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Abstract: Anion adsorption on the aluminum oxide, gibbsite, was in-
vestigated as a function of solution pH (3Y11) and equilibrium solution
Mo (3.13, 31.3, or 313 Kmol/L), P (96.9 Kmol/L), or S (156 Kmol/L)
concentration. Adsorption of all three anions decreased with increasing
pH. Electrophoretic mobility measurements indicated a downward shift
in point of zero charge, indicative of an inner-sphere adsorption mech-
anism for all three anions. The constant capacitance model, having an
inner-sphere adsorption mechanism, was able to describe Mo and P
adsorption; whereas the triple-layer model with an outer-sphere adsorp-
tion mechanism was used to describe S adsorption. Competitive adsorp-
tion experiments showed a reduction of Mo adsorption at a Mo/P ratio of
1:30 and 1:300 but no reduction at a Mo/S ratio of 1:52 and 1:520. These
concentrations are realistic of natural systems where Mo is found in
much lesser concentrations than P or S. Using surface complexation
constants from single-ion systems, the triple-layer model predicted that
even elevated S concentrations did not affect Mo adsorption. The con-
stant capacitance model was able to predict the competitive effect of
P on Mo adsorption semiquantitatively.

Key words: Constant capacitance model, triple-layer model, surface
complexation model.

(Soil Sci 2010;175: 105Y110)

Molybdenum is an essential trace element for both plants and
animals. For plant growth, Mo is the essential micronu-

trient required in the smallest amount. The minimum Mo re-
quirement for animal nutrition is also very low. Levels of Mo
in soils are usually extremely small, 0.5 to 5 mg Lj1 (Gupta and
Lipsett, 1981). Although Mo rarely causes harmful effects or
yield reductions in crops under field conditions, it is readily
taken up, especially by legumes, and can accumulate to levels
that are toxic to grazing ruminant animals (Reisenauer et al.,
1973). Excessive soil solution Mo concentrations can occur,
primarily on alkaline soils in the western United States, espe-
cially in the San Joaquin Valley of California (Barshad, 1948).
Detailed knowledge of the geochemical factors that influence
Mo availability is necessary both to optimize plant Mo nutrition
and for management of soils high in Mo.

Aluminum oxide content is one of the soil factors that
affects availability of Mo to plants (Reisenauer et al., 1973).
Molybdenum adsorption by soils was found to be highly
correlated with extractable Al (Barrow, 1970). Although Mo
sorption has been investigated on a wide range of crystalline
Al oxides, most of these studies dealt with high-temperature
alumina, Al2O3 (Ferreiro et al., 1985; Spanos et al., 1990a,

1990b; Vordonis et al., 1990; Spanos and Lycourghiotis, 1994;
El Shafei et al., 2000; Vissenberg et al., 2000). The studies of
Goldberg et al. (1996, 1998) and Manning and Goldberg (1996)
on gibbsite and Ferreiro et al. (1985) on bayerite are the only
investigations of Mo adsorption by crystalline Al oxide minerals
found in soils. Gibbsite is the most common crystalline Al oxide
mineral present in soils. The pitfalls of using thermodynamically
unstable high-temperature Al oxides to study adsorption were
demonstrated by Goldberg and Glaubig (1988) who showed that
the location of the B adsorption maximum shifted downward by
1.5 pH units in just 24 h of reaction time because of dissolution.

Description of Mo adsorption behavior on gibbsite requires
knowledge of the mode of binding of the Mo anions on the
mineral surface. Insight into ion adsorption mechanisms can be
provided by macroscopic experimental observations such as point
of zero charge (PZC) shifts and ionic strength effects on extent
of ion adsorption. Molybdenum adsorption reduced the PZC of
gibbsite, indicating strong specific adsorption and inner-sphere
surface complexation (Goldberg et al., 1996). Molybdenum ad-
sorption on gibbsite showed little ionic strength dependence,
also indirect evidence of inner-sphere surface complex forma-
tion (Goldberg et al., 1998).

