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Thermodynamic Consideration on the Occurrence of Alj;-Tridecamer in the
Natural Conditions
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Despite the ecological importance of potentially phytotoxic Al s-tridecamer and its formation in the simulated
condition, it was not recognized in the natural soil environment. Here we performed thermodynamic calculations to
examine the stability condition of Al,;-tridecamer based on the solubility of Al in the Bo horizon of Andisols, Jeju
Island, dominantly composed of Al-containing solid phases such as Al(OH); proto-imogolite and/or imogolite. We
have found that A(OH);, proto-imogolite and/or imogolite may control Al solubility in the moderate acid condi-
tion. It means that Al total activity of the soil solution equilibrated with these solid phases ranges from [07°~10°M in
the pH 5 to 7. Calculations based on the thermodynamic data strongly indicate that the formation of Aljy-tridecamer
closely related to the total activity of Al in the system. For example, for the formation of Al ;-tridecamer of 107°M,
Al total activity of 3x107*M are needed at pH 4. and 2x107°M in the pH 5 to 7. Therefore, this research and the
thermodynamic consideration suggest strongly that Aljs-tridecamer should be negligible in natural soils, especially
Andisols and Spodosols. These mainly contain Al(OH), proto-imogolite and/or imogolite, which could prevent the
formation of Alj;-tridecamer by controlling the Al total activity low. It means that the toxicity of Al;-tridecamer
with the increase of soil acidification may be considered to be definitely low.
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Fig. 1. Schematic representation of the “Keggin” AlOy
Al {OH)p,(H,0),”" tridecameric polynuclear species.
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Table 1. Equilibrium constants at 25, 1 atm used for Al speciation calculations.

Equilibrium Reactions log K, Source

AP* + H,0 = AIOH* + H* -5.00 a
A" + 2H,0 = AI(OH)," + 2H* -10.10 a
AP* + 3H,0 = AI(OH);,® + 3H" -16.80 a
AP + 4H,0 = AOH),” + 4H* -22.87 b
2A1* + 2H,0 = AlL(OH),* + 2H* -7.69 c
3APY + 4H,0 = AL(OH),>* + 4H* -13.88 c
13A1%* + 40H,0 = AIO,AlL,(OH),,(H,0),,7* + 32H* -98.65 c
AP + H,Si0, = AlH,8i0,>" + H* -2.50 d
AOH); + 3H* = AP* + 3H,0 7.74 for crystalline gibbsite c

8.77 for natural gibbsite e
0.5(HO);ALO;SiOH + 3H* = AI* + 0.5H,Si0, 6.0 for imogolite f

7.02 for proto-imogolite g

*Nordstrom and May (1989)
"Palmer and Wesolowski (1992)
“Plyasunov and Grenthe (1994)
YFarmer and Lumsdon (1994)
‘May et al. (1979)

fFarmer and Fraser (1982)
2Lumsdon and Farmer (1995)
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Fig. 2. Relative proportion of AI** and Al,;-tridecamer in
simulated solutions at the given total Al concentrations
without Al-containing solid phases at 25°C, 1 atm.
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oA dFuEY FBEEI} 107° molL o4 7
9, At oFo] Aljs-tridecamer FEIE ER|shH, 1
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(Fig. 2).
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Table 2. Measured concentrations of AI(T) (total Al), Al{m) (momnmeric Al), and Si(m) (monomeric Si) in the systems
equilibrated with Bo horizon of andic soils for 60 days as described in experimental.

No Dialysis Dialysis (mmole/L)
System pH AlT) Al(m) Si(m) TOC pH AI(T) Al(m) Si(m)
(mmole/L) (mg/kg) (mmole/L.)
i 3.36 25.74 21.70 1.94 12.55 343 22.45 16.73 1.22
2 3.49 19.10 11.68 1.82 15.15 3.54 13.12 9.28 0.80
3 3.74 10.10 3.87 1.51 13.04 3.81 3.79 2.54 0.29
4 4.28 6.30 0.97 0.83 10.86 4.36 0.31 0.08 0.10
5 5.47 247 0.09 0.26 8.34 5.80 0.03 0.00 0.08

AIR®®* 4 xH* = AB* + HR

A7 RS $71E B =(ligmd)E, x= APFE A
Fohe hol2e] 28 47 juldich BY Y =
a8 292 4 WAL Tt 2ol Yehd 4 .

[AP*IHRV(AIR®] [H'T = K,
pAl=xpH - log(K[AIR®*[H,R]) @)

S AFE ALY e €] pAlpH ek
AlA eekg 718718 71 F e, ol 71e7e
AR71E AdAte]e] Fele ot gepd + 3
(Berggren and Mulder, 1995; Simonsson, 2000).

olg3k AP oz AlLSH: I E ALRVIE B
FA Aol TARHE ol HEFA Sz &)
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SRR R 1:1 AKEEE, 201 FANEEEC] F
7Vehe oS BOltHSong ef al., 1998). &= H 2l
2 olmZelo|E 72 FAA 7t @2 Short-range
ordered £2-& XRD #44%2= EAAT & i

b

7 g wioto] ofgf e, gy TEME o8¢t &
Z g 3 E o] 88 FEYHoE §F o
AFEAE & 4 Jok Qs et ol gl
ek g4 2 g B4 Song ef al(1998)1 <
3] o]Folgom, Table 29 Bozell th3lt EAAHIE
¢1-83}99t}. Na-pyrophosphate 2 Acid-oxalateE ©]
23} 3134 F&723) Bo & oF 31wt.%e] ¥
ol, Ze ojrZeolEE, o 20 wt.%e] Hlsto|=a}
o|E(Ferrihydrite)s 2+2b #-3t Ack(Song et dl.,
1998). o|#13 A= XRD AaollA vehd 2ie]E
of EAie} s gkl AL el EXlE olE
o] BYS-E HReAlM e dFnE A BEe 2
ke T8 FIIAAS AAjEt

g
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pH7} 3239 200 /9] gl go] w7l ¢F 29
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ANAL F¥o| 2 Aow st 71Ey o
T AHEL ¢ 27 ~1¢ A=W FHYo| =7TE A
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Flg. 3. 2’Al NMR spectra of synthesized Al,s-tridecamer
solution(a), and simulated soil solution(b). The spectra was
obtained by subtracting the spectra of water as background
from the original spectra.
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Fig. 3. 27Al1 NMR spectra of synthesized Al;;-tridecamer
solution(a), and simulated soil solution(b). The spectra was

obtained by subtracting the spectra of water as background
from the original spectra.
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Fig. 5. Sum of activities of dissolved aluminum species in
equilibrium with crystalline gibbsite, natrual gibbsite,
imogolite, and proto-imogolite at [H,SiO,]=10"M(a), and
107*M(b).
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