
Chemical and Process Engineering: New Frontiers, 2025, 46(4), e117
DOI: 10.24425/cpe.2025.155555

Utilization of 3D printing technology to prepare foam
fractionation columns to separate saponins from
Sapindus mukorossi

Mateusz Sochacki1∗ , Piotr Michorczyk2 , Otmar Vogt2 , Marcin Piotrowski2

1 Cracow University of Technology, CUT Doctoral School, Faculty of Chemical Engineering and Technology,
Warszawska 24, Cracow 31-155, Poland
2 Cracow University of Technology, Faculty of Chemical Engineering and Technology, Warszawska 24, Cracow 31-155, Poland

∗ Corresponding author, e-mail:
mateusz.sochacki@doktorant.pk.edu.pl

Article info:
Received: 21 July 2025
Revised: 23 October 2025
Accepted: 19 November 2025

Abstract
Biosurfactants carry many environmental benefits while providing similar properties to their synthetic
counterparts. Due to their problematic production, efficient technologies for the separation of biosurfactants
from aqueous solutions are being sought. Current work utilizes foam fractionation of saponins in a single
and two-stage batch mode using a fully 3D printed separation column. The single stage column enriched
saponin concentration from 0.062 to 3.008 mg/cm3, which corresponds to enrichment ratio and recovery
percentage of 48.23 and 16.00%, respectively. Under optimal operating conditions, the two-stage mode
enabled the separation of saponins, reaching total percentage recovery of 71.63% which is significantly
more than the one-stage mode alone. The enriched product was subjected to FT-IR, UV-vis and HPLC
UV-vis/DAD analysis, proving the content of cyclic and acyclic glycosides. 3D printing technology provided
a suitable column capable of obtaining high enrichment ratio reaching over 100-fold increase in saponin
concentration up to 7.043 mg/cm3.
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1. INTRODUCTION

Surfactants consist of a diverse group of organic compounds,
widely used in households and industry (Arora et al., 2022;
Kumar Dutta, 2019). They are found in many consumer
products, including laundry detergents, wetting agents,
hygiene products, cosmetics, food, paper, paints and
pharmaceuticals (Farn, 2006; Shaban et al., 2020). Their
negative impact on the environment is due to the residual
release into the environment via improper treatment of
wastewater, followed by accumulation in soil, water or
sludge (Badmus et al., 2021; Ivanković and Hrenović, 2010;
Kaczerewska et al., 2020). The rising global consumption
of surfactants is increasing every year, thus some preventive
measures are required to protect the environment from the
increasing amount of produced surfactant waste.

Saponins represent a group of biosurfactants that exhibit
significantly lower environmental impact compared to their
synthetic counterparts and are viewed as a natural, renewable
and biodegradable alternative (Hayes and Smith, 2019;
Hojnik et al., 2019; Khan, 2018; Kharissova et al., 2019;
Myers, 2020). Saponins belong to the group of biosurfactant
glycosides, structurally consisting of a hydrophobic aglycone
(genin) and hydrophilic sugar chains (glycone) synthesized
by plants and some marine organisms (Moses et al., 2014;
Stochmal et al., 2008). As a result of varying polarity within
the given molecule, these glycosides exhibit surface-active

properties, strong foamability and a wide range of biological
activities that include anti-inflammatory, antipyretic, antibac-
terial, antifungal or anticancer properties (Bartnik and Facey,
2017; Sochacki and Vogt, 2022). Conventional isolation
methods of saponins are problematic, time-consuming and
expensive due to the need for specific apparatus and reagents
(Majinda, 2012). This translates into low availability and
a high cost of commercially available industrial-quality
saponins. Consequently, new technologies that are also
eco-friendly are being actively sought after.

A promising emerging technology is foam fractionation, which
belongs to the adsorptive bubble separation methods .(Lem-
lich, 1968). Foam separation is distinguished as a simple and
eco-friendly method for recovery or removal of numerous
surface-active and inactive compounds (Backleh-Sohrt et al.,
2005; Kumar and Ghosh, 2022; Srinet et al., 2017; Yang et
al., 2011). The technology involves a controlled gas barbo-
tage into the detergent solution, forcing surfactant adsorption
and foam production. The aforementioned foam functions as
a transport medium entrapping and transferring surfactant
molecules from the initial solution, into enriched foamate
(Stevenson, 2012; Stevenson and Li, 2014). The concentra-
tion of adsorbed material in the foam network is usually
significantly greater in relation to the aqueous solution due
to surfactant enrichment (Buckley et al., 2022). However, a
proper selection of process parameters is required to achieve
high efficiency at low process costs. In addition, foam frac-
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tionation technology can be used in a variety of operating
modes. The basic modes include batch and continuous modes,
which operate with a depleting and continuously replenished
foaming solution, respectively. Complex operating modes also
include the use of additional streams for either or both reflux
and stripping. Additionally, separation efficiency can be im-
proved through the multi-stage system application (Burghoff,
2012; Lemlich, 1972; Sochacki et al., 2025).

