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Kinetic Study of Salt Effect on Conversion Reaction
of B to a-Dodecamolybdosilicate Complex

Taitiro Fujinaca, Mutsuo, Kovama, and Toshitaka Hori*

Received October 22, 1977

In order to elucidate salt effects on conversion reaction of 8 to a-dodecamolybdosilicate complex,
the conversion rate was measured kinetically in the presence of several kinds of neutral salts like as
sodium chloride, sodium perchlorate, ammonium chloride, potassium chloride, and ammonium sul-
fate.

" B-complex converts to a-complex by a first-order rate with respect to its concentration and the rate
constant was evaluated as kops=(2.134-0.03) X 10-3 min—! in the absence of any salts except for an
excess of sodium chloride introduced during the preparation of S-complex. The value of kops was a
conditional constant and increased by the addition of the neutral salts in proportion to their concentra-~
tion. The result can be formulated into a simple equation: kops=kobs,extp-bse[Cs], where Cs:
concentration of the added salt; bs: a proportional constant which is specific to the salt: kops,extp: 2
conversion rate constant obtained by extrapolating kops toward Cs=0. On each salt, the magnitude
of the salt effect was presented by the value of bg and compared mutually, and it was concluded that
the neutral salts, which have been considered to be inert, actually participate with the transition state
of the conversion reaction.

INTRODUCTION

It is known that the rate of the conversion reaction of 8 to a-dodecamolybdosilicate
complex (abbreviated as f-complex and a-complex hereafter, respectively) is affected
by the presence of neutral salts in aqueous solutions. The effect was first pointed
out by Strickland®? with ammonium sulfate. The similar effects by the other neutral
salts have been observed in the determinations of silicate ions based on the forma-
tion of B-complex,?~® and the effect has been called as salt effect or salt error.
Recently, Fanning and Pilson investigated® the salt effect in seawater samples and
correlated the effect to the salinity and hence to the ionic strengths of the media.
However, the salt effect is not systematically investigated yet.

In the present paper, the authors determined the absorptivities of @ and f-complex
and established a spectrophotometric method for determining the concentration
of each complex in their mixture. By the method, the decrease of f-complex due
to the conversion can be monitored continuously and the conversion rate was deter-
mined kinetically. The kinetic analysis was carried out in the presence of neutral
salts such as sodium chloride, sodium perchlorate, ammonium chloride, potassium
chloride and ammonium sulfate, and the effects of the salts on the rate constants
were systematically investigated. The participation of these salts with the conver-
sion reaction is also discussed. '

* PEAK—RE, /MUEESR, 3 422 Department of Chemistry, Faculty of Science, Kyoto University,
Kyoto 606, Japan.
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EXPERIMENTAL

Reagents. 0.01 M silicate standard solution containing sodium carbonate in a
concentration of 0.1 M was prepared by fusing 0.3005 g of quartz wool with 5.3 g
of Na,COs, followed by diluting the resulted cake to 500 ml with water.

0.1 M molybdate solution was prepared by dissolving 24.195 g of Na,MoOy.
2H0O with water and diluting it to 1 liter. '

1 M salt solutions of NaCl, NaClO, NH,Cl], KCI, and (NH,),SO, were prepared
by dissolving the respective anhydrous salt with water.

Measurements. Measurements of absorbance and absorption spectra were carried
out by using a UV-200 spectrophotometer (Shimadzu) at a constant temperature
of 25-£0.2°. Quartz cells with path-lengths of 1, 0.2, and 0.1 cm were properly
used according to the intensity of absorbance of sample solutions. The path-length
of each cell was calibrated as 1x1.00, 0.2 x1.02, and 0.1 x1.02 cm, respectively.

