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ABSTRACT

Rate of reaction data for sulfonation of dodecyl-
benzene by sulfur-trioxide in 1,2-dichloroethane solution
was obtained at 29°C, Sulfur-tricxide concentration in
1,7?-dichloroethane ves varied from 0,037 gm.moles/litre to
0.0653 gm.moles/litre., Dodecylhbenzens concentration in

1,2-dichlorcethone ves varied from 0.08 gm.moles/litre to

0.12 sm.moleg/litre,. The reaction was rapid and complex,

N

The ¥Xinetlcs were studled by obtaining the initial rate of

e

the reaction. The results werec:
-dC1/dT = 5.325 CHiO-56} Csil.'z%

where, CHy = initisl concentration of dodecylbenzene in

1,2-d1ichloroethane, gun.moles/litre

(@]
i
{

initial concentration of sulfur-trioxide in
1,2-dichloroethane, gm.moles/litre
Short reaction times varying from 10 secs to 50 secs

vere taken and batch process was used.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACENQWLEDGHIENTS

The auvther telkes this opportunity to express her
Sinecere gratitude to Prof., H.B.Powley for his able guidance,
constructive criticism and encouragement throughout this
T¢

?

ork and to Dr, Holland and Dr. Lam of Chemlstry Department
for their valuaeble sugpgestions from time to time.

The author 1is also very thankfuvl to Mr. D.Hi1l of the
Chemicstry Department for determining the Infrared and the
tveclear Magnetic Besonance spectra, Nr., VW.,Zberhart and Mr.H.
Therhart for assistance in the construction of the experimental

soparatus znd Mr, G.RByan for his valvable help at times on

Flom A e g
Viale Cahe pILluk CU S UAND g

M/S Continental 011 Company of U.S.A. suppliecd the
Todecylbenzene sulfonic acid free of cost for experimental

purposes, The financial support for this work was provided

by the National Research Council of Canada.

iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CONTENTS

ATISTRACTS iiil
ACKNQUWILEDGNENTS iv
TARLE OF CONTENTS | v
LIST OF FIGURESR vi
I.IST OF TARIES vili
T. INTRODUCTION 1
1T, LITERATURE SURVEY L
ITY, THECRY
A, Sulfonstion 9
B. Reaction Kinetics 16

A, Tqujpmcnt and Procedure 20
L. Colvent ?'f‘
C., lMaterials of Congtruction 27
Dy Analytical NMethod 27

V. RESULTS

A, Results 30

B, Analysis L2

VI, RECOMMENDATIONS Lo

BIBLIOGRAPHY 50

APPENDTY 52

VITA AUCTORTS 67
\'2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure

1

N

N W FWw

\O

10

11

[IRY
N

13

14

15
16

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

FIGURES

Sulfone Formation as a Function of
Temperature

Effect of Acetic Acid on Sulfone Formation
Experimental Apparstus-1

Experimental Apparatus-2

Reactor

Varlatlon of Sulfur-trioxide Concentration
with Time-Runs 1,2,4

Variation of Sulfur-trioxide Coricentration
with Time-Run 3

Variation of Sulfur-~trioxide Concentration
with Time-Runs 5,6

(_\'

on Bate with

Reacti
entration

12l
c

Sulfur- télé C'ﬁ

Variation of Dodecylbenzene Concentration
with Time-Buns 10,11,12

Varliation of Dodecylbenzene Concentration
with Time-Runs 7,8,9

Variation of Initial Beaction Rate with
Dodecylbenzene Concentration

Comparison between Experimentzl and
Calculated Initizsl Reactlion Rates

Comparison between Experimental and
Calculated Initial Reaction Rates

Infrared Spectrum of Dodecylbenzene

Infrared Spectrum of Dodecylbhenzene Sulfonic
Acid obtained after reaction

Nuclear Magnetic Resonance Spectrum of
standard Dodecylhenzene Sulfonic Acid

37

38

Lo

b1

L3
Lydy

LE



18

20
21
22

23

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Nuclear Magnetic Resonance Spectrum of
Dodecylbenzene Sulfonic Acid obtained
after reaction

Ixtent of Sulfonation-Runs 1,2,3
Txtent of Sulfonation-Runs 4,5

Extent of Sulfonation-Run 6

Extent of Sulfonation-Runs 7,10,11

Extent of 3ulfonation-Runs 8,9,12

vii

b7

5k
55
56
59
60



Table

w N

10

11

12

13

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

TABLES

Production of Organic Surface Active Agents
Physical Properties of Y-Sulfur-trioxide

Results for Constant Dodecylbenzene
Concentration

Results for Constant Sulfur-trioxide
Concentration

Variation of Intensity with Chemical shift

Summary of Experimental Data-CH3=0.2217
gm,moles/litre

Sunmary of Experimental Data-Cp;=0.2217
gm,moles/litre

Summary of Experimental Data-Cgy=0.0%4
gm,moles/litre

Summary of Experimental Data-Cgy=0.04
gm,moles/litre

Iogarithmic Variationof Sulfur-trioxide
Concentration with Time

logarithmic Variation of Dodecylbenzene
Concentration with Time

Summary of Results for Calculation of
Initial Beaction Rates

Calculation of Linear Multiple Correlation
Co-efficlent

Calculation of Linear Multiple Correlation
Co-efficlent

viii

31

31

L5
53

57

58

61

62

63

6L

65

66



I. INTHEODUCTION

Sulfonation of a compound gives sulfonic 5cid of
that compound, Sulfonic acids are used as intermediates
for production cof mony substonces depenclng upon the initial
compound used, e.p. surface actlive agents, dJeu, pharmaceu~
ticals, detergents, wetting and emulsilying agents, as acilds
in lesther treatment, adhesives, aqueous thickeners ete.

Sulfonic acida are hardly ever used as such but they
cere vaed as intermediates in many industries., Yet, very
1ittle fundamental work hae been done on sulfonation
reactions, The optimum condlitions for most commercial
sulfonationg are found by triszl and error, Demand for =2ll
these products has increased tremendously after Worlid Vear 11,
T'or instance, in the case of surface actlive agents the
cemand has increasced slmost tenfold during the years 1943.

1953(Table 1)(1).

The demand for detergents has been increasing rapidly
gsince then. Dodecylbenzene is by far the most common
starting material vsed in detergent industry, even though
aliphatic compounds are also being used these days.

