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Abstract
The present paper is aimed at studying the improvement of the semolina extraction 
from durum wheat grains through a recycling of wheat bran, as a by-product, issued 
from traditional milling and sieving. Abrasion of the wheat bran and then electro-
statically separating obtained components allowed a recovery of a significant amount 
of semolina, reaching 50% of the treated mass. Three components were obtained 
after separation, namely, semolina, fine bran, and relatively big bran. The electro-
static characterization, including surface potential decay and charge measurement, 
showed a clear conductive character with a slight difference between components 
in terms of charge conservation. This electric conductive behavior of the wheat bran 
leads to choose an induction-type electrostatic separator to extract residual semo-
lina from the grinding process. The design of experiments methodology was used to 
study the influence of the main parameters: the applied high voltage, the conveyor 
speed, and the speed of the rotating part. The process was optimized taking into 
consideration both the quantity and quality of the recovered semolina, targeting a 
high recovery rate with the best possible quality. The physical and chemical analysis 
showed a good quality of the recovered semolina with 1.1% ash content.

Practical applications
The wheat milling process in an industrial installation passes through several steps 
that are optimized to extract maximum semolina from grains. However, still a residual 
endosperm stays attached to the bran due to the process itself. Literature estimates 
wheat bran around 15% of the grain, which can be an important quantity taking into 
account the huge amount of cereal produced and consumed around the world. The 
suggested complementary process aims at the extraction of residual semolina at-
tached to wheat bran through treating wheat bran by abrasion and later separate 
obtained components using and an electrostatic field. Obtained results, showed that 
treating wheat bran using the suggested method allows recovery of around 50% as 
semolina from the treated quantity. So, this reduces thrown wheat bran quantity to 
the half, which is important from an industrial point of view since it increases the 
production from the same wheat quantity.
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1  | INTRODUCTION

Durum and common wheat are among the most important agricultural 
products, particularly used for human consumption because of their 
nutritive profile and relatively easy harvesting, storing, and process-
ing, as compared to other grains (Hutkins Robert, 2019; Kulp, 2000). 
Wheat grain has a complex structure composed of distinct adhesive 
tissues (Surget & Barron,  2005). So, to achieve the physical disen-
tanglement of individual components, grains are milled using, mainly, 
a mechanical process (Wang et al., 2014). The quality of the milling 
process is dependent on the distinct biomechanical properties of the 
wheat grain layers and their tissue-adhesive forces (Burton Rachel 
& Fincher Geoffrey, 2014; Hourston et al., 2017). The wheat milling 
process consists of the separation of the endosperm from the other 
parts of the kernel (i.e., bran and germ), and the reduction of the en-
dosperm to semolina and then to flour. This operation involves the 
reduction of kernels into smaller particles that can be utilized and 
transferred into palatable products (Samaan, 2007). Wheat bran is 
considered as a by-product of the milling process, which serves as 
a livestock feed in most cases while only a fraction is used in the 
food industry (Hossain et al. 2013; Onipe et al., 2015). The conven-
tional milling process is realized through grinding grain between two 
rotating cylinders. This mechanical process is far from being a perfect 
operation. The mechanically separated wheat bran still contains resi-
dues of the endosperm part (white parts in Figure 1). Besides, during 
the sieving stage semolina, or flour, particles can stay attached to the 
bran. The bran represents 15% of the wheat grain (Hill, 2014). If losses 
due to milling imperfections are also considered, the thrown quantity 
of wheat bran can be important relative to the initial mass of wheat 
grains. So, given the huge quantities of produced wheat, this rate of 
bran can be considered as a wasting of such an important product. 
Electrostatic separation has emerged as a novel process for dry food 
ingredient fractionation and mineral enrichment (Kdidi et al., 2019; 
Rajaonarivony et al., 2017; Wang et al., 2015). It was especially em-
ployed when particles have different electrical and/or physical prop-
erties (Wang et  al.  2014) The electrostatic separation allowed the 
production of purified fractions from wheat bran, exhibiting very dif-
ferent particle structure and composition: fractions rich in aleurone 
or rich in the most outer layers were produced (Hemery et al., 2011). 

