3.7 Supporting Information

3.7.1 Oxalic Acid: A Literature-Based Appraisal. Oxalic acid isthe only organic

W are available.

substrate listed in Table 3.1 where complex formation constants with Mn
In addition, Mn'"-oxal ate complexes have been synthesized and rate constants for their
decomposition viaintramolecular electron transfer have been measured. Using this
information, we can place constraints on the possible pathways and rates of oxalic acid
reaction with MnOOH.

Adsorption, i.e., the formation of a precursor complex, isthefirst step to any
surface chemical reaction. The exact nature of this precursor complex is not at present
known. Precursor complex formation may be outer-sphere or inner-sphere. Inner sphere
complexes may be either monodentate or bidentate (coordination via one or both Lewis
Base groups). Bidentate complexes may be mononuclear (involving only one surface-

bound Mn'" atom) or binuclear (oxalate may bridge between neighboring Mn'"' atoms).

Two competitive parallel processes are possible subsequent to the adsorption step:
reductive dissolution and ligand assisted dissolution. In reductive dissolution, electron

transfer from adsorbed oxalate to surface-bound Mn'"

atoms, takes place, followed by
release of Mn' and oxidized organic substrate. (In the present case, oxalic acid is

oxidized to inorganic carbonate species.) In ligand-assisted dissolution, adsorbed oxalate

molecules detach surface-bound Mn™ atoms, yielding Mn'"-oxal ate complexesin
solution. Subsequent intramolecular electron transfer within these Mn'"'-oxalate
complexes would ultimately yield the same products as reductive dissolution, i.e., Mn"

and oxidized organic substrate.
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The literature available to us haslittle to say about the reductive dissolution
process. Instead, we focus our attention on ligand-assisted dissolution. Our first
requirement is a solubility product constant for MNOOH(manganite). Combining the
reported chemical potential of -557.7 kJ/mole for this solid (1) with chemical potentials
for solute species (2) yields:

MnOOH(s) + 3H* + € = Mn®"(aq) + 2H,0 ° = -144.6 kJmole (1)
Next, DG® for the following half-reaction is necessary:

Mn*(ag) + € = Mn*(ag) E° = +1.57 volts °=-151.5 k¥mole (2)
This E° value was supplied by James J. Morgan (pers. commun.), supported in part by
two recent publications (3, 4). Subtracting Reaction 2 from Reaction 1 allows usto
calculate the solubility product constant:

MnOOH(s) + 3H" = Mn*'(aq) + 2H,0  *Kg =10 DGP = +6.89kJmole (3)
We will denote the fully protonated form of oxalic acid as H,L%(ag). The following

equilibrium constants are available (5):

HoL%@ag) = HL™ + H* Ka = 101%(25°C,0.01) (4)
HL = LZ + H" Ko = 10%%°(25°C, 0.01) (5)
Mn**(ag) + H,O = MnOH*" + H* *K, = 10" (25°C, 3.01) (6)
Mn** + L% = Mn"'L" Ky, = 10°%¥ (25°C, 2.01)  (7)
Mn** + 2L% = Mn"'Ly b, = 10" (25°C, 2.01)  (8)
Mn®* + 3L% = Mn"'Ls* bs = 1094 (25°C, 2.01)  (9)

Infinite Dilution Scale constants (i.e., Reactions 4 and 5), in combination with the Davies
Equation alow us to make activity corrections for experiments performed at any ionic

strength below 0.5 M. Unfortunately, the only equilibrium constants available to us for
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Reactions 6-9 are at high ionic strengths, making any attempts at ionic strength
corrections provisional. Calculations based on these equilibrium constants are sufficient,
however, for usto discern gross trends.

