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To recover industrial pectin from sugar beet pulp (SBP), a combined surfactant and ultrasound-assisted extrac-
tion, followed by a concentration with ultrafiltration/diafiltration membranes is proposed. First, the operation
conditions of the extraction were optimized for synthetic (Tween80, PEG4000) and natural (Saponin) surfac-
tants. Tween 80 and Saponin provided maximum galacturonic acid (GalA) concentrations (5.5 and 5.8 g/L,
respectively) under the best extraction conditions (4 gsurfactant/L, PH = 1, amplitude = 90%, and time = 90 min).
The extracted liquid was purified and concentrated through membranes. The final retentate maintained 73% of
the initial GalA and eliminated a high percentage of oligosaccharides. Finally, the pectin was precipitated with
ethanol, and the precipitate solid contained 57 g GalA/100 g GalA of SBP with a high degree of esterification (DE
= 81%) and My (930 kDa). The pectin yield for the global process was 24.6%. The ultrasound-assisted extraction
with surfactants followed by diafiltration/ultrafiltration could become a promising process for the chemical

industry, able to provide pectin-enriched products of commercial interest from sugar beet pulp.

1. Introduction

Pectin is a natural fiber composed of different heteropolysaccharides,
which constitute the main component of the cell wall of plants, and
pectin is the primary precursor in their growth and development (Cir-
iminna et al., 2015; Sharma et al., 2021). Pectin consists of up to
300-1000 saccharide units, most of which are polymeric units of
D-galacturonic acid (GalA) (Voragen et al., 2009). Industrial pectin is
commonly used as a technological adjuvant in the cosmetic, plastic, and
pharmaceutical industries, in cancer treatments, agricultural applica-
tions, as an absorbent in the textile industry, or as a gelling, stabilizing,
or thickening agent in the food industry (Concha Olmos and Ztniga
Hansen, 2012; Mata et al., 2009). Commercial pectin is provided prin-
cipally by apple pomace and citrus peel, extracted at low pH and high
temperature (Ciriminna et al., 2015; Pilgrim et al., 1991; Su et al.,
2019). However, in recent years, other agronomic wastes, such as sugar
beet pulp (SBP) (Abou-Elseoud et al., 2021; del Amo-Mateos et al.,
2022), dragon fruit peels (Chua et al., 2022), or sunflowers (Ezzati et al.,

2022) have been used to obtain pectin.

SBP is one of the most abundant residues produced in Europe, around
20 million tonnes per year, and its most common use is as feed for
livestock (Joanna et al., 2018; Usmani et al., 2022). However, according
to the literature, SBP has a composition range of 20-25% of cellulose,
20-30% of hemicellulose, 15-25% of pectin, and 10-15% of protein (del
Amo-Mateos et al., 2022; Usmani et al., 2022). Due to this composition,
the SBP valorization to obtain such high-value products as pectin and
oligosaccharides can be taken into account within the circular economy
framework.

The most common technology used to extract pectin from agro-
nomical wastes is conventional extraction at low pH and high temper-
atures for a long time, increasing the selectivity and extraction yield.
However, these severe working conditions can possibly cause the
degradation of valuable compounds (Das and Arora, 2021; Li et al.,
2012). Hence, novel techniques are emerging to improve pectin
extraction, considering the mass transfer principles of pectin hydrolysis,
solubilization, and equilibrium (Adetunji et al., 2017). Some examples
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Fig. 1. The integrated proposed process to recover pectin from Sugar Beet Pulp.

of these novel technologies include, enzyme-assisted extraction,
microwave-assisted extraction, subcritical water extraction, or
ultrasound-assisted extraction (Adetunji et al., 2017; Gerschenson et al.,
2021; Mao et al., 2019; Maric et al., 2018).

Ultrasound-assisted extraction (UAE) is mainly characterized by
choosing the frequency and wavelength amplitude to perform the solid-
liquid extraction (Mao et al., 2019). UAE improves the pectin extraction
yield due to a higher biomass cell rupture and the process known as
cavitation, a two-step cycle: first the expansion, where bubbles are
formed and expanded, and second the compression, where the bubbles
collapse because of the negative pressure on the liquid tensile strength
(Adetunji et al., 2017; Mao et al., 2019; Selvakumar et al., 2021). This
type of extraction has some advantages compared to the conventional
method, such as increasing the extraction efficiency while reducing the
extraction time and consuming less energy and water (Jovanovic-Mali-
novska et al., 2015; Shivamathi et al., 2019). However, UAE can suffer
from poor pectin uniformity due to the application of ultrasound waves,
making it difficult to reproduce the method (Cui et al., 2021).

