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A B S T R A C T

Given the complexity of natural extracts, multiple purification steps are often required to satisfy strict purity 
requirements for the isolated product. In this context, mathematical modeling could be a useful tool to evaluate 
the feasibility of large-scale purification and to find optimal elution conditions without relying on the traditional 
trial-and-error method. In this work, the thermodynamic behavior of Hydroxysafflor yellow A (HSYA), the 
primary bioactive pigment in the safflower plant, has been modeled and simulated under gradient elution 
conditions in analytical scale to find optimal parameters for its isolation under preparative scale. Adsorption 
isotherm parameters were determined through the so-called inverse method in the analytical scale and further 
confirmed in the preparative scale. The general rate model accurately predicted elution profiles by considering 
all mass transfer resistances between the stationary and mobile phases, with excellent agreement between 
simulated and experimental data. It resulted that the optimization of process operating variables led to an in
crease of the HSYA purity from 20% (crude extract) to 80% (after enrichment), and further purified to 95% using 
reversed-phase preparative chromatography. The proposed workflow offers a scalable and sustainable strategy 
for purifying a natural compound using enrichment and subsequent purification techniques.

1. Introduction

Safflower (Carthamus tinctorius L.), a plant belonging to the Compo
sitae (Asteraceae) family [1], is a valuable source of natural pigments and 
bioactive compounds [2]. Generally, two classes of pigments, namely 
yellow and red pigments, have been identified in this plant. The yellow 
pigments have been employed as natural colorants in the food and 
cosmetic industries [3]. The main component of the yellow pigments is 
identified as Hydroxysafflor yellow A (HSYA), a quinochalcone 
C-glycoside, which demonstrated remarkable therapeutic potential in 
cardiovascular diseases, cerebral ischemia, neuroprotection, and anti
oxidant activity [3–7]. This compound can also be considered as a key 
reference marker for the quality assessment of safflower related prod
ucts [8–12]. However, the presence of similar constituents in the crude 

safflower extract hinders the purification of HSYA. Various conventional 
approaches have been employed for HSYA isolation from Safflower ex
tracts including macroporous adsorption resins [9,10], high-speed 
countercurrent chromatography (HSCC) [13], flash chromatography, 
and preparative reversed-phase chromatography [14]. These methods 
are generally characterized by moderate purity (typically <90%), low 
recovery, high solvent usage, and limited scalability. Also, most of the 
time, the optimum process condition was obtained by trail-and error 
methods. In this context, mathematical modeling could be helpful in the 
method development stage for the prediction of elution profiles and the 
determination of optimal operating conditions applied for large-scale 
chromatography without relying on time- and resource-consuming 
trail-and error method [15–18], thereby saving time and sample mate
rial [15,19–21]. Despite these advantages, only few examples of the 
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application of mathematical models to preparative chromatography are 
reported. Hooshyari et al [22] employed a mathematical model to purify 
cannabidiol from a Cannabis sativa L. extract reaching 94% of final pu
rity, with an increase in purity of more than 150%; Benedini et al [23] 
executed a mathematical model for optimizing the purification of pro
teins in a complex mixture, obtaining +34% of purity; Hossainzadeh et 
al [24] applied mathematical modeling for the purification of the foot 
and mouth disease vaccine, reaching a final purity of 85%; Cavazzini et 
al [25] investigated the retention behavior of a peptide under analytical 
scale and gradient elution conditions, to name but a few. In this context, 
the present work is aimed at expanding and demonstrating the appli
cability of chromatographic modeling to other complex natural 
matrices, further enhancing the final process performance.

From a practical viewpoint, to implement a more accurate model for 
the prediction and the optimization of elution profiles, the estimation of 
the isotherm parameters of the target compound is considered as a 
determinant step. Different techniques have been utilized for the 
determination of adsorption isotherm parameters, including: frontal 
analysis (FA) [26], perturbation method (PM) [27], frontal analysis by 
characteristic point (FACP) [28], and retention time method (RTM) 
[29]. Despite their wide application, these methods have several 
drawbacks, such as requiring relatively large amounts of samples, sol
vents, and time. An alternative approach is the so-called Inverse Method 
(IM), which is useful for the more accurate and faster determination of 
both single-component and competitive isotherms. In this method, the 
adsorption isotherm is estimated based on minimizing the sum of the 
least squares between experimental and calculated profiles under the 
overloading condition [29–33].

