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Analytical pyrolysis is a technique currently used for 
investigating structural features of complex macromo- 
lecular materials. However, pitfalls appear to be wide- 
spread in pyrolysis studies of humic substances, and serious 
limitations can be experienced during the analytical 
procedure due to thermal reactions and configuration of 
the pyrolysis units and chromatographic systems. Py- 
rolysis presents inconsistencies for chemical studies, and 
the interpretation of the chemical structure of humic 
substances in light of information provided by pyrolysis 
data is, to say the least, hazardous. This paper examines 
possible solutions to some of the problems encountered in 
pyrolysis. 

Introduction 

The chemical nature of humic substances has been a 
challenge to  the ingenuity of scientists for more than 200 
years, and in spite of the application of aldost all available 
analytical instrumentation over the last four decades, 
knowledge of their nature and composition is still limited. 

New insights into the structure of humic substances 
have inevitably come with the application of new analytical 
techniques. Many of the degradative methods so far 
employed are of limited value as the reaction products 
only partially reflect the structures of the building blocks 
and not much of their linkages. The interpretations could 
possibly be incorrect, as in many instances the naturally 
occurring units may have been altered before or after their 
release from the macromolecular structure ( I ,  2). 

In a search for reliable methods capable of solving the 
intriguing aspects of humus chemistry, during the late 
seventies attention was focused on analytical pyrolysis, 
which has been applied to a variety of plant materials and 
soil organic matter fractions for the last 15 years (3-5). 
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Analytical Pyrolysis 

Analytical pyrolysis is considered to be a small-scale 
thermal degradation method that is very useful for the 
chemical characterization of materials from their pyrolysis 
products. This technique usually involves an integrated 
pyrolysis-analysis system that is carefully controlled to 
give reproducible results and that uses small (nanogram 
to microgram range) amounts of samples (6). 

Analytical pyrolysis is not the ideal technique for 
investigating structural features of complex macromo- 
lecular materials, as thermal degradation of building blocks 
often results. However, it is probably the best technique 
employed so far for this purpose. This is due to its facility 
in investigating macromolecular materials in terms of 
pyrolysis products. Macromolecular materials are usually 
recalcitrant to any direct analytical approach, unless 
chemical degradation can be accomplished, to yield more 
affordable, lower molecular weight products. No chemical 
degradation, fractionation, purification, and time-con- 
suming derivatization of reaction products are necessary 
for pyrolysis studies, which facilitates the analysis. 

Considerable efforta have been made over the last decade 
to understand the chemical structure of humic substances 
in terms of evolved pyrolysis products. Of the various 
pyrolysis approaches, the most reliable seems to be 
pyrolysis-gas chromatography-mass spectrometry, as py- 
rolysis products can be separated by this method in the 
column of a gas chromatograph and identified by mass 
spectrometry. A comprehensive study of different soil 
humic fractions was reported by Saiz-Jimenez and de 
Leeuw (4 )  in which up to 322 compounds were identified 
in the pyrolysates. More specific studies on soil polysac- 
charides, fulvic acids, and polymaleic acid were carried 
out to establish structural relationships between them (7). 
Detailed studies on the most resistant part of a humic 
acid (hydrolyzed or persulfate oxidized residues) revealed 
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that aliphatic biopolymers, similar to those encountered 
in plant cuticles, could form part of this humic moiety (8). 

Most of the major classes of compounds and biomac- 
romolecules found in humic substances were also apparent 
in pyrolysis studies (as their primary or secondary pyrolysis 
products), which indicates that pyrolysis is able to provide 
general information on complex mixtures of compounds 
or materials (8-11). 

In a previous review (121, an attempt was made to 
summarize the most important milestones in pyrolysis 
studies of humic substances and, a t  the same time, to 
demonstrate how existing theories on the chemical struc- 
ture of humic substances, from the sixties to the eighties, 
have decisively influenced structural data derived from 
pyrolysis, reducing or otherwise changing their impact. 
Even nowadays, pyrolysis data on humic substances are 
not correctly interpreted, and misunderstandings often 
occur in pyrolysis papers. 

Pitfalls in Analytical Pyrolysis 

Analytical pyrolysis can cause drastic modification of 
the original building blocks which may lead to incorrect 
conclusions on the structure. In fact, the most biased 
tendency has been to consider pyrolysis products as 
building blocks of the macromolecule. 

In recent years, it has been stated that analytical 
pyrolysis can provide important clues for understanding 
the chemical structure of complex macromolecules (13). 
However, it appears that there is a need to scrutinize the 
information generated by this technique regarding humic 
substances as, in some cases, misleading inferences have 
been made. This can be exemplified in the pyrolysis of 
some biomacromolecules such as polysaccharides, proteins, 
lignins, etc. 

