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Apex (Aqueous photochemistry of environmentally occurring xenobiotics)

1. Introduction

Apex (Agqueous photochemistry of environmentallytocing xenobiotics) is a code to predict the
fate of aqueous pollutants, as a function of emwirental features and of intrinsic substrate
reactivity toward the main photochemical procesdest take place in surface waters (direct
photolysis and reaction wifloH, CQ; ", 10, and*CDOM®).

Environmental features that can be defined as idpté are water depth and chemical composition.
In particular, chemical parameters that signifigardffect photochemistry are nitrate, nitrite,
carbonate, bicarbonate and dissolved organic cafb@tC, sometimes also named NPOC: non-
purgeable organic carbon).

Substrate-dependent features are connected wittogitemical reactivity (photolysis quantum
yield and reaction rate constants) and to interatedormation yieldsia the relevant processes.

The fate of xenobiotics is described by output atales such as first-order transformation rate
constants, half-life times and rate constants ¢érimediate formation. The model also returns
steady-state DH], [CO; "], [1O,] and FCDOM?*]. An overall scheme of Apex is provided below

. - Substrate-dependent variables
Environment-dependent variables

. . (photolysis quantum vyield, reaction rate constants
(deptzﬁ, DOC, [IN@], [NO.], [HCO4], with *OH, CQ;~, !0, and 3CDOM*, yields of
[COs7] , water spectrum if available) intermediate formation from substrate)

Standard quantities

(sunlight irradiance and spectrum, nitrate and iteifr
spectrum andOH quantum yields, quantum yields WH,
CO;~, 10, and*CDOM* photoproduction by CDOM)

1

!

OUTPUT DATA Table OI’

First-order rate constants of substrate transfdonai@and

intermediate formation, substrate half-life tim@stermediate 3D ph@ﬁ
yields, steady-stateQH], [CO,™], [1O,] and ECDOM*|

The model equations are described in the folloveection.
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2. The photochemical model for surface waters

The model describes the transformation kinetica efibstrate, a generic pollutant P, as a function
of water chemistry and substrate reactivitig the main photochemical reaction pathways (direct
photolysis and reaction withOH, CQ;~", *O, and *CDOM®). It also calculates the steady-state
concentrations of photogenerated transients iriadrical volume of 1 crhsurface area and depth
d. The model may use actual data of water absorpectrum or, in their absence, it can
approximate the spectrum from the dissolved orgeaibon (DOC) values. The different aspects of
the model are now described in greater detail.

2.1. Surface-water absorption spectrum

It is possible to find a reasonable correlatioweein the absorption spectrum of surface waters and
their content of dissolved organic matter, exprésag® NPOC (Non-Purgeable Organic Carbon).
The following equation holds for the water spectruefierred to an optical path length of 1 tm:

A, (1) = (0.45+ 0.04) INPOC[& (0-015000%2 )

As an obvious alternativéy(A\) can be spectrophotometrically determined on bwater sample.

2.2. Reaction with “OH *

In natural surface waters under sunlight illumioatithe mainOH sources are (in order of average
importance) Chromophoric Dissolved Organic Matt&€DQM), nitrite, and nitrate. All these
species producéH upon absorption of sunlight. The calculatiortha photon fluxes absorbed by
CDOM, nitrate and nitrite requires to take into @oat the mutual competition for sunlight
irradiance. Actually, CDOM is the main radiationsakber in the 300-500 nm region where also
nitrite and nitrate absorb radiation. At a givenvelangthA, the ratio of the photon flux densities
absorbed by two different species is equal to #t® of the respective absorbances. The same is
also true for the ratio of the photon flux densibysorbed by species to the total photon flux degnsit
absorbed by the solutiop,®'(1).? Accordingly, the following equations hold for tdéferent”OH
sources (note tha;(A) is the specific absorbance of the surface watgrlaver a 1 cm optical
path length, in units of ¢ty d is the water column depth in mi(1) the total absorbance of the

water column, an@°(A) the spectrum of sunlight, expressed as incidentophitux density):

! D. Vione, R. Das, F. Rubertelli, V. Maurino, C. M, S. Barbati, S. Chiron, Modelling the occureenad reactivity
of hydroxyl radicals in surface waters: Implicasdior the fate of selected pesticides. Intern.n¥ifén. Anal. Chem.
90 (2010) 258-273.

%S, E. Braslavsky, Glossary of terms used in phaotstry, 3 edition. Pure Appl. Chem. 79 (2007) 293-465.
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Aq(A) =100A (1) Lal (2)
Aos-(A) =100 &5 () [l [INGS ] 3)
Avoz-(A) =100&, (1) [ [ING; ] (4)
Acoom (D) = Ag(A) = Avoa- (1) = Ayor-(A) = A (1) (5)
P2 (A) = p°(A) [L-10"") (6)
P2 (A) = P () Popon () BAL (D] ™ = 7 (A) (7
P2 (A) = P (A) Pop- () WA (D] (8)
P2 () = g (1) Ayos- (A) DA ()] )

An important issue is thgi°() is usually reported in units of Einstein éns* nm* (see for
instance Figure 1), thus the absorbed photon flemsiies are expressed in the same units. To
express the formation rates'@H in M s*, the absorbed photon flux®s should be expressed in
Einstein L s. Integration ofp,(4) over wavelength would give units of Einstein éra* that
represent the moles of photons absorbed per ufi@cguarea and unit time.

4.0-1071° -
3.5:107"° e®eoe
3.0-107"° e ©
2.5-1071°
2.0-1071° — o
1.5-1071° J

1.0-1071° J .

o.5-1o"°—jf
0 - ——

300 400 500 600 700 800

Sunlight p°(\), Einstein cm™ s™' nm

Wavelength, nm

Figure 1. Sunlight spectral photon flux density at the waterface per unit area. The corresponding UV ieack is
22 W m??

Assuming a cylindrical volume of unit surface af@acnf) and depthd (expressed in m), the
absorbed photon fluxes in Einsteintls* units would be expressed as follows (note that=110’
cm®and 1 m = 16cm):

PV =10d7 | P (1) dA (10)
A

a

PN =10d™ [ p)** (1) dA (11)
A

% R. Frank, W. Klopffer, Spectral solar photo irmuiie in Central Europe and the adjacent northGleamosphere 17
(1988) 985-994.
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a

PN =10d™ [ p)** () dA (12)
A

Various studies have vyielded useful correlationween the formation rate ofOH by the
photoactive species and the respective absorbadrpflaxes of sunlight. In particular, it has been
found that**>

CoOM — (30+ 0.4) 10°° PP (13)

OH -

NOZ- j @2 (1) plo (A)dA (14)

OH — a

[IC]+0.0075  nos

A (15)
225[IC] +0.0075

NS = (43+02)[107 3

where [IC] = [HCOs] + [HCOs] + [COs5*] is the total amount of inorganic carbon. The
wavelength-dependent data@f“c‘)ﬁ (A) are reported in Table®1.

Table 1. Values of the quantum yield 6OH photoproduction by nitrite, for different wavetgghs of environmental

significance.

A, nm q)Nc%(/]) A, nm q;_Néﬁ(/]) A, nm q)Nc%(/])

292.5 0.0680 315.0 0.061 350 0.025
295.0 0.0680 317.5 0.058 360 0.025
297.5 0.0680 320.0 0.054 370 0.025
300.0 0.0678 322.5 0.051 380 0.025
302.5 0.0674 325.0 0.047 390 0.025
305.0 0.0668 327.5 0.043 400 0.025
307.5 0.066 330.0 0.038 410 0.025
310.0 0.065 333.3 0.031 420 0.025
312.5 0.063 340.0 0.026 430 0.025

At the present state of knowledge it is reasonadlaypothesise that CDOM, nitrite and nitrate
generaté OH independently, with no mutual interactions. Efiere, the total formation rate ddH
(R.o1®) is the sum of the contributions of the three @=ec

tot _ pCDOM + N02—+ NO3- (16)

OH OH OH OH

Accordingly, having as input dath Ai(1), [NOs ], [NO, ] andp®(A) (the latter referred to a 22 W
m 2 sunlight UV irradiance, see Figure 1), it is pbisio model the expectdioy® of the sample.
The photogeneratedOH radicals could react either with the pollutantoP with the natural

* D. Vione, S. Khanra, S. Cucu Man, P. R. MaddigaRu,Das, C. Arsene, R. I. Olariu, V. Maurino, C.ndio,
Inhibition vs. enhancement of the nitrate-inducéwtptransformation of organic substrates by ‘(Bel scavengers

bicarbonate and carbonate. Wat. Res. 43 (2009)-4728.
®J. Mack, J.R. Bolton, Photochemistry of nitrite anidate in aqueous solution: a review, J. PhototHehotobiol. A:

Chem. 128 (1999) 1-13.
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scavengers present in surface water (mainly orgaaiter, bicarbonate, carbonate and nitrite). The
natural scavengers have the followi@H scavenging rate constant:

5 ksi [S] = 5x10° NPOC + 8.540° [HCO3] + 3.9x10° [CO5*] + 1.0x10" [NO,] (units of §*;
NPOC = non-purgeable organic carbon is a measubdOgE, expressed in mg C, and the other
concentration values are in molarity). Accordinglye reaction rate between P af@H can be
expressed as follows:

‘OH _ ptot kP,’OH [P]

AP TP YWY 4
wherekp .on is the second-order reaction rate constant betweamd OH, and [P] is a molar
concentration. Note that, in the vast majority n¥ieonmental cases it would e .oy [P] « 2 ks;
[Si], thus thekp .04 [P] term can be neglected at the denominator of emuéti7). The pseudo-first
order degradation rate constant of Reis R.oi [P] 7, and the half-life time i = In 2 kp . The
timetp is expressed in seconds of continuous irradiatizsfer sunlight, at 22 W ThUV irradiance
(see Figure 1 for the sunlight spectrum). It hasnbghown that the sunlight energy reaching the
ground in a summer sunny day (SSD) such as 15aidl§°N latitude corresponds to 10 h =B
s of continuous irradiation at 22 WV irradiance> Accordingly the half-life time of P, because
of reaction with'OH, would be expressed as follows in SSD units:

SSD  _ ln 2 Ziksi [S] _ 19[]0_5 Ziksi [S] 18
feion “ 3600 R® k. R k (18)
) OH P,”OH OH P,”OH

Note that 1.907° = In 2 (3.610" . The steady-staté(®H] under 22 W it UV irradiance would
be:

tot

2.k [S]

Also note that the functiompex.m adopts a slightly different definition oR“gH,

[[OH] = (19)

namely the

formation rate ofOH inside a cylinder of volumé = 0.1d (units of mol §* instead of mol [* s 7).
For this reason, the tervh= 0.1d is included in equation that is equivalent to (18)

2.3. Direct photolysis

The calculation of the photon flux absorbed by Pumeg taking into account the mutual
competition for sunlight irradiance between P arte tother water components (mostly

® C. Minero, S. Chiron, G. Falletti, V. Maurino, Pelizzetti, R. Ajassa, M. E. Carlotti, D. Vione, ddchemical
processes involving nitrite in surface water samphguat. Sci. 69 (2007) 71-85.

" D. Vione, J. Feitosa-Felizzola, C. Minero, S. @hir Phototransformation of selected human-used atides in
surface water: Kinetics, model predictions and ddgtion pathways. Wat. Res. 43 (2009) 1959-1967.

8 D. Vione, M. Minella, C. Minero, V. Maurino, P. Rig, A. Marchetto, G. Tartari, Photodegradation itriite in lake
waters: role of dissolved organic matter. EnvirGhem. 6 (2009) 407-415.
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Chromophoric Dissolved Organic Matter, CDOM, whishthe main sunlight absorber in the
spectral region of interest, around 300-500 nm).

