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Abstract. Fulvic acids are one of the most important
ligands, governing the geochemical cycling of metals in
the environment. The objective of the work was to inves-
tigate the complex formation process between fulvic acids
and Pb(Il). The complex formation process was studied
by the solubility and gel chromatographic methods at
pH 5.0 and 8.0.
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1. Introduction

Natural macromolecular humic substances are
ubiquitous in natural materials: soils, waters, sediments
and lignites.l’7 These complex superstructures are derived
from the decomposition of dead plant and animal matter.
Humic substances can play an important role in determin-
ing the mobility and bioavailability of both organic and
inorganic trace components in the environment. pH and
free metal ion activity are the most important factors, af-
fecting the binding of metal ions to humic substances.
Humic substances have been classified according to their
solubility in diluted acids and bases: humins, humic acids,
and fulvic acids. Humins are insoluble at any value of pH.
Humic acids represent the fraction that is insoluble at
pH<2.0. Fulvic acids, the third major group of humic
substances averagely dissolve in acidic and alkaline re-
gions." Originally, the term fulvic acids was used for all
natural organic substances which were solved in the acid
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and remained after the acidification of soil alkaline ex-
tracts. At present time, this term means substances which
are solved in the acid, and their isolation from other or-
ganic substances can be performed during the fractionat-
ing by using activated charcoal or other sorbents.

Fulvic acids (FA) are one of the most important
ligands, governing the geochemical cycling of metals in
the environment. They are major organic substances of
natural waters. FA concentrations are ranging from less
than 1 mg/L to more than 100 mg/L.*>’

The chemical structure of FA has not been final-
ized yet. Elemental composition(%) of FA isolated from
natural waters changes: C — from 46.7% to 59.7%; H —
from 4.1% to 5.5%; O — from 31.8% to 49.7%; N — from
0.74% to 3.3% and S — from 0.4% to 1.7%.%’

PKy coop changes from 3.1 to 4.9 and pKy », on

changes from 8.3 to 10.6.*"'*!!

Carboxyl and phenol groups of FA take an active
part in complex formation and sorption processes, pro-
ceeding in natural waters, bottom sediments and soils and
stipulate migration forms of heavy metals in natural ob-
jects.*”'** Complex compounds of heavy metals with
macromolecular organic substances are characterized with
less bioavailability and accordingly with less toxicity.***

Lead is a typical toxic heavy metal which is ubiqui-
tous in natural environment. Lead contamination of natural
water systems has adverse behavioural, physiological, and
biochemical effects on humans. The most toxic forms of

lead are Pb*", [PbOH ], [Pb(OHY)] and different inorganic

complexes. They react with the biomolecules of the body
to form extremely stable biotoxic compounds.”®*’ FA acids
may affect the transport, accumulation, bioavailability and
toxicity of heavy metals in the environment.”**

In spite of researches, experimental data on stabil-
ity constants () of complex compounds of FA with lead
are heterogeneous and they differ in several lines from
each other.”">"**° This condition is mainly stipulated by
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ignoring the average molecular weight (Mw) of the asso-
ciates of FA, which value in its turn depends on the value
of pH and finally causes the wrong results. Therefore, it is
difficult to investigate complex formation processes, tak-
ing place in natural waters, identify migration forms of
Pb(Il) and evaluate and assess chemical-ecological condi-
tion of natural waters.

Objective of the work was to investigate complex
formation process between the pure samples of FA, iso-
lated from natural waters and Ph(I]) and to calculate aver-
age stability constant of lead fulvate complex. Complex
formation process of fulvate complexes of lead was stud-
ied by the solubility method at pH = 8.00 and gel chroma-
tographic method at pH = 5.0. Average molecular weight
of associate and oligomer of FA was used for determina-
tion the composition and average stability constant of lead
fulvate complex.

2. Experimental

2.1. Isolation and Obtaining
Pure Samples of Fulvic Acids

For obtaining pure samples of FA, after filtration
through membrane filters (0.45 pm pore size), water of
Paravani Lake was concentrated by the frozen method.
The concentrated water samples were acidified with 6M
HCI to pH =2 and were put for 2 hours on water bath at
333 K for coagulation of humin acids. Then the solution
was centrifuged for 10 min at 8000 rpm (Centrifuge T-
23). For isolation of FA from centrifugate the adsorption-
chromatographic method was used, charcoal was used as a
sorbent. The centrifugate was passed through the column
of activated charcoal (V=1 mL/min, d=2 cm, /= 60 cm)
until the colored solution was achieved. Sorption of amino
acids and carbon acids practically did not occur at that
time. But for the purposes of insurance, to remove possi-
ble fraction of amino acids, 0.1M HCI was passed through
the activated charcoal. The column of activated charcoal
was washed by bidistilled water, with silver nitrate to a
negative reaction to chlorine. For desorption of polyphe-
nols 90% acetone water solution was used, until the col-
ourless solution was achieved. For the removing of ace-
tone, the column of activated charcoal was washed by the
bidistilled water until the smell of acetone disappeared in
eluate. Elution process of FA fraction was performed with
0.1N NaOH solution™" Obtained alkalic solution of FA,
for the purification was passed through a cation-
exchanger. For determination the concentration of FA in
obtained solutions, the gravimetric method was used, the
part of the solution was dried under vacuum, until the

