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ABSTRACT

The amount of negative charge (CEC) of allophane increased markedly after the
organic compounds adsorption (in NaCl with total [Na+]= 10mM), except for
acetate, while the positive charge decreased significantly for all cases. The CEC of
allophane treated by oxalate at initial pH4 was higher than that treated by citrate
and acetate. At higher pH, citrate caused increase in CEC more than oxalate and
acetate. Because the oxalate adsorbed in binuclear form, increase in the CEC was
just through creating the new negative charge on silanol groups. Whereas, citrate
adsorbed on allophane in bidendate form, so increase in CEC of allophane-citrate
complex may includes negative charge carried by citrate itself. The change in surface
charges was divided into two factors: effect of increase in pH and net effect of the
organic compounds adsorption. The value of net CEC change tended to decrease
with increasing the equilibrium pH. This resulted from decrease in the amount of the
OC adsorption with increasing the pH. Based on the H (heat of formation) value, the
inductive power of the three organic anions in accelerating deprotonation on silanol
groups was estimated as oxalate > citrate > acetate.
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INTRODUCTION

The variable charge characteristics of soils arises from presence of (a) inorganic
constituents such as sesquioxides and (b) organic compounds. Soils with large amounts of
variable charge are predominated by clay materials with ampotheric functional groups such
as Fe-OH and/or Al-OH groups, e.g. goethite, ferrihydrite, gibbsite, imogolite and
allophane (Parfitt, 1980). The inorganic colloids in soils have a variety of sites capable of
interaction with organic molecules. The colloids such as allophane and imogolite, and
metal oxide and hydroxides as well as the edges of crystalline clay minerals have cation or
anion exchange capacities which depend upon pH of the surrounding solution. These sites
arise from hydroxyl groups associated with metal ions such as A13+, Fe 3+, or Si4+ and give
rise to charge according to the concentration of potential determining ions, H+ and OH-

(Mortland, 1986; Gast, 1977).
The poorly ordered amorphous aluminosilicates, allophane, as the variable charge

material has a unique characteristic: it can have both positive and negative charge
simultaneously. The main negative and positive charge sites are separated each other in the
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structure of allophane. The positive charges come from aluminol group (Al-OH) and
negative charge from silanol group (Si-OH). These charge characteristics are different from
those of other variable charge minerals such as gibbsite and goethite (Parfitt, 1980).
Allophane is composed of gibbsite sheet with SiO4 tetrahedra attached to it, and has
hollow spherical morphology locating the SiO4 tetrahedra inside of the sphere (Parfitt and
Henmi, 1980). Wall of the hollow sphere, nano-ball, has some holes (defects) resulting in
Al-OH and Al-OH2 groups exposed (Paterson, 1977; Wada and Wada, 1977). The main
organic compounds adsorption site and variable positive charge site are the aluminol

groups. The variable negative charge site is silanol (Si-OH) group of the SiO4 tetrahedra
(Harada and Wada, 1973; Wada, 1989), and some of the SiO4 tetrahedra could be
phosphate adsorption site (Johan et al., 1997). The negative charge arising by isomorphous
replacements within the lattice of layer silicates is not affected by the cation species (Wada,
1978). Henmi (1985) considered that there are differences in the characteristics of the
cation exchange site and in the mechanism of negative charge development between
allophane with higher SiO2/Al2O3 ratios and those with lower ones.

Beside allophane, organic compounds also have an important contribution in devel-
oping the charge of the andosols. Reaction between the both components to form
allophane-organic complex become an interesting point with regard to the physical,
chemical and biological properties of the soils. Among the organic compounds, low
molecular weight organic acids including oxalic, citric, formic, acetic, malic, succinic,
malonic, maleic, lactic, aconitic, and fumaric acids have been identified in the soil system

(Stevenson, 1977; Harter and Naidu, 1995). The concentration of these acids varies with
time, depending on their rate of production and the nature of the soil environment (Naidu
and Harter, 1998). Although the amount of the low molecular weight organic acids are not
as much as humic or fulvic acid, they play an important role in soil genesis and plant

physiology. For example, they affect (a) the weathering of primary minerals (Manley and
Evans, 1986), (b) the transport of metals through the profile (Pohlman and McColl, 1988),

(c) the availability of plant nutrient (Jones and Darrah, 1994), (d) the complexation of
elements with phototoxic effects such as Al (Hue et al., 1986), and (e) the exchange of
regulatory signals between soil and plants (Albuzio and Ferrari, 1989). The reactivity
of the organic anions is governed by the amount of the carboxyl functional groups and
their dissociation constants (pKa). The pKa of acetic acid is 4.76; the pKi and pK2 of
oxalic acid are 1.25 and 4.27; and the pKi, pK2 and pK3 of citric acid are 3.13, 4.76 and
6.4, respectively.

