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Simulated moving-bed reactors (SMBR) combine chemical reaction and adsorptive
separation within one single unit. Toward the design of this rather complex unit, guide-
lines for the proper choice of the operating parameters, that is, the flow-rate ratios and
the Damkohler numbers within the different sections, have recently been devised based
on a mathematical analysis of a linear-model system. For nonlinear systems, though,
the influence of the operating parameters on the unit performance is less well under-
stood. In this work, the interplay between the operating conditions and unit performance
is investigated through numerical simulations and experiments, focusing on the influ-
ence of the feed stream composition. As a model system, the synthesis of methylacetate
from methanol and acetic acid, catalyzed by a sulfonated ion-exchange resin, is consid-
ered. The experiments were carried out in an SMB reactor of miniplant scale. In addi-
tion, the reliability of the model predictions is evaluated by comparing the numerical
simulation results with experimental data. It is shown through simulations that optimal
performance is achieved where the feed to the SMBR is constituted of an equimolar
mixture of the two reactants. Simulations and experimental results allow for an under-
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standing of such a result.

Introduction

Integrated reaction—separation processes offer the poten-
tial of a substantially improved performance as compared to
conventional ones (Agar, 1999). Their major advantage is
given by the ability to alter the concentration profiles inside
the reactor, thus influencing the degree of reactant conver-
sion, particularly in the case of equilibrium-limited reactions.
Among these operations, reactive distillation processes have
gained most attention during the last years and are now es-
tablished on an industrial scale for example for the synthesis
of fuel oxygenates (Taylor and Krishna, 2000).

In the case of temperature-sensitive products such as phar-
maceuticals or natural products, continuous reactive chro-
matography represents a more benign separation process,
since it is based on selective adsorption rather than selective
evaporation. The underlying principle is highlighted here, as-
suming a process in which a reactive fluid is contacted with a
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solid adsorbent in a countercurrent manner as shown in Fig-
ure 1 for the case of the reversible reaction A= B + C.

In the figure, the solid phase is conveyed at a constant flow
rate from the top to the bottom of the unit, while the carrier
fluid, S, is introduced at the bottom of the unit and flows
upwards. The two feed ports, for the eluent and the reactant,
and the two withdrawal ports, for the extract and the raffi-
nate, subdivide the unit into four sections, as illustrated in
Figure 1. As the reactant, A, is fed to the central part of the
unit, a chemical reaction is triggered and the product species
are formed. The more strongly adsorbing component, B, is
conveyed downwards with the solid phase and is withdrawn
in the extract stream, while the less retained species, C, is
carried in the direction of the fluid flow, toward the raffinate
outlet. Before being recycled, both the fluid and the solid
phases are regenerated within sections 1 and 4. If the fluid
and solid flow rates are properly adjusted, reactant A is com-
pletely consumed within the two central sections of the unit,
and both products can be withdrawn at high purity with the
extract and raffinate stream (Hasimoto et al., 1983; Mazzotti
et al., 1996; Kawase et al., 1996, 1999; Lode et al., 2001, 2003).
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Figure 1. True countercurrent chromatographic reactor
for the reaction A= B+C.

The practical implementation of such a true countercur-
rent (TCC) system is difficult, and, therefore, the simulated
moving-bed process (SMB) is used, where a certain number
of fixed beds are interconnected to form a closed-loop assem-
bly and the countercurrent movement of the solid and liquid
phase is simulated by periodically shifting the fluid inlets and
outlets in the direction of the fluid flow, as shown in Figure 2
(Hashimoto et al., 1983; Mazzotti et al., 1996; Kawase et al.,
1996, 1999; Lode et al., 2001, 2003; Ruthven and Ching, 1989).

In order to design a reactive SMB process, a detailed un-
derstanding of the dynamic behavior of a single column is
necessary. The experimental and modeling procedure to be
followed in order to quantitatively describe the dynamic be-
havior of a single reactive chromatographic column has been
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Figure 2. Simulated moving-bed reactor for the reac-
tion A=B+C.
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reported elsewhere (Lode et al., 2001; Mazzotti, et al., 1997).
With an SMB reactor being simply the assembly of a number
of such columns, the mathematical model describing one
chromatographic column can be easily extended in order to
simulate the SMBR unit by imposing the outlet concentra-
tion of one column as the inlet condition for the next one
downstream, and by properly accounting for the additional
feed or withdrawal streams. Implementing also the port-
switching mechanism, the behavior of an SMBR process can
be analyzed a priori by numerical simulation (Lode et al.,
2001; Storti et al., 1988; Duennebier et al., 2000; Fricke et al.,
1999).