constant weight was obtained. Elemental composition of
standard samples of FA, isolated from natural waters and
average meaning of dissociation constants respectively
equals to C — 53.75%; H — 4.29%; O — 40.56%; N —
0.89%; S — 0.51%; pKycoon=4.37; pKupr-on=10.4;
ashing — 0.35%.

2.2. Solubility Method

0.1 mL suspension of lead hydroxide and increas-
ing quantity of standard solution of FA were placed in
fluoroplastic cylinders. The concentration of FA in model
solutions changes from 1.3510° to 5.40-10° mol/L
(MwW(FA) = 6260 at pH=8.0). The initial concentration of
Pb(Il) before adding ligand, at pH=28.0 was 3.58-10"
% mol/L, ionic strength i = 0.01(KNOs), V=10 mL. Then,
it was stirred in a mechanical mixer for 100 hours, until
the balance was achieved and then the suspension was fil-
tered through the membrane filters (0.45 um pore size). In
filtrates, the concentration of lead was measured by an
atomic absorption spectrophotometer (Agilent 280Z AA).

2.3. Gel Chromatographic Method

Parameters of sephadex G-25: mass of dry gel -
17g, height of swelled layer of gel — 42 cm, inner diameter
of column — 1.6 cm, the limits of fractionating 100—
5000 dalton. For the calibration of sephadex G-25 blue
dextran, polyethylene glycols with molecular weights 300,
600, 1000 dalton and glucose were used. Titer of standard
substances — 1 mg/mL, transmission speed — 3 mL/min,
apply volume of solution — 2 mL.

Increasing quantity of standard solutions of FA
(concentration of FA in model solutions changes from
3.8210° to 15.2810° mol/L, Mw(FA)=2210 at
pH =5.0) and lead (II) solutions with one and the same
concentration (Pb(Il) = 14.89-107 mol/L), which were
prepared from the standard solutions, intended for atomic
absorption method, and were placed in fluoroplastic cyl-
inders. Constant ionic strength was achieved by adding
0.1IM 1 mL of potassium nitrate. The final volume of solu-
tions was 10 mL. In model solutions at pH = 5.0, the con-
centration of hydrogen ions was regulated by 0.01M po-
tassium hydroxide and 0.01M nitric acid.

2 mL of model solutions were placed at the top part
of the column. The elution process was done by 0.01M
potassium nitrate, that had the same pH as the aliquots of
solution. The quantity of metals connected with FA was
determined in fractions, which releasing volume fits sub-
stances with the molecular weight of 300 < Mw > 5000 .
The lead concentration was measured by atomic absorp-
tion spectrophotometer (Agilent 280Z AA).
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3. Results and Discussion

3.1. Investigation of Complex Formation
Process by the Solubility Method

As it is shown from the results (Table 1), along
with the increasing of FA concentration in the solution,
the concentration of Pb(II) increases as well due to the
formation of fulvate complex. The fact that FA form asso-
ciates in water solutions was taking into consideration
during the calculation of molar concentrations of FA.
While investigation of water solutions of FA by the gel
chromatographic method was established, that in the in-
terval from pH =4.0 to pH = 11.0 there is a line depend-
ence between the average molecular weight (Mw) of FA
and the value of pH, which is expressed in the following
way: Mw=1350pH-4540.” At pH = 8.0, Mw(FA)=6260.

In diluted water solutions, at pH = 8.0, the lead di-
hydroxy complex Pb(OH),’ is the dominant form.*” The
reaction between the lead dihydroxy complex and FA may
be written in the following way:

Pb(OH)g +mFAe2 Pb(OH), (F4), (1)

B =[ Po(0H), F4y, ]/{[Pb(OH) g][FA]m} )

In the solution, the concentration of lead dihydroxy
fulvate complex equals to the difference between final
[(Pb(I])soa1] and initial [(Pb(I])se.] concentrations of lead
received after formation of complex:

[P(01), Fayy 1= [ (1) 100~ P0(11) o |

and [Pb (OH)g} = [Pb (1) ﬁee} (3)
Put these values in (2) equation

B= [Pb([[)total —Pb (H)free :|/{|:Pb (H)free][FA]m} (4)

From (4) equation

m
BP0 g | = PP )1 = PH() g |1F4] 9
At the fixed pH, the left part of the equation (5) is a
permanent value and was marked as K