Porpose of this experiment 1s to study the kinetics
of the sulfonation of dodecylbenzene by sulfur-trioxide,

“he rate equatior can generally be written as:

- ac/aT = x offef

n-o00'lootocoo.oou:ootounlot(l)
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TABLE 1

(Units in 1000 1bs)

Production of Organic Surface Active Agents

Year Petroleum based Other Total
1943 51,538 48, bk 99,983
1944 74,234 78,402 152,636
1945 79,004 105,434 184,442
1946 99,813 142,361 242,174
1947 112,687 174, 47L 291,161
1948 177,737 196,978 374,715
1949 232,721 196,635 429,356
1950 371,602 286,268 657,870
1951 502,567 186,337 688,904
1952 546,774 189,627 736,401
1953 711,620 203,093 914,713
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The unknOWHSal,faawd kX are found experimentelly,
waere It = velocity constant of the reaction
A = order of reacticn with resnect to hydrocarbon,

dodecylhenzene

“,__J.
o]

which

order of reaction with respect to sulfur~trioxide

=
i

concentration of dodecylhenzene in the solvent

@]
ot
i

it

Ca = concentration of sulfvr-trioxide in the solvent
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II, LITEBATURE SURVEY

Kinetic study of the sulfonation of aromatic
hydrocarbon by sulfuric acid and oleum has been done
before, But, kinetic study of sulfonatién by sulfur-
trioxide has not been very common, Vicary and Hinshelwood
in 1939 first published a paper on their studieé of
sulfonation of nitrobenzene by sulfur-trioxide (2),
Nitrobenzene is itself used as a solvent. The reaction
was stopped and products were analysed by extraction with
water and benzene., The unchanged nitrobenzene went into the
benzene layer and the acids into the aqueous layer, The

1 - s
s wacshed with woter, the wachings adde

y i

(o7

to the aqueous layer and the whole titrated. This solution
was bolled down to 100 c.c., and analysed for sulfuric
acid by gravimetric determination as barium sulfate,

Tests were made for sulfone formation. It was
found to be negligible., Also, the reaction was found to
be of second order with respect to sulfur-trioxide,
little influenced by sulfuric acid at higher temperature,
retarded by it at lower temperatures and strongly retarded
by the formation of addition compound between sulfuric
acid and sulfqnic acid,

Again, in 1944, Wadsworth and Hinshelwood in
continuation of their kinetic investigation studied the

L
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N

sulfonation of p-nitrotoluehe and chlorobenzene by sulfur-
trioxide (3). Both the reactions show characteristics
similar to those found in sulfonation of nitrobenzene,
being of second order with respect to sulfur-trioxide and
exhibiting strong retardation due to formation of complex
between sulfur-trioxide and sulfonic acid,

The second order of the reaction with sulfur-
trioxide shows that it must proceed by a mechanism involving
either (a) S,0¢ molecule in equilibrium with small amount
of 803 molecules,or (b) two 805 molecules, It was not
known whether the dimer was in fact present to any appreciable
extent in dilute solutions in nitrobenzene (solvent in these
cases) though Michzel and Weiner (4) present evidence of
certain preparative reactions indicating that 5,04 is the
active agent in sulfonation. If the mechanism involved
two trioxide molecules, the second molecule might (i) enter
into scome relation with the nitrogroup which enhances the
activity of benzene nucleus, or (ii) act in a manner
analogous to a basic catalyst, by providing a temporary
home for proton replaced from the C-E bond by the first
trioxide molecule, Further study of aromatic compounds
was found to be necessary to resolve all the various
possibilities,

In this case, since sulfonation of chlorobenzene,
like that of nitro-compounds, depends on the second power
of sulfur-trioxide concentration, it follows that the

second order reaction does not arise from a specific
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property of the nitrogroup. It might, however, depend on a
rroperty of all strongly polar substituent group. Therefore,
detailed mechanism was uncolved until data for benzene or
derivatives had bheen obtained. In any case, under the
conditions prevailing of 520, as the active species, the
scheme

2 S03F=E 5304 seveceerrnnnnrscrisseness(2)

ATH 4 5904 —— AT 3004 H tivevnennnenea(3)

AT Sp0g H ——> ATSO3H + 505 «vvunennnens(H)
is attractive since this explains both second order with
respect to sulfur-trioxide and the retardation of the reaction
g 1t proceed.

The same year Dresel and Hinshelwéod (5) published
another paper on sulfonaticn of benzene, bromobenzene,
n-dichlorobenzene, «£~nitronapthalene and p-nitroanisole,

A11 reactions are found to he second order with recspect to
sulfur-trioxide and to exhibit the characteristic retardation
by the product, The first order with respect to aromatic
reactant which had been antlicipated was confirmed experi-
mentally. From this information the mechanism of substitution
by sulfur-trioxide can be conclusively said to be:

2 SOze===2 9504 seveevrernesrnsnarneses(5)

ATH + S04 — > Ar.S50..H viuvviviiones o (6)

Ar. 8304 H——> ATSO04H + 505 tisvevanens(7)

Leierson, Post and LeParon (6) studied benzere

zufonation in liquid sulfur-dioxide and attributed

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



sulfone formetion to three factors:

(a) Order of addition of benzene and sulfur-
trioxide to liquid sulfur-dioxide, |

(b) the warming of the reaction mixture after
mixing of the reactants from -8°C to room temperature with
accompanying expulsion of sulfur-dioxide, and

(c) the purity of benzene, But, it was found later
that extent of sulfone formation was dependant chiefly on
the temperature (Fig. 1) of thg reaction and specially on
the mole ratio of benzene to sulfur-trioxide at wvarious
stapges of synthesis,

As seen above, sulfonation 1s a very rapid process
Tor sccurate kinetic measurements by conventional methods.

