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Laboratory Technology, Accra Technical University, Accra, Ghana; cSchool of Applied Science and Technology, Department of Food and 
Postharvest Technology, Cape Coast Technical University, PMB, Cape Coast, DL 50, Ghana

ABSTRACT
Employing response surface methodology, partially purified polysaccharides from Sorghum bicolor 
L. leaf sheath were extracted using synergized ethanol adjunct-treated ionic liquid aqueous two 
phase system (1-octyl-3-methylimidazolium chloride, [C8mim]Cl and K2CO3) and dual frequency 
ultrasound-assisted extraction. Under ultrasound conditions of 35 °C, 20&60 KHz, 25 mins an 
experimental yield of 16% PPS was achieved. Dual frequency ultrasound-assisted dialysis effectively 
reduced salt content of extracted PPS solution in a liquid membrane. The polysaccharides collected 
after dialysis maintained primary structures. The introduction of ethanol in the ionic liquid aqueous 
two phase system therefore ensured an excellent simultaneous extraction and partial purification.
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Introduction

Currently, scientists into bioseparation have undivided 
attention on efficient simultaneous separation and pur
ification of macromolecules from natural sources using 
methods that are eco-friendly liquids, cut down time 
and cost of using traditional methods. Progressively, 
extraction of plant crude polysaccharides followed by 
purification process using ionic liquid aqueous two 
phase system (ILATPS) has been reported by Tan et al. 
(2012)[1] and in a previous work Otu et al. (2018).[2] 

Merging two protocols becomes advantageous to the 
food industry, since time and cost into crude polysac
charide extraction can be minimized. It is thus para
mount to develop a high yield simultaneous process for 
the separation and purification of macromolecules.

Interfacial tension is known to exist between the 
surfaces (or interface) of two immiscible liquids. The 
greater the dissimilarity between the two phases, the 
greater the interfacial tension.[3] Meanwhile, it has 
been established that solvents with as low as 15 dynes/ 
cm interfacial tension can best penetrate targeted 
compounds.[4] The need for a low interfacial tension 
can be achieved by the introduction of other solvents 
which usually act to reduce interfacial-free energy.[3] 

Hydrophilic surfaces are highly negatively charged and 
therefore attract positively charged solvent causing their 

cationic head group chains to orient toward the solution 
leading to electrostatic double layer repulsion and thus 
decrease in hydrophobic interaction and subsequent 
decrease in cohesion.[5] Therefore in an attempt to 
achieve higher extraction yield, anti-solvent was 
employed which is known to be a solvent in which 
targeted compounds are less soluble but possess hydro
philic stabilizers[6] and thus can greatly reduce interfa
cial tension between solvents when applied at a very low 
concentration. Specifically, ethanol was employed as 
a form of adjunct in the ionic liquid aqueous two 
phase system to aide in the reduction of interfacial ten
sion at the salt-rich – ionic liquid-rich (liquid-liquid) 
interface and thus penetrate better the polysaccharide 
matrices of Sorghum leaf sheath and further increase 
yield of extracted polysaccharides. To the best of our 
knowledge the introduction of ethanol as an adjunct in 
an ionic liquid aqueous two phase system (EA-ILATPS) 
for the simultaneous separation and purification of poly
saccharide in this work has not yet been reported.

Intermolecular associations of polysaccharides, 
degree of branching and glycosidic branching are 
among some chemical properties that directly affect the 
antioxidant properties of polysaccharides.[7–9] 

Therefore, obvious ways by which chemical properties 
of targeted compound can be interfered must be avoided 
by researchers. For example, the helical structure of 
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a template peptide has been found to be almost 
destroyed at a high salt concentration.[10] This implies 
that thorough desalination after extraction of polysac
charides by the salt-rich phase of an ILATPS can lead to 
the maintenance of the primary chemical structures of 
samples. It is also an established principle that replace
ment of dialyzate with fresh dialyzate will further reduce 
concentration of small molecules in sample. Since repla
cement of equilibrated dialyzate affects the diffusion of 
small molecules (salt) from samples, this work further 
varied the rate of dialyzate replacement under dual fre
quency ultrasound to ascertain the overall impact on the 
level of desalination.

Sorghum leaf sheath has high content of antioxidants, 
together with simple phenolic acids, as well as polyphenols, 
particularly 3-deoxyanthocyanidins, notably luteolinidin 
and apigenidin.[11,12] These phyto-constituents have been 
found to possess vasoprotective,[13] lipid peroxidation 
inhibition and free radicals scavenging characteristics.[14] 

The impact of extraction, purification and desalination 
process on the antioxidant property of purified polysac
charides (PPS) was also determined in this work.

Dual frequency type of ultrasound reactor is character
ized by a strong interference pattern in the ultrasound 
reactor that curbs any form of directional effect. The dual 
frequency ultrasound provides a solution to a directional 
sensitivity, a shortcoming of single frequency type of ultra
sound reactor that can cause varying volumetric energy 
dissipation in the reaction medium, thus limiting extrac
tion yield.[15] Therefore, the objectives of this study were to:

(i) investigate the optimum volume ratio of water: 
ethanol for the ILATPS formation.

(ii) establish the individual and interactive effects of 
ultrasound-assisted process variables including 
dual frequency, temperature and time on the 
yield of partially purified polysaccharides.

(iii) optimize the operational parameters to obtain 
the maximum yield of pure polysaccharides 
using Box-Behnken Designs (BBD).

