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Humic substances (HS) as a background electrolyte in capillary electrophoresis afford the possibility
to characterise HS/reagent interactions. Thus, added Pb(NO3)2 reveals specific characteristic regions in
electropherograms that correlate with the salt concentration. These regions form because of the on-capillary
complexation of Pb2+ with HS: fulvic acid, hymatomelanic acid and humic acid. The formation of two
complexes (Pb/HS fractions I and II), which have different mobility, was observed. Each of the HS
fractions contains those complexes in a different ratio. Differences in the electropherograms apparently
reflect structural differences in the fractions. The peak areas of both complexes have a good linear correlation
with the concentration of injected Pb2+.

Keywords: capillary electrophoresis; electrophoretically mediated microanalysis; fulvic acid; humic acid;
hymatomelanic acid; Pb2+ complexes

1. Introduction

The classical definition of humic substances (HS) is based on their aqueous solubility, dividing
HS into four fractions: (1) humic acid (HA; not soluble in water under acidic conditions, but
becomes soluble at higher pH); (2) hymatomelanic acid (HMA; soluble in ethanol); (3) fulvic
acid (FA; soluble in water at any pH); and (4) humin (not soluble in water at any pH) [1–3].
The major functional groups of HS include, among others, carboxylic, phenolic and aliphatic
hydroxyl, carbonyl, amine and amide groups. Because of this polyfunctionality, HS are the most
powerful chelating agents among natural organic substances [3–5]. In addition, they tend to form
aggregates. The formation of aggregates is a highly metal-dependent process; it depends also on
the nature and concentration of HS and the pH of the medium [6,7]. It is known that the addition of
multiply charged cations to an HS solution changes the intramolecular forces that influence the HS
molecules to coil with relatively hydrophobic interiors and hydrophilic surfaces [6]. Therefore,
adding metals not only promotes aggregation, but also produces a more hydrophobic structure
that may further enhance the tendency to flocculate [8,9]. So, HA removes bulk arsenic and heavy
metals simultaneously from contaminated soils under alkaline conditions [10].
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At pH 7 more binding sites are available in HS, and the concentration of free heavy metal
ions is low because they form inert complexes with HS. These metal/HS complexes are smaller
than aggregated humic species at pH 5, but much larger than the free heavy metal ions [7]. For
the above-mentioned reasons, the complexation of metal ions with HS is of great interest in
understanding the transport and distribution of metal ions in nature [11].

However, metal binding to the HS fraction can also provide information about the structure
of HS. It is suggested that two different types of binding sites for metal cations exist in HS: those
associated with carboxylic groups and those associated with phenolic groups. Phenolic groups
form complexes more easily with heavy metals [12]. Capillary electrophoresis (CE) enables
us to separate the charged particles that exist or form in HS solution, without purifying HS
through ion-exchange columns, which may change the properties of ‘native’ HS. With CE, the
choice of separation buffer plays a substantial role in the formation of different equilibrium
complexes and, therefore, the obtained signal. It is essential to consider the chelating properties
of the separation buffer when interpretating the electrophoretic patterns [13]. It is known that
the mobility of metal cations toward a cathode can be selectively moderated by complexation
within the capillary, followed by the formation of metal complexes with different stability and
effective charge [14,15]. If the pH of the medium in the capillary is around 7, the acidic carboxylic
groups of HS solutes are deprotonated (negatively charged). In the case of uncoated capillaries,
the presence of the negative charge allows easy separation of HS solutes by CE [16]. The wall of
the capillary, negatively charged by the ionisation of silanol groups, attracts positively charged
ions from the buffer, creating an electrical double layer. When a voltage is applied across the
capillary, the cations of the double layer migrate to the cathode, creating a net flow of buffer
solution to the negative electrode [17]. It is known that, in HS analysis using CE, sorption of
HS onto the walls of uncoated silica capillaries occurs, leading to an usually long retention time
and the need for high sample concentrations [16,18]. Modification of the capillary walls and the
addition of other ingredients to the buffer can reduce the sorption problem. Thus, Fetch et al.
[19] used magnesium (II) salt to eliminate the adsorption of HA on an uncoated capillary wall.
Schmitt et al. [17] and de Moraes and Rezende [20] used ordinary buffers (acetate, phosphate,
carbonate, borate) with the HA additive as a background electrolyte at different pH values to
describe the affinity of several ionic pesticides [17] and naphthalene [20] for the HA. Lloyd et al.
[21] used albumin at near-neutral pH, at which albumin has a negative charge and a tendency to
adsorb to fused-silica capillaries. They found that this method gave better resolution for cationic
analytes.

