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ABSTRACT

Three equations for estimating the concentration of
free aluminium, [A13+], from the activity of free
fluoride, (F_), were compared to assess their
suitability for estimating [A13+] in acid soil
solutions and in competition studies. We then studied
the ability of humic acids to compete with F for Al by
comparing the behaviour of the humic acids in the
presence of F and Al with that of several carboxylic
acids under the same conditions.

All three methods of estimating [A13+] were limited
in their applicability to acid soil solutions but were
suitable for estimating [A13+] in competition studies
when equimolar quantities of AlT and F,, were used.

T

Humic acids extracted by NaOH and by NaZHZPZO7



decreased the amount of Al complexed with F by 21 -
100% at pH 4 and 6 and ratios of Cmoles of humic
acid:F>1. The Al humate complex precipitated when the
Al:humic acid ratio was >1. Both humic acids appeared
to be more effective than simple carboxylic acids at

competing with F for Al.

INTRODUCTION

Both fluoride, F, and organic anions have been
shown to decrease Al toxicity to plants by forming
soluble complexes and thereby decreasing the amount of
Al3+ 2’8. ([] will be used to denote

concentrations and () to denote activities throughout

free aluminium,

this report.) The anions have been identified in soil
4,11
but the

extent to which they compete for Al is not known. This

solutions as major complexing ligands of Al

is partly because it is difficult to estimate an
equilibrium constant for the formation of Al-humate
complexes and therefore thermodynamic equilibria
principles cannot be used to predict the speciation of
Al. The identification of A13+ as the major toxic Al
species has renewed interest in énalytical methods for

Al that measure A13+ only, rather than total aluminium,

AlT. The reactions of F and organic ligands with Al3+
could be important in the selection of suitable methods
of measuring A13+ in soil solutions for two reasons.
Firstly, it has been shown that some methods cannot
distinguish between Al3+ and aluminium complexed with
fluoride,vAlF (e.g. the hydroxyquinoline method7 and
the resin methods). If F can compete successfully with
organic anions for Al, A13+ may be overestimated by
such methods. Secondly, methods that could distinguish
between Al3+ and AlF (by measuring the activity of free

fluoride, (F ), with an ion selective electrode) may



underestimate [A13+] under certain conditions. Ion
selective electrode (ISE) measurements of [F ] and (F )
have been used to estimate [Al ] and Al complexed with
organic ligands8. In theory, this could be a very
useful approach for studying the competition between
humic acids and F for Al and for estimating [A13+] in
acid soil solutions. In practice, however, the
procedure is limited by the method of calculating
[A13+] from (F ) as well as the difficulties associated
with (F-) measurements at the low concentrations
((10_6M) found in unpolluted soils.

The objectives of our research were to compare
three equations for estimating [A13+] from (F ) and
consider their suitability for estimating [A13+] in
acid soil solutions and in competition studies. We
then studied the ability of humic acids to compete with
F for Al to assess which anion would have the greater

effect on soluble Al in acid soils.

MATERIALS AND METHODS
Estimation of [A13+] from the Activity of Free
Fluoride, (F )

A theoretical comparison was made between three

equations for estimating [A13+] from the activity of
free fluoride, (F ), and [A13+] estimated by a
thermodynamic equilibrium program, QELIOSI4, for a
series of hypothetical solutions with varying AIT:FT
ratios. The solutions had a pH of 4, an ionic strength

of 0.005M and contained 100uM AlCl3 and sufficient KF
to give AlT T ratios of <, 10, 5, 2.5, 1.3, 1.0 and
0.5. No experimental measurements were made because
the purpose of the comparison was to assess the effect
of the assumptions used to derive the equations on the

estimate of [A13+]. Experimental measurements of (F )



would have introduced a confounding factor due to the
difficulties of measuring (F ) at low concentrations5.