In the past decade, a number of studies were published re-
garding the use of foam fractionation in saponin separation.
Yan et al. (2011; 2012) conducted a number of studies on
the separation of triterpenoid saponins from Camellia sinen-
sis L. tea cake in batch and continuous two-stage modes.
Jiang et al. (2016) fractionated triterpenoid saponins from
soybean meal using a two-stage continuous mode. Wang et
al. (2022) conducted a one-stage batch foam fractionation of
dioscin from Trigonella foenum-graecum L. The study with
the greatest impact was performed by Li et al. (2013) with
the use of an internal spiral component (SIC) that improved
the overall foam fractionation efficiency of saponins from
Sapindus mukorossi Gaertn. In the two-stage batch mode,
the authors obtained an enrichment and recovery equal to
133.4 and 36.4%, respectively, which are the best results
obtained to date (Li et al., 2013).

Effective technologies for mass separation of saponins through
foam fractionation are currently being developed. Such tech-
nologies require to maintain both a high enrichment ratio
and total percentage recovery of saponins, which is hard to
achieve. Designing foam fractionation columns is not a compli-
cated task, but its minor improvements allow to significantly
improve the overall process performance. A versatile tool for
modeling complex and accurate systems with high quality is
3D printing technology. In the context of numerous studies
on foam fractionation, no work has yet focused on the use
of 3D printing for column designing, particularly for saponin
separation purposes. In the current work, 3D designing and,
printing technology was utilized to develop a foam fractiona-
tion column to separate triterpenoid saponin from pericarp
of the Sapindus mukorossi fruits, which have been shown to
be well suited for foam fractionation.

2. MATERIALS AND METHODS

2.1. Materials

Dried pericarps of Sapindus mukorossi Gaertn. (Nepal), were
purchased from a local company (Grupa MTS Polska, Kraków).
Reagents were purchased from the following manufactur-
ers: methanol, isopropanol, ethanol 99.8%, sulfuric acid 95%
(Chempur, Poland), vanillin 99% (Carl Roth), oleanolic acid
97% (Acros organics, China), acetonitrile LC-MS hypergrade
(LiChrosolv Supelco), Mili-Q HPLC-grade purified water. Dis-
tilled water (1.1 µS/cm and 5.50 pH) was produced freshly

before and used in each foam fractionation study. To manufac-
ture the fractionation column elements, BD MICROLANCE mm
injection needles (Medimall, Poland), Anycubic Basic Clear 1kg
3D Printing UV Sensitive Resin (405 nm) and Anycubic Photon
M3 Max printer (Anycubic, China) were used.

2.2. Methods

2.2.1. Saponin extract preparation

Dried pericarps were grounded into a fine powder using an
electric mill, then macerated for 24 h at room temperature
in methanol at a ratio of 1:10 (g:cm3), then further Soxhlet
extracted for 4h using macerate as methanol at boiling
point. The obtained extract was filtered through a G0
sintered glass filter and dried using rotary evaporator. A light
orange powder with a sweet nutty odor was obtained. The
extraction yield and the total saponin content were 80.12%
and 22.87% wt., respectively.

2.2.2. Total saponin content assay

The assay was conducted using the vanillin - sulfuric acid
colorimetric (Hiai et al., 1976; Le et al., 2018). The 0.5 cm3 of
sample, standard or blank was added to 0.5 cm3 of 8% (m/v)
vanillin solution in 99.8% ethanol and 5 cm3 of 72% (v/v)
aqueous sulfuric acid solution while cooling with cold water.
The samples were incubated for 15 min at 60 ◦C while stirring,
then cooled in cold water for 5 min. The maximum absorbance
was determined by a sample scan within the 450–700 nm
range. In this study oleanolic acid was used as standard,
since it is structurally similar to the oleanolic type saponins
present in the fruits (Sochacki and Vogt, 2022). Early data
obtained for escin (560 nm) were normalized against oleanolic
acid. The normalization constant was 1.15528. The maximum
absorbance of the standard was located at 540 nm, close
to the maximum of the tested samples (535 nm), and was
chosen as the reference wavelength. The measurements were
conducted using a Thermo Scientific Evolution 201/220 UV-
Visible Spectrophotometer and quartz 1 cm thick cuvettes.

