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Table 1- The real and coded values of independent variables for experimental design

Factor Name Units Type
A Alkaline pH Numeric 9.00
B Isoelectric pH Numeric 4.00
C Temperature °C  Numeric 4.00
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Minimum Maximum Coded Low Coded High Mean

11.00 -1-900 +1+«11.00 10.00
5.00 -1 400 +1<500 4.50
24.00 -1 400 +1+24.00 14.00
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Table 2- Values of independent and dependent variables in different runs

Factor 1 Factor 2 Factor 3
Run A: B: C:
Alkaline Isoelectric Temperature
pH pH 0
1 9 4.5 4
2 9 5 14
3 11 4.5 24
4 11 4 14
5 10 5 4
6 10 4.5 14
7 10 4.5 14
8 10 4 4
9 9 4 14
10 10 4 24
11 10 4.5 14

Response 1 Response 2 Response 3  Response 4
Foaming Foam Foam Solubility
Capacity (/)  Stability 30 Stability 60 (mg/ml)
min (7. min (/)

180 66 30.29 0.117
200 60.58 35.76 0.113
140 115 63 0.105
120 97.04 59 0.115
280 55 26.57 0.121
230 55.19 33.33 0.116
240 55.17 33.33 0.117
150 68 33.33 0.126
250 50 33.33 0.119
260 110 55.54 0.116
230 53.11 34.47 0.116
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12 10 4.5 14 240 55.87 33.33 0.117
13 11 5 14 230 49.56 33.33 0.114
14 9 4.5 24 210 85.16 50.12 0.109
15 11 4.5 4 150 73.56 40 0.115
16 10 4.5 14 240 55.21 37 0.114
17 10 5 24 180 76.93 45.45 0.116
18 10 4.5 14 240 55.18 33.33 0.116
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Table 3- Variance analysis of the effect of independent variables on the Solubility, foam formation capacity of
black bean and protein foam stability at 30 and 60 minutes after foam formation

Source df  Mean Square Mean Mean Mean
of Foaming Square of Square of Square of
Capacity Foam Foam Solubility
Stability 30 Stability 60
min min
Model 9  3970.68" 790.41 209.53" 0.0000™"
A- Alkaline pH 1 5000.00™" 673.81"" 262.55™ 0.0000™
B- Isoelectric pH 1 1512.50™" 860.50"" 200.90"" 0.0000™
C-Temperature 1 112.50" 1938.47°" 880.32"" 0.0001"*
AB 1 6400.00™" 842.74™" 197.40™ e
AC 1 400.00™ 124.10™ 251" 0.0000™
BC 1 11025.00™ 100.70"** 277" 0.0000™
A? 1 7728.03" 307.44" 153.27°* 0.0001"*
B2 1 128.03" 391" 0.3840 " 0.0001™
c? 1 2637.12" 2032.37" 146.50™ 0.0000™
Residual 8 19.79 2.07 2.06 0.000
Lack of Fit 3 8.33" 4.05" 1.85" 0.0000™
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Pure Error 5 26.67
Cor Total 17

Fit Statistics

R? 0.9956
Adjusted R? 0.9906
Predicted R? 0.9835
Adeq Precision 47.8750
CV.% 2.12

0.8917 2.18 0.0000
0.9977 0.9914 0.9730
0.9951 0.9816 0.9426
0.9719 0.9452 0.8375
62.0954 34.9103 26.7796

2.10 3.63 0.9042

ns: not significant, *: significant at the 5% level (p < 0.05), **: significant at the 1% level (p <0.01), ***: significant at the 0.1% level (p <

0.001)
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Fig. 1. The interaction of Alkaline pH and Isoelectric pH (a), temperature and Alkaline pH (b), temperature and
Isoelectric pH (c) on the foam formation capacity of black bean protein at the moment of foam formation
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Fig. 2. The interaction of alkaline pH and isoelectric pH (a), temperature and alkaline pH (b), temperature and
isoelectric pH (c) on the stability of black bean protein foam 30 min after foam formation
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isoelectric pH (c) on the stability of black bean protein foam at 60 min after foam formation

111

s Lo s 5 S (LIL 0dd Olgie 3l g0 4 4 55 L

el s () sy ollas 4ids Ve C208 51

Y =434.13+573 A-5.01 B+10.49 C - 7.02 AB +
0.7925 AC — 0.8325 BC + 5.93 A2+ 0.2967 B2+ 5.79
C? (R2 = 0.9914)



