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Una cornacchia, mezza morta di sete,
trovo una brocca che una volta era stata
piena d'acqua. Ma quando infilo il becco
nella brocca si accorse che vi era
rimasto soltanto un po' d'acqua sul
fondo. Provo e riprovo, ma inutilmente,
e alla fine fu presa da disperazione.
Le venne un'idea e, preso un sasso, lo
getto nella brocca.

Poi prese un altro sasso e lo getto nella
brocca.

Ne prese un altro e gettd anche questo
nella brocca.

Piano piano vide I'acqua salire verso di
sé, e dopo aver gettati altri sassi riusci a
bere e a salvare la sua vita.

A poco a poco si arriva a tutto."
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In this work oltrasanic aremization process is appli
tial applications in pharmacentical and nutracautical fields. Mararal polymer (alginate ywater solution

sciono (52 L italy

ed to produse biopolymer micraparticles with poten

cil by ullrasonic assisted pross and the droplets spray is rediculsled using a solation of cop-
per sulfate, where Uwe o jons cause e fonation of @ nebwork strocture (hard purous gel) S
operating paramerers (soluton concentration, How rate, atomizacion power] are changed vo study thelir
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as functions of process parameters are optim ized using o statistical appreach. Furthermers, the enzrgy
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1. Introduction
1.1 Generulities

Fine particles are widely used in the preparation of pharma-
ceurical desage systems and foed supplements. A very commen
way (o gel line parlicles is Lhe spray drying provess, where the
most impeortant step is the atomization. In cenventional atomiza
tion rachmiquas the break-up af aliquid jer in dreoplars iz cavsed by
TrAnSOFManinn or rranster of large amounts of enerEy (into sur-
face encrgy]. In Lhe single (uid alwmizers, the pressure energy
is changed in kinatic enerey by passing in small orifices (noz
zle aramizers); or the kineric energy is supplied by rorary parrs
(rotary wheel atomizers). In the two Huids atomizers, the drag
force (due to the difference in kinetic energy) at the interface
between the two fluids induces the formation of a thin liquid
film which, in tum, is reduced in threads thar, finalky, give rise
Lo One droplets. In &l these cases energy consumplions are Lhe
crucial drawbacks: in the produciion of One partcles, Currenlly,
many researches (ondesign and develaprment of novel procedures
fior manufacturing fine chemicals, pharmaczuricals and foods) are
performing to meet the new approach in matter of production:
the process intensification [P1). Process intensification may he
defined a= a straremy which aims o achieve process miniarurisarion,
reductiom in capiral cost, improve d inherent satety and energy offi-
ciency, and allen improved praduct gquality. Furthermore, process

S OBLIEI2A0; fax: 130 DEDOSAE0D.
(AdBarbal.

+ Corrasponding aucher. Tel
£-mai! gddress: aabarl

7014 - sez Front matrer o 2009 Clsevier BV Al sights reserved.
DTS e, 006 6,004

inrensification encampasses also intensified methods of process
ing which may invelve the use of ultrasonic and radiation enargy
souroes [1]

Ulirasonic alomigation lechoigue s, Lhus, proposco and applicd
as process intensificarion ool since it requires much less energy,
with respact to conventional atemization steps, to produce droplets
because il works involving low velocilies, By ulirasonics droplels
are achieved spreading liquids onto a surface which is vibrated at
vlrrazonic frequencies (rangine from 20k1Nz ta 30 ML The vibra-
tione causes the farmarion of threads and rhen af droplers, Very
sinall dreplets can be produced by increasing Lhe [requency andidis
lenown thar liquid feed properties (mainly surface rension and vis
cosiry) affecred rhe threads formarion (in rerms of thickness) and,
in turn, the droplet size. Many literature references report analyses
and hypotheses about the mechanism that explain the liguid dis
integration mechanism during ultrasonic atomization, Rajan and
surmmarized hisrorical and currently approaches to elu-
disruption of liguid Lhreads in droplets and discussed
Lhe two major mechaniso cavitation and capillary wave by potln-
ses, Cavitation phanomenan seems oocurred at high hath energy
intensity and frequency and s based on the formartion and vie-
lent collapse of small vacuum bubbles promaoted by the alternating
lerw-pressure and high-pressure waves in liquids. Capillary wave
Fyspthesis is hased an the so-called Taylar insta . the arom-
izatinn cecurs when instahle ascillations aplit the peaks af surface
capillary waves (capillary waves are composed by cresls ar peaks
and troughs) away from the bulle liguid. Sioce the drops are pro
duced from peals their sizes are propartional te wavelength, This
latter decreases with the increasing of ultrasonic frequency, se fine
cdroplets are oblained al higher lrequencies,
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Although the principles ofultrasonic atomizaticnare known and
applied since the 19605 af the last century, a reliable correlarion
belwesn operating parameters and droplel size, accouniing lor all
the relavant physical parameters, still lacks,

