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SUMMARY

Simulated Moving Bed (SMB) chromatography is a separation process where
the components are separated due to their varying affinity towards the stationary
phase. Over the past decade, many modifications have been proposed in SMB chro-
matography in order to effectively separate a binary mixture. However, the separation
of multi-component mixtures using SMB is still one of the major challenges. Although
many different strategies have been proposed, previous studies have rarely performed
comprehensive investigations for finding the best ternary separation strategy from
various possible alternatives. Furthermore, the concept of combining reaction with
SMB has been proposed in the past for driving the equilibrium limited reactions to
completion by separating the products from the reaction zone. However, the design of
such systems is still challenging due to the complex dynamics of simultaneous reaction
and adsorption.

The first objective of the study is to find the best ternary separation strategy
among various alternatives design of SMB. The performance of several ternary SMB
operating schemes, that are proposed in the literature, are compared in terms of
the optimal productivity obtained and the amount of solvent consumed. A multi-
objective optimization problem is formulated which maximizes the SMB productivity
and purity of intermediate eluting component at the same time. Furthermore, the
concept of optimizing a superstructure formulation is proposed, where numerous SMB
operating schemes can be incorporated into a single formulation. This superstructure
approach has a potential to find more advantageous operating scheme compared to

existing operating schemes in the literature.

xii



The second objective of the study is to demonstrate the Generalized Full Cycle
(GFC) operation experimentally for the first time, and compare its performance to the
JO process. A Semba Octave’™ chromatography system is used as an experimental
SMB unit to implement the optimal operating schemes. In addition, a simultaneous
optimization and model correction (SOMC) scheme is used to resolve the model
mismatch in a systematic way. We also show a systematic comparison of both JO
and GFC operations by presenting a Pareto plot of the productivity achieved against
the desired purity of the intermediate eluting component experimentally.

The third objective of the study is to develop an simulated moving bed reactor
(SMBR) process for an industrial-scale application, and demonstrate the potential of
the ModiCon operation for improving the performance of the SMBR compared to the
conventional operating strategy. A novel industrial application involving the esteri-
fication of acetic acid and 1-methoxy-2-propanol is considered to produce propylene
glycol methyl ether (PMA) as the product. A multi-objective optimization study is
presented to find the best reactive separation strategy for the production of the PMA
product. We also present a Pareto plot that compares the ModiCon operation, which
allows periodical change of the feed composition and the conventional operating strat-
egy for the optimal production rate of PMA that can be achieved against the desired

conversion of acetic acid.
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CHAPTER I

INTRODUCTION

In any chemical or bioprocessing industry, the need to separate and purify a product
from a complex mixture is an important step in the production line. As a result, the
separation techniques have received considerable attention over the past few decades
for the purification of various natural and biological products, especially in the phar-
maceutical industry, where there is a high demand to produce high-purity chemicals.
The separation techniques that are based on adsorption principles have been found
to be more versatile, with the many types of adsorbent materials that are now avail-
able, than other industrial separation techniques [21]. Preparative chromatography,
in particular, is a promising option of separation because of its capability to separate
a mixture even when the components differ very little in terms of affinity towards the
stationary phase.

Chromatography is a powerful separation process for a multitude of reasons.
Firstly, it can separate complex mixtures with great precision. The purity require-
ments of the products are often easier to meet in chromatography compared to other
separation methods. Secondly, chromatography can be used to separate delicate prod-
ucts since the conditions under which it is performed are not typically severe. For
these reasons, chromatography is quite well suited to a variety of uses in the field of
biotechnology, such as separating the mixtures of proteins.

Chromatography, as of today, has developed into an invaluable laboratory tool
for the separation and identification of numerous compounds. It is in fact one of the
most versatile and widespread technique used in the modern analytical chemistry.

Chromatography is also now acknowledged as an industrial unit operation for the



extraction and the purification of fine chemicals, particularly those used as pharma-
ceutical intermediates [21].

The following sections explain the basic principle of chromatography and its ex-
tension to simulated moving bed (SMB). In addition, the concept of reactive chro-
matography and its application as simulated moving bed reactor (SMBR) are also

discussed.

1.1  Principle of chromatography

Chromatography is an adsorptive separation process, where the components are sep-
arated due to their varying affinity towards the adsorbent. It is mostly used for
homogeneous molecular mixtures. The homogeneous mixture phase is, in most cases,
a fluid (liquid) phase with dissolved substances and the additional second phase is an
adsorbent (solid) phase. The mixture of substances to be separated (feed), the sol-
vent which is used for their dissolution and transport (desorbent), and the adsorbent
(stationary/solid phase) are summarized as the chromatographic system.

Figure 1.1 illustrates the batch chromatography process for the separation of a
binary mixture [7]. In this procss, the feed mixture consists of two components A and
B, where A is less retained, and B is more retained. A sample of this feed mixture
is injected into the column and then the desorbent is fed upstream for moving these
components. The weakly retained component (A) moves faster in the column while
the strongly retained component (B) moves slower. Over time, both components
separate from each other and their fractions are collected at different times at the
outlet of column. A detector can also be used in this process to track the effluents
concentrations online. In this operation, complete separation of both the components
can be achieved although the operating cost may be high considering the solvent
consumption and the long production times. Therefore, such batch operation may

not be suitable for large-scale productions.
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Figure 1.1: [Illustrating the principle of chromatography for a binary separation
system. The fractions of A and B elute at different times from the outlet of the
column [7].

Simulated moving bed (SMB) process, on the other hand, is an extension of batch

chromatography that performs chromatography in a continuous and counter-current

fashion.

1.2  Simulated moving bed chromatography

The simulated moving bed (SMB) process is based on a flow scheme that takes ad-
vantage of continuous and counter-current movement of the liquid and stationary
phases without actual movement of the solid. As shown in Figure 1.2, the standard
SMB unit consists of multiple chromatographic columns which are interconnected in
a cyclic conformation. The feed and desorbent are supplied continuously and at the
same time extract and raffinate streams are withdrawn through the outlet ports. The
feed mixture consists of two components which are separated by utilizing the differ-
ence in their affinity towards the adsorbent phase. The faster moving component is
recovered from the raffinate outlet while the slower moving component is recovered

through the extract outlet. The counter-current motion of the stationary phases is
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Figure 1.2: Four-zone SMB configuration for separation of a binary mixture. (a) II-
lustrating the concept of binary separation (b) The standard schematic representation
followed in this study.

achieved by switching both inlet and outlet ports simultaneously at a regular interval
in the direction of liquid flow. Since SMB is a continuous and cyclic operation, it
enables higher throughput and incurs less desorbent consumption compared to the
batch chromatography.

The operating conditions of SMB must be determined to achieve the desired per-
formance. The two inlet streams, feed and desorbent and two outlet streams, extract
and raffinate divide the entire SMB system into four zones. The flow rate in each
zone can be controlled independently, and hence there are four control parameters.
The zone velocities are in general selected such that zone II and III separates com-
ponent A from B while zone I and IV regenerates the columns by desorbing both
of the adsorbed components. Furthermore, the counter-current motion of the sta-
tionary phase is simulated by switching the inlet and outlet ports in the direction
of liquid flow. This switching time of the ports is also a control parameter. In a

standard SMB, all these control parameters are considered constant with time and
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Figure 1.3: Schematic of SMB process with the internal concentration profiles at
cyclic steady state for two consecutive steps. (a) Step 1, (b) the normalized internal
concentration profiles at the beginning of Step 1, (c) Step 2, (d) the normalized
internal concentration profiles at the beginning of Step 2.
treated as operating conditions. Since these operating conditions influence both pu-
rity and recovery obtained in the product outlets, the optimal performance of the
SMB systems depends on the identification of the optimal operating conditions. The
optimization strategies that are used for obtaining the optimal operating conditions
of SMB systems are discussed in Chapter 3.

In the SMB systems, the counter-current movement of the solid phase is simulated

by discrete shifting of inlet and outlet ports. Due to this discrete shifting, the SMB

systems arrives at a cyclic steady state (CSS). At the CSS, the concentration profiles



still change inside the columns; however the snapshots of internal concentration pro-
files at the beginning and at the end of the step are identical, apart from a shift of
exactly one column length [37]. Figure 1.3 illustrates this concept of CSS by showing
the internal concentration profiles for two consecutive steps of the SMB operation
at the cyclic steady state. In Step 1, the feed mixture is fed between columns 2
and 3 and the desorbent is supplied between columns 1 and 4. Thus, the faster mov-
ing component (A) moves to column 3 and recovered from the raffinate outlet while
the slower moving component (B) is left behind in the columns 1 and 2 and thus
withdrawn from the extract outlet (see Figure 1.3(b)). After both the products are
collected from the product outlets, the SMB system switches to Step 2. In this step,
the positions of all the inlet and outlet ports are switched clockwise by one column
length (Figure 1.3(c)). As a result, the feed is fed between columns 3 and 4 and
desorbent is supplied between columns 1 and 2. Similarly, the raffinate and extract
outlet streams are also switched to the outlet of columns 4 and 2, respectively. The
concentration profiles at the beginning of Step 2 are shown in Figure 1.3(d). As can
be seen from the Figures 1.3(b) and (d), the internal concentration profiles at the
beginning of Step 2 are exactly identical to Step 1, except for the shift of one column
length. Thus, the SMB system is at a cyclic steady state. This cyclic operation of
SMB is constantly repeated to recover pure products continuously from the raffinate
and the extract outlet. This standard SMB configuration with four zones has been
extensively studied by various research groups and established strategies to determine
the design and operation are available today [12, 68, 84, 77, 52, 71, 21, 30].

SMB systems are an efficient mean of performing large-scale chromatographic
separations and thus have been successfully applied in various areas such as sugar,
petrochemical and pharmaceutical separations [71, 21, 23, 74]. Since SMB enables
high throughput and low desorbent consumption compared to conventional chro-

matography, there has been a continuous effort to find modified SMB schemes that



allow for higher productivity yet meeting the same product specifications. Exam-
ples of such modifications are the processes called Varicol, which allows asynchronous
movement of injection and withdrawal ports [46], PowerFeed, where the external flow
rates (up, up, Up,, ug) are varied within one switching interval ¢y, [37, 94], Partial
Feed, where the feed is partially injected within one switching interval [93] , ISMB,
where the first part of the step is similar to standard four-zone SMB without recycle
while the second part is just circulating the liquid along the columns with no inflow or
outflows [81], ModiCon, where the feed flow rate remains constant however feed con-
centration is altered during one switching interval t, [73]. However, these modified
SMB operations are limited to the separation of binary mixtures.

One of the major disadvantage of SMB is that it is unable to fractionate multiple
components into more than two product streams. This issues is addressed in the
first objective of this work, which is to explore the potential of SMB systems for the
separation of multi-component mixtures. The objectives of this project and a review

of past studies on multi-component mixtures are given in Chapter 4.

i Chromatographic column

Reaction zone

Figure 1.4: Schematic of reactive chromatography unit for the production of com-
ponent C' through the reaction of A and B.



1.3 Reactive chromatography

The reactive chromatography process is based on the concept of integrating both sepa-
ration and reaction inside a chromatographic column (see Figure 1.4). In this process,
the limiting reactant (A) is injected as a sharp pulse into the column and then the
excess reactant (B) is supplied. The two components react inside the column form-
ing products that are fractionated at the outlet of the column. The weakly adsorbed
component (C') moves faster in comparison to the strongly adsorbed component (D).
Such a mechanism facilitates the reversible reaction to go beyond thermodynamic
equilibrium by continuously separating the products from the reaction zone. As a
consequence, there is more product formation in these systems and the products can
be recovered at high purities due to their separation from the reactants. Furthermore,
the integration of both reaction and separation units into one single unit reduces both
capital and operating costs. However, this batchwise operation may not be suitable
for large-scale productions.

Simulated moving bed reactor (SMBR), on the other hand, is an extension of this
process that performs reactive chromatography in a continuous and counter-current

fashion. The SMBR system is described in the next Section.

1.4 Simulated moving bed reactor

Simulated moving bed reactor (SMBR) is an extension of the reactive chromatog-
raphy process that performs it in a continuous and counter-current fashion. The
SMBR unit, as shown in Figure 1.5, consists of multiple chromatographic columns
that are interconnected in a cyclic conformation. These columns are packed using
a resin that can functions both as a catlayst and an adsorbent. The schematic in
Figure 1.5 is drawn for a second order reversible reaction that is equilibrium limited

(A+ B = C + D). Here, the feed is a mixture of components A and B while the
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Figure 1.5: Schematic of simulated moving bed reactor unit for the production of
component C' through the reaction of A and B (A+ B = C + D).

desorbent only consists of component B. Both feed and desorbent are supplied con-
tinuously and at the same time extract and raffinate streams are withdrawn through
the outlet ports. Component A reacts with B under catalyzed conditions forming C'
and D. As this reaction proceeds inside the SMBR, both components C' and D are
continuously removed thus shifting the equilibrium in the forward direction. The
faster-moving component, C, is recovered from the raffinate outlet while the strongly
retained component, D, is recovered through the extract outlet.

The operating conditions of SMBR must be determined to achieve the desired
performance. The two inlet streams, feed and desorbent, and two outlet streams,
extract and raffinate, divide the entire SMBR system into four zones. The flow rate
in each zone can be controlled independently, and hence there are four degrees of
freedom. The zone velocities are in general selected such that zone II and III become
the reaction plus separation zones while zone I and IV regenerates the columns [21].
Furthermore, the counter-current motion of the solid phase is simulated by switching
both inlet and outlet ports simultaneously in the direction of liquid flow. The two
consecutive switching of the ports defines a step and the time for which this step lasts

is also a degree of freedom. In a four-column SMBR, four consecutive steps complete



a full cycle and it brings the SMBR system back to its original configuration. This
cyclic operation of SMBR is constantly repeated to extract pure products from the
raffinate and the extract outlets. The number of operating parameters that affect
the performance of SMBR is five: four zone flow rates and the switching time. In a
standard SMBR, all of these control parameters are considered constant with time
and treated as operating conditions. Similar to the design of SMB systems, the
optimal performance of the SMBR systems also depends on the identification of the
optimal operating conditions. The optimization strategies that are used for obtaining

the optimal operating conditions of SMBR systems are also discussed in Chapter 3.
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CHAPTER 11

SCOPE OF THESIS

The work presented in this thesis is based on available mathematical modeling and
the optimization methods for the simulated moving bed (SMB) and simulated moving

bed reactor (SMBR) processes. There are three main objectives:

1. Identify the best separation strategy for the separation of a ternary mixture

among various alternative designs of SMB

2. Experimentally validate both JO and Generalized Full Cycle operations for

separation of sugars

3. Develop an SMBR process for industrial-scale production of propylene glycol

ethers

The first objective is the topic of Chapter 4, where the performance of several
SMB operating schemes, that are used for the separation of a ternary mixture, are
compared. A variety of operating schemes such as SMB cascade, FEight-zone, Five-
zone, Four-zone and JO process are included in this study. The performance of these
systems is compared in terms of the maximum productivity that can be attained
in the SMB system and the amount of solvent consumed. This comparison is per-
formed by formulating a multi-objective optimization study that maximizes the SMB
productivity and the purity of intermediate eluting component at the same time.
In addition, the concept of superstructure formulation is proposed where numerous
SMB operating schemes can be incorporated into a single formulation. Based on this
concept, the Generalized Full Cycle (GFC) and Full superstructure formulation are

presented in this study, which are optimized by considering a large number of SMB
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configurations. It is demonstrated that this approach has a potential to find the best
ternary separation strategy among various alternatives designs of SMB. The empha-
sis of this study is on separation of a ternary mixture however the analysis could be
extended for any multi-component separation system.

The second objective is the topic of Chapter 5, which focuses on combining both
computational and experimental sides of SMB chromatography. In Chapter 4, it is
shown (through a computational study) that the JO and the GFC operations are
promising to obtain a higher productivity of the SMB process in comparison to the
other existing operations. In this chapter, optimized operations of both JO and GFC
operations are experimentally validated. A Semba Octave’™ chromatography system
is used as an experimental SMB unit for implementing the optimal operating condi-
tions. In addition, the separation of sugars is chosen as the chromatographic system
for the validation of operating strategies. When the optimal operating conditions
obtained from the model optimization are implemented on the experimental unit, a
model mismatch is observed in the products purity and recovery values. To resolve
this model mismatch in a systematic way, in this study, a simultaneous optimization
and model correction (SOMC) scheme has been proposed and implemented. The
SOMC scheme arrives at the optimal operating conditions which satisfy the optimal
productivity as well as the desired purity and recovery of products experimentally.

The final objective is the topic of Chapter 6, which extends the optimization
studies of the SMB systems to the SMBR systems. SMBR operations can provide
economic benefit for equilibrium limited reversible reactions. In such operations, in
situ separation of the products drives the reversible reactions to completion beyond
thermodynamic equilibrium and also enables in the continuous recovery of the prod-
ucts of high purity. In this study, a novel industrial application of SMBR process

is developed. We consider the production of propylene glycol methyl ether acetate
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(PMA) through the esterification of 1-methoxy-2-propanol (PM) and acetic acid us-
ing AMBERLYST?™ 15 as a catalyst and adsorbent. A multi-objective optimization
study is presented to find the best reactive separation strategy for the production
of the PMA product. The multiple objectives are to maximize the production rate
of PMA and maximize the conversion of the esterification reaction. In addition, a
ModiCon operating strategy is proposed, which is based on the cyclic modulation of
the feed concentration. It is demonstrated that such a feed concentration gradient
during the step time can manipulate the internal concentration profiles inside the
SMBR. By introducing this strategy, it is shown that the performance of the SMBR
system can be improved significantly compared to the conventional SMBR operating
strategy. This work, to the best of our knowledge, implements the ModiCon strategy
for the first time in reactive separation systems.

Altogether this work is focused on finding the best design and operation of the
SMB and the SMBR systems based on a systematic approach. The mathematical
models that are available in the literature and the deterministic nonlinear program-
ming techniques are used to find the optimal SMB/SMBR configurations. This model
based optimization approach can provide innovative solutions that are difficult to
identify using human intuition. In addition, a systematic algorithm is developed to
resolve the model mismatch while implementing the optimal operating conditions
on the experimental unit. This study thus eliminates the need for trial-and-error
methods which rely significantly on human intervention and experience to resolve the

model mismatch.
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CHAPTER III

MODELING AND OPTIMIZATION

This chapter is devoted to the detailed mathematical modeling and the optimization
methods for the simulated moving bed (SMB) and simulated moving bed reactor

(SMBR) processes. The mathematical modeling is based on the first principles.

3.1 Modeling of stmulated moving bed

Over the last decades, several mathematical models have been proposed in the liter-
ature for modeling the SMB system. A summary of these models can be found in
Schmidt-Traub et al. [71]. These models can be broadly classified in two categories:
true moving bed (TMB) model and simulated moving bed (SMB) model. The TMB
model simplifies the dynamics of the SMB process by neglecting the cyclic switching
of the SMB system. This simplification reduces the computational effort significantly.
However, the model based optimal design of SMB requires an accurate description
of the dynamics of the SMB process. Therefore, various researchers in the past have
employed the use of a detailed SMB model [9, 17, 29, 30, 41, 55, 84]. Dunnebier
and Klatt [17] also compared various types of SMB models with different levels of
complexity for the dynamic simulation of the SMB processes. It was shown that the
a linear driving force (LDF) model, which assumes the linear driving force for the
mass transfer rate in the solid phase, is capable of predicting the experimental data
reasonably well, even for nonlinear isotherms. Further, Bentley et al. [9] have used
this LDF model for the separation of nonlinear SMB systems and the predictions
made by the model agreed with the experimental results. In this study, we employ
the same LDF model for modeling the SMB system.

The isotherm system used in our study is linear and thus the LDF model is
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expected to capture the dynamics of SMB process very accurately. In the LDF model,
both axial dispersion and the diffusion into the adsorbent particles, which causes the
band broadening, are lumped in the mass transfer coefficient. The modeling equations
are as follows.

Mass balance in the liquid phase:

dq) (x,1) dCY (x,t)

Ebw—i‘(l—Eb)T—f—u](ﬂT =0. (1)

ot

where C’ij and q{ are the concentration in the liquid and the solid phase, respec-
tively, € is the bed porosity, u’(t) is the superficial velocity of column, x is the
axial distance and t is the time. The superscript j represents the jth column while
subscript ¢ refers to the component index.

Mass balance in the solid phase:

(- )220 _ g, (0l - oG )

where C? is the concentration in the liquid phase that is in equilibrium with the
solid phase and K, ; is the liquid phase based mass transfer coefficient.
Adsorption equilibrium: the equilibrium between liquid and the solid phase is

represented by linear isotherms.
¢l (z,t) = H; C7*(x, 1)

izl,...,NComp, jzl,---gNColumn (3)

where H; is the henry constant. The symbols N¢om, refers to the total number of
components and Ngoumn refers to the total number of columns.

