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ABSTRACT

This dissertation describes the simulation and optimization of pigorand chromatographic
separation processes. The first part focus on the simulation and comparison of operational modes in
simulated moving bed (SMB) chromatography for separation and purification in bioprocesses. The
second part includes the simulatiah gasphase adsorptive processes by pressure swing adsorption

and temperature swing adsorption technologies.

The applications of SMB chromatography are popular in separating and purifying enantiomers,
petrochemicals, pharmaceuticals and biochemicals higher yield and lower solvent consumption.

We simulate and compare several operational modes of simulated moving bed (SMB) for a binary
and aternary bioprocess using Aspen Chromatography. These operational modes are able to improve
the separation efiency of the basic SMB process by our simulation and optimization. We compare
their separation performances and identify heuristics that wil guide the selection of operational

modes across a variety of systems.

Pressure swing adsorption (PSA) and tentperaswing adsorption (TSA) are two of the main
technologies for gaphase adsorption separation processes. We simulate and demonstrate a PSA
model for air separation system and a TSA model for CO2 capture system in Aspen Adsorption. We

present their sepation performance plots to provide the physical insights of these two systems.
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1. Introduction to the Dissertation

1.1. Scope and Organization of the Dissertation

This dissertation studiethe simulation, optimization and comparison of ¢cheomatographic and
adsorptive separation process@e first six chapters discuss in detaihe simulation and
comparison of operational modes in simulated moving bed (SMB) chromatogréwhiwo
separation systems. In the interests of simplifying the design of SMB separation systems, we seek

to identify heuristics that wil guide the selection of operational modes across a variety of systems.

In this chapter, we give an outline of this dissertatianddiscussour motivation ad significance

of the research.

Chapter 2 describes tl®MVIB adsorptie separadin processes and variotgpes of SMBsin both
academic researchnd industrial applicationsThe chapter also presents a literature review of the

SMB chromatography.

In Chapter 3, we apply th& MB column toboth binary andernary separatien We presenthe
modeling equations, and analyleeir separation performandeased omur simulation resultsising

Aspen Chromatography

Chapter 4discussesthe details of theoptimization methods we apphkp the basic SMB and its

operational rades in the followingchapters.
Chapter Sntroducesthe SMBoperational modes we investigateli considers:

(1) Varicold switching the inlet and outlet ports asynchronously
(2) PowerFeed or Partial Feedingarying feed flow rates

(3) ModiCorp varying feed concentrations

(4) Combinations offte previous three operational modes

Chapter 6 compares the simulation and optimization results of all the operational modes for both

binary and ternary separationSpecifically we aim to accomplish three key objectiveBirst, we

identify trends in the optimization of each op
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of purity and recovery to operational mode variables between the binary and ternary separations.
Second, we quantify and compare the completaragipn regions and the Pareto optimum plots for
the operational mode variables found in the frst step. Third, we apply the Powel optimization

method to extend the investigation to more separation systems with different segdaciion

Chaptes 7 to 9 cover the study of ggdhase adsorptive separatiprocesses. Chapter 7 gives an
overview of the gasphase adsorptive separatiby pressure swing adsorption and temperature
swing adsorption technologie€hapter 8 demonstrates a modeling appiicatof the pressure
swing adsorption process for the air separatieng Aspen AdsorptionChapter 9ntroduces a
temperature swing adsorption model for £x@pture from a mixture of C4N2 using Aspen

Adsorption.

1.2. Motivation of the Research

Our research fauses on the simulation and optimization of gas and liquid adsorptive separation
processes. Modeling incorporates key engineering fundamentals, including physical properties,
kinetics, mass transfer, mass and energy balances, process dynamics and -adegdutdesign.
Simulation models are important tools used in the development and @pevtthemical process
systems. Accurate, predictve models can help a plant minimize cost and maximize profit.
Optimization aims at improving the process performargEsed on the current modeling and

providing general guideline or trends for the separation systems.

Simulated moving bed (SMB) chromatography-4°has attracted growing research interests and
industrial applications in separating and purifying enandos, petrochemicals, pharmaceuticals
and biochemicals with higher vyield and lower solent consumption. The success of SMB
applicatons has led to the development of new metHbdts operating SMB units to further
improve the separation efficiencyDur gal is to improve the separation performance of the SMB
column by applying a variety of operational modes and their combinations. In our work, we focus
particularly from a practical point of view on several operational modes applied to the existing SMB
units by switching ports or adjusting ool valves. We aim to analyzend compare their separation
performance through our simulation and optimization to give physical insights of why a given

operational mode performs better or worse than the basic SMB.p@pose is to provide
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guantitative guidelines for optimizing the performance of various operational modes, and present a

general guide for the selection of operational modes across a variety of systems.

To that end, wenalyze two separation systents find common recommendatierbetween thema

binary chiral separation and a ternary amino aeidastion. The reason we choose these two
systems is because SMB technology is coniynaused in chiral separation drug and protein
productiod3. The SMBunit is originally applied for petrochemicalsFigure 11 (International
Strategic Directions, Los Angeles, USA$hows its applications have largely extenad the
pharmaceutical (35%) anbioproduct industry (25%), especialy for the separation of chiralgs

and racemic mixtures. Chiral separation is very important in the pharmaceutical field. For example,
one of thalldomide enantiomers is prescribed as a sedative drug, but the other causes really serious

birth defect8. Their enantomer formula are diagéd in Figurel.2.

In our study,the goal is to reach 99% for both product purity and recovery through modeling and
optimization in a chiral separation process by applying various SMB operational nigdedso

apply the simulation and optimization methodsaternaryamino acidseparation system.

SMB chromatograhic separation only involvethe liquid adsorptive separation, and we would
ke to cover the gaphase adsorptive processes as well in the dissartdfisere are mainly two
types of gagphase adsorption processes according to diffeagisbrbentegenerationmethod: by
changing the pressure called pressure swing adsorption {R8A)yvarying the temperature
called temperature swing adsorptiokiVe presenttwo practical case studiasing Aspen
Adsorption one is the modeling demonstration for buidiagressure swing adsorption pess;

another is a handen workshop for a temperature swing adsorption process.
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1.3. Significance and Contributions of the research

For the SMB chromatography sectionyr evork buids on the previous studies of operational modes

and contributes the following:

Q) Investigate two separation systems to seek heuristic guidelines for improving the
performance of the SMB operational modes and their combinations;
(2) Combine two othree operational modes (Varicol, PowerFeed and ModiCon);



(3) Present timedependent column concentration profiles to give dynamic insights on the
difference of the basic SMB with PowerFeed and with ModiCon;

4) Evaluate the product purity and recovery results through rigorous simulations to show not
only the improved separation regions for ranges of product purity and recovery, but also the
robustness of the operational modes to changing flow rate ratios, vadues;

(5) Analyze and compare the purity and productivity performance in the Pareto plot across all
the operational modes;

(6) Investigate the validity of our recommendations on operational modes with different

separation factors through rigorous simulatior aptimizaton.
For the gagphase adsorption section, our stuagiudes

(1) Demonstrate the simulations of pressure swing adsorption pescessair separation and
temperature swing adsorption for €€apture by Aspen dsorption;
(2) Present the detaled mdidg steps and performance resulfer both adsorptive separation

processes



Part I. Simulation and Comparison of Operational Modes in
Simulated Moving Bed (SMB) Chromatography

2. Introduction to SMB
2.1. SMBChromatographicSeparation

Adsorptive and chromatographic processes are widely used in the chemical, pharmaceutical, and
bioprocessingn industries for separation, purification and recovery purg@sBeferences 1to 14
review thechromatographictechniques in the field of engineerirappications Chromatography is
used to separate the components of a mixture carried by a mobie phase that fows through a
stationary phase packed in a column. The separation is based on different partitioning of species

between the mobile and the stationaniyases.

Simulated moving bed (SMB) technoldgd®#°is a powerful and promisingchromatograp hic
separation, and ia commercially populafor both smalscale bioseparations afar largescale
petrochemicalapplications. In 1961, Broughton and Gerfolgioneered the concept of the SMB,
and the intial applicationsnvioved the petrochemical and sugar industries. Recently, it is getting
an increasing attention by the research community, and finds commercial applications in separating
and purifying enatiomers, pharmaceuticals, biochemicals, and chiral compounds with higher vyield,
lower solvent consumption, and lower operating 'cd3te SMB process system has a major impact
on the pharmaceioll and bioprocessing industrie$he SMB technology allowsofr the continuous
injection and separation for chiral drugs and racemic mixturetheipharmaceutical area. The
simulated countercurrent contact between the sold and liquid phases maximizes themeéss
driving force, leading to a significant redoct in mobile and stationary phase consumption
compared with other chromatographic technologies, such as elution chromatograbisy.
techniques leads to higher productivity and efged product streams. Whscuss more about the

SMB chromatography téoology in the following sections.



2.2. Introduction to SMBs
2.2.1.True Moving Bed (TMB)

In atrue moving bed (TMBY, the liquid and solidgphases continuouslfow in the opposite directian

Figure 2.lilustrates aTMB for adsorptive separations aitdhas twoinlet streams(feed and
desorbent) and two outlet stream@xtract and raffinate).The TMB allows for the attainment for
high-purity products evenvhen using a lovselectivity adsorbent. This is different when compared

to the batch chromatography, in whichigh selectivity is critical to attain higburity products.
However, from an engineering point of view, the use of this type of equipment with the actual
movement of the stationary phase is not practical for industrial implementation. This complex solid
handliing may lead to some technical problems, namely, equipment abrasion, mechanical erosion of
adsorbent, and difficulties in maintaining plug fow for the sold (especialy in beds with large
diameters). These drawbacks motvdhe development of thensulated moving bed (SMB) unit

which represents an improvement of a true moving bed (FViB)
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2.2.2.The Classical FousZone SMB

The SMB unit® introduces a flow schem® simulate the continusu countercurrent flow of the

solid adsorbent relative to the fluidnstead of actually moving iThis schemeholds the adsorbent

as a stationary fixed bed, whie periodically moving the inlet and outlet ggnthronouslypast

one bed at a timeA SMB column consists of interconnected fixed beds with packed adsorbents.
Figure 2.Zllustrates the concept af4Zone SMB unit foradsorptive separation. The SMB column

is divided into four zones by two incoming streams, feed (F) and desorbent (D), ardaytgaing
streams, raffinate (R) and extract (E)is possible to inject or remove the processastis between
these beds througimlet and outlet ports.
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AGURE2.2.ILLUSTRATION OFSMBFORADSORPTIVE SEPARAHON

These streams divide the SMB unit into four different zones, of which each zone in the process

performs a different and specific role, as shown in Figure 2.3. Let us consider the adsorptive
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separation of two components, the madsorbed component A ancetkeastadsorbed component

B. An adsorption zone, zone 3, adsorbs component A and prevents it from reaching the raffinate

port. Zone 2 is a purification zone that desorbs component B and prevents component B from

reaching the extract port. Desorption zameZone 1 desorbs component A into the extract stream

and regenerate the sold adsorbent in the column. Zone 4 is a buffer zone, which adsorbs component
B to clean the desorbent, and blocks off zones 1 and 3. The right part of Figure 2.3 shows a typical

concentration profieof components A and B with the TMB column after steady state.

Figure 2.4 ilustrates the zone flow rate balances in the bamimel SMB®. In the figure,
0 I A R are the internal flow rates in zone 1, 2, 3 and 4, respecticelfd O M are the

feed, raffinate, desorbent and extract flow rates, respectivelyp ar@ ¢ €, are the

concentrations of componef@t the inlet and outlet of zor@respectively. In this 4one
separation system, wig the external fow rate8 i) ®¢ @, the internal recycle fow rate ,

and the feed and desorbent concentrations. The relationships among the fow rates in each zone of
the SMB are:

0 0 0 (2.1)
0O 0 0 (2.2)
0O 0 0 (2.3)
O 0 0 (2.4)
Summing the previous relations and taking into accountOthat O , we obtain the mass
balance equation:
0 0 0 0 (2.5)

The role of each zone is guaranteed by settiegappropriate liquid flow rate each zone as
shown in Figure 2.4.



In order to simulate the countercurrent movement of the solid phase relative to the liquid phase, we
switch the inlet and outlet ports simultaneously in the direction of flud flow ateapecified
switching time 4. Figure 2.5 shows a schematic diagram of column configuration of four zones
with six beds, w h +2e2i1) initesms dféha bed ewumnbers yn each zone.(Obe
complete cycle consists of six switches. In runningMB process, we fix the switching timey &ind

column configuration 6 throughout the entire

Desorbent(D) _/ \ Desorbent

Desorption Zone Zone 1
Extract(E) Extract
——————————— o G —
Purification Zone
Zone 2
Feed(f) 4 | Feed
Adsorption Zone Zone 3
Raffinate(R) _ Raffinate
[ - A —— —)
Buffer Zone Zone 4
0 100%

AGURE2.3. CONCEPT ANEZONEDISTRIBUTION OFSMB FORADSORPTIVEEPARATIONS
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Figure 2.6llustrates the extr@olumn dead volume which can impact the separation
performancé’. The dead volume consists lmédhead dead volumes and bie@ dead volumes.
The bedhead dead volumes represéime deadparts connecting twoomsecutive chromatografe
beds; the bedne dead volumes are tlmmes in the inlet and outlet pipes, as shown in Figure 2.6
We approximate the dead volume by using an effective dead volume with an assumed

effective pipe diameter and pipe length in our SMB models
2.2.3.The Classical FiveZone SMB

If we want to separate an intermediaigsorbed component or wish to obtain each pure component
from a ternary mixture, a single-zbne SMB wil not suffice; we need additional separation zones
to handle the added separations. Theesadarge number of ways to introduce the extra zones, such
as cascading systefhg?2:23 hybrid SMB/Chromatography systethd®, or adding additional zones
directly into a 4zone SMB®27.2829 For our separation system, we want to investigate zang
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configuration because it has received some attention rééefth?2°, and the Szone is a simple
extension of the 4one concept. We can implement all the operational modes investigatdd fo
zones in 5 zones in nearly the same way. In general, tandem SMB systems are preferred for
separation systems with low separation faéletd the amino acid system we select has large

separation factors, making it a good candidfatr the 5zone confuration.

Figure 2.7displays a &zone SMB unit for ternary separafiénin a 5zone SMB unit,we divide the

SMB unit into five zones by five inlet and outlet ports, namely, desorbent, extractl, extract2, feed
and raffinate. The figure shows that the unihas three product ports: extractl outlet stream produces
the mostadsorbed component A, raffinate outlet stream contains the least adsorbed component B;
extract2, upseam from the feed port for tlesorption and separation of the intermeda@adtsorbed
component |. Just lke the-zbne diagram in Figa 2.4 arrows in Figure B show the flow
directions of all the components A, | and B. Components A and | are both carried backwards relative
to the liquid flow, which is ilustrated by the upward arrovextnto zones 3 and 4. The downward
arrows near zones 1 and 2 indicate where desorption of A and | occurs. Component B moves with
the liquid through zone 4 and out the raffinate stream. Any component B that is not removed in the
rafiinate stream is adsald in zone 5 and recycled back into zone 4 where tt is released from the

sold phase.

Figure 2.8depicts the flow balances for azbne systehf; we see the paralels to thezdre

system illustrated in Figure 2.4ust ke the 4one diagram, arrows lRigure 2.8ndicate the

flow directions of components A, Band C. Components B and C are both adsorbed onto the solid
phase, and are carried backwards relative to the liquid flow. This is indicated by the upward
arrows next to zones 3 and 4. The dowvarrows near zones 1 and 2 show the desorption of B
and C. Component A, on the other hand, moves with the liquid through zone 4 and out the
rafinate stream. Any component A that is not removed in the rafinate stream is adsorbed in zone
5 and recycledback into zone 4 by the sold phase. Any component A that is adsorbed in zone 4 is

removed in zone 3, indicated by the downward arrow.
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2.3. Literature Review oEMB Applications

As described in Section 2.Broughton and Gerhold introduced the SM@nhcept asa practical
improvement of a TMB ur in 1961. The first commercial applicaton was Molex protefes
the removal of linear parafins from the branclwdin and cyclc isomers. Later, UOP

commercialized the Parex proc&ssvhich produces high purity-gylene from C8 aromatics.

Another important application is the separation of sugars. The sepavhfiontose and glucose is
one of the largest applications of chromatography. Folowing the pioneering work of Barker and
CritcheP?, there are a number of reported studies for sugar applicgtifnsJOP developed the
Sarex process$ to separate fructes from sucrose and other sugars. Industries also apply SMBs to

separate other sugars, such as monosaccharides like xylose or arabinose and dis¥ccharides

The applications of SMB later expanded to the pharmiged¢uand fine chemical industriedn the
early 1990s, Negawa and Shoji firsipplied system t@nantomer separatioiis’®. Since thenthe

SMB technology finds growing applications to the separation of chiral drugs and racemic fiixtures
46

Within five years of the first chiral separation destoations, UCB Pharma, in 1997, installed a

multi-ton SMB unit for largescale manufacturirtg Further in 2002, Lundbec
drug Lexapro becamthe first drug approved by th&JS Foodand Dr ug Admibei str at
marnufactured using SMBechnology®. Since up to early 1990s, the pharmaceutical industrials starts

to apply the SMB technology in chiral separation. It needs for rapid design methodologies, and
fundamental understanding of the process. From early 1990s to around 2000, thdufitsial

example of enantiomer separations was installed for-Ergle manufacturing in UCB Phartha®

From 2000 til presentnajor pharma companies started using the SMB units for chiral separation

48,50 and it needs for optimization toadd robust control algorithms.
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2.4. Literature Reviewof SMB Operational Mbdes

The successful applicatons of SMB extensivahgpire theinterest on the development of new
theories, modeling methodologies and new operation modetheinndustrial and reseah
community. The latest revietv details the most recent SMB operational modes, applications and
developments.The literature contains a number of proposed modifications to SMB opsyation

which we refer to as operational modes.

In our work, we focus pacularly from a practical point of view on several operational modes
applied to the existing SMB units by switching ports or adjusting control valves. Specifically, this

study considers:

(1) Varicod switching the inlet and outlet ports asynchroncusiy
(2) PowerFeed or Partial Feedihg/arying feed flow rated 5862
(3) ModiCord varying feed concentratiotis®3

(4) Combinations of the previous three operational mded<®

Table 2.1summarizes the relevant lterature and compares the scopes of previous studies with the
present workWe wil discusstheseoperational modes in chapters 3 to 6 in detéisadditionally,

there arewve many other relevant SMB operational modes did notinvestigated in our study,

such as the onedf variable external streamsamely, PartiaFeed! .62 PartialDiscard®, Partiad
portclosing” and Outlet Swing Strea®MB®8.

16



Table 2.1A summary of the relevant literature amdmparison @ THE SCOPES OF RBES STUDIES WITHETPRESENT WQRK

Reference Sep. system Comp. | Operational | Experimenta| SMB Opt. Method| Program | Isotherm form
mode | or Design
Modeling Method
Zhang, Enantieseparation Binary Varicol Both Included Nor+ rigorous Bi-Langmuir
et aP® of racemic in opt. dominated model
pindolol sorting
genetic
algorithm
with jumping
genes
Schramm, | Cyclopentanone & Binary | PowerFeed, Both -- Control DIVA Langmuir
et af3®* Cycloheptanone ModiCon algorithm
Zang and Dextran Binary | Variable flow Modeling Triangle Two-layer Aspen Langmuir
Wankat® T6&Raffinose rate operation Theory | NelderMead| Chromato
Enantiomers graphy Dualsite
Langmuir
Zhang, Chiral separation| Binary Varicol, Modeling Included Multi- - Langmuir
et aP* PowerFeed, in opt. objective
ModiCon Genetic
Algotithm
Pedeferri, Troger's base | Binary | An openloop | Experimental| Triangle -- -- Langmuir
et af? SMB Theory
Katsuo and Troger's base | Binary | Intermittent | Experimental| Triangle - - Linear and Bi
Mazzotti'®"? SMB Theory Langmuir
Amanullah Troger's base | Binary | Chromatograg Modeling Triangle Multi- -- Bi-Langmuir
and hy- Theory objective
Mazzotti® crystaliization NSGA
3-zone, } Simuftaneous
Binary | SMB & Outlet Both optimization AMPL Linear
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Sreedhar Glucose and stream swing Included model +IPOPT
and fructose partial feed in opt correction
Kawajiri™ hybrid
operation
Wu and Amino Acid Standing
Wang, et df | (tryptophan and | Binary SMB Both Wave Column VERSE Linear
phenylalanine) Design | configuration
(SWD) via
exhaustive
search
N-H Linda Insulin Ternary | Tandem SMB Both SWD Multi-loop VERSE Linear
Wang, et & Purification iterative
search
Chin and Sugar Isolation | Multi- 5-zone SMB Both SWD Iterative VERSE Linear
Wand® from Impurities | Comp. methods
H. Khan, Amino Acid Ternary| 5-zone SMB Modeling Triangle -- Aspen Linear
et af® Theory & Chromato
Safety graphy
margin
Jo, et al”® Amino Acid Ternary| 5zone & 2 Modeling Safety Genetic Aspen Linear
zone SMB margin Algorithm Chromato
graphy
Troger's base | Binary Bi-Langmuir
Varicol,
PowerFeed, Modeling | Triangle Multi- Aspen
This work : : ModiCon & Theory objective & | Chromato :
Amino Acid Ternary | combinations Grid graphy Linear
searching
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3. SMB Modeling for Two Separation Processes
3.1. Theoretical and Mathematal Method for the Modeling oEMB Units

3.1.1. Flow Rates Constraints of the Design

The design problem of a SMB nsists in setting the fow rate each section to obtain the
desired separation. Some constraints have to be met if one wants to recoveratisodssd
component B in the raffinate and the madsorbed component A in the extract. These
constraints are expressed in terms of thefinets of components in each zone (ratio of molar
flow rates of a species transported by the liquid phase and by the sold phatietrated in
Figure2.4 in zone 1both species must move upward;sections 2 and 3 tHght species must
move upward The net flux of the moshadsorbed coponent must be downwarih zone 4the

net flux of both spees has to be downwad] that is

2 p (3.1)
" pand —& p (3.2)
h h
—=L pand —- p (3.3)
h h
h
p (3.4)

3.1.2.Mass Transfer and Differential Equations

In simulating a 4zone SMB model in Aspen Chromatography, we use a countercurrent model, in
which sold particles fow countesurrently to the directiorof the fluid flow along the column.

We assume the linear driving force (LDF) mddeWwhere the axial dispersion flow for the bulk

fud phase is considered and the mass transfer rate in sold phase is taken as proportional to the
concentration differencérom the equiibrium. The mass balance equation and mass transfer

equation are as follows:
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Mass balance equation:

—a

6 p -"tn 16 189
‘ — 07— O
o - 0 a T4

(3.9

Mass transfer equation:

—a

I’I x rz ’
\ ( )

where0 andn] are solute concentrations of the liquid and solid phases, respectiviig,
superficial velocity of the fluid,-* the overall bed voidage'Q the axial dispersion coefficient ,
"Q the linear lumped mass transfer coefficient ghdepreserst the adsorbed phase

concentration at equiibrium with the liquid phase.

We add the folowing boundary and initial conditions:

oy

'O mr U B = 3.7
| ® AT A T68 & 'oTi(,x (3.9
| @ ,dj_°d - (3.9

3.1.3.Core Assumptions and Design Equations

Using Aspen Chromatography, we model a SMB process by applying the dynamic models of the
single chromatographic columns while considering the periodic port switching. We specify the
operating conditions through the usetw tparameters defined in the triangle theé6oRy.

