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Kinetics was studied and the scheme of the reaction of petroleum sulfides
peroxidation to sulfoxides in the presence of catalytic systems «molybdic acid +
molybdenum oxide (VI)» and «molybdic acid + wolframic acid» was proposed.
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In the research works*® we showed that
kinetics and products of petroleum sulfides
peroxidation to sulfoxides depends onthereactivity
and mechanism of molybdic compounds catalytic
effect. The present work isthe continuation of this
research and is devoted to the study of kinetics of
petroleum sulfides peroxidation under theinfluence
of hydrogen peroxide and mixtures of two catalysts
«molybdic acid + molybdenum oxide (VI)» and
«molybdic acid + wolframic acid».

Main part

Experimental technique. Sulfides of
straight rundiesel of Arlanskayaoil with the boiling
temperature range from 180°C up to 360°C
represented by derivative thiocyclopentanes,
thiocyclohexanes, dialkyl- and phenylalkyl
sulfides'® were oxidized in the reactor with the
mechanical agitator in accordance with the
technique described in the work™. During this
process was performed intermittent sampling for

* To whom all correspondence should be addressed.

sulfoxides analyses. Before performing the test,
mixtures of catalysts composed of molybdic and
wolframic acidsand molybdenum oxide (VI) were
kept in hydrogen peroxide for 30 minutes.

Analysis of sulfoxy sulfur in the diesel
fuel oxidate was carried out by nonaqueous
potentiometric titration with the chloric acid
solution in dioxane®.

Sulfoxy sulfur content S (% wt) is
calculated by thefollowing formula:

g_V-N-32.100 32.V.N

P-1000 P

where, V —volume 0,05 mole/dm? (0,05n)
of chloricacid solutionin dioxane, used for titration,
cm?;
N - molarity of chloric acid solutionin dioxane;
P- sample weighted quantity, g;
32- sulfur atomic weight.
Results discussing

When using MoO, and H,MoO, catalysts,
variousKkinetics could be observed in the reaction
of petroleum sulfides peroxidation, althoughin both
cases the oxidizer is peroxymolybdenum acid [ 1-
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3]. Although catalytic behavior of molybdic and
wolframic acidsin thereaction of petroleum sulfides
peroxidationisthe same, oxidizersinthese systems
are different peroxo-compounds (H,Mo00, and
H,WO,). For further studying of the mechanism of
catalytic petroleum sulfides peroxidation were used
binary catalytic systems composed of catalysts
that differ in reactivity and catal ytic effect.
Sulfides peroxidation in the presence of H,MoO,
and MoO,

When using combined catalytic systems
H,MoO, + MoO, conjugate character of petroleum
sulfides peroxidation reaction (R,S) could be
observed. This could be proved by the kinetic
curves of petroleum sulfoxides accumulation
(R,SO). During thetest with theindividual MoO,,
rate of R,SO accumulation at the initial stages
increases and during thetest with H,MoO,, rate of
R,SO accumulation decreases (fig. 1). Inthe tests
with combined catalytic system kinetic curves of
petroleum sulfoxides accumulation could be
considered as the combination of kinetic curves
obtained during thetestswith individual catalysts.
The obtained results could be explained on the
basis of thefollowing scheme of petroleum sulfides
oxidation under theinfluence of “H,O,+H,MoO, +
MoQ," oxidation system.

HMo0, L HaO EAe O 1 H:D a1

MO, ¢ HO, — - HMoD, (L
MOy Rt ——= YHMe0 - RE @D
FHMoD, 1RS —= PHM0,R3 [y
HAD, RS —  MHALD, JIRE0 G
UMD, R3S — e H MO, LIR30 L)

In this scheme sulfoxide is accumul ated
from two lines because the oxidizer —
peroxymolybdenum acid is generated from two
initial catalystsof thereactions(1.1) and (1.2). Total
concentration of peroxymolybdenum acidis:

[E,Me0, = [5.30, | [P Me0 |-
= [alphd[H,Mo0, |+ (1-[alphd)-[H,Mo0, ] (1)

where [alpha] - mole fraction of
peroxymolybdenum acid generated from H,MoO,;
(1 - [dpha]) —molefraction of peroxymolybdenum
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acid generated from MoO, ;
o variesfromOto 1.