Under the Lambert-Beer approximation, at a givenedangthA, the ratio of the photon flux
densities absorbed by two different species is letushe ratio of the respective absorbarfces.
Accordingly, the photon flux absorbed by P in aavatolumn of deptldl (expressed in m) can be
obtained as follows (note thai(A) is the specific absorbance of the surface watapkaover a 1
cm optical path lengthi\o(A) the total absorbance of the water columph) the spectrum of
sunlight, referred to a UV irradiance of 22 W”nmas per Figure 1g-(A) the molar absorption
coefficient of P, in units of M cm™*, andp.” (1) its absorbed spectral photon flux density; itl&oa
Pa () « pa®(A) andAe(A) « Ax(A) in the very vast majority of the environmentales)s

Aq(4) =100 A (/) [ (20)
A (A) =100¢,(A) [ 1P (21)
Py (A) = p°(1) [ -107) (22)
ps (1) = p2(A) B () DA ()] (23)

To express the rate of P photolysis in M, she absorbed photon flk"~ should be expressed in
Einstein ! s™. Integration of.’ (1) over wavelength gives units of Einsteinérs* that represent
the moles of photons absorbed per unit surface ardaunit time. Assuming a cylindrical volume
of unit surface area (1 é@nand depttd (expressed in m), the absorbed photon flux in tBind.™

s ! units would be expressed as follows (note that=110° cm® and 1 m = 16cm):

P’ =10d™ [ pf(4) dA (24)
A

The rate of photolysis of P, expressed in M is (note that 1 L = fcm® and 1 m = 10cm):
Rate, =10d'1jqnp(/1) p°(A) dA (25)
A

where @p(A) is the photolysis quantum vyield of P in the relelvwavelength interval, andl is
expressed in cm (also note that 1 L = &67). If only a single average value fa is known, it

can be brought out of the integral as a constamt. gseudo-first order degradation rate constant of
P iske = Rate [P] , which corresponds to a half-life time= In 2 (ko) >. The timetp is expressed

in seconds of continuous irradiation under sunligtt22 W m? UV irradiance. The sunlight
energy reaching the ground in a summer sunny d&P)Ssuch as 15 July at 45°N latitude
corresponds to 10 h = 316 s continuous irradiation at 22 WUV irradiance® Accordingly, the
half-life time expressed in SSD units would be giby (note that/ = 0.1d):

SB, = (3.640Y " In 2 (k) = 1.907 [P] (Ratey) ™ =

=1.9/0° [P] V Uqap(/]) P’ (1) d/]] =
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1.910° [P] v (I%(A) Cp” (A) DA (A) DA, ()] d/‘] =

1.9010°V [P]

®_ (1) p°(A) @-10"0amay Ee(A) o)
gp()pm( 50

(26)

Note that 1.910™ = (In 2) (3.610°)™.

2.4. Reaction with CO;™®

The radical C@" can be produced upon oxidation of carbonate andrimonate byOH, upon
carbonate oxidation b§CDOM?*, and possibly also from irradiated Fe(lll) id& colloids and
carbonate. However, as far as the latter procesenserned, there is still insufficient knowledge
about the Fe speciation in surface waters to enalpeoper modelling. The main sink of the
carbonate radical in surface waters is the reactith DOM, which is considerably slower than
that between DOM andH.

"OH +CQ? - OH +CO;” [ko7 = 3.%10°F M7t s (27)
"OH + HCQ™ - H,0 +CQ™ [kog = 8.5<10° M~ s7!] (28)
3CDOM* + COs* — CDOM™ + CO;™" [kao= 1x10° M7t s (29)
DOM + CO;" - DOM™ + CO%” [kso= 107 (mg C)* s (30)

The formation rate of C§' in reactions (27, 28) is given by the formatioteraf ‘OH times the
fraction of' OH that reacts with carbonate and bicarbonateglbsifs:

ROH R 8.5(10° [HCO;] +3.9010° [[CO ] (31)
co” T oM 50 INPOGH1.0110° (INO;] +8.5010° THCO;] +3.9010° [ICOZ |

The formation of C@" in reaction (29) is given by:
RECD;M =6.510° []]CO;‘] [PfDOM (32)

RE2OY
COs " is given by the fraction of C{JJ that reacts with P, in competition with reacti@@) between
CO; " and DOM:

R K, o P]

R _ coy

PeO ko [NPOCHK,, . (IP]

The total formation rate of GO is Rtggg. = R;f(’)';. + . The transformation rate of P by

(33)

°D. Vione, V. Maurino, C. Minero, M. E. Carlotti, €hiron, S. Barbati, Modelling the occurrence asaktivity of the
carbonate radical in surface freshwater. C. R. @hiird (2009) 865-871.

10
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where kpco; is the second-order reaction rate constant betvieeand C@". In the very vast
majority of the environmental cases itl<i§co; [P] « kso NPOC.

In a pseudo-first order approximation, the ratestamt of P transformation ks = R P

PCO;
and the half-life time i$ = In 2 k. Considering the usual conversienlQ h) between a constant
22 W m? sunlight UV irradiance and a SSD unit, the follogiiexpression forncp.cos-""" is
obtained:

7S =19M10° [EMJ (34)
CO; RtOt ) Ek )
co; ~P.Coy

Note that 1.9107° = In 2 (3.610%) ™. The steady-state [GO] under 22 W ri¥ UV irradiance would
be:

tot

COy =2 35
[CO; ] k,,LNPOC (35)

tot
coy”

formation rate of C@" inside a cylinder of volum¥ = 0.1d (units of mol §' instead of mol [*
s ). For this reason, the terv = 0.1d is included in the equation that is equivalent(3d)
(1.910* = 1.9107 ks 0.1).

Also note that the functiompex.m adopts a slightly different definition oR > ., namely the

2.5. Reaction with O, 1°

The formation of singlet oxygen in surface watetses from energy transfer between ground-state
molecular oxygen and the excited triplet statesC8fOM (G(CDOM®*). Accordingly, irradiated
CDOM is practically the only source 89, in aquatic systems. In contrast, the m&a sink is the

energy loss to ground-state, ®y collision with water molecules, with a pseudstf order rate
constantk,, = 2.5¢10° s *. Dissolved species, including dissolved organittenghat is certainly

able to react with'O, would play a minor role as sinks &0, in aquatic systems. The main
processes involvindD, and P in surface waters would be the following:

3CDOM* + O, - CDOM +'0, (36)
'0, + H,0 - O, + H,O + heat (37)
'0, + P - Products (38)

9D, Vione, R. Das, F. Rubertelli, V. Maurino, C. Mim, Modeling of indirect phototransformation prsses in
surface waters. In: Ideas in Chemistry and molecBtdences: Advances in Synthetic Chemistry, PayoatB., ed.,
Wiley-VCH, Weinheim, Germany, 2010, pp. 203-234.

11
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In the Rhéne delta waters it has been found thefdimation rate ofO, by CDOM is R =

1.25407° P.°P°M ! Considering the competition between the deactivatif ‘O, by collision with

the solvent (reaction 37) and reaction (38) withoRe gets the following expression for the
degradation rate of P B, (note thatkpyloz [P ]« kloz):

: Ko, P
RPOz - R%?OM E P’EZ (39)

102

In a pseudo-first order approximation, the ratestamnt of P transformation ks = R;OZ [P] * and

the half-life time istp = In 2 ko ™*. Considering the usual conversien10 h) between a constant 22

W m™ sunlight UV irradiance and a SSD unit, the follogiexpression forr;f"'ff2 is obtained

(remembering thaR’>" = 1.25400° P,°P° and thatP®™M =10° d ™ j pcPM(A) dA ):
A

a

s 481 385(d (40)

T = =
PO, R%ZOM kp,102 kp,102 EJ‘ p;:DOM (1) dA
A

Note that 3.85 = (In 210, (1.2510° [B.6010" (10°) . The steady-staté@,] under 22 W i UV
irradiance would be:

CDOM

['o,] = ;’2 (41)
102

- - . . -y CDOM
Also note that the functiompex.m adopts a slightly different definition orRlo2 , hamely the

formation rate ofO, inside a cylinder of volum¥ = 0.1d (units of mol §' instead of mol [* s 7).
For this reason, the tervh= 0.1d is included in the equation that is equivalenf4®).

2.6. Reaction with 3cDOM* *°

The formation of excited triplet states of CDOMCDOM?*) in surface waters is a direct

consequence of radiation absorption by CDOM. Inater solution,>CDOM* could undergo
thermal deactivation or reaction with,@nd a pseudo-first order quenching rate constapt . =

5010° s has been observed. The quenchingG®OM* would be in competition with the reaction
betweer’CDOM* and P:

CDOM + hy — CDOM* (42)
3cDOM* O (O,) — Deactivation andO, production (43)

' E. Al-Housari, D. Vione, S. Chiron, S. Barbati,aRéve photoinduced species in estuarine waterara@kerization
of hydroxyl radical, singlet oxygen and dissolvetamic matter triplet state in natural oxidationogesses.
Photochem. Photobiol. Sci. 9 (2010) 78-86.

12
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3CDOM* + P . Products (44)

In the Rhéne delta waters it has been found thatfenmation rate ofCDOM* is R =

Scoom*
1.281072 P,“P°M ! Considering the competition between reaction (i P and other processes
(reaction 43), the following expression for the @etion rate of P byCDOM* is obtained (note

that kPFCDOM* MP] « Kapoue » Where kPFCDOM* is the second-order reaction rate constant between
and>CDOM®):
eDOM: K. scoome P
RPCDOM = R3CDOM* G P,l((EDOM (45)
Scbom*

In a pseudo-first order approximation, the ratestamt for P transformation k = R.C°°" [P]

and the half-life time i$ = In 2 ko "*. Considering the usual conversienlQ h) between a constant
22 W m? sunlight UV irradiance and a SSD unit, one geésfdllowing expression for S

P,’cDOM*
(remembering tha® "> =10°d™ j psPoM(A) dA):
A

P,°"CDOM* kP'3CDOM* Ej p;ZDOM (/‘) d/‘
A

r (46)

Note that 7.52 = (In 2k, (1.2810°° (8.6010" (10°) . The steady-staté¢DOM*] under 22

W m2 UV irradiance would be:

= S
[(CDOM?*] = —cpom= (47)

3CDOM*

Also note that the functioapex.m adopts a slightly different definition oR, namely the

CDOM* ’
formation rate ofCDOM* inside a cylinder of volum& = 0.1d (units of mol §" instead of mol
L™ s%). For this reason, the tervh= 0.1d is included in the equation that is equivalenf).

2.7. Formation of intermediates 2

In the photochemical proceph (direct photolysis or reaction wif®H, '0,, CO;™", 3CDOM*), the
pollutant P could produce the intermediate | wikld/ y®", experimentally determined as the ratio

between the initial formation rate of | and thdialitransformation rate of P. The pseudo-firstesrd
rate constant of | formation in the procegsis (k™)'= y* k2", wherek®" is the (model-derived)

12 E. De Laurentiis, S. Chiron, S. Kouras-Hadef, GchBrd, M. Minella, V. Maurino, C. Minero, D. Vione
Photochemical fate of carbamazepine in surfacehfvaters: Laboratory measures and modelling. Envifaai.
Technol. 46 (2012) 8164-8173.

