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Equilibria between aluminium(III), carbon dioxide and OH™ were studied in 0.1
M and 3.0 M Na(Cl), respectively, at 25°C. The measurements were performed
as emf titrations (glass electrode) within the limits 2 < —log[H*] < 5,0.0025M <
[AP*] < 0.080 M and 0.02 atm < Pco, = 1.0 atm. Data were explained on the ba-
sis of formation of the hydrolytic species AIOH**, Al,(OH)/* and Al,;O,(OH)};,
together with the ternary species Al,(OH),CO,** and Al;(OH),HCO," (tenta-
tive structures). The equilibrium constants with standard deviations for both ionic
strengths are reported. The medium dependence for Al,(OH),CO,** (—4,2,1)
and Al;,(OH?AHCOf* (—5,3,1) species was explained using the equation log Bj,,
+ al"’(1+1"%) + b, where log f3,, is the formation constant in pure water and g,
and b, are parameters of which b, has been adjusted to present data. The following
results were obtained: (a;,b) log B%,; = —-13.5 (-~5.110, 0.06) and
log B%53; = —16.4 (—3.066, 0.00).

The equilibrium CO,(g) + H,O = HCO;~ + H* was studied in separate titra-
tions, giving the result log (B, + 30) = —7.820 + 0.001 and —7.619 + 0.002 for 3.0
M and 0.1 M Na(Cl), respectively. Data were analysed using the least-squares
program LETAGROPVRID.

In a model calculation, speciation and solubilities in the system H*-Al(OH)s-

(am)-CO, are demonstrated and discussed.

As a result of the marked increase in alumini-
um(III) mobility in watersheds affected by acid
precipitation, the environmental chemistry of al-
uminium(III) is presently receiving much atten-
tion. Although field measurements have shown
that the speciation of AI(III) in a natural water is
very complex,! laboratory experiments seem to
indicate that acute AI(III) toxicity to fish is
mainly governed by the amount of inorganic Al-
hydroxo species,>* i.e. the aluminium(III) hydro-
lysis products.

Even though the hydrolysis of AI(III) has been
the subject of extensive investigations, the results
have been conflicting.** This is especially true for
slightly acidic solutions, in which the formation of

*To whom correspondence should be addressed.
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polynuclear complexes dominates. Due to the ex-
tremely slow attainment of equilibria and owing
to interference from transient and permanent
precipitates, it has been very difficult to establish
the composition and stability of these species.

The problem with transient precipitates
formed upon the addition of strong base (OH™)
in a titration can be eliminated, as shown by Oh-
man and Forsling,® by titration with a carbonate
solution and equilibration with CO,(g). In this
way, stable and reproducible equilibria were at-
tained within 60-90 min, provided —log[H*] <
4.35. Above this limit, very slow kinetics were
observed.

In the present work, the same experimental ap-
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proach has been used but employing a more con-
centrated ionic medium, viz. 3.0 M Na(Cl). With
this medium, a much broader range of AI(II)
concentrations can be studied without violating
the rule of 10 % replacement of the background
medium.” As the reliability of a given model cer-
tainly increases with the breadth of the concen-
tration range it is to account for, the present
study is more conclusive than the study per-
formed using 0.6 M Na(Cl) medium.® The pres-
ent study also include measurements in 0.1 M
Na(Cl) ionic media, with the intention of describ-
ing the medium dependence for the different spe-
cies formed.

Experimental

Chemicals and analysis. Sodium chloride (Merck
p-a.) and sodium carbonate (Merck p.a.) were
dried at 180°C and 300°C, respectively, and used
without further purification. Dilute solutions
were prepared by dissolving Na,CO; in carbon di-
oxide-free water and were standardized against
dilute hydrochloric acid.

Dilute hydrochloric acid was standardized
against tris(hydroxymethyl)-aminomethane. The
AP* stock solution was prepared by dissolving
AICl-6H,0 (Fisher p.a.) in dilute standardized
hydrochloric acid. The AI** content was deter-
mined by two different methods: by precipitation
with 8-hydroxy quinoline® and by indirect titra-
tion with EDTA-Pb(NO,), using xylenol-orange
as indicator. The results obtained by these two
methods agreed to better than 0.2 %.