The allophane was selected as adsorbent, because it has high reactivity for the organic
anions adsorption. In addition, allophane has extremely much amounts of monodental
hydroxyls than any other clay minerals. Contribution of bi- or tri-dental hydroxyls such as

(Al)2=OH for adsorption is smaller than monodental hydroxyls. With organic anions
adsorption, the allophane converts to a new compound, allophane-organic anions ad-
sorption complex, and the complex should have different charge characteristics from the
original allophane. The aim of this study was to obtain the deep information about
the change in charge characteristics of allophane due to the organic anions adsorption. The
theoretical analysis of the charge modification mechanism on the surface complex was
supported by the detail information of the chemical structure of nano-ball allophane and
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molecular orbital method.

MATERIALS AND METHOD

The freeze dried allophane samples (<0.2ƒÊm) were used in this experiment. The

samples were obtained from weathered pumice grains in Japan and separated carefully

from their inner parts; allophane sample with lower Si/Al ratio (0.67) collected near Mt.

Daisen, Tottori prefecture was abbreviated as KyP, and that with higher the ratio (0.99)

collected near Mt. Aso, Kumamoto prefecture as KnP. Procedure for sample preparation

was described in previous paper (Hanudin et al., 1999). The adsorption experiment was

carried out by equilibrating 50mg sample with 100ml of selected organic aqueous

solutions (sodium acetate, sodium oxalate, and sodium citrate) with concentrations 0 and

2mM and pH4 to 10. For adjusting pH, NaOH or HCl solutions were used . The

experiment was conducted with NaCl background medium and the container weight was

previously measured. The concentration of total Na in the solution was adjusted a

10mM by adding NaCl. After shaking for 24 h, the suspension was centrifuged and the

supernatant was analyzed for concentration of the organic anions by UV spectropho-

tometer (at 190nm), for Na by atomic adsorption spectrophotometer, for Cl by mercury

(II) thiocyanate method (Huang and Johns, 1966), and for pH with pH meter. The

equilibrium pH of the blank run (organic compounds concentration was 0) was considered

as the initial pH before organic compounds adsorption for each series. After decanting the

supernatant, weight of the centrifuge tube plus residue was measurd to know the volume

of entrained solution. The residue was washed twice with 40mL of 1M NH4NO3 and the

amounts of extracted Na and Cl were measured. The amounts of both negative and

positive charges (CEC and AEC) of sample were determined from the amounts of Na+

and Cl- extracted by 1M NH4NO3 minus those in the entrained solution.

Molecular orbital method was applied by using MOPAC program and semi-empirical

MNDO-PM3 basis set (Stewart, 1989a, 1989b) which is integrated in CAChe system for

Windows. This basis set gives heat of formation closest to experimental values for actual

molecules than any other semi-empirical basis sets do (Stewart , 1989b). Cluster models for

allophane were built up with Al normal octahedra and Si tetrahedra by using bond

distances of Al-O = 0.1912nm, Si-O = 0.1618 nm and O-H = 0 .0944nm.

RESULTS AND DISCUSSION

Change in Charge Characteristics
Charge properties of allophane samples (KyP and KnP) before and after acetate,

oxalate and citrate adsorption are shown in Figs. 2, 3 and 4, respectively. The open
symbols represent for CEC and AEC of original samples, while the closed symbols
represent for those after the organic compounds adsorption. Figure 2 shows that for
original samples in 10mM NaCl background solution, CEC tended to increase with
increasing pH and concentration of Nat, and at the same time AEC decreased with
increasing pH. There was no effect of acetate adsorption on negative charge characteristics
of both KyP and KnP. Acetate adsorbed by allophane in mononuclear form, and in acid
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A

