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An interaction between humic acid, an organic part of soil and mercury was studied by Fourier transform
infrared spectroscopy (FTIR) and by ICP-AES analysis under given pH and concentration conditions. First
the spectroscopic model was validated on the interaction of simple molecules representing the structural
components of humic acid such as benzoic acid, catechol and salicylic acid with mercury. The interaction
of carboxylic parts of humic acid with mercury is very interesting and easily characterised by infrared
spectroscopy, an ideal mean for molecular study. Under the salt form (commercial humic acid Fluka TM:
FHA), humic acid reacts with mercury in a different way from its acid form (FHA purified noted PFHA)
and the Leonardite (LHA). Because of the straightforward exchange between Na*, Ca* and Hg?*, fixation
of the latter is much more important with the salt form (FHA). However, this reaction is reduced under
the acid form (PFHA, LHA) because the exchange with protons is difficult. The effect of this exchange
was studied by FTIR showing the intensity decrease of v=p (—COOH), the carboxylic functional group
band of the acid, and the shifting of v,; (—COO~), the carboxylate functional group band under given pH
and mercury conditions. For the FHA salt form, the characteristic band vc=p (—COOH) represented by a
shoulder did not evolute, whereas the corresponding band to v,s (—COO~) strongly shifted (40 cm~!) for a
maximum Hg?* concentration (1 gl~'). On the other hand, for the acid form (PFHA, LHA), the intense band
of vc=p (—COOH) disappeared proportionally to the increase of Hg?*concentration and the v,s (—COO0~)
band moved for about 20cm~'. The same results were reached with pH variations. Our results were
confirmed by ICP-AES mercury analysis. This study shows that humic acids react differently according to
their chemical and structural state.
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given to the organic part of soil and to its capacity to recycle heavy
metals [6-9].

Clays and humic acids represent the major part of soil. Humic
acids are natural organic compounds of soil. They result from

1. Introduction

Even though technology and industry are necessary for human
welfare, they can seriously harm our environment. Soil pollution by

heavy metals is a well known problem threatening nature as well as
human health through under soil and surface water contamination
[1]. Heavy metals are toxic at tiny amounts. Moreover, our industry
contributes indirectly to their concentration on specific sites.
Billions of tonnes of mineral micropollutants are rejected every
year. They contaminate the atmosphere (air), the hydrosphere
(water) and the lithosphere (soil). They harm seriously the bio-
sphere (living beings). The capacity of soil, a complex medium, to
recycle effectively and quickly heavy metals, is under study [2]. For
a long time studies were focused on the interaction of metals with
clays [3-5]. However, in the last two decades, a special interest was
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the decomposition of organic matter. Their structure helps to
fix heavy metals, to trap organic molecules and to oxidize or
reduce compounds. Humic acid is composed of condensed nuclei
related to each other by aliphatic chains (peptides, alkalis) and acid
functional groups —COOH and phenolic —OH [10,11]. These two
functional groups allow two types of interactions with heavy met-
als: carboxylate-metal cation and phenolate-metal cation [12-14].
If the interactions with metal are infrared exploited, it is not the
same case with the phenol —OH function. The latter possesses a
large band practically not exploitable [12,13]. Former work [15-18]
and mainly work of Gossart et al. [17,19] showed that the interaction
of the HA with Pb2*, Cd?* and Zn?* involves structural variations
which can be followed by Fourier transform infrared (FTIR). We con-
sequently carried out our work on the interactions of the humic acid
with mercury in order to gather data for deeper soil investigations.


http://www.sciencedirect.com/science/journal/10106030
mailto:a.addou@univ-mosta.dz
dx.doi.org/10.1016/j.jphotochem.2008.03.018

206 M.C. Terkhi et al. / Journal of Photochemistry and Photobiology A: Chemistry 198 (2008) 205-214

(CH 3}073‘@
~

e]

(CH3)o2—

N

\ /

(CH3)os

(CHa)o-2

(CHa)os

Fig. 1. Humic acid structure as proposed by Schulten and Schnitzer.

