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Althaea officinalis L. root polysaccharide (AOP) was extracted, and its physicochemical and rheological properties
were investigated. Gel permeation chromatography results showed that the molecular weight was 1560 kDa.
High-performance liquid chromatography indicated that it was an acidic heteropolysaccharide consisting of five
types of monosaccharides including galacturonic acid (40.2%), rhamnose (31.7%), glucose (13.68%), galactose
(9.07%), and arabinose (5.35%). The intrinsic viscosity value for AOP in deionized water was 9.4 dl g’l. The

AOP solutions at different concentrations (0.5%, 1%, 2%, and 3% w/v), showed shear-thinning behavior, and the
apparent viscosity decreased in the presence of different concentrations of NaCl and at different pHs. The fre-
quency sweep test showed the AOP solutions at concentrations less than 0.5% and above 1% exhibited viscous
and weak gel behavior, respectively. Since the hysteresis phenomenon was observed in the temperature sweep
test of 2% AOP solution, it can be considered as a thermal irreversible gel during the heating and cooling process.

1. Introduction

One of the potential sources of plant polysaccharides is the root of
Althaea Officinalis L. (AO). It belongs to the Malvaceae family and is
commonly known as marshmallow (Pakrokh Ghavi, 2014). Tradition-
ally, mucilage of marshmallow root and flower is used crudely in the
treatment of cough, sore throat, gastrointestinal inflammation,
anti-constipation, colds, gastritis, and other oral and nasal in-
flammations as well as skin disorders (Heydarirad, Choopani, Pasalar &
Jafari, 2016; Park, Kim, Sathasivam, Chung, & Park, 2021). The root of
this plant contains 5%-10% of water-soluble polysaccharides about 2%
of flavonoids, phenolic acid, coumarin, starch, pectin, and tannin (De-
ters et al., 2010). Previous research has also shown that marshmallow
root polysaccharides have antioxidant properties, antimicrobial and
anticancer properties (Karimi, Ghanbarzadeh, Roufegarinejad, & Fal-
cone, 2021; Pakrokh Ghavi, 2014; Hashemifesharaki, Xanthakis, Altin-
tas, Guo & Gharibzahedi, 2020).

Polysaccharides can have various functional properties in different
foods such as thickening, gelling, colloid stabilizing, emulsifying, film-
forming, crystal growth suppressing, antistaling, fat replacing and
fiber-prebiotic features. Since polysaccharides are usually high

* Corresponding author.
** Corresponding author.

molecular weight macromolecules and have a high water absorption
capacity, they are commonly used in food formulations as a thickening,
gelling, or texture modifying agent which is accompanied by a change in
their flow behavior (Li & Nie, 2015; Xu, Dong, Gong, Sun, & Li, 2015).
The rheological behavior and viscosity of polysaccharides depend,
largely, on various factors such as molecular weight, structural proper-
ties, concentration, environmental conditions (salt, sugar, and pH), and
temperature. Thus, investigating the flow behavior of gum solutions in
different conditions provides researchers with very valuable informa-
tion, as it plays an important role in designing the production process,
modeling, storage period, and sensory properties (Bourbon et al., 2010).
The solution of the acidic fraction of marshmallow root gum at con-
centrations higher than 1% has a shear-thinning and a weak gel-like
behavior (Karimi et al., 2021). On the other hand, the polysaccharide
extracted from marshmallow flower at the concentrations between 0.5
and 5% showed pseudoplastic flow behavior and with increasing con-
centration from 2% to 5% at low temperature, a solid-like behavior was
observed (Tabarsa, Anvari, Joyner, Behnam & Tabarsa, 2017). So far, no
comprehensive research and detailed data are not available on the
rheological properties of AO root polysaccharide (AOP). Thus, in this
study, we extracted polysaccharides from AO root and after
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precipitation with ethanol 96% was called AOP. The first some chemical
composition, molecular weight, sugar composition, and intrinsic vis-
cosity were analyzed; and the second the effect of concentration, salt,
and pH on the steady and dynamic shear rheological properties of AOP
solutions were investigated.

2. Materials and methods
2.1. Materials

Althaea Officinalis L. (AO) roots were harvested in Sanandaj, Iran (in
Jun 2019). Ethanol 96% was prepared from Sahand Maragheh Com-
pany. Acetone, NaCl, HCl, NaOH, sulfuric acid, and methanol were
purchased from Mojalal Company. The chloroform, phenol, m-Hydrox-
ydiphenyl, glucose, p-galacturonic acid, potassium sulfate, sodium tet-
raborate, 1-phenyl-3-methyl-5-pyrazolone (PMP), trifluoroacetic acid
(TFA), Folin reagent, sodium carbonate, Gallic acid, quercetin,
aluminum chloride, potassium acetate, and sodium azide were pur-
chased from Sigma-Aldrich Chemical Co. (USA).

2.2. Polysaccharide extraction from marshmallow root

The polysaccharide obtained from the AO root was extracted ac-
cording to the method of Pakrokh Ghavi, (2014) with some modifica-
tion. At first, the roots of the marshmallow were dried and after peeling,
they became powder. Then, 100 g of root powder was mixed with 96%
ethanol to separate pigments, fats, monosaccharides, and other impu-
rities, and stirred for 2 h at 60 °C, and then it was maintained for 12 h at
4 °C. The roots were then filtered and dried. In the next step, the sample
was mixed with distilled water in a ratio of 1-20 and kept in a water bath
at 70 °C for 2 h and exposed to 4 °C for complete hydration for 24 h. The
mucilage was separated using a thin linen cloth, then 96% ethanol in a
ratio of 1: 3 was used to precipitate polysaccharides from the mucilage
and kept in the refrigerator for 24 h. The mucilage precipitate was
filtered and separated with a linen cloth. Then, for more purity and
complete removal of impurities, it was washed twice with 96% ethanol
and acetone. The samples were then re-dissolved in distilled water and
after centrifugation, the solution part was separated. Finally, AO root
polysaccharide (AOP) was dried in an oven at 45 °C for 18 h and stored
at —18 °C.

