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Summary 

On the basis of recent information on the chemical structure of allophane 

with nano・ballmorphology， study on phosphate adsorption was carried out on pure 

allophane samples (<0.2μm)， separated from inner part of weathered pumice 

grains， collected from different sites in Japan. The smmples were different in Si/Al 

ratio， KyP with Si/Al=1.34:2 and KnP with Si/Al=1.'98:2. The sample KnP with 

high Si/Al ratio contains much more weakly bonded Si04 tetrahedra on its 

structure， than the sample KyP with the low ratio. The objectives of this study 

were to analyze mechanism ofphosphate adsorption in detail， and to know changes 

in surface characteristics of the allophane， due to the adsorption. Theoretical 

molecular orbital calculation was applied to elucidate the detailed mechanism in 

the atomic and electron levels. 

Phosphate adsorption was done at low phosphate concentration， up to 2 

mM  of H2P04-in order to avoid dissolution or disruption of allophane. The 

adsorption was done in the solutions containing sodium and calcium ions as 

background. Parts of allophane-posphate adsorption complexes (samples with P 

adsorbed on them) were subjected for measurements in surface acidity， cation 

exchange capacity (CEC)， and anion exchange capacity (AEC). For molecular 

orbital calculation， MOPAC program was used with semi-empirical MNDO-PM3 

basis set which is incorporated in CHAChe system for Windows. 

The results indicated that KyP was greater in the phosphate adsorption 



than the KnP， that was ascribed to much more content of aluminol groups (AI-OH， 

AI-OH2) per unit mass for the KyP. The silicon release was observed within all 

ranges of P adsorption， and plotting the Si release against P adsorption resulted in 

linear relationship. The KnP sample released much more silicon than the KyP 

samples. Based on above finding， new adsorption mechanism was proposed， 

namely replacement of polymeric Si04 tetrahedra with phosphate， as shown 

below: 

三Si-O-Si(OH)3+ H2P04一→三Si-O-PO(OH)O一+ Si(OH)4 

Possibility of the reaction was proven by negative value of the change in heats of 

formation， L1H， obtained by molecular orbital calculation. 

Acid strength increased after the P adsorption for both KyP and KnP 

samples. The increase in the acidity was observed fo:r both sodium and hydrogen 

saturated samples. For the hydrogen saturated， only Br0nsted acid existed， 

leading to conclusion that the Br0nsted acidity increased due to the P adsorption. 

Calculation by molecular orbital method proved that the increase in the acidity is 

not due to P-OH groups newly formed on the adsorption complexes but due to 

strengthening in Br0nsted acidity of silanol groups (Si-OH)originally present in 

the structure of allophane. Interaction between P-OH and Si-OH may occur in 

electron level to accelerate the dissociation of proton from the silanol groups. The 

study suggested that some of acid sites of allophane and allophane-phosphate 

adsorption complex also acted as negative charge for cation exchange capacity 

sites. 

Observed changes in the amounts of negative and positive charges of 

allophane with phosphate adsorption (NaH2P04 in l¥raCl with total [Na]=10 mM) 

were interpreted in terms of two reasons. One reason is base on increase in solution 

pH， variable charge characteristics， and the other is on net effect caused by the 

adsorbed phosphate. The net effect increased negative eharge and decreased positive 

charge of allophane. To explain the net effect， it is assumed that OH-was initially 

released in just the same amount as the adsorbed H2P04一企omallophane-

phosphate adsorption complex. This situation is comparable with that when the 

same equivalent amount of NaOH was added to original allophane. The comparison 

indicated that the Si-OH and AI-OH2 + functional groups of the adsorption complex 

had higher ability to react with the OH-than those of the original allophane. An 

inductive effect of the adsorbed phosphate， which accelerated deprotonation reaction 

of inherent functional groups such as Si-OH and .Al-OH2 + of al1ophane， was 

suggested by theoretical molecular orbital calculations. 

Key words: Nano・ballallophane， Phosphate adsorption， Surface acidity， Charge 

characteristics， Molecular orbital method 
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Chap七er 1 工NTRODUC，]~工ON

1-1. Phosphorus in Environmen七

Recently， an issue has arisen correlating to 

degradation of quality of life environment. Many 

researches have conducted some works in relation to 

environmental protec七工on.One of the problems came from 

industrial and domestic waste water (WW) which were 

drained to rivers， lakes， or swamps. 

Drainage of WW 工ntowaterways can frequently 

accelerate eutroph工ca七工onon lakes， swamps， and 

reservoirs. Phosphorus (P) has been identified as七he

nutrient most likely limiting primary productivity in 

lakes and s七reams(Enfield and Ellis， 1986) . Phosphorus 

typically constitutes less than 1宅 oftotal dissolved 

solids in municipal WW (Hook， 1986). The P 

contamination is great problem in water area such as 

lakes and streams. Surface water is often contaminated 

with P from wastes in intensive animal farming areas. 

For example， effluent from poultry rnanure contained 5 

ppm P (161μM) and a stream beside an in七ensivecow 

unit 2.6 ppm P (84μM) when the waters were sampled 
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in East Suffolk in spring 1969 (Cooke and Williams， 

1973) . 

The above problems have induced the impe七usfor 

application of the WW to land. That application， it was 

presumed， would utilize the soils well known P 

adsorption capaci ty to prevent WW fro:m enter工ngsurface 

water (Hook， 1986). Effectiveness of soil is depend on 

its texture， permeability， kind of clay m工nerals，and 

the most important is capaci七Yof so工L 七oadsorb P. 

Therefore， study of P adsorption on soil materials is 

important not only for agriculture， but also in view 

of七heenvironmen七alscience. 

When phosphorus (either as fertilizer or 

wastewater) are added to soil with low P adsorption 

capacity and high permeabili七y，some parts of soluble 

P will be transported through percolate water and 

accumulated to groundwater. This will cause 

groundwater contaminat工on.In that case soil plays an 

important role as a ~filter" 七 o protect the 

contamination， particularly for soils with medium or 

high P adsorption capacity. 

2 
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1-2 Phosphorus エnAgricu工七ure

In view of agricul七ure，study of P adsorption on 

soil materials is necessary mainly to predict the P 

requlremen七sand availability for plant growing in the 

relevant soil. Woodruff and Kamprath (1965) found tha七

soils with low P adsorption capacity required higher 

P concentration for maximum growth of plants. Thus， the 

previous P treatment often helped soil solution to 

maintain high P concen七rationfor a longer period of 

t工me.

The P adsorption phenomenon often determines the 

fate and behavior of phosphorus in soil environment. 

The ability of a soil to adsorb or fix phosphorus is 

dependent on the texture， structure， and the mos七

important factor is clay mineral composition. Soils 

containing ferric and aluminum oxide or hydroxide or 

allophanic clays are known to have high capacity for 

P reten七ion(Parfitt， 1977). Thisphenomenoncancause 

severe def工ciencieson P 工nplant due to phosphate 

fertilizer applied to them become not available for 

plants. However， after passing several years， the 

retained phosphorus will be released to soil solution 

3 
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and became available for plants. 

Previous studies on P adsorption however， were 

mainly focused on interactions wi th :soil as such under 

the condition with relatively high P concentrations. 

The mechanism of P adsorption in soil environment is 

not so clear due to the presence of various componen七S

in the env工ronment，such as organic matters， clay 

minerals， and ferric or aluminum oxides and hydroxides. 

Study of P adsorption on a single clay mineral is 

important 七oelucidate mechanism in detail. On the 

basis of chemical structure of allophane that is found 

recently， now became possible to discuss the mechanism 

in detail. 

1-3 A工工ophane

Several decades ago， allophane was only 

recognized as an amorphous materials (without form) ， 

which was usually found in soils developed from 

volcanic ash or pumice， such as Andepts. However， 

recen七 investigationsusing electron microscopy， x-

ray diffraction， infrared (IR) spectroscopy， 

differential thermal analysis (DTA) ， and nuclear 

4 
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magne七icresonance (NMR) ， has established the 

morphology and chemical structure of allophane (Henmi， 

1980; Henmi and Wada， 1976; Shimizu et al.， 1988). 

Allophane is defined as naturally occurring 

amorphous hydrous aluminosilicates o:f various chemical 

composition， which are characterized by七he

predominance of Si-O-Al bondings (van Olpen， 1971). 

Fundamental structure of Allophane is composed of 

gibbsite [Al(OH)3J sheet with Si04 tetrahedra 

attaching on it， and has hollow spherical morphology 

to locate the Si04 tetrahedra 工nsideof the sphere 

(Parfit七 andHenmi， 1980). Wall of the hollow sphere， 

nano-ball， has some holes (defects) with diameter of 

0.3-0.5 nm， resulting in AI-OH and AI-OH2 groups 

exposed (Paterson， 1977; Wada and Wada， 1977). Since 

the allophane has hollow sphere or ball shape and nano 

level in size (3.5-5.0 nm)， that relatively smaller 

than other clay minerals， here nano-baヱヱ (shaped) 

allophane is used as a new term fo工、 allophane.

Furthermore，七heterm allophane always refers to 

nano-ball shaped allophane. 

Allophane has a narrow range of chemical 

5 
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composi tion from 1: 2 to 2 : 2 wi th respect to Si/Al atomic 

ratio (Henmi and Wada， 1976) . Fundamen七alstructure of 

allophaneisthatwithSi/Alratioofl:2 (Henmi， 1985). 

The structure contains all of the Si04 tetrahedra in 

the monomer工cform (orthosilicate type) ， with walls of 

the spherules buil t up largely from imogoli te structure 

units [(OH) 2A1203SiOH] with some defects or pores， and 

often called proto-imogolite allophane (Parfitt and 

Henmi，ユ980; Farmer et al.， 1980). That type of 

allophane is qu工七erarely found in nature. Allophane 

with the Si/Al ratio more七han1:2 has some condensed 

Si04 tetrahedra wea]くlybonded to i ts structure (Parfi tt 

et al.， 1980). The condensed Si04 tetrahedra is also 

called accessory materials， so that allophane with 

higher Si/Al ratio contains much more the accessories. 

Schematic chemical structure of nano-ball shaped 

allophane is gi ven in Fig. 1. The figure shows some pores 

or defect part on allophane structure that were 

produced by omitting two Si and two .Al atoms from six 

imogoli te uni t cells. The pores exhibi t aluminol groups 

(AI-OH or AI-OH2)， whereas 工ns工depart of allophane 

shows silanol groups (Si -OH) . The two functional groups 

6 
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Fig. 1 Scheme of chemical structure of a unit particle of nano-ball shaped 

allophane (A: molecular morphology in section; B: atomic 

arrangement near the hole of hollow particle; C: atomic 

arrangement in the cross section of allophane particles) 
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cause specific physico-chemical characteristics on 

allophane， such as features in infrared spectrum， 

cation exchange capacity (CEC)， anion exchange 

capacity (AEC) ， and so on. 

Allophane gives an amorphous features in X-ray 

diffraction pattern， with the maximlユmband vary from 

1.23 to 1.45 nm， depending on its Si/Al ratio (Wada， 

1989) . Infrared spectra of allophanes mainly appear due 

to Si-O stretching vibration (around 900七o1000 cm-1) 

and due to H20 and OH stretching vibration (Wada， 1989) . 

For differential thermal analysis (DTA) ， allophane 

shows a large endothermic peak between 50 and 300t， 

arising from removal of large amount of adsorbed water 

(Wada， 1989). An exothermic peak of allophane appears 

at 900-1000oC， due to formation or nucleation of mulli七e

and/or gamma alumina in dehydroxylated phases of 

allophane (Tsuzuki and Nagasawa， 1960; Yoshinaga and 

Aomine， 1962). 

The objectives of this study were to understand 

the clear mechanism of phosphate adsorption on 

allophane， in relation to its chemical structure， and 
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七oknow change in physicochernical properties of 

allophane due七othe adsorption. Molecular orbital 

analysis was carried out to sirnlユlate七heoretically

possible reactions， which is irnpossible to be exarnined 

through experirnent in laboratories. Here， allophane 

was chosen as an adsorbent since it has high capacity 

for anion adsorption， and it is rnajor cornponent in 

Andepts. 
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Chap七er2 M工NERALOG工CAL CHARÞ.~CTER工ST工CS OF 

ALLOPHANE 

2-1 Samp工e Prepara七ions

Allophane samples were separated from inner part 

of weathered pumice grains， collected from two volcanic 

ash soils of Japan: Kurayoshi， Tottori prefecture and 

Kakino， Kumamo七oprefecture， for KyP and KnP sample， 

respecti vely. Outer parts of pumice grains were removed， 

then inner parts were ground. The ground pumice were 

suspended in water，七henwere dispersed with 

ul trasonification at 28 kHz. Suspension pH was adj usted 

at 4 for allophane sample wi七hlow Si/Al ratio (KyP)， 

or at pH 10 for that with high Si/Al ratio (KnP). The 

suspensions were placed in 1 L of cylinders， and were 

shaken rec工procallyw工thhand， then were stand over 

night to aユlowsedimentation for silt and sand 

particles. Then， clay fraction (< 2μm) was separated 

by pipette method at 25 cm depth. The fraction was 

flocculated with NaCl then supernatant was discarded. 