We carried out our study in a similar way than in previous works
[17,19]: (i) study of the interactions model molecules-mercury for
validation of the protocol and (ii) FTIR study of the interaction
humic acid (HA)-mercuric ions (HgZ*) under given conditions of
pH and concentration [19]. HgO and Hg2* are the most frequent
states of mercury oxidation in the soil. The mercury contained in the
soil is quickly immobilized in the form of carbonate or phosphate.
It is fixed by oxide of iron, manganese and aluminium, [20-22]
and especially by organic matter to which, it binds in the form
of very stable organometallic complexes [23]. Structural data con-
cerning humic acids is scarce. Nevertheless, models were proposed,
giving an idea on the structure of this type of compound. A first
model was imagined by Piccolo and Stevenson in 1982 [13]. Then,
a second model was developed by Schulten and Schnitzer in 1993
[15]. This revealed that humic acids are complex macromolecules
made up of aliphatic chains and several aromatic cycles which
carry carboxylic and salicylic functional groups (Fig. 1). Gardea-
Torresdey and co-workers [14,24,25] showed that the humic acid
carboxylic groups are essentially responsible for the fixation phe-
nomenon. Before studying the interaction HA-metals, we chose to
study model molecules-metal interactions. These models are struc-
turally close to humic acid and will allow a validation of the study.
Benzoic acid and catechol, having the carboxylic acid functional
group (—COOH) or the phenol functional group (—OH) grafted on
aromatic cycles were selected like model molecules. Our study on
HA-metal interactions was carried out with a humic acid marketed
by FLUKA TM Company (FHA TM) and another coming from the
International Humic Substances Society (IHSS TM). The study of the
interactions humic acid-metal was carried out by Fourier transform

infra-red spectroscopy (FTIR). It allowed us to follow the variations
of vibration frequencies of carboxylic functional groups observed
in the average FTIR [14,26,27]. As in the study with lead, the vibra-
tion bands of carboxylic (—COOH) functional groups can undergo
displacements and/or reductions in the intensities of absorption
bands according to the nature and the concentration of the studied
metal.

The main aim of this work is to understand: (i) the interactions
of mercury with the carboxylic function, (ii) under which form
(acid or salt) humic acid reacts efficiently with mercury and (iii)
the affinity of humic acid towards mercury (mercury potential in
sites occupation).

This study was supported by the analysis of metals by ICP-AES
before and after each cation exchange.

2. Material and methods
2.1. Model molecules

Our study on the interaction model molecules-metal was car-
ried out on the catechol CgH4—(OH),, the benzoic acid CsHs—COOH
and the salicylic acid HO—CgH4—COOH with Hg2*. The benzoic acid,
the catechol and the salicylic acid were provided by Merck Com-
pany TM. The mercury acetate comes from Fluka TM Company.
First it was proceeded by a sodium exchange by adding a NaOH
solution (2M). Then the sodium catecholate and benzoate obtained
underwent an exchange Na*/Hg2*. The experimental protocol is
detailed in Fig. 2. It is noteworthy that under the addition of the
1st drop of mercury acetate or lead nitrate, catecholate, benzoate
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Fig. 2. Experimental protocol for the study of the interaction model molecule-metal.
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Fig. 3. Experimental protocol of Fluka TM humic acid (FHA) purification.
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Fig. 4. Experimental protocol of the humic acid-metal interaction.

and salicylate Hg salts precipitated as a white solid, characteristic
of certain mercury salts. The formation of these salts proved the
exchange between Na* and Hg?* ions. Salts were recovered after
centrifugation and dried at 80°C (Fig. 2). A small fraction of each
compound to be analyzed (1-2 mg) was pulverized then crushed
in 100 mg of anhydrous KBr. The powder thus obtained was intro-
duced into a mould to make pellets and was subjected to a pressure
0f9.81 108 Pa in order to obtain a pellet of 13 mm in diameter. FTIR
spectroscopic analysis was carried out in a spectrometer (Bruker
YEWS 48) in the spectral domain 400-4000cm~! with a 4cm™!
resolution.

2.2. Humic acids

In this work, humic acid, called FHA, came from Fluka TM
company (batch no. 45729/1 50300) and Leonardite (LHA) was pro-
vided by the International Humic Substances Society (IHSS TM)
whose protocol with NaOH and Na4P,07 extraction and subse-
quent HCI precipitation meets very strict standard requirements
[28,29]. Leonardite is a brown coal from North Dakota. It is a low-
cost material with potential as a heavy metal adsorbent. The humic
acid (HA) from Leonardite has a molecular mass My, = 9637 Da mea-
sured by gel permeation chromatography using an alkaline aqueous
solution.