RESULTS

1) Formation of ¢ and B-complex and Their Absorptivity

It is known?® that B-complex is formed predominantly in solutions acidified with
more than two equivalents of H* per gram-atom of Mo, being accompanied by the
spontaneous conversion to a-complex. Actually, in properly acidified solutions,
the rate of formation of -complex is quite larger than that of the conversion and,
hence, the formation reaction can be easily distinguished from the conversion reac-
tion. According to the following manner, the degree of the conversion occurred
during the period of the complex formation (ca. 10 min) was corrected by a graphical
extrapolation and the exact absorptivity of S-complex was determined.

20 ml of 0.1 M sodium molybdate solution and 10 ml of 1 M hydrochloric acid
solution were taken into a 50 ml of volumetric flask. A calculated amount (0.2-
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Fig. 1. Formation of f-complex
{molybdate]=4.0 x 10-2 M (constant); [HCl1]=0.2 N; 25°
(a) [silictae] =2.0x 10~ M, light path-length=1.00 cm
(b) [silicate] =1.0x10-3M, light path-length=0.204 cm
(c) [silicate]=2.0x10-8 M, light path-length=0.204 cm
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’

17.5 ml) of the silicate standard solution was added to the flask and the solution
was diluted quickly to the mark with water. Then, the time was set to zero and
the absorbance change at 400 nm of the solution was recorded. At the prepara-
tion of the sample solutions, the amount of the acid added was devised to be sufficient
enough to keep the ratios of [H*]/[MoO4£-] more than two in all of the solutions
and, in consequence, the formation of f-complex was favorable in every solution.
The absorbance changes observed at silicate concentrations of 2x1074, 1x 10-8
and 2X 1073 are represented in Fig. 1, where the absorbances are normalized with
respect to the path-length of the cell used. It can be seen in the Figure that each
absorbance increases rapidly corresponding to the formation of S-complex and be-
comes maximal between t=9 and 10 min, and then decreases quite slowly due to
the conversion to a-complex. The absorbance of each solution at t=0, which
absorbance corresponds to the initial concentration of B-complex, can be deter-
mined by a linear extrapolation of the respective absorbance curve toward t=0
as shown by a broken line in Fig. 1. These measurements were performed at various
silicate concentrations between 4 X 1075 and 3.5 x 102 M and the initial absorbance
thus read out from each intercept is plotted against the silicate concentration in
Fig. 2. The plot gives a straight line in a range of the silicate concentration from
2x10™ to 2.5x 10 M, since B-complex is formed quantitatively in proportion
to the total amount of silicate ions present. By the least square method, the absorp-
tivity of the complex at 400 nm was determined as &ga00=(2.18--0.04) x 1037+
mole~1-cm from the slope of the fitted line. Precision given above is the confidence
limit of the regression coefficient at the 959, confidence level. The straight line
obtained here passes through the origin of Fig. 2, but some deviations from the line
appear in lower silicate concentration than 2Xx10* M because of the absorbance
of uncomplexed molybdate ions present in excess. As the silicate concentration
is increased, the excess of molybdate ions are consumed for the complex formation
and the absorbance of the molybdate ions is diminished to a negligible extent. In
higher silicate concentration than 3.3 X 108 M, in turn, the total amount of molyb-
date ions, which is kept constant at 2 X 10~2 M in the solutions, limits the formation
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Fig. 2. Determination of absorptivity of S-complex at 400 nm
[molybdate] =4.0 X 10-2M (constant); [HCI}=0.2 N; 25°
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Fig. 3. Determination of absorptivity of a-complex at 400 nm
[molybdate] =4.0 x 10~2 M (constant); [HCI}=0.2 N; 25°

of the molybdosilicate complex and deviated plots from the extrapolated line appear
as shown at the top right of Fig. 2.

