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Heavy metal ion titrations of solutions of humic acid (HA) and polyacrylic acid 
(PAA) at different degrees of neutralization have been studied by normal pulse 
polarography and conductometry. 

The systems Cd,Pb,Zn/HA and Cd,Zn/PAA appeared to be polarographically 
labile. As the diffusion coefficients of the polymeric metal complexes are very small, a 
mean diffusion coefficient of the reducible heavy metal ions controls the polarographic 
current, and is to be used to calculate binding congants of the complex formation. 

The apparent binding constants for the Cd,Pb,Zn/HA systems are strongly depend- 
ent on the degree of neutralization. From comparison with corresponding results for 
the heavy metal binding to the synthetic polycarboxylic acid, it is concluded that 
polyelectrolyte effects play an important role in the interaction of heavy metals with 
humic acid. This finding is supported by the conductometric results. 
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$Author to whom correspondence should be addressed. 
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12 R. F. M. J. CLEVEN AND H. P. VAN LEEUWEN 

Values of the intrinsic binding constants for Cd,Pb,Zn/HA are close to those for the 
binding with monocarboxylic acids. 

KEY WORDS: Heavy metals, humic acids, polarography, conductometry, poly- 
electrolyte effect, speciation. 

I NT R 0 D U CTI 0 N 

Metal speciation is a prerequisite in environmental chemistry. It 
enables the assessment of bio-available fractions of heavy metals in 
natural waters and soil solutions.’ Voltammetric methods are suited 
to distinguish different chemical forms of a number of important 
trace metals.2y For example, stripping voltammetry is frequently 
practised in metal speciation schemes to determine the distiribution 
of heavy metal ions over the “free” and “complexed”  form^.^-^ 

In the case of humic acid (HA) as complexing ligand, the 
interpretation of the voltammetric current-potential response curves, 
and thus the physico-chemical description of the complex formation, 
may be seriously hampered by the macromolecular and poly- 
functional character of this main constituent of organic matter in 
ecosystems. 

As a result of the macromolecular character of humic acid, the 
value of the diffusion coefficient of the Me/HA complex will be much 
smaller than that of the corresponding metal ion. For labile metal 
complexes, any metal ion frequently flip-flops between the bound and 
the free state within the time scale of the experiment. In the case of a 
macromolecular labile complex, the voltammetric current will be 
controlled by some mean diffusion coefficient of the metal ion. 

As a result of the polyfunctional character of humic acid, the 
number of charged sites per molecule can be large, if the functional 
groups are deprotonated. For humic acid molecules with a molecular 
mass of 10,000, about 50 deprotonable groups, mainly carboxylic, 
may be present on each m o l e ~ u l e . ~ - ~  The resulting high charge 
density may evoke electrostatic binding of metal ions with humic 
acid in analogy to the “condensation” of metal ions onto linear 
po1yanions.l’ Condensation of metal ions is a typical polyelectrolyte 
effect. 

To investigate the effect of the macromolecular character of humic 
acid on the voltammetric response to the complexation with heavy 
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HEAVY METAL/HUMIC ACID INTERACTION 13 

metals and the polyelectrolyte effect on the heavy metal/humic acid 
interaction, the systems Cd,Pb,Zn/HA have been studied by normal 
pulse polarography (NPP). Solutions of humic acid at different 
degree of neutralization, and thus different charge density, have been 
titrated with heavy metal ions. The results have been compared to 
those for similar titrations into solutions of polyacrylic acid (PAA), a 
linear polycarboxylic acid. 

In the polarographic experiments, any polyelectrolyte effect will be 
partially suppressed due to the presence of 1:l salt as supporting 
electrolyte. Therefore, the same type of titrations into solutions of 
PAA and HA without supporting electrolyte have also been studied 
conductometricall y. 

MATERIALS AND METHODS 

Humic acid (HA) 

The humic acid solution was prepared from Fluka humic material 
(sample code 53680/191699116). The fraction soluble in the pH range 
3-9 was used. It was dialysed against water using a Spectrapor 
membrane with a molecular mass cut-off of 3,500. The dialysed 
solution was treated with an ion exchanger of the type AG50W-X4 
from Bio-Rad to transfer the material into the acid form. The total 
number of deprotonable groups was determined by conductometric 
and potentiometric acid-base titrations. The concentration of deproton- 
able groups in the sample solutions used in the heavy metal ion 
titrations was 2.00 mol . m-3. This concentration corresponded to a 
DOC content of 0.2 kg . m-3. The intrinsic dissociation constant of 
the humic’acid appeared to be 10p3.7 in mol. dm-3 units. 