' m
K = P (1) = P51 e [ F4]
Logarithm of this equation (6) is:
lgK'=lg| Pb(1l)total - Pb(11) 4, |-mlg[F4] (7

The numeral value (m) of the stoichiometric coef-
ficient or the number of ligands in an inner coordination
sphere of complex equals to the slope of straight line built
in coordinates:

Ig [Pb (H)total - Pb (H)free }—1g [FAtotal]

To calculate the exact value of slope the least
square method was used

m=tgo = (nExl.yl. —Zx;Zy; )/(nExlz —(Exl.)z) (®)
X =lg [F Aotal ] ©)

Vi zlg[Pb(H)total _Pb(ll)free} (10)

After the calculation, the numeral value of m
(MW(FA)=6260) was obtained which equals to 1.04. The
complex, obtained at pH = 8.0 in a heterogeneous system

Pb(OH ), (solid y—Pb (II ) (solution)—FA—H,0

is the lead dihydroxy fulvate, with the 1:1 ratio. So, the
complex formation reaction (pH = 8.0) may be written in
such a way:

Pb(OH), + FA= Pb(OH ), FA (1)

Table 1. The dependence of the solubility of lead hydroxide on the FA concentration and data for determination
of the lead dihydroxy fulvate complex composition, pH=8.0; Mw(FA) = 6260; [(Pb(]])f,ee]=3.58~1076 mol/L

mol/L [Proral: [ FAoral) Log[FA il LogPbFA,,

[F Atuta/] [P btotal] [P b (szF Am]

1.3510° 4.0810° 3.72:10° 1:0.33 -4.8697 —4.4294
2.02:10° 5.73-10° 537107 1:0.35 —4.6946 —4.2700
270107 7.5810° 722107 1:0.36 -4.5686 ~4.1415
3.37.10° 9.86-10° 9.50-10° 1:0.34 —4.4724 ~4.0223
4.0510° 11.84-10° 11.48107 1:0.34 43925 ~3.9400
47210° 13.85-10° 13.49-10° 1:0.34 -4.3260 ~3.8699
5.40-10° 15.13-10° 14.77-107 1:0.36 -4.2676 ~3.8306
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Table 2. Data for calculation of average stability constant of lead fulvate complex by the Leden’s method, pH=8.0;

Mw(FA) = 2128; [(Ph(I])1.J=3.58-10° mol/L

mol/L F(FA)

[FA il [POUD)ota] [Pb(OH),FA] [FAjee]

3.97-10° 4.08-107 3.72:10° 0.25-107 4.17-10°
595107 573107 537-10° 0.58-107 2.57-10°
7.94.10° 758107 722107 0.72-107 2.78-10°
9.92.10° 9.86:10° 9.50-10° 0.42-107 6.33-10°
11.91-10° 11.84-10° 11.48-10 0.43-107 9.65-10°
13.89-10 13.85-10 13.49-10 0.40-107 9.63-10°
15.88-10 15.13-10° 14.77-10° 0.75-107 5.47-10°

Therefore, the formula for the average stability
constant can be expressed in the following way
[ Po(ot ), Fa ]

_ {[Pb(ﬂ)free}[FA]}
_ [Pb(ll)total _Pb(H)free}

{[Pb(ﬂ)free} [FA]}

In balanced solutions, on the average the correla-
tion [Pb(ID)pui]:[FAioi] 18 equal to 1:0.34 (Table 1). This
means, that during complex formation process, the associ-
ate of FA, which Mw at pH = 8.0 equals to 6260, divides
and every 0.34 part of this associate inculcates into lead’s
inner coordination sphere, as an integral ligand. So it may
assume, that Mw of the associate of FA which takes part
in a complex formation process equals to 2128. This part
of the associate of FA was conventionally called an “ac-
tive associate”.*' The meaning of Mw of the ,,active asso-
ciate” of FA was used for determination the concentration
of free ligand and average stability constant. It should be
noted, that in case of using the average molecular weight
of the associate (6260), it will be impossible to calculate
the concentration of free ligand. Without it, it’s impossible
to calculate the average stability constant of lead fulvate
complex. It should be mentioned that changing of molecu-
lar weight does not cause the changing of the numeral
value of stoichiometric coefficient.

For calculation of average stability constant of lead
dihy(irzoxy fulvate at pH=8.0 Leden’s function F(L) was
used.

(12)

[ Po(0H ), Fa]

{[P b(u )free}[F Afree}} (13)
B |:Pb (H)total:l B |:Pb(H)free:|
= ([pb([[)free][FAfreeD

F(L)=F(F4)=

=B+ B, |:FAfree]

[Pb (H ) fre e} — initial concentration of lead in solution,

before adding ligand

[FAfree} =[P |- [ Po(OH), F4] (1)
When [FAj..] aspires to zero, f could be found by the
graphical method. The section which is cut on the ordinate
by the straight line, is built in coordinates F(FA)-[FApee]
and equal to the average stability constant. The value of
was calculated by the least square method:

p=(Zy;—aXx;)/n (15)
a=(nTxy;~Tx; zy,.)/(nzxf —(le.)zj (16)
o=[ri] )

y; = F(FA) (18)

The data, necessary for calculation of average sta-
bility constant of lead dihydroxy fulvate complex, using
the average molecular weight of “active associate” are
given in Table 2 .