-

This difficulty was overcome by Ratcliffe (7) by using
sulfur-trioxide in a less reactive form and by using
continuous flow method. The rate of reaction of benzene

oy sulfur-trioxide in 1,2-dichloroethane was found to be:

- dcy/aT = 5.11 cgd+ 57 0311‘2”’ N €D
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ITI1I. THEORY
A. SULFONATION

Sulfonation may be defined as addition of sulfonic
acid group (-SOBH) to a carbon atom of an organic compound,

There are two types of sulfonation reactions:

(a) Indirect

and (b) Direct

Sulfonic acid salt is prepared by indirect sulfonation,
This is the desired product in industry for manufacture of
detergents., For example,

RC1 + NapSOq——> RSO4Na + NaCl .vevevsnesense(9)

Many sulfonic acids, specially, aromatic sulfonic
acids may be prepared by direct sulfonation,

(a) Sulfuric acid

(b) Oleum

(¢) Sulfur-trioxide-liquid or vapor

(d) Addition compound of sulfur-trioxide

(e) Chlorosulfonic acid

(f) Sulfur-trioxide in a solvent

(g) Sulfur-dioxide and oxygen or sulfur-dioxide
and chlorine

(h) Sulfites, sulfates etc,

Which sulfonating agent is to be used depends on
the physical properties of the compound to be sulfonated.
For almost all'types of aromatic hydrocarbons, sulfuric
acid and oleum are by far the most common commercial

sulfonating agents, These can be thought of as compounds

9
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10

of sﬁlfur_trioxide with ease of releaée to the organic
material beilng sulfonated varying from one reagent to
another,

Even though sulfur-trioxide seems to be the best
direct sulfonating agent, for many years use of sulfur-
trioxide on a commercial scale was limited to manufacturers.
This was due t& the instability of sulfur-trioxide in its
)Lform, which is liquid at ordinary temperature, It has a

. tendency to polymerize to straight chain\P-polymer and

cross-linked A-polymer.

o 8] o
g | n
— 00— (0] S O- §— .........fa-polymer
| I I -
O o (o]
- e
gz
T/\ o 6 % 0 8 00 0t oo oL-DOlymer
s
92\\0/// 2

Therefore, until recent years its use had been
limited to manufacturers who had been able to take advantage
of their own contact acid plants or who had been prepared
to obtain it by distillation from oleum,

After considerable research Allied Chemical & Dye
Corporation of U.S.A. (8) overcame the difficulties
associated with liquid sulfur-trioxide and introduced

thelr stable yY-product "Sulfan{ Stabilization is achieved
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11

by adding 0.1% of various compounds- derivatives of boron,
phosphorus and sulfur. It has approximately 99.5% active
sulfur-trioxide content., Sulfan was first offered commer-
cially in 1950. It had been so much in demand‘since then
that the company erected its second production plant by
1956, In England, Hardman & Holden Ltd. arranged to
ianufacture Sulfan under licence from Allied Chemical &
Dye Corporation. Bulk supplles were available in England
by 1957.

Sulfan has greatly increased production of some
industrial sulfonates- surface active agents, lubricants,
additives, aqueous thickeners, synthetic gums and ion
exchange resins,

Some of the physical properties of y-sulfur-trioxide
are given below,

TABLE 2

Physical Properties of y-Sulfur-trioxide

Boiling Point L4 .8 °c
Melting Point 16.8 °c
Specific Gravity(20-30°C) | 1,9224-1,88
Specific Heat(25-35°C) 0.77cal/gm
Heat of Dilution 504 cal/gm
Heat of Vaporization iZ?.b cal/egm
Viscosity at 30°C 1.524 ¢cp
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12

" Sulfur-trioxide is different from sulfuric acid in
that it is miscible in all proportions in.liquid sulfur-
dioxide and in many chlorinated and fluorinated organic
solvents, Some of the solvents react with sulfuf-trioxide
depending on the purity of the solvent and nature of the
§tabilizer.

Some of the advantages and disadvantages of sulfur-
trioxide compared to sulfuric acid are given below:
Advantages:

(a) No water is produced during the reaction, The
reaction is essentially

RH + S0;——>RSO3H +tveveenernrnenrransnean..(10)
whereas, with sulfuric acid or oleum the reaction is

BH + H2S804——#RS03H + Hp0 seevvesssnvssaenss(ll)

Sulfonation reaction ceases below g certain minimum
sulfuric acid concentration., This was shown by Guyot(9).
Courtot (10) and Spryskov (11) showed that this concentration,
which was designated as 7T, depends for any particular
reaction, on the nature of the compound, the extent to
which sulfur-trioxide forms additibn compound with sulfonic
acid produced y the reaction temperature, the amount and
concentration of sulfuric acid used and the time of reaction,
Since sulfuric acid forms water, the acid concentration
decreases and therefore,to maintain the v value so as
not to let the reaction stop excess a2cid is required, In

case of sulfur-trioxide no water is formed and therefore
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13

no excess acid 1is required,

(b) As there is no excess acid present, no excess
2l1kalil is required while neutralization thus reducing the
content of inorganic sulfates in the final product., This is
narticularly important when detergent 1s to be prepared from
the sulfonic acid formed.

(c) smaller equipment is required for the same output
as volume of the acid 1c reduced. Besides, the facter
reaction reduces the resction time,

Disadvantages:

(a) Sulfur-trioxide is more difficult to handle than
sulfuric acid and oleumn,

(b) Heat of reaction is very high, so more provision
for cooling is necessary,

(c) The very rapid and highly exothermic reaction
Wwith liquid sulfur-triéxide frequently causes charring,
So,for getting light colored products use of solvents 1is
necessary.

A major object in choosing a suitable sulfonation
reagent and process is the avoidance of side reactions, the
nature and extent of which will depend upon the structure
of the compound to be sulfonated, the sulfonating agent
and physical conditions used. The principle side reactions
encountered with aromatic compbundé are sulfone formation,
polysulfonate formation of undesired isomers and oxidaﬁion(lz).

Formation of sulfone proceeds according to the reasctions

given below:
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RH + S03—> BSO3H cuvieenvssnsssnnnanssnennsss(12)
RH + RSO3H——>R2802 + Ho0 teevenrsocesconsanea(l3)
Overall reaction:
2 RE + SO03—"R2305 + HpO wevvervennnnannsseas (1)
FPactors favering sulfone fermation:
(1) Use of strong reagent,
(11) Operation in vapor rather than in liquid phase,
(111) Hirh reaction temperéture (Fig. 1),
Factors favoring reduction of sulfone formation:
(1) Use of solvent,
(ii) Addition of organic compound to the sulfonating
agent,
(1i1) Conducting the reaction in comparitively large
volume of reaction products,
(iv) Use of chemical inhibitors, for example, acetic
acid (Fig. 2) (13).
(v) In benzene series increasing substitution by a
number or length of alkyl group reduces sulfone formation.
Polysulfonation is specially pronounced in poly-
cyclic compounds. Compounds such as anthracene and phen-
anthracene polysulfonate very easily. Preparation of mono-
sulfonate involves a substantial amount of undesired
polysulfonate even in presence of unreacted hydrocarbon,
Eenzene, napthalene and dodecylbenzene are easily sulfonated
Wwithout substantial disulfonation,.
Oxidation is another side reaction which is noted

sreclally with polycyclic hydrocarbons and with poly-
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alkylated benzene derivatives at elevated temperatures

and in presence of catalytic material such as mercury.

