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The photocatalyzed degradation and mineralization of the linear carboxylic acid C1–C5 series (namely, formic acid, acetic acid,
cid, butanoic acid, and valeric acid) were examined in UV-irradiated air-equilibrated aqueous TiO2 dispersions: (a) to assess the exten
dark) adsorption and photoadsorption; (b) to determine their relationship with degradation; (c) to elucidate the dynamics of the degr
ineralization processes (as loss of total organic carbon); (d) to identify intermediates by liquid chromatography (HPLC), gas chrom

GC–FID) and gas chromatography coupled to a mass detector (GC–MS), and (e) to determine the quantum yields of degrada
inear acid series based on formic acid (Φ = 0.12± 0.02) as a secondary actinometer proposed for aliphatic substrates. At low catalyst
2.0 g/L) and except for formic acid, adsorption of the other four C2–C5 acids increased with chain length, although the overall level
mall, contrary to high catalyst loading (20 g/L) where all four C2–C5 acids adsorbed to nearly the same extent (15–19%) with ad
ormic acid on TiO2 being two-fold greater (34%). The dynamics of degradation and mineralization decreased with increase in cha
.e. formic acid degraded and mineralized faster than its longer chain congeners. Several intermediates were identified in the de
he C3–C5 acids; in particular, 21 species were positively identified in the degradation of valeric acid by the techniques used. On
artial charges and frontier electron densities of all atoms of the carboxylic acids, together with known species formed a route is pr
aleric acid degradation. The quantum yields of degradation for the C2–C5 acid series increased with chain length fromΦ = 0.010 for aceti
cid toΦ = 0.067 for valeric acid.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Aliphatic carboxylic acids perform a diverse range of in-
ustrial functions. Some occur naturally serving an important
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function in nutrition (e.g. acetic acid), whereas many
ers are intermediates in normal biochemical processe[1].
The level of industrial production of some of these a
demonstrates their commercial and industrial relevance
example, the annual production of acetic acid revolves ar
1.5× 106 metric tons, acrylic acid around 0.5 million m
ric tons, and propionic acid about 45,000 metric tons. S
short chain aliphatic acids can cause acute adverse effe
skin, eyes, and mucuous membranes[1]. In the metabolism
of aliphatic acids, cytochrome P450 can interact with s
acids to produce a metabolite toxic to the liver. Some aliph

010-6030/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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acids have also been shown to have a teratogenic effect on
laboratory animals[2], while aliphatic aldehydes and dicar-
boxylic acids have been shown to be carcinogens to some
female rodents[3]. The anti-convulsant 2-propylpentanoic
acid is teratogenic in humans and rodents[4]. Another C8
aliphatic acid, octanoic acid, is known to be toxic to several
insect species[5].

If the TiO2 photocatalytic process, one of several ad-
vanced oxidation processes (AOP) examined for environ-
mental remediation, is to find a niche in water purification
treatments at the industrial scale to produce drinking water
that meets quality standards, determination of the extent to
which a specific contaminant can be degraded is clearly of
primary importance. In this regard, TiO2-mediated photocat-
alytic studies in aqueous media of aliphatic acids with more
than two C atoms have been rather scarce[6–11], and at
times were performed in oxygen-free aqueous media[8,9] to
yield aldehydes (and/or ketones) and alkanes as intermedi-
ary species[13] and 4-oxopentanoic acid[9] for the C2–C4
acids. Heptanol and heptanoic acid were identified in the TiO2
photocatalyzed degradation of octanoic acid[10]. The latter
study proposed that degradation occurs through the interven-
tion of either the valence band holes (h+) or •OH radicals
to produce alkyl radicals R•, which subsequently react with
molecular oxygen O2 to give alkylperoxy radicals. The latter
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be the result of h+ versus•OH radical involvement. Others
have reported the photodegradation of dicarboxylic acids in
homogeneous phase involving iron(III) salts[15].

Linear C1–C5 carboxylic acids were examined in
this study. The corresponding branched isomers (e.g.: 2-
methylpropanoic acid) will be reported elsewhere[16]. The
acids were exposed to UV radiation in aqueous TiO2 sus-
pensions to determine the extent to which they are degraded
by the TiO2 photocatalytic method. Rates of degradation of
these acids are compared and intermediate species identified
to understand how they degrade to CO2 and water. Several
intermediates were identified by liquid chromatography
(HPLC), HPLC co-elution methods, gas chromatography
(flame ionization detection; GC–FID) and by gas chro-
matography coupled to mass detection (GC–MS). Process
dynamics were resolved for both degradation of substrates
and loss of total organic carbon (TOC). Rates of degradation
should correlate with C–H bond energies when involving
•OH radical participation in oxidative processes[17]. The
quantum yield of formic acid was determined and is propsoed
as a secondary chemical actinometer for the degradation of
aliphatics in the same manner that phenol was proposed for
aromatics[18].
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ath was also suggested in the photocatalytic degradat
odecane (and derivatives) to yield monocarboxylic acid

ow yields [12]. Decarboxylation was proposed as the p
ipal route to mineralization of the aliphatic acids in man
hese studies.

Germane to the present study, Guillard[6] recently re
orted the degradation of butanoic acid in aqueous TiO2 dis-
ersions and in O3/UV aqueous acidic media (pH 3.6)
hich the acid is in its molecular form and in neutral m
ia (pH 6.9) in which the acid is in its dissociated form
cidic media, the major intermediates were acetic acid (
-oxobutanoic acid (3-KBA), and propanoic acid (PA) w
dditional trace quantities of acidic species. In neutral
ia the intermediates were AA, 3-KBA, PA, 2-butenoic a

ormic acid (FA), oxalic acid, and 2-KBA; some quantities
thane and propane were also quantified. Comparison

ntermediates produced from the TiO2 photocatalytic proces
ith those from the degradation of butanoic acid in aq
us O3/UV media at pH 3.6 deduced[6] the participation o
+ in the formation of propanoic acid, alkanes and alke
istinguishing h+ from surface-bound•OH radicals. How
ver, closer analysis and our earlier pulse radiolytic stu
n the chemical entity denoted as h+ [13] show that h+ is
ut the surface-bound O•− species in deprotonated form a
urface-bound•OH radicals in acidic media. Accordingly, t
istinction between h+ and•OH is a moot point. Moreove
ur more recent studies[14] have shown that pH-depende
urface potentials affect the selectivity of the TiO2 photo-
atalyst and that selectivity is also wavelength-of-irradia
ependent, so that differences in the nature of the interm
tes produced[6] may have a different origin and unlikely
. Experimental section

.1. Chemicals

Chemicals were obtained from Aldrich and used as
eived: formic acid, glacial acetic acid, propanoic acid,
anoic acid (BA), valeric acid (VA), and acrylic acid. TiO2
as Degussa P25; its properties are now well establi
C test solution{split capillary inlet sample; C16/C9 ra-

io 1.016; 1% (w/w)n-nonane (C9) andn-hexadecane (C16)
n n-tetradecane (C14)} was from Hewlett Packard. Anh
rous MgSO4 and the BSTFA + TMCS (99:1; Sylon BF
erivatizing agent were obtained from Supelco Canada. O
hemicals were of reagent grade quality.

.2. Reactors and irradiation

Reactor-1 was a double-walled Pyrex reactor (ca. 60
ounted with an outlet and an inlet port allowing wa

irculation and temperature control (20± 1◦C). Reactor
was a single-walled circular Pyrex reactor (ca. 500
ith two diametrically opposite flat windows. Irradiation w
chieved using an Oriel 1000 W Hg/Xe arc lamp light sou
Pyrex water bath positioned between the reactor an

ight source filtered out infrared radiation. Dispersions w
ir-equilibrated at all times. Air-cooled reactor-2 was use

arge-scale experiments; temperature was maintained a
0–24◦C.

Determination of photonic efficiencies and quan
ields used a Bausch & Lomb 0.25 m monochromator to
ain nearly monochromatic 365 nm radiation.
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2.3. Analyses

Liquid chromatographic (HPLC) analyses were carried
out using a Waters 501 isocratic pump mounted with a
20�L injection loop, a Waters 441 UV absorbance detec-
tor (wavelength, 214 nm), a Hewlett-Packard HP3396A in-
tegrator, and a Supelco Spherisorb reverse phase C-8 (5�m,
250 mm×4.6 mm) HPLC column. Total organic carbon anal-
yses were performed on a Shimadzu TOC-500 analyzer. Gas
chromatographic analyses were done on a GC–FID Hewlett-
Packard 5890 series II system; GC–MS analyses were car-
ried out on a mass detector coupled to the HP 5890 series II
system.