V400 OLT Y 0,95 VY o,led

Cuto Dl 5 JeS 0 S glaes 85 B e JL Al
e Sty 1Sl andls glag o (el glaos S 51 36
et 5 g Al Rl el s lasl L wl (gladed
5 W pH Ll Jl (da) Ko s 0 mie oD
L::}J )‘ AJ.J:C‘sz.J U‘f":jﬁ C,.:S% 2 pﬂjlﬁbﬂ(p[‘l
SM‘WL‘)@MV}LMJ@QW\)OQM
Sl oS gL.;J}K?— )‘bw &.‘J_e‘ &LJ«L» &pr U’:'i\J'e(
s el ol S Sl pH 3 51 2 OF 1
Loy 5 sl I pH blize 31 @db) S ol Lol o
olis b el.;.w L:.njj )| o.L.ZJCb};’;.u\ wﬁ;}ﬂ C,.;.b’\} 2
£ JsbepH s > Ol o 2 IS5 il e o
Sl Eel Gt mle Gles il cd sdslcwsa
d):.wb)jb.) MJ?MJ"")J@ l.A.) &‘f‘ CM‘ QMC’?‘%
S @) IS spd S el amd g 5 B
e.,\..I:C\fLZ.&\ u?::)ﬁ C,.”J)&;-fb l.»ija_l.:l} pH J;La..ﬁ
))Q:JM?JMJ&.Z&;LEJMJ&QL&;@@L:;}})‘
Sl e.)\ALL.wJM. j).‘bj;Lw u':"Li 6L§L«> 9 K J.J(JJPH
WU slabes 3 Lo gt 55i Sle slos 5 LUWSpH il 53l
oL Cu gl el s G Sl s S Csl
hﬂdbﬂjﬁ@%}h&d\y%@\ﬁﬁk&:&

s J‘ib dLaJ 9 d,L:lS pH cek:.w

ol L 25 C 0l Olge 3ylse a5 L
ol oo s (0) sty ollas ol S glaesls ulu
Y =+0.1160 - 0.0011 A - 0.0015 B - 0.0041 C +
0.0013 AB - 0.0005 AC +0.0013 BC — 0.0045 A” +
0.0038 B2 (R% = 0.9730)

(0) alal,
L;:“)blﬁmbjjwﬁjﬁqaajjﬁ'bMJQLLJYcALJ\)UJ"‘))
pH Sk B LB pH Sl A () e 5 5

Al

112

c(M)J> 4.&.:5)‘\' )\ o= ;.66)‘.4\.1\.3 Q\J:AY 4.2.:‘) Lﬁ“ DL
dl.a.h C 9 &fﬁ\)ﬁ\ pH sl B L&L:LE pH sl A

J.Mbda (J\Jf‘_;u'l.w a>,3) 5 mla

IR M= 25yl -0

S s gl b Ll BT s
O () i 3 sboo L) 3 il i Slocs
SN el esliial 35 5m Ogee S Joe il o 03l
X 5Y OF 53 a8 w3 8 0ly () adaly 5l eslizal b (55
2o s Gl dele S k) sy Sl o 4

A oyl 08 =g 50 Jsb
= (8) o,
Y =0.0498 X +0.0935 (R?0.959)

B n S 5d e edalle (1) JSE 53 &8 ) sboles
4> 4w Hlsgad cpl glaesls 3 )ls Sl 3pH 50 Cod SIS
b s e s e Ol 5y s e 6l
e el s S lnl pH 4 s gl
Jolwe Gl PH 5> (055 Sl Olsee o 5eS
5 dde heg add Ol b olie @l ol oy 601
S s el A (lslamd] AAT Ol Ken
e 4 Olg el ebds cpl e [YASYR]USL o YooV
o ol 5 Sl pH 53 (S sSlSL Ty Oy
andls lay s fals e o 5 e 5 ke (S SL
Bl Gl iy Wl s sl e
Sl s) Jls sl glay s ade s 4 (k;.mljﬁg_.)T)
Js o n 5ol Camad (dlp)lils 5 (S35
5o gt (Sl S il slag i el
Laoptis oy 5o 51wl 3 K opl (S o g
sy e S el Vs ol paeme o
s o sl 5 WS sl pH s s S



sokiiity ('™

@ﬂﬁ)ﬂd)ﬂa&dhéﬁ)&u O‘JK"AJ“';J.JJ&:"L:"J‘:"‘“

E) kﬁ-:sjﬂ gw‘)b ﬁ‘ﬁ\ Lf‘*'-’- ‘d@_:LLA J:jb “ j“ U'i‘ b)‘bd‘wgdbucu)‘euwdhgduu:ﬂ)ﬁ
s eols o 5 Sl s xSl andls il 530 OLar 5 U 58) Lo 5 a5 (glanlllas 53 (Jlie Ol soe

s5d> ) pH l5al aS Al esls Olas Al <=l>.;}l CERR

Solutiity vy

Sohsility (%)

