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. I. INTRODUCTION

Biochemical arid chemical biotic/abiotic oxidation, immobilization, and

detoxification of recalcitrant organics, including polynuclear aromatic hydrocar-

bons (PAHs), may serve as a basis for in situ and at-grade treatment of certain

organic wastes. Current research has focused on enzymatic-catalyzed oxidation

of pesticides and single-ringed aromatics. I_4 For example, Bol'lag and Myers5

concluded that biotic polymerization of xenobiotics in a humification process is

possible because many of the degradation products of _sticideg-res_It in-the

formation of reactive intermediates with structures and/or functional groupst

similar to those found in natural humus material. Humusmaterials are natural

organic substances that are commonin the environment and are involved in nonstop

polymerization process with organic molecules. 6

Recently, scientists have noted that abiotic-catalyzed polymerization may

........a_l•sorepresent .an_importantaspectof_hu.mification._'11 Manganese-bearingsili-- .

cates have demonstratedcatalyticeffects in enhancing the polymerizationof

polyphenols (e.g., hydroquinone). 11 Research is beginning to focus more on how

abiotic catalysis affects the oxidation process (e.g., humification/polymeriza-

tion) of organics and multiple-ringed aromatics. 12"16

= Researchhas demonstratedthat aromaticcompoundscontainingdiol and dione

functionalgroupstend to be susceptibleto abiotic-catalyzedoxidationand alsoJ

suggestedthat an increasein reactivityamong diol compoundscan be attributed

to the abilityof these compoundsto form a correspondingquinonethrougha res-

onance-stabilizedsemiquinoneradical.17"18Figure I presents a proposed rela-
_

tionship betweennaphthalenediol,semiquinoneradical,naphthoquinone,semiqui-

none radical anion, and a semiquinonedianion.19"22
_

-

_
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The objective of this research was to investigate the potential relationship

between metallic oxides and PAHcompoundsthrough the reductive-dissolution proc-

ess. Because of its oxidation-reduction (redox) potential, manganese oxides were

used to oxidize the following five multiple-ringed aromatic compounds containing

diol and dione functional groups under oxic conditions" 1,4-, 1,3-, and 2,3-

naphthalenediol [CIoH6(OH)2]; 1,4-naphthoquinone (CIOH602); and 1,4-dlhydroxy-9,10-

anthracenedione [Quinizarin, C_4H60_(OH)2]. Figure 2 presents a schematic of each

compound. In many instances, naphthalenediol has been chosen to illustrate rela-

tionships between the manganese oxides and organic substrates;. 'any one of the
t

other aromatic constituents could also have been chosen.

II. STOICHIOMETRYOF REDUCTIVEDISSOLUTIONAND AUTO-OXIDATION

Whelan and Sims2°'2_ and Whelan21 reviewed stoichiometric relationships

betwee_n Mn(IV). and. 1,4-n_aphthal__enediol .[i.e., 1,4-dihydroxynaphthalene, Nap-

(OH)z] in an oxic environment. If the reaction is assumed to proceed through an

organic free radical, the following reaction describes the reductive dissolution

of Mn(IV) and oxidation of naphthalenediol [Nap-(OH)2] to form dissolved Mn(II)

and a semiquinone radical (.O-Nap-OH) (see Figure I).

MnZVO_(s)+ 2 Nap-(OH)2 + 2 H_' -. Mn2. + 2 (.O-Nap-OH) + 2 H20 (I)

Stone and MorganI_ have mechanistically described this r_ductive-dissolution/oxi-

dation process in four steps, assuming inner-sphere complex formation between

Nap-(OH)2 and the oxide surface. Whelan and Sims2°'22 and Whelanzl expressed these

as follows"

J I. Precursor-Com_TexFormation(ReductantAd_sorption)"

-- kl
_ -Mnlv(OH)2+ 2 Nap-(OH)2 < _-> .Mn'V(O-Nap-OH)2+ 2 H20 (2)

= k.1
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where the symbol "," refers to the oxide surface, and kI and k. I are rate

constants in the forward and reverse directions, respectively.

2. El ect ron Transfer"

kz
"MnZV(O-Nap'OH)2 <__> "MnlZ('O'Nap-OH)2 (3)

k.2

where k2 and k.2 are rate constants in the forward and rever_e directions,

respectively.

