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CHAPTER -1




SUMMARY

Dimethylaniline is a commercially important
intermediate for the manufacture of basic dyes and
pharmaceutical products., It also finds use in the
ammuniﬁion industry for the manufacture of tetryl, a

booster in all types of grenades, and allied products.

There are broadly two methods by which
dimethylaniline can be produced : (1) liquid phase
reaction between aniline and methyl alcohol in the
presence of sulphuric acidj and (2) vapour phase
methylation of sniline (with methanol or dimethyl ether)
over a solid dehydrafnwa cataly3t. Fov liquid phase
methylation of aniline to dimethylaniline, literature
survey has revealed that in place of sulphuric acid,
other catalysts euech as methyl bromide and boron
trifluoride can gstan be employed. Vapour phase
methylation of ami}ine to dimethylaniline has several
advantages. It 1s a process which can be made conmtinuous
easily, and can be operated at atmospheric pressure.
3everal patents have been taken on the use of g variety
of dehydrating céxalysts for tnis reaction, but alumina
1s claimed to be the best,

The objectives of the present investigation were
as follows : (1) tc make & complete thermodynamic
analysis of the various reactions involved; (2) te obtain

product distribution data for the vapour phase



methylation of aniline over a bauxite catalyst; and
(3) to attempt a simple preliminary correlation of the

data.

The thermodynamic properties of mono- and
dimethylanilines are not available. These data have been
calculated from available generalised procedures. Two
principal reaction routes should be recognised for the
Tormation of dimethylaniline from methanol and aniline :
(1) aniline reacting directly with methanol to give mono-
and dimethylanilines; and (2) dehycdration of methanol
to dimethyl ether which then reacts with aniline to
give mono- and dimethylanilines. Several reactions are
possible from these routes, and the thermodynamics of all
these reactions have been quantitatively evaluated., The
thermodynamic data revealed that the principal reactions
Involved are only slightly exothermic, and the heat of
reaction for the main reaction (methanol and aniline
going to dimethylaniline) is substantially independent

of temperature,

The product distribution data were obtained in
a glass integral reactor, Isothermal conditions could
be attained in the reaction zone by using a thermostatic
block of metal with a central hole for accommodating the

reactor,

Process data were then obtained under such
conditions that the effect of mass transfer was negligible,

Reaction products were analysed by vapour phase



chromatography, and the product distribution plots
showed expected trends. Assuming pseudo-first order
kinetics, i1t has been possible to develop an equation
for the high conversion range snd to correlate “he rate
constants with temperature by the usual Arrhenius method.
An empirical correlation of selectivity (with respect to
dimethylaniline) as a function of conversion and

temperature has also been possible.
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LITERATURE REVIEW

The methylation of aniline to dimethylaniline (DMA)
essentially proceeds according to the following scheme :

H CHg CH3

O, — O, — 0O
H H CHj

ANILINE MMA DMA

If the reaction conditions are not properly controlled,
there is a possibility or ring methylation. Broadly the
methods available Ior the preparation of DMA can be
classified under two heads : (1) liquid phase methylation
in the presence of ucld or other suitable cuatalystsy and
(?) vapour phase met ylation using a suitable vehydrating

catalyst,

Liquid phase methylation

DMA hus been manufactured or 4 commerciul sc?le by
]
the 1iguid phuse methylaticn of ar1line since 18u0(1.).
As carried out industrially, 1CC parts of aniline, 11C
parts of mctianol and 1C parts ol 66° Be! sulphuric acid
are charged intc a stesl sutoclave and he.ted at 205° for
€ hours. The UMA thus pronuced shoild contain less than

(9)
1.M per cent methylaniline .

A complete study of the process (using sulfuric
acid as catalyst) has been mude by Shreve und co-workers(ZI),
who determined the effect of time, Lempersture, cutalyst
concentration, =lcohol-amine rutic and free board on the

rate of methylation of aniline, 1In place of sulfuric acid,



(o) (13)
methyl bromide and boron trifluoride have also been

used as catalysts.
Reductive methylation has also been employed for

(18)
the production of DMA .

H nt CHj
©N< # 2HzCO + Hy —=— ©N<
H CH3
ANILINE DMA

A mixture of aniline hycrochloride, water, sulphuric acid
and alcohol is cooled to 0° and charged to a hydrogenation
apparatus over pre-reduced Acams catalyst along with
trioxane, and hydrogenation is carried out at 495 psi total
pressure. A yleld of 72 per cent i{s claimed by this
method .

Aniline has been methylzted to PMA b%\refluxing it
with trimethyl phosphate at 80° for 2 hours("/, and a yield

of 67.9 per cent is yreported.
(%)

A RBritish patent recommends the use of an iodide
catalyst for the alkylation of anilfne. Tt is also
possible to alkylate salts of aniline or aniline m-tallic
sazlt complexes under gtmospheric pressure with aluminium
alkoxide at considerébly lower temperaturées than those needed
For aniline itself(ll

D4A can also be obtained by the dlréct replacement
of the bromine ztom of bromobemzene oy the hycroxyl group
of phenol by =N(CHg)o at an elavated temperature using

(12)
copper chloride as catalyst



The liquid phase method has the following
disadvantages 3
(1) It 13 a batch reaction generating medium
pressure.

