Journal of

ewchemical&

ﬁenglneerlpg
data

pubs.acs.org/jced

Enhancement of Hydrolysis through the Formation of Mixed

Heterometal Species:

AP*/CH;Sn** Mixtures

Rosalia M. Cigala,T Concetta De Stefano,” Alba Giacalone,* Antonio Gianguzza,jIE

and Silvio Sammartano™® "

TDipartimento di Scienze Chimiche, Universita di Messina, viale F. Stagno D’Alcontres, 31-98166 Messina, Italy

iDipartimento di Fisica e Chimica, Universita di Palermo, viale delle Scienze, 90128 Palermo, Italy

ABSTRACT: The hydrolysis of mixed-metal cations (AI**/CH;Sn*")
was studied in aqueous solutions of NaNO;, at I = 1.00 + 0.05
mol-dm™ and T = 298.15 K, by potentiometric technique. Several
hydrolytic mixed species are formed in this mixed system, namely,
AlL(CH;Sn),(OH), with (p, g, r) = (1, 1,4), (1, 1, 5), (1, 1, 6), (2, 1,
4) (1,2,5), (1 4,11), (1, 3, 8), and (7, 6, 32). The stability of these
species, expressed by the equlhbrlum pAP* + gCH,Sn*" + rOH™ =

Al,(CH;Sn),(OH), 3pra)-r ) Bpys can be modeled by the empirical
relatlonshlp log ﬂpq, = 3 34 + 2.67p + 9.23(q + r). By using the
equilibrium constant X, . relative to the formation reaction:
pAl(p+q)(OH)r + q(CH3sn)(p+q)(OH)r = (P + q)Alp(CH3sn)q(OH)r)
it was found that the formation of heterometal mixed species is
thermodynamically favored, and the extra stability can be expressed as

2.0

pH

a function of the difference in the stability of parent homometal species.

hydrolysis and solubility.

This leads, in turn, to a significant enhancement of

B INTRODUCTION

Natural waters and biologic fluids are multicomponent systems
containing a variety of metal or organometal cations and ligands
both inorganic and organic in nature.' > These components
undergo complexation, forming several species; in many cases,
in the presence of multicomponent mixtures (multimetal/
multiligand), one must take into consideration the possibility of
mixed species formation, for example, one ligand with different
metal cations (heterometal polynuclear complexes) or one
metal with different ligands (mixed metal—ligand complexes).
For a ternary system (one metal and two ligands or one ligand
and two metals), the stability of the generic mixed complex
ABC can be expressed, in addition to the overall formation
constant f;;; = [ABC]/([A][B][C]), by the constant X,
relative to the equilibrium AB, + AC, = 2ABC, whose statistical
value”® indicates that generally the stability for mixed
complexes is higher than that of simple AB, and AC, species.
Moreover, it has been shown that the extra stability is a
function of the parameter Apmm (ie., the difference in the
stability of simple complexes).®

Mixed ligand complexes of several metal ions (in particular,
transition metal cations) with small inorganic and organic
ligands have been widely studied.”® In the old compilation of
Perrin,® dating back to 1979, stability data relative to 1220
mixed ligand systems were reported. The literature data relative
to the formation of mixed species containing one ligand and
two metal ions are not very numerous, and in particular, few
data are found when the ligand is OH™. From our research, it
appeared that the most of studies were conducted by Russian
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and Belorussian scientists, using different techniques on several
binary systems. The mixed hydrolysis of uranyl was analyzed
with aluminum, while copper(Il) was utilized for the
investigation of ternary systems with Cr(IIl), Co(II), AI(IIL),
Sc(III), Fe(IlI), and Ni(1I)."""*° The mixing effects on the
protonation of some polyprotic acids, determined in electrolyte
mixtures, were also interpreted in terms of mixed metal
complexes.*' 7>

Yusov et al.”® reported a spectrophotometric study on the
interaction of aluminum(III) with some f-family ions to form
mixed hydroxo complexes. As an example, they found, for
PuO,*, the formation of the heterometal hydroxo species
PuO,AI(OH); (j = 2, 3). Recently, our research group was
involved in the study of heterometal polynuclear hydroxo
species.24’25 The interest for these species comes from a series
of items. First of all, in the aquatic systems the major
component is water itself, and as a consequence, all the metal
cations undergo hydrolysis to some extent.”® With increasing
the cation charge both the hydrolysis extent and the formation
of polynuclear species increase. Therefore, in a mixture of metal
cations having charges z > 1, the possible formation of
heteropolynuclear species is quite high.

