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High performance liquid chromatography (HPLC), ultraviolet
spectroscopy (UV), and total organic carbon (TOC)
analyses show that caffeine is quickly and completely
degraded under the oxidative conditions of the UV/H2O2, TiO2/
UV, and Fenton systems but that the organic carbon
content of the solution decreases much more slowly.
Continuous on-line and real-time monitoring by electrospray
ionization mass (ESI-MS) and tandem mass spectrometric
experiments (ESI-MS/MS) as well as high accuracy
MS measurements and gas chromatography-mass
spectrometry analysis show that caffeine is first oxidized
to N-dimethylparabanic acid likely via initial OH insertion to
the C4dC8 caffeine double bond. A second degradation
intermediate, di(N-hidroxymethyl)parabanic acid, has been
identified by ESI-MS and characterized by ESI-MS/MS
and high accuracy mass measurements. This polar and likely
relatively unstable compound, which is not detected by offline GC-MS analysis, is likely formed via further oxidation
of N-dimethylparabanic acid at both of its N-methyl groups
and constitutes an unprecedented intermediate in the
degradation of caffeine.

Introduction
Concern about the effects of accumulation of pharmaceutical
compounds in the environment has greatly increased in
recent years. Such accumulation depends mainly on the
environmental bio- and phototransformation and natural
degradation of these harmful contaminants (1-3). The
photolytic degradation of chemical compounds in the
environment may be caused by direct sunlight absorption
or by reaction with strong oxidizing species such as hydroxyl
radicals and singlet oxygen. Various photolysis systems have
been used to evaluate abiotic degradation of drugs, such as
sunlight irradiation (4), UV/H2O2 (5), photo-Fenton reactions
(6), and TiO2/UV (7). Despite the growing number of studies
on abiotic degradation of drugs in aqueous solution, only
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scarce information on the intermediates and products arising
from these processes is available (8).
Caffeine is ranked as the number one drug worldwide,
with a massive production of hundreds of tons (9). Usually
employed as a stimulant, caffeine is commonly found in
coffee, tea, chocolate, cocoa, and soft drinks. It is also a
component of hundreds of prescription drugs, ranging from
analgesics to cold medicines. Caffeine is therefore introduced
continuously into the sewage system through many anthropogenic sources and is likely to persist in water because of
its high solubility (21.7 g L-1) and negligible volatility (10).
The widespread occurrence of caffeine in sewage, soil, and
wastewaters has recently been documented (9, 11-12).
Caffeine has also been reported (13-16) to scavenge highly
reactive free radicals, including hydroxyl radicals and excited
states of oxygen, and to protect crucial biological molecules
against these species. The antioxidant activity of caffeine is
similar to that of the established biological antioxidant
glutathione and significantly higher than that of ascorbic
acid (17).
Owing to outstanding sensitivity, speed, and selectivity,
mass spectrometry (MS) has been used extensively to monitor
the composition and degradation of organic compounds in
the environment, but owing to the limitations of classical
ionization techniques, MS monitoring has been commonly
restricted to the more volatile and lighter components (1828). Molecular analysis by MS has, however, profited greatly
from the development of electrospray ionization (ESI) (29,
30), which has enabled the ionization of most polar molecules
and supramolecules (31, 32). ESI has also shown remarkable
capability to gently transfer key ionic reaction intermediates
to the gas phase with high sensitivity without inducing
undesirable side reactions (33-39), and the composition of
ESI-generated ions has been found to closely reflect that of
the solution (40-44). ESI-MS(/MS) with its unique characteristics is therefore becoming a major technique to
elucidate reaction mechanisms especially in solutions of polar
solvents including water via the detection and identification
of reactants, products, and intermediates, even the shortlived ones occurring at very low concentrations (31-44).
Gas chromatography-mass spectrometry (GC-MS) has
often been the technique of choice for product detection
and structural elucidation (5, 45). But because GC-MS is an
off-line technique that demands extraction and sometimes
derivatization pre-steps, transient, polar, or relatively unstable
compounds may be missed. Using three different oxidation
systems: UV/H2O2, TiO2/UV, and Fenton, we have then
performed on-line and real-time ESI-MS and ESI-MS/MS
monitoring of advanced oxidation of caffeine in water to
directly screen for intermediates and products of this
environmentally important process. We also used gas chromatography-mass spectrometry (GC-MS), high performance liquid chromatography (HPLC), ultra violet spectroscopy (UV), and total organic carbon (TOC) analyses to
collect additional data on substrate degradation rates and
mineralization and to investigate the presence of residual
organic compounds in solution.