It was obtained that 8 ( Pb(OH ), FA) =9.63x10°

(19);
Ig B =698 (20)

3.2. Investigation of Complex Formation
Process by the Gel Chromatographic
Method

As it is shown from the results (Table 3), the con-
taining of lead in high weight molecular fraction

(300SMw>5000) increases with the increasing the

concentration of FA, which could only be explained by
the formation of fulvate complexes. At pH = 5.0, for cal-
culation of molar concentrations of FA, the average mo-
lecular weight of the associate of FA was taken into con-

sideration, Mw(FA) = 2210.
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In diluted water solutions, at pH = 5.0, the domi-
nant form of lead is Pb*".** If charges of ions are not taken
into account, the reaction of formation of lead fulvate
complexes, could be written in the following way:

Pb(11) free tMFA = POFAy, (21)

=L [ ) g ]

In homogeneous systems, where | Pb (H ) fre e} is

not a constant value, the numeral value of stoichiometric
coefficient(m) equals to slope of straight line built in coor-

dinates: lg([PbFAm])/[Pb(H) free: and lg[FA].

During the investigation by the gel chromatographic method,

S~—

[PbFAm] equals to the concentration of metal in high
weight molecular fraction (300 < Mw > 5000) and

[P b(11 )free} =[P () g1 |- [POFAR]  23)

For the purpose of calculation of exact value of
tangent ofslope of straight line the least square method
was used, according to (8) equation, where

X =lg [F Azotal} 24)

and y; =g ([PbFAm ] / [Pb (1) free }) (25)

It was obtained that the numeral value of m
(MW(FA) = 2210) equals to 0.98. So, in homogeneous

system Pb(1I)(soluton)—FA—H,0 at pH=5.0, the
lead fulvate complex with 1:1 ratio dominates.
Therefore, the complex formation reaction may be
written in such way:
Pb(II)+ FA = PbFA (26)

For the calculation of average stability constant of
lead fulvate at pH =5.0 the Leden’s function F(L) was
used.” Unlike pH = 8.0, at pH =5.0 when the complex
formation is proceeding more weakly, the calculation of
free ligand, using the average molecular weight of the as-
sociates of fulvic acids is not a problem. The calculation
of characteristics of the Leden’s function

F(L)=F(F4)=

= [PbFA] / ([Pb(]]) free}[FA free}) = (@7

—Bi+ 5y [FAfree}
is easy during the investigation of fulvate complexes by
the gel chromatographic method. Concentration of

[PbFA] quantitatively equals to the quantity of metals

(mol/L) determined in high weight molecular fraction
(300 < Mw > 5000).

Table 3. Data for identification of the composition of lead fulvate complex, pH=5.0; [Pb(I1) p}=14.89-10~> mol/L;

Mw(FA)=2210; 300 < Mw(PbFA)> 5000

mol/L PbFA,,.[Pb(I])se.] 12F A psar Lg(PbFA,,.[Pb(ID)5..])

[FAtotal] PbFA,, [Pb(I)se.]

3.82:10° 247107 12.42-107 0.20 —4.4179 —0.6990
573107 3.54-107 1135107 0.31 —4.2418 —0.5086
7.64-107 4.67-107 10.22-107 0.46 —4.1169 -0.3372
9.55.10° 4.90-107 9.99-107 0.49 —4.0199 —0.3098
11.46:10° 5.86:107 9.03-10 0.65 —3.9408 —0.1871
13.37-10° 6.11-10° 8.78-107 0.69 —3.8738 —0.1611
13.28-10 6.55-107 8.34-10 0.78 —3.8159 -0.1079

Table 4. Data for calculation of average stability constant of lead fulvate complex by the Leden’s method, pH=5.0;
[PB(I]) 01a]=14.89-10"° mol/L; Mw(FA)=2210; 300 < Mw(PbFA)> 5000

mol/L F(FA)

[FA il [PbFA] [Pb(UD)ee] [FAjree)

3.82:10° 247107 12.42:10 1.35-107 1.47-10*
573107 3.54-107 11.35-10° 2.19-107 1.42-10*
7.64-107 4.67-107 10.22:10° 2.97-107 1.54-10*
9.55.10° 4.90-107 9.99-10° 4.65-107 1.05-10*
11.46:10° 5.86:107 9.03-10° 5.60-107 1.16-10*
13.37-10° 6.11-10° 8.78-10° 726107 0.96-10"
152810 6.55-107 834107 8.73-10° 0.90-10*
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Table 5. Data for calculation of average stability constant of lead fulvate complex by the Leden’s method. pH=5.0;
[PB(I1) 01a]=14.89-10"° mol/L; Mw(FA)=1350; 300 < Mw(PbFA)> 5000

mol/L F(FA)
[F Atotal] [P DF. A] [P b(]])ffee] [F Afi’ee]