Polyacrylic acid (PAA) 

The polyacrylic acid solutions were obtained from Polysciences. Two 
PAA samples were used, with an average molecular mass of 300,000 
and 50,000 respectively. The total number of carboxylic groups was 
determined by conductometric and potentiometric acid-base titra- 
tions. The concentration carboxylic groups in the sample solutions 
used in the heavy metal ion titrations was 2.50m0l.m-~. The 
intrinsic dissociation constant of both PAA samples appeared to be 
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14 R. F. M. J. CLEVEN AND H. P. VAN LEEUWEN 

10-4.72 in mol.dmU3 units. From literature data it was calculated 
that the diffusion coefficients of the PAA samples were ca. 
0 . 9 ~  10-7cm2.s-1 and 2.3 x 10-7cm2.s-1 of the high and low 
molecular mass versions re~pectively.~, "," 

Other reagents 

All other reagents used were analytical grade. KOH was used for the 
(partial) neutralization of the polyacid solutions, and the acid-base 
titrations. KNO, was applied as supporting inert electrolyte, at a 
concentration of 50 mol. mP3. Solutions of Cd(NO&, Pb(N0J2 
and Zn(NO,), were used for the metal ion titrations. The diffusion 
coefficients of Cd2+, PbZf and Zn2+ 'are all on the level of 

cm2 . s-'. Millipore Super-Q water was employed in all experi- 
ments. After degassing traces of C02,  the water had a conductivity 
less than 0.5 $3. ern-'. 

Normal pulse polarography (NPP) 

All polarograms were obtained with PAR Model 174A polaro- 
graphic analyzers from EG&G. The NPP mode was employed for 
all sample solutions. An effective pulse period of 175ms was applied 
in the polarographic measurements. Static mercury drop electrodes 
SMDE PAR Model 303 from EG&G were employed. A drop is 
formed within at most 0.2 s, whereas the drop period was maintained 
at 1 s. The drop size was about 1.4mm2. The SMDE was equipped 
with a Ag/AgCl,KCl,,, reference electrode. The electrode block was 
modified to allow a pH microelectrode to be inserted into the 
solution. Purified nitrogen was used for deaeration and blanketing of 
the sample solutions. 

Conductometry 

The conductometric measurements were carried out with a conducto- 
meter WTW Model LF530. The conductometric cells used, WTW 
Model LTAO1, equipped with blank platinum electrodes, had cell 
constants of 0.102cm-I and 0.109cm-l. Measurement of the pH 
was also performed simultaneously with the conductometric experi- 
ments in the course of the heavy metal ion titrations. 
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HEAVY METAL/HUMIC ACID INTERACTION 15 

Procedure 

Solutions of HA and PAA were partially neutralized to a certain 
degree of neutralization a,. Aliquots of heavy metal ion solutions 
were pipetted into the polyacid solutions, and the normal pulse 
polarogram was recorded, or the conductivity measured. The pH 
values of all solutions were monitored to allow a calculation of the 
protons released in the course of the metal ion titrations, and the 
number of initially present deprotonated groups. 

RESULTS AND DISCUSSION 

The normal pulse polarograms for both the Me/HA and the 
Me/PAA systems investigated, showed the usual shape and had well- 
defined limiting current plateaux. In some polarograms, for systems 
with high values of a, and high metal/ligand ratio, a maximum 
appeared at the onset of the wave, indicating reactant ad~orpti0n.l~ 
From additional experiments with different pulse periods, Cottrell 
plots were constructed.14 These plots of the normal pulse polaro- 
graphic limiting current as a function of the square root of the 
reciprocal effective pulse period, appeared to be linear, with only a 
small intercept of the ordinate axis. These findings indicate that the 
limiting currents were diffusion controlled and not seriously affected 
by reactant adsorption. Thus, bulk parameters of the systems are 
reflected in the limiting currents. 

Lability 

In the Figures 1 and 2, the normal pulse polarographic limiting 
currents i, are plotted as a function of the concentration of zinc 
nitrate for the systems ZnIHA and Zn/PAA respectively, at three 
different values of a,. Additionally, the calibration graph is plotted. 
This graph refers to the corresponding zinc nitrate solutions without 
polyacid, in the presence of 50 mol . m- supporting electrolyte. 

