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Emerging Pollutants (EPs) and Advanced Oxidation Processes (AOPS)

Task:
destruction and
mineralization of Eps

Origins of Emerging Pollutants and routes to the Environment

Problem:
Bio stability
Chemical stability

Solvation — AOPs:
(photo)catalysis
photolysis
Ozonation
Chlorination

Key intermediates:
h+

*OH radical

CI* radical

SO,* radical 2




Fe(lll) species in Environmental Photochemistry and AOPs

Generation of ROS (*OH, HO,* and H,0,) capable to effective mineralization of
organic substances

(pH 3, model system, ¢(*OH, 300-370 nm) = 0.2 - 0.07)

roducts
co," Fe(lll)L *OH DJSZG
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Fe(ll) + RCO? R

Fe(IlL products
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L - aliphatic acid (oxalate, tartrate, citrate..), neutral pH
¢(*OH, 308 nm) = 0.25 (oxalate)



Application of Fe(lll) carboxylates in AOPs:
What we know and have to know

1) Charge transfer absorption bands in the region of UV sunlight

2) Photooxidation of wide range of emerging contaminants:
* Herbicides
 Phenols and Bisphenols
« Pharmaceutical and personal care products (PPCP)
* Dyes, etc.
3) pH working range from 3 to 7 (depends on stability constants)
4) Main oxidative agent — *OH radical (spin traps, product analysis)
5) Reactivity of *OH radical with target compounds (rate constant k.,;;
important to estimate efficiency of photooxidation in real conditions)
6) Quantum yield (¢4,,) of *OH radical generation (efficiency of a photosyste4m,

possibility of its practical application)



\ Goals:

- Simple and affordable approach to the determination of ¢, values during UV
photolysis of natural Fe(lll) carboxylate complexes

- Reliable method for direct determination of rate constants of hydroxyl radical

(ko) reactions with target compounds

Methods:

« Nanosecond laser flash photolysis

* Nd:YAG laser, A, = 355 nm, 1., = 320 - 760 nm, t ~ 6 ns
- Steady-state photolysis

+ Exilamp XeCl, A, = 308 nm, |, = 0.15 J/min

« Hg lamp DRSh-500, A, = 365 nm, |, = 1.2 J/min

- High performance liquid chromatography (HPLC) Agilent LC 1200



Determination of ¢,y upon UV photolysis of natural Fe(lll)
carboxylate complexes: idea

Reliable reference system
[FeOH]** —hv - Fe(Il) + OH  §(*OH, 308 nm) = 0.2; $(*OH, 365 nm) = 0.074
Simple, cheap and accessible analytical method
High performance liquid chromatography (HPLC)
Selective trap for hydroxyl radical
benzene does not react with other ROS, except for the *OH
OH" + C4Hg — CoHg(OH®), Koy =27.8 x10° M-S
CoHo(OH®) — phenol (270 nm), = 53%
simple calculations, possibility to avoid source intensity calibration

kops(Fe — 0x)1 45 ([FeOH]*™)
kﬂbs([FEﬂH]E-l-]Iﬂbs(FE o G'I] B

Pon = Pou([FEOH)*")




Determination of ¢,y upon UV photolysis of natural Fe(lll)
carboxylate complexes: methodology

OH® + C6H6 - C6H6(0H.)
CeHe(OH®) - phenol, n = 53%

Pon = Pon([FeOH]*")

—— 1 mM Benzene
—— 1 mM Oxalate

—— [Fe(Ox),]*
(0.25 mM Fe(lll), 1 mM Oxalate,

—— [Fe(OH)I** (0.25 mM Fe(lll), pH 3)
[Fe(OH)J** - 1 mM Benzene

[Fe(Ox),I* - 1 mM Benzene

pH 6.5)

Absorbance

308 nm 365 nm

[Fe(OH)J**

280 320 360
Wavelength / nm
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% of excitation light absorbed (l,,.) in

reference and studied systems

kobs(Fe - Ox)labs([FeOH]2+)
kobs([FeOH]2+)Iabs(Fe — Ox)

Intensity at 270 nm / a.u.
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kobs —

120 s

[Phenol] , uM
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A[PhOH] Phenol generation rate
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Checking the applicability of the method for determining ¢,
on reference system

308 nm Independent definition of the
20 |
. *OH radical quantum yield in
= 5]
= 15 the [Fe(OH)]?* system
% T EI(;eZ(OI_I|\/)I]2F+ (1, pH 3) (p = kObS
= i 2 mM Fe(lll), p OH =
= el nI abs
This work:
Y T T YR &(*OH, 308 nm) = 0.23 + 0.04
Time / min . .
. Good agreement between independent ¢(*OH, 365 nm) = 0.09 £ 0.01
measurements with literature data Literature:
« The 15-20% difference may be due to: ®(*OH, 308 nm) = 0.2 + 0.03

Higher % conversion of benzene to phenol

*OH, 365 nm) = 0.074 * 09015
CﬁHﬁ(OH.) + Fe(III) - phenol + Fe(II) + H* ¢( )



Pon(308 nm, pH 6.5): influence of [Fe(lll)] and [Oxalate]
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Fe(ll) + O, +2H,0 —> H,0, + Fe(lll) + 20H- k = 7.2x108 M-
Fe(ll) + O,° ——> O, + Fe(ll) k = 1.5x108 M-1s"!

