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In acetate buffered ceramic suspensions, if the ceramic concentration is not too high, the kinetics
of autoxidation conforms to the rate law

Robs = R..n + ks[H+J- '[CeramicjtSllv f]'

where R..n is the rate of uncatalyzed reaction and ks is the rate constant for the surface catalyzed
path. The rate of autoxidation is unaffected by oxygen partial pressure. Interestingly, the rate versus
[ceramic] profile passes through a maximum indicating that the autoxidation mechanism involves the
adsorption of both sulphur(IV) and dioxygen on particle surface.

So far most of the work on the studies of autoxi-
dation of sulphur(IV) is limited to homogeneous
metal ion catalysis I, aerosol studies", catalysis by
metal oxidesJ-4, e.g., CoO\ Ni20j, CdO\ o.o-
and some other solid materials like fly ash 7.X

dust", glass 10, carbonaceous particles II and miner-
als and rocks 12. These studies intend to delineate
relative importance of these materials in atmos-
pheric acid generation. These studies are also use-
ful in searching new desulphurization catalysts.

Recently, the kinetics of S(IV)-autoxidation in
silica" suspensions have been investigated in our
laboratory. Our desire to carry out a comparative
rate analysis made us to look into the chemistry
of the aqueous suspension of ceramic powder.
The other motivating factor was to assess the effi-
cacy of this material in promoting conversion of
S(IV) into S(VJ) and its relevance to atmospheric
processes because ceramic, which is largely a
man-made material, is being released to the at-
mosphere as fine dust by its industrial users.

Materials and Methods
Ceramic powder was prepared by grinding tho-

roughly the small pieces of broken tea cups (Bha-
rat make), washed with acid dichromate, water,
EDTA-NaOH mixture and doubly distilled water,
and using sieves the powder was separated into
four fractions having different particle sizes, r, viz.
r~ 53; 53 ~ r~ 75; 75 ~ r~ 120; 120 ~ r~ 180
,urn. pH was maintained with acetate buffer. Kin-
etics were followed by estimating S(IV) iodometri-
cally3.4·9•1O• Reaction mixtures were continuously

stirred at 1500 ± 100 rpm, as at this stirring speed
the reaction was shown, by varying stirring speed
between 200-1800 rpm, not to be oxygen mass
transfer-controlled. The treatment of kinetic re-
sults was based on the initial rates. The reprodu-
cibility of duplicate rate measurements was better
than ± 10%. All calculations were done on APPlE
lIe computer using curve fitter and scientific plot-
ter programmes of Interactive Microwave Inc. In
the presentation of rate data later the statistical
parameters have been abbrreviated as follows:
CC = correlation coefficient, CD = coefficient of
determination and SEE = standard error of
estimate.

Product analysis
Sulphate was estimated gravimetrically by preci-

pitating it as BaSO 4 using standard procedure.
Stoichiometry was found as in Eq. (1).

S(IV)+!02 Ceramic--> S(VI) ... (1)

There was no evidence for the formation of di-
thionate.

Results
Chemical analysis of ceramic powder (done in

CGCRI, Calcutta) revealed the following percen-
tage of substances: Si02-69.42; AI20,-20.64;
Fe203-O.81; Ti02-O.69; CaO-2.75; MgO-0.40;
K20-3.69, CoO-0.02, MnO-O.Ol, ZnO-0.15 and
with Cr 203' CuO and NiO in traces.

In line with practically insoluble nature of cer-
amic powder, its recovery from final product so-
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lution, under varying pH was more than 99%, the
rest being lost. Uncatalysed and leachate reac-
tions, which are trace metal ion catalysed '3, are
completely seized by an EDT A concentration of
5 x 10 - I> mol dm - -', whereas the reaction in su-
spension, in the presence of the same amount of
EDTA, is only slowed down slightly but not
seized.