Total rate of sulfidesconsumptionintwo
lines amounts to

V=V +V, (2

Onthebasisof the principleof eementary
steps independence we can obtain the equation
for calculationof V., and V,,.

Earlier in the work [1] it was mentioned
that the process of sulfides peroxidation in the
presence of molybdic acid islimited by thecomplex
decomposition stage (3.1)

V) =lalpha] -k, 11{1}1‘[33“[005 ---R:SI -3

Taking into account quasi stationarity of
complex concentration, equation (3) transformsas
follows:

-l bk a0 [ gl et s, [531,.(8)

de ki, +hi,
where
wp - Kk
T kg tky,
After separation of variablesin the equation (4)
d[R ;5]

R 5]

Integration within the range from [R,S] |
to [R,S], and from O to t gives the equation of
sulfides consumption kinetic curve.

[R JS] i)
In [ﬁfﬂaﬂvhﬂ- kot (g

Maximum possible concentration of sulfoxides
generated in thisline comprisesthe certain amount
from the initial sulfide concentration
[bea]R 5], =|"'R,80|_or [R.g], =["R.20]_ /[beta],
and current sulfides concentration is connected
with the current concentration of sulfoxidesinthe
following way

[beta]R ], =|R,50| —|*R,s0]
or
RSL =(|“R 80| -|"R,80] )[beta]
where B - amount of sulfoxides per
consumed sulfide.

After substitution of these values into
the equation (6) we obtain the equation of

Vo

[VH Mo0,] )

=[alpha]l Yk, dt
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sulfoxides accumulation kinetic curve,
1w/ |“[rs0] - [*r.s0] J-m["r.s0], ~[pra Pk, -1...(7)

Sulfides consumption in the second line
is probably also limited by the complex
decomposition and is proceeds at the rate of
V, = (1-[alphd ) k, [ HMo0O, —R,8] .8

Taking into account quasi stationarity of
complex concentration, equation (8) transformsas
follows:

r W -[alphd) kL kL Ty 11e 2]
LA —T[ H;Ix-I-:D_‘_-[R;E-_ .9

It seems that equations (4) and (9) are
similar but they are fundamentally different. The
equation (4) includes balanced and practically
constant concentration ["H,MoQ,], asit isformed
and consumed in balanced stages (1.1) and (2.1)
[4.

Peroxymolybdenum acid concentration in
equation (9) will increase because @H,MoO, is
generated intheirreversible stage (1.2).

Rate of @H,M 00, accumulation equals to

d[¥H M0, |

dt
Molybdenum oxide (V1) isused for testing
insolidform, soitschemical potential isconstant.
Sowecantake[MoO,] = const. Taking into account
excess amount of hydrogen peroxide during

testing, on the surface stageswe can take[H,O,] =
const. Then in equation (10) time and peroxoacid

=k, ,[M0O,|-[H,0,] ..(10)
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concentration are variable values.
In such case, from the equation

d[¥H,Mo0, | =k, ,[M00,]-[H,0, ]t
After integration
[®H,Mo0, | =k, [MoO, ] [H,0, ]t ..(11)
After replacement of [#H ,MoQ,] in
equation (9) taking into account equation (11) we
have
_'d-ER;S: '::1_[a‘:9-}-'£::"k;;'k;;'k
i k. +k .
If at the surface stages of the reaction we
take [R,S] = const, then

2 [R.5HMo0 HELO. }¢._(12)

~ e gL b K Ker o o IMoQHELO,} 1

k1:+k-=_'
- (1-[2iphd)"k,, -t-dt
where
o koy-kao-kys
By =232 —n PR g MeO, |-|[H.O,
e = TR 1] o0, | 0,
(14)
Integrationfrom[R,§] to[R,S],andfromOtot gives
1-[alpha] @ 2
ARS|=——k,, 17 s
where

