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ABSTRACT 20 

 21 

Membrane introduction mass spectrometry (MIMS) was used to directly monitor the loss 22 

of trace gasoline contaminants (benzene, toluene, 2-methylthiophene and 23 

methylcyclohexane) in nanomolar (ppb) aqueous solutions under a variety of UV induced 24 

advanced oxidation processes (AOP). The decay kinetics of these contaminants were 25 

followed simultaneously in ‘real-time’ via tandem mass spectrometric techniques by re-26 

circulating the reaction mixture in a closed loop over a semi-permeable membrane 27 

interface. The photocatalyzed degradations were observed to follow pseudo first order 28 

kinetics with rate constants ranging from 0.006 to 0.2 min-1 depending on the reaction 29 

conditions. We report rate enhancements for several UV based advanced oxidative 30 

processes using physi-sorbed titanium dioxide (TiO2/UV, TiO2/UV/O2, TiO2/UV/H2O2) 31 

and compare these to the direct photolysis of H2O2 under otherwise identical conditions. 32 

The relative degradation rates of four trace contaminants are reported for reactions 33 

carried out in the same solution. The degradation kinetics were also monitored directly in 34 

a natural surface water spiked with the same contaminant suite. The observed decay 35 

kinetics in the presence of TiO2 in air-saturated natural water were similar to those 36 

carried out in deionized water. However, when the photo-oxidation was enhanced by the 37 

addition of H2O2, the degradation was markedly slower in natural water relative to 38 

deionized water due to competition for photons by dissolved organic matter. This work 39 

further demonstrates the use of MIMS as a sensitive on-line measurement technique for 40 

‘in-situ’ reaction monitoring of organic contaminants at environmentally relevant 41 

concentrations in complex solutions and reactive media. 42 
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 47 
 48 
 49 
INTRODUCTION 50 
 51 
 52 
The contamination of ground and surface waters with petroleum hydrocarbons has been 53 

well documented arising from leaking underground storage tanks, fuel spills and oil 54 

exploration/processing activities.[1] A number of petroleum derivatives have been 55 

identified by the US Environmental Protection Agency as priority pollutants and 56 

represent a significant environmental problem due to their recalcitrance, migration ability 57 

and toxicities.[2] Consequently there is a demand for effective and inexpensive destruction 58 

processes to treat affected water supplies as well as waste waters from contaminated and 59 

industrial sites. A variety of oxidative strategies including both biological and chemical 60 

treatments (ozone, permanganate, peroxy acid and hydroxyl radical) have been 61 

investigated over the past several decades.[3] 62 

 63 
Degradation studies and AOPs 64 

Advanced oxidation processes (AOPs) based on the in-situ formation of the strongly 65 

oxidizing hydroxyl radical (Eo
HO. = 2.6 V) represent some of the most promising 66 

technologies for water treatment. These methods can lead to complete mineralization of 67 

organic contaminants in both aqueous and gas phase samples.[4-6] There are several 68 

processes by which hydroxyl radicals can be photochemically generated, including 69 
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promotion of an electron to the valance band of colloidal anatase TiO2 (3.2 eV)[7] to 70 

catalyze the decomposition of water (Equations 1 and 2,  < 390 nm). Hydroxyl radicals 71 

can also be photo-chemically produced in homogeneous solution via the direct homolysis 72 

of hydrogen peroxide ( < 320 nm, Equation 5) and the photo-Fenton reaction ( < 500 73 

nm, Equation 6).[4] 74 

 75 
TiO2    +    h      TiO2(e-/h+)      (1) 76 

 77 
TiO2(h+)    +    H2Oad        TiO2   +     H+    +   HO.    (2) 78 

 79 
TiO2(e-/h+)    +    O2        TiO2(h+)    +    O2

-    (3) 80 
 81 
TiO2(e-/h+)    +    H2O2        HO-    +    HO.    (4) 82 

 83 
H2O2   +    h        2 HO.       (5) 84 

 85 
Fe3+   +    H2O    +    h        Fe2+    +    H+   +    HO.   (6) 86 

There are two well-described routes for substrate oxidation in the presence of the 87 

heterogeneous photocatalyst TiO2.[4-6] Contaminants adsorbed on the catalyst surface can 88 

be directly oxidized by holes (h+) as well as by hydroxyl radicals (either adsorbed or in 89 

solution). Hydroxyl radical production is known to depend on the concentration of 90 

electron acceptors, such as molecular oxygen (Equation 3) and hydrogen peroxide 91 

(Equation 4), which prevent electron – hole recombinations.[5, 6] The use of TiO2 in AOPs 92 

possesses several advantages, including that it is non-toxic, insoluble and inexpensive. 93 

Although some AOPs, particularly those involving auxiliary oxidizing agents and UV-C 94 

light have relatively high associated costs, the potential of using solar radiation to activate 95 

TiO2 and/or photo-Fenton processes are very attractive from a cost perspective. The 96 

colloidal nature of the particles has led to the development of various methods of catalyst 97 
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support including physi-sorption to silica surfaces, which is important for a number of 98 

practical applications.[4, 8] 99 

 100 

Hydroxyl radicals are very reactive and short-lived in solution. They are known to react 101 

with organic substrates with overall second – order kinetics with rate constants in the 108 102 