2.3. Chemical composition

The determination of moisture content and ash content were deter-
mined according to A.O.A.C (2005) methods. The percentage content
nitrogen was detected using CHNS analyzer (Costech, ECS 4010,
CHNS-O Analyzer, Italy). The protein content was estimated by multi-
plying the nitrogen content (%) by 6.25. Total sugar was measured by
the phenol-sulfuric acid method at the wavelength of 490 nm p-glucose
as a standard (Dubois, Gilles, Hamilton, Rebers, & Smith, 1956). The
amount of uronic acid was determined by the m-hydroxy diphenyl
method and p-galacturonic acid was used as the standard (Blumenkrantz
& Asboe-Hansen, 1974). To measure the amount of total phenol in AOP,
the Folin—Ciocalteu assay method was used. The total phenolic content
of the samples was calculated from the gallic acid standard curve, and
the results were expressed as mg of gallic acid equivalents (mg GAE)/g
of dried hydrocolloids. (Keshani-Dokht, Emam-Djomeh, Yarmand, &
Fathi, 2018). The aluminum chloride colorimetric technique was used to
measure total flavonoid content and the result was expressed as mg of
quercetin equivalents (mg QE)/g of dry gum (Qin, Wang, Shan, Hou, &
Ren, 2010). The extraction yield of polysaccharides was calculated by
the following formula:

Extraction yield (%) = (W1/Wg) x 100 (@D)]

where W; and Wy are the weights of crude polysaccharides and dried
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root OA, respectively.
2.4. Molecular weight determination test by GPC

To measure the average molecular weight of AOP, gel permeation
chromatography (GPC) was used. 1 mg of the powder was dissolved in
distilled water and after filtering (0.22 pm), 50 pl of the sample was
injected into the device at 35 °C. 0.1 M NaNO3 at a rate of 0.5 ml/min
was applied as the mobile phase, and dextran with different molecular
weights was used as the standard. The specifications of the GPC machine
were as follows: gel permeation chromatography machine (Shimadzu
LC-20A, Japan); column with dimensions of 300 x 7.8 mm (Ultra
hydrogel, Waters, USA) with RID detector (Shimadzu, Japan).

2.5. Determination of monosaccharide composition

Identifying AOP monosaccharide compounds was conducted by
high-performance liquid chromatographic (HPLC). The polysaccharide
derivation method was used by Phenyl-3-methyl-5-pyrazolone (PMP)
reagent (Karimi et al., 2021). First, 5 mg of dry polysaccharide powder
was mixed with 4 ml of trifluoroacetic acid (4 M) in a glass tube and
hydrolyzed at 110 °C for 6 h. For derivation, 200 pl of the hydrolyzed
sample was mixed with 200 pl of NaOH (0.3 M) and 200 pl of PMP
methanolic solution (0.5 M). After stirring at 70 °C for 2 h, it was kept in
the oven so that derivation reaction would be conducted. After cooling,
the solution was neutralized by HCI (0.3 M) and 1 ml of chloroform (3
times) was added. The bottom layer of the solution was separated and
after filtration (0.45 pm) was injected into the HPLC machine (Shi-
madzu, Japan). Meanwhile, the standard monosaccharides (galactur-
onic acid, glucose, rhamnose, arabinose, xylose, mannose and galactose)
derived from 1-phenyl-3-methyl-5-pyrazolone were used as reference.
The type of column was C18 (7.7 x 300 mm) (Agilent, USA) with a
refractive index detector (RID). A mixture of 0.1 M phosphate buffer (pH
6.7) and acetonitrile in a ratio of 80:20 (v/v) was used as the mobile
phase with a flow rate of 1.0 mL/min.

2.6. Intrinsic viscosity measurement

To measure the intrinsic viscosity [n], a Cannon-Fenske viscometer
(Pyrex Fan, Iran) at 25 °C with a constant of 0.00336 mm?s’! was used.
Four concentrations of AOP powder (0.02%, 0.04%, 0.06% and 0.08%
w/Vv) were prepared in distilled water and kept at refrigerator temper-
ature for 24 h. Then 10 ml of each of these solutions was placed inside
the viscometer. After calculating the relative viscosity (Eq. (2)) and
specific viscosity (Eq. (3)), the intrinsic viscosity was obtained by
extrapolating the reduced or inherent viscosities to infinite dilution
according to the Kraemer (Eq. (4)) and Huggins (Eq. (5)) equations:

n
et == @
! Mo
”‘\‘p =Ml — 1 (3)
In7,,
Mo =— g = 1) + Kx[n]"C )
My 2
Mred =" = (1] + Kuln)"C (5)

Where 1. is relative viscosity, no is solvent phase viscosity, n is
dispersion phase viscosity, nin, is inherent viscosity, nreq is reduced
viscosity, nsp is specific viscosity, C (g/dl) is the mass concentration of
AOP, Ky indicates the Kraemer’s constant, Ky shows the Huggins con-
stant and [n] (dl.g_l) is the intrinsic viscosity.
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2.7. Rheological properties of AOP

Rheological properties of AOP solutions were performed by Anton
Paar rheometer (GmbH, MCR301, Australia) equipped with concentric
cylinder geometry with a diameter of 50 mm and a gap size of 0.206 mm.

