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Abstract

Differential Scanning Calorimetry combined with Fourier transform infrared spectroscopy,
was applied to the study of a number of fulvic and humic acids extracted from soils, peat, river
and seawater. The thermal patterns obtained were related to the nature and origin of samples. The
low-temperature endotherms were attributed to dehydration and loss of peripheral polysaccharide
chains. The endotherm at 250°C observed for soil FA was ascribed to partial decarboxylation of
more labile surface COOH groups, whereas the high-temperature exotherms at about 500°C were
related to the degree of polycondensation of the aromatic network of the humic molecules.
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Introduction

The organic matter in soils consist of a mixture of plant and animal residues in
various stages of decomposition, of chemically and biologically synthetized sub-
stances from the breakdown products, and of microorganism and small animals and
their decomposing remains. Soil organic matter is usually partitioned into non humic
and humic substances. Non humic substances include those with still recognizable
physical and chemical characteristics such as carbohydrates, proteins, peptides,
amino acids, fats, waxes, alkanes and low molecular mass organic acids. Most of
these compounds are attacked relatively readily by microorganisms in the soil and
have a short survival span. The major matter in most soils and water, however, con-
sists of humic substances. These are amorphous, dark-colored, hydrophilic, acidic,
polyaromatic, chemically complex organic substances that range in molecular mass
from a few hundred to several thousand. Based on their solubility in alkali and acid,
humic substances are partitioned into three main fractions: humic acid (HA), which
is soluble in dilute alkali but is precipitated by acidification of the alkaline extract;
fulvic acid (FA), which is soluble in both dilute alkali and dilute acid, and humin,
which is the humic fraction that cannot be extracted from the soil or sediment by di-
lute base and acid.

Differential thermal analysis (DTA) has been widely used to obtain information
on the thermal behaviour of soil organic matter fractions including humic sub-
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stances, organo-mineral fractions [1, 2], and even bulk soil samples [3]. Several data
are available in literature on DTA applied to the study of many HAs and FAs from
widely distributed soil types in former USSR, Mediterranean area, acidic or near
neutral to alkaline Vertisols, etc. Due to the intrinsic molecular complexity of these
materials, the interpretation of the thermal curves and related processes is not imme-
diate and not yet completely clear. However, all the experimental results provide
similar evidences, that are: a) an endothermic peak in the range 433-473 K, b) an
exotherm between 673 and 733 K and c) a prominent exotherm in the range 813-
873 K. The low-temperature endotherms are attributed to dehydration processes and
the exotherms respectively to decarboxylation reactions and decomposition of the
aromatic core of the molecule [4-12].

Despite the large number of DTA studies of humic materials, limited research is
available on differential scanning calorimetry (DSC) of these substances [13-17].
The basic difference between DTA and DSC systems is that, in latter, sample and
reference are both provided with individual heaters and this makes it possible to use
a ‘null-balance’ principle. Thus, the temperature of the sample holder is always kept
the same as that of the reference holder by continuous and automatic adjustment of
the heater power. A signal, proportional to the difference between the heat input to
the sample and that to the referendd/dt, is fed into a recorder. So, with DSC is
possible to make a conversion of the peak area into energy unit. The technique is,
therefore, promising for further application to study chemical aspects of thermal re-
actions occurring in humic substances, especially when they interact with pesticides
and metal ions.

The objective of this paper is to present results of a combined DSC-FTIR inves-
tigation of FAs and HAs of various origin and nature.

Materials and methods

Five HA and four FA samples were used in this work, which were obtained from
the standard and reference collection established by the International Humic Sub-
stances Society (IHSS), with the purpose of mantaining a collection of humic sub-
stances of different origin and nature available to studies and researches by scientists
worldwide [18]. HA and FA were extracted from the bulk-solid earth materials by a
20-step procedure based upon NaOH extraction that was formulated by an interna-
tional group of humic substances researchers in 1981, on the basis of information
then available, as the most suitable for these materials. The fundamental charac-
terization of these samples is currently in progress. Several methods, including ele-
mental and functional group analyses, chemical component analysis, molecular
mass and size determination, ash analysis, and numerous spectroscopic techniques,
such as FTIR, ESR, NMR, fluorescence and UV-visible spectroscopy are being ap-
plied. The HA and FA samples used in the present work are: (a) the Summit Hill soil
HA (IHSS code, 1R106H); (b) the Eliot soil HA (IHSS code, 1R102H) and FA
(IHSS code, 1R102F); (c) the Pahokee peat HA (IHSS code, 1R103H) and FA (IHSS
code, 1R103F); (d) the Suwannee river HA (IHSS code, 1S101H) and FA (IHSS
code, 1S101F); and (e) the Nordic aquatic HA (IHSS code, 1R105H) and FA (IHSS
code, 1R105F). Details on isolation, fractionation and purification methods and in-
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formation on chemical and spectroscopic properties of the samples examined have
been published previously [19-22]. Major elemental composition, atomic ratios, ash
contents andE4/Eg ratios of samples utilized are reported in Tabl&JEg ratios

