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ABSTRACT

Anion exchange characteristics of soils are of interest in view of en increased
:;oncern about anion (such radionuclides as I-, IO3-,and TcO4) in soil leading to
contamination of ground water. By simple electrostatic interaction, soils with high anion
exchange capacity (AEC) greatly reduce the migration of anions through soil. The
amorphous clays allophane and imogolite, derived from volcanic parent material, are
found to be among the most important soil components capable of developing
appreciable amounts of positive charge for anion exchange even at about neutral pH.
The magnitude of the surface charge of these amphoteric materials depends on the
ratio of SiO_AI203, soil pH and concentration of electrolyte. Decreases in the
SiO2/AI203ratio and soil pH result in an increase in soil AEC. AIIophane and imogolite
rich soils have an AEC ranging from 1 to 18 meq/100g at pH about 6. The presence of
other types of silicate minerals, organic and inorganic ligands tends to lower AEC of the
soils. Highly weathered soils dominated by Fe and AI oxides and kaolinite may develop
a significant amount of AEC as soil pH falls. On a wide range of those soils, AEC
ranges from 0 to 2 meq/100g at about pH 6.

The retention of radionuclides, iodine (I) and technetium (Tc), by soils is
associated with both soil organic matter, and Fe and AI oxides, whereas sorption on
layer silicate minerals is negligible. Anaerobic conditiohs greatly increase Tc retention
by soils, which is related to the lower solubility of Tc (IV) and its complexation with
organic matter fractions. Fe and AI oxides become more important in the retention of
anionic iodide (I-), iodate (IO3) and pertechnetate (TcO4) as pH falls, since more
positive charge is developed on the oxide surfaces. Soil allophane and imogolite
develop more positive charge than Fe and AI oxides at given pH conditions, and are
thus expected to retain more I and Tc although few studies have been conducted on
the sorption of I and Tc by soil allophane and imogolite, lt is calculated that a surface
r_loughsoil (2 million pounds soil per acre) with 5 meq/100g AEC, as is commonly
_:oundin andisols, shall retain approximately 5900 kg I and 4500 kg Tc, respectively, by
the anion exchange mechanism.

Further studies on the potential use of andisol as a barrier to retard the migration
of I and Tc through the soil are recommended, lt is conceivable that an anion
exchanger such as an andisol could be used to modify the near field environment of a
radioactive waste disposal facility. The anion exchange material would retard migration
of anions away from the disposal site and thus prevent contamination of ground water.
This whole disposal system would then offer similar migration resistance to anions as is
normally afforded to cations by usual and normal soils.
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FOREWORD

On May 23, 1991, the U. S. Nuclear Regulatory Commission (NRC) held a
meeting at Rockville, MD. The meeting was an informal one-day brainstorming session
on the identification of new or innovative means for inhibiting radionuclide releases
migration from Low Level Radioactive Waste (LLW) disposal facilities.

Participants included NRC staff and research investigators from Brookhaven
National Laboratory, Idaho National Engineering Laboratory, National Institute of
Standards and Technology, Pacific Northwest Laboratory, Sandia National Laboratory,
and University of California, Berkeley, who have dealt with various elements of
radioactive waste disposal and performance assessment.

The question before the group was "how could LLW disposal be done better?"
The meeting was opened by Mel Silberberg, Chief, Waste Management Branch,
Research, USNRC. Various new and innovative ideas were put forth at the meeting.
Dr. Robert K. Schulz of the University of California discussed possible use of a natural
anion exchanger, andisol, for trench liners to retard migration of anionic radioisotopes
such as iodine and technetium. As a result of the meeting the NRC invited the
University of California to review the subject of anion exchange in soils, with special
attention to andisols. This report is that review.

Edward O'Donnell
Waste Management Branch
Office of Nuclear Regulatory Research
U. S. Nuclear Regulatory Commission
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INTRODUCTION

Anion exchange reactions are common, particularly in soils w_thvariable
charges, lt is of interest in view of an increased concern about anion (such as
radionuclides TcO4, I- and IO3) contamination in soils and ground waters. The use of
soil minerals for waste anion removal from phosphogypsum leachate has been tested
by,Murray et al. (1985). However, the effectiveness of minerals to remove anions
depends on a number of parameters: the charge characteristics of the minerals, the
chemical properties of the anions and '.heir reaction mechanisms with the minerals.
Two types of reactions between anions and soil minerals are recognized: specific
adsorption and non-specific adsorption. Specific adsorption refers to incorporation of
the anions as a ligand in the coordination shell of an adsorbent while non-specific
adsorption refers to adsorption of anions by simple coulombic interaction with positive
cl_arges. This report summarizes our present knowledge of the surface charge
cliaracteristics and anion exchange properties of a number of soils and minerals, and
factors influencing their charge characteristics. Emphasis is given to the non-specific
anion exchange of soils, and particular attention is given to the retention of two
radionuclides, I and Tc, in soils.

ANION EXCHANGE ON ALLOPHANIC SOILS

Altophane and Imoaolite in Soil
Soils containingallophane and imogolitedevelop from most volcanicparent

materials, especiallythose rich in malic materials, and from sedimentaryand
metamorphicrockswhosecomponentparticlesderived fromvolcanic rock. These soils
rarely, if ever, form from graniticparent, materialsor fromthose largely lackingin AI
and Fe (e.g. quartzites, limestones). Thus, the establishedgeographicdistributionof
allophane, imogoliteand allophanicconstituentshas been connected withthe areas of
recentvolcanic activitythroughoutthe Pacific ring of volcanism,West Indies, Africa,
Italy,Australia,Hawaii, and the Pacificwest of the UnitedStates (Wada, 1977;
Simonsonand Rieger, 1967; Laiand Swindale, 1969; Baham and Simonson,1985;
Hunter and Busacca, 1987; Southardand Southard, 1989).

AIIophane is a non-crystalline aluminosilicate mineral with a very short range
crystalstructure relativeto that of layer silicatesandAI and Fe hydroxides, lt consists
of discrete hollowspherules,or polyhedra,3.5 - 5.0 nm in diameter with SiO2/AI203
ratiosbetween 1 and 2 (Wada, 1980). Imogolitehasa one dimensionaltubular
structure,about2 to 5 nm in diameter and severalpm inlength,caused by curlingof a
gibbsitesheet on replacementof an hydroxyllayer by orthosilicateanions. The overall
compositioncan be representedby the idealizedformulaSiO2AI2032.5H20 (Wada,
1977). A summary of elementalanalysisof less than0.2 pm fractionsseparated from
weatheredvolcanic ash and pumices (Wada and Yoshinaga, 1969) showed thatthe
SiO2/AI203ratioof the clays in which allophanepredominatedwas in a range from 1.3
to 2.0, while that of clays in whichimogolitepredominatedwas in a narrow range from
1.05 to 1.15.