Pyrolysis of plant and soil polysaccharides (4, 7, 10) 
results in complex pyrolysates containing a wide variety 
of volatile, relatively low molecular weight compounds and 
some other compounds, mostly anhydrosugars. There is 
some agreement that thermal decomposition of polysac- 
charides (e.g., cellulose) is the result of two competing 
reactions: a dehydration to yield anhydrocellulose and a 
depolymerization of cellulose to yield primarily levoglu- 
cosan and minor anhydrosugar components. The produc- 
tion of levoglucosan and other anhydrosugars is the first 
step in the formation of volatiles from the pyrolysis of 
polysaccharides, and it appears that this reaction is the 
main process at high temperatures and high heating rates. 
The identification of aldehydes and ketones of different 
chain length, acids, furans, pyranones, anhydrosugars, and 
phenols (which include phenol, cresol, benzenediol, hy- 
droxybenzaldehyde, and dihydroxyacetophenone) in the 
pyrolysate of cellulose (10) indicates that considerable 
thermal degradation and secondary reactions have been 
produced in the original building blocks. 

Pyrolysis of proteins also produces secondary reactions 
as encountered in polysaccharides. In this case, the range 
of pyrolysis products is increased as the variety of building 
units or amino acids is also increased. As opposed to 
polysaccharide studies, protein or peptide pyrolysis shows 
a high number of unknown compounds, some of which 
have recently been identified (11, 14, 15). 

Alkylated pyrrolediones and pyrrolidinediones have 
been found in pyrolysates of proteins (11). These are 
cyclization products of the aliphatic amino acids alanine, 
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Flgure 1. Total Ion current chromatogram of sodium oleate in the 
presence of elemental sulfur. Curb temperature, 590 OC. Peak numbers 
refer to the carbon number in the aliphatic chain of alkylbenzenes. 
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leucine, isoleucine, and valine when they appear combined 
in groups of two in the proteins. Therefore, in pyrolysis 
of proteins, secondary reactions are also produced which 
distance the chemical structure of pyrolysis products from 
that of their original amino acid constituents. 

Lignin is perhaps one of the most appropriate bio- 
macromolecules to study by pyrolysis. Several papers 
investigated its pyrolysis products in detail together with 
their significance as biomarkers (16,17). Briefly, pyrolysis 
of lignins yields a variety of products derived from 
p-coumaryl, coniferyl, or syringyl alcohol units, depending 
on the type of lignin. Although these precursor phenols 
can be found in the pyrolysate, thus representing primary 
pyrolysis products, many other compounds represent 
intermediate steps in thermal degradation and probably 
secondary reaction products. Therefore, from the most 
simple compounds (such as phenol, guaiacol, and 2,6- 
dimethoxyphenol, in which the propenyl side chain was 
split off) to the most complex precursor units (the above- 
mentioned alcohols) a range of compounds with thermally 
modified functional groups can be readily assigned to lignin 
phenols. 

Recently, it was found that analytical pyrolysis of fatty 
acids produced alkylated benzenes and naphthalenes. In 
fact, Saiz-Jimenez (18) proved that pyrolysis of unsatur- 
ated fatty acids and/or triglycerides in the presence of 
sulfur derivatives yielded series of alkylbenzenes, alkyl- 
thiophenes, alkylfurans, alkanes, alkenes, and alkanethiols. 
Moreover, the pyrolysis of a single compound-sodium 
oleate-in the presence of elemental sulfur yielded a 
complex pyrolysate in which the major compounds were 
the series of alkylbenzenes followed by the series of 
alkylthiophenes, as shown in Figure 1. Saiz-Jimenez (19) 
stated that unsaturated fatty acids and sulfur are com- 
monly found in humic substances. Upon pyrolysis, fatty 
acids in the presence of inorganic sulfur or sulfur- 
containing lignins and polysaccharides undergo decar- 
boxylation, cyclization, and aromatization reactions, yield- 
ing homologous series of alkylbenzenes, alkythiophenes 
(incorporation of sulfur), or alkyfurans (incorporation of 
oxygen). The formation of homologous series of alkylated 
benzenes and naphthalenes from aliphatic precursors is 
of interest regarding the structural significance of these 
pyrolysis products in humic substances. 

