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Abstract—A multi-cell model was developed to analyze the behavior of a simulated moving bed process for adsorptive
para-xylene separation from other xylene isomers. A novel technology for a semi-batch mode adsorption experiment
was developed and used for fast and accurate data collection. Interaction parameters between different species for a
multi-component extended Langmuir isotherm were estimated from single and multi-component adsorption experi-
ments and implemented into the model. The parameters such as porosities, particle density and mass transfer coef-
ficients were obtained from adsorbent analysis and commercial plant operation. To resolve the problem of high dimen-
sionality, a cell-by-cell approach was proposed to solve the model. The recovery and purity of para-xylene as well as
the concentration profile calculated from the model were in good agreement with the actual data. The effects of chan-
neling and feed composition change were simulated, and they turned out to be physically meaningful. The simulation
model will be used for operation condition optimization, trouble shooting, and productivity enhancement including a
configuration change.
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INTRODUCTION

PX (para-xylene) is one of the most important petrochemical prod-
ucts in use today. It is used as a raw material for making tereph-
thalic acid, which is used in the production of polyesters and poly-
ethylene terephtalates. The average annual growth rate for the use of
PX is expected to be 6% for the next decade [1]. The main sources
of PX and other xylene isomers in the petrochemical industry are
naphtha reforming in an aromatics complex and pygas (pyrolysis
gasoline) cut from naphtha cracking. Fig. 1 shows a typical aromat-
ics complex which consists of naphtha prefractionation and hydro-
treating, CCR (continuous catalyst regeneration) reforming, xylene
fractionation, aromatics extraction and benzene/toluene fractionation,
transalkylation and disproportionation, xylene isomerization and PX
separation.

Because of their close boiling points, xylene isomers, PX, MX,
OX and EB, cannot be practically separated by a conventional dis-
tillation unit. The first separation processes were based on the solvent
extraction or crystallization. Since 1971, when UOP commercial-
ized the first Parex unit, the simulated moving bed (SMB) adsorp-
tive separation process has emerged as a superior technology [2-4].
SMB was developed to mimic a TMB (true moving bed) by switch-
ing the positions of the ports for the feed inlet and product outlet.
Port switching has an effect that is similar to the way that TMB be-
haves, where the adsorbent solid countercurrently circulates along
the bed axis in the opposite direction of the liquid flow as TMB
behaves.
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In spite of some new versions of SMB recently released [5-9],
the classical four-zone SMB is still most widely used in industry.
Usually, desorbent comes out of the SMB with both the extract and
raffinate and is later separated by distillation columns as depicted in
Fig. 2 [10]. All of the transfer lines connecting the rotary valves
and adsorbent beds are shared by the inlet and outlet streams. There-
fore, the transfer lines should be contaminated by the other stream
unless an appropriate action is taken. To prevent the extract stream
from being contaminated by mixed xylene, the Parex unit has in-
ternal and external line flushing sequences added to the conventional
four-zone SMB port switching, which increases the total number
of zones to seven. This makes an the analysis of the Parex process
much more difficult and leads us to rely only on operation experience.

Even though several studies on the modeling, simulation or op-
timization of a Parex unit have been done [11-19], the application
to a real commercial plant is hardly found elsewhere because of its
nonideal configuration including dead volume. The dead volume
of a real Parex unit comes mainly from the transfer lines connect-
ing the rotary valve and adsorbent beds, the void between beds, and
the pipes and pumps belonging to the recirculation line. Studies on
the effect of this dead volume on the SMB process are quite rare.
Azevedo et al. showed that the dead volume of the recirculation
line affected the performance of the Parex process [11]. Migliorini
et al. assessed the effect of the dead volume between column beds
in a lab-scale SMB unit [15]. Minceva and Rodrigues studied the
dead volume effect of the transfer line from rotary valve to adsorbent
beds on the separation performance of the Parex process [16,17].
However, a study considering the effect of all of the dead volume
elements synthetically to a real commercial plant is hardly found.
The lack of an appropriate adsorption isotherm is another factor
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making the simulation of a real Parex unit difficult. Because of the
multi-component system of the real process, the adsorption behav-
ior cannot be predicted by simple extended versions of single com-
ponent isotherm equations. This nonideality may be due to the inter-
action between different adsorbed species which was discussed in
the Fowler isotherm equation by using interaction parameters for
gas phase adsorption [20]. We obtained the interaction parameters
from the adsorption experiment, and applied this to a multi-com-
ponent system isotherm.