This possibility has been recognized for some complexes of
cations, namely, UO,?* and Cu**, (C,H;),Sn*, and Cd**>**
For these three couples of cations, it was found that
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heterometal hydrolytic species are formed and that there is
enhancement of hydrolysis in mixed metal solutions. Note that,
in turn, the hydrolysis enhancement by the formation of
charged polynuclear species may imply an increasing effect for
the solubility of metal hydroxides. This aspect is quite
interesting for the speciation of aquatic systems.

As well-known, three-charged cations show a high tendency
to form highly polynuclear hydrolytic species (e.g.,
Fe,,(OH)3, >, Alj;(OH);,7*),> ™ and the possibility, in a
mixture of trivalent cations, of mixed metal species formation
can be easily predicted.

As part of a series of studies, an investigation on the
hydrolysis behavior of mixtures of AI** and CH,Sn*, in
aqueous solutions of NaNOj, at I = 1.00 + 0.05 mol-dm ™ and
T = 298.15 K, is reported here.

24,25

B EXPERIMENTAL SECTION

Chemicals. The aluminum(III) solutions were prepared and
standardized as already reported in ref 28. Monomethyltin(IV)
solutions were prepared by weighing trichloride salt (purchased
by Aldrich), with a purity > 99 %, used without further
purification.

Sodium nitrate (Aldrich) solutions, used as supporting
electrolyte, were prepared by weighing the pure salt, dried in
an oven at T = 383.15 K for at least 2 h. Nitric acid and sodium
hydroxide solutions were prepared by diluting concentrated
ampules (Riedel-de Haén) and standardized with sodium
carbonate (Aldrich) and potassium hydrogen phthalate,
respectively. NaOH solutions were preserved from atmospheric
CO, by means of soda lime traps. Moreover, all reagents were
of analytical grade, and the solutions were always prepared
using CO,-free distilled water (conductivity < 2 pS-cm™).

Procedure. The AI**/CH,Sn*" system was studied by
potentiometric technique (H*-glass electrode) in thermostatted
cells at T = 298.15 K. The measurements were carried out by
titrating (with standard CO,-free sodium hydroxide) a volume
of 25 cm® solutions containing CH,Sn* [(40.0 to 90.0)
mmol-dm™3], AI** [(30.0 to 80.0) mmol-dm™3], and NaNO; to
adjust the ionic strength to desired value (1.00 mol-dm™). The
experimental conditions for potentiometric titrations are
reported in Table 1. The titrations were carried out until
precipitation (see below the section on the solubility of the
system).

Table 1. Experimental Conditions for the Potentiometric
Titrations” of A**/CH,Sn*" at I = 1.00 + 0.05 mol-dm™>
(NaNO;) and T = 298.15 K

CH,Sn**
mmol-dm~> AP* tit. readings
60.0 30.0 2 92
80.1 40.0 2 100
80.7 49.9 2 116
60.2 50.0 2 101
40.0 70.0 1 56
89.9 60.0 2 115
60.0 59.9 2 126
90.0 80.0 2 125
15.0 5.0 4 200
total 19 1031

“With NaOH 1 mol-dm™ (different standard solutions).
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To minimize systematic errors and to check the repeatability
of the measurements, the Al**/CH,Sn*>" measurements were
carried out by two operators, using two different experimental
systems, as already described in refs 28 and 30.

All titrations were carried out at T = 298.15 + 0.1 K, by using
a thermo-cryostat HAAKE F3 digital, under magnetic stirring
and bubbling purified presaturated N, through the solution to
exclude O, and CO, inside. To determine the formal glass
electrode potential (E°) and the junction potential (E]- =
j,[H']), independent titrations of acidic solutions (nitric acid)
were performed with standard sodium hydroxide solutions in
the same experimental conditions of ionic strength of the AI**/
CH,Sn** measurements. The free proton concentration scale
was used, that is, pH = —log[H"].

