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FOREWORD

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

Participanic included NRC staff and research investigato:s from Brookhaven
National Laboratory, idaho National Engineering Laboratory, National Institute of
Standards and Techiology, Pacific Northwast Laboratory, Sandia National Labaratory,
and University of Caifornia, Berkeley, who have dealt with various elements of
radicactive waste disposal and performance assessment.

The guestion before the group was "how could LLW disposal be done better?"
The meeting was opened by Me! Silberbery, Chief, Waste Management Branch,
Research, USNRC. Various new and innovative ideas were put forth at the meeting.
Dr. Roben 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, Thig repor is that review,

Edward O'Donnell

Waste Management Branch

Office oi Nuclear Regulatory Research
U. 8. Nuciear Regulatory Commission
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Table 1. Relationships of SiO /AlLO, molar ratio with PZNC and AEC (meq/100g) at pH 6 for suils containing mainiy

aliophane and imogoirte, and for synthetic allophane and imogoiite.

Sample SIOJ/ALO, PZNC  AECpHS Ongin Reterence
Soils Containing Alopmno and imogolite
Egmont soil 095 6.2 New Zealand Clark and McBads, 1984
Imogolite 1.0: 6.8 18 Japan Theng et al., 1982
Andesiiic Tephra 1.02 44 15 New Zealand Theng et al., 1982
Las Aves 1.08 6.1 145 Spain Gonzales-Batista et al |, 1982
Silica Spnngs 1.10 5.7 3 New Zealand Theng et al, 1982
Rhyolitic Tephra 1.27 55 5 New Zealand Theng et al., 1982
Akaka 1.28 47 6.2 Hawan, USA Gonzales-Batiste ot al , 1982
Dos Cupressos 1.39 52 11 Span Gonzales-Batista et ai , 1982
KnP soil 1.43 5.1 2 New Zealand Clark and McBnde, 1984
Te Akatea 1.45 58 65 New Zealand Perrott, 1977
Te Akatea 1.51 6.2 12 New Zealand Clark and McBnde, 1984
Waihi 1.70 6.5 85 Naw Zeaiand Perrott, 1977
Aguamansa-ii 1.78 49 105 Spain Gonza'es-Batista et al , 1982
Aguamansa-| 254 35 6.9 Spain Gonzales-Batista et al , 1982
Chio 350 39 3 Spain Gonzales-Batista et al , 1982
Synthatic Allophane and imogolite
Allophane-4 0.30 89 35 Perrott, 1977
Imogolite 1.05 8.0 46 Clark and McBnde, 1984
imogolite 1.07 6.1 20 Clark and McBnde, 1984
Aliophane-1 1.10 7.0 27 Clark and McBride, 1984
Aliophane-5 1.12 72 16 Perrott, 1977
Allophane-2 1.34 6.3 17 Clark and McBnde, 1584
Allophane-6 1.57 6.€ 6.5 Perrott, 1977
Aliphane-3 1.67 55 6 Clark and McBrde, 1984
Aliophane-7 244 42 4 Perrott, 1977
Allophans-8 4.90 - -15 Perrott, 1977




p— e e Ana e e e I A e e e R — I —— B P B E—— A —

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(SiOyAl,Q, = 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 &nd imogolite despite the common structural unit which tha two
minerals incorporate. Theng et al. (1982) observed that substantial positive charge ©
an imogolite soil clay remained at neutral-alkaline pH range, while allophane has
essentially zero positive charge in this pH range. Imogolite was fo.nd to have an AEC
about 40 meq/100g at pH 4 and about 20 meq/100g at pH €, whe 15 three allophane
rich soil samples have AECs varied from 10 to 25 meg/100g at p+ + and from0to 5
meq/100g at pH 6. They sugg- sted that high positive charge of in ogolite 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 horizon to horizon (Wada, 1977). Humus
complexed with Ai and Fe dominated in A1 horizo~ soils, whereas allophane, imogolite
and allophane-like constituents occur in B norizon soils. Wada and Okamura (1980)
studied the charge characteristics of four Ando A1 soils, and found that no nositive
charge appeared in these soils at pH values 5 10 8.54 except for one containing
allophane and imogolite. However, Espinoza et al. (1975) found that two Andepts
(surtace 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
c¢m) 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
aiioghanic 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; Claix and McBride,
1984, Pardo and Guadalix, 1988). Espinoza et ai. (1975) reperted that the retention of
NO, was influenced by both pH and icnic streng*y. Th- fower the pH, and the higher
the ionic strength, the higher amounts of NO, ./as rete ned Perrott (1977) studied a
range of synthetic amorphous n'uminasilicates, hydrous alumina, hydrous siiica and two
soil clays on their retention of Nu* and CI'. In the pH range investigated (3-9), only
negative charges could be detected in the hydrous silica and the most siliceous
aluminosilicate (SI0,/Al,O, = 4 3). 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 aiuminosilicates and the soil allophanes. Two different
mechanisms v-ere suggested: for hydrous siiica, the pH depandent negative charge
arises from ionization of the weakly acidic surface suanol 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 {Al-OH + H* = AI-OH,*). No negative charge
vould be expected when the pH of the suspension is less than the zero point of charge,
which is about 9.
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(1974). They indicated that the negative charge cou'd develop on dehydratinn, possibly
including changes in the coordination of some surface Al atoms. There a« a'50
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 lowared by about 0.5 pH unit or more when the soils
were dried at 110 "C. On the other 1 and, 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, Philiips et al
(1986) found that oven-drying soil increased AEC of three New Zealand soils from A
and B horizons (ranged from 30 to £0%).