Standard calibration curve was prepared according to above
procedure (Fig. 1). A stock solution of 0.25 mg/cm3 oleanolic
acid in absolute ethanol was prepared. The stock solution was
diluted with ethanol to 0.20, 0.15, 0.10 and 0.05 mg/cm3.
Absorbance measurements were made at 540 nm against the
reagent blank and repeated threefold. The mean value was
used to plot the curve.

2.2.3. Column and sparger design

Digital models (CAD) of the column segments were prepared
in SketchUp Free 3D design software. The column consisted of
four elements: the lower segment, the middle segment, the up-
per segment and the barbotage disk. The individual segments
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Figure 1. Oleanolic acid standard curve for total saponin content
determination procedure.

are compatible and can be combined to form a full-fledged col-
umn of a given height. Models in .stl format were subjected to
slicing in Anycubic Photon Workshop v2.2.19 x86 according
to the adopted parameters in Table 1. Each component was
printed in an Anycubic Photon M3 Max (DLP, digital light
processing), cleaned in IPA, joined and sealed at the joints
with universal silicone (Fig. 2 and Fig. 3). Additionally, before
the column construction 24-pore disks were prepared by resin
casting using standardized BD MICROLANCE needles with
specific diameters. Before the actual trials the functionality
of the column was verified.

Figure 2. Printed column elements. A) middle segment, B) lower
segment, C) sparging disc (450 µm), D) joined column.

Figure 3. SketchUp.stl column elements. A) lower segment,
B) middle segment, C) upper segment, D) sparging disc.

2.2.4. Foam fractionation procedure

The foam fractionation process was carried out in a semi-batch
mode, according to the experimental setup in Fig. 4. The
initial saponin solution was prepared by dissolving a measured
amount of powdered extract in a given volume of distilled
water. The solution was loaded into the column from the top
with a funnel while feeding air into the column through the
sparging disc. Each cycle was carried out until the generated
foam was too unstable to reach the top of the column and
be further extracted. Before the next cycle, the column was
firmly rinsed and washed with distilled water, then the excess
water was removed.

Table 1. Anycubic Photon M3 Max print parameters.

Normal
exposure
time [s]

Bottom
exposure
time [s]

Off time [s]
Bottom
layers

Layer
thickness

[mm]
Anti-alias

Z-Lift
distance
[mm]

Z-Lift speed
[mm/s]

Z Retract
speed

[mm/s]

8.0 30.0 4.0 7 0.05 1 10.0 4.0 4.0

https://journals.pan.pl/cpe 3 of 12



M. Sochacki, P. Michorczyk, O. Vogt, M. Piotrowski Chem. Process Eng., 2025, 46(4), e117

Figure 4. Schematic of the experimental setup.

The foam fractionation process was monitored and the process
parameters were selected using the Simplex algorithm (1).

xki =
2

n

0@n+1X
j=1

xkj − xkq

1A− xkq (1)

where xki introduces new process variable, xkj is the sum of
all investigated variables in the current set and xkq is the
variable that belongs to the lowest value of process efficiency.
The process parameters screening is conducted with n + 1
experiments, where n is the number of parameters screened.
The parameters are entered into the formula in the appropriate
order based on the process performance factor of individual
experiments. The formula is used to calculate new parame-
ters for the next experiment, which should improve selected
process performance factor. If there is no improvement in per-
formance, variables corresponding to additional experiments
can be introduced into the equation to calculate other new
parameters for the next experiment. The algorithm enables
gradual improvement of the performance factor until a local
maximum is reached.

The process efficiency was evaluated according to the per-
formance factors: enrichment ration E in first stage (2) and
recovery percentage R in the second stage (3).

E =
Cf

C0
(2)

R =
Cf Vf
C0V0

· 100% (3)

where Cf [mg/cm3] is the foamate saponin concentration, C0

[mg/cm3] is the initial saponin concentration, Vf [cm3] is the
foamate volume, V0 [cm3] is the initial solution volume.

