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Preface

Scientists and technologists are particularly interested in pectin for its nutritional
content and because of its versatile uses since ancient times as an important source
of food fiber and as a gelling agent in foods. This book is a cutting-edge, multidisci-
plinary reference work that will promote pectin research by combining and fostering
new perspectives and methodologies from different fields of study. The extraction,
processing, and uses of pectin in the food and pharmaceutical industries are all
covered.

I'd like to express my deepest gratitude to all the authors who have worked on this
publication. Last but not least, I'd like to thank my family and other supporters who
have helped me stay motivated during this project.

Dr. Maruf Ahmed

Professor,

Department of Food Processing and Preservation,

Hajee Mohammad Danesh Science and Technology University,
Dinajpur, Bangladesh






Chapter1

Extraction of Pectin from Orange
Peel Wastes as an Ingredient for
Edible Films Containing Kabog
Millet Flour

Nils Rentsch, Laura Nystrom and Joan Ofiate Narciso

Abstract

Fossil-based plastic is a popular material for food packaging. It can cause negative
environmental consequences due to its low biodegradability. To address this chal-
lenge, a pectin-based edible plastic with added nutritional value by incorporating
whole-grain kabog millet flour was prepared. The pectin in the films was extracted
by microwave-assisted and enzymatic procedures from orange peel wastes. The
extracted pectin was tested for its degree of esterification using Fourier-transform
infrared spectroscopy, its molecular weight and behavior in aqueous solutions using
size-exclusion chromatography, and its monosaccharide composition using ion-
exchange chromatography. Biodegradable and edible pectin films were produced
and tested for their mechanical properties: maximum strain, maximum stress, and
water contact angle. The results showed a significant increase in hydrophobicity of
the film surface by adding whole-grain kabog millet flour. The maximum strain of
the film, however, was reduced to around 80% upon the addition of the whole-grain
kabog millet flour. Enzymatically-extracted pectin increased the film hydrophobicity.
Hydrophobic surfaces have higher water resistance; thus, the enzymatically-extracted
pectin can be developed for further applications. Due to the low elasticity of the films,
a possible application would be as direct coating of fruits and vegetables incorporat-
ing antioxidants or antimicrobials.

Keywords: pectin, microwave-assisted, enzymatic extraction, edible films, kabog
millet, fruit wastes

1. Introduction
1.1 Application of biodegradable films

In 2016, 335 million tons of plastics were produced globally, of which the majority
were single-use plastics. Approximately 40% of the produced plastics were used for
packaging [1]. This large volume of plastics leads to several problems: most oil-
based plastics are highly resistant to biodegradation, which means if they enter the
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environment, they can accumulate, and this leads to adverse environmental conse-
quences [1]. These negative side effects could be reduced with biodegradable plastics.
Since biodegradable plastics can be produced from fruit and vegetable wastes, the
use of biodegradable plastics also helps valorize food wastes. Creating biodegradable
plastics from food wastes could reduce the carbon footprint and the adverse environ-
mental effects of oil-based plastics. Packaging is an essential step in maintaining food
quality during manufacturing and shelf life. Depending on the packaging properties,
it can also protect from microorganisms and moisture. With proper packaging, shelf
life can be extended, and food waste can be reduced [2]. Due to the crucial role of
packaging in this context, it is essential to develop new biodegradable materials with
desired properties. An interesting application would be a direct coating of a product
with a thin layer of edible plastic. The coating could be enriched with antimicrobial
substances or antioxidants, which protect the product directly [3].

1.2 Pectin from fruit wastes as an ingredient of edible films

Some biopolymers, such as casein, alginate, and pectin, are increasingly gaining
attention because of their inherent biodegradability. Biopolymers made from polysac-
charides have a higher thermostability compared to biopolymers based on proteins,
such as casein [4]. To improve the properties of the bioplastic, combinations of differ-
ent polysaccharides or additives can be used. An interesting polysaccharide that could
be taken advantage of to form bioplastic is pectin. Pectin is one of the main structural
polysaccharides in dicot plants and consists mainly of galacturonic acid units as
sugar backbone [3]. The carboxyl groups of the uronic acid residues can be present in
different degrees of methylesterification, influencing the processing properties [5].
Pectin is classified as high methoxyl pectin if more than 50% of the hydroxyl groups
are esterified, and low methoxyl pectin if less than 50% of the hydroxyl groups are
esterified [6]. A significant percentage of pectin is found in fruit peels that are often
discarded. It is possible to use the discarded peels to create edible films, which could
be applied as coating for fruits and vegetables. Additionally, unused fruit peel wastes
can be reused by creating biodegradable plastic [4]. Pectin edible films might be used
for the protection of food with low moisture content due to their low resistance to
humidity. They also provide an excellent barrier to aroma compounds and oxygen
[7]. Their poor water vapor barrier properties could be explained by the hydrophilic
nature of pectin [7]. A plasticizer and polyvalent cations are often added to edible
pectin film formulations [3]. Plasticizers are used to reduce the brittleness; thus,
improving the mechanical properties of the film [8]. Polyvalent cations such as
calcium can be applied to crosslink the pectin chains and form a gel [3].

1.3 Extraction methods for pectin from fruit substrates

There are multiple methods for extracting pectin from fruit wastes: for example,
enzymatic, acidic, and microwave-assisted extraction. These methods differ in the
yield of resulting pectin and its properties. One possibility is the application of an
enzymatic preparation like Celluclast® 1.5 L. The enzymes partly degrade the plant
cell wall components and enable the subsequent extraction of pectin [9]. The advan-
tage of this method is that no strong acids are used; thus, no acidic wastes are pro-
duced. Microwave-assisted extraction is another way to extract pectin, characterized
by its short processing time and improved yields. The yield of the extracted pectin
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varies with the microwave power used. The higher the applied microwave power, the
higher the extraction yield [10].

1.4 Kabog millet flour as valuable ingredient of edible films

Kabog millet is an ecotype of Panicum miliaceum L. and grows only in the
Philippines. The grain is rich in dietary fibers, proteins, and antioxidants, such as
carotenoids and tocopherols [11]. Due to its high nutritional quality, the addition of
whole-grain kabog millet flour to edible films is a promising option to improve their
nutritional profile. In whole-grain kabog millet flour, lipids are also present, which
may improve the hydrophobicity of the biopolymers [12]. Therefore, it may be a solu-
tion to one of the most common problems for bioplastics: low water resistance [13].
Whole-grain kabog millet flour has some promising properties that can be integrated
into edible bioplastics formulations.

With these concepts in mind, the aims of this study were to 1) extract pectin from
orange peel wastes by microwave-assisted extraction and enzymatic extraction;

2) characterize the extracted pectin by Fourier-transform infrared spectroscopy
(FTIR) for the degree of esterification, by ion-exchange chromatography for the
monosaccharide composition in pectin, and size-exclusion chromatography (SEC)
for the polymer structure in water and its molecular weight; 3) create edible films
containing kabog millet flour with the extracted and characterized pectin from
different extraction methods; 4) characterize the produced films by their mechanical
properties and their water contact angle; and 5) observe the effect of adding kabog
millet flour on the properties of the films.

2. Materials and methods
2.1 Orange peel samples

The orange peel samples used to extract pectin were kindly provided by the Migros
supermarket in Limmatplatz, Ziirich (Switzerland) on February 07, 2022. The orange
peels were produced as a by-product of orange juice production. They were frozen
in plastic bags for 2 days at - 20°C and then freeze-dried for 2 days in a freeze dryer
(Labconco FreeZone 4.5 Liter - 50°C Benchtop Freeze Dryer; Kansas City, US). Due to
moisture after freeze-drying, the samples were cut into pieces with a diameter of 3 cm
and were thoroughly dried in an oven at 70°C for 2 days. The dried orange peel pieces
were shredded in a crusher (Durabase Migros; Ziirich, Switzerland) and ground with
a pestle and mortar. Prior to the pectin extractions, the moisture content was mea-
sured for 30 min at 120°C with a halogen moisture analyzer (Mettler Toledo HES3;
Greifensee, Switzerland).

2.2 Chemicals

Hydrochloric acid (HCI) (>37%), absolute ethanol (>99.8%), acetic acid
(>99.8%), methanol (>99.9%), calcium chloride (CaCly) (> 97%, granulated),
sodium acetate (NaOAc) (>99.0%), and Driselase (protein >10% from Basidiomycetes
sp.) were purchased from Sigma-Aldrich GmbH (Steinheim, Germany). The
Celluclast® 1.5 L enzymes were ordered from Novozymes (Bagsverd, Denmark).
Glycerol (85%) was obtained from Hénsler AG (Herisau, Switzerland).
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2.3 Microwave-assisted pectin extraction

The microwave-assisted extraction of pectin was performed according to Ref. [14]
with a household microwave oven (Mio Star MW 01). Ten grams of sample powder
was weighed in triplicates. Milli-Q water (pH 1.5) was added to the samples to reach an
optimal liquid-to-solid ratio of 20 ml/g. The suspensions were microwaved at a power of
450 W and irradiation time of 20 min, and stirred every 5 min. The suspensions were then
cooled down and transferred into 50-ml tubes. The tubes were centrifuged (Eppendorf
5810 R; Hamburg, Germany) at room temperature for 10 min at 4000 rpm and the super-
natants were collected. The pectin was precipitated for 1.5 h at room temperature using
an equal volume of 95% ethanol. The dispersion was filtered and washed three times with
95% ethanol at room temperature. The extracted pectin was dried at 50°C overnight.

2.4 Enzymatic extraction of pectin

The enzymatic extraction of pectin was performed according to [15], except
that the duration was reduced from 18 h to 3 h. For extracting the pectin, 10 g of the
orange peel powder was weighed in triplicates. To get a liquid-to-solid ratio of 15:1,
150 ml of Milli-Q water (pH 4.5) was used. For the suspension, 500 pl of Celluclast®
1.5 L enzymes was added (Novozymes, Bagsverd, Denmark) and the samples incu-
bated for 3 h in a water bath at 50°C. The resulting solution was cooled to room tem-
perature and transferred into 50-ml tubes. The tubes were centrifuged (Eppendorf
5810 R; Hamburg, Germany) at 4°C for 10 min at 4000 rpm. The supernatants were
collected, and 96% ethanol was added at 4°C to a final ethanol concentration of 70%.
The suspensions were precipitated for 1 h and transferred into 50-ml tubes, which
were then centrifuged at 4000 rpm for 20 min at room temperature. The precipitate
was washed with 70% ethanol and centrifuged again for 20 min under the same
conditions. The combined precipitates were dried for 24 h at 60°C.

2.5 Characterization of the extracted pectins
2.5.1 Fourier-transform infrared spectroscopy (FTIR)

To determine the degree of esterification (DE) of the extracted pectin, FTIR
analysis was performed according to Ref. [16], using an FTIR spectrometer (Varian
640 with golden gate-diamond ATR). To obtain a dense surface of pectin powder on
the surface of the ATR diamond, three droplets of 100% methanol were added to the
pectin powder to increase the density. After evaporation of the solvent, the absorp-
tion was measured several times to get the optimal spectrum with a definite pectin
signal and a smaller signal of the remaining methanol. The DE could be calculated
then with Eq. (1) using the absorbance (Abs) at the wavelengths at 1630 cm™ and
1745 cm™", which are known as the fingerprint regions of pectin [16].

DE(%)=[ Abs,,,s /(Abs, s + Abs, ) |x 100 1)

2.5.2 Ion-exchange chromatography

To analyze the pectin sample by ion-exchange chromatography, the pectin was
digested with Driselase (Sigma-Aldrich) using a method of Ref. [17]. Five milligrams
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of the pectin samples was weighed in triplicates. For ion-exchange chromatography, a
Thermo Scientific™ Dionex™ ICS-5000 (Thermo Fisher Scientific™, U.S.) was used
with a PA1 Dionex CarboPac™ BioLc™ 4 x 50 mm column. The sampler had a1 ml/
min rate, and the reference electrode was AgCl. The eluting solvents were A: 200 mM
NaOH, B: 100 mM NaOH +1 M NaOAc, and C: water. The gradient system was 7.6%
A and 92.4% C for 0-26 min running time: 50% A and 50% C for 26-33 min: 47.2%
A, 6% B, and 46.8% C for 33-45 min: 35.2% A, 30% B, and 34.8% C for 45-78 min:
100% B for 78-91 min: 50% A and 50% C for 91-99 min: and 7.6% A and 92.4% C for
99-105 min.

Two different kits from Megazyme were used to determine the free glucose and
fructose in the pectin powder. The glucose kit K-GLUC and the glucose and fructose
kit K-FRUGL were purchased from Megazyme Ltd. (Bray, Ireland), and the analyses
were performed according to the manufacturer’s protocols.

2.5.3 Size-exclusion chromatography (SEC)

For the sample preparation, 5 mg of the pectin samples was weighed in tripli-
cates and dissolved in 5 ml of Milli-Q water. The solutions were kept for 1 h at 80°C
while stirring in a water bath and afterwards at room temperature overnight while
stirring. The transparent solutions were filtered through a nylon filter with pores of
0.45 pm (13 mm Syringe Filter, Nylon 66, 0.45 pm; BGB (Bockten, Switzerland))
into vials followed by analysis by size-exclusion chromatography (OMNISEC,
Malvern Panalytical Ltd., Malvern, United Kingdom). The system consisted of
an OMNISEC RESOLVE chromatography compartment combined with a pump,
an autosampler and two A6000M columns in series (8.0 x 300 mm, OMNISEC
REVEAL VISCOTEK, Malvern Panalytical Ltd., Malvern, United Kingdom). The
OMNISEC RESOLVE detector compartment was equipped with a low and right-
angle laser light scattering detector (LALS/RALS), a refractive index (RI), and
a viscometer. The mobile phase was composed of a solution of 0.1 M NaNOj; and
contained 0.02% of NaN;. Both columns were kept at 25°C, and the flow rate was
8.83 ml/min. The injection volume was 100 pl. A polyethyleneoxide (PEO-24 K,
VISCOTEK, Malvern Panalytical Ltd., Malvern, United Kingdom) standard and
a dextran standard (Dextran-T68K, American Polymer Standards Corporation,
Mentor, US) were used for calibration. All vials were measured with three injec-
tions. The molecular weight (M,,), the intrinsic viscosity ([n]), the hydrodynamic
radius (Ry), and the average conformation of the polymer («) were determined by
the instrument software.

2.6 Film preparation

The pectin films were prepared according to Ref. [18]. Six different prototypes of
films were produced (Table 1). They differed in the extraction method of the pectin,
pectin content, and the presence of whole-grain kabog millet flour (Catmon Cebu,
Philippines). The whole-grain kabog millet flour was prepared according to Ref. [11].

The pectin was added carefully to the Milli-Q water with stirring. Glycerol,

CaCl,, and the whole-grain kabog millet flour (if present in the film formulation)
were added. The suspensions were heated to 70°C, and 25 ml was poured into plastic
weighing boats (Sigma-Aldrich GmbH, diameter = 13.5 cm). The films were dried
overnight at room temperature and then in an oven at 29°C with 29% humidity until
they were dry.
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Code Pectin Pectin 70% Milli-Q CaCl, Whole-grain

(EN) (Mi) [g] glycerol water [g] [mg] kabog millet

[g] lg] flour [g]
Mil.5No — 15 15 97.3 15 —
Mil.5Millet — 1.5 1.5 973 15 2
Mi2.5No — 25 25 95 25 —
Mi2.5Millet — 2.5 2.5 95 25 2
EN1.5No 15 — 15 97.3 15 —
EN1.5Millet 15 — 15 973 15 2
Table 1.

Ingredient composition of produced film prototypes (EN = engymatic extraction, Mi = microwave-assisted
extraction; No = without whole-grain kabog millet flour, millet = with whole-grain kabog millet flour).

2.7 Characterization of the pectin films
2.7.1 Mechanical tests

Mechanical properties of the films were evaluated by measuring tensile length
and elongation using a Z010 (ZwickRoell GmbH & Co. KG, Ulm, Germany) with
a 10 N load cell. The experiments were performed at room temperature and in
triplicates using film pieces of 0.5 mm x 2.5 cm. The maximum strain and the
stress to break were calculated according to Egs. (2) and (3) using the elongation
(Lg) from starting point of 1 cm, the breaking force (F) and the cross-sectional
area (A).

Maximum strain(%)=|(Ly —1cm)/1cm |x100 ()
Maximum stress(MPa)=F /A 3)

2.7.2 Water contact angle measurement

To analyze the water contact angle of the different film prototypes, a Drop Shape
Analyzer-DSA 100E (A.KRUSS Optronic GmbH, Hamburg, Germany) was used. The
contact angle of a 10 pl Milli-Q water droplet was determined by analyzing the drop
shape. Measurements were done in triplicates at room temperature.

2.8 Statistical analysis

Data obtained from FTIR, the mechanical tests, and water contact angle measure-
ments were evaluated with Microsoft Excel. For statistical analysis, an ANOVA was
used followed by a post hoc Tukey’s HSD (p < 0.05). The data obtained from ion-
exchange chromatography, free sugar content analysis, and SEC were evaluated using
IBM SPSS Statistics v. 28.0.0 (IBM, Armonk, United States) with a two-sided t-test,
assuming homogenous variance (p < 0.05).
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3. Results
3.1 Extraction yield

To compare the efficiency of the two different pectin extraction methods per-
formed (enzymatic and microwave-assisted), the yields were calculated consider-
ing the moisture content (MC) of the orange peel powder used (MCy; = 5.85%,
MCgy = 6.36%). The yield of the microwave-assisted extraction (Mi) was
15.07 £ 0.91% and differed significantly from the enzymatic extraction yield (EN)
(311 £ 0.40%, n = 3 and p < 0.05).

3.2 Degree of esterification (DE): FTIR

To characterize the different extracted pectin samples, three of them were tested
on their degree of esterification: the two sample sets used for measuring extrac-
tion yield of the enzymatic and the microwave-assisted extraction methods, and
pectin extracted by microwave in bulk amounts, used later for film production. EN
pectin had a DE = 49.10 + 2.66% and was significantly different from the Mi pectin
(DE = 77.34 + 0.88%) and exhibited a significant difference from the bulk Mi pectin
(Table2).

The Mi pectin was considered highly esterified in both cases since the degree of
esterification was greater than 50%. The EN pectin could be described as moderately
esterified because the resulted degree of esterification was located at the boundary of
high- and low-esterified pectins.

Sample name DE [%]

Mi pectin 77.34° + 0.88
EN pectin 49.10° + 2.66
Bulk Mi pectin 85.21" £ 3.20

Data are presented as mean + standavd deviation (n = 3). Different subscript letters indicate significantly different
values at p < 0.05 using Tukey’s HSD.

Table 2.
DE of pectin extracted by different methods.

Amount in Mi pectin [%] Amount in EN pectin [%]
L-Fucose 414 + 044 335+ 0.19
L-Rhamnose 5.56 +0.45 360 +0.28 *
L-Arabinose 1147+ 0.23 732+0.28 *
D-Galactose 9.86 + 0.35 1241+ 0.40 *
D-Xylose 429 + 044 5.37+0.78
D-Galacturonic acid 64.68 + 1.65 6794 +1.74

Data are presented as mean + standard deviation (n = 3). Asterisks show significant differences between the two
extraction methods at p < 0.05 using a two-sided t-test with the same variance.

Table 3.
Monosaccharide composition of pectin differing in the extraction method without glucose.
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3.3 Pectin composition: ion-exchange chromatography

To compare the monosaccharide compositions of the differently extracted pectin
samples, ion-exchange chromatography was performed. Prior to this analysis, the
pectin samples were digested with Driselase. The monosaccharide compositions of both
pectin samples were comparable. For both extraction methods, the main monosaccha-
ride was galacturonic acid, which did not differ significantly between the two extraction
methods. Rhamnose, arabinose, and galactose differed significantly (Table 3).

The undigested pectin powders were also tested for their free glucose and fructose
contents, using two different Megazyme kits. The K-GLUC kit measured only the free
glucose and the K-FRUGL measured the free glucose as well as the free fructose. It
showed that the pectin powder extracted from orange peel contained some free sugar
such as fructose and glucose. The Mi pectin contained significantly more free sugars
than EN pectin (Table 4).

3.4 Size-exclusion chromatography

The different pectin samples were analyzed by SEC to test the behavior of the
molecules in aqueous solutions and to get information about their particle size. The
molecular weight (M,,), the intrinsic viscosity ([1]), the hydrodynamic radius (Ry,),
and the average conformation of the polymer («) were determined. The chromato-
grams of the two pectin samples each showed two populations of molecules, which
were quantified. The two peaks were overlapping in the chromatogram, leading to
approximate integration.

The two populations of molecules from the two pectin samples analyzed differed
significantly in their molecular weight. The molecules extracted using the microwave-
assisted procedure were characterized by higher molecular weight than those of the
other pectin sample (Table 5). The chromatogram showed that Mi pectin had higher
dispersity in molecules than EN pectin. The intrinsic viscosity of the different peaks
varied significantly. The first peak of the EN pectin had the highest intrinsic viscos-
ity (8.73 + 0.39 dl/g). The intrinsic viscosity was higher at the first peaks, implying a
more open structure and a higher hydrodynamic radius. The average conformation of
both molecule populations of the EN pectin was significantly higher than that of the
other pectin samples (Table 5).

3.5 Mechanical tests of the pectin films

The mechanical properties of the six pectin-containing film prototypes (for prepara-
tion see Table 1, Section 2.6) were determined in triplicates. The parameters from these

Free glucose [mg/1] Free glucose [mg/1] Free fructose [mg/1]
(K-GLUC) (K-FRUGL) (K-FRUGL)
EN pectin 33.26 + 3.70* 20.96 + 2.03* 1144 + 3.77*
Mi pectin 92.85 + 2.20* 34.77 £+ 2.93* 28.73 + 3.32*

Data are presented as mean + standavd deviation (n = 3). Asterisks show significant differences between the two
extraction methods at p < 0.05 using a two-sided t-test with the same variance.