An optimization of this rather complex process based only
on numerical simulations requires extensive computations
(Duennebier et al., 2000). Accordingly, shortcut design crite-
ria have been developed recently for an idealized reaction
system, A<= B+ C, with linear adsorption isotherms and
mass action reaction kinetics (Lode et al., 2003). In particu-
lar, in this case, it was found that the SMBR performance is
determined only by the relative flow-rate ratios of the liquid
and solid phase in each section of the unit

* *
m]- _ Q/t : col ( 1)
(1 —€ )I/col

by the switch time, t*, and by the number of columns within
the two central sections of the unit. In the last equation, Q;
denotes the flow rate of the liquid phase within the jth sec-
tion, while V., and e* represent the column volume and the
total bed void fraction, respectively.

For the case of nonlinear adsorption isotherms, which are
commonly encountered in practical applications, the limited
capacity of the stationary phase introduces the feed concen-
tration of the reactant as an additional parameter. While for
these systems explicit shortcut design rules are still missing, a
parametrical study of the unit performance based on numeri-
cal simulations can lead to the development of qualitative
design guidelines, and, thus, to a more efficient design
methodology (Lode et al., 2001; Fricke et al., 1999).

In this work, the performance of an SMB reactor is investi-
gated both experimentally and through numerical simula-
tions, using as a model system the synthesis of methyl acetate
from methanol and acetic acid, catalyzed by a sulfonated
ion-exchange resin. The effect of feed composition onto the
qualitative and quantitative reactor performance is investi-
gated based on a dynamic model developed previously (Lode
et al., 2001). The applicability of this model is validated ex-
perimentally by comparison of the numerical predictions with
the experimental results.

Experimental Setup

The SMBR unit (model C-920, Advanced Separation Tech-
nologies, Pittsburgh, PA) comprises 10 glass columns of 30-cm
length and 2.5-cm internal diameter, corresponding to a vol-
ume V,,; =178 mL. Each column is packed with 68 g of Am-
berlyst 15 (Rohm and Haas, Philadelphia, PA) and has a to-
tal bed void fraction of €* = 0.65, including a void volume
of approximately 5 mL at the top of each column in order to
allow for the swelling of the resin during the course of the
reaction.
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The inlet and outlet of each of these columns are con-
nected to the rotating part of the valve head, while the feed
and outlet streams of the unit are connected to the stationary
part of the valve in a way to obtain an open-loop configura-
tion comprising 3, 2, 3, and 2 columns in section 1, 2, 3, and
4, respectively. From pulse-tracer experiments the resulting
void volume from the outlet of one column to the inlet of the
next one was determined to be V.4 = 7.4 mL. The switch
time of the unit was set to a value of #* =10 min for all
experiments, and the unit was located within an air-condi-
tioned laboratory leading to an operating temperature of 25
+2°C.

For the first two experiments technical grade methanol
comprising about 0.5% mol/mol of water and 0.07% mol/mol
of methyl acetate was used as the desorbent, but was ex-
changed for methanol of higher quality (water content of
about 0.1% mol/mol, methyl acetate below the detectability
limits) for all subsequent experiments. The desorbent and the
extract flow rate are controlled using peristaltic pumps, while
the feed stream comprising acetic acid and methanol is fed to
the unit by means of a HPLC pump for better control. It is
worth noting that under the operating conditions of the
SMBR a variation in the fluid flow rates, AQj =1 mL/min,
results in a change of the corresponding flow-rate ratio, Am;
=0.16, that is, a quite substantial variation as compared to
the overall size of the optimum operating region, as discussed
in the following. The flow rate in section 4 is set to zero in
order to ensure no leakage of acetic acid, water, or methyl
acetate from section 4 into section 1; accordingly a raffinate
pump was not necessary.

All experiments started from the unit being equilibrated in
pure methanol. The outlet streams of the unit were collected
during each complete cycle (corresponding to 10 switches of
the inlet and outlet ports, that is, 100 min in this case), and
their average composition was analyzed by gas chromatogra-
phy using a thermal conductivity detector. Steady state was
assumed to be established when the difference in the experi-
mentally determined molar amount of each of the products
leaving the unit during one cycle and the molar amount of
acetic acid fed to the unit within the same time interval was
less than 2%. In a typical run six to eight cycles were neces-
sary to achieve cyclic steady state, that is, between 10 and 14
h of operation.