Anion Exchanoe Characteristicsv

In contrastto soilswith a clay mineralogydominated by crystallinelayer silicates,
which havevery littlepositivecharge orvery low anion exchangecapacity (AEC), soils
containingthe amorphousclay allophaneand imogolitehave a noticeableamount of
AEC, especiallyin acidic pH ranges. However, the signand magnitudeof surface
charge of these amphotericmaterialsare dependent on a numberof factors:the silica
contentof the hydrousaluminosilicatephase, pH, and concentrationof electrolyte
(Gonzales-Batistaet al., 1982; Clark and McBride, 1984). Becausethe signand
magnitudeof the surface chargeof the these soilsare so dependert onsolution
parameters, it is meaninglessto quotethe surfacechargecharacteristicsof such
constantpotentialcolloidsunlessthe precise,experimentalconditionsand techniques
fortheir determinationare also given.

Effect of SiOjAI203 Ratio
The influencesof SIO2/AI203ratio on the surface charge characteristics of six

allophanic soil clays originating from climatosequence of andisols were studied by
Gonzales-Batista et al. (1982). They observed that a decrease in the silica content is
related to an increase in pHoand point of zero net charge (PZNC) (Fig. 1), where pHo is
the pH for which the net charge resulting from the adsorption of H+and OH-ions is
zero; and PZNC is the pH for which the net surface charge is zero, or at the PZNC, the
cation exchange capacity (CEC) is equal to the anion exchange capacity (AEC). Such
a relationship is also summarized in Table 1 for both synthetic and natural allophanic
clays (Perrott, 1977; Gonzales-Batista et al., 1982; Theng, et al., 1982; Clark and
McBride, 1984). The changes of PZNC and AEC at pH 6 were plotted in Fig. 2a and
Fig. 2b, respectively. Despite the polyminerlalic nature and different origins of these
samples, their zero charge parameter (PZNC, Fig. 2a) shows a similarity to that of pure
synthetic gels, i.e. an increase in the silica content is related to a decrease in PZNC.
However, as can be noticed from Fig. 2a and 2b, at a given SiO2/AI2Osratio, the PZNC
and AEC values of natural soil clays are mostly lower than the synthetic allophane and
imogolite. This can be understood because of the presence of other types of minerals,
and the presence of organic and inorganic ligands, such humic acid and phosphate,
which can be specifically adsorbed on the surface. Figs. 2a and 2b also indicate that,
in general, these soils have SiO2/AI203ratios between 1 and 2, PZNC between 4 and 7,
and AEC between 1 and 18 meq/100g.

Three clays richest in silica (Chio, Aguamansa-I, and Synthetic allophane-8,
Table 1)are not only characterized by the lowest PZNC but also by a permanent
negative charge, since the cation exchange capacities (CEC) of the three clays are 28,
26, and 32 meq/100g, respectively (not shown in Table 1). Similarly, Wielemaker
(1984) found that an increase in the ratio of SiO 2 to AI203 or SiO 2 to Fe203 depressed
the pHoto levelsas low as that of amorphousSi. Henmi andWada (1976) also noticed
that the silica rich allophanesshow a tendency to have more tetrahedralAI than
allophanesrich in aluminum.



7 " I " I " --

6 -e •

5

.
4

3 , I , I ,
1 2 3 4

SiO=/AI=O3

Fig. 1. Relationships between SiO2/AI203 ratios and PZNC (o) or pHo(A) for
several selected andisols (after Gonzales-Batista et al., 1982).

Fig. 2. Relationships of SiO2/AI203 ratios with (a) PZNC and (b) AEC at pH 6
for soils containing mainly allophane and imogolite (open symbols) and for
synthetic allophane and imogolite (solid circle and the regression line).
Different open symbols, o, L, A and 0 represent data obtained from Clark and
McBride, 1984, Theng, et al., 1982, Gonzales-Batista et al., 1982, and
Perrott, 1977, respectively.





Although Table 1 and Fig. 2 show that positive charge (PZNC and AEC)
increased generally with increasing alumina content at a given pH, the synthetic
imogolite(SiO_AI203 = 1) showed anomalously high values of PZNC and AEC than the
allophanes. This result may illustrate the inherent differences in charge and surface
properties of allophane and imogolite despite the common structural unit which the two
minerals incorporate. Theng et al. (1982) observed that substantial positive charge of
an imogolite soil clay remained at neutral-alkaline pH range, while allophane has
essentially zero positive charge in this pH range. Imogolite was found to have an AEC
about 40 meq/100g at pH 4 and about 20 meq/100g at pH 6, whereas three allophane
rich soil samples have AECs varied from 10 to 25 meq/100g at pH 4, and from 0 to 5
meq/100g at pH 6. They suggested that high positive charge of imogolite clays at
about neutral-alkaline pH may be related to the possible development of permanent
positive charge.

Mineralogical and chemical analyses of Ando soils have indicated that their
major ion-exchange materials also differ from hcrizon to horizon (Wada, 1977). Humus
complexed with AI and Fe dominated in A1 horizon soils, whereas allophane, imogolite
and allophane-like constituents occur in B horizon soils. Wada and Okamura (1980)
studied the charge characteristics of four Ando A1 soils, and found that no positive
charge appeared in these soils at pH values 5 to 8.54 except for one containing
allophane and imogolite. However, Espinoza et al. (1975) found that two Andepts
(surface soils, 0-20 cm) maintained about 1 meq/100g AEC between pH 5 and 6.
Inignez and Val (1982) reported that PZC of an andisol increased with depth (0-100
cm) and ranged from 4.07 to 5.55.

Effect of pH and ionic strength
The influences of pH and salt concentration on charge characteristics of

allophanic soils can be shown in a number of studies (Espinoza et al., 1975; Gonzales-
Batista et al., 1982; Theng et al., 1982; Okamura and Wada, 1983; Clark and McBride,
1984; Pardo and Guadalix, 1988). Espinoza et al. (1975) reported that the retention of
NO3 was influenced by both pH and ionic strength. The lower the pH, and the higher
the ionic strength, the higher amounts of NO3 was retained. Perrott (1977) studied a
range of synthetic amorphous aluminosilicates, hydrous alumina, hydrous silica and two
soil clays on their retention of Na* and CI-. In the pH range investigated (3-9), only
negative charges could be detected in the hydrous silica and the most siliceous
aluminosilicate (SiO_AI203 = 4.9). On the other hand, only positive charges were
detected in the hydrous alumina, whereas both positive and negative charges were
detected in the more aluminous aluminosilicates and the soil allophanes. Two different
mechanisms were suggested: for hydrous silica, the pH dependent negative charge
arises from ionization of the weakly acidic surface silanol groups (Si-OH = Si-O- + H*),
whereas for the hydrous alumina this charge arises from the protonation of the hydrous
oxide surface on the acid side of the PZC (AI-OH + H* = AI-OH2*). No negative charge
would be expected when the pH of the suspension is less than the zero point of charge,
which is about 9.
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Pardo and Guadalix (1988) investigated the surface charge characteristics of
eight volcanic-ash-soils from Spain and found that the magnitude and sign of the
charge were influenced by the pH as well as the concentration of NaCI (Fig. 3). On the
alkaline as well as on the acid side of the PZC, an increase of the concentration of the
electrolyte caused an increase of OH and H. adsorption, or, which was the same, a
negative or positive net charge increased. In ali the soils, the variation of the charge as
a function of the pH was more or less similar, with the exception of soil #1 which
showed the lower effect of pH on the net surface charge, because this soil contained
dominantly well-crystallized minerals, such as illite. Similarly, Theng et al. (1982)
observed that the charge characteristics of a soil containing halloysites showed little
variation with pH.