Calculations. The nonlinear least-squares computer pro-
gram ESAB2M®' was used to determine all parameters of the
acid—base titrations: analytical reagent concentrations, elec-
trode formal potential E°, the coefficient j, relative to acidic
junction potential, E;, and the ionic product of water, K. The
hydrolysis constants of heterometal species were refined by the
computer program BSTAC.>> The ES4ECI’® computer
program was used to draw speciation diagrams and to compute
the formation percentages of the species. Some calculations
were also made using the computer program STACO™ to
check the proposed speciation model.

Hydrolysis constants are expressed according to the
equilibria 1 to 3:

pAPT + rH,0 = AL(OH) ™) + rH* B )
qCH,Sn** + rH,0 = (CH,Sn), (OH)™™" + rH* Brr
(2
pAP" + qCH Sn’" + rH,0
_ (B(p+9)—1) +
= Al,(CH;Sn),(OH), +rH" B 3)

and formation constants are given by the equilibria 4 to 6:

AT+ rOH” = (ORI o
ACH,SH™ + rOH™ = (CHyn), (ORI 2 (g,
pAP" + qCH Sn*" + rOH™

= Alp(CH3Sn)q(OH)7(3(p+q)—r) ﬂpcv);-l ©

The conversion from molar to molal concentration scale can be
obtained using the equation: ¢/m = d + aj-c + ay:c* (at T =
298.15 K, d = solvent density = 0.9971 g-cm_3; ¢ = molar
concentration; m = molal concentration; a; = 0.02983151, a, =
—6.4516:107* in NaNOj). In the case of 1 mol-dm™ NaNO,,
I(molal) = 1.03 and log f# (molal) = log ## (molar) —0.015-p*
[p* =p — r — 1, for equilibria 1 to 3 or p* = p + r — 1, for
equilibria 4 to 6].

B RESULTS AND DISCUSSION
Hydrolysis of AP* and CH;Sn**. The hydrolysis of AI**

and CH,;Sn* was already studied in these laboratories,”** and
the constants relative to the equilibria 1 and 2 are reported in
Table 2. These hydrolysis constants were determined in rather
high metal concentration conditions,”**° to find the formation
of high homopolynuclear species, that means, for mixed metal
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Table 2. Equilibrium Constants for the Formation of Hydrolytic Species of AI** and CH;Sn*', at I = 1.00 + 0.05 mol-dm ™3

(NaNO;) and T = 298.15 K

4 r AP log ﬂpoyb log p(,Ifc
1 1 —-5.01 8.73
1 2 —10.5 17.0
1 3 —16.2 25.0
1 4 —23.4 31.5
3 4 —13.71 41.24

13 32 —109.13 330.53

q r CH3Sn3*d log fog* log ﬂg}ff
1 3 —-9.91 31.28
1 4 —22.52 324

2 4 —3.81 S1.11
2 S —8.10 60.55
2 7 -30.65 65.46
3 S —-1.89 66.76
3 7 —8.23 87.88
S 9 -2.73 120.84
S 11 -9.16 141.87

“Reference 28. blog Pyor refers to equilibrium 1. “log ﬁ%f refers to equilibrium 4. “Reference 30. “log fo, refers to equilibrium 2. flog ,BOOPI;I refers to

equilibrium S.

Table 3. Overall Equilibrium Constants” for the Formation of Mixed Heterometal Hydrolytic Species Al,(CH;Sn),(OH),, at I =

1.00 + 0.05 mol*dm™ (NaNO;) and T = 298.15 K

p q r model 1 model 2 model 3 model 4
1 1 4 —8.91(8)" —8.88(4)"
1 1 S —12.58(1) —12.532(6)® —12.77(2)® —12.80(2)
1 1 6 —19.45(5) —19.74(7) —19.53(4) —19.48(4)
2 1 4 -6.35(1) —6.66(2) -6.71(1) —6.79(2)
1 2 S —4.83(2) —5.65(9) —6.04(20) —5.61(8)
1 4 11 ~13.01(2) —13.30(2) -13.17(2) —13.22(2)
10 3 32 —91.44(19) —91.56(18)
3 8 —8.599(9) —8.619(9) -8.67(1)
7 6 32 —-73.23(3) —73.14(5)
o/} 145 1.28 115 1.00
“According to equilibrium 3. bLeast—squares standard deviation in parentheses.
solutions, high probability for the formation of heterometal log ﬁp((); = log ﬂp ot 13.73r ©)

hydrolytic species. Aluminum(III) forms, in addition to the
mononuclear species, two polynuclear hydrolysis products, and
monomethyltin(IV) cation undergoes hydrolysis mainly in
terms of several polynuclear species. The hydrolysis trend is
CH,Sn*" > AP*.