3. Release of Ox-i-dizedO_qanicProduct, ............ ---

k3 .,
"MnZI('O'Nap'OH)z+ HzO <- > -MnxzOH2 + 2 ('O-Na'p-OH) (4)

k.3

where k3 and k.3 are rate constantsin the forwardand reversedirections,

respectively,and "O-Nap-OH is a radical. By noting that Mn(II) still

resideson the oxide surface,the Mn(II) productsof Equation (4) can also

...........be writ..te_nas follows,because.theright- and left-handsides of Equation.._ o

(5) are equivalent.

•MnIIOHz = -MnIv02.(MnX10Hz) (5)

where .MnI "
" vO2-(MnlxOH2) represents the reduced metal complex on the Mn(IV)

surface prior to Mn(ll) release. Research has indicated that oxygen pro-

motes oxidative coupling reactions of organics, creating dimers, trimers,

and other less soluble, more surface-active oxidation products.21"2B These

oxidative-coupling reactions could account for the removal of radical prod-

ucts that are consumed in the oxidation process.

4. Release of Re.duced Metal ion" Stone and Ulrich z9 noted that protons fre-

quently assist in the metal-detachment step of dissolution reactions and

that studies have genera'lly found the number of protons involved to be

equal to the valence of the detached metal (i.e., 2). 3o They continued to
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note that the actual number of protons involved in reductive dissolution is

not known with certainty, because the presence of two or more oxidation

states on the metal surface may alter the pH dependence ef the metal-re-

lease step. The release of the reduced metal ion from the surface is ex-

pressed as follows"

k4
-MnlVO2-(MnlxOH_)+ 2 H_ _---> -Mnlv(OH)2+ Mn_. + H20 (6)

where k_ is a rate constant. In experiments to determine the effect of var- _ ....

ying amounts of Mn2. on MnOz dissolution rates, Stone and MorganIs found that
i

initial rates of dissolution with varying amounts of Mn2.'in solution had

no effect on kinetics. Therefore, one might conclude that Equation (6) is

not rate limiting and can be considered to be unidirectional.

As shown schematically (Fig. 3), the auto-oxidation of Mn2" to Mn(IV) can

be represented a-s_.....................................

Mn2" + ½ 0s + H_O = MnlVOs(s) + 2 H. (7)

Note that two protons are produced in Equation (7), whereas Equation (I) indi-

cates that two protons are consumed. They also note that the Mns- concentration

: decreases with time with an apparent autocatalytic effect. Benefield et al. _2

31,33describe the autocatalytic oxidation of Mn(II) in the following manner"

-- d[Mn2_]/dt = " k5 [MnT] [Po,] [OH'] 2 [Mns-] [MnT " Mn2_] (8)

where kS is a rate constant, MnT is the total manganese in the system, and [Po,]

is the partial pressure of oxygen. Wehrli 3_ noted that thermodynamics indicate

that manganese should be present in oxic waters as Mn(IV) oxides; however, exper-

iments and analyses by Diem and Stumm3sand Wilson,36 respectively, have indicated
-

that Mns- is not oxidized by oxygen within several years. Wehrli 3_ observed that

recent experimental evidence had shownthat mineral surfaces provide accelerated



G. Whelan and R. C. Sims -- 6

:pathways for redox processes such as the oxygenation of metal ions and organic

pollutants. He suggested that manganeseoxygenation is accelerated by iron oxide

particles by a factor of more than I0,000. Whelan and Sims2°'22 and Whelan21 com-

bined auto-oxidation with these four steps to scilematically describe the reduc-

rive-dissolution/auto-oxidation process, as illustrated in Figure 3.

Whelan21and Whelan and Simsz2 also reviewed potential relatio'nships between

naphthalenediol and Mn(lll) in an oxic environment, and Mn(IV) and Mn(lll) in an

anoxic envlronm_nt.Althought_ieanoxicenvironmentis not discussedherein,the

relationshipbetweenMn(III)and naphthalenediol,assumingfree-radicalcomplex

formation is as follows'

MnXlXOOH(s)+ Nap-(OH)2 + 2 H. : Mn2_ + .O-Nap-OH + 2 H20 (9)

For both the oxic and anoxic cases using Mn(IV) and Mn(lll), Whelan21 and Whelan

and Sims_ demonstrated that a set of equations, similar to Equations (2) through

(6), can be_developedfor inner-sphere.comPlexformatio.n_forMn(III/IV)in both

; oxic and anoxic environments.

