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ABSTRACT 

This is the novel measurement of the apparent formation constants of trivalent lanthanide with humic substances by 
potentiometric titration using an ion selective electrode (ISE) consisting of bis(diphenylphosphoryl)methane as an 
ionophore. The ISE prepared exhibited a Nernstian response to the Eu3+ concentration in the test solutions in the pres-
ence of humic acid and fulvic acid. The effect of the solution conditions, including the pH, initial metal and humic sub-
stance concentrations, and ionic strength, on the formation constants was examined. The present formation constants 
were compared with the reported data using solvent extraction method. 
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1. Introduction 

Naturally occurring humic substances (fulvic and humic 
acids) exist in colloidal, suspended, and dissolved forms 
in groundwater. The molecular framework of these sub- 
stances consists of aromatic rings and hydrocarbon chains. 
The negatively charged major functional groups—car- 
boxyl and phenol groups—are distributed heterogene- 
ously and coordinate with numerous radionuclides, in- 
cluding those in the trivalent ions of Am, Cm, and lan- 
thanides [1,2] as radioactive wastes, which arise from the 
reprocessing of the spent fuel used in nuclear power 
plants. Thus, understanding the impact of humic sub- 
stances on the migration behavior of trivalent radionu- 
clides has been essential for safety assessments related to 
the disposal of such radioactive waste. The migration be- 
havior of the trivalent metal ions is predominantly con- 
trolled by the solubility products, along with the sorption 
onto an artificial barrier and host rock in groundwater. 
Therefore, there is an intrinsic need for the formation 
constants of water-soluble organometallic species from 
the chemical thermodynamics point of view. 

The apparent formation constants of metal-humate 
complexes under a variety of aquatic conditions have 
been determined using several traditional methods such 
as solvent extraction [3], spectrophotometry, conductime- 
try, ion exchange methods such as Schubert’s method [4- 
6], ultra filtration [7,8], equilibrium dialysis method [9], 

and titration method using a pH- and/or ion selective  
electrodes (ISE) [10-12]. Potentiometric titration using 
an ISE is a very conventional approach that is used to di- 
rectly and easily measure the activity of free (uncom- 
plexed) metal ions. Although a few ion-selective elec- 
trodes have been developed for the potentiometric deter- 
mination of trivalent lanthanide and actinide ions [13-16], 
no application to determine the formation constant has 
been reported. Recently, we developed a novel technique 
to determine the formation constants of trivalent metal 
ions with carboxylic acid electrochemically, using a li- 
quid membrane electrode [17,18]. The ISE exhibited a 
Nernstian response to a wide range of pH values, as well 
as various concentrations of Eu3+ as an analogue of Am3+ 
and Cm3+, along with a fairly good response time. In the 
present study, a titration technique using an ISE was 
utilized for the systematic measurement of the formation 
constants of europium with three humic substances. The 
constants were also determined using the traditional 
batch solvent extraction method for comparison. 

2. Experimental 

2.1. Reagents 

The studied humic substance materials, humic acid (HA) 
and fulvic acid (FA), are commercial powders that are 
available from the International Humic Substances Soci- 
ety (IHSS) and Sigma-Aldrich Co. The Sigma-Aldrich *Corresponding author. 
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humic acid in sodium form was purified prior to use Liquid 
membrane
(nitrobenzene)

10-3M 
Eu(BDPPM)3

・3TPhB
+10-2M BDPPM

Test 
solution

xM Eu3+

+ humic 
substance
I = 0.1, 0.01 
(NaCl)

SSE2

0.1M LiCl
Ag|AgCl

SSE1

0.1M LiCl
Ag|AgCl

Inner 
solution

10-3M Eu3+

pH 2 (HCl)

following the known protocol (abbreviated as ALHA) 
[19], and has been characterized [20,21]. The IHSS HA 
(as SHA, Eliot soil humic acid, code 1S102H) and FA 
(as SFA, Suwanee river fulvic acid, code 1S101F), which 
have also been well characterized as standards for envi- 
ronmental organic matter [22], were used without further 
purification. Additional aqueous solutions were prepared 
using ultrapure Milli-Q water (Millipore) with a resi- 
stivity of 18.2 MΩ/cm. All of the chemicals were of 
analytical grade. 

