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Three-component equilibria between H*, silicic acid and the three compounds pyro-
gallol, protocatechuic acid and gallic acid, all with phenolic groups in the ortho
position, have been studied by means of EMF titrations at 25°C in an ionic medium
of 0.6 M Na(Cl). In all three systems, and in accordance with a previous investigation
of Si(OH), complexation to pyrocatechol, data can be explained with a single,
mononuclear, tris-complex SiL,. The charge of the complex is —2 for pyrogallol and
-5 for protocatechuic acid and gallic -acid.

Data were analyzed with the least-squares computer program LETAGROPVRID.
The equilibrium constants with corresponding standard deviations were determined
using data from slightly basic solutions (6.5 < —log [H*] =< 9.5). For pyrogallol, the
equilibrium constant is log K [Si(OH), + 3H;L = Si(HL);” + 2H* + 4H,0]
—10.02 * 0.015. Corresponding constants for protocatechuic acid and gallic acid
are log K [Si(OH), + 3H;L =2 SiL,>~ + S5H* + 4H,0] —21.95 + 0.049 and
log K [Si(OH), + 3H,L == Si(HL);’~ + 5H* + 4H,0] —21.26 + 0.031, respectively.

The octahedral oxygen coordination around the silicon atom in these complexes
has been strongly indicated by using the *Si-NMR method. By using pyrocatechol as
a reference point, the log K-values for the first phenolic dissociation constant as well
as the log K-values for the formation of SiL, complexes were found to be linearly

correlated to the Hammett o-constant of the ligand.

In a previous paper of this series,' the ability of different
organic and inorganic substances to raise the solubility of
amorphous silica was studied. Through these measure-
ments it was found that, in the presence of the o-diphenolic
compound pyrocatechol and at slightly alkaline pH, a sub-
stantial solubilization occurred. Precise EMF measure-
ments, performed in homogeneous Si(OH)~pyrocatechol
solutions, showed the formation of a single, octahedrally
coordinated species SiL;*~, and, by applying the stability of
this species to the silica—catechol suspensions, a full expla-
nation of the recorded solubilization effects was obtained.

In the present investigation, the aqueous interactions
between silicic acid and three substituted pyrocatechols
(protocatechuic acid, pyrogallol and gallic acid, with struc-
tures as given in Scheme 1) have been studied. The aims of
the study are to evaluate whether or not the formation of a
single octahedrally coordinated SiL; species is a general
feature for the interaction between Si(OH), and aromatic
compounds containing two adjacent phenolic groups and, if
so, whether it is possible to correlate the stability of the
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complex to the substituent pattern on the pyrocatechol
molecule.

As in the previous study, the interpretation of data will
be based on precise potentiometric measurements at low
silicic acid concentrations, so that the polynuclear hydro-
lysis of silicic acid can be accounted for. Data will cover as
wide Si(OH),/ligand ranges as possible, so that the forma-
tion of possible binary as well as ternary complexes can be
examined.

Experimental

Chemicals and analysis. Aqueous solutions of sodium
chloride (Merck p.a.), hydrochloric acid (Merck p.a.),
sodium hydroxide (EKA p.a.) and silicic acid (Baker p.a.)
were prepared as described in Ref. 1.

For the NMR measurements, ?Si-enriched SiO, (4.7 %
#Si, 95.0 % *Si, 0.3 % *Si, Oak Ridge National Labora-
tory) was used. A special procedure to prepare a car-
bonate-free silicate solution from this material is described
in Ref. 2.

Gallic acid (3,4,5-trihydroxybenzoic acid, C;H,O; - H,0,
Baker grade) was used without further purification, as
every attempt to recrystallize it from hot water resulted in a
pale grey, partly oxidized product.

Stock solutions of gallic acid were prepared by dissolving
CH¢O;s - H,O, together with the appropriate amount of
Na(l, in distilled water and standardized HCl. The C;H,O;
content was determined potentiometrically using the Gran
extrapolation method.?