The elemental composition is: C% 53.78, H% 3.35, N%
2.09 and O% 40.0. The -calculated molecular formula is
C420H308N140233 on the basis of the average molecular mass
My [9,30-33].

Table 1
Frequencies assignment of model molecules and their salt form

2.3. FHA purification

The Fluka TM humic acid is marketed under the salt form.
Its purification was carried out as indicated in Fig. 3. It was
noted (PFHA). It was proceeded by dissolving 10g of FHA in
100 ml of NaOH solution 0.1 M. The mixture was agitated dur-
ing 24h then centrifuged during 1h at 2400 rpm. The soluble
part obtained was acidified with a 0.1 M HCI solution until pH
2.00 which is the pH of humic acid precipitation [34]. After
decantation, the precipitate was washed and dried at 80°C. This
precipitate represents the purified Fluka TM humic acid called
PFHA.

2.4. Interaction HA-metal

200 mg of each type of humic acid (FHA, PFHA or LHA) were
added separately to 50 ml of mercury acetate solution at various
concentrations 0.1, 0.5 and 1gl-!. It was studied at two different
pH: (i): initial starting pH of the mixture where a partial dissolu-
tion is possible and (ii) pH was fixed at 3.00 by adjusting it with
a solution of HCI (2 M) (Fig. 4). At this pH, humic acid does not
dissolve. The mixture obtained was agitated during 24 H and then
centrifuged with 2400 rpm. The insoluble part was dried at 80°C,
then analyzed by FTIR spectroscopy. The recovered solutions after
centrifugation were quantified by ICP-AES (Varian, axial view, lib-
erty series V). The major mineral elements found in the soils such
as: Na, Ca, Fe, Mg, Si and Al in addition to mercury and lead were
quantified [35].

Function V=0 (—COOH) (cm~1) Vc—o (—COOH) (cm™1) Vo—y (—OH) (cm™1) So—n (—OH) (cm™1) Vas (—COO~)cm1) Vs (—COO~) (cm™1)
Benzoic acid 1676 1230 2500-3200 - - -
Hg Benzoate - - Disappearance - 1496 1390
Catechol - - 3442 and 3318 1359 - -
Hg Catecholate - - Disappearance Disappearance - -
Salicylic acid 1658 1249 3200-3400 1380 - -
Hg Salicylate - - Disappearance - 1554 1384
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Fig. 5. FTIR spectra of model molecules and their shapes as mercury salts.

The ash contents of the humic samples are estimated by the
following equation:

ash (%) = (%) 100
d

where Wy is the weight of the dried humic sample and W, the weigh
of the calcinated residue after heating at 800°C for 6 h [36].
3. Results and discussion

3.1. Vibrational study of model molecules-Hg?* interactions

FTIR spectra of benzoic acid, catechol and salicylic acid before
and after fixation with mercury are represented in Fig. 5. Princi-
pal assignments are summarized in Table 1 in comparison with
bibliographical data [37-42].

Table 2
Cation analysis and ash content in the studied humic acids

Stretch vibrations v of the carboxylic acid functional group
—COOH were observed in the wavenumbers 1716-1650cm™!
domain and the stretch vibrations of vc—g of —COOH in the
1300-1250 cm~! domain. For the phenol form, the two characteris-
tic bands were the stretching and bending vibration of the hydroxyl
functional group situated, respectively, in the 3400-3200cm~! and
1370-1350cm~! domains. The stretch frequency vc=g of benzoic
acid was observed at 1676 cm~1, the one corresponding to vc—g was
observed at 1230 cm~!. The elongation frequency vo-y appeared
in the 3200-3400cm~! domain. For the catechol, the elongation
vibrations voy were located at 3442 cm~! and 3318 cm ™!, the defor-
mation vibration §o—y was observed at 1359 cm~! (Table 1).