By standing the same solutions as those prepared for f-complex for more than 40
hours at room temperature, a-complex is entirely formed in every solution through
the conversion of f-complex. The absorbances of the resulted solutions were mea-
sured- at 400 nm and plotted similarly against the silicate concentration. As shown
in Fig. 3, the plot gives a straight line according to the adherence to the Beer-Lam-
bert law with respect to a-complex. From the slope of the line, the absorptivity
of the complex was determined as esq00=(1.284-0.03) x 103 [*mole*-cm™. The
precision has the same significance as described for g-complex. -

The absorptivities thus determined can be successfully applied for determining
each concentration of « or f-complex in their mixtures. In solutions including
the both complexes, the following equations are conformed:

Ago0==¢a;400* Ca-}-€p,200° Gy (1)

C=C.+GC; (2)
here, Ayp: the absorbance at 400 nm of a mixture of ¢ and S-complex; C. and
Cj: the respective concentration of @ and S-complex in the mixture; C: total con-
centration. These equations are solved with respect to G, and C,; and resulted
into

Clo==(e5,400* C~—A400) [ (¢p,200— Ea400) (3)

Cr=(As00—¢x3200° C) [ (58,400 —Ea,400) 4)
When absorbance of a mixture of @ and f-complex is measured at 400 nm and the
total concentration of the complexes is known, the concentration of each complex
can be calculated according to Eqs. 3 and 4. The total concentration in above
equations can be easily known either from the amount of silicate ions initially added
or from the actual analysis of the complexes by a solvent extraction method with
methyl isobutyl ketone, which method will be reported elsewhere.

2) Evaluation of Conversion Rate Censtant

By the same manner as described in the preceding paragraph, a 50 ml solution
of f-complex with the concentration of 2x 1073 M was prepared by adding 10 ml
of the 102 M silicate standard solution to a mixture of 20 ml of 0.1 M sodium molyb-
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date and 10 ml of 1 M hydrochloric acid solution. Only when the conversion rate
in sodium perchlorate medium is examined, 1 M perchloric acid was used in place
of hydrochloric acid. After standing the solution for 9 min at 25°, which solution
thus prepared will be called as ‘“B-original solution” hereafter, a 5 ml aliquot of
the solution was transferred into a 50 ml of volumetric flask and diluted quickly
to the mark with water; This solution ought to contain dodecamolybdosilicate com-
plex in a concentration of 2xX10~%M as a whole. Then, the time when the final
dilution was performed was set to zero and the measurement of the absorbance at
400 nm was started by using the 1 cm-cell. The absorbance changes were auto-
matically recorded for 150 minutes. By reading out the absorbance value of Ay
from the recorder chart at appropriate intervals, the concentration of S-complex
at each time, [Cg}:, was calculated from Eq. 4. As suggested by Strickland,” g-
complex decreased by a first-order with respect to its concentration and a plot of
In[Cy]. against time gives a straight line according to the equation of
In [Cgle=—Kkobs+t-+1n [Cslo ()

where koys and [Cylo denote the first-order rate constant and the initial concentration
of B-complex, respectively. In practice, sixteen different points of data at 10 minute
intervals were treated by the least square method, and the values of kops and [Cglo
were determined as (2.134-0.03) X 10~ min—* and (2.0340.03) x 10~* M, respectively.
The result is listed in the first row of Table I together with the other kinetic data.
The plot and the fitted line are demonstrated in Fig. 4.

The initial concentration of B-complex determined by such kinetic analysis
was in good agreement with the total concentration of dodecamolybdosilicate com-
plex (2x104 M) in the sample solution. This fact means that the absorptivity
of B-complex had been determined truely based on the assumption that all of the
dodecamolybdosilicate complex existed in a form of f-complex at the initial stage
of the conversion. '

- 8.5 ..

- 8.6 ~

@
S .
“C‘-S.B- \
- 8.9+
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Time(min)
Fig. 4. Evaluation of the first-order rate constant of conversion of S-complex
[B-complex]=2 x 10~ M (at initial stage); pH=2.06; [uncomplexed
free molybdate]=1.6 X 10-3 M; [Nat]=1.0Xx10"2g-ion.{~1; 25°.

