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The relationship between acid precipitation and the fate of sulfur dioxide (S02) 
and nitrogen oxides (NOx) in the atmosphere has become the subject of intensive 
study in recent years. Fundamental questions about the multifarious pathways 
for the chemical transformation of S02 and NOx to oxyacids remain to be answered 
before a complete description of this complex reaction network can be provided. 

S02 and NOx can be oxidized to acidic sulfate and nitrate aerosols either 
homogeneously in the gas phase or heterogeneously in atmospheric microdroplets 
[1-3]. Field studies indicate that the relative importance of homogeneous and hetero
geneous processes depends on a variety of climatological factors such as relative 
humidity and the intensity of incident solar radiation [4-9]. 

Until recently, most literature discussions of the oxidation ofS02 have focused 
on homogeneous gas-phase reactions involving hydroxyl (HO·) and hydroperoxyl 
(H02·) radicals. However, recent measurements have indicated that the rates of 
oxidation of S02 by H02· and organic peroxides are slower than previously thought 
[1]. Furthermore, the apparent oxidation rate of sulfur dioxide by HO· also does 
not appear to be sufficiently fast to account for observed sulfate formation rates 
in the atmosphere [2,3]. This is especially true in cases where rapid conversion 
of S02 has been observed under conditions of high humidity or at night in the 
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absence of photolytically generated radical species [4]. For these reasons, it is 
now believed that condensed-phase (i.e., aqueous solution) homogeneous and het
erogeneous pathways contribute significantly to the production of sulfuric acid 
(H2S04) in the atmospheric microdroplets. As a result, considerable experimental 
and theoretical work has been directed toward an evaluation of the potential role 
of ozone (03), hydrogen peroxide (H20 2) and nitrous acid (HN02) as liquid-phase 
oxidants. The reactions of S02 with these species in aqueous solution are discussed 
by Schwartz [10] and Martin [11]. 

Catalytic autoxidation of sulfur dioxide dissolved in aqueous microdroplets 
has been suggested as a nonphotolytic pathway for the rapid accumulation of 
sulfuric acid in humid atmospheres [12-20]. In general, reactions of the triplet 
ground electronic state of molecular oxygen (02) (Figure 1) with singlet state 
reductants such as S02 proceed slowly because they involve changes in spin multi
plicity and a large degree of bond deformation or alteration in the formation of 
products. In many cases, autoxidation reactions can be initiated photolytically 
through irradiation of the reactant species. For example, ultraviolet light exerts 
a strong catalytic effect on the solution-phase autoxidation of S02 [21]. Alterna
tively, the reactions of 0 2 with a variety of organic and inorganic substrates can 
be accelerated in the presence of transition metal ions, such as Co(II), Co(III), 
Cu(II), Fe(II), Fe(III), Mn(II) and Ni(II) [22,23]. 

Oxidation of sulfur dioxide by molecular oxygen proceeds according to the 
following stoichiometry: 

1 
S(IV) + 2 02 ~ H2S04 (1) 
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S(IV) denotes the overall speciation of S02 in aqueous solution including aquated 
sulfur dioxide (S02·H20), bisulfite ion (HS03) and sulfite ion (sor) such that 
[S(IV)] = [S02·H20] + [HS03] + [so;-1. This reaction is particularly sensitive 
to catalysis by metal ions at trace concentrations. Numerous investigators have 
examined the kinetics of this redox process under a wide range of experimental 
conditions [16,24-35]. Unfortunately, the results of these studies (Table I) show 
a considerable degree of disagreement as to the quantitative effects of catalyst 
(metal ion) concentration, pH and light on the rate of autoxidation. 

A review of the available literature [36] revealed that three general categories 
of mechanistic pathways have been proposed to explain observed kinetic data. 
The postulated mechanisms include: 

1. Thermally initiated free-radical chain processes involving a sequence of one
electron transfer steps such as [37]: 

initiation: Mn+ + so;- - M<n-o+ + S03 (2) 

propagation: so3+02-so5 (3) 

so5 +so;- - so~-+ so;- (4) 

oxidation: sor +so;- - 2SO!- (5) 

termination: 2S03-S20~- (6) 

S03 + S05 - S20~- + 02 (7) 

2S05 - S20~- + 202 (8) 

Table I. Empirical Rate Laws Reported for Metal-Catalyzed Autoxidation 
of so~ 

Mn+ Reference 

Fe3+ 1-2 ? 16 
l 0 26,28 

Cu2+ 0.5 l.5 0 24 
l l 0 31 

Co2+ 0.5 l.5 0 25 
2 l 29 
0.5 ? 32 
l 35 

Co3+ 0.5 l.5 0 27 
0.5 ? 2 34 

Mn2+ 2 0 0 28 
sl sl 0 33 
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2. Nonradical, polar mechanisms in which formation of an inner-sphere metal 
sulfite coordination complex precedes two-electron transfer from the substrate 
to oxygen [30,38]: 

(9) 

(10) 

(11) 

M(SOa)2 · o<n-4 >+ ~ Mn+ + 2so2-
2 slow 4 (12) 

3. Photoassisted pathways in which the reaction is initiated through absorption 
of light (hv) by sulfite, the metal ion or a metal-sulfite complex [39]: 

Of the three alternatives, free-radical mechanisms are most frequently cited in 
attempts to achieve an adequate interpretation of experimental measurements. Sev
eral modifications to the scheme originally suggested by Backstrom [37] (Equations 
2-8) have also been reported in which species such as the sulfate radical (SOD, 
H02· and HO· are thought to act as chain carriers [21,40]. From an analysis of 
kinetic expressions corresponding to the various hypothetical mechanisms, it be
came apparent that the kinetics of the autoxidation of sulfite conform to a complex 
multiterm rate law. 

The basic hypothesis that governs the research being conducted in the authors' 
laboratory is that the autoxidation of aquated S02 and other water-soluble reduc
tants and the nonphotolytic production of H 20 2, H02· and HO· as liquid-phase 
oxidants may represent interrelated phenomena. According to this scheme, hydro
gen peroxide would form as a two-electron reduction product of 0 2 from a catalyzed 
reaction pathway in which molecular oxygen is "activated" via coordination to a 
transition metal center. Complexation of dioxygen reduces the activation energy 
barrier for direct reaction of 0 2 with a substrate. It is well understood that numerous 
metalloenzyme redox systems function in this manner [41]. Subsequently, H 20 2 
may either decompose in the presence of metal ions such as iron to form hydroxyl 
and hydroperoxyl radical intermediates as in the classic "Fenton's reagent" cycle 
[42]: 

(13) 

(14) 

(15) 

(16) 



CATALYSIS OF AQUATED 502 AUTOXIDATION 167 

or participate directly in the oxidation of additional dissolved sulfur dioxide. 

EXPERIMENTAL OBJECTIVES 

To investigate further some of the fundamental aspects of the solution-phase oxida
tion of sulfur dioxide, a study of the reaction of dissolved S02 with molecular 
oxygen in a well defined catalytic system was undertaken. In natural systems, 
transition-metal ions are frequently associated with organic and inorganic ligands. 
Lunde et al. [43] have identified a broad range of organic micropollutants, including 
several aliphatic and aromatic carboxylic acids in precipitation samples collected 
over Norway. Many of these compounds could readily form stable coordination 
complexes with trace metal species dissolved in atmospheric microdroplets. Unfor
tunately, only a very few studies of the catalytic properties of organometallic com
plexes have been carried out using aqueous solutions. 

One type of organometallic complex that has been the subject of detailed 
examination is the phthalocyanine series. Phthalocyanines are tetrapyrrole deriva
tives that form square planar complexes in which a divalent metal ion, M(II) is 
coordinated to the four pyrrole nitrogen atoms of the macrocyclic structure as 
depicted in Figure 2. Metal-phthalocyanines have been shown to be effective homo-

catalyst= M-4,41

1 4 1

14"'-tetrosulfophtholocyonine 

n n n .n n m: 
M = Fe , Mn , Co , N1 , Cu , V 

Figure 2. Stoichiometric re
lationship between sulfite and 
sulfate in metal-catalyzed re
actions where the stoichiome
tric coefficient for oxygen is 
0.5 and the catalyst is Co(II). 
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geneous and heterogeneous catalysts for the autoxidation of many types of sub
strates, including aldehydes [44,451, phenols [46,471, mercaptans [481, hydrazine 
[491, and hydroxylamine [50]. 

Hoffmann and Lim [511 have studied the catalyzed autoxidation of hydrogen 
sulfide (HS-) in aqueous solution over the pH range 5-12. The catalytic properties 
of water-soluble Co(II)-, Cu(II)- and Ni(Il)-4,4' ,4" ,4' "-tetrasulfophthalocyanines 
(M(Il)-TSP) were evaluated in terms of the generalized rate equation: 

k[M(II)TSP1[021[HS-1 
(18) 

which simplifies to a rate law with an apparent zero-order dependence on [021 
and first-order dependence on [Hs-1 when [021 >> [Hs-1 > Kc and Ka> [Hs-1. 

v = k'[M(Il)TSP1[HS-1 (19) 

Mechanistically, the kinetic expression of Equation 18 combined with spectrophoto
metric data indicate that the reaction proceeds via the formation of a ternary 
activated complex in which 0 2 and HS- are reversibly bound to the metal center 
as shown below for Co(II)-TSP: 

Co(Il)TSP + 0 2 
131 

Co(IIl)TSP-02 · (20) 

Co(IIl)TSP · 0 2 + Hs2-
132 

Co(IIl)TSP-02 ·SH- (21) 

k 
Co(Ill)TSP-02 ·SH-~ Co(Il)TSP + HS02 

slow 
(22) 

(23) 

(24) 

(25) 

(26) 

The terms KA, Ks and Kc in the overall kinetic expression for this process (Equation 
18) correspond to collections of the forward and reverse rate constants for the 
individual complexation reactions (Equations 20 and 21) that precede the rate
controlling step. Redox processes that are sensitive to homogeneous trace metal 
catalysis often exhibit rate laws that are first order with respect to the concentration 
of reductant and zero order in oxidant. Experimental results suggested that the 
autoxidation of dissolved S02 also falls into this general category of redox reactions. 



