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Correlation of steam explosion
severity with morphological and
physicochemical
characterization of soybean
meal

Qinghua Zeng†, Feng Kong*†, Yue Li and Xingfeng Guo

Agricultural Science and Engineering School, Liaocheng University, Liaocheng, China

Steam explosion, a novel e�ective technology for cereal modification,

integrates high-temperature autohydrolysis and structural disruption,

which can significantly influence the morphological and physicochemical

characterization of the feedstocks. The deep knowledge of the structural

changes that are brought about by the treatment severity is connected with

the technological demands to improve the processing e�ciency and to

increase the industrial application of the feedstocks by steam explosion. In

this study, the changes in morphological and physicochemical properties of

soybean meal induced by steam explosion were investigated. The correlation

of steam explosion severity with soybeanmeal’s final quality was also analyzed.

The results showed that steam explosion e�ectively increased the fractal

dimension from 1.6553 to 1.8871, the glycinin content from 151.38 to 334.94

mg/g, and the 2,2-diphenylpicrylhydrazyl (DPPH) radical scavenging activity

from 28.69 to 63.78%. The gray value, color (L∗ and a∗ values), and the total

phenol and polysaccharide contents of soybean meal were reduced with

greater steam explosion severity. Steam explosion severity had a remarkable

positive correlation with the fractal dimension and DPPH radical scavenging

activity. However, steam explosion severity had no significant correlation with

the textural and adsorption properties of the soybean meal. This study focused

on the morphological and physicochemical property changes of the soybean

meal during a steam explosion process, which could guide the application of

steam explosion in food systems.

KEYWORDS

steam explosion, digital imaging, soybean meal, physicochemical property, fractal

dimension

Introduction

Steam explosion is an efficient, economic, and eco-friendly technology for the

pretreatment of feedstock with high-pressure and high-temperature saturated steam for

a set period of time, after which the pressure is released instantaneously (Sui et al.,

2018). It modifies the feedstock with the combined effects of thermal reactions and

physical-tearing actions during steam displacement, steam penetration, steam cooking,
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and instantaneous decompression stages (Sui and Chen, 2014b;

Wang et al., 2018). Steam explosion was brought about

by the hydrolysis reactions under mild acidic conditions,

which arose due to a decrease in pH and the release of

organic acids from steam-penetrated feedstock (Sui and Chen,

2015; Ruiz et al., 2020). Furthermore, the instantaneous

decompression action during the explosion stage caused a

physical structure change in the feedstock (Ruiz et al.,

2020). In the past few decades, steam explosion is mainly

used as a pretreatment method for overcoming the intrinsic

characteristics (recalcitrance, heterogeneity, multicomposition,

diversity, etc.) of lignocellulosic materials, such as corn stover

(Sui and Chen, 2014a; Chen and Liu, 2015). Compared to acid

and alkali, steam explosion does not require any chemicals,

thereby it serves as an environment-friendly method and offers

economically improved product yields and quality (Ruiz et al.,

2021). Nowadays, steam explosion is getting an increasing

amount of attention from the food processing industry (Gong

et al., 2021; Kong et al., 2022b). It could effectively increase

the soluble dietary fiber and 2,2-diphenylpicrylhydrazyl (DPPH)

