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ABSTRACT

The kinetics of environmentally imperative atmosigcheutoxidation of sulfur(lV) by G@sin the pH range 7.30-
9.40 has been studied. The aqueous phase autadqdatisulfur(lV) is the major factor responsible &idification
of atmospheric aqueous system. The role of forgidt @ an inhibitor of CgD; catalysed autoxidation of sulfur(lV)
in alkaline medium has been identified, and basedhe observed results rate law and a free radioakchanism
has been proposed.

disiv)] _ (ket kjCox05)) [S(IV)]
dt 1 + B [formic acid]
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INTRODUCTION

The phenomenon of acid rain is accredited mainlarithropogenic sulfur dioxide (SPQ and in lesser extent, to
nitrogen oxide (NG) emissions. The process of oxidative transformmatibsulfur dioxide into sulphuric acid is the
major cause of atmospheric acid precipitation [1S2jlfur dioxide is vulnerable to environmentaldadion through
various processes including, photochemical oxideitiogaseous phase by énd HO, produced in the atmosphere
by photochemical reactions; oxidation caused bynCaqueous phase catalysed by dissolved tracd et and
by suspended particulate matters. All these preselsave shown major contribution in acid precifitaf3-4]. The
metal oxides released to the atmosphere as a msudtmbustion processes are therefore importamstitaents of
suspended. The catalytic role of several metalesislich as CoO, g0s, Ni,Os;, CuO, MnQ and CyO in acidic
medium has been reported [5-10]. In general thetids agreed with the rate law (1).

- d[S(IV)]/dt = (kq + ko[H] D) [Catalyst] [S(1V)] (1)
Where k; andk, are the rate constants for the autoxidation of H&Ad SG*, respectively.

In the mechanism, formation of surficial complekgsadsorption of sulfur(IV) and n particle surface followed
by subsequent oxidation of former by latter via annadical mechanism has been proposed. Herrmamah. et
reported that the interaction between alcohols 804 oxidation intermediates may have a bearing onitgcid
formation in the atmosphere [11]. Alyea and Baakst[12] studied the inhibiting effect of aliphatitcohols on the
oxidation of sodium sulphite in alkaline medium (BHt). Later, Backstrom proposed a radical mechaiiis the

autoxidation of S(IV) to show the probable conttibn of radicals such as $0,S0, ° and SQ@ ' in the
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formation of a chain and to explain the alcoholibition[13]. The sulfur(IV) autoxidation reactiors known to
proceed via both radical and non-radical mechan[8#<4.7]. An interesting feature of many radicagetons is the
inhibition of reaction rate by organics such astiacacid, oxalic acid [18], alcohols [19], Carboixyhcid [20] and
ethanol [21].

Worldwide, it is observed that the pH of the raiater is generally laid in the range 6.5-8.5 [2,2&2- This
necessitates the study of autoxidation of sulfur(fv alkaline medium. This led us to investigdte kinetics of
sulfur(lV) autoxidation catalysed by &, in the pH range 7.3-9.4, and so the effect omforacid on this
reaction has been studied to know the nature e€hanism.

MATERIALS AND METHODS

The chemicals were of analytical reagent grade taed solutions were prepared in double distilledtev. The
experimental procedure [5-10] was adopted for tresgnt study. Briefly, the reactions were condudte.15L
Erlenmeyer flasks, open to air and to allow thespge of atmospheric oxygen. The flask was placeal beaker,
which had an inlet at the lower part and an owtahe upper part for circulating thermostatic wdibe maintaining
the desired temperature, 303 + 0.1K. The reactimre initiated by adding the desired volume of dtad NaSO;
solution to the reaction mixture containing othdditives such as buffer and catalyst oxide. Thetrea mixture
was stirred continuously and magnetically at 1,&0000 rpm to allow the passage of atmospheric oxyayed to
save the reaction from becoming oxygen mass transferolled. The kinetics was studied in buffereddium, in
which the pH remained fixed throughout the entioerse of reaction. For this purpose, the alkalinéfep made
from NgHPQ, (0.08 mol %) and KHPQ, (0.02 mol %) was used to obtain the desired pH. The kinetias w
studied by withdrawing the aliquot samples periatijcand titrating the unreacted S(IV) iodometrigain slightly
acidic medium as described earlier. The reprodiiilmf the replicate measurements was found beltan +10%.
All calculations were performed in MS Excel.

