Available online at www.sciencedirect.com
Journal of

SCIENCE(JDIRECT° Photoca}nlfrnlstry

Photobiology

— g A:Chemistry
ELSEVIER Journal of Photochemistry and Photobiology A: Chemistry 162 (2004) 415-4.

www.elsevier.com/locate/jphotochem

Photochemical oxidation of chrysene at the silica gel-water interface
Li Kong, John L. Ferry

Department of Chemistry and Biochemistry, University of South Carolina, Columbia, SC 29208, USA
Received 4 June 2003; received in revised form 5 September 2003; accepted 9 September 2003

Abstract

The photolysis of chrysene at the silica—water interface proceeds more efficiently than when dissolved in solution. Loss of chrysene was
apparently through self sensitized oxidation by singlet oxygen. The role of singlet oxygen in the system was probed by application of the
10, scavenger, 1,4-diazabicyclo[2,2,2]-octane (DABCO). The initial rate of chrysene loss exhibited a positive correlation with chrysene
loading (umolg1) on silica gel supports. The system was subjected to model environmental conditions (simulating seawater) and the
effects of halide ions on the photodegradation process were determined. Singlet oxygen steady state concentrations were measured unde
all experimental conditions by using 2,5-diphenylfuran as a singlet oxygen trapping agent, and varied.7id 0.37) x 10712 to
(1.43£0.14) x 10~11 M under our experimental conditiond(,]sswas a function of chrysene loading and salinity; high chrysene loading
promoted high singlet oxygen concentrations, but high salinity suppressed it.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction singlet oxygen (a self-sensitized procegd®),17] This dif-

ference in mechanism can be explained by the shqis)2
The photochemical oxidation of PAHs at the silica gel—air [18] lifetime of 1O, in H,O. At concentrations<1-10pM,

or organic solvent interface has been well-studj&e4]. it is unlikely that*O, can diffuse far enough in water to

The photoexcitation of PAHs is known to produce highly encounter another PAH to react with before relaxing to the

reactive, long lived triplet statg§—7]. In solution, 3PAHs ground state. In this study, we investigated how adsorp-

are known to dimerize, photoionize, or engage in energy tion on a surface (at high local concentrations) affects the

transfer reactions (often with dissolvé®,, yielding 1O») photolysis of chrysene in aqueous solution (where its low

[4,8-10] Sigman et al. found that the direct photolysis of solubility would normally rule outO, chemistry).

acenaphthylene in aerated aqueous solutions resulted in

the formation of thecis andtrans dimers[9], and reported

the photoionization of pyrene in agueous solution (based 2. Experimental details

on careful product analysi$®]. Fasnacht and Blough also

suggested photo-induced electron transfer from PAHs to 2.1. Chemicals

H>0 or O, in dilute solution[11]. Gollnick reported the

production of singlet oxygen from excited PAHs by energy ~ Chrysene (98%), 1,4-chrysenequinone, phthalic acid

transfer could lead to the degradation of the sensitizing PAH (99.5%), methyl salicylate and 1,4-diazabicyclo[2,2,2]-

[12]. These proposed mechanisms have received a greapctane (DABCO) (98%) were purchased from Aldrich.

deal of support in the peer reviewed literature, and some 2-Formyl benzoic acid (>98%) was purchased from TCI.

excellent reviews on this chemistry have been published 2,5-Diphenylfuran was purchased from Alfa Aesar. Instant

[4,8,9,13-15] Generally, the PAH photodegradation mech- Ocead™, methanol (GC grade) and-pentane (pesti-

anism seems to be a concentration-dependent process. Igide grade) were supplied by Fisher. Methydutyl ether

dilute solutions (submicromolar), photoionization probably (MTBE, GC grade) was supplied by Merck KGaA, Ger-

dominateg9,11]; at higher concentrations, it is possible for many. Silica Gel 60 was purchased from EM Science. The

PAHs to photodegrade through reaction of the PAH with N2 BET surface area of Silica Gel 60 was 463 0.4 m?/g
with the particle size 0&63um and pore diameter of 60 A.
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The standard for 1,4-chrysenediol was obtained by the 0.25 mm, df. = 0.25um) column. Carrier gas was He, and
NaBH, reduction of 1,4-chrysenequinor#9]. Following the flow rate was 1.3 ml mint. The injector port was set for
reduction, the air sensitive 1,4-chrysenediol was immedi- splitless operation at 25@. The autoinjector volume was
ately derivatized with BSTFA, using the method described set at Jul. The temperature program and the data acquisition
by Li et al.[20]. parameters have been described previously (supplemental).

