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bstract

The kinetics and mechanism of periodate and photoactivated periodate oxidation of the hydrolysates of chemical warfare agents (HCWAs),
hiodiglycol (TDG), 3,3-dithiopropanol (TDP), and 1,4-thioxane (TX), were investigated at pH 3, pH 7, and pH 10 under dark (in the absence of
ight) and monochromatic UV light irradiation. Dark reactions occurred by oxygen addition to sulfur atoms in HCWAs at pH 3 and pH 7 following
he trend: TDP > TX > TDG. At pH 10 in the absence of light, both Malaprade and oxygen addition reaction mechanisms occurred in the reaction
f H3IO6

2− with HCWAs but at slower reaction rates compared to low pH dark reactions following the order: TDG > TDP > TX. The presence of
onochromatic UV light at 220 nm, 240 nm, or 254 nm had insignificant improvements on HCWA degradation at low pH. At pH 10, the presence of

20 nm light resulted in an increase in degradation of HCWAs compared to dark reactions following the trend of electron density on the sulfur atom

f the compound (TDP > TDG > TX). However, TDG, the compound with the largest dark reaction rate constant at pH 10 had the smallest percent
ncrease in degradation due to the addition of light. Conversely, TX had the smallest dark reaction rate constant and the largest percent increase in
egradation due to the addition of light. In the presence of light, the addition of t-butanol decreased degradation rates at pH 10 suggesting that OH•

lays an important role in the reactions. Degradation trends and kinetic modeling also suggest that iodyl radicals are involved in TX reactions.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The evolution of military technologies, along with ethi-
al concerns, has resulted in chemical weapons being made
edundant [1–3]. The United States has had a 30,600 tonnes
tockpile of chemical warfare agents (CWAs) [1] and Russia has
0,000 tonnes of CWAs [2]. The baseline technology for destruc-
ion of CWAs is incineration; however, this is undesirable and
ften opposed by local communities due to perceived risks to
he surrounding community [1]. Thus, alternative technologies
re being explored [1]. Among the numerous alternative tech-
ologies explored [1,3], neutralization shows promise to treat

WAs, especially mustard agents (HD). Under low-temperature
nd low-pressure conditions, HD is hydrolyzed and the main
ydrolysis product, thiodiglycol (TDG), is much less toxic [1].
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owever, treatment of TDG by another means is necessary to
urther degrade this hydrolysis product of the CWA (HCWA).

In aqueous solution, periodic acid is a strong oxidant
nd forms a variety of species depending on pH, concentra-
ion, and the presence of other components in solution [4–7].
n acidic solution the predominant species is the tetrahedral
O4

− anion due to dehydration of the monoanion, H4IO6
−.

n dilute alkaline solution, the dominant monomeric periodate
ons are the octahedral H3IO6

2− anion and H2IO6
3− [4]. The

tandard reduction potential for the periodate–iodate couple
n acidic solution is approximately +1.6 V; in alkaline solu-
ion, the value is reduced to +0.7 V [7]. Periodate has been
sed as a selective oxidant for compounds such as 1,2-diols,
,2-ketonealdehydes, 1,2-diketones, 1,2-hydroxyaldehydes, and
,2-aminoalcohols [6]. The typical reaction pathway, called a

alaprade reaction, includes the formation of a cyclic inter-
ediate. The rate of reaction is dependent on pH and steric

ffects with the relative stability of the intermediate com-
lex playing a key role [6]. Periodate also reacts with sulfur

mailto:weavers.1@osu.edu
dx.doi.org/10.1016/j.jphotochem.2006.10.029
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Table 1
Proposed periodate photolysis reactions in the pH range 2.44–4.90 [11]

Reaction step Reaction Reaction rate constant

Initiation IO4
− + hν → IO4

−∗ (1)
IO4

−∗ + hν → IO3
• + O•− (2a)

IO4
−∗ + hν → IO3

− + O(3P) (2b)
IO4

−∗ + hν → IO3
− + O(1D) (2c)

Propagation O•− + H+ ↔ OH• (3)
OH• + IO4

− → OH− + IO4
• (4a) k(4a) = 4.5 × 108 M−1 s−1a

OH• + IO3
− → OH− + IO3

• (4b) k(4b) = 1.7 × 107 M−1 s−1a

O3 + IO3
• → IO4

• + O2 (5)