A Akaline pH

C Tempresure (Tl)

113



100 LT Y 6,95 AWV o led

Qlﬂl L;l"lb Gw‘gf}l&&u

Fig. 4. The interaction of alkaline pH and isoelectric pH (a), temperature and alkaline pH (b), temperature and
isoelectric pH (c¢) on protein solubility of black bean protein

slaesls 5 QLSS aw 53) o2 slaesls o (5515 oae
S35 skaas OLiS S (p>'/'0) Lo edalie ol J"i" u*:'?i

C'“Ll b 2elb gilwang -

M= 5 S ol S ke ol g Gl
o3 gdowe 53 s (gla ane polie ol L s
)lj_g JISLa\?- - BE 4.';.\,.:\_5 6\.&:}:;&'.0 E) ol k_ﬂ.lj,*.?

<ol t Student O go3l ams 5 (8) Jsas las s S

Table 4. Predicted and experimented optimal conditions

Alkalin Isoelectri Temperatur ~ Foam Foam Foam Solubility
e pH c pH e (°C) Capacity  Stability Stability 60 (mg/ml)
(%) 30 min min (%)
(%)
Criteria Isin Isin Isinrange Maximiz Maximiz Maximize Maximize
range range e e
Predicted 10.089 4 24 253.024  111.096 57.803 0.116
Experimente  10.089 4 24 251£1™  110£1™ 58.87+0.017"  0.115+0.002"
d S S

ns = not significant

Sl eslizal [l 4 55 e baasly ol (p>0.05) sl
2l s b Sl Ol 4 LS slanss
S U5 b SIS SV pae W 5 i sl
LS LS

oS wlb cals,

2 oBuses s el 5l ST 5 S Wb culs,
IR PP | VPN

e’l;.e oo\

b (g s 45l

skins 88 (Saw O Sanlgstyn Syse 55 Jrand slaesls

S8 s 5 Syl

u.:AU &m:l:&&:)d”]@q-)a 4‘.’).).5;5”.‘."5’“:’°"\':"“’
s 5 s e 6 S50 5 K b i, b

114

G S amS -t

Jolse b cou & il sdzmy sy SO S (gluL
)LT}L\A Les c&.;}:g\jﬁ\ alad cpH 4.l,o..>- )‘ LR
S S, &S sl 0L adlas ol syls I3 5,
byl i Cod cogllas  Suis S sl LB b olw slo
52 5 W PH eapdoms 53 055 4 pland S5 ol
SeS S gulbl 4 goblas sk o4 YL glabes
ok 5 S wod b Y Ol BpH Aul58 LS e
Olas s 4 ol pl a8 sy Sl s a5 0 S
T g O [P
OV M) GLBpH g Ll 5 55 58 al b S oo
cr i (318 il a3 YE) Loy 5 (8) &G Ul 50 pH
Shs S cdb iy () e Ol
(NVY04) adds e )5 S (g5l b o 2iy 5 (AYOY.Y)
MTC/M-LV al.;.w L;J‘}j w.f..;jﬁ 6‘_).7 (/0\//\')4.3..:5)-\' BLI)

LS)\%;'M sl s slaesls L l58l D.. g Cb



OLen 5 4555 Ak odonw

@l}.a—o

Campbell, G. M. (2008). A history of aerated [1] [\]

foods. In Bubbles in Food 2 (pp. 1-21). AACC
International Press.

[2] Deotale, S., Dutta, S., Moses, J. A,
Balasubramaniam, V. M., & Anandharamakrishnan,
C. (2020). Foaming characteristics of beverages and
its relevance to food processing. Food engineering
reviews. https://doi.org/10.1007/s12393-020-09213-4

[3] Campbell, G. M., & Mougeot, E. (1999). Creation
and characterisation of aerated food products. Trends
in Food Science & Technology, 10(9), 283-296.

[4] Asioli, D., Aschemann-Witzel, J., Caputo, V.,
Vecchio, R., Annunziata, A., Naes, T., & Varela, P.
(2017). Making sense of the "clean label" trends: A
review of consumer food choice behavior and
discussion of industry implications. Food Research
International, 99, 58-71.
https://doi.org/10.1016/j.foodres.2017.07.022

[5] Nadathur, S., Wanasundara, J. P., & Scanlin, L.
(Eds.). (2016). Sustainable protein sources. Academic
Press.

