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A B S T R A C T   

Cereal brans are by-products of the milling of cereal grains, which are mainly used as low value ingredients in 
animal feed. Wheat and oat bran is a rich source of bioactives and phytochemicals, especially phenolic com
pounds. Within this study, the application of ultrasound (US) technology to assist the extraction of phenolics 
from oat and wheat bran was investigated (20–45 kHz). Peleg’s mathematical model was used to study the ki
netics of ultrasound-assisted extraction (UAE) and subsequent stirring of total phenolic compounds (TPC). The 
surface morphology of cereal brans after extraction was studied using SEM analysis. The excellent agreement was 
determined between the values of TPC calculated from Peleg’s mathematical model and actual experimental 
results. The constant that represents a time required for the initial phenolic concentration to be extracted to one- 
half of its initial value has been introduced (K1/2). It was shown that the TPC extraction kinetics was dependent 
only on K1/2 enabling fast kinetics fitting and comparison between extraction rates. Moreover, different values of 
K1/2 constant could indicate the differences in brans composition and consequently different influence of US 
pretreatment on these samples.   

1. Introduction 

Cereal brans are by-products of the milling of cereal grains which are 
generated in enormous quantities during the production of refined 
cereal flours. It is estimated that 150 million tons of wheat bran are 
produced per year worldwide, which are mainly used as the low value 
ingredients in animal feeds [3]. Wheat bran is abundant in fibres (ara
binoxylans, cellulose, β-glucans and lignin), oligosaccharides, poly
phenols, carotenoids, phytic acid and other phytochemicals which can 
contribute to creation of added-value products [37]. Oat bran represents 
a good source of arabinoxylan, β-glucan, minerals, and potent antioxi
dant compounds – tocopherols, polyphenols, avenanthramides and 
phytic acid [4,33]. Thus, the potential of cereal brans as a feedstock for 
the valorisation of bioactive compounds and phytochemicals is high, 
provided that the applied extraction techniques are enough sustainable 
and effective [18]. The extraction of phenolic compounds is usually 
done by alkali hydrolysis [1,10,23], but handling bases is dangerous at 
large scales and does not represent an environmentally safe process, 

because neutralization of bases with acids would only lead to production 
of salts, which, when introduced into water streams, would increase the 
salinity of the surrounding soils leading to soil infertility issues and other 
ecological changes [17]. However, the complete elimination of chemical 
solvent in extraction with satisfactory yield needs to be achieved [24]. 
Alternatively, the extraction of phenolic compounds can be enzymati
cally assisted, but enzymes are highly specific and lack practical 
implementation due to the high production costs [1,12]. 

Extraction of phytochemicals can be conducted by novel extraction 
methods, which are environmentally friendly, provide shorter extrac
tion time, reduce energy costs, increase the yield of the target com
pounds and improve the quality of extracts [16,20,42]. In this regard, 
ultrasound-assisted extraction (UAE) has been utilized in a number of 
studies with the aim to enhance the yields of phenolic compounds ob
tained from cereals and amplifying extraction efficiency 
[13,18,19,38,40]. To facilitate the optimisation, simulation, design and 
control of processes and contribute to the utilization of energy, time and 
solvent, different mathematical modelling methods are employed [9]. 
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Peleg’s model is an empirical and classic hyperbolic model initially 
developed to describe moisture sorption curves [31]. Since there is a 
similarity between the shape of the extraction and the sorption curves, 
Peleg’s model has been adapted and used to describe the solid–liquid 
extractions of various plant metabolites in general, and phenolics, in 
particular: from oregano [28], coffee silverskin [41], jamun (Syzygium 
cumini L.) seeds [7], forestry lignocellulosic by-products [43], brown 
seaweed (Ascophyllum nodosum) [20] etc. 

The objective of this work was to study the potential of UAE to 
improve the extraction yields of phenolics from cereal brans (wheat and 
oat) and to conduct the kinetics study of UAE. 

