% separations

Article

Chiral Separation of Menthol Enantiomers by Simulated Moving
Bed Chromatography: Mathematical Modeling and
Experimental Study

Linhe Sun 2, Ying Yang >* and Jianguo Yu

W) Check for updates

Academic Editor: Victoria Samanidou

Received: 22 January 2026

Revised: 5 February 2026

Accepted: 7 February 2026
Published: 14 February 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

1,2,%

National Engineering Research Center for Integrated Utilization of Salt Lake Resources, East China University
of Science and Technology, 130 Meilong Road, Shanghai 200237, China; y13210001@mail.ecust.edu.cn
Engineering Research Center of Resources Process Engineering, Ministry of Education, East China University
of Science and Technology, 130 Meilong Road, Shanghai 200237, China

*  Correspondence: yyang@ecust.edu.cn (Y.Y.); jgyu@ecust.edu.cn (J.Y.); Tel. /Fax: +86-21-64252170 (Y.Y. & J.Y.)

Abstract

l-menthol is one of the most popular flavors in the world. The separation of menthol
enantiomers is crucial because of the unpleasant taste of d-menthol. This work presents
the chiral separation of racemic menthol by simulated moving bed chromatography for
the first time. Six preparative columns packed with amylose 3,5-dimethylphenylcarbamate
coated on silica gel were used for separation, and a mixture of n-hexane/isopropanol
was selected as the mobile phase. The hydrodynamic properties of the SMB columns
were studied to minimize the packing asymmetry in the SMB experiment. The binary
adsorption isotherm of menthol enantiomers was measured by the adsorption-desorption
method. Fixed-bed batch chromatography was carried out to evaluate the adsorption
kinetic behavior. Mathematical models, considering the mass transfer resistance and axial
dispersion, were applied to describe the dynamics of the chromatographic separation
process. The SMB process for chiral separation of racemic menthol was designed by
evaluating the separation region using simulations. Reasonable agreements were achieved
between the predicted results and the experimental results. Purities for both the extract and
raffinate were above 99.0%, and a productivity of 0.267 gracemate /(Lcsp-min) and a solvent
consumption of 0.431 L/ gracemate Were achieved.

Keywords: l-menthol; chiral separation; liquid chromatography; chiral stationary phase;
simulated moving bed; mathematical modeling

1. Introduction

l-menthol is one of the most popular flavors in the world due to its pleasant odor and
unique cooling effect on the body’s skin [1]. It is widely used in toothpaste, chewing gum:s,
candies, tobacco, and pharmaceuticals. With three chiral centers, the menthol molecule
has eight stereoisomers, containing d, 1-menthol, d I-isomenthol, d,I-neomenthol, and d,1-
neoisomenthol. Apart from l-menthol, the other isomers have an undesirable dusty taste
and less cooling effect [1,2]. I-menthol can be extracted from mint oil by crystallization;
however, the supply of natural I-menthol is subject to the weather and planting area and
cannot satisfy the growing need. Thus, the synthesis of I-menthol with high optical purity
is gaining more attention. Three major synthesis routes, the Symrise (formerly Haarmann
& Reimer) process, the Takasago process, and the BASF process, are used to produce
I-menthol [2].

Separations 2026, 13, 67

https://doi.org/10.3390/separations13020067


https://crossmark.crossref.org/dialog?doi=10.3390/separations13020067&domain=pdf&date_stamp=2026-02-14
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/separations
https://www.mdpi.com
https://doi.org/10.3390/separations13020067

Separations 2026, 13, 67 2 of 26

Figure 1 illustrates the Symrise process for production of menthol. Hydrogenation
of thymol gives a mixture of the eight menthol stereoisomers [3]. Then, racemic menthol
is separated from the mixture by distillation, followed by a transesterification step to
transfer the menthol enantiomers to esters. Finally, I-menthol is obtained via preferential
crystallization and hydrolysis [4], while the other seven isomers were recycled to the
hydrogenation section [3]. The Symrise process has a main drawback of complexity in the
resolution of menthol enantiomers. Moreover, the temperature should be strictly controlled
during enantioselective crystallization [2]. The enzymatic catalysis method was explored
for resolution of racemic menthol in published papers [5-8].
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Figure 1. Schematic diagram of Symrise process for l-menthol synthesis.

thymol

Simulated moving bed (SMB) is an adsorptive separation technique invented by
Universal Oil Products (UOP) for p-xylene separation from C8 aromatic hydrocarbon mix-
tures [9,10]. Over the past few decades, it has been applied increasingly in the production
of sugar [11,12], biochemicals [13,14], fine chemicals [15,16], and pharmaceuticals [17-19].
The conventional SMB process adopts a strategy of periodically switching the inlet and
outlet ports simultaneously to simulate the movement of the solid phase. This strategy
avoids serious damage to the adsorbent while maintaining the concept of countercurrent
movement of the liquid phase and the solid phase in True Moving Bed (TMB). Figure 2
illustrates the operation of the TMB and SMB processes. In a SMB unit, several packed
columns are connected in series. The unit also contains two inlet stream lines, feed and
eluent, and two outlet stream lines, extract and raffinate. The feed solution contains the
mixture subjected to separation, while the extract and raffinate contain higher proportions
of the more-retained component and the less-retained component, respectively. The feed
and eluent are continuously introduced to the unit, and extract and raffinate are continu-
ously withdrawn from the unit. A classic SMB unit with closed-loop configurations can
be divided into four zones by the inlet and outlet lines. Zone I and Zone IV are respon-
sible for regeneration of the stationary phase and mobile phase, respectively, and Zone
IT and Zone III are responsible for purification of the more-retained component and the
less-retained component, respectively. Compared to conventional batch chromatography;,
SMB has significant advantages of continuous operation, reduced solvent consumption,
and higher productivity.

https://doi.org/10.3390/separations13020067


https://doi.org/10.3390/separations13020067

Separations 2026, 13, 67 3 of 26

(a)

Liquid recycle
Zone | Zone 11 Zone 111 Zone IV
|
Eluent  Extract Feed Raffinate
Solid recﬁe
b
®) Liquid recycle
Zone | Zone 11 Zone 111 Zone IV
Eluent Extract Feed Raffinate
Liquid recycle
Zone IV | Zonel Zone 11 Zone 111

Raffinate  Eluent Extract Feed

Figure 2. Schematic diagram of (a) TMB and (b) SMB operations. Blue triangles represent less-retained
component, and orange circles represent more-retained component.