These parameters define the relationship betw

solid adsorbent in a bedhe ratio of net liquid to sold flow in each zop§=1to 4 or 5) is:

OEIAAD DADEENOEA o A
OEAlI DADAAOI OAATO p -

(3.10)

The liquid flow through zone jwith liquid flow rat@ over a switching time intervad is
0 6 . However, since the zone shifts by dmed per switching interval, we need to subtract the

liquid holdup in the bed that was left behind from the totaldigiow. The holdup isw
20



w wherew s the adsorbent bed volume,is the bed voidage, and the dead volume isso

the net liquid flowis 0 6 @ o .

The solid fAflowd is simply the wolufisisof sol i

because in each switchingterval, the ports move past obed worth of adsorbent.

The net mass flow rate ratids are the key design variablegfor the SMB and any operational

modes. This is because a key to determining the chromatographic separation performance is the
volume of liquid which contacts a given volume of the adsorbenalue repesents this

important design variablas a muktiple of the sold fow rate. In addition, for a gven SMB

system, the switching time is constant, which means that the difference between consecutve m

values is proportional to the inlet or otutfow between the zones. For example, &

0 ——— , represents the handling capacityUofthe unit could afford. We want to enlarge

me value but reduce mvalue in our study .This means that by specifying all four m values (along
with a maximum pressure drop), we have set all the fow rates in the system. We wil evaluate
me and m values for each operational mode, which lead to complete sepaiedion plots. In

the process, srefers tol - myis related ta 0 .

We cannot neglect the dead volume of the SMB column, because the column volume is rather
small in our selected separation system and the dead volume is of the same order of magnitude.
We consider the effect of the dead volume in our binaparsdion in order to evaluate the
separation performanceore accurately We do not include dead volume in the ternary

separation.

A set of flow rate ratios for each zone is sufficient to calculate the operating congiifibfos

the SMB unit given eg.11) to (3.13)as well as the nss balance equations in Figure 2.4. Eq
3.11is a simple rearrangement of eq 3.10, whie eq 8eHles the pressure drop to flev

rates in the column. Eq 3.EBsures that the system wil be operating at the maxirpuessure

drop; this gives a consistent basis for comparison between different operating condiions.
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5 ¢ - ¢ (3.19

0
N pump - 0
T T ar - v (312
%b)
— ¢ 0 - - 3.1
i e a p (.13

In the equationsY0 =pressure drop in each zore=bed number in each zonélength of each

bed; Y0 = maximum pressure drop through the coludia= pressure drop coeficientS=

crosssectional area of the bed= overal bed valage; * = fluid viscosity; i = particle

radius; @ € [Q= particle shape factor. For turbulent flows, the Ergun equation is a better
correlation for pressure drop; in this case, the difference in pressure drop estimates by the
Carman Kozeny and Hrg equations is very small (less than 0.5%). Therefore, we employ the

simpler of the two.

We use the convection with dispersion based on Peclet number as a material balance assumption.
This assumption evaluates the axial dispersion coefficient as a furctithe Peclet number

based on the column length:

o — (3.14)

where'O = axial dispersion coefficientd=superficial velocity of the fluid,L=column length,

0 ‘Gparticle Peclet number, =interparticle voidage.

3.1.4.Isotherm Approach

We use the biLangmuir adsorption isothermi-’2at 23°C:

— 'Q o (3.19

0 &p ©F (3.16
0 By Of (3.17)



In the equations@” is the adsorbed phase concentration of component i in equilibrium with the
mobie phase’'O andO ar e t he Henryds ¢ on&qthd;md;Eo; ardthet wo ¢ o

bi-Langmuir isotherm parameters for componé&nt

3.2. SMB Modelng for Binary Separationof Trgy er 6 s Ba s e

This study investigates the performance of different SMB operhtinodes for the binary
separation of chiral & Wamotel @sied SMB amlimn Bse® ger 6 s
basic fourzone SMB model specified Bection 2.2.2We refer to the binary components -¢&,)
8-dimethyt6H, 12H5, 11 methanodienzo [b,f][1,5] diazocine (TB+ and TH as components

A and B in all the equations and models. We use a feed concentration of 0.5 g/l for each
component in the basic SMB model, and the feed contains 50% component A and 50%
component B by weight. This process usesaftak AD as the chiral stationary phase and

ethanol as the mobile phase. Table &ts the column and isotherm parameters for this binary

separation proce&s’?,

We apply the extra dead v Oaskigne 2.6¢shdwesleasr fr om Ma
model, weconsider that all dead volumes, including the-bedd and bethe dead volumes, are

identical tubing volumes. We give a namethef total dead volume as . We assume an

effective dead volume with fixed pipe diameter and pipe length. @hrawr modeling

experience, changing pipe diameters and lengths does not affect the performances much as long

as the total dead volume between beds is fixed snsiystem
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TABLE3.L COLUMN AND ISOTHERMAAMETERS FAROGER BASE SEPARATION

Column Configuration

1-2-2-1 (Figure 2.%

Column Length (L) cm 15
Column Diameter (Dia) cm 0.46
Bed volume per column 4y _ja cn? 2.493
Bed voidage m? void /n# 0.68
Adsorbent particle diameter micron 10
Particle Shape factorr -- 0.1475
DeadVolume per Zone ml 0.23
Pressure Drop Coefficient bar min/cm 0.1
Bi-Langmuir isotherm DualStte A (TB+) B (TB-)
-- 3.99 1.56
/g 0.0107 0.0132
-- 0.986 0.304
/g 0.601 0.136
1/s 1.81 2.96
Henryoés cons. - 4.976 1.864
Peclet number -- 500 500
Feed concentration g/L 0.5 0.5
Axial dispersion coefficient cné/min Chung and We

Table 31shows the resulting operating conditions relating to the fow rates in the basic SMB
model. We simulate the basic SMB model and several operatiordsmsing Aspen
Chromatography.For the basic SMB model, the starting point is based on the experinuattal
from Mazz dtWeivdlidate thisabpsie ISMB model with their experimental results, and
list our results in column 3 of Tab®5. This basic SMB model is the starting point and
comparison basis for all the investigated operational matfesise the quadratic upwind
differencing scheme (QUDS) with 40 element nodes as a discretization method. QUDS is a
linear finite element scheme that gives a good fit of model predictions to experimentallresults
For this binary separation, QUDS method hasy/\good accuracy and little numerical

dispersion, and is well suited time integration.We integrate the resulting ordinary differential

equations using Gear method with a variable time step size (0.1 min initial step size, 0.1 to 0.5
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min step size ramgand 0.5 step reduction factor) and the integration error tolerance set to the

value ofp 11 in Aspen Chromatography.

TABLE3.2. OPERATINGANDITIONRELATING TELOWRATES IN THEASICA-ZONESMBMODEL FORINARY
TROGE®BASESEPARATION
6.54
1.75
4.785
1.35
1.12
0.52
0.9
0.47
0.65
0.6
0.38
rates 0.43
Recycle flow rate ml/min 0 0.47
Switching time min 0 6.38

—

Flow rate ratio -

Zone flow rates ml/min

Inlet and outlet flow mi/min

Cl Ci ClClClCUcacq Q[

3.3. SMBModeling for Ternary Sparationof Amino Acid Mixture

We investigate the ternary separation of phenylalanine (theadsstbed component A),

tryptophan (the intermediat@dsorbedcomponent 1) and methionine (the leasisorbed

component BY:26.28 This process uses pelyvinyl pyridine (PVP) resin as the adsorbent. In this
system, we implement a basiezéne SMB with aneighb ed col umn with-confi g
2-1-2-2) in AspenChromatography. We use the biased upwind differencing scheme (BUDS)

with 40 element nodes as a discretization method. BUDS is a linear finite element scheme, which
gives model predictions that fit with the literature restitgell. For this ternary sepation,

BUDS gives good accuracy for small node counts, and good stabilty with no oscilatfimivies

3.3 and 3#include column configuration and operating conditions for the ternary sep#tation

We choose feasible operating conditions but without densg dead volume in the model

based on Khan and Youras
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TABLE3.3. COLUMNGONFIGURATION ANBOTHERMARAMETERS FORRNARBEPARATION

Column Configuration

Column Length (L) cm
Column Diameter cm
Bed volume per cn?
Intemal bed voidage m?® void
Extemal bed voidage @ m® void
Adsorbent patrticle cm

Mobile phase density  glcn?
Mobile phase viscosity cp

Amino Acids
Feed concentration gL
Mass transfer cm/min
Linear isotherm /L
Axial dispersion cné/min

1-2-1-2-2
25
2.5
122.73
0.346

0.55

0.0362

0.996

0.89
Methionine (B PhenylalaningA)

0.5 0.5
0.0518 0.0171
0.3537 11.771

Chung and Wef

Tryptophan ()
0.5
0.0157
1.6015

TABLE3.4. OPERATINGONDITIONS IN THRASIC5-ZONESMBMODEL FORERNARBEPARATION

Flow rate ratio

Zone flow rates

Inlet and outlet flow

rates

Recycle flow rate
Switching time

18.83
2.56
0.56
1.001
0.22
48.742
11.384
6.792
7.804
6.011
42.731
37.358
4.592
1.013
1.793
6.011
15.73

0L

-

cmé/min

cmé/min

Clci C1Clca ciCl Clgacq @

cmé/min 0
min 0
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3.4. Performance Evaluation

3.4.1. Performancelndices

Since we consider thdynamic state in all the models, the results are recorded once the system
reaches a cyclic steady state. We determine the steady state by finding the time at which the
average of the performance indices over one step becomes constant. The steadyttaingdis a
after 10 cycles (each cycle contains 6 switching time rounds). Our simulation time is therefore
382.8 min.

We define a number of performance indices for both binary and ternary separations in our SMB
chromatography columfs For the binary sepaian, we have the extract outlet stream containing
the mostadsorbed component A, and the raffinate outlet stream contaihengeastadsorbed
component B. Br the ternary separation, we have the extractl product containing the most
adsorbed component #je raffinate product containing the leastsorbed component B, and we
obtain mostly the intermediatedsorbed component | in the extract2 stream. For simplicity, we

define theperformance indexequations in terms of the binary separation.

Purity @ 0)iand recovery’Y Q) df component A in the extract (E) stream and of component B in
the raffinate (R) stream through one complete cycle time after achieving the steady state.
ormwlmandsl represent the average concentrations of conmi®n& and B in the extract and

rafinate during one switching interval.

. . or
§ = m 3.1
001 061 zFpF (3.18
YQ&® 'YQ® 0 &0 (3.19
0 oF '
DOiI 0O ] (3.20
or  ofF '
« . 0ol
YOO YQOH —— (3.21)
0 6
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Productivity 0 i )éf both components A and B through one switching interval after steady state,
which represents the total amount of recovered products peamolmme per unit time. In eq 3.22

nis the bed number through the coluramdw is the adsorbent bed volume.
Vi € ——— (3.29

Ew

Desorbent consumptiorlO(9 represents the amounts of desorbent needed per unit of pure product
A and B received from extract and raffinate:

08 0 6
° T VYaod VYoo

(3.23

3.4.2.Simulation Results with Fixed m "lues for Binary and Ternary
Separations

Column 3 of Table 3.5 and of Table 3@mmarizes the simulation results of theohe SMB for

the binary separation and thezdne SMB for the ternary separation, including all the performance
indices defined in equations.1B through 3.23We note that the purity of component B and the
recovery of component A in the basic SMB moddtr the binary separation (the purity of
component | and the recovery of component A for the ternary separatenglatively low, so
our goal is to improve these two performance indices, while keeping thepotitgrand recovery

results above acceptable levels (larger than 99%).

Columns 4 to 8 of Tables 3.5 anddnclude the corresponding performance results for several
operational modes applied to the binary and ternary separations that we wil discigs in
subsequent sections. For both binary and ternary separations, all of the investigated operational
modes improve the product purity, recovery, total productivity, and solvent ngptisn over the

basic SMB cases
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TABLE3.5. A COMPARISON OF THRPERMARE OF THE BAZKZONESMBAND SEVERAL OPERAIRDMODES F(
THE BINARY SEPARATIOFTROGER BASE ENANTIOMERS

1. 2. 3. 4, 5. 6. 1. 8.

Performanc . Basic . PowerFeed ModiCon PF&M  V&PF&M
Unit Varicol
e Parameter SMB (PF) (MC) C C
o » %  99.97 97.29 99.99 99.96 99.98 100

o P %  92.74 99.60 96.66 98.84 99.30 99.28
ma %  89.23 98.54 90.38 97.59 98.43 98.68
={ -"{} % 99.99 93.57 100 100 99.88 99.74
F»=  olh 1442 1.464 1.453 1.506 1512 1512
-|| F g 2.864 2.822 2.844 2.743 2.734 2.732

TABLE3.6. A COMPARISON OF THRPERMANCE OF THE B&8ZONESMBAND SEVERAL OPERABDMODES F(
THE TERNARY SEPARNTDF AMINO ACID MIXRES

1. 2. 3. 4. 5. 6. 7. 8.
Performanc , Basic ) PowerFeed ModiCon PF&M  V&PF&M
Unit Varicol

e Parameter SMB (PF) (MC) C C
o » %  99.95 98.17 99.97 99.97 99.98  97.89
Fo » % 9257 91.65 93.04 93.08 93.45  93.05

Fop %  99.79 100 99.93 99.88 99.98 100
mF %  80.54 85.28 89.68 88.72 91.12  91.42
4 met % 100 99.85 99.54 99.98 99.76  99.45

1 mit % 100 100 98.76 99.23 99.18 100
F»- g 0086 00882  0.0891 0.0891  0.0898  0.090

1 mlg 4.620 4.545 4.500 4.501 4.468  4.456
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3.4.3.Column Concentration Profiles

Werecord the dynamic concentration profile for each simulation run isteteadystate. The

red and green curves represent the concentsatibcomponent A and B through the column.

We use the SMB concentration profile to compare with otihéB Sperational modes. Basically,

we use these left and righixial gajs between two componextand the overlapped area in the
shadow, as shown in Figure 3.1, in conjunction with product purity and recovery to describe how

complete the separation is

Figure 3.lalsodisplays the inlet and outlet ports switching in the basic SMB model. At t=0, all
the inlet and outlet ports are in their original position, and @t t=all of them (Desorbent,
Extract, Feed and Raffinate) move to the next bed at the same time.

Zone 1l Zone 2 Zone 3 Zone 4
80| Desorption Purification Adsorption Buffer
Zone Zone Zone Zone
— 40F
S~
24
= 30r
2 N
g 20 Right Axial Gap .
= Left Axial Gap N ‘\\\\
Q -
% 19 - AN
@) 0 P > \
| - g N e 1 N
I | [}
11 1= I P R
0 1 2 3 4 5 6
Desorbent Extract Feed Raffinate

Desorbent Extract Raffinate

HGURE3.1. THEDYNAMIGOOLUMNGONCENTRATICPROFILE IN THRASICSMBCOLUMN

3.5. Separdion Regionand Pardo Plotsfor Varied m ValuesSystems
3.5.1.Separation Region Plots

There are two families of analytical design methods: triangle theory and standing wave design

(SWD), for predicting the operating conditons of the SMB units. The triathglery ’-’8predicts
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a region of complete separation based on the ratios of net liquid to sold flow in various separation
zones for an ideal true moving bed (TMB) separation unit under certain assumptions, for example,
without masstransfer limitaions. Another design method, standing wavesigiit-23.75(SWD),

takes the mass transfer limitations into account, but retains the TMB assumptions. However, once
the TMB assumption is violated as in the case of our operational modes, neither design method is
cgpable of defining the separation region with analytic functions of the system variables. Since
the separation regions of the operational modeslifawn inFigure 5.18, especialy the ModiCon

and the combined operational modes, differ significantly flieenbase case, the operational mode
performance is not captured entrely byaiues, which are thprimary output of the SWD and
triangle heory. Therefore, we must rely on a grid of detailed simulation results to describe the

separation region, asanskall show below in Figure$.18 and 5.28

To construct the separation region plots, we run simulations in a grid pattern over a region in the
vicinity of the optimum operating conditons. These plots clearly demonstrate the effect of the

operational modesn the region of complete separation, as wel as the optimum operating point.

Based on the previous studies, such as MaZzotie have extended the approach in the following

ways:

(1) Consider both product purity and recovery resuits in the separation region plots.

(2) Include muttiple separation performance regions to allow some visualization of
robustness.

(3) Provide a clear picture of the region around the optimum point of their separatio

performance by applying different SMB operational modes

Figure 3.2a demonstrates how to identifg tiptimum operating region oma-ns plot. The

inner blue rectangle represents the region spanned by our grid of simulation results. The
optimum operatg conditons correspond to complete separation with the maximum feed flow
rate and mnimum desorbent consumption. Because the difference betwart m is

precisely the feed flow rate, we want to find the point where this difference is greatest, i.e.

farthest from the prms diagonal.
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Figure 3.2hblustrates the separation region plot for the basic SMB maddkrms @ their

product purity and recovemesults We divide the simulated purity and recovery into four

different value regions. Theseclude: (1) both product purites and product recoveries are

larger than 99% in the pink region; (2) product recovery values from 98% to 99% with A&B
purities O 99% are marked in blue; (3) both p
than 9% by gray region; and (4) all the values lower than 98% put in yellovartegis shown in

this symbol boxThe labeled point on the graph represents thewrpair with maximum

productivity that stil satisfies the high purity (99%) anghhirecovery (99%constraints for the

basic SMB model.

A A A A
A&B Purity = 99% A&B Purity > 99% A&B Purity = 99% A&B Purity < 99%
A8&B Recovery> 99% | 99% > A&B Recovery > 95% 95% > A&B Recovery > 90% A&B Recovery< 90%
Optimum point
(Hy,Hy)
] S Qomtgsty]
- ma3=4.4
3 A @ o 9 'e ohe 9 »
3 A o 9o w9 9 98 >
B A e o0 e e e e >
A 1
m, m;
a. The separation regoon ani -i plot b. The exampled separation regipiot for the
with the optimum point basic SMB model.

HGURE3.2. AN ILLUSTRATION OEPARATIOREGION ONMM,-M3 PLOT

3.5.2.ParetoPlots

The Paret@lot is a common tool for mulibjective optimization, which involves the search for
tradeoffs between conflicting performance indiée5.58.59.73.8081 This means that weannot
improve one performance index without sacrificing the other. In order to simultaneously
maximize these two indices (for example, B purity and productivity for the binary separation),
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we generate a Pareto plot for all the operational modes and eothpéirresults. Figusee3.3a

and b demonstrate how to make a Pareto plot from a separation region plot. Purity and
productivity are the two conflicting performance indices we try to maximiiet.us start with

Figure 3.2 of the separation region ori a-I plot. We divide the dashed inner rectangle box

in Figure 3.2a into six different purity regions based on their product purity results, as we adjust
the (m-mg) sets. We label the maximum productivity values in the specifiedregjins as

points A, B, C, D and HE-igure 3.3b is a converted Pareto plot for the optimization of two
conficting performance indices, purity and productivity, obtained by specifying threshold
puries in Figure 3.3a over tie & plot. We obtaind & hoOié ,0 & ,0 ¥ andd & by

optimizing the productivity at point A, B, C, D and E for the specified purity regions. In this

way, we can combine tHe -i  plot and the Pareto plots see the robustness of the effect to
the B purity and produivity from thei -I  sets.

E o o o o o e
1 90%<Pur <92%
R e et I R ——
[ 92%<Pur <95% TR b
L 1 1 Pro g ———
1 O I [

ms : : : 95%<Pur <98% Pro : : : """
I | | Bpmm————————— I : : :
1 1 1 1 1 1 1 1
I 11 1 e8%<pur<oon ' Pl !
A Coob b
: : : 1 : 1 1 : 1 1
R | Purx99% ' H r '
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
Lttt 90% 92% 95% 98% 99%

2 Pur
a.Thel -I plot with different purity b. The Pareto plot of two conficting
regions. performance indices, purity and productivit

HAGURE3.3. THEDEMONSTRATION ®RKINGA PARETO PLOT FROM RSEATION REGION PLOT
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4. Introduction to SMB Operational Modes
4.1. VARICOL

The key difference between the Varicol operafisriand the basic SMB is an asynchronous

shit of the inlet/outlet ports in a multicolumn system. The zone lengths are varied in time, but
the variation ofthe zone lengths is periodic so that the column recovers its initial position after a
whole switching cycle. Thughe operation is cyclic. The fact that the zone lengths vary over

time means that the effective solid flow rate is not a meaningful concept. The change in the
relative postion of the patsuggest that we cannot say that each zone moves past onerbed pe
switching time as the case othe basic SMB.

Figure 4.1 illustrates the asynchronous shifting of inlet/outlet ports in a Varicol process within a
6-bed SMB col umn. We denote t he-2-2-h)andidefile the ol u mn
asynchronous shiting ratio (AS) as a fraction of the switching #mattwhich the inlet or outlet

port moves to its next port posttion. Specifically, A®Se, ASF and AS with values between O

and 1 represent, respectively, the asynchronous shiting ratios for the desonbenn; extract

out port, feeein port and rdinate-out port. For example, AS= ASe = 0.5, together with AS=

ASr = 1 mean that at t = 0.54¢ both feedin port and extraebut port switch to the next bed,

and the column c¢ onfZI1glyThant att=tindesbrecetopogeand ¢ = (2
rafiinate out port move to their next beds. Atdwtall four ports have switched to their next

beds, and the column <@@bfiguration returns to

L 1 1 2 : 3

: 1 :6

Desorbent Extract Feed Raffinate
403 1 J ~ e T o A
f L k) 1
ASp=1 ASE=0.5 ASr=0.5 ASg=1
Desorbent Extract Feed Raffinate
t=0.5*tg, T """""""""""""" i """"""""""""""" T"“"“ i
t=tg, T i T *
Desorbent Extract Feed Raffinate

AGURH.1. DIAGRAM OF THE ASYNRDMNOUS SHIFT OF INIBUTLET PORTS INVARICOL PROCESS
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The effective number of beds is a useful parameter for describing a specific Varicol
configuration. This number describes the effect of the asynchronous switching ratios on the
length of a given zone. Given in equation form, we calculate the effective summibbeds,

& Ol Hor a 4zone Varicol system by:

G 0 Y 8Ty 4.2)
G 0 8 By 4.2
G 6 8y &Y 4.3
G 0 Y 8Ty (4.4

where N, N2, Nz3and N; are the bed number in the four zones, andZZ Zs and z are the

effective zone lengths.

The derivation of the equation for zone 1 is providedrigure 4.2as an example.