Molybdenum adsorption reactions by Al oxides and soils
have generally been studied in single-anion systems, or at most,
in the presence of one competing anion species. Molybdenum
adsorption studies were carried out on soils (Roy et al., 1986)
in the presence of equimolar phosphate concentration and on
F-Al2O3 in the presence of equimolar sulfate concentration (Wu
et al., 2001). Although the presence of phosphate depressed Mo
adsorption on soils, Mo adsorption on alumina was unaffected
by the presence of equimolar sulfate.

Recognizing that phosphate and sulfate occur at higher con-
centrations than Mo in nature, studies on soils have been con-
ducted at Mo/P molar ratios of 1:5 (Brinton and O’Connor, 2000),
1:9 (Xie and MacKenzie, 1991), and 1:10 (Gonzalez et al., 1974)
and at Mo/S molar ratios of 1:5 (Brinton and O’Connor, 2000),
1:6 (Smith et al., 1987), and 1:10 (Gonzalez et al., 1974). Reduc-
tions in Mo adsorption were observed in all of the phosphate
studies and some of the sulfate studies (Brinton and O’Connor,
2000; Smith et al., 1987). Only in the study of Gorlach et al.
(1969) were Mo, S, and P added in proportions realistic for soils.
At a 1:140 molar ratio of Mo/P, reductions in Mo adsorption
were observed; whereas at a 1:240 molar ratio of Mo/S, no effect
of S on Mo adsorption was noted. The lack of competitive effect
of the presence of sulfate in the study of Gorlach et al. (1969)
was not caused by differences in Fe or Al oxide content or
organic matter content because their soils were intermediate in
these properties between those of Smith et al. (1987) and Xie
and MacKenzie (1991).

Molybdenum adsorption on gibbsite has been described
using two surface complexation modeling approaches: constant
capacitance model (Manning and Goldberg, 1996; Goldberg
et al., 1996, 1998) and triple-layer model (Goldberg et al., 1998).
The constant capacitance model was able to describe Mo adsorp-
tion on gibbsite (Manning and Goldberg, 1996). The triple-layer
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model was able to describe simultaneous Mo and sulfate ad-
sorption on F-Al2O3 (Wu et al., 2001) and Mo adsorption on
amorphous Al oxide (Goldberg et al., 2008).

The objectives of this study were to (i) investigate Mo
adsorption on gibbsite at Mo concentrations realistic to natural
systems, (ii) investigate the effect of competing sulfate and
phosphate ions on Mo adsorption by gibbsite at concentrations
of S and P realistic for soil systems, and (iii) evaluate the ability
of the chemical surface complexation models to describe Mo
adsorption in both the single-ion and the competitive systems.

MATERIALS AND METHODS
Molybdenum adsorption was investigated on a hydrated

alumina S-11 obtained from the Aluminum Company of America
(Alcoa Center, PA). Using an X-ray diffraction powder mount,
the material was found to consist of gibbsite without any de-
tectable impurities. Specific surface area was determined to be
18.0 m2 gj1 from a single-point BET N2 adsorption isotherm
obtained using a Quantasorb Jr surface area analyzer (Quanta-
chrome Corp, Syosset, NY).

Points of zero charge for the gibbsite were determined by
microelectrophoresis using a Zeta-Meter 3.0 system (Zeta Meter,
Long Island City, NY). The electrophoretic mobilities of sus-
pensions containing 0.01% gibbsite in 0.015 M NaCl were
determined at various pH values. Points of zero charge were
obtained by linear interpolation of the data to zero electropho-
retic mobility. Electrophoretic mobility measurements were also
determined in the presence of 31.3, 52.1, 73.0, 104 Kmol/L Mo,
9.69, 96.9, 969 Kmol/L P, 156 Kmol/L or 1.56 mmol/L S.

Adsorption experiments were carried out in batch systems
to determine anion adsorption envelopes (amount of anion ad-
sorbed as a function of solution pH per fixed total anion concen-
tration). Samples of 0.2 g of gibbsite were added to 250-mL
polypropylene centrifuge bottles and equilibrated with 100 mL
of a 0.1 M NaCl solution by shaking for 20 h on a reciprocating
shaker at 23 -C T 0.3 -C. The equilibrating solutions contained
3.13, 31.3, or 313 Kmol/L Mo, or 96.9 Kmol/L P, or 156 Kmol/L
S and had been adjusted to the desired pH values using 1.0 M
HCl or 1.0MNaOH that changed the total volume by 2% or less.
The samples were centrifuged, and the decantates were analyzed
for pH, filtered through 0.45-Kmmembrane filters, and analyzed
for Mo, P, or S concentrations using inductively coupled plasma
optical emission spectrometry.