2.2. Titration with ISE 

Prior to the titration to determine the formation constants 
of Eu(III) with the humic substances, the applicability of 
the present ISE was checked. A fresh nitrobenzene so- 
lution containing Eu(III)-bis(diphenylphosphoryl)methane 
(BDPPM) complex was prepared using an ion-pair sol- 
vent extraction with Na tetraphenylborate (TPhB) accor- 
ding to the procedure reported previously [17]. The con- 
centrations of the extracted species, Eu(BDPPM)3·3TPhB 
and BDPPM, were 1 × 10–3 mol/dm3 (M) and 1 × 10–2 M, 
respectively. As shown in Scheme 1, the inner solution 
of ISE was 1 × 10–3 M Eu3+ at pH 2, and the identical 
supporting electrolyte, 0.1 M LiCl, was adopted in the 
inner solution for the silver-silver chloride electrode 
(SSE1) and reference electrode (SSE2). The pH combi- 
nation electrode was calibrated to measure the hydrogen 
ion concentration ([H+] = 10–pHc), based on the reference 
method [23,24]. A combination glass electrode (Kyoto 
Electronics, 98-100-C171) was used to measure the pH, 
and the reference electrode was filled with 3.6 M NaCl + 
0.4 M NaClO4. 

The Eu-ISE measurements were performed using an 
automatic potentiometric titrator (AT-510, Kyoto Elec- 
tro-nics) equipped with a 50-mL polypropylene vessel in 
a water bath at 298 ± 1 K, a magnetic Teflon stirrer, and 
a nitrogen gas purge system (10-mL/min). The potential, 
denoted as ISE potential (ΔVISE), generated between 
SSE1 and SSE2, after a constant potential was attained, 
was measured using a potentiostat (Hokuto-denko, HA- 
151), and recorded by an X-Y recorder (Riken-denshi, 
SP-K2V). 

0.1-mL portions of the titrants of the humic substances 
(ALHA, SHA, SFA) were added to 10 ml of the 10–5 and 
3 × 10–5 M Eu3+ solutions (I = 0.1 and 0.01 M (NaCl)) at 
intervals of 300 sec. The pHc was automatically kept 
constant by adding NaOH solution. The ionic strength of 
the test solution was controlled to be 0.1 and 0.01 using 
the Na+-Cl– system throughout the experiment. 

2.3. Solvent Extraction 

The procedure for determining the formation constants 
by solvent extraction was described previously in detail  

 

Scheme 1. ISE cell configuration. 
 
[25]. In brief, in order to obtain data about distribution 
ratio D, an aqueous phase, containing various concentra- 
tions (10–6 - 10–3 M) of the humic substances and Eu 
(10–6 - 3 × 10–5 M), was adjusted to the desired pHc using 
sodium hydroxide, perchloric acid. The organic phase of 
xylene contained TTA (2-thenoyltrifluoroacetone) as an 
extractant and TBP (tri-n-butyl phosphate) as a synergist. 
The aqueous and organic phases were shaken for 6 h at 
298 ± 1 K. After the phase separation, the pHc of the 
aqueous phase was measured and taken as the equili- 
brium pH. The Eu(III) concentrations in both phases 
were measured using inductively coupled plasma mass 
spectrometry, where the concentration in the organic 
phase was determined after stripping with 0.1 M HNO3. 
Because the recovery of Eu(III) was usually more than 
95%, no serious unexpected reactions such as precipita- 
tion or a third phase formation were observed. 

3. Theoretical 

3.1. Determination of Apparent Formation 
Constants by Titration with ISE 

Because of the heterogeneous chemical property of hu-
mic substances, the number of functional groups per mo- 
lecule and the molecular weight cannot be clearly de- 
fined. Therefore, by analogy with Langmuir’s adsorption 
isotherm, the apparent formation constant, βapp, is defined 
as follows [10], 

[ ]
[ ][ ]app

3

EuL

Eu R
β

+ −
=

4CLO−

             (1) 

where [Eu3+] and [EuL] are the concentrations of free 
metal ions and metal ions bound with humic substance L, 
and [R–] is the concentration of the dissociated functional 
group in eq/dm3. Here, in the absence of metal ions, [R–] 
is given on the basis of the charge balance, [H+] + [Na+] 
= [R–] + [OH–] +  

( )

, and 

4 4

pH ppH

ini Na add ini add

ini add

Na ClO ClO

c wcR K

c V c V c V c V

V V

−− −= −  
′ ′+ − −+

+

10 10

ClO

      (2) 

where cNa and 4c are the concentrations of sodium 
and perchlorate ions in the initial test solution, Nac′

ClO4c′
 and 

 are the concentrations of the titrant solutions, Vini 
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is the initial volume, Vadd is the added titrant volume, and 
pHc is the negative logarithm of the absolute hydrogen 
ion concentration (−log[H+]). The ion product (pKw) was 
used from the literature [26]. By using the apparent pro-
tonation constant, Kapp, as 

appK
[HR]