2. Materials and methods 

2.1. Materials 

Commercially available wheat and oat brans obtained from BioUna 
Ltd. (Novi Sad, Serbia) were ground using a laboratory cross beater mill 
(Retsch SK1, Retsch GmbH, Haan, Germany) equipped with a 0.8 mm 
sieve. 

2.2. Ultrasound-assisted extraction (UAE) 

Different ultrasound frequency exposures were examined using a 20 
kHz probe system (VC 750, Sonics and Materials Inc., USA) and multiple 
bath systems operating at frequencies of 25 and 45 kHz (Elma IT H5, 
Germany), and 35 kHz (Jencons-PLS S1000, UK). For the 20 kHz ul
trasound probe system, twenty four grams of wheat/oat bran were 
mixed with 480 mL of solvent (ethanol:water, 70:30, v:v) in a beaker 
and treated with a 13 mm diameter probe for 10 min. For the multiple 
bath systems, two grams of wheat/oat bran were mixed with 40 mL of 
solvent (ethanol:water, 70:30, v:v) in extraction tubes and treated for 10 
min. For all treatments, the temperature was maintained at 25.0 ±
1.0 ◦C. 

After the US treatments samples were transferred into an orbital 
shaker (S01, Stuart Scientific, UK), stirred at 250 rpm and withdrawn 
after 0 h, 1 h, 2 h, 3 h, 5 h, 21 h and 24 h and centrifuged at 5000 rpm for 
10 min (Sigma 2-16PK, Osterode am Harz, Germany). Samples prepared 
by macerating the wheat/oat bran in solvent for 10 min without US 
treatment and stirring were marked as the Control, while the samples 
prepared by macerating the brans in solvent and stirring for 24 h 
without US treatment were marked as the Control (24 h) samples. Af
terwards, the samples were centrifuged at 5000 rpm for 10 min (Sigma 
2-16PK, UK). An aliquot of the supernatant (5 mL) was dried in a 
vacuum-evaporator (TurboVap LV, Caliper Life Science Inc., USA) below 
40 ◦C. The dried extract was redissolved in methanol to 1 mL volume. 
The obtained extracts were used for further investigation of TPC. 

2.3. Analysis of total phenolic compounds 

Total phenolic content of wheat/oat bran extracts was determined 
spectrophotometrically using Folin-Ciocalteu’s reagent [36]. Gallic acid 
was used as the standard and results were expressed as gallic acid 
equivalents (GAE) (μg GAE/g of sample on dry mass basis). The extracts 
(0.1 mL) of wheat and oat bran were diluted with pure water (7.9 mL). 
Folin-Ciocalteu’s reagent (0.5 mL) and sodium carbonate solution (1.5 
mL; concentration 20 g/100 mL) were added into the extracts, and the 
reaction mixture was mixed thoroughly. The mixture was allowed to 
stand for 120 min with intermittent shaking, and the absorbance at 750 
nm was measured (Jenway, 6405 UV/Vis). 

2.3.1. Extraction of phenolic compounds with sodium hydroxide 
Alkali extraction of phenolic compounds was performed following 

the modified method of Gopalan and Nampoothiri [17], by treating 1 g 
of bran with 50 mL of 2 N NaOH at 25 ◦C for 12 h. The resulting slurry 
was then acidified using 5 N HCl till the pH dropped to 3.5. The acidified 

slurry was then extracted with three volumes of ethyl acetate. The 
extracted ethyl acetate volume was reduced by a rotary evaporation 
(R210, Buchi, Switzerland), and the yellowish liquid residue was then 
dissolved in ethanol/water (80:20, v/v) to 10 mL volume and used for 
further analyses using Folin-Ciocalteu’s reagent following the same 
procedure as described in the previous section. 