The starting point is the base configurationi.e. the initial number of beds in the zone. When

the desorbent port is switcheat time 0°Y, the length of the zone decreases by the number of
beds that the desorbent port moves past. When the extract port is switched OaY firhe

length of the zone increases by the number of beds that the extract port moves pasttsOur por
only move by one bed at a time, so the change in the number of beds is always exactly equal to
1. We therefore have two possible scenarios, either the extract port switches before the
desorlent port (scenario 1 in Figure 4.8r the desorbent port solites before the esrt port

(scenario 2 irFigure 4.2. When they switch at exactly the same time, the two scenarios are

equivalent.
Scenario #1 Scenario #2
A A

§ I X I I I
o L 1 [ 1
> S | : |
oo )
= g5 | o ! g
> S N
z= Z £

0°Y0 5o o 5 Yo 8"Yo 0

HGURH.2 ILLUSTRATION OF THEFECTIVINUMBER OIBEDS IN THERSTZONE OF AMARICOL SYSTEM
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We find the average number of beds in zonbyhveraging the number of beds over a switching
interval. Since we have three rectangular regions, we can immediately write down the equation
for the weighted average:

Scenario #1

& (4.5

Scenario #2

& (4.6)

Simple algebra reveals that both equations reduce to the same expression:

®w 0 poY poY 4.7
We simply name individual Varicol asiZ2- Z3-Z4) for the study. We can use these effective
bed numbers to evaluate the effect on the product purity and recovery in the evaludtion an

optimization section for the Varicol.
4.2. PowerFeed and Partial Feeding

Our second operational mode is a modified PowerFeed p?&€&8&s The difference between

our work and the conventional PowerFeed is that we also adjust the recycle flow ratesheithin
switching subintervals, not only the feed flow rates. This is because in some cases, changing the
feed flow rates may cause the system to exceed the maximum pressure drop. In our modified
PowerFeed operation, we divide the switching tigagnto threesubintervals, and vary the feed
fow rates (k, F2and B) rom one subinterval to the next. In order to satisfy the marim
pressure drop criterion, eq 3,Me vary the recycled flow rates (RecyRecy and Recy) during
each operation cle, as ilustated in Figure 4.3&igure 4.3kcompares the feed flow rate

policies of a basic SMB and the PowerFeed operation in three switching subint¥¥ealeep

the average feed flow rate the same as the feed flow rate in our basic SMB Imtde!.

modified PoverFeed with three switching subintervals, t= Q,+t=F, Recy=Recy, t=t~bt, F
=, Recy=Recy, t=t> ~ 3, F = i3, Recy=Recy, t = tw, F = F1, Recy=Recy.

We note that the Partial Feedh§!is a special case of the PowerFeed operation when the feed
stream and the raffinate stream are active only during certain subintervals within a switching

time.
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a. An ilustration of variable feed and recycle fiow rates within subintervals in the ieadbdit

PowerFeed process.

—— POWerFeed

b. A comparison of feed and recycle fow rates policies of the basic SMB and PowerFe
three switching subintervals.

HGURH.3 THE BASIC PRINCIRMETHEPOWEREEDN THREE SWITCHINGBSWIERVALS
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4.3. ModiCon

ModiCorf3-64varies the feed concentration 1(C2, and G) of the SMB process within three

switching subinterals, as illustrated in Figures 4.4a andttkeeps the feed flow rate and the

column configuration unchanged as the basic SMB mddehis ModiCon with thee switching

subintervals, t= 0 4tC =C;t = i~

L, C=0Ct=~6,C=G/t=ty C=C.

Desorbent—» Desorbent —» Desorbent —s»
l * Extract 1 * Extract 1 *  Extract
Feed Feed Feed
(C1) 1 (C2) -_’1 (C3) i
l—»Rafﬁnate L— » Raffinate 14 Raffinate
| I | | I
0~t4 ti~ty tr~t3

a. An illustration of variable feed concentrations within three subintervals in the ModiC

A

Cyq

Total Feed Concentration g/I

process.

== SMB
s MOdiCon

C,

'FSMB.——------———_

b. A comparison of feed concentratigrolicies of the basic SMB and ModiCon within thre

switching subintervals.

RGURH.4. THE BASIC PRINCIPIEEETBIEMODICON IN THREE SWITCHEISUBINTERVALS

38



5. Simulation and Comparison of Operational Modes in SMB

Chromatography

This chapterinvolves the modeling, optimization and evaluationtwd bioprocesses, a binary
chiral separation of Tr°gerds base enantiomer s
accomplish the binary separation in-aghe column, and the ternary separatn a 5zone column.

We simulate and compareboth separation systems under several SMB operational modes
including Varicol, PowerFeedand ModiCon together with their combination® the following
sections5.1 and 5.2We compare the simulation resukstérms of purites and recoveries of both
extract and rafiinate products, along with other performance indices. Concentration profles within
the column provide a basis for comparison between operational modes, and give physical insights
that explain whya given operational mode performs better or worse than the basic SMB. Our goal

is to improve the performance of the basic SMB cases and expand the feasible separation regions
of these systems by applying different operational modes. We propose guidelinegproving

the performance of the operational modes of the studied systems, and present the improved
separation regions where certain purity and recovery thresholds are met for various operational

modes.

5.1. Simulation and Optimization of SMB Operational Mies for Binary
Separation
5.1.1.Varicol

For the Varicol modeling, all the process and operating conditions are the same as the basic SMB,
except for the new asynchronous port switchinfe have outined an effective evaluation
procedure using the rigorous models developed in Aspen Chromatography to demonstrate how the
Varicol can achieve superior separation performance over the basic \8&I®ant to maximize

the purity and recovery of therocess by changing the effective bed numlbréor each zone.

This means that we need to maximize the lengths of the separation regions (zones 2 and 3), while
making the norseparating regions as small as possible without causipgrily contaminatio.

Figure 5.1shows the strategy for the Varicol evaluation.
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Basic 4-zone SMB Model

Asynchronous port switching ratios
AS,, ASg, AS; and AS,

Initial Varicol Model

Grid search by changing the
effective numbers of beds Z;

Optimum Varicol Model

Variable m,and mj
flow rate ratios

Improved Separation Regions

RAGURES.1. THEVARICOL EVALUATIONDANMPROVEMENT STEPS

Figure 5.2 ilustrates the general trends by looking at a contour plot of A and B purities in,the (Z
Z3) plane at Z=2.4. Thefigure shows that there is no overlap between the regions where both A
and B purites exceed 99% or 99.9%. We find that if we improve A purity to 99.9%, then B purity
wil drop, and this is observed at alk Xalues. Therefore, we can conclude tHa¢ ¥aicol
operational mode is not able to achieve greater @@ 0r99.9% purity in both components at

the optimization point. However, it is possible to improve on the base case in some of performance

indices significantly, while only slightly sacrificing lar separation performance indices.

We see anice change in the concentration profiles between the Varicol and the basic SMB column
in Figure 5.3. The concentration of B (the yellow curve) moves to right a lttle, so the regions
containing components And B overlap less, that means we are getting a better separation,

although themprovement is not that much.

40



25

24

23

22

21|@

19

18

17

16

A Purity > 99.9%

— B Purity > 99%

_ B Purity> 99.9%

.. APurity > 99%

S—

"5

07 09 11 13 15

17

TN

..... A Purity > 99.9%

HGURES.2. CONTOUR PLOT GFANDBPURITIES IN THE;, Z) PLANE WITH, =2.4.

0.6

o
w

o
IS

0.3

Component Concentration (g/l)
o
N

o
=

0.0

Concentration Profile _SMB Vs. VARICOL

—e—A concentration_SMB
—e— A concentration_VARICOL

Varicol

0 30

60

—+—B concentration_SMB
B concentration_VARICOL

'SMB

L ]

'Varicol

L ]
L

90

Axial Distance in the column (cm)

HGURES.3. CONCENTRATIORROFILES BETWEBNIBAND VARICOL

41



We choose a Varicol model witolumn configuration (41.7-2.4-0.9) as our best model because

it results inthe highest product purity and recovery. Column 4 of Table 3.5 summarizes the
resulting Varicol erformance indicesln this Varicol process, the average product purity of both

A and B increases by 2.17%, the average product recovery of both A and B increases by 1.45%,
and solvent consumption decreases by 1.5%, compared to the basic SMB modetrddse in

results from our ability to effectively fireine the zone lengths, allowing us to choose
configurations that are panay between two SMB configurationglowever, the resulting

Varicol configuration is actually very close to the original SMB canfiion. Becaus&: and

Zsfor the Varicol are almost the same as those in the basic SMB, we conclude that a guideline to
optimize this Varicol operation is to increase the length of zone 3, but decrease the length of
zone 2. We also note from compg cdumns 3 and 4 of Table 3tBatincreasing B purity

lowers A purity, and increasing A recovery lowers B recovery. Therefgplying the Varicol

method in this case involves a tradeoff.

5.1.2.PowerFeed

For the binary separation, we start with the same bagand SMB. We choose the averame

values under PowerFeed operation to be equal to those of the original SMB, antheppllysis
scheme shown in Figure 5.4 and the feed and recycle flow oliies of Figure 5.5We analyze

the effects of this PowerFeed system on the product purity and recovery, and seek an improved
PowerFeed model with two or three subintervals. We then adjust febsibdndi fow rate

ratios to make thei( -I ) separation plane for providing some useful guidelines of the

PowerFeed.

In stepl, we evaluate the PowerFeed with two subintervatsshown in Figure 5.5& order to

see if a front feed loading (largéd or a rear feed loading (LargéDd) gives abetter separation
performance, we evaluate the performance by changing the subinterval feed flow rates, and find
that rear loading is better than front loading.

From the step 2 of evaluating the PowerFeed with three subintervals in Figure & fsiol fat

there is no benefit to the PowerFeed system with three subintervals.
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In step 3, we evaluate the partial fee#fifg with two switching subintervals to find the best
manipulatedvariables for PowerFeed. We identify the second subinterval feed fl@iOrat the
mostimportant manipulated variabl&Veconsider the B purity as the stomportant performance

index, because the A purity, and the recovery of the product A and B essentially do not change

mudh when we increase the F2 value

Initial PowerFeed Model

3 subintervals

Key finding

¥
Step 1: - Rear loading is better
2 subintervals Key finding than front loading.

]
Step 2: 3 subintervals

have no benefit.

!

Step 3:

Key finding

Optimum model

Optimum Conditions:
ty, ty, Fq, F;=(4.27,2.11,0,1.149)

HGUREb.4. THEPOWEREED EVALUATION ANIPROVEMENT STEPS

SMB
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Feed Flow Rates ml/min
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a.PowerFeed with two subintervals

SMB
——PowerFeed

F,

Feed Flow Rates ml/min
y

t t; i3

b. PowerFeed with three subintervals

HGURES.5. FEED ANIRECYCLE_.OWRATEPOLICIES FCERVIBAND POWEREED
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Figure 5.6shows the effect of increasing the second subinterval feed flow'@ata B purity for

three different switching times in the PowerFeed with two subintervals. Compared to the SMB
results with 6.38 min switching time, A purity and both A and B recoveries do not change much
throughout the simulations. Specifically, A recovemlyoslightly increases from 89.15% to
89.54%, B recovery almost stays at essentially 100%, A purity increases from 99.61% to 99.99%,
while B purity improves more significantly from 92.76% to 95.46% as we incréagem 0.386

mimin to 1.149 ndnin. All the curves in Figure 5$how that the larger the subinterval with zero
feeding, the higher is B purity. Therefore, the best PowerFeed model for these conditions
corresponds tt0 TH'O  p® T @Fa Qandd 18 ¥ UH ¢ px 'R

A comparism of the column concentration profies of the PowerFeed model and the basic SMB
model reveals theeasons for this trend. Figure SHows the steaestate concentration profiles

for both PowerFeed and SMB. Sold curves represent concentration valueshdrdtowerFeed

model, whie dashed curves refer to the SMB model. We find that the adsorption wave in zone 3
for component A in PowerFeed drops more quickly and earlier than the one in SMB, which results
in more component B left in the flow coming into tadfinate stream. This explains the improved
rafiinate purity; the rafiinate contains a high concentration of B for a longer period of time. The
desorption waves in zones 1 and 2 are sharper in PowerFeed than those in the SMB model. In
other words, the aoponents are desorbed over a shorter distance in PowerFeed, which may
improve the A recovery a little bit. The arrowed gap between two components in PowerFeed is

wider than the one in SMB, suggesting that components separate better under PowerFead operatio

5.1.3.ModiCon

ModiCorf3-64varies the feed concentratio® (6 and6 ), instead of the feed flow rates, of the

SMB process. It keeps the feed flow rate and the column configuration the same as the basic SMB
model. Unlke PowerFeed, adding a third suliagd to ModiCon operation results in an impraive
performance. Figure 5.8efines the three different ModiCon patterns within three switching

subintervals: higher front, higher middle and higher later feed concentration.
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We find that the one with greater middle area is the best, and the second subinterval feed
concentraton 0 i s t he mo st effective mani pul ated

performance. We simply assert that Aredreas, and evaluate the separation performance while
varying 0 from 0.1 g/L to 2.5 g/L
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HGURES.9. THEMODICON SIMULATION RESSLAOR IMPROVED PURRND RECOVERY
Figure 5.9 shows that the larger @lues give higher B purity and A recovery, both B purity and
A recovery remain constant after 1.6 gptal feed concentration. We observe diminishing returns
as# increases beyond 1.6 times the original concentration. Therefore, we sStleci#® d 1.6

gL as our improved model. ModiCon achieves an improved separation performance with
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0=1.3 min,6 =3.78 min®6 =06 =0.166 d,, 6 = 1.6 gL. The resulting B purity is 99.08%,
which is 6.8% higher than that in the basic SMB process,Aarecovery is 99.34%, an 11.3%
increase from that in the basic SMB model.

Figures5.10 and 5.1&xplain why ModiCon performs better than the basic SMB for bothrByp

and A recovery. Figure 5.1dlsplays that the concentration of A in the raffinate tfe ModiCon

is lower and the average concentration of B is higher than those in the basic SMB, which increases
B puity in the raffinate. Figure 5.1&hows the improved A concentration in the extract stream
when component B concentrations are effectively zero in both SMB and ModiCon models, which

increases A recovery in the extract.
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The column concentration profles in Figurés12 show how modifying the subinterval feed
concentrations in ModiCon achieves a better separation performance. The figure shows the steady
state concentration profles @t 0 0 within one switching time for both ModiCon and SMB.
When the subinterval é&l concentration in ModiCon increases, the adsorption wave of component
B in zones 3 and rhoves slowly through the columms a result, more component B reaches the
rafiinate stream over the course of the switching time, which results in a higher ciwentf
B in the raffnate. We find that in Figure 5.1the A concentration in zones 3 is much lower in the
ModiCon model than in the SMB model, because the components are accumulating in zone 1 and
2, which is good for collecting component A in the astrstream. This explains the improved A

recovery in the extract.

I n order to study the syst erBd3furthersvweihdvé at i on t
validated our ModiCon simulations, showing that 40 and 80 grid points all give similar

simulation esults. We show the concentration profles with 80 grid paiftes steady state in

Figure 5.13which displays a very similar oscilatory tendency. The oscillations are also

observed in simulations with small Peclet numbers (Pe=50) and in simulahiaineniploy an

orthogonal collocation on finite elements (OCFE) in Figuseb4 and 5.15 Therefore, we

believe that the oscilations are actualy a feature of the ModiCon operational mode; moreover,
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the ModiCon study of Schramm et%t*also shows sindlr oscilations in their concentration
profles (see Figure iB reference63). The main reason for the concentration oscilation is the
feed concentration switching in combination with the dead volumes.
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5.1.4.Combined Operational Modes

Through sections 5.1.1 to 5.1.3, we find that each operational mode has unique advantages, and
we want to explore whether combining these modes wil provide a greater efficiency. For
example, based on the previous results fovd?Beed and ModiCon, ModiCon increases the
product purity and recovery compared to the basic SMB case, whie decreasing the solvent
consumption. PowerFeed, on the other hand, performs similarly to the basic SMB case, whie
being more fiexible. Therefore, excombine these two or three processes to see if the integrated

system wil perform better than either one individ UztHs#6°.

We comparetwo operational modes, PowerFeed and ModiCon, and refer to it as PF&MC. We
vary the feed flow rates@®, "0 and "0O), recycle flow rates’Y ' Q @WQ wand'Y Q ¢y@nd feed
concentrations d , © and® )within given switching subintervals. In order to select an initial
model to generate the £mm) separationplots we follow the similar evaluation steps for
PF&MC as for PowerFeed or ModiCon, as shown in Figure 5.16.

PF&MC Strategy

Step 1:

. Key findin C, is the most important parameter.
3 subintervals y & 2 P g

Step 2:
2 subintervals

. . Sub-switching Time
SteF.' 3 . Key finding g, p-feed & Sub-recycled Flow Rate
Optimum conditions

Sub-feed Concentration

Key finding 2 subintervals have no benefit.

§4

HGURES.16. THEPOWEREED EVALUATION ANIPROVEMENT STEPS

We find that the improvement of the combined modes proceeds similarly to the improvement of
ModiCon. Specifically, the operational mode performs best with a single peak of high
concentration in the middle of the switching interval. Compared to the cratmantchanges,

the effects of changes in the feed flow rate within the switclintegval are modest. To
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demonstrate the importance of the central concentratioppgak, we set fixed values for
subinterval switching times and subinterval fow ratesianbase thé® value from 1.5 d/ to
2.1 gL. The results, lke the ModiCon results, are that B purity and A recovery increase with

increasingo .

The design of the V&PF&MC mode starts from the improved PF&MC mode and uses the same
improvement methods Varicol. It turns out that both combined modes are able to improve over
the ModiCon mode, and adding Varicol to PF&MC offers benefit over the PF&MC operation as
shown inFigure 5.17However, it involves a balance for the selection of the combined

opeational modes because of the increasing complex of the process.

Performance Improvement Compared to the SMB Model

W Varicol M PowerFeed (PF) B ModiCon (MC) = PF&MC BV&PF&MC

10.4% 10.3% 10.6%

9.4%
7.4%
6.6% 1:1% 7-1%
. 0
] .3?/

Increased Percentage of B Purity

Increased Percentage of A Recovery

HGURES.17.PERFORMANGEIPROVEMENT FGERCHOPERATIONAUODEGOMPARED TO THEASICGA-ZONESMB
MODEL
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5.1.5.Comparison of Improved Separation Regions of Operational Modes
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For completeness, we follow the instruction in section 3.5.1, and define these separation regions

in terms of both product purity and recoveRigure 5.1& represents the separation region with

respect to product purity andaovery in the SMB basic modelhd point of greatest

productivity with the desired sepaath per for mance (adMAmamdB B purity
recovery O99 %¥Flebandmmd4 ked at m

Figure 5.18 shows that the Varicol operational mode gives only small improvements over the
base case for both the purity and recovery results. This result is consistent with previous work,
which found that the benefit of the Varicol operational mode decreases as the number of beds
increase¥’. While Varicol is promising in 4and 5bed systems, it struggles to improve upen 6
bed systems. We notice that in our system, the Varicol mode involvesleaft. It may be

possible to improve the separation region more significantly if we abandon our goal of
maximizing the purity and recovery of both components to maximize one component at the
expense of the other. This finding is consistent with othekwehich has found a similar

tradeoff when performing optimizations of Varicol systeins

Figure 5.18 represents the separation region plots of the PowerFeed, which reveals the
following trends in our separation system: (1) PowerFeed has very littldit beribe n»
direction, similar to the Varicol operational mode. In this case, neither the Varicol nor
PowerFeed improves the basic SMB operation.P@yerFeed operational mode is highly
sensitive to the flow rate ratioomTherefore, great care shouig taken when operating a

PowerFeed unit to keep the flow rate in zone 2 constant.

The separation region applying the ModiCiarFigure 5.18 enlarges both the nand m

directions for both product purity and recovery performance. ModiCon expands thatisapar
regions in the edirection as effectively as PowerFeed; but unlke PowerFeed, it simultaneously
improves the performance in the direction. If we choose to achieve high values of both purity

and recovery of products, ModiCon is a better choice Waricol and PowerFeed.

While the PF&MC results are very similar to ModiCon, the-(m) separationplot in Figure

5.1& has enlarged the grey regions with purity and recovery greater than 99%. In other words,
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the changes in feed flow rate, whie smadmpared to the changes in concentration, do allow

improvements over ModiCon alone.

Figure 5.18shows a small improvement over the combined PF&MC operation. However, from
our observation, we conclude tredding Varicol to PF&MC offersrery little benefi over the
PF&MC operation.

5.1.6.Calaulation Example of the Optimunfointin ModiCon Operation

In this section, we give an application example to ilustrate how to apply the separation region
plots to calculate the conditons of the operational modes, thaheidl in guiding the

experimental design and process operafidns. example comes from Figur.18d of the

ModiCon operation. In this ModiCon optimu separation plot, the optimuimoint for product

purity is m=1.3 nms=4.6, for product recovery iszml.4,mg=4.6. Therefore, for both purity and
recovery, the optimum point is the one with=h.4, m=4.6.

In this case, the net flow rate ratios are=154, m=1.4, m=4.6, m=1.35.

According to Table3.2and eq3.1@ pPp vuo— ™ we MW

8 Y-8

Since 0 o O O O O O O O 0,
We get0 ™Yt ™Wyxnred ™Wooelh @ pcehd
@ p W8

Accordng to eq 3.13we assumethat

6 —B ta p - - (5.1)

®Z p WA

TﬂAoédpn@wn@wédpn&wn@uJ

55



e a p MY ™Y & a p WY T Y (5.2
Because ¢ [t FE I ptitlp ¢ @& M i M ©® tpdht Pips v,
We get:

0 ——p2 @WP? p ™Y ™Y 2 p82 p MY WY 2
2 p WY ™Y pZ pFY p TWY T Y

0 P YK Qe (5.3)

In this way, we reducer value from 1.75 to 1.4, anuks value from 4.785 to 4.4, which enlarge
the feed handling capacityhile decreasing the desorbent consumption and even increasing the

productivity, compared to the ModiCon withpy#i.75,m=4.785.

Table 5.1 and 5.1t all the operating conditons and the optimum operating points for the

binary separatioimmesf Troger6s base enant

TABLES.1 OPERATING CONDITIONSTHE OPERATIONADDES FOR THE BINAEPARATION AROGES BASE
ENANTIOMERS

Optimized Conditions for Operational Modes
Varicol PowerFeed = ModiCon PF&MC V&PF&MC
ASp 1 t1 425 t 1 t1 1.117| Ci 0.1

ASF 06 213 4.38 t2 4.147| C; 1.751

ASE | 1 F1 0 t3 1 t3 1.117 | GCs 0.1

ASr | 0.9 PR 114 Ci1 | 0.1 F1 0.494
Recy | 0.344| C: 15 F2 0.319| ASp 1

Conditions Recy 0.724 Cs | 01 | Fs | 0494 ASs | 06
Recy | 0.508 | ASg: 1

Recy @ 0.45 [ ASr 0.9
Recy | 0.508

Optimum

Operating

56



TABLES.2 OPERATING CONDITIONSTHE OPERATIONADINES WE INVESTIGATED

Optimized Points for Operational Modes
SMB | Varicol PowerFeed ModiC = PF&MC | V&PF&MC

G 6.54 6.54 6.54 6.54 6.54 6.54

G 1.65 1.6 1.6 1.4 1.35 1.25

Flow rate & 4.4 4.4 4.4 4.6 4.6 4.8

ratio & 1.35 1.35 1.35 1.35 1.35 1.35

Zone flow 0 1.152| 1.155 1.155 1.155 1.158 1.145

ates 0 0.522 0.517 0.517 0.492 0.487 0.481

0 0.876/ 0.879 0.879 0.904 0.907 0.922

ml/min 0 0.483| 0.485 0.485 0.485 0.486 0.481

Inlet and 0 0.668 0.670 0.670 0.670 0.672 0.665

outlet flow 0 0.629 0.638 0.638 0.663 0.672 0.664

0O 0.354 0.361 0.361 0.413 0.420 0.441

rates 0 0.393 0.394 0.394 0.420 0.421 0.442

Recycle 0 0.483| 0.485 0.485 0.485 0.486 0.481
flow rate

Switching o 6.205 6.187 6.187 6.187 6.169 6.241
time min

ASp | 1 tn 14124 t2 |10 t2 | 1.08  t1 |1.093
Optimum - | ASF 06 t2 2063 t2 40 t2 401 t  4.056
ASe | 1 F1 0 ts | 1.0 t3 1 1.08 | t3 | 1.093

Operating
ASR 09 F2 1083 C1 0.1 F1 0546 F1  0.573

Conditions
Rec  0.364 C>| 14| F2 0.352 F> | 0.370
Rec 0.725 C3 | 0.1| F3 0.546 Fs | 0.573

Ci| 01  Ci 01
C2|1.752| Cz2 | 1.752

Cs 01  Cs 01
AS |1
ASk | 0.6
ASE 1
ASr | 0.9
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5.1.7.Comparison of Sensitivities across All Operational Modes

To give some additional detais to the comparisansong different operational moddst us
compare the sensitivity of the different operatlomodes side by side. Figure 5.19 through
Figure 5.24show how the different operational modes perform gsmnand feed flow rate are
varied. The change in feed flow rate is expressed as a deviatimnthieooptimal feed flow rate.