(?) Caustic soda treatment is necessary before
the distillation of the product.

(3) Considerable loss of m:thyl alcohol results
from the lormation of «ime!' yl ether, which
escapes during the blow off ' the end
of the run.

Vapour phase methylation

The vapour phase methylation process ~ssentially
consists in passing a preheated mixture of aniline and
excess methanol (or dimethyl ether) over a heated
dehydrating catalyst. The vapours are condensed lor the
recovery of DMA and excess methylating agent 1s recycled.

(1s)
Mailh and Godon were the first to claim that

by using alumina as catalyst, a mixture of mono=- and
dimethylanilines could be obtained at a temperature of
about 430°,

(20)
Roy used thoria supported on asbestos us

catalyst, and obtained conversions of 67 and 75 per cent
at 390° and 430° respectively.

(14)
A U.5. patent claims hydrosilicates activated

by treatment with mineral acid as good dehycrating catalysts
for the production of DMA from methanol and aniline.
The use of alumina-molybdenum oxide catalyst has

(10)
also been reported « This was prepared by adding



ammonia solution to an acid mixture of aluminium chloride
and ammonium molybdate to a pH of 8, the suspension was
allowed to stand for a long time, and the solid was

filtered off and washed until the product when dried
contained less than 10 per cent ammonium chloride. This
dried product was calcined at about 590° and was used in

the form of pellets, A conversion of 46 per cent is claimed
with a molar ratio of 1:2.5 and a temperature of 26C°.

(11)
A varlety ol catalysts has been tried by =ill ’

who found aluminium oxide, thorium oxide and phosphcric
acid to be the most active. Aluminium oxide, prepared
artificially,is reported to be very efficient for side
chain alkylation, but more nuclear alkylation was eflected
than anticipated. With alumina lumps, a conversion of 92
per cent I1s claimed at a space velocity of 100 reciprocal
hours and a temperature of 360°.

Orthophosphoric acid deposited on crushed pumic
is claimed(l) to give high conversions to DMA, using methanol

and aniline vapours.

A process for obtalning DMA of a high degree of
purity with a wet set point of 2° is claimed by a British
patent(lS). Aniline and methanol are reacted in vapour
phase at a temperature 200-230° 1in the presence of a'catalyst
containing precipitated alumina supported on calcined

Indian bauxite. A better efficlency is claimed in the

absence of air,

A pilot plant study of this process has been carried




(7
out by Evans + Both methyl alcohol and methyl ether

have been used (separately) for methylation. It is

claimed that by using methyl ether and aniline in the ratio
of 5:1 over activated alumina at 275-2850, a quantitative
yield of DMA can be obtained.

The complete process used at I.G.Ludwigshafen s
been described in a FIAl report(g). According to this
method, DA is produced catalytically by the reaction of
aniline vapours with dimethyl ether over & contact mass of
activated alumina between 230 and 295°. Tt :s nNecessary
to use a special type of highly reusctive zlumina catalyst,
since splitting off of water proc=eds only at relatively
high temperatures with less reactive catalysts, Higher
temperatures lead to side reactions, particularly ring
methylation, The reaction 1s carried through in two
steps and in two secparate systems : (1) production of crude
PMA ceontaining 94-96 per cent DMA and =€ per cent
methylaniline; and (?) further re.ction of this crude DMaA
with “fmethyl ether to cive pure DA, The rcason for this
division into 'wc steps is tr: desire to metnylate at
temperstures as low as possible in order tc avoild sice

products,

Passage ol aniscle and aniline vapours at 3009

over aluminium oxide or synthetic aluminosilicute leucs to
the rupture of the Me-0 bond and aniline is methyluted to
()

give DMA and MHMA =

(17
According to a U.s. patent y Ma can be produced



by passing aniline and methanol in the ratio of 1:2 through
a column containing concentrated phosphoric acid at
130-200° 1n a yleld of 92-95 per cent DMA. A second pass
of the crude product thmough the catalyst bed, after
stripping off the aqueous methanol anc adding fresh

methanol, 1s claimed to give 99 to 99.> per cent conversion

to DMA,
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1

THERMODYNAMIC CONSIDERAT ION

Several reactions are possible under the conditions
normally employed for the condensation reactions leading

to the formation of mono= and dimethylanilines.