(iv) investigate the impact of dual frequency ultra
sound and dialyzate replacement on the liquid 
membrane dialysis process.

(v) characterize the extracted purified polysaccharide 
and investigate the antioxidant activity in-vitro.

Materials and methods

Preparation of powder sample

Dried S. bicolor leaf sheath was obtained from Ghana. 
The leaf sheath was pulverized into powder and sieved 
through a 100-mesh screen. Majority of 

monosaccharides, pigments and fats were removed 
from the powder using ethanol (90% v/v) in a Soxhlet 
system at 70 °C for 4 h. The filtered residue was dried at 
40 °C in a hot air oven to obtain the pretreated dry 
sample powder.

Phase diagram

The phase diagrams were determined by the cloud point 
titration method at atmospheric pressure and at 
a temperature of 298.15 K, which was maintained con
stant by using a water thermostat (KW-1000DC, Jintan 
Zhongda Instrument Factory, China). Aqueous solu
tions composed of 50 wt% K2CO3 and aqueous solutions 
of [Cnmim]Cl at 50 wt% were prepared and used for 
determination of the binodal curves.[16,17]

For comparison purpose, a 20%v/v ethanol-water was 
used to prepare ionic liquid (IL) and salt solution for the 
binodal control system. The concentration of ethanol 
was kept constant in all systems. The aqueous inorganic 
salt solution was added drop-wise to the IL aqueous 
solution until the detection of a cloudy solution (bipha
sic region), followed by the drop-wise addition of water 
until the formation of a clear solution (monophasic 
region). The weights of the added components were 
recorded. The drop-wise addition was carried out 
under constant shaking. The composition of each tern
ary system was determined by weight quantification of 
all components within ± 10−4 g (using an analytical 
balance, PRACTUM124-1CN from Sartorius Scientific 
Instruments Co., Beijing). The phase diagram experi
ments were repeated three times and the average weight 
was obtained. The binodal data of these systems were 
correlated using the Merchuk equation (Eq. (1)).[18] 

Y ¼ A expðBX0:5 � CX3Þ (1) 

Where Y and X are the PEG and salt weight percentages, 
respectively, and A, B, and C are the fitting parameters 
obtained by regression of the data.

Choice of ethanol concentration in ILATPS

To three different sets of 15 ml centrifuge tubes, 35% (w/ 
w) of [C8 mim]Cl (1-octyl-3-methylimidazolium chlor
ide), 17% (w/w) of K2CO3 and pretreated powdered sam
ple were added. Finally, 48% (w/w) of ethanol: Water 
volume ratios of 20:80, 40:60, 60:40% v/v were added, 
respectively. The mixtures were vortex to mix well 
under room temperature. Purified polysaccharides were 
extracted into salt-rich phase using DF-UAE operational 
conditions (20&60 KHz, temperature 30 °C and time 
30 min) of ultrasound water bath under continuous 
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mode (5 seconds on for each frequency). The phase 
separation was speeded using centrifugation at 2000 rpm 
for 5 min and thus two clear phases were formed. The 
polysaccharide content of the bottom phase was measured 
using the phenol-sulfuric method. The polysaccharide 
content was calculated using the formula in Equation (1): 

Yieldð%Þ ¼ C � V=W � 100 (2) 

Where C (g/ml) is the concentration of polysaccharide 
solution, V (ml) is the volume of bottom phase and 
W (g) is the weight of purified polysaccharide.

Preparation of EA-ILATPS and polysaccharide 
separation

To a 15 ml centrifuge tube, 35% (w/w) of [C8 mim]Cl, 
17% (w/w) of K2CO3, 48% (w/w) of ethanol: water 
volume ratio (40:60% v/v) (based on results obtained, 
Fig. 2) and pretreated powdered sample was added. 
Another mixture with the same phase components with
out crude polysaccharide was prepared as blank to avoid 
interference. The mixture was vortex to mix well under 
room temperature. Purified polysaccharides were 
extracted into salt-rich phase using designed dual fre
quency, temperature and time of an ultrasound water 
bath under continuous mode (5 seconds on for each 
frequency). Purified polysaccharide content was calcu
lated using formula described under section 2.3.

Liquid membrane dialysis of polysaccharide

Desalination was achieved as described by Zhang et al. 
(2018) with brief modification.[19] Partially purified poly
saccharide extracted into the salt-rich phase under opti
mum dual ultrasound operating parameters was dialyzed 
using a recyclable dialysis membrane (D44 mm, MWCO 
8000–14000), enabling the filtration of the salt and IL. The 
dialysis membranes containing polysaccharide – salt-rich 
solutions (SL-D20P and SL-D30P) were dialyzed under 
ultrasound conditions (20&60 KHz, 25 °C, and 60 mins), 
while replacing dialyzate (water, 300 ml) every 20 mins 
and 30 min, respectively, within 1 h and further kept in 
dialyzate for 5 h without ultrasound. The extracted poly
saccharides were lypholized for further characterization.

Single-factor design

As a preliminary tool, single-factor design was devel
oped for the extraction of purified polysaccharides with 
extraction factors X1 (dual frequency: 40&60, 20&40, 
20&60 KHz), X2 (extraction temperature: 25, 30, 35, 
40, 45 °C) and X3 (extraction time: 10, 20, 30, 40, 50, 
60 min) each with a control group. Each experimental 

factor was varied as the other experimental factors were 
kept constant. All experiment was conducted in tripli
cate under a constant power of 240 W and 4 mg/ml 
sample concentration and the dependent variable used 
was the extraction yield of purified polysaccharide.