2.7.1. Steady shear rheological analysis

2.7.1.1. Shear stress-shear rate relationship. To investigate the flow
behavior of the AOP solutions, its different concentrations (0.5%, 1%,
2%, and 3%) were prepared in distilled water, and it was kept at
refrigerator temperature for 24 h for complete hydration. To prevent
microbial contamination, sodium azide (0.02% w/v) was added to each
of the solutions. The Steady rheological properties of the gum solution
were determined at the shear rate range of 0.01-100 s~ ! at 25 °C.

Shear stress-shear rate data were fitted by Herschel-Bulkley (Eq. (6))
and Cross (Eq. (7)) models:

o= kH(;'/)nH + 6oy (6)

Where, o: shear stress (Pa); y- : shear rate (s_l); ky: consistency coeffi-
cient (Pa.s™); n: flow behavior index (dimensionless); cou: the yield
stress (Pa).

(ny — 1)

1+ (acy_)m (7)

Mo =N +

Na is apparent viscosity (Pa.s), n, is the infinite- shear viscosity (Pa.
s), 1 is zero-shear viscosity (Pa.s), o, is time constant, y is the shear rate
(0.01-100 s~ 1), and m is a dimensionless exponent that captures the
strength of the shear-thinning effect.

2.7.1.2. Effect of salt and pH on apparent viscosity. The effect of different
concentrations of NaCl (0.1, 0.25, and 0.5 M) on the apparent viscosity
of the solution of 2% (w/v) gum was evaluated (Li, Liao, Thakur, Zhang,
& Wei, 2017). Also, after preparing a 2% solution of AOP at different
pHs of 3.0, 5.0, 9.0, and 11.0, the relationship between shear stress and
apparent viscosity was investigated. HCL and NaOH with a concentra-
tion of 0.1 M were used to adjust the pH of the solution. Changes in
apparent viscosity were investigated at the shear rate range of 0.01-100
s™!at 25 °C.

2.7.1.3. Time-dependent rheological behavior (Thixotropic properties).
Thixotropic properties of different concentrations of the gum (0.5%, 1%,
2%, and 3% w/v) were determined according to the method of Wang,
Yin, Huang, and Nie (2019); it includes three phases of increasing the
shear rate from 0.01 s~! to 80 s~! in 160 s, rest for 5 s in s~! 80 and
decreasing the shear rate from 80 s™! to 0.01 s™! in 160 s at 25 °C. The
area between the up-down curves was calculated using Rheoplus/32
software (version V3.40) and hysteresis area was determined. Moreover,
the effect of different concentrations of NaCl (0.1, 0.25, and 0.5 M) and
different pHs (3-5-9-11) on the solution of 2% w/v gum was also
investigated.

2.7.2. Dynamic rheological properties (Oscillatory shear test)

2.7.2.1. Strain sweep test. The viscoelastic behavior of gum solutions
was examined with concentrations of 0.5%, 1%, 2%, and 3% w/v at a
constant frequency of 1 Hz, in the strain range of 0.1%-100%, at a
temperature of 25 °C. A strain sweep test was also performed for a 2%
solution of gum at different concentrations of NaCl (0.1, 0.25, and 0.5
M) and different pHs (3.0, 5.0, 7.0, 9.0, and 11.0). Parameters such as
storage modulus (G'), loss tangent (tan 5), loss modulus (G”), and critical
strain value (y.) were calculated.

2.7.2.2. Frequency sweep test. This test was conducted in a linear
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viscoelastic region (1% strain) at different concentrations of the gum
(0.5%, 1%, 2%, and 3% w/v), in the angular frequency range of 0.1-100
Hz, at the temperature of 25 °C. In addition, the effect of different
concentrations of NaCl (0.1, 0.25 and 0.5 M) and different pHs (3.0, 5.0,
7.0, 9.0, and 11.0) on G’ and G” moduli in 2% polysaccharide solution
was also investigated. The parameters such as G/, G”, and loss tangent
(tan 6 = G”/G’) were calculated.

2.7.2.3. Temperature sweep test. The temperature sweep test was con-
ducted at a constant strain of 1% (linear viscoelastic region) and a fre-
quency of 1 Hz on a 2% polysaccharide solution. The process was
conducted in three phases: the first phase was to increase the tempera-
ture from 5 °C to 100 °C; the second phase was keeping (18 s) at 100 °C;
third phase was cooling from 100 °C to 5 °C. The rate of temperature
increase was 10 °C/min, and changes in G’ and G” moduli during the
heating and cooling phases were recorded.

3. Results and discussion
3.1. Physicochemical properties of AOP

According to the results shown in Table 1, yield, moisture, ash, and
protein were 7.68%, 2.033%, 3.7%, and 6.75%, respectively. Moreover,
according to the standard curve of glucose and galacturonic acid, the
amount of total carbohydrate and uronic acid were 87.52% and 38.25%,
respectively. Studies in previous research have also confirmed the
presence of acidic groups in the structure of the gum of marshmallow
root (Deters et al., 2010). Moreover, total phenolic compounds and total
flavonoids in AOP were 4.53 mg GAE/g and 0.047 mg QE/g of the dry
matter, respectively. The results of the GPC test have indicated that the
average molecular weight of AOP was 1560 kDa, which was more than
the molecular weight of polysaccharide obtained from the root of Peri-
ploca laevigata (557 kDa) and Salvia macrosiphon seeds (400 kDa) (Hajji
et al., 2019; Razavi, Cui, Guo & Ding, 2014). Although polysaccharides
obtained from Basil seed (2320 kDa) and Persian gum (2590-4740 kDa)
have a higher molecular weight (Naji-Tabasi, Razavi & Mohebbi, 2016;
Fadavi, Mohammadifar, Zargarran, Mortazavian, & Komeili, 2014a).