CH3

H

CHz OH + ©N< -—>©N< +H,0 (i)
H H
CH3 CHg

CH30H + ©N< —>@N< + H,0 (i)
H CHjy

H CHj
2CH,O0H + N —_— N/ +2H,0 (i)
3 AN 2
H CHy

CH3

2CH3OH —> o<C + Hy0 (iv)
H
3

CH CHj

B H
o<CH3 + 2<Q>N<H ———>2@N.\H + H,0 (V)

CH CH
3 3
o< +2 N —s2 NG T+ H,0 (Vi)
2
CH3 H CH3

CH3

H _CH3 .
o O e O e o

CHj CHjy
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The ultimate mechanism by which MMA and DMA are formed will
depend upon the relative rates of these reactions. But

in this chapter attention will be restricted to the
thermodynamic feasibility of each of these reactions.
Quantitative evaluation of these reactions will also be
made, using available thermodynamic data where possible

and estimated values where necessary. Before undertaking
such a study, a brief summary will be given of the
thermodynamic properties of each of the components of

these reactions,

Aniline

The thermodynamic properties of aniline have
(7)

recently been calculated from the spectroscopic data
(4)

of Evans . These properties are summarised in Table-1.

Methanol

The thermodynamic properties of methanol reported
(6)
by Green are listed in Table=2. 7The values of AGy
and log ¥,were checked by *"e following procedure.‘AG}

was calculated from the equation,

= = L = |- | T = o

using the values of the function ——S_. for methanol



\ (9)
and its constituent elements . The value of Arﬁ.

was estimated from the heat of formation at 298%k

using Equation (2)
AH;T = AW} o+ (W3- H,)c— S (H,- H, )E (2)

The equilibrium constants of formation were then calculated

from the relation,

Y
T

= -R In K (3)

The estimated values of AGs and log X, agreed (
10)
quantitatively / Table-2_/ with those reported by Green

Dimethyl ether

The principal thermmodynamic functicns of dimethyl
ether have been calculated by Banerjee and Doraisuamy(l),
but these authors ¢id not include the values of AGy , AHY
and log Xg. AG} was calculated from Enuations (1) and
(2) and log Ky from Equation (3), as described earlier.
The thermodynamic functions of dimethyl ether appear in

Table<4,

Monomethylaniline

In the case of monomethylaniline none of the
thermodynamic functions have been reported., All the values
were therefore estimated from available generalised

procedures,

13
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Heat capacity 3

The heat capacity was calculated from the equation,

(3n-6-a-=gq;)
Zq;

. R
Cp = 4R + = +ZqiCyi + X £qj Cs; (5)

(3)
recommended by Dobratz . In using this equation the

following values may be noted

Number of atoms in the molecule (n) = 17

Number of bonds permitting free = 2
rotation (a)

Number of bonds in the molecule(Z2qi) = 17

Based on the fundamental bond frequency ussignments of

(2) (1)
Bennewitz and Rossner and Stull and Mayfield y Hougen
(13)
and Watson nave plotted Cy and Cg s mnetions of
temperature for various frequencies (wave numbor . . Using

this chart, nheat capacity has been calcul:tec ;sz}unction
of temperature. These values are summarised in Table-=5
and plotted In Fig. (1). The rollowing euunstion was then
developed by the method of least squares :

° - “hb 2 -6 3
Cp =-11536+ 11-4115 X102T - 0:48904X 10 X T +00061883X10 X T (6)

Heat capacities calculated from this equation are plotted
in Fig. (1) to indicate the accuracy ¢! the proposed

equation in the temperature range 3(C=-1,0C%, The equation
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holds good to within 2 per cent.

Recently another method based on group contributions
has been proposed by Rihani and Doraiswamy(e). According
to this procedure the values of the constants a, b, ¢, d
for any organic compound can be estimated from the values
for the constituent groups and bonds. The equation

developed by this method is :

o -2 -4 2 -6 .3
Cp = -9-3186 +15-4259 X10° X T -0-9689 X 10 X T + 0:02295X 10 XT (7)

The values calculated from Equation (7) are also plotted

in Fig. (1).
Heat of formation

The heat of formation was calculated by an indirect
method. The heat of reaction at different t emperatures

for the reaction

ANILINE + METHANOL —> MMA + WATER (1

was first calculated from the Cg equations for the
constituents and the heat of reaction (AHr ) value
at 298°K(12). Then, from the values of AHr and AHg
of aniline, methanol and water at different temperatures,

Arﬁ for MMA was calculated as a function of temperature.

These values are listed in Table=5.



Free energy of formation :

Values of free energy of formation in the r?nge
11)
300-1500°K were calculated by van Krevelan's method .

The following two equations were developed for ‘AG}
as a function of temperature :

Range 300-600°K.,
° ‘2
AGy = 21-897 + 9:600 X 10 T (8)
Range 600-1500°K,
. -2
AG¢ = 18-155 + 10-114 X 10 T (9)

A plot of AG; Vs T in the range 300-1500°K is shown in

Fig. (3), and the values are summarised in Table-5.

Entropy :

The entropy change of reaction (i) was first

calculated from the equation

-AG, + AHS

AsY ~

(10)

from a knowledge of AG, and AH; . The absolute

entropy of MMA was then computed from the relationship,

As, = s + s - S - s (1)

The estimated figures are listed in Table=-3.

16



log Kp 3

As in the case of methanol and dimethyl ether,
log Kr was computed from Equation (3). The estimated
figures are listed in Table=5.