The SMB system consists of multiple chromatographic columns that are intercon-
nected in a cyclic conformation (see Figure 2(a)). Hence, we must satisfy the flow
and mass balance equations at the connecting ports between any two columns. Since

the inlet /outlet streams are different between jth and (j+ 1)th column, the following
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equations are written in their general form as:
W) = ! (1) — (ug(t) + ugs, (1) +uf (1) + (up ™ (1) + ug" (1)) (4)

CIFH0, 1) (8) = CI(L1) (u () — oy (1) — () — (1)) + Cop e (1) (5)

where u%, uf%, u]I', ujD and u% are the velocities of raffinate, extract, interme-
diate stream outlet, desorbent and the inlet feed stream, respectively. C;p is the

concentration of ¢th component in the feed and L is the length of the column.
3.1.1 Treatment of CSS

In SMB operation the counter-current movement of the stationary phase is simulated
by shifting both the inlet and outlet streams in the direction of liquid flow by valve
switching. Due to this discrete shifting, SMB systems arrives at a cyclic steady state
referred as CSS. There are multiple ways to formulate the CSS constraints. A single
step formulation is considered where all the steps are identical except the shifting of

inlet and outlet streams due to valve switching. The formulation is written as [37]:

CZJ(ZL',O) = Cg+1<xatst6p)7 i:17~‘-aNComp7 j:]-v"wNColumn_]-

Qf(%o) = qzj—i_l(xatstep); izla"'aNCompa jzla"'aNColumn_l

ClNoormn (2.0) = CHwytsiep)y =1y, Noomp
q£VColumn($’0> = qil(matstep)a 1= 17"'7NComp
On the other hand, a full cycle formulation is considered for operations in which
the operation during all the four steps is different [59]. In the full cycle formulation,
the concentration profiles are identical at the beginning and at the end of the cycle.
The formulation is written as:
Czj(xa()) - Cij(x7tcycle)7 1= 17"‘7NCDmp7 .]: ]-7"'7NC'Olumn

Qf(l',o) = qg(xatcycle)a 1= 17 s 7NComp7 ] = 17' . 7NC’olumn
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3.2 Modeling of simulated moving bed reactor

In the past, several mathematical models have been proposed in the literature for
modeling the SMBR system. A summary of these models can be found in Schmidt-
Traub et al. [71]. These models can be broadly classified in two categories: true
moving bed reactor (TMBR) model and simulated moving bed reactor (SMBR)
model. The TMBR model simplifies the SMBR, dynamics by assuming infinite num-
ber of columns and does not account for the discrete switching of inlet and outlet
ports [56, 78]. This simplification reduces the computational effort significantly. How-
ever, the model based optimal design of SMBR requires an accurate description of
the dynamics of the SMBR process. Therefore, various researchers have employed
the use of a detailed SMBR model. Zhang et al. [95] and Yu et al. [91, 92| used
an equilibrium dispersive SMBR, model which assumes both liquid and solid phase
to be in equilibrium by neglecting all the mass transfer effects. Zhang et al. [96]
used an SMBR model based on linear adsorption isotherm and linear driving force
approximation for the adsorption rate, where both axial dispersion and diffusion into
adsorbent particles, which cause band broadening, were lumped into one mass trans-
fer coefficient. Strohlein et al. [79] used an isothermal, lumped kinetic rate model
with a linear driving force for the adsorption rate.

In this study, it was found that the complex dynamics of simultaneous reaction and
adsoption inside the SMBR is difficult to capture by lumping both axial dispersion
and diffusion into the adsorbent particles into the mass transfer coefficients. Hence,
these two effects have to be accounted separately, and we adopt a transport disper-
sive model with a linear driving force for the adsorption rate [71]. Here, the axial
dispersion phenomenon and diffusion into the adsorbent particles inside the columns
are accounted separately using an overall axial dispersion coefficient and individual
mass transfer coefficients for each component. The mass balance equations in the

liquid and solid phases for component ¢ in the jth adsorption column are written as
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follows.

Mass balance in the liquid phase:

8C'Z-j (x,t) 1—¢ jeq j j E)Cij(x, t)

9*CY (x,t)

= Doy 25— (6)

where C/(z,t) and ¢/ (z,t) are the concentration in the liquid and the solid phase
at axial distance x and time ¢, respectively, qg’eq(x,t) is the concentration in the
solid phase that is in equilibrium with the liquid phase, €, is the bed porosity, K, ;
is the solid phase based mass transfer coefficient of the ith component, D,, is the
axial dispersion coefficient, 4’ is the superficial velocity of the column, z is the axial
distance and ¢ is the time. The subscript ¢ represents the component index while
superscript j refers to the jth column.

Mass balance in the solid phase:

8q{(m, t)

S5 Ko, 0) = gl (2,0) v a,). ™

where v; is the stoichiometric reaction coefficient of the ith component and 7 (z, t)
is the net reaction rate in the jth column at distance x and time t.
The equilibrium between solid and liquid phases is represented by the following

linear adsorption isotherm equation [63]
¢ (z,t) = H; C} (1), (8)

where H; is the Henry constant.

The above partial differential equations require boundary conditions, which are
discussed below. The concentration at the inlet and outlet of the columns are ex-
pressed by using the well-known Danckwerts relations. Since the SMBR system con-
sists of multiple chromatographic columns that are interconnected in a cyclic confor-
mation (see Figure 1.5), the mass balance equations at the connecting ports between

any two columns is a part of the boundary conditions.
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Mass balance between jth and (j + 1)th column:

CI0,t) Wt =CY (L, t) (uj — ugx — u}%) + Cir uifl
: oCY (z,t
+ Cipulf! + Daw % . (9)
=0

where u}, uf,,, u}, and u}. are the velocities of raffinate, extract, desorbent and

the inlet feed stream, respectively. These values are positive only if raffinate, extract,
desorbent, or feed is withdrawn or fed, and zero otherwise. The symbol C; r and C; p
are the concentrations of ith component in the feed and desorbent, respectively and
L is the length of the column.

The other boundary condition determines the concentration at the outlet of col-

umi.
OCY (z,t)

- ~0. (10)

=L
The flow balance at the inlet and outlet ports should also be satisfied to maintain

the consistency of the flow. Thus, the following equations are implemented.
= — (ug + g, up) + (). (11)

izlv--'aNCompa jzla-"aNColumn

where the symbol Neom,, refers to the total number of components and Neoumn 18

the total number of columns.
3.2.1 Treatment of CSS

In SMBR, the counter-current movement of the solid phase is simulated by discrete
shifting of inlet and outlet ports. As a result, the SMBR systems arrives at a cyclic
steady state (CSS). At the CSS, the concentration profiles still change inside the
columns; however the snapshots of internal concentration profiles at the beginning
and at the end of the step are identical, apart from a shift of exactly one column

length [37]. Since SMBR is a symmetric operation i.e. all the steps are identical except
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the shifting of inlet and outlet streams due to valve switching, we consider a single step
formulation to write the CSS [3, 30, 37]. In this formulation, the concentration profiles
at the beginning of the step in the jth column are identical to the concentration

profiles at the end of the step in the (j + 1)th column. The formulation is written as:

Czj(xyo) :Cg+1(l'7tstep)7 — 17"'7NComp7j: 17"'7NColumn_1 (12)
qzj(lxo) :qg+1(x7tstep)7 i = 1,....Noomp, J=1,..., Ncowmn — 1 (13)
CiJVC'olum’"« (x’ O) = Czl (ﬂ% tstep), Z = 1’ - 7NC'omp (14)

q@'NCOZumn (Q?, O) = Qzl(xa tstep)a 1= 17 S NComp (15)
where %4, is the step time.

3.3 Optimization Strategy

The methods that solves nonlinear programming (NLP) problems can be separated
into two categories: the sequential and the simultaneous strategies. In the sequential
methods, only the control variables are discretized and the resulting NLP is solved
with control vector parametrization (CVP) methods. In this formulation, the con-
trol variables are represented as piecewise polynomials and optimization is performed
with respect to the polynomial coefficients. For a given set of initial conditions and
control parameters, the DAE model is then solved in a inner loop, while the param-
eters representing the control variables are updated on the outside using an NLP
solver. Gradients of the objective function with respect to the control coefficients and
parameters are calculated either from direct sensitivity equation of the DAE system
or by integration of adjoint sensitivity equations [11].

The simultaneous approaches, on the other hand, deal with full discretization of
state and control profiles and the state equations. Typically the discretization is per-

formed by using collocation on finite elements, a high order implicit Runge-Kutta
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method. The resulting set of equations and constraints leads to a large nonlinear
program that is addressed with large scale NLP solvers. This approach is fully si-
multaneous and requires no nested calculations with DAE solvers. Moreover, both
structure and sparsity of the KKT system can be exploited by modern NLP solvers
such as IPOPT [88].

In this study, we use the simultaneous approach for optimization, where the spa-
cial domains are discretized using central finite difference scheme, and the Radau
collocation on finite elements is used for the temporal discretization [30]. These
discretized equations are incorporated within a large-scale Nonlinear Programming
(NLP) optimization problem, which is implemented into AMPL (A Mathematical
Programming Language) modeling environment. The advantage of using AMPL is
that it supports nonlinear programming and provides the automatic differentiation
functionality which is used in many solvers. The resulting problem has large number
of variables and linearized Karush-Kuhn-Tucker (KKT) condition tends to have a
sparse structure [29]. Thus, it is crucial to choose a solver which can handle large
number of variables and at the same time exploit the problem structure. To satisfy
these requirements, we choose IPOPT 3.0 [88], an interior-point solver discussed in
the Section 3.3.2.

The SMB/SMBR optimization problem is a large-scale, non-convex, partial dif-
ferential equation (PDE) constrained problem which makes it extremely challenging
to solve. Further, since there can be steep concentration profiles for highly efficient
chromatographic columns, the numerical method can require larger number of finite
elements to obtain accurate solutions. To deal with this challenge, we have used so-
phisticated methodologies such as collocation methods in order to reduce the problem

size. The collocation methods are discussed in next section.
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Figure 3.1: Polynomial approximation (2%(t)) for the state profile across the i
finite element [11]. Here we have three collocation points located at 7y, 7 and 73
distances in the finite element.

3.3.1 Collocation methods

Collocation methods are high-order implicit Runge-Kutta methods, where the states
are represented by piecewise polynomials inside each finite element (see Figure 3.1).
The coefficients of the polynomial are determined by solving differential equations
at the collocation points. The location of collocation points is based on the chosen
collocation method. In this study, Gauss-Radau collocation method is considered for
discretization in the time domain. The resulting collocation equations are algebraic
equations that can be incorporated directly within an NLP formulation. The large-
scale NLP formulation allows a great deal of sparsity and structure, along with flexible
decomposition strategies to solve this problem efficiently. Moreover, convergence
difficulties in the embedded DAE solver are avoided, and sensitivity calculations from
the solver are replaced by direct gradient and Hessian evaluations within the NLP
formulation [11].

There are a few other advantages of using collocation methods. Since the NLP
formulation needs to deal with discontinuities in control profiles, a single-step method
is preferred, as it is self-starting and does not rely on smooth profiles that extend
over previous time steps. The collocation formulation requires smooth profiles only

within the finite element. In addition, the high-order implicit discretization provides
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accurate profiles with relatively few finite elements. As a result, the number of finite
elements need not be excessively large, particularly for problems with many states

and controls.
3.3.2 Interior-point methods

The interior-point methods are an alternative to active set strategies in order to solve
nonlinear programming problems. The algorithm used by these methods is illustrated

by the following example. Let’s consider a general optimization problem given as:
min f(x) (16)

st.e(x)=0, >0 (17)

The interior point method transforms this general optimization problem into the

following formulation [11]:

min @, (1) = £(2) ~ p DIz (18)
ste(lx)=0, 2>0 (19)

where the integer [ is the sequence counter. Also, lim; ., p; = 0. In other words,
the value of p is progressively decreased in order to obtain a solution close to the
optimum solution of general optimization problem. Since the logarithmic barrier
term becomes unbounded at x = 0, the path generated by interior-point algorithm
would always lie in a region that consists of strictly positive variables, x > 0.

In general, a newton based strategy is adopted along with the line search tech-
nique in order to solve KKT conditions obtained from the reformulated optimization
problem. The dual variable are introduced into the KKT conditions along with the
equations X u = pe. This substitution and linearization eases the nonlinearity of
barrier terms. The KKT conditions of the system of Equations (18)-(19) are written

as:
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Vf(x)+ Ve(xr)v—u =0, (20)

Xp=pe, (21)
c(z) =0 (22)
where X = diag{z}, e = [1,1,...,1]T, and the solution vector z(u) > 0, i.e. it lies

k

strictly in the interior. Given an iterate 2, v*, u* with ¥, u* > 0, search directions

(d¥ d¥, d¥) are obtained from the following equation [11]:

x) v Ty

Wk Ve(z®) —I| |d* V f(z*) + Ve(ak)ok — uP
Ve(z®) 0 0| |db| =~ c(zF) (23)
U* 0 Xk | dk XEuk — e

where Wk = V. L(2*,v*), L = f(x) + c¢(x)T v and f(x) is the objective function
given by Equation (18). The matrix WP, inside the interior-point methods, could
be computed exactly or could be approximated using quasi-newton methods. Since
interior-point methods can accept exact second order derivatives, they have fast con-

vergence properties.
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CHAPTER IV

COMPARISON OF VARIOUS TERNARY SIMULATED
MOVING BED SEPARATION SCHEMES BY
MULTI-OBJECTIVE OPTIMIZATION

4.1 Motivation

Since its development by UOP in the 1960s, simulated moving bed (SMB) chromatog-
raphy has emerged as a continuous and effective separation technique for preparative
and industrial scale chromatography. SMB systems are widely applied in many in-
dustrial applications such as sugar, food, petrochemical and pharmaceutical indus-
tries [23, 71, 74]. The SMB technology is well established, in particular, for a difficult
separation of binary mixtures.

However, the application of SMB for multi-component separation is still consid-
ered one of the major challenges. Multi-component separation is a very important
problem for bioseparation, such as protein purification. In such applications, the
feed mixture may have a large number of components of similar chemical structures.
There have been several concepts that are proposed in the literature to separate a
multi-component mixture through various modifications keeping the advantages of
SMB. The JO process was presented for ternary separation in which the feed is dis-
continuously added only during a part of the cycle and rest all other steps behaves
similar to SMB with no feed. This process was commercialized by Japan Organo
Company [48]. In addition, Mata et al. [49] had developed a pseudo SMB model for
this JO process and discussed the effect of operating conditions and mass transfer

coefficients on the process performance. Nicolaos et al. [58] studied several ternary
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SMB configurations such as eight-zone, nine-zone and cascade of SMB in the frame-
work of equilibrium theory. Kessler and Seidel-Morgenstern [34] analyzed various
combination of 4-zone units using an equilibrium stage model in order to study their
potential to separate ternary and quaternary mixtures. Wankat [89] developed seven
cascades for SMB systems for ternary separation and determined desorbent to feed
ratio for each cascade using the equilibrium model. Beste and Arlt [10] proposed a
side-stream SMB which was later classified as five-zone SMB for separation of multi-
component mixtures. Kim et al. [35] proposed an additional single-cascade system,
the modified four-zone, along with five-zone SMB for ternary separations. Kurup et
al. [41] compared these five-zone and modified four-zone SMB systems at optimal con-
ditions for varying adsorption selectivity, mass-transfer resistance, and nonlinearity
in adsorption isotherm parameters. Mun [57] proposed improvements in the five-zone
SMB by simultaneous use of partial-feeding and partial-closing of the product ports,
however, in these operating schemes, a step was further divided into sub steps. Such
operations add complexity to the SMB system and are beyond the scope of this work.
In addition, a few non-isocratic SMB methods are also developed in past as discussed
by Wang et al. [90] and Aumann et al. [5]. Most of these modified SMB configurations
(excluding non-isocratic methods) are discussed, in depth, later in this chapter.

The performance of SMB system highly depends on its operating conditions. Fur-
thermore, by changing relative position of feed, desorbent, extract, intermediate and
raffinate streams, a large number of SMB configurations can be created. Hence, the
identification of optimal operating strategy for multi-component separation is indeed
a challenging problem. Moreover, to incorporate these numerous SMB configura-
tions into a single optimization problem and treating operating conditions as decision
variables is very computationally extensive. Kawajiri and Biegler [29] proposed the
concept of superstructure formulation where a number of SMB operating schemes

could be incorporated. They also showed the potential of superstructure approach to
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find more advantageous operating scheme compared to standard SMB or PowerFeed.
Nevertheless, their study was limited only to binary separations. In this study, we
extend this work for the separation of a ternary mixture. A Generalized Full Cy-
cle (GFC) formulation and a full superstructure formulation are proposed based on
the generalization of superstructure formulation. The optimal operating schemes ob-
tained from these formulations are shown to be more advantageous than the existing
operating schemes.

Although several ternary SMB operating strategies are presented in the literature,
a comparison encompassing various operating schemes is rarely performed. Therefore,
in this study , we also compare a number of operating schemes such as Five-zone, Four-
zone, Eight-zone, JO and SMB cascade. The emphasis of this study is on separation
of a ternary mixture however the analysis could be extended for any multi-component
separation. The comparison of ternary operating strategies has been performed by
formulating a multi-objective optimization problem, which is solved using determin-
istic nonlinear programming techniques as opposed to heuristic algorithms. We apply
a full-discretization approach for optimization, where the spacial domains are dis-
cretized using central finite difference scheme, and the Radau collocation on finite
elements is used for the temporal discretization [30]. The discretized equations are
incorporated within a large-scale Nonlinear Programming (NLP) problem, which is
solved using an interior-point solver IPOPT [88].

This chapter is organized as follows: Section 4.2 describes various modified SMB
operating schemes in order to separate out a ternary mixture. Section 4.3 explains
the mathematical model used for modeling the SMB system. Section 4.4 discusses
the optimization problem formulation and the optimization strategy implemented in
order to solve this problem. Section 4.5 presents comparison of ternary SMB operating
schemes and discusses the optimal operating schemes obtained from the GFC and the

full superstructure formulation. Section 4.6 concludes the chapter.
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4.2 Operating schemes

We classify the existing modified SMB configurations, in order to separate a ternary

mixture, into three categories:

e Five-zone and Four-zone SMB systems which are straightforward modifications

of conventional four-zone SMB.
e the cascade of SMB’s such as in the Eight-zone and SMB cascade systems.

e the full cycle SMB systems such as in the JO process where the entire cycle of
SMB is modified.

We assume that the ternary mixture fed to the SMB system consists of components
A, B and C with A as least adsorbable component, B as intermediate and C' as most
adsorbable component. Hence, the major constituents of raffinate, intermediate and
extract stream outlets would be components A ; B and C respectively. The Henry
coefficients for these components are listed in Table 4.1. It is to be noted that the
separation factor for components A and B (K5/Kj) is larger compared to components

B and C (Kg/KQ)

4.2.1 Modified conventional Four-zone SMB systems
4.2.1.1 Five-zone SMB

Five-zone operating scheme (Figure 4.1) is a slight modification of the conventional
four-zone SMB configuration [10]. In this scheme, one of the separation zones in
the conventional SMB is divided into two zones and a side stream is added for the
recovery of intermediate component B. This splitting of zones depends on the kind
of separation to be performed. For example, the separation zone before the feed inlet
is splitted into two if the separation between components A and B is easier compared
to components B and C' [58]. Hence there exists three separation zones and two

regenerative zones separated by two inlet and three outlet product streams. Both inlet
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Table 4.1: SMB Modeling Parameters [49]

parameter  value parameter  value
€p 0.389 Kappll (1/8) 6.84 x 1073
Koppiz (1/8)  6.84 x 107% K3 (1/s) 6.84 x 1073
L(m) 1.5 Cra(%) 33.33
Crp(%) 33.33 Cro(%) 33.33
ur, (m/h) 0 uy (m/h) 10
K 0.19 Ncomp 3
Ky 0.39 Purjﬁ? 98
K3 0.65 Recfﬁf}% 98
Recg'} 94
Stepl —5

L il

UR

Figure 4.1: Five-zone SMB for separation of a ternary mixture [10].

and outlet streams are switched periodically in order to simulate the counter-current
motion of the stationary phase. The total number of independent parameters (the
velocity of desorbent, feed, extract, raffinate, steptime and one of the zone velocity)
are six. These parameters have to be decided such that there is counter-current
separation between B and C' in columns 2 and 3, and counter-current separation

between A and B in the column 4.
4.2.1.2  Four-zone SMB

The Four-zone operating scheme (Figure 4.2) is also similar to conventional four-zone
SMB system [35]. However, it differs due to a break in the connection between the first
and second column. Also, there is an additional desorbent stream considered at the
beginning of the second column in order to retain components B and C' inside SMB.
The component with the least adsorption affinity, A, is, collected from the raffinate

stream while the components B and C' are recovered through the same extract outlet
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Figure 4.2: Four-zone SMB for separation of a ternary mixture [35].
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Figure 4.3: SMB cascade for separation of a ternary mixture [58].

at different intervals of time. The intermediate component is collected for (0 < t < t,,)
and most adsorbed component C'is collected for the remainder of the switching time
(t, <t < tg). The collection time of intermediate component, t,, is decided based
on breakthrough time of component C', the time at which most strongly adsorbed
component C' starts to desorb [41]. Further, it is to be noted that there is no recycle of
desorbent in the entire system, although stationary phase does move countercurrently
because of the switching of the inlet and outlet ports. Hence the products streams can
be more diluted compared to Five-zone SMB system. This process is then repeated
for every switching of the ports. The total number of independent parameters (the
velocity of feed, desorbentl, desorbent2, extract, switching time, ¢,) are six in the

four-zone SMB formulation.

4.2.2 Cascade systems
4.2.2.1 SMB cascade

This operating scheme as shown in Figure 4.3 is a sequence of two conventional four-

zone SMB in series. The overall system consists of eight columns (one in each zone)
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with one feed and two desorbent inlets, and three product outlets. The component A,
B and C' are recovered from the raffinate, intermediate stream and extract outlets
respectively. In addition, there is an outlet, rich in components B and C, from
column 5 which is recycled back into the SMB system at the inlet of column 3. In
principle, the last four columns separate the mixture of components B + C' from
component A, while the first four columns separate component B from C.

For practical purposes, we assume that this system has a buffer tank situated
between the two SMB’s. This tank ensures steady concentration input to the inlet
of second SMB. In this study, we assume the tank is sufficiently large so that the
dynamics of the recycled fractions are killed completely. Furthermore, this tank can
function as buffer in situations where first SMB system has to be shut down. It
should be noted that this tank is optional and could be removed if the switching
times of both SMBs are identical. Without considering the tank, the switching times
must be matched for synchronized operation. In this system, the total number of
independent parameters (the velocity of feed, two desorbents, extract, recycle stream,
two steptimes and one of the zone velocity in both SMBs) are nine.