SMB chromatography is an effective method for chiral separation thanks to the
development of the chiral stationary phase (CSP). Considerable efforts have been de-
voted to the synthesis of novel CSPs. To date, saccharide-based, macrocycle-based, and
porous-organic-material-based CSPs have been developed for the separation of different
enantiomers [20]. Among them, saccharide-based CSPs—including cyclodextrin-based,
cellulose-based, amylose-based, and chitosan-based CSPs—were the first to be invented
and are currently the most commonly used [21]. Macrocyclic glycopeptide antibiotics
have a cavity molecular structure, which can interact with enantiomers. The carbohydrate,
peptide, and carboxylic acid or amine groups in its molecular structure provide active
sites for modification [22,23]. Porous organic materials, including metal-organic frame-
works, covalent—-organic frameworks, and porous organic cages, possess high porosity
with uniform pore size and can be readily modified. The development of porous-organic-
material-based CSPs is still ongoing at present.
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Separation of menthol enantiomers by chromatographic methods, including gas chro-
matography (GC) [24,25], reverse-phase high-performance liquid chromatography (HPLC)
with pre-column derivation [26,27], and normal-phase HPLC without pre-column deriva-
tion [28], can be found in published works. However, for large-scale preparative separation,
the conventional GC method is not suitable. Moreover, liquid chromatography with
derivation is less desired than direct liquid chromatographic separation because it is more
complex. Therefore, among these chromatographic separation methods, direct liquid chro-
matography was chosen in this work. To the best of our knowledge, few papers have
reported the direct separation of menthol enantiomers by analytical HPLC, and enantiosep-
aration of racemic menthol by preparative chromatography has not been reported in the
published literature. Previous research shows that, among the CSPs of amylose tris(3,5-
dimethylphenylcarbamate)-coated silica gel, cellulose tris(3,5-dimethylphenylcarbamate)-
coated silica gel, and cellulose tris(4-methylbenzoate)-coated silica gel, only amylose tris(3,5-
dimethylphenylcarbamate)-coated silica gel can effectively separate menthol enantiomers
when n-hexane/isopropanol is used as the mobile phase. n-hexane/isopropanol (95/5)
displays appropriate retention and a selectivity factor of 1.22 at 25 °C in analytical HPLC,
demonstrating prospects for preparative chromatographic separation.

In this work, the SMB technique was employed to separate menthol enantiomers.
Amylose 3,5-dimethylphenylcarbamate coated on silica gel was used as the chiral sta-
tionary phase, and n-hexane/isopropanol (95/5) was selected as the mobile phase. The
competitive adsorption isotherm of racemic menthol on the stationary phase was measured.
Batch chromatography, including frontal chromatography and elution chromatography;,
for resolution of racemic menthol was carried out, and a linear driving force model was
developed to describe the chromatographic separation process. The SMB process for enan-
tioseparation of racemic menthol was designed and conducted. The model predictions
were compared with experimental results. We believe this work provides an alternative
strategy to the current menthol enantiomer resolution method, including transesterification,
enantioselective crystallization and hydrolysis, which may considerably simplify the man-
ufacturing process of synthetic I-menthol. The experimental basic data and mathematical
model could be expected to give clear guidance for the design, scaling-up, and optimization
of enantioseparation of racemic menthol via the SMB technique.

2. Theoretical Background
2.1. Competitive Adsorption Isotherm

The adsorption isotherm is the relationship between the equilibrium adsorbate concen-
tration in solution and adsorbent. To facilitate the modeling of the preparative chromatogra-
phy, various isotherm equations have been proposed to describe the equilibrium isotherm
for multi-component systems. The multi-component Langmuir (LG) isotherm model has
frequently been used in published papers for non-linear adsorption behavior [19,29].

The binary Langmuir isotherm equation is given by

* _ Qmaxbict
= 14 bicy + bacp M
q; QmabeCZ (2)

B 1+ b]C] + b2C2
where ¢; is the concentration of menthol enantiomers in the liquid phase; ¢;* is the solid-
phase concentration in equilibrium with the liquid-phase concentration; subscripti (i = 1, 2)
represents the component in the racemate, where subscript 1 represents the less-retained
enantiomer, and subscript 2 represents the more-retained enantiomer; and Qmax and b; are
the Langmuir adsorption parameters.
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The model equations of the multi-component Langmuir isotherm predict constant
selectivity factors. However, the adsorption selectivity of enantiomers on CSPs usually
decreases with higher racemate concentration. Therefore, the Langmuir isotherm may
not be suitable for the competitive adsorption of enantiomers. To better describe the
adsorption behavior of enantiomers, a linear + Langmuir (LLG) model [18,30], a modified
linear + Langmuir (MLLG) model [31,32], and a bi-Langmuir (BLG) model [33] have been
developed by modifying the Langmuir model.

The LLG model classifies the adsorption sites into two types: a non-selective type with
linear behavior and a selective type with Langmuir behavior.

* Qmaxblcl
= He+ 14 bic1 + brcy ®)
q>2k _ HC2 + QmabeCZ (4)

1+ bl 1+ b2C2
where H is the Henry parameter of the linear adsorption site.

The MLLG model assumes two types of selective adsorption sites, which have linear
and Langmuir behavior, respectively.

Qmaxbl C1

I =Hio+-——"7——
h 17 14 bic1 + bacy

(5)

Qmaxb2c2
1+ blcl + b2C2

where H; is the Henry parameter of the linear adsorption site for the enantiomers.

75 = Haco + (6)

The BLG model assumes two types of selective adsorption sites with Langmuir behavior.

q* _ Qmax,AbA,lcl Qmax,BbB,lcl )
1 1+ bA,lcl + bA,2C2 1+ bB,lcl + bB’2C2
0 = Qmax,aba 202 Qmax,BbB202 ®)

T 14+ bA,1C1 + bA,2C2 1+ bB,1C1 + bB,2C2

where Qmax A, ba ; are the Langmuir parameters of one adsorption site, and Qmayx 8, b ; are
the Langmuir parameters of the other adsorption site.