1.2 Adms of this veork

Alm of this work i3 To paint our an ulfrasonic aramizarion
method. on the laberatory scale, to produce small droplets of
biopalymer{alginale) inwnded for Lhe preparation ol cocapsulatoed
drugf nurraceutical delivery systems, The selection and the opti-
mization af the hest correlations herween process paramerers and
Lhe size ol vblained parlicles are alse porlormed and proposed.

2. Experimental
21 Materials

Sodium alginate [CAS pumbert0d5 323, Sigma cal, W201502)
and copper sulfate penta-hydrare (CAS number 7758-99-3, 5i3ma
cat, CAN27 Jwere purchased from Sigma Aldrich
Lilled waler was produced by waler evaperation and condensation
cycle,

Alzinate is a biocompatible, mucoadhesive, bisdegradable and
pll-responsive hydregelic biopelymer consisting of {1 —4)-0-
glycosidic links of B-D-mannuronic and w-L-guluronic acid residues
al varying sequential arrangements and proportons |3, For these
features it is afran adopred in the farmulating of pharmacautical
dusage Turms |[3-8]. in nulraceutical products and Jood supple-
menls [%-13] Due Lo s ability 1o [erm jonetropic physical gel
by cooperative binding with multi-valent cations (such as calcium,
harium, capper], alginare is used t encapsulare in nerwork sTrie-
ture drugs, therapeutic biomolecules, functional compounds such
as vilamins and antioxidanl

Rrandenberser and Widmer [ 1 4] report thar, fora ¢ = 1,3% alai-
natewater solution, the density is ' = 1050kgm ? and the surface
Lension is o =55 m M m~L Assuming lincar belavior lor hese s
variables in the investigared concentration range [1 3] (the linzar
behavior holds up to the Critical Micellization Concentration, which
Forthis swetemis higher thanthe investigared concentracion range),
Lhe solution densily and surface wension are given by

Aol = g+ e n

A =+ mye 2]

with pp=water densi 1000 ke m= ap=watar surface ten-
csion=708mNm™"  m,={n — o)l and ma={1 —aalc
The viscosily ol alginale selutions could be described by the
power-law {which iz valid for shear rates far from the Newtonian
ones), Le.
=K &)
The consistency index, K. and the Dow ndex, v, are luncions ol
Lhe alginate concentration, o, The dala given in LHteralure [14] for
concentrafion range hetwean 1 and 3% are well described hy rhe
fitting cyualions (c o %, £ Pas", ndunensionless):

ORc) (4)

Kici=0.0610c""% and  nic) = 0.9635 exp/—

As a measure of the shear rate, the shear rate at the wall for a
power-law fluid with a volumetric flow rate V il 12 inacircular
Lube of radivs K is Laken [16];

power-law parameters by L. [4) (for each solution with different

concentratiors], then the shear rate by Cq. (3) (for each run with
difterent volumetric tlow rate] and finally the viscosity by Eq. (3).

2.2 Apparaluses

The VX 130 PT Itrasonic Pracessars {130°W, 20 kT Iz, Sonics &
Matarials Inc., €T, J5A) and a standard tip for low atomization rare
{up Lo Tmm? 571, cde VO4020 (50°W, 20 kHz, Sonics & Malerials
Inc., €T 1354 were adapred as source af ultrasonic vibration and
atamizer, respectivaly.

Also a peristaltic pump (Velp Scientifica, 1T) and an optical
wicroscope (Leica DM-LP, Leica Microsystems GmbH, Wetzlar, DE)
wera used for the experiments,

23 sofrware

Image analysis was performed by the public domain software
Lmage] 140 (Wayne Kasband, National Instilules of Health, USA,
the software iz frealy available at hrrp:/irsh.infanih.gevii))
relarion resring, regrassion and sratictical ana bysis wara performed
by Mathcad 14 [0 2007 PFarameiric Technology Corpuralion, M,
sa).

