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PHOTOCHEMICAL TRANSFORMATION OF
MALEIC ANHYDRIDE IN AQUEOUS SOLUTIONS

O. BAJT, B. ŠKET* and J. FAGANELI

Marine Biological Station, Fornače 41, 66330 Piran Slovenia
*Department of Organic Chemistry, University of Ljubjana, Aškerčeva 5,

61000 Ljubljana, Slovenia

(Received 22 July 1993)

Solutions of maleic anhydride, occurring in the waste water of the organic chemical industry in the Koper area
(Slovenia) and subsequently entering the river Rižana and the Bay of Koper (Gulf of Trieste, northern
Adriatic), in distilled, riverine and artificial and natural sea water were photolyzed using photochemical
reactors and exposure to sunlight. The transformation of maleic anhydride under artificial light proceeds first
through hydrolysis to maleic acid and then photochemical isomerization of maleic acid to fumaric acid, its
partial decarboxylation and polymerization. The polymeric product formed is complex consisting of chains
with methylene and methine groups and these chains connected by ether and ester bonds. The average
molecular weights of the polymers formed were distributed in a broad range lower than 4200. The
izomerization is catalyzed by inorganic ions and to a lesser extent by dissolved organic matter (DOM) while
polymerization is inhibited by inorganic ions but DOM has a negligible effect. The quantum yields ranged
between 0.03-0.04. The influence of the air atmosphere was negligible.

KEY WORDS: Phototransformation, maleic acid, industrial effluents

INTRODUCTION

The release of industrially derived organic compounds into natural waters is of crucial
importance because of their toxic effects, resistance to degradation and accumulation
in the aquatic environment. In addition transformation of these compounds could lead
to modified substrates of even higher toxicity. Among possible reactions,
photodegradation, which is competitive with microbially mediated reactions, is of
special importance. In natural waters the absorption of sunlight (especially at UV
wavelengths) by dissolved organic and inorganic compounds leads to formation of a
variety of transient species (1, 2): excited dissolved organic compounds, hydrogen
peroxide, singlet oxygen, hydrated electrons, Superoxide ion, organoperoxy radicals,
hydroxyl radicals and bromine containing radicals in sea water. These radicals are

*Author to whom correspondence should be addressed
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highly reactive and thus play an important role in transformations and degradation of
dissolved natural organic compounds (3-5) and organic pollutants (6-11).

The organic chemical industry, producing a variety of compounds, is also the source
of maleic anhydride which is introduced by waste waters into rivers and subsequently
into estuaries and the coastal sea. This is the case of the organic chemical industry in
the Kopèr area (Slovenia) which produces maleic anhydride.

The aim of this research was to elucidate the photochemical transformations of
maleic anhydride in various aquatic media (distilled, riverine, artificial and natural sea
waters) using a photochemical reactor and natural sunlight. Special attention was paid
to the reaction pathways and kinetics because of their environmental significance.

MATERIALS AND METHODS

Reagents

Analytical grade chemical reagents, mostly from Merck (Germany) were used
throughout this work. Maleic anhydride 99.9% was obtained from the Iplas Chemical
Company (Koper, Slovenia), Citraconic anhydride was from Aldrich (USA). Double
distilled water was used in all experiments. Artificial sea water (35 ) was prepared
by dissolving 23.94 g of NaCl, 5.08 g of MgCl2, 3.99 g of Na2SO4, 1.12 g of CaCl2,
0.67 g of KC1, 0.20 g of NaHCO3, 0.10 g of KBr, 0.03 g of H3BO3 and 0.03 g of NaF
in 1 / of double distilled water. Riverine water and artificial and natural (35.5 ) sea
water were filtered through Millipore GS membrane filters of 0.22 |jm pore size.

Photochemical Experiments

0.002 M solutions of maleic anhydride in different aqueous media were irradiated in
an immersion well photochemical reactor from Applied Photophysics (England),
model RQ 125, equipped with a 125 W medium pressure mercury lamp. This lamp
emits predominantly 365-366 nm radiation, with smaller amounts in the UV at 265,
297, 303, 313 and 334 nm, as well as a significant amount in the visible region at
404-408, 436-546 and 577-579 nm. The temperature during the experiment was 25°C.
The solutions were purged with N2 or air. The volume of irradiated solution was
90 ml. Photolysis in sunlight was performed in stoppered quartz tubes 30 x 2 cm
exposed for 10 days at the Meteorological Station Piran in September 1991. Dark
controls were wrapped in aluminium foil.