Theoretical Analysis

The model equations and model parameters for the de-
scription of the methyl acetate synthesis in a chromato-
graphic reactor such as the one considered here have been
reported elsewhere (Lode et al., 2001).

The dynamic behavior of a single column can be described
by the following mass-balance equations

*(9Cl~ 3Ci &zci * e

5 Yy T ePam — (1= €Dk, (a7 —q) ()
aq; eq
7=km(ql. —ql.)-i-vl-r (3)

where ¢; and g, represent the concentration of species i in
the fluid and in the sorbed phase; v; is the corresponding
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stoichiometric coefficient; €, the intraparticle bed void frac-
tion; D, the effective dispersion coefficient, calculated using
the correlation given by Chung and Wen (1968); k,, the
mass-transfer coefficient; ¢ and z the space and time coordi-
nate. The equilibrium sorbed amounts, g7, ¢ and z are given
by a competitive Langmuir isotherm, with water being the
most strongly sorbed component, while methanol, acetic acid,
and methyl acetate are less favorably sorbed. The reaction
rate r is given by a mass-action expression in terms of sorbed
phase concentrations (Lode et al., 2001).

In the following, the performance of the unit is investi-
gated for different feed compositions and for a unit configu-
ration 3-2-3-2. For all simulations, the flow rate ratios in
sections 1 and 4 of the SMBR are adjusted so as to prevent
any leakage of acid, ester, or water from section 1 into sec-
tion 4, and vice versa. For each feed composition, the operat-
ing parameter plane spanned by the flow-rate ratios in the
two central sections of the unit, m, and mj, is scanned by
performing numerical simulations for a large number of op-
erating points, and by evaluating the corresponding process
performance. In particular, the aim is to identify the operat-
ing conditions that lead to purities of the extract, PZ, and of
the raffinate, PR, larger than a given product specification,
P™in = (.995, that is, where

=—2Pmin (4)

PR= > P 5
n§+n§+n§V ()

Here, n® (i= A, E, W), denotes the molar amount of acid,
ester, and water, respectively, being withdrawn with the raffi-
nate stream during one switch interval, and nZ applies to the
extract stream.

Let us introduce the degree of conversion X of the limit-
ing reactant, that is, acetic acid

nf; + nﬁ ng + nfé nﬁ, + nRW
X=1- = = (6)
nt nt nt
A A A

When the purity requirements given by Eqs. 4 and 5 are ful-
filled, then the following inequality for the degree of conver-
sion can be established

X >4pmin —3 @)
This can be proven by combining Egs. 4, 5, and 6 to yield
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Figure 3. Effect of feed composition on process perfor-
mance.
Optimum operating points (@) for feed mole fractions of
acetic acid of x4 =0.01, 0.20, 0.40, 0.50, 0.60, 0.80, and 1.00,
respectively. Regions of extract and raffinate purity, P£, P
> 0.995, for feed mole fractions of x% = 0.01 (dotted curve),
x5 =0.50 (dashed) and x’ = 1.00 (dash-dotted), respectively.
Switch time, t* = 13.33 min; flow-rate ratio section 1, m, = 3;

flow-rate ratio section 4, m4= —0.2; column length, L , =
30.0 cm; total bed void fraction, €* = 0.616; unit configura-
tion, 3-2-3-2.

Accordingly, the degree of conversion achieved for a mini-
mum purity of P™"=(.995 is lower bounded, that is, X >
X™in = 0,98, Note also that the inequality in Eq. 7 is rather
conservative and valid only where P™" > 0.75; it provides a
valuable estimate of a lower bound for conversion only where
P™in is rather large, that is, for high purity systems.

The operating regions, where the product specifications
stated earlier are satisfied, are shown in Figure 3 for a switch
time, t* = 13.33 min, and the following feed mole fractions of
acetic acid in methanol: x%=0.01 (dotted line), xf=0.50
(dashed), and x4 =1.00 (dash-dotted). For the lowest acetic
acid content, x4 =0.01, the region of operating parameters
leading to the required product purities is approximately given
by a right triangle, which is the result expected from the anal-
ysis of the true countercurrent process in the case of linear
isotherms and first-order reaction kinetics (Lode et al., 2002).
In fact, there being a excess of methanol within all sections of
the unit, the competitive Langmuir isotherms for acetic acid,
methyl acetate, and water approach linear behavior, and the
reaction rate law reduces to a linear expression in the con-
centration of acetic acid.