2.4. Extraction kinetics 

Experimental data obtained for the extraction of total phenolic 
content from wheat and oat bran were fitted to Peleg’s kinetic model. 
Experimental data were normalised prior to nonlinear regression fitting. 
Empirical two parameter model proposed by Peleg [31] for sorption 
kinetics was employed: 

C(t) = C0 +
t

K1 + K2t
(1)  

where t (h) is the extraction time, C (t) represents the extraction yield at 
time t (mg/kg), C0 is initial extraction yield at time t = 0 (mg/kg GAE/ 
kg), K1 (h kg/mg GAE) and K2 (kg/mg GAE) are Peleg’s constants (rate 
constant and capacity constant, respectively). 

According to this model, reciprocal value of K1 is the initial rate 
constant B0 (mg GAE/kg h) at t = 0. 

dC(t)
dt

=
1

K1
= B0 (2) 

Similarly, reciprocal value of K2 allowing determining the equilib
rium yield concentration or maximum capacity Ce (mg GAE/kg). 
Namely, when t→∞, Peleg’s equation represents equilibrium 
concentration. 

Ce = C0 +
1

K2
(3) 

Nonlinear regression constants (K1 and K2) were found by Mathcad 
software. 

Having in mind that in experiments were used ultrasound bath and 
probe, the experimental data were normalised in order to enable better 
comparison between them. The following normalised model was 
developed 

C(t) − C0

Ct→∞ − C0
=

t
K1
K2
+ t

(4)  

where K1/K2 (h) ratio represents the constant introduced for the first 
time in this study (K1/2) as a time required for the initial phenolic 
concentration to be extracted to one-half its initial value. In this way, 
kinetics was dependent only on one parameter that allowed fast com
parison between experimental data. 

2.5. Characterization of bran surface morphology by scanning electron 
microscope (SEM) 

Bran surface morphology was characterized by obtaining the SEM 
images as described by Wen et al. [41]. Wheat/oat bran particles were 
mounted on stubs using double-sided carbon tape, firstly sputtered, and 
then coated with Gold by Emitech K575X Sputter Coating Unit. Coated 
bran samples were examined by a FEI Quanta 3D FEG DaulBeam (FEI 
Ltd, Hillsboro, OR), and the micrographs were recorded and analysed. 

2.6. Statistical analysis 

Results were expressed as mean ± standard deviation of triplicate 
analyses for all measurements. Statistical differences between samples 
were evaluated using one way analysis of variance (ANOVA) followed 
by Tukey‘s minimum square difference test. Difference between groups 
was considered significant at P ≤ 0.05. All data were analysed using the 
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software package STATISTICA 10.0 (StatSoft Inc., Tulsa, OK, USA). 

3. Results and discussion 

Ultrasound has already proven its capability to assist extraction of 
phenolic compounds from plant material in simpler and more efficient 
manner, requiring the shorter extraction time and lower solvent con
sumption, which resulted in increased extraction yields and improved 
quality of extracts. Given that the extraction solvents significantly alter 
the total phenolics and the antioxidant activity of the obtained extracts 
[2], the selection of ethanol as the extraction solvent was based on the 
previous study of Wang et al. [40] who observed the highest efficacy of 
ethanol in the extraction of the total phenolic compounds from wheat 
bran, over methanol and acetone. Although there is some evidence that 
the use of 80% methanol results in the highest amount of phenolics and 
the best antioxidant capacity, the use of ethanol is more appropriate due 
to its non-toxicity and the fact that it can be easily recovered by reduced 
pressure distillation [6,14,35]. 

3.1. Extraction yield of total phenolics from wheat/oat bran 

Wheat/oat phenolic extracts were obtained using ethanol–water 
solution without ultrasonic pretreatment (Control, Control (24 h)) and 
with the applied ultrasonic pretreatment at four different frequencies 
(20–45 kHz) associated with the expected physical and biochemical 
effects which are dominant at lower frequencies (20–100 kHz) [39]. The 
selection of applied frequency range was due to the high extraction 
yields reported in low frequency range (20–40 kHz) [39]. The obtained 
TPC yields are shown in Fig. 1. 