The parameters in the four isotherm models were obtained by non-linear fitting using
experimental data via the Levenberg—Marquardt method. The evaluation criteria for non-
linear fitting are as follows,

Q=3 ) (’ﬁ,l,M - %‘*,Z,E)z ©)

_ ] SQ
SD =\ 531N (10)

where SQ is the sum of square of the residues; SD represents the standard deviations;
subscript | represents the experimental concentration level of single enantiomer; M is
the total concentration level of single enantiomer measured for competitive isotherm; N
is the parameter number in different adsorption isotherm models; q*; ;g and q*; ; are
the experimental and model-predicted equilibrium solid-phase concentrations of species
i, respectively.

2.2. Modeling of the Single-Column Batch Chromatography

The transport-dispersive model was used in this work to predict the dynamics of the
chromatography process [34,35]. It was developed according to the following assumptions:
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axial-dispersed plug-flow model for liquid flow; linear-driving-force model for the overall
mass transfer; uniform bed porosity and adsorbent particle diameter; isothermal operation;
constant liquid-flow velocity.

For species i, mass balance of the liquid phase and solid phase in a volume element
can be written as the following equations, respectively.

oc; uadc; l—e6 ., 9%¢;

E R R = )
a%‘ _ 6 * )
Fr %K(%' q:) (12)

where g; is the average concentration of menthol enantiomers in the solid phase; ¢ is the
bed porosity; u is the superficial velocity; D,y is the axial dispersion coefficient; K is the
overall mass-transfer coefficient; dp, is the particle diameter of the chiral stationary phase; z
is the axial position of the preparative column; and ¢ is time. Distributed variables c;, g;,
and g;* vary with time during the separation process, and therefore, are functions of both
axial position and time.

The relationship between superficial velocity and the fluid flow rate within the col-

Q

u — —— 13
o (13)

umn is

where Q is the liquid flow rate, and dc is the column diameter.
Multi-component adsorption isotherm

q; = fi(c1,¢2) (14)

Initial conditions
Cil—o2 = Gilj=g. =0 (15)

Danckwerts’ boundary conditions were applied,

ac;
Dax (az)

u
= - (Ci|t,z:o - Ci,in) (16)
t,z=0 €

o)

where L is the length of the column, and ¢; j, is the inlet concentration.

=0 (17)
t,z=L

For both frontal chromatography and elution chromatography,
t <t Ciin = CiF (18)

t > tg, Ciin =0 (19)
where tp is the feeding time of the chromatography process.

2.3. Modeling of the Multi-Column SMB Chromatography

The SMB process was modeled according to the mathematical model of single-column
batch chromatography, considering the periodical shifting of the inlet and outlet ports in
the mass balance between columns.

Within column k (k =1, 2, ..., N¢), the mass balance for component 7 in the two phases
can be written as the following equations, respectively.

aCi,k Uy aCi,k 1—¢6 % . a2ci,k
ot + & 0z + € %K@Lk _ql’k) - Dax’kﬁ 20
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s _ d31< (a5 — i) @)

Multi-component adsorption isotherm

q; = fi(c1, c2) (22)
Initial conditions
=0 (23)
Boundary conditions
D aCi,k . U ] ] 24
ax,k oz N - ? Cl,k|t,Z:0 — Cik,in ( )

(aci"‘ ) —0 (25)
0z t,z=L
Mass balance at each node is given by
At the eluent node,
Cik+1in = % Cik|yoop (26)
At the feed node 0 0
Cik+1,in = QIIIII Cik QFI iF (27)
At the other nodes
Cik+lin = Ci,kft,Z:L (28)
Global mass balance
Qr=Qwv+Qp (29)
Qn = Qr — Ox (30)
Qu = Qn + Qr (31)
Qv = Qm — Or (32)

where Qy, Qn, Qmi, and Qyvy are the flow rates of SMB in Zone I, II, III, and IV, respectively;
Qp, Qx, Qr, and QR are the flow rates of desorbent, extract, feed, and raffinate, respectively;
Nc is the column number.

gPROMS 4.0.0 software was employed to numerically solve the model equations
containing partial differential equations and algebraic equations. The partial differential
equations were transferred to ordinary differential equations by discretization of the axial
domain using the Orthogonal Collocation on Finite Elements method (OCFEM). The
ordinary differential equations were then solved by the Runge-Kutta method using the
SRADAU solver.

2.4. SMB Performance Parameters

Parameters, including purity, productivity, and solvent consumption, were used to
evaluate the separation performance.

The purity of the extract is defined as the ratio of the mass of the more-retained
compound to the total mass of the enantiomers contained in the extract stream over a SMB
cycle during cyclic steady state. The purity of the raffinate is defined as the ratio of the
mass of the less-retained compound to the total mass of the enantiomers contained in the
extract stream over a SMB cycle during cyclic steady state.

PUR = — IR (33)
C1R + C2R
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PUX = 22X (34)
C1,X T C2x

The productivity of the process is defined as the amount of racemic menthol fed to the
SMB system per volume of the chiral stationary phase per unit of time.

QrcrF

PR= ——r—
(1—¢)NcVe

(35)
The solvent consumption is defined as total volume of solvent used in the eluent and
feed per amount of racemic menthol treated.

Op + QF

SC =
Qrcrr

(36)
where ¢ and ¢, R are the average concentration of the less-retained component and more-
retained component in raffinate stream over a cycle, respectively; ¢y x and c; x are the
average concentration of the less-retained component and more-retained component in
raffinate stream over a cycle, respectively; V¢ is the volume of the column; cy is the total
feed concentration.

2.5. Design of SMIB Separation Process

To obtain high-purity extract and raffinate, the flow rates in each zone and the switch-
ing time of SMB should be selected appropriately. Standing wave theory [36,37], genetic
algorithm [38,39], and triangle theory [40] are used for the design and optimization of the
SMB separation process in published works. The triangle theory is a convenient method for
both linear and non-linear systems when the axial dispersion and mass transfer resistance
are negligible, because it can provide the constraints of the flow rate ratio of the liquid and
solid phases in the corresponding TMB process for complete separation [41]. However,
this theory is not effective for the determination of operating condition boundaries in the
presence of axial dispersion and mass transfer resistance. In this study, the SMB process was
designed by estimation of the separation region considering the transport effect [42—-44].

The parameter m; is defined as the ratio of the liquid-phase flow rate and the solid-
phase flow rate in zone j of the corresponding TMB process.