6.25-107 247107 12.42:10°7 3.7810° 5.26-10°
937107 3.54.10° 1135107 5.83-10° 5.35.10°
12.50-10° 467107 10.2210° 7.83-10° 5.84-10°
15.62:107 490107 9.99.10 10.72-10° 45710°
18.75-10° 5.86:10° 9.03-10 12.89:-10°7 5.03-10°
21.87107 6.11-10° 8.78-10°° 15.76:10° 44110°
25.00-107 6.55-107 8.34.10 18.45.10 42610°

Table 6. Data for calculation of average stability constant of lead fulvate complex by the Leden’s method. pH=8.0;

MwW(FA)=1350; [ Pb(I1) e.]=3.58-10° mol/L

mol/L F(FA)
[FA otal) [Pb(])io1a] [Pb(OH),FA] [FAfee]
6.25-10° 408107 3.72:10° 253107 413107
937107 5.73-10° 537107 400107 3.75-10°
12.50-10° 7.5810° 7.22:10° 5.2810° 3.82:10°
15.62:10° 9.86-10 9.50-10° 5.76:107 4.60-107
18.75-10° 11.84-107 1148107 6.91-107 464107
21.87107 13.85.10° 13.49-10°7 8.38-10° 450107
25.00-107 15.13-10° 14.77-10° 10.23-10°7 403107
7 ferent.'>***! For this reason the correct comparing and us-
[Pb (H) free |~ [Pb (H)total } - [PbFA] (28) ing in practice the values of stability constarlits isgimpossi—

[Pb(]] )total} is the total amount (mol/L) of

metal in the sample, which is a constant value according
to the condition of the experiment.

The necessary data, for calculation average stability
constant of lead fulvate complex are given in Table 4. The
value of § was calculated by the least square method ac-
cording to (15) equation. After the calculations, the value
of fwas obtained:

B (PbFA) =1.63x10" (29)

Ig B =4.21(Mw=2210) (30)

The complexation of fulvic acids to metal ions
cannot be described in strict frames because of the ill-
defined nature of FA in contrast with the complexation of
single ligands. So, to succeed the calculation of average
stability constants of fulvate complexes it is necessary to
make some assumptions. At high values of pH, the calcu-
lation of average stability constants of fulvate complexes
of heavy metals according to associates, during the using
of average molecular weight, as it is in the case of lead at
pH = 8.0 is not always possible. Because it is not possible
to calculate concentration of free ligand.'>***' That’s why
it was necessary to introduce the term- “active associ-
ate”.*" But the value of average molecular weight of “ac-
tive associate” in the case of different metal and pH is dif-

ble. Therefore, for the correct comparison of constants we
calculated average stability constants at pH=5.0 and
pH = 8.0 using the average molecular weight of oligomer
of fulvic acids, which is a constant value and does not de-
pend on the solution pH. The necessary data, for calcula-
tion average stability constants of lead fulvate complex
according to oligomer Mw = 1350 are given in Tables 5
and 6. In the case of oligomer at pH = 5.0 and pH = 8.0
the values of stability constants of lead fulvate complex
and lead dihydroxy fulvate complex were obtained:
P(PbFA)=5.8810° (31) Igp=377 (32) and
B(PH(OH),FA) = 4.14-10° (33) Ig f = 5.62 (34).

4. Conclusions

It was established, that in a heterogeneous system
Pb(OH ), (solid y—Pb (II ) (solution)—FA—H,0 at
pH=8.0 lead dihydroxy fulvate complex [Pb(OH),FA]
with the 1:1 ratio dominates. Its average stability constants
according to “active associate” (Mw=2128) and oli-
gomer(Mw=1350) of fulvic acids are equal to
£=9.63-10° (Ig B = 6.98) and f = 4.14-10°, respectively.

In the homogeneous system

Pb(1I)(soluton)—FA—H,0
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at pH = 5.0 the lead fulvate complex [ PbFA] with the ratio
1:1 dominates. In the case of the associate (Mw =2210)
and oligomer (Mw = 1350), the values of stability con-
stants of lead fulvate complexes correspondently equals to
B=1.6310" (Igf=421) and f=5.88-10° (Igf =3.77)
Through the obtained results, (especially the results ob-
tained by using the molecular weight of oligomer), it will
be possible to calculate the migration forms of lead in
natural waters, to determine toxicity and bioavailability
and to evaluate the ecological condition of water reser-
VOirs.