Product Analysis

The qualitative tests showed sulfate to be the origlation product. For quantitative analysis, thaction mixtures
containing catalyst and S(IV) in appropriately leuéfd solutions were constantly stirred for a sigfitly long time,
S0 as to ensure complete oxidation of sulfur(IVha# the reaction was complete,,Ogwas filtered out and sulfate
was estimated gravimetrically by precipitating atéfions as BaS@sing standard procedure [24].

The product analysis showed the recovery of suttatee 98 + 2% in all cases in agreement with Eq.2.
S(IV) +0.5G6 — . S(VI) (2)

RESULTS AND DISCUSSION

The kinetics of uncatalysed and L0g catalysed autoxidation reaction ofi\g( was studied in alkaline medium in
the pH range 7.34-9.40 at 303K. In both casesrahetion followed the first order kinetics for [8]]. The kinetic
data were based on the determination of first order constant;kfrom the plot of log [SV)] versus time ‘t’ (Fig.
1).

Uncatalysed Reaction

The uncatalysed reactions are generally initiatgdhle impurities and traces of metal ions, partidyl transition

metal ions present in the reagents and solutiohls The dependence of the reaction rate oftM${was studied by
varying [S{V)] from 1x10°mol L™ to 6x10°mol L™ at pH=7.34 (T=303K) in phosphate buffer mediurheT
reaction was found to follow the first order kimsti and log [S(IV)] vs. time (t) plots were lined@he values of first
order rate constant kave been shown in table 1.

Table 1: The values of kfor uncatalysed reaction at different [S[V)] at pH= 7.34, T=303K.

[S(IV)]mol L ?* | 10%, s*
0.001 6.15
0.002 6.19
0.004 6.32
0.006 6.11
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Fig. 1. The disappearance of [S(IV)] with time in & saturated suspensions of 100 ml at [S(IV)] = 20 mol L™, T = 303K and pH = 7.34.
(m)[C0,03] = 20 mg, [formic acid] = 0 ml, @) Uncatalysed and without formic acie § [Co,03] = 20mg, [Formic acid] = 6x10*mol L*,

The dependence of reaction rate orlJ(is given below;

diS(iv
- % = kq[S(V)] 3)

The major aim of the present study was to exantfieeeffect of organic inhibitors on the autoxidatmhS(IV) in
alkaline medium. Therefore, formic acid was choaeran inhibitor. On varying the [formic acid] frohx10*to
6x10*mol L™, the rate of the reaction become decelerdtegresence of formic acid, the dependence ofleate
on [S(IV)] did not change and remained first ord@the first order rate constantfn the presence of formic acid
was defined by the following rate law (4)

d[S(V)]
——— = kipp[S(IV)]
dt ()
The values of k, at different concentrations of formic acid are give table 2.

Table 2: The value of ky, at [SAIV)] = 2 x 10° mol L?, pH= 7.34, T=303K.

[Formic acid] | KinS* | Uk s
0 6.19x10' | 1616
1x10° 3.19x10° | 3135
2x107 2.66x10° | 3759
4x10" 2.20x10" | 4545
6x10° 1.61x10° | 6211

The values of first order rate constapt, kn the presence of formic acid decreased witheiasing formic acid in
agreement with the following rate law.

Kinn = k4/(1+B[formic acid]) (5)

Where, B is inhibition parameter for rate inhibitiby formic acid.
By rearranging the equation (5) we get

1/ ki = 1/ kq + B[formic acid]/ k; ©
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In accordance with equation (6) the plot of 3 kersus [formic acid] was found to be linear witman-zero
intercept (fig. 2). Where intercept =1/&nd slope =B/k The values of 1/kand B/ k were found to b&.06x10°s
and6.8x10°mol™L at pH = 7.34, and T=303K. The value of slope/icegt gives the value of inhibition parameter
B, which was found to b.35x10° mol™ L.
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[formic acid] mol L
Fig. 2. Effect of formic acid at [S(IV)] = 2x10° mol L™ and T = 303K, in phosphate buffered medium.

