o
Instituto Alberto Luiz Coimbra de U F RJ
Pés-Graduagao e Pesquisa de Engenharia

CHROMATOGRAPHIC SEPARATION OF PRAZIQUANTEL RACEMATE
USING SIMULATED MOVING BED: FROM UNIT DESIGN TO DYNAMIC
STUDIES WITH ONLINE MEASUREMENTS

Felipe Coelho Cunha

Tese de Doutorado apresentada ao Programa
de Poés-graduacdo em FKEngenharia Quimica,
COPPE, da Universidade Federal do Rio de
Janeiro, como parte dos requisitos necessarios
a obtencao do titulo de Doutor em Engenharia

Quimica.

Orientadores: Amaro Gomes Barreto Jr.
Argimiro Resende Secchi

Mauricio Bezerra de Souza Jr.

Rio de Janeiro
Maio de 2021



CHROMATOGRAPHIC SEPARATION OF PRAZIQUANTEL RACEMATE
USING SIMULATED MOVING BED: FROM UNIT DESIGN TO DYNAMIC
STUDIES WITH ONLINE MEASUREMENTS

Felipe Coelho Cunha

TESE SUBMETIDA AO CORPO DOCENTE DO INSTITUTO ALBERTO
LUIZ COIMBRA DE POS-GRADUACAO E PESQUISA DE ENGENHARIA
DA UNIVERSIDADE FEDERAL DO RIO DE JANEIRO COMO PARTE DOS
REQUISITOS NECESSARIOS PARA A OBTENCAO DO GRAU DE DOUTOR
EM CIENCIAS EM ENGENHARIA QUIMICA.

Orientadores: Amaro Gomes Barreto Jr.
Argimiro Resende Secchi

Mauricio Bezerra de Souza Jr.

Aprovada por: Prof. Amaro Gomes Barreto Jr.
Prof. Argimiro Resende Secchi
Prof. Mauricio Bezerra de Souza Jr.
Prof. Priamo Albuquerque Melo Junior
Prof. André Luiz Hemerly Costa

Profa. Diana Cristina Silva de Azevedo

RIO DE JANEIRO, RJ - BRASIL
MAIO DE 2021



Cunha, Felipe Coelho
Chromatographic separation of praziquantel racemate
using Simulated Moving Bed: from unit design to dynamic

studies with online measurements/Felipe Coelho Cunha.
— Rio de Janeiro: UFRJ/COPPE, 2021.

XXITT), [166] p: il.;] 29, Tem.

Orientadores: Amaro Gomes Barreto Jr.

Argimiro Resende Secchi
Mauricio Bezerra de Souza Jr.

Tese (doutorado) — UFRJ/COPPE/Programa de
Engenharia Quimica, 2021.

Referéncias Bibliograficas: p. [03] - [104}

1. Chromatography continuous process. 2. Simulated
Moving Bed. 3. Praziquantel. 4. Online measurement.
5. Process dynamics. [. Barreto Jr., Amaro Gomes
et al. 1. Universidade Federal do Rio de Janeiro, COPPE;,

Programa de Engenharia Quimica. III. Titulo.

1ii




v

“You cannot step into the same
river twice, for other waters are
continually flowing on.”
Heraclitus of Ephesus
(c.585-¢.415 BC)



Acknowledgments

First of all, I would like to thanks my wife and my son. They are part of me, and
without them, the way should be less colorful and less motivating. Helga and Thor,
I love both of you.

My mom and dad, who are also responsible for this work, thank you very much.
Without them, the chances to make this work should be at least smaller.

I would like to thanks my brother, Guilherme; we lived great moments together
throughout our lives. Special thanks to his daughter, Chloé, who I still do not know,
but I look forward to knowing her.

To my friends from LABCADS: Rafael, Torraca (the pokemon hunter) and
Reinaldo. There is still one friend that deserves a memorable line, Romulo Holanda;
he was my right-hand man, whom I came up to be an advisor in his undergraduate
final project; thank you so much!

All teachers and professors I had all my life shared with me, the most power-
ful tool ever: knowledge. Special thanks to my advisors Amaro, Argimiro and
Mauricio.

To the CNPQ and my wife again, for the financial support, thank you very

much.



Resumo da Tese apresentada 8 COPPE/UFRJ como parte dos requisitos necessarios

para a obtencao do grau de Doutor em Ciéncias (D.Sc.)

SEPARACAO CROMATOGRAFICA POR LEITO MOVEL SIMULADO DE
RACEMATO DE PRAZIQUANTEL: DO PROJETO DA UNIDADE AOS
ESTUDOS DINAMICOS COM MEDICOES ONLINE

Felipe Coelho Cunha
Maio/2021

Orientadores: Amaro Gomes Barreto Jr.
Argimiro Resende Secchi

Mauricio Bezerra de Souza Jr.

Programa: Engenharia Quimica

Este trabalho estudou o processo de separacao por cromatografia continua
conhecido como Leito Mével Simulado (LMS) com o intuito de separar a mistura
racémica de praziquantel (PZQ), utilizada no combate & esquistossomose. A unidade
de LMS construida foi validada e comparada com as encontradas na literatura
para a separacao do racemato de praziquantel. Cinco dos oito parametros de
desempenho da unidade construida foram superiores aos encontrados na literatura,
apesar da concentragdo de alimentacao de praziquantel ser, aproximadamente, 10
vezes inferior ao utilizado pela literatura. Além disso, a atual unidade foi capaz
de atingir o estado estacionario ciclico 10 vezes mais rapido. Na medicdo em
linha de concentragdo com o equipamento chiral detector (JASCO modelo CD-
2095) foi observado absorgao nao-linear dos sinais de ultravioleta-vis e dicroismo
circular até mesmo em misturas com baixa concentragdo, e o modelo empirico
utilizado apresentou bom ajuste. A partir de experimentos em malha aberta, com
o equipamento chiral detector acoplado a unidade de LMS, concluiu-se que: (1)
um degrau na concentracao de alimentacao revelou que a influéncia dos tubos,
valvulas e bombas presentes na unidade entre as colunas cromatograficas tiveram
como principal consequéncia um atraso nas concentracoes de saida, enquanto que
os efeitos cinéticos puderam ser desprezados e (2) os degraus aplicados nas vazoes
volumétricas revelaram a importancia de incluir no modelo matematico as flutuagoes

inerentes aos experimentos realizados.
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This work studied a continuous chromatographic separation process known as
Simulated Moving Bed (SMB) aiming the separation of the racemic mixture of
praziquantel (PZQ). This racemate is primarily used to fight against schistosomiasis.
The built-in-house SMB unit was validated and compared to that of the literature
about concerning the praziquantel separation. Five of the eight performance
parameters were superior to those in the literature, despite the feed-concentration of
praziquantel being approximately ten times lower. Its dynamics was, approximately,
ten times faster than those. Nonlinear absorption of ultraviolet-vis and circular
dichroism signals were observed in the concentration measurement with the
chiral detector equipment (JASCO model CD-2095), even in mixtures with low
concentrations, however, the empirical model used showed a good fit. Based on
an experimental open-loop study, with the chiral detector equipment coupled to
the SMB unit, the following conclusions can be presented: (1) A step-change in
the feed concentration revealed that the influence of the pumps, valves, and pipes
located in between the columns had as a consequence a time lag to be accounted in
future mathematical models, while their kinetic effects in the built-in-house SMB
could be neglected and (2) A step-change in some volumetric flow rates revealed the
importance to include in the mathematical model the fluctuations inherent to the

experiments carried out.
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Chapter 1

Introduction

1.1 Contextualization

Neglected Tropical Diseases (NTDs) are a set of contagious diseases that have been
causing suffering and death to many people worldwide, specially those from low-
income countries. NTDs are responsible for around 534,000 death worldwide every
year, and individuals are usually contaminated by two or more NTDs [3]. The
World Health Organization (WHO) estimates that these diseases can be found in
around 149 countries, affecting more than one billion people nowadays [4]. They are
neglected because most developed countries have already vanished them from their
territories, while in undeveloped countries (most of them situated in tropical and
subtropical areas), NTDs are still an open issue. Furthermore, in these tropical and
subtropical countries, usually, the most impoverished areas are seriously affected.
The well-known physical and emotional injuries caused to people are strictly related
to bad side effects to the economy of the affected countries, as they directly influence
a person’s ability to work properly, keep children out of school, and so forth [3].
Schistosomiasis is one of the most well-known NTDs, and it has infected human
being at least for four millennia, as some schistosomiasis’ eggs were found in Egyp-
tian mummies (3,000 years ago) and Chinese mummies (2,100 years ago) [5]. This
disease is endemic, and it is caused by parasitic helminths of the family Schistoso-
matidae (and genus Schistosoma) conditioned to the presence of snails (intermediate
hosts) of aquatic habits (genus Biomphalaria) [5, [6]. The symptoms are related to
worms’ eggs deposited in intestinal or urogenital parts of the human body; it de-
pends on each species. Intestinal ones in advanced cases could promote the liver
and spleen enlargement and hypertension of the abdominal blood vessels. At the
same time, urogenital ones in advanced cases can cause fibrosis of the bladder, and
ureter and the kidney can also be damaged. Bladder cancer and infertility could be

later complications too [7]. There are also evidences that urogenital schistosomiasis



has a relationship with HIV infection [§]. This disease has been making about 207
million people suffer daily (approximately 90% of those infected are Africans) [3].

The regular treatment recommended by WHO is not focused on individual treat-
ment; it is focused on collective treatment, called "preventive chemotherapy" (PC).
Once a risk area is identified, all humans in this area need to be medicated, and
the frequency it happens is related to the number of school-age children living in
this area. PC seems to be an excellent alternative to individual ones because gives
a more practical and faster solution to cover more significant at-risk areas. It is
important to emphasize that in most affected countries, the healthcare system is
inadequate to promote individual diagnosis efficiently. Countries like China and
Egypt have adopted preventive chemotherapy, and good results have been achieved
[9]. This large-scale control is possible thanks to praziquantel (PZQ), which is used
to treat all forms of schistosomiasis safely and effectively. Besides all sense of ur-
gency, until 2009, only 7% of the affected population was adequately treated in
Africa [9], for instance, Nigeria had about 64 million people (24% of the population)
requiring preventive chemotherapy, and Ethiopia had about 23 million people (9%
of the population) in 2014 [I0]. Nigeria and Ethiopia, for instance, have a significant
proportion of school-age children (between 5 and 14 years old) indicated to require
PC, Nigeria almost 100% and Ethiopia approximately 50 % of them.

In November 2016, a three-day meeting promoted by WHO at Geneva came
up with discussions related to offering regular treatment to at least 75% of the
world’s pre-school and school-aged children contaminated by schistosomiasis and
soil-transmitted helminthiases. One of the topics debated among specialists was
how to find ways to stimulate medicine production proportionally to current demand
[T1]. WHO has been acting in the international scenario to increase the access to
PZQ sufficient to treat about 100 million children of school-aged per year; this is
a very ambitious plan. An average treatment is estimated to cost US$ 0.20 - 0.30
per person per year [9]. Therefore, treating 100 million children would cost US$
30,000,000 /year. If a comparison is made between this cost and the global sales of the
pharmaceutical industry in 2008 (US$ 773 billion) [12], the conclusion is: the costs to
treat 100 million children is just 0.004% of the global sales. It helps to understand
why private companies are not interested in producing and developing medicines
against schistosomiasis; this market is not profitable to them. Omne could think,
the affected countries should develop their medicines trying to solve their problems.
Nevertheless, it is a fact that the pharmaceutical industry is an R&D (research and
development) intensive industry. It requires a high level of qualification of their
professionals and government priority and compromises to assume this task should
be strictly necessary, as private companies will not assume it. Unfortunately, most of

the time, both facts are not accomplished in undeveloped countries. However, there



are few exceptions. For instance, one of the most promising research was developed
by FIOCRUZ (Fundagao Oswaldo Cruz) in Brazil, where a vaccine development has
been making progress and has just begun phase II of tests. The reader could find

more information on reference [13].

Schistosomiasis in Brazil

There were about 1,500,000 people (almost 100% of them are school-aged children)
living at-risk areas in 2014. According to WHO [I4], Brazil has adopted individual
diagnosis as a regular treatment, instead of the indicated preventive chemotherapy.
Brazil is one of the two countries in the Americas indicated to this treatment; the
other one is Venezuela [I4]. In 2010, only approximately 39,800 people were treated
for schistosomiasis. Although statistical numbers are from different years (2010 and
2014), they evidence the great urgency to raise the number of people being treated

for schistosomiasis in Brazil.

1.1.1 Praziquantel enantiomers

Praziquantel is anthelminthic against a broad spectrum of parasitic trematodes and
cestodes [15]. Thanks to this particular feature, this substance is included in the
“WHO Model List of Essential Medicines” [16]. However, its administration is oral
(i.e., tablet form). Unfortunately, tablet form does not include all groups of humans
in the regular treatment. Pre-school aged children (under five years of age) are
not able to swallow these tablets, leading, therefore, to the discontinuation of this
treatment. Under the current policy, these children have been treated just into
primary school (up to 6 years of age) [I7]. Furthermore, Bustinduy et al. [18] found
that higher doses of praziquantel are required to treat pre-school aged children
(>60 mg/kg), while the adequated doses for adults is about 40 mg/kg. Regular
commercial tablets contain the racemic mixture [19], in which levopraziquantel (L-
PZQ) is the active principle, while the dextropraziquantel (D-PZQ) is not, and,
moreover, the latter is much bitter than the former [20]. Therefore, just half of the
mass of the commercial tablets are composed of the active ingredient, and they can
not be chewed. Research is still in progress to generate a pioneering medicine to
fight against many parasitic diseases mainly using racemates (e.g., capsules), or L-
and D-PZQ in different proportions (e.g., orally dispersible tablets). The former
focus on the encapsulation of the praziquantel racemate [21-24] and the latter focus
on orally dispersible tablets with one-fourth the size of commercial ones, the tablets
are under development by a public-private cooperation called Pediatric Praziquantel
Consortium, in which the main goal is a tablet richer in the L-PZQ [25]. Despite

the big issue involving pre-school aged children, worms resistant to the traditional



active principle are raising concern too [26H30].To overcome this issue new molecular
formulas have been studied, using the praziquantel racemate (rac-PZQ) as starting
point. Synthesis of PZQ derivatives can be primarily found in the literature [3TH33];
modifications of PZQ molecules aiming to kill juvenile worms are also a concern [34-
36]. These promising study areas use rac-PZQ, which indicates that studies using
optically pure L-PZQ should be a suitable area to be explored. Regardless of L-PZQ
importance, optically pure D-PZQ has its importance in developing chemical routes
aiming at racemization [37]. Unfortunately, current chemical routes are ineffective in
addressing large-scale production and more studies are needed, which will demand
optically pure D-PZQ. Further interests in the optically pure enantiomers are studies
of the mechanism of PZ(Q) action against Schistosoma bodies, in order to better
understand the phenomena involving parasites and PZQ), like the resistance of the
formers to the latter [26], 27, 36, 38, 39]. Summing up, the pure enantiomers have
their importance in different researches involving PZQ studies and those are not
available nowadays because separation is expensive, thanks to a lack of efficient
separation processes.

The depicted scenario requires a solution involving multidisciplinary groups of
professionals (i.e., pharmaceuticals, engineers, politicians, physicians, and so forth).
The present work is included on a broader project formed by multidisciplinary
professionals, aiming to develop a medicine that could help millions of children
around the world to fight against one of the most disseminated diseases in undevel-
oped countries, schistosomiasis. That project involves three Brazilian institutions
(School of Chemistry/UFRJ, Chemical Engineering Program/COPPE/UFRJ, and
FIOCRUZ).

1.2 Objectives

1.2.1 Main Objective

The separation itself is not the biggest challenge, but a separation of the racemic
mixture on a large scale and at the same time minimizing cost and maximizing profit
and yield is the biggest challenge. As it will be formally presented later (Chapter [2)),
the chromatographic process used to separate the racemic mixture of PZQ has some
particular features like long time delays, distributed parameters, and mixed discrete
and continuous time. These characteristics make the SMB dynamics peculiar, and
studying its dynamics is fundamental for further studies taking into account control

issues. Therefore, the main objective can be formally presented as:

e Study of the dynamic behavior of a Simulated Moving Bed (SMB) semi-

preparative unit and proposal of an online concentration measurement system
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for enantiomers in the outlet streams.

1.2.2 Specific Objectives

Aiming to accomplish the main objective, the specific objectives are:

1. Design and construction of a real SMB chromatographic unit in a semi-

preparative scale;

(a) Basic project (using AutoCad®);
(b) Detailed project;
(c) Executive project:

i. Assembly of the equipment, tubing and skid;

ii. Supervisory system (using LabView®); and
2. Validation of the actual SMB unit;
3. Chiral detector equipment calibration;
4. Coupling the SMB unit with the Chiral detector equipment; and

5. Study of the system dynamics, by introducing disturbances and comparing

experimental with simulated responses.

1.3 Document arrangement

This document is arranged into 5 chapters, bibliographic references, and 11 appen-

dices.

e Chapter [1} the first part provides a brief and general contextualization of
this work, to answer the following question: what is this work for? The second
part gives shortly the main objective and the specific objectives related to it.
Finally, this third part serves as a summary extension, which introduces the
main features of each chapter presented in this thesis, providing the reader
with more information than the “Contents“ part does. Serving, therefore, as

a helpful shortcut to getting the issue of interest;

e Chapter [2} the main concepts related to chromatography and SMB are pre-
sented. The SMB is presented, making analogies between the SMB and the
TMB (True Moving Bed) process. The main results of this chapter are: (1)

experimental determination of the main chromatographic column parameters,



(2) first experiments using the new SMB unit to validate it, (3) comparison
to other PZQ separations using SMB in literature and (4) fine adjustment
of zone-2 flow rate with the help of simulations using software developed in
our group. Part of the content of this chapter was published in the Chirality
journal [40] and another article is being written including more details about
the SMB unit automation (see Appendix [K));

Chapter [3} the chiral detector equipment was calibrated with pure enan-
tiomers and mixed enantiomers and, right after a validation procedure was
executed using just the mixing solutions. The method used to calibrate
and validate the empirical models was the Leave-One-Out Cross-Validation
(LOOCY). The content of this chapter was published in the Journal of Spec-

trochimica Acta Part A: Molecular and Biomolecular Spectroscopy [41];

Chapter the results coming from the previous chapters served as a basis
for the generation and discussion of the results obtained in the coupling of
the SMB unit and the chiral detector equipment. Step changes in flow rates
delivered by pumps were the perturbation applied;

Chapter |5 this chapter collects all the conclusions, which came up from the

discussion of the previous chapters.



Chapter 2
SMB Chromatographic Process

This chapter provides the main concepts involving SMB process and its use to
separate praziquantel racemate. After that, the materials and methodology were
presented. The latter contains the chromatographic column characterization and
how the SMB experiments were carried out. In the results and discussion section,
the calculated parameters of the chromatographic columns are shown. The region
of operation of the isotherm was determined, and PZQ separation using the chiral
stationary phase (CSP) of Chiralcel”™ OZ was compared to other CSPs in the

literature.

2.1 Main SMB concept

The High-Performance Liquid Chromatography (HPLC) is also known as elution
chromatography. It consists of injecting at the column’s inlet a feed solution that
will be carried throughout the column by a pumped solvent. Thanks to different
thermodynamic interactions, the solutes present in the feed solution will move with
different velocities inside the column. As a consequence, in diluted concentrations,
separation of the substances will take place. The pure solutes could be obtained
if flasks were placed sequentially at the column outlet. This is a straightforward
process, but, unfortunately, it is very limited too. As mentioned, the feed solution
needs to be injected as a pulse, which provides just a minor contact between the solid
and liquid phase, and, worse, the contact between phases decreases as the injected
mass flows along the column. Decreasing, consequently, the efficiency of the process.
This explains why HPLC is commonly used just for analytical purposes.

Fortunately, in 1961, Donald Broughton and Clarence Gerhold invented an in-
teresting process [42], which combined the HPLC concept and the efficiency of a
counter-current process. Nowadays, this sort of process is the so-called Simulated
Mowing Bed (SMB) Chromatography.

Instead of explaining the SMB process, in which the solid phase does not move, a
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similar, however idealized, process will be introduced first. Its name is True Moving
Bed (TMB). The word “True” means a hypothetical motion of the solid phase E| At
first, it will be idealized a column in a circle format, and the solid phase could be put
into perpetual motion. Furthermore, this round column has two outlet streams and
two inlet streams (see Figure [2.1a]). One of the inlets adds pure solvent (also called
desorbent or eluent), and the other inlet adds the feed solution (A + B). One of the
outlets withdraws the extracted solute, while the other one the raffinated solute. It

is not difficult to identify two extreme situations in the TMB process. They are:

1. First extreme situation: if the solid motion is too fast, all solutes are going

to be carried out together in the same direction of the solid phase.

2. Second extreme situation: if liquid motion is too fast, all solutes are going

to be carried out together in the same direction of the liquid phase.

Feed Solution Feed Solution
(A+B)

Solid sense Solid sense

Solvent Solvent

(a) One circular column (b) Four curved columns

Figure 2.1: Idealized True Moving Bed (TMB).

At this point, it is easy to understand that the desired situation lies in between
these two extreme scenarios. In Figure this desired scenario is illustrated,
where one of the solutes (more retained by the solid phase) is carried by the solid
phase and the other solute (less retained by the solid phase) by the liquid phase. By
appropriate adjustment of flow rates, it is possible to collect one of the solutes (A)
in the extract outlet and the other one (B) in the raffinate outlet. Now following
the steps right below, it is possible to go from the hypothetical TMB to the true
SMB:

Many inconvenient come from the solid motion, for instance, increase in pressure drop, extract
stream contamination by the solid phase, etc. [43].




1. the single circular column is divided into four “curved” columns, and the inlets
and outlets are situated in between the columns (Figure 2.1b));

2. “the curved” columns now are represented by rectangular columns illustration

(change from Figure to Figure [2.2a)); and

3. hypothetical solid motion is ceased, and inlets and outlets start to switch
periodically in the same direction as fluid flow (Figure [2.2)).

The first step breaks the singular circular column idealization. The second step
changes the representation from curved to rectangular shape, to turn the illustra-
tion more intuitive with reality. Finally, the third step stops the solid motion, and
it starts to switch the inlets and outlets, so the relative movement between phases is
still obeyed (the liquid phase effective velocity needs to increase obeying Equation
, discussed in the next section). In other words, the counter-current nature of
the process is still valid. It is easy to notice the change from the TMB, where the
solid phase was in motion, to SMB, where the solid phase has no motion but still
experiences a relative counter-current motion. After this explanation, it is clear to
understand the central concept of the SMB and why the word simulated composes
the process name, as relative motion is experienced, the solid phase motion is liter-
ally simulated. The SMB process is used in many industrial segments, which require
complex separation tasks of similar compounds, like petrochemicals, pharmaceuti-

cals, and sugars [44].

2.2 Comparison between TMB and SMB

The inlet and outlet streams divide an SMB process not only physically but func-
tionally too. These different areas are called zones. For instance, zone 1 begins with
the eluent inlet stream and ends with the extract outlet stream; zone 2 begins with
the extract outlet stream and ends with the racemic solution inlet stream, and so on
until zone 4. Observing Figure 2.3, one can see just one column per zone, totalizing
4 columns in this process. However, there is no maximum limit of columns per zone.
Each zone has its role in the SMB process. They are (in the following A represents

the more retained solute and B the less retained one):

e Zone 1 is responsible for regenerating the solid phase. The beginning of this
zone is the eluent port. The concentration of A is very high in the solid
phase at the end of this zone. It is essential to notice that in this zone, pure
solvent comes in, so the chemical potential indicates a more favorable situation
of solute A to pass from the solid phase to the liquid phase, regenerating,
therefore, the solid phase;



Feed Solution
(A+B)

Stagnant solid

Stagnant solid

(8+V)
uoniN|os paa4

Solvent

Stagnant solid

Stagnant solid

Feed Solution
(A+B)

Feed Solution
(A+B)

(C) 3 tswitch (d) 4 tswitch

Figure 2.2: Switching time changes during one cycle.
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Figure 2.3: Representation of zones and the CSS.
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e Zone 2 and Zone 3: enriches the solid phase with A and liquid phase with
B; and

e Zone 4 is responsible for regenerating the liquid phase. The concentration
of B is very high in the liquid phase at the beginning of this zone. So the
chemical potential indicates a more favorable situation of solute B to pass
from the liquid phase to the solid phase, regenerating, therefore, the liquid
phase.

It does not matter how many columns are inside each zone in a standard SMB
behavior (i.e., constant switching time to all zones); all columns will perform the
same function imposed by each zone. The more columns per zone, the better its
performance. In a limiting situation, in which each zone has infinity columns, the
SMB behavior is going to tend to the TMB behavior [45]. This information is of great
importance to define which SMB modeling strategy to be used (Subsection .
The periodically switching streams promote a permanently transient behavior to the
process, that means never a stationary state will be achieved (see Figure . This
characteristic makes any control and optimization strategy much more complex,
especially if the instantaneous concentration is taken into account. But fortunately,
after a specific operation time, the transient behavior starts to repeat over time
in a cyclic behavior, which is called Cyclic Steady State (CSS). Thanks to this
cyclic behavior, it is possible to make a different approach based on the average
concentration (see Figure and not on instantaneous one. This approach makes
things easier, once a classical approach based on ordinary steady-state behavior
could be done. Thanks to the complexity involving an SMB process and to perform
some separation continuously from its racemic mixture without any unpredicted
interruption, it is indispensable to studies about the process dynamics to develop

model-based control strategies applied to SMB.

