

c) Equilibrium constants and thermody-
namic functions

The fact that Langmuir equation adequately
describes the adsorption equilibria we investi-
gated makes it easy to advance preliminary
estimation of the pertinent thermodynamic
functions.
If speciation is ignored both in the liquid and
the solid phases, the general stoicheometric
equation can be put forward

SOH(s) + H 2Mo04(aq) + xH+(aq) =

= SMoO 4 Hi+X(s) + H2O

corresponding to the conditional constant

C
K 

( C — C s) C, [ H +1x	

(8)

wherefrom the relationship

C, [HT 	1 1 + 	 C [H, IX (9)

C	 KC	 C e

can be derived. (S stands for one equivalent of
the clay mineral and C for its exchange capa-
city for molybdate in the same units as C s).
Now, whereas a good fit to equation (9) can be
obtained with x=0, poor fitting resulted whe-
never stoicheometrically meaningfull values
of x ranging from +2 to —1 were tried. In any
case, a sistematically better agreement bet-

ween experimental and calculated values of C s

was observed when x ---> 0. This suggests
that equations (7) and (9) may be re-writen as

SOH(s) + 1-12Mo0 4(ag) =

= S MoO 4 H(s) + H 20
(10)

and

C1	 1

Ce 	K C + C C	 (11)
s	 I,	 e

equation (11) being the linearized form of
Langmuir equation. The moderate increasing
of pH which accompanies molybdate adsorp-
tion in the case of montmorrilonite (and also
kaolinite) should then be attributed to the
readjustment of the acid-base equilibrium for
the clay

SO-(s) + H 20 = SOH(s) + 0H-(aq) (12)

upon the adsorption of molybdate, which con-
sumes the SOH species. Potentiometric titra-
tions of the clay suspensions corroborate this
view.
Let it be pointed out that the Langmuir cons-
tant KI is obtained from the extrapolation of
the straight line (11) to the axis of ordinates:
it therefore corresponds to an estimation of
the equilibrium constant K for reaction (10) at
zero Mo concentrations in both aqueous and
solid phases. K, may thus be taken as a fair
approximation of the thermodynamic constant
for the adsorption equilibrium. After conver-
sion to molar concentration units for molybde-
num in solution, it then referes to the follo-
wing standard states under ideal conditions:
unit molar concentration for molybdate in so-
lution; and 0.5 mole fraction both for SOH(s)

Sand for MoO 4H(s).
The usual treatment of the equilibrium cons-
tants next yields the results that are summa-
rized in table II, where data for kaolinite is
also included for comparison.
Confidence intervals were estimated on the
basis of the Langmuir fit, neglecting the cor-

(7)
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Table II

Thermodynamic functions for the adsorption of molybdate by diary minerals

Function Kaolinite Montmorillonite Illite

K(298K) (10.9±0.3)x10' (65 ± 6)x10 3 (1.41 ± 0.07)x10 3

K(313K) (2.57 ± 0.09)x10 3 (67 ± 5)x10 3 (0.66 ± 0.01)x10 3

AG° / kJ.mol — ' — 23.0 ± 0.1 — 27.4 ± 0.2 — 18.0 ± 0.1

AH° / kJ.mol— ' —75±2 2 ± 2 —39± 1

AS° / kJ.mol— '.K-1 — 174 ± 1 98 ± 2 —72± 1

relation of the errors in the ordinates and in
the abscissae; a more rigorous calculation
would be rather involved and probably unjus-
tified. Precision confirms that estimates of
AH° and AS° are possible and the results signi-
ficant, even if only two temperatures were in-
vestigated. Accuracy, on the other hand, de-
pend on how reliable the identification of K
with KI proves to be.
The driving force for the adsorption of molyb-
date by montmorillonite is of an entropic na-
ture under our experimental conditions. The
same has been found by Muljadi at al. [16] in
the case of the adsorption of phosphate by
kaolinite at pH = 5; the authors report zero
enthalpy, — 20 kJ.mol- ' free energy (at 20°C)
and + 63 J.mol - '.K- ' standard entropy for the
exchange reaction. The values shown in table
II are of similar magnitude, with the excep-
tion of the entropy of adsorption of molybdate
by kaolinite which may seem too high. Howe-
ver, if the adsorption of molybdate by kaoli-
nite is to a certain extent assimilated to a bi-
dimensional formation of aluminum molyb-
date (without significant simultaneous re-ar-
rangement of exchangeable cations) the high
entropy decrease is perhaps not surprising, if
it is also born in mind that the standard en-
tropy of formation or ferrous molybdate, for
which data are available, is equal to —335
J.mol- '.K-1 [17].
A more refined thermodynamic treatment, ba-
sed on the use of the Gibbs-Duhem equation,

in order to obtain, from the conditional cons-
tants the thermodynamic equilibrium cons-
tants as well as the activity coefficients in the
solid phases [ 181, depends on the confirmation
of the stoicheometry of the adsorption reac-
tion. This, on its turn, requires a detailed kno-
wledge of the acid-base equilibria for the
clays. The same is true if the adsorption equi-
librium constants (and the thermodynamic
functions) are to be derived from model consi-
derations using, for instance, the constant ca-
pacitance model [21. The acid-base behaviour
of the clay minerals we have studied is there-
fore under investigation at present.
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RESUMO

Adsorção de molibdato por minerais de argila - II -
montmorilonite e ilite

Estudou-se a adsorção de molibdato por montmorilonite e dite a

25°C e a 40°C em meio de cloreto de sódio 0.01 M. Testou-se a

influência do pH na adsorção tendo-se verificado um máximo a

pH = 3.8 para a montmorilonite e a pH = 4.0 para a dite. Ambos

os minerais de argila adsorvem menos molibdato a 40°C do que a

2.5°C. As isotérmicas de adsorção ajustam-se bem à equação de

Langmuir para os dois adsorventes e temperaturas. Os recobri-

mentos totais são respectivamente 1.98 e 1.80 mg Mo por grama de

montmorilonite a 25°C e 40°C respectivamente; os correspondentes

valores para a dite são 0.424 e 0.270 mg Mo por grama de adsor-

vente.

Para concentrações de equilíbrio inferiores a 0.2µg Mo cm- ' para a

montmorilonite e a 3µg Mo cm -3 para a dite as isotérmicas de ad-

sorção confundem-se com rectas podendo o equilíbrio ser lralato

como um problema de partição e caracterizado por um coeficiente

de distribuição Kd, igual a (15.3 ± 1.6) x 102 cm' g- '  para a

montmorilonite e igual a (5.9 ± 0.2) cm' g ' para a ilite. Apresen-

tam-se estimativas dos valores da energia livre, entalpia e entropia

de adsorção para os dois minerais de argila hem como para a

caulinite.
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