Available online at www.sciencedirect.com

ScIENcE@DIREcT° GE éi‘ﬁkﬂ%&g
& t" LY 8 ENVIRONMENTAL
ELSEVIER Applied Catalysis B: Environmental 54 (2004) 105—114

www.elsevier.com/locate/apcatb

Mechanisms of catalyst action in the Tithediated photocatalytic
degradation andis-transisomerization of maleic and fumaric acid

Youn-Chul Oh, Xiaojing Li, Jerry W. Cubbage, William S. Jehks

Department of Chemistry, lowa Sate University, 3760 Gilman Hall, Ames, |A 50011-3111, USA
Received 8 December 2003; received in revised form 20 May 2004; accepted 24 May 2004
Available online 31 July 2004

Abstract

The partial photocatalytic degradation of maleic acid has been investigated with the purpose of elucidating the mechanism of catalyst action
for some of the early transformations. In particular, it is proposed that the photocatalytically irds«teahs isomerization of maleic acid
and fumaric acid is initiated by adsorption-dependent reductive electron transfer. An investigation into the involvement of superoxide in the
oxygenation reactions observed near neutral and higher pH clearly demonstrates that superoxide does not initiate the chemistry.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction issue is not whether reduction of the organic occurs, but
rather over the competition between processes represented
Semiconductor-mediated photocatalytic degradation of in Egs. (2)—(4)i.e., whether oxidation occurs by way of hy-
organic pollutants in water is a well-documented phe- droxyl type chemistry or direct oxidative electron transfer.
nomenon that has found extreme generality with regard

) i _
to substrate, particularly with TiDphotocatalystd1-9]. TiO2 +hw = hy, — +€, (1)
Among the most important classes of compounds from y,0, .+ h, — *OHags+ HT )
both chemical and environmental perspectives is the group
containing aromatic rings, including various phenolic pol- OH_  + h;, — *OHags 3)
lutants, PCBs, and many herbicides and pesticides. Over
the last few years, areas that have received much greateNI +th — M** (4)
attention in the study of these pollutants are the array of _ o
chemical pathways by which compounds are degraded and02 +€p > 02 )
the related issue of the mechanisms by which the chemicalp,~ + 4+ . HO,* (6)
transformations take place.

It is widely understood that the great majority of chemi- 2HO* — H202 + Oz (7)

cal steps are oxidative in nature, usually involving hydroxyl
radical-like chemistry or oxidative electron transfer. Though

photocatalytic degradation results in the oxidation of or- In this paper, we examine the ear|y transformations re-
ganic carbon to CQ there are a few instances in which |ated to the degradation of maleic and fumaric acid un-
reductive stepsHg. (8) are known, such as in the reduc- der conditions of TiG-mediated photocatalytic degradation.
tion of azo dyeq10-15] electron poor aromatidd6-18] These compounds are ubiquitous intermediates in the degra-
or quinones[19-25] However, in many mechanistic dis- dation of aromatic compound4—32} their degradation
cussions of degradations of large organic molecules, a keyjs thus important in the mineralization of a wide variety of

M+ e, — M*™ ®)

pollutants.
* Corresponding author. Tek:1 515 294 4711; fax:-1 515 294 9623. Among the earliest photocatalytic studies on carboxylic
E-mail address: wsjenks@iastate.edu (W.S. Jenks). acids is Bard’s report on the degradation of benzoic acid in
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aqueous media using platinized BiB3]. Hydroxylation HO,C OH
of the aromatic ring to give salicylic acid and decarboxy- HO?C\Z/COQH — — T Ho C/K/COzH
lation with oxidation to give phenol (presumably after COH 2
secondary reaction of Plwith O,) were the initial transfor- maleic acid fumaric acid malic acid
mations. Subsequent studies focused on the regiochemistry ;; Eh:éztfafgﬁgn ll
of hydroxylation of benzoic acid and various halogenated
derivatives[34,35] It was reported that hydroxylation of CORH HO.CCOH
monochlorophenols was not competitive with decarboxyla- =/ oxalic acid
tion [35], but hydroxylation and decarboxylation were both acrylic acid |

1) Photo-Kolbe l

reported as primary reactions of polychlorophenfd§].
With aromatic polycarboxylic acids, both hydroxylation and
decarboxylation are reported as primary reaction pathways
[37]. CH3COzH

There are also several publications reporting the degrada-scheme 1. Summary of pathways proposed by Franch et al. for photocat-
tion of various simple alkyl carboxylic acids. Again follow-  alytic degradation of maleic or fumaric acid at pH 3 in Fi€lurries[47].