It is to be noted that there exist an alternate designs of SMB cascade operating
scheme in which the mixture of components A + B is separated from component C
first and then component A from B. However, the operating scheme considered in
this study is selected based on the heuristic of easy separation first [58]. Hence,
the separation of component A from B is preferred first compared to separation of

component B from C.
4.2.2.2  FEight-zone SMB

The two conventional four-zone SMB configurations are integrated in order to form
Eight-zone SMB as shown in the Figure 4.4. The overall system consists of eight

columns (one in each zone) with one feed and two desorbent inlets, and three product
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Figure 4.4: FEight-zone SMB for separation of a ternary mixture [58].

outlets similar to SMB cascade. In addition, there is an outlet, rich in components B
and C', from the outlet of column 5 which is recycled back into the system at the
inlet of column 3. The component A, B and C are recovered from the raffinate,
intermediate stream and extract outlets, respectively. Similar to SMB cascade system,
the first four columns in the Eight-zone SMB are required to separate component B
from C', while last four columns are required to separate components B + C' from A.
Both inlet and outlet ports are switched periodically to simulate the counter-current
motion of the stationary phase. The total number of independent parameters (the
velocities of two desorbents, feed, extract, intermediate stream, recycled stream, one
of the zone velocity and steptime) are eight in the eight-zone SMB formulation.

It is to be noted that there is also an alternate design of Eight-zone SMB operating
scheme. However, the operating scheme considered in this study is selected based on
the heuristic of easy separation first [58]. Hence, the separation of component A from

B is preferred first compared to separation of component B from C'.

4.2.3 Full cycle modified SMB systems
4.2.3.1 JO process

The JO process is a unique SMB operation compared to the other isocratic mod-
ifications of standard Four-zone SMB. In this operating strategy, the entire cyclic
operation of SMB is modified as shown in Figure 4.5. Figure 5(a) depicts the JO
operating scheme while Figure 5(b) shows the normalized concentration profiles in-

side the SMB columns when the JO operation is implemented. These concentration
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Figure 4.5: JO process for the separation of a ternary mixture (a) the JO operation
(b) the cyclic steady state concentration profiles at the beginning of each step of the
JO operation. The component A, B and C are the fastest, intermediate and the
slowest eluting components, respectively.

profiles are plotted at the beginning of each step of the JO operation after reaching
cyclic steady state. In step 1, the flow connection between column 2 and 3 is broken
so that the intermediate eluting component can be recovered upstream of the shut-off
valve. The feed mixture is simultaneously fed to the downstream side to load the
SMB system. Steps 2, 3 and 4, on the other hand, are similar to the standard SMB
operation with no feed inlet. In these steps, only the fastest and the slowest eluting
component are recovered while feeding the fresh desorbent during the remaining steps.
Moreover, the desorbent velocity and the switching time of steps 2-4 are allowed to
be different from step 1 to further add the flexibility in the collection of fastest and

the slowest eluting component. The inlet and outlet streams are switched as in the

standard SMB operation in the clockwise direction to simulate the counter-current
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Figure 4.6: Generalized Full Cycle (GFC) formulation for the separation of a ternary
mixture [3].

motion of the stationary phase. Steps 1-4 completes the cycle and this operation is re-
peated constantly in order to recover the pure products. The number of independent
parameters that affect the performance of the JO operation are seven including the
two desorbent velocities, two switching times, feed, extract and the zone 1 velocity in
step 2. The more detailed information regarding the design of the JO operation and
the determination of operating conditions can be found elsewhere [43, 48, 49].

It is also important to note that the JO process can be implemented experimen-
tally on any SMB system which can implement the standard SMB operation (shown
in Fig. 1.2), without any major hardware modification. We may require an additional
binary valve to break the flow connection during step 1. The JO process was com-
mercialized by Organo corporation for the separation of raffinose, sucrose, betains
and salts [23]. In addition, the JO process has also been used for isolation of raffinose
from beet molasses [69]. Another ternary SMB process implemented on an industrial

scale is the sequential SMB [25, 26|, which is not considered in this work.
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4.2.3.2  Generalized Full Cycle (GFC) process

It is well known in the literature that the performance of SMB system can be dramat-
ically improved by changing the operating conditions such as flow rates and switching
time or the operation itself [3, 28, 29, 37, 94]. Moreover, numerous SMB configura-
tions can be created by changing the relative positions of feed and desorbent inlets,
or the extract, raffinate and the intermediate stream outlets. Therefore, it is very im-
portant to find the best operating strategy among various SMB configurations. The
GFC process is based on this idea of identifying the best separation strategy from
various different alternatives [3].

In this strategy, the JO process is generalized by introducing additional inlet and
outlet streams as shown in Figure 4.6. Hence, each step of the GFC formulation
consists of two inlets; one for feed and the other for the desorbent, and three outlets;
one for each of the product. These inlet/outlet flow rates and the switching time are
allowed to change in the different steps and thus each step can be operated in a dis-
tinct way. In addition, the inlet and outlet flow rates can also be turned off whenever
required. Hence, the GFC formulation is a framework that encompasses numerous
ways of operating SMB and the flow rates and the switching times are nothing but
the decision variables of an optimization problem. Unlike other operating strategies,
the structure of the SMB operation is not chosen here a priori. Instead, the optimizer
extracts the best operating strategy that optimizes the objective function while meet-
ing the product constraints at the same time. Since there are four columns and four
steps per cycle of the GFC process, the number of independent parameters that affect
the performance of the GFC operation are twenty four; six in each step including the
switching time, desorbent, feed, extract, raffinate and the zone 1 velocity.

It is interesting to note that, in the GFC formulation, the connection between
any two columns can be broken in any of the steps to recover a particular product

similarly to the first step of the JO process. Hence, the JO process can be derived as
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Figure 4.7: SMB full superstructure formulation for the separation of a ternary
mixture.

a special case of GFC formulation. Since the optimal solution is obtained from this
inclusive and general structure, the optimal operating scheme derived from the GFC

formulation should always perform equivalently or better than the JO process.
4.2.3.8 SMB Full Superstructure

Similar to the GFC formulation, the full superstructure formulation is also based on
identifying the best separation strategy from various alternative designs of SMB [2].
In this strategy, the GFC formulation is further expanded by relaxing the positions of
the inlet and outlet ports in all the steps. A schematic of the SMB full superstructure
formulation has been shown in Figure 4.7. The symbols /() and u},(t) refer to the
feed and desorbent inlet velocities while the symbols w), (t), wj(t) and w)(t) refer
to the extract, raffinate and the intermediate stream outlet velocities, respectively.
As can be seen from Figure 4.7, the feed and desorbent streams could be fed at
the inlet of any of the columns in any of the steps. Similarly, the products could
be withdrawn from the outlet of any of the columns using any of the outlet streams
(raffinate, extract or intermediate) in any of the steps. As a result, the superstructure
formulation considers a large number of possibilities of supplying desorbent /feed as

well as for withdrawing the ternary components. Since there are four columns and
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four steps per cycle of the full superstructure process, the number of independent
parameters, that affect the performance of the full superstructure operation, has been
drastically increased to eighty four; twenty one in each step including the switching
time, five desorbent velocities, five feed, five extract, five raffinate and the zone 1
velocity.

It is interesting to note that, the GFC formulation can be derived as a special case
of the full superstructure formulation. Since the optimal solution is obtained from
this inclusive and general structure, the optimal operating scheme derived from the
full superstructure formulation should always perform equivalently or better than the

GFC process.

4.3 Mathematical model

We employ the linear driving force (LDF) model (equations (1)-(5)), which is dis-
cussed in detail in Chapter 3. In this model, both axial dispersion and diffusion into
adsorbent particles, which cause band broadening, are lumped into mass transfer
coefficient.

In the GFC and full superstructure formulations, it is allowed to break the con-
nection between any two columns in any of the steps to recovery a particular prod-
uct. Thus, the supply of feed and desorbent stream (downstream) should not flow
against the direction of liquid flow. To prevent such kind of situation and ensure the
counter-current movement of liquid and stationary phase inside the SMB columns,

the following constraint (24) is implemented.

W (t) — (uly(t) +wh(t)) >0, 7=1,..., Neoumn (24)

A pictorial representation of this constraint has been presented in an previous
study [29]. If the constraint (24) is active, then the connection between jth and

(7 — 1)th column in cut open as in the first step of the JO process. In such an
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operation, the outlet of the (j — 1)th column is directed to a product outlet while the
fresh feed or desorbent solution is fed upstream of the jth column. It should be noted
that the absence of this constraint leads to ill-conditioning and often the optimizer
does not converge. Furthermore, logic constraints could be imposed in the SMB
formulation to avoid feed/desorbent supply or extract/raffinate/intermediate stream
outlets at multiple locations in the same step, which would restrict the number of
pumps. In this study, however, we do not impose any such logic constraints thus

inviting numerous possibilities to operate SMB.

4.4 Optimization Strategy
4.4.1 Treatment of CSS

In SMB operation the counter-current movement of the stationary phase is simulated
by shifting both the inlet and outlet streams in the direction of liquid flow by valve
switching. Due to this discrete shifting, SMB systems arrives at a cyclic steady state
referred as CSS. The equations for formulating the CSS constraints are discussed in
detail in Chapter 3. In this study, a single step formulation is considered for Five-
zone, Four-zone, Eight-zone and SMB cascade where all the steps are identical except
the shifting of inlet and outlet streams due to valve switching. The formulation is

written as [37]:

Czj(xa()) = CijJrl('xatstep)a Z = 17 . '7NComp> ] = 17 e >NColumn - 1 (25)

qzj(xa()) = qzq'+1(x7tstep>7 1= 17 .- '7NComp7 ] - ]-7 SR 7NC’0lumn -1

Ci]VColumn (3:, O) — C’L]- (l', tstép)? Z = 1’ e 7]V-Cmﬂp (26)

q,fVColumn (I, O) — qzl(‘rj tstep)7 ’L = ]_7 e ,NComp

On the other hand, a full cycle formulation is considered for JO, GFC and the full

superstructure operating schemes in which the operation during all the four steps is
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Table 4.2: SMB operating schemes considered for separation of a ternary mixture.

SMB operating schemes Degrees | Number | CSS formu-
of free- | of lation
dom columns

Modified four-zone Five-zone 6 ) Single step
systems Four-zone 6 4 Single step
SMB cascade 9 8 Single step
Cascades systems Eight-zone 8 8 Single step
Full cycle modified JO process 7 4 Full cycle
systems Generalized Full 24 4 Full cycle
Cycle (GFC)
Full superstruc- 84 4 Full cycle
ture

different [59]. In the full cycle formulation, the concentration profiles are identical at

the beginning and at the end of the cycle. The formulation is written as:

Czj(xao) - Cij(x7tcycle)7 1= 17-~‘7NCompa ] - 17"'7NColumn (27)

Qf(%o) = qg(xatcycle)a 1= 17 cee 7NC'omp7 ] = ]-7 ce 7NColumn

Although the problem size is larger in full cycle formulation, this formulation is nec-
essary for JO, GFC and the full superstructure operating schemes. The number of
control parameters and the CSS formulation used for various SMB operating schemes

is summarized in Table 4.2.
4.4.2 Problem Formulation

With the SMB model and CSS constraints, a multi-objective maximization problem
is formulated subject to the desired purity and recovery requirements of the product
streams. In this study, the multiple objective are considered as maximizing the pro-
ductivity of the SMB system and maximizing the purity of intermediate component

simultaneously. The overall optimization problem is:
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NColu'mn tcycle )
o max o (= > [Tuma) e
wd (t),uy (b)), uh (8),uly, (), uR(t) uI(t) cycle j=1 0

N otumn tc cle ] ]
(1) [ = Zj T Jo gt )CJBI(L t)dt
j J J rglax J J 2( o Ncotumn NComp cycle j
ul (t)’uD (t)qu (t)7uEx(t)7uR(t)vu] (t)vtcycle z J— fO I(L t) dt
(29)
subject to equations (1)-(5), (24)-(27),
Raffinate stream product purity:
NColumn cycle j (L t) dt .
NColumn N{S'mp cycle R j > PUTTLZ}Y{L, (30)
S 3 fy UR( )C; p(L, 1) dt
Raffinate stream product recovery:
NColumn f rycle (L t) dt
0 ’ ;
> Rec}'; (31)
N olumn cycle - AR
C l f() yel (t) dt
Intermediate stream product recovery:
NC““””" cvele o7 (1), (L, t) dt .
NColumnfO cycle B]I( ) Z ec%bf}l’ <32)
Zj:l fo “F( )OB,F( ) dt
ur, < (t) < uy. (33)

where ®; is the objective function corresponding to the throughput fed to the
SMB process, and ®, is the objective function corresponding to the purity of compo-
nent B obtained in the intermediate stream outlet. The symbols C’i’ r(L, t) refers to
the concentration of component A in the raffinate stream outlet from the jth column
and Cé ;(L, ) is the concentration of component B in the intermediate stream outlet

n

from the jth column. The symbols Purml and Recmm refers to the desired purity
and recovery of component A in the raffinate stream. Similarly, Recmm refers to the
desired recovery of component B in the intermediate stream. It is to be noted that
in constraints (30), (31) and (32) we have assumed all the extract, raffinate and in-

termediate stream outlets, throughout the cycle, are combined together and collected

into their respective extract, raffinate and intermediate stream ports. Further, the
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constraint (33) is imposed to bound the zone velocities in order to obtain sensible
operating conditions. The parameters uy and uy are the upper and lower bounds.
This upper bound can be determined by a pressure drop equation such as Darcy’s law,
U, = k %, which incorporates the maximum pressure drop that can be exerted
over the entire length of the column. Here AP,,,, is the maximum pressure drop and
k is the Darcy constant.

This multi-objective problem is converted into an epsilon-constrained single-objective
problem where the second objective function, ®5, is imposed as a constraint [29, 31].
Ncalumn focyde A C’]BI(L t)dt

ENCM S [ (C (L6 di

This results in a single objective problem referred as throughput maximization

(34)

problem in this study. The optimal solutions of the throughput maximization problem

construct the Pareto plot of the multi-objective optimization problem.
4.4.3 Solution strategy

The soulution strategy is discussed in detail in Chapter 3. The throughput max-
imization problem involves both spacial and time domain. In this study, the full-
discretization approach is implemented where the spacial domains are discretized
using central finite difference scheme, and the temporal domain is discretized using
Radau collocation on finite elements [30].

The resulting problem has large number of variables and linearized Karush-Kuhn-
Tucker condition tends to have a sparse structure [29]. Hence, it is crucial to choose
a solver which can handle large number of variables and at the same time exploit the
problem structure. To satisfy these requirements, we choose IPOPT 3.0, an interior-

point solver which also utilizes exact second derivative information [88].
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4.5 Results and Discussion

The optimization problem, corresponding to all the operating schemes discussed in
section 4.2, is implemented within the AMPL modeling environment and solved suc-
cessfully. The influence of both spatial and time domain have also been tested on the
optimal operating schemes. The operating conditions i.e. flow rates and switching
time are unchanged with increase in the number of finite elements. To compare mod-
ified four-zone, cascade and full cycle SMB systems together, the Pareto set of the
multi-objective optimization problem is plotted. This Pareto set is generated by solv-
ing a set of constrained throughput maximization problem. The throughput obtained
is translated in terms of productivity which is defined as the volume fed to the SMB
process per unit volume of the adsorbent per unit time. The results are shown in
Figure 4.8. The solid, dashed and dash-dotted lines correspond to full cycle modified

systems, cascade systems and modified four-zone SMB systems respectively. As can
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Figure 4.8: Productivity (m?3/(m?hr)) variation with respect to the obtained pu-
rity of intermediate component for various operating schemes. The solid, dashed
and dash-dotted curved lines correspond to the full cycle modified systems, cascade
systems, and modified four-zone SMB systems, respectively. The purity obtained of
components A is 98 %. The recoveries obtained of components A and B are 98 %
and 94 %.
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Figure 4.9: Concentration profiles within the optimized Eight-zone SMB system at
the beginning of the step. The purities obtained of components A and B are 98 %
and 80 %. The recoveries obtained of components A and B are 98 % and 94 %.
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Figure 4.10: Concentration profiles within the optimized SMB cascade system at
the beginning of the step. The purities obtained of components A and B are 98 %
and 80 %. The recoveries obtained of components A and B are 98 % and 94 %.
be seen from the Figure 4.8, the full cycle SMB systems are found to be most efficient
in carrying out a ternary separation compared to the cascade and modified four-zone
SMB systems. In particular, the performance obtained from the full superstructure
and the GFC operating schemes are outstanding because these operations improves
the productivity of SMB system considerably compared to JO process. Also, it is
interesting to note that five-zone and four-zone operating schemes are not efficient
operations for this case study. In these schemes, the productivity obtained drops
dramatically for higher purities of intermediate component B.

Comparing cascade systems together, from Figure 4.8, we find that Eight-zone

SMB’s performance is better compared to the SMB cascade operating scheme. This
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Figure 4.11: Comparison of productivity (m?3/(m? hr)) obtained for SMB cascade,
SMB cascade without considering buffer tank and Eight-zone operating schemes. The
purity obtained of components A and B are 98 % and 80 % . The recoveries obtained
of components A and B are 98 % and 94 %.
indicates that the dynamics inside the SMB columns have a important role in sepa-
rating out the pure components. In the SMB cascade operating scheme, by placing
a buffer tank between the two SMB systems, all the dynamics of the first SMB are
killed. This effect is further shown with the help of concentration profiles inside each
SMB at the beginning of the step (see Figure 4.9 and 4.10). The solid, dashed and
dash-dotted curved lines correspond to the concentrations of components A, B and C.
It is interesting to note that the difference between the productivity obtained from
Eight-zone and SMB cascade operating schemes decreases progressively with increase
in the purity of the intermediate component. This can be explained from the infeasi-
bility of the triangle theory analysis; it has been shown that there does not exist any
feasible point for the perfect separation of all the three components [34, 58].

In order to investigate the influence of the buffer tank, we also consider SMB
cascade operating scheme without considering the buffer tank. The switching time of
both SMB was kept same in order to maintain synchronized operation. The compar-

ison of productivity obtained from SMB cascade, SMB cascade without considering
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Figure 4.12: Optimized desorbent to feed ratio corresponding to various SMB oper-
ating schemes. The recoveries obtained of components A and B are 98 % and 94 %.
(a) The purities obtained of components A and B are 98 % and 80 %. (b) The purities
obtained of components A and B are 98 % and 90 %. .

the buffer tank and Eight-zone SMB is shown in Figure 4.11. This comparison cor-
responds to the case when 80% purity of intermediate component is obtained. As
can be seen from the figure, the Eight-zone SMB is still superior compared to SMB
cascade operating scheme without the buffer tank. This can be explained from the
concentration profiles shown in Figure 4.9 an 4.10. The highest retained component
C must be washed away completely in the fourth column (from left hand side) of
SMB cascade operating scheme however, such is not the case in the Eight-zone.

The amount of desorbent consumed in the SMB process also plays an impor-
tant role while assessing the performance of an operating scheme. Also, the optimum
solutions of the throughput maximization problem are non-unique in terms of the des-
orbent consumption. Hence, in order to find the least amount of desorbent required,
an optimization problem is formulated with the objective function as minimizing the
amount of desorbent used while fixing the SMB throughput at its optimum value.
The formulation is written as follows:

NColumn tcycle .
min S / W (1) dt (35)
0

ul (t),ujD (t)vu% (t)vuJEI (t) 7“52 (t),'u,jl (t)vtcycle j:1
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Figure 4.13: GFC operating scheme along with the normalized concentration profiles
within the SMB columns. The two vertical dashed lines, closely spaced to each other,
indicate the breaking of the circuit. The purities obtained of components A and B
are 98 % and 80 %. The recoveries obtained of components A and B are 98 % and
94 %. The total cycle time is 4511 seconds.

subject to equations (1)-(5), (24)-(27), (30)-(34),
Ncotumn tcycle i
> / ul(t) dt > " (36)
j=1 70

where ® is the optimal throughput obtained by solving the throughput max-
imization problem. The results are shown in Figure 4.12. This Figure shows the
comparison of optimized desorbent to feed ratio for JO, GFC, Eight-zone and SMB
cascade operating schemes for two different scenarios. The purity obtained of in-
termediate component B is 80% and 90% for part (a) and (b), respectively. The
productivity obtained from Five-zone and Four-zone operating schemes was signifi-

cantly lower for purity higher than 80% of intermediate component hence they are
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excluded out of discussion. As can be seen from Figure 4.12, the optimal desorbent
to feed ratio for the SMB cascade system is significantly higher than Eight-zone SMB
system. Hence, Eight-zone SMB operating scheme not only improves the productiv-
ity of SMB but also helps in reducing the amount of desorbent consumed. Also, the
full cycle SMB systems are superior even in terms of desorbent consumption. Spe-
cially, GFC operating scheme improves productivity of the SMB process significantly
without consuming much amount of desorbent. Since GFC formulation incorporates
several SMB configuration (including JO process) which are potential candidates for
improving productivity, the optimizer finds the best decisions to be made in order to
maximize the throughput of SMB. Hence, this approach has a significant potential in
identifying the best separation strategy in order to separate a ternary mixture.

The GFC optimal operating scheme is shown in Figure 4.13 along with the nor-
malized concentration profiles at the beginning of each step. The four SMB columns
are connected in a cyclic manner but separated by the solid vertical lines. The two
vertical dashed lines, closely spaced to each other, indicate the breaking of the cir-
cuit, i.e., stopping the liquid flow into the next column from the previous one. The
fraction of the beginning of the steps time are also shown vertically to the left side
of the Figure 4.13. The total cycle time is 4511 seconds. In the first step, the cir-
cuit connecting second and third column is broken to recover the pure component
B through the intermediate stream outlet. At the same time, components A and
C are also recovered from the raffinate and extract stream outlets respectively. In
the second step, the pure components C' and A are recovered from the extract and
raffinate stream outlets at the end of second and fourth column respectively. The
third and fourth steps are complete recycle without any inlet and outlet stream and
thus allowing concentration profiles to get separated from each other. Also, it is to
be noted that the duration of third and fourth step contributes to 65 % of the to-

tal cycle time. Although there is significant amount of time spent in separating the
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Figure 4.14: Optimal operating scheme obtained from the full superstructure for-
mulation along with the normalized concentration profiles within the SMB columns.
The two vertical dashed lines, closely spaced to each other, indicate the breaking of
the circuit. The purities obtained of components A and B are 98 % and 80 %. The
recoveries obtained of components A and B are 98 % and 94 %. The total cycle time
is 3606 seconds.

concentration profiles inside SMB columns, it leads to high purity of products when
they are withdrawn during first and second step.