CATALYSIS OF AQUATED 502 AUTOXIDATION 169 

This chapter describes the synthesis of both water-soluble metal phthalocya
nine derivatives and their solid-supported analogs, which were formed by attach
ment of the macrocyclic complex to an inert silica gel surface. These compounds 
were subsequently used as active homogeneous and heterogeneous catalysts for 
the autoxidation of aquated S02 due to their well defined geometry and chemical 
behavior in aqueous media. Certain metal-phthalocyanines such as Co(Il)-TSP 
are known to actively bind dioxygen and serve as 0 2 carriers in solution [52). 

Preliminary kinetic measurements and mechanistic results are described in 
this chapter. Particular emphasis is focused on the following features of the catalytic 
process: 

1. Alternatives of one- or two-electron transfer steps; 
2. Binding of molecular oxygen by an active catalytic center; 
3. Inner-sphere complexation of the substrate as a prelude to electron transfer; 
4. The possible role of photoassisted metal catalysis, and 
5. Changes in catalytic behavior when the metal complex is anchored to a 

solid surface. 

EXPERIMENTAL PROCEDURE 

Synthesis of Co(ll)-Phthalocyanine Complexes 

Co(Il)-4,4' ,4" ,4' 11 -tetraminophalocyanine [Co(Il)-TAP] was prepared according 
to a procedure derived from the method of Weber and Busch [53). A mixture of 
4-aminophthalic acid, ammonium molybdate, ammonium chloride and Co(II) sul
fate-7-hydrate was heated under reflux in nitrobenzene for 6 h. The crude product 
was washed with methanol and subsequently heated to boiling in 0.5 M HCI. 
After filtration, dissolution in dimethylsulfoxide (DMSO) at 70 C removed the 
insoluble impurities. The product crystallized on addition of (500 mL) H 20 and 
was isolated by centrifugation. Further purification involved repetitive washings 
of the solid in boiling H 20 and centrifugation. After initial treatment with absolute 
ethanol, pure Co(Il)-T AP was obtained by heating the solid in absolute ethanol 
under reflux for 5 h. The tetrasodium salt of Co(Il)-4,4' ,4" ,4' "-tetrasulfophothalo
cyanine was synthesized in an analogous manner. The structure of each complex 
was confirmed by elemental analysis (Table II), ultraviolet/visible (UV /VIS) and 
'H nuclear magnetic resonance (NMR) spectrophotometry. 

Preparation of the Heterogeneous Catalyst 
Support 

Preparation of the catalyst supported involved the treatment of silica gel with an 
appropriate silylation reagent as illustrated in Figure 3 [54,55). In preparation I, 
a suspension.of 22 g of silica gel (Fisher Scientific, specific area 330 m2-g-1) and 
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Table II. Elemental Analyses of Co(II)-Phthalocyanine Complexes• 

%C 
%H 
%N 
%S 

Co(JI)-TSPc 

Calculated 

37.82 
1.59 

11.04 
12.63 

Found 

36.95 
2.03 

10.73 
12.12 

Co(II)-TAPc 

Calculated 

57.48 
3.40 

25.19 

• Elemental analyses performed by Galbraith Laboratories, Inc., Knoxville, Tennessee. 

Found 

49.83 
3.88 

23.07 

7.5 g of 3-chloropropyltrimethoxysilane in 150 mL xylene was heated under reflux 
for 8 h. Addition of 3.5 g of imidazole enabled the formation of product II. After 
filtration, the modified gel was washed with acetone and allowed to dry in the 
atmosphere overnight. Gel II contained 1.71 X 10-3 mol-g-1 of nitrogen as deter
mined by elemental analysis. 

SILICA GEL 
r-oH (CH~O)~Si CHzCHzCHz Cl. 

XYLENE 
REFLUX 

(CH30l3Si CHz CHz CHz Cl 

XYLENE 
REFLUX 

N~H 
LJ 

t-

t-

rH3 

o-r""'''" 
OCH3 

(_1_) 

r ,... 
O-Si-(CHzl3-N N 

I LJ 
OCH3 

(.f.) 

Figure 3. Flow diagram for the preparation of a modified silica gel system 
for Co(Il)-T AP and Co(Il)-TSP catalysts using 3-chloropropyltrimethoxysilane 
and imidazole as reagents. 
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Attachment of Co(ll) Phthalocyanine 
Complexes to the Solid Support 

Two methods were used to anchor the Co(II) phthalocyanine complexes to the 
modified silica gel. In scheme 1 (Figure 4), attachment was achieved through 
covalent bonding of the surface ligand to the amino side chain of Co(Il)-T AP. 
The second procedure (scheme 2) involved direct complexation of the modified 
silica gel surface to the central metal atom of the phthalocyanine complexes. 

Scheme 7 

A stirred mixture of the modified silica gel and 6.7 g Co(II)-TAP in 30 mL DMSO 
was heated at 80 C for 4 h. The hybrid catalyst was isolated by filtration and 
washed successively with warm DMSO and 0.1 M NaOH to remove any residual 
chloride. Final purification was attained by extraction of the product with H20 
in a Soxhlet apparatus for 5 h. The supported Co(Il)-T AP III was dried in an 
oven at 80 C. Elemental analysis revealed 2. 7 X 10-5 mol-g-1 of Co (0.16% ). 

Scheme 2 

In this procedure, a 2.5-cm-diameter column was packed with modified gel. A 
150-mL volume of a 7.8 X 10-s M aqueous Co(Il)-TSP solution was poured into 
the column and eluted dropwise. DMSO was used as a solvent for Co(Il)-TAP. 
The hybrid products IV and V were washed several times with the appropriate 
solvent and collected by filtration. Analysis of the eluent from the column by 
UV /VIS spectrophotometry indicated the following Co(II) content for each sup
ported catalyst: 

• Co(Il)-TSP: 1.09 X 10-6 moles of Co per gram of solid, and 
• Co(Il)-T AP: 1.19 X 10-6 moles of Co per gram of solid. 

Kinetic Measurements 

Reagents 

Sulfite solutions were prepared from reagent-grade Na2S03 (Mallinkrodt). The 
following reagent-grade chemicals were used to prepare the pH buffer solutions: 

• tris-(hydroxymethyl) aminomethane (TRIS), Sigma; 
• tris-(hydroxymethyl) aminomethane hydrochloride (TRIS-HCl), Sigma; 
• N-tris-(hydroxymethyl) methyl-2-aminomethane sulfonic acid (TES), Sigma; 
• sodium phosphate-monobasic, Mallinkrodt; 
• sodium phosphate--dibasic, Mallinkrodt; 
• sodium phosphate-tribasic, Mallinkrodt; 
• sodium borate, Mallinkrodt; 
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SILICA GEL 

SCHEME J: 

OCH 3 

I 
SILICA GEL l--0-Si-(CH2 l 3-CI 

(!) I 

SCHEME 2: 

SILICA GEL 

(II) 

DMSO 

OCH 3 

OCH 3 

I /1::,, ConTAP 
r-O-Si-(CH2l 3-N N-I '=! DMSO 

OCH 3 

Figure 4. Modes of attachment of cobalt phthalocyanine complexes to silica gel support 
systems I and II. Attachment was achieved by indirect linkage through a ring amino group 
(Ill) and by direct coordination through the central metal of the complex (IV and V). 
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sodium chloride, Mallinkrodt; and 
sodium hydroxide, Mallinkrodt. 

Sodium perchlorate (G. F. Smith) was used to maintain the ionic strength constant 
at µ = 0.4 M. Deionized water (18 M!l-cm resistivity) obtained from a Milli 
R0-4/Milli Q purification system (Millipore) was used in the preparation of all 
reagent solutions. The water was deoxygenated by purging with N 2 before prepara
tion of the Na2S03 solutions. 

Kinetic Data 

Kinetic data were obtained from two series of experiments. In the initial set of 
experiments with the homogeneous Co(Il)-TSP catalyst, sulfite concentration 
[S(IV)] was determined by monitoring the UV absorption spectrum (Amax= 212 
nm) of the reaction solution as a function of time. Optical absorption data were 
collected with a Hewlett-Packard Model 8450A UV /VIS spectrophotometer. The 
instrument was equipped with a reversed-optic diode detector, which permitted 
simultaneous detection over 200-800 nm in 1 s. As a result, changes in the absorp
tion spectrum of Co(Il)-TSP were also recorded during the reaction. The reactions 
were performed at 24 ± 1 C directly in Teflon-stoppered quartz spectrophotometer 
cells (2 or 10 cm pathlength). 

In a second set of experiments, the reactions were followed by continuous 
measurement of 0 2 concentration as a function of time. Dissolved oxygen was 
determined using an Orion Model 97-08-00 0 2 electrode coupled to an Orion 
Model 901 Ionanalyzer/Model 951 digital printer system. The pH of the reaction 
mixture was monitored simultaneously via an Orion combination pH electrode. 
The 0 2 and pH electrodes were interfaced to the Ionanalyzer through an Orion 
Model 605 Electrode Switch. 

These reactions were conducted in a water-jacketed glass and Teflon reactor 
with a total volume of 2.0 L. The design and operation of the batch reactor has 
been described previously [51]. To minimize the potential catalytic effect of trace 
metal contaminants, all glassware was washed with phosphate-free detergent (Alco
nox), soaked in 5.2 M HN03, and rinsed several times with deionized water. 

In a typical experiment, a 2.0-L volume of a buffer solution and the appropriate 
catalyst were transferred to the reactor system. Air (Matheson), oxygen (Matheson) 
or a controlled N2/02 mixture was purged through the solution with constant 
stirring for 30 min. After saturation, the reactor was sealed from the atmosphere. 
A constant temperature of 25 ± 0.1 C was maintained using a Haake Model 
FK-2 water circulation system and temperature controller. 