– 1010 M-1 s-1 range.[9] Oxidative degradation rates are therefore expected to be limited by 103 

the rates of HO. generation and competition for hydroxyl radicals. Scavenging of HO. in 104 

natural systems has been shown to occur by dissolved organic matter (DOM), carbonates, 105 

ferrous iron and even H2O2 itself.[10, 11] Advanced oxidation processes continuously 106 

generate HO. in-situ maintaining a steady state concentration. Since the concentration of 107 

hydroxyl radicals remains constant over the course of the reaction, the degradation 108 

kinetics simplify to pseudo first order (Equation 7), 109 

rate 
d[S]

dt
 k2[HO][S] kobs[S]      (7) 110 

 111 
where [S] is the concentration of the substrate being degraded and kobs is the pseudo first 112 

order rate constant for loss of substrate (kobs = k2 [HO.]).  Esplugas et al[12] have estimated 113 

steady state concentrations for the hydroxyl radical to be on the order of 10-10 – 10-12 M 114 

for several AOPs. However, the actual steady state concentration will depend on a 115 

number of factors including the total radiant power of the light source, the dispersion of 116 

the photo-catalyst, quantum yield of HO. radical generation, fraction of light absorbed by 117 

competing species as well as the reactivity and concentration of HO. scavengers. Values 118 

for the pseudo first order rate constant in AOPs are typically in the range of 0.006 – 60 119 

min-1.[12]  120 

 121 
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The efficiency of photocatalytic systems are known to vary depending on a number of 122 

operating parameters including the geometry of the photoreactor, the preparation and 123 

dispersion of the photocatalyst, the spectral distribution and intensity of the light source, 124 

the concentration of auxiliary oxidants and the presence of naturally occurring 125 

substances. It is generally difficult to make direct kinetic comparisons in AOP studies 126 

carried out under different reaction conditions. This is because of the complexity of the 127 

systems involved as well as the relatively large uncertainties inherent in kinetic studies 128 

based on a series of discrete measurements using conventional chemical analysis. Much 129 

of the previous work on AOP degradation kinetics has been done at relatively high 130 

concentrations (Table 1), where sub-samples are intermittently collected, 131 

chromatographically separated and quantified ‘off-line’. It is therefore advantageous to 132 

continuously monitor the progress of the reaction as it is occurring. In the present study, 133 

we directly compare several advanced oxidation processes using a fixed photochemical 134 

reactor with a UV-B light source and MIMS as an ‘on-line’ continuous monitoring 135 

platform. 136 

 137 

MIMS reaction monitoring 138 

Membrane introduction mass spectrometry[14, 15] uses a semi-permeable membrane 139 

interface to continuously infuse volatile and semi-volatile molecules into an ion source 140 

whereupon they are analyzed by mass spectrometric techniques. Although many studies 141 

have employed MIMS to continuously monitor concentration changes during chemical 142 

reactions or biological processes (see for example, disinfection byproducts,[16] 143 

microbiological processes,[17, 18] the degradation of chlorinated organics,[19] the photolysis 144 
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of benzyl acetates[20] and photosynthesis research[21]) surprisingly few have been directed 145 

to the measurement of specific rate constants.[22-24] The technique is both selective, 146 

discriminating molecules based on their mass (or in the case of tandem mass 147 

spectrometry, unique molecular fragmentation masses) and sensitive, with detection 148 

limits in the sub-parts per trillion range for a number of organic contaminants.[25, 26] These 149 

characteristics make it well suited as a direct in-situ reaction monitoring platform for the 150 

simultaneous detection of multiple analytes in complex heterogeneous samples. 151 

 152 

In the present work, we have used a ‘flow over’ capillary hollow fibre 153 

polydimethylsiloxane (PDMS) membrane interface coupled to a quadrupole ion trap 154 

employing MS/MS. Water samples enriched with trace quantities of several petroleum 155 

components were re-circulated in a closed loop over the membrane interface during a 156 

series of degradation trials. We report first order rate constants for the simultaneous 157 

photo-degradation of several trace organic contaminants under a variety of AOP 158 

conditions. A comparison of the degradation kinetics of individual gasoline components 159 

by several UV based advanced oxidative processes (TiO2/UV, TiO2/UV/O2, 160 

TiO2/UV/H2O2, and UV/H2O2) under otherwise identical conditions in aqueous solution 161 

as well as a natural water is also presented. For this work, the analyte suite examined 162 

includes benzene, toluene, 2-methylthiophene and methylcyclohexane. 163 

 164 
 165 
MATERIALS AND METHODS 166 
 167 
Standard and Sample Preparation 168 
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All aqueous standards were prepared with ACS grade chemical reagents, including 169 

toluene, benzene, methylcyclohexane, 2-methylthiophene, 30% hydrogen peroxide, 170 

(Sigma Aldrich, Oakville, Ont., Canada) with the exception of the BTEX standard, which 171 

was prepared from a 200 ppm BTEX standard (Supelco, Bellefonte, PA, USA). All 172 

aqueous standards were prepared with high purity deionized (DI) water (Model MQ 173 

Synthesis A10, Millipore Corp., Billerica, MA, USA) sparged with UHP grade air 174 

(Praxair, Mississauga, Ont., Canada) to saturation at 20°C.  175 

 176 

Experimental Apparatus 177 

The closed-loop MIMS-photoreactor system used in this work has been described in a 178 

previous manuscript,[26] and modified here (Figure 1). 179 

 180 

Photoreactor and reaction solutions 181 

Photolysis was carried out in a quartz reaction vessel cell (15” x 2”) with TiO2 (Degussa 182 

P25, AEROXIDE®, Parsippany, NJ, USA) physi-sorbed to the interior surface providing 183 

an effective immobilized photo-catalyst system.[8, 27, 28] The reaction vessel was placed in 184 

a RayonetTM photo-reactor (RPR-100, Southern New England UV Co., Branford, 185 

Connecticut) equipped with lamps (RPR-3000) that provided light in the UV-A/B region 186 