Experimental Procedures
Chemicals. Caffeine (purchased from Aldrich), TiO2 P25
(Degussa), H2O2 32% (Merck), ferrous sulfate heptahydrate
(Aldrich), sodium thiosulfate (Merck), and HPLC grade
methanol (Merck) were used as received without further
purification. Doubly distilled water was used to prepare the
solutions in all experiments.
10.1021/es047985v CCC: $30.25
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Degradation Procedures. TiO2/UV System. A 100 mL
caffeine (1.6 × 10-4 mol L-1) and TiO2 (0.1 g L-1) aqueous
solution was irradiated using a monochromatic UV lamp
(254 nm, 15 W, Philips TUV G5T8). Aliquots (10 mL) were
taken at several reaction times and submitted to centrifugation (Sigma) at 2600 rpm/10 min. All the samples were kept
protected from light during 12 h in a refrigerator at 4 °C prior
to the ESI-MS and HPLC analysis.
Fenton System. The pH of a caffeine aqueous solution
(100 mL at 1.6 × 10-4 mol L-1) was adjusted to 3 with 0.1
mol L-1 H2SO4. Under stirring, 0.5 mL of H2O2 32% (4.7 mmol)
and 10 mg of ferrous sulfate heptahydrate (0.3 mmol) were
added. Aliquots (10 mL) were taken at different times, and
the reaction was stopped by the addition of an excess of
sodium thiosulfate. The aliquots were then maintained
protected from light during 12 h in a refrigerator at 4 °C prior
to the ESI-MS and HPLC analysis.
UV/H2O2 System. A 100 mL caffeine (1.6 × 10-4 mol L-1)
and H2O2 (1.88 mmol L-1) aqueous solution was irradiated
by a monochromatic UV lamp (254 nm, 15 W, Philips TUV
G5T8). The reaction was stopped by the addition of an excess of sodium thiosulfate. Aliquots (10 mL) were taken at
different times and maintained protected from light during
12 h in a refrigerator at 4 °C prior to the ESI-MS and HPLC
analysis.
Analytical Methods. HPLC analyses were carried out on
an SPD-10A (Shimadzu) instrument using a LC-18 Supelcosil
column (250 mm length × 4.6 mm i.d., 5 µm particle size).
The following operating conditions were employed: isocratic
elution of MeOH/H2O (1:9), flow rate of 1 mL min-1, injection
volume of 20 µL, and UV-vis detector set up at 215 and 274
nm.
Ultraviolet (UV) absorbance measurements were performed using a Cary 50 Conc instrument (Varian) equipped
with a quartz cell with a 1 cm path length. Spectral absorbance
was measured with a baseline correction, scan rate of 300
nm min-1, and data point interval of 0.5 nm.
Total organic carbon (TOC) experiments were carried out
in a TOC 5000A (Shimadzu) instrument at 680 °C using a
platinum catalyst.
ESI-MS and ESI-MS/MS analyses were conducted in a
high resolution hybrid quadrupole (Q) and orthogonal timeof-flight (TOF) mass spectrometer (Q-Tof, Micromass UK)
with constant nebulizer temperature of 50 °C. The ESI source
and the mass spectrometer were operated in the positiveion mode, and the cone and extractor potentials were set to
40 and 10 V, respectively, with a scan range of m/z 50-1000.
Samples were directly infused into the ESI source at flow
rates of 10 µL min-1 via a microsyringe pump. MS/MS
experiments were carried out by mass selection of a specific
ion in Q1 and then submitted to collision-induced dissociation (CID) with argon in the collision chamber. The product
ion MS analysis was accomplished with the high-resolution
orthogonal TOF analyzer.
GC-MS analyses were carried out in an HP5989A series
II gas chromatograph coupled with an HP5973 mass spectrometer with an HP-5 capillary column (30 m length × 0.25
mm i.d., 0.25 µm film thickness) and helium as the carrier
gas at 1 mL min-1. For analyses, 1 µL of sample was injected
using the splitless mode. The temperature program was as
follows: 100 °C for 1 min, 10 °C min-1 up to 280 °C, hold time
of 5 min. The injector and MS ion source temperatures were
kept at 270 and 280 °C, respectively. The MS detector was
operated in the EI mode at 70 eV, with a scanning range of
m/z 50-500. Prior to injection, the aliquots were handled
and reduced to a final volume of 2 mL according to the
following steps: (i) complete water evaporation under
vacuum at 50 °C; (ii) addition of 10 mL of methanol followed
by 1 g of Na2SO4 to eliminate residual water; (iii) filtration

FIGURE 1. Normalized caffeine concentration (C/Co) as a function
of time as monitored via HPLC analyses and total organic carbon
content (TOC/TOCo) for TiO2/UV aqueous degradation. Co of 1.6 ×
10-4 mol L-1 for 15.3 mg L-1 TOCo.