It is demonstrated that in general the structures of 
pyrolysis products from polysaccharides, proteins, lignins, 
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and lipids are very different from those of parent units, 
which clearly illustrates the complexity of pyrolysates 
obtained from macromolecules with many different units. 
Therefore, pyrolysis presents inconsistencies for chemical 
studies; interpretation of the chemical nature of complex 
biomacromolecules in general, and humic substances in 
particular, in light of the information provided by pyrolysis 
data is, to say the least, hazardous. 

Another common pitfall is to consider all compounds 
evolved from pyrolysis as pyrolysis products. Three 
possible origins can be traced for the majority of com- 
pounds identified in humic substances pyrolysates: 

Evaporation. Free compounds present in the humic 
molecule evaporate quickly under pyrolysis (e.g., alkanes, 
fatty acids, etc.). 

Pyrolysis. Structural units in a macromolecule split 
off under fast heating in an inert atmosphere, and lower 
molecular weight fragments evolve. 

Combustion. Structural units in a macromolecule split 
off through burning in the presence of oxygen and are 
then incorporated into soils and humic substances. 

In fact, lipids (including alkanes, fatty acids, dicarboxylic 
acids, ketones, etc.) are synthesized by microorganisms 
and plants and can be found as free, solvent-extractable 
compounds in soils and soil humic fractions (20-22). 
Therefore, the majority of them probably represents 
evaporation products when found in pyrolysates. Lipids 
are also originated upon combustion of fossil fuel and 
biomass and can, in certain soils, be the reflection of an 
input of airborne pollutants to the environment. 

Alkylfurans are common pyrolysis and combustion 
products of carbohydrates and polysaccharides (7,10,23), 
although they are also produced upon pyrolysis of fatty 
acids (18,19). Rearrangements and thermal transforma- 
tion of original glucopyranose units leading to most simple 
furans depend on the pyrolysis or combustion temperature, 
and these compounds can be found in charred plant 
materials or their condensates (23). Similarly, methox- 
ylated phenols have been considered to be tracers from 
wood materials in the combustion of biomass (24) and the 
pyrolysis of wood and isolated lignins (17). Both types of 
compound-furans and methoxylated phenols-are widely 
distributed in soils due to agricultural practices (e.g., debris 
burning) or forest fires, and therefore it is sometimes 
difficult to discern an origin for the evaporation/pyrolysis 
products of the humic acids from these soils (23). In forest 
fires, the combustion products are incorporated into soils 
and humic substances and, subsequently, can evolve 
through evaporation in pyrolysis studies of the whole soil 
andlor their humic fractions. 

Alkylated benzenes, naphthalenes, fluorenes, and 
phenanthrenes are produced upon the combustion of 
biomass or fossil fuels. They are widespread and usually 
represent pollutants introduced into the environment. 
Thus, evaporation/pyrolysis of environmental samples 
(charred brush, diesel soot, etc.) provides a wide variety 
of these alkyl aromatic compounds. Pyrolysis of plant 
stems also yields minor amounts of alkyl aromatics, 
demonstrating that these compounds are related to 
thermal degradation, as no long-chain alkylbenzenes have 
been reported in plant biomass (23). The input of alkyl 
aromatics and polycyclic aromatic hydrocarbons to the 
soil would lead to fast and complete binding by humic 
fractions, as reported by Schlautman and Morgan (25). 

At present, it is impossible to distinguish between 
evaporation and pyrolysis products through the pyrolysis 
of humic substances, unless solvent extraction and/or low- 
temperature desorption (e.g., 358 "C) have previously been 
accomplished (8, 20). 

Limitations in Analytical Pyrolysis 

One of the most intriguing facts in humus chemistry is 
the finding of considerable carboxyl-containing aromatic 
structures in fulvic and humic acids upon chemical 
oxidations (27) and in fulvic acids by column fractionation 
(28), which were not apparent in other degradative 
methods, including conventional pyrolysis. The presence 
of carboxyl groups was, however, evidenced by NMR (291, 
and therefore, data obtained from analytical pyrolysis do 
not conform with NMR data as far as functional groups 
are concerned. 

In pyrolysates of fulvic and humic acids, no carboxylic 
groups are found other than those of a few fatty acids 
(mainly the CI6 and CIS members) and rarely benzoic and 
vanillic acid (4,7,30). The fatty acids are mostly believed 
to be evaporation (and not pyrolysis) products, as they 
can be extracted by organic solvents or chromatographi- 
cally resolved at  low temperature pyrolysis (8, 20, 22). 
These fatty acids cannot account for the high carboxylic 
carbon resonances observed in NMR studies. In a few 
cases, these acids were identified in the pyrolysate as 
methyl esters, attributed to methylation produced by the 
methanol used to suspend and to apply the sample on the 
wire (7). 