2.2.1 Equivalence between TMB and SMB

i)

is the sum of the liquid velocity in the TMB (ul}#) and solid velocity (useia):

int

To keep the relative motion between phases, the liquid velocity in the SMB (u

uph'® = w4 Usoria, (2.1)
where uj}//F is the liquid interstitial velocity in the zone k of the SMB (cm.min™"),

uj P is the liquid interstitial velocity in the zone k of the TMB (cm.min™') and

Usoiq 15 the solid velocity in the TMB (cm.min™!).
As explained in the previous section, the switching of streams confers the “sim-

ulated” solid movement. Therefore, there is a link between switching time in the
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SMB and the solid motion in the TMB:

L

tswitch

, (2.2)

Usolid =

where L is the chromatographic column length (cm), tgyuien is the switching time
(min) in the SMB process. Equations and are more useful if they could
be rewritten in terms of volumetric flow rate in each zone k. The equations relate

velocities and volumetric flow rate:

fMB = €int,j U;S;%kB As (23&)
gMB = eint,j Ugﬁ{f As (23b)
Qsalid - (]- - 6int,j> Usolid Asu (23C)

where A, is the cross-section area (ch) and €, ; is the interstitial porosity in the
chromatographic column j (-). Substituting Equations in Equations and .

Moreover, rearranging them, it is obtained:

6 . t7 .
fMB = ZMB + = solid (24&)
1— €int,j
(]- - Eintj)‘/column
Qsolid = : (2.4b)
o tswitch

2.2.2 Equilibrium Theory (Triangle Theory)
Linear isotherm

A standard design method used to get preliminary flow rates and switching times
for the SMB consists of calculating the flow rates for the TMB and, in the sequence,
convert them to the SMB process (Equations [2.4a and [2.4b)). The first step is

to define mathematically the role of each zone considering a binary system, linear

adsorption isotherm, and ideal model for a TMB process (for more details, see
[46],[45]):
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Qe

Zone 1: Hy < O (2.5a)
Qr

Zone 2 : Hp < O < Hy (2.5b)
TMB

Zomne 3 : Hp < Qimd < Hy and QiMP > QIM5 (2.5¢)
TMB

Zone 4 : Qtolid < Hp (2.5d)

If the set of volumetric flow rate obeys the above inequalities, a pure less-retained
solute B will be collected in the raffinate stream and the more-retained solute A in
the extract stream. Considering the constraints for each zone are satisfied by a

margin “31”, “By”, “Bs” and “B,”, respectively, for zone 1, zone 2, zone 3, and zone
4 (B = [p1, B2, B3, Bs] > 1). Equations turns to:

QTMB
myp = Ql "y = BIHA (26&)
QTMB
meo = Q2 iy = /BQHB (26b)
Q3ME  Hy
ms = = — 2.6¢
’ Qsolid ﬁ?) ( )
QIMP  Hp
my = = — 2.6d
! Qsolid 64 ( )

where my, is the flow rate ratio (-) of the zone k.

Adding the macroscopic mass balance equations coming from each node:

Qp = QTP —QMP (2.7a)
Qx = QMP — Q3P (2.7b)
Qp = QIME _ QTP (2.7¢)
Q= Qi - QP 1)

where Qp, Qx, Qr and Qg are the external volumetric flow rates of desorbent,
extract, feed, and raffinate streams (mL.min™!), respectively.

Equations [2.4] and [2.7 are sufficient to define all the flow rates. The sug-
gested procedure could be seen in Figure [2.4]

The separation takes place effectively in zones 2 and 3. It is common to plot

them, as shown in Figure [2.5] The separation region has the shape of a triangle
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Entrancesgaata Switching time

Ha, Hs, Q2, [3 tswitch
Ratio of liquid and solid Internal flow rates Solid flow rate Internal flow rates
m1, M2, M3, M4 Qsolid ° Qe Q5P Qi®
Internal flow rates In- and outlet flow rates
Q1 Q3 Q4" Qr,Qpb, Qx, Qr

Figure 2.4: Procedure used to calculate the flow rates and the flow rate ratios.

(that is why the name is also triangle theory) and the regeneration region has a

rectangular shape.

I

1
No ! Pure
I
I

1
1
pure !
outlets extract :
Vertex 1 1
HAfR — — = = _C\ ______
L/ .
Separation !
region :
m3 Pure |
raffinate 1
1
1
1

IRegeneration

region ma

Hs m2 Ha mi1

Figure 2.5: The so-called triangle theory after plotting ms vs. my and my vs. my
considering linear isotherm.

It is worthwhile mentioning that vertex 1 (see Figure [2.5)) represents the point
of maximum productivity, but it is essential to remember that this theory was
conceived with some strong assumptions in mind, they are:

1. Linear adsorption isotherm;

2. Neglected dispersion effects throughout the column;

3. Instantaneous equilibrium between phases;

15



4. Isothermal operation; and

5. Infinite number of columns per zone (thanks to the equivalence between TMB
and SMB).

Hence, the most powerful feature of this theory relies on reasonable estimates
of the flow rates. Moreover, due to the above assumptions, operating in vertex 1
is not a reliable choice [45], so process control strategies are of utmost importance.
Every process suffers influence from the surrounding environment; therefore the
variables of the process have a natural stochastic behavior. Bearing that in mind,
reliable models to define control strategies need to be developed to allow the best

performance possible.

Nonlinear isotherm

In order to make the triangle theory closer to reality, the linear isotherm can be

substituted for a nonlinear isotherm:

Ge,i = qmbzcz > (28&)
1+ > (bC)
i=A,B
H;
b=t (2.8b)

where ¢, is the maximum adsorption capacity (gL.™!) and b; is the adsorption in-
teraction constant of each enantiomer i (Lg™'). Fortunately, the bounds of the
separation regions can be explicitly obtained if practically no interaction between
desorbent and CSP is observed [47]. The equations necessary to draw the trian-
gle and regeneration borders illustrated in Figure are summarized below (more
details could be found elsewhere [47],[48]):

H g = my min < my < 00; (2.9a)

0<my < M4 maz; (29b)

where

1
M4 maz = 2{H3+m3+bBCF,B (mg — m2)—\/[HB +ms+ bpCrp (M3 — mz)]2 - 4HBm3}-
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The lines of the entire separation region are:
Straight line b-w:

[Hy— Hp (1 4+ 04Cpa)lma+ baCraHpms = Hg (Ha — Hp) ;

Straight line w-v:

[Ha — (o (1 +04Cp.a)]ma+ baCralems = Ca (Ha — (o) ;

Curve v-a:
2
(- )
baCr a ’

ms = Mo +

Straight line a-b:

ms3 = may

The intersection points are:

Point a: (HA,HA)

Point b: (Hp,Hp)

2
Point v: ( & , ‘ellela—t@)fa—Ha)tHotoatr) )

Hplc ¢$cl¢r(Ha—Hp)+Hp(Hp—(r)] )

Point w: ( Hay Hp(Ha—(F)

(2.10)

(2.11)

(2.12)

(2.13)

It is essential to highlight that (¢ > (r > 0, which are calculated by finding the

roots of the quadratic equation below:

(1 +b4Cpa +bpCrp)¢* — [Hg(1 +baCr.a) + Ha(1 +bpCrp)] ¢ + HaHg =0

(2.14)

The moy versus ms plane and my versus my plane can be seen in Figure [2.6]

Unlike the linear isotherm, in the nonlinear isotherm, the separation boundaries

vary according to the enantiomeric feed concentration.
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I
I
No 1 Pure

pure
outlets: extract

Ha

I
I

I

' v,

I

I

I

Vertex 1 I
P Separation
- W region
Pure
He| raffinate ¥}, F

I

7’
-
-
»

1 )
\Regeneration
| region

|

l

He m2 Ha mi

Figure 2.6: The triangle theory after plotting mg vs. my and my4 vs. m; considering
nonlinear isotherm.

2.3 Separation of praziquantel using simulated

moving bed technology

In 1993, Ching et al. [I] were the first, to the best of our knowledge, to use
SMB to separate a racemic mixture of praziquantel aiming to achieve the semi-
preparative scale. Some particularities need to be pointed out from their work:
(1) Microcrystalline Cellulose TriAcetate (MCTA) was used as an adsorbent, (2)
the chromatographic process was composed by 4 chromatographic columns, (3) the
feed concentration was 50 g.L~! of a praziquantel racemic mixture in methanol, (4)
methanol was used as a desorbent, and (5) the SMB process did not recycle the
desorbent (i.e., absence of zone 4). The disposal of the columns in each zone was
1:1:2 (zone 1 : zone 2 : zone 3). This configuration achieved 90.1% of D-PZQ) in the
extract stream and 93.7% of L-PZQ in the raffinate stream. Lim et al. [2], in 1995,
used an SMB with a similar configuration as the previous work but using 8 chro-
matographic columns instead of 4 and disposed of as (1:4:3). The raffinate stream
presented 97.5% of L-PZQ. In order to get pure L-PZQ), crystallization process was
coupled right after the raffinate stream. The process got an overall production
of 11.7 g.day~! and an overall L-PZQ recovery of approximately 80%. In our re-
search group, Andrade Neto et al. [49] made a theoretical study adopting adaptative
Nonlinear Model Predictive Control (NMPC) strategies to separate praziquantel
racemate using SMB chromatography. The controller’s performance was tested in
many different situations (i.e., pumps and switching valves malfunction and setpoint

tracking). The controller showed fast and smooth responses, even when the param-
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eter estimation was included in the control strategies to solve plant-model mismatch
situations. The outlined control strategies were accomplished, and for the first time,
a model based on first principle equations was satisfactorily used. Furthermore, the
presence of zone 4 evidences the recycling of the desorbent, that means, less fresh
desorbent should be consumed, which increases the efficiency of the process. This
is an exciting scenario that allows further studies involving racemization [37] and
synthesis of PZQ analogs to fight against resistant and immature parasites [32H30].
The actual SMB unit used in the present work is going to provide crucial infor-
mation for a better understanding of the dynamics of the SMB process and the
consequent updating of mathematical models for the development of control strate-
gies, like NMPC, to provide in a semi-preparative scale enantiomers with different

optical purities, maximum productivity, and minimum desorbent consumption.

2.4 Polysaccharide-based Chiral Stationary
Phases

Many works are found in the 1990s using Microcrystalline Cellulose TriAcetate
(MCTA), a polysaccharide-based Chiral Stationary Phase (CSP), to separate
racemic mixtures like PZQ [2, 50, 5I]. It became prevalent thanks to its high load-
ability and good enantioselectivity features. However the non-existence of support
materials conferred to these adsorbents poor mechanical stability [52]. In order to
overcome this issue, adsorbents started to be coated on macroporous silica surfaces
[52]. Nowadays, new CSPs and almost all of them are still polysaccharide-based
[53, 54]. The main idea behind the technology development of CSPs in the last three
decades was mainly related to the substituents allocated in the aromatic rings of the
phenyl moiety of these polysaccharides [55]. Thanks to it, the cellulose tris(3-chloro-
4-methylphenylcarbamate) (commercially available with the name Chiralcel’™ OZ)
has a great chiral recognition feature and, at the same time, poor solubility in polar
desorbents usually used in chromatographic separations (e.g., ethanol). Further-
more, PZQ is freely soluble in alcohol [56] (an important feature when working
on the preparative scale). On the other hand, the CSPs commercially available as
Chiralcel™ OD, Chiralcel™ OJ, and Chiralpak?™™ AD are not compatible with
high polar desorbents, and additionally, the separation factor of Chiralcel™™ OZ for
PZQ (a = 1.9) is greater than Chiralcel’™ OD, Chiralcel’™ OJ, and Chiralpak™™
AD [2].
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2.5 Materials and methods

2.5.1 DMaterials

Solvent and Solutes

The solvent used was the ethanol HPLC grade provided by Tedia (Brazil). The so-
lutes used were 1,3,5-tri-tert-butylbenzene (TTBB) 97%, provided by Sigma-Aldrich
(USA) and a solid racemic mixture of praziquantel (PZQ), kindly provided by
LASIFA - Farmanguinhos/Fiocruz (Brazil).

Lab Consumables

The lab consumables used were: (1) Kitasato flask of size 1000 mL, (2) Biichner
funnel, (3) membrane made of PTFE and supported by polyethylene, average pore

size of 0.22 pum and membrane diameter of 47 mm provided by Millipore, and (4)
Schott flask.

2.5.2 Equipment

The equipment used:

1. for filtration of ethanol was:
e vacuum pump, model 131, provided by Prismatec;

2. for HPLC characterizations and analysis were (all provided by
JASCO Co. - see Figure [2.7):

(a) one HPLC pump, model PU-2087;
(

b
(c

(d) one chromatographic column, model Chiracel OZ®), provided by Diacel

one autosampler, model AS-2059;

one column oven, model CO-2060;

)
)
)
)

Co with the following characteristics:

e particles were coated with the selective material tris(3-chloro-4-
methylphenylcarbamate) cellulose;
e monodispersed particle diameter: 20 pm;

4.8 g of CSP (mygs);

internal diameter: 10 mm;

length: 100 mm;
(e) one multi-wavelength UV /Vis detector, model UV-2077;
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(f) one computer equipped with the ChromNav software (JASCO Co. soft-

ware)

3. for SMB separations were (see Figure [2.8)):

one in-line degasser, model DG-2080-54, provided by JASCO Co.;

e four HPLC pumps, model PU-2086 provided by JASCO Co.;

e six valves with 8 dead-end streams (bore 0.40 mm) provided by ViCi®);

e six chromatographic columns, model Chiracel OZ®), provided by Diacel
Co;

e six valves with microelectronic actuator and two positions, provided by
ViCi®);

e two stainless steel proportional relief valves series R3A for high pressure,
model SS-4R3A, provided by swagelok;

e no-break, model “Laser Senoidal 4200 VA”, provided by NHS;

e three Data AcQuisition (DAQ) instruments, model NI USB-6501, pro-

vided by National Instruments; and

e one computer equipped with LabView 2012, intel Core i7 (4th genera-
tion), 16 gigabyte RAM memory (DDR3), 6 DB9 ports and 8 USB ports.

All experiments were carried out inside HPLC or SMB processes.

2.6 Experimental Methodology

2.6.1 Chromatographic column characterization

It was determined that some crucial parameters related to each chromatographic
column were necessary to represent the nature of the process in the used models.
They are total porosity for each column j (¢ ;), Henry coefficient for each solute ¢ in
each column j (H;;), the axial diffusion coefficient for each solute 7 in each column
J (Dagiatij - cm*.min~t) and effective mass transfer coefficient for each solute i in
each column j (kess;; - min™t).

In order to determine the ¢ ; of the columns, a solution of 2 g.L ™! of TTBB in
ethanol was used. The other parameters were determined using 1 g.L.~! of a racemic
mixture of PZQ in ethanol. Despite the differences in solutions concentration, the

experimental methodology was the same, and it is presented below:

1. Experimental procedure to obtain the parameters using the HPLC system:
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3 T
B

Figure 2.7: Photo of the HPLC system used. Solvent path: (1) Solvent flask; (2)
HPLC pump; (4) column oven; (5) chromatographic column; (6) UV /Vis detector
and (7) software analysis. Solute path: (3) autosampler; (4) column oven; (5)
chromatographic column; (6) UV /Vis detector and (7) software analysis.
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Figure 2.8: Photo of the SMB system used. (1) Solvent flasks; (2) degasser; (3)
HPLC pump; (4) valves with 8 dead-end streams; (5) chromatographic columns; (6)
valves with two positions and (7) interface.

23



(a) the vial containing the ethanol solution (of TTBB or racemic mixture of

PZQ) was conditioned inside the auto-sampler;

(b) 20 uL of this solution was automatically injected into the HPLC system.
The solute was carried till the chromatographic column installed inside

the column oven with 25°C of temperature;

(c) After getting throughout the column, the solute was conducted by the
eluent flow until the UV/Vis detector, in which the wavelength was set

to 210 nm to determine its retention time Pl

This procedure was repeated for seven different eluent flow rates (0.5, 1.0, 2.0,
3.0, 4.0, 5.0, 6.0 mL.min"!), which one identified by a number (number 1 for 0.5
mL.min™!, 2 for 1.0 mL.min™!, until 7 for 6 mL.min™!). For each flow rate, the
experiments were replicated three times, and they were identified by the letters a,
b, and c. For instance, t, 1, represents the first replica of the experiments carried

1

out at 0.5 mL.min™" inside the column j, t, ;s represents the second replica of

1

the experiments carried out at 2.0 mL.min™" inside the column j, and so on. This

nomenclature was adopted to all experimental and calculated data obtained.

Total Porosity (e ;)

Table illustrates the disposal of experimental and calculated data used to calcu-
late € j, where the identified experimental data were obtained straight from HPLC
system.
The calculated data were obtained by the equations below:
- Retention time average of the flow rate replica in the column j (%, ;,):
tojma T to,jmb T tojne

Toim = : forn=1,2,3,4,5,6 or 7. (2.15)

- Retention time variance of the flow rate replica in the column j

((6t05n)?):

(5t ) )2 _ (to,j,na - Eo,j,n)2 + (to,j,nb - %o,j,n)2 + (to,j,nc
0,j,mn 9

B to,j,n)z

(2.16)

- Retention time standard deviation of the flow rate replica in the
column j (6t,;n):
5to,j,n = :i: (5to,j,n>2' (217)

- Non-linear regression method:

It consists of solving the optimization problem stated below:

2The TTBB retention time is also called dead time (one could find a detailed explanation
elsewhere [57])
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Table 2.1: Experimental data for each column j

Experimental data | Calculated data

Exp. n° || V, (mL.min™") ¢, ;nm (min) || £, ;,(min) 0ty ,(min) (8¢, ,)*(min?)

t
Jhla

n 2
0,j,1b to1 0loj1 (0to1)

O,j,lC

1 0.5

0j.2a
2

0,j:2b toj2 0o j2 (0to2)

tO,j,2C

~| || | =

to,j,3a
3 2.0 to.j.3b toj3 0t 3 (6t j3)?

to,j,Sc

to,j,4a
4 3.0 to.jab toja Otoja (6t j4)?

bo,jac

to,j,5a
5 4.0 to.j.5b toj5 6o )5 (6t j5)?

tO,j,5C

lo,j6a
6 5.0 to.j.60 toj.6 0to 6 (6toj6)?

0,7,6¢

7
to,j,?a
to,j.1b to,7 o (0to,57)?

to,j,?c

min S(e; ;) (2.18)
subjected to: € ; € [0, 1],

where S(e; ;) represents the objective function defined as:

scale - 2
t, s i) to j,n
Slerg) =D { oin(%s) ~ Loy ] : (2.19)

Knowing the liquid flow rate, the fg(j;(et,j) was calculated as:

fzajlcn( tj) _ et,j‘/;mlumn’
)=,
This experimental procedure was performed on all columns. Table shows the
total porosity calculated for each column j, the involved error, and the correlation

coeflicient.
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Henry Constant (H, ;)

Table illustrates the experimental and calculated data used to calculate H; ;,
where the column identified as Ezperimental data were obtained straight from HPLC

system.

Table 2.2: Experimental data for each enantiomer ¢ in each column j

Experimental data | Calculated data

Exp. n° || V,, (mL.min™") ¢ ;,, (min) || t;;,(min) 6t ;,(min) (6t;;,)*(min?)

lijla -
1 0.5 tiji1b tig1 Oti a1 (0tija)?

tijic

Lij2a
2 1.0 tijob tij.2 0ij2 (0tij2)?
tij,2c

t;i j3a
tij3e

tijda
4 3.0 tijab tija 0li ja (0tija)?
ti jac

lijsa
5 4.0 ti,j,5b

bij5e

1

4.5,5 0t s (6tij5)

Li.j6a
6 5.0 tij.6b tii6 0tiie (6tij6)?
bij 6e

tij7a -
7 6.0 ti g tij7 Oti g (0tij7)?
bij,re

The calculated data were obtained by the equations below:
- Retention time average of the flow rate replica in the column j (%, ;,):
- tijma T Lijmb + i jne

fiim = ! forn=1,2,3,4,5,6 or 7. (2.20)

- Retention time variance of the flow rate replica in the column j
(0ti5n)?):
- Ei,j,n)2 + (ti,j,nb - fi,j,n)2 + (ti,jm,c
2

(55,2 = Liane ~fign)”

(2.21)

- Retention time standard deviation of the flow rate replica in the
column j (6t;,,):
Otijn = £/ (0tijn)% (2.22)
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- Relationship between ¢, and %, ;
Plotting experimental data ¢; ;,, versus %, ; ,, it was observed a linear relationship
between them. Therefore,

ti,j,n - di,j . %07]‘7”, (223)
where d; ; was experimentally determined by Equation [2.24}
7
_ 2
> (tm,n - w)
n=1

7 )

S [(Fin = i) - (Foin — T

~

(2.24)

where Z; ;,, is the mean of all retention time averages for enantiomer ¢ in the column

j:

7
> tijn
n=1 )

- Henry coefficient calculation (H, ;):
From Equation [2.26] [53]:
_ — 1-— €t,j
ti,j,n - to,j,n 1 —|— 77Hi,j . (226)
€t,j

Moreover, substituting Equation into Equation [2.26] it was possible to write:

1—e¢ .
dij=1+-—"tH,, (2.27)
€t,j
Rearranging it:
dij—1)e;
Hy, — Ga = Vet (2.28)
1— €t,j

This experimental procedure was performed on all columns.

Apparent axial dispersion (D,,,;;) and effective mass transfer coefficients
(Kefsis)

Tables and illustrate the disposal of experimental and calculated data used to
calculate D,,,;; and ks, ;, where the identified experimental data were obtained
straight from the HPLC system. The main concepts related to theoretical plates,
HETP, and van Deemter’s equation, are presented in Appendix [E]

The calculated data were obtained by the equations below:

- Number of theoretical plates average of the flow rate replica in the
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Table 2.3: Experimental data for each enantiomer ¢ in each column j

Experimental data I Calculated data

EXp. n || V, (mL.min’l) Ni,j,m (—) Ni,j,n(_) 6Ni,j,n(_) (5Ni,j,n)2(_>
Nijita
1 0.5 Ni,j,lb N@jJ 5Ni,j,1 (5Ni,j,1)2
N’i,j,lc
Ni,j,Qa
2 1.0 Ni,j72b Ni,j,? 5Ni7]‘72 (5Ni,j,2)2
Ni,j,?c
Ni,j,Sa
3 2.0 N; b Nijs3 ON; ;3 (5Ni,j,3)2
N’i,j,?yc
Ni,j,4a
4 3.0 N; jap Nija ON; ja (5Ni7j,4)2
Ni,j,4c
N jsa
) 4.0 Nz’,j,5b Ni,jﬁ 5Ni,j,5 (5Ni,j,5)2
Ni,j,Sc
N j6a o
6 5.0 Ni,j,6b N@jﬁ 5Ni,j,6 (5Ni,j,6)2
Ni,j,ﬁc
N jra
7 6.0 Ni,jjb
Ni7j,7c

=

,7,7 5Ni,j,7 (6Ni,j,7)2

column j (N;;,):

T Ni’na Nzn Ni'nc
N;jn=—22 + 3] b Nigme o n =1,2,3.4.5,.6 0r T, (2.29)

- Number of theoretical plates variance of the flow rate replica in the
column j ((6N;;.)%):

(Nijna — N@',j,n>2 + (Nijmb — Ni,j,n)Q + (Nijme — Ni,j,n)z

(0N jn)? = 5

(2.30)

- Number of theoretical plates standard deviation of the flow rate

replica in the column j (6N ;,):

ONijn = £/ (0Nijn)?. (2.31)

- Conversion of N; ;, to HETP, ; ,.:

HETP, ;. — ——

17]777/
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- Conversion of (), to u,, j:

Table 2.4: Calculated data for each enantiomer ¢ in each column j

@n

Um,jn = .
6t,jAAs

Exp. n° | wmjn (cmmin™?) HETP,;, (-)
HETP; ;14

1 U, j.1 HETP, ;1
HETP, 1.

HETD, 2,

2 Um, 5,2 HE'TPZ‘JQ(;
HETP, ;5.

HETP, 3,

3 Um,j,3 HETP, ;3
HETP, 3.

HETP, 4

4 Um,j,4 HETBJ‘A(;
HETP, juc

HETP, 5,

5 Um, 5,5 HETHJ;;(,
HETP, s

HETP, 6,

6 U, j6 HETP, ;e
HETP, 4.

HETH,j,?a

7 Um,j,7 HETPi’jjb
HETP, .

HETP, j,(cm) | dHETP,;,,(cm) (OHETP,;,)*(cm?)

HETP; ;, OHETP, ;, (6HETP, ,)*
HETP; ;o OHETP, ;2 (JHETP, )*
HETP; ;3 OHETP, ;3 (JHETP, 3)*
HETP; ;4 OHETP, ;4 (8HETP, j4)*
HETP; ;5 OHETP, ;5 (0HETP, ;5)
HETP; ;¢ OHETP, ;6 (6HETP, ¢)*
HETP; OHETP, (6HETP, ;)

- HETP average of the flow rate replica in the column j (HETP; ;,):

HETPlJ’n ==

HET.Pi’j’na + HETPz,‘],TLb + HETPZ'J"H,C

3

29

Jform=1,2,3,4,5,6 or 7.

(2.32)



- HETP variance of the flow rate replica in the column j (0 HETP, ;,)%):

A Y
GHETP,,, ) = (HET Puina ~ HETPij)
7 2
| (HETP,; ~ HETP;;,)’
2
| (HETP,. — HETP;,)?
. .