3.2. Monosaccharides composition

The type and composition of monosaccharides in the AOP structure
were evaluated using HPLC and through retention time and mass data of
standard sugars (Fig. la and b). According to the results, AOP was
composed of five types of monosaccharides, which included galactur-
onic acid (GalA), rhamnose (Rha), glucose (Glc), galactose (Gal), and
arabinose (Ara) with molar percentages of 40.2%, 31.7%, 13.68%,
9.07%, and 5.35% respectively (Table 1). The presence of uronic acid in
the structure of AOP was also confirmed in the uronic test. Based on the

results, it can be concluded that this gum is an acidic

Table 1

Some physicochemical properties of AOP.
Parameters AOP
Yield (%) 7.68 £ 0.02
Moisture (%) 2.03 £ 0.05
Ash (%) 3.7 £ 0.075
Total carbohydrate (%) 87.52 +1.12
Uronic acid (%) 38.25 + 0.33
Protein (%) 6.75 + 0.21
Total phenolic content (mg GAE/g) 4.53 +0.22
Total flavonoid content (mg QCE/g) 0.047 + 0.018
MW (kDa) 1560 + 0.3
GalA (%) 40.2
Rha (%) 31.7
Glc (%) 13.68
Gal (%) 9.07

Ara (%) 5.35
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Fig. 1. (a) The HPLC chromatograms for standard monosaccharides, (b) sugar
compositions of AOP. Peaks: (1) Man; (2) Rha; (3) GalA; (4) Glc; (5) Gal; (6)
Xyl; (7) Ara.

heteropolysaccharide, in which rhamnose and galacturonic acid account
for approximately 72% of the total monosaccharides. However, Hos-
seini-Parvar et al. (2010a) showed that the major monomers of a
marshmallow root purified polysaccharide were Rha, Gal and Glc, fol-
lowed by minor ones including, GalA, Ara and GlcA, that the amounts of
sugars were different from the results obtained in this study. Also, the
gum fractions obtained from Althaea Officinalis leaf was a neutral het-
eropolysaccharide and consisted of the monosaccharides of galactose,
mannose, xylose, rhamnose, and glucose (Tahmouzi & Salek Nejat,
2020).

3.3. Intrinsic viscosity

The intrinsic viscosity ([n]) is a measure of the hydrodynamic vol-
ume occupied by the individual chains of a biopolymer. The intrinsic
viscosity of AOP solution was estimated at 25 °C when the relative
viscosity was in the range of 1.2-2 or the concentration of AOP was in
the 0.02-0.08 (g/dl) range. As shown in Fig. 2a, the values of R? ob-
tained in the Huggins and Kraemer equations were high (R? > 0.92),
which indicates the high efficiency of these equations to determine [n].
The intrinsic viscosity of AOP was 9.4 dl g%, which was close to the one
of Salvia macrosiphon seed gum (8.81-9.26 dl g’l; 40 °C) (Razavi, Cui,
Guo, & Ding, 2014). The intrinsic viscosity of biopolymer depends on
molecular weight, structural configuration and stiffness, and solvent
quality (Qian, Cui, Wu, & Goff, 2012). The previous studies have shown
that the intrinsic viscosity of Guar, Tragacanth, and Persian gum were
11, 36.29-47.18, and 3.32-3.72 dl g’l, respectively (Teimouri, Abbasi,
& Sheikh, 2016; Wang, He, Guo, Zhao, & Tang, 2015). The configuration
of many biopolymers in the solvent is a random coil. Molecular entan-
glement is determined by a dimensionless Berry number (C[n]), which is
also called the coil-overlap parameter. In general, if the Berry number be
below 1, the solution is in the dilute regime and no chain entanglement
has occurred, and if it is between 1 and 10, the solution is in the
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Fig. 2. (a) Huggins (filled symbols) and Kraemer (blank symbols) plot for AOP
in deionized water, and (b) Master curve (log (nsp)- log (C x [n]) for AOP in
deionized water (25 °C).

semi-dilute regime (Behrouzian, Razavi, & Karazhiyan, 2014). The
Berry number was 0.188-0.752, so it was in the dilute regime. To
determine the dilute Newtonian domain and critical concentration, the
master curve was drawn (Fig. 2b), which was obtained from the loga-
rithm of the specific viscosity (log nsp) vs the logarithm of the Berry
number (log C [n]) (Naji-Tabasi, Razavi & Mohebbi, 2016). The slope of
the master curve for the dilute domain is between 1 and 1.4 and for the
semi-dilute domain is 2-5.1 (Piazza, Bertini, & Milany, 2010), which for
the AOP solution was 1.126. The Huggins constant (Ky) is a measure of
polymer-polymer interactions and shows the overall configuration of a
polymer. The Huggins constant for flexible macromolecules with
extended shapes in a good solvent is approximately 0.3-0.4, and values
above 1 indicate polymer-polymer interactions and entanglement
(Razmkhah, Razavi, & Mohammadifar, 2017). For the configuration of a
random coil, there is a relationship between Huggins and Kraemer
constants (Kg + Kg = 0.5). The Ky and Kk values of AOP were 0.361 and
—0.135, respectively. Ky + K value for the AOP was 0.496, indicating a
flexible random coil structure. Since Ky was less than 0.5, the AOP so-
lution was in a dilute regime and in a suitable solvent (Naji-Tabasi,
Razavi & Mohebbi, 2016).

