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Abstract: The stability of metal-humate complexes is an important factor deter-
mining and predicting speciation, mobility and bioavailability of heavy metals in
the environment. A comparative investigation of the complexation of Cu(ll) and
Pb(I1) with humic acid and humic-like ligands, such as benzoic and sdicylic acid,
was performed. The analysis was realized at pH 4.0, a temperature of 25 °C and at
an ionic strength of 0.01 mol dm3 (NaCl) using the Schubert ion-exchange method
and its modified form. The stability constants were calculated from the experi-
mental data by the Schubert method for complexes with benzoic and humic acid. A
modified Schubert method was used for the determination of the stability constants
of the complexes with salicylic acid. It was found that Cu(ll) and Pb(Il) form mo-
nonuclear complexes with benzoic and humic acid while with salicylic acid both
metals form polynuclear complexes. The results indicate that Pb(I1) has a higher
binding ability than Cu(ll) to all the investigated ligands. The Cu(ll)—salicylate and
Phb(l1)—salicylate complexes showed noticeable higher stability constants compared
with their complexes with humic acid, while the stabilities of the complexes with
benzoic acid differed less. Salicylic and benzoic acids as humic-like ligands can be
used for setting the range of stability constants of humic complexes with Cu(ll) and
Pb(I1).
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INTRODUCTION

Heavy metals introduced into soil and natural waters are involved in a num-
ber of chemical, physical, and biological processes that determine their concen-
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1326 KOSTIC et al.

trations. The bioavailability of a metal depends on its chemical form, which is
strongly affected by the presence of natural and anthropogenic ligands. The com-
plexation of metals with ligands can drastically change the physico—chemical and
biological properties of the metal species.

The binding or complexing of metal ions by humic substances (HS), as wi-
dely distributed natural ligands in soil and natural waters, is an important factor
determining metal toxicity, bioavailability and transport.2# Humic and fulvic
acids, as fractions of humic substances, are the most important HS components
that, due to their high structural complexity, contribute to the overall fate of trace
metal cations, such as Pb(I1), Cu(ll), Zn(l1) and Cd(I1), in environment.>~7 They
contain a variety of functional groups which may react with metal ions. Humic
acid (HA) with its hydroxyl, phenoxyl and carboxy! reactive groups can form co-
ordination compounds with metals. The large number of ionizable sites in the hu-
mic acid molecule, mainly phenolic and carboxylic groups, provide the appre-
ciable ability to form stable complexes and chelates with heavy metal cations
(Pb(11), Cu(ll), Zn(I1) and Cd(I1)).8

The mobility of humic—metal complexes in soils and aquifers strongly de-
pends on their charging behavior which is influenced by the ambient pH value.2
Metal ion binding to HA depends on the competition between metal ions and
protons for the available binding sites and the electric charge of the humic mac-
romolecule.910 As the pH increases, the macromolecule becomes increasingly
negatively charged attracting the positively charged metal ions and protons.
Thus, in defining the ion binding process of humic substances, it is necessary to
specify the pH value of the system.11

The study of Cu(ll) and Pb(ll) interactions with HS is of great interest in
terms of the environmental impact of metals due to the ability of HS to immo-
bilize these ions by sorption processes.1213 Humic matter—metal ion stability
constants have been determined by a variety of different analytical techniques,14
such as potentiometric titration,1> equilibrium dialysis, 16 ion selective electrode
(ISE) techniques,1’ scanned stripping voltammetry and dynamic light scattering
techniques.18 The Schubert ion-exchange method is a popular method for deter-
mining the stability constants of metal ions and humic acid.19.20 This method is
based on the competition of a metal to bind to aligand or resin, which lead to its
distribution between solution and solid phase. The concentration of meta is
measured in the presence and absence of a dissolved ligand.2!

In this study, benzoic and salicylic acid were used, as discrete ligand models,
for the study of complexation properties of humic acid. Their structure is a sSim-
plified form of the humic structure, which can be seenin Fig. 1.