The objective of this study was to present a more detailed model
of the SMB process for PX separation. The effect of all of the dead
volume elements was reflected in the model synthetically. In par-
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Fig. 3. Schematic diagram showing a single bed.
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ticular, the effect caused by channeling on the separation perfor-
mance was elucidated. A liquid phase multi-component adsorption
isotherm with interaction parameters reflecting nonideality was also
suggested. The results of this study have already contributed to more
economical industrial operations.

MATHEMATICAL MODEL
A Parex unit consists of 24 beds with two individual chambers
that each contain 12 beds. Therefore, in order to construct a mathe-

matical model a single bed has to be modeled and combined with
other bed models. A schematic diagram for a single bed is shown
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in Fig. 3.

The mass balances of a bed slice lead to PDEs (partial differen-
tial equations). With a linear driving force approximation to simplify
the problem as proposed by Glueckauf and Coates, the following
PDEs with appropriate boundary and initial conditions can be de-
rived [21-23].

0C,; _p ¥Cy, 9C, 1-£dq_

ot D 7 V2 TTE o =0 M
99 1 (qr—

at _kl(qi qt) (2)
q:=f(C"'s,q"'s) ©)

A multi-cell model with two phases (free liquid and adsorbed
liquid phases) in each cell was proposed and developed as was done
similarly by other researchers [24,25]. Each bed was divided into
numerous cells to quantify the degree of axial dispersion. The num-
ber of cells was determined to be 16 by dividing the bed height by
HETP, which can be calculated by van Deemter’s equation [26].

As illustrated in Fig. 4, the total volume of a cell was once again
divided into two parts: free liquid and adsorbed liquid phases. The
volume fraction of the free liquid phase is & and that of the adsorb-
ed liquid phase is (1-&)(1-&)¢, where &, is the crystallite poros-
ity. The remaining portion corresponds to the solid phase and need
not be considered in the model. Considering that the molecular dia-
meters of PX, MX and OX are 59 A, 6.3 A, and 6.6 A, respec-
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Fig. 4. Conceptual diagram of multi-cell model.
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tively [27] and that the pore size of X-type zeolite is about 8 A [28]
the assumption of such a volume division seems to be reasonable.

The mass balance equations for the i-th species in each phase of
the &-th cell belonging to the j-th bed can be derived as follows:

dC,,; *

V/,/,k“‘“"z"d]'t' = QCiyii— QCri—kai(Coije = Cair) (6)
dCu iy *

Vu,/,k dt A = kiaj,k(cu, ik Cu,l\/,k) (7)

Here, the subscripts 1, j, k, /, a on C or V denote the species num-
ber, bed number, cell number, free liquid phase, and adsorbed liquid
phase, respectively. As shown in Eq. (7), the adsorbed liquid phase
is assumed to have only mass transfer and no forced convectional
flow. From the simple mass balance at the node between the beds,
the feed concentration into the first cell (k=1) of the j-th bed can be
expressed as follows:

Couo= QiiChrijorn, +QiCrijy— Qo Crijrn, ®)

Q

The cell number of the last cell should be N,,, which is desig-
nated as the total number of cells per bed. Q; and Q, can be zero if
the node does not correspond to the inlet and outlet nodes, respec-
tively. The relationship between the mass and volume based equi-
librium concentration of the adsorbed species, q° and C,, can be
expressed as follows:

£ C:; x’gc( 1- gg) (9)

0

At each cell we define the selectivity of each component with
respect to PX as follows:
— q:z,[K:
Si= Q.o Kopy (19)
Finally, we solve the following algebraic equations to get the con-
centrations at both the adsorbed and liquid phases.

