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Polysaccharides from sunflower stalk pith (SSP) were extracted by hot water and sodium
hexametaphosphate (SHMP). The chemical analyses suggested both fractions dominated in
galacturonic acids with small amount of neutral sugars, indicating their identity as pectins. The
yield of water-extractable pectin (WEP) and SHMP-extractable pectin (SEP) were 1.8% and
11.0%, respectively. The detailed structure of each fraction was investigated by high
performance size exclusion chromatography (HPSEC), FT-IR spectroscopy, methylation analysis
and 1D & 2D NMR spectroscopy. The weight average molecular weight and intrinsic viscosity
for WEP and SEP were 57.2 kDa, 0.48 dL/g and 23.1 kDa, 0.50 dL/g, respectively. FT-IR
spectra confirmed WEP and SEP had characteristic pectin-like structures and the degree of
esterification (DE) was calculated to be 92% and 64 %, respectively. Methylation analysis
demonstrated that 1,4-GalpA residues dominated all the sugar linkages, while other linkage types
including 1,2-Rhap, 1,2,4-Rhap, 1,4-Galp and 1,5-Araf were also present in WEP and SEP.
NMR spectroscopy further revealed WEP and SEP mainly homogalacturonan (HG) structure and
a small fraction of rhamnogalacturonan-I (RG-I) structure was also in evidence. WEP and SEP
showed limited surface activity within a concentration up to 1 % (w/w), compared with
commercial citrus pectin. Residue fraction (RF) after pectin extraction, which was mainly

composed of insoluble cellulose and hemicellulose, had the best water holding and oil binding
capacities among all the examined fractions.
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Chapter 1 Introduction and Literature review
1.1 Introduction
Sunflower (Helianthus annuus L.) is an annual broadleaf plant native to North America. The
commercial planation of sunflowers in Canada can be traced back to the early 1940s (AAFC,
2013). As one of the largest source of vegetable oil worldwide (Vaithanomsat, Chuichulcherm,
& Apiwatanapiwat, 2009), sunflowers are largely grown for its seeds due to the demands of oil
and confectionary industries (AAFC, 2013). Throughout the world, the cultivation volumes of
sunflowers increase annually because of the increasing demand of oil consumption
(Vaithanomsat et al., 2009). Sunflowers are catalogued as special crops in Canada, and the
seeded area has increased from 14.2 khm2 in 2009 to 48.6 khm2 in 2015 (Statistics Canada,
2015). At the same time, the plantation area of sunflower in Ontario has fluctuated from
1,235-2,470 acres per year in the recent 10 years (OMAFRA, 2009). The prosperous production
of sunflower seeds results in a great accumulation of sunflower residues, including sunflower
leaves, heads and stalks (Follain, Saiah, Fatyeyeva, Randrianandrasana, Leblanc, Marais, et al.,
2015). Unfortunately, they are poorly utilized in general and sometimes burnt directly in the
fields, causing environmental pollution (Sharma, Kalra, & Grewal, 2002).
After removal of seeds, the lignocellulosic residues of sunflower mainly contain two fractions:
head and stalk (Kaya, Şengül, Öǧütçü, & Algur, 2006). The stalk can be further split up
mechanically into two distinct components: the external fibre (or namely rind, 90% of dry weight)
and internal pith (10% of dry weight). The long fibre in brown color can be readily separated
from the white elastic pith with an extremely low density of 35 kg/m3 (while 430 kg/m3 for the
rind)(Marechal & Rigal, 1999). Colin and Lemoyne (1940) first reported the existence of
1

pectin-related materials in sunflower head, and since then numerous studies on sunflower
residues have been dedicated to investigate the pectin of sunflower head, including its extraction,
distribution, purification, chemical composition and gelation behavior (Lin, Humbert, Sosulski,
& Downey, 1975; Lin, Sosulski, & Humbert, 1976; Miyamoto & Chang, 1992; Shi, Chang,
Schwarz, Wiesenborn, & Shih, 1996b; Shi, Chang, Schwarz, Wiesenborn, & Shih, 1996a).
Previous research on sunflower stalk mainly focused on its potential utilization in terms of
lignocellulosic fibre, such as materials for manufacture of cardboard (Shi & Xing, 2012; Jiménez
& Lopez, 1993), energy production (Vaithanomsat et al., 2009; Díaz, Cara, Ruiz, Perez-Bonilla,
& Castro, 2011), and heavy metal absorption (Sun & Xu, 1997; Hashem, Abou-Okeil, El-Shafie,
& El-Sakhawy, 2006; Jalali & Aboulghazi, 2013). Overall characterization of the sunflower
by-products has been conducted by Marechal & Rigal (1999) and found that stalk pith has a high
content of pectin (17.6% of dry weight) and ash (16.6%), low amount of hemicellulose (4.4% of
alkaline extraction) and lignin (3.2%), which differs itself from external fibre whose major
component is cellulose (41%) and hemicellulose (32%). This result also distinguishes sunflower
stalk pith from the stem piths from other plants (e.g. corn, sorghum, kenaf) regarding extremely
high level of pectin (Yin, Pan, Wang, Dong, & Ou, 2007; Marechal & Rigal, 1999).
Sunflower stalk pith is rich in dietary fibre (67.4%, w/w), which is comparable with the piths
from other plants such as sugarcane and sorghum (Takamura, Takumi, Watanabe, Fujimoto,
Okano, Sakurai, et al., 2012). The high amount of dietary fibre in sunflower stalk pith enables an
enhanced effect of discharging cholesterol and/or neutral fats, thus promoting slimming
(Takamura et al., 2012). The benefit from sunflower stalk pith uptake corresponds to the
common physiological characteristics of dietary fibre including (but not limited to) lowering
blood cholesterol levels, preventing against obesity (Health Canada, 2012). It is also noted that
2

sunflower stalk pith is both lipophilic and hydrophilic, and possesses outstanding water and oil
absorption power. In fact, its applications in food products with comparable or even better
qualities such as bread, sausage, chocolate, noodles as well as cookies have been successfully
realized by addition of inner stalk pith (Takamura et al., 2012; Takamura, 2013). Up to date,
commercial chicken sausages with sunflower stalk pith added as a component have been
available in Japan, which are labeled as natural products.
The chemical composition, molecular structure and functional property of sunflower stalk pith
(SSP) are factors of great significance to influence the quality when applied in food products. A
comprehensive knowledge on the chemical structure and physicochemical property of SSP
enables us to figure out the structure-function relationship, and can be a guidance to explore
more value-added applications in food, pharmaceutical, cosmetic and many other industries.

1.2 Literature review
1.2.1 Plant cell wall
Plant cell wall performs multiple crucial functions, which includes providing shapes to other
tissue or organ forming cells, participating in intercellular communication, preventing moisture
loss, defending against potential pathogens (Keegstra, 2010). The cell wall is a multilayered
structure unique to plants that commonly can be divided into two types: a primary cell wall that
surrounds growing cells, and a secondary cell wall that is extremely rigid and provides mechanic
support (Talmadge, Keegstra, Bauer, & Albersheim, 1973; Keegstra, 2010). The major
components that facilitate primary cell walls of non-graminaceous plants include cellulose,
hemicellulose, pectin as well as structural glycoproteins (Morris, Gromer, & Kirby, 2009;
MacDougall, Rigby, & Ring, 1997). A number of cell wall models have been proposed, and the
3

mostly accepted model is summarized as that the cell wall contains interconnected
cellulose-xyloglucan networks as load-bearing layers, and an independent pectin network
interpenetrating the polysaccharide matrix (Morris et al., 2009; Keegstra, Talmadge, Bauer, &
Albersheim, 1973; Carpita & Gibeaut, 1993; Morris, Gromer, Kirby, Bongaerts, & Gunning,
2011).
1.2.1.1 Cellulose
Cellulose is the most characteristic composition found in plant cell walls, which can take up to
roughly one third of the total cell wall mass of most plants. Cellulose is made up with entirely
β-1, 4-linked glucose to form long glucan chains, which are capable of interacting with each
other and further forming cellulose microfibrils through hydrogen bonds (Somerville, 2006;
Keegstra, 2010). Each cellulose mirofibril contains approximately 36 glucan chains. As a result,
the strong hydrogen bonds between those long chains make the structure of microfibrils
extremely adhesive (Albersheim, 1975; Somerville, 2006). In primary cell walls, cellulose plays
a vital role in constituting load-bearing network, which is responsible for directing the
orientation of cell expanding. While at the end of expansion, some cells can form a
cellulose-abundant secondary cell wall inward the primary cell wall, which is responsible for the
mechanical properties of the plants and major composition of xylem vessel (Taylor, 2008). The
molecular weight of each glucan chain is difficult to measure due to the degradation occurring in
the extraction process. It has been suggested the degree of polymerisation (DP) of glucan chain
in the secondary cell wall of cotton could reach 14,000-15,000 (Brett, 2000), while primary cell
wall has a lower measured DP of 8,000 (Brown, 2004).
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1.2.1.2 Hemicellulose
Hemicelluloses are a diverse class of polysaccharides present in the cell wall of higher plants
(Cui, 2005), which can take up to one third of total cell wall mass (Scheller & Ulvskov, 2010).
These polysaccharides are featured by a β-1, 4-linked backbone in the plant cell wall, which has
an equatorial configuration at C-1 and C-4 (Scheller & Ulvskov, 2010). Due to their β-1,
4-linked backbone structure, it is well believed that hemicelluloses are capable of cross-linking
themselves with cellulose microfibrils via hydrogen bonds (Pauly, Gille, Liu, Mansoori, de
Zouza, Schultink, et al., 2013; Scheller & Ulvskov, 2010). Evidence also has been found that
they can be covalently and/or non-covalently linked to lignin and some pectic polysaccharides
(Pauly et al., 2013; Bauer, Talmadge, Keegstra, & Albersheim, 1973; Carpita, 1996). Unlike
cellulose glycan chains that can gather tightly to form crystalline microfibrils, hemicelluloses are
heterogeneously substituted or linked in the backbone, which accounts for their amorphous
property and partial solubility in water. Concentrated alkaline solution (e.g. 4 M NaOH) can
break down strong hydrogen bonds and extract hemicellulose tightly associated with cellulose
(Valent

&

Albersheim,

1974;

Shiga

&

Lajolo,

2006;

Coll-Almela,

Saura-López,

Laencina-Sánchez, Schols, Voragen, & Ros-García, 2015). The fine structure of hemicelluloses
and their abundance may vary widely derived from their species and tissue types, while they can
be separated into four groups depending on the monosaccharide composition of main backbone
chain: D-xylan, D-mannan, D-xyloglucan and β-(1, 3), (1, 4)-glucan (Cui, 2005; Pauly et al.,
2013). The detailed chemical composition and structural information of these hemicelluloses
have been extensively characterized and reviewed (Scheller & Ulvskov, 2010; Pauly et al., 2013;
Cui, 2005).
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1.2.1.3 Pectin
Pectins are a group of complex polysaccharides constituting the cell walls of higher plants,
which are endowed with multifunctional properties both inside the cell and out of the cell, such
as cementing for the cellulosic network, maintaining the integrity and porosity of cell wall,
providing protection against phytopathogens, gelling, emulsifying, stabilising and rendering
health benefit as dietary fibre (Yapo, 2011a; Thakur, Singh, Handa & Rao, 1997). They are
generally produced at the first stage during cell wall growth, and most of them are located at the
middle lamella, the intercellular layer between adjoining primary cell walls with a gradual
decrease in distribution towards the plasma membrane (Thakur et al., 1997). Recent research
discovered that removing pectin leads to cell wall shrinkage and further removal of
hemicellulose results in aggregation of cellulose (Kirby, Ng, Waldron, & Morris, 2006), which
conforms the model of an interpenetrating pectin network as a polyelectrolyte gel controlling the
swelling and de-swelling of cell wall (Morris et al., 2009). The hypothesis of pectin network
model within middle lamella as a self-assembled network structure is inspired by pectin gel
network based on the observation of gel forming by high methoxyl pectin with Ca2+ during
enzymatic de-esterification (Williamson, Faulds, Matthew, Archer, Morris, Browsey, et al., 1990;
MacDougall, Needs, Rigby, & Ring, 1996; Morris et al., 2009).
Pectins are quite heterogeneous in regard to both chemical structure and molecular weight
(Thakur et al., 1997). The variation in composition is derived from the source, extraction
condition, location and various other environmental elements (Yapo, 2011b; Thakur et al., 1997).
The sugar content and molecular weight of some pectins from different plant sources are
summarized in Table 1. According to Yapo (2011b), at least eight different types of pectic
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polysaccharides have been distinguished, among which homogalacturonan (HG) and
rhamnogalacturonan-I (RG-I) are the most common structure fragments, as shown in Figure 1.

