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Section S1. Data compiled from the literature.

We compiled kinetic data from four studies that measured the reduction rates of substituted

nitrobenzene compounds by Fe?* in the presence of iron oxides:

1.

Strehlau et al. reported the reduction rates of 4-chloro-nitrobenzene (4-CI-NB,
concentration: 50 #M) by Fe?* associated with goethite in the presence of carbonate
buffer (concentration: 10 mM) at pH 7.0." We presented their results using a total Fe*

concentration of 500 #M and solid surface area loadings of 22.8 and 45.5 m*/L.

Huang et al. reported the reduction rates of p-cyano-nitrobenzene (p-CN-NB,
concentration: 5.5 #M) by Fe?* (total concentration: 250 #M) associated with goethite
in the presence of phthalic acid (concentration: 0-1000 #M) at pH 6.0.> The goethite
surface area loading was 75 m?%/L. The final aqueous Fe** concentrations were not present
in the cited publication, but instead were received from the authors via a personal

communication.

Colén et al. measured the reduction rates of p-cyano-nitrobenzene (p-CN-NB,
concentration: 15 #M) by Fe?* (total concentration: 387 uM) associated with goethite
(solid surface area: 28 m?%L) in the presence of humic acid (concentration: 0-50 mg-
carbon/L) at pH 6.6.3

Fu et al. reported the reduction rates of nitrobenzene reduction (NB concentration:
130 #uM) by Fe** (total concentration: 4800 #M) associated with iron oxides in the
presence of humic acid at pH 7.0.# We represented their results for suspensions of
goethite and hematite (solid surface area: 20 m?/L) with a humic acid concentration of
40 mg/L.

The En values were calculated according to eq. 5 in the main text using the measured Efj value

from this study for goethite (0.781 V) and 0.770 V for hematite, the reported solution pH, the

aqueous Fe?* concentration (after equilibration with iron oxides prior to the addition of the

aromatic compounds), and the aqueous Fe?* activity coefficient calculated using the reported

water matrix composition and the Davies model (Visual MINTEQ software, v3.1). We did not

correct the free aqueous Fe?* activites for complexation reactions with carbonate or humic

acids.
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Figure S1. (A) Linear free energy relationship relating log(ksa) values as a function
of pH and the calculated En values for the reduction of nitrobenzene by Fe?* in the
presence of different iron oxides.>'° The derivation of the free energy relationship
is provided in Stewart et al., 2018.> The solid line is the least-squares linear
regression for all data points excluding the one outlier, and the dashed lines
encompass the 95% prediction band. This figure was adapted from Stewart et al.,
2018., with permission. (B) Data that were collected in solutions containing an
additional component commonly found in groundwater (i.e., carbonate, humic acid,
or a model humic acid compound).”* Note the calculated En values were not
corrected to account for possible Fe?* complexation with the additional species.
Details regarding the data used to construct this figure are given in Table S1 below.
The arrows indicate the trend from low to high concentrations of the additional
component.
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Table S1. Kinetic data for nitroaromatic compounds reduced by goethite- and
hematite-bound Fe?* in the presence of an additional component compiled from
the literature.

Comp.

. 2+
G U s et G gl e
£ 22.8 400 0.66  4-CINB Carbonate 10 -3.96 70 172 1
3
© 45.5 343 0.66 4-CI-NB Carbonate 10 -3.96 70  -1.68 1
75 103 0.70 p-CN-NB Phthalic acid 0 -0.81 6.0 -1.64 2
v 75 92 0.70 p-CN-NB Phthalic acid 50 -0.76 6.0 -2.01 2
g 75 84 0.70 p-CN-NB Phthalic acid 100 -0.72 6.0 -2.03 2
75 83 0.70 p-CN-NB Phthalic acid 200 -0.71 6.0 -2.05 2
75 100 0.70 p-CN-NB Phthalic acid 1000 -0.79 6.0 -2.32 2
28 334 0.70 p-CN-NB Humic acid 2.5 -3.12 6.6 -0.44 3
28 324 0.70 p-CN-NB Humic acid 5.0 -3.10 6.6 -0.75 3
o 28 318 0.70 p-CN-NB Humic acid 10 -3.10 6.6 -1.02 3
g 28 295 0.70 p-CN-NB Humic acid 20 -3.06 6.6 -1.60 3
28 297 0.70 p-CN-NB Humic acid 30 -3.07 6.6 -2.10 3
28 295 0.70 p-CN-NB Humic acid 40 -3.06 6.6 -2.33 3
28 288 0.70 p-CN-NB Humic acid 50 -3.05 6.6  -3.46 3
Goethite 20 4000 0.70 NB Humic acid 40 -4.89 7.0  -0.046 4
Hematite 20 4000 0.70 NB Humic acid 40 -5.40 7.0 -0.70 4

@ Solid SA represents the surface area of iron oxide solid in suspension.

b [Fe(zgq)] represent the concentration of aqueous Fe(zgq) after an equilibration period with an iron oxide and before the addition
of the nitroaromatic compound.