The titrated amount was always higher than that ex-
pected from the weighed amount (=1.5%) owing to a
water content of less than unity in the solid phase. The
value obtained from titration has been assumed to be cor-
rect. After standardization, the solution was used within a
few days in order to avoid effects from the slow oxidation
which occurs in acidic solution.

Acidified pyrogallol (1,2,3-trihydroxybenzene, Merck
p.a.) solutions were prepared and analyzed as described for
the gallic acid solution. The titrated amount of C,;H;(OH),
was usually somewhat lower than expected from the weigh-
ing (=1%), a difference which was assumed to originate
from adsorbed water in the solid phase.

Acidified protocatechuic acid (3,4-dihydroxybenzoic
acid, Sigma) solutions were prepared and analyzed in the
same way as the gallic acid and the pyrogallol solutions.
The titrated amounts of C;H,O, were also lower (=0.5%)
than that expected from weighing.

Special precautions. Aqueous solutions of almost all
o-dihydroxyaryl compounds are susceptible to oxidation.
The kinetics of this oxidation is, however, strongly retarded
by the addition of strong acid, and this made it possible to
prepare stock solutions of the three compounds. To avoid
effects from the slow oxidation which also occurs in these
solutions, the solutions were kept in the dark and used
within a few days after standardization. The titrations were
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performed in airtight vessels with a gas outlet beneath a
liquid surface, and before the addition of OH™, the vessel
was deaerated with argon or hydrogen gas for at least 2 h.
This implies that all measurements were performed under
strictly oxygen-free conditions, i.e. no oxidation of the
ligands occurred during the measurements and fully stable
EMEF recordings (to within + 0.02 mV) were obtained. The
gas was passed through solutions of 10% NaOH, 10 %
H,SO,, alkaline pyrogallol and a pure ionic medium before
it reached the titration vessel. With these precautions, the
protocatechuic acid and the gallic acid solutions could be
titrated with NaOH solutions without visible discoloura-
tion. With the pyrogallol solutions it was, however, found
that the minute amounts of oxygen dissolved in the NaOH-
solution also had to be avoided. This system has therefore
been investigated through the use of coulometrically gener-
ated hydroxide ions.

The preparation of point solutions for the NMR meas-
urements was performed in an argon-filled glove bag (I’R
instruments).

Methods

Potentiometric measurements. The measurements were per-
formed at 25.00 + 0.05°C in an ionic medium consisting of
0.6 M Na(Cl). In the measurements, glass electrodes (In-
gold 201 NS) and/or hydrogen electrodes were used. The
potentiometric titrations were performed using an auto-
matic system* and OH~ was added either using a NaOH
solution or coulometrically. The measured EMF of the
electrode, E, is given by eqn. (1), in which E is a constant

E=E,+ 59.156 logh + juh + jukh™" (1)

which is determined within each titration in solutions of
known H* concentration, 4 is the free H* concentration, k,,
is the ionic product of water in 0.6 M Na(Cl) medium and
Jjac and j,, are coefficients in the expression for the liquid
junction potential [log k,, = —13.727, j,, = —77.1 mV M™!
and j,, = 42.0 mV M~!in 0.6 M Na(Cl)].’

The reproducibility and reversibility of equilibria were
tested by performing both forward (increasing —log #) and
backward (decreasing —log h) titrations. To avoid oxygen
contamination in the second case, the H¥-containing
burette was mounted on the vessel from the beginning of
the experiment.

The dissociation constants for the three compounds were
separately determined from titrations in the absence of
silicic acid. In all three systems these constants were found
to be independent of the total ligand concentration. This
validates the assumption that their possible contributions to
the liquid junction potential are of negligible importance.

The three-component titrations were performed at a con-
stant ratio between the total concentration of silicic acic, B,
and ligand, C. These measurements were characterized by
fast attainment of equilibrium at —logh =< 6 and by equi-
libration times of ca. 4 h above this limit.