2.2. Experimental setup and methods 2.4. Product determination

Reactions were carried out in a Pyrex air tight reactor  1,4-Chrysenequinone was extracted and identified without
illuminated by a 1000W Xe arc lamp filtered through a derivatization. 1,4-Chrysenediol was extracted by MTBE,
Pyrex water jacket (supplemental). All handling of chry- concentrated by cool evaporation, re-dissolved in acetone,
sene solutions was done under yellow light. The deposi- and derivatized with BSTFA at room temperaty29].
tion of chrysene onto silica gel (unactivated) was achieved 2-Formylbenzoic acid, phthalic acid and 2-hydroxybenzoic
by then-pentane slurry method described by Dabestani and acid were extracted at pH 1, and the organic extract was
coworkers[1,3,21] Chrysene loading was determined by derivatized with CHN> to yield the corresponding methyl
extracting deposited chrysene from silica gel (a known massesters[19,23] All were positively identified by compar-
of silica gel in a known volume of solvent) and quantify- ing their retention time and mass spectra against those of
ing it by GC-MS techniques. Co-deposition of DABCO or standards.
2,5-diphenylfuran was achieved by modifying the method
of Dabestani and coworkers to include those reagents in the
pentane stock at the desired molar rdfic8,21] 3. Results and discussion

For solution phase photochemical studies, aqueous chry-
sene was prepared by spiking 10.00 ml chrysene in methanol3.1. Distribution of chrysene on SO;
stock solution into 90.00 ml 0.001 M NaHG®uffer or sim-
ulated seawater (Instant Océ¥h) over a range of different The emission spectrum of chrysene coated on silica
salinities, making the final irradiated solution 10% MeOH, (aqueous suspension) was compared to that obtained from
an approach consistent with the work of Miller and Olejnik MTBE, excitation at 270 nmKg. 1). The fluorescence spec-
[22]. The corresponding heterogeneous experiments weretra did not reveal contributions from excimer or excimer-like
prepared by taking up silica gel precoated with chrysene into emissions (PAH excimers are usually centered 400-550 nm)
100 ml buffer or simulated seawater at the desired salinity [8,24] which implied that chrysene was distributed on the
and suspending it with vigorous mixing. silica gel surface in a manner that did not allow significant

All experiments were allowed to equilibrate in the dark w—w interaction. The spectra were red-shifted by approx-
with stirring for 50 min before illumination. pH was mon- imately 6—7 nm in aqueous silica gel slurry relative to in
itored during equilibration and was adjusted to 8.30 with MTBE solution. The differences between the emission spec-
0.1 M HCI or NaOH. Following equilibration, the lamp was trum of free and adsorbed chrysene are probably a result
ignited, and illumination of the reactor commenced when of simple adsorption to the silica surfaf25,26], however,
lamp output stabilized (15 min after the light was on). Sam- it is also possible that chrysene was present on the surface
ples (2 ml) were removed from the top sample port with a in some kind of aggregate (although not in a configuration
4 ml spring loaded syringe (Manostat). Samples were imme- that permitted excimer formation).
diately placed in amber EPA vials precharged with 2 ml of
MTBE (with triphenylmethane internal standard). Samples 3.2. Photolysis of chrysene at silica gel-water interface
were sonicated for 10 min and then extracted on a vortex (0.001 M NaHCOg3)
mixer for 1 min. The organic layer was removed and stored

at 4°C until analysis by GC-MS. Chrysene photodegradation was apparently first order
in chrysene, with an experimental rate constd@hd of
2.3. Instrumental (0.60 + 0.06) x 102min~!. The addition of silica gel

