20
21

22
23
24

25
26

27
28
29
30
31

32
33

34
35
36
37
38

Supplementary Information for

Hydrogen Peroxide Photoformation in Particulate Matter and its
Contribution to S(IV) Oxidation During Winter in Fairbanks,
Alaska

Michael Oluwatoyin Sunday®”, Laura Marie Dahler Heinlein®, Junwei He %, Allison Moon?, Sukriti
Kapur®, Ting Fang®™, Kasey C. Edwards®, Fangzhou Guo*™™, Jack Dibb®, James H. Flynn 1114,
Becky Alexander?, Manabu Shiraiwa®, Cort Anastasio®

!Department of Land, Air and Water Resources, University of California, Davis, California 95616, USA
2Department of Atmospheric and Climate Science, University of Washington, Seattle, Washington, 98195, USA
3Department of Chemistry, University of California, Irvine, California 92697, USA

4 Department of Earth & Atmospheric Sciences, University of Houston, Houston, Texas 77204, USA

SEarth Systems Research Center, University of New Hampshire, Durham, New Hampshire 03824 USA

* Now at: California Air Resources Board, Sacramento, CA, USA

** Now at: Sustainable Energy and Environment Thrust, The Hong Kong University of Science and Technology
(Guangzhou), Guangzhou, Guangdong 511400, China

*** Now at: Center for Atmospheric and Environmental Chemistry, Aerodyne Research Inc, Billerica, Massachusetts
01821, USA

Correspondence to: Cort Anastasio (canastasio@ucdavis.edu); Michael Sunday (mosunday@ucdavis.edu)

Submitted to Atmospheric Chemistry and Physics on 10/20/2024

Table of contents

Table S1. Sample information and light absorption properties of particulate matter extracts...................... 3
Table S3. Photoformation rates, loss rate constants, rates of light absorption and quantum yields of
HOOH in PM extracts under laboratory ilumination. ............ccocoreiiriiiniisie e 5
Table S4a. Concentrations of dissolved metals (in M) in pH 1 eXtracts.........ccccoeevveveiiievenie i 7
Table S4b. Concentrations of dissolved metals (in uM) in Milli-Q extracts of House samples................... 8
Table S5a. Characteristics of the dilution series performed on the CTC 2/14 composite (pH 1) ................. 9
Table S5b. Metals content (uUM) of the CTC 2/14 dilution series extracts (PH 1).......ccccevvvviinierinenenienen. 9
Table S5c¢. Concentrations of ions (uUM) in the CTC 2/14 dilution series Milli-Q extracts............cc.ce..... 10
Table S6. Aerosol liquid water content (ALWC), DOC, concentration of inorganic S(IV), HOOH
formation rate and loss rate constant in ambient particles under ALW conditions .............ccocvevereneniennne. 11
Section S1. L0oSS rate CONStANT OF S(IV) .o.viiiiiiieieisi s 12
Figure S1. Comparison of rates of light abSOrPLION .........ccviiiriiiie e 13
Figure S2. Rate constants for the loss of HOOH in the HOUSE SAMPIES .........cocvririeiiiiiciiiiinse e 14
Figure S3. pH dependence of light absorption for @ PM eXtraCt...........ccocueiriniieneneieinise e 15
Figure S4. Rate constants for the loss of HOOH as a function of pH in extracts..........cccccocveveniiiiiennennn 16


mailto:canastasio@ucdavis.edu

39
40

41
42

Figure S5. Rate of light absorption, DOC content and Fe content of the extracts used in the dilution series

experiment
References



Table S1. Sample information and light absorption properties of particulate matter extracts