(see Figure 2). All reaction solutions were maintained at 25ºC by re-circulating the 187 

sample through a sealed glass reservoir held in an isothermal water bath and then over an 188 

isothermal capillary hollow fibre polymer membrane interface before returning in a 189 

closed loop to the photoreaction vessel (Figure 1).[26] All aqueous transfer lines were 190 

composed of 0.25” O.D. Teflon tubing with stainless steel SwagelokTM connectors 191 



 9

(Supelco, Bellefonte, PA, USA).  Sample re-circulation flow was maintained at 575 192 

mL/min using a Masterflex L/S Easy-Load IITM peristaltic pump (Model 77200-62, Cole-193 

Parmer Ltd., Concord, Ont., Canada) equipped with VitonTM L/S 25 pump tubing. The 194 

use of VitonTM peristaltic pump tubing greatly reduced analyte loss noted in previous 195 

work in which silicone tubing was employed.[26] This improved the kinetic fits of the data 196 

to first order single exponentials.  Natural water sample was taken from the Nanaimo 197 

River on Vancouver Island. This is a clear, oligotrophic freshwater supply typical of 198 

surface waters in coastal British Columbia, with pH 6.8 +/- 0.5, total dissolved solids 30 199 

+/- 10 ppm and a total dissolved organic carbon content of 1 - 2 ppm. The water was 200 

filtered through 1 m membrane prior to use.  201 

 202 

Prior to adding the combined standard to the closed system MIMS-photoreactor (total 203 

internal volume 1500 mL), deionized water (1350 mL) was circulated through the sample 204 

lines while simultaneously sparging the reservoir (with a small vent to prevent 205 

pressurization) for 1 hour with either zero air, medical grade oxygen, or UHP nitrogen 206 

(Praxair, Mississauga, Ont., Canada). After sparging, a combined standard was added to 207 

the reservoir with a gas tight syringe through a teflon faced septum. Stock solutions of 208 

H2O2 were added via gas tight syringe after addition of the contaminant suite. The 209 

reservoir was topped up with sparged deionized water to eliminate any headspace 210 

immediately prior to sample irradiation. The resulting initial concentrations of gasoline 211 

components (before irradiation) were 20 nM (1.6 – 2.0 ppb range). UV-vis spectra were 212 

obtained (Agilent Model 8453 UV-Visible Spectrophotometer, Wilmington, DE, USA) 213 

for all solutions monitored by MIMS.  214 
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 215 
Membrane introduction mass spectrometer 216 
 217 
The membrane interface used was constructed in-house and has been previously 218 

described.[26] Briefly, it consists of a capillary hollow fibre polydimethylsiloxane 219 

membrane (10.0 cm, 0.94 mm OD, 0.51 mm ID, 0.22 mm thickness, Dow Corning, 220 

Midland, MI, USA) mounted in a flow through casing constructed of 0.25” Swagelok™ 221 

(Supelco, Bellefonte, PA, USA) connectors and stainless steel tubing. Aqueous samples 222 

flowed over the exterior of the membrane. A low flow of helium sweep gas (UHP grade, 223 

99.999% pure, 3.0 mL/min) was continuously passed through the interior lumen of the 224 

membrane transporting volatile and semi-volatile analytes to an ion trap MS via a metal 225 

jet separator (model MJSC/HP5890, 15mL/min jets, SGE, Austin, TX, USA) backed at ~ 226 

50 mTorr using a mechanical roughing pump (Pascal 2005SD, Alcatel, Paris, France). 227 

The exit helium flow was subsequently directed to the mass spectrometer (200°C ion 228 

source, base pressure 1.0 X 10-5 Torr) via a heated transfer line (150°C). The membrane 229 

interface was mounted entirely inside a programmable gas chromatograph oven 230 

maintained at 50ºC (Trace GC™, Thermo-Electron, San-Jose, CA, USA). This GC was 231 

used to control overall MIMS temperature as well as regulation of the helium sweep gas 232 

flow.  233 

 234 

The experiments for this work were performed using a quadrupole ion trap mass 235 

spectrometer with an external ion source (Polaris-Q™, Thermo-Electron, San-Jose, CA, 236 

USA). Selected analytes were continuously monitored using selected ion monitoring 237 

(SIM), tandem mass spectrometry (MS/MS) and full scan (m/z = 50-350) modes over the 238 

time course of the reaction (Figure 3). The degradation of each analyte was monitored 239 
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simultaneously during the course of each experiment. The data presented in this work is 240 

predominantly MS/MS (with the exception of CO2) as it affords the greatest specificity 241 

for individual analytes. Mass scan parameters are given in Table 2. 242 

 243 

Kinetic fits 244 

The analytical signal response time is limited by the membrane permeation kinetics, 245 

which places an upper limit on the rate of processes that we can follow by this method. 246 

Response times of each analyte studied herein were considerably faster than the 247 

degradation processes observed for the AOP conditions employed, providing good 248 

degradation kinetic data for this work. Although we simultaneously monitored SIM, 249 

MS/MS and full scan data, MS/MS provided the greatest degree of selectivity and the 250 

best quality data (e.g. S/N) for kinetic evaluations. The reactions are carried out under 251 

pseudo-first-order conditions and decay curves are well described by single exponentials. 252 

Kinetic analysis of the data was carried using Kaliedograph™ software (Version 3.6, 253 

Synergy Software, Reading, PA). Raw data was boxcar smoothed (n = 9) and baseline 254 

corrected (MS signal at time = infinity) prior to fitting to single and bi-exponential 255 

functions. In most cases, the bi-exponential curve did not significantly improve the R2
 256 

value or the residuals over those obtained using the single exponential equation (Figure 257 