FIGURE 2. UV spectra of (a) an aqueous solution of caffeine at 1.6
× 10-4 mol L-1 and (b) an aliquot of the reaction mixture withdrawn
after 150 min of exposure to the TiO2/UV system.
followed by extractions with six portions of 5 mL of CH2Cl2;
and (iv) evaporation under vacuum to a final volume of 2 mL
of CH2Cl2.

Results and Discussion
Degradation of Caffeine. Figure 1 shows TOC and HPLC
data for the monitoring of the degradation of caffeine by the
TiO2/UV system. Note that whereas ca. 90% of caffeine is
degraded after a reaction time of 150 min, only ca. 13% of
TOC removal is observed. These results clearly suggest that
although caffeine is almost fully consumed, its mineralization
leading to CO2, H2O, and NH3 is rather slow under TiO2/UV
oxidative conditions. Therefore, degradation of caffeine is
likely to generate persistent organic intermediates that are
not so efficiently oxidized as compared to caffeine. We
obtained similar results (not shown) for the UV/H2O2 and
Fenton degradation of caffeine.
The same conclusions just outlined are reached when
examining Figure 2, which shows the UV spectra of the
following solutions: (a) caffeine at 1.6 × 10-4 mol L-1 and
(b) an aliquot of the reaction mixture withdrawn after 150
min of exposure to the radiation. The UV spectrum of Figure
2a shows the two characteristic absorption bands of caffeine
at ca. 274 and 205 nm. In the UV spectrum of the reaction
solution, the intensity of both absorption bands is greatly
reduced, and a band at ca. 195 nm becomes prominent. This
finding confirms that caffeine is quickly degraded, but not
mineralized as quickly, and that persistent organic intermediates resist further oxidation.
ESI-MS Monitoring and ESI-MS/MS Structural Elucidation. Figure 3 displays representative ESI mass spectra
in the positive ion mode acquired after 0, 90, and 150 min
of TiO2/UV degradation of caffeine (1) in water. Similar
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FIGURE 3. ESI(+) mass spectra acquired for aliquots of the reaction
mixture after degradation of caffeine (1) with the TiO2/UV system
for (a) 0 min; (b) 90 min; and (c) 150 min. The ion of m/z 79 was
detected in all cases likely due to the presence of a contaminant
inside the mass spectrometer ion source.
spectra (not shown) were acquired when using the H2O2/UV
and Fenton systems.
The ESI mass spectrum at zero irradiation time (Figure
3a) detects, as expected, an intense ion of m/z 195 corresponding to protonated caffeine. The ESI tandem mass
spectrum (Figure 4a) for collision induced dissociation of
protonated caffeine of m/z 195 shows a series of major and
structurally diagnostic fragment ions arising from the loss of
CH3 (m/z 180), H3CNCO (m/z 138), CH3 plus H3CNCO (m/z
123), and CO plus H3CNCO (m/z 110). High accuracy
measurement shows excellent agreement between experimental (195.0869 Da) and calculated (195.0883 Da) m/z values
for [1 + H]+ of C8H11N4O2 composition with an error of 7
ppm.
After irradiation for 90 min (Figure 3b) as well as 150 min
(Figure 3c), ESI is able to gently and efficiently fish directly
from the solution to the gas phase for MS analysis two
additional and increasingly abundant ions of m/z 143 and
5984
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FIGURE 4. ESI tandem mass spectra of (a) protonated caffeine ([1
+ H]+) of m/z 195; (b) the ion of m/z 143 attributed to [2 + H]+; and
(c) the ion of m/z 175 attributed to [3 + H]+.
175. The ion of m/z 143 indicates mass reduction of 52 Da
(from caffeine of 194 Da) and is likely to be the protonated
form of dimethylparabanic acid 2 (Scheme 1), a known
oxidation product of caffeine (1) (46). The other ion of m/z
175 indicates a mass increase of 32 Da from 2 (incorporation
of two oxygens) and therefore that 2 has been further oxidized
likely at both of its N-methyl groups yielding 3 (Scheme 1),
that is, di(hydroxymethyl)parabanic acid detected in its
protonated form of m/z 175. High accuracy measurements
also show excellent agreement between experimental
(143.0511 and 175.0365) and calculated (143.0457 and
175.0355) m/z values for both [2 + H]+ and [3 + H]+ of
C5H7N2O3 and C5H7N2O5 compositions, respectively. The
differences between calculated and experimental high ac-