B. REACTION KINETICS

The rate of chemical reaction may psually be expressed
by the equation:

- dc/aT = kcg% cBﬂ U & 550

Wwhere - dC/dT = rate of reaction

1

k = velocity constant
CA'CB = concentration of reactants in gm.moles/lit,.
A s P = order of reasction with respect to the
reactants A and B respectively
There are =z number of methods used for finding
orders and velocity constant.
(a) Integration method:

th order reaction involving only one reactant,

For n
or where the initial concentrations of the reactants are
equal 2nd the reaction involves eqgual numbers of moles of
each reactant:

- 4c/aT = x.c" _ac/c? - x.aT

o T
or, 1[ ac/ch = kf. aT
Co 0

or, 1 (1/¢™t 1Bty 2ot
(n-1)

or, k = 1 Cae™t Caenty L (16)
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where,Co = initial concentration

C = concentration at any time T
T = time
n = order of the reaction

Values of k are calculated for each value of T for
several values of n, The value of n giving a constant
value of k is the order of the reaction. This 1s misleading
if applied to a complex reaction,
(b) Fractional period method:

A related method to the above 1s a fractionsl period
method. The time T at which a definite fraction of the

reaction is complete is measured, For nt order reaction:

C = (1-%)C,
Then, kX = 1 f 1 _ 1
- Tx(n-1) n-1 n-1
kl-x) Co ch-1
or, T, = 1-(1-x)"* (1/¢0"1)
]f((rl.-l)(l--):)n"1

B e e (1T)

N
or, Tx = constant . (1/C,

The order n may be found by plotting logT against
logCqys This method suffers from the same drawbacks as the
m=thod of integration.

(¢) Isolation method:

This method is used only for reactions that are not

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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compléex. A reaction has orders i{P,Y, ceosss With respect
to reactants A,B,C, ...... Tespectively. NoW, if B and C
are present in large excess, thelr concentration will not
change appreciably during the course of the reaction. The
apparent order of the reaction will thenﬂbeoL.JBand»\7are
determined in a similar way.

(&) Differential method:

Differential method is applicable to complex reactions,
For nth order reaction involving only one reactant:

- AC/AT = KuCl et ivevvvnernsnrrsanseenasannsss(18)

The rate ( -dC/dT) is found by drawing tangents to a
plot of concentration versus time, On plotting log(-d4C/4dT)
against log(concentration), a simple reaction will give a
straight line with slope the true order n. A complex
reaction may give a straight line or a curve; the slope of
the straight line may not correspond to the true order. If a
straight line is obtained, the initial rate may be found
by extrapolation. A plot of log(initial rate) against log
(initiél concentration) gives a straight line with the slope
equal to the true order,

For two reactants, as in the present case, sulfur-
trioxide and hydrocarbon dodecylbenzene,

- dC/d4T = k cH"cSF..................,........(19)

Concentration of sulfur-trioxide Cg in the solvent
is kept constant. For a particular value of dodecylbenzene
concentration Cy in the solvent a plot of logCy versus time

1s obtained., Cyg is varied and a number of such plots drawn.
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Bach plot is extrapolated to T=0 and a tangent drawn at these

points. The tangent is (- dlogCs;/4T), which is,

- dlogCi/de—l . (dCi/dT) -cco.o-o-ooo'occoc(zo)
Ci
From equation (20) the initial rate (-dC4/dT) is

calculated and a plot of log (initial rate) versus log
{(initial concentration) is drawn. The straight line gives:

- dC4/4arT

]

kl.CHf’.............................(21)
where, ki = X.Cgh veviviiiiiniiiinreriiiinieee el (22)
Similar]y-by keeping Cyg constant,
- dCy/aT = kg.CSg vesasescsesrteersessrsneasaes(23)
where, kp = k.CHé P 123
Valve of kX can be calculated from the above equations

(22) and (24) to give the final equation

L
- dCi/dT = k CI-I:-L Csf l.0.l.l'....'..l..l..!..l.(25)
where, Cg; = inltlal hydrocarbon concentration
Csy = initial sulfur-trioxide concentration
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IV, EXPERIMENTAL

Dodecylbenzene is sulfonated by sulfur-trioxide in
1,2-dichloroethane soiution.
A, EQUIPMENT & PROCEDURE

Sulfur-trioxide is dissolved in 1,2-dichloroethane by
passing sulfur-trioxide diluted with air‘through 1,2-dichlo-
roethane (Fig. 3). This dissolution process is carried out
under a fume-hood., Air is passed through a U-tube which
contains cotton for removing any oil or grease and then
through another U-tube containing "6-16 mesh Grade 05" silica
gel for removing molsture from the air, A small amount of
‘ndicating silica gel is put in the U-tube so as to get an
‘ndication of when the silica gel is incapable of absorbing
any molsture,

This purified air is passed through a 1000 c.c. round
bottom flask containing "SulfanV Sulfan has a tendency to
Lo s0lidify at room temperature, therefore the sulfan flask
is heated by a bunsen burner. The air passing through the
sulfan flask evaporates it to sulfur-trioxide and carries
it to a bottle containing 1,2-dichloroethane., Sulfur-
trioxide 1s dissolved in 1,2-dichloroethane. Alr and the
remaining sulfur-trioxide is let out in the fume-hood,.

Since dodecylbenzene is liquid at room temperature,
there is no elaborate equipment necessary for forming the
solution . Necessary amount of dodecylbenzene is added to
1,2-dichloroethane and stirred.

After the solutione are prepared strong sulfur-

20
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trioxide solution and dodecylbenzene solution is placed in
their respective feed tanks., Depending on the required
concentration of sulfur-trioxide and dodecylbenzene during
2. particular run 1,2-dichloroethane is added to the feed
tanks.

Figure 4 shows the apparatus where:the reaction 1is
coerried on., The reaction temperature is 29°C.

500c.c, of the sulfur-trioxide solution in 1,2-dichlo-
roethane 1s allowed to flow straight into the reactér where
it is heated to a constant temperature‘of 29OC. This
solution is stirred by a glass stirrer,

Dodecylbenzene solution in 1,2-dichloroethane from the
feed tank is allowed to flow to another holding vessel where

2 4~
[

4 am i+
A (S L N

LSS | 2o e ale) T
W v/l . LJVJ..J..L\/d -~ y mo,gr‘

¥y o magnetic

stirrer.