2.2.5. Product handling and analysis

The saponin concentration in foamate obtained in each cycle
was conducted using TSC assay. The foamate was frozen
and freeze-dried at –90 ◦C and 1 mbar for 12 h using Mar-
tin Christ Alpha 1-2 LDplus lyophilizer and kept at –20 ◦C
until further analysis. Solid foamate was subjected to FTIR-
ATR analysis within 4000–650 cm−1 using NicoletTM iSTM

10 spectrophotometer, resolution of 4 cm−1 and 128 total
scans in relation to oleanolic acid standard. The foamate was
subjected to a HPLC UV-vis/DAD system analysis on Agi-
lent (1100 Series), BDS Hypersil C18 column (250× 4:6 mm,
5 µm, 120A) and separated with acetonitrile A/demineralized
water (Mili-Q) B (A:B, 2:3 0 min, 4:1 20 min, 2:3 30 min)
at flow rate of 1 cm3/min, injection volume of 100 mm3 and
room temperature. The UV-detector was set at maximum
absorption wavelength of 210 nm.

3. RESULTS AND DISCUSSION

3.1. 3D printed column performance

3.1.1. Effect of initial saponin concentration on column
performance control

The effect of initial saponin concentration was investigated
and ranged from 0.64 g/cm3 to 0.064 mg/cm3 (TSC) for
constant variables of natural pH, volumetric air flow rate at
10 dm3/h, 300 µm pore size, liquid volume of 500 cm3, total
column height of 100 cm and temperature (25± 1 ◦C). The
results are shown in Fig. 5.
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Figure 5. Effect of the initial saponin concentration on E, R, and Cf factors.

The main surface-active species in the S. mukorossi fruit
extract are glycosides, mostly triterpenoid saponins and
sesquiterpene (Heng et al., 2014; Ling et al., 2020). The
effect of the initial saponin concentration is clearly visible.
According to Stevenson and Li (2014) due to the increas-
ing amount of surface-active species in the initial solution,
a more stable foam is produced due to the amount of adsorbed
saponins in the foam. Adsorbed surfactants slow the foam
decay mechanism which include bubble coalescence and coars-
ening, increasing the liquid content in the foam (Bhakta and
Ruckenstein, 1997; Stevenson and Li, 2014). The foam pro-
duction process was observed. Foam bubble size distribution
was uniform above concentration of 0.32 mg/dm3, whereas
foam decay effects started to occur below this value and
the bubble size distribution began to change drastically with
foam height. Frequent foam bubble bursting and prolonged
foam discharge time were observed with decreasing initial
saponin concentration. Bubble ruptures caused the release
of interstitial liquid and appearance of internal reflux due to
poor foam stability (Lemlich, 1968), drastically improving
the enrichment ratio of saponins from 1.77 to 20.38 for 0.64
and 0.064 mg/cm3, respectively. Another consequence of de-
creasing foam stability was the reduction of total saponin
recovery from 55.40% to 15.86%, for the corresponding con-
centration values, as shown in Fig. 5. The sudden increase of
foamate concentration at 0.64 mg/cm3 can be explained by
a significant increase in the initial saponin concentration. The
saponins present in the foamate originate from the initial solu-
tion. The concentration relationship appears to be consistent
with the literature (Jiang et al., 2016; Li et al., 2013).

3.1.2. Effect of volumetric air flow rate on column performance
control

The effect of air flow rate was studied, since it is directly
correlated with the processes of surfactant adsorption and
foam formation (Wheaton et al., 1979). The air flow rate
ranged from 5 to 25 dm3/h at fixed parameters of natural pH,
initial saponin concentration of 0.16 mg/dm3, 300 µm pore

size, liquid volume of 500 cm3, total column height of 100 cm
and temperature (25± 1 ◦C). The results are shown in Fig. 6.

Figure 6. Effect of the volumetric air flow rate on E, R factors.