The optimal operation obtained from the full superstructure formulation, as dis-
cussed in the subsection 4.2.3.3 of this Chapter, is also promising to increase the
productivity of the SMB process significantly compared to the existing operations.
There is almost up to 100% increase in the productivity obtained from the full su-
perstructure compared to the JO process.

The optimal operating scheme obtained from the full superstructure formulation is

shown in Figure 4.14 along with the normalized concentration profiles at the beginning
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of each step. The four SMB columns are connected in a cyclic manner separated by
the solid vertical lines. The two vertical dashed lines, closely spaced to each other,
indicate the breaking of the circuit, i.e., stopping the liquid flow into the next column
from the previous one. The fraction of the beginning of the steps time are also shown
vertically to the left side of the Figure. In the first step, both columns 1 and 2
are isolated by breaking the circuit and then components B and C are purged into
their respective outlet streams forcefully by feeding desorbent at the inlet of first and
second column. Hence, we obtain column 4 to be dominating in terms of component
A in the beginning of second step. The pure component A and B are recovered
through the raffinate and intermediate stream outlets during the second step. The
discontinuity in the concentration profiles at the end of second column arises due
to the isolation of column 2 in the first step. The third step, on the other hand,
is a complete recycle with no inlet and outlet streams. This step takes the longest
time which is required for the concentration profiles to get separated from each other
inside the SMB columns. Any removal stream in the third step would result in the
contamination of products. In the fourth step, again purging is performed by isolating
columns 4 and pure components B and C' are recovered. This optimal operating
scheme although results in high throughput, consumes a larger amount of dersorbent
because of high amount of purging. Hence, such operating scheme of SMB could be
useful in situations where desorbent is inexpensive compared to the profit obtained

from the purification of products.

4.6 Conclusion

In this chapter, various ternary SMB operating schemes are compared in order to
assess their performance in terms of the productivity obtained and the amount of
desorbent consumed. In addition, the Generalized Full Cycle formulation (GFC) and

the full superstructure formulation are presented which are optimized by considering
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a large number of SMB configurations. In our case study, the full-cycle modification,
which includes the JO, GFC and the full superstructure operations, has been found
to be the most effective approach to achieve separation of a ternary mixture using
SMB. Also, the GFC operation has shown the best performance as it improves the
productivity of the SMB process significantly without consuming much amount of
desorbent. Since GFC formulation incorporates several SMB configuration which
are potential candidates for improving the productivity, the optimizer finds the best
decisions to be made in order to maximize the throughput of SMB. Hence, this
approach has a significant potential in identifying the best separation strategy in
order to separate a ternary mixture.

The optimal operation scheme identified from the full superstructure formula-
tion is also promising to increase the productivity of the SMB process significantly
compared to the existing operations. However, this operation also consumes a large
amount of desorbent because of high amount of purging. Hence, such operating
scheme of SMB could be useful in situations where desorbent is inexpensive relative
to the profit obtained from the purification of products. Further, Eight-zone SMB
is found to be better operating scheme compared to SMB cascade, both in terms of
performance and in terms of amount of desorbent consumed. Hence, it is concluded
that dynamics in the internal recycle line are very important in separating a ternary
mixture. Furthermore, Five-zone and Four-zone operating schemes have been found
to be ineffective if higher purity of intermediate component is desired.

In the next chapter, we demonstrate the Generalized Full Cycle (GFC) operation

experimentally, and compare its performance to the JO process.
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CHAPTER V

EXPERIMENTAL VALIDATION OF TERNARY
SIMULATED MOVING BED CHROMATOGRAPHY
SYSTEMS

5.1 Motivation

In chemical or bioprocessing industry, we often encounter multi-component mixtures
when purifying any natural or biological product [71]. Here the feed mixture consists
of a large number of components of similar chemical structures and the target prod-
uct is located somewhere in between the fastest and the slowest eluting components.
Although a number of approaches have been suggested to perform the separation of
multicomponent mixtures, the application of SMB for multi-component separation is
still considered one of the major challenges. Since SMB enables high throughput and
reduces desorbent consumption, there has been a continuous effort to find modified
SMB schemes that allow for higher productivity yet meeting the same product spec-
ifications. Examples of such modifications are the processes called the SMB cascade,
where the two standard SMB systems are connected in series [58], Eight-zone SMB,
where the two standard SMB systems are integrated into one single SMB unit [58],
Five-zone SMB, where the zone prior to the feed location is split into two sections
and an additional outlet is provided for the recovery of the intermediate eluting com-
ponent [10, 41], Four-zone SMB, where the flow connection upstream of the extract
outlet is broken while the intermediate and the slowest moving components are re-
covered through the extract outlet at different instants of time [35, 41], ISMB where
multiple components are withdrawn separately at different time instances within a

step [27], and JO process, where the intermediate eluting component is fractionated
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only during step 1 while step 2, 3 and 4 are similar to the standard SMB operation but
without feeding [40, 43, 48, 49, 61]. In the previous chapter, various existing isocratic
ternary separation strategies were compared in terms of the maximum throughout
attained and the desorbent to feed ratio required [3]. This chapter had further inves-
tigated finding the best ternary separation strategy from the various available SMB
configurations by considering a Generalized Full Cycle (GFC) formulation based on
a systematic design. It was concluded that the JO process and the GFC operations
have significant improvement over existing strategies.

In this chapter, we demonstrate the GFC operation experimentally and compare
its performance to the JO process. A simultaneous optimization and model correction
(SOMC) scheme is implemented in order to resolve the model mismatch [4, 8, 9, 76].
In addition, we show a systematic comparison of both JO and GFC operations by
presenting a Pareto plot of the productivity achieved against the desired purity of the
intermediate eluting component experimentally.

This chapter is organized as follows: Section 5.2 describes the JO and the GFC
operating strategies for the separation of ternary mixtures. Section 5.3 presents the
ternary separation system used in this study. Section 5.4 explains the modeling
of the SMB system. Section 5.5 elaborates on the optimization strategy used in
order to find the optimal operating strategies. Section 5.6 presents the experimental
system considered in this study. Section 5.7 discusses the Simultaneous Optimization
and Model Correction (SOMC) scheme to systematically remove the model-mismatch
from the SMB system. Section 5.8 presents the experimental results with regard to
the JO and the GFC operating schemes and discusses the efficacy of SOMC scheme.

Section 5.9 concludes the paper and presents the scope of future work.

5.2 Operating strategies

Both JO and GFC operating strategies are discussed in detail in Section 4.2.3
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Figure 5.1: A chromatogram depicting the elution profiles of a ternary mixture

consisting maltose (100 g/L), glucose (100 g/L) and fructose (100 g/L).

5.3 Chromatographic system

The ternary feed mixture in this study consists of maltose (D-(4)-Maltose monohy-
drate, BioXtra, >= 99%, Sigma-Aldrich), glucose (D-(+)-Glucose, anhydrous, 99%,
Alfa Aesar) and fructose (D-Fructose, 99%, Alfa Aesar). A chromatogram of this feed
mixture is shown in Figure 5.1. As shown in this figure, maltose is the fastest moving
component, glucose is the intermediate and fructose is the slowest eluting component.
The feed compositions are shown in Table 5.1. The component maltose appears as an
impurity and contributes to only 10% in the feed mixture. On the other hand, both
glucose and fructose contribute to 45% of the feed mixture. These compositions were
selected to simulate the realistic separation problem that is encountered in the sugar
industry. Deionized water (filtered using Direct-QQ 3 UV, Millipore) was used as an
eluent at 50°C'. The four semi-prep SMB columns (45 x 1.5 cm) that are used in this
study were packed with DOWEX™ MONOSPHERE™ 99Ca/320 resin (320 um,

Dow Chemical Company).

5.4 Mathematical model

We employ the same linear driving force (LDF) model (equations (1)-(5)), which is
discussed in detail in Chapter 3. In this model, both axial dispersion and diffusion

into adsorbent particles, which cause band broadening, are lumped into mass transfer
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coefficient. In addition, the constraint (24) is implemented to ensure the counter-

current movement of liquid and stationary phase inside the SMB columns.

5.5 Optimization strategy

Since there is no short cut design approach developed for the JO and the GFC op-
erations such as the triangle theory for binary separation, we rely on the optimizer
to find the optimal operating scheme. The optimization strategy of determining the

operating conditions is discussed in the following subsections.
5.5.1 Treatment of CSS

In the SMB, the inlet and outlet ports are periodically switched to mimic the counter-
current motion of the stationary phase (see Figure 1.2). Due to this discrete shifting
of ports, the SMB process reaches a cyclic steady state (CSS). At CSS, the concen-
tration profiles inside the SMB columns still change within the cycle while the same
operation is repeated from one cycle to another. The cycle time is calculated by sum-
ming up the duration of all the four steps. The equations for formulating the CSS
constraints are discussed in detail in Chapter 3. Since JO and GFC are both asym-
metric SMB operations, we consider a full cycle formulation to write the CSS [59]. In
this formulation, the concentration profiles are identical at the beginning and at the

end of the cycle. The formulation is written as:
CZ({L’,O) :Cg(xatcycle)a 1= 1a-~~7NC’ompa ]: 17-~-aNC'olumn (37)
qg(l',O) :qz]"('xatcycle)a 1= 17'-'7NComp7 .7: 17"'7NColumn (38)
5.5.2 Problem formulation

The ternary separation problem is formulated as a multi-objective optimization prob-
lem subject to the desired purity and recovery requirements of the products. The mul-

tiple objectives are maximizing the throughput of the SMB process and the glucose

o4



purity obtained in the intermediate stream outlet. The overall optimization problem
is as follows.

Maximizing throughput:
NColumn cycle )
max (1 = / (39)

Maximizing glucose purity in the intermediate stream outlet:

SN i (0 (L) de
olumn N omp cycle
ZN(” 2= fo “up(t)CY (L, t) dt

subject to equations (1)-(5), (37)-(38),

max (o =

Maltose recovery in the raffinate stream outlet:

NCOlumn fO CyCle 4 Cg\/[al R(L t) dt
NColumn fOCUCZe j CijalF< )dt

> Rechijn p 40, (41)

Glucose recovery in the intermediate stream outlet:

Noumn cycle j

e [ )Clina s (L, 1) dt
Noumn cycle j

g fO vl CéluF( )dt

= Recglig,l + 57 (42)

up, < (t) < uy. (43)

where (; and (3 are the multiple objective functions, Cgy,, ; is the concentration
of glucose in the intermediate stream outlet, Csq r is the concentration of maltose

in the raffinate stream outlet, Rec}", , is the minimum recovery desired of maltose

in the raffinate stream outlet, Recyi;; is the minimum recovery desired of glucose
in the intermediate stream outlet and the subscript Glu, Mal, F and R refers to
glucose, maltose, feed and raffinate outlet, respectively. The symbol § corresponds
to the safety factor which ensures the experimental purity and recovery values to be
always higher than the desired values under the existence of minor operational and
model uncertainty. It is to be noted that these purity and recovery calculations are

based on one full cycle. In addition, we also introduce constraints in equation (43)

on the zone velocities to obtain sensible operating conditions which avoid too high
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pressure drop. The symbols u;, and uy refer to the lower and the upper bounds. The
upper bound is decided based on the maximum pressure drop that can be experienced
by the pumps. In this study, u; and uy are set to 0 m/h and 10 m/h, respectively.

This multi-objective problem is converted into a single-objective problem by using
the epsilon-constrained method where the second objective function, (s, is imposed
as a constraint [29, 31].

N olummn cycle j
im1 fo " GluI(L t)dt
ZNS{”“'”" A foc’”’e ()07 (L) dt

> e+0. (44)

The resulting optimization problem is referred to as the throughput maximization
problem in this study. The optimal solutions of the throughput maximization problem
construct the Pareto plot of the multi-objective optimization problem.

The optimal operating conditions, which include pump flow rates and switching
time, obtained computationally from the SMB optimization problem may need to be
rounded off when they are implemented in an experimental unit. Such a round-off
error may result in some deviation from the target purity. In order to guarantee that
the purity converges to a value above the target purity even with the round-off error,
the value of the safety margin 0 in equations (41)-(44) should be sufficiently large.

This is further discussed in Section 5.8.
5.5.3 Solution strategy

The simultaneous approach is adopted, which deals with the full discretization of
state and control profiles, and the state equations. The spacial domains are dis-
cretized using the central finite difference scheme in the second order, and the Radau
collocation on finite elements is used for the temporal discretization [30]. The re-
sulting optimization problem has been implemented into AMPL (A Mathematical
Programming Language) modeling environment [18]. The advantage of using AMPL
is that it supports nonlinear programming (NLP) and provides the automatic differ-

entiation functionality which can be used in many solvers. The resulting problem
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has large number of variables and linearized Karush-Kuhn-Tucker (KKT) condition
tends to have a sparse structure [29]. To deal with this challenge, we chose an interior
point solver IPOPT 3.0 to solve the NLP problem [88]. Since interior-point meth-
ods can accept exact second order derivatives, they have fast convergence properties.
Moreover, both structure and sparsity of the KKT system can be exploited by these

solvers.

5.6 FExperimental system

A Semba Octave’™ 100 Chromatography System was used to validate the JO and the
GFC operations. The Semba Octave system carries eight column positions arranged
in series and connected through an individually switchable binary pneumatic valve
array. Since the binary valves can be independently switched, both JO and GFC
configurations can be directly implemented on the Semba Octave system without
making any modification in the hardware. We used four semi-prep columns in a 1-1-
1-1 configuration. The fluid flow was controlled by four independent pumps dedicated
to the feed, desorbent, extract, and recycle stream flow as shown in Figure 5.2. The
extract and raffinate outlets were monitored using the two UV detectors (Shimadzu
SPD-20A and Semba Octave’™ 4X) at the wavelength of 190nm .

The column porosity was estimated by injecting a 5 pl pulse of 100 g/L Dextran
(Dextran 25000, Spectrum) in the SMB column. It was calculated to be 0.389 after
subtracting the extra column volume from the retention volume of Dextran. The
batch experiments were also performed for finding the initial estimates of the Henry’s
constants for each component by injecting 5 ul of 100 g/L glucose, 100 g/L fructose
and 100 g/L maltose in the SMB column. The deionized water was used as the mobile
phase at 50°C' and at 1 ml/min flow rate.

A Shimadzu HPLC system was used with a BioRad Aminex HPX-87C analytical

column for analyzing the sugar concentration in the feed, extract, raffinate and the
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Figure 5.2: Pump configuration in the Semba Octave”™ Chromatography System
for an operation where all the products are recovered simultaneously.
intermediate stream outlets. The analysis was performed by injecting 10 ul of each
sample into the column with deionized water as an eluent flowing at 80°C' and 0.6
ml/min flow rate. A refractive index detector (Shimadzu RID-10A) was used for both

HPLC analysis and batch experiments.

5.7 Simultaneous Optimization and Model Correction scheme

The Simultaneous Optimization and Model Correction (SOMC) scheme is an iterative
scheme where in each iteration the SMB model parameters are corrected by the
SMB experimental data and the optimal operating conditions are predicted by re-
optimizing the SMB model using the refined parameter values. The algorithm is
terminated when the termination criteria is satisfied and we obtain the converged set
of model parameters that predict the experimental conditions. The SOMC scheme is
presented in Figure 5.3 and also summarized below in a step by step fashion [4, 8, 9,
76].

In Step 1, we start with a known set of initial model parameters. Since we have
linear isotherms in our SMB model and using a linear driving force model in the solid
phase, there is one equilibrium constant (Henry’s constant) and one overall mass
transfer coefficient for each adsorbing species in the feed mixture. Hence, there are

three Henry constants and three mass transfer coefficients in our SMB model. These
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Figure 5.3: Simultaneous optimization and model correction (SOMC) scheme for the
SMB process development [4, 8, 9, 76].
model parameters can be estimated by performing a set of pulse-injection experiments
on a single chromatographic column, or updated from prior experiments.

In this study, these parameters are estimated from the pulse-injection experiments.
orption isotherm parameters and the number of theoretical plates are
calculated based on the retention times and the width at the half peak height in the
obtained for each of the component. The mass transfer coefficients

are then calculated by using the following equations [19].

2(NTP) uk,
Ko = =t
T UL+ K)?

€
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where the NT'P; refers to the number of theoretical plates for the ith component,
k! is the retention factor of the ith component and w is the superficial velocity. It is
to be noted that the Henry’s constant is a function of porosity and the lumped mass
transfer coefficient is a function of porosity, plate number and flow rate. However, the
model parameters that are obtained from the batch experiments, are not evaluated
by incorporating various flow conditions and also don’t account for any dead volumes
or mixing behaviors in the actual SMB unit [85]. In the SOMC scheme, it is not re-
quired to spend extra experimental effort to obtain very accurate model parameters
because the initial model parameters are used only for obtaining the initial operating
conditions. These model parameters will be corrected later on while fitting the SMB
model to the experimental data in order to match the model predictions with the ex-
perimental observations. The symbol m refers to the number of iterations performed
by the SOMC scheme. At this stage, m is set to zero.

In Step 2, the SMB process, as formulated in subsection 5.5.2, is optimized based
on the initial model parameters. The optimizer finds the optimal operating condi-
tions corresponding to the purity and recovery of the products enforced in the outlet
streams.

In Step 3, an SMB experiment is performed using these optimal operating condi-
tions and we wait for the SMB system to reach the cyclic steady state (CSS). Once
the CSS has reached, each of the SMB product outlets is collected for one full cycle
and the average product concentrations are calculated by analyzing these samples in
the HPLC system. The purity and recovery values can then be calculated for each
of the component in the extract, raffinate and the intermediate stream outlet. It is
to be noted that such a simplified steady-state sampling strategy works for the linear
systems, while it might not be sufficient for a more complex system. For instance,
highly non-linear systems can show a strong correlation between the mass transfer co-

efficients and parameters representing non-linearity [9]. In that situation, we require
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a large number of data points to obtain a reliable set of model parameters. Hence,
the sampling strategy can be modified by collecting the transient concentration data
where the SMB product outlets are collected into a container from which the samples
are analyzed at regular intervals of time [9)].

In Step 4, the termination criteria is checked. If the termination criteria is satisfied
then the algorithm stops and the model parameters are assumed to be converged, oth-
erwise we move on to the next stage of the SOMC scheme. This termination criteria is
two fold; the first criteria is to satisfy the desired purity and recovery of the products
in the SMB experiment performed. However, there could be a situation where the
throughput of the SMB process could be further enhanced while meeting the product
constraints at the same time. Hence, the second termination criteria is introduced.
In this criteria, the maximum throughput attained in two consecutive iterations of
the SOMC scheme are compared and if the relative difference in the throughput is

S %ﬁol) .

This is because the subsequent iterations would not lead to significant increment in

m—+1 qun

mtl_
o

less than a tolerance limit, v;.;, then the algorithm is terminated <

the throughput value. The objective function tolerance, 7., is set to 0.06 in this
study. It should be noted that we certainly have to execute at least one iteration of
the SOMC scheme in order to terminate this algorithm.

In Step 5, the model parameters are refined by fitting the model to the SMB
experimental data. We use a simple least-square parameter estimation technique
which minimizes the sum of the squares of the difference between the SMB model
predictions and the experimental concentration data. The objective function, ¢pg, is

formulated as:

Nezp Ncomp

2 2 2
o . k,mod k,exp k,mod k,exp k,mod k,exp
¢pE = i E E (C@R -Cign ) + (qm - Cioa ) + (C’M - Cy (47)
ofmi 0 S

where the symbols C’i]f ’é’wd, C;’f ’,;7;051 and ij ’ImOd refer to the averaged model predicted
concentrations of the raffinate, extract and the intermediate stream outlet in the kth

iteration of the SOMC scheme where £ = m. Similarly, the symbols C’f w C’i’f ol
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and C’f 7P refer to the measured concentrations of the raffinate, extract and the
intermediate stream outlet in the kth SMB experiment. Since each outlet stream
of SMB consists of three components, we obtain nine concentration data points in
total from each experiment. The number of model parameters that have to be refined
are six including the three Henry constants and three mass transfer coefficients. It
is to be noted that this technique might result in a non-unique set of parameters if
only single experiment is considered. However, as a larger number of experiments are
included, it is more likely to obtain a unique and reliable set of model parameters.

In Step 6, the consistency of the model is checked. If the present SMB model is
unable to describe the experimental behavior then the model requires an update. The
SMB model can be modified in several ways, a few of which include incorporating the
dead volume effect around each column, including the dead volume associated with
the recycle stream or modifying the adsorption isotherm models [8]. The decision of
modifying the SMB model is based on the following two criteria (A) and (B):

(A) comparing the maximum percentage deviation of the experimental observa-
tions from the model predictions for the current experiment. If this value is smaller
than a tolerance limit (y,/,), then the current model is considered to be sufficiently
accurate and we move on to the next step without modifying the model. The criteria

is as follows:

max <

where Purcy, ; and Recgy, 1 are the purity and recovery of glucose in the interme-

mod exrp mod exrp mod exTp
PWGZu,I - PWqu,I ReCGlu,I - ReCGlu,I RecMal,R - RecMaz,R

) )

> <YMy, (48)

P “7”2322,1 Recg‘ﬁi’l Rec?\;il,R
diate stream outlet, Recysq g is the recovery of maltose in the raffinate stream outlet
and the superscripts mod and exp refer to the model predictions and experimental
observations, respectively. The tolerance, vyysy,, is set to 0.05 in this study.

