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ABSTRACT

Ricca, G., Federico, L., Astori, C. and Gallo, R., 1992. Structural investigations of humic acid from
leonardite by spectroscopic methods and thermal analysis. Geoderma, 57: 263-274.

Humic acid from leonardite, an immature coal, has been examined by spectroscopic methods (UV-
VIS, IR-FT, 'H, *'P, '*C-NMR ), mass spectrometry (FAB-MS) and thermal analysis. These tech-
niques provided complementary informations. A quantitative '3C-NMR technique was applied to
this humic acid: the aromaticity calculated from the NMR data is high, about 76%, in agreement with
mass spectrometric and thermal analysis data.

INTRODUCTION

Materials classed as very immature coals are heteropolycondensed sub-
stances almost completely soluble in aqueous alkali and can thus be consid-
ered an abundant source of natural humic acids.

Among these materials is Leonardite, a coal-like substance extracted from
superficial layers of North Dakotan lignite mines and similar in structure to
lignite (Young and Frost, 1963; Lynn, 1967; Saeed, 1978). The major differ-
ence between Leonardite and lignite is the higher oxygen content of the for-
mer, which is entirely due to a larger number of carboxyl and phenolic groups.
Till now Leonardite has been studied as soil conditioner or organic fertilizer
(Schwartz et al., 1965; Gaur, 1969; O’Donnell, 1973; Harrel and Saeed, 1977,
Ciavatta et al., 1988); beside, it was utilized as humified material in many
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laboratory investigations (Piccolo and Camici, 1990; Contin and De Nobili,
1990). At present it seems that no significant study has been concerned to the
structure of this material.

The object of this paper is a structural investigation of the humic acid (HA)
from Leonardite by means of: UV-VIS, IR, magnetic nuclear resonance ('H-
NMR, '*C-NMR, *'P-NMR) spectroscopy; thermogravimetric analysis and
differential scanning calorimetry (DSC); mass spectroscopy.

MATERIALS AND METHODS
Materials

Organic matter was extracted twice from Leonardite according to a modi-
fied method described by Schnitzer and Skinner (1982) by 0.5N NaOH, us-
ing a solvent:leonardite ratio of 10:1 and once with distilled water. All extrac-
tions and subsequent treatments of the extracts, while in alkaline state, were
done under nitrogen. The humic acid was separated from the fulvic acid by
acidification at pH 1. Afterwards the raw materials were dialysed against dis-
tilled water and passed twice through a column of Amberlite IR-120 exchange
resin in the H-form. Successively the solution was concentrated under vac-
uum at room temperature and the residue was lyophilized.

Chemical methods

The organic carbon was determined according to Springer and Klee (1954);
total P by colorimetry after mineralization of the sample. The proton ex-
change capacity of the humic acid was determined by potentiometric titra-
tion. The total acidity (carboxylic and phenolic groups ) was determined with
Ba(OH), and calcium acetate (Schnitzer and Gupta, 1965).

Spectroscopic methods and thermal analysis

For UV-VIS spectra, HA was dissolved in a NaHCO; 0.05N or in a NaOH
0.05N solution (about 200 mg/1 of HA).

UV and VIS spectra were obtained with a Perkin Elmer 554 UV/VIS
spectrophotometer.

IR spectra were recorded on KBr pellets (1 mg of sample + 200 mg of dry
KBr) from 4000 to 600 cm~! in a FTIR Perkin Elmer mod. 710
spectrophotometer.

A 3'P-NMR proton decoupled spectrum of HA solution was obtained at
80.96 MHz on a Varian XL 200 spectrometer. The NMR sample was pre-
pared by dissolving 60 mg of HA in 0.5 ml of NaOD 3M solution. For 3'P-
NMR the following conditions were used: spectral width SW=4000 Hz; ac-
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quisition time AT=0.5 s; number of transients NT=121,131, pulse width
PW =45°; external standard 85% H,PO,.

Proton decoupled '*C-NMR spectra of humic acid solutions were obtained
at 75.432 MHz on a Bruker AC 300 spectrometer. The NMR sample was
prepared by dissolving 60 mg of HA in 0.5 ml NaOD 3M solution. Conditions
were chosen to obtain reasonably quantitative intensity distributions while
maintaining usable signal-to-noise ratios (Preston and Blackwell, 1985). The
spectrum was obtained using inverse-gated-decoupling [acquisition time 0.2
s, and 45° pulse; relaxation delay (decoupler off D,=1.8 s); total acquisition
times were 48 h]. The free induction decays were processed by applying 20
Hz linebroadening and baseline correction both using Bruker software as sup-
plied (Preston and Blackwell, 1985). The uncertainty in the area measure-
ments was approximately + 10% and depended both on signal to noise ratio
(S/N) and extent of overlap of spectral regions.