radical scavenging activity in wheat bran, which will promote

the development of wheat bran products (Aktas-Akyildiz

et al., 2017; Sui et al., 2018; Kong et al., 2020, 2021). Steam

explosion enhances the extraction rate of protein from soybean

meal and helps to improve the functional properties of the

proteins (Zhang et al., 2013, 2017; Kong et al., 2022a). It

also enhances the release of phenolic compounds in soybean

seed coats and increases the soluble dietary fiber content of

okara (Li et al., 2019; Chen et al., 2020). The application of

steam explosion in food industries may bring with it a host

of benefits, including modifying protein and fiber structures

and fortifying the nutritional and functional properties of

feedstock (Sui et al., 2018). Steam explosion integrates high-

temperature autohydrolysis and structural disruption, which can

significantly influence the morphological and physicochemical

characterization of feedstocks. The severity factor is an

important index that describes the relationship between the

processing conditions and physicochemical changes, resulting in

the modification of feedstock due to steam explosion (Chornet

and Overend, 2017; Ruiz et al., 2021). The severity parameter

could be considered as a strategy for scaling up in a batch-

mode operation from the steam explosion reactor (Ruiz et al.,

2020). The rise in steam explosion severity of a certain range

could accelerate hydrothermal reactions, promote the release of

soluble dietary fiber, and improve the solubility of carbohydrates

(Aktas-Akyildiz et al., 2017; Sui et al., 2018). Therefore, it is

greatly significant to understand the technology behind the

steam explosion process that is based on the changing law

of morphological and physicochemical properties induced by

steam explosion severity.

Soybean meal, one of the most important protein sources,

is obtained after the oil has been extracted from soybean

(Mukherjee et al., 2016). The utilization of soybean meal as

TABLE 1 Experimental condition of steam explosion and the

corresponding severity factor.

Number Pressure (MPa) Residence time (min) LgR

1* - - -

2 0.3 2 1.287

3 0.3 5 1.685

4 0.5 2 1.829

5 0.3 8 1.889

6 0.7 2 2.214

7 0.5 8 2.431

8 0.7 5 2.613

9 0.7 8 2.817

*Soybean meal without steam explosion treatment. LgR indicates the steam explosion

severity, which is calculated by using residence time and holding temperature according

to the method described by Zhao et al. (2015).

a raw material to make healthy food has received extensive

attention owing to its nutritive value (Yang et al., 2020). In

this study, soybean meal was used as the raw material, and the

effect of steam explosion on the morphology, texture, color,

chemical composition, and functional property of soybean meal

was investigated. This study may serve as a reference for the

development of multivariant soybean meal foods and the use

of the steam explosion process, which could be controlled and

adjusted for different requirements according to the correlation

of steam explosion severity and soybean meal quality.

Materials and methods

Sample preparation

Soybean meal was purchased from Jinshiliu Horticulture

Co., Ltd. (Jiangsu, China). Steam explosion was carried out in

a self-designed batch vessel that mainly consisted of a reactor

chamber and a steam generator (WY19, Big Soldier Food

Machinery, Henan, China) (Kong et al., 2022a). Soybean meal

was rehydrated by distilled water with a 1:5 ratio of water to

materials (w/w) on the dry weight of soybean meal. The soybean

meal was loaded into a reactor chamber and treated at 0.3∼0.7

MPa for 2∼8min, respectively. The holding temperature ranged

from 133 to 165◦C and the time for heating up to set pressure

was kept below 10 s. The reaction system was then terminated

when the steam-laden soybean meal suddenly exploded by

opening the feed valve into the reception chamber.

The factor of steam explosion severity was calculated

according to the method determined by Zhao et al. (2015),

the experimental conditions of steam explosion and the

corresponding severity factor are listed in Table 1. After the

processing of steam explosion, the samples were dried in an oven

at 60◦C for 12 h. Then, 100 g of dried soybean meal was ground
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FIGURE 1

Schematic drawing of the image acquisition method.

for 2min in a ZT-150 high-speed grinder (Yongkang Zhanfan

Industry and Trade Co., Ltd., Zhejiang, China).

Morphological evolution of soybean meal

Digital imaging was used to analyze the morphological

property (gray value (GV) and fractal dimension) of soybean

meal. The soybean meal before and after steam explosion

treatment was photographed using a JSN-AL100a Honor mobile

phone with the same spot (Figure 1). The images were acquired

by Windows 10 system built-in Paint 3D at a resolution of 600

× 600 pixels. The average gray value (GV) of soybean meal was

calculated by using MATLAB R2016a (MathWorks Inc., USA)

(Zhao et al., 2015). Fractal dimensions of soybean meal were

estimated by the box-counting method using the ImageJ-win64

(National Institutes of Health, USA) (Nai et al., 2021).

Textural property analysis

The textural property was measured by a CT3 Texture

Analyzer (Brookfield Engineering Labs, Inc., USA). Dried

soybean meal samples were compressed by the T-pattern

analysis (TPA) at a speed of 0.5 mms−1 to a load of 10,000 g with

a TA11 probe. All textural properties were analyzed by Texture

Pro CT V1.6.