Si/A1=1:2

Si/Al > 1:2

FIG. 1. Chemical structure of nano-ball allophane and its morphology (A: morphology in section; B:
atomic arrangement near the pore of hollow particles; C: atomic arrangement in the cross).
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FIG.2. Charge characteristics of allophane samples after treatment with Na-acetate with concen-
tration 0 and 2 mM. a: KyP (low Si/Al ratio); b: KnP (high Si/Al ratio).

condition it was likely to react with Al-OH2+ and or Al-OH (Hanudin et al., 1999)
Therefore, the positive charge of allophane decreased markedly after treatment with Na.
acetate. This indicated that acetate has an important role in neutralization of Al-OH2+
Decrease in AEC of KyP was greater than KnP, because KyP contains much mon
positive charge than KnP, and this also related to the higher capability of KyP it
adsorbing acetate than KnP.

Effect of oxalate anion on changes of surface charge is presented in Fig. 3. Negativf
charges of both KyP and KnP samples increased significantly after the oxalate adsorption
Oxalate as a strong organic anion which has two COO-, it could react easily witi
aluminol groups to form the allophane-oxalate complex. Increase in CEC of allophanf
as affected by organic compound adsorption may be through two manners; firstly, thi
negative charge carried by the organic compound itself; secondly, there was new negative
charge created on silanol group as a result of reaction between aluminol groups and thf
oxalate anions. The oxalate adsorbed on allophane resulted in a lot of OH- released tc
the solution phase, and the hydroxyl took proton from silanol group. Because of thf
deprotonation process on silanol group, new negative charge created. The oxalate wa:
more stably adsorbed on allophane in binuclear form than the other form (Hanudin et al.
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FIG. 3. Charge characteristics of allophane samples after treatment with Na-oxalate with concen-
tration 0 and 2 mM. a: KyP (low Si/Al ratio); b: KnP (high Si/Al ratio).

2000). So, increase in CEC just ascribed to creating new negative charge, since the two of
COO- already neutralized by Al. The changes in the negative charge also affected the
change in the positive charge of allophane. Decrease in the AEC of allophane is through
neutralization of Al-OH2+. After reaction with oxalate, the surface charges on allophane
are so different from the original one, so the complex of allophane-oxalate could be called
as a new compound.

Figure 4 shows the surface charge characteristics of KyP and KnP after treatment with
Na-citrate. From the figures it could be known that CEC of allophane tended to increase
with increasing the pH and concentration of Na+, and the AEC decreased with increasing
the pH. Increase in negative charge of allophane after citrate adsorption was so significant.
Citrate as tricarboxylate anion is easy to react with hydrous-oxide compounds such as Al-
OH in nano-ball allophane. Citrate adsorbed by allophane in bidentate form and one
carboxyl remained free (Hanudin et al., 2000). Increase in the negative charge of allophane
after reaction with citrate may be attributed to the negative charge carried by the organic
anion. And the other side, reaction between aluminol groups and citrate induced the
deprotonation process on silanol group, so created a new negative charge. During the
reaction there was a lot of OH- released to the bulk solution, and the hydroxyl took
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FIG. 4. Charge characteristics of allophane samples after treatment with Na-citrate with concen-
tration 0 and 2 mM. a: KyP (low Si/Al ratio); b: KnP (high Si/Al ratio).

proton from silanol group. The increase in the negative charge resulted in the positive
charge of allophane decreased sharply. After forming the allophane-citrate complex, the
surface charge characteristics of the complex were different from the original one, so the
complex could be called as a new compound.

The results in Figs. 2 to 4 show that changes in surface charge was influenced by pH of
solution, species of organic anion and concentration of cation or anion in the solution. By
comparing the three figures it is seen that the allophane-citrate adsorption complex has
negative charge higher than the allophane-oxalate adsorption complex and the allophane-
acetate adsorption complex, except at pH 4. At the low pH, the negative charge of the
allophane-oxalate adsorption complex was higher than the allophane-citrate adsorption
complex. This indicated that at low pH, oxalate has a capability more than citrate and
acetate to increase the negative charge, but at high pH, citrate was stronger than oxalate
and acetate. This fact suggested that the reactivity of the three organic anions is related
to the pKa value of the organic compounds. The pKa of oxalic acid (pK1 = 1.25
and pK2 = 4.27) is lower than citric acid (pK 1, pK2 and pK3 are 3.13, 4.76 and 6.4,
respectively) and acetic acid (pKa = 4.76). So, in acid condition oxalic acid is easier to
dissociate or to release proton and create negative charge. However, at higher pH the more
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the amount of COO in the organic compound the higher the negative charge increased.