To construct the upper two plots of Figure S3.1, we have disallowed redox
reactions. We treat oxalic acid as simply a chelating agent, and obtain dissolved Mn'"

concentrations at equilibrium under the conditions specified. TOTMn'"' (total added

Mn'") is set at 200 mM.. In the upper left plot, Lt (total added oxalic acid) is set at 5.0

"L3*] isthree-

mM; complete dissolution is achieved at pH valueslessthan 5.3. [Mn
times larger than [Mn'"'L,] and 50,000-times larger than [Mn'"'L*] within the pH range

shown. Inthe upper right plot, the pH isfixed at 5.0 and Lt isvaried. 25 mM Lris

"IL* is the predominant species

required for complete MnOOH dissolution to occur. Mn
when Lt < 0.32 nM, Mn'"'L," is the predominant species within the range 0.32 nM < L <
1.7 mM, and Mn'"'L5* is the predominant species at L values greater than 1.7 mM. We
can conclude that oxalic acid is a strong enough chelating agent to yield substantial

concentrations of dissolved Mn'", but only at the highest oxalic acid concentrations (5

mM) and lowest pH values (below approx. 5.3) employed in our experiments.
Taube (6) presented the first quantitative description of the breakdown of Mn'"'-
oxalate complexes in solution viaintramolecular electron transfer:
IMA'(L) P ® Mn* + (n-1)L? + COx(ag) + CO,~ wheren=1,2,3 (10)
Thisfirst work, and two later publications by other authors (7), have addressed whether

the carbonate radical product (CO") is consumed primarily by recombination

(regenerating free oxalate ion) or by fast oxidation by a second Mn""'-oxalate complex. If
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we assume that the latter is predominant, then a modification of the rate equation
presented by Taube (6) gives us the production rate for dissolved Mn'":

dMn"(ag)/dt = 2k [Mn"'L*] + 2k [Mn"'Lo] + 2kg{Mn"'L3%] (11)
where k; = 1.97x10™" s*, kp = 7.7x10™ s*, and ks = 3.42x10* s* in 2.0 M KCl.

The following calculation is conveniently made. First, we assume that
concentrations of 1:1, 1:2, and 1:3 mM Mn'"-oxalate concentrations are fixed by the
MnOOH solubility constraints already described. Second, we assume that conversion of
dissolved Mn'"" to dissolved Mn' does not alter the total dissolved Mn'"' concentration,

since Mn'"

-oxalate species are continually replenished by ligand-assisted dissolution of
MnOOH. Theincreasein total dissolved manganese (Mnr(aq)) istied directly to the
production of dissolved Mn" in accordance with Equation 11.

Figure S3.1 (c) and (d) show the results of this cal culation when the oxalic acid
concentration is fixed at 5.0 mM. Relative concentrations of Mn'"'L*, Mn'"'L,’, and
Mn'""'Ls> are constant below pH 5.3, the pH required for the complete dissolution of 200
mVl MnOOH. As a consequence, dMn'/(ag)/dt is fixed at 647 mM/hr. Above pH 5.3,
dMn'(ag)/dt decreases more than750-fold for every unit increase in pH.

For comparison with the oxalic acid experimental results from Figure 3.6, a
separate calculation was performed for 200 MM MnO, and 200 M oxalic acid, covering
the range 4.3 < pH < 6.9 (Figure S3.2). ThisMnO; loading yieldsa TOTMn'"' equal to
44 mMl. We will assume that this Mn'"' component yields a solubility product constant
that isidentical to that of MNOOH. Again, we will assume that the ligand-assisted
dissolution surface-bound Mn'" into Mn"'L*, Mn"'L,, and Mn'""L5* is instantaneous.

Using this lower concentration, complete dissolution of Mn'™ does not take place,
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regardless of pH. (Mn''(ag) is calculated to be 6.5 M at pH 4.3and 2.0 107 M at pH
6.9). Throughout the pH range examined, the calculated rate is less than the

experimental ly-determined rate of Mn''(ag) production. For every log unit increase in pH,
dMn'(ag)/dt decreases nearly 5000-fold.