ing early work by the Bard group, subsequent investigators

reported that there is a significant pH dependence on the bal- ] ] ] )
ance between Hand CH, evolution from acetic acid and ~ cate that approximately three times more maleic or fumaric
that longer chain acids (e.g., butyric acid) gave evidence for &Cid is bound to Ti@ at pH 3 than at pH 9. Like the bu-
non-Kolbe pathways apparently initiated by hydrogen ab- ¢ acu_j case, the |n|tla_l degradation rate is m_odestly higher
straction from the alkyl groupk88,39} Production of chlo- @t the higher pH, despite the poorer adsorption. These au-

2) O, trapping CO,
3) H-abstraction

ride was also noted from chloroacetic acid derivatifgsy. thors conclude that degradation occurs in the homogeneous
Facts directly relevant to the present investigation emerge Phase at high pH by means of solvated hydroxyl radicals.
from a recent study of the degradation of butyric gel]. Franch et al. also report a change in product distribution

The equilibrium concentration of butyric acid in aqueous With pH. At pH 3, the fastest processds—trans isomeriza-
solution is higher at pH values above the acid dissociation tion, which is attributed to |_nteract|on _between t_he acids an_d
constant, implying that adsorption is stronger for the pro- photogenerated holgs. A_&de from this, the major product is
tonated acid. Nonetheless, the observed rate of degradatio€Ported to be acrylic acid (G#-CH-CQ:H), attributed to
was higher at pH 6.9 than that at pH 3.6. Product distribu- Photo-Kolbe chemistry. A small amount of photohydration
tions varied, but this was attributed mainly to the different t0 malic acid is reported as well. Downstream intermediates
distributions of species available to react after radical for- include acetic, oxalic, and formic acids. This is summarized
mation. The interpretation was based on a competition IN Scheme 1At pH 9, very little intermediate build-up is
between hole oxidation to give the decarboxylation and "eported aside from oxalic acid, implying that the first chem-
chemistry initiated by hydrogen abstraction. Similar com- ical step is slower tha}n subseqyent OX|dat|on§. In a related
petitive chemistry was observed for the more functionalized Study of the degradation of malic adidl], maleic and fu- -
hydroxybutanedioic acid (malic acif@}1]. maric aC|d_are reported as o_bserved intermediates, implying
2,4-Dichlorophenoxyacetic acid (also known as the her- that photoinduced dehydration may occur, as well as pho-
bicide 2,4-D) and closely related compounds have receivedtoinduced hydration. . o _
special attention because of their direct environmental rel- N this paper, we report an investigation of the degradation
evance[42—46] Following the pattern outlined above, the of maleic and fumaric acids that begins in a manner parallel
main initial product (2,4-dichlorophenol) derives from de- 0 the work of Franch et aJ47]. Most of our product obser-
carboxylation, but studies also report competitive arene Vations are in agreement with the previous work. We report
hydroxylation under some conditions. The most detailed & Series of experiments de5|gn_ed to e_lumdate more clearly
mechanistic work of these was again interpreted in terms the mode of molecule-catalyst interaction that leads to var-
of a competition between direct hole oxidation and hy- 10US processes, .|nclud|_ng gspeually tartaric acid formation
droxyl radical chemistry. At low pH (where we may infer @nd thecis-trans isomerization.
that the equilibrium adsorption constant is higher), it is as-
serted that direct oxidation by holes predominates, whereas
hydroxyl-type chemistry predominates in neutral and basic 2. Experimental
solution. A purely radical mechanism based on competition
between surface-bound and bulk solution chemistry was 2.1. Materials
rejected on the basis of experiments using solution-phase
hydroxy! radical scavengef42]. All reagents were purchased from Aldrich and used with-
The most relevant study to the present work is a paper by out further purification unless otherwise indicated. Tartronic
Franch et al. in which the degradation of oxalic, fumaric, acid and Superoxide dismutase (SOD, from bovine erythro-
and maleic acids is report§dl7]. Adsorption isothermsindi-  cytes, 3000 units in 0.8 mg) were purchased from Sigma.
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Water was purified with a Milli-Q UV plus system (Milli-  [51], 0.15M solutions of KQ were prepared in the pres-
pore, resulting in a resistivity more than 1&Mm~1). TiO, ence of 0.30 M 18-crown-§2]. Maintenance of the char-
was Degussa P-25. The epoxides of sodium fumarate andacteristic pale yellow color of these solutions was taken as
sodium maleate were preparB] by stereospecific epox-  evidence that the superoxide remained. Reactions using ei-

idation by the method of Payne and Williarfé9]. Dihy- ther pyridine or DMSO as the solvent for maleic acid were
droxyfumaric acid dimethyl ester was prepared by a reported carried out with KQ:maleic acid molar ratios of 1:1, 5:1,
method[50]. 1000:1, and 5:1 in the presence of 1% added water. The fol-
lowing example is representative of the reaction conditions.
2.2. Sandard degradation conditions To a solution of maleic acid (100 mL, 2 mM in DMSO), the