Optimization of experimental design

Three variables were selected, coded (X1, X2, X3) and 
examined in three levels (Table 1) based on the experi
mental results from the single-factor experiments. 
A response surface methodology was then conducted 
using the Box-Behnken Design (BBD). It comprised of 
17 experimental runs, conducted in triplicates and its 
experimental results has been presented (Table 2).

Preliminary characterization of polysaccharides

Total carbohydrate, proteins and polyphenolic 
content
The total carbohydrate and protein contents of SL-D20 

P and SL-D30P were determined according to phenol- 
sulfuric method[20] and Bradford Method[21] respec
tively. The phenolic contents were measured as 
described by Kumar, et al. (2008).[22]

Table 1. Variables and the corresponding three levels employed 
in Box-Behnken Design for simultaneously separated and pur
ified polysaccharide extraction.

Variable Units

Coded Levels

Symbol −1 0 1

Temperature oC X1 25 30 35
Dual Frequency KHz X2 40&60 20&40 20&60
Time Mins X3 10 20 30

Table 2. Experimental design of response surface analysis and its 
experimental values.

Run

X1 

Temperature 
(oC)

X2 Dual fre
quency (KHz)

X3 Time 
(mins)

Y Crude 
Polysaccharide (%)

1 30 20&60 30 16.32
2 25 40&60 20 9.89
3 30 20&40 20 9.42
4 25 20&60 20 9.55
5 30 20&40 20 9.27
6 35 20&40 30 7.06
7 30 20&40 20 9.42
8 25 20&40 30 3.02
9 30 20&60 10 4.13
10 35 20&60 20 16.09
11 30 40&60 30 0.90
12 35 40&60 20 9.68
13 30 20&40 20 9.50
14 25 20&40 10 2.50
15 30 40&60 10 9.60
16 30 20&40 20 7.54
17 35 20&40 10 4.70
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Monosaccharide composition
Monosaccharide composition was determined using Gas 
chromatography (GC), a methodology described by 
Wang et al. (2017).[23] Briefly, 10 mg of sample was 
hydrolyzed in ampoules with trifluoroacetic acid (2 M, 
2 ml) for 3 h at 110°C. It was then evaporated and 
methanol was added to remove TFA. The hydrolyzates 
were mixed with hydroxylamine hydrochloride (10 mg) 
and pyridine (0.5 ml) and allowed to incubate at 90°C for 
30 min. Acetic anhydride (0.5 ml) was added and again 
incubated at 90°C for 30 min. The mixtures were cooled 
to room temperature, and then filtered using 0.22 μm 
filters. The resulting alditol acetates were then analyzed 
by GC, which was performed on a Thermo TRACE1300 
instrument fitted with FID (280°C) and equipped with 
HP-5 column (30 m × 0.25 mm × 0.25 μm). The column 
temperature was maintained at 110°C for 5 min, and 
increased to 190°C for 4 min at a rate of 5°C/min, then 
increased to 210°C for 10 min at a rate of 3°C/min. 
Standard monosaccharide used included (D-glucose, 
D-xylose, D-mannose, D-galactose, D-galacturonic acid, 
L-arabinose). These were prepared and subjected to GC 
analysis separately in the same way.

Spectral analysis

Fourier transform-infrared (FT-IR)
The infrared spectra of the samples were measured 
between 4000 and 400 cm−1 absorbance mode on the 
FT-IR spectrophotometer (Nicolet, Nexusn670). 
Samples were ground with KBr (1:100 mg) and pressed 
into a translucent pellet. Scanning was performed with 
a resolution of 4 cm−1.

Ultraviolet (UV) spectroscopy
The ultraviolet spectra of SL-D20P and SL-D30 

P solutions (1.0 mg/ml) were recorded with scanning 
UV-vis spectrophotometer (Rayleigh, UV- 1601) in the 
200–400 nm region in 1.00 cm quartz cell against dis
tilled water as blank.

Structural analysis

Tertiary structure (Congo red method)
The conformational structures of (SL-C20P) and (SL-D30 

P) were determined as described by Qui et al. (2013)[24] 

with little modification. Briefly, different sets of solu
tions were prepared containing polysaccharides (1 mg/ 
ml, 2 ml) in (0.0–0.5 M) NaOH (increasing stepwise by 
0.05 M increments using (4 M) NaOH solution) and 
(100 µM, 2 ml) of Congo red. These were analyzed in the 
range of 400–700 nm with a UV-Vis spectrophotometer 
and the maximum absorption wavelengths were 

recorded as a function of NaOH concentration. Congo 
red in NaOH served as the negative control.

Scanning electron microscopy (SEM)
The Scanning Electron Microscope (JSM-7001 F, JEOL, 
Tokyo, Japan) was used to observe the morphological 
characteristics of the sample polysaccharides. Each sam
ple was coated with a conductive layer of gold-palladium.

