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One of the first applications of Simulated Moving Bed (SMB) technology was in
p-xylene recovery from mixed xylenes. The three main industrial processes for p-xylene
separation from mixed xylenes based on SMB technology are: UOP’s Parex, IFP’s
Eluxyl, and Toray’s Aromax. These units operate in liquid phase (T = 180°C and P =
9 bar), achieving high recovery of almost pure p-xylene with high on-stream efficiency
and extended adsorbent life. In this work, the industrial scale SMB process is investi-
gated from modeling, simulation, and optimization points of view, using experimentally
measured xylene adsorption equilibrium and kinetics data on ion exchanged faujasite
zeolite. The aim is to develop tools for training of SMB unit operators and choice of
the best operating conditions. Useful studies for better understanding of the influence
of the operating parameters, adsorbent packing, and separation requirements on unit
productivity are presented. SMB unit revamping strategies and operative actions are
proposed. The practical application of “separation volume” methodology in the selec-
tion of optimum operating conditions that lead to maximum p-xylene productivity with
minimal desorbent consumption is described. © 2006 American Institute of Chemical Engi-
neers AIChE J, 53: 138-149, 2007
Keywords: Simulated Moving Bed, p-xylene, unit revamping, separation volume

optimization

Introduction

The feedstocks used for xylene production (catalytic refor-
mate, pyrolysis gasoline, and toluene disproportionation)
contain a mixture of xylene isomers and ethylbenzene. The
p-xylene is the one with major industrial importance since it
is used as a raw material in the manufacture of polyethylene
terephthalate (PET), used in production of polyester fibers,
molded plastics, films, and blown beverage bottles. The
separation of the p-xylene isomer from mixed xylenes is a
classical issue in the petrochemical industry. The fractional
distillation could be applied for o-xylene and eventually for
ethylbenzene separation, but not for p-xylene separation,
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because its boiling point is too close to that of m-xylene.
Hence, the differences in xylenes’ freezing points and adsor-
ption characteristics are exploited commercially. Basically,
there are two methods currently used to separate high purity
p-xylene from a mixture of xylenes: crystallization and ad-
sorption. Recently, a new hybrid crystallization/adsorption
process has been successfully field-demonstrated.! Currently,
about 40% of the p-xylene produced worldwide is by crystal-
lization technology and 60% by adsorption technology.

The separation of p-xylene by adsorption uses Simulated
Moving Bed (SMB) technology. SMB is a continuous chro-
matographic countercurrent process developed in the 1960s
by Universal Oil Products.” The SMB unit consists of a set
of columns connected in series; the countercurrent flow of
solid and liquid phases is simulated by the periodic shifting
of inlet (feed and desorbent) and outlet (extract and raffinate)
streams in the direction of the fluid flow. Separation is
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Figure 1. PAREX process.

AC = adsorbent chamber; RV = rotary valve; EC =
extract column; RC = raffinate column. Lines: 2 = desor-
bent; 5 = extract; 9 = feed; 12 = raffinate.

accomplished by exploiting the differences in affinity of the
adsorbent for p-xylene relative to the other Cg-isomers on
ion exchanged faujasite-type zeolites. The adsorbed p-xylene
is removed from the adsorbent by displacement with a desor-
bent. Above 99.7% pure p-xylene and a mixture of the o-,
m-xylene, and ethylbenzene depleted in p-xylene are with-
drawn in the extract and raffinate, respectively.

There are three main industrial processes for p-xylene sep-
aration from mixed xylenes based on SMB technology:
UOP’s Parex,” Toray’s Aromax,® and IFP’s Eluxyl.’ They
operate in liquid phase at temperature around 180°C and
pressure around 9 bar. The main difference between these
three processes is the way of periodical shift of the inlet and
outlet ports.

In the Parex process, each transfer line between two beds
is connected to a rotary valve,® which periodically changes
the position of feed, desorbent, extract, and raffinate lines
along the column (Figure 1). Hence, the same transfer line is
used for introduction of the feed and later for withdrawing
the extract from the unit. The contamination of the extract
by the undesired components of the feed stream trapped in
the transfer line is overcome by removing the residue from
the lines by flushing them with a medium, which would not
affect the extract purity. The IFP’s Eluxyl’ and Toray’s Aro-
max process*® use specially designed individual on-off
valves to move the inlet and withdrawal ports around the bed
and simulate the countercurrent movement of the adsorbent.
In the Eluxyl process, the concentration profiles in the col-
umns are monitored by on-line Raman spectroscopy; this
technique coupled with the computer controlled valves
sequencing facilitates the control and optimization of the pro-
cess operation.