For any operating point outside this region, either the raf-
finate, the extract, or both outlet streams are not in accor-
dance with the product specifications. In particular, starting
from an operating point within the triangle, an increase of
the flow rate ratio within section 3, m, leads to a shift of the
concentration fronts within this section in the direction of the
fluid flow, that is, toward the raffinate outlet, and eventually
to a contamination of the raffinate stream by nonconverted
acetic acid and nonretained water. On the other hand, for
decreasing values of m, the concentration fronts in section 2
move toward the extract outlet, thus resulting in the break-
through of nonconverted acetic acid and nondesorbed methyl
acetate in the extract stream.
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Table 1. Optimum Operating Points Leading to Purities in
the Extract and Raffinate Stream PZ, PR > 0.995 as a Func-
tion of the Mole Fraction of Acetic Acid in the Feed Stream,

xy
xk 0.01 0.20 0.40 0.50 0.60 0.80 1.00
Mooy 0023 0.009  0.019  0.039 0.150 0300 0375
msl,.. 0723 0962 1.106 1.100 0.966 0.860 0.775

opt

Note: Operating conditions as described in Figure 3.

It is worth noting here that for a given switch time and unit
configuration the feed flow rate increases with increasing dis-
tance from the diagonal of the parameter plane (m,, mj).
Accordingly, the maximum feed flow rate can be achieved
when operating at the vertex of the triangle. In Figure 3, the
optimum operating points for the case of x = 0.01, and for
six other feed compositions (x4 = 0.20, 0.40, 0.50, 0.60, 0.80
and 1.00, respectively), are indicated by solid circles, and the
corresponding coordinates are reported in Table 1. As ex-
pected, for increasing feed concentrations of acetic acid, the
shape of the corresponding triangular regions, and accord-
ingly the position of the vertex, changes. In particular, when
increasing the feed mole fraction of acetic acid to x4 = 0.20,
and xf=0.40, respectively, the vertex of the triangular re-
gion moves vertically upwards toward higher flow-rate ratios
in section 3, m5. In both cases, the boundaries of the operat-
ing region can be well approximated by straight lines (not
shown here), and the base line of the respective triangles
along the diagonal of the parameter plane is identical to the
one found in the highly diluted case of xf=0.01. For x{=
0.50 (dashed line in Figure 3), the vertex of the permissible
operating region is approximately identical to the one for the
case of xfi = 0.40. However, the boundaries of the triangular
region now exhibit a nonlinear behavior, with both the left-
and righthand boundary being bent toward the upper right-
hand corner of the parameter plane. Increasing the feed mole
fraction of acetic acid further from xf=0.50 to x% =0.60,
0.80, and 1.00, respectively, the vertices of the corresponding
operating regions move closer toward the diagonal, and the
borders of the operating regions become increasingly nonlin-
ear. Finally, for the case of xf=1.00 (dash-dotted line in
Figure 3) only a rather thin triangle is obtained, which is
strongly skewed toward the righthand side. Nevertheless, for
all feed compositions the permissible operating regions share
the same intercept with the diagonal of the (m,, m5)-param-
eter plane.

A simple explanation of the effect of the feed concentra-
tion onto the qualitative shape of the operating region is dif-
ficult due to the superposition of the nonlinear sorption be-
havior and the nonlinear reaction kinetics. Nevertheless, some
features of the behavior of the unit can be identified, and
rationalized, as follows.

First, let us consider the property that for every feed con-
centration the intercept of the operating region with the di-
agonal is always the same. It is worth noting that the feed
flow rate approaches zero as the distance of the operating
point from the diagonal vanishes. Accordingly, the amount of
acetic acid entering the unit with the feed is, under these
circumstances, immediately diluted in a large amount of de-
sorbent, namely, methanol. Since the concentrations of acetic
acid, methyl acetate, and water throughout the unit remain
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Figure 4. Concentration profiles for methanol within the
unit at steady state for different feed composi-

tions, immediately prior to the port switch.

xH=0.60 (solid line); xf=0.80 (dashed); x4 =1.00 (dash-
dotted); m, = 0.25; m3= 0.75; * = 10.00 min; unit configu-
ration 3-2-3-2.

small, the unit behavior for any feed composition approxi-
mates that of a linear, diluted system, as explained earlier for
the case of a feed concentration of x4 = 0.01.