To initiate a reaction, a known volume of a stock sulfite solution was added 
to the buffer-catalyst mixture. [S(IV)] ranged from 5 X 10-5 to 5 X 10-3 M. 
Dissolved oxygen varied from 2.5 X 10-4 to 1.2 X 10-3 M. Addition of ethylene
diaminetetracetic acid (EDT A) disodium salt (Sigma) reduced the catalytic effect 
of residual trace metal contaminants in control reactions [58]. Mannitol, sodium 
cyanide (NaCN) and EDTA were used selectively as free radical scavengers [37] 
and trace metal complexation inhibitors [57]. 
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RESULTS AND DISCUSSION 

Homogeneous Catalysis by Co(ll)-, Fe(ll)-, 
Mn(ll)-, Ni(ll)-, Cu(ll)- and V(IV)-4,4' ,4" ,4' 11

-

Tetrasulfophthalocyanine Complexes 

Reaction Rate as a Function of Total Sulfite 
Concentration 

The catalytic rate for the oxidation of S(IV) by oxygen was followed spectrophoto
metrically as described in the experimental section. Reactions were conducted under 
pseudo-first-order conditions in sulfite at constant pH and ionic strength (i.e., 
[02]0 >> [S(IV)]0 where [S(IV)] = [HS03] + [SO~-] at pH> 3.0). The observed 
rate constants (kobs) for the reactions were calculated from plots of absorbance 
(In At! A0) vs time. 

-0.5 

-0 
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' 
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5X10
7 
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1X10
6 M Smin. 
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t( min) 

[Coll TSP] =O 

[Coll TSP] = 2.5X 1Cl8 M 
t 112 = 358 min. 

sx16
8

M 171min. 

l x H5 7 
M 8 8 min. 

Figure S. Pseudo-first-order plots of ln(Atl A0) for the reaction of S(IV) with 0 2 at pH 
9.2 in a borate buffer system with µ = 0.4. 
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Kinetic data obtained from a typical series of experiments are summarized 
in Figure 5. At the principal wavelength for light absorption due to SO~
(Amax = 212 nm), Beer's law (A = de) was valid over a broad range of [S(IV)] 
as reported previously [21]. Under the reaction conditions outlined in Figure 5, 
the observed pseudo-first-order rate constants ranged from 3.35 X 10-5 s- 1 at 
[Co(Il)-TSP]0 = 2.5 X 10-s M to 5.21 X 10-3 s-1 at [Co(Il)-TSP]0 = 2.5 x 
10-s M (0.985 < R2 < 0.999) under alkaline conditions (pH 9.2). No measurable 
decrease in [S(IV)] was detected after 12 h in the absence of Co(II)-TSP. 

Similar first-order behavior in total sulfite was observed in neutral solution 
(pH 6.7) and over the entire pH range under study. The linearity of plots of In 
At/ A0 as a function of time can be accepted as conclusive evidence that the reaction 
order in [S(IV)] is unity. Further support for this conclusion is provided by the 
kinetic results collected from the measurement of changes in the concentration 
of dissolved oxygen during the course of the reaction. The amperometric response 
of the oxygen electrode is a linear function of the aqueous-phase 0 2 concentration 
(L.,a[02]). A plot of electrode response vs time was linear from t = 0 for experiments 
conducted under initial reaction conditions in which [02]0 >> [S(IV)]0 • 

Application of the van't Hoff method of initial rates to the results determined 
from [02] vs time functions enabled us to calculate the reaction order in total 
sulfite over a wide range in [S(IV)]. Shown in Figure 6 are ln-ln plots of the 
initial rate of oxygen depletion (v0 = -d[02]0 /dt) as a function of [S(IV)]o for a 
series of reactions performed at pH 6.7 and 9.2. The slopes of these linear functions 
(1.18 at pH 6.7 and 1.25 at pH 9.2) confirm that the reaction order in [S(IV)] is 
approximately one. A moderate degree of uncertainty in the experimental measure
ments accounts for the empirical values of slightly greater than unity. This observa
tion suggests that one source of variability in reaction orders previously reported 
for the metal-catalyzed autoxidation of dissolved S02 (Table I) may be due to 
selective fitting of experimental results over a narrow concentration range and/ 
or a moderate degree of scatter in data points. 

Reaction Rate as a Function of Total Oxygen 
Concentration 

The dissolved oxygen vs time profiles exhibited zero-order behavior throughout 
most of the reactant concentration ranges employed in the kinetic evaluations. 
However, deviations from linearity were observed when the initial concentration 
conditions were designed such that [S(IV)]0 >> [02]0 • Under these circumstances, 
an apparent exponential decay in the concentration of oxygen as a function of 
time was detected. The latter result signifies either the attainment of a "saturation 
effect" as would be predicted for enzymatic catalysis or a shift in the reaction 
mechanism with a change in relative reactant concentrations. 

Additional evidence for a rate law bearing a zero-order dependence in [021 
was obtained through the determination of kobs at different initial concentrations 
of dissolved oxygen. The observed first order kinetic constants that were measured 
over a range of [02]0 from 2.5 X 10-4 to 1.2 X 10-3 M remained constant within 
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Figure 6. Determination of the S(IV) reaction order by the van't 
Hoff method of initial rates where d[02]/dt is obtained from the slope 
of [02] vs time response function at t = 0. 

the limits of experimental error (±5%) under both neutral and alkaline pH 
conditions. 

Reaction Rate as a Function of Total Catalyst 
Concentration 

The experimental data presented in Figure 5 were examined to determine the 
influence of catalyst concentration as the observed rate of sulfite oxidation. A 
plot of In kobs vs In [Co(Il)TSP]0 indicates that the reaction order with respect 
to cobalt-phthalocyanine is approximately 1.0 at pH 9.2 (Figure 7a). However, a 
comparable analysis of kinetic measurements recorded from reactions conducted 
in neutral solution yields a nonintegral concentration dependence of 0.3 (Figure 
7b). This variability in reaction order implies that a change in the catalyzed autoxi
dation mechanism may accompany a change in the pH of the reaction solution. 
Alternatively, an increase in pH could affect the speciation of active forms of 
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the catalyst through a shift in the equilibria between monomeric and polymeric 
structures of the Co(II)-TSP complex. 

Ancillary Observations: Effects of pH, 
Complexation, Inhibitors, Light and Central Metal 
Atom on Reaction Rate 

Since this report constitutes a preliminary communication, exhaustive parametric 
results will not be presented; however, sufficient information is available at this 
stage to formulate tentative conclusions about many of the primary and secondary 
factors affecting the autoxidation rate of aquated sulfur dioxide. 

The pH-dependence of the oxidation of sulfite by molecular oxygen is unusu
ally complicated as shown in Table III. The sharp increase in the catalyzed reaction 
rate between pH 4.1 and 6. 7 may be attributed to the acid dissociation of bisulfite 
to give sulfite ion: 

(27) 

Ka = 1.62 X 10-7 M (pK8 = 6. 79) at a temperature of 20 C and ionic strength 
µ = 0.1 M [56]. As the fraction of [S(IV)] present at SO~- increases, the rate of 
autoxidation also increases. This behavior clearly shows that sulfite is the principal 
reactive S(IV) species in aqueous solution. 

As suggested previously [30,33,38], the rate-controlling step in the catalyzed 
autoxidation of dissolved S02 is preceded by rapid formation of discrete inner
sphere complexes between the active metal center and sulfite. While numerous 
investigators have successfully characterized the structure of crystalline metal-sulfite 
salts [58-64] few stability constants and rate constants have been reported for 
the formation of these species in solution due to the instability of so~- toward 
oxidation. However, it is interesting to note that the thermodynamic constants 
which have been reported are significantly larger than corresponding /3 values 
for metal-sulfate derivatives (Table IV). 

Table III. Effect of pH on v0 : Results of pH Dependence Studya 

pH Buffer System 

4.4 0.1 M NaH2P04; 0.3 M NaCl04 
6.9 0.1 M NaH2P04; 0.1 M Na2HP04 
7.7 0.2 M TES; 0.1 M NaOH; 0.3 M NaCl04 
8.4 0.1 M TRIS; 0.1 M TRIS-HCI; 0.3 M NaCl04 
9.4 0.1 M NaB40 7; 0.1 M NaCl04 

10.1 0.1 M Na2C03; 0.1 M NaHC03 

11.5 0.044 M Na2HP04; 0.444 M NaaP04 
12. 7 0.1 M NaCl; 0.1 M NaOH; 0.2 M NaCl04 

No reaction 
-7.6856 x 10-1 

-9.675 X 10-s 
-1.355 x 10-7 

-1.581 X 10-s 
-1.041 X 10-s 
-1.256 X 10-s 

-2.1053 X 10-s 
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Table IV. Comparison of Stability Constantsa for Metal-Sulfito and -Sulfato Complexes 
at 25.0 C 

Metal 

Ag+ 
Cd2+ 
Hg2+ 
Ce3+ 

Fe3 + 

Fe2+ 

µ 

0 
1.0 
1.0 
0 
0.1 

log /3. so:-
AgSOj, 5.6 
Cd(SOa)~-. 4.2 
Hg(S03)~-, 24.1 
CdSOj, 8.0 
FeSOj, 18.lb 

µ log /3. so;-
0 AgSOt, 1.3 
1.0 Cd(SO.)~-, 1.6 
0.5 Hg(SO.)~-, 2.4 
0 CdSOt, 3.6 
0 FeSOt, 4.0 
0 FeSO~, 2.2 

•All constants reported in this table were taken from Smith and Martell [57], except that for 
Feso;. 

b Hansen et al. [65]. 

