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The content o f aromatic units in polym aleic acid (PMA) prepared by standard procedures is 
determined by C -13N M R  and three different oxydation procedures. It is shown that all 
destructive oxydation procedures lead to an aromatic carbon content that is significantly higher 
than the aromaticity content expected from the method o f preparation and derived from the 
C-13 NM R spectra.

It is concluded, that benzenecarboxylic acids are formed in the process o f oxydation o f  PMA. 
The yield increases with the oxydative strength o f the method applied.

Introduction

The arom atic carbon content o f hum ic substances 
is still a m atter o f controversy. The discussion has 
even increased in the last years, after the application  
of nondestructive m ethods such as 13C -N M R  to the 
structural analysis o f this class o f soil com ponents. 
Some groups claim  the predom inance o f arom atic 
units in humic substances from  their data  [ 1 , 2 ], 
while other groups have derived from  l3 C-N M R  
spectra that many hum ic extracts are largely ali­
phatic [3 -7 ], The controversial results can only in 
part be explained by the diversity o f the hum ic 
materials analyzed (different extraction techniques, 
purification methods, origins, etc.) and differences 
in the experimental conditions and techniques 
employed.

Very recently H atcher et al. [8 ] m ade a com par­
ison between oxidative degradation  and solid state 
i3C-NM R spetroscopy for the determ ination  o f the 
aromaticity in soil hum ic substances from  d ifferent 
climatic zones, and concluded that hum ic sub ­
stances are highly arom atic (from 35 to 92%), 
though there rem ain significant discrepancies be­
tween the arom atic contents ob ta ined  w ith both 
methods.

In the present paper a sim ilar study using syn­
thetic polymaleic acid (PMA) was m ade. PM A is a 
purely aliphatic, alicyclic polym er highly sub­
stituted with carboxylic acid groups [9, 10]. Evi­
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dence from elemental analysis, in frared  spectro­
scopy and hydrolytic analysis, led to the proposal 
that PMA is a model for fulvic acid type m ateria l
[11]. In addition, Wilson et al. [12] consider PM A- 
like materials to be an im portan t com ponent o f 
freshwater humic extracts, and according to Brace- 
well et al. [13] PMA behaves in flash pyrolisis like 
fulvic acid fractions.

In this paper the data obtained from  high reso lu­
tion 13C-NM R spectroscopy of aqueous PM A so lu­
tion and from the application o f th ree degradative 
methods of different strengths i.e. ox idations w ith 
potassium persulfate, alkaline cupric oxide or 
potassium perm anganete, will be used for the d e ter­
m ination of the degree of structural sim ilarity  b e ­
tween PMA and fulvic acids.

Materials and Methods

Polymaleic acid (PMA) was ob ta ined  according 
to Braun and Pomakis [9]. M aleic anhydride (18.5 g) 
was allowed to stand in pyridine (50 cc) for 24 h at 
25 °C. The acetone soluble polym eric m ateria l was 
precipitated with chloroform , and the w ater soluble 
polymer purified by ion exchange resins (H +) in 
order to remove pyridine and convert the salt into 
the acid form. A yield o f 70% was ob ta ined . The 
elemental and functional group analysis o f the 
polymer was: C 45.9%; H 4.4%; N 0.6%; O 49.1%; 
total acidity 12 m eq/g; CO O H  groups 8 . 8  m eq/g .

The high resolution l3C -N M R  spectrum  o f the 
PMA solution (200 mg in 3 cm 3 d eu terium  oxide) 
was recored in a 12 mm diam eter tube on a Varian
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X L-100-15FT spectrom eter operating at 25.2 MHz. 
Proton-carbon couplings were rem oved by broad 
band noise decoupling. A sweep w idth o f 10 kHz 
and acquisition tim e of 0 . 2  s w ith no pulse delay 
was chosen. The pulse width was set to ~ 3 0 ° .  
The spectrum shown results from  300 000 transients. 
The resolution of the spectrum is ±  10 Hz (approx. 
± 0 .5  ppm). The spectrom eter was locked to an 
external F-19 lock. Shift values are given in the 
TMS scale, referenced to a coaxial in ternal neat 
TMS capillary. N o attem pt to correct for m agnetic 
susceptibility effects was made.