Figure 1 Typical structure of smooth and hairy region from pectin (adapted from Cui,
2005)
Unsubstituted HG has a linear structure consisting of 1-4-α-linked D-galacturonic acid (GalA)
residues (Yapo, 2011a). Partial methoxylation can take place at C-6 and O-acetylation can occur
at position O-2 and/or O-3 of GalA residues, respectively (Voragen, Coenen, Verhoef, & Schols,
2009). Unlike the helical structure of HG, RG-I has a contorted rod confirmation which is much
more flexible than HG (Marry, McCann, Kolpak, White, Stacey, & Roberts, 2000; Lau, McNeil,
Darvill, & Albersheim, 1985). The basic unit structure of RG-I backbone is characterized with
alternating (1-4)-α-linked D-galactopyranosyluranyl and (1-2)-α-linked L-rhamnopyranosyl
residues. RG-I has a highly ramified structure with partial substitution at 0-4 (primarily) and/or
O-3 (rarely) position of L-rhamnopyranosyl residues to form side chains that are composed of
diverse neutral sugar units, notably galactans, arabinans as well as arabinogalactans I and II
(AG-I and AG-II) (Voragen et al., 2009; Marry et al., 2000; Jarvis, 1984). The attached galactan
7

chains have (1-4)-β-linked galactopyranosyl residues as backbone with (1-6)-β-linked
substitutions (Thakur et al., 1997; Yapo, 2011b). Arabinans have a linear core of (1-5)-α-linked
L-arabinofuranosyl residues where further substitution may happen at O-2 and/or O-3 postions
with single α-L-Araf units and short (1-3)-linked-α-L-Araf units (Thakur et al., 1997; Yapo,
2011b). AG-I has a (1-4)-β-linked linear chain of D-galactose units where short chains of (1-5)α -linked L-Araf units are generally attached to O-3 (Carpita & Gibeaut, 1993; Voragen et al.,
2009). AG-II has much more branched chains than AG-I with a backbone of (1-3)-linked
β-D-galactose units, consisted of short branches of repeating α-L-Araf-(1-3)-β-D-Galp-(1-6)
units (Carpita & Gibeaut, 1993; Voragen et al., 2009).
Table 1 Sugar content and molecular weight of pectin from different plant sources
Source (reference)

Sugar type (%)

Mw
(kDa)

GalA

Rha

Ara

Gal

Glu

Man

Xyl

Fuc

Cacao pod husk
(Theobroma cacao L.)
(Yapo & Koffi, 2013)

74.8

1.5

1.2

5.2

-

-

-

-

43

Celery stalk (Apium
graveolens) (Ovodova,
Golovchenko, Popov,
Popova, Paderin,
Shashkov, et al., 2009)

81

2.6

2.5

3.6

-

-

-

-

>300

Golden kiwifruit
(early and main
harvested) (Yuliarti,
Matia-Merini, Goh,
Mawson, Williams, &
Brennan, 2015)

48.80

0.80

3.43

7.86

4.58

0.63

2.21

0.48

1700

56.08

0.91

1.73

3.67

1.21

0.20

0.49

0.21

2200

Onion (Allium cepa L.)
(Golovchenko,
Khramova, Ovodova,
Shashkov, & Ovodov,
2012)

42.0

2.1

2.8

28.3

0.7

-

0.6

-

559
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Pomelo peel (pH=2,3)
(Citrus maxima)
(Methacanon,
Krongsin, &
Gamonpilas, 2014)

86.26

1.33

7.11

1.43

3.25

0.23

0.24

0.16

440

72.81

1.31

20.87

1.64

0.84

0.15

0.35

0.03

482

Sugar beet
(Yapo, Robert, Etienne,
Wathelet, & Paquot,
2007)

35.2-

0.7-

3.5-

2.5-

0.1-

0-

0-

-

20.2-

76.3

5.2

11.8

15.2

1.3

1.0

1.2

Sweet pepper
(Capsicum annum)
(Popov, Ovodova,
Golovchenko, Popova,
Viatyasev, et al., 2011)

74

1.6

2.6

2.4

0.7

0.1

0.5

-

620

Boat-fruited sterculia
seed
(Semen Sterculiae L.)
(Wu, Cui, Wu, Ai,
Wang, & Tang, 2012)

40.1

11.4

17.5

15.7

0.4

-

0.7

-

1125

Pumpkin

58.9

1.43

0.45

3.46

9.43

-

0.21

-

320

Bergenan
(Bergenia crassifolia)
(Golovchenko,
Bushneva, Ovodova,
Shashkov, Chizhov, &
Ovodov, 2007)

77

1.5

3.7

2.6

1.0

0.2

0.1

-

-

Sunflower head
(Kang, Hua, Yang,
Chen, & Yang, 2015)

82.1

9.1

2.0

6.3

0.2

0.1

0.2

-

605.6

Sea Holly (T=60 ˚C,
100 ˚C)
(Acanthus ebracteatus)
(Hokputsa, Harding,
Inngjerdingen, Jumel,
Michaelsen, Heinze, et
al., 2004)

69.8

7.5

6.1

11.0

2.2

0.4

0.8

0.3

-

50.0

12.3

11.0

18.7

3.1

1.4

1.4

0.8

-

90.1

(Yoo, Lee, Lee, Lee,
Bae, Lee, et al., 2012)
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Apple pomace
(Marcon, Carneiro,
Wosiacki,
Beleski-Carneiro, &
Petkowicz, 2005)

42.5

5.6

5.7

16.6

14.5

0.9

14.4

-

-

Green tea (Camellia
sinensis) (Ele-Ekouna,
Pau-Roblot, Courtois,
& Courtois, 2011)

60.70

3.40

14.50

14.10

0.80

-

0.60

0.40

-

Orange peel

24.08

1.54

7.85

5.37

18.50

1.87

2.66

0.36

-

Lemon peel

24.33

1.19

8.58

5.39

20.21

2.70

2.64

0.57

-

Lime peel

29.74

1.14

8.78

2.87

16.57

1.95

2.91

0.34

-

Grapefruit peel

25.91

1.31

6.66

3.67

18.66

2.08

3.12

0.44

-

Krueo Ma Noy (raw/
dialyzed) (Cissampelos
pareira) (Singthong,
Ningsanond, Cui, &
Goff, 2005)

70.56

1.07

0.60

0.78

0.61

0.58

0.28

-

-

75.93

1.07

0.51

0.64

0.32

0.56

-

-

55.08

American Ginseng

39.3

0.8

3.2

6.6

6.4

-

-

-

85.4

(Kaya, Sousa, Crepeau,
Sorensen, & Ralet,
2014)

(Guo, Cui, Kang, Ding,
Wang, & Wang, 2015)
-: Not given by the authors.
The chemical structures of HG, RG-I and its neutral sugar chains are quite conserved, while the
relative abundances of each may vary a lot and are heavily dependent on the species. The degree
of substitution on the RG-I backbone by side chains has a considerably wide distribution from
almost 0 to 100% determined by the source and isolation method (McCann, Wells, & Roberts,
1992; Yapo, 2011b; Marry et al., 2000). Several other structure fragments of pectin, such as
rhamnogalacturonan (RG-II) and xylogalacturonan (XG) also have been well described and
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characterized. All the pectin complexes are considered to derive from these fragments despite the
variation in amount and chemical structure (Voragen et al., 2009; Marry et al., 2000).
1.2.2 Extraction and major functional properties of pectin
Pectin, as a significant component within the cell wall, can be isolated from other wall
polysaccharides by sequential extraction (Prabasari, Pettolino, Liao, & Bacic, 2011). The
physicochemical and functional properties of pectin are largely affected by the extraction method
used (Yuliart et al., 2015). The major functional properties of pectin include the ability to form
gels under various conditions and to stabilize protein dispersions in acidified dairy products (Cui,
2005).
1.2.2.1 Solvent extraction of pectin
Pectin is conventionally extracted using a hot strong mineral acid solution at temperatures
between 60 -100 °C, pH 1.3-3 for 20-230 minutes in an industrial scale (Yapo, 2009; Yuliart et
al., 2015). Apart from hot dilute acids, other solvents including water, buffer solutions (i.e.
sodium acetate) with chelating agents such as EDTA or CDTA, dilute alkaline solutions as well
as enzymes can be applied to release pectin from different materials (Yuliart et al., 2015;
Panouille, Thibault, & Bonnin, 2006; Rombouts & Thibault, 1986). Acid-extraction commonly
enriches the galacturonic acids of extracted pectin by preponderantly cleaving glycosidic bonds
between neutral sugars, especially in hairy regions (Yapo, 2009). In general, hot water can yield
highly esterified pectin with more neutral sugar content than that extracted by chelators (Fry,
1995). Pectin in the middle lamella are preferentially extracted by chelating agents usually with a
residue of solutes in the final products, which may influence the functional properties of pectin
(Garn, Mabon, Robert, Cornet, Nott, Legros, et al., 2007). Subsequent extraction by dilute alkali
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solution may break ester linkages and release pectin rich in neutral sugar in the primary cell wall
which may result in a lowered degree of esterification due to β-elimination (Seggiani, Puccini,
Pierini, Giovando, & Forneris, 2008; Morris et al., 2009; Round, Rigby, MacDougall, Ring, &
Morris, 2001). The enzyme-treated method is also capable of recovering pectin from its matrix.
Generally, two different approaches can be considered: the first one uses destructive enzymes
(e.g. endo-polygalacturonase along with pectin methyl esterase, or endo-pectin lyase) to break
down the pectin backbone and isolate all pectic fragments; the other one involves enzymes (e.g.
cellulase and protease) that degrade the plant cell wall structure and releases pectin (Panouille et
al., 2006). The purity of the final isolates is dependent not only on the previous extracting
profiles but also related to the subsequent purification procedure such as precipitation method
(e.g. alcohol precipitation and metal ion precipitation), acid washing and dialysis (Yapo, 2009;
Shi et al., 1996a).
1.2.2.2 Gelling, thickening, stabilising and some other functional properties
The functional properties of pectin can be influenced by both intrinsic and extrinsic factors,
including the degree of esterification, neutral sugar content, degree of molecular ramification, pH,
co-solute, concentration, and so on (Corredig, Kerr & Wicker, 2000). Pectin with more than 50%
of galacturonic acid units esterified with the methoxyl groups is named high-methoxyl pectin
(HMP); otherwise, it is defined as low-methoxyl pectin (LMP). Degree of esterification and
overall distribution of hydrophilic and hydrophobic groups are key attributes influencing the
gelling behaviour of pectin considerably (Yapo, 2011a; Cui, 2005). Generally, HMP is able to
form gel after heating in the presence of sugar and low pH; whereas LMP forms gel with the
assist of calcium ions (Iglesias & Lozano 2004). The junction zones are crucial structures formed
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during gelation. HMP forms junctions by association of two or more pectin molecules via
hydrogen bonds and hydrophobic interactions of the methoxyl groups; while LMP forms
junction zones (i.e. egg box model) by cross-link two carboxyl groups from two close chains via
calcium bridge (Thakur et al., 1997). The thickening property of pectin is not as great as its
gelling capacity (BeMiller, 1986). Despite the rigidity of pectin molecule and tendency to
entangle in solution, the relatively low molecular weight of pectin, compared with other viscous
polysaccharides, limits its viscosity and application as thickening additives (Cui, 2005). Pectin
can influence the colloidal binding and coagulation of protein (Thakur et al., 1997). Addition of
high molecule weight pectin can stabilize protein solution by supressing heat coagulation and
forming the delicate ultrastructure of coagulates (Shomer, 1991). Pectin and protein can interact
with each other to form a pH dependent electostatic complex, and thus increase the viscosity of
system. Further heating can lead to the denaturation of protein, and thus increase the stability of
such complex (Takada & Nelson, 1983). The emulsifying properties of pectin are quite
dependent on its source and molecular structures. Sugar beet pectin with small molecular weight,
high protein content and low degree of esterification are investigated to produce emulsion with
smallest droplets size, when compared with other pectin sources such as apple and citrus
(Schmidt, Schmidt, Kurz, Endreβ, & Schuchmann, 2015).
1.2.2.3 Water holding and oil binding capacity
Water holding capacity (WHC) of fibre is commonly referred to the ability of a fibre source to
retain water within its matrix structure (Robertson & Eastwood, 1981a). The term WHC is often
interchangeably used with “water binding capacity” (WBC) in the literature regardless of minor
differences. Generally, WHC emphasizes the behavior of hydrocolloids to hold water and retain
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it under given condition and is related to the moisture content of fibre in equilibrium; while
WBC refers to the ability of a fibre to retain the added water under given physical pressure
(Wallingford & Labuza, 1983). WHC can reflect the association between fibre and water, and
becomes a crucial consideration when investigating the usage of macromolecules in the food
industry (Wallingford & Labuza, 1983). A number of methods and techniques are available for
determining the WHC of fibre (Boulos, Greenfield, & Wills, 2000), whereas altering the
condition of sample preparation and performing varied measurements can lead to a very different
result (Robertson & Eastwood, 1981a). There are two major groups of methods used to measure
WHC: the first measures the water expressed from food, such as filtration, centrifugation, and
the degree of syneresis technique (Boulos et al., 2000); the other measures water in situ,
including sorption isotherm, nuclear magnetic resonance, freezing, microwave energy, suction
pressure, Baumann capillary method as well as dialysis tubing (Stephen & Cummings, 1979;
Wen, Chang, Brown, & Gallaher, 1988; Holloway & Greig, 1984; Robertson & Eastwood,
1981b, Panchev, Slavov, Nikolova, & Kovacheva, 2010). Conflicting results of WHC for fibres
obtained from performing different methods may result from the distinct chemical and physical
properties of fibres under different conditions induced by corresponding methods (Stephen &
Cummings, 1979; Boulos et al., 2000).
Oil binding capacity (OBC) is usually determined by centrifuge method (Lin, Humbert, &
Sosulski, 1974), and defined as the percentage of oil bound by 100 grams of sample (Lin et al.,
1974; Thammakiti, Suphantharika, Phaesuwan, & Verduyn, 2004). Generally, materials with
high OBC are considered to have plenty of non-polar side chains, which provide sites binding for
fats (Lin et al., 1974; Petravic-Tominac, Zechner-Krpan, Berkovic, Galovic, Herceg, Srecec, et
al., 2011). Another opinion concludes that oil binding is only partially associated with chemical
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composition (i.e. the affinity of fibre towards oil), while largely affected by the porosity of the
fibre. The OBC may be significantly reduced by first hydrating a fibre as water molecules may
occupy those structural pores (Biswas, Kumar, Bhosle, Sahoo, & Chatli, 2011). The OBC of
β-glucan from brewers yeast by different preparations was investigated (Petravic-Tominac et al.,
2011; Thammakiti et al, 2004). It was concluded that not only the number of non-polar side
chains of a polymer plays a significant role in oil binding, but also the chemical structure, purity
and drying method of final products can affect WHC and OBC. For example, lyophilized
β-glucan preparations were found to bind more oil than those prepared from air-drying and
spray-drying, which was attributed to a more porous and open structure (Petravic-Tominac et al.,
2011). Candogan and Kolsarici (2003) reported a better functional behavior of low-fat
frankfurter by adding carrageenan and pectin due to the good OHC and OBC of such
polysaccharides. Similar experiments were conducted by adding sunflower head pith, which is
rich in pectin into beef patties and chicken meat to investigate the qualities of final products
(Sarıçoban, Yılmaz, Karakaya, & Tiske, 2010; Bayrak, Karakaya, Ulusoy, & Tiske, 2011). Both
WHC and OBC are functional properties of great importance in terms of applications of gums
and hydrocolloids for food products (e.g. hamburgers & sausages), where OHC is even more
crucial for the retention of juiciness (Bhatty, 1992; Thammakiti et al, 2004).
1.2.3 Structural analysis of polysaccharides
In purpose of studying the primary structure of polysaccharides, detailed information on
monosaccharide compositions, linkage patterns, ring sizes, anomeric configurations, sequences
of monosaccharide units, substitutions, and molecular weight, as well as molecular weight
distribution are fundamental. Specialized techniques are required in structural analysis of
15

