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1 INTRODUCTION

Selective hydrogenation of small amounts of butvnes and butadiene is industrially emploved
for obtaining high purity butene-1 used as co-monomer in the production of lincar low-density
polyethylene. For this purpose, the content of vinylacetylene. butyne-1 and 1,3-butadiene present
in the process stream should be reduced to a few tens of ppn.

A mathematical model for simulating selective hydrogenation of butyne-1 and 1.3-butadiene
on Pd based catalysts in industrial trickle bed reactors was recently presented in this journall'l.
This model accounts for the reaction net displaved in Table 1. Mass transfer limitations at

apor-liquid interface and at the catalvst external surface were included in the formulation.

Design features were evaluated with the aid of this model in terms of the minimum (critical)
weight of catalyst to achieve the operation target with minimum losses of 1-butene. Provided that
the actual catalyst loading is larger than this critical amount, the operation can be effectively
conducted with minimun losses of 1-butene if H, is depleted in the process stream just when the
purity specification is reached, thus avoeiding further hyvdrogenation and hydroisomerization of
1-butene (Table 1) in the remaining of the bed. The input flow rate of Hy to meet this condition,

F\i, sy 15 conveniently expressed as

I?::s.vmp = I(;;g.u:-ay11||n{(Fll;I) + P‘Il:\} (l)

The model was then employed in Ref. [1] to analyse the effect of relevant variables such as
feed composition, catalyst selectivity and the level of butene-1 purity on R} ., and the loss of

1-butene, expressed as
() SeXil (0
Ap = (Fi3y, = Fiy)" )/ Fig, (2)

RY and Ay are divectly related to the selectivity of the process. Ideally, RY should

asymp asyinpy

be close to one and 4j;; should remain close to zero.

Received 1998-02- 18, accepted 1993-06-28.

* To whom correspondence should be addressed. E-mail address: ommartin @ volta, ing. unlp. edu. ar.



272 Chinese J. Ch. E. (Vol. 6, No. 3)

Table 1 Reaction network and kinetic expressions

BUTYNE-1 (1)

(BY)
(5)

BUTENE-1 ——» ,, BUTANE

(2) (B1) (nB)
l (4)
1,3-BUTADIENE
(BD)

(3)

BUTENE-2

(B2)
(CIS+ TRANS)

ry = kpy,B1ZBYZH,/DEN
T2 = kgD,B1TBDTH, /DEN
r3 = kpp,B2TBDTH, /DEN
r4 = kB1,B2ZB1ZH, / DEN
r5 = kp1,upTp17H, /DEN
DEN = (Kjyzpy + Kppzep + K, zp1)(1 + K}y, =H,)

The purpose of this communication is to present approximate expressions to relate the com-
position of the process stream in terms of catalyst selectivity ratios. These approximations are
based on a homogeneous approach ignoring external mass transfer limitations. It will be shown
that they can be conveniently employed to estimate the relevant magnitudes RJ, .
properly designed units. In a more wider context, these expressions will be useful as a complement
to the rigorous model described in Ref. [1], as they provide an explicit insight into the relations
between feed composition, catalyst properties and purity specification, and limiting values for

RS and Ag;.

asymp

and Ap,; for

2 APPROXIMATE EXPRESSIONS
Approximate relations between the molar flows of the individual species will be derived here. It
is assumed that:

(1) The liquid flows in plug flow along the catalytic bed;

(2) The amount of Cy4 species in the vapor phase are negligible or they are present in the same
ratio as in the liquid phase;

(3) Isothermal operation or similar values of activation energy for the different reactions are
assumed,;

(4) Mass transfer resistances to the catalyst surface can be neglected.

From assumptions-(1) and (2), the ratio of variations in total molar flow of butyne-1 and
1,3-butadiene in a differential bed length can be written as the ratio of net reaction rates

dFgy/dFsp = rBY/TBD (1)

according to the kinetic expressions in Table 1, the r.h.s. is proportional to liquid molar fractions
on the catalyst surface, which recalling assumptions (1), (2) and (3) can be expressed as

kpy F;
dFgy /dFsp = ﬁ—;—%‘i (2)
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where kpp = kpp p1 + kBp,B2- Integrating this expression [with a constant ratio (kY /kBD),
following assumption (3)] from the bed inlet up to a generic bed section’