(B) comparing the minimized value of the objective function (¢pg) in the equa-

tion (47), which represents the deviation of SMB model predictions from the ex-

perimental observations. The parameter estimation problem is re-solved with the
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modified SMB model and the minimized sum of squared errors, ¢35, is compared

with the existing value ¢34, The criteria for updating the model is as follows:

current __ Jnew

PE PE
current Z MU <49)
PE

where ¢%%¥ and ¢3E ™ refers to the minimized sum of squared errors in the

equation (47) corresponding to the modified and existing SMB models, respectively.
The symbol vy, is the tolerance for the model update, which is set to 0.4 in this
study. If the reduction in the parameter estimation objective function value is greater
than the tolerance limit, yasu,, then the model is updated and the modified SMB
model is passed on to the Step 7. Otherwise, the model does not require an update
and we come back to the Step 2 with the refined set of model parameters. The
iteration index of SOMC scheme (m) receives an increment of one as we proceed for
the next iteration. In the JO and the GFC operating strategies considered in this
work, since there is no prior operational knowledge, the model update is considered
only after one parameter correction step with the existing model. Thus, the model
structure is not modified in the zeroth iteration of the SOMC scheme.

In Step 7, the corrected SMB model and the refined model parameters obtained by
fitting the modified SMB model to the experimental data are passed back to Step 2.

Next, the model-based optimization of the SMB operation is repeated to obtain an
updated set of optimal operating conditions. The next SMB experiment is performed
using these updated optimal operating conditions and outlets concentration data are
obtained. If the termination criteria is fulfilled then the algorithm is terminated,
otherwise this concentration data is used to further refine the model parameters in
the parameter estimation process. The algorithm continues in an iterative fashion
until we obtain the converged set of model parameters.

It is to be noted that there may be significant build up of components in the
recycle stream loop (see Figure 5.2). Hence, to increase the observability of the SMB

process, the recycle stream can be sampled over a single step to obtain the average
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concentration of each component in the recycle loop. However, such sampling perturbs
the cyclic steady state and thus can be performed only after all other sampling is
completed. These recycle stream concentration data can then be included while
fitting the SMB model to the experimental data in the Step 5.1 of the SOMC scheme.
In this study, the recycle stream was sampled for the first step of both JO and GFC
operations. The flow circuit was cut by breaking the connection between the fourth
and the first column and the outlet of the fourth column was sampled during the
first step. The desorbent flow rate at the inlet of the first column was appropriately
modified to keep the zone 1 velocity same after breaking the flow circuit. In this work,
the addition of recycle stream concentration data does not influence the optimum
solution of the parameter estimation problem (in Step 5). Nevertheless, increasing the
observability of experiments may improve the condition of the parameter estimation
problem for more complex systems.

It should be emphasized that the SOMC scheme is not a control technique to
maintain the quality of the products in a full-scale process, but is an experimental
technique for bench-scale experiments. Only the performance at the CSS is optimized,
and the transient dynamics between CSSs or disturbance rejection are not considered.
After the SMB process is designed by SOMC and scaled up, a feedback controller [20]
may be implemented to maintain desired production. Building the controller based
on the refined mathematical model obtained from the SOMC scheme would improve

the control performance to obtain a faster response and higher degree of robustness.

5.8 Results and discussion

We now discuss the experimental validation of both JO and GFC operations using
the SOMC scheme. The details of the chromatographic system are discussed in
Section 5.3. The column specifications, porosity and the feed concentration are listed

in Table 5.1. The product performance criteria that is imposed on the SMB system
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is shown in Table 5.2. We added the constraints on the recovery of maltose obtained
in the raffinate stream outlet and the recovery and purity of glucose obtained in the
intermediate stream outlet. The rationale behind choosing such performance criteria
was to make a systematic comparison of both JO and GFC operations. This criteria
allows an analysis of Pareto front of the multi-objective optimization problem where
the other product constraints are always active at the optimal solution. This Pareto
plot is discussed later in this section. It is to be noted that the product performance
criteria shown in Table 5.2 also ensures high purity and recovery of fructose (more than
80%) in the extract stream outlet. Hence, we do not impose any product constraints
on fructose separately. Both JO and GFC operating schemes are implemented on the
Semba Octave’™ Chromatography System. The details of the experimental setup

are described in Section 5.6.
5.8.1 JO process

The experimental results obtained from the JO process are presented in Figure 5.4
which shows the comparison of the SMB model predictions and the experimental
observations for each iteration of the SOMC scheme. We started with the pulse-
injection experiments of the maltose, glucose and fructose and found an initial set of
model parameters based on the retention time and width at the half peak height in
the chromatograms (see Table 5.3, Step 1). The details of the pulse-injection exper-
iments are mentioned in Section 5.6. The SMB model was then optimized and the
optimal operating conditions were implemented on the SMB system (Step 2 and 3).
While the experiment was running, the concentration profiles in the product outlets
were constantly monitored to ensure the cyclic steady state. The CSS was confirmed
by sampling the product outlets for two consecutive cycles at the cyclic steady state.
Typically, the JO and GFC processes needed to run for 6-8 cycles to reach the CSS.

Once the CSS had reached, the product outlets were fractionated for one full cycle

65



80 Jo . GFC 0 - Jo ! GFC
(converged)' A — (converged)1
- - A ! - e 1
O N , LT &\0’80 * SRR - A ;-\\*
g S ! (converged) > ' (converged)
_E;. 75 -3 T [} 1
5 i 3 :
o : 870 '
a [0}
g 70 g
5 —v—Measured S 60} —v—Measured||
-4 -Predicted S -4 -Predicted
—Targeted —Targeted
65— : ; ; 50 : ; ;
0 1 2 3 0 1 0 1 2 3 0 1
SOMC scheme iterations SOMC scheme iterations
(a) Glucose purity in the intermediate stream (b) Glucose recovery in the intermediate
outlet stream outlet
— : < 0.35- ;
70 JO , + GFC | £ !
S |a. N £ 03 !
g\o/ 60 T-- A ’/\é : h\"_ 8 1
g (converged)! (converged) mg 0.25 Jo ' GFC
> ! !
S 50/ ! = !
o g 02 !
® 40¢ £ -
©_0.15 1 (converged)
2 1S 1
T -+ Measured = Lo
= 30; -a-Predicted ] £ 0.1 ! ]
—Targeted g (converged) 1
20 ‘ ‘ ‘ ‘ §0.05- ‘ ‘ ‘ ‘ ‘
1 2 3 0 1 ne_ 0 1 2 3 0 1
SOMC scheme iterations SOMC scheme iterations
(c) Maltose recovery in the raffinate stream (d) Productivity of SMB
outlet

Figure 5.4: JO and GFC process: a comparison of the model predictions and the
experimental observations for each iteration of SOMC scheme. The dashed vertical
line is dividing the results of the JO and the GFC processes.
and the purity and recovery calculations were performed. As shown in Figure 5.4,
there was a huge deviation between the model predictions and the experimental ob-
servations that were obtained in the zeroth iteration (Step 4). In particular, the
maltose recovery measured in the raffinate stream outlet was significantly lower than
the desired value. Hence, the termination criteria could not be satisfied and we moved
on to the next step.

The parameter estimation step was executed next (Step 5). In this step, the

six model parameters were corrected by fitting the SMB model to the experimental
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data. These refined model parameters are listed in Table 5.3. It is interesting to note
that the SMB model, discussed in Section 5.4, does not explicitly account for the
mixing and dispersion inside the tubing connecting the columns and other peripheral
equipment such as detectors and switching valves. However, if this dead volume
is symmetrically present on either side of the SMB columns then it could be well
captured by the LDF model where the contribution to the first and second moments of
concentrations from all parts of the chromatographic process are additive and directly
related to the model parameters of the column [71, 21]. Here, the Henry constants and
the mass transfer coefficients can then be corrected to account for the dead volume
effect inside the SMB system. Hence, the refined model parameters obtained in Step 5
account for the symmetric dead volume present in the SMB system. The next step
was to verify the model structure of the SMB system (Step 6). Since there is no prior
operational knowledge about the JO process, we keep the model structure tentatively
for the zeroth iteration of the SOMC scheme and do not change it. At this point, the
zeroth iteration (m = 0) of the SOMC scheme has been completed.

As the first iteration proceeds (m = 1), the SMB model was re-optimized based
on the refined model parameters and the second SMB experiment was performed by
implementing the new optimal operating conditions (Step 2 and 3). The results are
shown in Figure 5.4. As shown in this Figure, there was a significant difference be-
tween the experimental observations of the first and the zeroth iteration. In particular,
the maltose recovery obtained in the raffinate stream outlet was drastically improved.
Hence, the single iteration of SOMC scheme was able to reduce the model mismatch
considerably. This observation demonstrates the efficacy of the SOMC scheme. The
productivity of the SMB, however, decreased because of the dead volume that was
accounted in the model parameters. The termination criteria was still not satisfied

hence we moved on to the parameter estimation step (Step 5). In this step, the
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six model parameters were corrected by fitting the SMB model to both the experi-
ments simultaneously in order to obtain more reliable set of SMB model parameters.
The next step was to verify the model structure of the SMB system (Step 6). The
maximum percentage deviation of the experimental observations in the equation (48)
was 5.5% (greater than 7/, ) hence the SMB model may need to be modified. In the
SMB unit used in this study, we encounter symmetric dead volume between the SMB
columns except for the flow line consisting of recycle stream pump (see Figure 5.2).
Although the recycle stream pump is necessary to maintain the cyclic operation of
the SMB system, this pump also results in significant asymmetric dead volume which
must be separately incorporated into our SMB model. In this study, a simple plug
flow model has been used to simulate the dead volume of the recycle stream. The

dead volume model is:

oC! (x,t) =, OC!(z,1)
T +u <t)T = 07 T € [07 Lrec,loop] (50)

Here, the axial dispersion in the recycle loop is approximated by the numerical
diffusion using a first order backward finite difference scheme [64]. Hence, the resulting
numerical dispersion is proportional to the length of the recycle loop. Since it is
hard to accurately measure the dead volume associated with the recycle stream, the
length of the recycle 1oop (Lyecio0p) is allowed to change and considered as an extra
degree of freedom in the parameter estimation step. It should be be noted that the
recycle stream flow line is also switched periodically to be in sync with inlet and
the outlet streams of the SMB system. This corrected model structure was used in
the parameter estimation in Step 5. In this step, the six model parameters and the
length of the recycle loop were corrected by fitting the SMB model to both of the
SMB experiments simultaneously in order to obtain more unique and reliable set of
parameters (see Table 5.3). The objective function that represents model mismatch
in equation (47) was reduced by 42.17% (greater than 7,s) which confirms that the

modified model is a more accurate representation of the existing system. The dead
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volume in the recycle stream loop was found to be significant, around 20% of the
single column volume based on fitting the model to the experimental data. These
refined model parameters along with the modified SMB model were further passed
on to Step 2 for the second iteration (Step 7).

As the second iteration proceeds (m = 2), the SMB model was re-optimized based
on the refined model parameters and the third SMB experiment was performed by
implementing the new optimal operating conditions (Step 2 and 3). As shown in the
Figure 5.4, the model mismatch was further reduced however the measured purity
and recovery values were still slightly lower than the desired value (Step 4). The
productivity of the SMB decreased again slightly because of the recycle stream dead
volume that was accounted in the SMB model. The termination criteria, however,
was still not satisfied hence the parameter estimation step was executed next (Step 5).
In this step, only the six model parameters were varied while fitting the SMB model
to the experiments. The length of the recycle loop was kept fixed because it was
found to be an insensitive parameter and changing it did not make any difference in
terms of the model fitting except increasing the difficulty of the optimization problem.
The six model parameters were then corrected by fitting the SMB model to all of the
SMB experiments simultaneously in order to obtain more unique and reliable set of
parameters (see Table 5.3). The SMB model structure is believed to be sufficiently
accurate at this stage (Step 6) because the maximum percentage deviation of the
experimental observations was 4.2% (less than vy, ). The refined model parameters
from the Step 5 were then further used for re-optimizing and re-implementing the
optimal operations on the SMB system. Overall, it needed three iterations of the
SOMC scheme to converge to the set of model parameters that predicted the experi-
mental conditions for the JO process. Since the objective function tolerance, 7., was
set to 0.06, we confirmed that the relative throughput increment in the subsequent

iteration was 2.4% (less than 6%) and therefore the algorithm can be terminated.
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It can be seen in Table 5.3 that all model parameters changed relatively signifi-
cantly from the Oth to 1st iteration. These changes can be attributed largely to the
dead volume in the equipment. In our model, the effect of the dead volume is lumped
into the mass transfer coefficients and Henry constants [54]. It is also possible that
the nonlinearity of the isotherm may contributed the changes [15, 60, 62, 86] [3538].
However, we believe the influence of isotherm nonlinearity is limited considering the

low feed concentrations
5.8.2 GFC process

We now proceed to the experimental validation of the GFC process. The results are
presented in Figure 5.4 which shows the comparison of the SMB model predictions
and the experimental observations for each iteration of the SOMC scheme. The ex-
perimental set up was exactly same as the one used for the JO process, including
the dead volume associated with the recycle stream loop. Hence, the model pa-
rameters obtained from the JO process were also expected to be applicable for the
GFC process. Therefore, instead of starting from the pulse-injection experiments
and obtaining an initial set of model parameters, we started off with the converged
parameters that were obtained from the JO process (see Figure 5.5, Step 1). The
SMB optimization problem was then solved to obtain the optimal operating condi-
tions for the GFC process. As discussed before, the GFC process is a formulation
encompassing numerous SMB operations and the optimal operating scheme is found
by maximizing the SMB throughput while meeting the product specifications at the
same time. This throughput maximization problem is a singular control problem
which is known to have non-unique solutions [30]. To avoid this non-uniqueness, we
constrain the throughput maximization problem further by considering minimization
of desorbent consumption, which is solved subsequently. We solve the following two

problems (I) and (II) sequentially as follows:
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(I) Maximizing throughput:

Ncotumn

t(:ycle .
max ¢ = Y / wl () dt, (51)
j=1 70

subject to equations (1)-(5), (37)-(38), (41)-(44).

(IT) Minimizing desorbent consumption:
Neotumn

tcycle .
min G = Y / () dt, (52)
j=1 70

subject to
SMB throughput:
Ncotumn  pteyere
Gi(t) <= > / uip(t) dt) >, (53)
j=1 70
equations (1)-(5), (37)-(38), (41)-(44).
where (3 is the objective function accounting for the desorbent consumption in
the SMB process and ¢ is the optimum SMB throughput obtained by solving the
throughput maximization problem in equation (51). Problem (I) is exactly same as
the throughput maximization problem discussed in equation (39) of Subsection 5.5.2
while the Problem (II) seeks the solution that minimizes the desorbent consump-
tion among multiple solutions to (I). The optimal operating conditions obtained in
this manner has reduced desorbent consumption without sacrificing the maximized
throughput. The SMB model was then optimized with this new problem formulation
and the optimal operating conditions were found (Step 2). The similar optimization
study has also been carried out for the JO process, the details of which are included
in 5.8.4.
Next, the first experiment was performed by implementing the optimal operating
conditions on the Semba Octave’™ Chromatography System (Step 3). As shown

in Figure 5.4, in the zeroth iteration, the desired purity and recovery requirements
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Figure 5.5: A diagram depicting the sequential order of the SOMC scheme used for
the experimental validation of the JO and the GFC processes.

of the products were satisfied by the experimental observations. In fact, the purity
and recovery values calculated from the experiment were higher than the predictions
made from the SMB model. Hence, the first part of termination criteria was ful-
filled (Step 4). However, there still exist a possibility where the throughput of the
SMB process could be further enhanced while meeting the product constraints at
the same time, hence we moved on. The parameter estimation step was executed
next (Step 5). In this step, the six model parameters were corrected while fitting
the SMB model to the experimental data (see Table 5.4). The length of the recycle
loop was kept unchanged because it had already been optimized. The next step was
to confirm the SMB model consistency (Step 6). The maximum percentage devia-
tion of the experimental observations in the equation (48) was 4.2% (less than vy, )
hence we believe the current model to be sufficiently accurate. At this point, the
zeroth iteration (m = 0) of the SOMC scheme has been completed. The refined
model parameters were then used further for re-optimizing the SMB model in the

first iteration.
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As the first iteration proceeds (m = 1), the sequential optimization problem was
solved once again in order to obtain the optimal operating conditions for the GFC pro-
cess (Step 2). Next, the second experiment was performed by implementing the opti-
mal operating conditions on the Semba Octave™ Chromatography System (Step 3).
The results for the first iteration are presented in Figure 5.4. The throughput of
the SMB process has improved considerably around 13% while still satisfying the
product constraints in the outlet streams. At this stage (Step 4) however, the model
parameters cannot be assumed converged because the throughput can still be im-
proved further hence, we moved on to the parameter estimation step (Step 5). The
six model parameters were then corrected by fitting the SMB model to both of the
experiments simultaneously to obtain more unique and reliable set of parameters.
These refined model parameters along with the existing SMB model structure were
then passed back to Step 2. The SMB model was re-optimized by solving the se-
quential optimization formulation. We confirmed that the relative increment in the
throughput was 5.2% (less than ;) in the subsequent iteration therefore the algo-
rithm can be terminated. Overall, it took one iterations of the SOMC scheme to
converge to the set of model parameters that predicted the experimental conditions
for the GFC process.

As discussed in Section 5.5.2; the optimal operating conditions need to be rounded
off when they were implemented in the experimental equipment. In the Semba
Octave™ Chromatography system, the minimum increment of the pump flow rate is
0.1 mL/min. Thus, the optimal flow rates obtained computationally from the model
must be rounded off to the nearest decimal point to be implemented in this experi-
mental system. To guarantee that the purity converges to a value above the target
purity even with the round-off error, we chose the safety margin § to be 2%.

In order to confirm the accuracy of our computational method, we also tested the

influence of the discretization both for the spatial and time domain on the optimal
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Figure 5.6: (a) Comparison of glucose purity in the intermediate stream outlet pre-
dicted by the model and measured in experiments. (b) Productivity against glucose
purity in the intermediate stream outlet for JO and GFC processes.

operating schemes. The optimal operating conditions did not change with increase in
the number of finite elements. The SMB optimization required around 5-20 minutes
of CPU time for the JO process and 20-160 minutes of CPU time for the GFC process
TM i7

on a PC using an Intel Core pProcessor.

5.8.3 Model validation and comparison of JO and GFC

We present the result of model validation at different purities of glucose in the interme-
diate stream both in the JO and GFC operations. The multi-objective optimization
problem discussed in Section 5.5.2 is solved and the resulting optimal operating con-
ditions were implemented experimentally. The comparison is plotted in Figure 5.6(a)
with the iteration history of SOMC. As can be seen in this figure, once the SOMC
scheme converges, a single set of converged parameters each for JO and GFC is able to
predict the intermediate product purity sufficiently accurately in the range of purity
from 75% to 90%. Although we believe this range covers most operations of practical
interest for sugar purification, further validation may be needed if purities outside

this range are required.
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Figure 5.7: Optimal GFC structure obtained from the GFC formulation while tar-
geting 80% glucose purity in the intermediate stream outlet. The normalized concen-
tration profiles are also shown across the SMB columns for each of the component
at the beginning of each step. The four SMB columns and the recycle stream dead
volume are separated by the solid vertical lines. The two vertical dashed lines, closely
spaced to each other, indicate the shutting off of the flow circuit. The times for which
each step lasts are also shown vertically to the left side of Figures.

other objective function, glucose purity in the intermediate stream (Pareto plot). The
productivity of the GFC process is significantly higher than that of the JO process;
even the smallest difference of the productivity observed for the purity of 90% is
about 40%. It should be noted that the results shown here can be system specific

and may depend on the performance criteria employed in this study. Choosing a
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Figure 5.8: Optimal GFC structure obtained from the GFC formulation while tar-
geting 85% glucose purity in the intermediate stream outlet. The normalized concen-
tration profiles are also shown across the SMB columns for each of the component
at the beginning of each step. The four SMB columns and the recycle stream dead
volume are separated by the solid vertical lines. The two vertical dashed lines, closely
spaced to each other, indicate the shutting off of the flow circuit. The times for which

each step lasts are also shown vertically to the left side of Figures.

different stationary phase, experimental unit, recovery, or purity target may results

in a different conclusion.

We finally present the optimal SMB operating schemes derived from the GFC
formulation. The optimal GFC operations corresponding to 80% and 85% glucose
purity are shown in Figures 5.7 and 5.8. The normalized concentration profiles are

also shown across the SMB columns for each of the component at the beginning of
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each step. The four SMB columns and the recycle stream dead volume are separated
by the solid vertical lines. The two vertical dashed lines, closely spaced to each other,
indicate the shutting off of the flow circuit i.e., extracting the product upstream while
feeding the feed or desorbent downstream of the shut-off valve. The times for which
each step lasts are also shown vertically to the left side of Figures 5.7 and 5.8.

The operations shown in Figures 5.7 and 5.8 are similar, while the flow rates and
switching times are different. In step 1, the connection between second and third
column is broken in order to recover glucose upstream of the shut-off valve. The
faster and slower moving components, maltose and fructose, are also fractionated
simultaneously from the raffinate and extract stream outlets, respectively. In step 3,
only maltose and fructose are collected while feeding fresh desorbent in the SMB
system. Steps 2 and 4, on the other hand, are pure recycle steps circulating the
liquid flow across the SMB columns without feeding or collecting any of the products.
Steps 2 and 4 are very essential since they allow the concentration profiles to get
separated from each other which allows higher loading in step 1 without sacrificing
high purities. Also, the duration of steps 2 and 4 contributes to 65-70% of the total
cycle time indicating the importance of these steps. Although there is significant
amount of time spent in separating the concentration profiles inside SMB columns,
such operation leads to high throughput as well as high purity of products when they
are withdrawn during steps 1 and 3. The minor difference between the operations
in Figures 5.7 and 5.8 is that there are columns where the flow rates become zero
(fourth column from the left in Step 1 and second column in Step 3). We observe
this only in the operations where the purity of glucose is 75% and 80%.

It is to be noted that the GFC operation can be easily implemented experimentally
on most SMB system that can implement the standard four-zone SMB configuration,
without making any modifications in the hardware. For the SMB systems equipped

with rotary valves, we may require only one additional binary valve in order to break
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Figure 5.9: Optimized desorbent to feed flow rate ratio (I') comparison by varying
the glucose purity in the intermediate stream outlet for both JO and GFC processes.
the flow circuits.