Fe3+ + H20 . S02 ";=! Feso; + 2H+ 
ff+ + HS03 -;=0 H20 · S02 
ff++ sor -;=0 HS03 
Fe3+ + sor -;=0 Feso; 

logK=9.7 
log K = 1.6 
log K = 6.8 
log K = 18.1 

Carlyle [66] has reported that evidence for inner-sphere complexation of 
Fe(III) and subsequent reduction by coordinated sulfite can be observed visually: 
"iron(III) solutions became brown-red upon addition of sulfite and then slowly 
fade." Similar changes in color have also been described by Hoffmann et al. [66] 
for the oxidation of vanadyl cation (V02+) by peroxydiphosphate (H2P20~-). For 
this redox system, kinetic measurements showed that formation of an inner-sphere 
complex of finite stability (log f3 = 4.0) occurred before electron transfer, which 
took place on a slower time scale. 

Preliminary experimental evidence that sulfite and/or dioxygen coordination 
play an important role in the phthalocyanine-catalyzed reactions was obtained 
through the introduction of competitive complexing reagents. Addition of EDT A 
and cyanide to reaction solutions containing Co(Il)-TSP resulted in a significant 
reduction in kobs at pH 9.2, whereas only EDTA exerted a negative influence on 
the reaction rate at pH 6. 7 (Table V). Under neutral pH conditions, the inhibitory 
effect of EDT A appears to be associated primarily with the complexation of back
ground levels of trace-metal contaminants. For example, the half-life for the uncat
alyzed oxidation of sulfite in the absence of EDTA increased from 333 to ~1800 
min at an EDT A concentration of 10-5 M. In neutral solution, cyanide failed to 
inhibit the reaction because it exists almost completely as HCN (pK8 = 9.2), 
which is a much weaker ligand than cN- for the binding of transition metal 
ions [57]. However, the oxidation of sulfite ceased completely at pH 11.5 on addition 
of sodium cyanide at 10-s M concentrations. In contrast, reactions conducted in 
the presence of an equivalent concentration of an effective free-radical inhibitor 
(d-mannitol at 10-5 M) were retarded only to a slight degree. 

Direct spectrophotometric evidence for the complexation of sulfite and 02 
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Table V. Effect of Inhibitors on kobs at pH 6.7 and 9.28 

Inhibitor 

None 
EDTA 

Mannitol 
NaCN 

Inhibitor 
Concentration 

(10 6 M) 

0 
1 
2.5 
5.0 

10.0 
10.0 
10.0 

pH6.7 

1.62 
1.52 
1.45 
0.94 
0.78 
1.25 
1.61 

kobs 
(103 s-1) 

pH 9.4 

1.83 

0.33 
0.85 
0.29 

•Initial conditions: [S(IV)]0 = 10-• M; [02] 0 = 10-3 M; [Co(II)-TSP]o = 
10-s M; µ = 0.4; T = 26.0 C. 

by cobalt-phthalocyanine has been obtained as shown in Figure 8. The visible 
spectrum ofCo(II)-TSP, denoted by the solid line in Figure 8, has two characteristic 
absorption bands, which have been attributed to an oxygen-free monomer complex 
(Amax= 636 nm) and to a monomeric dioxygen adduct (Amax= 670 nm) [68,69]. 
Other researchers [70-72] have interpreted these spectral characteristics in terms 
of a simple monomer/dimer equilibrium, in which the electronic transition at higher 
energy is associated with the dimeric phthalocyanine complex. Hoffmann and Lim 
[51] observed that the absorbance of the peak at 670 nm increased on dissolution 
of Co(Il)-TSP in progressively more alkaline solutions containing 0 2• Over the 
pH range 9-12, this behavior was accompanied by a decrease in the value of 
Asas. 

At the beginning of a typical autoxidation reaction, the spectrum of the 
catalyst changes dramatically on addition of sulfite, as indicated by the dotted 
line in Figure 8. Introduction of sulfite causes a rapid growth of the absorption 
maximum at 670 nm in relative proportion to the peak at 636 nm. The value of 
A670 decreases slowly with time as the oxidation reaction proceeds. At the conclu
sion of the reaction, the absorbance at 670 nm is comparable to the initial intensity 
of the 636-nm peak as represented by the dashed-line spectrum. Further addition 
of sulfite results in the reemergence and subsequent decline of the peak at 
Amax = 670 nm as the second catalytic cycle unfolds. This spectroscopic behavior 
can be reproduced a number of times with slight changes in catalytic activity as 
indicated by the tabulation of observed rate constants for successive catalytic cycles 
given in Table VI. 

The data presented in Table VI also indicate that the cobalt(Il)-phthalocya
nine complex is participating in a closed catalytic sequence of reaction steps in 
which the active catalytic center is regenerated in situ. There appears to be a 
minor loss of catalytic activity on successive addition and oxidation of S(IV). 
The reduction in the catalytic efficiency of Co(Il)-TSP may be attributed to irreversi-
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Figure 8. Visible absorption spectra for Co(Il)-TSP before, during and after addi
tion of sulfite at pH 6.7. Growth of the absorption maximum at 670 nm occurs 
after sulfite addition. Before addition, Amax = 636 nm. 

ble decomposition of the macrocylic ligand structure, which is susceptible to oxida
tive degradation [71]. 

Since metal-phthalocyanine complexes are common dye molecules and poten
tial sensitizers for the photolytic activation of dioxygen, catalysis of autoxidation 
reactions by Co(Il)-TSP may be light-dependent. To test this hypothesis, experi-

Table VI. Tests of Catalytic 
Activity with Successive 
Additions of Sulfite at pH 6. 7• 

Catalytic k,,bs 
Cycle (104 s-1) 

7.46 
2 7.43 
3 6.85 
4 6.35 
5 5.60 

• [Co(II)-TSP]0 = 10-6 M; 
[So~-10 = 10-• M; [02]0 = 10-3 M; 
µ = 0.4 with 10-s M EDT A. 
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ments were conducted in the presence and absence of conventional fluorescent 
room light. The kinetic results described in the previous sections of this paper 
were derived from reactions carried out under background illumination. In the 
absence of an external light source, autoxidation of sulfite proceeded very slowly 
after rapid formation of an intermediate Co(II)-TSP ;sor /02 complex. The solid 
and dashed lines in Figure 9, A213 and A670, correspond to the absorbance due 
to sulfite and the intermediate species, respectively. The decline in the concentration 
of S(IV) and the cobalt-sulfite-dioxygen adduct was accelerated dramatically on 
exposure of the reactant solution to room light. Reactions catalyzed by Fe(II)
TSP and Mn(II)-TSP seemed to be insensitive to the effects of irradiation. The 
origin of this apparent "photoassisted" catalysis is being investigated in greater 
detail. 

Variation of the central metal atom in the structure of the phthalocyanine 
complex produced noticeable changes in the rate of oxidation of sulfite as shown 
in Table VII. Co(II)-TSP exerted the most pronounced catalytic effect on the 
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Figure 9. Relative effect of fluorescent room light on the cata
lytic autoxidation of sulfite. The solid line refers to absorbance 
of so;- and the dashed line refers to the absorbance of all 
monomeric Co(II) complexes. 
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Table VII. Effect of a 
Variation in the Central Metal 
on Rate of Autoxidation of 
S(IV) at pH 9.28 

k,,bs 
Metal (104 s-1) 

Co(II) 18.30 
Fe(II) 2.23 
Mn(II) 0.24 
Cu(II) =O 
Ni(II) =O 
V(IV) =O 

a [S(IV)]o = 10-• M; [02]0 
= 10-3 M; µ = 0.4 M. 

autoxidation process. Similar trends in catalytic activity have been reported by 
Hoffman and Lim [5 l] for the reaction of hydrogen sulfide with molecular oxygen 
in aqueous solution and by Kropf [74) and Kropf and Hoffman [75) for the liquid
phase autoxidation of hydrocarbons. 

Presumably, the differences in the catalytic properties of the various metal
phthalocyanines can be explained in terms of the relative capacities of the complexes 
to bind molecular oxygen. Many square planar Co(II) complexes undergo solution
phase reactions with Lewis bases to yield five-coordinate derivatives of the type 
Co(Il)(L )(B): 

Co(II) L + B ~ Co(Il)(L)(B) 

Co(Il)(L)(B) + 0 2 ~ Co(Il)(L)(B)- 0 2 

where L = tetradentate phthalocyanine, porphyrin or Schiff-base ligand 
B =electron-donor attached to an axial coordination site 

(28) 

(29) 

Coordination of an axial base promotes the reversible formation of mononuclear 
dioxygen adducts (Equation 29) in which the bonding of 0 2 to the metal center 
is represented nominally either as a superoxide ion (O;) coordinated to Co(Ill) 
or as a singlet oxygen bound to Co(II) [76,77). Electron spin resoncance spectro
scopic measurements and theoretical calculations suggest that the structure of metal
dioxygen is correctly assigned as cobalt(IIl)-superoxide [77]. A qualitative molecu
lar orbital (MO) description predicts that bonding of oxygen to cobalt(II) occurs 
in a bent end-on configuration involving overlap of the singly occuped d~ orbital 
on Co(II) with an antibonding 7T-orbital ( 7T*) of 0 2 as depicted in Figure 10. 
According to this simplified model, there is only a minor cobalt d"-oxygen p" 
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Figure 10. Qualitative molecular orbital description of the bonding between Co(Il)(L)(B) 
complex and dioxygen. Sigma bond formation results from overlap of electron density be
tween the singly occupied dz2 orbital on Co and the 7T* MO of 0 2• L denotes a planar 
tetradentate ligand, and B denotes an axial base. 

interaction and the unpaired electron resides primarily in the remaining 7T* MO 
on 02. 

