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ABSTRACT

KEYWORDS

Ultrasound assisted extraction (UAE) process enhancement for food and
alied industries are reported in this review. Ultrasonic processing is a
novel and promising technology in food industry. The propagation of ul-
trasound in a medium generates various physical and chemical effects
and these effects have been harnessed to improve the efficiency of vari-
ous food processing operations. The advantages of using ultrasound for
food processing, includes. more effective mixing and micro-mixing,
faster energy and mass transfer, reduced thermal and concentration gra-
dients, reduced temperature, selective extraction, reduced equipment size,
faster response to process extraction control, faster start-up, increased
production, and elimination of process steps. Low power (high frequency)
ultrasound is used for monitoring the composition and physicochemical
properties of food components and products during processing and stor-
age, which is crucial for controlling the food properties and improving
its quality. High power (low frequency) ultrasound, on the other hand,
induces mechanical, physical and chemical/biochemical changes through
cavitation, which supports many food processing operations such as ex-
traction, freezing, drying, emulsification and inactivation of pathogenic
bacteria on food contact surfaces. This review gives a brief presentation
of the theory of UAE, discusses recent advances that influence its effi-
ciency, advantages and the disadvantages of UAE and the possibility of
coupling UAE with other analytical techniques.
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INTRODUCTION nologies, suchashigh pressure, pulseddectricfiedddec-

Nowadays, consumers prefer and choose foods
that not only provide them with essentia nutrients
but also contain substances which may have posi-
tivelong-term effects. Inrecent years, emerging tech-

trolyzed water, irradiation, ozone and ultrasound treat-
ments, havebeenwidely studied for gpplicationinfood
industry. Sudieseva uating thegpplication of ultrasound
infood science and technol ogy have been expanded
duetoitspromising effectsinfood processingand pres-
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ervation® 1112 Theuseof ultrasound energy inliquid
and solid mediahasbeen extensivein food-processing
goplicationsand has created growinginterestin sample
treatment'™. Ultrasound-assisted extraction (UAE) has
found particular application as a procedure for the
preparation and extraction of analytes. Ultrasound ra-
diation, whentransmitted through amedium, generates
adisturbancethat, if repeated periodicaly, creates ex-
pansion and compression cycles?. Theapplication of
ultrasound isanon-therma technol ogy which contrib-
utestotheincrease of microbial safety and prolongs
shdlflife especidly infoodwith heet-sengtive, nutritiond,
sensory, and functional characteristicg® 33, Ultra-
soundisincreasingly being gpplied infood industry due
toitspromising effectsin food processing and preser-
vation!*¥, The applied ultrasound range can beclassi-
fiedintotwo subclasses: low intensity diagnostic ultra-
sound (5-10 MHz) and high intensity power ultrasound
(20-100 kHz range) (Figure 1)1, Ultrasound irra-
diation’®> % isoneof the upcoming extractiontechniques
that can offer high reproducibility in shorter time, lower
temperature, reduced sol vent consumption and less
energy input®. Oscillatory particle motion produced
by high-intensity ultrasonic waves can a soinduce sec-
ondary flows, known as acoustic streaming. Such an
agitation shouldredizeaninterna convection motion of
solutewithin the solvent inside holes of porous mate-

—==> Revyiew

rial. Moreover, cavitation produces micro-jetsat the
surface of thefood materia that may improvethe ex-
change surfaces which has to be reveaed globally
through ahigh starting accessibility. Both effects can
increase masstransfersof solvent withinthesolid and
solutewithin the sol vent!® 61,

The gpplication of power ultrasoundinfood indus-
try for two reasons, namely replacing conventiond pro-
ng technol ogiesand ass sting traditional food pro-
cesses. Inthelatter case, the processing efficiency is
enhanced and thedisadvantages of traditiona food pro-
cessing technologies areimproved“ 58, Controlled
gpplication of ultrasound can beapromising food pres-
ervation gpproach that inactivatesmicroorganismswith-
out having harmful effectsonthenutrition, quaity, sen-
sory and aestheti ¢ attributes of food? 4,

Although commercial applications of ultrasound
have been used in some industries (chemical, cos-
metic, textile, polymer, and petrochemical) it has
recently started to be used in the food industry for
items such as ketchup, mayonnaise, and fruit juice
productiont” 8,

From theliterature review, the use of ultrasound
isincreasingly employed asan dternativemethod over
thetraditiona in extraction of naturd productsbecause
they are shortening of processing and residencetimes
(they can now be completed in minutesinstead of hours
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Figure 1 : Freguency range of sound waves
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with highreproducibility) and accel erated heat and mass
transfer, eco-friendly, with strongly decreased solvent
consumption and quality of theextractg*d.

This paper aimsto provide adetailed and critical
review of thelatest applicationsof USwith regard to
theimprovement of sometechnologica properties(pres-
ervation, extraction, processing and quality control of
food, etc) and the bioactivity of food. Specid emphas's
has been placed on ultrasound assisted extraction as
oneof themost feasible and cost-effectivelarge-scale
gpplicationsof USinthefood industry.