Carbon dioxide, pure and in various mixtures
with argon, was prepared and analyzed by the
manufacturer (Alfax AB, Malmo).

Apparatus. The potentiometric titrations were
performed with an automatic system for precise
emf titrations.® A glass electrode (Ingold type
201-NS) together with an Ag, AgCl electrode,
prepared according to Brown,'® was used for emf
measurements. The cell arrangement, similar to
that described by Forsling et al.,'! was immersed
in an oil thermostat at 25.00 + 0.05°C.

In order to keep the carbon dioxide pressure
constant and to avoid volume reduction of the
equilibrium solution, gas from the cylinder was
first bubbled through 10 % H,SO, and pure ionic
medium before it reached the equilibrium so-
lution, which was contained in an airtight titra-
tion vessel. The gas outlet from this vessel was
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placed beneath a liquid surface. During the ex-
periments the atmospheric pressure was meas-
ured and was used, together with the vapour
pressure for water (0.0309 atm at 25 °C), to calcu-
late the correct p, in the vessel.

Method

The measurements were carried out as a series of
titrations at 25°C in constant ionic media of 3.0
M and 0.1 M Na(Cl). The free H* concentration,
h, was varied by adding carbonate solution and
was determined by measuring the emf of the cell:

— RE || equilibrium solution || ME + 1)

where ME is the glass electrode and RE is the
reference half-cell Ag, AgCl|3.0/0.1 M Na(Cl)|.
The emf of this cell is given by expression (2),
where E, is a constant which is

E=E,+59.157logh + E, )

determined in each titration in acidic (H*, AP*)
solutions in which complex formation can be neg-
lected (—log h < 3). The liquid junction poten-
tial, E;, is given by the expression:

E =J h+ JyK, h! 3)

where J,, = —15.6 mVM™!, J,,, = 7.1 mVM ! and
K, = 9.504-10~" M? were used for 3.0 M Na(Cl),
and J,, = —511.5 mVM™, J,, = 238.7 mVM™!
and K, = 1.678:10~* M? for 0.1 M Na(Cl) me-
dium, respectively, according to Sjoberg et al.'?

Furthermore, it was found that E, was depend-
ent on the AI** concentration. Thus, titrations
carried out at high AI** concentrations yielded
more positive E-values than those at low concen-
trations. In 3.0 M ionic medium, for which exten-
sive dilution titrations (i.e. titrations with pure
ionic medium) were performed, a correction
term J .5+ = 38.1 mVM™! (cf. Fig. 1) was applied.
In 0.1 M medium, only low AP* concentrations
were studied, and this E -dependence was neg-
lected.

Data treatment

Equilibria in the present system comprise the
three-component equilibria:
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Fig. 1. The change in measured emf,
E, with AI** concentration, in 3.0 M
Na(Cl). In order to avoid hydrolysis,
—log h was kept low and constant
during the titration (—log h = 2.0).

20 40 60

pH* + gAP* + rCO,(g) = H,AL(CO, )2, [36,2, )
a

together with the two-component equilibria:

pH* + gAP* = H, AP, B, (4b)

CO,(g) + H,0 = H,,CO;™ + nH* (n=0,1,2), B,
(4c)

By applying the law of mass action, the following
conditions for the total concentration are ob-
tained:

H=h—Zn,h~"c + 23pB,, wb'c — K ' (5a)

B = b + 35qB,, hb'C (5b)

where h = [H*],b = [AP*] and ¢ = pco, Bpgr Bpg
and B, are the equilibrium constants for reactions
(4a), (4b) and (4c), respectively. The equilibrium
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constant B, [reaction (4c), n=1] was determined
in separate experiments.

To evaluate experimental data, the least-
squares computer program LETAGROPVRID"
(version ETITRY) was applied. The error
squares sum U = Z(Hy-H,) or U =
2(ZeacZeyp)’s Where Z = (H-h)/B, was mini-
mized. The LETAGROP program also gives
standard deviations o(H), o(Z) and o(log B,,,),
defined according to Sillén."