KO3 solution (50 mL) was added dropwise over the course

Except as noted, degradations were carried out underof 1 h. The solvent was evaporated under vacuum and the
these standard conditions. A 100 mL agueous sample con-residual material was silylated as usual and analyzed by
taining 2.0 mM maleic acid (unless other concentration or GC-MS. Neither degradation of maleic acid nor any new
substrates, e.g., fumaric acid, are specified) and 50 mg suserganic compounds were observed.
pended TiQ was prepared. The pH of suspension was ad-
justed using HCI (pH 2), phosphate buffer (10 mM, pH 7.0), 2.4.2. SQuperoxide dismutase (SOD) experiments
or NaOH (pH 12). The mixture was treated in an ultra-  The method of Pichat and co-workea7,53-55]was
sonic bath for 5min to disperse larger Bi@ggregates and  closely followed, and some of his experiments were dupli-
purged with QG for 20min in the dark before the irradia- cated as positive controls, as our results were universally
tion was started. The mixture was continuously purged with negative, i.e., there was little or no effect of adding SOD. In
Os throughout irradiation. Irradiations were carried out with  the relevant experiments, maleic acid (39 mmol) and,TiO
magnetic stirring and a fan that kept the temperature at ambi-(25 mg) were dispersed in 50 mL water, buffered at pH 7 with
ent levels in a Rayonet mini-photochemical reactor equipped the buffer supplied with the enzyme by Sigma. After ultra-
with eight 4 W “black light” fluorescent lamps which have a sonic treatment and£purging as usual, 1500 units of SOD
broad emission spectrum centered at 360 nm. A few experi-were introduced. The mixture was irradiated for 40 min, and
ments were carried out with similar low-pressure fluorescent then worked up and analyzed in the usual fashion. Control
tubes with emission centered at 300 nm, as noted. Both setexperiments using identical conditions, save that the SOD
of tubes were those sold by Southern New England Ultra- enzyme was not added, produced identical results.
violet Company for use with the Rayonet reactors. After re-
action, the mixtures were acidified, centrifuged, and passed2.4.3. Fluoride experiments
through 0.2.m Whatman filters to remove TgODWater was These degradation reactions, workup, and analyses were
removed by freeze-drying. Small, calibrated quantities of carried out in the standard fashion, with the following ex-
adipic acid were added after the photoreaction when an in- ceptions: sufficient NaF was added to raise the concentration

ternal standard was required for quantification. of the solution to 20 mM before addition of the TiOThe
pH of the slurry was adjusted to 3 to maximize surface cov-
2.3. General analytical methods erage by fluoride ion§6,57] As noted in the text, exper-

iments were carried out both under conditions of constant
Following the removal of water, the intermediate degra- O» purging and Ar purging. A merry-go-round apparatus,

dation products were identified and quantified as their which accommodated 10 mL, rather than 100 mL, samples,
trimethylsilyl (TMS) derivatives, using GC-MS procedures was used to allow simultaneous photolyses of the &nd
reported in our earlier work24]. For analyses concerned Ar-purged samples.
with product identification, parallel workups in which a
reduction step (NaBlHor NaBDy) was inserted before the
silylation were also carried oy4]. The GC-MS instru- 3. Results and discussion
ment was a Varian 3400CX GC equipped with a 30 m DB-5
column, coupled to a Finnigan Magnum ion trap mass spec-3.1. Product mixtures and exploratory degradations
trometer. The temperature program was 1@0for 4 min,

followed by a ramp to 200C at 5°C/min, then ramp at Photocatalytic degradations of maleic aci) (vere car-

15°C/min to 280°C. An HP 5890 gas chromatograph with ried out at pH 2, 7, and 12 using the light from broadly

FID detection was also used for routine quantification. emitting fluorescent tubes centered at 360 nm. The solutions
initially contained 2.0 mM maleic acid and 50 mg T

2.4. Additional experimental conditions 100 mL O-saturated water, unless otherwise noted. Separate
control experiments showed that no degradation occurred in

2.4.1. Superoxide experiments the absence of Ti@or irradiation. Experiments carried out

Potassium superoxide (KD is slightly soluble in dry in the absence of ©are described in more detail below,
dimethyl sulfoxide (DMSO). Using the method of Valentine but oxidative transformations were curtailed, compared to
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Scheme 2. Starting materials and observed products.

the ordinary conditions. We did not repeat the more exten-
sive kinetic experiments of Franch, et al. but observed that
the degradations were faster at high pH, in line with their
reports[47].