The isolation of reaction product in distilled water was performed by evaporation
of irradiated solution to dryness. Internal standard solutions of citraconic anhydride
and acetone were added. The first step of isolation of reaction product from other
aqueous media was the same as described but to the evaporated residue acetone was
added, the pH adjusted to 2-2.5 and additionally stirred for one hour at room
temperature. Afterwards, the mixture was filtered, evaporated to dryness and the same
quantity of internal standard added. The kinetic studies ware performed by maleic
anhydride and fumaric acid disappearance measurements.
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A n a l y s e s . - . . , . •

Analyses were performed using a Varían 2700 GC equipped with FI detector and HP
3396 integrator. The GC column used was 5% OS 138, 1% of H3PO4 on 80/100
Chromosorb G AW-DMCS. The injector, column and detector temperatures were 240,
160 and 270°C, respectively. The carrier gas (N2) flow rate was 20 ml/min. Analyses
were also performed by HPLC, consisting of a Milton Roy constametric III metering
pump working isocratically and a Milton Roy spectromonitor 3100 UV/VIS detector
adjusted at 210 nm. A column, 25 cm long, 6.2 mm i.d., packed with 5 ßm LC diol
was used. The mobile phase was a mixture of acetonitrile (5%) in 0.03 M H3PO4 at
a flow rate of 3 ml/min. Identification of the eluting compounds was performed by
comparison of their retention times to those of pure compounds.

'H and 13C spectra of photoproduct were obtained using Varían EM 300 L and
Varían VXR 300 NMR spectrometers, respectively. Mass spectra were obtained on an
Autospeq mass spectrometer (VG-Analytical, England). Molecular weight distribution
was determined by gel permeation chromatography using a Perkin Elmer LC-250
liquid Chromatograph, PL gel column and a Perkin Elmer LC-30 differential
refractometer and LC-235 diode array.

Quantum yields were measured by a quantum meter equipped with 12 W mercury
lamp, using potassium ferioxalate as actinometer.

RESULTS AND DISCUSSION

The photochemical transformation of maleic anhydride, which first hydrolizes to
maleic acid in aqueous medium, consists of photochemical isomerization to fumaric
acid and subsequent photochemical polymerization according to the pathway depicted
in Figure 1. Spectroscopic data from 'H and 13C NMR spectra showed that the product
formed is a complex polymer. The 'H NMR spectrum showed several triplet signals
in the range 3.1 - 4.5 ppm and doublet signals in the range 1.25-3.0 ppm with
J = 6.6 Hz. The COSY experiment revealed that these signals, belonging to —CH2—
and —CH— groups, are in different chemical environments (different chemical shifts).
This is also confirmed by mass spectrum, showing —CH2— and —CH— fragmentations.
The chemical shifts for —CH— groups suggests that the bonding between chains is
achieved through etheric and esteric bonds. The formation of polymeric product
containing this type of bonding proceeds through several reaction steps, including
partial decarboxylation of fumaric acid, hydroxylation of double bonds and subsequent
polymerization and polycondensation crosslinking.

C

\ H \ ^ H k H O O C \ /» t

O=C C=O ~ „ / C \ S V Polymer
\ S HOOC^ ^COOH H ^ NCOOH

Figure 1 Photochemical transformation of maleic anhydride in distilled water.
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232 O. BAJT, B. SKET AND I. FAGANELI

The average molecular weights of the heterogenous polymeric product formed were
distributed in broad range lower than 4200.

