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ABSTRACT

The binding of Pb(Il) to humic acid extracted from the
Azraq Oasis was studied. The influence of temp-
erature and pH was investigated at a constant ionic
strength of 0.1. This analysis was done using
Schubert's ion-exchange equilibrium method and its
modified version. The data showed temperature and
pH dependence. The derived conditional stability
constants (log B, for 1:1 and 1:2 lead-humate
complexes were determined. It was noticed that the
conditional stability constant (log ;) increased with
increasing pH and temperature. The derived constants
and their temperature dependences were used to
calculate  the  corresponding  thermodynamic
parameters AG, AH and AS. The results indicate that
the stability of these complexes derives from a very
favorable entropy increase.

Keywords: Humic acid; Schubert's method; lead;
stability constant; thermodynamic parameters

1. INTRODUCTION

Organic matter in soil, sediment and natural water can
be divided into two classes of compounds: nonhumic
material (e.g. proteins, polysaccharides, nucleic acids
and small molecules such as sugars, and amino acids),
and humic substances [1].
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Humic substances are heterogeneous colloidal
macromolecules that are poorly understood. They are
a major fraction (60-70%) of soil organic matter and
30-50% of surface organic matter, and possibly the
most abundant naturally occurring macromolecules on
the earth. They have a yellow to black appearance and
are formed from plant and animal residues by micro-
bial decay. The process of humification occurs in
soils, sediments and natural waters and, according to
the origin of humic substances, they can be classified
as aquagenic material (aquatic source) or pedogenic
humic material (terrestrial source) [2-8].

Humic acid is a typical humic substance with
high molecular weight reported to range from several
hundred to several hundred thousand Daltons. It is not
possible to define a detailed molecular structure for
humic acid as it is consists of a non-uniform
distribution of functional groups joined by a variety of
aliphatic and aromatic units. It consists of 40-60%
carbon, 30-50% oxygen, 1-3% nitrogen and 0.1-2%
sulfur combined in aliphatic and aromatic ring
structures associated with carbonyls, alcoholic and
phenolic hydroxyl, carboxylates, amines, amides, and
other functional groups. All of these features make
humic acid hydrophilic and hydrophobic.

Fulvic and humic acids are recognized to play an
important role in the aquatic environmental system [9-
11]. The strongest acid group was classified as
carbox-ylates ortho to a phenolic group. Clustering of
these carboxyl groups results in strong acid
characteristics by electrostatic field effects and also
results in strong metal binding by polydentate
mechanisms. All the other carboxylates fall in the
second weaker group in addition to the hydroxyl-
phenolic group. These carboxylic groups (strong and
weak) and hydroxyl groups (aromatic and aliphatic)
are capable of complexing metal ions [12-15].

Humic substances must be studied because they
have acid-base properties with a wide range of pK,
values and are mixtures of cross-linked polymers of
different molecular weight and charge densities. They
have high affinities for surfaces, both organic and
inorganic. In addition, they are very representative of
complex environmental chemical systems that pose an
experimental and  conceptual  challenge to
environmental chemists [16].

1.1. Metal Ion Interactions

For metal complexation studies in aquatic media, most
of the interpretations in the literature are based on
theories developed for simple systems, e.g. containing
one metal and one (or a few) low molecular weight
ligands with well-defined structures. This situation
very rarely occurs in natural aquatic systems, where
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particulate, colloidal or macromolecular complexants
such as humic acids play a much larger role compared
with simple "ligand" (e.g. acetate, EDTA) [17, 18]. It
was reported that there are four possibilities of binding
of humic acid with metal ions [14, 19].

1. by chelation between carboxyl and phenolic

hydroxyl groups.

2. by chelation between two carboxyl groups.

3. by complexation with one carboxyl group.

4. Dby phenols and phenolic ethers.

In order to investigate the strength of metal-
humate complexation, the conditional stability
constant is estimated. The total ligand concentration is
necessary for that determination, but it is difficult to
obtain this value experimentally because of the
heterogeneity of humic acid groups. As a first
approximation, it is possible to use the total acidity
value corresponding to —-COOH, phenolic and enolic —
OH groups, which is determined by standard methods.
[1,20].