3.7.2 Effect of Metal lon Addition on Reductive Dissolution of MnO,. As
shown in Figure S3.3, adding Ca', Ni"', and zn" at the onset of reaction decreased the
initial rate of MnO; reduction by oxalic acid. The extent of rate inhibition depended
upon the specific metal ion added as well as the added metal ion concentration. 0.1 and
0.2 mM Ca both decreased dMn'(ag)/dt by about 25%. 0.5 mM Ca!' decreased the rate
by approximately 90%, and 5.0 mM Ca' shut down the dissolution reaction. With Ni"
and Zn", dMn' (ag)/dt decreased gradually as metal ion concentrations were increased,
but not in alinear fashion. 0.1 mM Ni" decreased the rate by approximately 70 %, 0.2
mM Ni" decreased the rate by approximately 80 %, and 5.0 mM Ni" shut down the
dissolution reaction. Ca', Ni", and Zn" additions also decreased theinitial rate of MnO,
reduction by phosphonoformic acid (Figure S3.4). Generally, MnO, reduction by
phosphonoformic acid is more tolerant to metal ion addition than MnO, reduction by
oxalic acid, especially when the metal ion concentration is high.

Redox-inert metal ion additives can interfere with dissolved Mn' productionin a
number of ways. (i) Metal ion additives may compete with organic substrate molecules
for surface sites, and thereby interfere with formation of the surface precursor complex.
Literature regarding +11 metal ion adsorption onto low crystallinity Mn' (hydr)oxides
has recently been compiled by Tonkin et al. (8). At pHs at and below the "adsorption

edge", extents of adsorption decrease in the order Zn'' 3 Ni'" > Ca', consistent with Ca'"
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being the least inhibitory metal ion. (ii) Metal ion additives may form dissolved
complexes with organic substrates, thereby interfering with surface precursor complex
formation and with organic substrate-assisted detachment of surface-bound Mn'" product.
The upper plotsin Figures S3.3 and S3.4 calculated organic substrate solution in Mn
(hydr)oxide-free solutions as a function of the concentrations of Ca', Ni"', and zn". (It
should be noted that the formation of solid phases of any kind wereignored in this
calculation.) For all three metal ions, the fraction of phosphonoformic acid in the free
form is higher than the comparable fraction for oxalic acid. Thisfinding is consistent
with the greater inhibitory effect on metal ion addition to reactions involving oxalic acid.
(iii) Metal ion additives may form precipitates with the organic substrate which are
unavailable for reaction with the Mn (hydr)oxide surface. Solubility product constants
have been reported for calcium oxalate solids (5) and for zinc oxalate solids (9). When
these solids are considered in the calculations shown in Figure S3.3, calcium oxalate
precipitates when 0.1 mM Cd' has been added, and zinc oxalate precipitates when 0.4
mM Zn" has been added. By analogy, nickel oxalate solids must aso exist, even though
their solubility product constants have not been reported. Although no information is
available regarding metal ion-phosphonoformate precipitates, they also potentially exist.
3.7.3 Time Course Plotsfor the Reaction of Phosphonoformic Acid with
MnO,. Our dataanalysis emphasizeinitial rates of reaction. Long-range time course
behavior aso provides important clues regarding dissolution mechanisms. In Figure S3.5,
dissolved Mn''(ag) production at pH 5.0, 6.0, and 7.0 is shown for the reduction of 200
mvVl MnO, by 5.0 mM phosphonoformic acid. At pH 5.0, Mn''(ag) continues to increase

throughout the time course shown. At pH 6.0, Mn' (ag) prematurely reaches a plateau at
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125 mM Mn''(ag). Thisvalue exceeds TOTMn'"" in the system (44 mM). At pH 7.0, the
plateau is reached when Mn''(ag) reaches 91 mVl. The mechanism responsible for this

plateau phenomenon is not known.
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Table S3.1. Capillary Electrophoresis Methods for Analytesin Organic Oxidation Experiments and Adsor ption
Experiments.