Okamura and Wada (1983) reported the changes of AEC and CEC with pH and
NH4CIconcentration of five Dystrandept B horizon soils, two weathered pumices and
two Red-Yellow soils containing components with variable charge (Fig. 4). Similarly,
they found that an increase of the concentration of NH4CIcaused an increase of AEC
and CEC, while a decrease of pH caused an increase of AEC but a decrease of CEC.
No measurable amount of AEC was found for weathered pumice M-7-7 and soil W-116
between pH 5 and 8 because these two soils contain large quantities of halloysite and
montmorillonite. Two empirical equations were developed that relate the AEC and CEC
with the pH (4 to 8) and NH4CIconcentration (0.005 to 0.1M) of the solution, and can be
represented by the following regression equations:

log AEC = apH + blogC + c and

IogCEC = a'pH + b'logC + c'

where a, b, and c, and a', b' and c' are constants for each soil sample, which correlate
with the kind of ion-exchange materials present. The curves (solid lines in Fig. 4)
represent the AEC values calculated using these two equations, lt appears, therefore,
that these two equations are generally good to describe adsorption equilibria in which
Cl- and OH-, and NH: and H. compete for anion and cation exchange sites,
respectively. They may be potentially useful to characterize and predict the retention of
anion and cation by the soil.

Effect of Drying and Temperature
The drying of soils derived from volcanic ash and some highly weathered soils

can cause irreversible changes in their chemical and physical properties (Schalscha et
al., 1965; Phillips et al., 1986). One effect of drying such soils is the changes of their
AEC and CEC. Unfortunately, the data concerning such an effect in soil are both
fragmentary and conflicting. Balasubramanian and Kanehiro (1978) reported a
decrease in CEC of soils upon drying, and attributed this effect to an increased
aggregation of the hydrated amorphous Fe and AI oxides, with a concomitant loss of
reactive surface area. However, an increase in the CEC values of soils containing
allophane and/or imogolite upon drying or heating was observed by Harada and Wada
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(1974). They indicated that the negative charge could develop on dehydration, possibly
including changes in the coordination of some surface AI atoms. There are also
observations which suggest an increase of the net negative charge upon drying or
heating of the sample. Sadzawka et al. (1972) observed that the pH of Andepts
suspended in salt solutions was lowered by about 0.5 pH unit or more when the soils
were dried at 110 "C. On the other hand, the AEC values (Harada and Wada, 1974) of
soils and clays containing allophane and/or imogolite decreased upon heating at 105-
110 "C. Wada (1977) reported that a slight decrease in the AEC values of imogolite
and allophane when the temperature of the solution was raised. However, Phillips et al.
(1986) found that oven-drying soil increased AEC of three New Zealand soils from A
and B horizons (ranged from 30 to 50%).

ANION EXCHANGE ON NON-ALLOPHANIC SOILS

The colloid fraction of soils (clay and humified organicmatter) carries a net
negativecharge and, in general,this tends to repel anions. Nevertheless,sorptionof
anions by soilsdoes occur, particularlyunderacid conditions,some of the sorption
being nonspecificand somespecific to particularanions. Nonspecificsorptionoccurs
at the localizedpositivecharges that occur (1) on free hydrousoxides of iron and
aluminum,and (2) at the edgesof aluminosilicateclay minerallattices where the
oxygenatoms are notfullycoordinatedby aluminumor siliconatoms. These positive
charges,which increase withdecreasing pH, attract anionselectrostatically,and the
anionsare readilyexchangeable withthose in the soilsolution.

Several authors (Hendershot and Lavkulich, 1983; Sakurai et al., 1989; 1990)
have related the soil charge characteristics with the mineralogical composition, organic
matter content and percentage of amorphous oxides of the soils, pointing out that the
point of zero charge (PZC) reflects the overall mineralogical composition and the
organic matter content of the soils. In general, it seems clear that the percentage of Fe
and AI oxides as well as short range order clay minerals tend to raise the PZC values
towards the higher pH values, while the presence of organic matter tend to shift the
PZC towards lower pH values. In another words, an appreciable amount of AEC may
occur only on those soils containing high amounts of AI and Fe oxides or hydroxides
but low amounts of soil organic substances.

Soi! Minerals with Variable Charaev

Table 2 lists the PZCs of several mineralswhich contribute to soil variable
charge. AI and Fe hydrous oxide surfaces can generate a significant number of
positive charges as the pH falls. Goethite (o_-FeOOH),for example, is positively
charged below a pH of 8-8.5 (the exact value depends on the preparation method of
the oxide). For gibbsite [y-AI(OH)3] it is close to 9. The maximum charge which a
hydrous oxide can accept depends upon the oxide and can be determined by both
experiment (Atkinson et al., 1967) or by calculation from lattice parameters. Parfitt
(1978) indicated that by consideration of the I00 and 010 faces of goethite separately,
it can be calculated that there is a maximum of one p_:sitivecharge per 0.37 nm2and



one negative charge per 0.70 nm2,and that this agrees with Atkinson's work. Similar
calculations may be done with other oxides.