The comparison was carried out by calculating (F~)
for each solution using QELIOS. The values of (F )
were then used in equations (1) - (3) (described below)
to estimate [A13+]. The estimates of [A13+] from
equations (1) - (3) were then compared with [A13+]
calculated by QELIOS. QELIOS is a computer program
that estimates the concentration of free ions from a
series of simultaneous equations derived from the
conservation of mass of every element present. Each
mass balance equation is written in terms of the total
concentrations of the appropriate element and the
thermodynamic equilibrium constants for the formation
of complexes by that element. The method of
calculation has been described in detail by Spositols.
Aluminium was considered to form the hydroxy-complexes
A10H2" and A1(OH)} whereas A1F2", ALF, and AIF] were
the only Al-F complexes included in the calculations
because preliminary calculations indicated that the sum
of the concentrations of AIFZ, Ang— and Ang_ did not
exceed 1.4 x 10—8M. The values of the equilibrium
constants were taken from Lindsayg.

The first equation assumes that the equilibrium in
solution can be described by the conservation of mass
of fluoride alone. [A13+] is estimated from the mass
balance equation by expressing the concentrations of
Al1-F complexes in terms of their equilibrium formation
constants, Kgm (m is the number of moles of F in each
complex), [A13+]'x3 (Yn is the activity coefficient

for a species with a charge of n) and (F—)B’s:

3+ 1

[A1°7) = {[Fp] - [F] ~ [Fgl}/¥Emkp (F)™¥ = (1)

where [FH] is the concentration of fluoride complexed
with H,



The second equation makes a similar assumption to
equation (1) except that it is derived from the

. ... 8
conservation of mass of aluminium

1

[A1%7 1= (AL 1/ (1w BRp (PO ™y, T he TR, (0HT)PY,

(2)
Where p is the number of moles of OH forming complexes
with Al that have equilibrium constants denoted by
Kgﬂp.

The third equation assumes that the equilibrium in
solution may be described by the law of
electroneutrality of solutions. The equation is re-
arranged 'in terms of [A13+] with the concentrations of
Al complexes expressed in terms of their equilibrium
constants, [Al]Xs, (F') and Xn:
1y

3+, o -ym, -1 o —\Py -
[A1771=a/{3+3¥;InKy (F )7¥ ~~+¥;InK (o )Py

OHp (3)

Where & = [F ] + [OH ] + [€17) - [H') - (k")

The complexes of Al with F and OH included in equations
(1) - (3) were the same as those included in the
calculations made by QELIOS.

Competition between Humic Acid and F for Al

We studied the effect of six concentrations of two
types of humic acid on the complexing between equimolar
T at pH 4 and 6. The ratio of

humic acid and F cannot be expressed in molar

quantities of AlT and F

gquantities because the molecular weight of the humic
acid is unknown. Hence, the quantities of humic acid
will be expressed in terms of Cmoles of cation exchange
capacity (i.e. the number of negative charges in
Cmoles).

The first humic acid was extracted from a peat soil

with cold NaOle’s. A stock solution of humic acid was



prepared by shaking 1lg in 500 ml of 0.05M K2003
hours. The solution was filtered (<0.45 pm) and

for 16

treated with H'-saturated Dowex resin to remove excess
K and lower the pH to 4. The percent carbon content
(dichromate oxidation methodl) and the total exchange
capacity17 were determined. Two ml of 2000 pM stock
solution of AlCl3 were mixed with 2 ml of 2000 pM KF
solution. Volumes of the humic acid stock solution,
sufficient to give ratios of Cmoles of humic acid:F of
0:1, 9:10, 9:1, 26:1, 42:1 and 60:1, were added to the
Al-F solution and the pH was adjusted to pH 4 with 0.1M
HC1l. Each sample volume was made up to 20 ml with
deionised water and 0.056M KCl to give a final
concentration of 0.005M. Duplicate samples were
shaken for 16 h, filtered (<0.45 pm) and analysed for
AIT by flame atomic absorption spectrophotometry and
for (F ) and [FT] with an Orion ion selective electrode
as described by Moore and Ritchiell. pH was measured
with a Beckman 171 research pH meter.

The experiment was repeated with humic acid
extracted from a peat soil by N82H2P207 12. Humic
acid:F ratios of 0:1, 1:1, 5:1, 10:1, 20:1 and 28:1 (at
pH 4 only) were used.