As described above that change in surface charge of allophane was caused by increase

in pH and the organic compound adsorption. To know the net effect of the organic

compound adsorption in change of charge, the both factors should be separated. By

scheming the relationship between pH and the observed changes in negative (CEC) and

positive (AEC) charge, the net change due to the organic compound adsorption could be

found (Fig.5). By using the scheme, it could be seen that the net effect of oxalate and

citrate adsorption on the amount of negative charge was positive, except acetate, and that

on positive charge was negative. Johan et al.(1999) also observed the same trend for

phosphate adsorption. The net effect of acetate on the amount of negative charge was very

low, so could be neglected, but that on positive charge was negative. So the adsorption of

a negatively charged substance not always causes increase in the negative charge for an

adsorbent. The same case was also found by Son et al. (1999) for B(OH)4- adsorption on

KyP allophane: negative charge value of B(OH)4- adsorbed sample located below the

curve of the original sample in the same plot as Fig. 5. This indicated that net effect of

B(OH)4- adsorption was negative on the amount of negative charge of allophane.

However, the net change of the negative charge (ƒ¢CEC) tended to decrease with

increasing the pH. This resulted from the amount of the organic anions adsorbed by

FIG. 5. Scheme depicts the relationship between pH and changes in surface
negative and positive charge due to pH and organic anions adsorption (net
change).
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allophane which decreased with increasing the pH. At initial pH4, the ACEC due to
oxalate adsorption was higher than citrate and acetate, but at higher pH the ACEC due to
citrate adsorption was higher than oxalate and acetate. From this description it could be
said that at low pH, oxalate has an ability to increase Bronsted acidity nearby Si-OH

groups stronger than citrate and acetate, but at high pH, citrate was stronger than oxalate
and acetate. For allophane sample, the net effect of the organic anions adsorption on the
amount of negative charge for KyP was higher than for KnP. This indicates that KyP has
an easiness of nearby Si-OH groups to get increased their Bronsted acidity than KnP.

The difference between KyP and KnP in reaction with the organic anions was caused
by the different chemical structure of the both allophane. The fundamental structure of
allophane is that with Si/Al ratio of 0.5, and additional accessory SiO4 tetrahedra increase
the ratio (Matsue and Henmi, 1993; Henmi et al., 1997). Hence, it can be assumed that
allophane with high Si/Al ratio, such as KnP sample, is a SiO4 tetrahedron adsorption
product of allophane with low Si/Al ratio, such as the KyP sample, and that the adsorbed
SiO4 tetrahedra caused an increase in the amount of negative charge. That's why the CEC
of KnP was higher than KyP sample (Figs. 2, 3 and 4). Positive charge of allophane
sample is mainly come from aluminol groups. The magnitude of positive charge in
allophane is proportional with aluminol groups content per unit mass: the amount of
aluminol groups per unit mass decreases with increasing Si/Al ratio of allophane (Son et
al., 1998). Steric hindrance effect by the polymeric SiO4 tetrahedra on the aluminol groups
at the pore region may partly account for the lower positive charge of the allophane with
high Si/Al ratio (KnP sample).

Charge Development and its Mechanism
As described earlier, reaction between allophane and the organic compounds formed

new compounds, and the new compound had higher negative and lower positive charges
than original allophane. By using the detailed chemical structure of allophane (Fig. 1) and
molecular orbital analysis, the mechanism in development of surface charge on the
allophane sample with and without the adsorbed organic anions could be known. In

previous publications, it has been shown that the main component in adsorption of organic
compounds is aluminol groups such as Al-OH and Al-OH2. At low pH, the organic
compounds are also likely to be adsorbed on Al-OH2+ group. From Fig. 1, it could be
seen that the position of the aluminol groups in the nano-ball allophane structure is at the
pore region. The total amount of these aluminol groups in allophane samples is much
greater than that of the adsorbed organic compounds. To simplify the reaction formulae
between acetate, oxalate and citrate with aluminol groups, the background anions such as
Na+ and Cl- were neglected in the following reaction equations.