TMB
Y

m; =
Qs

(37)

where QjTMB and Qs are the flow rate of liquid phase and solid phase in zone j of the
corresponding TMB process, respectively.
The relationship between the SMB process and the corresponding TMB process is

shown in .
Q=M+ —0Q (38)
q = 1-9% (3)

where Q; is the flow rate of liquid phase in zone j of the SMB process, and ; is the switching
time of the SMB process.

To ensure the complete regeneration of the chiral stationary phase in Zone I and eluent
in Zone IV, the values of mj and myy were selected using

mp = (HZ + Qmaxbz)ﬁ (40)

my = (Hl + Qmaxbl)/,B (41)
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where Hy, Hy, OQmax, b1, and b, are the adsorption isotherm parameters in the modified
linear + Langmuir model; j is the safety margin, and is considered as 1.25 here [45,46].

After selecting the switching time and total feed concentration, the separation region
for both outlet streams with purities above 99.0% was obtained by screening different
pairs of (my x myy) using simulations. In practical operation, the performance of a SMB
unit can be influenced by several factors that are not taken into account in the common
mathematical model, including uncertainty in adsorption equilibrium and kinetics, pack-
ing and tubing asymmetries, back-mixing in extra-column dead volumes, and flow rate
variation in the four zones [9]. Considering these factors, a pair of (my x myy) was selected
inside the separation region for the SMB operation to ensure that the outlet purities are
above the purity requirements. The flow rates of each zone in the SMB unit were de-
termined by Equations (37)-(39), and the inlet and outlet flow rates were determined by
Equations (29)—(32).

3. Experimental Section
3.1. Materials and Equipment

Racemic menthol (>98%, GC grade) and 1,3,5-tri-tert-butylbenzene (TTBB, >98%)
were purchased from Tokyo Chemical Industry Ltd., Tokyo, Japan. I-menthol (>99%) was
purchased from Shanghai Macklin Biochemical Ltd., Shanghai, China. n-hexane (>99.9%,
HPLC grade) and isopropanol (>99.9%, HPLC grade) were obtained from Fischer Scien-
tific Inc., Waltham, MA, USA. It should be noted that all solutions containing menthol
and TTBB were freshly prepared using the mixture of n-hexane/isopropanol with a vol-
umetric ratio of 95/5 as the solvent. n-hexane/isopropanol (95/5, v/v) was used in all
experiments related to preparative chromatography, including the hydrodynamic study,
isotherm measurements, single-column batch chromatography, and multi-column con-
tinuous SMB chromatography, and n-hexane/isopropanol (99/1, v/v) was only used for
concentration determination of menthol enantiomers in analytical HPLC. For the 20 pm
preparative chiral stationary phase, Amylose 3,5-dimethylphenylcarbamate coated on silica
gel—commercially named Chiralpak AD—was purchased from Tokyo Daicel Chemical
Industry, Ltd., Tokyo, Japan. Six preparative chromatographic columns (10 mm ID x 150
mm L) were packed with 20 um Chiralpak AD by slurry method, and were used for the
SMB experiment. One of these preparative columns was used for the adsorption equilib-
rium and kinetic study. An analytical column (4.6 mm ID x 150 mm L), Chiralpak AD-H,
was purchased from Tokyo Daicel Chemical Industry, Ltd., Tokyo, Japan, and used for
measurement of menthol enantiomer concentration.

A semi-preparative HPLC, Ultimate 3000, purchased from Thermo Fischer Scientific
Inc., Waltham, USA, was used for the single-column studies, including the hydrodynamic
study, adsorption equilibrium measurement, and kinetic study. The equipment consists
of a binary pump, column oven, UV detector, and fraction collector, and the software
Chromeleon 7.2 was used for device control. The binary pump was used to feed the
menthol solution and eluent to the column in adsorption equilibrium measurement and
kinetic studies. The column oven was used to control the temperature of the preparative
column. The fraction collector was used to collect the outlet samples in the kinetic studies.

An analytical HPLC, Ultimate 3000, equipped with quaternary pump, autosampler,
column oven, and refractive index detector, was also purchased from Thermo Fischer
Scientific Inc., Waltham, USA. Chromeleon 7.1 software was used for device control and
data acquisition. The concentrations of menthol enantiomers in samples were determined
by the external standard method using analytical column Chiralpak AD-H. The temperature
of the column was set at 25 °C. n-hexane/isopropanol (99/1, v/v) was used as the mobile
phase for a higher resolution, and the flow rate was 1 mL/min.

https://doi.org/10.3390/separations13020067
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The SMB device, VARICOL-micro, was purchased from NOVASEP, Pompey, France.
Five double-piston pumps (ARMEN, Paris, France) were responsible for the injection
of the two inlet streams, withdrawal of the two outlet streams, and circulation for the
recycling streams, respectively. The SMB columns were installed in a chamber equipped
with air circulation and a heat exchanger. The thermostatic bath was connected to the heat
exchanger to control the operating temperature. The two inlet streams, feed and eluent,
were preheated to the operating temperature by a heat exchanger as well. Each external
stream was distributed to the transfer lines between every two adjacent columns by branch
lines. Pneumatic valves were connected to each branch line, and the external line positions
were shifted by independently opening and closing these valves, which were controlled
by software iFIX 4.5. A UV detector (KNAUER, Berlin, Germany) and polar detector (IBZ,
Hanover, Germany) were connected to the recycling line to online monitor the enantiomer
concentrations. A six-port valve with a 250 uL loop was also installed in the recycling lines
to facilitate the sample collections and obtain the internal concentration profiles.

3.2. Hydrodynamic Study of the SMB Columns

Because of the same shifting times for individual external lines passing through
all fixed beds, packing symmetry was always required for the SMB columns to achieve
cyclic steady-state operation and high outlet-product purity. Therefore, hydrodynamic
characterizations of the SMB columns, including pressure drop and pulse injection of the
non-retained compound solution, were performed to ensure that all columns have equal
CSP packing density.

3.2.1. Pressure-Drop Measurement

The bulk porosities of all columns were determined by pressure drop measure-
ments [31,43]. The eluent, n-hexane/isopropanol (95/5, v/v), was pumped into the
semi-preparative HPLC system. The pressure drops in SMB columns were obtained by
comparing the operating pressures of the pump when the SMB column was connected
and disconnected, respectively. The temperature of the column was maintained at 25 °C.
The pressure drops in the SMB column at different flow rates in the range of 1-10 mL/min
were measured, and the bulk porosities of the columns were determined by Kozeny’s
correlation [47].