4).  258 

 259 

Control Experiments 260 

Dark loss controls were investigated for each analyte and found to be negligible over the 261 

course of several hours. Furthermore, no signal increase at SIM (m/z = 44, 45) was 262 
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observed indicating that there was no production of carbon dioxide when the UV lamps 263 

were off.  Light and dark experiments were also conducted with and without physi-sorbed 264 

TiO2. No chemical degradation was observed in the absence of TiO2 over several hours 265 

under the experimental conditions.  However, solutions containing hydrogen peroxide did 266 

show degradation in the presence of UV light, due to the photolytic production of 267 

hydroxyl radicals. UV-Vis absorption spectra were obtained for each analyte at the 268 

experimental concentration of 20 nM as well as for 7 mM (0.024%) H2O2 and Nanaimo 269 

River water in order to establish the extent to which the absorption of various 270 

components overlap with the spectral distribution of the UV of the lamps being used 271 

(Figure 2). 272 

 273 
 274 
RESULTS AND DISCUSSION 275 
 276 
A variety of photo-oxidation reactions were carried out on dilute aqueous solutions 277 

containing a suite of hydrocarbons associated with gasoline contamination. The loss of 278 

substrate was continuously monitored along with concomitant mineralization to carbon 279 

dioxide by continuously re-circulating the reaction mixture over the membrane interface 280 

to the mass spectrometer. Figure 3 shows a typical run in which a 1.8 ppb aqueous 281 

solution of toluene was photo-chemically degraded on TiO2.  When the lamps are not 282 

turned on the toluene signal persists and does not display any chemical loss. The greater 283 

temporal resolution afforded by continuous monitoring strategies gives rise to improved 284 

precision on kinetic measurements. Whereas conventional off-line analytical techniques 285 

typically involve collecting 5 – 10 intermittent grab samples during the course of a 286 

kinetic experiment, we record several thousand temporally resolved measurements over 287 
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the course an experiment. In practice, photocatalytic systems in which transient oxidants 288 

are generated in-situ are particularly challenging to systematically evaluate. This is due to 289 

a combination of factors that influence the steady-state concentration of hydroxyl radicals 290 

including light scattering and absorption by the heterogeneous particles, the radiant 291 

power of the light source and the concentration of hydroxyl scavengers. In this study we 292 

are able to investigate the reaction kinetics ‘in-situ’, maintaining the same light source, 293 

heterogeneous catalyst and reactor design. In the investigation of a suite of contaminants, 294 

we directly compare the reaction kinetics of different substrates in an identical matrix. 295 

We can therefore attribute the observed differences in reaction kinetics to solution 296 

conditions that affect the steady state OH. radical concentration and the bimolecular rate 297 

constants for the reactions of contaminants with hydroxyl radical. In all cases, the 298 

degradation of substrate was dominated by observed first order kinetics. Control 299 

experiments carried out in the dark indicated that in all cases the reaction is UV induced. 300 

We evaluate the influence of each of the following on photo-oxidation degradation 301 

kinetics 1) AOP conditions 2) substrate structure and 3) the presence of natural water. 302 

 303 

Comparison of Auxiliary Oxidants 304 

Preliminary experiments compared the effect of the auxiliary oxidants O2 and H2O2 on 305 

the degradation kinetics of dilute toluene solutions in deionized water using physi-sorbed 306 

TiO2 at 45 oC (Table 3). In these experiments, it was observed that increasing the 307 

dissolved oxygen concentration from 0.19 mM to 0.90 mM lead to a 20% rate 308 

enhancement. This observation is consistent with the ability of molecular oxygen to trap 309 

conduction band electrons and prevent electron-hole recombination on the semi-310 
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conductor surface leading to a higher steady state concentration of hydroxyl radicals.[5, 6] 311 

Adding 70 mM hydrogen peroxide to the system, resulted in a three to four-fold increase 312 

in the degradation rate. Although hydrogen peroxide has a weak absorption in the 313 

wavelength range of our UV-B lamps (Figure 2), there is sufficient overlap to expect that 314 

the enhanced degradation rates are due to the direct photolysis of H2O2 leading to 315 

increased hydroxyl radical production (Equation 5). This is supported by the control 316 

experiment that showed photo-degradation of contaminants when H2O2 is present in the 317 

absence of TiO2. It should be noted that H2O2 scavenges HO. radicals leading ultimately 318 

to the formation of H2O and O2.[4]  319 

 320 

The decay kinetics in these experiments are best described by a bi-exponential of two 321 

first order processes in the form of y = A e-k1t + B e-k2t, where A and B are pre-322 

exponential terms and k1 and k2 are first order rate constants. In all cases, the decay is 323 

dominated by a fast component (A > B and k1 > k2 by one to two orders of magnitude 324 

consistent with a slow mass loss from our closed loop system.[26] It should be noted that 325 

bi-exponential decay behaviour is only observed during relatively slow AOP runs, where 326 

as much as 15% of the decay appears to be due to a second first order decay process 327 

(Table 3). Control experiments carried out without light or oxidants present, confirmed 328 

this. Modifications to the system removed this leakage and all subsequent kinetic 329 

measurements are well described by first order processes (Figure 4). 330 

 331 
 332 
A subsequent series of AOP degradation experiments were carried out on a combined 333 

suite of four gasoline components (20 nM each) on physi-sorbed TiO2 at 25oC. 334 
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Degradation kinetics of all components were followed simultaneously and fit to single 335 

exponential decays yielding first order rate constants, which are reported in Table 4 along 336 

with the corresponding half-lives. Figure 5 illustrates the loss of toluene under different 337 

AOP conditions. As expected, the slowest photo-oxidation rates were observed when the 338 

degradations were carried out in de-aerated solution with degradation half-lives of around 339 

80 mins for methylcyclohexane and 120 mins for the aromatics benzene and toluene. 340 