Surfactant extraction combined with UAE has been proposed to
improve the extraction yield and reproducibility (Selvakumar et al.,
2021). The use of surfactants in extracting organic compounds is a novel
technique that has emerged recently (Su et al., 2019; Wang et al., 2022).
Surfactants are amphiphilic molecules with a hydrophilic head and
hydrophobic tail (Sharma et al., 2021). When the surfactant concen-
tration exceeds the critical micellar concentration, micelles are formed.
These micelles are inclined to establish chemical and physical in-
teractions with the hydrophilic and lipophilic compounds present in the
liquid. For instance, organic compounds, such as pectin, remain within
the micelle in the lipophilic zone (Sharma et al., 2021; Su et al., 2019).
This type of extraction can be suitable for improving pectin extraction
without causing compound degradation.

Once the extraction has been performed, a pectin recovery step is
necessary. Some studies have reported that alcohol precipitation is an
effective method for recovering pectin from liquid extracts (Ai et al.,
2020; Lopez-Linares et al., 2020). However, precipitation is a
non-selective method. Not only does the pectin precipitate, but other
compounds, such as monomeric and oligomeric sugars, decrease the
purity of the precipitated pectin (del Amo-Mateos, 2020; Ramos-Andrés
et al., 2019).

Pectin extracted by UAE is characterized by a relatively high mo-
lecular weight (My) (> 50 kDa) (Gerschenson et al., 2021; Mao et al.,
2019). Therefore, one way to concentrate and purify the liquid extract
obtained is to use ultrafiltration/diafiltration (UF/DF) membranes,
which can separate the pectin from the low My compounds that lack
interest. In this way, the precipitated pectin obtained after a process of
membrane purification is expected to have a higher degree of purity. A
further advantage of the previous concentration step of the liquid ex-
tracts is that the amount of ethanol needed for subsequent pectin

precipitation is considerably reduced. Some studies have reported
different configurations to purify the extract liquids. For example,
Ramos-Andrés et al. (2019) proposed first performing ultrafiltration
(UF) to concentrate the extract, followed by diafiltration (DF) to purify
the hemicellulose fractions obtained by the hydrothermal treatment of
discarded carrots. However, Thuvander et al. (2016) proposed starting
with a DF process, subsequently carrying out a UF step to recover
hemicelluloses and lignin from the thermomechanical pulp.

Based on a literature review, no studies analyze the effect of sur-
factants on the UAE to extract pectin from agronomical wastes, such as
SBP. Furthermore, none of them include the use of UF/DF membranes to
separate and purify pectin-rich liquids. The main goals of this paper are:
(1) to optimize pectin extraction based on UAE technology using
different synthetic (Tween80, PEG4000) and natural (Saponin) surfac-
tants. For this purpose, a Factorial Design to select the best conditions
(surfactant concentration, pH, amplitude, and time) was proposed; (2)
to study the sequence of concentration and purification of pectin based
on the use of DF/UF membranes, to obtain a pectin-rich liquid of My and
purity with potential commercial use.

The development of green and energy-saving technologies for the
valorization of agri-food by-products to obtain products with high-
added value is of considerable importance for the chemical industry.
Developments such as those proposed in this work (pectin-enriched
product from SBP), contribute significantly to progress in achieving
sustainable development goals: Ensuring sustainable consumption and
production patterns (SDG 12), as well as affordable and clean energy
(SDG 7).

2. Materials and methods
2.1. Raw material

A sugar company graciously provided sugar beet pulp (SBP), frozen
at — 20 °C until experiment use. Before the test runs, the SBP was
washed, dried in an oven at 70 °C, and ground (dp < 1 mm).

2.2. Ultrasound-assisted extraction

The extraction was performed in the ultrasound equipment with a
direct sonification (20 kHz) (Hielscher Ultrasound Technology
UIP1000hd transducer, Hielscher Ultrasonics GmbH, Germany) under
the established experimental conditions. For UAE, the standard method
was as follows: S:L extraction was carried out using a stainless steel
hermetically sealed reactor in which the necessary amount of SBP and
150 mL of the solvent were combined (Fig. 1). Following extraction, the
mixture was centrifuged for 10 min at 10,000 g using a Centrifuge
Sorvall legend RT from Thermo Fisher Scientific in Spain. A filtration
(Filter-lab 1300/80 0.45 mm, Filters AOIA S.A., Spain) was used to
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Table 1
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Factorial Design for UAE. Experimental GalA concentration for each run carried out with different surfactants: Tween80, PEG4000, and Saponin. Fixed operating

conditions: S/L ratio: 1/20 (g/mL) and without temperature control.