Fpy = Fgyd" (3)

where § = FBD/FgDi Y = kBY/kBD.
Similarly, the differential relation between butene-1 and 1,3-butadiene is

kpi1Fp; — kgy Fgy —
d Fgy /d Fp = 2B Bk\;il}‘;n ksp.B1FBD

where kp; = k1,2 + kp1.uB. It can be integrated after replacing Fpy from Eq. (3)

F(l Y Fll k
Fuy = F, 8% + S (6% - 6%) - —B5 (hﬁi‘;j‘) (6 - 6%) (4)

where X = kp;/kpp. Repeating the procedure between n-butane and 1,3-butadiene

LBI.:[B 0 6X — 1 ngy 5% —1 (SY -1
— E! -
Fup = F“B kip [ X + Y - X X Y +
Fip [ kBD.BI1 6N —~1
1-x(km 0+ (5)

Egs. (3) to (5) apply at any section in the bed, but specifically they are useful at the bed
exit. In practice, butyne-1 is hydrogenated with high selectivity (Y > 1 and Y/X > 1) and
1,3-butadiene starts to react once butyne-1 has been almost completely depleted!!). In normal
operations, F§¥' = 0 and doxis = F§R'/Fip < 1. Egs. (4) and (5) can then be written at the exit

F k
FRi = (Fy + Fiv)% — 755 | 5o ) Gexit — 6540) (6)
1-X \ kpp
kp1,uB 6 —1 | Fg kpp.B1\ (0% — 1
exit __ () exit D s exit _ 6@ . 1 7
FIIB FIIB LBD ( Bl FB ) ‘Y + ] _ X kBD X x1t + ( )
The molar flows of butene-2 and H, can be written directly by balancing
F: xit 32 + Fg[ + FBD + FBY + Flll[! _ mut F(‘x:t . ::Eit (8)
Fis' = Fyga — (Fgp — F§b') — Fiy — ( ff;t - Fp) (9)

An expression for R), . [see Eq.(1)] can be found from Eq.(7) by taking Fij3* = 0 and
assuming that the tolerance has been reached for 1,3-butadiene (F§%' = F53)
R" -1— Fl0| Fl‘l‘l)—;it — F:?B
asyinp FUD + FSY

(10)
where F3t is obtained from Eq. (4) with Fpp = F§* = Fiip.

3 DISCUSSION AND CONCLUSION

Assumptions (1) to (3) made to develop Egs. (3)—(8) have been discussed in Ref.[1]. They are

most likely to hold under usual operating conditions and, therefore, they will not introduce any
significant error.
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As regards assumption (4), the results discussed in Ref. [1] reveals that mass transfer limita-
tions to the external catalyst surface can not be neglected. It is important then to investigate
the effect of variables likely to modifv the ratios of reaction rates to mass transfer rates on the
acenracy of the approximate expressions.

The offect of bed section area (S) for a fixed rate of the process stream will he analysed next
(equivalent to analyse variations in total feed rate for a fixed S). The value of S changes the
lignid and gas linear velocities and, hence, mass transfer cocflicients for both, gas-liquid transport
and liquid-solid transport. It should be born in mind that the gas-liquid resistance only aflect
in practice the level of H, dissolved in the liguid!"! and. hence. the magnitude of the different
reaction rates, but not the sefectivity of the process (see the reaction rate expressions in Table
1). On the contrary, mass transfer resistance to the catalvst surface produces an adverse effect
on selectivity, as the voncentration of the diluted impuritics butyne-1 and 1. 3-butadiene on the
catalvst surface will decrease.

The effect of S on R, and Ay, is shown in Figs. 1 (a) and (b) for operating conditions
specified in Table 3 of Ref. [1], employing a commercial catalyst with kinetic parameters given
in Table 2 in Ref.{l], and for a 1 3-butadiene tolerance of 100ppm. Curves 1 correspond to
the numcrical results obtained with the mathematical model developed in Ref [t Curves 2
were obtained similarly, but neglecting ligunid/solid resistance. and for curves 3 both resistances,
liguid/solid and gas/liquid, were neglected.
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Figure 1 Effect of bed section S on R}, ., and Ag; for 100 ppm of 1,3 §/S..; vs Au,

butadiene at the exit
(Seer = 0.28m72 is the value employed in Ref. [1])
I —results from the model in Ref. [1]; 2—sime as curve 1. but neglecting liquid-solid mass transfor lhnitations:
d—same as curve 1, but neglecting liguid-solid and gas-liquid mass transfer limitations: 4—results from
~approximated expressions (6). (V) and (10)