13
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first-order transformation rate constant of P ie firocesgph. The production of | from P often
takes place&ia more than one process. Therefore, the overallcatstant of | formation is:

(k)= (kY= (vP" k") (48)
One can also obtain the overall yield of | formatfoom P (y, ), as:

> (k)
th ksh

y =(k)'(ke) " = (49)

2.8. The meaning of water depth in the model

An important issue is that the model was not dexigio make depth profiles of the transformation
kinetics or of the concentration of reactive trenss. Therefore, when setting depth as a variable
one actually compares different water bodies, esth its own depth value. This means that for,
e.g, 1 m depth the model returns the avera@eH] (or the steady-state concentration of other
species) in the first 1 m of the water column. hosld be underlined that it is the average
concentration in the first 1 m of the column and ti@ point concentration at 1 m. One can also
obtain the transformation kinetics of dissolvedcsg® in the hypothesis of thorough mixing in the
water column, because the model applies to wellkeothshallow waters or to the top mixing layer of
stratified water bodies. A key issue is that, ieamants to determine the photochemical reaction
kinetics due tee.g.reaction with'OH in the first 1 m of the water column, the needellie is the
average [OH] value (as determined by the model) and nopthiat [OH] at 1 m.

2.9. Main approximations of the model

Surface waters represent an extremely complex anéd/series of environments and the present
attempt to describe their photochemical behaviad to include a number of assumptions and
approximations. The main ones are listed below.

* The model considers well-mixed water. Thereforapplies to shallow water environments and
to the well-mixed epilimnion of stratified ones.

* The Lambert-Beer approximation does not take ramiagcattering into account. Therefore, the
model applies to clear waters rather than to higlnlyid ones.

 The data on which the modelling of surface-watesoation spectrum is based (equation 1)
were obtained for lake water in NW lItaly. Thereeigdence that applicability is much wider,
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but more accurate results for a particular envirenimcan be obtained if the actual water
spectrum is available.

e The quantum yields for the formation @®H by CDOM are average values for NW ltalian
lakes. The corresponding values f& and®CDOM* have been obtained in the Rhone delta (S.
France), and the value of GO formation from 3CDOM* is from Lake Greifensee
(Switzerland). In different environments, differerdlues may be found. The best scenario is
obviously attained when one has data that have bessured in the water environment under
study.

e The scavenging rate constants ‘@H and CQ" by DOM are average values from the
literature. The same consideration as above algleaghere.

Despite its approximations, the model could beequieful for laboratory scientists who measure
the photochemical degradation of pollutants and lavdike to have an assessment of the
environmental significance of their findings. Thespibility to model the water absorption
spectrum, instead of having to use experimentadigsured data could be particularly useful, if one
wants to see the significance of different photoaical pathways under variable conditions.

In contrast, if one wants to describe a partic@avironment, the best way to increase the
accuracy of the results is to use measured vahoes that environment. Such values are water
absorption spectrum, formation quantum vyield$@#, 'O,, CO; and*CDOM* by CDOM, and
scavenging rate constants'®H and CQ@" by DOM.
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3. Apex

Apex is a tool to model photochemical processesunface waters. Available for free download as
a .zip file fttp://chimica.campusnet.unito.it/do/didattica.pi&3t?corso=7a3dApex is based on
Octave, an Open Source and freely available mattiesna software
(http://www.gnu.org/software/octauea-or using Apex, Octave should be downloadediasialled.

It has been developed for Linux, but Windows versiof Octave are also available for free
download [ttp://sourceforge.net/projects/octave/files/Octa?8\Windows%20binariel/ as well
as versions for Mac OSXhitp://wiki.octave.org/Octave_for MacOS).XAfter download and
installation, one has to launch Octave and to rpexAwithin Octave. To make this easier, it is
advisable to have the Apex folder under the mai (@.9.as C:\Apex). An easy way to do so is to
save the downloaded Apex.zip file under C:\, arehthse the “Extract to here” option of WinZip
(Apex.zip already contains the files in the \Apelder).

Apex is based on a series of functions: plotgrapfdata input and 3D graph plot), savetable.m
(data input and generation of a table with numénmdput data), apex.m (model calculations),

integral.m (numerical integration). In addition.eapec.m is used to produce the output format by
both Plotgraph and Savetable. Finally, part ofitipeit data are contained in a .csv file. The scheme
below gives insight into the flow of informationthin Apex.

plotgraph.m | |savetable.m Input .csv file

Input data l l /Input data

apex.m &= |integral.m

Numerical integration

Calculation
results

plotgraph.m savetable.m

! !

3D plot Output table

All the functions (plotgraph.m, savetable.m, apeximeegral.m and apexvec.m) can be read (and
modified) with a normal text editor (such as WindbWotepad). In theory a word processor could
also be used but it is not recommended becausk sdwing the files, it might add additional lines.
These would not be understood by Octave and waudecthe generation of error messages.
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The overall procedure to use Apex is reported beldve different parts will be explained in detail
in the next chapters.

1) Create or open (to modify and/or check) the inmsv file (it contains data of the target
compound such as absorption spectrum and photalysstum yield, as well as additional
information).

2) Open and modify plotgraph.m and/or savetableormtroduce input data.

3) Launch Octave to create the 3D plot or the dutghle.

WARNING. The user needs to open the functions plotgrapimgnsavetable.m to insert some of
the input data. This implies a risk of accidentakiysing irreversible damage to those files. Fiar th
reason, in addition to the main Apex folder, ia@dvisable to have a second one where to store the
original Apex files after download, so that theydge quickly retrieved if needed.

NOTE: Apex has been developed in a Linux environmentiahds been extensively tested with
the 3.2.4 version of Octave. Some of the earliga@rversionsd.g, 2.*) might not work properly
with Apex. Successful running of Apex with Octav@.8 has been carried out with Windows Me,
2000, XP and 7. Other operating systems have rest tested.
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4. Input file (.csv)

All the wavelength-dependent parameters are cagdain a .csv file. The file contains both
compound-dependent parameters, and parameters@fafjeise. The standard adopted by default is
to name the file after the compound it is refet@dThe columns present in the input file will now
be listed.

Column 1:Wavelength.

Column 2:&03- Molar absorption coefficient of nitrate, in Mem* units.

Column 3:&02-. Molar absorption coefficient of nitrite, in Mcm™ units.

Column 4:@®\o2-+-0n. Quantum yield ofOH generation by nitrite (unitless).

Column 5: pgy, Incident photon flux of sunlight at the water sué (Einstein cif s* nm™).
Column 6:@. Photolysis quantum yield of the substrate (ursles

Column 7:& Molar absorption coefficient of the substrate thm%).

Column 8: A. Water absorbance over a 1 cm path length{cm

Note that data in columns 1-5 are the same foinplit files, those in columns 6,7 are referred to
the relevant substrate. Column 8 reports the veectrum if available. Therefore, if the absorption
spectrum of water from the surface layer of thevaht water body has been measured, it can be
placed asA, in column 8 (units of cif). The measure unit ok, means that the values to be
inserted are those of surface-water absorbancetrsphotometrically measured with a cuvette
having an optical path length of 1 cm. This is Ulguzot the case, as such a path length is often to
short to enable a precise measurement of waterrtzdosme. If absorbance is measured with a
cuvette having longer path lengd.5 cm or 10 cm), to obtaif, one should divide the measured
absorbance bg.g.5 or 10, respectively.

If the water spectrum is not available, one shariter “-1” in all the cells of column 8. In this
case, the absorption spectrum of water will be rfieden the basis of the DOC (or NPOC) value
(entered in plotgraph and savetable, vide infra), as

A,(A) =(0.45+ 0.04 INPOCe (0-01%0.0032

In column 6 it is possible to enter the photolygigntum yield of the substrate as a function of
wavelength, if available. If not, as it often hapgeit is also possible to insert a constant vaduadl
the column lines. Another possibility is to put ™throughout. In this case, the input value of the
photolysis quantum yield will be given in tipbotgraph andsavetable functions yide infra). The
latter possibility allows one to assess the consecgs on pollutant photodegradation of a variation
of the photolysis quantum yield. In fact, insigetgraph and savetable the photolysis quantum

yield can be defined as a variable.

The figure in the next page shows how an inputldiks like.
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Wavelength, nm EMO3-, M-1 cm-1  EMO2- M-1 cm-1 [ philMO2-P0H)  p°szun, Einsteindem2)fzinm | phi EP, M-1 cm-1 Aw, cin-1
2925 5.92 8.85 0.065 8.25E-17 7.80E-04 1.07E+04 -1
295 75 5.9222 0.065 1.64E-16 7.80E-04 O.54E+03 -1
297 5 787 8.95 0.065 3.24E-14 7 B0E-04 S.06E+03 -1
300 7.9355 9.07599 0.0675 G.45E-14 7.80E-04 7 O8E+03 -1
3025 g 9.14 0.0574 8.41E-13 7.80E-04 6.97E+03 -1
305 T 9.293H 0.0665 1.61E-12 | 7.80E-04 S.92E+03 -1
307 .5 72 9.44 0.066 4 04E-12 | 7 80E-04 4 90E+03 -1
0 6.7 966443 0.065 G.44E-12 7 80E-04 3.79E+03 -1
25 G 9915 0.0635 1.21E-11 | 7.80E-04 2.87E+03 -1
Ky I 5.2 102527 0.061 1.78E-11 | 7.B0E-04 2.07E+03 -1
TS 4.3 10715 0.055 2 26E-11 | 7 B0E-04 1.43E+03 -1
320 35 11.28M 0.054 2.74E-11 | 7 BOE-04 0. FSE+02 -1
3225 235 11.99 0.051 3.3ME-11 | 7.B0E-04 7.28E+02 -1
325 24 1278275 0.047 3.87E-11 | 7.B0E-04 4 BOE+02 -1
3275 1.5 1367 0.043 4 57E-11 | 7.80E-04 3.01E+02 -1
330 1 14 BO306 0.0375 5.85E-11 | 7.80E-04 1.97E+02 -1
3333 0.6 16.05 0.031 5.85E-11 | 7.80E-04 1.15E+02 -1
340 0 191156 0.026 G.63E-11 | 7.80E-04 9.41E+01 -1
350 0 2259355 0.025 7.29E-11 | 7.B0E-04 0.00E+00 -1
360 0 2201905 0.025 7.T5E-11 | 7.B0E-04 0.00E+00 -1
370 0 1661029 0.025 1.03E-10 7.80E-04 0.00E+00 -1
380 0 9.06147 0.025 1.14E-10 7 80E-04 0.00E+00 -1
390 0 341238 0.025 1.21E-10 7.80E-04 0 -1
400 0 0.52399 0.025 1.81E-10 7.80E-04 0 -1
410 0 017064 0.025 1.93E-10 7.80E-04 0 -1
420 0 0.06963 0.025 2.06E-10 7 .80E-04 0 -1
430 0 0.05638 0.025 1.84E-10 7 80E-04 0 -1
440 0 0.05405 0.025 2.28E-10 780E-04 0 -1
450 0 0.05132 0.025 2.83E-10 7.80E-04 0 -1
460 0 0 0 2.83E-10 7.80E-04 0 -1
470 0 0 0 2.85E-10 7.80E-04 0 -1
450 0 0 0 3.06E-10 7.80E-04 0 -1
490 0 0 0 2.94E-10 7 80E-04 0 -1
500 0 0 0 2.92E-10 780E-04 0 -1
510 0 0 0 3.13E-10 7.80E-04 0 -1
520 0 0 0 2.97E-10 7.80E-04 0 -1
530 0 0 0 3.27E-10 7.80E-04 0 -1
540 [continues below] 5.18E-10/ 7.50E-04 1] -1
550 u u u 3.33E-10 7.80E-04 0 -1

The figure is cut at 550 nm, but the actual wavgtleimterval is 292.5-800 nm.