The optimum feed flow rate may be different for each operational mode.

Figures 5.19 and 5.2@how the performance order (Combined PF&MC/NV&PF&MC >
ModiCon > SMB/Varicol > PowerFeed) we find for A purity and B recovery resulissame at
varied m, but before m=1.6 and at fixed svalue of 4.4.

Figures 5.21 and 5.2fve B purity and A recovery results for all the operational modes at fixed
me and varied m We see that after amaround 4.25, the performance of ModiCon, PF&HG

V&PF&MC drops steadily instead of increasing sharply like other operational modes.

Figures 5.23 and 5.Z&how the effect of changing feed flow rate on both A and B purities.
PowerFeed works the bestin B purity but the worse in A purity as we chamdeed flow rates,
but the performance of ModiCon, PF&MC and V&PF&MC work steadily.

Thus, these plots show some interesting results. First, the PowerFeed operational mode is highly
sensitive to the pnparameter, even more so than the basic SMB. Therefreat care should be
taken when operating a PowerFeed unit to keep the fow rate in zone 2 constant. The similarity
of the Varicol to the SMB is expected because of the number of beds in the systisoussed

in section 5.1.1 Most importantly, bwever, is the low sensitivity of operational modes which
involve ModiCon. All three scenarios involving ModiCant onlyexpand the operating regjon

but alsoshow less sensttivity toanms, and feed flow rate.
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5.1.8.Pareto Approach for All Operational Modes

As we discussed in section 3.5t Pareto plot is popular methodor multiobjective

optimization between conflicting performance indices. This meansvilatannot improve one
performance index without sacrificing the othier.order to simuttaneously maximize these two
indices (B purity and productivity), we generate a Pareto plot for all the operational modes and
compare their results Rigure 5.2%. We canbine thel -i  plot and the Pareto
plots>1,56.58,59,73,80.8fg see the robustness of the effe€B purity on theproductivity from the

[ - sets. We give an example on how to generate ddqalo¢ for Varicol in Figure 5.25,

which shows some of theimulation points we evaluated from the-i  sets. The dark circled

points represent the Pareto points forid@ optimum ones in Figure Boa.

The mathematical expressions for the optimization problem are as follows:

-A 0oia M (5.4)
-AD D1 £ Q0 OEBD QO W (5.5)
G N p8thcstn (5.6)
G N o®hsgin (5.7)

Subjectto: 0061 wgb
(5.8)

and 01 ¢ Q6 Ho B-T8 & (5.9)
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Figure 5.2% displays all the resulting Pareto plots for two conficting performance indices,

purity of component B and total productivity, across all the operational modes/eve ha
investigated. It reveals the following:
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(1) Al the operational modes give better Pareto optimum results compared to the basic SMB
model.

(2) Varicol and PowerFeed have similar improved results, and both are not sensitve to
productivity in terms of different Burity ranges.

(3) ModiCon has the largest improvement, and is more sensitive to the productivity,
compared to other single operational modes.

(4) The two combined operational modes we have studied have essentially identical results in
the Pareto plot, and theyeathe most sensitive to the productivity over different purity

regions.
5.1.9.Powell Optimization for Different Separation Factors

Of the factors which describe the separation performance of a SMB column, the separation factor
is the most commonly cited and #asinderstood. To improve the generalizability of our

findings, we create additional separations based on-thed45 zone systems in thistudy

which differ only by their separation factors. We perform a simple Powell optimi&atamthe

settings 6these systems, and compare the improvements yielded by the operational mode in
more difficult separations. The Powell optimization is an effcient method for finding the

minimum of a function of several variables without calculating derivatives. Theiosrig such

that when the iocedure is applied to a quadrafiem, it causes conjugate directions to be

chosen, so the uttimate rate of convergence is fast when the method is used to minimize a general
function. A further variation completes the methaaid it enswes that the convergence ratenfro

a bad approximation to a mnimum is always efficient. Practical applications of the procedure

have proved to be very satisfactory.

We find that the physical insights used to explain the ModiCon performanceadrolds the

range of separation factors tested by our systems.

To create the new separations, we linearly scale the isotherm parardigiérs; (for bi-

Langmui r , and Henryds constants for the Ilinear

capady. For example, in the linear system, we let the separation factor be given as:
| — (5.10
whereO AT ®are the Henryds coitysd ant s . The col umn
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OON OOWBw 06 (5.11)
where6 AT & areaverage concentration of componehtsind B in the feed.

We show the results in Figure 5.26/e define the peent improvement as

PQani ¢ 0 QQt6 pmimtb (5.12
In the 4zone system, we maintain the purity of AdaB at above 95%; in the-Zbne system, we
keep the purity above (95%, 90%, 95%) for (A,l,B).
The result of the Powell optimization of the sgian systems shown inidgure 5.26s
consistent with our recommendations regarding ModiCon operation, dithibagsystems with
lower separation factors show a greater improvement in performance. In other words, the
physical insights on which we base our recommendations are applicable across systems of
different separation factors. There are stil other systariables (e.g. degree of rdeality,
nonlinearity) which may limit the applicability of these insights; we intend to address those in

future research.
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5.2. Five-Zone SMB andOperational Modes for Ternary Separation

5.2.1.Performance Results for the drnary Separation with Fixed m ®lues

This sectionshows the performance resulfer the ternary separation of a mixture of amino
acids Basically, we folow all the steps as we haveal@@n the 4zone systemTable 3.6
summarizesand comparethe simulation results for the basiezbne SMB model and the other
operational modes. From the basizdne SMB model, we find that the puritf the component
| andthe recoveryof the component in the column 3 of Table 3.&re relatively low and need

to be improved for this ternary separation system.

Figure 527 displays the performance improvement percenthgeapplying opeational modes to
the 5zone SMB. First, we see from this figure thppiing operational modesas very little
beneft to the purity performance of the intermedetignity component I, buit could largely
improve the A recoveryperformance indexSecond, w find that 5zone PowerFeed performs
better than the 4one Powdfeed, even better than thezdne ModiCon.Third, combined

opertional modes stil outperformthers.

Therefore, through the design, evaluation and optimization for this ternary separation of amino
acids, we have some conclusions for theoBe operatical modes with fixed rvalues. Varicol

stil works well on only improving one of the component purity, instead of improving the purity
in both components at the optimization point. In theobe system, PowerFeed performs quite
wel. ModiCon has very lar¢ge improvement for product purity and recovery in both cases we
investigated. PF&MC is stil the overall suggested choice with both highest product purity and
recovery. Adding Varicol into PF&MC offers lttle beneft over the PF&MC operation for both
cases Therefore, it involves a balance for the selection of the combined operational modes

because of the increasing complex of the process.
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Performance Improvement Comparedto 5-Zone SMB Model
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5.2.2.Comparisonof Improved Separation Regions for the Ternary Separation

We apply all the operational modes we have studied for-trend process to afbne process.

We use the same evaluation methods to find the improved model for each operational mode:
VARICOL, PoweFeed, ModiCon andombined operations. Afterwardve examine the flow

rate ratios by creating the separation region plots to compare all the operational modes- In the 5
zone case, we plot tie &1 region, which is analogous to tke Zx region in a 4zone

system. The flow rate ratias in a 5zone system have precisely the same meaning as in the 4
zone system, and the difference betwéenandd values is proportional to the feed flow rate.
Therefore, we find the best operating conditons lgctieg the point in a complete separation
region that is farthest rom thle & line (i.e. the point with the maximum feed capacity that

satisfies our purity requirements.)
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Figures 5.28 a to fshow the complete separation regions for both purity and recovery results in
the 5-zone base case and its operational modesn the 4zone separation, we divide the

simulations into three categories based on their separation performance indices. For product
purity, the gray and yellow regions represent the purity criterion thatA&Bhpurites are

larger than 99%, and the purity of intermediate adsorbed component | is larger than 92%; but the
pink region does not satisfy this purity criterion. For the recovery results, the gray region shows
the region with all product recoveriearder than 92%, and the yellow area with all the

recoveries larger than 90% but smaller than 92%, and the pink region is the one with all the
recoveries lower than 90%, as shown in the symbol box in Figu& EaZh plot represents the
simulation resultf the specified operational mode. The labeled point on each graph represents
the m-mu pair with maximum productivity that stil satisfies the high purity @& O 9 9 %,

| 092%) and given recovery (all recoveries O
mode as follows.

(1) Varicol Model

In the 5zone Varicol model, we observe similar trends of product purities concerning the
effective numbers of beds as in theahe system. In our-Zone system, the most important
manipulated variables the effective bed number of zone 3, which means that this system is at
least somewhat limited by its abiity to desorb the intermediattsibrbed componentfrom the
sold fuly. Figure 5.8b shows thatcompared to the basic SMB separation region in Figure

5.28a, the Varicol by ttself is unable to expand the separation region meaningfully.
(2) PowerFeed Model

Unlike the 4zone system, PowerFeed performs quite wel in Hzere system, as Figure 28c
shows It largely expands the separation region over the base case-Zbhe PowerFeed stil

performs best with a redeeding schemejust like in the 4zonesystem.
(3) ModiCon Model

Figure 5.28d shows thaiModiCon also gives a large improvement in the feasible separation

region, as well as the PowerFeed did. This means that the PowerFeed or ModiCon column is able
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to provide both the high productivity and low st consumption of the single operational

modes for the &one ternary process.
(4) Combinations

Figure 5.28e displays a small improvement over the PowerFeédoaliCon. This result shows
that ke the 4zone system, the combined PF&MC can extend the separatyions compared
the single operational modes we studied. Howewer differences between the combined

operational modes and the single ModiCon mode are not significant etwugbommend one

over the otherand the increased complexity needs to baidered in practice.

Figure 5.28f reveals thatombining threeoperational modedoes not expand the separation
regions nearly as other modes did for theoe system. This failure to outperform PF&MC or
any other operational mode may be caused by asaiwed sensitivity to thesrand m values, or

the Varicol conditons we add into the PF&MC are not the optimum ones.

5.2.3.Pareto Approach for All Operational Modes

Figure 5.®a showsthe Pareto plots for two conflicting performance indices, purity of the
intermediate adsorbed component | and total productivity of the ternary separation for all the
operational modemvestigated Each numbered curve represents the basic SMB or the
oper at i onadto optimadresadlts. Figure Bl2shows an example oégerating a basic
SMB6s Pareto pl ot Alihe pointsrepresentete sindilatiork rung with nt s .
different sets of{ & a . We distribute the product purity and recovery performance
results in Figure 5%b, and choose the Pareto poimtsterms of the folowingmathematical

expressions for the optimization problem:

-A® 0oia M (5.13
-A® 01 £ Q6 @& Gh B o (5.14
G N ¢8thostn (5.15)

G N T8 gpst @ (5.16)
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a N oph; (5.17)

Subjectto: 061 Ymbp (5.18)

~ ~ 8 —
and 01 £ Q6 Ho R-"Q0 & (5.19)

Through the simulations with changing-values in the provided ranges, we make al the
simulation points in one graph for each operational mode, and choose the optimafopdirts
Pareto plots. Figure 53 showsthe improved separation performance by operational modes and
the robustness of the effect to component | pwitythetotal productivity from thel T 4

sets. Specifically, we find that:

(1)  All operational modes for the-Zone system give impve performance in the Pareto Plot
over the basic Zzone base case, just as is the case for-trend system.

2 Like 4-zone binary system, Varicol has similar trend and a small improvement over the
basic SMB.

3) 5-zone PowerFeed performs better than treodePowerFeed, compared to their own
basic SMBs.

4) Like 4-zone binary system, ModiCon outperforms other single operational modes: The 5
zone ModiCon in the Pareto plot shows better results than the combined operational modes.
(5) The combined PF&MC operational mofte 5-zone system has very similar results as
the 5zone ModiCon.

(6) Adding Varicol to the PF&MC has no beneft and is even worse than the combined
PF&MC mode for the &one. The sepation region plots in Figure 58zlso support this

conclusion.
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5.3. Key Findings and Conclusionfor Both Separations

Our work outines an approach for simulating and improving the performance of several

operational modes in SMB systems in terms of product purity, recovery, concentration profies,

and other performance indices. Our approach is based on enumeration of difibeEmess

tuning the schemeds manipulated variables usi |
the resulting variable set. Specifically, we consider the operational modes with the asynchronous
shift of inlet/outl etflmaovr trsat(efsVa(rii Rowedr)F e ewadr ia
feedingo) and variable feed concentrations (A
with their combinations. We perform this analysis on a binary enantisygemand a ternary

amino acid mixture. We compaithe performance of the operational modes with the basic 4

zone SMB for the binary separation, and with the basiorle SMB for the ternary separation.

Separation regions on the plane of key ratios of net liquid flow rate through separation zone

llustrate improved separation performances over the basic SMB cases. Whie we cannot

guarantee our approach to find a global optimum, we are able to achieve notable improvements;

some additional grid searches have confirmed that the operating points we fitosart ¢he

global optimum. We compare the separation performance in terms of different purity and

recovery regions, and combine with the Pareto plots for the operational modes to provide the
performance results for two conflicting indices.

Figures 3@ andb summarizethe results of the operational mode improvement with varying m

values in terms of productivity and recovery for both casbksse two figures reveal thtte

addition of the operational modes improves the productivity over that of the basiebr 5

zone SMB (1.38, 1.53 and 1.5Tfr for the binary separation, and 0.08, 0.14 and Ol1/8rg/

for the ternary separati on99% and 304@5%)eEachbact over y
result represents the highest productivity result we caimdbat specific average product

recovery range. We can get higher productvity improvement if we drop the recovery criterion.

We conclude from the separation region plots and the Pareto plots that applying operational
modes does improve the performancecmior the models with changing-values, although it

barely improves the basic SMB model with the chosevales. Therefore, it is possible to
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improve the performance bbth the basic 4one and &one SMBssignificantly by applying

various operationaimodes and their combinations.

Productivity (g/L/hr) for the binary separation

1.921.93 1.931:9°

1.881.90
1.81 1.83
1.67 166

1.60 . 1.57

1.53

14014
1.38

Recoveryz99% 95%<Recovery<99% 90%=Recovery<95%
mSMB Varicol = PowerFeed ®m ModiCon PFEMC 11 VEPF&MC

HGURES.30A. PRODUCTIVITY RESUATDIFFERENT PRODBETOVERY RANGES FAR BINARY SEPARATIO

Productivity (g/L/hr) for the ternary separation 0.43

0.41
0.39 0.38

0.323%

0.27
0.25
0.23 0.25 o
0.20
0.16 0.18 0.18
0.14
0.06
0.08
Recovery=99% 95%=Recovery<99% 90%=Recovery<95%

HSMB Varicol ®PowerFeed ® ModiCon PF&MC |l VEPFE&MC

HGURES.3B. PRODUCTIVITY RESUAT®IFFERENT PRODBETOVERY RANGESR THE TERNARY FZHAON
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Through thesimulation and improvement, we find some similar trends between the two cases:

(1) Varicol provides only small improvements over the basio#de or 5zone SMB.Varicol
is imited by its ability to fully improve all the component purities in both cases.

Howeve, it improves the base case in some of performance indices, whie only slightly
sacrificing other performance indicegVe consider this operational mode when we need
high purity in one component, but the other is considered as waste.

(2) PowerFeed in both stems performs better with a rear feed loading scheme. PowerFeed
is highly sensitive to the smatio. We should be cautious when operating a PowerFeed
unit to keep the fow rate in zone 2 constant.

(3) ModiCon is the best single operational mode for both miodurity and recoveryand is
the first choice for a single operational mod#&odiCon gives the largest improvement in
the feasible separation region, and it is able to achieve both the highest productivity and
lowest solvent consumption of the single i@tienal modes we investigated.

(4) PF&MC expands the separation region over the ModiCon operation, and is the best
choice of the combined operational modes we investigated for both cases.

(5) Significantly, the qualtative rankings of the different operatiomalde improvement
mostly remains identical across the different performance indices between our heuristic

improvement methods and Pareto optimization.

We also find some different trends between the binary and ternary cases.

(1) For the 4zone SMB,PowerFeediges only small improvement over the base case.
However, PowerFeed performs quite well in thedbe system, nearly as wel as
ModiCon. In the future work, we need to study more separation systems to see whether
PowerFeed works better for the systems witliti-components and mul#ones.

(2) For the 4zone case, the combined operational mode V&PF&MC only has small
improvement over the PF&MC. However, for thedne case, adding Varicol to PM&
has no benefit at al compared to other operational modes. Itis not recommended over

others because of its increased complexity.
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6. Workshops for SMB Operational Modes

In this section weinclude several workshop® demonstrate how to buid models pstey step

using Aspen Chromatograyli for both SMB and its operational modemd analyze their

separation performance through these simulatidvie.use the binary chiral separation of
Tr°ger 6s b a sfer thafslowmg woekghapsihé gurpose fahis section is to guide

the reader tbuild different SMB operational modes using AspChromatography. It would

help the reademnderstand the physical insights of the chromatographic processes better through
these workshop3Ne give more details ondghmode input for each operational mo#ée also

llustrate how to make plots and output the purity, recovery and concentration profie results
from the SMB model and its operational modes in Aspen Chromatography.

6.1. Workshop 1:Using Asgen Chromatography tdélodel a 4ZoneSMB Unit

This workshop provides a stdyy-stepilustration to buid a 4zonebasic SMB model for the
binary chiral S e p a desdridednrsectonf 3.2t he Tr °ger 6s base
Step 1: Start a new case in Aspen Chromatographgl save it a8 4one basic SMB mode|

Untitled - Aspen C V84 - af

File | Edit View Tools Flowsheet Run Window Help

New SN HW A% H DO P e AL S8

Open.. cti+0
Open Library.. E M
Save Ctrl+S

Save As..
Create Library.

Print. CtrieP E

Print Preview

Print Setup...

1 BasicSMB_BinarySeparation_1
2 BasicSMB_BinarySeparation

3 C\Users\..\ModiCon_35UB_1
4 PowerFeedaiRecycled 2

Exit

cal Library  Simulation  UOM Sets
Options

HGURES.1 ANEW FILE NAME£ZONE BASIEMBMODEL
Step2Go t o AModel Libraryo, t 2y and creatd theoflevshedirh e b | o
the basic SMB modeSelecti Chr o mat o g-Ra p @y s> ddlbenco mac @at¢ os @@ f o
the SMB col umn; sel eRe¢ v dirCadvirdziimmdoong f aptdp: fBlont h
DESORBENT and FEED blockselecti Chr o mat o g-Ra p & § s> doN oeno
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bY

chrom_producto for the EXTRACT andn &#waEtFI NATE

out, feedin and raffinateout streams as D, E, F and R.

1
I::; PR 7y
DESORBENT 5] :

EXTRACT

RAFFINATE

HGURES.2 HLOWSHEET OF THE B&MBMODEL INASPENCHROMATOGRAPHY
Step3Go to AComponent Listso -click iadd @ npromleonrti nlgi sw
and choose fADo not Sas ¢ ddB bewsommoreht safta tbepredelt | e s (
Name the components as TB+ (the most adsorbed component) afithelBast adsorbed

component).See also the trace liquid assumption discussed in step 5 and illustrated in Figure 6.6.

Build Component Set - Default

Components

Mame
TB+
TE-

<

AGURES.3. BUILD ANEW COMPONENT SETDEFAULT
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Step 4:Go back to the flowsheet andubleclick the SMB column blockto edit the column

configurationi n

t he

wi ndow

of AnConfi

figure shows the conditions of the separator:

gur e

Bl4oThisk / St r ean

1) We use a SMB unit with 6 beds in the column, which considers the sold adsorbent as a
stationary phase packed in a fixed column.
2) Al of the beds in this column hawen identical crossectionwith the same bed diameter
and the same bed length.
3) We assumehis column as a carousel internal configuration.
4) Since the column configuration for thiszéne system is (2-2-1), the inttial ports for b
In, ~In, EEOut and ROut, respectively, are 1, 4, 2 and 6.
5) We apply the synchronous port switching controlhia base case.
6) We use the sequential valves to deal with the port switching.
7) Al the inlet and outlet ports would move to the next bed every 6.38 miages
switching time.
8) The closed recycle flow rate in this system is 0.47 ml/min.
(5] Configure Block/Stream SMB ===
. B 7
Forms Variables Copy Print Help
Internal Columns |_\7
Adsorbent assumption ’W‘ - - €
Mumber of columns in unit, 6 (2to40cnly) “\_ ,.’/
Column uniformity ,m ,’):“.
Internal configuration Carousel A « : 2
Port Position & Distribution \‘}
External Stream  Initial Port ,-"’ \\\\
L /,‘ 3
\‘:Zi € 4
Port Switch Contral Synchronous hd :‘: ’r:: 5
Valve sssumption  [Sequential Valve 7] e
Port switching interval | 6.38 |min | ’,"’ o
L 6
e murpton [t oo ] s
Recycle flowrate [ 047 |m\f’mln j - N
Specity | Help | \i@
Path: SMB Type:| chrom_ccc_separator:
HGURES.4. EDIT THEEOLUMN CONFIGURATIBNTHESMBCOLUMN BLOCK
Step5: Go t 0 s0f) Foarmd option @f$CGoluntoh et o

d askumptiens of thee SMB

column: General>PDE Discretization MethadWNVe use the quadratic upwind differencing scheme
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(QUDS, QDS in the softarg with 40 element nodes as a discretization method. QUDS is a linear
finite element scheme that gives a good fit of model predictions to experimental results. For this
binary separation, QUDS method has very good accuracy and litte numerical dispendias, a

well suited tatime integration.

£

3] Configure Block/Stream SMB o || =
2] 5 = - [7

Forms  Variables Copy Print Help

General l Material Balance l Kinetic Model l lsothemm l Energy Balance | Plot Profiles l Specify
The column is currently configured for unidirectional operation Presets/Initials
The column contains fixed adsorbent Ealidlize
PDE Discretization Method |QDS | MNumber Of Elements 40 Results

Adsorbed Components Open
Mon-Adsorbed Components Adsorbed Components
TB- Save
_ = e
Help

Path: SMB Type: chrom_ccc_separator:

HGURES.5. PARTIAL DIFFERENTEQUATION DISCRETIEON METHOIN THE BASISMBMODEL

Step6: Material Balance-> Material Balance Assumptior> Convection with Dispersion Based
on Peclet Number (Hb)Ve use the convection with dispersion based on Peclet number as a
material balance assumption. This assumption evaluates the axial dispersion coefficient as a

function of the Peclet number based on the column length:
o — (6.1)

where'O = axial dispersion coefficientp=superficial velocity of the fluid,L=column length,

0 ©particle Peclet number, =interparticle voidage.