Run X;: Surfactant Concentration X5 pH X3: Amplitude X4: Time Y: GalA concentration (g/L)
(&/L) %) (min) Tween80 PEG4000 Saponin

1 0 1 50 30 1.49 1.49 1.49
2 0 1 50 90 1.74 1.74 1.74
3 0 1 90 30 1.62 1.62 1.62
4 0 1 90 90 1.81 1.81 1.81
5 0 4 50 30 1.38 1.38 1.38
6 0 4 50 90 1.82 1.82 1.82
7 0 4 90 30 1.61 1.61 1.61
8 0 4 90 90 1.90 1.90 1.90
9 4 1 50 30 3.51 1.84 2.97
10 4 1 50 90 3.82 2.04 4.26
11 4 1 90 30 4.86 2.78 5.50
12 4 1 90 90 5.50 2.85 5.84
13 4 4 50 30 1.47 1.50 1.60
14 4 4 50 90 2.35 1.81 1.89
15 4 4 90 30 1.90 1.70 2.61
16 4 4 90 90 2.42 2.44 3.35

Note: Data shown as the mean value with less than 5% of relative error.

carefully recover the supernatants. They were then kept at 4 °C until
further product recovery and analysis.

2.3. Factorial design for ultrasound-assisted extraction

A literature review of the recovery of pectin was carried out to
establish the extraction conditions (Karbuz and Tugrul, 2020;
Jafarzadeh-Moghaddam et al., 2020; Maran et al., 2017; Su et al., 2019;
Wang et al., 2016; Zaid et al., 2020). Six critical factors and their
operation ranges were identified from this review: the S:L ratio
(1/5-1/40), pH (1-5), the extraction time (30-180 min), and temper-
ature (30-85 °C), amplitude (50 —100%), and the use or not of
surfactants.

The Factorial Design was performed to maximize the GalA concen-
tration in the extracted liquid. The Factorial Design chosen is a type 2%,
so it analyzed the effect of four critical extraction factors with two levels
on the recovery of pectin, measured as GalA in the liquid extracts. The
factors and levels were: surfactant concentration (X;: 0-4; g/L), pH (Xa:
1-4), amplitude (X3: 50-90; %), and time (X4: 30-90, min). The chosen
surfactants to compare were: Tween80, PEG4000, and Saponin
(Table 1). The proposed runs were performed under the following un-
varied conditions: The S/L ratio was set at 1/20 (g/mL) to ensure that
the S/L mixture was as homogeneous as possible without compromising
the extraction performance (Ezzati et al., 2020; Shivamathi et al., 2019),
and the temperature was not controlled due to the equipment design.
The total number of experimental runs was 32.

A second-order polynomial model was suggested to compare the
experimental and expected responses of the GalA concentration. Eq. (1)
is an example of the second-order polynomial model used to analyze the
experimental findings.

-~ 4 4 5 3 4
V'=bo+ Zi:]bixi + Zi:lbiixi + Zi:le:Hlbinixij @)
where Y is the response value, by is the offset term, b; is the linear effect,

bji is the squared effect, bj; is the interaction effect, and X; and X; are
independent variables.

2.4. Didfiltration and ultrafiltration (DF/UF)

The equipment used to perform the DF/UF process was the Labscale

TFF system (Millipore Corporation, United States). The UAE extracted
liquid passed through a membrane with an My cut-off (MWCO) of
50kDa and a filtration area of 50 cm? (Pellicon XL 50 Biomax
membrane).

In the DF/UF configuration (Fig. 1), a continuous DF process was first
performed to purify the extracted liquid provided by the UAE (US-L)
using distilled water, as marked by the manufacturer. Then, the reten-
tate obtained by DF (DF-R) was subjected to a UF process to concentrate
it and obtain a GalA-rich liquid (UF-R). In this instance, a manually
regulating valve on the retentate side kept the transmembrane pressure
(TMP) with the range of 1.5-2.0 bar. The range for the feed flow rate
was 0.8-1.0 mL/min/cm?. After approximately an hour of operation,
the procedure was completed when the feed volume had been lowered
by 50% (v/v). The UF/DF membranes underwent a cleaning and
flushing stage following each experiment, as advised by the
manufacturer.

After the HPLC composition analysis, GalA and other by-products in
the samples were confirmed by mass balance.

