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Abstract: Molybdenum (Mo) adsorption by acidic yellow-
brown soil was investigated as a function of a pH (1–13) and
the equilibrium of P solution (0, 3.1, and 31mg L−1)
concentration. Mo adsorption by acidic yellow-brown soil
increased within the pH range from 1 to 4. Above pH 4, Mo
adsorption decreases with an increase in pH. The maximum
adsorption was found between pH 2 and 4. Competitive
adsorption experiments showed that the equilibrium sorp-
tion data fitted into Langmuir and Freundlich isotherms.
The sorption data of Mo on the acidic yellow-brown soil
fitted well with the Langmuir isotherm model due to the
higher R2 value. A reduction in Mo adsorption by the acidic
yellow-brown soil was noticed at higher addition levels of P
(3.1 and 31mgL−1). Therefore, P increasing the bioavail-
ability of Mo and enhancing Mo uptake by plants might be

related to the inhibition of Mo absorption by the acidic
yellow-brown soil.

Keywords: molybdenum, adsorption, pH, phosphate,
acidic yellow-brown soil

1 Introduction

Molybdenum (Mo) is a trace element found in soil and is
essential for plant growth. As an important cofactor of
more than 50 Mo enzymes found in all organisms, Mo
participates in diverse metabolic processes, such as
carbon metabolism, nitrate assimilation, ascorbate–
glutathione cycle metabolism, and so on in plants [1,2]. Mo
is present in soil at an average level of up to 2.3mgkg−1,
which is lower than the lithosphere levels of up to
2.5–15mg kg−1 [3]. Mo in soil ranges from 0.11 to 6mg kg−1

and at an average level of up to 1.7mg kg−1, thus Mo
deficiency in soil is very common. The critical value of
0.15mg kg−1 is considered as Mo deficient; and according
to that value, more than 446 million ha of arable lands
were found to be Mo deficient [4]. Mo deficiency is
notably serious especially in the acidic yellow-brown soil
from the Middle–Low Reaches of the Yangtze River in
Hubei, Anhui and Jiangsu Provinces [5,6].

Mo deficiency induces abnormal development, yel-
lowing, and even death of the leaves, affecting the yield
and quality of plants such as legumes, beet, tobacco,
citrus, and so on. Availability of Mo to plants has a close
relationship with the sorption and desorption of Mo by
soils, which is affected by a number of factors, including
the concentration of iron oxides, competing ions, and clay
mineral; pH of the soil solution; temperature, etc. [7].
One of the most important factors is the pH of the soil
solution [8,9]. The absorption of Mo by the soil colloid
decreases the available Mo in soils with a pH of less than
5.5 [10]. As the soil solution becomes more alkaline, the
Mo availability increases. On the other hand, the presence
of other oxyanions that compete with Mo in the soil also
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influences the mobility of Mo in the soil solution [11].
Phosphate, with physicochemical properties similar to
molybdate, has a competitive relationship with the
adsorption of Mo by the soils. The competitive adsorption
of phosphate noticeably reduced the adsorption of
molybdate by the surfaces of clay mineral, especially at
high P addition levels [12]. Molybdate transport in water is
retarded by sorption, depending on the pH and the level
of phosphate [13].

Previous work focused on the interaction effect of P
and Mo supply on the yields, qualities, photosynthesis,
uptake, and translocation of P and Mo in Brassica napus
grown in acidic yellow-brown soil [14–16]. The results
showed a synergetic effect on grain yield, qualities, and
photosynthesis between Mo and P fertilizers. The
coapplication of Mo and P could enhance Mo and P
uptake and accumulation in B. napus. It has been
speculated that Mo and P having a synergetic effect on
Mo uptake was related to the increased bioavailability of
Mo in soil. However, little is known about Mo absorption
by acidic yellow-brown soil affected by pH and the
addition levels of P. The objectives of this study were to
investigate (i) the relationship between Mo adsorption
amounts by acidic yellow-brown soil and Mo concentra-
tions in a balanced solution and (ii) the effect of pH and
competing phosphate ions on Mo adsorption by acidic
yellow-brown soil at differential concentrations of P for
soil systems. Such results are expected to give a new
insight into the effects of pH and phosphate on Mo
absorption kinetics of acidic yellow-brown soil to better
understand a possible mechanism of the Mo uptake
enhanced by the interaction of Mo and P in plants due to
the change in Mo availability in soil.

