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Abstract

The membrane emulsification process is becoming of growing interest in many industrial fields. For monitoring the influence of process and
membrane parameters on the droplet formation, quantitative information on the droplet detachment, during this process, is important. Unti
now, droplet formation has theoretically been described using computational fluid dynamics and global force equations. Unlike computationa
fluid dynamics methods, the global force models are less accurate but easier to handle and instructive. On this basis, in the present pag
we present new force balance equations to describe droplet detachment during cross-flow membrane emulsification. In a first approximatiol
the droplet is supposed to grow leaning on the pore border as long as a force balance exists along the contact line located on the membra
surface. During this phase the base of the droplet, still stuck on the pore border, begins to bend on the membrane surface until its fing
detachment. Using force balance equations made along the contact lines, we obtain the minimum and maximum sizes that a droplet coul
have during cross-flow membrane emulsification. This approach is tested with different continuous phase velocities, membrane pore sizes ar
interfacial tensions. The results are compared to various experimental data, reported in literature. In particular, based on the experimentall
found linear correlation between droplet and pore sizes, we show how the proposed balance equations can be used to obtain a satisfactc
evaluation of the slopes of this linear correlation and how these force balances could be used to obtain an estimation of the interfacial tensior
during the droplet formation.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction process parameters. This feature is very important, since
the emulsion stability and its properties are determined by
For large-scale emulsion productions, the most employedthe droplet size and size distribution. Cross-flow membrane
methods are based on the establishment of turbulent flowsemulsification is also an efficient process, since the energy
in the fluid mixtures. Recently, more attention has been density requirement (energy input per cubic meter of emul-
addressed to an alternative emulsification process, i.e., thesion produced) is low with respect to the other emulsifica-
cross-flow membrane emulsification. Cross-flow membrane tion techniqueg2]; especially for emulsions with droplet
emulsification is a relatively new membrane technolfidy ~  sizes smaller than 1 pm. Furthermore, this lower energy den-
which allows the emulsion production in which the droplet Sity requirement improves the qua”ty and functiona”ty of
sizes are obtained under controlled conditions. In this pro- delicate emulsion ingredients. In fact, in the conventional
cedure both droplet sizes and size distributions may be care-emuisification methods the high shear rate and consequent
fully and easily controlled choosing suitable membranes and jhcrease of the process temperature has negative effects on
the most delicate emulsion components.
~* Corresponding author. Fax: +39 0984 402103. Membrane emulsifications can be distinguished in:
E-mail address: g.deluca@itm.cnr.itG. De Luca). (i) pre-mix membrane emulsification, in which a coarse pre-
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mixed emulsion is pressed through the membrane pores tonano-meters, since the main free path of their molecules is
reduce the droplet sizes, and (i) cross-flow membrane emul-in the order of few Angstréms. Nevertheless, attention must
sification in which the disperse phase (e.g., oil) is directly be paid to force expressions used in these balance equa-
pressed through the membrane pores to obtain droplets. In aions. In fact, although in the micro-pores a liquid behaves
Cross-flow Membrane Emulsification (CME), the droplets, as a continuous medium, for these dimensions the macro-
formed at the pore mouth, grow until a critical dimension; scopic force expressions could be not valid; e.g., a nano-pore
then they are carried away with the continuous phase (e.g.,could contain a limited number of molecules and therefore
water), flowing parallel to the membrane surface. However, fluctuations of the average macroscopic forces could oc-
emulsions with droplet diameters above 0.1 um, generally cur.
require some additional substances, i.e., emulsifiers or stabi- To summarise, in this paper we analyse the linear correla-
lizers, to protect the droplets against coalescence. tion, experimentally found during a CME process, between
The droplet size in a CME depends on several parame-droplet and membrane pore diameters by using new force
ters, as shown in different wor2-5]. Among these, the  balance equations which take into account the deformations
most important are: (i) trans-membrane pressure, (ii) con-that occur at the base of droplet (advancing and receding
tinuous phase cross-flow velocity, (iii) membrane pore size contact angles). We investigate, also, the influence of the
and morphology, (iv) hydrophobicity or hydrophilicity of cross-flow velocity and interfacial tension on droplet sizes,
the membrane surface, (v) dynamic interfacial tension. Con- during a CME.
cerning the influence of these parameters, it is important
to note that in a CME, a linear correlation between droplet
sizes and membrane pore diameters has experimentally been, Theoretical method
established4,6,7]; therefore the cited quantities explicitly

affect the slope of this linear correlation. In this work, we suppose that distortions occur at the base
From a theoretical point of view, the cross-flow mem- of groplet, stuck on the pore border. The contact line on the
brane emulsification processes have been analysed using tWeghembrane surface, which can depend on the form of the
different approaches: (i) computational fluid dynanf8] membrane pore border, defines the base of the droplet. We
and (i) force balance equatiof&-12] Although recogniz-  show how a force balance along this contact line yields a re-
ing the existence of droplet deformations from a spherical |ation between the droplet diameters and the advancing and
shape during its formation, the works based on force bal- receding contact angle§i. 1) along the contact line. It is
ance equations do not take into account these deformationsjmportant to note that the considered advancing and receding
Furthermore, the forces evoked in these studies have alwaygontact angles define the limits of the values that the contact
been used to correlate the droplet sizes with cross-flow Ve-angle along the contact line can assume.
locities[9] or with continuous phase viscos[t}2], but never This approach supposes that the shape of the contact line
with the membrane pore sizfs3]. is known a priori. However, for symmetric shapes, as shown
Consequently, in this work we have analysed the exper-jn Fig. 23 (slot shape), the width of the contact line can be
imental linear correlation between droplet size and mem- ¢onsjdered as the most relevant dimension. Concerning this
brane pore diameters by using new force balance equationgyoint, in our calculations we consider both slot and circu-
(notemployed in the quoted works). The proposed force bal- |5r contact lines, as reported fig. 2 We assume that the
ance takes into account the droplet deformation occurring width of the contact line (longer length), having slot shape,
at the droplet base, calculating the advancing and reced-js equal to the membrane pore size, whereas the side lines
ing contact angles during the droplet formation. It is im- (pc) are considered small with respect to the advancing and
portant to note that in our approach the drag force due to receding portionsKig. 2. In the case of a circular con-
cross-flow continuous velocity is considered as the driving 5t line, the arcs (bc) are considered small compared to the
force of droplet (de) formation. Droplets formed without = omplete circumference, having a diameter equal to the pore
continuous phase flow, where the disperse phase is spontagj,e.
neously transformed into spherical droplétg, 15} is not Although we consider these constraints on contact line
considered here. The spontaneous transformation model &Xshapes, the following force balance equations are valid for

plains the experimental results (drqplet sizes) at low dispers_eany contact line. Precisely, the sum of forces acting on a
phase flux and at zero or low continuous phase flow veloci- droplet, stuck on a general contact line, yields:

ty [15,16]