Rate enhancements were observed in the presence of the electron acceptors O2 and H2O2. 341 

Carrying out the reactions in air saturated solution lowered the degradation half-life to 342 

around 60 mins for methyl cyclohexane and 80-90 mins for the aromatics. Saturating the 343 

solutions with dissolved oxygen prior to the photo-oxidation experiment resulted in 344 

further modest rate increases. However, carrying out these oxidations in the presence of 7 345 

mM hydrogen peroxide resulted in significant rate enhancements and reductions of the 346 

degradation half- lifes to around 10 mins for all components. We attribute this to the 347 

added production of hydroxyl radicals form the direct photolysis of H2O2. That direct 348 

photolysis of hydrogen peroxide is contributing to contaminant photo-oxidation 349 

independent from reactions involving the photo-activated semi-conductor was confirmed 350 

by carrying out this reaction in the absence of TiO2. In this experiment, the degradation 351 

kinetics were further enhanced with half-lives dropping below 5 mins for all components. 352 

We attribute this increased efficiency to improved light penetration into the solution, as it 353 

is no longer being screened either by scattering or absorption of the finely dispersed solid 354 

titanium dioxide physi-sorbed on the inner walls of the quartz reaction vessel.  355 

 356 
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Our first-order rate constants are reported in Table 4 and range from ~0.006 to 0.2 min-1. 357 

These values compare favourably with those reported by other researchers (Table 1). For 358 

example, Tiburtius et al[13] examined the advanced oxidation treatment of ppm level 359 

gasoline contaminated waters and reported an apparent first order rate constant for the 360 

mineralization of benzene-toluene-xylenes mixtures of 0.0048 min-1 under UV-A photo-361 

Fenton conditions. In general, the greatest TiO2 assisted degradation rates are associated 362 

with higher energy UV-C irradiation. It is also apparent that oxidation via the direct 363 

photolysis of hydrogen peroxide with UV-C proceeds more rapidly than photocatalysis 364 

involving heterogeneous TiO2.[29, 30] due to the relatively poor quantum yield of OH. 365 

generation in TiO2 systems as compared to H2O2 photolysis.[4] Although others have 366 

demonstrated that at high concentrations H2O2 can have an inhibitory effect on 367 

degradation kinetics by scavenging OH. [29], we have no direct evidence of this behaviour 368 

over the range of 7 to 70 mM H2O2 in the presence of TiO2 (data not shown).  369 

 370 

Previous studies reporting AOP degradation kinetics are often conducted at substrate 371 

concentrations which are typically 3 to 5 orders of magnitude higher (Table 1) than those 372 

reported here. Under these conditions, the substrate itself may absorb a substantial 373 

fraction of the light leading either to direct photolysis or reduced quantum yields of 374 

hydroxyl radical generation. At the lower substrate concentrations employed in the 375 

present study, the absorption of light by the substrate is minimal as shown in Figure 2. 376 

Consequently, the UV is being absorbed by the TiO2 particles and/or the H2O2 in 377 

solution. Our work was carried out using UV lamps nominally rated at 300 nm, which is 378 

formally in the UV-B region, however about 30% of the emitted light is in the longer 379 
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wavelength UV-A range. Because the observed rate constants are in fact pseudo first 380 

order constants (Equation 7) their magnitude will depend on the steady state 381 

concentration of hydroxyl radicals. This in turn, will depend on the reactor design 382 

(including the light source and nature of the photo-catalyst) as well as other matrix 383 

components such as pH and the concentration of any hydroxyl scavengers. These 384 

variances make direct comparisons with our work difficult.  385 

 386 

Table 5 reports measured degradation rate constants under different AOP conditions for 387 

each contaminant relative to their value in an air-saturated solution in the presence of 388 

TiO2 at 25oC. The mean value of these relative rate constants indicates that de-aeration 389 

suppresses the rate of photo-oxidation by around 30% under these conditions, whereas O2 390 

saturation leads to a 20% rate increase. The addition of 7 mM H2O2 to the physi-sorbed 391 

TiO2 system under these conditions leads to a seven-fold increase in the mean 392 

degradation rates. As indicated in Table 5, contaminant degradation via the direct 393 

photolysis of H2O2 (in the absence of TiO2) is nearly twenty times faster than in the 394 

presence of sorbed TiO2 in air-saturated solution.  395 

 396 

Consistent with others, we observe that the fastest degradation conditions involve the 397 

direct photolysis of hydrogen peroxide in solution. In fact, this strategy has been 398 

successfully employed to treat micro-pollutants in surface waters.[31, 32] One drawback of 399 

this approach is the necessity to use relatively high energy (and high cost) UV radiation. 400 

Unlike the TiO2 and photo-Fenton conditions, the direct photolysis of H2O2 cannot be 401 

carried out using UV-A or solar irradiance. The low molar absorption coefficient for 402 
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H2O2 (254 = 19.6 M-1 cm-1)[33] suggests that it is difficult to carry out direct photolysis of 403 

hydrogen peroxide in waters that contain dissolved organic carbon, which will effectively 404 

compete for UV photons. Galindo et al[29] have noted that they observe intermediate 405 

breakdown products in UV-C induced H2O2 photo-degradations, but not in the presence 406 

of heterogeneous TiO2. This suggests that these intermediates undergo further conversion 407 

or complete mineralization in the presence of TiO2.  408 

 409 
Comparison of Individual Gasoline Contaminant Compounds 410 
 411 
The hydroxyl radical is a powerful and relatively non-selective oxidant used in 412 

applications for the degradation of a broad range of pollutants. The bimolecular reactions 413 

between HO. radicals with organics containing a C-H or C-C multiple bonds occur near 414 

the diffusion controlled limit (109 - 1010 M-1 s-1) via hydrogen abstraction and addition, 415 

respectively.[9, 34] The first step in the hydroxyl radical induced degradation of aromatic 416 

compounds is addition to the aromatic system, leading to the production of hydroxylated 417 

deriatives [29, 35]. For aliphatic compounds such as methylcyclohexane, the hydroxyl 418 

radicals abstract a hydrogen, leading to a carbon centred radical followed by trapping 419 

with O2, leading initially to peroxyl radical, which subsequently react further.[4] 420 