Dimetolaniline

In the case of dimethylaniline, none of the
thermodynamic functions has been reported. All the values
have therefore been estimated from avallable generalised

procedures.
Heat capacity :

The heat capacity was calculated from Equation (5).

In using this equation, the following values may be noted.

Number of atoms in the molecule (n) 20

Number of bonds permitting free
rotation (a)

3

Number of bonds in the molecule(¥gq;)= 20

Using the chart of Hougen and Watson for Cy and Cg as
functions of temperature for various frequencies, as
described under MMA, heat capacity was calculated as a
function of temperature. These values are summarised in
Table=-6 and plotted in Fig. (2). The rollowing equation

was then developed by the method of least squares 3

° -2 -4 2 -
CP = -7-73985 + 15-9536 x 10 T — 0-877218 x10 T + 0-01814 x 106T'3

bliéwl

17

(12)



18

The C% values calculated from this equation are plotted in
Fig. (2) to indicate the accuracy of the proposed equation
in the temperature range 300-1500°%. This equation holds
good to within 2 per cent.

A Cg equation wa? also developed using the method
8)
of Rihani and Doraiswamy s as described under MMA, and

the final equation is given below.

-2 -4 _2 -6 _3
Cp = -10-9246 + 18-3193 x 10 T -1-16100 x 10 T +0:02768x10 T  (13)

The values calculated by this procedure are also plotted
in Fig. (2).

Heat of formation :

The heat of formation was calculated in the same
manner as described under MMA. For estimating these

values, AHf for the reaction

ANILINE + 2METHANOL ——> DMA + 2 WATER (ii)

was first calculated. From the values of AH; and AH%
ol aniline, methanol and water at different temperatures,
the Ali; of DMA was calculated as a function of temperature.

These values are listed in Table=6.

Free energy of formation :

Values of free energy of formation in the range
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(1)

300-13500°X were calculated by van Krevelen's method .
The following two equations were developed for AGg as
a function of temperature.
Range 30C=-600°K

DGy = 17-484 + 12613 x 10°T (14)
Range 60C-1500°K

AG; = 12:375 +13-348 x 10°T (15)

A plot of AG} Vs T In the range 300-150C°K is shown

in Filg. (4) and the values are summarised in “able-o.
Entropy

The entropy change of the reaction was first
calculated from Lquation (1C). Then, fron a knowledge of
AGr and AHFf , the sbsolute entropy of LMA was

estimated from the relationshig,

As, = s + 2s° -2s° -s (16)
DMA H,0 MeOH A

The estimated values are 1i{s =d in Table=t.
log {f ]

log Kf values were estimated from lquation (3).

The estimated values are summarised ir. able-6.

Water

(9)

“he reported thermodynamic properti.s of water

are tabulated in Table-3.
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Heats of Reaction

The several possible reactions have been summarised
at the beginning of this chapter. Heats of reaction for
reactions (iv), (v), (vi) and (vii) were calculated from the

AH; values of the products and reactants in the
temperature range 298-1000°%K. The final Arﬁ equations
were then developed by the method of lecast squares and

are summarised in Table-7.

Heats of reactlion for reacticns (1), (i{1) and (iii)
were calculated as functions of temperature by using the

general equation,

AH A Ab Ac 2 Ad 3 |
be —— & T+ T 4 T 1 (17)

T 1 2 3 4 T
where Aa . Ab , Ac and Ad express the differences in

the values of a, b, ¢ and d between t he products and
reactants. The constants of integration (Iy ) were

determined from the reported values of AHT at 2980V.

The final _BOHP  equations (298-1000°%K) are summarised
T

in Table=7.

The values of AHr ror all the reactions in the
temperature range 300-1000°% are tabulated in Table=8,

and Figs. (5,6,7,3,9,1C,11) show the plots of AH; Vs 1.

Equilibrium constants

The equilibrium constants for all the reactions
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were calculated from the equation,

AGr =-R In K (18)
T

where

AGT = AG; fproducts) - AG; (reactants)--(19)
and the results are presented in Tables=-9 and 10. Plots

of log ¥ vs vabr all the reactions appear in Figs. (12,13).

Equilibrium Conversions

The equilibrium conversions of *he various reactions

can be calculated from the general equation,
r+8% — ba+cC

r s

rk X ns .

K = K 20)

b c ny v (

n X n

8 C
where K,. 1is the fugacity coefficient ! . 4t ordinary
pressure K,- may bYe sssumed to be unity over the entire
temperature range. ‘Tsing ecuution (20), a relationship
of the ‘crm

K = f (x) (21)

was derived for easch cf the reuctions. At any temperature,

from a knowledge of X, Equation (21) was then solved by a
trial and error procedure. This was repeated at several
temperatures in the range 300-1500°%, Plots of the
equilibrium conversion zs a functicn of tempereture tor

all the reactions appear in Figs. (11,19,10,17,13,19).
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EXPERIMENT AL