The amount of the para isomer in the refinery mixed
xylenes feedstock varies between 17 and 24 wt%, not suffi-
cient to cover p-xylene demand. This problem in the industry
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is overcome by reisomerization of the p-xylene depleted
stream-raffinate. A typical xylene separation/isomerization
loop consists of: Cg/Co™ aromatics splitter, SMB unit, and
xylene isomerization reactor. After separation of p-xylene in
the extract, the raffinate free of desorbent is sent to the reac-
tor, where isomerization to the equilibrium mixture of xylenes
is carried out. The xylene equilibrium mixture is then
recycled to the feed of the p-xylene separation unit-SMB.

The xylene adsorption equilibrium in liquid phase has
been studied on different ion exchanged faujazite zeolites: (i)
at low temperature (20-80°C), on KY,” ' on K-BaY,'>'? and
on Ba exchanged faujazite”; and (ii) at high temperatures
(130-175°C) on BaX'® and Ba exchanged faujazite.'* All
faujazite ion exchanged zeolites have adsorption capacity in
the range of 1 to 1.75 mol/kg. The xylene adsorption on X
and Y ion exchanged zeolites at temperatures above 30°C is
controlled by diffusion in macropores.'*'>!*

There are few works dealing with simulation of industrial
scale SMB units for p-xylene separation from the Cg fraction,
with and without consideration of the dead volume from the
transfer lines and pump surrounding.16F20 For optimization of
the PAREX unit operation, the “two-level optimization pro-
cedure”?' and multi-objective optimization® have been used.

The objective of this work is to develop tools for model-
ing, simulation, and optimization of the industrial scale SMB
process for p-xylene separation from the Cg fraction, which
will be used for training of future and current SMB opera-
tors, as well as for process simulation and optimization.
Some practical and helpful studies for better understanding
of the process are presented. SMB unit revamping strategies
are proposed. In this work, an attempt is made to bring the
academic methodologies, such as the “separation volume”
methodology, close to the industrial community.

Modeling and Simulation of SMB
Mathematical model

The SMB (Figure 2a) principle of operation can be easily
understood in reference to the equivalent True Moving Bed
(TMB). In a TMB (Figure 2b), the liquid and solid phases
flow in opposite directions. The inlet (feed and eluent) and
outlet (extract and raffinate) ports are fixed along the unit.
According to the position of the inlet and outlet streams, four
different operation zones can be distinguished: zones 1, 2, 3,
and 4 (see Figure 2b). The net flow rate has to be selected in
each zone in order to ensure the regeneration of adsorbent in
zone 1, the desorption of the less strongly adsorbed compo-
nent in zone 2, the adsorption of the more strongly adsorbed
component in zone 3, and the regeneration of the eluent in
zone 4. These conditions will guarantee the success of the
separation, as the more retained component moves to the
extract port with the solid phase and the less retained com-
ponent moves to the raffinate port with the liquid phase.
The major problem in TMB operation associated with the
movement of the solid phase was overcome by the introduc-
tion of SMB technology. An SMB unit consists of a set of
interconnected columns in series; countercurrent flow of the
solid and liquid phases is simulated by the periodic shifting
of the inlets and outlets in the direction of the fluid flow.

The TMB process is a limiting case of an SMB process
with an infinite number of columns and an infinitely small
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Figure 2. Schematic diagram of: (a) SMB and (b) TMB unit.

switching time as well as column length. In a previous
work,19 it was confirmed that the performance of industrial
scale SMB units (24 columns) for p-xylene separation can be
reasonably predicted with the equivalent TMB modeling
strategy. The main reason for modeling of an equivalent
TMB unit instead of the real SMB unit lies in the different
level of difficulty involved in the solution of the two models
and the required time for their computation. TMB operates
in steady state, and its stationary behavior can be described
by a set of ordinary differential and algebraic equations.

In this work, a general mathematical model is used to
describe an industrial scale SMB unit for p-xylene separation
from a mixed xylenes stream. This model can be extended
for each particular process (Parex, Eluxyl, and Aromax) in
order to include the unit characteristics in terms of transfer
lines, distributors, pump around tubing, flushing streams, and
valve/valves configuration and operation.

The steady state equivalent TMB model considers axial
dispersion flow for the liquid phase and plug flow for the
solid phase, linear driving force (LDF) for the intraparticle
mass transfer rate, and multicomponent adsorption equilibria
described by the Langmuir isotherm. The mathematical mode-
I assumes that there is no contamination of any stream due
to the transfer line dead volume.