[H ][R ]+ −
=

( )

            (3) 

the degree of dissociation, α, can be written as 

( ) app

]

1

1 1 [H ]K ++ +

[R ] [HR] [R

[HR] [R ]

α − −

−

= +

= =1     (4) 

Similar to previous works [20,27], two major proton- 
dissociable functional groups—carboxylic and phenolic 
groups—are considered. Then, the two apparent protona- 
tion constants, Kapp,i (i = 1,2), can be rewritten as a func- 
tion of pH and [Na+], 

[ ]app, clog log pH log Nab +−

( )

i i iK K m= +    (5) 

where mi, b, and logKi are the characteristic constant pa- 
rameters of the humic substance [28]. 

At a given I, the [R–] is defined by the sum of two dis- 
sociated functional groups of the humic substance (R–) in 
meq/g, where j g of the humic substance is dissolved in V 
dm3 of the solution, 

[ ]
3R R
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j

V
− −=              (6) 
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(7) 
where  and 2  mean the total carboxylic and 
phenolic group concentrations, respectively, and 1  + 

2  = tot in meq/g. These parameters, i , logKi/(1–mi), 
and mi, were determined using a fitting analysis with 
Equations (2) and (6) [21,29], and are summarized in 
Table 1. The values are used for the calculation of the 
apparent formation constants, as described below. 

C

The total concentration of the proton-exchanging sites, 
CR, and metal ion [Eu]tot in mol/dm3 are described as 

[ ]
R R1 R2

HR R

C C C
−

= +

 = +   [ ]

3
tot 10HS

EuL

wC

m

=

+
       (8) 

[ ]

Table 1. Characteristics of humic substances. 

HS SFA [29] SHA [21] ALHA [21] 

Origin 
IHSS 

1S101F 
IHSS 

1S102H 
Aldrich 

01816HH 

wC1

2
wC

 4.78 3.99 4.27 

logK1/ 
(1 – m1) 

3.27 3.69 4.29 

m1 0.70 0.66 0.67 

 1.44 1.42 1.01 

logK2/ 
(1 – m2) 

8.98 9.82 9.46 

m2 0.83 0.73 0.80 

b 0.11 0.28 0.09 

[ ]3 EuL+ = + tot
Eu Eu              (9) 

2 1
w wC C  0.30 0.36 0.24 

 
where {HS} is the mass concentration of the humic sub- 
stance in g/dm3, and m is the number of functional groups 
binding a europium ion and is assumed to be 3, which is 
equal to the charge number of Eu3+ in the present study. 
When complex EuL is formed with each binding site, the 
three proton-exchanging groups are assigned to be for- 
mally satisfied with a charge-neutralized complex. Then, 
Equation (8) can be replaced by 

[ ]( )
[ ]( )( )( )

R

3
totR tot

R 3 EuL

R3 Eu Eu w

C

CC

α−

−+

  = − 

 = − −  
  (10) 

In the titration experiment with ISE, the concentration 
of free metal ion [Eu3+] can be measured directly. The 
observed ISE potential, ΔVISE, in mV, which arises from 
the different activities, aEu,SSE, of the free Eu3+ ions be-
tween SSE1 and SSE2 in Scheme 1, is described by the 
following Nernstian response, 

( )Eu,SSE1 Eu,SSE2ISE ln ln const
3

RT
a aV

F
−Δ = +

3
ISE 19.7 log Eu constV + Δ = + 

  (11) 

where R is a gas constant equal to 8.314 J/K/mol, T is the 
temperature (K), and F is the Faraday constant, which is 
equal to 96500 C/mol. When aEu ≈ [Eu3+] can be as-
sumed in the present experimental condition of low 
[Eu3+], the linear relationship between the potential and 
concentration, with a slope of ca. 20 mV/decade, is 
shown as, 

      (12) 

In the previous work, this linearity was observed in the 
presence of carboxylic acids such as malonic acid [18]. 
While interference from a coexisting trivalent ion might 
occur [17], this indicates that BDPPM is a highly sensi-
tive ionophore for a single trivalent ion of the lanthanide 
or actinide series. Thus, according to Equations (9), (10), 
and (12), the apparent formation constant, βapp, in Equa-
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tion (1) is determined. 
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3.2. Determination of βapp by Solvent Extraction 

The extraction equilibrium constant, Kex, of europium for 

( )
3

org

3

Eu 3HTTA

Eu TTA TBP

+ + +

( )
org

,org

TBP

3H
l

l
− ++



( )