Reaction of aluminol groups and carboxyl groups are simply written as below.

Al-OH + -O-C  AI-O-C + OH- (1)

Al-OH2 + -O-C  [Al-O-C] - + H20 (2)

Al-OH2+ + -O-C  Al-O-C + H2O (3)

Al-OH + HO-C  AI-O-C + H2O (4)
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Al-OH2 + HO-C  [Al-O-C]-+ H30+ (5)

Al-OH2++ HO-CAl-O-C + H3O+ (6)

Equation 1 shows adsorption reaction of dissociated carboxyl group with Al-OH group
and resulted in OH- released to the solution. Theoretically, by increasing the pH or the
amount of OH- in the solution the amount of negative charge tended to increase. The
high OW concentration in the solution tended to arouse deprotonation process around
silanol groups. For acetate adsorption, equation 1 indicates that one OH- was released
with one acetate anion adsorption. Beside Al-OH group, Al-OH2 and Al-OH2+ groups
also have ability to react with the organic anions (equations 2, 3, 5 and 6). So, assumption
that organic anion only reacts with Al-OH group is not realistic. The equation 2 indicates
no release of OH- with the adsorption. However, most of the released OH- will be
readsorbed on allophane leaving OH- in solution phase, Reaction with Al-OH2+,
equations 3 and 6, is likely to take place at low pH. The reaction mechanism in acid
condition is different from that at high pH, because some proton may be released to the
bulk solution and pH decreased. The adsorption reaction at lower pH may be mainly
anion exchange reaction, and further reaction, equation 6, may partly take place.

The effect of oxalate adsorption on aluminol groups in inducing the negative charge of
allophane could be understood through adsorption mechanism and deprotonation process
on silanol groups. All pH values used in this experiment was equal or higher than pK2 of
oxalate, so the solution was dominated by dissociated species. From previous paper it is
known that oxalate mainly adsorbed on aluminol groups in binuclear form. It means two
OH- released with one oxalate anion adsorption (equation 1). Compared with the original
sample, the allophane-oxalate complex was stronger in accelerating the deprotonation on
silanol group to create the new negative charge (Fig. 3). The new negative charge may
come from silanol groups near adsorption site.

At low pH citrate is also adsorbed on Al-OH2+, and reaction mechanism is similar
with acetate. Although no hydroxyl released, adsorption of citrate on allophane could
result in increase in CEC of the complex (Fig. 4). The negative charge carried by citrate
itself was added to the allophane-citrate complex. This reaction mechanism in acid
condition was different from that at high pH. Because some proton may be released to the
bulk solution, the process could be called as deprotonation. The reaction formula is given
by equation 6. As described in previous paper, citrate was adsorbed on aluminol groups in
bidentate form. So, two OH- released with one citrate adsorption. The hydroxyls may play
an important role in accelerating the deprotonation process on silanol groups. If
we compared with the original sample, the allophane-citrate complex was stronger in
accelerating the deprotonation on silanol group. The other form such as Al-OH2 also is
able to react with citrate. Figure 5 depicts the position of the amount of negative and

positive charges, when NaOH was added to allophane. If the pH increases, the position of
reaction product just sift to higher location, but still on the pH vs. charges curves (square
symbols in Fig. 5). This indicates that the charge characteristics of allophane did not
change with the NaOH addition. For the allophane-organic complex, the plots of the
reaction product located above the curve of the original allophane, except for CEC of the
allophane after treatment with Na-acetate (triangle symbols). For position of the CEC of
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the allophane-acetate complex was still on the pH vs. charges curves. This indicates that
facetate did not influence significantly the change of the negative charge characteristic of

allophane, but for the positive charge decreased markedly.
For reaction at higher pH (>pKa), dehydroxylation was dominant process, when the

organic anions adsorbed on aluminol groups. Dehydroxylation produced a lot of OH- ,
especially reaction of allophane with oxalate and citrate. The different reactivity of original
allophane and the adsorption complex in reaction with the hydroxyls resulted in the
difference in charge characteristics between the both. Reactions of the OH- with Si-OH
caused increase in negative charge, while reactions of the OH- with Al-OH2+ resulted in
the positive charge of the allophane and/or the complex decreased. Although more OH-
reacted with the complex to increase negative charge and to decrease positive charge
compared to the original sample, the remained OH- in solution still higher. Therefore, the
equilibrium pH was higher than the blank. For allophane-citrate complex, the high in
amount of negative charge also contributed the presence of new acidic functional group,
R-COO-.Adsorbing the organic anion on aluminol groups, it means the amount of free
aluminol decreased, in turn the amount of positive charge also decreased.

