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ABSTRACT (Masscheleyn et al., 1991). The mobility of As is a func-
tion of its oxidation state with arsenite exhibiting greaterArsenic adsorption on amorphous Al and Fe oxides and the clay
mobility through sand columns than arsenate (Gulens etminerals, kaolinite, montmorillonite, and illite was investigated as a

function of solution pH and As redox state, i.e., arsenite [As(III)] al., 1979). However, under high pH conditions arsenite is
and arsenate [As(V)]. Arsenic adsorption experiments were carried more strongly bound to soil components than arsenate
out in batch systems to determine adsorption envelopes, amount of (Manning and Goldberg, 1997a; Raven et al., 1998; Jain
As(III), As(V), or both adsorbed as a function of solution pH per and Loeppert, 2000).
fixed total As concentration of 20 �M As. Arsenate adsorption on Arsenic adsorption is significantly positively corre-
oxides and clays was maximal at low pH and decreased with increasing lated with Al and Fe oxide and clay content of soils
pH above pH 9 for Al oxide, pH 7 for Fe oxide and pH 5 for clays.

(Elkhatib et al., 1984a,b; Sakata, 1987; Wauchope, 1975;Arsenite adsorption exhibited parabolic behavior with an adsorption
Livesey and Huang, 1981). Adsorption studies of arse-maximum around pH 8.5 for all materials. There was no competitive
nite and arsenate have used a wide range of adsorbentseffect of the presence of equimolar arsenite on arsenate adsorption.
including oxides, clay minerals, and whole soils. In-The competitive effect of equimolar arsenate on arsenite adsorption

was small and apparent only on kaolinite and illite in the pH range organic constituents of soils that adsorb significant
6.5 to 9. The constant capacitance model was able to fit the arsenate amounts of As are Al and Fe oxides, clay minerals,
and arsenite adsorption envelopes to obtain values of the intrinsic As and carbonates. Arsenate adsorption on amorphous Fe
surface complexation constants. These intrinsic surface complexation hydroxide (Pierce and Moore, 1982), goethite, gibbsite
constants were then used in the model to predict competitive arsenate (Hingston et al., 1971; Manning and Goldberg, 1996a),
and arsenite adsorption from solutions containing equimolar As(III) hematite (Xu et al., 1988), amorphous Al hydroxide
and As(V) concentrations. The constant capacitance model was able

(Anderson et al., 1976), alumina (Gupta and Chen,to predict As adsorption from mixed As(III)-As(V) solutions in sys-
1978), kaolinite, montmorillonite (Frost and Griffin,tems where there was no competitive effect.
1977; Goldberg and Glaubig, 1988; Xu et al., 1988), and
illite (Manning and Goldberg, 1996b) increased at low
pH, exhibited maxima in the pH range 3 to 7, and de-Arsenic is a toxic trace element for animals including
creased at high pH. Somewhat similar behavior washumans. Mineral dissolution, use of arsenical pest-
found for arsenite adsorption on amorphous Fe hydrox-icides, disposal of fly ash, mine drainage, and geothermal
ide (Pierce and Moore, 1980, 1982), amorphous Al oxidedischarge elevate concentrations of As in soils and wa-
(Manning and Goldberg, 1997b), and alumina (Guptaters. Agricultural drainage waters from some soils espe-
and Chen, 1978) where adsorption increased at low pH,cially in arid regions are elevated in As concentration.
exhibited a peak in the pH range 7 to 8, and decreasedAdsorption reactions on soil mineral surfaces poten-
at high pH. Arsenite adsorption on the clay mineralstially attenuate toxic soil solution As concentrations
kaolinite, montmorillonite, and illite increased up to pHreducing contamination to groundwaters. Federal water
9 (Manning and Goldberg, 1997b). Arsenate adsorptionquality standards had considered As concentrations in
was greater than arsenite adsorption on alumina (Guptaexcess of 0.667 �mol L�1 (50 ppb) to be hazardous to
and Chen, 1978), amorphous Fe hydroxide (Pierce andthe welfare of humans and domestic animals (USEPA,
Moore, 1982), kaolinite, and montmorillonite (Frost and1991). The U.S. Environmental Protection Agency
Griffin, 1977). At pH values above 7, arsenite adsorption(USEPA) issued a new standard for As in drinking
was often greater than arsenate adsorption, as observedwater of 0.133. �mol L�1 (10 ppb) on 31 Oct. 2001
on amorphous Fe oxide (Jain and Loeppert, 2000; Gold-(USEPA, 2001).
berg and Johnston, 2001).Of the two inorganic redox states of As, the As(III)