Principleof ultrasound technology in food

Thehistory of scientific advancesand the discov-
ery of ultrasound arerooted in the study of sound, with
Sir Isaac Newton first proposing histheory of sound
wavesin 1687124, Ultrasound energy acceleratesAl/Si
dissolution and strengthensthe bonds at the solid par-
ticle/gel phaseinterface®!. Thisincreasesthe conden-
sation processthus speeding up the zeolite crystalliza-
tion process. Ageing of sourceof Al or S, either from
pure chemical precursorsor CFA using US energy has
been shown to reducethe crystallization time*3,

Theability of ultrasound to cause cavitation depends
onthecharacterigticsof ultrasound (e.g., frequency and
intensity), product properties(e.g., viscosity and sur-

(A)

Bubbles
AOWING
Bubbles
formation

unestable size

facetenson) and ambient conditions(e.g., temperature
and pressure). Thistechniquerequiresaliquid medium,
an energy generator and atransducer, which transforms
the electric, magnetic or kinetic energy into acoustic
energy'®.

Ultrasound is a form of energy generated by
sound waves at frequencies that are too high to be
detected by the human ear. These waves participate
inaregion of the sound spectrum that isdivided into
threemain parts: infrasound (v < 16 Hz), band sound
(16 Hz < v <16 kHz) and ultrasound (v > 16 kHz).
The ultrasound band is also divided into low fre-
quency (16 kHz < v <1 MHz) and high frequency (v
> 1 MHZz) bands. High-frequency ultrasound bands
aretypically used for medical and industrial imag-
ing purposes? 24, Low power ultrasound is mainly
used in medical diagnosticswhereas high power ul-
trasound is used to induce physical and chemical
changes in biological matrices due to mechanical,
cavitationa andthermd effects. Implosonof cavitationd
bubbles, formation of microjets, microturbulence, high-
velocity inter-particlecollisonsand perturbationin mi-
cro-porous particles® result in enhanced extraction
yield and accd erated chemical reactiong®. Ultrasound
can drive processes (e.g., extraction, dissolution and
digestion) when applied to finely powdered solidsdis-

Cavitational
collapse
("Hot spots™)

Bubbles of

(B)

Figure 2 : Cavitation phenomenon. (A) Development and collapse of cavitation bubbles. (B) Cavitational collapse
at a solid-liquid interface. The sequence (1), (2) and (3) shows a scheme of fragmentation or disruption due to gas
trapped on the defects on the solid surface giving rise to particle-size reduction (increase in surface area)
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persedinaliquid medium, asaresult of theconditions
derived from cavitation (Figure 2A). Thus, highlocal
temperaturesinside collapsing cavitation bubbles can
cause an increase in analyte solubility and solvent
diffusivity insdethe solid particles. High pressure oc-
curring during microbubbleimplosonimprovessolvent
penetrability and transport. Surfacerenewa caused by
particefragmentation makesit possblefor moreandyte
to comein contact with the solvent (Figure 2B)©7.

Ultrasound effectsonliquid systemsaremainly re-
|ated to the cavitation phenomenon. Ultrasoundispropa
gated viaaseriesof compression and rarefaction waves
induced onthemol ecul esof themedium passed through
(Figure 3)i9,

Thistype of cavitation, called “transient cavita-
tion”, can produce shearing forces and turbulence in
the medium(“® 42, Another important effect is that
water molecules can be broken, generating highly
reactive free radicals (H20—H++OH) that may re-
act and consequently modify other molecules, such
as proteind*l. This wide range ofmechanisms in-
volved in the HIU treatment induces physical and
biochemical effects with several potential applica-
tionsinthefood industry.

L ow power ultrasound

Low power ultrasound (LPU) along with spec-
troscopy and nuclear magnetic resonance (NMR) are
currently themost popular, practical and widely used
nondestructive analytical methods. For many years,
LPU has been successfully utilized for studying the
physicochemical and structural properties of fluid
foodd™.. The changes in ultrasound properties en-
ableto assess the properties of opaquefluidsand to
detect foreign bodiesin foodsthrough container walls
(i.e., without contact), which allows to make mea-
surements in the lab as well as on-line using aro-
bust and reasonably cheap measurements gpparatus ™.

Applicationsof low power ultrasound (L PU)
M eat products

In the beef industry, LPU has been afast, repro-
ducible and reliable technology to enhance genetic
improvement programs for livestock("”: 781,

Fruitsand vegetables

—=> Revyiew

Theapplication of ultrasound for thequality control
of fresh vegetablesand fruitsin both pre- and postharvest
applications was highlighted in a recent review(™,
Alexandreet d. (2012) treated strawberrieswith non-
thermal technol ogies, such asultrasound (35 kHz), and
observed higher anthocyanin contentsthanin samples
washed with chemical solutionswhen stored at room
temperaturefor 6 days. Tiwari et al. (2010) observed
thesignificant retention of anthocyaninsingrapejuices
after tretment with ultrasound (at acongtant frequency
of 20 kHz and pulse durations of 5 son and 5 s off):
97.5%AC (cyanidin), 48.2% MA (malvanidina) and
80.9% DA (ddphinidin).

Cereal products

Skaf et al. (2009) developed a low frequency
acoustictechniquewithtwolargesensors(throughtrans-
misson) toovercomethecontinuousphyscd and chemi-
ca evolution of dough medium during fermentation,
which allowed to evaluate the physical properties of
dough and determinethecritical timeaswell asthein-
fluence of severd technological parametersinthepro-
cess of dough devel opment!®. More recent work uti-
lized alow cost and rapid through transmission ultra-
sound vel ocity techniqueto monitor changesin wheat
flour dough cons stency induced by proteinsand gel ati-
nization of the starch®,

High power ultrasound

There have been numerous studies about various
applicationsof high power (Ilow frequency) ultrasound
infood science and technol ogy. All of these applica
tions and principles were reviewed by Awad et al.
(2012), Carcdl et al. (2012) and Chandrapala et al.
(2012).

