Latvian Journal of Chemistry, No 3, 2012, 228-237
DOI: 10.2478/v10161-012-0012-0

CHANGES IN THE HUMIC ACID-METAL COMPLEXATION
CHARACTERISTICS DEPENDING ON HUMIFICATION DEGREE

D. Dudare, M. Klavins

Department of Environmental Sciences, University of Latvia, 19 Raina Blvd., LV 1586, Riga,
Latvia
e-mail: dianadudare@inbox.lv

The aim of this study is to determine the Cu(Il) complexing capacity
and stability constants of Cu(Il) complexes of humic acids isolated from
two well-characterized raised bog peat profiles in respect to the basic
properties and humification characteristics of the studied peats and their
humic acids. The complex stability constants significantly change within
the studied bog profiles and are well correlated with the age and decom-
position degree of the peat layer from which the humic acids have been
isolated. Among factors that influence this complexation process, mole-
cular mass and ability to form micellar structures (supramolecules) of
humic substances are of key importance.
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INTRODUCTION

Humic substances (HS) are the most abundant organic substances in the
environment [1]. They are present in the organic matter of soil, water, aquatic
sediments, brown coals, and other natural deposits [2]. Humic substances form a
group of polyfunctional acids, further classified as humic acids (HA) and fulvic
acids (FA), which have yellow to brown colour, high molecular mass (reaching
even millions of daltons) [3], and are a biologically recalcitrant living matter
transformation product [4]. Since numerous kinds of biomolecules are the
precursors of humic substances [5], and microorganisms also actively partici-
pate in their decay and humification process, HS form a heterogeneous mixture
of a high number of individual compounds, which contains such groups as
—COOH, —OH (phenolic and alcoholic), CH,—, -O—, -NH—, and others [6].
There are several hypotheses concerning dominant structures of humic sub-
stances:

a) HS are the aggregates of relatively small molecules (500-5000 Da), held

together by salt bridges and hydrogen bonds [7];

b) humic substances are large macromolecules (up to several millions of Da) [8];
c) HS in natural environment exist in the form of molecular associates — supra-

molecules, or micelles [9].

Considering the high diversity of precursor biological material and very
much differing humification conditions, the properties of HS differ depending
on their origin [10]. HS are found particularly in wetlands, representing the
largest global terrestrial reservoir of refractory organic matter [11]. Humic
substances in peat can be studied in bog profiles, as peat bogs are unique
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archives of past environments [12]. Since the organic matter transformation
there takes place in relatively uniform conditions [13], it is possible to date
profile layers and thus study the peat and the structure and properties of HS in
their consecutive development process. Ombrotrophic bogs are unique in this
respect, as they receive water, nutrients and major and trace elements only by
way of atmospheric deposition [14], and often only a few moss species are
dominant there, for example, Sphagnum varieties [15]. So, the peat profiles
from the ombrotrophic bogs can be used for reconstructing climate [16], human
impact intensity [17, 18], and vegetation changes during the last 10,000 years
[19, 20].

Complexation reactions involving HS, especially HA, play a key role in the
speciation of major and trace elements in the environment, thus controlling the
physicochemical behaviour, biological availability, accumulation, and mobility
of these elements [21].

Humic—metal interactions have been studied in several publications, using
differing methods [22-24] and comparing humic substances from different
sources. However, the intrinsic differences among the HS of different origin and
the impact of humification degree on the complex formation between humic
substances and metals have not until now received the necessary attention.

The objectives of this work are: to determine and discuss comparatively the
Cu (II) complexing capacity and stability constants of the HA isolated from the
two well-characterized raised bog peat profiles in respect to the basic properties
of the studied peats and their HA. To reach these objectives, potentiometric
titration and a single-site model based on a simple 1:1 stoichiometry are used
[25].

EXPERIMENTAL

Materials

Analytical quality reagents (Merck Co., Sigma — Aldrich Co., Fluka Chemie
AG RdH Laborchemikalien GmbH Co.) were used without purification. For
preparation of solutions, high purity water Millipore Elix 3 (Millipore Co.) 10—
15 MQ was used throughout.