As already recognized by Brown et al,”” in some cases the
hydrolysis constants 3 (or the formation constants #°') can be
expressed by a single equation as a function of stoichiometric
coefficients. By considering equilibrium 4, least-squares
calculations give, for AI*:*®

log B, = —4.78 + 3.32p + 9.12r @)

and for CH,Sn>" *° equilibrium $:

OH
0gr = 850(q + r) (8)

log
the errors associated with log f°" calculated by eq 7 and 8 are,
as a mean, + 0.5 log units, ie., compatible with predicting
purposes.

Formation of Heterometal Hydrolytic Species. Least-
squares analysis of potentiometric data was performed by
considering a variety of p, g, and r stoichiometric coeflicients,
according to equilibria 3 or 6.

In Table 3, the results relative to four tested models (the
most significant models) are collected. Model 4 was chosen on
the basis of the best variance ratio. Eight species are taken into
consideration, and their standard deviations are always very
good, by taking into account the complexity of the mixed metal
system. Hydrolysis constants were converted to formation
constants using the equation:

and the relative values are reported in Table 4. A preliminary
analysis of these data indicates that log ﬂgj is a function of the
stoichiometric coeflicients, as observed for homometal hydro-

Table 4. Overall Equilibrium Constants for the Formation of
Heterometal Hydrolytic Species Together with Equilibrium
Constants for Parent Homonuclear Complexes, at I = 1.00 +
0.05 mol*dm ™ (NaNO;) and T = 298.15 K

p qa r log fon: log ot log figy log X

1 1 4 4604 + 0.12%° SL1® 2.6 + 04%°
455 + 02 38.34° 0.6

11 5 5585+ 0.12 60.5 37 +03
547 £ 0.2 47.46 0.6

11 6 629 +0.15 12+12
63.9 + 0.2 56.58 68.0 0.6

2 1 4 4813 +0.1 4124 24+ 05
481 + 02 59.5 1.4

1 2 S 63.04+0.15 66.8 48 + 0.6
63.9 + 0.4 50.78 1.4

1 4 11 1378 +02 147.9 9.5+ 1.0
137.8 + 0.5 112.14 3.5

1 3 8 101.2 + 0.2 172 + 43
1009 + 0.3 81.46 102.0 24

7 6 32  3662+07 330.53 152 + 12
366.1 + 1.3 382.5 2

“+ 95 % C.L. "First row: experimental values; second row: calculated
values. “First row: experimental values; second row: statistical values

(log Xstat) .
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Iytic species of both AI** and CH;Sn**. By least-squares analysis
the following relationship was obtained:

OH
log 3, (10)

This equation fits quite well experimental data, with a
correlation coefficient r = 0.999 for the straight line log
P (calcd) vs. log 5 (exp), and a predicted error of calculated
values is given by the equation (also in this case function of
stoichiometric coefficients):

—3.34 4+ 2.67p + 923(q + 1)

e=0028(p+q+7) (11)

(¢ = 95 % confidence interval).
The yield of mixed species is quite significant, in particular in
the acidic pH range, as shown in Figure 1, where the fraction of

0.5

0.4+

0.3+

0.2 4

Fraction [A13+]

0.0 ;

Figure 1. Speciation diagram of AI**/CH,Sn*/OH" system vs. pH.
Full line: sum of the AL,(OH), simple hydrolytic species; Dashed line:
sum of Al,(CH,Sn),(OH), mixed heterometal hydrolytic species.
Experimental conditions: [AP*]y = 50.0 mmol-dm™, [CH,Sn*]; =
50.0 mmol-dm™3; at I = 1.00 + 0.05 mol-dm™> (NaNO;) and T =
298.1S K.