Severd nove andinteresting HIU applicationsfor
improving thetechnol ogical propertiesand bioactivity
of food have emerged during thelast yeard® &1, Due
to the physical, chemical andmechanical effects
inducedmainly by cavitation, HIU has been used to
provokemodificationsin the structure of both animal
and plant proteing® 89, High-frequency ultrasound has
been used to provideinformation on the phys cochemi-
ca propertiesof food such asthesat andfat contentin
meat products®”: % or firmness, ripeness, sugar con-
tent and acidity in fruit and vegetable products™.
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Ultrasound in food preservation

Ultrasound is one of the new preservation tech-
niquesthat could eliminate microbial activity. High
power ultrasound aoneisknown to disrupt biologi-
cal cells. When combined with heat treatment, it can
accelerate the rate of sterilization of foods. There-
foreit reduces both the duration and intensity of the
thermal treatment and the resultant damages. At suf-
ficiently high acoustic power inputs, ultrasound is
known to rupture cell 445461, Ultrasoni ¢ techniques
are finding increasing use in the food industry. Ul-
trasound (US) is used to dlter, physically or chemi-
cally, the properties of foods, for example
pasteurisation, sterilisation, generation of emulsions,
disruption of cells, promotion of chemical reactions,
inhibition of enzymes, tenderising meat and modifi-
cation of crystallization(®6 57,

Ultrasound-assisted extraction

The principal objective of an extraction process
isto maximizethetarget-compound yield with no or
minimal impact on propertiesof thetarget compound
whilst minimizing the extraction of undesirable com-
pounds. Conventional solid-liquid extraction (SLE)
techniques, including maceration, infusion and
“Soxhlet” extraction, are time consuming and use
large amounts of solvents®. Plant extraction applied
to food domain is usually done by solvents, repre-
senting high cost, pollutant and fastidious techniques.
In the case of vegetabl e oils extraction, most of ma-
trixes are seeds and kernels, which constitute barri-
ers for the penetration of the solvent with conse-
guent low yield. Also, the most common oil extrac-
tionisdone by normalized Soxhlet extraction. Thead-
vantages of the use of low frequency ultrasound have
been extensively extraction, such as Jatrophacurcas
L. and soybean 0il1,

The use of ultrasound to accelerate extractive
processes is a well established technique in ana-
Iytical chemistry demonstrated by several recent re-
Vi aNS[48, 49, 50].

Thefrequency of the applied ultrasoundisavery
important parameter, with lower frequencies lead-
ing to more rapid agitation and cell damage. For
instance, when a frequency of 20 kHz is applied,

ingablecavitationisinduced into thesystem, wherevio-
lent collapse of the cavitation bubblesgeneratesiocaly
high temperatures and pressures (upto 50 MPaor in
ingancesevenhigher) (Figure4). By increasingthefre-
guency, cavitation goesthrough atransent zone, until
stable cavitation can bereached at frequenciesinthe
order of several hundred kilohertz. At thesefrequen-
cies, cavitation bubblesdo not collapse, or at least not
violently, and effectsonfood productsarelargely caused
by sonochemical effectsor gentlephysica effectssuch
asmicrostreaming. Someplantsand their by-products
shouldinfact betreated with ultrasound at frequencies
exceeding severa hundred kilohertz to protect sensi-
tive bioactive compounds. A pplied amplitude (power),
frequency and geometry of thesonotrodesarea so very
important parameters. For some products, thedirectly
immersed sonotrodes, generaly operating a high powers
and low frequencies, should not beused to avoid nega-
tiveeffectsonthefood product caused by cavitational
activity or contamination with particlesfromhornero-
sion“, Extraction enhancement by ultrasound hasbeen
attributed to the propagation of ultrasound pressure
waves, and resulting cavitation phenomena. High shear
forcescauseincreased masstransfer of extractants?.
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Figure 4 : Size of the cavitational bubbles in dependence of ultrasounds frequency

In the study on supercritical fluid extraction en-
hancement by ultrasound Balachandran et a . (2006)
they were ableto demonstrate that the effectiveness
of ultrasound was gained by the increase in the su-
perficial masstransfer and that effectivenessdeclined
sharply after the readily accessible surface solute
had been removed. However, by reducing the sub-
strate particle size major gains in extraction effi-
ciency and extraction time reduction could be
achieved.

Ultrasound in food processing

One of the major issues in using ultrasound in
food processingisthe controlled modification of the
functionality of food ingredients without chemical
modification(®.

Filtration

Inthefood industry, the separation of solidsfrom
liquidsisan important procedure either for the pro-
duction of solid-free liquid or to produce a solid
isolated from its mother liquor. But the deposition
of solid materials on the surface of filtration mem-
braneis one of the main problems. The application
of ultrasonic energy can increase the flux by break-
ing the concentration polarization and cake layer at
the membrane surface without affecting theintrinsic
permeability of membrane (Figure5). Theliquid jet
serves as the basis for cleaning, and some other
cavitational mechanismsleadto particlereleasefrom

the blocked membrang*.
Microbial growth

Alternative methods of food processing that have
an amost zero influence on the quality of food have
become moreimportant due to increased consumer
demand for minimally-processed foods. Ultrasound
processing is an alternative technology that has
shown promise in this field. With ultrasound tech-
nology, high pressure, shear, and atemperature gra-
dient are generated by high power ultrasound (20 to
100 kHz), which can destroy cell membranes and
DNA, thusleading to cell death®¥. A relatively new
concept in antimicrobia treatment has been proposed
involving the combined effect of pressureand ultra-
sound (manosonication), ultrasound and heat
(thermasonication) or the combination of ultrasound,
heat and pressure (manothermasoni cation)®2.

