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bstract

Photoactivated periodate was investigated for the disposal of hydrolysates of chemical warfare agents (HCWAs) when hydrolysis is used as
he first step in disposal of chemical warfare agents (CWAs). The kinetics and mechanisms of total organic carbon (TOC) loss by photoactivated
eriodate oxidation of the HCWAs, thiodiglycol (TDG), 3,3-dithiopropanol (TDP), and 1,4-thioxane (TX), were investigated at pH 3, 7, and
0. At pH 3, TDG had the fastest rate of TOC loss followed by TDP and TX. Less TOC loss at pH 7 compared to pH 3 was attributed to
zone decomposition reactions and OH• quenching by mineralization products (e.g., bicarbonate) at pH 7. At pH 10, compared to pH 7, TX
ad more TOC loss, but TDG and TDP exhibited similar TOC loss as pH 7 conditions. In all experiments, TOC loss ceased when periodate
as depleted. Solution conditions such as pH, initial ratio of periodate to HCWA, nitrogen purging, and consecutive additions of periodate were
nvestigated to explore the role of reactive species in TOC loss and to determine optimal periodate mineralization conditions for HCWAs. In all
ases consecutive additions of periodate provided the most TOC loss but the conditions for the most efficient use of periodate was different for each
CWA.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The United States and Russia have had stockpiles of chem-
cal warfare agents (CWAs) for more than 50 years [1,2]. The
tockpile of CWAs in the United States consists of two classes
f extremely hazardous agents: nerve agents, such as GB (Sarin)
nd VX (methylphosphonothioic acid); and blister or mustard
gents, such as H (70% mustard), HD (pure mustard), and HT
60% mustard) [1]. Because these agents have been stored for
ecades, they are deteriorating and have increased risks of leak-
ng. A range of disposal technologies have been evaluated since
he 1970s. Currently, neutralization by hydrolysis is an accepted

pproach to decompose HD and VX [3]. However, hydrolysates
f HD and VX are not completely harmless components; further
reatment of the hydrolysates is required prior to final disposal.

∗ Corresponding author. Tel.: +1 614 292 4061; fax: +1 614 292 3780.
E-mail address: weavers.1@osu.edu (L.K. Weavers).
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urthermore, biodegradation is accepted but requires storage and
ransport of hydrolysates during which time hydrolysates may
ndergo side reactions to form harmful or more toxic products
3].

Advanced oxidation processes (AOPs) are technologies capa-
le of degrading persistent chemicals and recalcitrant pollutants
n the environment [4–6]. Highly reactive and nonselective
pecies, mainly hydroxyl radicals (OH•) are generated in situ
o oxidize compounds under ambient conditions. Mineraliza-
ion can be achieved under certain conditions [4,6]. One novel
OP, photoactivated periodate, is being explored [7–11]. It
as rapidly decomposed 2-chlorobiphenyl and chemical oxy-
en demand (COD) associated with triethanolamines [7,8]. In
nother study the degradation rate of 4-chlorophenol experi-
nced only a minor decline in the presence of the OH• scavenger,

-butanol, demonstrating the importance of reactive species other
han OH• [10]. Under UV irradiation, photoactivated periodate
enerates a number of reactive species including: OH•, peri-
dyl radical (IO4

• or IVIII), iodyl radical (IO3
• or IVI), hydrogen

mailto:weavers.1@osu.edu
dx.doi.org/10.1016/j.jphotochem.2007.08.014
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eroxide (H2O2), atomic oxygen, and ozone (O3) [12–15].
hese reactants react with compounds and may eventually min-
ralize reduced compounds in the mixture.