The model equations are:

Mass balance in a volume element of zone j:

dzC,“ dC,“

(1 —eki(cj —cp) =0 (1)
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where k. is the global mass transfer coefficient; k; is the

external mass transfer coefficient; k, is the internal mass

transfer coefficient; D,, is the molecular diffusion; 7 is tortu-

osity; d,, is the particle diameter; ¢ is the bed porosity; Sh,

and Re,, are, respectively, the Sherwood and Reynolds num-

bers, relative to the particle; and Sc is the Schmidt number.
Adsorption equilibrium isotherm:

* qm; Ki Cpy
9 = N, :
1+ ZKf EPr‘f
i=1 )

@)
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Boundary conditions:

. Dy, dc;; dcjj
z2=0; ¢jf = ¢ — 7; dZ” and  z=1L; dz‘f =0 @®
Ep,’,ij = Ep;j—LO for ] =1....23
Cpyu, = Cpyy for j=24 9)

where i is the number of the components i = PX,MX,0X EB,
p — DEB; j is the number of the zones j = 1,2,3,4; ¢;; and*Zp,./.
are the bulk fluid phase and average pore concentrations; g;; is
the adsorbed phase concentration in equilibrium with ¢, ; DL/ is
the axial dispersion coefficient; ¢ is the bed porosity; ¢, is the
particle porosity; v; and u, are the liquid phase and solid phase
interstitial velocities; and z is the axial coordinate. Balances at
the nodes of the inlet and outlet lines of the TMB are:
Desorbent node:

04+ 0p =0 %04+ cipQp = C?AQI (10)
Extract node:

01—0x=0> i = Cf:flz =cix (1)
Feed node:

Q>+ 0r =03 502+ cipQr = ¢/503 (12)

Raffinate node:

03— QOr =04 iy =cly=cig (13)
The model equations were numerically solved by gPROMS.B’24
The mathematical model is a system of ordinary differential
and algebraic equations (DAE). The axial domain is discre-
tized using a third order orthogonal collocation method in fi-
nite elements (OCFEM) over eight elements per column. The
resulting system of algebraic equations (AE) was solved by
BDNLSOL solver (“Block Decomposition NonLinear
SOLver”) incorporated in gPROMS. For a typical simulation,
CPU times of about 6 sec are required on a Pentium IV 2300
MHz processor with 2 GB RAM memory.

SMB performance

The SMB operation is evaluated though the following
performances:
p-xylene purity (%)

PUX = nycigx oy X 100 (14)
p-xylene recovery (%)
REX = Zggﬁ x 100 (15)
Productivity (kg/m? h)
PR = Q"‘f’;” (16)
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Desorbent consumption (m3/kg)

Op

DC =
Orcpx.r

a7

SMB design

The successful design and operation of an existing SMB unit
depends upon the correct selection of operating conditions and,
in particular, of the flow-rates in each zone and the switching
time, that is, solid phase velocity. Design tools, such as “triangle
theory”25 and “separation volume ™ methodology, are useful
tools for a priori selection of possible operating conditions for
achievement of the separation requirement. In both, the operat-
ing conditions are expressed in terms of y; values, the ratio
between the liquid and solid interstitial velocities in each zone:

y=1 18)

which are directly linked to the SMB operating conditions with
the following correlations:

Vi =Y

=vMB _ o and  ug :% 19)
where u, is the equivalent TMB interstitial solid velocity, L. is
the SMB column length, * is the SMB switching time period,
v; is the TMB interstitial liquid velocity, and VJSMB is the SMB
interstitial fluid velocity.

Some constraints have to be met in order to recover the
p-xylene (A) in the extract and the rest of the Cg aromatics
(B) in the raffinate. These constraints are expressed in terms
of net fluxes of components in each zone. In zone 1 the
p-xylene must move upward in the liquid phase to the extract
port; in zones 2 and 3 the p-xylene must move downward in
the solid phase to the extract port and the o-, m-xylene, and
ethylbenzene must move with the liquid to the raffinate port;
and in zone 4 the net flux of the o-, m-xylene, and ethylben-
zene has to be downwards (see Figure 2b). The net flow con-
straints equations in each zone are:

Zone 1:
Y s A (20)
(1—¢)p,grx1
Zone 2:
c
7 & Cpx2 <1 & MX(OX EB)2 -1 1)
(1—¢) Pp4pprx2 (1—e) PpdMx(0X,EB)2
Zone 3:
c
7 & Cpx3 <1 9 & MX(0X ,EB)3 ~1 22)
(1 —¢) pygrxs (1 = &) ppqux(ox.£8)3
Zone 4:
; c
& MX(OX,EB)4 <1 23)

Y
! (1—¢) PpdMx(0X EB)4

In the case of SMB units for p-xylene separation from the Cg
fraction, the first priority is the production of high purity
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Figure 3. Adsorption equilibrium isotherms of p-xylene,
ethylbenzene, and o-xylene at 180°C and 8 bar.