polysaccharides, which distinguish from other methods for investigating small molecules and
other polymers (Cui, 2005).
1.2.3.1 HPAEC-PAD
High performance ion exchange chromatography (HPAEC) has been such a useful tool in
analyzing sugar composition in food over the recent years. The ion exchange chromatograph
works on the basis that monosaccharide will ionize under strongly alkaline conditions, while
distinct adhesive interaction with ion exchanging resin permits consequent separation (Cui,
2005). The most important factors influencing separation are the quantity of hydroxyl groups,
anomerism, positional isomerism as well as degree of polymerisation. The hydroxyl groups on
monosaccharide molecules have distinct potentials to be ionized. For example, the hydroxyl
groups on a glucose molecule have the hierarchy of acidity as follows: 1-OH > 2-OH ≥ 6-OH >
3-OH > 4-OH (Corradini, Cavazza, & Bignardi, 2012). For instance, column CarboPac PA1
coated with anion exchange resin is selected specially for separating mono/di/oligo-saccharides.
HPAEC system commonly employs sodium hydroxide as elution for separating monosaccharides,
while sodium acetate might be adopted for oligosaccharides and uronic acids (Cui, 2005;
Corradini et al., 2012). Pulsed amperometric detector (PAD) has been the first choice for
carbohydrate analysis with outstanding sensitivity. The basic principle is that the sugar can be
oxidized at the gold/platinum electrode causing a current change, which can be measured by
amperometry (Anderson & Sørensen, 2000; Cui, 2005). Postcolumn addition of a strong base to
the eluent is quite useful to increase the sensitivity for sugar detection, especially ideal for those
closely related monosaccharides such as glucose and galactose before PAD by providing a
sufficient alkaline environment (Corradini et al., 2012). There are several other chromatographic
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methods available for determining sugar contents. However, each may have its own drawbacks:
1). GC-MS, GLC, HPLC-DAD or HPLC-FLD needs derivation; 2). HPLC-RI requires longer
time besides unsuitable for gradient elution; and 3). HPLC-ELSD lacks sensitivities (Garleb,
Bourquin, & Fahey Jr, 1989; Pico, Martinez, Martin & Gomez, 2015). As a result, HPAEC has
been considered as the best technique to determine monosaccharide/oligosaccharide composition
owning to its superior advantages of providing fast quantification of carbohydrates without
further derivation, and with least sample preparations (Pico et al., 2015; Corradini et al., 2012;
Cui, 2005; Cataldi, Margiotta, & Zambonin, 1998).
1.2.3.2 HPSEC
High performance size exclusion chromatograph (HPSEC) has been effective in the studies of
food carbohydrates for determining molecular weight (MW), molecular weight distribution
(MWD) and quality control of polymers (Corredig, Kerr & Wicker, 2000; Wang, Wood, Huang,
& Cui, 2003). Polymer chains in solution are separated according to the distinct hydrodynamic
volumes while passing through the column. Column materials are packed properly to allow the
access of smaller molecules, which tend to have a larger retention volume. Larger molecules are
readily excluded resulting in a quicker diffusion (Cui, 2005). Mw is determined by HPSEC
detection systems, among which two sensitive detection systems are now commonly used (Wood,
2004). The first one (Wyatt, Dawn) applies a multi-angle laser scattering detector on-line, and
the other one (Viscotek) is composed of a right angle (switch to low angle recently) laser light
scattering coupling with on-line viscometer (Wood, 2004; Gómez-Ordónez, Jiménez-Escrig, &
Rupérez, 2012). The absolute Mw could be measured by light scattering detection system, while
viscometers yield the Mw upon acquiring a universal calibration curve (Gaborieau &
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Castignolles, 2011). The principle of universal calibration curve was based on observation that
for a polymer MW multiplied by intrinsic viscosity [η] is proportional to its hydrodynamic
volume (Cui, 2005). The universal calibration curve for a certain column set is determined by
running standards with known and narrow-distributed MW, such as pullulan and dextran. Thus,
the MW values achieved for samples are then noted as pullulan or dextran equivalents (Cui, 2005;
Wang et al., 2003). More recently, new emerging mass spectroscopic detectors are able to
provide an absolute molecular mass without the requirement of standards or any other
supplementary measurements (Gómez-Ordónez et al., 2012; Gaborieau & Castignolles, 2011).
As a result, an HPSEC system coupled with multiple detectors (e.g. a refractive index detector
for determining concentration, a light scattering detector for determining MW and a differential
viscometer for measuring viscosity) provides information such as MW, MWD, radius of gyration,
intrinsic viscosity and polydispersity index simultaneously (Cui, 2005; Wang, Wood, Cui, &
Ross-Murphy, 2001).
1.2.3.3 FT-IR
Infrared spectroscopy (IR) combined with Fourier transform (FT) algorithm with attenuated total
reflection (ATR) technique has been extensively applied for structure evaluation of
polysaccharides (Gómez-Ordóñez & Rupérez, 2011). Spectra from FTIR-ATR are unique
reflections of physical properties of carbohydrates and known as fingerprint of individual
polysaccharide, which allow the identification of relatively pure macromolecules, structural
analysis of crude materials and mixed polymers, and even elucidation of specific interactions
between distinct polymers (Kacuráková & Wilson, 2001). The spectra are often recorded at
mid-infrared frequency ranging from 4000-400 cm-1 in polysaccharide studies (Kacuráková &
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Wilson, 2001). Carbohydrates exhibit strong absorptions in the range of 1200-950 cm-1, which is
known as the fingerprint region, where the specific location and intensity of bands can be
observed for distinct polysaccharides, enabling the identification of each polysaccharide
(Filippov, 1992). However, overlapping of various bands frequently occurrs within this range,
causing difficulties in assigning a specific peak to a single band (Černá, Barros, Nunes, Rocha,
Delgadillo, Čopı́ková et al., 2003). In terms of pectin studies, FT-IR proved to be a quite
effective tool in rapid investigation of gelling properties of amidated pectins (Engelsen &
Norgarrd, 1996), evaluation of monosaccharide composition of cell wall polysaccharides arising
from pectic origin (Coimbra, Barros, Barros, Rutledge, & Delgadillo, 1998), and determination
of degree of esterification of extracted pectin from cell wall materials (Barros, Mafra, Ferreira,
Cardoso, Reis, Da Silva et al., 2002; Černá et al., 2003). As a result, FT-IR spectroscopy is one
of the most useful vibrational techniques for investigation of chemical composition and physical
properties of polysaccharides, which requires minute sample size (in milligram), and provides
reliable accuracy without destroying the sample (Pereira, Amado, Critchley, Van de Velde, &
Ribeiro-Claro, 2009).
1.2.3.4 Reduction/Methylation Analysis/ GC-MS
The reduction of uronic acids to their corresponding monosaccharides promotes the complete
hydrolysis of polysaccharide in methylation analysis for replacing the acid-resistant
glycosyluronic

acid

bonds

with

more

acid-labile

glycosylic

bonds

(Ruiz-Matute,

Hernandez-Hernandez, Rodriguez-Sanchez, Sanz, & Martinez-Castro, 2011; Taylor & Conrad,
1972). The procedure of carbodiimide activated reduction with sodium borohydride was
described by Taylor and Conrad (1972), while sodium borohydride can be replaced by sodium
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borodeuteride to facilitate a more easily identified sugar (Cui, 2005). Methylation analysis is a
classic method for providing explicit information on linkages types and degree of branching in
carbohydrates (Anumula & Taylor, 1992; Cui, 2005). The methylation procedure has been
modified by many previous studies (Ciucanu & Kerek, 1984; Anumula & Taylor, 1992; Needs &
Salvendran, 1993), in order to reach the completeness of methylation. Generally, all free
hydroxyl groups on carbohydrates are first methylated by methyl iodide, before hydrolysed by
volatile acids but leaving the methylether linkages intact. The hydrolysed monomers are
acetylated by acetic anhydride to form partial methylated alditol acetates (PMAAs), which
reflect the information of linkage type and ring size, and can be analyzed by GC-MS system
(Price, 2008; Cui, 2005). The retention time of each PMAA varies depending on the specific GC
column, while relative retention time to 2,3,4,6-Me4-Glucopyranose can be used to help confirm
the deduced linkage pattern by comparing with date from related (Cui, 2005). Shea and Carpita
(1988) summarized the specific GC-MS spectra of PMAA, the retention time of each PMAA and
the corresponding linkage type is given based on the GC column chosen.
1.2.3.5 Nuclear magnetic resonance (NMR) spectroscopy
NMR spectroscopy is one of the most crucial and useful analytical techniques to elucidate the
structure of carbohydrates and their derivatives, which can provide detailed knowledge on
carbohydrate molecules (Duus, Gotfredsen, & Bock, 2000). Compared with conventional
methods in characterizing the structures of carbohydrates, NMR spectroscopy is a
non-destructive method that requires fewer samples and performed within a reasonable detection
time with the minimum preparation and modification of sample (Agrawal, 1992). NMR
spectroscopy in carbohydrate studies can be applied in analysis, such as, conformation of
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monosaccharide

composition,

demonstration

of

anomeric

configurations

(α-/β-types),

determination of linkage patterns and sequences of sugar residues, and even quantification of
certain functional groups substituted on carbohydrate macromolecules (Cui, 2005). Based on the
structural features of polysaccharides, the most powerful NMR spectra for investigating
structural information of polysaccharides are 1H spectrum and 13C spectrum. Agrawal (1992) has
made a summary on the chemical shifts of 1H and
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C on sugar residues as well as their

