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Abstract

Linear alkylation (LAB) is an important intermediate in the detergent industry. This work deals with the suspension catalytic distillation
(SCD) column used for synthesis of C12 alkylbenzene with benzene and 1-dodecene. A novel solid catalyst, which is friendly to environment,
was selected. The kinetic equations using this catalyst were measured in a fixed-bed reactor. The mathematical models of equilibrium
(EQ) stage and nonequilibrium (NEQ) stage for alkylation of benzene and 1-dodecene were, respectively, established by incorporating the
kinetic equations to simulate the SCD column. By comparison of the results from experiments, it was concluded that the NEQ stage model
was more accurate than the EQ stage model for the simulation.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction methyl acetate and methigrt-butyl ether{4—7]. In general,
RD is divided into two categories: homogeneous and het-

Linear alkylation (LAB) is an important intermediate in erogeneous catalytic distillation. Moreover, heterogeneous
the detergent industry, and is usually made from alkyla- catalytic distillation is a more recent development and has
tion of benzene and olefin with long carbon chains from attracted researchers’ attention because the difficulty in sep-
C10 to C14. The catalysts for alkylation reaction are gener- aration between products and catalysts is easy to be over-
ally aluminium trichloride (AIC}), hydrofluoric acid (HF) come. In recent years, a new-type heterogeneous catalytic
and solid acids. But it is known that Algland HF are, distillation column, called suspension catalytic distillation
to some extents, hazardous to environment. Many efforts (SCD) column, has been put forward by Wen ef&]. But
have been made to replace it with environmentally safer the work on the SCD column is very scarce. In the SCD
solid catalysts such as H-ZSM-5, H-ZSM-12, HY and lays column, tiny solid particles are not used as packing in the
[1,2]. column but blended with liquid phase. Compared to con-

However, the common solid catalysts have the drawbacks,ventional RD column, it has the following unique advan-
that is, low conversion, low selectivity and high ratio of ben- tages: (1) no need for structured catalytic-packing; (2) no
zene and olefin. In order to overcome those, a high-efficient need for shutting down the unit to replace the deactivated
heteropoly acid catalyst which is friendly to environment is catalyst; (3) mass and heat transfers in the fine catalyst par-
developed[3]. The catalyst used in this work is made up ticles and interphase are quicker than those in the structured
of 77wt.% silica gel and 28 wt.% tungstophosphoric acid catalytic-packing. However, it is believed that the packed
(HPW), and of high activity and selectivity for alkylation column is not suitable for the SCD column. When adding
of benzene and 1-dodecene. But formerly the kinetics equa-solid particles to liquid phase, the packed column is prone
tions for the reaction over any catalyst were rarely reported to be jammed. From this viewpoint, the tray column is more
in open references. suitable for the SCD column.

With the development of chemical engineering, the pro-  In this work, the SCD column is used for synthesis of
cess of distillation coupled with reaction, namely reactive C12 alkylbenzene with benzene and 1-dodecene. Firstly, the
distillation (RD), has been devised for many years. RD kinetics equations over the heteropoly acid catalyst are mea-
has been applied in the industry, e.g. the manufactures ofsured in a fixed-bed micro-reactor. Then, the mathematical

models of the SCD column are established by incorporat-

* Corresponding author. Tek:8610-64433695; fax+-8610-644336787. NG the kinetic equations. To date there are two types of
E-mail address: licy@mail.buct.edu.cn (C. Li). mathematical models to simulate reactive or nonreactive
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Nomenclature

c number of components
Ct total concentration (kmol rr?)
C mole concentration in the liquid

phase (kmol m?)