Symbols = experimental and lines = predicted with Lang-
muir model.

p-xylene, and the second priority is maximizing recovery,
which in practice means a raffinate almost free of p-xylene.
After adjustment of p-xylene purity and recovery, the desor-
bent consumption is minimized, as a third process operation
priority.

When p-xylene purity drops slightly below purity require-
ment, the first corrective action should be done in zone 2.
According to Eq. 21, to solve the problem 7, should be
slightly increased. This can be done by increasing liquid
interstitial velocity or decreasing solid interstitial velocity;
the first correction is done by decreasing of the extract flow
rate and the second by increasing of the switching time. Both
actions will influence the other y; values in the same manner.

These design constraints are usually presented in a 2-D
plane (y2 x y3) or 3-D volume ((y2 X 3 X y1) or (y2 X y3 X
74)). The first presentation is known as the “separation
region”—the region of feasible separation is a triangle shape
in a (y2 X 7y3) plane, with a maximum productivity for given
desorbent consumption (the value of the flow rates in zones
1 and 4 are fixed a priori) in the triangle vertex. The “sepa-
ration region” presentation is based on the “equilibrium
theory” design concept, which for systems where mass trans-
fer limitations are present can only give initial guesses for
the feasible operating points of the process-separation region,
since it is based on the assumption of the equilibrium model.
The 3-D design constraints presentation, called “separation
volume” methodology, offers two possibilities:(i) if the flow
rate in zone 1 (y;) is fixed, the design leads to a (y, X y3 X 74)
volume constructed from triangle shaped separation regions
obtained for different values of 7y4; (ii) if the flow rate in
zone 4 (y4) is fixed, the triangle shaped separation regions
obtained for different values of y; build (y, X y; X 7)
volume. Several vertexes are obtained, and the operating
conditions (y;72)3.74) leading to maximum productivity and
minimum desorbent consumption would be one of these
vertexes.”?’

From the SMB operator’s point of view, these representa-
tions of the feasible separation regions are very useful for
the location of the SMB operating conditions as a point in
the separation triangle or volume. The main application is in
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the location of the new operating conditions as a result
of some problem arising in the process operation and fast
visualization of their effect on the SMB unit performance
(new operating point in or out of the separation region).
They can also be used for improvement of the SMB perform-
ance, as will be shown later in this article.

Xylenes Equilibrium and Kinetics
of Adsorption

The adsorption equilibrium and kinetics of single p-xylene,
o-xylene, and ethylbenzene on Ba exchanged faujasite zeolite
in liquid phase at 180°C and 9 bar was determined experi-
mentally.m’27 The experiments were carried out in a glass
jacketed 1 dm?® autoclave (Biichi, Switzerland), operating in
a batch mode. For each experiment (adsorption equilibrium
or kinetics), a volume of 0.35-0.4 dm> of single xylene solu-
tion in i-octane with an initial concentration between 1 and
10 wt% was introduced in the adsorber; around 30 g of the
pre-treated adsorbent was placed in a basket at the top of
the stirrer shaft and the adsorber was closed and pressurized
with helium. When the operating conditions (T = 180°C and
P = 9 bar) were reached, the mixing was started; the basket
fell down along the stirrer shaft and got in contact with the
xylene/i-octane solution (time zero in the kinetics experi-
ments). More details about the experimental set-up and ex-
perimental procedure can be found elsewhere.'*?’

The p-xylene, o-xylene, and ethylbenzene monocomponent
adsorption equilibrium data at 180°C were fitted with the
Langmuir isotherm (see Figure 3):

« _ qnKc
1+ Kc

(24)

The calculated Langmuir parameters for p-xylene, o-xylene,
and ethylbenzene are presented in Table 1. m-xylene has very
similar adsorption equilibrium on faujasite type zeolites as
o—xyleneg’lo; therefore, m-xylene Langmuir isotherm parameters
were assumed to be equal to those of o-xylene. The p-diethyl-
benzene was considered as desorbent. According to data from
the literature,'” the p-x/p-DEB selectivity on Ba exchanged fau-
jasite zeolite is around 1. The p-DEB Langmuir parameters used
in the simulation are presented in Table 1.