Data, calculation and results

Determination of ;. Data used to evaluate the
binary H*-CO,(g) equilibrium in 3.0 M ionic me-
dium comprise those for 10 titrations with 101 ex-
perimental points within the pressure range 0.1
atm < pco, < 0.97 atm and —log h =7.1. ALE-
TAGROP calculation on these data gave: log (B,
+ 30) = —7.820 + 0.001, with o(H) = 0.07 mM.
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5.0 6.0 —logh 7.0 Fig. 2. A part of the binary carbon dioxide-
T T T T T ' hydrogen carbonate experimental data
Pcoz/ atm. p!otted as log[HC.Osi] vs. —log h for
O =1.00 different carbon dioxide pressures. Thg full-
vV =0.50 drawn curves have been calculated using
O =0.10 the proposed constant [| = 3.0 M Na(Cl)}.
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Fig. 3. Experimental data plotted as

nvs. —log h. The symbols 0.1
represent starting aluminium ’
concentrations. For the sake of

clarity, only a few titrations have

been plotted. The full curves have

been calculated using the proposed
constants given in Table 2 [I = 3.0 -
M Na(Cl)]. 3.0 35 40 “logh 45
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Data were also analysed graphically (Fig. 2), giv-
ing log (B; = 30) = —7.822 + 0.004.

The result for 0.1 M Na(Cl) medium (7 titra-
tions with 71 experimental points) was: log(f; *
30) = —=7.619 = 0.002 and o(H) = 0.06 mM.
These values are in good agreement with those
obtained by combining the data of Harned and
Davis'® for the solubility of carbon dioxide and an
extrapolation of the data of Harned and Bonner!’
for the first ionization constant of carbonic acid:
log B, = —7.78 and log B, = —7.60, respectively.

In the present study, no attempts were made to
evaluate f3, and f,.

Evaluation of three-component equilibria. In
3.0 M ionic medium, the carbon dioxide pressure
Pco,» €, and the total concentration of aluminium,
B, were varied within the limits 0.02 atm < ¢ <
0.97 atm and 0.0025 M < B =< 0.080 M, respec-
tively. The log & range was restricted to —log h <
4.5, owing to slow equilibration above this limit.

The evaluation of three-component data was
started by a graphical analysis, i.e. the average
number of OH™ and/or HCO,~ bound per AP*
ion (71) = (h— H-[HCO,;])/B was plotted versus
—log h for each experimental point. From this
plot (Fig. 3) it can be seen that 7 is slightly de-
pendent on p,,, indicating that ternary species
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Fig. 4. Result of a pg-analysis for binary H,,Alg’”q
species in titrations with ps,, < 0.1 atm. The diagram
gives Uy(pq) assuming only one hydrolytic complex.
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are formed to a small extent. On the other hand,
the dependence on B is pronounced, owing to the
formation of polynuclear hydrolytic species. The
calculations were therefore started with the as-
sumption that no ternary complexes were formed
with py, = 0.1 atm. A pg-analysis (systematic
testing of different pq species) was performed us-
ing a data set based on 11 titrations with 119 ex-
perimental points. In this analysis, the formation
constant for a large number of pg combinations
was varied, one pg combination at a time, until
the “best possible” (i.e. lowest error squares
sum, U) fit to experimental data was obtained.
According to Fig. 4, the prevailing hydrolytic
complex formed (within the concentration range
studied) is trinuclear, viz. Al;(OH)3*, since this
species gives the best fit to the experimental data.

This is in accordance with findings from several
other investigations.>'®* However, formation of
this complex cannot fully explain our experimen-
tal data. There are effects which still remain to be
explained, especially at low B and close to the
“instability range” at —log h = 4—-4.5. A pq-
search for the “best possible” pair of hydrolytic
complexes was therefore performed (cf. Table 1).
These calculations showed that formation of the
monomer (—1,1), together with (—4,3) best ex-
plained the experimental data. Finally, by adding
the highly condensed polymer (—32,13), a good
fit to all experimental data was obtained [0(Z) =
0.007; log B_;; = —5.47 x 0.05; log B_y; =
—13.94 £ 0.01 and log B_3, 13 = —113.37 £ 0.23].