¢ a represents the activity coefficient of aqueous Fef;q) calculated from the Davies model (Visual MINTEQ software, v3.1).
4 Add. Comp. represents the additional component commonly found in groundwater.

¢ Comp. Conc. represents the concentration of the additional component in unit of mM for carbonate, uM for phthalic acid,
mg-carbon/L for humic acid at pH 6.6, and mg/L for humic acid at pH 7.0.
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Figure S2. X-ray diffraction pattern of the synthesized goethite collected with a
cobalt irradiation source (Ka1 = 1.7890 A, Ka2 = 1.7929 A).
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Table S2. Chemical equilibrium and reaction constants (K) for Fe(zgq) in the
presence of carbonate

Equilibrium reactions logk Ref.
Fe** + HCOj « FeHCO; 1.10 11
Fe** + CO3 & FeCOj,q 5.50 11
Fe** + CO5 + OH™ & Fe(CO,)(OH)~ 9.82 12
Fe®* + COY & Fe(CO;)Y 7.26 12
Fe** + H,0 & Fe(OH)*+ HY -9.40 11
Fe** + 2H,0 & Fe(OH),, ) + 2H" -20.50 11
Fe*" + Cl~ & FeCl* -0.20 11
H,CO, < H"+ HCO; -6.35 11
HCO; & H + CO% -10.33 11
H,0 & H*+ OH™ -14.00 11
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Table S3. Experimentally measured nitrobenzene reduction rate constants. The
BET surface area of goethite was 36 m?/g.

Goethite ~ Carbonate Fe(zg'q) Fellia) kobs ksa En
pH g/L (mM) (pM) 2 (umol/g)® (h)e (L-h™*m?3) (mV vs. SHE)
5.97 1 0 176 36 0.33 9.0x1073 -22.6
5.97 1 0 160 82 0.53 1.5x107? -20.2
5.97 1 1 181 55 0.22 6.2x103 -23.3
5.97 1 1 203 46 0.36 1.0x107? -26.2
5.99 1 10 171 51 0.13 3.6x1073 -24.7
6.05 1 10 187 55 0.31 8.5x1073 -37.6
6.00 2 0 163 33 0.76 1.1x107? -25.8
5.96 2 0 139 55 1.15 1.6x107? -14.8
5.99 2 1 150 41 0.37 5.1x102 -21.9
5.97 2 1 165 42 0.74 1.0x107? -20.8
6.01 2 10 138 45 0.19 2.6x103 -22.7
5.99 2 10 149 53 0.34 4.7x1073 -21.2
5.99 3 0 117 45 1.34 1.2x10 -15.5
5.97 3 1 129 40 0.88 8.1x1073 -14.5
6.05 3 10 106 43 0.41 3.8x1073 -22.8
5.94 3 0 1168 59 30.42 2.8x101 -65.2
5.94 3 0 1168 77 24.60 2.3x107! -65.2
5.94 3 1 1156 82 12.72 1.2x10! -64.9
5.95 3 1 1140 83 9.60 8.9x1072 -66.3
6.01 3 10 1108 90 5.57 5.2x102 -75.5
6.00 3 10 1102 96 4.24 3.9x102 -73.6
6.49 1 0 145 82 3.20 8.9x1072 -108.3
6.40 1 0 150 57 2.68 7.5x102 -93.4
6.49 1 1 154 72 2.37 6.6x10? -109.7
6.44 1 1 144 75 1.57 4.4x107? -99.3
6.50 1 10 140 72 1.41 3.9x102 -108.0
6.49 1 10 118 84 1.06 2.9x102 -102.0
6.95 0.25 0 182 135 6.84 7.6x1071 -196.6
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Goethite ~ Carbonate Fe(zgq) Fellia) kobs ksa En

pH g/L (mM) (pM)? (umol/g)® (h)e (L-h™*m?3) (mV vs. SHE)
6.94 0.25 0 187 240 9.66 1.1x10° -195.7
6.94 0.25 1 182 139 4.85 5.4x1071 -194.7
6.93 0.25 1 205 150 7.56 8.4x107! -196.0
6.97 0.25 10 125 152 3.56 4.0x10" -189.0
6.96 0.25 10 142 193 4.57 5.1x10"1 -190.6
6.93 0.5 0 178 93 25.14 1.4x10° -192.6
6.95 0.5 0 196 109 26.70 1.5%x10° -198.5
6.93 0.5 1 160 122 12.12 6.7x1071 -189.7
6.95 0.5 1 175 139 14.34 8.0x10! -195.5
6.98 0.5 10 108 128 6.66 3.7x10" -187.0
6.97 0.5 10 124 133 7.38 4.1x10"1 -188.8
6.92 1 0 126 116 40.92 1.1x10° -182.0
6.95 1 0 148 106 96.72 2.7x10° -191.4
6.93 1 1 112 116 15.84 4.4x1071 -180.6
6.96 1 1 135 112 28.56 7.9x101 -190.8
6.93 1 10 83 111 7.62 2.1x107! -171.5
6.99 1 10 84 124 14.76 4.1x10" -182.4
6.92 1 10 62 87 6.48 1.8x10"! -171.9

a Fe(zgq) is the aqueous Fe?* concentration after 24-hour equilibrium with goethite prior to the addition of
nitrobenzene.

b Fef;,”d) is the quantity of Fe?* taken by goethite, which was calculated from the difference between the initial
and final aqueous Fe?* concentrations and mass loading of goethite.