For salicylic acid, the §o—y deformation frequency appear at
1380cm~! (Fig. 5), and the elongation frequencies specific to
Vc—o and vc=g of —COOH appear at 1249cm~! and 1658 cm™1,
respectively. Also, the presence of vo-y vibrations between
3200-3400cm~" was noticed (Table 1).

If we compare FTIR spectra of the model molecules and salts
obtained, we clearly notice the difference between the acid form
(—COOH) and the carboxylate form (—COO~) and in the same way
between the phenol and phenolate form. Indeed, the characteristic
bands of the carboxylic acid functional group in the case of ben-
zoic acid disappear by protons-Hg?* exchange to give place to the
characteristic bands of the carboxylate functional group which are
assigned to the symmetrical and antisymmetric stretch frequencies
vs and vas (—COO™), respectively, vibrating in the 1550-1490 cm ™!
and 1390-1330cm~! domains. In our study they are assigned to
1496 cm~! for the antisymmetric stretch v,s (—COO~) and to 1390
for the symmetrical elongation vs (—COO~) (Table 1).

For the catechol, the interaction with the mercuric ions leads to
the catecholate whose two characteristic bands of stretch vg—y at
3442 and 3318 cm~! and the one of deformation 8o—y at 1359 cm™!
entirely disappear (Table 1). The same result was observed by Gos-
sart et al. [17,19] with lead.

The Hg?* salicylic acid interaction triggers the appearance of
1554 and 1384 cm~! bands corresponding to v,s and vs of —COO~
of the mercury salicylate. Also the disappearance of the §o—y defor-
mation and vo—y vibration bands specific to the —OH function of the
formed salt was noticed. The displacement of the vc—_g at 1384 cm™!
has hidden the one of §o—y already found at 1380 cm~".

The follow-up by FTIR spectroscopy of the characteristic bands
of stretch vs and v, of the carboxylate functional group (—COO~)
is better adapted than with OH functional group since the inter-
action mechanisms observed make it possible to better follow the
variations at the level of frequencies associated with carboxylate
functional groups (—COO~) by substitution of carboxylic functional
groups (—COOH).

In the case of our study, the 1700-1400 cm~! domain is charac-
teristic of the —COOH function. However, in the 3400-3200cm™!
region, the characteristic bands of OH and NH functions [38,43]
were found because nitrogen is part of humic acid structure. A
large band where it is difficult to relate interactions to spectroscopic
studies was noticed in this region. Though OH region of salicylic acid

Unit Fluka humic acid (FHA) Purified Fluka humic acid (PFHA) Leonardite humic acid (LHA)
Na mgkg! 37,000 3800 2000
Ca mgkg! 22,000 3000 300
Fe mgkg! 14,000 4500 2000
Mg mgkg! 4400 0 40
Hg mgkg! 0 0 0
Si mgkg! 18,000 8300 150
Al mgkg! 9000 4200 2500
Ash content % Mass 19.70 3.50 2.58
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Fig. 6. FTIR spectra of FHA and its mercury salt form.

was markedly changed upon interaction with Hg, this band was not
used in study of humic-Hg interaction because of its strong overlap
with humic amine vibrations.

Dupuy and Douay [18] showed that the 1700-1400cm~! spec-
tral window is very important for the correlation between the
absorbencies and the pollution level.

The choice of the FTIR study, supported by the work of Gossart et
al. [17-19] for the evaluation of events observed at the time of the
molecules-Hg?* interaction appears to us completely adapted for
the study and interpretation of soil contamination by heavy metals
fixed on humic acid.

3.2. Study of the Fluka TM humic acids (FHA) and Leonardite
Humic Acid (LHA): ICP-AES analysis and FTIR analysis

3.2.1. Fluka TM humic acid (FHA)

FHA contains a great number of impurities. The high rates of
Si, Fe and Al showed a strong mineral proportion generally under
the form of silica, alumina and iron oxide. The ash content is
about 20% (Table 2). The FHA also contains a large quantity of Na
(37,000mgkg~1)and Ca (22,000 mg kg~!) (Table 2). Their presence
is certainly due to the extraction mode using alkaline treatment.
The analysis results showed that the FHA is rather a calcium and
sodium salt. For these reasons, we were obliged to purify the FHA.