Periodic acid exists as an equilibrium mixture of a variety
f species depending on pH, concentration, and the presence
f other components in aqueous solutions. The monoanionic
ehydrate, IO4

−, is the predominant species in acidic solution.
n dilute alkaline solution, the monomeric periodate ions are

3IO6
2− and H2IO6

3− [16–18]. In concentrated alkaline solu-
ion, the dimmer, paraperiodate, H2I2O10

4−, is formed from
3IO6

2− [16].
A reaction scheme for photolysis of periodate between pH

.44 and 4.90 was proposed by Wagner and Strehlow [14].
pon UV irradiation, IO4

− is excited and generates primary
adicals O•−, IO3

•, O(3P) (triplet state atomic oxygen), and
(1D) (singlet state atomic oxygen):

O4
− + hν → IO4

•− (1)

O4
•− + hν → IO3

• + O•− (2a)

O4
•− + hν → IO3

− + O(3P) (2b)

O4
•− + hν → IO3

− + O(1D) (2c)

hese primary radicals further react with H+, O2, IO4
− and form

ntermediate reactive species, including, IO4
•, H2O2 and O3:

O4
− + OH• → OH− + IO4

• (3)

(3P) + O2 → O3 (4)

O4
− can be regenerated through dimerization of IO4

• and IO3
•:

IO4
• → I2O8 (5)

2O8 + H2O → IO3
− + IO4

− + 2H+ + O2 (6)

IO3
• ↔ I2O6 (7)

2O6 + H2O ↔ IO3
− + IO4

− + 2H+ (8)

owever, high concentrations of IO4
− are suspected to quench

H• as shown in Eq. (3) [19]. Therefore, optimizing the ratio
f periodate to organic reactant may be an important parame-
er in the reaction systems. In the presence of oxygen, O(3P) is
uenched by O2 to form O3 (Eq. (4)). In oxygen limited envi-
onments, O2 is produced either by recombination of O(3P) (Eq.
9)) or by decomposition of dimer species of IO4

• (Eq. (6)):

(3P) + O(3P) → O2 (9)

2O2 is produced either by recombination of OH• (Eq. (10)) or
y hydrolysis of O3 [22]:

H• + OH• → H2O2 (10)

n acidic solutions, both O3 and H2O2 react slowly with IO4
−

12,20]. Whereas in alkaline solutions, H2O2 reacts rapidly with
eriodate (IVII) to form iodate (IO3

−) [12,21]:

VII + H2O2 → IO3
− + H2O + 1

2 O2 (11)

p
d
m
p
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n alkaline solution, ozone is decomposed by hydroxide forming
ydroxyl radical [22]:

O3 + OH− → OH• + 2O2 + O2
•− (12)

Previous work in this laboratory established that IO3
• and

(3P) were important species for degradation of 4-chlorophenol
n the photoactivated periodate system with a monochromatic
ight source at pH 3 [10]. At pH 10, both IVI and OH• played
mportant roles in degradation of hydroxylalkyl sulfides in the
hotoactivated periodate system under a 220 nm monochro-
atic light irradiation [11]. In our current work, different

rganic substrates, namely three HCWAs, the main hydrolysate
roduct of HD, thiodiglycol (TDG, HO(CH2)2S(CH2)2OH),
nd minor hydrolysates of HD, 3,3-dithiopropanol (TDP,
O(CH2)3S(CH2)3OH), and 1,4-thioxane (TX, S(CH2)2O),
ere investigated with a polychromatic light source under dif-

erent pH conditions. By monitoring IO4
−, IO3

−, O3, and
OC, direct evidence of photoactivated periodate reaction path-
ays were observed. The goal of this research was to elucidate
hotoactivated periodate as a potential technology to decom-
ose TOC from hydrolysis products of chemical warfare agents
HCWAs) and optimize the pH and the ratio of periodate to
CWAs in the reaction.

. Methodology

.1. Materials

All reagents used in this study were of reagent grade or
igher except where specified. Periodic acid, sodium iodate,
erchloric acid, lithium hydroxide, sodium boro-hydrate, 37%
ormaldehyde stabilized solution, horseradish peroxidase, and
-hydroxylphenyl acetic acid were obtained from Fisher Sci-
ntific. Thiodiglycol (2,2-thiodiethanol), 3,3-thiodipropanol,
,4-thioxane, and purpald (4-amino-5-hydrazino-1,2,4-triazole-
-thiol) were from Sigma–Aldrich. Potassium ferrioxalate
as purchased from Alfa Aesar. NMR analysis of thiodigly-

ol sulfoxide (TDGO, Chem Service Inc.) suggested that
he two compounds in the TDGO standard were the inter-
onversion isomers of TDGO. Deionized water from a
illi-Q system (Milli-RX45, Milli-pore) was used for all

xperiments.

