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Citrate-dithionite extractable Fe has the most important positive influence on arsenate adsorption on soils.

Abstract

An attempt has been made to elucidate the effects of soil properties on arsenate adsorption by modeling the relationships between
adsorption capacity and the properties of 16 Chinese soils. The model produced was validated against three Australian and three
American soils. The results showed that nearly 93.8% of the variability in arsenate adsorption on the low-energy surface could be
described by citrate-dithionite extractable Fe (Fecp), clay content, organic matter content (OM) and dissolved organic carbon
(DOC); nearly 87.6% of the variability in arsenate adsorption on the high-energy surface could be described by Fecp, DOC and total
arsenic in soils. Fecp exhibited the most important positive influence on arsenate adsorption. Oxalate extractable Al (Alpx), citrate-
dithionite extractable Al (Alcp), extractable P and soil pH appeared relatively unimportant for adsorption of arsenate by soils.
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1. Introduction

Adsorption of arsenic onto soil is of paramount
importance because this process regulates mobility of
arsenic in soil, which further influences the bioavailabil-
ity and toxicity of arsenic. Previous research has shown
that arsenate adsorption is related significantly to Al
and Fe oxides and the clay content of soils (Wauchope,
1975; Livesey and Huang, 1981; Elkhatib et al., 1984;
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Sakata, 1987). Manning and Goldberg (1997) found
that Fe oxide was the most important mineral influenc-
ing adsorption of arsenate. In addition, organic matter,
dissolved organic carbon and phosphate in soils have all
been demonstrated to suppress arsenate adsorption by
displacing adsorbed arsenate from soils (Grafe et al.,
2001; Liu et al., 2001; Violante and Pigna, 2002). Some
studies have also examined the influence of pH on
arsenic adsorption by soils. Pierce and Moore (1982)
found that the adsorption of arsenate by amorphous
iron hydroxide was substantially pH-dependent. Gold-
berg (2002) investigated the pH dependence of arsenic
adsorption on clay from pH 2 to 10 and observed the
maximum adsorption of arsenic at pH 2. Although
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much work has been devoted to examining the effects of
soil properties on arsenate adsorption, such studies have
generally used either individual soil minerals or soils
with limited ranges of specific soil properties. It is
generally recognized that different soil properties may
have different influences on the adsorption of arsenate.
Further investigation is needed, however, to identify
which are the dominant soil properties that control
arsenate adsorption.

We have investigated the adsorption of arsenate on
16 Chinese soils (Jiang et al., in press). Clear differen-
ces in arsenate adsorption were observed, and both
Langmuir one-surface and two-surface equations were
tested for fitting the arsenate adsorption data. Our
objectives here were to investigate the effects of soil
properties on arsenate adsorption by regression analysis
between a variety of soil properties and arsenate
adsorption capacities. An attempt is made to identify
the most important factor affecting arsenate adsorption
on soils using 16 well-characterized Chinese soils. The
model produced to describe the relationship between
adsorption capability and soil properties is verified by
using previously published arsenate adsorption data.

2. Materials and methods
2.1. Soils

Sixteen Chinese soils were used in this study. Details
of sampling, pretreatment and analysis of soil properties
have been reported previously (Jiang et al., in press).
The soil properties are listed in Table 1 in Jiang et al.
(in press).

2.2. The adsorption equation

The Langmuir two-surface equation is:
C]:KlM]C/(l+K1(Z)+K2M2C/(1+KQC) (1)

M, and K; represent the adsorption maximum and
adsorption equilibrium constant for low-energy surface
and M, and K, for high-energy surface. The total
adsorption maximum capacity, M, is written as:

M=M1+M2 (2)

2.3. Statistical analysis

A stepwise multiple linear regression technique of
the statistical software package Statistical Product and
Service Solutions (SPSS) 12.0 was used to derive the
relationship between the soil properties and arsenate
adsorption capacity. Origin 7.0 was used to perform
simple linear regression analysis.