3.4. Steady shear rheological properties

3.4.1. Effect of AOP concentrations on the apparent viscosity

The apparent viscosity-shear rate relationship at different concen-
trations (0.5%, 1%, 2%, and 3%, at the shear rate of 0.01 s~ 1) of AOP
have been illustrated in Fig. 3a. As can be seen, by increasing concen-
tration from 0.5% to 3% the apparent viscosity increased from 0.449 Pa
s to 5.76 Pa s, respectively. In all samples, the apparent viscosity
decreased by increasing the shear rate, indicating the shear thinning
behavior. As can be seen from the slope of the curve, the pseudoplastic
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Fig. 3. (a) Steady shear flow curves of AOP solutions with different concen-
trations (0.5, 1, 2 and 3%), (b) effect of different concentrations of NaCl, and (c)
different pHs on the apparent viscosity of AOP solution (2%, 25 °C).

behavior intensified at higher concentrations. For comparison, the
apparent viscosity of some commercial gums such as welan, gellan, and
xanthan at a concentration of 0.175% and at the shear rate of 0.1 s~
were 7.665 Pa s, 2.776 Pa s, and 0.128 Pa s, respectively (Xu et al.,
2015). As the polysaccharide concentration increases, strong in-
teractions between the biopolymer chains are formed, and the free
mobility of individual chains is limited leading to an increased poly-
merization, and this ultimately results in increased viscosity (Li et al.,
2017). Most polysaccharide macromolecules indicate shear thinning
behavior. At low shear rates, the polysaccharide chains have entangle-
ment and dense structure. As the shear rate increases, the biopolymers
chains are more oriented along with the flow, their entanglements are
disrupted and water enclosed in them is released, resulting in decreasing
of the apparent viscosity (Xu et al., 2015; Zeng et al., 2021).

The steady shear test data were fitted by different models including
Herschel-Bulkley and Cross. According to the results (Table 2), when the
concentration of polysaccharide solutions increased from 0.5% to 3%,
the Herschel-Bulkley yield stress increased from 0.006 Pa to 8.85 Pa.
The value of yield stress of gum solution is important when it is used as a
binder to preserve the composition of the formulation and as a coating
agent in some foods such as chocolate and ice cream (Zamani & Razavi,
2021). The values of yield stress in gums obtained from Basil seeds
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Table 2
The parameters of shear rate — shear stress/apparent viscosity-based Herschel-
Bulkley models for AOP solutions with different concentrations.

Model 0.5% 1% 2% 3%
Herschel - Bulkley

oon (Pa) 0.0065 0.7356 5.63 8.85
ky (Pa.s™) 0.0432 0.546 1.844 3.5

ny 0.6161 0.483 0.3975 0.3454
R? 0.999 0.9999 0.999 0.999
RMSE 0.0016 0.0171 0.1656 0.0557

(Hosseini-Parvar, Matia-Merino, Goh, Razavi, & Mortazavi, 2010a) and
Chinese quince seed (Wang, Liu, et al., 2019) were 11.943 Pa (2%;
20 °C) and 36.77 Pa (2%; 25 °C), respectively. The amounts of consis-
tency coefficient (ky) increased from 0.0432 Pa.s” to 3.5 Pa.s” and the
flow index (n) decreased from 0.6161 to 0.3454 as the concentration of
AOP solutions increased from 0.5% to 3%. Therefore, pseudoplastic
behavior is present in all concentrations, and the value of
pseudo-plasticity degree increases as the concentration increases.
Moreover, the R? value of Herschel-Bulkley model in all samples was
above 0.99 and the RMSE value was low (0.0016-0557), indicating that
this model is very suitable for predicting the rheological behavior of this
gum.

The Cross model is another model describing the behavior of pseu-
doplastic fluids in which there are two important parameters of zero-
shear viscosity (1), the infinite- shear viscosity (), and time con-
stant (ac) in its structure. As can be seen in Table 3, the zero-shear vis-
cosity and infinite- shear viscosity increased from 0.32 to 0.001 Pa s at
0.5% concentration to 6.5-0.115 Pa s at 3% concentration. High vis-
cosity at zero shear rate indicates the stiffness of biopolymer com-
pounds, and infinite-shear rate viscosity shows the consistency of the
product during processing such as pumping, mixing, and spraying
(Razavi et al., 2014). At low shear rates (initial Newtonian plateau re-
gion), the disruption of entanglements by the imposed shear is balanced
by the formation of new ones, so that no net change in entanglements
occurs, and the viscosity shows a constant value (1)g). For higher shear
rates, disruption predominates over the formation of new entangle-
ments, molecules align in the direction of flow, and the apparent vis-
cosity decreases with increasing shear rate, and shear-thinning behavior
started. According to the results, the o, value (relaxation time) increased
from 1.12 s to 3.41 s, which is due to the increase in density and
entanglement of chains. As the concentration of polysaccharides in the
solution increases, the time increases for the biopolymer chains to
interact with each other to form their original structure, after the stress
has been removed and maintain its original structure (Huang, Zeng,
Xiong, & Huang, 2016). Therefore, by increasing concentration, the
mobility of individual chains is gradually limited, and the time required
to form new structural forms (instead of destroyed structures) will in-
crease. The shear rate corresponding to the transition from Newtonian to
shear-thinning behavior moves to lower values, as the concentration
increases (Bourbon et al., 2010). The parameter m is close to zero in
Newtonian fluids and is close to 1 in highly pseudoplastic fluids
(Bourbon et al., 2010). So that high viscosity degree (m 1) indicated
strong shear thinning properties (Abbastabar, Azizi, Adnani, & Abbasi,
2014). By increasing the concentration from 0.5% to 3%, m value

Table 3

The parameters of cross model for AOP solutions with different concentrations.
Model 0.5% 1% 2% 3%
Cross model
1o (Pa.s) 0.32 0.87 3.9 6.5
N (Pa.s) 0.001 0.025 0.079 0.115
a. (s) 1.12 1.98 2.93 3.41
m 0.456 0.902 0.965 0.966
R? 0.999 0.999 0.999 0.999
RMSE 0.0001 0.0004 0.0003 0.16
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increased from 0.456 to 0.966, respectively. In all samples, the value
was m < 1, indicating pseudoplastic behavior. Based on the results, it
can be estimated that the cross model, owing to high R? (0.99) and low
RMSE, can be a very good model to describe the rheological behavior in
this study.