2 Experimental section

2.1 Soil

In this study, acidic yellow-brown soil was used, which
was collected from the surface layer (0–20 cm) of the
cultivated soil in Xinzhou, Hubei Province, China. The
basic physical and chemical properties of this soil are pH
4.6 (soil and water ratio of 1:5), organic matter
20.6 g kg−1, alkaline hydrolysis N 72.3 mg kg−1, Olsen-P
31.4 mg kg−1, available K 48.9 mg kg−1, and Tamm’s
reagent (pH 3.3) extractable Mo 0.09mg kg−1. The soil
was air-dried, ground, passed through a 1 mm mesh
sieve, and then thoroughly mixed.

2.2 Experimental procedure

Adsorption experiments were carried out to determine
whether Mo adsorption was influenced by the pH.
Samples of 1.0 g acidic yellow-brown soil containing
Mo were added to 50mL polypropylene centrifuge
bottles and equilibrated with 20mL of 0.1 mol L−1 NaCl
solution by shaking for 20–24 h on a reciprocating
shaker at 25°C. The equilibrating solutions contained
0.292 mmol L−1 Mo and had been adjusted to the desired
pH values using 1.0 mmol L−1 HCl or 1.0 mmol L−1 NaOH
that changed the total volume by 2% or less. After the
samples were centrifuged at 4,000 rpm for 15 min, the
supernatants were analyzed for pH and Mo concentra-
tions using a graphite furnace with a ZEEnit-7000 series
polarized Zeeman atomic absorption spectrometer
(Analytik Jena, Germany), according to Zhao [17].

Competitive adsorption experiments were carried out
with equilibrating solutions containing P concentration of 0,
3.1, or 31mg L−1 and Mo concentration of 0, 1, 2, 4, 6, 8, 10,
12, 16, or 20mgL−1. The anions were added simultaneously.
The experimental procedure remained the same as the
single-anion adsorption experiments previously described.
The experiment was performed on three independent
replications for each concentration. The Mo absorption
amounts (mgkg−1) were evaluated using the formula given
by Vanderborght and Van Grieken [18]:

=

( − )Q C C V
w

,i e (1)

where Q is the amount of solute adsorbed from the
solution, V is the volume of the adsorbate, Ci is the
concentration before adsorption, Ce is the concentration
after adsorption, and w is the weight in gram of the
adsorbent. The absorption rate was determined by
computing the percentage sorption using the formula
in equation (2):

=
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Langmuir represented the following equation:

=

+
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The above equation can be rearranged in the
following linear form:

= +

q q q K C
1 1 1 ,
e m m a e

(4)

where Ce is the equilibrium concentration (mg L−1), qe is
the amount of metal adsorbed (mg g−1), qm is the
maximum monolayer coverage capacity (mg g−1), and

664  Zhaojun Nie et al.



Ka is the Langmuir isotherm constant (Lmg−1). A plot of
Ce/qe versus Ce should indicate a straight line of slope
1/qm and an intercept of 1/Kaqm.

Freundlich represented the following equation:

=q K C ,e f en
1 (5)

where Kf is the Freundlich isotherm constant (mg g−1),
n is adsorption intensity, Ce is the equilibrium concen-
tration of adsorbate (mg L−1), and qe is the amount of
metal adsorbed (mg g−1).

The equation is conveniently used in the linear form
by taking the logarithm of both sides as:

= +q K
n

Clog log 1 log .e f e (6)

2.3 Statistical analysis

The data of Mo absorption amount were fitted into the
following isotherms: Langmuir and Freundlich isotherms
using OriginLab Origin 8.0 software (Origin (Pro), Version
“8.0”; OriginLab Corporation, Northampton, MA, USA).
Data are presented as the average of three replicates. The
results were statistically analyzed with least significant
difference multiple comparison using SPSS 18 software.
All statistically significant differences correspond to
P < 0.05.