Constant temverature is maintained by connecting a
thermoregulétor and a heater to a CRC Monitor Relay. The
heatef is connected through a transformer for temperature
control. The relay is connected to the main line. The react-
ion temperaﬁure 29OC is set on the thermoregulator by
rotating the collar located at the top of the instrument.
When the liquid temperature.is 290C the heater goes off,
The exact temperature i1s obtained by a "built-in' thermo-
meter in the thermoregulator. The relay gives temperature
control within ¥ 0.01°%C,

Dodecylbenzene solution is allowed to flow from the

holding tank to a 500c.c. flask equipped with a thermometer.
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The flask is kept on a heater, the temperature noted and
the solution heated if necessary. The dodecylbenzene
solution is poured into the reactor and the reaction is
carried out for a certain length of time, This time.is
recorded. The reaction mass is stirred during this time,

To stop the reaction the whole reaction mass is dumped into
2000c.c. of water, This is done by opening a stopcock at
the bottom of the reactor. Same procedure 1s followed for
different reaction times,

Dodecylbenzene concentration 1s kept constant, For a
varticular sulfur-trioxide concentration the above procedure
is carried out to obtain the change of concentration with
time, Sulfur-trioxide concentration is changed to obtain a
set of similar data.

Then sulfur-trioxide concentration 1s kept constant and
dodecylbenzene concentration is varied. Again a set of data
is obtained for change of concentration with time,

The extent of sulfonation of dodecylbenzene by sulfur-
trioxide is measured by the acidity of 1,2-dichloroethane
enmerging from the reactor. The residual sulfur-trioxide and
sulfonic acid is extracted when the reaction mass is dumped
into water. The water 1ayef is titrated with standard
sodium hydroxide and'the acidity measured. The sulfur-
trioxide present initially is found by similarly extracting
with water and measuring the acidity. If the reaction is
complete the acidity will be half,

The amount of sulfur-trioxide reacted is obtained and
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therefore the concentration of sulfur-trioxide remaining
can be calculated, Dodecylbenzene reacted and sulfonic acid
formed can be calculated by making use of the following

equation,

12H25 C12325
+SOB—_> 0000011-0(26)

503H

B. SOLVENT

As seen above, the solvent is required to have certain
properties as it has to be satisfactorily inert. The
properties required are:

(1) Solvent property for sulfur-trioxide, aromatic
hydrocarbon and sulfonic acid

(2) Inertness to sulfur-trioxide, aromatic hydrocarbon
and sulfonic acid

(3) Inertness to water
and, (4) Immiscibility in water

Solvents include 1liquid sulfur-4dioxide, n-hexane,
tetrachloroethylene, 1,2-dichloroethane, Freon-11, carbon
tetrachloride (at 0°C), nitrobenzene, chlorobenzene etc.

Two solvents are found to have almost all the above
properties- 1,2-dichloroethane and tetrachloroethylene,
BPut, solution of sulfur-trioxide in tetrachloroethylene is
not very stable, The gacidity of the solution incresses by
37% in twelve days. The possible reaction might be: (7)

2803+C2C}L’,_—_’2802+2COC12 'con'oooocoooo.c(Z'?)
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COCl, + HpO——»COp + 2HCL teuvnvsnenenvornnessa(28)

Similarly, it has been found that change in acidity of
sulfur-trioxide solution in 1,2-dichloroethane 1is negligible
in eight days(7). Therefore, 1,2-dichloroethane is more

suitable and is used as a solvent.

C. MATERIALS OF CONSTRUCTION

Feed tanks, reactor and all other equipment 1is made
of glass. The stirrer in the reactor 1s made of glass with
teflén blades., The magnhetic stirrer is teflon coated. The
tubings for sulfur-trioxide line are teflon and for dodecyl-
benzene line are of polyethylene, It is necessary to use
these materials as dodecylbenzene and sulfur-trioxide are
both corrosive compounds., They tend to destroy the tubings
completely if constructed of any other material except

glass and 316 stainless steel,

D. ANALYTICAL METHOD

To show, that on reaction, dodecylbenzene sulfonic
acid 1s obtained certain analytical methods are used,
Dodecylbenzene sulfonic acid and sulfuric acid is present
in the water layer after extraction., 10c.c. of the water
layer is titrated with standard sodium hydroxide solution.
This gives the total hydrogen ion, that is, the amount of
acid present.

(a) Let, X be the number of gms. of sulfuric acid

and,'Y be the number of gms. of sulfonic acid

Equivalent weight of sulfuric acid Lg

i

326

Equivalent welght of sulfonic acid
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Yumber of eovivalent of sulfuric scid = X/bo

s - ~ . Y > s
ccuivalent o7 sulfoniec acid = Y/326

Then, Y/H0 4+ Y/304 o nomber of equivalent of sodium
hydroxida regu
nenlralization veedersrensancee(29)

(b) 100c.c. of the water is titreted with sodium
hiydroxide i1l the acld ig necutralized. The compounds
obtained on neutrolication sre codiunm sulfate, sodium salt
of the sulfonic eccid and water, The water is evaporated and
the weilght of the residue is obtained,

From the reactions gliven below:

21\18,(7}1' + }’1250,‘“—‘—’ I\TLLZC.(:\L} 4 ZHZO ¢ 2 L8 T IEOE O TYY ( 30)

Cqollng GioHosg

NaOH T ——"‘" + H?O oooo'ooo-t(Bl)

504K 503Na

X gms, of sulfuric acid gives 142%/98 ems., sodium sulfate
Y gms. of sulfonic acid gives 348Y/326 gms. sodium salt of
the sulfonic acid. Therefore,
142¥/98 + 348Y/32¢6 = weight of the residue after
neutralization ceseeeseeee{32)
From eqﬁations (29) and (32), gms, of sulfuric acid
and sulfonic acid can be calculated, Knowing the amount of
snlfuric acid just encugh barium hydroxide is added so as
to neutralize sulfuric acid only. Barium sulfate is filtered
off. Filtrate now contains dodecylbenzene sulfonic acid and

water, Water is evaworated off, Infrared and Nuclear Fagnetic
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AL

VTesults are sumrerized 1in Adpendix,.
A nuwmber of trial runs wers made initlially to get the
e condditions of temperature,
rolume, concentration ete, The final runs were then started.
The Tiret 21y rune were teken at constant dodecyl-
benzene concentration, Plots were mode for each run by
taking time on the abscissa and log(concentration) on the
crdinate, The plots are extrapolated to time T=0(Figs.6,7,8).