.2. Experimental setup

.2.1. Reactor
In order to prevent any potential reactions with laboratory

uorescent light, all experiments were carried out inside of a
lack-painted wooden box (0.8 m × 1.2 m × 1.1 m). The photo-
hemical reactor utilized in this study contained six vertical ports
n the top of a 500 mL water-jacketed glass cylindrical reactor
ith a quartz irradiated surface. In N2 purging experiments, these

orts served as a sampling location, N2 gas purging inlet/outlet,
issolved oxygen probe (Orion 810) inlet, Sure-flow Ross semi-
icro pH electrode (ThermoOrion) inlet, and autotitrator of a

H-stat controller (PHM 290, Radiometer/Copenhagen) inlet.
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or experiments exclusive of N2 purging, the two purging ports
ere used as a Tedlar gas bag inlet to keep isobaric reaction con-
itions and a sealed port. The temperature of solution within the
eactor was maintained at 21 ± 1 ◦C by a water bath (ISOTEMP
006S, Fisher Scientific). The distance from the light output to
he irradiated surface of the reactor was approximately 49 mm.
ark reactions were conducted in the same reactor but in the

bsence of light.

.2.2. Light source
The light source of the photochemical experiments in this

tudy was a 500 W Hg(Xe) arc lamp (Oriel 66142) installed in
lamp housing with a built in ignitor (Oriel 66028) and an arc

amp power supply (Oriel 68811). Prior to all light experiments
he Hg(Xe) lamp was stabilized for no less than 1 h. Intense
olychromatic irradiation was filtered by a water filter prior to
he reaction to reduce IR irradiation. The intensity of the light
as measured by the Hatchard-Parker/Ferrioxalate actinometer

23,24].

.2.3. Solution preparation and reaction conditions
0.25 M periodic acid, 0.25 M TDG, 0.1 M TDP, and 0.1 M

X stock solutions were stored at 4 ◦C covered with aluminum
oil to avoid light reactions. Before experiments, 500 mL of the
ppropriate concentration of periodic acid was prepared from
he stock solution. In order to prevent sodium periodate precip-
tation at high pH, LiOH instead of NaOH was used to adjust
he pH. The initial pH of the reaction solution was adjusted
y fresh filtered 5N LiOH. One normality of LiOH or 1.5
ClO4 was used in a pH-stat system (PHM 290, Radiome-

er) to maintain the desired pH. All experiments were stirred
sing a magnetic stir bar. Control experiments indicated this pro-
ided adequate stirring. For N2 purging experiments (99.999%
urity N2 gas), 600 mL min−1of N2 was purged though a small
lass gas dispersion tube with coarse porosity outlet. No signif-
cant TOC loss was measured in control experiments during N2
urging.

.2.4. Sampling
Before each experiment, 10 mL of sample was analyzed to

etermine the initial concentration of periodate and to verify
he absence of iodate, H2O2, formaldehyde, and O3. Next, an
ppropriate quantity of HCWA stock solution was introduced
nto the photochemical reactor to have a reaction volume ranging
rom 492.5 to 495.0 mL.

At selected time intervals, 6–8 mL samples were collected in
mber glass vials. Except for O3 measurements, samples were
urged with nitrogen gas (99.999% purity) for 5 min to remove
esidual ozone. For HCWAO analysis, 2 mL samples were added
o 4 mL of 0.05 M barium hydroxide solution to quench resid-
al periodate. A 0.45 �m PVDF filter (Whatman, 6872-1304)
onnected to a pre-wetted IC-H cartridge (Alltech 30264) was
pplied to remove insoluble barium salts and exchange extra

arium cations with protons to avoid the formation of barium
arbonate precipitates from contact with ambient air. Due to
arge sample volume requirements each experimental condition
as run twice sampling at different time points in order to keep

t
w
e
d
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hanges in the volume of the reaction system to within 15%
uring the course of reactions. Selected experimental conditions
ere conducted multiple times to ensure reproducibility. Error

1S.D.) is reported only for experiments in which multiple runs
ere conducted.