were determined by dissolving 1.0 mg of each sample in 5 ml of Nald@®the

pH was adjusted to 8.3 with NaOH. The absorbances at 465 nm and 665 nm were
measured on a spectrophotometer series Perkin EImer. The ratio of these absor-
bances gives thE,/Eg ratio. Ratios considered in the table are related to the degree
of condensation of aromatic groups, i.e. to the humification degree.

DSC curves were obtained by a Perkin EImer DSC 7, equipped with a thermal
analysis (TA) automatic program. Aliquots of 5 mg of each sample were placed in
an aluminum pan of 50 | capacity and 0.1 mm thickness, press-sealed with a not
perforated aluminum cover of 0.1 mm thickness. An empty pan sealed in the same
way was used as reference. DSC thermograms were measured by heating the sample
from 323 to 923 K at a rate of 293 K minunder an air-flow of 20 cfmint In-
dium was used as standard for calibrating the temperature. Reproducibility was

checked running the sample in triplicate. The baseline was subtracted by all DSC
curves.
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Fig. 1 DSC curves of HA from Summit Hill soil (a), Eliot soil (b), Pahokee peat (c), Suwan-
nee river (d) and Nordic Sea (e)
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In order to elucidate the molecular tranformations occurring during thermal proc-
esses, FTIR spectra were measured in the 400 to 4000vavenumber range on
samples withdrawn from DSC experiments after heating to 373, 473, 573, 673,
773 K, using a Nicolet 5PC FTIR spectrophotometer. KBr pellets were obtained by

pressing, under reduced pressure, uniformly prepared mixtures of 1 mg sample and
400 mg KBr, spectrometry grade.

Results and discussion

In general, DSC curves of HA and FA samples examined show similar pattern

with thermal peaks occurring at similar temperatures, but with different intensities,
which depend on the origin and nature of the sample.

425

. .. 523
4t‘\1
h
\\____/
773
426
c
K
753
d
728

L

Heait Flow / mW

£ngo

373 573 ’ 773
TIK

Fig. 2 DSC curves of FA from Eliot soil (a), Pahokee peat (b), Suwannee river (c) and Nor-
dic Sea (d)

In particular, DSC curves of HAs from Summit Hill and Eliot soils (Fig. la, and
Fig. 1b), show a strong endotherm respectively at 425 and 433 K and an exotherm at
753 K. FA from Eliot soil (Fig. 2a) displays the endotherm at 525 K and the
exotherm at 773 K and in addition it shows an endothermic shoulder at about 523 K.

FTIR spectra provide a useful tool for the interpretation of thermal reactions in-
dicated by the peaks observed in DSC curves. Main IR adsorption bands for HAs
and FAs are listed in Table 2. FTIR spectra of Summit Hill and Eliot soils (Fig. 3a)
HAs after heating to 373 and 473 K are similar to those of original samples, which
suggests that no relevant structural and functional modifications have occurred. A

J. Therm. Anal. Cal., 57, 1999



522 PROVENZANO, SENESI: HUMIC SUBSTANCES

% Transmittance

v v
3000 2000 1000
Wavenumbers / em”

Fig. 3 FTIR spectra of soil HA (a), soil HA heated to 573 K (b) and soil HA heated to 773 K (c)

Table 2 Main IR adsorption bands of humic substances

Frequency/crﬁ1L Assignment
3400-3300 O-H stretching, N—H stretching (trace)
2940-2900 Aliphatic C—H stretching
1725-1720 C=0 stretching of COOH and ketones (trace)

C=0 stretching of amide groups (amide | band), quinone C=0
and/or C=0 of H-bonded conjugated ketones

1620-1600 Aromatic C=C, strongly H-bonded C=0 of conjugated ketones

COO symmetric stretching, N—H deformation,
C=N stretching (amide Il band)

1460-1450 Aliphatic C-H

OH deformation and C-O stretching of phenolic OH, C—H deformation of
CH, and CH groups, COOantisymmetric stretching

1280-1200 C-0 stretching and OH deformation COOH

C-0 stretching of polysaccharide or polysaccharide-like substances,
Si—O of silicate impurities