ANION EXCHANGE ON NON-ALLOPHANIC SOILS

The co'loid fraction of soils (clay and humified organic matter) carnes a net
negative charge and, in general, this tends to repel anions. Nevertheless, sorption of
anions by soils does occur, particularly under acid conditions, some of the sorption
being nonspecific and some specific to particular anions. Nonspecific sorption occurs
at the localized positive charges that occur (1) on free hydrous oxides of iron and
aluminum, and (2) at the edges of aluminosilicate clay mineral lattices where the
oxygen atoms are nct fully coordinated by aluminum or silicon atoms. Thase positive
charges, which increase with decreasing pH, attract anions electrostatically, and the
anions are readily exchangeable with those in the soil solution.

Saveral authors (Hendershot and Lavkulich, 1983; Sakurai et al., 1989; 1990)
have related the soil charge characteristics with the mineralogical composition, organic
matter cortent and percentage of amorphous oxides of the soils, pointing out that the
point of zero charge (PZC) reflects the overall mineralogical composition and the
urganic matter content of the soils. In general, it seems clear that the percentage of Fe
and Al oxides as well as short range order clay minerals tena 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
ozeur only on those soils containirg high amounts of Al and Fe oxides or hydroxides
but low amounts of soil organic substances.

Table 2 lists the PZCs of several minerals which contribute to soil variable
charge. Al and Fe hydrous oxide surfaces can genarate a significant number of
positive charges as the pH falls. Goethite (a-FeQOH), for example, is positively
charged below a pH of 8-8.5 (the exact value depends on the preparation method of
the oxide). For gibtsita [y-Al(OH),] it is close to 9. The maximum charge which a
hydrous oxidn can accept depends upon the oxide and can be determined by both
experiment (Atkinson et al., 1967) or by calcuiation frem lattice parameters. Parfitt
(1978) indicated that by consideration of the 100 and 010 faces of goethite separately,
it can be calculated thal there 1s a maximum of one positive charge per 0.37 nm? and
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soils. Table 3 lists the changes of PZC of kaclinite, montmorillonite, two strongly
weathered soils (one oxisol aid one ultisol) after coating with different amounts of Fe
and Al hydroxides (Sakurai et al., 1990). The results clearly showed that PZC of the
soils and clays increased with increasing addition of Al and Fe hydroxides.

Table 3 also shows that Fe coating is more effective in increasing PZC of
kaolinite than Al coating, whereas in all cases Al is mere effective in increasing PZC of
montmorillonite and tha two soils. Oades (1984) indicated that Al hydroxide was muci
more efficient in blocking negative charges thar Fe hydroxides, and the eifect of the
blocking was due not oniy 1o the higher charge of the Al 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 =* al., 1990). Planar Al hydroxides, however, may cover a
large area and alsc occupy inter-lamellar spuces, as indicated by the XRD analysis,
and, thus, neutralize and bl a large number of negatively charged sites.

Table 3. PZC values of the samples treated with various amounts of Al and Fe (Sakurai
etal, 1990).