Composite- PM-mass/H,0
Sampling Sampling Composite No. of Average mass ° 0300 0365 DOC MACnoc MACboc
site interval date @ daily Ambient pH (10 ug- cm?) | (cm) (mg-C | (300 nm) (m? | (365 nm) AAE
filters PM2.5 PM/ LY (g-C)h (m? (g-C)Y)
3 Hg-H20)
(ug m)
1/13 - 1/17 1/15 4 75 0.90 2.8 (£1.8) 0.50 0.14 33.6 3.75 1.01 9.43
1/17 - 1/25 1/21 8 12 1.2 2.6 (£1.4) 0.48 0.13 36.4 3.31 0.86 9.13
1/26 - 1/28 1/27 2 17.7 4.4 3.0 (x0.6) 0.58 0.16 38.2 3.78 1.05 8.18
1/29 - 2/3 1/31 5 26.1 1.3 3.2(x0.1) 0.98 0.23 58.8 4.04 0.96 8.85
H 2/3-2/6 2/4 3 8.6 1.1 1.7 (x0.3) 0.35 0.08 20.4 461 1.07 9.34
ouse
2/6 - 2/8 217 2 4.3 0.88 4.7 (0.1) 0.22 0.05 22.1 2.66 0.58 10.24
2/8 - 2/21 2/14 13 7.2 1.2 1.9 (0.6) 0.33 0.08 26.7 3.20 0.77 9.43
2/21 - 2/23 2/22 2 3.6 1.1 1.8 (£0.2) 0.20 0.04 26.9 1.88 0.40 10.21
2/23 - 2/26 2/24 3 125 1.2 3.3(x0.4) 0.38 0.10 35.5 2.65 0.68 9.43
Field Blank n/a 1 n/a 1.3 1.2 (x0.2) 0.02 0.01 2.7 0.25 0 n/a
1/21pH 1 1.3 2.1(x0.1) 0.46 0.13 324 3.56 1.01 8.24
1/17 - 1/25 1/21 pH 3¢ 8 12.0 3.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
1/21 pH5°¢ 5.0 n.d. 0.48 0.15 324 3.72 1.16 7.3
CcTC 2/6 - 2/8 217 2 4.3 1.2 1.8 (x0.1) 0.22 0.05 22.4 2.06 0.52 9.13
2/8 -2/21 2/14 13 This sample was used for the dilution series experiments. See Tables S5a — S5¢ for sample data.
2/22 pH 1°¢ 1.0 n.d n.d nd nd nd nd nd
2/21-2/23 2 3.6
2/22 pH5 5.0 2.2 (x0.4) 0.22 0.06 21.2 2.39 0.65 7.65

2 The composite date represents the day at the midpoint of sampling interval. For composites with an even number of sampling days, the midpoint date is determined based on

the total number of sampling hours. All samples were collected in 2022. Date format is month/day.

® The PM-mass/H,O mass ratio was determined by dividing the PM mass extracted (i.e., the difference in filter mass before and after extraction) from each 2 cm x 2 cm square
filter by the volume of solvent (1.0 mL) used for the extraction. Three to five squares are usually extracted from each filter in a composite and the total mass extracted is divided

by the total volume of solvent.
¢ For results labelled n.d. (not determined), the samples (CTC 1/21 pH 3 and CTC 2/22 pH 1) were not characterized because of a limited amount of filter.




Table S2. Concentration of ions (in uM) in extracts of PM samples

Sar;‘i'i’;ing Corgg’t‘f"e cr NO;~ Br- NO; | SOZ | PO Na* NH,* K* Mg?* Ca2*
1/15 40 0 2 272 381 19 201 612 38 10 23

1/21 72 0 3 268 430 23 507 1391 84 35 60

1/27 69 0 0 437 569 19 717 1719 69 49 58

1/31 53 0 4 201 585 20 194 828 57 9 27

2/4 34 0 5 170 318 16 454 1043 43 28 39

House 2[7 48 0 4 84 187 19 220 291 21 9 26
2/14 49 0 1 163 356 32 526 1102 47 39 82

2/22 9 0 6 145 241 25 375 836 24 18 69

2/24 37 1 0 276 307 27 181 560 39 5 42

Field Blank 6 0 0 9 2 15 286 0 10 5 4
1/21 169 7 8 556 1058 21 662 2442 116 69 126

2[7 50 0 4 154 289 15 262 412 28 8 24

cre 2/14 This sample was used for the dilution series experiments. See Tables S5¢ for ion data.

2/22 241 6 4 438 544 0 1618 1121 107 63 133

2 lons were measured in a separate sample prepared by extracting the filter square with Milli-Q with no pH adjustment. The solvent-to-filter ratio was the same as the standard
extract: 1.0 mL Milli-Q for a 2 cm x 2 cm square of filter.



Table S3. Photoformation rates, loss rate constants, rates of light absorption and quantum yields of HOOH in PM extracts under laboratory illumination.