Air flow rate indicates the volume of gas introduced into the
liquid pool and bubble-liquid contact time. The bubble res-
idence time is increased as the air flow increases. Greater gas
volume results in more surface area for molecular adsorption
in the liquid pool. As a result of increased volumetric air
flow rate, the foam residence time in the column is short-
ened. As expected, the enrichment ratio of saponins is slowly
increased as the foam residence time decreases (Boonya-
suwat et al., 2003). According to Fig. 6 at volumetric air
flow rate of 5 dm3/h the enrichment ratio reaches its max-
imum of 8.41-fold concentration increment and low 22.59%
recovery of saponins. This value drops when the flow rate is
increased to 25 dm3/h as more volume of air is sparged into
the solution, shortening foam residence time. Foam stability
is improved as more surface-active material is present in the
foam network, which weakens the foam drainage (Bharadwaj
and Gupta, 2021). The wetter foam shows greater saponin
recovery reaching 48.27% at lower enrichment ratio of 6.01.
The results are similar to other studies regarding the impact
of air flow rate on surfactant enrichment ration and recov-
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ery percentage (Tharapiwattananon et al., 1996; Yan et al.,
2011). As shown, the effect of the volumetric air flow rate has
a stronger impact on the recovery than the enrichment ratio.

3.1.3. Effect of sparger pore size on column performance control

The effect of sparger pore size was evaluated via preparation
of multiple 3D printed 24-pore discs. The designated pore
sizes were 600, 450, 300, 230 and 180 µm obtained using
23G (outer 0.6 mm diameter), 26G (inner 0.23 mm and outer
0.45 mm diameter), 30G (inner 0.18 mm and outer 0.3 mm
diameter) BD MicrolanceTM 3 needles. The evaluation was
carried out using a highly diluted solution at saponin concen-
tration of 0.054 mg/dm3. Other fixed parameters were natural
pH, volumetric air flow rate at 50 dm3/h, liquid volume of
500 cm3, total column height of 100 cm and temperature
(25± 1 ◦C). The results are shown in Fig. 7.

Figure 7. Effect of sparger pore diameter on E, R factors.

In addition to the gas flow rate, pore size of the sparger
also affects the quality of produced foam through the size of
produced bubbles. Gas-liquid surface area is directly related
to interfacial adsorption. Smaller bubbles provide a greater
surface area for adsorption, hence a more stable foam is often
produced while decreasing bubble diameter. Larger bubbles
produce foam cells with thinner film, which results in faster
coalescence, ripening and ruptures (Du et al., 2001; Steven-
son and Li, 2014). On the other hand, larger bubbles enhance
foam drainage through the release of interstitial liquid cre-
ating non-uniform foam more susceptible to the effects of
foam decay (Bhakta and Ruckenstein, 1997; Moradpour et
al., 2024). Smaller bubble size can be easily achieved by re-
ducing the sparger pore size, as shown in Fig. 7. At constant
volumetric air flow rate, the increased gas pressure resulting
from the reduction in pore size causes greater volume of bub-
bles introduced into the solution improving the bubble-liquid
contact time. More adsorbed surfactant molecules provide
a more stable foam, hence the decrease in pore size from
600 to 180 µm reduces the recovery percentage from 70.64
to 41.95%, but improves the enrichment ratio from 10.41

to 17.05, respectively. The results appear to be consistent
with similar studies (Li et al., 2014; Tharapiwattananon et al.,
1996). Despite the very high dilution of saponins, either high
enrichment ratio or recovery percentage can be achieved.

3.1.4. Effect of column height on column performance control

The effect of column height was examined on recovery per-
centage and enrichment ratio of S. mukorossi saponins. This
evaluation was performed at total column height ranging from
40 to 100 cm, and at fixed parameters of natural pH, initial
saponin concentration of 0.064 mg/cm3, 300 µm pore size,
liquid volume of 500 cm3 (which occupied 25 cm of total
column height), volumetric air flow rate of 10 dm3/h and
temperature of 25± 1 ◦C. The results are shown in Fig. 8.

Figure 8. Effect of column height on E, R factors.

The typical influence of foam height has been studied by
many authors, and implies an increase in enrichment ratio
with increase in foam height. A natural result is also a decrease
in total surfactant recovery (Boonyasuwat et al., 2003; Kumar
and Ghosh, 2022; Sarachat et al., 2010). This effect is visible
in Fig. 8 when the column height is reduced below 45 cm.
The increase in the foam height and the foam residence
time within the column results in improved foam drainage.
Ultimately, it translates into more effective internal reflux,
greater enrichment at the cost of reduced surfactant recovery.
Typically, this process occurs to the point where the stability
of the foam is insufficient enough and the column height is too
great to achieve the foam overflow (Stevenson and Li, 2014).
In the course of the study, it was observed that the method of
loading the foaming liquid into the column affected the foam
fractionation performance. The foaming liquid was poured
from the highest point, which caused a sudden formation
of foam above the liquid layer, due to the liquid impact on
the column base. This layer caused stabilization of the newly
produced form in the initial stage of the process. Below 45 cm
of total column height, this effect was negligible. The saponin
enrichment improved and reached maximum of 40.56, and
the recovery reached value of 12.41%.
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3.2. Two-stage foam fractionation technology