Chemical shifts were determined from internal dioxane and are quoted rel-
ative to external TMS. The spectra obtained by DEPT (distortionless en-
hancement by polarization transfer), provide informations on carbon multi-
plicities, producing characteristic changes in the time intensities at CH;, CH,,
CH and C groups.

"H-NMR spectra of HA solution were obtained at 300 MHz under homo-
gated decoupling condition in which the HOD peak produced by water im-
purities and proton exchange was irradiated. The radiofrequency (RF) level
of HOD irradiation was optimized for this sample. Chemical shifts are quoted
with respect to internal DSS [4,4 dimethyl-4-silapentanesulphonic acid (Na-
salt) ]. NMR samples were prepared by dissolving 10 mg of HA in 0.5 ml
NaOD 0.5M.

The mass apparatus used is a 7070 EQVG Analytical Organic Mass Spec-
trometer by FAB technical (Fast Atom Bombardment).

DSC curves were obtained on a Perkin-Elmer DSC-2 instrument equipped
with a Perkin-Elmer Thermal Analysis Data Station 3600. Samples of 0.3-3.5
mg were weighed in aluminium pans. The instrument was preset at 323 K and
the sample was heated at 20 K min—! (dynamic test). Indium was used as the
standard for calibrating the temperature axis and enthalpy output. Thermo-
gravimetric curves were obtained on a Perkin-Elmer TGS-2 instrument under
air or nitrogen at 20 K min—"'.

RESULTS AND DISCUSSIONS
Chemical analysis
The water content of leonardite used in our experiments is 15.4%. In the

dried material the ash content is 20.9% and the total carbon is 63.9% of the
dry matter ash free.
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TABLE 1

Total acidity

[Ba(OH),], meq/g 12.9
COOH Groups

[Ca(OAc),], meq/g 3.96
Phenolic groups

—OH, meq/g 8.94
COOH Groups', meq/g in H,O 5.94
COOH Groups', meq/g in 6.79
DMSO

C (%) 51.31
H (%) 6.93
N (%) 1.27
0 (%) 40.63
Residue? (%) 3.92

"Measured by potentiometric titration. These data are also referred as proton exchange capacity.
20n dry basis.

HA from leonardite is fairly soluble in NaOH, dimethyl sulphoxide, dime-
thylformamide; moderately soluble in methanol, ethanol, tetrahydrofuran;
insoluble in water, benzene, toluene.

In Table 1 data of elemental analysis, total acidity, carboxyl and phenolic
groups’ contents are reported. The elemental composition values are normal-
ized to 100%; the oxygen was calculated by difference. According to the re-
sults obtained by Schnitzer and Gupta (1965), the carboxyl and phenolic
groups represent 30.7 and 69.3% of the total acidity, respectively. The num-
ber of COOH groups present in 100 carbon atoms, as calculated from poten-
tiometric titrations, is 7.14 and 8.15 in H,O and DMSO respectively, while it
is 4.75 on the basis of the calcium acetate method.

Spectroscopic data

The ultraviolet—visible spectroscopy of humic substances gives featureless
UV-visible spectra (Ureta Baes, 1988).

The shoulder observed about 260 nm in the spectrum of humic acid from
leonardite indicates the presence of aromatic structures in humic acid.

The E4/E6 ratio using the 0.05M NaHCOj solutions at 465 nm and 665
nm is 5.63 for humic acid from leonardite and is comparable with typical
values from humic acids (Chen et al., 1977).

Major absorption bands in IR spectrum of HA are in agreement with the
attributions reported by Ureta Baes (1988).

The broad band at 3400 cm ! may be due to hydrogen bonded hydroxyls
and, probably, to hydrogen bonded NH.

Peaks characteristic of CH stretching bands of methyl and methylene groups
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are observed in the 2970-2860 cm ! region, while the shoulders at 1450 cm ™!
and 1380 cm~! are assigned to the asymmetric and symmetric deformation
of CH, and CH, groups. _

The broad band at about 2600-2500 cm~! is due to the OH stretching vi-
brations of the H-bonded COOH. The sharp, strong band at 1715 cm ! is due
to the C=0 stretching vibration of COOH groups in aliphatic acids and also
to a contribution of meta dicarboxylic benzoic acid (Avran and Mateescu,
1966). The very large band at 1630 cm~! could result by overlaying of the
asymmetric vibration of carboxylate anion and of the C=0 stretching band
of COOH groups having H-bonded OH groups in ortho, as in salicylic acid
and 2,4 dihydroxybenzoic acid, and probably of the —CO stretching of amide.
The band at 1400 cm ™! is assigned to the symmetrical stretching vibration of
carboxylate anion.