(2.33)

- HETP standard deviation of the flow rate replica in the column j
(0HETP,;,)

SHETP,;, = +\/(6HET P, ;,,)* (2.34)

The van Deemter equation plus the data of Table were used to calculate
the apparent diffusion coeflicient (D, ;) and the effective mass transfer coefficient
(kefrij) for each enantiomer 7 inside each column j (more details see [45] 57, 58]).
From the van Deemter equation:

HETP" = Ay + Ci i jm. (2.35)

Z?-]?n

From the experiments, it was possible to define the parameters by linear regression:

> |(HETP:j0 — HETP; ;) - (tmjn — ;)]

Cij = "= - , (2.36a)
Z (um,j,n - ﬂm,j)Q
n=1
Aij=HETP;; — Cj U, (2.36b)
where,
7 —
Z HETP;
HETP,;; = "= - . and, (2.37a)
7
Z um,j,n
— n=1
Um,j =" (2.37b)

- Dyppijmn and kg, i, calculation:

The parameters A; ; and C;; are well described in the literature (see [58]), and
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their equations can be rearranged as follows:

Dapp,ijn = 7”2; e (2.38a)
k()l' i 2 1
boorii =2 o , 2.38h
BN (1 + kO,i,j) kO,i,jC',j ( )
1— €
kosij = Hi,ji( . ét’])' (2.38¢)
J

As the apparent diffusion coefficient (Dgpp;jn) is dependent on the effective
velocity (. jn), this one was not presented in a table, just the effective mass transfer
coefficient (kesys.;)-

The Péclet number (Pe; ;) and the number of mass transfer units (q; ;) for the
species 7 in a column j were formally presented because they will be used in some

moment of the text:

Uy im-L
Pe; = 2 2.39a
! Daxial,j,n ( )
kKerrii L
;= IR (2.39b)
Usolid

As the difference between the axial dispersion coefficient of species A and B
where less than 10% and are isomers, they were stuck together, taking the average

value:

D .= Dapp,A,j,n + Dapp,BJ}n
app,j,m — 2 °

This experimental procedure was performed on all columns.

(2.40)

2.6.2 SMB unit experiment

The chromatographic unit used was presented in Figure 2.8 The pump flow rates
and the valve switching time of the SMB unit were calculated using the equilibrium
theory. The SMB unit was located in an air-conditioned room in order to provide
an isothermal condition.

The experiments were carried out in the SMB unit with one chromatographic
column in zone 1, two chromatographic columns in zone 2, two chromatographic
columns in zone 3, and one chromatographic column in zone 4; normally this con-
formation is represented by [1,2,2,1] and the configuration used was represented in
Figure 2.9 There was a pump installed in zone 2 and no pump in the raffinate
stream in this configuration. Previous experiences coming from [62] were used to

choose the configuration adopted in this work. The experiments were divided into
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two stages: (1) SMB running with solvent in both inlet streams for 1 cycle (see Fig-
ure [2.9a)) and (2) SMB running with solvent and solute(s) for 5 cycles (see Figure
, totalizing 6 cycles per experiment. Each experiment was carried out three
times (n=1,2 and 3).

First Stage:

Objective: To measure the volumetric flow rates of the outlet streams at each switch-
ing time during the entire cycle of the first stage. The following procedure was

adopted:

1. the pump’s flow rates were calculated in the light of the triangle theory;
2. the SMB unit was switched on;

3. with the aid of a 5 mL volumetric flask and a stopwatch, the flow rate of the

outlet streams were measured.

This procedure was repeated in each switching time interval (i.e., 6 times, as it
was necessary 6 switching times to complete one cycle). Therefore, an average flow
rate in the extract (Qx,) and raffinate stream (Qg,,) of the n'® experiment could

be calculated:

6
. Z Qk,s,n
Q=" (2.41)
’ 6
where Q) represents the flow rates (mL.min™!), their subscript k¥ and s represent
external or internal flow rates and the specific switching time interval, respectively.

The latter subscript was defined as
s={seN/1<s<6}.

From these flow rates, the other external ones were calculated as follows:

oY 6@ ni Uz ni
Qpp = — QX’8+ ArQra (2.42)
i, Fn
and
@D,n = @X,n + @R,n - @F,n' (243>

To determine the internal flow rates, one of them must be known as a priori;
in this case, Qg is known because an HPLC pump can set it. Unlike the external
flow rates that could be determined experimentally (or inferred), the internal flow

rate could not be measured or inferred. Therefore a posteriori adjustment of Qg was
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Figure 2.9: Illustration of the (a) first part and (b) second part of the SMB experi-
ment.
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made, and it was presented in the next section. Once (Q; was set, the other internal

flow rates could be calculated:

@1@ = @2@ + @X,m (2.44a)
Q30 = Qo T Qpy; (2.44b)
@4,n = QQ,n =+ @F,n - @R,n; (244C>

It is important to note that the flow rates have been determined so far for only
one experiment n. After the third repetition of each experiment, all the flow rates

and their experimental dispersions were calculated:

3

X @y
Q="= (2.45a)
3
Z (Qn - @)2
6Q =\ = , (2.45D)

2

where Q) represents any internal or external flow rate (mL.min™!). They were dis-
played in Table [C.1]

Right after the first stage, the solvent flask in the feed pump was substituted
by the racemic solution flask (without shutting the SMB unit down), promoting a
step in the solute concentration inside the SMB unit. Starting, therefore, the second

stage.

Second Stage:

It is the SMB experiment itself (see Table . The SMB unit worked for 5 cycles
Pl The entire volume of each outlet stream in the sixth switching time of the fifth
cycle was collected; in the sequence, part of the collected volume was conditioned
in separated vials and analyzed following the filtration and experimental procedures
presented at the beginning of Section (procedure 1 and 2). The concentration of
the racemate in ethanol used in the feed stream of all experiments was approximately
1 gLt

The HPLC was previously calibrated for both enantiomers, Area [uV.s] =
1941799.C4 o B [9-L7'] - 8219, with coefficient of determination (R?) equal to 0.999.

The flow rates of the experiments were estimated in the linear region of the

isotherm. Below, a brief explanation is given of the main features of the five carried-

3Previous experiments were carried out to certify that the unit was operating in the CSS after
5 cycles. Furthermore, Figure [£.5] corroborates this.
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out experiments aiming to obtain pure stream(s):

e Run 1: inside the triangle of separation in Figure 2.5}

e Run 2: inside the area of pure extract and contaminated raffinate in Figure
2.3
e Run 3: inside the area of contaminated extract and pure raffinate in Figure

2.5

e Run 4: on the maximum productivity point on the triangle of separation top

vertex in Figure 2.5} and

e Run 5: inside the triangle of separation in Figure 2.5 these runs had the

highest feed concentration among all the carried out runs.

Typical chromatograms obtained in the extract and raffinate streams of each run
is presented in Appendix [D] In Table more details about the runs can be seen.
SMB performance parameters

Runnings were compared to each other using the performance parameters below
[45]:

Ci out

Pur; o = = —— : 2.46a,
ot CA,out + CB,out ( )

Q 67, ou

QrCir

(60.24).@ téi out
Pr; = ot and 2.4

h Mads Ncolumn > ( 6C)
pC Wp +Qr (2.46d)

- Qp- (éA,F + 6B,F> .

where Pur; o, is the optical purity of component i (A or B) in the outlet stream (ex-
tract or raffinate) (%), Rec; ot is the recovery of component i in the outlet stream,
Pr; is the productivity of component i (g.kg,,.day™'), DC is the desorbent con-
sumption (L.g, L), C;ou is the mean concentration of component i in the outlet
stream (g;.L71), Q

out 18 the mean flow rate in the outlet stream (mL.min™!), Qp is

the mean flow rate in the racemic mixture inlet stream (mL.min™'), C; r is the mean
concentration of component i in the racemic mixture inlet stream (g.L™1), Neoumn
is the number of chromatographic columns in the SMB unit (-), m,qs is the mass
of adsorbent in each column (kg,4s), and @, is the mean flow rate in the desorbent

inlet (mL.min"'). The mean concentrations were defined as [45]:
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6 B t+tswitch iout d 2 47
i,out — s ti t) ( . )

switch

where tgyiien, (min) is the switching time.

2.6.3 Simulation of SMB experiments

The simulated data coming from the second stage was carried out by software named
SiMoBed. The software was developed during the dissertation of ANDRADE [59] us-
ing MatLab® R2016a (student license). The modeling strategy adopted by this soft-
ware was the direct approach for four-zone SMB and the chromatographic columns
distribution was 1 for zone 1, 2 for zone 2, 2 for zone 3 and 1 for zone 4 (1-2-2-
1). The liquid-phase and solid-phase mass balance for the component i in the j*

chromatographic column was:

aC;, 0*C;

_ _ 9C; _\ 0qi; _ J
€t ot + €& um’jﬁ + (1 — Gt) ot = € Dapp’jW (248)
acc. term in fluid phase advection term acc. term in solid phase axial dispersion term
and
04 j
op = Fersiildeis = dig) (2.49)
with the initial and boundary conditions:
Ic Cz[i} (07 $) = Cz[z_l] (tswitcha SL’) (250&)

e L Dapp.j 9Ci 4
xr = O . Ci,j = Ci,j’x:O — =eppd ——tJ =0

Upm,j Ox
0C; ;
r=1L: 9%3 |x—[ =0

BC : (2.50b)

where C;; is the concentration of component i in the column j (g.L™1), u,,; is the
effective velocity in the column j (cm.min™!), z is the axial coordinate (cm), & is
the average total porosity (-), ¢;; is the mass concentration of component ¢ in the
adsorbed-phase of the column j (g.L71), Cl[lz] is the concentration of component
in the column j located at zone k (g.L.™!), L is the column length (cm) - the same
for all columns, superscript y and k count the switching time intervals and zone,

respectively, and ¢ is the time (min), defined below:

t:{tER/OStStswitch}~

The modeling strategy adopted requires the calculation of the column inlet con-
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centration if the column is the first of its zone. This calculation was made as follow:

First column of zone 1:

4
n_ QuCifles

C! 2.51
First column of zone 3:
2
oBl — Q2:Ciile=r + Qr-Cri (2.52)
" Q3
The other columns:
O = Cijoilo-t. (2.53)
where Cp; is the feed stream concentration of component .
The effective velocity in the column j is defined below (uy,;):
_ Q@ (2.54)

U i = ,
m,j Et As

where Aj is the chromatographic column cross-section area (cm?).

The constitutive equations used were the thermodynamic equilibrium governed

by the binary Langmuir (nonlinear) isotherm:

Geyi,j qmbiCij (2.55a)
i=A,B
. m
b= (2.55b)

the subscript j has vanished from thermodynamic parameters (H;,b;, and g,,) and
& because an average of the values of each column was used [1

From the overall mass balance in the nodes, it is possible to write:

4The chromatographic columns belong to the same manufacturer, and they are of the same
model, even so, they were not the same, minor discrepancies among them exist, therefore an
average was computed.
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Zomne 1: Q1 = Qp + Q4 and Uy, 1 = ﬁ; (2.56a)
Zome 2: ()3 = Q1+ Qx and uy, 2 = fjs; (2.56b)
Zomne 3: (Y35 = Q2+ Qp and Uy, 3 = fzs; (2.56¢)
Zone 4: QQ; = Q3+ Qg and Uy, 4 = 6?257 (2.56d)

where A, is the chromatographic column cross-section area (cm?), and it is the
same to all columns, @}, is the volumetric flow rates in zone k (cm®.min™!), Qp, Qr,
Qx, and Qi are the desorbent, feed, extract, and raffinate volumetric flow rates
(cm3.min~1), respectively. The linear system composed by Equations has a
unique solution if one of the internal flow rates could be determined. In this case a

HPLC pump is responsible for setting the flow rate in zone 2 (Qs).

- Spatial Discretization

The spatial discretization approach adopted by the software was the Finite Differ-
ences Method. It was used to approximate the model equation in the discretized
spatial domain. After discretization, a single Partial Differential Equation (PDE)
becomes a n Ordinary Differential Equations (ODEs) system with time, ¢, as in-
dependent variable. In this method, the first derivative was approximated by a

first-order backward approximation (upwind differentiating scheme) as follows:

0Ci;(t,2)  Cig(®)ln = Ciy()lp-1.

~ 2.57
ox Ax ( )

A central finite differences equation approximated the second derivative:
0°Ci(t,2) _ CogO)lprr = 2G5ty + Gy ()1 (2.58)

ox2 (Az)®
The subscript 1 determines the spatial position in coordinate x, when the con-
tinuous domain is transformed into a discrete one with n internal elements spaced

by a length of Az and is defined as:

n={n€zZ/0<n<n}

Therefore the Equation can be approximated by the set of n ODEs:
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ACigly \, CigOly + Cig®ly-r | L =& daigly _
.y = ..

2.59
Bl =200l + Oyl (2:59)

= Papp,j 2 :

(Az)
The boundary conditions after discretization becomes:

okl _ Dappjj Cijln=

£ =0 Cjlymo = —ms 2"
BC : == (2.60a)

r = L: Cjlpmn+1 = Cijlp=n

The number of n internal elements was chosen by a mesh test performed by
ANDRADE [59]. The number of elements tested was 15, 30, 60, 120, and 240.
A mesh was considered refined when the maximum difference between the CSS
concentrations obtained with two subsequent meshes was lesser than one percent.
The two last meshes accomplished the criterion; therefore, the chosen one was 120
elements.

The method of lines approach adopted as a solution strategy resulted in a stiff
ODE system, thanks to the steep moving fronts of concentrations imposed by peri-
odic switching. Therefore, an implicit 5 order BDF integration algorithm was used
to solve the system of ODEs using MatLab®© (ode15s). The disadvantage of high
computational costs required to build the jacobian matrix, to solve the nonlinear
algebraic system at each integration step, was surpassed because sparse algebra was
used to solve the sparse ODE system (more details see elsewhere [59]).

Table [2.5] shows the provided information to the software to run the simulations
in this chapter.

Adjustment of the volumetric flow rate of zone 2 (Q)

It was previously assumed that the HPLC pump in zone 2 delivered exactly the
set value. As the flow rates delivered by the external HPLC pumps (i.e., feed,
extract, and desorbent streams) showed discrepancies between the set and delivered
values, the same can happen to the HPLC pump in zone 2. In light of it, the
experimental flow rates, switching time and racemic concentration, and the Henry
constants and porosity were used to simulate the SMB. Afterward, the simulated

outlet concentrations were compared to experimental ones by using the Root of
Sum of Squared Residuals (RSSR), ~:
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Table 2.5: Simulation parameters

More- and Less-retained components parameters (A and B)

Thermodynamic parameters ~ Cap(g.mL™') Cpr(g.mL™)
Table 2.8 and Table [F.1| Table [C.1] Table [C.1]

Column parameters

Lcolumn (Cm) Dcolumn (Cm) Pads (g‘cm—S) €t,j (')
10 1 1.00 Table [2.§]

SMB parameters

N2 of columns ~ Columns per zone [z 7z 73 74] N2 of cycles

6 [1221] 5 (2" stage)
tswiten, (MiN) *19’%/{54 (mL.min"1)

Table |C.1| Table |C.1|

Solver control

N2 of internal elements Jacobian

120 Numerical
Abs. tolerance Rel. tolerance
1078 1078
Integrator
odelbs - Variable order BDF method
Discretization method
First order backwards finite difference (first derivative)
Central finite difference (second derivative)

7= (s ~CR) ¢ (Cox ~Cal¥)" + (Car— L)+ (Con T’

(2.61)
where the superscript nlin denotes the simulation carried out in the nonlinear
isotherm, the absence of superscript in the equation above implies that the data
was experimentally determined.

For all the experiments, fifteen simulations were carried out, the difference among
them was the increment of the Qy about the original one: -25%, -20%, -15%, -12%,
-10%, -5%, -1% , 0%, 1%, 5%, 10%, 12%, 15%, 20% and 25%. The original runnings
(i.e., 0% @2) can be found in Appendix [C| As Qy changed, the other internal flow

rates were recalculated, in order to satisfy the mass balance.
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2.7 Results and Discussion

2.7.1 Calculated parameters

The total porosity of each column j, their experimental error, and correlation co-
efficients are shown in Table 2.6l It is crucial to notice that the relative difference
between the lowest and the highest porosity is less than 1%. Nevertheless, this
insignificant difference can make a massive difference in SMB runnings with many
completed cycles because cumulative error should occur due to the cyclic nature of

the process.

Table 2.6: Porosity of each column, calculated error and determination coefficients

Column j H e; () dey () RI()

1 0.7410 0.999
2 0.7389 0.999
3 0.7384 0.999
4 0.7455 + 0.0006 0.998
5 0.7446 0.999
6 0.7427 0.999

The Henry coefficient for each solute (A or B) of each column j, their experimen-
tal error, and determination coefficients are shown in Table The same discussion

made for porosity is valid for the Henry coefficients.

Table 2.7: Henry constants, their errors and determination coefficients

Column j [ Hay(=) 6Hay; (1) RY;

I 0.3 0.999
2 911 0.999
3 9.28 0.999
4 9.55 +0.04 0.997
5 9.33 0.999
6 9.30 0.999

Column j || Hp,;(—) 0Hp, () RE;
1 5.05 0999
5 191 0.999
3 5.01 0.999
- S £ 0.02 0,995
5 5.0 0.999
6 5.01 0.999

The average porosity (), average Henry constant for each enantiomer (H 4 and

Hp), and their experimental error among the columns in the SMB are shown in
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Table 2.8/ Typical chromatograms originated from these experiments can be found
in Appendix D]

Table 2.8: Calculated average porosity and average Henry constants and correspond-
ing experimental errors

& | 0.742 £ 0.003
Hy| 933 £015
Hp | 503 £0.08

It is essential to highlight that errors coming from Table [2.6|and Table repre-
sent the experimental dispersion coming from the HPLC experiments. In contrast,
the errors in Table represent the dispersion among the chromatographic columns
used in the SMB unit.

The effective mass transfer coefficient for each solute (A or B) of each column
j, their experimental error, and determination coefficients are shown in Table 2.9
This mass transfer coefficient accounts for many kinetic effects that take place inside

each chromatographic column.

Table 2.9: Effective mass transfer coefficients (kess; ), their errors and the determi-
nation coefficients

Column j || kepraj(min™")  Okepag(min™) | RS

1 46 +4 0.995
2 55 +4 0.997
3 45 +3 0.997
4 44 +4 0.997
) 47 +4 0.997
6 45 +4 0.998
Column j || kegppj(min™")  Okesrp(min™') | Ry,
1 78 + 2 0.996
2 92 + 2 0.997
3 76 +2 0.997
4 75 + 2 0.998
) 79 + 2 0.997
6 7 + 2 0.998

All the above parameters plus the diffusion coefficients helped to compose and,

consequently, to interpret the phenomena involved in the SMB runnings.
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2.7.2 Evaluation of mass transfer phenomena inside the

chromatographic columns

The analysis of the Péclet number (Pe) for each column j can be made by recalling
the Equations [2.38a| and [2.39al

D S AZ7]um7]7n
app7i7j7n - T’
um,j,n-L
Pem = -
Dapp,i,j,n

The A;; (see Table [2.10) is an experimental parameter that depends on the

enantiomer ¢ and the chromatographic column j.

Table 2.10: A; ; and C; ; parameters

Column j | Ay Ca, Ap,; Cg,;

0.0072 0.0078 0.0060 0.0060
0.0085 0.0066 0.0072 0.0050
0.0063 0.0080 0.0057 0.0061
0.0062 0.0081 0.0056 0.0061
0.0069 0.0077 0.0060 0.0059
0.0063 0.0080 0.0058 0.0060

YO W N

Substituting one into another, it gives:

2-L
A'L,]

Pe;j = (2.63)

Table 2.11: Péclet number of species A and B for each column

Column j | Pey; Pep;

2,765 3,335
2,340 2,777
3,163 3,535
3,223 3,541
2,914 3,359
3,151 3,461

S UL = W N~

The analysis of the Péclet number for all columns and enantiomers indicates that
advective transport rate is at least 2340 times greater than the dispersive transport
rate. This magnitude means that dispersive transport phenomena can be neglected
inside the chromatographic columns used in the built SMB unit and, therefore, the

advective transport prevails.
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Another important adimensional number to be examined is the mass transfer
units for species ¢ in a column j, «; ;. Recalling Equation [2.39b}

i — kerpig L
Usolid

This adimensional number will change if the switching time of the experiment
changes, as it is related to the solid velocity (useiq). All the experiments were carried
out in the standard operation mode (i.e., all the valves operated with constant
and equal switching time interval throughout the cycles), therefore in the same
experiment, the «; ; varies with the effective mass transfer coefficient for each solute
(A or B) of each column j, kess; ;. Table shows that for each experiment the
value of ay4 for the enantiomer in the chromatographic column with the smallest

effective mass transfer coefficient (see Table [2.9)).

Table 2.12: Adimensional number mass transfer units for species A in column 4,
QA4

Run 1 Run 2 Run 3 Run 4 Runb
aaq | 157 388 291 385 157

From Table 2.12] it can be observed that mass transfer between the liquid and
the solid phase is at least 157 times greater than the solid convective motion in an
idealized TMB process. Translating to the SMB process, the shorter the switching
time, the less the influence of the liquid-solid mass transfer at the expense of the
influence of the relative movement of the solid phase.

Summing up, the axial dispersion and the mass transfer between liquid and solid
phases can be neglected inside the column. This equilibrium assumption vanishes
the necessity of a mass balance on the solid phase side because as soon as the solid
phase and liquid phase get in contact with each other, equilibrium adsorption is
immediately established in the solid-fluid interface and inside the adsorbent particle,
because mass transfer effects are too fast and, consequently, they are not considered
a limiting step:

{e,i,; is the concentration of component ¢ in the column j in equilibrium with the
solid phase (g.L™').

Therefore, Equation becomes:

oC; aC;, 0qe.i,;

- 7.] - 17.7 - eﬂl7j

& € Ut 4+ (1—7) M = 2.65
ot " Ox ( ) ot (2.65)
acc. term in fluid phase advection term acc. term in solid phase

44



Equation [2.65] is known as the ideal model. It can predict advective motion
throughout the interstitial space of the column and adsorption equilibrium of solutes
in the surface of the solid phase. In order to complete the set of equations, only the
constitutive equation is now required (i.e., isotherm equation).

Previous work developed in our laboratory evaluated adsorption isotherms be-
tween PZ(Q enantiomers and the same CSP used in this work [60]. The binary Lang-
muir was the isotherm that was most suited to experimental data [60]. Another
study has been developed in our group, and it extended the results to the column
of this work, Chiralcel”™ OZ [61]. The parameters can be found in Appendix [F}

2.7.3 PZQ separation using SMB process with Chiralcel”"

0OZ as CSP

The main results of each experiment can be seen in Table and Figure [2.10]

Run 1 Run 2
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Figure 2.10: Separation region (circle dots) and regeneration region (square dots) of
the Run 1, Run 2, Run 3, Run 4, and Run 5. The variation in the separation- and
regeneration-region frontiers represented by dotted lines are due to thermodynamic
parameters uncertainties and feed concentration experimental errors.

The first experiment (Run 1) was proposed intentionally inside the area of total
separation/regeneration (see Figure . In this conservative scenario, the SMB
unit operation is robust, that means, the variation of the enantiomers adsorption
equilibrium constants due to room temperature changes (i.e., oscillation of the ther-
modynamic parameters), feed concentration, column porosity, and fluctuations of

the flow rate delivered by the pumps should not have an important role in the sepa-
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ration, these are regular perturbations ignored by the equilibrium-theory approach
[62, 63]. Therefore, the expected scenario would be the total separation of both
outlet streams (raffinate and extract). However, the optical purity of the D-PZQ
(A) in the extract stream was 97%, and the optical purity of the L-PZQ (B) in the
raffinate stream was 100%. Despite the high optical purity in the extract stream, the
complete separation did not occur mainly because the number of columns per zone
is finite; the fifth fundamental consideration imposed by the equilibrium theory (i.e.,
infinity columns per zone) could never be satisfied. Zones 2 and 3 are responsible
for separating the racemic mixture of praziquantel (PZQ) from the racemic mixture
inlet (Qr), and they had two chromatographic columns each. It is a situation very
far from the infinity number of chromatographic columns imposed by the TMB ap-
proach used to calculate the flow rate of the zones. The same discussion is valid for
zones 1 and 4, responsible for regenerating the solid and liquid phases, respectively,
and each zone had only one chromatographic column. It can be noticed that the
frontier between inside and near (but outside) the borders of the separation area

can be tiny and therefore dificult to be distinguished.

Table 2.13: Comparison of our work, Ching et al.** [I] and Lim et al.** [2]

‘ Run 1 Run 2 Run 3 Run 4 Run 5 Ching et al.* Lim et al.*

éf onr | 055 +0.03 0534 0.05 0.57+0.001 046 £ 0.02 2.02 & 0.04 25 25
Purjx 97 £ 2 99 +1 98.6 £ 0.2 98 +1 98 +1 90.1 85.9
Pur*‘gﬁ}-C 100 £ 0 68 + 2 100 £ 0 78 £ 2 97.1 £ 0.2 93.7 97.5
Rccﬁx 94 £+ 10 47 £ 4 96 £ 3 71+6 90 + 4 94 98
RecﬁR 104 + 10 102 £ 3 100 £ 3 97+ 3 103 £5 90 84
prt 24 £4 11+1 271 £ 2 16 + 3 107 + 4 115 n.a
pr# 27 £ 3 261 284 £ 0.5 22+ 2 125 + 2 110 n.a
DC 48 £ 04 25+ 0.3 2.8 £0.1 29+0.3 1.06 +0.02 0.29 0.35
t% en 3.55 8.78 6.58 8.71 3.55 45.0 30.0

* dispersion of the experiments not available (n.a)
**A and B are the D-PZQ and L-PZQ, respectively
# O=[gL™"] ; Pur=[-] ; Rec=[] ; Pr=[g ke, ;. day™'] ; DC=[g;L '] ; tawitern=|min]

In comparison with Run I, the scenario proposed by the second experiment (Run
2) kept constant the flow rate ratios in zones 1, 2, and 4, but flow rate ratio in zone
3 increased enough to shift the experiment into the contaminated raffinate area (see
Figure . The expected results matched the experimental observations. The
extract stream optical purity of the D-PZQ was 100%, and the raffinate stream
optical purity of the L-PZQ was contaminated mainly by the D-PZQ. As almost no
L-PZQ was detected in the extract stream, its recovery in the raffinate stream was
100%. On the other hand, the D-PZQ went out as a contaminant in the raffinate
stream, this was the reason to observe a dropping in its recovery and, consequently,
a drop in its productivity, while the productivity of L-PZ(Q remained the same as
Run 1.