III. KINETICS OF REDUCTIVEDISSOLUTIONANDAUTO.OXIDATION

The kinetics associated with reductive dissolution and auto-oxidation are

reviewed f(_r the surface interaction under oxic conditions of manganese(IV)

dioxide and naphthalenediol, although the process is also applicable to the other

constituents addressed herein. Assuming Equations (2) through (6) and Equation

(8) are valid, the algorithms describing the kinetics of hypothetical reductive-

dissolution and auto-oxidation reactions can be presented, as illustrated by

Figure 3. By performing a theoretical surface mass ' _lance, the total moles of

surface sites per liter of solution (ST) can be written as follows'

ST = [,Mnlv(OH)2] + [.Mn_V(O-Nap-OH)2] + [,MnII(.O-Nap-OH)_] + [,MnlIOH_] _ (I0_

I r I_ rl rlll pl_111 I _I_' m IPI_
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[HO-(-MnlV)-oHz] * + [HO-(,MnlV).o]" +[HO-Nap.O.(.MnZV).O.Nap.OH_]. +

[-MnZV-(O-Nap-OH2)2]2. + [HO'Nap-O-(,MnlV).O.Nap,.O] - +

[,Mn_V-(O-Nap.O)2] 2" + [,MniV.(OH2)2]2. + [.MnlV.02]2"

Assuming that the only species that contribute to the surface mass balance

equation are ,Mnlv(OH)2, ,MnlV(O.Nap.OH)2, ,MnilOHz, and -MnI1( .O-Nap-OH)2 , and that

other competing anions and cations are not considered, the surface mass balance

equation can be simplified as follows.

ST = ['Mnlv(OH)2] + ['MnlV(O'Nap'OH)2] + ['MnXi('O'N-a-p-OR)2] -+- ['HnlXOH2"] (II) -

Under the assumption that each reaction can be described as an. elementary reac-

tion, rate expressions can be proposed for ,MnXv(OH)2, ,MnlV(O.Nap.OH)2' ,MnZI(.O.

Nap-OH)2, and -MnlxOH_,using Equations (2) through (6) and Equation (11)'

d['MnZv(OH)z]/dt : " kl [Nap(OH)z]z ["MnXv(OH)2] + k4 lH'] _- ['MnIIOH2] + (12)

k. I [-MnlV(O-Nap-OH)z]

-d['MnlV(O'Nap'OH)_/dt -- KI..[Nap!OH)_- -['M.n_(OH.)z] " . . (13)........................... ]2 IV

(k. I + k2) [-MnlV(O-Nap-OH)_] + k.2 [-MnII(.O-Nap-OH)2]

d['MnII('O'Nap'OH)2]/dt = k2 ['MnlV(O'Nap'OH)2] " (14)

(k. 2 + k3) [-MniI(.O-Nap-OH)2] + k.3 ['O-Nap-OH] 2 [,MnIIOH2]

d[,MnIIOH2]/dt = k3 ['MnXI('O'Nap'OH)z] " (15)

(k.3 ['O-Nap-OH] 2 + k_ lH'] 2) [,MnIIOH2]

The rate expressions for the remaining nonsurface-constituent concentrations=.

(i.e., [Mn2*], [Nap(OH)2] ' and ['O-Nap-OHI) are as follows.

: d[Mn2.]/dt : k4 [H*]2 ['Mn_IOH2] " ks [MnT] [Po,] [OH'] 2 [Mn2.] [MnT - Mn2.] (16)=

d[Nap(OH)2]/dt = - 2 kI [Nap(OH)2]2 [,Mnlv(OH)2] + 2 k I [-MnlV(O-Nap-OH)2] (17)

d['O-Nap-OH]/dt = 2 k3 [,MniI(.O.Nap_OH)_] . 2 k.3 [.O-Nap-OH] 2 [,MnIIOH_] (18)-

-

.... '_'_"'_"II_ " ',l,ll .... ,I,_" _I_li_i,l_r"_,"'Illl" _
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_IV. RATE-LIMITING MECHANISMOF REDUCTIVEDISSOLUTION

Stone and MorganIQ note that "(m)ost reductive dissolution reactions of

environmental and geochemical significance are ... controlled by surface chenlical

reactions" and that transport-controlled reductive dissolution reactions repre-

sent rare cases. If either electron transfer [Equation (3)] oY"organic release

[Equation (4)] represents the rate-limiting step for Mn(IV) in a_ oxic environ-

ment, Equations (3) through (6) can be represented by an overall reaction:

,, k6
-MnXV(O-Nap-OH)_--------> Mn2.+ H20 + oxidizedproducts (19)

: where k6 is a rate constantin the forwarddirection. By performinga theoreti-

cal surfacemass balance[see Equation(10)],assumingthatthe onlY speciesthat

contributeto the surfacemass balance equation are -Mnlv(OH)2and -MnlV(O-Nap-

OH)z,and that other competinganionsand cationsare not considered,the surface

mass balanceequation reduces to"