The understanding of complexation process is hindered by the fact that hu-
mic acids are assemblage of large polyfunctional molecules, such as lipids, car-
bohydrates, aromatics, etc. having a great variety of functional groups and metal
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COMPLEXATION OF METALS BY HUMIC ACID AND HUMIC-LIKE LIGANDS 1327

binding sites. Thus, a full and detailed description of metal binding is hard to
obtain. However by using “simpler” and stoichiometrically defined ligands of
known chemical structure and with similar binding sites to those of humic in the
context of chemical composition, electronic and steric effects, a prediction of hu-
mic—metal binding can be performed.1” Considering the fact that the major bind-
ing sites of humic acid are attributed to the oxygen-containing functional groups,
i.e.,, carboxylic and phenolic groups, the employment of benzoic and sdicylic
acids as humic model ligands is justified.1>

(b)
Fig. 1. @) Proposed structural formula of humic acid with possible ion binding sites indicated;
b) interaction of oxygen donor groupsin salicylic acid with Pb(Il) ion.

The information obtained using benzoic and salicylic acids can be useful in
the difficult task of evaluation of the nature and the contribution of the donor
sites of humic acid to complexation.

EXPERIMENTAL
Chemical reagents, instrumentation and resin preparation

All the used chemicals were of analytical grade purity and purchased from Merck
(Pb(NOs),, CuCl,-2H,0, benzoic acid, salicylic acid) and Aldrich (HA, catalog H1, 675-2 lot
No. S15539-264). Stock metal solutions of Cu(ll) and Pb(l1) (1000 mg L-1) were prepared by
dissolving appropriate amount of the metal saltsin 0.1M HCI. Aldrich HA was purified by the
same procedure that is recommended for purification of HA isolated from soil, in order to
remove ash content, residual fulvic acids and heavy metals. Its main characteristics are sum-
marized in Table |. Three different concentrations of ligands were used (0.005, 0.01 and 0.015
mol L1 for benzoic and humic acid, 0.005, 0.0075 and 0.015 mol L1 for salicylic acid). All
solutions were prepared using double deionized water (conductivity less than 0.1 pS cm'l).
Metal ion solutions were adjusted to pH 4.0 by the addition of 0.1 M NaOH or HCI with a
constant ionic strength of 0.01 mol dm3.
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1328 KOSTIC et al.

Measurements of pH were made with a Hach Sension 3 pH-meter (precision 0.1 mV or
0.001 units of pH) using a Hach gel-filled combination glass el ectrode (51935-00). All experi-
ments were performed at 25+1 °C.

TABLE |. Main characteristics of the humic acids used in this study

Elementary analysis Content, % Functional group Concentration, mmol g*
C 54.47 Total acidity 6.48

H 3.82 COOH 3.94

N 0.75 Phenolic OH 254

S 3.80 - -

0] 29.26 - -

Ash content 37 - -

M oisture content 4.2 — -

The prepared solutions were analyzed by flame atomic absorption spectroscopy (AAS)
using an AAnalyst 300 (Perkin EImer) instrument.

For each experiment, Dowex 50WX8, 100200 mesh, Na-form cation exchange resin
was used. Approximately 50 g of the resin was stirred with deionized water. Fine particles
were decanted off and the resin was transferred to glass column containing deionized water.
Then, the resin was rinsed with 2 L of deionized water, followed by 2L of 2M HCI, 2 L of 2
M NaOH, and rinsed with 2 L of deionized water. The resin was converted into the Na-form
by passing 2 L of 2 M NaCl, followed by a2 L rinse with deionized water. The resin was air-
dried for 24 h, and then stored in an air-tight polyethylene container.

The time to attain equilibrium was investigated for both metal ions by taking an accu-
rately known amount of Na-saturated cation exchange resin and 50.0 ml of metal ion solution.
Samples were shaken and period to attain equilibrium was determined by measuring the
concentration of the respective meta ionsin the supernatant. Equilibrium was achieved after 1 h.

Experimental procedure for establishing metal/ion-exchange isotherms (D)

lon-exchange isotherms were measured at pH 4.0 for each metal Cu(ll) and Pb(ll). For
each measurement, metal solutions were prepared by adding different volumes of metal stock
solutions to 50.0 mL volumetric flask together with 0.01 M NaCl, and the pH was adjusted by
the addition of 0.1 M NaOH and/or 0.1 M HCI. Accurately weighed, 100.0 mg of cleaned, Na-
saturated cation exchange resin was added to 50.0 mL of the prepared metal solutions. All
samples were shaken at constant temperature for 2 h at 25 °C.