The third experiment (Run &) maintained the constant flow rate ratios in zones 1,
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3, and 4, while the flow rate ratio in zone 2 decreased enough to shift the experiment
into the contaminated extract area (see Figure . Therefore, high recoveries of
both enantiomers helped to maintain the productivity of both enantiomers in the
same level of Run 1. The L-PZQ, 98.6%, slightly contaminated the extract stream,
and the optical purity of the L-PZQ in the raffinate was 100%. This experiment ran
outside but close to the triangle of separation.

The fourth experiment (Run 4 ) intended to shift the SMB unit near the vertex of
the triangle. At this point, the separation should still occur, but now with maximum
productivity and less (but not minimum) desorbent consumption. This situation is
a desired operating point, but unfortunately, it is not a robust operation because
operation turns to be very sensitive to temperature changes (i.e., oscillation of ther-
modynamic parameters), fluctuations of the flow rate delivered by the pumps, and
a finite number of columns in a real SMB unit. As expected, the operation ran out
of the separation area, culminating in the contamination of the raffinate stream and
a highly purified extract stream. This experiment evidences the necessity of good
control strategies in order to shift the SMB unit operation as near as possible to the
triangle vertex. The Run 1, Run 2, Run 3, and Run 4 validated the built-in-house
SMB unit.

The fifth experiment (Run 5) was carried out aiming at a semi-preparative scale.
As a consequence, the productivity increased, and the desorbent consumption de-
creased, both significantly. This situation evidences the most crucial reason to oper-
ate a real SMB unit in higher concentrations (i.e., nonlinear region of the isotherms).

Despite the concentration of the racemic mixture in Ching et al. [I] and Lim et
al. [2] experiments being approximately ten times greater than the fifth experiment
(Run 5). Almost all our SMB unit performance parameters were very near or even
superior (see Table [2.13). In Run 5, the performance parameters related to the
extract stream were very similar or superior in comparison to Ching et al. [I] and
Lim et al. [2]; the high optical purity of D-PZQ is the performance parameter
that stands out. In contrast, the others vary approximately on the same level.
The raffinate stream produced L-PZQ with 97.1% optical purity, 100% recovery,
and productivity 14% greater than the Ching et al. [I] experiment. It is an exciting
scenario because L-PZQ) is the component of significant interest, thanks to its ability
to kill parasitic worms. The comparison of productivity with Lim et al. [2] was not
possible because any information that could calculate the total quantity of CSP was
found. These are fascinating results because an excellent production of high-purity
streams could be produced continuously by our SMB unit. The fifth experiment
did not overcome the desorbent consumption parameter; this happened due to the
high feed concentration of the racemic mixture in the compared works. But, the

desorbent consumption in Run 5 decreased 4.5 times in comparison to Run 1, thanks
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to the increase in the feed concentration from 1 to 4 gL.™! of the racemate. It is
important to emphasize that the feed concentrations reported in literature works
are 12.5 times higher than in Run 5. The presence of zone 4 (i.e., desorbent recycle
stream) decreases the fresh desorbent consumption, which is highly desired towards
the preparative scale.

Another important feature was the much faster dynamic of the present SMB unit.
It is a consequence of the use of cellulose tris(3-chloro-4-methylphenylcarbamate)
(Chiralcel”™ OZ) as CSP. This CSP improved a lot the separation efficiency due to
the better mechanical stability in comparison to MCTA and its molecular structure,
which has particular substituents situated in the aromatic rings of the polysaccha-
ride phenyl moiety (for more details, see [55, [64]). The latter feature makes this CSP
not soluble in polar desorbents (like ethanol), and this is highly desirable, as PZQ
has excellent solubility in ethanol. Besides that, the interstitial porosity in each
chromatographic column was very high, allowing an excellent interface between lig-
uid and solid phases. Our unit achieved the Cyclic Steady State (CSS) much faster,
approximately 106 minutes in Run 5, while the work of Ching et al. [I] achieved
the CSS in 540 minutes (= 9 hours), and the work of Lim et al. [2] was not evident
when the SMB unit achieved the CSS, but 30 minutes to switch the valves, 8 chro-
matographic columns and MCTA as CSP should make the unit achieve the CSS in
some hours (> 106 minutes).

Run 1, Run 8 and Run 5 produced high purity of both streams, especially for
Run 1 and Run 3, which produced 100% purity of L-PZQ in the raffinate stream.
The importance of L-PZ(Q is not restricted to being the active principle against
Schistosoma. Modifications in the L-PZ(Q molecular structure have been the subject
of research to make L-PZ(Q more active against more resistant parasites and juvenile
ones. Moreover, all the raffinate streams produced L-PZQ) in a concentration higher
than the produced D-PZQ in the extract streams.

All runnings produced high purity of D-PZQ in the extract stream. This situation
is of utmost importance for racemization studies; once a racemate is produced from
pure D-PZQ. Producing racemate from pure D-PZQ should allow better process
performance parameters once part of the extract outlet stream could be reintroduced

in the racemic solution inlet stream.

2.7.4 Adjustment of the volumetric flow rate of zone 2 (Q>)

As explained in the methodology section of this chapter, the external flow rates could
be experimentally determined or inferred, but the internal ones could not. With the
help of the software developed in our group [59] and presented in Section [2.6.3] the

calculated enantiomeric concentrations in the outlet streams were compared with
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the experimental ones, both in the CSS, by the Root of Sum of Squared Residuals
(RSSR), 7. As can be observed from Figure , the Qo changes of 5% and 10%
presented null v for almost all the experiments carried out (i.e., Run 1, Run 2, Run
3, and Run 4).
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Figure 2.11: The behavior of v vs. A% Q. The 5% and 10% change in Q, were
highlighted because almost all runnings presented null v between these values.

2.8 Conclusions

The built SMB unit was tested in different conditions, and almost all of them kept at
least one high optical purity stream. In Run 1 and Run 3, the L-PZQ was produced
in the raffinate stream with 100% optical purity. In Run 2, the extract stream was
produced with 100% of optical purity. When the optical purity was high, the recov-
ery percentage and productivity were kept high too. The time needed to achieve the
CSS was also advantageous compared with the literature due to the shorter switch-
ing time and better stationary phase. Many performance parameters surpassed the
literature works, which used high concentration, 50 g.L.=! of the racemic mixture.
The built-in-house SMB unit can operate with better performance parameters but
using lower rac-PZQ concentration.

The SMB unit design, together with the high-performance cellulose tris(3-chloro-
4-methyl-phenylcarbamate) (Chiralcel”™ OZ) as a CSP, allowed to separate the
enantiomers efficiently. It is essential to keep in mind that the active principle, L-
PZQ), is desired, but also the D-PZQ is needed with high optical purity too, as both
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of them could be required for many different applications.

The software developed in our group was an advantage to determine the real ()9
better once the external flow rates and outlet and inlet concentrations are available
to feed the simulator. The determination of ()5 helped to interpret better the SMB
separations that occurred in the CSS because it allowed simulating the experiments
more realistically without imposing a TMB model to interpret the results as done in
the equilibrium theory. However, the intrinsic dynamics of each experiment cannot
yet be determined without proper online measuring equipment, which could quantify

each enantiomer in the outlet streams. This issue is the subject of the next chapter.
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Chapter 3

Online measurement of

praziquantel

The main focus of this chapter is to calibrate and validate the chiral detector equip-
ment responsible for measuring the concentration of different enantiomers, even if

both enantiomers are in the same solution.

3.1 Introduction

There is a growing need for analytical and preparative separation methods, and,
consequently, there is a rising demand for fast and accurate chiral identification
coming from these methods. Many separation-based methods have been used to
identify chiral enantiomers (i.e., HPLC and gas chromatography). However, these
techniques require much time to identify enantiomers, making them unsuitable for
online measurements [65, [66]. Fortunately, new methods for the determination of
enantiomers have emerged, and spectroscopy is one of them.

Spectroscopy has high sensitivity, good selectivity, and high response speed.
Many techniques, including ultraviolet and visible (UV-vis) and circular dichro-
ism (CD) spectroscopy, have been explored. The former, when combined with other
spectroscopy techniques, offers essential information, for instance, about molecular
structures [67] and material characterization [68, 69]. CD spectra are an essen-
tial tool to recognize and quantify chiral enantiomers (e.g., for medical diagnostics)
[70H74], to determine absolute configurations and secondary structures of macro-
molecules [75H83], and so forth. Many types of research and reviews about UV-vis
and CD absorption can be found elsewhere [67], 84] 85].

CD spectroscopy was the chosen technique because it handles the quantification
of enantiomers with high precision and fast response [86]. This technique responds

directly to the intrinsic optical activity of chiral molecules |71} [87]; this means that
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the chiral center of the molecule interacts with the incident polarized electromag-
netic radiation by electronic absorption at a wavelength [81]. This interaction al-
lows selective detection while achiral compounds surrounding the chiral molecules
are transparent [88]. The first usage of this technique was to study absolute con-
figurations and secondary structures of macromolecules in the 1960s [85]. In 1980,
DRAKE et al. [89] used for the first time information coming simultaneously from
the CD absorption (difference absorption of left- and right-circularly polarized light,
AA = Ap - Ap) and UV-vis (average absorption of Ay and Az, A = Ap + Ag [84])
to calculate their ratio, known as g-factor (also known as anisotropy or dissymmetry
factor). The authors observed an invariant and equal, but opposite in sign, g-factor
values for the extremes of enantiomeric excess (ee), indicating pure fractions of each

enantiomer. Equation shows the relationship between ee and g-factor (g):

AA Oy —C
A S+ O (3:1)

where C is the enantiomer concentration, and subscripts 1 and 2 denote a generic

9

pair of enantiomers. It was also observed that in-between these limits, the ee of
intermediate fractions could be determined too. The output of UV-vis and CD
instruments are usually measured in Abs and mdeg (ellipticity), respectively [84].
After that, many works came using this approach [80, [90H97]. BERTUCCI et al.
[90] and SALVADORI et al. [01] studied the simultaneous absorption of UV-vis and
CD coming from an HPLC using a chiral stationary phase; the g-factor approach
was used to optimize the collection of enantiomeric fractions with high purity in
preparative chromatography and the last one used the information coming from CD
to recognize the absolute stereochemistry of the eluted enantiomers. ZUKOWSKI
et al. [92] used CD-UV detectors in series for g-factor calculation. The main ad-
vantage of this approach is the possibility to choose a different wavelength for UV
and CD absorptions, which permitted to choose a wavelength of maximum sensitiv-
ity in the CD detector; on the other hand, the detection was limited in situations
of large or small ee. BERTUCCI et al. [80] and SONG et al. [95] used simulta-
neous absorption of CD and UV-vis in a nonchiral HPLC system to validate the
relationship between ee and g-factor for different enantiomeric drugs and glucose,
respectively. SANCHEZ et al. [93] created a method to measure the ee of mixtures
of bupivacaine enantiomers using the anisotropy factor. LECOEUR-LORIN et al.
[94] studied a molecule with two chiral center, benzoxathiepin, and an a-factor was
defined as a dimensionless parameter related to diastereoisomers (analogous to g-
factor for stereoisomers with one chiral center). The UV-vis and CD absorption were
simultaneously recorded, and a relationship among diastereoisomeric purity, enan-
tiomeric purity, and a-factor was proposed. HAN e MARTIN [96] calculated the
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g-factor coming from membrane permeate to get its ee of 1-phenylethanol. TANG
et al. [97] studied the nonlinear absorption for CD and UV to calculate the ee for
different enantiomers in order to test the developed method.

The main drawback of the use of the g-factor is that enantiomer concentrations
remain unknown. For many analytical purposes, concentration could not be essential
to be determined. However, for preparative purposes, concentration is vital to be
known in order to accomplish control tasks mainly in continuous chromatographic
separations |49 98, [99]. Besides that, most works usually studied the limiting case,
where the ee and g-factor have a linear relationship. This limiting case is known as
the Beer-Lambert-Bouguer law [100} 101]. In short, this law works when the average
distances between molecules in a solvent (e.g., enantiomers) are not small enough
to affect the charge distribution of surrounding molecules. This scenario vanishes
at higher concentrations or even when concentration is not too high, but there
are significant associations between solvent-enantiomer, enantiomer-enantiomer, or
both. [100, 102].

The novelty of this chapter is the development of an online measurement system
for enantiomers using an empirical mathematical relationship between UV-vis/CD
signals recorded simultaneously and the concentration of each praziquantel enan-

tiomer, which have significant nonlinear behavior even at small concentrations.

3.2 Materials and methods

3.2.1 DMaterials

e Ethanol HPLC grade was the solvent, provided by Biograde (Brazil);

e Racemic mixture of praziquantel with pharmaceutical-grade was manufactured
by Yixing Xingyu Medical Chemical Co. and provided by Farmanguinhos

(Rio de Janeiro, Brazil), and their molecular structure formula is presented in

C

Figure 3.1: Molecular structure of praziquantel.

Figure |3.1] .
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3.2.2 Equipment

The equipment used in the HPLC system and in the SMB unit was described in
Section 2.5.1]

The calibration was done using a Chiral Detector [[] (CD-2095) and an HPLC
pump (PU-2086), both provided by Jasco Company.

3.2.3 Racemate separation into pure enantiomers

The pure levo-praziquantel (L-PZQ) and pure dextro-praziquantel (D-PZQ) were
obtained by separating a racemate using the build-in-house SMB unit. Three run-
nings were made with a 5 g.L.™! of racemate in the feed stream. These runnings
produced raffinate streams with a purity of 99.6% =+ 0.2 of L-PZQ and extract
streams with 98.8% + 0.3 of D-PZQ. The resulting raffinate streams were reallo-
cated in the SMB feed stream again to get L-PZQ with 100% purity. The same

procedure was followed for the extract streams to get pure D-PZQ.

3.2.4 Determination of the wavelength by spectrum mea-

surement

An amount of 1800 uL of a solution of well-known concentration of praziquantel in
ethanol was injected into an HPLC without a chromatographic column and HPLC
pump set to 1 mL.min~!. This injection was repeated for different concentrations
and for each enantiomer (0.25, 0.50, 0.75, 1.00, 1.25, 1.75, 2.00, 2.25, 2.50, 2.75,
3.00 and 3.50 g.L.7!). For each concentration, the experiments were replicated three
times. The baseline spectrum and in the sequence the sample spectrum was mea-
sured by stopped-flow scanning. The latter spectrum was measured at the peak
top of the chromatogram. Each output gave a CD and a UV spectrum for each
concentration and each enantiomer. The spectrum scanning range was fixed from
220 to 420 nm. A Hg-Xe lamp and a monochromator with a relatively wide spectral
bandwidth (20 nm) were used.

For a fixed wavelength, plots of concentration versus signal were compared for
the two enantiomers to find the relationship closer to a linear correlation between
the signal and concentration. This comparison was made using the coefficient of

determination (R?).

IThis equipment records simultaneously the UV-vis and CD signals.
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Figure 3.2: Dotted line circuit: baseline establishment. Full line circuit: Uv-vis
and CD data recorder for a fixed concentration and wavelength. The solvent flow
rate of 1 mL.min~! in both circuits. (1) pure ethanol (dotted circuit)/ praziquantel
solution (full circuit) flask, (2) HPLC pump, and (3) Chiral detector.

3.2.5 Collection of UV-vis and CD data for each PZQ solu-
tion

The methodology below was used to collect UV-vis and CD data for each PZQ
solution (see Figure [3.2)):

1. Ethanol was run in a closed-circuit (dotted line circuit) with an HPLC pump
(2) and a CD-2095 (3). The solvent flow rate was 1 mL.min™';

2. the autozero key was pressed in the CD-2095 when the CD signal voltage was
oscillating in-between 0+£0.03V;

3. after a baseline was observed for both signals; the circuit was changed from
closed-circuit (dotted line circuit) to open-circuit (full line circuit). Therefore,
the flask of pure ethanol (dotted line circuit) was substituted by a flask with

a solution of well-known PZQ concentration (full line circuit);

4. after a new baseline was established for both signals, the points were recorded,
and subsequently, the mean value and experimental dispersion were calculated

using LabView® software.

The output ranges set in the CD-2095 were 0.04 Abs.(10.mV)~! and 0.0005
deg.(10.mV)~!.

This procedure was repeated for different concentrations of pure enantiomers
(see Table and mixtures with the total concentration of enantiomers of 0.25,
0.75 and 1.00 g.L. ! (see Table . From these tables, it is possible to see that the

concentration range in which the calibration is valid is between 0 and 1.25 gL.=1.

3.2.6 Calibration and validation procedure

The method Leave-One-Out Cross-Validation (LOOCYV) is a particular case of the

cross-validation method, and it was used in this work. In this method, the data of
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mixtures is repeatedly split into a validation set (Qg“l) and a calibration (or training)

set (Qj‘ll). Mathematically, it can be written in the following way:

pur __ pur  pur pury .
QP = L™ Wi Wl b
QM = {w™ wy™, Wt WM Wt Wi

The pair of signals and the related pair of enantiomer concentrations (Spyy
Scp//Cp : Cp) were represented by w in the subsets. Their labels are in Table
and Table [H.2] The union of these two subsets gives the total set, Q:

Q= Qe yQme,

The LOOCV method used consists of leaving the r-th element out of the subset

Q™ which was used as the r-th validation set (2v*), defined as follows:

Qval — {wmiw c sz:ﬂ}
where 7 is the subscript defined as
r={reN|1<r<14}.

Consequently, the 7-th calibration set, Q°, is defined as

Q?Zl — Q\Qval

r o9

that means Q2 is composed of all the elements present in the total set, 2, minus
the 7-th element composing the validation set, Qv

The Calibration step (see Section was the first to be executed and, right
after, the validation step (see Section was executed for each empirical math-

ematical model that followed the expansions below for each calibration subset (7):

m p

SUV,T = Z Z{)\kqu]Z,rC%,r} - f{rjv (/\kqﬂ“) ) (3~3)
k=0q¢=0
m p

SCD,T = Z Z{wkq,rci,quD,r} - fSD (wkq,r) ) (3'4)
k=0 q=0

where SUW is the computed UV signal (Abs), Sop,r is the computed CD signal
(mdeg), Cr, is the r-th calibration set vector of experimental L-PZ(Q) concentration
(9.L71), Cp, is the r-th calibration set vector of experimental D-PZQ concentra-
tion (g.L™!'), A\i, is the parameter associated with UV signal equation, v, is the
parameter associated with CD signal equation, m and p are the upper limits of k

and ¢, respectively, and are defined as
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m,p={m,pe N|0<m,p <2}

The different upper limits generated five different polynomial equations used in
the calibration process (see Equation [3.7)).

1 a S k uv
> {200 Ch )+ 2 (Mo, } = 11
q= =
1 1
2, 2 CiCh) = £
. 12 ko -
Suvr = kz::o qgo{)\kq’TCLCD} = s (3.5)
2 1
k§0 ng{Akq,rC]ZC‘fj} = fi;
2 2
1;::0 qZ::o{)\kq’TC]ZC%} =f5,

It is essential to highlight that the function f{} in Equation [3.7) does not have
interaction terms added to the polynomial equation, which means flU}f says that
each enantiomer gives the same contribution as if it were pure to the UV signal.

The 9, parameters were estimated analogously by replacing UV data with CD
data and the discussion about the fﬁf is similar (Equation .

S q ! k CD
ZO{@/JOWC Lot + kZO{Q/]kO’TCL’T} — £¢T
q= =

1 1
Z E {wkq,rclz,quD,r} = fg:rD
k=0q¢=0

A L2 kg cD
SCD,r = kZ::O q;o{wkq,TCL,rCD,r} = f3,r (36)
2 1
k:Z::O q§0{¢kQ7rC§,TC%,T} = fg'rl‘)
2 2
kX::O qzz:o{kaJ“Clz,TCqD,r} = fBC,rD

3.2.7 Calibration

The calibration was performed with Matlab® tool Isqcurvefit to find the best value

of the objective function, G(Cj,), to find the parameters A, ,, and ¥y,

The problem solved for each calibration subset (r) was:

i G Vg
i G (kg Yiar) 57)

G(Migr, Vkgr) = (SUV,T - SUV,r>2 + (SCD,r - SCD,T)z

where \p,.. is the parameter of the r-th calibration set (Abs L¥t4 g=(-+@)) 4y is
the parameter of the r-th calibration set (mdeg L¥*9 g=(*+9) S\, and gUW are

the r-th calibration set of observed and predicted UV signals (Abs), respectively,
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Scp, and SCD’T are the r-th calibration set of observed and predicted CD signals

(mdeg), respectively, and the initial guess for each parameter is zero.

3.2.8 Validation

The validation problem used Matlab® tool Isqnonlin to find the best value of the

A

objective function, F(C;,), to compute the concentrations. The problem solved was:

min F(C*M)
Ci,'r

A A 2 ~ 2
F(Ciy) = (Svve = Svva)” + (Sens — Seny) (3.8)
subjected to: CA‘” € [0,1.25]

where Sy, and SUW are the r-th validation set of observed and predicted UV
signals (Abs), respectively, Scp, and S(;D’T are the r-th validation set of observed
and predicted CD signals (mdeg), respectively, and the initial guess for each enan-
tiomer concentration is zero. For the sake of clarity, Equations and were
rewritten. However, now the parameters Agq,, and 9, are known from the r-th
calibration procedure (see Subsection 7 and the L- and D-PZQ concentrations

were calculated:

SUVJ“ = Z Z{)‘kq,TCIZ,TCqD,r} = ﬁJV (CL,W CD,T) ) (39)
k=0q=0

SCD,T = Z Z{¢kq,rclz7rCIJD7r} = fSD (CL,M CD,r) ) (310)
k=0 q=0

where C L and C D, are the r-th validation set of calculated concentrations of L-
and D-PZQ (g.L™'), respectively. These calculated concentrations were compared

with the experimental ones using the metric called total Mean Square Error, MSE;
(see Equation [3.12)).

Total Mean Square Error metric

The metric adopted to compare different models performance was the Mean Square
Error (MSE), which is the average of the n sum of squared error of each validation

set r for each enantiomer :

i (C'i,r - éi,r>2
MSE; = = - : (3.11)

where n is the total number of observations (n = 14), C;, is the observed concentra-

tion of enantiomer 7 in the r-th validation set (g.L~!) and the CA'Z-J is the predicted
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concentration of enantiomer ¢ in the r-th validation set (g.L~'). As two MSE were
generated, one for each enantiomer (L-PZQ and D-PZQ), both were summed in
order to get a total, MSE;:

MSE, = MSE;, + MSEp (3.12)

This metric was used to evaluate the performance of each model.

3.3 Results and Discussion

3.3.1 Wavelength determination

There is a range of wavelengths in which the CD signal of D-PZQ is negative and
of L-PZQ is positive. That means the wavelength of interest is in between this
range. The enantiomers’ spectra become indistinct for longer wavelengths and near-
zero; the same is observed for longer wavelengths in the UV spectra. Every tested
concentration presented opposite signs in between 238 nm and 252 nm, as can be
seen in Table [T} Figure illustrates a typical spectrum observed.

The range of concentration between 0.25 to 1.25 g.L=! was chosen in the wave-
length of 242 nm because a linear relationship between the signals and concentrations
of the pure enantiomers was observed. Equation provides the four linear equa-
tions fitted for absorption signal (Syv ), in Abs, and circular dichroism signal (S¢p),

in mdeg, for each pure enantiomer.

Svvr = 0.20.Cy, + 0.03 R? =0.99 (3.13a)
Scp.r = 4.48.Cp + 1.31 R? = 0.99 (3.13b)
Svv.p = 0.13.Cp +0.03 R? = 0.99 (3.13¢)
Sep.p = —3.33.Cp —0.13 R* =0.97 (3.13d)

From these equations, it is possible to state that each enantiomer absorbs UV-
vis and CD signal differently from each other, which means there is no symmetry
in absorption. Furthermore, there are linear correlations between signal and con-
centration of each pure enantiomer in the selected wavelength and concentration

interval.

3.3.2 Searching for the best empiric model

After the calibration and validation steps were applied, the MSE; of all tested empiric
models were calculated and, therefore, Figure could be built. The predictions
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of L-PZQ concentration were systematically better than the D-PZQ concentration.
Thanks to the inability to predict interactions (nonlinear terms) between the enan-
tiomers in the mixtures, the 3-parameters model for both equations of the system
presented the worst prediction of D-PZQ concentration. Keeping the 3 parameters
fixed in the UV equation and increasing the number of parameters in the CD equa-
tion, it could be seen in a general way that the MSE of both enantiomers decreased
in comparison to the 3-parameters CD equation. Therefore, the terms predicting

the interaction between both enantiomers in the mixture are of utmost importance.

3.3.3 Best empiric model
The smallest value of MSE; found was 0.005, and it was predicted by the model

composed of 6 parameters in the UV and CD equations:

2 1 Ak A
Soy = 3 2 I Ch 0% R? =098
RS0 3.14)
2 1 ~k ~q 9 ( .
k=0 q=0
The calculated parameters are presented in Table [3.1]

Table 3.1: Estimated model parameters and their standard deviations

oo £ Ao Aot £ 6o Ao £ 00
0.040 + 0.003  0.119 £ 0.003 0.183 + 0.009
A1+ 0 Ago £ A0 Aot £ Oy
0.005 £ 0.014  0.009 + 0.006 0.493 + 0.012
Yoo £ 0o Vo1 £ 0P P19 £ 01
-0.513 £ 0.073  -2.971 £ 0.077 9.899 £ 0.195
Yy 0P Yoo £ 0o Yoy 0oy
-17.041 + 0.560 -3.405 £ 0.118 9.396 + 1.432

units: A\, = [Abs LFt4 g=(-+0)] )y = [mdeg LF7 g~ (k+9)]

The parameters mean values in Table were calculated as follows:

n

7 Tz_:l{)‘k’qm}

Mg = = (3.15)
and

X ()

Vpg =" (3.16)
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Their standard deviations were calculated as follows:

3

{)‘kq,r - qu}z
! (3.17)

n—1

Ohpg = £1|

and

Tél{wkq,r - @kq}2

n—1

0ppg = £

(3.18)

The comparison between the calculated and the observed concentrations coming
from the validation step was displayed in Figure [3.4, The residuals of the concen-

trations of the enantiomers were evaluated as follows:

R€SL7T = éL,T — OL,r (319)

RGSDW = éD,r — OD,r, (320)

and plotted together with the predicted concentrations (C’Zr) in Figure . The
residuals appear to be generally distributed near zero, suggesting that the chosen
model fitted well the data.