We observed many of the same degradation intermedi-

ates as Franch, and a few more. This is probably reason-

able, given that we used GC-MS detection, and they used
HPLC with UV detection. However, we did not observe
any acrylic acid, nor did Herrmann et al. in their study
of malic acid, which generated fumaric/maleic afd].
The four-carbon intermediates we observed included fu-
maric acid, malic acid, tartaric acid, dihydroxyfumaric acid,
and succinic acid as shown Bcheme 2The presence of
dihydroxyfumaric acid 11) was deduced in the degrada-
tions at neutral pH from reductive workups using NaBD
which yield deuterated tartaric acid before silylation. The
ratio of mass intensities showed that slightly more than half
of the tartaric acid peak represented Control experiments

showed that none of the reported compounds decomposed

under the experimental conditions (in the dark) throughout
the pH range used on the time-scale of our workups and
analyses.

Downstream degradation products were also observed.

The three-carbon intermediates included 3-oxopriopionic
acid, malonic acid, tartronic acid and 2-hydroxy-3-oxopro-
pionic acid. The only identified 2-carbon product was oxalic
acid. We did not assay for either acetic or formic acid.
Small quantities of very high molecular weight compounds
(i.e., long GC retention times) were sometimes observed.

As previously notedd 7], there is a distinct dependence of
the product mixtures on pH. The observed mixtures obtained
after a fixed irradiation period of one hour and silylative
workup are shown iffable landScheme 2A representative
time-trace of intermediates of partial degradation at pH 12
is given asFig. 1

Control experiments, consisting of partial degradations
using 30 MM HOy, in lieu of TiOp, and irradiation centered
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Table 1
Product distributions (mM) after 1 h irradiation for degradations of 2.0 mM
maleic acid 1) at pH 2, 7, and 12.

Compound pH 2 pH 7 pH 12
1 143 1.34 0.66
2 0.20 0.01 0.019
3 0.011 0.19 0.21
4 0.036 0.015 0
5 0.058 0.09 0
6 0.012 0.008 0
7 0.005 0.004 0.004
8 0 0.029 0.25
9 0 0.029 0.369

10 0 0.09 0.006

at 300 nm, were carried out. These reactions produce free
hydroxyl and hydroperoxyl radicals. The observed early in-
termediates were very similar to those reported for the pH
7 TiO, experiments Table 1), regardless of the pH of the
H>O, experiments. Tartaric acid was the largest component
of the product mixture and fumaric acid was not observed.
Along with the dark controls, these experiments show that
the variation of products with pH shown ifable 1is not

due to selective secondary degradation of intermediates, but
rather to differential rates of formation.

3.2. Isomerization mechanisms and the question of bulk
water versus surface-bound mechanisms

One of the most fundamental questions regarding the na-
ture of the substrate-catalyst interaction in photocatalytic
degradation is whether reactions occur in the homogeneous
bulk phase or at the surface of the catalyst. It is not a
guestion that can be easily settled with steady-state kinetics
experiments: every plausible kinetic model based on surface-
bound or homogeneous reactive intermediates reacting with

1.6

1.2

0.8

Concentration, mM

0.4

100
Time, min

200

Fig. 1. The variation of the relative concentration of maleic acid (filled
circles) and oxalic acid (open circles), tartronic acid (squares) and tartaric
acid (triangles) at pH 12. The initial concentration of maleic acid was
2.0mM.
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substrate yields kinetic information of the same fds8]. & from TiO,

Thus, this is still a question of some dispute, though the more

conventional position at this point is that most reactions oc- HoG__ ©0z-Ti HORG 00, -Ti (B "00, 00, Ti

cur at the surfacgs9]. Nonetheless, previous investigators o ree rotation of
. . Lo . barrier to  rotation -

argued that degradation at higher initial pH occurs in the greatly lowered -G bond leads

bulk water[47] because of the inverse relationship between by addition of electron stereochemistry

the degradation rate and adsorbed material. Additionally, (@)

methanol, a known scavenger of BlQvas lowered the rate

of degradation by a factor of 2 at pH 9, but not at all at pH 3. h* from TiO, h* from TiOp

In other publications, we have suggested that hydroxyl-like
chemistry may occur at or near the surface of the catalyst,

) ] et mainly fumaric COy -Ti 0.0 CO, -Ti
but may have less rigorous requirements for specific ad- acid — proton transfers NI
sorption modes or sites of adsorption than direct electron HOLC ®

. stereochemistry fixed on
transfer reactions between the substrate and the photoac- deprotonation and rehybridization

tivated TiQ particle [24,29] For example, surface-bound _ . . . L
hvdroxvl radicals mav be formed and remain stable until Scheme‘3. A_plausmle_schematlc mechanismcfertrans |sc_)mer|zat|on
_y . Yy - y - - that begins with reductive electron transfer. The protonation states of the

diffusion either from bulk or through multilayer adsorption intermediates are speculative. (a) Rotation of the $esystem, probably
brings an appropriate substrate in contact with the reactivein the ps time regime, assumed to be faster than proton transfer in the
species. On the other hand, it is unlikely that a valence-bandacidic aqueous regime. (b) ‘Protonation by low pH water assumed to be
hole will “wait around” for an organic substrate, rather than faster than €-Cs bond rotation.
finding a surface trap to make a surface-bound hydroxyl
radical. O2 acts as a competitor with maleic acid for accepting elec-

