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Abstract

A simulated moving bed (SMB) unit was designed to separate oleanolic and ursolic acids, two 

naturally occurring triterpenoids with structural isomerism, with remarkable nutraceutical and 

pharmacological properties. A triacontylsilyl silica gel adsorbent (stationary phase of an Acclaim 

C30 column) was considered and impulse tests with different solvents were performed to select 

a mobile phase, from which methanol/water 95/5 (%, v/v) emerged as the most suitable. 

Equilibrium and global mass transport coefficients were then determined through breakthrough 

experiments using pure compound solutions and the C30 column. Afterwards, these parameters 

were applied to the simulation of two model binary mixture separations, whose breakthrough 

curves were also experimentally measured.

Finally, the SMB unit was designed and optimized. It was demonstrated that using the packing of 

an Acclaim C30 column and methanol/water 95/5 (%, v/v) as mobile phase it is possible to 

separate both acids with purities of 99.9 wt.%, a productivity of 1.705 kg/(m3
adsorbent day), and a 

configuration of two columns per section (2-2-2-2). The simulated results obtained in this work 

with the C30 stationary phase represent a significant improvement over literature data.
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1. Introduction

In line with the rise of the biorefinery concept and the continuous pursuit for new biosourced 

materials, natural products have re-emerged in the last few years since they continue to play a 

vital role in drug discovery [1,2]. Natural products exhibit a wide variety of pharmacophores and 

a high degree of stereochemistry [2], being the most successful and broadest source of chemical 

variability for the design of novel and effective therapeutic agents for the treatment of diseases 

[3]. 

Oleanolic (3β-hydroxyolean-12-en-28-oic) and ursolic (3β-hydroxyurs-12-en-28-oic) acids are two 

biologically active triterpenic acids (TTAs) that belong to one of the largest class of natural 

products with over 20000 identified species, the terpenoids [4,5]. These two TTAs are ubiquitous 

in nature and consequently integrated regularly in human diet through the consumption of 

several edible fruits and medicinal herbs [6–9]. Both oleanolic and ursolic acids are generally 

known for their anti-oxidative, antitumoral, anti-inflammatory, anti-hyperlipidemic, analgesic, 

hypoglycemic, anti-atherosclerotic, and anti-microbial effects [10,11]. One of the most important 

pharmacological properties attributed to oleanolic acid is its hepatoprotective effect against 

chemically induced injuries, cirrhosis and fibrosis caused by chronic liver diseases [12]. Ursolic 

acid, for instance, demonstrated potential as a therapeutic approach for obesity and obesity-

related illness by stimulating muscle growth while simultaneously reducing fat gain [13] and also 

the anabolic potential to stimulate osteoblast differentiation and enhance bone regeneration 

[14]. Due to their wide spectrum of biological activity there has been efforts towards the 

incorporation of these TTAs in functional foods, cosmetics, healthcare products, drug 

formulations, as skin therapeutic agents, and sport supplements [15,16]. 

In recent years, different Eucalyptus species have been the object of numerous studies focusing 

the valorization of their residues through the production of natural extracts using organic solvents 

and supercritical carbon dioxide [17–22]. It is reported that the outer barks of several Eucalyptus 
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spp. possess high amounts of triterpenoids (5.2–24.6 g/kg of bark, depending on the species) 

[18,23,24], which are mainly triterpenic acids such as ursolic (UA) and oleanolic (OA) acids and 

their respective acetylated forms. In the case of dichloromethane extracts of E. globulus bark 

their occurrence may reach 5.2 g/kg, in a proportion of 55 wt.% of UA and 25 wt.% of OA. In a 

medium sized pulp mill using E. globulus wood as feedstock and producing 5 × 105 tons of 

bleached pulp per year, about 1 × 105 tons of bark residues are produced [25]. This points out 

that a new stream of high throughput and high value products can be generated from 

unavoidable and low value waste. These bark residues are usually burned for energy production 

but an intermediate extraction step could generate high-value products while still allowing most 

of the bark (95 – 98 wt.%) to be used for energy purposes. The separation of the triterpenic acids 

after extraction is, however, challenging as oleanolic and ursolic acids are structural isomers and 

occur simultaneously in many plants. A first step of purification can be the enrichment up till 98 

% of the triterpenic acids fraction of a crude Eucalyptus globulus bark extract, following the 

procedure patented by Domingues et al. [26], based on a series of solvent extractions combined 

with pH manipulation. The presence of impurities in the final enriched stream will naturally 

introduce additional complexity in the subsequent purification/isolation methods, which will be 

reflected into the prices of the pure acids that increase greatly with increasing purity.

Different techniques such as capillary electrophoresis [27], supercritical fluid chromatography 

[28], thin layer chromatography (TLC) [29], gas chromatography (GC) [21,30,31], and high 

performance liquid chromatography (HPLC) [32–34] have been applied for qualitative and/or 

quantitative analysis. Amongst them, HPLC, and particularly its reversed phase mode of operation 

(RPLC), has been routinely used for analysis of different triterpenic acids due to its satisfactory 

separation efficiency and simplicity of operation. For example, in comparison with GC, it does not 

require any derivatization step due to the low volatility of TTAs. Regarding the column packings 

for the analysis of TTAs, octadecyl (C18) bonded stationary phases have doubtlessly received the 

most attention due to their comprehensive performance, well-studied characteristics and 
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commercial availability. However, while C18 bonded phases provide satisfactory results for a 

myriad of separations they are not ideal for all reversed phase challenges and are known to suffer 

from issues like partial or total loss of chromatographic retention with moderate to highly 

aqueous mobile phases [35] and peak broadening and tailing for basic compounds due to 

unfavorable interactions between solutes and residual silanols [36].