3. Results

3.1. Regression between the adsorption maximum
and the soil properties

In Jiang et al. (in press), the Langmuir two-surface
equation gave good fits to the adsorption data and was
used to calculate the soil adsorption capacities used in
this paper. Each surface of the Langmuir two-surface
equation has its maximum adsorption capacity (M; and
M>). The low-energy surface has a relatively low
equilibrium constant (K;) and a high adsorption
maximum (M,). Arsenate is loosely held on this surface.
The high-energy surface has a high equilibrium constant
(K>) and a small adsorption maximum (AM,), and
arsenate is relatively tightly held (Holford et al., 1974).
Arsenate adsorption by the 16 soils varied markedly
with adsorption maximum on the low-energy (M)
and high-energy (M,) surfaces ranging from 27.61
to 468.86 mgkg !, and from 0 to 147.99 mgkg ',
respectively. The total maximum adsorption capacity
(M = M, + M>) ranged from 30.55 to 616.85mgkg ',
respectively.

The adsorption maximum provides an indication of
the soil’s ability to retain arsenic, or conversely, the
likely potential for release of adsorbed arsenic into
the soil solution. Therefore, the relationship between
adsorption maximum and soil properties was studied by
stepwise multiple linear regression. Since the low-energy
surface and high-energy surface adsorption sites might
exert different effects on arsenate adsorption, we in-
vestigated the relationship between the two types of sites
and soil properties separately. The total independent
variables examined in the regression procedure were pH,
CEC, OM, DOC, extractable P, total arsenic, oxalate-
extractable Fe, Al and Mn (i.e., Fepx, Alpx, and
Mngpy), citrate-dithionite extractable Fe, Al and Mn
(i.e., Fecp, Alcp, and Mncp), and clay content.

The stepwise regressions are shown in Table 1. The
best regression model describing the relationship be-
tween the adsorption maximum on the low-energy
surface (M) and individual soil properties was:

M, =0.032[Fecp] +6.758 [Clay] — 10.228[OM]
—0.096[DOC] — 116.190 (R*=0.938, «<0.05) (3)

The best model describing the relationship between
the adsorption maximum on the high-energy surface
(M) and individual soil properties was:
M>=0.019[Fecp| — 0.095[DOC] — 3.609 [As]

+9.549 (R*=0.876, 2 <0.05) 4)

Egs. (3) and (4) indicate that nearly 94% of the
variability in arsenate adsorption on the low-energy
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Table 1

Model summary

Model Multiple linear equation R? S.E
The stepwise regression for M,

1 M, = 0.050[Fecp] — 73.757 0.834 438.41
2 M, = 0.040[Fecp] + 3.847[Clay] — 135.527 0.889 41.18
3 M, = 0.034[Fecp)] + 6.317[Clay] — 13.419[OM] — 145.404 0.922 35.87
4 M, = 0.032[Fecp] + 6.758[Clay] — 10.228[OM] — 0.096[DOC] — 116.190 0.938 33.45
The stepwise regression for M,

1 M, = 0.018[Fecp] — 55.141 0.682 26.69
2 M, = 0.018[Fecp] — 0.093[DOC] — 13.117 0.810 21.41
3 M, = 0.019[Fecp] — 0.095[DOC] — 3.609[As] + 9.549 0.876 17.92

S.E. = standard error of the estimate.

surface could be described by Fecp, clay, OM and
DOC, and nearly 88% of the variability in arsenate
adsorption on the high-energy surface could be de-
scribed by Fecp, DOC and the total arsenic concentra-
tion in soils. Incorporating other measured soil
properties did not improve the model fitting. The
variance inflation factor (VIF) of every independent
variable was lower than 4.0, which suggested that
collinearity between independent variables was not
significant (collinearity becomes an issue when values
of VIF exceed 4.0).

3.2. Application of the model to other soils

The published arsenate adsorption data and soil
properties of three Australian (Smith et al., 2002) and
three American soils (Manning and Goldberg, 1997)
were used to validate the model for describing the
relationship between the adsorption maximum and soil
properties. Because DOC values of these soils were not
provided, we selected the best regression models that did
not include DOC as a variable (Table 1) to predict
adsorption maximum on the both surfaces. These are:

M;=0.034[Fecp| +6.317[Clay| — 13.419[OM]
—145.404 (R*=0.922) (5)

M>=0.018[Fecp) — 55.141(R*=0.682). (6)

For the low energy surface adsorption maximum (M),
the capacities for the Australian and American soils
predicted from Eq. (5), involving Fecp, Clay % and
OM, agreed well with the capacities calculated by linear
regression analysis of the adsorption isotherm data
(Fig. 1). The slope (close to 1) and the coefficients of
determination indicated very strong correlations. The
small differences in intercepts could be caused by the
different methods used to measure the soil properties in
the three studies. The high-energy surface adsorption
capacities in these soils were poorly predicted using
only the Fecp variable (Eq. (6)). This is perhaps not

surprising since even for the Chinese soils Fecp alone
could only account for 68.2% of the variability in arsenate
adsorption on the high-energy surface (Table 1). Thus
Fecp cannot be used to calculate the adsorption
maximum on this surface accurately without integrating
with other soil properties, especially DOC, which is the
next important factor following Fecp.