.2.5. Analytical procedures
Analysis of periodate and iodate, was conducted by a HP3D

apillary Electrophoresis system (Agilent) at the wavelength of
he highest extinction coefficient of the compound of interest.

standard bare fused silica capillary (40 cm long × 50 �m i.d.,
1600-60132) was used to separate ions under 50 mbar injection
ressure and −25 kV applied voltage [10,25]. A 100 mM acetate
uffer at pH 4.45 was used as a carrier buffer and buffer was
eplenished after each sample measurement. The capillary was
reconditioned by flushing the capillary with 100 mM acetate
uffer for 5 min before each run and was cleaned by a Milli-Q
ater sample after every three samples. Analysis lasted 8 min

nd the retention times were 3.2 and 4.8 min for periodate and
odate, respectively.

Organic degradation products, including thiodiglycol sulfox-
des (TDGO), were detected by electron spray ionization mass
pectrometry (ESI-MS) (Esquire-LC, Bruker) under 50 V of the
one voltage. Peaks of interest were verified by ESI-MS–MS
nder the positive ionization mode [26]. Samples were com-
osed of a mixture of 50:50 water and methanol at a flow rate
f 0.2 mL min−1. Rapid degradation of TDG allowed for TDG
o be used as an internal standard for TDGO [11].

Purpald (4-amino-5-hydrazine-3-mercapto-1,2,4-trizone)
AHMT) was applied to determine formaldehyde [11] by

spectrophotometric procedure [27,28]. Briefly, 0.1 mL
ormaldehyde samples were collected, diluted to 1 mL, deriva-
ized with 1.5 mL 1% AHMT, and incubated at 200 rpm for
0 min. 2.5 mL 0.2% NaBH4 in 1N NaOH was then added to
he solution followed by UV–vis spectrometry (UV-2401 PC,
chimadzu) at 550 nm. Both AHMT and NaBH4 solutions were
repared directly before each experiment.

Organic ions containing sulfur and anionic degradation
roducts, including sulfate, were identified by negative mode
onization ESI-MS. Aqueous O3 was determined using the
ndigo method [29]. Dissolved oxygen (DO) was measured by
DO meter (Oriel 810).

Total organic carbon (TOC) was observed by a TOC ana-
yzer (Shimadzu TOC-5000A) under the non-purgeable organic
arbon (NPOC) mode. A mixture of 2 mL sample with 4 mL
f HCl acidified Milli-Q water solution was introduced into the
OC analyzer. Calibration samples were run before each experi-
ent. Control experiments with and without sparging of HCHO

n concentrations observed in this study indicated that HCHO
as not stripped from samples during analysis.
H2O2 was identified using fluorescence resonance (RF-5301

C, Schimadzu). Horseradish peroxidase catalyzes the reaction
etween hydrogen peroxide and p-hydroxylphenyl acetic acid

o form a dimer at a one to one ratio and the produced dimer
as detected by spectrofluorescence excitation at 326 nm and

mission at 405 nm [30,31]. The concentration of the dimer is
irectly correlated to the hydrogen peroxide concentration.
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. Results and discussion

In order to determine if TOC loss associated with HCWA was
ue to direct photolysis, photolysis control experiments in the
bsence of periodate were investigated and showed TOC asso-
iated with TDGO decreased by 24% and with TDG decreased
y 18% in 5 h [32]. However, all the εHCWA’s are substantially
ower than the extinction coefficient of IVII, εIVII , resulting in
ess than 0.01% loss by direct photolysis based on light screen-
ng factors [32,33]. The pKa values for all of the HCWAs are
igher than 13 indicating that there is no effect of pH on HCWA
peciation under our experimental conditions.

Dark reaction kinetics and mechanisms of TDG, TDP, and TX
egradation were investigated at pH 3, 7, and 10 as described
n Tang and Weavers [11]. The dark reactions at pH 3 and 7
roceeded by oxygen addition to the sulfur atom in HCWAs fol-
owing second-order kinetics. At pH 10, the dominant periodate
pecies in water changed from IO4

− to H3IO6
2− and H2I2O10

4−
esulting in both Malaprade and sulfur atom addition reaction
athways [11,18]. No TOC reduction was observed under dark
eaction conditions.