2.5. Pectin recovery by ethanol precipitation

Following the extraction and concentration of GalA, the GalA-rich
liquid (UF-R) was combined with two volumes of 96% ethanol. Over-
night, the mixture was maintained at 4 °C. Next, the precipitated solid
was centrifuged, filtered, and dried at 60 °C. Ethanol from the super-
natant was recovered using a rotary evaporator.

The pectin yield was calculated as follows (Eq. (2)):

L. Weight of dried recovery pectin(g)
Pect, ld(%) =
ectin Yield(%) = =, ot of dried mitial SBP(g)

x100 (2)

The resulting precipitated solids were stowed for further evaluation
by Fourier Transform Infrared spectroscopy (FTIR) and by the degree of
esterification.

The pectin-rich solids were resuspended in water (1 g/L) at 35 °C
and 200 rpm for 24 h in an orbital shaker. The composition of mono-
and oligosaccharides, GalA, and the MW distribution of the solid sus-
pension were all determined.
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Fig. 2. Galacturonic acid (GalA) recovery (g GalA/100 g initial GalA) for each UAE run.

2.6. Analytical methods

2.6.1. Galacturonic acid concentration

GalA was used as a reference to quantify the pectin content and
determine it using the colorimetric method (Melton and Smith, 2001). In
a UV-VIS spectrophotometer, absorbance was measured at 525 nm
(Uvmini-1240, Shimadzu Suzhou Instruments Wfg. Shimadzu Corpora-
tion, Kyoto, Japan). del Amo-Mateos et al. (2022) define this strategy
thoroughly.

2.6.2. Degree of esterification (DE)

First, 0.2 g of precipitated material was combined with 3 mL of 96%
ethanol and diluted in 20 mL of distilled water to calculate the pectin
DE. After adding two phenolphthalein drops, the solution was titrated
with 0.1 M NaOH (V1). The mixture was hydrolyzed with 10 mL of
0.1 M NaOH, and the pink coloration was removed with 10 mL of 0.1 M
HCl after 15 min. The samples were then titrated with 0.1 M NaOH (V2).
Pectin DE was calculated as follows (Eq. (3)):

Degree of esterification(%) = V,/(Vy + V») x 100 3)

2.6.3. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR was used to examine the functional-group composition of the
precipitated solid (Alpha model, with a Platinum ATR single reflection
diamond module, Bruker, USA). Between 4000 and 400 cm~! in wave-
length range, absorbance spectra were measured.

2.6.4. High-Performance Liquid Chromatography (HPLC) analysis

HPLC with an Aminex HPX-87 H column and a refractive index de-
tector (Waters 2414, USA) was used to analyze the concentration of
sugars (glucose, arabinose and galactose). The operational conditions
were described by del Amo-Mateos et al. (2022).

2.6.5. Molecular Weight (M,,) analysis

The My distribution of solid suspensions was determined by High-
Performance Size Exclusion Chromatography (HPSEC) using a refrac-
tive index detector (Waters 2414, USA) and an Ultrahydrogel 250 col-
umn (Waters, Japan). The operational conditions were thoroughly
described by Lopez-Linares et al. (2020). Dextran standards (Sigma-Al-
drich, USA) were used with MW of 1, 5, 12, 50, and 670 kDa. Before
analysis, all the samples were filtered via 0.22 ym nylon filters. Every
analysis was performed twice.

2.7. Data analysis

The Statgraphics Centurion IXX version was used for an ANOVA test
and a Factorial Design experimental design. ANOVA and Tukey’s
multiple-range tests determined the statistically significant differences
at a 95% confidence level (p < 0.05).

3. Results and discussion
3.1. Composition of raw material

The complete characterization of the SBP used in this study is shown
in del Amo-Mateos et al. (2022). In short, the SBP had the following
composition (% dry weight basis): Pectin as GalA: 17.0; glucose: 22.4;
galactose: 7.7; and arabinose: 32.3. According to this composition, the
valorization of the SPB for the recovery of pectin is of interest.

On the other hand, the type of pectin in SBP might be known. Pectin
is composed principally of homogalacturonan (HG) and rhamnoga-
lacturonan I (RG-I). HG is an esterified and acetylated linear galactur-
onic acid polymer methyl. RG-I is a mix of galacturonic acid and
rhamnose, which has many-ramified arabinan, galactan, or arabinoga-
lactan side chains (del Amo-Mateos et al., 2022; Martinez et al., 2009).
The SBP pectin used in this work is mainly made up of RG-I pectin due to
the high hemicellulose content present in the raw material used (Mao
et al., 2019).