The concentrations of ionized carboxylate and
hydroxy phenolic groups binding sites in an aqueous
sample of humic acid are used in the equilibrium
expression to calculate the conditional stability
constant. Thus, the free humic acid concentration is
expressed in terms of equivalents/Liter of these
ionized binding sites, thereby avoiding the problem of
distribution in molecular weights. In addition, metal
ions may directly associate with donor groups or
associate more generally with an ionic macromolecule
[9].

The main driving forces for metal ion
complexation with ligands [21, 22] are identified to be
(1) dehydration of the complexing metal ion; and (2)
relaxation of the double layer, especially release of
water molecules. The electrostatic attractions cannot
be the only contribution to binding, since it depends
only upon the magnitude of the charge of the binding
cation. The chemical contribution will have two
components; enthalpic and entropic [3].

This paper describes the complexation of Azraq
humic acid with heavy metal ions. The determination
of the stability constants for Cd-humate and Zn-
humate complexes by applying Schubert's ion
exchange method and its modified form was done, and
its temperature dependence, from which the AG, AH,
and AS of the complexation reaction were determined.
This work was carried out at pH 4 and 5 to avoid
hydrolysis of metal ions and carbonate formation. The
water and soil pH of Azraq falls between 6.5-7.5.

1.1.1 Ion Exchange Equilibrium Method

The uptake of metals by humics has been studied by a
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variety of methods. Whatever the analytical method,
the general procedure involves producing a mixture of
dissolved humic acid, a metal salt and a background
electrolyte such that the total amount of each
component in the system is known.

The ion exchange equilibrium method [23, 24] is
the most interesting one because its theory is based on
what happens in nature. In the environment, there is
competition between dissolved humic complexes and
solid phases. A known weight of a well-defined ion
exchange resin is added to a solution containing a
mixture of a humic acid and a metal. The resin and
humic acid will compete for the metal and a certain
proportion will bind to each. This distribution of a
metal ion between a solution and a solid phase is
measured in the absence and presence of a dissolved
ligand. Since the binding strength of the resin is
known, both the free metal concentration and the
amount bound to humic acid can be calculated, and
hence the binding strength can been determined. Any
metal may be treated by this method.

Using this ion exchange equilibrium method one
can derive the conditional stability constant by two
different approaches:

1. Schubert's method, where the metal ion

concentration remains fixed.

2.  The modified Schubert's method, where the
metal ion concentration is changing.
Ardakani and Stevenson [25] proposed this
modified approach.

Schubert's lon Exchange Method and its Modified
Form. In this method, the metal is regarded as the
central group. This is only true when the concentration
of metal ions is much smaller than that of the ligand.
This complexation can be expressed by the reaction

M +iL 5 My(L), (1)

where j is the number of metal ions combined per
complex molecule, and i is the number of ligands, L,
(or binding sites) per complexed molecule.

For proper application of the method [26, 27], a
large excess of bulk electrolyte maintains a constant
ionic strength with constant pH, the total
concentration of the metal cations is negligible
compared to the concentration of the complexing
ligand and the cation exchange resin must be
previously saturated with the cation component of the
bulk electrolyte. In addition, neither the complexing
ligand nor the metal-ligand complex should bind to
the resin; the ratio of free metal ion concentration to
resin sites must be maintained at those observed on
the linear portion of the metal resin ion-exchange
isotherm by having a small metal concentration
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compared to resin-exchange sites and ligand
concentration. Moreover, the equilibrium temperature
of the system must be constant.

If all the above conditions are met then the
distribution coefficient between the resin and solution
phases for metal ion M™, in the absence of a humic
acid (D,) and the presence of humic acid are given by
these equilibrium ratios:

D,=[M,]/ [M] (2)
and
D =[M,]/[M]+ [M] (3)

where[M] is the free metal concentration in solution;
[M,] is the concentration of metal bound to the resin;
and [M,] is the concentration of complexed metal ion
in solution. The slope of the plot of [M,] versus [M] at
different loadings of M"™ will give D, Combining
equations (2) and (3) gives:

(Dy/D) = 1 =[M.]/ [M] =j[M;Li] / [M] “4)

where j is the number of metal ions combined per
complex molecule, and i is the number of ligands, L,
(or binding sites) per complexed molecule.
By measuring the quantity [M] + [M.], for the
equilibrium determination of D, [M,] is calculated by
difference.