Improved separations of isomers are usually attained with longer bonded alkyl chains as the 

retention of nonpolar compounds becomes influenced not only by solvophobic interactions, but 

also from other properties of solutes such as molecular shape [37]. Triacontyl (C30) bonded 

phases were firstly introduced in liquid chromatography by Sander et al. [37,38] and since then 

have evolved into powerful adsorbents for the successful analysis of plant extracts, food, human 

tissue and synthetic mixtures containing different geometric and even optical isomers [39,40]. 

The longer alkyl chains increase the overall thickness of the active film of the stationary phase, 

promoting more extensive interactions and distribution coefficients with bigger solute molecules 

than the C18 alkyl chains [41,42]. Besides the remarkable high shape recognition for different 

type of isomers, C30 phases offer higher sample capacities making them suitable for HPLC 

coupled to nuclear magnetic resonance spectroscopy (HPLC-NMR) experiments where bigger 

samples are needed [43], and ensure more reproducible retention behavior than C18 phases 

when operated in highly aqueous solvent environments [41].

Simulated moving bed (SMB) chromatography is a continuous adsorption technique first 

patented by Universal Oil Products (UOP) [44] that has seen throughout the years an increasing 

number of applications devoted to fine chemistry and enantiomers separation [45–48]. SMB is 

an efficient alternative to batch elution chromatography as its continuous countercurrent mode 

of operation maximizes the mass transfer driving force, providing improved productivity, reduced 

solvent consumption, and complete separation of components with low chromatographic 

resolution [49]. Thus, an SMB process may be a potential candidate for TTAs separation. Several 
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works in the literature focus methodologies for the chromatographic separation/isolation of 

compounds by SMB [32,50–52]. 

In this work an SMB unit for isolating oleanolic and ursolic acids with high purity was designed 

using an Acclaim C30 packing material. Impulse experiments were performed to find a suitable 

mobile phase to conduct the separation and to determine the total and bed porosities of the 

column using uracil and blue dextran, respectively. Breakthrough adsorption experiments for 

each acid were carried out to obtain their unary isotherms and global mass transfer coefficients. 

The obtained parameters were then validated by assessing the prediction of breakthrough curves 

measured for model binary mixtures of oleanolic and ursolic acids. The triangle theory and a 

general optimization strategy based on a Design of Experiments – Response Surface Methodology 

(DoE-RSM) [53,54] were used to optimize the operating conditions (flow rates and switch times) 

for the SMB separation of oleanolic and ursolic acids. To our best knowledge this is the first work 

devoted to the comprehensive chromatographic separation of oleanolic and ursolic acids with a 

triacontyl (C30) stationary phase.

2. Modeling

2.1. Single column and SMB modeling

In Table 1 the chromatographic model equations along with the initial and boundary conditions 

are shown. Axial dispersion plug flow pattern was considered, and the internal and external mass 

transfer resistances were lumped into a global linear driving force coefficient. The mathematical 

modeling of SMB units has been addressed in several works as, for example, Hashimoto et al. 

[55], Lu and Ching [56], Pais et al. [57] and Aniceto and Silva [58].
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Table 1 – Modeling equations of a single chromatographic column, SMB unit, and SMB to TMB 
equivalence.

Mass balance of 
component  in fluid 𝑖
phase of column :𝑗

∂𝐶ij

∂𝑡 = 𝐷ax,ij
∂2𝐶ij

∂𝑧2 ― 𝑣 ∗
j

∂𝐶ij

∂𝑧 ―
1 ― 𝜀b

𝜀b
𝐾LDF,ij(𝑞 ∗

ij ― 𝑞ij)
(1)

Mass balance of 
component  in solid 𝑖
phase of column :𝑗

∂𝑞ij

∂𝑡 = 𝐾LDF,ij(𝑞 ∗
ij ― 𝑞ij)

(2)

Isotherm: 𝑞 ∗
ij = 𝐻i𝐶ij (3)

Initial conditions:
(SMB and single column)

   or                        𝑡 = 0  𝐶n = 0
ij = 0 𝐶n + 1

ij = 𝐶n
ij

   or                                     𝑞n = 0
ij = 0 𝑞n + 1

ij = 𝑞n
ij

(4)
(5)

Boundary conditions (SMB):

Column in: 𝑧 = 0            𝐶ij ―
𝐷ax,ij

𝑣 ∗
j

∂𝐶ij

∂𝑧 = 𝐶ij,0

Column out:
Internal nodes: 𝑧 = 𝐿j           𝐶ij = 𝐶ij + 1,0

Eluent node: 𝑧 = 𝐿j            𝐶ij =
𝑣 ∗

I

𝑣 ∗
IV

𝐶ij + 1,0

Feed node: 𝑧 = 𝐿j            𝐶ij =
𝑣 ∗

III

𝑣 ∗
II

𝐶ij + 1,0 ―
𝑣F

𝑣 ∗
II

𝐶F
i

Boundary conditions (single column):

𝑧 = 0          𝐶i ―
𝐷ax,i

𝑣 ∗

∂𝐶i

∂𝑧 = 𝐶i,0

𝑧 = 𝐿           
∂𝐶i

∂𝑧 = 0

(6)

(7)
(8)

(9)

(6)

(10)

Global balances to the nodes of the SMB:
Eluent node (E) 𝑣 ∗

I = 𝑣 ∗
IV + 𝑣E

Extract node (X) 𝑣 ∗
II = 𝑣 ∗

I ― 𝑣X
Feed node (F) 𝑣 ∗

III = 𝑣 ∗
II + 𝑣F

Raffinate node (R) 𝑣 ∗
IV = 𝑣 ∗

III ― 𝑣R

(11)
(12)
(13)
(14)

SMB / TMB equivalence relationships:
Relative velocity  𝑣j = 𝑣 ∗

j ― 𝑢s

Switch time ( ), solid velocity (  restriction:𝑡 ∗ 𝑢s) 𝑢s =
𝐿j

𝑡 ∗

(15)
(16)

