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ABSTRACT 

Several structural changes were recognized by CPMAS 13C-NMR and resolution
enhanced IR spectroscopy after humic acids (HA) and fulvic acids (FA) were subjected to 
laboratory heating at 350°C. The NMR results suggested that the HA underwent decarboxyla
tion, selective transformation of aliphatic material, and increase in the number of aromatic 
carbons when subjected to heating for 120 s, whereas after subsequent heating no predomi
nant aromatic neoformations were observed, and the elimination of alkyl structures occurred 
preferentially at this stage. The infrared spectroscopy revealed a well-detined lignin pattern 
in the original HA, that tended to disappear with heating. The results obtained in the 
laboratory experiments agreed with several of the differences found between the NMR pat
terns ofthe humic substances from the unburnt soil area and from that affected by forest tire. 
It is suggested that the changes observed play important roles in the colloidal properties and 
the water-repellency observed in the heated humic substances and in the post-tire soil area. 
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INTRODUCTION 

In spite of the frequent occurrence of forest tires in Mediterranean areas, 
their effects on the chemistry of the humic substances has only been discuss
ed in a small number of studies. In contrast with the more or less complete 
destruction of the vegetation cover, the soil humus often reflects changes of 
chemical composition rather than severe losses in the total organic carbon 
[1-5]. 

Most information concerning the tire-induced effects on soils has been ob
tained from laboratory simulations. In fact, the simultaneous occurrence of 



different processes during forest fires (selective destruction of humus frac
tions, chemical changes in the soil organic matter, and external inputs of 
charcoal and charred lignocellulose) makes it extremely difficult to explain 
the origin of humus transformations in burned areas. Changes in the soil 
water-repellency, in the total amounts and stability of the different N-forms 
and exchange cations, and in the degradation patterns of humic substances 
have been reported from laboratory experiments [6-9]. 

A realistic evaluation of the amounts of the different structural units in the 
humic substances can be achieved by the use of 13C-NMR spectroscopy 
under quantitative acquisition conditions. Such a technique has been found 
suitable for determining the presence of humic moieties (viz., O-alkyl struc
tures) otherwise underestimated by oxidative degradation methods [10]. 

The present note reports the effects of progressive laboratory heating on 
the 13C_ NMR patterns of a humic acid (HA) and a fulvic acid (FA) from a 
forest soil under evergreen oak. The spectra of the corresponding substances 
from a neighbouring site, affected by wildfire, are also presented. 

MA TERIALS AND METHODS 

Rumie samples 

The characteristics of the soil studied (Dystric Xerochrept) and of its 
humic substances were described elsewhere [11]. Soil pH was 4.8; % C = 1.4; 
CIN = 16; CEC = 10 cmolc/kg. The sample from the control site (C) under 
Quereus rotundifolia forest was prepared by mixing five soil subsamples 
(Ao + Al horizons = 10 cm depth) from a 50 m2 flat area. The HA was ex
tracted with 0.1 M NaOH, precipitated with conc. HCI, de-ashed by 0.1 M 
HCI-HF treatment followed by 37 000 x g centrifugation at pH = 12 and 
dialysed. 

The FA was concentrated by using an insoluble polyvinylpyrrolidone 
column (Divergan-R, BASF), eluted with 0.1 M NaOH and chromatograph
ed in an Amberlite IR-l20 column to recover the Na+-free FA. The HA 
from this control site (HA-C) had 52% C, 6% H, 38% O, 4% N whereas the 
fulvic acid (FA-C) had 46% C, 3% H, 50% O and 1% N. The soil area B was 
affected by a forest fire 15 months ago and was separated from the Carea 
by a forest road. The corresponding humic fractions were labelled as HA-B 
and FA-B. 

In the laboratory experiments, the HA-C or F A-C were heated at 350°C 
in a tubular furnace [11]. The time periods ( 60-150 s) in which the samples 
were kept at the maximum temperature zone of the furnace were selected 
from the data reported for medium-intensity fires in Mediterranean forma
tions [2] where temperatures may range between 400 and 100°C in terms of 
depth. 



