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Binary Hg- Pb competition: 96_%) than Leonardite (Hg 70°/_o; lead 4_2%)._The spectra showed a
Affinity: ' shift (30 cm™) of the asymmetric stretching vibration band from the

carboxylate function -COO" for the humic acids Fluka-binary
solution interaction. In the case of mercury alone, the shift was of 40
cm™and has decreased by 10 cm™. That is proves that the cationic
exchange becomes more difficult. The spectra also showed the
variation of the intensity of the C=0 elongation vibration band of the
carboxylic function -COOH up to 1610 cm™ for the Leonardite humic
acid-binary interaction. The high concentration of the binary solution
did not result in the total disappearance of the C=0 band as in the
Leonardite humic acid-mercury alone interaction study. This proves
that some carboxylic sites are not accessible to Hg®* ions. These
results were confirmed by monitoring the pH before and after ion
exchange during the humic-binary acid (Hg-Pb) interaction. It
appears that the -COONa or -COOCa to -COOM type transitions in
Fluka humic acid were easy rather than the -COOH to -COOM type
transitions in Leonardite humic acid.

FTIR Spectroscopy.

Cu and Pb being the five most damaging metallic
pollutants [3]. The soil consists of solid elements of
mineral and organic nature including humic acid

l. Introduction

Soil pollution by heavy metals including mercury
and local may be due to negligence, ignorance of
the danger level of pollutants or accident during
industrial activities causing ecological damage and
pollutes holdings of sites and areas surrounding [1].
Human action has resulted in increased
concentrations of heavy metals in the environment.
These high concentrations are of concern because
they pose risks to human health, as well as to
animals and plants [2]. Heavy metals: Cd, Hg, As,

(HA).

Humic acids are complex and heterogeneous
mixtures that can give rise to of adsorption, ion
exchange or even complex through surface
oxidation-reduction reactions [4]. They are
involved in the transport of a large number of
chemical elements in the form of complexes or
colloids. The HA is responsible for binding and
metal release and manage mobility and
bioavailability of metals [5,6].

In nature, several heavy metals may be available at
the same time in soils. Therefore, the evaluation of
adsorption simultaneous of these cations by the
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organic matter is very important. For two decade, it
was found that many studies (Table 1) focused on
the follow-up of the metal competition to be
adsorbed onthe organic matter of the soil.
Nevertheless, the participation of mercury
in the competition with lead alone and Fluka humic
acid (FHA) or Leonardite humic acid (LHA) is
relatively absent from table 1, it is seen that Pb is
the most favorable divalent meta to bind to the
macromolecule organics.

There is significant sorption between Hg and Pb
and HA [13,14].

The objective of our work is to study by FTIR the
competition of fixation of Hg and Pb on HA on the
one hand, and to follow the behavior of the latter in
a binary Hg-Pb mixture. Through this study, we can
easily and quickly detect by infrared whether a soil
or solid sample containing humic acid is polluted
with lead, mercury or both.

The FTIR spectroscopy technique is a fast and
simple technique. It can provide a considerable
insight into the structural arrangement of oxygen
and carbon in humic acids [14,15]. Given the

complexity of the structure of humic acids, it was
forced to do astudyon model molecules. The
latter are not representative of the functional groups
of humic acid because of its highly complex
structure, but they represent distinct classes of the
exchange sites, with a binding affinity that can be
similar. The molecules we selected for this study of
HA-binary interaction (Hg, Pb) are benzoic acid,
catechol and salicylic acid [13]. To approach the
complex structure of humic acid we have added two
other model molecules containing three aromatics
rings: Xanthene 9-carboxylic acid and Anthralin.
The HA-Metals interaction was followed firstly by
the non-imposed pH before and after the HA-binary
mixture (Hg, Pb) and secondly by FTIR.

The studies are focusing on competition focus on
metals that have a difference in affinity for humic
acid. No study has been carried out on the
competition between humic acid and the bivalent
heavy metals Hg and Pb which have a high affinity
with humic acid as it is mentioned in Table 1. The
results of the infrared study were confirmed by the
ICP-AES analyzes of the metal cation exchanged.

Table 1. Adsorption competition between different bivalent cations

Adsorbent materials Ranking in descending References
order

Purified Humic Acid Pb>Cu>Cd [7]
Humic Umbrisol Pb>Cr>Cu>Cd~Ni~Zn [8]
Humic Acids Pb>Cu>Cd>Zn [9]
Untreated Low-Rank Coal Pb>Cu>Cd>Zn>Ni>Co [10]
Humic Substances (compost) Pb>Cu~Zn>Ni>Cd [11]
Humic Acid (compost) Pb>Cd>Zn>Cu [12]

I1. Materials and Methods

I1.1. Interaction model molecules - binary (Hg,
Pb)

The model molecules that we adopted were chosen
on the basis of the results of Shulten and Shnitzer
[16] which showed that HA is a complex
macromolecule containing several aromatic rings
which carry carboxylic and salicylic functions while
the phenolic functions are grafted on the aliphatic

©/COOH

Anthralin

e

Benzoic acid Catechol

o OOk

chains. N and S elements, although they also play a
significant role in the interaction with heavy metals
[17], were not included in our models. Our choice
fell on two series: The 1st is composed of a single
aromatic ring (benzoic acid, catechol and salicylic
from (Merck). The 2nd is composed of three
aromatic rings (Xanthene 9-carboxylic acid and
Anthralin: from Aldrich). The developed formulas of
the model molecules are shown in Figure 1.