Sar;?;ing Corggt(;site pH jZN(BS'.El;P : PH(ZEIFKZ%EJE)XP b kHOOH(’rF;_'\f)E Exe® RZT(;I\SEH%T d (1053?;2'}4332:()”8 / FT:E:VE::E?:H 102 X ®roow
photons L1 s?) Lts?
1/15 090 | 0.021 110 (x21) 2.8 (x1.0) 35 0.49 0.14 0.09 (£0.02)
121 12 0.022 133 (28) 4.8 (£0.4) 35 0.33 0.09 0.11 (£0.01)
1/27 44 | 0022 57 (£0.1) 4.1 (0.5) 5.1 0.66 0.13 0.03 (20.01)
1/31 13 | o0.021 344 (£22) 6.5 (£0.6) 6.9 1.40 0.20 0.14 (£0.01)
ouse sie 2/4 11 | o0.021 79 (£4) 4.1 (20.4) 2.3 0.33 0.14 0.09 (x0.01)
27 0.88 0.022 66 (5) 4.3 (+0.5) 1.3 0.26 0.20 0.14 (+0.01)
2014 12 | 0.022 91 (£5) 1.2 (£0.2) 2.2 0.62 0.28 0.12 (0.01)
2022 11 | 0022 40 (£6) 3.7 (£1.0) 11 0.21 0.19 0.10 (x0.02)
2024 12 | 0.022 77 (£12) 3.2 (x0.8) 2.6 1.00 0.38 0.08 (x0.01)
Field Blank? | 1.3 0.020 2 (x0.15) 3.0 (+0.3) - - - -
1.3 0.015 122 (+10) 3.5 (+0.4) 41 0.38 0.09 0.08 (+0.01)
1/21 31 0.017 81 (+10) 3.3 (+0.5) n.d. n.d. - 0.06 (+0.01)
5.0 0.015 45 (£5.6) 1.7 (x0.3) 5.0 0.46 0.09 0.03 (+0.00)
CTC site 207 12 0.020 33 (z1.4) 1.6 (20.1) 15 0.28 0.19 0.06 (£0.00)
2/14° -1 0.020 29 (1) 3.1(x0.2) 3.0 0.84 0.28 0.03(x0.00)
oo 1.0 0.017 38 (24.9) 4.6 (£0.7) n.d. n.d. - 0.05 (£0.01)
5.0 0.015 4.6 (£0.9) 1.0 (20.3) 2.2 0.38 0.17 -

2 Rate constant for the direct photochemical loss of 2-nitrobenzaldehyde, our chemical actinometer, on the day of each experiment.
b Photoformation rate of HOOH in a PM extract during illumination with laboratory simulated sunlight. Values in parentheses are 1 standard error obtained from the kinetic fits
of the experimental data (equation 3). So that rates can be better compared, they have all been normalized to a jns Value of 0.020 s

X 0.020
Proon,pmeEXP = ProonpmeExe X (5
J2NB,EXP

where P*hoonpmeexe 1S the unnormalized HOOH formation rate measured from the experiment and Proow,eme exe i the HOOH formation rate normalized to a 2NB photolysis
rate constant of 0.020 s™.

¢ Rate constant for loss of HOOH during simulated sunlight illumination, with errors of 1 standard error obtained from the kinetic fit of the experimental data (equation 3).

d Rate of light absorption by the extract during simulated sunlight illumination in the lab, calculated from 300 to 550 nm. Values have been normalized to a photon flux
corresponding to a jong value of 0.020 s™.




¢ Rate of sunlight absorption by the extracts using actinic fluxes measured in Fairbanks, Alaska, calculated from 310 to 550 nm; see equation 2. The actinic flux used is the 3-hr
average midday value for each day, averaged for all the days in the composite.

f Ratio of rate of absorption of light by the extract under Fairbanks, Alaska actinic flux compared to the rate of light absorption under illumination by the solar simulator.

9 The field blank is a blank filter that was placed in the Hi-Vol Air sampler for a few minutes without air flow. The filter was then shipped, stored, and later extracted following
the same procedure as the filters used for particle collection.

h Data for this sample at a concentration factor of 1 (corresponding to 1.0 mL of H2SO4 solution used to extract each filter square) was extrapolated from the dilution series
data in Table S5



Table S4a. Concentrations of dissolved metals (in uM) in pH 1 extracts

Sam_plmg Composite Fe cu Mn v Ni
site date

1/15 6.52 0.94 0.32 0.02 0.07

1/21 8.85 0.71 0.32 0.01 0.07

1/27,pH 42 n.d. n.d. n.d. n.d. n.d.