24 Merhods

Laboratory tests were performed by spraying the alginate solu-
tion, for small time intervals{4- 5s), into a bealier containing stirred
copper sulfate solution {200 [CusSOy-3HRO]L™Y), see Fig. 1. This
ives a fast reficularion (the formarion of 2 rigid network
characterized by Lhe so-called “egg-box™ slruclures, in which algi-
nale molecules were coordinated by bivalent positive jons [3]) as
has been rested during our investigation of the algi nate reticulation
kinetics. The alginate reticulation is a very fast reaction. which rakes
placc immediately after the impact between the alginare drop and
the capper salurion. Due ta the impact, the spherical drop deforms
assuming a pendant shape, and if che rericularion rakes place fast
encugh, that will keep rthe shape ance solidifiad (sea the inser in
Fig. 1). 'The produced particles show a densily very close o Lhe
water density, justa lircle higher, For each experiment. a sample af
the solution abtained was chserved micrasconically, some snap-
shor were taken. and the particles praduced were measured by
image analysis [see an example in Fig, 20, By this way, the diam
eters for a number of particles {2030 items ) were abtained, and

'. Wikrationfror Visra<Cell'™

= Fead from the pump

Copper
sulfate
sclution

MzEgnEticsTirTar

A2 1. Schemaztiz ofthe experimenzal sezup. In the inzet the droples-|
TpietnrialL
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Hg 2 lmage fronn oplical micwstoy of a semple (run oo 210 6=
P=02E2 5 0= m' st Pe SR The har s 20 pm.

then rhe average diameter and rhe srandard deviarion af the dara
were caloulated,

3. Results and discussions

Acsummary ol all the experimental runs perlormed during Chis
study is reported (n Table 1, The parameters reported in the fol
lowing were changed: the alginate salution concentration (1,2 and
3% wiw). the volumetric flow rate [in the range 0.1-0Gmme s 1],
ablained by measuring the volume of the selulion pumped during
a given Lime inferval), and Lhe power level of the sooree ol ulira-
somic wave [in the range 4-11 W), The acrual power deliverad o
the aromizer was a direct outpur of the VCX 120 TB (Ultrascnic
Processor], in lerm of the ralio of the lotal energy vver the time.
InTable 1, foreach run, the average diameter obrained from image
analysis was reparred. alang with abserved sfandard deviation af
dara.

For cach alginale sulution conoentration, feur dilferent levels of
valumetric flow rare were invesrigarad. The flaw rare is pracrically
the same for @ach concentration. Thus. rhe minimum flow rate is
0137 mm® 5=* Tor 1% solulion, and itis 0136 mum® 5= for 2% selu-
tien and it is 0.139mm? s-1 for 3% selution, The sacond level is
around 0.26 mm? s~ the third level around 0.40mm? s~!, and the

faurth level around 0.55 mm? 5! For aach couple (caoncentration,
floowr rate] at laast three different power levels ware tasted, Wirthin
thefirstseries (1%,0.137 mm?s !, iest#1-8), some tests have been
repeatad with the same power leval to assess the method reliabil
ity (see tests 3 and 4 as well as tests 6 and 7). Obtaining the sam=
particle average diamerer, rhe repearability of the experimeants has
been confinmed. Forexample, Lests 2 and 4 gives average diamelers
ol 58,14 and 38,43 pum, respeclively, then the difference (roughly
0.3 jem] is well helow the standard deviation of the dara (11,3 and
146 pm ).

Some trends clearly emerge from the sct of experiments per-
formed [even if some of the observed trends fall within the
experimental error af the merheosd ):

1, The parlicle diameter decrenses [a Ldle) with Lhe level of Lthe
powerdelivered - see each seriesafdatain which the anly varving
parameter is the power deliverad. e.g. tests #8-10-11 or tests
#36-37-38.

. The particle diameter increases with the volimenic fow rate, see

forexamplarthe series of runs #5-10-13-15 (which are ar similar

novwer levels, not exactly the same).

