
June, 1961] Studies on Metal Complex Species Using an Anion Exchange Resin. I 829

Studies on Metal Complex Species Using an Anion Exchange 
Resin. I. Derivation of Equations and Application 

 to Mercury (II)-Nitrate Complex 

 By Hirohiko WAKI 

(Received October 10, 1960)

 An equation and a method for determining 

the composition of metal complex species 

using an anion exchange resin have been 

developed by Kraus et al.1,2) These are 

mostly applicable3) in the case where a stable 

negatively-charged complex ion of a metallic 

element is formed even in a dilute solution 

and adsorbed in the same form as that in the 

solution when it is in contact with the resin. 

On the other hand, it is also often observed 

that a metallic element may be significantly 

adsorbed on an anion exchange resin even 

from a solution in which the presence of any 

complex anion seems hardly to be considered. 

In this case it is likely enough that a metal 

ion or a low complex ion of the metallic 

element enters the resin phase and then 

converts itself there into a complex anion or 

a higher complex ion respectively, because the 

resin phase may be regarded as a kind of 

extremely concentrated solution of electrolytes. 

Accordingly, the complex formation in such a 

case should rather depend directly on the

concentration of an anion as a ligand and on 
the ionic strength in the resin phase. In this 

paper an equation for determining the compo-
sition of metal complex species, including the 
cases mentioned above, will be derived by 
introducing the complex formation equilibrium 
in the resin phase and applied to mercury-
nitrate complex taken up by anion exchange 
resin. 

Derivation of Equations 

 Since the ion exchange can be theoretically 
treated as a Donnan equilibrium, the following 
relationship holds between the ion concentra-
tions in the resin phase [ ] and in the external 
solution () in the equilibrium state:

(1)

where Ma+ and Xb-represent a metal ion

and an anion respectively, and γ stands for

the activity coefficient of the ion given as 

subscript. When a complex ion MX(bm-a)-is 

formed in the external solution, the formation 

constant is defined by

(2)

 1) K. A. Kraus and G. E. Moore, J. Am. Chem. Soc., 
73, 9 (1951). 

2) K. A. Kraus and F. Nelson, "Anion Exchange Stu-
dies of the Fission Products" in "Peaceful Uses of Atomic 
Energy ", Proceedings of the International Conference in 
Geneva, Vol. 7, p. 113 (1955) (United Nations). 

3) S. Misumi and T. Taketatsu, This Bulletin, 32, 876 
(1959).
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Since the resin phase may be regarded as a 

concentrated aqueous solution of electrolytes, 

the formation constant may also be defined 

by

(3)

for a complex ion MX(bm-a)-in the resin phase, 
in analogy to Eq. 2. For the purpose of the 
determination of the complex form, the forma-
tion equilibria in both phases should be taken 
into account. 
 The distribution coefficient may be defined at

where Σ[M]andΣ[M] are the total stoichio-

metric concentrations of the metallic element 
in the resin and the solution phase (irrespec-
tive of species). If it is assumed for simplicity 
that the greater part of the metallic element 
in the resin exists in the form MX(bm-a)-and 
in the solution in the form MX(bm-a)-(generally 
n is not equal to m), the coefficient may be 
written as

(5)

 From Eqs. 1, 2, 3 and 5 the following 

equation is derived:

(6)

or

(7)

where

And

(8)

(9)

when K and G are constant. When m is 
known and D, (Xb-) and [Xb-1 are measurable,

n can be determined graphically, and m is 
also obtained when n is known. Even if both 
are unknown, one of them can be determined 
in a case where either (Xb-) or (Xb-) can be 
kept constant. 
 Although it is practically impossible to set 
a condition in which the activity coefficient 
term is strictly constant, this condition may be 
realized roughly when a small quantity of the 
metallic element is used and the ionic strengths 
in the two phases are each kept constant by 
the addition of an indifferent anion, and 
therefore the complex form may be determined 
through measurements in the range where the 
greater part of the anion given is Xb-. 