Table 1. Mono- and dinuclear hydrolysis products of silicic acid.?

p.q.r Proposed formula log B,.q.- Ref.
-110 SiO(OH);~ —9.473 5
-210 SiO,(OH),?~ —-22.12 5

020 Si,O(OH)e 1.2 6
-120 Si,0,(OH)5~ -7.75 2
-220 Si,0,(0H),%" -18.00 2

#The formation constants f,,, are defined according to the
reaction pH* + gSi(OH), + MH,L 2 H,(Si(OH),),(H,L),” and the
values given are valid in 0.6 M Na(Cl) medium at 25°C.

Si-NMR measurements. All NMR measurements were
performed at 295 * 1 K using a Bruker AC-250 spectro-
meter equipped with a 10 mm multinuclear probehead.
During the measurements an inner concentric tube (2 mm
o.d.) with D,O was used as an instrumental lock. The
chemical shifts were recorded with respect to Si(CH,),
(tetramethylsilane, TMS) using the high-frequency-positive
convention. The spectra (recorded with 16 K data) covered
the region —70 to —150 ppm, and the chemical shift zero
was regularly checked by running TMS between each
experimental solution. The spectra were recorded with
256 transients using 90° pulses and pulse repetition times
of 120 s.

Data treatment
The equilibria to be considered in the present study can be

divided into groups as follows.

(a) The binary H*-ligand equilibria. These can be repre-
sented by the general reaction (2), in which n = 3 for proto-
catechuic acid and pyrogallol and n = 4 for gallic acid.

HL = H,_ L7+ pH* logB_,u (2

In the present study, the carboxylic acid and the first
hydroxylic dissociation constant have, for each ligand, been
evaluated from separate titration experiments at B = 0.

(b) The hydrolytic equilibria of Si(OH), The depro-
tonation of silicic acid in aqueous solution can, in dilute
solutions, be described by reactions (3)—(7).

Si(OH), = SiO(OH),” + H* logB_;0  (3)
log B_20 4
log Bozo (5)

2Si(OH), = Si,0,(OH);” + H* + H,0 logB_ip  (6)

Si(OH), = SiO,(OH),> + 2H*

2Si(OH), = Si,0(OH), + H,0

2Si(OH), 2 Si,0,(0H)>" +2H* +H,0 logB.m (7)
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For these equilibria, results evaluated in earlier parts of
this series>>* will be used. Equilibrium constants, valid in
0.6 M Na(Cl) medium, are given in Table 1.

(c) Three-component equilibria. The equilibria to be con-
sidered in the systems H*-Si(OH),~H, L are of the general
form (8).

pH* + ¢Si(OH), + rH,L = H,(Si(OH),),(H,L)/* B,,, (8)

In the mathematical treatment of these data, the binary
complex models under (a) and (b) were considered as
known, and all effects above that level treated as being
caused by the formation of three-component complexes.

Appplying the law of mass action and the condition for
the total concentrations to these equilibria then gives
eqns. (9)—(11), in which b and c are the free concentrations

H=h—Spp_,uhPc—3pB_,oh ?b+Zpp,, hebic — k™" (9)
B = b + SqB_,oh b7 + ZqB, Wb (10)
C = c + SB_hPc + Erf, Wobic' (11)

of silicic acid and ligand, respectively. The summation is
taken over all species formed, where B_,, B_,, and 8,,
are the equilibrium constants for reactions (2)—(8).

In the range of complex formation, & was obtained for
each point from the measured EMF using eqn. (1). Since H
and C [eqns. (9) and (11)] are known from analysis, Z,,
defined as the average number of OH™ reacted per H,L,
can be calculated for each point in a titration according to
eqn. (12).