It should also be noticed that none of the zone velocities hit upper bound in the
optimum operating schemes derived from the JO or the GFC formulation. This is
because of the low value of the mass transfer coefficients in the SMB system. The
increase in the flow rates leads to further expansion of the concentration profiles. As
a consequence, the product outlets get contaminated and result in lower purity and
recovery of the products. This observation was also confirmed by experiment, the

details of which are included in Section 5.8.5.
5.8.4 Desorbent to feed flow rate ratio comparison

The desorbent consumption plays an important role while assessing the performance
of the SMB operation. Therefore, the optimized desorbent to feed flow rate ratio was
also compared for both JO and GFC operations as shown in Figure 5.9. We define
desorbent to feed flow rate ratio, I', as follows:

z‘;v:c'lolumn fotcycle u’})(t) dt,
tC cLe j
Z‘;V:Clolumn fo ycl U/JF(t) dt7

The sequence of two optimization problems, (I) and (II), as discussed in Sec-

I' =

(54)

tion 5.8, was solved for both JO and GFC processes to calculate the value of I'. The
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results obtained for the GFC formulation were experimentally validated, while we only
pursued a computational study for the JO process. Nevertheless, the optimal model
parameters, obtained from the SOMC scheme for the JO process, can be trusted over
the range of operating conditions that are considered here; we confirm the reliability
of the model from the fact that these operating conditions are sufficiently close to the
operating conditions discussed for the JO process in Section 5.8.

As shown in the Figure 5.9, the desorbent to feed flow rate ratio increases mono-
tonically with increase in the desired glucose purity in the intermediate stream outlet
for the JO process. However, the desorbent consumed in the GFC process, on the
other hand, is almost comparable to the JO process. Hence, the GFC process is more
advantageous because it improves the productivity of the SMB process significantly

(around 40-50%) with comparable amount of desorbent consumption.
5.8.5 Experimental validation of optimal flow rates

To verify whether the relatively low zone velocity, which does not hit upper bound,
maximizes the productivity, we carry out an analysis using two different operating
conditions, JO base case and JO high flow rate operations, as shown in Table 5.5. In
the JO high flow rate operation, we scaled up all the flow velocities of the JO base
case operation by a factor of ten so that the zone 1 velocity of step 1 reaches close
to its upper bound. The switching times, on the other hand, were decreased by the
same factor as shown in Table 5.5. When the simulation was performed for the JO
high flow rate operation, we noticed a significant decrease in both purity and recovery
values in the product outlets. This observation explains why the zone flow rates did
not reach the upper bound in all the optimal operating conditions. Since we have low
value of the mass transfer coefficients in our SMB system, the concentration profiles
are already dispersed. The increase in the flow rates leads to further expansion of the

concentration profiles and therefore the product outlets get contaminated and result
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in lower purity and recovery of the products.

To confirm this observation, we further implemented the base case and the JO
high flow rate operations on the experimental system. The results are presented in
Table 5.5. As expected, the purity and recovery values in the product outlets were
significantly lower compared to the base case. Hence, the simulation results were
consistent with the experimental observations. It is to be noted that the set of model
parameters used for obtaining these optimal operations was not the converged set
obtained from the SOMC scheme. Hence, a minor model mismatch was present while
performing these experiments and therefore the experimental observations deviate

slightly from the model predictions in Table 5.5.

5.9 Conclusions

In this study, both JO and GFC operations are validated experimentally using the
Semba Octave’™ chromatography system. A simultaneous optimization and model
correction scheme (SOMC) has been used to resolve the model mismatch. The ad-
vantage of using the SOMC scheme is that it is a systematic approach to arrive at the
model parameters that predict the experimental conditions. In addition, we do not
have to rely on the careful descriptions such as extra-column dead volumes that exists
in the actual SMB unit or the effects of the flow rates on the mass transfer inside the
column. We can even start with a rudimentary set of model parameters and obtain
the converged set of parameters by fitting the SMB model to the experimental data.
We also present a systematic comparison of both JO and GFC processes by construct-
ing a Pareto front involving the productivity obtained from the SMB operation and
the glucose purity desired in the intermediate stream outlet. The GFC formulation
has been shown to be an efficient approach for finding the best ternary separation
strategy from various different alternatives. The productivity obtained from the GFC

process is significantly higher (around 40-50%) compared to the JO process.
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It is to be noted that both JO and GFC operations are easily implementable on
most of the SMB system without making any modification in the hardware. For the
SMB systems equipped with rotary valves, we may require one or more than one
additional binary valves in order to break the flow circuits. However, there is no
major hardware modification required for implementing such advanced operations.

In the next chapter, the optimization of simulated moving bed reactor (SMBR)
systems is discussed. The focus is on developing an SMBR process for industrial-scale

production of propylene glycol ethers.
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Table 5.1: Experimental details of the SMB system

Parameter Value

Column details

Number of columns (Neorumn) 4

Length (L) 45 em
Diameter (D) 1.5 cm
Porosity (ep) 0.389¢

Mbobile phase
Substance Deionized water

Temperature 50°C

Stationary phase

Resin DOWEX"™ MONOSPHERE™
99Ca/320
Average particle size 320 pm

Feed stream

Number of components (Neomp) 3
Maltose concentration (Cprar) 40 g/L
Glucose concentration (Cggyrp) 180 g/L

Fructose concentration (Cppy ) 180 g/L

% the details are mentioned in Section 5.6.
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Table 5.2: Performance criteria for the SMB optimization problem for the separation
of maltose, glucose and fructose

Desired parameters Value
Minimum maltose recovery in the 60%
raffinate stream outlet (Recﬁ’}’& 7)
Minimum glucose recovery in the in-  80%
termediate stream outlet (Recgf;ﬁ )
Minimum glucose purity in the in-  75%
termediate stream outlet (Purgqu /)

Table 5.3: Summary of the model parameters corrections for the JO process for each
iteration of SOMC scheme

Model Iteration 0 Iteration 1  Iteration 2  Iteration 3
parameters (Batch exp.) (converged)
H, 0.067 0.186 0.189 0.187

H, 0.230 0.300 0.298 0.299

Hj 0.455 0.540 0.517 0.505

Kma (sec™)  663x107%  1.92x 1073 1.84x 1072 1.26 x 1073
Ko (sec™') 1132 x 1072 7.75x 1073 6.31 x 1073 5.56 x 1073
Kz (sec™) 923 x107%  833x107% 9.64x107% 11.29x 1073
Lyecioop (cm) — — 9.50 9.50 9.50

SMB pro- 0.324 0.129 0.101 0.091
ductivity

(m3 feed/(m?® adsorbent . hr))

Table 5.4: Summary of the model parameters corrections for the GFC process for
each iteration of SOMC scheme

Model Iteration O Iteration 1
parameters (converged)
H, 0.187 0.187

Hy 0.299 0.303

Hj 0.505 0.525

K1 (sec™) 1.26 x 107*  1.51 x 1073
Ko (sec™) 5.56 x 1073 6.69 x 1073
Ko (sec™) 11.29 x 1073 9.12 x 1073
Lrectoop () 9.50 9.50

SMB  productivity 0.120 0.137

(m3 feed/(m? adsorbent . hr))
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Table 5.5: Operating conditions to investigate the effect of flow rates

1

JO base case

JO high flow rate

operation operation
Operating conditions:
Step 1
Feed flow rate 1.9 ml/min 18.5 ml/min
Desorbent flow rate 1 ml/min 10 ml/min
Switching time 622 seconds 62 seconds
Step 2-4
Desorbent flow rate 1.1 ml/min 10.9 ml/min
Extract flow rate 1.4 ml/min 13.6 ml/min
Recycle flow rate 1.3 ml/min 13.1 ml/min

Switching time

Results:

Parameter

Glucose purity in
the intermediate

stream outlet
Glucose  recovery
in the intermediate
stream outlet

Maltose recovery in

the raffinate stream

outlet

1907 seconds

Model pre-

dictions

92% 88.84%
92.5% 86.08%
74.7% 67.36%

Experimental

observations

191 seconds

Model pre- Experimental
dictions observations
62.88% 57.68%

50.7% 50.28%
45.43% 50.8%

! the model parameters were as follows: H; = 0.18, Hy = 0.29, H3 = 0.536,

K1 =132x10"3sec™!, Ko =724%x 1073 sec™!, K, 3 =8.61 x 1073 sec™!.
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CHAPTER VI

OPTIMIZATION OF REACTIVE SIMULATED MOVING
BED SYSTEMS FOR PRODUCTION OF GLYCOL
ETHER ESTER

6.1 Introduction

The concept of reactive chromatography that integrates both separation and reac-
tion inside the column has been a subject of considerable attention for last few
decades [22, 24, 32, 33, 36, 45, 47, 66, 67, 70, 75, 79, 87]. Such mechanism facilitates
the reversible reaction to go beyond thermodynamic equilibrium by continuously sep-
arating the products from the reaction zone. As a consequence, there is more product
formation in these systems and the products can be recovered at high purities due
to their separation from the reactants. Furthermore, the integration of both reaction
and separation units into one single unit reduces both capital and operating costs.
Because of these advantages, the potential of reactive chromatography systems has
been explored by several research groups for various applications such as esterifica-
tion [22, 45, 67, 79], transesterification [70], alkylation [32, 33], hydrolysis [47, 75, 87],
isomerization [24], etherification [36] and dehydrogenation [66]. Although the reactive
chromatography process offers several advantages, the batchwise operation may not
be suitable for large-scale productions.

Simulated moving bed reactor (SMBR), on the other hand, is an extension of this
process that performs reactive chromatography in a continuous and countercurrent
fashion. SMBR operations can provide economic benefit for equilibrium limited re-
versible reactions. In such operations, in situ separation of the products drives the

reversible reactions to completion beyond thermodynamic equilibrium and also helps
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Figure 6.1: Esterification reaction of acetic acid and PM using AMBERLYST?*15
as a cation exchange resin.

in the continuous recovery of the products of high purity. The advantages of SMBR
systems have been highlighted in numerous studies for various industrial applications
such as enzymatic sucrose inversion [6, 16, 42|, MTBE synthesis [80, 95, 97|, glu-
cose isomerization [83, 96|, methylacetate hydrolysis [91, 92], oxidative coupling of
methane [38, 39], p-xylene production [56], methylacetate synthesis [44, 91] and es-
terification of acetic acid with ethanol [50]. A summary of the SMBR applications
can also be found in Minceva et al. [56]. Nevertheless, to the best of our knowl-
edge, reactive chromatography has not yet been applied to a large-scale industrial
production.

In this study, we develop a novel industrial application of SMBR process. We
consider the production of propylene glycol methyl ether (PMA) through the es-
terification of 1-methoxy-2-propanol (PM) and the acetic acid (AA) as shown in
Figure 6.1. The esterification reaction is catalyzed by AMBERLYST?M15, a cation
exchange resin that functions both as a catalyst and an adsorbent. PMA, the prod-
uct of this esterification reaction, is the second most widely used propylene glycol
ether with most of its use as a solvent for industrial paints and coatings in the au-
tomotive industry [1]. It is also used in the electronic industry and formulated into
various commercial products such as degreasers for the circuit boards. Conventional
methods that are used to produce PMA involve reactive distillation, which limits the
production of PMA due to the formation of azeotropes. SMBR systems, on the other
hand, can overcome this limitation by constantly separating the products while their

formation thus avoiding separation difficulties arising from the presence of azeotropes.
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Modeling of reactive chromatography remains a significant challenge due to the
complexity of the dynamics of a reaction, mass transfer, and chromatographic elution.
Careful and laborious experiments are needed to obtain the parameters for catalyzed
reaction kinetics, mass transfer, and adsorption onto the resin. These mechanisms
may not necessarily be decoupled and observed separately in an experiment. In our
recent study [63], we investigated reactive chromatography for the esterification shown
in Figure 6.1 by carrying out a number of batch reaction and chromatographic elution
experiments, and developed a preliminary model by fitting a model to experimental
reactive chromatograms. Nevertheless, validity of the model under different condi-
tions (e.g. high feed concentrations and large injection volumes) or reliability of the
parameter values has not been confirmed yet.

The performance of the SMBR systems highly depends on its operating condi-
tions. Therefore, an optimization study is required to identify the optimal operating
strategy that exploits the economic potential of the SMBR system and makes its
application feasible. Over the past decade, many optimization studies of SMBR sys-
tems have been performed to optimize the performance of the SMBR. Migliorini et
al. [53] performed a parameter analysis of the SMBR performances and proposed
maximization of productivity as the useful objective function for the optimization
of the SMBR. Azevedo et al. [6] presented an optimization methodology that max-
imizes the SMBR productivity while enforcing the minimum reaction conversion as
a design constraint. Diinnbier et al. [16] formulated a single-objective optimization
problem that minimizes the specific separation costs and presented a novel model-
based optimization strategy for the SMBR optimization. This study also discussed an
elaborate optimization procedure based on deterministic approaches. However, these

optimization studies considered only single objective in their problem formulation.
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The operating conditions of the SMBR system in general affect several objectives
functions including the productivity, conversion of the limiting reactant, product pu-
rity, recovery and solvent consumption. Moreover, these objective functions often
conflict with each other. To deal with this challenge, instead of finding the best solu-
tion of the single-objective optimization problem, it is more insightful to investigate
the trade-off between the multiple objective functions. Therefore, a multi-objective
optimization study is required to construct a Pareto front that shows the trade-off
between the various objective functions. Some studies in the past [42, 80, 92, 96, 97
have considered multiple objectives in their optimization problem formulation for
the SMBR. However, these studies have used the heuristic based algorithms in or-
der to obtain the solutions of the multi-objective optimization problem. Heuristic
based algorithms provide only the approximate optimum solutions in comparison to
the deterministic based approaches. To improve the accuracy of solutions, in this
study, the deterministic nonlinear programming techniques are adopted for solving
the multi-objective optimization problem for the SMBR optimization. We use a si-
multaneous approach, where the spacial domains are discretized using central finite
difference scheme, and the Radau collocation on finite elements is used for the tempo-
ral discretization [3]. The resulting system of algebraic equations is implemented into
AMPL (A Mathematical Programming Language) and solved using an interior-point
solver IPOPT [18, 88].

Although several researchers have worked on optimization of reactive SMB sys-
tems, only the conventional SMBR operating strategy is discussed most of the times [44,
56, 96]. In the conventional operating strategy, the inlet feed concentration is fixed
during one switching interval while optimizing the switching time, feed, desorbent,
extract and one of the column flow rates. Since the feed concentration is constant
throughout the operation, we call this conventional strategy as the constant feed

concentration strategy.
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Figure 6.2: Variation of the inlet feed concentration: (1) Constant feed concentration

strategy: constant composition between 0 and C}'4* determined by the optimizer, (2)

ModiCon strategy: varying feed concentration with time within the single step.

In this study, we extend this conventional operating strategy of SMBR to ModiCon
operation. The ModiCon operation was first proposed by Schramm et al. [72, 73] for
the separation of binary mixtures. Unlike constant feed concentration strategy, in the
ModiCon operation, the feed concentration is allowed to change within a step as shown
in Figure 6.2. In this example, the desorbent is fed to the SMBR at the beginning
while the feed mixture is fed at a high concentration later within the same step.
Such modulation of inlet feed concentration can improve the process performance by
overcoming the separation limitation of the internal concentration profiles inside the
SMBR [71].

The goal of this study is to develop an SMBR process for the production of
PMA, and demonstrate the potential of the ModiCon operation for improving the
performance of the SMBR compared to the constant feed concentration strategy.
A novel industrial application involving the esterification of acetic acid and PM is
considered to produce PMA as the product. We use a transport dispersive model
with a linear driving force for the adsorption rate for modeling the SMBR system.
The model parameters are estimated from the batch and single column pulse-injection

experiments by the inverse method. A multi-objective optimization study is presented
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to find the best reactive separation strategy for the production of the PMA product.
We also present a Pareto plot that compares the ModiCon operation and the constant
feed concentration strategy for the optimal production rate of PMA that can be
achieved against the desired conversion of acetic acid.

The organization of this chapter is as follows: Section 6.2 describes the SMBR
operation and the operating strategies used in this study in detail. This section also
explains the various control parameters available for each operating strategy while op-
timizing the performance of the SMBR. Section 6.3 discusses the mathematical model
adopted for modeling of the SMBR system. Section 6.4 explains the multi-objective
problem formulation used for optimizing the SMBR system and the solution strategy
used for obtaining the optimum solution. Section 6.5 presents the experimental sys-
tem used for pulse injection experiments. This experimental data has been used for
obtaining the adsorption equilibrium and kinetics parameters in the SMBR model.
Section 6.6 explains the methodology used for estimating the model parameters of the
SMBR model. Section 6.7 presents results of the parameter estimation and the SMBR
optimization. This section further discusses the optimal operating strategies and the
Pareto plot of the multi-objective optimization problem. Section 6.8 concludes the

chapter and presents the scope of future work.

6.2 Operating strategies for SMBR

The reactive chromatography process is based on the concept of integrating both sep-
aration and reaction inside a chromatographic column. In this process, the limiting
reactant is injected as a sharp pulse into the column and then the excess reactant
is supplied. The two components react inside the column forming products that are
fractionated at the outlet of the column at different intervals of time. The weakly

adsorbed component moves faster in comparison to the strongly adsorbed component.
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This process is operated in a batchwise manner. SMBR, on the other hand, is a con-
tinuous reactive chromatography process. The SMBR unit, as shown in Figure 6.3,
consists of multiple chromatographic columns that are interconnected in a cyclic con-
formation. The feed is a mixture of acetic acid (AA) and PM while the desorbent
only consists of PM. Both feed and desorbent are supplied continuously and at the
same time extract and raffinate streams are withdrawn through the outlet ports. The
acetic acid reacts with PM under acid-catalyzed conditions forming PMA and water.
As this esterification reaction proceeds inside the SMBR, both PMA and water are
continuously removed thus shifting the equilibrium in the forward direction. Since
PMA is the faster-moving component, it is recovered from the raffinate outlet while
the strongly retained component, water, is recovered through the extract outlet.
The operating conditions of SMBR must be determined to achieve the desired
performance. The two inlet streams, feed and desorbent, and two outlet streams,
extract and raffinate, divide the entire SMBR system into four zones. The flow
rate in each zone can be controlled independently, and hence there are four degrees
of freedom; feed, desorbent, extract and zone I velocity. The zone velocities are
in general selected such that zone II and III become the reaction plus separation
zones while zone I and IV regenerates the columns [21]. Furthermore, the counter-
current motion of the solid phase is simulated by switching both inlet and outlet ports
simultaneously in the direction of liquid flow. The two consecutive switching of the
ports defines a step and the time for which this step lasts is also a degree of freedom.
Four consecutive steps complete a full cycle and it brings the SMBR system back to
its original configuration. This cyclic operation of SMBR is constantly repeated to
extract pure PMA and water from the raffinate and extract outlets. The total degrees
of freedom that affect the performance of SMBR are five. However, there could also
be some extra degrees of freedom depending on the SMBR operating strategy. The

operating strategies that are considered in this study are given below.
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Figure 6.3: Schematic of simulated moving bed reactor unit for the production of
PMA through the esterification reaction of acetic acid and PM.

6.2.1 Constant feed concentration strategy

The constant feed concentration strategy is a conventional way of operating the
SMBR. In this operation, the feed concentration is kept constant during the entire
step as shown in Figure 6.2. The feed composition — i.e. percentage of AA and PM —
is however optimized during the SMBR optimization. Hence, the number of degrees
of freedom that affect the performance of SMBR in this operating strategy is six; the
optimized feed composition, switching time, and the velocities of the desorbent, feed,
extract, and zone 1.

It has been found that there exists the optimal feed concentration that is not
necessarily 100% [45, 51]. A too high feed concentration would achieve low conversion,
since the feed cannot be mixed with the desorbent effectively. In this study, we find

the optimal feed concentration using the model and nonlinear optimization.
6.2.2 ModiCon strategy

The ModiCon strategy was first proposed by Schramm et al. [72, 73] for the separa-
tion of binary or multi-component mixtures by SMB chromatography. This advanced
operating strategy allows periodical modulation of the feed concentration. It has been

found that the productivity and specific solvent consumption can be improved from
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the constant feed concentration strategy; in the ModiCon operation, the feed concen-
tration can be manipulated in a time-varying manner so that the feed concentration
has a sharp local peak, which is located away from the raffinate and extract outlets.
Such a local increase of the feed mixture allows higher purity and recovery for the
same productivity and solvent consumption.

In this study, we restrict the investigation to an operation where the feed concen-
tration is changed only once in a step, as shown in Figure 6.2. The time interval (¢;)
at which the inlet feed concentration changes is an extra degree of freedom. Hence,
the number of degrees of freedom that affect the performance of SMBR in this op-
erating strategy is eight; the two feed compositions in two different time intervals,
intermediate time t;, desorbent velocity, switching time, feed, extract and the velocity
of zone L.

The ModiCon operation is more promising in terms of improving the PMA produc-
tion rate compared to the standard SMBR operation because of its greater flexibility.
The internal concentration profiles inside the SMBR can be manipulated by the mod-
ulation of the inlet feed concentration, which can improve the process performance.
It should be noted that such an operation is not very difficult to implement; it can be
implemented by using two pumps in parallel or by using a gradient based feed pump.

This study, to the best of our knowledge, implements the ModiCon strategy for

the first time in reactive separation systems.

6.3 Mathematical model

We employ a transport dispersive model with the linear driving force for the adsorp-
tion rate (equations (6)-(15)), which is discussed in detail in Chapter 3. In this model,
the axial dispersion phenomenon and diffusion into the adsorbent particles inside the
columns are accounted separately using an overall axial dispersion coefficient and

individual mass transfer coefficients for each component.
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The reaction rate of esterification reaction is given by the second order model [63].