Termination 2OH• → H2O2 (6) k(6) = 6 × 109 M−1 s−1a

2IO4
• ↔ I2O8 (7)

I2O8 + H2O → IO3
− + IO4

− + 2H+ + O2 (8) k(8) = 1.5 × 108 M−1 s−1a

2IO3
• ↔ I2O6 (9) k(9) = 4 × 108 M−1 s−1a

I2O6 + H2O → IO3
− + IO4

− + 2H+ (10) k(10) = 4.5 × 108 M−1 s−2a

O2 + O(3P) → O3 (11)
O(3P) + O(3P) → O2 (12a)

(12b)
(13)
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O3 + O(3P) → 2O2

O(1D) + H2O → H2O2

a Reaction rate constant calculated in Ref. [29].

ontaining compounds as an electrophilic oxidant transferring
xygen to the organic sulfide atom. Hydroxylalkyl sulfides react
ith periodate in the absence of light via two possible path-
ays: one is Malaprade reactions to break carbon–carbon bonds

t �-hydroxyl �-thiosulfide or �-thiosulfide groups forming
ormaldehyde, and the other is oxygen addition to the sulfur atom
5–7].

Upon UV irradiation, periodate is photoactivated producing a
eries of reactive intermediates over a wide range of pH [8–13].
mong the numerous proposed mechanisms for photoactivated
eriodate, the mechanism suggested by Wagner and Strehlow is
roadly cited [11]. Reactive intermediates, namely OH•, IO4

•,
O3

•, O(3P), O(1D) and O3, are generated that are susceptible
o react with organics as shown in Table 1. In addition, possible
egeneration of IO4

− by IO4
• and IO3

• radicals is indicated
n this reaction mechanism as shown in Eqs. (7)–(10). IO3

•
nd IO4

• are suggested to be the dominant iodine intermediates
ormed during the photolysis of IO4

− [11]. These iodine radicals
re believed to play key roles in the photo-assisted degradation
f organic substrates, especially in the presence of hydroxyl rad-
cal scavengers [8]. Under alkaline conditions the reactive iodine
pecies have only been characterized as periodyl (IVIII) and iodyl
IVI) radicals [9,10].

Multiple radical based advanced oxidation processes (AOPs)
how advantages over other AOP techniques based only on
ydroxyl radical scavengers [8,14–15]. Photoactivated perio-
ate is one such AOP. For example, photoactivated periodate
as been shown to decompose a matrix of industrial wastewater
ith high concentrations of triethanolamine and high chemical
xygen demand faster than other AOPs investigated [13]. Pre-
ious work in this laboratory demonstrated that IO3

•, IO4
•, and

(3P) were important species responsible for 4-chlorophenol

egradation in the photoactivated periodate system at pH 3 with
monochromatic light source [8]. A minor decrease in the degra-
ation rate was observed in the presence of high concentrations
f an OH• scavenger, t-butanol.

2

e

Fig. 1. Chemical structure of TDG (a), TDP (b), and TX (c).

The objective of this study was to investigate the kinetics and
echanism of photoactivated periodate oxidation of HCWAs

f HD, specifically: TDG; a similar compound with larger car-
on chain length, 3,3-dithiopropanol (TDP); and a compound
ith a cyclic structure, 1,4-thioxane (TX), as shown in Fig. 1

16]. TDG, TDP, and TX were chosen as model hydroxylalkyl
ulfides to provide reaction information on carbon chain length
nd steric effects. Effects of periodate speciation, wavelength
f light and presence of an OH• radical scavenger were deter-
ined. By monitoring HCWAs, IO4

−, IO3
−, and O3, evidence

f photoactivated periodate reaction pathways were observed.

. Experimental
.1. Materials

All major chemicals used were of reagent grade or higher
xcept where further description is given. Periodic acid (Fisher
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cientific), sodium iodate (Fisher Scientific), lithium hydroxide
Acros), perchloric acid (Fisher Scientific), thiodiglycol
Sigma–Aldrich), 3,3-thiodipropanol (Sigma–Aldrich), 1,4-
hioxane (Sigma–Aldrich), tert-butanol (t-BuOH, Fisher
cientific), purpald (Aldrich), sodium boro-hydrate (Fisher Sci-
ntific), and 37% formaldehyde stabilized solution (Fisher
cientific) were used as received. Thiodiglycol sulfoxide
TDGO) from Chem Service Inc. was analyzed by NMR
howing two similar compounds with properties present in
pproximately the same ratio. It is very likely that the two com-
ounds in TDGO are the interconversion isomers of TDGO.
ater used in experiments was from a Milli-Q system (Milli-
X45, Milli-pore) with a resistance of 18.2 M� cm.