The broad band centered at 1250 cm~' confirms the presence of COOH
groups, this band could be due to the OH deformation mode coupled with the
—C-0O- stretching mode in carboxylic groups as suggested by Schnitzer (1971)
and Stevenson and Goh (1971). Besides, the C—OH stretching vibrations of
phenolic groups may also contribute to this absorbance in the same region.

The broad and weak bands between 1150 and 1000 cm ! can be attributed
to C-O stretching vibrations in aliphatic alcohols, while the bands between
900 and 730 cm ! are due to CH out of plane bending vibrations of aromatic
rings.

The 3'P-NMR spectrum shows one signal at 5.83 ppm, indicative of inor-

T T T T T T T 1 T T T |
220 200 180 160 140 120 100 80 60 40 20 O

PPM
Fig. 1. 13C-NMR spectrum of humic acid from leonardite in NaOD solution.
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TABLE 2

3C-chemical shifts, assignments and C% from '*C

G.RICCAET AL.

REGIONa CHEMICAL SHIFT ASSIGNMENT T
(ppm) 8¢ (ppm) %
0
7 o
-—-C\ carboxylic acids
181.1 (m)® OH
A 178.1 (w)b o
200-170 |176.0 (s)° " .
172.9 (s)° —C\ carboxylic ions 16.3
170.4 (m)° o
0
/Y
——-C\ esters
OR
o= h
B 169.0 (m)b phenols
170-150 |165.0 ()b 12.2
152.1 (w) b
N substituted
aromatic rings
c 147.2 142.6 (w)P R substituted
150-130 |139.6 138.0 137.1 (w)o aromatic rings 21.3
135.1 132.9 (m)b
R= COOH; R= CH,-CHs
5 130.5 (s)d y
129.7 127.7 (s)9 o
13070 |1267 1361 1257 (59 @ aromatic rings 426
124.5 123.7 119.6 (s)d
1134 111.3 1065 ()¢ | _op. slefin
56.7 (w)d CHg-O-
49.8 37.8 (w)C -CH,-COOH
E 33.9 28.5 (w)C -CHa-CH2-COOH 75
70-0  [25.3 21.2 (w)d -C-H
19.3 (w)¢ -(CH2-CHp)o- polymethylene
13.3 9.42 (w)d CHj;- terminal methyls

(s) = strong; (w) = weak; (m) = medium.
a A, B, C D and E are defined in the text.
b cancelled in DEPT spectrum.
Cinverted signal negative (-CH,).

d positive signal (C-H).
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H,0

PPM
Fig. 2. 'TH-NMR spectrum of humic acid from leonardite.

TABLE 3

Approximate estimates of carbon and hydrogen types in humic acid

% Carbon types % Hydrogen types Ratios

Carboxy!* Aryl® O-alkyl Alkyl Aryl O-alkyl H,+H, Aryl Aliphatic
H,, Heco H/C H/C®

16.3 76.1 — 7.5 41.3 4.1 54.6 0.54 2.29

*Includes salt, ester and amide carbon.
®Includes olefinic carbon.
“Includes % carboxyl carbon.

ganic ortophosphate (Condron et al., 1985). The small amount found (about
1.7%x 103 gin 100 g of the acid) is probably an impurity.

The *C-NMR spectrum of HA in NaOD solution is shown in Fig. 1.

The assignments reported in Table 2 agree with the published data concern-
ing coal humic acid (Verheyen et al., 1982).

All the spectra show strong signals in the range 200-170 ppm. These signals
may arise mainly from carboxyl carbons and carboxylate anions, but may be
due also to esters and amino acids, which probably are present.

The small but distinct signals between 165 and 150 ppm, appear to arise
mainly from phenolic carbons. These attributions are in agreement with the
work by Schnitzer and Preston (1986).

The aromatic carbons show signals between 150 and 130 ppm; the weak
signals at 147.2 and 146.6 ppm and the medium intense signals at 135.1 and
132 ppm suggest substitution of the aromatic ring by COOH groups or CH,-
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Fig. 3. Hypothetical structures of the fragment at 190 m/e having formula C,,H,,0; from FAB-
MS.

CH; groups. Spin-echo measurements (sequence DEPT) reveal the cancel-
lation of the signals, and this fact indicates that quaternary aromatic carbons
are present.

The wide range of aromatic resonances (130-106 ppm) indicates highly
protonated aromatic rings.

Weak signals appear between 70 and 10 ppm in the range corresponding
approximately to the resonance of aliphatic carbons.

The spin-echo measurements in the region show a partial inversion of these
signals. It indicates mixed carbon atoms’ multiplicity and tentatively may be
attributed to methoxyl groups, methylene groups neighbouring carboxyl
groups, and methyl and methylene groups in chains.

No signals appear between 102 and 63 ppm, typical for carbohydrate.