2.4. Procedures

In a typical experiment, a carboxylic acid solution was
prepared at a concentration of 9.79× 10−3 M (ca. 600 mg/L
carbon for a C5 acid; 500 mL). Each aliquot was filtered
through 0.22�m filters (MSI #NO1SP01300 or Spartman-
3 Teflon membrane) and analyzed by the HPLC technique.
The mobile phase was a mixture of MeOH/H2O 35/65%
(v/v); other ratios were used as required. The pH was adjusted
to 3.0 witho-phosphoric acid; column was kept at ambient
temperature.
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2.4.3. Rates of degradation of the C1–C5
carboxylic acids

Fifty milliliters of a 2.0× 10−3 M solution of an acid{FA,
AA, PA, BA, and VA} was added to reactor-1 containing
2.0 g/L of TiO2 particles. The dispersion was magnetically
stirred in the dark for 90 min prior to irradiation. Wavelengths
below 320 nm were excluded from the Pyrex reactor to avoid
direct photolysis of the acids. Appropriate 400�L aliquots
were collected from reactor-1 at various times but more fre-
quently in the initial stages, following which they were fil-
tered through 0.22�m filters and subsequently analyzed by
HPLC methods; flow rate, 0.8 mL/min for all measurements;
column at ambient temperature; pH, 3.0 witho-phosphoric
acid. Unless noted otherwise, the mobile phases were: (i) H2O
for the C1–C3 acids; (ii) a solution of H2O/CH3CN (90/10%
(v/v)) for the C4 acid; and (iii) H2O/CH3CN (80/20% (v/v))
for valeric acid.

2.4.4. Rates of loss of TOC for the C1–C5
carboxylic acids

TOC analyses were performed concurrently with HPLC
measurements to determine the rates of disappearance of pol-
lutants and loss of TOC. The Shimadzu TOC-500 analyzer
range was set at 10 and the flow rate was 150 mL/min; vol-
ume injected, 40�L; calibration of instrument was performed
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.4.1. Dark adsorption measurements
low catalyst load)

A 50.0 mL solution of the C1–C5 acids (2.0× 10−3 M)
as added to a vial containing 2.0 g/L of TiO2. The dis-
ersion was sonicated for 5 min and stirred in the dark
a. 90 min. An appropriate aliquot was collected, filte
nd then analyzed by HPLC methods; mobile phases
2O/MeOH (99/1% (v/v)) for the C1–C3 acids and a

ution of H2O/MeOH (65/35% (v/v)) for the C4 and C
cids; pH was 3.0 (o-phosphoric acid); temperature w
mbient.

.4.2. Dark adsorption measurements
high catalyst load)

A dispersion of 25.0 mL of a 2.0× 10−3 M valeric acid
olution (pH 3.7 adjusted with HClO4 or NaOH) and 20 g/L
f TiO2 was sonicated for 10 min, and then stirred in the d

or another 60 min. The suspension was sampled at the b
ing of the stirring period and then every 20 min therea
amples were filtered and analyzed isocratically by HP
obile phase, 35/65% (v/v) MeOH/H2O solution at pH 3.
ith o-phosphoric acid; column was kept at ambient co

ions. All manipulations were performed under dark ro
onditions (dim red light).

The other four C1–C4 acids were treated in a similar m
er collecting one sample after the 60 min dark period.
PLC mobile phase for butanoic acid was the same a
aleric acid, whereas for the C1–C3 acids, it was a solu
f H2O/MeOH (99/1% (v/v)).
aily prior to analysis using standard potassium hydroge
halate.

.4.5. Identification of oxidized intermediates
y HPLC method

In a typical experiment (constant temperature, 20◦C),
0.0 mL of a solution of 600 mg/L of the acid (PA, BA or V
nd 0.12 g of TiO2 (loading, 2.0 g/L) were added to reacto
he suspension was stirred for a few seconds, sonicate
min in a sonicator bath, followed by continued stirring
nother 60 min in the dark, and then irradiated at wavelen
reater than 320 nm.

Aliquots (1.0 mL) were collected at various times, filter
nd then analyzed for intermediates by HPLC methods

ected volume, 20�L; the mobile phase was an aqueous
ution of H3PO4 (pH 3.0) for propanoic and butanoic aci
nd a solution of MeOH/H2O (25/75% (v/v)) at pH 3.0 fo
aleric acid.

.4.6. HPLC co-elution experiments
The degraded acid sample was filtered and subsequ

small volume of an aqueous solution of a suspected
ediate was added to the filtrate and analyzed by the H

echnique. In essence, the co-elution method consiste
1) obtaining a chromatogram of the irradiated solution
iven acid; (2) spiking an aliquot of the irradiated acid s

ion with a pure sample of a suspected potential intermed
nd (3) determining peak overlap between the spiked
le and the irradiated acid. Peak overlap provided pos

dentification.
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2.4.7. Adsorption equilibrium constant K
of the C1–C5 acids

A solution (50.0 mL) of the C1–C5 aliphatic acids of var-
ious concentrations (4.90× 10−4 M, 7.34× 10−4 M, 9.79×
10−4 M, 1.47× 10−3 M, 1.96× 10−3 M, and 5.87× 10−3 M)
was adjusted to pH 3.7 (HClO4 and/or NaOH) and subse-
quently added to reactor-1 containing 2.0 g/L of TiO2 parti-
cles. The system was stirred in the dark for 60 min, after which
a 500�L aliquot was collected. The remaining dispersion was
irradiated, collecting 500�L samples at various time inter-
vals. They were filtered and isocratically HPLC-analyzed.
The relevant mobile phases were: (1) H2O/MeOH, 99/1%
(v/v) for the C1 and C2 acids; (2) 75/25% (v/v) H2O/MeOH
for propanoic acid; and (3) 60/40% (v/v) H2O/MeOH for the
C4 and C5 acids; the pH was 3.0 (o-phosphoric acid).

2.5. GC–FID investigation of valeric acid intermediates

2.5.1. Derivatization of acid and intermediates
In a typical experiment, one drop of a pure acid (ca. 13 mg

of valeric acid or 1.27× 10−4 mol) was transferred to a glass
vial to which was added 400�L of the derivatizing agent
BSTFA + 1%TMCS{99:1, equivalent to 1.5× 10−3 mol;
minimum BSTFA to labile proton ratio was 12:1 for va-
leric acid; TMCS is trimethylchlorosilane}. The sample was
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20–24◦C during the 8 h degradation period, after which the
whole suspension was filtered and 60 mL of the filtrate was
taken and subsequently treated as described earlier. A blank
was prepared by the same procedure but without valeric acid
in the irradiated solution.

2.6. GC–MS identification of the intermediates
of Valeric acid degradation

A solution (400 mL; ca. 600 mg/L) of valeric acid was
irradiated for a given time period, filtered, and the subse-
quent filtrate components derivatized. The 400 mL blank so-
lution was treated in identical manner. After derivatization,
the derivatized residue and the blank were diluted 10-fold
with anhydrous diethyl ether, followed by analysis (0.50�L
for each sample) by GC–MS.

The extra peaks found in the chromatogram of the irra-
diated sample that did not appear in the chromatogram of
the blank were used for identification of intermediates with
a mass spectral library. The validity of this methodology for
valeric acid was ascertained from retention times and on the
basis of molecular weights of the expected intermediates.

2.7. Partial charges and frontier electron density
calculations of the C1–C5 linear acids

toms
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eated (see below) for 30 min and vortexed every 5 min
equent to which 2.0�L of the sample was injected into t
P-5890 series II system.
The efficiency of the derivatization procedure was v

ated with a simulated sample. Thus, 60.0 mL of an aqu
olution 600 mg/L in valeric acid or butanoic acid was tra
erred to a separatory funnel, acidified with five drops of c
entrated HCl and extracted with three portions of 120 m
iethyl ether. The ethereal extract was dried over anhyd
gSO4, filtered in vacuo{Buckner funnel mounted with
.22�m fritted disk} and then followed by evaporation
rotary evaporator. Subsequently, 3.0 mL of the derivat
gent was added to the residue under argon. The flas
toppered and the mixture heated over a water bath (8◦C)
or ca. 30 min with magnetic stirring. GC–FID analyses w
erformed on: (1) the pure derivatizing agent; (2) the de

ized extract (first two of three portions of the 120 mL
ther); and (3) on the last ethereal extract, which was tre

n a similar manner (dried, filtered, evaporated, derivati
nd finally heated).