Maxwell-Stefan diffusivity (M s~1)
energy transfer rate (kJ$)

feed flowrate (kmol h1)

heat transfer coefficient (W (1K) 1)
molar enthalpy (kJ kmott)
vapor-liquid equilibrium constant
liquid flowrate (kmol h1)

hold-up in the stage (kmol)

mass transfer rate (kmot#h)

stage pressure (kPa)

heat duty (kJh?)

number of reactions

reaction rate (kmol (kg S))

ratio of sidestream flowrate to
interstage flowrate

gas constant (kJ (kmol K}')
reaction rate (kmol (kg S)')
flowrate of the sidestream (kmoth)
time (h)

Temperature (K)

stoichiometric coefficient

vapor flowrate (kmol 1)

mole fraction in the liquid phase
mole fraction in the vapor phase
mole fraction in the feed
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Greek symbols

activity coefficient

catalyst weight (kg)
dimensionless coordinate
mass transfer coefficient (m¥)
chemical potential (kJ kmot)

T RS O

Subscripts

0 referring to saturated condition
1,
4,
[

I

2

5 reaction index

k component number
referring to interface

] stage number

Superscripts

cal calculated value

exp experimental value

F referring to feed stream

L referring to liquid phase

LF referring to liquid diffusion film
\% referring to vapor phase

VF referring to vapor diffusion film

Z. Lei et al./Chemical Engineering Journal 93 (2003) 191-200

distillation systems, e.g. the equilibrium (EQ) and nonequi-
librium (NEQ) stage models. In this work, these two models
are, respectively, programmed to simulate the SCD column,
and the results are compared with those from experiments.

2. Kinetic equations

In general, the kinetic property of a chemical reaction that
is carried out in a distillation column should be measured
separately, e.g. in a fixed-bed reactor. Moreover, in case of
heterogeneous catalytic reaction, special attention should be
paid to the mass and energy transport resistance inside the
catalyst. Thus, both micro- and macro-kinetics of the reac-
tion system must be studied carefully. Herein, it is assumed
that intrinsic reaction rates are the same as global rates be-
cause the catalyst used in the SCD column is tiny particles
and situated in strong turbulence so that the mass and energy
transport resistances inside and outside the catalyst particles
can be neglected.

The involved reaction network for alkylation of benzene
and 1-dodecene is expressed@s

B + DX 2-ph
B+ DX23-ph
B+ D% 4-ph
B+ DX5.ph

B + D %6-ph

where B, D, andi-ph ( = 2-6) represent benzene, 1-
dodecene and five different positional alkylbenzene (phenyl-
dodecane isomers), respectively. It is possible that some
heavier byproducts, such as multi-alkylbenzene, also form.
But it is apparent that those are too small to be neglected.

The kinetic equations for alkylation of benzene and
1-dodecene were determined in a fixed-bed micro-reactor,
schematized ifFig. 1L The experimental system comprised
of three parts, a feed blending station for preparing the
reaction mixture with different composition, an assembly
of electric oven with a multi-channel temperature con-
troller, and an off-line gas chromatogram (GC) and gas
chromatogram-mass spectrometer (GC-MS).

The feed blending station consisted of two metering
pumps for driving benzene and 1-dodecene, respectively,
a nitrogen tube for sweeping and a mixer. The metering
pumps were calibrated in advance. Feed composition was
calculated based on the reading of the metering pumps and
checked by gas chromatogram analysis.

The main parts of electric oven assembly are a
fixed-bed micro-reactor of 8 mm i.d., 300 mm long, and an
heating-oven of 800 W. The temperature of reaction section
was controlled with a temperature programmable controller
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Fig. 1. The schematic diagram of fixed-bed micro-reactor: (1) benzene metering pump; (2) 1-dodecene metering pump; (3) adjusting valve; (4) mixer;
(5) fixed-bed micro-reactor; (6) pressure adjusting valve; (7) metering vessel.

and measured with a micro-thermal couple inserted in its The reaction was performed at temperatures between
center through a small jacket tube. The reaction section of 358.15 and 398.15K. The series of experiments was ar-
the reactor was charged with 0.2 g catalyst and some amountanged according to the principle of mathematical statistics.
of quartz chips was loaded in both sides of the reaction sec-The pre-experiments were done to investigate the influence
tion. Suitable particle size of the catalyst was determined by of external and internal diffusions. It was found that when
a preliminary experiment so as to eliminate the influence of the average diameter of catalyst particles was less than
internal diffusion. A back-pressure regulator was equipped 0.21 nm (60-80 mesh) and the liquid weight hourly space
downstream in the micro-reactor. The composition anal- velocity (WHSV) was larger than 20, the influence of
ysis system for feed and product consisted of an off-line external and internal diffusions may be thought to preclude.
gas chromatogram, SP 3420, equipped with a FID detector The kinetic data are listed iflable 1 from which the