 – component;  – column;  – cycle number;  – axial coordinate;  – time;  – concentration 𝑖 𝑗 𝑛 z 𝑡 𝐶ij
in the fluid phase;  – average concentration in the solid phase;  – solid phase 𝑞ij 𝑞 ∗

ij
concentration in equilibrium with the fluid phase;  – bed porosity;  – axial dispersion 𝜀b 𝐷ax,ij
coefficient;   – global linear driving force (LDF) mass transfer coefficient;  – equilibrium 𝐾LDF,ij  𝐻i

constant;  – interstitial velocity of the fluid in the SMB;  – interstitial velocity 𝑣 ∗
j = 𝑄 ∗

j (𝑆𝜀b) 𝑣j
of the fluid of the TMB;  – volumetric flow rate in the SMB;  – cross section area of the 𝑄 ∗

j 𝑆
column;  – inlet concentration of column j;  – feed concentration;  – solid velocity;  𝐶ij,0 𝐶F

i 𝑢s 𝑡 ∗

- switch time;  – column length;  – section; SMB – simulated moving bed; TMB – 𝐿j I, II, III, IV
true moving bed.

The axial dispersion coefficient of component  in a given column  ( ) was estimated in terms 𝑖 𝑗 𝐷ax,ij

of the molecular diffusion ( ) and the flow around the adsorbent particles [59]:𝐷m,i
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𝐷ax,ij = 0.73𝐷m,i + 0.5 𝑑p 𝑣 ∗
j (17)

where  is the adsorbent particle diameter and  is the interstitial fluid velocity in the SMB (or 𝑑p 𝑣 ∗
j

 in a single column). The molecular diffusivity was calculated by the Wilke-Chang model [60,61]:𝑣j

𝐷m,i(cm2 s) = 7.4 × 10 ―8𝑇 𝜙𝑀f

𝜇f𝑉0.6
bp,i

(18)

where  is temperature (K),  is a solvent dimensionless association factor,  is the solvent 𝑇 𝜙 𝑀f

molecular weight (g/mol),  is the solvent viscosity (cP), and  is the solute molar volume at 𝜇f 𝑉bp,i

its normal boiling point (cm3/mol). Viscosity was obtained via Aspen Properties® V8.4, the molar 

volume was calculated using the Peng-Robinson equation of state [62], and the Joback method 

[61,63] was adopted for the estimation of critical volume.

The SMB model equations were solved in Matlab using the method of lines. The equations were 

first discretized in the axial coordinate and then solved using a stiff ordinary differential equations 

(ODE) solver. The Nelder-Mead method was used to fit the equilibrium and mass transfer 

constants, minimizing the squared deviations between calculated and experimental 

breakthrough curves. The average absolute relative deviation ( ) was always calculated 𝐴𝐴𝑅𝐷, %

in order to assess the goodness of fittings and predictions. For a generic function  it is given by:𝑦

𝐴𝐴𝑅𝐷 (%) =
100
𝑁𝐷𝑃

𝑁𝐷𝑃

∑
𝑖 = 1

|𝑦calc ― 𝑦exp

𝑦exp |
i

(19)

where superscripts  and  denote calculated and experimental values, and  is the calc exp  𝑁𝐷𝑃

number of data points.

2.2. SMB optimization

The Triangle Theory provides a simplified approach to SMB design by assuming instantaneous 

equilibrium between the solid and fluid phases (i.e., mass transfer resistances are neglected) and 
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no axial dispersion [49,64]. Knowing the isotherm in advance, it is possible to determine a set of 

constrains of operating parameters (flow rates in each section of the SMB) that defines regions 

within which that separation is attainable. The operating parameters may be expressed as 

dimensionless flow rates ( ) in each section  of the unit:𝑚k 𝑘

𝑚k =
𝑄 ∗

k  𝑡 ∗ ― 𝜀b𝑉c

(1 ― 𝜀b)𝑉c
,     𝑘 = I,II,III,IV (20)

where  is the switch time,  is the volume of each column, and  is the internal flow rate in 𝑡 ∗ 𝑉c 𝑄 ∗
k

section . For a feed mixture containing two components A and B, being A the most retained one, 𝑘

the following set of constrains defines the total separation region [46]:

𝐻A ≤ 𝑚I (21)

𝐻B ≤ 𝑚II ≤ 𝐻A (22)

𝐻B ≤ 𝑚III ≤ 𝐻A (23)

𝑚IV ≤ 𝐻B (24)

being section  the region between the eluent/solvent and extract nodes, section  the zone I II

between the extract and feed nodes, section  the zone between the feed and raffinate nodes, III

and finally, section  the region between raffinate and eluent/solvent nodes. IV

The flow rate was set to comply with the maximum pressure drop of 34 bar supported by the 

installation, and was calculated by the Ergun equation [65]:

Δ𝑃j

𝐿j
=

150 𝑣 ∗
0,j 𝜇f

𝑑p
2

(1 ― 𝜀b)2

𝜀b
3 +

1.75 𝜌f 𝑣 ∗
0,j

2

𝑑p (1 ― 𝜀b

𝜀b
3 ) with j = 1 (25)

where  is the fluid density, and  is the superficial fluid velocity in the SMB. 𝜌f 𝑣 ∗
0,j = 𝜀b𝑣 ∗

j

SMB performance was evaluated using purity and productivity, two commonly used performance 

parameters. Purity (  and , for extract and raffinate, respectively) is defined for both 𝑃𝑢𝑋 𝑃𝑢𝑅

product streams and represents the ratio between the concentration of the desired component 

and the total concentration of all solutes:
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𝑃𝑢𝑋 = 100
𝐶X

A

𝐶X
A + 𝐶X

B
  ; 𝑃𝑢𝑅 = 100

𝐶R
B

𝐶R
A + 𝐶R

B
(26)

where  is the most retained component,  is the less retained component, and superscripts  A B X

and  denote extract and raffinate, respectively. Productivity ( ) is defined as the amount of R 𝑃𝑟𝑜𝑑

feed mixture processed per unit volume of stationary phase per unit time: 

𝑃𝑟𝑜𝑑 =
𝑄F(𝐶F

A + 𝐶F
B)

𝑉T
(27)

where superscript  denotes feed stream, and  is total volume of stationary phase in all SMB F 𝑉T

columns.