3) Effect of Neutral Salts on the Conversion Rate
The rate constant evaluated above is a conditional constant which is observed
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under solution conditions such as pH=2.06, concentration of excess molybdate
{uncomplexed free molybdate)=1.6X10-3 M, concentration of sodium chloride (an
excess sodium chloride introduced during the preparation of f-complex)=1.0%
102 M, and at 25°. Although the rate constant changed actually depending
on these solution conditions, the dependence on the neutral salts was specifically
investigated by keeping the other conditions unchanged.

A 5ml aliquot of freshly prepared “B-original solution” was transferred into
a 50 ml volumetric flask, in which a calculated amount of solutions of neutral salts
had been taken and diluted up to approximately 40 ml with water. Then, the
solution was quickly made up to 30 ml with water and the absorbance change at
400 nm was recorded by the same manner as described before. As for the neutral
salts, NaCl, NaClO,, NH,Cl, KCl, and (NH,),SO; were employed, and the rate
constant was observed at the concentrations of 0.1, 0.2, 0.3, 0.4, and 0.5 M of each
salt; only for (NH,);SO,, the concentration was changed from 0.05 to 0.25 M.
The kinetic data thus obtained are summarized in Table I together with pH values
which were usually measured after the kinetic measurements. The values of Kons
are plotted against the salt concentration in Fig. 5. In the Figure, it can be seen
that a linear relation between kops and Cs is conformed on every salt except for

Table I. Dependence of kons on Salt Concentration ([uncomplexed molybdate}=
1.6 x 10— M, {dodecamolybdosilicate complex]=2.0x 10-¢ M, 25°).

Run # Concentration of pH

kobs bs kobs
additional salt (x10-3min~1)  (x10-2/.mole~lemin—t) (X 10—3min™1)

1 no additional salt 2.06 2.1340.03

2 0.1 M NaCl 2.08  3.3240.07

38  0.2M 2.08  4.64-4-0.08 1

4 0.3M 2.03  5.82--0.09 1.21+0.05 2.13+0.02
5  0.4M  « 2.03  6.70+0.11 J ’

6 0.5M » 2.00  8.3240.13

7 0.1 M NaClO, 9.06  3.4740.05

8 0.2M s . 92.05  4.77+0.08

9  0.3M s 1.95  5.90+0.10 1.1240.09 2.44+0.03
10 0.4M 1.80  6.90+0.12

11 05M o« 1.70  8.02+0.13

12 0.1M NHI 2.10  5.19--0.08

13 02M  » 2.18 . 8.70--0.09

14  0.3M » 2,19 12.5 +0.2 3.64+0.02 1.534-0.57
15 04M  » 2.19  16.3 +0.2

16 05M 2.20  19.6 +0.6

17 0.1M KCt 2.15  5.6240.07

18 0.2M 2.10  11.2 0.2

19  03M s 2.91  15.0 +0.3 4.47£0.47 1.7 £1.5
20 0.4M  » 2.90  19.5 0.5

21 0.5M 2.18  93.8 +0.7 :

22 0.06M (NH),SO, 2.51 12.5 =+0.02

2% 01 M 2.51  20.3 =+0.02
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Fig. 5. Dependence of kons on the concentration of neutral salts at 25°
(O) Nall; (@) NaClOy; (@) NH,Cl; (@) KCI; (x) (NHg)280,

The run numbers in Table I are demonstrated in this Figure.

ammonium sulfate. In summary, the salt effect was formulated into a simple
equation as
. kohs=kobs,excp+bs'[cs] (6)

here, kobs,oxtp: an intercept of the straight line; Cs: concentration of the salt; bs:
a slope of the line. The values of bs and kops,exip on €ach salt were evaluated by
least square method and listed in the fifth and sixth column of Table I, respectively.
As shown in the third column of Table I, on each series of experiments the pH was
slightly changed by increasing the salt concentration and the pH changes may affect
the emperical constant of bs through the variation of rate constant. At present,
however, no corrections for the pH changes were performed on bs and, therefore,
it partly includes such pH effect. '