Although we observe similar degradation kinetics for the various contaminants 421 

investigated under a given set of AOP conditions, Figure 6 illustrates that differences in 422 

the degradation kinetics are discernable. In general, we observe that methylcyclohexane 423 

reacts faster than the other contaminants probed in this study. Whereas 424 

methylcyclohexane has only C-H and C-C single bonds and is expected to undergo H-425 

abstraction leading to a tertiary radical, the remaining compounds are expected to react 426 
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via addition processes. Under less aggressive AOP conditions (e.g., TiO2/N2 and 427 

TiO2/Air), the order of reactivity is as follows.   428 

Methylcyclohexane > 2-Methylthiophene > Toluene > Benzene 429 

Table 6 summarizes the degradation rate constants for each compound relative to that of 430 

benzene under various AOP conditions. In general, toluene and 2-methylthiophene are 431 

more reactive than benzene by about 10% and 20%, respectively. The aliphatic 432 

compound methylcyclohexane appears to be about 40% more reactive than benzene for 433 

non-H2O2 processes. In the presence of H2O2, methylcyclohexane degrades at nearly the 434 

same rate as benzene. We attribute this difference in behaviour to a ‘leveling effect’ as 435 

the reactions proceed at rates that approach the diffusion-controlled limit under these 436 

conditions.  437 

 438 
AOP in Natural River Water 439 
 440 
In-situ direct reaction monitoring techniques, such as those described here provide a 441 

significant advantage when working in complex sample matrices, where matrix 442 

components can complicate chemical analysis and kinetic interpretations. We have 443 

carried out photo-oxidation reactions of a suite of BTEX compounds using natural river 444 

water in place of deionized water. The reaction of hydroxyl radicals with non-pollutant 445 

compounds in natural waters can be a significant sink for HO. resulting in decreased 446 

degradation efficiency.[36] While this appears to be the case for the H2O2 enhanced photo-447 

oxidative degradations, we do not observe a dramatic inhibitory effect of natural water 448 

using air saturated physi-sorbed TiO2 in the absence of hydrogen peroxide (Figure 7). 449 

The degradation kinetics of toluene in the presence of TiO2 in air saturated river water 450 

containing ~2 ppm DOM was only modestly suppressed with value of kNW/kDI of 0.8 451 
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(Table 7). However, under more aggressive degradation conditions in the presence of 7 452 

mM H2O2, the rate constants in natural water were half of their value in deionized water 453 

(kNW/kDI ~ 0.5). We attribute the differences observed to the fact that in the absence of 454 

H2O2, the oxidation of substrate is occurring close to the surface of the photocatalyst at 455 

the diffusion-controlled limit. We have shown that in the presence of hydrogen peroxide 456 

there is an independent supply of hydroxyl radicals via photo-homolysis. Since the H2O2 457 

is in solution, there is direct competition for photons as well as an additional sink for the 458 

hydroxyl radicals. Lindsey[36] has also attributed DOM inhibition of degradation 459 

efficiency to sorption of contaminants in micro-environments and scavenging of OH 460 

radicals. Some inorganics are also known to be effective hydroxyl radical scavengers,[9, 461 

36] although we suspect that in the present case the observed inhibition is dominated by 462 

light absorption by DOM.   463 

 464 

Reaction Monitoring via in-situ MS Measurements 465 

We have demonstrated the use of real-time membrane introduction tandem mass 466 

spectrometric techniques as a method to follow the kinetics of trace organic contaminants 467 

in complex and reactive media. This approach is much faster and yields much greater 468 

temporal resolution than techniques based on obtaining periodic grab samples and ‘off-469 

line’ chemical analysis. Because tandem MS techniques are highly selective, it is possible 470 

to monitor several chemical species simultaneously. Useful kinetic information can only 471 

be readily obtained for reactions that occur on a time scale that is slower than the 472 

measurement response time, which in turn is limited by the permeation of analyte through 473 

the semi-permeable membrane interface. Although this varies depending on the size and 474 
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volatility of the analyte as well as the configuration of the interface itself, the technique is 475 

well suited for processes that take place on a time scale of seconds to days. It should be 476 

noted that the non-polar polydimethylsiloxane interface employed in the current study is 477 

more permeable to hydrophobic compounds and the technique is consequently more 478 

sensitive to volatile organics. Polar hydroxylated intermediates, such as those anticipated 479 

in AOPs are difficult to detect at the trace levels employed in the current study although 480 

they have been detected during experiments carried out at much higher concentrations.[22, 481 