In this work, the two-step purification of HSYA from safflower has 
been modeled and performed firstly using a macroporous resin 
(enrichment step) and finally using octadecyl silica to reach the desired 
final purity of 95%. In more detail, the retention behavior, phase equi
libria and loading conditions of HSYA have been investigated in the 
enrichment step under gradient elution conditions. Then the calculated 
parameters from the analytical scale, by maintaining the type of sta
tionary, linear velocity, and isotherm parameters, were applied to pre
dict the elution profiles in the preparative-scale column.

2. Theory

Mathematical modeling plays a pivotal role in the scale-up and 
optimization of chromatographic processes, particularly for preparative- 
scale separations of natural compounds [22]. A robust model can aid in 
optimizing the operational conditions and predicting the elution profiles 
on the preparative scale [34]. In this study, the General Rate Model 
(GRM) was employed to describe the transport and adsorption behavior 
of HSYA in both analytical and preparative macroporous resin columns 
under gradient elution conditions. The GRM provides a detailed mech
anistic description by accounting for all major mass transfer phenomena 
as compared with other simplified models, such as the ideal model, 
equilibrium dispersive model (EDM), transport model, and transport 
dispersive model, making it particularly suitable for large particle sta
tionary phases such as macroporous resins [35,36]. The following as
sumptions were incorporated into the model [37]: the chromatographic 
process is isothermal, the velocity of the mobile phase is constant (its 
compressibility is negligible), the bed is packed with particles of a 
porous adsorbent that are spherical and uniform in size, the concen
tration gradient in the radial direction of the bed is negligible. Local 
equilibrium exists for the desired component between the pore surface 
and the stagnant fluid phase in the macropores resin. The dispersion 
coefficient is constant, and the radial dispersion is negligible. Based on 
the mentioned assumptions, the mass balance equations in the mobile 
and the stationary phases for the component i [28,36] are as follows: 
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where ci is the concentration of the component i in the mobile phase, cpi 

is the concentration of the component i inside the pore particle, c∗pi is the 
concentration of the component i adsorbed in the stationary phase, ε, 
and εp represent the bed voidage and particle porosity, respectively. Dpi 

is referred to the intra-particle diffusion, which can be calculated by Eq. 
(3). Dmi is the molecular diffusion, which is determined using the Stokes- 
Einstein Eq. (4) [29]. 

Dpi =
εp

(
2 − εp

)2Dmi (3) 

Dmi = 2.74 × 10− 9(Mw)
− 1
3 (4) 

where Mw is the molecular weight of the desired compound.
Dai represents the axial dispersion, which can be calculated based on 

the equation proposed by Rastegar and Gu [38]: 

Dai = 0.7Dmi +
2rpvε

0.18 + 0.008(Re)
0.59 (5) 

where rp, v, and Re denote the radius of the particle, linear velocity, and 
Reynolds number, respectively.

Film mass transfer coefficient for the component i (kfi) is estimated 
based on the Wilson–Geankoplis correlation [39]: 

kfi =
1.09

ε
Dmi

dp

(

ε dpv
Dmi

)0.33

(6) 

2.1. Isotherm model

Estimating the adsorption isotherm is one of the most critical steps in 
chromatographic modeling. It should be pointed out that the separation 
efficiency of the target compound improves significantly by variation of 
organic modifier concentration with time. Therefore, in this study, the 
adsorption isotherm was estimated under gradient elution conditions. 
During the gradient elution, the percentage of the organic modifier (φ) 
gradually increases over the gradient time (tg). As a result, the amount of 
adsorption in the stationary phase depends not only on the solute con
centration in the mobile phase but also on changes in the organic 
modifier [25,40].