Second, let us analyze the variations in the shape of the
feasible operating region as a function of feed composition.
The displacement of the vertex toward higher m; values for
feed concentrations increasing from x4 =0.01 to xf=0.50
can be explained by the more favorable sorption of acetic
acid at higher concentrations. Considering that methanol is a
strongly sorbed solvent as compared to acetic acid, the sorp-
tion of acetic acid is becoming more favorable for increasing
acetic acid concentrations, leading to faster reaction kinetics
in the sorbed phase in combination with a slower propaga-
tion velocity of acetic acid in section 3, hence with a longer
residence time for the reaction.

Let us focus then on the lefthand boundary of the operat-
ing region. A significant displacement toward higher m, val-
ues is observed for the feed stream comprising acetic acid
concentrations larger than x = 0.50. This phenomenon is due
to the development of a zone within the central part of the
reactor characterized by the absence of methanol, as can be
shown by analyzing the steady-state concentration profiles in-
side the unit (Lode et al., 2001). As an example, in Figure 4
the methanol concentration profiles are shown for the unit
operating at flow-rate ratios m,=0.25 and m;=0.75, and
with the feed stream comprising a mole fraction of acetic acid
of x4 =0.60 (solid line), 0.80 (dashed), and 100 (dash-dotted),
respectively. For the sake of comparison with the experi-
ments, but without loss of generality, these simulations have
been carried out at ¢* =10.00 min. Here, the mole fraction
of methanol within section 1, that is, between the desorbent
(D) and extract (E) port, is close to unity. Within section 2,
though, methanol is contacted with acetic acid, the chemical
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reaction is triggered, and the mole fraction of methanol de-
creases. In the example, the methanol fraction decreases to
values of x,,=0.78 and 0.76 in the case of acetic acid feed
mole fractions of x% = 0.60 and 0.80, respectively. For a pure
acetic acid feedstream (x4 =1.00), methanol becomes the
limiting reactant, and accordingly the methanol mole fraction
in this case reduces to zero. Here, no additional methanol is
fed to the unit in between sections 2 and 3, and accordingly
there is no chemical reaction taking place within large por-
tions of section 3. A similar behavior is observed for the case
of x4 =0.80. Here, the amount of methanol being introduced
to section 3 with the feed stream is rapidly depleted by the
excess amount of acetic acid, and so methanol is absent within
most of section 3. Contrary to this, for xf = 0.60 the amount
of methanol entering section 3 either by convection from sec-
tion 2 or with the feed is larger than the amount of acetic
acid being fed, and, thus, complete consumption of methanol
does not occur. In accordance with this analysis, conversion is
only 0.859 and 0.541 for a feed mole fraction x%=0.80 and
x§=1.00, respectively, whereas X is 0.999 when x% = 0.60.
Therefore, it can be concluded that higher flow-rate ratios,
m,, are required when x> 0.50 than when x% < 0.50, where
methanol can never be the limiting reagent.

Let us now consider how the process performance is af-
fected by feed composition changes. The performance pa-
rameters to be considered are the productivity (PR), that is,
the amount of methyl acetate formed per unit time and reac-
tor volume, and the desorbent requirement (DR), that is, the
amount of methanol consumed per unit amount of methyl
acetate formed. In terms of the operating parameters just
used, these are given by

PR — Qfchx _ (m;— mz)ch (9)
(1-€e*)V, Repit™

unit

(my—my)cy +(my—my)ey

(m;— mz)ch

_Pef+orel

DR =
QFCEX

(10)

where ¢k represents the volumetric concentration of acetic
acid in the feed stream, which is increasing monotonically
with increasing acetic acid feed mole fraction, x/. For a given
degree of conversion, switch time, and unit configuration, the
performance of the unit is optimized by maximizing the prod-
uct (m3 — m,)c’, since this optimizes both PR and DR. Ac-
cordingly, for a given feed composition the optimum operat-
ing point in accordance with the purity specifications is given
by the vertex of the triangle.

