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Abstract--Adsorption of Mo(VI) on 2-0.2-um size fraction of sodium-saturated kaolinite at 25 _+ 2~ 
and at a constant pH of 7.00 _+ 0.05 was studied. The kaolinite sample was pretreated to remove any 
surface oxide and hydroxide coatings. The initial concentrations of Mo in solution ranged from 1 to 11 
mg/liter in a NaC104 background electrolyte at a constant ionic strength of 0.09 _+ 0.01. Calculations of 
speciation using the GEOCHEM computer program indicated that under experimental conditions Mo(VI) 
was mainly in the MoO4 2- form. The experimental conditions were also shown to fulfill the requirements 
for applying the Langmuir equation in interpreting adsorption data. The Langmuir parameter for the 
adsorption maximum, n ~ and the affinity parameter, KMoO,2 -ao, were computed to be 3.33 x 10 -4 mole/ 
mole of adsorbent and 5.969 x 105, respectively. The large affinity parameter indicated that the Na- 
saturated kaolinite surface has a very high affinity for MoO42 ions relative to C10 4- ions. 
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I N T R O D U C T I O N  

Molybdenum is an essential trace element for plant 
and animal life; however, excessive amounts can have 
deleterious effects on various organisms. According to 
Aubert and Pinta (1977), total Mo concentrations in 
soils as high as 24 ppm have been found. A survey by 
Kopp and Kroner (t970) indicated that the surface 
waters in the United States contain Mo concentrations 
between 0.06 and 1.10 mg/liter. Concentrations of  Mo 
in the environment  are significantly enhanced by an- 
thropogenic inputs from coal-resource development, 
fly ash, sewage sludge, and hard-rock mining activity. 
Sediments downstream from a molybdenum mine were 
reported to contain Mo concentrations as high as 2000 
ppm (Vlek and Lindsay, 1977); the dissolved Mo in 
stream water was as high as 3.8 mg/liter (Jorden and 
Meglen, 1973). Therefore, it is essential to understand 
various Mo interactions in soils and sediments in order 
to assess the effects ofanthropogenic inputs of  this trace 
element into natural waters and soil systems. 

An important aspect of  Mo interaction in soils and 
sediments is its adsorption on to clay mineral surfaces. 
Relatively few studies of  Mo adsorption on phyllosil- 
icates have appeared in the literature, and only two 
studies have been published that involve the adsorp- 
tion of  Mo on kaolinite (Barshad, t 951; Jones, 1957). 
These studies were conducted using kaolinite samples 
that were not characterized, and background electro- 
lytes were not used to maintain constant ionic strengths. 
In addition, these studies used a single initial concen- 
tration of  Mo with variable pH. Therefore, a singular 
lack of  data exists regarding Mo adsorption on well- 
characterized kaolinite with varying initial concentra- 
tions of  Mo in constant ionic strength solutions. The 
objective of  the present study was to obtain such data 
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under clearly defined conditions of  Mo speciation in 
equilibrium solutions at constant pH. 

MATERIALS A N D  METHODS 

Preparation of kaolinite suspension 
A sample of  well-crystallized kaolinite from Georgia 

designated as KGa-1, obtained from the Source Clays 
Repository of  The Clay Minerals Society, was 
dispersed in 0.1 M NaOH solution, and the 0.2-2-tzm 
size fraction was separated by centrifugation. This size 
fraction was reacted with 0,001 M Hf lO4 in 1.0 M 
NaC104 solution, washed several times with 0.1 M 
NaC104 solution at neutral pH, and stored as a sus- 
pension in the same electrolyte in a polyethylene con- 
tainer. This pretreatment procedure was used to re- 
move any oxide and hydroxide coating on kaolinite 
surfaces. The Na-saturated kaolinite was used in all of  
the adsorption experiments. The weight of  clay per unit 
volume of suspension was determined by drying known 
volumes of  suspensions at 110~ for 24 hr and applying 
appropriate corrections for occluded salt. Quadrupli- 
cate measurements indicated that the suspension con- 
tained 373.14 • 1.80 mg/ml of  clay. A sample of  sus- 
pension washed free of  electrolyte was dissolved in 
aqua regia and hydrofluoric acid following the method 
of  Bernas (1968). The analysis of  the resulting solution 
indicated that the kaolinite sample contained no de- 
tectable molybdenum. 