Acknowledgements

This research was supported by Shota Rustaveli
National Science Foundation of Georgia (SRNSFG)
[grant number NeY'S-21-3728].

References

[1] Stevenson, F.J. Humus Chemistry: Genesis, Composition, Reac-
tions; Wiley: New York, 1982.

[2] Sarlaki, E.; Paghaleh, A.S.; Kianmehr, M.H.; Vakilian, K.A.
Chemical, Spectral and Morphologikal Characterization of Humic
Acids Exsracted and Membrane Purified From Lignite. Chem.
Chem. Technol. 2020, 14, 353-361.
https://doi.org/10.23939/chcht14.03.353

[3] Osadchyy, V.; Nabyvanets, B.; Linnik, P.; Osadcha, N.; Naby-
vanets, Y. Processes Determining Surface Water Chemistry;
Springer International Publishing: Switzerland, 2016.

[4] Makharadze, G.; Goliadze, N.; Khaiauri, A.; Makharadze, T.;
Supatashvili, G. Fulvic And Humin Acids in Surface Waters of
Georgia. In High-performas Polymers for Engineering-based Com-
posites. Apple Academic Press: Waretown, NJ USA, 2016; pp 167-
179.

[5] Pisarek, I.; Glowacki, M. Quality of Groundwater and Aquatic
Humic Substances from Main Reservoire of Ground Water No. 333.
J. Ecol. Eng. 2015, 16, 46-53.
https://doi.org/10.12911/22998993/60453

[6] Kovacs, K.; Gaspar, A.; Sajgo, C.; Schmitt-Kopplin, P.; Tom-
bacz, E. Comparative Study on Humic Substances Isolated in Ther-
mal Groundwaters from Deep Aquifers below 700. Geochem J
2012, 46, 211-224. https://doi.org/10.2343/geochem;.1.0168

[7] Varshal, G.M.; Intskirveli, L.N.; Sirotkina, I.C.; Kolosov, L.V.;
KoShcheeva, 1.Y. On the Association of Fulvic Acids in Aqueous
Solutions. Geokhimia 1975, 1581-1585.

[8] Rice, J.A.; MacCarthy, P. Statistical Evaluation of the Elemental
Composition of Humic Substances. Org. Geochem. 1991, 17, 635-
648. https://doi.org/10.1016/0146-6380(91)90006-6

[9] Ma, H.; Allen, H.E.; Yin, Y. Characterization of Isolated Frac-
tions of Dissolved Organic Matter from Natural Waters and a
Wastewater Effluent. Water Res. 2001, 35, 985-996.
https://doi.org/10.1016/S0043-1354(00)00350-X

[10] Rey-Castro, C.; Mongin, S.; Huidobro, C.; David, C.; Salvador,
J.; Garces, J.; Galceran, J.; Mas, F.; Puy, J. Effective Affinity Distri-
bution for the Binding of Metal Ions to a Generic Fulvic Acid in
Natural Waters. Environ. Sci. Technol. 2009, 43, 7184-7191.
https://doi.org/10.1021/es803006p

Tamar Makharadze et al.

[11] Lenoir, T.; Manceau, A. Number of Independent Parameters in
the Potentiometric Titration of Humic Substances. Langmuir 2010,
26, 3998-4003. https://doi.org/10.1021/1a9034084

[12] Dulaquas, G.; Waeles, M.; Gerringa, L.A.; Midag, R.; Rijken-
berg, M.; Riso, R.G. The Biogeochemistry of Electroactive Humic
Substances and Its Connection to Iron Chemistry in the North East
Atlantic and the Western Mediterranean Sea. J. Geophys. Res:
Oceans 2018, 123, 5481-5499.
https://doi.org/10.1029/2018JC014211

[13] Bertoli, A.C.; Garcia, J.S.; Trevisan, M.G.; Ramalho, T.C.;
Matheus,P.; Freitas, M.P. Interactions fulvate-metal (Zn>*, Cu®** and
Fe?") :Theoretical investigation of thermodynamic, structural and
spectroscopic properties. Biometals 2016, 29, 275-285.
https://doi.org/10.1007/s10534-016-9914-8

[14] Xu, H.; Xu, D.C.; Wang, Y. Natural Indices for the Chemical
Hardness/Softness of Metal Cations and Ligands. ACS Omega 2017,
2, 7185-7193. https://doi.org/10.1021/acsomega.7b01039

[15] Makharadze, T.; Makharadze. G. Investigation of Complex
Formation Process of Copper with Macromolecular Organic Sub-
stances, Isolated from Natural Water. Organic Chemistry Plus
2020, 1, 1-5. https://doi.org/10.37256/0cp.112020101

[16] De Oliveira Vaz, D.; Fernandes, A.N.; Szpoganicz, B. Com-
plexations of Divalent Metallic Ions with Fulvic Acids. Eclética
quimica 2018, 43, 54-58. https://doi.org/10.26850/1678-
4618eqj.v43.1.2018.p54-58