 In the case of the mercury (II)-nitrate com-
plex in the presence of sodium nitrate and 
perchlorate, where Hg2+is taken as Ma I, NO,-
as Xb-and C1O4-as an additional anion, Eq.. 
7 may become as follows:

(10)

Assuming that a mercuric ion does not form 

any metal-nitrate complex species in a modera-

tely concentrated aqueous solution of nitrates, 

the following equations may be applicable,

(11) 

(12)

where K and G are constant. From the slope 
of the curve log D-2 log(NO3-) vs. log [NO3-], 
n can be determined. When n is not in the 
vicinity of an integer, the coexistence of two 
complexes may be presumed. 

 Experimental 

Sodium nitrate solution and sodium perchlorate 
solution were prepared from the guaranteed and 
the first class reagent, respectively. Mercuric 
nitrate solution was prepared by dissolving the 
guaranteed reagent Hg(NO3)2.1/2-1 H2O in dilute 
nitric acid. These solutions were added to the 
resin so that the mixture of solutions had a volume 
of 10ml., and contained 0.1mmol. of mercury, 
0.5mmol. of nitric acid and a series of NaNO3 
+NaClO4 of various mixing ratios, providing that 
its total concentration was constant at individual 
series. 
 An anion exchanger Dowex l-X8 of nitrate 
form was swollen in water and then filtered under 
suction, followed by the removal of the attached 
water by pressing between filter papers. Two or 
three grams of this resin was at once put in a 
stoppered small glass vessel. At the same time 
another 0.5g. of this resin was converted into
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chloride form in a small column and its exchange 
capacity was determined by the elution of the 
chloride ion with a sodium nitrate solution and by 
Mohr's titration of the effluent. The resin set in 
this way have a relatively constant exchange 
capacity and does not suffer an appreciable change 
in volume when it comes in contact with nitrate 
solution. 
 The batch experiment was carried out at total 

concentrations of the solution of 0.5, 1, 2, 3 and 
5 mi, and each series consisted of 4-6 batches of 
various nitrate concentrations. The resin and the 
solution were equilibrated at room temperature by 
being allowed to stand for an hour with frequent 
shaking. 
 After the supernatant liquid was directly taken 

for the dilute solution or the resin was separated 
from the solution by filtering with a glass filter 
under suction without further washing for the 
concentrated solution, the mercury in the solution 
was titrated as follows: mercury in 5ml. of the 
supernatant or the filtrate was titrated with 0.0100 mi 
EDTA solution after 1ml. of 0.05 mi Mg-EDTA, 
1ml. of NH4OH-NH,CI buffer (pH=10) and a few 
drops of Eriochrome Black T indicator were added. 
The amount of mercury in the resin was estimated 
by subtraction of that in the solution from the 
total amount. The distribution coefficient was 
calculated as

 On the other hand, the nitrate in the resin was 
determined spectrophotometrically as follows: the 
resin separated from the solution in the way 
described above was wrapped in a filter paper and 
pressed to remove the solution attached to the 
surface. About I g. of this resin was transferred 
into a short column, and then the nitrate ions 
were desorbed by 25ml. of 2 mi perchloric acid. 
The effluent was diluted to 50ml. and its absorbance 
was measured at 300 mu using the Shimadzu 
spectrophotometer QB-50. As shown by the cali-
bration curve in Fig. 1, it may be recognized that 
the absorption of nitrate ion in the region-10-1 mi 
in the presence of 1 mt perchloric acid obeys Beer's

Fig. 1. The calibration curve of nitrate ion 
 in the 1 mi perchloric acid by spectropho-

 tometric measurement at 300 mu.

law. The presence of mercuric, sodium and per-
chlorate ions has no effect. The exchange capacity 
of resin in the column was determined in the same 
way as was done before, for the purpose of 
estimating the total amount of nitrate in the resin. 
The amount of nitrate in the solution was estimated 
by subtraction. The nitrate concentration in the 
resin phase was represented as millimole of the ion 
per milliequivalent of the resin as in the calculation 
of D, because the quantity of an ion adsorbed per 
apparent weight of the resin is not suitable for a 
representation of concentration in a mixed solution 
system, since the density of resin varies with the 
nitrate-perchlorate exchange. 