Description of equipment

It was considered necessary to incorporate the
following principal reatures in the experimental set-up:
constant flow rates of aniline =nd methyl alcoholj
constant vapourisation rates of the liquids; and
I1sothermicity in the reaction zone. A dlagrammatic
sketch of the assembly is »resented in #ig. (2C) and a

photograph of the assembly appears in iMlg. (1),

Aniline and methyl alcohol werc fed at constant
rates from a D.C.L. duplex metering nunp, which hud
provision for pumping two 1ia1ids similtaneously at any
desired rate between C and o gallons per hour by

adjustment of the graduzted micrometer thimbles providad,

Methyl alcohol then entered a vapouriser, which
consisted of a chamber heated by nicrone wire wound round
the surface; a gauge glass indic.tec the level of the
liquid in the chamber. Any deslired 1ced rute, within

“the limi:s of the “esigny could be obtained by aaintaining
4 cinstont level of the liquid by arpropriite ucjustment
of the heat inpat, A similar vapouriser was : rovided ror
aniline. Details of both the vapourisers sre shown
diagrammatically in Fig. (22). The 11o0ul s, before
entering the corresponding vapourisers, w.re introduc.d
into drop counting acapters through ap;ropri.te nozzles,

so that a constant check coild be kept on the cons tancy

23



of the rates. In practice, for any liquid, the
corresponding micrometer thimble of the pump was
calibrated against the number of drops falling through
the drop counting adapter, so that any desired rate could
be maintained by counting the drops. Suitable
cooler-condensers were provided between the vapourisers
and the corresponding adapters to prevent the vapours
from entering the adapters and interfering with the flow

rates.

The vapours from the vapourisers then entered the
reactor through a preheater, 3C mm dia. x 320 mm long,
heated by electrical resistance wire, the heat input
being controlled through a variac. The details of the
reactor are shown In Fig. (23). It consisted essentially
of a tube, 22 mm dia. x 295 mm long, with a catalyst
support plate provided at a distance of 13 mm from the
bottom. The top section of the reactor was provided
with & thermowell to measure the temperature grudient in

the reactor, and an outlet for the product vapours. The

reactor was surrounded by a 60 mm dia. x 100 mm long steel

block, which was wound by electrical resistance wire on
its outer surface, the heat input being controlled
through a variac. The steel block acted as a theraostat
and ensured constancy of temperature to within 2°C. More
elaborate methods of ensuring isothermicity were not
found necessary as the main reaction involved was only

slightly exothermic.

The products from the reactor were then collected

24



in a receiver through a condenser, and the uncondensed
gases consisting mostly of dimethyl ether were not
collected in the majority of runs. The liquid products
were analysed by vapour phase chromatography as described

under analysis.

Raw materials

Methyl alcohol :

Commercial methyl alcohol was treated for removing
traces of water by refluxing with freshly burnt quick
1ime for 6 hours. It was distilled in an efficient
fractionating column, and its water content was finally

determined by Karl Fischer reagent.
Aniline :

Technical grade aniline was cistilled first under

atmospheric pressure and then under vacuum.

Operation

A known weight of catalyst (activated bauxite)
was introduced into the reactor. The heating circuit was
switched on till the required temperature was attained.
The preheater was then heated to the desired temperature.
The vapourisers were heated slowly so that there was no
sudden pressure build-up in the preheater zone, thus
eliminating any chance of the catalyst bumping out of the

reactor.

As soon as steady conditions were attained in the
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vapourisers, the two liquids were pumped at slow rates to
avold a sudden drop in temperature in the vapcurisers.
The rates were then gradually increased to the required
levels. During a run several temperature traverses

were taken to ensure constancy of temperature throughout

the catalyst bed.

Although from thermodynamic calculations it was
clear that the reaction was slightly exothermic,
during a run no appreciable rise in temperature was noticed,
and reactor heating was therefore continued throughout
the run. Reaction products were collected periodically

for analysis.

Product analysis

For analysis of mixtures of aniline, methylaniline
and dimethylaniline, two broad methods are possible :

chemical methods, and physical methods.

Chemical methods

These consist essentially of determining aniline
and dimethylaniline in the mixture separately and then

calculating the amount of methylaniline present.

Aniline can be determined by coupling the diazo
solution of aniline with excess standard solution of
R = salt, or by titrating with m=phenylenediamine in
buffered acetic acid medium. In both the cases, excess
of coupling reagent is determined by titrati?g)back with

standard benzene dlazonium chloride solution .
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Aniline can also be determined by using picryl
(4)

chloride s the reaction involved being :

NO, NO»
NaHCO3
@)z + 1 O w0y 2 B (O) woa + act + 00z i
NO2 NO2

T"he sodium chloride formed can be estimated gravimetrically
as silver chloride, or by titrating the solution

>otenticmetrically with standard silver nitrate solution.

Dimethylaniline can be determinca in the presence
of aniline and methylaniline f{rom the ract that acetic
anhydride has negligible effect on dimethylaniline at
low temperatures, while the other two are acetylated.

This method therefore consists in titrating dimetvylaniline,
after ucetylation of aniline and methylaniline ut a low

temperature, with perchloric acid in glacial zcetic
(ﬁ\

4cid using K -nazvthol benzein as indicctor ‘/.