(1.0wt.%) caused an increase kgys of approximately a

Fluorescence spectra were recorded by a SLM-Aminco factor of 2, to(1.314 0.13) x 10~?min~! (Fig. 2. When
Model 8100 spectrofluorometer (Spectronic Instruments, chrysene was introduced pre-adsorbed to silica gel, at a
Rochester, NY, USA) equipped with a 450 W ozone-free loading of 6.43.molg~! (the total number of moles of
xenon arc lamp and an R-928 photomultiplier. The slit-width chrysene/unit volume was the same in both experiments), the
for both the excitation and emission monochromators was photodegradation rate was the same as that when silica gel
set to give a 2 nm spectral resolution. was introduced separately (within experimental error). The

All GC analyses were done on a Varian 3800 GC equipped total chrysene loading in the heterogeneous system exceeded
with an 8200 autosampler and a Saturn 2000 IT-MS. The chrysene’s aqueous solubility.8lx 1072 uM [27]) by a
analytical column was J&W DB-5MSI( = 30m, id. = factor of 5x 10°, implying that the “local concentration” of
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Fig. 1. The emission of chrysene is red-shifted by approximately 6 nm in aqueous silica slurries relative to solution. Excitation: 270 nm; (—) MTBE
solution (6.42.M); (- - -) silica gel suspension (0.001 M NaH@Q pH: 8.30; chrysene loading: 4.53nolg™1; SiOy: 1wt.%.

chrysene around the silica surface was high compared to itssions, and that photodegradation was almost wholly depen-
concentration in the agueous phase. In such an environmentdent on the presence of oxygf0]. Thomas reported that
there should be more opportunities for collision betwd@n the rate of quenching of the excited state of immobilized
and chrysene, affording a higher apparent rate of reaction. pyrene and 1-pyrenebutyric acid on silica—air/liquid inter-
The surface-enhanced photodegradation of PAHs has beerfaces is reduced compared to the rate in the gas phase or in
observed before. Sigman and Zingg have reported that thebulk solution[31,32] The implication is that on surfaces,
addition of SiQ particles to solutions of anthracene in cy- 3PAHs may have longer lifetime and more chances to col-
clohexane increased the rate of anthracene photolysis by dide with a neighboring reactive species. Over the last 10
factor of 6.5 under argon and a factor of 56 under oxygen years, many other researchers have also reported surface me-
[28], and also that anthracene’s photodimerization rate in- diated enhancement of photochemical processes, e.g., Taka-
creased at the silica gel-cyclohexane interf@&3. In both hashi et al. found that the photodegradation of the pyrethroid
cases, the increased rates were explained as an effect of loinsecticide fenpropathrin was faster on soil than in water,
cally high concentrations. Kong and Ferry reported that the with initial half-lives of 1-5 days on various soils versus >6
photodegradation rate of chrysene on laponite increased byweeks in wate33]. Mathew and Khan reported that the
a factor of approximately 10 in low ionic strength suspen- photodegradation of metolachlor was faster in the presence
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Fig. 2. The photolysis of chrysene is more rapid at the ,Bi@ter interface than in water. Conditions: 0.001M NaHCH®uffer, pH: 8.30,
Iy = 2.60 x 102 einsteinmim®: (A) 10% methanol solutionkgys (0.60+ 0.06) x 10~2min—1; (x) SiO, suspension in 10% methanol, SiQL wt.%,
kobs (1.29+0.13) x 102 min~%; (CJ) aqueous suspension of chrysene coated silica gel (BBg1), SiO: 1 Wt.%, kops (1.3140.13) x 10~2min—1;
(<) aqueous suspension of silica coated with chrysene and DABCO (mole ratio: 1:19),1Si@%.
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Fig. 3. Positively identified chrysene photooxidation products.