Combination of proper mechanical milling and electrostatic separa-
tion is a promising technology for sorting plant and agro-resources 
(Barakat & Mayer-Laigle, 2017; Laguna et al., 2018).

This paper is aimed at applying a combination of mechanical 
fractioning and electrostatic separation to increase the recovery of 
semolina particles from durum wheat bran after the milling process. 
The proposed step is a complementary procedure to traditional siev-
ing allowing, however, an increase in the extraction rate of semolina, 
without affecting product quality and taking advantage of low en-
ergy consumption of the electrostatic separators.

2  | EXPERIMENTAL PROCEDURE

2.1 | Samples preparation

The experiments were performed on samples of durum wheat 
bran provided by a local food company (Amor Benamor Group, El 
Fedjoudj-Guelma, Algeria). The wheat bran samples were produced 
from the grains harvested in the east of Algeria using a conventional 
milling process. During this study, sample preparation is a first and 
crucial step in the proposed procedure. Preparation consists of me-
chanically detaching the white residuals from the internal face of the 
wheat bran through an abrasive process. The abrasive device used 
throughout the experiments is shown in Figure 2. It is mainly com-
posed of two horizontally aligned disks separated by a distance of 
20 mm. The fixed lower disk contains a metallic grid mounted on an 
aluminum disk. The upper disk is driven by an electric motor at a vari-
able speed (Max speed = 1,300 rpm). The wheat bran is introduced 
in the abrasion chamber from a hopper feeder. The minimum gap 
between the abrasive surface and the metallic grid can be adjusted 
manually through a distance adjusting arm. When abrasion is over, 
the new fraction of the mixture was collected in a wooden box at-
tached to the abrasion chamber, then, packaged in a polyethylene 
bag before passing to the next step. The prepared wheat bran is then 
transferred to the electrostatic separator to be purified.

All the experiments were carried out in an ambient air at 22 ± 1°C 
and relative humidity 38% ± 1%. Virgin samples were employed for 
each test.

F IGURE  1 Microscope image 
(magnification: 60×) of wheat bran 
recovered after the traditional milling 
process
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2.2 | Electrostatic separation experiments

The lab prepared roll-type electrostatic separator is shown in 
Figure 3. The separator uses electrostatic induction as a mecha-
nism to separate components, in this case, semolina particles from 
the external brown layer. Through the vibratory feeder, the mixed 
material, consisting of prepared wheat bran, is dispersed as a 
monolayer on the surface of a moveable grounded plate electrode 
driven by a variable speed electric motor. The dispersed material 
is transported toward the rotating roll at a 44  cm distance be-
tween the deposition point and the separation region. A rotating 
stainless steel roll (diameter: 13 cm; length: 14.5 cm) suspended 
at 2  cm height from the moveable grounded plate is connected 
to a positive high-voltage power supply (Model: FuG Elektronik 
GmbH 83024 Rosenheim/Germany). A high-intensity electric field 
is generated between this rotating electrode and the grounded 
metallic plate electrode. As the prepared bran sample crosses the 
electric field, the finest particles are charged by electrostatic in-
duction and rapidly attracted by the roll electrode, having an op-
posite polarity. Most of these fine particles stay on the roll surface 
until arriving at the collecting box (1), where they can be detached 
by a scraper. The relatively large brown particles coming from the 
outer side of the bran are also attracted by the roll. Because of 
centrifugal forces, these particles fall at a certain height. The sec-
ond collecting box (2) is installed exactly where these large parti-
cles fall in a way to prevent their returning to the grounded plate. 
Semolina particles are unaffected by the electric field and, there-
fore, they stay on the grounded plate electrode and collected in 
the box (3). The separation efficiency of wheat bran depends on 
the applied high voltage U, the rotation speed of the roll electrode 
n, and the conveyer speed v. The effects of these three factors on 

the outcome of the separation are evaluated using the experimen-
tal design methodology. With such a technique, all the relevant 
factors of the process are varied simultaneously over a set of 
planned experiments. The results are connected by a mathemati-
cal model. In the present study, the objective will be to improve 
the efficiency of the multifactorial electrostatic separation pro-
cess and to increase the purity of the recovered semolina fraction.