methylated derivatives from related oligosaccharides or glycosides. However, for the reason that
the spectra of polysaccharides are usually squeezed and overlapped in a narrow region especially
for 1H spectrum (mostly 3-5.5 ppm, the complete assignment and analysis of 1H and 13C spectra
normally should be carried out with the assistance of two and sometimes multi-dimensional
NMR techniques, among which the most commonly used ones are 1H Homonuclear Correlation
Spectroscopy (COSY), total Correlation Spectroscopy (TOCSY), heteronuclear Single/Multiple
Quantum Correlation (HSQC/HMQC) and heteronuclear Multiple Bond Correlation (HMBC)
(Cui, 2005). COSY depicts the short-range proton shift within a single carbon ring (the
correlation between a proton and anther proton at the neighbouring carbon); TOCSY correlates
all the protons in the same ring (both long range and short range); HSQC/HMQC is responsible
for the correlation between a proton and its directly linked carbon; HMBC reveals the long-range
correlation between a proton and the carbon, which is ideal for establishing the linkages and the
sequences within the examined polysaccharide (Cui, 2005; Bubb, 2003; Cheng & Neiss, 2012).
1.2.4 Previous studies on sunflower non-seed portion
Sunflower by-products generally include head and stalk residues. The head portion is composed
of three major parts: neck (middle part), bract (lower part), and pith (core) (Marechal & Rigal,
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1999). Figure 2 (A) shows the cross section of the stalk, which contains two distinct structures:
external fibre (or namely rind), and inner pith (Takamura et al., 2012). The chemical composition
of whole stalk was characterized by Sharma et al. (2002) as 9.2 % of moisture, 4.57 % of ash
content, 38.50% of cellulose, 33.50% of hemicellulose, 17.50 % of lignin, 1.95 % of crude fat
and 2% of protein on dry weight basis, respectively. The distributions of lignocellulose,
hemicellulose and pectin in de-pithed stalk and pith were characterized by previous work
(Marechal & Rigal, 1999). The de-pithed stalk contains 41 % cellulose, 32 % hemicellulose, 17 %
lignin, 3.8 % ash and 1.4 % protein; whilst inner pith includes 45.4 % cellulose, 4.4 % alkali
extracted polysaccharides, 3.2 % lignin, 17.6 % pectin in total (4.7% cold water extractable,
11.7 % ammonium oxalate extractable and 1.2 % HCl extractable, respectively), 16.6 % ash and
0.9 % protein on dry weight basis.
The method of separating SSP from external rind was first described by Marechal and Rigal
(1999) and a more detailed procedure was demonstrated later by Takamura et al. (2012). The
whole stalks were first sent into a Cane Separator, where they were cracked into halves so that a
rotary blade could work on the inner pith. The separated pith was then dried under vacuum until
the moisture content was 8 % (w/w) or less so that it could be ideal for grinding into powders
with a size of 125 µm or less, either by a hammer mill or cyclone mill. Figure 2 (B) shows the
microstructure of SSP under scanning electronic microscope. As described in the original article,
SSP is characterized by a honey-comb structure (Marechal & Rigal, 1999).
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Figure 2 (A) cross section of SSP (Takamura et al., 2012), and (B) SSP under SEM
(Marechal & Rigal, 1999)
Most of the research on sunflower non-seed by-product was carried out on the sunflower head
portion. The extraction, purification, chemical structure, physicochemical characterization and
some functional properties, especially gelation behaviour of pectin from sunflower head pith
have been well characterized. However, previous research on SSP is quite limited, and mainly
focused on its potential usage as lignocellulosic materials. Previous studies on sunflower
non-seed portion are summarized in Table 2.
Table 2 Review of previous studies on sunflower by-products
Source

Study/Description

Reference

Sunflower head

Chemical composition of carbohydrates from

Bishop, 1955

sunflower heads by successive extraction using
ammonium oxalate - oxalic acid and sodium
hydroxide.
Sunflower head and

Distribution and chemical composition of pectin in

stem

sunflower plant; 19, 11, 7, 5% for head, bracts, neck
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Lin et al. 1975

and stalk, respectively; High GA, low DE of
extracted pectin.
Sunflower head

Pectins extracted from sunflower heads by HCl,

Lin et al., 1976

H2SO4, oxalate and polyphosphate, as well as their
gel behaviours.
Sunflower head

Sunflower head

Gel power of sunflower pectin from

Sabir, Sosulski,

polymetaphosphate and oxalate extraction; ash level

& Campbell,

adversely affected the quality of extracted pectin.

1976

Polysaccharides extracted from sunflower heads

Abdel-Fattah,

with ammounium oxalate, HCl and water, and their

Mabrouk,

corresponding chemical composition.

Edrees, &
Shaulkamy,
1976

Sunflower head and

Formulation and charateristics of sunflower pectin

Kim, Sosulski,

stalk

gel from head and stalk; optimal condition of pH

& Campbell,

4.3, 22.5 mg Ca2+ /g pectin, 1% pectin and 30%

1978

sugar for best gel firmness and strength.
Sunflower head and

Gelation characterization of ammonia

Kim, Sosulski,

stalk

de-methylated pectin extracted from sunflower head

& Lee, 1978

and stalk.
Sunflower head

Gelation characteristics of acid-precipitated

Sosulski, Lin, &

sunflower pectin; gel forms over a wide pH range

Humbert, 1978

and less dependent on sugar and Ca2+ than citrus
pectin.
Sunflower stalk pith

Hemicellulose Fraction of sunflower stalk pith

Jones, Krull,

extracted with 10% sodium hydroxide at room

Blessin, &

temperature; neutral sugar composition by GC.

Inglett, 1979
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Sunflower head

Gel permeation chromatography of sunflower

Anger & Berth,

pectin; Mw = 32 kDa, valid Mark-Houwink relation

1985

of [η] = 0.0851Mw0.68 when Mw < 100 kDa.
Sunflower head

Extraction and physicochemical characterization of

Miyamoto &

pectin from sunflower head; 7.3% yield, high

Chang, 1992

viscosity at 1% solution; WHC of 57g water/g
mass.
Sunflower head

Gelling characterization of sunflower pectin; gel

Chang &

power at pH = 5.4 and 6.0, 0-60 % sugar content,

Miyamoto, 1992

and various Ca2+ concentration.
Sunflower head

Yield and quality of sunflower pectin affected by

Chang,

cultivar/location and processing methods; the same

Dhurandhar,

amount of GA content among cultivars; the same

You, &

yield and quality when particle size < 60 mesh.

Miyamoto,
1994a

Sunflower head

Sunflower pectin extraction affected by physical

Chang,

conditions; the highest yields at pH 5, 95 °C, 20

Dhurandhar,

min and pH 4, 85 °C, 40 min.

You, &
Miyamoto,
1994b

Sunflower head

Effect of washing by ethanol at different

Shi et al., 1996a

concentrations on acid removal after pectin
precipitation.
Sunflower head

Optimizing water washing process before sunflower

Shi et al., 1996b

pectin extraction; optimum conditions of 74.87 ˚C
for 25 min at L/S ratio of 25.
Sunflower head

Effects of continuous washing sunflower heads with
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Wiesenborn, Xu,

solid flow rate of 4.6 g/min and residence time of

Chang, &

15 min at various L/S ratios before pectin

Schwarz, 1996

extraction.
Sunflower stalk

Effects of particle sizes, components of stalk and

Sun & Xu, 1997

dye types on color removal from textile waste
water.
Sunflower head

Comparison of batch and continuous process for

Wiesenborn,

pectin extraction; optimal condition: pH = 2.5, L/S

Wang, Chang, &

ration = 25.

Schwarz, 1999

Sunflower stalk and

Physicochemical characterization of sunflower stalk

Marechal &

head

and head, and their potential commercial

Rigal, 1999

applications.
Sunflower head

Variety and acid washing method on extraction

Sahari, Akbarian,

yield and quality of sunflower head pectin; 0.6 M

& Hamedi, 2003

HNO3 for 10 min yielded pectin with best quality.
Sunflower head

Extraction and characterization of sunflower pectin

Iglesias &

with high ash content, low DE, and Mz=39.5 kDa to

Lozano, 2004

52 kDa.
Sunflower Hull

Fermentation of enzymatically hydrolysed

Sharma, Kalra, &

sunflower hulls for ethanol production; optimal

Kocher, 2004

condition of pH=5, 30 °C, for 24 h with maximum
yield of 0.454g/g.
Sunflower stalk

Grafted high α-cellulose pulp extracted from

Hashem et al.,

sunflower stalks with acrylamide for removal of Hg

2006

(II) with maximum absorption of 625 mg/g.
Sunflower head pith

Effects of sunflower head pith on the properties of
emulsions prepared from beef; maximum emulsion
26

Saricoban et.al,

capacity and stability achieved at 5 % of pith added;

2010

1 % pith was critical level for emulsion viscosity.
Sunflower stalk

Effects of hydrothermal pre-treatment on enzymatic

Diaz et al., 2011

hydrolysis of sunflower; optimal condition of
220 °C, 72 h with 90 % glucose conversion.
Sunflower stalk pith

Effects of content of sunflower pith and NaOH, and

Shi & Xing, 2012

temperature on the mechanic properties of
cardboard.
Sunflower stalk

Sunflower stalk

Seven types of thermo-chemical pre-treatments on

Monlau, Barakat,

structural features and anaerobic digestion of

Steyer & Carrere,

sunflower stalk.

2012

Sunflower stalk as an adsorbent for removal of Pb

Jalali &

and Cd; optimal condition of pH = 5 with maximum Aboulghazi, 2013
removal of 182 (Pb) and 70 (Cd) mg/g,
respectively.
Sunflower head
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1.3 Overall objectives
Sunflower stalk is a main by-product of sunflower oilseed production, which is composed of
external rind and inner pith. Sunflower stalk pith (SSP) contains a significant amount of pectin,
which can be isolated from the matrix of cell wall by extraction with hot water and chelating
agents. There is no published research really focusing on pectin from SSP, and its chemical
structure and physicochemical properties remain unknown. Previous research suggested SSP is a
powerful substance for both water and oil binding, while the principle behind it is still veiled.
Therefore, it becomes necessary to establish a clear connection between chemical structure and
functional properties of SSP.
In order to promote the potential application of SSP, and to enhance the comprehensive
utilization of biomaterials from agri-food industries, the overall objective of this study was to
elucidate the chemical and structural characteristics, as well as some physicochemical properties
of pectin extracted from SSP, therefore to explain the structure-function relationship of SSP.
The milestones of this research are:
1). To develop the methods for solvent extraction and purification of pectin from SSP, and to
analyze the chemical composition as well as some physicochemical properties of the obtained
pectin fractions and the residue fraction.
2). To investigate the fine structure of pectin fractions from SSP, and to compare the structural
features of pectin isolated from SSP with other plant pectins.
3). To evaluate the water holding and oil binding capacity of raw SSP and its sub fractions, and
to exploit the relationship between chemical structure and functional properties.
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Chapter 2 Methodology
2.1 Materials
The raw material of SSP powder was received from a Japanese company (Mottainai Biomass
Research Corporation), and prepared following the previous procedures as described in 1.2.4
(Takamura et al., 2012; Takamura, 2013).

2.2 Extraction and purification
The complete extraction process is summarized in Figure 3 as an adaptation of Iglesias &
Lozano (2004). In order to obtain water-soluble pectin, the raw SSP powder was first extracted
with hot water with liquid to solid ratio (L/S) of 25:1 (25 mL/g) at 75 ˚C for 15 minutes. The
mixture was then centrifuged at 10,000 rpm for 20 minutes to separate upper supernatant from
residue. The supernatant was ready for recovery of water-extractable pectin, whilst the residue
was further extracted with 0.075% sodium hexametaphosphate (SHMP) solution with (L/S) of
20:1 (20 mL/g) at 75 ˚C for 1 hour to obtain SHMP-extractable pectin. The pH of the mix in
SHMP extraction was adjusted to 3.5 with HCl. The final mixture was also centrifuged at 10,000
rpm for 20 minutes to obtain upper supernatant and slurries. Extracts obtained from water and
SHMP extractions were precipitated with 1.5 volume of anhydrous ethanol acidified with
concentrated HCl added at a concentration of 0.5 % (v/v) of final mixture. The precipitated
pectins were centrifuged out of mixture and then re-suspended in 60% (v/v) ethanol acidified in
the same manner as previously described, in order to remove the small solutes. The pectins were
then dispersed again in 60% (v/v) pure ethanol to wash off the remaining acids. This procedure
was repeated for a total of three times. The leftover slurries after extraction by SHMP were also
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washed according to the same washing procedure. All the fractions were freeze dried to receive
water-extractable pectin (WEP), SHMP-extractable pectin (SEP) and residue fraction (RF),
respectively.

Figure 3 Extraction and washing procedure of WEP, SEP and RF from SSP
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2.3 Uronic acid, protein, ash and moisture analysis
Total galacturonic acid content of each sample was determined by m-hydroxydiphenol method
(Blumenkrantz & Asboe-Hansen, 1973). The protein content was calculated from the nitrogen
content determined by a NA2100 Nitrogen and Protein analyzer (ThermoQuest, Milan, Italy)
using a conversion factor of 6.25. Ash and moisture content were determined following the
methods of AOAC 930.50 and 934.01, accordingly (AOAC, 2000). All the samples were
measured in triplicate.

2.4 Monosaccharide composition analysis by HPAEC
10 mg polysaccharide samples were hydrolysed by 1 mL 12 M sulfuric acid at 30 ˚C for 30 min
combined with another 2 h at 100 ˚C in 2M sulfuric acid by adding 5 mL Milli-Q water into the
mixture. The hydrolysate was diluted 40 to 100 times depending on its total neutral sugar content
and passed through a 0.45 µm filter before injected into a high performance anion exchange
chromatography equipped with a pulse amperometric detector (HPAEC-PAD, Dionex-5500,
Dionex Corporation, California, US). An alkali eluent by mixing 100 mM and 300 mM NaOH
with a gradient ratio was used to wash the monosaccharides off a Carbo Pac PA1 (250 × 4 mm
I.D.) successively at a rate of 1 mL/min. 600 mM NaOH was used as post-column eluent at a
flow rate of 0.5 mL/min. Combinations of rhamnose, arabinose, galactose, glucose, mannose and
xylose at gradient concentrations were selected as standards (Wood, Weisz, & Blackwell, 1994).