.2. Reactor

All experiments were conducted inside a black-painted
ooden box (0.8 m × 1.2 m × 1.1 m) to avoid any potential reac-

ions with laboratory fluorescent light. Reactions were carried
ut in a horizontally placed 500 mL water-jacketed glass cylin-
rical reactor with a quartz window and six vertical ports on top
s shown in Fig. 2. These ports functioned as a sampling loca-
ion, a Tedlar gas bag inlet, dissolved oxygen probe (Orion 810)
nlet, Sure-flow Ross semi-micro pH electrode (ThermoOrion)
nlet, autotitrator of a pH-stat controller (PHM 290, Radiome-
er/Copenhagen) inlet, and the final port was sealed [8]. A
ater-cooling system (ISOTEMP 1006S, Fisher Scientific) was
sed to maintain the temperature of solution inside the reactor
t 20 ± 0.5 ◦C. The distance between the irradiated surface and
he output from the water filter was approximately 49 mm. For
ark reactions, periodate was adjusted to the desired concentra-
ion and pH. Then, HCWA was injected to the reaction system

t t = 0. For UV light reactions, the light was shielded from the
eactor prior to the start of irradiations. At t = 0 HCWA was
njected into the reactor under the same conditions as the dark
eactions except at t = 0 the light shield was removed.

Fig. 2. Schematic diagram of the photochemical reactor.
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.3. Light source

The light source for all light experiments was a 500 W Hg(Xe)
rc lamp (Oriel 66142) with a built in ignitor (Oriel 66028)
nd switched-mode arc lamp power supply (Oriel 68811). In
rder to diminish the heating effect of IR irradiation, a water
lter was applied just after the lamp housing in all experi-
ents. Light experiments at λ = 240 nm and λ = 254 nm used
monochromator (Oriel 74000) and were conducted following
rocedures of Chia et al. [8]. Light experiments using an optical
lter (Oriel 58560, 2 in. diameter) provided light at 220 ± 5 nm.
he power output was measured by a UV silicon probe (Oriel
0282) equipped with a radiant power meter (Oriel 70260). Prior
o all light experiments the Hg(Xe) lamp was balanced for at
east 1 h.

.4. Reaction conditions

Stock solutions of 0.25 M periodic acid, 0.25 M TDG, 0.1 M
DP, and 0.1 M TX were prepared and stored at 4 ◦C covered
ith aluminum foil to prevent light reactions. About 500 mL
f the appropriate concentration of periodic acid was prepared
rom the stock solution in each experiment. Due to the low sol-
bility of sodium periodate at high pH, a fresh filtered 5N LiOH
olution was applied to adjust the initial pH (pH 3, pH 7 or
H 10) of the reaction system. Otherwise 1N LiOH or 1.5N
ClO4 was loaded in the pH-stat system (PHM 290, Radiome-

er) to maintain the pH during reactions. For experiments with
-BuOH, pure t-BuOH was added to periodate solutions to
chieve a final concentration of 120 mM. A Chemware Ted-
ar gas bag of air was connected to the photochemical reactor
hrough a valve to keep the experimental system isobaric dur-
ng all experiments. Prior to photolysis, 10 mL of sample was
ithdrawn for analysis of periodate and iodate, formaldehyde,

nd O3. Next, a proper quantity of HCWA stock solution was
njected into the photochemical reactor to have a reaction volume
anging from 492–495 mL. Due to the large amount of sample
equired for analysis, two sets of experiments were conducted
or each kinetic run in order to keep changes in the volume
f the reaction system to within 15% during the course of the
eaction. Selected experiments were run in duplicate to ensure
eproducibility.