.1. HCWA degradation and by-product formation
Initially, experiments with 30 mM IO4
−, and 1 mM HCWA

ere photolyzed at pH 3. Reaction products of TDG are shown
n Fig. 1. TDGO was formed and decomposed rapidly and the

ig. 1. Photolysis of 30 mM IO4
− with 1 mM TDG at pH 3. [I] represents the

odine species of interest and [IO4
−]0 is the periodate concentration in the system

nitially.
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ormation of formaldehyde was observed. For all HCWAs, sig-
ificant TOC loss was observed and a mineralization product,
O4

2−, was detected. TOC decreased slowly at the beginning
f the reaction but accelerated as the reaction proceeded. As
OC decreased, the concentration of formaldehyde reached a
aximum concentration and began to decrease. Periodate was

onsumed upon photolysis. A mass balance of iodine species
hows that iodate is the only photolysis product forming from
eriodate. Both degradation of TOC and the formation of SO4

2−
eased when periodate was depleted. O3 and H2O2 were formed
nder photolysis and concentrations decreased as periodate was
epleted. At the end of reactions under all conditions reported,
odate, sulfate, and carbon dioxide (assumed based on TOC loss)
ere the dominant species in solution.
As observed in Fig. 1b, IO4

− depletion and IO3
− formation

ccurred linearly with time under all conditions studied. This
rend is consistent with zero-order reaction kinetics of IO4

−.
ero-order rate constants for periodate are shown in Table 1.
he zero-order reaction rate constants of IO4

− with HCWAs are
omewhat higher than without HCWAs. This result suggests that
he loss of IO4

− is not dependent on IO4
− concentrations but

ependent primarily on the light intensity and somewhat on the
eactivity of the particular HCWA in the system.

TDP and TX showed similar degradation products to TDG
lthough the maximum concentrations and degradation times
ere shifted (data not shown). Based on second-order reac-

ion rate constants, HCWAs were oxidized to HCWA sulfoxides
HCWAOs) completely in 1.3 min for TDG, in 0.8 min for TX,
nd in 0.3 min for TDP [32]. H2O2 production was comparable
or all HCWAs, whereas the maximum O3 measured in solution
as much higher in the TX (0.27 mM) system than with TDG

0.19 mM) and TDP (0.14 mM). When using the same initial
oncentration of periodate, the total amount of reactive species
enerated from primary periodate photolysis reactions (genera-
ion only, not considering loss) is expected to be the same with
ny of the HCWAs. The higher concentration of O3 suggests
hat consumption by either O(3P), O3, or both is less in the TX
ystem compared to TDG and TDP. We expect that the steric
tructure of TX or the oxidation products of TX are less reactive
ith O(3P) or O3 than the linear structure of TDG and TDP.
.2. Effect of periodate concentration

Next, the effect of periodate concentration on HCWA degra-
ation was investigated as shown in Fig. 2. TOC loss occurred

able 1
ero-order periodate reaction rate constants during photolysis with and without

he presence of HCWAs (1 mM) under various conditions

CWA kIO4
− (×10−6 M−1 s−1)

pH 3 pH 7 pH 10 pH 3 purging

o HCWA 10.2 5.5 1.2 NDa

DG 12.8 ± 0.4 8.6 1.6 12.1
DP 12.2 ± 0.4 7.4 2.3 12.6
X 11.1 ± 0.7 8.8 2.9 11.4

a Not determined.
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Fig. 2. TOC (a), periodate loss (b), and formaldehyde formation (c) from 1 mM
TDG in the presence of light at various periodate concentrations at pH 3.
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Table 2
Resulting TOC concentration and % TOC loss after IO4

− depletion under various co

Conditions TDG T

pH IO4
− (mM) TOC (mg L−1) % Loss T

3 0; no UV 48.0 0 7
3 15 23.0 52 N
3 20 15.8 67 4
3 30 10 ± 1 79 ± 2 3
3 45 8.2 83 2
3 60 6.2 87 2
7 30 21 ± 1 56 ± 2 4

10 30 19.2 60 4
3 30, N2 purging 7.2 85 3
3 3× 20 3.8 92 8

a Not determined.
Photobiology A: Chemistry 194 (2008) 212–219

n all systems at periodate concentrations from 20 to 60 mM.
ig. 2a shows that there appears to be a lag time before mineral-

zation begins. In addition, mineralization ceases when periodate
s depleted from the system. The final TOC level decreased as
he initial periodate concentration increased as shown in Table 2
nd Fig. 2a. Interestingly, the rate of TOC loss appears to be
igher at lower periodate concentration. As with degradation
roducts, TOC loss profiles in TDG systems are similar to that
or TDP and TX although the extent of TOC loss and time to
each final TOC values varied.