YCo=p (11
J

S (12)
CI.PX Sf Cl.i

ODE:s (ordinary differential equations) (6) and (7) with algebraic
Eqgs. (8)-(12) were integrated numerically using the Gear method
[29]. To obtain equilibrium concentrations, (11) and (12) were solved
numerically using the Newton-Raphson method [30]. The dimen-
sion of the model differs considerably, based on the number of cells
per bed. To avoid the problem of high dimensionality, a cell-by-cell
approach was proposed. In the case of a cell-by-cell approach, since
only a single cell is always solved, the total number of equations is
reduced to 10. Here we briefly describe the calculation procedure
of the cell-by-cell approach as follows:

+ A certain cell is solved first during a certain short period of time
(e.g. t, to t,+At) and then the outlet concentrations from that cell are
transferred to the next cell.

+ The next cell is once again solved during the same period of time.
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If the next cell belongs to the next bed, a feed concentration calcula-
tion using (8) is performed before integration.

+ The whole integration from t; to t,+At is completed when we get
back to the first cell again.

# Then the same procedure is repeated again from t,+At to t,+ 2At.
If the switching time is reached, every inlet and outlet port advances
to the next bed before integration.

« If the difference in the concentration profile remains within the
tolerance limit, it is assumed that the cyclic steady state has been
reached. After several cycles (about 10-20) a cyclic steady state can
be reached.

The program for performing the entire procedure was written in
FORTRAN (Digital Visual Fortran) code. The user interface was
written in Visual Basic to make the approach easier for engineers.

EXPERIMENTS

The adsorbent used in the experiments was X-type zeolite ob-
tained from the open market since the adsorbents used in the Parex
process are known to be X-type zeolite exchanged with K and Ba.
Like other zeolites, the adsorption performance of this type of zeolite
is very sensitive to water content [31]. Therefore, the water content
was carefully controlled prior to the adsorption experiment. To keep
the water content at the level for a commercial plant, the adsorbent
was dried in an oven for about 24 hours and kept in a glove box to

Nitrogen

prevent additional water adsorption. The water content was meas-
ured by LOI (loss on ignition) at 900 °C.

The physical properties of the adsorbent that were needed in the
simulation model were porosities and densities. After some mixed
porosities were measured, bulk density and particle density, three
porosities (&, &, &) were calculated, as shown in the following three
equations.

&+(1-g)&=known 13)
(1-)(1-g)g=known (14)
(1—&)myy,
N,
Vaas.i
Bt~ Zmd =(1-&) (s)
P m ads
Zvuds,[

Semi-batch and batch adsorption experiments were conducted
to get the adsorption isotherms for single and binary components,
respectively, at a temperature and pressure that were similar to those
in a commercial plant (177 °C and about 10 atm). Basically, the ab-
solute value of pressure was not important in this system once it
was high enough to keep the mixture of xylene and diluent in the
liquid phase. The species considered are TOL and PDEB, as well
as xylene isomers. Fig. 5 shows a schematic diagram of the experi-
mental adsorption apparatus.
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Fig. 5. Schematic diagram of the experimental apparatus.
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Adsorbent was charged into an adsorbent charging vessel in the
glove box to prevent water adsorption prior to the experiment. N-
heptane, which has been confirmed to be an inert liquid, was used
as a diluent to control xylene concentration at an appropriate level.
A liquid sample was taken from the autoclave by a specially designed
sampling line that was equipped with a nitrogen back blowing line
to remove any liquid residue remaining in it.

The liquid sample was analyzed using an HP 5890 II GC (gas
chromatography) with an HP-FFAP column (polyethylene glycol-
TPA modified). Adsorption equilibrium was reached within 3 hours
when the agitation speed was 650 rpm (revolutions per minute). The
agitation speed was determined from a mixing test using a trans-
parent beaker of a size similar to that the autoclave. Adsorbent par-
ticles were observed not to be broken after the experiment.

The concentrations of the adsorbed phase are also calculated from
simple mass balance equations as follows.

V/ OCliO_VIC;i
Fm e L 0] 16
@ m g o
W,me‘
1y, j
. 17
Li V[ V[ ( )
m; w
V=—=m>—- (18)
! P [Z/:pl,/'
m,:Zm,'j=2m,','0—mudszq/' (19)
J J J

Here w; denotes the mass fraction of species i. The procedure to
calculate the concentration of the adsorbed phase is as follows:

* Assume 2g;.