The Linear Solvent Strength (LSS) model is used to describe the 
relation between the retention factor (k) and the percentages of an 
organic modifier [41–43]: 

Lnk(φ) = − S(φ) + Lnk0 (7) 

In this correlation, k0, the retention factor is extrapolated at φ = 0 
and, S is the coefficient characteristic associated with the solute-mobile 
phase system. To estimate isotherm parameters under gradient elution, 
the adsorption isotherm must first be determined at several isocratic 
points (different fixed φ values).

The Langmuir isotherm model in the isocratic elution mode was 
considered for further investigation. 

q =
aC

1 + bC
(8) 

where b is the equilibrium constant in the overloading condition, a = qsb 
is the Henry constant, and qs is the saturated capacity. In addition, the 
relationship between k and a is defined as: 

k = aF (9) 

where F is defined as the phase ratio (F =
(1− ε)(1− εp)

ε+(1− ε)εp
) [34].

Using Eqs. (7) and (9), the Langmuir isotherm parameters can be 
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calculated in the gradient elution; 

a = a0e− S(φ) (10) 

b = b0e− S(φ) (11) 

where a0and b0 are the adsorption parameters extrapolated at φ = 0. It 
must be noted that as a narrow range of φ in the isotherm equation was 
studied under the gradient elution, qs is almost considered to be con
stant. Therefore, by replacing a and b from Eqs (10) and (11) into Eq (8), 
the Langmuir isotherm model can be obtained for the gradient elution 
mode; 

q(c,φ) =
qsb0e− s(φ)C

1 + qsb0e− s(φ)C
(12) 

This gradient-adapted Langmuir isotherm was then incorporated 
into the General Rate Model (GRM) to simulate the elution profiles 
accurately under overloaded gradient conditions. It is necessary to 
define both boundary and initial conditions. Danckwerts-type boundary 
conditions have been employed [29], and the inlet feed gradient has 
been modeled as follows: 

φ(t, 0) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

φ0 0 ≤ t ≤ tinj

φ +
Δφ
tg

(
t − tinj

)
tinj ≤ t ≤ tinj + tg

φ + Δφ t ≥ tinj + tg

(13) 

where tinj is the length of the rectangular injection profile, φ0 is the 
initial fraction of the organic modifier and tg is the time of the gradient.

3. Materials and methods

3.1. Columns and materials

The HPLC-grade acetonitrile (ACN) was purchased from DAEJUNG 
Chemicals and Metals Co. (Siheung, Korea). HPLC-grade water was 
obtained from a Millipore Milli-Q purification system (Molsheim, 
France). Ethanol (99%) was sourced from Kimia Alcohol Zanjan Co. 
(Zanjan, Iran), and trifluoroacetic acid (TFA) was purchased from 
Sigma-Aldrich (Darmstadt, Germany). Uracil and Blue dextran 2000 
(molecular weight: 2000 kDa) were also purchased from Sigma-Aldrich 
(Darmstadt, Germany).

For the enrichment step, a macroporous CM2100 resin (Polystyrene- 
divinylbenzene, PSDVB) obtained from Sun-resin New Materials Co. 
(Xi'an, Shaanxi, China) with a particle size of 100 µm, was used as the 
stationary phase. It was packed into stainless steel columns: 250 × 4.6 
mm for analytical scale and 250 × 20 mm for preparative scale. For the 
purification step, commercially available C18 columns from KNAUER 
(Berlin, Germany) were employed: a 5 µm particle size column (250 ×
4.6 mm) for analytical optimization and a 10 µm particle size column 
(250 × 16 mm) for preparative scale.

Dried Carthamus tinctorius L (safflower) plant material was provided 
from the licensed herbarium of medicinal plants and drugs research 
institute (SBU, Tehran, Iran). To obtain a safflower extract, 50 g of 
powdered plant material was mixed with 500 mL of distilled water. The 
mixture was sonicated for 30 min at room temperature. This extraction 
procedure was repeated three times to attain the maximum possible 
yield. Following sonication, the solution was filtered to remove solid 
residues, and the aqueous extract was concentrated by evaporating the 
solvent using a rotary evaporator.