Experimental procedure for the determination of the conditional stability constant of the
metal-igand complexes (D)

The ion-exchange procedure used to determine stability constants for ligands and di-
valent metal ion was similar to the procedure used to establish the distribution coefficient, Dy,
with difference that the solution contained ligand.22

Each solution contained variable concentration of metal ions, from 5 to 20 mg L1 for
Cu(l1) and Pb(Il), and a concentration of organic acid (benzoic, salicylic or humic acid), from
5to 15 mol L1, at pH 4.0, with 100 mg of Dowex 50WX8 (100-200 mesh) resin in the Na-
-form and was shaken for 2 h at 25 °C. The total concentration of free metal ion and com-
plexed metal ion remaining in the equilibrium solution was determined in the supernatant by
flame AAS.
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RESULTS AND DISCUSSION

The isotherms for both metal ions at 25 °C temperature and pH 4.0 were
investigated. The experiments were performed at pH 4.0 to avoid hydrolysis of
the metal ions and carbonate formation. The linear range was obtained from each
isotherm curve to estimate the Dg in order to choose the appropriate concentra-
tions for both metal ions to avoid the effect of metal loading.

The distribution coefficient, Do, between the resin and solution phase for
metal ion in the absence of ligand and the distribution coefficient, D, between
resin and solution phase for metal ion in presence of ligand was calculated from
the equilibrium ratio:

o= ooV &

100—ao)m

where oy is percentage of total metal bound to the exchange resin; (100 — ayp) is
percentage of the total metal remaining in solution; V is volume of solution (mL)
and my is mass of the exchangeresin (g).

The number of equivalents of complexing agent, n, combined with a particu-
lar metal ion was found from the slope of the linear function:

Iog(%—ljzlog LS +nlog c. 2

where ¢_isthe concentration of ligand (mol L-1).

Equation (2) was used to determine conditional stability constants for the
mononuclear complexes. Possible problems with the Schubert method can occur
when the complex, MLp, is not mononuclear (m # 1). Equation (3) presents the
equation for the modified Schubert method, which was used to eliminate this
source of error and presents the modified method of data treatment and analysis:

logM¢ = Iog(%—lj =log m+log B +(m—1)log M +nlog ¢ (3

Equation (3) was used to calculate log S for polynuclear complexes.22-25
Equation (2) is a reduced form of Eq. (3) for the case of m = 1, when a mono-
nuclear complex is present. The metal-igand ratios were obtained from the slo-
pes of the curves log (Do/D-1) vs. log ¢ (Fig. 2) according to the Schubert me-
thod, and log Mc vs. log ¢, (Fig. 3) according to the modified Schubert method.
The dopes of these plots give the composition of the complexes, which when
close to unity indicate a 1:1 metal:ligand ratio. Values of n near 1.5 indicate that
the stoichiometry of the complexesis 2:3.

The percentage of total metal bound to the exchange resin, «g, the values of
the slope, n, and stability constants, log Sy, obtained for Cu(ll) complexes (at 5
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mg L=1 Cu(ll) concentration) with the investigated ligands, at pH 4.0 are sum-

marized in Tablell.
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Fig. 2. Plots of log (D¢/D-1) vs. log ¢, for @ Cu(l1)-benzoic acid; b) Cu(ll)-humic acid;
¢) Pb(I1)—benzoic acid and d) Pb(I1)—humic acid, obtained by the Schubert method.

These results show that percentage of total metal bound to the exchange
resin, ap, for Cu(ll)—salicylate was 54.76 %, which was the highest when com-
pared to the percentage for Cu(ll)-humate (49.28 %) and Cu(ll)-benzoate (53.70
%). This trend was even more pronounced in the presence of higher humic acid
concentrations, that is, more metal was in the solution phase than on the resin,
confirming the stronger and multi-site binding and multifunctional characteristics
of the humate ligand.
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COMPLEXATION OF METALS BY HUMIC ACID AND HUMIC-LIKE LIGANDS 1331

Since the values of n should be an integer, values of n = 1 indicate that the
complexation of Cu(ll) with benzoic and humic leads to the formation of 1:1
complexes. In addition, it was noticed that for Cu(ll)-salicylate, n was 1.6, and
the stoichiometry 2:3 was assigned in this case.
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Fig. 3. Plots of log Mc vs. log ¢, for a) Cu(ll)—salicylic acid and b) Pb(I1)—sdicylic acid,
obtained by the modified Schubert method.