Studies of the catalytic properties of cobalt-substituted model hemesystems 
have demonstrated that the stability and reversibility of formation ofmetal-dioxygen 
adducts are affected by the nature of the ligand B coordinated in the axial position 
trans to 0 2 [77]. For example, thermodynamic data for this reaction suggest that 
the oxygen affinity of metal complexes is associated with the a--donor, 7T-donor 
and 7T-acceptor electronic properties of B [78]. These correlations follow the general 
notion that increased electron density at the metal atom due to axial coordination 
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of B enhances the bonding interaction with oxygen, thereby promoting an "intramo
lecular redox reaction" of Co(II)-02 to give CO(IIl)-O;. Complexes of Fe(II) 
and, to a much lesser extent, Mn(II) may bind dioxygen in a similar fashion. 
The electron configurations of V02+, Cu(II) and Ni(II) do not favor coordination 
of axial ligands. Consequently, synthetic dioxygen adducts of V(IV), Ni(II) and 
Cu(II) complexes are virtually unknown [79]. 

In aqueous solution, Fe(II)- and Co(II)-TSP undergo reversible oxygenation 
to form dimeric oxygen adducts in which the product is formulated as the 
µ-peroxo species M(III)-Or-M(III) [52]. Oxygenation of Fe(II)-TSP proceeds 
spontaneously at neutral pH (6.5) via the following sequence of reactions: 

The values of the equilibrium constants K 1 and K2 are 2 X 104 and 4 X 107 

M- 1, respectively [80,81]. Formation of the corresponding 2: 1 cobalt complex 
occurs only under strongly alkaline conditions (pH ;:::: 12). Analysis of the kinetic 
data supported the assertion mechanism involves two discrete stages: 

Co-(TSP)(H20)(0H)5- + 02 ~ Co-(TSP)(OH)O~- + H20 (32) 

Co-(TSP)(H20)(0H)5 - + Co-(TSP)(OH)O~-~ 
[Co-(TSP)(OH)]20~0- + H20 (33) 

in which the initial oxygenation step constitutes the rate-limiting process with a 
second-order rate constant of 3.24 M- 1-s-1 at pH 13 [82]. 

The relative efficiencies of Co(II)- and Fe(II)-TSP as catalysts for the autoxida
tion of so~- seem to be related to the stability of the monomeric dioxygen adducts 
in aqueous solution. Hoffmann and Lim [51] proposed that a 1: 1 Co(II)-TSP-02 
addition product was the active catalytic center in the oxidation of HS-. Mass et 
al. [48] also concluded that in polymer-supported Co(II)-TSP systems the reactive 
species for the autoxidation of thiols was a monomeric adduct. Increased catalytic 
activity in the heterogeneous phthalocyanine system relative to the homogeneous 
Co(II)-TSP complex may reflect constraints imposed on the dimerization reaction 
by the surface structure of the solid support. Spectral changes observed during 
the current study of the autoxidation of sulfite are consistent with the hypothesis 
that coordination of so~- in an axial position of Co(Il)-TSP is a necessary prelude 
to the formation of a six-coordinate 1 : 1 cobalt-dioxygen adduct at pH 6. 7 and 
9.2. Complexation of sulfite and 0 2 by Co(II)-TSP leads ultimately to a more 
rapid autoxidation step. Production of a peroxo-dimer Co(llI)-TSP-O~-co(III) 
would occur only at high concentrations of hydroxide. 
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Mechanistic Interpretation of Kinetic 
Observations 

Based on the experimental observations and kinetic data obtained to date, two 
alternative mechanisms can be proposed to describe the detailed molecular processes 
involved in the catalytic autoxidation of sulfite. They include a two-electron transfer, 
bisubstrate complexation pathway, and a one-electron transfer, chain reaction se
quence. Each of these mechanistic possibilities will be presented and examined 
for consistency with experimental measurements. 

Two-Electron Transfer, Bisubstrate Complexation 
Pathway 

The catalytic activity of metal-phthalocyanines in aqueous solution was documented 
initially by Cook [83-85] for the decomposition of H 20 2 and the oxidation of 
HI and later by Wagnerova and co-workers for the autoxidation of hydrazine 
[49], hydroxylamine [50] and cysteine [86]. As mentioned in the introduction to 
this chapter, these investigators compared the catalytic behavior of cobalt-, iron
and manganese-phthalocyanine complexes to the features of oxidase enzymes and 
peroxidase. A well known characteristic of the kinetics of enzymatic reactions is 
the variability of reaction orders for catalyst and substrate. Under certain conditions, 
the reaction order in substrate can vary between zero and one; but most likely a 
nonintegral value will be observed [87]. 

To interpret the observed kinetic behavior for the autoxidation of sulfite in 
terms of an enzymatic framework, a bisubstrate model for the catalytic activity 
of homogeneous metal-phthalocyanine complexes was developed. A rate law for 
this scheme was derived using the method of King and Altman [88], which is 
based on a standard determinant procedure used for solving a system of inhomoge
neous linear equations obtained through steady-state considerations. The mecha
nism postulated to account for the observed kinetic behavior is the ordered-ternary 
complex pathway depicted symbolically in Figure 11 and given below. 

(Co(II)-TSP)r Kd 2 Co(Il)-TSP2- (34) 

Co(II)-TSP2- +so~- ko S03Co(II)-TSP4 - (35) 
k-o 

k, 
S03Co(Il)-TSP4- + 0 2 ~ S03Co(lll)-TSP02 • 

4 - (36) 
k-, 
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ORDERED TERNARY- COMPLEX MECHANISM 

v 

c .. 2-(S0 3 )Co(II)TSP 

A = 02 

B = so 3-

x .. HS04-

y .. H202 

Figure 11. Theoretical rate expression obtained from the 
steady-state solution to the closed catalytic sequence above using 
the vector method of King and Altman [88). 

k, 
S03Co(Il)-TSPO~- + 2H+----. S03Co(II)-TSP4- + H20 2 (39) 

Equation 34 represents the formation of the reactive monomeric catalyst 
center (designated by C in Figure 11) from the predominant dimeric form of 
cobalt(Il)-phthalocyanine in aqueous solution. This sequence of events is consistent 
with the spectral changes shown in Figure 8 that indicate a shift in the monomer
dimer equilibrium on addition of sulfite to the catalyst solution. Complexation of 
so~- by Co(Il)-TSP in an axial position enhances coordination of molecular oxygen 
as written in Equation 36. The resulting intermediate is considered to be a mixed 
ligand Co(III) complex with a superoxide ion and sulfite bound at sites trans to 
one another about the metal center. In the proposed mechanism, this dioxygen 
adduct then reacts with an additional substrate ion to produce the ternary complex 
given in Equation 37. An intramolecular rate-limiting two-electron transfer followed 
by hydrolysis yields H2S04 and a sulfito-cobalt(Ill)-peroxide derivative. After pro
tonation, the coordinated o~- is released as H20 2• Subsequently, hydrogen peroxide 
may be consumed via reaction with an additional molecule of substrate. 
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Evidence of a direct two-electron transfer redox step was reported recently 
by Schutten and Beelen [89], who observed the accumulation of H202 as an interme
diate reduction product during the Co(Il)-TSP--catalyzed autoxidation of2-mercap
toethanol in water. Davies et al. [29] employed 180-tracer experiments to determine 
the source of the oxygen atoms in sulfate produced from the reaction of sulfite 
with 0 2. The authors found that approximately one-half of the oxygen transferred 
to sor originated from a dimeric superoxo- complex, (NH3)sCo(Ill)-02 -
Co(III)(NH3)5 • Holt et al. [90] have shown that the 180 content of the product 
sulfate in metal-catalyzed reaction systems varies as a linear function of the 180 
content of water and that at least three of the four 0 atoms in so~- are isotopically 
controlled by the solvent (the remaining oxygen atom originating from 02). Finally, 
Yatsimirskii et al. [91] have obtained strong evidence that complexation of sulfite 
by a [Co(Il)-1histidine2]202 adduct occurs before electron transfer from S(IV) to 
02. In total, these results are compatible with the reaction mechanism outlined 
in Equations 34-40. 

The observed photocatalytic effect (Figure 9) suggests that absorption of 
light by a reactive intermediate such as S03Co(IIl)-TSP02·SOg- may play a key 
role in the mechanism for the oxidation of sulfite. Beelen et al. [92] attributed 
the influence of visible light in the 600 to 700-nm wavelength range on the phthalo
cyanine-catalyzed autoxidation of mercaptoethanol to a shift in the equilibrium 
composition of the Co(Il)-TSP solution in favor of the catalytically active mono
meric species. An alternative explanation that is consistent with the experimental 
data recorded in the current study is that the reactive ternary complex may absorb 
radiation to generate a bound singlet oxygen species of the form S03Co(Il)
TSP·102·SOg-. This intermediate would possess more favorable spin symmetry 
for facile electron transfer. Cox et al. [93] have shown that metalloporphyrins 
give rise to singlet-excited state 0 2 on irradiation at appropriate wavelengths. 

In the proposed reaction mechanism, the active catalytic center is the complex 
S03Co(Il)TSP4-. The catalytic reaction cycle begins and ends with this complex. 
Steps leading to formation of the active center are assumed to be in rapid equilibrium 
and may be ignored in the initial derivation of a rate expression. In the catalytic 
cycle, there are three intermediates, S03Co(IIl)-TSP02.4-, S03Co(III)-TSP02·SOg
and S03Co(III)-TSP·Og-, and three steady-state equations for each species. Using 
the method of King and Altman [88], the concentration of reactive intermediate 
forms of the catalyst can be expressed as: 

[S03Co(Ill)-TSP02 · sog-] a klk2k,[02][So;-1 ( 43) 

[S03Co(Il)-TSPOg-] a klk2k3[02][Sor1 (44) 
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The mass balance for the total catalyst concentration is given by: 

[S03Co(II)-TSP4-h = [S03Co(Il)-TSP4-1 + [S03Co(III)-TSP02 · 4-1 ( 
45

) 
+ [S03Co(IIl)-TSP02 · S0~-1 + [S03Co(llI)-TSP0~-1 

Since the rate of overall reaction is defined by the rate of the slow step in the 
closed cycle, the rate can be written as: 

(46) 

where, from steady-state considerations and from Equation 44: 

for which 

o· = klk-1k-2 + k-1k3 + k2k3[sorn + kik4(k-2 + k3)[021 <48) 
+ kik2(k3 + k4)[02][sor1 

Substitution of Equation 47 into Equation 46 gives the following theoretical rate 
expression for the formation of sulfate (Figure 12): 

(49) 

where 

Equation 48 can be reduced to the form: 

(51) 

The constants KA, K8 and Kc each represent the coefficients of the terms in the 
denominator of the rate expression as defined by Equation 50. The kinetic expression 
given by Equation 51 must be modified to account for the rapid equilibria that 
precede the catalytic cycle involving S03Co(II)-TSP4- as the active center. Concen
tration of the active species can be expressed in terms of the dimer dissociation 
constant Kd and the formation constant for the initial sulfito complex: 
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Figure 12. Schematic representation of the proposed catalytic reaction 
mechanism starting with the Co(Il)-TSP sulfito complex as the active catalytic 
center. Reaction proceeds via the formation of a ternary dioxygen adduct and 
results in the formation of hydrogen peroxide as an intermediate reduction 
production of oxygen. 