 Calculate m,, V, and C;; using (19), (18) and (17), respectively.

+ Calculate q; and Xq; using (16).

# Check that the difference between the calculated and assumed
2q; is within the tolerance. If not, repeat the procedure again.

Among the various isotherms tested including Langmuir [32]
modified Langmuir [33] Freundlich [34] Sips [35] and Redlich-

Peterson [36], all of the isotherms except Freundlich showed excel-
lent agreement with the experimental data, resulting in a coefficient
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Fig. 6. Equilibrium concentrations of free liquid and adsorbed lig-
uid phase for single component adsorption with Langmuir
isotherm plotted and compared with the experimental data.
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Table 1. Parameters in the Langmuir model by regression of the
experimental data

PX* MX OX EB TOL PDEB

Qe (kg/kg-ads) 0.139 0.125 0.123 0.128 0.128 0.140
K (m¥/kg) 2.621 1.623 2.234 1.774 0998 6.473

of determination (r*) higher than 99%. Fig. 6 and Table 1 shows
the experimental data with the Langmuir isotherm correlated, and
parameters by regression of this data, respectively.

If the adsorption system considered is ideal there is no need for
a multi-component experiment. After conducting some binary adsorp-
tion experiments we found that the xylene mixture system was not
ideal. The IAST (ideal adsorbed solution theory) proposed by Myers
and Prausnitz is known to be very useful in predicting multi-compo-
nent adsorption behavior from a single component isotherm for gas
systems and dilute liquid systems [37]. However, it is not applicable
to liquid systems. Therefore we conducted binary experiments for
every pair of the species being considered, with initial composition
variation. Fowler and Guggenheim proposed modified equilibrium
constants by multiplying an exponential term where interaction par-
ameters multiplied by site fractions are included [20]. Considering
the physical similarities, we adjusted the equilibrium constants to
reflect the effect of other species by multiplying interaction param-
eters by the adsorbed phase equilibrium concentration, q". An exam-
ple of the interaction parameters used for the Langmuir isotherm
can be expressed as follows:

- 9. KCi * 25)
1+YKC,
K= K,voexp<— > a)‘jqjj (26)
j

All of the interaction parameters, 's, that best fit the binary ex-
perimental data were obtained by the mesh method. When «'s are
negative there exist attraction forces between the adsorbed species.
Inversely, when 's are positive there exist repulsive forces between
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Fig. 7. Equilibrium concentrations of adsorbed liquid phase for a
PX-PDEB binary system at various values of equilibrium
free liquid phase concentrations of PX. Extended Langmuir
isotherm without interaction parameters and modified ex-
tended Langmuir isotherm with interaction parameters plot-
ted and compared with the experimental data.
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Fig. 8. Comparison between experimental data and multi-compo-
nent isotherm derived from binary adsorption experiment.

the adsorbed species. Needless to say, the interaction parameter be-
tween the same species @, is zero. All of the isotherms, even in-
cluding the Freundlich isotherm, showed excellent agreement with
the experimental data when appropriate interaction parameters were
chosen. As shown in Fig. 7, which shows the equilibrium concen-
trations in the PX-PDEB binary system, a rather big discrepancy
was found in the isotherm without interaction parameters.

The interaction parameters obtained from the binary experiment
were checked to determine their expandability to a multi-compo-
nent system with more than three components by comparing the
equilibrium concentrations from the experiment with those from
the calculation. Among the various isotherms, the Langmuir iso-
therm showed the closest predictability. Fig. 8 shows a comparison
between the experiment and calculation for multi-component ad-
sorption experiments with more than three components. The inter-
action parameters obtained from the binary experiment tured out
to be expandable to a multi-component system with high accuracy.
Considering its robustness and stability, the Langmuir isotherm was
chosen for simulation and analysis.