Ap (1- e)z
T = 150 e3dp2 Hu (42)

where Ap is the pressure drop in the column; y represents the viscosity of the eluent, which
was calculated by the correlations proposed in reference [48].

3.2.2. Total Porosities and Axial Dispersion Estimation

Total porosity and axial dispersion were estimated by tracer experiments [35,42,49]. A
total of 5 g/L solution of TTBB, a non-retained compound [45,46], was injected into each
SMB column using a 20 pL loop. The mobile phase used was n-hexane/isopropanol (95/5,
v/v), and the flow rate of the mobile phase was 3 mL/min. The temperature of the SMB
column was maintained at 25 °C. A UV detector was connected after the column, and the
wavelength was set at 270 nm to online measure the outlet concentration.

The residence-time distribution curve can be obtained by

E(tr) _ OOCTTBB,out (43)
Jo_ crtBBoutdtr

where ¢, is the residence time; E(t;) is the residence-time distribution density function;
CTTBB,out is the outlet concentration of TTBB.

https://doi.org/10.3390/separations13020067


https://doi.org/10.3390/separations13020067

Separations 2026, 13, 67

11 of 26

The mean residence time and the variance of the residence-time distribution can be
calculated by the first and second statistical moments of the residence-time distribution
curve using

= /0 HE(t)dt (44)

2 [T 2
o 7/0 (tr — £) “E(ty)dty (45)

where f, is the mean residence time, and o2 is the variance of the residence-time distribution.
The Peclet number is a dimensionless number describing the back-mixing degree in a

packed column, and is defined by i

u

Pe = D (46)

The total porosity and the Peclet number of the SMB columns were estimated according

to the mean residence time and the variance of the residence-time distribution.

Qb
= 47
€T Ve (47)
2 2
Pe - ﬁtr (48)

where e is the total porosity of the SMB column, and Pe is the Peclet number.

3.3. Measurements of Adsorption Isotherm

The adsorption—desorption method was applied to measure the adsorption isotherm [50,51].
The temperature of the column was controlled at 25 °C during the experiment process.
The preparative column was first saturated with the eluent, n-hexane/isopropanol (95/5,
v/v). Then, menthol solution was continuously fed to the chromatographic column with a
flow rate of 3 mL/min. After reaching adsorption equilibrium, eluent was pumped to the
column at a flow rate of 3 mL/min to regenerate the chiral stationary phase completely.
All of the outlet solution in the desorption step was collected, and the concentration of
this solution was analyzed. Measurements were conducted using solutions with single
enantiomer concentrations ranging from 1 to 50 g/L to obtain the adsorption isotherm. The
adsorption capacity for each concentration was determined by

(ecip+ (1 —€)q;) Ve = ciqVa (49)

where ¢; 4 is the concentration of component i in the outlet solution, and V is the volume
of the outlet solution.

3.4. Batch Chromatography

The preparative column was saturated with the eluent prior to the chromatography
experiment. Racemic menthol solution was pumped to the chromatographic column,
followed by the desorption step using the eluent n-hexane/isopropanol (95/5, v/v). The
temperature of the column oven was set at 25 °C during the experiment process. For both
frontal chromatography and elution chromatography, the total feed concentration was
5¢g/L, and the flow rate was 3 mL/min. The feed injection times were 12 min and 1 min in
the frontal chromatography and elution chromatography experiment, respectively. Outlet
samples were collected every 30 s and analyzed to obtain the experimental response curve.

3.5. SMB Chromatography

The flow rate of the five pumps,—eluent pump, extract pump, feed pump, raffinate
pump, and recycling pump—were calibrated prior to the experiment. The designed op-
erating conditions, including switching time and flow rates of inlet, outlet, and recycling
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streams, were set on the control software. The temperature of the SMB columns and the
two inlet streams were set at 25 °C. The cyclic steady state was identified through the
signals of the polar monitor. After cyclic steady state was reached, the outlet solutions of
extract and raffinate in an entire cycle were collected in order to evaluate the separation
performance. Samples were collected at one-quarter, one-half, three-quarters, and at the
complete switching time using the six-port valve during cyclic steady state. Concentra-
tions of menthol enantiomers in these samples were measured by analytical HPLC for the
evaluation of the internal concentration distribution.

It should be noted that the recycling pump located at the circulation loop contains
an extra-column dead volume, leading to a delay of the internal concentration profile
before it enters the first column. Considering this asymmetry, the Novasep unit adopts
an asynchronous correction strategy. The dead time caused by the recycling pump is
estimated by v

tep = —2 (50)
Q
where VEp is the extra-column dead volume, measured and recommended as 4 mL by the
equipment producer, and 5] is the average flow rate of the four sections in the SMB process.
Shifting of all the inlet and outlet ports that pass through the recycling lines is compensated
for with this extra time delay [43,52].

4. Results and Discussion
4.1. Hydrodynamics of the Preparative Columns

The hydrodynamic characteristics of the SMB columns were studied by the measure-
ments of the bed porosity, total porosity, and axial dispersion.

The pressure drops in each SMB column at different flow rates were measured, and
Figure 3 shows the relationship between the pressure drop and the flow rate of the elu-
ent. The bed porosities of each preparative column were obtained by linear fitting the
experimental data using Kozeny’s correlation, and are listed in Table 1. The pulse injection
of non-retained compound, TTBB, was carried out to determine the total porosity and
axial dispersion of the packed bed. The elution profiles are shown in Figure 4, and the
total porosity and Peclet number are also summarized in Table 1. The relative errors of
bed porosity for all columns are less than 3.0%, which shows a good reproductivity of the
packing procedure.

Table 1. The bed porosity, total porosity, and Peclet number of each SMB column.