and an OV-101 capillary column (60m long and 0.32mm kinetic equations for alkylation of benzene and 1-dodecene

o.d.). were obtained after correlating by the Marquardt method
Table 1
The kinetic data obtained in the fixed-bed micro-reactor
Temperature (K) Mole concentration (kmot) Reaction rate (kmol (fkg)~1)
Benzene 1-Dodecene 6-Ph 5-Ph 4-Ph 3-Ph 2-Ph
358.15 7.043 1.691 0.00025 0.00115 0.00087 0.001162 0.001282
8.451 1.127 0.00024 0.00084 0.00069 0.001114 0.000946
9.351 0.767 0.00017 0.00063 0.00062 0.000839 0.000707
9.799 0.588 0.00014 0.00051 0.00042 0.000678 0.000547
10.044 0.490 0.00011 0.00044 0.00037 0.000586 0.000579
368.15 7.043 1.691 0.00037 0.00156 0.00135 0.003280 0.001865
8.451 1.127 0.00029 0.00115 0.00114 0.002340 0.001332
9.351 0.767 0.00024 0.00094 0.00076 0.001780 0.000970
9.799 0.588 0.00021 0.00066 0.00062 0.001480 0.000806
10.044 0.490 0.00019 0.00062 0.00051 0.001243 0.000788
378.15 7.043 1.691 0.00050 0.00227 0.00182 0.003280 0.002010
8.451 1.127 0.00041 0.00182 0.00162 0.002340 0.001857
9.351 0.767 0.00035 0.00147 0.00107 0.001780 0.001399
9.799 0.588 0.00032 0.00125 0.00080 0.001480 0.001120
10.044 0.490 0.00027 0.00084 0.00076 0.001243 0.000959
388.15 7.043 1.691 0.00086 0.00324 0.00330 0.004400 0.002982
8.451 1.127 0.00067 0.00259 0.00274 0.003700 0.002535
9.351 0.767 0.00058 0.00215 0.00174 0.002380 0.002012
9.799 0.588 0.00043 0.00137 0.00130 0.001837 0.001547
10.044 0.490 0.00040 0.00144 0.00111 0.001629 0.001302
398.15 7.043 1.691 0.00119 0.00464 0.00425 0.005630 0.004082
8.451 1.127 0.00101 0.00345 0.00310 0.004740 0.003436
9.351 0.767 0.00084 0.00264 0.00236 0.003440 0.002585

10.044 0.490 0.00057 0.00168 0.00151 0.002124 0.001796
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and written as follows: Vi Lin
45,734 5Y; A
ra-ph = 402783 x exp| — CsCp 1) |
RT <+—
46, 649 B V. .
ra-ph = 743969 x exp( ———— | CaCo ) . s liquid
0, Stagej P;. T;
48,080 ; Reaction
ra-ph = 792109 x exp (- o ) CsCp 3) ¢
Ly
48,080
r5-ph = 892208 x exp (— i ) CsCp (4) v
Vil L
48,225 _ . .
r6-ph = 217870 x exp| — CgCp (5) Fig. 2. Schematic representation of an EQ stage.

whereR is gas constant (8.314kJ (kmol®Y), T the tem-
perature (K),C the mole concentration (kmolmd) in the material balance equations. The total material balance takes
liquid phase, and is the reaction rate for specified compo- the form
nent (kmol (n? kg)~! catalyst). The kinetic equations were M;
verified byF-factor test, and thought to be reliable because F =Vipp+Lia+F— 1+ r}/)Vj -1+ er-)Lj
it was consistent with th&-factor rules.
+ ZZU, KR, j€ (6)

3. EQ stage and NEQ stage models ==

M; is the hold-up on stagje With very few exceptionsi;

For design of reactive distillation, two types of modeling is considered to be the hold-up only of the liquid phase.
approaches have been developed: the EQ and the NEQ stagl is more important to include the hold-up of the vapor
models[10-15} The schematic diagrams of a tray column Phase at higher pressures. The component material balance
for each model are shown Figs. 2 and 3respectively. The  (neglecting the vapor hold-up) is
most difference between both the figures is that the mass . =~
and heat transfer rates are considered in every tray in the C;x”f =Vjs1yij+1+ Lj—1xij-1+ Fjzij
NEQ stage model. The assumptions used in this study for d