We use the trace liquid assumption because the bulk density through the column is considered
not significantly during operationThis is the typical case whanodeling trace solute systems.

In this way, we do not need to considee solvent as a modeled component. Then, the mass
balance equation is:

—n
—n

8 Crh 8 8
P -In Jo gt o
0 - 0 o} Ta
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where0 is the concentration for componei@n the fluid phasen is the concentration for
component’Cn the solid phase, andrepresents theverall bed voidage) is the axial distance
through the column an@® is the axial dispersion coefficient

Forthis 4zone SMB modelwesimply choose the assumption of packing pressure drop in the
column. It applies the CamarrKozeny equation, which relates the pressure drop inside the
chromatographic column to the superficial veloctty:

N pump - 0
€ za il - Y

(6.3)

In the equationsY0 =pressure drop in each zore=bed number in each zon&length of each
bed; Y0 = maximum pressure drop through the coludtia= pressure drop coefficienS=
crosssectional area of the bed= overall bed voidage: = fluid viscosity; i = particle

radius; ® &€ [Q = particle shape factor.

The CarmarKozeny equationis the only pressure drop correlation implemented in Aspen
Chromatography, though this equation is vaidy for laminar flow in packed bedBor the

turbulent flows, the Ergun equation is a betterrelation for pressure drop. Howevéhne

difference in pressure drop estimates by the Carman Kozeny and Ergun equations is very small

(less than 0.5%). Therefore, we employ @&rmarKozeny in this ase
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5 Configure Block/Stream SMB
=] b B & [7

Forms  Variables Copy Print Help

General Material Balance l Kinetic Model l lsothem ] Energy Balance | Plot Profiles ] Specify

Presets/Initials

Material Balance Assumption |Convec‘ti0n with Dispersion Based on Peclet Number [Hj

o ) Initiali
Trace Liguid Assumption v nitizhze:

il |

Include Reaction Terms Results

< 71

Packing Pressure Drop Open
Include Hydrostatic Head
\ariable Bed Density

Simple Bed Dead Volume

Include Channelling Effect

Save

Help

i

Path: SME Type:| chrom_ccec_separator:

HGURES.6. MATERIAL BALANCE MBTHIN THE BAS&MBMODEL

Step 7 Kinetic Modetl>Fim Model Assumption antflass Transfer Coefficients.

As we know, a species that is being adsorbed from the bulk liquid phase onto ersardice

site of the adstwent usually encounters mass transfer resistances:

1 Between the buk liquid and the external adsorbents surface

1 Exerted by the adsorbents pore structure

We select the linear lumped resistance in this model, where we lump together these resistances.

The mass transfer driving force for componeist a inear function of the sold phase loading:

—n

n oL,
— z 6.4
5 Ol A (6.4

where™Qis the linear lumped mass transfer coefficiemtjs solute concentrations of the solid

phase, andy” represents the adsorbed phase concentration at equibrium with the liquid phase.
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5 Configure Block/Stream SMB [ = =]
= b B [T

Forms  Variables Copy Print Help

General l Material Balance Kinetic Model l lsothem ] Energy Balance ] Plot Profiles ] Specify
. . Presets/Initials
Kinetic Model Assumption |Linear Lumped Resistance ﬂ
Lumped Resistance Film Mode|Fluid - Initizlize
Mass Transfer/Film Coefficient | Constant - Results
Particle Material Balance Open
Diffusion Mode Pore
Save
PDE Discretization Methed  |OCFE2
Hel
Number Of Nodes 1 i
Moalecular Diffusion C:-sf'ﬁ:isrth-:-nstant J

Surface Diffusion Coefficient |Constant

Path: SMB Type:| chrom_ccc_separator:

HGURES.7. KINETIC METHOD IN TBESISGMBMODEL

Step8: Isotherm ->Langmuir Assumption-> DuatSite Langmuir

Adsorption isotherms are important data in the design of chromatographic systems, because the

driving force behind all adsorptive liquid separation processes lies in the departure from
adsorption equilibam.

We assumethe bi-Langmuir adsorption isotherrhased on volume loadingp predict the
performance of the chromatographic column for the specified operating condfiadt

Langmuir adsorption isotherm equation is:

o 6 ALY S,
0 AT —— < OlD (6.5
p Bw;6 p Bwy0

In the equationd” is the adsorbed phase concentration of component i in equiibrium with the

mobile phasedy, ko My, oy, are the blLangmuir isotherm parameters for componéit
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& Configure Block/Stream SMB o = =]

2 5 7
Forms  Variables Copy Print Help

General l Material Balance ] Kinetic Model  sotherm ] Energy Balance l Flot Profiles ] Specify

Presets/Initials
Isotherm Form Assumed | Dual-Site Langmuir ﬂ

Loading Basis Volume Baseg/] Initizlize
Meodulator/Reference Component Results

pen

Save

Hidallk

Help

Path: SME Type:| chrom_ccc_separator:

HGURES.8.ISOTHERM METHOD INETBASISMBMODEL
Step 9 Energy Balancerlsothermal Operatiomat 23 C.

We select the isotherm operation at €3 where the variables for fluid, sold and wall
temperature would become inactive in this mode.

(] Configure Block/Stream SMB BEEE

. G
Forms  Variables Copy Print Help

General ] Material Balance ] Kinetic Model ] Isotherm ~ Energy Balance 1 Plot Profiles 1 Specify
Presets/|nitizls
Iscthermal Operation I¥ Global Process Temperature 2300 [C
r Initialize

Constant Results
No
External Heat Transfer Adizbatic

pen

Save

bl

Help

Path) SMB Type:| chrom_ccc_separator:

HGURES.9. ENERGBALANCE METHOD INETBASISMBMODEL
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Stepl0: Plot Profles>Available Plot Profiles

ThesesPlot Profies tabin Figure 6.1Qcontains the most commonly used profie variables for the
generation of profles plotdaVe can simply copyand paste the varigs when generating a
Profie plot.

3] Configure Block/Stream SMB = |[= ][ ==
b . & Emom 7
Forms  WYariables  Copy Print Help
General l Maternial Balance l Kinetic Model l |sotherm l Energy Balance Plot Profiles l Specify
Presets/Initials
Variable [ Profile | Copy Profile
Puial position SME Column_{*).Axial_Distance(™) Initizlize
TB+ concentration SMEB Column_{*).C{","TB+")
TE- concentration SMB Column_{*).C{*,"TB-") Results
TE+ loading SMB Column_{").W{*,"TB+")
TE- loading SMEB Column_{*).W{* "TB-") Open
Pressure SMEB Column_{*).P{*)
Save
Help
Path: SMB Type: chrom_ccc_separator:

AGURES.10 AVAILABLE PLOT PR@ESIUN THE BASSIBMODEL

Step 11 SMB Column-> Specify

Table 6.1 summarizes dlhe variable valuesassumedn steps 5 to 10 for the basic SMB column.
Figure 6.11 shows the implemiation. Since eq 6.5 is the -hiangmuir adsorption isotherm, and

the equation with IP1, IP2, IP3 and IP4 in Aspen Chromatography is given by:

‘000Vo6 000V, ..
T e~ ho (6.6)
p BO0U6 p B'OULO

o

By comparing egs 6.5 and 6.6, we get:
00 & ™8P WX

o0 &y mrp A
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TABLES.1. THE SPECIFICATION PDR THE ASSUMPTIONSTHESMBCOLUMN

Column Length Hb 15cm
Column Diameter Dia 0.46 cm
Inter-particle voidage a 0.68 m?®void /n? bed
Adsorbent particle radius 1 10 micron
Particle shape factor Y 0.1475
Liquid (Ethanol) viscosity MUI 1.07 Cp
Recycle Pressure 0 15 bar
DualSite BiLangmuir isotherm A (TB+) B (TB-)
O 3.99 1.56
on (L/g) 0.0107 0.0132
AR 0.986 0.304
Wi (L/g) 0.601 0.136
Mass transfer coefficientQ (1/s) 1.81 2.96
Peclet number 500 500
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5 SMB.Specify Table

Value Units Description
Hb 15.0 cm Common length of packed section
Db 0.46 cm Internal diameter of packed =ection
Ei 0.63 m2 woid/m2 bed | Commeon inter-particlefexternal voidage
Ep 0.0 m2 veid/m2 bea|Common intra-particlefinternal voidage
Rp 10,0 micron Particle radius of adsorbent
SFac 0.1475 nia Adsorbent shape factor
MUl 1.07 cP Liguid (Sehvent) viscosity
Pe(*)
Pe(™TB+"} 500.0 n/a Peclet number for dispersion
Pe{"TB-") 500.0 nia Peclet number for dizpersion
MTC(*)
MTC["TB+") 1.81 1= Constant mass transfer coefficient
MTC({TB-"} 2.96 1is Constant mass transfer coefficient
IP(*}
IP(1,"TB+") 3729 n/a Commen izctherm parameter
IP(1,"TB-") 118.18 nfa Common izotherm parameter
IP(2,"TB+"} 00107 n/a Common isotherm parameter
IP(2,"TB-") 00132 nia Common isotherm parameter
IP(3,"TB+") 1.64 n/a Commen izctherm parameter
IP(3,"TB-") 2.235 nfa Common izotherm parameter
IP(4,"TB+"} 0601 n/a Common isotherm parameter
IP{4,"TB-") 0136 nia Common isotherm parameter
Recycle_Pressure 15.0 bar Recycle pump inlet prezsure

HGURES.11.ALL THE VARIABLE VESLINEEDED FOR ALE ASSUMPTIONS

Stepl2 SMB Column-> Presets/Initials

We set all the initial variable values Frigure 6.11as zerofor the model, and then press the

Al nitiali zed but t,ocasilustraied iinnFigirel @1P.i ze t he col umn
&y SMB.Initials Table (= [=][=] Specify
Value Units Spec Derivative Description Presets/Initials
Column_(1).C(1,%p
Column_{1).C(1,"TB+"} 0.0 ol Initial 0.0 Bulk concentration Initialize
Column_{1}).C{1,"TB-"} 0.0 o/l Initial 0.0 Bulk cencentration
Column_{1).W(1,%) Results |
Column_{1).W({1,"TB+") 0.0 n/a Initial 0.0 Solid leading, g/g{MassBase 0
Column_{1).W{1,"TB-") 0.0 nia Initial 0.0 Selid leading, g/giMassBase —
Save
11 Hep |

HGURES.12.ALL THE INITIAL VARIAE VALUES NEEDER FBIE MODEL
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Step 13 Feed block>Feed Specification.
In this processthe feedin flow rate is 0.38 minin. We use a feed concentration of 0.5 g/l for
each component, and the feed contains 50% component A and 50% component B byMeight.

set the feed pressure as a free variable.

[5) FEED.Specify Table = = =]
Value Units Spec Description

Flowrate 0.38 ml'min Fixed Feed flowrate
Overal_Cencentration 1.0 o/l Fixed Total concentration of the feed
Material Fraction(*}

Material Fraction("TB+") 50.0 %% Fixed Mass fraction of the feed
Material Fraction("TB-") 50.0 %% Fixed Mass fraction of the feed
Pressure 35.2004 bar Free Feed pressure

Cref(*)

Cref("TB+") 1.0 o/l Fixed Reference concentration
Cref{("TB-") 1.0 o/l Fixed Reference concentration

AGURES.13.FEED SPECIFICATIEDR THE MODEL

Stepl4: Desorbentblock->DesorbentSpecification.

In this processthe desorbentn flow rate is 0.65 minin. Since the liquid desorbent does not

contain the TB+ and TB we set both concentrations as zero in Figudt. We set the pressure

as a free variable.

5 DESORBENT.Specify Table (== =]
Value Units Spec Description

Flowrate 0.65 ml'min Fixed Feed flowrate
Component_Concentration(*)

Component_Concentration"TB+") | 0.0 gl Fixed Component concentration of the
Component_Cencentration("TB-"} | 0.0 ol Fixed Coemponent concentration of the
Preszure 54 43584 bar Free Feed pressure

Cref(*)

Cref("TB+"} 1.0 ol Fixed Reference concentration

Cref(™TB-") 1.0 ol Fixed Reference concentration

AGURES.14.DESORBENT SPECIFICNFIOR THE MODEL
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Step 15: Raffinate bloek Raffinate Specification.

The raffinate-out flow rate is 0.43 hin. We set the pressure as a free variable.

] RAFFINATE.Specify Table (== | =]
Value Units Spec Description
Flowrate 0.43 ml'min Fixed Sink flowrate
Pressure 19,1843 bar Free Sink pressure
Crefi*)
Cref("TB+") 1.0 ol Fixed Reference concentration
Cref("TB-") 1.0 ol Fixed Reference concentration

HGURES.15.RAFFINATE SPECIFIOATFOR THE MODEL

Step 16 Extract block->Extract Specification.

In the Extract block, we set both extract flow rate and the pressure as free in Figure 6.16. Since
all the other three (feed, desorbent, rafinate) flow rates as fived;an calculatehe extract

flow rate through th mass balance in the model.

] EXTRACT.Specify Table = = |[=]
Value Units Spec Description
Flowrate 06 ml'rmin Free Sink flowrate
Pressure 44 4683 bar Free Sink pressure
Cref(*)
Cref("TB+") 1.0 ol Fixed Reference concentration
Cref("TB-") 1.0 gl Fixed Reference concentration

HGURES.16 EXTRACBPECIFICATIGOR THE MODEL

Step 17 Dead Volume Specification>Pipe Volume in the inlet and outlet streams
For all the inlet outlet streams Desorbent (D), Extract (E), Feed (F) and Rafiinate (&t the
same dead volume with the pipe length of 18 cm and pipe diameter as 0.075 cm.
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- -
(x5 Configure Block/Stream D
g B 5 |7
Variables Copy Print Help
Internal Yelume Form: Pipe - Specify
= Number of Finite Elements: 5 Resulis ‘
~ [e
L=
5 D.Specify Table = & =]
Value Units Description
L 18.0 cm Pipe length
dia 0.075 cm Pipe diameter
PeN 4000.0 n/a Material Peclet number = uf /DI . 3
Cref(*)
Cref("TB+") 1.0 ol Reference concentration
Cref("TB-") 1.0 o/l Reference concentration
———

HGURES.17. DEAD VOLUMEPECIFICATION ALL THE INLET ARDTLET STEAMS

Step 18: Dead Volume Specification in the column.
Go t o t hien fAtFloee MO o8 I g & mesekd B® sirédams and press the

AOpeno.
3] Configure Block/Stream SMB | 8 Configure Block/Stream SMB| = | & |
, ] : — B . § Ey = [T
5=] 2| @ Ey (] |? Forms  Variables Copy Print  Help
Forms |Variables Copy  Print Help
| e —— Column Streams
CCC Separator Column Inlet StreamVoid [1 ]  Open
Column Foed (SME) Column Outlet StreamVoid| 1 v|  Open
~- — o g v
Streams T
Trianale Th ; 6 (2to40only) rea
riangle Theo 3 S
9 ty m Valve to Port Stream/Void v

Internal configuration ]Camusel v I

Path: SMB Type: chrom_ccc_separator:

HGURE6.18.0OPEN THE INLEJUTLET STREAMSTHE COLUMN
We make surehat the total dead volume equals to OB, and assume an effective dead
volume with fixed pipe diameter and pipe lengiorall thedead volume in the column, we
define the same dead ke with the pipe length of 28m and pipe diameter as 0.075 fon
each inlet and outlet vaid
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B Configure Block/Stream SMB.Port_Colu.. | = || & | =2 |

B e

Variables Copy

%

Pri

Internal Volume Form:

nt

Fipe -

[7

Help

] SMB.Port_Column{1).Specify Table = | = [ &=
Value Units Description
L 20,0 cm Pipe length
dia 0.075 cm Pipe diameter
Pel 4000.0 nia Material Peclet number = uf.L/DI
Cref(*)
Cref("TB+") 1.0 o/l Reference concentration
Cref("TB-") 1.0 ol Reference cencentration

HGURES.19 DEAD VOLUME SPECIAICN INTHE COLUMN

Stepl9: Flowsheet Constraints the catulation of flow rates form malues

This stepshows the detailed programming we puthe flowsheet constraints of the model to

define thecalculation of the flow rate ratios &gs 6.7 to 6.10.

In the eugations@ ,& ,a anda

00 W W
W p -
00 W W
w p -
00 W W
W p -
00 W W
w p -

(6.7)

(6.8)

(6.9)

(6.10)

represent the flow rate ratios in the zonel, zone2, zone3

and zone4, respectively) ,0 ,0 and0 represent the flow rates in the zonel, zone2, zone3

and zone4, respectivelys , w ,w andw represent the dead volume in the zonel, Zone

zone3 and zone4, respectively
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First, we define m values as real variables at fixed values

ml as RealVariable(fixed);
m2 as RealVariable (fixed);
m3 as RealVariable (fixed);
m4 asRealVariable(fixed);

Second, we include all tréefinition of the volume we usie the equations, including the whole

column volume (ColMol) and the dead volurmeeach zone (DeadVol):

Colvol as c_Volume(free);
DeadVol as c_Volume(free);
DeadVol = 0.23;
ColVol = SMB.Hb * 3.1415926 * (SMB.Db / 2) " 2;

Third, we follow equations 6.7 to 6.10 to define the flow rate ratio of each zone:

ml * CoVol * (SMB.Ei - 1) = CoNol * SMB.Ei - SMB.Switch_Time * 1000 *
(DESORBENT.Flowrate + SMB.Recycle_Flowrate) + DeadVol

m2 * ColVol * (SMB.Ei - 1) = CoVol * SMB.Ei - SMB.Switch_Time * 1000 *
(RAFFINATE.Flowrate - FEED.Flowrate + SMB.Recycle_Flowrate) + DeadVol,
m3 * ColVol * (SMB.Ei - 1) = CoVol * SMB.Ei - SMB.Switch_Time * 1000 *
(RAFFINATE.Flowrate + SMB.Recycle_Floate) + DeadVol;

m4 * ColVol * (SMB.Ei - 1) = CoNVol * SMB.Ei - SMB.Switch_Time * 1000
*SMB.Recycle_Flowrate + DeadVol

Step 20 Flowsheet Constraints the calculation operformance indices

This step shows the detailed programming in the flowsheet constraints of the model to define the
calculation of performance indices ags 6.11 to 6.17

First, we set the PurityA, PurityB, RecoveryA and RecoveryB as fraction variables in eqs 6.11 to
6.14.

ol

0 00BN Z—sF

(6.11)

91



ol

000EQUST = 6.1

' BT ol (612
0 6f

YQ®OE U QIYO® 8T (6.13
0 6f

YQ®OE U QIYOH s (6.14)
0 of

PurityA as Fraction;
PurityA = Min(E.Total Component("TB+") / Max(E.Total Mass,0.0000001),1);

PurityB as Fraction;
PurityB = Min(R.Total Component("TB) / Max(R.Total Mass,0.0000001),1);

RecoveryA as Fraction;
RecoveryAMin(1-
R.Total Component("TB+"Max(F.Total Component("TB+"),0.0000001),1);

RecoveryB as Fraction;
RecoveryB = Min(1E.Total Component("TB)/Max(F.Total Gmponent("TB"), 0.0000001)
1);

Second, we set the ProductivityA, ProductivityB and Productvity Totahess flowvariables in

egs 6.15 to 6.17The unit of the productivity is gram per liter per hour.

%

001 AGAOBRSEOU! (6.15
EW
001 ABAO =& ou" (6.16)
VNN | Ne | SNV W ¢ 1
00|AOAOEOEOUAD@@BOE@@MOE%%gy; (6.17)
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ProductivityA as c_Flow_Mass;
ProductvityB as c_Flow_Mass;

ProductivityTotal as ¢c_Flow_Mass;

ProductivityA = (E.Total Component("FB) / SMB.Switch_Time)*60*1000/ColVol;
ProductivityB = (R.Total Component("FB / SMB.Switch_Time)*60*1000/Col\4l;
ProductivityTotal = ProductivityA + ProductivityB;

Step21: Add Form>Table >FlowSpecification
We createTable 6.2 that displays all the flogpecificatiors based on th#owsheet constraints in
the previous step 19.

TABLES.2. THE FLOVBPECIFICATION DEEINE THE FLOWSHEBNSTRAINTS

5 FlowSpecification Table EENES
Value Spec Units

Sh'IEI.HecycIe=FIuwrate 0.47 Free mib'rmin

Sh'IEI.Sw'rtn:h=Time L Free Tiin

DESORBENT Flowrate .65 Free mib'rmin i

EXTRALCT. Flowrate 0.6 Free mib'rmin

FEED Flowrate 0.33 Free mib'rmin

RAFFINATE Flowrate 0.43 Free ml'min

SKB.Hb 15.0 Fixed Cm

SKMB Db 0.46 Fixed Cm

EMB.Ei 0.68 Fixed m32 void/m3 bed

K1 6.54 Fixed i

M2 1.76 Fixed

M3 4,785 Fixed

W4 1.5 Fixed

MaxPdrop 40.0 Fixed bar

EffectVol S000.0 Free cma

Colol 249225 Free cma

We give the following calculations on how to get the fow rate ratios m values in Table 6.2 from

the zone flow rate values in terms of eqs 6.7 to 6.10.
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a 5 P B 1 (6.18

) 8 .3 8 28 8

a 3 . P& L (6.19
) 8 .3 8 8 8 -
a 3 - T B (6.20
) 8 .3 8 28 8 &

o . — P& UL (6.2

The criterion of the switching time is:

o —B ¢ 4ap - - — (6.22

B & 4 p - - =1%6.54*(1-0.68) + 0.68 + 0.23/2.493) +2*(1.75%(L68)

+0.68+0.23/2.493)+ 2*(4.785*(D.68) + 0.68+0.23/2.493)+ 1*(1.35%(68)
+0.68+0.23/2.493)=2.8551+2.66452+4.60692+1.20426=11.3308

8z

zp @ o 1T Yp& Y Qe (6.23
Step 22 Add Form>Table >Results.

We also create Table 6t& display all the performance indices defined in step RGhows all

the results as zero before running, and wil display the performance results after running.
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TABLEG.3. THE PERFORMANCE INESMEFINED IN THBWSHEET CONSTRAINTS

x5 Results Table o ||= |[=]
Value Spec Units

PurityA 0.0 Free %

PurityB 0.0 Free %

RecoveryA 0.0 Free oG

RecoveryB 0.0 Free %%

Productivity & 0.0 Free g/min

ProductivityB 0.0 Free gimin
ProductivityTotal 0.0 Free g/min

Step 23 Add Form>Plot ->Purity_Recovery.
In order to clearly see the changingboth product purity and recovery over the simulation time,
we make a performance plot of the product purity and recovery results named as

Purity Recovery.

r S — . |
3] Purity_Recovery Plot [= ==

Purity_Recovery

—— PurityA %

—— PurityB %

—— RecoveryA %

—f— RecoveryB %
o UiU . 1q 0 . 2q.0 . 3q.0 .40.'0 ISQ.O I6(.‘!.0 I?q.U ‘Sq.U ‘ Qq 0 Imp.ol

0 10.0 20.0 30.0 40.0 50.0
Time Minutes

HGURES.20. THE PERFORMANCE POBTTHERODUCT PURITY ANCCREERY RESULTS
Step24: Add Form>Plot>Extract Plot

The extract stream receives most of the compo
concentration and mole fraction fboth components in the extramtit stream.
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] Extract Plot [= =3 | =]
Extract

1 9
0100/010.020.030.040.050.0

CT.)([S"TB

—— EXTRACT X{"TB+") %
—— EXTRACT. Concentration{"TB-") g/l

—— EXTRA

—— EXTRACT.Concentration("TB+") g/l
10.020.030.040.050.060.070.080.09

15.0 200 250 30.0 350 400 450 50.0

=
=
(4]
(=]
—
=
=

Time Minutes

AGURES.21. THE EXTRACT CONCENT®X AND MOLE FRAGNIRESULTS FOR BGHIPONENTS
Step B: Add Form>Plot>Raffinate Plot.
The raffinate stream receives mo s t of

concentration and mole fraction footh compoents in the rafinateut stream.