Al-Coating Fe-Coating
Sample Uncoated
2% 6% 10% 2% 6% 10%
Kaolinite 3.88 4.33 5.38 5.53 474 6.10 6.30
Montmorillonite 3.04 3.95 407 4.38 . . 3.32
Oxisol 2.80 463 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

The existence of considerable amount of positive charge or AEC in highly
weathered tropical soils is well-known (van Raij and Peech, 1972; Grove et al., 1982;
Gillman, 1985; Paven et al., 1985). For example, Paven 21 al. (1985) reported that
AEC of seven acid soils from southern Brazil, dominated with kaoclinite, was ranged
from 3.2to 4.4 meq/100g at pH 2.0, and ranged from 0.5 to 2 meq/100g at pH 6, while
thatat gH 7 - 7.5, was too small to measure. Grove et al. (1982) studied the charge
characteristics of 20 acid sails (including 14 ultisols and 2 oxisols), and found that
AECs of scils (determined by 0.2 M NH4CI at pH 5.5) ranged from 0 to 0.8 meq/100g
ard were positively correlated with extractable Al contents in soils (Fig. 5).

Several investigators suggested the existence of positive permanent charge in

oxisols (Fitzpatrick et al., 1978, Tessens and Zauyah, 1982). They found that this
positive permanent charge in oxisols was related to isomorphic substitution of Ti(IV) for

11



Fe (I11) in iron oxides. Table 4 lists the positive permanent charge determined by CI
adsorption at pH above 7.

AEC (meg/100g)

{' T —— . e
i .
v
L o
| .
: .
.
i . ]
.

.

v

| o
T «
%L A i . P " e
0 1 2 3
Extractable Al (meq/100g)

Fig. 5. AEC oi soil ciays as influenced by extractavle Al content (after
Grove et al.. 1982).

Table 4. Positive permanent charge (meg/100g) determined by CI* adsorption at pH
above 7 (Tessens and Zauyah, 1982).

Soil Name pH Pos. Charge  Soil Name pH Pos. Charge
Harimau 7.73 0.2 Jeranggau 7.10 0.95
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

12
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clays. A, O, and — represent Kaclin soils, hematite/goethite soils, and mica
soils, respectively (after Skjemstord and Koppi, 1983).

The AEC of kaolinitic soils at field pH was reported by Skjemstord and Koppi
(1983). They found that AEC cf 37 soils at field pH varied from 0.09 to 1.97 meqg/100g
with a mean of 0.61 mea/100g. Interestingly, they found that AEC of soils was related
to the specific surface (S,) of the soils (Fig. 6), which accounted for about 70% of the
variance. However, it car be seen fiom Fig. 6 that high AEC of coils is associated with
the presence cf hematite/goethite, or high surtace area was due to the contribution of
irori minerals.

Weng et al. (1990) recently studied the delay in the leaching of NO, in soils
(oxisols, Alfisols, Ultisois 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 (D10 1.7
meq/100g). The higher the AEC is, the more delay in the leaching of NO,. Apparently,
the presence of positive charge in these soils played a significant role in holding NO,, .
Similar observations were made by several workeis (Euiott and Sparks, 1981,
Meisingger et al., 1982, Wang and Yu, 1989; Toner et al., 1883). Studies on soils from
the Middie Atlantic region alsc revealed that AEC increased wih depth, paralleling
accumulation of clay and Al and Fe oxides (Toner et al., 1989). Furthermore, the AEC
values were found 1o increase with decreasing pH, indicating 1 ‘ependent variable
charge was operative.

AEC of Othe.

Misra et a!, (1989) studied charge characteristics of 11 soil samples from
Inceptisols, Alfisols and Entisols, and found that the pH, of Alfisols and Entisols varied
between 3.05 and 3.85, and that of the Inceptisols between 2.2 and 2.25. Ail soils had
a very low AEC, ranged from 0.05 - 0.94 meq/100g at pH,. No AEC should, therefore,

be expected at field pH values of these types of soils, Duquette and Hendershot (1987)
maeasured AEC of 12 soil samples from various pars of Quebec, Canada, and four d
that AEC values of these soils were all less than 1 meq/100g between pH 3 and 8.