The i,-plots for the metal/polyacid systems demonstrate that: 

i) at low metallligand ratio, the slope is reduced as compared to 
the calibration graph, indicating binding of Zn2 +; 

ii) at high metallligand ratio, the slope approaches that of the 
calibration graph, suggesting that the maximum metal com- 
plexing capacity is approximately reached. 
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16 R. F. M. J. CLEVEN AND H. P. VAN LEEUWEN 

These trends may also be observed in voltammetric analyses of 
low molecular mass ~omp1exes.l~ Then, any reduction of the slope is 
generally attributed to the non- or quasi-lability of the complex 
involved. However, for all the systems in this study, the linearity of 
the Cottrell plots excludes quasi-lability. 

gradually shifted to more positive values, indicating polarographic 
lability of the Zn/HA and Zn/PAA complexes. 

A confirmation of the lability of the Zn/HA,PAA systems could be 
obtained from titrations of ligand into zinc solutions: a definite 
plateau value for i, is asymptotically reached. 

For the Pb/HA and the Cd/HA,PAA systems, observations similar 
to those for the Zn/HA,PAA systems could be made with respect to 
the slope of the i,-plots, the shift of and the occurrence of a 

In the course of the zinc ion titrations, the half-wave potential 

2 .4 6 .8 10 
[zn2+] /mo\  m-3 

FIGURE 1 The limiting current for Zn/HA as a function of the amount of 
Zn(NO,),; [HA] = 2.00 mol . m-3; [KNO,] = 50 mol . m-,; 1, calibration; 2, GI, = 0.4; 3, 
DI, = 0.6; 4, GI, = 0.8. 
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HEAVY METAL/HUMIC ACID INTERACTION 17 

FIGURE 2 The limiting current for Zn/PAA as a function of the amount of 
Zn(N03)Z; [PAA]=2.50mol.m-3; [KN0,]=50mol.m-3; 1, calibration; 2, cc,=O.2; 
3, cc,=O.4; 4, a,=O.6. 

plateau value for il in the ligand titrations. For the Pb/HA system, 
the i,-plots for three values of a, are given in Figure 3. In the 
PbjPAA system, flocculation occurred. The results for this system 
will not be considered. 

The polarographic lability of the metal/polyacid systems implies 
that different metal species, “free” and “bound” metal ions, with 
unequal diffusion coefficients are present in the sample solutions. In 
such cases, the limiting current i, can be expressed by:16 

where A is a constant, [Meltotal is the total concentration of heavy 
metal ions in the bulk, and is the mean diffusion coefficient given 
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18 R. F. M. J. CLEVEN AND H. P. VAN LEEUWEN 

FIGURE 3 The limiting current for Pb/HA as a function of the amount of 
Pb(NO,),; [HA] =2.00 mol .m-3; [KNO,] = 50mol .m-3; 1, calibration; 2, 61, =0.2; 3, 
0l,=O.4; 4, ~,=0.6.  

by: 

A detailed description of the operation of the mean diffusion 
coefficient in the normal pulse polarographic analysis of metal/poly- 
electrolyte systems will be published e1~ewhere.l~ It is noted here 
that the application of Eq. (1) and Eq. (2) is restricted to low 
metal/ligand ratio.18 

The mean diffusion coefficient D can be determined by using the 
limiting currents given by the calibration graph ical: 
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HEAVY METAL/HUMIC ACID INTERACTION 19 

Application of Eq. (2) to the resulting values of D enables the 
calculation of the fractions “bound” and “free” metal ions, provided 
that the diffusion coefficient of the metal complex Dbound is known. 
Subsequently, binding constants for the complex formations can be 
calculated. The well-known method of DeFord-HumeI9 to calculate 
binding constants from the shifts of the half-wave potential can be 
employed to test the results. 

Values of the diffusion coeficients of the PAA ligands could be 
calculated from literature data on the radii of gyration of the PAA 
coils by application of the Stokes-Einstein relation. Since the 
molecular mass of HA molecules may range from 1,000 to 100,000,20 
the radii of gyration may range from ca. 1 to 10nm,21-24 if HA 
behaves in solution as a spherical random coil.’l An estimation of 
the average diffusion coefficient of the HA molecules in the sample 
solutions was established by determination of the plateau value for 
the limiting current for the ligand titrations. In the case of a large 
excess of ligand, virtually all metal ions will be bound, and the 
plateau value can be expressed by: 

It was found that the average diffusion coefficient of the HA 
molecules is about 5 x cm2 . s- ’. This value corresponds to an 
average molecular mass of about 10,000.22 

Polyelectrolyte effects 

The &-plots of the systems investigated, of which some have been 
depicted in the Figures 1-3, reveal that the binding of the heavy 
metal ions to HA and PAA is strongly dependent on a,. Three 
important observations can be made in this respect. 

i) The higher a, for a given metal/polyacid concentration ratio, 
the lower il. For Me/PAA systems, this observation is readily 
explained by the increase of the charge density of the polycarboxylic 
ligand upon neutralization, and is considered as a typical 
polyelectrolyte effect7, 26 

ii) The metal complexing capacities are almost linearly dependent 
on a,. At the “equivalence point” of the metal ion titrations, the 
amount of metal ions is somewhat less than half of the number of 
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20 R. F. M. J. CLEVEN AND H. P. VAN LEEUWEN 

deprotonated groups. This observation suggests that primarily a 
charge compensation process occurs. 

iii) Analogies between the i,-plots for ME/PAA and Me/PAA are 
obvious. 