Accurate description of As adsorption behavior inredox state is more acutely toxic than the As(V) redox
natural systems requires determination of the bondingstate (Penrose, 1974). At natural pHs arsenite exists in
mechanism of As anions on mineral surfaces. Insightsolution as H3AsO3 and H2AsO�

3 , since the pKa values
into anion adsorption mechanisms can be provided byfor arsenious acid are high, pK1

a � 9.2 and pK2
a � 12.7.

both macroscopic (point of zero charge [PZC] shifts andArsenate is present as H2AsO�
4 and HAsO2�

4 since the
ionic strength effects) and microscopic (spectroscopic)pKa values for arsenic acid are pK1

a � 2.3, pK2
a � 6.8,

experimental methods. Electrophoretic mobility (EM)and pK3
a � 11.6. Because the kinetics of As redox trans-

measures movement of charged particles in response toformations are relatively slow, both oxidation states are
an applied electric field such that zero EM indicates theoften found in soils regardless of the redox conditions
PZC of the particle. Shifts in PZC and reversals of
EM with increasing ion concentration can be used asS. Goldberg, George E. Brown Jr., Salinity Laboratory, 450 W. Big

Springs Road, Riverside, CA 92507. Contribution from the George
E. Brown Jr., Salinity Laboratory. Received 19 Feb. 2001. *Corre-
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evidence of strong specific ion adsorption and inner- The presence of competing anions reduced the
amount of As adsorption on reference minerals. Arse-sphere surface complex formation (Hunter, 1981).

Shifts in PZC were found upon arsenate (Hsia et al., nate adsorption on amorphous Fe oxide (Jain and Loep-
pert, 2000), goethite, gibbsite (Hingston et al., 1971;1994; Suarez et al., 1998; Goldberg and Johnston, 2001)

and arsenite adsorption on amorphous Fe oxide (Pierce Manning and Goldberg, 1996a), kaolinite, montmoril-
lonite, and illite (Manning and Goldberg, 1996b) wasand Moore, 1980; Suarez et al., 1998) and arsenate ad-

sorption on alumina (Ghosh and Yuan, 1987) and amor- significantly reduced in the presence of competing phos-
phate concentrations. Arsenite adsorption by amor-phous Al oxide (Anderson et al., 1976; Goldberg and

Johnston, 2001). Arsenite adsorption on amorphous Al phous Fe oxide was also reduced in the presence of
competing phosphate concentrations although someoxide did not produce shifts in PZC indicating the for-

mation of an outer-sphere surface complex or an inner- sites exhibited considerably higher selectivity for arse-
nite than for phosphate (Jain and Loeppert, 2000). Com-sphere surface complex that did not produce a change

in surface charge (Goldberg and Johnston, 2001). petitive effects of sulfate concentrations on arsenate
adsorption on amorphous Fe oxide were minor (WilkieIons that form outer-sphere surface complexes show

decreasing adsorption with increasing solution ionic and Hering, 1996; Jain and Loeppert, 2000). Arsenate
adsorption on alumina (Xu et al., 1988) and arsenitestrength, while ions that form inner-sphere surface com-

plexes show little ionic strength dependence or show adsorption on amorphous Fe oxide (Wilkie and Hering,
1996; Jain and Loeppert, 2000) were reduced by compet-increasing adsorption with increasing solution ionic

strength (McBride, 1997). Arsenate adsorption on amor- ing sulfate concentrations, although to a lesser degree
than by competing phosphate concentrations. The com-phous Fe oxide (Hsia et al., 1994) and Al oxide (Gold-

berg and Johnston, 2001) and arsenite adsorption on petitive effect of molybdate on arsenate adsorption on
goethite, gibbsite (Manning and Goldberg, 1996a), ka-amorphous Al oxide (Manning and Goldberg, 1997b)

showed very little ionic strength dependence as a func- olinite, montmorillonite, and illite (Manning and Gold-
berg, 1996b) was only significant at pH values below 5.tion of solution pH, suggesting an inner-sphere adsorp-

tion mechanism; while arsenite adsorption on amor- The competitive effect of arsenate on arsenite adsorp-
tion by amorphous Fe oxide at low As concentrationphous Al and Fe oxide showed decreasing adsorption

with increasing ionic strength indicative of an outer- was more pronounced than the effect of arsenite on
arsenate adsorption (Jain and Loeppert, 2000). Compet-sphere adsorption mechanism (Goldberg and Johnston,

2001). The apparent discrepancy between the studies itive effects of As redox states on adsorption have not
yet been studied on Al oxide and clay minerals.can be explained. In the ionic strength range of 0.02 to