According to Verheyen et al. (1982) it is convenient to divide the '*C-NMR
spectra of coal humic acids into five regions: region A (200-170 ppm ), region
B (170-150 ppm), region C (150-130 ppm), region D (130-70 ppm) and
region E (70-0 ppm ), corresponding approxymately to carboxyl carbon (A),
phenolic type aromatic carbons (B), aromatic ring carbons (C, D) and ali-
phatic carbons (E) present in the humic acid structure. Table 2 reports the
relative intensities obtained using inverse-gated decoupling for the five re-
gions of the '3C-NMR spectrum of the humic acid from leonardite.

The spectrum with quantitative intensity distributions indicates that there
are 16.3% of carboxyl carbons, 7% of aliphatic carbons and 76% of aromatic
carbons.
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The contribution of ethers and alcohols to the structure of HA was ob-
viously minor, due to no distinguishable resonances attributable to these ox-
ygen linkages.

An insight into the significance of the oxygen bonded carbon resonances in
the aliphatic region can be made by comparison of O/C ratios.

If all the oxygen in the humic acid structure was present as carboxylic and
phenolic functions represented by regions A and B respectively in Table 2, the
O/C ratio calculated as a result of this assumption should be comparable to
that from elemental analysis previously reported in Table 1. The difference
A= —0.22 obtained by O/C* 13C-NMR =0.57 and O/C=0.79 ratios con-
firms that ether oxygen and alcohols are minor components compared with
carboxyl and phenolic functional groups. Moreover the 4% content of hydro-
gen atoms in alcohol and ethers obtained by 'H-NMR confirms these data.

The '"H-NMR spectrum reported in Fig. 2 can be broadly divided into four
regions: 0.5-1.8 ppm (alkyl protons attached to carbons removed from aro-
matic rings or carboxylic groups, Hy); 1.8 ~3 ppm (protons attached to car-
bons in a to aromatic rings and carboxylic groups, H,); 3.0-4.75 ppm (alco-
hol and ether protons attached to carbons in a to oxygen, H-_o) and 6.4-9
ppm (aromatic and olefinic protons, H,,).

The approximate proportions of these hydrogen atoms (excluding ex-
changeable hydrogens) are shown in Table 3. The data in this table give ap-
proximate indications concerning H/C ratios for aromatic and aliphatic com-
ponents present in the structure of HA. The H/C ratio between aromatic
protons and carbon results 0.54: it indicates the aromatic substitution, while
the H/C ratio between the aliphatic hydrogens and carbon indicates the pres-
ence of aliphatic chains having about six carbon atoms.

The FAB-MS spectrum of the sample dissolved in glycerol shows a large
production of ion fragments, and no high molecular weight ion (above m/e
300) was detected. This spectrum is rich of small fragments, and only a prom-
inent peak at 190 m/e is observed; it may correspond to a ionization product
of formula C,,;H,,0; having, probably, one of the structures in Fig. 3.

Thermal properties

The DSC curve obtained with HA from leonardite shows a very large en-
dothermic peak in the range from 321.2 to 428.4 K (maximum at 366.9 K)
having a AH value of 233.9 J/g. After cooling the sample, subject to a second
dynamic test, yields still a very large endothermic peak between 326.6 and
437.1 K (maximum at 365.1 K) having a AH value of 81.6 J/g; this peak
probably overlays to a phase transition of the humic acid at about 442 K.

*O/C=2(4+B/100; A=0/C (!3C-NMR) —0O/C (elemental analysis).
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Fig. 4. Thermogravimetric curve under nitrogen of humic acid from leonardite; scanning rate:
20K,

The thermal stability of HA has been studied by means of thermogravime-
tric measurements both under air and nitrogen.

The thermogravimetric curves (Fig. 4) show that the weight loss is 20%
below 653 K both under nitrogen or air. This is indicative of a small propor-
tion of carbohydrates and hydroxylated aliphatic structures in humic acid from
coals (Jiintgen, 1984), as shown also by the '*C and 'H NMR spectra. While
the formation of a 36% residue at 1223 K under nitrogen indicates the for-
mation of condensed polynuclear aromatic compounds (Sheppard and For-
geron, 1987) coming from aromatic structures present in Leonardite humic
acid.

CONCLUSIONS

Spectroscopic and thermogravimetric data show that aromatic structures
clearly prevail in Leonardite humic acid.

3C.NMR spectroscopy gives a content of carboxyl groups higher than the
value obtained by chemical methods.

The little amount of P contained in leonardite humic acid is an impurity
being constituted by inorganic orthophosphate.

The leonardite humic acid is very similar to that extracted from brown coal
(Verheyen et al., 1982), while it is very different from soil humic acids.

The leonardite humic acid is useful as soil conditioner. It is not explained
yet how a so complex structure participates to the general turnover of the
organic soil matter.
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