It is advisable to have the input .csv file in thesame folder as the other Apex filese(g. in
C:\Apex). In the downloaded version the only inpuffile in the folder is “test.csv”. However,
input files for some compounds are contained in the “Compounds” folder
(C:\Apex\Compounds), from which they should be mow to the Apex folder (copy to
C:\Apex) to enable their easy use.
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It is useful to spend some words on how the pheislguantum yield can be dealt with in Apex.
The program has been designed to manage the quateldrat different levels of knowledge by
the user. In other words, the user may know thew@gnce of the quantum yield on the wavelength
(“full knowledge”), or just one average value (oaybe the quantum yield is really constant in the
wavelength interval of sunlight absorption by thésrate), or nothing at all. Depending on the
level of knowledge, Apex enables four different mggehes to the problem (but two of them are
equivalent):

1) If one knows the values of the photolysis quangueld as a function of wavelength, they can
be inserted in the"5column (labelled “phi”) of the input file. This ithe most favourable
situation because photolysis will be computed atheaavelength, also considering depth
penetration of sunlight at that wavelength anddbmpetition for irradiance between the solute
and other solution components at that wavelength.

2) If one knows only a single averaged value of ghetolysis quantum yield (or if the quantum
yield is constant with wavelength), one can enter $ame constant value in the whol2 6
column of the input file (this is presently the easith the sample .csv files provided in the
“Compounds” folder).

3) As an alternative to 2), one can put “-1” ovemalthe 8" column and add the quantum yield
value withinplotgraph or savetable (see the next section 5). The result will be dyabe same
as in point 2) above.

4) If the quantum yield is unknown, one could wistsee how would the substrate transformation
kinetics be modified for different possible valuaisthe quantum vyield itself. To do so, one
should put “-1” in the whole ' column of the input file and define the quanturelgias a
variable withinplotgraph or savetable (see the next section 5).

An important issue is that there is a hierarchyhim quantum yields data. If quantum yield values
are inserted both in the input file and plotgraph or savetable, the program will read only the
values in the .csv input file and ignore the othdtserefore, if one wants to insert the photolysis
quantum yield withinplotgraph or savetable, or define it as a variable, it is necessary that6"
column (“phi”) of the input .csv file has “-1” thughout.
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5. Plotgraph and Savetable

These are the two main functions of Apex that usgiianost frequently access. They are basically
two different ways to present the same output datagraph is intended to produce a 3D plot that
shows how the selected output parameter (firstrarale constant, half-life time, yieldjde infra

for the full list) varies as a function of a cougleselected variables (data of water chemistry and
depth, reaction rate constantSavetable reports all the possible output parameters asetitin of
that couple of variables. Users are expected to efber “plograph.m” or “savetable.m” (they can
be opened with any text edita,g. Windows’ Notepad) and modify the editable pantsfdct, all

the wavelength-independent input data should berted there. The two functions will be described
now with more details.

5.1. Plotgraph

Plotgraph consists of a series of input blocks. They dedhwariable (X,Y) range, name of input
.csv file (which contains all wavelength-dependafdrmation), numerical parameters and output
selection. The rest of th@otgraph file (beginning from the quantum yields of fornmatiof "OH,
CO; ™, 'O, and*CDOM* from CDOM) should not be modified by most tseunless they are very
experienced in both CDOM photochemistry and Ocfaregramming. Warning notices are present
in the relevant parts of the code. The varioustityacks will now be commented.

5.1.1. Range input

This section appears as follows (Apex entries are n blue, data to be modified by the user are
here highlighted in yellow; note that Apex is wiglelommented and that all the comments begin
with “%"):

% *** BEGINNING OF RANGE INPUT ***

x=0.01:0.05:5; % Range for the first variableBAC means from A to C with steps of B.
y=1e-6:1e-6:1e-4; % Range for the second bkia

% *** END OF RANGE INPUT ***

Some lines below, the user will be asked to seleotvariables as X and Y of the 3D graph, after
which the Z values will be computed and plottedreHene should select the X and Y range. Note
that three numbers should be entered for eachblayisaparated by colons: they are the minimum
value, the step and the maximum value of the vhrjatespectively. Therefore, “0.01:0.05:5”

means from 0.01 to 5 with steps of 0.05. Note that smaller the step, the more accurate and
“coloured” the final plot will be, but computatiaime will increase accordingly. In most cases the
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actual choice will be a compromise between scientdquirements, aestetics, processor speed and
available time.

5.1.2. Input file prefix

The name of the .csv input file should be giverehdlote that “name” means that the relevant file
is “name.csv”. The input file should be placedhie same folder gdotgraph (for Windows users,
the folder may have the path C:\Apex).

% *** INPUT FILE PREFIX ***
% Here you should insert the name of the inget fihich reports the spectra of the compound,
% sunlight and water, as well as the photolysesngum yield.
% file_prefix = prefix for filenames, named <filerefix>"_LL.csv" ...

file_prefix = "Carbamazepine”;

% *** END OF INPUT FILE PREFIX ***

The above entry means that the input file is “Carézepine.csv”.

5.1.3. Data input

Here users should specify the numerical valuesvater depth, concentration of photochemically
relevant parameters (they are to be expressadolarity —-mol L™—, with the exception of the
NPOC —for many users it is the DOC~ that is exg@$sppm of carbon, that ismg CL™),** and
reaction rate constants of the studied compount W@H, CQ~, 'O, and*CDOM* (units of L
mol™ s™). It is also possible to model the formation ofiatermediate by inserting its (unitless)
formation yields from the substrate upon directtplysis and reaction withOH, CQ; ™", 'O, and
3CDOM*. Among the input data, users should choose eriables that will be the X and Y of the
3D plot and that vary within the range defined aboVo make the program recognise them, X
should be indicated by “-1” and Y by “-2”. The retat section of thelotgraph function is
reported in the next page, where the depithset as X and nitrate concentration as Y.

In the case of fi_P (photolysis quantum yield, kasi), the value inserted here will be read by
the program only if the relevant column of the ihpsv file (column 6, see section 4) has “-1”
values throughout. Otherwise, the value inserted hal be ignored and the program will use the
data of the input file. The possibility to inserrtP here is interesting if one wants to define fag?
the X or Y variable, and to see the effects ov#sation.

The code lines concerning data input are here tegppofexample data are referred to
carbamazepine and to its transformation into aweidas a function of depth (X) and nitrate (¥)).

13 Note that water concentration data are often gimemg L™ (for nitrate, it may beng L™ of N (NO3-N) or of NO3,
and a similar issue holds for nitrite). Whatevezytimean exactly, the mgLdata should be converted into molarity
(mol L™) by users to enable proper kinetic calculations.
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% *** BEGINNING OF DATA INPUT ***
% NOTE: "-1" denotes the x variable, "-2" the yiahie (see above for their ranges)

% d = Water column depth (metres)
d=-1;

% CNO3 = Concentration of NO3- (molarity)
CNO3 =-2;

% CNO2 = Concentration of NO2- (molarity)
CNO2 = 2e-7;

% NPOC = Dissolved Organic Carbon (DOC or NPOGCH or ppmC)
NPOC = 3.5;

% CCO3 = Concentration of CO3 2- (molarity)
CCO3 = 1e-5;

% CHCO3 = Concentration of HCO3- (molarity)
CHCO3 = 2e-3;

% CBr = Concentration of Br- (molarity)
CBr = 1e-8;

% kP_OH = Reaction rate between P and °OH (whitsolarity®-1 seconds”-1, O if not available)
kP_OH = 1.8e10;

% kP_CO3 = Reaction rate between P and CO3-ts(ohimolarity*-1 seconds”-1, O if not available)
kP_CO3 = 1e4

% kP_DOM = Reaction rate between P 3dBOM* (units of molarity”*-1 seconds”-1, 0 if notailable)
kP_DOM = 7e8

% kP_102 = Reaction rate between P and 102 (ahitwlarity®-1 seconds”-1, 0 if not available)
kP_102 = 1.9e5

% fi_P = direct photolysis quantum yield of Pifless, O if not available)
fi P =7.8e-4;

% y_OH = yield of the intermediate via the °OHhyeay (unitless, [formation rate of the intermediata
°OH]/[transformation rate of P])
y_OH =0.031;

% y_CO3 = yield of the intermediate via the CO@athway (unitless, [formation rate of the interiasel
via CO3-°J/[transformation rate of P])
y_CO3 = 1e-6;

% y_102 = yield of the intermediate via the 1@2hpvay (unitless, [formation rate of the interméeligia
102]/[transformation rate of P])
y 102 = 1e-6;

% y_3DOM = yield of the intermediate via the 3CRMO pathway (unitless, [formation rate of the
intermediate via 3CDOM?*]/[transformation rate of) P]
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y_3DOM = 1e-6;

% y_Phot = yield of the intermediate via the dirghotolysis (unitless, [formation rate of theeimhediate
via direct photolysis]/[transformation rate of P])
y_Phot = 0.036;

% *** END OF DATA INPUT ***

Note that any of the above variables can be defaseH (-1) or Y (-2), thus it is possible to see th
effects of a variation of depth, chemical compositiP reaction rate constants and quantum yield,
and formation yields of | from P.

Sets of rate constants have already been measuredrhe compounds, and some available values
are reported as a table in the Appendix.

5.1.4. Output selection

In this section, users define the Z variable of 3Replot. There is a choice between 36 different
variables, namely half-life timega the different photochemical processes (direct ghsis and
reaction with'OH, CQ; ", *0, and®*CDOM®), first-order rate constants of substratexsfarmation,
steady-state concentrations'6fH, CQ;~", 0, and*CDOM* (these are independent of the chosen
substrate), rate constants and yields of internediarmation, relative role of the different
processes in substrate transformation and inteateedormation (fraction accounted for bQH,
CO; ™, '0, and*CDOM®), fraction of*OH formation accounted for by nitrate, nitrite aBHOM
(which can also be used to compute model erndde infrg. The variable choice is done by
inserting the corresponding number.

% *** BEGINNING OF OUTPUT SELECTION ***

% The function returns results as a vector infoflewing order

% 1) t OH = The half-life time of P with .OH 8ummer Sunny Days (SSD)

% 2)t_COS3 = The half-life time of P with CO8.Summer Sunny Days (SSD)

% 3) t_102 = The half-life time of P with 102%ummer Sunny Days (SSD)

% 4) t_3DOM = The half-life time of P with CDOMA Summer Sunny Days (SSD)

% 5) t_Phot = The half-life time of P by dirgttotolysis in Summer Sunny Days (SSD)

% 6) t_tot = The overall half-life time of P 8ummer Sunny Days (SSD)

% 7) k_OH = The first-order rate constant obPreaction with .OH (1/SSD)

% 8) k_CO3 = The rate constant of P for reactith CO3-. (1/SSD)

% 9) k_102 = The rate constant of P for reactith 102 (1/SSD)

% 10) k_3DOM = The rate constant of P for reactiosth CDOM* (1/SSD)

% 11) k_Phot = The rate constant of P upon dipbotolysis (1/SSD)

% 12) k_tot = The overall rate constant for Prddgtion (1/SSD)

% 13) coOH = The steady-state [.OH] in mol/L (#2n2 UV irradiance)

% 14) coCO3 = The steady-state [CO3-.] in moRR w/m2 UV irradiance)

% 15) co102 = The steady-state [102] in mol/L\@@&h2 UV irradiance)

% 16) co3DOM = The steady-state [CDOM?*] in mo(22 w/m2 UV irradiance)

% 17) f_OH = The first-order rate constant oeimtediate formation upon reaction of P with .OF5ED)
% 18) f_CO3 = The rate constant of intermediatenfition upon reaction of P with CO3-. (1/SSD)
% 19) f_102 = The rate constant of intermediaten&tion upon reaction of P with 102 (1/SSD)
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% 20) f_3DOM = The rate constant of intermedfatenation upon reaction of P with CDOM* (1/SSD)
% 21) f_Phot = The rate constant of intermediatemation from P by direct photolysis (1/SSD)
% 22) f_tot = The overall rate constant of intediate formation (1/SSD)

% 23) y_tot = Overall formation yield of the imeediate from P

% 24) role_OH_P = Fraction of P transformatioat tis accounted for by .OH

% 25) role_CO3_P = Fraction of P transformatiuat is accounted for by CO3-.