2.3 | Electrostatic characterization of wheat 
bran components

2.3.1 | Surface potential decay experiments

Surface potential decay measurements provide a useful tool 
to gauge electrical properties of materials under study when in 
contact with a grounded electrode, after being exposed to a co-
rona discharge (Kachi et al., 2011; Remadnia et al., ,2011, 2014). 
The SPD experiments were performed on the three collected 
products in the collecting boxes of the electrostatic separator. 
They were dispersed as mono-layered samples for each material. 
The samples were located on a grounded metallic plate (length: 
13 cm and width: 11 cm). The open side of the sample was sub-
jected to a corona discharge for 10 s, using a high-voltage needle 
electrode (diameter: 100  µm). The distance between the needle 
electrode and the surface of the grounded plate electrode was 
20 mm. The surface potential was then monitored using a Monroe 
probe placed above the sample surface and positioned right in the 
middle. The probe was connected to an electrostatic voltmeter 
(Trek model 347), driven by a personal computer. The acquisition 
and processing of the experimental data was performed using a 

F IGURE  2 Wheat bran abrasion device: (a) Schematic representation, (b) Photography of the laboratory device for wheat bran abrasion 
(1: inter-disk distance adjusting arm, 2: electric motor, 3: hoper, 4: collecting box, 5: disk speed controller, 6: metallic grid, 7: rotating disk)
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custom-designed virtual instrument, developed in DASYLab en-
vironment. When corona charging is turned off, the base wooden 
turns 180 degrees for positioning the probe above the sample for 
measuring surface potential (Figure 4).

2.3.2 | Charge measurements

The electric charge was measured using a sensitive electrom-
eter (Keithley model 6514) and a Faraday pail-type collecting box 

(Chubb,  2010). As soon as the separation is over, the separated 
products are directly poured in the Faraday pail for charge meas-
urement. Afterward, the samples are weighted using an electronic 
balance of 0.01 g resolution. In this way, the electric charge can 
be expressed in terms of the charge/mass ratio (nC/g) for each 
product.

2.4 | Experimental design methodology

As the objective was the modeling and optimization of the separation 
process, face-centered central composite design, based on quadratic 
polynomials models, is generally used (Eriksson et al., 2008; Frigon 
& Mathews, 1996). With such models, the process response is ex-
pressed as a function of factors ui (i = 1, …, e):

A normalized centered value can be defined for each factor as 
follows:

where:

With these notations, the response function becomes:

For the factors that have been considered in the present study, 
that is, the positive high-voltage level U (kV, the roll speed n (rpm), 
and the conveyor speed v(cm/s), the quadratic model of the re-
sponse y, that is, the mass collected in each box, will take the fol-
lowing form:

The results were processed in MODDE 8.0 software 
(Umetrics, 2006).

2.5 | Moisture, ash, and yellow pigment 
content analysis

After the electrostatic separations experiments, the obtained 
samples of semolina were analyzed for moisture, ash, and yellow 
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F IGURE  3 Roll-type electrostatic separator: (a) Schematic 
representation of the roll-type electrostatic separator, (b) 
Photography of the electrostatic separator of wheat bran powder 
(1: feeder, 2: linear actuator, 3: grounded plate electrode, 4: driving 
motor, 5: rotating roll electrode, 6: collecting box 1, 7: collecting 
box 2, 8: collecting box 3, 9: manual electric control, 10: vibratory 
device)
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pigment content. Each analysis was repeated three times and results 
are given in terms of mean values with a standard deviation below 
5%. Granulometry measurement was performed according to the 
norm AFNOR NF 03-721.

3  | RESULTS AND DISCUSSION

3.1 | Wheat bran milling results

Figure 5 shows microscope images of wheat bran particles before 
and after abrasion. Untreated wheat bran particles (Figure 5a) con-
tain large pieces of bran with considerable amounts endosperms 
still adhering to the bran layers before processing. Figure  5b 
shows a microscope picture of ground material with the abrasive 
device. The coarse bran reveals a bran area in which the cell wall 
is removed, leaving the outline of their attachment to the aleurone 
layer.