Potassium perm anganate oxidation was accom ­
plished according to Khan and Schnitzer, [14], 
oxidation with alkaline cupric oxide was done as 
previously reported by N eyroud and Schnitzer [15], 
and oxidation with potassium persulfate according 
to Martin et al. [16]. In all cases the oxidation p ro d ­
ucts were extracted with ethyl acetate for 24 h in a 
liquid-liquid extractor, derivatised with an excess o f 
diazom ethane and analysed by injection into a gas 
chrom atograph-m ass spectrom eter/com puter system 
(Hewlett-Packard model 5992B),. The conditions for 
gas chrom atography were 3000 x 3 m m  stainless 
steel column packed with 3% OV 17 on C hrom osorb  
WHMDS 80 -1 0 0  mesh, program m ed from 100 to 
270 °C  at a rate of 4 °C  per min. H elium  at a flow 
rate o f 25 m l/m in was used as carrier gas and the 
mass spectrometer was operated  at an electron 
energy of 70 eV.

Results and Discussion

Fig. 1 gives the 13C-N M R spectrum  of PMA. It 
exhibits a very pronounced signal in the aliphatic  
region with significant intensity between 1 0  and 
80 ppm and a distinct m axim um  of intensity at
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Fig. 1. I3C-NMR spectrum of polymaleic acid (PMA).

50 ppm. The only o ther resonance that can be 
observed with certainty is the signal centered at 
175 ppm  whicfi m ust be assigned to the carboxyl 
groups o f PMA. In the arom atic range from  110 to 
150 ppm  some very weak broad peaks can be seen, 
which hardly extend above the noise level o f the 
spectrum. Arom atic carbons thus contribute at m ost 
very little to the total peak area o f this spectrum . An 
identical result was reached by Braun and Pomakis,
[9], in their 'H -N M R  investigation o f PMA. W ilson 
and G oh, [4], which to our knowledge published the 
only PM A-i3C-N M R  data, find according to their 
own statements for their sample, which was prepared 
by procedures sim ilar to the ones described above, a 
poor 13C-N M R spectrum  with a small signal at 
175- 182 ppm. C om paring the PMA 13C-spectrum  
of Fig. 1 with 13C-spectra o f fulvic acids from 
various sources [3, 7, 8 , 17] reveals significant d iffe r­
ences, which may only in part be explained by the 
presence of non hum ic m aterials coextracted with 
hum ic substances. In the region from 6 0 -1 0 0  ppm  
only a broad shoulder o f the m ain peak is seen in 
PMA. 13C-spectra o f fulvic acids from  sludge [17], 
marine sediments [7] and soil [1, 8 , 18] do norm ally 
possess pronounced and resolved signals in this 
range, which are ascribed to polyhydroxyl com ­
pounds and certain carbons o f am ino acid residues. 
The most pronounced difference is seen between 
110 and 160 ppm  w here the 13C -N M R -spectra of 
most humic and fulvic acids [3, 7, 8 , 17] do show 
distinct signals ascribable to the arom atic carbons o f 
these compounds, w hile in the case o f PM A only a 
marginal envelope is observed, which could result 
from sp2 carbons an d /o r  included pyrid ine residues.

Although care m ust be taken in com paring in ­
tensities of 13C -N M R  solution spectra o f different 
substances [7, 12, 18, 19] and the results o f the 
various authors do yield fairly different estim ates o f 
the arom atic carbon content, it can be concluded, 
that this spectral region accounts in the fulvic acid 
spectra for more than 2 0 % of the total intensity 
while it is ^5%  in the PMA spectrum  o f Fig. 1. The 
difference observed in this range appears to be o f 
structural significance. The broad resonance centered 
at 50 ppm  carries approxim ately 90% o f the in­
tensity o f the whole spectrum. This signal stems 
mainly from unsubstituted aliphatic carbons in a 
variety of paraffinic structures bu t could on the low 
field side also contain m inor contributions from  O- 
and N -substituted aliphatic  carbons.
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Fig. 2. Total ion chromatograms of the oxidation products of PMA isolated after a) oxidation with potassium persulfate, 
b) oxidation with alkaline cupric oxide, and c) oxidation with potassium permanganate.

The relatively strong carboxyl resonance at 
175 ppm is a prom inent feature o f the PM A spec­
trum. It contains ~  5% of the carbons. The carboxyl 
content is thus lower than calculated from  chem ical 
methods i.e. the classical Ca acetate p rocedure 
(8 .8 m eq/g) [20]. Apart from m ethodological lim ita ­
tions of this chemical m ethod [2 1 ] one has to keep 
in mind, that quaternary carbons do possess 
relatively long spin lattice relaxation tim es and 
might, because of partial saturation, yield low 
intensity signals at the high pulse repetition  rate

employed in the spectrum of Fig. 1. Potentiom etrie 
titrations [10] dem onstrate, that in PMA CO O H  
groups are distributed random ly throughout the 
polymer skeleton, while they occur in local clusters 
in fulvic acids.