Adsorption experiments 
To study the adsorption o f  Mo by Na-kaolinite, so- 

lutions of  Na2MoO4 ranging from 1 to 11 rag/liter were 
added to polyethylene centrifuge tubes containing 15 
ml of  kaolinite suspensions. Aliquots of  0.1 M NaC104 
solution were added to each centrifuge tube to maintain 

https://doi.org/10.1346/CCMN.1984.0320106 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1984.0320106


46 Phelan and Mattigod Clays and Clay Minerals 

Table 1. Association constants for aqueous molybdenum 
species at 25~ and 1 atmosphere. 

Reaclion log K 

MoO42- + H + = H M o O 4 -  4.3 
MoO42- + 2H + = H2MoO4 8.2 

7MoO42 + 8H* = M o 7 0 2 4 6 -  + 4H~O 52.8 
7 M O O 4  z- + 9H + = Mo7023(OH) 5- + 4H~O 58.6 

7MOO42 + 10H + = Mo702z(OH)z 4- + 4H20 63.6 
7MoO42- + 11H + = MovOzI(OH)s 3- + 4HzO 66.5 

Source: Baes and Mesmer (1976). Constants adjusted to 
zero ionic strength by the Davies equation. 

a clay solution ratio of  approximately 1:25 and an ionic 
strength of  0.09 _+ 0.01. The pH of  these suspensions 
was 7.00 + 0.05. The choice of  pH for these experi- 
ments was based upon calculations that indicated 
MoO42- to be the dominant  specie of  Mo(VI) at neutral 
pH. The selection of  NaC104 as the background elec- 
trolyte was based on two critical factors. First, the C104- 
ion does not form any soluble complexes (Cotton and 
Wilkinson, 1962) and thus precluded any influence of  
complex formation on adsorption. Second, MOO2- and 
CIO4- ions are tetrahedral anions of  comparable size, 
and, therefore, steric effects on competit ive adsorption 
were expected to be at a minimum. The 25 ml of  sus- 
pensions was equilibrated at 25 +- 2~ for 48 hr with 
cont inuous  shaking. Pre l iminary  exper iments  had 
shown that Mo adsorption reached a steady state at 
about 48 hr. After equilibration, the suspensions were 
centrifuged at ~ 1100 g for 15 min. The concentration 
of  Mo in the supernatant was measured using a Perkin- 
Elmer Model 5000 AA spectrometer. The pH values 
of  supernatants showed no significant changes from 
initial values of  7.00 --_ 0.05. A1 and Si in the super- 
natants were also determined by atomic absorption 
spectrometry to assess the extent of  kaolinite dissolu- 
tion during the experiment. 

Calculation of Mo(VI) speciation in solution 
The total amount of  Mo adsorbed by Na-kaolinite 

was calculated from the difference between Mo con- 
centrations in the initial and the equilibrium solutions. 
According to Baes and Mesmer (1976), Mo in solution 
can exist in valence states ranging from 3+ to 6+, with 
the 6+ state being the most stable form in the absence 
of  complex-formation reactions. Mo(VI) can also exist 
in polymeric forms at higher concentrations and may 
form complexes. Therefore, Mo speciation in solution 
as a function of  pH was computed by the chemical 
equilibrium computer program, GEOCHEM (Matti- 
god and Sposito, 1979). The ion-activity coefficients 
were calculated from the Davies equation (Davies, 
1962). The association constants for various Mo(VI) 
species that were used in these calculations are listed 
in Table 1. The results (Figure 1) indicated that at pH 
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Figure 1. Distribution of Mo(VI) species in equilibrium so- 
lutions of 0.1 M NaC104 as a function of pH for total con- 
centrations of Mo between 1 and 1 l rag/liter. 