3.2. Instrumentation and methods

All analytical and preparative enrichment and purification processes 
were performed using a KNAUER HPLC system (Berlin, Germany), 
equipped with a photodiode array PDA detector (Smartline 2800 

model), and a binary pump (Smartline pump S1000). The pump 
included two interchangeable heads with flow capacities of 10 mL/min 
for the analytical scale and 500 mL/min for the preparative scale.

For HSYA enrichment from the safflower extract, mobile phase A 
consisted of water with 0.02% TFA, and mobile phase B was 99% 
ethanol. The column was equilibrated with 10% of mobile phase B for 5 
min, followed by a linear gradient to 50% B over 30 min. The gradient 
was then increased to 100% B over 5 min, and the column was regen
erated with 100% B for an additional 5 min. For purification, mobile 
phase A was water with 0.02% TFA, and mobile phase B was ACN. The 
column was equilibrated with 10% of mobile phase B for 5 min, followed 
by a linear gradient to 45% B over 30 min. The gradient was then 
increased to 100% B over 5 min, and the column was regenerated with 
100% B for 5 min. All gradients were performed at a constant flow rate 
appropriate to the column scale (1 mL/min for analytical and adjusted 
proportionally for preparative, based on column dimensions).

Fractions collected during enrichment and purification were 
analyzed off-line using HPLC on a C18 column (5 µm particle size, 250 ×
4.6 mm). The mobile phase gradient was the same as for the purification 
step. Detection was performed using a PDA detector at wavelength of 
403 nm relevant to HSYA.

3.2.1. Method for estimating the isotherm parameters
To obtain the adsorption isotherm parameters, overloaded elution 

profiles were recorded by injecting an HSYA solution at a concentration 
of 8 g/L. The adsorption isotherm parameters under isocratic elution 
selected points were calculated using the inverse method [25,44]. By 
solving the mass balance equations, simulated elution profiles were 
generated and compared with the experimental profiles. Then, the 
isotherm parameters were iteratively changed to minimize the differ
ence between the actual and predicted data by minimizing the sum of 
the squared error technique.

3.2.2. Determination of column porosity, void fraction, and solid porosity
Determination of column porosity, void fraction, and solid porosity is 

important in modeling the profile peak shapes and locations [28,34]. To 
calculate the total porosity (εt), the uracil as a tracer was injected to 
determine the dead volume of the column (V0), including pore volume 
of solid (Vp).) and interstitial volume (Vint). Then, according to Eq. (14), 
εt was obtained by dividing the V0 to column volume (V0). However, to 
attain the void fraction (ε) using Eq. (15), the blue dextran was utilized 
to determine the interstitial volume exclusively. Ultimately, the solid 
porosity 

(
εp
)

was calculated using Eq. (16). 

εt =
V0

Vc
(14) 

ε =
Vint

Vc
(15) 

εp =
εt − ε
1 − ε (16) 

4. Results and discussion

4.1. Extraction, enrichment, and purification of HYSA

In this study, a three-step process—extraction, enrichment, and 
purification—was implemented to achieve the desirable purity. During 
the extraction, the yellow pigment was extracted from the safflower 
(Carthamus tinctorius) using the ultrasound-assisted method, with water 
serving as the solvent [45]. The purity at this stage was determined to be 
20% by comparing the peak area of HSYA with the total peak area 
(Fig. 1A). After the extraction step, an enrichment process was per
formed to remove major impurities. Macroporous resin chromatography 
was utilized to separate residual impurities from the target compound at 
both analytical and preparative scales. Macroporous resins, such as the 
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polystyrene-divinylbenzene (PSDVB)-based CM2100 resin employed in 
this study, play a pivotal role in this separation due to their distinctive 
structural characteristics, including large pore diameters (typically 
50–1000 nm), high specific surface area, and a hydrophobic 
polystyrene-divinylbenzene matrix [46]. These features facilitate effi
cient adsorption of polar yet moderately hydrophobic molecules, such as 
HSYA. It also provides high loading capacity even under overloaded 
conditions along with superior selectivity when coupled with gradient 
elution.