The particle diameter imereases with te alginale conceriruion

(this observation requires some interpolations, see for example

rests 113(14-26-36/37]

[

W

Of course, the number of the parameters involved is very high
fvisensiny, visensity dependence upen shear rare, surface rension,
and density of the solurion, frequency and amplitude af the sonic
wave, llow rate, delivered power]. Thus the mosl ellfeclive way
to approach o the problem is the dimensional analysiz, the final
enal being a correlation able to predicr the particle diameter as a
funcrion of the process parameters.

elativns iesting

The first correlation prepesed te predict the diameter praduced
by ulrrasonic aromizarion (ar the frequancyy’ is the one due o Lang
[17]:

r/ [ \‘ 0.33
Dp=034] (G
L '.‘ e ’J\ (G)

The Lang aquation is really simple, but it does not account for

the fallowing process parameters: solution flow rate and delivered

Table 1
Measured averape diamerers, I, alang with their srandad deviations, ST, as funetion of: alinate salutinn cancentratian, o mas= Hew rare, V- ard arnmizarion power, I
- 1% [ =35
L Plands 1 PWI DEsDipo) & Viwwf: 1T POW) OsSD [p) 2 Vimde 1) PIW L= )
1 0137 £.200 53.09 1 B33 13 0138 €357 BA3Z L1505 a0 2139 7.556 6 _ 16.34
2 [[AET 545 ARV 4 10 14 LIRELY LR Wi+ ERAS =1 154 SRR
2 D137 €233 2141 11.22 20 0138 ©.900 8L15 L1162 2 o130 10,867
4 13T 333 5343+ 145
H 01T 7133 G084 1 2051
R 137 £373 SR04+ TRAL
I 03T E304 5355 % 1203
L] 1T £ ROD BGA 1 1ERD
a 025G 4107 GAIT £ G0 21 0.252 0FI £ 300 33 0350 058=3515
10 D256 7000 61.6 1 15.80 22 88951193 4 0256 7473 2725
11 2LG B125 GHGT 21 3 WS £ 24 3 (I3 L pLERE:)
1z 4a 3 24 10431 + 3508 36 0366 8083 107.001 = 28.02
11 [FES w14 25 URLES + RS a7 [l BT (CE
11 044 8571 92+ 113 20 9232+ 2104 28 0366 8730 843 = 1926
15 50 AR5 T5.07 11672 ” 6285 424 | 2425
16 U3 L J1E5 £ 2131 23 (3.0 TULLS £+ 2340
17 0593 £.000 68.83 1 1012 23 0285 10303 1L 3388
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power. as well as for the material parameter describing the solu-
tion viscosicy. On the contrary, all of these three paramerers were
proven w be very importaol i ultrasonic atemization. o the con
ditions af present wark, the diamerers pradicted by Lang’s equarion
67 are 32, 47 and 42 nm, respactively. for o= 1, 2 and 3% (changes
in alginale concentralion causes changes of density and surface
tension of the solutiens ). nspection of Table 1 confirms that the
predictions of Lang's equation are far from the experimental val
ues and that the complex behavior depicted by experimental data
cannol be predicled by thal eguation, Eqg. (5)

I very datatlesd paper. Kajan and Pancit [2] proposad Lo dil
ferent approaches ta predict the droplet diameter, In the first ane
acorrelalion was developed in term ol “perturbalion” of the Lang's
equalivn The coelcient (W34 in Lang's cqualion was replaced by a
function of some dimensionless parameters:

033

I3
""‘T) [1 1 £ We' Ok Infa] )

b= 0
o

Lhe cerrelalion (7], which 15 named “Correlalion A™ in Lhe
present work, the dimensionless parameters are;

& the madifiad Wehar number,

we=1"# i8)
-4
* Lhe Ohnesorge number,
Uh J—‘Am-’fp 9
* Lhe Intensity number,
f*am*
In= = ()

Inrheseequarians, Cisthe speed of saund, Amis the amplirude af
Lhe sound wave and the olher symbals have been already delined.
The amplitude Ant can be evaluated as

NED
Bl Vl pC
where =14 is Lhe power surface intensity. 11 15 caleulated as Lhe
ratio betwean the powerdalivered and the surface of the ultras onic
acruater. The values for paramerars Py—F. proposed by [2] were
reported in Table 2, in the section for Cerrelation A. the column
pamed "Noboplimized”,
A larpe experimental campaign was cardad aur by Rajan and
Pandir [2] to tesrthe carrelatians feund inliterature, ineluding their
own equalion (7], Correlalion A, They varied (the volumetric Qow