AP** present as mixed species (x; = £([mixed species]/[AI**]1)
is reported vs pH, when the concentration of both cations is
50.0 mmol-dm™>. In these conditions at pH = 3.0, x1 ~ 0.2 and
at pH = 3.8, x ~ 0.5 .The speciation diagram is plotted in
Figure 2 in the concentration conditions [AI**] = 30.0
mmol-dm™ and [CH;Sn*] = 60.0 mmol-dm™. In all the
considered pH range highly mixed polynuclear species are
formed, for example, (1,3,8), (1,4,11), and (7,6,32). Some
species considered in the speciation model (Table 3) like
(L1,r), r = 4,5,6 are formed at pH > 4, and for r = 6 very low
yields are observed.

The stability of mixed complexes can be evidenced by
considering the equilibrium:

PAl(p+q)(OH)r(3(p+q)—r) + ‘J(CH3SH)(p+q)(OH)£3(1’+‘1)")

= (p + q)AL,(CH,8n), (OH),3®*+0=") )

24,2
X242

with the equilibrium constant given by:

logX = (p + q)log ﬂ;;fl — plog ﬂ(;)f—lq)w — q log ﬂOC();IJ_I+q)r
(13)

The statistical values of X can be calculated according to the
equation:2

824

0.5
0.4 o
5
7
—
- 0.3
= 2
=
s
£
2 02-
St
=
0.1
14
0.0 - . ;
3 4 5

pH

Figure 2. Speciation diagram of mixed heterocations hydrolytic species
Al,(CH;3Sn),(OH),. Experimental conditions: [AI¥*]; = 30.0
mmol-dm~3, [CH;Sn*]; = 60.0 mmol-dm™, at I = 1.00 + 0.0S
mol-dm™ (NaNO,) and T = 298.15 K. Species: 1 Al(CH,;Sn)(OH),,
2 Al(CH,Sn)(OH)s, 3 AL,(CH;Sn)(OH),, 4 Al(CH,;Sn),(OH), §
Al(CH;Sn);(OH);, 6 Al(CH;8n),(OH),;, 7 AL(CH;Sn)s(OH)3,
(charges omitted).

Xt = [(P + q)!/(p!q!)](l’*"l) "

In Table 4, log X and log X, values together with log s for
parent homometal species are reported. For some (parent)
species, not experimentally accessible, the relative equilibrium
constants were calculated by the empirical eqs 7 and 8.

Extra Stability of Heterometal Hydrolytic Species.
Equation 14 for the statistical values of X indicates that the
formation of mixed species must be always favored, since (p +
q)! > (p'q!). Moreover, in many cases it was observed, for both
mixed metal and mixed ligand complexes, an enhancement of
the stability higher than that expected on the basis of statistical
considerations, that is, log X (experimental) > log X Also for
the equilibrium constant 12, a simple empirical relationship
(15), as a function of the stoichiometric coefficients, was found:

IOgX = Aparent - 3(4P + ‘1) + 4.85p-q (15)

(Aparent = Ilog ﬁ(p+q)0r - lOg ﬂO(p+q)r|)

The comparison of eqs 14 and 15 and the analysis of the
differences log X — log X, (Table 4), shows that for the mixed
species AIP(CH3Sn) q(OH), there is a strong extra stabilization.

This extra stability, that we indicate in this paper with A,
(log X — log X,,), for simple (11r) species is Ay, = 2 + 1 log
units, while for highly polynuclear species an extra stability of
several orders of magnitude was calculated.

It has been observed that the statistical value calculated by eq
14 is valid only if the stability of parent complexes is similar
(same order of magnitude),2 namely, log ﬁg,lfq)o, ~ ﬁalfq)oy/
while when they are quite different X, may assume much
higher values.

By investigating the formation of mixed metal (alkali and
alkaline earth) complexes of diethylenetriaminepentaacetate
and triethylenetetraaminehexaacetate,® it was observed a linear
dependence of A, on the stability difference of parent
complexes, and by analyzing some previous data,>* the simple
relationship (16) was found.

dx.doi.org/10.1021/je400003r | J. Chem. Eng. Data 2013, 58, 821-826
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Aextra = 0'19Aparent (16)

The same considerations, applied to the data of the AI**/
CH,;Sn*/OH™ system, allow to obtain a very similar equation:

A = 0'22Aparent (17)

valid for all the species but the (7,6,32) one.