It was suspected that conventional chromatographic 
conditions do not evidence the carboxyl-containing py- 
rolysis products. This was proved in a previous paper 
(311, where solvent extraction vs analytical pyrolysis was 
applied to environmental samples. In fact, a complex 
mixture, in which fatty and dicarboxylic acids were the 
most abundant compounds, was resolved by solvent 
extraction, subsequent methylation, and GUMS analysis. 
However, upon pyrolysis, a completely different pattern 
was obtained for the same samples, as the series of alkanes 
and alkenes predominated. It was suggested that car- 
boxylic acids decarboxylate upon pyrolysis, yielding the 
corresponding alkanes and alkenes, so that structural units 
containing carboxyl groups are missing. 

Another limitation is the pyrolysis temperature. Py- 
rolysis behavior of humic substances is highly dependent 
on the temperature selected. A soil humic acid subjected 
to different temperatures (358, 510, 610, 770 "C) yields 
essentially distinct classes of evaporation and/or pyrolysis 
products (4, 8). In general, temperatures of 358 "C 
originate evaporation of adsorbed phenols, dialkyl phthal- 
ates, and lipids (alkanes, fatty acids, etc.); pyrolysis of 
carbohydrates and polysaccharides; and some pyrolysis 
of lignin. Evaporation was demonstrated, as the same 
alkane and fatty acid distributions were obtained from 
humic acids after solvent extraction or thermal desorption 
at  358 "C (8). Pyrolysis a t  510 "C is a good compromise 
for polysaccharide- and lignin-rich humic materials, as a 
well-balanced distribution of pyrolysis products from both 
biomacromolecules is obtained. Basically, fulvic acids 
respond better to temperatures around 500 "C. Pyrolysis 
a t  610 "C was also used for humic acid studies. Repre- 
sentative chromatograms were obtained for hydrolyzed 
humic acids provided that carbohydrate and protein 
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components were released from the humic matrix, because 
to some extent they invade the chromatogram and mask 
other possible components. The use of higher tempera- 
tures is justified when a more in-depth insight is required 
from purified humic fractions containing refractory ma- 
terials. Pyrolysis a t  770 "C has been used when studying 
resistant macromolecules. Residual humic acids, after acid 
hydrolysis and/or persulfate oxidation, react well at this 
high pyrolysis temperature, and an aliphatic biopolymer 
was suggested to be the main constituent of this resistant 
moiety (8). Hatcher and Clifford (32) confirmed these 
data in the pyrolysis at 300, 500, 600 and 700 "C of 
Armadale humic acid. In light of these data, the choice 
of a temperature between 500 and 600 "C, depending on 
the nature of the sample, appears appropriate for pyrolysis 
studies. 

The weakest point in pyrolysis is, however, the transfer 
of data from pyrolysis to the whole macromolecule when 
the establishment of achemical structure is intended. This 
is due to the following drawbacks: (a) Extensive thermal 
degradation of building blocks through secondary reac- 
tions, as exemplified in the pyrolysis of polysaccharides 
and proteins. (b) Compared to the tar, which is condensed 
onto the tube wall, and the carbonaceous residue, which 
remains in the pyrolysis chamber, a relatively low amount 
of volatile compounds can escape from the pyrolysis unit 
to the gas chromatograph. (c) Serious limitations in the 
analytical procedure are experienced due to restrictions 
in the chromatographic system (peak tailing, column 
polarity, oven temperature limit depending on the phase 
employed, etc.). Because of this, it is necessary to approach 
the subject cautiously, bearing in mind the real value of 
the pyrolysis products and to what extent they are 
representative of or can be related to structural units. 

Possible Solutions in Analytical Pyrolysis 

In an attempt to overcome some of these and other 
problems, attention was recently drawn to the method 
proposed by Challinor (33), which consists of simultaneous 
pyrolysis and derivatization with tetramethylammonium 
hydroxide (TMAH). Pyrolysis/methylation appeared to 
result in hydrolysis and methylation of the polar com- 
ponents, giving methyl esters of the polybasic acid, long- 
chain fatty acids, and polyhydric alcohols, the original 
components of the resin studied. 

Mulder et al. (34) applied the method to the study of 
phenolic acids, whether free or in complex biological 
matrices. While pyrolysis resulted in the decarboxylation 
of the acid in p-coumaric acid, pyrolysis/methylation 
prevented decarboxylation by protecting carboxyl groups. 

De Leeuw and Baas (35) stated that in pyrolysis/ 
methylation, one has to distinguish between pyrolysis 
products sensu stricto and products resulting from bond 
breaking induced by chemical reagents a t  elevated tem- 
peratures. De Leeuw and Baas' opinion is that most of 
the products obtained can be explained by assuming a 
hydrolysis reaction followed by quantitative methylation 
of the fatty acid moieties. 