A mathematical model using GRM was developed to evaluate key 
operating parameters, including loading concentration, injection vol
ume, and column dimensions, as well as to optimize the adsorption 
isotherm parameters in the analytical scale. The optimized parameters 
were subsequently scaled up to the preparative level and validated 
against experimental data.

In the first step of modeling in the enrichment process, estimation of 
the adsorption isotherm parameters is essential to accurately predict the 
elution profiles. In this regard, estimating the isotherm parameters 
under gradient elution conditions is a key objective. To determine the 
most suitable range of HSYA elution in gradient condition, an over
loaded test at a specified concentration was conducted. Fig. 2 presents 
an experimental chromatogram obtained by injecting certain amount of 
HSYA solution (50 µL) with an arbitrary overloading concentration of (8 
g/L) under the gradient elution conditions in the analytical scale. As can 
be observed from Fig. 2, the main peak in the chromatogram was eluted 
at a retention time of approximately 22 min. By considering the dwell 
volume of the system, this retention time corresponds to a mobile phase 
composition of about 32.5% ethanol (used as the organic modifier). 
Therefore, isocratic data were selected in the narrow range of 28–34% 
ethanol, close to the critical composition where HSYA elutes during the 

Fig. 1. HPLC-DAD chromatograms recorded at 403 nm. (A) crude extract; (B) enriched extract; (C) purified. dc: 4.6 mm; Lc: 250 mm.
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gradient run.
The sensitivity of the selected isocratic points on the retention 

behavior of HSYA was investigated under an infinite dilution of HSYA 
(0.2 g/L, 50 µL) as shown in Fig. S1. As the ethanol percentage increases 
from 28% to 34%, the retention factor for HSYA changes from 1.63 to 
0.64. To better find the retention behavior of HSYA, the stoichiometric 
displacement model (SDM) has been employed [43,47]. According to 
this model, the retention behavior is influenced by the displacement of 
adsorbed molecules on the hydrophobic stationary phase by solvent 
molecules. It helps to estimate how many solvent molecules are required 
to replace a single adsorbed analyte molecule, thereby predicting 

retention trends as a function of solvent strength [48]. 

logk = logI + Z × log
(

1
D0

)

In this analysis, k represents the retention factor, D0 denotes the 
concentration of organic modifier (ethanol), Z refers to the number of 
solvent molecules displaced, and I is the extrapolated value of k when 
D0 = 0 (i.e., in pure water). Fig S2 illustrates the relationship between 
log k and log ( 1

D0
) for HSYA. According to the displacement model, the 

slope of this curve corresponds to Z, and the number of displaced mol
ecules has been estimated. For HSYA, this value was determined to be 

Fig. 2. Experimental gradient elution profile of HSYA solution. Injected concentration: 8 g/L; Injection volume: 50 µL; Wavelength: 403 nm.

Fig. 3. Comparison between the simulated and experimental elution profiles under the isocratic elution. φ = 28, 30 and 34%; Concentration of HSYA: 8 g/L; 
Injection volume: 50 µL; Wavelength: 403 nm.
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approximately 4.9 ± 0.3. It was revealed that the slope is relatively 
lower as compared with other reports [49,50], in which the large mol
ecules such as peptides and proteins had been used, rather than the small 
molecules studied in the present work. However, considering the slope 
of the curve, it was found that the selected range of the organic modifier 
was suitable enough for calculating the adsorption isotherm parameters 
in the isocratic elution conditions.

The inverse method was then applied to determine the isotherm 
parameters for HSYA.Several adsorption models, including Langmuir, 
Freundlich, and Freundlich-Langmuir, were evaluated under the iso
cratic elution on the macroporous resin. Among these, the Langmuir 
model provided an acceptable fit to experimental elution profiles. As 
illustrated in Fig. 3 for three selected isocratic points, 28%, 30% and 
34% (other isocratic points are presented in the Fig S3), there was 
excellent agreement between the experimental and simulated elution 
profiles obtained using the GRM for precise prediction in macroporous 
resin with limited mass transfer. From Fig. 3, the simulated elution 
profiles exhibited slightly higher peak heights compared with the 
experimental data, likely due to detector saturation effects observed in 
the experimental setup, as it was reported in the reference [51].