Molecular weight (Mw)
The molecular weights (Mw) were determined by High 
Performance Size-Exclusion Chromatography (HPSEC) 
using three column; OHpak SB-806 HQ column (8.0mm 
ID x 300 mm), OHpak SB-805 HQ column (8.0 mm ID 
x 300 mm) and OHpak SB-806 HQ column (8.0 mm ID 
x 300 mm): Shodex®, Japan. The performance conditions 
were: column temperature 25°C, injection volume: 15 µl 
(2 mg/ml w/v) and flow rate 0.500 ml/min with KH2PO4 

(pH 6.0), Detector: RI. Data from the light scattering 
instrument (HELEOS) was collected and analyzed using 
ASTRA 6.1.7.15 (Wyatt Technology), and the molecular 
weight calculated.

Particle size (Dynamic light scattering)
Hydrodynamic diameter of the purified sample in water 
(2 mg/ml) was determined using the dynamic light scatter
ing methodology as described by Ren et al. (2015).[25] 

Briefly, the hydrodynamic diameter of the purified sample 
in water was examined using dynamic scattering on 
a Zetasizer nano ZSP (Malvern Instruments, UK). The 
solution containing the sample (2 mg/ml) were filtered 
through a (0.45µ) syringe filter. The solution was measured 
firstly at room temperature (25 °C) and then secondly 
heated at 70 °C for 1 hour 50 min (1.5 h) and then cooled 
down to a temperature of 25 °C and again measured. 
Samples were measured 10 times under each condition.

Rheological properties

The steady shear and oscillatory tests samples at 
a concentration of 5 mg/ml were conducted with 
a DHR-1 rheometer (TA Instruments, Surrey, UK) 
using a cone-and-plate geometry, with a cone angle of 
1°, a diameter of 50 nm, and a gap of 1.0 mm. Oscillatory 
(dynamic) tests were performed using small deforma
tion oscillatory rheometry at 25 °C between 10 and 
0.01 Hz. The viscoelastic properties, storage modulus 
(G´), loss modulus (Gʹʹ) and tan δ were recorded versus 
frequency. The steady shear measurements were per
formed at 25 °C between 1 and 100 s−1. All measure
ments were done in triplicates.
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Antioxidant activity in-vitro

Hydroxyl radical scavenging assay
The hydroxyl radical assay was measured using the 
method described by Jen et al. (1998).[26] Briefly, 
Samples were dissolved in distilled water (5–30 mg/ 
ml). The sample solution (1.0 ml) was mixed with 
FeSO4 (9 mM, 1.0 ml) and 9 mM salicylic acid solution 
(1 mL, 50% ethanol). Then, 8.8 mM H2O2 (1.0 ml) was 
added to start the reaction. Similarly, the background 
was composed of sample solution (1.0 ml) mixed with 
FeSO4 (9 mM, 1.0 ml). In place of salicylic acid solution, 
50% ethanol (1.0 ml) was used. Again, 8.8 mM H2O2 

(1.0 ml) was added to start the reaction. For the control 
distilled water (1.0 ml) was substituted for the polysac
charide solution. The test sample, background group 
and control sample were kept in water bath at 37°C for 
1 h. After warming in a water bath, the absorbance of the 
mixture was measured at 510 nm.

The hydroxyl radical scavenging rate was calculated 
using the following formula in Eq. (3): 

Scavenging Rateð%Þ ¼ ½1 � ðA1� A2Þ=A0� � 100% (3) 

Where A0 is the absorbance of the control group (without 
polysaccharides), A1 is the absorbance of the test group, 
A2 is the absorbance of the background group.

ABTS radical scavenging assay
The ABTS radical scavenging assay was measured using 
the method described by Zhou et al. (2011)[27] with slight 
modifications. Briefly, ABTS (50 ml, 7 mM) was mixed 
with 140 mM potassium peroxydisulfate (890 μl), then 
kept in dark at room temperature for 12–16 h before use. 
The samples were prepared in a variety of concentrations 
(5–30 mg/ml). The polysaccharide solution (0.2 mL) was 
added to the ABTS·+ solution (5 ml). The absorbance of 
the mixture was measured at 734 nm namely after holding 
at room temperature for 6 min. The ABTS radical scaven
ging rate was calculated using the following formula: 

Scavenging Rateð%Þ ¼ ½1 � ðA1� A2Þ=A0� � 100% (4) 

Where A0 is the absorbance of the control group (without 
polysaccharides), A1 is the absorbance of the test group, A2 is 
the absorbance of the background group (without ABTS.+).

Results and discussion

Choice of ionic liquid

By increasing alkyl chain length, phase forming ability 
with K2CO3 salt was found to be in the order: [C10mim] 
Cl ≈ [C6mim]Cl > [C4mim]Cl > [C8mim]Cl. The alkyl 
length, [C8mim]Cl demonstrated the least phase forming 
ability (Fig. 1). A similar pattern was confirmed by Pei 

and Coworkers (2007).[28] In their report, [C6mim]Br > 
[C8mim]Br in phase forming ability with K2HPO4 salt. 
The cation, [C6mim]+ was found to be the best in phase 
formation. The alkyl length [C12mim]Cl however formed 
the easiest immiscibility using lower concentration of salt.

The use of ethanol in solution preparation changed the 
observed phenomenon in phase forming abilities (Fig. 1). 
By increasing alkyl chain length, phase forming ability 
was found to be in the order: [C8mim]Cl > [C10mim]Cl ≈ 
[C6mim]Cl > [C4mim]Cl. The remarkable improvement 
in phase formation of [C8mim]Cl with K2CO3 salt solu
tion can be attributed to solvatrophobic interaction 
between the hydrocarbon portion of the ethanol and IL. 
The interaction guides ethanol micelles formation which 
tends to enhance solvation characteristics of the IL/ etha
nol system.[29] Therefore, the IL [C8mim]Cl assisted with 
ethanol was the selected system used for this work.