% 26) role_102_P = Fraction of P transformattuat is accounted for by 102

% 27) role_3DOM_P = Fraction of P transformatibat is accounted for by 3DOM

% 28) role_Phot_P = Fraction of P transformatiwat is accounted for by direct photolysis.

% 29) role_OH_I| = Fraction of intermediate forioatthat is accounted for by .OH

% 30) role_CO3_I = Fraction of intermediate fotima that is accounted for by CO3-.

% 31) role_102_| = Fraction of intermediate fotima that is accounted for by 102.

% 32) role_3DOM _| = Fraction of intermediate fation that is accounted for by 3DOM.

% 33) role_Phot_I = Fraction of intermediate fation that is accounted for by direct photolysis.
% 34) NO3_OH = Fraction of .OH formation accouhter by nitrate

% 35) NO2_OH = Fraction of .OH formation accouhtfer by nitrite

% 36) DOM_OH = Fraction of .OH formation accouhfer by CDOM)

% Select the variable to be plotted (es: var_ltwt 36, means t_tot will be plotted).

var_to_plot =12;

% *** END OF OUTPUT SELECTION ***

With d = -1, CNO3 = -2andvar_to_plot = 12k _tot will be plotted as a function of depth and
nitrate concentration. With all the above choicasplot will be obtained of the first-order
transformation rate constant of carbamazepinefasaion of depth and nitrate concentration, with
constant 0.2uM nitrite, 3.5 mg C [* DOC, 2 mM bicarbonate, 1AM carbonate and 10 nM

bromide.

MOST USERS WILL END HERE THEIR EDITING OF PLOTGRAPKE following section
contains the quantum vyields of generation'®H, CQ; ", 'O, and 3CDOM* by CDOM. They
should be modified only if reliable data are avaafor the particular system under study. In all
other cases, it is better not to alter the existiaiges.

5.1.5. Quantum yield$QH, CQ;~", 'O, and*CDOM*)

If data describing a particular water body are laée¢, quantum yields could be entered by the user
in this section. Note that the formation rate ofsCQipon carbonate oxidation BEDOM* also
depends on the carbonate concentration, thussrctse the quantum yield has a different meaning
than in the others. This issue should be consideheh inserting user data.
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The meaning of the relevant variables is as follows

gyieldOH_CDOM Quantum yield 6©OH formation by CDOM
gyield102 CDOM Quantum vield 36, formation by CDOM
gyieldTriplet CDOM Quantum yield dCDOM* formation by CDOM

carbonateyieldCO3_CDOMt describes the formation of GO by *CDOM* and CQ™". It
N also depends on carbonate concentration. The farmi
COs™ formation rate is as follows: R_CO3_CDOM =

= carbonateyieldCO3_CDOMCCO3[PaCDOM

The relevant lines of the code are reported below.

%
% === INPUT OF QUANTUM YIELD VALUES FOR REACTIVE SECIES PHOTOPRODUCTION BY
CDOM (ONLY FOR EXPERT USERS!!!) ===

% NOTE: MODIFY THESE VALUES ONLY IF YOU DEFINITELY KNOW WHAT YOU ARE
DOING!!

qyieldOH_CDOM = 3e-5;

carbonateyieldCO3_CDOM = 6.5e-3; % The relevapguation is: R_CO3_CDOM =
carbonateyieldCO3_CDOM * CCO3 * PaCDOM

qyield102_CDOM = 1.25e-3;

qyieldTriplet._ CDOM = 1.28e-3;

% === END OF INPUT OF QUANTUM YIELD VALUES
%

The rest of thelotgraph function makes the 3D plot. It should not be miedif unless users are
expert in Octave programming.

5.2 Savetable

The functionsavetable is very similar toplotgraph, with the difference that it returns the output in
the form of a numerical table instead of a 3D pldte input features are very similar to those
already seen faplotgraph: the code foRange inputinput file prefixandData inputis exactly the
same, including the choice of X and Y variabl8avetable doesnot include theOutput selection
section, because the table that is generated seffertdata for all the 36 output variables. Such a
table file contains 38 columns, namely X, Y and H.ODOM_OH. The same issues as for
plotgraph apply to theQuantum yieldsection (5.1.5).

The table in the following page reports the nameshe output variables (in the order they
appear in the file and grouped by typology: hd#-times, first-order rate constants etc.) as agll
a brief description.
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Variable Description

t OH Half-life time of P degradation byDH (SSD)

t CO3 Half-life time of P degradation by GO (SSD)

t 102 Half-life time of P degradation b@, (SSD)

t 3DOM Half-life time of P degradation BEDOM?* (SSD)

t Phot Half-life time of P degradation by photot/$5SD)

t tot Overall half-life time of P degradation (SSD)

k OH First-order rate constant of P degradatiori® (SSD?)

k CO3 First-order rate constant of P degradation by C(3SD?)

k 102 First-order rate constant of P degradatiort®y(SSD?)
k_3DOM First-order rate constant of P degradatiof®pOM* (SSD )
k_Phot First-order rate constant of P degradation by gisi® (SSDY)
k_tot Overall first-order rate constant of P degrada(®8D )

coOH Steady-state’QH] (mol L™, 22 W m? UV irradiance )

coCO3 Steady-state [C©'] (mol L™}, 22 W mi? UV irradiance )
c0102 Steady-state’D,] (mol L™, 22 W m? UV irradiance )
co3DOM Steady-state’CDOM*] (mol L™, 22 W m? UV irradiance )

f OH First-order rate constant of | formation ¥9H (SSD?)

f CO3 First-order rate constant of | formation by £QSSD?)

f 102 First-order rate constant of | formation 1, (SSD?)

f 3DOM First-order rate constant of | formation #§DOM* (SSD?)

f Phot First-order rate constant of | formation by phosigy(SSD")
f_tot Overall first-order rate constant of | formatiorS(3 ™)

y tot Overall formation yield of | from P (unitless

role_ OH_P Role of"OH in P degradation (fraction of total reactioniti@ss)
role_CO3_P | Role of CQ " in P degradation (fraction of total reaction, lass)
role 102 P Role 00, in P degradation (fraction of total reaction, lest)
role_3DOM_P| Role of°CDOM* in P degradation (fraction, unitless)
role_Phot P Role of direct photolysis in P degradaffraction, unitless)
role_OH_| Role of'OH in | formation (fraction of total reaction, uleiss)
role_CO3_| Role of CQ " in | formation (fraction of total reaction, uniglg)
role 102 | Role ofO; in | formation (fraction of total reaction, uniig)
role_ 3DOM_I | Role ofCDOM* in | formation (fraction of total reactionitless)
role_Phot_| Role of photolysis in | formation (ften of total reaction, unitless)
NO3 OH Fraction of OH produced by nitrate photolysis (unitless)
NO2_ OH Fraction of OH produced by nitrite photolysis (unitless)
DOM_OH Fraction of OH produced by CDOM (unitless)
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The savetable function creates an output table. To do so onetthasn savetable within Octave,
which will be explained in the next chapter. Thgufie below shows how the output file looks like.

¥ ¥ tOH  [tCO3 {102 1 300M [t Phot t_tat k.OH kO3 [k 102 |k 300M [k _Phot |k tot
0.1 0.1 3.321679 16069151 2542856 B03.0025 7.261395 2.273373 0.206674 4.31E-08 2.73E-07 0.000768 0.095456 0.304898
0.1 02 3.427707 32757483 1273247 4521475 7.279061 2.318394 0.202218 2.12E-08 5.44E-07 0.001533 0.095225 0.298977
0.1 0.3 3.533256 49964294 650044.3 301.6623 7.296737 2.361908 0.196178 1.39E-08 6.15E-07| 0.002296 0.094594 0.293469
0.1 04 353833 67750475 B38442.4 2267196 7.314423 2403963 0.1890512 1.02E-08 1.09E-06 0.003057 0.094764 0.28335
0.1 05 3.742933 86036366 511451 191.6339 7.332117 2.444605 0.185185 B.06E-09 1.36E-05 0.003516 0.094536 0.253542
0.1 05 3.847057 1.05E+08 426839.5 151.5766 7.349821 2.483881 0.180176 G.G1E-09 1.62E-05 0.004573 0.094308 0.279058
0.1 0.7 3.950736 1.24E+08 366351.6 130.1071 7.367534 2521834 0.175448 5.56E-09 1.89E-05 0.005326 0.094051 0274858
0.1 0.8 4.053943 1.44E+08 321057.6 114.0049 7.395256 2.550506 0.170981 4.82E-09 2.16E-06 0.00508 0.093856 0.270919
0.1 0.5 4.156652 1.64E+08 266770.2 101.4609 7.402967 2.593939 0.166755 4.22E-09 243E-06 0.00683 0.093631 0.267218
0.1 1 4258986 1.85E+08 257556 O1.46166 7.420726 2.626171 0.162749 375609 2.69E-06 0.007579 0.093407 0.283738
0.1 1.1 4360628 2.06E+08 2344715 63.265404 7.436475 266124 0.158949 3.37E-09 2.96E-06 0.008325 0.093184 0.26045
0.1 1.2 4.462222 227E+08 2152343 76.43265 7.456232 2.693184 0.155337 3.05E-09 3.22E-05 0.009069 0.092952 0.257371
0.1 1.3 456317 2.49E+08 1989566 706522 7.473995 2724039 0.1519 2.78E09 3.48E06 0.009511 0.092741 0.254456
0.1 1.4 4663677 2.72E+08 186004.2 656975 7.491772 2.753830 0.148627 2.56E-09 3.75E06 00105~ pinues 1702
0.1 15 4763744 205E+05 1729115 6140338 7509655 2760615 045605 235E.09 AOTE0B 00115 Ny ooy, 6095
0.1 16 4863376 3.18E+08 162331.1  57.645 7.527347 2.810403 0.142524 2.18E-09 4.27E-06 0.01 B536
0.1 1.7 4.962575 3.41E+08 152995.1 54.33064 7.545145 2.837232 0.139675 2.03E-09 4.53E-06 0.012F o wuoivur | u.cad304
0.1 1.8 5.061344 3.55E+08 1446963 51.35361 7.562954) 2.863132 0.136949 1.90E-09 4.79E-06 0.01349 0.09165 0.242094
0.1 1.9 5159667 3.89E+08 1372708 40.74678 756077 2.806133 0.134339 1.78E-09 5.055-06 0.014219 0.091435 0.239999
0.1 2 5257605 4.14E+08 130580 46.3736 7.506504 2512263 0.131837 1.67E-09 5.31E-05 0.014947 009122 023801
0.1 2.1 5.355105 4.39E+08 1245416 4422641 7.616426 2935548 0.129437 1.56E-09 5.57E-06 0.015673 0.091007 0.236122
0.1 22 5.452186 4.65E+08 119044.7 422744 7.634266 2.958016 0.127132 1.49E-09 5.82E-06 0.016396 0.090794 0.234328
0.1 23 5548852 4.9E+08 1140255 40.4921 7.652114 2.979691 0.124917 1.41E-09 6.08E-06 0.017118 0.090582 0.232624
0.1 24 5645107 5.16E+08 109425 30.85631 7.669969 3.000599 0122757 1.34E-09 6.33E-06 0.017830 0.090372 0.231003
0.1 25 5740054 5436408 105192.2 37.3552 7.667832 3.020762 0.120737 1.26E-08 G.59E-05 0.018556 0.090162 0.229461
0.1 25 5.536394 5.7E+08 101285 3596769 7.705703 3.040204 0.115763 1.22E-09 6.84E-06 0.019271 0.099952 0.227994
0.1 27 5.931431 5.97E+08 O7667.15 34.68295 7.723561 3.058947 0.11686 1.16E-09 7.10E-06 0.019985 0.099744 0.226597
0.1 2.8 B.026055 6.24E+08 094307.69 33.48995 7.741467 3.077013 0.115025 1.11E-09 7.35E-06 0.020897 0.099537 0.225266
0.1 29 6.120300 6.52E+08 91179.85 32.37921 7.75036 3.094423 0.113254 1.06E-09 7.60E-U6 0.021407 0.05933 0.223999
0.1 3 B.214154 B.GE+D8 88260.47 31.3425 777726 3111196 0.111543 1.02E-09 7.85E-08 0.022115 0.089125 0.222791
0.1 3.1 6.307607 7.08E+08 ©5529.4 30.37266 7.795167 3.127352 0.108691 9.79E-10 6.10E-06 0.022821 008892 022164