......... ST = [,MnZV(OH)2]+ [,MnXV(O-Nap-OH)_.................(20)

The total manganese associatedwith the system (MnT)can be expressedas

MnT = [,MnXv(OH)z]+ [,MnlV(O-Nap-OH)z]+ Mn2_ (21)

" By combiningEquations(2), (19), and (21), assumingelectrontransfer/organic

release represents the rate-limitingstep {i.e., d[.MnlV(O-Nap-OH)2]/dtis at

• steady state}, and using a similar approach as that presented by Stone and

Morgan19,the rate of change in Mn2.concentrationcan be determinedas follows'21

d[Mn2.] {k6 ([MnT]-[Mn2.])} [Nap-(OH)_]2
- (z2)

dt ((k. I + k6) / kI} + [Nap-(OH)2] z

with the total number of remaining sites at time t being [MnT] - [MnZ']. The

: exponent on the organic substrate[i.e.,molar ratio (R)] is two, representing

the number of moles of organic oxidized to mores of Mn(IV) reduced [refer to
z

_

_
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,Equation (I)]. An expressionsimilarto Equation (22), under oxic conditions,

can also be developedfor Mn(III) (e.g.,MnOOH)'zI'22

d[Mn2.] {k6 ([MnT]- [Mn_*])}[Nap-(OH)2]
: (23)

dt {(k. I + k6) / kI) + [Nap-(OH)2]

The exponent on the organic substrate is unity [refer to Equation (14)]. Under

the conditions of a mixture of Mn(III/IV) particles under nonhombgeneous condi-

tions, an expression for the rate of change of Mn2. can be calculated as21'2z

; d-_Mnz*] .... m.... k6i ([MnT']_ - [Mn_.]i) " [Nap-(OH)2] "i ......
. (z4)

dt i-I {(k.li + k6_) / kli} + [Nap-(OH)'ZIRI

in which

m

[MnT] = _ [MnT]i (25)
1:I

m

[Mn2*] : ]_ [Mnr+li (26)

where m is the number of different forms of manganese molecules (e.g., MnO2,

MnOOH,Mn203, 6-MnO2, etc.) undergoing reductive dissolution, i is the index on

the number of different forms of manganesemolecules undergoing reductive disso-

lution, R is the ratio between the moles of organic oxidized to the moles of

_,anganese reduced from Mn(IV/III) to Mn_, and all other terms retain their

= previous definition.

For Equation (22)to be qualitativelyvalid [andthe more complex Equation

_-'! (24)]_the temporalchange of !) the organicsubstratewould have to have a shape
z

similarto thatexhibitedby a rectangularhyperbolabut decreasingwith time and

2) Mn2.would have to have a shape similarto a rectangularhyperbolatha% in-

creaseswith time (i.e., as the manganese is reducedto Mn2.,the substrate is

oxidized). Manymathematicalexpressionsdescribea shapesimilarto a rectangu-
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lar hyperbolaover at least a portionof the region,includingMichaelis-Menton,

C (I - e'_t),etc. A relationshipfor the substratethat describesa shape sim-

21,22
ilar to a rectangularhyperbolabut decreasingwith time is'

[Nap-(OH)2] = Sm Ks / (K,+ t) (2"/)

where Sm and Ks are constants. Stone and MorganIsnoted that for manganesethe

"initialdissolutionrate is proportionalto the amountof oxide'loading,which

suggests that the rate at any time during dissolutionis proportionalto the

amountof remainingoxide ...." They describedthe initialdissolutionratewith ....
4

the following auto-catalyticexpression' ',

d[Mn2_]/dt = kexp ([MnT]- [Mn2_]) (28)

where kexp is the experimentallydeterminedrateconstant. BecauseEquation (28)

is only applicableduring the initialphases of reductivedissolutionwhen the

rate of change of Mn2"productionis proportionalto the oxide solidsremaining,

_ it does not necess_arjly_ad_eguate_lydescribet_he._ra__teof di_sso!uti_o_n._overlonger ._

time periods. To account for auto-catalysisin the temporalrate of change of

Mn_.and the nonlinearityin this rate of change,Whelan21 and Whelan and Sims2_

suggesteda more appropriateexpressionfor the time rate of change of Mn2.'