Fine clay fraction (<0.2μm) was separated from 

the clay fraction by centrifugation at pH 4 for sample 

1 0 
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having low Si/Al ra七io(KyP)， or at pH 10 for that wi th 

high Si/Al ratio (KnP). Collected fine clay fraction 

was flocculated with saturated NaCl， then were washed 

with water to remove excess NaCl. The samples were 

subjected for X-ray diffraction， for infrared (IR) 

spectrophotometry， and for differential thermal 

analysis (DTA) to examine their purity. The samples 

were stored as suspensions. Those suspensions were used 

for七hewhole experiments. Such manner of separation 

(<0.2μm fractions) avoids possible contamination of 

impurities such as volcanic glasses， opaline silica， 

and imogolite (Henmi and Wada， 1976). 

Dissolution of allophane samples was carried out 

wi th 0.15 M sodium oxalate solution of pH 3.5 according 

to七hemethod of Higashi and Ikeda (1974). After 

dissolution， Si， Al and Fe were measured for the 

solutions by atomic absorption spectrophotometry (AAS) . 

The results indicated that the samples contain 39.41 

and 37 .02宅ofSi02 and A1203， respecti vely for KyP， and 

40.24 and 34.45老 forKnP. The Si/Al ratios were 

calculated as 1.34:2 and 1.98:2， for KyP and KnP， 

respec七ively. The Si/Al ratio of natural and synthetic 

1 1 
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a110phane samp1es usua11y range fromユ:2七o2: 2 (Henmi 

and Wada， 1976; Parfi七tand Henmi， 1980; Wada， 1989; 

Henmi et a1.， 1981)， so the KnP samp1e be10ngs to 

a110phane wi th high Si/A1 ratio， and has more accessory， 

po1ymeric Si04 tetrahedra in its structure (Shimizu et 

a 1 .， 1 9 8 8; H e nm i e t a 1 .， 1 9 9 7) . 

2-2 工den七ifica七ion of Clay Sam:p工es

2-2-1 X-ray Powder Diffrac七ionPa七七色rn

Figure 2 shows the X-ray diffraction pa七七ern，for 

the KyP and KnP samp1es. The a110phane samp1es show 

three broad diffraction bands with rnaxima at 0.345， 

0.225 and 0.142-0.145 nm with intensities of strong， 

medium， and weak. There is a1most no deference in the 

bands between KyP and KnP samp1es. That bands were 

simi1ar with former investigations (Yoshinaga and 

Aomine， 1962; Henmi et a1.， 1981). Fa工'me r e t a 1. (1 9 7 7 ) 

suggested that the 1atter two bands corresponded in 

p 0 s i t i 0 n t 0 63 (0. 2 2 5 nm) a n d 0 6 (0. 14 0 nm) r e f 1 e c t i 0 n s 

of imogo1ite and might be ascribed to the "imogo1ite 

structure". In fact， a110phane and imogo1ite have same 

basic s七ructure，name1y gibbsite with one 

1 2 
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Fig. 2 X-ray diffraction patterns of the 

allophane samples 
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orthosi1icate occupying the vacant site in its 

structure (Henmi and Matsue， 1998). The structure wi th 

tubu1ar shape工simogo1ite， whi1e that with ba11 shape 

(ho11ow spheru1e) with some pores i口 thewa11 is 

a11ophane. 

2-2-2 工nfraredSpec七roscopy

Infrared spectra of the a110phane samp1es showed 

cornrnon features of a11ophane. The infrared spectra are 

shown in Fig. 3. The main absorption bands were 

genera11y s工mi1ar for both samp1es and to those 

reported e1sewhere for a11ophanes， with maxima near 

3 4 0 0， 1 6 4 0， 1 0 0 0， a n d， 5 6 0 cm -1 (H e nm i e t a 1 . ，ユ981;Wada， 

1989). The absorption bands at the firs七 region (from 

the 1eft side)， 3460 cm-1 and 3470 cm--1 for KyP and KnP 

respec七ive1y，are caused by s七retchingvibration of 

hydroxy1 (OH) groups either as structura1 OH or as 

adsorbed water (Wada，ユ989). The s七ructura1OH in七he

structure of a110phane present as S工-OHor A1-OH groups . 

Intensi ty of that band decreases wi th heating treatment 

at around 300oC， due to 10ss of adsorbed wa七erand some 

hydroxy1 groups (dehydration and dehydroxy1ation) 

1 4 
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(Henmi and Wada， 1974). In the second region， the 

maximum adsorption bands were observed a七1639and 1643 

cm-1， for KyP and KnP， respectively. Those bands are 

caused by HOH deformation vibration of adsorbed water 

(Wada， 1989). 

In the third region， the difference was recognized 

in the maximum bands between KyP and KnP samples. The 

maximum absorption bands were obserVE~d at 970 and 1014 

cm-1 for KyP and KnP， respectively. The bands at the 

third region are due to stretching vibration of Si-

O(Al) bondings (Parfitt and Henmi， 1980; Wada， 1989). 

The wavenumber of the band shifts to h工gherwavenumber 

region wi th increasing Si/Al ratio of allophane (Wada， 

1979). Furthermore， the shift of the band from 960 to 

around 1000 cm-1 indica七edtha七七heSi04 te七rahedra

became more polymerized (Parfitt and Henmi， 1980) . The 

present data showed that the absorption band of KnP is 

higher than七hatof KyP，工ndicatingthat KnP has higher 

Si/Al ratio than KyP has， as observed on七heresults 

of chemical analysis. This indicated that KnP contained 

much more polymerized Si04・

The maximum absorption band in the fourth region 
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appears a七567and 565 cm-1 for KyP and KnP， respecti vely. 

Those bands suggest that allophane samples contain 

common， unique Al-OH structure (Wada，ユ989). That band 

was also observed for synthetic allophane and imogoli te 

( F a rm e r e t a 1 .， 1 97 9; Wa da e七al.， 1979; Par f i t t et al . ， 

1980)， hydroxy-Al silicate cations， and even polymer 

hydroxy-Al ions (Farmer et al.， 1979; Wada and Wada， 

1980) . 

In addi tion to the four maj or bands， the IR spectra 

also exhibi七edtwo s ide bands near 430 and 340 cm- 1
• The 

first side band could be attributed to condensation of 

the silica component because it occurred in parallel 

with that of 8-0 stretching band near 1000 cm-1 (Henmi 

et al.， 1981). The bands showed shift toward higher 

wavenumbers from 428 七o 434 cm-1， fo:r KyP and KnP， 

respectively. The next bands appear at 341 and 347 cm-1 

for KyP and KnP， respectively. Those bands may be 

corresponding to七heimogolite structure， as reported 

by Farmer et al. (1977). The band may appear because 

allophane and工mogol工tehave same ba~; 工 c structure， as 

described above. 
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2-2-3 Differen七ia工 Therma工Analysis

The DTA curves are shown in Fig. 4. The samples 

generally showed s工milarfeatures 工n七heDTA pa七七ern，

with one broad endothermic and one small exothermic 

peak. The endothermic peak appears a七 90and 98 oC for 

KyP and KnP， respecti vely. The endothermic peak may be 

arising from continuous dehydration and 

dehydroxylation (Mitchell et al.， 1964; Wada， 1977; 

Wada， 1989). Furthermore， higher endothermic peak for 

KnP than KyP sample may correspond to the stronger 

surface acidity of KnP， sample with high Si/Al ra七io

(Henmi，ユ980). Because， with stronger surface acidity， 

water molecules are probably more strongly adsorbed as 

a base on the surface of allophane. In :fact， the surface 

acidi ty of KnP is higher than that of KyP sample (will 

be shown at Chap七er4) . The exotherm工cpeak appears at 

932 and 904 t for KyP and KnP， respectively. The 

exothermic peak is attributed to forrnation of mulli te 

and/or gamma alumina (Mitchell， 1964). The exothermic 

peak of KnP is higher than that of KyP. This resul t is 

consistent with七hatfound by Henmi (ユ980). The 
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difference in the peak position may correspond to the 

characteristics of samples in relation to the formation 

of mullite. Henmi (1980) suggested that allophane with 

low Si/Al ratio is easier to form mulli te than that wi th 

high Si/Al ratio. 

2-3 Conclusions 

The above analyses proved that the clay samples， 

KyP and KnP are pure allophane without any impure 

materials. Therefore the d工scuss工oncould be held based 

on the chemical structure of pure nano-ball allophane. 

As described above， the basic chemical structure of 

allophane is that with Si/Al ratio ofユ:2， that is very 

rarely found in nature. However， KyP has the ratio close 

to 1: 2， so the KyP represented allophane wi th low Si/Al 

ratio. On the other hand the KnP sample wi th the ratio 

close to 2:2 (1.98:2) represented allophane with high 

Si/Al ratio. 
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Chap七er3 PHOSPATE ADSORPT工ONO~~ ALLOPHANE AND 

工TSMECHAN工SMBY MEANS OF MOLEICULAR ORB工TAL

METHOD 

3-1工n七roduc七ion

Study on phosphate adsorption is important in the 

views of agriculture and environment. The importance 

in agricul七ureis the fact that soils developed from 

volcanic ash， for example Andepts， are well known七O

have high phosphorus fixation capacity， showing that 

large amounts of phosphate fertilizer applied is 

strongly fixed to them (Sanyal and De Datta， 1991) . The 

property caused problem in agricultural production of 

that kind of soils， because the phosphate fertilizer 

is so strongly adsorbed to the soils that the fertilizer 

become unavailable for plants. Because allophane is the 

main component of clay materials in Andep七s，it was 

ascribed as the material respons工blefor the strong 

adsorption and fixation of phosphate (Wada， 1985). In 

the view of environment， recently， an issue arose 

concerning to eutrofication， caused by pouring 

wastewater containing phosphate in high concentration. 
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The materia1s wi th high capaci ty for P adsorption such 

as a11ophane， may be app1ied as amendrnent to sol ve the 

prob1em of eutrofication. 

80 far， the study of phosphate adsorption were 

usua11y focused on soi1s with re1ative1y high 

concentrations of phosphate solutions. Hence， the 

mechanism of phosphate adsorption in soi1s was not so 

c1ear， due to much components in soi1s， such as organic 

matters， c1ay minera1s， and ferric or a1uminum oxides 

and hydroxides， which a11 have abi1i七yfor P adsorption. 

On the other hand， not so many researches conducting 

phosphate adsorption with sing1e c1ay minera1 and at 

10w phosphate concentrations. The advantage of 

studying P adsorption with sing1e c1ay minera1 is to 

e1ucidate the mechanism in detai1， based on the 

chemica1 s七ructureand charac七eristicsof the minera1. 

Based on the above reasons， the study was carried 

out to understand the c1ear mechanism of phosphate 

adsorption on nano-ba11 shaped a110phane samp1es in 

re1a七ionto its deta工1edchemica1 structure. Here， 

a110phane was se1ec七edas adsorbent because i t has high 

phosphate adsorption capaci ty and is the main component 
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of clays in Andepts. The discussion will be held based 

on the recently found chemical structure of nano-ball 

shaped allophane. Molecular orbital calculation was 

included in this study to elucidate the more detailed 

mechanism in electron level. 

3-2 Ma七eria工s and Me七hods

Allophane sample suspensions (KyP and KnP) 

described in the Chapter 2 were used for the experiment. 

The suspensions were previously adjusted七opH 5 by 

adding some drops of HCl solution. About 5 mL of the 

suspensions containing 50 mg of sampユewas mixed wi th 

NaH2P04， NaCl， and was filled up with water until total 

volume of 100 mL. The initial phosphate concentration 

of the mixed solutions were varied from 0 to 2 mM. The 

total Na concentrat工onof the mixed solut工onswere kept 

as 20 mM by adjusting the amount of NaCl added. The 

experiment was also done wi th CaC12 background solution， 

using Ca (H2P04) 2 and CaC12， with七heinitial P 

concentration up to 2 mM and with 10 mM CaC12・

The mixture was shaken for 20h， then was 

centrifuged at 7500 rpm to separate precipitated clay 
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and supernatant. The supernatant was analyzed for pH 

Wl七hpH rneter， for P wi th ascorbic acid rne七hod(Murphy 

and Riley，ユ962)，for Si by rnethol sulfite rnethod 

(Strickland and Parsons， 1968)， and for Al by ferron 

rnethod according to Davenport (ユ949). Precipitated 

clay sarnples were subjected for inf工、ared

spectrophotornetry and differential therrnal analysis 

after washing with water，工norder to observe change 

in the structure of allophane after the P adsorption. 