The optimum productivity and desorbent consumption for
the feed compositions investigated earlier are plotted in Fig-
ure 5 vs. the acetic acid feed mole fraction. Starting from
infinite dilution conditions (in practice x4 =0.01), the maxi-
mum feed flow rate is increasing for feed concentrations of
acetic acid of x%=0.20, 0.40, and 0.50, respectively, as al-
ready noted and discussed with reference to Figure 3. The
productivity of the process is thus increasing strongly due to
the combination of higher feed flow rates and higher acetic
acid feed concentrations. For a feed mole fraction of acetic
acid of approximately x%=0.50, the permissible feed flow

AIChE Journal



10
g
8t =
= S
t")-c E
S c
6t S
= g
>
2 8
=] o
Q 3
2 5
/ £
/
of

0 . : . . 0
0.0 0.2 0.4 0.6 0.8 1.0
feed mole fraction of acetic acid

Figure 5. Unit productivity (O) and methanol consump-
tion (m) as a function of the mole fraction of
acetic acid in the feed stream.

Operating conditions as described in Figure 3.

rate exhibits a maximum, and then it decreases for larger feed
concentrations. In terms of productivity, though, the effect of
reducing feed flow rates can partly be counterbalanced by
the increase in the feed concentration of acetic acid. Quanti-
tatively, a maximum productivity of about 8.5 tons of methyl
acetate per cubic meter of reactor volume per day is achieved
for an equimolar mixture of the two reactants in the feed
stream.

Considering the amount of methanol consumed in the pro-
cess, low feed concentrations lead to excessively high desor-
bent requirements due to the large amount of additional
methanol being fed with the feed stream. For feed streams of
higher acid concentration, though, the solvent consumption
reduces drastically, until a minimum value of about 6.0 moles
of methanol to be fed to the unit per mole of acetic acid is
found at a feed mole fraction of acetic acid x4 = 0.50. As the
achievable feed flow rates decrease for increasing the feed

concentration further, the improvement in the feed concen-
trations cannot counterbalance the detrimental effect on the
eluent consumption, and the desorbent consumption in-
creases toward the limit of pure acetic acid being fed to the
unit.

To summarize, it was found that a feed composition com-
prising of a nearly stoichiometric mixture of acetic acid and
methanol leads to the optimum performance of the unit both
in terms of productivity and eluent consumption. In order to
demonstrate that this result is of general validity for SMBRs,
though, additional work has to be done, concentrating on re-
active systems with different sorption characteristics and dif-
ferent reaction stoichiometry.

Experimental Study

The operating parameters for each of the eight experi-
ments presented here are reported in Table 2, together with
the compositions of the outlet streams under steady-state op-
eration. The location of the corresponding operating points
in the m,, m, parameter plane is shown in Figure 6, together
with the operating region leading to purities of the outlet
streams higher or equal to P™" = (.995, as calculated through
numerical simulations for the case where the feed is pure
acetic acid, namely, x4 =1 and #* =10.00 min, as in the ex-
perimental runs.

Due to the presence of significant amounts of dead vol-
ume, V.4, in the experimental plant, the flow-rate ratio pa-
rameters, m;, are modified here in order to account for the
reduction in the net flow rate of the liquid phase due to the
shifting of liquid confined within these void volumes

ko ok _
eff _ th € Vcol Vdead

! (1_ €* )Vcol

m

an

While the applicability of this approach has been demon-
strated for the case of nonreactive SMB-applications
(Migliorini et al., 1999), the situation encountered in reactive
SMB processes is more complex. In particular, the presence
of void volumes has an impact on the reactor’s residence-time
distribution, and, therefore, on the degree of conversion.
Given that the void volume in this investigation accounts for
only 4% of the total volume, this effect is considered to be
negligible. In the case of larger amounts of dead volume, a
detailed investigation of the effect of void volumes on the

Table 2. Operating Parameters and Performance of the SMBR Experimental Runs

Operating Parameters

Extract Composition

Raffinate Composition

xE xk xk xR xk xR
Run ms! msft m_%“ [%] [%] [%] PE [%] [%] [%] PR
1 1.86 0.32 0.52 0.08 8.43 0.00 0.991 6.29 1.83 0.00 0.775
2 3.79 0.27 0.48 0.07 4.64 0.00 0.985 6.22 0.63 0.00 0.908
3 3.68 0.49 0.65 0.00 2.86 0.00 1.000 4.77 0.43 0.00 0.917
4 3.65 0.43 0.73 0.00 6.28 0.00 1.000 8.64 0.36 0.00 0.960
5 3.74 0.39 0.86 0.00 5.86 0.00 1.000 13.09 0.36 0.23 0.957
6 3.64 0.18 0.66 0.00 9.27 0.00 1.000 13.69 1.15 0.00 0.923
7 3.48 0.24 0.73 0.01 10.34 0.00 0.999 12.10 0.44 0.12 0.956
8 3.59 0.22 0.71 0.02 6.25 0.00 0.997 9.36 0.50 0.00 0.949