TABLE Il. Experimentally determined percentages of the total metal bound to the exchange
resin, o, distribution coefficients, Dy, metal-igand ratios and logarithms of conditional sta-
bility constant, log B, for complexes between Cu(ll) (5 mg L-1) and benzoic, salicylic and
humic acid, at pH 4.0 and ionic strength of | = 0.01 mol dm3, determined by the Schubert
method

3 .
Acid r%;?ll_o_l % Do D DyD-1 M%ﬁf‘“" 10g fom '(‘r’r? egnm;
Benzoic 0 5852 705.4 - — - - — 1.62
5.0 53.70 - 58153 0213 - - 1.63
10.0 50.40 - 50785 0389 - - 1.59
15.0 45.65 - 422,39 0.670 1.02 11 1.65
Sdlicylic 0 5852 705.4 - - - - 10.53°
5.0 54.76 - 605.22 0.16 - - 11.05
75 51.52 - 531.35 0.33 - - 10.49
10.0 46.56 - 435,63 0.62 1.60 2:3 10.06
Humic 0 5852 7054 - - - - 2.33
5.0 49.28 - 485.80 0.45 - - 2.25
10.0 27.00 - 18493 281 - - 2.45
15.0 20.84 — 131.63 436 1.13 1.1 2.29

®Optained by the modified Schubert method

The stability constants obtained for Cu(ll)-benzoate, —salicylate and —hu-
mate complexes are given in Table II. The most stable complex was the Cu(l1)—
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—salicylate complex with log B 10.53, which corresponds to literature data.26
For determination of these stability constants, the modified Schubert method was
applied. The stability constant of the Cu(ll)-humate complex was between the
stabilities of Cu(ll)—salicylate and —benzoate complexes. Stability constants of
Cu(ll)—humate complexes can differ because of the origin of the humic ligand,
but the obtained values were similar and comparable. Variation of stability cons-
tants values in humic complexation studies is not uncommon due to differences
in the elemental composition of the humics, their chemical structure and period
of genesis during the humification process.2”

The percentage of total metal bound to the exchange resin, og, the slope
values, n, and stability constants, log S, obtained for the Pb(l1) complexes (at a
5 mg L—1 Pb(ll) concentration) with the investigated ligands, at pH 4.0 and 25
°C, are presented in Table I11. It was found that percentage of total metal bound
to the exchange resin for Pb(l1)-benzoate was higher than for Cu(ll)—salicylate
and Cu(Il)-humate in the total metal and ligand concentration range. Thisisin
accordance with the number of binding sites in the ligands. In addition, the dif-
ferences between the percentages of the total metal bound to the resin for same
ligand were greater with increasing concentration of ligand. The values of stabi-
lity constants presented in Table 111 show that stability constant of Pb(l1)-humate
complex was higher than that of the Pb(ll)—benzoate complex. Moreover, the
Pb(l1)—salicylate complex was the most stable, with avalue of 10.90 for log .

TABLE Il1. Experimentally determined percentages of the total metal bound to the exchange
resin, o, distribution coefficients, Dy, metalHigand ratios and logarithms of conditional sta-
bility constant, log S, for complexes between Ph(l1) (5 mg L) and benzoic, saicylic and
humic acid, at pH 4.0 and ionic strength of | = 0.01 mol dm3, determined by the Schubert's
method

3 .
add @0 4 D, D Dyp-1 n MORTEIO 5 '(‘rfeg]“)
Benzoic 0 52.56 553.96 - - - - - 197
50 428 - 37412 048 - - 198
100 3780 - 3038 082 - - 1@
150 3000 - 21429 158 105 11 202
sdiglic 0 5256 55396 - - - - —  10.90°
50 3496 - 26876 106 - - 1141
75 3076 - 22213 149 - - 1085
100 2560 - 17204 221 124 23 1044
Humic 0 525 55396 - - - - - 250
50 2040 - 20821 166 - - 252
100 2420 - 15963 247 - - 239
150 1400 - 8139 581 107 11 259

®Obtained by the modified Schubert method
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According to Table |1 and I11, the results show that the system Cu(ll) without
ligand had higher value of the percentage of total metal bound to exchange resin
than the Pb(l1) system.