Table 3
Spectra principal bands assignment of FHA, PFHA, LHA and LHA standard (IHSS)

r 2.0
Vs of

COoO" F 18

Vas of

COoO
16

Yepof

FHA+1gl Hgt* | 14
1.2

FHA +0.5 g I'Hg™

T

.

o
Absorbance

FHA +0.1 gI' He?'|

0.8
r 0.6
r 0.4
r 0.2
FHA
— ; . Lo
2000 1500 1000 500

Wavenumbers (cm'1)

Fig. 7. FTIR spectra of FHA, PFHA and its mercury salt form (0.1, 0.5 and 1 g1-1).

The study of the spectra shows a rather salt form (carboxylate
—COO0™) than acid form (—COOH) and a mineral part.

(I) Acid form: a shoulder at 1695cm~! corresponding to the
stretch ve=p (—COOH) (Fig. 6 and Table 3) was noticed instead
of an intense peak as for the benzoic acid (vc=g at 1676 cm~1)
(Fig. 5).

(1) Salt form: the stretch frequency v,s (—COO~) was observed at
1590 cm~! for the FHA (Fig. 6) whereas it was at 1496 cm™!
for Hg benzoate and the vs (—COO~) appeared at 1386cm™!
(1390 cm~! for Hg benzoate). The absence of the vc=g (—COOH)
band in the domain 1250-1350cm~! was noticed, thus con-
firming the salt form of the FHA instead of a “pure” acid form.

(III) Mineral part: the characteristic absorption band vg;—g of sil-
ica was observed at 1031 cm~! [38,41,43,44] confirming the
presence of the mineral part of FHA (Fig. 6 and Table 3).

3.2.2. Purified Fluka TM humic acid (PFHA)

The FHA purification caused a strong loss of cations as shown
by the ICP-AES results (Table 2). The sodium and the calcium
quantities decreased by 90% and 98%, respectively, and the ash
amount decreased by more than 80%. The purification (acidifi-
cation) is confirmed on the infra-red spectra (Fig. 7) since the

Attribution Unit FHA PFHA LHA LHA standard (IHSS)
V=, Carboxylic cm™! 1695 1715 1709 1713
Ve—o Asymetric carboxylate cm™! 1590 1610 1608 1609
Ve—o Symetric carboxylate cm™! 1386 1420 1429 1382
Ve—o Carboxylic cm! = 1224 1232 1214
Vsi—o Silica cm™! 1031 1031 - -
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Fig. 8. (a) FTIR spectra of LHA. and (b) FTIR spectra of LHA standard (IHSS).

shoulder at 1695cm~! disappeared giving place to the intense
peak at 1715cm~! corresponding to vc=g (—COOH) characteristic
of the acid form and the reappearance of the peak corresponding
to the vc—g (—COOH) at 1224 cm™! confirms the acid form of the
PFHA (1676 and 1230cm~! for the benzoic acid). The frequency
Vas (—COO~) was subject to a displacement from 1590cm~! to
1610cm~" (Table 3).

3.2.3. Leonardite humic acid (LHA)

LHA contains fewer impurities than the two previous humic
acids. The ash content is about 3% (Table 2). This good level of purity
is due to the good quality of humic acids contained in the initial
extract. The results obtained by ICP-AES quantification of the LHA
show that the principal minerals found in the soil are much weaker
in this acid. As example the silica rate in LHA (150 mgkg~!) is 100
times weaker than in FHA (18000 mgkg~1) and 50 times weaker
than in PFHA (8300 mgkg~1).

Fourier transform infrared spectra are presented in Fig. 8a. It has
a profile close to that of the PFHA, the assignment of the principal
bands of the three acids is given on Table 3 with:

(i) an acid form: v, (—COOH) at 1709 cm~! and vc—g (—COOH)
at1232cm™1,

(ii) a salt form: v,s (—COO~) at 1608cm~!, vs (—COO~) at
1429 cm™!, values close to those found for the PFHA and
(iii) absence of the peak corresponding to silica.

