Photochemical reactions lll:

Indirect photolyis



Indirect (sensitized) photolysis

other products
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RO", ROO", 05™, HyOp, HO", ...
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UC: Unknown chromophore
ex) colored DOM (CDOM)

* Singlet oxygen (10,): excited
state

* Triplet oxygen (30,): ground
state

* Photochemically-produced
reactive intermediates
(PPRIs)

Figure 16.2 Pathways for indirect
photolysis of an organic compound
i involving excited natural organic
matter constituents. UC refers to
unknown chromophores. Wavy
arrows symbolize radiationless
transition (adapted from Zafiriou
et al., 1984).



PPRIs

Products Potential production processes
Singlet oxygen 10, Sensitized by excited DOM
Superoxide anion o, Photolysis of Fe(I11) complexes; deprotonation of HO,*
Hydroperoxyl radical HO, Uptake from atmosphere, protonation of O,
Hydrogen peroxide H,0, Photolysisof Fe(lll) comp! ex&s;.dlsproportlonat|on of
superoxide anion
Ozone O, Uptake from atmosphere
Hydroxy! radical ‘OH Photolysis of Fe(ll1) compl_exes;, H,O,, NO;s, NO,;
decomposition of O,
Organic peroxy radicals ROO* Photolysis of DOM
Aquated electron €eq Photolysis of DOM




Steady-state concentrations of PPRIs
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Figure 16.1 Ranges of steady-state
concentrations of reactive oxygen
species in sunlit surface waters
(sw), sunlit cloud waters {(cw),
drinking-water treatment (dw), and
the troposphere (trop(g)). Data
from Sulzberger et al. (1997) and
Atkinson et al. (1999).



Reactions with hydroxyl radical

diffusion controlled reaction
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* Especially important for
advanced oxidation processes

 Major reaction pathways:

— Electrophilic addition to a double
bond or aromatic ring

— Abstraction of a hydrogen atom
from a carbon atom

* Diffusion controlled reaction: reaction
occurs readily when collision occurs

Figure 16.3 Second-order rate
constants for reaction with HO" 1n
aqueous solution (&, uo: Eq. 16-7)
for a series of organic compounds.
Data from http://allen.rad.nd.edu,
and Haag and Yao {1992).



Photochemical reactions IV:
Exercise



Direct photolysis: FOr cmpd with 2 species

Q@ Estimate the 24 h averaged direct photolysis half-life of 4-
nitrophenol (4NP) near the surface of a lake (pH=7.5). Following 24-h

averaged near-surface total specific light absorption rates have been
determined for non-dissociated (HA) and dissociated (A") species (pK, =
7.11):

k,'(HA) = 4.5 x 103 einstein - (mole HA)™! - d~1

k,'(A7) = 3.2 x 10* einstein - (mole A=)~ 1. d~1
The quantum yields for the two species are as follows (assume the

guantum vyields are identical for all wavelengths):

@, (HA) = 1.1 x 10~* (mole HA) - einstein™?
@, (A7) =8.1x%x107% (mole A7) - einstein™?!



Solution)

Here 4NP exists in the water in either non-dissociated (HA) or dissociated (A’)
form, and the half-life is to be estimated for the sum of [HA] and [A’]:

[HAltotq = [HA] + [A7] (1)

Denote kpo(HAtotal) as the 1%t order photolysis rate for the sum of HA and A:

d [HA] total

- dt = pr(HAtotal) X [HA]totar (2)

Then:

d[HA]totq d[HA] d[A7] ) )
dtt = _( TR )z —{kp" (HA) x [HA] + k" (A7) x [A7]}
(3)



From (1)-(3):
pr(HAtotal) = Qg X pr(HA) + (1 - aia)pr(A_)

where [HA]
Ajg =
la [HA] total

Now, recall from acid-base equilibrium:

HA=H"+ A~
Ka — H — 10—7.11

Therefore,
[HA] [HA] [HA] 1

Y@ " [HAlorar  [HAI+[A7]  [HAI + K [HAI/IH*] 1+ Ko/[H"]

1

=T310711/10-75 - 487




Get photolysis rate constants for each species:
k,’(HA) = ®;,.(HA) x k,°(HA) = (4.5 % 10%) x (1.1 x 107*) = 0.495 d !

ky (A7) = @ (A7) x kg ° (A7) = (3.2 x 10%) X (8.1 X 107%) = 0.259 d~*

Now we are ready to get the photolysis rate constant for HA, ..,
pr(HAtotal) = Qg X pr(HA) + (1 - aia)pr(A_)
= 0.289 x 0.495d~1 + (1 —0.289) X 0.259 d~1 = 0.327 d~1

Half-life is defined for a 1%t-order reaction as:

poo In2 _ In2
V27 "k T 0327d1

= 2.1days
We see half-life for 4NP should depend on pH.
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Direct photolysis: FOr multiple wavelengths

Q: Following data are obtained for a clear midsummer day (averaged
over 24 hours) and nitrobenzene. Using a reaction quantum yield of
2.9x1073 for all wavelengths, determine the photolysis half-life of
nitrobenzene in a well-mixed water body with negligible light
absorption if clear days continue in the middle of summer.