Reaction system Analyte Migration  Detection Detection CE Electrolyte
Time(min) Limit (mM) Wavelength (nm)
glyoxylic acid + glyoxylic acid 2.35 5 200 pH 5.4
MnO, (or MNOOH) formic acid 2.01 2 200 5 mM 2-sulfobenzoic acid, 0.25 mM TTAB
oxalic acid + oxalic acid 3.58 5 190 pH 7.1
MnO, (or MNOOH) 25 mM pyrophosphate, 0.4 mM TTAB"
PFA + PFA 2.95 5 200 pH 7.8
MnO, (or MNOOH) orthophosphate 3.60 5 200 5 mM phthalic acid, 12.5 mM Tris, 0.25
mM TTAB

pyruvic acid + pyruvic acid 1.68 5 200 pH 5.0
MnO, (or MNOOH) acetic acid 1.89 5 200 5 mM benzoic acid, 0.25 mM TTAB
2,3-butanedione+  acetic acid 1.89 5 200 pH 5.0
MnO, (or MNOOH) 5 mM benzoic acid, 0.25 mM TTAB
adsorption onto acetic acid 200 pH 7.8
MnO, methylphosphonic 200 5 mM phthalic acid, 12.5 mM Tris, 0.25

acid mM TTAB
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Table S3.2. logK Values Used to Perform Equilibrium Calculations.

Reactions log °K Ref?  lonicStr. T
(M) (°C)
Reactions Involving Oxalic Acid
HY+ L% =HL 4.08 0.01 25
2H" + L% = H,L° 5.24 0.01 25
cat + L% =cal’ 2.83 0.01 25
Ca®* + L% + H,0O = CalL-H,0 (9) 8.39 0.01 25
Ca® + L% + 3H,0 = CaL-3H,0 (s) 7.96 0.01 25
Ni%* + L% = NiL° 4.80 0.01 25
Ni%* + 2L% = NiL,* 8.10 0.01 25
Ni%* + L% = NiL (9 5.47 (10) 25
Zn** + L% = znL° 451 0.01 25
Zn? +2L% = ZnL,* 7.33 0.01 25
Zn?* + L% + 2H,0 = ZnL2H,0 (s) 8.89 (9) 25
Mn®* + L% =MnL* 9.98 2.0 25
Mn® +2L% = MnL, 16.57 2.0 25
Mn® +3L% = MnL3* 19.42 2.0 25
Reactions Involving PFA
H" +L¥ = HL* 7.96 0.01 25
2H" + L¥ = H,L- 11.83 0.01 25
3H" + L¥ = HaL° 13.66 0.01 25
ca +L¥=cCaL 4.36 0.01 25
Ca®* +H" + L> = CaHL® 10.58 0.01 25
Ni%" + L% = NiL’ 6.18 0.01 25
Ni%* + H" + L* = NiHL° 11.30 0.01 25
zZn* + ¥ =znL" 6.60 0.01 25
Zn?* + H* + L> = ZnHLO 11.63 0.01 25
Reactions Involving Glyoxylic acid
H"+L =HL® 3.37 0.01 25
Fe** + L = FeL* 3.10 (11) 0.01 25
Fe* + 2L = Fel," 5.45 (11) 0.01 25
Fe’* + 3L = Fel’ 6.20 (11) 0.01 25
Fe*" + 4L = Fel, 7.10 (11) 0.01 25
Metal 1on Hydrolysis Reactions
Ca™* + H,O —H" = Ca(OH)" -12.79 0.01 25
Ni?* + H,O —H" = Ni(OH)" -0.98 0.01 25
Ni?* + 2H,0 — 2H* = Ni(OH),° -19.08 0.01 25
Ni?* + 3H,0 — 3H" = Ni(OH)3 -29.99 0.01 25
ANi* + 4H,0 — 4H" = Niy(OH),*" -25.38 0.01 25
Zn*" + H,0 —H* = Zn(OH)* -9.09 0.01 25
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Zn“* + 2H,0 — 2H* = Zn(OH),"
Zn®* + 3H,0 — 3H" = Zn(OH)3
Zn* + 4H,0 — 4H* = Zn(OH),
27n** + H,0 —H" = Zny(OH)**
47Zn*" + 4H,0 — 4H* = Zn,(OH),*
Mn** + H,O —H* = Mn(OH)*