3.4.2. The effect of salt and pH on the apparent viscosity

The presence of salts effects on the functional properties of the
polysaccharide solution, especially apparent viscosity. The effect of
different concentrations of NaCl (0.1, 0.25, and 0.5 M) on the apparent
viscosity of 2% AOP solution is reported in Fig. 3b. As can be seen,
pseudoplastic behavior was observed at different NaCl concentrations
and the apparent viscosity of the polysaccharide solutions decreased.
According to the results obtained in Table 4, the apparent viscosity of
the biopolymer solution at concentrations 0, 0.1, 0.25, and 0.5 M NaCl
were 3.16, 2.32, 1.6, and 1.12 Pa s at the shear rate of 0.01 s’l,
respectively. The data suggested that AOP is sensitive to the presence of
NaCl.The polysaccharide extracted in this study is an acidic poly-
saccharide in which the biopolymer chains are well dispersed in the
solution, and increase the viscosity due to the high electrostatic repul-
sion force (Wang, Yin, et al., 2019). As the ionic strength increases, Na™
ions bind to charged groups, reducing the electrostatic repulsion force,
causing the chains to contract, increasing flexibility, reducing stiffness,
and ultimately reducing the viscosity of the solution (Wang, Yin, et al.,
2019). The changes in pH of biopolymer solutions can cause modifica-
tion in the configuration of macromolecules, and subsequently change in
the apparent viscosity. The apparent viscosity of gum solutions was
investigated at five different pHs (Fig. 3c and Table 4) at the shear rate of
0.01 s~ All samples showed shear-thinning behavior, and the highest
apparent viscosity of AOP (3.16 Pa s) was showed at pH 7.0. The
apparent viscosity at pH 3.0, 5.0, 9.0, and 11.0 were 1.78, 2.27, 2.1, and
1.05 Pa s, respectively. The apparent viscosity was decreased at a lower
or higher pH value (3.0 or 11.0) than pH 7.0. However, this decrease in
alkaline pH was higher than in acidic conditions. Previous studies have
indicated that acidic or alkaline environmental conditions degrade
hydrogen bonds of polysaccharides, break down biopolymer chains,
reduce molecular weight which finally leads to a decrease in the vis-
cosity of the solution (Li et al., 2017).

3.4.3. Thixotropic properties

When thixotropic fluids are exposed to constant mechanical stress,
their viscosity gradually decreases over time. When applying stress is
paused in some of these fluids, they restore part of its structure and the
viscosity returns partially to their original values (Qiao et al., 2016). In
the shear stress-shear rate diagram of thixotropic fluids, the upward and
downward curves do not match, and a loop called hysteresis is seen. The
thixotropic degree is usually determined by calculating the area of the
hysteresis loop, and the larger the area of hysteresis, the stronger the
thixotropic property and the greater the dependence on time (Wang,
Yin, et al., 2019). Fig. 4a shows the thixotropic behavior of different
concentrations (0.5%, 1%, 2%, and 3% w/v) of AOP solutions at a shear
rate of 1-80 s~ According to the results, in all samples, up-down curves

Table 4
Effects of different concentrations of NaCl and pH values on the
apparent viscosity of AOP solution (2%, at the shear rate of 0.01 s™1).

AOP solution (2%) Apparent viscosity (Pa.s)

0 mol/L NaCl 3.16
0.1 mol/L NaCl 2.32
0.25 mol/L NaCl 1.6

0.5 M mol/L NaCl 1.12
pH 3.0 1.78
pH 5.0 2.27
pH 7.0 3.16
pH 9.0 2.1

pH 11.0 1.05
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did not match, and hysteresis was observed in them, indicating thixo-
tropic behavior. As the concentration of polysaccharide increased, the
amount of relative hysteresis loop increased, showing a stronger thixo-
tropic property. Thixotropic behavior can be attributed to rearrange-
ment of the molecules in the direction of flow for decreasing of friction,
opening of chain entanglements and disruption of interactions between
macromolecule chains in three dimensional gel structure with
increasing of shearing time at constant shear stress.

In another experiment, the effect of different concentrations of NaCl
on the thixotropy of 2% AOP solution at 25 °C was investigated (Fig. 4b).
The results indicated that by increasing the salt concentration, hysteresis
area of the AOP solutions decreased in all samples. The thixotropic
behavior of 2% AOP solution at different pHs was also investigated, and
the results showed that both acidic and alkaline pH significantly reduced
the hysteresis area and thixotropy (Fig. 4c).

The hysteresis loop is reported in Fig. 4d. As can be seen, the area
values of hysteresis for the concentrations of 0.5%, 1%, 2%, and 3% w/v
are 1.19, 7.97, 78.47, and 155.32 Pa s}, respectively, and it increased
considerably when the AOP concentration increased. The amount of
hysteresis of 2% AOP solution decreased from 78.47 Pa s~ in the sample
without salt to 28.05 Pa s™! in the sample containing 0.5 M NaCl.
Furthermore, the amount of hysteresis of 2% AOP solution decreased
from 78.47 Pa s~ ! in the sample with pH 7.0 to 2.98 Pa s~ at pH 11.0.
Polysaccharides was obtained from chia seeds at a concentration of 0.8%
also showed thixotropic behavior, and hysteresis was observed in its
curves (Goh et al., 2016).