[17] Boguta, P.; Sokolowska, Z. Zinc Binding to Fulvic acids: As-
sessing the Impact of pH, Metal Concentrations and Chemical Prop-
erties of Fulvic Acids on the Mechanism and Stability of Formed
Soluble Complexes. Molekules 2020, 25, 1297-1321.
https://doi.org/10.3390/molecules25061297

[18] Wang, J.; Lii, C.; He, J; Zhao, B. Binding Characteristics of
Pb?" to Natural Fulvic Acids Extracted from the Sediments in ake
Wauliangsuhai, inner Mongolia plateau, P.R. China. Environ Earth
Sci. 2016, 75, 768-779. https://doi.org/10.1007/s12665-016-5608-3
[19] Schnitzer, M.; Skinner, S.I.M. Stability Constants of Pb, Ni,
Mn, Co, Ca and Mg Fulvic Acid Complexes. Soil Sci. 1967, 103,
247-252. https://doi.org/10.1097/00010694-196704000-00004

[20] Makharadze, T; Makharadze, G. Measurement of Complex
Formation process of Nickel (I) with Freshwater Fulvic Acids Us-
ing the Solubility Method. Fine Chemical Engineering 2021, 2, 54-
61. https://doi.org/10.37256/fce.222021870

[21] Dinu, M.; Shkinev, V.M. Complexation of Metal lons with Or-
ganic Substances of Humus Nature: Methods of Study and Struc-
tural Features of Ligands, and Distribution of Elements between
Species. Geochem. Int. 2020, 58, 200-211.
https://doi.org/10.1134/S0016702920020032

[22] Adusei-Gyamfi, J.; Ouddane, B.; Rietveld, L.; Cornard, J.; Cri-
quet, J. Natural Organic Matter-Cations Complexation and its Im-
pact on Water Treatment: A Critical Review. Water Res. 2019, 160,
130-147. https://doi.org/10.1016/j.watres.2019.05.064

[23] Linnik, P.; Zhezheva, V.; Linnik, R.; Ivanchenko, Ya. Influence
of the Component Composition of Organic Matter on Relationship
between Dissolved Forms of Metals in the Surface Waters. Hydro-
biol. J. 2013, 49, 91-108. https://doi.org/10.1615/HydrobJ.v49.i11.90
[24] Dudal, Y.; Gerard, F. Accounting for Natural Organic Matter in
Aqueous Chemicalequilibrium Models: A Review of the Theories
and Applications. Earth Sci Rev 2004, 66, 199-216.
https://doi.org/10.1016/j.earscirev.2004.01.002

[25] Smith, K.S.; Balistrierib, L.S.; Todd, A.S. Using Biotic Ligand
Models to Predict Metal Toxicity in Mineralized Systems. Appl.
Geochem. 2015, 57, 55-72.
https://doi.org/10.1016/j.apgeochem.2014.07.005



Investigation of the Complex Formation Process of Lead (II) with Natural Macromolecular Organic... 747

[26] Balali-Mood, M.; Naseri, K.; Tahergorabi, Z.; Khazdair, M.R.;
Sadeghi, M. Toxic Mechanisms of Five Heavy Metals: Mercury,
Lead, Chromium, Cadmium, and Arsenic. Front. Pharmacol. 2021,
12, 643972-643990. https://doi.org/10.3389/fphar.2021.643972
[27] Duruibe, J.O.; Ogwuegbu, M.O.C.; Egwurugwu, J.N. Heavy
Metal Pollution and Human Biotoxic Effects. Int. J. Phys. Sci. 2007,
2, 112-118. http://www.academicjournals.org/IJPS

[28] Slaveykova, V.I; Wilkinson, K.J.; Ceresa, A.; Pretsch, E. Role
of Fulvic Acid on Lead Bioaccumulation by Chlorella kesslerii. En-
viron. Sci. Technol. 2003, 37, 1114-1121.
https://doi.org/10.1021/es025993

[29] Lamelas, C.;Wilkinson, K.J.; Slaveykova, V.I. Influence of the
Composition of Natural Organic Matter on Pb Bioavailability to
Microalgae. Environ. Sci. Technol. 2005, 39, 6109-6116.
https://doi.org/10.1021/es050445t

[30] Orsetti, S.; Marco-Brown, J.L.; Andrade, E.M.; Molina, F.V.
Pb (II) Binding to Humic Substances: An Equilibrium and Spectro-
scopic Study. Environ. Sci. Technol. 2013, 47, 8325-8333.
https://doi.org/10.1021/es400999q

[31] Saar, R.A.; Weber, J.H. Lead(Il)-fulvic acid complexes. Condi-
tional Stability Constants, Solubility, and Implications for Lead(II)
Mobility. Environ. Sci. Technol. 1980, 14, 877-880.
https://doi.org/10.1021/es60167a001

[32] Sahu, S.; Banerjee, D.K. Complexation of Copper (II), Cad-
mum (II) and Lead (I) with Humic and Fulvic Acids of Yamuna
River Sediments. In Chemistry for the Protection of the Environ-
ment; NY, USA, 1996; pp 375-388.