d[MnZ_]/dt = k7 ([MnT]- [Mn2_])/ (Km + t)2 (29)

where k_ and Km are constants. During initialtimes,the temporalrate of change

of Mn_', as expressed by Equation (29), exhibitslinearitywith the remaining

oxide. During other phases of the process, Equation (29) also exhibits the

nonlinearityinherent in the data. By integratingEquation (29), when [Mn2_]
_

- equals zero at time zero for the initialcondition,a expression for Mn2_ as a

function of time, can be developed"

[Mn2+] = [Mn_] (I - exp [- k7 t / Km / (Km + t)]} (30)
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For Equation (30) to be valid,lt should I) have a shape similarto that exhib-

ited by a rectangularhyperbolaand 2) adequatelydescribethe data. For exam-

ple, I) when time equalszero, [Mn2"]equals zero; 2) as time becomeslarge, the

ratio oi:[Mn_]/[MnT]approaches"i - exp (k7 / Km),"not unity as a Michaelis-

Menton-typerate expressionwould suggest;3) Equation(.30)has a shape similar

to a rectangularhyperbola;and 4) the rate of changeof Mn2_is'auto-catalytic

[seeEquation (29)]. By combiningEquation(30) with Equation(27),the follow-

ing expression::can_}ederived.

d[Mn2"] {kT/ (Km - Ks)2} ([MnT]- [Mn2_])[Nap-(OH)2.],2
(31)

dt (Ks Sm)2 + C[Nap-(OH)z](Km - K,))2 + 2 [Nap-(OH)2] Ks Sm (Km - Ks)

By noting that (Ks Sm) >> {2 [Nap-(OH)2] (Km - Ks)} shouldbe valid over most of

the range, Equation (31) reducesto a form that is the same as Equation (22)"

d[Mn2"] {k_ / (Km - Ks)2} ([MnT]- [Mn2*]) [Nap.(OH)2]2
(32)

__ dt _ _ K )I2 + [Nap-(O_H)2]2

Utilizing the theoretical development leading to the derivation of Equation

(32), manganese oxides were used to oxidize five multiple-ringed aromatic com-

pounds containing diol and dione functional groups under oxic conditions in an
<

aqueous environment. 1,4-, 1,3-, and 2,3-naphthalenediol, 1,4-naphthoquinone,

and Quinizarin. The effectiveness of employing MnO2 particles to oxidize these

PAHs is best illustrated in the redox results presented in Figures 4 and 5.

Figure 4 presents temporal variations in Mn2_ concentrationby constituent,

= expressedas a fractionof the totalmanganeseadded to the reaction vessel. To

indicatetiledegree of oxidationof the parentorganicsby the manganese parti-

cles, Figure 5 illustratesthe fraction of the organic oxidized (i.e., molar

ratio of organic oxidizedto organiccontrol)for 1,3- and 2,3-naphthalenediol

and i,4-naphthaquinone.For'example a 0 99 value in this figure indicates'that- _ •
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• 99%of the parent organic has been oxidized (either transformed or degraded); the

possibility of sorption has been accounted for. Details of the experimental

21
design and data are documented by Whelan.

A nonlinear, least-squarp_ regression analysis was performed on the data

illustrated in Figure 4 using the SANREGstatistica'l program. _7 The SANREG

program uses the modified Gauss-Newton method for minimizing the sum-of-the-

squares function. The results of this statistical analy_:is are also presented

in Figure 4 anc_Table I. Table I present s-val'ues f()r t_e Coefficients k7 andK m....

for each of the organic chemicals. Point Day 4 in Figure 4 for the 1,4-naphthal-t

enediol was not employed in the analysis as it is a significant outlier. Based

on the data in Figures 4 and 5, Equations (29), (30), and (32) appear to describe

the temporal variations in Mn2. and the organic substrate as it relates to the

reductive-dissolutionprocess. These equationsalso satisfy the conditions for
]

_ electron transfer/organi_c_r_e.leas_eas_the rate-limitingstep.

V. EFFECTSOF pH ON REDUCTIVEDISSOLUTIONOF MANGANESEOXIDE PARTICLES

• Equations (30) and (32) do not account for all relationships between reac-

tants under varying environmental (;onditions (e.g., pH). Stone and Morgan_9,

Whelan21, and Whelan and Sims22'2Bhave suggested that reductive dissolution of

manganese oxides by organics is surface chemically controlled and not transport

controlled. Therefore, assuming that electron transfer/release of aromatic

organic is the rate-limiting step, EQuations (3) through (6i can be condensed

into the following expression"

kB
_ -MnSr(o-Nap-OH)2+ n H" - > Mn2°+ H20 + oxidized products (33)