Color measurements

The color of the native and steam-exploded soybean meal

flour wasmeasured with a chromameter (Minolta CR-10, Japan).

L∗ means the lightness of the flour, a∗ indicates green-red color,

and b∗ indicates yellow-blue color (Yang et al., 2020). Chroma

(An et al., 2021), Hue angle, and browning index (BI) (Maskan,

2001) were calculated using L∗, a∗, and b∗ values.

Chemical composition analysis

The total phenol content of soybean meal was determined

by using the method described by Wu et al. (2013). One gram of

soybean meal was mixed with 40ml of 80% methanol solution

and incubated at 50◦C for 2 h in a thermostatic oscillation

incubator and then centrifuged at 3,500 rpm (revolutions per

minute) for 10min. The supernatant was concentrated to a

final volume of 10mL and used to measure the total phenol

content. Fifty microliters of the supernatant was added to the

mixture (0.45mL of distilled water and 2.5mL of 10% Folin–

Ciocalteu’s reagent), kept at room temperature for 2min. Then,

2mL of 7.5% sodium carbonate solution was added, and the

mixture was placed in the dark at room temperature for 40min.

The absorbance of the mixture was measured at 760 nm. The

polysaccharide content of the soybean meal was determined

by using the phenol–sulfuric acid method with modification
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FIGURE 2

Morphological evolution of soybean meal. LgR indicates the steam explosion severity; GV, gray value; FD, fractal dimension.

(Nielsen, 2017). First, 100mg of soybean meal was mixed with

1.0mL of ethanol and 9.0mL of 1 mol/L sodium hydroxide,

incubated in boiling water for 10min, and then filled to 100mL.

Then, 1ml of the solution was added to the mixture (2mL of

distilled water, 1mL of 5% phenol, and 5mL of sulfuric acid)

and kept at room temperature for 30min. The absorbance of the

mixture was measured at 490 nm.

Glycinin content in soybean meal was determined in

duplicate using the Plant β-conglycinin ELISA Kit and Plant

Histamine (HIS) ELISA Kit (ChunDuBio, Hubei, China). This

method was used to determine the level of β-conglycinin

and histamine in samples by the double antibody sandwich

enzyme-linked immunosorbent assay (ELISA) method. The

color change is measured by a Rayto RT-6100 microplate reader

at a wavelength of 450 nm. Three replicate tests were carried out

and the average values were reported.

Functional properties’ analysis

Oil-holding capacity

The oil-holding capacity (OHC) of the soybeanmeal powder

was determined according to the method of Sui et al. (2018) with

some modifications. Commercial soybean oil was added to the

dry soybean meal powder with the weight-to-volume ratio of

1:10, stirred, and left at 37◦C for 30min. After centrifugation

at 4,500 rpm for 5min, the underlayer deposition was weighed.

The oil-holding capacity was expressed as a gram of oil held per

gram of sample.

Cholesterol adsorbing capacity

The cholesterol adsorbing capacity (CAC) of the soybean

meal powder was determined by using the method of Sangnark

and Noomhorm (2003) with modifications. First, 1 g of soybean

meal was mixed with 20 g of diluted egg yolk solution, adjusting

the pH value of the system to 7.0, shaken at 37◦C for 2 h, and

then centrifuged at 4,000 rpm for 20min. Then, 1ml of the

supernatant was diluted for 5 times with 90% acetic acid. The

absorbance of the mixture was measured by using 0.2mL of

phthalaldehyde as the chromogenic agent at 550 nm.

DPPH radical scavenging activity

The DPPH radical scavenging activity was determined

according to the method of Wu et al. (2013). Fifty microliters

of the supernatant was added with 2mL of 6.25 × 10−5 mol/L

DPPHmethanol solution and left in the dark for 30min to react.

The absorbance of the mixture was measured at 517 nm.

Statistical analysis

Three replicate tests of color measurements, gray values,

and glycinin content determination were carried out and the

average values were reported. Colorful profiles were processed

with a one-way analysis of variance (ANOVA) using IBM SPSS

Statistics 20 (IBM, NY, USA) with Duncan’s multiple range test

(MRT) (p < 0.05). Experimental data were processed by Min–

Max Normalization and Pearson’s Correlation using IBM SPSS

Statistics 20 (IBM, NY, USA).