The formation of fumaric acid from maleic acid at low pH trons from activated Ti@ This interpretation requires that
struck us as areasonable case to test for surface-bound versusiperoxide not be an effective catalyst éog-trans isomer-
bulk mechanisms. Also, the preliminary product study data ization (as later shown, see below), that the radical anion
and B0 photolyses suggested the possibility of an electron can isomerize, and that the radical anion is able to return
transfer mediated reaction of a carboxylic acid that did not the electron to TiQ or another specief$2]. An outline of
lead to Kolbe chemistry, an unusual result. a reasonable mechanism is givenSocheme 3

Having established that HGrom H,O» photolysis does It is well understood that the rotational barrier of
not cause substantiails-transisomerization of maleic acid,  p-systems is drastically lowered by the addition of an elec-
we investigated whether maleic acid acts as the electrontron because it occupies a formally antibonding orbital and
acceptor or donor with activated TiOThe first set of exper-  thus reduces the p bond order. We are unaware of definitive
iments compared normal saturated suspensions to oth- experiments that give the timescale of bond rotation near
erwise identical Ar-purged suspensions, i.e., those without room temperature for appropriately close model systems,
O,. This technique usualljg0] results in the almost com-  but reasonable estimates based on epr experiments put the
plete shutdown of degradative procesg&s25,29,61] this cis-trans isomerization of some stilbene-like radical anions
is universally attributed to efficient™éh™ recombination in the microsecond time reginj@3—65] If this is faster than
because there is no,Quwvailable to act as an electron sink. protonation of the radical anion in aqueous acidic medium,
Inhibition occurs even when reactions are postulated to oc-then the isomerization is accomplished at this stage. Return
cur by oxidative electron transfer. However, if an alternative of the electron to the Ti@particle re-sets the stereochem-
electron acceptor is available, then reactivity can continue. istry of the double bond, as show in path (a). However, it

Standard maleic acid degradation suspensions, adjusted tds not immediately clear whether the bond rotation of the
pH 2, were prepared such that half werg@urged as usual, three-electron p-system is faster than the rate of protonation
and half were Ar-purged, and they were simultaneously pho- of the anion radical in acidic media. Even if protonation
tolyzed. After 1 h of photolysis, the Spurged solutions had  is fast, though, the essence of the mechanism is preserved,
a total conversion of 24%. This could be fully accounted as shown in path (b), in that oxidation of the (protonated)
for by the appearance of fumaric acid (19%), malonic acid radical will be quite facile.
(1.4%), succinic acid (2.7%), and malic acid (0.9%). The  These results led us to attempt to obtain a photocatalyzed
Ar-purged solutions had a remarkable 83% conversion, of photostationary state of the maleic/fumaric acid mixture at
which 82.5% was fumaric acid, with the observable remain- pH 2. These experiments were carried out under standard
der being succinic acid. pH 2 conditions, save that they were Ar-purged and that ex-