.5. Sampling

About 6–8 mL samples were withdrawn at selected time
ntervals and placed in amber glass vials. Except for ozone mea-
urements, samples were purged with nitrogen gas (99.999%
urity) through a stainless steel needle for 5 min to remove resid-
al ozone. For HCWA and HCWA sulfoxide (HCWAO) analysis,
mL samples were added to 4 mL of 0.05 M barium hydroxide

olution to quench residual periodate. A 0.45 �m PVDF filter
Whatman, 6872-1304) to remove insoluble barium salts was

onnected to a pre-wetted IC-H cartridge (Alltech 30264). The
C-H cartridge was used to exchange cations with protons and
o avoid the formation of barium carbonate precipitates formed
rom excess barium ion in solution contacting CO2 from ambi-
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nt air. Formaldehydes were observed to be concentrated during
he process of ion exchange by IC-H cartridges [17]. Therefore,
ormaldehyde, along with periodate, iodate, ozone, and sulfur
ontaining compounds, were quantified without any sample pre-
reatment.

.6. Analytical procedures

Periodate and iodate were analyzed by a HP3D Capillary Elec-
rophoresis system (Agilent) coupled to a diode array detector
ith a standard bare fused silica capillary (40 cm long × 50 �m

.d., G1600-60132) and detected at 200 nm for iodate and 220 nm
or periodate [8,18]. An acetate buffer at pH 4.45 and con-
entration of 100 mM was used as a carrier and replenishing
uffer. A 50 mbar injection pressure and −25 kV applied volt-
ge was used; the temperature of the capillary was maintained
t 30 ◦C.

Analysis of TDG, TDP, and TX were carried out by
PLC (Agilent, Series 1100) on an Agilent SB C18 column

2.1 mm × 150 mm, with 5 �m particle size). The detection
avelength was 210 nm for all HCWAs. An eluent flowrate
f 0.2 mL min−1 of 95% phosphate buffer (H3PO4/Na2HPO4)
t pH 2.2 and 5% acetonitrile, and injection volume of 2 �L
t 25 ◦C was applied for this isocratic analysis. Samples were
njected three times and the chromatographic results were the
verage value of the second and the third injection. Control
xperiments showed no significant difference in the results using
ither three or five injections.

Thiodiglycol sulfoxides were detected by electron spray
onization mass spectrometry (ESI-MS) (Esquire-LC, Bruker)
nd verified by ESI-MS–MS under positive ionization mode
19–21]. The method used a solvent mixture with 50:50 water
nd methanol at a flow rate of 0.2 mL min−1 under cone voltage
f 50 V. An internal standard (TDG) was used for quantitation
urposes.

Formaldehyde was determined by sample derivatiza-
ion with 4-amino-5-thioxo-3-hydrazine-1,2,4-triazdidine-3-
ne (4-amino-5-hydrazine-3-mercapto-1,2,4-trizone, AHMT)
nd detected by spectrophotometry [22]. Briefly, 0.1 mL
ormaldehyde solution diluted to 1 mL was derivatized with
.5 mL 1% AHMT for 30 min on a rotary shaker at 200 rpm.
bout 2.5 mL 0.2% NaBH4 in 1N NaOH was then mixed

ith the solution and followed by UV–vis spectrometry

UV-2401 PC, Schimadzu) at 550 nm. Both AHMT and
aBH4 solutions were prepared immediately before each

xperiment.

E
s
g
[

able 2
seudo first-order reaction rate constants of 1 mM HCWAs by [IO4

−]0 = 5 mM und
H 10

pH 3a pH 10a

koverall kdark koverall kdark

DG 18 16 ± 2 3.7 1.2
DP ND 63 ± 2 4.7 1.1
X ND 23 ± 2 2.4 0.4

D, not determined.
a Reaction conditions: k (×10−4 s−1); λ = 220 nm; E = 80.6 �W cm−2.
ig. 3. Reactions of 1 mM periodate with 1 mM TDG at pH 3 under dark
onditions.

Aqueous O3 was determined using the indigo method
23].

. Results and discussion

.1. Dark reactions

To determine the kinetics and mechanism of periodate with
CWAs in the absence of light, initial experiments were con-
ucted without UV irradiation. As shown in Fig. 3, reaction
etween periodate and TDG occurred rapidly at pH 3. Perio-
ate was consumed forming a stoichiometric amount of iodate.
DG degraded at a similar rate to periodate. Dark reactions were
bserved to follow second-order kinetics. However, dark reac-
ions that were used to compare to light systems were conducted
ith an [IO4