C(COOH

Salicylic acid

Xanthéne 9- carboxyllc acid

Figure 1. Schematic representation of the developed formula of the model molecules.
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For all these model molecules, the preparation of
the mercury and lead salts was done in the same
way according to the following procedure: 1g of
each model compound in its acid form is
neutralized with NaOH 2M to which is added either
a solution of mercury nitrate 1M (from Fluka) or
lead nitrate 1M (Fluka) or a mixture of both
solutions (Binary). The addition of each solution
allowed the precipitation (white solid) of the
carboxylate and phenolate of mercury and lead.
These salts were then studied by FTIR spectroscopy
and compared to their acid form. 2g of each
precipitate was dried at 80°C and milled in 100 mg
of anhydrous KBr. The powder obtained was placed
in a mold to be pelletized and subjected to a
pressure of 9.81 x 108 Pa. The pellet of 13 mm
diameter was analyzed directly by FTIR
spectroscopy. The spectrometer used is a Bruker
YEWS 48. We worked in the range 400-4000 cm'*
with a resolution of 4 cm™.

11.2. Characterization of humic acids

The commercial humic acid studied is supplied by
Fluka (FHA) (45729/150300). The second humic
acid used is the Leonardite (LHA) provided by the
International Humic Substances Society (IHSS.
Nord Dakota, USA). It was isolated by IHSS
protocol [18]. Chemical and spectroscopic FTIR
analyzes were used to characterize the studied
humic acids:

(i) Basic tests to detect C, H, N, S and O present in
the AHF by CHNS elemental analyzer LECO
type (Laboratory Equipment Corporation) Model
932. This apparatus uses samples of the order of 2
to 5mg. The elementary compositions of
LHA were performed by Huffman Laboratories,
Inc., Wheatridge, CO.

(ii) The analysis of the acidity of the carboxylic
functions was carried out by the calcium acetate
technique as well as the determination of the total
acidity by barium hydroxide [19]. Each analysis
was repeated three times;

(iii) The analysis of metals (Na, Ca, Fe, Mg, Si and
Al) commonly found in FHA and LHA in addition
to mercury and lead was carried out by ICP-AES
(Varian, axial view, liberty series V);

(iv) The calculation of ash was determined in our
previous works [13, 14]; (v) Humic acids FHA and

A

LHA were analyzed by FTIR spectrometry before
interaction with the solution of mercury or lead. We
have used the same pelletizing technique with KBr
in the study of model molecules.

11.3. Interaction Humic acid-binary (Hg, Pb)

200 mg of Humic Acid (FHA or LHA) were added
to 50 ml of solution of Milli-Q water. The
procedure of humic acid interaction with mercury
and lead mixed solution in the same. Mercury
solution were obtained from mercury nitrate
solutions with concentrations of 0.1, 0.5 and 1.0 g/I.
Lead solutions were prepared from lead nitrate at
the concentrations of 0.1, 0.5 and 1.0 ¢/l
Three binary systems (Hg, Pb) at three different
concentrations were prepared in ratios of 1:1 (0.1;
0.5 and 1 g¢/l). 200 mg of HA (FHA or LHA) were
added to 50 ml of the mixed solution Hg-Pb. Eight
samples were thus obtained including the control.
The initial pH was measured immediately after
addition of the solution of simple or mixed metal
about 200 mg of HA. The final pH was measured
after 24 hours of stirring time. This is followed by
centrifugation of 2400 tr.min! for 1 hour. The solid
parts (HA + metals fixed) are dried at 80°C during
16 h. After drying, the solid parts can be analyzed
by FTIR spectroscopy. The recovered supernatants
are determined by ICP-AES to determine the
remaining amounts of mercury and lead metal and
other mineral elements Na, Ca, Fe, Mg, Si and Al.
All experiments were repeated three times in the
same temperature of 25°C.

I11. Results and discussion

1.1, FTIR analyses of the interaction model
molecules-metal single and binary

FTIR spectroscopy (Figures 2 and 3) shows clearly
the acidic forms (bands related to carboxylic acids
and phenols) of model molecules in their pure
state. Several works confirmed the positions of the
bands of its forms [20-22].
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Figure 2. FTIR spectra of model molecules with an aromatic ring before and after interaction with mercury and
lead: (a) Benzoic, (b) acid salicylic acid and (c) Catechol.

The FTIR spectra show the strong polarity of the
C=0 bond of the -COOH function which makes it
very intense and therefore very recognizable. The
vibration of elongations vc-o corresponding appears
between about 1700 and 1650 cm™. While the

vc.o elongation vibrations of the acid function are
observed between 1300-1230cm™. The hydroxyl
forms are assigned to large bands in 3400-3200
cm?® range, due to O-H stretching. The other
characteristic bands are O-H deformation vibrations
of phenol or alcohol type in about 1380-1330 cm
range.
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Figure 3. FTIR spectra of model molecules with three aromatic rings before and after interaction with mercury
and lead: (a) Xanthene 9 Carboxylic Acid and (b) Anthralin.

The interaction of the model molecules with the
heavy metals Hg, Pb or binary Hg-Pb caused the
shift of the characteristic peaks of the carboxylate
function according to the corresponding metal ion.