3.2. Galacturonic acid extraction by UAE

3.2.1. UAE model and statistical analysis

A green and novel approach is proposed based on UAE mediated by
surfactants to obtain a GalA-rich solution from SBP. For this purpose, the
Factorial Design was planned to assess the influence of critical extraction
parameters, such as the surfactant concentration (X;: 0-4; g/L), pH (Xo:
1-4), amplitude (X3: 50-90; %), and time (X4: 30-90, min) on the GalA
concentration in the extracts. As detailed above, the S/L ratio was fixed
at 1/20 without temperature control. Table 1 shows the experiment set
provided by the Factorial Design and the experimental GalA concen-
trations for each surfactant used.

A second-order polynomial model to predict the GalA concentration
was developed through the experimental data for Tween80 (Eq. (4)),
PEG4000 (Eq. (5)), and Saponin (Eq. (6)), considering only the signifi-
cant operation parameters (p < 0.05). As seen in Egs. (4)—(6), not all the
equation terms are significant for predicting the GalA concentration.
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Furthermore, regression coefficients are shown; R? is the adjustment
considering all variables, and the adjusted R? considers only the sig-
nificant variables (p < 0.05).

GalA(g/L) = 0.2264 + 0.8307X, — 0.0796X, + 0.0158X; + 0.0094X, — 0.1791X,X,

R?:0.9430 ; R%adjust : 0.9074

GalA(g/L) = 1.1260 + 0.0043X; — 0.0042X, + 0.0032X; + 0.0052X, — 0.0440X, X, + 0.0032X,X;

R*: 09112 ; R2adjust : 0.8520

GalA(g/L) = 1.0880 + 0.2455X, — 0.0125X, + 0.0019X5 + 0.0076X, — 0.1869X,X, + 0.0098X, X;

R*: 0.9722 ; R*adjust : 0.9537

Egs. (4)-(6) show that with increasing amplitude, operation time,
and concentration of the surfactant, a positive effect on the concentra-
tion of GalA was obtained. The surfactant concentration is the one that
has a more significant effect, especially in the case of Tween80 and
Saponin. However, in the case of the pH, the opposite effect occurs,
indicating that higher concentrations of GalA were obtained under
acidic conditions. On the other hand, if the interactions between pa-
rameters are considered, it can be seen that the interaction between the
pH and surfactant concentration is negative, so the pH and surfactant
concentration should not take high values in any case. On the contrary,
the interaction between the surfactant concentration and the amplitude
of US indicates that both values need to be high so that higher GalA
concentrations can be reached. This behavior can also be observed in
Fig. 2, which shows the GalA recovery concerning the initial GalA for
each run of the experimental design. As shown in Fig. 2, there is a sig-
nificant improvement in GalA recovery yields with time and amplitude.
In addition, this Figure shows that the surfactants significantly improve
the extraction yields of GalA compared to water (control). As can be seen
in Fig. 2, the best yields are obtained with Tween80 (41 - 65 g GalA/
100 g initial GalA) and Saponin (35 - 69 g GalA/100 g initial GalA),
reaching up to 2-times higher than those obtained by PEG4000 (21 —
65 g GalA/100 g initial GalA).

The three surfactants tested obtained the same best extraction con-
ditions: 4 g/L of surfactant, pH 1, amplitude: 90%, and 90 min. With
these values, the predicted GalA concentrations were: 5.02 g/L for
Tween80, 2.86 g/L for PEG4000, and 5.69 g/L for Saponin. These pre-
dicted values vary concerning the experimental ones of 8.7%, 0.2%, and
2.5%, respectively. The previous second-order polynomial equations
(Egs. (4)-(6)) can explain the interactions between the operation pa-
rameters and the GalA concentration for each surfactant used. Using
higher-order models is unnecessary because the experimental and pre-
dicted data have less than 10% variation, and R? is over 90% (Kazemi
et al., 2019; Maran et al., 2014).

3.2.2. Influence of operation parameters on Galacturonic Acid recovery
The operation parameters, such as surfactant concentration, pH, US
amplitude, and operation time, were analyzed through Factorial Design.

Industrial Crops & Products 194 (2023) 116304

Depending on the operation conditions, the GalA concentration ranged
from 1.38 to 5.84 g/L.

4

(5)

(6)

3.2.2.1. Effect of surfactant concentration. It can be observed in Table 1
how the use of surfactants enhances the GalA concentration in the
extracted liquid compared to the control runs. Fig. 2 shows that the
surfactants had from 1.1 to 3.3 times higher GalA recoveries than the
water (control) for each operating condition studied in the experimental
design. In this case, Tween80 and Saponin are the surfactants with better
results, obtaining between 5.5 and 5.9 g/L of GalA in the most extreme
conditions. These results may be due to the structure of each surfactant
and the balance between the hydrophobic and hydrophilic forces. This
structure can form micelles to protect the GalA and the by-products from
UAE degradation, increasing the final concentration, as indicated by
Sharma et al. (2021) and Su et al. (2019).