[33] Turner, D.R.; Varney, M.S.; Whitfield, M.; Mantoura, R.F.C.;
Riley, J.P. Electrochemical Studies of Copper and Lead Complexa-

tion by Fulvic Acid. Geochim. Cosmochim. Acta 1986, 50, 289-297.

https://doi.org/10.1016/0016-7037(86)90177-8

[34] Chakraborty, P.; Chakraborty, Ch.L. Competition from Cu(Il),
Zn(Il) and Cd(II) in Pb(II) Binding to Suwannee River Fulvic Acid.
Water Air Soil Pollut 2008, 195, 63-71.
https://doi.org/10.1007/s11270-008-9727-7

[35] Pinheiro, J.P.; Mota, A.M.; Benedetti, M.F. Lead and Calcium
Binding to Fulvic Acids: Salt Effect and Competition. Environ-
mental. Environ. Sci. Technol. 1999, 33, 3398-3404.
https://doi.org/10.1021/es990210f

[36] Christl, I.; Metzger, A.; Heidmann, I.; Kretzschmar, R. Effect
of Humic and Fulvic Acid Concentrations and Ionic Strength on
Copper and Lead Binding. Environ. Sci. Technol. 2005, 39, 5319-
5326. https://doi.org/10.1021/es050018f

[37] Xiong, J.; Koopal, L.K.; Tan, W.F.; Fang, L.C.; Wang, M.X_;
Zhao, W.; Liu, F.; Zhang, J.; Weng, L.P. Lead Binding to Soil
Fulvic and Humic Acids: NICA-Donnan Modeling and XAFS
Spectroscopy. Environ. Sci. Technol. 2013, 47, 11634-11642.
https://doi.org/10.1021/es402123v

[38] Gondar, D.; Lopez, R.; Fiol, S.; Antelo, J.M.; Arce, F. Cad-
mium, Lead, and Copper Binding to Humic Acid and Fulvic Acid
Extracted from an Ombrotrophic Peat Bog. Geoderma 2006, 135,
196-203. https://doi.org/10.1016/j.geoderma.2005.12.003

[39] Quan, G.; Yan, J. Binding Constants of Lead by Humic and
Fulvic Acids Studied by Anodic Stripping Square Wave Voltam-
metry. Electrochemistry 2010, 46, 90-94.
https://doi.org/10.1134/S1023193510010118

[40] Gurjia, Zh.; Supatashvili, G.D.; Varshal, G.M.; Makharadze,
G.A.; Chitiashvili, Z.D. Monohydrolysis of Lead Ions in Dilute So-
lutions. Proceedings Georgian Natl. Acad. Sci. 1992, 18, 22-26.
[41] Makharadze, G.; Supatashvili, G.; Makharadze, T. New Ver-
sion of Calculation of Stability Constant of Metal-fulvate Com-
plexes on the Example of Zinc Fulvate. Int. J. Environ. Sci. Technol.
2018, 15, 2165-2168. https://doi.org/10.1007/s13762-017-1576-8
[42] Beck, M.T.; Nagypal, I. Chemistry of complex equilibria;
Chichester, Horwood, New York, 1990.

Received: August 27, 2022 / Revised: January 30, 2023 /
Accepted: March 14, 2023

JOCJIKEHHS TIPOLECY
KOMILIEKCOYTBOPEHHS ILTIOMBYMY (II) 3
MMPUPOJHUMH MAKPOMOJIEKYJISIPHUMH
OPTAHIYHUMM PEYOBUHAMU
(@YJIbBOKHCJIOTAMM) METOJIAMH
PO3UMHHOCTI TA TEJIb-XPOMATOT PA®I{

Anomauyin. @ynveoKuciomu € OOHUMU 3 HAUBANCTU-
BIUUUX TI2AHOIB, WO Pe2yIIoI0Mb 2eOXIMIYHUL KpY200Die Memaiié
V HABKOMUWHbOMY cepedosuui. Memoro yiei pobomu 6yn0 0o-
caioumu npoyec KOMIIAEKCOYMBOPEHHsL MidiC (yIbEOKUCIOMAMU
ma Pb(Il). IIpoyec KomMniekcoymeopeHHs GUUAU Memooamu
Ppo3uUHHOCMI ma 2eb-xpomamoepagii 3a pH 5,0 8,0.

Knrwuosi cnosa: ¢ghyweoxuciomu, gyrweam niomodymy,
CepeoHst KOHCMAHMA CMIUKOCMI.