A two-stage batch-mode foam fractionation method was
developed based on similar technologies used successfully
in the purification of saponins (Jiang et al., 2016; Li et al.,
2013; Yan et al., 2011). According to Fig. 9, the two-stage
system enriches the saponins from the initial solution in the
first column and recovers the remaining saponins from the
depleted solution in the second column. Due to the substantial
effect of process variables on the enrichment ratio and recovery
percentage of saponins, operating parameters of each column
were selected using Simplex method.

3.2.1. Simplex method of the first stage

First stage parameter screening was carried out in two steps.
The first step was performed under fixed parameters of nat-
ural pH, 300 µm pore size, liquid volume of 500 cm3, and
temperature of 25 ± 1 ◦C. The second step was performed
under fixed parameters of natural pH, 300 µm pore size, initial
saponin concentration of 0.06 mg/cm3, volumetric air flow
rate of 10 dm3/h and temperature of 25± 1 ◦C.

According to Table 2, the first step of parameter screening
showed that the reduction in initial saponin concentration
from 0.32 to 0.064 mg/cm3 and volumetric air flow rate from
15 to 10 dm3/h increased enrichment ratio to 20.38 and de-
creased recovery rate to 15.38%. In the second step, total
column height and loading liquid volume were screened to
further increase the enrichment ratio. The reduction in col-
umn height to 70 cm improved the enrichment ratio to 40.56
and reduced the recovery percentage to 12.41% (Table 3).
Increase in loading liquid volume from to 500 cm3 (25 cm) to
700 cm3 (35 cm) resulted in increased bubble residence time
and better surfactant adsorption. The foam stability was im-
proved, hence greater liquid content, recovery percentage and
lower saponin enrichment ratio due to loss of internal reflux.
The reduction of liquid volume to 300 cm3 (15 cm) prevented
the foam overflow due to already insufficient foam stability,
and reduced bubble residence time (Morgan and Wiesmann,
2001; Tharapiwattananon et al., 1996; Yan et al., 2011).

Ultimately the volume of 500 cm3 appeared to be an appropri-
ate operating volume. Other designated first stage parameters
were initial saponin concentration of 0.064 mg/cm3, 70 cm
total column height and volumetric air flow rate of 10 dm3/h.

Figure 9. Diagram of two-stage foam fractionation method of saponin enrichment and recovery.
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Table 2. Results of initial saponin concentration and volumetric air flow rate screening.

Screened process variables Resulting performance
No. C0

[mg/cm3]
Q

[dm3/h]
Cf

[mg/cm3]
E R [%]

1 0.160 15 1:04± 0:05 6:49± 0:34 35:79±1:85

2 0.320 10 0:95± 0:01 2:96± 0:01 28:59±0:09

3 0.320 5 1:07± 0:01 3:36± 0:04 22:55±0:24

4 0.160 10 1:16± 0:05 7:26± 0:31 23:33±1:01

5 0.160 5 1:34± 0:04 8:41± 0:25 22:59±0:68

6 0.064 10 1:30± 0:04 20:38±0:63 15:86±0:49

Table 3. Results of foam and liquid height screening.

Screened process variables Resulting performance
No.

H f [cm] Lv [cm3]
Cf

[mg/cm3]
E R [%]

9 75 500 1:30± 0:04 20:38±0:63 15:86±0:49

10 65 700 0:81± 0:09 12:64±1:38 16:67±2:55

11 65 500 1:54± 0:04 24:16±0:60 10:73±0:27

13 55 500 1:66± 0:02 26:03±0:36 7:24± 0:10

14 45 500 2:59± 0:02 40:56±0:27 12:41±0:08

15 35 500 2:39± 0:00 37:32±0:04 15:75±0:02

3.2.2. Simplex screening of the second stage

The first stage depleted the initial solution from 0.064 mg/cm3

to 0.054 mg/cm3 saponin content. A second stage was de-
signed to concentrate the residual solution and reuse it in the
first stage, hence the second stage process parameters were
screened to improve saponin recovery percentage. Screening
of sparger pore size and volumetric air flow rate was performed
under initial saponin concentration of 0.054 mg/cm3, total
column height of 50 cm, loading liquid volume of 500 cm3,
natural pH and 25± 1 ◦C temperature.