With pco, > 0.1 atm, the formation of ternary
species must be accounted for. Preliminary cal-
culations showed that these polynuclear species
contained two and/or three aluminium ions with
one carbon dioxide molecule bound. The “best”
candidates were: (—3,2,1), (—4,2,1), (-5,3,1)
and (—6,3,1). However, a satisfactory explana-
tion of the data was not obtained unless a spe-
ciation scheme including two ternary species was
included. A great number of pairs were tested,
with the combinations (—4,2,1) + (=5,3,1) or
(—3,2,1) + (—6,3,1) giving the best fit. It is noted
that the first pair is the same as that reported by
Ohman and Forsling® for 0.6 M Na(Cl) medium.
For that reason, the complexes (—4,2,1) and
(—5,3,1) were included in the equilibrium model
in the subsequent calculations.

With these ternary species included, a renewed
calculation on data for pe,, =< 0.1 atm was per-
formed. This was made in order to test whether

201



HEDLUND ET AL.

Table 1. Results of LETAGROP calculations on data with pe,, < 0.1 atm. In the calculations, pairs of hydrolytic
complexes have been tested in the absence (left part) or presence (right part) of “best” ternary complexes.
The formation constants are defined according to eqn. (5b) and the errors given are 3o (log B,).

Pair of No ternary complex with log B_4y=—16.58; log p_s,y=—18.45
complexes

tested 109 (Bpr£30) uno 10g (Bogr£30) u1o*
(-1,1,0) ~5.45+0.06 ~5.52+0.06

(~4. 3. 0) ~13.93+0.02 061 ~13.95+0.01 043
(-3, 3, 0) ~10.09+0.04 ~10.08£0.04

(-5, 3, 0) ~18,25+0.02 0.89 ~18.30+0.03 0.94
(-3, 2, 0) ~11.76+0.03 133 ~11.81+0.03 »
(-5, 4, 0) ~16.64+0.03 ' ~16.65+0.04 ‘
(-2, 2,0) ~7.77+0.18 ~7.8140.15

(~4, 3. 0) ~13.98+0.06 230 ~14.00+0.05 1.48
(-2, 2, 0) ~7.43+0.05 ~7.46+0.04

(~6, 4, 0) ~20.75+0.06 2.38 ~20.77+0.05 3.65
(-2, 2, 0) ~7.48+0.07 ~7.48+0.08

(-5, 3, 0) ~18.31+0.06 269 ~18.36+0.08 269

or not the inclusion of ternary complexes influen-
ced the hydrolytic speciation scheme determined
above. As seen in Table 1, only small changes in
the formation constants for hydrolytic species
were obtained.

In a final calculation, the formation constants
for the species (—1,1,0), (—4,3,0), (—32,13,0),
(-4,2,1) and (-5,3,1) were co-varied on the
complete data set (25 titrations with 246 experi-
mental points). The result of this calculation is

given in Table 2. An attempt was also made to in-
clude the species Al,(OH),** and AI(OH),*, spe-
cies which have been postulated.'®!*? However,
these calculations (cf. Table 2) showed that nei-
ther of these species could give any significant im-
provement of our model.

A question raised by Ohman?® is whether the
species Al;(OH),** represents a mean of the
composition of the two species AL(OH),*" and
AL (OH)/*. He concluded that a definitive an-

Table 2. Results of some final LETAGROP calculations (3.0 and 0.1 M ionic media) with some different

assumptions concerning the complexes formed.

Binary complexes Ternary complexes
log B_; 10 log B_2 2.0 log B_s 30 log B_6, 4.0 log Bz, 3.0 log B_s 2,1 log B_s 3,1 uno
—-5.52+0.05 -13.96+0.01 -113.35+0.13 -16.61£0.12-18.39+0.07 1.17
-5.52+0.13 -7.57+0.05 —-20.77+0.14-113.24+0.14 —-16.56+0.12—-18.38.0.08 1.40
-5.60+0.09 -84 - -8.1 —14.00+0.03 -113.34+0.16 —16.62+0.13-18.34+0.10 1.17
Proposed constants in 3.0 M medium
—-5.52+0.05 —13.96+0.01 -113.35£0.13 -16.61+0.12—-18.39+0.07
Proposed constants in 0.1 M medium
—5.347 -13.70? -107.52 -14.95+0.17 -17.2+0.34