The determination of best operating conditions was performed by the DoE-RSM approach 

previously presented by the authors [54], which allows their optimization with a low number of 

simulations and small computational workload. Statistical software Design Expert (version 9.0, 

Stat-Ease, Inc.) was used for the DoE-RSM analysis and the input data were generated by the SMB 

simulations described in the previous section. This approach allows the determination and 

evaluation of direct and crossed relations between factors (independent variables) and system 

responses (dependent variables) over a previously defined degree of variation (levels). A small set 

of simulations based on model equations present in Table 1 (considering mass transfer limitations 

and axial dispersion) is run within the studied domain and the results are fitted to empirical 

models (usually polynomials) that relate the response variable  to the factors . In the case of 𝑌 𝑋

second order polynomials one writes:

𝑌 = 𝛽0 +
p

∑
l = 1

𝛽l𝑋l +
p

∑
l = 1
l ≠ m

p

∑
m = 1

𝛽lm𝑋l𝑋m (28)

where  is a constant,  are the coefficients of the linear effects, and  are the coefficients of 𝛽0 𝛽l 𝛽lm

pair interactions. 
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In this work two factors were studied: the flow rate ratios in sections II and III of the SMB, i.e.,  𝑚II

and . These factors were analyzed over three levels within the domain defined by the 𝑚III

triangular separation region. The other flow rates (  and ) were fixed as the values 𝑚I 𝑚IV

corresponding to the vertex of the  plane provided by the Triangle Theory. The system 𝑚I ― 𝑚IV

responses were the purities of each outlet stream and the unit productivity. The desired  and 𝑚II

 were obtained by optimizing an embedded multi-objective function of Design Expert 𝑚III

software, imposing a minimum purity requirement and maximizing the productivity. 

It is also worth of mentioning that other optimization methods may be found in the literature like 

the concept of separation volume [66], the standing wave design [67], among others [68–71]. 

Alternatively, taking into account the equivalence between SMB and TMB, other approaches may 

be adopted based on the TMB analytical solutions reported initially by Hashimoto et al. [55] and 

later by Viviana et al. [72]. In both cases, linear isotherms and mass transfer limitations are 

considered except the axial dispersion contribution. 

3. Experimental section

3.1. Reagents and materials 

HPLC grade acetonitrile, methanol, water, and acetic acid were purchased from Sigma-Aldrich. 

Uracil (purity ≥ 99 %) and blue dextran with an average molecular weight of 2000000 were also 

purchased from Sigma-Aldrich.  Oleanolic acid (purity ≥ 98 %) and ursolic acid (purity ≥ 98 %) were 

acquired from AK Scientific (Union City, CA). All products were used as obtained without any 

further purification.
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3.2. High pressure liquid chromatography (HPLC) set-up

A Gilson HPLC system (Gilson, Inc., Middleton, WI, USA) equipped with a 305 isocratic controller 

pump, a 306 gradient pump, an 805 manometric module, an 811C dynamic mixer, and a 118 UV-

vis was used to conduct the chromatographic experiments. The Gilson Unipoint Software version 

5.11 (Gilson, Inc., Middleton, WI, USA) was used to record automatically all the chromatographic 

runs. The Acclaim C30 column (250 mm × 4.6 mm, 5 µm) column was purchased from Thermo 

Fisher Scientific.

3.3. Impulse experiments

A series of impulse experiments were conducted to determine column porosities (by injecting 

uracil and blue dextran, non-retained tracers of different molecular sizes) and to select 

appropriate mobile phases for the separation of oleanolic and ursolic acids. Experiments 

consisted of small injections of 20 µL of feed solution at room temperature (20 ᵒC) on the Gilson 

HPLC system described above. UV-vis detection was set at 254 nm and 600 nm for uracil and blue 

dextran, respectively, and 210 nm for TTAs detection.

3.4. Unary and binary breakthrough adsorption experiments

Adsorption isotherms and global linear driving force coefficients ( ) were determined by 𝐾LDF

fitting the previously shown chromatographic model (section 2.1) to the experimental 

breakthrough curves. These were measured in a custom laboratorial installation as follows: after 

equilibrating the column with the mobile phase, a feed solution of known concentration (step 

signal) was continuously introduced into the column until equilibrium (adsorption stage). After 

that, the desorption stage was initiated switching the working pump (Knauer Azura® P 4.1S) by 

the mobile phase pump. Samples were collected periodically throughout the adsorption and 

desorption stages allowing the determination of the full breakthrough curve. The same procedure 
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was repeated for different feed concentrations as well as for the measurement of binary 

breakthrough curves.

The cumulative volume of tubing and fittings of the system (i.e., extra column volume) was found 

to be 0.381 mL. All curves were determined at a flow rate of 1.00 mL/min and at room 

temperature (20 ᵒC).

4. Results and discussion

4.1. Determination of porosities

The total porosity ( ), bed porosity ( ), and particle porosity ( ) were determined based on the 𝜀T 𝜀b 𝜀p

elution times of two non-retained species. Total porosity was obtained using uracil, a non-

retained tracer able to penetrate the particle pores, whilst the bed porosity was determined using 

blue dextran, which is unable to penetrate the particle pores due to its bigger size. Small injections 

of uracil (0.16 mg/mL in 95/5 (%, v/v) methanol/water) and blue dextran (0.76 mg/mL in 50/50 

(%, v/v) methanol/water) were performed at different flow rates ranging from 0.40 to 1.40 

mL/min. 