To know the inductive power of the three organic anions adsorbed on aluminol in
accelerating deprotonation on silanol groups, molecular orbital method was applied. As
explained before, adsorption of acetate, oxalate and citrate at higher pH (>pKa) was a
ligand exchange. The three organic anions have different dissolution power. The equi-
librium pH of the solution phase after reaction with the organic anions was different. This
indicated that the amount of released OH- also different. Part of the initially released
OH- was readsorbed again by allophane. Actually the hydroxyls reacted with proton of
silanol groups and create a new negative charge. The heat of formation value (H) of model
clusters for allophane-acetate complex, allophane-oxalate complex and allophane-citrate
complex could be calculated by molecular orbital analysis. The AH value for dissociation
reaction of silanol group near adsorption site were obtained by subtracting H value of
undissociated model cluster from that of dissociated model cluster. Lower AH means lower

pKa value of the silanol group. Model cluster of allophane used for the calculation is
shown in Fig. 6, and the model cluster simulates the pore region of nano-ball allophane.
The AH value for original allophane model was first calculated, and AH value for organic
acid adsorbed allophane models were expressed relative to the AH value of the original
model. Adsorption species were CH3000-, COOHCOO- and C5H7O5000- , and ad-
sorption reaction was equation 1. For dissociation of near silanol group in Fig. 6, AH
value for original model was therefore 0, and AH values for acetate, oxalate and citrate
adsorbed models were -4.6, -6.6 and -5.3 kcal mol-1, respectively. In all cases, the OH
value was smaller than the original model indicating decrease in pKa value of the near
silanol group with organic acid adsorption. The effect for the pKa was greatest for oxalate
adsorption followed by citrate and acetate. For the far silanol group in Fig. 6, AH values
for acetate, oxalate and citrate adsorbed models were -0.6, -2.1 and -0.7 kcal mol-1,
respectively. From these calculations, oxalate has the greatest effect for accelerating
dissociation of silanol groups, and the effect reaches to further silanol groups. For acetate
adsorption, ligand exchange reaction such as equation 1 may not a main reaction,
therefore CEC value was not increased compared with original allophane (Fig. 2).
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FIG. 6. Model cluster of allophane used for molecular orbital calculations.

REFERENCES

ALBUZIO, A. and FERRARI, G.(1989) Modulation of the molecular size of the humic substances by
organic acids of the root exudates. Plant and Soil, 113, 237-241.

GAST, R. G.(1977) Surface and colloid chemistry. P.27-74. In Minerals in soil environment. Soil
Science Society of America, Madison, WI.

HANUDIN, E., MATSUE, N. and HENMI, T.(1999) Adsorption of some low molecular weight organic
acids on nano-ball allophane. Clay Science, 11, 57-72.

HANUDIN, E., MATSUE, N. and HENMI, T.(2000) Reactions of amorphous aluminosilicates with some
selected organic acids and their salts. In press.

HARADA, Y. and WADA, K.(1973) Release and uptake of protons by allophanic soils in relation to
their CEC and AEC. Soil Sci. Plant Nutr., 19, 73-82.

HARTER, R. and NAIDU, R.(1995) The role of metal organic complexes on metal sorption by soils.
Adv. Agron., 55, 219-263.

HENMI, T.(1985) Importance of chemical composition (SiO2/Al2O3 ratio) as factor affecting physico-
chemical properties of allophanes from weathered volcanic ash and pumice. In: J. Konta (Ed.)
5th Meeting of European Clay Groups, 459-464.

HENMI, T., MATSUE, N. and JOHAN, E.(1997) Change in surface acidity of allophane with low Si/Al
ratio by reaction with ortho-silicic acid. Jpn. J. Soil Sci. Plant Nutr., 68, 514-520 (in Japanese
with English abstract).