This experiment clearly shows thap @ factinhibits the periments were carried out using both maleic and fumaric
cis-transisomerization of maleic acid, providing strong evi- acids as starting materials. The resuFsg( 2) show that
dence that maleic acid acts as an electron acceptor. The simessentially identical product mixtures are obtained and that,
plest explanation for the increased efficiency in the absenceas expected, fumaric acid is predominant. The final product
of oxygen is straightforward: under oxygenated conditions, mixtures were very close to 92% fumaric acid, 7% maleic
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showed that TiQ/F was able to degrade phenol in the ab-
sence of @ much more rapidly than does “naked” TiQO
though more slowly than in the presence of ®resumably,
this derives from diffusing HOeffectively leading to more
efficient charge separation than is possible with nakeg.TiO
Degradations of maleic acid and fumaric acid were car-
ried out at pH 3 in the absence o @ith fluoride added,
and without fluoride (also without £) as a control. The ad-
dition of fluoride was shown to severely curtei—transiso-
merism. After 1 h of simultaneous photolysis of four maleic
acid samples, the product distribution for the control sample
was fumaric acid 6.0%, succinic acid 1.0%, malic acid 2.0%,
with a total conversion of 9.0%67]. In the presence of flu-
oride, identical photolyses showed that the fumaric acid was
reduced to 1.8%. Malic acid was observed at 4.7%, for a to-
tal conversion of 6.5%. The clear implication of these data is
that inhibition of adsorption also inhibitgs—trans isomer-
acid and 1% succinic acid, relative to the initial 2.0 mM con- ization, again consistent with an electron transfer-mediated
centration. It is interesting to note that the sole new product mechanism.
observed is a reductive product from maleic/fumaric acid, Separate degradations were also carried out at pH 3 with
consistent with reductive electron transfer. fluoride anion with @ present. The mass balance was poor,
The & versus Ar experiment was repeated at pH 12, even at moderate conversion. At 31% conversion of maleic
where the acids are completely dissociated when in the acid, 0.3% oxalic acid, 1.6% fumaric acid, 0.6% tartronic
bulk phase. Under these conditions, after an hour, the acid and 2.2% tartaric acid were detected. A similar result
oxygen-saturated sample had lost 85% of its initial maleic showing very little isomerization was observed using fu-
acid. Of that, only 2.5% was fumaric acid, with oxalic acid maric acid as the starting material. The poor mass balance
making the bulk of the remainder (78%) along with small again implies that further degradation of the early intermedi-
guantities of the other usual materials, in agreement with ates to CQ@ was probably faster than the initial step. While
Franch’s reports. This latter result, along with the high con- TOC experiments were not run to check this, the result is
version, obviously implies considerable downstream degra- consistent with Minero’s report of much greater mineraliza-
dation. With Ar-purging, the total conversion was only 32%, tion with O, than without[56,57] Again, the implication
of which only 2.2% was fumaric acid. (Of the rest, 29.5% is that solution phase chemistry is not responsible for the
was malic acid.) The most important result here is that Ar isomerization reaction.
purging does not completely shut down the reaction. A pos- As a final control, the substrate was modified by us-
sible interpretation is that maleic acid can act as an electroning the methyl ester (i.e., dimethyl maleate), rather than
acceptor even at this high pH, but that in its deprotonated the carboxylic acid. This would prevent a binding mode in
state it is not as reactive to isomerization, perhaps becausevhich C—O-Ti linkages were made. Using otherwise stan-
it cannot undergo the necessary protonation for easy bonddard degradation conditions, at neutral pH, the major ob-
rotation before back electron transfer or other chemistry served products were the dimethyl ester analogs of tartaric
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Fig. 2. A photostationary state arrived at by photocatalytic treatment of
either maleic or fumaric acid in the absence of & pH 2. The final
proportion of fumaric acid is approximately 94%.

occurs (e.g.Scheme 3path b). The binding isotherms of
Franch et al[47] clearly demonstrate that there is still ad-
sorption between maleic or fumaric acid and 7i€ven at

high pH, which is at least consistent with this speculation.

acid, dihyroxyfumaric acid, and the monomethyl ester of
oxalic acid. At pH 2, however, the major product was dihy-
roxyfumaric acid diester, with almost no dimethyl fumarate
observed. We thus conclude that there is a quality about the

Another set of experiments was carried out in the presencecarboxylic acid functionality itself—differentiated from the
of fluoride anion. The addition of fluoride anion to Li®Gus- ester—that is required for efficienis-trans isomerization.
pensions at low pH has been shown to produce homogenoudVe postulate that this property is related to a C—O-Ti bind-
hydroxyl radicals and dramatically reduce the surface-bound ing mode analogous to that which was proposed (for exam-
chemistry of phenol, a poorly adsorbing substi&@,57]. ple) by Moser et al. for aromatic acid derivativigs], or
Broadly speaking, this effect is attributed to displacement characterized by Martin et al. for 4-chlorocatec[@8]. The
of the surface hydroxyls by fluoride (maximized at pH 3—4) relevant bond lengths make it seem most likely that a single
and the concomitant change in surface properties. Water canli atom is involved, but we cannot rule out a second one,
be oxidized to form hydroxyl radicals that are not bound to nor can we be sure whether one or both of the carboxylic
the titania surface. For example, cyanuric acid, a compoundacids is adsorbed in this way. One might speculate that only

that does not adsorb to Tidn solution and is ordinarily
completely resistive to photocatalytic degradation by 2TiO
slurries, is degraded by the TiB systen66]. Minero also

a single carboxylic group is chemisorbed in order to account
for the favoring of thetrans-configured fumaric acid over
maleic acid, but this is not a requirement.
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With all these data in hand, the various mechanistic
possibilities forcis-trans isomerization at low pH may be
summarized:

e Direct photolysis might cause conventional photochemi-
calcistransisomerization. This mechanism is eliminated
by the control experiments in which the Ti@vas not in-
cluded and did not produce isomerization.

Acid- or base-catalyzed dark reactions might cause iso-
merization. The dark control experiments eliminated this
pathway.

Superoxide and/or HOOmight reversibly add to the
olefin, transiently eliminating the double bond and allow-
ing isomerization. Experiments describedSection 3.3
eliminate this as a likely explanation.