A1l the methods mentioned abcve were 'ried. The
estimation of aniline by diazo anc coupling 'itrations
w45 ncot found to be very accurate, while the picryl
‘hloride m thod was accurate but time consuming. The
estimation of dimethylaniline by perchloric acid
titration was triec by using indicators like cresol red,
but was not found to be satisfactory as t"he end point was
not very sharp., TNNue to these reasons attention was

diverted to physical metho s oi analysing the mixture.
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Separation by vapour phase chromatography (V.P.C.)

For the separation of aniline, methylaniline, and
dimethylaniline by vapour phase chromatography, Jaumes and Maﬁmc3)
havesuggested columns with paraffin wax, Lubrol M0 (I.C.I.)
and benzyl diphenyl as stationary phases and nitrogen as

mobile phase.

During the present investigation, Perkin-Elmer
Vapour Fractometer 154 D and Aerograph A=350-B models were
used under the following conditions,

Perkin-Elmer Vapour

Fractometer 154 D ;

Quantity of mixture = 4pl

introduced (for one
injection)

Column length = 2 meters

Stationary phase = Apizone 'L!
greuse

Gas (mobile phase) = Hyurc,an

Pressu-e of the gas = 25 psi

Column temperature = 150°¢C

Chart speed = 1%/ nr

Aerograph A-350-B :

Quantity of mixture

introduced (for one - 15 pl
injection)

Column length = S5 feet
Stationary phase = 3ilicon
Gas (mobile phase) = Yydrogen
Flow rate of the gas = 2C ce/min

Column temperature = 160°¢C



Collector temperature 200°¢

Detector temperature = 200°¢
Injector temperature = 210%¢
Chart speed = 30"/hr

Sample analysis

The material from the water condenser consisted
ol aniline, methylaniline, dimethylaniline, water,kmethanol
and methyl ether. This formed two sepurate layers, an olly
layer containing dimethylaniline, methylaniline and
aniline and an asueous layer containing water, methanol
and traces of methyl ether dissolved in water. The bulk
of the dimethyl ether formed during this reaction was

allowed to escape and was not measured,

The oily layer was separated, weighed, washed
with brine solution to remove any methyl alcohol, and was
finally dried over sodium sulphate. The mixture after
drying was stored and analysed by V.P.C. as described above.

By measuring the area of each peak, the relative amounts

of aniline, methylaniline and dimethylaniline were found.
Then, from a knowledge of the total weight of the mixture,

the amount of each component by weight was determined,

Sample calculation :
Basis 3 1 hour

Aniline fed

i

0.2032 gm. moles.
Methanol fed = 1.066 gm. moles,

From V.P.C. results / Fig. (24) 7,
Dimethylaniline formed = 0.0646 gn, moles.



Methylaniline formed

Aniline unreacted

Conversion to dimethylaniline

Conversion to methylaniline

Unconverted aniline

0.1169 gm. moles,
0.0217 gm. moles.

C.0646
x 100

0.2032
31, 78%,

0.1169
¥ 100

0.2032
57.53%.
0.0217

x 100
0.2032

1C.69%.
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CHAPTER-5




RESULTS AND D L3CUSSION

Homogenous reaction

In studying the kinetics of a vapour phase
catalytic reaction, it 1s necessary to ascertain the extent
of any homogenous reaction that may occur in the void
spaces of the catalyst bed. The reaction occurring on
the catalyst surface will then be the difference
between the total reaction and that taking place in the

veild spaces.

Experiments were conducted at a temperature of
375o using very low feed rates to evaluate the homogenous
reaction. In all the runs carried out for this purpose
(at different rates of flow), there was no observable
conversion either to MMA4 or DMA. The rate data obtained
by using a catalyst may therefore be directly used for

the correlation of catalytic reaction rates.

Actlvation of bauxite

It 1s generally known that alumina is a very
effective catalyst for this reaction. 'The use of bauxite
and several other catalysts has also been reported in the
literature, and these have been briefly discussed in
Chapter 7., 1In the present iInvestigition it was decided
to make a process study of the condensation of methyl
alcohol and aniline using Indian bauxite as catalyst. The

composition of the bauxite used is given below.
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Moisture and volatile matter .. 10,47
Silica oo 26,02
Alumina .o 61,42
Iron oxide - 1.80
Titanium oxide | .o 0.29

The use of bauxite for other dehydration reactions,
such as dehydration of ethanol, requires an activation
temperature of about 400° and activation time of about 4
hours. As a first step in the use of bauxite for the
present reaction, the effect of using different activation
temperatures and times was evaluated, and the results are
summarised in Table-1l. It can be seen from this table
and Fig. (25) that activation at 400° for a period of 4-5
hours gives the most favourable result. In all the runs
reported in this work, the catalyst was activated under

these conditions.