of clays (kaolinite, montmorillonite, and goethite) than in solution include electron transff36—-38]and self-sensitized
water [34]. In all cases, photolysis on surfaces was more oxidation by singlet oxygef6,39,40] but our observation
rapid than in solution. Generally, this seems to hold true for that DABCO inhibited chrysene oxidation suggests i@t
hydrated surfaces also, although the rate enhancement majys the most important removal mechanism in the Q0O
be somewhat less pronounced. system. When the experiment was repeated with DABCO
The addition of the singlet oxygen scavenger DABCO added directly to the aqueous phase instead of co-adsorbed
([35], co-adsorbed) at a 10-fold excess (relative to chrysene)it was just as effective at reducing the rate of photochemical
halted chrysene photodegradation completely. DABCO is oxidation, implying rapid equilibrium between the surface
known to react with singlet oxygen at the very high rate of and solution. The photolysis rate of chrysene on the silica
2.8 x 168 Imol~1s~1 [35]. Products were positively iden-  gel-water interface is very sensitive to chrysene loading,
tified by comparison with standards, using GC-MS tech- and the initial rate of chrysene photodegradation increased
niques (retention time, El, Cl, MS—MSFig. 3). Products linearly with chrysene loadind~{g. 4). Although this obser-
are consistent with those commonly observed from exten- vation is consistent with that expected from a self-sensitized
sive PAH oxidation by singlet oxygen in watg,38,39] process, it is not definitive; a similar result would observed
The mechanisms of photochemical degradation of PAHs in in the direct photolysis of optically thin solutions also.
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Fig. 4. The initial rate of chrysene photodegradation at silica gel-water interface varies as a function of initial loading of chrysene on Gitinditiehs:
0.001 M NaHCQ, pH: 8.30, Iy = 2.60 x 10~3 einsteinmirt®, Si0;: 1 wt.%.
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Fig. 5. Chrysene photodegradation rate falls off rapidly with increasing salinity pH: B438, 2.60x 10~° einstein mirr?, chrysene loading: 2.52mol g1,
SiO,: 1wt.%.

3.3. The effect of salinity on the photodegradation rate of constant of the reaction of 2,5-diphenylfuran with singlet
chrysene at the silica gel-water interface oxygen k, = 4.6107M1s1 [47]). This method deter-
mines the averaged singlet oxygen concentration across
The photolysis of chrysene at the silica gel-water in- the solution, and is not capable of measuring it directly
terface was also studied as a function of salinity. The ob- on the silica surface or exclusively in solution. The steady
served rate constant of chrysene degradation on silica gelstate concentration of singlet oxygen increased with chry-
decreased by a factor of 3, fro.31+ 0.13) x 102 to sene loading on silica gel in both 0.001 M NaHgRuffer
(0.4440.04) x 102 min~1 as the salinity increased from 0 and simulated seawater suspensioR&y.( 6). In accor-
to 34 ppt Fig. 5). This was expected that the given anions, dance with earlier observations on the effect of salinity on
CI-, Br—, I~ in seawater can quench both excited state PAHs chrysene oxidation,!D,]ss decreased by a factor 02.3
[41-43]and singlet oxygei4—46] However, the observa-  over the salinity range of 0-34 ppt, because of reaction
tion is significant because of what it implies about the pho- betweenO, and the halides or because of quenching of
toreactivity of particulate bound PAHSs in the environment. photoexcited chrysene by halides. The effect of loading
The observation suggests that the photodegradation of PAHsand salinity on O,]ss can be quantitatively predicted by
will fall off rapidly in coastal environments when suspended
solids are transported from fresh water to seawater.

o oxygenated
3.4. [107],, determination M products
hv, I,

The disappearance of adsorbed chrysene was concentra- W
tion dependent and could be halted by the singlet oxygen ' '
guencher DABCO, suggesting the principle reaction that ac- 0,
counted for the removal of chrysene was its oxidation by
10, (Scheme X The rate of this process can be described by Chry Chry'| o ky) kg

d[Ch
~dE_  pogichiy) @ N/ N\

dr 0,

If the steady-state assumption is applied @ in this sys- Scheme 1l the rate of light absorption by chryseng; the quantum

tem, a modified version of the method of Haag and Hoigne efficiency for sensitizedO, production;M: probe substance (chrysene,