¢ kobs is the pseudo-first-order reaction rate constant.
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Figure S3. Impact of carbonate on nitrobenzene reduction and aniline production

in Fe(zgq)-goethite suspension: (A) 0 mM (B) 1 mM, and (C) 10 mM. Experimental

conditions: 0.2 mM Fef;q), 0.5 g/L goethite, 25 mM KCI, 25 mM MOPS buffer, pH
= 7.0, and a 24-h equilibration time before adding nitrobenzene.

S9



" THE g

=
= 4
c
e,
E -
= B pH6.0&0mMTot CO,
G 2 m pHE.0&10mM Tot CO,
S | A pHESZOMMTotCO,
O { A pH6.5&10mM Tot CO,
@ pH7.0&0mM Tot CO,
01 @ pH 7.0 & 10 mM Tot CO,
I d | s | v T v T T T T 1
0 4 8 12 i F 15 520 =24

Time (Hours)

Figure S4. Nitrobenzene reduction by Fe(zgq) in the absence of goethite at different
pH values and carbonate loadings. The concentration of aniline was below the
detection limit for all measurements. Experimental conditions: 0.2 mM Fe(zg'q), 25
mM KCI, and 25 mM MOPS/MES buffer.
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Table S4. Comparison of experimental conditions for the reduction of nitroaromatic
compounds between this study and the Strehlau et al., 2016 study.’

This work Strehlau et al., 2016
Nitroaromatic used Nitrobenzene 4-chloro-nitrobenzene
One-electron reduction potential, E};  -0.45 V 13 -0.486V "
pH 7.0 7.0
pH buffer 25 mMMOPS 10 mM carbonate

Goethite loading

BET specific surface area
Total Feyy,
Final Fe(zgq) after uptake

Initial nitroaromatic concentration

kobs

10 mM carbonate
0.5g/L

36 m/g

0.2 mM

0.13 mM

6 ptM

7.1+0.4 h'!

0.325 g/L

137 m?*/g
0.5 mM
0.34 mM
50 uM

0.96 + 0.09 h'!
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Figure S5. Impact of MOPS buffer on nitrobenzene reduction in Fe(zgq)-goethite

suspension. Experimental conditions: 0.2 mM Fe(zg'q), 1 g/L goethite, 10 mM

carbonate, 25 mM KCI, 25 mM MOPS buffer, pH = 7.0, and a 24-h equilibration
time before adding nitrobenzene.
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Figure S6. Impact of carbonate on Fe(ll) uptake by goethite from this study and
Vikesland et al.'* Experimental conditions: 0.185 mM Fe(ll), 10.65 m?/L goethite,
100 mM NaClOs4, and a 24-h equilibration time.
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Figure S7. The speciation diagrams of aqueous Fe?* at different carbonate
concentrations: (A) 0 mM, (B) 1 mM, and (C) 10 mM. Solution conditions: 0.2 mM
total dissolved Fe(ll), 25 mM MOPS buffer, and 25 mM KCI.
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Figure S8. Linear free energy relationship between log(ksa) values and Ex and pH
values. The slopes and y-intercepts were allowed to float during the least-squares
linear regression (no carbonate: slope = 1.00 + 0.10, y-intercept = 3.60 + 0.46; 1
mM total carbonate: slope = 0.99 + 0.06, y-intercept = 3.26 + 0.28; 10 mM total
carbonate: slope = 1.09 + 0.02, y-intercept = 3.49 + 0.11). Error bars represent the
two values measured from duplicate reactors, and points represent the average.
The dash lines represent the linear fits: 2 = 0.94 (red), 0.97 (blue), and 1.00 (green).
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Figure $10. Impact of carbonate on the mean particle size of goethite measured
by laser diffraction in Fe(zgq) -goethite suspensions at different pH values.

Experimental conditions: 0.2 mM Fe(zg'q), 25 mM KCI, 25 mM MES /MOPS buffer,
and 0.05 g/L goethite.
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Figure S11. Impact of carbonate on the logarithms of the calibrated surface-area-
normalized reaction rate constants (k'SA) based on laser diffraction results as a
function of En and pH values of Fe(zgq)-goethite suspension for nitrobenzene

reduction. The dash lines represent the linear fits: r> = 0.96 (red), 0.98 (blue), and
0.99 (green). The slopes were held at 1 in the linear regressions.
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