Arnount of phosphate adsorbed was calculated frorn the 

difference between the initial and final (equilibriurn) 

phosphate concentrations. 

For rnolecular orbi tal calculation， MOPAC prograrn 

(Stewart， 1989a) was used with serni-ernpirical MNDO-

PM3 basis set (Stewart， 1989b) which is incorporated 

in CHAChe systern for Windows (CAChe Scientific工nc.， 

Sony Tektronix Corporation) . This basis set gives heat 

of forrnation closest to experirnental values for actual 

rnolecules than any other sern工-ernpiricalbasis sets do 

(Stewart， 1989b). Cluster rnodels for allophane were 

buil t up wi th Al norrnal octahedra and Si tetrahedra by 

using bond distance of Al-O = O. 1912nrn， Si -0 = 0 . 1618nrn 

24 
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and O-H O.0944nrn. 

3-3 Resu工七sand Discussion 

3-3-1 Phospha七eAdsorp七ion工so七herm

Figure 5 shows phosphate adsorption isotherrns of 

KyP and KnP sarnples in NaCl and CaCユ2 background 

solutions. For all cases， arnount of P adsorbed increase 

with increas工ngthe equilibriurn phosphate 

concentra七ion. The 工ncrease 工ssharp at lower 

equilibriurn P concentration， then the curve gradually 

becorne nearly platea1.ユ athigher equilibr工urnphosphate 

concentrations. However， for all cases further 

increase in equilibriurn phosphate concentration cause 

irregular increase in arnount P adsorbed again. This rnay 

be ascribed to des七ructionor dissolution of allophane 

due to rnuch arnount of phosphate 工n solution， with 

results in forrnation of new alurn工nolgroups (AI-OH or 

AI-OH2) a七七hebroken edges. Therefore， for each sarnple， 

only the adsorption data until the plateau region will 

be used for further analysis. Figure 5 shows that KyP 

sarnple has higher ab工工工七yfor P adsorption than KnP， 

either in NaCl or CaC12 background solution. This rnay 
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be ascribed to higher content of Al (OH) (OH) 2 group in 

the structure of KyP， because KyP has lower Si/Al ratio 

or greater Al atom contents per unit mass. According 

to Parfitt (1977) aluminol groups， Al-OH or Al-OH2 is 

responsible for phosphate adsorption in soils and clay 

minerals. In the struc七ureof allophane this group is 

only located at the pores of the wall of hollow spherules 

(nano-ball) (Henmi and Huang， 1985). Phosphate is 

rapidly and strongly adsorbed by ligand exchange with 

aluminol groups， forming ei七hermonodentate or 

binuclear complexes (Parfitt and Henmi， 1980; Goldberg 

and Sposito，ユ985). The reactions between aluminol 

groups with phosphate are described as follow: 

Al-OH2 Al-OH2 

OH OH 

Al-OH + -O-P=O 一一歩 Al-O-P=O + H20 
t 

OH 

Si-OH Si-O-
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Al-OH2 ~1-OH2 

Al-OH OH Al-O O 

¥グ
+ -O-P=O 一一歩 P + 2H20 

/¥ 
Al-OH OH Al-O OH 

Si-OH Si-O-

The above reactions describe reaction of phosphate wi th 

one aluminol， and that with two aluminols， respectiveユy.

The reactions resul七edin formation of monodentate and 

binuclear complexes， respectively. The bottom Si-OH is 

the silanol group nearby allophane-phosphate 

adsorption complex. The silanol group undergoes de-

protonation， and七hiskind of the de-protonation causes 

formation of new negative charge. Detailed mechanism 

will be shown in chapter V. 

Phosphate adsorpt工onis much higher in CaC12 

background solution than in NaCl background solution， 

for both KyP and KnP samples. It is known that amount 

of phosphate adsorbed on allophanic clays is affected 
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by pH of equi1ibriurn solution (Gunjigake and Wada， 

1981; Nanzjo， 1988). In this experiment on1y 1i七七1e

difference in equi1ibriurn pHs between CaC12 (5.2-5.9) 

and NaC1 (5.7 -6.1) background sol utions (Appendix 1) . 

Therefore the difference rnay be due to bridging effec七

of Ca2+ ion between a110phane and phosphate， resu1 ting 

in increase of phosphate adsorption on a110phane in 

CaC12 background solution. The bridge cou1d be 

described as phospha七e (H2P04-) which工sbonded to the 

Ca2+ cations in the surface of a11ophane， as described 

be1ow. Here， the phosphate 工sno七 bondeddirect1y to 

the a1urnino1 groups. 

H2P04-

Ca2+ 

H2P04-

3-3-2 Langmuir Adsorp七ionEqua七ion

The phosphate adsorption data were p10tted 

according to Langrnuir adsorption equation. Figure 6 

shows those curves， which two straigh-ヒ1inesobtained 

for a11 cases， up to equi1ibriurn phosphate 
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concentration of 1.5 toユ.8rnM， for KyP and KnP samples， 

respec七ively. The break of the two straight lines 

existed at the equilibrium phosphate concentration of 

about 0.4 to 0.5 rnM， for the all cases. 

The existence of two straight lines can be assumed 

that there are two si tes (si te 1 and si te 11) responsible 

for the phosphate adsorption si tes on al10phane samples. 

Hence， usual Langmuir equation could be rewritten as 

two-term Langmuュrequat工onaccording to Syers et al. 

(1973) : 

xm工K工C
x = + (ユ)
1 + K工C

where X = amoun七 ofphosphate adsorbed， K = a cons七ant

related to bind工ngenergy，おn-maximum adsorption of 

phosphate， and C = equilibr i um phospha te concentra tion. 

The superscripts 1 and 11 refer to site 1 and site 11， 

respectively. Theおn工andK工valueswere calculated from 

data at lower C values (up七obreak point) byassuming 

all of the phosphate were adsorbed on ::;i te 1， then each 

amoun七 ofphosphate adsorbed due to site 1， X工 was

3 1 
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calculated for all C values. The Xll value was obtained 

by subtracting X工 fromX at each C value， thenぉnlland 

Kll were calculated. 

Tableユgivesso calculated Langmuir parameters， 

and indicates (both samples and cation species) xm工and

KI were grea七erthan corresponding ~nll and Kll， 

respectively. The data indicate that site 1 is twice 

to three times higher in phosphate adsorption capaci ty 

七hanthe si te 11， and tha t the si te 1 has binding energy 

for phospha七emore than 10 times greater than the si te 

11. Even 工n solution， allophane is known to form 

aggregates wi th many uni t particles， creating outer and 

inner surfaces on and in the aggregates (Wada， 1989). 

The inner surface in the aggregates may correspond to 

the site 1， while the outer surface on the aggregates 

correspond七othe s工te11. As mentioned above， the 

phosphate adsorption react工onlS ascr工bedto the 

aluminol groups， located in七hepores or defec七ofthe 

structure of allophane (Henmi and Huang， 1985). 

Phosphate may first react with aluminol groups 

inside the aggregates (site 1)， since the site 1 has 

grea七eradsorpt工onenergy than the s工te11， then 
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Table 1 Adsorption maxima (Xm) and binding energy 

constants (K) of the allophane samples 

Si七e 1 Site 11 XmI K1 

Sample 

XmI K
 

XmII KII m
 
x
 

KII 

NaCl background solu七ion

KyP 

KnP 
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ユ4.3

lユ.8 

116 
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1.0 

3.1 

3.7 

3.3 

14.3 

3.8 

CaC12 background solution 

KyP 

KnP 

601 

438 

32.2 

25.6 

295 

196 

2.6 

1.2 

2.0 

2.2 

12.6 

22.1 

Xm: mmol kg-1; K: (mM)-l 
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phospha七ereact with a1uminol groups at the outer 

surface on aggregates (site 11)， af七ersaturating the 

site 1. 

3-3-3 Silicon Release 

1n the P adsorption experiments， Si and A1 were 

a1ways detected in the equi1ibrium solution after the 

phosphate adsorption under the present condition， for 

the a11 cases. Figure 7 gives re1ationship between the 

amoun七ofphosphate adsorbed and S工 orAl re1eased for 

KyP and KnP in NaC1 and CaC12 background solutions. The 

amoun七 ofSi re1eased increased 1inear1y with 

increasing amount of phosphate adsorbed， for both 

samp1es and both cat工onspecies. On the other hand，七he

amoun七sof Al re1eased were much 10wer than Si released， 

for the a11 cases. The slopes of the p10ts for Si were 

ca1cu1ated as 0.13 and 0.34 for KyP and KnP， 

respecti ve1y in Na background sol ution and as O. 16 and 

0.40 for KyP and KnP， respective1y in Ca background 

solution. The 1inear re1at工onshipsas the Si re1eased， 

were not observed for the A1 re1eased. The re1ease of 

Al may be due to sma11 disso1ution from a110phane 

34 
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samples. As shown in Fig. 7， even in the blank run (no 

phosphate added) little amount of Si is also released， 

suggesting that li七七ledissolution occurs from the 

allophane samples. Rajan (1975) and Nanzjo (1988) also 

reported release of Si due to phosphate adsorption， but 

the corresponding slopes are much greater for this 

study than for their reports. This is ascribed to higher 

allophane content in this experiment， because the fine 

clay fractions (<0.2戸n)were used here， while they used 

clay fraction (<2阿n)of allophanic soil samples. This 

clay fraction (<2戸n) often includes components other 

than allophane (Henmi and Wada， 1976). 

As shown in Fig. 1， the fundamen"ヒalstructure of 

allophane is that with Si/Al ratio of 1:2. 日ostof 

additional Si， which increase the value of the Si/Al 

ratio， are weakly bonded七O 七heS工 inthe fundamental 

structure. The sample with high Si/Al ratio (KnP) 

released greater silicon than KyP. Therefore higher 

release of S工 fromthe KnP sample indica七esthat the 

weakly bonded Si is replaced by phosphate， rather than 

that Si attached to gibbsi te sheet in the structure of 

allophane. The linearity in Fig. 7 suggests that in a 
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unit particle of allophane， the replacement reaction 

takes place simultaneously with adsorption of 

phosphate on aluminol groups， over the hole range of 

equilibrium phosphate concentrations. Ratio of 

(phosphate adsorbed by Si replacement)/(七otal

phosphate adsorbed) is roughly estimated as 0.13 and 

0.34 for KyP and KnP， respectively， in Na background 

solution. The ratio is estimated as 0.16 and 0.40 for 

KyP and KnP， respectively， in Ca background solution. 

That ratio is calculated by assuming that one phosphate 

replaces one weakly bonded Si. 

3-3-4 Molecular Orbi七alAnalysis 

The obtained experimental resul ts indicated that 

the phosphate adsorption reaction on unit particle of 

nano-ball allophane included reaction in Al and in Si. 

The reaction of phosphate in Al has been known well no七

only for allophanic clays， but also in other kind of 

clays. Never七heless，relatively lack informa七ionfor 

reaction of phosphate in Si， which i8 reported until 

now. 

The possible reaction for displacemen七ofweakly 
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bonded Si with P is forrnulated as: 

三Si-O-Si(OH)3+ H2P04-→三Si-O-PO(OH)O一+ Si(OH)4 ( 2 ) 

The [三sOis the silicon directly bonded七ogibbsite 

shee七on七hestructure of allophane， and exists as Si-OH 

in allophane with Si/Al ratio of 1:2. The equation (2) 

could be obtained by cornbination of following two 

reactions: 

三Si-O-Si(OH)3 + H20 →三Si-OH + Si(OH)4 

三Si-O-PO(OH)O- + H20 →三Si-OH + H2P04-

( 3 ) 

( 4 ) 

The equation (3) and (4) describe hydrolysis reaction 

of silicic acid and phosphate adsorbed on fundarnental 

structure of allophane (Si/Al =ユ:2) ， respecti vely. The 

possibility of the replacernent reaction was analyzed 

by rnolecular orbital rnethod. Heat of forrnation was 

calcula七edfor each rnolecule， then change in heat of 

forrnations (L1H) were calculated for each equation. Here， 

L1 H Hproducts -Hreactants， and lower ~1 H of a reaction 

indicates that the reaction is rnore possible. 

Figure 8 shows rnodel clusters used for the 

rnolecular orbi tal calculation. Model A. sirnulates rnodel 

cluster for the (三Si-OH) of the equation 2. Model B 
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and model C are model clusters for [三Si-0-Si(OH)3Jand 

[三Si-O-PO(OH)O一]of the equation (3) and (4)， 

respectively. Model B and model C were obtained by 

substi七utingH atom from the central Si-OH group with 

Si(OH)3 and PO(OH)O-， respectively. 工n the model C， 

negative charge carried by H2P04-was transferred to 

nearby Si-OH group by pro七ontransfer from Si-OH group 

to P-O-group. By comparison heat of formation before 

and after the proton七ransfer (data will be shown at 

chapter V) ， 工七工S 工ndicatedthat the proton transfer 

stabilized model C， with the result， Si-OH group is 

deprotonated， and adsorbed P-O-is protonated. 