Note: Includes mle-ff parameters, as well as raffinate and extract composition and purity at steady state; switch time, * =10.00 min; feed stream
comprising pure acetic acid except for run 7 (xf = 0.80) and run 8 (x4 = 0.60). Methanol of a higher grade was used in runs 3 to 8 (water content
of about 0.1% mol/mol, and methyl acetate below the detectability limits).
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Figure 6. Operating points of the experimental runs
summarized in Table 2 and operating region
leading to extract and raffinate purities P >
0.995 as predicted by the numerical simula-
tions (solid line; t* =10.00 min; xj =1.00; unit
configuration 3-2-3-2).

Experimental data: complete conversion, partial contamina-
tion of raffinate stream by water due to incomplete regener-
ation (@); contamination of raffinate stream by unconverted
acetic acid (a); contamination of extract stream by methyl
acetate (v ); arabic numbers indicate the number of the ex-
periment as described in Table 2.

performance of an SMBR is necessary; its implementation in
the simulation code, however, would be straightforward
(Migliorini et al., 1999).

Before investigating the effect of the flow rates within sec-
tions 2 and 3 of the SMBR, the necessary experimental con-
ditions necessary to properly displace any sorbed amounts of
water from the resin in section 1 have to be identified. Here,
runs 1 and 2 were performed at identical flow conditions
within sections 2 and 3, but with different fluid flow rates in
section 1. In particular, the desorbent flow rate in section 1
was increased from Q; = 23.9 mL/min for run 1 to Q, =35.9
mL/min for run 2, corresponding to m,=1.86 (run 1) and
m,=3.79 (run 2), respectively. In the first case, significant
amounts of water are present in the raffinate stream. As the
absence of unconverted acetic acid in the raffinate indicates
complete conversion within the central sections of the unit,
this amount of water originates from the incomplete regener-
ation of the resin in section 1. Upon increasing the flow-rate
ratio in section 1, the desorption of water is improved, and
accordingly the amount of water present in the raffinate is
substantially reduced (run 2). In addition, for this experiment
the water concentrations at the inlet and outlet of the first
column of section 1 at the end of a switch interval were iden-
tical, and less than 0.1%. This implies that a further improve-
ment in resin regeneration can only be obtained by using
methanol of higher grade, that is, with a lower water content,
as the desorbent, making any further increase of the flow rate
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ratio in section 1 useless. In fact, methanol with a water con-
tent of about 0.1% mol/mol, and methyl acetate below the
detectability limits was used for experimental runs 3 to 8.

After identification of the operating conditions for proper
regeneration, the effect of the feed flow rate onto the perfor-
mance of the unit was investigated. In particular, the feed
flow rate was increased from QF=1.0 mL/min (run 3) to

F=1.9 mL/min (run 4) and Q¥ =2.9 mL/min (run 5), re-
spectively, keeping the fluid flow rate in sections 1 and 2 con-
stant at about Q; = 35.3 mL/min and Q, =15.0 mL/min, re-
spectively. Within the (m,, m5) parameter plane, these oper-
ating points belong to a straight line, which is almost vertical,
as can be seen in Figure 6. In run 3, complete conversion of
acetic acid has been achieved. While the extract comprises
only water and methanol, the raffinate stream contains small
amounts of water besides methyl acetate, leading to a raffi-
nate purity P® =0.917. The same behavior is found when op-
erating the unit with a feed flow rate approximately twice as
high (run 4); with the extract again being completely pure,
the raffinate purity is improved to P®=0.960, due to the
larger amount of methyl acetate formed. It is worth noting,
that under these conditions acetic acid also could be detected
in neither the extract nor in the raffinate stream. Upon fur-
ther increasing of the feed flow rate, though, the time avail-
able for reaction within the central sections of the unit is too
short to allow for the complete conversion of acetic acid, and
accordingly traces of acetic acid are leaking into the raffinate
stream in run 5.