Comparison of curves 2 and 3 confirms that R and Qg do not practically depend on
gas/liquid mass transfer, as explained above,

It can be appreciated by comparing curves 1 and 2 that the effect of gas/solid resistance on
R'i:ﬂl\_.m" and Agy is mild for the catalvst under consideration. Also, it is evident that the value
of S has little influence.  Although mass transfer coeficients varies as § is moditied, the final
eftfect. on the concentration drop of nupurities across the liquid-solid film is quite moderate. This
is favoured by the type of kinetic expressions, which not only depend on the molar fraction of
hydrocarbons, hut also on Xy, and Hy also sutfers a concentration drop in the liquid-solid lilhn.
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E4)

As expected from the previous discussion. the results from the approximate Egs. (1) and (X)),
curves 4 in Figs. 1 (a) and (b) are very good estimates of the values given by the rigorons model.
The small differences with respect to curves 2 are mostly due to the fact that in the rigorous
model calculations F{¥" is not taken as 0. but a small value is allowed {F;ii“ = Fihi

Other variables which affect the ratios of reaction rates to mass transfer rates are the total
pressure (due to an increase in Hy partial pressure) and reaction rates constants. At p = 1.5 MPa.
the value of hydrogen partial pressure is twofold the value corresponding to 1 NPa (case in Figs. 1)
However, Ajpyy only increases slightly (up to 29.9%) above the value in Fig. 1()(29.3%). Increasing
the values of all kinetic constants in 100% makes Ay increases slightlv up to 30.0%. The estimate
from Eq. (6), (the value in Fig. 1(b). 28%) keeps on being fairly accurate.

It can be concluded that the effect of mass transfer lmitations to the catalyst surface is
moderate over relatively large variation of operating conditions and kinetie parameters. This
feature stems in a suitable level of catalytic activity, Actually. a catalyst showing much higher
activities (i.c. one order of magnitude) that the ones tested in Ref. [1] should not be emploved. as
there will be not proper operating conditions to reduce the external mass transport limitations
and, therefore, to obtain an adequate selectivity.

As a consequence, it will be also valid to ascertain that once a unit is installed with a suitable
catalyst, variations in operating conditions (temperature. feedstock composition, catalyst deacti-
vation, ete.) will not usually affect to a large extent the achievable selectivity, As a consequence.,
the approximate expression developed here will be applicable.

An important practical use of these expressions is that they can be emploved to estimate
Ry 1 appropriate records of operating practice have been collected in a given industrial
unit. Thus, having measures of the reactor input (Fl),. FY},. Fijpy. Fiiy. FLy) and output (F35°
Pty Fsts Fosit), Eqgs. (6)—(8) allow to evaluate the three relevant ratios of kinetic constants,

\' = {f»“. H-'m)) (A'IHL({I/&'H[)) and (a‘(g“_,,“/knn)‘ Then. Eq‘[l{]) Hiay he (‘]ll})]lj‘\'(‘(] as A }Jilllt]‘\‘
lnul for setting R, when changes in the feedstock or operating conditions are expected.

A final comment should be made about the significance of mass transfer limitations. Although
with a proper catalytic activity their effect on selectivity has been shown to be almost negligible.
they can not be ignored when the amount of catalyst should be evaluated. For the catalysts
tested in Ref. [1]. mass transfer limitations increase in the order of 20% the necessary catalyst

nass.
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NOMENCLATURE
I molar flow of species j. kmaols
J’\'_;‘ adsorption equilibrivm constant for species j
& kinetic constant, kmol-kg ™' !
I ratio hetween hvdrogen and impuritioes molar flows Fe. (1)
r reaction rate per unit catalyst mass, kmol- kg ! -s !

a ¥
bed section, m-

AY ratio between kinetie constants (kg /kpp)
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x molar fraction in liquid phase
Y ratio between kinetic constants (kpy /kBD)
5 ratio between molar flows (Fgp/Fgp)
Apy loss of butene-1 [Eq. (2)]
Superscripts
exit at the reactor exit
tol tolerance
0 feed conditions
Subscripts
asymp asymptotic value
BD 1,3-butadiene
Bl butene-1
B2 butene-2 (cis and trans)
BY butyne
exit at the reactor exit
Ho hydrogen
nB n-butane
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