Metal (Hydr)oxide Solubility-Controlling Phases

Ca™" + 2H,0 — 2H* = Ca(OH); (s) (Lime)

Ca®* + 2H,0 — 2H* = Ca(OH), (s) (Portlandite)
Ni?* + 2H,0 — 2H* = Ni(OH); (s) (Amorphous)

Ni%* + 2H,0 — 2H* = Ni(OH)- (s) (Crystal)

Zn* + 2H,0 — 2H* = Zn(OH)- (s) (Amorphous)

Zn** + 2H,0 — 2H* = b-Zn(OH); (s)
Zn®* + 2H,0 — 2H* = b-Zn(OH); (3)
Zn** + 2H,0 — 2H* = g-Zn(OH), (9)
Zn** + 2H,0 — 2H* = e-Zn(OH), (3)
Zn** + H,0—2H" = ZnO (9)

Mn** + 2H,0 — 3H" = MnOOH (manganite)

#Unless otherwise noted, values taken from ref. (5).

-16.98
-28.39
-41.01
-8.91
-25.78
0.43

-32.80
-22.79
-12.98
-10.88
-12.56
-11.84
-11.88
-11.82
-11.93
-11.23
1.20

(12)

0.01
0.01
0.01
0.01
3.0
3.0

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

25
25
25
25
25
25

25
25
25
25
25
25
25
25
25
25
25
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Figure S3.1. Calculations based upon the assumption that the ligand-assisted
dissolution of 200 MVl MnOOH(s) by oxalic acid (H,L®), yieldingMn'"'L*, Mn'"'L 5,
and Mn"'Ls¥, isinstantaneous. (a) Dissolved Mn'" speciation asa function of pH in
the presence of 5.0 mM oxalic acid. (b) Dissolved Mn
oxalic concentration at pH 5.0. (c) and (d) Mn" production ratesunder the

5.5 6.0 6.5

1 2

3

4

[Oxalic Acid] (mM)

conditions defined for plots(a) and (b), respectively.
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log (dMn"(aq) / dt) (mvi/h)
e

Figure S3.2. Experimentally-determined and calculated Mn'" (aq) production rates
asafunction of pH for reaction of 200 M M nO, with 200 M oxalic acid.
Experimentally-deter mined rates wer e obtained from Figure 3.6 (refer to thefigure
for details). Calculated ratesassume that the solubility product constant for the
Mn'"" component of MnO, particlesisthe same asfor MNOOH (seetext).
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Figure S3.3. Top threepanels. Calculated Ca'', Ni'"', and Zn" speciation in (hydr)oxide-fr ee solutions containing 200 mvi
oxalic acid. Theequilibrium constantslisted in Table S3.1 wereused. Bottom three panels: Effect of Ca'', Ni"', and zn"
addition on thereaction of 200 MM oxalic acid with 200 MVl MnO,. Arrowsdenote dMn''(aq)/dt measured in metal additive-
free suspensions.
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Figure S3.4. Top threepanels. Calculated Ca'', Ni'"', and Zn" speciation in (hydr)oxide-fr ee solutions containing 200 mvi
phosphonoformic acid. The equilibrium constantslisted in Table S3.1 wereused. Bottom three panels: Effect of Ca'', Ni"',
and zZn" addition on the reaction of 200 MM phosphonoformic acid with 200 M MnO,. Arrows denote dMn''(aq)/dt
measur ed in metal additive-free suspensions.
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Figure S3.5. Time course plotsfor dissolution of 200 MM MnO, by 5.0 mM
phosphonoformic acid at three different pHs. Constant pH was maintained using a
pH stat.
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