Table 2. Points of zero charge fo, several soil minerals.
Mineral PZC Reference

Goethite (e_-FeOOH) 8 - 8.5 Mott, 1981
Hematite (--Fe203) 8.4 White and Zelazny, 1986

Gibbsite [y-AI(OH)_ 9.0 Mott, 1981

Corundum (o_-AI203) 9.1 Sposito, 1984
Hydroxyapatite [Cas(PO,)3OH] 8.5 Bell et al., 1972

Kaolinite [Si4AI4Olo(OHs] 4.7 Sposito, 1984

Calcite (CaCO_) 10 Sposito, 1984
Quartz (e_-SiO2) 2.0 Sposito, 1984

Organic Matter 2.0 Bell et al., 1972

The PZC of Si-OH (silanol) surfaces, on the other hand, is at pH of about 2
(Mott, 1981). Therefore, adsorption of anions is not usually expected on these minerals
unless pH is less than 2. There are few ionizable groups there, and as matter of the
fact, these minerals carry a substantial amount of permanent negative charge so that
PZC can not be actually measured without dissolving the mineral. Kaolinite carries no
permanent negative charge, and therefore exhibits a relatively high PZC (4.7, Table 2).
Studies (Mott, 1981) have shown that kaolinite can sorb anions onto their positive sites,
and indeed demonstrate their hydrous oxide-like behavior. Illite of various kinds also
appear to have some anion sorption capacity. This can doubtless be attributed to their
character as hydrous minerals, and in the soil environment, to contamination by Fe and
AI coatings. Of other clay mineral types, smectites have been shown to have an almost
negligible capacity for anions, and indeed negative adsorption has been observed.
Although the true micas have not been systematically investigated so far, there is
evidence that these minerals only sorb anions if their surface are contaminated with
aluminum or iron hydroxide species.

Effect of Fe and AI Coatinasw

In soils,mineralgrains are usuallycoated to a greateror lesser extentby the
productsof pedogenesis. Often these coatingsconsistof amorphousmaterials
releasedfrom primarymineralsby weatheringorthose translocatedand deposited. In
the presence of these coatings,the surface charge depends not onlythe charge of the
mineralgrains themselves but also onthe charge developedby the amorphouscoating
materials. Sakurai et al. (1989; 1990) found that crystalline Fe oxidescoexistingwith
kaolinitewere the dominant componentsof the variable charge in the strongly
weathered soils,and amorphousalumino-silicates(allophaneand allophane-like
materials)were the dominantcomponentsof the variablecharge in the volcanic ash

10



soils. Table 3 lists the changes of PZC of kaolinite, montmorillonite, two strongly
weathered soils (one oxisol and one ultisol) after coating with different amounts of Fe
and AI hydroxides (Sakurai et al., 1990). The results clearly showed that PZC of the
soils and clays increased with increasing addition of AI and Fe hydroxides.

Table 3 also shows that Fe coating is more effective in increasing PZC of
kaolinite than AI coating, whereas in ali cases AI is more effective in increasing PZC of
montmorillonite and the two soils. Oades (1984) indicated that AI hydroxide was much
more efficient in blocking negative charges than Fe hydroxides, and the effect of the
blocking was due not only to the higher charge of the AI hydroxides but also to their
shape. Spherical Fe hydroxides may increase the amount of positive charge in the
clay- or soil-hydroxide system, but their effect on the blocking of the negative charged
sites may be limited (Sakurai et al., 1990). Planar AI hydroxides, however, may cover a
large area and also occupy inter-lamellar spaces, as indicated by the XRD analysis,
and, thus, neutralize and block a large number of negatively charged sites.

Table 3. PZC values of the samples treated with various amounts of AI and Fe (Sakurai
et al., 1990).

AI-Coating Fe-Coating
Sample Uncoated

2% 6% 10% 2% 6% 10%

Kaolinite 3.88 4.33 5.38 5.53 4.74 6.10 6.30

Montmorillonite 3.04 3.95 4.07 4.38 - - 3.32

Oxisol 2.80 4.63 6.78 6.78 4.04 4.69 5.63

Ultisol 2.44 4.47 5.23 5.02 2.91 4.30 5.08

AEC of Highly Weathered Soils
The existence of considerable amount of positive charge or AEC in highly

weatheredtropicalsoils is well-known(van Raij and Peech, 1972; Grove et al., 1982;
Gillman, 1985; Paven et al., 1985). For example, Paven et al. (1985) reportedthat
AEC of seven acid soils fromsouthernBrazil,dominatedwith kaolinite,was ranged
from 3.2 to 4.4 meq/100g at pH 2.0, and rangedfrom 0.5 to 2 meq/100g at pH 6, while
that at pH 7 - 7.5, was toosmall to measure. Grove et al. (1982) studiedthe charge
characteristicsof 20 acid soils (including14 ultisolsand 2 oxisols), and found that
AECs of soils (determinedby 0.2 M NH4CI at pH 5.5) ranged from0 to 0.8 meq/100g
and were positivelycorrelatedwith extractableAI contentsin soils (Fig. 5).

Several investigatorssuggestedthe existenceof positivepermanentcharge in
oxisols (Fitzpatricket al., 1978; Tessens and Zauyah, 1982). They found that this
positivepermanentcharge in oxisolswas relatedto isomorphicsubstitutionof Ti(IV) for
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Fe (111)iniron oxides. Table 4 liststhe positivepermanentchargedeterminedby CI-
adsorptionat pH above 7.
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Fig. 5. AEC of soil clays as influenced by extractable AI content (after
Grove et al., 1982).

Table 4. Positivepermanentcharge (meq/100g) determinedby CI- adsorptionat pH
above 7 (Tessens andZau.y_h_1982).

Soil Name pH Pos.Charge Soil Name pH Pos. Charge

Harimau 7.73 0.20 Jeranggau 7.10 0.99

Munchong 7.01 0.58 Kuantan 7.50 1.44

Prang (1) 7.02 0.45 Segamat 8.80 1.42

Prang (2) 7.08 1.15 S. Mas 7.28 1.27

Beserah 9.43 0.06
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Fig. 6. The relationshipsbetween AEC and specificsurfaceareas (So) of soil
clays. A, O, and [] represent Kaolinsoils,hematite/goethitesoils,and mica
soils, respectively(after Skjemstordand Koppi, 1983).

The AEC of kaolinitic soils at field pH was reportedby Skjemstordand Koppi
(1983). They foundthat AEC of 37 soilsat field pH varied from 0.09 to 1.97 meq/100g
with a mean of 0.61 meq/100g. Interestingly,they foundthat AEC of soilswas related
to the specificsurface (So)of the soils(Fig. 6), which accountedfor about 70% of the
variance. However, it can be seen from Fig.6 that highAEC of soilsis associatedwith
the presence of hematite/goethite,or highsurface area was due tGthe contributionof
iron minerals.

Wong et al. (1990) recently studied the delay in the leaching of NO3 in soils
(oxisols, Alfisols, Ultisols and Inceptisols) from South America, Africa and South East
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Asia, and found that the delay was in a good correlationship with AEC of soils (0 to 1.7
meq/100g). The higherthe AEC is, the moredelay in the leachingof NO3-. Apparently,
the presenceof positivecharge in these soilsplayed a significantrole in holdingNO3.
Similar observationswere made by severalworkers(Elliottand Sparks, 1981;
Meisinggeret al., 1982; Wang and Yu, 1989; Toner et al., 1989). Studieson soilsfrom
the MiddleAtlanticregionalso revealedthat AEC increased withdepth, paralleling
accumulationof clayand AI and Fe oxides(Toner et al., 1989). Furthermore,the AEC
values were foundto increasewith decreasingpH, indicatingpH-dependentvariable
charge was operative.