In both experiments, [A13+] was estimated by
Equation (1) and the concentration of Al- humate was

estimated from:
(Al-hum) = [AL;] - [A1%%) - (A1) - (A1) (a)

Equation (4) estimates the total amount of Al complexed
with humate and makes no assumptions about the
stoichiometry of the complexes. The A1-OH and Al-F
species were the same as those considered in the
p;evious section. The ability of some carboxylic acids
(see Table 1) to compete with F for Al at pH 4 was



TABLE 1
Complexes of Simple Carboxylic Acids with Al used in
QELIOS to Estimate the Ability of Organic Ligand to
Compete with F for Al.

Ligand, L Complexes formed log K° of10

formation

Malate Al + L = AlL 5.79
Salicylate Al + L = AllL 14.37
Al + 2L = AlL, 24.67
Al + 3L = All, 30.29
Gluconate Al + 1L = AllL 2.71
AL + L = AL(H_)L + H' 0.088
AL + L = AL(H_g)1™ + 36" -9.20
Citrate Al + L = AlL 10.18
Al + H+ L = AlH L 13.12
AL + L = Al (H_j) L + H' 6.63

estimated by using QELIOS. The conditions were the
same as used in the above two experiments except that
the ratios of Cmoles of carboxylic acid: F varied from
0.5 to 10. The organo-~Al complexes and their log K° of

formation are given in Table 1.

RESULTS AND DISCUSSION
Estimation of [A13+] from_the Activity of Free
Fluoride, (F ) ,

Equation (2) for estimating [A13+] was the only

procedure that agreed with the estimate of [A13+] made



TABLE 2 34+
Comparison of Methods of Calculation of [A1" ] for a
Solution Containing 100 pM AlCls at pH 4 and

I = 0.005M and Various AIT:FT ratios.
Alp:Fy (F ¥ (a13%)  um
Methods of Estimation
QELIOS Eq (1) Eq (2) Eq (3)

o 0 g1 - - -

10 0.022 81 68 81 60
5.0 0.048 72 62 71 55
2.5 0.116 56 49 53 44
1.3 0.352 30 26 27 25
1.0 0.686 17 15 15 15
0.5 9.48 0.37 0.37 0.36 0.65

X Estimated by QELIOS

by QELIOS at all the Al
(2).

Equations (1) and (3) underestimated [A15%] by 13-
16% and 21-26%, respectively, at AIT:FT
10. At AlT:FT = 10, the. concentration of Al3+ should

not be more than 10 pM less than in the absence of F

T:FT ratios investigated (Table

ratios of 2.5-

T
because there is no Al-F complex known to contain more

Al than F per mole. However, [A13+] estimated by
equation (1) at AlT:FT = 10 was 23 pM less than [A13+]
at AlT:FT = o (Table 2). Presumably, [A13+] calculated
by equation (1) did not agree with the estimate made by
QELIOS because the former method only estimates
speciation from the mass balance of one component (i.e.
F). QELIOS estimates speciation by simultaneously

solving mass balance equations for all components in



the system (i.e. K, Cl, Al, F). The simplified approach
of equation (1) only appears to be valid when AlT:FT~1.
The agreement of equation (2) with QELIOS is probably a
fortuitous result of the choice of Al:F ratios. If
ratios <<1 had been chosen, a similar disagreement with
QELIOS would have been observed.

The AIT:FT ratios in acid soil solutions tend to be
>>1 because of low F concentrationslg. Hence equations
(1) and (3) would be of limited use for estimating
(A13%] in acid soils. Even though estimates of [Al1S']
made by equation (2) agreed with those made by QELIOS,
a detailed chemical analysis of the soil solution would
have to be made before the equation could be used
because it assumes that the concentrations of all forms
of Al in solution are known.

When the AIT:FT ratio = 1, the estimates of [A13+]
by all the methods were in reasonable agreement with
that calculated by QELIOS. Therefore equation (1) was
suitable for estimating [A13+] in the competition
studies because equimolar concentrations of AlT and F

T
were used in all the experiments.

Competition Between Humic Acid and Fluoride for

Aluminium

For both types of humic acid, the percentage of AlT
complexed with F decreased as the ratio of humic acid:F
increased (Fig. 1). In the absence of humic acid, 78
and 42% of [AlT] is complexed with F at pH 4 and 6,
respectively. At humic acid:F ratios <1, the
speciation of Al in the presence of both F and humic
acid was complicated by precipitation. The extent of
precipitation appeared to depend on how the pH of the
solution and pK of association of the humic acid

affected the Al:humic acid ratio in solution.