7.00 and total concentrations ranging from 1 to 11 mg/ 
liter in 0.1 M NaC104 solutions, Mo(VI) existed mainly 
a s  M o O 4  2-  ions. No polymeric species or solid phases 
of  Mo(VI) were predicted to be present under these 
conditions. Therefore, the data that were obtained in 
these experiments were interpreted on the basis of  ad- 
sorption of  MoO42- ions on kaolinite surfaces; 

The concentrations of  A1 and Si in the equilibrium 
solutions averaged 1.3 and 3.3 mg/liter, respectively, 
indicating that the dissolution of  Na-kaolinite was in- 
significant during adsorption experiments. Inclusion of  
A1 and Si concentrations in speciation calculations 
showed no changes either in speciation of  Mo(VI), or 
the ionic strength. 

Application of the Langmuir equation 
The derivation of  the Langmuir equation based on 

statistical thermodynamics was published by Sposito 
(1979). Recently, E1 Prince and Sposito (1981 ) outlined 
the critical assumptions that underlie the Langmuir 
equation. Sposito (1983) also showed that the Lang- 
muir equation is a specific case of  the following general 
adsorption equation: 

nAOKAB~(aA/aB) ~ 
nA = 1 + KAB~(aA/aa) ~' (1) 

where, nA = quantity of  specie A adsorbed in compe- 
tition with specie B, nA ~ = maximum value of  adsorp- 
tion for specie A, KAB = constant measure of  affinity 
of  specie A for the surface relative to specie B, fl = 
surface heterogeneity parameter, aA and aB are the ac- 
tivities of  A and B species in solution at equilibrium, 
and nA and na ~ can have units: rag/g, mole /m 2, or mole/  
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Figure 2. Adsorption isotherm with activity of M o O 4  2-  in 
equilibrium solution and the quantity of Mo adsorbed on Na- 
kaolinite as variables. The curve was calculated from the 
Langmuir constants derived from Figure 3. 

mole of absorbent. The parameters: KAB, /3, aA, and aB 
are dimensionless. 

I f  the surface heterogeneity parameter is unity, and 
if the activity of the specie B is held constant during 
an experiment, Eq. (1) can be expressed as: 

nAOKABlaA 
n A -  1 + KABIaA ' (2) 

where KAa' = KAB/aB = constant. Dividing both sides 
of the Eq. (2) by nA and rearranging, gives rise to the 
traditional Langmuir equation: 

a A _ 1 a A + (3) 
n A BAOKAB j BA o' 

In the present experiments, the activity of CIO4- was 
maintained at a constant level by the use of 0.1 M 
NaC104 solution as background electrolyte. Because 
our computations showed that in equilibrium solu- 
tions, Mo(VI) existed as the MoO42- species, it is valid 
to use the activity of MoO42- ion in Eq. (3). The activity 
of OH- was negligible at pH 7.00 _+ 0.05; therefore, 
M O 0 4 2 -  ion adsorption on Na-kaolinite surfaces oc- 
curred mainly in competition with C104 ions- -a  clear 
justification for using the Langmuir Eq. (3) to describe 
MoO42 ion-adsorption data obtained from these ex- 
periments. 

RESULTS AND DISCUSSION 

The activities of M o O 4  2- ions in equilibrium solu- 
tions in relation to the amount  of MoO42- adsorbed 
by Na-kaolinite are depicted in Figure 2. The Langmuir 
isotherm with aMoo,2_/nMoo,2_ as the dependent variable 
and aMoo,~- as the independent variable is illustrated in 
Figure 3 in which the relationship between these pa- 
rameters is linear. From the slope and intercept of this 
isotherm, the adsorption maximum n o for the M o O 4  2-  

xlO -2 

14 

12 

~E 

% .  