Concerning the force balance approaches, it is important | y(M(Ddromet) n‘1)n‘1 d! + Fpr(Ddropledi =0,
to underlln_e the I|m|t_s beyond Whlch these equations could ;v sin@)k dl + [ FyL (Daropled + FoL (Ddropled (1)
not be valid. In particular, a fluid that flows through the + Fag(D t)]k:O
membrane pores can be considered as continuous when th BGL M drople ’
mean free path of its molecules is smaller than the mem- wherel depends on the shape of the contact IiMeandm
brane pore diameters. This condition is generally true for are the unit vectors, whose directions are indicatdeigs. 1
liquids that flow in pores with diameters of hundreds of and 2 respectively, moreover we make use of the following
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Fig. 1. Advancing and receding contact angles in the schematic representation of the droplet base. Unit vector dlectipresspect to membrane surface.

A
A .
J Transition zone between receding and advancing J

contact line . .
Slot contact line / \ Circular contact line
b

cib
NV NV Y Advancing contact line ‘\
8
£
[

»|
1

Receding contact line /

H—>m
m
v v L
m

[ —

Direction of continuous phase motion

Receding contact line
Pgre size
Advancing contact line

v
[ 4

€

(@ ()

Fig. 2. Schematic representation of contact line (top view) for a slot shape (a) and a circular shape (b) forming the droplet basis.

definition of the contact angle: written as:

M (Ddropled - 11 = COSH. 2) y COS0a f; - i dl +y costy [, i -idl

The quantityy represents the interfacial tension of the f"zy JoccoS0 ()t 'fdl + For(Ddropled =0,
oillwater interface, containing a certain concentration of { ¥ Sin6af, k-kdl+ysin [, k- kdl (3)
emulsifier; here we consider only the tension along the con- + 2y [peSiNO(Dk - kdl + [ Fyi (Ddropled

tact line oil/water. The integration along the considered con- + FoL (Ddropled + FBG(Ddroplet)] =0.

tact lines can be divided into four segments: the advancing
(l) and receding!;) portions, along which the contact an- Eq. (3) are valid for anyj-symmetric contact line. How-
gles assume the constant valueggfand 6;, respectively, ever, before considering particular shapes of contact line, the

and the two lines on the sides of the droplet (dap( 2) in validation of the proposed approach is necessary. Therefore,
which the contact angles are not constant. Upon the integra-we have used Ed3) with slot and circular shaped contact
tion along the advancing@y), receding(;) and side portions,  lines (seeAppendix A) in the interpretation of some impor-
owing to the contact line symmetry the total- j com- tant experimental trends, found in the cross-flow membrane

ponent of integration must be zero, hence @g.can be re- emulsifications.
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Fig. 3. Solution ranges for the droplet size according to(Bpfor a contact line having a slot shape and pore sizes below 8 um (a) and for a circular contact
line (b).

The forces considered in E@3) and perpendicular to  Young—Laplace pressure is equal to critical pressure. There-
membrane surface are the static pressure difference forcdore, in steady condition, the disperse phase unloads its mo-
FyL [11,12] the dynamic lift and buoyancy forca$p,, mentum on the droplet, i.e., the linear momentum f¢ida.

Fgo) [9,12] defined as: This force depends on théy (A Pes), as well as on the
applied trans-membrane pressure. The linear momentum

No=——rm7 DS, (4) force can be neglected for trans-membrane pressures slightly
(Ddropled higher than critical pressure (low phase disperse flux). Al-
t22p05 3 though, the experimental data analysed in this work are ob-
FoL =0.761 ﬁc {Ddroplev”, ) tained with trans-membrane pressures slightly higher than
1 critical pressure, the presented method also permits to take
Fag = Zmg Ap(Ddropied°. (6) into account the linear momentum force introducing this

6 force in the balance equatighh).
The drag force Fpr) [9,11,12]due to continuous cross-flow The interfacial tension in Eqél), (3) and (4)s the same
and parallel to membrane surface is defined by means ofpecause we consider droplet contact line (oil/water) having
Stokes equatioff]: a small thickness.
Therefore, its upper part permits the droplet to stick on
(7) the pore border. This approach has already been used to de-
scribe a droplet stuck on non-horizontal surfaces of solids
The k. parameter in Eq(7), is equal to 1.7 and takes into  [18] and in several works on membrane emulsificatifris
account the wall correction factor for a single sphere touch- 12]. However, in the proposed method, according to mem-
ing an impermeable wa[ll7]. Finally, Dy in Eg. (4) cor- brane hydrophilicity it is possible to define two different in-
responds to the average membrane pore size, whide terfacial tensions: the first in the integral calculus of Ha3.
pc and jc, in Egs. (5) and (7) represent the wall shear and (3) the second in Eq4). The first tension takes into ac-
stress, the density and viscosity of the continuous phase,count the interaction between oil/water interface and mem-
respectively. The quantityhp, in Eq. (6) corresponds to  brane surface, the second considers only the oil/water inter-
the difference between continuous and disperse phase denfacial tension.
sity. In the Stokes equatiqi7) the following approximation It is important to stress that the average droplet diame-
veehe A 1/27¢ s(Ddroplet Was adopted, in which we assume  ter (Dgroplet, in Eq. (3), yields an estimation of the largest
that the shear stress at the droplet centre is equal to the sheairoplet volume that could be formed. In fact, itis well known
stress at the membrane surface, gs, [8] that a fraction of this largest volume remains attached at
The effective pressuré\ Pefr, during an emulsification  the pore border. The simulations of Gijsbertsen-Abrahamse
process, is defined as the difference between the appliecet al. [8] clearly slow (seeFig. 3 of the paper) that the
trans-membrane and Young—Laplace pres§li¢ The ef- droplet, stuck at the membrane surface, reaches a definite
fective pressure determines the phase disperse flux througtvolume, after which a necking at the droplet base begins,
the membrane poreg(A Pesr). It presents a minimum when  causing the final droplet formation. Thus, when a droplet