Competitive adsorption experiments were carried out with
equilibrating solutions containing 3.13 Kmol/L Mo and P con-
centrations of 9.69, 96.9, or 969 Kmol/L, or S concentrations of
156 Kmol/L or 1.56 mmol/L. The anions were added simulta-
neously. The experimental procedure remained the same as for
the single-anion adsorption experiments previously described.

The constant capacitance model (Stumm et al., 1980) was
used to describe molybdate and phosphate adsorption behavior.
The description of sulfate adsorption behavior was improved by
use of the triple-layer model (Davis et al., 1978). Acid-base
reactions for molybdic acid: pKa

1 = 4.00, pKa
2 = 4.24; and

phosphoric acid: pKa
1 = 2.22, pKa

2 = 9.20, pKa
3 = 20.7 were

included (Lindsay, 1979). In both models, the protonation and
dissociation reactions are:

AlOH ðsÞ þ Hþ
ðaqÞ6AlOHþ

2 ðsÞ ð1Þ

AlOH ðsÞ6AlOj
ðsÞ þ Hþ

ðaqÞ ð2Þ

where AlOH(s) represents a reactive surface hydroxyl in the
gibbsite mineral. The surface complexation reactions for mo-

lybdate and phosphate adsorption are defined to form inner-
sphere surface complexes:

AlOH ðsÞ þ H2MoO4ðaqÞ6AlHMoO4ðsÞ þ H2O ð3Þ

AlOH ðsÞ þ H3PO4ðaqÞ6AlH2PO4ðsÞ þ H2O ð4Þ

AlOH ðsÞ þ H3PO4ðaqÞ6AlHPOj
4 ðsÞ þ Hþ

ðaqÞ þ H2O ð5Þ

AlOH ðsÞ þ H3PO4ðaqÞ6AlPO2j
4 ðsÞ þ 2Hþ

ðaqÞ þ H2O ð6Þ

whereas the surface complexation reaction for sulfate adsorption
is defined to form an outer-sphere surface complex:

AlOH ðsÞ þ SO2j
4 ðaqÞ þ Hþ

ðaqÞ6AlOHþ
2 jSO2j

4 ðsÞ ð7Þ

The triple-layer model includes outer-sphere surface
complex formation for the background electrolyte:

AlOH ðsÞ þ NaþðaqÞ6AlOjjNaþðsÞ þ Hþ
ðaqÞ ð8Þ

AlOH ðsÞ þ Hþ
ðaqÞ þ CljðaqÞ6AlOHþ

2 jCljðsÞ ð9Þ

Equilibrium constants for the surface complexation reac-
tions are defined as:

KþðintÞ ¼
½AlOHþ

2 �
½AlOH �½Hþ� expðFBo=RTÞ ð10Þ

KjðintÞ ¼
½AlOj�½Hþ�
½AlOH � expðjFBo=RTÞ ð11Þ

KNaþðintÞ ¼
½AlOjjNaþ�½Hþ�

½AlOH �½Naþ� exp½FðBAjBoÞ=RT � ð12Þ

KCljðintÞ ¼
½AlOHþ

2 jClj�
½AlOH �½Hþ�½Clj� exp½FðBojBAÞ=RT � ð13Þ

KMoðintÞ ¼
½AlHMoO4�

½AlOH �½H2MoO4�
ð14Þ

K1
PðintÞ ¼

½AlH2PO4�
½AlOH �½H3PO4�

ð15Þ

K2
PðintÞ ¼

½AlHPOj
4 �½Hþ�

½AlOH �½H3PO4�
expðjFBo=RTÞ ð16Þ

K3
PðintÞ ¼

½AlPO2j
4 �½Hþ�2

½AlOH �½H3PO4�
expðj2FBo=RTÞ ð17Þ

KsðintÞ ¼
½AlOHþ

2 jSO2j
4 �

½AlOH �½SO2j
4 �½Hþ�

exp½FðBoj2B
A
Þ=RT � ð18Þ

where F is the Faraday constant (C molc
j1), # is the surface

potential (V), R is the molar gas constant (J molj1 Kj1), T is the
absolute temperature (K), square brackets indicate concentra-
tions (mol Lj1), o refers to the surface plane of inner-sphere
adsorption, and A refers to the plane of outer-sphere adsorption.
The exponential terms can be considered as solid-phase activity
coefficients (Sposito, 1983).