Z, = (h-H-k,h™")IC (12)

The computational problem now involves the determina-
tion of sets of pgr-triplets and corresponding equilibrium
constants that ‘best’ fit the experimental data. In the eval-
uation of experimental data, standard graphical methods,
as well as calculations using the least-squares computer
program LETAGROPVRID’ (version ETITR),”® were
used. As ‘best’ model or models, those giving the lowest
error-squares sum U = Z(H.,-H.,,)’ were considered. The
LETAGROP calculations also give standard deviations
o(H) and 3o(log B), calculated and defined according to
Sillén. 10!

In order to visualize the fractions of the different species,
the computer program SOLGASWATER," equipped with
plotting procedures, was used.

The computations were performed on a CD Cyber 850
computer.

Data, calculations and results

The H*-H, L systems. Deprotonation constants of the dif-
ferent acids were determined from data within the concen-
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Table 2. First (and second) deprotonation constants of the different acids.?

p.q.r Proposed formula log (B-no1 * 30)
Gallic acid Protocatechuic acid Pyrogallol Pyrocatechol®

-1,0,1 H, L~ —-4.141 —4.222 —8.905 -9.198

+0.004 +0.007 +0.008 +0.001
-2,0,1 H,_,L?" -12.55 -12.87 - -

+0.012 +0.021 - -
o(H)/mM 0.07 0.07 0.05
No. of titrations/no. of data 10/228 5/122 14/327

2The equilibrium constants B, ,, are defined in Table 1 and the errors given are 3a(log B,,,). °From Ref. 1.

tration ranges 0.004 < C=<0.03 M and 2.1 £ —logh £9.5.
Results of the different LETAGROP calculations are pre-
sented in Table 2. In the gallic acid system, the carboxyl
acidity constant pK,(COOH) = 4.141 was obtained. Fur-
thermore, the corresponding value for the most acidic OH
group, pK,(OH) = 8.41, was found. These two values are
in good agreement with those previously reported by
Ohman and Sjoberg" (4.152 and 8.43, respectively). In
the protocatechuic acid system, pK,(COOH) = 4.22 and
pK,(OH) = 8.65, while pK,(OH) = 8.90 was found in the
pyrogallol system. The differences in these values, reflect-
ing the substitution effects on the pyrocatechol molecule,
will be discussed in more detail below.

No attempts to determine pK,-values for the other
hydroxyl groups of the ligands were performed. The
reasons for this are that in such alkaline solutions, the
ligands very easily become oxidized. Furthermore, reliable

10F B/mM C/mM

o0 10.4

- v 161 146
o 517 270

08 a 264 751
O 276 5.60

0.6

0.4

0.2

v

3 A 5 6

—log [H"]
Fig. 1. Part of experimental data in the H*-Si(OH),—gallic acid
system plotted as curves Z(—log [H*]) for Z, = 1. The full curve
was calculated with logB_,o, = —4.141.
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glass electrode data are difficult to obtain at the high
—log h-values needed for this determination.

The H*-Si(OH)~H,L systems. During the three-compo-
nent titrations, the ratio between B and C was held con-
stant. The initial concentrations were varied within the
limits 0.001 < B < 0.006 M and 0.002 = C = 0.03 M,
covering the (/B ratios 1 = C/B =< 15. The measurements of
[H*] were performed within the range 2.5< —logh <9.5.

The mathematical treatment of the data was started by
calculating Z (—log k) curves. In the gallic acid system (cf.
Fig. 1) it can be noted that no interactions with Si(OH), are
found with —logh < 6 or Z, < 1. However, in neutral and
slightly alkaline solutions, the increased buffer capacity of
the system (Fig. 2) clearly indicates complex formation
with silicic acid.