Kd = [Co(II)-TSP]2/[(Co(Il)-TSP)~-p 

/3 = [S03Co(Il)-TSP4-]/[Co(II)-TSP][SO~-] 

Equations 52 and 53 can be combined to yield: 

[S03Co(II)-TSP4-] = /3K~' 2[(Co(Il)-TSP)~-]1' 2[SO~-] 

(52) 

(53) 

(54) 

Further simplification of Equation 54 is possible because [sono >> [(Co(Il)
TSP)2]0. This condition allows the approximation that the concentration of sulfite 
in solution is relatively constant with respect to the amount coordinated in the 
active complex, S03Co(Il)-TSP4-, such that: 

[S03Co(Il)-TSP4-h = K'[(Co(Il)-TSP)~-]1' 2 (55) 
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where K' = /3K~12[S05-] (i.e., K' is a pseudo-equilibrium constant). Substitution 
of Equation 55 into Equation 51 gives an approximate overall rate expression: 

(56) 

The final rate law (Equation 56) can be simplified for the experimental pseudo
order reaction conditions, [02] >> [So5-] such that Ka[02] >> KA, Kc[So5-] 
to obtain: 

k'K'[(Co(Il)-TSP)4-] 1 ' 2[S02-] v= 2 3 

Ka+ [so5-1 
(57) 

Two extremes can be considered for the reduced form of the theoretical rate law. 
If Ka>> [So5-], Equation 57 becomes 

(58) 

Similarly, when [so5-1 >> Ka 

(59) 

The kinetic expressions for these limiting cases can be compared with the experimen
tally observed rate laws measured at pH 6. 7 

Vohs= kobs[Co(Il)-TSP]0·3[SOrl (60) 

and pH 9.2 

Vohs= kobs[Co(Il)-TSP][S05-] (61) 

In neutral solution, a fractional-order dependence of0.3 in catalyst concentra
tion is observed, whereas Equation 58 predicts a one-half order dependence on 
the dimeric form of Co(Il)-TSP. Nonintegral reaction orders arise frequently in 
polar reactions when the principal reactive species is derived from the dissociation 
of a dimer [94]. Reevaluation of kobs as a function of [Co(II)-TSP] in the presence 
of EDTA yielded a reaction order of approximately 0.5. Schelly et al. [72] also 
reported that divalent metal phthalocyanines tend to form higher-order oligomers 
in aqueous solution at high ionic strength. Consideration of the equilibria between 
higher-order aggregate species in the development of a theoretical rate expression 
would further reduce the apparent order in Co(Il)-TSP. Since dimeric and polymeric 
phthalocyanine species are the dominant forms of the complex in solution at pH 
6. 7, a nonintegral dependence on total added Co(Il)-TSP seems consistent with 
the assumption that the monomer is actually the active form of the catalyst. 
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At pH 9.2, a first-order dependence on the catalyst concentration is observed. 
This result is consistent with the kinetic formulation described in the preceding 
paragraphs if the dimeric form of Co(Il)-TSP is no longer assumed to be the 
dominant species. Cookson et al. [9S] presented evidence for a shift in the monomer
dimer equilibrium toward the monomer with an increase in pH. Under alkaline 
conditions, the remaining solvent molecules in the coordination sphere of Co(II)
TSP2- are replaced by hydroxide groups (OH-), resulting in increased stability 
of monomeric complexes such as (HO)Co(Il)-TSP3-, (H0)2Co(Il)-TSP4- and 
HOCo(Ill)-TSP02·3-. In this situation, the prior equilibrium designated by Equa
tion 34 could be neglected. Consequently, the theoretical rate expression would 
show a first-order dependence in catalyst, as indicated in Equation 61. 

The postulated mechanism appears to explain the kinetic and spectral data 
for a broad range of reaction conditions. The extremes described by Equations 
S6 to S8 account for the slight shifts in the reaction order of S(IV) to values 
greater than unity, and the apparent zero-order dependence on [02]. A schematic 
representation of the two-electron transfer complexation pathway is presented in 
Figure 12 for the pH range in which sulfite (SO~-) is the principal reactive S(IV) 
species in solution. 

A variant of the proposed mechanism occurs when so~- reacts with 
S03Co(lll)-TSP02.4- without formation of a ternary complex of sufficiently long 
lifetime to be kinetically significant. This type of mechanism was originally suggested 
by Theorell and Chance [96]. The theoretical rate expression for this second alterna
tive is identical in form to that given by Equation SO, except that the constant 
terms KA, KB and Kc are defined by different combinations of rate constants. 

To verify the applicability of Equation SS to the experimental measurements, 
a double-reciprocal analysis of the initial rate data was performed. Rearrangement 
of Equation SS gives 

where v 0 = (k3k4/k3 + k4)PK~' 2[So~-][Co(Il)TSP)~-]1' 2 

KA= k4(k-1k2 + k-1ka)lk1k2(ka + k4) 
KB = k4(k-2 + ka)lk2(ka + k4) 
Kc = kak4/k3 + k4) 

A plot of l!v0 vs l![S0~-]0 at constant [02]0 should be linear with a slope of: 

(63) 

and an intercept on the l!v0 axis of: 

(64) 

Figure 13 shows the Lineweaver-Burk plots for the catalyzed autoxidation of sulfite 
at pH 6. 7 and 9.2 [87]. The linearity of these functions lends strong support for 
the postulated ternary-complex mechanism. 
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Figure 13. Lineweaver-Burk plots for the initial rate of oxygen 
depletion Vo, as a function of [S(IV)]0 at pH 6.7 (A) and pH 
9.2 (B). Reaction conditions: [02] 0 = 2.5 x 10-4 M, [Co(II)
TSP]0 = 1 x 10-6 M, T = 25.0 C, and µ = 0.4 M. 
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Analysis of the variation in reaction rate as a function of ionic strength 
(µ) provides evidence in support of the Theorell-Chance scheme. If k3 >> k-2, 
then the rate-limiting step is defined by Equation 36, in which two negatively 
charged ions (sor and SOaCo(IIl)-TSP02.4-) react to form an intermediate species 
bearing an overall net negative charge. The "primary salt effect" states that ionic 
reactions between ions of the same charge (i.e., both reactants are either positively 
or negatively charged) will proceed at a faster rate upon an increase in the ionic 
strength of the medium. From the Debye-Htickel theory, it can be shown that: 

logk = logko + 1.02 ZaZbµ112 (65) 

in which Za(So~-) = -2 and Zb(S03Co(III)-TSP02·4-) = -4. Even though the 
experimental conditions (µ > 0.1) exceed the upper boundary for strict applicability 
of the Debye-Htickel theory (µ < 0.01), a positive slope for a plot of -log kobs 
vs µ 1' 2 (m = 1.47, R2 = 0.9973) was obtained at pH 9.2. In general, the reaction 
rate increases with increasing ionic strength. 

One-Electron Transfer Chain Reaction 

An alternative mechanism for the catalytic action of Co(Il)TSP on the autoxidation 
of sulfur dioxide is outlined in Figure 14. In this sequence of steps, the ternary 
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Figure 14. Alternative reac
tion mechanism for the Co(II)
TSP--catalyzed autoxidation of 
sulfite involving a one-electron 
transfer radical pathway in 
which the complex S03Co(IIl)
TSPO; •- acts as the primary 
chain-reaction initiator. 

dioxygen-sulfito complex initiates the catalytic cycle via a chain reaction process 
identical to that described by Backstrom [37] and several other investigators. An 
additional one-electron transfer to the reduced form of the ternary complex would 
yield H 20 2 as an intermediate reduction product. If the complexation equilibria 
are attained rapidly relative to initiation of the free-radical chain process, then 
the theoretical kinetic expression would be of the form: 

(66) 

where [Mn+] = [S03Co(III)-TSP02·4-] and [S03Co(III)-TSP02.4-] = {3K~l 2 

[Co(II)-TSP)~-p t 2[S0~-][02]. Substitution of these relationships into Equation 66 
gives a rate law that is second-order in sulfite and first-order in oxygen. These 
concentration dependencies are not observed under the experimental conditions 
employed in the current study; therefore, the one-electron transfer mechanism is 
an unlikely candidate. 