The molecular orb工tal calculat工onresults are 

shown in Table 2. Calculated JH for the equation (3) 

and (4) is +27.8 and +51.5 kcal mOl-1，respectively， 

indicating that binding energy of 三 Si-O-Pis much 

stronger than that of 三 S工-O-Siin the struc七ureof 

nano-ball allophane. The equation (2) can be obtained 

by subtracting equation (4) from equation (3). The 

calculated L1 H for the equation (1) is -23 . 7 kcal mol -1. 

The negative value indicates that the equation (1)， 

replacement of weakly bonded Si wi七h P， is possible. 

4 0 



『司......-

Table 2 Calculated ~H (change in heat of formation) 

for equations (2)， (3) and (4) 

Equation ~ H (kcal mol-1) 

(2) 三Si-O-Si(OH) 3 + H2P04-→三S卜O-PO(OH)O-+ Si (OH) 4 -23. 7 

(3) 三S卜O-Si (OH) 3 + H20 →三Si-OH + Si (OH) 4 +27. 8 

(4) 三Si-O-PO(OH)0-+ H20→三Si-OH + H2P04- +51.5 
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3-3-5 Change in Allophane S七ruc七ureaf七er七heP 

Adsorp七ion

The allophane sarnples were subj ected for analysis 

with IR spectroscopy and with DTA， after七heP 

adsorption， to know possible change in their structure. 

The analys工swere carried out for the sarnples with Ca 

background solut工ons，due to七hesarnple resul ted higher 

arnount of P adsorbed，七hanthat wi七h.Na background 

solutions. X-ray diffractograrns were not shown， since 

no change was observed for the allophane sarnples before 

and after the P adsorption. 

3-3-5-1 Differen七ialThermal Ana工ysis

DTA patterns after the P adsorp七工onwere presented 

in Fig. 9 and Fig. 10， for the KyP and KnP sarnple， 

respec七ively. The patterns 七endto be sirnilar each 

other， before and after the P adsorp七工on.All of the 

patterns showed one endotherrnic peak around 90-100t 

and one exo七herrnicpeak around 900oC. However， for the 

KyP sarnples， the endotherrnic peak shifted to higher 

region， at high range of P adsorption. This rnay have 

relationship wi th surface acidi七y.Wi th increasing the 
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Fig. 9 DTA curve of the KyP sample before and after the P adsorption 

(amounts of P adsorbed are expressed in mmol kg-l) 
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Fig. 10 DTA curve of the KnP sample before and after the P adsorption 

(amounts of P adsorbed are expressed in mnlol kg-1) 
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surface acidi ty may be much more water are adsorbed as 

base on the surface of allophane， with七heresul ts the 

endothermic peak shif七edto the higher region， from 90 

七oaround 100oC. Another possibili ty is may be because 

OH content decreased due to reaction of Al-OH with 

phospha七e.However， shift in endo七hermicpeak was not 

observed for the KnP sample， may be due to less amoun七

of P adsorption， compared with the KyP sample. 

The exothermic peak was almost same for the KyP 

samples. On the other hand， change in the exothermic 

peak was clearly observed on the KnP samples. The peak 

was shifted from 902 into around 9120C. l~ay be new phase， 

mullite or another mineral was formed here. 

In all cases， exothermic or endothermic peak of 

phosphate was not observed in the DTA patterns. But from 

the above results it is concluded七hatthe phosphate 

adsorp七ionrnight influence physico-chernical 

properties of allophane. 

3-3-5-2工nfraredSpec七roscopy

Infrared spectra were shown at Fig. 11 and Fig. 

12 for KyP and KnP， respectively. 

4 5 



KyP 

∞
凶
〈

4000 3000 2000 1500 ハ
UハUハU

噌
E
E
A 500 

Wave number (cm-1) 

Fig. 11 Infrared spectra of KyP at v"arious amounts 

of P adsorbed (七hef工gureexpressed amounts of 

P adsorbed in mmolkg-1) 
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Fig. 12工nfraredspectra of KnP at v"arious amoun七S

of P adsorbed (七hef工gureexpressed amounts of 

P adsorbed in mmoll乞g-l)
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Generally， phosphate adsorption cornplexes (allophane 

wi th phospha七eadsorbed on i七sstructure) gi ve similar 

features on七heIR spectra wi七hthe allophane sarnple. 

On the other hand， Nanzyo and Watanabe (1982) found七wo

phosphate absorption bands aどound990-1200 crn-1， for 

adsorption of phosphate on geothite. Furtherrnore， 

Nanzyo (1988) also found stronger intensity of 

absorption band at 1000-1250 crn-1 with phosphated 

allophanic clay. However， in the figures difference in 

the intensi七Yof the absorp七ionbands were no七observed

clearly. 

Subtraction of the orig工nalallophane sarnples 

frorn the phosphate adsorption cornplexes (allophane 

with P adsorbed on it)， gave a broad adsorption band 

around 1100-1200 crn- 1
• Figures 13 and 14 showed those 

differen七ial spectra， for七heKyP and KnP samples， 

respectively. In the spectra， absorption bands of the 

adsorbed phosphate appear around 1120 to 1147 cm-1 and 

around 1112七o 1207 cm-1 for the KyP and KnP samples， 

respec七ively. The position of the bands varied with 

amount of P adsorbed. The absorption bands may be due 

to P-O stretching vibration of the sorbed phosphate. 
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Fig. 13 Differential infrared spectra of phosphate 

adsorbed on KyP at various amoun-ヒsof P adsorbed 

(a:845; b:869; c:6ユ7; d:608; e:296 rnrnolkg-1) 

4 9 



可~

KnP 
1 t 12.1121 

∞
伺
〈

4000 3000 2000 1500 1000 500 

Wave number (cm-1) 

Fig. 14 Differential infrared spectra of phosphate 

adsorbed on KnP atγarious amoun-ヒsof P adsorbed 

(a:651; b:594; c:532; d:457 mmolkg-1) 
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The differential IR spectra were sirnilar with七ha七

found by Nanzyo (1988)， for P sorbed on allophanic clay. 

He sugges七edthat the absorption band closed to 

noncrystalline alurninurn phosphate. 

The intensi ty of the P-O stretching bands was not 

so different arnong range of P adsorption. However at 

lower P adsorption， the band turned ou七 tosrnall 

shoulder or even disappea (Fig. 14 e) ~ The absorption 

bands of sorbed phospha七eusually appear around 

1100-1200 crn-1， which belongs 七O 七heslope of 8i-O 

stretching vibration of allophane. Therefore， at low 

range of P adsorpt工on，the sorbed P is rnuch srnaller七han

the content of s工lanolgroups (8工-OH)，so the P-O 

vibration band is too weak cornpared with the 8i-O 

S七re七chingvibration. 

3-4 Conclusions 

1. A new rnechanisrn， replacernent of weakly bonded 8i wi th 

P， is proposed for phosphate adsorption on nano-

ball shaped allophane. This is one kind of chernical 

reaction between allophane and phosphate. 

2. High concentration of phosphate in aqueous solution 
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caused part工aldissolution of chemical structure of 

allophane. The critical equilibrium phosphate 

concen七ration 工sabout 1.5 to 1.8 mM. 

3. The presence of Ca2+ ion enhanced the phosphate 

adsorption on allophane， probably by bridging effect 

of the ion between allophane and phosphate. 

4. S七ructureof allophane is not ruptured up七oini七ial

P concentration of 2 mM， at leas七provedby features 

in IR and DTA. 
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Chap七er4 CHANGE工NSURFACEAC工D工 ']~y OF ALLOPHANE 

W工THP ADSORPT工ON

4-1 工n七roduc七ion

Solid surface is known to have acidic properties， 

called surface acidity. The acidity of solid surface 

is proved by i七sability to catalyze sorne organic 

reactions such as polyrneriza七ionreaction. For exarnple， 

kaolini七ehas known to have ability to ca七alyze

polyrnerization of styrene and other monorners 

susceptible七ocationic polyrnerization (Solornonユ968;

Solornon and Murray， 1971). Attapulgite and 

rnontrnorillonite were also known to have ability as 

catalys七s (Solornon， 1968). The abili七Yis due to the 

clay rninerals act as electron acceptor. Other kind of 

clay rninerals are also known七ohave surface acidity， 

such as pyrophyllite， talc， allophane， and irnogolite 

(Solornon， 1968， Henrni and Wada， 1974; Wu e七 al.，1992;

Henrni et al.， 1997). However， there are lack in 

inforrnation concerning characteristics of the surface 

acidity in detail for七hoseclays. The inforrnation 

concerning the surface acidity of clays， is irnportan七
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to unders七andtheir surface properties. Furthermore， 

the insight can be developed and be applied for much 

purpose in agriculture， chemical engineering， or 

environmental fields. 

The acid strength of a solid is defined as abili ty 

of a surface to convert an adsorbed neutral base into 

its conjugate acid (Walling， 1970) . The acid strength 

is expressed as follow: 

Ho -logaH+fB/fBH+ 

or 

Ho pKa + log[B]/[BH+] 

Where aH+ is七heprotonactivity，[B] and [BH+] arethe 

concentration of七heneutral base and its conjugate 

acid， respectively， and fB and !BH+ are the 

corresponding activi七ycoefficients. 

The origin of acidity of solid surface consists 

of Lewis acidi ty as electron acceptor and Bronsted acid 

as proton donor. Bronsted ac工d工ty 工sdefined as the 

ability of a molecule to give up a proton (Siggel et 

al.， 1988)， while Lewis acidity is the ability of a 

molecule 七oaccept an elec七ron. Brons七edacidity 

origins from exchangeable hydrogen， water adsorbed on 
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exchangeable cations， and from dissociation of 

functional groups， while Lewis acidity origins from 

exchangeable cations on permanent negative charge and 

from unsaturated structural silicon or aluminum (Wu e七

al.， 1992). 

The acid strength and number of the surface 

acidity are influenced by relative humidity and cation 

type saturating over clay surface. For example， the 

acidity of H-allophane (hydrogen saturated allophane) 

or H-montmorillonite， is stronger than that of Ca-

montmorillonite or Ca-allophane， respectively (Henmi 

and wada， 1974). The effect of exchangeable ca七ionis 

influenced by polarization，七ha七isdetermined by ratio 

of number of charge per diame七erion， wh工chgreater that 

ratio causes stronger the acidity (Tanabe， 1970; Henmi 

and Wada，ユ974). 

Brons七edacidi ty is possibly to conver七intoLewis 

acidity， and vice versa. For example， strong acid of 

a mineral surface caused by exchangeable calcium (Lewis 

acidi七y) will change into weaker acidity (Bronsted 

acidity) if it adsorbs water. Saturation treatment with 

alkali or alkaline earth metals on a clay was known to 
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elirninate all of Bronsted acidity of 七heclay surface 

and rernain only Lewis acidity (Shephard et al.，ユ962;

Hawthorne and Solornon， 1972) . However J' a weak Bronsted 

acidity will appear again by adsorption of wa七er

rnolecule (increase in relative hurnidity) on the 

exchangeable alkali or alkaline earth rnetal ions. 

As described earlier，七heacidi ty of clay rninerals 

plays irnportant role in sorne polyrneriza七ionreactions， 

due to their ability as proton acceptor. Recently， in 

the field of agricul七ureand environmen七， attentions 

are also paid to the surface acidi七Yof clay rninerals. 

This because the surface properties of clay rninerals 

plays irnportant role in deterrnining its physico-

chernical characteristics，七hatis irnportant for its 

application in agricul ture or enγironm.en七alviews. The 

o七herreason is because all of chemicaユreactionoccurs 

at the surface of clay rninerals. It was expected that 

acid sites of sorne clay rn工neralsacted as ca七ion

exchange site in the pH range， which is norrnally found 

工n soils (Henrni and Wada， 1974). 

Allophane，七hernain clay cornponents in Andep七s，

has acidity s七rongerthan irnogoli七e，but weaker than 
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montmorillonite and kaolinite. Functional groups on 

the s七ructureof allophane， Si-OH and Al-OH， may act 

as Bronsted acid sites. The s七udyconcerning acid 

strength and acid sites of allophane has been s七udied

in七ensivelyby Henrni and Wada (ユ974). The acidity of 

allophane is also affected by kind of saturating cation 

and rela七ivehumidity. 

The acidity of allophane with low Si/Al ratio， was 

increased by adsorp七ionof orthosil工cate，due to 

enhancernent in the Bronsted acidity of the silanol 

groups on七hestructure of allophane (Henmi et al.， 

1997). The sirnilar results were also observed for 

adsorption of flourine on allophane (Henmi et al.， 

1998). On the other hand， the CEC of allophane also 

increased due to phosphate adsorption (Nanzyo， 1988) 

and flourine adsorption (Henrni et al.， 1998). Based on 

the above resul七s，it is expected that surface acidity 

of allophane can be changed by phosphate adsorption. 