To determine the composition and stability of the three-
component complex(es) that are formed, a systematic test-
ing of different complexes was performed. The results of
the calculations in the H*-Si(OH),—gallic acid system are
visualized in Fig. 3. As can be seen, the best fit was ob-
tained by the p,q,r combination —5,1,3. This combination
also yielded the best fit for the protocatechuic acid system,

B/mM C/mM

8
—log [H"]
Fig. 2. Some of the experimental data at Z. = 1 for the
H*-Si(OH),—gallic acid system. All symbols represent initial
concentratioans at Z, = 1 and the curves were constructed
using the proposed equilibrium model.
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Fig. 3. Result of p,q,r analysis on data with Z, = 1 in the
system H*-Si(OH),—gallic acid. The figures give error-squares
sums Uy(pr), assuming the formation of one ternary complex.

while for the pyrogallol system the corresponding ‘best’
combination was —2,1,3 (not illustrated). These results
clearly show the formation of a complex with a ligand-to-Si
ratio of 3 and with a charge of —5 in the gallic acid and
protocatechuic acid systems, and of —2 with pyrogallol.
Although the remaining residuals, H.—H,,, showed no
systematic trend, speciation models where series of com-
plexes —5/-2,1,r, (r=1,2,3) and 0,1,r, (r=1,2) together
with —5/—2,1,3 were also tested. However, in neither of
these cases was any significant improvement of the fit
obtained. Although small amounts of a disilicic acid are
present at the highest B-values studied, no polynuclear
complexes with the different ligands could be established.

It may thus be concluded that equilibria (13)—(15) have
been determined. The corresponding formation constants
are given in Table 3.

Si(OH), + 3H,L = Si(HL);>~ + 2H* + 4H,0;

(pyrogallol) (13)
Si(OH), + 3H,L = SiL,’” + 5H* + 4H,0;

(protocatechuic acid)  (14)
Si(OH), + 3H,L = Si(HL);*~ + 5H* + 4H,0;

(gallic acid) (15)

Table 3. Stability constants for the different SiL; complexes.?
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Fig. 4. Distribution diagrams F(—log [H*]) in the
H*-Si(OH),—gallic acid system. F; is defined as the ratio
between Si in a species and total Si concentration.

In order to visualize the conditions under which SiL;*~ is
formed in the gallic acid system, the computer program
SOLGASWATER was used to calculate some distribution
diagrams. These are presented in Fig. 4 and show that
Si(HL),’~ is formed to a maximum amount in the —logh
range 8.5-9. Also, with the other two ligands (not illus-
trated) the highest fraction of SiL, was obtained at —log &
= 9. This was therefore the —logh value chosen at the
preparation of point solutions for *Si-NMR characteriza-
tion. In addition, to avoid problems with precipitation of
amorphous silica, these solutions were prepared using an
excess of ligand (B = 0.01 M; C = 0.05 M).

In all three spectra, one dominating resonance was ob-
served: at —142.8 ppm vs. TMS for pyrogallol, at —142.4

p.q.r Proposed formula log (Bp,q- + 30)
Gallic acid Protocatechuic acid Pyrogallol Pyrocatechol®

-5,1,3 Sil,5~ —21.26 -21.95 - -

+0.03 +0.05 - -
-2,1,3 Sil,2" - - —-10.02 -10.44

+0.01 +0.03

o(H)mM 0.08 0.08 0.08
No. of titrations/no. of data 15/301 11/212 9/218

aThe constants f,,, are defined in Table 1 and the errors given are 3o(log B,,,). *From Ref. 1.
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Fig. 5. Logarithm of the stability constant for SiL; written as

log B_5 13 [SI(OH), + 3H,L=*= Si(H,_,L); ?*3% + 2H* + 4H,0;
x = 0 or 1] versus the first phenolic pK, of the ligand. From left
to right the symbols represent gallic acid, protocatechuic acid,
pyrogallol and pyrocatechol.

ppm for protocatechuic acid and at —140.9 ppm for gallic
acid. Since chemical shift values in this range are typical for
a silicon atom surrounded with six oxygens in an octahedral
configuration,' these spectra thus provided a strong in-
dication of the formation of hexacoordinated complexes
with bidentately bound ligands.