Fe(ll) + H,0, —> *OH + Fe(lll) + OH- k = 63 M-1s"



Po1(308 nm): influence of pH

6,,,(308 nm)

OO 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 OO

Quantum yield increases about 20% with decreasing of pH from 6.5 to 3.2
« Equilibrium between HO,* and O, radicals (pK, = 4.8)

« Shift of equilibrium from Fe(Ox),3 to more photoactive form Fe(Ox), 10



?on(308 nm): influence of irradiation wavelength

A, nmM 254 282 308 365

Qo 0.28 + 0.04 0.22 + 0.04 0.25 £ 0.03 0.22 + 0.03

*  @oy Only slightly decreased with increasing of excitation wavelength

« quantum vyield of Fe(lll)-oxalate photolysis is also practically
independent on the excitation wavelength in the range of 270 — 430
nm and increases by less than 15% (from 1.24 to 1.4) at lower

wavelengths
11



Determination of rate constants of *OH radical reaction (kgy)
with target compounds

Literature approaches:

Steady-state photolysis (competitive method with HPLC detection)

S+°OH — KowS; X +°OH — KoX
«+» simple realization, accessible analytical method
«=» relative method (ko */kopS);

X and S doesn’t absorb excitation light
Absence of reactions between primary species and X/S

Pulse radiolysis or flash photolysis (intermediate absorption)

«+» direct detection of *OH radical reaction with X

«=» rather sophisticated and rare methods
In the case of FP high °OH quantum vyield and absence of
photochemical activity of X are important requirements
Intermediate X-°OH have to absorb in proper range of wavelengths

12



Nanosecond laser flash photolysis technique

Probing light source time
(Xenon lamp)

«’

without excitation

signal

with excitation

Registration system

xcitation source
Laser

wye Monochromator

Sample

13
Recorded signal — change in sample absorption at a selected wavelength (14)



Methylviologen dication as prospective *OH radical trap in
time-resolved experiments

4. — MV2+
NO —N* / \ p—
T 470 nm \ / . A <300 nm
<
< i
ol Fe(OH)?*,, —hv—> Fe?*,, + *OH
0 10 .20 30 40 MV2+ + *OH 3 MV('OH)2+
Time / us
k= (2.5 0.2)x108 M-'s"
10 s after
o 41 laser pulse ]
N Properties of MV(*OH)?+
<C 2-
< — Amax = 470 nm
ol - = — €4, = 16000 M-cm-"
400 200 600 S. Solar, W. Solar, N. Getoff, J. Holcman, K. Sehested:

Wavelength / nm J. Chem. Soc., Faraday Trans. 1, 81, 1101 (1985) 14



Organic herbicides as model target contaminants to check
reactivity of *“OH radical

atrazing (ATR metsuliuren-methyl  CHs HaMN
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S-sopropylamine-2.4 é-lnazine D 2-methoxybenzoie acid

2 4—DE
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HO Cl Cl

4-(2 d4-dichlorophenoxy )bulyric acid 2,4,5- TT!Lh]ﬂTU-]:lhmW:?:{‘v:IL&IIL acid  [(3.3,6-Trichlore-2-pyridinyloxy Jacetic acid

 No own absorption at 355 nm

- Stable in the presence of Fe(lll), no complexation with Fe(lll) ions

« X("OH) adducts have no absorption at 470 nm 15



Kinetics of MV(*OH) formation in presence of X

470 (—kat) _ p(~kopst) *| 2408: LA
QYO ()= Ale(HKaD) —e(“KonsD)] et
16 T
coo _ ,u“”" ) Av,.u,.,v“-‘w‘w . ,llwxv..vuwk,m.,,
K, = ko IMV?*], + koiX[X],o X 12]
X ¢<E 8 WAl
OH® + X 2% x(0H" ) "
5 4 A
OH® + MVt = MV(OH®)** |
ka o l
MV (OH®)?+ =5 20
. Time / us
dloH7] _ — (kX[ X1 + KXY [MV2T] ) [OH®]
dt - OH 0 OH 0 [OH]O << [X]()s [MV2+]0
d[mv(oH®)?*]

—— =kl [MV**][OH®] —kq [MV (OH*)?*] 16



Determination of k,, values with target compounds

7k » 2,4-DB i
6L ] MSM
"
— Sk 4
~x® 4 /] L T Triclopyr T
X L
Lo 3 | T
— - 1 T Amitrole
2 &
T kobs = Kon™ [MV?*], + ko [X],
O ] . ] . ] . ] . ]
0] 100 200 300 400
[X]0 / uM

