


alone. According to the mechanisms outlined by Whelan and Sims [15], two organic molecules
are required to reduce one manganese (i.e., naphthalenediol is a ^-equivalent reductant). This
does not mean that the two ligand sites are simultaneously occupied by two naphthalenediol
molecules. The manganese is completely reduced when a second ligand is oxidized at the same
active site, thereby making it available for release from the surface. This can be seen by in-
specting Figures 5 and 6 (e.g., 801 mg/L). When most of the active sites are occupied (i.e., high
organic concentration), most of the oxide surface is reduced and released into solution (i.e.,
there are plenty of substrate to reduce to manganese at each active site). The impacts of Figure
6 are indicated by Equations (7) and (11) and the assumptions associated with their develop-
ment.

1 -Poets of Concentration on Reductive Dissolution of Manganese Oxide Particles

The relationship between the rate of reductive dissolution of Mn (i.e., d[Mn ]/dt) and
organic-substrate concentration is described by Equation (5). If the 1) initial organic concen-
trations are very small such that [Nap-(OH)2]2} << {(k , + k2 {H + }n) / k-,}, 2) solution is
buffered (i.e., constant pH), and 3) amount of dissolved Mn is small relative to the total Mn in
the system (i.e., MnT > > Mn + ), then Equation (5) reduces to the following:

d[Mn2 + ] k2 [MnT] {H + }n [Nap-(OH)2]2
-

=- (19)
dt ((k_! + k2 {H+}n) / kx)

Equation (19) assumes that the rate-limiting step is electron transfer/organic release.
Physically, Equation (19) states that the production of reduced Mn(II) is proportional to the
square of the organic-substrate concentration when a majority of the reaction sites on the Mn
oxide particle are not occupied by the substrate. When the fraction of surface sites occupied
by the substrate is high, then the reductive-dissolution rate that is given by Equation (5) will be
less than that predicted by Equation (19), asymptotically reaching a constant as illustrated by
the shape of a rectangular hyperbola. At this point, a change in the concentration has little
influence on the reductive-dissolution rate as all reaction sites are occupied.

Figure 6 presents the fraction of the total Mn as Mn as a function of time for three
different organic concentrations for 2,3-naphthalenediol: 8.01, 78.6, and 801 mg/L. After the
first day, 11% of the total Mn in the 8 mg/L sample was reduced, while 63% and 90% of the
total Mn was reduced in the 79 and 801 mg/L samples, respectively. For a "ten-fold" rate of
increase in the initial organic-substrate concentration from 8 to 79 mg/L and from 79 to 801
mg/L over the first day, the rate of reductive dissolution only increased by factors of five and
two, respectively. This relatively slow increase in the reductive-dissolution rate indicates that
many of the oxide sites are occupied well before the first day's sampling, suggesting that a

significant portion of the Mn has already been reduced (see Figure 6).
Figure 7 supports these conclusions as it presents the fraction of the organic oxidized (i.e.,

the molar ratio of the organic oxidized to organic control). By the first sample period (i.e., Day
1), nearly 100% of the parent organic for the 8 and 79 mg/L sampling vessels had been oxi-
dized, while for the 801 mg/L sample, only 29% of the organic had been oxidized. The sharp
decrease in the oxidized material in the 801 mg/L sample was due to the near complete reduc-
tion in Mn oxide particles [Mn(IV)] to Mn(II) (see Figure 6). The drop off in Mn reduction
for the naphthalenediols after the first day corresponds to the 1) near complete oxidation of
these organics and 2) auto-catalytic effect of the Mn oxide in promoting organic oxidation.

Naphthalenediol Residue from Reductive-Dissolution Process

Whelan and Sims [15] have demonstrated that certain multiple-ringed aromatics in an oxic
environment can be significantly oxidized in a metal-oxide reductive-dissolution process, thereby
producing insoluble organic matter. Equation (2) suggests that if a free radical represented an
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intermediate step, one potential product of abiotic-catalyzed, reductive dissolution was an

oxidized or "humified" polymer. The experimental precipitate observed in this study had a deep,
dark-brown color, similar to that exhibited by humic polymers. It was insoluble in dichlorometh-
ane, acetonitrile, and water at various pHs (3 to 9), and extremely hydroscopic, even though the
sample had been dried in a 103 °C oven for 24 hours.

Figure 7 presents the IR results for the precipitate. Various bands occur near 3440, 2924,
2855, 1622, 1456, 1384, 1289, and 1234 cm-1, and at other bands in the fingerprint region (i.e.,
< 1400 cm"'). Based on previous analyses by Stevenson [25], this spectral curve appears to
correspond to an organic compound similar in nature to that of a polymerized naphthalenediol
product [16].

The distribution of carbon, oxygen, and hydrogen by weight in naphthalenediol is 75.0%,
20.0%, and 5.0%, respectively. A microelemental analysis determined the composition based
on weight of the organic residue as 63.7%, 25.2%, and 4.2% of carbon, oxygen, and hydrogen,
respectively, thereby accounting for 93.1% of the total mass; 6.9% is unaccounted for. Illustra-
tive results of the EDXRA are presented in Figure 8 and were used to identify the remaining
6.9% of the mass as that of chloride. Chloride appeared in residue samples but did not appear
in background samples. The percentages by weight of the chloride in particle samples ranged
from 2.5% to 8.0%. The chloride originates from the NaC104, which was used to fix the ionic
strength of each solution. At a concentration of 10"3 M, NaC104 can supply plenty of available
chloride. The 5.2% oxygen in excess of that present in the naphthalenediol (i.e., 20.0% versus

25.2%) could be attributed to the perchlorate ion (C104~) or oxygen molecules that present in
the oxic environment. Lee and Huang [26] note that Mn(III/IV) oxides are able to adsorb and
polarize oxygen molecules, leading to the cleavage of the ring structure of polyphenols.

CONCLUSION

A theoretical approach was presented to describe the reductive-dissolution process under
various pH and concentration conditions for 2,3-naphthalenediol. The experimental results
mirrored those expressed by the derived equations, which suggest that the rate-limiting step is
electron transfer/organic release. As the pH decreased or the organic concentration increased,
the rate of dissolution increased, confirming an increase in the consumption of protons or
utilization of Mn-surface active sites, respectively. The mathematical formulations are also
consistent with the results of other researchers [23,24].

Production of by-products of a polymerized residue in an oxic environment helps to

support the reductive-dissolution concept of free radicals as the focal point for residue produc-
tion. Although free radicals were not monitored for, free-radical formation in an oxic environ-
ment would be consistent with the theory and results of other researchers [4,27,28]. Because
the residue was insoluble in water at pH values ranging from ~3 to ~9 and in solvents (i.e.,
acetonitrile, dichloromethane, and water), the results demonstrate that multiple-ringed aromatics
can be oxidized to produce products which may not be readily available as a mobile substance
in subsurface systems. Although not specifically addressed herein, the polymerized products may
also be less toxic to organisms.
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