Peat sampling and characterization, isolation of humic acids

Peat profiles were obtained from the well-characterized [26] ombrotrophic
bogs, i.e., Eipurs and Dzelve. Whereas both bogs were located in lowlands and
were of similar origin (developed due to ground paludification), their lithology
was largely differing. Both bogs were typical raised bogs, and they had not been
affected by direct pollution sources, either presently, or historically.

Trace elements in a 1 cm section of peat profile were determined after nitric
acid digestion by GFAAS [27]. For isolation of HA, the obtained peat profiles
were separated into 10 cm layers, and humic acids were isolated using the
procedures recommended by the International Humic Substance Society (IHSS)
[28].

Characterization peat of humic acids

Elemental analysis (C, H, N, S, O) was carried out using an Elemental
Analyzer Model EA — 1108 (Carlo Erba Instruments). UV/Vis spectra were
recorded on a Thermospectronic Helios y UV spectrophotometer (7hermo
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Electron Co.) in a 1 cm quartz cuvette. An automatic titrator titroLine easy
(Schott — Gerdte GmbH) was used for measuring carboxylic and total acidity of
each HA. Ba hydroxide method [29] was used for determining the total amount
of carboxylic groups and total acidity. 20.0 mg of HA were filled in a 125 ml
ground-stoppered Erlenmeyer flask. 10 ml of 0.1 N Ba(OH), solution were
added. The air in the flask was displaced by bubbling N, gas in the mixture,
closed airtight, and shaken for 24 hours with a wrist-action shaker at room
temperature. The mixed solution was titrated potentiometrically with a stand-
ardized (0.1 N) HCI to pH 8.4. A microburette for dispensing the standard acid
was used.

Determination of stability constants
General complexing reaction can be described by the following equation
[25]:
mMe + nL — Me, L, )
where: Me — metal ion (complex former);
L —molecule of HS (ligand).

Equilibrium of the reaction depends on several factors, such as HA con-
centration, the added metal compound properties, as well as the environmental
conditions. The reaction equilibrium between metal ions and one or more
ligands can be described using complexation or stability constants (K):

K =nlal @)
[Me]"[L]"
where: [Me]” - metal ion (compound) concentration;
[L]" — concentration of ligand (humic substances);

[Me,L,] — concentration of linkage of the formed complex.

The stability constant (K) is the characteristic value of the strength of
formation of links; depending on its value, the complex linkage Me,,L, is more
stable, or vice versa — unstable.The copper (Cu®") ion selective electrode (ISE)
is used in complexing analysis of the studied HA and metal ions. Complexing
stability constants are calculated as follows:

Cu*+ HS — CuHS. (3)
Stability constant of reaction can be calculated as follows:

~ CuHS
7 [Cu]- (HS-CuHS)

(4)

where [Cu] - concentration of hydrated Cu®" in the solution,
CuHS — number of moles, which are linked in complexes [30].

RESULTS AND DISCUSSION
Complex forming capacity of HA

Ability of HS to interact with metal ions is one of their basic properties,
determining the accumulation of metals in organic sediments, fossil fuel, peat,
and soil. Thus, a better understanding of metal-humic interactions is of utmost
importance for evaluating the mobility of metals in the environment. Numerous
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studies have been conducted to analyse the mechanisms of metal-humic inter-
actions or to compare the complexation properties of humic substances of
differing origin; however, major differences between the basic properties of
humic substances depending on their origin have been neglected for the most
part and should therefore be considered. The formation of covalent links
between metal ions and the humic acids, formation of hydrogen bonds, as well
as electrostatic interface can promote the interaction between HA and metal
ions.