Maleic acid might serve as an electrdonor to activated
TiO2, transiently causing formation of the maleic acid
radical cation, which would have a considerably lower
barrier to rotation. This is the most conventional explana-
tion [47,70,71] One problem with this explanation is that
it is the same initial step invoked for the Kolbe-type de-
carboxylation, though it is possible that the same radical
cation could lead to both reactions. However, it is diffi-
cult to rationalize why the isomerization would be more
efficient in the absence of Qat low pH than it is in the
presence of @if this mechanism were operating.

Maleic acid can serve as an electracteptor from pho-
toactivated TiQ, transiently causing formation of the
maleic acid radical anion, which would have a consider-
ably lower barrier to rotation, with or without protona-
tion, as illustrated infScheme 3This is the mechanism
we favor.

A further comment on our interpretive framework, which
varies slightly from that of Franch et al., is in order. The es-
sential distinction is that while both they and we postulate
two types of reactivity (of which one is electron transfer at
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istry could be due to non-specific binding with the titania
surface and/or reactions very near the surface. Alcohol addi-
tives were more effective in slowing down the hydroxyl-type
chemistry than the electron transfer chemistry, but they were
also shown to displace the poorly binding substrates; these
were also the same ones that suffer the great proportion
of hydroxyl-type chemistry. Very similar arguments can be
used to explain the dependence of the products on pH for
maleic acid. Thus, while the current data certainly do not
eliminate the possibility of bulk phase Ti@nediated reac-
tivity at neutral and basic pH, we find nothing compelling
about either our data set or that of Franch ef4d] to con-

firm it. However, we remain compelled by the experiments
of Minero and co-workers (e.g[56,57,59), and feel that
this should be the assumption in the absence of convincing
evidence to the contrary in support for homogeneous-phase
chemistry.

3.3. Mechanisms of oxygenation reactions

Given our interpretation that theés-trans isomerization
is best explained by reversible reductive electron transfer
chemistry, we wished to explore the possibility that some
of the oxidation (or, perhaps more properly, oxygenation)
products might begin with a step that itself was formally
reductive in nature. The most obvious candidate was reaction
between maleic acid and superoxide near neutral pH, where
the latter is largely deprotonated and nucleophilic. While the
acids are also largely deprotonated in homogeneous solution,
they might still be associated with the titania in such a way
as to make them behave like the ester, rather than the anion
or dianion, and thus act as good Michael acceptors. Though
the adsorption coefficient is not as high at high pH as it is in
acidic solution[47], we were intrigued with the possibility
that a surface-bound tartaric acid might suffer from attack by
nucleophilic hydroperoxyl/superoxide species, rather than
electrophilic hydroxyl species, as outlinedScheme 4

At pH 7 and 12, the HOQO,*~ equilibrium lies far to
the side of superoxide. It is obviously more nucleophilic
than the conjugate acid, making step A more reasonable.
Further, we hypothesize that the substrate is surface-bound

the surface), we believe that there is no requirement for their to maintain its effectively “protonated” state with regard to
assertion that the second type is reaction in the bulk phaseMichael-type attack at thg-position, relative to the adsorb-

of the water. The distinction in reactivity between methyl
maleate and maleic acid, along with the 3iBresults sup-

port the idea that the predominant chemistry at low pH,
i.e.,cis-transisomerization, requires surface adsorption, but

ing acid group. Step B is thermodynamically downhill and

related reactions are well known in the organic literature
[72—78] In aqueous solutiorl,3 is an obvious precursor to

9 by either acid or base catalyzed ring opening. The path

does not speak to the higher pH results, where the productshown by steps D-F is the more conventional mechanism

distributions are different.

for oxidative chemistry under these and similar conditions

We have reported analogous changes in chemistry from[79,80] We thus sought tests to explore plausibility of the

oxidative electron transfer chemistry to hydroxyl-like chem-
istry with the change of phenolic OH-groups to methoxy
groups on benzene ring@9]. In those experimen{&9], ad-
sorption was modified by the capping of the phenols and its
resulting prevention of EO—Ti type adsorption, rather than
by changing pH. We argued that the hydroxyl type chem-

path beginning with step A. The first was to test for the in-
termediacy of13.

Compoundl3, the epoxide of maleic acid, was prepared
as its sodium salt. It was hypothesized that a competition
between hydrolysis and oxidation might lead%@nd 11.
However, photocatalytic treatment 48 did not produce
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Scheme 4. Possible mechanisms for formatior® @nd 11. For simplicity, free, rather than surface-bound compounds are shown. It is understood that
protonation states will vary, though protons also stand in for potential Ti atoms in various potential bound states in the scheme.

detectable amounts dfl when degradations were carried
out to low conversion at pH 2, 7, or 12. The major product
at pH 2 was oxalacetic acidl§), with some tartaric acid
formed. At pH 7, these were observed in reverse order of
importance. At pH 12, even at low conversion, more products
were observedl6 >3>9 >8> 4.