3
Ibr = Ekxﬂfc,s<DdropIet)2~
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Table 1

Minimum and Maximum (Max1 and Max2) droplet diameters according to balance eq@Yiasing a slot shaped contact line and mean pore sizes ranging
from 0.5 to 10.0 um. The employed interfacial tension and cross-flow velocity are equal tgm al 1.4 nyis, respectively. The droplet size step used in
the calculations is 0.1 um

Mean pore sizeDp (um) (Difiied (M) (Dasied (M) (Deastey (Hm) (DYt Dp)® DS Dp
0.5 0.7 2.8 109 5.60 2180
1.0 14 4.8 154 4.80 1540
2.0 2.8 8.3 216 4.15 1080
50 7.2 175 331 3.50 6.62
6.0 84 204 359 340 598
8.0 112 — 40.7 140 509
10.0 145 - 445 1.45 445

@ For last two pore sizes the solution sets are continuous, while for all pore(ﬂg’#%et/Dp) is 1.4.

necking is formed outside the pore, the size of final droplet shear force mechanism is applicable to the interpretation of
will be always smaller than the volume corresponding to the these data. However, we are aware that the shapes of the
average diameteDgropier . The location of droplet necking  contact lines used in our calculations could be too simple

(outside or inside the pore) depends on the pore shape. How1o represent the real contact lines (similar to pore border) in

ever, the reported observations on the location of droplet these cases, but it is important to stress that the droplet con-
necking inside the pore refer to droplets formed using very tact line is not necessarily equal to the pore border.

low cross-flow velocity[19]. Therefore, in this work the Kobayashi et al[20] have reported the real-time mi-
above assumption on average droplet diameter can be coneroscopic observations of the droplet formation on a flat
sidered. rectangular-type hydrophilic polycarbonate membrane with

a mean pore size of 10 um. Similar to the previous ex-
perimental works, the data of Kobayashi et[20] are in
3. Resultsand discussion accordance with the approximations of proposed method.
Moreover, Kobayashi et al. describe in their work the influ-
In this section, we present the comparison between the€ence of the continuous phase flow velocity and the surfactant
results obtained from Eq3) and experimental data avail- types on the droplet diameters.
able in the literature. Katoh et 46] and Vladisavljevic and Before making a direct comparison between calculated
Schuber{7] have reported different data on oil/water emul- Vvalues and experimental data, we report an example to show
sions, obtained with tubular hydrophilic Shirasu-porous- how the proposed approach works. In particular, we con-
glass (SPG) membranes. These data are suitable for a thesider a hydrophilic tubular membrane with an inner diameter
oretical interpretation, because: equal to 9.3 mm and smooth surface. The membrane pores
have a slot shape, while their sizes range from 0.5 to 10 um.
(i) structural modifications (i.e., hydrophilic and hydro- The used interfacial tension and the cross-flow velocity are
phobic modifications), due to the membrane pre-treatm- 7 MN/m and 1.4 nfs, respectively. Although the consid-
ent, are completely absent. Membrane pre-treatmentser9d cross-flow velocity is related to a turbulent continuous

have not been necessary in these experiments; flow (Reynolds number 13020), inthe boundary Iayer at Very
(i) in these experiments the conditions for unhindered short distances from the membrane surface, the continuous
droplet growth are satisfied; flow can be considered laminar. In particular, the following

(i) complete experimental data, i.e., capillary pressures, equation is used to obtain the shear stress (at the membrane
average droplet sizes, droplet formation times, mem- Surface) from the average cross-flow velodity)c) of con-
brane pore sizes and average cross-flow velocities havelinuous phase, flowing in the membrane tube withinner

been given; diametef12]:
(iv) membrane module dimensions are reported. 0.25 0.75,,,1.75
e pe {v)g
Te,s = 00395T (8)

Using the SPG membrane with a mean pore diameter D;
of 15 um, Yasuno et al[15] have shown that when the Table 1 reports the minimum and maximum (Max1,
disperse-phase flux was belowx210-® m3/(m?s) and the Max2) droplet diameters obtained by using E8), with
continuous-phase flow velocity was above 0.Bsrboth the process and membrane parameters above considered. Start-
shear force and spontaneous formation mechanisms play ang from the pore size valueDp), we change th€Dgropiet
large role in the droplet detachment. In the experiments of value in Eq.(3) until we find real solutions of the equa-
Katoh et al.[6] and Vladisavljevic and SchubefT], the tions. For pores with slot shaped contact lines and sizes
disperse-phase fluxes are similar to the previous one, whilebelow 8 um, the sets of solutions are not continuous, as

the cross-flow velocities are markedly higher, therefore a shown inFig. 3. In particular, the( D(’}’}g‘rﬁet) and ( D('}’}g’r‘,,let)
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values represent the interval limits, in which ed@hopie droplet detachment should provide a theoretical validation
value is a real solution of Eq3), whereas everyDgroplet) of these conditions, the comparison between the calculated
value in the interval (DM&XL) | (DMINZ )] is not a real solu-  (Dgagiey Dp) @nd (D35 Dp) with the experimental data
tion of equations. Th&Dgropley diameters in the last range shows that these assumptions can be admitted. However, the

Max2

[(Dmg}ﬁet), <D[“1’l§$|2et>] are again solutions of E¢R). In other droplet formation with diameter lower thafDggtie) can

: : i occur by means of a detachment mechanism in which the
terms, for droplet diameters in the geD}1aXy (DMINZ )] y

. Max2 _ ¥ droplet> ¥ “drople interface free energy minimization is the driving force.
or bigger than(D ¢ no advancing and receding contact To clarify the previous important assumptionsFHig. 4

. drople : . Y
angles with physical meaning (see following) exists; i.e., no we present the receding and advancing contact angles cor-
responding to membrane pore diameters of 0.5, 1.0, 2.0, 6.0

force balance along the contact line can be admitted. The
minimum droplet diameter oy are obtained by means 5,4 10,9 ym, respectively and obtained by using slot shaped
contact lines. For pore sizes equal to 0.5 [iig (4a) the first

drople
of Eq. (3) when the first advanmpng and receding contact an-

gles, having physic'\zni;gear?ing (see foIIowing), are found. On real solution of Eq/(3) (<Dmi(?giet)) corresponds to droplet
the contrary, the Dyqrie) diameters are obtained when the  jio oo equal t0 0.7 HM Witheceding (triangles) and

last advancing and receding contact angles, having physicaleadvancmg(squares) equal to 100.and 101.2, respectively.