AEC of Other Soil TyDes
Misra et al. (1989) studiedchargecharacteristicsof 11 soilsamples from

lnceptisols,Alfisolsand Entisols,and foundthat the pHoof Alfisolsand Entisolsvaried
between 3.05 and 3.85, and that of the Inceptisolsbetween 2.2 and 2.25. Alisoilshad
a very low AEC, ranged from 0.05- 0.94 meq/100g at pHo. No AEC should,therefore,
be expected at field pH values of these types of soils. Duquetteand Hendershot(1987)
measured AEC of 12 soil s=_mplesfrom various parts of Quebec, Canada, and found
that AEC values of these soils were ali less than 1 meq/100g between pH 3 and 8.

The AEC and CEC of a number of soils formed on basaltic, granitic and
metamorphic parent materials in the high rainfall area of tropical north Queensland
were investigated by Gillman and Sumper (1986). The dependence of AEC on pH was
found to vary with the clay mineralogical composition and organic matter content. The
basaltic soils have greater amounts of AEC, reflecting the influence of iron and
aluminum oxides, which are positively charged below their points of zero charge. AEC
at pH 6 (on basaltic soils) ranged from 0.1 - 0.7 meq/100g, whereas on granitic and
metamorphic soils AEC was very low and ranged from 0 - 0.2 meq/100g. They also
observed that the basaltic soils were distinct from the granitic and metamorphic soils by
the variation in pHowith depth. Clearly, the high oxide content of the basaltic soils
causes high pHovalues at depth, an effect which is attenuated in the surface layers by
the presence of organic matter.

Soil organic matter is the only major soil component other than silicate clays with
a low PZC (about 2, Table 2). Gillman (1985) studied the influence of organic matter
and phosphate content on the PZC of variable charge components in oxidic soils, and
found that soils with low organic matter content and low extractable phosphate have
high pHovalues. Regression analysis showed that pHowas reduced by about one pH
unit for each 1% increase in organic carbon or for each 100 mg/g increase in
extractable P. Stepwise linear regression showed that soil organic matter accounted
for 42% of the variation in pHo,but this was significantly (P<0.05) increased to 68%
when acid extractable phosphorus was included, and finally to 78% following inclusion
of free iron, the later also being a significant increase. Similarly, Cavallaro and McBride
(1984) found that oxide removal increased the CEC and virtually eliminated the AEC at
pH 3 and 5.5, while shifting the positive zeta potential (PZC) of the B-horizon clay
toward negative values. On oxidation, however, increased the AEC at pH 3 and
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markedly shifted the PZCs of both A and B-horizon clays tov..,ardmore positive values
(Table 5). This was attributed by these authors to the removal of adsorbed organics
from oxide surfaces.

Table 5. AEC of soil clays (Fragiochrept, NY) with different treatments
(Cavallaro and McBride, 1984).

pH 3 pH 5
Treatment A horizon B horizon A horizon 9 horizon

Untreated 1.4 2.1 0.9 0.1

Oxalated 0.6 0.2 0.0 0.0

CBD 0.1 0.0 0.0 0.0

NaOCI 13 10 0.9 0.3

ANION COMPETITION

Competition between anions for sorption by soil occurs whenaver mixed anions
or a mixture of pollutants is added to soil. Yet it has been little studied and is poorly
understood (Barrow, 1989). In a field soil, the most abundant anions naturally present
are probably the organic anions, hydroxyl, bicarbonate, nitrate, silicate, sulfate, and
phosphate (Mott, 1981). Some competitions are well known: for example, silicate has
been used to enhance the availability of phosphate (Roy et al., 1971). Different values
of the AEC can be obtained depending on the anion species used for the experiment.
In general, the AEC values increased in the order: NO3<CI<CH3COO<<SO4. The much
higher value for sulfate ion is interpreted in terms of specific adsorption.

A model was developed for the competition of anions in soil by Barrow (1983,
1989). The model considers that the competition comprises both ordinary competition
between ions for adsorption sites and the electrostatic interaction_ which occur
because reaction with one anion makes the surface more negative and, therefore, less
favorable for reaction with a second anion, lt has been claimed that the model describe
well for competition among molybdate, phosphate and arsenate (Barrow, 1983; 1989).
However, it should be indicated that these anions can undergo specific interactions with
soil surfaces, while few studies, if any, examined the competition between those non-
specific adsorbed anions, such as CI- and NO3-.
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RETENTION OF 1_1AND UTc IN SOILS

Iodine

Soil Chemistry of Iodine
Radioactive isotopesof iodineare producedduringthe processingof productsof

nuclearfission,which may be dischargedto the sea or the atmosphere (Whitehead,
1984). Appreciableamountsof 12_1have been foundin soilsof the U.S.A., Europeand
Japan (Muramatsu et al., 1990). 1291has a longradiologicalhalf life (1.59x107 years,
Ticknor and Cho, 1990) and tends to be persistentin the soilenvironment(Boone et.,
19_5; Kocher, 1991). Kocher (1991) predictedthat the mean residencetime of 1291in
the first1 m of surface soilwas about4000 years, lt appears, therefore, that
understandingthe behaviorand retentionof iodinein soil is important.

The chemistryof iodineis relativelycomplex. Iodinecan exist in a numberof
valence states, it is chemically reactive,and formsvariousinorganicand organic
compounds. Of the simpleinorganicformsof iodinethat may exist in the soilsolution,
iodide (as I-or 13-) is likelyto dominate inthe soilsof humidtemperate areas, although
iodate (IO3) may be the major inorganicform in alkalinesoilsin arid areas.
(Whitehead, 1984). This view issupportedby the Eh-pH diagramfor iodine indicating
the stabilityof the variousspecies inaqueous solution(Fig.7). Muramatsu et al. (1990)
have demonstratedthat iodide (1) and iodate (IO3-)are the ones most commonly
detected in the rain watercollectedafter the Chernobylaccident.
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Fig. 7. Eh and pH diagram for iodine/water system (after Ticknor and Cho,
1990).
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The natural iodine content of a soil reflects, in part, the inputs that have occurred
over the course of its development and, in part, the soil's ability to retain iodine against
leaching and volatilization. Inputs occur predominantly through transfers from the
atmosphere. In general, relatively little iodine is released by the weathering of rocks,
and the influence of soil parent material on iodine content is likely to be exerted mainly
through its influence on the retention of iodine from the atmosphere (Whitehead, 1984).
Reviews suggest that for surface soils on a worldwide basis the average content is
about 5 mg/kg. However, iodine contents greater than 20 mg/kg have also been
reported for forest and upland soils in two regions of Japan, which probably related to
high Fe and AI contents in soils (Yuita, et al. 1982a,b).