Indeed, the frequency of the v, changes from 1593
to 1496 cm™ and that of the vsvaries from 1390 to
1361 cm (Table 2). This shift was confirmed by
the calculation of frequency separations Avass
between the vasand vs [23].
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Table 2. Assigning bands of the main functions of model molecules before and after interaction with Hg [13], Pb
[14] and binary (Hg-Pb)

Function -COOH -OH -COO C=0 C-0-C
Vibration of the function vc=o | Vco VO-H So-H | Vas Vs | Avas | vc=0 | Vas Vs
Unit cmt | cm? cm? cm! | em? | em? [ em? | cm?® | cm? | cm?
. 2500-
Benzoicacid 1676 | 1230 3200 - - - - - - -
Benzoicacid + Hg*? - - () - 1496 | 1390 | 106 - - -
Benzoic acid + Binary a
(Hg*2Pb*?) - - ) - 1498 | 1380 | 118 - - -
Benzoicacid + Pb*? - - () - 1500 | 1365 | 135 - - -
3442-
Catechol - - 3318 1359 - - - - - -
Catechol + Hg*? - - O ()2 - - - - - -
Catechol + Binary (Hg*3,Pb*?) | - - (-)° ()@ - - - - - -
Catechol + Ph*? - - ()2 OF - - - - - ;
L 3200-
Salicylicacid 1658 | 1249 3400 1380 - - - - - -
Salicylicacid + Hg*? - - (e (-)® | 1554 | 1384 | 170 - - -
Salicylic acid + Binary i i Na Na i i i
(Hg".Pb?) ) ()@ | 1565 | 1375 | 190
Salicylicacid + Pb*2 - - ()2 ()@ | 1593 | 1361 | 232 | - - -
Xanthéne 9 CarboxylicAcid | 1670 | 1233 2393%% - - - - - 1233 | 1030
Xanthene 9 ﬁébf lieAd+ ) (9= | - |1500|1383 | 127 | - | 1236 | 1030
Xanthéne 9 Carboxylic Acid + a
Binary (Hg*2.Pb*?) - - ) - 1513 | 1374 | 139 - 1233 | 1030
Xanthene 9 CarboxylicAide || (9* | - |1585|1308 | 277 | - | 12351030
. 2950-
Anthralin - - 3100 1330 - - - 1604 - -
Anthralin + Hg*? - - (-)? ()2 - - - 1601 - -
; i +2
Anthralin + B+|2nary (Hg*, ) ) (2) (5)e ) ) ) 1601 ) )
Pb*?)
Anthralin + Pb*? - - ()2 ()2 - - - 1603 - -

2Disappearan

111.1.1. Molecules models composed of a single
aromatic ring

111.1.1.1. Benzoic acid and salts

The FTIR spectra of benzoic acid and their metal
salts presented in Figure 2a shows the main
characteristic attributions of the carboxylic function
and carboxylate. The attributions are summarized in
Table 2. The vibration elongations C=0 and C-O of
the COOH function were observed respectively at
1676 and 1230 cm™. There is also a large band
von Of acids between 3200-2500 cm™. For the
benzoic spectra of the salified acid (Hg, Hg-Pb,
Pb), we have observed two major changes in

comparison with the spectrum of benzoic acid
disappearance of the bands vow, vc-o and vco of
carboxylic function in favor of the two elongation
vibration bands characteristics of the carboxylate
functions —COOM which are :

(i) The vc.o symmetrical (vs)at 1390 cm for
the mercury salt at 1380 cm* for the binary salt and
1365 cm! for the lead salt,

(ii) The vc.o asymmetric (vas) at 1496 cm for the
mercury salt and at 1498 cm™ for the binary salt
and at 1500 cm?' for the lead salt.
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After interaction of benzoic acid with metal
solutions, symmetric C-O peak shift to large wave
numbers and asymmetric vc.o peak shift towards
low wave numbers were observed. This shift in the
case of mercury alone was higher than for lead
alone. Thus values of Avs.s for the salts of Hg and
Hg-Pb binary and Pb are of 16, 118 and 135 cm?,
respectively (Table 2). The benzoic acid thus has an
affinity with mercury relative to lead. This affinity
was disrupted by the presence of mercury and lead
as the shift was reduced.

111.1.1.2. Salicylic acid and salts

FTIR spectraof salicylic acid andits salts
of mercury, binary (mercury-lead) and lead (Figure
2b) show that the two elongation frequencies of the
function —-COOH (vc=0) at 1658cm™ and vc.o at
1249 cm! have been replaced by those of v 5 of the
function-COO" at 1554 cm* for the mercury salt, at
1565 cm! for the binary and at 1593 cm™ for the
lead salt. Vibration vs of the same function -COO"
appears at 1384 cm for the mercuric salicylate at
1375 cm! for binary salicylate and at 1361 cm™ for
lead salicylate (Table 2). There is an important shift
of vs and v for the case of the salicylic acid-
mercury interaction alone indicating the power of
mercury in front of lead alone. This affinity was
slowed in the presence of mercury and lead since
the shift of the elongation peak v, and vshas
decreased with 10 cm™.This diminution is caused
by the increase of the Avass (170 cm™) for the Hg
salt at 190 cm™ in the binary Hg-Pb salt. If we
compare the FTIR spectra of salicylic acid and its
metal salts studied, we can see the complete
disappearance of the wvou stretching frequencies
observed between 3400-3200 cm?® and the
deformation Son at 1380 cm™.

111.1.1.3. Catechol and salts

The FTIR spectrum catechol shown in Figure
2c indicates the presence of the hydroxyl function
characterized by two major bands. The first is the
Son bending vibration at 1359 cm™, the second has
vou stretching frequency at 3442 cm™ and 3318 cn
1, The catechol-metal interaction (single or binary)
has removed the two characteristic bands of the
phenol form.