When the central metal atom (j = 1) is present,
equation (4) simplifies to

log (D,/D) —1) = logp; + ilog[L] &)

Equation (5) is the basic equation used to
determine conditional stability constants if the
complexes are mononuclear. Therefore, log 3; can be
determined from a plot of log ((D, / D) — 1), where D,
and D are determined experimentally, versus log [L],
which is commonly called a Schubert’s plot.
Parameters i and log B; can be obtained from the slope
and intercept of the straight line [28].

Recently, possible problems with Schubert's
method have been raised. Because of dissolution of
resin, the value of j # 1 and the assumption that D, is
constant for the range of metal ion concentrations used
is not valid. A modified method of data treatment and
analysis was proposed to eliminate the sources of
these errors in the ion exchange method [29-31] and
this led to the following equation

log [M] = logj + logB;; + jlog[M] +ilog [L]  (6)
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In the two different approaches, the enthalpy
change for the complexation of metal and humic acid
can be obtained from the temperature dependence of
the stability constant by the equation:

-AH/R = 8InB;/ (1/T) 7

A plot of log Bj; vs. 1/T should be linear with a
slope equal to -AH/(2.303 R) and with intercept equal
to AS/2.303 R [32]. These quantities are related via

-RTInB; = AG = AH-TAS (8)

2. EXPERIMENTAL
2.1. Chemicals and Reagents

A stock solution (1000 mg/L) of Pb(II) (BDH, Analar)
was prepared by dissolving an appropriate quantity of
lead(Il) nitrate in 0.1 M HCIO, (BDH, Analar). The
metal ion solution was adjusted to the desired pH by
adding 0.1 M NaOH (GCC) and/or 0.1 M HCIO,
solution. The pH was chosen in the range where no
precipit-ation of metal hydroxide takes place. Dowex
50wX8 (20-50 mesh, Na-form) was from Fluka. This
cation exchange resin was equilibrated with a stock
solution of 0.1 M NaClO, for several hours, and then
washed several times with distilled deionized water.
After washing, the resin was air dried and stored in an
airtight glass bottle.

2.2. Humic Acid Sample and the Preparation of
Humic Acid Solutions

Humic acid was isolated from the O horizon of a soil
from the Azraq Oasis, which is located in the eastern
desert of Jordan. A detailed description of the method
of isolation and purification is given by Khalili [33].

Humic acid was obtained by extraction with 0.5
M NaOH under N, followed by coagulation,
centrifugation, washing with 0.5% HF and 0.5% HCI,
and finally by passing through a cation exchange resin
column (Dowex). Then it was washed with distilled
deionized water and freeze-dried. Carboxylic acid
groups and total acidity per gram of humic acid were
determined by treatment with calcium acetate and
barium hydroxide methods and phenolic groups were
calculated by difference [34] as shown in Table 1. The
humic acid solutions were prepared as described in
our previous work [12]. The concentration of stock
solution of humic acid is based on the total acidity in
equivalent/liter.
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2.3. Instrumentation

Dissolved metal ion was determined by atomic
absorption spectrophotometry with a Varian Spectra
AA-250 Plus and an air-acetylene flame. The
absorbance of metal-humate and pure humic acid was
determined with a Cary Varian 1 E double beam UV-
VIS spectrophotometer. All the samples were shaken
in a Memmert model WB 22 water bath. An Orion
model 525 pH-meter and a Shimadzo model AW 120
analytical balance were used.

Table 1 Some characteristic features of Azraq humic
acid (HA)

Characteristics

EJ/Eq4 5.34

Total acidity 10.8 meq/g
Total carboxylate 2.3 meq/g
pKal 3 . 82

pKa. 9.74
Elemental analysis

% C 55.7

% H 5.1

% N 2.9

2.4. Batch Ion Exchange Experiment
2.4.1 Time of Equilibration

The time of equilibration was investigated at 25°C,
35°C, 45°C, 55°C, and 65°C + 0.1°C for Pb(II)
complexation by taking an accurate amount of Na-
saturated cation exchange resin and adding it to 25.0
ml of metal ion solution. The samples were shaken for
different times; the period to attain equilibrium was
determined to be less than 5 hours by measuring the
concentration of the supernatant. This procedure was
repeated at every desired pH value.