- Good linear dependence k. from initial herbicide concentration 7

« Good precision (10-15%) of ky, determination for target compounds



Comparison of kg, values with literature results

Amitrol Atrazine 2,4-DB MSM 2,4,5-T Triclopyr
pKa 4.14 1.6 2.6 3.75 2.7 2.7
pH 2.9 2.9, 2.9 2.9, 2.9, 2.9,
3,7 3.0, 3.6 2.5,9.0 3.4 8.5 7.0
Ko Xx10-° 0.47 3.5 5.0 2.5 6.3 1.4
Kop*%x10° 0.36; 0.57 2.9, 2.6 5.2;6.6 3.5 6.4 1.7
(lit)
Method SSP, SSP SSP, SSP PR, PR LFP PR ozonation

SSP - steady-state photolysis, LFP - laser flash photolysis, PR — pulse radiolysis

Cl
- Good agreement with literature values AEUR - g

.
* Results at pH 3 should be carefully HGU At

: _ 18
extrapolated to higher pH values 4-(2,4-dichlorophenoxy ybutyric acic



Conclusions

« Simple and reliable method for the determination of ¢y, values during
the photolysis of natural iron carboxylate complexes is proposed.

« It is shown that the most popular Fe(lll) - oxalate system
demonstrates high values of ¢,,, which are practically constant in a
wide range of pH, excitation wavelengths and initial concentrations of
iron and oxalate ions.

« An express method for determining the rate constants of the reaction
of *OH with organic pollutants is proposed:
“+” One-wavelength technique, good for “optically silent” X(*OH)
“+” good precision of k,,* values due to high sensitivity |
711D

“.” doesn’t work for X(*OH) with absorption at 470 nm -;-g\ . RSF-NSFC

“.” results at pH 3 can be inappropriate at higher pH values A:, -21-43-%004




domodeepadayusi op2aHu4eckux cepbuyudos 8 cucmeme
Fe(lll) — okcanam

102%@4([FeOH]?*) = 20; 102x@,,([Fe-Ox) = 25; @oy([Fe-Ox)/@o4([FeOH]?*) = 1.25

2
CoeauHeHue 102%¢gq, ([FEOH]?*) 10%%¢geqr Pdegr(FE-0X) / dyeq ([FEOH]?+)
(Fe-Ox)

2,4-DB 12+2 16+ 3 1.33 £ 0.1

2,45-T 13+2 173 1.31 0.1
Triclopyr 16+ 3 17 +3 1.06 * 0.06
Dicamba 14+3 18+4 1.29 + 0.1

Atrazine 952 102 1.05 £ 0.04

 KoHueHTpauuu repobuumpgos (< 0.1 mM) He xBaTaeT AONA NOMHOro nepexsaTa
rMMAPOKCUNbHbIX paguKanoB

- B xopme c¢dotonusa npoucxoaut 20-30% KoHBepcusa repobuumnoB B hOTONPOAYKTbI,
KOHKypupyouwme 3a OH pagukan 20

e Rrnnuaunmue novruxy AOK ua choTonernanaiivo repbuviivnor He2HaAUuvuTeAn-HO



Cuctembl reHepauum *OH pagukana npu HentpanbsHom pH

H,0, —hv - 2O0H’; (OH® 308 nm) = 0.8 (1)

5,05 —hv—> 2507 ; ¢ (50;°,308 nm) = 0.55 (2)
SO0;° + OH  —— OH'’ + S0% (pH > 9)
NO, + H,0 — hv - OH™ + OH' + NO; @(OH* 308 nm) = 0.07 (3)

NO3 — hv - OH® + NO5; (p(OH',302 nm) = 0.014 (4)
Orpan-leva cyuwecCTByrOLuunx CMCTem.
« Cnaboe nornoweHune/otcytcTeme nornoweHus B onmkHem YO (1-4)
« leHepauua opyrux akTUBHbIX pagukanos (1, 3)
* leHepauua OH pagukana TonbKo B wWeno4yHoun cpeae (2)

21
* Huskue KkBaHTOBbIe Bbixoabl hoTtonusa (3, 4)



O6pasoBaHne APK npu dotonuse komnnekca [Fe(Ox),]*

[Fe(Ox)];> —hv— [Fe(ID(Ox)],> + Ox* = 0.6 1)
Ox* — CO, + CO,~ k,=2x106s1 (2)
co,* + 0, —> CO, + O, k; = 2.4x10° M1s’1 3)
CO,* + [Fe(Ox)];> > CO, + [Fe(I)(Ox)],> + Ox* k, =~ 8x10° M-1s-1 4)
Fe(Il) + O, +2H* —> H,0, + Fe(III) k. =107 M- 5)
Fe(Il) + H,0, —> *OH + Fe(Ill) + ‘OH Kk, =63 M-s! 6)
Fe(Il) + ‘OH — Fe(II) + "-OH k,=4.3x103 M-1s! (7)
*‘OH + Ox* —> Ox* + OH ky = 7.7x105 M-1s"1 )

B xoge hoTonusa npoucxoauT NoCToAAHHas pereHepauusa NOHOB

Fe(lll), okucneHne nurasnpa n obpasosaHue A®K 2