Freezing

Ultrasound aidscrystdlization by controlling nucle-
ation and crystal growthinfrozen foods®. It also af-
fectstexture and the rel ease of thawed cdll liquid>,
which are of maor importance for consumer accep-
tance of meat products, fruitsand vegetables, aswell
asfor the conservation of both nutrient and bioactive
ingredients.

Laboratory investigation indicates that power
ultrasound is ableto accel erate the freezing process
of fresh food products, mainly through its ability in
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enhancing the heat and masstransfer process™. Dur-
ingimmersion freezing of potatoesdlices, Li and Sun
(2002) applied power ultrasound intermittently when
potatoes temperature was reduced from 0 to K7 8C.
Thepurposeof theintermittent trestment isto avoid the
riseof refrigerant temperature, since continuous appli-
cation of power ultrasound can lead to prolonged ther-
mal effect upontherefrigerant. Their results(Li & Sun,
2002) indicatethat power ultrasound can lead to no-
ticeableincrease of freezing rate. Asan example, the
freezing curves for potato samples treated with an
acoustic power level of 15.85Wand without acoustic
treatment are compared in Figure 6.

Thawing

Thawingisatime consuming processand an sub-
optimal thawing can accel erate the physiochemical
changesand microbia growth both of which canlead
to the deterioration of quaity of frozen foodd® *l. Re-
cently, studieswere being carried out to explorethe
possihility of using various ultrasound frequenciesand
power levelsduring thawing™ 74,

Ultrasound
_— >

irradiation

Suspension on cross-flow

ULTRASOUND

Filtrate

Figure 5 : Enhancement of permeability using ultrasound

Dairy

Theuseof ultrasound isincreasingly being devel-
oped for arange of applicationsindairy systems, due
to theimproved processing effectiveness, theability to
manufacture productswith ‘tailored’ functiondity, the
ability to preservefood and modul ate enzyme activity,
and the capability of improving the microstructure
through component interactions. The ultrasound-in-
duced physical effectsare used in applicationssuch as

55

—— Without ultrasound
—+— With ultrasound
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R
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Figure 6 : Influence of power ultrasound on the freezing

rate during immersion freezing of potato sices™
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the enhancement of whey ultrafiltration, extraction of
functiond foods, reduction of product viscosity, homog-
enization of milk fat globules, crystdlization of iceand
lactose, manufacturing yogurtswith superior rheol ogi-
ca properties, reduction of yogurt’s total fermentation
timeand cutting of cheese blockg® %,

Emulsfication/homogenization

Emulsficationisanimportant meanto ddiver the
hydrophobic bioactive compoundsinto arangeof food
products (Figure 7). Acoustic emul sification offersthe
followingimprovementsover conventiona methods®”:
e Theemulsion produced has particlesin the sub-

micron range with an extremely narrow particle

sizedistribution.

e Theemulsionsare more stable.

e Addition of asurfactant to produce and stabilize
the emulsion isnot necessary.

e The energy needed to produce an emulsion by

acoustic wavesislessthan that needed in conven-
tiona methods.

Changesin viscosity and texture

Depending ontheultrasoundintengity, food viscosity
can either increase or decrease, the effect being tem-
porary or permanent. Cavitation causes shear, whichin
the case of thixotropic fluids causesatemporary de-
creasein viscosity. If enough energy is applied, the
molecular weight may be decreased giving riseto a
permanent viscosity diminution(2 73, A study by lidaet
a ¥ eva uated the effectiveness of the ultrasonic pro-
cessfor the depolymerization and viscosity control of
starch and polysaccharide sol utionsafter gelatinization.
Fgure8showsthetypica changesinviscosty observed
by sonicating 5% and 10% of waxy maize starch solu-
tion after gelatinization. A drastic decreaseinthevis-
cosity of the ultrasoni cated sol utionsisobserved: about
two ordersof magnitude. For example, theviscosity of
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Figure 8 : Viscosity of 5 and 10 wt.% waxy maize starch
solution by sonication for 30 min at 60 C using a horn:
(0) 10% unsonicated, (W) 10% sonicated, (A) 5%
unsonicated, (4) 5% sonicated. The viscosity was mea-
sured continuoudly at 10 C intervals. The experiments
were repeated 3 times and the error bars indicate 2X
standard error(™

10% starch solution decreased from 2000 to 20 mPa/
safter 30 min sonication. Thelow viscosity wasmain-
tained even after cooling down to room temperature.
Higher amountsof starch, i.e., 15-20% starch slurries
seemed to limit the depression of viscosity becausethe
firm gel formed at this starch content rangeisaffected
to lesses extent by sonication.

CONCLUSION

The useof ultrasound onfood products has proved
to be advantageousin numerous processes. However,
somemodificationsinthe physicochemicd parameters
or structures of components and the degradation of
some compounds have been increasingly reported. Ul-
trasonic energy hasaspecid placein meetingthechd-
lengesof processing recal citrant, multicomponent and
heterogeneous biomass materids. Theintroduction of
anultrasonicfidd can provideanextremdy severephys-
cochemica environment that isdifficult toredizewith
other engineering methods. Sonication does not re-
markably change the chemica mechanism of biomass

pretreatment and reactions, but thereactionkineticsis
remarkably accel erated astheresult of ultrasonic cavi-
tation and the secondary effects, and therefore enhances
the efficiency and economics of the biomass conver-
sion process. Potentia existsfor applying UAE for en-
hancement of agueous extraction and a so where or-
ganic solventscan bereplaced with generdly recognised
assafe (GRAS) solvents. UAE can also providethe
opportunity for enhanced extraction of heat sensitive
bi oactive and food components at |ower processing
temperatures. Thereisalso apotentia for achieving -
multaneous extraction and encapsul ation of extracted
componentsto provide protection through the use of
ultrasonics.