.5.2. Relative retention times
The relative retention times of all acids were determ

gainst valeric acid and then compared to those obt
or the peaks of a chromatogram for an irradiated va
cid solution analyzed under the same conditions to ide
some) unknown intermediates. The latter chromatogram
lso compared to that of a blank. Sample preparation
00 mL of a 600 mg/L valeric acid solution was transfe

nto reactor-2 containing 2.0 g/L of TiO2. The suspensio
as sonicated for 5 min and then irradiated. Temperature
Partial charges and frontier electron densities of all a
f the linear aliphatic acid series were calculated u

he MOPAC/AM1 wavefunction. The computer simulatio
ere carried out using the CAChe Worksystem version

Fujitsu Co. Ltd.) implemented on an Intel Pentium-IV a
indows XP system. A geometrical configuration was

ermined by pre-optimization calculation in Mechanics
ng augmented MM3, followed by geometrically optimiz
alculations in MOPAC using AM1 parameters. Solva
ffects in water were simulated using COSMO also avai

n the CAChe package.

.8. Limiting photonic efficiency of formic acid and
uantum yields

Fifty milliliters of a 3.92 × 10−3 M solution of formic
cid was added to a reactor containing various pre-wei
mounts of TiO2 Degussa P25 (0.30, 0.60, 0.90, 1.20, 1
.80, and 2.10 g/L); pH of the suspension was adjusted t
NaOH or HClO4 solutions). Dispersions were then sonica
or 5 min and stirred for 60 min, after which a 400�L aliquot
as collected (in the dark fort = 0). Subsequent 400�L
amples were collected at various time intervals during
iation of the dispersion at 365 nm (temperature, 20± 1◦C);

hey were filtered through 0.22�m filters and then analyze
y HPLC isocratic methods{wavelength, 214 nm; colum
upelco Spherisob octyl 5�m, 250 mm× 4.6 mm; mobile
hase, 1/99% (v/v) MeOH/H2O; pH 3.0 with o-phosphor
cid; flow rate, 0.8 mL/min}. Photonic efficiencies were e

imated from the photon flow as determined by chem
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actinometry with Aberchrome 540 (absorbance measured at
494 nm). Quantum yields of photodegradation of AA, PA,
BA, 2-methylbutanoic (2-MBA) and VA acids are based on
formic acid as the secondary chemical actinometer.

3. Results and discussion

3.1. Relation between pH and dark adsorption

Fig. 1a illustrates the extent of adsorption and pH results
obtained for the linear C1–C5 carboxylic acids series. Each
histogram represents the mean value of several experiments
and the error bars denote one standard deviation. The vari-
ance around the mean of the pH data was negligible. The
pHs of the TiO2 suspensions of AA, PA, BA, and VA acids
were similar; that of formic acid was lower in line with its
lower pKa (3.75) relative to those of the other C2−C5 acids
examined: pKa = 4.75, 4.87, 4.81, and 4.82, respectively, for
acetic acid, propanoic acid, butanoic acid, and valeric acid.
Adsorption in the dark was highest for formic acid (ca. 5.2%

F
o

after 90 min exposure to the catalyst) correlating with the
pKa. Adsorption of formic acid on the reactor walls was neg-
ligible. The TiO2 particle surface is neutral around pH 5.5–6
[19], the point of zero charge (pzc), below which the sur-
face is positively charged and negatively charged above pzc.
Accordingly, charged solutes will impact on the reaction dy-
namics if the solute and the semiconductor surface are of like
charge, or of opposite charge. At pH 3.3, 26% of formic acid
exists in the anionic form, thus favoring adsorption through
electrostatic attraction. For the other C2−C5 acids, the pH
was 3.7–3.8, slightly greater than for the formic acid dis-
persion, hence less adsorption in accord with the degree of
ionization being smaller than for formic acid. Note that ad-
sorption of the acids can occur either through the carboxylate
anion or molecularly in the undissociated form[20].

Adsorption increases with chain length of the acid
(Fig. 1a). However, the extent of adsorption of the five C1–C5
linear acids on TiO2 is rather limited under the conditions
used. At higher catalyst loads (e.g. 20 g/L) and at concen-
trations of organic acid around 2.0× 10−3 M (as above),
the extent of dark adsorption of the C2−C5 acids are nearly
ig. 1. (a) pH and adsorption of C1–C5 linear carboxylic acids after 90 min in
f selected acids at high TiO2 loading (20 g/L; pH = 3.7 constant; [acid] = 2.0× 10
the dark on TiO2 particles at low catalyst loading of 2.0 g/L. (b) Dark adsorption
−3 M).
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identical (ca. 16± 1%) in contrast to formic acid with ad-
sorption nearly two-fold greater (ca. 34%;Fig. 1b).

Unlike the data at the lower catalyst loading (Fig. 1a), the
suspensions at the 20 g/L catalyst load were maintained at
constant pH 3.7 so that the lower the pKa of an acid the higher
was its degree of ionization. Since the pKa’s of the linear
C2–C5 acids are relatively similar, the extent of adsorption
of these acids on the TiO2 surface should be nearly the same
on electrostatic grounds (Fig. 1b). The major factor impacting
the extent of dark adsorption of the linear C1–C5 carboxylic
acids is the pH of the medium.

3.2. Adsorption equilibrium constant K in the dark and
under UV illumination

The adsorption equilibrium constant in the dark (Kd) was
determined by the methodology of Cunningham et al.[21].
Fig. 2a shows the Langmuir-type adsorption isotherm of
formic acid, whereasFig. 2b depicts a plot of the ratio of
the concentration of formic acid at equilibrium, [formic]eq,
to the number of mols of formic acid adsorbed per gram of
TiO2 versus [formic]eq. Despite the scatter in the data, satu-
ration was also attained around 2.0× 10−3 M, in accord with
the behavior (R0 versusC0) seen inFig. 3a.

Illumination of TiO2 particles in dispersions impacts on
the adsorption/desorption equilibrium of adsorbed molecules
o x-
c
i
T UV-
i -

F
a ic
a e
r
m

Fig. 3. (a) Langmuir-type plot of initial rates of degradation of formic acid
against initial concentration of formic acid. (b) Double reciprocal plot of
the rates of degradation of formic acid, 1/r0, against initial concentration of
formic acid, 1/[formic]0.

ting of water[23]. Moreover, incident photons generate new
active sites on the TiO2 particle leading to changes in the
surface characteristics, which also impact on the adsorp-
tion/desorption of adsorbates thus making the determination
of the number of actives sites a challenging task[18].

When surface changes are significant, a noticeable dif-
ference can occur in the adsorption/desorption equilibria in
the absence and presence of UV illumination. The adsorp-
tion/desorption equilibrium constant under illumination was
determined kinetically from a plot of 1/R0 versus 1/C0 (Fig. 3
for formic acid), obtained from a series of degradation ex-
periments carried out at various concentrations but otherwise
under identical conditions.

The temporal degradation of formic acid tended to exhibit
zero-order kinetics across the concentration range 4.90–58.7
× 10−4 M (see below). The plot ofR0 versusC0 (Fig. 3a) and
the double reciprocal plot 1/R0 versus 1/C0 (Fig. 3b) show
profiles reminiscent of a Langmuir–Hinshelwood adsorption
phenomenon with saturation seen at ca. 2.0× 10−3 M, above
which the rates no longer depended on the concentration of
formic acid. A similar saturation behavior at ca. 2.0×10−3 M
was seen for PA and 2-MBA acids.