o o 

o 

0 O 

0 

I I I I I I i i 
0.50 100 1.50 2.00 2.50 3.00 3.50 4 .00x lo  -5 

aM00~-  

Figure 3. Langmuir isotherm depicting MoO4 2- adsorption 
on Na-kaolinite in competition with CIO4-. 

ion and the affinity parameter, KMoo:-  o o  4- w e r e  cal- 
culated to be 3.33 • 10 -4 mole/mole of kaolinite and 
5.969 • 105, respectively. This value of n o indicates 
that the highest adsorption attained in this experiment 
was approximately 74% of the predicted maximum. 
The large affinity parameter indicates that the Na-sat- 
urated kaolinite surface has a very high affinity for 
MOO2- ions relative to C l O  4- ions. 

In these experiments, the kaolinite sample was pre- 
treated to remove any oxide and hydroxide coatings 
and to ensure that adsorption occurred on kaolinite 
surfaces. Other experimental conditions were selected 
so that all of the Mo(VI) in solution was present in the 
M O 0 4 2 -  form. In addition, the applicability of the 
Langmuir isotherm for the competitive adsorption data 
was established. Therefore, these data, collected under 
well-defined experimental conditions, are not com- 
parable to the results of previous studies of Mo(VI) 
adsorption on kaolinite (Barshad, 1951; Jones, 1957) 
due to the following reasons. (1) Previous studies were 
conducted with kaolinite samples that were not fully 
characterized as to their physico-chemical properties. 
(2) The adsorption data of Barshad (1951) and Jones 
(1957) were based in each experiment on a single Mo(VI) 
concentration and without any background electrolyte 
to control the ionic strength. The M o O n  2- adsorption 
data generated from the present experiment lead to two 
important conclusions. First, the steric factors being 
similar, the adsorption of MoO42 ions on Na-kaolinite 
surfaces occurred even when the MoO42- concentra- 
tions in equilibrium solutions were three to four orders 
of magnitude less than the concentrations of competing 
C104- ions. Second, the very high affinity of MoO42- 
ions for the Na-kaolinite surfaces indicates probable 
specific adsorption. This phenomenon is similar to the 
commonly observed specific adsorption of other di- 
valent anions on various types of oxide surfaces (Hings- 
ton, 1981). 
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The  adsorp t ion  o f  Mo(VI)  on wel l -character ized clay 
minera ls  and  soils in the presence  o f  different com-  
pet ing l igands and  upon  complex  fo rma t ion  in med ia  
o f  known  ionic s t rengths  needs  fur ther  s tudy for a bet ter  
under s t and ing  o f  Mo(VI)  chemis t ry  in natural  systems.  
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Pe3m~e--I4ccne~oBa~acb a~cop6t~na Mo(VI) Ha qbpaKt~nr~ paaMepoM 2-0,2 /.~M KaonnunTa, nacL,imen- 
Horo naTpneM upn TeuuepaType 25-+ 2~ n npn nocTonnnofi aenn,~nHe pH paauofi 7,00 • 0,05. 
O6pa3eu KaonI4HHTa o6paOOTblBa.rlCn TaK, qTO6bl y~Ia~rlTb Bce OKrlCnble 14 rn~pooKncHt, le noBepx- 
nOCTnhIe noKphlTna. Haqal, n~,le KOnt~enTpat~na Mo B paCTBOpe pacnpe~eaanncb OT I ~O I I Mr/nnTp 
a 3neKTpOnnTe NaCIO4 npn nocToanno~ nonoao~ cane paaaoh 0,09 +-- 0,01. Bblqncnenna KonnaecTBa 
nOBb~X BnaOB npn noMo~n nporpaMb~ F3OXEM yKa3Lmann Ha TO, qTO B 3TaX aKcnepnMenTam, m, lx 
ycnoBn~IX Mo(VI) naxo~nnca ~ ocnoBno~ B qbopMe MoO~ "~-. FIoKa3ano, ~ o  3~cnepn~enTa~,n~e yc~oam~ 
BbmOnnnnn neo6xo~nMh~e yCnOBHa /Inn ncnonb3osauna ypaaaenaa J][aHrMK)pa ~n~l ~lnTepnpeTatlHn 
~anHb~X a~cop61~Hn. IIapaMeTp .rIaHrM~opa ~na MagCnMyMa a~cop6rann, n ~ n napar~eTp uo;ao6nn, 
K.. ^ z . . . . . .  6binrl ab[nncnea~[ ~arc 3,33 • 10 -4 MOn~/MOYlb a~copOeaTa n 5,969 • 10 ~, COOTBeTCTBeHHO. 
3~a~ .apa~eTp nono6.~ yga3hma.a na TO, nTO noBepxaOCTh gaonnnnTa, Hacblmeanoro 
Na, I, IMeeT oqeRb 8blCOl~Oe no~o6ne ~tna nonoa MoO42 no OTHOnleHHIO K HOHOM CIO4-. [E.G.] 