111.1.2. Model molecules with three aromatic
rings

111.1.2.1. Xanthene 9 Carboxylic Acid and salts

The FTIR spectrum of xanthene 9 carboxylic acid
(Figure 3a) showed the corresponding adsorption
band to the -COOH function which appears at 1670
cm® for the elongation vibration vc=o. While the

A

stretching vibration vc.o of the same acid function
is observed strongly at 1233 ¢cm™ (Table 2) which
may also be characteristic of the vc.o asymmetric
(vas) of the ether function C-O-C. On the other
hand the vc.o symmetric (vs) of the ether function
C-O-C is observed weakly at 1030 cm™. The FTIR
spectrum of xanthene 9 carboxylic acid also shows
an absorption band corresponding to the OH
function that appears between 2900 and 3300

cm  presented in the form of a wide band.

After the fixation of Hg, Pb and the binary Hg-Pb,
we have noticed: (i) the disappearance of the bands
of the carboxylic and hydroxyl functional groups
and (ii) the shifts of the asymmetric elongation

the low frequencies corresponding to the salts of
mercury, binary Hg-Pb and lead. They are observed
respectively at 1500, 1513 and 1585 c¢cm™ (Table
2). For the symmetrical elongation vs of -COQO" they
are attributed to 1383, 1374and 1308 cm?
bands. These shifts show that mercury was able to
easily form complexes compared to lead. Indeed,
the peak characteristic of vs,s of -COO" was
displaced by 170 cm™ for mercury alone. For the
binary solution, the shift was of 157 cm™ and only
85 cm* for lead alone. The shifts observed in the
pics of vasand vs have caused the increase of Avag.s
of 117 until 227 cm? for the Hg and Pb salts,
respectively. This is probably due to the interaction
between COO- and Hg?* which is more important
than that between COO-and Pb?*. It can be seen in
Figure 3a that the characteristic bands of the ether
function are always present before and after
Xanthene 9 carboxylic acid-metal interaction.

111.1.2.2. Anthralin and salts

The FTIR spectra ofanthralinand its salt
forms are grouped together in Figure 3b and the
main frequencies corresponding are summarized
in Table 2. We have noted the deformation
frequencies Son of the OH function at 1330 cm?,
the elongation frequency von of the OH function
between 2950-3100 cm™ and an intense frequency
at 1604 cm™ which corresponds to the elongation
vibrations vc-o of the function -C=0 [24]. The
interaction with the mercury, lead, and the binary
Hg-Pb results to the formation of anthralinate
which the elongation characteristic band vo.4 and
the deformation don disappear completely. On the
other hand, the characteristic peak of the C=0
function has not varied.
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111.2. Summary analyses by FTIR

These model molecules do not make possible the
characterization of a real behavior between the
macromolecule of humic acid type and heavy
metals. The study of these models has validated, on
the one hand, the use of FTIR for a certain type of
interaction and, on the other hand, to help the
characterization with a systematic interpretation of
FTIR spectra of more complex molecules. Indeed,
the FTIR spectra (Figures 2 and 3) show two main
behaviors during the study of the interaction of
model metal molecules (single or binary): (i) The
easy monitoring of the frequency band related to
COOrto the vibration of asymmetric and symmetric
elongation carboxylates in the region 1700 and
1383 cm™. This frequency depends on the fixed
metal cation [39]. We have noted for model
molecules with carboxylic functions, that the wave
numbers of asymmetric vibrations vss (-COO) of
Hg are lower than those of the binary (Hg, Pb) and
Pb alone. The v frequency of the Hg salt is higher
than the Hg-Pb binary and Pb salts frequencies.
This suggests that mercury alone is easily attached
to the COOH functional sites of the model under
study. These frequencies are disturbed by the
presence of lead which is probably due to the
competition between these two metals to occupy
these functional carboxylic sites. Liu et al. [25]
found similar results when studying the interaction
of peat with mixed solutions of Cu, Ni and Cd.

They attributed this competition to the repulsive
electrostatic forces.

(ii) In the case of the interaction of the model
molecule which contains only an OH function with
the single or binary metal, the disappearance of the
characteristic bands of the hydroxyl function was
observed. Inhibition of mercury binding in the
presence of lead was not clearly visible in the FTIR
spectra (Figures. 2 and 3). In a previous work,
Bosire et al. [26] confirmed the important role of
acidic functions in forming bonds with Pb, Cu and
Zn. Phenol sites were the least involved because
their acidity constants were low.

Our study by FTIR spectroscopy has the advantage
of easily following the evolution of the
characteristic bands of asymmetric elongations vas,
of symmetric elongations vs and of the carboxylate
function and vc - o of the carboxylic function to
study the interactions between FHA, LHA and
heavy metals.

111.3. Comparison of the characteristics of the
studied humic acids

111.3.1. Elementary, ash content results,
functional group and ICP-AES determination
Elementary analysis of C, H, N, S and O (Table
3) showed results closer values announced by
Steelink [27]. The oxygen level is still relatively
high for FHA, it is well above the range of 32.8-
38.3% usually found.

Table 3. Elemental, ash content results and acidity analysis of used humic acids

Elements FHA LHA Steelink [27]
ca 44.94 63.25 53.8-58.7
Ha 3.84 3.64 3.2-6.2
N2 0.75 1.17 0.8-4.3
S 1.10 0.84 0.1-1.5
o2 49.35 31.05 32.8-38.3
CIN 59.92 54.06 -
H/C 0.08 0.06 -
o/C 1.10 0.50 -
Ash content ¢ 19.7 2.58 -
Total acidity® 4.62 7.10 -
R-COOH¢ 4.20 6.84 -
R-OH¢ 0.42 0.26 -

@ 0% Mass of the element by the total mass.
b 9% Mass of the element by the total mass.