26] We are currently addressing an number of these limitations by tailoring membrane 482 

interface configurations by varying the membrane materials, thickness and by applying 483 

both pulsed and continuous thermal gradients.[37]  484 

 485 
CONCLUSION 486 

We have employed on-line tandem mass spectrometry to follow the complete destruction 487 

of contaminants with concomitant mineralization. This approach is fast, sensitive and 488 

selective providing high resolution kinetic information on individual components in 489 

complex mixtures. The first order degradation rate constants for the advanced oxidation 490 

of trace gasoline contaminants in aqueous solution range from 0.006 to 0.2 min-1 491 

depending on reaction conditions. It is apparent that the presence dissolved O2, 492 

accelerates the photo-oxidation rate of gasoline related contaminants in the presence of 493 

heterogeneous TiO2. We have shown that adding hydrogen peroxide to the solution 494 

enhances the degradation rates further by providing an additional source of hydroxyl 495 

radicals. Direct on-line mass spectrometric techniques provide real-time quantitative 496 

information that is particularly valuable in the investigation of heterogenous 497 

photocatalysis providing a direct comparison of various oxidant concentrations and 498 
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different substrates under identical light fluxes and reactor configurations. The present 499 

study lays the groundwork for future on-line evaluation of degradation processes. 500 
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 656 
LIST OF FIGURE CAPTIONS 657 
 658 
Figure 1: Schematic of MIMS-Photoreactor closed loop reaction monitoring platform 659 
showing ‘flow over’ capillary hollow fibre membrane interface and quartz reaction vessel 660 
(modified from [26]). 661 
 662 
 663 
Figure 2: Absorbance spectra of Nanaimo River water (A) and 7 mM H2O2 (B) 664 
overlaying irradiance spectrum of UV lamps (C) used in all trials. Target analytes 665 
displayed no measurable absorption between 200 and 400 nm at the concentrations used 666 
in these trials. 667 
 668 
 669 
Figure 3:  Real-time reaction monitoring using a re-circulated closed loop for the photo-670 
oxidative mineralization of a dilute aqueous toluene solution on physi-sorborbed TiO2.  671 
At 4 mins, toluene is spiked into a sealed reaction flask containing 7 mM H2O2 aqueous 672 
solution to give a resultant toluene solution of 20 nM (1.8 ppb). At 12 mins, UV 673 
irradiation is initiated and the toluene signal decays to the baseline with a concomitant 674 
formation of carbon dioxide.  675 
 676 
 677 
Figure 4: First order degradation kinetics of a 20 nM methylthiophene in air saturated 678 
deionized water with 7 mM H2O2 on physi-sorbed TiO2. Inset shows linearized data with 679 
k = 0.075 min-1. 680 
 681 
 682 
Figure 5: Degradation curves for 20 nM (1.8 ppb) toluene on physi-sorbed TiO2 at four 683 
different AOP conditions in deionized water; (A) 7 mM H2O2 and air saturated, (B) 684 
oxygen saturated (C) air saturated (D) de-aerated. 685 
 686 
 687 
Figure 6: Simultaneous MS/MS monitoring of the degradation of gasoline components 688 
(20 nM) in air saturated water on physi-sorbed TiO2; (A) methylcyclohexane, (B) toluene 689 
and (C) benzene. The degradation of 2-methylthiophene was also simultaneously 690 
monitored and exhibits degradation kinetics similar to methylcyclohexane (not shown for 691 
clarity). 692 
 693 
 694 
Figure 7: Degradation curves of 20 nM toluene on physi-sorbed TiO2 in (A) air saturated 695 
deionized water with 7 mM H2O2, (B) air saturated Nanaimo River water with 7 mM 696 
H2O2. Inset shows degradation of toluene on physi-sorbed TiO2 in air saturated solution; 697 
(C) deionized water and (D) Nanaimo River.  698 
 699 
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 704 
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 706 

 707 
Figure 1: Schematic of MIMS-Photoreactor closed loop reaction monitoring platform 708 
showing ‘flow over’ capillary hollow fibre membrane interface and quartz reaction vessel 709 
(modified from [26]). 710 
 711 
 712 
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 713 
 714 

Figure 2: Absorbance spectra of Nanaimo River water (A) and 7 mM H2O2 (B) 715 

overlaying irradiance spectrum of UV lamps (C) used in all trials. Target analytes 716 

displayed no measurable absorption between 200 and 400 nm at the concentrations used 717 

in these trials. 718 
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 720 
 721 

Figure 3:  Real-time reaction monitoring using a re-circulated closed loop for the photo-722 

oxidative mineralization of a dilute aqueous toluene solution on physi-sorborbed TiO2.  723 

At 4 mins, toluene is spiked into a sealed reaction flask containing 7 mM H2O2 aqueous 724 

solution to give a resultant toluene solution of 20 nM (1.8 ppb). At 12 mins, UV 725 

irradiation is initiated and the toluene signal decays to the baseline with a concomitant 726 

formation of carbon dioxide. 727 

 728 
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 729 
 730 

Figure 4: First order degradation kinetics of a 20 nM methylthiophene in air saturated 731 

deionized water with 7 mM H2O2 on physi-sorbed TiO2. Inset shows linearized data with 732 

k = 0.075 min-1. 733 

 734 
 735 

736 
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 739 

 740 
Figure 5: Degradation curves for 20 nM (1.8 ppb) toluene on physi-sorbed TiO2 at four 741 

different AOP conditions in deionized water; (A) 7 mM H2O2 and air saturated, (B) 742 

oxygen saturated (C) air saturated (D) de-aerated. 743 

 744 



 33

 745 
 746 
Figure 6: Simultaneous MS/MS monitoring of the degradation of gasoline components 747 

(20 nM) in air saturated water on physi-sorbed TiO2; (A) methylcyclohexane, (B) toluene 748 

and (C) benzene. The degradation of 2-methylthiophene was also simultaneously 749 

monitored and exhibits degradation kinetics similar to methylcyclohexane (not shown for 750 

clarity). 751 

 752 

 753 
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 754 
 755 

Figure 7: Degradation curves of 20 nM toluene on physi-sorbed TiO2 in (A) air saturated 756 

deionized water with 7 mM H2O2, (B) air saturated Nanaimo River water with 7 mM 757 

H2O2. Inset shows degradation of toluene on physi-sorbed TiO2 in air saturated solution; 758 