2.5 Molecular weight distribution by HPSEC
Molecular properties of two extracted fractions were characterized by high performance size
exclusion chromatography (HPSEC, Shimadzu Scientific Instrument Inc., Columbia, USA)
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coupled with multiple detectors, including a refractive index (RI) detector, a differential pressure
(DP) viscometer, an Ultraviolet (UV) detector (Viscotek 2600), a right angle laser light
scattering detector (RALLS) and a low angle laser light scattering detector (LALLS) (Viscotek
TDA 305). The sample was first dissolved in the same solution as eluent (0.1 M NaNO3 with
0.05% (w/w) NaN3), and then injected to pass through a column system made of two AquaGel
PAA-M columns and a PolyAnalytik PAA-203 column (Polyanalytik Canada, London, Canada)
in series. The flow rate of eluent was set at 0.6 mL/min. All the columns and detectors were
maintained at 40 ˚C. The detectors were calibrated with pure pullulan standard (JM Science Inc.,
New York, US). All the samples were run in duplicate and data were analysed using OmniSEC
4.6.1 software (Wang et al., 2003; Wang et al., 2001).

2.6 Fourier transform infrared spectroscopy (FT-IR) analysis
Pectin standards and samples were first dried at 80 ˚C under vacuum for 3 hours and cooled in a
jar desiccator overnight before performing FT-IR analysis. The analysis was performed on a
Golden-gate Diamond single reflectance ATR in a FTS 7000 FT-IR spectrometer, equipped with
a DTGS detector (Digilab, Randolph, MA). The spectra of each sample were obtained at the
absorbance mode from 4000 to 600 cm−1 (mid infrared region) at a resolution of 4 cm−1 with 128
co-added scans (Cui, Phillips, Blackwell, & Nikiforuk, 2007; Wu et al., 2012). The degree of
esterification (DE) of pectin is defined as the ratio of the number of esterified carboxylic groups
to the number of total carboxylic groups. According to the previous study (Filippov, 1992), the
absorbance at peak around 1740 cm-1 and 1600 cm-1 corresponds to the esterified carboxylic
group and carboxylic group in its original form, respectively. As a result, the DE of samples
could be calculated from the equation acquired from standards, i.e. DE is proportional to A1740 /
32

(A1740+A1600) × 100%. Pectin standards were obtained from Sigma-Aldrich with known DE of
26%, 59% and 94%, respectively. Standards with DE of 42.5% and 72.5% were prepared by
accurately mixing the three commercial standards based on calculation.

2.7 Reduction of glycosyluronic acid residues of polysaccharides
Samples with high content of galacturonic acid were first reduced by sodium borodeuteride
(NaBD4) to their corresponding neutral sugar forms before methylation. The reduction of WEP
and SEP was conducted following the method of Taylor & Conrad (1972). 2 mL deuterium oxide
(D2O) was added to 5 mg of acidic polysaccharide with constant stirring until the sample was
completely

dissolved.

50

mg

of

1-cyclohexyl-3-(2-morpholinoethyl)-carboiimidemethyl-p-toluenesulfonate (CMC) was added to
the solution, followed by adjusting the pH to 4.75 with 0.1 M HCl in D2O. After 1 hr of stirring,
5 mL of 160 mg/mL NaBD4 in D2O solution was added into the reaction vial drop by drop within
1 hour, simultaneously 2 M HCl in D2O solution was carefully added to maintain the solution pH
at 7.0 throughout the whole reduction. The reaction was kept for another 30 minutes under
constant stirring to allow a complete reduction of all the uronic acids, followed by adjusting
solution pH back to 4.0. The reduced polysaccharide was collected by dialysis against pure water
for 24 hours to eliminate the small solutes (3500 Da Mw cut off), and then freeze dried. The
dried sample was then re-dissolved in 0.5 mL H2O and later 0.5 mL 10 % acetic acid in methanol
solution was added in order to remove the remaining boric acid.

The mix was evaporated to dry

under nitrogen flow. Then another 0.5 mL acetic acid in methanol solution was added, followed
by drying under nitrogen gas. The same process was repeated 3 times for complete removal of
boric acid. Finally 0.5 mL methanol only was added and evaporated twice. The purified sample
33

was dried under vacuum at 80 ˚C for 5 hours and stored in the desiccator with phosphorous
pentoxide before methylation analysis.

2.8 Methylation analysis/ GC-MS
Methylation analysis of WEP and SEP was conducted according to the method of Ciucanu and
Kerek (1984), which includes four key procedures: dissolution, methylation, hydrolysis and
acetylation.
Dissolution and Methylation 0.5 mL anhydrous DMSO was added to 2-3 mg dried sample in a 5
mL reaction vial. The sample was first sonicated at 43 ˚C for 4 hours, and then stirred at 60 ˚C
for 12 hours to reach a thorough solubilization. Approximately 20 mg dry sodium hydroxide was
added to the sample to help dissolution with constant stirring for additional 3 hours at room
temperature. Finally 0.3 mL methyl iodide was added and the mixture was kept stirring for
another 2.5 hours to replace all the free hydrogen on the hydroxyl groups with methyl groups.
The mixture was then transferred into a 10 mL flat bottom tube, followed by extracting with 1
mL methylene chloride for a total of three times. The mixture was then washed with deionized
water by passing through a sodium sulphate column into a 5 mL reaction vial again.
Hydrolysis and Reduction 0.5 mL 4 M TFA was added to hydrolyse the methylated sample at
100 ˚C oil bath for 6 hours. TFA was then evaporated by continuous nitrogen stream, followed
by reducing the hydrolysed sample with 3 mg sodium borodeuteride to open up the ring form of
monosaccharide.
Acetylation The hydrolysed and reduced sample was first washed by 5 % acetic acid in methanol
and then by 100 % methanol to remove all the remaining boric acid, followed by adding 0.5 mL
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acetic anhydride and heating at 100 ˚C for 2 hours to replace all the hydrogen at the newly
released hydroxyl groups with acetyl groups. The unreacted acetic anhydride was evaporated
under nitrogen. The resultant partial methylated alditol acetates (PMAA) were re-dissolved in
CH2Cl2 and ready for GC-MS analysis.
GC-MS PMAAs were then injected into a GC-MS system (THERMO 1310 GC-ISQ LT MS)
with a TG-200MS capillary column (30 m x 0.25 mm x 0.25 µm). The temperature was
programmed from 160 ˚C to 210 ˚C at 2 ˚C/ min, then 210 ˚C -240 ˚C at 5 ˚C/ min and kept for
20 min. The mass spectra were recorded within the range of 35-400 m/z.

2.9 Nuclear magnetic resonance (NMR) analysis
30-40 mg samples were first dissolved in 3 mL D2O (99.9% atom/D) at 50 ˚C for 3 hours with
constant stirring, and then freeze dried. This process was repeated for a total of three times in
order to eliminate H2O. WEP fraction was re-dissolved in approximately 1.5 mL D2O, (99.9%
atom/D) before transferring into 5 mm NMR tubes. Both 1D and 2D NMR were accomplished at
600.10 MHz with a Bruker AVIII 600 NMR spectrometer (Bruker, Germany). The spectra of 1H,
13

C, 1H homonuclear correlation spectroscopy (COSY), total correlation spectroscopy (TOCSY),

heteronuclear single quantum correlation (HSQC) and heteronuclear multiple bond correlation
(HMBC) for WEP were collected at 295 K using standard Bruker pulse sequence (Cui, Wood,
Blackwell, & Nikiforuk, 2000). Chemical shifts were reported according to trimethylsilyl
propionate (TSP) in D2O.
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2.10 Surface tension analysis
Surface tension was measured by the Du Noüy ring method (Du Noüy, 1919) using a
semiautomatic Surface Tensiomat (Model 21, Fisher Scientific, Toronto, Canada). Pectin
solutions with different concentrations were prepared by dissolving each fraction at 23 ˚C with
constant stirring in 50 mL beakers (PyrexTM, Ontario, Canada). Solutions were allowed to sit for
1 h before tests in order to reach equilibrium. All measurements were repeated five times.

2.11 Water-holding capacity
The measurement device for testing water-holding capacity was adapted from Baumann’s
capillary apparatus, as shown in Figure 4 (Cui, 2000). The pipette and funnel were first filled
with deionized water and any remaining air bubbles were excluded. Excessive water was added
to funnel and then sucked out in order to adjust the water level to zero at the end of graded
pipette. SEP and RF after freeze dry were first broken into small pieces by lab spoon.
Approximately 30 mg sample was then weighed accurately and distributed evenly on the sintered
glass to form a thin layer. Finally, a parafilm was placed on top to seal the funnel and reading
was taken 24 hours after loading the sample after it reaches equilibrium. A blank was performed
as well to correct the effect of water evaporation at the pipette end. WHC was expressed as:

𝑊𝐻𝐶 =

𝑉𝑜𝑙𝑢𝑚𝑛 𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 − 𝑉𝑜𝑙𝑢𝑚𝑛 𝑜𝑓 𝑏𝑙𝑎𝑛𝑘
(g / g)
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
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Figure 4 Scheme of the device for measuring water-holding capacity of hydrocolloids
(adapted from Cui, 2000)

2.12 Oil-binding capacity
Oil-binding capacity was measured using the method adapted from Lin, Humbert, & Sosulski
(1974) by transferring approximately 250 mg sample and 3 mL vegetable oil into a 15 mL
centrifuge tube. SEP and RF samples after freeze dry were broken down into small pieces by lab
spoon. The mix was stirred for 1 minute to completely disperse the sample into the oil phase.
After a holding period of 30 min, the mix was centrifuged at 3000 rpm for 25 min and the mass
of free oil was weighted. The oil-binding capacity was expressed as:
𝑂𝐵𝐶 =

!"#$!! !" !""#" !"#!!"#$!! !" !"## !"#
!"#$!! !" !"#$%&
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(g / g)

2.13 Scanning electron microscopy (SEM)
RF after freeze dry was first physically broken down into small pieces by lab spoon. Both SSP
and SEP were evenly placed on a stub of metal and SEM images were then achieved by first
sputter-coating the samples with 20-30nm of gold under vacuum using an Anatech hummer VII
Sputter Coater (Alexandra, VA). A Hitachi S-570 Scanning Electron Microscope (Hitachi S-570
SEM, Tokyo, Japan) was then used to observe and record the photographs at various scales.
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Chapter 3 Results and discussion
3.1 Extraction and purification
Sunflower stalk pith was first extracted with hot water (75 ˚C), followed by ethanol precipitation
and washing process to get water-extractable pectin (WEP). Previous research reported only a
small amount of total pectin from sunflower head and stalk residues can be water-extractable and
the remainder of pectin demanded the use of sequestrants (Lin et al., 1975; Kim et al., 1978). As
a result, the slurries after water extraction was further extracted by 0.75 % sodium
hexametaphosphate (SHMP) solution and went through the same precipitation and washing
process to get SHMP-extractable pectin (SEP). The yield for WEP and SEP was 1.77±0.09 %
and 11.02±0.49 %, respectively, relative to the dry powder of sunflower stalk pith. The residue
fraction (RF) after extraction was also washed and stored for further analysis.
Table 3 Chemical compositions of SSP and its fractions
Composition b
SSP

a

Neutral sugar

Uronic acid

Protein

Moisture

Ash

(%)

(%)

(%)

(%)

(%)

42.20±0.09

-a

1.24±0.27

6.24±0.48

23.23±0.05

a

-a

WEP

4.90±0.04

86.36±2.91

2.58±0.06

-

SEP

2.07±0.13

54.87±0.02

1.46±0.02

-a

-a

RF

72.32±3.12

-a

1.49±0.01

-a

7.22±0.11

not measured; b data are given as “mean ± SD”, n=3; based on the total weight of raw matter
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Table 4 Relative molar ratios of each monosaccharide in SSP and its fractions
Monob/

Rha

Ara

Gla

Glu

Xyl

Man

Fraction

(%)

(%)

(%)

(%)

(%)

(%)