DISCUSSION

Generally, effects of inert salts on a reaction rate are explained in terms of the
change of activity coefficient of the reactants. Since the activity coefficient is related
to ionic strength of the medium according to the Debye-Hiickel theory, logarithm
of the observed rate constant appears to depend linearly on the ionic strength by
the term of its square root in relatively dilute ionic media. In the relatively high
ionic media, it is known that logarithm of the rate constant is proportional to the
ionic strength. On the other hand, in the case that ion-pair formation between
the intermediate species in the transition state and the ions dissociated from the salts
is extensive, it is known? that the rate constant is proportional to the salt concentra-
tions and the following equation conforms:

kons=ko+b+[salt] (7
where ko is the rate constant in the absence of salt and b is an emperical constant
specific to the salt present in the solution.

In the conversion reaction examined here, the rate constant itself depends on
the concentrations of the salt, showing the definite linear relation represented by
Eq. 6, and the relation is quite identical with Eq. 7. Moreover, the magnitude
of the dependence, ¢.c., value of b, is characteristic to the employed salt. By using
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bs value as a measure for the salt effect, the magnitude of the effect can be ordered
as KCI>NH,CI>NaCl=NaClO;. Among these chloride salts, the salt effect is
the largest in the presence of potassium ion, and it becomes small in ammonium
and further small in sodium ion. And also, the salt effects observed in both sodium
chloride and sodium perchlorate are almost identical, the anions being different.
This fact seems to suggest that the cations in the salts have more intensive effect on
the conversion reaction rather than the counter anions. Although Fanning et al.
reported® that salt effect depends only on the ionic strengths but not on the nature
of the component salts of the solution, the present kinetic study shows evidently that
the salt effect depends on the kind of the salt in the medium. In the conversion
reaction of B-complex, there may appear several types of polymolybdosilicate inter-
mediates with high ionic charges and each of them probably forms ion-pair with
dissociated cations from the neutral salt. Therefore, the conversion process is so
complicated that the detailed mechanism is not elucidated yet, but at least it can
be said that these neutral salts do not only function to change the activity coefficient
of the reactant species, but also participate with the transition state of the conver-
sion reaction through the formation of ion-pairs with the intermediates.

Besides these results, a decomposition reaction of f-complex can be pointed
out in the sulfate medium with a higher concentration than 0.1 M. The absor-
bance changes in ammonium sulfate medium are quite similar to those in the other
media, but at the equilibriated state of the reaction the final absorbance at 400 nm
reaches far lower than 0.256, which absorbance ought to be given by the entire a—
complex with a concentration of 2x 10t M. That is, f-complex in the medium
does not completely convert to a-complex, but partly decomposes to silicate and
molybdate ions. The partial decomposition caused by ammonium sulfate, pro-
bably caused by sulfate ion, gives a different type of salt effect to silicate analysis
using the formation of molybdosilicate complex, and the decomposition reaction
should always be considered in highly concentrated sulfate medium in addition to
the ordinary salt effect. In a lower concentration of ammonium sulfate than 0.1M,
however, the conversion reaction proceeds predominantly over the decomposition,
and the rate constants are obtainable. The kinetic data at both 0.05 and 0.1 M of
ammonium sulfate are listed in Table I for the comparison with those of ammonium
chloride. As the result, it was found that the first-order rate constant in ammonium
sulfate is approximately twice as large as that in ammonium chloride even at the
same concentration of ammonium ion. This fact implies that sulfate ion also par-
ticipates with the conversion reaction and acceralates the reaction still further.

Thus, the salt effect can be systematically investigated by such a spectrophoto-
metric kinetic method and the result was formulated into an equation of 6 by
introducing a term of bs, the meaning of bs being not thoroughly understood.
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