0.03] , ‘ ‘ ‘ < MSE ||
- MSE
¢ MSE,

1
1 1 1

0 L L 1 1
1 12 13 14 15 21 22 2

1 1 1 L L | L 1 1 1
3 24 25 31 32 33 34 35 41 42 43 44 45 51 52 53 54 5%

j (7V:F - validated models)

Figure 3.3: MSEp, MSE; and MSE; for the validated models. They were composed
by one of the UV-vis (Equation and CD (Equation Equations.

It is essential to highlight that Equation has the upper limit of the k-th

power higher than the upper limit of ¢-th power and bearing in mind that the

former is the power of L-PZQ concentration, it adds a power two in the Cp-terms,
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AoCi + X1 CECp

(3.21)
Ua0C3 + 191 C3Cp.

The terms exposed by Equation [3.2]] allowed to increase the predictability of
L-PZQ in the mixtures and without compromise the predictability of D-PZQ in the
same mixture. The comparison of MSEp of other pairs of equations shows that even
when the ¢-th power of Cp is high, the predictability of D-PZQ did not improve.

In Table the standard deviations of A;; and Ay show that these parameters
could not have significant meaning; therefore, two hypothesis were formulated - the

null hypotheses H, and the alternative hypothesis H,. They are:
e Hy: The parameters \;; and g are essential to predict calculations.

e H,: The parameters A\;; and Ay are not essential to predict calculations.

Table 3.2: Estimated model parameters and their confidence intervals

X(]O + ci X()l + ci XlO + ci
0.040 £+ 0.002  0.119 £ 0.002 0.183 £ 0.005
XH + ci XZO + ci Xgl + ci
0.005 £ 0.008  0.009 £ 0.004 0.493 £ 0.007
Yoo £ ci Yo £ Pyp % ci
-0.513 £ 0.042  -2.971 £ 0.044 9.899 + 0.113
Yy £ Yoo £ ci Py % ci
-17.041 £ 0.323 -3.405 £ 0.068 9.396 + 0.827

units: Ay, = [Abs LA g=(+a)] o)y = [mdeg LF+7 g=(-+d)]
ci: confidence interval

The model was rewritten to test the hypothesis:

SUV,T = )\OO,T + )\OI,TCD,T+

+X10,Crr + X21,C7 ,Cp,  R*=0.98 (3.22)
2 1 N N
SCD,?" = kzo 0{¢k‘q,7‘CL7TCqD7T} R2 =0.99
= q:

The equation related to UV absorption in Equation [3.22] was modified, but the
CD absorption equation has not changed compared to Equation [3.14 The pre-
dictability of the modified model has not changed compared to the original model,
as can be seen in Figure 3.4, As the modified model gave good predictions with
fewer parameters, it was the chosen model to read enantiomer concentrations in the
range of 0 and 1.25 gL~
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Figure 3.4: Outer plot: comparison between predicted data (C') and experimental
data (C) of the original (Hp) and modified model (H,). The line is the experi-
mental data identity line. Inner plot: residuals of the original (Hy) enantiomers
concentrations and modified model (H,).

The system’s nonlinearity is also highlighted when observing the point with co-
ordinate (0.19,0.39) of D-PZQ in Figure . The mixture with 0.19 g.L.=! of D-PZQ
and 0.06 g.L.™! of L-PZQ (line 4 in Table presented an ellipticity of -1.3£0.1
mdeg, which lies in-between ellipticity of -1.1£0.2 and -1.540.1 mdeg observed for
pure D-PZQ solutions with 0.25 and 0.50 g.L. ™!, respectively (Table , but the
D-PZQ concentration in the mixture does not remain between the two pure D-
PZQ concentrations. This phenomenon shows that PZQ mixtures near the limit of
pure D-PZQ) solutions present a high nonlinear relationship between the signal and
D-PZQ concentration.

It is essential to highlight that simultaneous absorption of UV-vis and CD still
takes place; what changed compared to previous works is how the data were pro-
cessed. When both information is processed together in the dissymmetry factor,
part of the information is lost because just one independent equation is generated.
On the other hand, when both information is processed independently (i.e., two
independent equations are generated), both enantiomeric concentrations can be cal-

culated (i.e., two independent variables).

3.4 Conclusions

The relationship between the signal and the mixtures with low L-PZQ concentration
showed high nonlinearity. Confidence interval analysis and the approach developed

in this work proved to be essential allies in determining enantiomeric concentrations
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in solutions with D- and L-PZQ. The results could be applied to higher concentra-
tions to quantify enantiomers in a given stream of any separation processes, espe-
cially for the online monitoring of enantiomer purities desired for automatic control

purposes.
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Chapter 4

Open-loop SMB dynamics study

4.1 Introduction

Although the SMB concept was created approximately 60 years ago [42], the model-
based control science related to SMB started in the 90s. Long time delays, dis-
tributed parameters, and mixed discrete and continuous time are some of the odd
characteristics associated with the SMB process [103]. Nowadays, it is common to
operate SMB units, not in the optimal operating point, but at a reasonable distance
due to control difficulties [44, 104]. Many works are investigating different control
strategies, and most of them are purely computational studies. Computational stud-
ies are essential to mature control strategies or to develop new ones. Figure 4.1| helps
visualize important features that computer efforts could help, for instance, the defi-
nition of objective functions, choosing a suitable model, optimization and parameter
estimation strategies, and which variables should be controlled or manipulated.

Nevertheless, there is a gap in which computational studies make a minimal
contribution, the online monitoring systems. Available online monitoring systems
should shape computational studies imposed by the limitations of the former. Bear-
ing in mind the necessity to work in a closed-loop to design control strategies, it
is crucial to have a reliable online measuring of enantiomer concentrations in the
outlet streams. This problem is still an open issue in SMB literature, and it is going
to be discussed in the following paragraphs.

MARTEAU et al. [105] was the first work in open literature dealing with online
measurement, in an SMB plant. A Raman spectroscopy was used to measure four
different points of the concentration profile of the SMB unit, which was used to cor-
rect the operating variables. Data acquisition happened every 15 seconds. However,
this system did not aim to separate optical isomers, it separated C8 aromatics, and
p-xylene was the compound of interest. ZENONI et al. [98] used a UV detector and

polarimeter in series to measure the enantiomer concentration in the extract and
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Figure 4.1: MPC general block diagram usually adopted for SMBs.

raffinate stream. The enantiomer used was the Troger’s base. The validation of the
method was achieved by comparing it with off-line chiral HPLC analysis. Troger’s
base enantiomer is a well-known enantiomer, and it presents linear absorption of
UV light at small concentrations, which facilitates its online monitoring. KLATT
et al. [106] used a combination of a polarimeter and a densimeter to calculate the
fructose and glucose concentrations (details about the experimental setup were pre-
sented elsewhere [I07]). Their work used simulated data from a rigorous process
model to generate a model-based control by model identification. MIHLBACH-
LER et al. [108] used four detectors, two of them were UV detectors installed in
the outlet streams, and the other two were a third UV detector and a polarimeter
in series installed at the outlet of one of the columns. Troger’s base enantiomers
were used to study the SMB separation. Good results were found comparing ex-
perimental data available by the online monitoring system and the simulated data
using an equilibrium-dispersive model. ERDEM et al. [I09] used an actual SMB
plant to separate uridine from guanosine using two multi-wavelength UV detectors
as sensors. As both substances have different UV spectra, two different signals
were obtained (one for each species); therefore, two equations could be constituted.
These equations had two unknown variables (concentrations of each species). Thus,
a zero degree of freedom system could be solved for the concentration of the indi-
vidual species at each measurement. The equations used in calibration had a linear
relationship between concentrations. A time-varying linear model of the SMB pro-
cess was obtained by linearizing the equilibrium dispersive SMB model described
elsewhere [110, I11]. SONG et al. [I12] used the same online measurement system
from previous work to separate uridine from guanosine using a real SMB plant. The

difference from previous work was the applied control strategy. The mathematical
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model used a linear input/output data-based model. This sort of model is used in
the problem of a relatively straightforward least square, which is very fast; on the
other hand, the choice of the input and output sets of variables, the identification of
the process, and the determination and validation of the input/output data-based
prediction model are additional steps to be accomplished. AMANULLAH et al.
[T13] implemented a ’cycle to cycle’ optimizing control for chiral separation in a lab-
oratory SMB plant. The online measurement system was presented earlier by [98].
The guaifenesin enantiomers were used in lower concentrations, allowing, therefore,
a linear calibration. A time delay between UV and polarimeter was observed, and,
consequently, only incomplete information was obtained from the last cycle. Time
delay is inevitable when sensors are in series. This forces any control strategy to act
at each cycle and not at each switching time during an SMB operation. Once again,
a simplified model was used as an SMB model to take actions in a model-based pre-
dictive control. According to GROSSMANN et al. [I14], the polarimeter accuracy is
affected by pressure fluctuations or impurities; therefore, a new monitoring system
was proposed. They developed a monitoring system consisted of automated online
HPLC monitoring sending as feedback information to the control system the con-
centrations of uridine and guanosine coming from the raffinate and extract streams
over one cycle. The main advantages of this new monitoring system are its accuracy
and precision and the fact that impurities little affect the measurement. On the
other hand, a significant time delay is now observed once the measurement starts
at the end of the cycle. The time interval to execute the analysis is in the order
of magnitude of the cycle time. Once more, the model used by the controller was
a simplified state-space linear time-varying model. Other works from the same re-
search group using the same online monitoring and control strategy, but different
solutes can be found elsewhere [115, 116]. ARAUJO et al. [I17] tested a proposed
online monitoring system using the Troger’s base racemate. This online monitor-
ing system was composed of two UV detectors; one was located at the outlet of
one of the columns, and the other one was placed at the outlet of the analytical
HPLC column. The former had the role of measuring the total concentration of
enantiomers, and the latter aimed to give information about the quantity of each
enantiomer. This online monitoring system allowed the conversion into enantiomer
concentrations. MAO et al. [118] used circular dichroism and UV detector in series
to measure the enantiomer concentration of raffinate and extract continuously. A
10 port dual external sampling injection with two 10uL loops was used to measure
both outlet streams during the same experiment. It was the first time that circular
dichroism spectra were used in the online monitoring system of an SMB plant. The
racemic mandelic acid was used in this study. A first-principle model called linear

driving force was used to compare experimental to simulated data. Furthermore,
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the unit worked in an open-loop configuration, i.e., the flow rate leaving zone 4 was
collected in an appropriate glass, and fresh desorbent was introduced into zone 1.
SUVAROV et al. [119] used two UV sensors to determine retention times in each
zone of the SMB plant. This retention time fed a model based on the moving fronts
of concentrations; more details could be found in [120, [121].

Based on the literature review, some critical points could be highlighted; when
non-enantiomeric isomer or similar compounds were separated, the monitoring sys-
tems presented some advantages related to enantiomeric isomers. ERDEM et al.
[109] separated guanosine from uridine using the UV spectra difference between
both. Two multi-wavelength UV detectors were enough to identify their compo-
sition located at an outlet stream of the process. When a racemate needs to be
separated, only the UV spectrum is not enough anymore because UV absorption
is similar for both enantiomers; therefore, UV detectors should give the total con-
centration and not the concentration of each species. Hence, equipment capable
of detecting any change in polarized light should be necessary to complete the in-
formation needed to differentiate each of the enantiomers. Usually, polarimeters or
circular dichroism were used to get this additional information. However, depending
on the adopted strategy, the HPLC process can separate the enantiomers and give
the desired quantity of enantiomers at some point in the SMB processes.

The novelty of this chapter is the possibility of online measurement of concentra-
tions by using the chiral detector equipment, which allowed to analyze the dynamics

of the SMB unit in each experiment.

4.2 Materials and methods

4.2.1 Materials

e Ethanol HPLC grade was the solvent, provided by Biograde (Brazil);

e Racemic mixture of praziquantel with pharmaceutical-grade was manufactured
by Yixing Xingyu Medical Chemical Co. and provided by Farmanguinhos (Rio

de Janeiro, Brazil).

4.2.2 Step experiments

The built-in-house chromatographic unit was presented in Figure 2.8, However, the
chiral detector equipment presented in Section was coupled alternately in the

raffinate or extract stream to online monitoring of the concentration (see Figure

13).
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Collector flask

Figure 4.2: Chiral detector equipment coupled to the SMB unit outlet streams.

The experiments were carried out just once, and they were divided into three
stages: (1) SMB running with solvent in both inlet streams for 1 cycle (see Figure
, (2) SMB running with solvent and solute(s) for 5 cycles before perturbation
and (3) SMB running with solvent and solute(s) for 6 cycles after perturbation was
applied in one of the flow rates (Q2, Qr or Qp), totaling 12 cycles per experiment.
The valves switching time and the pumps flow rate of each experiment before the
perturbation were the same (i.e., in the first and second stages); therefore, they
were considered as if they were just one experiment that was repeated 5 times
({n € N* /1 < n < 5}) and named as Run 6. In other words, Run 6 can be
interpreted as a feed concentration step experiment that changed from 0 to 3 gL~ 1.
Just in the third stage (after step perturbation), the experiments differ from each

other. The experiments were named as follows:

e Run 6: step from 0 to 3 gLt in the feed concentration (second stages);

e Run 7: step of +10% in the Qo pump (third stage)ﬂ;

Run 8: step of -10% in the Qy pump (third stage);

e Run 9: step of -10% in the Qp pump (third stage);

Run 10: step of +10% in the Qr pump (third stage);

Run 11: step of -10% in the Qr pump (third stage).

First Stage:

The same methodology presented in Section [2.6.2] was applied in the first stage.
After this stage, the average of the extract (Qx,,) and raffinate (Qg,,) flow
rates for all switching times ({s € N* / 1 < s < 6}) was performed in the first stage

!The only experiment carried out twice while measuring the raffinate stream.
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of each n experiment:

6

. Z QX,s,n

QX,n - - 6 ’ (41&)
6

. Z QR,s,n

QR,n = % (4.1b)

The flow rates above are the average of the calculated flow rates in each s switch-

ing time of the n*” experiment.

Second Stage:

The same methodology presented in Section [2.6.2] was applied in the second stage.

From the measured outlet flow rates, the other external ones were calculated as

follows:
oY 61 ni 61 ni
Qpp = — QX’8+ AQra (4.2)
i, Fn
and
@D,n = @X,n + @R,n - @F,n' (43)

The entire volume of each outlet stream in the sixth switching time of the sixth
cycle was collected; in the sequence, part of the collected volume was conditioned in
separated vials and analyzed in the HPLC following the filtration and experimental
procedures presented in Section 2.6.1] The concentrations measured in HPLC are
available in Table

To determine the internal flow rates, one of them must be known as a priori;
in this case, Qo is known because an HPLC pump can set it. Unlike the external
flow rates that could be determined experimentally (or inferred), the internal flow
rate could not be measured or inferred; therefore, a posteriori adjustment of Qs was
made as discussed in Section [2.6.3|and presented in Section Once Qy was set,

the other internal flow rates could be calculated:

Q1= Qs+ Qxp (4.4a)
Q30 = Qo + Qpp (4.4b)
@4,n = @2,71 + @F,n - GR,n' (44C)

After the five experiments were carried out, all the flow rates and their experi-
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mental dispersions were calculated:

_ xa,
Q= 3 (4.5a)
|2 @-a)

6Q =\ =L , (4.5b)

4

where Q represents the flow rates (mL.min™!), they were displayed in Table .
The flow rate Q is the average for all n calculated flow rates (Q,,), and the former

was differentiated from the latter by removing the letter n from the index notation.

Third Stage:

It is the SMB experiments used to study its dynamics after step disturbance of +/-
10% in the @2, QF, or Qp flow rates.

After perturbations with the aid of a 5 mL volumetric flask and a stopwatch, the
flow rates of the outlet streams were measured for each switching time in the first
cycle after perturbation (i.e., 6 flow rates of each outlet stream were obtained). The
average flow rates and their experimental dispersions represent the operation in the

6 switching times of the same single experiment:

a) 52::1 QS
Q= 6 (4.6a)
i (Qs - @)2
0Q =1\ (4.6b)

The calculated flow rates were displayed in Tables

From these flow rates, the other external ones were calculated as follows:

— CixQx + CirQp
Or = Ci
i, F

and

Qp=Qx +Qr—Qp. (4.8)

To determine the internal flow rates, one of them must be known as a priori; in

this case, Qo was previously adjusted. Once Qs was set, the other internal flow rates
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were calculated:

Q= Q,+Qx (4.9a)
Q3 =Qy+Qp (4.9b)
Q,=Qy+ Qr — Qg (4.9¢)

The experimental dispersion of each volumetric flow rate was calculated using
Equation [4.6b]

The signals (UV /vis and CD) acquired by the chiral detector equipment, as well
as the instantaneous concentrations calculated from online measurements of these

signals, are available in Appendix [J

4.2.3 Simulation of SMB experiments

The simulated data from the second and third stages were carried out by the software
SiMoBed and SiMoCon. Both software was developed during the dissertation of
ANDRADE [59] using MatLab® R2016a (student license). The details about the
simulation were presented in Section [2.6.3]

Table [4.1] shows the provided information to the software to run the simulations
in this chapter.

4.2.4 Adjustment of volumetric flow rate of zone 2 (Q3) in
the Run 6

As discussed in Section [2.6.3], it was previously assumed that the HPLC pump in
zone 2 delivered exactly the set value, but this may not be true. In the light of
it, the experimental flow rates, switching time, and racemic concentration, together
with the Henry constants and porosity, were used to simulate Run 6. After that,
the simulated outlet concentrations were compared to experimental ones obtained
by offline HPLC measurements by using the Root of Sum of Squared Residuals
(RSSR), ~:

= (O O3+ (@ = C53) + (Can = CE) + (OO
(4.10)
where the superscript sim denotes the simulated data, the absence of superscript
in the equation above implies that the data is experimental. The dynamics of the

richest component of each output stream in each experiment was compared with the
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Table 4.1: Simulation parameters

More- and Less-retained components parameters (A and B)

Thermodynamic parameters Car(gmL™) Cpr(g-mL™")
Table and Table |F1| Tables |C.2| and |C.3| Tables |C.2| and |C.3|
Column parameters
Lcolumn (Cm) Dcolumn (Cm) Pads (g.cm_3) €t,j (_)
10 1 1.00 Table [2.8]
SMB parameters
N2 of columns Columns per zone [z 7 73 74] N2 of cycles
6 1221] 5 (2" stage)/6 (3" stage)
tsw’itch (mll’l) iS'J%/’I?)BLL (mL.min_l)
Tables |C.2| and |C.3| Tables |C.2| and |C.3|
Solver control
N¢ of internal elements Jacobian
120 Numerical
Abs. tolerance Rel. tolerance
10— 1078
Integrator

odelbs - Variable order BDF method

Discretization method

First order backwards finite difference

corresponding simulated curve through the slope of the line drawn on the inflection

point of the curve; therefore the metric used was:

Fi,out = |¢i,out - f%t ; (411&)
I =|Cpr—Caxl, (4.11b)

where ¢; oy Was the slope of the line drawn from the experimental curve (gL~} ;)

and the (/bSBif?% was the slope of the line drawn from the simulated curve (gL~} )
both for the component ¢ in one of the outlet streams that was being measured.
Fourteen simulations were carried out, where steps were applied to ()5. They
were: -25%, -20%, -15%, -12%, -10%, -5%, -1%, 1%, 5%, 10%, 12%, 15%, 20% and
25%. The original runs can be found in Appendix As Qs changed, the other
internal flow rates were recalculated, to satisfy the mass balance. Figure |4.4] shows
the region of separation and regeneration in which the experiment is inserted after

adjusting of the internal flow rates.
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4.3 Results and discussion

As pointed out in Section [4.2.2] all the experiments were similar before the step
disturbance; therefore, this part of the experiments was analyzed as a unique one

called Run 6.

4.3.1 Adjustment of volumetric flow rate of (); in Run 6

Before comparing experimental and simulated data (see Section , the adjust-
ment of volumetric flow rate () was made to find the most accurate value when
comparing the experimental and the simulated step responses. The comparisons
were performed first using the metric v that compares the simulated concentra-
tions with those observed experimentally through a measurement carried out by
the HPLC when both streams achieve the CSS. Furthermore, the dynamics of the
SMB have been revealed due to the online measurement of the chiral detector equip-
ment. With that, the dynamics of the simulations performed considering nonlinear
isotherm were compared with that obtained experimentally through a specific met-
ric, I, as explained in Section [4.2] The I's were calculated just for the simulations
that compose the plateau, and, from Table[G.0] it is possible to see that the smallest
I's were found when Qs changed from -1% to 10%. Once more, the 5% and 10%
changes were among the minimum values observed, as happened in most of the run-
nings carried out in Chapter 2 The value of 5% was chosen because it presented the
lowest value of I'g r between the two choices. Table highlights the new internal

flow rates after the adjustment.

Table 4.2: New internal flow rates after () adjustment

@ Q, Qs Q4
8.20+0.02 532  6.7240.09 4.49+0.11
Qx Qr Qr Qp

2.97£0.02 1.40+0.09 2.23£0.02 3.80+£0.09

4.3.2 Chiral detector validation in the SMB unit - Run 6

From this section on, the simulations carried out in the nonlinear region presented in
Table 4.2| were adopted as the reference one to the steps applied to the variables to
study the SMB dynamics. Before the Q)2 change (second stage), these experiments
were designed to operate inside the triangle of separation and rectangle of regener-
ation. It is convenient to test the developed methodology presented in Chapter

because almost pure outlet streams should be produced from the SMB unit in Run
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Figure 4.3: Behavior of v versus A% Q in the Run 6.

6. This test is an important scenario to validate the calibration by comparing it
with an established methodology used in the HPLC.

Comparison between HPLC and Chiral detector measurements

Figure [1.5] in addition to presenting the first dynamic information of the built SMB
unit, allows validating the concentration measurement made by the chiral detector
equipment with the classic one made by HPLC. The magenta points in Figure
represent the enantiomeric concentration measurements made by the HPLC in the
sixth switching time of the fifth cycle, and they were compared with the L- and
D-PZQ concentration measurements acquired by the chiral detector (the last blue
and red points of the experimental curves). The proximity of the means and the
superposition of the experimental error bars indicate that both techniques result
in similar measurements of enantiomeric concentration, which serves as additional
validation besides the one performed in Chapter [3]

From the concentrations measured from HPLC, it was possible to calculate the
purities of each enantiomer in each outlet stream in the CSS. Table shows that
the SMB unit presented slight contamination in the raffinate stream, while the
extract stream achieved optical purity of 100% considering the experimental error.
The scenario depicted by the equilibrium theory that considers a nonlinear isotherm

allows a satisfactory forecast of slight contamination of the raffinate stream (see
Table to check the experimental conditions).
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Table 4.3: Purities in run 6 after reaching the CSS

‘ HPLC
Pury x | 99£1
PHI"BJDL 98+1

Furthermore, the SMB unit operation oscillates thanks to small changes in the
volumetric flow rates delivered by the pumps, the thermodynamic coefficients, and
the porosity differences among all the chromatographic columns. This scenario
makes the SMB unit operating out of the separation area sometimes (see Figure

. This situation results in contamination of the raffinate stream.

4.3.3 Experimentation versus simulation

It is helpful to compare the experimental data with model predictions to validate
the model and understand some phenomena involved during experimentation.
First of all, the dead time difference between the experimented and simulated
curves was calculated by the time axis distance between the tangents drawn on the
two L-PZQ (D-PZQ) curves in the raffinate (extract) stream illustrated in Run 6.
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Figure 4.4: Equilibrium theory calculated for run 6 considering the nonlinear
isotherm. Blue circle (mg,ms3): inside the separation zone and orange square
(my,my4): inside the regeneration zone. The dashed line on the diagonal is the
identity line. The variation in the separation- and regeneration-region frontiers rep-
resented by dotted lines are due to thermodynamic parameters uncertainties and
feed concentration experimental errors.
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The dead-time values were (see Figure [£.5):

ta.r ~ 4 x n° of switching time; (4.12a)

tax ~ 4 x n° of switching time. (4.12Db)

After the slight adjustment of Q,, it was possible to point out two main differ-
ences from the comparison between experimental and simulated data (see Figure
. The first one was translating the experimental data about the simulated one;
this showed that the dead volume did not play a crucial role in mass transfer re-
sistances in the experiments. The second one was evidenced by the differences in
D-PZQ concentrations in the raffinate stream; this happens due to fluctuations in-
trinsic to the nature of the experiments that allow the unit to operate inside the
raffinate-contaminated area (see Figure [4.4). Once the mathematical model used
was a first-principle model developed in our group ([49, 59]) and it did not account
for dead volume effects, this is an interesting result because it showed that a rel-
atively simple model could give good predictions about the dynamic behavior of
the built SMB unit. This result corroborates with the previous analyzes made in
Section [2.7.2l The Péclet number was analyzed for each enantiomer for each col-
umn. It was found that the advective transport rate is at least 2340 times greater
than the diffusive transport rate inside the chromatographic column for any species
and column. Another dimensionless number used was the mass transfer units (see
Table , which shows that mass transfer surrounding the stationary phase inside
the column is at least 138 times faster than the advection rate of solid phase in an
equivalent TMB process. Furthermore, Table shows that approximately 3% of
the total SMB volume is considered tubing dead volume, which is small enough to
determine the influence on the SMB dynamic.

The experiments shown in the next section were designed to study the dynam-
ics of the SMB unit under different step disturbances. All the perturbations were
applied after the SMB unit has achieved the CSS in Run 6.