The elution times ( ) of non-adsorbed uracil and blue dextran were plotted against , the 𝑡r 𝐿/𝑣0

ratio between column length and superficial velocity (Figure 1). Based on Eq. (29),  and  equal 𝜀T 𝜀b

to 0.697 and 0.356, respectively, were obtained from the slopes and all coefficients of 

determination were above 0.999. Particle porosity ( ) was calculated from Eq. (30) and was 𝜀p

found to be 0.530. These porosities were determined to characterize the chromatographic 

column packing, but only  is necessary for column and SMB modeling.𝜀b

𝑡r = 𝜀
𝐿
𝑣0

, where 𝜀 =  𝜀T or 𝜀b (29)

𝜀𝑇 = 𝜀b + (1 ― 𝜀b)𝜀p (30)
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Figure 1 - Elution times of uracil and blue dextran versus the ratio between column length and 
superficial velocity for the determination of total and bed porosity, respectively. UV-vis 

detection at 254 nm and 600 nm for uracil and blue dextran, respectively.

4.2. Elution chromatography experiments

A series of elution experiments were performed with the Acclaim C30 column with the purpose 

of finding a suitable mobile phase for the separation of oleanolic and ursolic acids.  It is known 

that the retention of oleanolic and ursolic acids is highly dependent on mobile phase composition 

[52,73–76], thus a careful analysis of the influence of each component in the eluent mixture is 

necessary to ensure that a good compromise between TTAs solubility and selectivity (and 

resolution) is achieved. In this work, methanol, water, acetonitrile, and mixtures thereof were 

used because: (i) they allow simple TTAs UV-vis detection; (ii) they do not increase significantly 

the pressure drop as in the case of more viscous solvents (ethanol, isopropanol, n-butanol, etc.), 

which is an important factor for scale-up; (iii) binary mixtures of methanol and water or 

acetonitrile increase TTAs separation ability without penalizing significantly solubility if low 

contents of any of those modifiers are employed [32,52].
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The flow rate of the mobile phase was set to 0.40 mL/min and UV-vis detection at 210 nm. All 

chromatograms of this work were obtained at room temperature (20 ᵒC) and the selectivities 

determined with the hold-up time of blue dextran. 

 The retention behavior of stationary phases is temperature-dependent, since at lower 

temperatures adsorption is higher and the concentration wave velocity decreases (this is very 

clear for linear isotherms). With relation to selectivity, very distinct trends may result: (i) Sander 

et al. [77] found that selectivity of monomeric-like C30 adsorbent towards 

tetrabenzonaphthalene and benzo[α]pyrene increases with increasing temperature from 5 to 50 

°C; (ii) the same authors reported modest changes in selectivity over 10 – 40 °C in the case of 

carotenoid isomers using polymeric-like C30 column; (iii) Sánchez-Ávila et al. [78] reported better 

separation results at low temperature (optimum selectivity at 5 °C from the studied range of 5 – 

35 °C) for triterpenic acids and dialcohols over a C18 stationary phase.

Regarding our experimental selectivities plotted in Figure 2, two distinct effects appear, namely, 

the addition of water to methanol improves the separation while the addition of acetonitrile has 

the opposite effect. Increasing the water content by 5 % (v/v) improves the selectivities but going 

beyond that has no effect on the separation. When comparing the results of methanol/water 

95/5 (%, v/v) obtained with the Acclaim C30 with those reported for an Apollo C18 column [32], 

besides the improved separation, it is also worth to point out that both oleanolic and ursolic acids 

elute faster on the C30 bonded phase (ca. 30 %). This is in contrast with what is usually observed, 

for example, for the separation of different carotenoids, where C30 columns usually provide 

better separations but at the expense of longer analysis times [37]. However, it should be 

emphasized that the column packings are different, with higher total and bed porosities of 0.697 

and 0.356, respectively, for the C30 column versus 0.623 and 0.335 for the Apollo C18. Moreover, 

carbon loadings are also different, with 13 and 15 % values for the C30 and C18 columns (values 

from the supplier), respectively. Overall, the combination of factors such as distinct alkyl chain 
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length (and consequently higher degree of conformational order), different carbon loading, and 

different architecture of the C30 phase material enables simultaneously better separations and 

faster analysis times.

Additionally, acetic acid 0.1 % (v/v) was introduced as an acidic modifier to the methanol and 

water mixtures. With methanol/water 95/5 (%, v/v) no selectivity gain was observed but with 

methanol/water 90/10 (%, v/v) there was in fact an improvement despite the increase of the 

retention times. However, this mobile phase (mainly due to the addition of acetic acid) is not 

attractive to run the separation of oleanolic and ursolic acids on an SMB as it penalizes the 

solubility of both acids. Moreover, the introduction of acetic acid poses an additional step in the 

preparation of mobile phase and, more importantly, another step in the recovery of solvents in a 

future SMB operation. For all these reasons, methanol/water 95/5 (%, v/v) (chromatogram shown 

in Figure 3) was the selected mobile phase to conduct further studies. All chromatograms can be 

found in Supplementary Material.

Figure 2 – Selectivities for the separation of oleanolic and ursolic acids with the Acclaim C30 
column. Flow rate of 0.40 mL/min, UV-vis detection at 210 nm, 20 °C. All solvent mixture 

compositions are volume ratios.
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Figure 3 – HPLC chromatogram of oleanolic (OA, 0.129 mg/mL) and ursolic (UA, 0.186 mg/mL). 
Experimental conditions: Acclaim C30 column; mobile phase: methanol/water 95/5 (%, v/v); 

flow rate of 0.40 mL/min, UV-vis detection at 210 nm, 20 °C.

4.3. Unary isotherm and transport parameters determination

To determine the isotherm and global mass transfer coefficients of each compound, a series of 

breakthrough experiments of pure oleanolic and ursolic acids were performed in the range of 

0.20 – 1.30 mg/mL and 0.20 – 2.00 mg/mL, respectively, at a flow rate of 1.00 mL/min and 20 °C. 