. v L
each model are summarizedTable 2 —A+rp))Viyij— A+r;)Ljxi
The equations that model EQ stages are known as the r
MESHR equationg11]. MESHR is an acronym referring + Zvi,kRk,jej (7)
to the different types of equation. The M equations are the k=1
Vi Lis
5Y; A
<« ]
Fiv ; P,IL
Ei . . ‘—
—¥ i [ liquid
ij \/’apors1 . : : Qi"
+— Atk 5 Reaction >
Nij
Y
—
\ 4
Via L

Fig. 3. Schematic representation of an NEQ stage.
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Table 2

Assumptions used in the EQ and NEQ stage models

EQ stage model NEQ stage model

(1) Operation reaches steady state (1) Operation reaches steady state

(2) System reaches mechanical equilibrium (2) System reaches mechanical equilibrium

(3) The vapor and liquid bulks are mixed perfectly and assumed to be at3) The vapor—liquid interface is uniform in each tray and assumed to
thermodynamic equilibrium be at thermodynamic equilibrium

(4) Heat of mixing can be neglected (4) Heat of mixing can be neglected

(5) Reactions take place in the liquid bulk (5) There is no accumulation of mass and heat at the interface

(6) The condenser and reboiler are considered as an equilibrium tray (6) The condenser and reboiler are considered as an equilibrium tray

(7) The amount of catalyst in each tray of reactive section is equal (7) Reactions within the interface are ignored and take place in the

liquid bulk

(8) The influence of catalyst on the mass and energy balance is neglecté®) The amount of catalyst in each tray of reactive section is equal
because the catalyst concentration in the liquid phase is low (0.05'9 mI(9) The influence of catalyst on the mass and energy balance is neglected
because the catalyst concentration in the liquid phase is low (0.05%g ml

In the material balance equations given aboyés the ratio j are given by the following balance relations:

of sidestream flow to interstage flow: dmV.
ij vV gV v
§Vv gL q = VWi = Vivij £z F = N (12)
ey T ®)
Vi L dmt.

LJ
v; x represents the stoichiometric coefficient of the compo- g;

7. . v L L L
=Lj1xij1—Ljxij+2z;;F;; + N

nenti in reactionk ande; represents the amount of catalyst. r
The E equations are the phase equilibrium relations: + Zvi,kRk,jSI} (13)
k=1
= K ox o] ) ) )
Yig = R © whereN;_; is the interfacial mass transfer rate.
Egs. (12) and (13pver the total number of componerds
c c . .
in the mixture
Yxij=1 D w=1 (10) amV ¢
i— i— J v %
=t =t = Vi = Vit F =) N (14)
The enthalpy balance is given by k=1
dM;H, v L . dmt c ¢
o = VHp t L+ FiH; g = LT Lt F+ ) Ni+ ) ) vikRuej
Y% v L L k=1 i=1k=1
_ (1+rj)V,~Hj — (1+rj)L.,-Hj — Qj (11) (15)
There is no need to take separate accoutign(11)of the The mole fractions of the vapor and liquid phases are
heat generated due to chemical reaction since the compute@a|culated from the respective phase molar hold-ups:
enthalpies include the heats of formation. v L
. . . . MY, M-
The R equations are the reaction rate equations and given,, . — _tJ X = —b (16)
. iJ vV iJ L
in Egs. (1)-(5) M; M;

Under steady-state conditions, all the time derivatives in
the MESH equations are equal to zero. The modified re-  Bulk liquid Liquid film Vapor film  Bulk vapor
laxation method where the MESH equations are written in
unsteady-state form and are integrated numerically until the
steady-state solution has been found, is used to solve the
above equationgl6-19]

The NEQ stage model for reactive distillation follows
the philosophy of rate based models for conventional

<
distillation. In the NEQ stage model, it is assumed that the y X

P —

NL

E- EY

resistance to mass and energy transfer is located in thin
film adjacent to the vapor—liquid interface according to the
two-film theory[13] (seeFig. 4).