Relations between peat, peat HA properties and humic acid complex-
forming degree have been studied by analyzing peat profiles in two hetero-
geneous ombrotrophic bogs in Latvia. The results of the investigations of peat
properties (botanical composition) indicate both differences and similarities in
the development of the studied bogs and their peat properties. Dzelve Bog has
been formed as a result of paludification of sandy ground due to groundwater
level increase and wet conditions during the small depression after the Ice Age.
A raised bog cotton grass peat layer covers the sandy bottom, overlaid by pine-
cotton grass peat. The upper part of peat section is represented by Sphagnum
fuscum peat layer, 3.2 m thick with a decomposition level of 9 to 17% (Fig. 1).

The peat composition of Eipurs Bog is completely different, though it is of a
similar origin (Fig. 1). The lowest part of peat profile in Eipurs is formed by fen
wood-grass peat, Hypnum and sedge-Hypnum peat which is covered by
transition type wood peat. The upper part of the profile is represented by a 3.45
m thick raised bog peat of different types and decomposition degrees. For
example, well decomposed (40-48%) pine-cotton grass peat occurs at the depth
interval of 1.18-1.39 m. The fact can be explained by accumulation, possibly
during the Second Climatic Optimum. Although these bogs are located com-
paratively close to each other, their local conditions for peat formation are
different.

Complexing stability constants and factors affecting them

The complex (Cu®" — humic acid) stability constants (log K) found in this
study are within the range of stability constants (log K = 4.06 — 5.73) of HS
isolated from other sources (soil, coal, water; log K = 3.94 — 5.15) [32, 33],
and they were similar to the complex stability constants of peat humic acids
(log K =5.17 = 5.29) [34]. Stability constants of Cu(Il) complexes of peat HA
significantly vary within the studied bog profiles (Fig. 2). The values of the
obtained stability constants are ranged from 4.06 to 5.73: the Cu®" complexing
stability constants with HA of Dzelve Bog — from 4.06 to 4.44; with HA of
Eipurs Bog — from 4.14 to 5.73. The higher values of complexing stability con-
stants have been observed in HA isolated from the Eipurs Bog, from 2.5 m
depth.

Analysis of factors influencing the complexing capacity and stability of
complexes of peat humic substances with Cu(Il) ions reveals that the stability of
metal-humic acid complexes cannot be explained with one, single factor; the
complexation properties also depend on the age of peat HA and correlate with
the decomposition degrees (Fig. 3). The stability of formed Cu(Il) — humic acid
complexes is well correlated with the age and decomposition degree of the peat
layer from which the humic acids are isolated (Fig. 3). Thus, decomposition
processes (see Fig. 1) can be considered as a significant factor affecting the
complexation ability of HS.
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Fig. 2. Stability constants of cupric ion (Cu®") complexes with humic acids isolated from peat
in Eipurs (4) and Dzelve (B) bogs.
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Fig. 3. Correlations between the age (4) and decomposition degree (B) of peat
in the studied bogs; complexing constants of the cupric ion (Cu®") with humic acids
isolated from the studied bog peat.
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Fig. 4. Correlation of the concentrations of COOH, K., total acidity and
O/C atomic ratio with the cupric ion (Cu®**) complexing constants (log K)
of humic acids isolated from the studied bog peat.
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As one could expect from the basic properties of HA, and as emphasized in
the previous studies [34, 35], the concentration of carboxylic groups and the
total acidity of peat HA have the strongest correlation with log K (Fig. 4); yet, it
is also evident that these two parameters are not able to determine fully the
complex-forming phenomena of HA. The oxygen-containing functional groups
partially affect the complex-formation capacity of HA, thereby also stressing
the poor correlation between log K and atomic ratio O/C (Fig. 4). The group of
factors contributing the complex-forming capacity of HA can be related to the
molecular mass of HA (as reflected by the impact of ratio E4/E¢) and their
hydrophobicity indicator (distribution coefficient of humic acids between the
aqueous and hydropholic polyethylene phases) Ke.w. In several studies, these
parameters are associated with the molecular mass of humic substances (E4/E¢)
or their ability to form micellar structures — supramolecules (Kpegnw) [9].