Anderson and Winans (36) analyzed natural resins and 
resinites based on diterpenoid carboxylic acids. They were 
able to demonstrate that pyrolysis/methylation provided 
an accurate indication of the composition of these materi- 
als, with the exception of compounds having an additional 
hydroxyl and/or carbonyl group. The optimum pyrolysis 
temperature was found to be 480 "C. 

The applicability of pyrolysis/methylation seems to be 
influenced by the pyrolysis temperature, a factor not 
stressed by previous authors. Ohtani et al. (37) suggested 
that at 400 "C TMAH not only alkylates volatile decom- 
position products of aromatic polyesters but may also react 
directly with the polymer, yielding methyl derivatives of 
its constituents. However, at temperatures above 500 "C, 
decarboxylation occurred while a t  650 "C methylation was 
not complete, probably because chain scission is too rapid 
for completion of the reaction. It was concluded that 400 
"C was the optimum pyrolysis temperature for aromatic 
polyesters. 

In light of the preceding data, pyrolysis/methylation 
seems a candidate technique of potential interest for the 
study of the structure of humic substances. 

PyrolysislMethylation of Humic Substances and 
Related Materials 

In a first attempt to apply pyrolysis/methylation to the 
chemical characterization of humic fractions, Saiz-Jimenez 
et al. (38) investigated an aquatic fulvic acid and compared 
the data with those obtained by conventional pyrolysis. 
Similar classes and ranges of compounds were obtained 
in both cases. However, while in conventional pyrolysis, 
free fatty acids in the range of ClO-cl8 were identified; in 
pyrolysis/methylation, the range was C8-cl8 but as their 
methyl ester. The most significant fact was the identi- 
fication of furancarboxylic acids, benzenecarboxylic acids, 
and aliphatic dicarboxylic acids as their respective methyl 
esters in the methylated pyrolysate. 

In this aquatic fulvic acid, a characteristic signature 
was the abundance of lignin-derived phenols, among which 
the p-coumaryl, guaiacyl, and syringyl series were dis- 
tinguished. The identification of derivatives from the 
three lignin units agrees with the nature of the lignin 
synthesized by the autochthonous vegetation, grasses being 
the dominant plants. The presence of 3,4,5-trimethoxy- 
benzoic acid and benzenecarboxylic acids was of interest 
as they represent final steps in the oxidation of side chains 
in lignin units through microbial degradation. Benzene- 
carboxylic acids and their methyl and methoxy derivatives 
have been identified in terrestrial fulvic acids by using 
nondestructive methods (28), and their presence in the 
aquatic fulvic acid is not surprising as this fulvic acid 
originates mostly from runoff of soil materials after a heavy 
rainfall period (39). 

When pyrolysis/methylation was applied to fulvic acids 
from a meadow soil (Typic Xerochrept) and a podzol soil 
(Haplaquod), extended series of methyl esters of fatty acids 
(from Cq to C30), dicarboxylic acids (c6-c26), and benzoic, 
benzenedicarboxylic, and benzenetricarboxylic acids were 
obtained. It is worth noting that phenolic and benzene- 
carboxylic acids constituted a significant part of the 
aromatic pyrolysis products in podzol fulvic acid; however, 
alow number of lignin phenols were identified. The reverse 
was true for the meadow fulvic acid. It was speculated 
that lignins have to some extent completed their microbial 
oxidation before accumulating in the Bh horizon of the 
podzol soil, while the fulvic acid isolated from the A horizon 
of a meadow soil contains lignin units in different 
decomposition stages, from which the basic c6-c3 unit 
can still be traced (39). 

Saiz-Jimenez et al. (38) stated that the finding of 
benzenecarboxylic acids would represent structural con- 
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Flgure 2. Partial total ion current chromatograms of polymaleic acid. 
(a) Conventional pyrolysis. Curie temperature, 500 OC. Major compounds 
are 3,4-dimethyl-2,5-furandlone ( l ) ,  3-ethyl-4-methyi-2,5-furandione 
(2), 3,4-diethyl-2,5-furandlone (3), phthalic anhydride (4), methyl-l,3- 
isobenzofurandlone (5), and 2-carboxybenzeneacetic acid (6). (b) 
Pyrolysis/methyiation. Curie temperature, 300 OC. Major compounds 
are butenedlolc acid dimethyl ester (l), butanedioic acid dimethyl ester 
(2), and cyclohexanedlcarboxylic acid dimethyl ester, tentatively (3). 

stituents of fulvic acids not previously identified in 
pyrolysis. However, a more extensive characterization of 
pyrolysis products from fulvic acids is needed for a 
complete demonstration of the origin of benzenecarboxylic 
acid in pyrolysis/methylation. In order to shed further 
light on the mechanisms of pyrolytic methylation, an 
aliphatic polycarboxylic acid, polymaleic acid, was selected. 
Polymaleic acid is formed by the hydrolysis of base- 
catalyzed homopolymerized maleic anhydride (40), result- 
ing in a water-soluble brown polymer that has been 
considered chemically and structurally related to soil fulvic 
acids (41). 