The oleanolic and ursolic experimental breakthrough curves are plotted in Figure 4 and Figure 5, 

respectively. The chromatographic model previously shown in section 2.1 was fitted to the 

experimental data by optimizing the equilibrium constant ( ) and the global mass transfer 𝐻i

coefficient ( ), which can be found in Table 2. Overall, good results were obtained with 𝐾LDF

 of 5.23 and 11.9 % for oleanolic and ursolic acids, respectively. The equilibrium data 𝐴𝐴𝑅𝐷𝑠

clearly confirmed that the isotherm trend was linear.

Additionally, the real selectivity (ratio of equilibrium constants) obtained in this work (1.09) was 

significantly higher than that found for a C18 packing (1.02) [32], making this column a promising 

candidate for the separation of these TTAs by SMB.
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Figure 4 – Breakthrough curves of oleanolic acid with the Acclaim C30 column and 95/5 (%, v/v) 
methanol/water as mobile phase: a) adsorption and b) desorption stages. Symbols: ○ – 0.208 

mg/mL; □ – 0.519 mg/mL; ◊ - 0.778 mg/mL;  - 1.30 mg/mL. Full line: chromatographic model. ∇
Flow rate of 1.00 mL/min, UV-vis detection of 210 nm, 20 °C.
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Figure 5 – Breakthrough curves of ursolic acid with the Acclaim C30 column and 95/5 (%, v/v) 
methanol/water as mobile phase: a) adsorption and b) desorption stages. Symbols: ○ – 0.203 
mg/mL; □ – 0.812 mg/mL; ◊ - 1.42 mg/mL;  - 2.03 mg/mL. Full line: chromatographic model. ∇

Flow rate of 1.00 mL/min, UV-vis detection of 210 nm, 20 °C.
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Table 2 – Linear equilibrium constants and global mass transfer coefficients obtained by fitting 
the chromatographic model to the experimental breakthrough curves of pure oleanolic and 
ursolic acids. Experimental conditions: Acclaim C30 column; mobile phase: methanol/water 

95/5 (%, v/v); flow rate of 1.00 mL/min, UV-vis detection at 210 nm, 20 °C.

Triterpenic Acids Oleanolic Acid Ursolic Acid

𝐻 2.03 2.21

 (min-1)𝐾LDF 112 167

 (cm2/min) *𝐷ax 4.77 × 10-3 4.77 × 10-3

 (%)𝐴𝐴𝑅𝐷 5.23 11.9

* Estimated by Edwards and Richardson correlation [59].

4.4. Binary system results and modeling prediction

The parameters previously determined for the unary oleanolic and ursolic acids solutions were 

used to predict the two breakthrough curves of binary mixtures to assess the influence of 

competitive effects and to validate the use of those parameters in the SMB simulations. Two 

binary mixtures of oleanolic and ursolic acids with a total concentration of 0.616 and 1.232 mg/mL 

were fed to the column at 1.00 mL/min and 20 °C in a similar procedure as that used in the 

determination of pure acids breakthroughs. The ratio of oleanolic to ursolic acid was kept 

constant in the two runs and it was ca. 1:2 (wt.), respectively, to simulate a mixture from real E. 

globulus extracts [21,79]. The experimental and prediction results for the two binary mixtures are 

represented in Figure 6.  As can be seen, the parameters determined previously for the pure acids 

were able to predict accurately the chromatographic separation with  of 5.33 and 4.78 % 𝐴𝐴𝑅𝐷𝑠

for the binary mixtures of 0.616 and 1.232 mg/mL, respectively, revealing the absence of 

competitive effects, and thus, validating the parameters to conduct SMB simulations.
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Figure 6 – Experimental and predicted breakthrough curves of binary mixtures of oleanolic (○) 
and ursolic (◊) acids at different feed concentrations using the Acclaim C30 column and 

methanol/water 95/5 (%, v/v): a1) adsorption stage with total concentration of 0.616 mg/mL 
and b1) desorption stage with total concentration of 0.616 mg/mL; a2) adsorption stage with 

total concentration of 1.232 mg/mL and b2) desorption stage with total concentration of 1.232 
mg/mL. Flow rate of 1.00 mL/min, UV-vis detection of 210 nm, 20 °C. Points – experimental 

data; Full line – chromatographic model.

4.5. Simulation of SMB separation of oleanolic/ursolic acids mixtures

The continuous separation of oleanolic and ursolic acids by a classical SMB chromatography 

arrangement was studied via computational simulations considering, for that purpose, 

preparative Acclaim C30 columns.

The flow rates allowed in the SMB were estimated by considering a maximum pressure drop of 

34 bar as previously discussed in section 2.2. The axial dispersion and global linear driving force 

coefficients ( ) obtained for the experimental conditions of this work (from the breakthrough 𝐾LDF
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assays) were then recalculated for the operating conditions of the SMB. The composition of the 

feed mixture was defined taking into account the following factors: (i) the mass fractions of 

oleanolic (25 wt.%) and ursolic (55 wt.%) acids in extracts of triterpenic acids from Eucalyptus 

globulus bark obtained by solid-liquid and supercritical fluid extraction, a process addressed by 

the authors [21,79]; and (ii) the solubility of oleanolic and ursolic acids in methanol/water 95/5 

(%, v/v). Thus, a total concentration of 2 mg/mL was established resulting in 0.625 and 1.38 

mg/mL in oleanolic and ursolic acids, respectively. 

Different column lengths and SMB configurations were studied, resulting in three different 

scenarios: scenario 1, with a 1-1-1-1 column configuration and 25 cm length columns; scenario 2, 

with a 1-2-2-1 column configuration and 25 cm length columns; and scenario 3, with a 2-2-2-2 

column configuration and 20 cm length columns. All data necessary for the simulations are 

collected in Table 3. 