4.3.4 + 10% Qs step in the SMB unit - run 7

The first perturbation experiment consisted of applying a step of +10% in the Qs
variable. It is interesting first to analyze the shifting in the CSS region promoted
by the step change in the SMB unit before analyzing its dynamics. According
to the equilibrium theory, Figure [4.6] showed a qualitative prediction of the CSS
that the SMB unit should achieve under the conditions found in Run 7 (see Table
. It can be observed that the unit operated outside the triangle of separation

(more precisely in the raffinate-contaminated area) and in the border between the
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Figure 4.5: Comparison of the concentrations given by HPLC and by the chiral de-
tector - coupled to the raffinate (upper) and the extract stream (lower) alternately
- and computational simulations considering nonlinear isotherm.

rectangle of regeneration and the non-regenerated-liquid-phase area. From Figure
4.7 and Figure [4.8] it can be observed, when the unit achieved the CSS, that the
contamination in the raffinate stream increased more than twice. In contrast, the
extract stream maintained without contaminants, showing total agreement with
what was predicted by the equilibrium theory.

The dynamics of the output streams were also shown in Figure 1.7 and Figure
4.8 A maximum peak was observed in the raffinate stream after approximately 4
switching times, followed by a decrease until near the initial concentration. The
tendency to return to the original value was expected once the inlet and outlet
flow rates remained the same values and there was, practically, no L-PZQ getting
out in the extract stream. The maximum peak of L-PZQ concentration observed
in Figure can be explained by the lower residence time of enantiomers inside
the chromatographic column, which means more L-PZ(Q molecules were dragged
out due to the increased internal flow rates. Consequently, there is even more
significant growth in the concentration of L-PZQ in the zone 3 and after that in
the raffinate stream. The mathematical model based on the first principles showed
good agreement with the experimental data for the L-PZQ in the raffinate stream.
However, the D-PZQ enantiomer presented a smoother dynamic than that predicted
by the model. Once the model did not predict contamination in the raffinate and,
therefore, the dynamics showed a steeper increase trying to arrive at the same level
of stationary state observed experimentally. On the other hand, the experimental

dynamics were smoother since it started from a higher level due to the contamination
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Figure 4.6: Comparison in the separation triangle of run 6 (blue circle) and run
7 (blue triangle) and regeneration rectangle of run 6 (red circle) and run 7 (red
diamond).

observed in the raffinate before perturbation.
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Figure 4.7: Raffinate stream dynamic after a +10% step perturbation in the zone-2
pump, Qz (run 7).

In Figure[4.§] a discrepancy between the experimented and the observed data was

observed; the former showed no contamination in the extract stream by the L-PZQ.
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At the same time, the latter predicted slight contamination, but the contamination
was too small to be a problem, especially when working far from analytical purposes.
No dynamics were observed in the experimental D-PZQ curve, although the model
showed a small dynamic after the disturbance of Q3. The experimental error related
to the extract stream of Run 6 (see Figure suggests that because it is very subtle,

the dynamics after the disturbance may have been hidden by the experimental error.
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Figure 4.8: Extract stream dynamic after a +10% step perturbation in the zone-2
pump, Qy (run 7).

4.3.5 -10% Q; step in the SMB unit - Run 8

The second perturbation experiment consisted of applying a step of -10% in the
(2o variable. As explained in the Run 7 experiment, the shifting in the CSS region
promoted by the step change in the SMB unit was first analyzed before analyz-
ing its dynamics. Figure shows the CSS achieved by the SMB unit under the
conditions found in Run 8 (see Table [C.3). It can be observed that the station-
ary state shifted from the border between the contaminated-raffinate area and the
triangle-of-separation area to the border between the contaminated-extract area
and the triangle-of-separation area in the ms3 x mso plane, and it shifted from in-
side the regenerating area to the border of the solid-phase-non-regenerating area
and the rectangle-of-regeneration area in the m4 x my plane, culminating in slight
raffinate contamination after some switching time. The frequent occurrence of non-
regeneration of the solid phase will cause the contamination of the raffinate a few

switching times later, since the D-PZQ enantiomer accumulated in zone 1, will pass
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to zone 2, later, reaching zone 3 and, finally, contaminating the raffinate stream.
Still, it is important to note in Figure that the operating points, both before and
after the disturbance, highlight the average behavior of the unit. However, there
are natural fluctuations in both flow rates and thermodynamic coefficients that can
cause the unit to operate in conditions other than expected by just analyzing the
average values. Bearing that in mind, when analyzing Figure [4.9] it was observed
that before the step-change in ), minor contamination of the raffinate should be
a possibility indicated by the experimental error and experimentally confirmed by
Figure [4.5] After the step change, the unit should run towards a less contaminated
raffinate if the regeneration point was inside the regeneration area. However, the re-
generation point was inside the solid-phase-non-regenerating area, and this situation

was responsible for contaminating the raffinate stream.

Equilibrium Theor
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Figure 4.9: Comparison in the separation triangle of run 6 (blue circle) and run
8 (blue triangle) and regeneration rectangle of run 6 (red circle) and run 8 (red
diamond).

The dynamics of the output streams are shown in Figure [4.10] and Figure [£.11]
The only experimental curve that did not agree with the simulated curve was the
D-PZQ curve in the raffinate stream. Not coincidentally it was the only situation
in this experiment in which the observed initial steady-state was different from the
predicted one (see Figure . As the initial steady-state presented higher D-PZQ
concentration in relation to the final one, the dynamics were shaped in a smooth
decreasing of D-PZQ) quantity in the raffinate.

The dynamics of the L-PZQ concentration in the raffinate stream decreased after

the negative step change in (). All the internal flow rates decreased after the step
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Figure 4.10: Raffinate stream dynamic after a -10% step perturbation in the zone-2

pump, Qo (run 8).

change and, consequently, the residence time of the enantiomers inside each zone

increased, culminating in a decrease in the amount of L-PZQ leaving zone 3 (i.e.,

being delivered to the raffinate outlet).
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Figure 4.11: Extract stream dynamic after a -10% step perturbation in the zone-2

pump, Qo (run 8).

82



4.3.6 -10% Qp step in the SMB unit - Run 9

The third perturbation experiment consisted of applying a step of -10% in the Qp
variable. The discussion starts with the analysis in the CSS, followed by the analysis
of the dynamics. Figure [4.12] shows the qualitative information about the CSS
achieved by the SMB unit. It can be observed that the stationary state did not
shift in the mg3 x my plane, and it shifted to a higher m,4 position (m; remained
unchanged) in the my4 x my plane. In order to keep the internal flow rate of zone 1
constant, the internal flow rate of zone 4 had to increase in the face of the decrease
suffered by )p, which had a direct consequence in decreasing the flow rate of the
raffinate. It is important to mention that the flow rate in zone 1 and 3 could not
be reduced because both were composed of two flow rates determined by HPLC
pumps, which maintained their nominal flow even after disturbance. After the step
change, the unit started to run in the border between the regenerating area and the

non-regenerating-liquid-phase area.
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Figure 4.12: Comparison in the separation triangle of run 6 (blue circle) and run
9 (blue triangle) and regeneration rectangle of run 6 (red circle) and run 9 (red
diamond).

In Figure [£.14] no trace of L-PZQ was found in the extract stream for the ex-
perimented data, while the simulated data accused contamination. However, the
contamination was so minor that the stream could be considered practically pure.
D-PZQ enantiomer showed an oscillating behavior, but taking into consideration
the experimental error involved in the D-PZ(Q curve presented in Figure 4.5 ap-

proximately + 0.1, and considering that the difference between the maximum and
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the minimum values of this D-PZQ curve was approximately 0.27 gL.=!, it can be

assumed that the oscillation was due to experimental errors.
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Figure 4.13: Raffinate stream dynamic after a -10% step perturbation in the desor-
bent pump, Qp (run 9).

The raffinate stream maintained the same level of contamination in comparison
to the experiment before the disturbance. Considering the fluctuations imposed
by the thermodynamic parameters and by the flow rates experimental errors, the
D-PZQ could likely contaminate the raffinate, which was effectively observed in
Figure The concentration of L-PZQ in the raffinate stream increased because
it became more concentrated, thanks to less desorbent quantity coming in the unit.
The D-PZQ concentration in the extract stream did not change because the quantity
of D-PZQ coming in the unit did not change and all the zones, but the zone 4, flow

rates remained unchanged.

4.3.7 + 10% Qp step in the SMB unit - Run 10

The fourth perturbation experiment consisted of applying a step of +10% in the
Qr variable. The discussion starts with the analysis in the CSS, followed by the
analysis of the dynamics. Figure shows the qualitative information about the
CSS achieved by the SMB unit. It can be observed that the stationary state slightly
shifted to a higher ms position (ms remained unchanged) in the mg x ms plane, and
it did not shift in the m4 x m; plane. It is essential to mention that the flow rates
in zone 1, 2, and 4 could not be changed because they were determined by HPLC

pumps, which maintained their nominal flow even after disturbance. The only flow
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Figure 4.14: Extract stream dynamic after a -10% step perturbation in the desorbent
pump, Qp (run 9).

rate allowed to change was the one in zone 3 (see Figure 4.15)), culminating in an
increased flow of raffinate.
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diamond).

It is important to highlight that the operating points in Figure represent

the average behavior of the unit. However, thanks to fluctuations discussed earlier;
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the unit can operate in conditions other than expected. If the simulated scenario
had occurred, the raffinate would not have been contaminated, as seen in Figure
[4.16] However, taking into account the experimental errors, working outside the
separation area was plausible and happened. As the unit started working in a
condition closer to the borderline, the contamination by D-PZQ increased. Besides,
the D-PZQ contamination in the raffinate was not predicted by the model thanks
to this model’s inability to consider the intrinsic fluctuations; the L-PZQ dynamic
in the raffinate stream showed good agreement between the experimented and the

simulated data.

Raffinate

~ f E | i |

»lé T R e o o e e o o e e o R
| | | | |
T05¢ | | : | :
S = { 1 1 1
0 : { J 1 |

0 6 12 18 24 30 36
N° of switching times (-)

— 0.3r i ! ! ! ! £-D-PZQ (exp)

-—|< i E i i i -[>-D-PZQ (sim)
302 e & s 1 1

EO.I B i B ;::AE—D» B> E\»{zﬁ";%i> B ; '};}{} S [}./?i} BB
| 8 o 77}/;\):,[; N { | | 1
0 -2 | | | | |

N° of switching times (-)

Figure 4.16: Raffinate stream dynamic after a +10% step perturbation in the feed
pump, Qg (run 10).

D-PZQ curve in the extract stream (see Figure presented similar behavior
to that observed for the D-PZQ curve in the extract stream of Figure [£.14] but in
a baseline lower than the predicted by the model. It can be explained by the exit
of part of the D-PZ(Q as a contaminant in the raffinate, therefore decreasing the

amount that leaves in the extract.

4.3.8 -10% Qpr step in the SMB unit - Run 11

The fifth perturbation experiment consisted of applying a step of -10% in the Qg
variable. The discussion starts with the analysis in the CSS, followed by the analysis
of the dynamics. Figure [4.18| shows the qualitative information about the CSS
achieved by the SMB unit. It can be observed that the stationary state slightly

shifted to a lower mg position (mgy remained unchanged) in the mg x my plane, and
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Figure 4.17: Extract stream dynamic after a +10% step perturbation in the feed
pump, Qp (run 10).

it did not shift in the m4 x my plane. It is important to mention that the flow rates
in zone 1, 2, and 4 could not be changed for the same reasons previously discussed
in Run 10. The only flow rate allowed to change was the one in zone 3 (see Figure

4.18)), culminating in decreased flow of raffinate.
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Figure 4.18: Comparison in the separation triangle of run 6 (blue circle) and run
11 (blue triangle) and regeneration rectangle of run 6 (red circle) and run 11 (red
diamond).
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Figure showed good agreement between the predicted and the simulated
data. The slight contamination of D-PZ(Q) remained unchanged, corroborating with
the situation exposed by Figure [£.18] which shows the unit running not far from the

conditions before the perturbation.
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Figure 4.19: Raffinate stream dynamic after a -10% step perturbation in the feed
pump, Qg (run 11).

The D-PZQ curve in the extract stream (see Figure [4.20)) presented similar be-
havior to that observed for the D-PZQ curve in the extract stream of Figure
due to experimental errors. The extract stream was not contaminated by the L-PZQ

as predicted by the model and by the equilibrium theory.

The results above indicate the possibility to use a first-principle mathematical
model mainly after counting the observed dead time, which opens a broad per-
spective once its usage for real-time applications is still scarce, thanks to the high
computational costs required by the nonlinear behavior of the SMB. Usually, the
mathematical model is a linear input/output data-based model. This sort of model
has a low computational cost, but the choice of the input and output sets of vari-
ables, the identification of the process, and the determination and validation of the
input/output data-based prediction model are additional and cumbersome steps,

besides leaving the model hostage to a specific operating point.
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Figure 4.20: Extract stream dynamic after a -10% step perturbation in the feed
pump, Qg (run 11).

4.4 Conclusions

Despite tubes, pumps, and valves between the columns, the comparison between
simulated and experimental data showed that axial dispersion effects related to the
passage through the tubes and the mixing effects related to the passage through
the valves and pumps could be neglected without loss of information. The only
influence of them was reflected in the dead time observed for both extract and
raffinate streams, but in the future, this could be easily accounted for in our software.

The comparison between simulated and experimental data evidenced an excellent
agreement between analyses made in Chapter [2, which disregard the mass transfer
resistances inside the chromatographic columns and the tubing influence inside the
SMB unit (see Appendix . As the calibration made in the chiral detector equip-
ment was designed to detect streams richer in L-PZQ (i.e., raffinate streams), the
L-PZ(Q dynamics were conveniently captured by the online measurement of the raf-
finate stream.

The light of equilibrium theory could explain all the runnings with the help
of experimental errors, which proved to be a vital feature in the prediction of the
experiments carried out in the SMB. When the step concentration was applied at
the beginning of the second stage of the experiment, a dead time was observed in
the outlet streams, indicating that dead time should be taken into account in the
simulation software when step changes in concentration were applied, but, for step

changes in the flow rate, no dead time was observed. The D-PZQ dynamics in the
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extract stream were also conveniently captured since the starting conditions (Run
6), and the applied perturbations moved the operating condition of the unit most

of the time near (or in) the conditions of contaminated raffinate.
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Chapter 5
Conclusions

The built-in-house SMB unit has been validated by passing tests that made the unit
operate on purpose in the different operating conditions proposed by the equilibrium
theory. The characterization of the chromatographic columns showed that mass
transfer resistance could be neglected during the SMB operations. Furthermore, the
small percentage of tubing volume (<3%) indicates that it could be neglected during
the operation time. These hypotheses were confirmed when the SMB dynamics
were revealed by the chiral detector equipment coupled in the raffinate and extract
streams alternately by comparing of L-PZQ (D-PZQ) dynamics in the raffinate
(extract) stream. The step disturbances applied in the flow rates showed good
agreement between experimental and simulated data, as they could be explained
taking into account the equilibrium theory and experimental fluctuations. The step-
change in the concentration presented dead time in both outlets. However, the
dynamics were similar to the simulation results, and, therefore, dead time could be
easily accounted for in the simulation software.

The presented features of the SMB unit, chromatographic columns with cellu-
lose tris(3-chloro-4-methyl-phenylcarbamate) (Chiralcel”™ OZ) as a chiral station-
ary phase, allowed to get superior performance in the separation of PZQ racemate.
Compared to reference works in literature, the latter used high concentration, 50
g.L7! of the racemic mixture in the feed stream, while our SMB unit used low
rac-PZQ concentration.

The chiral detector equipment was calibrated using pure D- and L-PZQ and
solutions with mixtures of both. Most of the mixtures were richer in [.-PZQ, and
this was made purposefully to use, preferably the equipment in the raffinate stream.
The relationship between the signal and the mixtures with low L-PZQ concentration
showed higher nonlinearity, which can be a problem when using it in the raffinate
stream, but further investigations are needed. Confidence interval analysis and the
approach developed during the calibration/validation work proved to be essential

allies in determining enantiomeric concentrations in solutions with D- and L-PZQ.
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The coupling of the SMB unit with the chiral detection equipment allows design-
ing control strategies to be taken at the end of each switching time, unlike the usual
control strategies that make decisions at the end of each cycle. In addition, the
faster dynamics of separation of the PZQ enantiomers compared to the literature

could allow the design of more efficient control strategies.

5.1 Suggestions for further developments

The possible further developments of this work are:

e study of the behavior of the SMB unit in even higher concentrations of PZQ

(nonlinear region of the isotherm);

e use of another enantiomer that has no nonlinearities like the ones presented

by PZQ enantiomer, in order to better characterize the SMB unit;

e execution of experiments with molecules that have no interactions with the
CSP in order to characterize how the dynamics could be without the separa-

tion;
e further improvements in the calibration methodology (e.g., neural networks);

e studies of different control strategies in closed-loop with and without models

to predict the unit’s behavior;

e application of wider steps in the SMB unit to prove the generality of the model

used in the simulations, as well as new starting points could be used;
e test performance in different SMB modes of operation;

e execution of experiments with longer duration.
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Appendix A

Constructed Simulated Moving
Bed unit

This chromatographic unit was built in the LABoratory of Chromatography and
ADSorption (LABCADS) H The general steps to build this unit were:

1. Design steps:

(a) 3D project using AutoCad®2016;
(b) Project of the electrical part;

(¢) Project of the electronic part;
2. Construction steps:

(a) Assembly of the physical parts:
e skid;
e degasser;
e six 8-way valves;
e six 2-way valves;
e two relief valves;
e six chromatographic columns;
e four HPLC pumps; and

e sixteen meters of stainless steel tubing of 1/16" OD;
(b) Development of the interface using LabView ®2012 SP1:

e prior the interface, each piece of equipment was individually auto-

mated using LabView software and proper protocol communication.

'LABCADS composes the complex of laboratories called ATOMS, which congregates profes-
sors, researchers, and students of two academic units of the Federal University of Rio de Janeiro
(UFRJ): (1) The School of Chemistry and (2) the Chemical Engineering Program (PEQ). The
latter belonging to Alberto Luiz Coimbra Institute for Graduate Studies (COPPE)
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(c) integration of the physical part, the developed interface, electrical and
electronic parts. In order to reproduce the Simulated Moving Bed con-

cept.

The constructed SMB unit was composed of four zones and 6 chromatographic
columns with the configuration [1 2 2 1|, which means one column for zone 1, two
columns for zone 2, two columns for zone 3, and one column for zone 4. An HPLC
pump was allocated in zone 2. Previous experiences coming from [62] were used to
choose the configuration adopted in this work. The pipes connecting the columns,
valves, and pumps should be as small as possible because there is no separation inside
them. Two side effects could come out: (1) depending on the tube size (length and
diameter), the dead volume could promote axial dispersion, and (2) the valves and
pumps could promote back mixing effects. The constructed unit has approximately
3% of pipe volume considered as dead volume. Table shows the dead volume

for each zone, and the general view of the unit is illustrated in Figure 2.8

Table A.1: Pipes dead volume (Vyy), useful volume (V,,) and porcentage of dead
volume (%) in each zone.

Volume (cm?) || Zone 1 Zone 2 Zone 3 Zone 4

Viub 0.16 0.42 0.22 0.22
Vo 5.82 11.66 11.66  5.83
% | 267 348 185  3.64

A.1 Electrical part

In Figure[A.]] the electrical part of the SMB unit is represented. Two spots in socket
4 are empty because this unit was designed for eight chromatographic columns, but
just six columns have been used in this work. Two empty spots could also be
observed in socket 8. The main reason is to allow the installation of at least one
circular dichroism (and at mazimum two) to give online measurements of the outlet
streams. This installation is of fundamental importance because it could allow
automatic control, like Model Predictive Control (MPC), to promote the better

performance of the unit.

A.2 Electronic part

The switching command of the valves and the flow rate of the pumps can be changed
from the developed supervisory system, thanks to the electronic part, whose diagram
is represented in Figure [A.2]
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Figure A.1: Electrical part of the SMB unit.

1 HPLC Pump
)

Figure A.2: Electronic part of the SMB unit.

As mentioned earlier, this SMB unit was designed to accommodate up to eight

columns (i.e., eight 2-way valves). Figure shows six 2-way valves, but the Data
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AcQuisitions (DAQs) could undoubtedly hold more 2-way valves, if necessary.

It is important to mention that the electronic and electric parts were accom-
modated in different electrical wire channels, because in the former, the wires have
a voltage of approximately 5 volts and, in the latter, wires have a voltage of ap-
proximately 110 volts. If a bare wire of one touches a bare wire of the other, some

equipment could be seriously damaged.

A.3 Supervisory system

The supervisory system was the main result of the final project to meet the course
requirements of the undergraduate student, Romulo Holanda E] This supervisory
system allows the user to set pump flow rates and valve switching time, as well
as monitoring the pump pressure, valve position and the number of cycles. In the
subsequent figures, some features of the developed supervisory system are given.
Figure illustrates the main supervisory system tab, the “Simulated Moving
Bed (Process Diagram)”. In this tab, it can be observed at the top left corner the
measured pressure in the pumps downstream. In the lower right and left corner, the
8-way valve position, and in the top right corner, the position of the 2-way valve. In
the middle of the tab, a diagram showing which parts of the tubing are active at the
moment of running. For instance, when this picture was captured, the eluent stream
was fed into column 3 and the feed stream in column 6. While the outlet streams
of extract and raffinate were withdrawn right after columns 3 and 1, respectively.
The role of the 8-way valves can be better understood from Figure[A.3] as described

below:

e Valve 8.1 directs the eluent stream to column 3;
e Valve 8.2 directs the racemic solution to column 6;

e Valve 8.3 withdraws the stream from valve 8.5 and directs it to column 4

(i.e., right after the column that received the eluent - column 3);

e Valve 8.6 withdraws the stream from valve 8.4 and directs it to column 2

(i.e., right after the column that received the racemic mixture - column 1).

It is worth mentioning that in-between valves 8.5 and 8.3, there is the extract
stream, and in-between valves 8.4 and 8.6, there is the raffinate stream. The eluent
feed inlet, racemic mixture inlet, extract outlet, and the flow rate in zone 2 were

set, respectively, by 4 HPLC pumps. The position of the 8-way valves points out in

2Rémulo Holanda’s work has been advised by Felipe Coelho Cunha and Professor Amaro Gomes
Barreto Junior
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which position in a cycle the running is (to know in which cycle the running is, it
is necessary to check the “Cycles counter” in the tab named “Valves Controls and
Indicators” (Figure|A.4))). The 2-way valves are responsible for directing the stream
to extract and raffinate outlet, as observed in Figure [A.3] When valves 2.1 and 2.3
are closed, the only options available are the way out in the raffinate and extract
outlet, respectively. The switching time could be set in the “Valves Controls and
Indicators” tab, in the tab named “Controls - Eight-way valves” (see Figure .
The flow rate and the maximum operating pressure of each pump could be set in the
tab named “Pump Controls and Indicators” (see Figure . The dynamic of the
measured pressure could be observed in plots situated in the middle of this tab, and
on the right side, there is the option to record the dynamic behavior of the pressure

in a .txt file.
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Figure A.3: Part of the supervisory system responsible to show the pressure in the pumps downstream, the valves position and in which
tube is the flux.




Figure A.4: Part of the supervisory system responsible to set the switching time of the valves, to show the remaining time to switch the
valves and the completed cycles.
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Appendix B

Calculated errors

This appendix shows how errors were calculated throughout the text.