The kinetics were studied in suspension and in
corresponding leachate solution in otherwise
identical conditions. In a suspension ([ceram-
ic]=1.0 g dm-3, [S(IV)]=2x1O-3 mol sm>',
pH = 5.06 and t = 30°) initial rate of autoxidation,
Rohs' was determined to be 8.0 x 10-7 mol dm >'
s - '. Now the leachate of the same amount of cer-
amic was prepared and keeping all other condi-
tions same as in previous experiment, the kinetic
measurements yielded a RObs value of 2.0 x 10- 7

mol dm - J S -, which is the same as the uncata-
lysed rate (2.5 x 10-7 mol dm-3 s-') determined
separately. Had the catalysis in the suspension
been wholly due to trace metal ion catalysis, the
rates in suspension and in leachate would have
been of the same magnitude. However this is not
so. This leads us to conclude that in suspension
the catalysis is not due to trace metal ions and is
most likely surface-mediated.

In a few kinetic runs, the reaction was studied
in nitrogen atmosphere excluding O2 completely.
No perceptible reaction occurred over a period of
one hour.

At a fixed pH, on increasing buffer concentra-
tion the rate of autoxidation decreased. A plot of
[RuhJ-' versus [CH3COONa] is linear passing
through the origin. In all further experiments
overall [CH3COONa] was maintained at 0.14 mol
dm-3 and wherever needed [CH3COOH] was
changed for obtaining desired pH. Since the parti-
cle size, affects the rate of reaction in all experi-
ments, unless otherwise stated, ceramic powder
fraction. r ~ 53 .urn,was used.

Kinetic results
The effect of [ceramic] on Robs is shown in Fig.

1. On increasing [ceramic] upto 4 g dm - 3 the rate
increases and thereafter a further increase in [cer-
amic] leads to a continuous decrease in the rate of
reaction. However, the results of [ceramic] varia-
tion between 0.5 to 4.0 g drn - 3 displayed a linear
relationship between R.,bs and [ceramic]. The plots
of Robs versus [ceramic] were found to be linear
with a non-zero intercept (Fig. 2). The intercept is
ascribed to the uncatalysed reaction and thus the
results are in agreement with the rate law (2).

Roo- = Run + ~[cerarnic] ... (2)
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Fig. I +The variation of Rot>, with [ceramic] over its full con-
centration range at pH =5.06, [S(IV)j=2X 10 .1 mol dm'

and 30·C
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Fig. 2 - The plot of Rot>, with [ceramic 1 in the autoxidation of
sulphur(IV) at 5.06 pH and 30"C. 0, (S(IV)j=2x 10-' mol

dm ."; @, (S(IV)j=4 X 10-' mol dm 0'.

where ~n represents the rate of uncatalysed path
and ~ is the rate constant of the catalysed path.

The results of S(IV) variation at fixed [ceramic]
and pH showed an order of 1.6 ± 0.05 in S(IV).
The kinetic data pertaining to both [S(IV)] and
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Fig. 3-The plot of R..b.l[S(IV)J versus [S(IV)J at pH=5.06
and at 30·. 0, [ceramic]=0.5 g dm " ', G, [ceramic] = 1.0 g

dm?

[ceramic] variations fitted rate law (3) as shown in
Fig. 3.

. .. (3)

The values of kl and k4 are given in Table 1. A
comparison of k4 values shows these to vary in
the range 0.08-0.16 dm" mol- 1 g-l S - I. This
variation in k4 is probably due to the inhomogen-
ity of the powder sample itself. Sulphur(N) auto-
xidation, even in homogeneous studies, shows in-
variably a large scatter leading to relatively higher
uncertainty!".

Like k4' the values of kl (Table 1) also display
variation in their magnitude. This is probably due
to the fact that the contribution of uncatalyzed
rate, except at low [ceramic], is not sizeable and
one does not expect to extract k, values with a
high degree of precision. However, it is gratifying
to note that the average value of kl (Table 1) is in
good agreement with the value of 2.0 x 10 - 4 S - 1
determined independently using same reagent
samples and reaction conditions. The dependence
of k, on pH is of interest to us. In general the rate
of uncatalyzed S(IV) autoxidation based on the
reactive SO~- species is described by rate law
(4)15.