meaning, are found. These angles are larger thar? @@cause we have considered

. In F'g't3 ‘;VF |IIL:15tr§te tTet tvxo ty_pezaof SOf|UtI0ﬂbS|etS. a hydrophilic membrane. This figure shows thatedingand
or a contact line having slot shagfid. 3a) no force bal- fadvancingincrease in an asymmetric way untyi2<L ). Af-

ance exists along contact line in the rand®groplet = dropleMaX2

Dy, (DMin1 )1. This set can be due to the particular sub- ter which no solutions of Eq.3) are found untiI(DdrOpleg

dropl ; : .
divisionr%%ethe contact line employed (sé@pendix A). In (dashed line), for Whlcmrecedmg completely changes its
the following interval, i.e.[(Dggpier: (Deragiey ] the force value (11.06), whereaagvancingis almost the same as the

balance exists with both receding and advancing contactPrévious one (178:). For pore sizes ranging from 0.5 to
angles bigger tham /2 (physical meaning), since we have 6.0 um, we find the same trgnd in tgrms of contact angles.
considered a hydrophilic membrane together with the oil On the contrary, for pore size ranging from 8 to 10 pm,

: Maxl \ [imni ; ; _
and water phases. In the rar[geogﬂgg%eg, <DQ"r'é}ﬁet>l and for :_he(Ddrop,?t) I|4rr;|ts |(3||sappeartar1]nd sol_uttl_on s(::;s bepomedcon
pore sizes lower than 8 pm, no solution of E8). exists. Fi- inuous fig. 4e). However, the variation Ofeceding an
nally, for droplet diameter in the S@wmgﬁe , <D(§”r3§|2et>]7 fadvancing’f€mains similar to the previous calculations. These

Eq. (3) gives again solution with the receding contact an- results show that the droplet grows asymmetrically with both

gle smaller thant/2 and the advancing contact angle big- contact angles larger than 90ntil the receding reaches a

ger thanz /2. Therefore, we found that fq"DmgﬁeQ limit maximum value. After this value, thiecedingangles quickly

the receding contact angle is larger thay2, whereas it become smaller than 90n no equilibriym or equilibrium
is lower thanx/2 for droplet diameter ranging between Way (interms of force balance), according to membrane pore
(DMin2 ) and (DMax2 ). On the contrary, this behaviour sizes. On the contrary, th@gdvancingalways remains over

oot round fgrrOpeIxedvancing contact angle, which is al- 90°- Therefore, we can conclude that droplets with diameters

. . 1 M 1 . . .
ways bigger tham /2. For the circular contact liné=(g. 3b), ranging in the((Dgidtiey. (Derapies] interval (when this in-

the (DM limit disappears, while in the first inter- terval exists) are not bent on the membrane surface, whereas
rope ' droplets with diameters equal or bi thapMin2
— Max1 _ p qua or Igger mdromet) are
;ilc[e(l;fg;‘:'e‘)th_e Zg’nigg{oiﬁg] éfi);f:ptl_ﬁ(%) ;rlloet fo(;(:sb?:‘ the bent on the membrane surface. Concerning this last point,
set[ DMaX? DMI"2 11 the force t;alance dogs not, exist it is important to stress that for pore sizes ranging from
{Daropied - (Deropier 1 8 to 10 um, the sets of solutions are continuous, therefore

i Min2 Max2 \1 axi : .

whereas in the last SBDapiel - ( Defrgpied | €XiSts. The con-  (pMaxd ) does not exist. In these cases, this limit corre-

tact angles, evaluated at the limits of these intervals, presentsponds to the value when the receding contact angle be-

the same behaviour as described above for the slot shap@omes lower than 90 as shown irFig. 4e (vertical line).

case. _ _ These results can be useful to evaluate the slopes of
From the analysis of the receding contact angles, We the |inear correlation between the droplet and pore sizes.

could define two conditions for droplet formation: the | the Jast two columns offable 1 we report the ratios

droplet detachment may occur in the mten[(aDdrg;;let), (DMaxl/DdropleWDp, and<D2”r2§|2et>/Dp, respectively. It is
Max2 i . . ; i

{Dgropier | When the receding contact angle becomes smaller jnteresting to note that the ratio betwegDijin, .y and Dp

thansw /2 (seeFigs. 3 and %, orin the[(Dc’}’lg‘éet), <Dmg‘;§|29t)] is always 1.4, independently from the pore dimensions. If

range in which the droplet may not be bent on the membranethe experimental linear correlation is admitted, the last col-
surface. The first condition permits to establish the range umn of Table 1shows that for pore sizes ranging from 0.5
where the droplet diameter should fall, whereas the secondto 10 um, slopes larger than 4.45 are not in agreement with
(less restrictive) only permits to define the maximum droplet the force balance made on the considered contact line. If
size above which the force balance along droplet contactwe consider that droplet detachments can occur when the

line does not existl)('}’lg;;lzet Although a dynamic study of  droplet sizes fall within the whole interval, i.a)mg}}let) and
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Fig. 4. Receding and advancing contact angles according t(B8[Efpr a slot shaped contact line using interfacial tension and continuous cross-flow velocity
equal to 7 mNm and 1.4 njis, respectively. The membrane pore diameter is 0.5 (a), 1.0 (b), 2.0 (c), 6.0 (d) and 10 um (e). The dashed line indicates that
Eq. (3) have no real solution in the droplet size range.