Column No. £ Relative Error of ¢ (%) eT Pe x 1073
1 0.40 0.0 0.68 3.8
2 0.40 0.0 0.68 3.7
3 0.40 0.0 0.69 3.1
4 0.40 0.0 0.68 3.2
5 0.39 -25 0.68 3.1
6 0.39 -25 0.68 3.3
Average 0.40 - 0.68 3.4

4.2. Competitive Adsorption Isotherms

The competitive adsorption isotherm of menthol enantiomers on chiral-stationary-
phase Chiralpak AD with n-hexane/isopropanol (95/5) as solvent at 25 °C was measured.
Four isotherm models were used for fitting. The obtained model parameters and fitting
performance criteria are summarized in Table 2, and the fitting curve is compared with
the experimental data in Figure 5. As can be seen, d-menthol is the less-retained com-
ponent, while I-menthol is the more-retained component. Moreover, both enantiomers
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present favorable adsorption behavior, so the slope of the adsorption isotherm at infinite
diluted concentrations is associated with the fastest propagation velocity of enantiomers.
For this reason, these slopes are used for the design of m and myy values, as shown in
Equations (40) and (41). Among the four competitive adsorption isotherms adopted, the
MLLG model achieves the best agreement with the experimental data, although good
agreements are also obtained with the other three models. The binary adsorption isotherms
of menthol enantiomers in racemic menthol using the MLLG model can be expressed by

265.94 x 3.83 x 107 3¢;

1 = 0.504c 51
= 0.504c; + = = (51)
h 1+3.83 x 10-3¢; + 7.35 x 10-3¢,
-3
g = 265.94 ><4)7.35 x 1077¢y - (52)
1+3.83 x107°¢c1 +7.35 X 10~>c,
25 25
. =0.2138X
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Figure 3. The relationship between the pressure drops and the flow rates of the eluent in each SMB

column. Lines: fitting curves; points: experimental data.
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Figure 4. The elution profiles of TTBB pulse injection.

Table 2. Parameters in different competitive isotherms obtained by non-linear regression and fitting

performance criteria.

Qmax,A Qmax,B bA,l bA,Z bB,l bB,Z SQ SD
Model  H, H; @ (gL (L/g) (L/g) (Lig) (Lig) 217  (g/L)
LG - - 397.39 - 409 x 1073 459 x 1073 - - 8.4695  0.8072
LLG 0.750 78.55 - 123 x 1072 1.62 x 1072 - - 6.0841 0.7120
MLLG 0504 127 x1072 26594 - 383x107% 735x%x10°3 - - 1.9454  0.4205
BLG - - 247.27 337.95 327 x107% 790 x 1073 209 x1073 370 x 10716 20351 0.4511
70 70
wl @ ’ wl ®
50 1 50
Q 40 - 404
E} E}
"5 30 ‘& 30
204 20
104 104
0 T T T T T 0 T T T T T
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Figure 5. Comparison of the four different model-fitting curves and experimental data for the
binary adsorption isotherms of racemic menthol (c; = ¢p). Lines: fitting curves; points: experi-
mental data. Black lines and points represent d-menthol, and red lines and points represent 1-
menthol. (a) Langmuir model; (b) Linear + Langmuir model; (c) Modified Linear + Langmuir model;
(d) Bi-Langmuir Model.
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The predicted adsorption selectivity between the menthol enantiomers by the MLLG
model at different concentrations was calculated, and compared with the experimental
results in Figure 6. A decreasing trend of the selectivity with greater enantiomer concen-
trations can be observed, demonstrating the necessity of choosing the modified Langmuir
isotherm to more accurately predict the adsorption capacity.

Adsorption Selectivity

1.0 T T T T

0 10 20 30 40 50
¢ (glL)
Figure 6. Comparison of the predicted and experimental adsorption selectivity for racemic men-

thol at different concentrations (c; = cp). Line: predicted curve by MLLG isotherm model; points:
experimental data.

The effectiveness of the MLLG binary isotherm equations in prediction of adsorption
capacities without the constraint of equal equilibrium enantiomer concentrations in solution
was further verified. The single-component adsorption isotherm of the easily available
enantiomer, I-menthol, at 25 °C can be predicted according to Equation (52) simply by
assigning the equilibrium d-menthol concentration as 0, as described in Equation (53). The
single-component adsorption isotherm of I-menthol was measured and compared with
the predicted curve of Equation (53), as shown in Figure 7. Good agreement between
the experimental data and predicted values can also be observed in Figure 7. After this
validation, the MLLG Equations (51) and (52) for competitive adsorption isotherms of
menthol enantiomers are used in the simulations of the following sections.

. 26594 x7.35%x1073¢,
2= 11735 %10 3¢,

(53)

0 T T T T T
0 10 20 30 40 50

c (g/L)

Figure 7. Comparison of the model-predicted curves and experimental data for the single-component
adsorption isotherm of I-menthol (c; = 0). Line: predicted curve; points: experimental data.
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4.3. Single-Column Chromatography

Single-column batch chromatography experiments, including frontal chromatography
and elution chromatography, were performed to validate the mathematical model of the
chromatographic process. The simulation results and experimental data of single-column
chromatography are presented in Figure 8, demonstrating reasonable agreement between
the mathematical model and the experimental curve. The overall mass transfer coefficient
in the model was estimated to be 1.3 x 10~% cm/s, since the predicted curve with this value
can best fit the experimental data.

3.0

(a)

2.54

2.0 1

0.5 1

0.0

t (min)

20

(b)

1.6 4

1.2 4

Ci,out (g/L)

0.8 1

0.4

0.0 — . - -
0 2 4 6 8 10 12

t (min)

Figure 8. Comparison between the model-predicted curve and experimental data for the outlet
response curves in the (a) frontal chromatography and (b) elution chromatography experiments.
Racemic menthol feed concentration of 5 g/L. Injection time, 12 min and 1 min in frontal chromatogra-
phy and elution chromatography. Flow rate, 3 mL/min. Lines: predicted curves; points: experimental
data. Black lines and points represent d-menthol, and red lines and points represent I-menthol.

Pure d-menthol and I-menthol solutions can be obtained during 4.0-4.5 min and
19.0-19.5 min, respectively, in the frontal chromatography experiment, and can also be
obtained during 4.0-4.5 min and 8.0-8.5 min, respectively, in the elution chromatography
experiment. The results of the single-column batch chromatography experiments, including
frontal chromatography and elution chromatography, reflect the potential of developing
the SMB separation process for separation of menthol enantiomers by Chiralpak AD as the
stationary phase.
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4.4. SMB Design and Operation
4.4.1. SMB Design

The mathematical model was applied to design and optimize the SMB separation oper-
ating conditions. The parameters estimated in the previous sections—including competitive
adsorption isotherm, adsorption kinetics, and hydrodynamics of the packed columns, as
summarized in Table 3—were used to predict the separation performance. The values
of my and myy were fixed at 2.44 and 1.22, respectively, as described previously. Column
configuration of 1-2-2-1 was adopted. The effect of switching time, total feed concentration,
and outlet purity requirement on the separation region was investigated.