AR, 8--R.3-Rsli-2R.30) "R 20| -|R 0] - |*R 30|

because | ¥R ,80/, =0

Table 1. Values of effective constants of accumulation rate and amount of
sulfoxides when using MoO, + H,M00, [R,S],_ 1,5 % wt, [H,0,] = 5,9 % wt, T = 60°C

Mole fractions of MoO,/H,M 004' % 100/0 60/40 50/50 40/60 0/100
(Z)kw.107, A~ 21+0,3 22+03 23+0,3 26+04

(1)kuP L1083, A7 1,00+£025 1,00+0,25 1,01+0,25 1,01 +£0,27 0,86+ 0,18
[R,SO]_/[R,S] 0 %0 43 45 47 53 92

Table 2. Values of the effective constants of accumulation rate and amounts of obtained
sulfoxides when using mixtures H,MoO, + H WO, [R,S],_ 0,56 % wt, [H,0,] =2,2% wt, T =60 °C

Mole fractions of MoO/H,M00, % 100/0 90/10 70/30 30/70 10/90 0/100
A2k 7100 A 86+18 81+20 69+19 43+04 25+04 22+04
(@nag U104 AT, 8,6 8,0 6,7 41 2,8 22
[R,SOI./[RS], % 92 89 81 54 52 45
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then [*R,S0] =

Initial sections of kinetic curves of
sulfoxides accumulation in the tests with MoO,
(fig.1) becomelinear with the correlation coefficient
0,993 + 0,995 within the coordinates of equation
(16), where by the slope ratio were calcul ated the
values of effective constants @k,  (table 1).

Kinetic curvesof sulfoxidesaccumulation
inthe devel oped sulfidesoxidation (fig. 1) arelinear
within the coordinates of equation (7) with the
correlation coefficient 0,982 + 0,987. By the slope
ratio of these transformations were calculated the
values of effective constants of the rate Wk,
(table 1). Constance of ™k, while varying of
catalysts mixture compound (table 1), equation (5))
shows that in the developed oxidation in all tests
there is the same balanced concentration of
peroxymolybdenum acid, which represents the
sumof [PH,M00Q,] and [?H,M0Q,] (equation (1)).
This sum in &l tests was the same as the initia
concentrations of H,M00, and MoO, were taken
insuch ratio that the total amount of the substance
(inmoles) in conversionto metallic Mo wereaways
the same.

Addition of H,M0O, to MoO, increases
the amount of the desired product but the amount
of obtained RSO is not very high (table 1). It is
obvious that usage of MoO, or MoO, + H,M00,
mixture asthe catalyst causes many sidereactions

1-[aipha] ., N
— k, -t ..(16)

[F;500. 00 %
14 -

17 4
L3 4

s

° 1 2 3 N s 5
10, 0
Fig.1. Kinetic curves of sulfoxides accumulation
during sulfides oxidation with the combined catalytic
system H,M0O, + MoO, [R,S], = 1,5 % wt.
[H,0,], = 5,9 % wt. T=60°C. Fraction of H,M00,,
%: 1-100,2-60,3-50,4-40,5-0
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and the amount of the obtained desired product
under condition of constancy of effective rate
constantsislow (table 1).

Sulfides peroxidation in the presence of H,MoO,
and H,WO,

Similar kinetics of sulfoxidesaccumulation during
petroleum sulfides oxidation could be observed
not only when using individual catalysts H,MoO,
or H,WO,, but also when using combined catalytic
system H,M00, + H,WQ, (fig. 2)

Data contained in figure 2 could be explained by
thefollowing scheme

HhoDy. By —= HMeD. . HD {41
HWo, « HO, - HWC: « HO an
HMoOs «Bf o= HD:—R;E (51

HW0s + Rt /——= HWO:— Ra& .
HAD: B8 — g HohbpOy +“R50 {61)