(C) deionized water and (D) Nanaimo River. 759 

 760 
  761 
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Table 1: Selected literature values of degradation rate constants. 762 
 763 
Conditions Substrate Concentration k (min-1) Reference 
TiO2, solar phenol 100 ppm 0.0097 [12] 
H2O2, UV-C 1   0.105 [12] 
TiO2, UV-A dyebath ~180 ppm 0.05 [38] 
H2O2, UV-C 2   0.36 [38] 
TiO2, UV-A/B/C p-hydroxy BA 100 ppm 0.063 [33] 
H2O2, UV-A/B/C 3   0.17 [33] 
TiO2, UV-C Red dye 120 20 – 100 ppm 0.042 – 0.21 [39] 
H2O2, Fe(II) 4 aromatics 15 – 30 ppm 0.02 – 0.08 [22] 
1 [H2O2]=5 mM, 2 [H2O2]=20 mM, 3 [H2O2]=2.6 mM,  4 [H2O2]=8 mM, [Fe2+]=0.1 mM 764 
 765 
 766 
Table 2: Water Solubility and Mass Scan Parameters for Target Analytes. 767 
 768 
Analyte Water Solubility at 298 K MS/MS Transition Used 

Benzene 23 mM [40] 78  50, 51, 52 

Toluene 5.7 mM [41] 91  65 

2-Methylthiophene 12 mM [42] 97  53, 69 

Methylcyclohexane 0.14 mM [43] 83  55 

Carbon Dioxide* - SIM 44, 45 

* Selected ion monitoring (SIM) used in this case 769 

 770 
 771 
Table 3: Effect of O2 and H2O2 on photo-oxidation of 10 nM toluene with TiO2/UV. 772 
 773 
Conditions % k1

4 k1 (min-1) krel 
air saturated1 85 0.076 1.0 
oxygen saturated2 86 0.090 1.2 
H2O2, air saturated3 > 99 0.22 2.9 
H2O2, oxygen saturated3 > 99 0.30 4.0 
1 air saturated at 45oC, [O2,aq] = 0.19 mM 774 
2 oxygen saturated at 45oC, [O2,aq] = 0.90 mM 775 
3 [H2O2,aq] = 70 mM 776 
4 % k1 = A/(A+B) * 100, where A and B are pre-exponential terms in y = A e-k1t + B e-k2t   777 
 778 
 779 
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Table 4: Summary of first order rate constants for the photo-oxidation of aqueous 780 
contaminants under different AOP conditions. 781 
 782 
AOP Conditions Contaminant k 

(min-1) 
t1/2 

(min) 
TiO2/N2 

[O2, aq] < 0.01 mM
Benzene 0.00573 121 
Toluene 0.00601 115 
2-Methylthiophene 0.00633 110 
Methylcyclohexane 0.00836 83 

TiO2/Air 
[O2, aq] = 0.26 mM

Benzene 0.00762 91 
Toluene 0.00867 80 
2-Methylthiophene 0.0101 69 
Methylcyclohexane 0.0111 62 

TiO2/O2 
[O2, aq]=1.2 mM

Benzene 0.00947 73 
Toluene 0.0111 62 
2-Methylthiophene 0.0115 60 
Methylcyclohexane 0.0130 53 

TiO2/H2O2/Air 
[H2O2, aq]=7 mM, [O2, aq]=0.26 mM

Benzene 0.0594 12 
Toluene 0.0676 10 
2-Methylthiophene 0.0753 9.2 
Methylcyclohexane 0.0622 11 

H2O2/Air  
[H2O2, aq]=7 mM, [O2, aq]=0.26 mM

Benzene 0.161 4.3 
Toluene 0.196 3.5 
2-Methylthiophene 0.194 3.5 
Methylcyclohexane 0.161 4.3 

 783 
 784 
Table 5: Rate constants of different AOP conditions relative to air saturated TiO2 785 
for several contaminants.  786 
 787 
AOP 
Conditions 

krel 
Benzene 

krel 
Toluene 

krel 
2-Methyl 
thiophene 

krel 
Methyl 

cyclohexane 

Mean  
krel  

(SD) 
TiO2/N2 0.75 0.69 0.63 0.75 0.71 (0.06) 
TiO2/Air 1.00 1.00 1.00 1.00 - 
TiO2/O2 1.24 1.28 1.14 1.17 1.21 (0.06) 
TiO2/H2O2/Air 7.80 7.80 7.46 5.60 7.2 (1) 
H2O2/Air 21.1 22.6 19.2 14.5 19.3 (3) 
 788 
 789 
  790 
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Table 6: Rate constants of different contaminants relative to benzene for several 791 
photo-oxidation conditions. 792 
 793 
Substrate k’rel 

TiO2/N2 
k’rel 

TiO2/Air
k’rel 

TiO2/O2 
k’rel 

TiO2/H2O2/Air 
k’rel 

H2O2/Air 
Mean 
k’rel 
(SD) 

Benzene 1.00 1.00 1.00 1.00 1.00 - 
Toluene 1.05 1.14 1.17 1.14 1.22 1.14 

(0.06)
2-Methyl 
thiophene 

1.11 1.33 1.21 1.27 1.21 1.23 
(0.08)

Methyl 
cyclohexane 

1.46 1.46 1.37 1.05 1.00 1.27 
(0.2) 

 794 
 795 
Table 7: AOP degradation kinetics in natural surface water. 796 
 797 
Conditions ktoluene (min-1) knw/kdi 

TiO2 
[O2, aq]=0.26 mM

0.007 0.8 

TiO2/H2O2        [O2, aq]=0.26 mM 
[H2O2, aq]=7 mM

0.030 0.5 

 798 
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