The total phenolic content of US treated wheat bran without shaking 
ranged from 1949.5 ± 75.7 (25 kHz) to 2152.5 ± 195.9 (45 kHz) mg/kg. 
No significant differences (P < 0.05) in total phenolic content were 
detected between ultrasound treated samples and the Control (24 h) 
(Fig. 1A). The obtained results are lower than the results of Wang et al. 
[40] who used the same ethanol concentration, but applied higher 
tempertature regime (40–60 ◦C) and longer duration of sonication 
(15–25 min). The obtained results are in line with the results of Chen 
et al. [11] who applied US frequency and temperature in the range of 
20–50 kHz and 30–70 ◦C, respectively, to treat black wheat breeding 
line with intrinsicly higher level of phenolic compounds. Untreated 
wheat bran after 24 h of shaking (Control 24 h) yielded 2293.5 ± 95.5 
mg/kg of TPCs, which is higher than the results obtained by Abozed 
et al. [2] and Zhou & Yu [44] who applied 70% ethanol extraction. The 
comparison with the results of other authors is difficult due to the 
variability in the expression of results, variability in the utilization of the 
extraction solvents, but also variability in the cereal variety and bran 
particle size [2,8]. 

Significantly lower TPC in the Control is due to the absence of me
chanical stirring and/or shaking, which is common in conventional 
extraction procedures to assist the extraction of total phenolics [21]. 
Mechanical stirring/shaking provides the effective moistening of plant 
material and helps the interaction between the solid sample and the 
liquid medium which results in increased amount of extractive sub
stances. The facilitation of extraction by mechanical stirring/shaking is 
achieved due to the increased molecular diffusion, and removal of 
concentrated solution from the sample surface, so that unsaturated 
solvent is in contact with the sample to achieve higher extraction yield. 

The total phenolic content of US treated oat bran extract obtained 
without shaking ranged from 918.7 ± 177.1 (45 kHz) to 1467.5 ± 64.3 
mg/kg (20 kHz). No significant changes (P < 0.05) in total phenolic 
content were observed with respect to ultrasound frequency and the 
Control (24 h), with an exception of 45 kHz and the Control being 
somewhat lower (Fig. 1B). Untreated oat bran extract after 24 h of 
shaking (Control 24 h) yielded 1503.5 ± 113.8 mg/kg of TPCs, being 
higher than TPC obtained by Hitayezu et al. (2015) who examined six 
commercial oat milling fractions. 

The obtained results indicated a similar extraction efficiency of 
applyed ultrasonic pretreatment for 10 min and conventional solvent 
extraction for 24 h (Fig. 1A and 1B). Therefore, the possibility to obtain 
phenolic extracts from wheat and oat brans using shorter time of 
extraction (10 min instead of 24 h) could be beneficial regarding energy 
efficiency, which is especially important in the industrial production of 
extracts with potential application in the food and pharmaceutical 
industries. 

Ultrasound technology is considered safe and clean as it is based on 
using non-ionizing radiation. However, referring to Rehman et al. [34], 
an ultrasound can induce chemical reactions through the occurrence of 
acoustic cavitation, formation and collapse of small gas bubbles during 
the treatment. The same authors state that the sonochemical reactions 
can take place in three different regions: 1) in the high temperature 
region of a collapsing gas bubble, 2) in the interfacial region between the 
surrounding liquid and a hot gas phase, 3) in the bulk of solution where 
the free radicals, formed in the cavitation bubbles and not scavenged in 
the interfacial region react with organic solutes. These radicals could 
cause breaking of covalent bonds in a way to cause hydrolysis of ester 
bonds, which is desired reaction in our case, but could also damage the 
extracted molecules. However, the applied ultrasound-assisted extrac
tion procedures did not provide the breakage of ester bonds allowing the 
release of phenolic acids from the structural components of cell walls 
[18,27,29], so that the total phenolic content extractable from wheat/ 
oat bran when alkaline hydrolysis is applied is much higher (10634 ±
268 mg/kg for oat and 14420 ± 523 mg/kg for wheat). 