& Raffinate Plot o= =

Raffinate

M1U.&2'E!030.ﬂ140.050.0

%
%
"TB+") g/l

oncentration{"TB-"} g/l

gl

—o— RAFFINATEX("TB
—0O— RAFFINATE X {"TB-"

—— RAFFINATE. Concentra

——— RAFFINATE.
0.0 1U.020.030.MU.USUI.OGU.U?U.UBU.UQUUU

00 05 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 9.0 95 100
Time Minutes

HGURES.22. THE RAFFINATE CONCEATON AND MOLE FRAGN RESULTS FOR B@DMPONENTS
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Step 26 Add Form>Profile Plot>Concentration Profile Plot

Our next goal is to make a concentration profie, which gives physsights within the SMB
column of their separation performance for both components. It reveals us how the
concentrations change through the axial distance of the column over the time.

We define the axial SNBoGoumni(*pAxial dfstarcef*e ;TB+o | u mn
Concentrationb yS MB . Col umn _ (6) . BnCQbntentafdiib+y SViB.
Column_(* )9, Ca(s* sqobBvn in Figure 6.23.
After we press t hte refuing gdlunm concantrationv profie forsbatio WB+
and TB atzero simulation time, as shown in Figure 6.24.

] Profile Editor - ConcenProfile o|Bj&®] | 1 Profile Editor - ConcenProfile o |B]=
Plot Type Plot Type
« 2  3d (¢ 2dplot ¢ 3d
* 2dpht ¢ 3dplot Profles | Time setings | c e it Profies | Time setings |
Profile Builder X1 < Profile Builder X4
Profiles to plot Profiles t:
Profiles 1 X 12 T = Profiles 1 X 1=2 o st
+ .
Profie Dim T8 Profie Dim 18.
AwalPosition 1D »> Plot AxialPosition 10 »> Plot
TB+ 1D TB+ 1D Q
T8- 1D B 10
> X Asis | »> X Axis
% - axis profile (optional) ¥ - axis profile (optional)
Profile Varizbles (] % 4+ & [aaPostion E] Profile Variables (] X 4+ 5]
SMB. Colurnn_[). Asial_Distance(") SMB.Coluran_[*)C*,"TB+")
o ¢
c o}
Find Variables.. 0K Apply J Cancel J Find Variables OK | Apply | Cancel |
] Profile Editar - ConcenProfile o || =
Plot Type

" 2dplot © 3dplot
Prafiles 1 Time settings |

Prafile Builder % 1 ¢
Profiles to plot
Profiles 1 X -2 TBIES =L
Prafile [Dim_] oy
AvialPosition 10D >3 Plot
TB+ 1D
TB- 10

2 - axis profile [optional]

Profile Vaiables |7 % 4 & ’Wﬂ

SMB Columr_) G TE-']

P
("
H
Find Variables.. QK Apply ‘ Canesl |

AGURES.23 THEVARIABLE DEFINITIOR THEONCENTRATIGIROFILE WITHIN THELOMN

97

by



e
] ConcenProfile Profile Plot o || ===

ConcenProfile

2.5e-006 5.e-006 7.5e-006 1005

/| Time; 0.000000

0

Concentration
——o—— TB+ g/l Time: 0.000000

——TE-

-7.5e-006 -5.e-008 -25e-006

0.0 50 100 150 200 250 300 350 400 450 500 560 600 650 70.0 750 80.0 850 90.0
AxialPosition

HGURES.24 THE RESULTINGDNCENTRATION PREMDR BOTHB+AND TB AT ZERO SIMULATIOINVIE.

Step Z: Run -> Solver Options>Integrator.

Aifter we finish making all the previous plots and profle plot® define the solver optionsthe
Solver Optiongdialog boxm Aspen Chromatography enablestashange the default settings for
numerical algorthms used in your simulation. For exampiemay change some of the algorithm

properties to:

1 Solve a dificult simulation or to improve the speed of a dynamic run.
1 Get compriensive diagnostic output froour simulation to determine why a simulation

does not converge or runs more slowly than expected.

We integrate the resulting ordinary differential equations using Gear method with a variable time
step size (0.1 min initial step size, 0.1 to 0.5 min step range and 0.5 step reduction factor) and
the integration error tolerance set to the valug of in Aspen Chromatography, as shown in
Figure 6.25.
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The Gear method is a varialieder, variablestep backward difference implicit method with high
accuray. Theusercan define the behavior of the method for model discontinuities and variable

step changes.

Solver Options

Maon Linear Solver ] Estimator ] Optimizer Homotopy
Diagnostics l Tolerances l Tearing Irtegrator l Linear Solver ]

Integration method: Gear - Maxdmum order: IE-_

Emor tolerances

Absolute integration: 1e-004 Absalute tear: | 18004
Relative integration: 1e-004 Relative tear: | 18-004

[ Include sensitivity emars [ Reconverge tom varables

Integration emor test includes: {* States only (" States and algebraics

Step size

 Fred por

{* Variable

Inttial step size: 0.1 Minimum step size: 01
5

Step reduction factor: 0.

Mazdmum step size: 03

[ Aways enforce minimum step size

I¥ Interpolate communication time

Event handling
[ Locate model discontinuities

r 1e-005

[ Rednitiglize after varable step-change
+ Use initial step size

Step size after vanable stepchangs:  Use previous step size

Show [0 highest integration emors. Show |0 highest tear integration
ETOrS

[ Restore last step on failure

Cancel | Apply

HGUREG.25. THE INTEGRATOR SEGBNN THE SOLVER IORB OF THE MODEL

Step 28: Run> Solver Options>Tolerances.

We set the absolute and relativariable tolerances. ThEolerancestabin Aspen
Chromatographyenablesus to change the options for controling tolerances, and to control

solver scaling and the elimination of equivalence equations.
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We can change the value of the tolerances to affectspieed and accuracy of the solution under
most solution methods availabl&igure 6.26 shows our toleransettings based on our

simulation experiences.

Solver Options

Mon Linear Solver ] Estimator ] Optimizer ] Homotopy
Diagnostics Tolerances l Tearing ] Integratar ] Linear Solver

Absolute varable tolerance: |1e—DD?

Relative varable tolerance: |1e-DD?

Absolute equation tolerance: |1e-DE'?

Variahle change tolerance: |1e-|}|]'?

Mumerical dervative absolute
perturbation: |1'3'DE'5

Mumerical dervative relative
perturbation: |1E-D|}5

Explicit Event Tolerance: |1e-DD5

[~ Solver scaling
[v Eiminate equivalence equations

[+ Use Group Decomposttions

Cancel

HGURES.26.THE TOLERANCE SETBINGTHE SOLVER @N3$ OF THE MODEL
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Step 29:.Run Options>Initialization.

The model is ready to intialize

Run complete

File Edit View Tools Flowshest Run Window Help

Ded &R B w K2 | |initialization ~ 4
& Bxploring - Simulation [ = | & | Fsteady State

All ltems Dyr.lamilc

= ﬁ Simulation Estimation

£ Component Lists Optimization

Q Globals
= 'Dé Flowsheet
w2 Local Library
+ Qj Libraries

Q3 Simulation Options

[ PR, S

0- The run has completed
OK

HGUREB.27. THEINITIALIZATION OF ESMBMODEL

Step 30 Run Options>Pause aB82.8 seconds.

Since we consider the dynamic state in all the

average of the performance indices over one step becomes constant. The steady state is attained
after 10 cycles (each cycle contains 6 switching time rounds). Thusyjolatgn time is

therefore 6.38*6*10=382.8 min.

Run Options

Fiun mode

models, the results are recorded once the system
reaches ayclic steady state. We determine the steady state by finding the time at which the

[?]=]

Change simulation run mode: | Dynamic -

Time control

Communication:

Dizplay update:

Time now:

Time units

03 Mirutes
2 Seconds
0 Minutes

Select the time urits that comespond  [pingtes »
|

to the unitz uged in your models:

Gelect the time units in which the user

interface should display time:

Simulation control
¥ Pauze at

I™ Pause after

Minutes =

Era
—

™ Real time synchronization |0

V¥ Record history for all variables

Synchronization:

DK|

Low

-

Cancel |

HGURES.28 THE SIMULATION RUNMKENTIME SETTING INEFRUN OPTIONS OF TWBDEL
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Step 31: Run OptiorsDynamic.

The model is readfpr the dynamic rurafter reachingthe pause time (382.8 minye set

&}
File Edit View Tools Flowsheet Run Window Help Run complete kS
Dl & @. @& v V4 |Dynamic o | S L Ul

. . ) Initialization
@ Exploring - Simulation | = || E Steady State

Al ltems Dyna
£ Simulation Estimation
£5) Component Lists Optimization
(3 Globals
@-EE Flowsheet
w2 Local Library

2

\0- The run has completed
oK |

HGURES.29THE DYNAMIC RUN OFEEBIMBMODEL
Step 32 Results>Purity and Recovery Results
Aifter each simulation run, we would open the purity and recovery plot to either see the plot or to
look at the detailed result history through the simulation tirfagure 6.30 illustrates the
Purity_Recoveryplot results for both product.

5] Purity_Recovery Plot

EREEE

Purity_Recovery

| | T

(=}
=1
&
=
=}
=
=}
=]
=
=}
@
=
o
@
EERE
L
g
= w ool
EE = 2O
SS53582
eo o §§ Redraw Ctrl+W
% LJI] S;r'- Zoom In Ctrl+Up Arrow
g_ Zoom Out Ctrl+Down Arrow
a8 Zoom Full Ctrl+End
pat
S Zoom In Time Axis Ctrl+Right Arrow
=15 Zoom Out Time Axis Ctrl+Left Arrow
=b
g Properties... Alt+Enter
.D_I" Reset Form Properties
L L Maodi »
330.0 340.0 350.0 361 fy -
Time Minutes Show as History
< Copy Ctrl+C
FEED Paste Ctrl+V
—

HGURES.3QTHEPURITY RECOVERY PLOT RESBORSBOTH PRODUCT

102



If we want to look at the detailed values for both product purity and recoverygightthe

plot, and therc ho o s e t hhi sfitSohroywd aisn e getithg PuritgRe6ove3y0historyV
table as shown in Figure 6.3Mhe blue highlighted region in the figure represents the purity and
recovery results througbne whole switching time. ¥/can calculate the avee purity and

recovey based on these results

i ™

5 Purity_Recovery History Table o |[= | =]

Tirmne Puarityd, PurityB Recovewd | RecovenB ;|
Minutes | % i i
3756 99997 99 4167 99 4228 99 9966
37549 99,997 99 2073 99,2083 99,9968
3762 0o 0o 100.0 100.0
3765 255675 93
3768
77
3774
ErEN
3ra.0
3783
3786
37849
3792
3745
3798
3801
3804
3807
3.0
3813
3816
3819
3822
3825 0o . 100.0
3828 023365 32132 996733
3831 2328 10,5545 98 9822

Ana A [ = Bl nlaer} 44 nH Iala R airinind

24

e

HGURES.3LTHEPURITY RECOVERY HISTORY EABL
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Step 32 Results>Plots.
This step presents all the plots and profie plots we made in steps 23 to 26, including the extract
concentions(Figure 6.32)raffinate concentrationgFigure 6.33)the column concentration

profie (Figure 6.34) and the concentration profie table (Figure 6.35)

& ExtractConcen Plot [= =[]

ExtractConcen
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AGURES.32 THERESULTING EXTRAONCENTRATION RESJEDR BOTH COMPONENT
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ConcenProfile Profile Plot

¥ Label
—— TB+ g/l Time: 382.800000

9
(=1
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=
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HGURES.34. THE RESULTINGONCENTRATIBIROFILE WITHIN TSMBCOLUMN

00 50 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 65.0 70.0 75.0 80.0 85.0 90.0
AxialPosition

5 ConcenProfile Profile Table o || &
Tirne Frafile Name | | | | | | | | | =
Iinutes | | | | |

TE- ofl|  -401208e-007 447781007 -4.1063-007 -3.2386e007  -2.00016e-007 -2.8853:-008 1.98827e-007 4.64703e-007 E.67971e-007
381.5| AxialPosition cm 05 1.0 15 20 25 30 35 40 45
TE+ o/l 0.0546953 0.108054 0.177ae? 0.263037 0324323 0.334881 0.423102 (0.457387 0.474E6
TB- ofl|  -314451e-007  -4.26079e-007)  -4.35787e-007  -3.77068e-007 2773762007 -1.35389e-007 E.07079e-008 3.04745e-007 5.48476e-007
361.72| AwialPosition cm 05 1.0 15 20 25 30 35 4.0 45
TB+ o/l 0.0423571 0.0830838 0153323 0227223 0.300721 0.364929 0.414574 0.448638 046936
TE- o/l| 1851626007 -367226e-007) -4.34320e-007  -A150e007 3403292007 2243260007 -6.00642e-008 1.6887e-007 4.08006e-007
361.84| AxialPosition cm 0.5 1.0 15 20 25 an 35 4.0 45
TEB+ ol 0.0321422 0.07231 0.1230851 0.203521 0.275868 0.343463 0.338175 0.43754 0.46272
TB- o/l -1.37244e-008 -26784e-007  -4.00241e-007  -4.29979e-007  -387648e-007 2587215007 -1.6236Re-007 257531008 261288007
361.96| AwialPosition cm 05 1.0 15 20 25 30 35 4.0 45
TE+ o/l 0.0238637 0.0677334 0110331 0177503 0.260757 0.320765 0.380m2 (0.424638 0.454591
TB- o/l 196648007  -1.26521e-007)  -3.28741e-007  -4.16926e-007  -415948e-007  -3.54372e-007  -246975e007|  -9.02619e-008 1.20018e-007
362.08| AvialPosition cm 0.5 1.0 15 20 25 30 35 4.0 45
TB+ o/l 0.0173063 0.0452908 (0.0917886 0.154293 0.225775 0.297158 0.360252 (0.409932 0.444857
TE- o/l 4.39639e-007 564933008 -216872e-007  -3.70437e-007  -4.20385e-007  -3.94197e007 -3.1479e-007 -1.8793-007 -5.1288e-009
382.2| AxialPosition cm 05 1.0 15 20 25 an 315 a0 45
TEB+ o/l 0.0122339 0.034B66 0.0752228 0.132854 020291 0272389 0.339116 (0.393478 0.433438
TB- o] 705386007 27405e-007  -5.40071e-008  -286315e-007  -395598e-007  -4.13264e-007  -365576e007) -267771e-007  -1.19238e-007
362.32| AwialPosition cm 05 1.0 15 20 25 30 35 4.0 45
TB+ o/l 0.00343165 0.0263021 0.060706 0112432 0177642 0248618 0.316874 0.375388 0.4203
TE- ol 9.80157e-007 5.2172e-007 1.27765e-007  -1.62288e-007 336703007 -4.06951e-007 -3.9743e007)  -3.29948e-007  -2.12052e-007
362.44| AvialPosition cm 0.5 1.0 15 20 25 30 35 4.0 45
TB+ o/l 0.00565607 0.0134132 0.0481341 (0.0942461 0155119 0.224336 0.293825 (0.355832 0.405459
TE- o/l 1.24616e-006 787441007 3.63294e-007 1.48798e 000 -240164e-007 370333007 406309007  -373824e-007 2865292007
382.56| AxialPosition cm 05 1.0 15 20 25 30 35 40 45
TEB+ o/l 0.00370308 0.013336 (0.0375345 (0.0772953 0133967 (0.20066 0.270232 (0.335024 0.388382
TB- o/l 1.48168e-006 1.05626e-006 B6.04022e-007 2020ME6e-007  -1.04421e-007 29911e-007|  -389638e-007  -397255e-007 -3.42537e-007
362.68| AvialPosition cm 05 1.0 15 20 25 30 35 4.0 45
TB+ o/l 0.00238437 0.00954071 0.0287764 0.0634618 0114374 0177714 (0.246603 0313218 0.370389
TE- ol 1.66163e-006 1.30325e-006 8.676Be-007 4.33103e-007 £.594344e008)  -1.90432e-007 341148007 -396823e-007  -3.78357e-007
382.8| AuialPosition cm 0.5 1.0 15 20 25 a0 358 4.0 45
TE+ ol 0.001 45762 0.00642619 (0.0208218 (0.0435604 0.0345068 0153335 0.220444 (0.288147 0.343431

TE- o/l 1.761342-006 1.63523e-006 1.14385¢-006 7.01306-007 291737007 -3.30676e-008 2912685007 -3 EG575e007 -3.90644e007

< | o[

FAGURES.35.THE RESULTING CONGEAITON PROFILE TABUEHIN THESMBCOLUMN
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6.2. Workshop 2: Apply Varicol to the Zone SMBModel

As mentionedin section 4.1, the Varicol operati@pplies an asynchronous shit of the inlet/outlet
portsupon the SMB colum where lie zone lengths are varied in timin the Varicol mode] the
asynchronous shiting ratio (AS) for each inlet or oyblett s a fraction of the switching timed

at which it moves to its next port postion. Specifically, bARSE, ASF and AS represent,
respectively, the asynchronous shiting ratios for the deserbgnrt, extractout port, feeein

port and raffinateout port. Their values are allbetween 0 and.Xor the Varicol modeling, all the

process and operating conditions are the same as the basic SMB, except for the new asynchronous
port switching. In this workshop, we demonstrate how to apply the Varicol operatidre toutrent

4-zone SMB model developed in the workshop one.

Step 1: Qpeerp Bhesiitd4d SHMBdId me é&zwéncei tVaasd cio4 model O

] Configure Block/Stream SMB = = =

B2 % [7
Forms  Variables Copy Print Help

Internal Columns |_\7
Adsorbent assumption Fixed (SMEB) -

Number of columns in unit 6 (2 to 40 only)

Column uniformity |dentical -

. ’ ‘\
Internal configuration Carousel - - 2

Port Position & Distribution

External Stream  Initial Port
D-lIn 1
F-In
E-Out

R - Out

=S T

Port Switch Control Synchronous -

Valve assumption Sequertial Valve ~

Port switching interval | 6.38 |min j

Recyele

Recycle assumption Closed Recycle -

Recycle flowrate | 047 |m|ﬁmin ﬂ

Specify ‘ Help ‘ E -)

Path: SMB Type:| chrom_ccc_separator:

HGURES.36. THECOLUMN CONFIGURATIBNDCKN THESMBMODEL
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Step 2: Port Switch ContrePAsynchronous.

We e thePort Switch Controbox to specify whether the ports are shited synchronoasly
asynchronously. In the SMB model, it is synchronously port switching, where all ports shit
together; in the Varicol modegll ports shift independently \kih a master switching interval.

Whenwe choose thasynchronous switchingpr Varicol in Figure 6.37,we need to specify
additional information for each external stream with respect to the switchirgtasom|

used. This is entered in the Async Shdtiucnn of the port distribution table.

The subinterval, or shift period, is defined as the fractiaith a value between 0O toirito

the current switching interval at which the port is switched. Wssy a 6column Varicol
system during a dynamic simulatiorywe can modifythe asynchronous shift through the port
table. Herewe give an example of AS= 1, A& =1, AS=0.6 and AR =0.9.

] Configure Block/Stream SMB
R

Forms  Variables Copy Print Help

r—Internal Columns

Adsorbent assumption Fixed (SME) hd l

Number of columns in unit! & (2to40only)

Column uniformity Identical hd l
Internal configuration Carousel vl

r—Port Position & Distribution

External Stream  Initial Port  Async Shift
D-lIn 1 1
F-ln 06
E- Out 1
R - Out 0.9

L= RS HE

Port Switch Control IF\sync:hmnous VI
Valve assumption ISequemial Valve Vl

Port switching interval | 6.38 Imin LI

B I
Recycle

Recycle assumption IClosed Recycle Vl

Recycle flowrate | 047 Iml,-"min ~|

Specify | Help |

Path:/ SMB Type: chrom_ccc_separator:

AGURES.37. THE COLUMN CONFIGUROW BLOCK IN TRMARICOL MODEL
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Step 3:Configure Block-> Intialize.

[t:!] Configure Block/Stream SMB [= ||E||E|

T
Forms  Variables Copy Print Help

General I Material Balance l Kinetic Model I Isotherm I Energy Balance | Plot Profiles l

Specify
The column is currently configured for unidirectional operation Presets/Initials
The column contains fixed adsorbent [ e
PDE Discretization Methed |QDS ~| Humber Of Elements 30 Results

Adsorbed Components

Oper
Men-Adsorbed Components Adsorbed Components

TB-
_ = e
Help

Midad

Path: SMB Type:| chrom_cce_separator:

HAGURES.38 THE INITIALIZATION @REVARICOL COLUMN
Step 4 Run Options>Initialization.

The model is ready to intialize.

-
File Edit View Tools Flowsheet Run Window Help Run complete X3
D = n Q B. @ o k2 | |initialization » “
@ Exploring - Simulation [ o | & ‘J—Stea.dy'.‘itale
Allltems Dynamic - 1 ‘ | The run has completed
= ﬁ Simulation ES".mf“""_‘ =
a Component Lists Optimization
05 Globals
= & Flowsheet
+ ;g Local Library
+ QLlhrnrles OK
3 Simulation Options
[ W

HGURES.3QTHE INITIALIZATION @WAEVARICOIMODEL
Step 5 Run Options>Dynamic.

The model is readfpr the dynamic rurafter reachingthe pause time (382.8 minye set.

= B
File Edit View Tools Flowsheet Run Window Help Run complete =

el &R @ v o | X2 | |Dynamic M i
[ .'OI The run has completed

. . ) Initialization
9 Exploring - Simulation | = | & SSSteady State

Al ltems Dy namit =
2 EE Simulation Estimation
{£5) Component Lists Optimization

@ Globals

K
@ E Flowsheet 04|

#-5 Local Library

HGURES.40THE DYNAMIC RUN OFEIVAARICOIMODEL
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Step 6 Results>Plots.
This step presentthe extract concentration plot, rafinate concentration oot the column

concentration praé.