Tangents are drawn to these plots at T=0. The slope of the

tangeﬂt ig —d(lOgCi)/dT = - 1 (dCi/ﬁT) |¢ootcoc0-oo(33)

Ci
The initial reaction rate -dC3/dT was calculate from
the above eguation (33). The errors in measuring the rates
were thereby minimized., The results are given in Table 3,
From these results o plot of log(initial rate) versus
log(initial concentration) is drawn. This plot is lincar as
chown in Fig., 9 The bhest linear equation fitting thece data

is found by the method of least squares to be:

—dCi/dT = 2'05 CS%.785 "'.tl!:.ttl.ll....'...'(Bu)

The next six runs were made at constantlsulfur—trioxide
concentration, The dodecylbenzene concentration is varied
and similar plots of time versus log(dodecylbenzene concent-
ration) are obtained, The results are shown in Figs.10,11.
Initial reaction rates are found as before. The results are

civen in Teble 4,

30
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TABLE 3

Results for Constant Dodecylbenzene Concentration
Cy; = 0,2217 gm.,moles/1it,

v

Run no. Initial S04 conc. Initial reaction rate
gm.moles/1litre gm,moles per litre per sec
1 0.0370 0.00637
2 0.0653 0,01682
3 0.0600 0.01320
5 0.0610 0.01400
é 0.0432 0.,00648
TARLE 4

Results for Constant Sulfur-~trioxide Concentration
Cgy = 0.04 gm.,moles/litre

Run no. Initial DDE conc, Initial reaction rate
gm,moles/litre gm,moles per litre per sec
7 0.1200 0.,00598
8 0.1000 0.00540
9 0.0800 0.00464
10 0.0900 0.00475
11 0,1150 0.00557
12 | 40.0850 0.00498

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A

«1.95p~

~1.85}—

=175~

~1.65

wn=-1.55

LOG (¢

1454/
}

p—

-1.15
(

WITH TIME

—h
A
A
Cpy0-2217 [GM.MOLES/LITRE]
125 B Cg.= 00470 _
| A Cgz 00653
y ® C5,z0.0370
! ! I |
) 10 20 30 40 50
TIME, SEC
FIG.6 VARIATION OF SULFUR-TRIOXIDE CONCENTRATION

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

jae



i ] [ ] }
-18}—
A7}
1.6}
/
&
Uw ®
Y ~1.5—
o
-
1.4
-3}/
¢
.20 Cpy;= 0.2217[GM.MOLES/LITRE]
® Cg. = 0.0600
i
-14 1 ] { | 1
0 10 20 30 40 50

TIME, SEC

FIG.7 VARIATION OF SULFUR-TRIOXIDE CONCENTRATION WITH
TIME

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3



I T ! | 1
O

~1.8L —

-1} -

~16}— -
wvi
V)
Y 1.5 -
o)
-l

~1.3}-

Cpy;=0.2217 [GM.MOLES/LITRE]
-1.20 Cs, =0.0432

O C5; = 0.0610

-1.1 1 ] ] ] ]

0 10 20 30 40 50

TIME, SEC

FIG. 8 VARIATION OF SULFUR-TRIOXIDE CONCENTRATION WITH

TIME

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-2.70 .

-1.9} .

LOG l—dC
._HT

~1.7}

-16}—

-10 “11 -1.2 1.3 14

LOG Csi

FIG. 9. VARIATION OF |INITIAL REACTION RATE

WITH SULFUR-TRIOXIDE CONCENTRATION

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

-1.5



LOG Cy

Cs,= 0.040 [GM.MOLES/LITRE]

O Cyy;=0.085 B
4 O Cy;z0.090
A Cy,=0.115
~0.9 ( [ i i
0 10 20 30 40 50
TIME, SEC

FIG.. 10  VARIATION OF DODECYL BENZENE

CONCENTRATION WITH TIME

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

36



-1.3 T I T % |

-1.2

-1.05 -
Cg;=0.04 [ GM. MOLES/LITRE)
B Cy,=0.08
= A CH|=010
@ CHi=0‘1 2
~0.9 ] il 1 ] I
0 10 20 30 40 50
TIME, SEC

FIG.I1 VARIATION OF DODECYL BENZENE CONCENTRATION
WITH TIME

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



v

-1.6 .

R
8

FIG.

12

LOG CH;

VARIATION. OF INITIAL REACTION RATE WITH

DODECYL BENZENE CONCENTRATION

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



From these resulis o plot of los(initial rate)

versus lor{initicl concentration) ie dravn. This plot is
Tnear oo chown in Fieg,172. The © Tinear eccuztion fitting
thegor data g Tound by the wmethod of least sguares to bhes
N, 547
3 4 r e s - o

"'P(lj‘,/dq :_(\,“_)‘jQS r/“, lvlﬂltl‘élill(i.'.:!(Bb)
From ecguations (24) and (34),
: \04/ 7

- St .

,5.05 = 1»(\}\1‘{’) lrte«'uaonscoui-«-&0:.:0:000.0!-0(3(1)

0. 56 : '
1((0!221?’) —)3 .rlte.i!OC..llGi."l0'000(37)

Therefore,k= 4,87
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N
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0
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Then, -dCy/dT = k.87 Cy

Aleo, from equations (
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Therefore,k= 5.78 |
Then, -4C1/aT = 5.78 ¢y, 0500 €y 1785 L .. (01)
Taking an average:
-dC3/&T = 5.325 cHiO'563 08110785 ..;........(42)
From the final equation (42) log(initial rate) is

calculated and compared with that obtained experimentally

(Table 1

AUY]

in Appendix). For the data,multiple correlation
coefficient is:
r = 0.9545
Similerly,rates are compared to obtain :(Tgble 14 in Appendix)
T = 00,9674

The value of multiple correlation coefficient obtained in
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both cases is greater than the value obtained from the
statistical tables at the 95% level. This shows that the
correlation is good.
Analysis:

Nuclear Magnetic Resonance and Infrared spectra are
run on the sample obtained after separatiﬁg sulfuric acid,

The sample is expected to be sulfonic acid of dodecylbenzene.