Furthermore, the effect of feed composition onto the per-
formance of the reactive SMB unit was investigated. In par-
ticular, the focus was on experimentally validating the occur-
rence of zones of complete methanol depletion within the
unit, which had been indicated by the numerical simulations
for operating conditions corresponding to low fluid flow rates
in section 2, and high feed flow rates. Here, such conditions
are realized in runs 6 to 8, where the effluent streams of each
of the individual columns of the unit were sampled close to
the end of a switch interval at cyclic steady state. The corre-
sponding concentration profiles for methanol are shown in
Figure 7. In run 6, operating at pure acetic acid feed (x4 =
1.00; @ in Figure 7), the mole fraction of methanol in the
liquid phase decreases from x,, =0.91 at the outlet of col-
umn 3 to x,,=0.015 at the outlet of column 5, that is, the
last column of section 2. This is in remarkably good agree-
ment with the model simulations reported in Figure 4 (dash-
dotted line), and can be explained in the same manner.

The complete consumption of methanol within section 2,
and the corresponding detrimental effect on unit perfor-
mance, can be prevented by introducing additional methanol
with the feedstream. Therefore, runs 7 and 8 have been per-
formed at operating conditions similar to run 6, but with dif-
ferent feed compositions. For 20% of methanol in the feed-
stream xf=0.80; v in Figure 7), substantial amounts of
methanol are consumed by the chemical reaction in section
2, just as in the case of the pure acetic acid feed. The mini-
mum mole fraction of methanol throughout the unit, though,
never decreases below x,, =0.17. By further increasing the
amount of methanol in the feed stream (run 8, x§=0.60; m
in Figure 7), the methanol concentrations within the unit re-
main above x,, = 0.50, thus letting acetic acid be the limiting
reactant throughout the entire unit.
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Figure 7. Concentration profiles for methanol within the
unit at steady state for different feed composi-
tions, immediately prior to the column move-
ment.

xH=1.00 (run 6, @); x4 =0.80 (run 7, v); xf=0.60 (run 8,
n).

Thus summarizing, it can be concluded that when compar-
ing the experimentally observed qualitative performance of
the unit with the predictions obtained from the modeling
analysis, a satisfactory agreement is found. In particular, the
operating points for runs 2 to 4 are numerically predicted to
lead to a conversion of acetic acid in excess of X ™" = (.98,
and in fact complete conversion is achieved in the experi-
ments. Furthermore, it was experimentally confirmed that the
feed flow rate adopted in run 5 is slightly too high to allow
for a complete conversion. Although a more detailed experi-
mental study is advisable in order to challenge the numerical
predictions more, it can be concluded that the model de-
scribes the behavior of the unit in a satisfactory manner.
Considering the behavior of the unit for different feed com-
positions, it has been shown experimentally that for certain
operating conditions, zones devoid of methanol occur in sec-
tion 2. This behavior is again in rather good agreement with
the modeling analysis, and, thus, the validity of the model is
further supported.

Conclusions

The effect of the feed composition on the performance of
a simulated moving-bed reactor (SMBR) has been investi-
gated based on numerical simulations for the case of a bi-
molecular reaction characterized by nonlinear adsorption
thermodynamics of the involved chemical species. In particu-
lar, the operating regions leading to product streams of a cer-
tain purity specification have been investigated for different
feed compositions, and the observed variations have been ra-
tionalized on a qualitative basis. Quantitatively, feed compo-

AIChE Journal

sitions composed of approximately an equimolar mixture of
both reactants have been found through simulations to result
in optimum process performance in terms of productivity and
eluent consumption. In addition, the applicability of the pro-
cess model to design and optimize SMBR operation was as-
sessed through an experimental investigation of the meth-
ylacetate synthesis on Amberlyst 15 using an SMBR of mini-
plant scale. The experimental results are consistent with the
simulations, particularly as regards the effect of feed compo-
sition on process performance and internal composition pro-
files.
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Notation

¢; =liquid-phase concentration
D, =axial dispersion coefficient
DR =desorbent requirement
k,, =mass-transfer coefficient
n; =molar amount
ng, =number of columns of SMBR unit
m; =flow-rate ratio
P =purity
PR = productivity
q; = adsorbed-phase concentration
Q; = volumetric fluid flow rate
r =reaction rate
t =time coordinate
t* =switch time
u; =superficial fluid velocity
Vo1 =column volume
Vyead =extracolumn dead volume
x; =liquid-phase mole fraction
X =conversion
z =space coordinate

Greek letters

€* =total bed void fraction
€, =bed void fraction
v; = stoichiometric coefficient

Superscripts and subscripts

D =desorbent stream
E =methyl acetate, and extract stream
eff =accounting for extra-column dead volume
eq =at equilibrium
F =feed stream
min = minimum requirement from product specifications
R =raffinate stream
A = acetic acid
E =methyl acetate
i =ith component
j =jth section
M =methanol
W =water
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