The adsorption equilibrium constantsKd and Ki (un-
der illumination) for formic acid, propanoic acid, and
2-methylpropanoic acid are reported inTable 1. UV illumi-
n n
K
d nt rel-
a cid
K he
a n ex-
n the surface of TiO2. Oxygen atoms of metal oxides e
hange with oxygen atoms from gaseous molecular O2 on

llumination in the absence of organic species[22]. The
iO2 particle surface becomes positively charged when

rradiated because of formation of H+ ions from the split

ig. 2. (a) Langmuir adsorption isotherm plotted as�mols of formic acid
dsorbed per gram of TiO2 in the dark against initial concentration of form
cid. (b) Adsorption isotherm of formic acid on TiO2 particles plotted as th
atio of the concentration of formic acid at equilibrium [formic]eq to the
ols of formic acid adsorbed per gram of TiO2 against [formic]eq.
ation causesKi for formic acid to be two-fold smaller tha
d in the dark. For propanoic acid, UV illumination of TiO2
ispersions increases the adsorption equilibrium consta
tive toKd nearly 30-fold, whereas for 2-methylbutanoic a
i is four-fold greater thanKd. Hence, photoadsorption of t
cids examined is more significant than dark adsorptio
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Table 1
Adsorption equilibrium constant of selected linear aliphatic acids under UV
illumination (Ki ) and under dark conditions (Kd)

Acid Ki (103 M−1) Kd (103 M−1)

Formic (FA) 1.51± 0.22 3.16± 0.10
Propanoic (PA) 5.20± 1.11 0.16± 0.03
2-Methylbutanoic (2-MBA) 2.57± 0.24 0.68± 0.26

cept for formic acid, for which photodesorption may be more
relevant.

3.3. Complete degradation of C2–C5 acids

Factors that influence the rate of degradation of organic
compounds on titanium dioxide include but are not limited
to: catalyst load, solute concentration, oxygen concentration,
extent of adsorption, pH, photon flow, temperature, presence
of inorganic ions, presence of added oxidants, and not least
reactor design. Most can be controlled so that observed trends
can be rationalized. Herein, catalyst load, solute concentra-
tion, photon flow, medium temperature and reactor design
were kept constant. No inorganic ions and no oxidants other
than O2 (air) were added as experiments were carried out un-
der air-equilibrated conditions with concentration of oxygen
ca. 2.4× 10−4 M [10]. Rates of reaction may be limited by
the rate of electron transfer to oxygen if concentration of so-
lute is greater than 10−3 M and the partial pressure of oxygen
PO2 is small (≤0.05 atm)[24]. In our study,PO2 was 1 atm
and solute concentration was ca. 10−3 M. Thus, the only vari-
ables were: (i) the pH of the dispersion; and (ii) the extent of
adsorption of the organic solute on the catalyst surface. The
latter is an intrinsic consequence of the system that may be
influenced by the pH of the TiO2 dispersion. For example,
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method. No peak(s) other than the solvent front was ob-
served in the chromatograms, which was not the case for
the C3–C5 linear acids. For instance, an intermediate ap-
pearing in the chromatograms for propanoic acid was still
detectable in solution even though the acid had completely
degraded.

This unidentified intermediate from propanoic acid may
be: (a) smaller than a C3 organic acid (e.g. AA); (b) an
oxidized derivative of propanoic acid{e.g. 2-HPA acid
(CH3CH(OH)CO2H}; (c) a keto derivative of propanoic
acid {2-KPA acid, CH3C(O)CO2H}; or (d) compounds of
lower molecular weight or more water soluble than propanoic
acid. The intermediate may have less affinity for the re-
verse phase C-8 column stationary phase. This is not unlikely
since lower molecular weight carboxylic acids are typically
formed from higher molecular weight compounds[25]. For
instance,•OH radicals abstract�-H atoms to yield glyco-
late (HOCH2COO−) and glyoxylate (OCHCOO−) anions as
intermediates in the degradation of acetic acid. Hexanedicar-
boxylic acid and related dimethyl esters form in the degra-
dation of 1,2-dimethylbenzene[26]. The GC–MS analysis
of dodecane intermediates showed the presence of several
dodecanone isomers, along with formaldehyde and traces of
formic acid [27]. The degradation of 4-ketopentanoic acid
produced several intermediates (e.g. 2-oxobutane, propanoic
a tone,
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he extent of dark adsorption of organic acids decreases
ncreasing pH because of repulsion between the anionic
f the acids and the negatively charged TiO2 surface[21]. The
H of the media was governed by the pKa of the carboxylic
cid.

The temporal degradation of the linear C1−C5 series o
arboxylic acids was monitored by HPLC. The absenc
peak of the acid in the chromatograms inferred succe
egradation.

The chromatogram for formic acid taken after 30 min
rradiation revealed that degradation of formic acid was c
lete. The same was observed for the other C2–C5 aci

hat they were completely degraded albeit at longer irr
tion times. Hence, the TiO2 photocatalytic method is a
ppropriate technique to remove linear organic carbo
cids from aquatic media. However, the disappearan
substrate is insufficient for water treatment method
eet existing governmental standards, since intermed
roduced during the degradation process may be mo

ractory than the parent compounds or else more harm
uman health. For both formic acid and acetic acid, no re
al intermediates were detected at the end of the deg

ive process, at least above the detection limits of the H
cid, acetic acid, ethanol, acetaldehyde, dimethylke
thyl acetate, ethane, methane, and methanol)[9]. In the
egradation of butanoic acid, a peak was seen at a h
etention time inferring that the corresponding intermed
ad a greater affinity for the column packing, a condition
uiring that the species be more hydrophobic than buta
cid as would occur if the intermediate had a higher ca

oad than the parent substrate. Formation of alkyl rad
n such systems can also lead to intermediate products

ore carbon atoms than the starting substrates, as de
trated by the formation of C5 acids (e.g. VA and 2-M
cids) from propanoic acid[8].

Although the HPLC chromatographic patterns can b
ionalized on the basis of existing data, the key issue, how
s that while the C1−C5 acids are completely degraded w
xposed to UV irradiation in aqueous TiO2 dispersions, th
otal loss of TOC from an irradiated TiO2 dispersion is a bette
ndicator of photoreaction efficiency as the goal of the ph
atalytic process is to mineralize pollutants. In this con
onitoring the disappearance of the organic pollutant ca
isleading if it degraded rapidly and the intermediates w

efractory to oxidation[28]. Accordingly, we also monitore
he amount of TOC left in solution as a function of irradiat
ime during the degradation of these acids.

The TOC content decreased with time indicating tha
1−C5 acids are mineralized to H2O and CO2 albeit not
lways quantitatively. Except for propanoic acid, where
OC was detected after 2 h of irradiation, residual amo
though small) were still present after 2 h of irradiation
ormic acid, after 4 h for both acetic acid and butanoic a
nd 4.5 h for valeric acid, although for the C4 and C5 acid
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residuals were statistically negligible. A more detailed TOC
analysis is described below where we examine and compare
the dynamics of the degradation and the mineralization of the
C1−C5 acids.

3.4. Dynamics of degradation and mineralization

The temporal course of the degradation of the C1−C5 lin-
ear carboxylic acids (initial concentration, 2.0× 10−3 M) is
illustrated inFig. 4. Decrease in acid concentration was linear
initially and then deviated from linearity at longer irradiation
times. For formic acid, the decrease scaled linearly for the first
20 min (ca. 10% of FA was left in solution); the correspond-
ing linear decays lasted for ca. 75 min for acetic acid (15%
left), 30 min for propanoic acid (43% remaining), 45 min for
butanoic acid (43% left), and 60 min for valeric acid (37%
left in solution). Accordingly, the degradation process fol-

F
a

lowed zero-order kinetics initially drifting toward first order
at longer irradiation times. The relevant zero-order rates of
degradation are summarized inTable 2.

Except for acetic acid, which was more refractory to ox-
idation than propanoic acid, a decreasing trend was seen in
the rate of degradation with increasing chain length. Various
factors can impact on the dynamics of the process occurring
on TiO2. The pH of a solution and the degree of adsorption
of an acid on TiO2 are intrinsically related.