0.1 M there was little ionic strength dependence of As Surface complexation models, such as the constant
capacitance model, are chemical models used to de-adsorption in both the study of Manning and Goldberg

(1997b) and Goldberg and Johnston (2001). Ionic scribe ion adsorption on oxides and clay minerals. The
constant capacitance model was able to describe arse-strength dependence became obvious in the range of

0.1 to 1.0 M (Goldberg and Johnston, 2001), a range nate and arsenite adsorption on amorphous Al and Fe
oxide (Manning and Goldberg, 1997b; Goldberg andnot studied by Manning and Goldberg (1997b). Since

ionic strength effects are more apparent in arsenite sorp- Johnston, 2001), goethite, gibbsite (Goldberg, 1986; Man-
tion studies, it is generally held that arsenite is more ning and Goldberg, 1996a), kaolinite, montmorillonite,
weakly bound than arsenate. and illite (Goldberg and Glaubig, 1988; Manning and

Spectroscopic techniques provide direct experimental Goldberg, 1996b). Prediction of binary competitive ar-
observation of ion adsorption mechanisms. Arsenate senate systems using the single ion surface complexation
was observed to form inner-sphere bidentate surface model parameters has met with limited success. Model
complexes on goethite using infrared (Lumsdon et al., predictions generally described the shape of the adsorp-
1984), Fourier Transform infrared (FTIR) (Sun and tion curves qualitatively but not quantitatively (Gold-
Doner, 1996), and x-ray absorption fine structure (EX- berg, 1985; Manning and Goldberg, 1996a, b). This study
AFS) spectroscopy (Waychunas et al., 1993; Fendorf et had the following objectives: (i) to determine arsenate
al., 1997). Inner-sphere surface complexes of arsenate and arsenite adsorption on amorphous Al and Fe oxide
were also observed on amorphous Fe oxide using FTIR and the clay minerals kaolinite, montmorillonite, and
(Suarez et al., 1998) and Raman spectroscopy (Goldberg illite as a function of solution pH in the presence or
and Johnston, 2001). Arsenite also formed inner-sphere absence of the competing As redox state; (ii) to evaluate
surface complexes on goethite as observed with FTIR the ability of the constant capacitance model to fit arse-
(Sun and Doner, 1996) and EXAFS spectroscopy (Man- nate and arsenite adsorption on these surfaces in single-
ning et al., 1998). Adsorption of arsenate on amorphous ion systems; and (iii) to evaluate the ability of the model
Al oxide was found to occur as inner-sphere surface to predict arsenate and arsenite adsorption in competi-
complexes using FTIR spectroscopy (Goldberg and tive binary systems using the parameters obtained by
Johnston, 2001). Arsenite surface species were observed fitting the single-ion systems.
on amorphous Al oxide using attenuated total reflec-
tance (ATR)-FTIR spectroscopy (Suarez et al., 1998).

MATERIALS AND METHODSFourier Transform infrared analysis of KBr pellets
found no discernible surface features that could be at- Arsenic adsorption behavior as a function of solution pH
tributed to arsenite adsorbed onto amorphous Al oxide was studied on amorphous Al and Fe oxides and clay minerals.
suggestive of an outer-sphere adsorption mechanism Amorphous Al and Fe oxide were synthesized using the

method of Sims and Bingham (1968). Samples of kaolinite(Goldberg and Johnston, 2001).
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(KGa-2), montmorillonite (SAz-1), and illite (IMt-2) were By convention surface complexation reactions in the constant
obtained from the Clay Minerals Society Source Clay Reposi- capacitance model are written starting with the completely
tory (University of Missouri, Columbia, MO). The kaolinite undissociated acids. The model application contains the speci-
and montmorillonite were used without pretreatment; while ation reactions for solution As. These surface configurations
the illite was ground to pass a 0.05-mm sieve. X-ray diffraction were chosen because they correspond to the dominant solution
analyses verified that the oxides were amorphous and con- As species in the pH range investigated. The unprotonated
tained no trace impurities. Trace impurities in the clays were arsenate species XH2AsO4 was considered and found to be
determined by x-ray diffraction using both oriented slides insignificant during model optimization. Monodentate surface
and random powder mounts. The kaolinite sample contained species were chosen, in agreement with the FTIR, PZC, and
traces of vermiculite and feldspar, the montmorillonite con- titration results of Suarez et al. (1998) for arsenate and arsenite
tained traces of mica, and the illite was x-ray pure. adsorption on amorphous Al and Fe oxides.