Note that, for readability issues, only 12 of thieole 36 output variables (one variable per column,
in addition to those chosen as X and Y) are showthe figure above.

In some cases, however, one just needs to prediat ¥8 going to happen in a particular
environment. Therefore, just one output line (cgpmnding to a definite set of values of water
chemical composition and depth) is required. Tasdpone still has to choose two variables as X
and Y, but it is possible to make these variablkuae a single value. For instance, suppose to
choose depth and NPOC as X and Y, respectivelyerAdhtering where relevant savetable the
concentration values of nitrate, nitrite, bicarbenaarbonate and bromide, if the water body has d
=5 m and NPOC =3 mg C /L, the following inputues should be inserted:

% *** BEGINNING OF RANGE INPUT ***

x=5:5:5; % Range for the first variable, A:B:@ams from A to C with steps of B.
y=3:3:3; % Range for the second variable.

% *** END OF RANGE INPUT ***

The output file will contain just one line (and #ie columns related to the 38 output variables, of
course), corresponding to X=5 and Y=3.
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5.3. Correction for the solar zenith angle

When considering the path length travelled by ginlin lake water, one should take into account
the solar zenith angle)(and the refraction of sunlight at the air-watgerface. Light reflection at
the interface also takes place, but it is of les@ortance and can be neglecté@he geometry of

irradiation can be represented by the scheme below.
Sunlight

air

water

The solar zenith angle (horizontal system of coordinates) is a functidnsan declinationd
(geocentric equatorial system of coordinates) drntlehour angle. The sun hour angle is defined
as the difference between sun’s right ascensioac@geric equatorial system of coordinates) and
the right ascension of a star on the local meridédriocal noon (when sun is on the local meridian)
it is Tsun = 0. Furthermore, every 1 h difference from thealnoon giveg [115°. This means that
after 3 h from local noon, the sun has45°. Assumeb as the latitude of the place ardi) for the
sun as above. The following equation holds forsiblar zenith angl&®

COSZ =C0SO COST COosy + sind sing (50)

Water has refraction index[11.34 that undergoes relatively limited variatiothmvavelength. It is
sinz=nsind, from which the following relationship can be dhtd between the path lendtlof

sunlight and the water column depth d =1 cosd =1 4/1-(sin8)? .** Therefore, for deptld and

solar zenith angle the optical path lengthof sunlight inside the water body would be expeesas
follows:

. d _ d
J1-(sind?  |1-(n"sinz)’

(51)

This means that water depth could be corrected factar ¢ = (w/l—(n‘l sinz)2)1 (@ > 1) that

depends on latitude, hour and season. The followlots report the values ap that would be
observed at different latitudes and months (theycadculated for the 15day of each month), at

“R.G. Zepp, D.M. Cline, Rates of direct photolyisisquatic environment. Environ. Sci. Technol. 1897) 359-366.
15 0. Montenbruck, T. Pfleger, Astronomy on the Pras@€omputer, % Edition. Springer, Berlin, 1994,
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the solar noont§,, = 0) and at- 3 h from noonts,n 0+ 45°), which would constitute a reasonable
daily average in many cases. Calculationswére carried out with theerseussoftware*®

E Solar noon o ° Solar noon *+ 3h
1.5 90° 80° 70° oo
L4:
13
$~ .
124"
1.1 +
10 | T T T T T T T T T T T
1 2 3 4 5 &6 8 9 10 11 12 2 3 4 5 6 7 8 9 10 11 12
Month (1=Jan, 12=Dec) Month (1=Jan, 12=Dec)
1 45° latitude
1.5
1% For example, assume a water k
41 Solar noon + 3 h/ with an average depth of 1 m.
] May at 50°N latitude one hag= 1.2
1.3 H
> (noon = 3h). Therefore, as inf
12 ] datum inplotgraph or savetableone
] Solar noon should putd = 1.2.
1.1
10 I I I I I I I 1 1 I

1 2 3 4 5 6

8

9

10 11 12

Month (1=Jan, 12=Dec)

Figure 2. Values ofy as a function of month and latitude, for the losalar noon and for solar noan3h. In the upper
plots the latitude value is specified near eachreeufhe 45° latitude is highlighted because ihis standard
one used in the model. In the case of ne@h the calculations were carried out for 3 pnthie case of 9
am the symmetry of the curves would be oppositewdder, differences are much lower than other
uncertainties associated to the model.

Note that correcting for the solar zenith angleldmot be enough to take the latitude effects into
account. For latitude values that are very diffefeom 45° the sunlight spectrum might be quite
different than that used in the model and repomntedrigure 1, in particular in the UV region.
Therefore, a different and more appropriate vatwestinlightp®(A) should be used in the input file.
Also note that the significance attributed hera talay”, as far as sunlight irradiance is concerned
would be largely lost in polar regions where sumligradiation can be either continuous or absent.

8 F. Riccio, 2009. http://www.perseus.it.
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6. Running Plotgraph and Savetable under Octave

When starting Octave, a DOS-like windows appeath some notices and finally a prompt, which
in the 3.2.4 version reads as follows:

It is possible to enter commands at the prompst e all, if the Apex files are in the “Apex” fotd
under disk C (path: “C:\Apex”), one should callttfalder. The command to be entered (followed
by “[1") is:

The prompt will now be updated , and it is possible to launch Apex
calculations. In particulaplotgraph andsavetable can be run here.

6.1. Plotgraph

The easiest way to plot a graph is to have it andtreen, which can be done by entering the
following command (always withT" at the end):

Note that the command is case sensitive, and {tatgraph” has no capital letters. The 3D plot
appears in a window and can be rotated for beitsv,\to obtaine.g.the following resul{X = d, Y

= NOgs", Z = phototransformation rate constant, k_tot)with the input data of section 5.1 (first-
order transformation rate constant of carbamazemse a function of depth and nitrate
concentration, with 0.RM nitrite, 3.5 mg C L* DOC, 2 mM bicarbonate, @M carbonate, 10 nM
bromide):

f_!_] Figure 1

wiew: 66.0000, 68.0000 scale: 1.00000, 1.00000
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A finer grid (the figure above adopted a 10@00 one) will usually give a better aesthetic itgsu
but the computer time needed to perform it shodddken into account. Unfortunately, it is not
possible to label the axes. Anyway, the vertica mnalways the chosen output varable.

The only way to transform the output in a figurde is to make a print of the screen (Alt+Print or
Shift+Print) and to paste it in a graphics file,ighhis a low-resolution option. As an alternatiae,
pdf figure file €.g.filename.pdf) can be generated by entering theviahg command (followed
by “[1"):

“filename.
Note the *” around the file name. Obviously, ang fname can be given. The advantage is that a
usable figure file with better resolution is obtailn but no further rotation is possible. From this
point of view,plotgraph is a good way to have a quick glance at the gétrerad of Zvs (X,Y),
but to obtain a nice high-resolution plot one sbdaubke use cfavetable.

6.2. Savetable

The savetable function returns a table with the X,Y values ie tthosen range and all the possible
output variables in 36 columns. The first line lo€ file reports the column titles. The table fddn

a csv-like format, and the file name is to be dpetiwhen entering the command. For instance, to
create the table filename.csv one should entefiotlmving (plus “1"):

An important issue is that the name of the outpst file has to be different from the input file
name otherwise the input file will be overwritten.

The output file thus obtained can be the startingitpto make a 3D plot with an appropriate
software. In this way, one can obtain 3D graphd vigwver limitation compared to th@otgraph
function.
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6.3. Calculation of model errors

The model calculations are unavoidably subjectntauacertainty that combines both the errors on
the photochemical kinetics parameters of the satestP (direct photolysis quantum yield and
second-order reaction rate constants wiiH, CQ;~, 'O, and 3CDOM*) and the errors on
experimentally derived data of surface-water phio¢oaistry (quantum yields of transient formation
from CDOM, nitrate and nitrite and scavenging rebastants by DOM). Details of the equations
used for error calculation are reported in Appendi@ make calculation of the errors easier, an
Excel file is provided with Apex (C:\Apex\Apex_ErsxIs) and returns absolute and relative errors
on all the output parameters. Such parameters égheuinserted in the file by copying and pasting a
whole line of the output file generated by Hagetable function.

The way the Apex_Errors.xls file looks like is shown the picture below (note that the file
continues on the right).

A whole line from al
savetable output file should
Photochemical kinetics parameters of be pasted here to replace the
substrate (to be entered by user) @ndl Most casey | existing one. Erro
associated errors: photolysis quantum yigld| Should not be calculations will be carried
reaction rate constants with photogenergtefl modified out on those numbers.

Fixed relative
hd errors, which in

transients, formation yield of intermediate. \
. F J K L M N a
Fillin the data in the yellow cells (second order reaction rate consla:tlls, photolysis qu. ield, product yields an solute errors)
[replace the existing values with the relevant ones for your compour, you can pl For unknown or negligible values)
kP_OH 1.00E+10 »_OH
er_kP_OH 5.00E+08 ey OH [ 0.04] reler_NO3_OH 0.05
reler_NOZ_0OH 0.08
kP_CO3 Z.O0E+07 w_CO3 0076 reler_CDOM_OH 0.13 Usually these
er_kP_COD3 1.00E+D6 er_y_CO3 0.003 reler_DOM_OH 0.15 values should not
reler_CDOM_CO3 0.32 be modified
# [kP_DOM S.00E+03 w_DOM reler_CDOM_102 0.27
1 |er_kP_DOI C.00E+08 er_y_DOM reler_CDOM_3D0M 0.22
1
® [kP_102 1.00E+05 »_102
er_kP_102 Z.00E+07 er_y_102 I .l
fi_P 1.00E-05 w_Phot
er_fi_P 2. 00E-06 er_y_Phot 0.02

19 |Copy a line from an output file to replace the line of numbers below
20

Y _OH _CO3 102 _300M t_Phot  t_tot k_OH k_CO3 k_102 k_300M |k_Phot k_tot
0.01 100E-06  4.4158631 317070312 S0534435345 3325600366 14.55357 52776323 0196367 219E-03  136E-11 00063513 0047523 027475

21

22 |Copy heref=

23

26 Parameters OH v CO3 102 _30D0M t_Phot t_tot k_OH k. CO3 k102 k_3D0M k_Phot k_tot

2T = 4. 46E+00  F1TIE+DS 5.083E+10 9.923E+01 1458E+01 3.27SE+00 15T0E-01 2186E-03  1364E-11  G6.951E-03 4.793E-02 2 11SE-0
25 ]

23 = £ Absolute emors er_t_OH e _CO3 er__102 er_t_300M er_t_Photer_t_tot er_k_OH er_k_COler_k_102 er_k_3D0Fer_k_Pha er_k_tot
30 = E 1143E+00  9.833E+07 Z2.383E+10 JE39E+01 2917E+00  §.222E-01 4.054E-02 6.525E-10 6.403E-12  2.639E-03 3.506E-03 5.30%E-03
31 2=

|«

T4 |» D]\ Error caiculation /
Fronto

Absolute and relative errors associated to theudyiprameters.