3.2.2.2. Effect of the pH. This parameter is essential for extracting GalA
because, as shown in Table 1, under the same conditions of amplitude,
time and surfactant, the GalA concentration was higher when pH was
acid, reaching 2.3 times higher when using Tween80. These results are
in concordance with previous studies, which concluded that a low pH (<
2) was necessary to increase GalA recovery (Chua et al., 2020; Minjar-
es-Fuentes et al., 2014). If the pH chosen is acid (< 3), the insoluble
pectin can hydrolyze and convert into soluble pectin, increasing the
amount of GalA extracted (Shivamathi et al., 2019).

3.2.2.3. Effect of the amplitude. Amplitude is another key parameter for
GalA extraction. In this case, when surfactants were used, an increase in
amplitude from 50% to 90% significantly improved the concentration of
GalA (Table 1) and their respective yields (Fig. 2). For example,
Tween80 has the most remarkable effect since it can increase up to 1.45
times the concentration of GalA with higher amplitudes, increasing from
3.82 g/L (50%) to 5.5 g/L (90%) when the time is 90 min and pH 1
(Table 1). When the ultrasound waves are of a high amplitude, the
collapse of the cavitation bubble can occur nearby and cause micro-
fractures in the solid (Vilkhu et al., 2008). By improving the cavitation,
the surface area between the solid and the liquid increases, improving
the diffusion of solutes, enabling a greater penetration of the liquid and
thus improving the extraction of the compounds of interest (Cassiana
Frohlich et al., 2022; Yusoff et al., 2022). These facts agree with

Table 2
Concentration and mass of galacturonic acid and oligosaccharides (galactose and arabinose) of the streams of the diafiltration/ultrafiltration process.
Volume Concentration (g/L) Mass (mg)
(ml) GalA Galactose Arabinose GalA Galactose Arabinose
US-L 200 5.50 1.08 6.91 1128 221 1382
DF-R 182 6.00 1.04 2.86 1092 190 521
DF - P 120 0.30 0.14 4.46 35 16 535
UF -R 70 11.76 1.97 3.51 823 138 246
UF-P 112 0.31 0.12 1.83 27 13 205

Note: Data shown as the mean value with less than 5% of relative error.
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Fig. 3. Molecular weight distribution for extracted liquid (US-L), final retentate (UF-R) and final permeate (UF-P).

Jafarzadeh-Moghaddam et al. (2020), whose optimized amplitude was
96%. Furthermore, high yields need high amplitudes (Alves et al.,
2022).

3.2.2.4. Effect of the operation time. The irradiation time is essential in
UAE to obtain a high GalA concentration. The effect of time for UAE
shows how, as time increases in all the cases studied, the recovery of
GalA (Fig. 2) and its concentration (Table 1) also increase. This is more
pronounced when UAE is performed in acid conditions and with sur-
factants. Egs. 4-6 show that time has a similar effect in all cases and less
than the other variables studied. By leaving ample extraction time, the
cavitation bubbles can affect a more considerable amount of solid,
decreasing its size and increasing the surface area. Two steps are
necessary for UAE to perform this. The first step is the liquid penetration
in the matrix, and the second is the transfer diffusion of soluble com-
pounds (Selvakumar et al., 2021). Fick’s law of diffusion states that
improving the GalA recovery in a short time is caused by the equilibrium
between solute concentrations in the solid matrix and the solvent
(Mokrani and Madani, 2016). However, in 30 min, the two UAE stages
may not have been performed thoroughly. On the contrary, at 90 min,
the solid matrix can be entirely destroyed and decomposed, which
causes the GalA recovery efficiency to improve, reaching almost 70% of
GalA extracted (Fig. 2). Similarly, Minjares-Fuentes et al. (2014) and
Pinheiro et al. (2008) concluded the necessity of using high extraction
times to obtain higher efficacies, between 60 and 90 min.

The proposed Factorial Design for UAE is only a screening design that
allows the most important variables (surfactant concentration, pH,
amplitude and time) and their effects on the response variable (GalA
concentration) to be determined. However, an extended design of the

experiments would be necessary to allow the optimization of the vari-
ables and thus be able to establish an optimal value of the operating
parameters.