Results and discussion

Morphological characteristics of soybean
meal

Soybean meal is a complicated material with morphological

characteristics, so digital imaging could serve as an appropriate

method to provide an economic, convenient, and nondestructive
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FIGURE 3

Textural property of soybean meal. LgR indicates the steam explosion severity.

way to acquire, extract, and evaluate the characteristics of

soybean meal. To provide an intuitive quantitative description

of the effect of the steam explosion severity factor on soybean

meal, the color changing (gray value) quality of soybean meal

under different steam explosion conditions was investigated.

The greater the steam explosion severity factor (except LgR157.3

and LgR158.0), the more distinct ws the color-changing quality

of soybean meal, which resulted in the smaller gray value of

soybean meal (Figure 2; Zhao et al., 2015).

Since the feedstock was complex and heterogeneous,

a quantitative determination of the irregular, fragmented

morphological property of soybean meal was impossible. The

fractal dimension might be a new solution to the common

problem of nonlinear complex changes in soybean meal during

food processing. The calculated fractal geometry was used

to quantify the morphological changes of mycelial growth

through a series of steps, including image acquisition, feature

extraction, and fractal dimension (Duan et al., 2012). The pore

characteristics and fractal dimensions assessed the potential

of the protein’s performance in stabilizing gas cells produced

during baking (Rahimi et al., 2020). After the treatment of steam

explosion, the fractal dimension of soybean meal increased to

varying degrees (Figure 3). The higher the fractal dimension, the

more irregular the geometry of the soybean meal (Rahimi and

Ngadi, 2016). The high irregularity of soybean meal geometry

may be related to the decomposition of components or the

formation of a porous structure by steam explosion (Kong

et al., 2020). The gray value analysis and fractal dimension

characterization of the steam explosion severity factor and

the irregular shape-changing of steam-exploded soybean meal

were carried out, which might provide a new method for the

quantitative morphological evolution of feedstock modified by

steam explosion.

Textural properties of soybean meal

Textural properties of soybean meal pretreated by the

steam explosion were normalized and are presented in Figure 3.

These properties of soybean meal were significantly changed by

Frontiers in Sustainable FoodSystems 05 frontiersin.org

https://doi.org/10.3389/fsufs.2022.991888
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Zeng et al. 10.3389/fsufs.2022.991888

TABLE 2 Color measurements of soybean meal powder.

Samples L* a* b* Hue Chroma Browning index

LgR- 65.50a 19.87a 25.80ab 0.91d 32.56a 71.29e

LgR 1.287 61.83b 18.53a 24.67ab 0.93d 30.85bc 71.88e

LgR 1.685 57.30c 18.60a 25.57ab 0.94d 31.62ab 81.49cd

LgR 1.829 57.03c 15.63b 25.50ab 1.02c 29.91cd 78.07de

LgR 1.889 58.73bc 18.53a 24.43b 0.92d 30.67bc 75.90de

LgR 2.214 48.97d 13.00c 24.90ab 1.09b 28.09e 89.06bc

LgR2.431 48.40d 12.30c 25.93ab 1.13b 28.70de 92.75b

LgR 2.613 48.50d 12.50c 25.57ab 1.12b 28.46e 91.76b

LgR 2.817 36.83e 9.50d 26.03a 1.22a 27.71e 130.61a

LgR indicates the steam explosion severity. Means in each column followed by different letters are significantly different, p < 0.05.

FIGURE 4

Chemical compositions of soybean meal. LgR indicates the steam explosion severity.

steam explosion, including hardness, springiness, cohesiveness,

gumminess, and chewiness. Steam explosion increased the

hardness of soybean meal, except for that of 1.685 and

1.889 steam explosion severity factors. The springiness of

soybean meal was significantly decreased to varying degrees

by steam explosion. Steam explosion reduced the cohesiveness,

gumminess, and chewiness of soybean meal, except that of

2.431 steam explosion severity factor, compared with soybean

meal without steam explosion treatment. It indicated that

less energy was taken to destroy the structure of the steam-

exploded soybean meal during the grinding process. Soybean

meal without any steam explosion treatment showed better
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FIGURE 5

Functional characteristics of soybean meal. LgR indicates the steam explosion severity.

resistance to outside attack, and the grinding process should take

more force and energy to break up the structure. Soybean meal

has a tough structure of the cellulose fibers and pectin substances

to form a complex matrix, which exhibits resistance to attacks

(Zhang et al., 2013). The compact structure of lignocellulose was

destroyed through chemical effects and mechanical forces by

steam explosion (Wang et al., 2018), which might be conducive

to the subsequent processing of soybean meal.