1/31 11.04 1.24 0.37 0.02 0.06

2/4 6.19 0.49 0.20 0.02 0.11

House

217 2.42 0.26 0.11 0.01 0.09

2/14 5.17 0.58 0.17 0.02 0.02

2/22 2.94 0.29 0.10 0.01 0.16

2/24 10.08 0.95 0.28 0.01 0.08

Blank 1.13 0.03 0.01 0.01 0.04

1/21,pH 1 9.53 0.89 0.47 0.02 0.07

1/21,pH 3 5.64 0.83 0.42 0.01 0.12

1/21,pH 5 2.19 0.52 0.30 0.01 0.04

CTC 217 3.56 0.40 0.17 0.02 0.06
2114 This sample was used for the dilution series experiments.

See Table S5b for metals data.
2/22,pH 1 6.29 14.78° 0.82 0.02 0.63
2/22,pH 5 0.64 9.42b 0.52 0.01 0.36

2 This sample was not analyzed for metals due to a shortage of filter for this composite.

b These copper concentrations are unreasonably high, indicating that these sample aliquots used for metal analysis are
contaminated with copper (and perhaps other metals). However, the remainder of this composite extract appears to
be unaffected by contamination, based on the measured rate constants for HOOH loss during illumination. Measured
values of knoonpmeexpe are 4.6 (£ 0.7) and 1.0 (£ 0.3) hr, at pH 1 and 5, respectively, which are within the range
of the other samples (Table S3). In contrast, calculated knoon values for the 2/22 CTC samples based on the Cu
concentrations in this table are 19 and 11 hr for the pH 1 and 5 extracts, respectively, which are much higher than
measured rate constants. This suggests that the illuminated extracts were unaffected by copper contamination,



Table S4b. Concentrations of dissolved metals (in uM) in Milli-Q extracts of House samples

Sam_plmg Composite Fe cu Mn v Ni
site date
1/15 1.34 0.44 0.23 0.01 0.05
1/21 1.22 0.38 0.21 0.01 0.04
1/27 @ n.d. n.d. n.d. n.d. n.d.
1/31 2.96 0.70 0.29 0.01 0.05
2/4 0.67 0.22 0.13 0.01 0.06
House
217 0.08 0.05 0.07 0.01 0.02
2/14 0.20 0.17 0.11 0.01 0.01
2122 0.05 0.05 0.05 0.01 0.01
2124 0.28 0.22 0.17 0.01 0.01
Blank 0.01 0.01 0.00 0.00 0.01
CTCP 217 0.55 0.17 0.10 0.01 0.03

8 This sample was not analyzed for metals due to a shortage of filters for this composite.

bThis is the only CTC composite sample that was analysed for metals in the MQ extract.



Table S5a. Characteristics of the dilution series performed on the CTC 2/14 composite (pH 1)

PM mass/H,O mass

b
Rabs,pMEExP

H 2
e oot G om0 Peeneer Wempee (ot 207 e
0.10 0.18¢ 0.04 0.01 2.72 2.7 (x0.12) 1.20 (+0.20) 0.3 0.020 (+0.001)
0.50 0.89°¢ 0.19 0.05 13.8 22 (£2.4) 3.00 (+0.50) 1.4 0.025 (+0.004)
1.43 2.55 0.57 0.16 35.6 40 (+4.2) 4.80 (+0.20) 4.2 0.024 (+0.003)
2.50 45¢ 0.89 0.28 61.7 71 (+3.2) 7.70 (+1.00) 8.8 0.020 (+0.001)
3.33 6.0° 11 0.34 78.7 98 (+18) 12.00 (+1.31) 9.8 0.026 (+0.006)
R2d 0.996 0.994 0.999 0.991 0.990 0.980 0.002
p-value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 > 0.05

2 The Concentration Factor is the inverse of the volume of solvent (10., 2.0, 0.70, 0.40 or 0.30 mL) used to extract a given dilution.
b Rans pme exp IS the rate of absorption of light by the extract in the solar simulator.
¢ Because of limited filter amount, these values were estimated from a linear regression of this parameter versus concentration factor from the 1.43 CF sample.
d Correlation coefficient for the relationship between a given parameter and concentration factor. See Figure S4 for plots of some of the relationships.