Am = [

Table 2

ol T vt Tes g For e el

Corrclaton A

rate.the deliverad power, the surface rension by varying the sodium
lauryl sulfate concentration in warer, the viscosity by varying the
percenlage of glycerine added o Lheir solulions and the densily by
varying the amaunt of indium chloride added ra their colutions. The
hish numbear af exparimental data available allowed ro reare:s the
dependence of the drop diameter ltom cach single variable. Thus,
they proposed o further corralation directly in term of governing
variables, with the structure:

Dy = Pl ieta o spberer (12)

I By (12), which is named “Correlalion B in che present work,
all the variables were already known, The values for parameters
Py—F5 proposed by | 2| were reperted in Table 2. in the section for
Correlation B, the column named “Not optimized”, By using these
values, Lhe Correlation B gives the diamelers in micromelar ([2]
reports Py = 1600 and the diameters are in merar).

Tajan and Pandir | 2] rested rhese rwa carrelations by compar-
izon wilh experimental dala oblained working with solulions of
sodium laury! sulfate, glycerine and MaCl. The physical proper
ties and the operating conditions were very similar to the one
chtainad in the prezent work. The authors themselves confirmed
Lhe inadeguacy al Cornelalion A (Eg. [77) indescribing Lheir expor-
inental dala, They also staled Lhat Cormelalion B (Eq. (127) wilth
the parameatars ohtainad hy fitting the affect of each single pro-
veess varla ble (densily, visoosity, surface tension. How rate, power
delivered, ultrasonic lequency ) was betler bul nel enough so Uicy
concluded that “a further improvement can be made by optimizing
the exponents”,

Along with the present experimentation, the cylindrical
surface of Lhe acluglor is A= 27Karlar =4.34 5 107" m? [bring
[ k] =a0mm], F=ultrasonic frequency=20kHz?
the water)= 1497 m=~' With these val-
ues, aned Lhe data of Table 1, both the correlations. A and E, can be
applied to the runs performad, to test their reliability.

Fig. 3isa parity plot which summarizes all the runs performed
The abscissas are the measured diameter and the crdinares are the
caloulated diameters, Acorrelation is able Lo predict the right diam-
eler if the points insuch a plet falls on Lhe diagonal (which is draven
as a continuaus line’, The predicrions reportad in Tiz 3 have heen
vhlained by Correlation A(Eq. (7)) and BiEg. [12]). with the param-
elers given In literalure and reporied in Table 2, 10 is evidenl Lhat,
even if Correlation Bis alirtle better, no one of the nwo correlations
is able to predicr the ohservard data. The inadequacy of the rwa
correlations is furcher confirmed by the statiztical analysis. which
resulis were reported in Table 2, we, The Sum ol Square Errors
(55F) iz very high for both the carrelarions (the order of 107 Lm?),
the Pearson coefficient, B* is far from unity, the average diame-
lers, {Dqy=243.1 wm and Dy =153.9pm, are bolh very far lrom

4t M= 38 i, 1 =T0Ap e VAR =T

Correlation &

Men-optimized Strategy | Strategy 2 Men-cptimized
Py a1an B2 w 1V TROD
o oL [P —LLD
Py 0167 i 0.7
Py —0.0277 —001% olin
n, —n274
] Lyt
n —0.400
SEF (poe?) A= 107 T AP T 1P M0 1P
= a7zy 0174 0737
0% () 2131 -k 153
WAR [am” ) 860.9 471 F4IG
et o] Fal UK Fal
7' -Test on VAR Fail Fail 0K Fail
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experimental one, (=794 pm. Similarly, the variance of the two
predicled sets ofdata, VAR, = 859.9 pun® and VAR = 7416 jun®, are
hoth very different from the experimental one, VAR=2821 Lm?,
Towen itiris evident, the sratistical significance of the dara was resred
by the (=lest an the average dismeiers and by the g-squared leso
anvariance, All of these resrs of caurse failed,

Since the rwa carrelations reveal themselves inadequare to
predicl the parlicle diameler for Lhe invesligaled syslem, an apli-
mization procadurs has been parformead to male tham useful for
rhe diameters calcularion, During a first oprimization [Straremy 11,
the Correlation A was o plimized lelling all the paramelers bul 1Y
vary[ie. the parameter Py was keptconstantonitsvalua raken fram
lilerature, (L1}, whereas for Corrclation 5 all Lhe parameters were
allowed Lo vary, The oplimizalion procedure consists in searching
the values for parameters which minimize the S5F. The search was
carried our by the built-in Mathecad's command based on Leven-
berg and Marquardt technique. Results of cthe first strategy were
reparted hath in Tahle 2 {columns named “Scratesy 17 and in Fig. 4
[ parity plot).