The macropore diffusion model was used to describe the
kinetics of adsorption of p-xylene, o-xylene, and ethylbezene
onto Ba exchanged faujazite adsorbent. The mathematical
model is based on the following assumptions: (i) spherical
bidisperse adsorbent particle with homogeneous size; (ii)
negligible external mass transfer; (iii) diffusion in the macro-
pores is rate controlling; (iv) instantaneous equilibrium
between the liquid phase in the macropore and the crystals

Table 1. Langmuir Isotherm Parameters at 180°C and 9 Bar

Component K, cm3/g Gm, 8/g
p-xylene 1940.9 0.1024
o-xylene 888.4 0.0917
m-xylene 888.4 0.0917
ethylbenzene 1026.3 0.0966
p-deb 1902.8 0.1045
January 2007 Vol. 53, No. 1 AIChE Journal
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Figure 4. p-xylene, ethylbenzene, and o-xylene uptake
curves at 180°C and 8 bar.

Symbols = experimental and lines = simulated with mac-
ropore diffusion model.

of Langmuir type; and (v) constant temperature. The mathe-
matical model describes well the xylene uptake curves (see
Figure 4). The results of the complete adsorption kinetics
study are presented in Minceva and Rodrigues.'*

Simulation of the SMB Unit

The SMB geometry, operating conditions, and model param-
eters are presented in Table 2. The single component Lang-
muir parameters, K and ¢,,, presented in Table 1, were used in
the multicomponent Langmuir isotherm (Eq. 7). The density of
the liquid mixture was considered constant, independent of
mixture composition, and equal to the density of the desorbent
(p-diethylbenzene), 724 kg/m?>.

Influence of the switching time

The influence of the switching time on p-xylene purity and
recovery was studied. Two feed flow rates were selected for
this purpose: (i) low-Qr = 10 m>/h and (ii) high-Qr = 80 m’/h.
For both cases, the operating conditions and model parame-
ters used are those presented in Table 2. The p-xylene purity
and recovery calculated for switching time between 1.06 and
1.13 are presented in Figure Sa.

When low feed flow rate is used, p-xylene purity above
99.7% and recovery above 95% can be obtained in a large

window of switching time (#* between 1.07 and 1.12 min).
This is not the case when high feed flow rate is used; the
same performances can be obtained just for * = 1.10. The
reason for this behavior is the location of the operating
points in the separation region for * = 1.10, PUX,;, =
99.7%, and REX,,;, = 90%, presented in the (y,, y3) plane
(see Figure 5b). The separation region was constructed using
the calculation algorithm, which assumes constant switching
time and flow rates in zones 1 and 4, and, consequently, con-
stant desorbent flow rate (values given in Table 2). The feed
flow rate is gradually increased, starting from a very low
feed flow rate. For each feed flow rate, the steady state TMB
model (Eqgs. 1-13) was solved for several pairs of values
(2, y3) within the region between the diagonal y, = y3, the
horizontal line y; = 74, and the y; axis. Each pair of values
(2, y3) that satisfy the extract purity and recovery criteria
were selected to build the separation region. More details
about the algorithm for the construction of the separation
regions can be found elsewhere.'’

In practice, an optimized SMB unit operates near to the
vertex; the small fluctuation in the switching time could
affect significantly the SMB performance. For instance, just
a small decrease in the switching time (#* = 1.09) will cause
a drop in the extract purity to 92.4%. This operating point
is marked with the circle in Figure 5b and is placed in
the region where the purity constraints are valid just for the
raffinate.

Construction of graphs Purity(Recovery) vs. t* for the opti-
mized SMB unit operating conditions is very useful for
prediction of the tendency of novel cyclic steady unit per-
formances, when a variation of the switching time takes
place in the unit operation.

The influence of the switching time (#* = 0.6, 0.7, 0.9,
1.1, and 1.3 min) on the size and positions of the separation
regions with PUX,in = 99.7% and REX,,i, = 90% is pre-
sented in Figure 6a. The liquid/solid velocity ratios in zones
1 and 4 are fixed and equal for all switching times, y; = 1.6
and y4 = 0.5, respectively.

The separation regions become smaller with decrease of
the switching time. For switching times lower than 0.5 min,
the separation is not possible. The reason for this behavior is
the contact time; the contact time (switching time) is not suf-
ficiently long to ensure the mass transfer of the components
from the liquid to the solid phase. The effect of the decrease
of the switching time on the separation region size (reduction
of its size) is similar to the effect of increase of the mass
transfer resistance.

Table 2. SMB Geometry, Operating Conditions, and Model Parameters

SMB Unit Geometry

SMB Operating Conditions

L.=1m

d.=4m

N°. columns: 24

Configuration: 5-9-7-3
Model parameters

e=029¢, =0.37

pp = 1.48 g/cm®

d, = 0.062 cm

Pe = ijj/DL, = 1200

CH* = 23.6 wt%
CYMX = 49.7 wt%

0" = 80.00 m*/h
OME — 241.65 m*/h
ME— 546.81 m*/h

C2X =127 wt%
CEB = 14.0 wt%

t* = 1.1 min

0" = 87.00 m*/h
0N — 248.65 m’/h
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t* = 1.1, PUXin = 99.7%, and REXin = 90%).