The AEC and CEC of a number of suiis formed on basaltic, granitic and
metamorphic parent maierials in the high rainfall area of tropical north Queensiand
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 frcm G.1 - 0.7 meg/100g, whereas on granitic and
metamorphic soils AEC was very low and ranged from 0 - 0.2 meg/100g. They also
observed that the basaltic soils were distinct from the granitic and metamorphic soils by
the variation in pH, with depth. Clcarly, the high oxide ccntent oi the basaltic soils

causes high pH, values 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
alow PZC (about 2, Table 2). Gillman (1985) studied the intfluence of organic ma.ter
and phosphate content on *.« PZC of variable charge components in oxidic scils, and
found that soils with low ¢: 371 ¢ matter content and low extractable phosphate have
high pH, values. Regressiu.: analysis showed that pH, was reduced by ubout one pH
unit for each *” _ .ncrease 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 pH,, but tnis was significantly (P<0.05) increased to 68%
when acid extractable phosphorus was included, and finally 10 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 tha AEC at
pH 3 and 5.5, while shifting the positive zeta potential (PZC) of the B-horizon ciay
toward negative values. On oxidation, however, increased the AEC at pH 3 and
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AETENTION OF #] AND *Tc IN SOILS

loding

Soil Chemustry of iadine

Radioactive isotopes of iodine are produced during the processiig of products of
nuclear fission, which may be discharged to the; sea cr ths atmosphere ‘Whitehead,
1984). Appreciablu amounts of '#| have be«n found in soils of the U.8.A., Europe and
Japan (Muramatsu et al., 1990). '®( has a long radiological ha!f life (1.69x107 years,
Ticknor and Cho, 19390) and tends ta he persistent in the soil envircnment (Boone &t.,
1686 Keocher, 16491) Kocher (1201) predictud thai the mean residence J4me ol '] in
the first 1 m of surface soil was about 4000 years. It appears, the efore, that
understandiag the behavior and retention of iodine in soii is important.

The chemistry of iodina s relatively complex. logine can exist in a number of
valence states, it is chemically reastive, and forms various inorganic and erganic
compounds. Of the simple inorganic forms of iodine that may exist in the secil solution,
iodide (as | or 1, ) is likely tu dominate in the s0.'s of humid temperate areas. although
iodate (10,) may be the major inorganic form in alkaline soile in arid areas.

(Whitehead, 1984). This view is supported by the Eh-pH diagram for iodine indicating
the stabiiity of the various species in aqueous solution (Fig. 7). Muramaisu et al. (1990)
have demonsirated that iodide (I') and iodate (!0, are the ones most commonly
detected in the rain water cullected after the Chernobyi acciden.

: ]
OLi‘ YO =108 met L Tss |
| T=25'C Rl T
i - -
UQL"“ -_;..~~,—a.,,,- S 0‘,-.p\._'.-....&.7_~”..L.—?——.—vv_l
0 Iy “ & N B 1C 2 A

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 pant, the inputs that have occurred
over the course of its developmert and, in parn, the soil's ability to retain iodine against
leaching and volatilization inputs occur predeminantly through transfers from the
atmosphere. In general, relatively littie iodine is released by the weathering of rocks,
and the influence of soi' parent matenal on iodine content is "kely 1o be exered mainly
through its influence on the reterition 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 conterits greater than 20 rg/kg have also been
reparted for forrst and upland soiis in two 1egions of Japan, which probably related to
hign Fe and A1 contents in sails (Yuita, et al, 1982a b).

Ratention of lodine in Soil

Studies of the sorption of iodide (1) and indate (10, ) by soils, and by matenals
represanting soil companents, indicate that these s uncerge specific surption or
retention both by hydrous oxices and by organic mater. Whitehead (1973), for
example, recorted that sorption of iodine by soil was associated with both soil organic
matter and iron anc aluminum oxides, with the oxides being increasingly important
under niore acidic conditions. The maximum amourits sorbed by two surface soils (0-
10 cm) at pH 6.6 10 6.8 were 25 and 6 mg/kg soil, respectively. At this pH, the amounts
of ivdide sorbed were found 10 be closely related to the contents of crganic matter but
not 10 iron or alum.num oxides or clay. Wheraas at pH < 5, the removal of iren and
aluminum oxides resulted in a marked reduction in iodide sorption. Whitehead (1974)
further observed that freshiy precipitated ferric and aluminum cxides sorbed substantial
amoums of iodid; from solutions of bH < 5.5 but the amount decreased to zero as the
pH approactied 7. However, Muramatsy et al, (1990) reported that ¢nly ferric oxide
sorbes substantial Rmounts of | and 10, , whiie sorotions of | and 10, by Al oxics were

very low (Fig. 8), which probably related 1o aging of Al oxide.