Table 4.
Free glucose and fructose measurement by two different Megazyme kits and UV/ Vis spectroscopy.
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EN pectin Mi pectin

M,, Peak 1 [kDa] 211.10 + 18.09 484.61 + 15.84 *
M,, Peak 2 [kDa] 6760 +2.87 90.55 + 5.59 *
[n] Peak 1 [dl/g] 8.73+0.39 6.46 + 0.25 *
[n] Peak 2 [dl/g] 0.66 + 0.10 098 +0.16 *
Ry, Peak 1 [nm] 2991+1.31 3535+ 0.86 *
Ry, Peak 2 [nm] 839 + 0.47 11.07 £ 0.77 *
o Peak 1 0.983 + 0.034 0.596 + 0.020 *
o Peak 2 1.006 + 0.227 N/C

Data are presented as mean + standard deviation (n = 9). Asterisks show significant differences between the two
extraction methods at p < 0.05 using a two-sided t-test with same variance.

Table 5.
Molecular weight, intrinsic viscosity, hydrodynamic radius, and average conformation of the two pectin samples
analyzed by OMNISEC with PEO-24 K as a calibration standard.

measurements, maximum strain and maximum stress, are shown in Figures 1 and 2,
respectively. The maximum strain of the film Mi2.5No was 138.26 + 13.97% and differed
significantly from Mil.5Millet, Mi2.5Millet, and EN1.5No, with considerably lower
maximum strains than Mi2.5No. The films EN1.5Millet and Mil.5No showed intermedi-
ate maximum strains and were not significantly different from the data of all other
prototypes (Figure1).

At the maximum stress, a significant difference between films produced with and
without the whole-grain kabog millet flour was visible (Figure 2). The maximum
stress of the film Mi2.5Millet was 3.50 + 0.33 MPa, and the one from the film Mi2.5No
was 8.38 + 0.61 MPa. The only difference in the composition of these two films was
the addition of 2 g whole-grain kabog millet flour to Mi2.5Millet, resulting in more
brittle film properties. This observation was also significant between EN1.5No and
EN1.5Millet and between Mil.5No and Mil.5Millet (Figure 2).

To determine the hydrophobicity of the created films, the static water contact angle
was measured on the surface of the films. The films showed significant differences in
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Figure 1.

Thge maximum strain of selected films. The different codes stand for different film prototypes compositions:

EN = engymatic extraction of pectin; Mi = microwave-assisted extraction of pectin; 1.5 = contains 1.5 g extracted
pectin; 2.5 = contains 2.5 g extracted pectin; No = without whole-grain kabog millet flour; Millet = with whole-
grain kabog millet flour. Data ave presented as mean + standard deviation (n = 3). Different subscript letters
indicate significantly different values at p < 0.05 using Tukey’s HSD.
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Figure 2.

Thge maximum stress of selected films. The different codes stand for different film prototypes compositions:

EN = engymatic extraction of pectin; Mi = microwave-assisted extraction of pectin; 1.5 = contains 1.5 g extracted
pectin; 2.5 = contains 2.5 g extracted pectin; No = without whole-grain kabog millet flour; and Millet = with
whole-grain kabog millet flour. Data are presented as mean + standard deviation (n = 3). Different subscript
letters indicate significantly different values at p < 0.05 using Tukey’s HSD.
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Figure 3.

Water contact angle left and right of selected films. The different codes stand for different film prototypes
compositions: EN = enzymatic extraction of pectin; Mi = microwave-assisted extvaction of pectin; 1.5 = contains
1.5 g extracted pectin; 2.5 = contains 2.5 g extracted pectin; No = without whole-grain kabog millet flour; and
Millet = with whole-grain kabog millet flour. Data are presented as mean + standard deviation (n = 3). Different
subscript letters indicate significantly different values at p < 0.05 using Tukeys HSD.

contact angle as a function of the extraction method of pectin, the pectin concentra-
tion, and the presence of whole-grain kabog millet flour (Figure 3). Based solely on
the extraction method of the pectin, it was observed that films produced with EN
pectin showed significantly higher water contact angle than films produced from

Mi pectin. This could be observed by comparing the mean contact angle of EN1.5No
(76.94° + 4.90) and Mil.5No (27.68° + 8.15). Biopolymers produced from EN pectin
were characterized by higher hydrophobicity compared to biopolymers made from Mi
pectin.

Comparing the difference in water contact angle between Mi2.5No/Millet and
Mil.5No/Millet, it could be observed that the change in the contact angle by adding
the whole-grain kabog millet flour was decreased. With increasing pectin content,
the effect of the whole-grain kabog millet flour on hydrophobicity was significantly
reduced, and overall hydrophilicity was enhanced significantly. Comparing the
water contact angle of Mil.5Millet at 71.48° + 4.05 and of Mil.5No at 27.68 + 8.15,
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a) b)

Figure 4.

Wgter droplet on the surface of a) Mi1.5Millet b) EN1.5No ¢) Mi1.5No. The different codes stand for different
film prototypes compositions: EN = engymatic extraction of pectin; Mi = microwave-assisted extraction of pectin;
1.5 = contains 1.5 g extracted pectin; No = without whole-grain kabog millet flour; Millet = with whole-grain
kabog millet flour.

a significant increase in contact angle, and therefore in hydrophobicity could be
observed with adding whole-grain kabog millet flour to the biopolymer. In com-
parison with the other two pairs of films, there was no significant effect observed
from the addition of whole-grain kabog millet flour to the film. It is visible that the
water contact angle was significantly lower for Mil.5No compared to the films with
enzymatically extracted pectin (EN1.5No) or added kabog millet flour (Mil.5Millet)
(Figure 4a—c).

4, Discussion
4.1 Extraction yield

The extraction yield differed significantly between the two extraction methods.
The yield from enzymatic extraction using Celluclast® 1.5 L (~3%) was significantly
lower than other studies using a similar protocol for apple pomace [19]. Orange peels
contain 20.9% pectin [20] and apple pomace, 19-20% [21]. Therefore, the source of
the pectin was not the main reason for the difference in yield. A possible explanation
for the low yield in the current study is the incubation time of 3 h, which was shorter
than 18 h used by Ref. [19]. It can be assumed that more cell wall components are
digested with longer incubation time, and more pectin can be extracted [19]. Yield
could be increased in further experiments by using longer incubation time or increas-
ing the enzyme concentration. The yield from microwave-assisted extraction (~15%)
was comparable to other studies [22]. The presence of free sugar, especially in the Mi
pectin powder, can contribute to errors in the gravimetric measurement of the yield.
A possible source of error could be also the precipitation of other polymers, which
can bind to pectin, such as cellulose. Cellulose can also be extracted from plant mate-
rial using microwave-assisted extraction and ethanol as solvent [23]. Therefore, it is
possible that other polymers present in plant cell walls can precipitate and affect the
gravimetric measurement of the pectin extraction yield.

11
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4.2 Degree of esterification

The DE differed significantly between the two extraction methods. EN pectin can
be described as moderately esterified because its DE was just at the boundary between
high- and low-esterified. The obtained DE (~49%) was comparable to DE values
using the same enzyme for extracting pectin [15]. It may be possible that only pectin
with a lower degree of esterification can be released from the plant cell by enzymatic
treatment. The DE of the microwave-assisted extracted pectin could be considered
as highly esterified (~77%). The result was comparable to that of microwave-assisted
extracted orange peel pectin (~71%) from [24], from lime peels (~71-92%) [25], and
apple pomace pectin extracted by microwave (~74%) [9].

4.3 Pectin composition

As expected, the monosaccharide compositions of both pectin samples were com-
parable because the pectin was extracted from the same source and should therefore
have a similar composition. The main component was galacturonic acid, which is the
backbone molecule of pectin [4]. The galacturonic acid contents from both Mi pectin
and EN pectin did not differ significantly. It was comparable to the galacturonic acid
content in apple pectin [19] and orange peel pectin [24, 26]. The other monosac-
charides except for rhamnose, galactose, and arabinose were also similar. The three
significantly differing monosaccharides could be converted during extraction. The
free glucose test with the K-GLUT assay was significantly higher in the Mi pectin
powder than in the enzymatically extracted one. Due to the differences in the free glu-
cose testing between the two applied kits, it can be assumed that the results had some
uncertainties. These could be explained by the approximation of the reaction endpoint
used in the K-FRUGL kit. Another reasonable explanation would be the presence of
cellulose in the extracted pectin powder. (Nano) cellulose fibrils can be extracted using
microwave-assisted methods [23]. Considering that orange peel has a cellulose content
of approximately 50%, it is reasonable that the pectin powder also contained nanocel-
lulose molecules [27]. Since microwave-assisted extraction is more vigorous and can
increase the solubility of certain cellular compounds, it can be explained that more
free glucose and nanocellulose fibrils were extracted from the cell wall and the glucose
content, therefore, was higher in the Mi pectin sample than in the EN pectin powder.

4.4 Pectin molecular properties

The observed molecular weights of the first peak of each pectin sample from
enzymatic extraction and microwave-assisted extraction were ~ 211 + 18 kDa
and ~ 485 + 20 kDa, respectively. These values were comparable to the molecular
weights of orange peel pectins, which had a molecular weight of 120 + 10 kDa to
360 + 20 kDa [28]. The dispersion of particle size and, therefore, of the molecular
weight was broader in microwave-assisted extraction due to the rapid increase in tem-
perature and internal pressure [16]. The second peaks could depict cleaved pieces of
pectin or other dissolved cell components like cellulose. There are cellulose molecules
or cellulose derivatives that would fit in the range of the molecular weight of the sec-
ond peaks [29]. The intrinsic viscosity values from enzymatic extraction (~8.7 dl/g)
and microwave-assisted extraction (~6.5 dl/g) fit within the range of 4.8-10.8 dl/g for
the intrinsic viscosity of orange peel pectin [28]. The Mi pectin was characterized by
a significantly lower intrinsic viscosity than the EN pectin. A lower intrinsic viscosity
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describes a more condensed structure and higher molecular density [30]. In contrast
to the intrinsic viscosity, the Mi pectin had a significantly higher hydrodynamic
radius than the EN pectin, indicating a looser conformation. Due to this contradictory
relationship, it can be assumed that the condensation of the pectin structures in water
is similar. The average conformation of the two pectin samples differed. The EN pec-
tin had values nearly twice as high as the Mi pectin. The Mi pectin had a conformation
that can be described as a semi-flexible random coil-like structure due to its a value
between 0.5 and 0.8 [30]. On the other hand, the EN pectin had both populations

of particles with an average conformation higher than 0.8. They tend to be in a more
rigid and rod-like structure.

4.5 Mechanical testing of the created films

The differences in maximum strain showed the trend that the elongation could
be enhanced by increasing the pectin content. The maximum strain of Mil.5No was
102.25 + 17.93%, and if increasing the pectin content by 1 g/100 ml, the maximum
strain reached 138.26 + 13. 97% (Mi2.5No). The maximum stress was therefore
increased by approximately 36%, which can be explained by increased film thickness
and consequently, increased cross-sectional area; thus, more cross-linkages that need
to be broken [18]. The film microstructure was altered with changing pectin content
by analyzing with scanning electron microscopy [18]. With 2.5 g pectin per 100 ml
film-forming solution, the film structure was the smoothest [18]. By increasing or
decreasing the pectin content, the microstructure was disturbed. A significant effect
of the different extraction procedures on the maximum strain of the film could not be
observed. A significant change in maximum strain by adding whole-grain kabog mil-
let flour could only be observed between the prototypes Mi2.5No (138.26 + 13.97%)
and Mi2.5Millet (69.45 + 5.50%). The higher maximum strain of Mi2.5No cannot be
explained by increasing the cross-sectional area because the films containing whole-
grain kabog millet flour were characterized by the increased film thickness. It could
be assumed that the internal arrangement was disturbed by adding the kabog millet
flour; therefore, the elongation properties decreased. Compared to other biodegrad-
able films based on polymers, the produced films tended to be rigid and inelastic.
There were formulations for biodegradable films characterized by a maximum strain
between 300% and 700% [13]. Regarding the maximum mechanical stress to break,
films with kabog millet flour broke with the application of approximately half of the
force per cross-sectional area than films without kabog millet flour. This leads to the
conclusion that adding kabog millet flour changed the properties of the films toward
higher brittleness. No significant differences between the maximum stress data of
the films produced from different pectin samples could be observed. Therefore,
the extraction method did not influence the mechanical properties of the produced
pectin edible films.

4.6 Water contact angle

The water contact angles on the surface of the produced films provided informa-
tion about the hydrophobic characteristics of the different film prototypes. A low
water contact angle characterizes more hydrophilic properties of the edible pectin
film [13]. In the application of pectin films for covering food products, a certain
hydrophobicity would be desired to stabilize the protection layer against water. It
could be observed that the films produced from EN pectin resulted in higher water
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contact angles than films from the Mi pectin sample. This is contradictory to the
results of the degree of esterification because the EN pectin showed a greater num-
ber of free carboxy groups due to its lower degree of esterification and, therefore,
should be more hydrophilic [31]. A possible explanation for the lower contact angles
observed for the Mi pectin could be its higher hydrodynamic radius. The higher
hydrodynamic radius indicates higher hydrophilicity. Furthermore, the rod-like
conformation of the EN pectin does not allow as many interactions with the sur-
rounding water because only a part of the functional groups is exposed on the surface
of the rod and therefore is characterized as more hydrophobic. The addition of the
whole-grain kabog millet flour showed a significant increase in water contact angle
between the films Mil.5Millet and Mil.5No, while between the other pairings, a
difference could be observed but it was less pronounced. The addition of the kabog
millet flour increased the hydrophobicity, which could be explained by its whole-
grain character. In whole-grain products, lipids are present, including some lipophilic
compounds such as carotenoids and tocopherols [11]. These lipophilic structures may
shift and enhance the hydrophobic properties of the films. During the measurements
of the water contact angle, some properties of the film were observed, which could
be interesting for further research. The pectin films, especially the ones with kabog
millet, showed volume expansion upon the addition of water, and the droplet of water
turned white over time, so it can be assumed that some hydrophilic film compounds
migrated into the water droplet.

5. Conclusion and outlook

The properties of the pectin obtained from enzymatic and microwave-assisted
extraction differed in several of the tested properties. Enzymatically-extracted
pectin was characterized as moderately esterified (49.1% DE) with a rod-like
conformation in water and with a lower average molecular weight than the
microwave-assisted extracted pectin. These pectin samples had a random coil-like
conformation and were highly esterified (>75% DE). In addition, the yields of
the two extraction methods were significantly different. While the microwave-
assisted extraction had a yield comparable to literature, the enzymatic extraction
resulted in low yield which may be improved in further experiments by increasing
the enzyme concentration, incubation time, or other relevant parameters. The
properties of films prepared from the extracted pectin material showed significant
differences. Overall, the elasticity of the films was considerably lower than the data
of comparable material described in the literature. The high amount of presumably
cellulose (>70% glucose monomer units) present in the extracted material might
play a role for the low elasticity observed. The enzymatically-extracted pectin is
a promising material to produce edible pectin films due to the high contact angles
determined for the films and thus enhanced hydrophobicity and stability to water.
Adding whole-grain kabog millet flour increased the hydrophobic properties of the
films but concomitantly, the brittleness of the pectin edible films also increased. It
would need further research to adjust the protocol to produce pectin films contain-
ing whole-grain kabog millet flour without changing their elasticity. Furthermore,
it would be interesting to evaluate the antioxidant properties of compounds present
in the whole-grain kabog millet applied in a film or coating. This could pave the
way for fruit waste valorization and the addition of nutritional components to
edible, biodegradable films.
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New Sources of Pectin: Extraction,
Processing, and Industrial
Applications
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Abstract

One of the most important polysaccharides in the vegetal kingdom is pectin.
This class of natural polysaccharide is found primarily in citrus fruits and apple
pomace. Pectin has been used in different sectors of the industry, among which
the food, pharmaceutical, cosmetic, and paper industries stand out. Today, there
is a growing demand for this type of hydrocolloid, where both the scientific and
industrial fields have focused on using new sources of pectin and developing novel
extraction methods. This chapter describes the chemical structure of pectin and its
main chemical characteristics. Then, the conventional sources from which pectin is
obtained are exposed as well as its main industrial applications. Subsequently, the
physicochemical and functional properties of pectins obtained from unconventional
sources are described and analyzed as well as the main technologies used for their
extraction. Finally, the most recent advances in the role played by pectin in the
industrial sector are described.

Keywords: pectin, extraction, functional properties, husks, hulls, Cactaceae,
new applications

1. Introduction

Pectin is considered one of the main polysaccharides found in plant sources;
it participates in the constitution of cell walls of higher plants, impacting the
physical and nutritional contribution of products of plant origin. Pectin is a
globally recognized polysaccharide with great relevance in the global biopolymer
market due to its inherent functional properties and vast applications in the food,
pharmaceutical, and biomedical industries [1]. It is a macromolecule capable of
forming flexible polymer chains that lead to forming hydrogel-type structures
[2]. Its functional properties are associated with the extraction conditions and
influenced by the source used. The primary sources of commercial pectin are citric
fruits and apples; however, non-conventional sources have been investigated, such
as agro-industrial sub-products and residues, pulps, husks, hulls, peels, Cactaceae,
and vegetables, among others [3]. Furthermore, pectin has been functionalized
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through chemical or enzyme reactions that lead to changes and improvements in its
physicochemical properties, such as molecular weight, degree of esterification (DE),
and surface charge, which in turn contributes to the development of new functional
or improved properties, along with new approaches and applications [4].

2. Pectin structure

Pectin is a negatively charged branched heteropolysaccharide, composed of up to
17 different monosaccharides with more than 20 types of linkages [5, 6]. This polysac-
charide was first reported in 1825 by Braconnot and defined as a biopolymer rich in
galacturonic acid (GalA; up to 65%) [7]. Although the precise structure of pectin has
not yet been fully elucidated due to its complexity, three major polysaccharide domains
are recognized; as shown in Figure 1, the most abundant is based on a linear homo-
polymer of a-(1-4)-linked-D-galacturonic acid (GalpA, GalA) residues that can be
methyl esterified at the C-6 position and to a lesser extent O-acetylated in C-2 and C-3;
this domain is defined as homogalacturonan (HG) [5, 7]. In the rhamnogalacturonan I
(RG-I) domain, the rhamnose (Rhap, Rha) residues disrupt the HG structure to form
a preferably ramified structure of pectin (20-35%) due to the presence of the repeat-
ing disaccharide [-4)-a-D-GalpA-(1—-2)- a-L-Rhap-(1-]. Here, the GalA residues
are not methyl esterified, and attachment of neutral sugar side chains [a-L-arabinose
(Araf, Ara) and p-D-galactose (Galp, Gal)] to the C-4 positions of Rha residues can
be suitable, leading to linear side chains (LC-A) when a(1—5)-L-Araf or linear type
(B(1—4)-L- Galp) or branched side chains (LC-B) when a(1-2,3)-L-Araf or branched
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Figure 1.
The schematic representation of the pectin structurve contains the HG, RG-I, and RG-II domains. L-AcA: L-Aceric
acid. Adapted from [8].
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type II $(1—-3,6)-D-Galp and arabinogalactans. The branching design of the structure
in RG-I depends on the pectin source, the extraction conditions, and the presence of
other sugars such as xylose (D-Xyl), fucose (L-Fuc), and glucuronic acid (D-GlucA),
among others [9]. The RG-II domain (1-8%) is constituted of around nine a(1—4)-
linked GalpA units partially methyl esterified with four heteropolymer side chains
attached, mainly composed of 11 monosaccharide residues, including apiose (D-Api),
2-O-methyl-L-fucose, 2-O-methyl-D-xylose. 3-C-carxy-5deoxy-L-xylose, 3-deoxy-D-
manno-octulosonic acid (Kdo), and 3-deoxy-D-lyxoheptulosaric acid (D-Dha), which
are linked with up to 22 glycoside bonds [10, 11].

Some investigations about the basic structure of pectin establish that although the
pectin source may influence the structure diversity by partially modifying the chain
conformation of the macromolecule, the RG-II region seemed to be well preserved
among the different sources [12]. Moreover, pectins contain functional groups besides
carbohydrate type, such as phenolic acids, methanol, acetic acid, and some amide
groups. Methanol and acetic acid are relevant in the esterification of galacturonic acid
residues for developing the inherent structure functionalities of pectin. The degree of
methylation (DM) is a helpful tool for describing the structure of pectin and potential
applications; high methoxy pectins (HM) contain more than 50% of carboxyl groups
in methylated form, while those with lower content are defined as low methoxy
pectins (LM). Most common native pectins are characterized by being methyl esteri-
fied. Likewise, acetylation in pectins rarely occurs in native pectins. The degree of
acetylation (DA) in pectins is defined as the percentage of galacturonosyl residues
that can be acetylated per unit of monosaccharide. DA can be larger than 100% and
is usually found in the branched RG regions. In pectins from citrus and apple, the
acetyl groups in the HG region are present in low content, rather than in pectins from
sugar beet and potato, where higher amounts have been found [13, 14]. Amidation of
pectins does not occur naturally; instead, it is induced chemically or enzymatically to
improve the functional properties such as solubility in water, gelling, and rheological
properties through modifying some non-esterified carboxyl groups into amide groups
by using various amino compounds [15-17].