This acid has an FTIR spectrum (Fig. 8a) showing a high level of
organic matter. It looks like the IRTF spectrum of the humic acid
Leonardite standard IHSS (Fig. 8b and Table 3). This report is impor-
tant since it will make it possible to correctly study the behaviour
of the organic matter (LHA) at the time of an interaction with mer-
cury and to observe the spectral modifications without important
interference of the mineral matter. It should be noticed that the
mineral part of the soil has also a strong capacity of metals fixa-
tion [45]. A previous work showed that the proton exchange H* -
Pb2* could be followed by the displacement of the frequency njs
and ng of (—COO™~) and the intensity of the peak characteristic of
the frequency v=, (—COOH) at 1715cm~! (Figs. 7 and 9) [17].

3.3. Humic acid-mercuric ion interaction
The study of the interaction of various humic acids (FHA, PFHA,

LHA) with mercuric ion was carried out according to the concen-
trations of Hg and the pH. The results are represented in Table 4.
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Table 4

Chemical characterization of the mercury sorption by the studied humic acids
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Hg Concentration

ogl! 01gl! 05gl-! 1gl!

FHA

Initial pH 5.45 5.27 5.03 4.80

Final pH 6.50 6.20 522 4.25

Hg Mass sorption (mg) 0.0 4.55 23.75 49.50

% of sorption 91 95 99

Vas (—COO~)cm! 1590 1580 1565 1550

Vs (—CO0~)cm™! 1386 1390 1401 1405

Characteristics of COOH No variation No variation No variation No variation

Initial pH 3.00 3.00 3.00 3.00

Final pH 6.21 5.68 4.73 3.78

Hg Mass sorption (mg) 0.0 4.55 23 47

% of sorption 91 92 94

Vas (—COO~)cm™! 1587 1576 1567 1553

Vs (—CO0~)cm™! 1385 1385 1395 1400

Characteristics of COOH No variation No variation No variation No variation
PFHA

Initial pH 5.48 511 4.85 4.59

Final pH 2.97 2.76 2.38 2.10

Hg Mass sorption (mg) 0.0 4.95 21.75 41.00

% of sorption 99 87 82

Va5 (—COO~)cm! 1612 1611 1605 1590

vs (—COO~)cm! 1420 1423 1427 1430

Characteristics of COOH Appearance Decrease Important decrease Almost total disappearance

Initial pH 3.00 3.00 3.00 3.00

Final pH 2.72 2.44 227 2.00

Hg Mass sorption (mg) 0.0 4.90 21.25 40.00

% of sorption 98 85 80

Vas (—COO~)cm! 1613 1609 1604 1597

Vs (—COO0~)cm! 1417 1423 1425 1426

Characteristics of COOH Appearance Decrease Important decrease Almost total disappearance
LHA

Initial pH 5.60 5.00 4.98 4.96

Final pH 3.16 2.92 2.50 2.20

Hg Mass sorption (mg) 0.0 4.85 19.00 35.00

% of sorption 97 75 70

Va5 (—COO~)cm~! 1610 1608 1599 1591

Vs (—CO0~)cm~! 1429 1432 1436 1441

Characteristics of COOH Appearance decrease Important decrease Almost total disappearance

Initial pH 3.00 3.00 3.00 3.00

Final pH 2.89 2.70 2.35 2.27

Hg Mass sorption (mg) 0.0 4.90 19.75 37.00

% of sorption 98 79 74

Va5 (—COO~)cm! 1612 1611 1588 1581

vs (—CO0~)cm! 1425 1428 1435 1435

Characteristics of COOH Appearance Decrease Important decrease Almost total disappearance

3.3.1. Fluka TM humic acid-mercuric ion interaction
3.3.1.1. Effectofmercury concentration and pH. The fixation percent-
age of mercury increases according to the concentration of Hg2*
which increases from 91 to 99% (Table 4) at initial pH and from 91
to 94% at pH 3. For 0.1 and 0.5 g1~ concentrations, the increase in
the pH results in the exchange between HgZ* and Na*, CaZ*, which
is confirmed by quantifying Na* and Ca2* cations (Table 5).