... (4)

In the pH range (4.65-5.91), S(N) would be pres-
ent largely as HS03 with some SO~-. In terms of
S(N), which represents the analytical concentra-
tion of all sulphur(N) species, Eq. (4) takes the
form (5).

· .. (5)

Rate law (5)15.16has generally been found to be
valid for uncatalysed reaction. On comparing Eqs
(3)and(5)

/co
kl = [H+] · .. (6)

Using the kl value of 1.8 x 10-4 at pH = 5.06 and
30°, we obtained ko = 1.57 X 10-9 s -I at 30°. This
value of ko has been used in estimating R..n values
at different pH and [S(N)] in terms of rate law
(5).

The [H +] dependence of the reaction was inves-
tigated by varying pH in the range 4.65 to 5.91.
The rate increases with increase in pH. However,
for an analysis of [H +] dependence of the ceramic
catalysed reaction, the values of R..n (Rate law 3)
at different pH are required. These values were
obtained at [S(N)] = 4 x 10-3 mol dm -3 using Eqs
t5) and (6).

Rate law (3) can be written as (7).

· .. (7)

The values of R.:at are given in Table 2 and these
values were used for obtaining k4 at different pH.
The plot of k4 versus [H +] - I was found to be lin-
ear with negligible intercept showing that

· .. (8)

Rate law (8), therefore, can be written as

Robs = Run + [~] [ceramic][S(N)]2

At 30°, Is was determined to be 9.28 X 10-7 drn"
mol- 1g - 1S - I.

... (9)

Table I - Values of k, and k4 obtained from [S(IV)J and
[Ceramicjvariation at pH = 5.06, temp. = 30·

104 k, k4 Method
(S-I) (dm6mol-'g-'s-')

1.92 0.08

2.46 0.10

0.94 0.16

1.88 0.13

[Ceramic] variation

[Ceramic] variation

[S(IV)] variation

[S(IV)] variation

Av = 1.8 ± 0.43 Av = 0.117 ± 0.027



686 INDIAN J CHEM, SEC.A, SEYfEMBER 1992

Table 2 - The values of k. at various pH values and at 30·
y

pH 106 R.,.,.. 106 n;•• io- R." k.
(mol dm "? 5-1) (mol dm "? 5-1) (mol dm"? 5-1) (dm" mol-I g-I S-I)

5.91 17.12 5.12. 12.0 0.75

5.60 7.78 2.50 5.28 0.33

5.38 4.55 1.51 3.04 0.19

5.28 3.27 1.19 2.08 0.13

5.18 2.71 0.95 1.76 0.11

5.06 2.16 0.72 1.44 0.09

4.86 1.57 0.45 1.12 0.07

4.65 0.92 0.28 0.64 0.04

• Average oftwo independent measurements at [Ceramic j'"' 1.0 g dm - 3, [S(IV)) = 4 x 10 - 3 mol dm - 3•

•• Calculated from the rate law (5) using leu= 1.5 x 10 - 9 S - 1 at 30°.

The catalytic activity of the ceramic powder de-
creases with increase in particle size, r. The log-
log plots of R.,bs and r were linear with a slope of
- 1 indicating an inverse first order in particle
size.

The rate of reaction was unaffected on varying
Oz partial pressure by passing Oz:Nz mixtures in
varying proportions showing a zero order in 02.

A value of 110 kJ mol- I for overall energy of
activation was determined by studying the reac-
tion in the temperature range 3O-40°C.

Reaction profiles in unbuffered suspensions
The reaction profiles for unbuffered suspen-

sions, in which the initial pH was adjusted by ad-
dition of dilute HCI04, showed the occurrence of
the reaction in two stages; the first of which is
rapid and the second a slower one. Similar rate
profiles have been obtained in carbon II, Co03,

and CaS03
17 suspensions.