Table S5h. Metals content (uUM) of the CTC 2/14 dilution series extracts (pH 1)

Concentration

factor (CF) Fe Cu Mn \Y Ni
0.10 1.23 0.95 0.04 0.03 0.01
0.50 5.32 4.69 0.17 0.10 0.04
1.43 13.27 13.70 0.43 0.05 0.08
2.50 21.34 21.47 0.83 0.08 0.22
3.33 26.59 31.10 0.97 0.20 0.20
R2 0.995 0.995 0.996 0.59 0.905
p-value <0.01 <0.01 <0.01 >0.05 <0.05




Table S5c. Concentrations of ions (UM) in the CTC 2/14 dilution series Milli-Q extracts

Concentratio

n factor (CF)* Na* NH4* K* Mg?* Ca? Cr NO2 Br NOs; SO PO
0.10 105 113 11 0 0 16 0 0 27 49 0
0.50 244 427 42 4 17 55 0 0 157 260 10
1.43 495 856 105 13 46 141 0 0 433 701 17

R? 0.996 0.981 0999 0.999 0.995 0.999 n/a nfa 0999 0.999 0.887
p-value <0.05 >0.05 <0.05 <0.05 <0.05 <0.01 n/a nfa  <0.05 <0.05 >0.05

2 Because of a limited amount of filter, we did not make Milli-Q extracts for the two most concentrated extract conditions

and thus did not analyze ions for these dilutions.
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Table S6. Aerosol liquid water content (ALWC), DOC, concentration of inorganic S(IV), HOOH formation rate and loss rate
constant in ambient particles under ALW conditions

Sampling Composite ~ ALWC lonic [DOC]Jaw/  PHoomaLw.ak  KhooH.ALw Ak Inorganic  Kroow,ALw,ak
site date (g m)? strength [DOCTove ® (M h1)b (h1)° S(1V) due to S(1V)
(M) e (mm) (e
1/15 94 n.d. 6161 0.09 2x10% n.d. n.d.
1/21 121 13.0 6024 0.08 3x10* 40 4x108
1/27 11.2 14.2 6445 0.05 3x10* 20 1x108
1/31 16.0 151 4516 0.3 3x10* 70 1x10°
House 2/4 4.9 22.9 14634 0.2 6x10* 4 4x107
217 1.9 17.9 38563 0.5 2x10° 6 4x107
2/14 6.1 13.6 11817 0.3 1x10* 20 4x108
2122 9.5 5.3 7569 0.06 3x104 2 2x107
2/24 31.9 5.2 2264 0.07 7x10° 90 5x108
1/21 121 13.0 3734 0.04 1x104
217 1.9 17.9 27148 0.2 4x104
CTC n.d. n.d.
2/14 6.1 13.6 8272 0.07 3x104
2/22 9.5 53 5440 0.04 7x10°

@ Values for ALWC, ionic strength, and [DOC]aLw/[DOC]eme are from (Heinlein et al., In preparation).
5 Y PhoonaLw.ak Was determined as described in section 3.4 (equation 5) of the main text.
¢ knoon,aLw,ak Was determined as described in section 3.4 of the main text using an equation analogous to equation 5. These
values are based on measured rate constants for HOOH loss in the particle extracts; they do not include any contribution
from inorganic S(1V).
4 Modeled concentrations of inorganic S(IV) in particle water are from Heinlein et al. (2024).
10  ® “knoon,aLw,ak due to S(IV)” is the rate constant for loss of HOOH due to reaction with inorganic S(I1V) in the particles.
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Section S1. Loss rate constant of S(1V)

The pseudo-first-order rate constant (s%) for loss of S(1V) due to reaction with HOOH in the particles was calculated according
to equations S1- S2 (McArdle and Hoffmann, 1983):

KnooH,aLw,savy = k4[HJ[HSO37]/(1+K[H™]) , (S1)