Discussion

Speciation and equilibria. The present study has confirmed
that silicic acid forms a stable hexacoordinated tris-complex
with o-diphenolic groups in slightly alkaline aqueous so-
lutions. It has also been shown that the charge and the
stability of the resulting species are a function of the sub-
stituent pattern on the pyrocatechol molecule.

From previous empirical findings it is known that, for a
series of structurally related ligands, a plot of the logarithm
of the stability constant versus a parameter representing
the inductive effect of the substituent usually gives a
straight line. This technique has been widely used in
organic chemistry, having been used in 1934 by Larsson'®
with regard to complex formation. The technique was later
applied'® to correlate the complexing ability of related
ligands or metal ions.

Using a ligand with acidic or basic properties, the best
correlations have usually been obtained by plotting log K
for complex formation vs. pK, of the ligand. With the
present ligands it is, however, important to realize that for
such a correlation to be valid, all equilibria must emerge
from a comparable reference state. Since the carboxylic
acid groups of gallic acid and protocatechuic acid are only
indirectly involved in complexation, this implies that the
reactions of pyrogallol and pyrocatechol' should be com-
pared to those of the gallate(-1) and protocatechuate(-1)
ions. The equilibrium constants to be correlated are thus
log B_,15 [Si(OH), + 3H,L*~ = Si(H,_,L);7®** + 2H* +
4H,0, x=0 or 1] against the first phenolic pK, of the

938

9.0

(pKa| )OH

8.5

1 1 1 1 -
0.1 0.2 0.3 0.4
pXs]
Fig. 6. The first phenolic pK, of, from left to right, pyrocatechol,
pyrogallol, protocatechuic acid and gallic acid versus the sum of
Hammett substituent parameters with pyrocatechol as parent
compound.

ligand. This plot is presented in Fig. 5, and the data corre-
late well with a straight line.

Acceptable linear correlations can also be obtained by
using an empirical parameter, o, suggested by Hammett,"’
instead of pK,. This parameter is introduced through the
Hammett equation, eqn. (16), which relates the equilibrium

pK = pK° — o3¢0 (16)

constant K relative to the constant K° for a parent com-
pound to a parameter g, characteristic of the specific reac-
tion, and o, the substituent parameter.

According to eqn. (16), combined with the additivity
principle, a pyrocatechol molecule substituted as in
Scheme 1 should therefore have predictable acid-base and
complexation properties as long as the ‘external-ring’ inter-

10.0

—logB_ 215

9.0 -

1 1 1 1 »

0.3 0.6 0.9 1.2
320

Fig. 7. Logarithm of log _,, 5 (cf. Fig. 5) plotted versus three
times the sum of Hammett substituent parameters. The symbols
used are the same as in Fig. 6.
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Fig. 8. Chemical shift of #SiL, (in ppm vs. TMS) plotted against
three times the sum of Hammett substituent parameters. The
symbols used are the same as in Fig. 6 and the value for
pyrocatechol (—144.7 ppm) was taken from Ref. 1.

actions between Y and the adjacent OH group are negli-
gible. By using substituent parameters from the litera-
ture'”™ and pyrocatechol as the parent compound, the sum
of substituent parameters for the present compounds be-
comes 0.13 for pyrogallol, 0.24 for the protocatechuate(-1)
ion and 0.37 for the gallate(-1) ion. In Fig. 6 these sums
have been plotted against the first pK,-value of the com-
pounds and, as seen, a good linear correlation is obtained.
Furthermore, the slope of the resulting line, o =2.21,
shows good agreement with the slope reported in the litera-
ture'® for phenolic compounds, @ = 2.23.