SSP

2.38±

1.96±

2.23±

81.22±

7.51±

4.63±

0.36

0.43

0.24

2.28

1.85

0.16

23.34±

17.01±

37.10±

22.55±

NDa

NDa

3.90

0.54

0.78

2.58

33.71±

28.85±

31.35±

6.10±

NDa

NDa

2.24

0.03

1.08

1.20

0.92±

0.80±

1.54±

88.25±

4.89±

3.58±

0.44

0.25

0.33

0.89

0.26

0.26

WEP
SEP
RF
a

Not detected; b data are given as “mean ± SD”, n=3

The chemical composition of all the fractions is summarized in Table 3 and monosaccharide
composition is summarized in Table 4. SSP was high in neutral sugar and ash content. The ash
content of SSP was approximately 23% and very close to the value reported by Yin et al. (2007),
indicating that a large amount of inorganic elements were present in the pith, which may derive
from the nourishment of stalk. After extraction, the neutral sugar content of RF was enriched and
ash was reduced, which was an indication of removal of uronic acids and inorganic materials.
The inorganic materials might be enriched in SEP fraction, as SHMP strongly favours the
binding of divalent cations. The protein level calculated from nitrogen content for SSP and each
fraction was very low, which was consistent with previous studies (Iglesias & Lozano, 2004).
The galacturonic acid content was around 86% and 55% for WEP and SEP, respectively. The
high GalA amounts were close to the pomelo peel pectin (Methacanon et al., 2004) and kiwifruit
pectin (Yuliarti et al., 2015), respectively, indicating that the extracted substances were also
pectic materials. It was also worth mentioning that the SHMP extract exhibited gel-like structure,
even though SEP had a high degree of esterification of 65% as determined in FT-IR analysis,
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which indicated that the methoxyl groups on galacturonic acids might be localised to favour the
gelation in the presence of calcium ions (Morris, Gromer &Kirby, 2009). However, SEP had a
much lower galacturonic acid content than WEP, which suggested a potential high level of ash
content in the sample. Previous studies reported a pectin material prepared from sunflower head
using the same method of extraction had approximately 30% of ash (Lin et al., 1975; Iglesias &
Lozano, 2004). Previous literature also showed dialysis process can lower the ash content by
reducing the potassium, while the levels of calcium and sodium can be surprisingly increased,
suggesting the strong binding capacities of such ions with pectic materials (Singthong et al.,
2005). The main neutral sugar present in the samples were rhamnose, arabinose and galactose,
suggesting that the primary structure of extracted pectins might be composed of well
demonstrated homogalacturan and rhamnogalacturonan as backbone, as well as arabinan,
galactan and/or arabinogalactan side chains. Glucose was commonly reported in the extracted
pectic materials and often assumed as “contaminants” from hemicellulosic and other sugar
resources (Yapo et al., 2007; Yapo, 2009). Other neutral sugars, such as mannose and xylose,
can be found in raw SSP and RF, which were mainly derived from the hemicellulose residues in
the raw materials and survived from the hot water and SHMP extraction.
The low content of neutral sugar of WEP (4.90%) and SEP (2.07%) suggested that both fractions
contained large portion of homogalacturonan and only small portion of rhamnogalacturonan
structure. However, some neutral sugar could be lost, due to the partial hydrolysis of pectin side
chain during extraction and some of oligosaccharides and monosaccharides with low molecular
weight were lost during the ethanol washing process. It was worth noting that the
monosaccharide composition for both WEP and SEP could also be underrated, as a result of
incomplete hydrolysis in HPAEC analysis caused by high amount of galacturonic acid, which
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was previously reported by many other works (Guo, Cui, Wang, Hu, Guo, Kang et al., 2011;
Guo et al., 2015).

3.2 Molecular weight and molecular weight distribution
The molecular weight distribution of both pectin fractions was determined by high performance
size exclusion chromatography (HPSEC) coupled with refractive index detector (RI), multi-angle
laser light scattering detector (MALLS), and differential viscometer (DV). RI is a direct
reflection of concentration, whereas LS is sensitive to concentration and able to measure the
molecular mass directly. The on-line viscometer determines the intrinsic viscosity of the solute.
As shown in Figure 5, both pectin fractions eluted between 20 and 30 mL under RI elution
profiles. A single RI peak was observed for WEP, while two major peaks were present in SEP
profiles. The presence of second peak for SEP suggested a potential degradation of pectin during
extraction, because a much harsher extraction condition (i.e. chelator added; lowering pH to 3.5;
extending extraction time to 1 hour) was adopted, when compared with hot water extraction (i.e.
pure water; neutral pH; extraction duration of 15 minutes). Similar trend was reported by Yapo et
al. (2007) that prolonging the extraction time of sugar beet pectin from 1 hour to 4 hours led to
an almost complete degradation of large molecules into small size materials.

42

a

RI
DV
LS

9.00 12.00

15.00

18.00
21.00
24.00
Retention Volume (mL)

27.00

b

30.00 33.00

RI
DV
LS

9.00 12.00

15.00

18.00
21.00
24.00
Retention Volume (mL)

27.00

30.00 33.00

Figure 5 Elution profiles for WEP (a) and SEP (b) using HPSEC coupled with multiple
detectors (RI: refractive index detector; DV: differential pressure viscometer; LS: light
scattering detector)
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The weight average molecular weight calculated from MALLS for WEP and SEP was 57.18 and
23.10 kDa, as shown in Table 5. The molecular weight for sunflower stalk pith pectin was
significantly smaller than the reported values for commercial apple pectin and citrus pectin
(137.0 and 212.7 kDa, respectively), according to Muhidinov and his colleagues (2010).
However, this result was still in line with previous literature that the average molecular weight of
pectin from various plant sources typically ranges in the order of 10 to 100 kDa (Fissore, Rojas,
Gerschenson, & Williams, 2013; Cui, 2005). Both of the extracted pectins had a relatively broad
molecular weight distribution, as indicated by the polydispersity parameter of above 3. The
values of intrinsic viscosity ([η]) for WEP and SEP determined by differential pressure
viscometer were smaller than the values of apple pectin and citrus pectin (0.71 dL/g, 1.50 dL/g),
referred to Muhidinov et al. (2010). The Rg values reported for pectins prepared by different
methods previously ranged widely from 4-500 nm by a couple of studies, as summarized by
Corredig et al. (2000). Both intrinsic viscosity and radius of gyration can reflect the
conformation of polymers in solvent systems, and the relative small Rg and [η] values for WEP
and SEP can be explained by their low molecular weights.
Table 5 Summary of molecular characterization of WEP and SEP from HPSEC
Molecular characterization

WEP (Mean± SD, n=2)

SEP (Mean± SD, n=2)

Number average (Mn × 10-3 Da)

16.99 ± 1.05

6.19 ± 1.13

Weight average (Mw × 10-3 Da)

57.18 ± 2.76

23.10 ± 3.88

Polydispersity (Pd, Mw/Mn)

3.37 ± 0.04

3.72 ± 0.20

Intrinsic viscosity ([η], dL/ g)

0.48 ± 0.04

0.50 ± 0.09

Radius of gyration (Rg, nm)

8.04 ± 0.24

6.35 ± 0.54
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3.3 FT-IR analysis
Raw SSP and its fractions were analyzed by FT-IR spectroscopy, as shown in Figure 6 and
Figure 7. The main absorption of functional groups at corresponding wave numbers was
summarized in Table 6. It can be observed that the spectra of SSP and RF were both
characterized by a broad absorption between the range of 3600 to 3000 cm-1, which correlated to
the stretching of free hydroxyl groups (O-H) from polysaccharide chains (Follain et al., 2015). In
terms of pectin, the absorption in O-H region was derived from the abundance of intra- and
inter-molecular hydrogen bonds of galacturonic acid backbones (Singthong, Cui, Ningsanond, &
Goff, 2004). Absorbance around 2900 cm-1 corresponded to the stretching vibration of C-H bond
of –CH, -CH2 and –CH3 groups (Nozahic & Amziane, 2012; Singthong et al, 2004). The wide
peak at around 1600 cm-1 was relative to the bending of water molecules absorbed on the
crystalline cellulose chains (Nozahic & Amziane, 2012; Follain et al., 2015).
The presence of two weak bands at 825-860 cm-1 and a medium-strong peak at 960 cm-1 for raw
SSP sample was due to the equatorial anomeric H of α-glycosides (Dyminska, Gagor, Hanuza,
Kulma, Preisner, Zuk et al., 2014; Chen, Mao, Gao, Teng, Zhu, Chen et al., 2013) and
out-of-plane bending of C-O-H derived from carboxyl dimers, respectively (Engelsen &
Nørgaard, 1996). These three peaks were absent in the spectrum of RF, which indicated the
successful removal of α-galacturonic acid backbone after pectin extraction. The band at 880-900
cm-1 was assigned to the axial H of β-anomer and β-glycosides (Dyminska et al., 2014) in both
SSP and RF spectra arising from the structure of cellulose. The abundance of cellulose in both
SSP and RF fraction were further confirmed by the bands at around 1310 and 1360 cm-1, which
were assigned to CH2 stretching of cellulose (Mouille, Robin, Lecomte, Pagant, & Höfte, 2003).
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SSP
RF

(cm-1)

Figure 6 FT-IR spectra of SSP and RF recorded at 4000 – 600 cm-1 wavenumber
The FT-IR spectra for each type of polysaccharides are quite specific (Filippov, 1992). All the
spectra are characterized with a strong absorption in 800-1200 cm-1, which reflects the sugar ring
vibration, also overlapping with stretching vibration of C-OH side groups in the ring and C-O-C
glycisidic bonds (Cao, Yang, Han, Jiang, & Ji, 2015). This region is known as the “finger print”
region for carbohydrate, where the position and intensity of each band can be specific for distinct
polysaccharide (Cui, Phillips, Blackwell, & Nikiforuk, 2007). For pectic materials, the unique
shape in the fingerprint region is due to the presence of high level of galacuronic acids (Wu et al.,
2012).

The distinctive peaks for galacturonic acids within this region are at 1150, 1100 and

1020 cm-1 (Wang, Wei & Jin, 2009), which allow the potential identification of pectin (Wu et al.,
2012; Kacuráková, Capek, Sasinková, Wellner, & Ebringerová, 2000). The spectra for WEP and
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SEP were quite similar to those pectin standards, which confirmed their identities as pectic
materials. The band at 855 cm-1 is attributed to α-glucan (Hromádková, Košťálová, Vrchotová, &
Ebringerová, 2014).

94% DE
76.5% DE
59% DE
42.5% DE
26% DE
WEP
SEP

(cm-1)

Figure 7 FT-IR spectra of WEP, SEP and citrus pectin standards of known DE at 4000 600 cm-1 wavenumber

47

Table 6 Main infrared absorption peaks and band for SSP fractions between 4000 and 600
cm-1. Adapted from Nozahic & Amziane (2012); Engelsen & Nørgaard (1996)
Wave number (cm)

Functional group

Vibration type

Intensity

3600-3000

O-H

v1, v3

Strong

3000-2800

C-H

v1, v3

Medium

1760-1730

C=O, esterified

v1

Strong

1630-1600

COO-

v3

Strong

1520-1680

-OH

v2

Strong

1400

COO-

v1

Weak

1380

C-H

v2

Weak

1300-1000

C=O

v1

Weak

960

C-O-H

v2

Weak

v1: symmetric stretching; v2: symmetric bending; v3: asymmetric stretching.
The DE of pectins was determined by constructing a standard curve on the basis of pectin
standards with known DE (Manrique & Lajolo, 2002). The calibration curve was established as
the DE versus the ratio of A1740/(A1740+A1600), as shown in Figure 8. The square of linear
correlation coefficient (r2 = 0.9893) was quite close to 1, which indicated a strong linear
relationship between DE and the ratio of peak absorbance at 1730 and 1600 cm-1. Based on the
calibration equation, the DE of WEP and SEP were calculated to be 91.9±1.7 % and 64.6±2.2 %,
respectively. These results were consistent with previous knowledge that water-extractable
pectins are normally highly methylesterified (Shakhmatov, Udoratina, Atukmaev, & Makarova,
2015). In comparison with water extracted pectin from other plant sources, such as citrus peels
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(Yapo, Lerouge, Thibault, & Ralet, 2007) had a DE of 82%, those from cherries (Basanta, de
Escalada Plá, Stortz, & Rojas, 2013) had a DE of 65-77%, and sugar beet pulp (Bonnin,
Clavurier, Daniel, Kauppinen, Mikkelsen, & Thibault, 2008) had a DE of 59-62%, WEP had a
relatively higher DE of above 90%, while both WEP and SEP belong to the group of
high-methoxyl pectin (HMP).