(Dmg’slzet) (when the droplet may not be bent on the mem- relation in agreement with the force balance is 4.45, but for

brane surface, second condition), then the slopes of the lineapore sizes between 0.5 and 1.0 um this slope is not valid.
correlation between droplet and pore sizes must fall in the Fig. 5 shows the correlation betwee;riDMaXlt)/Dp (trian-

drople
interval [1.4, 4.45]. If we consider that droplet detachment gles, dashed 'iﬂe)éDQ"rﬁéfep/Dp (squares) and pore sizes.
occurs when droplet is bent on the membrane surface, inFrom Fig. 5, it is clear that if we increase the pore size,
the same direction of cross-flow, (i.e., WitPgropled Within the (Dc'}fg’rjllet) /Dp and <D('¥r|g)p§|2et> /Dp ratios decrease, with

(Deranied @nd (Dg3xe ), first condition) then for pore sizes  different rapidity, to an “asymptotic” limit. Therefore, for
between 2.0 and 10 um the larger slope for the linear cor- large pore size intervals, a single slope for the linear corre-
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Table 2
Maximum (Max1 and Max2) droplet diameters according to @Byusing
20 1 circular contact line and pore sizes ranging from 0.4 to 10.0 pm. The em-
ployed interfacial tension and cross-flow velocity are equal to 7misnd
§ 1.4 nys, respectively. The experimental pore sizes are taken from Vladis-
5 157 avljevic and Schubeff] and refer to SPG tubular membranes
g : Max1 pMax2 Max1 Max2
o Exp. pore size, Ddrg),;|e[> d,§§|et> Ddrgglet/Dp Ddrg)[()let/Dp
3 Dp (umy? (um)  (um)
a M2 M H
dople™ 0.4 21 122 5.25 3050
ST e 1.4 57 226 4.07 1614
phest droplet/Dp T . 25 89 299 356 1196
A = 5.0 154 413 3.08 826
0 A 6.6 194 468 294 7.09
0 2 4 6 8 10 12 100 276 560 276 560

Mean Pore Sizes (um) a The last pore size is not taken from Vladisavljevic and Schufért

Fig. 5. Correlation betweebmgxllet/Dp (A, - >'Dm3§|2et/0p (m, —) and - o

pore sizes. The maximum droplet diameters (Max1 and Max2) are obtained brane emulsification, have reported that several oil-in-water
by means of Eq(3) using contact line having slot shape. emulsions are produced with average droplet sizes between

3 and 5 times the nominal pore diameter of hydrophilic no

6 A pre-treated membranes. Although, in our calculations, we
consider a general system, the slope of 4.45 is in agree-
ment with experimental slopes reported by Joscelyne and
Tragardh, as shown iRig. 6.

On this basis, we have repeated the same calculations
using experimental pore sizes and a circular contact line
shape.Table 2reports the results of calculations applied
to pore sizes used in the work of Vladisavljevic and Schu-
bert[7]. They used Tween 80 emulsifier to produce oil-in-
water emulsions at a cross-flow velocity equal to 1.Asm
Concerning the choice of thevalue, attention must be paid
0 2 4 P ! 10 2 to the reliability of the dynamic interfacial tension measured

Mean Pore Sizes (um) with the bursting membrane method, since the timescale

f th rsting method may n rr nd exactl h
Fig. 6. Correlation between droplet size and mean pore size. The dashe dO the burst g met od ay not correspo de actly to the

lines indicate the maximum and minimum experimental values, as reported ° age of the interface (oil/water) during the droplet formation
in the review of Joscelyne and Tragarf#, for process parameters and  IN Cross-flow membrane emulsificatighl]. Therefore, we
membranes similar to those used in the present calculations. The continuoushave repeated the calculations with the same interfacial ten-
line (A) represents the calculated values, using 4.45 as slope for the linearsjon value of 7 mNm, which can be considered as the lower
correlatign between pore size and droplet size and assuming a slot shapejit of the dynamic interfacial tension with Tween §21].
contact line. . . . . . .
However, in contrast with the previous calculations, in this
case we use a circular contact line with a diameter equal to
lation between droplet and pore size may be incorrect. Thethe experimental pore size.
analysis of force balance, along the considered contact line, We find that the slopes for a linear correlation between
would show that if the droplet detachment only occurs when droplet and pore diameters must fall (according to the first
the droplet is bent on the membrane surface, i.e., when thecondition) in the interval5.25, 5.60], for pore sizes ranging
droplet size is Wlthln(Dmgﬁet) and (Do) range, then  from 0.4 to 10.0 um. If we consider the upper limit (5.60),
two slopes should be admitted in tf&5, 10] pore size in-  the agreement between experimental and theoretical slopes
terval. is not satisfactory; in fact the experimental slope is equal
To compare the calculated and the experimental dropletto 3.5. This disagreement can be mainly due to the shape of
sizes, it is important to consider the fraction of droplet vol- the contact line, the direction ofi vector, and/or a different
ume that remains attached to the pore border. If we use 4.45droplet detachment mechanism, in which the driving force is
as the slope for the linear correlation between droplet and not the cross-flow of continuous phase but the interface free
pore sizes then the experimental droplet diameters will be energy minimization. Concerning these points, it is impor-
smaller than the calculated values. However, these experi-tant to note that for circular contact lines, t(riemg‘lleg lower
mental droplets cannot be very different from the theoretical limit does not existFig. 2b). Therefore, if we conS|der that
ones, since the fraction of attached volume at the pore borderthe droplet detachment occurs when droplet size falls in the
must be small compared to the total droplet volume. Josce-range[(DY&L) (D)2 31 j.e., when the receding contact

o . . . droplet drople
lyne and Tragardf], in their review about cross-flow mem-  angle Qreceding becomes smaller than 9hen the value of
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Table 3

Maximum (Max1 and Max2) droplet diameters (in micron) according to balance eqyajiosing a circular and slot contact line and pore sizes between 0.57
and 10.0 um. The used interfacial tension and average cross-flow velocity are equal tordandll0.61 nyis, respectively. The experimental data are taken
from Katoh et al[6] and refer to SPG tubular membranes

; Max1 Max2 pMax2 Max1 Max2 Max2 Exp.
Exp. pore sizeDp (um) <Ddrg);§let> Ddrgélet) drg);glet> (slot) Ddrgélet/DP Ddrg)p()let/Dp Ddrgélet/DP (slot) Ddroplet
0.57 357 2287 1829 6.26 4012 3209 285
1.10 580 3170 2537 527 2882 2306 550
2.34 1044 4580 3680 446 1957 1573 1170
10.00 3240 9130 7330 324 913 733 n.a®

2 n.a.: not available.