Mass transfer effect

It 1s necessary to climinate the resistance due to
mass transfer before obtaining reaction rate data., If
this 1s not done, the muss transfer resistance under the
conditions used should be estimated from generalised
procedures, and the actual reaction rates calculated from
a knowledge of the experimental rates and the estimated
1as8 transfer resistance, This procedure can be avoided
by obtaining the experimental data at such velocities
where the effeet of mass transfer can be neglected., At

these high veloci’ies contentration gradients across the



£11m surrounding the catalyst particles may be neglected,
and concentrations in the bulk stream may be taken as

equal to those on the catalyst surface.

In organising the experimental work, therefore,
two distinct effects have to be considered : (1) mass
transfer effect; and (2) kinetic effect. In order to
evaluate the mass transfer effecct it is obvious that the
kinetic effect should be maintained constant. This can
be achieved by operating the reactor at differentvfeed
velocities but at the same value cf W/Fl. This situation,
requiring varying feed velocities but constancy of W/Fl,

can be obtained by varying both W and F_ such that N/Fl

1
remalns constant.

Three series of runs were carried out at W = 2 gm,
W= 12 gm and W = 16 gm, and for each series the feed rate
was varied nalntaining a constant ratio of methyl alcohol
and aniline, The results are summarised in Table-12 and
nlotted in Fig. (26). Beyond 'vl/F1 = 7C the thiree curves

ten to merge together, but below this value the effect

ol mass trnster evidently cannot be ignored.

4 cross plot of Fig. (26) glving conversion s a
func lon of (eed velocity is shown in Fig. (27). For any
given n/fl it was ensured that the i'eed velocity was
maintained at a value higher than that required for the

anscencee ol nass transfer resistance at that A/Fl.

Life test

Before undertaking kinetic investigu.ticns on the
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catalyst, life tests were carried out for the following
principal reasons : (1) to ensure that all the kinetic
data were taken with catalyst samples of equal and
reproducible activity, and (2) to ascertain the catalyst

life for making an economic assessment ¢f the process.

A continuous run was carried out for a neriod
of 100 hours and conversions were determined at several
intervels during this period. 'he results plotted in
Fig. (23), clearly show that the catalyst maintains a
uniform zetivity for about 3C hours, after which there is

a steep fall in the conversion.

Work on the reactivation of the catalyst may be
desirable, but this does not form the part of the present

investization.

The cata presented in subsequent sections were
all obtained using bauxite samples drawn from the same
bulk source, each sample being used for a period much

less than the -ctive life of the catalyst,

Lffect of aniline=methancl ratio

from the stoilchiometry of the reaction involvead,
it is clear that at a ratio of about 1l:1 ii{a should be
the predominant pnroduct, As the present investigation
was undcrtaken with the chief objective of determining
the cenditions for the production of DMa, several runs
were organised at rutios greater than 1:1 und conversion

to DMA determined uat each of these “atios. ~he results,
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summarised in Table~13 and presented graphically in

Fig., (29), indicate a steep rise in the conversion to DMA
when the ratio is increased from 1:2 to 1l:4, after which
there 1s a tendeney to level off., A ratio of 1:5 was

chosen for all the subsequent studiles.

Product distribution

In a complex reaction of this type where several
competing reactions occur simultaneously, it is difficult
to quantitatively resolve the effects of individual
reactions. As a first step in the correlation of data for
such reactions, it is customary to prepare product
distribution plots. These plots may be presented either
as (1) overall conversion of a selected key component vs
fraction of the key component going to each of several
products, or as (2) conversion of a seclected key component
to each of several products as a function of W/Fl. Plot
(2) gives a clearer representation of the reaction
mechanism involved and 1s more helpful in the correlation

ol the data,

In the present study the following ranges of

varfables have been used in preparing product distribution

plots
(1) '«I/F1 - 15 to 150
(2) Temperature - 300° to 400°
(3) Ratio of reactants - 1:2 to 135

(a ratio of 1:5 was maintained during

the kinetic experiments)



The product distribution plots at 300°, 350°, and 375°
appear in Figs. (30, 31 and 32), From these plots the

following general observations may be made :

(1) The conversion to DMA increases with increase in
WF, and levels off at a particular value of W/F,, this
value decreasing with increase in temperature. As DMA
is the final product in these reactions, this trend is

according to expectations.

(2) The conversion to MMA incresses with increase in
W/Fy, reaching a maximum value, and then decreases.

This trend is to be expected for any intermediate
product in a complex reaction., The position of the
maximum in these curves 1s determined by the relative rates
' formation and disappearance of MMA, At a temperature
of 300°, there 1s a considerable formation of MMA, and
maximum conversion occurs at a vl/F1 of approximately 435,
corresponding to a conversion of 62 per cent. At 350°
the maximum conversion occurs at a w/F1 of approximately
35, corresponding to a conversion of about 45 per cent.
When the temperature is increased to 375°, the maximum
conversion obtained is about 28 per cent at a vl/Fl of 20.
It will thus be seen that the rate of “isappearance of

MMA increases with increase in temperature.

(3) The figures also show a plot of unreacted aniline
as a function of W/Fl. It is evident that the overall rate
of disappearance of aniline increases sharply with increase

in temperature,
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(4) Experiments were also conducted at 400°, but
these are not plotted as the results did not conform to
any pattern and were not reproducible. A few experiments
were found to be reproducible, and these have been
utilised in the correlation of data discussed in the

next section.