Ethical approval: The conducted research is not related
to either human or animal use.

3 Results and discussion

3.1 Effect of pH on molybdate sorption by
yellow-brown soil

The Mo adsorption influenced by pH was determined for
the acidic yellow-brown soil. The Mo adsorption by
acidic yellow-brown soil progressively increased as the
pH increased from 1 to 4 but decreased as the pH
increased further to 13 (Figure 1). Maximum adsorption
was found at the pH range of 2–4, which is in agreement
with the findings of Goldberg [19,20]. With pH > 4, the
Mo adsorption by acidic yellow-brown soil rapidly
decreased and reached the lowest value as the pH
exceeded 8. These results suggested that soil pH will still
be an agriculturally important factor affecting the extent

of Mo adsorption. Gupta [21] and Liu [22] pointed out five
chemical fractions of Mo in soil including water-soluble
Mo, exchangeable (weak acid) Mo, iron (Fe)/manganese
(Mn) oxide-bound Mo, organic-bound Mo, and residual
Mo. The first four of these fractions (but not residual Mo)
can transform into each other as the soil pH changes
[21,23]. The charge of the iron oxides is positive at low
and negative at high pH values, respectively [24].
Thus, iron oxides absorb and fix molybdate anion in
acidic conditions but release molybdate through the
exchange of OH− in solution with the molybdate anion of
the iron oxides in the alkaline medium. This is one of
possible reasons for the absorption of Mo by the soil;
and even the bioavailability of Mo to plants is pH
dependent. However, the relationship between Mo
absorption by and chemical fractions in acidic yellow-
brown soil, which are affected by pH, is worth further
study.

3.2 Effect of phosphate on molybdate
sorption by yellow-brown soil

To investigate whether the equilibrium relationship
between molybdate and acidic yellow-brown soil is
affected by the addition levels of P, two common
equilibrium models were analyzed. These included the
Langmuir and the Freundlich isotherms. The Langmuir
sorption isotherm has been successfully applied to metal
ion sorption processes and the most widely used for the
sorption of a solute from a liquid solution [25]. The
Freundlich adsorption isotherm is commonly used to
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Figure 1: Molybdenum adsorption influenced by pH of an
equilibrating solution of Mo = 0.292mmol L−1.
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describe the adsorption characteristics of the hetero-
geneous surface.

Figure 2 shows the nonlinear plot of qe versus Ce.
The R2 value of the Langmuir isotherm was higher than
that of the Freundlich isotherm at 0, 3.1, and 31 mg P L−1

(Table 1). These results proved that the sorption data of
Mo by the acidic yellow-brown soil fitted well with the
Langmuir isotherm model, which was in agreement with
the findings of Harter and Baker [26]. They demonstrated
that the characteristics of the adsorption reaction
process were better reflected by the Langmuir isotherm

than the Freundlich isotherm, because a practical
parameter of adsorption characteristics of soil, maximum
monolayer coverage capacity qm, could be obtained from
the Langmuir isotherm.

Mo adsorption amount and adsorption rates in
response to different P addition levels are shown in
Figure 3. Mo adsorption by the acidic yellow-brown soil
progressively increased with increased Mo concentration
in the equilibrating solutions (Figure 3a). As the addition
levels of P were increased, the Mo adsorption by the

Figure 2: Differences in Mo adsorption isothermal equation
between two nonlinear fitting of three phosphate levels:
(a) 0mg P/L, (b) 3.1 mg P/L, and (c) 31 mg P/L.

Table 1: Coefficient (R2) value of the two nonlinear fit at three
P addition levels

P levels Langmuir equation Freundlich equation

0 0.9352** 0.9116**
3.1 0.9604** 0.9511**
31 0.9776** 0.9645**

Note: ** indicates significance at P<0.01 for the coefficient.