SIMULATION RESULTS AND DISCUSSION

The current operation conditions were used to tune the simula-
tion model. The most important operational variables are the zone
flow rate ratios, which are defined as the ratios between the liquid
flow rate of each zone and an imaginary solid flow rate calculated
from the port switching frequency. The other important operational
variables are the line flushing rate ratios, which are defined as the
ratios between the line flushing flow rates and the volume of the
longest bed line. All of the actual flow rates are calculated from these
flow rate ratios, designated by an engineer and transferred to and
implemented in a computer control system for plant operation.

The recovery and purity of the PX at the extract node are
monitored during normal operation as an index for the performance
of the adsorption chamber.

QECPX.E — QECPX.E
QFCPX.F (QECPX.E+ QRCPX.R)

Every few months the concentration profiles of all the species
along the bed axis are analyzed to take a closer look at the status of
the chamber. After careful parameter tuning using mass transfer
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Fig. 9. Comparison of the actual concentration profiles with the
simulation result (Empty circle: actual PX; empty triangle:
actual MX; empty square: actual OX, filled circle: actual
EB:; filled square: actual PDEB; ——: calculated PX; ------ :
calculated MX, +: calculated OX; ————; : calculated
EB; —-——— : calculated PDEB).

coefficients, we could get a recovery and purity of PX that was com-
parable to actual plant data and get concentration profiles that were
in relatively good agreement with the actual profiles as shown in
Fig. 9. The value of the mass transfer coefficient obtained was 0.06
my/s. In the course of simulation, different mass transfer coefficients
for each SMB zone were used to reflect dispersion effects by dif-
ferent zone flow rates. Each mass transfer coefficient was adjusted
to accord with the actual operating results of SMB process. This
method is useful with multi-cell models.

Since the SMB is a dynamic process that never gets to the station-
ary steady state, the PX concentration at the exit of the chamber
always fluctuates. Fig. 10 reveals such a fluctuation in PX concen-
tration at the extract stream. The thin and thick lines represent, respec-
tively, the PX concentrations at the inlet and outlet of a bed line used
for the extract stream at that moment. As expected, there exists a
certain delay for the PX concentration to reach its highest position
because a bed line is washed with PDEB just before it is used for
the extract stream, as explained previously.

The model, after it was developed and tuned, was used for a fur-
ther simulation to see whether it could explain some plant prob-
lems.
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Fig. 10. PX concentrations at extract stream inlet and outlet (thin
line: inlet; thick line: outlet).
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One of the biggest difficulties in a commercial Parex unit is the
increase of pressure drop across the beds. The channeling of liquid
flow due to partial coverage of fines on the bed top is believed to
be one of the most plausible scenarios for this pressure drop increase.
Another candidate for explaining the pressure drop increase is bed
compression, which may occur when fine particles penetrate into
the bed and therefore reduce the overall bed porosity. Since chan-
neling and bed compression are not that different, despite the quite
different mechanisms for increasing the pressure drop, we will focus
only on channeling here. The pressure drop across a bed can be cal-
culated by some correlations proposed by Ergun, Chilton and Col-
burn, and Kozeny [38-40]. Among these correlations Ergun’s cor-
relation as expressed in (28) turned out to be the most comparable
to the actual data.

Gl e

&

Here f and Re denote the friction factor and Reynolds number,
respectively. To quantify the channeling effect, we define the degree
of channeling by the fraction of the bed top covered with fines and
assume no flow under that fraction, albeit this is an oversimplifica-
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Fig. 11. Pressure drop across a bed belonging to zone 1 at various
values for the degree of channeling. The liquid flow is as-
sumed to be zero through a certain portion where the bed
top is covered with fines.
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Fig. 12. Effect of channeling on separation performance (Thin lines:
10% degree of channeling; thick lines: 50% degree of chan-
neling. Other symbols are the same as defined for Fig. 9).
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tion. Fig. 11 shows the relationship between the pressure drop and
degree of channeling.

In Fig. 12, we compare the concentration profile of a 50% degree
of channeling with the normal state, after considering the pressure
drop increase in a commercial plant. The interesting thing is that
the PX concentration in zone 1 becomes much higher as the degree
of channeling increases, which is quite similar to the phenomenon
observed when an adsorbent loses its initial capacity. The results
found here tell us that one has to search carefully for causes and
remedies when chamber separation performance decreases.