3.5. Dynamic rheological properties

3.5.1. Strain-sweep oscillatory shear test

The strain-stress sweep test (amplitude test) is used to determine the
linear viscoelastic (LVE) region and gel strength. In the LVE region (at
low deformation), the storage (elastic) modulus (G’) and the loss
(viscous) modulus (G”) are almost constant. It is important to determine
this area before conducting the frequency sweep and temperature sweep
tests, because dynamic tests are valuable when performed in a linear
viscoelastic area. However, in the nonlinear region (at large deforma-
tion), the G’ and G’ moduli begin to decrease when the strain increases
(Fadavi et al., 2014a). Moreover, using this test, strong gels can be
distinguished from weak ones. As strong gels remain in the linear region
more than weak gels, and the length of this region depends on the
concentration (Wang, Liu, et al., 2019).

As shown in Fig. 5a, G'Lyg was greater than Gy at concentrations of
1%, 2%, and 3%, indicating the behavior of a gel-like behavior, and it
can be concluded that these dispersions can form a weak gel. However,
at the concentration of 0.5%, the G'ryg was less than G’ yg, and it
showed the viscous behavior. Another parameter that evaluates the
physical properties of gel systems is the loss tangent (tan §), which was
obtained from the ratio G” to G’. In the elastic behavior tan § < 1, and in
the viscous behavior tan & > 1 (Razmkhah, Razavi, & Mohammadifar,
2016). According to the results reported in Table 4, the amount of tan &
decreased as the concentration increased. In the 0.5% solution, the tan &
value was more than 1 (1.75), and it showed the viscous behavior, but in
other samples tan § values were less than 1 (0.234-0.445), indicating
that the elastic behavior was dominant in the linear viscoelastic region.

The critical strain value (yp), which indicates the point at which the
G’ modulus begins to decrease (LVE range), increased from 1.047% at
the concentration of 0.5%-9.99% at the concentration of 3% (Fig. 5a).
As a result, it can be estimated that by increasing concentration the
resistance of solutions to deformation increases. It can be observed that
by increasing concentration the resistance of the samples to flow in-
creases, and the solid-like behavior becomes stronger. The addition of
NaCl reduced the LVE and the critical strain value (Fig. 5b). However, in
all samples G’ was higher than G’ without any intersection point,
indicating the gel-like behavior. The tan 6 values were in the range of
0.265-0.275, confirming the weak gel behavior in all samples. At higher
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Fig. 4. (a) Hysteresis loops of flow curves for different concentration of AOP solutions (0.5, 1, 2, and 3%), (b) at different concentrations of NaCl, (c) at different pHs

(2%, 25 °C), and (d) relative hysteresis area.

and less neutral pH, both the LVE and critical strain decreased (Fig. 5b),
but the weak gel behavior (tan 6§ < 1) was observed in all samples
(Table 5), indicating that the 2% solution of AOP had acceptable resis-
tance over a wide range of pH. This gum has constituted from 40%
uronic acid, so ions can change electrostatic interactions which lead to
change in rheology and gelling properties. The values of the strain sweep
parameters including G’ Lyg, G’ LvE, tan 8 Lyvg, and y, have been reported
in Table 5.

3.5.2. Frequency sweep oscillatory shear test

Frequency sweep test of biopolymer solutions is the most convenient
oscillatory shear test and its results depend on various factors such as
concentration, molecular weight, dispersion conditions (pH, ionic
strength), structural properties (degree of branching, type of functional
groups, and structure stiffness), and type of solvent (Fadavi et al.,
2014a). Frequency sweep test for the AOP solutions was conducted at
variable concentrations (0.5%, 1%, 2%, and 3% w/v) in the frequency
range of 0.1-100 Hz, the constant strain of 1%, and at 25 °C (Fig. 6a). At
the concentration of 0.5%, G’* (0.035 Pa) was higher than G’ (0.021 Pa),
and their values increased as frequency increased (high dependency on
the frequency) without observing the crossover point. Moreover, the
amount of tan 6 was more than 1 (1.66), which indicated the behavior of
a viscous dilute solution. However, at concentrations of 1%, 2%, and 3%
G’ was higher than G, and they were partly dependent on frequency,
indicating the behavior of a solid-like or weak gel behavior (Camara
et al., 2020). In real gels (strong gel) G’ is greater than G, but they are
frequency-independent, and their diagram are seen as two parallel lines.
As expected, as the concentration increases, the dependency of visco-
elastic parameters on frequency (0.1-100 Hz) decreases, which can be
attributed to the increase of interactions between the chains to form a
complex structure that increases resistance to deformation (Zhou, Eid,

Xiong, Ren, & Ai, 2020).

Tan & values for solutions containing 1%, 2% and 3% AOP were
0.753, 0.493 and 0.471, respectively. Since its value was less than 1, the
elastic behavior was predominant, and it can be considered as a weak
gel. Fig. 6b shows the frequency sweep analysis of 2% AOP solution at
different concentrations of NaCl (0.1, 0.25, and 0.5 M). In all samples,
the G’ modulus was higher than the G’’, and they showed the behavior of
a weak gel. The G’ values (o = 1 Hz) for the solution containing 0.1,
0.25, and 0.5 M salt were equal to 4.58, 3.99, and 3.35 Pa, respectively
which were lower than the values of the sample without salt (5.57 Pa).
Moreover, tan & (o = 1 Hz) for solutions containing 0.1, 0.25 and 0.5 M
of salt are equal to 0.519, —0.531, and 0.540, respectively. It can be
concluded that AOP polysaccharide solution in the presence of different
concentrations of NaCl showed good stability, and its gel-like behavior
did not change. On the other hand, viscoelastic moduli showed little
dependence on frequency. Fig. 6¢ shows the effect of different pHs (3.0,
5.0, 7.0, 9.0, and 11.0) on the viscoelastic parameters of 2% AOP so-
lution. At both acidic and alkaline pHs in comparison to neutral condi-
tions, the viscoelastic moduli values decreased, and the tan & increased.
In all samples except for the sample with pH 11.0, the G’ modulus was
higher than the G’ modulus, and the solid-like behavior were observed
in them. However, the solution whit pH 11.0 exhibited a cross-over
point; this point is defined as the point of gel formation. The G’ was
primarily higher than the G’ at low frequencies, and then they inter-
sected as the frequency increased (Bai, Zhu, Wang, & Wang, 2020). This
plot indicates that it is not good gelling agent in the condition (Milani,
Ghanbarzadeh, & Maleki, 2012). The values of the parameters G, G,
and tan 8 (® = 1 Hz) are reported in Table 6.