In previous studies, Bracewell et al. (42) indicated that, 
on pyrolysis, polymaleic acid undergoes fragmentation with 
cyclization, elimination, and decarboxylation reactions and 
yields two characteristic products, 2-cyclopenten-1-one and 
3,4-dimethyl-2,5-furandione. However, Saiz-Jimenez and 
de Leeuw (7) found 2,Bfurandione and 3,4-dimethyl-2,5- 
furandione as major products. Monomethyl esters of 
butenedioic and butanedioic acids were also important. 

Figure 2 shows the TIC chromatograms obtained from 
polymaleic acid pyrolysates using conventional (500 OC) 
and methylation (300 "C) pyrolyses. Analytical conditions 
were previously reported (39). Figure 2 clearly illustrates 

the different data obtained when both methods are applied 
to the same sample, indicating the importance of the 
protection of functional groups. Also, comparison of both 
techniques revealed that cyclization reactions (e.g., 3,4- 
dimethyl-2,5-furandione) are produced under conventional 
pyrolysis in aliphatic precursors containing two carboxyl 
groups, whereas pyrolysis/methylation prevents this pro- 
cess by protecting the carboxyl groups. 

The data herein presented, together with those obtained 
previously (7), shed some light on the pyrolysis mechanism. 
In fact, the major compound in pyrolysislmethylation was 
butanedioic acid dimethyl ester (which could be the main 
structural unit in the polymer) together with a lesser 
amount of butenedioic acid dimethyl ester; in conventional 
pyrolysis using methanol to dissolve the sample and deposit 
it on the wire, the monomethyl esters of butenedioic and 
butanedioic acids were relatively abundant due to partial 
methylation before pyrolysis. However, in conventional 
pyrolysis with solid samples (see Figure 2a), the butenedioic 
and butanedioic acids were absent due to cyclization 
reactions. This could be interpreted that pyrolysis of 
polymaleic acid originates fragmentation of the backbone 
in one building block, butanedioic acid, not identified as 
such in conventional pyrolysis, but resolvable as mono- or 
dimethyl esters when polymaleic acid is partially or fully 
methylated. 

A matter that also merits discussion is the comparison 
between pyrolysis/methylation at  300 and 500 "C (not 
shown here). From studying the products evolved at  both 
pyrolysis temperatures, it becomes obvious that the higher 
the temperature, the higher the number of pyrolysis 
products generated. In this case, a few minor aromatic 
compounds were identified at  500 "C, particularly methyl 
esters of dihydroxybenzenepropanoic acid and methyl- 
benzenedicarboxylic acid. This suggests either that py- 
rolysis/methylation of aliphatic polycarboxylic chains a t  
relatively high temperatures is able to produce cyclization 
and aromatization of aliphatic structures or (more likely) 
that such aromatic structures were already formed during 
the maleic anhydride reactions, but only thermally 
evidenced at  temperatures higher than 300 "C. 

Benzenecarboxylic acids represent original components 
and were isolated from soil humic fractions using non- 
degradative methods (281, and the identification of their 
origin in humic substances is therefore of the utmost 
importance in order to rule out the possibility that these 
compounds could be produced under pyrolysis of certain 
types of aliphatic structures. 