100%

y = 1.2032x + 0.0967
R² = 0.9893

90%
80%
70%

DE

60%
50%
40%
30%
20%
10%
0%
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

A1740/(A1740+A1600)

Figure 8 Calibration curve of degree of esterification (DE) determined by FT-IR spectra of
pectin standards: DE of pectins versus the ratio of peak absorbance at 1740 cm-1 over the
sum of 1740 cm-1 and 1600cm-1
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3.4 Methylation analysis/GC-MS
The considerable amount of uronic acid in WEP and SEP makes it inappropriate to perform
methylation analysis directly. The alkaline environment during methylation of free hydroxyl
groups could result in β-elimination. Moreover, the glycosidic bonds between uronic acids are
generally hard to break by acid hydrolysis, as a consequence, the linkage information between
uronic acids and the adjacent neutral sugars could be missing (Cui, 2005; Kang, Cui, Phillips,
Chen, Guo, & Wang, 2011). In order to overcome this problem, all carboxyl groups of these two
fractions were first reduced, then methylated, and finally analyzed by GC-MS system. The
methylation-GC-MS results of WEP and SEP are summarized in Table 7, and 13 different
linkage types were determined. Among all the linkages, 1,4-GalpA dominates the percentage in
both WEP (77.69 %) and SEP (62.17 %), which suggested the galacturonan structure. Other
linkages derived from galaturonic acid were also observed, including T-GalpA, 1,2,4-GalpA, and
1,3,4-GalpA. It was worth noting T-GalpA percentage from SEP (7.45 %) was significantly
higher than that of WEP (2.38 %), which confirmed a shorter GalpA chain of SEP as determined
in HPSEC analysis. Other terminal linkages such as T-Araf, T-Rhap were present in SEP, while
not observed in WEP, probably due to the low abundance. Arabinose residues determined were
all furanosyls, while in some studies arabinose pyranosyls were observed, but to a very limited
extent (Duan, Zheng, Dong, & Fang, 2004; Guo et al., 2015). T-Glcp and 1,4-Glcp were
determined in both WEP and SEP, which was consistent with the previous prediction of the
presence of starch. According to previous literature (Tamaki, Konishi, Fukuta & Tako, 2008), the
identification of 1,2 and 1,2,4-linked Rhap residues in pectin samples was derived from the RG-I
structure. RG-I is featured by a repeating (1,4)-linked α-D-GalpA and (1,2)-linked α-L-Rhap
disaccharide as a backbone, where branches consisting of neutral sugars could take place at O-4
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of rhamnose residues (Dong, Liu, Yao, Dong, Ma, Xu, et al., 2010). The high abundance of
1,4-Galp and 1,5-Araf in WEP and SEP suggested the presence of galactan and arabinan chains
in such branches. However, other studies showed further substitutions, such as 1,6-Galp and
1,3-Arap may happen on such galactans and arabinans, correspondently (Duan et al., 2004; Guo
et al, 2015; Inngjerdingen, Debes, Inngjerdingen, Hokputsa, Harding, Rolstad, et al., 2005).
Other linkages determined in WEP and SEP, such as 1,4-Galp, 1,3,4-Galp and 1,2,4-Galp,
indicated the presence of arabinogalactan-I (AG-I) in the side chain structure, and the presence
of 1-3 Galp and more branched 1,2,3,5-Araf linkage also suggested the a potential existence of
arabinogalactan-II (AG-II), despite the absence of 1,6-Galp and 1,3,6-Galp, which are the
components found in AG-II and might escape from the detection due to the low abundance
(Carpita & Gibeaut, 1993; Voragen et al., 2009; Guo et al., 2015; Strasser & Amado, 2001). The
methylation-GC-MS result confirmed that pectin is a very heterogeneous group of
polysaccharides as different linkages and percentages of galactopyranose and arabinofuranose
were found among different samples in terms of side chain composition (Zhao, Liu & Tu, 2008).
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Table 7 Summary of methylation analysis: retention time (RT), sugar residues and their
corresponding molar ratios in WEP and SEP
RTa

Sugar residues

WEPc (mol %)

SEPc (mol %)

0.67

T-Araf

-d

0.5

0.72

T-Rhap

-d

1.09

1

T-Glcp

3.38

4.8

1.05

1,2-Rhap

0.99

3.79

1.06

T-GlapA; T-Glap

2.38

7.45

1.14

1,5-Araf

1.95

4.55

1.27

1,3-Galp

5.68

1.57

1.38

1,2,4-Rhap

0.27

1.48

1.41

1,4-GalpAb; 1,4-Galp

77.69

62.17

1.43

1,4-Glcp

2.06

6.14

1.65

1,3,4-GalpA;

0.53

0.82

4.05

2.70

1.01

0.80

1,3,4-Galp
1.70

1,2,4-GalpA;
1,2,4-Galp

1.78

1,2,3,5-Araf

a

RT is reported as relative to 4-Glcp;

b

GalpA dominates the percentage in the mixture of GalpA and Galp;

c

Molar ratio is presented as the peak area percentage of each sugar residues;

d

Trace amount.
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3.5 NMR analysis
Both 1D (i.e. 1H,

13

C) and 2D (i.e. COSY, TOCSY, HSQC and HMBC) NMR were used to

confirm the linkage patterns of WEP achieved in methylation analysis, and the configuration of
anomers also can be determined. The most abundant peaks (4.93, 4.90, 4.33, 3.89, and 3.61 ppm)
in 1H spectrum of WEP were attributed to the protons on the esterified 4-α-GalpA(OMe)
residues (labeled as GA1, GA5, GA4, GA3, and GA2), as shown in Figure 9(a). The protons on
un-esterified 4-α-GalpA(OH) residues were not observed, except the anomeric proton (labeled as
GA’1) in the down field, probably due to the high DE of WEP and the overlap in the 1H
spectrum. It is worth noting that the chemical shift of H-1 and H-5 on GalpA residues are quite
dependent on the DE of pectin sample, and are always downfield shifted to the anomeric zone
(Tamiki et al., 2008; Taboada, Fisher, Jara, Zúñiga, Gidekel, Cabrera, et al., 2010). The presence
of GA5 (next to GA1) in the very low field also confirmed a high DE of WEP (Košťálová,
Hromádková, & Ebringerová, 2013) The acetyl groups were observed in the region within 2.0
-2.1 ppm, and the peaks at 1.1-1.2 ppm were assigned to the protons on the methyl groups. The
methyl groups was assigned to the C-6 of 1,2- and 1,2,4-linked Rhap residues owe to the unique
configuration of rhamnose, regardless of its low ratio percentage in methylation analysis (Yu,
Zhang, Li, Liu, Sun, Liu, et al., 2010). The cross peaks at 2.2/21 ppm and 1.2/18 ppm in HSQC
spectrum can be a further confirmation of such deduction. The resonance of protein residues
were reported previously in the range of 1.5-2.2 ppm in the high field region, which may overlap
with signal of acetyl groups (Košťálováet al., 2013). The signals between 4.5 ppm to 4.7 ppm
were difficult to interpret due to the broad peak of HOD in 1H spectrum.
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The

13

C spectrum of WEP is shown in Figure 9(b). The presence of a distinct peak in the low

field region at 173.8 ppm was assigned to the C-6 on GalpA (OMe). Other major peaks at 101.1,
79.5, 71.6, 69.2 and 69.1 ppm were interpreted as the carbon signals on the sugar ring of
esterified GalpA, which were referred as GA1, GA4, GA5, GA3 and GA2, respectively
(Hokputsa et al., 2004). Most of the carbon signals for the neutral sugar residues were
unobtainable in

13

C spectrum, which was probably due to their low abundances in methylation

analysis. However, a small peak at 63.7 ppm was assigned to the C-6 on the galactopyranosyl
residues (Košťálová et al., 2013). The peak at 20.4 ppm and multi peaks at around 17.9 ppm
were assigned to the acetyl groups esterified on GalpA residues and methyl groups on the C-6 of
rhamnopyranosyl residues. The complete assignments of the chemical shifts on GalpA residues
cannot be achieved by only studying the 1D NMR spectra, because of the overlap and relatively
low sensitivity in such experiments (Cui, 2005; Guo et al., 2015). However, the deductions of
chemical shift on each proton can be supplemented and further confirmed by interpreting both
COSY and TOCSY spectra shown in Figure 10(a) and (b), whilst the corresponding chemical
shift of 13C can be determined through HSQC and HMBC spectra shown in Figure 10(c) and (d),
accordingly.
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1GA
5GA

4GA
HOD

3GA

2GA

-Me

1GA’
-Ac

anomeric region

(a)
55

5GA

C-2, 3 of GA

1GA
6GA

4GA

C-6 of Gal

-Ac

-Me

(b)
Figure 9 (a)

1

H and (b)

13

C NMR spectra of WEP. GA: 4-α-GalpA(OMe); GA’:

4-α-GalpA(OH); -Ac: acetyl group; -Me: methyl group
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The couplings of adjacent protons on GalpA(OMe) residues can be acquired through 2D COSY
spectrum, as shown in Figure 10(a). The signals at δ 5.09/4.75, 4.75/4.04 and 4.04/4.48 ppm
were attributed to H1/H2, H2/H3 and H4/H5 correlations and labelled as GA1,2, GA2,3, and
GA3,4, respectively. However, it was also worth mentioning that the correlation between H4 and
H5 was inaccessible in COSY spectrum under such experimental condition, due to the unique
configuration of galactopyranosyl residue (Guo et al., 2015; Westerlund, Aman, Andersson,
Andersson, & Rahman, 1991).
Methylation results evidenced the presence of multiple galactopyranosyl linkages within WEP.
Despite the overlap in anomeric region within

1

H spectrum, the coupling signal of

galactopyranosyl residues can be observed in 2D spectrum. Cross-peaks at δ 4.68/3.80, 4.55/3.65
and 4.48/3.68 ppm in COSY spectrum were assigned to the H1/H2 coupling signals on 1,3-Galp,
1,4-Galp and T-Galp residues, respectively. The chemical shifts of anomeric protons suggested
all the galactopyranosyl residues existed in β configuration, which was consistent with previous
knowledge on pectin structures (Habibi, Mahrouz, & Vignon, 2005). The corresponding
anomeric

13

C chemical shift for 1,3-β-Galp, 1,4-β-Galp and T-β-Galp residues were obtained

through HSQC spectrum at 104-105 ppm, as shown in Figure 10(c). The complete assignments
of galactopyranosyl linkages were not achieved, due to the low abundance. However, some
cross-peaks can be verified through TOCSY spectrum and by referring to previous literature
(Golovchenko, Ovodova, Shashkov, & Ovodov, 2002), and the corresponding chemical shifts are
listed in Table 8.
The distinct cross-peak shown at δ 5.39/99.1 ppm in HSQC spectrum was reported previously as
the anomeric protons of internal α-glycosidic residues and assigned to the 1,4-α-Glcp from
hydrolysed amylose (Hromádková et al., 2014). This result confirmed the existence of α-glucans
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in SSP by FT-IR spectrum and the presence of T-Glcp and 1,4-Glcp in methylation analysis.
Plant stalk is functional in transporting water and organic nutrients between leaves and roots
(Toole & Toole, 2004). Starch as photosynthesis product can be stored at the pith of stem and
dissolved in hot water (Naran, Ebringerova, Hormadkova, & Babor, 1996). Glucopyranosyl
residues in pectic samples were always considered as the contaminants (Guo et al., 2015), and
the complete assignments of chemical shifts were not included in this study.
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(a)

(b)

59

(c)

60

(d)
Figure 10 (a) Part of COSY spectrum; (b) TOCSY spectrum; (c) 1H/13C HSQC spectrum;
(d) HMBC spectrum of WEP. GA: 4-α-GalpA(OMe); GA’: 4-α-GalpA(OH); Gal(G): T-β-Galp;
Gal’(G’): 4-β-Galp; Gal’’(G’’): 3-β-Galp; Ara(A): T-α-Araf; Ara’(A’): 5-α-Araf; Ara’’(A’’):
2,3,5-α-Araf; Rha(R): 2-α-Rhap; Rha’(R’): 2,4-α-Rhap; Glc: 4-α-Glcp; -Ac: acetyl group; -Me:
methyl group
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The α-configuration of all arabinofuranosyl residues were established by the chemical shift of
5.24/110.2 and 5.10/109.2 ppm in HSQC spectrum, which were assigned to the anomeric
coupling of T-α-Araf and 5-α-Araf, respectively (Bushneva, Ovodova, Shashkov, & Ovodov,
2002). The complete assignment of protons were realised by analyzing COSY and TOCSY
spectra and the