In order to have an independent control for the 
spectroscopic data, the behaviour of PMA against 
three degradative m ethods of different oxidative 
strength was studied.

Fig. 2 shows the total ion chrom atogram s o f the 
oxidation products isolated after chemical deg rada­
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tion of PMA with a) potassium  persulfate, 
b) alkaline cupric oxide, and c) potassium  perm an­
ganate.

No quantitative relationship exists between the 
relative concentration of the decomposition products 
that appear in these chrom atogram s and the ir actual 
concentration in the original m aterial [7, 22], How ­
ever it appears relevant that one observes, com pared 
to humic acids, a much higher percentage o f a li­
phatic constituents in the PMA chrom atogram .

The aliphatic products isolated are m ainly di-, 
tri-, and tetracarboxylic acids, alicyclic ethers and 
some unidentified products. The details will be 
presented in a subsequent paper in a discussion o f 
the structure o f PMA.

Quite unexpectedly, one observes, the presence o f 
benzenecarboxylic acids among all three oxidation  
products. The peaks o f these com pounds are 
marked with B2C, B3C, B4C, and B5C in the 
chromatograms. In addition, other polysubstituted 
arom atic units with a base peak at m /e  291, also 
found by Oritz de Serra and Schnitzer [23], as 
permanganate oxidation products o f hum ic materials, 
are indicated in the perm anganate chrom atogram .

The relative concentrations of arom atic acids 
increase with the strength o f the oxidation m ethods 
in the order: persulfate <  alkaline CuO  <  perm an­
ganate. However, in all these cases the arom atic  unit 
content calculated from the yields o f benzene car- 
boxylic acids is much higher than the low con tribu ­
tion expected for PMA from its m ethod o f p rep a ra ­
tion and also from the 13C-N M R spectrum  o f Fig. 1.

This conclusion is corroborated by H atcher et al. 
[8 ] which find, that the 13C-N M R spectrum  o f a soil 
fulvic acid yields an arom aticity value o f ~  35% 
while chemical oxidations lead to a calculated con­
centration of 80-100% ; also in this case the highest 
aromaticity is found for perm anganate oxidation.

Three plausible explanations have been advanced 
for the appearance of benzenecarboxylic acids 
am ong the products o f oxidative degradation  o f

humic substances [24]: they are a) the results o f the 
oxidation of straight- and branched-chain sub­
stituents on a single benzene ring, b) the residues of 
cyclic aliphatic structures that were linked to an 
arom atic unit, c) the rem nants o f a fused arom atic 
structure. Because o f the basically aliphatic nature 
of the starting m aterial, PMA, neither o f these 
possibilities can really explain the appearance o f the 
large amounts o f polysubstituted arom atic acids 
among the oxidation products o f this com pound.

Bracewell et al. [13], found after pyrolysis o f PMA 
some simple arom atic hydrocarbons which accord­
ing to their opinion “m ay arise from a small p ropor­
tion of arom atic rings in the polym eric structure or 
may be formed by elim ination reactions leading to 
polyconjugated chains that readily cyclise”.

However, in our opinion, this m echanism  should 
not lead to the form ation of large am ounts o f poly­
substituted arom atic units in the oxidation process. 
Furtherm ore it is o f significance, that phenolic 
acids are absent am ong the oxidation products o f 
PMA while they do m ake a significant contribution  
to the oxidation products of m ethylated and un- 
methylated fulvic fractions [16, 25].

The results presented lead to the conclusion, that 
the chemical degradation  m ethods produce aro ­
matic units from purely aliphatic precursors.

The extrapolation o f the results obtained here to 
humic substances m akes it a questionable proce­
dure to take the isolation o f benzenecarboxylic 
acids from the products of oxidation as a proof of 
the arom atic nature o f the parent com pound. These 
results could alternatively be explained by the 
presence o f PMA-like m aterial as structural com ­
ponents.

This conclusion corroborates the statem ent by 
Hatcher et al. [1982], that a careful reevaluation of 
the data resulting from the application  o f chem ical 
techniques to the study of hum ic m aterials is 
necessary and indicated.
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