[ ]

      (13) 

I=0.01is described as 
I=0.03
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I=0.1

where the subscript org denotes the species in the organic 
phase. When the complex formation of Eu3+ by TTA– 
and the hydrolysis reaction by OH– are negligible in the 
aqueous phase at pHc < 5, the distribution ratio of Eu(III), 
D0, in the absence of a complexing ligand can be simply 
expressed by 

[ ] [ ]3
orgEu Eu +

0  =D           (15) 

Then, distribution ratio D in the presence of a humic 
substance is given by 

[ ] [ ] [ ] [ ]
[ ]
( )

3 EuL+   +  org tot org
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3
app

Eu Eu Eu Eu

Eu

Eu 1 R

D

β+ −

= =

=
   +   
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where the “initial” concentration of Eu is defined as  

[ ] [ ] [ ]3

ini
Eu Eu E+ = +  org

uL + Eu      (17) 

Finally, from the difference between the presence (D) 
and absence (D0) of humic substances, 

( )app 0β 1 RD D − = −             (18) 

The βapp values in Equation (18) can be determined, 
where the [R–] is described by Equations (4) and (10), as 
follows, 

[ ] ( ))R 0Eu 1 D D−( tot
R 3Cα−  = ⋅ −        (19) 

4. Results and Discussion 

4.1. Electrochemical Response of ISE 

The electrochemical properties of the present ISE were 
characterized prior to use. Figure 1 shows the variation 
in ΔVISE as a function of the logarithm of [Eu3+] at dif- 
ferent ionic strengths in the absence of humic substances. 
Although deviations from the Nernstian behavior (ap- 
parently as a result of the NaCl background) were ob- 
served in solutions containing lower europium concen- 
trations, the ISE gave a good linear response with a slope 
of ca. 20 mV/decade for Eu3+ in the log[Eu3+] range of –6 - 
–3 at I = 0.01 and –5.3 - –3 at I = 0.1. The interference 
with the potential response by competitive ions is not  

 

Figure 1. Potential response of ISE for Eu3+ at different 
ionic strengths of NaCl (pHc 5, 298 K). 
 
considered here, because the quantification of the selec- 
tivity of the present ISE among the actinide series, Pu3+ 
vs. 2 , U4+, 2

2+UO +NpO , and Pu4+, has been investigated, 
and showed good selectivity for the different valence 
state ions [17]. Indeed, no other metal ions, except Na 
and anions, would be present in this experiment. 

The electrode response on the pHc of the test solutions 
was investigated as shown in Figure 2. The reading po- 
tential value remained constant at the pHc range of 3 - 6,
while the values at pHc 5 decreased slightly because of 
the competitive response for protons. In addition, a flat 
ISE response was found in a wide range of [Eu3+]. 

At europium concentrations of 10–3 - 5 × 10–6 M, the 
potential remained sufficiently stable over 6 h, and good 
reproducible readings in several sets of titration experi- 
ments in the system of the carboxylic acid-Eu complexa- 
tion were obtained [18]. Similarly, the reading potential 
values remained constant after repetitive use of ISE in 
the present humic substance system, suggesting an unde- 
sirable reaction such as the sorption and the dissolution 
of humic substance for the ISE did not occur. Here, in 
order to investigate the dynamic response time of the ISE, 
the potential change in the test solution before and after 
the addition of Eu3+ was recorded with time. As shown in 
Figure 3, the addition of 10–2 M EuCl3 to the initial 
europium solution induced a sudden increase in the read- 
ing potential. The occurrence of this phenomenon just 
after the addition (tc ~ 0) must have been caused by a 
local increase in the Eu concentration near the electrode. 
In fact, the potential became stable within 30 sec, sug- 
gesting a homogeneous condition. 

A similar behavior was observed in the presence of a 
humic substance. The [Eu3+] evaluated according to Equ- 
ation (12) over time is shown in Figure 4. When the 
ALHA portion was dropped into the test solution to at- 
tain CR = 0 to 10–4 eq/dm3, the free Eu3+ ions were rap- 
idly consumed as a result of the complexation with the 
humic acid, and a constant steady state was achieved  
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Figure 2. pH dependence of ISE response for different con- 
centrations of Eu3+ at I = 0.1 (top) and 0.01 (bottom); 
log[Eu3+] = –3 (♦),–4(□), –5 (▲), and –5.3 for I = 0.1 and –6 
for 0.01 (×). 
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Figure 3. Potential response change from log[Eu3+] = –5.3 to 
–4 at pHc = 5 and I = 0.1. 
 