Retention of Iodine in Soft
Studies of the sorption of iodide (1) and iodate (IO3) by soils, and by materials

representing soil components, indicate that these ions undergo specific sorption or
retention both by hydrous oxides and by organic mater. Whitehead (1973), for
example, reported that sorption of iodine by soil was associated with both soil organic
matter and iron and aluminum oxides, with the oxides being increasingly important
under more acidic conditions. The maximum amounts sorbed by two surface soils (0-
10 cm) at pH 6.6 to 6.8 were 25 and 6 mg/kg soil, respectively. At this pH, the amounts
of iodide sorbed were found to be closely related to the contents of organic matter but
not to iron or aluminum oxides or clay. Whereas at pH < 5, the removal of iron and
aluminum oxides resulted in a marked reduction in iodide sorption. Whitehead (1974)
further observed that freshly precipitated ferric and aluminum oxides sorbed substantial
amounts of iodide from solutions of pH < 5.5 but the amount decreased to zero as the
pH approached 7. However, Muramatsu et al. (1990) reported that only ferric oxide
sorbed substantial amounts of I-and IO3-,while sorptions of I°and IO3-by AI oxide were
very low (Fig. 8), which probably related to aging of AI oxide.

The degree of correlation between the contents of iodine and other soil
components provides some indication of the components that are responsible for I
retention. Results obtained with 18 soil profiles in the United Kingdom indicated that
hydrous aluminum and iron oxides (oxalate-soluble AI and Fe) were important
components, with aluminum oxide usually being the more important (Whitehead, 1978).
The content of organic matter was also positively correlated with iodine content in these
soils and, while involved in retention over a wide range of pH, organic matter appeared
to be more important than the aluminum and iron oxides in calcareous soils.

Ticknor and Cho (1990) recently studied the interaction of iodide and iodate with
a number of minerals, calcite, chlorite, epidote, goethite, gypsum, hematite, kaolinite,
bentonite, muscovite, and quartz, at pH range of 7.5 - 8.0. No detectable iodide
sorption was noted from any of the solution on any of these minerals (probably high pH
used, very little amount of positive charge on the mineral surfaces). Iodate, however,
was removed from solution by several minerals. Only the bentonite clay, calcite,
gypsum and muscovite showed little or no sorption of iodate. Chlorite and hematite
showed the most sorption of iodate under the wildest range of experimental conditions.

17



lt was suggested that replacement of hydroxyl groupsat exposed edge sites or H20
ligandson hydrousoxidesurface is the mechanismaccountingfor high iodatesorption
on chloriteand hematite.

The sorptionof iodine from water onto kaolinite,bentonite, quartz sand, Fe203,
AI203 and humicacid were also examinedby Muramatsuet al. (1990). They foundthat
neither I- nor IO3-webssorbed by quartz sand (Fig. 8). The sorption by kaolinite and
bentonitewere very low after shaking.=;everaldays. The low sorptioncapacityof I- and
IO3 by clay mineralscouldbe explaine"Jby the fact "l_atthey carried negativecharges
whichwould tend to repelanions. However, the sorptionof I- and IO3 on humicacid
(Fig. 8) was substantiallyhigherthan that on clay minerals, indicatingthat soilorganic
matter playsan importantrole in iodineretentioninsoils.

Drying and heatingthe soilpriorto itsequilibrationwithwater were foundto
markedly reduce I- and IO3 adsorption(Whitehead, 1973; Muramatsuet al., 1990).
Fig. 9 indicatesthat more than 95% of the I-was adsorbed on the wet soilwithin1 hour
of shaking,whereas adsorptionof I by the heatedsoilswas very low duringthe first
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Fig. 8. Sorption of I-and IO3-by kaolinite (r_),bentonite (=), Fe203 (v), AI203
(A),quartz (o) and humic acid (e) (after Muramatsu et al., 1990).
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stage of shaking. On increasing the shaking time, the adsorption of I by the samples
that were air dried or heated at 100 °C increased to about 98% after 12 days, but the
adsorbability of the soil heated at 200 °Cdid not increase. The adsorption of 103-by
wet, air and heated (100 and 200 °C) soil samples were similar to that of I-. These
findings indicate that I- and 103 are retained by the soil fraction which could be
decomposed by heating at 100 - 200 "C. The possible candidates for such fractions in
soil are though to be, among others, organic matter and/or microorganisms.
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Fig. 9. Effect of heating soil on the sorption of I- and 103-by soils at different
temperatures: untreated (n), air-dried (o), heated at 100 °C (0),150 °C (,),
200 °C (.-1)and 300 °C (v). (after Muramatsu et al., 1990).
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Merzweiler et al. (1987) investigatedthe iodinecontentsof 220 soilsamples and
foundthat the average concentrationof iodinewas 3.13 mg/kg, and soilorganicmatter
was the primaryadsorbentof soil iodine. Borsand Martens (1989) found that sorption
of 1_1increased with increasingorganicC contentof diffarenthorizonsof a Chernozem
and a Podsol. Sterilizationdecreasedsorption,indicatingthe participationof soil
microflorain the sorptionprocess. By autoclavingthe soil,Raja and Babcock(1961)
also reportedthat the I- sorptionby soilwas greatly reduced,suggestingthe importance
of microorganismsinthe iodinefixation. Similarly,Bunzland Schimmack(1989)
demonstratedthat gamma-irradiation(microorganismsdo not usuallysurvivea
radiationof 25kGy) caused a considerabledecrease inthe sorptioncapacitiesof
radioactiveI- and someother nuclidesby soil.

Technetium

Soil Chemistry of Technetium
Ali isotopesof Technetium(Tc) are radioactive,the longestlived isotope (Q7"l'c)

has a half lifeof 2.6x10eyears, whereas _Tc has a half lifeof 2.1xl 05years. _Tc is a
fissionproductthat is formedfro_*__Mo after the naturalfissionof 2_U and in nuclear
reactors by the bombardmentof 235Uwith thermal neutrons(Coughtreyet al., 1983).
Soil environmentsreceive Tc mainlyfrom atmospherefalloutderivedfrom the above
processes. The moststable and characteristicoxidationstate of Tc in slightlyacid,
neutra_or basic aqueoussolutionin equilibriumwiththe atmosphereis the
pertechnetate ion (TcO4") inwhichTc i_ in its heptavalentstate (Coughtreyet al., 1983).
This is also shown by the Eh-pH diagramof Tc (Hanke et al., 19B6). VariousTc(V),
Tc(IV) or Tc(III) species may be formedunder reducedconditions(Pilkington,1990).
However,the moststable of these oxidationstates is generallyTc(IV), althoughthe
natureof the species is uncertain, the mostcommonsuggestionsbeingTcO2 (Bondietti
and Francis, 1979). The reducedTc speciesare rapidlyoxidizedto Tc-VII by
atmosphericoxygen, and therefore,Coughtreyet al. (1983) suggestedthat Tc-VII is the
formwhich is mostlikelyto occur in falloutthat enter surface soils.