Co0,03 Catalysed Reaction
The kinetics of CgD; catalysed autoxidation of S(IV) was studied ikalihe medium in the absence of inhibitor
formic acid.

[S(IV)] Variation

The dependence of reaction rate on [S(IV)] waslistliby varying [S(IV)] from 1x18to 10x10°mol L™ at two
different but fixed [CeO3] of 0.1 and 0.2 g £ at pH = 7.34 and T=303K. The kinetics was foumdb¢ first order
in [S(IV)] as shown in fig. 1, and log [B()] versus time (t) plots were linear.

[C0,05] Variation

The dependence of reaction rate on G was studied by varying [GO3] from 0.1gL*- 0.4gLat fixed [S(1V)]
of2x10° mol L™ at pH=7.34 and T=303K in phosphate buffer medilie values of first order rate constangg k
for S(IV) - autoxidation was determined at different fOg], as given in table 3.

Table 3. The value of k; at different [C0,03] at pH = 7.34 and T=303K.

COZOS(Q Lrl) 1§kcal Sl
0.1 8.8
0.2 13.7
0.3 16.9
0.4 21.1

The nature of dependence @fkn [Ca0;3] shown in fig. 3 indicates a two term rate law.

dis(v
) [c(:lt)] = KeafS(IV)] = (K +ky [C0,03]) [S(IV)] .
or Kegt = (Ki+ky [C0,03]) o

From the plot in fig. 3, the values of intercepetual to kand slope is equal tg kvhichwere found to b&.1x 10
“sand4.01 x 10° mol™L s, respectively at pH= 7.34 and T=303K.

Variation of pH
Variation in pH in the range 7.34 to 9.4 in phogspHauffer medium showed the rate to be indepenoepH. The
effect of [buffer] was examined by varying the centation of both N&HPO, & KH,PQ, in such a way that the
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ratio [NaHPQy] / [KH,POy] remained same to maintain the pH. The values sddvat the rate of the reaction to be
insensitive to the buffer concentration (table 4).

00025
(.002 e e
= -..-(. i
= 00015 il
W -
2 0001 il
. [ )
{0003
{J
0 0.1 0.2 03 0.4 0.5

[Co,0;], gL
Fig. 3. The dependence of rate on catalyst conceation at [S(IV)] = 2x10°  mol L, T = 303K and pH = 7.34.

Table 4. Variation of pH at [Co,05] = 0.2 g L%, [[Formic acid] = 2x10%mol L, S(IV) = 2x10% mol L™* and T=303K

[S(IV)]moIL * | [Co,04 | [Formic acid] | pH | Temp. 10% car
g |_71 |'T10|L71 (K) k1 + kz[C0203]
0.002 0.2 .0002 M 7.34 303 5.28
“ “ “ 8.50 “ 5.15
8.90 5.47
9.40 5.42

Variation of formic acid
To know the effect of formic acid on g0 catalysed autoxidation of S(1V), formic acid vaioa was carried out
from 0.5x10%to 6x10°mol L™ at two different [CeO4] that is 0.1 and 0.2 g'Lbut fixed [S(IV)]= 2x10° mol L™ at
pH = 7.34 and T=303K.The results indicates thainbyeasing the [formic acid] the rate become deswea

A detailed study was carried out for the dependarfcate on [S(IV)] , [CeO5] , and pH on the reaction in the
presence of formic acid, which revealed that theetics remained first order both in [S(IV)] and pOg] and
independent of pH. A plot between [{g] vs. first order rate constant is linear (fig. with non-zero intercept.
The value of intercept and slope are found td.B&x 10* s* and 1.6x 10° g* L s, respectively.
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Fig. 4. Effect of [CqO4] at formic acid = 2x10*mol L™, pH=7.34 and T=303K in phosphate buffered medium.
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Depending upon the observed results, the reaabitowfs the following rate law in the presence afrfiic acid.