According to Table 4, the second step screening showed im-
provement of recovery rate with increasing volumetric air flow
rate and decreasing sparger pore size. Smaller pore sizes allow
the production of more stable foams due to enhanced adsorp-
tion. Higher foam liquid fraction provides increasing recovery
percentage of saponins, which also results from the increased
amount of bubbles produced with increasing volumetric air
flow rate. The recovery percentage increased from 45.44% to
70.64%, while maintaining decent enrichment ratio of 10.41.
Volumetric air flow rate of 50 dm3/h and 180 µm sparger
pore size were chosen as optimal. Further increase in foamate

Table 4. Results of pore size and volumetric air flow rate screening.

Screened process variables Resulting performance
No.

ffi [—m] Q [dm3/h]
Cf

[mg/cm3]
E R [%]

16 300 30 2:07± 0:07 38:06±1:23 45:44±1:47

17 300 40 0:67± 0:02 12:39±0:33 55:00±1:48

18 450 40 0:98± 0:04 18:09±0:79 50:54±2:21

19 230 40 0:69± 0:01 12:68±0:15 64:81±0:79

20 450 50 0:91± 0:03 16:76±0:50 54:36±1:64

21 300 50 0:71± 0:02 13:03±0:41 64:26±2:01

22 230 50 0:67± 0:05 12:29±1:01 69:29±5:67

23 180 40 0:59± 0:01 10:78±0:20 67:05±1:22

24 180 50 0:57± 0:02 10:41±0:37 70:64±2:51

25 230 60 0:48± 0:01 8:76± 0:23 65:27±1:69
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volume did not improve recovery percentage due to rapid
reduction in saponin enrichment ratio probably resulting from
insufficient bubble residence time in the liquid phase. The
second stage improved depleted saponin concentration from
0.054 to 0.57 mg/cm3. The foamate can be diluted and reused
in the first stage in two-stage foam fractionation method.

3.2.3. Two-stage mode method

The two-stage batch mode was carried out, where the foaming
liquid was depleted in the first column functioning as an
enriching stage (A). Then the liquid was transferred to the
second column functioning as a recovering stage (B), where
the depleted solution was concentrated in the foamate. The
second stage foamate was diluted, returned to the first stage
to reuse the liquid and enrich it once again (C) as shown
in Fig. 9. Operational parameters were set based on the
screening results of the first and second stages. The results
of two-stage mode simulation are shown in Table 5 with the
highlighted streams.

As shown, two-stage batch technology improves overall re-
covery of saponin solution, while ensuring a high product
enrichment ratio. Enrichment ratio in the first stage reaches
nearly 50-fold increase in saponin concentration from 0.064
to 3.008 mg/cm3 at 16.00% recovery. The remaining residual
saponins were transferred to the second stage and recovered
at 64.59% and moderate enrichment ratio of 12.63. The recy-
clate was reused and enriched in the second stage to achieve
even greater enrichment ratio of over 100-fold, probably due
to the depletion of more surface-active species from the initial
solution. Lower surface activity of the recyclate resulted in less
stable foam, thus greater enrichment. The two-stage cycle
improved the total recovery rate of saponins in comparison
to single stage alone from 16.60% to 71.63%. The residual
solution of 0.031 mg/cm3 saponin concentration may still
be re-enriched and recycled. However, this process would be
much more efficient in a continuous multi-stage mode manner
where steady state could be achieved.

The results show higher performance in both the first and
second stage compared to previous studies in this area (Jiang
et al., 2016; Li et al., 2013; Yan et al., 2012). One of the rea-
sons for this is attributed to the use of the resin that creates
a hydrophobic surface for the printed columns. The result is en-
hanced foam drainage and the occurrence of enhanced internal
reflux of interstitial fluid. The internal reflux ensures the es-
tablishment of a new equilibrium state of saponin adsorption.

3.3. Product analysis

3.3.1. FT-IR spectroscopy

The product from the first stage was analyzed using FT-IR
Spectroscopy with reference to oleanolic acid triterpenoid
genin. The characteristic infrared bands are distinguished in
Fig. 10.