Figure 3: (a) Mo adsorption amount and (b) adsorption rates in
response to the different P addition levels.
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acidic yellow-brown soil progressively decreased at each
Mo concentration in the equilibrating solutions. It has
been found that the differences in the Mo adsorption
between the addition levels of P of 0 and 31 mg P L−1 are
growing greater; while the Mo concentration in equili-
brating solutions is higher, with the greatest value at an
Mo concentration of 20mg L−1. The Mo adsorption rates
of the acidic yellow-brown soil increased first at low Mo
concentration and then decreased at high Mo concentra-
tion in the equilibrating solutions (Figure 3b). Similarly,
the highest P addition level (31 mg L−1) significantly
decreased the Mo adsorption rates at each Mo concen-
tration, compared with the P addition level of 0 mg L−1. It
revealed that the adsorption of molybdate by the acidic
yellow-brown soil was greatly suppressed by the
presence of P. This result is in agreement with the
findings of Goldberg [12], i.e., the adsorption of
molybdate by soils was unaffected by the presence of
3× equimolar phosphate concentration but decreased by
further progressive increases in the P concentration, i.e.,
to 30× and 300×. The Langmuir and Freundlich isotherm
constants predicted a decrease in Mo adsorption in the
presence of phosphate (Table 2). The maximum mono-
layer coverage capacity, qm, for the three addition levels
of P was 462.8, 378.9, and 341.7 mg kg−1 for 0, 3.1, and
31 mg P L−1, respectively. The values of the Langmuir
constant Ka were 0.202, 0.191, and 0.087 Lmg−1 at 0, 3.1,
and 31 mg P L−1, respectively. The Langmuir constant Ka

is an important factor for reflecting the absorbed ability
of soil. The higher the value of Ka, the quicker the
absorption rate of ions in the soil [27]. Increased levels of
P addition decreased the Langmuir constants qm and Ka,
meaning that the presence of phosphate inhibited Mo
exchange absorption by the acidic yellow-brown soil, so
as to increase the bioavailability of Mo and even for Mo
uptake by B. napus [14]. Freundlich isotherm constant Kf

and adsorption intensity n also decreased with increase
in P addition levels. Our results were consistent with
the earlier studies of Stout et al. [28] and Karimian and

Cox [29] who pointed out that phosphate anions could
compete with the absorption sites of soil’s colloid
surfaces having molybdate anion or form precipitates
with Fe, aluminum (Al), and calcium (Ca) to release
molybdate anions from the organic matter and mineral
particles in soil, thereby finally enhancing the bioavail-
ability of Mo to plants. Thus, high P addition level could
increase Mo availability via decreasing Mo absorption
by the acidic yellow-brown soil. The adsorption of
Mo in the presence of different amounts of P at the
optimal pH (such as over 8.0) of soil is also worth further
study.

4 Conclusion

In this article, investigation of the Mo absorption by
the acidic yellow-brown soil was carried out at a pH
range from 1 to 13. The adsorption of Mo by the acidic
yellow-brown soil was a strong function of pH and
showed a maximum adsorption in the acidic pH range
of 2–4. Thus, pH exceeding 8 could enhance Mo
availability via inhibiting the Mo adsorption by the
soil. Other Mo absorptions by the acidic yellow-brown
soil at different P addition levels were studied. The
sorption data fitted into the Langmuir and Freundlich
isotherms, of which the Langmuir adsorption model
was found to have the higher regression value and
hence the well fit. Higher P addition level decreased
the Mo absorption amount, the Mo absorption rate, and
the values of Langmuir constants qm and Ka. It could be
concluded that the presence of phosphate (especially
31 mg P L−1) inhibited Mo absorption by the acidic
yellow-brown soil so as to increase the bioavailability
of Mo and therefore the uptake by plants. For the first
time, these results will provide a new insight into soil Mo
adsorption kinetic characteristics to better understand the
possible mechanism of the Mo uptake by plants which in
turn is enhanced by the interaction of P and Mo in the
yellow-brown soil.
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Table 2: Langmuir and Freundlich isotherm constants for
molybdate ion sorption by the acidic yellow-brown soil at three
P addition levels

P levels
(mg/L)

Langmuir Freundlich

qm (mg kg−1) Ka (L mg−1) Kf ((mg kg−1)·
(L mg−1)1/n)

n

0 462.8 0.202 81.2 1.49
3.1 378.9 0.191 58.4 1.30
31 341.7 0.087 28.2 1.26
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