SCHEME 1

SCHEME 2

curacy values for [2 + H]+ and [3 + H]+ are, therefore, 37.8
and 5.6 ppm, respectively.
The conversion of 1 to 2 and then to 3 (an unprecedented
intermediate in the oxidation of caffeine) is further supported
by the ESI tandem mass spectra of their protonated molecules, which display a series of structurally diagnostic
fragment ions. The mass selected [2 + H]+ of m/z 143 (Figure
4b) dissociates mainly by the loss of CH3 (m/z 128) and CH3
plus a neutral molecule (or molecules) of NC2O2 composition
(m/z 58). These dissociations are consistent with both the
presence of N-methyl group and the OCNCO connectivity of
2. The mass-selected [3 + H]+ of m/z 175 dissociates mainly
by the losses of H2O (m/z 157) and CH3OH (m/z 143), which
are consistent with the presence of N-CH2OH groups for 3
(Figure 4c).
It was previously reported that the reaction of caffeine
with free hydroxyl radicals yields mainly 1,3,7-trimethyluric
acid (4) resulting from site-specific hydroxylation on C8.
However, products from N-demethylation such as theophyline (5) were also detected in small amounts (47). Under
Fenton conditions, both demethylation and hydroxylation
at C8 occur, yielding mainly 1,3-dimethyluric acid (6) (47),
whereas another product, 6-amino-5-(N-formylmethylamino)-1,3-dimethyl-uracil (7) from opening of the imidazole
ring, was also detected (Scheme 2) (48). Note that whereas
the products 4, 6, and 7 were not detected in their protonated
forms by ESI-MS analysis, the presence of the ion of m/z
181 in the mass spectrum of Figure 3b could indicate the
formation of N-demethylated products such as 5 under these
reaction conditions. However, the low intensity of this ion
prevented accurate mass measurements and MS/MS CID
experiments. Thus, the formation of 5 could not be unequivocally confirmed.
GC/MS Analysis. We also analyzed the organic material
after caffeine degradation by GC-MS. Figure 5 shows, as an

example, the chromatogram obtained after caffeine degradation by the Fenton system. Very similar chromatograms
(not shown) were obtained using TiO2/UV and UV/H2O2.
The major chromatographic peak is from dimethylparabanic
acid (2) as the excellent agreement between the experimental
70 eV electron ionization (EI) mass spectrum (Figure 5) and
the mass spectrum of authentic 2 (49) indicates. Curiously,
no evidence for detection of the oxidized product 3 (nor for
4-7), even after sample derivatization with Si(Me)3Cl, is
provided by the GC-MS data. This finding appears therefore
to explain why 3 has not yet been detected in previous
oxidation experiments with caffeine (46, 50). Likely, owing
to its high polarity or thermal instability, or even degradation

FIGURE 5. GC-MS chromatogram of an aliquot of the reaction
mixture after 150 min of Fenton’s degradation. The inset shows the
70 eV EI mass spectrum of the compound eluting at 6.82 min. Note
the low-intensity caffeine peak at 14.93 min, which demonstrates
its almost full consumption.
VOL. 39, NO. 16, 2005 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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SCHEME 3

or loss during extraction and sample preparation steps, or
both of these complications, GC-MS analysis has missed
this important degradation product of caffeine.
Oxidation Mechanism. The degradation of organic compounds by the UV/TiO2 (51-54), H2O2/UV (55-56), and
Fenton (57) systems is known to occur via the in situ
generation of free hydroxyl radicals. Thus, we propose that
the mechanism for the conversion of caffeine (1) to dimethylparabanic acid (2) involves initially the (fast) attack
of the hydroxyl radicals to the C4dC8 double bond of caffeine
(Scheme 3). After successive hydroxylations and oxidations,
2 and 3 are formed, whereas 3 is slowly mineralized to CO2,
NH3, and NH2Me. Note also that the oxidation products 4-7
(Scheme 2) could also be converted to dimethylparabanic
acid (2) via a mechanism similar to that depicted in Scheme
3. Thus, based on this assumption, it can be postulated that
caffeine (1) is initially oxidized by free hydroxyl radicals to
yield not only dimethylparabanic acid (2) but also 4-7, which
are subsequently converted to 2 under these strong oxidizing
reaction conditions.
As exemplified herein for caffeine, ESI mass spectrometry
and tandem mass spectrometry are suitable techniques for
on-line and real-time monitoring of advanced oxidation
processes of drugs and other environmentally relevant
compounds. The extraordinary ability to directly fish reactants, products, and intermediates (either ionic species or
neutral species in their protonated or deprotonated forms)
directly from the solution to the gas phase with gentleness,
speed, and high sensitivity allows a detailed overview of the
process and the interception and structural characterization
of polar players of the oxidation process. Whereas classical
off-line approaches such as GC-MS analysis can handle the
more volatile and lighter species, the more polar, relatively
unstable, or even transient intermediates or products,
which other off-line techniques or on-line techniques based
on volatile species are unable to detect, may be intercepted
and structurally characterized by on-line and real-time
ESI-MS and ESI-MS/MS monitoring, as exemplified herein
for di(N-hydroxymethyl)parabanic acid (3), an unprecedented intermediate detected in the degradation of caffeine
in water.
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