The kinetic studies of the photochemical transformations of maleic acid in aqueous
media (distilled, riverine, synthetic and natural sea water) under artificial light depicted
in Figures 2 to 5, revealed two consecutive first order reactions with different rate
constants in different aqueous media, as shown in Table 1. The fastest isomerization
was observed in riverine water followed by that in natural and artificial sea water and
the slowest in distilled water. The polymerization of fumaric acid starts at the
concentration of 0.0006 M. The polymerization rates were different to those of
isomerization, showing the fastest reaction rates in distilled water with the following
decreasing order: riverine > natural ~ artificial sea water. The quantum yields

Table 1 Rate constants (k,, kj, kj-f.a.) of photochemical transformations of maleic anhydride in distilled
(DW), riverine (RW), artificial sea (ASW) and sea water (SW). kj-f.a. = rate constant calculated from
fumaric acid polymerization curve.

k, k2(s~') k2-f.a.(r')

DW
RW
SW
ASW

0.7
2.0
1.4
0.9

2.7 10-1

0.7 10-4

0.6 1O4

2.6
1.9
0.9

Figure 2 Photodegradation of maleic
anhydride (1) and formed fumaric acid (2) in
distilled water.

Figure 3 Photodegradation of maleic
anhydride (1) and formed fumaric acid (2) in
riverine water.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
T

or
on

to
 L

ib
ra

ri
es

] 
at

 0
0:

12
 0

7 
Ja

nu
ar

y 
20

15
 



PHOTOCHEMICAL TRANSFORMATION OF MALEIC ANHYDRIDE 233

Figure 4 Photodegradation of maleic anhydride
(1) and formed fumaric acid (2) in sea water.

Figure 5 Comparison between the photodegra-
dation of maleic anhydride in artificial (1) and
natural sea water (2).

measured for the whole photochemical process ranged between 0.03-0.04. The
influence of the air atmosphere on these photochemical reactions was also tested and
found to be negligible. The results of the photochemical experiments on the maleic
anhydride solutions in distilled water in the summer sunlight showed a slow
transformation rate. In ten days exposure only about 3% of the reactant was
transformated, considering a total energy of incident solar radiation of 18.6 kJ/cm2.

The degradation curves of the photochemical transformations of maleic anhydride
showed that isomerization is catalyzed especially by inorganic ions and among them
HCO;, Na+, Mg2+ and especially halides because of the ionic compositional difference
between riverine and sea water12. Dissolved organic matter (DOM) has a minor
(~15%) catalytic effect. The polymerization reaction, on the other hand, is inhibited by
inorganic ions and it appears again that to a large extent HCO3~, halides, Na+ and Mg2+

ions could be primarily responsible for this effect due to the compositional difference
between riverine and sea water12. A similar inhibition was also observed in
photochemical polymerization of phthalic acid producing polyphenyil10. On the other
hand, DOM has, in contrast to the phthalic acid polymerization reaction, negligible
effect on the fumaric acid polymerization. The reason for this difference probably lies
in the structure and reactivity of humic substances in natural waters, consisting of
various aromatic compounds and derivatives in various proportions313. It is generally
recognized that the humic substances are rich in stable free radicals involved in various
polymerization-depolymerization and other reactions with organic molecules. The
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234 . , . . • . O. BAJT, B. SKET AND J. FAGANELI

UV irradiation of fulvic acid, for example, produces a variety of aromatic compounds4.
These compounds could interfere in the polymerization of phthalic acid but not in that
of fumaric acid because of the formation of aliphatic polymer. A similar photo-
chemical hydroxylation and oxidative crosslinking of polyunsaturated fatty acids14 was
proposed by Harvey et al.15 to be an important mechanism for the formation of marine
humic substances. The photochemical polymerization of fumaric acid is, therefore, not
influenced (enhanced or retarded) by DOM, as observed for photochemical isomerization
of maleic acid and other photochemical reactions in natural waters2.

CONCLUSIONS

The results of this model study indicate that the photochemical transformation of
maleic acid, derived from the hydrolysis of maleic anhydride in effluent water of the
organic chemical industry, proceeds by two consecutive first order reactions: first
isomerization to fumaric acid and subsequently its partial decarboxylation and
polymerization to an aliphatic polymer, containing ether and ester bridges between
chains. The isomerization is catalyzed principally by inorganic ions, while the
polymerization step is inhibited by inorganic ions but DOM has a negligible influence.
Photochemical transformation is not influenced by the presence of the air atmosphere.
The reaction rates in sunlight are slow, leading to the conclusion that maleic acid
enters the brackish and then sea water photochemically unaltered and that this slow
reaction proceeds mostly in sea water medium.
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