It is widely assumed that the association of metal ions with HA 
predominantly occurs through the carboxylate A 1: 1 
binding (viz. 1 metal ion:l carboxylate group) is generally assumed 
for the interactions Cd,Pb,Zn/HA and Cd,Zn/PAA.7. 29 - 33 These 
assumptions in combination with the observations described, 
strongly suggest that the metal binding to HA and PAA can schema- 
tically be expressed by (charges omitting): 

Me i- A=$ MeA (5)  

where A represents a carboxylate group. 
Conditional binding constants K ,  have been calculated for the 

Cd,Zn/PAA systems from polarographic data. Values of log K ,  are 
given in Figure 4 as a function of the actual fractional ligand 
density, defined by: 

[COO -]free 

aeff = [COO-lfree + [COOH] 

where [C0O-lfree is the concentration of free carboxylate groups, 
and [COOH] is the concentration carboxylic groups. 

The data in Figure 4 represented by the closed symbols were 
calculated from il values applying the D method, whereas those 
represented by the open symbols were calculated from the shifts in 

applying the DeFord-Hume method. Although the values of 
logK, using Ell2 are slightly higher than those using D, they 
confirm the applicability of the concept of a mean diffusion 
coefficient. 

The curves for Cd,Zn/PAA in Figure 4 enable the following 
conclusions: 

i) the dependence of logK, on a, is approximately linear; 
ii) intrinsic values of K ,  (for aeff=O) are of the same order of 

magnitude of those for the binding of Cd2+ and Zn2+ to low 
molecular mass monocarboxylic acids.7, 34, 
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I I I I I I I 

0.2 0. L 0.6 

aeff 

FIGURE 4 Dependence of logK, on xOff for Zn,Cd/PAA systems from polaro- 
graphic data. [KNO,] = 50mol .m-3; closed symbols: from i,-data; open symbols: 
from El,,-data; 1, ZnJPAA; 2, Cd/PAA. 

These conclusions illustrate the polyelectrolyte effect on the bind- 
ing of heavy metals to polycarboxylic acids: the polyionic field 
enhances the strength of the chemical i n t e r a ~ t i o n . ~ ~  
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22 R. F. PSI. J. CLEVEN AND H. P. VAN LEEUWEN 

In Figure 5, IogK, is plotted as a function of aeff for the 
Cd,Pb,Zn/HA systems. It is clear that the conclusions reached for 
the Me/PAA systems are also applicable to Me/HA. Intrinsic values 
of logK1 for Cd,Pb,Zn/HA are 2.4, 3.8 and 2.5 respectively. These 
values are close to those for low molecular mass monocarboxylic 
acids. 

1 1 1 1 1 I I 
0.2 0.L 0.6 

aeff 

FIGURE 5 Dependence of logK, on ~ l , ~ ~  for Pb,Zn,Cd/HA systems from polaro- 
graphic data. [KNO,] = 50 mol . m-3; 1, Pb/HA; 2, Zn/HA; 3, Cd/HA. 
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HEAVY METALiHUMIC ACID INTERACTION 23 

It is concluded that there is strong evidence for a polyelectrolyte 
effect in the interaction of Cd2+, PbZf and Zn2+ with humic acid. 
Although the occurrence of a polyelectrolyte effect for Me/HA has 
been suggested by other a ~ t h o r s , ~ ~ - ~ '  the large variation of binding 
constants of Me/HA with experimental condition is often pre- 
dominantly attributed to the effect of the heterofunctionality of the 
HA samples.41 -43 

The presence of KNO, as supporting electrolyte in the polaro- 
graphic experiments will suppress the polyelectrolyte effect because 
of competitive binding of K +  ions present in excess. Thus, generally, 
the typical polyelectrolyte effects will be more pronouncedly manifest 
in Me/polyacid systems without inert salt. Therefore conductometric 
heavy metal ion titrations into 1: 1 salt-free polyacid solutions have 
been carried out, following the same procedures as in the polaro- 
graphic experiments. The data are represented as the conductivity 
excess AxT which expresses the change of the conductivity x with 
heavy metal ion addition into a blank solution (no polyacid present), 
minus the change of x with heavy metal ion addition into the 
polyacid containing sample solution: 