The stability constants, log fmn, and the metal-igand ratio for the Cu(ll) and
Pb(I1) complexes with al the investigated ligands, shown in Figs. 1 and 2, are
summarizedin Table 1V.

Table V. Stability constants, log S, and metal-igand ratios for complexes between Cu(ll)
and Pb(l1) with benzoic, salicylic and humic acid, at pH 4.0 and ionic strength | = 0.01 mol
dm'3, determined by the Schubert method

Cu Pb

c . log B Literature ¢ . log B, Literature
mgL™ M:L 10 fim (mean) valud® mglL* M:L 10 fm (mean)  vaue®
Benzoic 5 11 162 165 160% 5 L1 197 196 2.00%

Acid

10 11 163 10 11 190
15 11 165 15 11 201
20 11 171 20 11 19

Sdicylic 5 2:3 1053 10.34* 10.60*° 5 2:3 1090 1051° -
10 2:3 1022 10 2:3 1060
15 2:3 1010 15 2:3 1044
20 2:3 1049 20 31 1012

Humic 5 11 233 235 1952 5 L1 250 258 2.76%
10 11 242 3.70% 10 11 257 3.66%
15 11 232 5.28% 15 11 264 4.78%
20 11 234 20 11 260

#Optained by the modified Schubert method

A comparison of the obtained results for the stability constants and stoichio-
metry of Cu(ll) with benzoic and salicylic acid with literature data indicate that
values were approximately the same. The obtained values of the stability cons-
tants for the Pb(I1)—benzoate complexes were similar with literature data,28 while
the values of the stability constant for Pb(l1)—salicylate complexes are not avail-
ablein the literature.

The obtained results, which were derived using the Schubert method and its
modified form, indicate that the conditional stability constant, log fmnn, for the
Pb(I1)-humate complex was greater than that of Cu(ll)-humate at pH 4.0. Pb(ll)
was found to form the most stable complex with the oxygen-carrying donor groups
of humic acid. An explanation for the established stabilities of the Pb(l1)— and
Cu(l-humate complexes can be given within the concept of hard/soft acids and
bases. Since oxygen, as the donor atom in carboxylic and phenolic groups, exhi-
bits hard base properties (a highly electronegative atom), a strong bond will be
formed with hard acids (Pearson’s rule). Bearing in mind that the electronic con-
figuration of the Pb(ll) ion 18(n—1)e~ + 2ne- classifies it in the borderline metal
acids, while Cu(ll) ion, the electronic configuration (n-1)d®, classifiesit as a soft
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1334 KOSTIC et al.

metal acid, the greater stability of the Pb(I1)-humate complex compared to the
complexes with copper can be expected.

The established trend of the stabilities of the metal-humate complexes can
be used for predicting the strength of interaction between the donor atoms and
the metal ions, aswell asto predict their competition in binding to humate ligand.
The obtained results indicate that there may be competition between Pb(Il) ions
and Cu(ll) ions in the binding for carboxyl and phenolic binding sites of humate
macromolecules. Therefore, under conditions of increased concentrations of Pb(ll)
ions in the natural environment, Pb(ll) may displace Cu(ll) ions, which can lead
to increasing mobility and bioavailability of copper.

The present results provide important information on the interaction of Cu(ll)
and Pb(11) with benzoic, salicylic and humic acid, and demonstrate that not only
are carboxyl groups involved in metal binding, but also other groups, like pheno-
lic groups, must be involved.

CONCLUSIONS

The Schubert ion-exchange method is applicable for the determination of
conditional stahility constants of mononuclear complexes while for polynuclear
complexes, a modified Schubert ion-exchange method should be applied. The ob-
tained stoichiometry values indicate that humic and benzoic acid form mononuc-
lear complexes with Cu(ll) and Pb(ll), while salicylic acid forms polynuclear
complexes with both metals.

Phenalic acids comprise a significant part of the chemical structure of humic
substances showing an important role in complexation properties of HA. Sali-
cylic and benzoic acids, as humic-like ligands, can be used for setting the range
of stability constants of humic complexes with Cu(l1) and Pb(ll). The binding of
Pb(l1) by HA is stronger than that for Cu(ll). The results of this study are impor-
tant for understanding the mobility and fate of Cu(ll) and Pb(Il) in the environ-
ment.