Table 4

Maximum (Max1 and Max2) droplet diameters (in micron) according to balance eqyajiosing a circular and slot contact line and pore sizes between 0.57
and 10.0 um. The used interfacial tension and average cross-flow velocity are equal tordanll 0.90 nyis, respectively. The experimental data are taken
from Katoh et al[6] and refer to SPG tubular membranes

; Max1 Max2 pMax2 Max1 Max2 Max2 Exp.
Exp. pore sizeDp (um) <Ddroplet) Ddroplet> droplet> (slot) Ddroplet/DP Ddroplet/DP Ddroplet/DP (slot) Ddroplet

0.57 297 1607 1301 521 2819 2282 285

110 490 2230 1800 445 2027 1636 550

2.34 884 3224 2610 378 1378 1115 1170
10.00 2810 6360 5120 281 6.36 512 n.a®

2 n.a.: not available.

16

;“’f;‘]‘““““fﬁf,@“‘ et al.[6] are smaller than velocity employed by Vladisavlje-
’ vic and Schuberf7], thus they should obtain larger droplet
diameters than Vladisavljevic and Schubert’s.Tables 3
and 4 we report the results obtained by balance equd8an
using a circular and slot contact line, pore sizes (the first
three values) and experimental parameters (cross-flow ve-
locities, interfacial tension) taken from Katoh et{@]. The
results of Table 4 (DM&2/Dy) are in agreement with the
experimental slope value. In fact, the experimental slope
of the linear correlation between droplet size and pore size
0 o o o 2o 2s is equal to 5.0 with a correlation coefficient equal to 0.99.

Mean Pore Sizes (um) Fig. 7 shows that the theoretical slopes fall within the inter-
val [5.21, 6, 36], if the first condition for droplet detachment
Fig. 7. Correlation between droplet size and mean pore size. The dashed.

is considered. Moreover, if the same calculations, presented

lines indicate the maximum and minimum droplet diameters according to | Max2
Eq.(3) (using circular contact line), while the experimental values are taken IN Table 4(D /Dy (slot)), are repeated with contact line

from the work of Katoh et al[6] (continuous line and circle points) and  having a slot shape, we obtain an upper slope of 5.12. It is
refer to SPG tubular membrane emulsifications. important to consider that the last pore siz€lables 3 and 4
(10 um), is necessary to find the quoted “asymptotic” limit

5.25 can be considered as a lower limit. If the droplet detach- (Fig. 5).
ment can occur when both receding and advancing contact The results offables 3 and 4how that the droplet detach-
angles are larger than 90then the slope could be smaller ment could occur in the equilibrium rang®p, (DYI%L )]
than 5.25. Taking into account the fraction of droplet vol- by means of a detachment mechanism (not accoré)ng to the
ume that remains attached to the pore border, it is interestingforce balance conditions), in which the driving force is the
to note that if the value of 4.45 (found for a contact line with interface free energy minimization. In fact, depending on the
a slot shape) would be used, the agreement with the experi-cross-flow velocity, the balance equati@®) yields results in
mental results is satisfactory. This consideration shows how agreement (seable 4 or not (se€lTable 3 with experimen-
the proper choice of contact line shape and directiomof tal data.
vector are particularly important in this method. In this context, Kobayashi et 4R0] have reported the in-

Katoh et al.[6] have used the same tubular SPG mem- fluence of the continuous phase flow velocity and surfactant
brane to produce oil-in-water emulsions, but they employed type (Tween 20 and SDS) on the droplet diameter, during
different surfactants, sucrose esters, polyglycerol esters anda membrane emulsification process. Unlike the SPG mem-
above all sodium dodecyl sulphate (SDS). The SDS lowers brane, the pore shapes of polycarbonate membranes are cir-
the interfacial tension of droplet very quickly to a constant cular with well defined diameters; therefore a circular shape
value of 4 mN'm. The cross-flow velocities used by Katoh of contact line becomes more realistic.

14
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Mean Droplet Sizes (um)
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Table 5

Maximum (Max1 and Max2) droplet diameters according to@jjusing a circular contact line. The used interfacial tensions ranging from 1.0 to 1¢.6hmN
while the membrane pore size is 10 um. The experimental mean droplet diameters, obtained using Tween 20 emulsifier, are taken from Kof2jshi et al.
and refer to flat rectangular polycarbonate membranes

Average cross-flow Interfacial tension (mim) (Dgr?r,let}
velocity (nm/s)
1.0 20 30 40 5.0 6.0 7.0 8.0 9.0 100 M

027 (DYasle 224 246 267 284 298 311 322 332 341 350 ~605
(DY1axE 327 466 569  65.4 728 793 852 907 957 1004

0.35 (D) 284 239 255 271 283 295 305 314 323 331 ~271
(DY) 284 406 497 571 63.6 69.1 745 793 837 87.8

0.44 (DYfoxle 249 234 246 259 271 281 291 300 308 315 ~200
(DY) 24.9 359 440 507 564 61.5 66.2 704 744 780

053 (sl 223 241 243 254 264 274 283 291 299 305 ~200
(Dase 223 324 398 459 512 558 60.1 639 675 709

0.63 - 200 295 242 249 258 267 275 283 201 296 ~200
(DR 200 295 363 419 467 510 548 584 617 64.7

Using the following relation (Schroder et dlL1]), the The experimental droplet sizes, using SDS as the emulsifier,

mean droplet formation time can be evaluated: were almost equal to 20 um for all considered cross-flow
2 ek (D 3 velocities. From an analysis of these results it has emerged

= _E_M’ 9) that for cross-flow velocity equal to 0.27 /sy interfacial
3D§  Jd tensions lower than 4 mhin should not be admitted (when