BWO: - RS — a HWO -TRSO0 (ED

The proposed scheme consists of two catalytic
cycles of sulfoxides generation, where sulfides
oxidizersare H,MoO, and H,WO, correspondingly.
Limiting stages are (6.1) and (6.2) of peroxoacids
decomposition with theinitial sulfide. So thetotal
rate of sulfides consumption amounts to

[RySO}, (171 %
0,6 -

0,5 1 A 2
0,4 7
0,3 1 ]
0,2

0,1

0,0 T T T T 1
0 2 4 6 8 10
107,
Fig. 2. Kinetic curvesof sulfoxidesaccumulation during
sulfides oxidation with the combined catalytic system
H,M00,+ HWQ, [R,S],_0,56 % wt, [H,0,] =2,2%
wt, T =60 °C. Fraction of HM OO4I %: 1—-100, 2-90,
3-70,4-30,5-10, 6 -0 (100% H,WO,)
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_d[i-t;s- =V-=- _V"- =[31p]'13]-k5: '[H;I"'I': Ds . "R; E‘:_

_':.1_ [alphaIl : k.s 2 [H-_""UDs o R_S'

-(17)

where [apha] - mole fraction of

H,MoQ, in the catalytic mixture (in conversion to
metallic Mo);

(1-[apha] ) —molefraction of H,WO,

in the catalytic mixture (in conversion to metallic
W).

After application of the principle of
quasi stationarity for concentrations of peroxoacids
complexes with the sulfide, the equation (17)
transforms asfollows

SRS [ b b gy | Aol s b ]| el
® Lk, - |
= ([akbd® 1 [alpkdl kR E]
(18)
where
kg, ks,

@k = '[H::"’TDDi] ..(19)

ke, tk 5,

{4:'1{ — kﬁ] ki] [H;“'DJ (20)
kg +k 5, ) o

Correlations of (19) and (20) are lawful
because they contain quasibalanced and
practically constant concentrations of peroxoacids
which are generated at the balanced stages. After
integration of (18) within the range from [R,S] ;to
[R,S],anf from O to t we obtain the equation of
sulfides consumption kinetic curve.

ad.

L“[R;?’ = [k, +(-[apball ke (21)

Rsl

Taking BE.3l, - [R50,
B[Rl -[R.30]. - R.50L, (Where [beta] — amount of
sulfoxides per consumed sulfide), and
[alphal®'k,, +({1—[alpha]}*'k,, === 'k ..(22)

We comprises the equation of sulfoxides
accumulation kinetic curve

n[R.50], -[R.80] )= m[R.80]_-"== 'k, -t ...(23)
where [R.$0]. =|“R SO +|*R,S0|;

Kinetic curves, contained in figure 2, are
transformed with the correl ation coefficient 0, 980
+ 0,995 into the direct lines from where were
calculated the testing values of the effective
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constant of the rate ™47k (table 2)

Calculation of the effective constant of
therate of sulfoxides accumulation ®*%k  using
the equation (22) and taking into account mole
fraction and values ®k,,  and “k, of catalysts
showed that testing and calculated values of the
effective constant of the rate are practicaly the
same, within the permitted experimental error (table
2). Thismeansthat when using combined catalytic
systemH,M00, + H,WO, inthereaction of sulfides
peroxidation two catalytic cycles are realized
paralel and independently from each other.

Increasing of the fraction of less active
wolframic acid in the mixture H,MoO, + H,WO,
reduces the amount of obtained sulfoxides (table
2), obviously in the result of hydrogen peroxide
decomposition in the side reactions.

CONCLUSION

Kinetics of sulfoxides accumulation
during petroleum sulfides oxidation under the
influence of oxidizing systemsH,O, + H,MoO, +
MoO,» and «H,0, + H,M0O, + H,WO,” depends
on:

E) Onthekinetics of oxidizersaccumulation -
peroxoacids,

b) On the oxidation capacity of peroxoacids;
C) On the number of side reactions of
hydrogen peroxide decomposition.
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