The net reaction rate is expressed as:

, 4 4 1 .
iz, t) =k <Qi1A(95a t) apar(,t) = 7—dpara(:t) Q%ater(%t)) : (55)
eq

where k; is the forward reaction rate constant while K., is the equilibrium constant
of the esterification reaction. The subscripts AA, PM, PMA and Water refers to
the acetic acid, PM, PMA and water component, respectively. It has to be noted that
the reaction is assumed only in the solid phase, and hence equation (55) represents a

heterogeneous catalyzed reaction.

6.4 Multi-objective optimization of the SMBR system

We formulate a multi-objective optimization problem to find the best design of the
SMBR. The multiple objectives are to maximize the production rate of PMA in the
raffinate outlet, maximize the conversion of esterification reaction and minimize the
total PM consumption per unit weight of PMA formed. In addition, it is crucial to
minimize the amount of water in the raffinate outlet because water forms an azeotrope
with PMA in the downstream distillation. To deal with this difficulty, the water
content in the raffinate outlet is enforced to be less than 1.0 wt%. Similarly, it is
also desired to maximize the PMA recovered in the raffinate outlet. To satisfy this

demand, the PMA recovery from the raffinate outlet is enforced to be more than 90 %.
6.4.1 Problem formulation

The overall optimization problem is as follows:

Maximizing PMA production rate (g/hr):

max Pr =

NColumn t
A MWV ser_ 4
sy Chypan(Lt) uh(t) dt, (56)

tstep 0

J=1
Maximizing conversion of acetic acid:

olumn tStEP j ] ] j
S fy 7 (Chan(Ly ) uh(t) + Chppo( Lo ) up, (1)) dt

Z;V:Clolumn OtStEP CAA7F u‘%(t) dt

max X =1 —

, (87)
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Minimizing total PM consumption per unit weight of PMA formed in the raffinate
outlet (g-PM/g-PMA):

NColumn ftswp MWPM (CPM,F U%‘(t) + C’P]W,D u]D (t)) dt

min [ = Nc l T ; ; (58)
Oumnf MWPMA (CPMA,R<L7t) UR(t)) dt
These objective functions are subject to the constraints as follows:
Equations (6)-(15),
Water content in the raffinate stream outlet (wt%):
Neotumn [10 MWiyater wh(t) Cy L,t)dt
Purwater _ Z N fON VZ t R( ) Water,]?( ) ) S 1%’ (59)
2o S [y MW g (8) CF (1) dt
PMA recovery in the raffinate stream outlet:
NColumn tSteP C.] L t dt
Recpya = —— tSEF; ! #lt) Chasanl i > 90%,
Zj:f " o (UR(t) CPMA,R(Lv t) + uEac( ) CPMA,Ex(L7 t)) dt
(60)
Bounds on the zone flow rates:
ur, < (t) < uy. (61)

where Pr, X and I are the objective functions, A, is the area of cross-section of
the column and MW; is the molecular weight of i¢th component and C; r and C; g, are
the concentrations of 7th component in the raffinate and extract outlet, respectively.
We also introduce lower and upper bounds on the zone velocities in equation (43)
because of the restriction of maximum pressure drop that can be experienced by the
pumps in the SMBR system. The symbols u; and uy refers to the lower and upper
bounds and their corresponding values, in this study, are 0 m/min and 0.167 m/min,

respectively.
6.4.2 Solution strategy
Solving the multi-objective optimization problem given in equations (6)-(15), (56)-

(61) is a significant challenge. The solution is given as a surface in a three-dimensional
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coordinate that consists of the three objective functions, equations (56)-(58). Since
obtaining and analyzing solutions in the entire domain of the three-dimensional co-
ordinate would be unrealistic, we consider limiting our analysis only in the region of
practical interest.

In this study, we consider creating two two-dimensional projections of the three-
dimensional Pareto surface: one projection where the PMA production rate Pr is
plotted against the conversion X ignoring the PM consumption I', and another pro-
jection where Pr is plotted against I' for a fixed conversion X. The first projection
investigate the performance of the SMBR, when the cost of PM (desorbent and excess
reactant) is insignificant in the overall process economics. On the other hand, the
second projection is for the case where the cost of PM consumption is substantial.
These two projections can be obtained by solving the following two problems, which
are based on the epsilon-constrained method [3, 29, 31]:

(I) Maximizing PMA production rate (g/hr):

max Pr =

NColumn t
Acs MW step . .
Y Charan(L:1) wp(t) dt,

tstep 0

j=1
subject to equations (6)-(15), (59)-(61),

The objective function corresponding to the conversion of acetic acid is imple-

mented by using the epsilon-constrained method [3, 29, 31].
X Z €1. (62>

By varying the value of €; and solving problem (I) repeatedly, a Pareto plot of the
optimal production rate of PMA against the conversion of acetic acid is obtained.

Next, the total PM consumption is minimized while implementing the other two
objective functions as the epsilon constraints (equations (63) and (64)). The second

problem is:
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(IT) Minimizing total PM consumption per unit weight of PMA formed in the
raffinate outlet (g-PM/g-PMA):

Z;\;Cflumn fJStcp MWPM (CPM,F U%—v(t) + CPM,D U,]D(t)) dt

N olumn tstep j j
ijcll 0 MWpnra (C%MA,R([MQ ui{(t)) dt

min ' =

subject to equations (6)-(15), (59)-(61),

The objective functions corresponding to the production rate of PMA and the
conversion of acetic acid are implemented by using the epsilon-constrained method [3,
29, 31].

Pr > ey, (63)

X Z €3. (64)

By varying the value of € and €3, and solving problem (II) repeatedly, a two-
dimensional Pareto plot of the optimal PM consumption (per unit weight of PMA
formed) against the production rate of PMA and the conversion of acetic acid is
obtained. The values of €5 are decided based on the maximum production rate of
PMA obtained from problem (I).

In this study, two projections of this three-dimensional Pareto plot are presented.
The first projection investigates the trade-off between the maximum production rate
of PMA against the conversion of acetic acid at the minimum PM consumption while
the second projection investigates the trade-off between the production rate of PMA
against the total PM consumption (per unit weight of PMA formed) at a fixed con-
version.

The simultaneous approach has been used in this study to solve the system of
equations for the multi-objective optimization problem [11, 30]. In this approach,
both state and control profiles are fully discretized to transform the differential alge-
braic system to algebraic system of equations. The spatial domain is discretized using
the central finite difference scheme in the second order, and the Radau collocation

on finite elements is used for the temporal discretization. The spatial derivative at
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the outlet of the column is discretized using three-point backward difference formula.
The resulting optimization problem has been implemented into AMPL (A Mathe-
matical Programming Language) modeling environment [18]. The advantage of using
AMPL is that it supports nonlinear programming (NLP) and provides the automatic
differentiation functionality, which can be used in many solvers. The resulting NLP
problem is solved using an interior point solver IPOPT 3.0 [88]. Since interior-point
methods can accept exact second order derivatives, they have fast convergence prop-
erties. Moreover, these solvers can exploit both structure and sparsity of the KKT

(Karush- Kuhn-Tucker) system [11].

6.5 FExperimental section

6.5.1 Materials

PM (1-methoxy-2-propanol, > 99%) was purchased from Alfa Aesar while the acetic
acid (99%) was purchased from BDH chemicals. All of chemicals were used without
further purification. Sulfonated cation exchange resin, AMBERLYST?™™ 15, was
supplied from The Dow Chemical Company in a wet condition. This resin was dried

at 338K for 12 hours and sieved before using.
6.5.2 Pulse-injection experiments

The schematic of a single column pulse-injection experiment is shown in Figure 6.4.
We used a stainless steel column of an internal diameter of 0.8 ¢m and a length
of 25 em. The AMBERLYST?M 15 cation exchange resin was swollen by keeping
it in acetic acid and later used for packing the column using the slurry technique.
A pulse of acetic acid and PM mixture was then injected in the column by using
RH-7725i1 valve from Rheodyne and PM was fed as the desorbent. The PM was
dehydrated using molecular sieves of type 3A before feeding into the system. The
outlet of the column was then fractionated using a fraction collector (Shimadzu,

FRC-10a) and analyzed for the concentrations of acetic acid, PM, PMA and water
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Figure 6.4: Schematic of a pulse-injection experiment.

using Gas Chromatography (GC) with a TCD detector. The TCD detector was
essential for measuring the water concentration accurately below 5 vol%. When the
esterification reaction was performed at the temperature higher than the boiling point
of components at atmospheric pressure, a backpressure valve and an ice bath were
installed right after the column to cool the effluent below the boiling point before it

was exposed to atmospheric pressure. The total extra column volume was 0.343 ml.
6.5.3 Porosity estimation

The column porosity was estimated by injecting Dextran (Dextran 25000, Spectrum)
as a tracer. Dextran is a high molecular weight substance that is unable to penetrate
in the pores of AMBERLYST”™ 15. Since Dextran is not soluble in PM, the column
was first saturated with water and then Dextran dissolved in water was injected into
the system. The bed porosity was calculated to be 0.31 after subtracting the extra
column volume from the retention time of Dextran. Although the bed porosity was
calculated, this value can change in the actual system where PM, instead of water,
is used as a mobile phase. To observe this change of porosity, we also calculated the
swelling ratios of AMBERLYST?™ 15 in PM and water compared to the dry resin as
shown in Table 5.1. The swelling ratio of PM is slightly lower than water thus, the
actual bed porosity is expected to be slightly higher than 0.31. Therefore, we allow

the porosity to change while estimating the model parameters in the Section 6.6.1.
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Table 6.1: Experimental details

Parameter Value

Column details

Length (L) 0.25 m
Internal diameter (D) 0.008 m
Bed porosity (e) 0.31*
Mobile phase PM

Stationary phase
Resin AMBERLYST™ 15

Particle size < 707um

Swelling ratios of AMBERLYST?™ 15

(compared to dry resin)

PM 1.5
Water 1.55
Dead volume 0.343 ml

% the details are mentioned in Section 6.5.3.

6.6 Methodology for model parameters estimation

This section explains the methodology used for estimating the adsorption equilibrium,
axial dispersion coefficient and kinetic parameters of the SMBR model. These model
parameters are estimated by fitting the model to the multiple pulse-injection exper-
iments (performed over a single column) simultaneously. The following subsections

discuss this procedure in detail.
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6.6.1 Fitting model to the pulse-injection experiments

In this study, the inverse method has been used for estimating the model parameters
due to its simplicity [71]. In the inverse method, the simulated concentration profiles
of the pulse-injection experiments are fitted to the experimental chromatograms while
varying the values of model parameters. We use a simple least-square technique
that minimizes the sum of the squares of the difference between the concentrations
predicted by the model and the experimental observations. The objective function,

®, is formulated as:

Newp Noomp Nii )
¢ = Hl,KW,g}llzr,lkl,Keq,eb Z Z Z ( Gy - flexp)

Nreg R B

+p > (0ot — o) (65)
m=1

where the subscript ¢ and [ refer to the components and the time points at which
samples are collected while superscript k& denotes the experimental index. The sym-
bol N, refers to the total number of experiments considered, Ncon, refers to the
total number of components present in the system, Nt’fi refers to the total number of
concentration data points considered for the ith component in the kth experiment,
and N, is the number of regularization parameters discussed below. In the objec-
tive function, we also include Tikhonov regularization terms to prevent significant
deviation of parameter values, which are estimated from separate experiments. The
Tikhonov regularization is a standard approach to reduce the non-uniqueness of the
estimated parameter set [82]. In this study, we include the equilibrium constant K.,
and bed porosity ¢, in egzggdel, ie. G,Cﬁgdel [Keq, )" The porosity €, was separately
estimated from an experiment using dextran as described in Section 6.5.3, and the
equilibrium constant K., was obtained in our previous study [63]. The coefficients of
the regularization term, p is found by carrying over several trial-and-error runs and

identifying the best compromise between the model fitting and the deviation of ¢,
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and K., values from the desired ones.
6.6.2 Implementation of single-column reactive chromatography model

Since the pulse-injection experiments are performed in a single column, the model
equations (6)-(10) are used to simulate the pulse-injection experiment for a given
set of model parameters. These modeling equations are implemented in MATLAB
where the spatial domain is discretized using the central finite-difference scheme in
the second order, and odel5s solver is used to integrate the system of ordinary differ-
ential equations. The parameter estimation problem is solved by using the fmincon

optimizer in MATLAB with the interior-point algorithm.

6.7 Results and discussion

6.7.1 Parameter estimation

In this section, the model fitting results for the pulse-injection experiments are dis-
cussed. There are in total 12 model parameters; four Henry constants, four mass
transfer coefficients, two reaction parameters, one axial dispersion coefficient and the
bed porosity. These parameters were simultaneously estimated by fitting the single
column model to two different pulse-injection experiments. The two pulse-injection
experiments were performed by injecting a pulse of 50 vol% and 75 vol% acetic acid
concentration in PM at 110°C' with 5 ml injection loop and at 0.5 mi/min flow
rate, respectively. Including two experimental chromatograms in equation (65) was
expected to increase the reliability of the estimated parameter set (Ne,, = 2).
Figure 6.5 shows the comparison of the elution profiles described by the fitted
model and the experimental chromatograms. The concentration profiles of acetic
acid, PMA and water are plotted on the left y-axis while PM concentration is shown
on the right y-axis. The solid lines represent the predicted concentration profiles from
the model and the markers represent the experimental data. As can be seen from the

Figure 6.5, the model was able to fit the concentration profiles of all the components
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Figure 6.5: Model fitting results: comparison of the elution profiles predicted by the
model and the experimental chromatograms obtained by injecting a pulse of acetic
acid and PM at 110°C', 5 ml injection and at 0.5 ml/min flow rate.

to a reasonable extent for both the experiments. The corresponding optimum model
parameters values are summarized in Table 6.2. This parameter set is used for the
multi-objective optimization study of the SMBR that is discussed in the next section.

As can be seen from Table 6.2, the values of all the estimated parameters were
between their lower and upper bounds. This indicates that the optimized solution was
not restricted by the bounds on the model parameters. Furthermore, the qualitative
analysis of the model parameters can be performed by comparing their estimated
values with the experimental observations. In our study, PMA was found to be almost
a non-retained component, AA to be slightly retained while water as the strongly
retained component. The Henry constant of AA, PMA and water in Table 6.2 are
consistent with these observations.

The parameter values in Table 6.2 are also consistent with the results of other
experiments carried out separately. The estimated value of equilibrium constant is
close to its value obtained from the batch experiment, 0.86 [63]. Furthermore, the
value of porosity €, is 0.334, which is slightly higher than the value measured in water,
0.310, as discussed in Section 6.5.3. Also, the value of the axial dispersion coefficient

is in the same order with some of the esterification studies that are reported in the
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Table 6.2: Optimized model parameters obtained by
fitting the model to the pulse-injection experiments in
Figure 6.5. The lower and upper bounds of the parame-
ters that were imposed in the fmincon function are also

listed.

Model Fitted Lower Upper
parameters value bound  bound
Haa 0.474 0 5
Hpyy 0.226 0 5
Hpna 0.001 0 5
Hywater 1.648 0 5
Kpmaa (min™h) 0.350 0 5
Ko pyr (min™!) 1.772 0 5
K pya (min™) 1.505 0 )
Ko water (min™!) 0.286 0 )

k1 (L/mol.min) 0.195 0 100
K., 0.862 0.3 1.5
€p 0.334 0.3 0.36

D, (m?/min)

2.735 x 1074 0 50 x 1074

in Table 6.2 is reasonable.

literature [79, 91]. From these observations, we believe that the parameter set shown

These model parameters, obtained by fitting 50 vol% and 75 vol% acetic acid pulse
injections, were also validated with the elution profiles for the injection of 100 vol%
acetic acid. The 100 vol% acetic acid injection experiment was also performed at
110°C' with an injection loop of 5 ml and at the flow rate of 0.5 mi/min flow rate.
The results are shown in Figure 6.6. As can be seen from the Figure, the model was

able to predict the elution profiles of AA, PM and water very precisely. However,
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Figure 6.6: Comparison of the elution profiles predicted by the model and the ex-
perimental chromatogram obtained by injecting a pulse of 100% acetic acid at 110°C,
5 ml injection and at 0.5 ml/min flow rate.
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Figure 6.7: Schematic illustration of the formation of two reaction zones in the
injection of 100% acetic acid.

there was some deviation observed in the PMA concentration profile, in particular,
in the shoulder of PMA.

In our previous study [63], we concluded that the shoulder of the product peak was
caused by the formation of two reaction zones of the pulse, as shown in Figure 6.7.
When 100% acetic acid is injected, the leading and trailing boundaries between the
desorbent PM and acetic acid are formed. As the pulse of acetic acid proceeds towards
the end of the column, the reaction proceeds, which leads to the shoulder of the peak
of the product, PMA. Thus the concentration profile of PMA may be described by the
complex interplaying dynamics of axial dispersion and reaction rate, which cannot be

modeled easily in our study.
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Furthermore, there is also some noticeable mismatch in the water concentration
profile shown in Figure 6.6. It appears that the amount of water formed in the
experiments is higher than the reacted amount of acetic acid. Thus there could be
a side reaction taking place. Since the pulse-injection experiments are performed at
a high temperature (110°C'), some of the dehydration reactions may have occurred
leading to the additional formation of water apart from the esterification reaction.
Unfortunately, we were unable to identify the potential byproducts and quantify the
reaction kinetics for such a side reaction.

Besides the complex dynamics of reactive chromatography and the possibility of
side reactions, there could also be some other factors that are contributing towards
the model mismatch. For example, the shape of the acetic acid pulse that is injected
in the column may not have been completely rectangular. In addition, there could
also be viscous fingering effects resulting from the difference in the viscosity of acetic
acid and PM, which are 1.22 cP and 1.7 cP at 25°C', respectively. It has been
shown in literature that such a phenomena can alter the elution profiles inside the
chromatographic columns [13, 14]. Furthermore, the reaction system of acetic acid
and PM might be non-ideal at high concentration of acetic acid. Thus introducing
activity coefficients in the rate expression (equation (55)) may improve the model
predictions in Figure 6.6 [65].

In the design of SMBR in this study, we avoid injection of 100% acetic acid, and
consider concentration of acetic acid only up to 75 vol% due to the following reasons:
First, as described above, modeling of the reaction zones is very difficult, leading
to the model mismatch. Second, we envision using the SMBR in a comprehensive
flowsheet that includes downstream processing of products with recycle. In such a
flowsheet, the outlet from the SMBR unit is supplied to downstream separation units,
which separate unreacted acetic acid. The unreacted acetic acid and PM recovered

by such units are recycled back to the feed inlet of SMBR. In such a situation, the
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Table 6.3: SMBR system details

Parameter Value
NComp 4
NColumn 4
Configuration 1-1-1-1
Column length (L) 0.5 m

Internal diameter (D) 0.015 m
Uy, 0 Hl/h

acetic acid may be diluted with the recycled PM.
6.7.2 SMBR optimization

The results of the SMBR optimization are presented in this section. The specification
of the SMBR columns is given in Table 6.3. The multi-objective optimization problem
of the SMBR that has been discussed in Section 6.4 is implemented in the AMPL
modeling environment and solved using the IPOPT solver. The multiple objectives
are to maximize the production rate of PMA in the raffinate outlet, maximize the
conversion of acetic acid and minimize the total PM consumption per gms of PMA
produced. In this study, two two-dimensional projections of this Pareto plot are
presented as discussed in Section 6.4.2. The first projection investigates the trade-oft
between the maximum production rate of PMA against the conversion of acetic acid
at the minimum PM consumption while the second projection investigates the trade-
off between the production rate of PMA against the total PM consumption (per unit
weight of PMA formed) at a fixed conversion.

The first projection that investigates the trade-off between the PMA production

rate against the conversion of acetic acid is shown in Figure 6.8 for both constant
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Figure 6.8: Pareto plot of the multi-objective SMBR optimization problem: PMA
produced through the raffinate outlet in g/hr against the percentage conversion of
acetic acid.

feed concentration and the ModiCon strategy. As can be seen from this figure, the
production rate of PMA through the raffinate outlet decreases with increase in the
conversion of acetic acid. Thus the higher conversion of acetic acid is not favor-
able to high production rates of PMA. This observation has been explained later
while discussing the internal concentration profiles of the SMBR in this study. The
improvement in the production rate of ModiCon over the conventional operation is
nearly constant over the range of conversion considered in this study, and thus the rel-
ative improvement becomes more significant when the conversion is high. Therefore,
the ModiCon operation has significant potential to improve the process performance
of the SMBR.

In addition to the Pareto plot, the amount of PMA recovered and the water
content (wt%) in the raffinate stream outlet are also compared with the required
process specifications of the SMBR. As can be seen from Figure 9(a), the PMA
recovery was always an active constraint at the optimal solution for the constant feed
concentration strategy. However, such is not the case with the ModiCon operation.
In the ModiCon strategy, the PMA recovery obtained was higher than 90% and its

value increased with increase in the conversion of acetic acid. Thus, the ModiCon
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Figure 6.9: The optimum PMA recovery and the water content in the raffinate stream
outlet compared to the required SMBR process specifications for both constant feed
concentration and the ModiCon strategy.

operation is more advantageous to obtain high recovery of PMA through the raffinate
outlet.

The amount of water in the raffinate stream outlet is also crucial because of the
azeotrope formation between PMA and water during the downstream distillation.
This water content in the raffinate stream outlet is shown in Figure 9(b), which does
not become the bottleneck for achieving a high conversion. This constraint was not
active for both of the operating strategies. This indicates that the water content was
always below 1 wt% thus fulfilling the required process specifications across the whole
operating range. Since the ModiCon operation leads to lower concentration of water
compared to the constant feed concentration strategy, it is also favorable for reducing
the downstream cost.

We analyze the optimal inlet feed concentration profiles obtained by optimizing
both the operating strategies, where the inlet feed composition was allowed to change
between 0-75% of acetic acid. The optimum feed concentration profiles for a single
step are shown in Figure 6.10 for 70%, 80%, 90% and 95% conversion of acetic acid.
In addition, the optimum feed concentrations values for both the operating strategies

are also listed in Table 6.4. It is to be noted that these feed concentration profiles
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Figure 6.10: Optimum inlet feed concentration profiles within a single step for 70%,

80%, 90% and 95% conversion of acetic acid.