Table 3 - Simulation parameters for the separation of oleanolic (OA) and ursolic (UA) acids by 
SMB. Adsorbent: packing of Acclaim C30 column; mobile phase: methanol/water 95/5 (%, v/v); 

20 °C.

Scenario 1 Scenario 2 Scenario 3

Configuration 1-1-1-1 1-2-2-1 2-2-2-2

 (cm)𝐿j 25 25 20

 (cm)𝑑 2.2 2.2 2.2

 (µm)𝑑p 5 5 5

 𝜀b 0.356 0.356 0.356

 (mg/mL)𝐶F
OA 0.625 0.625 0.625

 (mg/mL)𝐶F
UA 1.38 1.38 1.38

 𝐻OA 2.03 2.03 2.03

 𝐻UA 2.21 2.21 2.21

 (min-1) 𝐾LDF,OA 112 112 112
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 (min-1) 𝐾LDF,UA 167 167 167

 (cm2/min) * Section 1𝐷ax,i 2.02 × 10-3 1.15 × 10-3 1.37 × 10-3

 (cm2/min) * Section 2𝐷ax,i 1.92 × 10-3 1.09 × 10-3 1.30 × 10-3

 (cm2/min) * Section 3𝐷ax,i 1.96 × 10-3 1.12 × 10-3 1.36 × 10-3

 (cm2/min) * Section 4𝐷ax,i 1.90 × 10-3 1.09 × 10-3 1.30 × 10-3

 (mL/min)𝑄 ∗
1 9.41 4.70 5.88

* with three significant figures, the axial dispersion is the same for  = OA and UA.i

The DoE-RSM approach [54] was then applied to optimize the separation. The optimization 

domain, ADE area in Figure 7, was defined to encompass the separation region provided by the 

Triangle Theory (ABC area) excluding points close to the diagonal as they give rise to very low 

productivities and thus are of little interest. A DoE grid of 13 points was created within this domain 

regarding the two continuous factors, i.e. the flow rate ratios in sections II and III of the SMB (  𝑚II

and ). In accordance to the response surface methodology, empirical expressions were fitted 𝑚III

to the obtained simulated data. Quadratic models were applied to both purities while a linear 

model was sufficient for productivity. Upon analyzing the statistical significance of the terms of 

quadratic models used for both purities, these were reduced by removing the non-significant 

ones (those with a p-value < 0.1). The final equations are presented in Table 4. As can be seen, 

both coefficients of determination ( ) and adjusted coefficients of determination ( ) do not 𝑅2 𝑅2
adj

differ substantially, indicating that the models do not include non-significant terms.
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Table 4 – SMB responses (Extract Purity, , Raffinate Purity, , and productivity, ) as 𝑃𝑢𝑋 𝑃𝑢𝑅 𝑃𝑟𝑜𝑑
function of the factors  and , and corresponding coefficients of determination ( ) and 𝑚II 𝑚III 𝑅2

adjusted coefficients of determination ( ).𝑅2
adj

Scenario

s
Responses 𝑅2 𝑅2

adj

 𝑃𝑢𝑋 (%) = ―3256 + 23.68𝑚II +3047𝑚III ―702𝑚2
III 0.93

6

0.91

4

𝑃𝑢𝑅 (%) = ―9569 + 6590𝑚II + 2760𝑚III ― 1595𝑚2
II ― 665𝑚2

III 0.95

0

0.92

5

1

𝑃𝑟𝑜𝑑 (kg/(𝑚3 day)) = ―25.79𝑚II + 25.79𝑚III 1.00 1.00

 𝑃𝑢𝑋 (%) = ―934 + 6.138𝑚II +935.4𝑚III ―214.5𝑚2
III 0.96

8

0.95

7

𝑃𝑢𝑅 (%) = ―2790 + 2845𝑚II ― 21.20𝑚III ― 689.8𝑚2
III 0.95

1

0.93

4

2

𝑃𝑟𝑜𝑑 (kg/(𝑚3 day)) = ―8.596𝑚II + 8.596𝑚III 1.00 1.00

  𝑃𝑢𝑋 (%) = ―715.6 + 752.3𝑚III ―173.4𝑚2
III 0.91

3

0.89

5

 𝑃𝑢𝑅 (%) = ―2672 + 2676𝑚II ―645.6𝑚2
II 0.91

3

0.89

6

3

𝑃𝑟𝑜𝑑 (kg/(𝑚3 day)) = ―10.07𝑚II + 10.07𝑚III 1.00 1.00

These reduced models were then applied to the multi-objective optimization of the oleanolic and 

ursolic acids separation, allowing a quick estimation of optimal operating conditions and 

prediction of separation performance as opposed to the time-consuming optimization routines 

with the numerical integration of the SMB model. For all three scenarios, a minimum purity 

requirement of 99 % was firstly defined for the extract and raffinate streams. This value was 

successively decreased by 1 % (in both streams) if the minimum purity was not attained for the 
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conditions provided by each scenario. The productivity was always maximized. The final complete 

set of optimum conditions to operate the SMB unit for each scenario, determined by conducting 

a few further simulations around the conditions obtained by the DoE-RSM approach to finely 

improve the SMB responses, are displayed in Table 5 and represented in Figure 7 by the three 

filled dots along with the respective separation regions.

Table 5 - Optimized operating conditions and simulation results for the SMB separation of 
oleanolic and ursolic acids. Adsorbent: packing of Acclaim C30 column; mobile phase: 

methanol/water 95/5 (%, v/v); 20 °C. 