To gain more knowledge and prove the usefulness of 
pyrolysis/methylation for more complex materials, an 
agricultural soil humic acid from Russia (43) was inves- 
tigated. This gives some clues on the behavior of humic 
acids in conventional pyrolysis and pyrolysis/methylation. 
Figure 3 shows the TIC chromatograms of the humic acid 
using these two procedures. There are striking differences 
between the two chromatograms. The predominating 
compounds in conventional pyrolysis were nitrogen de- 
rivatives, which are pyrolysis products of amino acids/ 
proteins (14, 151, lignin phenols (16, 17); 5-methyl-2- 
furaldehyde, a pyrolysis product of carbohydrates/ 
polysaccharides (4, 10); and n-hexadecanoic acid, an 
evaporation product (8). Alkanes and alkylbenzenes were 
minor compounds. The identification of a few chlorinated 
compounds is highly suggestive of a chlorination process 
during the fractionation and purification procedures, as 
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Flgure 3. Partial total ion current chromatograms of a soil humic acid. 
(a) Conventional pyrolysis. Curie temperature, 500 OC. Major peaks 
are 5-methyl-2-furaldehyde (l), benzonitrile (2), phenol + benzofuran 
(3), guaiacol (4), naphthalene (51, vinylnaphthalene (61, ndodecane (7), 
diketodipyrrole (8), and rrhexadecanolc acid + dibutylphthalate (9). (b) 
F'yrolysis/methylation. Curie temperature, 500 OC. Major compounds 
are phosphoric acid trimethyl ester (l),  N,Mimethyloctanamide (2), 
2-butenedloic acid dimethyl ester (3), benzoic acid methyl ester (4), 
methoxybenzoic acid methyl ester (5), 1,3,5-trimethyI-l,3,54riazine- 
2,4,6-( lH,BH,SH)trione (6), 3,4dimethoxybenzoic acid methyl ester 
(7), 3,4,5-trimethoxybenzoic acid methyl ester (81, rrhexadecenoic 
acid methyl ester (Q), and rrhexadecanolc acid methyl ester (10). 

trichloroacetic acid was used. In contrast, pyrolysis/ 
methylation yielded methylated vanillic and syringic acids 
as major compounds, which were absent in conventional 
pyrolysis. Other important compounds were methylated 
phosphoric and benzoic acids, N,N-dimethyloctanamide, 
and trimethyltriazinetrione. While phosphoric acid and 
the alkylamide are byproducts of the methylation reagent, 
the triazine could be a soil degradation product of simazine, 
used in agricultural practices. A simazine concentration 
of 0.27 mg/kg soil was estimated (Trubetskaya and 
Trubetskov, personal communication). Pyrolysis/meth- 
ylation drastically changed the pattern of pyrolysis 
products when compared with conventional pyrolysis, 
giving a cleaner chromatogram probably due to a lesser 
structural fragmentation. Alkanes, alkenes, and alkyl- 
benzenes appeared as trace compounds. These results 
are coincident with those of Hatcher and Clifford (32) in 
spite of the use of a different pyrolysis system. The relative 
abundances of products in pyrolysis/methylation of the 
humic acid is about fifteen times higher than in conven- 

tional pyrolysis, which conclusively indicates that the 
distribution, composition, and amount of products are 
completely biased in the latter technique and would not 
be representative of the original composition of the humic 
acid. Hatcher and Clifford (32) confirmed that pyrolysis/ 
methylation produces 2-4 times the product yields of 
conventional pyrolysis and arrived at a similar conclusion 
as ours. 

The alkylated benzene and naphthalene series require 
separate mention. Although present, they do not con- 
tribute significantly to the bulk of the pyrolysate in any 
of the humic acids studied (23, 32), particularly in the 
methylated samples where the relative abundance of 
alkylbenzenes is 20 times lower than in conventional 
pyrolysis. It was proved that pyrolysis/methylation 
prevents the formation of alkylbenzenes through protec- 
tion of carboxylic groups in model compounds (18). 
Therefore, identification of alkylbenzenes as the major 
series of compounds from the pyrolysis of fatty acids (18, 
19) would indicate that these compounds are likely artifacts 
originated in the analytical procedure and would have no 
significance regarding structural studies. 

From preliminary studies on pyrolysis/methylation of 
humic substances (32,35,39,44), it can be concluded that 
the method reveals the presence in aliphatic and aromatic 
structures of carboxylic groups, which are usually absent 
from conventional pyrolysis. Also, the method does not 
completely protect carboxyl groups, since decarboxylation 
reactions were observed in model phenolic acids (39). 
Partial methylation of free phenolic hydroxyls was ob- 
tained, which is in accordance with previous reports (34, 
35). The reason for the presence of unmethylated hy- 
droxyls (which was also observed in MWL lignins, 
unpublished data) is unknown, as pyrolysis, even with an 
excess of TMAH, also yields phenols with free hydroxyls. 
Pyrolytic methylation of simple phenolic acid (e.g., vanillic 
acid) also resulted in derivatives with free hydroxyls. 
Therefore, the method has some limitations. 