Alternative one-electron transfer or two-electron pathways involving the 
µ-superoxo complex of Co(Il)-TSP can be considered as suggested by Davies 
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et al. [29] for (NHa)sCo(Ill)02Co(II)(NHa)r and by Yatsimirskii et al. [91] for 
(L-histidine)2 Co(IIl)02Co(Il)(L-histidine)2. In this mechanism, the µ-superoxo 
complex, (CoTSP)20~-. is the active catalytic center and it reacts as follows: 

(Co-TSP)io~- +so;-~ so~-+ Co(Il)-TSP + Co(IV)-TSPO (67) 

Co(IV)-TSPO +so;-_______, so~-+ Co(Il)-TSP (68) 

or 

(Co-TSP)20~- +so;-~ Co(III)-TSP02Co(II)-TSP5 - +so; . (69) 

Co(IIl)-TSP02Co(Il)-TSP5- +SO;-------> Co(Il)-TSPO~- + SOa (
7
0) 

+ Co(Il)-TSP2-

(71) 

(72) 

The alternative mechanistic pathways, summarized by Equations 67-72 seem 
to be less feasible chemically than the proposed bisubstrate complexation scheme. 
For example, the electron configuration of cobalt does not readily permit formation 
of the nominally Co(IV) oxide intermediate as defined by Reaction 66. These 
mechanisms also predict a second-order rate dependence on the concentration of 
the Co(II)-TSP monomer (or first-order as the dimeric complex) as well as a first
order dependence on [02]. Such conditions are clearly at odds with the experimental 
observations. 

Research in these areas is continuing with an examination of the catalytic 
role of simple hexaaquo metal ions and transition-metal complexes using stopped
ftow /temperature-jump relaxation techniques to determine the kinetic details of 
the complexation and electron transfer steps. The nature of the innersphere interme
diates is being elucidated further by ESR and resonance Raman spectroscopic 
measurements. 

Effect of Metal-Catalyzed Autoxidation on the 
Formation of Sulfate Aerosols 

The central theme of the current research explores the contribution of condensed
phase chemical processes to the transformation of sulfur dioxide to sulfuric acid 
in the atmosphere. The hypothesis set forth in the introduction to this chapter 
postulates that metal-complexation reactions are key steps in the mechanistic path
way for the catalyzed autoxidation of S02 dissolved in aqueous microdroplets. 
Kinetic data obtained under carefully controlled experimental conditions demon-
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Figure 15. Schematic diagram of the experimental apparatus used to measure aerosol 
particle growth rates. Details of the design of the DMA are also shown. 
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strate that transition metal species capable of reversibly binding molecular oxygen 
function as effective catalysts for the oxidation of sulfite by 0 2 in bulk aqueous 
solution. To evaluate the efficiency of the pathway under droplet-phase conditions, 
a series of experiments was conducted to measure the influence of the model phthalo
cyanine catalysts on the growth of sulfate aerosol particles. 

A schematic diagram of the experimental system employed in this study is 
shown in Figure 15. A differential mobility analyzer (DMA) was used to initially 
generate an aerosol of known size and composition and then for the measurement 
of changes in particle diameter following the condensed-phase oxidation of S02• 

Particles are charged at the DMA inlet to achieve a Boltzmann equilibrium charge 
distribution on the aerosol. For the particle size range under investigation (<0.2 
µm), virtually all of the particles have either 0 or ±1 unit of electrical charge. 
Particles are classified according to electrical mobility as the aerosol flows through 
the cylindrical condensor assembly of the DMA as shown in Figure 16. The voltage 
between the collecting rod of the condensor and the outer cylinder is varied until 
particles are detected by the condensation nuclei counter (CNC). At the appropriate 
voltage, particles have the correct electrical mobility to penetrate the slit to the 
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Figure 16. Preliminary experimental data showing the increase in the volume 
of monodisperse aerosol particles as a function of time. Particle growth rate 
was caused by catalytic Co(Il)-TSP autoxidation of S02 or by reaction of S02 
with H20 2• Initial particle diameters were nominally 0.06 µm in all experiments, 
and the S02 concentrations were approximately 45 ppm. 



198 METEOROLOGICAL ASPECTS OF ACID RAIN 

collection rod. Because the particles are singly charged there is a unique relationship 
between electrical mobility and size. Liu and co-workers [97,98] have used this 
approach to study the growth of monodisperse aerosols on humidification and 
for an examination of the reactions between H2S04 particles and gaseous ammonia 
(NHa). 

In a typical experiment, a polydisperse aerosol was generated by atomizing 
a 10-4 M aqueous sulfuric acid solution containing the appropriate catalyst or 
oxidant through a nebulizer. Diversion of the flow of vapor through the DMA 
permitted the selection of a monodisperse droplet phase (nominally 0.06 µm in 
diameter) before initiation of the oxidation reaction. Sulfur dioxide was injected 
directly into the opaque plastic reactor bag and the growth of the aerosol particles 
was monitored as a function of time using a second DMA and CNC. The experi
ments were conducted in the dark at constant temperature and relative humidity. 

Some of the S02 gas introduced to the reaction chamber will dissolve in 
the aqueous droplets according to Henry's law. Calculations by Schwartz and 
Freiberg [99, 100] suggest that dissolution of S02 is instantaneous with respect to 
the solution-phase reaction time for droplet diameters of <1.0 µm. When a molecule 
of sulfur dioxide is oxidized to sulfate, another molecule plus additional water 
will dissolve, to maintain phase equilibrium. Addition of S02 and H20 to the 
droplet causes an increase in the volume of the aerosol particle. The volume growth 
rate of the particle is directly related to the reaction rate of S02 oxidation within 
the droplet phase by: 

where V = particle volume 
Pa = aerosol density 

Mso2, MH2o = molecular weights of S02 and H20 

(73) 

y = mole ratio of H20 to sulfate in the aerosol droplet as deter
mined by the relative humidity 

[S02] = molar concentration of dissolved sulfur dioxide 

Preliminary kinetic data obtained from the aerosol experiments are summa
rized in Figure 16, which shows a plot of the increase in particle size (normalized 
with respect to the initial monodisperse droplet volume) as a function of reaction 
time. Droplets containing hydrogen peroxide at an initial solution concentration 
of 10-3 M were observed to double in volume after approximately 20 min. The 
aerosol containing Co(Il)-TSP also grew, but at a significantly lower rate. In a 
control experiment, an aerosol containing a mixture of sulfuric acid and ammonium 
sulfate failed to exhibit any increase in particle size on exposure to S02 in the 
absence of catalyst or oxidant. These results support the assertion that H202 acts 
as a highly efficient liquid-phase oxidant for nonphotolytic atmospheric conversion 
of aquated S02 to H2S04. 

In the model experiments with metal-phthalocyanine complexes, oxidation 



CATALYSIS OF AQUATED 502 AUTOXIDATION 199 

of S02 in the presence of Co(Il)-TSP at 10-s M resulted in a 10-50% increase 
in particle volume over the course of 2 h. The rate of particle growth was enhanced 
dramatically on an increase in relative humidity from 60 to 90%, which indicates 
that liquid-phase reaction processes are primarily responsible for the formation 
of sulfate aerosol in the experimental system. In this context, it is especially interest
ing to note that addition of Ni(Il)-TSP failed to cause an increase in particle 
size. The catalytic response of the rates of solution-phase reactions and aerosol 
growth to the presence of homogeneous transition metal complexes such as Co(II)
TSP suggests that complexation of sulfite and coordination of molecular oxygen 
is a feasible mechanism for the autoxidation of aquated S02 in atmospheric micro
droplets. Further experimentation is in progress to determine the effect of light, 
dew point, S02 concentration, catalyst speciation and concentration, initial droplet 
pH, and solution composition on the rate of aerosol formation. 

Heterogeneous Catalysis by Co(ll)-TSP and 
Co(ll)-T AP Complexes Supported on Silica Gel 

Metal-catalyzed autoxidation reactions offer attractive possibilities for the develop
ment of pollution control methodologies. In commercial systems, transition metal 
ions are frequently associated with organic ligands as an organometallic complex, 
which is soluble in the solvent of interest. One major disadvantage associated 
with the application of homogeneous catalysis centers around the problem of sepa
rating the catalyst and products after termination of the reaction. This drawback 
may be overcome through attachment of the reactive complex to a solid surface. 
In this case a hybrid heterogeneous system is substituted for the soluble organome
tallic complex, thereby facilitating recovery of the catalytic species. Schutten and 
co-workers [101-103] have observed that the autoxidation ofthio salts is accelerated 
in the presence of cobalt(II)-phthalocyanines bound to polyvinylamine and cross
linked styrene divinylbenzene. Catalytic autoxidation of reduced sulfur compounds 
in Klaus plants or sulfur dioxide in flue gas using supported metal-phthalocyanines 
represent two potential applications of this method. 

Application of catalytic autoxidation to the formulation of an alternative 
technique for sulfur dioxide pollution control requires a detailed understanding 
of the dynamic behavior of the reaction system. The solid-supported analogs of 
Co(Il)-T AP and Co(Il)-TSP were synthesized as described in the experimental 
section and tested in the same batch reactor system used for the characterization 
of their homogeneous counterparts. The catalysts of interest are depicted schemati
cally in Figure 17. Each of two different modes of attachment of the phthalocyanine 
complexes to the solid silica gel surface are illustrated in Figure 4. In one case, 
Co(Il)-T AP is anchored to the solid support through covalent bonding of the 
surface ligand to the peripheral group of the macrocyclic ring, and in the second 
case through direct coordination of a surface imidazole functionality to the central 
metal atom of the phthalocyanine complex. 

Kinet.ic data in the heterogeneous reaction systems were obtained exclusively 



200 METEOROLOGICAL ASPECTS OF ACID RAIN 

H20 

NH2 
S-Co TA Pc ,S-CoTSPc 

H2N~iN 
,p- I ~ 7N-Co-~N 
""' ""' I " 

NPN N 

0 
NH2 

H2N 

CoTAPc = Co(ll)-4,4',4",4".!... 
te traami nopht ha locyanine 

Co TSPc =Co( II )-4,4',4",4'!!... 

tetrasulfophthalocyanine 

Figure 17. Stoichiometric representation of the reaction of S(IV) with oxygen in a 
heterogeneous suspension of cobalt phthalocyanine complexes supported on silica gel particles 
with a surface area of 300 m2-g-1. 

by monitoring dissolved oxygen concentration with respect to time. As opposed 
to the concentration conditions employed in the homogeneous reactions, the hetero
geneous processes were studied under pseudo-first- or zero-order concentration 
conditions in oxygen (i.e., [S(IV)]0 > [02 ] 0 ) such that an initial stoichiometric 
excess of sulfite was present in solution. 