Acknowledgements. This study was supported by the Ministry of Science and Techno-

logical Development of the Republic of Serbia and was performed as a part of Project
11141018.

U3BOJ
KOMIUIEKCUPAKE BAKAP(I1) 1 OJIOBO(I1) JOHA XYMUHCKOM KHUCEJIMHOM
U MOJEJIOM XYMUHCKOT JINTTAHJJA

MBAHA KOCTURY, TATJAHA AHBEJIKOBUR?, PY)XUIIA HUKOJIMR', AIEKCAHJIAP BOJUR?,
MWJIOBAH ITYPEHOBUR', CPHAH BJIATOJEBUR? u JIAPKO AHBEJIKOBUR®

' 00cex 3a xemujy, Mpupoono—vaiiemailivuxu axyaitieid, Ynusepauiied y Huuwy, Buwezpadcka 33,
18000 Huuw, ZHO/boﬁpqueOHu ¢akyaitieiti, Ynusepsuitein y beozpady, Hemaruna 6,
11080 3emyn u JKIT “Naissus’, Knezume Jby6uue 1/1, 18000 Huw

CrabmIHoCT MeTal—XyMaTHOT KOMIUIEKCa MpeICTaBiba BaxkaH (akTop y oapehuBamy u npen-
Brubamy crenyjanyje, MOOMIHOCTH U OHOPACIIONOKHUBOCTH TEIIKAX METaia y )KUBOTHOj CPEIUHH.
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V oBoM pany BpiueHa cy ynopenna ucnutuBama komiuiekca Cu(ll) u Pb(Il) ca xymuackoM kuce-
JMHOM M MOJIETIOM XYMUHCKOT JIMT'aH/a, Kao IITO Cy OeH30eBa M CalMIWIHA KucenanHa. McnuTu-
Bama cy Bpurera Ha pH 4,0 u temneparypu ox 25 °C u npu jonckoj jaunau ox 0,01 mol dm™
(NaCl), nomohy knacuune u momudpukosane IllyGeproBe joHOM3MewHBauke Meroae. Koncranre
CTaGHIHOCTH 32 KOMIUIEKCE ca OCH30€BOM M XYMHUHCKOM KHCEJIHHOM H3padyHare Cy HoMohly ekc-
MePUMEHTAJHUX ToJaTaka aobujenux kimacuyaoM llly6GeproBom meromoM. Moaudukosana Ily-
OepTroBa MeToza je KopumheHa 3a oapehuBame KOHCTaHTE CTAOMITHOCTH KOMIUIEKCA Ca CaIHIIMII-
HoM kucenuHoM. YTBpheno je ma Cu(ll) u Pb(Il) joru dopmupajy MoHOHYKI€apHE KOMIUIEKCE Ca
OeH30eBOM M XyMHHCKOM KucenuHoM. Takobe, yrBpheno je u na 06a merana GpopMupajy MOTHHY-
KJIeapHEe KOMILICKCE ca CAJMIMIHOM KHCeIMHOM. Pesynraru ykasyjy Ha To na Pb(I1) jon uma ehy
crioco6HocT BesuBarma o1 CU(ll) jona ca cBum ucnimTuBanuMm Juranauma. OoBo U Gakap cauiu-
JIATHU KOMIUICKCH IOKa3yjy Behy KOHCTAaHTy CTaOWIIHOCTH y mopehemy ca XyMaTHHM KOMILICK-
CHMa, JIOK ce CTaOMIIHOCTH OBHX KOMILIEKCAa Mamke Pa3INKyjy O CTaOMIIHOCTH KOMIUIEKca ca OeH-
30€BOM KucenrHOM. CalliiiiIHa U OeH30eBa KUCEIIHHA Ce MOT'Y KOPHCTUTH Ka0 MOJICITH XyMHHCKOT
JWTaHaa 3a ofpehuBame oncera Koucrantu crabmiHoctn komruiekca Cu(ll) u Pb(ll) jona ca xy-
MHHCKOM KHCEITHHOM.

(Mpumsbeno 10. mapra, peBuaupato 2. jyna 2011)
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