(ky+ ko[Co,03]) [S(IV)]

d[S(IV)]
dt 1 + B [formic acid] ©)
(kq+ ka[Cox03]) Keat
Where, k,, = =
1 + B [formic acid] 1 + B [formic acid]

1 1+ B [formic acid]
Kinh Keat
1 1 . B [formic acid]
Kinh Keat Keat

The graph between 1/kvs [formic acid] gives a linear line with non-zartercept (fig. 5).The values of intercept
= 1/k and slope=Blk; from the graph are found to he70 x 18sand6.10 x 16 mol™L s respectively. From
these values the value of inhibition parameter Blgpe/intercept can be calculated. For this reagtiohibition
parameter B is found to 8258 x 16 mol™ L.
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: *
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B:= T T
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[formic acid] mol i
Fig. 5. Plot of 1/k,, vs. [formic acid] at [S(IV)] = 2 x 10° mol L™, T=303K, [C0,03] = 10 mg and pH = 7.34 in phosphate buffered medio.

Effect of temperature

To calculate the apparent empirical energy of atitvm, the values of ks were determined at three different
temperatures in the range 303K to 313WKe results are given in table 5. By plotting apiréetween log k versus
1/t gives us the apparent energy of activation ksoea20.3 kJ mat.

Table 5: Effect of temperature on kysair saturated suspensions at [S(IV)] = 2 x Tdmol L™, [C0o,04] = 0.2 g L?, [formic acid] =2x10* mol
L™, and pH = 7.34.

T (K) | 10 Kope,S*
303 5.28
308 6.88
313 8.75
DISCUSSION

In aqueous solution S@s present in four forms, SM,0, HSQ, SO and $0s%, which is governed by the
following equations.
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K
SON(g) + H,0 - S0,.H,0(aq) (10)
S0,.H,0(aq) A0 HSO, + H' (1)
Ka) -
HSOy SO; +H 12)
2HSOy =) S,0:2 + H,0 (13)

Ky is Henry’s constant and,KK; are acid dissociation constantsi&the formation constant forGs>” at 25°C the
values are K= 1.23 mol [fatm?, K;=1.4x10% K,=6.24x1(, and k=7.6x10% In this experimental study in pH
range (7.34 - 9.4), S(IV) would be largely presestSGQ*. Since the rate of reaction is nearly independémH,

we have considered only $Ospecies to be reactive in the subsequently. lara¢transition metal oxide catalysed
heterogeneous aqueous phase auto oxidation remabibrsulfur(lV), the formation of surficial comples by
adsorption of sulfur (IV) and Oon the particle surface and oxidation of sulfu)(liake place through the
intervention of multiple oxidation states has bgeoposed [5-10] . In the heterogeneous solid —idiqphase
reaction of Mn@ and S(IV), Halperin and Taube proposed thasthfite ion makes bond through oxygen atom at
the surface of solid Mn[25] In the present study, the dependence of axygjeows the formation of surficial
complex by adsorption of {dn the particle surface of gosthrough the fast step.

Bigelow et alstudied the effect of alcohols such as methanbretl, propanol and butanol on the reaction between
sodium sulphite and LOand found that these alcohols inhibit the reactiate [26]. Alyea and Backstrom [12]
studied the inhibiting effect of aliphatic alcohgthanol, isopropanol, secondary butanol and Hexdeghol) on the
autoxidation of sodium sulphite in alkaline mediimit{al pH 8.4). Backstrom [14] proposed radicalaoh
mechanism of alcohol inhibited oxidation reactioetvieen sodium sulphite and oxygen. Connick and ghan
reported that in the presence of ¥lions the inhibition by methanol is more compleX][2Grgic et al. studied the
inhibiting effect of oxalate, acetate and formatetioe Fe-catalysed autoxidation of S(1V) at pH eafu8, 3.7, and
4.5 and found that oxalate has a strong inhibiéffgct on the reaction rate due to reduced amoluoatalytically
active Fe(lll) ion due to the complexation with tate [28].