Recently, we have found that electrophoretically mediated microanalysis (EMMA) affords
valuable information about the complexation of Pb2+ with FA [22]. To minimise HS sorption
on the uncoated capillary, HS diluted solutions (natural and standard HA) were used as a back-
ground electrolyte [22,23]. Pb2+ represents a highly toxic compound belonging to the group of
dangerous poison ions because it is cumulative in soils and natural organisms [24]. In this study,
we investigated differences in the interaction of Pb2+ with HS fractions used as a background
electrolyte, in order to characterise the binding sites of those fractions.

2. Experimental procedures

Analytical grade Pb(NO3)2 was purchased from Aldrich, NaOH from BDH (UK) and HCl from
Riedel de Haën (Germany). HS were extracted from Baltic Sea sediment (Haapsalu Bay, north-
west of Estonia). The experimental procedure of separating HS fractions has been described
previously by Übner et al. [25]. In this study, non-lyophilised HS were used to avoid changes in
their molecular structure.A stock solution of HA (4.8 mg·mL−1) was prepared by weighing a given
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amount of corresponding gel and diluting it to a fixed volume using Milli-Q water (Millipore).
Stock solutions, HA gel, HMA (2.5 mg·mL−1) and FA (6.2 mg·mL−1) solutions were stored
at 4 ◦C. HS fractions were employed separately as a background electrolyte component. HA,
HMA and FA solutions were prepared daily by dissolving the appropriate amount of initial stock
solution (depending on their concentration) in Milli-Q water. The electrolyte was filtered through
a Millipore 0.45 μm membrane filter. The concentration of each HS fraction in the background
electrolyte was 0.1 mg·mL−1, and the pH was adjusted to 7 with 0.2 M NaOH solution (Na-salt
form). The standard metal ion solution was diluted from the 0.01 M Pb(NO3)2 stock solution
using Milli-Q water. Pb2+ solutions were prepared in the range 1 × 10−4 to 6 × 10−4 M.

All CE experiments were performed with an ISCO CV4 capillary electropherograph
model 3850, which was thermostated with forced air using a fan. The bare fused-silica capil-
lary 75 μm i.d. (Polymicro Technologies, Phoenix, AZ, USA) had a total length of 80 cm (48 cm
to the detector). The UV absorbance signal of the solution was recorded at 226 nm. Experiments
were performed at room temperature. The equipment and procedures used were described in
our previous work [22,26]. A plug of metal salt solution was injected hydrodynamically (for
15 s) into the capillary filled with HA, HMA or FA as the electrolyte, and after injection, a
high voltage (20 kV) was applied. Upon application of an electric field, the zone of injected
Pb2+ cations merges with the HS because of differences in their electrophoretic mobilities. The
positively charged Pb2+ ions and HS anions mix and form different complexes. The resultant
products in equilibrium migrate from the reaction zone (injection zone) and separate because the
electrophoretic mobilities of the products differ from those of the HS anions. During all exper-
iments, current values were in the range 1–3 μA. The electro-osmotic flow (EOF) velocity was
estimated by using nitromethane as a marker compound each day. The calculated EOF mobility
values were: (8.5 ± 0.2) × 10−4 cm2·V−1·s−1 for FA; (8.5 ± 0.1) × 10−4 cm2·V−1·s−1 for HA;
and (8.1 ± 0.4) × 10−4 cm2·V−1·s−1 for HMA. All experiments were performed in triplicate.