Results of the preliminary experiments in which the depletion of oxygen 
was measured as a function of time are summarized in Figure 18 and Table VIII. 
At first glance, the most effective solid-supported or "hybrid" catalyst appears to 
be Co(Il)-T AP complex Ill, covalently linked to the silica gel surface through 
the peripheral amino group of the phthalocyanine structure. Attachment achieved 
via direct complexation of the surface-bound imidazole to the Co(II) center results 
in lower catalytic activity, and apparent deactivation of imidazole-Co(Il)-TAP 
system IV occurs after one half-life or less of the autoxidation reaction. However, 
when the effect of imidazole-bonded Co(Il)-TSP V is normalized with respect to 
the surface concentration of covalently linked Co(II)-T AP, there appear to be 
no differences in net catalytic activity. In this context, it should be mentioned 
that some of the activity exhibited by the former system under alkaline conditions 
may be due to dissociation of the hybrid complex from the surface to give active 
Co(Il)-TSP in solution. 

Since DMSO was used as a solvent in the preparation of Co(Il)-TAP, and 
since McCord and Fridovich [104] have reported that DMSO is an effective catalyst 
for the autoxidation of sulfite, a series of control experiments was performed to 
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Figure 18. Comparison of the catalytic activity of various solid-supported cobalt phthalo
cyanine complexes toward the autoxidation of sulfite at pH 6. 7 where S(IV)o = l.O mM 
and 02

0 
= 0.25 mM. Additional information is provided in Table VIII. 

Table VIII. Summary of Kinetics Results for Autoxidation of Sulfite at pH 6.7 in the 
Presence of Heterogeneous (Hybrid) Co(Il)-Phthalocyanine Complexesa 

[CAT] [02)0 [02lr too T 

Catalyst (µM) (mM) (mM) (min) (min) 

Co(Il)-TSP 
Soluble l.O 0.260 0.003 34 11 
Imidazole Hybrid 0.82b 0.251 0.106 120 78 

Co(Il)-TAP 
Soluble l.O 0.253 0.003 3.1 1.5 
Imidazole Hybrid 0.89b 0.253 Inactivated 43 
Covalent Hybrid 20.32b 0.251 0.003 13 3.3 

DMSO l.4 x 105 0.260 0.003 3.9 l.8 

a [02]0 = 2.6 x 10-· M; [S(IV)]o = 1.0 x 10-3 M; [EDTA]o = 1 x 10-5 M; T = 25.0 C; /L 
=0.4M. 
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evaluate the catalytic properties of the solvent. As shown by the data in Table 
VIII, the reaction half-life (r) at [DMS0]0 = 0.14 M is comparable to the value 
of T for the homogeneous system containing Co(II)-TAP at 10-s .M. However, 
the concentration of DMSO necessary to attain the observed reaction rate is much 
greater than that required for Co(Il)-TAP. As a result, it seems unlikely that 
residual solvent from the synthetic procedure could account for the measure cata
lytic effects of the tetraaminophthalovyanine complexes. 

Another factor complicates the analysis of liquid phase-reaction/solid phase
catalyst systems: the potential contribution of homogeneous processes promoted 
by dissolution of the active species from the surface of the solid support during 
the reaction. For example, Cohen et al. [105] have attributed the catalytic autoxida
tion of S(IV) in aqueous fly ash scrubbers to the presence of dissolved iron leached 
from the particulate matter. Unfortunately, equilibria and solution-phase species 
are frequently neglected in the study of heterogeneous catalysis. 

In the current study, the potential role of homogeneous catalysis was examined 
by exposing each of the hybrid Co(II)-T AP and Co(Il)-TSP complexes to the 
aqueous solution before initiation of the oxidation reaction. The solid-supported 
phthalocyanine complexes were removed by filtration before addition of sulfite. 
In each case, the reaction of S(IV) with 0 2 was accelerated to a significant extent. 
Analysis by atomic absorption spectrophotometry detected trace concentrations 
of cobalt in the aqueous filtrate. Under alkaline conditions, dissolved cobalt exists 
principally as Co3+. Barron and co-workers [24,34] have demonstrated that Co(Ill) 
is an effective catalyst for autoxidation of aquated S02• We are conducting further 
experiments to quantify the contribution of homogeneous processes. 

Preliminary results for the heterogeneous system show that the initial rate 
of oxygen depletion depends on the amount of hybrid cobalt phthalocyanine initially 
suspended in solution. The surface coverage of Co(II)-TSP and Co(Il)-T AP was 
determined analytically (see experimental section) to facilitate the kinetic analysis. 
The initial reaction rate is directly proportional to the amount of covalently bound 
Co(Il)-TAP added to the system, as shown in Figure 19. Application of the van't 
Hoff method to these data suggests that the oxidation rate of sulfite exhibits a 
reaction order of 0.5 in effective catalyst concentration (expressed as [Co(II)]). 
However, because of the high porosity and surface area (~300 m-2-g-1) of the 
silica gel, this apparent reaction order may be influenced by mass transfer effects 
such as pore diffusion. The effect of diffusion on the observed reaction kinetics 
remains to be determined. 

In general, the rates of reactions catalyzed by hybrid catalysts tend to be 
slower than those catalyzed by the corresponding homogeneous form of the catalyst. 
However, there are reports of improved catalytic activity and longer catalyst life
times when homogeneous species are anchored to solid surfaces. In such a heteroge
neous system, the reaction is constrained to take place on the surface of the catalyst; 
but in the case of catalyst molecules attached to pore-wall surfaces, substrate accessi
bility to the active site may limit reactivity. Therefore, homogeneous catalysis is 
potentially more efficient in terms of the absolute amount of catalyst necessary 
to promote a reaction to a given extent, because all of the catalyst molecules are 
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Figure 19. A van't Hoff plot of the initial oxygen depletion rate vs the initial concentration 
of suspended hybrid catalyst, Co(Il)-TAP, attached to modified silica gel particles. 

available as active centers. For a hybrid system, the catalytic properties will depend 
on the solid phase characteristics such as surface area, porosity and the degree 
of cross-linking in polymeric supports. 

CONCLUDING REMARKS 

As suggested previously [30,33,38], and observed in this study, certain metal-cata
lyzed autoxidations of sulfite proceed via the formation of discrete inner-sphere 
complexes between the reductant, so~-. and the catalyst as a prelude to electron 
transfer. Additional experimental evidence presented in this study, suggests that 
the binding and subsequent activation of dioxygen plays a significant role in the 
catalytic cycle. From this perspective, the most effective catalysts should involve 
complexes of Fe(II)/Fe(III), Mn(Il)/Mn(III), Co(Il)/Co(III) and V(IIl)/V(IV) 
in which the central metal is reversibly oxidized and reduced on complexation 
by oxygen and/or sulfite. Inhibition of catalytic activity by strong chelating and 
complexing agents supports this conclusion. 

Certain metal-catalyzed reactions of sulfite may be enhanced by a photoas
sisted pathway as shown in this study for Co(II) and reported previously [39] 
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for Fe(Ill). This apparent coupling of photolytic and metal-catalyzed processes 
may help to explain relative differences between night- and daytime S02 conversion 
rates. More work is needed in this area to extend and apply this concept to aerosol 
systems. 

In liquid aerosol systems, important factors to consider are the nature and 
roles of dissolved organic molecules that can act as competitive complexing agents 
for metals. For example, liquid-phase autoxidation of benzaldehyde produces ben
zoic acid, which can act as a suitable complexing agent (e.g., pKa1 = 3.97, log/Ju 
= 1.51 for Cu(C7H60 2)+) and a similar oxidation of 2-hydroxybenzaldehyde to 
2-hydroxybenzoic acid produces even a stronger potential ligand (e.g., pKa1 = 

effluent 

influent 

Figure 20. A potential application of polymer-supported organometallic cata
lysts for sulfur dioxide stack gas scrubbing is illustrated above. The active 
catalyst C is supported on appropriate solid supports and placed in fixed beds 
in a countercurrent-flow reactor. 
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2.78, -log/Ju = 10.13 for Cu(C1H&03)+). The presence of complexing agents of 
this type will accelerate the dissolution of Fe20 3 and Mn02, which are the likely 
sources of soluble iron and manganese in aerosol systems. As shown by Cohen 
et al. [105], the catalytic activity of soot-derived aerosols correlates well with the 
total iron released to the liquid phase. 

Results of this study, along with the work of others, indicate that H20 2 is 
a major intermediate reduction product of the catalyzed oxidation of various sulfur 
compounds and oxidizable organic molecules. As such, metal-catalyzed autoxida
tion reactions in liquid aerosols may be a significant source of atmospheric peroxide 
[106, 107]. However, accumulation of H20 2 would not occur to an appreciable 
extent in liquid aerosols that contain or are exposed to high concentrations of 
S02. 

Preliminary research on hybrid organometallic catalysts has shown that at
tachment of homogeneous catalysts to solid surfaces results in a negligible loss 
of catalytic activity for the autoxidation of dissolved S(IV). Improved catalytic 
ability, elimination of recovery problems and longer catalyst lifetimes may be 
achieved with supported organometallic catalysts. Mass et al. [48] and Schutten 
and co-workers [89,101] have reported an enhanced catalytic autoxidation of mer
captoethanol by Co(Il)-T AP attached to cross-linked polyacrylamide and polyviny
lamine, respectively. Figure 20 illustrates a hypothetical countercurrent reactor 
with fixed beds of solid supported catalyst that could be used for S02 scrubbing 
with the production of H 2S04 as an alternative to limestone slurry scrubbers, 
which produce an unusable solid reaction product. Similarly, a fixed-bed reactor 
of mixed solid-supported catalysts with variable reactivity and specificity may be 
employed for tertiary wastewater treatment of refractory organics remaining after 
biological oxidation of industrial or domestic wastes. Research along these lines 
is being pursued presently in this laboratory. 
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