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ACID - A PETROCHEMICAL REACTOR DESIGN STUDY

by

P.N. Bruce

INTRODUCTION

Methyl Chloride continues to maintain an important role as
a petrochemical intermedjate in a variety of synthesis processes.
Originally used principally as an anaesthetic, refrigerant and in the
synthesis of dyes, it hag nOW entered such fields as fie
extinguishers and the production of methyl siloxanes and
-quaternary compounds. The principal route to methyl chloride
production is the hydrochlorination of methanol. The chlorination
of methane or methane idch gases is also used where market
considerations justify ihe separation of chloroform, methylene
chloride and carbon tetrachloride which are also formed by this
process route. In the methanol- based process(l y 35% aqueous
hydrochlorie acid ig contacted with methangl by bubbling both
yapours through an aqueous solution of zine chloride catalyst at
i_%;ﬂ - 1609 C. Water formed during the reaction has g dilution
sffect on the acid, part of which js recycled to the reactor, thus
eaving large volurpes of dilute acid for disposal. The disposal of
his acid has been a problem until recent times when development
i the chlorine cycle facilitated vses in (i) pickling of stee] and (i)
xidation to chlorine by the Deacon process.
'_ Yo date there has beep little data published op the kinetics
f: the methanol-HC1 reaction to facilitate the Systematic design of
sreactor for this process. The reaction involves the simultaneous
!_f;*.} processes of interphase masg transfer and chemical reaction
id hence the efficient dispersion of the reactant vapours is
SEntlaI The present study was undertaken 1o explore the kinetics
:the above vapourliquid reaction system ang develop a rational
Proach to the design of an industrial scale reactor.

"T;_H'EORY OF REACTION MECHANISM

The uncatalysed reaction of methanol and hydrochloric acid
i:be represented by the following mechanjsm.
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(1) CH30H + HCL 2 CHjO" Hy ' I
(2) CH30"Hy + CI' 2 CH3Cl + Hy0

These are the usual steps in nucleophilic substitution reactions
initiated by proton transfer(2). .

In the presence of aqueous zinc chloride, the reaction is
likely to proceed by the following steps:

(3) ZnQly & Zn™ + 201
(4) CH3OH +" zgt* = CHB'Q+'11;11+_':"' '.
) CHzOQ'HZa* + C 2 .CHCl + .Zn* OH

6) Zn'OH + H' o  Zatt 4 my .

In view of the higher charge on the Zn*™ ions, steps (4).and. .
(5) will proceed at a faster rate than steps (1) and (2). ;The
reaction rate will also increase with zinc. chloride concentration
since step (3) is. instantaneous, The low solubility of methy)
chloride in.the reaction mixture and the removal of Znt OH jons
by step (6) would reduce_the,concentration of these components; -
thus making the rate of the reverse reaction quite low: .

The overall reagtion, as illustrated in steps (1) to (6), can. be;
simplified into ‘two parallel reactions, both contributi ng to, the.
conversion of methanol af different rates. These reactions n!ﬁj{-__'b.ﬁé.__. .-.-
summed up as: ' ; 5 g

k7

xxxxx

1:8 ‘;_ g
| where kg » -k8 '

BXPERIMENTAL

A schematic layout of the apparatus used for this stud}rIs
shown in fig. 1. The reactor was specially designed for the’,
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. constant reactor pressure close to atmospheric. These Vapors were
| water-cooled to remove water apd HCI1, ice cooled to remove
methanol, and the dry methyl chloride was metered with a dry gas
meter. All condensed liquid was recovered for mass balance checls
and the methyl chioride was sampled for infra-red analysis using a

analysis. HC1 and ZnCly were determined by potentiometric
titration  against 0IN sodium hydroxide and methano by the
colorimetric method based on the formation of an orange-red
‘complex with ceric ammonium nitrate(3) Samples from the
condensers and traps were similarly analysed for HC, methanol
‘and water.

* RESULTS AND DISCUSSION

The results of the main series of experiments are shown in
Mable 1. The tabulated concentrations of methanol, hydrogen
fi}:jj}oxide and zinc chloride are mean values over the test period,
'the volume recorded as the volume of the reactor contents is the
volume measured whilst the vapour was bubbling through, and this
includes the gas present in the dispersion,

)

Effect of Reactant Holding Time on Conversion

5 in some of the runs shown in Table 1, the volume of the
gictor contents has been set at different values with a constant
€l rate to show (he effect of reactant ‘holding time’ on
Onversion. The general effect i§ illustrated ip Fig. 3. The ‘holding
me’ of the limiting feactant, i.e. methanol, is here expressed as
me of reactor contents)/(molar feed rate of methanol). As is

,'_'_.f‘-_ y J = A. » = - -
kpected, the conversion ncreases with increased holding time of
iethanol,
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(ii) Effect of Stirrer Speed

If the stirrer were completely effective in eliminating mass
transfer resistance, variation in the speed of the stirrer should have
no effect on the conversion. The results shown in fig. 4, though
limited due to the stirrer mechanism, suggest that this is so. The
absence of any significant mass transfer resistance was confirmed
by an order of magnitude calculation based on the correlation for
mass transfer coefficients from bubbles presented by Calderbank
and Moo-Young (4). Photographs of the dispersion showed that
the size of bubbles present was about 1.0mm. diameter. Assuming
A gas hold up of 10%, it was calculated that the driving force
required for mass transfer was sufficiently small even at the
highest rates of reaction at 160°C for the variation in methanol
concentration between the interface of the bubbles and bulk of
the liquid to be less than 3%.