3.5.3. Temperature-sweep oscillatory shear test
In addition to concentration, the temperature is another factor that
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Fig. 5. (a) Changes in G’ and G” modulus in strain sweep test for AOP solutions with different concentrations (0.5, 1, 2, and 3%), (b) at different concentrations of

NaCl, and (c) at different pHs (2%, @ = 1 Hz, 25 °C).

Table 5
The strain sweep parameters of the AOP solutions with different concentrations,
at different concentrations of NaCl, and at different pHs (2%, w = 1 Hz, 25 °C).

Concentration of AOP G’ (Pa) vk G” (Pa) Lvg Tandyyg L (%)
0.5% 0.08 0.14 1.75 1.047
1% 1.66 0.74 0.445 3.16
2% 11.2 2.97 0.265 6.81
3% 20.3 4.77 0.234 9.99
Concentration of NaCl (mol/L)

0.1 9.89 2.7 0.273 4.64
0.25 8.91 2.51 0.281 4.64
0.5 8.25 2.23 0.270 3.15
pH

3.0 5.59 1.93 0.345 3.15
5.0 7.79 2.62 0.336 4.64
9.0 6.99 2.22 0.317 4.63
11.0 3.15 1.11 0.352 3.15

affects the formation and melting of gel. The results of the temperature
sweep test, and its effect on viscoelastic functions are reported in Fig. 7.
As the temperature increased from 5 °C to 90 °C, both G’ and G*> moduli
decreased; the decrease in moduli is likely to be due to the breakdown of
intermolecular interactions, the weakening of hydrogen bonds, and ul-
timately the increase in fluidity at high temperatures (Seo, Kang, Lee,
Lee, & Chang, 2018). On the other hand, when temperature decreases,
both moduli increase slightly without intersecting each other; this in-
dicates the formation of a three-dimensional network between the
molecules of the biopolymer structure at low temperatures (Lee, Jung, &
Chang, 2020). Moreover, the G' modulus was higher than G’
throughout the heating and cooling process, indicating heat stability of

weak gel structure and there is no phase transition (sol-gel) in them
(Yuan, Li, Huang, & Fu, 2020). Since the phenomenon of hysteresis was
observed during the heating and cooling process, this solution can be
considered as thermally irreversible gels that which have not capable of
returning to their original state. In one research conducted on basil seed
gum, it has been reported that both the G’ and G’ moduli increased as
the temperature increased, which attributed to the presence of hydro-
phobic groups, where the temperature strengthens the bond between
them (Hosseini-Parvar, Matia-Merino, Goh, Razavi, & Mortazavi,
2010a). In other temperature sweep oscillatory tests on the poly-
saccharide solutions including high methoxyl pectin from the pulp of
tamarillo fruit (Nascimento, Simas-Tosin, lacomini, Gorin, & Cordeiro,
2016), the G’ and G’ moduli increased as the temperature decreased
during the cooling process, and its cooling curves were higher than the
heating ones, which could be attributed to the formation of new and
stronger inter and intra-molecular interactions.

4. Conclusion

The rheological properties of a water-soluble acidic polysaccharide
extracted from Althaea officinalis L. root (AOP) were evaluated. AOP had
an intrinsic viscosity of 9.4 d1 g~! and average molecular weight of 1560
kDa, which could potentially give high viscosity, and be used as a
thickening agent. The apparent viscosity and pseudo-plasticity of the
AOP solutions increased with increasing concentration, and their values
decreased with the addition of NaCl and in acidic and alkaline pH
ranges. The AOP solutions showed thixotropic behavior, and increasing
the concentration increased its thixotropic property. While in the pres-
ence of salt and acidic and alkaline pH ranges, the thixotropic behavior
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Table 6

The frequency sweep parameters of the AOP solutions with different concen-
trations, at different concentrations of NaCl, and at different pHs (2%, o = 0.1
Hz, strain = 1%, 25 °C).

Concentration of AOP G’ (Pa) G" (Pa) Tand
0.5% 0.021 0.035 1.66
1% 0.73 0.55 0.753
2% 5.57 2.75 0.493
3% 10.83 5.11 0.471
Concentration of NaCl (mol/L)

0.1 4.58 2.38 0.519
0.25 3.99 2.12 0.531
0.5 3.35 1.81 0.540
pH

3.0 1.68 1.28 0.761
5.0 3.2 1.89 0.590
9.0 2.61 1.60 0.613
11.0 0.291 0.469 1.611

decreased. The AOP dispersions exhibited typical viscoelastic behavior
at concentrations of 1%, 2%, and 3%, but at a concentration of 0.5%
showed a viscous-like behavior. According to the results of the tem-
perature sweep test, the AOP solution (2%) formed thermally irrevers-
ible gels.
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Fig. 7. Changes in G’ and G” moduli in temperature sweep test for AOP solu-

tion (2%, w = 1 Hz, strain = 1%, 25 °C).
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