Nuclear magnetic resonance 

High-resolution solid state 13C-NMR spectra were obtained with the 
CPMAS technique at 75.4 MHz in a Bruker MSL 300 spectrometer. Magic 
angle spinning was performed at 4 kHz in the commercial Bruker double 
bearing probes in phase stabilized zirconium oxide rotors [12]. Cross 
polarization and proton decoupling were used, and 2500 FID's were 
accumulated at a time interval of 2.5 s. 

Resolution-enhanced infrared spectroscopy 

The different procedures for resolution enhancement based on 
mathematical treatments of spectral data yield valuable information in the 
case of complex polymer materials, where the broad peaks are mostly due to 
the overlapping of a series of neighbouring bands [13-15]. Such methods 
may be especially helpful for the present study, sincé it is well known that 
progressive maturation, coalification or thermal treatment lead to featureless 
spectral profiles of humic substances. 

The method used here is based on subtracting from the raw spectrum a 
positive multiple of its 2nd derivative, a procedure classically used in digital 
image processing [16]. The IR spectra (KBr pellets with 2.0 mg sample) were 
acquired in the 2000-600cm-1 range (1400 data points) with a Perkin-Elmer 
683 spectrophotometer and processed with the authors' program in a per
sonal computer. The noise was reduced by 100 iterations of local smoothing 
by moving averages, and the factor 1500 was used to multiply the second 
derivative. 

RESUL TS AND DISCUSSION 

The quantitative results from the integration of selected regions in the 
13C-NMR spectra (Fig. 1) are shown in Table 1. The curves showed in Fig. 
2 were obtained when the percentages of the different C types determined by 
NMR were calculated in terms of the C losses in laboratory conditions. In 
the case ofthe HA, the depletion ofalkyl and O-alkyl material s was substan
tial; the amount of carboxyl C's also decreased progressively, but that of 
aromatic C's increased with the heating time. The latter fact could be ex
plained from the neoformation of unsaturated and/or aromatic material dur
ing the heating of O-alkyl constituents such are sugars, a phenomenon 
observed during carbohydrate dehydrations leading to the formation of 
melanoidins [17-19]. 

The progressive depletion steps were studied from the difference spectra 
in Fig. 3 (the spectrum corresponding to the early step is paired with that of 
the subsequent step and their total spectral intensities are normalized; the lat-
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Fig. 1. CPMAS 13C-NMR spectra of humic acids (HA) and fulvic acids (FA) from the un
burnt control area of a Dystric Xerochrept under oak forest (C), from the post-tire area (B), 
and of laboratory-heated humic substances (B 1-B2.5). 

ter spectrum is linearly scaled by a suitable factor from the total e loss in 
the corresponding time interval, and subtracted from the former). Sorne 
negative regions may be noted in such spectra, whereas only positive values 
should be expected if the thermal transformation were exclusively due to 
selective losses of humic structures. This is attributed to the above
mentioned probable reorganization ofhumus material, as a result ofheating: 
the negative areas would reflect the positive balance for certain types of 
structures (mainly alkyl and aromatic) that may come from dehydration of 
a portion of the O-alkyl constituents. 

Selective loss of aliphatic material during the early heating phases of the 
HA was observed (Fig. 3). Both the amounts of O-alkyl and carboxyl car
bons decreased, whereas those in heteroaromatic structures increased, as 
suggested by the negative signal centred at around 152 ppm. In the in
termediate phase (HA-B1.5-HA-B2) the difference spectrum resembled a 
typical carbohydrate with the characteristic signals centred at 103, 75 and 63 



TABLE 1 

Characteristics of humic substances subjected to heating 

Sample Heating time %wt Solubility (%) WDPT" % Area of the 13C-NMR 
reference at 350°C 10ss spectral regions (ppm) 