The dark adsorption data (Fig. 1b; high catalyst load of
20 g/L) displayed no significant differences for the C2–C5
linear acids contrary to the rates of disappearance of these
acids which are otherwise different. The extent of dark ad-
sorption does not correlate with the rates of degradation.
Hence, factors other than dark adsorption must play an im-
portant role in the degradation dynamics. Nonetheless, ad-
sorption of the substrate on TiO2 surface remains a relevant
ig. 4. Temporal changes in the concentration of the C1–C5 linear acids (no
queous TiO2 suspensions (catalyst loading, 2.0 g/L): (a) formic acid; (b) acet
rmalized as percentage of initial concentration, 2.0× 10−3 M) in air-equilibrated
ic acid; (c) propanoic acid; (d) butanoic acid; (e) valeric acid.
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Table 2
Zero-order rate data for the degradation of the C1–C5 linear carboxylic acid series and rate of loss of TOC during the degradation of these acids

Acid Rate of degradation (�mol/h) Rate of TOC loss (mg/h) Rate of TOC loss per C atom (mg/h)

Formic (FA) 238± 26 (224±25)a 2.9± 0.2 2.9± 0.2
Acetic (AA) 60± 4 1.30± 0.03 0.65± 0.03
Propanoic (PA) 100± 0.5 1.8± 0.1 0.60± 0.10
Butanoic (BA) 55± 2 1.22± 0.01 0.31± 0.01
Valeric (VA) 42± 2 (45±4)a 1.30± 0.03 0.26± 0.03

a Performed after one month illustrating the reproducibility of the methods used.

factor since the C2–C5 acids adsorbed less on TiO2 than
formic acid. The latter showed the highest rate of degradation
(Table 2).

Changes in oxidative power of the valence band (VB) of
UV-irradiated TiO2 with pH are well-documented[8]. Band
positions shift to more reducing potentials as pH increases,
thus permitting manipulation of the redox chemistry using the
pH factor. The bandgap however remains invariant to such
pH changes. Among the C1–C5 acids, formic acid has the
lowest pKa and the lowest pH of the reaction medium. Con-
sequently, the VB of TiO2 is at a more positive redox potential
in HCOOH/TiO2 dispersions than is otherwise the case for
the other C2−C5 acids that possess nearly identical pKa’s
(see above), thereby causing TiO2 to be a stronger oxidant
with formic acid than with the other four acids. Moreover,
formic acid is the better reducing agent of this linear acid se-

F
T

ries{E◦ HCOO−/HCOO• = −1.07 V (NHE)}. Accordingly,
the faster degradation of formic acid rests on three points:
(1) adsorption in the dark on TiO2 is greater than any of the
other four acids; (2) formic acid is a stronger reducing agent;
and (3) the pH of the solution was lowest causing irradiated
TiO2 to be a somewhat better oxidant. Thus, the degradation
of formic acid is thermodynamically more favored relative
to the other C2−C5 acids. Redox potentials and adsorption
characteristics therefore impact on the rates of degradation
of these acids[29–32].

The temporal decrease of TOC for the five acids under con-
sideration is shown inFig. 5. Near zero-order kinetics were
observed for all acids in agreement with the work of Ser-
pone et al.[33] and Tinucci and co-workers[34]. TOC decay
patterns for butanoic acid and valeric acid display a small
induction period initially (ca. 20 and 30 min, respectively),
ig. 5. Temporal changes in the concentration of TOC during the degradatio
iO2 suspensions (catalyst loading, 2.0 g/L): (a) formic acid; (b) acetic acid;
n of the C1–C5 linear acids (expressed as mg of TOC) in air-equilibrated aqueous
(c) propanoic acid; (d) butanoic acid; (e) valeric acid.



244 N. Serpone et al. / Journal of Photochemistry and Photobiology A: Chemistry 169 (2005) 235–251

attributed to formation of kinetically important intermediate
species during the reaction. A substantial fraction of the total
mineralization period is taken up by further oxidation of these
intermediates. The incubation period increases with increas-
ing solute concentration as a result of competition between
degradation of intermediates and original substrate for the
photogenerated•OH radicals[33,35]. Oxidation of formic
acid led to its direct conversion to CO2. In line with these
observations, the degradation of formic acid and acetic acid
produced no significant intermediates under our experimen-
tal conditions. An incremental number of intermediates were
observed for the other C3–C5 acids (see below). Rate data
for loss of TOC are summarized inTable 2.

The overall trend in the rates of TOC loss appears at
variance with that observed for the rates of acid degrada-
tion (HPLC data). Formic acid displayed the highest rates
of TOC loss and degradation. Unlike the rates of acid dis-
appearance, however, which decreased with increasing chain
length, the rates of TOC loss showed no particular trend.
For example, there is little difference between butanoic acid
and valeric acid. The rate of degradation of acetic acid was
slightly greater than those of butanoic acid and valeric acid
(Table 2). By comparison, the initial rates of TOC disappear-
ance for these three acids were similar. However, the rate of
TOC loss on a per carbon basis shows a decreasing trend
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Fig. 6. (a) Histograms showing the percent of TOC decayed (left), the per-
cent of acetic acid remaining in solution (middle) and the mass balance
(right; expressed as %TOC degraded + %acid remaining) at various irra-
diation times. (b) Histograms showing the percent of TOC decayed (left),
the percent of butanoic acid remaining in solution (middle) and the mass
balance (right; expressed as %TOC degraded + %acid remaining) at various
irradiation times. Note the negative curvature in (b) indicating substantive
quantities of intermediates contrary to (a) for acetic acid for which interme-
diates were limited or non-existent.

provides no substrate-specific physical characteristics to the
observed rates since they are not associated with a specific
entity.

3.5. Identification of oxidized intermediates

3.5.1. HPLC co-elution method
Hydrogen atoms on the�-carbon of the acids are the most

labile hydrogens so that the�-carbon should be the preferred
site for H-atom abstraction by•OH radicals, which in turn
lead to formation of�-hydroxylated acids that can be oxi-
dized further to�-keto derivatives.

The results were somewhat deceiving with respect to
the above expectations except for 2-hydroxybutanoic acid
identified as an intermediate of valeric acid degradation to-
gether with AA, PA, BA, and acrylic acid (HPLC co-elution
method). Acetic acid was also an intermediate in the degra-
dation of propanoic acid. In no other cases were�-hydroxy
ith increase in chain length. There is no significant dif
nce between rates of TOC loss and rates of acid deg

ion for the C1 and C2 acids, whereas the rates of TOC
ere lower than the rates of acid degradation for the C3
cids.

Fig. 6compares rates of TOC loss and rates of degrad
f acetic acid (Fig. 6a) and butanoic acid (Fig. 6b) in terms of
1) the temporal changes in percent TOC removed from
ion; (2) the temporal changes in percent acid left in solu
nd (3) the mass balance. The mass balance for aceti
as nearly 100% at all sampling points, in line with no sig

cant intermediates formed during degradation. For buta
cid, the concentration of BA in solution decreased while
ercent TOC removed increased, indicating a certain
ortion of the acid had undergone complete mineraliza
owever, though the mass balance was 100% initially, i
iated negatively from 100% until a minimal value that c
esponded to the complete disappearance of this acid
nfers an accumulation of carbon-containing intermed
hat accompanied the disappearance of the original subs
ollowing which the intermediates were also photomine
zed as evidenced by the rise in percent TOC removed
olution, albeit it was slightly below 100% after 210 min
rradiation.

TOC loss reflects a sum of exponential decays to w
nly the slower decay contributes most significantly[34].
ence, TOC analyses are useful in evaluating the e

iveness of TiO2 photocatalysis as a water treatment te
ology because it focuses on the complete mineraliz
f organic contaminants, including the intermediates. N
owever, that the TOC analysis is a non-specific method
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acids or�-keto acids identified as intermediates by the co-
elution method (but see below). However, since the rates of
degradation of�-hydroxy and�-keto acids tend to be five-
fold faster than those of the parent substrate[16], it is not
surprising that such intermediates failed to be identified by
co-elution. This is consistent with previous studies by Minero
and co-workers[27] who reported that dodecyl derivatives (1-
dodecanol and dodecanoic acid) are degraded rapidly at rates
nearly 100-fold faster than dodecane, and that CO2 is evolved
almost at the same rate as dodecane degradation. Others[25]
reported the first step in the photocatalyzed degradation of
acetic acid involving surface-bound•OH radicals abstract-
ing a�-H to yield glycolate (HOCH2COO−) and glyoxylate
(OCHCOO−) species, contrary to other photocatalytic stud-
ies[27] involving acetic, propanoic and butanoic acid, which
showed no formation of�-hydroxy or�-keto acids. Rather,
aldehydes, ketones and alcohols were produced along with
other carboxylic acids of different chain lengths. Variations
with the present study reside in the otherwise different ex-
perimental conditions used.