The computer program FITEQL 3.2 (Herbelin and Westall,
1996) was used to fit the anion surface complexation constants
to the experimental adsorption data in single-anion systems.
The FITEQL code uses a nonlinear least squares optimization
routine to fit equilibrium constants to experimental data and con-
tains both the constant capacitance and the triple-layer models of
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adsorption. For the competitive systems, the models were used
to predict anion adsorption using the equilibrium constants pre-
viously determined for the single-anion systems without opti-
mizing any additional adjustable parameters.

The surface site density was treated as anion-reactive site
density and was set to the maximum anion adsorption obtained
in the experiments. Constant capacitance model values for the
protonation constant, log K+(int) = 7.38, and the dissociation
constant, log Kj(int) = j9.09, were obtained from a literature
compilation of experimental values for Al oxides (Goldberg and
Sposito, 1984). Triple-layer model surface complexation con-
stant values for the protonation constant, log K+(int) = 5.0, the
dissociation constant, log Kj(int) = j11.2, and the background
electrolyte surface complexation constants, log KNa+ =j8.6 and
log KClj = 7.5, were obtained from the study of Sprycha (1989a,
1989b) on F-Al2O3.

The constant capacitance model capacitance value was fixed
at C = 1.06 F mj2, considered optimum for F-Al2O3 (Westall
and Hohl, 1980). The triple-layer model capacitance values were
fixed at C1 = 1.2 F mj2 and C2 = F mj2, considered optimum for
goethite (Zhang and Sparks, 1990) and used in a prior model
application to Mo adsorption by amorphous Al oxide (Goldberg
et al., 2008). Goodness of fit was evaluated using the overall
variance, V, in Y:

VY ¼ SOS

DF
ð19Þ

where SOS is the sum of squares of the residuals and DF is the
degrees of freedom.

RESULTS AND DISCUSSION
The PZC of gibbsite in the presence of a background elec-

trolyte of 0.015M NaCl was found to occur at pH 9.1. This PZC
value is slightly less than the previous determinations of 9.6
(Goldberg et al., 1996) and 9.8 (Manning and Goldberg, 1996)
for gibbsite. The small difference in PZC value is likely caused
by the difference in synthesis. The gibbsite of Manning and
Goldberg (1996) was prepared by heating to 40 -C and dialyz-
ing, whereas the gibbsite used in the present study, hydrated
alumina S-11, was manufactured through a proprietary precipi-
tation process. Figures 1, 2, and 3 present electrophoretic mo-
bility versus pH obtained for gibbsite upon adsorption of Mo, P,
and S, respectively. The PZC values are shifted to increasingly
lower pH values with increasing anion concentration. These
observed changes in PZC value are macroscopic evidence of
inner-sphere surface complexation of molybdate, phosphate, and

sulfate on gibbsite (Hunter, 1981). The greatest shift in PZC was
observed for phosphate adsorption, consistent with the strong
adsorption found for this ion on oxide minerals.

Anion adsorption on gibbsite as a function of pH is indi-
cated in Figs. 4, 5, and 6 for molybdate, phosphate, and sulfate,
respectively. All three ions exhibited decreasing adsorption with
increasing solution pH. The adsorption of S and Mo was min-
imal above pH 7; whereas the adsorption of P decreased more
gradually with increasing pH and did not reach minimal levels
until above pH 10. The adsorption envelopes of both Mo and P
exhibited adsorption maxima around pH 4; whereas the adsorp-
tion envelope of S decreased steadily with increasing solution pH.