AxT = x(Me in blank) - [%(sample with Me) 

- x(samp1e without Me)]. (7) 

The representation of the data as AxT readily visualizes any binding 
of heavy metal ions. If no heayy metal binding would occur, the 
initial value Ax,=O would remain unchanged in the course of the 
titration. If only heavy metal binding would occur, Ax, will have a 
positive value. If as a result of heavy metal binding other cations, 
such as K f  or H f ,  would be released, negative contributions are 
incorporated in AxT.  

In Figure 6 the conductivity excess is plotted for Cd/PAA. Initially 
the slope of the Ax,-curve is positive, indicating binding of Cd2+. 
From the value of the slope it can be calculated7 that virtually all of 
the Cd2+ ions are initially bound. From the three curves at different 
a, it is clear that the slope is strongly reduced at the stage which 
roughly corresponds with charge compensation, i.e. when the con- 
centration of Cd2+ ions is about half that of the carboxylate groups. 
From the change of the pH in the course of the metal ion titration, 
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24 R. F. M. J. CLEVEN AND H. P. VAN LEEUWEN 

it is concluded that after this “equivalence point” protons are 
released upon further addition of Cd2+. The corresponding pH 
curves are given in Figure 7. In this figure, the concentration 
released protons is also pictured. The data in the Figures 6 and 7 
allow the following conclusions: 

i) Up to charge compensation, the binding of Cd2+ to PAA is 

ii) Beyond charge compensation, further binding of Cd2+ to PAA 

For the system Pb/HA similar curves for the conductivity excess 
and the corresponding proton release are given in the Figures 8 and 
9. From the trends in these curves, strong analogies between the 
Me/HA and the Me/PAA systems emerge. The binding of Pb2+ to 
HA is nearly complete at the point of charge compensation. If the 
deprotonated groups on the humic acid ligand have been saturated 
with heavy metal ions, another type of binding process occurs upon 
further addition of heavy metal ions. This process can schematically 
be described by (charges omitting): 

nearly complete in 1: 1 salt-free solutions; 

is weak and accompanied by some release of protons. 

.2 .4 .6 .8 1.0 1.2 
[Cd’.] lmol. m-3 

FIGURE 6 The conductivity excess AxT versus the concentration Cd(NO,),. [PAA] = 
2.50rn0l.m-~; 1, c(,=O.6; 2, cc,=O.4 3, cc,,=O.2. 
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HEAVY METAL/HUMIC ACID INTERACTION 25 

[Cd **I I mol . m-3 
FIGURE 7 The concentration of released protons, and the pH versus the con- 
centration Cd(NO,),. [PAA]=2.50mol.m-3; ~1,=0.6 (1,4); cr,=O.4 (2,5); a,=0.2 (3,6). 

r: 
a 40 

20 

I I I I I 1 I 

.2 .4 .6 .8 1.0 1.2 1.4 
[Pb2*] / r n ~ l . m - ~  

FIGURE 8 The conductivity excess AxT versus the concentration Pb(N03)2. [HA] = 

2.00moi.m-3; 1, E,=o.4; 2, a,=0.6. 
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26 R. F. M. J. CLEVEN AND H. P. VAN LEEUWEN 

0 

'E 250 - 
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50 =150: 

- 

2 o-O-' 

/O- / 
Me + H A G  MeA +H. 

The importance of the binding process described by Eq. (8) decreases 
for the Me/HA systems in the series Pb>ZnLCd, which cor- 
roborates with the corresponding values of the intrinsicq binding 
constants. 

The conductometric data confirm the conclusion that a strong 
analogy exists between the binding of heavy metals with humic acid 
and their binding with polyelectrolytes. 

(8) 

CONCLUSIONS 

The systems Cd,Pb,Zn/HA are polarographically labile. The binding 
of Cd2+, Pb2+ and Zn2+ to humic acid is quite similar to the 
binding of these heavy metals to homofunctional polycarboxylic 
acids. 

The results show that in the electrochemical analysis of environ- 
mental samples containing heavy metals in interaction with organic 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
7
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1



HEAVY METAL/HUMIC ACID INTERACTION 27 

matter, a mean diffusion coefficient may be operative controlling the 
voltammetric current. Experimentally determined binding constants 
may describe the charge density of the humic acid rather than the 
chemical binding strength. 
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