-5.5

-5

-4.5

-4

-3.5

-100 0 100 103

tc (sec)

lo
g[

E
u3+

] 
(M

)

104

～ ～～ ～
～ ～～ ～

 

Figure 4. Time dependence of free Eu ion concentration 
with addition of ALHA solution; 20 ml of [Eu]tot = 3 × 10–5 
M solution (pHc = 5, I = 0.1), and the titrant of 1 ml ALHA 
is CR = 2 × 10–3 eq/dm3. 

after 100 sec. In the following experiment, the expected 
CR change for each drop was <10–5 eq/dm3 and the drop- 
ping interval was 300 sec. Thus, it is possible to conclude 
that this good property of ISE meets the basic require- 
ments of the present study. 

4.2. Titration Plot 

Potentiometric titrations were made under the controlled 
constant pHc. The typical result of the logarithm of the 
europium concentration as a function of CR is shown in 
Figure 5. Because of the complexation of Eu with humic 
substances, the free europium ion concentration de- 
creased with an increase in the amount of humic sub- 
stances. The apparent formation constants, βapp, at each 
titration point were calculated based on the determined 
free [Eu3+]. 

4.3. Apparent Formation Constants 

The dependency of CR on the apparent formation con- 
stants, βapp, is shown in Figure 6. Because of the hetero- 
geneous property of HA, the βapp value varied with the 
pH, metal ion and humic substance concentrations, and 
ionic strength. In the presence of excess CR to the [Eu3+], 
the Eu3+ ions preferentially interacted with the stronger 
coordination sites [30]. Then, the βapp values would in- 
crease. On the other hand, the weaker coordination sites 
need to be used for complexation under the condition of 
a smaller amount of CR. A similar explanation is avail- 
able from the viewpoints of the Eu concentration and 
ionic strength. At a given logCR condition, the series of 
βapp at [Eu]tot = 3 × 10–5 M are lower than that at 10–5 M, 
and the higher amount of Na+ (I = 0.1) effectively inter- 
feres with the occupation of Eu3+ on the binding sites of 
HA. Such an ionic strength effect on the metal complex- 
ation has been discussed by several researchers. Some 
model concepts have been represented by a linear rela- 
tionship between the apparent formation constants and 
ionic strength with an empirical parameter [10,31]. 

The βapp data for SHA determined using the solvent 
extraction method, are also plotted in Figure 6. Although 
the CR range examined was different from each method, 
the increasing tendency of βapp with an increase of CR can 
be observed, suggesting the heterogeneous property of 
SHA. Thus, the data will be useful for constructing a 
semi-empirical model of the formation constants of metal 
ion-humic substance complexation [30]. On the other 
hand, Figure 7 shows the lower impact of I and [Eu] on 
the βapp for the SFA system. Even at the higher logCR 
above –3.5, the βapp value did not increase with increas- 
ing CR. 

A comparison of the βapp data for the three humic sub- 
stances under similar solution conditions is shown in 
Figure 8. The relatively high βapp values for SHA and  
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Figure 6. Dependence of logCR, I, [Eu]tot, and analytical 
method on logβapp: (a) SHA; (b, c) ALHA. 
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Figure 7. Dependence of logCR, [Eu]tot and I on logβapp for 
SFA. 
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Figure 8. Intercomparison of logβapp for humic substances 
at pHc ~ 4, I = 0.01 (NaCl), and [Eu]tot = 10–5 M (a) and 3 × 
10

–5 M (b). Data were obtained by the titration with ISE. 
 
bonds among the neighboring multi-functional groups. 
This fact might introduce a strong chelate complexation, 
resulting in the higher βapp values. However, it is difficult 
to correlate the ratio of the number of carboxylic and 
phenolic functional groups, 2 1 , to the reason for 
the different βapp values. The other reason would be the 
different molecular weights and sizes of the humic sub- 
stances from the electrostatic point of view. In general, 
the larger molecules of HA has a greater tendency to 
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aggregate than FA. If the polyvalent metal ion Eu3+ was 
incorporated by the aggregation, the βapp might increase. 

5. Conclusion 

The apparent formation constants of europium ions with 
humic acid and fulvic acid could be determined by po- 
tentiometric titration using an ion selective electrode 
(ISE) under several solution conditions. The electrode 
exhibited a stable and quick Nernstian response during 
the period of measurement. Unlike the batch-type solvent 
extraction method, the present titration can acquire mul-
tiple data points at once without troublesome experimen-
tal preparations. 
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