The ability of the surface complexation models to describe
anion adsorption is indicated in Figs. 4, 5, and 6 for Mo, P, and
S, respectively. The constant capacitance model was simulta-
neously optimized for three different Mo concentrations differ-
ing by two orders of magnitude. The model fit provided a
quantitative description of Mo adsorption at all three Mo con-
centrations by optimizing only one parameter, the Mo surface
complexation constant, log KMo(int) (Eq.[14]) (Fig. 4). The PZC
obtained from the model optimization for 31.3 Kmol/L Mo
was 8.1, agreeing very well with the experimental PZC of 8.2
(Fig. 1). The constant capacitance model clearly constitutes an
advancement over Langmuir and Freundlich adsorption iso-
therm approaches, which not only contain two empirical adjus-
table parameters, but also cannot describe changes in adsorption
occurring with changes in solution pH.

The constant capacitance model was fit to P adsorption
using three P surface complexation constants (Eqs.[15], [16],
and [17]). The fit was only semiquantitative in that the model

FIG. 1. Electrophoretic mobility of gibbsite as a function of pH and
total Mo concentration in 0.015 M NaCl solution. The circles
represent zero Mo treatment.

FIG. 2. Electrophoretic mobility of gibbsite as a function of pH and
total P concentration in 0.015 M NaCl solution. The circles
represent zero P treatment.

FIG. 3. Electrophoretic mobility of gibbsite as a function of pH and
total S concentration in 0.015 M NaCl solution. The circles
represent zero S treatment.
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failed to describe the phosphate adsorption maximum occurring
at pH 4 (Fig. 5). Overall, the fit of the model to the data was
closest in the pH range 5.5 to 8.5. Fortunately, most agricultural
soils fall into this pH range. Bleam et al. (1991) maintained
solubility equilibrium through addition of AlCl3 in their study of
phosphate adsorption on the Al oxide, boehmite. They obtained

a constant capacitance model description of the phosphate ad-
sorption maximum at pH 4 only after various Al-PO4 solution
species were included. Such a model description might also
have been possible in our study if Al concentrations had been
available. The PZC obtained from the model optimization for
96.9 Kmol/L P was 6.4, in reasonable agreement with the ex-
perimental PZC of 5.8 (Fig. 2).

The constant capacitance model and the triple-layer model
were each fit to S adsorption using one surface complexation
constant. The fit of the triple-layer model using an outer-sphere
S surface complex, Eq.(7), was much improved over that of
the constant capacitance model having an inner-sphere S sur-
face complex, as evidenced by a 3-fold decrease in variance, the
goodness-of-fit criterion: VY(CCM) = 66.2 versus VY(TLM) = 22.3
(Fig. 6). This result would suggest that an outer-sphere ad-
sorption mechanism is more appropriate for describing sulfate
adsorption on gibbsite. Prior analyses of sulfate adsorption on
F-Al2O3 using Raman and Fourier Transform Infrared spec-
troscopies had indicated the formation of predominantly outer-
sphere surface complexes with a small fraction of inner-sphere
surface complexes (Wijnja and Schulthess, 2000). This could
also be the case for sulfate adsorption in our study. The shifts
in PZC upon sulfate adsorption (Fig. 3) were smaller than those
observed upon molybdate (Fig. 1) and phosphate adsorption
(Fig. 2). This could happen if only a small fraction of the sul-
fate surface complexes are inner-sphere. Outer-sphere surface
complex formation would not change the PZC (Hunter, 1981).
The PZC obtained from the model optimization for 156 Kmol/L
S was 8.0, in reasonable agreement with the experimental PZC
of 7.2 (Fig. 3). The PZC value from the model optimization
must be considered approximate because it was obtained by
linear interpolation over a very large pH range, 7 to 9.

The ability of the surface complexation models to predict
anion adsorption from competitive systems using the surface
complexation constants obtained for single-ion systems was
evaluated. The constant capacitance model was used to pre-
dict molybdate and phosphate adsorption from mixed systems
of both anions. The Mo concentration remained constant at
3.13 Kmol/L, whereas the phosphate concentrations were 3�,
30�, and 300� the Mo concentration. As can be seen in
Fig. 7A, the extent of Mo adsorption was unaffected by the
presence of 3� equimolar phosphate concentration over the
entire pH range. Further increases in the P concentration to

FIG. 5. Phosphorus adsorption as a function of solution pH
from an equilibrating solution of P = 96.9 Kmol/L. Experimental
data are represented by solid circles. The constant capacitance
model fit is represented by a solid line. Log K1P(int) = 7.81,
Log K2P(int) = 2.86, Log K3P(int) = j3.48, VY = 36.4.