(ii) The Rate Equation

In order to correlate data on the rate of the reaction, a rate
gquation of the form,

¢ B A
r = k€y C4 Gy = owe ww we KRS

wag assumed where:

k = A exp (-B/RT), and Ca» Cp and C, are the
concentrations of methanol, hydrogen chioride and zine chlodde
respectively in the liquid phase. This equation was expressed in
logarithmic form and a multiple linear regression carried out on
the daia in Table 1 to find the best values of the coefficients, This
tesulted in the following rate equation:

; 034
I = 1035 exp(- 4172{T)C, £k C.10 CZU'3? . (3)
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where the rate of reaction r has units of g. mole methyl chloride
produced per min., per litre of dispersion. The ranges of variables
covered by this correlation are:

T:-  373--433%K

Can 0.33 - 3.65 g. mole/litre
Gy - 0.56-5.93 "

Cim 200-9.50 ”

The regression with the above values of the coefficients fitted the
data of Table | with a residual error of 14% in the reaction rate.

(iv) Phase Equilibium

If the stimer is effective in eliminating mass transfer
resistance and maintaining uniform concentrations in the reactor
liquid, it might be expected that a steady state would be set up, in
which phase equilibrium would exist between the liquid phase
containing dissolved reactants and the outgoing vapour. Analysis of
ihe contents of the condensers and scrubbers for methanol and
hydrogen chloside enabled partial gressures of these constituents
P, and Pp respectively in the outgoing vapour to be determined.
Knowing the conceniration in the liquid phase, equilibrium
constants H, = P,y and By, = Pp/Cp were calculated. Table 2
shows average valnes of these results for zinc chloride
concentrations at each temperatwre. Al the extremes of the zinc °
chlorde concenirations the equilibrium constants are estimated to
be in error by not more than 30%. Under the conditions of
operation an ideal vapour-liquid stage was obviously not fully
approached in the reactor, however the results give a quantitative
representation for this type of flow system.
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APPLICATION TO REACTOR DESIGN

Basic' Re]ationships

From the dats presented above, it js possible to design 5
bubble-contact methyl chloride reactor On a rational basis. Consider
the single stage reactor shown in Fig, 5 Operating in 3 steady state.

Let: v, Yhe and Yo be the mole fractions of methanol,
hydrogen chloride and water fespectively in the feeq.

X, Yt Yy and Ygl- be the mole fractions of methanol,

hydrogen ¢ oride, water and methyl chloride respectively
in the outlet.

Ca, Ch and C,1 be the concentrations (g, moleflitre) of

methanol, hydrogen  chloride and. zinc  chloride
respectively in the reactor liquid, 5

M= flow rate of methano] (8. moles/min)

Xl = fraction of methano] converted to methyl
chloride at the outlet '

Xo = fractional conversion” at the injet (normally
zero for the first stage) '

mal to the rate of chemical reaction in the liquid, that is for

ere C = the concentration at the interface
kra = liquid phase masg transfer coefficient (em/sec),
the vapour phage resistance being  assunied

negligible,

VI = reactor volume,
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The least favourable case for mass transfer occurs when the
incoming vapour is well mixed with the vapour already in the
reactor. Then:

1 w w m o= I3,

A material balance over the reactor is given by:

mE-X) T L e e = B

Combining equations (4), (5) and (6) these '.results for methanol,

Ca = Yab -mX-%X) . . . @

and sﬁnﬂat'ly for hydrogen chloride,

_Hh 60V kyq a

The rate equation (3) is the further relation required in the
calculation. However, at high conversions allowance needs to be
made for the fact that the reaction does not go to completion.
There is insufficient information to characterize completely the '
reverse reaction. As an approximation however, if phase
equilibrium is assumed between the outgoing vapour and the

liquid, the concentration of methanol in the liquid which would -

be in chemical equilibrium is given by,

C R R
== _ w .

ae - v 1 b .

a Hi
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At chemical equilibrium the rate of the reverse reaction is
equal to the rate of the forward reaction, which, - assuming
equation {2) holds, is k 5 O 1 O This s therefore the rate of
the reverse reaction in the reactor and must be subtracted from
the forward yate 1o obtain the net rate N
B >

) Gy

o4 &
¥ MG Cae

]
which in terms of the rate constants of equation (3) becomes:
; : 0.34 0.34, .-0.10 0.37

o= 1035 exp(— 4172(T) {Ca - Cae : )Ch 02 (10)

Calculation Procedure

The procedure for caleulating the volume of reactor required
-0r 2 given conversion X at a particular temperature t°C and
reactor pressure Pl is as follows:

@ Take the valye X} and calculate Yal’ th and Y‘ﬁ,

hence PS = Pl Yw]

(i) Use P, to determine Ca from the following empirical
relationship based on published data(5 for vapour
Pressures of aqueous zinc chloride solutions,

Cz = 22.28 + 0.141(t - 77 longS).