B.1 Bed Porosity (Gbed,j)

! O€ped.j "
66b€d,j = :i: {Z [at 'J ’ 5t07j7n‘| } Y (B1>
TL*I 07.]7”
where, .
Octeds _ _Vn (B.2)

ato,j,n cholumn

B.2 Henry constant (H; ;)

" [0H,;; 2 OH. 2 7 2y 05
6H =+ L 6t n b 6ta n 5 e n
v {”2231 [ati’jm " 1 i Z [atOJn 7 ] z:: [8€bedjn (e 1 } 7
(B.3)
where,
Hi j ed,] 1
e (B.4a)
81:7;’]"77, 1 — ﬁbedJ to,j,n
aHivj — tl] n €bed,j (B 4b)
atoaj:n tz J,n . 1— €bed,j :
iy _ lt”’” —~ 11 . [ L ey ] . (B.4c)
afbed,j,n to,j,n 1-— €bed,j (1 _ Ebed,j)Q

B.3 Binary Langmuir isotherm parameter (b;)
o, 1 Ton . 12"
6bi:i{[aHi 1 +l8qm ] } : (B.5)
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where,

where

B.4

where,

where,

a1
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Axial diffusion (D) and effective mass

transfer coefficients (keff,m)
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where,

Ohejfig _ 2 FKoag =1 17 Ged (B.14a)
0H, ; Ci;j (Koij + 1) €bea ’

Okesis _ 2 Koig =1 Hij (B.14b)
O€pea Cij (kosj +1)3 €pea

B.5 k liquid internal flow rate, (),, the solid flow

rate, (), 5, and the flow rate ratios, m,

The error of each k liquid internal flow rate, Q,, the solid flow rate, Q,;;, and the

flow rate ratios, my, were calculated as follows:

B ) B 9705
5OTME — 4 (gggg.g@gm) N (322523 .5emt) ] (B.15a)
0Q 01iq = * <8§2€le€[ ) 5€mt> (B.15b)

9 9 0.5
omy, = (a;k% - 5Q;€MB) + (8(222];[ : 5Qsolid> ] - (B.15¢)
where,
—TMB
ZZ;ZSMB _ 1 (B.16a)
—TMB
3§écmt _ ‘;tjut";" (B.16b)
i?ﬁ:l;d _ _m (B.16¢)
82?]@3 N Qslolid (A6
omy Q" (B.16e)

— —5 .
aQSOlid Qsolid

The experimental dispersion of the switching time, dt.,cn, is negligible compared

to the other process variables.
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B.6 SMB performance parameters
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where,
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B.7 Mass balance check-up
The errors were calculated using the equations below:
o 2 o 2) 05
. Mgi o~ Mi
omy,; = + — -0 — - 0C'k; , B.19
i, {[a@k Qk] ' [M’i ] } (B.19)
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where

(T —
— = Cp;
0Qy,
and
Onmg;
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Appendix C

Calculated flow rates and

switching time

Table shows the flow rates, switching times, concentrations in the CSS, and
adimensional coefficients for Run 1, Run 2, Run 3, Run 4, and Run 5. From Run
6 on, the chiral detector equipment started monitoring online the concentrations in
the outlet streams; therefore, in addition to the information previously mentioned,
the slope near the inflection points of the dynamic curves for the richest enantiomer
in the output streams (i.e., raffinate and extract) were also shown (see Table [C.2)).
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Table C.1: Runnings in the SMB unit presented in Chapter *"#

Run 1 Run 2
@1 @2 @3 @4 @1 @2 @3 QAL
8.141+£0.009 5.063 6.0124+0.046 4.038%0.057 || 3.2704+0.004 2.046 2.966+0.099 1.584+0.093
@D @F tswiteh @D @F tswitr:h
4.10340.053 0.94940.046 3.57 1.686+0.089 0.919+0.099 8.82
Qx éA,X 6B,X Qx éA,X 637)(
3.078£0.009 0.16£0.03 < 0.06 1.224+0.004 0.18£0.01 <0.06
@1{ éA,R 68,1% @13 EA,R éB,R
1.97440.045 - 0.28+0.02 1.38240.006 0.17£0.02 0.37£0.01
Peiv_,- Qi Pem- Q; 4
>2340 >157 >2340 <388
Run 3 Run 4
@1 @2 @3 @4 @1 QQ @3 @4
4.364£0.004 2.266 3.258+0.041 2.195+0.043 || 3.325+0.012 1.830 2.833£0.140 1.68240.151
@D QF tsur’i[,ch @D @F tswilch
2.188+0.040 0.973+0.041 6.62 1.643+0.141 1.003+0.140 8.75
@X 6A,X 6B,X @X éA,X 6B,X
2.098+0.004 0.26£0.02 < 0.06 1.49540.012 0.22£0.04 < 0.06
Qr Car Chr Qg Car Cpr
1.064+0.003 - 0.53£0.01 1.150+£0.012 0.12+0.01 0.39£0.03
PCi'j Qy j P(‘LJ QG j
>2340 >291 >2340 >385
Run 5 Ching et al.** [I]
@ Q, Qs Q4 @ Q, Qs Q4
8.109£0.030 5.063 6.243+0.141 4.243+0.128 na na na na
@D @F ts'u."itch @D @F tswitch
3.866+0.153 1.181+0.141 3.57 4.10 0.30 45.0
Qx Cax Cpx Qx Cax Cpx
3.046£0.030 0.70£0.03 < 0.06 2.60 2.71 0.30
@R 6A,R U&R @R UA,R 6B,R
2.000£0.015 < 0.06 1.25£0.02 1.80 0.25 3.74
Pei,j Q5 Peiyj Q4
>2340 >157 na na

*Q=[mL.min"!], tsyiten=[min], C=[g.L~}]
** dispersion of the experiments not available (na)
# A and B are the D-PZQ and L-PZQ, respectively
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Table C.2: Run 6 in the SMB unit presented in Chapter {4| *#

Run 6
@ Q, Qs Qy
8.03+0.03 5.07 6.47+0.09 4.2440.11
Qp Qr Cr
3.79£0.09 1.4040.09 1.69+0.04
Qx Qr
2.9610.03 2.2340.03
—HPLC —HPLC —HPLC —HPLC
C’A,X CB,X C1A,R C'B,R
0.74+0.07 <0.06 <0.06 1.1240.06
—chiral —chiral —chiral —chiral
C’A,X C1B,X C1A,R C1B,R
0.6640.11 - 0.05%0.03 1.06%0.07
bax/0B.R Cswitch Pe; ; QG
0.09/0.16 3.14 > 2340 > 138

*Q=[mL.min"], tsuitcn=[min], C=[g.L 7]
# A and B are the D-PZQ and L-PZQ), respectively
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Table C.3: Runnings in the SMB unit presented in Chapter **#

Run 7 Run 8
Q Q, Qs Q, Qs Q,
8.75£0.06 5.76 7.26£0.02 5. OliO 04 || 7. r5i0 06 4.56 6.14£0.01 3.8940.06
@D QF UF s'u.ztch @F 6F tswit(‘,h
3.74+0.02 1.50£0.02 1.66£0.02 3.14 3. 66i0 01 1.584+0.01 1.66+0.02 3.14
Qx Qr Qx Qr
2.9940.06 2.25%0.05 2.9940.06 2.26+0.05
—~chiral —~chiral —~chiral —~chiral —~chiral —=chiral —~chiral —~chiral
CAX CVBX CAR CBR CAX CBX CAR CBR
0.45 0.01 0.24 £0.04 1.03 £ 0.01 0.87 0.00 0.06 0.87
Peiyj Q; j Pe,,;,j Q; j
>2340 > 138 >2340 > 138
Run 9 Run 10
@1 @2 @5 @4 @1 @2 @3 @4
8.07£0.06 5.07 6.51+0.01 4.67£0.04 || 8.05+0.05 5.07 6.67£0.01 4.314+0.03
@D @F UF Cswitch aD @F 6F Cswitch
3.34+0.15 1.44£0.01 1.72+0.03 3.14 3.74£0.02 1.60£0.01 1.7240.03 3.14
Qx Qr Qx Qr
3.00£0.06 1.8440.05 2.98+0.05 2.36£0.04
—~chiral —~chiral —~chiral —~chiral —~chiral —~chiral —~chiral —~chiral
CAX C’BX CAR CBR CAX CBX C4R CBR
0.62 0.00 0.07 1.21 0.58 0.00 0.12 1.04
Pe;; i Pe;; Qi
>2340 > 138 >2340 > 138
Run 11
@] @2 @3 @4
8.00£0.04 5.07 6.34£0.01  4.25£0.04
QU QF 6F tswitch
3.76+£0.02 1.27£0.01 1.72+0.03 3.14
Qx Qr
2.93£0.04 2.09£0.04
—~chiral —~chiral —~chiral —~chiral
CA,X CB,X CA,R CBH,R
0.72 0.00 0.03 1.12
PCZ‘,]' Qi
>2340 > 138

*Q=[mL.min"Y], teyiten=[min], C=[g.L7}]
# A and B are the D-PZQ and L-PZQ, respectively
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Appendix D
Typical chromatograms

Figure and Figure show typical chromatograms obtained by rac-PZQ and
TTBB injections, respectively. Figure and Figure show typical chro-

matograms from Run 1 to Run 5.
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Figure D.1: Henry coefficients measurement: typical chromatograms originated with
different desorbent flow rates by a 20uL of rac-PZQ injected into an HPLC using a
chromatographic column Chiracel’™OZ. The less-retained peak is the L-PZQ, and
the other one is the D-PZQ.
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Figure D.3: Typical chromatograms of extract and raffinate streams of Run 1, Run
2, Run 3, and Run 4. The less-retained peak is the L-PZ(Q, and the other one is the
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Figure D.4: Typical chromatograms of extract and raffinate streams of Run 5. The
less-retained peak is the L-PZQ, and the other one is the D-PZQ.
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Appendix E

Plate theory and van Deemter

equation

As mentioned earlier, Martin and Synge, in their theoretical studies in 1941, pre-
dicted some ideal situations that could provide better performance to chromato-
graphic processes. Part of these theoretical studies focused on comparing the per-
formance of one column for different experiments or comparing the performance of
different columns for the same experiment. They found a practical way to solve this
issue.

The proposed solution was not a first principle approach but an entirely empir-
ical one. Despite that, it has been proven very useful and efficient in comparing
chromatographic column efficiency. [58].

They divided the column into many theoretical plates in series. Inside each plate,

an important consideration was made [57, [58]:

1. phases were well-mixed

2. solid and liquid phase were in equilibrium;

3. liquid phase passes from one plate to the other right after it;

4. fresh liquid phase is added just to the first plate;

5. the volume of both phases remain constant along the time; and

6. the concentration of solutes in the solid phase was proportional to the concen-

tration of solutes in the liquid phase (i.e., linear isotherm).

Dividing the column into N equal plates, each plate has a total volume equal to
“Votumn/N". Inside each plate, one could find a fraction of “(1 - €,.4)” of solid phase
and a fraction of “€,.4” of the liquid phase. Solving the equation resulted from the

mass balance in the nth plate, considering a linear isotherm and the injection of
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solute as being well described by an ideal Dirac pulse, it is possible to achieve the

following analytical solution [57]:

' NAN N1~ (N/tra)t
f(t; N,N/tg;) = Onii?@):: QRJ) & 1) : (E.1)

In this equation m;,;; is the injected quantity of the solute 7 inside the column (g),

t is the time (min), and C; y is the concentration of solute 7 at the column outlet
(g.mL™'). Equation is known as Gamma distribution function [1]

First and second moments of Gamma Density Function are, respectively [57]:

He = TRy, (E.2a)

tri
= , E.2b
=N (E-2b)

From Equation [E.2D)] it is possible to calculate the number of theoretical plates,
N, of a determined chromatographic column. It is important to highlight that the

above mentioned moments of the Gamma distribution are well-known after the chro-
matogram is obtained. It is also known that Gamma distribution tends to a Gaussian
distribution for limiting cases (i.e., big values of N). Therefore, getting the second
moment of a Gaussian distribution is even simpler from a given chromatogram, so
calculating N becomes much easier.

Commonly, N is not used directly. In practice, the length of the column, L.ojumn
is divided by N, in order to give the High Equivalent to each Theoretical Plate
(HETP). The HETP is commonly used to compare columns performance, its equa-
tion is [45], 57, [58]:

Lcolumn
HETP = E.3
N ? ( )

where the L.ojumn is measured in centimeters, substituting Equation into Equa-
tion [E.3] it is possible to analyze some fundamental concepts related to chromatog-

raphy.

2
HMW:(“)LMW. (E.4)

tR;
Equation [E.4] tells that HETP will become smaller as a consequence of the col-

umn efficiency increase. Thus, as the peak width (o;) becomes narrower, the ef-

!The generic equation for Gamma distribution function is

(B)" zo e

f(x;aaﬁ): (04—1)!
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ficiency increases of power of two. In the limiting case, the peak chromatogram
approximates the initial Dirac pulse given at the column entrance. This situation
will never be achieved because, in real scenarios, efficiency problems will always be
present. Bearing in mind the necessity to separate all solutes in the preparative
chromatography, studying the effects that affect the width of a peak is of utmost

importance.

E.1 van Deemter Equation

The efficiency of the column is intimately related to mass transfer (between solid and
liquid phase) and axial dispersion coefficients throughout the column. A very famous
equation that connects all these parameters is the so-called van Deemter equation.
This equation is not based on first principles but on empirical ones. Despite that,

it is a very useful equation,

B;

Uint
where u;,,; is the interstitial velocity (cm.min™!), A (cm), B (cm®min™!), and C
(min) are parameters that link the axial dispersion coefficient, Dgyiqri, and the
effective mass transfer coefficient, k.ss; [57, 68, [122]. Nevertheless, for preparative
purposes, the B term is usually neglected (see Figure . Hence,

A; and C; are [57, B8]:
2D . .
Ai _ amalﬂ’ (E?&)
Uint
koi \o 1
O, =2 0.0 7 E.7b
(1 + kfo,i) koikesy,i ( )
1 —
kO,i = Hzﬂ (E?C)
€bed

Parameters A; and C; are calculated experimentally, and they are illustrated
in Figure [E.I] After calculating these van Deemter parameters, it is possible to
calculate Dgiari from Equation [E.7a] and kg, from Equation [E.7b]

It is essential to mention that the velocity calculated was not the interstitial
(Wint), but the effective one (u.rs). Therefore, the dispersion calculated was the
apparent (D, ;) one, not the axial one (Dggiq:). See Section for more details.

All these parameters were calculated H;, Deppi, Kefri, and €. These parame-

ters are responsible for providing sufficient information of a given chromatographic
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Figure E.1: Contribution of each term for the van Deemter equation (Equation .

system to mathematical models.
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Appendix F

Binary Langmuir isotherm

parameters

The maximum adsorption capacity, ¢,,, estimated was:

¢m = 97.01 gL~

The parameter b, responsible for quantifying the adsorption interaction constant,

was estimated using the inverse method; based on pulse response experiments (see

Figure [F.1)). They are found in Table

Table F.1: Binary Langmuir thermodynamic parameter

ba (Lg™) bg (Lg™)
0.0964 £+ 0.0030 0.0519 £ 0.0015

The expressions used to compute the experimental errors are available in Ap-
pendix [B]

The authors showed that isotherm was suitable to reproduce experimental data
up to 5 gL.=! per component. Figure shows the equilibrium concentrations
between the liquid and the solid phase. The experiments named Run 1, Run 2, Run

3, Run 4 and Run 5 were carried out in the nonlinear region of the isotherm.
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Figure F.1: Comparison between experimental and calculated data when the racemic concentration injected by the HPLC was 1g.L~*

(upper) and 5g.L 7! (lower). The injected volume was 2mL.
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Appendix G

Simulated concentrations and
RSSR. (v) for each step in Q2

Tables [G.1] [G.2], [G.3] [G.4, and [G.5] show the calculated concentrations of each

enantiomer 7 for each outlet stream (X and R), as well as the RSSR of each step

applied in the Qy variable.
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Table G.1: Run 1 - Simulated data in the nonlinear region of isotherm and RSSR
() for each A% Q3

A%y
— nlin = nlin = nlin —= nlin nlin
Cyux Cpx CA,R CB,R 7 !
-25% Qy
017  0.09 <0.06 0.11 | 0.2
-20% Qo
0.17 004 <0.06 018 | 0.1
-15% Qo
017 <006 - 025 | 00
-12% Qo
017 - - 026 | 00
-10% Qo
017 - - 026 | 00
-5% Qs
017 - - 026 | 00
-1% Qs
017 - - 026 | 00
0% @
017 - - 026 | 00
1% Qs
017 - - 026 | 00
5% Q2
017 - - 026 | 00
10% Q2
016 <0.06 - 025 | 00
12% Qo
015 <0.06 - 024 | 0.0
15% Qq
013 <0.06 - 023 | 0.1
20% Q2
0.08 <006 010 022 | 0.1
25% Q2
004 <0.06 021 017 | 0.2

* The experimental data are in Table m
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Table G.2: Run 2 - Simulated data in the nonlinear region of isotherm and RSSR
() for each A% Q3

A%y

— nlin = nlin = nlin —= nlin nlin

Cyux Cpx CA,R CB,R 71
-25% Qy

0.38 0.08 <0.06 028 | 03
-20% Qs

0.39 <0.06 <0.06 032 | 0.3
-15% Qs

038 - - 033 ] 03
-12% Q,

036 - <006 035 ]| 02
-10% Qs

034 - <006 035 | 02
-5% Qs

030 - 008 035 | 02
-1% Qs

026 - 012 035 | 01
0% @

027 - 013 037 | 01
1% Qs

025 - 013 035 | 01
5% Q2

022 - 016 035 | 00
10% Qs

018 <0.06 019 035 | 0.0
12% Qs

016 <0.06 021 034 | 01
15% Qq

0.13 <006 023 033 | 0.1
20% Qs

0.09 <006 027 032 | 0.1
25% Qs

004 <0.06 031 031 ] 02

* The experimental data are in Table m
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Table G.3: Run 3 - Simulated data in the nonlinear region of isotherm and RSSR
() for each A% Q3

A%y

—nlin s nlin  —Fnlin = nlin ;

Cax Cpx Car Cgr Ay
-25% Qy

027 0.7 <0.06 019 | 04
-20% Qo

027 014 <0.06 026 | 0.3
-15% Qo

027 0.1 - 032 | 02
-12% Qo

0.27  0.09 - 036 | 0.2
-10% Qo

027 007 - 039 | 02
-5% Qs

027 <0.06 - 045 | 0.1
-1% Qs

027 <0.06 - 0.50 | 0.0
0% @

027 <0.06 - 051 | 00
1% Qs

027 <0.06 - 052 | 0.0
5% Q2

027 <0.06 - 052 | 0.0
10% Q2

027 <0.06 - 050 | 00
12% Q>

026 <0.06 - 048 | 0.1
15% Qq

025 <0.06 - 046 | 0.1
20% Q2

022 <0.06 0.09 043 | 0.1
25% Q2

019 006 016 041 | 0.2

* The experimental data are in Table m
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Table G.4: Run 4 - Simulated data in the nonlinear region of isotherm and RSSR
() for each A% Q3

A%y
— nlin = nlin = nlin —= nlin ;
Cyux Cpx CA,R CB,R 7nlm
-25% Qy
030 012 <0.06 025 | 02
-20% Qo
031 009 <0.06 029 | 0.2
-15% Qo
0.31  0.06 - 032 | 02
-12% Qo
031 <006 - 035 ] 02
-10% Qo
031 <006 - 036 | 0.1
-5% Qs
029 - <006 039 | 01
-1% Qs
027 - <0.06 040 | 01
0% Q>
026 - 006 040 | 0.1
1% Qs
026 - 007 040 | 01
5% Q2
023 <006 010 039 | 0.0
10% Q2
021 <0.06 013 038 | 00
12% Qo
020 <0.06 0.5 037 | 0.0
15% Qq
018 <0.06 017 036 | 0.1
20% Q2
0.18 <0.06 017 036 | 0.1
25% Q2
013 0.06 024 033 ] 02

* The experimental data are in Table m
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Table G.5: Run 5 - Simulated data in the nonlinear region of isotherm and RSSR
() for each A% Q3

A%y

— nlin = nlin = nlin —= nlin nlin

Cyux Cpx CA,R CB,R 7 !
-25% Qy

077 0.0 <0.06 101 | 03
-20% Qs

0.78  0.01 - 116 | 0.1
-15% Qs

078 - - 119 | 01
-12% Q,

078 - - 119 | 01
-10% Qs

078 - - 119 | 0.1
-5% Qs

0.71 - - 121 | 01
-1% Qs

060 <0.06 012 120 | 01
0% Q>

058 <006 025 118 | 0.3
1% Qs

055 <0.06 032 116 | 0.3
5% Q2

043 006 050 110 | 0.6
10% Qs

029 012 071 1.01 | 08
12% Qs

025 013 078 098 | 09
15% Qq

018 0.6 0.88 094 | 1.1
20% Qs

010 020 1.02 089 | 1.2
25% Qs

004 023 111 084 | 13

* The experimental data are in Table m
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Table G.6: Run 6 - Simulated data and RSSR (v) for each A% Q3 in nonlinear

isotherm region

A%

Cix Ty Cin Cin v | 0¥% Ten ¢4% Tax |T(=[Tpnr—Tax)
-25% Qy

0.71 048 011 042 0.8 ]| |
-20% Q2

0.73 031 0.08 064 0.6 |
-15% Q>

0.75 0.13 0.06 086 0.3 | |
-12% Qo

0.75 0.06 0.04 096 02| |
-10% Q2

0.76 0.03 0.3 1.01 01013 003 0.15 0.06 | 0.09
-5% @2

0.78 0.00 0.02 106 0.1]0.15 0.01 0.14 0.05 | 0.06
-1% @

0.79 0.00 0.01 107 0.1]0.16 0.00 0.11 0.02 | 0.02
0% Q2

080 0.00 0.00 1.07 0.1]0.16 0.00 0.11 0.02 0.02
1% @,

0.80 0.00 0.00 1.07 0.1]0.16 0.00 0.11 0.02 | 0.02
5% Q2

0.80 0.00 0.00 107 0.1]0.17 0.01 0.10 0.01 | 0.02
10% Q>

0.72 0.00 0.00 1.07 01]0.19 0.03 0.08 0.01 | 0.04
12% Q>

0.67 0.01 0.00 107 0.1]020 0.04 007 0.02 ] 0.06
15% Qq

059 004 021 102 0.2 | |
20% Qo

047 008 042 095 0.5 | |
25% Qo

033 0.3 058 089 0.7 | |

* The experimental data are in Table
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Appendix H

Experiments carried out in the

spectropolarimeter equipment

Table and Table show the data set used in Chapter [3| to cross-validate the

chiral detector equipment.

Table H.1: Data set of pure for calibration

EUV + 6Spyv SCD +0Sep ‘ CD(g.L_l) CL<g.L_1) Label

0.08+0.02 2.3£0.1 0.00 0.26 Wi
0.13+0.02 3.7£0.1 0.00 0.51 wh"
0.18£0.02 4.840.1 0.00 0.75 wh™"
0.23£0.02 6.0+0.1 0.00 1.01 Wit
0.28£0.02 6.7£0.1 0.00 1.25 Wb
0.06£0.02 -1.1+0.2 0.25 0.00 wk"”
0.09+0.01 -1.5£0.1 0.50 0.00 wh”
0.13£0.02 -2.7£0.1 0.75 0.00 Wk
0.16£0.02 -3.7£0.1 1.00 0.00 wh™"
0.19+£0.01 -4.24+0.1 1.26 0.00 wiy”
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Table H.2: Data set of mixtures for calibration/validation

gUV + 6SUV SCD + (SSCD ‘ CD(g.L_l) CL(g.L_1> Label
0.08+0.02 1.9+0.1 0.01 0.24 wmie
0.09£0.02 1.440.1 0.03 0.23 Wy
0.08+0.01 0.2+0.1 0.06 0.19 Wi
0.10-0.02 -1.340.1 0.19 0.06 wmie
0.1940.02 4.54+0.1 0.04 0.71 woie
0.184+0.02 3.9£0.1 0.07 0.67 wiie
0.22+0.02 2.3+0.1 0.19 0.56 Wy
0.1940.02  -0.240.1 0.38 0.38 Wy
0.15+0.02 -2.3£0.2 0.56 0.18 Wy
0.27£0.02 4.940.1 0.05 0.96 Wi
0.2640.02 4.840.1 0.10 0.90 Wi
0.29+0.02 2.0£0.2 0.26 0.76 Wi
0.24£0.02 -0.7£0.1 0.50 0.50 Wi
0.20+0.02 -3.3%0.1 0.75 0.25 Wi
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Appendix 1

Range of wavelength evaluation

In this appendix, Table[[.T|shows the circular dichroism signals obtained for different
concentrations of pure L- and D-PZQ at different wavelengths, and Figure [.1| shows

typical spectra obtained during analysis on the chiral detector equipment.

I.1 Range of wavelength evaluation

CD x Wavelength
T T

CD (mdeg)
I I

—E—LPZQ
T—D-P2Q

I

T B aietolniin ittt s s Sttt

T
i
g

|

]

220 240 260 280 300 320 340 360 380 400
Wavelength (nm)

CD x Wavelength (Zoom between 238 and 252 nm)

CD (mdeg)
o

—E—LPZQ
T—D-PZQ

Wavelength (nm)

UV x Wavelength
T

| | = L L | | | |

0
220 240 260 280 300 320 340 360 380 400
Wavelength (nm)

Figure I.1: Typical spectra obtained in the Chiral Detector equipment, e.g., 0.25
g.L7! of each pure enantiomer. Upper: CD spectrum; Middle: zoom in the CD
spectrum between 238 and 252 nm; Lower: UV spectrum.
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Table I.1: CD signals for different concentrations of pure L- and D-PZQ at different

wavelengths ***
| Wavelength (nm)
‘ 232 234 236 238 240 242 244 246 248 250 252 254
0.25 gL
LPZQ | + + + + + + + + + + + +
DPZQ| - - - - - - - - -
0.50 g.L 7!
LPZQ| + + + [ % + + * ¥ ¥ 4 ¥ +
D-PZQ | - - - - = = = = = = - -
0.75 g.L !
L-PZQ | + + + + + + + + + + + +
DPZQ| - - - - - - +
1.00 g.L!
LPZQ | + + + + + + + + + + + +
DPZQ| + - - - - - - - - +
1.25 g. L7t
LPZQ| + + + [ # + + * ¥ ¥ 4 ¥ +
DPzQ | + L= - I .
1.75 g Lt
L-PZQ | + + + + + + + + + + + +
D-PZQ| + - - - - = - - - =
2.00 gL~
L-PZQ | + + + + + + + + + + + +
D-PZQ| + + - - - = - - - o - -
2.25 gL
L-PZQ | + + + + + + + + + + + +
D-PZQ| + + - - - - - - - -
2.50 g.L !
L-PZQ | + + + + + + + + + + + +
DPZQ| + + - - - = = - - - -
2.75 gL
L-PZQ | + + + + + + + + + +  + +
D-PZQ| + + - - - = - - - - -
3.00 g.L!
L-PZQ | + + + + + + + + + + + +
D-PZQ| + + - - - - - - - -
350 gL
L-PZQ | + + + + + + + + + + + +
DPZQ| + + 4+ - - - - - - +

*Light gray color: opposite CD signals between the L- and D-PZQ pure solutions.
** Dark gray color: range of wavelengths with opposite CD signals for L- and D-PZQ.
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Appendix J

Signals and instantaneous

concentration

This appendix contains the UV /vis and circular dichroism signals acquired by the
chiral detector equipment and the instantaneous concentrations calculated from on-

line measurements of these signals.

J.1 Second (Run 6) and third (Run 7) stages

Raffinate
N | I WIM
| | | | |
0 6 12 18 24 30 36 42 48 54 60 66

N° of switching times (-)
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Figure J.1: Measured UV /vis and CD signals for the second (Run 6.1) and third
(Run 7.1) stages.
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Figure J.2: Instantaneous concentrations for the second (Run 6.1) and third (Run
7.1) stages when the raffinate was measured.
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Figure J.3: Measured UV /vis and CD signals for the second (Run 6.2) and third
(Run 7.2) stages.

J.2 Second (Run 6) and third (Run 8) stages
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Figure J.4: Instantaneous concentrations for the second (Run 6.2) and third (Run
7.2) stages when the raffinate was measured.
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Figure J.5: Measured UV /vis and CD signals for the second (Run 6) and third (Run
7) stages.

J.3 Second (Run 6) and third (Run 9) stages
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Figure J.6: Instantaneous concentrations for the second (Run 6) and third (Run 7)
stages when the extract was measured.
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Figure J.7: Measured UV /vis and CD signals for the second (Run 6) and third (Run
8) stages.