¢ Calculated by the combustion of 100 mg HA in air at 800 °C for 6h.

dUnits are mol/kg HA.

Table 4 also shows that FHA contains almost 100
times the amount of Si as LHA and 2 times more
aluminum than LHA. This shows the presence of
the mineral part as an impurity such as: SiO», Al,O3
and Fe;Os. The ash content of 19.7% in FHA
confirms the presence of these oxides. The amounts
of oxygen in LHA are lower than those of FHA.

This is because LHA is pure, contains significantly
less iron, aluminum or silicon oxides.

Similarly, the carbon content in FHA is well below
the range of 53.8-58.7% and the nitrogen percentage
is 0.75%. Thus, LHA contains more carbon
(63.25%) and more nitrogen (1.17%) than FHA.
Following the results of the elementary analysis, the
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variation of the C/N ratios is obtained in the
following order: LHA <FHA (54.06 <59.92). These
values reflect a significant incorporation of nitrogen
compounds in LHA. The O/C ratios vary according
to the following sequence: FHA >LHA (1.10 >0.50).
These values reflect the level of oxygenated
functional groups of each of these compounds, which
is explained by the fact that LHA contains
The results of the total acidity and the content of
carboxylic groups for humic acids (FHA, LHA) are
grouped together in Table 4. The results of the
carboxylic and phenolic functional determinations
for FHA are respectively of the order of 4.20 and
0.42 mol/kg. The total acidity has been estimated at
4.62 mol/kg. The data in Table 4 also indicate that
LHA is more acidic than FHA. The total acidity

A

significantly fewer iron, aluminum or silicon oxides.
In parallel, the ICP-AES quantitative analysis of the
two humic acids (Table 4) proves the purity of
LHA and the sodium salt and calcium form of
FHA. in fact, it contains a FHA does a significant
amount of Na and Ca, of the order of 36800 and
21800 mg/Kg respectively while LHA has only
2000 mg/Kg of Na and 3000 mg/Kg of Ca.

content in LHA was almost twice that of FHA. A
possible explanation for the different elemental
composition for the two humic acids can be found
in their precursor materials and the influence of
climatic conditions during the humification process
[27].

Table 4. Cations titration of: the studied HA, sorption HA-mercury [13], sorption HA-lead [14]

and sorption HA-Binary (mercury- lead).

FHA 0g/l. Hg(O0g/l) Pb(1.09/) (Hg-Pb)(1.0g/)
Na (mg/Kg) 36800 2000 2900 2500
Ca(mg/Kg) 21800 7600 8500 8050
Fe (mg/Kg) 13800 11000 12500 11750
Mg (mg/Kg) 4400 1500 2100 1800
Hg (mg/Kg) 0 248750 0 112500
Pb (mg/Kg) 60 60 240000 103750
Si (mg/Kg) 18000 15000 16000 15600
Al (mg/Kg) 9000 6500 7200 6900
LHA 0 g/ Hg(.0g/l) Pb(10g/ll) (Hg-Pb)(1.04g/l)
Na (mg/Kg) 2000 170 200 185
Ca(mg/Kg) 3000 0 0 0
Fe (mg/Kg) 2000 995 1075 1035
Mg (mg/Kg) 40 0 0 0
Hg (mg/Kg) 0 175000 0 78750
Pb (mg/Kg) 65 65 104500 43750
Si (mg/Kg) 150 <150 <150 <150
Al (mg/Kg) 2500 <2500 <2500 <2500

111.3.2. Vibrational characteristics

The analysis of the infrared spectra of the FHA and
LHA humic acids are shown in Figure 4. The two
spectra obtained have great similarities with respect
to the general appearance and the positions of the
main peaks. FTIR spectra can be divided into two
main regions [28]. The first region (4000-1900 cm"
1) is similar for FHA and LHA. It contains broad
peaks characteristic of humic substances. They are
attributed mainly to the elongation vibration von

and vn.n. Between 3450 and 3300 cm™?, phenol -OH
elongation bands of hydrogen bonds can be
observed. Between 2965 and 2840 cm't, the spectra
of the two acids show very weak vibration bands
characteristic of the C-H aliphatic bond constituting
-CH; and -CHas. In the second region (1900-400 cm’
1), the FHA and LHA FTIR spectra change
significantly and confirm the salt (impure) form of
FHA and the (pure) acid form of LHA already
found by elementary ICP-AES and functional group
dosage.
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Figure 4. FTIR spectra of: (a) Humic acid Fluka (FHA) and (b) Humic acid Leonardite (LHA).

Table 5 summarizes the main results in the
characterization of the humic acids studied. The
presence of the band corresponding to the extension
of the C=0 bond of the strong carboxylic acids to
1709 cm* of LHA indicates its purity. However, it
is absent in the spectrum of FHA thus confirming
its salt form. The characteristic asymmetric
elongation band v,-COO- appears at 1590 cm™.The
characteristic symmetric elongation band vs -COO"
appears at 1386 cmL.