When a deterioration in adsorption chamber separation perfor-
mance is detected, one has to consider many aspects including im-
proper operation conditions, mechanical leaks, flowmeter malfunc-
tion, adsorbent hydration, the adsorbent itself, channeling, bed com-
pression and so forth. Based on the analysis of channeling or bed
compression, even if they are not directly evident, we surveyed meth-
ods that can improve the separation performance. The potential mech-
anisms of fine formation and methods for removing the fines already
in the bed were carefully examined and experimentally verified. After
proper treatment on the chamber, separation performance was greatly
improved, equivalent to an annual savings of more than 5 billion
KRW (Korean Won). The permanent prevention of pressure drop
increase is also proposed by the authors [41].

The zone ratios were also changed based on the simulation re-
sults, leading to a further increase in the PX production rate. After
changing the zone ratio between the imaginary flow rate of the ad-
sorbent micropores and the feed flow rate, as well as adjusting the
liquid flow rates inside the chamber, we accomplished a recovery
increase of more than 2%, which amounts to more than 1 billion
KRW on an annual basis.

The feed composition change, new configuration of the cham-
ber, and substitution of new adsorbent are also expected to be some
of the hot topics that can be examined by the simulation model.

CONCLUSIONS

A rigorous multi-cell model was developed to predict the per-
formance of a Parex chamber for PX separation from other xylene
isomers. Semi-batch and batch experiments were performed to
obtain the equilibrium concentrations of single and binary compo-
nents respectively. An extended Langmuir isotherm with interac-
tion parameters was proposed and implemented into the model. To
avoid the problem of high dimensionality, a cell-by-cell approach
was proposed to solve the model. The model parameters were tuned
to fit actual plant data and then it was used for applications to com-
mercial plant. The effects of channeling, bed compression, and zone
ratio changes were simulated and analyzed. The simulation results
were applied successfully to the commercial plant with some practi-
cal benefits. The simulation model is expected to contribute to operate
condition optimization, trouble shooting, and productivity enhance-
ment linked with the modification of neighboring units including a
configuration change.
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NOMENCLATURE

A : coefficient relating the height equivalent to a theoretical plate
[m]

a : mass transfer area [m’]

: coefficient relating the height equivalent to a theoretical plate
[s]

: constant used in various isotherms, different unit depend-
ing on the isotherm used

: concentration [kg/m’]

: axial dispersion coefficient [m?/s]

: particle diameter [m]

: friction factor, (d,/L) AP/[g, (§v)’]

: equilibrium constant [m*/kg]

: mass transfer coefficient [m/s]

: bed length [m]

: mass [kg]

: total number [-]

: flowrate [m’/s]

: pressure [Pa]

: adsorbed phase concentration [kg/kg-adsorbent]

: Reynolds number [v 0 d,/(& )]

: time [s]

: volume [m’]

: interstitial velocity [m/s]

: weight fraction

: axial direction [m]

o

NE< <T@ TOZBOAARTAETO

Abbreviations and Acronyms

CCR : continuous catalyst regeneration
EB :ethylbenzene

GC : gas chromatography

HETP : height equivalent to a theoretical plate, m
IAST: ideal adsorbed solution theory
LOI : loss on ignition

MX : meta-xylene

ODE : ordinary differential equation
OX :ortho-xylene

PDEB : para-diethylbenzene

PX :para-xylene

SMB : simulated moving bed

TMB : true moving bed

TOL : toluene

Greek Letters:

£  :porosity [m*/m’]
o density [kg/m’]
M :viscosity [Pas]

Subscripts and Superscripts
* : equilibrium

0 : initial

a : adsorbed liquid phase
ads :adsorbent

b : bed (inter-particle)

c : crystallite

comp : component

E : extract node of an SMB

F : feed node of an SMB

f : feed to a node

: flush in

: flush out

: adsorbable component (when attached to C or q)
: inlet (when attached to Q)

: particle number (when attached to V)
: bed number (1-24)

: cell number

: free liquid phase

: saturation state

: outlet

: adsorbent particle

: raffinate node of an SMB

: total

: secondary flush

=

Nﬁwﬁoa\‘w‘@-b—-w-y—.m
o
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