Choice of ethanol concentration in ILATPS

The variation of ethanol-water solution concentrations 
used in the preparation of different ternary systems showed 
clear impact on amount of polysaccharides extracted into 
the bottom salt-rich phase of ATPS. Highest polysacchar
ides and proteins extraction efficiencies of 15.91% and 
0.92% were recorded, respectively, for ternary systems pre
pared using 40%v/v ethanol-water solution. Further 
increase in concentration of ethanol-water solution- 
reduced polysaccharides and increased proteins extraction 
efficiencies in ILATPS. At a low ethanol concentration, 
more hydronium ion (H3O+) is known to be produced. 
This occurrence can be attributed to greater water 
content.[30] The pH value of low ethanol concentration 
becomes lower, promoting depolymerization of 
cellulose.[31]

Single-factor experiments

Effect of ultrasound temperature
The ultrasound temperature of 35 °C showed the highest 
significantly different (p ˂ 0.05) yield in extracted purified 
polysaccharide under fixed conditions (ultrasound dual 
frequency: 20&40 KHz and ultrasound time: 30 mins) 
(Fig. 3(a)). Beyond the temperature of 35 °C, 
a significantly different (p ˂  0.05) reduction in polysacchar
ide yield was recorded for purified polysaccharide in the 
salt-rich phase of ionic liquid aqueous two phase system. 
Above a temperature 35 °C there was reduction of the 
salting out effect of salt since water moves from the top to 
the bottom, an observation confirmed by Xie et al. and Otu 
et al.[2,32] which leads to reduction in the amount of poly
saccharides extracted. Thus, 35 °C temperatures was used 
for this work.
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Effect of ultrasound dual frequency
The yield of simultaneously separated and purified poly
saccharides based on the effect of ultrasound operational 
parameter, dual frequency under fixed conditions (ultra
sound temperature: 30 °C and ultrasound time: 30 mins) 
has been shown in (Fig. 3(b)). Application of dual 

frequency, 20&60 KHz demonstrated the highest signif
icantly different (p ˂ 0.05) yield of pure polysaccharides. 
Specific ultrasound frequency difference has been found 
to impact higher extraction yield,[33] consistent with the 
observed extraction ability of ultrasound frequency 
20&60 KHz.

Figure 1. Phase diagrams of [Cnmim]Cl with and without ethanol.

Figure 2. Effect of ethanol adjunct on the simultaneously extracted and purified polysaccharides yield in an ionic liquid aqueous two 
phase system, [C8mim]Cl/K2CO3 under dual frequency ultrasound.
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Effect of ultrasound time
Under fixed conditions (ultrasound dual frequency: 
20&40 KHz and ultrasound temperature: 30 °C), ultra
sound time (30 mins) recorded the highest significantly 
different (p ˂ 0.05) yield in purified polysaccharide (Fig. 
3(c)). There was however no significant difference 
(p < .05) between ultrasound time, 30 min and 
40 mins, making 30 mins the peak time for extraction. 
Increasing the time above 30 mins may have increased 
temperature for hydrolysis of polysaccharides to take 
place.[34]

Optimization using Box-Behnken design

Fitting the model
To evaluate the quality of the fitted model, analysis of 
variance (ANOVA) was performed (Table 3). In the 
model, the second-order polynomial model for the 
extraction of purified polysaccharide was statistically 
significant with a small model (< 0.0001) and satisfac
tory coefficient of determination (R2 = 0.9834). The 
linear parameters for the purified polysaccharides were 
found to be at significant levels (X1, X2, X3: 0.0010, 
0.0002, 0.0292, respectively). Quadratic parameter (X2

2 

,X3
2) were found to be at significant levels (0.0002, < 

0.0001, respectively) for extracted purified polysacchar
ide. On the other hand, interaction parameters (X1X2, X2 

X3: 0.0046, < 0.0001, respectively) were at significant 
levels for the purified polysaccharides. The “lack of Fit- 
Value” of the model was not significant with a p-value of 

0.5107. The significant regression and non-significant 
lack of fit indicated that the regression equation is ade
quate to represent the actual relationship between the 
response values (Y) and three independent variables of 
the purified polysaccharides. The quadratic regression 
equations obtained for the purified polysaccharide Eq. 
(5) is as follows: 

Y ¼ 9:03þ 1:57X1þ2:00X2þ0:80X3þ1:69X1X2

þ0:46X1X3þ5:22X2X3� 0:57X2
1þ2:85X2

2� 4:14X2
3

(5) 

Figure 3. Effect of A) ultrasound temperature (25°C – 45°C) B) ultrasound dual frequency (40&60, 20&40, 40&60) and C) time 
(10–60 min) on the yield of Sorghum Leaf sheath extracted and partially purified polysaccharides.

Table 3. ANOVA for Response Surface Quadratic Model for 
simultaneously separated and purified polysaccharide 
extraction.