Table 3. Estimated parameters for the evaluation of the separation region.

Parameters Value
H,y 0.504
H, 0
Isotherm parameters Q(g/L) 265.94
by (L/g) 3.83 x 1073
by (L/g) 7.35 x 1073
L (mm) 150
Bed properties Ezl(l; ((I:r%) ;8
€ 0.40
Mass transfer coefficient K (cm/s) 1.3 x 1074
Axial dispersion Pe 34 x 108

Effect of Switching Time

The total feed concentration was fixed at 20 g/L, and the separation region with
different switching times was estimated by simulation, as illustrated in Figure 9.

— /
P
P
1.8
S
1.6 ,
——1.5min
/., — 2min
1.4 - —— 2.5min
e 3min
— T T T T
14 1.6 1.8 2.0
my,

Figure 9. Comparison of the separation region under purity requirements of 99.0% for both extract
and raffinate with different switching times. Column configuration, 1-2-2-1. Total feed concentration,
20 g/L. Fixed values of my and myy are 2.44 and 1.22, respectively.

The theoretical optimal operating point is located at the vertex of the operating region,
because it allows the highest feed flow rate, and therefore, the highest productivity and
lowest solvent consumption. To better compare the performance of the SMB process with
different switching times, the productivity and solvent consumption at the theoretical
optimal operating points were calculated, as listed in Table 4.
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Table 4. SMB performance of the theoretical optimal operating points with different switching times.

Purity requirements are 99.0% for both extract and raffinate. Column configuration, 1-2-2-1. Total

feed concentration, 20 g/L. Fixed values of my and myy are 2.44 and 1.22, respectively.

ts (min) QF,max (mL/min) PRmax (gracemate/(LCSP'min)) SCmin (L/gracemate)
1.5 0.811 0.382 0.405
2 0.838 0.395 0.307
2.5 0.752 0.355 0.279
3 0.664 0.313 0.266

The simulation results show that with increased switching time, the solvent consump-
tion at the theoretical optimized operating point decreases. When the switching time
increases from 1.5 min to 2 min, the feed flow rate and productivity at the theoretical
optimized operating point increase. These can be explained by the short retention time and,
therefore, the low separation efficiency observed with frequent switching. However, when
the switching time further increases to 3 min, the feed flow rate and productivity at the
theoretical optimized operating point drop gradually, mainly due to the decreased flow
rates in each zone. Considering both productivity and solvent consumption, 2 min was
selected as the switching time in this work.

Effect of Total Feed Concentrations

The separation region under purity requirements of 99.0% for both outlets with dif-
ferent total feed concentrations was estimated by simulation, as shown in Figure 10. The
vertex point of the separation region moves to the lower-left corner as the feed concentra-
tion increases, which can be explained by the increased enantiomer propagation velocity
with higher enantiomer concentrations due to the favorable adsorption characteristics [41].
The shifting of the vertex point, as well as the decrease in the adsorption selectivity, are
responsible for the shrinkage of the separation region area of higher feed concentrations.

B
1.8 4
3
1.6+
/ /'/
—— 10g/L
P —— 20g/L
149 —— 30g/L
40g/L
= T T T T
14 16 1.8 2.0
my

Figure 10. Comparison of the separation region under purity requirements of 99.0% for both extract
and raffinate with different total feed concentrations. Column configuration, 1-2-2-1. Switching time,
2 min. Fixed values of m and myy are 2.44 and 1.22, respectively.

The productivity and solvent consumption of the theoretical optimal operating points
with different total feed concentrations were calculated, as listed in Table 5. As the total
feed concentrations increase at the theoretical optimized operating point, the productivity
of the SMB unit rises gradually, and the solvent consumption decreases. However, with
higher total feed concentrations, the feed flow rates decrease mainly due to the non-linear
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isotherm characteristic. Noting the possible fluctuation in the feed flow rate when the
flow rate of the feed stream is low, 10 g/L-30 g/L is considered appropriate total feed
concentrations. An amount of 20 g/L was selected as the total feed concentration in the
SMB experiment.

Table 5. SMB performance of the theoretical optimal operating points with different feed concentra-
tions. Purity requirements are 99.0% for both extract and raffinate. Column configuration, 1-2-2-1.
Switching time, 2 min. Fixed values of m and myy are 2.44 and 1.22, respectively.

. PR
crr (g/L) QEmax (mL/min) (gracemate/(iné;P -min)) SCmin (L/gracemate)
10 0.919 0.217 0.569
20 0.838 0.395 0.307
30 0.735 0.520 0.229
40 0.633 0.597 0.195

Effect of Outlet Purity Requirements

The separation region under different outlet purity requirements was estimated by
simulation, as shown in Figure 11. The separation region area of 95.0% purity for both
extract and raffinate is greater than the separation region area of 99.0% purity, since sepa-
ration becomes harder with a more stringent purity target. The productivity and solvent
consumption of the theoretical optimal operating points with different outlet purity re-
quirements were calculated, as listed in Table 6, demonstrating higher productivity and
lower solvent consumption for the 95.0% purity requirement. The purity requirement for
both extract and raffinate were set at 99.0% in the SMB experiment, according to the typical
purity of synthetic l-menthol product.

—— PUX=PUR=95.0%
204 |=—— PUX=PUR=99.0%
1.8 4

£
1.6
1.4 4
14 16 18 20
my

Figure 11. Comparison of the separation region under different outlet purity requirements for both
extract and raffinate. Total feed concentration, 20 g/L. Column configuration, 1-2-2-1. Switching time,
2 min. Fixed values of my and myy are 2.44 and 1.22, respectively.

Table 6. SMB performance of the theoretical optimal operating points with different outlet purity
requirements. Total feed concentration, 20 g/L. Column configuration, 1-2-2-1. Switching time, 2 min.
Fixed values of my and myy are 2.44 and 1.22, respectively.