The pertechnetateion is easilysoluble. For example, the solubilityof sodium
pertechnetate is 11 mol/L. However, in alkaline solutionand at low redox potential,the
Tc(IV) species produced by the reductionof Tc(VII) are much less soluble,in the order
of 10.7- 10-8mol/L over a rangefrom pH 4 tn 10 (Pilkington,1990). In the presence of
air, Hanke et al. (1986) found that the solubilityof TcO2dependson the mass of TcO2
and that it increases lineady with time. The solubility of technetiun i,_contact with
hydratedtechnetiumdioxidewas investigatedby Pilkington(1990). He found that pH
had littleeffect on the measuredsolubilityof Tc over the range of 1 - 12.5. However,
the presence of organicdegradationproductsincreasedthe measured solubilityof Tc
by about a factorof 10, indicatingthe complexationbetween the organicdecomposition
productsand the technetium. Wildunget al. (1986) suggestedthat low molecular
weight organic ligandsmay serve to increasethe solubilityof reduced forms of Tc,
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whereas complexation with the higher molecular weight organic ligands, particularly
insoluble organic ligands, may lead to insolubilization.

Retention of Technetium in Soil
A number of studies have shown that retention of Tc by soils is related to the

physico-chemical properties of soils (Gast et al., 1978; Balogh and Grigal, 1980;
Wildung et al., 1986; Schulte and Scoppa, 1987; Bunzl and Schimmack, 1990). Firstly,
the retention of Tc in soils is determined by the oxidation states of soils, due to the vast
difference in the solubility between TcO4-and TcO2. Secondly, in general, soils
containing low amounts of clay, organic carbon and AI/Fe oxides show very little
adsorption, whereas those containing relatively high amounts of clay, organic carbon
and AI/Fe oxides can sorb substantial higher amounts of Tc.

Routson et al. (1977) studied the sorption of Tc (TcO4) on two soils of extreme
weathering intensities and found that Tc was very poorly sorbed by the soils. Sisson et
al. (1979) observed that a sandy loam soil was unable to sorb Tc from acidic ground
water. Bowen (1966) reported that, in aerobic conditions, 90% of added Tc was readily
extractable from soils and assumed to remain in solution either as the free ion or
weakly adsorbed to ion-exchange sites. Less than 10% of the added Tc can be
expected to be fixed by soil colloids. Similarly, Wildung et al. (1977) reported that 78 to
88% of the TcO4-which was added to soil could be extracted easily thirty days after
application. In contrast to that under aerobic conditions, Cataldo et al. (1978) reported
that sorption of Tc by soils could exceed 97% in two to five weeks under anaerobic
conditions. Similarly, Bowen (1966)indicated that in very acid or anaerobic soils only
30% of the added Tc can be expected to remain free or weakly boun_'twhile over 60%
can be bound rapidly to soil minerals or organic complexes.

Wildung et al. (1986) investigated Tc sorption on 30 soils representing 9 of the
10 soil orders of the United States. Based on Tc sorption characteristics, they
classified the soils into two groups, the forest-marshland soils and the grassland-shrub
soils, which were distinguished by markedly different (p<0.05) physico-chemical
properties, with the forest-marshland soils exhibiting higher organic carbon and
amorphous Fe, AI contents and lower pH values than the grassland-shrub soils. Soils
developed primarily under grassland shrub vegetation and arid to semi-arid conditions
sorbed less than 5.7% Tc (initially as TcO4) from solution after 48 h equilibration. In
contrast, soils developed in forests and marshlands under humid and subhumid
conditions exhibited up to 30% Tc sorption over the same period. When soil properties
were compared to Tc sorption in ali soils at the 48 h equilibration time, sorption was
highly correlated (p<0.01) to organic C, total N, extractable Fe and AI, several clay and
silt fractions and pH (Table 6). The latter was inversely correlated to Tc sorption,
substantiating the importance of pH-dependent sorption sites, which would tend to
increase in positive charge with decreased pH on both the organic and oxidic mineral
fractions. The highest correlation coefficients occurred with organic C, total N,
extractable Fe and AI and the coarse clay fraction. After 1050 h of equilibration, the
same properties were highly correlated (p<0.01) with Tc sorption, but the organic C and
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N components increased in importance (higher r values, Table 6) whereas the
amorphous Fe and AI fraction decreased in importance (lower r values). The results
were further verified by the multiple regression analysis, indicating the major influence "_
on Tc sorption by amorphous AI and Fe oxides at earlier times and organic C at later
times during the equilibration period. Similarly, Schulte and Scoppa (1987) showed that
the sorption of Tc on surface soils with a broad range of physico-chemical properties
varied from < 1% to 31% of the initially added Tc, while 80% of the variability was
attributed to differences in concentrations of organic C, Fe and AI oxides, and clays in
the soils. The roles of organic fractions and amorphous Fe oxides on TCsorption were
also shown by Landa et al. (1977) with the method of selective dissolution (Fig. 10).
Hydrogen peroxide treatment essentially stopped sorption of Tc, whereas the dithionite
treatment reduced Tc sorption.

Table 6. Significant correlation coefficients (p < 0.01) relating properties
of soils investigated to Tc sorption for equilibration times of 48 h (rJ and
1050 h (r,oso) (Wildung et al., 1986).

Soil Property r,_ r,_

Organic carbon 0.67 0.85
=

Total nitrogen 0.71 0.87
Ammonium oxalate iron 0.74 0.62
Ammonium oxalate aluminum 0.72 0.51

Fine clay 0.58 0.71

Coarse clay 0.71 0.61
Medium silt 0.58 0.49

pH -0.56 -0.62

Sheppard et al. (1990) recently studied the sorption of Tc under both aerobic
and anaerobic conditions by 34 soils, 27 of which were organic soils. They reported
that the key variables affecting Tc retention were redox or aeration status of the soil
and organic matter content. Under aerobic conditions, Tc was not significantly retained
by the seven mineral soils, and was only slightly retained by the organic soils.
t-lowever, under anaerobic conditions, Tc was retained about 2 orders of magnitude
higher than that under aerobic conditions. The retention on the 7 mineral soils tended
to increase as clay content and organic matter content increased, whereas on those
organic soils, it increased with pH and with the degree of humification. Wolfrum and
Bunzl (1986) "eported that sorption of Tc (expressed as distribution coefficient, Kd°) by
humic subst,;.mcesincreased when the concentration of electrolyte (CaCI2) or the

• Amount of Tc sorbed per gram of solid
Kd = Amount of Tc per cm3 of solution



amountof dissolved oxygen was decreased (Table 7). Two mechanisms of Tc sorption
were suggested by these authors:(1) reductionto lesssolublespecies and (2)
complexationwith organicmatterfractions. Evidencesof the complexationbetween
soilhumicacid (HA) and Tc were presentedby van Loonet al. (1986). They indicated
that such complexes couldbe readilysynthesized,eitherdirectlyby chemical reduction
inthe presenceof HA or indirectlyby microbialaction.
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Fig. 10. Effect of pretreatment of soil with hydrogen peroxide and
sodium dithionite on sorption of Tc by Bergland soil from aqueous
solution at 25 °C (after Landa et al., 1977).