1t iz evident from Fig. 4 that Correlation A optimized ntLowinc
Srratepy 1 (i.e allowing to vary all the parameters but ;). even
it it performs much betrer than prior of the eptimizatien, still is
insufficient for predicrive purposes, lndeed, the processes carried
aut under conditions which produce lower diamerers (low flow
rate, low alginate concentration] werne ool rightly described, lead-
ing to predicted diameters I.:u,er than the experimental ones. On
rhe arher hand, Correlation I, ance oprimized 1 using the param-
elers lisled in the last column of Table 27, predicts the digmeler
sarisfactorilv, since the data points re ported in Fio, d were close oo
rhe pariry line (the diagonal), and all dara bur hwe falls in a resion
wilhin the 20% [rom Lhe diagenal [ihe region idenlilied by Lhe two
dashed linesi. OF caurse, these considerarions were supporred by
Il the values mentioned in the fallowing are
reparled nTable 2, For bath the oplimized correlations, the Sumal
Saquare Errars wera considerably reduced (from 105 ta 107 ) and the
predicted average diamerters were much closer to the cxperimen-
ralones (40,3 =830 wm and (Dg) =793 wm, whilz the exparimental
aneis {0 =794 pm). Therefare, hoth rthecorrelarions pass the r-rest
on the average diamerer (which means that both the correlarions
were able to predice the average of the ser of experimental diame
rarz] [ovvever, for aptimized Carrelation A the staristical analysis

sing 48 (2005) 14751481 1470
El U fu EJ 50 woo
L 1 L L
jan (A) .
j0d ° ?]IEHUL[I (A} o L 10
*  Conelabon (B) v
Ezacd maltch I
100 Ha 20% i . o0
e
E §e.s ol i
= a0 'l [] 2 Lan
E a0 - A -
£ 1,’ s - "
2l ] "
= 4 oa -
g @ nn ?,n‘i‘ g g e a0
o v v
L] S LA
g T -7
3 .
= .
] Lt
L L 60
B I T T ]
30 6 70 23 4 120 110

Meesursd d amsters, um

measured diamatzrs, sfter the optimization (Strat-
rean camelarien A7 full

does not allow to take the correlation as a predictive tool. Indeed,
rhe Pearsan coefficientisvery low[lessthan 0.4], and rhe variance is
vory dilferent from Lhe experimental one (VAR =471 wm?, while
rhe experimental ane is VAR = 2881 pm? ), thus the y-squared resr

nn variance was failad. Therefore, one can conclude thar the Cor-
relation A, even alter optimized performed following Siralegy 1,
was nat suitable for prediction purposes. On rthe other hand, far
optimizad Corralation B hath the Pearson coefficient (around 08

and the variance (Vaky = 2263 win?, while the expol nlalane is
VAR= T35 1 |Jm‘ Correlation B thus passes 2lso the y-squared rest
vn variance) conlirm the goovdness ol Lhe predictivos,

Thus, adillerent strategy oplimication was lollowed, limiled Lo
rhe Carrelation A In Straregy 2 all the parameters were l=r to be
changing. The optimizer causes the paramerer P assuming a very
low level {close ta 0), and the results of this step were summa
rized in Tahle 2 {colummn named "Straregy 27) and in Fig, 5 [only the
symbols for Correlation A were changed with respect to Fig. 4. The
predictions ware a little bit batter, a5 shown by the graph [the lowear
diameters still are unpredictable) and confirmed by the statistical
cata. The 55C reduced a little with respect to Strategy 1, Corrala-
tion A, but it remains more than three tines the value obtained by
Cerrelation . The average diameter is reasonable and the variance
increases a litkhe with respea o slrategy 1, thus Lthe Correlation
A now (barely) passes both t-test and the y-squared rests, How
ever, the Pearson coefficlent still is unaceeptahle (less than 0.5).In
conclusion, the Comrelation A reveals ilsell of oo use in diameler
predictian for the investioated svsten.