The spectrum of FHA (Figure 4a) shows the  Si-O
elongation vibration band of silica located around
1031 cm? indicating the presence of the mineral

part [20] (Table 5).This bandis no longer
visible in the case of LHA (Figure 4b) proving that
it consists mainly of organic matter. This spectral
information will be useful for the study of the
behavior of organic matter (LHA) when interacting
with metallic elements and observing their spectral
changes. It should be noted that the mineral part of
soils also has a high adsorption capacity of metals.
Indeed, Babel et al. have shown the existence of a
low-cost inorganic or organic adsorbents used for
the removal of heavy metals [29].
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Table 5. Summary of the main results of the different methods of analysis used in the characterization of the

. . . Information
Chemical analysis Acidity FTIR Spectroscopy obtained

sample | C 0 Na Ca si Ash COR(-)H veso Vas § Veio FO;“E E;?t
0 () 0 . s o

(%) %) | (mg/Kg) | (mg/Kg) | (mg/Kg) | (%) (mol/Kg) COOH | COO Coo of silice sample | sample

FHA | 4494 | 4935 | 36800 | 21800 | 18000 | 197 | 420 | Absence | o0 | 1386 | 1081 | Sel | Impure
cm? cmt

LHA 63.25 | 31.05 2000 3000 150 2.58 6.84 1709 i?]?? 1429 | Absence | Acide Pure

cm? cm?

studied humic acids

111.4. Study of interactions HA-binary (Hg-Pb)
Tables 4 and 6 showed the results of analysis as a
function of pH, adsorption percentages, the

characteristics of the function -COOH and -COO"
and cation analysis before and after complexation.

Table 6. Chemical characterization of the sorption HA-mercury [13], HA-lead [14] and HA-Binary (mercury-

Lead)
Humic Acid | Initial Concentration | Adsorption | Initial | Final Mass % of adsorpion
of métal systhem pH pH adsorbed (mg)
09/l Blank 4.45 6.50 | 0.0 0.0
Hg 5.27 6.20 4.55 91
0.1 g/l Pb 5.25 6.18 | 4.50 90
Hg (Hg,Pb) [ 527 [6.20 [ 222 89
Pb (Hg,Pb) | 5.27 6.20 | 212 85
Hg 5.03 5.22 23.75 95
FHA 05 g/l Pb 5.05 5.19 23 92
: Hg (Hg,Pb) | 500 | 5.16 | 11.37 91
Pb (Hg,Pb) | 5.00 516 |11 88
Hg 4.80 4.25 49.50 99
10/l Pb 4.86 421 | 48 96
Hg (Hg,Pb) | 484 [ 424 [ 2250 90
Pb (Hg,Pb) | 484 | 424 | 20.75 83
0 g/l Blank 5.60 316 | 0.0 0.0
Hg 5.00 2.92 4.85 97
0.1 gl Pb 5.02 295 |41 96
Hg (Hg,Pb) | 5.00 293 | 237 95
Pb (Hg,Pb) | 5.00 293 | 2.27 91
Hg 498 | 250 |19 75
LHA 0.5 g/l Pb 5.00 2.57 12.8 52
: Hg (Hg,Pb) | 5.00 | 255 | 8.87 71
Pb (Hg,Pb) [ 5.00 [ 255 | 6.25 50
Hg 4.96 2.20 35 70
10/l Pb 4.99 240 | 21 42
: Hg (Hg,Pb) | 498 | 229 [ 15.75 63
Pb (Hg,Pb) | 4.98 229 | 875 35

111.4.1. Study of interactions FHA-binary (Hg-
Pb)

111.4.1.1. Influence of the concentration of the
mixed solution Hg-Pb

Data from the study of FHA-Metal interactions
alone or binary at different concentrations 0.1, 0.5

and 1 g/l are grouped in Table 6. The results show
that:

(i) For a mixed solution to a concentration of 0.1 g/l
mercury and 0.1 g/l of lead, the fixation percent of
mercury and lead was respectively of the order
of 89% and 85%.
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(i) When the concentration of mercury and lead
increases in the mixture (0.5 g/l), the fixation
percentage of these metals increase slightly by 3%.

(iii) A concentration of g/l of the mixed solution,
the percentage of binding is 90% for mercury and
83% for lead.

For these three concentrations, it was noted that the
fixed quantity in the case of binary Hg-Pb never
reached the maximum quantities fixed, as for the
case of mercury alone (99%) and lead alone
(96%). The active sites FHA are not all available in
the case of the binary solution. This is probably due
to the competition and the repulsive electrostatic
forces between the two ions Hg?* and Pb2*. This
suggests that the maximum percentage of
adsorption in the binary solution follows the
following order: Hg (Hg-Pb) > Pb (Hg-Pb).

The second between protons carboxylic functions
and metals once the carboxylate functions were
exhausted. The release of protons present in small
quantitiesin FHA was the main cause of the
decrease in pH. In this step we can say that FHA
has undergone a larger fixation. We also noticed
that the decrease was considerable
in consideration of the FHA interaction
with mercury or lead alone with respectto the
mixed solution Hg-Pb. If we take for example the
fixing of mercury alone (1 g/l) by FHA, we only
have Na*(2000 mg/Kg) and Ca* (7600
mg/Kg) (Table 4). The pH filled from 4.8 to
4.25 (Table 6). For the mixed solution Hg-Pb, the
change of the form -COO-Na or -COO-Ca to the
form -COO-Hg became difficult due to the
presence of lead. This inhibition phenomenon is
demonstrated by the remaining amount of Na*
(2500 mg/Kg) and Ca?* (8050 mg/Kg). The data in
Tables 4 and 6 also showed that the ion exchange
between Pb?* and the Na* and Ca?* cations was
disrupted by the presence of mercury in the study of
the FHA-binary interaction Hg-Pb. The Na*, Ca®*
dosage, final pH and adsorption percentage values
were always lower than those of the FHA-Pb
interaction.