Correlation of data

It is theoretically possible to attempt a rigorous
correlation of the data presented in Figs. (30) through
(32) by resolving the rates of the individual reactions,
but in the present work pseudo-first-order kinetics in
terms of a key reactant has been assumed, in this case
aniline, and an appropriate design equation has been
developed. The assumption of pseudo~first-order kinetics
is justified as the second reactant involved is present

in large excess,

The usual methods of determining first order equations
were attempted but the resulting correlations were not
satisfactory. It was therefore decided to correlate the
data In two regions of conversion, low and high. Assuming
pseudo-first-order kinetics and neglecting the reverse

reaction, the following rate equation may be written :
r = k (1 - x) oo (1)

Then, from the relation,

1
WE, = - ax ¥ (2)
r



the following equation can be developed :

1
WF, = - In( ) .5 (3)
K

1 -

Equation (3) is best used for the low conversion- high

space velocity region, since a plot of log (“,_E_,_

A

) vs

W/Fl must yield a straight line which extrapolates to
w/Fl = 0, thus rigidly fixing one point on the line.

For the high conversion - low space velocity

region, on the other hand, Equation (3) can be re-written

to give
1
Fi/W = k - (4)
In (1 )
l-x
Thus a plot of 3//303 ( —— ) vs Fy/W should now give a

straight line which must extrapolate to Fi/wWw = O.

As most of the points obtained were in the high
conversion region, Equation (4) has been used, and
a plot of this equation at 3500, 375° and 400° apnears in
Fig. (33)s The values of the rate constant, k, were
computed by neasuring the slopes of these lines and are

given below,

1 k
623 3.30x10™2
648 9.8x10"2

673 20.5x10"2
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The rate constants were then correlated with temperature
as shown in Fig. (34), the corresponding equation being :

g -1 a41x10%/1
k = 4,093x10°e .o (3)

The final rate equation may therefore be written as 3

g ~1.441x10%/T
r = 4,093x10°e (1-x) .o (8)

Low conversion values were available only at 3000,
and these have been plotted according to Equation (3) in
Fig. (33), but no correlation with respect to temperature
has been attempted since low conversion data at other
temperatures were not available. At 300° the rate

equation is given by
r = 3,815x10°2 (1-x) .. (7)

The correlations proposed have been verified by
calculating k from Equation (5) and W/F, from Equation (4),
and comparing the caleulated values with those read from
the curves of Figs, (30, 31 and 32), Fig. (36) shows a
plot of experimental vs calculated values from which the

average deviation has been estimated as 4.5 per cent.

Selectivity

The equations proposed so far are for the overall
conversion of the key component (aniline)., As we are
interested in the conversion of aniline to DMA it is

convenient to define a suitable selectivity term :
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moles of DMA formed
Selectivity (s) = (8)

moles of aniline converted

Plots of selectivity vs W/F1 for the three temperatures
appear in Fig. (37), from which it is immediately evident
that the behaviour of selectivity is in general similar to

that of overall conversion of aniline.

Fig. (38) shows a log-log plot of sclectivity as
a function of overall conversion. It may be seen that
selectivity is hlgher at lower conversion of aniline,
while at total conversion selectivity also approaches
unity. An empirical correlation of the straight lines of

Fig. (32) gives an equation of the form,
s = xX° (interosept = 1) (9)

The index, n, dcpends upon the temperature of the reaction
and can be cc-related as shown in rFig. (39), the

corresponding c¢yua ion being

-3
(162x 10) T
n=0332e¢e (10)

Equa'ions (6, 7, 9 and 1C) can be directly used for the

design of a reactor for the production of DMa.
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MeOH

v

Table of Symbols

aniline

heat capacity, cal./°K./gn-mole
dimethylaniline

total feed rate, gm-mole/hr.
aniline rate, gm-mole/hr.

methanol rate, gm-mole/hr.

free energy of formation, ¥-cal./gm-mole

free energy of reaction, XK-cal./gm-mole

free energy function, cal./°x./gm-mole

heat of formation, K-cal./gm-mole
heat of reaction, K-cal./gm-mole
enthalpy function, ¥=cal./gm-mole
equilibrium constant

fugacity coefficient term

rate constant

monomethylaniline

m thyl ether

methanol

number of moles

gas constant

reaction rate, gm-mole/hr./gm-cat.
selectivity

entropy, cal./°v./gmn-nole

entropy change of rcuction, cal./“K./
gm=mole

temperature, b A
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vV.P.C. -

w -

W/ F -

x -

n -
Subscripts

P,Cy R& 3 =~

b,y T S =

vapour phase chromatography
wt. of catalyst, gm. (also water)
time function

overall conversion of anilines
(also equilibrium conversion)

total pressure, atm,

of Superscripts

components in the general
Equation (20)

stoichiometric proportions of
B,Cy R 4 3 1In BEquation (2C)
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