The time rate of change of the number of moles of com-
ponent in the vapor(Ml.V) and quuid(Ml!-) phases on stage Fig. 4. Two-film model of the NEQ stage.
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Table 3

Thermodynamic, physical properties and mass and energy transfer models used in the EQ and NEQ stage models

K-value models ki =yiP°/P

Equations of state Virial equation

Molar volume Data fronm21,22]

Enthalpy The modified Peng—Robinson (MPR) equation for the vapor enthalpy
The liquid phase enthalpy deduced from vapor phase enthalpy and evaporation heat

Activity coefficient UNIFAC equation

Vapor pressure Antoine equation

Viscosity Orrick—Erbar equation for the liquid phase
Wilke equation for the vapor phase

Surface tension Data froff21,22]

Thermal conductivity Data fronf21,22]

Binary mass transfer coefficient AIChE method

Multi-component mass transfer coefficient The generalized Maxwell-Stefan equation

Binary diffusion coefficient Fuller—Schettler-Giddings equation for the vapor phase

Lusis—Ratcliff equation for the liquid phase at infinite dilution; Vignes method for the
liquid phase at finite dilutiorj23]
Heat transfer coefficient Calculated from the Chilton—Colbjfactor [24]

Only c—1 of these mole fractions are independent becauseand convective contributions

the phase mole fractions sum to unity: 4TLF 4
. . EYF = —hLFAa— +Y N HF (22)
D=1 D mj=1 17) o=
k=1 k=1 whereA is the interfacial area and'F is the heat trans-
The energy balance for the vapor and liquid phases arefer coefficient in the liquid phase. A relation analogous to
written as follows: Eq. (22)holds for the vapor phase.
Y . At the vapor-liquid interface we assume phase equilib-
= Vb = ViH) - F/ - £ - 0 o
(18) yijlt = Ki jxi jl (23)
dEL We also have continuity of mass and energy
d—t’ =Lj1H; 1 — LjH} + FyH;" + E5 — 0% (19) NP =N EVR = EYR) (24)

Under steady-state conditions, all the time derivatives in the
above equations are equal to zero. The combination of mod-
ified relaxation and Newton—Raphson methods where the
equations are written in unsteady-state form and are inte-
grated numerically until the steady-state solution has been
found, is used to solve the above equatifit-19]

But both in the EQ stage model and in the NEQ stage
model, the thermodynamic and physical properties are re-
quired. Moreover, in the NEQ stage model the mass and
energy transfer models are also necessary. A list of the ther-
modynamic, physical properties and mass and energy trans-

where HY and HY represent the molar enthalpy of vapor
and liquid phases, respectively.

There is no need to take separate accouridgs. (18)
and (19)of the heat generated due to chemical reaction since
the computed enthalpies include the heats of formation.

As has been said, the importance to model the NEQ
is to set up the relation of interfacial mass and energy
transfer rates. The molar transfer ratg" in the liquid
phase is related to the chemical potential gradients by the
Maxwell-Stefan equation:

X utF GxENEE — xEFNEF ) fer correlations available in our progrg@i—24]is provided
RTLF oy CFF A (20) in Table 3
k=1 Lok The simulation of the SCD column was performed on a
«-F represents the mass transfer coefficient ofithepair in PC (Pentium 4 1.5G). It took about 10 min for the EQ stage
the liquid phase; this coefficient is estimated from informa- model and about 30 min for the NEQ stage model for a SCD
tion on the corresponding Maxwell-Stefan diffusiviy;, column with 25 stages.

[20]. The summation equations at the interface are:

Cc C

4, Comparison of experimental and simulation results
IS DA @ ° g
k=1 k=1

An experimental apparatus for producing C12 alkylben-
The interphase energy transfer ra's” have conductive  zene shown irFig. 5 was set up in laboratory. The SCD
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Fig. 5. Experimental flowsheet for producing C12 alkylbenzene.