Results and Discussion 

 Data of the measurement and the calculation 
are tabulated in Table I. [NO3] * from 
spectrophotometric measurement means the 
total nitrate concentration in the resin phase 
i. e., the sum of concentrations of the free 
nitrate ion and the nitrate ion bound to the 
mercuric ion. Accordingly, the free nitrate 
ion concentration is represented by

Fig. 2. Determination of n at various total 
 concentrations of the external solution in 
 the nitrate-rich range. The rightest point 
in each curve is one in the absence of 

 perchlorate. 
 Total external concentration: A: 0.5m, 

B: 1M, C: 2M, D: 3M and E: 5M.
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assuming that almost all mercury in the resin 
exists as Hg (NO-3)n(n-2)-. Since n is still un-
known, [NO3-] is practically estimated by

where n* represents an approximate value of 
n, which may be obtained by log D-2 log(NO3-) 
vs. log [NO3] * plot. A little deviation of n* 
from n may hardly affect [N03-] and therefore 
the value of n. 

 In Fig. 2, log D-2 log(NO3-) is plotted

TABLE I
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TABLE I (Continued)

Fig. 3. n-Value of the mercury (II)-nitrate 
 complex adsorbed from sodium nitrate 
 solution of various concentrations.

against log [NO3-]. Each curve is approxi-
mately linear in the range where nitrate is 
rich compared with perchlorate in the resin. 
The gradient increases with the external total

concentration from 1 M to 3 M, and scarcely 
varies in a region less than 1 M and from 3 to 
5 M. 

 In Fig. 3, n obtained from the slope is 
plotted against the concentration of the external 
solution. 
 From this curve, it will be recognized that 

mercury is taken up from a sodium nitrate 
solution as Hg(NO3)3 in the region from 0.5 
to 1 M of the external concentration, as 
Hg(NO3)42-in the region from 3 to 5m, and 
as a mixture of Hg(NO3)3-and Hg(NO3)42-
in the region from 1 to 3 M. One might 
presume that some portions are adsorbed as 
Hg(NO3)3-in the region from 3 to 5 M solution, 
since n=3.8. However, this possibility may 
be weakened by considering the fact that n 
does not rise with an increase of the external 
nitrate concentration in this region. Further-
more, it may be reasonable to consider that the 
complex contains no hydrogen ion because the 
concentration of nitric acid is low. 
 Although it was assumed that mercury exists 

only as Hg2+ in the solution phase, it may
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also be possible that a lower complex, such as 
Hg (NO3)+or Hg (NO3)02, exists there when the 
nitrate concentration is as high as 3 or 5 M. 
When the presence of these species is assumed 
in the solution phase, n-value may somewhat 
deviate from that in the case when the presence 
of Hg2+ only is assumed, through the change of 
m in Eq. 10. However, these deviations are so 
small at 3 and 5 M, as estimated from data in 
Table I, that this uncertainty may hardly affect 
the conclusion as a whole. The reason why 
n at the plateau does not take an integer is 
not clear enough at present. 

A number of sources of error are considered. 
First, failure in realizing the condition where 
the activity coefficient term is constant for 
lack of knowledge on activity in a resin and 
a concentrated solution, must be mentioned. 
The ideal condition could not be established 
even by keeping the external ionic strength 
constant. Besides, there are experimental 
errors; namely, poor reproducibility of dryness 
of the resin on weighing, the change in volume 
on mixing of the resin and the solution, 
and imperfect removal of the attached solution 
from the resin. In spite of these difficulties, 
the present method appears to give some 
conclusion on a metal complex form. 
 Though the changes of pH and temperature 

may have some appreciable effect, they were 
not studied in this work.

Summary 

1) The equations for determining the 
composition of a metal complex using an 
anion exchange resin have been derived by 
considering the complex formation equilibria 
in both the resin phase and the solution 
phase. 

 2) The method based on these equations 
was successfully applied to the investigation of 
mercury (II)-nitrate complex at various external 
nitrate concentrations by means of the sodium 
nitrate-sodium perchlorate mixed solution. 

 3) Mercury (II) adsorbed from a sodium 
nitrate solution exists in the form of 
Hg (NO3)3-at the external nitrate concentration 
of 0.5-1 M, Hg(NO3)42-at 3-5M and a 
mixture of Hg(NO3)3-and Hg(NO3)42-at the 
middle of these concentrations, though no 
anionic complex appears to be present in an 
ordinary nitrate solution. 

 The author wishes to express his sincere 
thanks to Professor J. Yoshimura of Kyushu 
University for his suggestions and encourage-
ment. 
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