[G] ExtractConcen Plot ===
o ExtractConcen ~
s
w0
el
(=]
=
(=]
"‘_aa%m
et
i
Be”
5231
wE
T T
£ 5]
8¢
22
5 ]
il 5
!
op
3250 3300 335.0 340.0 345.0 350.0 3550 360.0 365.0 370.0 375.0 380.0 385.0
Time Minutes v
< >

HGURES.41LTHE RESULTING EXTRBONCENTRATION RESUEDR BOTH COMPONEMNTVARICOL

7] Raffinate Plot (===
Raffinate "

0.4 045 05 055
; : ; —

—— RAFFINATE. Concentration("TB+") g/l
—{— RAFFINATE. Concentration("TB-") g/l
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FAGURES.42. THE RESULTING RAFHAIRAONCENTRATION RES FOR BOTH COME®NSN VARICOL
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] ConcenProfile Profile Plot IENIENES

ConcenProfile

04 045 0.5

00000
035

¥ Label
———— TB+ g/l Time: 362600000
é]f’l Tirne: 382 800000
25 0.3
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HGURES.43. THE RESULTING CONGEATTON PROFILE WINHIHEVARICOICOLUMN
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6.3. Workshop 3: Apply PowerFeed to theZbneSMB Model

In this workshop, we demonstrate how to create a PowerFeed model based on the basic SMB
model. Since PowerFeed adjusts both the feed and recycle flow rates within the switching
subitervals, we need to introduce the concept of the cycle organizer in Aspen Chromatography

to define the cyclic operations

Many adsorption processes operate in a cyclic manner. Each cycle is described by a series of
one or more sequential steps or discmtents. When simulating a cyclic process, you must

be able to specify when certain events are going to occur.
The Cycle Organizer letss rapidly create the steps that define a cyclic process. Use it to:

Create any number of steps

Define the stepermination event

Manipulate flowsheet variables for a given step

Generate a cyclic task based on the Task Language

Distribute cycle information to other flowsheet blocks through global variables
Store multiple cycle definitions

Control variable recordingand automated snapshots

= =24 =4 -4 -4 -4 -4 -

Execute VB (Visual Basic) scripts for additional calculations and control

Here is some more information about the Cycle Organizer:

1 The main Configure form gives the status of the system, as well as the active
state of the cyclidask.

T Al entered datarestored in the block on the flowsheet. This allows the data
to be saved with the flowsheet input fie.

T Only one instance of the Cycle Organizer is alowed on the flowsheet.

T When weconfigure the flowsheet for cyclic operation,sitadvisable to

configure it as if it is about to execute the first step of the cycle.

1 On addition ofa new step, ware asked two questions:
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o Is the new step to be placed before or after the currently selected
step?
o Is the information to be copied from tberrently selected step into

the newly crated one (to act as a template)

We give more details on how to create a cycle organizer in the Poegnmedel in the

following steps.
Step 1: Qpeer tBRhesiit4 SMB mo ezené BowerReedddoesl @ve it as

In this workshop, we apply the PowerFeed with a partial feeding. In Figure 6.44, we display the
feed flow rate policies of the PowerFewith two switching subintervalsatt=0~0,F =0 T
att=0~0,F=0.

>

F;

Feed Flow Rates ml/min

A
o~
[

A
o~
[\~
ﬂ

HGUREG.44. THE FEED FLOW RATEIRES IN THEOWEREEDWITH TWO SUBINTERBAL

Step 2 Add the pressure drop constraints.

In PowerFeed, if we only change the feed flow rates, it may cause the system to exceed the
maximum pressure dropor example, eq 6.18 revealsetrelationship between the zone flow
rates and zone pressure drop:
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o pump - 020
Y0 T 5 (6.24)

In the equationsy0 =pressure drop in each zorigslength of each zoneS= crosssectional
area of the bedj= overal bed voidage: =fluid viscosity; i = particle radius;d & [Q

= particle shape factor.

If we only increase the subintervéded flow rated ,then0 0 0 0 could be very
high, andY0 would exceed the maximum pressure dodgihe system in that subintervah this

workshop, we adjust the recycle flow ratesttisfy the pressure drogonstraint

In this step, we write a prograta define and record the pressure drop through the whole
column, and make sutbatthe total pessure drop is below the maximum pressure drop (40 bar).
We define PreDrop as the total pressure drop variable for all the six beds in the column. Figure

6.45 shows the resulting value for the total pressure drop after each simulation run.

PreDrop ad’ressure_Change;
PreDrop=SMB.Column_(1).Pdrop+SMB.Column_(2).Pdrop+SMB.Column_(3).Pdrop+
SMB.Column_(4).Pdrop+SMB.Column_(5).Pdrop+SMB.Column_(6).Pdrop;

i) LocalVariables Table o || = || & |
Value Spec Units

ComponentList Default

Prelrop 394572 Free bar

UserMotes

HGURES.45. THE RESULTING VALWRAHE TOTAL PRESSDROP AFTER EAGAWURATION RUN
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Step 3:Tool> Cycle Organizer.

To access the Cycle Organizer, we click the Cycle Organieen the Tools menuas shown

in Figure 6.46If a Cycle Organizer block does not exist on the fowsheet, one is
automatically placed on the fowsheet and thelCyDrganizer window appeaiSigure 6.46
shows theb | oc k A Cy c | ©ncear Qyde iOrganier Idlock is present on the
flowsheet, youcanopen it either using the Tools menu, or by dowidking on the

flowsheet block.The Cycle Organizer toolbarvgis access to the various fields and controls

our specifications o& cyclic task.

[} 2-bed PSA Ba
File Edit View  Tools | Flowsheet Run Window Help
e d & Explorer Alt+F2 b S % W Bl Bl
- Units of Measurement 3
@ Explorin
e =5 Custom Modeling 'j
2 L T oI R R
=8 Simulatio Snapshots... AltF2 =
& Compl yariable Find.. Carl+F
[ Global - et
0B Flows pecification Analysis...
-3 Local Homotopy...
Q Librari Simulation Access Extensions...
g Simul Optimization... Alt-F4
Analy w 1
Estimation... Alt+F5 2 ———
53 vou On Line Link: _D(_‘—DVBW
n Line Links...
- nters _ .
Configure Properties... Alt+F6
Forms Browser Ctrl+F2
Contents of Comp Cv Esfimator
% Cycle Organizer
Add Report 3
Compone.. P
New 3
Take Snapshot... Alt+F7
Capture Screen Layout... Alt+F8
Procedure Qrganizer...
Generate Procedure Code...
Delete Exported Model or Structure DLL... - . . . . . "
Settings.. Alt+FS Cycle_Organizer

AGURES.46. THECYCLEORGANIZERLOCK IN THEOWEREEDVIODEL

Step4: Cycle Organizer Cycle Options.
Table 6.4 | i st enthe thabarid Qusposk andthe bptionst avaiable on the
drop-down menu Figure 6.47 displays the cycle settings for the process in PowerFeed

operation. We set the maximum cycle numbers as 100.
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TABLES.4. THEQ ¥CLE BUTTON ON THE TOORBIN THEYYCLEORGANIZER

Toolbar Button Purpose Options
Cycle Cycle controls, such as creating and 3 - ﬁ‘j -
Cyicle Step

activating cycles
Cycle Options

Mew Cycle
Generate Task
Activate Cycle
Delete Cycle

0] Cycle Organizer [=][=]
= 7

L8
Cycle  Step  Print Help

Cycle 1 |

[undefined
Options

Maximum cycles I 100
Record initial I 1
Record frequency I 1

[ Takesnapshotatend of cyde

I™ Cyclic steady statetesting

Testtolerance I 000001

¥ Contrals reporting

Following cycle INDne VI

[T s startin gcycle

HGURES.47. THECYCLE OPTIONS IN TYYELEDRGANIZERF THEPOWEREEDVIODEL

Step5: Cycle Organizer Step ContrebStep 1the first subswitching interval

Table 6.9 i st s t he nASt ep ds plrposet amchthe optonyadiatde ontheo | b ar |,
drop-down menu.
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TABLEG.5. THEG {ER BUTTON ON THE TOORBIN THECYCLEDRGANIZER

Toolbar Button Purpose Options
Step Step controls, such as modifying and 533 - 5 I
. . Step Print H
insertingsteps
Control
Manipulated
Interactions
Other
Addfinsert Step
Delete Step

TABLES.6. THE CYCLE ORGANIZERITIONS FOR TREWEREED MODEL

Step 1 Step 2

Subinterval switching time 4.27 min 2.11 min
Subinterval feed flow rates 0 1.149 mU/min
Subinterval recycle flow rate 0.344 mL/min 0.727 mL/min

Table 6.6 liststhe cycle organizer settings for the subinterval switching times, feed and recycle
flow rates in the PowerFeed model. We get all these optimized subinterval conditons from our
simulation and evaluation strategy in the section 5.1.2. \Oe #ife detailed calculations for the
values of Table5.6 as follow:
From looking at the effect of the second subinterval feed fow rate on the B purity in Figure 5.6,
we achieve the best performance when & and E=0.149 m/min in the PowerFeed operation
with two subintervals.

Since: 'O 20 "0z0 0z0 (6.29
In this case,”O ™ Pp—No o 0o O® yit
Then,o & ) EDEG ¢® pi Q¢
For the calculation of the recycle flow rates, if we combine the following equations:

0O W W

' 6.2
a o p - (6.2
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%0

\ — 1 I3 _ _ 6.2
o 3 & a p (6.27)

0 0 (6.29

0 0 0 (6.29

0 U 0 0 0 (6.30

0 0 0 (6.32)

We get eq. @6:

0 (6.32

Since: & 8 wadNz0 il At MAAD p wd% mpR png  cnE
¢ne pndb ™ u—N0 T8 6—

Then we get the final recycle fow rate equation based on the feed flow rate:

~

0 ™ T T T ol (6.33
Since: 0 n—nNo ® T -
We get:0 ™ T +NO T C ¥—

Then, press the step control and folow Figures 6.48 to 6.51 to edit steps 1 lanthi.case,
we choose the tiradriven method, whichs the most common steqontrol method. Here, the
step control is a fixed elapsed time; for example, the step is set to terminate &iter 4.2

minutes. The step time remains constant from cycle to cycle.
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(@] Cycle Organizer [= ==
8 g .o [F

Cycle T Step " Print Help

Cycle 1 |

|undefined)
Step 1 | Stepz |
—Controt

Descri ptionl [Undefined]

@ Timedriven I 4.27 Imin j

Eventdriven I[Undeﬂned] j |>= j
 value I 0 I j

~ Variable I[Undeﬂned] j

" Expression I[Undeﬂn ed]

Other

i Ready [#1 Cycle Active

HGURES.48 THESTEP CONTROL SETHRE& STEP ONE THEPOWEREEDVODEL

Step6: Cycle Organizer> Step ContrebStep 2: second subswitching interval.
7] Cycle Organizer ===

B, s T
Cycle  Step  Print Help |
Cycle 1 | N
|undefined)
Step1 Step2 |
—Controt

Descri ptionl [Undefined]

& Time driven I | Imin j

Eventdriven I[Undeﬂned] j |>= j L
~ value I UI j

 Variable | Undefinea) =]

e Expression I[U”dEﬂ” ed]

Other

" Step dependel'ﬂl'“‘f”"e 'l

i Ready [#1 Cycle Active

HGURES.49 THE STEP CONTROL $¥3 FOR STEP TWOTRHEPOWEREED MODEL
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Step7: Cycle Organizer Step ManipulatedStep 1first subswitching interval

Table 6.6ists the main buttons on the toolbar, their purgosed the options available on
their dropdown menus of the VariabledVithin each step of a cycleye may modify

different variables. These variables may control, for example:

1 Feed condition

1 Valve opening

1 Heater duty

To access the list of manipulated variables: From the Step button'slolplist, click
Manipulated. In our case, we mainly adjust the feed and recycle flow rates during different

sub-switching intervals.

TABLEG.7. THEQ ARIABLE BUTTON ON THE TOOLBARTHECYCLEDRGANIZER

Toolbar Button Purpose Options
Variable Adding or ? - 5 ﬂ
Wariahle Prinit Helg

Add Variabless

Delete Yariahlers

(available only if you selected Deleting variables
Manipulated from the Step menu) ‘

To add a new manipulated step variable:

1. Click the Variable button on th®olbar; or from its drojown list, click Add
Variable/s.
The Variable Selector dialog box appears, which lists the available fixed and initial

variables that have not already been selected in the current step.
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Variahle Selector

Quick find/filter |

Bedl.Layver1].0b ﬂ
Bedl.Layer1].Direction

Bedl.Layer(1].Ei
Bedl.Layer11.Ep
Bedl.Laper1].Hb
Bedl.Laver[1].1P[1. "Mitrogen'']
Bedl. Laper11IP[1."Omgen]
Bedl.Laper1].IP[2." " Mitrogen'']
Bedl.Laver[1].IP[2." "Orypgen']
Bedl.Laper1].MTC[" "Mitrogen']
Bedl.Laver1].MTC["Dupgen'']
Bedl Layer1]1.RHO:
Bedl.Laper1].Rp
Bedl.Layer[1]).5Fac
Bedl.Laper1).4a[1]

Bed! Layer(1]¥g(10] =l

Helest LCancel |

FAGURES.50. THE VARIABLE SELECWIRDOWFOR VARIABLE FINDINGTHECYCLEORGANIZER

2. Select a variable using one of these actions:
o Doubleclick on the variable in the list.

o Type the name of the variable in the text box at the top of the dialog

box (a dynamic search will take place duriygping).
o Select multiple variables, using etther the SHIFT or CTRL key.
o Use widcards in the text box to redube list size and then select.

Figure 6.51 is the final look of step 1 and shows the subinterval conditions in step one:
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& Cycle Organizer (= [@][=]
8 .80, ¥ .o 7

Cycle Step  Variable Print Help

Cycle 1 |

|undefined)

Step 1 | Step 2 |

—Manipulated Variables

| Variable

Value | Units

Spec |[Ramped

[fd FEED.Flowrate 0.0 mlimin Fixed Mo
7| SMB.Recycle_Flowrate| 0.344| mlimin Fixed|Mo
i Ready [#1 Cycle Active

HGUREB.51. THEMANIPULATED VARIABLEOR STEP ONE INEPOWEREED MODEL

Step8: Cycle Organizer Step Manipulated->Step 2second subswitching interval

-

Cycle Organizer

(= =]=]

=

Step1 Step2 |

8 .80 . % .

Cycle  Step  Variable  Print Help
Cycle 1 |
[[undefinea)

—Manipulated Variables

Variable Value Units Spec Ramped Target Time(min}
FEED Flowrate 1.148 | mlimin Fixed|MNo

| SMB.Recycle_Flowrate| 0.727 | ml/min Fixed|MNo

i Ready [ Cycle Active

-

AGURES.52. THE MANIPUATED VARIABLES FEIEP TWO THEPOWEREED MODEL
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Step9: Cycle Options>Generate Task

Once a new cycle has been defined, or changes made to an existing definition, you must

generate the cyclic task before the simulation can be run. To generate the cyclic task:

1 On theCycle button's dropdown menu, clckGenerate Taskas shown in
Figure 653

View the Cycle Organizerstatus bar to see how the generation is progressing:

|£| Cycle Active |

T You see when the cyclic task has been successiully

generated (errors are noted in the simulation messages window).

|X| Cycle Inactive
1 You see

when there is another activdteycle.

] Cycle Organizer [r [0 (S
3 87 Aid = [T

Cycle T Step " Variable ~ Print Help

Cycle Options

f New Cycle
i-| Generate Task |

Deactivate Cycle
Delete Cycle

Spec Ramped
FEED.Flowrate 1.148 [ mlimin Fixed|No
7| SMB.Recycle_Flowrate| 0.727 | mlimin Fixed| Mo

Target Time(min}

D Ready [#1 Cycle Active

HGURES.53. THE GENERATION PROSRHEG IN THEYCLEDRGANIZER OF TREWEREED MODEL

Step 10 Configure Block-> Initialize.
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] Configure Block/Stream SMB

B om 7
Forms  Variables Copy Print Help

General l Material Balance ] Kinetic Model 1 Isotherm ] Energy Balance | Plot Profiles ]

[= =]
Specify
The column is currently configured for unidirectional operation Presets/Initials
The column contains fixed adsorbent [T
PDE Discretization Method |QDS | MNumber Of Elements 30 Results
Adsorbed Components Open
MNon-Adsorbed Components Adsorbed Components
TB- Save
R |8
Help

Path: SMB Type:| chrom_ccc_separator:

FGURES.54. THE INITIALIZATION @REPOWEREEDCOLUMN
Step 11:Run Options>Intialization.
The model is ready tmitialize.

|-ﬂ r 3
File Edit View Tools Flowsheet Run Window Help Run Complete &3
D e n 5 [& - Y] X2 | |initialization » “

@ Exploring - Simulation (= | & | & Steady State
Allltems Dynamic ) 1 ‘01 The run has completed
=] iﬁ Simulation Es1i_m§1im.1 .

£3 Component Lists Optimization

3 Globals

= ﬁ Flowsheet

= & Local Library QK
+ Q Libraries
Q Simulation Options

W -

HGURES.55. THE INITIALIZATION OREPOWEHREEDVODEL

Step 12 Run Options>Dynamic.

The model is readfpr the dynamic rurafter reachingthe pause time (382.8 min) we set.

el —
File Edit View Tools Flowshest Run Window Help Run complete &=
el &R @B o K2 Dynamic b L I T | B
—|Initialization AR
& Exploring - Simulation | = [ & {Steady State '_0_‘ The run has completed
All ltems Dy nami -
= EF Simulation Estimation
£5) Component Lists Optimization
[ Globals oK
@-EF Flowsheet |
23 Local Library

HGURES.56. THE DYNAMIC RUN OFEPDWEREEDMODEL
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Step 13 Results>Plots.
This step presents the extract concentration plot, rafinate concentration plot and the column

concentration profie.

3] Extract Plot o= )=
ExtractConcen
3325 3350 3375 3400 3425 3450 3475 3500 3525 3550 3575 360.0 3625 3650 3675 370.0 3725 3750 3775 3800 3825 3850
Time Minutes
< >

HGURES.57. THE RESULTING EXTRBONCENTRATION RESUEDR BOTH COMPONENNPOWEREED

&

Raffinate Plot (===

Raffinate

v -

0.4 0.45 05

0.35

0.25

e RAFFIUNéﬁ\TE. Concentration("TB-") g/l

——o—— RAFFINATE. Concentration("TB+") %ﬂ
020100010203 04050607 080910111213 1415

02

" 3300 3360 3400 3460 3800 3850 3600 3650 3700 3750 3800  385.0
Time Minutes

< >

HGURES.58. THE RESULTING FRANATE CONCENTRATRESULTS FOR BOTWIPONENTS IROWEREED
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] ConcenProfile Profile Plot = ==]

¥ Label
—— TB+ g/l Time: 383.000000
03 035 04 045 05

02

—— TB- ¢/l Tirme: 383.000000
0.25

01 015

0.05

AxialPosition

HGURES.59. THE RESULTING CONGENITON PROFILE WINHIHEPOWEREEDCOLUMN
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6.4. Workshop4: Apply ModiCon to the 4Zone SMBModel

In this workshop, we demonstrate how to credWodiCon modelfrom the basic4-zone SMB
model. ModiConadjuststhe feedconcentration, instead of feed flow ratedhin the switching
subintervals, westil need to add &ycle Organizer inthe ModiCon modl to control thechange
of the cyclic feed concentrationsWe keepthe feed flow rate and the column configuration the
same as the basic SMB modBhsically, we follow the pretty similar steps as we did for the

PowerFeed to build a ModiCon model.

SteplOpen “ZbeefiBasic SMB moe&eine, Momdd Coalv emoidte!| &s

A
| =
o
<
g Cl_\
§ 63_
]
g
‘—;‘—+—r t
ty, 't t

2 3 tSW
HGURES.60. THE FEED FLOW RATEIRES IN THAODICON WITH THREE SUBERVALS
Step 2: Toek Cycle OrganizerWe add a new Cycle Organizélock into the ModiCon model.

Step 3:Cycle Organizer> Cycle Options.
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] Cycle Organizer

B . = [

Cycle T Step Print Help
Cycle 1 ]

|[Undefined]
Options

Maximum cycles 100

Record initial 1
Record frequency 1

™ Take snapshot at end of cyce
I Cyclic steady state testing
Testtolerance 0.00001
W Controls reporting

Following cyce None hd

-

HGURES.61. THE CYCLE OPTIONSHECYCLEDRGANIZER OF TMEODICON MODEL

Step4: Cycle Organizer Step ContrebStep 1: first subswitching interval.

TABLES.8. THE CYCLE ORGANIZERKITIONS FOR TNMODICON MODEL

Step 1 Step 2 Step 3
Subinterval switching time 1.3 min 3.78 min 1.3 min
Subinterval feed concentration 0.166 g/L 1.6 gL 0.166 g/L

Table 6.8ists the cycle organizer settings for the subinterval switching times, feed
concentratios in theModiCon modelwith three subintervalsWe get all these optimized
subinterval conditons from our simulation and evaluation strategy in the section 5.1.3. We

show the detailed calculations for the values of Table 6.8 as follow.

From looking at the effect of theecond subinterval feembncentrationon the B purityand A
recovery in Figure 5,9ve achieve the best performance wkasr C3=0.166 g/L and &= 1.6
g/L in the ModiCon operation with thresubintervals.

Since: 0 20 020 06z0 0 %0 (6.39

In this case,d paONG o6 O 0o O® i
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p&l EWNE O of yh QRO
edit the steps one to three step by step.

Then, 0

p® a "Q¥Vefolow the Figures 6.62 to 6.67 to

-

5 Cycle Organizer [= |[= | = |
LB .s
Cycle Step Print Help
Cycle 1 ]
|[Undefined]
Step 1 ]stepzl Step 3 |
Control

Des cription|[Undeﬂned]

{* Timedriven

Eventdriven
" Value

" Variable
" Expression

Other
~

o Rea dy

1.3 |n'|in j

|:L|r:efire:: J |== J
| o =

|:L|r:efire:: J
|:L|r:efire:j

@ Cycle Active

HGURES.62. THE STEP CONTROL 83 FOR STEP ONETHEMODICON MODE.

Step 5: Cycle Organizer Step ContrebStep 2: second subswitching interval.

P

] Cycle Organizer [= = ][ =]
8 .8 .s [

Cycle  Step Print Help

Cycle 1 l

|wndefined

Step1 Step2 lStepB]

Control

Descrlpt|0n|[Unneﬂned]

(¥ Time driven | 378 |rr|in j

Eventdriven |jL|r:efire:' J 'i‘
" value | 0 | J
¢ Variable |:L|r:sfirs:: J
" Expression |:Ur:5ﬁr55:

Other

" Step dependent |llone

i Ready ® Cycle Active

HGUREG.63. THE STEEBONTROL SETTING BJRP TWO IN THAEODICON MODEL
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Step 6: Cycle Organizer Step ContrebStep 3: third subswitching interval.

] Cycle Organizer [ ][=|[=]

8 .88 .9

Cycle T Step " Print Help
Cycle 1 ]

|[Undefined]
Step 1| Step2 Step3 |

Control

Des cripti0n|[Undeﬁn ed]

& Timedriven | 13 |min j
Eventdriven |:L|rdsfirsd: J |:= J
" Value | 0 J

" Variabls | Undefined] E

® By |[Undefined]

Other

" Step dependent |MNone

i Ready [#1 Cycle Active

HGUREG.64. THE STEP CONTROL 83 FOR STEP THREEHEMODICON MODEL

Step 7: Cycle Organizer Step Manipulated-> Stepl: first subswitching interval.

@] Cycle Organizer (== =]

8 . 6o A =

Cycle T Step " Variable " Print Help
Cycle 1 l

|Undefined]
Step 1 ] Step2 | Step3 |

Manipulated Variables

7| Variable Value | Units | Spec |Ramped Target| Time (min)
b7 | FEED.Overall_Concentraion| 0.168| g/l Fixed| Mo

i Ready [#1 Cycle Active

HGUREG.65. THE MANIPULATED VARIAES FOR STEP ONEHEMODICON MODEL
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Step 8: Cycle Organizer Step Manipulated-> Step 2: second subswitching interval.