(seconds) pH = 1 pH = 12 
200-160 160-110 110-46 46-0 

HA-B 0.0 100.0 15 14.7 32.7 32.1 20.5 
HA-C O 0.0 0.0 100.0 12 13.1 19.0 35.1 32.8 
HA-Bl 60 10.1 0.3 50.2 15 12.2 21.1 31.5 35.2 
HA-B1.5 90 23.7 0.2 5.5 62 12.0 28.0 26.0 34.0 
HA-B2 120 32.0 0.2 0.3 >3600 10.0 33.4 22.5 34.1 
HA-B2.5 150 52.6 0.2 0.3 >3600 8.2 48.3 17.4 26.1 

FA-B 100.0 100.0 10 15.1 32.6 32.6 19.7 
FA-C O 0.0 100.0 100.0 7 26.9 35.8 26.9 10.4 
FA-BI 60 15.6 68.7 84.4 30 18.4 35.5 30.3 15.8 
FA-B1.5 90 29.3 39.9 70.5 41 18.3 38.1 28.2 15.4 

'Water drop penetration time (seconds; samples sieved at between 0.1-0.05 mm). 
HA, humic acid; FA, fulvic acid; C, control (unburnt); B, extracted from the post-tire soil area; BI-B2.5, laboratory-burned. 
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Fig. 2. Depletion of the different structural units of humic substances as results of heating 
humic acids (HA) or fulvic acids (FA) up to 350°C for 60-150 s. 

ppm. A strong decarboxylation was observed, whereas a certain increase in 
the H-bonded aromatic carbons occurred. The most advanced heating 
phases (HA-B2-HA-B2.5) were characterized by preferentiallosses of alkyl 
structures and moderate destruction of sorne O-alkyl material of an 
ill-defined carbohydrate spectral pattern. 

Different tendencies were observed in the case of the FA. In addition to 
sorne unsubstituted aromatic material, new aliphatic structures can be form
ed in the ear1y heating phases, a process that could be interpreted from 
typical reactions occurring during the formation of melanoidins or caramel
like polymers [17-21]. Decarboxylation was intense at this step [22], whereas 
the aliphatic material and sorne unsubstituted aroma tic structures were 
preferentially destroyed in the phase FA-Bl-FA-Bl.5. 

Figure 4 shows the comparison between the unburnt HA or FA and those 
subjected to heating in natural or laboratory conditions. Such difference 
spectra were obtained from equal-area scaled spectra, with no factor 
multiplication, thus the positive areas show only the material that 
predomina tes in the control sample when compared with that subjected to 
heating, and vice-versa. The re1ative increase in aromaticity and the con
comitant loss of aliphatic material in the HA conform to the typical response 
to heating of geopolymers [23], whereas in the FA intense loss of oxygen
containing functional groups occurred, and the residual material was enrich
ed in their alkyl ske1etal structures. 
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Fig. 3. Difference 13C-NMR spectra from heated humic acids (HA) or heated fulvic acids 
(FA) in which the spectra of the samples in the most advanced stages were scaled in terms 
of the corresponding losses of C. 
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Fig.4. Difference 13C-NMR spectra obtained from humic acids (HA) and fulvic acids (FA) 
from the control soil sample (C) and the corresponding substances from the post-fire soil area 
(B), and from laboratory-heated humic samples (B2.5, B1.5). 

The IR spectroscopy revealed additional details on the effects of heating. 
In Fig. 5 the raw spectra are compared with the resolution-enhanced IR spec
tra. After resolution enhancement, the HA-C spectrum displayed a pattern 
that resembled at first sight that of a lignin preparation: in addition to the 
aromatic ring vibrations at 1600 cm- l and 1510 cm- l there was a series of 
diagnostic peaks at 1450, 1400, 1365, 1325, 1265, 1220 and 1030 cm- l [24]. 
The peaks at 1660 cm- l and 1540 cm- l corresponded to amide bands, and 
the carboxyl groups can be mainly responsible for the bands at around 1720 
cm-I, -1400 cm- l and at 770 cm- l (carboxyl rocking). The C-O vibration 
at 1770 cm- l may be due to O-containing heterocyclic rings as cyclic 
anhydrides, which can be formed by heat treatment [25]. 