Periodate concentration effects on periodate reaction kinet-
cs were also investigated. Similar to Fig. 1b, periodate loss
ollowed zero-order kinetics for all concentrations of perio-
ate with TDG, TDP, and TX. Dividing slopes in Fig. 2b by
IO4

−]0 (i.e., k = slope/C0) verifies periodate loss follows zero-
rder kinetics. Formaldehyde formation was investigated with
hanging initial IO4

− concentrations (see Fig. 2c). The concen-
ration of formaldehyde reaches its highest concentration with
owest initial IO4

− concentrations. Moreover, the formation of
ormaldehyde is significantly higher in the TDG systems than
he TDP and TX systems (data not shown). In all cases the
ormaldehyde peak decomposed rapidly coincident with the loss
f TOC. Therefore, the oxidation of formaldehyde in the system
ppears to be responsible for carbon mineralization. Higher con-
entrations of formaldehyde produced with lower initial [IO4

−]
orresponded to a higher rate of TOC loss. Because IO4

− loss
s dominated by photolysis following zero-order kinetics, the
mount of radicals generated from photoactivated periodate is
xpected to be the same at each initial periodate concentra-
ion. Thus, a higher initial concentration of IO4

− is competing
ith HCWA and reaction products for radicals (Eq. (3)). This

ompetition appears to slow the TOC mineralization process.

.3. N2 purging

O(3P) has been speculated to be an important species in
V/IO4

− systems [10]. It is able to either react directly with
arget compounds or combine with molecular oxygen to form

zone by Eq. (4). Based on reactions in variable O2 environ-
ents, ozone was reported to be a much less reactive species than
(3P) with 4-chlorophenol [10]. In order to investigate the effect
f oxygen in the UV/IO4

−/HCWA systems, a high flow rate of

nditions

DP TX

OC (mg L−1) % Loss TOC (mg L−1) % Loss

2.0 0 48.0 0
Da NDa NDa NDa

7.5 34 34.6 28
8.1 ± 0.2 47.1 ± 0.3 29.8 ± 0.8 38 ± 2
9.5 59 20.2 58
3.0 68 13.9 71
8 ± 3 33 ± 4 33.6 30
6.1 36 22.1 54
1.0 57 25.0 48
.6 88 5.3 89
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ysis reactions. However, O3 behavior is significantly altered by
pH. O3 decomposes to hydroxyl radical by reaction with OH−
[22]. In addition, mineralization reactions forming bicarbonate,
the dominant carbonate species at pH 7, scavenge hydroxyl rad-
ig. 3. Accumulated O3 collected by continuous N2 purging of the photoacti-
ated periodate system at pH 3 with 1 mM HCWA and [IO4

−]0 = 30 mM.

itrogen gas used to purge the systems to provide an oxygen lim-
ted environment. The extent of mineralization was improved by
educing O2 in the system as shown in Table 2. Thus, oxygen
imited conditions are favorable in UV/IO4

−/HCWAs systems.
educing O2 available to react with O(3P) is expected to increase

he O(3P) available to react with other compounds in the sys-
em. This demonstrates that O(3P) is an important radical in the
eactions.

Any O3 removed from the photochemical reactor during
urging was collected and analyzed with time as shown in
ig. 3. Although O2 was continuously removed, it was gen-
rated through Eq. (6) and/or Eq. (9) allowing for O3 formation.
3 collected was the highest in the slower reacting TX system.
DP, with the highest initial TOC, had the least amount of O3
ollected. This trend may indicate: (1) OH• is less reactive with
X compared with TDG and TDP resulting in more IO4

− regen-
ration through reaction of OH• with IO4

− (Eqs. (3) and (6)) in
he TX system; (2) IO4

• is less reactive with TX compared with
DP and TDG allowing more IO4

• dimerization reactions to
enerate O2 and IO4

− in the slower reacting system; (3) O(3P)
s less reactive with TOC in the TX system; or (4) a combination
f the above.