HUANG, W. D. and JOHNS, W. D.(1966) Simultaneous determination of fluorine and chlorine in silicate
rocks by rapid spectrophotometric method. Anal. Chim. Acta, 37, 508-515.

HUE, N. V., CRADDOCK, G. R. and ADAMS, F.(1986) Effect of organic acids on aluminum toxicity in



Effect of Organic Acid Adsorption on Charge of Allophane 255

subsoils. Soil Sci. Soc. Am. Proc. 50, 28-34.
JOHAN, E., MATSUE, N. and HENMI, T.(1997) Phosphate adsorption on nano-ball allophane and its

molecular orbital analysis. Clay Science, 10, 259-270.
JOHAN, E., MATSUE, N. and HENMI, T.(1999) New concepts for change in charge characteristics of

allophane with phosphate adsorption. Clay Science, 10, 457-468.
JONES, L. J. and DARRAH, P. R.(1994) Role of root derived organic-acids in the mobilization of

nutrients from the rhizosphere. Plant and Soil, 166, 247-257.
MANLEY, E. P. and EVANS, L. J.(1986) Dissolution of feldspars by low-molecular weight aliphatic and

aromatic acids. Soil Sci., 141, 106-112.
MATSUE, N. and HENMI, T.(1993) Molecular orbital study on the relationship between Si/Al ratio and

surface acid strength of allophane. J. Clay Sci. Soc. Jpn., 33, 102-106 (in Japanese with English
abstract).

MORTLAND, M. M.(1986) Mechanisms of adsorption of nonhumic organic species by clays. In:
Interactions of Soil Minerals with Natural Organics and Microbes. Ed: P. M. Huang and M.
Schitzer. Soil Science Society of America, Inc. Madison, Wisconsin, USA.

NAIDU, R. and HARTER, R.(1998) Effect of different organic ligands on cadmium sorption by and
extractability from soils. Soil Sci. Soc. Am. I, 62, 644-650.

PARFITT, R. L.(1980) Chemical properties of variable charge soils. In Soil with variable charge. Ed
B. K. G. Theng. Offset Publications, Palmerston North. New Zealand.

PARFITT, R. L. and HENMI, T.(1980) Structure of some allophane from New Zealand. Clay and Clay
Minerals, 28, 285-294.

PATERSON, E.(1977) Specific surface area and pore structure of allophanic soil clays. Clay Miner., 12,
1-9.

POHLMAN, A. A. and MCCoLL, J. G.(1988) Soluble organic from forest litter and their role in metal
dissolution. Soil. Sci. Soc. Am. J., 52, 265-271.,

SCHOFIELD, R. K.(1949) Effect of pH on electric charges carried by clay particles. J. Soil Sci. 1, 1-8.
SON, L. T., MATSUE, N. and HENMI, T.(1998) Boron adsorption on allophane with nano-ball

morphology. Clay Sci., 10, 315-325.
SON, L. T.(1999) Adsorption of Boron on Poorly Ordered Aluminosilicates, Nano-ball Allophane,

Change in Its Surface Properties and Chemical. Structure Induced by the Adsorption, and the
Mechanism Analysis by Means of Molecular Orbital Method. Dissertation. The United
Graduate School of Agricultural Sciences, Ehime University, Japan.

STEVENSON, F. J.(1977) Nature of divalent transition metal complexes of humic acids as revealed by a
modified potentiometric titration method. Soil Sci., 123, 10-17.

STEWART, J. J. P.(1989a) MOPAC ver. 6. QCPE #455.
STEWART, J. J. P.(1989b) Optimization of parameters for semi-empirical methods. I. Method. J. Comput.

Chem., 10, 209-220.
WADA, K.(1978) Structural formulas of allophane: Proc. Int. Clay Conf.(Oxford), 537-545.
WADA, K.(1989) Allophane and imogolite. p.1051-1087. In J. B. Dixon and S. B. Weed (ed.) Minerals

in soil environments. 2nd ed. Soil. Sci. Soc. Am., Madison, WI.
WADA, S. and WADA, K.(1977) Density and structure of allophane. Clay Miner., 12, 289-298.