The degree of correlation between the contenis of iodine and other soil
namponerits provides some indication of the coraponents that are responsible for |
retention. Rasuis obtained with 18 soil profiles in the Unived Kingdorn indica.ed that
hydrous aluminum and iron oades (oxalate-scluble Al and Fe) were important
components, with aluminum oxide usually being the more important (Whitahead, 1478).
The content of organic matter was also positively correla‘ed with iodine content in these
»0ils and, while involved in retention over a wide range of pH, vrganic matter appeared
10 be m~re impertant than the aluminum and iron oxides in calcareous soils

tickno: and Cho (1990) recently studiad the interaction of iodide and iodate with
a nuimber of minerals, caicite, chlorite, upidote, goethite, gypsum, hematite, kaolinite,
bentonits, muscovite, and quartz, at pH range of 7.5 - 8.0. No detectable iodide
sorption was notac fram any of the solution on any of these minerals (probably high pH
used, very little amount of positive charge on the mineral surfaces). lodate, however,
was ramoved from soiution by sevéral minerals. Only the bentonite clay, calcite,
gypsum and muscovite shauwed little or no sorption of icdate. Chicrite and hematite
showed the most sorption of iodate under the wikdest range of expsrimental conditions.
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Marzwailer et al. (1987) investigated the iodine contents of 220 soil samples and
found that the average concentration of iodine was 3.13 mg/kg, and soil organic matter
was the primary adsorbent of soi! iodine. Bors and Martens (1989) found that sorption
of '] increased with increasing organic C content of different horizons of a Chernozem
and a Podsol. Sterilization decreased sorption, indicating the participation of soil
microfiora in the sorption process. By autoclaving the sail, Raja and Babtcock (1961)
also roported that the | sorption by soil was greatly recuced, suggesting the importance
ot microorganisms in the indine fixation. Similarly, Bunzl and Schimmack (1989)
demonstrated that gamma-irradiation (microorganisms do not usually survive a
radiation of 25kGy) caused a considerable decrease in the sorption capacities of
radioactive | ang some other nuciides by £oil.

Technatium

Soil Cliemistry of Technetium

All isotopes ¢i Technetium | T¢) are radioactive, the longesi lived isotope (¥'Teg)
has a ha'f life of 2.6x10° years. whereas ®Tc has a half life of 2.1x10% years., ®Tcis a
fission product that is formed from #Mo after the natural fission of 238U and in nuclear
reactors by the bombardmant of 231} with thermal neutrons (Coughtrey et al., 1983).
Soil environments receive Tc mainly from atm asphere fallout derived from the above
processes. The most stahle and charasteristic oxidatior: state of T¢ in slightly acid,
neutral or basic aqueous solution in equilibrium with the atmosphore is the
pertechnetate ion (TeQ,’) in which Te is in its heptavalent state (Coughtrey et al., 1933).
This is also shown by the Enh-pH diagram of Tc (Hanke et al., 1986). Various Te(V),
TellV) or Te(ill) species may be formed under reduced conditions (Pilkington, 1890).
However, the most stable of these oxidation states is generally Tc(lV), although the
nature of the species is uncertain, the most commaon suggestions being TcO, (Bondietii

and Francis, 1978} The reduced Tc¢ species are rapidly « xidized to Te-VI! by
atmospheric oxygen, and theretore, Coughtrey et al. (1983) suggested that Tc-VIi s the
form which is most likely to occur in fallout that enter surface soils.

The pertechnetate ion is easily soluble. For example, the solubility of sodium
nenechnetate is 11 mol/L. However, in alkaline solution and at low redox potential, the
Te(lV) species produced by the reduction of Tc(VIl) are much less solutle, in the order
of 107 - 10 mo'/L over a range from pH 4 to 10 (Pilkington, 199C). In the presence of
air, rfanke et al. (1938) found that the solubiiity of TcO, depends on the mass of TcO,
and that it increases linearly with time. The solubility of technetium in contact with
hvdrated technetium dicxide was investigated by Pilkington (1583). He found that pH
had little effect on the measured solubili‘y of Tc over the range of 1 - 12.5. However,
the presence of organic degradation products incre ased the measured solubility of Te
by about a factor ¢f 10, indicating the complexation between the organic decomposition
products and the technetium. Wildung et al. (1986) suggested that low molecular
weight organic ligands may serve to increase the solubility of reduced farms of Tc,
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whereas complexation with the higher molecular weight organic ligands, particularly
insoluble organic ligands, may lead 1o insolubilization,

Retention of Technetium in Soii

A number of studies have shown that retention of Tc by soils is related to the
physico-chemica! properties of soils (Gast et al., 1978, Balogh and Grigal, 1980,
Wilcung et al., 1986; Schulte and Scoppa, 1987; Bunzl and Schimmactk, 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 TeO, and TcO,. Secondly, in general, soils

comaining low amounts of clay, organic carbon and Al/Fe oxides show very littla
adsorption, whereas those containing relatively high amounts of clay, organic carbon
and Al’/Fe oxides can sorb substantial higher amounts of Te.