For the maximum concentration of HgZ* (1gl-1) the reduction
in the pH (Table 4) is due to the Hg2*/H* exchange since the ini-

Table 5
Cation analysis in the: FHA—1 gl-! Hg, PFHA—1gl-! Hg and LHA—1gl-' Hg

Unit FHA+Hg?* (1gl-') PFHA+Hg?* (1gl-!) LHA+Hg*" (1gl-")
Na mgkg! 2000 1000 170
Ca mgkg! 7600 100 0
Ee mgkg ! 11,000 2900 995
Mg mgkg! 1500 0 0
Hg mgkg~! 248,750 2,08,000 1,75,000
Si  mgkg! 15000 <8300 <150
Al mgkg—! 6500 <4200 <2500

tially occupied sites by Na*, Ca?* were saturated by Hg?* at 0.1 and
0.5g1-! concentrations.

3.3.1.2. Vibrational study by FTIR. The concentration effect of Hg2*
caused a shift towards the low wavenumbers of the band corre-
sponding to the stretch v;s (—COO™) of the carboxylate form (salt)
of FHA. Indeed, the latter shifted from 1590 to 1550 cm~!, that is to
say amove of 40 cm~" for the maximum concentration (1gl1-!)and
aninitial pH of 5.45. When the pH was decreased to 3, the exchange
became more difficult between the protons and the mercuric ions,
as confirmed by analytical quantification (Table 4) and a weaker
shift following the increase of Hg2* concentration (shift of 34cm—!
for 1g1-1) was noticed. In the interaction with Pb%*, the shift was
even weaker, about 26 cm~! for aninitial pH of 5.42 and 23 cm~! for
an imposed pH of 3 [17]. However, the intensity corresponding to
V=0 (—COOH) did not change (Fig. 6), whatever the concentration
and the pH were, which proves the salt form of FHA. We can deduce
that FHA cation exchange with mercury involves a more important
shift at the level of the characteristic peak of the carboxylate form
Vas (—COO™) than with lead. Also we notice a vc—g shift from 1386
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Fig. 9. FTIR spectra of LHA and its mercury salt form (0.1, 0.5 and 1gl-1).

to 1410 cm~1. Thus we would be able to have an initial fast quali-
tative answer concerning the nature of the metal exchanged (Hg%*
or Pb%*) according to the importance of the frequency shift of the
band v,s (—COO™).

For the vs (—COO~) bands, we notice a shift towards high values
wavenumbers reaching up to 20 cm~!. Indeed, for a sorption of Hg
(1gl-1),the vs (—COO~) shift from 1386 to 1405 cm~!. Itis relatively
weak compared to v;s (—COO™).

3.3.2. Purified Fluka TM humic acid (PFHA )-mercuric ion

interaction

3.3.2.1. Effect of the concentration and the pH. At weak Hg?* con-
centrations (0.1gl1-1), the exchange is almost total (99%). This is
explained by the availability of Na* and Ca2* ions which decreased
after purification (Table 2) and which was exchanged by Hg2*. On
the other hand, when the Hg2* concentration increases, PFHA is
under acid form, the exchange is more difficult because of the com-
petition HgZ*/H*. The pH of the solution decreases very slightly
(2.30 and 2.10) confirming a limited exchange. With pH equal to 3,
the ratio of exchange is much weaker and reaches only 80% with a
final pH of 2.00. This confirms the competitiveness Hg2*/H* on the
sites occupied by the protons of PFHA.

3.3.2.2. Vibrational study. In this case also an evolution in the shift
of the frequency band v,;s (—COO™~) towards the low wavenumbers
per effect of the concentration in Hg2* was observed. A maximum
shift of 20cm~1 was noticed since v,s (—COO~) goes from 1612 to
1590 cm~! for the maximum Hg concentration (1gl-1). Contrary
to FHA, the effect of the mercury concentration showed that the
intensity of the vc=g (—COOH) band at 1715 cm~!, characteristic of

the acid functional group (—COOH) of the PFHA, decreases with
the increase in the mercury concentration until its total disappear-
ance (for [Hg2*]=1gl-1). Also we notice a decrease and a shift of
vs COO~ band. This result was mentioned by Klucakova [14]. There
is an intensity diminution and a vc—g shift from 1224 to 1420 cm~1.
The latter is close to 1410 cm~! in the case of AHF 1 g1~ Hg. It shows
that all the sites are occupied by mercury in COOH.

This intensity reduction is explained by the exchange between
the protons and the mercuric ions until obtaining the salt form of
PFHA (Fig. 7).