. . 2,5-diphenylfuan, anions ¥); kg = 2.5 x 10°s! [49]: first-order rate
[3O]lcan be U_Sed to quantlfy‘_q_)z]ss (Wlth a I.arge excess of constant for physical quenching 80, by water; kq: the second-order
the “O trapping agent 2,5-diphenylfuran): rate constant for physical quenching t®, by the probe substancé;:

the second-order rate constant for chemical reaction bet#®snand
(2) chrysene;k, = 4.6 x 10’ M~1s™! [47]: the second-order rate constant
k? for chemical reaction betweehO, and 2,5-diphenylfurank, x-: the
. . . second-order rate constant for chemical reaction betw&srand anions
wherekops is the experimentally determined rate constant x-; kcnry x-: the second-order rate constant for guenching/chemical
the loss of 2,5-diphenylfuran, ariglis the second order rate  reaction between excited state chrysene and X

kobs

[102]55 =
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Eq. (3) [48}

Io (1= Y (kchry x-[X 1)) ebg[Chrylo
kd + (ke x-[X~])

wherelg is the light intensitykcny+ x- is the second-order

[102] Ss— (3)

[2] J.T. Barbas, et al., Photochem. Photobiol. 58 (2) (1993) 155-158.

[3] J.T. Barbas, R. Dabestani, M.E. Sigman, J. Photochem. Photobiol.
A: Chem. 80 (1994) 103-111.

[4] G.R. Helz, R.G. Zepp, D.G. Croshy (Eds.), Aquatic and Surface
Photochemistry, Lewis Publishers, CRC Press, 1994, pp. 187-195.

[5] G. Beck, J.K. Thomas, Chem. Phys. Lett. 94 (6) (1983) 553-557.

rate constant for quenching of excited state of chrysene (both [6] E. Lee-Ruff, H. Kazarians-Moghaddam, M. Katz, Can. J. Chem.

singlet and triplet]41-43] by anions k x- is the second
order rate constant for quenching’@, by anions, [X] is
the concentration of anions and [Chyy$ the initial loading
of chrysene on silica ged,is the molar extinction coefficient,
b is the path length of the light in the solution, a#ds the
quantum efficiency for sensitizéd, production.

3.5. Conclusion

Our observations support a reaction manif@dtfeme L

64 (7) (1986) 1297-1303.

[7] R. Dabestani, K.J. Ellis, M.E. Sigman, J. Photochem. Photobiol. A:
Chem. 86 (1995) 231-239.

[8] M.E. Sigman, et al., Environ. Sci. Technol. 32 (24) (1998) 3980—
3985.

[9] M.E. Sigman, et al., J. Photochem. Photobiol. A: Chem. 94 (1996)
149-155.

[10] K.-K. lu, J.K. Thomas, J. Photochem. Photobiol. A: Chem. 71 (1993)
55-60.

[11] M.P. Fasnacht, N.V. Blough, Environ. Sci. Technol. 36 (2002) 4364—
4369.

[12] K. Gollnick, Adv. Chem. Ser. 77 (1968) 78-101.

that includes the reactions between triplet chrysene and[13] M.E. Sigman, et al., Tetrahedron Lett. 32 (41) (1991) 5737-5740.

triplet oxygen to yield singlet oxygen, the oxidant that
is primarily responsible for removing chrysene from the

system. The results imply that PAHs associated with par-

[14] J.K. Thomas, E.H. Ellison, Adv. Colloid Interface Sci. 89—90 (2001)
195-238.

[15] K. Takagi, Y. Sawaki, Crit. Rev. Biochem. Mol. Biol. 28 (4) (1993)
323-367.

ticulates and suspended solids may be more susceptible tgi6] B. Stevens, Acc. Chem. Res. 6 (1973) 90-96.
photolysis than previously thought, although that removal [17] B. Stevens, S.R. Perez, J.A. Ors, J. Am. Chem. Soc. 96 (1974)

process may be vulnerable to the presence of halide ions.
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