F IGURE  4 Experimental setup for surface potential decay measurements

F IGURE  5 Wheat bran microscopic images (a) before and (b) after abrasion process (magnification: 60×)

F IGURE  6 Surface potential decay curves recorded for t = 60 s 
after corona charging the fractions of fine wheat bran (box 1), 
wheat bran (box 2), and semolina (box 3). The curves are the 
average of at least three runs. (standard deviation < 50V)
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3.2 | Electrostatic characterization of wheat 
bran components

3.2.1 | Surface potential decay

The surface potential decay experiments were carried out after 
electrostatic separation. Figure  6 displays a set of SPD curves 
under the same electric field for the recovered fractions in the 
collecting boxes 1, 2, and 3. The decay of the potential at the sur-
face of the semolina fraction layer recovered in box 3 is faster than 
that for bran fractions collected in boxes 1 and 2. Indeed, during 
the first 10 s after corona charging, the absolute value of the sur-
face potential of semolina fraction diminishes by more than 97%, 
from 1.52 kV to 0.032 kV. Under similar experimental conditions, 
the potential at the surface of layers composed of bran particles 
diminishes by 90% from 1.52 kV to 0.148 kV. A similar reduction 
is observed with bran fine fraction collected in box 1. During the 
30 s, the three fractions lose completely their electric charge. This 
means that the studied particles behave as bad insulators, and do 
not conserve the electric charge for a long time. This conductive 
behavior justifies the choice of induction mechanism to carry elec-
trostatic separation.

3.2.2 | Charging state characterization

The charge measurements were carried out before (virgin samples) 
and after separation (charged samples). The charge/masse ratios re-
corded for the three fractions (i.e., fine bran, bran, and semolina) are 
shown in Figure 7. The measurements after separation were carried 
out for samples with initial mass m0 = 2 g, the roll voltage is set at 
U = 10.5 kV, the plate speed is fixed at v = 0.5 cm/s while the rotating 

roll speed at n = 28 rpm. Before corona charging, the average value 
of the residual charge of virgin samples is 0.04 ηC/g. In the case of 
semolina fraction, the recorded charge/mass ratio after separation is 
very low (1.38 ηC/g). These measurements confirm once again the 
conductive behavior of semolina fraction. Consequently, these elec-
trically conductive particles lose their acquired charge through the 
grounded plate electrode. On the contrary, the value of the acquired 
charge measured for the fractions of bran and fine bran is relatively 
important (6.47 ηC/g and 7.85 ηC/g, respectively). The wheat bran 
samples are slightly more resistive than the semolina samples, which 
allow them to keep some of the acquired charge. Further, the flat 
elongated shape of wheat bran particles provides a larger contact 
with the plate electrodes, and hence, favors their charging by con-
ductive induction.

3.3 | Effect of the roll voltage on the 
recovery results

The collected quantities in the three boxes are weighted with an 
electronic balance. The recorded values for the two boxes 2 and 3 
are summed up to obtain the total mass of the attracted products 
by the roll electrode. The material losses for these experiments 
are very low, representing less than 5% of the feed. The variations 
of recovered mass in the collecting box 3 and the sum of masses 
recovered in boxes 1 and 2 as a function of the roll voltage are 
presented in Figure 8. The plate speed was fixed at v = 0.5 cm/s 
and the rotating roll speed at n = 28 rpm, with ambient tempera-
ture and humidity 22°C ± 1 and 38% ± 1, respectively. The initial 
sample weight was m0  =  2  g. The results presented in Figure  8 
can be divided into three regions: (i) below 8.5 kV there is no sig-
nificant separation, almost all the powder stays on the conveyer 
electrode, and recovered in the collecting box 3. (ii) From 8.5 kV 
up to 11  kV, the separation is increasingly enhanced, leading to 

F IGURE  7 Charge per mass ratio of bran fine fraction, bran 
fraction, and semolina fraction before and after separation, 
U = 10.5 kV, n = 28 rpm and v = 0.5 cm/s (the results are averages 
of three runs)