3.5.2. GC–FID identification of valeric acid
intermediates

Intermediates from valeric acid degradation were inves-
tigated further by GC–FID for confirmatory evidence. The
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of valeric acid were more likely to be detected by GC–FID.
Thus, the greater number of peaks observed in the GC–FID
chromatogram of a derivatized sample from the degraded va-
leric acid solution than in a HPLC chromatogram.

Combining the results from the HPLC and GC–FID anal-
yses shows that the HPLC technique identified five valeric
acid intermediates (AA, PA, BA, 2-HBA, and acrylic acid),
whereas four valeric acid intermediates (PA, BA, 2-HBA, and
2-KBA) were identified by GC–FID. Three were simultane-
ously identified by the two methods (PA, BA, and 2-HBA).
Clearly, an�-hydroxyacid (2-HBA) was formally identified,
indicating the occurrence of hydroxylation at the�-carbon.

3.5.3. Identification of valeric acid intermediates by
GC–MS methods

Sample handling for GC–MS analyses was identical to
that used for GC–FID, except that the extraction was carried
out on the whole 400 mL of the filtrate from irradiated disper-
sions instead of the 60 mL aliquot. This led to the recovery of
larger quantities of intermediates. The derivatized filtrate was
analyzed by GC–FID prior to performing GC–MS analyses
to optimize the separation method. More than 40 peaks were
detected in the GC–FID chromatogram with the scaled-up ex-
traction procedure, as opposed to 17 with the former method,
thus adding a further challenge in identifying intermediates
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ntermediates in the degraded solution were extracted
queous media using diethyl ether, derivatized (carbo
cids do not elute well on a GC column) and analyze
as chromatography. Both 2-oxovaleric acid (2-KVA),
-hydroxyvaleric acid (2-HVA) were included in this stu

o assess whether�-hydroxy and�-keto species were pr
ary intermediates in the degradation of aliphatic lin
cids. Valeric and butanoic acids were completely recov

rom the aqueous sample after three extractions; reco
f 2-oxovaleric acid and 2-hydroxyvaleric acid was 87
2%, respectively. All four derivatized acids (VA, BA, 2-HV
nd 2-KVA) were detected with appreciable signal inte

ies. Comparison of the chromatograms of the blank an
erivatized irradiated solution showed four peaks at sh
etention times than valeric acid, and 13 other peaks at lo
etention times. With the type of column used (polysilox
B-5, 5% phenyl: 95% methyl), the elution order was
ected to scale with the molecular weights of the specie

Except for acrylic acid, retention times of the linear ac
ollowed the order: AA < PA < BA < VA, paralleling th
olecular weights of the derivatized forms (133, 146, 1
nd 174 g/mol, respectively). For oxidized and non-oxid
cids, the elution order was: linear < 2-oxo < 2-hydroxy.
xample, the elution order of the C3 acids was: PA < 2-K
2-HPA (146, 162, and 232 g/mol, respectively). For

cid and acetic acid failed to be detected by this met
ormic acid was not detected by HPLC either, and a
cid could not be confirmed by GC–FID. Butanol (and a
ols in general) was difficult to detect by HPLC becaus

ts hydrophilicity and the lack of a chromophore absorb
t 214 nm. However, alcohols formed during the degrada
ven for a simple linear aliphatic acid.
Species identified by the GC–MS methodology are s

arized in Table 3. Most intermediates formed in t
hotocatalytic degradation of valeric acid are satur
liphatic acids with shorter chain length. The presenc
-methylbutanoic acid, 2-methylmalonic acid and hexa
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ackbone. The remaining intermediates were: (1) satu
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-HVA, and 2-hydroxy-2-pentenoic acid}; (2) saturated ke

oacids{4-KVA}; and (3) saturated and unsaturated dia
succinic acid, 2-methylmalonic acid, and 1-propene-
icarboxylic acid}. The presence of 2-hydroxy-2-penten
cid also points to hydroxylation on the�-carbon of va

eric acid. Note that 2-hydroxyvaleric acid was detec
either by HPLC nor by GC–FID methods. However,
roxylation did take place on carbon atoms other than th�-
arbon, as evidenced by formation of 3-hydroxy, 4-hydr
nd 5-hydroxyvaleric acid as well as 2-hydroxy-2-pente
cid. Hydroxyacids undergo further oxidation to the k
oxo) species, as indicated by the presence of 4-oxova
cid. The presence of dicarboxylic acids (succinic acid
ethylmalonic acid, and 1-propene-1,3-dicarboxylic aci
ot surprising given that hydroxyacids were produced

he hydroxyl group located on terminal carbon atoms at w
urther oxidation yields a carboxyl group.

Table 4shows the results obtained by the three ana
al methods used to identify some of the intermediates
uced in the degradation of valeric acid. Only butanoic
nd 2-hydroxybutanoic acid were confirmed by all th
ethods. Propanoic acid was positively identified by HP
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Table 3
Final results of the GC–MS investigation of the intermediates of valeric acid (see text and for details regarding interpretation of this table)

Derivatized acids (esters) General formula Correlated acid Retention times (r.t., min)

Trimethylsilylbutanoate C7H16SiO2 Butanoic acid 6.22
Trimethylsilyl-2-methylbutanoate C8H18SiO2 2-Methylbutanoic acid 6.28
Trimethylsilylpentanoate C8H18SiO2 Valeric acid 6.60
Trimethylsilyl-2-[oxo(trimethylsilyl)]butanoatea C10H24Si2O3 2-Hydroxybutanoic acid 6.85
Trimethylsilyl-4-oxopentanoate C8H16SiO3 4-Oxovaleric acid 7.45
Trimethylsilyl-2-methyl-2-[(trimethylsilyl)oxo]-propanoatea C10H24Si2O3 2-Hydroxy-2-methylpropanoic acid 7.56
(2-Methoxy-ethoxy)-trimethylsilanea C6H16SiO2 2-Methoxy-ethanol 7.83
Trimethylsilyl-2-[(trimethylsilyl)oxo]-2-pentenoatea,b C11H24Si2O3 2-Hydroxy-2-pentenoic acid 7.91
Trimethylsilyl-4-[oxo(trimethylsilyl)]butanoate C10H21Si2O3 4-Hydroxybutanoic acid 7.97
Trimethylsilyl-4-[oxo(trimethylsilyl)]pentanoate C11H25Si2O3 4-Hydroxyvaleric acid 8.09
Trimethylsilyl-2-[oxo(trimethylsilyl)]-2-pentenoateb C11H24Si2O3 2-Hydroxy-2-pentenoic acid 8.18
Trimethylsilyl-3-[oxo(trimethylsilyl)]pentanoate C11H24Si2O3 3-Hydroxyvaleric acid 8.24
bis(Trimethylsilyl)succinate C10H22Si2O4 Succinic acid 8.37
Trimethylsilyl-5-[oxo(trimethylsilyl)]pentanoate C11H26Si2O3 5-Hydroxyvaleric acid 8.45
bis(Trimethylsilyl)malonatea C9H20Si2O4 Malonic acid 8.77
bis(Trimethylsilyl)-1-propene-1,3-dicarboxylate C11H22Si2O4 1-Propene-1,3-dicarboxylic acid 8.85
bis(Trimethylsilyl)-2-methyl-malonate C10H22Si2O4 2-Methyl-malonic acid 9.82
Trimethylsilylhexanoatea C9H20SiO2 Hexanoic acid 9.91

a The molecular weights of these intermediates did not follow the correlation with retention times (see text).
b This species (r.t. = 7.91 min) was matched to a mass spectrum in the mass spectral library to a 60% level, in contrast to the intermediate with r.t. = 8.81 min,

which was 90% matched to 2-hydroxy-2-pentenoic acid. Also note that this species is the enol form of 2-oxovaleric acid. However, the latter could not be
derivatized under our conditons, and thus was not detected.