3.3. Purification and concentration by diafiltration/ultrafiltration

The main objective of the membrane process is to purify, concen-
trate, and separate the GalA as a stage prior to its ethanol precipitation.
The best liquid extracts obtained after the extraction step were selected
for purification and concentration by the DF/UF membrane process. In
this sense, Tween80 and Saponin provided the best results with a sur-
factant concentration of 4 g/L, pH 1, 90% amplitude, and 90 min. If
significant differences between these runs are analyzed using a Tukey’s
test, the GalA recovery is not significantly different (p > 0.05). This
means that the use of either of the two surfactants would provide the
best GalA recovery values. However, from a technical point of view,
Tween80 is better than Saponin due to the liquid extract recovery after
the UAE process. Tween80 could recover around 55% of the initial
aqueous solution, while Saponin could only recover up to 40% (data not
shown). Due to this, the UAE with Tween80 needs fewer runs than the
corresponding extraction with Saponin to reach the amount of liquid
necessary to perform the DF/UF, significantly reducing operating costs.

The DF/UF configuration selected for GalA purification and con-
centration consists of a continuous DF process to purify US-L using
distilled water, and a subsequent step of UF to concentrate the DF-R to
obtain a GalA-rich liquid (UF-R) (Fig. 1). The composition of GalA,
galactose, and arabinose in all the liquids of the DF/UF process is shown
in Table 2.

As previously mentioned, US-L was treated by DF using a UF
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Table 3

Characterization of final precipitated solid.
Characteristic Unit Value
Process yield % 24.6
Final GalA recovery g GalA of precipitated solid/100 g GalA of SBP 57
GalA g/100 g of precipitated solid 39.1
Neutral Sugars g/100 g of precipitated solid 3.3
DE % 80.5
My kDa 930

membrane with a nominal cut-off of 50 kDa to purify GalA from non-
interest compounds with a small My. As expected, practically all the
GalA (97% concerning the initial one) remains in the retentate (DF-R)
due to its high My (Gerschenson et al., 2021). Regarding the concen-
tration of galactose and arabinose, Table 2 shows how galactose is not
affected by DF and remains in the DF-R as GalA. On the other hand,
approximately 50% of the arabinose present in US-L goes to the
permeate (DF-P), since it will be short-chain with a low My (<50 kDa).

After that, the DF-R was treated by UF with the same membrane to
concentrate the purified GalA, which will later be precipitated with
ethanol. The GalA present in the UF-R, concentrated almost 2 times,
reached 11.76 g/L without significant losses of GalA in the permeate
(UF-P). In the same way, galactose was principally found in the retentate
(UF-R). However, as DF, arabinose is split between the retentate (UF-R)
and the permeate (UF-P).

After the DF/UF process, the final goal is to obtain a liquid (UF-R)
with a high amount of GalA and a low amount of by-products, such as
oligo galactose and arabinose. In this way, the solid precipitated sub-
sequently will have a high purity of GalA and, therefore, of pectin.
Generally, the total GalA recovery in the final liquid (UF-R) was around
73 g GalA of UF-R/100 g GalA of US-L, and galactose and arabinose
mass reduction was 37.6% and 82.2%, respectively.

Fig. 3 shows the My distribution of the UF-R and UF-P fraction
compared to the initial liquid US-L, and the separation between My
fractions is visible. As can be seen, in the UF-R (Fig. 3a), the high My
fractions principally appeared in a range between 80.3 and 345.6 kDa
and can be attributed to GalA (del Amo-Mateos et al., 2022). Although
this liquid (UF-R) has some peaks representing My of 0.1 and 17.1 kDa,
the separation by membranes, although efficient, has not been complete.
This may be because these low My compounds may have adhered to the
high My ones, and their separation by membranes has not been possible
(Ramos-Andrés et al., 2019). On the other hand, Fig. 3b shows that only
low My compounds (0.1-14.4 kDa) remain in the permeate (UF-P)
below the cut-off weight of the membrane (50 kDa). The solid degra-
dation by acid extraction provided these compounds, such by-products
as formic and acetic acid or short-chain sugars (Gerschenson et al.,
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2021).

3.4. Analysis of precipitated pectin

Conventional ethanol precipitation was used for the purification of
pectin from UF-R. The main characteristics of the precipitated solid are
shown in Table 3. First, the overall pectin yield of the process was
24.6%. This value is consistent with previous investigations. For
instance, the pectin yield was 25% in SBP pretreated with UAE (Chen
et al.,, 2015). On the other hand, when SBP was treated with
high-voltage electrical discharges, the process yield was 25.3% (Almo-
hammed et al., 2017).