The separation regions expand with increase of the switch-
ing time from 0.6 min to 1.1 min; for switching time longer
than 1.1 min, this enlargement becomes insignificant (see
Figure 6a). Also, it is important to notice that all separation
regions vertexes (connected with a gray line in Figure 6a)
have the same value for y,. For the chosen SMB configura-
tion (5-9-7-3), zone 2 is long enough; and for any switching
time between 0.6 min and 1.3 min, the mass transfer limita-
tion does not affect the ), value of the separation regions
vertexes.

The p-xylene productivity and desorbent consumption in
the vertex of the separation region for each switching time

|

0K

0.6 min

- = =0.7 min
-+----- (1.9 min
—— 1.1 min
— 1.3 min

1.55

Productivity, kg/m™ h

are presented in Figure 6b. The maximum productivity is
obtained for a switching time between 0.7 and 0.8 min. The
desorbent consumption presented in this figure is not opti-
mized since the y; and ), are fixed a priori. The optimization
of the desorbent consumption is discussed later in this article.

Influence of the p-xylene recovery

The influence of the p-xylene recovery on separation
regions for * = 0.9 min, PUX,j, = 99.7 %, y; = 1.6, and
74 = 0.5 is presented in Figure 7a. The separation regions
shrink from the right side (border with only pure extract
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Figure 6. Influence of switching time on the (a) separation regions (PUX,in, = 99.7%, REXnin = 90%, y; = 1.6, and
ya = 0.5) and (b) p-xylene productivity and desorbent consumption in the vertex of the separation

regions.
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Figure 7. Influence of the required p-xylene recovery on (a) the separation region (t* = 0.9 min, PUX,i, = 99.7%,
y1 = 1.6, and y, =0.5) and (b) p-xylene productivity and desorbent consumption in the vertex of the
separation regions for REX i, = 90%, 94%, and 98%.

region) with the increase of the product recovery require-
ments from 90% to 98%; the left side border remains
unchanged since the p-xylene purity requirement is kept
unchanged, PUX in = 99.7%. The p-xylene productivity and
desorbent consumption were calculated in the vertexes of the
separation regions for p-xylene recovery 90%, 94%, and 98%
(see Figure 7b). The p-xylene productivity decreases around
30%, and desorbent consumption increases around 45%
when the required p-xylene recovery increases from 90% to
98%. It could be acceptable to operate the unit with 90%
p-xylene recovery, since the p-xylene lost in the raffinate is
anyhow recycled to the process by passing through an isom-
erization reaction before entering again in the SMB through
the feed stream.

Combined influence of switching time and recovery
requirement

The combined influence of the switching time and p-xylene
recovery requirement on SMB productivity was calculated using
the optimization algorithm presented in Figure 8. The steady state
equivalent TMB model was applied together with the adsorp-
tion equilibrium data, unit configuration, and model parame-
ters presented in Tables 1 and 2. In the algorithm the unit ge-
ometry (column geometry and number of columns per zone),
initial value of the switching time, and initial value of the
feed flow rate are used as input data.

In the first step, the switching time is selected (r* = tf));
the objective is to find the flow rates in four zones that pro-
vide the minimum desorbent consumption for given feed
throughput (flow rate). The feed flow rate is increased gradu-
ally. For each feed flow rate, the optimum (minimum desor-
bent consumption) within the optimization constraints (mini-
mum p-xylene recovery and purity) is found. The optimiza-
tion is carried on until the feed flow rate for which a feasible
minimum exists. This feed flow rate is the maximum that
can be processed in the SMB unit within the specified p-xy-
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lene recovery and purity. In the second step, the switching
time is increased (r* = r§ + pAr) and step one is repeated.
The calculation stops when the final switching time defined
by the user is reached (+* = 1.0 min).

The productivity calculated with the maximum feasible
feed flow rate obtained for each switching time is used to
construct the productivity versus switching time curves pre-
sented in Figure 9a. The p-xylene purity requirement is set to
99.7%. The optimization is run for three different values of

SMB unit design
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Figure 8. Flow sheet of the optimization algorithm.
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Figure 9. (a) Productivity versus switching time for paraxylene recovery REX,i, = 90%, 94%, and 98% and extract
purity PUXin = 99.7%; and (b) desorbent consumption versus switching time for paraxylene recovery
REXmin = 90%, 94%, and 98% and extract purity PUXin = 99.7%.

p-xylene recovery: 90%, 94%, and 96%. Each point in Figure 9a
corresponds to the optimal flow rates in all four SMB zones
obtained for a given switching time, which lead to maximum
p-xylene productivity with a corresponding minimum desor-
bent consumption needed to achieve minimal requested p-xy-
lene recovery and purity. The minimal desorbent consump-
tion corresponding to each point in Figure 9a is presented in
Figure 9b.