Table 4
Combined HPLC–UV, GC–FID, and GC–MS results for the identification of the intermediates of valeric acid (in bold, identified species; seeScheme 1)

Number of the intermediate Acid Positive ID by HPLC Positive ID by GC–FID Positive ID by GC–MS

17 {Formic} (Yes)a No No
14 Acetic Yes No No
** Hydroxyacetic No No No
9 Propanoic Yes Yes No
** 2-Hydroxypropanoic No No No
** 2-Oxopropanoic No No No
13 2-Methylmalonic b b Yes
6 Butanoic Yes Yes Yes
11 2-Hydroxybutanoic Yes Yes Yes
12 4-Hydroxybutanoic b b Yes
15 2-Oxobutanoic No Yes No
10 2-Methylbutanoic b b Yes
16 Succinic b b Yes

c 2-Oxosuccinic No No No
18 Acrylic Yes No No

c 2-Oxovaleric No No No
c 2-Hydroxyvaleric No No No
4 3-Hydroxyvaleric b b Yes
3 4-Hydroxyvaleric b b Yes
7 4-Oxovaleric b b Yes
2 5-Hydroxyvaleric b b Yes
8 2-Hydroxy-2-pentenoic acid b b Yes
5 1-Propene-1,3-dicarboxylic b b Yes
19 Hexanoic b b Yes
20 2-Hydroxy-2-methyl propanoic b b Yes
21 Malonic b b Yes

a Eluted in the solvent front.
b Not examined by GC–FID or by HPLC co-elution methods.
c These intermediates were identified by none of the three analytical methods used.
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and GC–FID but not by GC–MS, because the derivatized
propanoic acid eluted with the solvent front. Nonetheless,
the evidence indicates that hydroxylation and alkylation of
the carbon backbone of these aliphatic acids occurred, that
compounds with less carbon atoms were formed, and that an
oxidative process also led to some unsaturated compounds.

3.6. Mechanism of degradation

3.6.1. Partial charges and frontier electron densities
Table 5summarizes the partial charges and frontier elec-

tron densities of all atoms of the five C1–C5 linear aliphatic
acids (those of the H atoms are not listed but were included in
the calculations). Except for the C1 carbon of the carboxylic
acid function, all other carbons carry a partial negative charge
with the highest charge born by the terminal methyl carbon.
Accordingly, the acids not only adsorb to the TiO2 particle
through the carboxylate oxygens, but to some extent also

Table 5
Partial charges and frontier electron densities of atoms in the C1–C5 linear
aliphatic carboxylic acids (note that the H atoms were also included in the
calculations, but are not reported below)

Atoms Partial charge Electron density

through the hydrocarbon chain when the surface is positively
charged. This infers that the acids may also adsorb horizon-
tally along the surface.

The frontier electron density on the�-carbon atoms of the
C4 and C5 linear acids (i.e. the C2 carbons) is lowest relative
to the other carbon atoms in the chain. Thus,•OH radical at-
tack at these�-carbons is not expected to be the predominant
step, as evidenced experimentally by the failure to detect 2-
hydroxyvaleric acid. By contrast, the electron density on the
�-carbon of butanoic acid is two-fold greater than for the�-
carbon of valeric acid. Indeed, 2-hydroxybutanoic acid was
an intermediate identified in the degradation of butanoic acid
by HPLC co-elution and GC–FID techniques (Table 4). In the
case of valeric acid, the electron densities are significant such
that hydroxylation of the C3, C4 and C5 carbons of this C5 lin-
ear acid is not unexpected. Experimentally, this expectation
was realized as the corresponding hydroxylated intermedi-
ates 3-hydroxy, 4-hydroxy and 5-hydroxyvaleric acids were
positively identified in the photodegradation of valeric acid
(Table 4). Only the 4-hydroxybutanoic acid was identified un-
der our conditions, albeit in the degradation of valeric acid.

3.6.2. Suggested pathway of valeric acid degradation
On the basis of the above evidence,Scheme 1accounts, at

least in part, for the species formed in the photodegradation of
v
h
t dary
r und
{ cies,
t

S te
2

C1 0.369 0.756
O1 −0.376 0.283
O2 −0.535 0.855

C1 0.404 0.682
C2 −0.244 0.108
O1 −0.354 0.237
O2 −0.531 0.877

C1 0.396 0.680
C2 −0.175 0.159
C3 −0.222 0.136
O1 −0.357 0.154
O2 −0.516 0.537

C1 0.399 0.655
C2 −0.177 0.099

C3 −0.159 0.191
C4 −0. 224 0.117
O1 −0.357 0.107
O2 −0.514 0.337

C1 0.398 0.653
C2 −0.177 0.049
C3 −0.158 0.133
C4 −0.163 0.171
C5 −0.222 0.085
O1 −0.357 0.092
O2 −0.514 0.281

-
l on
aleric acid (1) and its smaller congeners. Intermediate3 (4-
ydroxyvaleric acid) arises from attack of a•OH radical on

he C4 carbon atom of valeric acid, generating a secon
adical intermediate that further reacts with surface-bo
•OH/H2O} species, or some other reactive oxygen spe
o yield 4-hydroxyvaleric acid (Eq. (1)).

CH3CH2CH2CH2COOH(ads)+ •OH(ads)

→ CH3C•HCH2CH2COOH(ads)+ H2O (1a)

CH3C•HCH2CH2COOH(ads)+ {•OH/H2O}(ads)

→ CH3CH(OH)CH2CH2COOH(aq) (1b)

imilarly, intermediate4 (3-HVA, Eq. (2)) and intermedia
(5-HVA, Eq. (3)) are formed by an analogous route.

CH3CH2CH2CH2COOH(ads)+ •OH(ads)

→ CH3CH2C•HCH2COOH(ads)+ H2O (2a)

CH3CH2C•H CH2COOH(ads)+ {•OH/H2O}(ads)

→ CH3CH2CH(OH)CH2COOH(aq) (2b)

CH3CH2CH2CH2COOH(ads)+ •OH(ads)

→ •CH2CH2CH2CH2COOH(ads)+ H2O (3a)

•CH2CH2CH2CH2COOH(ads)+ {•OH/H2O}(ads)

→ HOCH2CH2CH2CH2COOH(aq) (3b)

Hydroxylation on the C3, C4 and C5 carbon atoms of va
eric acid did occur. We infer that valeric acid adsorbed
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Scheme 1. Proposed origins of intermediates identified in the TiO2 photocatalyzed degradation of valeric acid based on results from HPLC co-elution, GC–FID
relative retention times, and GC–MS analyses of the degraded solution of valeric acid in an air-equilibrated UV-irradiated TiO2 dispersion. The presence of
intermediates10, 13 and19 indicate that methylation of the precursor takes place by combination of the appropriate precursor radical with methyl radicals
from the•OH radical oxidative decarboxylation of acetic acid (Eq. (10)).

TiO2 allowing the hydrophobic chain to be in close prox-
imity to an otherwise hydrophilic surface and thus in close
proximity to surface-bound•OH radicals. This hypothesis
finds support in the occurrence of intermediates5 and8 (1-
propene-1,3-dicarboxylic acid and 2-hydroxy-2-pentenoic
acid) and from the partial charge data ofTable 5. Such olefinic
acids are likely formed by hydroxylation of valeric acid fol-
lowed by dehydrogenation before desorbing from the catalyst
surface. Intermediate7 (4-KVA) is a secondary intermediate
originating from oxidation of 4-hydroxyvaleric acid (inter-
mediate3) since alcohols can adsorb on TiO2 forming alkox-
ides[36]. A similar path would take intermediate11 to the
oxidized species15 (2-KBA).

Shorter chain length acids also formed in the degrada-
tion of valeric acid: butanoic acid (6), propanoic acid (9)
and acetic acid (14). These acids originated from reaction
of valeric acid with a photogenerated trapped hole in TiO2
({h+/TiIV −•OH}; Eq. 4a) followed by decarboxylation of
the carboxylate radical intermediate evolving CO2 and an
alkyl radical (Eq. (4b)). Further reaction

CH3CH2CH2CH2COOH(ads)+ {h+/TiIV − •OH}(ads)

→ CH3CH2CH2CH2COO• + TiO2 + H+ (4a)

CH3CH2CH2CH2COO•
(ads)

→ CH3CH2CH2CH2OH(aq) (4c)

converted the radical to an alcohol. Subsequent similar oxi-
dation steps led to butanoic acid. The process can repeat itself
to yield propanoic acid and acetic acid.