F IGURE  8 Recovery of products as function of the roll voltage 
(m0 = 2 g; T = 22°C ± 1; RH = 38% ±1; n = 28 rpm; v = 0.5 cm/s)
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particles attraction by the roll and their recovery in the collecting 
box 1. The rebounded particles and those detached by centrifugal 
force, after a contact with the roll electrode, were recovered in 
the collecting box 2. The rest of the powder stays on the plate and 
passes directly to the box 3. (iii) Between 11 kV and 12.5 kV, a kind 
stabilization is established resulting in equal quantity separation. 
The optimal voltage should be inspected in this voltage interval. 
The fractions collected in boxes 1 and 2 have very low density, 
both are characterized by flat elongated particles of brown color. 
The fraction collected in the box 3 is denser than the fraction col-
lected in the box 1 and 2 and characterized by spherical particles 
of cream color. The difference noticed between fractions 1 and 2 
is that the fraction collected in box 1 is very fine compared to the 
fraction recovered in box 2.

Figure 9 shows both real and microscope images of recovered 
materials in the three collecting boxes. Differences between the 
three materials are obvious, in terms of color and shape.

From Figure 9, it appears that the wheat semolina fraction recov-
ered in box 3 is characterized by smooth surfaces without cracks. 
The size and shape of the semolina is very heterogeneous, and the 
particles have a size much higher than that of other wheat bran 
fractions recovered in boxes 1 and 2. A conducting particle in con-
tact with the grounded plate when it enters the electric field gets 
charged by electrostatic induction. It can be attracted by the roll 

electrode, if the electric attraction force Fe exceeds both the gravi-
tational force Fg and adhesion force Fa: Fe > Fa + Fg.

F IGURE  9 Fractions obtained: (a) image of fractions (b) Microscope images (magnification: 40×) of fractions obtained with an optical 
microscope (OPTIKA B−150)

F IGURE  10 Diagram of experiments of a face centered central 
composite design (FCCD) with three factors: applied voltage U 
(Umin = 8.5 kV and Umax = 12.5 kV), roll speed n (nmin = 9 rpm and 
nmax = 47 rpm), and conveyer plate speed v (vmin = 0.2 cm/s and 
vmax = 0.8 cm/s)
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It is important to optimize the different parameters of the pro-
cess to increase its efficiency. This has been achieved using experi-
mental design methodology as described in the last section.

3.4 | Face-­centered central composite design (FCCD)

Based on the results of preliminary separation tests, three factors 
were considered as most influential for which we determine limits 
of variation:

•	 Roll voltage U: Umin = 8.5 kV and Umax = 12.5 kV;
•	 Plate speed v: vmin = 0.2 cm/s and vmax = 0.8 cm/s;
•	 Roll speed n: nmin = 9 rpm and nmax = 47 rpm.

The output variables of the system are masses of recovered mate-
rials in the tree boxes. Figure 10 shows experiments of a face-centered 
central composite design allowing the use of Response Surfaces 
Modeling (RSM). It consists of eight experiments located at the cube’s 
corners (round points a, b,…, h), six experiments located at the centers 
of the cube faces (square points i, j,…, n) and three identical experi-
ments done at the central point, M (star point). The results of 17 exper-
iments of the FCCD experimental design carried out with 2 g of ground 
wheat bran samples are given in Table 1. The following mathematical 
models are obtained for the recovered powders masses:

The descriptive and predictive capabilities of the three mod-
els, expressed respectively by the statistic coefficients R2 and Q2. 
The goodness of fit coefficient R2 is close to 1 for the three models, 
0.997, 0.989, and 0.999, respectively, which means that the recov-
ered masses are well described by the quadratic polynomials (7), (8), 
and (9). The goodness of prediction coefficients Q2 of the three mod-
els is also rather elevated: 0.976, 0.963, and 0.996, respectively. The 
values of the coefficients associated with the factors in the mathe-
matical model show the degree of influence of each factor. The co-
efficients are also plotted in Figure 11. The statistical analysis of the 
data, using Student’s t test, indicates that the effects of all factors 
(i.e., the coefficients of U*, v*, and n*) are significant. The coefficients 
of n*2 and v*2 in the first model, n*v* in the second model, and U*v* in 
the third model are not statistically significant, they were removed 
from the Ybox 1, Ybox 2, and Ybox 3. The models shows that the most 
influential parameter on the recovered masses is the high voltage 
(coefficients = 0.314, 0.330, and −0.642), followed by the roll speed 
(coefficients  =  0.092, 0.055, and −0.145), and then, the conveyer 
plate speed (coefficients= −0.079, 0.058, and 0.016).