Surface areas for the oxides were obtained from water vapor The intrinsic equilibrium constants for the protonation and
adsorption using a combination FTIR/gravimetric apparatus dissociation reactions of the surface functional group are:
(Xu et al., 2000). Surface areas of the clay minerals were de-
termined using single-point Brunauer-Emmett-Teller (BET)

K�(int) �
[XOH�

2 ]
[XOH][H�]

exp(F�/RT) [7]N2 adsorption isotherms obtained with a Quantasorb Jr. sur-
face area analyzer (Quantachrome Corp., Syosset, NY). Ex-
tractable-Mn content of the clay minerals was determined

K�(int) �
[XO�][H�]

[XOH]
exp(�F�/RT) [8]using the method of Chao (1972) and found to be undetectable,

0.035, and 0.015% for kaolinite, montmorillonite, and illite, re-
spectively. where F is the Faraday constant (C mol�1

c ), � is the surface
Adsorption experiments were carried out in batch systems potential (v), R is the molar gas constant (J mol�1 K�1 ), T is

to determine As adsorption envelopes (amount of As ad- the absolute temperature (K), and square brackets represent
sorbed as a function of solution pH per fixed total As concen- concentrations (mol L�1 ). The intrinsic equilibrium constants
tration). Samples of adsorbent were added to 250-ml centri- for the arsenate surface complexation are:
fuge bottles or 50-ml polypropylene centrifuge tubes and
equilibrated with aliquots of a 0.01 M NaCl solution by shaking

K 2
As(V)(int) �

[XHAsO�
4 ][H�]

[XOH][H3AsO4]
exp(�F�/RT) [9]for 2 h on a reciprocating shaker at 22.5 � 0.08�C. Solid sus-

pension density was 0.5 g L�1 for Fe oxide, 1.0 g L�1 for Al
oxide, and 40 g L�1 for the clay minerals. The equilibrating so-

K 3
As(V)(int) �

[XAsO2�
4 ][H�]2

[XOH][H3AsO4]
exp(�2F�/RT) [10]lutions contained 20 �M As from Na2HAsO4·7H2O, NaAsO2,

or both, and had been adjusted to the desired pH values using
0.49 M HCl or NaOH additions that changed the total volume and the arsenite surface complexation constants are:
by �2%. Arsenic additions were chosen to not exceed As
concentrations found in drainage and well waters of the San

K 1
As(III)(int) �

[XH2AsO3]
[XOH][H3AsO3]

[11]Joaquin Valley of California. After reaction the samples were
centrifuged at a relative centrifugal force of 7800 	 g for 20
min. The decantates were analyzed for pH, filtered through

K 2
As(III)(int) �

[XHAsO�
3 ][H�]

[XOH][H3AsO3]
exp(�F�/RT) [12]0.45-�m cellulose nitrate membrane filters, and analyzed di-

rectly for As(V) and As(III) concentrations using high-perfor-
mance liquid chromatography coupled with hydride genera- The mass balance expression for the surface functional
tion atomic absorption spectrometry as described by Manning group is:
and Martens (1997).

[XOH]T � [XOH] � [XOH�
2 ] � [XO�] � [XHAsO�

4 ]The constant capacitance model (Stumm et al., 1980) was
used to describe arsenate and arsenite adsorption behavior

� [XAsO2�
4 ] � [XH2AsO3] � [XHAsO�

3 ]on the adsorbents as a function of solution pH. The computer
[13]program FITEQL, Version 3.2 (Herbelin and Westall, 1996)

was used to fit intrinsic As surface complexation constants to where [XOH]T is related to the surface site density, Ns, by thethe experimental adsorption data. In the constant capacitance following equation:model, the protonation and dissociation reactions for the sur-
face functional group, XOH (where XOH represents a reac-

[XOH]T �
SA Cp 1018

NA

Ns [14]tive surface hydroxyl bound to a metal ion, X [Al or Fe] in
the oxide mineral or an aluminol group on the clay particle
edge) are defined as: where SA is the surface area (m2 g�1 ), Cp is the solid suspension

density (g L�1 ), NA is Avogadro’s number, and Ns has unitsXOH(s) � H�
(aq) ←→ XOH�

2(s) [1]
of sites nm�2.