3. Results and discussion

3.1. Electropherograms of HS fractions

When HS fractions are used as the background electrolyte without adding a metal salt, a steady
baseline is obtained. We have previously found that after injecting a Pb2+ plug into FA solution,
three main characteristic regions form in the electropherogram [22]. Here, we found that the other
water-soluble HS fractions (HMA and HA), if used as a background electrolyte together with a
Pb2+ solution, form reproducible electropherograms that are similar to, but characteristic of, each
HS fraction. The typical electropherograms recorded after injection of 6 × 10−4 M Pb(NO3)2

solution into different background electrolytes are shown in Figure 1. All electropherograms can
be divided into three regions: (1) a positive relatively symmetrical sharp peak, (2) a broad negative
peak, and (3) a wide triangular peak with a plateau at the end.

Because we also observed that HS without metal ions gave electropherograms with a straight
baseline only, the formation of characteristic new peaks strongly suggests that these were evoked
by an interaction between the metal ions and HS. It may be suggested that two humps in the
electropherograms, regions 1 and 3, indicate the formation of at least two different types of Pb2+
and HS complexes. These complexes should have an overall negative charge (the HS at the pH
7 used in background electrolytes have in total a negative charge) and are carried towards the
cathode only because of the stronger EOF flow. The negative area of region 2 should express an
absence of charged particles, which is formed by removing HS anions from the reaction zone in
both directions – towards regions 1 and 3. The main EOF flow of the buffer carries complexes
and the vacancy zone towards the cathode.
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160 M. Übner et al.

Figure 1. Electropherograms of Pb2+ solution when HA, HMA and FA were used as background electrolytes. Separation
voltage, 20 kV; hydrodynamic injection of 6 × 10−4 M Pb(NO3)2, 15 s; pH 7; detection at 226 nm; fused-silica capillary
80 cm × 75 μm.

Table 1. The correlation of peak areas of regions 1, 2 and 3 with the concentration of the added Pb(NO3)2.

×105 areaa Linear regression

HS Pb2+ Pb2+ Pb2+ Pb2+
Region fraction 1 × 10−4 M 2 × 10−4 M 4 × 10−4 M 6 × 10−4 M R2 Slopeb

1 HA 1.2 ± 0.1 1.5 ± 0.2 3.0 ± 0.5 4.5 ± 0.1 0.9823 0.7628
HMA 2.5 ± 0.2 7.8 ± 1.0 22.5 ± 4.3 35.4 ± 1.9 0.9731 5.6239
FA 3.5 ± 0.4 5.4 ± 0.6 23.2 ± 1.1 26.3 ± 3.1 0.9313 4.6463

2 HA −0.18 ± 0.03 −0.60 ± 0.06 −0.73 ± 0.13 −0.63 ± 0.11 0.5648 −0.1418
HMA −3.2 ± 0.2 −7.7 ± 1.1 −23.8 ± 4.0 −40.0 ± 5.7 0.9647 −6.2086
FA −4.3 ± 0.6 −10.7 ± 1.3 −30.7 ± 1.8 −35.7 ± 3.3 0.9588 −6.3625

3 HA 5.4 ± 0.5 11.5 ± 1.0 26.8 ± 4.7 38.7 ± 1.8 0.996 6.4526
HMA 5.4 ± 0.4 12.7 ± 1.1 55.7 ± 9.1 68.4 ± 4.6 0.9398 11.6490
FA 7.0 ± 0.8 14.4 ± 1.4 32.0 ± 2.0 39.3 ± 2.5 0.9788 7.0109

Notes: aArea values, mean ± SD, in arbitrary units. bSlope from the linear formula y = ax.