The highest p-xylene productivity for REX,;, = 94 and
REX in = 96% is obtained for * = (.75 min, and for
REX in = 90% at t* = 0.7 min. The productivity increases
from 77.94 to 94.35 kg/m’h with release of the recovery con-
straints from 96% to 90%. The desorbent consumption also
decreases with decrease of the p-xylene recovery require-
ment, from 0.0165 m3/kg (REX min = 96%, t* = 0.75 min) to
0.0140 m*/kg (REXin = 90%, r* = 0.7 min).

SMB unit revamping strategies

The SMB unit revamping strategies proposed here are
based on the results from the study of the combined influ-
ence of the switching time and recovery requirements on
SMB unit productivity. The SMB unit revamping considers
the increase of the unit productivity without changing the
unit geometry, configuration, and adsorbent used.

Taking into consideration Figure 9, three main conclusions
can be drawn: (i) there is an optimal switching time in terms
of the maximum p-xylene productivity; (ii) there is a mini-
mum switching time (in this case, 0.5 min) below which the
separation requirements are not met due to mass transfer
limitation; and (iii) for a fixed switching time, SMB produc-
tivity can be increased by decreasing the p-xylene recovery
requirements.

The SMB unit operating at given switching time, such as
0.9 min, and given p-xylene recovery, such as 96%, can be
revamped by: (i) keeping the switching time and reducing
the recovery requirement; (ii) reducing the switching time to
its optimal value and keeping the p-xylene recovery
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unchanged; or (iii) both, reducing the switching time to its
optimal value and reducing the recovery requirement. With
the first strategy, for * = 0.9 min, passing from recovery
96% to 90%, the SMB productivity will increase from
74.91 kg/m® h to 85.13 kg/m® h. With the second revamping
strategy, by decreasing switching time to its optimal value
(r* = 0.75 min) and keeping recovery requirement on 96%,
the productivity will increase up to 77.94 kg/m3 h. In the
third strategy, the productivity increases from 74.91 kg/m® h
(t* = 0.9 min, REX,,;, = 96%) to 94.35 kg/m’ h (t* =
0.7 min, REXnin = 90%).

Let us see now how this applies in terms of zone operating
conditions. The values of y; for each point in Figure 9 are
presented in Figure 10. For a fixed value of p-xylene re-
covery, the value of y, is constant over the switching time;
y3 and 7, increase slightly and 7y, decreases slightly with
increase of the switching time from 0.6 min to 1 min.

After selecting the revamping strategy, the SMB operator
can choose a new operating point from Figure 9 and read the
corresponding y; from Figure 10. Then, from the selected
switching time, the solid interstitial velocity can be calculated
(Eq. 19) and used for estimation of the liquid interstitial velocity
(liquid flow rate) by Eq. 18; at the end, the stream flow rates can
be calculated using Eqgs. 11-13.

From the operational point of view, the first strategy is
easiest to apply; decrease of the recovery requirement under
constant switching time can be simply done by increasing
feed and raffinate flow rates for a same value. In this way,
the values of 7y, y,, and y4 are kept constant, and y3 to its
optimal value associated to the p-xylene recovery. In the sec-
ond and third strategy, besides the decrease of switching
time, all internal and external liquid flow rates have to be
corrected. The percentage of needed increase is different for
all streams and zone flow rates. Therefore, the best opera-
tional strategy, in order to keep the p-xylene purity less
affected, is to decrease the switching time gradually, fol-
lowed by the needed change of inlet and outlet streams flow
rates (calculated from y; presented in Figure 10). When apply-
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Figure 10. y; values corresponding to operating points
presented in Figure 9: (a) y, and y3; (b) y4
and y,.

ing the third strategy, it is better first to start with (i) a grad-
ual decrease of switching time and increase the zone flow
rates in accordance to the optimal y; values for each switch-
ing time and then (ii) for the optimum switching time to
increase the feed flow rate to its optimum value with simulta-
neous increase of the raffinate flow rate.