Reliability of the Proposed Speciation Model and
Errors in the Different Equilibrium Constants. The
procedure of model selection followed in this investigation is
very similar to that reported in our previous papers and in the
literature.>® Model 4 was selected on the basis of variance ratio,
as reported in Table 3. In this table it can be noted that model 3
is not very different, in terms of both speciation and variance
ratio, but model 4 was chosen since the species (1,1,4) is able
to fit in a better way the first part of titrations, at pH < 4.
Moreover, standard deviations on the hydrolysis constants are
quite acceptable for all the species considered. Standard
deviation on log A°" values for homometal species were
calculated by eq 11.

A source of errors may arise from the variation of ionic
strength in the titrations of solutions containing high
concentrations of trivalent cations. Nevertheless, for the most
important parameter which characterize the formation of the
mixed species, that is, log X, the error due to the variation on
ionic strength must be quite low, being the sum of the square
charges equal in the two sides of equilibrium 12.

Enhancement of Hydrolysis. The most interesting
consequence of the formation of mixed hydrolytic species,
with high extra stability, is the enhancement of hydrolysis and
the corresponding lowering of free metal concentration, as
shown in Figure 3, where the free AI** concentration is
reported vs. pH at different total concentrations and
concentration ratios of the two cations considered.

The solubility of AI** is expressed by the equation:

extra

Su = [AF*] + 3 p[AL(OH)¥™"] (18)
or
Su = Ko[H'T + Y pB, (KG[H P [H'T” (19)
25
2.0_ ’-“"’,"////
?'xg /,,,
ED ///,,
1.5 ’_‘__/__——""
1.0 - T " T " '
2.5 3.0 35 40
pH

Figure 3. Plot of —log[Al**] vs pH at different [CH;Sn**];
concentrations, when [AP**]; = $0 mmol-dm™3; [CH,;Sn*]; = 0,
full line; [CH,Sn**]1 = 50 mmol-dm™>, dashed line; [CH,Sn>*]; = 100
mmol-dm™3, dotted line.

where K = [A¥*]/[H']® = 9.2 at I = 1.00 % 0.05 mol-dm™
(NaNO,) and T = 298.15 K.

When another cationic species, such as CH,Sn*', forms
mixed species together with aluminum cation, a further term,
Smiw Must be added to eq 18:

- Z p[Alp(CHg,Sn)q(OH)£3(P+‘1)—V):| (20)

or
= D 1B, (KG[H'T )P [CHSn* ' [H'] (1)

The term (21) is always >0, and therefore, the solubility
increases as a function of both the value of f,, and the
concentration of the monomethyltin(IV) cation.

Using the values of K, and f3,,,, for the various mixed species,
the pH value for the formation of insoluble AI(OH);,) species
was calculated:

PH ity (£0-1) = 3.08 — 1.2 log[AP*],

+ 0.92 log[CH,Sn "], (22)

while in the absence of CH,;Sn*:
- 3+
PH i) (£0-1) = 3.08 — 0.34 log[AI""]; (23)

where []r indicates the total concentrations. Therefore the
difference in pH(sopypiliy) i8:

APH ity (£0:15) = —0.86 log[AP"],,

+ 0.92 log[ CH;Sn’* "], (24)

that quantitatively accounts for the increasing effect of the
presence of CH;Sn®" on the solubility. Equations 22 and 23 are
valid in the concentration range 1 < —log [M**]} < 3.

B FINAL REMARKS

In aqueous solution containing AI** and CH;Sn’* several mixed
cation hydrolytic species are formed. The main results obtained
in this work can be summarized as follows:

- The mixed hydrolysis products show a remarkable
stability, and in particular in acidic solutions, stability is
present in a large number of polynuclear species.

- The mixed species exhibit a strong extra stability higher
than that expected based on pure statistics.

- The high polynuclearity of many mixed species indicates
that, in fairly high concentration conditions, many of
these species can be formed for pairs of trivalent cations.

- The formation of mixed species implies, as reported
previously, an increase of hydrolysis and therefore of the
solubility of the whole mixed system.

- Finally, as observed for many systems, it is possible to
draw from the experimental data some empirical
relationships that can be useful for prediction, probably
also for other similar systems.
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