3.2. Quantitative relationships of peak areas with added cation concentration

One can assume that if the area of the specified region is quantitatively related to the concentration
of the added metal, it should reflect the formation of the corresponding metal/HS complexes.
Therefore, the peak area of regions 1, 2, and 3 is correlated with the concentration of added Pb2+
ions. The obtained results are presented in Table 1.

Region 1, which appears at the beginning in the electropherogram, is associated with a complex
migrating by EOF towards the cathode (initially moving slowly towards the anode against EOF).
For that region, a satisfactory linear correlation of peak area with Pb2+ concentration was obtained
for all HS fractions (HA, HMA and FA; R2 = 0.9823, 0.9731 and 0.9313, respectively). The
obtained correlation suggests that all HS fractions form a similar metal/HS complex (Pb/HS
fraction I). As expected for HS, the hump in region 1 is composed of several strongly overlapping
peaks (Figure 1). These peaks may indicate the occurrence of several similar complexes, which
have similar velocity in the capillary. In the case of HMA and FA, the slope of the linear correlation
(Table 1) is several times greater than for HA. This observation may be connected to absorption
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Chemistry and Ecology 161

differences in the complexes formed in the electric field. The largest peak area was observed
for HMA and the smallest for HA. This means that, in addition to absorption differences, the
concentration of Pb/HS fractions I in the capillary is also significant.

Region 3 characterises the migration of apparently the slowest migrating particles (moving
more quickly towards the anode and slightly slower than EOF towards the cathode). HA and
FA showed an excellent linear correlation with the concentration of injected metal (R2 = 0.996
and R2 = 0.9788, respectively). This indicates that a second type of metal ion/HS complex
(Pb/HS fraction II) may exist. The HMA also reveals the existence of that complex; however,
the correlation coefficient for the peak area with the inserted metal was somewhat lower (R2 =
0.9398). The largest area values for Pb/HS fraction II were found for HMA, whereas HA and
FA had almost identical values. Thus, HA and FA may have almost the same amount of those
functional groups that are related to the formation of Pb/HS fractions II.

Region 3, in Figure 1, is almost triangular in shape, and approaches a constant level at higher
metal concentrations. The appearance of this hump may be explained as follows: if we assume that
the equilibrium is substantially shifted towards the formation of Pb/HS fraction II, then a quantity
of metal will be consumed by an irreversible process during migration of the sample plug along
the capillary. Immediately after applying the high voltage, the number of available complexation
sites on HS aggregates is limited (compared with the amount of metal ions), and the complex-
forming process has zero order, resulting in the constant concentration of the Pb/HS fraction II
along the capillary. If a sufficient quantity of the sample has been consumed, the process becomes
the first-order formation of Pb/HS fraction II, with a decreasing concentration along the capillary.
The negatively charged particles move in the opposite direction relative to the EOF, as speculated
above. Pb/HS fraction II moves opposite to the EOF more quickly than the Pb/HS fraction I
and, as a result, appears in the electropherograms later than Pb/HS fraction I. Thus, the resulting
shape of region 3 reflects the change in concentration over time at the detector window; the lowest
concentration is seen first. Further, the concentration increases until saturation is reached (change
in the shape of the triangle).

It is known that HS form inner and outer sphere complexes. Outer sphere complexes form
more quickly than inner sphere complexes. Outer sphere complexes may reflect the metal/HS
complexes from region 1. Inner sphere complexes may be more hydrophobic. Pb2+, a large and
highly polarisable metal cation, might prefer ligands that are more polarisable (e.g. S-, N- and
P-containing ligands) [27,28]. Therefore, Pb/HS fractions II may reflect inner sphere metal/HS
complexes.

If regions 1 and 3 form HS metal complexes, the sum of the areas must correlate linearly with the
Pb2+ concentration. Indeed, the sum of areas for regions 1 and 3 of each HS fraction has slightly
better linear correlation with the injected Pb2+ concentration than the areas alone (Figure 2).