Table 7. Distributioncoefficients(Kd, cm3/g)for the sorptionof Tc by peat
as a functionof the concentrationof the supportingelectrolyte CaCI2 and
the dissolvecloxygen (Wolfrumand Bunzl, 1986).

02 dissolved,mg/L 0.05M CaCI2 0.005M CaCI2

0.5 17.7 41.0

4.6 10.9 21.0

8.4 5.8 9.7



A particularinterestingfindingis that reducedTc species (precipitatesor HA-Tc
complexes) are notresolubilizedby complexingagents suchas EDTA and DTPA,
whichare knownto formstable Tc complexes(Stalmanset al., 1986). This would
indicatethat EDTA and DTPA complexescannot matchthe stabilityof the Tc humate
complexes. At present,there appear to be no suitablemethodsthat enable quantitative
distinctionto be made between these variouspossibleinsolubleforms, lt appears,
however,that HA plays a significantrolein that it may lock reducedTc into relatively
stablecomplexes. Staimans et al. (1986) indicatedthat when hydroxylgroupsare
adjacentto carboxylicgroups,conditionsare quite favcrable for the formationof stable
Tc complexes. Similarly,Schulteand Scoppa (1987) showedthat reducedTc has a
strongtendencyto coordinatewith ligandscontaininghighlypolargroupsand positively
chargedligands. The remobilizationof Tc wouldrequire the oxidationof lowervalentto
pertechnetate, lt is notsurprising,therefore,that Landa et al. (1977) observedthat
sorptionof Tc was notsignificantlyinfluencedby the presenceof large amountsof CI-
and PO43-.Whereas, the lack of sorptionexhibitedby the low organicmattersoils, the
reduction insorptionfollowingH202digestionof the soil, and the highrecoveriesof
sorbedTc on extractionwith NaOH again suggesta rolefor the livingand/or nonliving
organicfractionsof the soil.

The influencesof microfloraon Tc retentionin soilsare throughestablishingthe
proper redoxconditions,conduciveto the reductionof Tc (Stalmanset al., 1986), and
throughdirectly uptakingTc from soil. Even under aerobicconditions,Landa et al.
(1977) and Wildunget al. (1986) pointedoutthat Tc retentionin soilcould nottotally
precludechemical reductionat micro-siteson particle surfaces,especiallyfor soils
containingrelativelyhighamountsof organicmatter. Henrot (1989) recentlystudied
the influencesof soil bacteria on the bioaccumulationand solubilityof Tc. He found
that aerobic bacteriahad no apparent effecton TcO4, and they did notaccumulateTc
nor modifyitschemical form. However,anaerobicbacteria exhibitedhigh
bioaccumulationand reducedTcO4-,enablingits associationwithorganicsof the
growth medium. Up to 70% of the totalTc in the growth mediumwas bioaccumulated
and/orprecipitate0in the presence of sulfatereducingbacteria. The remainingTc in
solubleform was foundto be entirelyassociatedwith organics. Similarobservations
were made by Lembrechtsand Desmet (1989). Tc accumulationby plantshas also
been reported sinceTcO4-ion in soilhas the potentialfor competingwith nutrientions
for membranecarriersites (Cataldo et al., 1978, 1989; Dehut et al., 1989;
Vandecasteele et al., 1989).

24



CONCLUDING REMARKS

Soils containing the amorphous clays allophane and imogolite may develop a
noticeable amount of positive charge for anion exchange. However, the magnitude of
surface charge of these amphoteric materials is dependent on a number of factors: the
SiO2/AI203 ratio, pH and concentration of electrolyte. In general, a lower SiO_AI203
ratio and pH, and a higher electrolyte concentration result in a higher anion exchange
capacity (AEC). Soils dominated with allophane and imogolite have an AEC ranging
from 1 to 18 meq/100g at pH about 6 (Fig. 2). However, this value is relatively low
compared with that of synthetic allophane and imogolite, presumably due to the
complexation of soil allophane and imogolite with soil organic and inorganic ligands, as
well as the dilution by other types of silicate minerals. Imogolite develops more positive
charge than allophane at a given pH. The possible development of permanent positive
charge on imogolite has been suggested (Theng et al., 1982).

Soil minerals, other than allophane and imogolite, capable of developing a
substantial amount of positive charge include: goethite, hematite, gibbsite, corundum
and hydroxyapatite. These minerals have a points of zero charge (PZC) ranging from 8
to 9.1, and therefore become positively charged unless pH exceeds the PZC. The
PZCs of silanol (S_-OH)surfaces of most layer silicate minerals and organic matter are
very low (about 2). Their presence in soil may, therefore, largely eliminate AEC of soils.
Similarly, specifically adsorbed anions, such as phosphate, sulfate, and organic acids

; also decrease PZC of soils, and render soilsto be more negatively charged. Coatings
of AI and Fe oxides on silicate minerals or the presence of these oxides in highly
weathered soils can develop a significant amount of AEC as soil pH falls, although the
magnitude of AEC of the soils may not be as high as that on soils dominated with
allophanic materials. On a wide range of acid soils, oxisols and ultisols, AEC ranges
from 0 to 2 meq/100g at pH about 6. Several investigators have suggested the
existence of permanent positive charge in oxisols.

The retention of radionuclides 1_1and _Tc anions in soil involves both specific
and non-specific sorption, and is further complicated by soil redox reactions. In the
literature reviewed, sorption of I and Tc by soils is found to be associated with both soil
organic matter and Fe and AI oxides, whereas sorption on layer silicate minerals is
negligible. Anaerobic conditions greatly increase Tc retention by soils, which is related
to the lower solubility of Tc (IV) and its complexation with organic matter fractions. Fe
and AI oxides become more important in the retention of anionic iodide (1-),iodate (IO3-)
and pertechnetate (TcO4) as pH falls, since more positive charge is developed on the
oxide surfaces. Soil allophane and imogolite develop more positive charge than Fe and
AI oxides at given pH conditions, and are thus expected to retain more I and Tc
although few studies have been conducted on the sorption of I and Tc by soil allophane
and imogolite, lt is recommended that further studies on the potential use of andisol as
a barrier to retard the migration of I and Tc through the soil shall be carried out.
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