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2. Steady shear flow
3. Shear stress
4. Shear rate
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1. Response surface methodology (RSM)
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12. Mizrahi — Berk model
13. Heinz model

14. Apparent viscosity
15. Carraeu model

16. Weltman model
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5. Power law

6. Consistency coefficient

7. Flow behavior index

8. Bingham model

9. Yield stress

10. Herschel — Bulkley model
11. Casson model
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17. Figuni — Shoemaker model

18. Tiu — Boger model

19. Dynamic rheology

20. Strain sweep

21. Linear viscoelastic region (LVR)
22. Frequency sweep
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Table 1 The parameters of shear rate — shear stress based rheological models for the emulsions containing

PMS gum
Models 0.3% 0.5% 1%
Power law model
kp(Pa.s") 0.06344 0.0648 0.5013
n]5 0.8102 0.8077 0.6619
R 0.9999 1 0.9996
RMSE 0.006752 0.0046 0.05716
Bingham model
oy (Pa) 0.1859 0.1941 0.9508
kg (Pa.sn) 0.02543 0.0256 0.09618
R2 0.994 0.9947 0.9761
RMSE 0.06037 0.0573 04615
Herschel — Bulkley model
oo (Pa) 0.0112 0.0557 0.1929
ky (Pa.sn) 0.06574 0.0766 0.5646
Ny 0.8032 0.7111 0.6395
R’ 0.9999 1 0.9999
RMSE 0.006279 0.0045 0.04173
Casson model
oy (Pa) 0.6692 0.6697 0.931
ke (Pa.sn) 0.0006988 0.000715 0.01089
R? 0.992 0.9935 097
RMSE 0.1999 0.1843 1.085
Mizrahi — Berk model
oy (Pa) 0.03723 0.06927 0.907
ky (Pa.sn) 0.004512 0.003927 03115
Ny 0.595 0.360 0.276
R? 0.9999 0.9999 0.9985
RMSE 0.01196 0.01326 02778
Heinz model
oy (Pa) 0.6961 0.7137 0.9532
ky (Pa.sn) 0.08334 0.08348 0.1962
R? 0.9954 0.9953 0.9784
RMSE 0.03428 0.03479 0.1765
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Fig 1 Apparent viscosity of emulsions containing
PMS gum as a function of shear rate (1 — 100 s™)
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Table 2 Shear rate — apparent viscosity rheological parameters of the emulsions containing PMS gum

Models 0.3% 0.5% 1%
Carraeu model
Mo (Pa.s) 336.8 583.2 608.2
Ye (s-1) 0.323 0.00075 0.00064
m 0.1499 0.1333 0.1085
R? 0.9811 0.9973 0.9986
RMSE 0.156 0.8623 0.441
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Table 3 Shear stress — time rheological parameters of emulsions containing PMS gum

Models 0.3% 0.5% 1%
Weltman model
A (Pa) 1.424 1.524 6.515
-B (Pa) 0.005901 0.006238 0.01299
R? 0.8601 0.8782 0.8859
RMSE 0.002768 0.003588 0.005662
Figuni — Shoemaker
;“‘(’SZ; 1.419 1.526 6.577
o. (Pa) 1.450 1.543 6.622
k() 0.07297 0.01803 0.005333
R2 09109 0.8602 08117
RMSE 0.001736 0.002533 0.008211
Tiu — Bugar model
o; (Pa) 09728 1.417 6.385
o. (Pa) 1.453 1.551 6.581
k(s 0.9929 0.3287 03171
R2 0.9872 0.9608 0.9399
RMSE 0.001953 0.001592 0.001206
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Fig 2 Viscosity of emulsions containing PMS gum as
a function of shearing time (Shear rate 50 s™')
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Table 4 Strain sweep parameters of emulsions containing PMS gum (strain% = 0.1 — 10%, angular
frequency: 1 rad/s, 25°C)

. G' (Pa) G" (Pa) Tand v1 (Pa) vr (Pa)
Concentration (Storage modulus) (Loss modulus) (Yield strain)  (flow point strain)
0.3% 8.27+0.68 6.98 +0.38 0.84+0.17 0.317+0.41 0.464 +0.85
0.5% 19.55+0.41 15.51+0.44 0.79+0.52 0464 +0.78 0.682 +0.41
1% 28.48 £0.03 20.72 +0.12 0.72+0.79 1.12+0.04 1.46+0.79
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Fig 4 Strain sweep profile of emulsions containing
PMS gum for loss modulus (G") changes with
different concentrations (Angular frequency: 1

rad/s,25°C)
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Fig 3 Strain sweep profile of emulsions containing

PMS gum for elastic modulus (G’) changes with

different concentrations (Angular frequency: 1 rad/s,
25°C)

Table 5 Frequency sweep parameters of emulsions containing PMS gum (Angular frequency = 0.1 —
100%, strain%: 0.01%, 25°C)

Concentration G’ (Pa) G" (Pa) Tand N (Pa.s) Slope of n'-f
0.3% 32.85+0.74 22.00+0.14 066+041 567+035 -0.58=+0.12
0.5% 39.85+ 041 25.50+0.79 063+£0.79 681+046 -0.63+0.78

1% 48.85 £ 0.69 27.92 +0.08 0.60+0.88 926+0.05 -0.75+0.09
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Fig 6 Frequency sweep profile of emulsions
containing PMS gum for elastic modulus (G') and
viscous modulus (G") for 0.5% concentration (Strain:

0.01%, 25°C)
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Fig 7 Frequency sweep profile of emulsions
containing PMS gum for elastic modulus (G') and
viscous modulus (G") for 1% concentration (Strain
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Fig 5 Frequency sweep profile of emulsions
containing PMS gum for elastic modulus (G') and
viscous modulus (G") for 0.3% concentration (Strain:
0.01%, 25°C)
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Table 6 Power law parameters calculated for the G’ and G” of emulsions containing PMS gum at
frequency sweep test

Concentration G =aw’ "= cwd
b R? RMSE d R? RMSE
0.3% 0.238 0.965 0.593 0.218 0.962 0.543
0.5% 0216 0.994 1.546 0.192 0.915 1.483
1% 0.171 0.955 2.692 0.136 0.905 1.771
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The rheological properties of emulsions containing ultrasound-assisted extracted Plantago major seed
gum with different concentrations (0.3, 0.5 and 1% w/v) were discussed in this paper. The results of
steady shear flow experiments were categorized in three main groups: Shear rate — shear stress (fitted well
with Herschel - Bulkley model), apparent viscosity — shear rate (fitted well with Carraeu model) and shear
stress — time relationships (fitted well with Tiu - Bugar model). Models were selected due to their R* and
RMSE values. The dynamic rheology experiment results including strain and frequency sweep
demonstrated that all emulsions showed gel-like behavior which is resulted from more stable interactions
and chains in the structure. Cox — Merz rule was applied to investigate the relationship between complex
viscosity (") as a function of frequency and apparent viscosity (1,) as a function of shear rate in which
the results considered that in all samples the complex viscosity was higher than apparent viscosity.
Therefore, the PMS gum based emulsions did not obey this rule.

Key Words: Plantago major L. seed gum, Ultrasound-assisted extraction, Emulsion, Steady shear flow,
Dynamic rheology
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