The objec七ivesof the study is to know change in 

characteristics of surface acidity of allophane 

induced by P adsorption， and to elucidate its rnechanisrn. 

The results will provide inforrnation to get rnore 
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insight in the surface structure of allophane. 

4-2 Ma七erials and Me七hods

The allophane samples as described earlier， were 

used for the surface acidi七yexperiment. The samples 

were previously treated with DCB (dithionite citrate 

bicarbonate) twice， for iron removal according to Mehra 

and Jackson method (1960). The trea七mentwas purposed 

七ochange the color of samples from reddish into whi te， 

because the measurement in the surface acidity was 

j udged by naked eyes， and many ind工ca七orswi th red color 

were used. 

Phospha七eadsorp七ionwas carried ou七 asfollow. 

Aboutユ50mg of allophane sample was mixed with 2 to 

20 mL of 30 mM of NaH2P04，七henpure water was added， 

in order to fill up until 300 mL・Themixtures gave a 

series of suspension with initial P concentration 

ranged from 0.2 to 2 mM. The m工xtureswere shaken for 

20 h， 七henwere centrifuged. Separated clay samples 

were washed once wi th water七henwere dried in air. The 

superna七antwas analyzed for P with ascorbic acid 

method as described earlier. Part of clay samples (wi th 
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and withou七Padsorption) were treated wi th H+ saturated 

resin in order to exchange Na into H saturation， then 

were followed by washing with pure water， to remove 

excess of H¥All of the samples were heated at 105 G 

for 6 h， then were equilibrated under various relative 

humidity (RH) sets. To give desired a relative humidity， 

saturated sal七ssolution was put in a des工ccator，七hen

was kept to s七andit for several hours. For example， 

sodium carboxylate (CH3COONa. 3H20) sa-ヒura七edsolution 

gives relative humidity of 76毛.

Acid strength was measured for each sample a七

various RH sets and after heating atユ05oC according 

to the method of Walling (1950) and Benesi (1956). The 

acid streng七h of the samples was estimated from the 

color of Hammet indica七ors(Ho) having known pKa. Table 

3 shows the indicator used for the surface acidity 

measuremen七. The concentrat工onof each工nd工catorwas 

l宅， dissolved in benzene solution. The acidity (Ho) was 

expressed wi th ord工narynumber from rank 1 to rank VI， 

as shown in table 4. 

After equil工bratingsamples under various RHs， 

about two drops indicator solution was added七othe 
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Table 3 List of Hammet indicators used for the surface 

acidity measurement 

Indicator Color 

Basic 

4'一Dimethylaminoazobenzene一 Yellow 

2-carboxylic acid (Methyl red) 

4-Phenylazo-1-naphthylamine Yellow 

(Naphthyl red) 

N，N-Dimethyl-4-(phenylazo)一 Yellow 

Benzenamine (Butter yellow) 

2-Methyl-4-[(2-methylphenyl)-azoJ Yellow 

benzenamine (o-aminoazotoluene) 

4-Phenylazodiphenylamine Yellow 

(4-Benzenazodiphenylamine) 

1 ，9-Diphenyl-1 ，3，6，8-nonatetraene- Yellow 

5-one (Dicinnamalacetone) 

Acidic 

Red 

Purple 

Red 

Red 

Purple 

Red 

1，3-Diphenyl-2-propene-1-one 

(Benzalacetophenone) 

Colorless Yellow 

pKa H.，so.a) 2""'''''4 

(wt弘)

5.0 

4.0 5X10-5 

3.3 3X10-4 

2.0 5X10-3 

1.5 2X10-2 

-3.0 48 

-5.6 71 

a) Su!えJricacid concentration corresponding to the mid-point of each of the acid base 

transition 
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Table 4 Ordinary numbers七oexpress Ho values 

Rank Ho 

工 +5.0 ~ +4.0 

11 +4.0 '" +3.3 

111 +3.3 '" +2.0 

1V +2.0 ~ -1.5 

V -1.5 '" -3.0 

V1 -3.0 '" -5.6 
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samp1es， then the co1or change was j udged by naked eyes . 

For examp1e， a samp1e that gave a red co1oration with 

butter ye11ow， but was ye110w with o-aminoazoto1uene， 

was es七ima七edto have acid strength， Ho =3.3"'2 or rank 

I工1. For compar工son，acid strength was a1so measured 

for the mixture of a1umina wi七hNaH2P04 and/or H3P04， 

that was equi1ibrated under various RH sets with the 

same manner. 

The some heated samp1es were subjected for 

measuremen七 W工七h 工nfraredspec七roscopy，七oobserve 

possib1e change 工nthe structure of a11ophane. 

4-3 Resu工七sand discussion 

4-3-1 Samples wi七h Sodium Sa七ura七ion

Tab1e 5 gives measured acエd strength of the 

a110phane samp1es before and after the P adsorption， 

for the sodium saturated samp1e (Na-type). Genera11y 

the acid strength of samp1e with high Si/A1 ratio (KnP) 

lS S七rongerthan七ha七ofthe 10w ratio ones (KyP)， under 

RH of 31老andafter heating a七100oC. This resu1 t agrees 

we11 wi th investiga七工onreported before (Henmi and Wada， 

ユ97 4; H e nm i e t a 11， 1 9 9 7) . H e r e， rくnPhas greater ratio 
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Table 5 Measured acid strength (Ho) of the sample before 

and after the P adsorption (Na-type) 

Sample RH (%) after heating 

100 76 31 at 105
0C 

KyP (without P) II II III 

P=142mrnolkg-1(*) II III III V 

P= 190mrnollくg-l II III III V 

P=304rnrnolkg-1 II III III V 

P=399rnrnolkg-1 II III れ/ V 

P=420mrnollくg-l II III れ/ V 

KnP (without P) II II IV 

P=130rnrnolkg-1 II III IV V 

P=200rnrnolkg-1 II III V V 

P=275mrnolkg-1 II III V V 

P=302rnrnollくg-l II III V V 

Al203 

A1203 + NaH2P04(1) II II II II 

A1
2
0
3 
+ NaH

2
P0
4
(2) II II II II 

(*J The above data indicated arnount of P adsorbed 

ωand (2) indicated rnixture of Al203 with NaH2P04 of 300 and 420 mrnol kg-
1， 

respectively 
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of Si/Al than the KyP has， so the KnP sample can be 

assumed as S工04 tetrahedra adsorption product of KyP. 

The stronger acidity of the KnP sample may be due七o

enhancement 工nBronsted acidity on silanol group， 

caused by 七headsorp七工onof Si04 ¥tetrahedra on i ts 

struc七ur e ， a s r e p 0 r t e d b Y H e nmi e t a 1. ( 1 9 97) . 

For all cases，七heacid strength of both allophane 

samples increased with decreasing RH. This means tha七

七heacid strength of the samples was strongly affected 

by water adsorbed on mineral surfaces， RH. These 

results agree well w工ththe observations reported 

before， either for allophane or for 0七herclay minerals 

(Mortland and Raman， 1968; Frenkel， 1974; Henmi and 

Wada， 19745， Wu et al.， 1992). At RH of 100宅， the acid 

strength of KyP and KnP was the lowest ones and was same 

each other， wi七hrank of 1. This may be because at七ha七

condition， water molecules occupied a large parts of 

the clay surfaces， with the result on.ly weakly Bronsted 

acid developing on the工rsurface. 

Both samples showed工ncreasein the acid strength 

after the P adsorpt工on，under all of the RH sets observed. 

However， degree of increment was not so different each 
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other， among var工ousamounts of P adsorbed. 1n case of 

KyP，七hedegree of increment was same among various 

amount of P adsorbed， unti1七heP adsorbed of 304 mmo1 

kg- 1
• The acid strength increased from rank 1 in七orank 

11 under RH of 100宅 andfrom rank 1I七o1工1under RHs 

of 76 and 31宅. However， at the range of P adsorbed of 

399 mmo1 kgーユ and more， the degree of strengthening is 

greater a七七heRH of 31老， with the acid strength 

increased from rank 11 to 1V. The strongest acidi ty was 

found at RH"'O宅(a f t e r h e a t i n g a t 105 OC). T h e Ho va 1 u e 

was fa1l into rank V， which was same for the a1l-various 

amoun七sof P adsorbed， for both KyP and KnP samp1es. 

The same degree of strengthening may be because 七he

samples 10ss a1most a11 of water adsorbed on the surface 

of a1lophane， so as the acid strength is on1y determined 

by exchangeable Na (Si-ONa or P-ONa) and hydroxy1 on 

the si1ano1 (Si-OH) and a1umino1 (Al-OH2+) groups. 

For KnP wi七hP adsorption of 130 mmo1 kg-1 the acid 

strength increased from rank 1七o11， from 11 to 111， 

from 11 to 1V， and from 1V to V， under RHs of 100， 76， 

31， and "'0宅， respectively. Furthermore， the degree of 

streng七heningwas greater at the higher regユon，at the 
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range P adsorption of 200 rnmol kg-1 and more， but only 

a七七heRH of 31老， and no variation wi th the Ho values 

wi th increasing amount of P adsorbed. The Ho increased 

from rank 1工工 toV， as s七rongas wi th that was observed 

at RH"'O宅.

Fur七hermore，the ac工dstreng七hof alumina powder 

increased from rank 1七o11， after mixed wi七hNaH2P04， 

at RH"'O毛 (afterheating a七 100OC). However， washing 

treatment to the mixture of alumina Yllith NaH2P04 caused 

decrease 工n its surface acidity. This means only 

"physical adsorption" occurred in alumina， leading to 

the implication that the acidity (rank 11) is 七he

acidi ty of NaH2P04 i七self.As shown a七七hetable 5，七he

acidity of七heP adsorp七ioncomplexes (samples七hatare 

adsorbed P) are stronger than that of the mixture of 

alumina powder with NaH2P04， for all cases， indicating 

tha七七heacidi ty of phosphated sample is stronger than 

the acidi七Yof phosphate (NaH2P04) itself. 

As described in the introduction， the surface of 

soils or clay minerals are known to have two kinds of 

acidity， namely Bronsted acidity and Lewis Acidity. 

Bronsted acid origins from protons (H+) on permanent 
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negative charge， water rnolecules coordina七edto 

exchangeable ca七工ons，and hydroxyl groups at crystal 

edges or funct工onalgroups， while Lewis acid arises 

frorn coordination unsatura七edstructural Al or Si and 

frorn exchangeable cations (Wu et al.，ユ992). 

工nthis experirnen七alda七a (Table 5) probably the 

acidity of sarnples origins frorn wa"ヒerrnolecules 

coordinated七oexchangeable Na+ (at higher RH)， 

hydroxyl groups frorn silanol and alurninol on the 

allophane structure， and frorn exchangeable Na+ (at 

lower RH) . The七woforrner are Bronsted acidi ty， and the 

last one is Lewis acidity. Origin of acidity of 

allophane could be scherned， as shown at table 6a and 

6b. 

In this experirnental condition，七hestrong Lewis 

acidity due to coordination unsatura七edstructural Al 

or Si rnay not exis七.That acidity arises when allophane 

10ss sorne hydroxy1 groups. The reason for absence of 

above strong ac工dity工S 七hatthe sarnples were only 

heated up to 105 t， whereas dehydroxylation of 

allophane occurs at ternperature of 300 oC or rnore (Henrni 

and Wada，ユ974). Observation by infrared spectroscopy 
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Table 6a Poss工bleor工ginof surface ac工d工tyof allophane samples， 

before P adsorption 

Source of Acidity Relatively acid 

acidity type strength 

1 Functional groups 

Si-OH → Si -0- + H+ Bronsted Medi umrv strong 

AI-OH2+→ AI-OH + H+ Bronsted Mediumrvstrong 

2 Water on exchangeable Bronsted Weak 

Sodium at Si-ONa or AI-ONa 

3 Exchangeable sodium Lewis Mediumrvstrong 

(Si-ONa or AI-ONa) 

INa? 聞 3

4 Coordination unsaturated Lewis Very strong 

Aluminum/silicon 

O-O ¥A/lμF O 〆__:NH3 

O 
/¥ 
'0 
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Table 6b Possible origin of surface acidity of allophane 

samples after the P adsorption 

Source 

acidity 
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Fig. 15 Diffuse reflec七anceIR spectra of the allophane 

sarnples before and after heating treatrnent at 

1050C 
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also indicates七hatno change in the structure of 

allophane after heating at 105 t (Fig. 15). The 

infrared spectra showed that intensity of almost all 

七hebands are lowered after the heating treatment. This 

may be七ha七七heallophane lost some wa七eradsorbed on 

its s七ructure.However， the samples would
o 

adsorb water 

again after keeping them under various relative 

humidity sets. From the above discussions， the 

strengthening of the acidi ty after the P adsorption may 

develop from both Bronsted and Lewis acidities， 

depending on七herelat工vehumid工七y. It is possible 七o

discuss七hedetailed mechanism by means of molecular 

orbital analysis. Here， the Bronsted acid工tyof a solid 

becomes a basic theory (Siegel et al.， 1988) . Trea七men七

of proton exchange to the samples (H+ saturation) is 

expec七edto remove the entire Lewis site， and remain 

Bronsted site only， so as the discussion could be held 

based on molecular orbital calculation. 