3. Conventional sources of pectin and their applications

Commercial pectin is generally obtained from citrus peels (25% dry matter) and
apple pomace (15-18% dry matter), their processing subproducts, and sugar beet pulp
(25% dry matter) [18]. The most significant part of commercial pectins includes 85.5%
from citrus peels, 14% from apple pomace, and ~ 0.5% from sugar beet pulp [19].
Industrial processes for the extraction of pectin are based on the thermal hydrolysis of
the citric peels (mainly from orange, lemon, and lime), apple pomace, and sugar beet
pulp by using hot mineral acids like HCI, H,SO,, or HNO; (~pH 1.5) at ~85°C [20],
where the control of the extraction conditions is of great relevance for minimizing
the de-esterification and depolymerization of the polysaccharide and improving the
functional properties of pectins as gelling, fiber enrichment, stabilizer, texture, and
rheology control agent [21]. Notably, these pectin extraction processes generate large
amounts of acidic industrial wastes and high energy consumption [22]. Hence, recent
investigations have explored the use of more green technologies to overcome these
environmental issues and enhance yield extraction [23]. Table 1 shows some physi-
cochemical properties of pectins obtained from conventional sources using different
extraction procedures.
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Source Extraction conditions Functional Properties References
and yield
Citrus peel Lime HHP extraction DE: 75.7%; GalA: 82.8% [23]
Enzyme treatment MW:308.4 kDaj; 7;, 5.0 dL/g
pH: 4.5;50°C, 4 h. Enhanced solubilization
Yield: 26.1% Shorter gel setting time
Enzyme treatment DE: > 82%; GalA:81-84% [24]
pH 3.5;50 °C, 4 h. MW: 69 kDa; Gelling properties
Yield: 23%
Orange USE: 150 W, 20 kHz, GalA: 72%; DE: 37.5% [25]
10 min, 50 °C Surface tension: 42.1-46.6 mN/m
Citricacid pH 1.5 (0.1-0.5% wt.)
Yields: 28.1% WHC: 3.10 gwater/gpectin
OHC:1.32 goil/gpectin
Pomelo Conventional DE: 57.9%; MW: 353 kDa [26]
extraction Viscoelastic solution (<1% wt.)
Nitric acid pH 2.0; 90 Weak gelation (<1% wt.)
°C;15h Newtonian behavior (<0.4% wt.)
Yield: 23.19% Pseudoplastic behavior (>0.4% wt.)
Mandarin HHP: 500 MPa, 10 min GalA: 75.4-84.4%; DE: 67.7-70.4% [27,28]
Citric acid pH 1.4 MW:1201-2626 kDa
Yield: 21.95% Pseudoplastic behavior (3% wt.)
Grapefruit USE:800 W;20 kHz; DE: 65.5%; GalA: 50% [29, 30]
58% amplitude Nine: 3.26 dL/g; MW: 109.5 kDa
67.8 °C; 30 min
Yield: 27.3%
Conventional DE: 71.7%; i 18.36 dL/g [31]
extraction MW 2.3x105 kDa
H2S0O4 pH; 80 °C1h.
Yield:33.6%
Apple Granny Chemical or enzyme GalA:18.0-679%*; DE:52.5-76.4% *  [32-34]
pomace Smith; treatment DM:58-88%; MW:68-790 kDa *
Royal; and Yield:4.2-19.8%*
Golden
varieties
Pomace
used for
commercial
pectin
Sugar beet Conventional DE: 38.6-40.8% [35, 36]
pulp extraction Pseudoplastic behavior (2%wt.)

HCl, pH1.2,90 °C, 3 h. Emulsifying activity

HHP: High hydvostatic pressure; MW: Molecular weight; Nie® Intrinsic viscosity; USE: Ultrasound-assisted extraction;
WHC: Water holding capacity; OHC: Oil holding capacity. Depending on the variety of pomace.

Table 1.
Physicochemical properties of some pectin extracted from conventional sources.

Pectin is widely used in the food industry as an excellent thickener agent for
producing jellies and jams, a pH stabilizer in dairy products and low-calorie products,
and an emulsifier in pharmaceutics for the design of drugs to treat gastrointestinal
disorders, blood cholesterol reduction, and cancer treatment as well as good former
of edible films and coatings, foams, and paper substitutes [17, 24]. Because of the
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Figure 2.
Principal applications of commercial pectin in food, packaging, and pharmaceutical industries [17].

functional properties of pectins, both LM and HM, many applications in food,
industrial, and pharmaceutic sectors can be considered (Figure 2).

Most commercial pectins are facilitated to dissolution when a dextrose content is
present. An additional pectin classification is based on its gelling capacity, which is
relevant in product processing and preservation. Pectins are classified as rapid-set
pectin, when gels are formed, preferably at high temperatures, generally used for jams
because it reduces the possibility that the fruit rises to the surface before the pectin
gel is set, and slow-set pectin, which is preferred in jellies because it allows handling
the product before the gel setting without damaging the texture and firmness of the
product [25].

Despite the presence of extensive contents of pectin polysaccharide in fruit
subproducts, like citrus peels, apple pomace, or sugar beet pulp, it is not the most
critical parameter to define a lucrative extraction and the best functional properties
for this functional agent [17]; the exploration of novel sources of pectins is raising the
attention of scientists and technologists.

4. Vegetable sources of pectin

New sources of pectin that are receiving significant interest in the scientific field
are those obtained from different kinds of vegetables, such as pumpkin, eggplant,
chayote, and Opuntia ficus indica cladodes.

Several studies have been conducted on the extraction of pumpkin pectin using
different extraction methods, such as the chemical acid treatment (0.1 M HCI) or
enzymatic extraction, where the last has given much higher yields than the acid
extraction [26]. Pumpkin pectin fraction A was obtained from raw pumpkin with
an enzyme preparation of cellulase and a-amylase. Pumpkin pectin fraction B was
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obtained by treating the solution of fraction A with pronase to reduce the protein
content. The pumpkin pectin fractions A and B yielded 10.03 and 8.08 g/100 g,
respectively.

The DE values of about 47% for pumpkin pectin fractions A and B were not sig-
nificantly different, while the GalA contents represent 75.02 and 78.22 g/100 g, respec-
tively. This finding indicated that both fractions are mainly composed of HG [27]. Small
amounts (about 10 g/100 g) of six different neutral sugars were found in both pectin
fractions, including rhamnose, arabinose, galactose, glucose, xylose, and mannose.

FT-IR and 1D NMR analyses revealed that the pumpkin pectin backbone is mainly
composed of 1,4-D galacturonic acid, in which a considerable portion of galacturonic
acid residues is present as methyl esters, and L-rhamnose is involved in the linear
region of the backbone through a-1,2 linkages. The emulsifying capacity and stability
of pumpkin pectin fraction A were 63.7 and 58.3%, respectively. At the same time,
both properties were not detected in pumpkin pectin fraction B. Pectin fraction A
exhibited emulsifying properties in the water—oil mixture, evidencing the presence of
hydrophobic protein components in the pectin structure. In contrast, protein removal
in fraction B resulted in a loss of emulsifying properties [26]. Therefore, pumpkin
pectin could be used as an emulsifying agent in the preparation of oil-in-water emul-
sions for the beverage industry as long as residual hydrophobic protein components
are not removed.

Eggplant fruit (Solanum melongena L.), a popular vegetable with an elongated oval
shape and dark purple peels, grows worldwide, especially in tropical and subtropic
regions. Under optimal extraction conditions by the ultrasound-assisted extraction
method (UAE) (ultrasound power of 50 W, irradiation time of 30 min, and pH
of 1.5), the pectin extracted from the peels of this vegetable (EPP) indicated that
the EPP had a high GalA content (66.08 g/100 g) [28]. Considering the Food and
Agriculture Organization (FAO) and European Union recommendations, the GalA
content of pectin used as a food additive or pharmaceutical purpose should not be
lower than 65 g/100 g pectin. This pectin had a high DE (61.22%) and was categorized
as HM pectin (DE > 50%). EPP had a protein content of 2.53 g/100 g, which can be
attributed to the difference in raw materials and extraction techniques. However, FAO
suggests that the protein content of pectin should not be higher than 15.6 g/100 g
[24]. In addition, EPP showed good values in functional features such as water-
holding capacity (WHC) and oil-holding capacity (OHC). Under the optimal extrac-
tion conditions, EPP exhibited a WHC of 6.22 + 0.21 g water per g EPP, while the
OHC was 2.12 + 0.15 g oil per g EPP. The emulsifying activity (EA) and emulsifying
stability (ES) of EPP were evaluated, EA was about 56.16%, and the highest emulsion
stability was 96.36 + 0.80 at 4°C. EPP also exhibited antioxidant activity, determined
by the DPPH radical scavenging method, reaching a highest antioxidant activity at a
concentration of 50 mg/mL (94%), which was still lower than the antioxidant activity
performed by the ascorbic acid, with an ICsj value of 1.39 mg/mL; this activity is due
to the higher total phenolic content (TPC = 96.81 + 2.18 mg GAEa/g pectin) associ-
ated to the EPP. The GalA content of the extracted pectin can be also effective in the
antioxidant activity due to active portions in its structure [29].

Chayote is one of the most cultivated vegetables in the world. The major produc-
ing countries are Mexico, Brazil, and China [30]. The UAE method has been used
to extract chayote pectin (PEUO) [31]. Using a liquid/solid ratio of 50 mL/g, a tem-
perature of 70°C, and an ultrasonic time of 40 min as optimal extraction conditions.
The yield was around 6.19%. Under these extraction conditions, PEUO exhibited a
low DE (17.6%), indicating that the chayote pectin could be considered as LM pectin.
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This property could be attributed to the harsh extraction conditions that would
promote the de-esterification of polygalacturonic chains. The GalA content in PEUO
accounted for 57.25%. To our knowledge, the ripeness, blanching, ultrasound, and
other effects may influence the GalA content in the extracted pectin [31], besides

the contribution to improve the depolymerization of polysaccharides, releasing the
water-soluble pectin from the plant tissue [32]. The molecular weight in pectins
significantly affects the emulsification, rheology, and their colloid stability. In this
sense, the weight-average molecular weight and number-average molecular weight of
PEUO were 2.47 x 10° g/mol and 1.29 x 10° g/mol, respectively, and the polydispersity
index was 1.91. Polydispersity index higher than 1 suggests that PEUO extracted by
UAE represents a heterogeneous natural polysaccharide with a broad range of poly-
mer size distribution [31]. The monosaccharide composition of PEUO indicated the
presence of five monosaccharides, where glucose (Glu) represents the most abundant
monosaccharide (90.6%), followed by Gal (8%), D-Xyl (0.6%), Ara (0.6%), and

Rha (0.2%). Besides, the content of Gal was significantly higher than that of Ara,
indicating that the RG-I region may have been highly branched with galactan or
arabinogalactan. Rheological properties of PEUO aqueous dispersions (<5%wt.)
exhibited a non-Newtonian behavior [31]. Other functional properties like WHC and
OHC for PEUO showed suitable values for both WHC (3.14 + 0.42 g water/g PEUO)
and OHC (3.73 + 0.30 g oil/g PEUO). High WHC in PEUO makes it suitable as a food
industry thickener. EA and ES were determined at 4°C and 25°C. The ES for PEUO
emulsions were 88.36 + 5.63% and 81.28 + 4.82% after 1 day, and these values changed
after 30 days to 85.33 + 4.16% and 77.59 + 5.19%, respectively. The lower temperature
(4°C) was presumably more suitable for storing the PEUO emulsion. These results
provide further evidence that chayote pectin may have great potential to be applied as
an emulsifier and stabilizer in the food industry [31, 33]. Regarding the antioxidant
activity of PEUO, it was higher when compared to pectin extracted from apples. Due
to its techno-functional properties, PEUO may be used as a gelling agent and preser-
vative in jam production or as a viscosity enhancer in beverages.

Another source of pectin that has received much attention is the Opuntia ficus
indica (OFI) cladodes. This pectin has been extracted by acid water, ultrasound, and
enzyme treatments [34, 35]. The pectin obtained by ultrasound under optimal condi-
tions (sonication time of 70 min, temperature of 70°C, pH of 1.5, and water:solid
ratio of 30 mL/g) reached an extraction yield of 18.14% + 1.41%, with a GalA content
of 68.87%. This pectin had a DE of 41.42%, classifying it as an LM pectin [36]. This
DE value was higher than that achieved when the OFI pectin was extracted by the
chemical process, which was 30.67% [37]. WHC in OFI pectin was 4.84 g water/g OFI
pectin, ultrasound-induced cavitations in the pectin structure improving the water
penetration and its absorption [38]. WHC for OFI pectin extracted by the chemical
process was higher (5.64 g water/g OFI pectin) [34]. OHC for OFI pectin extracted
with ultrasound was 1.01 g oil/g OFI pectin, slightly lower than pectin extracted
by the chemical method (1.24 g oil/g OFI pectin) [34]. EA and ES were determined
at two pectin concentrations (2 and 4% w/v). EA values were 19.23% and 26.92%,
respectively, showing that the emulsion stability depends on the pectin concentra-
tion. OFI pectin at 4% maintained stability of more than 57% of the emulsion after
30 min of incubation at 80°C, unlike the 2% pectin solution, which could not retain
more than 40% of the emulsion. This stability of the emulsions could be attributed
to the rise of viscosities in the pectin solutions caused by the formation of a layer of
pectin around each oil droplet, delaying the coalescence phenomenon [39, 40]. This
stability was affected by the high pectin extraction temperature (> 45°C) [41]. ES in
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OFI pectin extracted with acid water at 2% displayed higher values (90.45%) [34].
Differences in the ES are due to differences in the extraction methods, which affect
the average molecular weight and the GalA content in the structure of pectin and
therefore influencing the long-term stability in the emulsions [42]. When enzyme
treatments were used for OFI pectin extraction, the optimal conditions were cel-
lulase/xylanase at an LS ratio of 22 mL/g, cellulase/xylanase ratio of 2 U/U, and
enzymes/matter ratio of 4 U/g, reaching an extraction yield of 17.91% [35], being
more effective than the chemical treatment, which resulted in an extraction yield of
6.13 + 0.60% [34]. Enzyme-assisted extraction of pectin depends on the choice of
enzymatic activities based on the strength of pectin connection with cellulose and
xylan and their abundance in the cell wall of the plant source [43].

For OFI pectin, the total sugar content was 89.94%, the main monosaccharide was
GalA (66.66 + 2.46%), with a DE of 35.04%, which was higher than that reported
by Lira-Ortiz et al. [44] for pectin from prickly pear fruits (Opuntia albicarpa; DE
30.7%). OFI pectin had a WHC of 5.42 + 0.16 g water /g OFI pectin, slightly lower
than that for pectin extracted by the chemical process (5.64 g water/g OFI pectin)
[34]. Various intrinsic factors, like the chemical structure of the biomaterial, and
extrinsic factors, such as the pH, temperature, and ionic strength, can affect the WHC
[45]. The OHC value of pectins was 1.23 + 0.42 g oil/g OFI pectin. It was like the OHC
of the OFI pectin extracted by the acid water method [34]. Thus, the oil retention
power depends essentially on the hydrophilic nature and the overall charge density
of the constituents [45]. EA values for OFI pectin emulsions at 2 and 4% were 26.9%
and 30.77%, respectively. These values were lower than the ones found by Bayar et al.
[34] for a 2% concentration of pectin extracted by the chemical process from the OFI
cladodes (35%), proving that the extraction process influences the functional proper-
ties of pectin macromolecules [46]. The ES rates were 14.31% and 87.48% for 2% and
4% of pectin hydrocolloid in the emulsions, this long-term stability when emulsions
were submitted to temperature treatment at 80°C is due to the high viscosity of pectin
solution and by the formation of layers around the fat globules by the pectin [39].

5. Unconventional sources of pectin: hulls or husks and seeds

It is well known that the primary sources of pectin extraction are those obtained
from citrus fruits or apples, due to their high yield and physicochemical properties
that make them useful for various applications in the food and pharmaceutical
industries. However, in recent years, new extraction sources have been sought that
may represent alternatives to overexploited sources and that also have the advantage
of allowing the use of organic by-products, such as the case of hulls or husks and
seeds, from which pectins with specific physicochemical properties of high utility for
multiple applications can be obtained.

Table 2 shows current research work regarding unconventional sources for
obtaining pectins, classified as hulls or husks that come from dry fruits (almonds,
pistachios, walnuts, and cocoa), pods, and legume seeds (soy, peas, faba beans, and
riang), cereal leaves (Zea mays) and seeds of different fruits (Nicandra physaloides
Linn., Gaertn, papaya, jackfruit, creeping fig and sesame). In addition, its extraction
methods and its most outstanding properties are also described.

The most widely used pectin extraction method for hulls or husk and seeds is the
conventional one, which consists of acidifying the sample, for which different types
of organic (citric and oxalic acid) and inorganic (HCl and HNO;) acids are used; the
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type of acid used influences the extraction conditions and the properties of the pectin
obtained [30]. Subsequently, a heat treatment is carried out using a conventional
hot plate, or, for more efficient extraction, it can be assisted by microwaves [49] or

Pectin source Extraction conditions and Yield Functional properties Reference
Hulls or husks
Almond hull First part: acidification with citric Extraction of LM pectin [28]
acid of almond hull pectin whose DE: 26.4%
optimal conditions were pH = 1.4, Forming forms gels using Ca** ata
liquid-solid ratio (LSR) 20.13,90°C  pH 3-7
for 58.65 min followed by filtration. Do not need sugar to form gel
Second part: a mixture of pectin High polydispersity due to the
supernatant with 96% ethanol at a small chains formed during the
ratio of 1:1 v/v, then the precipitate extraction process.
obtained was dried in an oven at
50°C.
Yield: 26.32% wt.
Pistachio hull Conventional and Extraction of LM pectin [47]
ultrasound-assisted, DE =19.29%
Acidification with a citric acid Maximum emulsifying capacity
solution with 6% wt. pectin, EA index:
Yield: 32.3%. 172.85 + 0.59 m*/g ES index:
158.28 + 3.41 min, High creaming
stability
Shear-thinning behavior.
A green husk of Walnuts husks from different The soil and climate conditions [48]
walnuts (Juglans regions of cultivation. where the walnut husks were
regia L.) Walnut husks powder heated inan ~ obtained caused variations in the
acid medium. properties of the pectins obtained.
Ethanol precipitation. DE: higher 65%.
The pectin was decolorized using Lamellar and leaf-shaped
acetone. structures, depending on the region
of cultivation
Cocoa pod husk Microwave-assisted extraction The decrease in pH during [49]
(Theobroma cacao)  using an acidified medium with extraction produced a decrease
oxalic acid. in the esterification degree which
pH116 reduced the gelling ability of pectin.
15 min. This could be observed by FTIR
Liquid/solid ratio:25 spectroscopy.
Yield: 9.64%.
Legumes (from seeds or pods)
Soy hull Thermal treatment by microwave The pectin extracted with SC [50]
irradiation had better stability of emulsions,
Acidification 0.6% wt. citric acid smaller droplet sizes and greater
or sodium citrate (SC). emulsifying capacity.
Pectin precipitation with ethanol. Applied into mayonnaise, achieving
uniformly distributed drops and
high stability.
Soy hull Pectin extraction was carried out Low uronic acid content. [51]

from milled soy hulls, from which
galactomannan was removed.
Acid medium, HCl followed by
HNO;,

Low yield.

Xylogalacturonan and
rhamnogalacturonans as major
components.

Cannot form gels by adding Ca™.
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Pectin source Extraction conditions and Yield Functional properties Reference
Pea hull To optimize the extraction, a LM pectin [52]
central composite design was Mainly composed of

carried out where the effect of xylogalacturonan.
pH, temperature, and time on the
yield and purity of the pectins was
evaluated using two different acid
media: citric acid and HNOs.
pH2.0
Yield: 3.5-9.8% with citric acid
Yield: 1.4-8.0% with HNO;.
Purity: >65%, related to the high
uric acid content.
Faba bean hull Microwave assisted extraction HM pectin [53]
(640 W). DE: 54.08%.
pH = 1.5 with1 M HCI, 9 min.
Ethanol precipitation.
Yield: 14.86%
Riang (Parkia Acid water HM pectin [54]
timoriana (DC.) pH =2 with HNO;, heated to 90°C DE: ~66%.
Merr.) pod husk for 90 min. Pseudoplastic behavior at a
Final pH adjusted to 4.5. concentration > 2%w/v,
Yield: 15.0% Newtonian behavior at
concentrations <2% w/v.
High antioxidant activity and high
content of phenolic compounds
(mainly tannins).
Cereal
Zea mays husk Extraction with high-power Formation of thermo-irreversible [55]
ultrasound (US) application. and soft gels at pH = 6 in the
Pretreatment in a primary presence of Ca®*
medium, followed by enzymatic Interaction with the iron (II) ion to
hydrolysis with cellulase form thermo-reversible weak gels.
(pH = 5.2), precipitation of pectin LM pectin and high-water solubility
with ethanol, and subsequent due to the ultrasound treatment.
lyophilization to obtain the MP
fraction.
Second treatment consisted of
high-power ultrasound at 20 kHz,
plus the steps of the first treatment
to obtain the MP-US fraction.
Fruit seeds
Papaya seeds Acid medium (citric acid) LM: 9.22%. [56]
80°C, pH 1.5, 60 min
Yield: 8.66%
Jackfruit seeds Pectin extraction was from the Total phenolic content: 65.7 mg [57]
sheats slimy sheats of the jackfruit seed GAE/g

(Js).

Water acidified with oxalic acid
90°C,1h.

Yield: 35.52%

Antioxidant activity:
DPPH method: 25.29 + 4.03%
FRAP: 10.4 uM
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Pectin source Extraction conditions and Yield Functional properties Reference
Creeping fig fruit Chemical extraction in acid LM pectin [58]
seeds conditions. DE: ~20%.
Form gels at low pH values with the
addition of glucono-8-lactone
Viscous solutions are obtained at
pH = 4.5 with Na* and K" ions for
favoring the formation of the gel.
Gel strength depends on the type of
salt added and its concentration.
Nicandra Enzyme inactivation of the NPG LM pectin [59]
physaloides (Linn.) seeds were inactivated with DE = 46.93%.
Gaertn seeds heating. Spontaneous gel formation at 1.5%.
Aqueous extraction at 60°C. Gel formation at <1.5% in the
Different fractions of pectin were presence of NaCl and KCL.
obtained.
Yield: 9.17-10.56%
Sesame seed hull Defatted seed High antioxidant activity [60]

Acid medium (HCI). Fractionation
with ethanol (30%, 50%, and
90%).

Maximum yield: 75.6% at 30%
ethanol

Able to stabilize emulsions.