J.4 Second (Run 6) and third (Run 10) stages
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Figure J.8: Instantaneous concentrations for the second (Run 6) and third (Run 8)
stages when the raffinate was measured.
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Figure J.9: Measured UV /vis and CD signals for the second (Run 6) and third (Run
8) stages.

J.5 Second (Run 6) and third (Run 11) stages
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Figure J.10: Instantaneous concentrations for the second (Run 6) and third (Run
8) stages when the extract was measured.
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Figure J.11: Measured UV /vis and CD signals for the second (Run 6) and third
(Run 9) stages.
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Figure J.12: Instantancous concentrations for the second (Run 6) and third (Run
9) stages when the raffinate was measured.
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Figure J.13: Measured UV /vis and CD signals for the second (Run 6) and third
(Run 9) stages.
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Figure J.14: Instantanecous concentrations for the second (Run 6) and third (Run
9) stages when the extract was measured.
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Figure J.15: Measured UV /vis and CD signals for the second (Run 6) and third
(Run 10) stages.

153



Raffinate

—~
—
- 1r
o
©0.5- E
5
0 | | | | | | | | |
0 6 12 18 24 30 36 42 48 54 60 66
N° of switching times (-)
T T T T T T T —D PZ
o 0.3 |
S
5l
£0.1]
0 ll “ “ l
0 ‘ JHIL.lilllulltn (4 I ll“lﬁ\“lu It
0 6 18 24 30 48 54 66

N° of SW|tch|ng times (-)

Figure J.16: Instantancous concentrations for the second (Run 6) and third (Run
10) stages when the raffinate was measured.
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Figure J.17: Measured UV /vis and CD signals for the second (Run 6) and third
(Run 10) stages.
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Figure J.18: Instantaneous concentrations for the second (Run 6) and third (Run
10) stages when the extract was measured.
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Figure J.19: Measured UV /vis and CD signals for the second (Run 6) and third
(Run 11) stages.
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Figure J.20: Instantanecous concentrations for the second (Run 6) and third (Run
11) stages when the raffinate was measured.
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Figure J.21: Measured UV /vis and CD signals for the second (Run 6) and third
(Run 11) stages.
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Figure J.22: Instantaneous concentrations for the second (Run 6) and third (Run
11) stages when the extract was measured.
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Appendix K

Automation of a Simulated
Moving Bed Chromatographic

Process

This appendix shows the next article to be submitted. The main issue of this work

is the supervisory system developed for the built SMB.
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Development in LabVIEW of a Supervisory
System for the Automation of a Simulated
Moving Bed Chromatographic Process

R.C. de Holanda, A.G. Barreto Jr, F.C. Cunha, A.R. Secchi

Abstract — Praziquantel (PZQ) is a racemic mixture
prescribed for Schistosomiases disease treatment. However
only the enantiomer (R)-PZQ presents a proven treatment
efficiency against the infirmity, the (S)-PZQ causing cases
of sickness and vomiting due to its bitter taste. The
Simulated Moving Bed chromatographic system (SMB) is a
well stablish separation process applied in many branches
of the chemical industry, from drug purification stages to
food processing systems. In order to implement and operate
a SMB unity for the PZQ separation, allowing the
production of a medication with proven efficiency and
without side effects, it was developed a LabVIEW
supervisory system. The automation software was capable
of controlling remotely all the equipment present in the
operational unit, such as automatic pumps, multiposition
valves for flowrates position readjustments, and a Circular
Dichroism Chiral Detector, allowing the imposition of a
specific behavior for each one of the process components.
Two different experiments were conducted so that it was
possible to verify the system operational behavior and
efficiency. The first set of results demonstrated that the data
acquisition programming was capable of retrieving
information constantly, evidencing a direct correlation
between the internal liquid pressure and the valving system
position, with mean pressure values around 50 bar. The
second set of results demonstrated the SMB process
efficiency, the Raffinate stream presenting (R)-PZQ high
concentration values with a low presence of (S)-PZQ, with
experimental values equal to 1.0 g/L and 0 g/L respectively.

Keywords — Chemical Engineering,
process, Simulated Moving Bed

LabVIEW, Separation

I. INTRODUCTION

Racemic mixtures are solutions composed by two molecules
that have the same molecular formula one being the mirror
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including sponsor and financial support acknowledgment. For example, “This
work was supported in part by the U.S. Department of Commerce under Grant
BS123456.”

The next few paragraphs should contain the authors’ current affiliations,
including current address and e-mail. For example, F. A. Author is with the

image of the other, therefore they cannot be overlapped. These
molecules are known as enantiomers and are identified by the
initials “R” and “S” [1]. Different racemic mixtures are
produced daily in many branches of the economy, from the food
processing stages up to the pharmaceutical industry [2]. One
example is the medicament Praziquantel (PZQ), prescribed for
the combat and treatment of Schistosomiasis disease. Only the
(R)-PZQ has a proven pharmacological action against the
disease, the (S)-PZQ providing a significant bitterness to the
drug causing cases of seasickness and vomiting [3]. In the last
decades many investments in research and development have
been made targeting the creation of new technologies capable
of producing a drug with a high purity percentage of (R)-PZQ,
increasing the medicament efficiency [4]. Among all proposed
technologies, the Simulated Moving Bed chromatography
process (SMB) shows as a prominent candidate [4].

Differently from the traditional batch chromatographic
process, the SMB simulates the adsorptive phase displacement
in an opposite direction of the feed stream [5]. In a fixed group
of chromatographic columns two inlet streams (Eluent and
Mixture feed) and two outlet streams (Raffinate and Extract)
have their position in the system systematically changed, in the
same sense of the fluid stream flow. These position shifts
happen according to a time specified by the operator being the
responsible for the displacement simulation of the adsorbent
phase [6]. This operational behavior change allows the process
to work continuously improving the system productivity,
decreasing simultaneously the feedstock consumption, such as
the quantity of eluent utilized [6].

The SMB system setup consists basically of a valving system
of a single or multiple valve responsible for input and output
streams position rearrangement in each chromatographic
column, and pumps controlling the process flowrates values [7].
The valving system is considered the SMB separation process
core and it can be designed as a central or distributed valve
system, depending of the flexibility the SMB system must
operate with, each design having its own advantages [8].
Therefore, the design and equipment assembly of a SMB unit is
complex once that depending of the mixture separation to be
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carried out, the most suitable system configuration must be
identified among a considerable quantity of valves, pumps and
transfer lines combinations [9]. Once the system architecture
design is defined the process automation becomes the next
challenge to be overcome. Any laboratorial/industrial unit
automation is a critical task, and concerning a SMB system, it’s
even more crucial once that the unit’s operation and flexibility
relies in its automation routine and control algorithm [10].
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Fig. 1. Simulated moving bed behavior and inlet and outlet streams

rearrangement according to valve position.

Control strategies are import for the operation of a SMB
process once that the optimized unit operation is highly
sensitive to disturbances, such as temperature or feed
composition changes for example, affecting the operation
efficiency [11]. However, in order to stablish a control
procedure over the process behavior is necessary to fully
automate the system setup, controlling remotely the equipment
and monitoring the process parameters [12]. LabVIEW is a
well-known supervision and control software used for SMB
unit automation, being applied in many projects and
experiments involving the separation of racemic mixtures, each
one demanding specific equipment assemblies and operation
modes. [13] developped a SMB unit, controlled by a LabVIEW-
based supervision system, operating with a multiple valving
system for the resolution of cis(R, S)-FTC-ester racemic
mixtures, achieving purity values of 99.8% for the S-FTC-ester
enantiomere. [14] evaluated and described the operation of a
SMB unit using microcrystalline cellulose triacetate (MCTA)
columns and automated by a LabVIEW supervisory system for
the chiral separation of ketamine enantiomers, obtaining
purities values above 99.5% in the raffinate stream ((S)-
ketamine) and 97.7% for (R)-ketamine in the extract stream.
[15] described the operation of a SMB unit controlled by a
LabVIEW-based program for the separation of a racemic
Praziquantel mixture, reporting optimum purity values of 100,0
% for the R-PZQ in the raffinate stream, the extract stream
having a 96.0% of purity for the (S)-PZQ.

In this paper we make a comprehensive description of the
development and experimental evaluation of a supervisory
system in LabVIEW for the operation of a SMB process
capable of retrieving both PZQ enantiomers separately, in
different streams and with high purity thus allowing the
production of a drug with fewer side effects.

Il. MATERIALS AND METHODS

A. Materials

For the experiments a racemic mixture of Praziquantel with
pharmaceutical grade was provided by Farmanguinhos (Rio de
Janeiro, Brazil) and produced by Yixing Xingyu Medical
Chemical Co.

As a solvent it was used Ethanol HPLC grade, provided by
Biograde (Brazil).

B. Equipment

The Simulated Moving Bed chromatography system is
comprised of four pumps PU-2086 provide by Jasco Company.
The communication between the equipment and the PC unit is
made through a standard RS-232 data connection, allowing to
an external supervisory system a remote control over the
equipment functionalities.

TABLE |
JASCO PU-20186 PUMP SERIAL COMMUNICATION SETTINGS AND PROTOCOL

Serial communication settings

Baud Rate (bits/s) 4800
Data bits (bit) 8
Parity None
Stop bits (bits) 2
Flow control RTS/CTS

Serial communication protocol

Retrieve pressure measurement press 1 load p

value flowrate set

0 pump set (Start)
1 pump set (Stop)

Outlet stream value adjustment

Outlet stream start and stopping

This SMB experimental setup operates with two different
types of valves provided by Valco Co., the E8 multiposition
valve and the two-ways valve. The operation of the E8 valve is
performed by an electronic actuator designed around a
microcontroller that operates in 110VCA and consisting of the
actuator itself, a control box with LED/display and 20
conductor interfacial cable. The control is performed by a 20-
pin using TTL digital input/output signals. A BCD-encoded
logic level signal was used in order to access randomly each
position of the valve and recognize its real position, as it’s
described in TABLE II. The control scheme only uses the
“Home” and “Step” wires for the sake of simplicity.



TABLE Il
BCD-ENCODED LOGIC USED FOR E8 VALVE REMOTE CONTROL AND
MONITORING

BCD logic for position random access

Pin “STEP”
PinT’s

Next position
Position 1 (Home)

BCD logic for position monitoring

Position 1 (Home) Pin 1’s
Position 2 Pin 2s
Position 3 Pins 1’s and 2’s
Position 4 Pin4’s
Position 5 Pins 4’s and 1’s
Position 6 Pins 4’s and 2’s

The six two-ways-valves (one per each column) also operates
according to an assembly composed by a control module, a
stepper motor/gearbox and a manual controller, connected to a
24 \/DC power supply. A pin 10-pin connector performs the
control by means of TTL digital input/output signals. By
asserting input pin 5 the actuator goes to Position A, and
asserting input pin 6 it goes to Position B. The microcontroller
indicates that the valve is in Position A driving output pin 3 to
a logic low, maintaining output pin 4 at a logic high. The
opposite behavior is imposed once that the two-ways-valve is
in Position B.

TABLE Il
DIGITAL INPUT/OUTPUT COMMUNICATION PROCEDURE FOR POSITION
REMOTE CONTROL AND REAL TIME POSITION MONITORING

Digital pin for position monitoring
OUTPUT: Position A
OUTPUT: Position B

Pin 3
Pin 4

Digital pins for valve position remote control
Pin 5 INPUT: Position A
Position 6 INPUT: Position B

A Circular Dichroism Chiral Detector CD-2095 provide by
Jasco Co. was used in order to quantify the presence of each
enantiomer in the Raffinate stream, through simultaneous UV-
Vis and circular dichroism (CD) signals measurement. \VVoltage
signals proportional to both the CD and UV-vis signals are
produced by the equipment’s internal control system and
retrieved through a Terminal Block.

Both digital and analog signals transmitted or received from
the equipment are interfaced by a NI DAQ USB-6501
acquisition device, which communicates to the PC Unit through
a USB port.

C. Experimental Setup

The SMB experimental unit was set up according to the
flowsheet shown in Fig. 2. The inlet and outlet tee-connectors
connect the columns to the multiposition and dead-end valves
responsible for the streams periodic position shift. The E8
valves V-8.2, V-8.1 e V-8.3 connected simultaneously to the
column’s inlet T-connectors and pumps deliver respectively
feed, eluent and a recycled stream retrieved from the extract

fluid, in order to control the zones inner streams. The valve V-
8.6 is responsible for recycling the fluid phase. The two
remaining multiposition valves (V-8.4 e V-8.5) are connected
to the outlet T-connectors, collecting the products streams. Both
streams are connected to relief valves assuring safe operational
conditions and maximum pressure values. The raffinate stream
passes then through a Circular Dichroism Chiral Detector being
analyzed.
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Fig. 2. Flowsheet of the experimental setup consisting of four pumps (A, B,
C and D), six chromatographic columns, one Circular Dichroism Chiral
Detector (E), six dead-end valves positioned between the columns, six E8
valves (V-8.1 up to V-8.6) and streamlines representing the unit tubbing.

The software used for the development of the supervisory
system responsible for the SMB unit equipment remote control
and measured data acquisition was the LabVIEW 2015.

D. LabVIEW programming development

1) Jasco PU-2086 pump:

Once one knows the equipment RS232 communication
settings and protocol it’s possible to stablish a connection
between the equipment and the pc unit as so the development
of the supervision programming logic. In the present
application for the serial data transmission and receiving it was
used the VISA block programming tools.

First the RS-232 settings were selected using the VISA
Configure Serial Port block. In order to retrieve the pressure
measured by the pump, to adjust the outlet stream value and to
start or stop the pumping it’s necessary to write to the serial port
the commands specified by the serial communication protocol.
That is done by using the VISA Write Block. Once the pressure
measurement is requested all the bytes sent by the pumps
internal control system are interpreted using simultaneously the
Bytes at Port function and the VISA Read Block.

As it isn’t possible to change simultaneously all three
parameters defined by the communication protocol, it was
necessary to define an internal hierarchy between them. As the
process streams are constant during major part of a given
experiment and the stream is switched on or off only in specific



situations the pressure value requisition is defined as the
priority command.

This behavior was accomplished using different LabVIEW
tools and functions. Once the supervisory is activated, in each
interaction all parameter’s values are stored (Shift Register) and
then compared with the new ones retrieved in the next
interaction (Equal Logical Comparison). If they are equal the
command responsible for the pressure measurement is sent to
the Visa Write Block (Select Function). Otherwise the
command that had its command value changed will be the one
to be sent.

»

(a) (b}

(c)
Fig. 3. LabVIEW tools used for the Jasco pump supervisory system
programming: (a) Select Function, (b) Equal, (c) Shift Register.
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Fig. 4. Logic developed for the selection of the command send to the Visa
Write Block.

2) Valco Multiposition Valve E8:

Differently from the supervisory programming developed for
the four pumps operation, both dead-end and E8 valves signal
transmission and acquisition are configurated by NI DAQmx
Tools. To retrieve or send a digital or analog signal it’s
necessary to select the NI DAQ device and specify the port to
which one given wire of the interfacial cable is connected.
That’s accomplished by selecting DAQmx Start Task block. In
order the read and send a signal to the valve microcontroller it
was used the DAQmx Read and DAQmx Write blocks
respectively.

At each chromatographic operation cycle the E8 valves must
switch positions six times. The position rearrangement from the
first up to the sixth position is controlled by voltage signal drop
over Wire “Step”. Once the E8 valves are in the sixth position

the wire 1’s is taken to 0 volts sending the outlet stream back to
the first position.

All E8 valves must stay in each of the six positions for a
given time period. The control over these six periods of time is
made by a time control matrix. This matrix is connected to a
time counter and at each of the first five time lapses is produced
a logical False signal. At this moment the Wire “Step” is taken
to 0 volt switching the valve outlet stream to the next position,
maintaining the wire ‘1s’ at 5 volts. At the same time a shift
position counter is incremented switching the time controller
present in the time control matrix. Once the sixth time lapse
happens the wire 1°s and ‘Step’ are maintained at 0 and 5 volts
respectively, returning the valve’s outlet stream to the first
position and resetting both shift position counter and control
matrix.
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“qrg"

Fig. 5. Programming logic developed for E8 valve position shifting control.

By retrieving the signals transmitted by the second section
wires it is possible to define the valve operational outlet
position. For the first, second and fourth positions, the ES8
internal controller drops the voltage signal of a single wire. For
positions 3, 5 and 6 the same controller drops the voltage signal
of two specific wires at the same time.

After receiving and reading the voltage signals transmitted
by wires 1’s, 2’s and 4’s the DAQmx Read block produces
logical signals, being True and False correlated to 5 and 0 volt
respectively. The three signals are grouped according to the
equipment instrumentation described in TABLE II. and
compared by the tools And Function and Equal? Function.

Signal produced by
Wire “1's” (0
volt/False)

Indication that
the outlet stream
is in the first

- position

Signal produced

by Wire “2's” (5
volt/True)

.
Signal produced by

Wire “4’s” (5
volt/True)
Programming logic developed for the indication of the first position

Digital Bool _
ILine 1Paint

Fig. 6.
(a: DAQmx Read; b: Equal? Function; c: And Function).




3) Valco two-ways valve:

In this process the two ways valve operates as a dead-end
valve allowing (position A) or blocking (position B) the flow of
a given stream. Differently from the E8 valves the supervisory
system for the dead-end valves wasn’t developed in order to
create a time shift control matrix. Instead it was created a logical
correlation between the position adjustment of the dead-end
valves and the operational position of one given E8 valve. This
logical correlation defines if a specific dead-end valve will or
not block a stream in function of the E8 valve 8.1 operational
position.

TABLE Il
CORRELATION BETWEEN VALVE 8.1 OPERATIONAL POSITION AND ALL DEAD-
END VALVES OPENING AND CLOSURE BEHAVIOR.

Valve 8.1 Dead-end valves operational position
position 21 | 22 ‘ 23 ‘ 24 ‘ 25 ‘ 256
1 B A A A B A
2 A B A A A B
3 B A B A A A
4 A B A B A A
5 A A B A B A
6 A A A B A B

The E8 valve 8.1 logical position indicators signals were
obtained through the usage of a programming block called
Local Variable. This tool allows the user to retrieve a signal of
a given indicator or controller in order to avoid the creation of
new dataflow lines.

Once the time counter responsible for the valve 8.1 shifting
position lapses, the produced logical False signal is compared
to two positions logical signals groupings retrieved from valve
8.1, one related to position A and the other to position B.

Time left until next position shift

End of time count Time counting

No position shifts

VALVE 8.1 VALVE 8.1

Positions 2, 4, 5 and 6 Positions 1 and 3

Voltage signal drop over Wire 5:
Valve shifted to position A

Voltage signal drop over Wire 6:
Valve shifted to position B

Fig. 7.
shifting.

Programming logic developed for remotely control valve 2.1 position

Logical signal produced
by valve 8.1 time counter

Logical signal assembly indicating the
positions in each the dead-end valve
must switch to position A

Logical signal assembly indicating the
positions in each the dead-end valve
must switch to position B

Fig. 8. Comparation between logical signals in order to adjust the position of
a specific dead-end valve.

To retrieve the signals transmitted from the dead-valves
microcontroller it was only used two programming tools:
DAQmx Start Task and DAQmx Read blocks. The valve
microcontroller indicates the equipment operational position
taking to a logical low level the respective wire. Once the valve
is in position A the microcontroller drops the voltage signal of
wire 3, maintaining wire 4 at 5 volts. The opposite happens if
the valve is in position B. The DAQmx Read block identify High
and low levels as True and False logical signals respectively,
indicating to the operator through which operational position
the equipment outlet stream is flowing through.

4) Circular Dichroism Chiral Detector:

Once the voltage signals acquired by the NI device are
proportional to CD and UV values it’s possible to retrieve the
enantiomers concentrations in the Raffinate stream. The
equipment was already calibrated in order to analyze and
quantify both enantiomers. As during the calibration procedure,
the CD and UV ranges were set to 0.0005 deg-(10mV)* and
0.04 AU-(10mV)* respectively, the acquired voltage signals
are adjusted, the UV voltage signal being multiply by 50.0 and
the CD signal by 4.0.

A MATLAB script containing an empiric model that
calculates enantiomer concentrations data from CD and UV
values allows the supervisory system to quantify the presence
of each enantiomers in a given stream. The Circular dichroism
calibration procedure and the scientific work responsible for the
cited empiric model development are described in [16].
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Fig. 9. UV-Vis and CD signals transformed into enantiomers concentration
data.
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I1l. EXPERIMENTS AND RESULTS

A. Experiment 1: SMB process pressure variation over
experiment time:

The first experiment evaluated if the supervisory system was
capable of executing simultaneously all its programmed
functions, adjusting all valves operational positions and
retrieving the measured pressure data from the four pumps. It
was analyzed the measured pressure variation according to each
of the six E8 valves position shifts during two operational
cycles. The SMB process was operated maintaining all E8
valves in each of the six positions during 10 seconds and the
four flowrates with constant values equal to 1.0 g-min™.

The pressure variation measured by the Eluent, Recycle and
Feed pumps reaches a maximum value every time the last
position shift is executed as it can be seen in Fig. 10. Once that
downstream of each one of these three pumps it is located a
given E8 valve, during the last position shift the flowrate is
maintained obstructed for a longer period of time, causing this
high-pressure variation as it’s shown in Fig. 10. The same
operational behavior isn’t observed for the Extract pump once
that a relief valve is located downstream of the equipment.

The actuator takes normally 4.0 seconds to rotate completely,
taking so 0.5 seconds to go from one position to the next in the
case of the E8 valve. Once the Time Counter of each E8 valve
only starts counting when the valve reaches a specific position,
this mechanical behavior causes a growing time delay related
to the position shifts execution at each operational cycle.

B. Experiment 2: Enantiomers concentrations of the Raffinate
outlet stream:

The second experiment observed the CD and UV values
variations in function of the process supervised operational
behavior, following the evolution of each enantiomer
concentration over time in the Raffinate stream. The process
was operated as an open loop-system where the four flowrates
values are independent of the measured enantiomers
concentrations. In this experiment the Recycle pump flowrate
has its value changed at the end of the fifth cycle and maintained
constant until the end of the experiment as it can be seen in
TABLE IV. All E8 and dead-end valves were kept in each
position during 3.14 minutes.

TABLE IV
OPERATING FLOWRATE VALUES FOR THE FOUR PUMPS PRESENT IN THE
SYSTEM (1.0 G-MIND).

Cycles Feed Eluent Extract Recycle
First to fifth 1.433 3.768 3.006 5.068
cycle
Sixth cycle 1.499 3.690 2.986 5.575
forward

The oscillatory profile of the two concentrations values
calculated from the UV and CD measurements happens in
function of the cyclic position shifts. To better interpret the
evolution of these oscillatory values, they were treated using a
Moving Average Filter (MAF) as it’s shown in Fig. 11.

70 4

Pressure (bar)

40 -

30

@
- — = - Next position shift
= = = = &1 position shift

First shift position cycle Second shift position cycle

o

80

70

60

Pressure (bar)

50

40

10 20 30 40 50 60 70 80 90 100 110 120 130 140
Time (s)

(B) = = = - Mext position shift
=== - &1 position shift

First shift position cycle Second shift position cycle

0

&0

70

60

50

Pressure (bar)

40

30

T T T T T T T 1o T T T T T 1
10 20 30 40 50 60 TO B8O 90 100 110 120 130 140
Time (s)

©) = — - - Next positic shift
- = = = §:1 position shift

First shift postion cyele Second shift position cycle

T T

0

Pressure (bar)

404

30

T T T T T L] T T T T T 1
10 20 30 40 SO 60 70 80 90 100 110 120 130 140
Time (s)

(D) = = = - Next position shift
- = == 6:1 position shift

First shift position cycle Second shift position cycle

0

——t— T T T T T
10 20 30 40 50 60 70 80 90 100 110 120 130 140
Time (s)

Fig. 10. Measured pression variation over time (A: Eluent pump;
B: Feed pump; C: Recycle pump; D: Extract pump).
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Fig. 11. Experimental results showing UV, CD, (R)-PZQ and (S)-PZQ
values variation over process time

At the first 20 minutes of the experiment both concentrations
are close to zero do not showing a variance on their values,
indicating that the enantiomers aren’t yet present in the
Raffinate stream. Between 20 and 50 minutes the filtered data
of (R)-PZQ concentration shows a constant growth reaching a
maximum value of 1.0 g-L* with the (S)-PZQ concentration
value still being close to zero, indicating at a first moment that
the SMB is actuating as expected. This steady-state is
maintained until the flowrate value change of all four pumps is
made, that happening after 95 minutes or at the end of the fifth
cycle. After this disturbance in the system both concentrations
start having their values altered. Between 120 and 160 minutes
the (R)-PZQ concentration start dropping slightly reaching a
minimum value of 0.80 g-L™* with the (S)-PZQ concentration
having an augmentation of g-L! in its value. This steady-state
is maintained until the end of the experiment.

I\VV. CONCLUSION

The supervisory system developed in LABVIEW for the
operation a SMB unit was capable of keep a cyclic position shift
behavior in all six E8 and dead-end valves, through a direct
connection between the transmitted and acquired data from all
valves microcontrollers, and operate remotely the four pumps,
retrieving constantly the measured pressure data and adjusting
its flowrate according to the operator needs.

Once that the SMB unit can also acquire data from the
Circular Dichroism Chiral Detector and interpret it by means of
an empiric mathematic model written in MATLAB code, it was
possible to evaluate the system efficiency. The experimental
data indicates that the supervisory system was capable of
imposing in the process the behavior expected for a SMB
chromatographic unit once that it was possible to retrieve in the
Raffinate stream a solution with a significative difference
between the (R) and (S)-PZQ concentrations. The system
reached two different steady-states in function of a step given
in the Recycle pump outlet stream. In the first steady-state the
(R) and (S)-PZQ concentrations mean values were equal
respectively to 1.0 g-L™* and 0.0 g-L%, and 0.80 g-L* and 0.05
g-L* for the second one.
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