Thus the aspect of the FHA spectra was found. This result differs
from the one found with PFHA-Pb2* interactions [17] where this
characteristic band does not disappear whatever the pH and the
lead concentration were.

3.3.3. Leonardite humic acid (LHA)-mercuric ion interaction

3.3.3.1. Effect of the concentration and the pH. The sorption rates
for the mercury concentrations 0.1 and 0.5g1~! are 97% and 75%,
respectively. With the maximum concentration 1 g1, the percent-
age of mercury fixation decreases to 70%, which shows that the
cation exchange is limited by the competition Hg2*/H*. Indeed, LHA
being under acid form, the calcium and sodium rates which are
weaker compared to the two other humic acids involve weak vari-
ations of exchange with Hg2*. With a more acid pH (3), a more
difficult exchange was noticed, which is explained by a weaker
release of protons compared to the PFHA (Table 4).

3.3.3.2. Vibrational study. LHA being under acid form has an almost
identical vibrational behaviour to that of PFHA. Indeed, the shift of
the v;5 (—COO~) band was observed according to the concentration
effect. From 1610 it shifts to 1591 cm~!, that is19 cm~! (same shift
as for PFHA) for the initial pH and up to 31 cm~! for the pH equal
to 3. For the frequency vc=g (—COOH) at 1709 cm™!, its intensity
decreases until its total disappearance for the maximum Hg2* con-
centration. This once more confirms the acid form of LHA which
evolves to the salt functional group according to the exchange with
mercuric ions. With lead, we notice a shift of 12 and 7 cm~1!, respec-
tively for the initial pH and pH 3.

3.4. Summary discussion

The study of the interaction simple model molecule-mercuric
ion by FTIR spectroscopy showed the disappearance of the band
corresponding to the carboxylic functional group leaving place to
the mercury carboxylate salt functional group. This is regarded as
the principal index of the metal fixation in the study of humic
acid-mercuric ions interaction. For a given humic acid, there are
relationships between the fixed mercury mass and certain infra-
red spectra bands. Two behaviours were observed for the studied
humic acids:

(I) The FHA fixed the maximum of HgZ* (99%) at the maxi-
mum mercury concentration (1g1-1) because of easy exchange
between Na* and Ca2* which occupies the FHA sites in salt form.
These exchanges were followed by the shift of the frequency vas
(—COO0~) towards low wavenumbers according to mercury con-
centration where a shift of 40 cm~! was noted. The study with
lead gave a shift of 20 cm~. Also there is an intensity decrease
and a shift of v c—g from 1232 to 1415cm~!.

(II) Acid forms PFHA, LHA, by the nature of their structure and
their “pure” acid form, showed limited rates of mercury fix-
ation because of the occupied sites with more protons. The
difficulty of exchange of the latter with metal ions was con-
firmed. However, this exchange followed by FTIR gave a shift
of the carboxylate band v,s (—COO~) and a reduction in the
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intensity of vc=g (—COOH) by effect of the mercury concentra-
tion until its total disappearance. This result differs from the
one obtained with lead since the frequency vc=g (—COOH) does
not disappear even with maximum concentration of lead. This
behavioural difference of Pb2* and Hg2* towards humic acid is

explained by the weak ionic ray of mercury (Hg?* r=0.83 f\)

and its greater affinity compared to that of lead (Pb%* r=1.33 /:\)
[7,46].

4. Conclusion

This vibrational study by FTIR, which supplements that of Gos-
sart et al., is a tool for fast prospecting of pollution by mercury and
lead in the organic part of the soil. To our knowledge, an extraction
of the humic acid, followed by the realization of an infra-red spec-
trum, would direct us towards the detection of a contamination by
lead or mercury. We would study only the values of the frequen-
cies of the carboxylate bands vy (—COO~) and the intensities of
Vc=o (—COOH) corresponding to the humic acids/mercury or lead
complexes. In the future, it would be interesting to see the compe-
tition of these two heavy metals for fixation with humic acid for an
extrapolation of a possible individual or mixed contamination by
mercury and/or lead. We can conclude that, at this level of investi-
gation, the analytical and spectroscopic protocols used in this work,
in complement with those used with lead, could be developed.
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