Table 2.

Unconventional sources of pectins: Hulls or husks and seeds.

by high-power ultrasound [61]. Finally, separation is carried out using the ethanol
solvent, and the pectin obtained is dried.
Among the properties shared by pectins obtained from hulls or husks and seeds
is that they are primarily LM pectins, with very varied DEs, and they also can form
gels in the presence of ions such as calcium, sodium, or potassium [28]. However,
the esterification degree influences the properties of the gels formed [49]. Besides,
this type of pectin regularly achieves the formation of stable emulsions [24, 62], a
shear-thinning rheological behavior and can even, in some cases, present antioxidant
activity [14, 54, 63].
One of the main disadvantages of obtaining pectin from hulls or husks and
seeds is its low yield (regularly less than 15%), since the extraction is carried out by
conventional methods, where conditions such as the type of acid influence the yield
obtained. However, research is currently being carried out on new methods that allow
a more efficient extraction and higher yield to encourage the use of unconventional

sources of pectin.

6. Applications of new sources of pectin

Nowadays, green chemistry leads to environmentally friendly bioproduct extrac-
tion approaches. Because bioproducts are biocompatible, they have a wide range of
applications [33]. The synthesis and production of bioproducts use substantially less
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energy and solvent, and they can now be scaled up with a small initial expenditure
[14, 40]. Biomaterial formulations, sometimes inspired by biomimicking nature’s
behavior, are specifically tailored for applications involving human consumption
products and innovative biobased materials [64]. In the field of biomaterials, hydro-
gels have gained popularity owing to their specific properties, such as biodegrad-
ability, biocompatibility, a soft-wet feel, and resemblance to organic tissue. Hydrogels
with tridimensional crosslinked polymeric structures made from natural polymers
have been extensively studied because of the increasing need for biomaterials with
novel features for human consumption-related applications [65]. Pectin, a biopoly-
mer found in the cell walls of fruits and vegetables, is extensively employed in the
food, pharmaceutical, and textile sectors due to its ability to produce a thick gel-like
solution [65]. Pectin is a gelling ingredient in the production of jams, jellies, and
marmalades. Over the past decade, intense new research has yielded a new under-
standing of its molecular structure and physiological function, opening the gate to
novel manufacturing techniques and entirely new applications, such as new advanced
biomaterials, for example, calcium phosphate pectin for bone restoration and bio-
based construction, and building materials, for example, pectin aerogels for thermal
insulation [64, 66].

According to the scientific literature, we can classify applications of pectins in two
ways: first, according to their physicochemical properties, and last, according to their
field of application. The specific application of each of the novel pectin sources is inti-
mately linked to their particular physicochemical characteristics; please see Figure 3.
For example, LM pectin is believed to be a helpful stabilizer for dairy products. This
is due to low methoxyl pectin gels in the presence of divalent cations, in this specific
instance, calcium ions. The capacity of HM pectin to gel at moderately lower pH val-
ues (pH 2-3.5) in the addition of soluble substances, such as sucrose, makes it suitable
for use in the preparation of jams and jellies [67]. An LM pectin is an attractive option
for use as a gelling agent in manufacturing low-calorie jams due to its ability to form
a gel without added sugar. Unlike gums, which impart a slimy mouth feel, the use of
pectin to increase the viscosity in soft drinks and beverages gives a clean mouth feel;

|

Low methoxyl pectin

Physicochemical
properties

|

High methoxyl pectin

Applications of
pectins

|

Pectins for food
products

—>

Field of application

|

Pectins for drug and
therapeutic applications

|

Figure 3.
Different classifications for pectin.
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Application Source Extraction technique Reference
Pectins for food Stabilizer for dairy Grapefruit peel Acid hydrolysis [68]
products products
Food films, gelling Lime peel Citric acid-microwave [69]
agents, and extraction
plasticizer
Food packaging Lemon waste peel Microwave extraction [70]
Films and emulsions Citrus — [71]
Antioxidants in food Jackfruit peel Ultrasonic-microwave [72]
formulations extraction
Pectins for drug Drug delivery Citrus — [73]
and therapeutic systems
applications Drug delivery Fig skin Ultrasonic-microwave [74]
systems extraction
Tissue engineering Lemon peels Acid hydrolysis [75]
Bioprinting of 3D Citrus peels — [76]
scaffolds
Wound healing Akebia trifoliata Acid hydrolysis [77]
fruit peel
Accelerated wound Cyclea Barbata Cold acid hydrolysis [78]
healing Miers
Skin wound healing Papaya fruit — [79]
Table 3.

Applications of novel pectins.

this may be due to the low viscosity of low-concentration pectin solutions at the shear
rate of the mouth [67].
From the viewpoint related to their field of application, pectins may be catego-
rized into pectins for food products and pectins for drug and therapeutic applica-
tions. Please see Table 3. Current research trends in food packaging promote the
development of biodegradable, renewable, and environmentally friendly materials.
Pectin-based edible coatings are among the most recent advancements in the world
of food packaging. Including additional biopolymers, such as cellulose and natu-
ral compounds with antioxidant and antibacterial properties, has enhanced and
strengthened these coatings.
Additionally, researchers have discovered the biological functions of pectin,
consequently increasing its application in the pharmaceutical industry, including drug
delivery systems, skin and bone tissue engineering, and wound dressings [65, 76].
Pectin is most widely used in the formulation of drugs for oral administration, such
as tablets, gels, hydrogels, beads, aerogels, and coated and compression-coated doses.
The ability of pectin to withstand acidic conditions and higher temperatures allows for
the development of drug delivery systems able to load and release drugs at a specific
location. Pectin has primarily been considered a colon-specific drug delivery vehicle
that reduces systemic toxicity while increasing bioactivity and medication stability.
Pectin also has significant potential for use in tissue engineering. Pectins may

promote mineral nucleation in this application if immersed in the appropriate physi-
ological conditions, resulting in biomimetic structures that more closely resemble the
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natural architecture of bone. Furthermore, pectins are responsible for wound healing
treatments’ gelling protection and anti-inflammatory effects [76]. By crosslinking
pectins, calcium ions aid in its gelation. Solubilized pectin forms an acidic environ-
ment that acts as a bacterial or viral barrier, and pectin hydrogels allow for the loading
and release of drugs such as antibiotics, analgesics, and tissue repair agents. Other
physiological effects of pectin have been described, such as prebiotic, antimicrobial,
antiglycation, and antioxidant. Pectin has also been used to nano-encapsulate bioac-
tive substances, thereby increasing their shelf life and stability.

The exploration of new sources of pectin, involving the introduction of cleaner
and new sustainable extraction techniques, demands more research to guarantee that
an industrial application is sustainable and competitive in the current market.

7. Conclusions

Pectin is one of the primary polysaccharides present in plants; it contributes to
the physical and nutritional value of plant-based goods. It’s a macromolecule that
can create flexible polymer chains. Source and extraction circumstances affect its
functioning characteristics. Citric fruits and apples are the principal sources of com-
mercial pectin, although non-conventional sources have been examined, including
agro-industrial sub-products and wastes, pulps, husks, hulls, peels, Cactaceae, and
vegetables. Pectin has been functionalized by chemical or enzyme processes that
affect its physical characteristics, such as molecular weight, degree of esterification
(DE), and surface charge, leading to new functional or enhanced qualities as well
as new techniques and applications. Pumpkin, eggplant, chayote, and Opuntia ficus
indica cladodes are new sources of pectin. Due to their high production and physico-
chemical qualities, citrus fruits and apples are the principal sources of pectin extrac-
tion. In recent years, new extraction sources have been sought that may represent
alternatives to overexploited sources and that allow the use of organic by-products,
such as hulls or husks and seeds, from which pectin with specific physicochemi-
cal properties can be obtained for multiple applications. Intense new research has
yielded a new understanding of its molecular structure and physiological function,
opening the door to novel manufacturing techniques and entirely new applica-
tions, such as calcium phosphate pectin for bone restoration and pectin aerogels for
thermal insulation.
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Chapter 3

Agricultural Pectin Extraction in
Iranian Experimental Settings

Roshanak Vakili

Abstract

Pectins are belonged to one important group of polysaccharides extracted from the
plant cell walls. Commercial pectins are widely used in the cosmetic, pharmaceutical,
and food industries, mainly as texturizing, emulsifying, stabilizing, and gelling agents.
Due to rich contents of partially esterified galacturonic acid (GalA) found in agri-food
waste, the valorization of recovery process needs to be further developed with eco-
nomic and environmental benefits. Accordingly, in order to maximize the utilization
of these residues, some researchers attempted to extract multiple valuable products
from plant waste like pectin from mango peel or simultaneously extracted pectin and
polyphenols from pomegranate peels, because the simultaneous extraction seems more
efficient due to decreased process time and cost. The characteristics and applications
of pectins are strongly influenced by their structures depending on plant species,
tissues, and extraction methods. This review aims to review the optimal extraction
conditions using new promising methods in order to obtain pectin from Iran’s Agro
waste and assess physicochemical parameters in recent Iranian experimental study
designs, including microwave heating processes and ultrasonic treatment.

Keywords: pectin, Iranian studies, extraction methodology, agricultural waste,
secondary metabolites

1. Introduction

Plant pectins are complex polysaccharides with an acceptable content of galacturonic
acid (GalA) determined as 65% for commercial purposes like pectin from apple pomace,
citrus peels, or sugar beet pulp [1, 2] with different applications based on low (<50%)
and high (>50%) methoxyl pectin [3]. High- and low-methylated pectins are often
applied according to their different DE, physicochemical properties, and applications;
for example, the latter are used in low-calorie products like dietetic jams and jellies [2].

There are various potential sources in pectin production like agricultural wastes
[1], for instance, the extracted pectin from mango peel, pomegranate peels, or sour
cherry pomace through different extraction procedures and their physicochemical,
structural, and functional properties of the extracted compounds have been studied
in the literature [3].

Conventionally, pectin can be easily extracted through a cheap and time-
consuming acidic hot water extraction (HWE) procedure based on mineral acids like
hydrochloric acid, nitric acid, and sulfuric acid [1, 2, 4] based on some factors like raw
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material, the type of purposed pectin, and manufacturer’s instruction [1]. Then, the
pectin is recovered by precipitation using ethanol with higher extraction yield. But
unfortunately, mineral acids cause serious toxicity and hazardous effect toward the
environment, and organic acid like citric acid can be an alternative to this problem [2].

Hence, the extracted pectin is affected by degradation in both quantity and
quality aspects with the consequent huge pollutant effluent [1, 4]. It is required to
investigate highly efficient and eco-friendly alternative procedures with different
plant sources and experimental settings through various optimization protocols for
extraction processes [1]. An eco-friendly extraction process can maximize the use
of agricultural waste, minimize the volume of the remained waste, and produce the
valuable compounds from the global increased agricultural waste in order to have the
sustainable waste valorization and the highest utilization of food waste. For example,
a large quantity of the industrially processed fruit converts into a large volume of the
inevitably produced pomace. The fruit waste is usually discarded, while this valuable
source of phenolics and pectin can be extracted in order to increase the financial
benefits of production units and reduce the volume of fruit waste and the subsequent
environmental problems [5].

These methods include pulsating hydrodynamic action, microwave-assisted
extraction (MAE), ultrasound-assisted extraction (UAE), and ultrasound micro-
wave-assisted extraction (UMAE) which lead to increased extraction yield and rate,
reduced process time and costs, as well as low environmental hazards aimed to obtain
the desirable pectin stability and minimized pectin degradation [1, 4]. Other MAE
advantages include reduced wastewater with lower use of organic solvents, increased
pectin purity, improved heating rates, decreased equipment sizes, and greater control
on the extraction parameters during the process [4]. Based on the cavitation effect of
ultrasound waves, eco-friendly UAE methodology is based on the increased destruc-
tion of plant cell wall, better penetration, and increased rate of mass transferring
with lower consumed solvents and energy [6]. The integrated ultrasonic-microwave
synergistic extraction (UMSE) utilizes high energy produced in both devices and
removes the defects of HWE, MAE, and UAE at an atmospheric environment with
low temperature [4].

In the food industry, serious challenges for the environment are developed with
massive quantities of agri-food residues and wastes, including peel, husk, seed, pom-
ace, etc., with the loss of extractable and re-usable valuable compounds at disposal.
The designed procedures can prevent the depletion of natural resources by enhancing
the economic agricultural opportunities for the rural livelihoods [5].

The average annual agricultural waste is estimated as 35% in Iran with different
proposed management procedures. The highest pectin content is found in premature
fruits. During ripening, pectin esterase and pectinase enzymes make the pectin
percentages decreased, and hence fruits gradually soften. Chemical compounds,
structure, and percentage of pectin vary in various plants. Pectin plays a role in food
industries as a colloidal additive, thickening/gelling agent, stabilizer, immobilizer,
condenser, and emulsifier for traditional use in the production of marmalades, jams,
and fruit jellies [7, 8]. According to the experimental literature, industrial pectin can
be potentially extracted from the noncommercial sources of agricultural wastes from
different fruits and vegetables including peach pomace, watermelon rind, pomegran-
ate peel, papaya peel, sisal waste, pumpkin, soy hull, sunflower oilseed, lemon sour,
banana peel, husk of blackberry tree branch, grapefruit peel, Akebia trifoliata husk,
peanut, cocoa bean husk, grape pulp, golden kiwi, tomato, carrot, pistachio green

husk, and eggplant peel/cap [2, 7].
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For example, orange can play an important role in the industry and economy of
Iran with producing 2.3 Mt./y in 2019. Citrus peels contain about 20-25% pectin as
one of the rich sources of commercial pectin. One of the chemical pretreatments
for orange wastes is dilute acid treatment with high pectin recovery in order to
hydrolyze it to GalA and other sugars and dissolve the main part of hemicellulose.

The valorization of orange waste is oriented on (i) direct utilization (as fertilizer

and animal feed), and (ii) extraction of pectin, enzymes, and bioactive compounds
with designed biorefinery systems. The relevant studies were oriented toward (a)
ultrasounds and microwave treatments to obtain pectin and limonene extraction from
citrus waste and (b) to cut the high price of enzyme and its long reaction time in order
to eliminate the non-eco-friendly enzymatic hydrolysis [8].

2. Structural and functional properties

Physicochemical structure and functional properties are studied according
to (i) gelling properties, (ii) water/oil-holding capacity (WHC/OHC), and (iii)
emulsion. The structures are represented by some parameters (molecular weight,
MW; degree of esterification, DE; GalA content, and monosaccharide composi-
tion) which depend on plant sources and extraction methods and determine the
final application. Regarding gelling properties, high-molecular-weight pectins
(>300 kDa) can produce a kind of gel which shows network structures with high
mechanical strength, rupture strength, and viscosity. In low-molecular-weight
pectins, increased medium acidity and higher extraction time are observed. In high-
methylated pectin, the gel is formed faster even at acidic pH due to reduced elec-
trostatic repulsion. Low-methylated pectin is able to form a gel by strongly binding
divalent ions. Moreover, distribution of non-methoxylated GalA in regular blocks
results in gels with a better gelation ability and a stronger mechanical strength.

The degree of methoxylation strongly affects Ca-pectin gel properties, and subse-
quently, acetylation of GalA results in reduced Ca-binding sites and unfavorable gel
formation. High active Ca-binding sites induce the percolating network structures
and improved rheological properties such as faster formation kinetics, enhanced
viscosities, and higher elastic modulus. Regarding WHC/OHC, the hydrophobic/
hydrophilic pectin constituents, total charge density and their functions affect tex-
ture through the interaction between food product components. High-OHC pectin
plays a role in stabilizing or emulsifying in producing high-fat meat foods. WHC
shows the hydration ability based on the OH group. The high absorption of water in
pectin reduces the syneresis rate in yogurts and dairy desserts [9].

Regarding emulsion, pectin can increase the viscosity of the aqueous phase partly
due to homogalacturonan domains with the contribution to emulsion stabilization
and higher solution viscosity. The hydrophilic and hydrophobic groups with different
amounts and distribution patterns characterize the solubility and rheological proper-
ties of pectin-treated liquid food products. In different pectin extraction procedures,
different viscosities are created in aqueous solution, affecting emulsion characteris-
tics. Those protein moieties bonded to pectin arabinogalactan and also pectin methyl,
acetyl, and ferulic acid ester contents result in high hydrophobicity with an ability to
be adsorbed at the oil-water interface. After emulsion formation, the emulsion insta-
bility remains to be limited or prevented based on the carbohydrate domain in pectin
structure. Moreover, neutral side chains potentially interact with ferulic acid and/or
proteins resulted in emulsion stabilization. The commercial pectins produced from
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citrus peel and apple pomace did not show strong emulsifying properties compared to
sugar beet pectin which has the higher protein and ferulic acid contents [9].

3. Iranian literature review

The characteristics and applications of pectins are strongly influenced by their
structures depending on plant species and tissues, as well as extraction methods. The
aim of this review is therefore to highlight the structures of pectins and the vari-
ous methods used to extract them, including conventional ones but also microwave
heating, ultrasonic treatment, and dielectric barrier discharge techniques, assessing
physicochemical parameters which have significant effects on pectin characteristics
and applications as techno-functional and bioactive agents [9].

The amount and composition of secondary metabolites produced in plants are con-
trolled significantly by environmental factors, including temperature, carbon dioxide,
lighting, ozone, soil water, soil salinity and soil fertility, and climate change which
make them to accumulate lower or higher in plants [10, 11]. The adaptation of plant
morphology, anatomy, and physiological functions to the changes in biotic and abiotic
may influence the accumulation of secondary metabolites. The pathways of secondary
metabolites and their regulation are highly susceptible to environmental stresses due to
the alteration observed in the involved gene expression [12]. The secondary metabolites
play a variety of functions in plant growth and developmental processes, immunity
and defense, and finally interaction with environmental stresses [13]. It demonstrates
that the multifunctionality of plant secondary metabolites drives interactions between
abiotic and biotic factors, with potential consequences for plant resistance in variable
environments [14]. The plant has to produce a specified quantity and quality of second-
ary metabolites to encounter the environmental stress that determines the adaptability
and availability of plant in a particular region [11]. In other words, external factors can
adversely affect some process associated with biosynthesis of secondary metabolites
that ultimately leads to variation in their overall phytochemical profiles, which play
important roles in the production of bioactive substances [15].

Therefore, it is essential to perform repeated study designs on plants based on
different geographical regions over the world. Here, we have reviewed briefly recent
Iran-affiliated studies on pectin extraction procedures performed with agri-food wastes
grown in different climatic and geographical settings in order to obtain pectin profiles.

In Kashani et al. [16], three variables were studied in related to their effects on pectin
yield, GalA percentage, and DE of pectin including temperature (35, 65, and 95°C), time
(40, 120, and 200 min), and pH (1, 2, and 3) with the extracted samples obtained from
the potato peels using the acidic or citric acid extraction method in order to optimize the
extraction condition profile based on the response surface method. Results of potato peel
showed that pectin yield, GalA percentage, and DE ranged 7.15-14.87%, 14.45-36.37%,
and 15.35-41.82% in 15 extraction treatments. The physicochemical properties were
compared among the potato peel pectin, commercial citrus pectin, and commercial
apple pectin according to pectin flow behavior tests at different concentrations, Fourier
transform infrared (FT-IR) spectrum, and Mw. In potato peel pectin, the optimized
single-independent variables showed that the highest extraction yield was 14.87% with
the highest percentage of GalA as 36.37% at 95°C, 120 min, and pH 1.0. Also, the highest
DE was 41.820% at 65°C, 40 min, and pH 3.0. Simultaneous optimization for both
pectin yield and GalA showed that the highest pectin yield was 15.23% with favorite
GalA as 38.0712% at 95°C, 200 min, and pH 1.0. The highest stability of extracted pectin
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emulsion obtained from potato peel was at 4°C on the first day compared to the stability
at 23°C on the 30th day. According to FT-IR results, the strong absorption seen between
3200 and 3500 cm ™ was related to the intracellular/extracellular vibration of the hydro-
gen bonds in the GalA polymer. At increased pectin concentration (0.1-2%), the viscos-
ity was increased and Newtonian behavior was observed in all samples with flow index
of 1. In potato peel, Mw of the extracted pectin was 53.46 kDa after 30 days of storage
under optimal conditions at 4 and 23°C with emulsion stability (ES) of 85.1 and 63.1,
respectively. Therefore, the produced pectin obtained optimally from agricultural wastes
using citric acid procedure can be introduced to the market with Newtonian behavior
and optimal gel grade.

In Kazemi et al. [17], the cantaloupe rind was effectively valorized into food-grade
pectin by an environmentally friendly MAE process without the application of min-
eral acid. Then, the extraction factors were optimized by Box-Behnken design (BBD),
and the extracted pectin was characterized according to various physicochemical,
structural, functional, and bioactivity properties. Four variables of the extraction
process were successfully optimized (microwave power: 700 W, irradiation time:

112 s, pH 1.50, and liquid-solid ratio (LSR): 30 mL/g) with a yield of 181.4 g kg™
After analysis, it was found that the isolated pectin was a high-methylated GalA-rich
sample (703.4 g kg™") with an average Mw of 390.475 kDa. Also, the isolated pectin
was a high-potential sample with favorite functionality and antioxidant ability in
comparison with commercial citrus pectin according to FT-IR, Hydrogen-1 nuclear
magnetic resonance (1H-NMR), and X-ray diffraction (XRD) spectroscopies. The
main functional groups, structural characteristics, and crystallinity showed that the
assayed samples had a significantly higher value of OHC, emulsifying capacity (EC),
ES, a-diphenyl-p-picrylhydrazyl (DPPH), and 2,2'-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS) scavenging activity, and reducing power assay with very
promising quantity (yield) and quality values. The potential of MAE process included
the remarkable reduction of both production time (instead of hours into minutes)
and energy consumption, economically and environmentally promoted productiv-
ity. In industrial scale, it is necessary to evaluate the MAE process to demonstrate
much better pectin yield, operating costs, and environmental burdens. Moreover, the
repeatability and the functionality of isolated pectin are essential in future studies.