−]:[HCWA] ratio of 5:1; therefore, degradation of
CWAs were found to follow pseudo first-order kinetics with

espect to [HCWAs] as shown in Table 2 (kdark). TDG sulfox-
de (TDGO, m/z = 139) was observed as the primary organic
eaction product by ESI-MS–MS spectra matching of the prod-
ct and a TDGO standard. In addition, no formaldehyde was
etected. Dark reactions of TDP and TX with periodate were
imilar to the reaction of TDG with periodate. TDP sulfox-
de (TDPO, m/z = 167) and TX sulfoxide (TXO, m/z = 121)
ere observed as the primary reaction products by ESI-MS and

SI-MS–MS. The lack of formaldehyde and the formation of
ulfoxides at pH 3 indicates that the reactions followed the oxy-
en addition pathway rather than a Malaprade reaction pathway
24].

er dark, 220 nm UV, and 220 nm UV in the presence of t-BuOH at pH 3 and

kUV/H3IO6
2− kt-BuOH kOH kother

2.5 1.3 2.5 0.04
3.6 1.4 3.2 0.36
2.0 0.98 1.4 0.58
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Oxidation of HCWAs by periodate at pH 3 followed the
rend: TDP > TX > TDG. Reaction via oxygen addition to the
ulfur atom would predict a reaction trend based on electron
ensity on the sulfur atom (TDP > TDG > TX). Control experi-
ents showed no reaction between iodate and TDG, TDP, or TX

t pH 3. In addition, there was no detectable reaction between
eriodate and TDGO. Compared to TDG, the longer carbon
hain length of TDP provides more electron density to the sulfur
tom. Therefore, TDP had a higher degradation rate than TDG.
X has a slightly lower electron density on the sulfur atom of TX

han TDG. However, the cyclic structure of TX better exposed
he sulfur atom in the molecule to oxidation compared to TDG.
hus, despite its lower electron density on the sulfur atom, TX
ad a faster degradation rate than TDG. Therefore, overall, both
lectron density on the sulfur atom in HCWAs and steric effects
layed a role at pH 3.

At pH 7, the dark reaction proceeded similarly to pH 3 (data
ot shown). Both the order and rate constants of reaction for
DG, TDP, and TX were the same at pH 3 and pH 7. Moreover,

he formation of HCWAOs and the absence of formaldehydes
ere similar at both pH values. This result is expected because

he speciation of periodate and HCWAs do not change between
hese pH values.

At pH 10, HCWA species remained unchanged. However,
inetic data showed different results from pH 3 and pH 7
Table 2) due to a change in the dominant periodate species in
ater from IO4

− to H3IO6
2− under our experimental conditions

25]. Under this high pH, both HCWAO and formaldehyde were
etected. Reaction rates of HCWAs in the dark periodate sys-
em at pH 10 followed that expected from a Malaprade reaction
athway: TDG > TDP > TX (Table 2). The change in selectiv-
ty of degradation of HCWAs by periodate and the presence
f formaldehyde as a product of reaction suggests a change
n the reaction pathway. The formation of formaldehyde sug-
ests that reactions occur, at least partially, through a Malaprade
athway. Moreover, periodate oxidized HCWAs rapidly at pH 3
nd pH 7, whereas at pH 10 reactions occurred at a slower rate
lthough both oxygen addition and Malaprade reaction pathways
ccurred.

These results suggest pH affects reaction by both mecha-
isms. First, the decreased rate of oxygen addition to HCWAs
y periodate at high pH may due to the larger size of H3IO6

2−
ompared with IO4

− making it more difficult to attack the sulfur
tom in HCWAs. The lower rate at high pH is also consistent
ith a decreased reduction potential of periodate at high pH

decreased from +1.6 to +0.7 V). Second, Malaprade reactions
roduce a rate-limiting cyclic intermediate that can be acid or
ase catalyzed [6]. Reaction of HCWAs via the Malaprade path-
ay appears to be much slower compared to oxygen addition

o the sulfur atom reaction even at the optimal high pH condi-
ion based on our experimental results. Furthermore, the sharp
ecline in the degradation rate of TX at high pH is consistent
ith the structure of TX [24]. The energy to break down the

eriodate trans-diol intermediates by the Malaprade pathway is
levated enormously compared to cis-diols; thus, the cis-diols
TDG and TDP) were oxidized much faster than the trans-diol
ompound (TX) consistent with the Malaprade pathway [6].

k

w
H

ig. 4. TDG degradation by [IO4
−]0 = 5 mM with and without monochro-

atic UV light at pH 3 (Eλ=220nm = 80.6 �W cm−2; Eλ=240nm = 9.6 �W cm−2;

λ=254nm = 11.2 �W cm−2).