As indicated in Fig. 5, the different substitutions also
affect the stability of the three-component complex SiL;.
Since logB_, ;5 and (pK, )oy showed a linear correlation
(Fig. 5) and (pK,,)on is linearly correlated to Zo (Fig. 6), a
linear correlation is also to be expected between log f_, ;3
and the sum of substituent parameters. This plot, in which
2o has been muitiplied by three to take into account the
three ligands in the complex, is given in Fig. 7, and, as
foreseen, an approximate straight line is obtained. The
slope of this line, o = 1.4, is lower than the corresponding
slope for the (pK, )oy line. This implies that a net strength-
ening of SiL, is obtained with increasing values of Zo.

As was noted from the NMR experiments, all SiL; com-
plexes give a single resonance at ca. —141 to —145 ppm vs.
TMS; values which were taken as evidence for octahedrally
coordinated silicon complexes. In Fig. 8 these chemical
shift values have been plotted against (three times) the sum
of substituent parameters. The linearity observed in this
plot indicates that the Hammett equation might also be
used for correlating chemical shift data from structurally
related compounds.

Modelling calculations. Owing to the high abundance of
silicon in the crustal rock, silicon compounds are a major

[Si],/mM
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C=0.03M

10

—loy [H*]
Fig. 9. Theoretical solubility of amorphous SiO, (log K, =
—2.76) in absence (0) and presence of 0.03 M pyrocatechol (1),
pyrogallol (2), protocatechuic acid (3) or gallic acid (4) as a
function of —log [H*].

component of the suspended matter derived from weather-
ing processes. Because of the low solubility of secondary
solid phases formed, such as aluminosilicates and different
forms of silica, the aqueous silicon concentration does,
however, seldom exceed the value predicted by the solu-
bility of amorphous silica. Until recently, the prevailing
forms of this silicon have commonly been referred to as the
uncharged silicic acid, Si(OH),, and, to a small extent, the
dimer of this species, Si,O(OH),.

This simple view has recently been challenged by work
performed by Bennett et al.*?? showing that the solubility
of quartz is influenced by the presence of certain natural
and synthetic organic compounds at near-neutral pH. To
indicate the potential influence of such reactions from the
presently studied compounds, different model calculations
have been performed.

In one calculation, amorphous silica (log K, = —2.76)"
was equilibrated with 3x1072 M of ligand and the total

-15r \1 SiL;
2
3
_2 - L
log C
-25t
Si(OH), SiO(OH);
7 ) 9 10
—log [H*]

Fig. 10. Predominance area diagram showing predominating
aqueous form of silicon in a suspension of quartz (log K, = —4)
containing various total concentrations of pyrocatechol (1),
pyrogallol (2), protocatechuic acid (3) or gallic acid (4).
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aqueous silicon concentration was calculated as a function
of —log k. The resulting solubilization curves are illustrated
in Fig. 9 and show, in accordance with the arguments given
above, that the strongest solubilization effect is obtained
with gallic acid. Thus, with this compound, silicon can be
mobilized from solid silica even below neutral —log 4. The
high solubility of amorphous silica and the 1:3 stoichio-
metry of the soluble species did, however, make it neces-
sary to perform these calculations with relatively high
ligand concentrations.

Another calculation was therefore performed in which
crystalline quartz (log K, = —4) was used as a solubility-
regulating phase. In Fig. 10 this calculation is illustrated in
the form of a predominance area diagram, i.e. a diagram
showing the predominating aqueous form of silicon in a
solution in contact with crystalline quartz. This implies that
the solubility of quartz has increased by a factor of two
along the different Si(OH),/SiO(OH), -SiL, boundary
lines. Once again, these calculations show that the stron-
gest complexation effects are obtained with gallic acid as
ligand.

Also here, however, such high ligand concentrations are
needed that it is doubtful whether complexes of this type
are of significance under ‘normal’ natural water conditions,
for instance in streams or lake waters. Under more ‘special’
conditions on the other hand, e.g. the area investigated by
Bennett and Siegel,”® where high concentrations of bio-
degraded petroleum were present in the water body, silicon
complexes of this kind are quite likely to appear.
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