wheres is the membrane porosityis the ratio between ac-  Tween 20 is used), since ti®gx2,) droplet diameters ob-
tive pores and total number of membrane pores.&id the tained using interfacial tensions lower than this value are
disperse phase flux. From experimental disperse phase flux@lways smaller than the experimental droplet size (60.5). For
reported by Kobayashi et g18] (137 I/(m2h)), we have a cross-flow velocity above 0.27 /& the lower limit of in-
calculated by means of E¢Y) the mean formation time of terfacial tension becomes larger (see the corresponding bold
droplets with diameters of 28.2 um, which are obtained using values inTable 3. If we suppose that the adsorption rate
0.3 Wt% of SDS and a cross-flow velocity equal to 0.18m of the surfactant during droplet formation does not depend
The average droplet formation time is equal to 1 ms. After- 0N the cross-flow velocity, then for Tween 20 the interfacial
wards, using the experimental dynamic interfacial tension of €nsion in agreement with all the experimental droplet sizes
SDS (reported in the paper of Schroder eff&al]) and the should b_e 4.0 mim. Kobayashi et al. obt_alned a constqn_t
found droplet formation time, we have evaluated the corre- dropletdiameter aimost equal to 20 um using SDS emulsifier
sponding value of interfacial tension at the droplet formation for all considered cross-flow velocity. In this case, the inter-
time[13]. The obtained value is too high respect to the inter- facial tension in agreement with experimental droplet size
facial tension reported by the Kobayashi et al. in their paper. IS 2:0 MN/m (seeTable 3. In fact, interfacial tensions big-
Also with Tween 20 and the corresponding experimental dis- 96" than 2.0 mjm WO“'S yield large attached oil volumes
perse phase flux, the interfacial tension obtained by means ofon the contact line%20%) and therefore these interfacial
the dynamic interfacial tension function is higher than that tensions are less probable. It is interesting to note that for in-

reported in the Kobayashi et al. paper. terfacial tensions equal to 1 milh and cross-flow velocities
On this basis, inTable 5we calculate the maximum larger than 0.27 i the(Dc'\,’:gFllet) limit disappears, while
(Max1 and Max2) droplet diameters by using E8), with the receding contact angles slowly change but not as quickly

interfacial tensions ranging from 1 to 10 miM. The cross- &S found for the other interfacial tensions. ,
flow velocities are those used by Kobayashi et al., while the The interfacial tensions obtained from analysis of the so-

equation used to obtain the corresponding shear stress is:  Utions of Eq.(3) (i.e., 2.0 and 4.0 mjm) and considering
circular contact line, are approaching the interfacial tensions

_ ghelvic presented in the paper of Kobayashi et al. but do not cor-
TC,S = 6 . (10) : . ;
D respond to the values obtained using the experimental dy-
where D represents the thickness of the continuous phasenamic interfacial tension functions. Taking into account the
fluid film above the membrane surface. problem concerning the timescale in the measurement of the

In the last column offable 5 we report the experimen-  dynamic interfacial tension by using the membrane bursting
tal droplet diameters obtained using Tween 20 surfactant. method, these last calculations show that, when the droplet
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mains constant. Finally, the values of the buoyancy force
Fgg are two orders of magnitude smaller than the forces re-
ported inFig. 8

4. Summary

Although droplet formation in a membrane emulsifica-
tion process can be described using computational fluid dy-
namics or theoretical methods based on interface free energy
minimization rather than force approaches, these latter are
easier to handle and instructive. Therefore, the aim of this
work was to test the reliability of new balance force equa-
tions, based on the evaluation of receding and advancing
contact angles along the droplet contact line.

We propose a force balance made along the droplet con-
tact line, located on the membrane surface around the pore
borders. Using two contact line shapes (slot and circular), a
guantitative description of maximum sizes that the droplets,

ity. The calculated values are obtained using pore size equal to 10 um (slotstuck on the pore border. could have are presented.

section and tubular membrane), interfacial tension equal to 4rmé&ind
cross-flow velocities equal to 0.61, 0.90, 1.4snThe force contributions

are evaluated by using droplet sizes equdDmg’F‘)lzetdiameters.

sizes are well known, the balance equai{@)could be also
used to evaluate the interfacial tension during the droplet for-
mation. Moreover, if the length of the integrations in E3).
is considered equal to the membrane pore size Agpen-
dix A) it is possible to obtain droplet diameters close to the
Kobayashi et al[20] values.

Finally, in Fig. 8 we report the influence of cross-flow
velocity on the forces which define Eq4) and (3) Fig. 8

refers to results obtained by using membrane pore size equakD

to 10 um with slot section (tubular membrane), interfacial
tension equal to 4 mAm and cross-flow velocities equal to
0.61, 0.90 and 1.4 s, respectively. It is important to em-
phasize that the forces &ig. 8 are evaluated using droplet
sizes equal to the corresponditByase.) diametersFig. 8
shows that the drag forcgpr) is the larger force. More-

over, the Fpr and the lift force(Fp.) decrease with the

increase of the cross-flow velocity, whereas the static pres-

sure difference forcé€Fy.) increases. Th&pr and Fp.
forces depend or{Dgropied? and (Dgropled®, respectively
(see Eqgs(7) and (5), whereas they depend on cross-flow
velocity according tqv)1 "> and (v)2°. Increasing thev)c
variable the(DQ"rg’F‘,,zet) decreases, consequently theg and

Fp_ forces decrease also. On the contrary (according to
Fig. 8), the Fy_ force increases with the cross-flow veloc-
ity, because this force is inverse proportional(fqrople
(see Eq(4)) and does not depend on the .. Therefore, the
decrease of pMax2 o With the cross-flow velocity causes an

drople

increase offy, force. We find that theDc'}"rgglzeg decreases
with cross-flow velocity not linearly but with a behaviour
similar to the one reported iRig. 5. Naturally, if the same
calculations are repeated witH Rgroplet cOnstant then both

Fpr and Fp increase with the cross-flow, whereBg_ re-

The analysis of receding and advancing contact angles al-
lows a better understanding of the droplet detachment mech-
anisms during cross-flow membrane emulsification. Aware
that different mechanisms can occur during this process, in
this work the cases in which the continuous phase cross-flow
has an important role in the droplet detachment have been
considered.