REFERENCES

[1] J.Chandrapda, C.Oliver, SKentish, M.Ashokkumar;
Ultrason.Sonochem., 19, 975 (2012).

S.Seidi, Y.Yamini; Analytical sonochemistry, devel-
opments, applications, and hyphenations of ultra-
sound in sample preparation and analytical tech-
niques, Cent.Eur.J.Chem., 10, 938-976 (2012).
Hernandez M.Carrién, I.Hernando, A.Quiles; High
hydrostatic pressure treatment as an alternative to
pasteurization to maintain bioactive compound con-
tent and texture in red sweet pepper, Innovative
Food Science & Emerging Technologies, 26, 76—
85 (2014).

T.S.Awad, H.A.Moharram, O.E.Shatout, D.Asker,
M .M .Youssef; Applicationsof ultrasound in analy-
sis, Processing and quality control of food: A re-
view, Food Res.Int., 48, 410-427 (2012).
M.Ashokkumar; Applications of ultrasoundinfood
and bioprocessing, Ultrason.Sonochem., 25, 17-23
(2015).

F.Chemat, H.Zille, M.K.Khan; Applications of ul-
trasound in food technol ogy: Processing, Preserva:
tion and extraction, Ultrason.Sonochem., 18, 813
835 (2011).

A.Patist, D.Bates; Industrial applications of high
power ultrasonics, In: Feng, H., Barbosa-Céanovas,
G, Weiss, J.(Eds.), Ultrasound Technol ogiesfor Food
and Bioprocessing, Springer, London, 598-619
(2010).

A.C.Soria, M.Villamiel; Effect of ultrasound onthe
technol ogical properties and bioactivity of food: A
review, Trends Food Sci.Technol., 21, 323-331
(2010).

[2]

(3]

[4]

[5]

[6]

[7]

8]

ziogecﬁtzofo_q

H4n Tndéan

e



BTAIJ, 12(4) 2016

Ali Mohamadi Sani and Maryam Sardarodiyan 171

[9] A.Birmpa, V.Sfika, A.Vantakaris; Ultraviolet light
and Ultrasound as non thermal treatments dor in-
activation of micro-organisms in fresh read-to-eat
foods, International Journal of Food Microbiology,
167(1), 96-102 (2013).

C.Arzeni, K. .Martinez, P.Zema, A.Arias, O.E.Pérez,

A.M.R.Pilosof; Comparative study of highintensity

ultrasound effects on food proteins functionality,

Journal of Food Engineering, 108(3), 463-472

(2012).

JFB.S40 José, M.C.D.Vanetti; Effect of ultrasound

and commercia sanitizerson natural microbiotaand

Salmonel laenterica Typhimurium on cherry toma-

toes, Food Controal, 24(1-2), 95-99 (2012).

A.A.Gabriel; Microbia inactivationin cloudy apple

juice by multi-frequency Dynashock power ultra-

sound, Ultrasonics Sonochemistry, 19(2), 346-351

(2012).

[13] D.Knorr, M.Zenker, V.Heinz, D.U.Lee; Applications
and potential of ultrasonics in food processing,
Trends Food Sci.Technal., 15, 261-266 (2004).

[14] N.K.Rastogi; Opportunitiesand challengesin appli-
cation of ultrasound in food processing,
Crit.Rev.Food Sci., 51, 705-722 (2011).

[15] L.Zheng, D.W.Sun; Innovative applications of
power ultrasound during food freezing processes—
a review, Trends Food Sci.Technol., 17, 16-23
(2006).

[16] T.J.Mason; Sonochemistry and sonoprocessing: the

link, The trends 1074 and (probably) 1075 the fu-

ture, Ultrasonics Sonochemistry, 10(4-5), 175-179

(2003).

Z.J.Dolatowski, J.Stadnik, D.Stasiak; Applications

of ultrasound in food technology, Acta Scientarium

Polonorum Technology Alimentaria, 6(3), 89-99

(2007).

C.M.Rami’c, S.Vidovi'c, Z.Zekovi'c, J.Vladi'c,

A.Cvgjin, B.Pavli’c; Modelingand optimization of

ultrasound-assi sted extraction of polyphenolic com-

pounds from Aroniamelanocarpaby-productsfrom

filter-teafactory, Ultrason.Sonochem., 23, 360-368

(2015).

T.Mason, E.Riera, A.Vercet, Lopez PBuesa; Appli-

cation of ultrasound, In D.W.Sun (Ed.), Emerging

technologiesfor food processing, California: Elsevier

Academic Press, 323e350 (2005).

S.Kentish, M.Ashokkumar; The physical and chemi-

cal effects of ultrasound, In: FENG H., Barbosa

GV.Canovas, Weiss, J.Ultrasound Technologies for

Food and Bioprocessing, New York:Springer, 1-12

[10]

[1]

[12]

[17]

[18]

[19]

[20]

—==—> Review

(2011).

[21] J.A.Cércel, J.V.Garcia-Pérez, J.Benedito, A.Mulet;

Food processinnovation through new technologies:

Use of ultrasound, Journal of Food Engineering,

110(2), 200-207 (2012).