7. ot Al; complexed with fluoride

o 10 20 30

humic acid : fluoride ratio

Fig.1 The percentage of [Al, ] complexed with F as a
function of the ratio of Cmoles of N32H2P207
extractable humic acid:F at pH4.

At pH 4 and a humic acid:F ratio of 0.9 all the
NaOH extractable humic acid and 30% of the [AlT]
originally present precipitated, resulting in the
formation of a clear and colourless supernatant
solution. No precipitation of Al would occur at this
pH in the absence of humic acid which suggests that the
precipitate was an Al-humate complex.

Ritchie et a15 observed that Al-humate complexes
precipitated out of solution when the ratio of Cmoles

of Al:humic acid was >1. Under the conditions in this

experiment, the Al:humic acid ratio is 3.3 if one



assumes that all the Al is available to react with all
the humic acid. In reality, the amount of Al available
to react with humic acid was probably decreased by
complexing with F and the amount of humic acid
available to react with Al was decreased by competition
between Al and H. Both these factors would decrease
the extent of Al-humate formation but would not
necessarily change the effective Al:humic acid ratio.

A precipitate was also observed at pH 6 when the
NaOH extractable humic acid:F ratio was 0.9 but the
supernatant was coloured indicating that some humic
acid remained in solution. Fifty three percent of
[AIT] was precipitated whereas >95% of [AlT] would be
expected to precipitate at pH 6 in the absence of humic
acid and F. 1In this case, the precipitate could have
been a mixture of Al(OH)3 and Al-humate. The increased
solubility of Al in the presence of humic acid and F
was presumably caused by complex formation with both
ligands. The increased solubility of the Al humate
complex could be due to the effective ratio of Al:humic
acid being <3.3 because the ligand is more dissociated
and the Al is less soluble at pH 6 than at pH 4.

No precipitation was observed at pH 4, when the
NaZHZPZO7 extractable humic acid:F ratio was 1.
Pyrophosphate extractable humic acid is more
dissociated at pH 4 than NaOH extractable humic acidl2
and therefore the effective Al:humic acid ratio would
be <3.3.

At humic acid:F ratios >1, no precipitation
occurred and both humic acids decreased Al-F complexing
by 21-100%. There was no difference in the ability of
the two types of humic acid to compete with F for Al at
pH 4 when humic acid:F was >10 (Fig. 2). The sodium
hydroxide extractable humic acid was able to compete
more effectively with F for Al at pH 6 than at pH 4,
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Fig. 2 The concentration of Al (pM) complexed with
humic acid extracted by NaOH at pH 4 (® ) and pH 6
(&) and humic acid extracted by Na_H P 0 at pH 4
(®) as a function of the ratio of Emoles _of humic
acid:F.

presumably because F does not complex Al as strongly at
the higher pH. The competition between humic acid and
F for Al may be put in perspective by considering the
behaviour of simpler carboxylic acids. In the presence
of F, the humic acids were able to complex more Al than
all the simple carboxylic acids it was compared with
(Fig. 3).

In acid soil solutions, humic acid:F ratios are
likely to be >10 and hence humic acids could play a

greater role in controlling soluble AlT concentrations
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Fig. 3 The concentration of Al (pM) complexed with

Na H2P 07 extractable humic acid (m), citric (A),
ma%ic %V’), salicylic (@® ) and gluconic (O) acids at
pH 4 as a function of the ratio of Cmoles of organic
acid:F.

than F. Therefore, it will be more important to
develop analytical techniques that can distinguish
between Al-humate and Al3+ rather than distinguish
between Al-F and A13+

CONCLUSIONS

Equations (1) and (3) underestimated [A13+] at
AlT:FT ratios >1. These ratios are commonly found in
acid soils and therefore may limit-the application of
equations (1) and (3) as procedures for estimating
[A13+] in acid soil solutions.



Equation (2) did not underestimate [A13+] over the

range of AlT:FT ratios studied but is of limited

application to soil solutions because it assumes that

all forms of Al in solution have been identified and

their concentrations determined.

In acid soil solutions, humic acids are more likely

to control Al speciation than F because they can

compete successfully with F for Al at humic acid:F

ratios >1.
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