We suggest also two conditions for droplet formation:
the droplet detachment may occur in the intefya¥/axt

droplet>’
(Diyasd] when the receding contact angléreceding be-

comes smaller than 9QseeFig. 4e), or in the[(Ddr'or‘pleg,
Max2

dropiet] range in which the droplet may not be bent on
the membrane surface. The first condition permits to de-
fine the Iower((DC'\,’}gélleg) and upper(DC'ﬂgélzeg limits in
which the droplet diameter should fall, whereas the second
(less restrictive) permits to define only a maximum droplet
size. The comparison between calcula(tmﬁ’}ggllet/Dp) and
(Dgfg’r‘)lzet/Dp) with experimental slopes of the linear corre-
lation between droplet and pore sizes shows that these as-
sumptions may be admitted. However, in this work it has
been assumed that the linear correlation between droplet
and pore sizes goes through the origin, otherwise the sug-
gested conditions can not be used. One of the aims of the
work is to define a maximum droplet diameter, (Bi3%%,

(less restrictive condition), so that droplet with diameter big-
ger than this value should slide along the membrane sur-
face. As shown inFig. 5, interesting insights on droplet
and pore size correlation can be obtained from relationship
between(DY&2 /Dp,) and membrane pores. In fact, the be-

drople
haviour of(DM22 /Dy,) in function of Dy, is not linear and

drople . R : )
presents an “asymptotic” limit. The “asymptotic” behaviour

of (DMax2 J/ Dp) suggests that if a large set of pore diameters

drople
is considered then thed}I32 / Dy,) ratio (corresponding to

the last pore diameter of the set) will be the larger slope for
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the linear correlation between droplet and pore size, going eral transport phenomenon books and in different papers on

through the origin. Any spontaneous droplet deformation
due to neck formation, inside or outside of the pore (ac-
cording to the aspect ratio of pore section), must occur with
droplet diameter below the maximum Imﬂﬁ’lo ot

To test the proposed conditions (above aII the less re-

cross-flow membrane emulsificatiofgs.

The terms, in the integral calculus of Kd), represent the
infinitesimal forces which permit the droplet to stick on the
membrane surface. The integral calculus along the contact
line yields therefore a total force. Finally, the subdivision of

strictive) we use a particular mathematical method to solve the integral calculus in four parts and the further simplifica-
the force balance equations along the droplet contact line,tion of the opposite forces yields E).

Eqg. (). In general this approach can not be accurate (e.g.,

It is important to note that if then vector is always per-

the presence of the non-continuous solution sets). Thereforependicular to infinitesimal portion of contact line dl (see

to verify the reliability of the suggested conditions, attention

Fig. 2) then [, m - idl term is equal toDy for slot (in ad-

must be paid to the mathematical approach used to solve thevancing and receding portions) and circular shaped pores.

proposed balance equations (work in progress).

Therefore, for circular contact line calculations, we consider

On this basis, some interesting conclusions can be drawn:the direction ofm vector parallel to drag forcépg; in this

(i) to obtain good evaluation of experimental data, it is im-

case thefz, m -idl term is equal tor Dp/2.
Concerning the slot aspect ratio, we assume that the side

portant to have a satisfactory contact line shape (alsolines (bc) are much smaller than advancing and receding

symmetric shapes);

(i) the comparison between experimental and model re-

sults can give insights in the kind of droplet detachment
mechanism;

(iii) the maximum sizes that a droplet can have during a
CME process can be calculated;

portions. How small are these lines (bc)? Fesymmetric
droplet contact lines, only the perpendicular force compo-
nents must be considered in the balance along the (bc) lines;
furthermore in the side portions the contact angle is not con-
stant. The length of side lines can be evaluated by means
of a self-consistent procedure. In particular, we consider the

(iv) for broad pore size ranges, the use of a single slope for following force contribution:

the linear correlation between droplet size and pore size
can be in disagreement with the force balance made B

along a considered contact line.

Starting from these results, the conditions that allow an
accurate location of droplet size, in the minimum and maxi-
mum limits, can be studied.
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Appendix A

The first equation of the syste(t) can be considered as
a derivation of the equation applied to calculate the inclina-
tion (critical angle) of a non-horizontal surface on which a
droplet is stuck. A complete derivation of this equation is
reported in the work of Dussan and Ch{i®]. The compo-
nent of gravity force, parallel to non-horizontal surface in the

(o3

_zyfsine(z)dz
b

(A1)

with
l n
() =6r + (Ba— 9r)(&> .

In the first cycle(m = 0), using Eq.(3) we calculate; and
6, angles without the‘ft’}ffo contribution. We us@, andé;
values in Eq.(A.2) and therefore inA.1) to evaluate the
Ft;’é:l contribution, which we introduce in E¢3) (second
cycle) to evaluate the ne#ly and 6, until the convergence
of these angles is obtained. Naturally, when the convergence
of 05 and 6, is achieved, we find, and§, and the corre-
sponding(Ddroplet Value, which is a solution of the balance
equation(3). If we assume that the side line length is smaller
than advancing and receding portions, then for a particular
(bc) line, the(Dgroplet at the first cycle will be similar to
(Ddroplet at the last cycle.

In general, a slot pore section can be described by the
Longer slot length (L, corresponding to the advancing and
receding portions), the Shorter slot length (S, corresponding

(A.2)

work Dussan and Chow, is substituted here by the drag force,to the side lines (bc)) and the slot aspect ratigS).[19].

Fpr. The forces, perpendicular to the surface, Byg, FpL
and Fgg, and they are equilibrated by the interfacial tension
due to the upper part of the droplet contact line.

The forceFy, derives from the Young—Laplace pressure

[11,12] (static pressure difference between the inside and the (Dgroplet Value and therefore the finaDMax2

outside of the droplet) and in the referen@?2] it is de-

rived by using a thermodynamic and mechanical approach.
Moreover, the Stokes and lift forces are also reported in sev-

Using L/S equal to 10 (witle equal to 0.5, 1 and 2, respec-

tively) we find that the contribution of{. can be neglected

for any pore sizes used in the work. It is important to stress

that for different L/S ratios theFy). contribution influences
drop Iet How-

ever, although we have tested the reported results by using

both logarithmic and exponenti@h.2) functions, the study

of the F, contribution is in progress.
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Appendix B. Notation

D Thickness of rectangular membrane module (thick-
ness of the continuous phase fluid above the mem-
brane surface)

(Ddroplet Mean droplet diameter

Dp Mean membrane pore size
D;j Inner diameter of tubular membrane
dl Differential line element

FyL, FpL, Faa, Fpr. F}j} Static pressure difference force,
dynamic lift force, buoyancy forces, drag force, slot
side line force

Jd Disperse phase flux

i,j,k  Unit basis vectors

la, Iy Advancing and receding contact lines

M, m  Unitvectors

APt Effective pressure

(v)e Average cross-flow velocity

S Undisturbed parallel continuous phase velocity

y Interfacial tension

3 Membrane porosity

e Viscosity of the continuous phase

0a, 6  Advancing and receding contact angles

pe, Ap Density of the continuous phase, density difference
between continuous and disperse phase

Tcs Wall shear stress
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