Wavelength  Center of Z(24 h, A) Molar absorption
range (cm) wavelength (cm)  (millieinstein/cm?-d)  coeff. (M-lcm)
315-325 320 0.0073 800

325-335 330 0.0137 580

335-345 340 0.0187 560

345-355 350 0.0216 280
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Solution)

For negligible light absorption with a wavelength-invariant ®,,, the near
surface photolysis rate is given by:

k,* = kP = 2.303 ZZ(A) ;)| Dy
A

;e:;:;ezj;th (cm) ftfifli’;’ir}:ls)tein/cmz-d) gz;;r(zil;;;rﬁ{fc’;'l ) Z(24 h, 4) x &{A)
320 0.0073 800 5.84
330 0.0137 580 10.47
340 0.0187 560 6.05
350 0.0216 280 30.31

Sum 30.31

Unit for Z(24 h, A) X €(A):
millieinstein/cm?-d X L/mol-cm X 1073 einsten/millieinstein X 10? cm?3/L
= einstein/mol-d
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k,’ = 2.303 D,

> 2 &()
A

= 2.303 x (30.31 einstein/mol — d) X (2.9 X 1073 mol/einstein)

=0.202d7 !

In 2 In 2

t )y = = =3.43d
1/2 k,*  0.202d1

13



Indirect photolysis: FOr cmpd with 2 species

Q: Phenol was accidently released to a well-mixed pond with a pH
of 7.0. How long will it take for the total phenol concentration
([phenol;] = [C;HOH] + [C,H;O]) to be reduced into half by indirect
photolysis with singlet oxygen (0,) as a PPRI? Assume a steady-
state singlet oxygen concentration of 1013 M in the pond. The
second order rate constants for phenol (C.H.OH) and phenolate
(C¢HsO) with singlet oxygen are 10’ M1s't and 108 M1s™,
respectively. Use the acid dissociation constant (K,) of 101° for
phenol.

. . d[phenoly]
* hint: at = —kl’phenolT[phenOlT]
= —ky,c,n0nlCcHsOH] — ky ¢ p0-[CeHs07]
where  ky; = ko 10 k. ; = pseudo first order rate constant for |

k, ; = second order rate constant for | 14



Solution)

dt = _k2,C6H50H[ 02]55[C6H50H] = —ki,cons0n[CeHsOH]
d[C¢H;07] _
dt = _k2,C6H50_[ 1OZ]SS[CeHsO | = _kl,CsHSO'[C6H50_]
[CeH507]
] = - =
8¢ H.om P PR =3

kic.n0-1CeHs0™]

= 0.01
k1,couson|CeHsOH]
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For half life estimation purpose it is safe to assume

kl,phenolT [phenoly] ~ kl,C6H50H [CeHsOH]
and

[phenol;] = [CoHsOH]
Thus,

~ _ 1
Kk1,phenoty = K1,coHgon = k2,C6H50H[ 02]55

=10" M 1s71. 10713 M =10"%s"1

In2

t1/2.pnenotr = 7076 571 " Bea00s/d - o0 4
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Photochemical reactions II:
Direct photolysis - kinetics



Direct photolysis — light absorption

Wo (1)
W)

A(A) = logso = [a(D) + &DC] -1

Wo(1) & W (A) = light intensity at the water
surface & at the underwater position of interest,
respectively (einstein/cm?-s)

Generally the light absorption by compound i
is much smaller than other constituents in
water

Wo(1)
40

log1o ~a(d) -1

diffuse and direct

(>99% of light absorbed)
o

sunlight
backscatter reflection
z
Zmix,surf refraction
n - w \/\
o
Z mix,euph
optically thin
B
surf7cg '!a ygr optically thick
o o euphotic zone

1< 1% Ia”