Infrared:

.The spectrum in Fig. 15 is of commercisl dodecyl-
benzene. The spectrum in Fig.‘16 is the unknown which is
expected to be dodecylbenzene’sulfonic acid, The unknown
spectrum will be different frpm the dodecylbenzene spectrum
becaﬁse of the additionai -S03H group. There will be some

een, these pesks are at
1

extra peaks due to this group. As

s
the wavenumbers 1000 cm™~, 660 cm'l, 1125 cm”

-1

and 1160 cm™ T,
The peaks at 1000 cm™~ and 660 cm-l are due to the sulfonic
acid group. The broad peaks at 1125 cm'ltand 1160 cm"1 are
due to out of plane -CH bending - symmetric and assymetric.
Other peaks are the same,'which can be explained as follows:
There are distinct sharp peaks at 1600 cm"1 and 1500 cm™ 1
showing presence of C=C in benzene ring.This establishes the
presence of benzene ring inAthe compound., Also, showing the
presence of benzene ring is the peak at 3080 c:m—1 due to

-1 -1

-CH stretching in -C=C-H, Peaks at 3000 em~~, 2960 cm™",

2925 cm'1 and 2865 cm"1 are due to symmetrical and asymetre

ical -CH stretching in methyl(-CH3) and methylene(-CHp-)

1

groups. Peaks at 1450 cm™" and 1420 cm—lare due to asymmetric
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ne (and,may be methylene scissorine) and at

—
J
D
o
)
e

me thy]

) nm”l due fto symmetrical methyl hending.

4
L)

(S

ilookine at the ahove deccripiion of the two InTrared
epectrs the comnound formed and present in the sample is
detinitely

o T
HP| ,',)1.1 (o ¢
B [ 3
»

S02H

Huclear Magnetic Hesonance:
Figr, 17 shows Nuclear Magnetic Hesonance spectrum of
gstandard dodecylbenzene sulfonic acid obtalned from Contine-

ntal 011 Company. On integraticn, from NMR:

TABLE 5§

Chemical shift Intensity

.85 18

Total

(.
o

Number of protons are 30. There are U protons at the
peaks at T = 3.45 and T = 2.95., At these peaks the protons
are the benzene ring protons. Therefore,the compound is di-

saubstituted and para-substituted., There 1is a single proton
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ct T ~-1.25 wiiien ls definitely on acidie proton in uSOBH

eroun, This leosves 285 protons which would be due to the

cther substituoent  -Cqzstoqg.
S P U S P e . o Ta - ~ ¥ E )
Studyine the VER of the urinown somple (Fig. 18) it is

seen that the speetrum is the game as the known sample except
there ig o single pesk at T= 4,45 for a1l the L protons
instead of twe separate nerks for tvwe protons each. This is
due to the fact that it is not wozsible to obtaln only para-

substituted compound on rescticn, Normally a mixture of

ortho, meta and para-suniovstituted compound is obtained, the

1-de

percentage of which varies depvending on the presence of the

directing group. This ig the original substituent -C12H25,
vhich 1s, ortho-pars directing., The compound 1is therefore,
dodecylbenzene sulfonic scid.

From complete analysis by IR and NMR it 1s shovwn that

“he compound obtzined on reaction is definitely dodecyl-

henzene sulfonic acid.
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% ey A s Te 41, PR
LDion ohteined at 29070 for the reaction

{ LA - 2
. - D563 1.785
—-QCi//dT = 5;:?5 JL{:‘ C(;'l -n--pcncoctos.(}“‘”B)

(]

her scope for cxverimentsl work with
thie syetem, This work can be repented at other temperature
co as to obtain activation enerpgy. |
Iower or higher homslogues of the hydrocarbon can be
vaeed to obtain similar data. It may aleo be possible to use

other solvents instesd of 1,2-dichloroethane.

L9
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- T (
Savnary of Droorvimentsl Dats
Cipq = 0227 rmoles/litre
ERNER)
Hen no. Time Titre cone . .~initial reacted
sec cm? em, moles/iitr %
1A 0 1.250 0,03700 0.00
n 10 0,084 bz .50
C 20 0,930 51,40
D 30 0.855 63.50
1o o 0.805 71,60
2 b 0 ¢.500 0.06530 0.00
B 10 8,170 35.00
C 20 7.820 2,00
N 30 7.270 38.70
E 1o 7.700 Lk, 50
3 A c 8.800 0.06000 0.00
R 10 7.100 38,60
C 20 S dele 50.00
3] 30 £,.h20 51,15
I Lo 6,190 52,40
he A 0 5.700 0.04700 0.00
B 10 L, 530 1,00
C 20 I, 200 - 52,63
D 30 b,020 - 59.20
B Lo 3.5850 64,91
F 50 3.800 £6,66
5 A 0 7 .400C 0.06100 0,00
B 10 5.820 45.30
c 20 5.220 59.00
D 3 b, 900 67,60
E 4o b, 600 75.60
F 50 4,500 ' 78.40
6 4 0 €.550 0.04320 0,00
B 10 5.225 40.50
C 20 4,800 53.42
D 30 L,900 61.80
™ bo = L.,€00 67.60
F 50 L.230 70.80
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TARIE 8
Trmme i) mynarimeatal Dats
Coy = 0,00 en woles/litre
B Codons C T Sulivr-trioxidc
Bun no. Time Pitre o reacted
seo e’ T Z