aFormation constants according to Baes and Mesmer®® and Brown and Sylva.?
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Fig. 5. Distribution diagrams [F; vs. (—log h)g] for / = 3.0 M and 0.1 M Na(Cl), respectively. F; is defined as
the ratio of aluminium(ill) in a given species to total aluminium(lll). The calculations have been performed
using the computer program SOLGASWATER? with equilibrium constants given in Table 2. For the sake of
clarity the species AI** has been omitted in the diagrams. Broken lines denote ranges where no

measurements have been performed.

swer to this question was impossible to obtain
from the 0.6 M Na(Cl) data, since too limited a
range in B (imposed by the low ionic medium
used) had been employed. In the present work, a
broader range in B has been investigated; hence,
a more definite answer to the question can be ex-
pected. As can be seen from Table 2, the re-
placement of Al;(OH)/* with AlL,(OH),** plus
Al (OH)**, results in an increase in the error
squares sum, i.e. a poorer fit to the experimental
data.

As final model we therefore suggest formation
of the species Al(OH)?**, AL(OH)/*, Al;0,
(OH)};, (—4,2,1) and (-5,3,1), with final forma-
tion constants and standard deviations
[3o(log B,,,)] given in Table 2.

Owing to the restricted concentration range
available for investigation with 0.1 M ionic me-
dium, an unbiassed search for a speciation model
cannot be made. The interpretation of experi-
mental data for 0.1 M Na(Cl) medium was there-
fore made by assuming the same speciation mo-
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Fig. 6. The medium dependence of log p_s and log B_s3;. The full-drawn curves have been calculated using
eqn. (6). Symbols: () this work, ((1) Ohman et al.® and (O) the calculated log B5,-value.

del as for higher ionic strength media. The fol-
lowing concentration ranges were studied: 2.9
mM < B <10.0 mM; ¢ = 1.0 atm and —log h <
4.2. A refinement of the ternary species (—4,2,1)
and (—5,3,1) was performed, giving the results
presented in Table 2.

log peo,/atm)

In order to visualize the amounts of the differ-
ent species, the computer program SOLGAS-
WATER? equipped with plotting procedures has
been used to calculate some distribution dia-
grams (Fig. 5).

Fig. 7. Predominance area
diagram showing dominant
Al(lll) species in equilibrium
with amorphous Al(OH),(s)

0.0
-0.2 - (-42.1)
-0.4 -
I A1 (OH) 3 A1 (OH) 5
el
i | |
4.5 5.0 5.5
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The medium dependence of ternary species. Ac-
cording to Baes and Mesmer,” the equation:

log B,,, = log B, + al(1+1") + bl (6)

has proved adequate for describing the medium
dependence of numerous ionization equilibria.
Here, a, = AZ},-S, where AZ,,, is the square of
the charge on each species summed over the for-
mation reaction. S denotes the Debye-Hiickel
limiting slope (0.511 m"'? at 25°C). b, is regarded
as an adjustable parameter and reflects the sum
of interaction coefficients for interaction between
cations and anions in the equilibrium solution
and the effects of the water activity on B,
log {5,
least-squares minimization program on data con-
taining results for 3.0 M, 0.6 M (Ohman)® and 0.1
M. The results of this calculation (visualized in
Fig. 6) were log: B°,,, = —13.5, ¢, = —5.110, b,
= 0.06 and log B°s5, = —16.4, a; = —3.066, b, =
0.00. The extrapolation to zero ionic strength
must be regarded as approximate, but it gives an
idea of the stability of these complexes under nat-

ural fresh water conditions (see Discussion).

log (Sa/M)

and b, were evaluated using a standard .