= where kB is a rate constantin the forwarddirection,and n represents the number

of moles of protonsconsumedin Equation(33). By combiningEquations (2), (21),

I ..... ,,nnll'II_..... " ''_'_' _nn,- , ,rMII,,I,,,MWI,I, ,,,,,,r r_ ....n_r,,,m_,p,pm ........ irllr'mllp'm ,r_q, r_,Tll_lr'lr'p,l_',
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and (33), and by using an approach similar to that presented by Stone and Mor-

gan,19 Whelan_1derived the rate of change of Mn2. as follows'

d[Mn2_] kB ([MnT]- [Mn2*]) (H+)n [Nap-(OH)2] 2
: (34)

dt ((k. I + k8 (H') n) / kl) + [Nap-(OH)z] 2

where (H+) represents the proton activity .with the total number of remaining

sites at time t being [MnT'] - [Mn_*]. The organic term is squared because two

moles of naphthalenediol are oxidized for each mole of manganese oxide reduced

" to Mn2.. " "

Mathematically,Equation (34) describesthe relationship.betweenthe rate

of Mn2. production,pH, and naphthalenediolconcentration. If electron trans-

fer/organicrelease is the rate limiting step, then kI >> kB, and k.I is most

likely much larger than "kB {H')n,''therebyreducing Equation(34) to

d[Mn2_] kB ([MnT]- [Mn2*])(H+)n [Nap-(OH)2]2
: (3s)

................ d:_ (k.,/
If (k._ / kI) << [Nap-(OH)2]2. , which may be the case during th_ initial phases of

the experimentwhen excessorganic substrateis present,as illustratedby Stone

and Morgan,_sthen Equation (35) reducesto
q

d[Mn2*]/dt = kB ([MnT]-[Mn2_]) {H')n (36)

Stone and MorganIsproposed an empiricalequationfor hydroquinone"

d[Mn2"]/dt : k9 ([MnT]- [MnZ*]){H*}m [QH2] (37)

where k9 is a rate constant,m is a constantequaling0.46, and QH2 is hydroquin-

one. The power on QH2 was determinedto be unity;Stone and MorganIsmathemati-

cally demonstratedthat the substratehydroquinoneis not squaredbecause one

mole of hydroquinoneis oxidizedfor each moleof manganesedioxidereducedunder

anoxic conditions"

: MnlVO2(s) + QH2 + 2 H" = Mn2" + Q + 2 H_O (38)

=

_
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.where Q is benzoquinone. During the initial phases of the reductive dissolution

process, Stone and MorganIs designed their experiments with hydroquinone in

excess amounts; therefore, the hydroquinone concentration does not change

significantly and can be considered in excess and a constant. As such, Equation

(37) can be rewritten as follows"

d[Mn2"]/dt = klo ([MnT] -[Mn2.]) {H') m " (39)

in which

.......... i'...... klo-_, "k9 [QHi] "'- (40)

where klo is a rate constant. Whenthe org_.nic substrate is in excess, Equations

: (36) and (39) have the same form. A similar type of analysis can be employed

when the remaining organic substrate has been nearly completely oxidized {i,e.,

(k I / kl) >> [Nap-(OH)2]2}; Equation (35) can be rewritten as follows"

d[Mn2.]/dt = k11 ([MnT] - [Mn2"]) {H') n [Nap-(OH)2] _' (41)

...... in which .....

k11 : (kI / k.1) k2 (42)

where kli is a rate constant. Equation (41) is very similar to Equation (37).

Stone 26 performed a similar analysis using phenol when determining the expo-

nent on the proton concentration by solving the following equation"

: d[Mn2"]/dt = k_2 {H') q [phenol] p (43)
_

where klz is a rate constant and p and q are exponents. He solved for q and

found that it ranged from <0.5 when pH of 4 was approached to greater than unity

for pHs greater than 6. Eql:ation (43) is very similar in form to Equation (41).

Equation (33) describes the functional role that protons play in the reduc-

tive-dissolution process during the oxidation of aromatics. Protons are consumed

in this process, and a decrease in the pH should increase the reductive-dissolu-

-_ tion rate. Figures 6 and 7 present the effects that variations in pH have on the
Z



G. Whelan and R. C. Sims -- 15

reduction dissolution of Mn(III/IV) to dissolved Mn(II) and oxidation of 2,3-

naphthalenediol, respectively. These figures present the results of three

different initial pH levels with all other conditions being equal" 4.58, 5.85,

and 8 75.