The charge balance expression is:XOH(s) ←→ XO�
(s) � H�

(aq) [2]

The constant capacitance model assumes that all surface com- 
 � [XOH�
2 ] � [XO�] � [XHAsO�

4 ] � 2[XAsO2�
4 ]

plexes are inner-sphere. Therefore, the surface complexation
� [XHAsO�

3 ] [15]reactions for arsenate adsorption:

where 
 represents the surface charge (molc L�1 ). The rela-XOH(s) � H3AsO4(aq) ←→ XHAsO�
4(s) � H�

(aq) � H2O [3]
tionship between surface charge and surface potential is:

XOH(s) � H3AsO4(aq) ←→ XAsO2�
4(s) � 2H�

(aq) � H2O [4]


 �
CSA Cp

F
� [16]and arsenite adsorption are defined as:

XOH(s) � H3AsO3(aq) ←→ XH2AsO3(s) � H2O [5]
where C is the capacitance (F m�2 ).

The surface-site density was set at a value of 2.31 sitesXOH(s) � H3AsO3(aq) ←→ XHAsO�
3(s) � H�

(aq) � H2O [6]
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nm�2 as recommended by Davis and Kent (1990) for natural 3.3. Because of the oxidation, accurate assessment of
materials. Use of a consistent site density value for all materials arsenite adsorption was not possible in these pH ranges
is critical to allow standardization of parameters for natural since it was impossible to determine whether oxidation
systems. Numerical values of the intrinsic protonation con- of arsenite had taken place on the solid surface or in
stant, K�(int), and the intrinsic dissociation constant, K�(int), aqueous solution. Arsenite oxidation on montmorillon-were averages of experimental values compiled from the litera-

ite was likely due to the increased extractable-Mn con-ture for Al and Fe oxides (Goldberg and Sposito, 1984). The
tent of this clay. Continued reaction of IMt-2 illite forintrinsic protonation-dissociation constants were fixed at log
16 h has been found to result in some oxidation ofK�(int) � 7.31, log K�(int) � �8.80 for amorphous Fe oxide
arsenite (Manning and Goldberg, 1997b) not seen inand log K�(int) � 7.38, log K�(int) � �9.09 for amorphous

Al oxide and kaolinite and illite. To obtain an acceptable our 2-h study.
model fit to the montmorillonite adsorption data it was neces- Arsenate adsorption on amorphous Al oxide, as rep-
sary to optimize the protonation-dissociation constants along resented in Fig. 1a, showed 100% adsorption from pH
with the As surface complexation constants. This is likely 3 to 9 and then decreased with additional increases in
because of the preponderance of permanent negative charge solution pH. Arsenite adsorption on Al oxide exhibited
sites and resultant low PZC of the montmorillonite mineral. a parabolic adsorption curve (Fig. 1b); adsorption in-The capacitance was fixed at C � 1.06 F m�2 for all materials

creased with increasing solution pH from pH 3 to 8 andas had been done in previous constant capacitance modeling of
then decreased with increasing pH from pH 8 to 10.5.arsenate adsorption on amorphous Al and Fe oxide (Goldberg,
Arsenate adsorption on amorphous Fe oxide shows1986; Manning and Goldberg, 1997b; Goldberg and John-
100% adsorption from pH 3 to 7 and decreasing adsorp-ston, 2001) and considered optimum for Al oxide by Westall

and Hohl (1980). tion with increasing pH above pH 8 (Fig. 2a). In contrast
to its behavior on Al oxide, arsenite adsorption on Fe
oxide was virtually 100% throughout the entire pHRESULTS AND DISCUSSION
range investigated, pH 2.5 to 10.5 (Fig. 2b). Thus it

Arsenate and arsenite adsorption as a function of appears that amorphous Fe oxide had a greater affinity
solution pH on all materials is indicated in Fig. 1 through for adsorption of arsenite than amorphous Al oxide.
5. Direct analytical determination of both oxidation Adsorption behavior on the clay minerals was very
states verified that neither oxidation of arsenite to arse- similar to that on the oxides with respect to the shape
nate nor reduction of arsenate to arsenite was occurring of the adsorption envelopes, showing adsorption max-
in the oxide systems or in the presence of kaolinite or ima for arsenate around pH 5 (Fig. 3a, 4a, and 5a) and
illite. In the montmorillonite system oxidation of arse- adsorption maxima for arsenite at pH 8 to 9 (Fig. 3b,
nite to arsenate was found. In the pH range 5 to 9, 4b, and 5b). Contrary to its behavior on oxides (Fig. 1a
conversion of arsenite to arsenate was �5% of total As and 2a), arsenate adsorption on the clays increased with
added. Outside this range, oxidation of arsenite ranged increasing solution pH from pH 3 to 5 and decreased
from 12% of total As added at pH 10.9 to 43% at pH with increasing solution pH from pH 5 to 9 (Fig. 3a, 4a,

and 5a). The renewed increase in arsenate adsorption

Fig. 1. Arsenic adsorption on amorphous Al oxide as a function of Fig. 2. Arsenic adsorption on amorphous Fe oxide as a function of
pH and As redox state: (a) arsenate; (b) arsenite. Single ion systems:pH and As redox state: (a) arsenate; (b) arsenite. Single ion systems:

AsT � 20 �M. Binary systems: As(III)T � As(V)T � 20 �M. Suspen- AsT � 20 �M. Binary systems: As(III)T � As(V)T � 20 �M. Suspen-
sion density: 0.5 g L�1.sion density: 1 g L�1.
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Fig. 5. Arsenic adsorption on montmorillonite as a function of pH
Fig. 3. Arsenic adsorption on kaolinite as a function of pH and As and As redox state: (a) arsenate; (b) arsenite. Single-ion systems:

redox state: (a) arsenate; (b) arsenite. Single-ion systems: AsT � AsT � 20 �M. Binary systems: As(III)T � As(V)T � 20 �M. Suspen-
20 �M. Binary systems: As(III)T � As(V)T � 20 �M. Suspension sion density: 40 g L�1.
density: 40 g L�1.

The competitive effect of the presence of equimolar
observed when pH increased above pH 9 was most likely concentrations of the both As redox states is also shown
an artifact resulting from dissolution of the clay minerals in Fig. 1 through 5. In the oxide systems there was no
at elevated pH. Adsorption affinity for As of the clay evidence of any competitive effect (Fig. 1 and 2). The
minerals was less than the adsorption affinity of the discrepancy in arsenate adsorption on Al oxide between
oxides. Adsorption of As at 100% was only reached on the binary and the single ion system was the result of
kaolinite by arsenate around pH 5. For all other clay
systems adsorption was significantly below 100%, espe-
cially for the arsenite systems.

Fig. 6. Application of the constant capacitance model to As adsorp-
tion on amorphous Al oxide as a function of solution pH: (a)

Fig. 4. Arsenic adsorption on illite as a function of pH and As redox fit to arsenate adsorption in single-ion system; (b) fit to arsenite
adsorption in single ion system; (c) prediction of competitive arse-state: (a) arsenate; (b) arsenite. Single-ion systems: AsT � 20 �M.

Binary systems: As(III)T � As(V)T � 20 �M. Suspension density: nate and arsenite adsorption in binary system. Model results are
indicated by solid lines.40 g L�1.
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Fig. 7. Application of the constant capacitance model to As adsorp- Fig. 9. Application of the constant capacitance model to As adsorp-
tion on amorphous Fe oxide as a function of solution pH: (a) tion on IMt-2 illite as a function of solution pH: (a) fit to arsenate
fit to arsenate adsorption in single-ion system; (b) fit to arsenite adsorption in single ion system; (b) fit to arsenite adsorption in
adsorption in single-ion system; (c) prediction of competitive arse- single-ion system; (c) prediction of competitive arsenate and arse-
nate and arsenite adsorption in binary system. Model results are nite adsorption in binary system. Model results are indicated by
indicated by solid lines. solid lines.

Fig. 8. Application of the constant capacitance model to As adsorp- Fig. 10. Application of the constant capacitance model to As adsorp-
tion on KGa-2 kaolinite as a function of solution pH: (a) fit to tion on SAz-1 montmorillonite as a function of solution pH: (a)
arsenate adsorption in single ion system; (b) fit to arsenite adsorp- fit to arsenate adsorption in single ion system; (b) fit to arsenite
tion in single ion system; (c) prediction of competitive arsenate and adsorption in single ion system; (c) prediction of competitive arse-
arsenite adsorption in binary system. Model results are indicated by nate and arsenite adsorption in binary system. Model results are
solid lines. indicated by solid lines.
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Table 1. Modeling parameters for the constant capacitance model.

Parameter am†-Al-oxide am-Fe-oxide KGa-2 kaolinite IMt-2 illite SAz-1 montmorillonite

Surface area, m2 g�1 660 350 21.6 22.6 68.9
Site density, sites nm�2 2.31‡ 2.31‡ 2.31‡ 2.31‡ 2.31‡
Capacitance, F m�2 1.06§ 1.06§ 1.06§ 1.06§ 1.06§
Protonation constant, logK�(int) 7.38¶ 7.31¶ 7.38¶ 7.38¶ 1.89
Dissociation constant, logK�(int) �9.09¶ �8.80¶ �9.09¶ �9.09¶ �6.29
Arsenic constants
logK2

As(V)(int) 2.51 �4.52
logK3

As(V)(int) �2.45 �2.35 �4.69 �5.21
logK1

As(III)(int) 2.20 4.68 2.12 1.19
logK2

As(III)(int) �5.17 �2.27 �5.43 �5.66 �3.92

† Amorphous.
‡ From Davis and Kent (1990).
§ From Goldberg (1986).
¶ From Goldberg and Sposito (1984).

differences in amount of total As added; both systems at low pH is not considered significant since dissolution
of the clay mineral would be expected. It is not clear whyexhibited 100% adsorption from pH 3 to 9. There was

no apparent competitive effect of arsenite on arsenate the model overestimated adsorption at intermediate pH
value.adsorption for the clay minerals (Fig. 3a, 4a, and 5a).