4-3-2 Samples wi七h H Sa七ura七ion

Table 7 shows measured ac工d strength of the 

samples after the adsorption followed by H+ saturation. 
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Table 7 Measured acid strength of the allophane samples 

after P adsorption followed by H+ saturation 

Sample RH (出) After heating 

100 76 31 at 100
0C 

H-KyP 11 111 V 

P=190 mmol kg-1 11 111 1V V 

P二304mmol kg-1 11 111 1V V 

P=399 mmol kg-1 11 111 V V 

P=420 mmol kg-1 11 111 V V 

H-KnP 11 111 V V 

P=130 mmol kg-1 11 111 V V 

P=200 mmol kg-1 11 111 V V 

P=275 mmol kg-1 111 V V1 V1 

P二302mmol kg-1 111 V V1 V1 

P=365 mmol kg-1 111 V V1 V1 

A1203 I I 11 

A1203 + H3P04 (1) 2V3 ' "3 11 11 11 111 

A1
2
0
3 
+ H
3
P0
4 
(2) 

2V3 "3 11 11 11 111 

(*) The above data indicated amount of P adsorbed 

(1) and (2) indicated mixture of A1203 with H3P04 of 300 and 420 mmol kg-1， respectively 
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For both samples the acid strength increased with H+ 

saturation treatment， especially at lower RH sets. The 

acid strength of H+ saturated KnP sarnples are stronger 

than that of KyP samples， except that under RH"'O宅， the 

acid strength was same each other. Possible origins of 

acidity of the original samples are water adsorbed on 

the allophane surface， and hydroxyl of the silanol 

groups. 

The acid strength is tend七obe stronger for七he

samples after the P adsorp七ion，compared w工七h七hatfor 

original samples with H+ saturation， observed for the 

both samples. The acid strength of KyP sample increased 

from rank 1 to rank 11， from rank 11 to 111， and from 

111 to 1V， under RHs of 100， 76， and 31宅， respecti vely， 

over the range of P adsorption up to 304 mmol kg- 1
• 

However， the acid strength did not increase， and still 

kep七 atrank V for the heated sample (RH"'O毛)， over the 

entire range amount of the P adsorp-ヒion.At higher P 

adsorption (399 mmol kg-1 and more) 七hedegree of 

increment was greater under RH of 31毛.The Ho increased 

from rank 111 to V， as strong as that under RH"'O毛.

1n case of KnP sample， the acid strength did not 
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increase at the low P adsorption range (130 and 200 rnrnol 

kg-1) ， for the all of RHs observed. At range P adsorption 

of 275 rnrnol kg-1 and more， the acid strength increased， 

under all of RH sets. The degree of increment was same 

each other， over range of various amount of P adsorbed 

(275 rnrnol kg-1 and more). The acid strength， Ho values 

increased from rank 11 to 111， and from 111 to V， under 

the RHs ofユ00and 76毛， respectively. At the lower RHs 

( 31も andafter heating at 100 t)，七heacid strength 

increased from rank V 七orank V1. 

Furthermore， the acid strength was also stronger 

for allophane samples after the P adsorption and 

followed by H+ saturation than the acid strength of the 

mixture of alumina powder wi七hH3P04・Howeverwashing 

treatment to those mixtures decreased their acidity. 

This means七hatthe H3P04 was only adsorbed physically 

on the alumina powder， leading to conclusion that the 

acid strength of the phosphate adsorp七ioncomplexes was 

S七rongerthan that of phosphoric acid itself. 

1n those cases， the ac工d工typrobably develop from 

water adsorbed on surface of allophane and from 

hydroxyl groups (Si-OH， P-OH， or AI-OH2+)， for all of 
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七hesamples， because they were saturated with proton. 

Both types are Bronsted acidity，七hereforethe 

discussion could be proceeded to the molecular orbi tal 

analysis. As mentioned above， the analysis is only 

suitable for the Bronsted acidity. 

Two possibilities are proposed for mechanism of 

the strengthening in the acidity caused by the P 

adsorp七ionon allophane. First， the (:;nhancement in the 

acidity came from the P-OH groups， newly formed on 

allophane after the P adsorption. Second， the 

enhancement is due to increase in dissociation of 

proton from the silanol groups on the structure of 

allophane， due to the P adsorption. Molecular orbital 

calculation was carried out to elucidate which is the 

mechanism occurred. 

4-3-3 Analysis by Mo工ecu工arOrbi七alMe七hod

The acidity of a molecule can be estimated from 

the difference between energy of anion and that of 

neutral molecule (Siggel and Thomas， 1986)， expressed 

as follow: 

A Ea - Em (5 ) 
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where A is acidity of a molecule in gas phase， Ea is 

the total energy of anion， and Em is total energy of 

neutral molecule. Based on that theory， the anion and 

molecule could be represented by dissociated and 

undissociated forms， respectively for the Bronsted 

acidity of a molecule. 

Generally， Bronsted acidity is estimated by pKa 

value or ~G (free energy change) of reac七ion (Siggel 

et al ・F ユ988). The ~G can be approximated by delta H 

(~H) ， the difference in heat of formation (H) between 

the products and reactants (~H = Hproducts -Hreactants) . 

The dissociation reaction is expressed as follow: 

RH ー-+ R- + H+ ( 6 ) 

The principle of calculation is， when comparing 

reac七ionsof two similar compounds， RH (1) and RH (11)， 

we only need to calculate H of dissociated and 

undissociate forms. 

RH(工)

RH(工工)

→ R-(工) + H+ 

→ R-(工工) + H+ 

Lower ~ H of a reaction indicates stronger in the 

Bronsted acidity. 
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The calculation was done wi th MOPAC program， wi七h

semi-empirical MNDO-PM3 basis set (Stewart， 1989) 

which is incorporated in CAChe sysヒemfor Windows 

(CAChe Sc工entificInc.， Sony Tek七ronixCorporation) . 

The basis se七 providesclosest results with the 

experimental condition. 

For the molecular orbital calculation， cluster 

models for allophane were built up with Al normal 

octahedra and Si tetrahedra by using bond distances of 

Al -0 = O. 1 912 nm， S i -0 = O. 1 618 nm a n d 0 -H = O. 0 94 4 nm. 

Figureユ6gives model clusters for the calculation. The 

clusters cons工stedof six Al atoms， one S工 atoms，and 

several 0 and H atoms. Model A simulates model cluster 

of the original allophane. Model B simulates allophane 

with phosphate adsorbed on its structure (phosphate 

adsorption complex) . On the model B， two-H atoms bonded 

to the Al (Al-OH) were removed and were replaced with 

one phosphate anion (H2P04-). Model C is s工m工larto the 

model B， but the dissociation sites are different each 

other. Model D describes phosphoric acid. 

Protons numbered from 1 to 4 simulate proton to 

dissociate. Proton No. 1 represents proton of the 
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orbital calculation for the surface acidi七y
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Silanol group of from the original allophane. Proton 

no. 2 simulates proton of silanol group from the P 

adsorption complex. Protons No. 3 and No. 4 simulate 

protons from phosphate adsorbed on allophane (-P-OH)， 

and from phosphoric acid， respectively. Calculation 

results were shown in Table 8. 

Table 8 Calculated heat of formation (H) of some 

dissociate and undissociate molecules 

H(R-S i 0-) * H (R-SiOH)林 L1H 

Model 一一一一一一一一一 kcal mol-1 一一一一一一一

A -1576.82 -1606.24 +29.42 

B -1718.93 -1736.95 +18.02 

c -1717.64 -1736.95 +19.31 

D -286.52 -259.30 -27.22 

* and 料 representdissociated and un-dissociated forms， respectively 

The calculation results indicate that ~H of 

dissociation of proton No. 2 is lower than that of proton 

No. 1. This means that Bronsted acidity of silanol 

groups of the P adsorpt工oncomplex is greater than that 
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of original allophane. This may be because phosphate 

adsorbed cause enhancement Bronsted acidity of the 

silanol groups in the structure of allophane. 

Furthermore， the ~H of dissociation proton No. 3 is 

smaller than that of proton No. 4. This means that the 

acidi ty of phosphoric acid is lowered after adsorption 

on the structure of allophane. From the above 

calculation results it is concluded that the 

strengthening in ac工dityis not due to dissociation of 

phosphate adsorbed on allophane (P-OH)， but due to 

dissociation of silanol group， caused by enhancement 

its Bronsted acidity after the P adsorption. 

Henmi et al. (1997) found enhancement in acid 

strength of allophane by orthosilicic acid adsorption. 

They suggested that the enhancement o:f Bronsted acidi ty 

of silanol groups occurred due to in-ヒeractionbetween 

O-H of the newly formed silanol group with nearby O-H 

of silanol groups， with the resul七 thenearby silanol 

group underwent enhancement in the Bronsted acidity， 

then deprotonation occurred. Based on the above finding， 

the interaction may also occur between P-OH group and 

Si-OH group七oaccelerate d工ssoc工ationof proton from 
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silanol group (de-protonation). The possible 

interaction is shown in Fig. 17. Model E describes 

interaction between P-OH and Si-OH attached to the 

gibbsi七e shee七 (monomeric Si04 te七工、ahedra). Model F 

describes interaction between P-OH and weakly bonded 

Si-OH (polymeric Si04 tetrahedra). On the model E， 

proton No. 5 is located close to oxygen atom No. 7， so 

they interact each other， with the result proton No. 

8 (with triangle mark) is released (deprotonation). 

Similar explanation holds for the model F.工nteraction

may occur between proton No. 5 and oxygen atom No. 9， 

with the result proton No. 10 is released. 

The dissocia七ionof silanol group due to P 

adsorption not only increase the acid strength， but 

also prov工denew negative charge for cation exchange 

capacity (CEC) sites on the surface of allophane， 

because the main negat工vesites of allophane is 七he

silanol groups. The increase 工n the nega七ivecharge 

caused by P adsorption was also observed in this study， 

and will be described in the next chapter. 
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Fig. 17 Scheme of interaction between Si-OH and P-OH 
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4-4 Conc工usions

1 Phosphate adsorption causes enhancernent in the 

surface acidity of allophane. 

2 The enhancernent is not caused by dissociation of P-OH 

newly forrned on the allophane-phosphate adsorption 

cornplex， bu七 dueto strengthening in the Brons七ed

acidity of the silanol groups nearby phosphate 

adsorption cornplex， as shown by molecular orbital 

analysis. 

3 Interaction be七weenP-OH and Si-OH 11lay occur in order 

to accelerate dissociation of proton release frorn 

silanol groups. 

4 The increase in the Bronsted acidi ty of Si-OH groups 

induced by the P adsorption will also increase 

negative charge for cation exchange capacity (CEC) 

sites of allophane. 
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Chap七er5 CHANGE工N SURFACE CHARGE W工THP 

ADSORPT工ONON ALLOI?HANE 

5-1工n七roduc七ion

There have been many studies showing increase in 

negative charge and/or decrease in positive charge of 

soils and clay minerals after phosphate application 

(Schalscha et al.， 1974; Sawhney， 1974; Rajan， 1976; 

Naidu e七al.，1990). The simplest explanation for七his

phenornenon工sthat the negative charge of the phosphate 

anion (H2 P04 -or HP042一)was added to the soil rnaterials 

and clay rn工nerals 七hroughadsorption. The negative 

charge add工tionis rernarkable for such as Fe-and Al-

hydroxyoxides， volcanic ash soils， or allophanic clays， 

because they have large capacities for phosphate 

adsorption (Mekaru and Uehara， 1972; Nanzyo， 1988; 

Matar et al.， 1992). 

During the phosphate adsorption， increases in 

solution pH were also observed under conditions where 

all or part of the phosphate existed as anion species 

(Rajan， 1976; Gunjigake and Wada， 1981; Nanzyo， 1995). 

The increase in pH is due to condensation reaction 
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between Al(Fe)-OH groups of clays and P-O-groups of 

the phosphate an工on，which results in forrnation of 

Al ( Fe ) -0-P bond工ngand release of OH-七osolution phase. 

Frorn charge balance requirernent，七hearnoun七ofnegative 

charge brought by the adsorbed phosphate should be 

equal to the surn of observed negati ve charge increase， 

positive charge decrease， and final OH-released. 