111.4.1.3. FTIR Spectroscopy monitoring
Examination of the infrared spectra (Figure 5a) of
the complex formed by Fluka humic acid and the
Hg and Pb mixture showed the same pattern for the
ten spectra found. It has been found that:

111.4.1.2. Initial and final pH

The previous sequence was  confirmed by pH
monitoring (Table  6). Indeed, at the  same
concentrationsof 0.1 ¢/l and 05 g/l of
mixed mercury and lead solution, the final pH is
always higher than the initial pH. The increase in
the final pH is due to the release of the Na *and
Ca ?* cations present in the AHF during the
exchange with the metal Hg 2* and Pb? * ions (Table
4). This increase was slowed in the case of
the binary system Hg-Pb.

The study of FHA interactions with individual or
mixed solutions at high concentration (1g/l) showed
that the initial pH is always lower than the final pH.
It has been concluded that is ion exchange goes
through two stages: The first between the Na* and
Ca2* cations, by FHA carboxylate functions and the
two metals (Table 4).

(i) The intensity  of elongation absorption
band vc-oat 1695 cm™of the carboxylic function
did not vary after the interaction of FHA (salt
form), regardless of the concentrations of the
studied solutions (Table 6). (ii) The shift of the
vibration  band elongation symmetrical vsinitially
located at 1386 cm "L of the carboxylate functions to
the longer wavelengths. The shift values are given
in Table 6. The differences were of 12 and 16 cm*
for the concentration of 0.5 and 1 g/I respectively.
However, for 0.1 g/l, the shift was of 3 cm?
equivalent of the shift of the spectrometer
resolution. (iii) The vibration band elongation
asymmetrical vas (1590 cm ) of the carboxylate
functions has been moved to the lowest
wavelengths. There was a shift of 8, 20 and 30 cm™*
corresponding to the concentrations of 0.1, 0.5
and 1g/l, respectively. These shifts have confirmed
previous results from other chemical analysis
methods (Tables 4 and 6). The high concentration
of 1 g/l caused a shift of 30 cm'*, which means that
there is an exchange easier between the elements
Na+ and Ca2+ of the carboxylate function and
Hg2+ and Pb2+ ions compared to the low
concentrations of 0.1 and 0.5 g/l. In the case of
mercury, the shift was of 40 cm™ [15], we can see
that this shift has dropped by 10 cm, which proves
that the cationic exchange becomes more difficult.
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Figure 5. FTIR spectra of humic acids studied before and after interaction with mercury and lead:
(a) FHA and (b) LHA.

(iv) The Avas calculated values during the
interaction of FHA with heavy metals are presented
in Table 7. These values vary substantially with the
nature of the metallic agent. It has observed that
Avass follows the sequency: Avas.s(FHA-HQ) <Avas.
s(FHA- (Hg,Pb)) <Avas(FHA-PD), indicating that
the interaction between COO- and Hg?* is greater
than that between COO" and Pb?*.

111.4.2. Study of interactions LHA-binary (Hg-
Pb)

111.4.2.1. Influence of the concentration of the
mixed solution Hg-Pb

The adsorption rates in the LHA-Hg, LHA-Pb and
LHA-Hg-Pb interactions are summarized in Table

6. We noticed that: (i) Atlow concentrations
(0.1 g/1) of the binary solution, there is a significant
adsorption of 95 and 91% for mercury and lead,
respectively. (ii) At average concentrations (0.5
g/l), adsorption rates decreased by almost 3%
compared to the study of the (LHA-single metal)
interaction. (iii) At 1g/l of the mixed solution, the
adsorption rates are of the order of 63% for
mercury and 35% for lead. These values are lower
compared to adsorption with FHA and LHA. The
main reason for this phenomenon is the acid form
of LHA.
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Table 7. Frequencies, and maximum shift of the -COO- symmetric and asymmetric of the HA interaction with Hg
[13], Pb [14] and Binary (Hg-Pb)

cm cm cm -COO
cmt
Vas Vs
0 g/l Blank 1590 1386 204 No variation
Hg 1580 1390 190 No variation
Pb 1584 1387 197 No variation
019/ Hg (Hg,Pb) | 1582 1389 193 No variation
Pb (Hg,Pb) | 1582 1389 193 No variation
Hg 1565 1401 164 40 19 No variation
FHA Pb 1575 1394 181 No variation
059/ Hg (Hg,Pb) | 1570 1398 172 No variation
Pb (Hg,Pb) | 1570 1398 172 No variation
Hg 1550 1405 145 No variation
Pb 1566 1397 169 No variation
104d/ Hg (HoPb) | 1560 | 1402 158 No variation
Pb (Hg,Pb) | 1560 1402 158 No variation
0 g/l Blank 1610 1429 181 Appearance
Hg 1608 1432 176 Decrease
Pb 1607 1429 178 Decrease
0.19/ Hg (Hg.Pb) | 1609 1431 178 Decrease
Pb (Hg,Pb) | 1609 1431 178 Decrease
Hg 1599 1436 163 19 12 Important decrease
Pb 1602 1431 171 Important decrease
05 g/ Hg (Hg,Pb) | 1601 1433 168 Important decrease
LHA
Pb (Hg,Pb) | 1601 1433 168 Important decrease
Hg 1591 1441 150 Almost total
disappearance
Pb 1596 1394 202 Important decrease
1.0 g/l Hg (Hg,Pb) | 1598 1439 159 Important decrease
Pb (Hg,Pb) | 1598 1439 159 Important decrease

111.4.2.2. Initial and final pH

The valuesof the initial and final pH
of interactions LHA -metal single LHA-binary are
given in Table 6.Whatever the pH concentrations at
the end of the LHA metal reaction alone or binary
is always acid medium, of the order of 2-3.