In Peighambardoust et al. [18], the comparative study objective was to identify the
properties of beet pectin based on a novel and ecofriendly technology of subcritical
water extraction (SWE) instead of traditional procedures in order to maximize pectin
extraction efficiency. The advanced modeling procedures were applied including
response surface methodology and optimization of operational parameters. The
results indicated a promising scalable approach for converting the beet waste to pectin
based on SWE with improved pectin properties. The optimal conditions for obtain-
ing the highest pectin yield were determined using the central composite design for
both comparative methods. In traditional procedure, the temperature, time, pH, and
pectin recovery yield were 90°C, 240 min, 1, and 20.8%, respectively. In the subcriti-
cal water extraction, LSR was 30% (v/w) at temperature of 130°C for 20 min with a
comparable yield of 20.7%. The effect of obtained pectin samples on viscoamylograph
pasting and differential scanning calorimetry (DSC) thermal parameters of corn
starch was assessed. The GalA content, degree of methylation, acetylation, and ferulic
acid content were higher in the pectin obtained using SWE, while their Mw was
lower. Both pectin samples have similar chemical groups according to FT-IR with simi-
lar colors. At lower concentrations (0.5-1%), pectin solution obtained in both techniques
nearly indicated a Newtonian behavior according to the rheological measurements. The
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addition of both pectin samples to corn starch decreased both pasting (except hot paste
viscosity) and DSC gelatinization (peak temperature or Tp, conclusion temperature or
Tc, and Tc - To (onset temperature) of starch parameters, while increased AH to higher
values. The To was minimally affected after the addition of pectin. Brabender viscoam-
ylograph results were in good agreement with the DSC results. SWE was more efficient
with the same extraction yield in a much shorter time due to nearly being 12 times faster;
therefore, it can reduce pectin extraction time on an industrial scale and also facilitates
the achievement of the pectin with improved specifications.

In Vaez et al. [8], a multipurpose platform was developed to dilute acid pretreat-
ment as a multipurpose process to recover pectin, hydrolyze hemicellulose, and open
up the cellulose structure. Some studies used separated fractions of orange wastes
divided into pulp and peel, but it is not possible to practically separate them at the
industrial scale and according to a conventional laboratory setting it is required to
study their potential separately. Vaez et al. [8] designed a dilute acid treatment
method on orange waste to extract pectin and fermentable sugars as well as breaking
down the recalcitrant structure of the remained lignocellulose. The fermentable
sugars dissolved in the supernatant were used for ethanol production without any
further procedures for enzymatic hydrolysis. After acid treatment, the pretreated
remained solid fraction was used for biogas production. One advantage of their
designed biorefinery platform is related to the removal of enzymatic hydrolysis, that
is a necessary step in a conventional ethanol production process. Therefore, biogas-
ethanol-pectin integrated production is practiced in their study based on a dilute acid
treatment procedure on orange waste with sulfuric acid (1% w/v) (94, 100, 140, and
180°C; 60, 30, and 0 min). Finally, the pectin was extracted from the hydrolysate, the
liquor was used to produce ethanol, and the pretreated solid was anaerobically
digested to produce biogas. The highest pectin extraction yield was 24.7% (w/w) and
23.7% (w/w) from orange peel and pulp fractions, respectively, from the superna-
tants of liquor treatment at 94°C for 60 min. FT-IR results confirmed the similar
characteristics of the extracted pectin to the commercial sample. The GalA content
(as pectin purity) was 70.2 and 69.9% from orange peel and pulp, respectively, at the
optimal conditions. The acid treatment at 94°C for 60 min achieved a pectin product
with approximately 69% of DE compared to approximately 45% in the treatment
procedure at 140°C for 30 min. The highest ethanol yields of 81.5 and 82.9% were
achieved from orange peel and pulp, respectively, after the acid treatment at 140°C
for 30 min. The highest methane yields were 176.8 and 191.8 mL/g as volatile solids
(VS) from the untreated orange peel and pulp, respectively. The highest total product
value was 2472.9 USD/t orange wastes with dilute acid treatment at 94°C for 60 min.
At the optimal conditions related to high pectin production with no enzyme, 244 kg
of pectin, 26.5 L of ethanol, and 36 m’ of methane were obtained from 1 t of orange
wastes. If biogas is intended, the treatment procedure of citrus waste is not required.
The proposed biorefinery platform can increase the total products value up to 75 times
compared to the traditional anaerobic digestion of citrus waste [8].

In Ezzati et al. [19], the extracted pectin of sunflower by-product was obtained
using UAE technique. The UAE variables were successfully optimized using BBD
optimization process (irradiation time: 30 min, temperature: 33°C, ultrasound power:
400 W) with 11.15% of pectin yield. It was found that the extracted pectin was
proved to be a high-purity sample and rich in low-esterified GalA content (72.94%)
with long-side galactan branches, arabinogalactan, and arabinan, with an average Mw
of 175.353 kDa. The functional groups and structural characteristics were determined
by FT-IR, 1H-NMR, and XRD spectroscopies. According to the results obtained
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from DSC and thermogravimetric analysis (TGA) procedures, the thermal analysis
suggested a suitable thermal stability for the extracted pectin. Other functional
parameters were measured including the solubility, WHC, OHC, EC, ES (in different
conditions), foam capacity, foam stability, DPPH, and ABTS inhibitions for assaying
antioxidant properties and reducing power assay in order to prove the higher value
of the extracted pectin for the potential of replacing to commercial food ingredients.
Therefore, the obtained pectin can be used as a high-quality pectin sample with good
functional and technological properties in pharmaceutical or food industries.

Hosseini et al. [3] studied the optimized MAE conditions for the simultaneous
recovery of pectin and phenolic compounds from sour cherry pomace. An annual
production of >109,000 tons in Iran makes this country as the seventh producer of sour
cherry in the world, and the residual pomace that is discarded as a side product in food
industry and is rich in different polysaccharides such as pectin can lead to environmen-
tal problems; but the reuse of fruit wastes for their production has high benefits for
nutritional and environmentally friendly. They found that the highest yield of pectin
(14.65 + 0.39%, Mw: 472.977 kDa) was obtained with microwave power of 800 W, irra-
diation time of 300 s, pH 1.0, and LSR of 20 v/w. The structural analysis indicated that
the obtained supernatant was rich in high-methoxyl pectin with amorphous structure.
The moisture, ash, and protein contents as well as total carbohydrates were nearly 8.32,
3.73,1.41, and 26.43%, respectively. The high purity was proved from approximate GalA
content of 72.86%, suitable thermal stability was obtained due to degradation tempera-
ture of 252.15°C, and also high-methoxyl pectin was proved from DE of 68.37 + 2.78%.
According to the FT-IR, 1H-NMR, and XRD analysis, the obtained sample was rich in
esterified polygalacturonic acid with an amorphous structure.

In Kazemi et al. [20], BBD was applied to optimize the conditions of the UAE
and heating extraction (HE) procedures according to pectin yield from pistachio
green hull as a response. At optimal condition, the pectin extraction yield of the UAE
(ultrasound power: 150 W, pH 1.5, time: 24 min) and HE (temperature: 70°C, time:
90 min, LSR: 40 v/w) methods were 12.0 + 0.53% and 10.3 + 0.75%, respectively.
Also, the GalA content of pectin was about 59.33 and 75.11% in UAE and HE methods,
respectively, which was higher in the latter. Both methods were able to achieve good
emulsifying activity, WHC and OHC. Moreover, total phenol content (TPC) and
antiradical activity (DPPH radical scavenging) of pectin samples were higher in HE
method compared to UAE procedure. But the surface tension value was lower in the
former which was in agreement with the results obtained from foaming properties.
The decreased surface tension with the increased TPC can be probably attributed to
the accumulation of phenolic compounds in the air-water interface with a resulted
increase in the surface pressure and finally a resulted decrease in surface tension. In
the HE method, DE was higher compared to the pectin produced in the UAE method
according to FT-IR and 1H-NMR analysis. The results of XRD patterns revealed an
amorphous structure with some crystalline portions in the fruit pectin. The surface
morphology showed more surface roughness for pectin obtained from the HE method
compared to the UAE method. According to the rheological properties of pectin
solutions, G’ and G” of pectin extracted from the HE method in 2% w/v were much
higher than the UAE method. Both samples showed similar elastic behavior in high
frequencies, while pectin sample obtained from HE method had a viscous behavior
in low frequencies. The UAE method had significantly increased pectin yield with a
lower processing time and consumed solvent volume; however, pectin sample from
HE method presented a better quality. Therefore, there are some limitations and
disadvantages for running UAE procedure in industrial scale.
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Khodaiyan and Parastouei [5] investigated pectin extraction from black mulberry
pomace based on an eco-friendly extraction process of MAE procedure. The variables
were successfully co-optimized using BBD, and then the optimized condition yielded
about 10.95% pectin as response. The compounds produced under optimum condi-
tions (microwave power: 700 W, irradiation time: 300 s, pH 1.42, and LSR: 20 mL/g)
were characterized based on physicochemical, structural, and functional properties.
The increased production of global agricultural waste urges critical attention to the
concept of sustainable waste valorization and maximum utilization of food waste;
therefore, the production of several products from waste has attracted high interests.
According to the physicochemical analysis, there was a highly esterified amorphous
pectin (DE: 62.21%) with an average MW of 620.489 kDa based on XRD analysis
and a highly esterified GalA content of 70.15% with further confirmation based on
FT-IR and 1H-NMR spectroscopies. Also, the DSC showed higher thermal stability
for the assayed pectin than commercial pectin (degradation temperature: 251.82°C).
The designed procedure provides a promising management of black mulberry waste
generated in food industry with high quality for being applied as natural ingredients
in various food and pharmaceutical products. The final aim is to maximize the waste
use for the production of the valuable compounds and minimize the waste volume.

Nouri and Mokhtarian [7] studied on the pectin processed from walnut green
husks and found them as good sources for pectin extraction. According to the response
surface statistical methodology, they assessed extraction efficiency rate, DE, and GalA
of the obtained pectin in different pH (1.0, 1.5, 2.0), temperature (60, 70, 80°C),
and process time (60, 90, 120 min) values. The optimal samples were selected, and
total ash, MW, emulsifier, rheological, and FT-IR spectroscopy assessments were
performed. The highest efficiency rate (25.84%) was obtained at optimal conditions
(pH 1.62, 80°C, and 120 min). The highest DE (63.19%) occurred at optimal condi-
tions (pH 2.0, 72.92°C, and 87.27 min, range: 52.30-60.20). The GalA proportion
indicating purity of pectin was normal. The highest GalA (68.53%) was recorded at
pH 1.44 and 72.92°C in 93.33 min. Some viscous and pseudoplastic behaviors were
assayed with the extracted pectin. According to FT-IR spectral diagrams, the optimal
pectin samples have shown the presence of GalA as a rich source of pectin.

Gharibzahedi et al. [4] studied on the comparative pectin extraction procedures
from common fig skin, including HWE, UAE, MAE, and UMAE. The results showed
that UMAE (11.71%) significantly obtained a more extraction yield than MAE
(9.26%), UAE (8.74%), and HWE (6.05%). The UMAE-pectin with the highest GalA
content (76.85%) and MW (6.91 x 10 3 kDa) had the highest emulsifying activity
(61.2-61.3%) and ES (94.3-95.2%) with a monomodal droplet size distribution at both
cold and ambient storage temperatures. A non-Newtonian shear-thinning behavior
was recorded at 1.5-3.0% pectic solutions. XRD analysis showed noncrystalline pectin
extracted by UMAE. FT-IR spectroscopy and high-performance liquid chromatog-
raphy (HPLC) photodiode array detector proved that both conventional and novel
extraction technologies do not change the chemical structure and monosaccharide
composition of pectin significantly. The UMAE at operating conditions (pH 1.4,

1:20 g/mL CFS!/water, sonication time: 25 min, irradiation time: 3.5 min and micro-
wave power: 600 W) was proved to be a successful strategy to extract high-MW pectin
from fig skins with the highest extraction yield, total GalA, viscosity of pectic solu-
tion, emulsifying activity, and ES at different assay conditions. The pectin functional-
ity for food-grade emulsions was also proved because oil-in-water emulsions stabilized

! cubic feet per second.
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with fig skin pectin extracted by UMAE had the lowest droplet size with a monomodal
size distribution. All extracted pectin samples had a DE being lower than 50 and can
be applied in stable formulations of many low-sugar dietary foods. A pseudoplastic
flow behavior was observed at the high concentration of pectin. The main functional
groups and monosaccharides determined based on FT-IR spectroscopy and pulsed
amperometric detection (HPLC-PAD), respectively, are clues for the extracted polyga-
lacturonic acid-rich pectin. However, it is essential to conduct an optimization study in
order to find the functional conditions for finding the best UMAE extraction method
and obtaining the highest extraction yield of fig skin pectin.

Hosseini et al. [6] performed a study for optimization and characterization of
pectin extracted from sour orange peel by UAE procedure. Their aims were as follows:

i.new UAE-assisted optimization of fruit pectin in order to find the effects of
various extraction factors on pectin yield and properties,

ii. structure, monosaccharide, and chemical compositions of the extracted pectin
in related to extraction methodology,

iii. physicochemical and functional properties of fruit pectin.

In this work, BBD was applied with three variables (ultrasound power, irradiation
time, and pH) for pectin extraction optimization from sour orange peel in three levels
by ultrasound waves. The physicochemical, structural, and functional properties of fruit
pectin were evaluated in optimal extraction point. According to the obtained results, the
highest extraction yield was 28.07 + 0.67% in optimal conditions (ultrasound power:
150 W, irradiation time: 10 min, pH 1.5). Also, ash, moisture, and protein contents of
fruit pectin were 1.89 + 0.51%, 8.81 + 0.68%, and 1.45 + 0.23%, respectively. Moreover,
65.3% of the extracted pectin was GalA with approximately 72% of total neutral sugars
as galactose according to HPLC findings which showed the fruit pectin has a suitable
purity. In the optimized pectin, there are TPC of 39.95 + 3.13 mg gallic acid equivalents/g
pectin, the surface tension of 46.56 + 0.23 and 42.14 + 0.61 mN/m in concentrations
of 0.1and 0.5%w/v, and WHC and OHC of 3.10 + 0.12 and 1.32 + 0.21 g water or oil/g
pectin, respectively. In addition, the emulsifying activity of fruit pectin extracted by
ultrasound waves was higher than those samples from other sources, and emulsions
were more stable in low temperature. Moreover, DE of 6.77 + 0.43% was proved the fruit
pectin to be a low-methoxyl pectin according to FT-IR and 1H-NMR analysis. Therefore,
the procedure with ultrasound waves showed a high efficiency based on quantity/quality
of the extracted pectin. These waves improve the destruction of plant cell wall by their
cavitation effect and increase the rate of mass transferring resulted in the higher extrac-
tion yield of pectin in a shorter extraction time [6].

In Kazemi et al. [21], eggplant peel was used for pectin extraction through UAE
technique. The optimization process was carried out using BBD in order to optimize
the extraction process factors, and the results showed that the highest experimen-
tal extraction yield (33.64 + 1.12 g/ 100 g, the predicted yield: 35.36 g/100 g) was
achieved with optimal conditions (ultrasound power: 50 W, irradiation time: 30 min,
pH 1.5). The assay of chemical, physicochemical, functional, and structural pectin
features indicated that it was rich in GalA (66.08 g/100 g) and has both high DE
(61.22%) and TPC (96.81 mg GAE/g pectin) and both low ash and protein contents.
Also, the extracted pectin showed favorite measurements of functional properties
including WHC, OHC, emulsifying and foaming properties, and antioxidant activity.
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In addition, FT-IR and 1H-NMR spectroscopy proved a high-methylated pectin struc-
ture in the obtained samples. Moreover, assaying DE suggested that the extracted
pectin is in the group of high-methoxy pectin with further confirmation based on
those measurements from FT-IR and 1H-NMR spectroscopy. XRD pattern proved a
high crystallinity for eggplant pectin. Given the high extraction yield and favorite
properties, the eggplant peel pectin can be a good replacement for commercial pectin.

In Jafari et al. [2], the central composite design was used with four variables in five
levels to determine the effects of pH (0.5-2.5), temperature (50-90°C), heating time
(30-150 min), and LSR (10-50 v/w) on both yield and DE of the extracted carrot
pectin. The highest extraction yield of pectin was 15.6 + 0.5% at optimal conditions
(90°C, 79.8 min, LSR of 23.3 v/w, pH 1.3) which was close to the predicted values
(16.0%). According to the obtained findings, the extracted pectin was proved to be
a low-methoxylated pectin (DE: 22.1-51.8%) with a favorite emulsifying activity
(60.3%), viscosity at a wide range of frequencies (0.1-50 Hz, 1% w/v), and pseudo-
plastic flow behavior at the same concentration. With the optimal extraction condi-
tions, the GalA content and emulsifying activity were 75.5 and 60.3%, respectively;
moreover, the emulsions had a high stability (80.4-80.3%, 74.7-74.4%) at two differ-
ent storage temperatures (4 and 23°C) after 1 and 30 days, respectively.

Bagherian et al. [1] performed a comparative study on the conventional and
microwave- and ultrasound-assisted methods for the extraction of pectin from
grapefruit. In this study, the effect of microwave power and heating time was
assayed on both pectin yield and quality in grapefruit. It was found that the high-
est pectin yield was 27.81% (w/w) at 6 min and 900 W. It was observed that pectin
yield, the GalA content, and DE increased with the increased microwave power
and heating time. But Mw decreased with an increase in heating time; however,
the effects of power on Mw were dramatically more than heating time. In addition,
laboratory studies on the extraction of pectin treated with high-intensity ultra-
sound were carried out. The effects of temperature and time on quality and quan-
tity of extracted pectin were investigated. The highest yield was for sonication time
of 25 min (17.92%) in a constant bath temperature of 70°C. Furthermore, before
applying MAE the grapefruit solution was treated by a preliminary ultrasonic
heating and a higher yield was proved. Intermittent sonication was so efficient than
continuous procedure. The studied parameter in microwave extraction included
microwave field power and heating time for improving both qualitative and quan-
titative characteristics of extracted pectin. Finally, 2 min of microwave heating was
able to induce the same amount of pectin obtained as with 90 min of conventional
extraction procedures. On the other hand, sonication was performed with water
bath, and the effect of sonication time and bath temperature were measured on the
pectin extraction in order to find the optimal factors. The conventional procedure
was not able to compete with sonication method being 3 times faster. Also, when
the ultrasound pretreatment was performed before microwave heating, better
results were obtained than MAE.

4. Methodology
4.1 Case study No. 1

An optimal biorefinery development for pectin and biofuels production from
orange wastes without enzyme consumption—A case study by Vaez et al. [8].
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4.1.1 General procedure

The orange wastes were treated with sulfuric acid (1% w/v) at 94, 100, 140, and
180°C for 60, 30, and 0 min in order to extract pectin from the hydrolysate. The highest
yield of pectin extraction was 24.7% (w/w) and 23.7% (w/w) in orange peel and pulp,
respectively, in the supernatants at 94°C for 60 min. The results of FT-IR confirmed
that the characteristics of the extracted pectin were similar to the commercial product.
Regarding the pectin purity, the GalA content was 70.2 and 69.9% in orange peel and
pulp, respectively. The acid treatment (94°C, 60 min; 140°C, 30 min) showed a DE
being higher than 69% and less than 45%, respectively. At the optimal conditions, high
production of pectin was 244 kg/t of orange wastes without enzyme procedure.

4.1.2 Preparation of material

Fresh Thomson navel orange (Citrus sinensis) from northern Iran was used in this
study. After the fruits were washed, they were juiced, and the separated pulp and peel
were dried at ambient temperature for 2 weeks and then they were grinded. Those
particles being sized as 60.85-0.180 mm (20-80 mesh) were collected and kept in
sealed plastic bags for further analysis at room temperature. The prepared orange peel
and pulp contained 92.6 and 93.6% total solids (TS) and 87.3 and 89.9% volatile solids
(VS), respectively.

4.1.3 Dilute acid treatment

Sulfuric acid solution (1% w/v) was applied with different temperatures (100, 140,
and 180°C) and times (0, 30, and 60 min) in 101SSHPR? reactor warmed up in an oil
bath. In order to extract pectin, the optimal acid treatment condition was encountered
at 94°C for 60 min with 140 mL of sulfuric acid (1% w/v) and 10 g of loaded orange
peel/pulp in the reactor. Then, the temperature was quickly decreased using an ice
bath. The suspension was filtered for the solid residues that rinsed with distilled water
to remove chemicals. Then, they were freeze-dried and kept at room temperature, but
the liquid fraction was kept at —20°C for pectin extraction and purification.

4.1.4 Pectin extraction and purification

For the highest pectin yield, pH was adjusted to 3.5 with sodium hydroxide.
The solution was dispersed in ethanol, and the precipitates were obtained after it
remained for a night at 4°C with centrifugation (4000 rpm, 20 min). Ethanol at a 70
and 96% (v/v) alcohol content was used for rinsing the separated solids. The mixture
was centrifuged (4000 rpm, 30 min) to separate the pectin. The separated pectin was
dissolved in deionized water, freeze-dried, and maintained at room temperature. The
yield of pectin extraction was calculated using an equation (Bi and P as initial quan-
tity in gram of substrate and pectin, respectively):

Yp“(%)zgxmo (1)

1

% 101 stainless steel high pressure reactors.
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4.1.5 Analytical methods
4.1.5.1 Substrate chavacterization

The TS, VS, and extractive contents of the orange wastes were measured according
to the National Renewable Energy Laboratory (NREL) protocol. The morphology of
the freeze-dried substrates was assayed using gold-coated procedure and scanning
electron microscopy (15 kV) in order to observe the acid treatment effect.

4.1.5.2 Pectin characterization

Pectin characteristics (chemical structure, GalA content, and DE) were deter-
mined. The chemical structure was assessed by a Fourier transfer infrared spectrom-
eter with a deuterated-triglycine sulfate detector in comparison with commercial
pectin (resolution of 1 cm™, 32 scans in 4400-400 cm™?).