As shown in Figure 2, each HS fraction has a different content of both metal/HS complexes.
HMA has a higher content of both complexes than HA. Differences in the complexes must reflect
the content of the corresponding functional groups in the HS fraction. As can be seen from all HS
fractions, Pb2+ gives more complexes with HMA. Evidently, that fraction has more functional
groups that are suitable for Pb2+ complexation. Estimating from the slope value, HMA may have
∼1.5 times more of both complexes than FA, and 2.4 times more than HA. This is in accordance
with the findings Quan and Yan [29]: that HA form more stable complexes with Pb2+ than FA. In
our case, the HMA fraction is part of the HA fraction that is removed by ethanol and the Pb/HMA
fraction is the highest.

Region 2 expresses a range of negative optical density compared with the HS-buffer solution.
The negative area of region 2 should express migration of the vacancy zone of charged particles in
the HS buffer, i.e. the absence of HS particles that are consumed during the formation of Pb/HS
fractions I and II. The vacancy zone should migrate at the speed of the free HS anion. However,
it is difficult to determine how regions 1 and 3 are related to region 2. Linear correlation of the
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Figure 2. Dependence of the sum of areas of regions 1 and 3 on the injected Pb2+ concentration.

area of region 2 with the injected Pb2+ concentration is worse than for the other regions. The
best linear correlations of the areas from the metal concentration were for HMA and FA fractions
(R2 = 0.9647 and R2 = 0.9588, respectively). HMA had the highest vacancy area values, which
are apparently related to the highest values in regions 1 and 3. Taking into account the nature
of the formation of region 2, one may conclude that region 2 is not suitable for the quantitative
estimation of the concentration of metal/HS complexes.

3.3. Comparison of Pb/HS fractions I and II

Cation binding to HS is assumed to occur through specific interactions between cations and surface
functional groups and by non-specific binding to any residual negative charge. Lead is bound by
HS predominantly as monodentate complexes [30]. From the literature data, it is known that Pb2+
forms complexes with HS via two different types of binding sites: (1) major sites, carbonyl and
hydroxyl functional groups; and (2) minor sites, S-, N- and P-containing groups. Other authors
have suggested the formation of two types of complexes [27,28,31]. However, according to the
general understanding of the EMMA process in a capillary, the symmetrical hump corresponds to
the reversible (A ↔ B type) process, whereas the irreversible (A → B type) process results in the
triangular hump. As explained above, the latter case may be due to continuous consumption of the
reactant during its migration along the capillary and the decrease in the formation of the product,
respectively (which manifests itself as a triangle on the electropherogram). Those considerations
allow speculations about the possible nature of the complexes.

Reactions of HS with metal ions occur in two ways: as a major reaction, in which both carboxyl
and phenolic hydroxyl groups participate simultaneously; and as a minor reaction, which involves
carboxyl groups only [32].As the metal concentration is increased, the strong binding sites become
saturated and the excess metal then binds to the weaker sites, forming labile weak complexes [31].
At pH 5 and higher metal concentrations, more weak binding sites (e.g. hydroxyl or thiol groups)
are occupied. These complexes move faster. Stronger binding sites for HS, such as carboxyl groups,
give complexes that move slower with EOF [33]. At pH 7, carboxylic and phenolic binding sites
on HS may occur, and metal binding will depend on the total HS concentration. Weak binding sites
determine the behaviour of humic complexation at high metal loading, whereas strong binding
sites determine the complexation strength of HS at trace metal concentrations. Moreover, phenolic
sites are predominant binding sites at alkaline pH.At low HS concentrations, metal binding occurs
mainly at weak sites (i.e. ∼80% attribute to carboxylic groups), followed by binding at strong
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sites (i.e. ∼20% attributed to phenolic moieties) [34]. In our case, region 1 may express the Pb2+
complexation with carbonyl and hydroxyl groups (Pb/HS fraction I). Region 3 may express the
metal complexation with more hydrophobic and polarisable structures, giving Pb/HS fraction II.
As shown in Table 1, region 3 (Pb/HS fraction II) always has higher area values than region 1
(Pb/HS fraction I).