#1




Direct photolysis — light absorption

diffuse and direct
sunlight
a(l) - l= ap() - Zmix
ap (1) = diffuse attenuation coefficient (cm)
Zmix = V /A = depth of mixed water body (cm)
V' = volume of the water body (cm?3)
A = surface area of the water body (cm?) " e
Z
Zmix,surf refraction
l + z,, because: \/\
o o =
. . . ° Z mix,euph
i) The sunll-ght is not always optically thin
perpendicular to water surface surchg I?::ar . optically thick
ii i i : euphotic zone
i) ngh’F is scattered by suspended o (>00% o hoht sbeoibed)
particles . @
iii) Lightis absorbed and then reemitted . ®
by particles and dissolved matter . i Y
: : S 3 W : A. -
3 : v . I<1°/ola|r :
And [ is a function of A ‘ i A TRl R

#1 3



Direct photolysis — light absorption

SO W (2Zynix, A) = Wo(2) - 107#0 A Zmix

L(A)

ap(4) = D(D)a(d)

Define D(A) as: =
( ) D (/1) D(A) =distribution function

For non-turbid water, 1.05-1.3
For very turbid water, up to 2.0

a(A) -- can be determined by a spectrophotometer;
D(A) -- can be determined by database or computer programs at the region
of interest



Direct photolysis — light absorption

Out interest: how much light will be absorbed between the depth of 0to z,;,
by a pollutant (per volume basis)

1) Rate of light absorption by all species in water (per surface area; in einstein/cm?-s)
= Wo(D) = W (Zmix, ) = Wy (D)[1 — 107 %0 Zmix]

2) Rate of light absorption by all species in water (per volume; in einstein/cm3-s)

_ W)

[1- 10—06D(A)-Zmix]

Zmix

3) Fraction of light absorbed by a pollutant i:

Fi:



Direct photolysis — light absorption

4) Rate of light absorption by compound i per volume:

= (system light absorption, vol. basis) X F;

W €;(1)
B a(A)

[1 — 10—au(/1)-zmix] C;

Zmix
Rate of light absorption by compound i, I ,(4):

Wo(A) - €;(1) - [1 — 1072 Zmix |

a(1) = Zmix * @ (1)

C;

=k,(1)-C; 1,(1) in einstein/L-s
W,y () in millieinstein/cm?-s
€;(1) = molar absorption coeff. for compound i (L/mole-cm)
C; = concentration of compound i (mole/L)
k, (1) = specific light absorption rate (einsten/mole-s)




Direct photolysis rate at specific A

( Photolysis ) _ ( Light ) (Transformation rate )
rate absorption rate when light is absorbed

dC;
B (E>)1 I,(4) D ()

_ (ﬂ> = Oy (D1g (D) = @ (Do (D
dt ),

The direct photolysis rate
is in 1%t order only if
& (A)Cl < C((A)

dc,\
_ ( p )l = k,(A)C;

k, (1) = the direct photolysis 1**-order rate constant at
wavelength A (s?) = ®.. (A k, (1)




Direct photolysis — overall rate

* The overall rate of direct photolysis

dc,
== lZ‘ kp(A)] C, = kyC,

p = the overall direct photolysis 15t-order rate
constant (s1)

If @;,- is not a function of A, then:

aci _
dt - ir

> kam] C; = DirkaC;
A

q = the overall specific light absorption rate
(einsten/mole-s)




Direct photolysis — natural water

* Two limiting cases:

1) Negligible light absorption
(clear lake surface, z,. small)

mix
2) Nearly all light absorbed
(turbid water, z._. large)

mix

diffuse and direct

sunlight
z backscatter reflection
Zmix,surf refraction
- - w \/\
o
Z mix,euph
optically thin S
B
surf7cg '!a ygr optically thick
. o euphotic zone
(>99% of light absorbed)
o
D
| |
o
- A J
(] A . »
: z " ks | :

1< 1% Ia”




1) Negligible light absorption (near surface)

We approximate our solution in the case of ap(1)z,,;, < 0.02

dc; )
Cdt [Z ey (’1)] (i = Z ‘pir(ﬂ)ka(/l)] C;
z D (D) - Wo (D) - ;D) - [1 - 10-an(ﬂ>-zmix]]
— .
A Zmix * a(/l)

1 — 10" Zmix ~ 2.303ap(4) - Zpmix
(when ap (1) zyi,y < 0.02)

= 2.303

3@ Wod) &) apowl 0|l (;) Wo) - @y’ )
CZ(/U - a(A)

(Z(A) has a unit of millieinstein/cm?2/s)

= Wo (1) - D°(1)
A

=2.303 C;

Dz -6 @ ()
A
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1) Negligible light absorption (near surface)

So, in the case of ap(1)z,,;, < 0.02, the direct photolysis rate is given as:

dC"—z 303
dt

z Z()l) ) Ei(l) ) (bir()l)‘ C; = kpoci
A

kp0 = near surface photolysis rate constant (s)