one last conziderarion has ra be carried out in the zelection of
the correlation wbe used indigmeier prediction, Does Lhe increase
in prediction quality deserve the increase in paramerars num-
ber. since the Correlation A requires 4 paramelers and Correlation
B oreguires 7 paramelers? Lo answer Lo Lhis gueston, a lesl has
been perfarmed following the Alaailke Tnformarion Criterion [18],
for which the value AMC=n IniSSE;/SSE, j+ ZAm has 0 be evalu-
ated, in which i is the number of data points [here n= 38), S5E are
rhe sum af square Errars for the model- 1, the onewirh less param
eters [Correlation A, cptimized fellowing the Stratogy 2 which is
the best and for the model-2, the one with more parameaters [opri
mized Carrelation i}, A is the difference herwveen the number of
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Fig. 5. Caloulated diznieters va measured diameters, after the optimization [Sorat-
v 2 ter F(Ird‘ arinn r‘ Smrarezy 1 far Correlation B see rhe rext Open squares:
= correlation. (B continseus line: the exact match
N% A avact march.

parameters for the two models (here Axr=7  4=3) If the differ
ance in AIC is posirive, then thechange in sum-of-squares (the first
Lerny, always negalive] i nol as large as expected lrom the change
in number of parameters (the second term, always pasitive], sa
the simpler model is more likely to be correct. In the present case,
AAMT=-381 <0, thus the use ol Lhe Comelation B is slalislically
Justifiad.

The two approaches given by Lqs. (7) and (12), Correlations A
and B respeciively, were balh suggested by [2]. The statistical anal
yeis carried out in the pravious paragraph showed the inefficiency
al Correlation A (Eq. (7)) in describing our darta. Correlation 0 (Cq.
T127 ) was found .lble Lo reproduce the experimeanlal dala with goed
accuracy. T r, Tr. [12] iz 2 dimensional aquarion, relating
SEVEN dlﬁﬂrnr\-al |ahleq (n.F V., £ ¥, [ which can be expressed
i e of LJIln_L‘llJLHLlLL]L DPrimary dimension (lenglh, mass. L),
Then, dimenzinnal analysiz states thatequarion [12) can be reduced
Lo a correlalion belween [our{seven vanables minus Lhoee primary
dimensions) dimensionless parameters, For example, the relaton-
chip eould he expressed as

(o b
p=ma|" wel
v ) g

oM™ (1%)

The abwwve cquation with proper valoes for the four parameters
IT |74, gives exactly the same predictions of Eq. [12), using three
parameters instead of seven. The values of thase four paramerers
are JT, = 0,058, 7T, = 0,151, IT5= 0,192, /T4~ — 0,020,

The meaning of Fg, [13), along with the parameters ohtained
hy firring, is thar the averapge parricle size increases if Weker and
Ohnesorge numbers increase, and decreases 1§ lolensity number
increases, An increase in Weber number (which is given by Fa.
18)) means Lhat the mass llow rate s increased or (hal Lhe sur-
[ave tensivn 1s decreased. However such kind ol analysis should
he carafulty carried aur; indeed, spraying a fluid which has a low
surface tension will increase the Weber number (which contains
0751y but in the multiplying factor there is o033, thus
the final effecr of 1 decrease in surface rension is a de-rm'm of
particle diameter. The effect of an increase in viscosity (in Ohne-
sorge number, Eq. (9] is o increase the diamerter size, the effect
af ulrrasaund frequency (which is precent in all the dimenzionless

112 = -

481

aclor)is proporiional wthe power
itherefore, higher the frequency,
smaller the particles Jaccordingly with Lang's equation).