Source
Sum of 
Squares df

Mean 
Square F Value

P-value 
Prob>F

Model 281.20 9 31.24 46.16 < 0.0001
X1 19.72 1 19.72 29.13 0.0010
X2 32.05 1 32.05 47.35 0.0002
X3 5.06 1 5.06 7.47 0.0292
X1X2 11.36 1 11.36 16.78 0.0046
X1X3 0.85 1 0.85 1.25 0.2999
X2X3 109.14 1 109.14 161.24 < 0.0001
X1

2 1.39 1 1.39 2.05 0.1952
X2

2 34.10 1 34.10 50.38 0.0002
X3

2 72.11 1 72.11 106.54 < 0.0001
Residual 4.74 7 0.68
Lack of Fit 1.923 0.64 0.91 0.5107
Pure Error 2.81 4 0.70
Cor Total 285.94 16
R-Squared 0.9834
Adj R Squared 0.9621
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Analysis of response surfaces
Ultrasound operation temperature when increased to 
about (30 °C) together with a shift toward the dual 
frequency of 20 & 60 KHz caused an increase in 
polysaccharide yield. Not much increase was observed 
with temperatures above (30 °C) (Fig. 4(a)). The ultra
sound temperatures when increased from 25 °C to 35 
°C along with increasing time from 10 mins to 
25 mins also recorded an increase in polysaccharide 
yield. After 25 mins polysaccharide yield assumed 
a constant level (Fig. 4(b)). At dual frequency 
(20&60 KHz) the yield of polysaccharide increased 
from 10 mins to 25 mins (Fig. 4(c)). The combination 
of the analysis of variance (ANOVA) (Table 3) and 
response surfaces (Fig. 4) indicated that the interac
tion effect between ultrasound dual frequency, tem
perature and time of purified polysaccharide were 
statistically significant. Therefore, the effect of ultra
sound frequency, temperature and time was con
cluded to have had an effect on the extraction yield 
of purified polysaccharide.

Verification of predicted value of the models
The optimal conditions for the ultrasonic extraction 
were predicted at 34.02 °C, 20&60 KHz dual frequency, 
and time, 22.62 mins) for purified polysaccharides. The 
application of ultrasound to purified polysaccharide 
extraction was repeated at near optimum conditions by 
maintaining the predicted dual frequency (20 & 60 KHz) 
and modifying temperatures from 34.02 °C to 35 °C and 
time from 22.62 mins to 25 mins. In summary (Table 4), 
purified polysaccharide under the optimal predicted 
conditions and actual experimental showed close values. 
Also, an experiment conducted to reveal level of extrac
tion of purified polysaccharide with ultrasound under- 
stated optimum conditions and without ultrasound (Fig. 
5) confirmed the model to be the choicest.

Preliminary characterization of polysaccharides

Total carbohydrate, protein, phenolic and salt content
The chemical composition of SL-D20P and SL-D30 

P including total carbohydrate, protein and polyphenol 

content (Table 5) showed no much difference in values 
between the two purified samples. This showed that the 
dialysis process had no effect on the carbohydrate, pro
tein and polyphenolic content.

Partially purified polysaccharides solution after 1 h 
application of DF-UAD was further kept in dialyzate for 
5 h without ultrasound. The sample, SL-D20P, had the 
dialyzate replaced every 20 mins within the 1 h of exposure 
to ultrasonic waves. It demonstrated a change in weight 
that ranged from 73 to 100%. The second sample, SL-D30P, 
had the dialyzate replaced every 30 mins within 1 h of 
exposure to ultrasonic waves. It demonstrated a change in 
weight that ranged from 50 to 106%. The control sample 
was dialyzed without DF-UA and showed a change of 
weight that ranged from 42 to 78%. This implies SL-D30 

P after dialysis process obtained a much less salt concen
tration (Table 6) due to greater salt replacement by dialy
zate. This is in agreement with scientific reports that show 
that continuous cavitation occurs at the surface of filters 
used for filtration. Such cavitation prevents blockages of 
filters allowing for movements of small particles.[35]

Monosaccharide composition
The Fig. 6 (i) and (ii) showed that, the monosaccharide 
D-glucose was easily noticeable in SL-D20P (19.19%) 
and SL-D30P (9.61%) having used retention time and 
content for all six monosaccharides authentic standards 
(Fig. 6(a)). Also found in little amount was L-Arabinose, 
in SL-D20P (5.39%) and (SL-D30P) (3.83%). D-xylose 
and D-mannose were not detected in both samples.

Whiles SL-D20P did not show any peak for galactose, it 
recorded a much higher galacturonic acid (75.42%). On the 
other hand, SL-D30P recorded 22.70% galactose and a total 
amount of 63.85% galacturonic acid. This implies that DF- 
UAD under continuous mode and replacement of dialy
zate every 20 mins for 1 h as part of a 6 h dialysis process 
caused the total oxidation of galactose to galacturonic acid. 
The effect of oxidation occurring under continuous mode 
of DF-UAD is similar to reported high lipid oxidation 
under continuous mode of ultrasound extraction.[36]

Spectral analysis

FT-IR spectra
The functional groups of extracted polysaccharides were 
studied using the FT-IR Spectroscopy (Fig. 7). It was 
revealed that SL-D20P and SL-D30P from Sorghum 

Table 4. Predicted and actual experimental values of Sorghum 
bicolor leaves polysaccharide (%) extracted under modified opti
mal extraction conditions.