The influence of each factor on the three responses (mass col-
lected in box 1, box 2, and box 3) is shown in Figure 12. The iso-
response curve calculated with the model of the recovered mass 
in collecting box 3 is represented in Figure 13, within the domain 
of the three factors. Quite surprisingly, the effects of the factors 
considered in the present study seem to be different on the three 
sorts of recovered materials. Without any doubt, the applied volt-
age U has a stronger effect on the recovered masses in the three 
collecting boxes. Indeed, with the increase of the voltage applied 
to the rotating roll, the mass collected in box 1 and box 2 increases, 
and that in box 3 decreases. The higher is voltage U the stronger 
is the electric field forces acting on the particles, leading to larger 
recovered masses. Similarly, the rotation speed of the roll n also 
demonstrated perceptible influences on the three responses. The 
increase of the roll speed results in an increase of centrifugal force 
and a reduction of residence time of attached particles to the roll. 
This explains the increase of collection in boxes 1 and 2. The speed 
of the conveyer plate electrode v seems to have little influence 
compared to the other parameters. The faster the plate moves, 
the shorter is the time the particle stays in the electric field and 
the less is the charge they can acquire. Therefore, insufficiently 
charged particles will not be attracted to the rotating electrode 
and remains on the plate electrode. According to the data analy-
sis performed with MODDE 8.0, there exists a strong interaction 
between the roll voltage U and the roll speed n: at lower applied 
voltage U, the modification of the roll speed has only a marginal (7)

Ybox1=0.306+0.314U∗ +0.092n∗ −0.079v∗ +0.059U2+0.078U∗
n∗

−0.048U∗
v∗ −0.023n∗v∗

(8)

Ybox2=0.147+0.330U∗ +0.055n∗ −0.058v∗ +0.167U∗2−0.067n2

+0.117v∗2+0.057U∗
n∗ +0.057U∗

v∗

(9)

Ybox3=1.514−0.642U∗ −0.145n∗ −0.016v∗ −0.234U∗2+0.080n∗2

−0.109v∗2−0.133U∗
n∗ +0.026n∗v∗

TABLE  1 Results of the FCCD experimental design

Run No.

Factors Responses

U (kV) n (rpm) v (cm/s) YBox 1 (g) YBox 2 (g) YBox 3 (g)

1 8.5 9 0.2 0.04 0.02 1.92

2 12.5 9 0.2 0.58 0.47 0.9

3 8.5 47 0.2 0.09 0.03 1.83

4 12.5 47 0.2 0.99 0.71 0.28

5 8.5 9 0.8 0.01 0.02 1.91

6 12.5 9 0.8 0.4 0.7 0.88

7 8.5 47 0.8 0.01 0.03 1.93

8 12.5 47 0.8 0.67 0.94 0.36

9 8.5 28 0.5 0.04 0.02 1.9

10 12.5 28 0.5 0.69 0.6 0.65

11 10.5 9 0.5 0.19 0.05 1.71

12 10.5 47 0.5 0.38 0.1 1.47

13 10.5 28 0.2 0.4 0.2 1.39

14 10.5 28 0.8 0.22 0.32 1.41

15 10.5 28 0.5 0.3 0.17 1.51

16 10.5 28 0.5 0.31 0.15 1.52

17 10.5 28 0.5 0.31 0.14 1.53
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effect on the recovered masses in the collecting boxes as can easily 
be seen in Figure 13.

To ensure the increase of the purity and the recovery rate of 
semolina, systematic experiments of electrostatic separation and 
semolina fraction quality control tests are necessary to correlate 
the best settings of control variables of the process and the purity 
characteristics of the product obtained after separation. The opti-
mization stage of this experimental process should allow the deter-
mination of factors values for which the recovered mass in box 3 is 
close to a target. For an initial weight of 2 g, the established model 
Ybox 3 indicates that optimum operating conditions (i.e., the target: 
YBox3 = 1 g, predicted mass in box 1 is 0.54 g and predicted mass in 
box 2 is 0.42 g) correspond to a roll voltage U = 12.4 kV, roll speed 
n = 9.73 rpm, and a conveyer plate speed n = 0.34 cm/s. A verifica-
tion experiment conducted by application of obtained optimal val-
ues leads to the following results: 0.98 g in box 3 (semolina), 0.53 g 
in box 1 (bran), and 0.41 g in box 2 (fine bran), which confirms the 
predictions made by MODDE 8.0.