.2. Irradiation at pH 3

Extinction coefficients of compounds of interest were inves-
igated by UV–vis spectrophotometry (data not shown). All
HCWAs were substantially lower than the extinction coefficient
f IVII, εIvii. A screening factor [25,26] indicated nearly com-
lete light attenuation by IO4

− on the direct photolysis rate.
ith the existence of periodate, HCWAs are minor species

bsorbing UV output resulting in less than 0.01% of HCWA
oss by direct photolysis. Thus, direct photolysis of HCWAs
as negligible. At pH 3, irradiations were conducted at three
avelengths: 254 nm (11.2 �W cm−2), a commonly used wave-

ength in photochemical research; 220 nm (80.6 �W cm−2), a
avelength close to the maximum extinction coefficient of peri-
date (222 nm), and 240 nm (9.6 �W cm−2) for comparison
urposes.

Surprisingly, no difference in the degradation rate of TDG
as observed under any of these irradiation conditions com-
ared to dark reactions, even at the highest light intensity
f 80.6 �W cm−2 at λmax 220 nm as shown in Fig. 4. Under
onochromatic UV irradiation and in an excess of periodate,

rganics reacted with periodate following pseudo first-order
eaction kinetics [8,12,27] as shown in the following equation:

d[HCWA]0

dt
= −koverall[HCWA] (14)

here d[HCWA]0/dt is the initial HCWA degradation rate and
overall is the overall pseudo first-order degradation rate con-
tant observed due to light and dark reactions. To confirm that
he addition of UV to the dark periodate system was negligible
nder our conditions, Eq. (14) was separated into dark and light
eaction components:

d[HCWA]0

dt
= −koverall[HCWA]

= −kdark[HCWA] − kUV/IO4
− [HCWA] (15)
and

overall = kdark + kUV/IO4
− (16)

here kdark is the pseudo first-order degradation rate constant of
CWA observed over the initial degradation period in the dark



316 X. Tang, L.K. Weavers / Journal of Photochemistry and Photobiology A: Chemistry 187 (2007) 311–318

Table 3
Percentage of pathway contribution to HCWA degradation

pH HCWA % of pathway contribution to HCWA degradation

Darka Light λ = 220 nmb

Total OH• influenced Other radicals

3 TDG 93 ± 12 7 ± 12 NDc NDc

10 TDG 33 67 66 1.1
TDP 23 77 69 7.7
TX 16 84 60 24
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a Dark represents the measured dark reaction in the absence of light.
b Light represents the kinetic residual effect of adding 220 nm light.
c ND, not determined.

nd kUV/IO4
− is the pseudo first-order degradation rate constant

epresenting the residual kinetic effect due to light. It should be
oted that the dark pathway will be reduced to some degree as a
raction of periodate is photolyzed, reducing the concentration
f periodate reacting by the dark pathway. Thus, the kinetic
quation representing the system would be:

overall = k′
dark + k′

UV/IO4
− (17)

here k′
dark is the altered pseudo first-order degradation rate

onstant when light reactions are present (k′
dark ≤ kdark) and

′
UV/IO4

− is the true pseudo first-order degradation rate constant

k′
UV/IO4

− ≥ kUV/IO4
− ). However, it is impossible to determine

he values of k′
dark and k′

UV/IO4
− from the experiments per-

ormed. For our purposes, we were interested in evaluating and
haracterizing conditions where photoactivated periodate was
eneficial over dark reactions of periodate; thus, we report our
esults in terms of kdark and kUV/IO4

− , the kinetic residual effect

f adding light. The small value for kUV/IO4
− (2 ± 2 × 10−4 s−1)

ompared to kdark (16 ± 2 × 10−4 s−1) for TDG at pH 3 confirms
hat the degradation of TDG by photoactivated periodate was not
ccelerated compared to dark reactions. As shown in Table 3,
he light pathway contribution to the degradation of TDG at pH
is within the error of the experiments.
In the presence of light, periodate itself as well as radicals

enerated from periodate photolysis are expected to react with
DG. These two parallel pathways compete with each other. In

he UV/IO4
−/TDG system at low pH, direct reaction between

eriodate and TDG appears to be the dominant pathway for TDG
egradation because no apparent improvement was observed
pon the addition of light. Thus, radicals played minor roles
nd had negligible effects. Although radicals often react with
rganics at diffusion limited rates, the negligible improvement
ith light reflects the relatively small amount of radicals gener-