F
] Cycle Organizer [= = |[=]
8 .80, ¥V .o ¥
Cycle ~ Step  Variable  Print Help
Cycle 1 l
|[Undefined]

Step1 Step2 ] Step3 |

Manipulated Variables

| Variable Value | Units | Spec |Ramped Target| Time(min}
¥7 | FEED.Overall_Concentration 1.6 g Fixed| Mo

i Ready [ Cycle Active
I ——

HGURES.66. THE MANIPULATED VARLES FOR STEP TWOHEMODICON MODEL

Step 9: Cycle Organizer Step Manipulated-> Step 3: third subswitching interval.

7] Cycle Organizer (== |[=]

8 .8, ¥V .o [
Cycle  Step  Variable  Print Help

Cycle 1 l

|[Undefined]
Step1| Step2 Step3

Manipulated Variables

7| Variable Value | Units | Spec |Ramped Target| Time (min)
7| FEED.Overall_Concentration | 0.168 | g/l Fixed|Mo

i Ready [#1 Cycle Active

HGURES.67. THE MANIPULATED VARIAS FOR STEP THREEHEMODICON MODEL
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Step 10: Cycle OptiorsGenerate Task.

] Cycle Organizer =N ER (=

8 .8 A4 =G

Cycle T Step " Variable ~ Print Help
Cycle Options

MNew Cycle

| Generate Task |

Deactivate Cycle

Delete Cycle

B I Value | Units | Spec |Ramped Target| Time (min)
t;?| FEED.COverall_Concentrafion| 0.185 | agfl Fixed | Mo

i Ready [ Cycle Active

HGURES.68. THE GENERATION PROS®REG IN THEYCLEDRGANIZER OF TMEODICON MODEL

Step 11 Configure Block-> Intialize.

(3] Configure Block/Stream SMEB (=@ =]

.8 ®m om
Forms  Variables Copy Print Help

General | Meterial Batanc | Kintic Model | Isctherm | Energy Balance | Pit Profes | Specify
The column is currently configured for unidirectional operation Presets/Initials
The column contains fixed adsorbent Initialize
PDE Discretization Methed |QDS ~| Humber Of Elements 30 Results
Adsorbed Components Open
Men-Adsorbed Components Adsorbed Components
18- Save
= e =
Help

Path: SMB Type:| chrom_ccc_separator:

HGURES.69 THE INITIALIZATION OAEMODICON COLUMN
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Step 12 Run Options>Inttialization.

The model is ready to intialize.

1
File Edit View Tools Flowshest Run Window Help Run Comp‘ete X
Ded &R @ o K2 | |initialization ~ » “
& Bxploring - Simulation [ = | & | Fsteady State -
Al ltems Dynamic ) | o The run has completed
=] E Simulation ES“_m?ﬁm.‘ —
a Component Lists Optimization
G5 Globals
* ﬁ Flowsheet
w2 Local Library 0K |
+ Q Libraries
3 Simulation Options
[ W -

HGURES.7QTHE INITIALIZATION ®REMODICON MODEL
Step 13 Run Options>Dynamic.

The model is ready fathe dynamic rurafter reachingthe pause time (382.8 min) we set.
&

o2 |
File Edit View Tools Flowsheet Run Window Help Run complete =
el &k @B o~ K [pynamic </ » b 0 M «
——_ Initialization e
& Exploring - Simulation | o= | & | ZiSteady State ‘_0] The run has completed
Al ltems _'J'_- L -
& EE Simulation Estimation
£5 Component Lists Optimization
(3 Globals oK
£ Flowsheet
-3 Local Library

RGURES.7LTHE DYNAMIC RUN OFEMMODICON MODEL
Step 14 Results>Plots.

This step pesents the extract concentration plot, raffinate concentration plot and the column
concentration profie.
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5y Extract Plot [=]f==] |

ExtractConcen
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HGURES.72 THE RESULTING EXTRBONCENTRATION RESUEDR BOTH COMPONSNNMODICON.

5] Raffinate Plot (===
. ) Raffinate -
T ar
=L
[ ol
— o
oL

B
—| 25
o o
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ol £
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HGURES.73THE RESULTING RAFAIEAONCENTRATION BEHSFOR BOTH COMPONENN$1ODICON.
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ConcenProfile Profile Plot El@

Y Label
———— TB+ gl Tirme: 383.000000

ConcenProfile

35 04 045 05 055 06 065 07

—0— TB- %fl Tirne: 383,000000

015 02 025 03

0.05 04

AxialPosition

HGUREG.74ATHE RESULTING CONGEANITON PROFILE WINHIHEM ODICON COLUMN
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6.5. Workshop 5:Apply Combined Operations to the 42one SMBModel

In this workshop,we combinetwo operational modeas a new combined operational mdde

see if the integrated system wil perform better than either onedindily. We consider the
combination of two operational modes, PowerFeed and ModiCon, and refer to it as PF&MC. We
vary the feed flow rates, recgcliow rates and feed concentrations witkimee switching

subintervals as shown in Figure 6.75 and Table.6.9

Step 1: @peer Blhesi 4 SMB mo é&elnte, PdankdIEgamoed eiltdo. a s
6.75 shows the feed inlet policies in the PF&MC modigh three subintervals.

- === SMB Mi:Fi*Ci
PF&MC (i=1,2,3and SMB)

M,

—— |
M_

Total Feed Inlet mg/min
S

> t
Tt 57 ts g
tSW
HGURES.75.THE FEED INLET P@$ON THPF&MQVIODEL WITH THREE SUEERVALS

Step 2: Toek Cycle Organizer.Similarly, we add a cycle organizer into the basic SMB model,

and edit the cycle based on the following conditonsable 6.9.

TABLES.9. THE CYCLE ORGANIZERMITIONS FOR TBEMBINEIPF&MQVIODEL

Step 1 Step 2 Step 3
Subinterval switching time 1.117min 4.147min 1.117min
Subinterval feed concentration 0.1gL 1.751¢g/L 01gL
Subinterval feed flow rates | 0.494 mL/min 0.319 mL/min 0.494 mL/min
Subinterval recycle flow rates| 0.508 mL/min 0.45 mL/min 0.508 mL/min
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Table 6.9ists the cycle organizer settings for the subinterval switching tifees|
concentrations feed and recycle fow rates in thé&&MC model. We get all these optimized
subinterval conditions from our simulation and evatuatstrategy in the section 5.1.%Ve show

the detailed calculations for the values of Tabl@as follow:

From evaluation of the PF&MC operationon theproduct puty and recoverywe achieve the
best performance wheth=C3=0.1 g/L and @=1.751 g/L, and~1=F3=0.494 m/min and k=

0.319 mmin in the PowerFeed operation with two subintervals.

Since: 6 2’0 zo § z2'0z0 6 2°0z0 6 27020 (6.35
In this case,”O ™ $g—No PONO 0 o6 O oD YR

Then,6 p® pIixEDGED 1T §QEO pd p § Q¢

For the calculation of the recycle flow rateg se the same equation:

™ T T T® ol (6.3

C

Since: 0 ™ wE—N0 ™ p-IP ™ Wi

We get:0 ™ T4 N0 @ v—No T® TI—

Step 3: Gcle Organizer> Cycle Options.We stil choose 100 as the maximum cycle number.
Step4: Cycle Organizer Step ContrebStep 1: first sukswitching interval.

Wefollow Figures 6.76 to 6.81 to edit the steps one to three fdPR&MC.
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] Cycle Organizer = ==
B .= F
Cycle  Step Print Help
Cycle 1 ]
[[Undefined]
Step 1 lstepzl Step3 |
Controt

Description|[Undeﬂned]

* Timedriven | 1.118 |n'|in j

Eventdriven |:L|rd5fir-sd: J |== J
" Value | 0 | J
" Variable |IUrdefiredI J

™ Expression [lundefined)

Other
r None

3 Ready [ Cycle Active

HGURES.76. THE STEP CONTROL $E3 FOR STEP ONETHEPF&MOMODEL

Step 5: Cycle Organizer Step ContrebStep 2: second subswitching interval.

] Cycle Organizer [= (= =]

8 .W.= [

Cycle T Step " Print Help

Cycle 1 l

|[Undefined]
Step1 Step2 ] Step3 |

Controt

Description|[Undeﬂn ed]

% Time driven | 415 |n'|in j

Eventdriven |:Llrdgfir5:: J |:= J
™ Value | 0 | J
" Variable |:Uf‘defif‘5ﬂ: J

" Expression |:L'r‘dsfirsd:

Other

" Step dependent |None

' Ready [#1 Cycle Active

HGURES.77. THE STEP CONTROL $E3IFOR STEP TWOTHEP F&MQVIODEL
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Step 6: Step 5: Cycl®rganizer> Step ContrebStep 3: third subswitching interval.

] Cycle Organizer [= = ]=]

8 . W .o [

Cycle T Step  Print Help
Cycle 1 l

|undefined]
Step1| Step2 Step3 ]

Controt

Des criptionl[Undeﬂn ed]

& Timedriven | 1118 {min v |

Eventdriven |[Undefined: J |:= J
" Value | 0 | J

€ Variable |[Undefined] o
" Expression |[Undefined:
Other

" Step dependent |MNone

i Ready [#1 Cycle Active

HGURES.78 THE STEP CONTROL S8E3F FOR STEP THREEHEPF&MQVIODEL

Step 7: Cycle Organizer Step Manipulated-> Step 1: first subswitching interval.

F

7] Cycle Organizer [= ===
8 .82, ¥ .5 [¥

Cycle  Step  Variable  Print Help

Cycle 1 l

|[Undefined]

Step 1 lStepZ] Step 3|

Manipulated Variables

| Variable Value | Units Spec |Ramped Target| Time(min)
lf4l FEED.Flowrate 0.658 mlimin Fixed Mo

_{F | FEED.Overall_Concentration 0.1 ah Fixed|Mo

{7 | SMB.Recycle_Flowrate 0.52 | mlimin Fixed|Mo

D Ready [/ Cycle Active

HGURES.79 THE MANIPULATED VARLES FOR STEP GWEHEPF&MQVIODEL
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Step 8: Cycle Organizer Step Manipulated-> Step 2: second subswitching interval.

(] Cycle Organizer [=[=]=]
8 87 v =

Cycle " Step ” Variable ~ Print Help
Cycle 1 |

[tundefined]

Step1 Step2 |step3|
—Manipulated Variables
{F| Variable Value | Units Spec |Ramped Target| Time(min)

lfid FEED Flowrate 0.424 mlfmin Fixed Mo
_f| FEED.Overall_Concentraon| 1.752| g/l Fixed| Mo
7| SMB.Recycle_Flowrate 0.442 | mlimin Fixed|Mo
i Ready [ Cycle Active

HGURES.80Q THE MANIPULATED VARLES FOR STEP TWOHEPF&MQOVIODEL

Step 9: Cycle Organizer Step Manipulated-> Step 3: thirdsubswitching interval.

F
3] Cycle Organizer [Sf&] =]
8 ..,V s [7
Cycle  Step  Variable Print  Help
Cycle 1 |
Jtundefine]

Step1| Step2 Step3 |

—Manipulated Variables ]
7| Variable Value | Units Spec |Ramped Target| Time (min)
[ FEED Flowrate 0.658 ml/min Fixed Mo

_{7| FEED.Overall_Concentration 0.1(an Fixed|MNo
7| SMB.Recycle_Flowrate 0.52 | ml/min Fixed|MNo
i Ready [#1 Cycle Active

HGURES.81 THE MANIPULATED VARIAES FOR STEP THREEHEPF&MOVIODEL
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Step 10: Cycle OptiorsGenerate Task.

3] Cycle Organizer =N [E=R

8 .| 89 v = 7

Cycle T Step " Variable ~ Print Help

Cycle Options

New Cycle

Generate Task

Deactivate Cycle

Delete Cycle
HTTHDT Value | Units Spec |Ramped Target| Time(min)

lfed FEED Flowrate 0.658 ml/min Fixed Mo
FEED.Overall_Concentration 1 adl

SMB . Recycle Flowrate mlimin

HGURES.82 THE GENERATION PROSREG IN THEYCLEDRGANIZER OF TRE&MOVODEL

Stepll: Configure Block-> Initialize.

3] Configure Block/Stream SMB

. ® m o5 B
Forms  Variables Copy Print Help

General l Materizl Balance ] Kinetic Model I Isotherm ] Energy Balance ] Plot Profiles ]

The column is currently configured for unidirectional operation Presets/Initials

The column contains fixed adsorbent Initialize

PDE Discretization Method QDS | MNumber Of Elements 30 Results

Adsorbed Components
Mon-Adsorbed Components Adsorbed Components
TB-

_ = |8

Path: SMB Type: chrom_ccc_separator:

HGURES.83. THE INITIALIZATION GREPF&MCCOLUMN

Stepl2 Run Options>Inttialization.

The model is ready to intialize.

r 1

File Edit View Tools Flowsheet Run Window Help Run COmp'ete =3
DE Q@R L 0B o | K| [airaion <] » «
@ Exploring - Simulation | = | & | E{steady State -
Alltems Dynamic { | The run has completed
1B Smalation stimation -

£ Compenent Lists |Optimization |

3 Globals

& EF Flowsheet

-3 Local Library
-0 Libraries oK

£ Simulation Options
‘

HGURES.84. THE INITIALIZATION OREPF&MQVIODEL

140



Stepl3: Run Options>Dynamic.

The model is readfpr the dynamic run untireachingthe pause time (382.8 min) we set.

7}
file Edt View Tools Flowshest Run Window Help Run complete &3
DEE &R @B v K [oynamic <)l » b 1 W o«
Initialization .
@ Exploring - Simulation [ = || @ || Zgieady State '0- The run has completed
All ltems: D NAmiC -
=-BE Simulation Estimation
£5) Component Lists bﬂ"m'za"on
(3 Globals oK
@‘F\nwsheet
(-5 Local Library

AGURES.85. THE DYNAMIC RUN OFEIRF&MQVIODEL
Stepl4: Results>Plots.

This step presents the extract concentration plot, rafinate concentration plot and the column
concentration prdé.

7] Extract Plot == =]
© ExtractConcen ~
=1
10
8
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HGURES.86. THE RESULTING EXTRBONCENTRATION RESUEDR BOTH COMPONENNPF&MC
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HGUREB.87.THE RESULTING RAFAIRAONCENTRATION RES FOR BOTH COMEOANS IPF&MC
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HGURES.B8 THE RESULTING CONGENITON PROFILE WINHIHEPF&MCCOLUMN
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Part Il. Simulation and Demonstration of Gasphase Adsorptive

Separation

7. The GasPhase Adsorption Technologies

7.1. Introduction to GasPhase Adsorption Technologies

Gas adsorptiomepresents thsticking of molecules of gases to the surface of a saditerial

The adsorptive separation processaways involve twosteps: (1) adsorption step, during which
the adsorbent selectively uptaskihe adsorbed species from the fean (2) regeneration or
desorption step, during which the adsorbent refeti®se species, thus regenerating the
adsorbent for use in the next cycle.

There are two main types gasadsorption technologies according to different regeneration
ways: by changing the pressure called pressure swing adsorption (PSA),\angiray the

temperature called temperature swing adsorp{itBA).

Pressure swing adsorption (PSA) is a very versatile technology for separation and purification of
gas mixtures. In a PSA procesg& accomplishthe regeneration stdpy reducing the pressure at

essentily constant temperature and thby purging the bed at low pressure

Figure 7.1 shows the basic schematic isotherms in a PSA operation for an adsorption process.
The blue curve represents the gas isotherm for the strongly adsorbed gas component. The
working capacity of the adsorbent loading is between the isotherm poigtvain® the isotherm
point at Righ in the figure. The upke and release directions shbaw the adsorption and

regeneration steps operation this isotherm curve.

Some of the key d@ustrial applications include: (a) air separation and air dfyingp) hydrogen
purificatior?® (c) Nitrogen production from &k (d) separation of carbon dioxide and metfane

Our research focuses on the modeling and demonstration for air separation system by Pressure
Swing Adsorption technology using Aspen Adsorptideany literature talks abouhe dynamic

models for air separation systems by presswing adsorption techiog)?310, Al these
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dynamic modelsare mathematical models, and use Skarstror?® cycles which idisplayed in

Figure 7.2.
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HGURE/.1. THE BASIC SCHEMABOTHERMS INASAOPERATION FOR AN AIRPTION PROCESS

The basic Skarstror®®-°5 cycle utlizes two packed adsorbent beds, as shown schematically in
Figure 7.2. Thecycle consists of four steppressurization, adsorption, countercurrent blowdown
and countercurrent purgé step lfeed flows into bed 2, and the more strongly adsorbed
compaent is retained in the bed 2 and the gas outlet stream is enriched in the less strongly
adsorbed component. At the same tirbed 1 is blown down to the atmospheric pressure in the
opposite direction as shown in the left graph of Figure .7TRere is draction of the effluent
streamfrom bed 2withdrawn as product and the rest is used to purge bed 1 at the low operating
pressureThe right graph of Figure 7.2 follow the same principle as the left graph, but with the

beds interchanged.
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HGURE/.2. THE BASIC PRINCIPLETBIESXARSTROM CYCLE INPSAPROCESS

The temperatureswing adsorptiot¥ (TSA) periodically varies the temperature of the adsorbent
bed for regeneraty the adsorbent. Heatifgy a stream of hot gas the primarymethod At the
higher temperature for desorpti@tep sold adsorbent releaséi®e adsorbed species from the

bed iro the fluid stream.

Figure 73 shows the basic schematic isotherms in a TSA operation for an adsorption process.

The key difference between PSA isothermsl &8A isotherms is that TSA moves the operations
between two isotherm curves at two different temperatures.bllibecurve in Figure 7.2

represents the gas isotherm for the strongly adsorbed gas component at low temperature, and the
red curve refers to thgas isotherm at high temperature. The working capacity of the adsorbent
loading is between thkhighest loadingat Tiow and thelowest loadingat Thigh in the figure. The

uptake and releassrrows showthe heating and cooling cycle, or the adsorption agdneration

cycle during the TSA operations
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HGURE7.3. THE BASIC SCHEMABOTHERMS INESAOPERATION FOR AN AIRPTION PROCESS
Based orthe literatur®, we find the general features and disadvantagesPBA and TSA

PSA commonly uses zeoltes two adsorption columns to separate molecule allows two or

more columns to operate continuously for the adsorptive procé8sefnd that there are more
academic researcéind industrial applicatons of PShanthe TSA. A major advantage of PSA,
relative to TSA, is that we could change the pressure more rapidly than the temperature. Thus, it
is possible to operate a PSA process on a much faster cycle, thereby increasing the throughout
pe unit of adsorbent bed volume. HowevB®S$A does nowvork well for those components that

are not too strongly adsorbeBut TSA is agood and preferred option for those very strongly
adsorbed component&ach heatingooling cycle usually requires a few hours to over a day.
Thus considering the time requiremgmnwe use TSA exclusively for purification purposes, in

which the amounts of adsorptive gases are smal. Considimani@rge number of adsorption
columns andhe longercycle timein TSA, it wil definitely cost much more in operating the

system.
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In our study we demonstrate two workshops of modeling a PSA process in chapter 8 and a TSA
processn chaper 9. The PSA workshop foason how to make a PSA model in Aspen

Adsorption for a specific air separation system for oxygen rectdvéfyThe TSA workshop

refers to the TSA modeling using Aspen Adsorption f@Qe capture proce8s 92

7.2. Introduction to Aspen Adsorption

Aspen Adsorption is a comprehensive flowsheet simulator for the optimal design, simulation,
optimization, and analysisf mdustrial gas and liquid adsorption processes. This software
simulates gas processes with adsorption only, or adsorptive reaction gas processes where both

reaction and adsorption occur simultaneously.
For gas processes, the bed model makes the folloassgmptions:

Isothermal or nofisothermal conditions apply.
Plug flow or plug fow with axial dispersion occurs

The system is fl mixed in the radial direction

= =2 =a =4

The @s phase is ideal or nateal

1  Gas phase pressure is either constant, gorbesure varies according to a laminar or
turbulent flow momentum balance

1 Mass transfer is described using a lumped overal resistance, or by a model that accounts
separately for microand macrosporeeffects. The driving force is based on a liquid oidstiim,
and is etther linear, quadratic, or uspecified. Mass transfer coefficients are either constant
vary with local conditions

1 Adsorption isotherms are either applicable for singl multicomponent adsorption
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8. PSA Workshop: AspenAdsorption Modeling for Air Separation

Aiter briefly introducing the concept of PSA for gabase separation in chapter 7, we detail the
basic principle of the cycle PSA operation and give an example of the modeling for air
separation by PSA technology using Aspetsorption in thisworshog®%-194 In a PSA process,

at a relatively high pressur® ( , solid adsorbent selectively uptakeertain components of a

gas mixture by contacting the gas with the solid in a packed column. In this way, the system
producs a gas stream enriched in the less strongly adsorbed components of the feed gas. In the
next step, by lowering their gashase partial pressure inside the column, it releases the adsorbed
components from the sold, and we can reuse the solid adsorbertle3brbed gases are

enriched in the more strongly adsorbed components of the feed gas.

The early PSA patent of Skarstidh® described air separation to produce oxygen as one of the
important PSA applications. It has been commercialized at scales ramging few liters per
minutes for smalkcale units to tens of tons per day for industrial systems. The processes normal
use a zeolite adsorbétft, generally 5A or 13X. Most smalcale units use aRed system,

operated on a Skarstrom cySlesometimeswith the addition of pressure equalization steps. The
case study we clse isa binary air separation system of 79%axd 21% Qusing a 5A zeolte

as the adsorbéfit In this PSA system, it adsorbs & higher pressure in the adsorption step, and
releasses Qwhen lowering the pressure during the regeneration step. We collect all the column
and operating data from lteratufgésand wil show the development of the PSA model step by
step.

Figure 8.1shows a cyclic PSA unit with two beds for a binary asapori®. Both beds could

switch their functions between saiption and desorption. WhiBed 1 isin the adsorption stage,

Bed 2 is in the desorption stage. During the adsorption stage, at a relatively high pressure, solid
adsorbent in the bed selectively adsorbs components of a binary gas mixture by contacting the
gas with the solid. In this way, the system produces a ggastnamed light product (LP)

enriched in the less strongly adsorbed component. In the following desorption steperong

the gasphase partial pressure inside the bed, it releases the adsorbed components from the solid,

producing a gas stream calledakry product (HP) enriched in the more strongly adsorbed
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componert We can reuse the sold adsorbent after regenerating it by changing the pressure
through the beds.

X

Bed 1 Bed 2

Z.-'
Xz

»HP

Feed

HGURES.1. DIAGRAMATIC THEORY PRESSURE SWING ADSOBR CYCLE

Figure 8.2displays the detaied four steps for both B€&s€ach PSA cycle includes four steps:
feeding, countercurrent depressurization, light reflux and light product pressurization. Step 1
represents higpressure adsorption, where feed continuously enterbettieand sold adsorbent
adsorbs the strongly adsorbed compaata relatively high pressure. Step 2 is countercurrent
depressurization or blow down to a low pressure, which makes the regeneration occur and
produce a heavy product stream containing rabshe strongly adsorbed comporgenStep 3s

the desorption step at low pressure with light product purge. This step can improve the heavy
product purity and recovery, but increastheenergy cost. Step 4tke pressurization with light
product prior ® feeding, which increases the gas partial pressure in the bed and prepares for the

next adsorption step.

We designseven valves in total in this process shown in Figure Bath step workby

controling all of these valves. Table 8.1 shows hweoperat each valve for each step.
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HGUREB.2. PRESSURE SWING ADSDEBR WITH2. BEDS ANE STEPS

TABLES.1. THE VALVE PLACEMENTEACH STEP
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