1660-1630

1590-1517

1400-1390

1170-950
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marked reduction of the IR band at 1043 tis apparent after heating to 573 K
(Fig. 3b). This result shows that between 473 and 573 K a loss of peripheral polysac-
charide chains occurs, but this evidence is not confirmed on DSC curves of both soils
HAs. FTIR spectrum of Eliot soil FA (Fig. 4a), heated to 573 K (Fig. 4b) exhibits a
marked reduction of the relative intensity of adsorptions at 17I8(@®OH) com-
pared with that at 1630 ¢th(COQO). This result may be ascribed to partial decar-
boxylation as showed by the thermal effect occurring at 523 K. The FTIR spectra of
soil HAs and FA heated to 673 K do not show any relevant variation compared to the
previous spectra. The FTIR spectra of all soil samples heated to 773 K feature only
strong peaks at 3420, 1385 €npossibly phenolic OH) and a broad band at about
1700 cm? (possibly attributed to carbonyl groups) (Fig. 3c and Fig. 4c). The possi-
ble oxydation of the aromatic nuclei of the molecules may have occurred as sug-
gested by the exotherm observed at about 773 K.

DSC curves of peat HA (Fig. Ic) and FA (Fig. 2b) are very similar to each other,
featuring only a strong endotherm at 428 K for HA and at 441 K for FA. FTIR spec-
tra are similar for peat HA and FA (Fig. 5).Spectra obtained on samples heated to
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Fig. 4 FTIR spectra of soil (FA) (a), soil FA heated to 573 K (b) and soil FA heated to 773 K (c)
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373, 473 and 573 K are similar to those of the original ones. After heating to 673 K
(Fig. 5b), a reduction in intensity of the IR bands at 1385'¢phenolic OH) and
1716 cm* (COOH) and an increase in the relative intensity of the broad band at
1624 cm* (COO) are observed. After heating to 773 K (Fig. 5¢) peaks at 171¥ cm
(COOH/CO) and 1385 crh(phenolic OH) disappear and the intensity of the bands
at 1624 cm' (COO) and 1211 crm (aromatics) decreases. These results suggest a
lower thermal stability of phenolic OH in peat HA and FA, compared with soil FA
and HA.

DSC curves of the Suwannee river HA (Fig. Id) features an endotherm at 411 K
and a broad exotherm with a minimum at about 713 K, whereas the corresponding
FA (Fig. 2c) shows the same endotherm at 426 K and an exotherm at 753 K. Nordic
aquatic HA (Fig. 1e) and FA (Fig. 2d) samples are characterized by an endothermic
peak occurring at 403 K for HA and 388 K for FA, and by a broad exotherm centered
at about 728 K for both samples. Nordic aquatic and Suwannee river HAs and FAs
show a similar trend in their FTIR spectra (Fig. 6a). Samples heated to 373, 473,
573 K are similar to those of corresponding original samples. When heated to 673 K
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Fig. 5FTIR spectra of peat (HA) (a), peat HA heated to 673 K (b) and peat HA heated to
773 K (c)
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Fig. 6 FTIR spectra of aquatic HA (a), aquatic HA heated to 673 K (b) and aquatic HA
heated to 773 K (c)

(Fig. 6b), they exhibit the previously described decrease in the relative intensity of
the IR peak at 1716 cth(COOH), compared to that at 1628 ¢niCOO). After
heating to 773 K (Fig. 6¢) a further reduction occurs in the relative intensity of the
peak at 1716 citand infrared spectra are strongly modified showing residual ad-
sorptions due to aromatic structures.

These results support the data reported in literature according to that the high-
temperature exotherm may be ascribed to the possible rearrangement and polycon-
densation of aromatic nuclei of the humic molecule.

Conclusions

The combined DSC and FTIR analyses of HAs and FAs of various nature and ori-
gin provide useful information on the thermal behaviour and thermal stability/labil-
ity of structural and functional components of humic macromolecules. In particular,
the strong endothermic peak appearing in the low-temperature region for all samples
indicates loss of hydration water and /or structural water, and of labile peripheral
polysaccharide chains. The endotherm at about 623 K for soil FA may be ascribed to
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partial decarboxylation of more labile, not H-bonded, surface COOH groups. The
broad exotherm around 773 K may be assigned to thermal reactions involving rear-
rangements of aromatic nuclei of the humic molecules. This evidence is suggested
by FTIR spectra after heating to 773 K, in which residual adsorptions ascribed to
aromatic structures are still present. The presence or absence, and the relative inten-
sity of the various thermal peaks observed appear to be related to the nature and ori-
gin of HA and FA samples studied. For instance, the high-temperature exotherm is
absent in peat HA, whereas it shows lower intensity in Nordic aquatic and Suwannee
river FAs and HAs than in soil FAs and HAs.

These results are related to the low degree of humification of the aromatic net-
work in aquatic HAs and FAs, compared to soil and peat FAs and HAs that are well
known to be structurally complex and polycondensed organic macromolecules.
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