Bostjan Podkrajsek et al. [20] studied the effdatarboxylic acids on Mn(ll) catalysed oxidationsaflfur(1V) and
observed that mono carboxylic acids inhibit thedation and strongest influence found for formicdaand also
observed induction period due to higher inhibition.

In alkaline medium the rate of go;catalysed reaction is highly decelerated by thatiaedof formic acid like that
of ethanol reported by Gupta et al. [21]. This aadés the operation of a radical mechanism invglexysulfur free

radicals, like S@ °, SQ, " and SQ™ " [21, 29-30]. The inhibition is caused through #uavenging of SO " by
inhibitors such as ethanol and benzene, etc.

Gupta et al. [21] reported that a radical mecharoperates in those reactions in which the inhibipp@rameter lies
the range 1910". In the present study the value of inhibitor paggenis found to b&.58x10, which lies in the
same range. This strongly supports the radicaham@sm in the present reaction too. Based on tkergbd results
including the inhibition by formic acid, a similaadical mechanism is proposed like that of Gupia.gtroposed in
the ethanol inhibition of the CoO catalysed reacfi].

In the mechanism, no role is assigned to ,Qwvhich is also known to react with sulfur (IV)oslly [22]. It may
disproportionate to form 0, and Q or may be scavenged by impurities [22]. By assgnhdmg chain hypothesis
and steady state approximation dg3@t, d[SQy)/dt and d[SQ@]/dt to zero, it can be shown that the rate of
initiation is equal to the rate of termination.
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K1
Co,05 + SO C0,05, S0 (1)
K
C0,05.502 + O, = C0,05. 805 . O, )
k
C0,0;. SQZ-_OZ —1> Co,0;+ SO + 0Oy (16)
k
SOyt +02 ——— sQ° (a7)
k
SOS-. + SQZ- —3> S()sz' + SQ_ (18)
Ky
SO +SQY ————= SO+ SO (19)
Ks
SO #+ SO ——— 2507 (20)
Ke
SOy +SQ% —> SOZ +SOy (21)
kz
SOQ;© +x  —— > Nonchain product (22)
k
SOy, + formic acid —=2—> Nonchain product (23)
(Eq. 24)
Ki[C0,05(SO)(0y)] = {k+[X]+k gfformic acid]}[SO; ] (24)

The steps (16) & (20) appear to be unimportant beeghe reaction is completely seized by the poeseh[formic
acid] = 1.5 x 1Gmol L™,

The contribution of propagation reaction (19) besgnificant in the CgD; catalysed reaction where the
autoxidation reaction should have occurred evethénpresence of high formic acid concentration, thig is not
true and the reaction is completed seized in tesgirce of high concentration of formic acid. Thid Uis to ignore
the step (19) and assume only the rate of reagti@an by equation (25).

-d[S(IV))/dt = Rt = ks [SO; ] [SO57] (25)
By substituting the value of (SO we get
ks ki [C0,03. SO*.0;] [SO57] (26)
Rca1
/K] + kg [formic acid]
From equilibria 14 & 15
kK2 K1 [Co04] [S(IV)] [O7] (27)

Reat =

{1 #5(IV)] {k 7 [X] + kg [formic acid]}

At fixed O,, replacing kk, k, [O2] by k* we get
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1
Reat = HCo,O4] [S(IV)] (28)

{1 HIS(IV)] {k 7 [X] + kg [formic acid]}

Since we observe a clean cut first order in [S(I\fje value of K[S(IV)]<<1 so the above rate law can be reduce
to
k[Co,04] [S(IV)] (29)

Reat =

[X] + kg [formic acid]

Gupta et al. proposed a similar mechanism for 1@ €atalysed autoxidation of sulfur dioxide inhélitby ethanol,
leading to the same rate law [19]. By comparingweer rate law with the experimental rate law, weeatve the
similarity in these two.

The calculated value of inhibition constant B 8810 mol* L. Therefore, it is concluded that formic acidsaas
a free radical scavenger in the,Og catalysed autoxidation of aqueous sulfur dioxidalkaline medium, and a
free radical mechanism is operated in this system.
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