.4. Consecutive IO4
− additions

In order to reduce radical quenching by IO4
− observed

t high IO4
− concentrations (60 mM), consecutively adding

0 mM IO4
− at 30 min intervals to a [IO4

−]0 = 20 mM solu-
ion twice (3× 20 mM IO4

−) was investigated to determine
OC reduction compared to [IO4

−]0 = 60 mM systems. In the
rst 30 min, 67% of TDG was mineralized as shown in Fig. 4.
n the second and third 30 min, an additional 25% of the
esidual TOC was mineralized. Similar results were observed
ith TDP and TX systems (Table 2). Thus, three consecutive

dditions of 20 mM periodate mineralized significantly more

CWAs than one initial 60 mM periodate dose as shown in
able 2. Less TOC loss during the second and third injections
uggests that more recalcitrant species and components that
uench OH• such as bicarbonate were produced as the reaction
roceeded.

F
o

ig. 4. Loss of TOC associated with TDG in the photoactivated periodate system
t pH 3 and [IO4

−]0 = 20 mM with two additions of 20 mM IO4
− at 30 and

0 min.

.5. Effect of pH

Next, the role of pH was explored. At pH 7, TOC loss
ecreased for all compounds compared to pH 3 (Fig. 5 and
able 2). Fig. 5 shows similar amounts of formaldehyde for-
ation at pH 3 and 7, although at pH 7 it takes longer for

ormaldehyde to decay. The same speciation of periodate and
CWAs at pH 3 and 7 was assumed to result in similar photol-
ig. 5. pH effects on TOC loss (a) and HCHO formation (b) during degradation
f TDG in the presence of photoactivated periodate ([IO4

−]0 = 30 mM).
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the efficiency of periodate acting on HCWAs in the system.
The amount of TOC loss to the total quantity of periodate
added (expressed as equivalent [IO4

−]added) is defined as the
periodate mineralization efficiency (PME, mg L−1 mM−1). As
ig. 6. Dissolved oxygen at [IO4

−]0 = 30 mM in the presence and absence of
CWAs at pH 10 during photolysis.

cals and impede the loss of TOC [34]. Therefore, the rates of
OC loss were slower at pH 7 compared to pH 3 (Fig. 5b).

On the other hand, slower degradation of IO4
− at pH 7, com-

ared to the same conditions at pH 3 (Table 1), suggests that
egeneration of IO4

− is more favorable at pH 7 than at pH 3.
ncreased OH• present at pH 7 may react with IO4

− and IO3
− to

orm IO4
• and IO3

•, regenerating IO4
− through IO4

• and IO3
•

imerization reactions (Eqs. (5)–(8)).
Different periodate speciation at pH 10 compared to low

H results in a different photolysis mechanism and degree of
OC loss [13]. At pH 10, the dominant species are H3IO6

2−
nd H4I2O10

4− with significant differences in light absorption
ompared to pH 3 and 7 [11]. Our results showed a significant
ecrease in periodate loss in both the presence and absence of
CWAs with an increase in pH (Table 1). As shown in Fig. 6,
O measurements at pH 10 demonstrated a rapid depletion of
2 at the beginning of reactions and no measurable O3. Unlike in

he presence of HCWAs, photolysis of periodate in the absence
f HCWAs at pH 10 showed an increase in oxygen at the begin-
ing of the reaction as shown in Fig. 6. This result demonstrates
hat radicals reacting with HCWAs interact with iodine species
nd periodate.

Differences in degradation of TOC at different pH values for
hese HCWAs are in conflict with Lee and Yoon showing that dye
ecomposition by photoactivated periodate has no pH effect [9].
mong the three pH conditions investigated, mineralization of
DG and TDP was the lowest at pH 10 (Table 2). Either the reac-

ivity of the radicals was low or the quantity of radicals generated
as less resulting in the slower reactions of TDG and TDP.
Whereas TDG and TDP mineralization slowed at pH 10 com-

ared with pH 3 and 7, mineralization of TX was more favorable
t pH 10 than at pH 3 and 7 (Table 2). Again, primary photolysis
f periodate is expected to be similar under all conditions at pH
0. Thus, the increase in mineralization of TX at high pH may
e due to different radical reactivity at the different pH values.
he radicals generated at pH 10 may be more reactive with TX

han radicals that were generated at pH 3 and 7. The pH effect
bserved with TDG and TDP may be due to changes in the rate

f the dark reactions or may be due to changes in radical species.
n investigation of photoactivated periodate degradation with a

ompound that does not have dark reaction with periodate would
ssist in determining the reason for the pH effect. Nevertheless,

F
T
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he change in TOC loss with pH for the different HCWAs clearly
ndicates that degradation is selective and compound specific.