column comprised of three parts, i.e. rectifying, reactive and eration, trays rarely, if ever, operate at equilibrium. We know
stripping sections. The mixture of benzene, 1-dodecane andthat for conventional distillation operation with vapor—liquid
1-dodecene was blend with catalyst in a mixing tank, and two phases, the tray efficiency cannot reach 100% in most
then into the top of the reactive section. 1-Dodecane was cases. However, in the reactive section of the SCD column
added to dilute the concentration of 1-dodecene and preventthere are vapor—liquid—solid three phases. The addition of
it from polymerization. The catalyst was evenly distributed solid particles will decrease the tray efficiency in this case
along the reactive section. The solid—liquid mixture leaving because the presence of solid particles close to the interface
from the bottom of the reactive section was separated by amay hold back the mass transfer of vapor and liquid phases
gas-liquid separator (high-speed shear dispersing machine)and reduce the contact area of two phg@8s26] So the
The resulting catalyst was sent to be regenerated and therprediction of the EQ stage model is not accurate in the case
recycled. The resulting liquid was the mixture of benzene, of multi-component separation and chemical reaction with
1-dodecane, 1-dodecene anph ( = 2—6), which entered  vapor-liquid—solid three phases. It is the rate of mass and
into the stripping section. heat transfer, and not the equilibrium that often limits the

The SCD column had 23 trays and each was regardedseparation.
as one model stage for both the EQ and NEQ stage mod-
els because the accurate prediction of tray efficiency was
very difficult in the case of simultaneous multi-component 12ble 4 _

X | . The structural and operating parameters of the SCD column

separation and reaction. Therefore, the column was divided
into 25 model stages in which the rectifying section had 5 Structural parameters

Operating parameters

stages, the reactive section 10 stages and the stripping Secrype of tray Sieve  Pressure (kPa) 101.3, 131.7,
tion 8 stages. The reboiler was stage 1 and the total con- 162.1
denser stage 25. Some structural and operating parameter§olumn diameter (m) 0.05  Reflux rate (g 700
are listed inTable 4 In the experiment, the column pressure 0@l tray area (f)  0.002  Feed rate (gH)
was adjustable, at 101.3, 131.7 and 162.1 kPa, respectively,N ufrgvt?,e;;sfslgu'd ! Benzene %
while other operating parameters remained constant. Tray spacing (m) 01 1-Dodecene 50.4

In the simulation of the EQ and NEQ stage models, for Liquid flow path 0.04  1-Dodecane 749.6
simplifying the computer prograni:ph ( = 2-6) were length (m)
taken on as one component because they had similar therActive area () 0.002  The concentration of  0.05
modynamic and physical properties. f::i?:ﬁt ('; :rel)f%d

Figs. 6-8show the temperature profiles along the SCD powncomer type Round
column at pressures 101.3, 131.7 and 162.1kPa, respecbowncomer 0.04
tively. It can be seen that the calculated values by the NEQ clearance (m)
stage model are much closer to the experimental values tharyeir length (m) 0.03

Weir height (m) 0.03

by the EQ stage model. The reason may be that in actual op-
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Fig. 6. Comparison of calculated and experimental values at 101.3 kPa.
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Fig. 7. Comparison of calculated and experimental values at 131.7 kPa.
The tray is numbered from the bottom to the to@®)(experimental
values; @) calculated values by the NEQ stage model) alculated

values by the EQ stage model.
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Fig. 8. Comparison of calculated and experimental values at 162.1 kPa.

The tray is numbered from the bottom to the to@®)(experimental
values; @) calculated values by the NEQ stage model) alculated
values by the EQ stage model.

The difference of calculated values between the EQ and
NEQ models can also be brought out in the composition
profiles along the column, which are illustratedRigs. 9
and 10 In this work, the studied system is special and the
boiling-point difference of the key light (benzene) and heavy
(1-dodecene) components is very high, up to 138.2This
means that these two components are easy to be separated
in the equilibrium stages. So there is an abrupt change of
benzene composition in the feed trayhig. 9 for the EQ
stage model. In the reactive and stripping sections of the
SCD column, the benzene composition is nearly zero, which
leads to the higher temperature and fewer produdtpf
(i = 2-6) than actual operation. However, the change of
benzene composition in the feed trayHig. 10for the NEQ
stage model is somewhat smooth. In many places of the
reactive and stripping sections for the NEQ stage model, the
benzene composition is away from zero, which leads to the
lower temperature and more products-gh ( = 2—6) than
for the EQ stage model. Therefore, the calculated values
by the NEQ stage model are more in agreement with the
experimental values.