Discussion
There are several lines of arguments which sug-

gest the mechanism of autoxidation to involve the
adsorption of dioxygen and S(JV) on the particle
surface as has been assumed by several previous
workers3.4.IO.18.19.Surface area decreases with in-
crease in particle size. The fact that the rate de-
creases with increase in particle size points to the
surface nature of the autoxidation. Autoxidation
occurs only in the presence of oxygen. The ad-
sorption of both oxygen and S(JV) on particle
surface is also indicated by the rate profile which
passes through a maximum; the observance of
which can be explained if the operation of a
Langmuir-Hinshelwood type of mechanisrrr'? is
assumed. This, in effect, requires that both S(JV)

and O2 must be adsorbed on the adjacent sites on
the ceramic surface to facilitate the oxidation.
When [catalyst] is very high, a large number of ac-
tive sites are available for adsorption of S(JV) and
O2 on remote sites. The inhibitory effect of buffer
also points to the catalysis being surface mediat-
ed. The adsorption of one or more of the buffer
constituents on the particle surface results in the
reduced availability of the active sites for the ad-
sorption of O2 and S(JV).

Although, on increasing pH the rate increases,
the observed effect may not be real and may have
its origin in variation of [acetic acid] (cf. buffer ef-
feet) which accompanies a variation in pH. Hence,
it is considered advisable not to take [H + ]-de-
pendence into consideration in proposing the me-
chanism. In the pH range of this study, S(JV) will
be largely present as HSOi (dissociation constant
values of 1.26 x 10 - 2 for Kd( I) and 6.24 x 10 - 8 for
Kd(2)22. The nature of the kinetics, which is first
order in ceramics, second order in S(JV) and zero
order in O2 may be explained by following me-
chanism in Scheme 1.

>Cer + HSOi .= Cer.HSOi (fast)

> Cer.HSOi +HSOi .= Cer.(HSOi h (slow)

> Cer.(HSOi h.o2 -+ Cer. + S20~ - + 2H + (fast)

Scheme 1
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The results can also be explained by involving
metabisulphite ion in an alternative mechanism
(Scheme 2).

Ko
2HSOi r! S20~- + H20, KD = 1.75 X 10-3

Cer. + S20~- r! Cer,S20~- (slow)

Cer,S20~- + O2 r! Cer.S20~- .02 (fast)

Cer.S20~ - .02 -+ Cer + S20~- (fast)

S20~- + H20 -+ 2S0~- + 2H+, (fast)

Scheme 2

The formation of disulphate ion in Schemes 1
and 2 has been proposed in the light of the work
of Batterton and Hoffmann".
Both the proposed mechanisms will lead to the
same experimental rate law (9).

It is of interest to compare the results of this
study with those of silica'", glass10, Cd05 and car-
bon suspensions II. In CdOS, silica'' and glass'? a
clear-cut second order dependence in S(IV), as in
the present study, was noted. In case of carbon 11,

the order varied from two to zero. However, a
distinctive feature of this study, same as in the
case of glass, is the observance of rate maximum
in rate profile on varying [ceramic]. This pheno-
menon was absent in other studies and probably
supports the operation of a Hinshelwood-Lang-
muir mechanism": An initial rapid drop in [S(IV)]
in unbuffered suspensions has been found in all
these studies except Cd05• The phenomenon of
induction period, which was observed in glass cat-
alyzed reaction 10 below pH 5, was absent in all
other cases.

The results obtained in this study have relev-
ance to the environmental chemistry of S02. Cer-
amic is mainly composed of such material which
is an important constituent of suspended particul-
ate matter. These materials are, therefore, likely
to catalyze the atmospheric transformation of
S(IV) into S(VI) in various forms of atmospheric
water. Moreover, in real atmosphere the size of
suspended particles is much smaller
(1 x 10 - 2- 10 - 1 ,um)24 and so the rate of autoxi-
dation is expected to be much higher due to large
surface area, in agreement with the inverse rela-
tionship between rate and particle size.
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