The GalA content was quantified based on Ramos-Aguilar et al. [22]. Pectin
(5 mg) was added to 2 mL of concentrated sulfuric acid (98%) and 1 mL of deionized
water and adjusted to 10 mL. After an ice bath procedure (10 min), the centrifugation
was performed at room temperature (2000 x g, 10 min). The liquid fraction (400 pL)
was mixed with 2.4 mL of sodium tetraborate (75 mM in concentrated sulfuric acid)
and 40 pL of 4 M potassium sulfamate solution (pH 1.6). The temperature of tubes
decreased using indirect contact in an ice bath after insertion in boiling water for
20 min. The M-hydroxy di-phenyl solution in NaOH was added. The absorbance of
samples was assayed at 525 nm using a UV-vis spectrophotometry.

The DE was obtained according to Santos et al. [23] as follows: the dry mass of
pectin (0.1 g) was dissolved with 3 mL of ethanol 96% in 20 mL of distilled water at
40°C and 100 mL Erlenmeyer flasks were magnetically stirred up. The titration was
performed with sodium hydroxide solution (V1 mL for the first neutralization step,
0.1 M) and phenolphthalein indicator for appearing a pale pink color. The sodium
hydroxide solution (10 mL, 0.1 M) was added to this neutralized solution and stirred.
The hydrochloric acid solution (0.1 M, 10 mL) was added and stirred in order to
disappear the pink color completely. The sodium hydroxide solution (V2 mL for the
second neutralization step, 0.1 M) was added to neutralize the excess of acid until the
solution color changed to pink (V2). The DE of the pectin was determined using V1
and V2 as follows:

DE(%) = vVZv <100 @)
1 + 2

4.1.5.3 Statistical analysis

Analysis of variance (ANOVA) was applied using the least significant difference
(LSD) and Tukey’s methods in SAS 9.1.3 software (p < 0.05).

4.2 Case study No. 2

High-quality pectin from cantaloupe waste: Eco-friendly extraction process, opti-
mization, characterization, and bioactivity measurements—A case study by Kazemi
etal. [17].
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4.2.1 Extraction and optimization of pectin

Fresh cantaloupe fruits were washed, peeled, cut, and placed in an oven
(60°C, 48 h). The dried pieces were powdered and stored at 25°C. The MAE process
was used to produce pectin from cantaloupe powder in a microwave oven according to
Kazemi et al. [17]. pH levels were adjusted using organic citric acid. The response was
expressed as the extraction yield (g kg™"). For optimization of the MAE process, MAE
variables and their levels were selected for pectin extraction from cantaloupe rinds
using BBD according to the literature. The effects of MAE-independent variables were
optimized and investigated including microwave power (300-700 W), irradiation
time (60-180 s), pH (1.5-3.0), and LSR (20-30 mL/g). In order to reduce systematic
errors, all experiments were randomly performed, and then the results were putina
polynomial equation in order to predict the optimized condition for the MAE process.

4.2.2 Pectin charvacterization

Pectin characteristics (physicochemical, structure, functional, and antioxidant
assay) were determined. Three experiments were performed for each measurement,
and the results were calculated and reported as mean value + SD’.

4.2.3 Physicochemical analysis

For moisture content, 1 g of fruit pectin was dried at 105°C for 24 h. Ash content
was measured after dry ignition of 1 g of pectin samples (550°C, 6 h) in a muffle
furnace. Protein content was determined using the Kjeldahl method (crude pro-
tein = N x 6.25). Total carbohydrate content was measured according to the phenol sul-
furic acid method. The GalA content was determined using the meta-hydroxydiphenyl
method. The DE was measured according to Kazemi et al. [17]. TPC was found on
an SP-UV500DB model UV-vis spectrophotometer according to the Folin-Ciocalteu
method using a standard curve of gallic acid. TPC was expressed as mg gallic acid
equivalent per g of pectin (mg GAE/g pectin). All physicochemical measurements
were compared based on the commerecial citrus pectin.

Average MW was determined by injection of pectin solution (20-50 pL, 1 mg/
mL) high-performance gel permeation chromatography (HPGPC) using an
Ultrahydrogel™ column and a RID*-10A refractive index detector. For elution,
NaNO3 (0.1 M) was used as mobile phase at a flow rate of 1 mL/min and temperature
of 35°C. The calculation was based on the calibration curves of dextran standards.

4.2.4 Structural analysis

The isolated pectin was structurally characterized using FT-IR, 1H-NMR, and
XRD spectroscopies in comparison with commercial citrus pectin. FT-IR spectrum
of the KBr-dispersed samples was recorded on a Bruker Tensor 27 spectrometer by 10
scans at a resolution of 4 cm™ over 4000-600 cm ™. 1 H-NMR spectrum was collected
on a 500 MHz Varian Unity Inova spectrometer by eight scans (24°C, 4.0 s). XRD
pattern was recorded on a Philips diffractometer (10-80° as 26).

3 Standard deviation.
4 Refractive Index Detector.
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4.2.5 Functional chavacteristics

The functional properties were measured using four methods including WHC,
OHC, EC, and ES in comparison with commercial citrus pectin. WHC and OHC
were measured according to Kazemi et al. [17] as the mass (g) of water or oil retained
by 1.0 g of pectin sample (g/g). EC (24°C) and ES (1 and 30 days, 4°C and 24°C) of
emulsions were measured according to Yapo et al. [24].

4.2.6 Antioxidant assay

The antioxidant capacity of pectin solutions was determined in concentrations
of 0.1-5 mg/mL using three methods, including DPPH scavenging activity, ABTS
scavenging activity, and reducing power assay in comparison with ascorbic acid, beta
hydroxy acid (BHA), and commercial citrus pectin at similar concentrations. Also,
the half maximal inhibitory concentration values of DPPH and ABTS scavenging
activity for each sample were calculated and compared (the required concentration of
antioxidant for scavenging the 50% of initial concentration of free radicals).

4.2.7 Statistical analysis

Response surface BBD was used to assess the effects of MAE process variables
individually and interactively in terms of pectin yield (56-150 g kg™') and the highest
pectin yield. The experimental data was applied in a second-order polynomial model
developed using multiple regression analysis. Also, in order to show a good agreement
between the experimental and predicted data, Pareto ANOVA was used. According to
the obtained results, a fitted developed model could explain the suitable relationship
between process variables and response.

5. Conclusions

In food industry, the functional properties of pectin are influenced by the source,
methods, and conditions of extraction (time, pH, LSR, temperature, wave power
and frequency, enzymes, and the integrated conditions). Novel extraction methods
are focused in studies in order to reduce extraction time/solvent consumption and
increase process efficiency/pectin yield. Agri-food wastes can be processed to produce
valuable by-products like marketable pectin according to commercial standards. Their
significant WHC/OHC and promising emulsifying properties make them as textural
ingredients and emulsifiers in food products and pharmaceutical supplements [9]. The
green chemistry extraction process for the valorization of industrial food processing
waste should be designed based on circular economy concepts in order to increase
its benefits [5]. However, further research is needed to understand the synergistic
effect of multiple extraction factors using new techniques for the improvement of the
productivity of industrial pectin processes from Iran’s Agro waste (Tables 1 and 2).
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Morus alba leaf. Carbohydrate Polymers. 2013;98:793-806.

Table 1.
A collection of underlined Iran-affiliated studies for the reported results about pectin extraction procedures from
Agri-food wastes.
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Chapter 4

Root and Tuber Crops: An
Underexploited Source of Pectin
and Future Prospects

Nneka R. Okereke and Chukwuemeka K. Nkere

Abstract

Starchy root and tuber crops are important global sources of carbohydrates with
potentials to lift millions of people out of poverty across developing countries. The
billion dollar pectin market which relies heavily on pectin isolated from fruits pro-
vides ample opportunities for non-conventional sources from the root and tuber food
group. Pectins are abundant in higher plants and poses varying properties that can be
used across industries including the food, the health and pharmaceutical sector, and
in packaging regimes. We review current research into the isolation, modification,
characterization and application of pectin sourced from root and tubers and explore
the implications for an under-explored market in Africa. Despite the limited research
conducted on root and tuber pectin, Citric acid used in the solvent method has shown
to be a promising method of extraction, producing high pectin yields with industrial
and pharmaceutical properties.

Keywords: root and tuber, food, pectin, isolation, Africa

1. Introduction

Before the introduction of cereals in many regions and especially in the tropics,
root and tubers served as the only staple crop group that fed populations. Lebot [1]
also described them as among the oldest crops on earth. Examples of these crops
include, cassava, yam, potato, sweet potato and cocoyam. They share common
characteristics including: vegetative propagation, breeding approaches, post-harvest
issues (bulky and perishable), requiring low inputs, adaptability to mixed farming
and heavily involves women throughout their production value chains [2].

These food security crops serve as major sources of calories, nutrition, income
and employment for millions of people, especially across developing countries in
Sub-Saharan Africa, Asia and Latin America [3]. According to current FAO estimates,
roots and tubers are the fourth most produced group of crops after cereals, sugar
crops and fruits (Figure 1) and are the second most important food group, serving
around 300 million people across developing countries [2, 4]. Africa produces the
highest root and tuber crops at an estimated value of over 300 million tonnes across
approximately 39 million hectares of land (Table 1). In this region, the food group

61 IntechOpen



Utilization of Pectin in the Food and Drug Industries

Vegetables q

Treenuts 1

Sugar Crops 1

0 bers 1

n_Roats and Tubers
]
-

o Pulses 1

Oilcrops

Fruit4

Cereals

1000000000 2000000000 3000000000
Production in tonnes

=

Figure 1.
2020 FAO production estimates of crop groups produced around the world.

Africa America Asia Europe Oceania
Production (t) 333,594,726 78,182,331 324,104,149 107,693,897 4,047,282
Area harvested 38,953,062 4,104,037 15,590,781 4,571,456 318,331
(ha)
Table1.

Estimated production and area harvested values of root and tuber crops distributed around the world.

plays an integral part of social cultural activities [5] and has shown great potentials
in alleviating poverty and improving the resilience of its mostly limited resourced
stakeholders in tackling the growing threats from climate change [6].

For these reasons, root and tubers have received, in the past 20 years, invalu-
able attention and research funding from national and international agencies like
the Consultative Group on International Agricultural Research (CGIAR), the Bill
and Melinda Gates Foundations (BMGF), financial institutions (e.g. World Bank)
and National Agricultural Centres [7]. These concerted efforts have resulted in the
increase in production (development of improved varieties and formal seed quality
systems) and innovative research into the complex roles this particular food group
plays in nutrition, as animal feed, as raw materials for starch and alcohol production,
and fermented foods and beverages [8-10].

2. Pectin research in root and tubers

Root and tubers store edible starchy materials in their stems, roots, rhizomes,
corms, and tubers and serve as sources of important bioactive compounds and

62



Root and Tuber Crops: An Underexploited Source of Pectin and Future Prospects
DOI: http://dx.doi.org/10.5772/intechopen.110194

polymers with nutritional and pharmaceutical potentials [4]. One of the most
important but least explored polymers in root and tuber crops are pectins. In higher
plants, pectins are an integral part of the primary cell wall and middle lamella and
are also most abundant in non-woody parts of the plant [11]. They are non-starch
heteropolysaccharides composed mainly of covalently a-1,4-linked D-galacturonic
acid (GalA) units (peculiar to the homogalacturonan pectin chain) with the urinate
residues in their natural state partially esterified. But they may vary in chemical
composition, sugar content and molecular weight based on the development stage
of the plant, isolation condition, storage and process of production [12]. Pectins can
also be classified based on their degree of esterification and chemical structure. These
characteristics contribute to the multi-functionality of pectin that include: textural
and rheological properties of plant-based foods, movement of water and nutrients,
maintaining the turgidity and concentration of the cell wall and their applications
in food and industry [13, 14]. In food and pharmaceutical industries these polymers
have been used, for years, as gelling agents, emulsifiers, stabilizers and thickeners
[15-17]. Therapeutically, pectins are soluble dietary fibers, can reduce blood cho-
lesterol, used in drug delivery, replace fats in confectionery and improve pre-biotic
activities in the gut [11].

Although abundant in most higher plants, commercially produced pectins are
primarily sourced from fruit residue (citrus peels and apple pomace especially)
generated in large quantities from fruit processing companies. In this chapter, we will
be reviewing the structure, extraction, modification and application of pectins from
root and tubers and exploring the impact of the food group as a non-conventional
source of commercial pectin in Africa.

2.1 Pectin extraction

Extraction techniques are a major factor in determining the quality and yield
extracted from pectin sources. Some of which include the most common - microwave
heating and direct boiling using chemicals [18]; and the more novel methods that
include the use of ultrasonic sound, autoclave, enzymes and electromagnetic induc-
tion [19]. In some cases methods have been combined to extract pectin [20]. Pectin
from root and tuber crops as well as their food products and by-products have been
extracted using different extraction methods (Table 2). Infante et al. [21] reported
the extraction of pectin from cassava bread using a boiling solution of oxalic acid and
ammonium oxalate, while Coelho et al. [22] extracted pectin from cassava residue
using ammonium oxalate and further precipitated with ethanol. Menoli and Belia
[23] also reported the precipitation of pectin from cassava galacturonic acid using a
modified method [30] that involved saturated potassium acetate solution and 95%
ethanol in a 4:1 ratio. Ogutu and Mu [24] before evaluating the effect of ultrasonic
factors on sweet potato pectin extracted the polymer by using sodium hexametaphos-
phate. Ultrasound and microwave assisted acid extraction methods have also been
used to extract pectin from sweet potato residues [25]. Citric acid was reported as an
ideal solvent for the extraction of pectin from sweet potato peels [26]. Yang et al. [27]
extracted higher yields of pectin than sourced from citrus and apple, using different
acidic solvents from potato pulp. For yam pectin, Tang et al. [28] recently isolated the
polymer from Dioscorea opposita tubers using the enzyme extraction method while
Effah-Manu et al. [29] successfully extracted pectin from D. rotundata and D. alata
tubers using citrus acid as a solvent.
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Pectin source Method of extraction Characterization Application References
Cassava bread Solvent extraction: No No [21]
Extracted with a boiling
solution of 0.25%
oxalic acid and 0.25%
ammonium oxalate
Yield: 0.34-0.61%
Cassava residue Solvent extraction: No Used to coat [22]
Three volumes nanoparticles
0.5% (w/v) ammonium containing
oxalate solution and fB-carotene
ethanol (92.8° GL) aiming at the
Yield: 0.1-0.5% gastrointestinal
administration
of this lipophilic
nutraceutical.
Cassava Solvent extraction: No No [23]
galactoronic acid 5 ml cooking liquor,
three volumes of
saturated potassium
acetates olution and
95% ethanol (4:1)
Sweet potato Solvent extraction: 12% degree of No [24]
galacturonic Using sodium methoxylation (DE)
acid hexametaphosphate, Le. low methoxy
purified using an pectin
ultrafiltration column
then precipitated and
washed successively
with 60%, 75% and
90% ethanol
Sweet potato Ultrasound/microwave Molecular weight: Modified [25]
residue assisted acid extraction 753 x 105 g mol-1 pectin with
method: extraction DE: 33.17%; low improved
by HCI (pH 2), methoxy pectin emulsifying
centrifuged and properties
collected supernatant
was purified through
ultrafiltration. Pectin
was precipitated using
three volumes (v/v)
of absolute ethanol
and further washed
three times with
ethanol at different
concentrations
Sweet potato Solvent extraction: DE: 58.5%; high High [26]
residue using citric acid at methylation pectin emulsifying
different temperatures properties

(60,80,100°C), for
different times (40,70
and 100mins) under
different pH (1.0,1.5
and 2.0)

Yield: 1.9-64%
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Pectin source Method of extraction Characterization Application References
Potato pulp Solvent extraction: highly branched High [27]
Using HCI, H,SO,, rhamnogalacturonan emulsifying
HNO;, citric acid, and I domain activity and
acetic acid. DE: 37.45%; low emulsion
Yield: Citric acid methoxy pectin stability
produced the highest
yield at 14.34%
Yam residue Extracted with pure 33.2%; low methyl- No [28]
(Chinease Yam water and treated with esterified pectin
Polysaccharides) a-amylase ~38.1% highly
(95°C, 90 min), branched
glucoamylase (60°C, rhamnogalacturonan I
30 min), papain (60°C,
40 min) and
enzyme deactivation
(100°C, > 10 min)
in sequence. The
compex was further
precipitated with
ethanol concentration
of 80% (v/v).
Yam residue Solvent extraction: DE: 30.52-51.37% Significantly [29]
using citric acid, contributes to
washed and the rhelogical
precipitated with and textural
ethanol (70, 80 and properties
90%). of prepared
Yield: ranged from Dioscorea
4.32-15.88% species

Table 2.
Extraction, characterization and application of non-conventional root and tuber pectin sources.

2.2 Characterization of root and tuber pectins

In addition to its characteristic a-1,4-linked D-galacturonic acid units, pectins
are composed of chains which classify them into the most abundant classes, namely
homogalacturonan and rhamnogalacturonan I [31, 32]. Minor components also
include substituted galacturonans: rhamnogalacturonan II (most conserved struc-
ture), xylogalacturonan, and apiogalacturonan - mostly found in aquatic plankton.
Pectins can also be characterized based on their degree of methylation [33]; where
a value higher that 50% is described as a high methyl pectin and as a low methyl
pectin when the value is lower than 50%. Although characterization of root and
tuber pectins are limited, previous studies have reported that potato residue and
sweet potato peels contain large quantities of rhamnogalacturonan I, which is the
hairy region of pectin [34]. They also produce high methyl pectin indicating their
emulsifying potentials (Table 2).

With a series of antibodies and enzymes, Staack et al. [35] identified a diversity of
pectin structures in cassava extracts—including methyl-esterifed homogalacturonan
and rhamnogalacturonan-II, implying its pre-biotic potentials. Yams are reported to
have low methyl pectin [28, 30], although this varies with the spices.
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2.3 Application of root and tuber pectin

One of the most important attributes of food products from root and tubers,
which determines its acceptability, is its textural and rheological properties [36].
Although these properties are mostly determined by their starchy nature, high pectin
yields with high methyl values have been especially reported in potato and sweet
potatoes with demonstrable links between pectin structure and the textural proper-
ties of their food products [3]. Studies showing this link include the evaluation of
cassava and cocoyam root softening and implicates the role of endogenous (pectin
methylestherase) and microbial enzymes which target cell wall materials [37, 38]. To
improve the bioavailability of beta carotene in animal feed, nano-particles containing
the molecule was coated with pectin sourced from cassava residue [22]. The research
showed promising strategy for neutraceutical administration of important bioactive
compounds through mucosal surfaces.

3. Conclusion and future prospects

From current research, root and tubers have shown potentials as unconventional
sources of commercial pectin. They have shown promising emulsifying, textural,
pharmaceuticals and neutraceutical properties that can be applied to a variety of
industries.

These starchy crops already serve as raw materials for several markets and indus-
tries but can compete favorably in the current commercial pectin market which
has citrus fruits as its highest contributor. The current pectin market is valued at
US$994.45 million and it is expected to exceed US $1 billion by 2030. Africa being the
highest producer of root and tubers is poised to be a benefactor from this billion dollar
market. It is imperative that national and international agencies fund research into
improving root and tuber pectin yields, and structures by optimizing extraction and
modification techniques.
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Chapter 5

Applications of Pectinolytic
Enzymes in Process Industries

Haneef Ur Rehman

Abstract

The manufacturing of industrial important products by using enzyme technology
is sustainable method and much to offer as compared to using chemical catalyst. The
enzyme can manage the industrial preparation under mild reaction conditions using
specific substrate. Enzyme uses shorter time, produces limited or no wastes and
eco-friendly in nature. Pectinase complex enzyme system catalyzes the breakdown
of pectin polymers. Pectinase is a generic term used for a group of enzymes that
catalyzes the degradation of pectin substances by hydrolysis, trans-elimination, as
well as, de-esterification reactions. Pectinase is produced from various organisms
including bacteria, fungi, yeast, insects, protozoa and nematodes. Microorganism is
usually used for industrial production of pectinase because of its easily growth and
cost-effective downstream process. Pectinase has various applications in different
industrial process such as fruit juice extraction, treatment of wastewater, papermak-
ing, degumming of plant-based fibers, coffee and tea fermentation. This chapter
describes the importance of pectinase and its application in different industrial
process. Furthermore, it gives detail review about the pectinase and opportunities
for the future research.

Keywords: pectinase, pectin, industrial applications, pectinolytic enzymes, industrial
processes

1. Introduction
1.1 Pectin

The cell wall surrounds the plant cell and protects the cell and its distinctive
components that are essential for plant survival from different environmental
pressure. The plants cell wall supports the plant to survive under various climate
conditions and the polysaccharides in most abundant material composition of cell
as compared to protein, aromatic and aliphatic compounds. Pectin polymer plays
significant role in the composition of cells and acts as cementing agent to structural
organization and functionality of cell. Pectin is mostly present in the cell walls of
higher plants. It is one of the major components of plants and responsible for the
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Cell wall structure of higher plants [1].

structure integrity and cohesion of plant tissues (Figure 1) [2, 3]. The term pectin
was initially quoted in eighteenth century from tamarind fruit as a peculiar substance
[4]. The basic characterization of pectin was done on nineteenth century and cat-
egorized it as active component of fruit and fruit-based products [5]. As an outcome,
Nussinovitch suggested the word ‘pectin’ in Ref. to Greek work ‘pektikos’ which mean
‘congeal, solidify or curdle’ [6]. The actual chemistry of pectin began when Ehrlich
[7] discovered that the D- galacturonic, an isomer of D-gluronic acid, is the central
constituent of pectin, and the some of these D-galacturonic acid are partially esteri-
fied with methyl alcohol. Now, pectin is thought to be composed of at least seventeen
kinds of different monosaccharides, in which D-galacturonic acid is usually the most
abundant, followed by D-galactose or L-arbinose [8, 9].