13

C shift were achieved by studying HSQC spectrum and comparing previous

data (Shakhmatov, Udoratina, Atukmaev, & Makarova, 2015; Shakhmatov, Toukach,
Michailowa, & Makarova, 2014). The complete proton correlations of 5-α-Araf were
unobtainable in TOCSY spectrum, probably due to the overlap with signal from GalpA residues.
However, It was also worth noting that the cross-peak at 5.10/4.32 ppm was derived from the
H1/H2 correlation of 2,3,5-α-Araf residues, which was supported by the methylation analysis
(1.01% in molar ratio) and previous literature (Habibi, Heyraud, Mahrouz, & Vignon, 2004).
In spite of the low molar ratio of rhamnopyranosyl residues in methylation analysis, the chemical
shifts of H-6 (around 1.2 ppm) and C-6 (around 18ppm) in the very high field enabled to identify
them readily in HSQC spectrum. However, the signals for 2-α-Rhap and 2,4-α-Rhap were
severely split and overlapped in TOCSY spectrum, which made it difficult to assign all the
protons and their corresponding 13C signals in HSQC. The splitting signals of rhamnosyl residues
could be derived from the complex chemical environments brought by the different side chains
attached to the linkage sites, especially on 2,4-α-Rhap (Hromadkova et al., 2014). As a result, the
rhamnosyl residues exhibit various chemical shifts and only partial cross-peaks can be
interpreted.
HMBC spectrum of WEP showed the long range 1H-13C correlations of intra- and inter-residues
crosslinks (Patra, Das, Behera, Maiti, & Islam, 2012), as shown in Figure 10(d). It was possible
to differentiate the H-5 on the esterified and non-esterified GalpA units, though there was no
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cross-peak shown for H-5 from GalpA (OH) in 1H and COSY spectra. The cross-peak at δ
5.04/173.8 ppm corresponded to the intra-residue coupling of H-5/C-6 on the GalpA (OMe),
whereas an adjacent cross-peak at δ 4.82/177.5 ppm reflected the crosslink of H-5/C-6 on the
GalpA (OH) residues. The signal for carboxyl carbon on the non-esterified GalpA unit was
usually downfield shifted, while that for H-5 was upfield shifted in comparison with esterified
GalpA units, which made it possible to be distinguished (Rosenbohm, Lundt, Christensen, &
Young, 2003; Tamaki et al., 2008). The cross-peaks at δ 5.09/70.1, δ 5.04/101.1 and δ 4.48/70.1
ppm were attributed to intra-residue crosslinks from H-1/C-2,3, H-5/C-1 and H-4/C-2,3 on
GalpA(OMe) residues. An inter-residue coupling of H-1/C-4 on GalpA(OMe) residues was also
observed at δ 5.09/70.1 ppm, which confirmed 1,4-glycosidic bonding between GalpA units in
HG region. Although acetyl groups showed no demonstrated cross-peaks in TOCSY experiment,
the cross-peak showed at δ 2.20/176.8 ppm in HMBC was attributed to the crosslink of acetyl
carbonyl and the methyl protons on the acetyl groups that were attached to 1,4-GalpA at O-2 and
O-3 positions. It was worth noting that acetylated GalpA residues were found in both HG and
RG regions (Košťálová et al., 2013), and moreover they were more likely to connect on the
GalpA(OH) instead of GalpA(OMe) by NOESY spectrum, according to Guo et al., (2015).
However, the low abundance of acetyl groups in this study made it difficult to confirm such
conclusion.
HMBC provided limited information on the neutral sugar components, due to their low relative
molar ratios. However, a crucial intra-residue cross peak at δ 1.24/83.1 ppm was assigned to the
H-6/C-4 correlations on the 1,2,4-α-Rhap residues. From previous literature, the signal for C-4
on 1,2,4-α-Rhap was significantly upfield shifted from around 72 ppm to around 82 ppm in
comparison with 1,2-α-Rhap, which confirmed that the neutral sugar side chains were mainly
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substituted at O-4 of 1,2-α-Rhap (Wang, Wei, & Jin, 2009). The crosslink of backbone linkage in
RG region was difficult to identify in HMBC spectrum, because it might be overlapped with the
coupling of H-1/C-4 on the 1,4-GalpA residues, as C-2 of 1,2-α-Rhap and C-4 of 1,4-GalpA had
a very close chemical shift (Wu, & Mort, 2014; Shakhmatov et al., 2015). It was also noting that
the signals present in the very high field (around 1.4 ppm) were attributed to the low molecular
weight impurities in the sample (Košťálová et al., 2013). The complete assignments of 1H and
13

C resonances on all sugar residues are summarized in Table 8, based on the overall analysis of

1D and 2D NMR spectra, as well as consideration of the previous data (Makarova, Patova,
Shakhmatov, Kuznetsov, & Ovodov, 2013; Petersen, Meier, Duus, & Clausen, 2008;
Mukhiddinov, Khalikov, Abdusamiev, & Avloev, 2000; Vriesmann, Teófilo, & de Oliveira
Petkowicz, 2011).
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Table 8 Summary of chemical shifts on all sugar residues from WEP (unit: ppm)
Residue

H1/C1

H2/C2

H3/C3

H4/C4

H5/C5

H6/C6

GAa

5.09

3.75

4.04

4.48

5.04

(COOMe)

101.1

69.1

69.3

79.5

71.5

GA’b

5.19

3.75

4.04

4.48

4.82

(COOH)

100.6

69.1

69.3

79.5

71.5

176.6

Gal

4.48

3.68

3.52

4.02

-

3.82

T-β-Galp

104.3

70.8

72.5

69.8

-

63.7

Gal’

4.55

3.65

-

4.13

-

3.82

4-β-Galp

104.1/

70.8

69.9

79.4

-

63.7

173.8

105.9
Gal’’

4.68

3.80

-

3.98

-

3.82

3-β-Galp

105.1

70.8

-

69.8

-

63.7

Rha

5.29

3.98

-

3.47

-

1.21

2-α-Rhap

102.2

78.0

-

73.1

-

17.9

Rha’

5.29

4.13

-

4.26

-

1.24

2,4-α-Rhap

102.2

78.0

-

83.1

-

17.9

Ara

5.24

4.13

4.01

4.14

3.69

3.58

T-α-Araf

110.2

82.6

78.0

85.2

63.8

(H-5’)

Ara’

5.10

4.08

-

-

3.80

3.72

5-α-Araf

109.2

-

-

-

64.0

(H-5’)

a

–OMe: δ 3.86/54.2 ppm;

b

–OAc: δ 2.20/20.4ppm;

-Not acquired due to low abundance and poor resolution.

65

3.6 Surface activities of WEP and SEP
The variation of surface tension (γ) versus concentration for WEP, SEP and low-esterified citrus
pectin (26% DE) are shown in Figure 11. Compared with the air/water surface tension of pure
water (72.5 mN/m, 24 ˚C), WEP and SEP exhibited similar abilities to lower γ as polymer
concentration increases within the range of 0.1%-1.0% (w/v), but not to a great extent.
Previously reported γ value of commercial pectin solution fluctuated from 50.3 mN/m to 67.3
mN/m at the concentration of 0.5% (w/v) by du Nouy ring method (Huang, Kakuda, & Cui, 2001;
Weber, Taillie, & Stauffer, 1974). The variation in data could be influenced by many factors
including (but not limited to) chemical properties, purity, and batch-to-batch variation (Lee,
Chan, Ravindra, & Khan, 2012) of pectin. The citrus pectin has lowered γ than extracted
sunflower stalk pectin, due to their different origins and molecular structures. Similar
observations have been found that sugar beet pectin has the lowest γ, followed by citrus and
apple pectin at the same concentration (Zouambia, Moulai-Mostefa, & Krea, 2009; Schmidt et al.,
2015). The low content of conjugated protein in WEP (2.58 %) and SEP (1.46 %) could account
for the relatively high γ, as protein content can affect the hydrophobicity of pectin and potentially
influence surface activity and emulsifying capacity (Fissore et al., 2013). However, observations
in some research showed that γ reduction was sometimes not directly correlated with the total
content of protein and acetyl groups (Schmidt et al., 2015), instead with the number of
amphiphilic entities present (Wu, Eskin, Cui, & Pokharel, 2015). This viewpoint was also
accepted by many other works (Kang, Cui, Chen, Phillips, Wu, & Wang, 2011; Huang, Kakuda,
& Cui, 2001) that hydrocolloids with extremely low protein content (0.1 %) such as
methylcellulose and propylene glycol alginate still have great surface activities, probably
resulting from hydrophobic substitutions. Other factors, such as molecular weight of pectin can
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also influence the surface activity, as observed in the study of Yapo et al. (2007) that sugar beet
pectin with higher molecular weight (80 kDa) had a significantly higher γ reduction than that
with smaller molecular weight (20 kDa, which is similar to the value of pectin fractions from
SSP), attributed to the higher surface coverage in solution.
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Figure 11 Surface tension of WEP, SEP and a commercial citrus pectin solution

3.7 Water holding capacity and oil binding capacity of extracted fractions
The water holding capacities of SSP, SEP, RF, and two modified cellulose are plotted in Figure
12, and expressed as grams of water absorbed per gram of sample. The WHC and OBC of WEP
were not examined due to the low yield and not enough samples were collected. Most of
polysaccharides are hydrophilic macromolecules (Wu et al., 2015), as a result, it is not surprising
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to find that SSP and its fractions all showed great water holding capacities. Pectins are well
known for their outstanding WHC, while not all pectins exhibit the same absorbing behavior and
various factors such as molecular size, side chain length and net charges on galacturonic acid
backbone can affect such ability for retaining water (Schröder, Clark, Sharrock, Hallett, &
MacRae, 2004). Hydroxy propyl methyl cellulose (HPMC), as a long chain hydrophilic cellulose
derivative, tends to absorb water quite well, which has been an important thickening and
film-forming agent used in food processing (Saha & Bhattacharya, 2010). It was not surprising to
find that ethyl cellulose (EC) had the lowest WHC among all the samples, which probably
resulted from the hydrophobic ethyl groups substituted on the cellulose backbone that may block
the absorption of water. Among all the examined samples, RF had the best behaviour in
absorbing water (23.2 g water/g dry matter) and much greater than the previous data. Reported
WHC values for pure cellulose in the literature ranged from 3.3 to 10 times of its weight (Ang,
1991; Hollaway & Greig, 1984), and WHC for cellulose fraction collected from olive cakes and
sugar beet pulps were 4.69 and 6.64 g water /g dry matter, respectively (Rodríguez-Gutiérrez,
Rubio-Senent, Lama-Muñoz, García, & Fernández-Bolaños, 2014; Wen et al., 1988). The
outstanding WHC for RF surpassed aforementioned materials and may be attributed to a more
porous structure formed after removal of pectin shown in Figure 13, and more inner space within
particles was created by the self-assembly of cellulose and hemicellulose after extraction of
pectin, due to the further collapse of cell wall structure (Morris et al., 2009; Tamaki et al., 2008).

68

25

WHC (g/g)

20

15

10

5

0

Figure 12 Water holding capacity of SSP, its fractions and two modified cellulose
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Figure 13 Photos of (a) SSP and (b) RF under scanning electron microscope
The oil holding capacity of SSP, SEP, RF, and two modified cellulose are plotted in Figure 14,
and expressed as grams of oil absorbed per gram of sample. The oil/fat uptake is a function of
many variables, such as chemical composition, particle size and shape, surface/weight ratio, and
porosity of structure (Rimac-Brnčić, Lelas, Rade, & Šimundić, 2004). It is also worth noting that
the OBC of fibre is only partially related to the chemical composition of fibre itself, while it is
more relevant to the structural porosity of fibre instead of its physical affinity for oil (Biswas et
al., 2011). This might be the reason to explain why EC did not show a great OBC compared with
SSP and RF, even though the hydrophobic ethyl groups substituted on the cellulose molecules
have a strong affinity for oil. As mention in 1.2.4, SSP was grinded into powders with a size
smaller than 125 µm or even less, which was shown in Figure 13 (a). RF showed a significantly
increased particle size over 60µm after extracting pectin, as shown in Figure 13 (b). Among all
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the samples, RF had the best OBC of 14.8 g oil/g dry matter, which doubled that of SSP (6.6 g
oil/g dry matter), probably owing to the enlarged particle size and increased porosity of RF after
solvent extraction (Ang, 1991). HPMC had the lowest OBC of all the observed samples,
probably due to the hydrophilic derivation. However, a porous HPMC cryogel formed by
aerating HPMC solutions to generate aqueous foam after lyophilization had an excellent oil
absorption property at over 100 times its original weight, which also suggested a porous
microstructure was crucial for the high OBC (Patel & Dewettinck, 2015).
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Figure 14 Oil binding capacity of SSP, its fractions and two modified cellulose
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Chapter 4 Conclusions and future work
The present study described the process of extracting pectin fractions from sunflower stalk pith,
as well as elucidation of the chemical structures and partial physicochemical properties of each
fraction. Both WEP and SEP fractions had high amount of galacturonic acids and low neutral
sugar and protein contents. HPSEC analysis indicated WEP had a relatively larger molecular
weight and narrower molecular weight distribution than SEP, which probably resulted from the
harsher extracting condition of SEP. The characteristic peaks at 1150, 1100 and 1020 cm-1 in
FT-IR analysis confirmed the identities of WEP and SEP as pectic materials. WEP and SEP had
a degree of esterification of 92% and 65%, respectively, both belonging to the group of HMP.
The methylation analysis after reduction of the carboxyl group revealed that 1,4-GalpA (OMe)
was the major linkage in both WEP and SEP fractions, while other residues such as 1,2-Rhap,
1,2,4-Rhap, 1,4-Galp, and 1,5-Araf were also evident, suggesting the existence of
rhamnogalacturan. 1D and 2D NMR spectra further revealed WEP mainly consisted of
demonstrated homogalacturonan structure and only had a small portion of rhamnogalacturonan
structure. WEP and SEP had limited surface activities compared with commercial citrus pectin,
with the concentration up to 1.0 % (w/w). Within SSP and its fractions, RF had the best
performance in both water holding and oil binding capacities, probably due to the further cell
wall rupture after removing pectin.
Pectin is one of the most complicated plant polysaccharides in terms of chemical composition
and structural variability (Tamaki et al., 2008). Despite the fact that branched rhamnosyl,
galactosyl and arabinosyl residues were identified in WEP and SEP, low percentage of neutral
sugar content restricted the complete elucidation of linkages and sequences of such fragments in
RG-I, even with the assistance of NMR analysis. Perhaps other technique such as
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MALDI-TOF-MS along with partial/enzymatic hydrolysis could be an effective solution to such
problem. Future work should also focus on the residue fraction after extracting pectin of SSP.
More detailed characterization on the fine structure of RF should be conducted by performing
methylation, NMR analysis, combined with other physicochemical characterization to further
unveil the relationship between microstructures and the superior WHC and OBC of RF.
Innovative applications of SSP and its sub fractions as functional and nutritional additives in
food sectors can be further studied, based on the amphiphilic properties of such materials.
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