2.4.2 Establishing the Metal-Ion Exchange
Isotherm in the Absence of Humic Acid (D,)

Two different ion-exchange isotherms were done for
Pb(Il) complexation by resin, one at pH 4 and the
other at pH 5. For each measurement, different
volumes of metal stock solutions were added to a 25.0
mL volumetric flask along with 0.1 M NaClO,. The
pH was adjusted to the required value by addition of
0.1 M NaOH and/or 0.1 M HCIO;4 solution. After pH
adjustment the volumes were brought to 25.0 mL with
0.1 M NaClOy. 50.0 mg of the cleaned, Na-saturated
cation exchange resin was added to 25.0 ml of the
prepared metal solutions and shaken in a constant-
temperature water bath at the desired temperature for
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at least 24 hr, which was sufficient to ensure
equilibration.

The distribution experiments were carried out at
25°C, 35°C, 45°C, 55°C, and 65°C. After the
equilibrium period, the samples were removed from
the shaker and the exchange resin was removed by
filtration. The supernatant was taken and analyzed for
Pb by atomic absorption spectrophotometry. This
procedure was done at different pH and metal ion
concentrations to attain the required suitable
conditions for every experiment. Each experimental
datum represents the average of two or more measured
values.

2.4.3 Determination of Conditional Stability
Constants of Metal-Ligand Complexes

The ion exchange procedure was used to determine
the distribution coefficient (D) in order to estimate the
stability constants for ligand and divalent cations was
similar to the previous procedure in section (2.4.2)
that was used to establish the distribution coefficient
(D,) between the metal cation and resin. However, the
difference here is the presence of humic acid as a
complexing ligand. Different concentrations of humic
acid were chosen for metal ion binding at the desired
pH so the saturation of humic acid with metal ion did
not occur. The concentration range for metal ion was
taken in which the distribution coefficient (D,) does
not vary with the metal loading of the ion exchange
resin over a particular free metal ion concentration
range.

2.4.4 Determination of Conditional Stability
Constants of Pb(IT)-Ligand Complexes

Two different ion-exchange equilibrium experiments
in the presence of humic acid were done. At pH = 4,
the concentrations of Pb(II) at which the linear range
is established are 5, 10, 15, and 20 ppm. Three
different concentrations of humic acid were used,
0.02592, 0.01944, and 0.01296 equivalent/L. At pH =
5 the concentrations of Pb(II) at which the linear range
is established are 10, 20, 30, 40, 50 and 60 ppm. Three
different concentrations of humic acid were used,
0.01685, 0.01296, and 0.008683 equivalent/L.

2.4.5 Investigation of Adsorption by the Resin
Surface

The absorbance of the supernatant of each experiment
described in section 2.4.4, and of humic acid was
measured at 465 nm before and after equilibration
with the resin [1]. We found that no humic acid or
metal-humate was adsorbed at the resin surface.
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Table 2 Conditional stability constants, logf,, for Pb(II)-humate complex derived at different temperatures
at pH 4 and 5 and ionic strength of I=0.1.

:{!; ci Schubert's Method Modified Schubert's Method
g5 pH=14
o . .

&= i log B logB, logB, i log B logB, logP,
25 1.57£0.02 4.78 £0.01 3.41£1.92 5.324+3.62 1.40+0.10 4.47+0.18 3.54+£2.72 5.11+4.41
35 1.61+£0.03  4.99+0.06 3.52+2.39 5.454+4.14 1.57£0.06 4.94+0.11 3.60£2.91 5.43+4.61
45 0.94+0.01 3.52+0.02 3.55+0.24 - 0.76+0.09 3.10+£0.16 3.66+1.20 -