To further validate the isotherm model, additional overloaded ex
periments were performed under the isocratic conditions for HSYA con
centrations of 8, 16, and 24 g/L in 28% of organic modifier. A constant 
injection volume of 50 µL was used for all runs. As shown in Fig. S4 the 
simulated elution profiles obtained by the GRM were closely matched 
with the experimental data, confirming that the Langmuir isotherm 
model adequately describes the adsorption behavior of HSYA on the 
CM2100 resin under the investigated conditions. It is noteworthy that the 
high accuracy prediction can be attributed to the ability of GRM to model 
the axial dispersion which can influence the band broadening particularly 
in large and different particle sizes distribution associated with macro
porous resins [28]. Moreover, relatively low strength elution and surface 
mobility of the ethanol as an organic modifier limits the rate of mass 
transfer between the mobile phase and stationary phase that affect the 
band broadening of the target molecule [52]. The GRM considers the 
possible effects related to this source of mass transfer limitation on the 
band broadening. Notwithstanding the aforementioned limitations, the 
equilibrium isotherm is more important than other phenomena associ
ated with the accurate prediction of elution profiles [29].

Table 2 presents the best isotherm parameters obtained for different 
organic modifier percentages. As it was aforementioned, according to 
Eq. (11), by fitting the experimental data (Fig. 4), the amounts of 34 and 
2062 L/g for S and b0 respectively, were obtained for the gradient 
elution mode. In addition, in the gradient mode, the saturation capacity 
(qs) was determined by averaging the values obtained under the iso
cratic conditions, because the saturation capacities obtained under iso
cratic conditions showed no significant differences. The average value of 
18 g/L was considered for the simulation of gradient elution. These 
values are substituted in Eq. (12) to model the elution gradient condition 
using GRM and boundary conditions.

Based on the parameters obtained by fitting the data in Fig. 4 and 
using the GRM, the elution profiles under the gradient conditions were 
simulated. Fig. 5 depicts the elution profile of the gradient run of HSYA 
solutions at concentrations of 8, 16, and 24 g/L. The simulated elution 

profiles showed acceptable agreement with the experimental results, 
confirming the reliability of the model. This agreement validated the 
effectiveness of the selected narrow isocratic range (28–34% ethanol) 
for accurate estimation of isotherm parameters that can be extrapolated 
to gradient elution conditions. In detail, as can be seen from Fig. 5, there 
is a good agreement between the experimental and predicted elution 
profiles in terms of band widths and retention time, while the peak in
tensities at concentrations of 16 and 24 g/L were slightly higher than 
those recorded experimentally (Root mean square error (RMSE) < 4% 
for retention time, and RMSE < 8% for band width). This discrepancy is 
primarily attributed to the detector saturation or overloading effects 
encountered during the actual runs, which likely led to signal 
compression and underrepresentation of peak intensities in the chro
matograms [51]. Overall, these results demonstrated the strength of the 
GRM in capturing nonlinear adsorption isotherms and mass-transfer 
phenomena in macroporous resins under gradient elution, particularly 
for polar natural compounds such as HSYA. The successful prediction of 
overloaded behavior further highlights the suitability of macroporous 
resin chromatography combined with rigorous mechanistic modeling 
for efficient enrichment processes.

To evaluate the predictive capability of the validated model, the 
scale-up to the preparative chromatographic column was simulated 
using the GRM and directly compared with the experimental data. 
Importantly, the macroporous resin stationary phase, linear velocity, 
and gradient-adapted isotherm parameters were kept identical accord
ing to the analytical scale, ensuring a rigorous and mechanistic scale-up 
approach. The preparative column dimensions were 250 × 20 mm, with 
an injection volume of 1000 µL (20-fold increase relative to the 
analytical scale). The loaded crude extract had a concentration of 100 g/ 
L (corresponding to 100 mg safflower extract containing 20 mg HSYA). 
The flow rate was scaled to 18 mL/min (18-fold increase) to maintain 
constant linear velocity. All the other related data have been calculated 
in Table S1 and reproducibility of the chromatographic process is re
ported in Fig. S5.