Fig. 1. Effect of US pretreatment on extraction yield of total phenolics from wheat (a) and oat (b) bran (value is presented as mean (n = 3) ± standard deviation; 
Means marked with different letter are statistically different (P ≤ 0.05)). 
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3.2. Extraction kinetics of total phenolics from wheat/oat bran 

Figs. 2 and 3 show the kinetic profile of phenolics extraction from 
wheat/oat bran with UAE treatment fitted by Peleg’s model. The trend 
of extraction curves indicates similarity to the sorption process kinetics 
of Peleg’s model [31]. The profiles of the total phenolics extraction 
curves for wheat bran indicate a high extraction rate in the initial stage 
of extraction up to 5 h followed by a reduced extraction rate presented 
by curves that asymptotically approaches an equilibrium concentration 
(Fig. 2a and 2b). 

Namely, extraction rate is controlled by mass transfer resistance in 
the liquid film and intra-particle diffusion [25]. Therefore, stirring up to 
5 h reduced the resistance in the liquid film by creating the turbulence. A 
prolonged stirring time had no effect on the extraction rate of total 
phenolics from wheat bran due to the prevalence of the intra-particle 
diffusion. 

In the case of oat bran, the initial extraction rate was high in the first 
3 h and then the extraction rate gradually reached an equilibrium con
centration (Fig. 3a and 3b). 

Further prolongation of stirring (5 h, 21 h and 24 h) did not signif
icantly improve the phenolics yield due to the large amounts of phe
nolics initially extracted from bran. This findings are in agreement with 
finding of Durling et al. [15] who suggested shorter shaking time during 
extraction of polyphenols, since the increased shaking time potentially 
may lead to the evaporation of solvent, which resulted in the decreased 
yield of TPCs. 

The highest level of total phenolics content for both brans was ob
tained with the ultrasound probe system (20 kHz) (Fig. 2a and 3a) due to 
direct ultrasonic energy transfer to the sample and minimal energy 
losses [39]. 

The summary of kinetics parameters is presented in the Table 1. 
The extraction rate constants K1 and K2 increased with increasing 

ultrasound frequency for wheat bran, whilst for oat bran K1 and K2 
increased with increasing US frequency up to 35 kHz, while further in
crease of US frequency affected decrease of K1 and K2. According to 
Equation (2), K1 is related to B0, which represents the initial extraction 
rate of the extraction curve. B0 was higher for the control samples 
(without UAE) than for sonicated samples, being in accordance with the 
results of Wen et al. [41]. This can be explained by two-stage extraction 
of phenolics whereby the first stage encompass the dissolution of the 
phenolics around the matrix surface (washing) which proceeds very 
rapidly, while the second stage encompass the slow diffusion of phe
nolics from the matrix to the solvent [28,30,41]. For the UAE treated 
samples, the first stage started from the beginning of the ultrasonic 
pretreatment during which most phenols were extracted out from brans. 

On contrary, the first stage of extraction for the control samples started 
with macerating. When the orbital shaker extraction started, the 
extraction of the UAE treated samples already started or got close to the 
second stage at which the rate was much slowed down. Therefore, B0 for 
the UAE treated samples was lower than the control groups. This means 
that UAE could shorten the first stage of extraction. 

Maximal extraction capacity (Ce) was higher for sonicated samples 
than for the control samples. Higher values of Ce imply more extractable 
compounds from the samples. The present results revealed that the 
application of US probe system (20 kHz) corresponded to the highest Ce, 
implying that the cavitation caused by UAE probe system could disrupt 
structure of samples and enable more target compounds exposed to 
solvent, as well as break the bonds between target compounds and other 
molecules, which is in accordance with the results of extraction yield 
(Fig. 2a and 3a) and with the results of surface morphology of brans 
obtained by SEM (Fig. 4b and 5b). The coefficient of determinations for 
predicted total phenolics extraction yields showed a good correlation 
with the experimental data and indicated that the non-exponential 
Peleg’s model could be employed to predict the extraction phenolics 
yields after ultrasonic treatment (R2 values was greater than 0.93). 