The observed change in surface charges， however， 

includes the effect of increase in solution pH， because 

surface charges of rnos七 soilsand clay rninerals are 

variable in nature. For exarnple， addi七ionof NaOH 

solution to a soil or clay suspension will result in 

increase in negative charge， decrease in positive 

charge， and increase in suspension pH. In this case， 

variable charge characteristics of the soil or clay 

rernains unchanged， and negative (positive) charge 

values after the NaOH addition will locate just on the 

pH vs. negative (positive) charge curves of the 

original sarnple. The addition of NaOH increased 

negati ve charge and decreased posi ti ve charge， but七he

charge characteristics of the sarnple did not change. 

Therefore， in estirnating the effect of phosphate 
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adsorption on the charge characteristics of soils and 

clay minerals， change in the amounts of surface charges 

due七opH increase after the adsorption， must be taken 

into account. In this study， we determined net effect 

of phosphate adsorption on the charge characteristics 

of allophane by comparing pH vs. charge curves between 

original and phosphated allophane sarnples under a same 

solution pH. 

Allophane was selected as phosphate adsorbent 

because it has high capacity for phosphate adsorption 

and is one of the maj or components in clay of volcanic 

ash soils such as Andepts. As mentioned above， 

Allophane is composed of gibbsite sheet with Si04 

七etrahedraattached to it (Fig. 1)， and has hollow 

spherical morphology locating the S工04 tetrahedra 

inside of the sphere (Parfitt and Henmi， 1980). Wall 

of the hollow sphere， nano-ball， has some holes 

(defects) resul ting in Al-OH and Al-OH2 groups exposed 

(Paterson， 1977; Wada and Wada， 1977). The main 

phosphate adsorption si七eand variable positive charge 

site are the aluminol groups. The variable negative 

charge site is silanol (Si-OH) group of the Si04 
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tetrahedra (Harada and Wada， 1973; Wada， 1989)， and 

some of the Si04 tetrahedra act as phosphate adsorption 

Sl七e (Johan et al.， 1997). 

An assumption was taken that， with phosphate 

adsorp七ion，the allophane was converted to new compound， 

allophane-phosphate adsorption complex. Under the 

assumption， discussion was held on七hereason for the 

difference in charge characteristics between allophane 

and the complex，七ogetherwith phosphate adsorption 

mechanism， using the detailed chemical structure of 

nano-ball allophane. 

5-2 Ma七erialsand Me七hods

The allophane samples <0.2μm) described above 

(KyP and Knp) were used for the experiment. The sample 

suspensions were previously equilibrated in 10 mM NaCl. 

Phosphate adsorption experiments and determination of 

positive and negative charges of the allophane samples 

were carried out in NaCl background solution. For 

phosphate adsorption exper工ment，25 mL of up to 4 mM 

NaH2P04 solu七ionwas added to 5 mL of sample suspension 

containing 50 mg of allophane， in a 50 mL polypropylene 
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centrifuge tube of known weigh七， and shaken for 24 h. 

Tota1 Na concentration of the NaH2P04 solutions were 

adjusted at 10 mM by adding NaC1. The phosphate 

adsorp七ionexperiments were carried out at differen七

ini tia1 pHs: pH va1ues of the a110phane suspension and 

NaH2P04 solution were adjusted at a same va1ue before 

mixing by adding HC1 or NaOH solution. After shaking 

for 24 h， the suspension was centrifuged and the 

supernatant was ana1yzed for P by ascorbic acid me七hod

(Murphy and Ri1ey， 1962)， for Na by atomic adsorp七ion

spectrophotometry， for C1 by mercury (11) thiocyanate 

method (Huang and Johns， 1966) ， and for pH wi th pH meter. 

The equi1ibrium pH of the b1ank run (P concentration 

is 0) was considered as the ini tia1 pH before phosphate 

adsorption for each series. Par七ofthe supernatant was 

titrated with HC1 solution from fina1 to initia1 pH to 

determine the amoun七 offina1 OH-re1ease. After 

decanting the supernatan七， weight of the centrifuge 

tube p1us residue was measured to know七hevo1ume of 

entrained solution. The residue was washed with 30 m1 

of 1 M NH4N03 three times and the amoun七sof extracted 

Na and C1 were measured. The amounts of both negative 
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and posi ti ve charges of sample were determined from the 

amounts of Na+ and Cl-re七ainedat equilibrium: 

ex七ractedNa or Cl withユMNH4N03 minus those in the 

entrained solution. 

5-3 Resul七sand Discussion 

5-3-1 Ne七 Effec七 ofPhospha七eAdsorp七ionon Charges 

Charge characteristics of original samples in 10 

mM NaCl are shown as circle symbols and solid lines in 

Fig. 18a and 18b for KyP and KnP， respecti vely， in which 

the amounts of negative and positive charges， Na+ and 

Cl-re七ained，are plotted against equilibrium pH. Under 

such condition， it is known that the amounts of both 

Na+ and Cl-retained are determined by equilibrium pH 

(Wada， 1983) . Each series of experimental points in Fig. 

18 fitted to a curve， indicating unequivocal 

relationship between the amounts of negative and 

positive charges and equilibrium pH ・，With increasing 

equilibrium pH， the amoun七ofnegati ve charge increases， 

whereas七hatof posi七ive charge decreases for both the 

samples. Under pHs of about between 4 and 7， the two 

allophane samples have both negative and positive 
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charges， because main negative and positive charge 

sites (Si-O-and Al-OH2+) are separated each other in 

七he structure of allophane (Fig. 1). This charge 

character工stics is different from those of other 

variable charge minerals such as gibbsite and goethite， 

which hardly possess both negati ve and posi ti ve charges 

simultaneously (Parfitt， 1980). 

At a same equilibr工umpH， KnP sample with higher 

Si/Al ratio has greater negative charge than KyP sample 

has (Fig.ユ8aand 18b) . The greater negative charge of 

the KnP come from the existence of accessory， polymeric 

Si04 七etrahedrawhich cause increase in λ~a value of 

Si-OH group in the allophane structure (Matsue and 

Henmi， 1993; Henmi et al.， 1997). The fundamen七al

structure of allophane is七hatwith Si/Al ratio of 0.5， 

and additional accessory Si04 tetrahedra increase the 

ra七io (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 Si04 tetrahedron 

adsorption produc七 ofallophane wi th low Si/Al ra七io，

such as the KyP sample， and that the adsorbed Si04 

tetrahedra caused an increase in the a:moun七ofnegative 
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charge. Lower posi ti ve charge of KnP than KyP at a same 

equilibrium pH is mainly due to its lower aluminol 

groups conten七 per un工七 mass: the amount of aluminol 

groups per un工tmass decreases with increasing Si/Al 

ratio of allophane (Son et al. ，ユ998).. Steric hindrance 

effect by the polymeric Si04 tetrahedra on the aluminol 

groups at the pore region may partly accoun七 forthe 

lower positive charge of the KnP sample. 

Charge characteristics of the two allophane 

samples after the phosphate adsorption are shown in Fig. 

18a and 18b as triangle symbols. The phosphated KyP and 

KnP samples retained 25 and 20 cmol kg-1 of P， 

respectively， over the pH range examined. The 

concentra七工onof added NaH2P04 solution was adjusted 

so as to give desired phosphate retention value at 

equilibrium. Since maximum phosphate adsorption of the 

samples at about pH 6 in 10 mM NaCl were 55 and 45 cmol 

kg-1 for KyP and KnP samples， respectively (Johan et 

al.， 1997)， the phosphate retention value for KnP was 

adj usted smaller than that for KyP sample. Broken lines 

in Fig. 18a and 18b工ndicatechanges in the amoun七sof 

charges and solut工onpH w工ththe adsorption. 1n all 
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cases， pH of the supernatant solution increased with 

the phosphate adsorption， indicating OH-release with 

the adsorption. 

Figs. 18a and 18b show七hat，with the phosphate 

adsorption， both the negative and positive charge 

characteristics changed from七hoseof the each original 

samples: nega七ivecharge increased， and positive 

charge decreased. Because the solution pH increased 

with the adsorption， observed changes in negative and 

positive charges， difference in charges of allophane 

before and after the phosphate adsorption， are not the 

net change due to the adsorbed phosphate. Figure 19 

shows schematic relationships among the observed 

change， the change due to pH increase and the net change 

in surface negative and positive charges. The net 

effect of the phosphate adsorption on the amount of 

negative charge was positive， and that on positive 

charge was negati ve. Adsorption of a negati vely charged 

substance does no七 necessarilyincrease the negative 

charge for an adsorbent. In case of B (' OH) 4 -adsorption 

on the KyP sample， negative charge value of B(OH)4-

adsorbed sample located below the curve of the original 
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sample in the plot same as Fig. 19 (will be published 

elsewhere). This indicates tha七 neteffect of the 

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

negative charge of the KyP sample. 

As described above， original KnP sample can be 

regarded as Si04 te七rahedraadsorption product of 

original KyP sample: the adsorbed Si04 tetrahedra 

caused increase in the amount of negative charge. The 

same relationship between KyP and KnP also holds 

between original and phosphated allophane samples， in 

which adsorbed phosphate increased negative charge 

characteristics of the original allophane samples. Fig. 

20 summarizes pH vs. negative charge curves of KyP and 

KnP samples wi th and wi thout phosphate adsorption. The 

figure indicates modification of negative charge 

characteristics of allophane samples by adsorption of 

Si04 tetrahedra and/or phosphate. Similar relationship 

also holds for pH vs. positive charge curves. Fig. 20 

also indicates that imogolite (KiG)， tubular morphology 

wi七hthe same chemical compos工七工onand local structure 

as the fundamental allophane (Si/Al=0.5)， has less 

negative charge than the KyP sample with Si/Al=0.67. 
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3 5 7 9 

Eqilibrium pH 

Fig. 20 Surnmary of pH vs. negati ve charge curves of KyP and 

KnP samples w工thand w工thoutP adsorption. KiG: 

imogolite sample with Si/Al=O.5 
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Other study also found that negative (ごhargeand surface 

acidity of allophane increased with fluoride ion 

adsorption (Henrni et al.， 1998) . These observations for 

phosphate， fluoride ion， and B (OH) 4 -ions indicate that 

surface charge characteristics of allophane can be 

rnodified by adsorption of sorne chernical species which 

are adsorbed on allophane especially through ligand 

exchange reaction. The allophane with such adsorbate 

can be assurned as a new cornpound derived frorn adsorption 

reaction， allophane-adsorbate cornplex， and it is 

reasonable that the cornplex has different negative and 

positive charge charac七eristics frorn七heoriginal 

allophane. 

5-3-2 New Proposal for Adsorp七ionScheme 

The new cornpound， allophane-phosphate adsorption 

cornplex， had h工ghernegati ve and lower posユt工vecharges 

cornpared to original allophane. The explanation of the 

difference in surface charge characteristics between 

the two is as follow， in relation with new adsorption 

scherne and detailed chernical structure of allophane 

(Fig. ユ).At first， 工七工sassurned tha七 oneOH-is 
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ini tially released wi th adsorption of one H2P04 -anion. 

The assurnption is valid， and the reasons for the 

validity are given below. 

Possible adsorption si tes for the H2P04 -anion are 

AI-OH and AI-OH2 groups located at the pore region of 

allophane (Fig.ユ)，and adsorption on AI-OH2+ group 

also occur under lower pH region. Allophane sarnples 

containrnore than 200 crnol kg-1 of these alurninol groups， 

and the arnount is rnuch greater than that of the adsorbed 

phosphate. Arnong the alurninol groups， it is supposed 

that the H2P04-anion reacts only wi七hAI-OH group. 

Reaction forrnulae for rnononuclear and binuclear 

bondings are wri tten as follows by ignoring Na+ and Cl-

for sirnplification. 

AI-OH2 AI-OH2 

OH 
I o Of H 

一o-OιH。 AI-O-P.=O AI-OH + ーー+ 4国 OH- ( 7 ) 

OH 

Si-OH Si-OH 
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AI-OH2 今I-OH2

AI-OH -0¥〆.0 
AIーOP¥ グ10 。l¥  

+ ー--l砂

AIーO/'¥OH
+ H20 + OH- ( 8 ) 

HO/¥ OH AI-OH 

Si-OH Si-OH 

In the equations， 七hetop Al-OH2 and the bottom Si-

OH represent those near phosphate adsorption si te. Eqs. 

(7) and (8) indicate七hatone OH-is released with one 

H2P04-adsorption. On adsorption of one HP042-anion 

at higher pH region， two OH-are released. The 

supposi tion that phosphate anion reacts only wi th Al-OH 

group is not realistic， since Al-OH2 and Al-OH2+ groups 

are also able to react with the phosphate. Reactions 

with Al-OH2 and Al-OH2+ groups by mononuclear bonding 

are given below. 

AI-OH ( A IーOH

OH OH 

AI-OH2 + 一o-1=o ーー+ A トO-~=O I 4・ H20 ( 9 ) 

OH OH 

Si-OH Si-OH 
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AI-OH AI-OH 

OH 

AI-O-P=O AI一OH2+ + -O-p=O ーー+ + H20 ( 10) 
1 

OH OH 

Si-OH Si-OH 

Eqs. (9) and (10) indicate no release of OH-with the 

adsorption. However， if we consider further reactions 

for Eqs. [9] and [10]， following forrnulae are wr i t ten. 