Differences below pH 4 and above pH 10 should be Arsenite adsorption on amorphous Fe oxide and illite
was fit quantitatively by the constant capacitance modelignored because of the likelihood of significant clay

dissolution at these pH values. The data points for arse- (Fig. 7b and 9b). Fit of the model to arsenite adsorption
on amorphous Al oxide and kaolinite showed somenate adsorption on montmorillonite below pH 3.5 could

also be artificially low because of significant oxidation deviations from experimental values in the pH range 7
to 9; underprediction for Al oxide (Fig. 6b) and overpre-of arsenite occurring at these pH values. A competitive

effect of the presence of arsenate on adsorption of arse- diction for kaolinite (Fig. 8b). It was difficult to judge
the ability of the model to describe arsenite adsorptionnite was observed on kaolinite (Fig. 3b) and illite (Fig.

4b) in the intermediate pH range 6.5 to 9. No compara- on montmorillonite since only a small number of data
points were available in the pH range 5 to 9 whereble competitive effect was observed for montmorillonite

in the pH range 5 to 9 (Fig. 5b); the apparent increase reduction reactions are insignificant (Fig. 10b). The ap-
parent ability of the model to describe adsorption ofin arsenite adsorption below pH 5 resulted because of

the oxidation of arsenite to arsenate. The minor compet- both arsenite and arsenate indicates that the inner-
sphere adsorption mechanism assumed by the constantitive effects in the systems studied were not surprising

considering the small, environmentally realistic concen- capacitance model is the appropriate adsorption mecha-
nism for both oxidation states. The ability of the surfacetrations of As that were added, leading to surface con-

centrations that were far from site saturation (3.8 	 complexation model to predict competitive adsorption
of arsenate and arsenite from model parameters ob-10�2 �mol m�2 for As(V) and 2.3 	 10�2 �mol m�2 for

As(III) on amorphous Al oxide and 1.1 	 10�2 �mol tained from the fitting of single ion systems is indicated
in Fig. 6c, 7c, 8c, 9c, and 10c. In the oxide systems wherem�2 for As(V) and 1.0 	 10�2 �mol m�2 for As(III) on

amorphous Fe oxide). However, as has been shown by there was no competitive effect, the model predictions
of the binary systems were comparable with the qualityBenjamin and Leckie (1981) for metal adsorption on

oxides, competitive effects can be observed at low sur- of the fit to the single ion experimental data (Fig. 6c
and 7c). For montmorillonite the predictive ability of theface coverage when site heterogeneity is present. Previ-

ous competitive adsorption studies of arsenate and model to describe arsenate adsorption in the presence of
arsenite was good; evaluation of the model capabilityphosphate on goethite and gibbsite have been con-

ducted under conditions of site saturation (e.g., Hings- for predicting arsenite adsorption was not possible be-
cause of the small number of data points that were usedton et al., 1971, 1.3 �mol P m�2 ). The only previous

study of arsenate-arsenite competitive adsorption was to fit the arsenite single-ion system. In the kaolinite (Fig.
8c) and illite (Fig. 9c) systems the model predictions forcarried out at sufficiently high loading rates that precipi-

tation rather than adsorption may have been occurring the binary system were unable to describe the competi-
tive effect of arsenate on arsenite adsorption occurring(Jain and Loeppert, 2000; Jain et al., 1999a,b; Stan-

forth, 1999). in the pH range 7 to 9. Since the competitive effect is
not a result of site saturation, it is clear that the modelThe ability of the constant capacitance model to de-

scribe arsenate and arsenite adsorption on oxides and is overly simplistic in its present form. Appropriate mod-
ifications to include the effect of site heterogeneity areclay minerals is depicted in Fig. 6 through 10. Surface

complexation model parameters used to obtain the needed and would be expected to lead to more accurate
description of competitive ion adsorption.model fits are indicated in Table 1. The fit of the model

to arsenate adsorption on oxides and on montmorillon-
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Soil Organic Matter Characteristics as Affected by Tillage Management