T.J.Mason; Power ultrasound in food processing —

theway forward, in Ultrasound in Food Processing,

M.J.W.Povey and T.J.Mason, Editors, Thomson

Science: London, 105-126 (1998).

T.J.Mason, L.Paniwnyk, J.PLorimer; The uses of

ultrasound in food technol ogy, Ultrason.Sonochem.,

3, S253-S260 (1996).

N.C.Cansino, GRCarrera, Q.Z.Rojas, L.D.Olivares,

E.A.Garcia, E.R.Moreno; Ultrasound processing on

green cactus pear (OpuntiaficusIndica) juice, Physi-

cal, microbiological and antioxidant properties,

J.Food Process Technal., 4, 1-6 (2013).

Y.Pico, in: Y.Pico (Editor), Chemical analysis of

food: Techniquesand applications, Elsevier, Oxford,

UK, 117 (2012).

Jian J.Bing, Xiang L.Hong, Mei C.Qiang, Zhi

X.Chao; Improvement of leaching process of

Geniposide with ultrasound, Ultrasonics

Sonochemistry, 13, 455"462 (2006).

S.Shah, A.Sharma, M.N.Gupta; Extraction of oil

from jatropha curcas L. seed kernels by combina

tion of ultrasonication and agqueous enzymatic il

extraction, Bioresource Technology, 96(1), 121-123

(2005).

[28] H.Li, L.O.Pordesimo, JWeiss, L.R.Wilhelm; Mi-
crowave and ultrasound assi sted extraction of soy-
bean oil, Transactions of the ASAE, 47(4), 1187-
1194 (2004).

[29] Marra, F., Zhang, L., & Lyng, J.G.(2009).Radio fre-
quency treatment of foods: review of recent
advances.Journal of Food Engineering, 91, 497-508.

[30] D.Nowak, PPLewicki; Infrared drying of apple
dices, Innovative Food Science and Emerging Tech-
nologies, 5, 353-360 (2004).

[31] L.Wang, C.L.Weller; Recent advancesin extraction

of nutraceuticals from plants, Trends in Food Sci-

ence & Technology, 17(6), 300-312 (2006).

S.Shirsath, S.Sonawane, PGogate; Intensification

of extraction of natural products using ultrasonic

irradiationsdA review of current status, Chemical En-

gineering and Processing, 53, 10-13 (2012).

S.U.Kadam, B.K.Tiwari, C.RO’Donnell; Applica-

tion of novel extraction technologiesfor bioactives

frommarinealgae, Journal of Agricultural and Food

Chemistry, 61, 4667-4675 (2013).

[22]

[23]

[24]

[23]

[26]

[27]

[32]

[33]

——— ?

ziogecﬁnza{g?y

H4n Tndéan



172 Ultrasound applicationsfor the preservation, extraction, processing and quality control of food

BTAIJ, 12(4) 2016

Review

[34] S.N.Azizi, M.Yousefpour; Static and ultrasonic-as-
sisted aging effects on the synthesis of analcime zeo-
lite, Z Fur Anorg Allg Chem., 636, 886-90 (2010).

[35] C.Beviso, F.Cavalcante, A.Lettino, S.Fiore; Effects
of ultrasonic treatment on zeolite synthesized from
codl fly ash, Ultrason Sonochem., 18, 661-8 (2011).

[36] B.Wang, JWu, Z.Y.Yuan, N.Li, S.Xiang; Synthe-
sisof MCM-22 zeolite by an ultrasonic-assi sted ag-
ing procedure, Ultrason Sonochem., 15, 334-8
(2008).

[37] S.Cao, Z.Hu, B.Pang, H.Wang, H.Xie, FWu; Ef-
fect of ultrasound treatment on fruit decay and qual -
ity maintenance in strawberry after harvest, Food
Control., 21(4), 529-532 (2010).

[38] R.Bhat, C.N.S.B.Kamaruddin, M.T.Liong,
A.A.Karim; Sonication improveskasturi lime (Cit-
rus microcarpa) juice quality, Ultrasonic
Sonochemistry, 18, 1295-1300 (2011).

[39] Y.Wang, Y.Hu, JWang, Z.Liu, GYang, G.Geng;
Ultrasound-assisted sol vent extraction of swainsonine
from Oxytropis ochrocephalaBunge, Journal of Me-
dicinal Plants Research., 5(6), 890-894 (2011).

[40] J.A.Carcel, J.V.Garcia-Pérez, J.Benedito, A.Mulet;
Food processinnovation through new technologies:
Use of ultrasound, Journal of Food Engineering,
110(2), 200207 (2012).

[41] C.Arzeni,K.Martinez, P.Zema, A.Arias, O.E.Pérez,
A.M.R.Pilosof; Comparative study of highintensity
ultrasound effects on food proteins functionality,
Journal of Food Engineering, 108(3), 463-472
(2012a).

[42] D.Pingret, FabianoA.S.Tixier, F.Chemat; Degrada
tion during application of ultrasound in food pro-
cessing: A review, Food Control, 31(2), 593-606
(2013).

[43] H.M.Kyllénen, P.Pirkonen, M.Nystrom; Membrane
filtration enhanced by ultrasound: A review, Desali-
nation, 181, 319-335 (2005).

[44] Y.Chisti; Sonobioreactors: using ultrasound for en-
hanced microbial productivity, Trend Biotechnal.,
21, 89-93 (2003).

[45] Y.Chisti, M.Moo Young; Disruption of microbid cells
for intracellular  products, Enzyme
Microbiol.Technal., 8, 194-204 (1986).