55 0.48+0.07 2.52+0.12 3.61+1.39 - 0.47+£0.07 2.51£0.12 3.68+2.75 -
65 0.88+0.01  3.36+0.01 3.62+1.04 - 0.84+0.003 3.31+£0.01 3.67+2.49 -
pH =5
25  1.62+0.03  5.01+0.05 3.3741.98 5.52+3.86 1.42+0.11 4.66+0.21 3.59+2.80 5.40
35 1.47+0.01  4.88+0.03 3.70+£0.30 5.56+0.30 1.40+0.05 4.73+£0.09 3.74+0.62 5.47+0.83
45  0.77+£0.02  3.34+0.04 3.85+0.03 - 0.87+0.03 3.56+£0.06 3.87+0.20 ----
55 1.23+0.02  4.43+0.03 3.88+£0.06 5.27+0.17 1.22+0.02 4.40+0.04 3.88+0.11 5.22+0.40
65  1.2540.02  4.56+£0.03 3.95+0.07 5.19+£0.20 1.23+0.02 4.53+£0.04 3.96+0.11 5.36+0.34
25°C 3 35°C 3 450C 2
=
2 x 3 ) = . [ 3 ) - : . 19
8 * 8 2 e
3 . > . i . 18
- - 2 17
r © T T ° 1 16
2 % log Lt 14 2 18 ogLr M8 14 -3 2 logLt -1 "o
s5°C 1871 |esc . 27 | Figure 1 Plots of log (D,/D)-1
[ 3 .
- . 17 o versus log Ly at different
g ' g . 18 temperatures, Lt concentrations
2 . 16 B from 0.00868-0.016848 eq/L (420
- B * ppm, m30 ppm, A 40 ppm, x50
: ‘ ‘ 15| ‘ ‘ 6 | ppm, 60 ppm). pH 5, 1= 0.1.
-2 18 logLr -16 L4 2 18 jog L7 16 4| (Schubert's method).

25°C 3 359 3 45°C 21
7 . 2 g . . ° 2 = ; 2
% L3 § 1 % ; 1.9
2 ! - o 2 1.8

! . A -2.2 -2 -1.8 -1.6 ; .
-22 2 jogLr 18 -1.6 log Lt 22 2 logLt -18 1.6|
a b c

e 2 Gsic L Figure 2 Plots of log [M.] versus
T 22 s = 22 log Ly at different temperatures as a
= = 2 " 2 function of resin bound metal (M,
2 . 2 ‘ ‘ ‘ s in mole), Lt concentrations from

: ‘ ‘ 8 22 2 18 “a6| 0.008683-0.016848 eq/L. (a
22 2 el 16 log Lt 46.0%107, m8.0*107, A9.0%107, x
p 1.0%10°), (b ¢6.0¥10°,m7.0¥10°,
e

AB.0%10° x 9.0%10°), (c ¢9.0¥107, m1.0*10°, A 1.25%10°, x @1.27%10°), (d ¢1.3*10°°, m1.4*10°,
A15%10° x 1.6*10%,(e ¢1.4*10°, m1.5%10°, A1.6%10°, x 1.7%10°). pH 5,1=0.1.
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3. RESULTS AND DISCUSSION

3.1. Establishing the Metal(II)-Ion Exchange
Isotherm in the Absence of Humic Acid (D,)

The isotherm behavior of Pb(II) ion at different
temperatures and different pH values was
investigated. The linear range was obtained from
each isotherm curve to estimate the D, in order to
choose the appropriate concentrations for both metal
ions and humic acid to avoid the effect of metal
loading. Increasing the loading of cations onto a
polyelectrolyte should result in an increase in the
neutralization of the polyelectrolyte charge density
and a decrease in the electrostatic repulsion within
the polyanion. This will lead to a smaller net
negative charge and a more compact (more folded)
configuration. Furthermore, a process called "cross-
linkage" becomes possible as the polyanion
becomes more contracted. This occurs when the
polyanion begins to fold around the metal ion to
neutralize its negative charge density. As a result,
aggregation would occur [35].

3.2. Determination of Conditional Stability
Constants of Pb(II) - Ligand Complexes

The values of i obtained for metal ion-humate
complex at different pH values and different
temperatures are summarized in Table 2. Figs. 1 and
2 illustrated these results for Pb(IT) at pH 5 as an
example for both Schubert's method and its
modified form. It is obvious that all values of i are
nearly identical to each other in each approach.
Also, it was found that there is no positive
correlation between the values of i with increasing
temperature and pH. Since the values of i should be
an integer, values of i > 1 indicate that the
complexation of metal ions with humic acid leads to
the formation of both 1:1 complex and complexes
with a higher ligand to metal ratio. Thus, i > 1 at pH
4 and 5 at some temperatures: for Pb(II) ion this
means that 1:1 and 1:2 complexes were formed [21].
However, i was noticed to be < 1 at some
temperatures at both pH 4 and 5, which may be due
to the formation of mixed complexes 1:1 and 2:1.

Table 3 The value of j for Pb(Il) in the ion-
exchange equilibrium system at different tempera-
tures and pH values (Modified form of Schubert's
method)

Temperature °C jatpH 4 jatpH 5
Pb-HA Pb-HA

25 0.80+0.10 0.88+0.10

35 0.95+0.10 0.96+0.10

45 0.79+0.10 0.92+0.10
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55 1.00+0.10 1.00+0.10
65 0.93+0.10 1.03+0.10

Table 3 shows the values of j, which is nearly
equal to one for Pb(II).