The user should enter data in the yellow cells {@tteemical kinetics parameters of the substrate,
including -if available- intermediate formation)capaste where indicated a whole line of an output
file of the savetable function.
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6.4. Seasonal corrections at mid latitude

The standard time unit used in the model outpthesSSD, summer sunny day, corresponding to
fair-weather 15 July at 45°N latitude. Thereforalf fife times are expressed in SSD units and-first
order rate constants in SSDThe results would thus apply to mid-latitude sugniime conditions.

If an (approximated) insight is needed into théedént behaviour that a compound may have at
mid latitude in different seasons, it is possibtetake into account the variations of sunlight
intensity in the different months of the year. Asgup°(l) as the incident spectral photon flux
density of sunlight at mid latitude in a given ntowif the year (18 of that month} The incident
photon flux P, can be calculated as the integral over wavelengip°(1) over different spectral
ranges: 290-320 nm (UVB), 320-400 nm (UVA), and -3G0 nm where most absorption of
sunlight by CDOM takes place. The July resultseapagivalent to a SSD and the results for the other
months can be normalised to those of July. Thesgefame can obtain a SSD-normalised photon flux
0 ° for the relevant spectral range, which repres#rmgsnumerical value by which rate constants

should be multiplied and half-life times divideddbtain representative photoreactivity values in a
given month. The equations used to calculateare reported below.

[P montn = J [P ()] s 04 (52)
[P montn

[e) h: mon 53

) T = oy (53)

The following Table reports the values[0f® for the different months of the year at mid ladiy

for three spectral ranges. They are the valueshigharate constants should bmiltiplied and half-
life time divided to obtain the seasonal corrections. Note that= 1 at 15 July (SSD).

SSD-normalised photon flux O ° (mid latitude)
Month UVB (300-320 nm) | UVA (320-400 nm) 300-450 nm

January 0.0673 0.197 0.214
February 0.168 0.352 0.370
March 0.389 0.596 0.604
April 0.720 0.862 0.860
May 0.924 0.979 0.966

June 1.05 1.03 1.01

July 1.00 1.00 1.00
August 0.985 0.934 0.928
September 0.596 0.664 0.671
October 0.303 0.421 0.439
November 0.101 0.220 0.238
December 0.040 0.129 0.143
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The O ° values reported in the previous table are refetoedifferent spectral ranges that affect

different photosensitisers. In fact, the UVB valwas be applied to nitrate photolysis, the UVA
ones to nitrite and those at 300-450 nm to CDOMthim case of reactions induced 1 and
3CDOM* that are produced by CDOM, rate constantsukhde multiplied by thél ° values at
300-450 nm (and half-life times divided by the samkies). In the case 0DH that is produced by
nitrate, nitrite and CDOM, the three different admitions should be corrected by the UVB, UVA
and 300-450 nm values, respectively. Note thatrétative contributions of nitrate, nitrite and
CDOM to "OH generation are given by the output variables NO¥3, NO2_OH and DOM_OH,
respectively, in botlplotgraph andsavetable. The radical C@" is mostly produced by oxidation of
carbonate and bicarbonate 1@H, thus the corrections for GO are the same as faDH. Finally,

in the case of direct photolysis the correction ldalepend on the spectral range where the relevant

compound mostly absorbs sunlight (UVB, UVA or rightio the visible). Depending on compound
absorption, the most relevdnt® value should be chosen.

To make these calculations a bit easier, an Exieli$ provided in the main Apex folder
(C\Apex\APEX_season.xls). The file is made uphsée sheets named “UVB”, “UVA” and “300-
450 nm”, to be chosen depending on where the poitunostly absorbs radiation. In each sheet
there is the possibility to paste a whole line edpfrom an output file oBavetable, which is
referred to a whole set of environmental conditi¢gee Section 5.2 for such an output .csv file).
For instance, the “UVB” sheet looks like as folloftise others are almost identical):

These data should A whole line from asavetable
not be modified / output file should be pasted here
# B c 8] E F G H | J K L I I 0] P =
12 USE THIS SHEET IF THE POLLYTANT MOSTLY ABSORBS SUNLIGHT IN THE UVB REGION o
4 UvB UVA  300-450 nm
4 January 0.0673 0197 0.214 Ty
February 0.168 0.352 0.370
4 [March 0.389 0.596 0.604
April 0.720 0.862 0.860
May 0.924 0.979 0.966
1§ [ June 1.08 1.03 1.01
1} oy 100 100 100 > ‘ / PLEASE DO NOT MODIFY THESE ENTRIES
1§ [August 0.985 0934 04528
1g September 0.596 0.664 0.671
1§ (October 0.303 0.421 0.439
1f |Movember 0101 0.220 0.238
1§ |December 0.040 0129 0143 A
1
18

19 |Copy and paste an entire line from an output .csv file to geplace the line of numbers below {the output files are those generated by SAVETAELE)
20

21 X Y 1 OH 1 CO3 1 102 1 3D0M __t Phot 1 tot k_OH k CO3 Kk 102 k_3DOM_k _Phot Kk tot coOH

232 |Paste here == 1 1.00E-06 565575 206232 579.58 37.733 219666 3.34391 012256 0.03361 0.0012 001837 003155 0.20729 3.35E-16
23

24 January 3.05E+01 1.11E+02 2.71E+03 1.76E+02 3.26E+02 1.96E+01| 2.27E-02) B.24E-03) 2.56E-04 3.93E-03 2.12E-03 3.593E-02 B.22E-17
23 w February 1.69E+01  6.15E+01 1.57E+03 1.02E+02 1.31E+02 1.07E+01| 411E-02) 113E-02 4.43E-04 G6.80E-03 5.30E-03 G6.49E-02 1.12E-16
23 '—:'; March 9.82E+00 3.58E+01 Y9.60E+02 6.25E+01 5.65E+01 6.08E+00| 7.06E-02 1.94E-02 7.22E-04 1.11E-02 1.23E-02 1.14E-01 1.93E-16
ar 9 April G.ETE+00) 2.43E+01 6.74E+02| 4 39E+01 3.05E+01 4.03E+00 1.04E-01 285E-02 1.03E-03 1.58E-02 2.27E-0

23 = May 5.82E+00) 2.12E+01  G.O0E+02| 3.91E+01 2.38E+01 3.47E+00 1.19E-01 327E-02 1.16E-03 1.77E-02 2.92E-0 Continues to
24 c June 5.49E+00) 2.00E+01 | 5.74E+02| 3.74E+01 2.09E+01 3.24E+00 1.26E-01 346E-02 1.21E-03 1.86E-02 3.31E-0

3] .g July 5.66E+00) 2.06E+01 5.80E+02 3.77E+01 2.20E+01 3.34E+00 1.23E-01 336E-02 1.20E-03 1.84E-02 3.16E-0 th . ht =
3l ki) August 6.03E+00) 2.20E+01 6.25E+02 4.07E+01 2.23E+01| 3.594E+00| 1.15E-01| 315E-02) 111E-03 1.70E-02 3.11E-0 € rlg -

3z 3 September 8.60E+00 3.14E+01 8.64E+02 562E+01 3.69E+01 515E+00) B.06E-02 221E-02| 8.02E-04 1.23E-02 1.88E-0J] T.35E-UT| Z.ZTE-TE]
33 ™ October 1.38E+01 5.02E+01 1.32E+03| 8.60E+01 7.25E+01 B.42E+00 5.03E-02) 1.38E-02 5.25E-04 B8.06E-03 9.56E-03 8.23E-02 1.38E-16
3 © November 270E+01 9.84E+01 | 2.44E+03 | 1.59E+02 21TE+02 1.71E+01 2.47E-02) 7.05E-03 2.85E-04 4.37E-03 3.19E-03 4.06E-02 7.03E-17
gi December 4. BGE+01 | 1.70E+02 4.05E+03 2.64E+02 5.49E+02 3.01E+01| 1.49E-02 4.08E-03 1.71E-04 2.63E-03 1.26E-03 2.30E-02 4.0TE-17
[N |

a7

4[> [mhuvB (Uva { 300-450 nm / Output data (for July they are the same asstletableline)
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In this way, one can get at a glance on how wohdd gollutant transformation kinetics (or the
kinetics of intermediate formation, or the steathtesconcentrations of photoinduced transients) be
modified in different seasons than summer. Alscertbit in the figure of the previous page the
view of the sheet is cut at the right margin (tbeual sheet continues to the right to includelad t
output variables).

Two important issues should be considered whergusREX season.xls:

1) Data processing is approximate, in particulafaasas the direct photolysis of the pollutant is
concerned;

2) The corrections are approximately valid only emohid-latitude conditions. In different regions
one would need different correction factors.

Anyway, the combination of the seasonal correctiescribed here and of the correction for the
solar zenith angle (see Section 5.4) can give lmsigo seasonality effect on the photochemistry of
surface waters. To additionally correct for theasaenith angle in a given month one should take
the relevanty value from Figure 2, multiply by the depth input value to be insertedametable,

run savetable and paste a line of the output file into APEX_seasls. The reading of the relevant
month gives the approximated changes in photoclenm&activity compared to the standard
conditions.
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APPENDIX

A) Reaction rate constants and photolysis quantum yields of selected xenobiotics

a o | Ko 4 - 4 -
Compound (O} kP,‘OH M7 ST MP'_?QS_l kP,loz’ M~ s P 2CDOM* ’ M7 s
H
. Negligi| Probabl Probabl
egligi roba roba
(8.1+0.4)10° (1.76:0.05Y10° g1 . Y . Y
NO, ble negligible negligible
2,4-dggrophenb
" Negligi| Probabl Probabl
egligi roba roba
(3.4£0.2)10° (2.33:0.11Y10° g1 . Y . Y
N, ble negligible negligible
2,4-dinitroghenolate
OoN cl |
Negligi
(4.53:0.78y10°° (2.8£0.3Y10° b?eg (3.741.4Y10° | (1.36:0.09Y1C°
Cl
2,4-dichloro-6-nitrophenolatg
=]
NO»
Negligi
(1.270.22Y10° (1.09:0.09Y10"° b?eg (2.15:0.38)10" | (5.90:0.43Y10°
Cl
2-nitro-4-chlorophenolate
Q:H Negligi
cod® 0.33:0.05 (1.0+0.3)10" g9 (6.0+0.6)10" (9.740.2)10°
ibuprofen, anionic form ble
Negligi
(7.8:1.8)10* (1.8+0.2)10" b?eg (1.9+0.1)10° (7.0+0.2)10°
carbamazepine
cHa NN Negligi
P (1.58:0.19Y10°2 (2.7+0.3Y10° g9 < 410° (1.43:0.07)10°
atrazine ble
CI_C: :\)—OCH,COO'
4 (23407)-10°5 1 (4.3 4 0.1)-10 SNPOC Negllgl PrObably Probably
CH, (41£13)10°5 | 1.4-10 SNPOC (66)|:|]_09 o o
MCPA fononic form) ble negligible negligible
O OH
Q # Negligi|  Probabl Probabl
0 (3.2:0.6)10° (1.3:0.2)10" g1 . y . y
505 ble negligible negligible
Benzophenone-4 (HA')
oG
Negligi Probabl Probabl
“ocH, (7.0£1.3Y10° (1.5+0.2)10" g1 . Y » Y
SO, ble negligible negligible
Benzophenone-4 (A *°)
i Negligi
. ) (2.6:0.4)10° (2.6£0.4)10" ble (8.5:0.3)10° (1.6£0.2)10°
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B) Modél errors

Input data of substrate reactivity and intermedfatenation are (or should be) affected by errors,
model assumptions/equations have an uncertainytrenmodel output is affected by error as well.
The following table reports the names of variatles are affected by errors, and the names of

variables representingbsolute errors. The colour code highlights input data (light gel), and

output data related to the degradation kinetics of the substiRa (light green), steady-state
concentrations of reactive transients (pink), imediate formation kinetics and yield (grey), rofe o
photochemical processes in P transformation (odareed role of photochemical processes in

intermediate (I) formation (light blue).