! 0 £,000 0.12¢ 0.00
3 10 t.320 55 ,€0

C 20 b ,300 56,66

T 30 3,950 €7.25

I 10 3.600 70.00

8 A C 7350 0,100 0.00
B 10 5580 48,80

C 20 5,000 65,00

D 30 Nade 74.93

i L0 L, Lh50 80.00

o A 0 6£.000 0,080 0.00
3 10 L,830 39.00

c 20 4,500 50,00

D 30 L o7l 61,20

F 40 3.775 74,16
10 A 0 €.000 0.090 0.00
B 10 4,310 56,40

C 20 L, 240 58.70

D 30 3.900 70.00
1) L0 3.700 76,66
11 A 0 L,840 0.115 0.00
B 10 3.854 . Lo, €0

¢ 20 3.700 ha,17

D 30 3350 €1.57

E Lo 3.100 70.75

B 10 3.740 Ls,50

C 20 3.390 60.00

D 30 3.000 76.63

) Lo 2,900 80.16
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oy L0l g moles/1itre
Sul?ww‘tr'OVido Nodecylbenzene
RUnN no. Time Mitre yancted rresent
o0 con- o valvf/Wxva .mo“c%/Tlttw
7 A o £.,000 0 0 0.12000
it 10 Iy, 330 0.02225 0.09775
¢ 20 ), 200 o.ozﬁ() 0.09735
D 30 3,050 0.02650 0.09310
™ o 3,000 0.02800 0.09200
a a 0 7360 0.0 0.10000
B 10 5580 0.01953 0.08047
C 20 5,000 0.02600 0.07400
D 30 L, 600 0.03000 0,07000
Ti %) b hs5o 0.03200 0.0€800
G A 0 £,000 0.0 0.08000
ie 10 L4 8730 0.01540 0.06410
C 20 L, 500 0.02000 0.,06000
D 30 Lozl 0.02567 0.05433
D Lo 3.770 0.02065 0.05035
10 A 0 €,000 0.0 0.02000
3 10 L,310 0.02254 0.07746
C 20 ly 200 0.02350 0.06€650
D 30 3.900 0,02800 0.06200
E Lo 3,700 0.03060 0.05940
11 A 0 4,840 0.0 0.11500
3] 10 3.858 0.01625 0,09775
C 20 3.700 0.01965 0.09535
D 30 3.350 0.0246L 0.09036
B Lo 3,100 0.02830 0.08€70
12 A 0 L, 840 0.0 0.08500
B 10 3,740 0.01820 0.06680
C 20 3.3090 0.025L00 0,06100
D 30 3,000 0.03065 0.05435
D 4.0 2,900 0.03210 0.05290
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Tocarithmic Variation of Suifur-trioxide conc, with Time

Cyry = 0.2237 ¢ moles/litre
M 1o, Time logCq
sac

1A 0 -1.14318
B 10 ~1.6700

C 20 -1 7407
D 30 -1.8697

) 40 -1.9788

2 A Q -1.1851
R 10 ~1.3720

C 20 -1.4242
D 30 -1.3979
D) Lo -1.4417

3 A 0 -1.2218
B 10 -1.4540

C 20 -1.521%
D 30 -1.55A0

D 140 -1.5606
oA 0 -1.3279
B 10 -1.5509

C 20 -1.6942
D 30 -1.7171

E Lo -1.,7825
F 50 -1.8069

5 A 0 -1.2147
B 10 -1.4760

C 20 -1.6021

D 30 -1.7038

B L0 -1.8285
F 50 -1.8794

6 A 0 -1.3645
B 10 -1.5%006

o 20 -1.6988

D 30 -1.7825

0 40 -1.8639
r 50 -1.9031
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[, 1 1
, = R N n - . FERTN s .
v ittt VMoariation of Uodaoew 1l ne conc, wWith Time
Il r o ~ P B
Gy 0 il Jrades/litre
o Y
Y0 Tme logCy
Seo

v
]

’ 10
o 20 ~-1,0119
i 30 -1.0410
© Lo -1.0362
2 0 -1.0000
2 10 -1.0935
C 20 -1.1308
D 30 -1.1540
1D 40 -1.1656
9 A 0 -1.0069
R 10 ~1.,1906
C 20 -1.,2218
D 30 -1.,2(50
¥ Lo -1 298“
10 A 0 -1.0458
R 10 -1.1401
C 20 ~1.1772
D 30 -1,2076
7 40 ~-1.2269
11 A 0 -0.9393
B 10 -1.0100
C 20 ~1.0209
D 30 -1.0443
E Lo -1.0620
12 A 0 -1.0706
B 10 -1.1749
C 20 ~1.2147
D 30 -1.2636
E Lo -1.2765
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TABIE 17
Svrmary of Hooulis
Caleculation of ITnitiszl HMeaction Haotbesg
Run no. dlogCs /an Inibial conc. dc+/a7T  log(aCi/aT)

CF‘"L
1 D.,1700 0.0370 0.,00637 -2.1959
2 0,2570 0.0653 0.01682 ~1.7747
3 0.22C0C 0.0600 0.01320 ~1.8794
I 0.1000 0.0470 0.0080L -2.0487
5 0.2200 0.0410 0.,01100 -1.8539
6 05150() O.OLP;? 0.00(""”“) —2.1\0)011*?"

Cuy
7 0.04983 0.1200 0,00598 -2.2232
8 0.0540 0.1000 0.00540 -2.,2676
10 0.,0528 0.0000 0.00475 -2.3233
11 0.048L 0.1150 0.00557 -2,2541
12 0,058¢ 0.0850 0.00408 -2.3028
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manT 40
e Totion of Linscor Valitinle Corrslcotion Co-efficient
Tor{rate), . = ~2.1373
Fon noe 1ouRo 1oglag torTara-loeHay loglesp-lorfgye

a X

1 -2,19586 ~2.1977 +0,0018 ~-0,0583
P 7ol 1,757 -0.0173 +0.,3620
3 -1.87%0 11,8227 ~0,0871 +0.2577
Iy -2.,0087 2,010 -0.0%473 +0,0884
5 -1.85%G 21 ,808¢ -0.00.50 +0.2832
4 “2.ARRL L2 0767 ~0.1117 -0.0513
v ~2.2232 -2,2873 L0641 . -0.08¢1
8 -2.,2676 .2.3319 Lo o(hj -0.1305
9 ~2.3335 ~2.3860 +0.0529 -0.1G6L
10 -2.3723 .2.36876 +o.ou76 -0.1862
i1 -2.25801 ~2.2977 +0.,0436 -0.1170
12 -2.3028 .2,3716 +0.0688 -0.1657
=ac = 0, OBO 5 12
Sx“ = 0.43068133

o) o

Now, T2 = 1 - Za"/gx°  (1h)

H

1 - 0.088778

i

0.911222

. . T = 0.,9545
vhere, r= linear multiple correlation co-efficient, which is,
a fraction of total varisnce of logarithmic initisl reaction
rate contributed by its regression upon the variables log(hy-

drocarbon conc.) and log(sulfur-trioxide conc,).
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Co-cfficient

~0.C002 CO +0.000072

1 0 ALY
? 0 0L 000F 0 -0.,00957
3 0 1000185 -0,00591
L 0 {0 000788 ~0.0016%
5 0 i0,001520 -0.00671
& 0 +0.,001500 0,000831
y 0.005140 ~0.000820 +0,00131
3 0. ~0,000750 +0 , 00180
o 0.00410! -0 “nui?? +0.00241
10 \ a8 anﬁé +0,00254
11 )" 005059 _0.000531 +0,00172
o 0. ﬂohf“ 0.00L250 ~0.000730 +0.,00231
Sd? = 0.00001202114k

=x? = 0,000202954900

Mow, r? = 1 - xa? ZX‘ (14)

=1 - 0.0639L8

li

936052

. T = 0,967L
vhere, r = linear multiple correlation co-efficlent, which
is, a fraction of total variance of initial
reaction rate contributed by its regression upon
the variables hydrocarbon concentration and

sulfur-trioxide concentration.
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