Si(IV) AND Al(lll) SOLUTION EQUILIBRIA

Discussion

By equilibrating hydrolyzed AI(III) solutions
with a gas phase of known pc,,, the formation of
binary and ternary hydroxo species of AP’* was
studied. With pe,, < 0.1 atm, the Al-speciation
scheme is characterized by the binary hydrolytic
complexes AIOH?*, AL(OH)/S* and Al;0,
(OH)3+. This scheme is in full agreement with
earlier findings by Ohman and Forsling® as well as
by Brown and Sylva.” The formation of a dimer,
AL(OH),**, postulated by Aveston'® as well as by
Mesmer and Baes,'® could not be verified. Due to
the very slow formation of a high molecular
weight polynuclear species at —log 4 > 4, an un-
biassed determination of the stoichiometry of this
species was not made. Instead, a composition
(—32,13) was postulated, mainly due to its detec-
tion in a solid phase.? Although the assumption
that a complex found in the solid state should ex-
ist in aqueous solution is questionable, we find at
present no better alternative.

At peo, > 0.1 atm, the formation of ternary hy-
droxo-carbonate complexes becomes significant.
These were found to be polynuclear, with the
compositions H_,AlL(CO,)** and H_;Al,(CO,)*".
The formulas Al,(OH),CO,** and AL(OH),
HCO,** or Al,(OH),CO,** may tentatively be as-
signed.

Fig. 8. The solubility of
amorphous Al(OH),
(log *Kyo = 10.2) at
different carbon dioxide
, pressures[/=01M

Na(Cl)].
205



HEDLUND ET AL.

log (Sa/M)

6.0

Fig. 9. The solubility of
gibbsite and amorphous
Al(OH)4(s) (log "Kso =

8.04 and 9.66, respectively?*)
at different carbon dioxide
pressures (/ = 0 M).

log *Kyy = 9.66

log *K,, = 8.04

4.0

Modelling of a natural water. According to Fig. 5,
the stability of the two mixed hydroxo species is
enhanced by decreasing ionic strength. In 0.1 M
Na(Cl) medium the (—4,2,1)-complex contrib-
utes 40 % of B, which can be compared with 10 %
of B in 3.0 M Na(Cl) medium (B = 0.010 M; p,
= 1 atm). In order to visualize the significance of
the aluminium carbonate complexes in natural
waters, a model calculation was performed in
which amorphous AlI(OH)4(s) was considered to
equilibrate with water at different carbon dioxide
pressures. The dominant aqueous species (Fig. 7)
and the total solubility of aluminium, S,, (Fig. 8),
were calculated as a function of ~log 4. In these
calculations, formation constants given in Table 2
(I =0.1M) and log*K, = 10.2 for amorphous
AI(OH)4(s)* were used. As can be seen in Fig. 7,
the dinuclear complex AlL,(OH),CO,2* becomes
prevalent in solution at —log h = 5, provided Pco,
2 107%% atm. According to Fig. 8, the increase in
Sa at —log h = 5 can be expected to be 13 % for
Pco, = 107! atm and 130 % for pe,, = 1 atm.
Despite the fact that we regard the zero ionic
strength values for (-4,2,1) and (-5,3,1) as ap-
proximate, we have also performed an analogous
calculation for I = 0 (Al-hydrolysis constants ac-
cording to Baes and Mesmer®). In this calcula-
tion, a comparison between the behaviour for
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amorphous Al(OH),(s) (log *K, = 9.66)* and
crystalline gibbsite (log *K,, = 8.04)* was also
performed. The results of these calculations are
given in Fig. 9. First of all, it can be noted that
the “pure” solubility for amorphous AI(OH)(s)
has increased by a factor of approximately 3 com-
pared to the solubility at I = 0.1 M. Secondly, it
can be seen that the influence of carbon dioxide
on the solubility curve also has increased. The
calculated increase in S,; at —log & = S has be-
come 36 % at po, = 107" atm and 360 % at pco, =
1 atm. Finally, it can be seen that for crystalline
gibbsite, no significant increase in S, can be ex-
pected even at po,, = 1 atm. Thus, it can be con-
cluded that in soil and water regions with inten-
sive fermentation of organic substances (giving
rise to high carbon dioxide partial pressures®), in
contact with recently formed, reactive forms of
Al(OH);(s), elevated concentrations of soluble
aluminium species can be expected. Such condi-
tions probably apply to, for instance, top soils in
the autumn and bottom waters of recently limed
lakes.
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