There are similarities among the two spectra due to the anal-
ogous structure of oleanolic acid and genins present in the
sample. In the range of 3600–3000 cm−1, vibrations of several
overlapping functional groups are present, mainly O-H stretch-
ing vibrations. Saponins include hydroxylic or acidic groupings
in their structure (mostly from sugar chains), therefore a
stronger signal in comparison to oleanolic acid. Another band
of 3000–2800 cm−1 belongs to the C–H stretching vibrations
of hydrocarbons. The 1800–1500 cm−1 region consists of
smaller bands with distinct differences in intensity, belonging
to stretching vibrations of C=O groups and C=C groups.
The last interval of 1500–1000 cm−1 corresponds to several
overlapping bands. In this area, mainly C–H bending bonds
of hydrocarbons and slightly lower O–H bending vibrations
are distinguished. Bands below 1300 cm−1 indicate the pres-
ence of stretching vibrations belonging to C–O–C groupings
strongly visible in the purified saponin sample. Below this
range there is a dactyloscopic area carrying little structural
information. The similarity of the two spectra and the visible
stronger bands corresponding to the –OH, CH2 and C–O–C
groupings signal the presence of glycosides in the sample,
where the triterpene backbone of oleanolic acid alone does
not show these signals.

3.3.2. HPLC-UV analysis

The presence of glycosides was identified in the studied sam-
ples (Fig. 11). The obtained results are in agreement with
the literature data, according to which they expose their pres-
ence in the initial stages of elution. The area between 1–5
minutes consists of small-molecule compounds viewed as impu-
rities. From 5–15 minutes obtained signal corresponds to the
presence of acyclic glycosides of sesquiterpene type. Signals
occurring above 15 minutes correspond to cyclic glycosides
including triterpenoid saponins (Ling et al., 2020; Murgu and
Rodrigues-Filho, 2006; Shiau et al., 2009). Enriched saponin
extract may contain both types of glycosides due to their

Table 5. Two-stage batch mode method results.

Stage No. C0 [mg/cm3] Cf [mg/cm3] E R [%]

(A) 0:062± 0:000 3:008± 0:300 48:23± 4:81 16:00± 1:60

(B) 0:053± 0:001 0:663± 0:002 12:63± 0:04 66:07± 0:23

(C) 0:061± 0:004 7:043± 0:314 114:76± 5:12 35:58± 1:59
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Figure 10. Foam fractionation product and oleanolic acid FT-IR Spectrum. The R1 and R2 substituents may represent a number of
functional groups that belong to mono- and oligosaccharides. The complete list of potential combinations of substituents
found in S. mukorossi saponins is available in previous publication (Sochacki and Vogt, 2022).

Figure 11. HPLC chromatograms of crude extract and enriched foamate detected at 210 nm.

surface activity and their transport within the foam. Foam frac-
tionation enriched glycoside content, simultaneously reducing
the content of low-molecular-weight compounds. Enrichment
increased the content of trace compounds visible in the 15–25
minute range, which are not present in the crude extract.

4. CONCLUSIONS

The 3D printed column presented in the current work is
suitable for the separation of plant biosurfactants through
foam fractionation technology. High enrichment ratios can
be obtained in single-stage mode reaching nearly 100-fold
increase in saponin concentration with highly diluted saponin

solutions. However, the single-stage mode does not allow for
the separation of a significant amount of saponins from the
solution due to low recovery. Introduction of a second column
enriched the depleted solution from the first stage over 12-fold
at suitable saponin percentage recovery of 66.07%. Under
optimal operating conditions of two-stage mode the total
saponin percentage recovery reached 71.63%.

3D printing technology is a simple and versatile tool for de-
signing research equipment. Technology provides an easier
way to modify printed components as required by ongoing
analysis of research results. Despite that, it requires a good
selection of printing material and equipment. In the case of
Anycubic products during trials, limited quality, stability and
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reproducibility of printing material was observed. Therefore,
applicability of 3D printing for separation of saponins has
been successful, but a better selection of printing materials
would have improved the efficiency even further. It would
be an improvement to choose a material with greater trans-
parency, thermal and mechanical resistance. The process has
potential industrial applications, but other printing solutions
are required. At the current stage of research, the available
equipment only allows for laboratory scale production.

The foam fractionation process is environmentally friendly
because it uses water as the exclusive solvent and air as the
carrier gas. Furthermore, the process itself does not generate
additional waste. In fact, the process may be used to reduce
the existing waste. In terms of energy, it is necessary to provide
power for the air compressor. Power can be obtained from
renewable energy sources. On the other hand, no additional
chemical agents are used during foam separation.
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