Routson et al . (1977) studied the sorption of Te (TeQ, ') on two soils of extreme
weathering intensities and found that T¢c was very poorly sorbed by the soils. Sisson et
al. (1978) observed that a sandy loam soil was unabie to sorb ¢ from acidic grourt
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 adscrbed to ion-exchange sites. Less than 10% of the added Te can be
expected to be fixed by soil colloids. Simiarly, Wildung et al. (1977) reported that 78 to
88% of the TcQ, which was added to soil could be extracied easily thirty days after
application. In contrast to that under aerobic conditions, Cataldo et al. (1978) reponted
that sorption of T¢ by soils could excead 97% in two to five weeks under anaerebic
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 bound while over 60%
can be bound rapidly to soil minerals or organic complea 3.

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 torest-marshland soils and the grassland-shrub
soils, which were distinguished by markedly different (p<0.05) physico-chemical
properties, with the forest-marshland scils exhibiting higher arganic carbon and
amorphous Fe, Al contents and lower pH values than the grassland-shrub soils. Soils
developed primarily under grassiand shrub vegetation and arid 10 semi-arid conditions
sorbed less than 5.7% Tc (initially as T¢Q,') trom soluiion after 48 h equilibration. In
conirast, soiis developed in forests and marshlands under humid and subhumid
conditions exhibited up to 20% T¢ sorption over the same period. When soil properties
werg compared to Tc sorption in all soils at the 48 h equilibration time, sorption was
highly correlated (p<0.01) to organic C, total N, extractabie Fe and Al, several clay and
silt fractions and pH (Table 6). The latter vias 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 Al and the coarse clay fraction. After 1050 h of equilibration, the
same propenies were highly correlated {p<0.01) with Tc¢ sorption, but the organic C and
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N components increased in impontance (higher r values, Table 6} whereas the

amorphous Fe and Al fraction decreaced in importance (lower r values). The results

weie further verified by the multipie regression analysis, indicating the major influence

on Te sorption by amorphous Al and Fe oxidas at earlier times and organic C at later

times during the equilibration period. Similarly, Schulte and Scoppa (1967) showed that

the sorption of Te on surface soils with a broad range of physico-chemical propenies

varied from < 1% to 31% of the inua'ly added Tc, while 80% of the variability was

attributed to differences in concentrations of organic C, Fe and Al oxides, and clays in |
the soils. The roles of organic fractions and amorphous Fe oxides on Tc sorption were
also shown by Landa et al. (1977) with the method of selective dissolution (Fig. 10).
Hydrogen peroxide treatment essentially stopped sorption of T¢, whereas the dithionite
treatment reduced Tc sorption.

Table 6. Significant correlation coefficients (p < 0.01) relating properties

of . -~ investigated to Tc sorption for equilibration times of 48 h (r,,) and
1050 h (1) (Wildung et al., 1986).

Soil Property M Mioso
Qrganic carbon 0.67 0.85
Total nitrogen 0.71 0.87
Ammenium oxalate iron 0.74 0.62
Ammonium oxalate aluminum 0.72 0.51
Fine clay 0.58 0N
Coarse clay n.71 0.61
Medium silt 0.58 0.43
pH -0.56 -0.62

Sheppard et al. (1990) recently studied the sorption of Te under both aerobic
and anaerobic canditions by 34 soils, 27 of which were organic soils. They reponed
that the key variables affecting Tc retention were redox or aeration status of the soil
and organic matter content. Under aerobic conditions, Te was nct significantly retained
by the seven mineral soils, and was only slightly retainea by the organic soils.
However, under anaerobic conditions, Tc was retained ahout 2 orders of magnitude
higher than that under aerobic conditions. The retention on the 7 mineral soils tendnd
to increase as clay content and organic matter content increased, whereas on those
organic sotls, it increased with pH and with the degree of humification. Wolfrum and
Bunzl (1986) reported that sorpticn of Te (expressed as distribution coefficient, Kd*) by
humic substa " “es increased when the concentration of electrolyte (CaCl,) or the

* Kd Amount of Tc sorbea per gram of solid
® Amount of T¢ per ¢cim’ of solution
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