Thus, the behaviour of HS as macromolecules and their ability to interact
with each other, forming aggregates, can contribute to their interaction with
metal ions. In fact, in the studied bog profiles, significant changes are evident in
the macromolecular properties depending on the peat age and decomposition
degree (Fig. 5). The properties of HS determine their ability to form micellar
aggregates, in which the hydrophilic part of the molecule, including carboxyl
groups and phenolic hydroxyl groups, apprehends the aromatic structures.
Complexes with the hydrophilic part of HA molecules have been formed as a
consequence of the interaction with metal ions, also increasing the ratio of
aromatic structures. The polyethylene glycol-water partition coefficient (Kegw)
in the HA of the studied bogs showed a greater coherence with the complexing
constant.
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Fig. 5. Correlation of E4/E¢ (4) and N/C ratios (B) to cupric ion (Cu*") complexing constants
(log K) with humic acids isolated from studied bog peat.

A comparison of the complex stability constant values and the actual copper
concentration in peat HA from the peat profiles (Fig. 6) shows significant
correlation, indicating the importance of tight metal binding (high stability of
the formed complexes) for the actual presence of metals in peat and peat humic
acids.

This study indicates that the sources of metals in the environment differ and
the metals present in peat can be very roughly divided into the metals of
predominantly anthropogenic origin and those of natural origin. These dif-
ferences can be seen in analyzing the correlation between log K¢, and con-
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centrations of other elements in peat humic acids: the metals of predominantly
anthropogenic origin (Ni, Cu, Cr) are positively correlated with Cu(Il) — humic
acid stability constants, while the metals of natural origin (Zn, Ca, Mn, K) are
negatively correlated with these constants (Fig. 7).
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Fig. 6. Correlation of copper concentration in peat humic acids with cupric ion (Cu®") complexing
constants (log K) with humic acids isolated from studied bog peat.
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Fig. 7. Concentrations of trace elements in peat humic acids in respect to cupric ion (Cu®")
complexing constants (log K) with humic acids isolated from the studied bog peat.

CONCLUSIONS

The complex (Cu*" - humic acid isolated from peat profiles in two
heterogeneous ombrotrophic bogs) stability constants (log K) determined in this
study all within the range of stability constants of humic substances isolated
from other sources (soil, coal, water, peat). The complex stability constants
significantly change within the studied bog profiles, and they are well-corre-
lated with the age and decomposition degree of the peat layer from which humic
acids have been isolated, thus emphasizing the importance of the humification
conditions in the bog and, to a lesser extent, of the humic acid precursor living
material in the bog botanical composition. Neither of the basic properties of
humic acids (such as concentration of carboxylic groups and total acidity,
hydrophobicity, and others) alone can totally explain the complexing pheno-
mena of humic acids. Among the factors influencing the complexing capacity of
humic acids, their molecular mass and their ability to form micellar structures —
supramolecules — are of importance. A comparison of the complex stability
constant values and the actual copper concentration in peat humic acids from
the studied peat profiles shows significant correlation, indicating the importance
of tight metal binding (high stability of formed complexes) for the actual
presence of metal in peat and peat humic acids.
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HUMINSKABJU - METALU KOMPLEKSVEIDOSANAS RAKSTURA
IZMAINAS ATKARIBA NO HUMIFIKACIJAS PAKAPES
D. Dudare, M. Klavins

KOPSAVILKUMS

Darba pétitas humusvielas, kas izdalitas no diviem augsta tipa purvu kiidras

profiliem, nemot véra petamo kiudru un izdalito humusvielu ipasibas un
humifikacijas pamatiezimes. Kompleksveidosanas konstantes butiski mainas
pétito purvu profilu robezas, ka arT novérota So konstansu vértibu korelacija ar
kiidras slana vecumu un sadaliSanas pakapi. Kiidras sadaliSanas procesi ir
butisks faktors, kas ietekm& humusvielu kompleksveidoSanas sp&jas. Neviena
no apskatitajam huminskabju pamatipasibam, piem&ram, karboksilgrupu kon-
centracija, kopgjais skabums atseviski nevar pilniba izskaidrot HV kompleks-
veidosanas spgjas.
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