In addition, by introducing the constant K1/2 defined as a time 
required for the initial phenolic concentration to be extracted to one-half 
of its initial value, it was shown that extraction kinetics was dependent 
only on one parameter that allowed fast comparison between extraction 
rates at different ultrasound frequencies. Furthermore, through the 
process of obtaining the constant K1/2 all experimental data were nor
malised and organised in order to show a more realistic comparison 
between ultrasound probe and bath. This is the first study in which the 
constant K1/2 was introduced. This value can be used to predict and 
evaluate the extraction kinetics as well as efficiency of different US 
pretreatment used for total phenolics extraction from wheat and oat 
brans. It was shown that with K1/2 increasing, the extraction rate is 
decreasing. The highest extraction rate (the smallest K1/2 value) for 
wheat bran could be noticed for the control sample (Fig. 2b) due to 
absence of US pretreatment which shortened the first stage of extraction 
during which the yield increased rapidly. Due to minor K1/2 differences 
between oat bran samples (Fig. 3b) extraction rate i.e. kinetics curves 
are more similar than wheat kinetics curves (Fig. 2b). However, differ
ences in extraction rate between cereal brans could be influenced by the 
differences in their composition. According to our previously results, 
wheat bran had higher fibre and protein content in comparison to oat 
bran, while oat bran was characterized by almost two times higher 
starch content compared to wheat bran (Nedeljković et al., 2015). So, it 
is possible that ultrasonic treatment could be more effective in extract
ing phenolics from the wheat bran due to its microstructural 

Fig. 2. The extraction kinetics of total phenolics content from wheat bran subjected to ultrasound frequencies fitted to Peleg’s model (a) extraction yield, (b) 
extraction rate. 
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characteristics. The dependency of model constant K1/2 on the ultra
sound frequency is shown in Fig. 4. If the ultrasound frequency 
asymptotically approaches zero, the extraction is very fast, because 
there is no pre-treatment with ultrasound when much of initial phenols 
is extracted. This is in an agreement with Wen et al. [41]. On the other 
hand, when ultrasound frequency reaches infinity, the extraction of 

phenolics must be also infinitely long (or even impossible), because of 
the high ultrasound intensity that destructs samples and prevents the 
extraction. This is in agreement with the statement of Altemimi et al. [5] 
and Liu et al. [26] who pointed out that the higher frequencies (80 kHz) 
caused the collapse of cavitation bubbles in the samples not allowing 
them sufficient time to extract the target compounds which as a 
consequence have the prevention of the extraction of target compounds. 
Furthermore, Fig. 4 helps to predict unknown K1/2 values and conse
quently K1 and K2 values for wheat and oat brans with a certain accu
racy, for a specific ultrasound frequency. 

3.3. Microstructural changes of wheat/oat bran induced by 
ultrasonication 

The enhancement in the extraction rate achieved by UAE is attrib
uted to the cavitation phenomenon produced in the solvent by soni
cation [40]. Due to cavitation the cell membrane disruption occurs 
which alters microstructural properties and the porosity of matrix – 
micro fissures and channels are formed that improve the permeation of 
solvent into the matrix [22,39,41]. Microstructural changes of the 
control samples and samples treated by ultrasound were analysed with a 
scanning electron microscope (SEM) and presented in Figs. 5 and 6. 

Wheat and oat bran subjected to the conventional solvent extraction 
(control samples) underwent slight damage without pronounced fissures 
within the fibre matrix, mainly associated with the dissolution of the 
plant cell walls and membranes, due to which the phenolic compounds 
were released into the solvent (Fig. 5a and 6a). 

Fig. 3. The extraction kinetics of total phenolics content from oat bran subjected to ultrasound frequencies fitted to Peleg’s model (a) extraction yield, (b) 
extraction rate. 

Table 1 
Peleg’s model parameters for extraction kinetics of total phenolics (mg/kg) from 
wheat/oat bran.  