1.1.1 Structure of pectin

The pectin is a complex carbohydrate polymer of galacturonic acid residues having
esterified carboxylic groups with methanol. The degree of esterification of carboxylic
groups of the pectin has been changed from different sources. Pectin consisted of four
polysaccharides including homogalacturonan, RGI (xylogalacturonan rhamnogalactu-
ronan I) and RGII (thamnogalacturonan II) (Figure 2) [11, 12]. The homogalacturonan
is the main linear chain of galacturonic acids linked through a-1, 4 linked and makes
the main chain of pectin polymer. RGI formed through the linkage of ragmnopyra-
nose residues by -1, 2 bond and makes the branches with the polymer. D-apiose,
2-O-methyl-D-xylose-and 2-O-methyl-L- fructose side chain generates the RGII region
of pectin polymer [13]. The C-2 or C-3 position of galacturonic acid chain is acetylated
in rhamnogalacturonan 1 region of pectin polymer, and most of the chains are consisted
of D-galacturonic acids. In aqueous conditions the pectin polymer stand in pure form
conformation with great flexibility and do not form straight conformation. This com-
position of pectin was varied among different sources [14]. The properties of pectin are
strongly depending on methylation of galacturonic acids residues, which is usually 70%.
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Figure 2.
Basic structure of pectin [10].

1.1.2 Classification of pectin

The pectin polymer is divided into protopectin, pectic acid, pectinic acid and
pectin because of variation in backbone chain of galacturonic acid residues [15].

1.1.2.1 Protopectin

Protopectin term is used to illustrate the insoluble pectin. It is parent pectin and
yield pectin or pectinic acid on restricted hydrolysis.

1.1.2.2 Pectic acid

Pectic acid contains insignificant amounts of methoxy groups. It is soluble form of
pectin.

1.1.2.3 Pectinic acid

Pectinic acid is the polygalacturonan that contains various amounts of methoxy
groups having the property to form gel with sugar and acid.

1.1.2.4 Pectin (Polymethylgalacturonate)

Pectin is the polygalacturonic acid in which the galacturonic acid residues are 75%
methylated.
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1.1.3 Distribution of pectin in nature

Pectin is widely disturbed in nature and mostly found in angiosperms and
gymnosperms plants along with pteridophytes, bryophytes, lycophytes and caro-
phytes [16]. The pectin represents 35% of total plant biomass and among the high
percentage containing biomolecules in plants [17]. The concentration of pectin
in plants varied according to the plant types, maturation time and its environ-
mental conditions (Table 1). The 100 grams of citrus peels and apple pomaces
contained 20 grams of pectin and have been used for commercial extraction of
pectin [21].

1.1.4 Commercial utilization of pectin

Pectin has been used in various industrial processes and applications due to its
biocompatibility, cost-effective, easily available and among the most abundant natural
compounds on earth. The food additive, thickening agent, gelling agent, cosmetic
texturizing agent, a good source of dietary fiber and also components of biodegradable
films, adhesives, paper and antimicrobial food packaging are the major applications of

Fruits Botanical name Pectin content (%) References
Apple Malus spp 0.5-1.6 [18]
Apple pomace 1.5-2.5 [19]
Banana Musa acuminate L. 0.7-1.2 [18]
Beet pulp Beta vulgaris 1.0 [19]
Carrot Daucus carota 0.2-0.5 [19]
Giant granadilla Passiflora quandrangularis L. 04 [20]
Carambola Averrhoa carambola 0.66 [20]
Guava Psidium guajava L. 0.77-0.99 [20]
Lemon pulp Citrus limon 2.5-4.0 [19]
Lychee Litchi chinesis S. 0.42 [18]
Mango Mangifera indica L. 0.26-0.42 [20]
Orange peel Citrus sinesis 3.5-5.5 [19]
Papaya Caricia papaya 0.66-1.0 [20]
Passion fruit Passiflora edulis L. [20]
Passion fruit rind 2.1-3.0 [20]
Peaches Prunus persica 0.1-0.9 [18]
Pineapple Ananas comosus L. 0.04-0.13 [20]
Strawberries Fragavia ananassa 0.6-0.7 [20]
Tamarind Tamavindus indica L. 171 [20]
Thimbleberry Rubus rosalfolius 0.72 [20]
Tomato fruit Lycopersicon esculentum 0.2-0.6 [18]
Table 1.

Pectin content in various fruits.
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pectin in industries [22]. The mechanism of enzymatic modification of pectin polymer
needs to be understood to further increase the industrial scope of pectin polymer.

1.2 Pectinase

Pectinase is a complex group of enzyme that catalyzes the degradation of pectin
polymer [23]. Pectinase has wide range of applications in fruit juices preparation,
textile processing, papermaking, pectin containing wastewater treatment, degum-
ming of plant’s bast fibers, wine clarification, oil processing and coffee and tea
industry.

1.2.1 Classification of pectinase

On the basis of pectin degrading mechanism, the pectinase enzymes are classified
into polygalacturonase, pectin lyase and pectin esterase (Figure 3).

1.2.1.1 Polygalacturonase

Polygalacturonase catalyzes the hydrolysis of pectin polymer into D- galact-
uronic acid monomer by addition of water molecules in a-1, 4 glycosidic linkages.
Polygalacturonase is the most extensively studied enzyme among different pectinolytic
enzymes and further classified into exo-polygalacturonase and endo-polygalacturonase
by breaking of external and internal glycosidic bond of polymer chain, respectively.

1.2.1.2 Pectin lyase

Pectin lyase catalyzes the breaking of a- 1, 4 glycosidic bonds and generates
galacturonide with unsaturated galacturonic acid. Pectin lyase is classified into

(C) Pectin Lyase (A)Polygalacturonase
Catalyze trans-elimination of a-1, 4 glycosidic Clatalv_z:tllv_e :vdwlst o % i
linkages of pectin into disaccharides of E v[c05| e EBIES o Pe_ﬂm_d
galacturonide and rhamnose (B) Pectin Esterase polymer into galacturonicaci

Catalyze the de-esterification of
pectin inte methanol and pectin

L 2 +8+0+ 0000000040000 OOORREES

L

D-Galcturonic Acid
Methylated Galcturonic Acid

L-Rhamnose
L-Arabinose

D000

Acetylated Galacturonic Acid

Figure 3.
Mode of degradation of pectin by different pectinases. (A) Polygalacturonase (B) pectin esterase (C) pectin lyase [24].
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exo-pectin lyase and endo-pectin lyase on the basis of catalyzing the breaking of a- 1,
4 glycosidic bonds sequentially and randomly, respectively.

1.2.1.3 Pectin esterase

Pectin esterase is also known as pectin methyl hydrolase that catalyzes the de-
esterification of pectin molecule into pectic acid and methanol.

1.2.2 Structure of pectinase

The structure of pectinase (Figure 4) enables to understand the enzyme reaction
mechanism on molecular basis and also provide information about the structural
differences between enzymes that directly affect the catalytic properties of enzymes.
Yoder et al. [26] characterized the three-dimensional structure of pectinase from
E. chrysanthemis. The structure of pectinases composed of a domain of parallel p
strands folded into a large right-handed cylinder. The inner cylinder contains seven
to nine helical turns and due to distinctive arrangement of three p- strands in each
turn of helix look like a prism shaped. The consecutive stands assemble to form three
parallel B-sheets named PB1, PB2 and PB3. Even the mechanism of pectin degrada-
tion by three pectinases is different, the substrate binding figure out from structure,
sequence similarity and site directed mutagenesis studies [27], are all observed ina
similar location within cleft formed on the outer of the parallel p- helix among one
side of PB1 and the overhanging loops [28].

1.2.3 Sources of pectinase

Pectinase plays a very significant role in various biological processes across the
entire field of living organism. The pectinase is widely distributed in nature and
produced by different living organisms such as plants, microorganisms, insects,
nematodes and protozoa. Microorganisms are considered as primary source for the
production of industrial important enzymes.

Figure 4.
Three-dimensional structure of pectinase [25].
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1.2.3.1 Microbial pectinase

Pectinase is one of the important factors in the plant pathological process, plant-
microbe symbiosis and in the decomposition of plant decay matters. The microbial pectin-
ase is playing important role in nature by contributing natural recycling of carbon in the
environment. Different microorganisms are known to produced pectinase with different
molecular mass and catalytic properties. Aspergillus niger is mostly used for the industrial
production of pectinase [29]. The pectinases from fungus sources are usually acidic in
nature and only can work in acid conditions. Production of alkaline pectinase remains
under developed, as only few reports are available on the production alkaline pectinase
by bacterial strains [30-32]. Alkaline pectinase can be used for the treatment of pectineus
substances containing wastewater from vegetable and food processing industries [33].

1.2.3.2 Bacillus

Bacillus is one of the large genera of bacterial strains. It is rod-shaped, endospore
bearing bacteria and belongs to the family Firmicutes. The endospores of Bacillus are
more resistant to heat, drying, disinfectants and other destructive agents. The genus
Bacillus covered a great diversity of strains and some of them strictly aerobic, while
the other are facultative anaerobic. The Bacillus especially Bacillus subtilis and Bacillus
licheniformis are excellent candidates for large-scale production of commercially
important enzymes.

1.2.3.3 B. licheniformis

B. licheniformis is a gram positive, rod-shaped and endospore forming bacte-
rial strain, used for the production of different industrial important products.
B. licheniformis is a saprophytic bacterium in nature and commonly found in soil
and other natural environment. The B. licheniformis is capable of growing on a
large diversity of nutrient sources because of synthesizing and secreting differ-
ent hydrolytic enzymes, and this quality makes the B. licheniformis an industrial
important microorganism.

Following are some of very important commercial applications of B. licheniformis.

1. B. licheniformis is widely used for production of commercially important ther-
mostable enzymes like protease and a-amylase which are stable at 105-110°C for

short period of times [34].

2.B. licheniformis is also used to produce commercially important antibiotics such as
bacitracin and surfactin, as well as poly-gamma-glutamic acid in great numbers [34].

3. Thermostable a—amylase from B. licheniformis has been used for the liquefaction
of wheat flour [35] and corn meal [36], and the hydrolysate was then saccharified
to produce ethanol using Saccharomyces cerevisiae.

1.2.4 Production of pectinase

Fermentation technology has been effectively used in pectinase production by
both fungus as well as bacterial strains. On the basis of production of pectinase, SSF
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fermentation provides higher productivity as compared to SmF fermentation [37].
Even with the advantage of high productivity, the industrial application of SSF is hard
to visualize due to difficultly in product recovery. SmF is well developed fermentation
technique used for large-scale production of metabolites and technically easier to
perform as compared to SSF [38].

1.2.5 Biochemical properties of pectinase

Biochemical properties of pectinase are very important for their commer-
cialization on industrial scale. The characteristics of pectinase produced from
different microorganisms have been reported, and the biochemical properties
of enzyme were varied from source to source [39-41]. The pectinase from vari-
ous microorganism has different range of optimum temperature (30-60°C) and
pH (3.0-9.0) for maximum enzymatic activities [40]. They also have different
molecular weight, thermal stability and kinetic parameters [11]. Most of the
pectinase have been reported to perform maximum activity in range of 40-50°C
[42-44]. Mohamed et al. [45] reported that pectinase from Trichoderma harzia-
num showed 100% stability at 30°C after 60 minutes of incubation. The stabil-
ity of enzyme provides valuable information about its structure and function.
Bacillus sp. MG-cp-2 produced alkaline pectinase having stability at broad pH
range and retained 80% of its initial activity at room temperature after 24 hours
[46]. The activity of pectinase was increased in the presence of Fe**, Mn**, Ca**
and Cu”, but strongly inhibited by Mg** [41]. Hg**, Zn** and Cu®* were found to
inhibit the pectinase activity, while Mn** and Co** enhanced the pectinase activity
from S. sclevotinium [47].

1.2.6 Applications of pectinase

Pectinase is one of the very important enzymes in fruits and textiles industries as
well as having different biotechnological application in various industries. Following
are some important applications of pectinase in different aspects.

1.2.6.1 Fruit and vegetable juices industries

Pectinase has been widely used in fruit and vegetable juices industries. These
industries commercially produced different juices including sparkling clear juices,
cloudy juices and unicellular product. In sparkling clear juices, pectinase is added to
enhance the production juices by hydrolyzing pectin particles [48].

1.2.6.2 Textile industry

Pectinase with the combination of other enzymes such as amylase, lipase, cellulase
and hemicellulose has been used to degrade sizing agents from cotton in textile indus-
try. Uses of enzymes ensured the low discharge of waste chemical in environment
and improved both the environmental safety and the value of product. Traditionally
the scouring of cotton was done by using 3-6% aqueous sodium hydroxide and high
energy. Bioscouring is a novel process of using enzymes to specifically remove the
non-cellulosic impurities such as pectin, protein and fats from the fiber. In addition,
energy conservation and environmentally friendly bioscouring process also limit the
fiber damage [49].
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1.2.6.3 Degumming of plants bast fibers

Pectinase has been used in degumming process of plant fibers such as ramie,
sunn hemp, jute, flax and hemp to remove the gum before subjecting them for textile
making [31, 46, 50, 51]. The enzymatic degumming process using pectinase with
combination of xylanase is environmentally friendly and economic and is excellent

replacement of chemical degumming process, which is polluting, toxic and non-
biodegradable [46].

1.2.6.4 Retting of plant fibers

In traditional retting process, mixed microbial cultures were used which produced
pectinase that releases cellulosic fibers from fiber bundles. As compared to traditional
retting, enzymatic retting is faster, controlled and produces fewer odors. Pectinase
has been used to separate the fibers from jute and flax by eliminating pectin [49, 51].

1.2.6.5 Wastewater treatment

Typically multiples steps such as physical dewatering, spray irrigation, chemical
coagulation and chemical hydrolysis are carried out for the treatment of waste-
water from vegetable food industries that mostly contain pertinacious materials.
Pectinases used in various industrial processes are a better choice as compared to
traditional chemical methods because they are cost effective and ecofriendly. They
can eliminate pectin containing substances and can make activated sludge treat-
ment more feasible [33, 49, 52].

1.2.6.6 Coffee and tea fermentation

Pectinase has a significant role in tea and coffee fermentation. In addition to
increased tea fermentation, pectinase also destroys the foaming character of instant
tea powder by degradation of pectin [53].

1.2.6.7 Paper industry

The uses of different enzymes such as xylanase, ligninase, mannanase, pectinase and
a-galactosidase are increasing for biobleaching and papermaking in the paper industry
[54, 55]. Pectinase lowers the cationic requirement in papermaking processes [56, 57].

1.2.6.8 Animal feed

Pectinase has been used in feed preparation as multienzyme cocktail with
glucanase, xylanase, protease and amylase that reduce the feed viscosity and
increase the absorption nutrients, release nutrients either through hydrolysis of
non-degradable fibers [49].

2. Conclusion

Pectinase is very important for sustainable industrial processes and can be applied
for different industrial applications including food, textile, paper, wine production
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and research. Pectinase catalyzes the breakdown and modification of pectin-based
substances through hydrolysis, trans-elimination and de-esterification reactions.
Pectinase can be obtained from different organisms, and microorganisms are usually
used for industrial pectinase productions. Microbial pectinases have tremendous
applications in different industries and among the top most industrial enzymes that
have significance role in the current biotechnological world.
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Chapter 6

Cassava Pectin and Textural
Attributes of Cooked gari (eba) and
fufu Dough

Wasiu Awoyale, Kazeem K. Olatoye and Busie Maziya-Dixon

Abstract

The textural attributes of cooked gari (eba) and fufu dough may be affected by
the pectin content of the cassava roots; thus, exploring the interaction between pectin
and the texture attributes of processed products such as gari and fufu may assist the
processors and consumers of the product. The pectin and starch contents, and the
composition of the amylose/amylopectin ratio, influence most of the textural changes
in roots and tubers during processing, and subsequent preparation for consumption.
The textural characteristics of the cooked gari (eba) and fufu dough that may be
influenced by the pectin content of the cassava roots include hardness, adhesiveness,
gumminess, and moldability/cohesiveness. However, there is presently little or no
information on the direct relationship between the pectin content of different cassava
varieties and the textural attributes of the cooked gari and fufu dough; therefore,
there is a need to evaluate the effect of pectin in different cassava varieties on the
textural attributes of cooked gari and fufu dough. This will guide gari and fufu
producers on the right varieties to be used for gari and fufu to maintain the textural
characteristics of the cooked gari and fufu dough preferred by the consumers.

Keywords: pectin, textural attributes, cassava roots, cooked gari (eba), fufu dough

1. Introduction

Cassava is widely grown and used in different agroecological zones across many
African countries. Cassava utilization patterns vary considerably in different parts of
the world and Nigeria; most of the cassava produced (90%) is used for human food.
Cassava can be transformed into different products such as gari and fufu [1]. Gari, a
roasted solid-state fermented cassava meal, is the most popular product consumed in
West Africa and the most important food product in the diet of millions of Nigerians
and Ghanaians [1]. Fufu, a submerged fermented and sieved cassava root, is ranked
next to gari as an indigenous fermented food in the southern part of Nigeria [2]. Gari
and fufu are prepared into the dough by reconstituting in boiled water and consumed
with the preferred soup; thus, their textural attributes are key to consumer accept-
ability of the products [3].
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Texture is the sensory and functional manifestation of the quality attributes of
foods detected through the senses of vision, hearing, and touch and from kinesthetic
qualities [4]. The texture of cooked root and tuber crops and their products are often
cited as a primary determinant of the acceptability of improved and local cassava
varieties, which may be influenced by higher polysaccharides such as pectin. This is
because pectin has been reported to improve the structural and textural attributes
of plant-based products. The fundamental constituent of the pectin molecules is
D-galacturonic acid monomers in methyl ester conformation linked by a-(1 — 4)
glycosidic bonds [5]. The biological function of pectin is to cross-link cellulose and
hemicellulose fibers, providing rigidity to the cell wall. Pectin is also a major com-
ponent of the middle lamella, where it helps to bind cells together. It was observed
by Franck et al. [6] that cassava roots have different pectin contents depending on
the varieties. This was corroborated by Favaro et al. [7], who reported that uronic
acid, which is the main constituent of pectin, was extracted from cassava root cell
walls. Also, the abundance of pectin structures in cassava cell walls was confirmed
by coloring with Coriphosphine-O, which binds to acidic polysaccharides, including
pectin [8].

It has been shown that the action of pectin methyl esterase on pectin affects the
food textural quality of plant-based food products, either favorably or deleteriously,
depending on the product at hand [9]. However, results obtained by Ampe et al. [10]
suggest that cell wall degradation is initiated by endogenous pectin esterase located
in the intercellular space and released by pH decrease, followed by the action of
microbial polygalacturonase and pectate lyase that depolymerizes pectic chains in
the cassava roots. Hence, the effect of pectin on the textural attributes of cooked gari
and fufu dough may differ because of their different processing methods. Therefore,
this chapter aims to discuss the possible effect of pectin on the textural attributes of
cooked gari and fufu dough using studies that have been done on pectin and textural
attributes of other starchy foods.

2. Production of gari and fufu

Gari is a dry, crispy, creamy-white/yellow and granular product, which is
produced by crushing the cassava root into a mash, fermented (lactic fermentation,
optional in some locations), dewatered, and sieved into grits. The grits are then
roasted manually or mechanically to make the gari [11]. However, the processing
of cassava roots into gari differs from one location to another. Some producers/
consumers may prefer sour or bland taste gari, fine or coarse particle size gari, palm
oil mixed gari, or even gari enriched/fortified with different legumes or protein
sources [11-13].

Peeling of freshly harvested cassava roots manually with a knife is most common,
but mechanical peelers are now available in countries such as Nigeria and Ghana [12].
The importance of the peeling process is to remove the brown peel, which might
affect the gari color and increase its fiber content. Washing of the peeled roots is done
to remove all extraneous materials, which could contaminate the gari. Grating of
the washed cassava roots is done using a motorized cassava grater, but hand graters,
made by fastening the perforated grating sheets on the wood, are still used in some
countries. Grating is done to increase the surface area of the cassava root and free up
the moisture so that dewatering of the mash can be done easily. The grated cassava
mash is bagged using a polypropylene/polyethylene woven bag or basket (lined with
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Harvesting fresh cassava roots

!

Peeling
(Must start within 12h of harvesting)

Washing

|

Grating
(Any variety, irrespective of CNP level)

!

Cassava mash/Bagging ]

!

Fermentation
(Solid state, for 2 to 3days depending on the climatic condition)

}

Dewatering/pressing
(Within 10 min or until moisture content is 45-50%)

|

Granulation/ Sifting

!

Roasting/Cooling/Packaging
(Roasting pan or mechanical roaster until moisture content <12%)

}

GARI
(Moisture content <12%)

Figure 1.
Production of gari [11].

a polypropylene sack) and left for between 1 and 5 days to ferment, depending on the
taste preferred by the consumers. Apart from the taste, fermentation helps to reduce
the cyanogenic potential of the product [12].
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The fermented mash is then dewatered by pressing with a manual screw or
hydraulic press or even wood tied at both ends with a rope, which is still common in
most rural communities. Pressing is done to reduce the moisture content of the grated
mash before roasting. The cake formed after dewatering is pulverized by a pulver-
izer/cake breaker or by hand and sieved with a manual woven sieve or rotary sieve,
to remove the fiber and lumps. The sieved grit is then roasted, cooled, and packaged
(Figure1) [12].

An earthenware stove and a roasting pan made of molded aluminum or stainless
steel are used for roasting on a wood fire. In some communities, the roasting pan is
smeared with a small amount of palm oil prior to roasting, to produce yellow gari.
However, mechanical roasters are now available in Nigeria and Ghana. The roasting

Harvesting fresh cassava roots

A 4
Peeling
(Must start within 12h ol harvesting)

Submerged fermentation
(For 2 to 4days depending on the climatic condition)

!