ted reacting with TDG at fast rates compared to the relatively
arge amount of periodate reacting with TDG at moderate rates.
mong the three HCWAs, reaction between TDG and perio-
ate had the lowest rate at pH 3. Because no improvement was

bserved by the addition of light to the slowest reaction sys-
em, it is reasonable to predict that no improvement will occur
ith other HCWAs under the same conditions. Furthermore, no
bservable improvement was expected at pH 7 due to the same

i
c
b
r

peciation and dark reaction kinetics of periodate and HCWAs
t both pH 3 and pH 7.

.3. Irradiation at pH 10

At pH 10, experiments were carried out at 220 nm with an
ntensity output of 80.6 �W cm−2. Compared to the other wave-
engths investigated at pH 3, 220 nm had the most energetic
nd greatest number of photons entering the system. In addi-
ion, periodate has its highest extinction coefficient at 222 nm.
hus, this condition had the highest likelihood for improvement.
s shown in Fig. 5, a remarkable improvement in the HCWA
egradation rate was observed compared to dark reactions for
ll HCWAs tested. This result suggests that in addition to perio-
ate itself, radicals generated from periodate during irradiation
lay important roles in HCWA oxidation at pH 10. In 5 mM
eriodate solutions, H3IO6

2− is the dominant periodate species
t pH 10 [25]. Under dark conditions the reactivity of HCWAs
ith H3IO6

2− is over an order of magnitude slower than IO4
−.

he slower reaction rate under dark conditions at pH 10 allows
mall concentrations of radicals formed by photolysis of peri-
date to influence the overall degradation rate at pH 10. Thus,
emarkable improvements were monitored.

To determine the impact of adding light to the system, the
raction of HCWAs reacting by light and dark processes were
uantified based on Eqs. (18) and (19):

d[HCWA]0

dt
= −koverall[HCWA]

= −kdark[HCWA] − kUV/H3IO6
2− [HCWA] (18)

and

overall = kdark + kUV/H3IO6
2− (19)

here kdark is the pseudo first-order degradation rate constant
f HCWA in the dark at pH 10 observed over the initial degra-
ation period and kUV/H3IO6

2− is the kinetic residual effect due
o the addition of light at pH 10. As observed in Table 2 at
H 10, the overall degradation due to light and dark degrada-
ion is fastest for TDP followed by TDG and TX. This trend

s consistent with electron density on the sulfur atom in the
ompounds. In addition, we observed that the dark component
ecomes a much smaller contribution to the overall degradation
ate constant compared to pH 3. Table 3 shows that the dark
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ig. 5. HCWA degradation by [H3IO6
2−]0 = 5 mM under dark, 220 nm UV, and

20 nm UV in the presence of 120 mM t-butanol at pH 10: (a) TDG; (b) TDP;
c) TX.

ontributions for HCWA degradation are now minor compared
o the combined presence of light and periodate. Moreover, the
CWA with the largest dark reaction rate constant (TDG) had

he smallest percent increase due to the addition of light.
At pH 10 under 220 nm irradiation, H3IO6

2− is photoacti-
ated and radical and non-radical species such as OH•, IVIII, IVI,
(3P), and O3 are possibly generated [10]. In order to investigate

f OH• was the dominant species responsible for degradation of
CWAs at pH 10, t-BuOH was added in excess to quench OH•

n the photoactivated periodate system. As seen from Fig. 5,
egradation of HCWA is decreased significantly in the pres-
nce of t-BuOH compared to in the absence of t-BuOH under
20 nm irradiation. However, improvements were still observed
ompared to the dark reaction condition. To quantify the contri-
ution of OH• to the degradation of HCWAs at pH 10, the light

omponents were separated into OH• and other reactive species
e.g., O(3P), IVI, O3).