Color measurements of the soybean
meal powder

The results of L∗, a∗, and b∗ values of samples are shown

in Table 2. L∗ values denote the lightness to darkness (0 =

black and 100 = white), while a∗ (redness to greenness)

and b∗ (yellowness to blueness) represent the color-opponent

dimensions, respectively (Ma et al., 2011). The steam explosion-

treated soybean meal samples had lower L∗ and a∗ values

compared to soybean meal without steam explosion treatment

(L = 65.5 a∗ = 19.87, and b∗ = 25.80). Nonenzymatic

browning takes place in the steam explosion process (Guo

et al., 2015; Zhao et al., 2021). The Chroma values indicated

the purity or saturation and showed no significant variation

compared to native powder (An et al., 2021). Except for

the LgR 1.685, steam explosion significantly decreased the

Chroma values. When the steam explosion severity factor was

>1.889, steam explosion increased the Hue values from 1.09

to 1.22. It suggested an increment from a greener color to

an orange-red color of soybean meal. These results indicated

that the partial steam explosion affected the color quality of

soybean meal flour and produced more browning compound(s).

With the increase of steam explosion severity factor, the

color of steam-exploded soybean meal became darker. For

cookies or extruded snacks, where a golden or brownish color

was desired, this color-changing quality of steam-exploded

soybean meal might turn out to be advantageous (Turan

et al., 2015). A similar result was obtained, wherein steam-

exploded wheat bran exhibited a significantly darker color

than raw wheat bran (Guo et al., 2015; Zhao et al., 2021).
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FIGURE 6

Pearson’s correlation of various parameters of soybean meal flour. OHC, oil-holding capacity; CAC, cholesterol absorbing capacity; DPPH,

2,2-diphenylpicrylhydrazyl (DPPH) radical scavenging activity; GV, gray values; FD, fractal dimension; BI, browning index.

Since the color of soybean meal is a determinant factor in

deciding the consumer’s acceptance of the product, the process

could be controlled and adjusted to suit different requirements

according to the fitting trend lines of color change (Guo et al.,

2015).

Chemical compositions of the soybean
meal powder

The nutrient composition of soybean meal can be changed

after chemical and mechanical action with steam explosion

(Figure 4). The phenol content gradually decreased when the

steam explosion severity factor increased, which was different

from that mentioned in previous studies (Kong et al., 2021;

Wang et al., 2021). Compared with soybean meal without

steam explosion treatment, the glycinin content of steam-

exploded soybean meal was significantly increased. Glycinin is

the most abundant protein in soybean, due to its good gelatinous

properties in the aqueous phase, as well as good emulsifying and

foaming activities; it is widely used as a filler in the food industry

(Rickert et al., 2004; Golubovic et al., 2005). However, a fast,

efficient, and inexpensive method for obtaining pure glycinin

from soybean meal has not yet been developed. The soybean

meal fibers and pectin substances form a complex matrix that

clumps with proteins in the soybean meal, thus reducing the

availability of soy protein (Carpita and Gibeaut, 1993; Antoine

et al., 2003; Zhang et al., 2013). The extraction efficiency of

protein can be enhanced by steam explosion, which is beneficial

to the development and utilization of soybean meal proteins

(Zhang et al., 2013). A downward trend in polysaccharides of

soybean meal could be observed. Steam explosion promoted

the conversion of insoluble dietary fiber to soluble dietary fiber,

which facilitated the dissolution of dietary fiber (Sui et al.,

2018).