Figure 6 presents the temporal variation in the dissolved manganese concen-

tration by initial pH, expressed as a fraction of the total manganese added to

the reactiQn vessel. Correspondingly, to indicate the degree of oxidation of the

parent organics _y the manganeseparticles, Figure 7 presents the fraction-of i_h-e - .....

organic oxidized (i .e., molar ratio of organic oxidized to organic.'control). The

results presented in Figures 6 and 7 complement each other and appear to follow

the shapes suggested by Equation (34). Details of the experimental design and

21
data are documented by Whelan.

A nonlinear, least-squares regression analysis was performed on the data

illustra.t_ecLi_ Figure 6 using the_ SA_NREGstatistical, program_7 and assuming the .

validity of Equations (29), (30), (34), (35), and (41). The results of this sta-

tistical analysis are also presented in Figure 6 and Table 2. Table 2 presents

values for the coefficients kT and Km for Day 14 under varying pH conditions.
_

In addition, the final pH of each solution, based on separate triplicate sampling

tubes, is also presented.

An analysis was performed to estimate the exponent "n" on the proton concen-

tration in Equation (41). The condition associated with Equation (41) is chosen

(i.e., (k. I / kI) >> [Nap-(OH)2]2), as opposed to that associated with Equation

:_ . ._ ]2(36) (i e (k._ / kI) << [Nap-(OH)2 ), because most of the dissolved Mn(ll) and

naphthalenediol data collected represent long-term information (i.e., on the oF-

der of weeks) (see Figures 6 and 7). If Equation (36) were employed, short-term
_



G. Whelan and R. C. Sims -- 16

.data (i.e., on the order of minutes) would have to have been collected. By

combining Equations (29) and (41), the following expression carl be derived

d[Mn2"] k7 ([MnT_- [MnZ'])
(H') (44)= , ks ([MnT] - [Mn2*]) [Nap-(OH)z

dt (Km + t)2

Linearizing Equation (44) gives

Log (RATIO) = Log {k s [Nap-(OH)z] z) -n pH " (45)

in which

........ ,_ ..... RATIO : k7 / (Km + t) 2 (46)

Day 14 results of Equation (45) are plotted in Figure 8 with a cerrelation coef-

: ficient (r 2) of 96%. The negative slope of the curve represents the exponent "n"

and has a value of 0.4, which is similar to the value of 0.46 that Stone and

Morgan15 found for the oxidation of hydroquinone using reductive dissolution.

Vl. POLYMERICPRODUCTSOF NAPHTHALENEDIOLFROMREDUCTIVEDISSOLUTION

Figure 3 and Equations (4), (19), and (33) suggest that if a free radical

represented an intermediate step, one potential product of abiotic-catalyzed,

reductive dissolution was an oxidized or'"humified" polymer. The precipitate had

a deep, dark-brown color, similar to that exhibited by humic polymers. The redox

; ;reaction between MnO2 particles and naphthalenediol resulted in the formation of

-- such a precipitate, lt was insoluble in dichloromethane, acetonitrile, and water

at various pHs. Three analyses were performed to determine the origin of the

material' infrared (IR) spectroscopy; microelemental determination for carbon,

oxygen, and hydrogen; and scanning electron microscopy using an energy-dispersive

x-ray analysis (EDXA),

The results of the IR are presented in Figure 9. Even though the sample had

been dried in a I03°C oven for 24 hours, the material was so hydroscopic that
z

i

_

,,11 , , , .... ,,iri ,rll
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.waterwas still abundantin the spectralcurve. Figureg presentspercenttrans-

mission versus frequencyin wave numbersover a range of 3600 to 600 cm"_. Vari-

ous bands occur near 3440, 2924, 2855, 1622, 1456,1384, 1289, and 1234cm'I,and

at other bands in the fingerprintregion (i.e.,<1400 cm'1). Based on previous

analyses by Stevenson,6this spectralcurve appearsto correspondto an organic

compound similarirlnatureto that of a polymerizednaphthalenediolproduct,z1'2B

• "Fhedistributionof carbon,oxygen,and hydrogenby weight in naphthalene-

diol is 75.0%, _0.0%, and 5.0%, respectiveYy. 7kmicroelementalanalysisdeter-

mined the compositionbased on weightof the organicresidueas 63.7%,25o2%, andf

4.2%of carbon,oxygen,and hydrogen,respectively,therebyaccountingfor 93.1%;

6.9% is unaccountedfor. Illustrativeresultsof the EDXA are presentedin Fig-

= ure 10 and were used to identifythe remaining6.9% as that of CI'. Chloridewas

the only "element"that appeared in residuesamplesbut did not appear in back- l

..... _qroundsamples.__Th.e,per_centa.gesby weight of the chloride in particle samples _

ranged from 2,5% to 8.0%. The chloride originates from the NaCIO4, which was

used to fix the iQnic strength of each solution. At a concentration of 10.3 M,

NaCIO_ 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%) can also be

attributed to the perchlorate ion (CIO4 ).