In addition, Table 3 details the solid composition, where the con-
centration of GalA was 39.1 g/100 g of precipitated solid, recovering
57 g GalA/100 g GalA of SBP in the precipitated solid. This outcome is
consistent with the concentrations that del Amo-Mateos et al. (2020)
and Chen et al. (2015) obtained by recovering GalA from SBP using
microwave and ultrasound treatments, respectively, ranging between 23
and 60 g/100 g. Additionally, the recovery is similar to that found by
Huang et al. (2018) because, in their study, recovery was up to 60%
through a conventional extraction method. The total amount of sugars
precipitated in the solid should also be considered. Its concentration is
3.3 g/100 g of precipitated solid, as shown in Table 3. Compared to
other studies, this value is too low. For example, del Amo-Mateos et al.
(2020) had a total sugar concentration of 27.2 g/100 g. This difference,
however, can be explained by the use of membranes. Membranes can
separate and purify the galacturonic acid and other main interest com-
pounds of monosaccharides and other short-chain sugars, as seen in
Table 2. So, it stands to reason that the precipitated solid has a low
concentration of total sugars.

If other characteristics are compared, the solid My is 930 kDa, which
is in line with that shown by Munoz-Almagro et al. (2020) and Shiva-
mathi et al. (2019), who reported My between 710 and 1175 kDa for
pectin extracted by UAE for other agronomic wastes, such as custard
apple peel. However, the My was possibly higher than expected because
the Tween80 favored the GalA extraction and maintained the molecular
structure (Su et al., 2019).

On the other hand, the DE of this solid is 80.5% (Table 3), being
higher than those reported in the literature if only UAE is performed. For
instance, Jafarzadeh-Moghaddam et al. (2021) reported a pectin DE of
63% after using UAE for treating SBP. Additionally, compared with
other raw materials treated with UAE, Ezzati et al. (2020) reported that
pectin obtained from sunflower had a DE of 34%, and Zaid et al. (2020)
reported a DE of 56% for the extraction of Hylocereus polyrhizus. How-
ever, the DE of this study is similar to others that use membranes to
concentrate and purify the extracted liquids, such as Jin et al. (2022),
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Fig. 4. FTIR spectra of precipitated solid obtained from final retentate (UF-R).
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who reported a DE of 78% for their pectin using UF membranes.

Finally, the FTIR spectrum, in a range of 4000-400 em ! of precip-
itate, is shown in Fig. 4. This spectrum shows the distinct chemical
groups to which the pectin belongs (Concha Olmos and Ztiniga Hansen,
2012). The bands between 3260 and 2855 correspond to the hydroxyl
groups (-OH) and the C-H bonds in all the variants (-CH, -CH,, and
-CHs3), which may be due to the methyl ester groups present in pectin.
Between 1800 and 1600 cm ™}, the type of pectin can be known because
this band is related to DE. Since DE is greater than 50% (80.5%, Table 3),
the pectin could be considered high-methoxyl pectin (Gerschenson et al.,
2021; Maric et al., 2018). This type would be similar to the pectins
obtained from SBP reported by del Amo-Mateos et al. (2022) and
Concha-Olmos & Ztniga Hansen (2012). Furthermore, the band
1737 cm™! represents the esterified carboxyl groups, and the band
1620 cm ™! corresponds to non-esterified carboxyl groups. On the other
hand, the bands presented between 1600 and 1500 cm ™' represented
such groups as protein amide and aromatics rings. This indicates the
presence of proteins and lignin in the precipitate (Concha Olmos and
Ztniga Hansen, 2012), which could explain the percentage of GalA in
the precipitate (39.1 g/100 g of precipitated solid; Table 3). Moreover,
the bands between 1452 and 1214 cm™! could derive from the asym-
metric vibrations of C-O-C and CH3 bending (Santos et al., 2020). The
spectrum between 1100 and 800 cm™! is considered the region for
carbohydrates (Jin et al., 2022). This part of the spectrum corroborates
the presence of sugars in the pectin (3.3 g/100 g of precipitated solid;
Table 3).

4. Conclusions

The integrated surfactant-mediated ultrasound-assisted extraction
process followed by diafiltration/ultrafiltration is suitable for recov-
ering and purifying pectin from SBP. The pectin yield for the global
process was 24.6%. Moreover, the type of recovered pectin, high
methoxyl pectin with high molecular weight (930 kDa), is indicative of
good gelation properties with potential commercial applications. This
work represents a significant advance in the research for the enhance-
ment of industrial pectin production from sugar beet pulp. However,
further research is required to optimize the integrated UAE/membranes
process and to determine the functional properties of the final pectin-
enriched product.
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