0
HO C)J\/COQH
16

A hypothesis that might have accounted for the lack of
observation ofl6 in the degradations of maleic acid is that
16 is particularly rapidly degraded. In fact, degradations be-
ginning with 16 at 2mM did produce intermediates that
were observed in maleic acid degradations. At pH 2, tartaric
acid and dihydroxyfumaric acid were the most predominant
products. At pH 7, tartaric acid was predominant. At pH
12, compoundd, 8, 3, and9 were observed, in that order
of abundance, indicating that decarboxylation reactions had
become competitive with initial hydroxylations. However,
degradations ofl6 were not significantly more rapid than
those of any other substrate, and the very fact that it was
so easily observed in the degradationd.®fcasts doubt on
the idea that its degradation is particularly rapid in other
experiments.

o)
Ho CJ\/COZH
16

It was also plausible that superoxide was involved in the
reaction, but that the other details of the A-B—C pathway
of Scheme 3were incorrect, i.e., that2 does not form an
epoxide. Thus, we sought more direct evidence regarding
superoxide itself.

Following the precedent of Pichat and coworkers
[27,53-55] degradations were carried out in the presence
of commercial samples of superoxide dismutase (SOD), an
enzyme that catalyzes the disproportionation of superox-
ide to hydrogen peroxide and20As a first step, selected

results from the Pichat lab were reproduced. In these, ad-
dition of superoxide dismutase hindered the degradation of
dimethoxy benzene and quinoline near neutral pH. With
maleic acid at near-neutral pH (using the commercial buffer
supplied with the enzyme), the presence of SOD did not
qualitatively affect the rate of degradation. Neither did it
suppress tartaric acid formation, which was still the major
four-carbon intermediate. Small quantities of fumaric acid
were also observed, consistent with ordinary degradations
at this pH. This suggests that superoxide is not the primary
reactant in formation of tartaric acid.

Finally, maleic acid was treated with superoxide solutions
formed by dissolving commercially available KGn dry
DMSO containing 18-crown-6. Reactions were carried out
in pyridine, anhydrous DMSO, and wet DMSO with super-
oxide:maleic acid ratios of 1:1, 5:1, and 1000:1. No maleic
acid-derived products were observed at the lower ratios of
KO2:1. A trace quantity of fumaric acid (and oxalic acid)
was observed after an hour of treatment at the 1000:1 ratio.
These conditions are at orders of magnitude higher concen-
trations of superoxide than is plausible under normal photo-
catalytic conditions, though the solvent differs and thezliO
surface does not serve to pre-organize the mixture. No tar-
taric acid, oxalacetic acid or any three-carbon compounds
were observed in any of these experiments.

We thus conclude that superoxide is not an important ini-
tiating reactant in the formation of any of the four-carbon
intermediates, including theis-trans isomerization prod-
ucts under the Ti@mediated conditions. In the absence
of evidence to the contrary, we thus favor the conventional
hydroxyl addition steps as the primary reaction mode to
get to the oxygenated products. We also eliminate the re-
versible addition of superoxide as an important mechanism
for cis-trans isomerization of maleic and fumaric acids.

4. Conclusions

Partial photocatalytic degradation of maleic acid gives
rise to most of the plausible oxygenated compounds with
four carbons or fewer. Our observations are generally in line
with the recent report of Franch, et f.7], save that we do
not observe by GC-MS acrylic acid, which they report with
HPLC and UV detection. Theis-transisomerism of maleic
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acid under acidic conditions is proposed to occur by way of [20] C. Richard, New J. Chem. 18 (1994) 443.
reductive electron transfer to the adsorbed acid. The basegd?l C. Richard, P. Boule, New J. Chem. 18 (1994) 547.

for this conclusion include the acid’s superior adsorption at [22]

low pH [47], the near exclusivity of this process in the ab-
sence of @ (which usually acts as an electron acceptor),

C. Richard, P. Boule, Sol. Energy Mater. Sol. Cells 38 (1995)
431.
[23] J. Theurich, M. Lindner, D.W. Bahnemann, Langmuir 12 (1996)
6368.

the increase in observed isomerization rate in the absence of24] X. Li, J.W. Cubbage, T.A. Tetzlaff, W.S. Jenks, J. Org. Chem. 64

O2 (contrary to the great majority of photocatalytic degra-

dation processes), and the suppression of isomerization wit

the addition of fluoride to the system.
An investigation into the possibility that other reactions
begin with the reaction of maleic acid with superoxide in

a similar electron/nucleophile-accepting mode produced re-

sults in clear contradiction with this idea. It is presumed
that the formation of tartaric acid and dihydroxyfumaric
acid—along with other smaller intermediates—occurs by
conventional mechanisms beginning with hydroxyl attack
on the substrate.
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