Fig. 6 compares the simulated and experimental elution profiles ob
tained in the preparative scale. Excellent agreement was observed be
tween the GRM predictions and experimental results in terms of band 
width, retention time, and peak shape/intensity (RSME < 6%). Minor 
deviations in tailing could be attributed to the negligible extra-column 
effects occurring at the higher flow rate. This close match between 
simulated and experimental elution profiles confirms the robustness and 
scalability of the GRM when applied to macroporous resin chromatog
raphy under overloaded gradient conditions. The successful direct 
transfer of analytically determined isotherm and mass-transfer parame
ters to the preparative scale, without any refitting, underscores the power 
of mechanistic modeling for optimizing the operating conditions and, 
reliably predicting elution profiles during scale-up of HSYA enrichment 
processes. Moreover, the presence of impurities in the crude extract have 
not affected the position of product peak in the simulation result.

The main fraction containing HSYA from the optimized enrichment 
step was further analyzed by off-line high-performance liquid chroma
tography (HPLC) (Fig. 1B). It was observed an increase in purity from 
20% in the crude extract up to 80% after enrichment (+300%). It must 
be noted that the overall yield ( mass of collected fraction

mas of product in the injected sample) in this stage 
was almost 74% of the product.

In the final purification step, a C18 column was employed. In this 
stage, initially, the method of elution was optimized systematically to 
obtain considerable separation between HSYA and other impurities in 
the analytical scale, and then the elution method was transferred to the 
preparative column (250 × 16 mm, 10 µm) by preserving the linear 
velocity and the type of stationary phase. It must be noted that the flow 
rate in the preparative scale was calculated to be 6 mL.min− 1 based on 
Eq. 17. Accordingly, 1 mL of solution with a concentration of 20 g/L of 
enriched extract was loaded into the preparative column. The main peak 
that includes HSYA was collected and analyzed by off-line analytical 

Table 2 
Adsorption isotherm parameters attained through the inverse method with a 
Langmuir model at different mobile phase compositions.

φ a b (L/g) qs (g/L)

0.28 5.20 0.250 21.0
0.29 5.02 0.210 24.0
0.30 3.90 0.185 21.0
0.31 3.30 0.165 20.0
0.32 3.10 0.150 20.6
0.33 2.65 0.140 19.0
0.34 2.23 0.135 16.0
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HPLC (Fig. 1C), showing a further increase in purity up to 95% 
(+375%). 

FPrep

Fana
=

LPrep

Lana

(
rPrep

rana

)2 Dana

DPrep
(17) 

Where, L, r and D are flow rate, length, radius and particle size of 
analytical and preparative columns, respectively.

5. Conclusion

In this work, the enrichment and purification process of HSYA from 
safflower extract has been firstly modeled in analytical scale using the 

inverse method, by investigating retention behavior, phase equilibria 
and loading conditions. Then the simulation results have been directly 
used to perform the scale-up to the preparative conditions, by main
taining the type of stationary phase, linear velocity, and isotherm pa
rameters, allowing to reach 95% of final product purity starting from 
20%, with an increase of +375%.

This proof-of-concept study further demonstrated that chromato
graphic modeling can be a useful strategy to transfer purification and 
isolation process from the analytical scale to the preparative one, 
without the need for time- and resource-consuming trial-and-error 
methods, contributing to the green transition of process development.

It is important to point out that this approach can be applied and 

Fig. 4. Relation between the equilibrium adsorption constant (b) and the percentage of organic modifier (φ), R2 = 0.99.

Fig. 5. Comparison of experimental and predicted elution profiles in gradient elution mode. Injection volume: 50 µl; Concentrations of HSYA: 8,16, and 24 g/L; 
Wavelength: 403 nm.
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extended to other relevant cases, by evaluating and updating isotherm 
parameters based on the target molecule, chromatographic system and 
experimental conditions.
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