FIG. 6. Sulfur adsorption as a function of solution pH from an
equilibrating solution of S = 156 Kmol/L. Experimental data
are represented by solid circles. The triple layer model fit is
represented by a solid line. Log KS(int) = 11.49, VY = 22.3.

FIG. 4. Molybdenum adsorption as a function of solution Mo
concentration and pH: (A) 3.13 Kmol/L; (B) 31.3 Kmol/L;
(C) 313 Kmol/L. Experimental data are represented by solid
circles. Constant capacitance model fits are represented by
solid lines. Log KMo(int) = 7.54, VY = 30.4.
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30� and 300� progressively decreased Mo adsorption. The pres-
ence of Mo at one third equimolar did not affect phosphate
adsorption (Fig. 7B). This result is not surprising given the low
concentration of Mo and is in agreement with the findings of
Roy et al. (1986) that the adsorption of phosphate on soils was
not greatly suppressed by the presence of Mo. The constant
capacitance model predicted a decrease in Mo adsorption in the
presence of phosphate that was less than that experimentally
observed (Fig. 7A). The model was able to predict phosphate
adsorption at various solution phosphate concentrations in the
presence of Mo (Fig. 7B).

The triple-layer model was used to predict molybdate and
sulfate adsorption from mixed systems of both anions. In the
triple-layer model application, the surface complexes were
defined as inner-sphere for Mo adsorption and outer-sphere for S
adsorption as had been determined in the single-ion systems.
Again, the Mo concentration remained constant at 3.13 Kmol/L,
whereas the sulfate concentrations were 52� and 520� the Mo
concentration. As can be seen in Fig. 8A, the extent of Mo
adsorption was unaffected by the presence of both of these
sulfate concentrations. This result is in agreement with the find-
ings of Gorlach et al. (1969) that the adsorption of molybdate on
soils was not affected by the presence of S at a Mo/S ratio of
1:240. The presence of Mo at 3.13 Kmol/L did not affect sulfate
adsorption at 156 Kmol/L (Fig. 8B). This result is not surpris-
ing given the extremely low concentrations of Mo in relation

to sulfate. Consistent with the experimental observations, the
triple-layer model predicted no effect of the presence of large
concentrations of sulfate on Mo adsorption (Fig. 8A). This result
is expected given that the model application defines sulfate as a
weak outer-sphere surface complex and molybdate as a strong
inner-sphere surface complex. The model was able to quantita-
tively describe sulfate adsorption at the 156 Kmol/L concen-
tration but considerably underpredicted sulfate adsorption at the
higher 1.56 mmol/L concentration (Fig. 8B).

Molybdate adsorption was investigated at 3.13 Kmol/L, a
small concentration realistic for natural systems. Competitive
adsorption studies in the presence of phosphate at 300� and
sulfate at 520� the concentration of Mo, representative of natural
systems, were carried out. The Mo adsorption was unaffected by
the presence of S concentrations up to 520�, whereas Mo ad-
sorption was depressed in the presence of P at 30� and 300�.
The constant capacitance model was well able to describe Mo
and P adsorption in single-ion systems but underpredicted the
competitive effect in mixed systems. The triple-layer model was
able to describe Mo and S adsorption in single-ion systems and
in mixed systems where no competitive effect was found. Our
study suggests that Mo adsorption would be unaffected by the
presence of S but decreased by the presence of P at field-realistic
concentrations. This finding is significant for the incorporation
of these adsorption reactions into chemical speciation-transport
models for use in predicting anion behavior in soils.

FIG. 8. Competitive adsorption as a function of solution S
concentration and pH: (A) Mo adsorption; (B) S adsorption.
Experimental data are represented by solid symbols. Triple layer
model predictions are represented by lines.

FIG. 7. Competitive adsorption as a function of solution P
concentration and pH: (A) Mo adsorption; (B) P adsorption.
Experimental data are represented by solid symbols. Constant
capacitance model predictions are represented by lines.
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