[46] S.Dakubu; Cell inactivation by ultrasound,
Biotechnol.Bioeng., 18, 465-471 (1976).

[47] R.Mawson, M.Rout, GRipoll, RSwiergon, T.Singh,
K.Knoerzer et a.; Production of particulates from
transducer erosion: Implications on food safety, Ul-
trasonics Sonochemistry, 21(6), 2122-2130 (2014).

[48] Y.He; Recent advances in application of liquid-
based microextraction: areview, Chemical Papers,
68(8), 995-1007 (2014).

[49] J.L.Hong, J.Ju, S.Paul, J.Y.So, A.DeCastro,

A.Smolarek et a.; Pico, Y, Ultrasound-assi sted ex-

traction for food and environmental samples, TrAC

- Trendsin Analytical Chemistry, 43, 84-99 (2013).

PVinas, N.Campillo, Lopez |.Garcia, Hernandez

M.Cordoba; Dispersiveliquid-liquid microextraction

infood analysis, A critical review microextraction

techniques, Analytical and Bioanaytical Chemistry,

406(8), 2067-2099 (2014).

[51] J.H.Chen, Y.Ren, J.Seow, T.Liu, W.S.Bang,

H.GYuk; Intervention technol ogiesfor ensuring mi-

crobiological safety of meat: Current and future

trends,Comprehensive Reviewsin Food Scienceand

Food Safety, 11, 119-132 (2012)..

R.Pagan, PMaias, I.Alvarez, S.Condon; Resistance

of Listeriamonocytogenesto ultrasonic waves un-

der pressure at sublethal (manosonication) and le-

tha (manothermosonication) temperatures, Food Mi-

crobiology, 16, 139-148 (1999).

B.Li, D.W.Sun; Effect of power ultrasound on freez-

ing rate duringimmersion freezing, Journal of Food

Engineering, 55(3), 277282 (2002).

[54] M.D.Luguede Castro, Priego F.Capote; Ultrasound
assisted crystallization (sonocrystallization), Ultra-
sonics Sonochemistry, 14, 717-724 (2007).

[55] L.Zheng, D.W.Sun; Innovative applications of power
ultrasound during food freezing processes, A review,
Trendsin Food Science and Technology, 17, 16-23
(2006).

[56] R.GEarnshaw; Ultrasound: A new opportunity for
food preservation, in: M.J.W.Povey, T.J.Mason
(Eds.), Ultrasound in Food Processing, Blackie Aca
demic and International, London, (1998).

[57] J.V.Sinesterra; Ultrasonics, 30, 180 (1992).

[58] M.Ashokkumar, D.Sunartio, S.Kentish, R.Mawson,
L.Simons, K.Vilkhu, C.Versteeg; Modification of
food ingredients by ultrasound to improve function-
aity: apreliminary study on amodel system, Inno-
vative Food Science Emerging Technology, 9, 155
160 (2008).

[59] M.Ashokkumar, R.Bhaskarcharya, S.Kentish, J.Lee,
M.Pdmer, B.Zisu; Theultrasonic processing of dairy
products—an overview, Dairy Science Technology,
(2009).

[60] J.Riener, FNoci, D.A.Cronin, D.JMorgan, GLyng;
A comparison of selected quality characteristics of
yoghurts prepared from thermosonciated and con-

[30]

[52]

[53]

ziogecﬁtzofo_q

H4n Tndéan

e



BTAIJ, 12(4) 2016

Ali Mohamadi Sani and Maryam Sardarodiyan 173

ventionally heated milks, Food Chemistry, 119, 1108
1110 (2010).

[61] PK.Chendke, H.S.Fogler; Macrosonicsinindustry:
4.Chemical processing, Ultrasonics, 13, 31-37
(2975).

[62] Y.Sun, D.Liu, J.Chen, X.Ye, D.Yu; Effects of dif-
ferent factorsof ultrasound treatment on the extrac-
tionyield of theall-trans-b-carotenefrom citruspedls,
Ultrasonics Sonochemistry, 18, 243-249 (2011).

[63] Y.Ma, X.Ye, Y.Hao, GXu, GXu, D.Liu; Ultrasound-
assisted extraction of hesperidin from Penggan (Cit-
rusreticulata) peel, Ultrasonics Sonochemistry, 15,
227-232 (2008).

[64] F.Chemat, V.Tomao, M.Virot; Ultrasound-assisted
extraction in food analysis, in: Handbook of food
analysisinstruments, Otles_ S., USA, (2008).

[65] T.J.Mason; Large scale sonochemical processing:
aspiration and actudity, Ultrasonics Sonochemistry,
7, 145-149 (2000).

[66] M.Toma, M.Vinatoru, L.Paniwnyk, T.J.Mason; In-
vestigation of the effects of ultrasound on vegetal
tissues during solvent extraction, Ultrasonics
Sonochemistry, 8, 137142 (2001).

[67] T.J.Mason, J.PLorimer; Applied Sonochemistry,
Wiley-V CH, Weinheim, Germany, (2002).

[68] T.H.Kim, J.H.Choi, Y.S.Choi, H.Y.Kim, S.Y.Kim,
H.W.Kim, C.J.Kim; Physicochemical propertiesof
thawed chicken breast as affected by microwave
power levels, Food Sci.Biotechnol., 20, 971-977
(2012).

[69] B.Li, D.W.Sun; Novel methods for rapid freezing
and thawing of foods — A review, J.Food Eng., 54,
175-182 (2002).

[70] A.Kissam, R.Nelson, J.Ngao, PHunter; Water-
thawing of fishusinglow frequency acoustics, J.Food
Sci., 47, 71-75 (1982).