The demonstration that the rate at which•OH radicals ox-
idize similar compounds is less than the rate at which•OH
radicals combine with dissolved oxygen[10] suggests an al-
ternative but equally valid pathway (the Russell mechanism).
In this case, the mechanism by which valeric acid converts
to butanoic acid involves initial photocatalyzed decarboxy-
lation to give the alkyl radical species (Eqs. (4a) and (4b)),
which then reacts with O2 to form a peroxy radical (Eq. (5)).
In turn, this radical combines with•OOH (formed through
protonation of the superoxide radical anion, O2

•−) to yield
the unstable tetroxide species (Eq. (6)) followed by its de-
composition to an aldehyde, water, and

CH3CH2CH2C•H2(ads)+ O2(ads)

→ CH3CH2CH2CH2 O O• (5)

CH3CH2CH2CH2 O O• + •OOH

→ CH3CH2CH2CH2OOOOH (6)

CH3CH2CH2CH2OOOOH

→ CH3CH2CH2CHO+ H2O + O2 (7)

o n
o and
→ (CH3CH2CH2C•H2 + CO2 (4b)

CH3CH2CH2C•H2 + {•OH/H2O}(ads)
xygen (Eq. (7)). In the former route (Eq. (4)), formatio
f a shorter chain involved formation of an alcohol
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an aldehyde. None of these compounds were detected by
GC–MS. The Russell pathway for valeric acid would lead
to an aldehyde that is further oxidized to an acid. Note,
however, that aldehydes and ketones are not derivatized by
the procedure used. For instance, given the high volatil-
ity of butanal (if formed) it would have eluted with the
solvent front, as would have shorter chain aldehydes, and
consequently would not have been detected by the analyti-
cal procedures employed. As well, butanol would not have
been recovered from an irradiated valeric acid/TiO2 suspen-
sion even with the scaled-up extraction procedure because
of its high water solubility. The derivatized butanol deriva-
tive {CH3CH2CH2CH2–OSi(CH3)3; molecular weight,
146 g/mol} would also have eluted with the solvent front.
Consequently, numerous intermediates went undetected.

The alkylated compounds 2-methylbutanoic acid{(10);
Scheme 1; Eqs. (8) and (9)}, 2-methyl-malonic acid (13), and
hexanoic acid (Table 4) are formed following recombination
of two alkyl

CH3CH2CH2COOH(ads)+ •OH(ads)

→ CH3CH2C•HCOOH(ads)+ H2O (8)

CH3CH2C•HCOOH(ads)+ •CH3
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Fig. 7. (a) Plot of initial rates of degradation of formic acid for various
loadings of TiO2. (b) Double reciprocal plot of the photonic efficiency,ξ−1,
against TiO2 loadings as [TiO2]−1 (see text for details).

concentration dependent. Also, the rates scaled linearly with
photon flow (ρ; light irradiance). It is relevant to emphasize
that these are two critical requirements that must be met to
satisfy the definition of the quantum yield[18,37]: that is
(a) Φ must be independent of concentration—hence the ki-
netics must be zero-order, and (b) the rates of degradation
must scale linearly with photon flow,ρ. To satisfy the first
criterion, theΦ of formic acid was determined at a concen-
tration in HCOOH of 4.0× 10−3 M. The initial zero-order
rates obtained at various TiO2 loadings (from 0.30 to 2.1 g/L)
are plotted against TiO2 loading inFig. 7a. Aberchrome 540
was the chemical actinometer to establish the photon flow
impinging on the reactor at 365 nm (ρ = 2.01 ± 0.26 ×
10−6 Einstein/min). Photonic efficiencies were estimated at
various TiO2 loadings asξ =R0/ρ, whereR0 is the zero-order
rate of degradation. The double reciprocal plot ofξ−1 versus
[TiO2]−1 illustrated inFig. 7b gave[18] ξlim of formic acid as
0.12± 0.02 =Φformic.

Acetic acid, propanoic acid, butanoic acid, valeric acid,
and 2-methylbutanoic acid were degraded under otherwise
identical conditions to those of formic acid. The relative pho-
tonic efficiencies and the quantum yields of degradation of
these acids are listed inTable 6. Acetic acid displayed the low-
est quantum yield of degradation; of the C1–C5 linear acid
series it was also the slowest to degrade. Quantum yields in-
c ease
i ave
h oic
a

→ CH3CH2CH(CH3)COOH(aq) (9)

adicals. The methyl radical likely originated from the de
oxylation of acetic acid (Eq. (10)), an intermediate produ
f valeric acid degradation.

H3COOH+ •OH(ads)
H+

−→ CH3COO• → •CH3 + CO2

(10)

.7. Limiting photonic efficiency of formic acid and
uantum yields of degradation of the C1–C5 acids

Formic acid was chosen as the standard mole
secondary actinometer) with which to compare process
iencies of other aliphatics because results of the TiO2 photo-
atalyzed degradation indicated no significant intermed
ormed. Also, the rate of degradation of formic acid (HPL
as identical to the rate of loss of TOC confirming tha
-containing species accumulated in solution as degrad
roceeded.

The quantum yield (Φ) of degradation of formic acid wa
etermined from the limiting photonic efficiency (ξlim ) at
igh TiO2 loadings using the protocol proposed by Serp
nd co-workers[18] who showed that under these conditi
lim = Φ. Hence, photonic efficiencies of AA, PA, BA, VA
nd 2-MBA relative to formic acid (ξrel) can lead to est
ates ofΦ of photodegradation of other aliphatic acids,
liphatics in general, sinceΦacid = ξrelΦstandard.

The rate of degradation of formic acid reached a pla
t ca. 2.0× 10−3 M above which the rates were no long
rease from acetic acid to valeric acid, paralleling the incr
n chain length. Methylation of butanoic acid seems to h
ad no effect onΦ of degradation—e.g. compare butan
cid and 2-methylbutanoic acid (Φ = 0.37 for both).
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Table 6
Relative photonic efficiencies and quantum yields of degradation for selected
acids using formic acid as a standard secondary actinometer (see ref.[18])

Acid ξrel Φ = ξrel Φformic

Formic (FA) 1.0 0.12± 0.02
Acetic (AA) 0.08± 0.01 0.010± 0.001
Propanoic (PA) 0.20± 0.03 0.024± 0.006
Butanoic (BA) 0.28± 0.06 0.037± 0.007
Valeric (VA) 0.56± 0.07 0.067± 0.008
2-Methylbutanoic (2-MBA) 0.31± 0.05 0.037± 0.006

4. Conclusions

In summary, the extent of dark adsorption of formic acid
(34%) was two-old greater than for the other C2–C5 acids
(15–19%) under otherwise identical experimental conditions
(high TiO2 catalyst load, 20 g/L; [acid]0 2.0 × 10−3 M; pH
3.7). All five C1–C5 linear acids were completely photode-
graded and mineralized in UV-irradiated TiO2 dispersions.
Accordingly, TiO2 photocatalysis is an attractive advanced
oxidation technology to remove linear carboxylic acids and
intermediates from aquatic media. A total of 21 intermediates
were identified in the photocatalyzed degradation of valeric
acid: (1) aliphatic saturated and unsaturated carboxylic acids
and diacids with the same or shorter chain length than the par-
ent compound, in addition to hexanoic acid; (2) methylated
branched saturated aliphatic acids and diacids of shorter chain
length than the parent compound; (3) saturated and unsatu-
rated hydroxyacids of the same or shorter chain length than
the parent compound; and (4) saturated oxoacids of the same
or shorter chain length than the parent compound.

The intermediates 2-HVA and 2-KVA were not detected
in the degradation of valeric acid. However, identification
of 2-hydroxybutanoic acid and 1-propene-1,3-dicarboxylic
acid indicates that hydroxylation can take place on the�-
carbon of these acids. Failure to detect 2-HVA and 2-KVA
i are
f en
s and
t and
3 the
c this
a ric
a cou-
p oxyl
g m-
p that
i
h ation
o

ho-
t The
p om-
p road
s ada-

tion of formic acid has been determined and is proposed as a
means to determine the quantum yields of similar processes
for several other aliphatics, in the same manner as phenol was
proposed for aromatics[18].
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