Table 6.4: Optimized inlet feed concentration values for the constant feed concen-

tration and the ModiCon strategy.

Conversion of
acetic acid (%)

Inlet feed concentration

Constant feed concen-
tration strategy

ModiCon strategy

70

31.4% AA for [O, tstep]

7.7% AA for [0,0.66 ¢ cp)
75% AA for [066 tstepa tstep]

80

288% AA fOI' [Oa tstep]

0% AA for [0,0.66 ¢sep)
75% AA for [066 tstepa tstep]

90

263% AA fOI' [Oa tstep]

0% AA for [0,0.68 ¢step)
75% AA for [068 tstep; tstep]

95

249% AA fOI‘ [Oa tstep]

0% AA for [0,0.70 ¢step)
75% AA for [070 tstep; tstep]
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are obtained at the cyclic steady state. Hence, the end of the previous step precedes
the steps shown in Figure 6.10. As can be seen from Table 6.4, the optimized feed
concentration, in the constant feed concentration strategy, changes from 31.5% to
24.9% acetic acid while increasing the conversion of acetic acid from 70% to 95%. On
the other hand, the optimal ModiCon strategy is very similar in all the scenarios. In
the ModiCon strategy, either the PM or acetic acid at low concentration is fed at the
beginning and then the feed composition is switched to 75% acetic acid, the highest
concentration allowed in this optimization study. These optimum feed concentration
profiles can be explained from the internal concentration profiles and the reaction
rates inside the SMBR.

Figure 6.11 shows the snapshot of internal concentration profiles and the net
reaction rate r/(z,t) for both constant feed concentration and the ModiCon strate-
gies. These concentration profiles are plotted slightly after the beginning of the step
(t/tstep = 0.086) at the cyclic steady state for 70% conversion of acetic acid. Thus,
if the feed mixture fed at the inlet of zone III has a higher concentration compared
to the outlet of zone II, we observe a sudden rise in the AA and PM concentration
and corresponding drop in the PMA and water concentration at the intersection of
zone II and zone III.

We analyze the reaction rates in the SMBR. As expected, in both operating strate-
gies the net reaction rate inside the SMBR is the highest in zone II, where the acetic
acid reacts with PM to form PMA and water. The strongly retained component water
can be recovered from the extract outlet while the faster moving component PMA is
sent to zone III, and finally recovered from the raffinate outlet.

In Figure 6.11, there are notable differences in the concentration profiles of these
two different operating strategies. In particular, the concentration profile of acetic
acid is significantly different; in the ModiCon strategy, the concentration of acetic

acid has a significantly sharper peak in zone II. This increase in the acetic acid
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Figure 6.11: Internal concentration profiles and the net reaction rate inside the
SMBR slightly after the beginning of the step (t/ts., = 0.086), for 70% conversion
of acetic acid: (a) Constant feed concentration strategy, (b) ModiCon strategy.
concentration in zone Il in ModiCon leads to a higher net reaction rate, while the net
reaction rate in the constant feed concentration strategy has a relatively flat profile
that spreads both in zones II and III.

It is to be noted that the optimal ModiCon operating strategy increases the net
reaction rate in zone II only locally by modulating the feed concentration. As can
be seen in Figure 6.10, at the beginning of a step, the concentration of acetic acid
in the feed is zero, which prevents an increase in the net reaction rate in zone III.
After all components moves downstream, the concentration of acetic acid in the feed

increases. This modulation of the feed concentration allows a local increase of acetic
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Figure 6.12: Internal concentration profiles and the net reaction rate inside the
SMBR slightly after the beginning of the step (¢/tse, = 0.086), for 80% conversion
of acetic acid: (a) Constant feed concentration strategy, (b) ModiCon strategy.

acid concentration, which increases the net reaction rate only locally in zone II. Such
a local increase of the reaction rate allows higher purity and recovery of the products
when the production rate of PMA is increased at the same time.

In the ModiCon operation, the higher recovery of PMA in Figure 9(a) and smaller
water content in raffinate shown in Figure 9(b) can be explained by analyzing the
internal concentration profiles. Note that in the ModiCon strategy, the concentration
of acetic acid in zone III is significantly lower compared to the constant feed concen-
tration strategy. This indicates that zone III mainly functions as a separation zone
while in the constant feed concentration strategy, zone III performs both reaction

and separation simultaneously. Since the PMA product is isolated in the ModiCon
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operation in zone III, it can be recovered with a higher flow rate in the raffinate oulet
as shown in Figure 6.11. Therefore, ModiCon operation is more favorable to high
recovery of PMA (see Figure 9(a)). Similarly, since the reaction is not significant in
zone IIT of the SMBR in the ModiCon strategy, it leads to less water formation in
this zone. As a consequence, the water content in the raffinate outlet also reduces as
seen in Figure 9(b).

The reduction in production rate of PMA with increase in the conversion of acetic
acid can also be explained from the internal concentration profiles inside the SMBR.
Figure 6.11 and 6.12 show the internal concentration profiles and the net reaction rate
for 70% and 80% conversion of acetic acid, respectively. The concentration profiles
and the net reaction rates are similar in both figures. However the flow rates of all
the inlet and outlet streams reduce for 80% conversion of acetic acid, as can be seen
in Figure 6.11 and 6.12. The higher conversion in the SMBR system requires a longer
residence time in the system. Consequently, the raffinate flow rate decreases and this
in turn reduces the production rate of PMA.

The second projection of the Pareto plot that investigates the trade-off between
the production rate of PMA against the total PM consumption (per unit weight of
PMA formed in the raffinate outlet) is shown in Figure 6.13. This projection was
obtained at 80% conversion of the acetic acid. As can be seen from this figure, for the
same total PM consumption per unit weight of PMA formed, the ModiCon strategy
achieves around 14-18% higher production rate of PMA compared to the constant feed
concentration strategy. This indicates that the ModiCon operation is more efficient
in utilizing the desorbent fed into the SMBR.

It should be noted that the total PM consumption include the amount of PM fed
through both feed and desorbent inlets. Thus, PM is not only acting as a desorbent
but also functioning as a reactant. Therefore, the amount of PM consumption is

utilized in both regenerating the columns as well as in the formation of the products.
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Figure 6.13: Pareto plot of the multi-objective SMBR optimization problem: PMA
produced through the raffinate outlet in g/hr against the ratio of total amount of
PM fed into the SMBR to the amount of PMA produced in raffinate outlet (g-PM/g-
PMA) at 80% conversion of acetic acid. The points marked with an asterisk (x)
correspond to Figure 6.12.

6.8 Conclusions

In this work, a novel industrial application of SMBR for production of PMA by
esterification of acetic acid and PM is developed. The SMBR system is modeled using
a transport dispersive model with a linear driving force (LDF) for the adsorption rate,
and the adsorption equilibrium and kinetic parameters are estimated simultaneously
by fitting the single column model to the multiple pulse-injection experiments. The
LDF model with axial dispersion fits the experimental chromatogram relatively well,
while some mismatch is observed when the feed concentration is very high.

To design a SMBR process, a multi-objective optimization problem is formulated
that investigates the trade-off between the production rate of PMA, the conversion
of esterification reaction and the total PM consumption. The process specification
constraints such as PMA recovery and water content in the raffinate stream outlet

are also enforced in the optimization.
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Two projections of the Pareto plot of the multi-objective optimization problem
comparing the constant feed concentration strategy and the ModiCon strategy are
presented. The production rate of PMA through the raffinate stream outlet decreases
with increase in the conversion of acetic acid for both the operating strategies. Thus
the higher conversion of acetic acid is not favorable to high production rates of PMA.
In addition, it has been found that ModiCon operation is more advantageous to ob-
tain high recovery of PMA through the raffinate outlet and also for reducing the
downstream separation cost compared to the constant feed concentration strategy.
Also, the ModiCon operation achieves higher production rate of PMA for the same
amount of total PM consumed per unit weight of PMA formed. From these observa-
tions, we conclude that the ModiCon operation has significant potential to improve
the process performance of the SMBR.

The ModiCon operation is based on the periodic modulation of feed concentration.
It has been found that by manipulating the feed concentration in a time-varying
manner, the feed concentration has a sharp local peak in zone II. Such a local increase
of the feed concentration increases the net reaction rate locally and thus allows higher
purity and recovery while increasing the production rate at the same time.

The next chapter concludes the entire thesis and presents the scope of future work.
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CHAPTER VII

CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

The results presented in this thesis have met the three main objectives stated in

Chapter 2:

1. Identify the best separation strategy for the separation of a ternary mixture

among various alternative designs of SMB

2. Experimentally validate both JO and Generalized Full Cycle operations for

separation of sugars

3. Develop an SMBR process for industrial-scale production of propylene glycol

ethers

The first objective is discussed in detail in Chapter 4, where various existing SMB
separation strategies, that exist for the separation of a ternary mixture, are compared
in terms of the optimal productivity obtained and the amount of solvent consumed. In
addition, the concept of optimizing a superstructure formulation is proposed, where
numerous SMB configurations can be incorporated into a single formulation. In the
superstructure approach, the optimizer extracts the best design that maximizes the
productivity of the SMB process while meeting all the product specifications at the
same time. Based on this concept of superstructure optimization, in this study, the
Generalized Full Cycle formulation (GFC) and the full superstructure formulation
are presented. These existing as well as the proposed operating schemes are classified
into three categories: modified conventional Four-zone SMB systems, cascade systems

and full cycle modified SMB systems. In our case study, the full-cycle modification,
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which includes the JO, GFC and the full superstructure operations, has been found
to be the most effective approach to achieve the separation of a ternary mixture using
SMB. In addition, the GFC operation has shown the best performance as it improves
the productivity of the SMB process significantly without consuming much amount of
desorbent. Further, the JO process is found to be the best operating scheme among all
the existing operations. Also, the Eight-zone SMB operating scheme performs better
than the SMB cascade, both in terms of the performance and in terms of the amount
of desorbent consumed. Hence, it is concluded that the dynamics in the internal
recycle line are very important in separating a ternary mixture. Furthermore, Five-
zone and Four-zone operating schemes are identified as less productive operations if
higher purity of intermediate component is desired.

The GFC and full superstructure formulations are based on a systematic frame-
work that identifies the best ternary separation strategy based on the required process
and the product specifications. Thus, these operations have significant potential for
improving the productivity of SMB processes. The technologies developed using this
approach could be applied in a number of pharmaceutical applications and also in
the separation of sugars.

The second objective is discussed in detail in Chapter 5, which is to demonstrate
the GFC operation experimentally and compare its performance to the JO process.
A Semba Octave™ chromatography system is used as an experimental SMB unit
for implementing the optimal operations and the separation of sugars is chosen as
the chromatographic system for the validation of operating strategies. When the
optimal operating conditions obtained from the model optimization are implemented
on the experimental unit, a model mismatch is observed in the products purity and
recovery values. To resolve this model mismatch, a simultaneous optimization and
model correction (SOMC) scheme has been implemented. The advantage of using the

SOMC scheme is that it is a systematic approach to arrive at the model parameters
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that predict the experimental conditions. In addition, we do not have to rely on the
careful descriptions such as extra-column dead volumes that exist in the actual SMB
unit or the effects of the flow rates on the mass transfer inside the columns. We can
even start with a rudimentary set of model parameters and obtain the converged set
of parameters by fitting the SMB model to the experimental data. In our case study,
the converged set of model parameters obtained from the SOMC scheme were able
to predict the experimental conditions sufficiently accurately in the range of glucose
purity from 75% to 90%. This observation demonstrates the efficacy of the SOMC
scheme.

We also present a systematic comparison of both JO and GFC processes by con-
structing a Pareto front of the productivity obtained from the SMB operation against
the glucose purity desired in the intermediate stream outlet experimentally. The GFC
formulation is shown to be an efficient approach for finding the best ternary separa-
tion strategy for the separation of sugars. The productivity obtained from the GFC
process is significantly higher (around 40-50%) compared to the JO process.

It is to be noted that both JO and GFC operations are easily implementable
on most of the SMB systems with only minor modifications in the hardware. For
the SMB systems equipped with rotary valves, we may require one or more than one
additional binary valves in order to break the flow circuits. Such a minor modification
would not increase the capital cost of the equipment significantly.

The third objective is discussed in detail in Chapter 6, where an SMBR process
is developed for the industrial-scale production of propylene glycol ether. The es-
terification of acetic acid with 1-methoxy-2-propanol (PM) is considered to produce
propylene glycol methyl ether acetate (PMA) as the product. The SMBR system is
modeled using a transport dispersive model with a linear driving force (LDF) for the

adsorption rate, and the adsorption equilibrium and kinetic parameters are estimated
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simultaneously by fitting the single column model to the multiple pulse-injection ex-
periments. The LDF model with axial dispersion fits the experimental chromatogram
relatively well, while some mismatch is observed when the feed concentration is very
high.

To design an SMBR process, a multi-objective optimization problem is formulated
that investigates the trade-off between the production rate of PMA, the conversion
of esterification reaction and the total PM consumption. The solutions of this multi-
objective optimization problem result in a three-dimensional Pareto front of the opti-
mal PM consumption against the production rate of PMA and the conversion of acetic
acid. In this study, two projections of this Pareto plot are presented that compares
the ModiCon strategy, which allows periodical change of the feed composition and
the constant feed concentration strategy. Based on the plots, the production rate of
PMA through the raffinate stream outlet decreases with increase in the conversion of
acetic acid for both the operating strategies. Thus the higher conversion of acetic acid
is not favorable to high production rates of PMA. In addition, it has been found that
ModiCon operation is more advantageous to obtain high recovery of PMA through
the raffinate outlet and also for reducing the downstream separation cost compared
to the constant feed concentration strategy. Also, the ModiCon operation achieves
higher production rate of PMA for the same amount of total PM consumed per unit
weight of PMA formed. From these observations, we conclude that the ModiCon
operation has significant potential to improve the process performance of the SMBR.

The ModiCon operation is based on the periodic modulation of feed concentra-
tion. It has been found that by changing the feed concentration in a time-varying
manner, the internal concentrations in the columns can be manipulated so that the
feed concentration has a sharp local peak in zone II. Such a local increase of the feed
concentration increases the net reaction rate locally and thus allows higher purity and

recovery while increasing the production rate at the same time. This work, to the

120



best of our knowledge, implements the ModiCon strategy for the first time in reactive
separation systems.

All contributions in this work shows that the model-based optimization techniques
can be successfully applied in practice to make systematic decisions that optimize the
performance of both SMB and the SMBR systems. In addition, such techniques can
also identify novel operating strategies that improve the performance of SMB/SMBR
systems significantly compared to the existing operations. Finally, this work also
leads to some recommendations that could be followed up in future. The future work

is discussed in the next section.

7.2 Future Work

After surveying the work done in this thesis, there are some recommendations for

future research projects.

7.2.1 Extension of multi-component separation study to non-isocratic op-
erations

In this study, only the isocratic operations are considered while comparing the various
SMB operating schemes and also for finding the best separation strategy for the
separation of a ternary mixture. However, a few non-isocratic SMB methods are also
developed in past as discussed by Aumann et al. [5] and Wang et al. [90]. In these
operations, the concentration of mobile phase is allowed to change thus introducing a
solvent gradient inside the SMB system. These operations are specially useful in the
purification of biomolecules such as monoclonal antibodies and polypeptides, where
the adsorption strength is a function of the solvent concentration. In future, these
gradient-based operations can also be optimized to explore the potential of SMB for

the proteins purification.
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7.2.2 Extension of experimental validation study to systems with nonlin-
ear isotherms

In our study, both JO and GFC operating strategies are experimentally verified for
the system of sugars separation. The isotherm equations, that represent the thermo-
dynamic equilibrium between liquid and solid phase, were linear in this study due
to the relatively low concentrations of sugars in the feed inlet. However, there exist
several chromatographic systems that exhibit nonlinear equilibria. The nonlinearity
in the system arises when the chromatographic system is overloaded either in terms
of concentration or volume compared to the exchange capacity of the resin. As a
result, the equilibrium between the liquid and solid phases can be no longer rep-
resented by a linear equation; and a nonlinear representation is necessary such as
Langmuir, bi-Langmuir or competitive Langmuir isotherms. A recent study has vali-
dated the standard SMB systems experimentally using the Langmuir type isotherms
and a predictor-corrector algorithm [9]. However, it was only pursued for the sepa-
ration of a binary mixture. This work can be further extended for the separation of
multi-component mixtures.

The SOMC scheme might also need to be modified to implement it for non-
linear systems. In this study (Chapter 5, Step 3 of SOMC scheme), we have used
a sampling strategy that waits for the SMB system to reach the cyclic steady state
and then the product outlets are collected for one full cycle. It is to be noted that
such a simplified steady-state sampling strategy works for the linear systems, while
it might not be sufficient for a more complex system. For instance, highly non-linear
systems can show a strong correlation between the mass transfer coefficients and
parameters representing nonlinearity [9]. In that situation, we require a large number
of data points to obtain a reliable set of model parameters. Such a requirement can be
satisfied by collecting the transient concentration data. In such a sampling strategy,

the SMB product outlets are collected into a container from which the samples are
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analyzed at regular intervals of time [9].
7.2.3 Experimental validation of ModiCon strategy

In this study, it has been shown that the ModiCon strategy has significant poten-
tial to improve the process performance of the SMBR compared to the conventional
SMBR operating strategy. In future, this ModiCon operation will be demonstrated
experimentally by using a preparative scale SMB unit. The mathematical model de-
veloped in this study will be used along with the SOMC scheme to obtain the model
parameters that predict the experimental conditions.

In addition to the esterification reaction, another route is being pursued in our lab
for the production of the PMA product. This new pathway involves the transesteri-
fication reaction of ethyl acetate with PM that produces the desired product, PMA,
and a byproduct, ethanol. Since there are no acids present in the reactant, only the
reaction with the heterogeneous catalysis is presumed to occur during transesterifica-
tion. In future, the ModiCon operation will also be implemented for producing PMA

via transesterification reaction.
7.2.4 Extension of SMBR to advance operations

The SMBR operation, shown in Figure 6.3, can be further extended to some of the

advance operating strategies that are discussed below.
7.2.4.1 ModiCon strategy

In this study, we restricted our investigations to a ModiCon strategy where only one
change of the feed concentration per step was allowed. Obviously, more frequent
changes can be allowed, which may have the potential to improve the performance
further. Furthermore, linear increase or decrease in the feed concentration can be
implemented easily by employing a gradient pump. Such refinements of the ModiCon

strategy will be studied in our future work.
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7.2.4.2 PartialFeed strategy

In this study, from the optimal solutions of the GFC and full superstructure formu-
lations, it has been found that feeding the feed solution continuously may not be
advantageous all the time. From a similar observation, a modified feeding strategy is
proposed by others [93]. In this strategy, the feed flow rate is varied within a single
step while keeping the feed concentration constant. Since the inlet feed mixture is fed
partially in the SMBR, this operation is referred as ‘PartialFeed’ [93]. The number
of independent parameters in the PartialFeed strategy are the optimized feed com-
position, feed flow rates in different time intervals, switching time, desorbent, extract

and the zone 1 velocity.
7.2.4.3 ModiCon plus PartialFeed strategy

The SMBR operation can be further extended to a situation where the feed con-
centration is also allowed to change along with the feed flow rate in a single step.
Such an operation would be combination of both the PartialFeed and the ModiCon
strategy. This operation may be more advantageous compared to both ModiCon and
PartialFeed operations individually. The number of independent parameters in this
strategy are the feed compositions and the feed velocities in different time intervals,

switching time, desorbent, extract and the zone 1 velocity.
7.2.4.4  Generalized Full Cycle and Full Superstructure formulations

The concept of optimizing a superstructure formulation can also be extended to
SMBR systems. In the superstructure approach, numerous SMBR configurations
can be incorporated into a single formulation and the optimizer extracts the best
design that optimizes the SMBR process while meeting all the process and product
specifications at the same time. The number of independent parameters in these

strategies can vary depending on the number of switching allowed within a cycle [43].
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7.2.5 Refinement of the SMBR model

Although the mathematical model developed in this study describes the experimental
chromatograms relatively well, further improvements can be expected. The reaction
system of acetic acid and PM might be non-ideal at high concentration of acetic
acid. Thus the reaction kinetics may need to be modeled considering the non-ideal
activities. Furthermore, at a very high temperature, there is a possibility of some
dehydration reactions occurring as the side reactions to the esterification reaction.
Quantifying the reaction kinetics for such side reactions may also improve the math-
ematical model. In addition, the injection of the feed should be performed carefully

to maintain a rectangular pulse, while suppressing the viscous fingering.
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NOTATION

cross-sectional area of column, m?

liquid phase concentration, mol/L
axial dispersion coefficient, m?/min
Henry constant

solid phase based mass transfer coefficient, min=!
reaction rate constant, L/(mol min)

reaction equilibrium constant

column length, m

molecular weight, g/mol

number of components

number of columns

number of experiments

number of concentration data points

number of regularization parameters

production rate of PMA through the raffinate outlet, g/hr
optimal production rate of PMA, g/hr

water content in raffinate stream outlet, wt%
solid phase concentration, mol/L

solid phase equilibrium concentration, mol/L

net reaction rate, mol/(L min)
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Recpya PMA recovery in raffinate stream outlet, %

t time, min

Lstep step time, min

u superficial liquid velocity, m/min

Up feed velocity, m/min

up desorbent velocity, m/min

UR raffinate velocity, m/min

UEy extract velocity, m/min

ur, lower bound on zone velocity, m/min
uy upper bound on zone velocity, m/min
x axial distance, m

X conversion of acetic acid
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Greek letters

)

Superscripts
J

k

mod

erp

Subscripts
i

l

AA

PM

PMA

Water

Ex

bed porosity

stoichiometric coefficient

total PM consumption per gms of PMA produced, g/g
objective function of the parameter estimation problem
regularization parameter

regularization coefficient

Jth column
kth experiment
model

experiment

ith component

time points

acetic acid

DOWANOL™™ PM glycol ether
DOWANOL™ PMA glycol ether
water

feed

desorbent

raffinate

extract
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