Peleg’s model Control 20 kHz 25 kHz 35 kHz 45 kHz 

Wheat bran 
K1 0.0002  0.0014 0.0015  0.0027 0.0152 
K2 0.0008  0.0026 0.0026  0.0033 0.0044 
K1/2 0.250  0.538 0.577  0.818 3.455 
B0 5000  714.286 666.667  370.37 65.789 
Ce 2261  2461.12 2334.12  2367.03 1163.77 
R2 0.986  0.969 0.957  0.982 0.933 
Oat bran 
K1 0.0004  0.0019 0.0016  0.0033 0.0013 
K2 0.0018  0.0033 0.0022  0.0034 0.0013 
K1/2 0.222  0.576 0.727  0.971 1 
B0 2500  526.316 625  303.03 769.231 
Ce 1492.06  1770.53 1671.17  1617.12 1687.98 
R2 0.99  0.998 0.931  0.93 0.996 

K1 (h kg/mg GAE) – Peleg rate constant; K2 (kg/mg GAE) – Peleg capacity 
constant; K1/2 (h) – half-life constant; B0 (mg GAE/kg h) – initial extraction rate; 
Ce (mg GAE/kg) – equilibrium concentration; R2 –coefficient of determination. 

Fig. 4. Effect of the ultrasound frequencies on the K1/2 for wheat bran (a), and oat bran (b).  
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The control samples exhibited different microstructural character
istics: wheat bran fibre matrix was covered with proteins (Fig. 5a), while 
oat bran was with visible residual starch particles (Fig. 6a), which may 
be the reason of the lower extraction rate of total phenolics obtained for 
oat bran in relation to wheat bran (K1/2 = 0.250 for wheat bran; K1/2 =

0.222 for oat bran). 
The samples treated with UAE exhibited cell disruption, the emer

gence of micro fissures on the surface, indicating more intensive 
disruption of matrix surface than that obtained by conventional solvent 
extraction. Ultrasonic treatment weakened the protein network, 
“cleaned” the surfaces and exposed the fibre matrix. The surface of bran 
samples treated with the probe focussed sonication (at 20 kHz) (Fig. 5b 
and 6b) exhibited more intense matrix rupture compared to the bath 
focused sonication (Fig. 5c and 5d, Fig. 6c and 6d), with visible cracks 
caused not only by the higher ultrasound intensity, but a larger number 
of cavitation nucleus formed [32]. 

4. Conclusion 

The results showed that the ultrasound application enhanced the 
solvent extraction of free phenolics from wheat and oat bran. Stirring 
times of 1 h to 5 h for wheat bran, and from 1 h to 3 h for oat bran 
improved the free phenolics extraction, but only 15% of total phenolic 
compounds present were extractable. Although UAE enhanced the 
extraction of free phenolic compounds by altering the microscopic 
structure of the brans tissue as shown by SEM images, the applied ul
trasonic treatments did not provide sufficient energy to break ester and 
ether bonds, so that the appropriate selection of ultrasound intensities is 
crucial to enhance the isolation of total phenolics from cereal brans if the 
use of strong bases is to be avoided. Peleg’s model fits adequately 
extraction of the free phenolics from wheat/oat bran. For the first time, 
in this study the constant that represents a time required for the initial 
phenolic concentration to be extracted to one-half of its initial value has 
been introduced (K1/2). It was shown that the TPC extraction kinetics 
was dependent only on K1/2 enabling fast comparison between extrac
tion rates at different ultrasound frequencies. It was shown that K1/2 
exponentially increased with ultrasound frequencies which conse
quently prolonged the extraction of phenolics from cereal brans. 

Funding 

This work was financially supported by the Science Fund of Republic 
of Serbia (project number 6060592) and by the Ministry of Education, 
Science and Technological Development of the Republic of Serbia 
(contract No. 451-03-9/2021-14/ 200222). 

CRediT authorship contribution statement 
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