G. Ding, J. M. Novak, D. Amarasiriwardena, P. G. Hunt, and B. Xing*

ABSTRACT ganic C (SOC). Soils of the southeastern United States
of America, particularly sandy Coastal Plain soils, haveSoil organic matter (SOM) is of primary importance for maintaining
inherently low SOC contents (typically below 1%, Huntsoil productivity, and agricultural management practices may signifi-
et al., 1982). Consequently, small changes in the SOMcantly influence SOM chemical properties. However, how SOM chem-

ical characteristics change with agricultural practices is poorly under- content are significant to the agricultural production of
stood. Therefore, in this study, we evaluated the impacts of tillage the region. An evaluation of tillage and crop residue
(conventional vs. conservation) management on the structural and management practices to rebuild SOC levels has been
compositional characteristics of SOM using cross-polarization magic- conducted by Hunt et al. (1996). These researchers mon-
angle-spinning (CPMAS) and total sideband suppression (TOSS) itored changes in SOC levels in numerous small tillage
solid-state 13C nuclear magnetic resonance (NMR) and diffuse reflec-

plots and found that after 9 yr of CnT, the SOC contenttance Fourier transform infrared (DRIFT) spectroscopy. We charac-
in the top few centimeters was significantly higher thanterized both physically and chemically isolated SOM fractions from a
the soil under CT management. Campbell et al. (1999)Norfolk soil (fine-loamy, siliceous, thermic Typic Kandiudults) under
reported that over an 11- to 12-yr period, increases inlong-term tillage management (20 yr). The solid-state 13C NMR results
C storage in the 0- to 15-cm soil depth, because ofindicated that humic acid (HA) from conventional tillage (CT, 0–5

cm) was less aliphatic and more aromatic than HA from conservation adoption of no-tillage, were small (0–3 Mg ha�1 ). Most
tillage (CnT). The aliphatic C content decreased with increasing depth of the differences were observed in the 0- to 7.5-cm soil
(0–15 cm) for both CT and CnT treatments. The reverse trend was depth, with little change in the 7.5 to 15 cm. However,
true for aromatic C content. Based on reactive/recalcitrant (O/R) the short and long-term influences of disturbance on C
peak ratio comparisons, HA was more reactive in the top soil (0–5 mineralization are complex and may vary depending
cm) under CnT than CT. Both soil organic C (SOC) and light fraction

on types of soil and plant residues (Hu et al., 1995;(LF) material were higher in the 0- to 5-cm soil of CnT than CT
Franzleubbers and Arshad, 1996; Alvarez et al., 1998).treatment. Our results show that long-term tillage management can
The strong influence of soil management on the amountsignificantly change the characteristics of both physical and chemical
and quality of SOM was also reported by others (Janzenfractions of SOM.
et al., 1992; Ismail et al., 1994; Campbell et al., 1996).

Another approach to evaluate the impact of agricul-
tural management on SOM dynamics is to separateSoil organic matter strongly affects soil properties
SOM into pools based on differences in decompositionsuch as water infiltration rate, erodibility, water
rates (Wander et al., 1994; Wander and Traina, 1996a).holding capacity, nutrient cycling, and pesticide adsorp-
Generally, those pools are conceptualized with onetion (Stevenson, 1994; Campbell et al., 1996; Francioso
small pool having a relatively quick decomposition rateet al., 2000; Wander and Yang, 2000). It has been sug-
(i.e., active pool LF) and pools that are more recalci-gested that proper management of SOM is the heart of
trant (i.e., humus) (Stevenson, 1994). The LF is sensitivesustainable agriculture (Weil, 1992). Recent research
to environmental and agricultural management factorshas also recognized SOM as a central indicator of soil
and can be used as a functional description of organicquality and health (Soil and Water Conservation Soci-
materials (Wander and Traina, 1996a). Regardless ofety, 1995). For example, a decline in SOM (biological
active or recalcitrant SOM pools, structural chemistryoxidation or erosion) significantly reduced the N supply
is important for their chemical and biological activities.and resulted in a deterioration of soil physical condi-

Spectroscopic techniques can provide useful struc-tions, leading to crop yield reduction (Greer et al., 1996).
tural information of SOM. Diffuse reflectance FourierTherefore, it is important to maintain proper levels of
transform infrared spectroscopy is considered to be oneSOM to sustain soil productivity.
of the most sensitive infrared techniques for humic sub-Intensive agricultural practices change SOM charac-
stances analysis (Niemeyer et al., 1992; Ding et al., 2000).teristics greatly, generally a substantial loss of soil or-
According to Painter et al. (1985) and Niemeyer et al.
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