4. Discussion

Egs. (3) and (4) verified that arsenate adsorption on
the low-energy surface could be described by Fecp,
clay, OM and DOC; arsenate adsorption on the high-
energy surface could be described by Fecp, DOC and
total arsenic concentration in soils. Fecp was the first
independent variable fitted to both models by stepwise
regression and could describe 83.4% of the variability
in arsenate adsorption on the low-energy surface and
68.2% of the variability in arsenate adsorption on the
high-energy surface (Table 1). Manning and Goldberg
(1997) also observed that Fecp was the controlling
factor for arsenate adsorption on three American soils
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as predicted using the Langmuir equation. McKeague
and Day (1965) found that oxalate extraction was
capable of dissolving much of the iron oxide from
amorphous materials but little from crystalline oxides,
whereas the dithionite extraction was capable of
dissolving a large proportion of the crystalline iron
oxides as well as much of the amorphous materials. In
this study the content of Fecp, but not Fegx, showed
positive correlations with both M; and M,, indicat-
ing that not only noncrystalline iron forms, but also
crystalline forms were related to the adsorption capacity
of arsenate on soils.

Clay content would enhance arsenate adsorption
on the low-energy surface because clay minerals can
provide adsorption sites for arsenic. The adsorption
behavior of arsenic on clay minerals is similar to that on
the oxides although the adsorption affinity is less than
that on oxides (Goldberg, 2002). On the other hand,
soils containing higher percentages of clay would have
larger surface areas, which is important for adsorption.
However, the results of this study showed that clay
content was less important than Fecp for arsenic
adsorption. By using sequential extraction to remove
specific components from a lateritic podzol, Fordham
and Norrish (1983) also confirmed that iron oxides were
the components most reactive to arsenate and that
titanium and aluminium oxides, and clay minerals were
much less reactive.

The regression results showed that soil organic matter
had a negative effect on arsenate adsorption. Organic
matter in soils can combine with soil minerals (Kaiser
and Guggenberger, 2003) and may participate in the
formation of microaggregates of iron oxides and fine
kaolin (Fordham and Norrish, 1983), therefore reducing
adsorption sites and suppressing arsenate adsorption
on soils. Dissolved organic carbon suppressed arsenic
adsorption on both high-energy and low-energy surfaces.
Dissolved organic carbon is a very important factor
controlling the equilibrium between adsorbent and
adsorbate. It is also possible that dissolved organic
carbon competed with arsenic for adsorption to mineral
surfaces, or formed complexes with arsenate, hence
reducing arsenic adsorption (Grafe et al., 2001). Extract-
able P was not involved in the regression equations
although competition between adsorption of phosphate
and arsenate has been frequently demonstrated (Roy
et al., 1986; Liu et al., 2001; Violante and Pigna, 2002).

A previous study (Goldberg, 2002) of arsenic
adsorption by using soil minerals suggested that arsenic
adsorption was pH dependent. However, in this study,
soil pH did not appear as an important variable in
predicting the arsenate adsorption maxima M; and M.
This phenomenon was also observed by De Brouwere
et al. (2004). The relationship between soil pH and
arsenate adsorption by a variety of soils cannot be
compared with the results obtained by one single soil or

soil mineral with the pH artificially changed. In the
latter case, not only the soil pH but also some other soil
properties could be changed concomitantly (Alves and
Lavorenti, 2004). It is therefore hard to conclude that
effects are solely caused by the soil pH.

5. Conclusions

Our results indicated that arsenate adsorption onto
soils varied greatly with the soil properties. Among the
soil properties, Fecp exhibited the most important
positive influence on arsenate adsorption. Clay content
also had a positive effect on adsorption mainly on low-
energy surface sites. Soil organic matter content sup-
pressed arsenate adsorption on the low-energy surface
adsorption sites and DOC was negatively correlated to
arsenic adsorption on both the high-energy and low-
energy surfaces. The variables Algx, Alcp, extractable
P and soil pH appeared relatively unimportant for
arsenate adsorption on soils.
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