Quantity Description Absol. error
kP_OH Reaction rate constant’(@rder) between P an®H (M s™) er _kP_OH
kP_CC3 Reaction rate constant"{@rder) between P and GO(M ™ s%) er _kP_CGC3
kP_DOM Reaction rate constant"{@rder) between P at€@DOM* (M s?) | er _kP_DOM
kP_1C2 Reaction rate constant{@rder) between P art®, (M~ s %) er_kpP_1Q2
fi_P Photolysis quantum yield of P (unitless) er fi_ P

y_OH Yield of the intermediate Via the’OH pathway (unitless) er_y_OH

y_CO8 Yield of the intermediate Via the CQ™ pathway (unitless) er_y_CO3

y 12 Yield of the intermediate Via the'O, pathway (unitless) er y 12
y_DOM Yield of the intermediate Via the>*CDOM* pathway (unitless) er _y DOM
y_Phot Yield of the intermediate\ia direct photolysis (unitless) er _y_Phot
t_OH Half-life time of P degradation bDH (SSD) er_t_OH

t_CO8 Half-life time of P degradation by GO (SSD) er_t_CO3

t 102 Half-life time of P degradation bYD, (SSD) er t 1

t _3DOM Half-life time of P degradation B DOM* (SSD) er _t 3DOM

t _Phot Half-life time of P degradation by photolysis (SSD) er _t_Phot

t _tot Overall half-life time of P degradation (SSD) er_t _tot

k_OH First-order rate constant of P degradatioi®y (SSD") er_k_OH

k_CG3 First-order rate constant of P degradation by C(3SD?) er _k_CC3

k_ 12 First-order rate constant of P degradatiort®y(SSD?) er_k_1Q2
k_3DOM First-order rate constant of P degradatiof®pOM* (SSD%) er _k_3DOM
k_Phot First-order rate constant of P degradation by pisi® (SSD?) er _k_Phot
k_tot Overall first-order rate constant of P degradaf®8D ") er_k_tot

coOH Steady-state’ QH] (mol L™, 22 W m? UV irradiance ) er_coOH

coCO3 Steady-state [C§'] (mol L™, 22 W m? UV irradiance ) er _coC8
colQ2 Steady-state’Q,] (mol L™, 22 W mi? UV irradiance ) er_col®@
c0o3DOM Steady-state’CDOM*] (mol L™, 22 W m? UV irradiance ) er _co3DOV
f_OH First-order rate constant of | formation I9H (SSD?) er_f_OH

f_COo8 First-order rate constant of | formation by £QSSD?) er _f_CO3

f 1 First-order rate constant of | formation 1y, (SSD*) er_f_1Q2

f _3DOM First-order rate constant of | formation #f§DOM* (SSD %) er _f_3DOM

f _Phot First-order rate constant of | formation by phosigy(SSD") er _f_Phot
f_tot Overall first-order rate constant of | formatiorS(3 ) er_f_tot

y_tot Overall formation yield of | from P (unitless) er_y tot

role_ OH P Role of'OH in P degradation (fraction of total reactionitless) er_role_OH P
role_CO8_P Role of CQ™" in P degradation (fraction of total reaction, l@ss) er_role_CO3_P
role 102 P Role of'O, in P degradation (fraction of total reaction, lasis) er role 12 P
rol e_3DOM P | Role of°CDOM* in P degradation (fraction, unitless) er _role 3DOM P
rol e_Phot _P | Role of direct photolysis in P degradation (fraatianitless) er _role Phot P
role_OH | Role of'OH in | formation (fraction of total reaction, uleiss) er_role_OH |
role_COB8_I Role of CQ™ in | formation (fraction of total reaction, unisis) er_role_CO3_lI
role 12 | Role of'O, in | formation (fraction of total reaction, unisig) er role 102 |
rol e _3DOM | Role of°CDOM?* in | formation (fraction of total reactionnitless) | er _rol e_3DOM |
rol e_Phot _| Role of photolysis in | formation (fraction of tbt@action, unitless, | er _r ol e_Phot _|
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Equations that compute the generation and scavgrgfimeactive transients by (C)DOM, nitrate
and nitrite are affected by errors. Therefore, éhare a number of constants that represent the
relative errors on the quantum yields 6OH production by nitrate, nitrite and CDOM, 6@H
scavenging by DOM, and on quantum vyields of sCO'0, and *CDOM* generation by
CDOM.M 1 They are listed in the table below.

Name of constant | Value | Description

rel er _NO3_CH 0.05 Relative error on quantum yield @H production by nitrate
rel er _NO2_OH 0.08 Relative error on quantum yield @H production by nitrite
rel er _CDOM_CH 0.13 Relative error on quantum yield @H production by CDOM
rel er _DOV_OH 0.15 Relative error onOH scavenging by DOM

rel er_CDOM CG3 0.32 Relative error on C&' production by CDOM
rel er_CDOM 1Q2 0.27 Relative error on quantum yield'@%, production by CDOM
rel er _CDOM 3DOM | 0.22 Relative error on quantum yield*@fDOM* production by CDOM

Absolute errors on the input data (reaction ratestants and quantum vyield of P, intermediate
formation yields) should be provided by the usexs®&l on these errors and on those reported in the
above tableApex_Errors.xls computes the absolute errors of the output vagtBefore reporting

the equations by which absolute errors were cdledjaa Table is provided to describe other
variables that are used to compute the errors.

Name of variable Description

ROH_NC3 Formation rate ofOH by nitrate

ROH_NC2 Formation rate ofOH by nitrite

ROH_CDOM Formation rate ofOH by CDOM

ROH_TOT Total formation rate ofOH

car bonat eyi el dCOB_CDOM | Quantum yield of C@" generation by CDOM

1) Steady-state [OH]

reler  NO3_OHxROH_NQO3+reler NO2_ OHxROH_NO2+
+reler CDOM_OHxROH_CDOM
ROH_TOT

er_coOH =coOH [ } +reler_DOM _OH

2) Steady-state [CQ "]

coCB*er_coOH
coOH

er_coCB=

3) Steady-state J0,]

er_calO2 =cadlO2xreler _CDOM _102
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4) Steady-state JTDOM?*]

er_co3DOM =co3DOM xreler _CDOM _3DOM

5) Half-life time of P (OH) and first-order rate constant of P transformation (OH).

er k OH=k OH ><(er_kP_OH .\ er_coOHj

kP_OH coOH
er t OH=t _OH xer—k——OH
k OH

6) Half-life time of P (COs™") and first-order rate constant of P transformation (COs™).

er_k_CO3= k_coex[er—kp—coe’ . er—COCCBJ

kP CO3  coCCB
er t CO3=t_ COaxr=—K_CO3
k_Co3

7) Half-life time of P (*O.) and first-order rate constant of P transformation (*O,).

er _kP_102

er_k_102=k_102x
kP_102

+reler  CDOM _102j

er_t_102= t_1ozxw

102

8) Half-life time of P (CDOM*) and first-order rate constant of P transformation (CDOM?¥).

er_k_3DOM =k _3DOM x| &=KP_DOM 1 r cDOM _3cDOM
kP_DOM
er t 3DOM =t 3DOM x &' —K_SDOM
— = - k_3DOM

9) Half-life time of P (photolysis) and first-orderrate constant of P transf. (photolysis).

er _k_Phot=k _Photx (er_—fl_Pj
fi_ P
er_k_Phot

er _t_ Phot=t_Photx
k_Phot
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10) Half-life time of P (total) and first-order rate constant of P transformation (total).

er_k_tot=er_k_OH+er_k_CO3+er_k_102+er_k_3DOM +er_k_Phot

er _k_tot

er_t_tot=t_totx
_tot

11) Intermediate formation rate constant {OH)

er f OH=f OH x er_y_OH  er_k_OH
- - y_OH k_OH

12) Intermediate formation rate constant (CQ™)

er f _CO3=f _Co3x(er_y_cos .\ er_k_COBj

y_CO3 k_CO3

13) Intermediate formation rate constant tO,)

er f 102=f _102x(er_y_102 N er_k_lOZ]

y_102 k_102

14) Intermediate formation rate constant {CDOM¥)

er_f _3DOM =f _3DOM x(er—y—:”DOM , er—k—3DO'V'j

y_3DOM k_3DOM

15) Intermediate formation rate constant (photolyss)

er_f _Phot= f _Photx(er—y—F’hOt+ er_k_Phot]

y_Phot k_Phot

16) Intermediate formation rate constant (total)
er_f tot=er_f_OH+er_f_CO3+er_f_102+er_f _3DOM +er_f _Phot

17) Intermediate formation yield (total)

_ er_f _tot er_k_tot
er_y tot=y totx +
f _to

t k_tot
18) Fraction of substrate (P) degradation accountetbr by *OH

er_role_OH_P=role_OH _Px(er_k—_OH]

k_OH
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19) Fraction of substrate (P) degradation accountetbr by CO3™

er_role_CO3_P=role_CO3_ PX(MJ

k_CO3
20) Fraction of substrate (P) degradation accountetbr by 'O,

er_role_102_P=role_102_P X(Mj

k_102

21) Fraction of substrate (P) degradation accountefbr by *CDOM*

er_role_3DOM _P =role_3DOM _Px(er_k_SDOM j

k_3DOM
22) Fraction of substrate (P) degradation accountetbr by photolysis

er_role_Phot_P=role_Phot_P x(wj

k_Phot
23) Fraction of intermediate (I) formation accountel for by *OH

er_role_ OH | =role_ OH | x(er_f—_OH]

f _OH
24) Fraction of intermediate (I) formation accountel for by CO3™

er_role_CO3_1I =role_CQO3_| x(w’j

f _Co3

25) Fraction of intermediate formation accounted fo by ‘O,

er_role_102_ 1 =role_102_1| x er_f_102
f _102

26) Fraction of intermediate formation accounted fo by *CDOM*

er_role_3DOM _I =role_3DOM _I X(er_ f_3DOM j

f _3DOM
27) Fraction of intermediate formation accounted fo by photolysis

er_role_Phot_I =role_Phot_|I x(wj

f _Phot
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