[6] World Health Organization. (2024). Malnutrition
[fact sheet]. https://www.who.int/ne ws-room/fact-
sheets/detail/malnutrition.

[7] Jiang L, Wang J, Li Y, Wang Z, Liang J, Wang R,
et al. Effects of ultrasound on the structure and
physical properties of black bean protein isolates.
Food Res Int. (2014) 62:595-601. doi:
10.1016/j.foodres.2014.04.022

[8] Evangelho, J. A. d., Vanier, N. L., Pinto, V. Z.,
Berrios, J. J. D., Dias, A. R. G., & da Zavareze, E. R.
(2017). Black bean (Phaseolus vulgaris L.) protein
hydrolysates: ~ Physicochemical and functional
properties. Food Chemistry, 214, 460-467.

[9] L. Day, Proteins from land plants Potential
resources for human nutrition and food security,
Trends Food Sci. Technol. 32 (2013) 25-42.
https://doi.org/10.1016/j.tifs.2013.05.005.

[10] R. Saurel, Pea proteins: structure, extraction and
functionalities, Agri-food (2020).
https://doi.org/10/gm97f3

115

(Sl ime 03 Cupdesile psgie 53 Dl
Al o et lis (5 S50 5 2S5 1Bl p 5 g5l
T sl 5 (b ) 5 (ol e el e s

Llails oSl

[11] L.M. Sagis, J. Yang, Protein-stabilized interfaces
in multiphase food: comparing structure-function
relations of plant-based and animal-based proteins,
Curr. Opin. Food Sci. 43 (2022) 53-60.
https://doi.org/10.1016/j.cofs.2021.11.003.

[12] Rezace Barzani H, Zamindar N. Optimizing the
functional characteristic of the protein foam stability
of Anna variety Kabuli chickpea. FSCT 2025; 22
(158):31-47

URL: http://fsct.modares.ac.ir/article-7-71377

[13] Cermeiio, M., Silva, J. V., Arcari, M., & Denkel,
C. (2024). Foaming properties of plant protein blends
prepared using commercial faba bean and hemp
protein concentrates at different faba bean/hemp
protein ratios. Lwt, 198, 115948.

[14] Périé, L., Savoire, R., Harscoat-Schiavo, C.,
Delample, M., Roze, M., Crepin, M., & Leal-
Calderon, F. (2025). Improvement of the foaming
properties of pea protein concentrate suspensions by
physical or enzymatic treatments. Colloids and
Surfaces A: Physicochemical and Engineering
Aspects, 709, 136076.

[15] Zheng Z, Li J, Li J, Sun H, Liu Y. (2019).
Physicochemical and antioxidative characteristics of
black bean protein hydrolysates obtained from
different enzymes. Food Hydrocolloids. Dec
1;97:105222.

[16] Phongthai S, Lim ST, Rawdkuen S. (2016).
Optimization of microwave-assisted extraction of rice
bran protein and its hydrolysates properties. Journal
of cereal science. Jul 1;70:146-54.

[17] Mousakhani-Ganjeh, A., Hamdami, N., &
Soltanizadeh, N. (2015). Impact of high voltage
electric field thawing on the quality of frozen tuna fish
(Thunnus albacares). Journal of Food
engineering, 156, 39-44.

[18] Moure, A., Sineiro, J., Dominguez, H., & Parajo,
" J. C. (2006). Functionality of oilseed protein
products: A review. Food Research International,
39(9), 945-963.

[19] Samaei, S. P., Ghorbani, M., Sadeghi Mahoonak,
A., & Alami, M. (2021). Investigation of functional
and antioxidant properties of faba bean protein


https://doi.org/10.1007/s12393-020-09213-4
https://doi.org/10.1016/j.foodres.2017.07.022
https://doi.org/10.1016/j.tifs.2013.05.005
https://doi.org/10.1016/j.cofs.2021.11.003
http://fsct.modares.ac.ir/article-7-71377

1800 LT Y 6,95 AWV o ke

hydrolysates using combines hydrolysis. Food
Processing and Preservation Journal, 12(2), 25-38.

[20] Gochev, G., Retzlaff, 1., Exerowa, D., & Miller,
R. (2014). Electrostatic stabilization of foam films
from B-lactoglobulin solutions. Colloids and Surfaces
A: Physicochemical and Engineering Aspects, 460,
272-279.

[21] Osobie, C. C., Olawuni, I., Nwakudu, A.,
Blessing, N., Emilia, N., & Chinyere, A. (2013).
Effect of temperature and pH on the functional
properties of flours and protein isolate from dehulled
black crowder cowpea (Vigna unguiculata)
seeds. Natural Products: an Indian Journal, 9(10),
403-411.