Functional characteristics of soybean
meal powder

The oil-holding capacity, cholesterol absorbing capacity

(CAC), and DPPH radical scavenging activity of soybean meal
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FIGURE 7

Correlation of steam explosion intensity and morphological and physicochemical properties of soybean meal. OHC, oil-holding capacity; CAC,

cholesterol absorbing capacity; DPPH, 2,2-diphenylpicrylhydrazyl (DPPH) radical scavenging activity; GV, gray values; FD, fractal dimension; BI,

browning index.

with/without steam explosion treatment were compared and

are shown in Figure 5. There is no significant change in

the oil-holding capacity of soybean meal powder treated by

steam explosion, but it is different from that given in the

previous study (Sui et al., 2018; Kong et al., 2020). Steam

explosion process could efficiently improve the cholesterol

absorbing capacity (CAC) of soybean meal powder from

1.287 to 1.829 severity factor while reducing the CAC from

1.889 to 2.817 severity factor. Steam explosion increased the

DPPH radical scavenging activity of soybean meal, except

that of 1.889 steam explosion severity factor. The steam-

exploded soybean meal powder of an extract with 2.817

severity factor had the strongest DPPH radical scavenging

activity (63.78%), higher than that of narrow windrow burning

(NWB) powder (28.69%). The steam-exploded soybean meal

powder (steam explosion severity factor 2.214–2.817) might

be a free radical inhibitor and limit the occurrence of free

radical damage.

Correlation of various parameters of
soybean meal

Elucidating the correlations of the morphological,

nutritional, and physicochemical properties of soybean meal

flour, as shown in Figure 6, it might be conducive to develop an

indirect processing strategy to control the flour characteristics

according to the changes in steam explosion conditions.

Phenolics exhibited significant (p < 0.05) correlations with

gray values, L∗ values, a∗ values, Chroma values, and Hue

values of soybean meal flour. A negative correlation was found

between the fractal dimension and gray values (r = −0.73, p <

0.05), phenols (r = −0.95, p < 0.05), polysaccharide content

(r = −0.95, p < 0.05), and a∗ (r = −0.81, p < 0.05), L∗,

and Chroma values (r = −0.86, p < 0.05). Cohesiveness was

positively related to gumminess (r = 1.00) and chewiness (r

= 0.77). Glycinin content was positively related to chewiness

but negatively connected to Chroma values. Polysaccharide
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content showed a strong negative relationship with the fractal

dimension, browning index (BI), and Hue values, while the

polysaccharide content was positively correlated with the gray

values, a∗ values, L∗ values, springiness, and Chroma values.

Correlation between steam explosion
severity factor and soybean meal quality

The linear correlation coefficients between the steam

explosion severity factor and the morphological, textural, and

physicochemical properties of soybean meal are presented in

Figure 7. Fractal dimension and Hue values of steam-exploded

soybean meal exhibited a significantly positive correlation (p <

0.01) with the steam explosion severity factor. DPPH radical

scavenging activity and browning index (BI) of soybean meal

had a strong positive correlation (p < 0.05) with the steam

explosion severity factor. The gray value, color parameters (L∗,

a∗, and Chroma values), polysaccharide and phenol contents

exhibited significant negative correlations (p < 0.01) with the

steam explosion severity factor. Steam explosion severity factor

had no significant correlation (p > 0.05) with glycinin content

and textural and adsorption properties of soybean meal.

Conclusions

In this study, the effect of soybean meal modification caused

by steam explosion and the relationship of steam explosion

severity with soybean meal final quality were investigated.

Steam explosion effectively increased the fractal dimension,

glycinin content, and the DPPH radical scavenging activity.

The steam-exploded soybean meal showed lower gray value, L

and a∗ color parameters, and total phenol and polysaccharide

contents compared with those of soybean meal without steam

explosion treatment. Good linear correlations between steam

explosion severity factor and morphological property, color

parameters, DPPH radical scavenging activity, and certain

chemical compositions were obtained. These findings provided

valuable information on the relationship between steam

explosion severity and morphological and physicochemical

characterization, which will further guide us in the application

of steam explosion on feedstocks modification. In a future

study, we will improve the efficiency and performance of

self-designed steam explosion devices and investigate the

processing adaptability of soybean meal in food products.
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