Pulverization

Wet sieving
(Using sicve with 0.5mm aperture sizc)

Sedimentation/Decantation/Dewatering

‘

Semi-dried fufu cake ]
]

v

Granulation

|

Drying/Milling/Sicving/Packaged
(In the sun or with suitable mechanical dryers until moisture content
<10%)

Fufu Powder
(Moisture content <10%)

Figure 2.
Production of fufu powder [15].
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process develops the gari flavor and improves digestibility, and the extent of drying
determines the crispiness and storability of the product. It is important to add that in
some communities, the grit is partially toasted and finally dried under the sun, which
is not very good as the product will be contaminated. The gari is then cooled for some
hours, graded (sieved) depending on the particle sizes preferred by the consumers
and packaged depending on the distribution outlet. However, most rural communi-
ties package in 50 kg bags for retail. The roasted gari can be consumed in the form of
cooked dough (eba) with a preferred soup by reconstituting it in boiled water [14];
hence, the textural attributes are very important and may be influenced by the pectin
content of the roots.

Fufu is produced by peeling the cassava roots using a stainless-steel knife, wash-
ing them with clean water, and soaking them in fermenting drums for four days. The
fermented roots are then sieved through a muslin cloth and allowed to form sediment.
The sediment is collected and packed in woven polyethylene sacks and dewatered
using a manually operated pressing machine. The cake is pulverized and spread on
a black polyethylene sheet for drying under the sun. The dried fufu is milled using a
hammer mill, cooled, and packaged (Figure 2) [15]. Fufu can be sold in a wet form
(a semi-solid cake) or in a flour form. Fufu is consumed by reconstituting in boiled
water to form a cooked dough, which is consumed with preferred soup [15], thus the
need for textural attributes of the fufu that may be affected by the pectin content of
the cassava roots.

3. Influence of pectin on the textural attributes of cassava roots

The texture of foods is related to the structure formed by micro- and macro-
molecular elements forming the cell wall and other regions [16]. Most of the tex-
tural changes in roots and tubers during processing are related to pectin and starch
contents and the composition of the amylose/amylopectin ratio. Softening of cell
walls during the cooking of cassava root was studied for intracellular compounds
such as cations (Ca** and Mg”"), phytic acid, and pectins. It appeared that the
cassava variety with the longer cooking time had a lower level of cations and phytic
acid and higher levels of chelator-insoluble pectic polysaccharides. It is therefore
likely that mealiness is associated with pectins in cassava roots [6]. Maieves et al.
[17] reported that cassava varieties whose starch granules are more deeply related
to parenchyma tissues, pectin, and cellulose tend to be harder in texture, both in
raw and in cooked cassava roots. Infante et al. [18] added that the presence of pectic
substances (salts of pectinic and pectic acids, and protopectin) in cassava root may
contribute to the texture and hardness of cassava roots, which in turn could be
responsible for the mouth feel of cooked or processed foods. A correlation between
pectin composition and the cooking quality of boiled cassava roots provided the
first evidence that pectins are involved in determining the texture of root and tuber
products. In the case of boiled cassava, a soft texture was related to higher levels of
methoxylated pectins (i.e., pectins with side groups limiting their ability to form
egg-box complexes with Ca**) and lower levels of nonmethoxylated pectins [19].
This was linked with higher pectin methyl esterase activity, which is associated with
increased firmness as the pectin methyl esterase rapidly demethylates pectin in the
cell walls and middle lamellae, allowing for hardening through cross-linking with
divalent cations [19].
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4. Textural attributes of cooked gari (eba) and possible influence of pectin

Gari is a roasted, fermented cassava grit, consumed raw, soaked in cold water, or recon-
stituted in hot water into eba, and is common in the diets of millions of people in develop-
ing countries [20]. The instrumental texture attributes of eba produced from different
cassava varieties reported by Awoyale et al. [20] showed that variations exist in their tex-
tural attributes. For instance, the hardness of the eba was higher in TMS15F1467P0011 gari
(54.58 N/m?) and lower in TMS14F1035P0004 gari (13.71 N/m?”) (Table 1). This means
that consumers that prefer the firm-textured eba can consume the eba prepared from the
TMS15F1467P0011 gari, while those that prefer the soft-textured eba can consume the
eba prepared from the TMS14F1035P0004 gari. This was in agreement with the hardness
of the eba prepared from different cassava varieties using the backslopped fermented gari
(21.03-30.22 N/m?) [3]. Hardness is defined as an indicator of the most direct response
to taste, which has a direct relationship with chewiness, gumminess, and cohesiveness
in the texture profile analysis [3]. It was reported by Zhai et al. [22] that the hardness of
the blends of waxy rice starch and pectin gels significantly decreased with the increase in
pectin inclusion. The authors attributed this observation to the fact that the pectin formed
hydrogen bonds with the waxy rice starch molecules, which interfered with the formation
of ordered structures during starch retrogradation. This implies that the pectin content
in the TMS14F1035P0004 gari may be high and that of the TMS15F1467P0011 gari may
be low, hence the lower hardness of the eba prepared from TMS14F1035P0004 gari [22].
This observation was also supported by Gafuma et al. [23]. These researchers reported
that pectin contributes to a softer texture of bananas during cooking and cooling, which
was attributed to the high water retention capacity of pectins. In addition, the high water
binding and holding capacity of pectins may keep the cooked banana structural matrix
moist, thus maintaining starch in a gelatinized state, hence making pectin-treated bananas
relatively soft in a cooled form [23].

The degree to which the eba sticks to the hand, mouth surface, or teeth is known as
adhesiveness [3]. The adhesiveness of the eba ranged from —177.50 N/ m? to —39.36 N/m?,
with TMS13F1343P0004 gari having the highest and TMS15F1482P0098 gari the lowest
(Table1). This implies that the eba prepared from the TMS13F1343P0004 gari may be
more adhesive compared to that prepared from the TMS15F1482P0098 gari [3]. Zhai et al.
[22] reported that the decrease in adhesiveness in the blends of waxy rice starch and pec-
tin gels with the increase in the pectin content may be associated with the covering of the
starch molecules by the pectin, resulting in reduced starch-to-starch hydrophobic interac-
tion. Consequently, the low adhesiveness of the eba prepared from TMS15F1482P0098
gari may be attributed to the high pectin content. This is because the lower hydrophobic
interaction might have led to inhomogeneity and instability in the network structure of
the eba, thus reducing the textural characteristics [22].

Usually, the eba is squeezed manually, during which the mechanical and geo-
metrical characteristics are assessed, molded into balls with the hand, dipped into the
soup, and then swallowed [3]. Hence, moldability is how well the product withstands
a second deformation relative to its resistance under the first deformation [3]. The eba
from TMS13F1053P0010 gari (0.89) had the lowest moldability, and the IITA-TMS-
IBA980581 gari (0.98) had the highest moldability (Table1). A similar range of values
(0.84-0.98) was reported for the moldability of eba prepared from backslopped
fermented gari [3]. The high moldability of the eba from IITA-TMS-IBA980581 gari
may be linked with increased pectin concentration upon cooking and cooling, which
may be attributed to the retrogradation of starch [23].
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Cassava varieties Hardness Adhesiveness Moldability Stretchability Gumminess
(N/m®) (N/m?) (N/m®)
TMS13F1343P0004 41.81 + 0.23hi 39.36 + 13.60a 0.91 + 0.00hi 0.96 + 0.3e-g 38.01 + 0.20ij
IBA98051 3764 + 0.33; 82.31+285c-e  0.93:0.00d-h  1.01:0.05a-g  34.96 + 0.21lm
IBA30572 50.73 + 1.78bc 83.84 +3.54c—e 092+ 0.00f~h  0.97+0.05d-g 46.73+1.54b-d
TMS13F1088P0007 32.00 + 0.13lm 57.82 + 1.68ab 093+0.02e-h  1.02+0.06a-g  29.66 + 0.75n0
TMS14F1285P0006 31.21 + 0.76mn 4267 £5.62a 093+0.00d-h  0.99+0.0lc-g 2912+ 0.79
TMS13F1343P0004 49.58 + 0.48¢c 103.22 + 3.70e-g 091+ 0.04hi  1.04 + 0.05a-g  45.05 + 2.64de
TMS13F1160P0004 44.33 + 1.20ef 98.29 + 9.11e-g 0.91 + 0.01hi 1.07 £ 0.09a-f  40.10 + 0.59gh
TMS13F2110P0008 52.08+0.40b  109.53+2529f-h  0.91:0.01hi  1.00 + 0.00b-g  47.05 + 0.54bc
UYT30106 51.51 +2.04b 14564 +12.03§j  0.94:0.0l1c-h  1.00 + 0.11c-g 48.07 + 1.55b
UYT30104 41.19 + 0.16i 12969 +177%hi 096 + 0.02a—e ~ 1.07: 0.0la—f  39.31+ 0.54hi
TMS14F1016P0006 30.10 +1.24n 68.72 + 3.94bc 0.95+0.00a-f 1.03+0.04a-g  28.64 = 1.250p
TMS13F1053P0015 38.29 + 0.43; 7397 +472b-d  0.92+0.02g-i 1.04+0.08a—g 34.94 +1.08lm
UYT30111 1371+ 0.36p 8562 +242c-e  0.95+0.0lb—g 112+ 0.04a—c 1298 + 0.22q
UYT30112 28.32 + 0.080 11675+ 4.70gh 095+ 0.00a—f 1.09:0.04a-e 2700 = 0.08p
TMS13F1307P0016 4192+ 0.06g-i 11516+ 0.56gh ~ 0.93 +0.0le-h  1.00 + 0.00b—g  38.60 + 0.21hi
UYT30109 37.55 + 0.36 141.87 + 1.17ij 0.98 + 0.00a 1.13 + 0.07ab 36.81 + 0.37jk
TMS13F1160P0005 35.61 + 0.06k 11329 +439gh  095:0.02b-g  1.07:0.09a-f  33.59 + 0.71m
TMS13F1153P0001 3840 £ 0.33 84.07+10.28c—e 093+ 0.0le-h  1.00 + 0.04b—g  35.50 + 0.11kl
TMS13F1049P0001 33.01+0.031 9143 +£1376d-f 092+ 0.00f~h  1.03:0.00a-g 30.28 + 0.08no
UYT30108 40.86 + 1.26i 143.70 + 3.11jj 0.97+0.02a—c  1.09 £ 0.01a—e 39.35 + 0.32hi
TMS14F1195P0005 4343 £ 0.41fg 88.31+ 791c-e 0.92 + 0.00f-h 1.07 + 0.01a—f 39.90+0.37gh
TMS14F1285P0017 45.36 + 0.07e 113.76 + 2.54gh 0.91 + 0.00hi 1.06 + 0.03a—f 4146+ 0.09fg
UYT30103 4341+ 0.54fg 142.33 + 0.56ij 097+ 0.0la—c  1.09 + 0.00a-e 42.04 + 0.28f
TMEB419 (Control) 37.09 £ 0.01j 11818 + 1442gh  0.95:0.02b-g  1.00 + 0.00b-g  34.93 + 0.78lm
UYT30105 47.88 + 0.62d 158.88 + 5.35j 0.96 + 0.00a-d 1.14 + 0.06a 45.93 + 0.58cd
TMS14F1035P0004 4277 £ 0.59f-g 9940 + 0.04e-g 093+ 0.00d-h  1.01:0.06a-g  39.83 + 0.66g—i
UYT30101 54.58 + 0.08a 145.84 + 0.47ij 096 + 0.0la—e  1.10 + 0.01a—d 52.10 + 0.16a
TMS13F1053P0010 49.56 + 0.37c 100.50 + 0.62e-g 0.89 + 0.01i 0.94 + 0.04fg 43.92 + 0.06e
TMS14F1287P0008 34,63 + 0.01k 83.79 + 6.15c—e 0.91 £ 0.01hi 0.91+0.10g 31.27 £ 0.12n
UYT30110 4542 + 0.40e 17750 + 16.45k 0.97 + 0.00ab 1.06 + 0.08a-f 4393 + 0.51e
Mean 40.46 105.18 0.93 1.04 377
plevel ' ' ' -
Means with the same letters within the same column ave not significantly different (p < 0.05);
p < 0.05
“p<0.01

Values are means of six replicates.
Source: Awoyale et al. [21].

Table 1.

Instrumental texture attributes of eba produced from different cassava genotypes.
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For consumers that chew eba before swallowing, the stretchability is the degree to
which the eba returns to its original shape after compression between the teeth [3]. The
stretchability was higher in the eba prepared from the TMS15F1466P0195 gari (1.14)
and lower in the eba prepared from the TMS14F1287P0008 gari (0.91) (Table1). The
high stretchability of the eba from the TMS15F1466P0195 gari may be due to the gari's
high peak and breakdown viscosities [3]. However, the values of the stretchability of
the eba prepared from backslopped fermented gari (0.88-1.06) fall within the values of
the stretchability of the eba in this study [3].

Gumminess is also defined as the energy required to disintegrate a semi-solid
food until it can be swallowed [3]. The gumminess of the eba ranged from 12.98 to
52.10 N/m”. Eba prepared from TMS14F1035P0004 gari had the lowest gumminess,
and the eba from TMS15F1467P0011 gari had the highest gumminess (Table1). The
gumminess of the eba prepared from the backslopped fermented gari (20.54-27.10
N/m?) falls within the values of the gumminess of the eba in this study [3]. The low
gumminess of the eba prepared from TMS14F1035P0004 gari may be due to the low
hydrophobic interaction that might have led to inhomogeneity and instability in the
network structure of the eba, thus reducing the textural characteristics [22].

5. Textural attributes of cooked fufu and possible influence of pectin

Fufu is a traditional fermented food product consumed in the southern, western,
and eastern parts of Nigeria and some other West African countries [24]. The varia-
tions in processing methods and differences in the biophysical traits of the varieties
may change the textural properties of the cooked fufu [25]. For instance, Awoyale et al.
[25] reported that the cooked fufu dough prepared from TMEB419 flour (45.34 N/m?)
was significantly (p<0.05) harder than that prepared from TMS13F1153P0001 flour
(19.37 N/m?) (Table 2). The high pectin content in the cooked fufu dough prepared
from the TMS13F1153P0001 flour might have contributed to the softer texture during
cooking and cooling [22]. In addition, the high water binding and holding capacity
of pectin may keep the cooked fufu dough matrix moist, thus maintaining starch in a

Samples Hardness Adhesiveness Moldability ~ Stretchability Gumminess
(N/m?) (N/m?) (N/m?)
NR14B-218 2343 + 0.56e —54.64 + 8.89b 0.96 + 0.00c 0.97 + 0.04ab 2240 + 0.61e
TMS13F1153P0001 19.37 + 1.14f —3740 = 8.24ab 0.99 £ 0.00a 1.02 + 0.10ab 19.27 + 1.14f
TMEB419 4534 +1.34a —43.28 + 0.90ab 0.93 £ 0.01d 1.06 + 0.16a 42.38 + 1.51a
NR1741 2693 + 1.16d —46.44 + 8.74ab 0.97 + 0.00b 1.05+ 0.07a 26.02 £ 1.06d

TMS13F1020P0001 40.10 + 0.3%9b —30.61+11.86a 0.92 £ 0.01e 0.75+ 0.29b 36.89 + 0.42b

IITA-TMS-IBA30572 2945 + 0.80c —51.07 + 13.04b 0.97 + 0.00b 1.00 + 0.01ab 28.59 + 0.84c

Mean 30.77 -4391 0.96 0.97 29.26

plevel ) NS ’ NS ’
"p<0.05.

NS: not significant.
Means with the same letters within the same column ave not significantly different (p > 0.05).
Source: Awoyale et al. [25].

Table 2.
Instrumental texture profiling of cooked fufu dough produced from different cassava varieties.
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gelatinized state, hence making the fufu dough relatively soft in the cooled form [23].
Awoyale et al. [25] added that the hardness of the fufu dough has a positive correlation
with most of the functional properties of the flour (except for dispersibility) and a
negative correlation with pasting properties (except for breakdown viscosity and past-
ing temperature). Although this observation was not supported by the findings of Zhai
etal. [22] who stated that as pectin content increased in the waxy rice starch and pectin
blends, the peak and final viscosity of the products gradually increased. This may be
due to differences in their starch and pectin composition.

Adhesiveness is the degree to which the cooked dough sticks to the hand,
mouth surface, or teeth [25]. The adhesiveness of the fufu dough ranged from
—54.64 to —30.61 N/m?, with the product from TMS13F1020P0001 flour having
the highest value (p<0.05) and that from NR14B-218 flour having the lowest
(Table 2). The low adhesiveness of the cooked fufu from NR14B-218 may be
attributed to the lower hydrophobic interaction that may have led to inhomoge-
neity and instability in the network structure of the fufu dough, thus reducing
the textural characteristics [22]. The adhesiveness of the cooked fufu dough had
a positive correlation with all the functional properties (except for the water
absorption capacity and solubility index), pasting properties, and chemical
composition (except for sugar and starch, ash content, and pH value) of the flour
[25]. Since high water-holding capacity is a characteristic of pectins, the negative
correlation that exists between the adhesiveness of the cooked fufu dough and
the water absorption capacity of the fufu flour might be a sign that the fufu flour
from the NR14B-218 variety may have low pectin content [16].

Cohesiveness and moldability define how well the cooked fufu dough withstands
a second deformation relative to its resistance to the first time. It is calculated as the
work area during the second compression divided by the work area during the first
[26]. Usually, the cooked fufu dough is squeezed manually, during which the mechan-
ical and geometrical characteristics are assessed, molded into balls with the hand,
then dipped into the soup, and swallowed [25]. The moldability of the fufu dough
ranged from 0.92 in TMS13F1020P0001 flour to 0.99 in TMS13F1153P0001 flour
(Table 2). The high cohesiveness of the cooked fufu dough from TMS13F1153P0001
flour may be linked with increased pectin concentration upon cooking and cool-
ing, which may be due to the retrogradation of starch [16]. The moldability of the
fufu dough was positively correlated with all the functional properties of the flour
(except for water-absorption capacity, swelling power, and dispersibility), the pasting
properties (except for peak and breakdown viscosities and pasting temperature), and
the chemical composition (except for amylose content) [25]. The positive correlation
between the cooked fufu dough moldability and the final viscosity may be evidence
that the TMS13F1153P0001 fufu flour is high in pectin content [22]. Also, the possible
interaction between the starch molecules and pectin during the gelatinization process
may have increased the final viscosity of the dough and then responsible for the high
moldability of the cooked fufu dough from TMS13F1153P0001 flour [27].

Stretchability or elasticity is the degree to which the cooked fufu dough returns to
its original shape after compression between the teeth [25, 26]. The stretchability was
lower in the product from TMS13F1020P0001 flour (0.75) and higher in that from
TMEB419 flour (1.06) (Table 2). The stretchability of the dough also had a positive
correlation with all the functional properties of the flour (except for solubility index
and dispersibility), pasting properties (except for setback viscosity, peak time, and
pasting temperature), and chemical composition (except for starch and amylose
contents) [25].
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The energy required to disintegrate a semi-solid food until it can be swallowed
is known as gumminess. It is calculated as cohesiveness multiplied by hardness
[25, 26]. The gumminess of the product from TMEB419 flour (42.38 N/ m?) was
significantly (p<0.05) more than that in the product from TMS13F1153P0001 (19.27
N/m?) (Table2). The low gumminess of the cooked fufu dough prepared from
TMEB419 flour may be due to the low hydrophobic interaction that might have led to
inhomogeneity and instability in the network structure of the dough, thus reducing
the textural characteristics [22]. Awoyale et al. [25] added that the gumminess of
the fufu dough has a positive correlation with the functional properties of the flour
(except for dispersibility), a negative correlation with the pasting properties (except
for breakdown viscosity and pasting temperature), and a negative correlation with
the chemical composition (except for amylose content). The positive correlation
between the gumminess of the fufu dough and the breakdown viscosity implies that
the TMS13F1153P0001 cooked fufu dough with low gumminess may be high pectin
content. This is because Luo et al. [27] reported that the addition of pectin gradually
decreased the breakdown value of the waxy rice starch and pectin blends. The authors
added that the decrease in breakdown values might be due to the pectin being able
to cover the starch granules step by step with the increasing concentration of pectin
so that the stability of the waxy rice starch and pectin mixture was enhanced. Also,
the negative correlation between the gumminess of the fufu dough and the setback
viscosity of the fufu flour may be evidence that TMS13F1153P0001 cooked fufu
dough with low gumminess maybe high in pectin content. This is because Zhai et al.
[22] reported that the addition of pectin significantly reduced the setback viscosity of
the waxy rice starch and pectin mixture, implying that pectin inhibited the retrogra-
dation of gelatinized starch.

6. Conclusions

The pectin and starch contents, and the composition of the amylose/amylopectin
ratio, influence most of the textural changes in roots and tubers during processing
and subsequent preparation for consumption. The textural characteristics of the
cooked gari (eba) and fufu dough that may be influenced by the pectin content of the
cassava roots include hardness, adhesiveness, gumminess, and moldability/cohesive-
ness. However, there is presently little or no information on the direct relationship
between the pectin content of different cassava varieties and the textural attributes
of the cooked gari and fufu dough; therefore, there is a need to evaluate the effect
of pectin in different cassava varieties on the textural attributes of cooked gari and
fufu dough. This will guide gari and fufu producers on the right varieties to be used
for gari and fufu to maintain the textural characteristics of the cooked gari and fufu
dough preferred by the consumers.
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Edited by Mavruf Ahmed

Pectin is mostly obtained from apple pomace and citrus peels and is used to influence
the textural attributes of cooked gari and fufu dough. There are a number of other
underutilized sources of pectin; it can be extracted and processed from a variety
of agro-industrial byproducts, including pulps, husks, hulls, peels, cactaceae, and
vegetables. Pectinase enzymes are found in a wide range of organisms. This book
represents and discusses the various extraction methods used to extract pectin from
different sources, including such as microwave heating processes and ultrasonic
treatment. The information in this book will be useful in the food and pharmaceutical
industries as well as to readers seeking to learn about sources, extraction, and
applications of pectin.
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