Ligands with such different complexing
abilities are not surprising with a large hetero-
geneous molecule such as humic acid. Furthermore,
it is not obvious whether the 1:2 complex is a metal
ion binding with two groups of the same humic acid
molecule or with groups on different humic acid
molecules. Considering the size of the humic acid
molecule and the number of binding sites per
molecule, the binding of a metal ion to two groups
of the same humic acid seems to be more probable.

Bi and B, values were obtained from plots
((Dy/D) — 1) / Ly versus Ly (Fig. 3) according to
Schubert's method, and from the plot (M/M)/Ly
versus L (Fig. 4) according to Schubert's modified
method, both at pH 5. The conditional stability
constant log P; was found to increase with
increasing both pH and temperature for Pb(II)-
humate complexes, as summarized in Table 2.

It is assumed that humic acid shows a rod-like
structure of a helical strand [36]. At higher pH,
greater deprotonation of humate polyanions results
in a larger negative charge and a more extended
configuration. A change in molecular shape, such as
unfolding and uncoiling will take place because of
the electrostatic repulsion between the negative
charges on humic acid. The more open config-
uration at high pH allows faster diffusion of cations
and thus rapid chelation to a larger number of
negative binding sites.

On one hand, there are more deprotonated
carboxylic acid and phenol groups available for
specific binding site at higher pH, so that the
formation of strongly bound metal-humate complex
is facilitated. On the other hand, there will be more
surface binding. By decreasing the pH, the positive
charge will increase, so there will be a competition
between hydrogen ions and metal ions for anionic
binding sites of humic acid. Due to neutralization of
the active functional groups, a change in
configuration will take place by coiling and folding
of the rod-like humic acid. With increasing
temperature and pH there is an increase of log 3, for
Pb(Il)-humate complexes.

It was assumed that there are three elementary
reactions for complexation of metal ion with humic
acid as shown below:

iHA xH,0 S iHA + xH,0 ©)
jM* yH,0 S jM** + yH,0 (10)
jM** +iHA S MjHAI (11)

The complexation reaction between these metal
ions and humic acid can be explained by these equa-
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tions. Equation (9) involves dehydration of the
humic acid double layer, while equation (10) shows
the dehydration of the metal ions and equation (11)
represents the binding of the dehydrated M** ions
with dehydrated HA ligands. Dehydration of either
M*" ions or HA ligands may not remove all
coordinated water molecules [21]. The sum of these
three elementary reactions can be given in the
following reaction

jM?** yH,O0+HA xH,05MjHAi+(x+y)H,0 (12)

The enthalpy and entropy changes of reaction
(12) are the sums of enthalpies and entropies of the
previous three elementary reactions.

The first two reactions are both endothermic
with positive entropy changes, while the interaction
between the dehydrated positive ion and the humic
acid ligand in equation (11) is exothermic with a
negative entropy change. It was found that a
spontaneous complexation reaction takes place
between Pb(II) and humic acid with a large,
favorable entropy and an endothermic overall
reaction at both pH values as illustrated in Fig. 5 (a,
b) and summarized in Table 4.

The relatively large positive entropy changes of
metal-humate complexation indicate the importance

of dehydration of M*" jons and HA ligands prior to
metal complexation with humic acid. Positive
entropy changes in the dehydration reactions are
large enough to compensate for the negative entropy
change of reaction (11), and the total entropy of
complexation is positive. As a result, the reaction is
spontaneous (AG is negative) [37].

Pb(Il) is a non-transition metal ion that forms
stable complexes with the oxygen-carrying donor
groups of humic acid [38]. There are many factors
that contribute to the stability of metal ion-humate
complex that should be considered: the rate constant
for water exchange (rate of water loss), hydration
energy, polarizability of the metal ion and ligand
and the polyelectrolyte effect (electrostatic
interactions between the charges on the humic acid
and those on the cations). However, Pb(Il) is an
intermediate Lewis acid with non-polarizable
character and hence low in contributing to covalent
bonding. This effect increases the bond strength of
Pb(Il) with a polyanion through a significant
electrostatic contribution. Also, Pb(Il) has a low
hydration energy (-1481 kJ / mol), which means no
strong interaction between the metal ion and water
molecules which would lead to a low solvation
enthalpy.