AI-OH AI-OH2 

OH 

AI-O-P=O + H20 ーー+ A|-O-P0 =0 + OH- (11 ) 

OH OH 

Si-OH Si-OH 

AI-OH AI-OH2 

OH 
A1|一O-012H0 ベ|吋=0 + H20 ー一揖 + OH- ( 12 ) 

OH OH 

Si-OH Si-OH 
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can we so， equilibri.um， 工nare ( 12 ) and ( 11 ) Eqs. 

of side right-hand the 工Sstate initial that consider 

and ( 11 ) and the right-hand sid.e of Eqs. 七heequations， 

Same discussions ( 7) . of Eq. 七hatas same コustare ( 12 ) 

a As bonding. of binuclear case 七hefor hold above as 

i t can be assumed that one OH-is always released result， 

reacts wi th any al uminol groups. 

When HP042-reacts at higher pH， two OH-will be released.. 

ini tially when H2P04-

phosphate e
 

h
u
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released OH-undergoes further reactions wi七h

allophane-phosphate adsorption cornplex， and the 

reactions will be discussed on below. 

At ini tial stage of phosphate adsorption reaction， 

the adsorption cornplex has sarne arnounts of nega七iveand 

positive charges with the original allophane. In 

solution phase， OH-ion present in sarne arnount with the 

phosphate adsorbed. This situation is cornparable with 

that when NaOH was added to original allophane in sarne 

arnount with the phosphate adsorption. The two 

situations are scherned in Fig. 21. The difference in 

charge character工sticsbetween original allophane and 

adsorption cornplex is considered as the difference in 

reaction of the OH-between the two cases (Figs. 21a 

and 21b) . Reactions of the OH-include with Si-OH， P-OH， 

and AI-OH2+: the forrner two increase negative charge 

and the latter decrease pos工七工vecharge of the 

allophane and/or the cornplex. The reactions of 

initially OH-released with the functional groups are 

described as follow: 
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~1-OH2 

A 1-0 1.0 
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( 14) 

Si-OH 

~1-OH2 ~1-OH2 

A|-O O A|-0 P ¥ F O 。l¥  
/PJF +OH一→_/¥_.. + H20 (15) 

AI-O ¥OH AIーO' OH . 

Si-OH Si-O-

AI-OH2+ AI-OH 

AI-OH2 + OH- AI-OH2 + H20 (16) 

Si-OH Si-OH 

Equations 14 and 15 forrn new negative charge， caused 

by de-protona七ionof P-OH and Si-OH， respectively. 

However， according to the rnolecular orbital 
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AI-OH2+ 議AI-OH2十

AI-OH2 観AI-OH2

AI-OH 務11AI-OH 

AI-OH 

観A|-kkOOH+20H- →?  
AI一0/

Si-OH 

Si-OH Si-OH 

Si-O- Si-O-

(a) (b) 

Fig. 21 Schematic representations for initial 

stage of reac七工onswith OH-. 

a: allophane + NaOH; b: phosphated 

allophane + initially released OH-
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calculation result， deprotonation of Si-OH is more 

possible than that of P-OH (data will be shown on next 

part) . Eq. 16 shows the decrease in posi ti ve charge or 

neutralization， due to reaction of OH-with positive 

aluminol group (AI-OH2+). 

For the addi tion of NaOH七oallophane (Fig. 21a)， 

plo七sof amounts of negative and positive charges 

against equilibrium pH at the final state， reaction 

product， will locate just on the pH vs. charges curves 

(square symbols in Fig. 19). This indicates that the 

charge characterist工csof allophane did not change wi th 

the NaOH addi tion. For the complex (Fig. 21b) ， the plots 

for the reaction product loca七edabove the curve of the 

original allophane (circle symbols in Fig. 19). This 

means七hatmore OH-reacted wi th the complex to increase 

negative charge and decrease positive charge compared 

七othe original allophane. Accordingly， the amount of 

OH-remain in solution phase is smaller than the 

original allophane， resulting in lower equilibrium 

solution pH (Fig. 19). 

One reason for the resul tant more negati ve charge 

for Fig. 2ユbis the dissociation of P-OH group which 
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工snot exist 工nFig. 21a. Usually， the difference in 

amount of negative charge before and after phosphate 

adsorption is attributed七othe pres E:~nce of new acidic 

functional group， P-O-. The resultant less positive 

charge for Fig. 21b is partly due to lower amount of 

free aluminol groups per unit mass， because some 

aluminol groups are blocked by七headsorbed phosphate. 

The decrease in the amount of free aluminol groups will 

also decrease the amount of positively charged aluminol 

groups， AI-OH2+. 

In addition to the two physical effects， presence 

of and blocking by the adsorbed phosphate， chemical 

effec七sof the adsorbed phosphate are also possible， 

from analogy w工thorganic compounds. It is well known 

tha七 pKavalue of a func七ionalgroup of an organic 

compound is modified by addition or substitution 

reaction: for example， pKa value of phenol (9.8) is 

different from that of mononi tro phenols (6.9-8.1) . The 

analogy lead to the idea that the inherent functional 

groups of allophane， Si-OH andAI-OH2+ groups， had some 

chemical (inductive) effects from the adsorbed 

phosphate. The effects may be acceleration in 
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dissociation reaction of Si-OH and Al-OH2+ groups， 

resulting in more reaction with OH-in solution. The 

chemical (inductive) effects are confirmed by 

theoretical molecular orbital calculations. 

As described earlier， the negative charge of 

phosphate adsorption complex locates over the curve of 

CEC Vs pH of the original samples (Fig. 19)， with a 

result the increase in pH is smaller than the original 

sample. Table 9 shows experimental results of pH 

measurement after adding NaOH with same amount of P 

adsorbed for each samples， 25 and 20 cmol kg-1 for KyP 

and KnP， respect工vely.The mixture of allophane samples 

and NaOH suspension were also shaken for 24h. The 

resul ts indicate that the equil工briurnpHs of allophane 

mixed wi th NaOH (allophane + NaOH) are greater than七hat

of the complexes. However at high range pH (pH>8)， 

opposite way occurred， the equilibrium pH of the 

phosphate adsorption complexes was greater than tha七

of the alユophane+ NaOH， for both KyP and KnP samples. 

This is due to at high range pH， a large part of phosphate 

exists as HP042一(七wonegative charge，s)， with a result 

adsorption of one HP042-cause release of two OH-at 
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Table 9 Equi I ibr ium solution pH after P adsorption (KyP = 25 cmol 

kg-1， KnP = 20 cmol kg-1) and after adding NaOH in same 

amount with P adsorbed 

Initial pH Equ i I i br i um pH 

After P adsorption After adding NaOH 

KyP 

4.80 5.44 5. 97 

5. 24 6. 37 6. 63 

5. 85 6. 75 6. 93 

6. 73 7.33 7. 36 

7.66 8.48 8. 01 

KnP 

4. 90 5. 62 6. 01 

5. 60 6. 12 6. 57 

6. 26 6. 53 6. 95 

6. 86 7. 15 7.42 

7. 63 8. 21 8.02 
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七heini tial stage. Therefore， the ini tial OH-released 

of phosphate adsorption complex is greater than that 

of allophane + NaOH. Hence， remain OH-in the solution 

phase (increase in pH) is greater for the P adsorption 

complex than七hatfor the allophane + NaOH. 

5-3-3 Molecular Orbital Analysis 

As mentioned above， OH-was initially released 

just the same amount with the P adsorbed， on the first 

stage of phosphate reaction on allophane. Molecular 

orbital calculation was done to confirm whether the 

initially released OH-released react with P-OH or 

Si-OH groups. The calculation was carried out with 

method as descr工bedpreviously. The analysis was done 

for two P adsorption products: phosphate (H2P04一)

adsorbed on the two aluminol groups (binuclear complex) 

and on weakly bonded Si04 tetrahedra (replacement 

reaction). The two react工onproducts were previously 

presented as Eqs. (8) and (13)， and are shown again 

below: 
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which protons the represent marks star with Protons 

H20. form ヒOOH-with reac七and dissociate will 

Small 22. Fig. 工nshown are results Calculation 

for neglected were H20 and OH-as such molecules 

formation) of (heat H compare can we So simplici七y.

value H the ~Ln Lower only. products the of values 

react工on.the ln possible more that indica七es
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メドトOH2

AI-O .0 
1¥グ

/t'.¥ 
今トo 'OH 
Si-OH 

p 
Si-O-P-OH 
l ¥ 
OH 

Si-OH 

H=-1887.78 kcal mol-1 

/ ノ

/ノ

メド|一OH2

AI一Of 

L-I¥0-
Si-OH 

H= -1712.33 kcal mol-1 

今トOH2
AI-O. .0 
;¥〆
/i，¥ 

AI-O OH 

Si-O一

H=-1718.93 kcal mol-1 

O 
O 

Si-O-P-OH 
0-

Si-OH 

H=-1915.03 kcal mol-1 

。
Si-O-p-O H 
OH 

Si-O-

H= -1935.19 kcal mol-1 

Fig. 22 Calculated H (heat of formation) of some 

molecules.工 phosphatebonded on two aluminol 

groups， 11: phosphate replaced Si04 tetrahedra 
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Those rneans that deprotonation will occurr at silanol 

group， rather than at P-OH group of adsorbed phosphate. 

It is suggested that the presence of adsorbed phosphate 

probably cause inductive effect to the nearby Si-OH 

groups， accelerating deprotonation reaction of the 

Si-OH group. 
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5-4 Conc工usions

Net change in surface negative and positive 

charges of allophane and other clay minerals， with 

adsorption of phosphate and other adsorbates， have not 

been estimated exactly. The net change is calculated 

as observed change minus that due to solution pH 

increase with the adsorption. To explain reasons for 

the net change in surface charges， the study compared 

reactions with OH-between original and phosphated 

allophanes under assumption that one OH-is initially 

release七osolution with one anion adsorption. This way 

of thinking is simple in discussing on modification of 

surface charge characteristics of allophane with 

phosphate adsorption， and also applicable for other 

combinations of adsorbent and adsorbate. 
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Chap七er6 工MPL工CAT工ONSOF TE[工SSTUDY FOR 

AGR工CULTUREAND ENV工RC)NMENT

Unti1 now， phosphate fixation in soi1s becomes 

prob1em for agricu1ture， due to app1ied phosphorus 

ferti1izer are not avai1ab1e for p1ant growth. However， 

the study found that the P adsorption on a110phane give 

positive effect to the a110phane， such as decrease in 

AEC， and increase in CEC. The increase in CEC has meaning 

the enhancement in capacity to retain nutrients for 

p1ants. The resu1ts of the study can be app1ied for 

Andepts， which contains a110phane as main c1ay 

components. 

Furthermore，七hestudy a1so found七ha七 theP 

adsorption increase pH solution. Other previous 

studies a1so found the same resu1 ts for soi1s or other 

c1ay minera1s. This phenomenon a1so has posi ti ve effect 

for the soi1 ferti1ity， especia11y for acid soi1s. 

In view of environment， allophane， as a phosphorus 

adsorbent can be applied as a material to prevent 

eutrofication in water reservoirs. In the present study， 

natura1 a110phane was used， but in the future 
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artificial allophane may be produced， not only in 

laboratory scale， but also in industrial scale， such 

as artificial zeolite. To prevent the eutrofication， 

allophane wi th low Si/Al ratio is better than that wi th 

high ratio， due to it has higher capacity for P 

adsorption. 

The finding of increase in surface acidi ty can be 

also developed in catalyze science. Allophane-

phosphate adsorption complex may ca七alyzesome 

polymerization reaction such as other clay minerals. 

As catalysis allophane wi th high Si/A"l ratio is better 

than that with low Si/Al ratio， due to its stronger 

acidity 
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APPENDIXユ

Equilibrium pH of the allophane samples after the P 

adsorption 

n
 

0
 

・工十La
 
r
 

十」n
 

1占

e

a

c

 

・工

n

十

L

O

--ム

C

n
 

T
4
P
ι
 

Equilibrium pH 

KyP KnP 

Na Background solution 

O 5.67 5.99 

200 6.36 6.32 

400 6.08 6.25 

600 6.0ユ 6.18 

800 5.98 6.14 

1000 5.91 6.08 

1200 5.92 6.01 

1400 5.81 6.01 

1600 5.84 5.96 

1800 5.68 5.95 

1000 5.74 5.90 

Ca Background solution 

O 5.11 6.17 

200 5.35 5.95 

400 5.39 5.90 

600 5.41 5.82 

800 5.36 5.78 

1000 5.37 5.78 

1200 5.26 5.69 

1400 5.24 5.63 

1600 5.22 5.62 

1800 5.21 5.59 

2000 5.18 5.57 
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