When calculating the ratio of the areas for regions 3 and 1 (Table 2), we found that for all HS
fractions, the ratio does not depend on the Pb2+ concentration. However, each fraction has its
own average value for the ratio. It may be suggested that in HMA and FA the amount of Pb/HS
fraction II is about two times higher than that of Pb/HS fraction I. At the same time, the relative
amount of Pb/HS fraction II in HA is ∼7.3 times higher than that of Pb/HS fraction I. It may
hint that in HA there are relatively more polarisable functional groups than in FA and HMA.

Of all HS fractions, HA had the highest molecular mass [2,3]. Our previous data showed that
HA had a more aliphatic structure than other HS fractions [25]. The formation of inner sphere
complexes may force the long carbon chains to turn outside, thus making the Pb2+/HA complex
more hydrophobic. HA has fewer carboxylic structures than other HS fractions (Table 1), whereas
HMA and FA have twice as many hydrophobic and polarisable structures.

Comparing the elementary composition of HS fractions (Table 3, calculated from [25]) with
the findings from electropherograms (Table 1), we may conclude that the amount of Pb/HS
fraction I is related to the oxygen content (connected mainly with the content of carboxyl and
hydroxyl groups). Also, the relative amount of Pb/HS fraction II, which decreases in the order
HMA > FA > HA, is in good correlation with the calculated aromaticity values for those fractions
(Table 3). Formation of Pb/HS fraction II may also be connected with different binding sites that
arise from groups other than carboxyl (nitrogen-, sulphur- and oxygen-containing functional
groups).

Beck et al. [35] fractionated Pb–humate complexes using free-flow electrophoresis and found
that all HA constituents are able to coordinate Pb cations. Complexation causes a stronger dif-
ferentiation of the electrophoretic mobility of HA constituents. At pH 6, virtually only carboxyl
groups are responsible for complexation. Despite their strong complexation, HA constituents may
still possess a high anionic charge. These may be pseudomicelles with a high external charge and
charge centres turned towards the interior of the agglomerate. Šenkýr et al. [24] found, using strip-
ping voltammetry, that possible fragments of HA which form complexes with Pb2+ are oxalic,
citric and d-tartaric acid.

Table 2. Dependence of the ratio of areas from regions 3 and 1 on the concentration of inserted Pb2+ ions.

Pb2+ concentration

× 10−4 M
Region 3/Region 1 1 2 4 6 Mean ± SD

HA 4.4 7.5 8.8 8.6 7.3 ± 2.0
HMA 2.1 1.3 2.5 1.9 1.9 ± 0.5
FA 2.0 2.7 1.4 1.5 1.9 ± 0.6

Table 3. Elementary composition and aromaticity of HS fractions.

In HS fraction, %

Humic substances Ash, % C H N O Aromaticity, %

HA 33.0 33.7 5.0 4.8 23.4 13
HMA 11.8 47.6 6.0 2.6 32.0 35
FA 16.6 36.5 4.8 6.4 35.6 20
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4. Conclusions

The use of HS as a background electrolyte in CE offers the possibility to follow the on-capillary
chemical reactions of metal ions and HS inside the capillary (the EMMA approach). A steady
HS concentration in the capillary suppresses interactions between the formed complexes and
the capillary walls. The method enables one to characterise and compare different HS fractions
and study their interactions with different agents. From the obtained electropherograms, we may
conclude that the Pb2+ cation injected into the capillary with HS as a background electrolyte is
related to the formation with HS of at least two different complexes (Pb/HS fractions I and II). In
all HS fractions, the sum of areas of the two main positive signals shows good linear correlation
with the concentration of injected Pb2+. We can assume that in all HS fractions the Pb/HS fraction
II prevails; however, the ratio of Pb/HS fraction II to Pb/HS fraction I is highest (∼7) in HA.
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