111.4.2.3. FTIR Spectroscopy monitoring

The infrared spectra of the complex formed by
LHA and the mixture Hg and Pb are shown in
Figure 5b. The characteristics of the carboxylic
function and the different attributions of bands
related to the carboxylate function in LHA are

detailed in Table 4. Three principal bands were
followed:

(i) The decrease in elongation vibration
intensity vc-oat 1709 cm™of the carboxylic
function reflects the increase in adsorbed metals. It
can be deduced that the high concentration of the
binary component solution (1g /) did not cause the
total disappearance of this band as in the case of the
LHA interaction with the single component solution
Hg (1 g/l).

(if) The asymmetric elongation vibration band v at
1608 cm* characteristic of the carboxylate function
was shifted to the low wavenumber as a function of
the increase in the number of metal cations. A small
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displacement of about 10 cm was recorded for the
0.5 and 1 g/l concentrations of the binary solution
Hg-Pb. This small displacement confirms that the
active sites of LHA are not fully complexed.

(iii) The symmetrical elongation vibration band vs
characteristic of the carboxylate function was
slightly shifted for both the 0.1 and 0.5 g/l
concentrations. On the other hand, this shift was of
the order of 10 cm™ for 1g/l.

(iv) The LHA interaction with the Hg solution has
caused an important shift of vssand vs peaks of 19
and 12 cm-1, respectively (Table 7), therefore a
shift rate of almost half compared to the FHA-Hg
interaction (40 and 19 cm™). This proves that the
interaction between FHA-Hg is easier than the
interaction between LHA-Hg. The shift values
always follow the same order as in the case of the
FHA-metal interaction: Avass (LHA-HQ) < Avass
(LHA- Hg-Pb) < Avas.s (LHA-PD).

111.5. Selective affinity of adsorption of Hg?* and
Pb?*cations

The results of this study are consistent with those
found by other works [25,30,31].The rate
of fixation decreased inthe case of the interaction
of the organic matter (humic acid, lignite, etc.) with
the mixed solutions (binary and tertiary) according
to the work conditions:

- Liu et al. [25] have shown that adsorption
capacities in the study of the peat-mono-component
interaction (Cu?*, Ni?* or Cd?*) fall with respect to
competitive adsorption capacities in peat-multi-
component (Cu?*, Ni?*), (Cu?*, Cd?*), (Cd*, Ni?")
or (Cu?, Ni?*, Cd?™).

- Zeledon-Toruno et al. [30] have observed a
significant reduction in nickel uptake by LHA after
the addition of a binary solution containing both
metals (Cu?*, Ni%*).

- Peter et al. [31] concluded that silicate-
immobilized humic material has greater selectivity
for mercury. The order of affinity in a mixed
solution (Hg, Pb, Cu) was classified as follows: Hg
(Hg, Pb, Cu)>Pb (Hg, Pb, Cu)> Cu (Hg, Pb, Cu). In
general, organic materials have a selective affinity
for certain metals. This affinity has been linked to
several factors such as: electronegativity [47], ionic
potential (Z/r) [48], reduction potential [41] and
ionic radius [13]. Because of the small size of the
Hg?*ions (ionic radius, Rug + = 0.83 A), mercury
can create a great deal of competition in occupying
the active sites of FHA and LHA compared to Pb?*
ions (Repz+ = 1.33 A). In addition, the degree of

A

association of the humic acids studied with Hg or
Pb in the mixed solution is positively correlated
with the reduction potential of Hg®* (+0.8 eV)
which is greater than that of Pb?* (-0.13 eV). In at
the same time, mercury has the highest affinity for
FHA or LHA because it has an ionic potential
greater than that of lead.

V. Conclusions

The study of the interaction between humic acid
and metals using the FTIR spectroscopic technique
has made possible the characterization of the main
functions responsible for this interaction, such as
the carboxylic and carboxylate functions. Indeed, it
is sufficient to have at the start a humic acid whose
FTIR spectra show the asymmetric vas and the
symmetric vs elongations vibration band of -COO"
and C=0 of the -COOH function. The displacement
of v and vs bands and the decrease of the peak
intensity of the COOH function suggest a metal
fixation. The frequency separations between the -
COO" asymmetric and symmetric stretches Avass
strongly related to the type of the fixed metal. The
results of this study showed the high adsorption
capacity of humic acids for mercury compared to
lead and the adsorption rate of FHA (salt form) is
always higher than LHA (acid form). In this study
we have added a fourth parameter Avass and found
that: Avass(HA-HQ)<Avass(HA- Hg-Pb)  <Avass
(HA-Pb). The elimination rate of Hg?* and Pb?* in
the binary case follows this sequence : Hg (Hg-
Pb)>Pb  (Hg-Pb) due to the competition
phenomenon between these two metallic ions, the
mercury elimination rate by FHA and LHA has
decreased by 10%.

As a result, the study makes it possible to quickly
test with FTIR if the soil or humic acid is polluted
with lead, mercury or both.
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