Table 4 Thermodynamic parameters of Pb-HA complexes at 298 K. pH 4 and 5, and ionic strength of I =

0.1.
Schubert's Method Modified Schubert's Method
Complex AGkleq' AHkleq' ASJeq'K' AGkJ eq” AHkJeq'  ASJTeq'K’
pH=4
Pb-HA -19.4+ 0.06 9.1+0.86 96.7+2.68 -20.2+0.07 6.1+ 0.99 88.5+£3.09
pH=5

Pb-HA -19.2+0.16 26.0+2.80 154+8.86 -20.5+0.08 17.3£1.24 127.4+3.90

25°C 9000 - 350C12000 25903500
e S 9000 * * .
46000 . A 5 b I 3250 A L4
3 T g 6000 . a .
§ 3000 SN § 3000 .
0 : : ‘ 0 : : ‘ 2750 | ‘ ‘ ‘
0 001 LT 0.2 0.03 0 001 LT 0.02 0.03 0 001 | 002 0.03
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Figure 3 Plots of ((D,/D)-1)/ Lt versus L at different temperatures, Lt concentrations from 0.00868-
0.016848 eq/L (20 ppm, m30 ppm, A 40 ppm, x50 ppm, 60 ppm). pH 5, I =0.1. (Schubert's method).
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Figure 4 Plots of (Mc/M)/Lt versus Lt at different temperatures as a function of resin bound metal (Mr in
mole), LT concentrations from 0.008683-0.016848 eq/L.(a ¢6.0¥107, m8.0¥107, A9.0%¥107, x 1.0¥10°), (b
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6 ml1.4%10°, A1.5%10°, x 1.6¥10° (e #1.4¥10°, m1.5%10°, A1.6*10°, x 1.7¥10°). pH 5,1=0.1.
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Figure 5 (a, b) Temperature dependence of log 1 a- pH=4,b-pH=5.1=0.1 A Schubert's method, m

Modified form of Schubert's method.

Lead(II) has a high rate constant for water
exchange (=1x 10%s"), which means that there will
be a high probability to lose water molecules and
interact with another ligand. The greater the value of
the water-loss rate constant for a metal, the greater
affinity of that metal over other metals in binding to
form complex with humic acid [39-41].

From our studies of metal ions Cu(II), Cd(II),
Ni(Il), and Zn(IT) complexation with humic acid, it

www.aes.northeastern.edu

was found that the conditional stability constant log
By for all the metal ions at all the desired
temperatures and at pH 4 and 5 follows this trend

Pb(II) > Cu(II) > Cd(1I) >Ni(Il) > Zn(II)
Of the five divalent metal ions examined, Pb(II)
(the only non-transition metal ion) was found to

form the most stable complex with the oxygen-
carrying donor groups of humic acid The trend that
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Cu(Il) > Ni(IT) > Zn(IT) agrees with the Irving-
Williams series [12, 42, 43]
4. CONCLUSIONS

Water pollution is a major environmental problem.
It involves the accumulation of chemical, physical
and biological contaminants in oceans, lakes, rivers
and streams. This adversely affects the environment.
Heavy metal ions are common pollutants and must
be removed if present at concentrations higher than
requited by environmental regulations. The
environmental significance of this project stems
from the ability of humic acid from Azraq to bind
with toxic metal ions such as lead. Because of the
highly oxygenated nature of Azraq humic acid, it
has a high affinity to form stable complexes with
this heavy metal ion. This study used Schubert's ion-
exchange equilibrium method and its modified
form. There is good agreement between the values
obtained by Schubert's ion-exchange equilibrium
method and those obtained from its modified form.
The obtained values of i for this metal ion at
different pH values indicate that there are 2:1, 1:1
and 1:2 metal-humate complexes. On the other
hand, the obtained values of j indicate that one metal
ion interacts with humic acid. The stability constants
increased with temperature and pH. The uptake of
metal into the exchangeable fraction may be
explained in terms of dehydration of the cation and
the relaxation of the humic acid double layer. The
overall metal ion-humate complexation reaction is
endothermic. The values indicate spontaneous
change (AG negative) with a large favourable
entropy change (AS positive) at pHs 4 and 5.
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