Resiimee--Es wurde die Adsorption von Mo(VI) an die 2-0,2 ~m Fraktion yon Na-ges~ittigtem Kaolinit 
bei 25 _+ 2~ und einem konstanten pH yon 7,00 + 0.05 untersucht. Die Kaolinitprobe wurde vorbe- 
handelt, um oxidische und hydroxidische Oberfl~ichenbel/ige zu enlfernen. Die ursprtinglichen Konzen- 
trationen an Mo in der L6sung reichten von 1-11 mg/Liter in einer NaCIO4 Elektrolytl6sung mit einer 
konstanten Ionenst~irke yon 0,09 + 0,01. Die Berechnungen mittels GEOCHEM-Programm deuten darauf 
hin, dab unter den experimentellen Bedingungen Mo(VI) haupts~ichlich als M o O 4  2 vorlag. Es zeigte sich 
auch, dal3 die experimentellen Bedingungen so waren, dab sic die Anforderungen far die Anwendung der 
Langmuir-Gleichung bei der Interpretation der Adsorptionsdaten erfiillt haben. Der Langmuir-Parameter 
Fth" das Adsorptionsmaximum, n ~ und der Atfinit/itsparameter, KMoo,2-oo,, wurden, auf 3,33 • 10 -4 
Mole/Mole f0r den Adsorbenten bzw. rail 5,969 • 105 berechnet. Der grol3e Afflnit~itsparameter deutete 
darauf bin, dab die Na-ges~ittigte Kaolinitoberfl~iche eine grol3e Affinit/it ftir MoO42--Ionen im Vergleich 
zu C104--Ionen hat. [U.W.] 

R~sum6--On a 6tudi6 l'adsorption de Mo(VI) sur une fraction de kaolinite satur6e de sodium de taille 
2-0,2 t~m ~ 25 +_ 2*(? at ~ un pH constant de 7,00 +_ 0.05. L'6chantillon de k/~olinite avail 616 trait6 
l'avance pour enlever loutes couches oxides et hydroxides. Les concentrations de Mo initiales ~lans la 
solution s'6tendaient d ' l  ~t 11 mg/litre dans un 61ectrolyte d'arri6re plan de NaCIO, ~ une force i6nique 
constante de 0,09 + 0,01. Des calculs de sp6ciation employant le programme GEOCHEM ont indiqu6 
que sous les conditions exp6rimentales Mo(VI) 6tail principalement dans la forme MoO42-. On a aussi 
montr6 que les conditions exp6rimentales ont satisfait les exigences pour appliquer l'6quatiou de Langmuir 
dans l'interpr6tation des donn6es d'adsorption. Le param6tre de Langmuir pour le maximum d'adsorption, 
n ~ et le param6tre d'afflnit6, KMoo,~--cto,-, ont 6t6 comput6s 6tre 3,33 x 10 _4 mole/mole d'adsorbant et 
5,969 • 105, respectivement. Le grand param6tre d'altinit6 a indiqu6 que la surface de kaolinite satur6e 
de N a a  une affinit6 tr6s 61ev6e pour les ions M o O 4  2 relativement aux ions C104- [D.J.] 
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