Type

Extraction Variables

Polysaccharide 
(%)X1 (

oC)
X2 

(KHz)
X3 

(mins)

Optimum (Predicted) 34.02 20&60 29.62 16.11
Modified Optimum 

(Experimental)
35 20&60 30 16.02 ± 0.04

Table 5. Preliminary characterization of SL – D20P and SL- D30P.
Composition SL – D20P SL – D30P

Carbohydrate (%) 36.53 ± 0.05 36.12 ± 0.07
Protein (%) 0.30 ± 0.06 0.032 ± 0.04
Polyphenol (%) 22.23 ± 0.12 20.22 ± 0.08
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Figure 4. Response surface model plot showing the effects of independent variables on Sorghum Leaf sheath separated and purified 
polysaccharide yield: (A) temperature (oC) and dual frequency (KHz) (B) temperature (oC) and time (mins) (C) dual frequency (KHz) and 
time (mins). (Note: Dual frequency 40 & 60 = 1, Dual frequency 20 & 40 = 2 and Dual frequency 20 & 60 = 3).
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bicolor leaf sheath had similar peaks. Easily noticeable 
and usually associated with polysaccharides was the 
hydroxyl stretching vibration[37] by the bands at 
3291 cm−1and the stretching asymmetric vibration of 
C-H[37] and then also the stretching symmetric vibration 
of C-H[38] at the bands ranging from 2852 cm−1 – 
2929 cm−1. Furthermore, bands ranging 
1,166 cm−1 − 1,200 cm−1 and 1004 cm−1 proposed 
peak related to C-C stretching vibration and 
C-O stretching vibration, respectively.

Ultraviolet spectra
The UV spectra of both SL-D20P and SL-D30P recorded 
no absorbance at 260 and 280 nm that depicted the 
absence of nucleic acid and protein after separation and 
purification process (Fig. 8). This proved a very successful 
deproteinization, combining DF-UAE and EA-ILATPS. 
The result was in agreement with the records on total 
protein (Table 5) of SL-D20P and SL-D30P.

Structural analysis

Polysaccharide conformation
The β-1, 3-linked glucose units of sorghum leaf sheath 
reported in literature was evident in the strong hypso
chromic shift of SL-D20P, moving from the maximum 
absorption to a shorter wavelength after the transition 
from triple-helix conformation in the congo red poly
saccharide solution. On the other hand, after the separa
tion, purification and dialysis process, SL-D30P, also 
maintained its helical structure demonstrating 
a bathochromic shift, moving from its maximum 
absorption to a longer wavelength close to that of the 
negative control (Fig. 9).

Morphological analysis (SEM)
The DF-UA separated and purified polysaccharide 
SL-D20P presented a transition-like structure. Basically, 
a combination of porous network-like and aggregated- 
like morphological structures was observed. It is worth 
noting that in our previous work,[2] replacement of dia
lyzate every 10 mins within a 1 h DF-UAD as part of 6 h 
dialysis process presented a porous network-like mor
phology. The sample SL-D30P on the other hand, pre
sented the absence of any porous network-like structures 
but large aggregated structures (Fig. 10). Large aggre
gated-like structures observed with SL-D30P agreed with 
the notable large particle size recorded when dissolved in 
solution under room temperature (section 3.7.4) and 
further confirmation from records on it molecular weight 

Figure 5. Effect of optimum dual ultrasound application on the extraction yield of simultaneously separated and purified polysacchar
ides and soluble proteins extracted into the bottom phase of the ethanol adjunct (40% v/v) ionic liquid aqueous two phase system, [C8 

mim]Cl/K2CO3.

Table 6. Effect of dual frequency ultrasound on liquid membrane 
dialysis of polysaccharides in salt-rich phase of ionic liquid aqu
eous two phase system, [C8mim]Cl/K2CO3.

Time (Hours) Δw (SL-D20P) Δw (SL-D30P) Δw (Without DF-UAD)

1 73.98 50.00 42.65
2 89.74 75.43 60.13
3 96.83 92.82 71.40
4 99.79 104.8 76.54
5 100.42 106.29 79.65
6 100.03 106.65 78.12

*DF-UAD = Dual frequency-ultrasound assisted dialysis
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which was beyond the maximum range of weight mea
surable using three columns in this work (section 2.10.3).

Molecular weight (HPSEC)
A molecular weight of (1,113,000 g/mol) was 
recorded for SL-D20P after extraction and purifica
tion process (Table 7). Meanwhile, SL-D30 

P demonstrated a molecular weight above working 
range of columns used during our experiments. Thus, 
prepared sample was too large to get trapped in the 
stationary phase. This is in agreement with the 
observed aggregated morphological structure (Fig. 
10) and aggregated particle size when dissolved in 
water under room temperature (Fig. 11).

Figure 6. GC spectrum of monosaccharide composition of (A) monosaccharide reference, (i) SL-D20P and (ii) SL-D30P. The number 
1 = D-galactose, 2 = L-arabinose, 3 = D-glucose, 4 = D-xylose, 5 = D-galacturonic acid, 6 = D-mannose.

Figure 7. The FT-IR spectra of SL-D20P and SL-D30P polysaccharides.
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Particle size (DLS)
The number particle size distribution of purified poly
saccharides, SL-D20P and SL-D30P, in aqueous solutions 
was illustrated on (Fig. 11). When dispersed in water, 
particle size distribution with diameter for the former 
ranged (262.58 nm to 1,037.40 nm) and the latter 
(3,766.58 nm to 22,599.95 nm) with main peaks 

diameter at (521.93 nm and 9,226.30 nm), respectively. 
Having held the aqueous solution of SL-D20P under 
a temperature of 70 °C for 1.5 h increment in particle 
size distribution was observed in the recorded area 
from (328.85 nm to 1,316.00 nm) and main peak 
(657.85 nm). Thus, hydrophobic forces in SL-D20 

P after heat exposure rather intensified its aggregation. 