Results Scenario 1 Scenario 2 Scenario 3

Configuration 1-1-1-1 1-2-2-1 2-2-2-2

(cm3)𝑉adsorbent 245 367 392

 (min)𝑡 ∗ 17.98 35.97 23.02

 𝑚II 2.046 2.038 2.036

 𝑚III 2.117 2.118 2.205

 (cm3/min)𝑄 ∗
1 9.408 4.704 5.880

 (cm3/min)𝑄 ∗
2 8.844 4.408 5.506

 (cm3/min)𝑄 ∗
3 9.087 4.544 5.852

 (cm3/min)𝑄 ∗
4 8.788 4.394 5.493

 (cm3/min)𝑄E 0.6198 0.3100 0.3874

 (cm3/min)𝑄F 0.2427 0.1362 0.3603

 (cm3/min)𝑄X 0.5644 0.2959 0.3744

 (cm3/min)𝑄R 0.2981 0.1502 0.3733

 (%)𝑃𝑢𝑋 97.1 98.3 99.9

 (%)𝑃𝑢𝑅 97.0 98.0 99.9

 (kg/(m3
adsorbent day))𝑃𝑟𝑜𝑑 1.839 0.6879 1.705

E – eluent; F – feed; X – extract; R – raffinate
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Figure 7 – Total separation region (ABCA) provided by the triangle theory, DoE domain (ADEA), 
simulation grid points (○), and optimized operating points for each scenario for the separation 
of oleanolic acid (OA) from ursolic acid (UA). The separation regions for scenario 1, scenario 2, 
and scenario 3 are delimited by regions (FF’F’’F), (GG’G’’G), and (AHH’H’’H’’’A), respectively. 

Adsorbent: packing of Acclaim C30 column; mobile phase: methanol/water 95/5 (%, v/v); 20 °C.

As can be seen in Table 5, the three different scenarios allow the separation of ursolic acid from 

oleanolic acid in three degrees of high purity, two of them (97 and 98 %) commonly found by 

TTAs vendors: (i) The one column per section configuration (1-1-1-1, scenario 1) allows the 

collection of oleanolic acid in the raffinate and ursolic acid in the extract with a minimum purity 

for both of ca. 97 %. The separation region (FF’F’’F in Figure 7) is significantly smaller than that of 

the Triangle Theory (ABCA). (ii) The configuration with 2 columns in sections II and III (1-2-2-1, 

scenario 2) provides a minimum purity of ca. 98 % for both TTAs. Once again, the real separation 

region (GG’G’’G) is smaller than the ideal one yet larger than for 1-1-1-1 arrangement. (iii) Lastly, 

using 2 columns per section of 20 cm (instead of 25 cm) (2-2-2-2, scenario 3), a purity of 99.9 % 

is obtained for oleanolic and ursolic acids with a separation region spanning almost the entire 

ideal area provided by the triangle theory, namely, region AHH’H’’H’’’A. 
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Regarding the different productivities, that of scenario 3 falls closely behind that of scenario 1, as 

the optimized operating point is closer to the vertex A (Figure 7), where the SMB productivity 

reaches the maximum.

With these results, it was demonstrated that an SMB unit equipped with the Acclaim C30 packing 

material and running with methanol/water 95/5 (%, v/v) is effectively capable of separating 

oleanolic and ursolic acids with purities as high as 99.9 %. This in turn represents a huge 

improvement over using the packing of Apollo C18 columns, for which the separation of oleanolic 

and ursolic acids may be accomplished with purities of 99.1 and 99.4 %, respectively, at the 

expense of using 3 columns per section, each column 25 cm long, resulting in very low 

productivities [32]. Hence, the work developed here represents an important improvement 

towards the effective separation of these two biologically active triterpenoids.

5. Conclusions

Oleanolic and ursolic acids are two naturally occurring triterpenic acids isomers whose molecular 

isolation is difficult to accomplish. Accordingly, a simulated moving bed unit was designed to 

perform their separation. A triacontylsilyl silica gel adsorbent, Acclaim C30 column, was selected 

as stationary phase and it was found that methanol/water 95/5 (%, v/v) was the most favorable 

solvent to conduct their continuous separation, providing a value of selectivity of 1.09. The tested 

C30 column demonstrated a remarkable separation capacity of these triterpenic acids due to the 

longer alkyl chain and consequently higher degree of conformational order, combined with 

different carbon loading and different column architecture and dynamics, enabling 

simultaneously higher selectivities and faster analysis times, when compared with previous 

results using an octadecyl (C18) packing material (Apollo C18) and the same mobile phase.
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Afterwards, breakthrough experiments of pure acids were performed to determine isotherms 

and global linear driving force coefficients, which were then successfully validated in the 

prediction of a breakthrough of binary mixtures of oleanolic and ursolic acids. The obtained 

parameters were then used in the simulation of an SMB unit with a feed mixture representative 

from a natural extract of E. globulus. A classical SMB scheme was simulated and optimized using 

a Design of Experiments – Response Surface Methodology approach defining different purity 

requirements for different SMB arrangements and maximizing always the productivity.

It was demonstrated that the SMB is able to attain different purities levels of at least 97.0, 98.0 

and 99.9, for both extract and raffinate outlets, and productivities of 1.839, 0.6879, and 1.705 

kg/(m3
adsorbent day) with configurations of 1-1-1-1 (25 cm columns), 1-2-2-1 (25 cm columns), and 

2-2-2-2 (20 cm columns), respectively. This is a noteworthy achievement as previous results with 

an Apollo C18 stationary phase showed that purities of 99.4 and 99.1 % for ursolic and oleanolic 

acids, respectively, were achievable at the expense of using three C18 columns per section (3-3-

3-3) each with a length of 25 cm, and consequently at the expense of extremely low 

productivities. The work presented here with the C30 column represents important 

improvements towards the successful chromatographic separation of these triterpenic acids.
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Highlights

Simulated moving bed (SMB) separation of oleanolic and ursolic acids

Several solvents and their mixtures studied for their chromatographic separation

Breakthrough assays performed to measure equilibrium & mass transfer parameters

SMB operation optimized using statistical methods and computer simulations

Both compounds isolated with purities of 99.9 % for an SMB unit of 2-2-2-2