L

1
where k, = 7.45x107¢ " **3° G20 (S2)

and K = 13 M. ks was adjusted for the effect of ionic strength using equation S3 (Maaf et al., 1999):

k;;‘LW> 1.018,/1,
lo =036l,— —¥°_ | (S3
g“’( kg S 140171 (53)

where kg is the third-order apparent reaction rate constant (M s) of HSO3" with HOOH in dilute solution with an ionic
strength (Is) close to 0, ksA"W is the rate constant at high Is, typical of deliquesced aerosols, and K is the equilibrium constant
(M1). The concentration of inorganic S(IV) is presented in Table S18 of Heinlein et al. (2024). Liu et al. (2020) report that
the oxidation of SO, by HOOH in deliquesced aerosol is enhanced at the high ionic strength typical of aerosol liquid water
(ALW) conditions. However, since S(IV) is already the dominant sink for HOOH in ALW with the equations above (see
section 3.5 in the main text), we did not include the enhancement observed by Liu et al. since it would have no impact on the

production rate of sulfate, which is equal to the rate of formation of HOOH.

12



Rabs

(10°® mol-photons L s1)

PME, EXP

House
CTC

House

CTC

1/13 1/20 1/27 2/3 2/10 2/17 2/24

=
= n

o
n

Rabs
(10® mol-photons L7 s)

100

~l
5]

PHOOH
(LM hr)

(9]

o

0

PME, AK

House
CTC

House

CTC

1/13 1/20 1/27 2/3 2/10 2/17 2/24

40 Figure S1. Comparison of rates of light absorption (top row) and HOOH photoformation (bottom row) for two light conditions: (1) laboratory
simulated sunlight, normalized to a constant photon flux of jone = 0.020 s (left column), and (2) the average of the measured midday
Fairbanks actinic fluxes (downwelling and upwelling) for the days of each composite, including an enhancement factor of 2.5 for optical
confinement within particles. The left two panels are the same as shown in panels A and B in Figure 2 of the main text. Filled circles
represent data for PM collected from the House site, while open triangles are for CTC samples. Blue symbols are pH 1 extracts, while gold

45 symbols are pH 4 or 5. Note the difference in the y-axis scales between the two columns.
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Figure S2. Rate constants for the loss of HOOH in the House samples, both experimentally determined (knoon,pmeexe) and calculated
(krooH,Metats) in the based on reactions with dissolved Fe, Cu, and Mn in each extract. We calculated values of kiooH,caic Using: (1) measured
dissolved Fe, Cu, and Mn concentrations in each extract (Table S4), (2) assuming 80%, 5%, and 100% of the dissolved iron, copper, and
manganese were present as Fe(ll), Cu(l), and Mn(lll), respectively (Deguillaume et al., 2005; Siefert et al., 1998), and (3) reaction rate
constants of 70 M~ s for HOOH + Fe(ll), 7000 M~* s~ for HOOH + Cu(l) and 2800 M~* s~ for HOOH + Mn(lIl) (Song et al., 2021). The
Mn contribution to HOOH loss here is an upper bound, assuming that all dissolved manganese is present as Mn(l11), which is an overestimate.
If we assume that all Mn is present as Mn(ll), the manganese contribution to HOOH loss is negligible (see Figure 3A in main text).
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Figure S3. pH dependence of light absorption for a PM extract. (A) UV-visible spectra of the 1/21 composite from the CTC site at pH 1

and 5. (B) the corresponding DOC-normalized mass absorption coefficients. Panel (C) shows the ratio of the pH 5 and pH 1 absorbance
90 values for the sample.
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95  Figure S4. Rate constants for the loss of HOOH as a function of pH in extracts from the CTC particles of 1/21. The experimentally
determined loss rate constants (EXP) are represented by black squares while the calculated loss rate constants due to HOOH reaction with
Fe, Cu, and Mn are shown by the stacked bars. As described in the text, the value of knoon due to Mn(ll) is negligible; the Mn bars shown
here are an upper bound, assuming that all the dissolved Mn (Table S4) is present as Mn(lI11) during illumination.
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Figure S5. Rate of light absorption, DOC content and Fe content of the extracts used in the dilution series experiment using CTC composite
2/14 at pH 1. The concentration factor (CF), a measure of the concentration of an extract (with 0 being an infinite dilution), is equal to the
inverse of the volume of solvent used per filter square.
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