VII. SUMMARY

T.heresearchoutlinedin this manuscriptinvolvesone dominant theme' Can

manganesereductivedissolutionoxidizemultiple-ringedaromaticcompoundsin an

oxic environment,keepinginmind that recalcitrantPAH compoundsare of ultimate

interest? This research indicatedthat certain forms of PAH compounds (e.g.,

dihydrodiolsand dionesthat form free-radicalintermediates)are susceptibletoam
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_xidation and polymerization. For example, all aromatic compounds exhibited var-

ying degrees of oxidation over a 14-day period, resulting in 83%, 76%, 54%, 70%,

and 20% of the manganese being reduced by 2,3-, 1,3-, and 1,4-naphthalenediol,

Quinizarin, and 1,4-naphthoquinone, respectively. Correspondingly, after 14

days, 100%of the 2,3- and 1,3-naphtha'}enediol was oxidized, while_approximately

65% of the 1,4-naphthalenediol was oxidized. Aromatics with d{ol functional

groups were more successful at reducing manganese (and, hence, being oxidized)

than those with only dione functional groups. The results also demonstrated that

relatively insoluble aromatic compounds iik_ Quinizarin can b_,'oxidized. The

oxidation of Quinizarin resulteJ in a significant reduction of manganese parti-

cles from Mn(IV) to Mn(!1) (i e., 70%) over a 14-day period. Insoluble "humic-

like" material precipitated during the reactions, indicating that a polymeriza-

tion/humification process was occurring. Finally, the results suggested that

electron,trans_fer/qrganicrelease from the o_x_i_d_e_sur_f_ac.eJS the ra.t_e-]__imjti_ng....

step.
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_TABLEI Values for Coefficients Associated with the Rectangular-Hyperbola Curve

Describing the Temporal Variation of Mn2_ Concentration, Based on a Nonlinear,

Least-Squares Regression Analysis of Five, Multiple-Ringed, Aromatic Chemicals 21

k7 Km

1,4-Naphthal enediol O.18 0.23

'- !_2,3-Naphthal enedi ol i .50 0.86

1,3-Naphthalenediol O.29 0.20 ','

1,4_Naphthoquinone 406. 156.

Q,. nizarin 1.87 1.45
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Table 2. Values for Coefficients Associated with the Rectangular-Hyperbola Curve

Describing the Temporal Variation of Mn2. Concentration, Based on a Nonlinear,

. Least-Squares Regression Analysis for 2,3-Naphthalenediol Under Varying pH

Conditions at Day 1421

d,

pH kT Km

In!tiwi ._ Final ._ _

"4.58 5.51 ± 1.00 I 50 0.86

5.85 6.10 _+1.16(') 0.79 1.24 ',

8.75 (3.99+_0.30 0.46 1.12

(a)Basedon Day 7.
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FIGURE CAPTIONS

Figure i. Proposedrelationshipsbetweennaphthalenediol,semiquinoneradical,

19-22
naphthoquinone,semiquinoneradicalanion, and semiquinonedianion

Figure2. SchematicDiagramof 1 4-, 2 3- 1 3-Naphthalenediol1 4-Naphthoqui-

none, and 1,4-Dihydroxy-g,10-Anthracenedione21'2z

19-22
Figure 3. Schematicof the reductive-dissolution/auto-oxidationprocess

Figure4. Nonl'inear,least-squaresregressionplotsassociatedwith the fraction

of the total manganeseas dissolvedMnz. in a bufferedsystem_1,''22

Figure S. Fractionof the organicsubstrateoxidizedduring reductivedissolu-

tion21,2z

Figure6. Nonlinear,least-squaresregressionplotsassociatedwith the fraction

of total manganeseas dissolvedMn2.as a functionof initialpH with 2,3-naph-

........ thalenedio121'2z

Figure 7. Temporallyvaryingfraction of 2,3-naphthalenedioloxidized during

reductivedissolutionas a function of pHr'zB

Figure 8. Log(P_ATIO)versuspH21'zB

Figure 9. Infraredspectroscopyof naphthalenediolresidue21'zB

Figure 10. Energy-Dispersivex-ray analysisof precipitateresidue21'zB
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