.6. Efficiency of periodate on TOC loss

The rate of TOC loss of HCWAs is not proportional to
he total quantity of periodate added to the systems. There-
ore, for optimization purposes it is important to investigate
ig. 7. Periodate mineralization efficiency (PME) under various conditions for
DG (a), TDP (b), TX (c) in UV/IO4

−/HCWAs systems.
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hown in Table 2, when the quantity of periodate increased, the
mount of TOC loss (mg L−1) increased. However, the effec-
iveness of periodate (i.e., the ability of periodate to impact
OC loss) changed with a total equivalent [IO4

−]added as shown
n Fig. 7. This ratio reached a maximum at a total equivalent
IO4

−]added = 20 mM at pH 3. As the concentration of periodate
ncreased to 60 mM, PME decreased. Higher concentrations of
eriodate likely quenched hydroxyl radicals to form periodate
adicals that are thought to be less reactive than OH• (Eq. (3))
13].

Different PME values at 20 mM IO4
− added for TDG, TDP,

nd TX demonstrate that TOC loss and effective use of IO4
− is

ffected by the structure of the substrate. The lower PME value of
X demonstrates that the cyclic structure of TX is more difficult

o be mineralized than the linear structure of TDG and TDP.
hus IO4

− is less effectively used with TX compared to TDG
nd TDP.

Furthermore, PME values are affected by pH. At pH 7, PME
alues were lower than at pH 3 for all HCWAs. This may due
o differences in the speciation of mineralization products (e.g.,
arbonate and bicarbonate) and ozone reactions at pH 3 and 7.
t pH 10, PME values show a similar trend as pH 7 for TDG

nd TDP. Surprisingly, PME was optimized for TX at pH 10
ompared to lower pH or higher periodate concentrations. In
ddition, opposite to TDG and TDP, formaldehyde production
rom TX at pH 10 was higher than at low pH (data not shown)
esulting in more TOC loss. Because the dark reaction of TX with
eriodate is slower than TDG and TDP at pH 10 [11], a higher
ME value resulted from faster reaction of TX with radicals
enerated by H3IO6

2− and H4I2O10
4− at pH 10 compared to

ow pH.
Although TOC loss of all HCWAs were improved by three

onsecutive additions of [IO4
−] compared to a single addition

0 mM [IO4
−], PME values were not significantly improved.

he optimal use of periodate determined from PME values was at
H 3 with 20 mM [IO4

−] added to TDG; at pH 3 with N2 purging
nd 30 mM [IO4

−] added to TDP; and at pH 10 with 30 mM
IO4

−] added to TX. It is interesting to note that these are all
ifferent reaction conditions indicating that the photoactivated
eriodate system is compound specific and very complex.

. Conclusions

In this study, the ability of photoactivated periodate to
ecompose and mineralize HCWAs was demonstrated. Perio-
ate oxidized HCWAs and reaction products were decomposed
o form formaldehyde, sulfate and carbon dioxide based on
OC loss. Approximately 90% mineralization of HCWAs was
chieved by consecutive additions of 20 mM IO4

− under poly-
hromatic irradiation at an intensity of 1.76 �einstein s−1 at pH
. Both pH and structure of HCWAs play roles in mineralization
f HCWAs in the photoactivated periodate system. Furthermore,
nvestigating the PME of different compound is critical for sys-

em optimization.

Demonstration of a scaled up photoactivated periodate sys-
em on site and detailed investigation of the human health risks
ssociated with handling and treating the material are important

[
[
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o complete prior to application. Furthermore, the system needs
o be further optimized for both energy and cost before appli-
ation. To our knowledge no other peer-reviewed information
s available on TDG, TDP, and TX degradation by other AOPs.
hus, experiments comparing photoactivated periodate to other
OPs are necessary.
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