Purity Requirement QEmax PRpmax SCrin
(%) (mL/min) (gracemate/(LCSI’ -min)) (L/gracemale)
99.0 0.838 0.395 0.307
95.0 1.177 0.555 0.233
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4.4.2. SMB Experiment

The SMB experiment for resolution of racemic menthol was performed using a
VARICOL-Micro unit. A pair of (my x myy), located inside the separation region, was cho-
sen as the operating conditions, as shown in Figure 12. The operating conditions are listed
in Table 7. Cyclic steady state was reached after 15 SMB cycles of operation, and Figure 13
shows the evolution of simulated outlet-stream concentrations. Samples were taken every
one-quarter of the switching time, with the six-way valve located at the recycling lines
after the 15th cycle to obtain the internal concentration profile, and the time delay caused
by the extra-column dead volume in the connecting lines was considered in the sampling
time. Figure 14 shows the experimental and predicted internal concentration profiles at
one-half of the switching time during cyclic steady state of the SMB experiment. Table 8
lists the experimental and simulated separation performances in the cyclic steady state. The
simulated results match well with the experimental results. Purities for both the extract and
raffinate are above 99.0%, and a productivity of 0.267 gracemate /(Lcsp-min) and a solvent
consumption of 0.431 L/ gracemate Were achieved. Considering the possible ageing of the
CSP, the long-term separation performance of the SMB unit will be evaluated based on a
pilot device in our future work.

20

1.8 4

my,

1.6

1.4 F T T
1.4 1.6 1.8 2.0

my,

Figure 12. Operating condition and the separation region. Purity requirements are 99.0% for both
extract and raffinate. Column configuration, 1-2-2-1. Total feed concentration, 20 g/L. Switching
time, 2 min. Fixed values of mj and myy are 2.44 and 1.22, respectively. Line: predicted boundary for
separation region; point: operation point.

Table 7. Operating conditions of the SMB experiment.

SMB Process Condition Value
CTE (g / L) 20
ts (min) 2
Column configuration 1-2-2-1
Qr (mL/min) 0.57
Ox (mL/min) 2.97
QR (ML /min) 191
Qp (mL/min) 4.31
Qr (mL/min) 10.98
Qu (mL/min) 8.01
QIH (mL/mm) 8.58
Qrv (mL/min) 6.67
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Figure 13. Simulated average concentrations of menthol enantiomers in (a) raffinate and (b) extract
of the SMB experiment.
7
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Figure 14. Experimental and predicted internal concentration profiles at one-half of switching time
during cyclic steady state of the SMB experiment. Lines: predicted curves; points: experimental data.
Black lines and points represent d-menthol, and red lines and points represent I-menthol.
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Table 8. Experimental and predicted separation performance of SMB operation.

Experiment Simulation
PUR (%) 99.3 99.7
PUX (%) 99.2 99.8
PR (gracemate/(LCSP'min)) 0.267 0.267
sC (L/gracemate) 0.431 0431

5. Conclusions

This work aims to develop a SMB separation process for the resolution of racemic
menthol. Amylose 3,5-dimethylphenylcarbamate coated on silica gel was used as the
chiral stationary phase, and n-hexane/isopropanol (95/5) was selected as the mobile phase.
The hydrodynamic properties of the SMB columns were studied to minimize the packing
asymmetry in the SMB experiment and estimate the bulk porosity and Peclet number.
The binary adsorption isotherm of menthol enantiomers on the stationary phase was
measured by the adsorption—desorption method and fitted to a Modified linear + Langmuir
Model, and the mass transfer coefficient was evaluated by fixed-bed batch chromatography.
Mathematical models were developed using these parameters to describe the dynamics of
the chromatographic separation process. The SMB process for chiral separation of racemic
menthol was designed by evaluating the separation region using simulations. Reasonable
agreements are achieved between the predicted results and the experimental results in
the SMB experiment. Purities for both the extract and raffinate are above 99.0%, and a
productivity of 0.267 gracemate /(Lcsp-min) and a solvent consumption of 0.431 L/ gracemate
were achieved. This work provides an alternative approach for chiral separation of menthol
enantiomers, and the mathematical model offers reliable foundations for the future design,
scaling-up, and optimization of the SMB process.
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Nomenclature
b Langmuir parameter (L/g)
Liquid-phase concentration (g/L)
cq Desorption solution concentration (g/L)
dc Column diameter
dp Particle diameter of the chiral stationary phase (um)
Dax Axial dispersion coefficient (cm?/s)
E(t) Residence-time distribution density function

f(c1,c2)  Adsorption equilibrium function
Henry constant (dimensionless)

H
K Overall mass transfer coefficient (cm/s)
L Column length (cm)

m

Flow rate ratio of the liquid phase and solid phase in TMB process (dimensionless)
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Total concentration level of single enantiomer measured for

M competitive isotherm (dimensionless)

N Parameter number in adsorption isotherm models (dimensionless)
Nc¢ Total column number (dimensionless)

p Pressure (bar)

Pe Peclet number (dimensionless)

PR Productivity (gracemate / (Lcsp-min))

PUR Purity in raffinate stream (dimensionless)

PUX Purity in extract stream (dimensionless)

q Solid-phase concentration (g/L)

q* Solid-phase concentration equilibrium with the liquid-phase concentration (g/L)
Q Liquid flow rate in SMB columns (mL/min)
Qmax Langmuir parameter (g/L)

Qs Solid-phase flow rate in TMB process (mL/min)
QTMB Liquid-phase flow rate in TMB process (mL/min)
SC Solvent consumption (L/gracemate)

SD Standard deviations (g/L)

SQ Sum of square of the residues (g2 /12)

t Time (min)

tED Extra-column dead time (min)

ty Retention time (min)

ts Switching time in SMB process (min)

u Superficial velocity (cm/s)

Ve Column volume (mL)

V4 Volume of the desorption solution (mL)

VED Extra-column dead volume (mL)

z Axial position (cm)

Subscripts

D FEluent stream

E Experimental value

F Feed stream

i Component in the racemate (i = 1, 2)

in Inlet position

j Zone number (j =1, II, I1I, IV)

k Column number (k= 1, 2, ..., N¢)

) Concentration level in measurement of binary adsorption isotherm
M Model predicted value

out Outlet position

R Raffinate stream

T Total solute or total void

TTBB 1,3,5-tri-tert-butylbenzene

X Extract stream

Greek Symbols

B Safety factor (dimensionless)

Bed porosity (dimensionless)

2

€
U Viscosity (mPa-s)
0?2  Variance of the residence-time distribution (min?)
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