nurnbers and in the mulliply ing
[ 066=T,+0T; 2M.-

. Process mensificaion

The atomization is a Iundamrnral srep in a numhber of indus-
irial applicalio: ~hich reguires Lhe most
of the velumetric energy in the plant, since a lor of surface area
has to be created [a low rale of Huid has w be lranslonmed
in minule droplews, with a buge surface arca), An estimation of
the enermy required for the atomization of 2 given flow rar
GPM gallon per minue=5.3:10-1m?s77) o 70pm droplets
in [19]. The use of the two Ouikl wehoology (alumization af @
uid assisted hy a compressed gas) requires a volumetric o
supply which is roughly 41 MJm 2 (& of which being required
to pump the liquid at a pressure of 0,35 MPa, the remaining 33
ro campress air ar the same pressure, the air flaw rate is taken
a5 180 SCFM (Standard Cubic Feet per Minute)=0.085Mm*s 1),
The use of the centrifugal atomizer {in which the droplet were
ohrained hecause of the tast roratian afrhe fead yrequires 17 M m *
(2.5 of which being required to pump the liquid at a pressure of
021 MFa, the remaining 295 to operate the centrifugal atomizer
roraring ar 000 rpm ). The use af the pressure nozzle Jin which the
troplel were credled by passing the pressurized fred inioan orifice)
requires 12 Ml m— (all of which being required to pump the liquid
ata pressura of 8.3 MPaY, Similar dara {enersy requiremants: rvn
Nuids> cenlrifugal atvmizer » pressure nozzle) are reporied clse-
whare in technical lirerature [20].

n Fig. G the volumerric power supphy far the runs carried our
the present study {which can be casily caleulated with Lhe data
from Table 1, heing the ratio PV re reported versus the vl
metric low rate 1 ds evidenl that Lthe increase in volumetric il
rale causes Lhe volumelne power supply o decreases a |0L and
the higher flow rate investigared (of the order of 6 = Il’l"‘J m? s
requires a velumerric power supply around 10M]m %, Further-
more, the data seem to present an asymptotical bue-h.wlm Thus,
warking at the highest flow rare allowead by the laboratory system,
very low volumetric power supply is required, comparable with the
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lowesl value realized on plant scale using conventonal Lechnigues,
since, usually, the lab scale requires specific energy higher than
the plant scale, the ultrasonic assisted atemization 13 confirmed to
be a very promising technique in the intensification of industrial
processes which includes an atomizatian step.

4. Conclusions

In this waerk, the ultrasonic atomization of alginare solutions,
a natural pelymer with a great potential in pharmaceutical and
nutraceutical productions, has been cardad out on the laboratony
scale, Process parameters have been changed (alginate concen
tration, volumetric flow rate, power deliverad), and the resulting
particle diameters have been measured. Correlations available in
literarura have keen tested and, since thay were found nat ahla
1o reproduce observed data. the paramerters regression was per-
[urmed, along wilh a carelul statislical data analysis, Finally, Lhe
eneraetic of the proces: was analyzed and compared wirh ather
alvmization lechnigues,

The results of this work could be summarized as follows:

- a method (o obitain and (o characlerize small algingte parlicles
has been painted aut;
- the process paramaters have been succezsfulby correlatad to the
particle diamelers;
the ultrasonic atomization has been canfirmed to he o process
volumertric energy request. being thus an efficient tool
wensilivation,

Appendix A. Nomenclature

Aer surface of ultrasonic actuatar {m~)
Am saundd wave amplilude (m)

v concentration alginale in water (% w/lw)
o reference alginare cancentrarion 1.3%
C speed ol sound tms=7)

o average diameater [pLm]

i Carrelation A particle diameter (pm)
Db average diameter [pm)

Iy Correlation B particle diameter (pum)
Lt average diameter [jLm)

Dy Lang particle diameter (]
i ultrasonic frequency (lkHz !

i power surface intensicy, PIA (Wm 7}
in iolensily number

K consistency index [Pas™)

Lag length of the ultrasanic actuarar {m)
i (o indes

ok Chnesorae number

P [HEr (W)

M5 pararele

I3 radius of circular ruhe [m)

Ract radius ol Lhe ultrasenic aclualor ()
#* earson cocllicient

sn standard deviatian

S5E Surn ol Square Errors

v flow rate {m? 5-1)

VAR Ariance, experimantal data [pum?*)

sing 48 (2005) 1475-1481 1481
VAR, variance, Carrelarion A Jum*]
ARy variance, Corrclation B (=)

We Weber number

Creek symbols

¥ shear rare (574
Tw shear rate al wall (5=1)
7 wiscosily (I'as]
T, . parameters
pi'. alginatc-warcr SO[LI[]_OI'I density (kgm 3]
s sater densiey (lkgm=)
" alginare-warer surface tension (mMNm~
oy water surface tension (mMm 1)
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