If @;,- is not a function of A, then:

D 2D - 6|y Ci = k"B C,
A

Ui _ 303
dc

k,°= near surface specific light absorption rate
(einsten/mole-s)
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Realistic example — kao

W(noon,A)** Z(noonA)"*

A (Center) A Range (AZ)

Calculate k,° of para-nitro-acetophenone (nm) (nm) (millieinstein-cm? 5-)
(PNAP) at 40°N altitude at noon on aclear 2975 25 1.08(-9) 1.19(-9)
. 300.0 25 3.64(-9) 3.99(-9)
midsummer day. 302.5 25 1L10-8)  121(-8)
305.0 25 2.71(-8) 3.01(-8)
307.5 25 4.55(-8) 5.06(-8)
o 3100 25 7 38(-8) 8.23(-8)
3125 2.5 1.07(-7) 1.19(-7)
3150 2.5 1.43(-7) 1.60(-7)
3175 2.5 1.70(-T7) 191(-7)
3200 25 201(-7) 2.24(-T)
323.1 375 3.75(-7) 4.18(-T)
NO, 3300 10 1.27(-6) 1.41(-6)
_ 3400 10 1.45(-6) 1.60(-6)
park- "“‘?,;ij’:l‘,‘;phem”e 350.0 10 1.56(-6) 1.71(-6)
360.0 10 1.66(6) 1.83(-6)
370.0 10 1 86(-6) 2.03(-6)
380.0 10 2.06(6) 2 24(-6)
3 2. 2.
W (noon, 1) is obtained from 4{%8 :g 3222_2: 3133:__2;
database or computer program 4200 30 1.40(-5) 1.51(-5)
450.0 30 1.77(-5) 1.90(-5)
480.0 30 1.91(-5) 2.04(-5)
Z(noon,A) = W(noon, A1) - DO(A)' 5100 30 1.99(-5) 2.12(-5)
540.0 30 2.10(-5) 2.22(-5)
D°(Q) is obtained from database or 570.0 30 2.13(-5) 2 25(-5)
computer program 600.0 30 2.13(-5) 224(-5)

640.0 50 3.54(-5) 3.72(-5)




Realistic example — kao

| Wg— 1 Obtain k,° by
£ ~
©
% 107 4109 kao = Jkaod/l = 2.3}2(/1)@-(/1) dA
§ 2 0
g El S
g > zz.3ZZAe-,1
% 10® a u'2-32()-h'10-) g‘ - 1o-2§. (Dei(d)
= | = 5
a J10+ € “
=< c
s 10° i {10
B 3
N J10% 3
1010 e €; (1) is obtained from experiments
300 350 400 450 :
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Realistic example — kao

Solar Irradiance PNAP
Z(noon A) * kO(A) = 2.3 Z(A)& (A)

A (Center) ARange (AA) (millieinstein-  &(A)®  [einstein (mol PNAP) ' 5]
(nm) (nm) em?2s!) (em' M) 10° k2(R)
2975 25 1.19(-9) 3790 0.01
3000 25 3.99(-9) 3380 0.03
3025 25 1.21(-8) 3070 0.09
3050 2.5 301(-8) 2810 0.20
3075 25 5.06(-8) 2590 0.30
3100 2.5 8.23(-8) 2380 045
3125 2.5 1.19(-7) 2180 0.60
3150 2.5 1.60(-7) 1980 0.73
3175 25 1.91(-7) 1790 0.79
3200 2.5 2.24(-7 1610 0.83
323.1 375 4.18(-T) 1380 1.33
3300 10 1.41(-6) 959 3.12
3400 10 1.60(-6) 561 2.06
3500 10 1.71(-6) 357 142
3600 10 1.83(-6) 230 097
3700 10 2.03(-6) 140 0.66
3800 10 2.24(-6) 81 041
3900 10 2.68(-6) 45 0.28
4000 10 3.84(-6) 23 0.22
4200 30 1.51(=5) 0 0
4500 30 1.90(-5) 0

kO=Ek0(A)=145-107
einstein (mol-PNAP) ' s™!




2) Nearly all light absorbed

We approximate our solution in the case of ap(1)z,,;, = 2

dc;

dt

dc;
dt

2

Dy (MDWo(A) - €;(A) - [1 — 107 *0 ) Zmix

2.

]
Zmix * C((/D Ci

1 —10"20MZmix ~ 1

(when ap (1) zpiy = 2)

Wo(4) - €(4) - Py (1) C. = ktC

p

a()l) Zmix

kpt = photolysis rate constant of optically thick zone (s*?)
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