Influence of the bed capacity

The size of the adsorbent particles used in industrial SMB
units for p-xylene separation vary between 0.03 cm and
0.1 cm, with a mean particle diameter around 0.06 cm. Spe-
cial attention is given to packing of the industrial columns in
order to get the maximum bed capacity obtained when the
lowest possible bed porosity is achieved. For this purpose,
specific packing tools are developed and used. It is interest-
ing to see the influence of the bed capacity on the unit
performances. This is done by studying of the effect of the
porosity on the separation region size and position. The bed
porosity was varied between 0.29 and 0.38 and * = 0.9 min,
PUXmin = 997%, REXmin = 94%, Y1 = 16, and V4 = 0.5.
The regions of separation move to higher (y,, y3) values
when lower bed porosity is used (Figure 11). The productiv-
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ity increases from 59.39 kg/m>h to 76.3 kg/m> h and desor-
bent consumption decreases from 0.0240 m’/kg to 0.0164
m’ /kg when ¢ drops from 0.38 to 0.29. Great improvement
of the SMB performances could be obtained with use of the
minimum possible bed porosity.

Separation volumes

The optimization of the existing SMB unit considers the
choice of the operating parameters in order to obtain the
maximum productivity with a minimum desorbent for a
given p-xylene purity and recovery. For a fixed value of the
switching time, the optimal operating point (y1,)2,)3,74) could
be obtained with the two-level optimization procedure.
This procedure is based on the “separation volume” method-
ology, using a realistic mathematical model (equivalent
steady state TMB, which considers the presence of external
and internal mass transfer resistance), and explores the influ-
ence of the flow rates in zones 1 and 4.

In this section the influence of the flow rate in zone 1 and
zone 4 on the SMB unit performances will be demonstrated.
The separation volumes (y, X 73 X y1) and (Y2 X Y3 X 74)
for r* = 0.9 min, REX i, = 94%, and PUX i, = 99.7% are
presented in Figures 12a and 12b, respectively.

In Figure 12a, for a fixed value of the flow rate in zone 4
(y4 = 0.9), the separation region increases by increasing 7y,
up 1.6; further increase of y; does not influence the size of
the separation regions. While the size of the separation
region increases, the vertex moves from lower to higher val-
ues of (y,, 73), which means that higher feed flow rate could
be processed and higher productivity could be reached
(max(PR) = max(Qr) = max(y; — y»)). When the separation
region size does not increase more, further increment in 7y,
will not affect SMB unit productivity.

When the value of y; is fixed (y; = 1.6) the separation
regions are of similar shape and size until y, = 0.9 and then
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Figure 11. Influence of the bed porosity on separation
regions PUX.in = 99.7%, REXin = 94%,
y1+ = 1.6 and y, = 0.5.
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Figure 12. (a) (y; X y2 X ys) separation volume, for y, =
0.9 and (b) (y4 X y2 X yg) separation volume
plot, for y; = 1.6 (t* = 0.9 min, REX;in, =
94% and PUX,in = 99.7 %).

they start to decrease with further increase of the value of y,
(Figure 12b). The value of the flow rate in zone 4 (y4) does
not influence the feed flow rate and SMB unit productivity,
but it affects the desorbent consumption. For fixed y,, it will
be of interest to work with the highest possible y4 value in
the region of unchanged separation region size, because less
desorbent will be spent, since (min(DC) = min(Qp) = min
(y1 — 74)). In summary, with the above analysis, the SMB
operator can foresee the optimum operating point for t* =
0.9 min, REX yin = 94%, and PUXin = 99.7%, which is ex-
pected around y; = 1.6, y, = 1.31, y3 = 1.75, and y4 = 0.9.
For precise determination of the optimal operating point, the
use of the “two-level optimization procedure”21 is needed.

Conclusions

The most important aspects in operation of an industrial
scale SMB unit for p-xylene separation from the Cg fraction
are presented. Useful tools for process understanding, opera-
tion, and optimization, aimed to help SMB process operators,
are presented.

The SMB process is investigated from modeling, simula-
tion, and optimization points of view, using experimentally
determined xylene adsorption equilibrium and kinetics data
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on ion exchanged faujasite zeolite. The influence of the oper-
ating parameters, bed porosity, and separation requirements
on the unit productivity was presented. The study of the effect
of the bed capacity has shown that SMB productivity can be
significantly improved when the unit operates at minimal
possible bed porosity.

The algorithm used for optimization of the SMB unit, tak-
ing into account the mutual influence of the switching time
and p-xylene recovery requirements, results in three SMB
revamping strategies and corresponding operative actions.

The practical application of “separation volume” method-
ology in visualization of the constraints in the SMB unit
zones flow rates, as well as good starting points in selection
of optimum operating conditions that lead to maximum
p-xylene productivity with minimal desorbent consumption,
is described.
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