3.5 | Physical and chemical analysis

The results of the physical and chemical analysis of semolina are 
summarized in Table 2. The average particle size of semolina is be-
tween 500 and 600 µm. Moisture content is 11.40%. The moisture 
of samples remained within the safety limits ≤ 14.5%, (AOJ, 1997). 
Semolina particles have a bright yellow color, with a lightness L+ 
value 75.71. The a+ value (red-green) and b+ value (yellow-blue) 
were −0.27 and 26.82, respectively, as shown in Table 2. Semolina 
color is an important quality attribute in the food industries and it 
influences consumer’s choices and preferences. The final color is 
the result of the balance between yellow and brown components 
in semolina. Carotenoid pigments and lipoxygenase (LOX) enzyme 
are mainly involved in yellowness, whereas peroxidase (POD) and 
ash affect brown hue (Borrelli et  al.,  2008). The L+ and b+ values 
are considered more important as color attributes at higher lev-
els (Boudalia et al., 2016). In this study, the L+ and b+ values were 
higher and this contributed to the brightness and yellowness of the 

F IGURE  11 MODDE 8.0-computed 
coefficients of the quadratic polynomial 
models for recovered mass in box 1 (a), 
box 2 (b), and box 3 (c)
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semolina samples. Also, as ash content reflects the purity of the 
semolina. Semolina with high ash content generally will have a high 
speck count. Bran, weed seeds, and soil are high in ash. For this 
reason, ash is commonly used in semolina specifications to ensure 
low contamination (Huin, 2006). The semolina samples presented 
a good proportion of starchy endosperm and are characterized by 
a low value of its ash content (1.13  ±  0.02%). Consequently, the 

samples have a medium purity. According to the Algerian Official 
Journal (AOJ, 1997), the results of ash analysis (Table 2) of the ob-
tained fraction of semolina is classified: durum wheat ordinary sem-
olina from the second grade.

Based on these results, it can be concluded that semolina fraction 
recovered from wheat bran residues was found to have an accept-
able quality grade in the food industry. Therefore, the separation 

F IGURE  12 MODDE-predicted recovered mass in (a) box 1, (b) box 2, and (c) box 3, as a function of the applied voltage U (kV), the roll 
speed n (rpm) and the plate speed v (cm/s). In each case, the other variable is maintained constant and equal to its central value U = 10.5 kV, 
n = 28 rpm, and v = 0.5 cm/s. The upper and lower curves on each graph indicate the limits of the 95% confidence level interval
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process can be considered optimal. The excellent obtained results 
prove the effectiveness of the wheat bran recycling proposed pro-
cedure based on the association between wheat bran grinding and 
electrostatic separation. The proposed technique allows enhancing 
the extraction of semolina through the recovery of residuals in bran 
particles, until 50% from the treated wheat bran weight.

4  | CONCLUSION

The paper was devoted to the improvement of the extraction rate of 
semolina through recovering residual endosperm attached to wheat 
bran obtained after traditional milling.

•	 The mechanical abrasion and then electro-separation of the 
wheat bran has allowed a recovery of 50% of semolina from the 
initially treated mass, with only 1.1% ash content as quality.

•	 Through the lab-made abrasive device it was possible to detach 
significant quantities of endosperms still adhering to the bran lay-
ers after traditional milling. The particles of the semolina obtained 
after separation has identical physical dimensions to traditionally 
obtained particles after milling.

•	 The electrically conductive behavior of the wheat bran allowed 
the use of an electrostatic induction mechanism during separation.

•	 Three components were recovered after wheat bran treatment: 
semolina, fine bran, and relatively big bran. The electro-separation 
is a very interesting way to separate fine components where siev-
ing is not possible.
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