After laboratory heating (HA-B2.5) the aboye lignin pattern disappeared, 
and as did the amide bands. The IR pattern may be better interpretated by 
comparison with those of coals [26,27]. The relatively intense peaks at 1600 
cm- l and 1510 cm- l and at 1450 cm- l and 1365 cm- l , may correspond to 
aromatic and alkyl vibrations, respectively [13] whereas new maxima at be
tween 900-700 cm- l may be due to substitutions in polycyclic structures 
characteristic of carbonized materials. 

Similar evolution occurred in the FA, where the intensity of the bands due 
to oxygen-containing functional groups (1720 cm- l , 1395 cm- l , 1210 cm- l 

and 770 cm- l
) decreased greatIy. The major peak s corresponded to 
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Fig.5. Resolution-enhanced infrared spectra (continuous line) of humic acids (HA) and 
fulvic acids (FA) extracted from the control soil sample, (C), the post-tire soil sample (B), or 
subjected to laboratory heating (B2, B2.5). 

aromatic and alkyl bending bands (at between 1550-1350 cm- I), but sorne 
alcoholic OH groups in carbohydrate-derived structures were suggested from 
the 1100-100 cm -1 region. 

As expected, the changes were not noticeable when comparing the HA or 
FA from the control soil sample with those from the post-tire site, the latter 
correspondíng only to the humic portion that remaíns soluble into alkali, 



which will necessarily represent content or types of oxygen-containing func
tional groups similar to that of the unburnt humic substances. 

CONCLUSIONS 

The results obtained suggested processes of selective de grada ti o n and the 
simultaneous rearrangement of the most stable humic structures. After 
modera te heating (up to 90 s at 350°C), the HA and FA underwent dehydra
tion and condensations in their O-alkyl structures with the concomitant in
crease in the proportion of aroma tic components. The peaks due to C=O 
groups in the HA remained intense during this phase probably due to oxida
ti ve processes compensating for the tendency to decarboxylation. These 
transformations conform to the concept that heat treatment at low 
temperatures may simula te several features of the humification process 
[28,11]. In sorne cases, charred lignocellulosic materials have been con
sidered as a possible source of soil humus [29,30]. 

After subsequent heating, the depletion of aliphatic and carboxyl groups 
predominated and the characteristic Qiopolymer patterns arising from the 
carbohydrate and lignin-like moieties were progressively smoothed from the 
NMR and IR spectral pro files. 

The edaphic consequence of such phenomena would be the accumulation 
in soil of stable condensed substances of reduced colloidal properties. This 
tendency to the formation of insoluble humins is evident from the first 
heating phases (Table 1) and may be explained at first sight by the generaliz
ed loss of oxygen-containing functional groups. Parenthetically, it may be 
noted than the quantitative values of carboxyl C's lie between the variability 
for HA's from different origins that are perfectly soluble in alkali. The con
tribution of additional processes may be hypothesized, such as condensation 
of the polymer structure (predominance of low-reactivity oxygen-containing 
groups) as wellas severe changes in the surface properties (peripheral ar
rangement of unsubstituted alkyl or aroma tic structures). In fact, a very 
striking characteristic of the humic substances subjected to heating was their 
intense water-repellency. The values indicated in Table 1 correspond to the 
water drop penetration time [6]; such values show that thermal treatment 
turns the humic substances into hydrophobic polymers. This phenomenon is 
particularly relevant in the soil under study, which presented decreased wet
tability in the post-fire site [11], that could not be explained in terms of the 
accumulation of substances soluble in organic solvents [31]. 

The aboye processes of accumulation in soil of 'hydrophobic humin' might 
have great importance in Mediterranean areas, where the effects of fires are 
frequently recognized in terms of changes in the structure and hydrophysical 
properties of soils. 
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