Because the deviation between the experimental and cal-
culated values is large for the EQ stage model, the tray ef-
ficiency under the operation condition shownTable 4is
low. That is to say, the assumption of EQ stage is far away
from the fact. But for the NEQ stage model there is a little
fluctuation of temperatures in the vicinity of the feed tray,
which may be due to the great influence of the feed mixture
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Table 5
The product composition at the bottom of the SCD column at pressure
101.3kPa

Xexp Xcal
EQ stage model NEQ stage model
Benzene 0.0 0.0 0.0036
1-Dodecene 0.0 0.0497 0.0113
1-Dodecane 0.8926 0.9361 0.8850
C12 alkylbenzene 0.1074 0.0142 0.1001

on the mass and heat transfer rates and the limitation of ac-
curacy of thermodynamic equations used in the NEQ stage
model.

A comparison of the product composition at the bottom
between the experimental and calculated values is also made
in Table 5wherex is the mole fraction in the liquid phase.
Table 5shows that the concentrations of both benzene and
1-dodecene at the bottom are very low, which proves that
the SCD column is effective for this alkylation reaction.
Furthermore, it can be seen frorable 5that the calculated
values by the NEQ stage model are more approximate to
the experimental values than by the EQ stage model. So it
further proves that the NEQ model is reliable and can be
used for the design and optimization of the SCD column.

The NEQ stage model should be preferred for the simula-
tion of a tray column for reactive distillation to the EQ stage
model. However, as pointed out by Lee and DudukiAy,

a close agreement between the predictions of EQ and NEQ
models can be found if the tray efficiency is accurately pre-
dicted for the EQ model. But in most cases the tray efficiency
is difficult to predict, especially for the vapor—liquid—solid
three phases system.

In the experiment, the conversion of 1-dodecene 100%
and selectivity of 1-dodecene 100% are obtained. Moreover,
the weight concentration of 2-ph in theh is up to 35%,
which is higher than 25% reported in the fixed-bed reactor
[2]. So the SCD column is positive to the selectivity of 2-ph,
which is favorable in the industry.

5. Conclusion

Due to the unique advantages of the SCD column, it
is very straightforward to combine this technology with
the synthesis of C12 alkylbenzene with benzene and
1-dodecene. Since C12 alkylbenzene is widely used as
raw materials for detergents, alkylation of benzene and
1-dodecene has a lasting value in the industry. In this work,
silica gel supported by tungstophosphoric acid (HPW) is
used as catalyst. The kinetic equations over this catalyst are
obtained in a fixed-bed laboratory micro-reactor. On this
basis, the EQ and NEQ stage models have been established
to simulate the SCD column. An experimental apparatus for
producing C12 alkylbenzene in the SCD column has also
been set up, and the experimental results prove that the SCD
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column is effective for the alkylation reaction. Moreover, [10] J.H. Lee, M.P. Dudukovic, A comparison of the equilibrium and
the comparison of experimental and calculated values is also nonequilibrium models for a multicomponent reactive distillation

made, and it is concluded that the NEQ stage model is more___column, Comput. Chem. Eng. 23 (1998) 159-172.
te than the EO st del. Th be th t.Illll] R. Taylor, R. Krishna, Modelling reactive distillation, Chem. Eng.
accurate thanthe EQ s age model. ereason may be that| Sci. 55 (2000) 5183-5229.

actualloperation,trays rarely, if ever, operate at equilibrium, [12] R. Baur, A.P. Higler, R. Taylor, R. Krishna, Comparison of
especially when the solid particles are added in the SCD equilibrium stage and nonequilibrium stage models for reactive
column. So itis advisable to select the NEQ stage model for ~ distillation, Chem. Eng. J. 76 (2000) 33-47.

the design and optimization of the SCD column, which helps [13] R- Baur, R. Taylor, R. Krishna, Dynamic behaviour of reactive

he future scale-up of the SCD techniques in the industr distillation columns described by a nonequilibrium stage model,

t Y- Chem. Eng. Sci. 56 (2001) 2085-2102.

[14] A.P. Higler, R. Taylor, R. Krishna, The influence of mass transfer and
mixing on the performance of a tray column for reactive distillation,
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