Figure 8. The UV-vis spectra of crude and IL-ATPS purified polysaccharide.

Figure 9. Helix-coil transition analysis of SL-D20P and SL-D30P.
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This agrees with literature,[39] that most food polysac
charides can undergo heat-induced molecular aggrega
tion based on supported conformational changes in 
their structure. On the other hand, SL-D30P after 
heat exposure recorded a reduction in particle size 
distribution that ranged (258.03 nm to 946.65 nm) 
with a peak diameter at (494.23 nm). This confirms 
the irreversible effect of heat on the detachment of 
notably large aggregate of the polysaccharide SL-D30 

P in water.

Rheological properties

The storage modulus (Gʹ(of SL-D20P and SL-D30 

P demonstrated strong elasticity, with a consistent 
increase in frequency (1 to 10 Hz) (Fig. 12(a)). High 
molecular weight has been found to lead to easy overlap 
of molecules which causes easy formation of junction 
zones.[40] The loss modulus (Gʹʹ) of SL-D30P therefore 
demonstrated a faster junction zone formation due to 
the above working range molecular weight established 
under section 3.5.3 (Fig. 12(b)). SL-D30P recorded slightly 
higher Gʹʹ values, making it slightly viscous. However, D20 

P and SL-D30P showed dominant elastic portion since tan 
δ was (˂ 1) under frequency (˂ 1 Hz) (Fig. 12(c)). The 
viscosity of both D20P and SL-D30P depicted a near – 
Newtonian flow behaviour, with constant records 
throughout the shear rate experiment (Fig. 12(d)).

Figure 10. SEM of SL-D20P and b) SL-D30P.

Table 7. Molecular weight of polysaccharide (SL-D20P) from 
Sorghum bicolor leaf sheath.

Samples

Molecular weight (g/mol)

Mn Mp Mw Mz Mw/Mn

SL-D20P 1,090,000 965,000 1,113,000 1,143,000 1.021

Figure 11. Particle size distribution of polysaccharides SL-D20P and SL-D30P in aqueous solution with or without heat.
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Antioxidant activity

Scavenging effect on hydroxyl radical
Ascorbic acid, SL-D20P and SL-D30P hydroxyl radical 
scavenging activities have been displayed in (Fig. 13(a)) 
within a concentration range of 5–30 mg/ml. The sam
ples SL-D20P and SL-D30P presented similar scavenging 
rate that ranged (56% – 67%). The positive control, 
ascorbic acid, however, had 80% scavenging rate. 
Meanwhile IC50 for ascorbic acid, SL-D20P and SL-D30 

P were 5 mg/ml, 8 mg/ml and 10 mg/ml respectively. 
This result has close relationship with total phenolic 
content recorded (Table 5) for the two extracted poly
saccharide samples with SL-D30P being slightly lower in 
value. Furthermore, polysaccharides with lower molecu
lar weight have been found to give rise to higher hydro
xyl scavenging activity.[41] This agrees with the 
determined molecular weight of the two samples.

Scavenging effect on ABTS radical
Correspondingly, Fig. 13(b), displays the ABTS radical 
scavenging activity of Ascorbic acid, SL-D20P and 
SL-D30P at different concentrations (5–30 mg/ml). 
Both extracted polysaccharide samples demonstrated 
a 100% scavenging rate for all experimental concentra
tion whiles the ascorbic acid had very close range with 
negligible difference in scavenging rate of 99.75–100%. 
All three samples had an IC50 value of 5 mg/ml IC50.

Conclusion

Simultaneously separated and purified polysaccharide 
with the aid of ethanol surfactant in an ionic liquid 
aqueous two phase system yielded a very remarkable 
yield of 16% under dual frequency ultrasound treatment. 
Though frequency of dialyzate replacement was varied 

Figure 12. The storage modulus Gʹ A), loss modulus Gʹʹ B), loss tangent tan δ dynamic frequency sweep test C) and D) steady shear flow 
curves of SL-D20P and SL-D30P polysaccharides.

Figure 13. Scavenging effects of ascorbic acid, SL-D20P and SL-D30P polysaccharide on: (a) Hydroxyl radical and (b) ABTS radical.
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under dual frequency ultrasound in the two working 
samples, total carbohydrate and proteins showed no 
much difference in values. Nevertheless, less frequent 
replacement of dialyzate aided in higher salt replace
ment (desalination). D-glucose was the predominant 
monosaccharide component in all samples but 
D-galactose was completely oxidized in SL-D20P. The 
helical structure of Sorghum bicolor leaf sheath was 
intact after separation, purification and dialysis under 
dual frequency ultrasound. Morphological transition 
was displayed, from partly aggregate-like and partly 
porous network-like sample (SL-D20P) to a fully aggre
gate-like sample (SL-D30P). Whiles SL-D20P sample 
aggregated after heat application in a solution, SL-D30 

P aggregated nature was hydrolyzed after heat exposure. 
Both samples demonstrated elastic dominance and 
excellent ABTS radical scavenging abilities. These dis
played characteristics of extracted polysaccharides can 
be fully utilized in various product developments in the 
food and pharmaceutical industry.
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