Finally, the finding of benzenecarboxylic acids through 
pyrolysis/methylation is in accordance with previous 
nondegradative fractionation (28), NMR (29) and oxidative 
methods (27), which validate both pyrolysis/methylation 
and to some extent chemical degradations. This was also 
supported by the data of Hatcher et al. (45) with avolcanic 
soil humic acid. In fact, the NMR spectrum clearly 
indicated that this humic acid is composed of only aromatic 
and carboxyl carbons. Permanganate oxidation indicated 
a predominantly aromatic character (29). Pyrolysis/ 
methylation yielded mainly benzenecarboxylic acid methyl 
esters, in accordance with both NMR and oxidation data. 

Significance of PyrolysislMethylation Products 

It seems appropriate to comment briefly on the sig- 
nificance of the finding of benzenecarboxylic acids in light 
of the structural scheme proposed by Schnitzer and Khan 
( 1 ) .  The question arises as to whether benzenecarboxylic 
acids are present in the humic matrix in ester linkages 
and released upon hydrolysis [a reaction suggested by de 
Leeuw and Baas (35) for polyesters] or free and released 
by thermal desorption once the carboxylic groups have 
been protected. In this respect, it is worth mentioning 
that Schnitzer and Neyroud (21) stated that fatty acids 
are esterified to hydroxyl groups of phenolic acids. One 
could hypothesize that the identification of substantial 
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amounts of aliphatic carboxylic, benzenecarboxylic, and 
phenolic acids in fulvic and humic acids supports this 
inference. Alternatively, in the case of a hydrogen-bonded 
structure, methylation and thermal evaporation of released 
benzenecarboxylic acids will yield similar products. There 
fore, a t  this stage, pyrolytic methylation gives no conclusive 
information, if any, on the type of linkage of benzenecar- 
boxylic acids. 

In the past, benzenecarboxylic and aliphatic dicarboxylic 
acids recovered after oxidative degradations were con- 
sidered to be the result of oxidative reactions on aromatic 
nuclei highly substituted by cross-linking aliphatic side 
chains, and the benzenecarboxylic acids were considered 
as useful guides to the chemical structure of the original 
humic acids (I). Subsequently, Schnitzer (27) hypothe- 
sized that benzenecarboxylic and phenolic acids recovered 
as degradation products of fulvic and humic acids origi- 
nated from more complex aromatic structures or could 
have occurred in the initial humic materials in essentially 
the same forms in which they were isolated. The isolation 
of such compounds by nondegradative methods (28) and 
the data reported herein support the latter statement. 

Pyrolysis/methylation corroborates the presence in the 
humic fractions of aromatic and aliphatic acids, which 
become apparent in pyrolysis only after protection of 
carboxylic and phenolic groups. These compounds are 
abundant in the chromatograms and would represent 
pristine components. 

By comparing the data obtained by pyrolysis/meth- 
ylation vs conventional pyrolysis, it is demonstrated that 
pyrolysis, as traditionally performed, is biased not only 
by the thermal degradation of functional groups mainly 
in benzenecarboxylic and phenolic acids that represent 
an important part of the macromolecule but also by the 
production of artifacts from fatty acids, thus concealing 
useful information on the chemical nature of humic 
substances and the biodegradation processes of organic 
matter leading to building blocks. 

Concluding Comments 

Finding new data by analytical pyrolysis of humic 
substances could mistakenly lead to the conclusion that 
the technique is able to solve structural uncertainties or 
be the panacea for structural studies. Although pyrolysis/ 
methylation has considerable potential for determining 
the chemical nature of relatively simple polymers (e.g., 
polymaleic acid, polyesters, etc.) or alternatively being 
used as an evaporation method for analysis of nonpolar 
compounds present in inorganic matrices, its application 
to complex macromolecules should be undertaken with 
care. This technique is a double-edged sword, as it can 
lead to errors if not accompanied by cautious study of the 
thermal behavior of the structural units. 

One example of the potentialities of pyrolysis is the 
recent finding of phenolic and benzenecarboxylic acids in 
the pyrolytic methylation of aquatic and terrestrial humic 
substances. The use of pyrolysis together with derivati- 
zation methods, high-temperature GC columns, etc., 
indicates that there is still a lot to be explored before the 
possibilities of analytical pyrolysis in the study of humic 
substances run out. 

Pyrolysis/methylation is an easy derivatization method 
which provides complementary information to that ob- 
tained by conventional pyrolysis. It is suggested that 

previous data obtained by conventional pyrolysis studies 
and statements or structural models formulated on them 
are incomplete and must be revised to conform with the 
new insights offered by pyrolysis/methylation. The 
identification of benzenecarboxylic acids in different fulvic 
and humic samples is of interest as it validates model 
studies regarding interaction of carboxyl and hydroxyl 
groups in aromatic units with metals, minerals, pollutants, 
and biocides. 
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