UV/H3IO6
2− = koverall − kdark = kOH• + kother (20)

o
e
b
c
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here

other = kt-BuOH − kdark (21)

nd

OH• = koverall − kt-BuOH (22)

other is the difference between the observed rate constant in the
resence of t-BuOH under UV irradiation and the dark reaction;
t-BuOH is the pseudo first-order degradation rate constant of
CWAs at pH 10 in the presence of t-BuOH and 220 nm irradi-

tion. In other words, kt-BuOH is the light reaction rate constant
hen the hydroxyl radicals were quenched by t-BuOH. And

OH• is the apparent pseudo first-order degradation rate constant
f HCWAs by OH•. Note that when hydroxyl radical reacts with
-BuOH, it suppresses the reactions between OH• and periodate
nd iodate ions. This will suppress the oxidation of HCWAs by
ydroxyl radicals, iodyl radicals (resulting from Eqs. (4a) and
4b)) and periodyl radicals. However, IVI formed from primary
hotolysis will not be affected by t-BuOH.

Table 3 shows that OH• appears to be the major radical
pecies reacting with HCWAs upon the addition of light. How-
ver for TX, other radical species also play an important role in
egradation. In a previous study, IO3

• and O(3P) were shown
o play an important role in the degradation of 4-chlorophenol
n the photoactivated periodate system at pH 3 [8]. OH• played
minor role in the reaction system. Lee and Yoon determined

hat OH• and IO3
• were the main oxidants in the photoactivated

eriodate degradation of reactive black 5 dye in the pH range
f 1.5–10 [27]. For HCWAs in our system at pH 10, degra-
ation by an OH• pathway (kOH• ) appears to be linked to the
lectron density on the S atom. No apparent steric effects were
bserved because the mechanism involves radical attack rather
han forming a cyclic intermediate via a Malaprade pathway.
n addition, the small size of OH• minimizes the influence of
teric effects. Thus, HCWAs with higher electron density on the
ulfur atom had a larger light component reacting by an OH•
athway. In addition, kOH• is the largest component of the light
eaction pathway resulting in kUV/H3IO6

2− following the same
egradation pathway trend as kOH• .

Dissolved oxygen (DO) measurements (data not shown)
emonstrate that oxygen is present and stable in UV/H3IO6

2−
ystems with HCWAs. However, no O3 was measured at pH 10.
o measurable O3 observed during reactions at pH 10, may be
ue to the rapid decomposition of O3 in alkaline solution [28,29]
ather than the lack of O(3P) to react with O2 to form O3. There-
ore, although O3 is not a plausible reactive species at pH 10,
(3P) is a possible reaction intermediate oxidizing HCWA at
H 10 in the presence of t-BuOH.

The relatively large value of kother for TX suggests that kother
s influenced by steric factors. IVI and O(3P) are reactive com-
onents attributed to kother at pH 10. Similar to OH•, O(3P) is
ot expected to be influenced by steric factors but the larger size

f IVI is expected to be influenced by sterics. Thus, this indirect
vidence suggests that IVI may be an important reactant for TX
ut a minor player for TDG and TDP. Thus, it appears that the
ompound reacting in the photoactivated periodate system is an
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mportant variable in determining the destruction pathway at a
articular pH.

Therefore, an improvement of degradation rates of HCWAs
t pH 10 demonstrates that OH• and IVI were generated and con-
ributed to the degradation of HCWAs by photolysis. Hydroxyl
adical does play an important role in the photoactivated perio-
ate reaction system without the presence of t-BuOH. For TDG
nd TDP, OH• is the dominant species for HCWA degradation.
VI plays a minor role. However, for TX with its cyclic structure
nd lower electron density on the S atom, IVI contributes sig-
ificantly to its degradation. This demonstrates that IVI is either
ore effective at oxidizing TX compared to TDG and TDP or
H• reacts more slowly with TX compared to TDG and TDP.

. Conclusions

The reaction mechanism of IO4
− with HCWAs in the absence

f light follows an oxygen addition pathway at pH 3 and pH 7.
he same periodate speciation at pH 3 and pH 7 resulted in

he same oxidation rate of HCWAs with IO4
−. Both Malaprade

nd oxygen addition pathways were observed in the reaction
f H3IO6

2− with HCWAs at pH 10. Under 220 nm, 240 nm,
r 254 nm UV irradiation, no significant improvement was
bserved with respect to degradation rates of HCWAs by IO4

−
t pH 3. However, improvement was observed at pH 10 with
nd without the presence of t-BuOH. Hydroxyl radicals appear
o be the dominant species for oxidation of TDG and TDP in
he UV system but another radical, likely IVI, plays a large role
n the degradation of TX. These results suggest that degradation
y photoactivated periodate is faster for compounds with higher
lectron density on the sulfur atom and that the degradation
athway is compound specific.
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