[22] Lech, F. J., Delahaije, R. J. B. M., Meinders, M.
B. J., Gruppen, H., & Wierenga, P. A. (2016).
Identification of critical concentrations determining
foam ability and stability of B-lactoglobulin. Food
Hydrocolloids, 57, 46-54.

[23] Asadbeigi, M., Zamindar, N., Goli, M. (2023).
Optimization of Functional Properties of Emulsion
and Foam of Kimia Lentil Protein Isolate. Iranian
Journal of Pulses Research, 74(1), 133-145.

[24] Khan, S. H., Butt, M. S., Sharif, M. K., Sameen,
A., Mumtaz, S., & Sultan, M. T. (2011). Functional
properties of protein isolates extracted from stabilized
rice bran by microwave, dry heat, and parboiling.
Journal of Agricultural and Food Chemistry, 59(6),
2416-2420.

[25] Zhang, H., Claver, L. P., Zhu, K. X., & Zhou, H.
(2011). The effect of ultrasound on the functional
properties of wheat gluten. Molecules, 16(5), 4231—
4240.

[26] Abdel-Aal, E. S. M., Shehata, A. A., EI-Mahdy,
A. R., & Youssef, M. M. (1986). Extractability and
functional properties of some legume proteins isolated
by three different methods. Journal of the Science of
Food and Agriculture, 37(6), 553-559.

[27] El-Hawwary, N. A. (1988). Relation between
iso-electric point and soluble protein extracted from
plant seeds at pH 10. Agricultural Research
Review, 66(3), 433-439.

[28] El Nasri, N. A., & El Tinay, A. H. (2007).
Functional properties of fenugreek (Trigonella
foenum graecum) protein concentrate. Food
chemistry, 103(2), 582-589.

116



JFST No. 177, Vol. 23, November 2026

Homepage:www.fsct.modares.ir

Journal of Food Science and Technology (Iran)

Scientific Research

Functional Characterization of Black Bean Protein with Emphasis on Solubility, Foam

Formation and Stability

Saeideh Shafiei Varzaneh!, Nafiseh Zamindar?", Shohreh Vahed?, Seyed Nezamoddin Mirsattari*
1-PhD Student, Department of Food Science, Shah .C., Islamic Azad University, Shahreza, Iran

2-Associate Professor, Department of Food Science and Technology, Faculty of Agriculture, Water, Food, and

Nutraceuticals, Isf.C., Islamic Azad University, Isfahan, Iran

3- Assistant Professor, Department of Food Science, Shah .C., Islamic Azad University, Shahreza, Iran

4- Associate Professor, Department of Chemistry, Faculty of Agriculture, Water, Food, and Nutraceuticals, Isf.C., Islamic

Azad University, Isfahan, Iran

ARTICLE INFO

ABSTRACT

Article History:

Received: 2025/08/05

Review: 2026/01/07

Accepted: 2026/01/31

Keywords:

Black bean protein,
Functional Properties,
Foaming properties,
Foam stability,

Protein solubility

10.48311/fsct.2026.84082.0
*Corresponding Author E-

n.zamindar@iau.ac.ir

In the growing food industry landscape, the increasing attention to
foam-structured foods as healthy and attractive components
necessitates a deeper understanding of the functional properties of
plant proteins. Plant proteins, especially black bean (Phaseolus
vulgaris) proteins, have been considered as healthy and natural
alternatives to animal proteins. However, a deep understanding of the
environmental parameters affecting the solubility, foaming and
stability properties of these proteins plays a key role in improving
their performance. In this study, the effects of physicochemical
conditions including alkaline pH (9-11), isoelectric pH (4-5) and
temperature (4-24 °C) on the solubility, foaming capacity and stability
of black bean proteins were investigated. The results showed that
increasing alkaline pH and temperature led to a significant
improvement in protein structure and the formation of a more stable
layer. Higher temperatures caused partial denaturation and the
emergence of hydrophobic regions, which create stronger protein
networks. Under the optimal physicochemical conditions including
alkaline pH (10.08), isoelectric pH (4) and temperature (24°C), the
highest solubility (1.15%), highest foaming capacity (253.02%), and
highest foam stability at 30 min (111.09%) and 60 min (57.80%) were
observed. The software prediction results did not differ significantly
from the experimental data (p>0.05). These findings not only provide
a greater understanding of the mechanisms of foam formation and
stability, but also pave the way for the development of plant-based
foam products with optimized physical and functional properties.
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