This neglects the effect of dissolved methanol and
fydrogen chloride op the vapour pressure of water
vapour,

() Assume a reactor volume Vi

(iv) Caleulate ¢ al from equation (7) using the assumed Vi
and values of Ha from Table 2,
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®
D)

(vid)

Calculate C};I Si:‘m.ﬂﬂl'h.( from equation (8)

Determine C q Trom equation (9) and calculate . from
equation (10) :

Calculate ’v’E from equaticn (6) and repeat-steps (iif) 1o
¢vil)y until Vl calculated = V; assumed. :

Commercial reactors of this type operate with two reactors
in series to-effect an’ economic overall level of conversion. in excess
of 85%. For all practical purposes two reactors of equal size are
used hence the design procedure was extended to meet this

requirement.
(vii)  Aflow a pressure drop for reactor 2 to assurhe a value
P -
- {ix}. . The.second stage conversion is taken as, X = Xow exall
(%) Carry out the same procedure as steps (1) to (vii).
(xi) Repeat calculations for stages (1) and (2) for the.same

overalt conversion bui at different values of X] :

Repeat (x) for the desired levels of overall conversion.

The above calculations were carried out on an IBM 1620
computer with the following data inputs:

Reactor Temperature, °C = 140
Feed rate, g. mole methanol/min = 75
Mole HCl/mole methanot = p
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Mole I:Tzofmoia- methanol - N7

Py, mm Hg : R 1§ 'y (O
P, mm Hg = 1000
kl;a.a-' sect = 048

]

Byyy2, sec”] 0.88
Figs. 6 - g show the results expressed as first stage

conversion X vs. reactor volumes VI and V, at overall conversion
fevels K of 0.80, 0.85, 090 and 095 respectively. The

1"1 - 1{'2 and thus the conversion. Xl can be read off directly. .

Comparison of Madal with Commereial Reoctor Parfarmoance’ |

LI R

Ons of the chjsetives of this study was to provide a model
- which represents an existing commercial reactor systemn with a
view to the redesign of the system  for achieving higher
conversions. Fig: 10 shows the reactor system in question which
Operated witlr reactor volumes of 1020 Iitres each(6) Analyses were
made of the reaction - mixture with variables such as methano]
‘holding time,’ temperature and pressure closely approximating
those of the reactor used in this study, A comparison of the plant
reactor und the model based on the prasent design calculations
follows:

{;__ ) Conversions % : b
Reactor 1 Reactor 2 Total _{ VR(Htres)
Model 62 28 S0 ' 222
- Plant - 58 20 78 1020 :
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The above figures reflect the limiting effect of diffﬁsional

resistance in the plant reactor and it was suspected that dispersion
was indeed poor. This was substantiated by plant .tests of the
dispersion nozzle in use which showed that slightly less than
0.25Vy was effective in the reactor.

CONCLUSIONS

The results of the foregoing study points to the following
conclusions:

(0

@)

The gasliquid reaction of methanol and hydrogen chloride is
diffusion controlled as thus requires a high level ‘of
dispersion of HCI, comparable with that obtained with the
turbine stirrer used in the experiments.

Alﬁmugh the reactor did not appear to represent an ideal
physical equilibrium stage, steady state operation ensures
predictable reaction rates.

The model developed from this study forms the basis for the
rational ~ design  of - gasdiquid reactors ‘for the
hydrochlorination of methanol to methyl chloride on a
commercial scale '
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NOTATION

a ~  Interfacial ares of contact per unit volume of
dispersion (cm1) ;

£ ~ Concentrs:tion in the liquid phase (g. mole/litre)

H = Phase equilibrium Coefficient, H = P/C, mm. Hg,
litre g. mole-1

K - Thermodynamic Equilibrium Constant

ky - Liquid phase mass transfer coefficient (cm/sec)

ml, - Methano! feed rate (g. mole/min)

3} " - Reactor Pressure (mm.Hg)

Paly - Partjal Pressure (mm.Hg)

2. . Vapour pressure of water over zinc chloride

solution (mm.Hg)'

% - Raie of methyl chiloride formation (g. moleflitre.
min)

T .~ 'Temperature, 6K

y = Yoiume of diaparsioﬁ in reactor-{litres)

Xos 24, Xy - Fractionel convexsioﬁ of methanol

& Yapour phase mole fractions
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SUBSCRIPTS

a - Methanol

g ~ Methyl Chloride

h - 'Hyd‘rogen Chloride

w - 'Water

2 - Inlet to first reactor

1 , ~  Qutlet from first reactor
Z - Outflet from second reactor
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