[71] X.F.Cheng, M.Zhang, B.Adhikari; Effectsof ultra-
sound-assi sted thawing on the quality of edamames
[Glycine max (L.) Merrill] frozen using different
freezing methods, Food Sci.Biotechnal ., 23, 1095
1102 (2014).

[72] R.Seshadri, JWeiss, GJ.Hulbert, J.Mount; Ultra-
sonic processing influences rheol ogical and optical
propertiesof highmethoxyl pectin dispersions, Food
Hydrocolloids, 17, 191-197 (2003).

[73] Y.lida, T.Tuziuti, K.Yasui, A.Towata, T.Kozuka;
Control of viscosity in starch and polysaccharide
solutionswith ultrasound after gel atinization, Inno-
vative Food Science and Emerging Technologies,
9, 140-146 (2008).

—==—> Review

[74] S.Balachandran, E.Kentish, R.Mawson,
M.Ashokkumar; Ultrasonic enhancement of the
supercritical extraction from ginger, Ultrasonics
Sonochemistry, 13, 471"479 (2006).

[75] D.J.McClements; Ultrasonic characterization of
foodsand drinks: Principles, Methods, and applica
tions, Critical Reviewsin Food Science and Nutri-
tion, 37(1), 1-46 (1997).

[76] J.N.Coupland; Lowintensityultrasound. Food Re-
search International, 37(6), 537-543 (2004).

[77] Jr.D.H.Crews, R.A.Kemp; Genetic evaluation of
carcass yield using ultrasound measures on young
replacement beef cattle, JAnim Sci., 80(7), 1809—
1818 (2002).

[78] A.M.Stelzleni, T.L.Perkins, Jr.A.H.Brown,
F.W.Pohlman, Z.B.Johnson, B.A.Sandelin; Genetic
parameter estimates of yearling live animal ultra-
sonic measurements in Brangus cattle, Journal of
Animal Science, 80(12), 3150-3153 (2002).

[79] A.Mizrach; Ultrasonictechnology for quality evalu-

ation of fresh fruit and vegetables in pre- and

postharvest processes, Postharvest Biology and Tech-

nology, 48(3), 315-330 (2008).

E.M.C.Alexandre, T.R.S.Brandao, C.L.M.Silva;

Efficacy of non-thermal technologiesand sanitizer

solutions on microbial load reduction and quality

retention of strawberries, Journal of Food Engineer-

ing, 108(3), 417-426 (2012).

B.K.Tiwari, A.Patras, N.Brunton, P.J.Cullen,

C.PO’Donnell; Effect of ultrasound processing on

anthocyanins and color of red grape juice, Ultra-

sonics Sonochemistry, 17(3), 598-604 (2010).

[82] A.Skaf, GNassar, F.Lefebvre, B.Nongaillard; A new

acoustic technigue to monitor bread dough during

the fermentation phase, Journal of Food Engineer-

ing, 93(3), 365-378 (2009).

Garcia J. Alvarez, J.Salazar, C.M.Rosell; Ultrasonic

study of wheat flour properties, Ultrasonics, 51(2),

223-228 (2011).

[84] M.Ashokkumar; Applicationsof ultrasoundinfood
and bioprocessing, Ultrasonics Sonochemistry, 25,
17-23 (2015).

[85] A.C.Soria, M.Villamidl; Effect of ultrasound onthe
technol ogical properties and bioactivity of food: A
review, Trends in Food Science & Technology,
21(7), 323-331 (2010).

[86] J.O’Sullivan, B.Murray, C.Flynn, I.Norton; The ef-
fect of ultrasound treatment on the structural, physi-
cal and emulsifying properties of animal and veg-
etableproteins, Food Hydrocall oids, http://dx.doi.org/

[80]

[81]

[83]

— LBfo?ecAnzﬁﬁ

H4n Tndéan



174 Ultrasound applications for the preservation, extraction, processing and quality control of food BTAIJ, 12(4) 2016

Review

10.1016/j.foodhyd.2015.02.009, (2015). [90] JA.Carcel, Garciald.V.Perez, J.Benedito, A.Mulet;
[87] E.Corona, Garcia J.V.Perez, Gomez Alvarez Food processinnovation through new technologies:
T.E.Arenas, N.Watson, M.J.W.Povey, J.Benedito; Useof ultrasound, Journa of Food Engineering, 110,
Advancesin the ultrasound characterization of dry- 200-207 (2012).
cured meat products, Journa of Food Engineering, [91] J.Chandrapaa, C.Oliver, SKentish, M.Ashokkumar;
119(3), 464470 (2013). Ultrasonics in food processing, Ultrasonics
[88] De M.Prados, Garcia J.V.Pérez, J.Benedito; Non- Sonochemistry, 19, 975-983 (2012).
destructivesalt content predictioninbrined pork meat  [92] A.R.Jambrak, T.J.Mason, V.Lelas, GKresi; Ultra-
using ultrasound technology, Journa of Food Engi- soni c effect on physicochemica and functional prop-
neering, 154, 39-48 (2015). erties of a-lactalbumin, LWT - Food Science and
[89] T.S.Awad, H.A.Moharram, O.E.Shaltout, D.Asker, Technology, 43(2), 254-262 (2010).

M .M .Youssef; Applicationsof ultrasound in analy-
sis, processing and quality control of food: A re-
view, Food Research International, 48, 410-427
(2012).

inogecﬁzzofo_q C—

H4n Tndéan


http://dx.doi.org/

