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A microfluidic platform was wused to
generate monodisperse oil-in-water
emulsion, whose final interfacial tension
was actively lowered to ultra-low values.
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We present a novel microfluidic approach for the generatfananodisperse oil droplets in water with interfacial tems of the
order of 1uN/m. Using an oil-in-water emulsion containing the suréattAerosol OT, heptane, water and sodium chloride under
conditions close to the microemulsion phase transitionaete/ely controlled the surface tension at the liquid-ldjinterface
within the microfluidic device in order to produce monodisggedroplets. These droplets exhibited high levels of Btaliith
respect to rupture and coalescence rates. Confirmatioriithatsultant emulsions were in the ultra-low tension regmas
determined using real space detection of thermally-indwegillary waves at the droplet interface.

1 Introduction 1 uN/m, optical field¢ can be used to sculpt oil droplets into

more complex shapes, possibly leading to new approaches for
Droplet-based microfluidics underpins the generatiomstra the synthesis of asymmetric solid particles with user-@efin
port and manipulation of femto- to picoliter sized dropléits:  shape8. Additionally, in the ULIFT regime when a single
persed in a continuous phaseHigh precision, reproducibil-  droplet is separated into two droplets by two optical traps,
ity, the potential for ultra-high throughput and the cafigbi  the two droplets remain connected by a stable thread of oil
to compartmentalize biological and chemical reactiondiwit  with a typical diameter of less than a hundred nanométers
individual droplets are some of the advantages that dropletThis phenomenon opens the way to the generation of complex
based microfluidics offers with respect to macroscopic emul nanofluidic networks created and controlled by light

sification appr_oaches. o ) L . . In the recent years, microfluidic approaches have been in-

The formation of droplets within microfluidic devices is {oquced for manufacturing ULIFT droplets by using aque-
ggnerally the result of a spontaneous process Wherg the flow,s two phase systems (ATPS)In such systems, droplets
viscous stresses are balanced by the interfacial tensitreat ot one polymer solution are dispersed in another immiscible
liquid-liquid interface’. However, at low and ultra-low surface polymer solution. The water is the continuous component
tensions (namely, below 0.1 mN/m), microfluidic dropletgen j, photh phases and the resulting interfacial tension isaultr
eration is more challenging as the growth rate of interfaia |,y |n order to perturb an otherwise stable jet and to pro-
stabilities induced by the capillary forces, which .dr|ved!i{— mote droplet formation via the Rayleigh-Plateau instapili
up processes, are extremely low. When the capillary breakughe aqueous two-phase interface can be destabilised by me-
time becomes much larger than the characteristic flow timegpanically vibrating either the chipor the soft tubing carry-
the effects of capillary instabilities becomes negligibiethe g the dispersed phae For specific systems, electrostatic
time scale of thread formation and a stable jetis forfadde-  forces can also be effectively used to generate a monodisper
spite these technical difficulties, oil droplets in wateving o5 jation. Interfaces with ultra-low interfacial tension can
ultra-low interfacial tensions (ULIFT) within a microfluil 556 pe generated with oil-water systems by adding surfac-
environment support an ever growing number of exciting @pyans in hoth phases. Similarly, long and stable jets can fr
plications. As the surface tension reaches values as 10w ag,q mechanical vibration sources have been used to promote
+ Electronic Supplementary Information (ESI) available: \idef a droplet breakup?. However, there are a number of differences

| u Yy 1 val N . apr

micrometer-sized oil droplet in water near the microemulsioasghtran- between the oil-water S.yStemS a”q_ATPS- More speqlflcally,
sition showing thermal capillary waves at the droplet ireef. See DOI:  the growth rates of capillary instabilities for jets formeith

10.1039/b000000x/ _ _ Newtonian oil-water phases were found to agree with the the-
# Department of Chemistry, Imperial College London, LonddK, E-mail:  qretical prediction for confined threads in microchankels
o.ces@imperial.ac.uk . . o . -

b Department of Chemistry, Durham University, Durham, UK. Conversely, the jets formed with ATPS exhibited instayilit

C Central Laser Facility, STFC, Harwell Oxford, UK growths more than an order of magnitude slower than the
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Newtonian counterpart under similar conditions of flowsdflu  with precise control over composition and size offers the op
properties and degree of confinem&ntThat makes the gen- portunity to improve and extend the field of applications of
eration of ULIFT drops more difficult in ATPS than oil-water optical manipulation of ULIFT droplefsas well as to investi-
systems. gate the fundamental chemistry and physics behind it.

Additionally, for an oil-water interface the interfaciar-
sion can enter the ultra-low regime only if enough surfalctan2
molecules have been adsorbed at the interface. If the droplé
production rate is fast enough that surfactant cannot iequil
brate at the interface, common microfluidic techniques @n b
used for droplet generation. Indeed the dynamic surface tern our experiments heptane (VWR, 99%) was used as the dis-
sion is not ultra-low and the jet can spontaneously break upersed phase and an aqueous solution containing NaCl and
under the Rayleigh-Plateau instability with no need of exte diethylhexyl sodium sulphosuccinate (AOT) (Sigma-Altiric
nal perturbation sources such as vibrating piezoelecttic-a 98%) as the continuous phase. Aerosol OT has closely
ators or electric field generators. That has important advanmatched hydrophilic and lipophilic propertisthat permit
tages such as the easier design and simpler fabrication metphase transitions in emulsion formation by increasing the h
ods for the microfluidic system. Such a strategy has been suerophobic character, e.g. by addition of salt. Increasaly s
cessfully used for the microfluidic generation of ULIFT wa- concentration reverses the direction of the natural cureaf
ter droplets in oit* with a flow focusing junction. However, the surfactant film from oil-in-water to water-in-oil andriee
Hashimoto et al* showed that once the dynamic surface ten-produces an inversion in phase contindfty The transition
sion reached its equilibrium value, spatial confinement andetween low and higher salt concentrations thus correspond
variation of the channel width (such as expansions and conto a sharp decrease of the interfacial tension, which carhrea
tractions) induced extreme deformation and shear-driden i values down to @ uN/m, provided the surfactant concentra-
stabilities on droplets, thereby resulting in highly pasperse  tion exceeds the critical micelle concentration (cmc). #-si
emulsions. More specifically, the onset of Rayleigh-Platea jlar transition occurs if the salinity of the aqueous sdlnti
instabilities in the stretched droplets promoted the fdioma s kept constant and the emulsion temperature changes. For
of smaller droplets, whose final size depended on the flow coninstance, at a salt concentration of 50mM and temperatures
ditions!®, the degree of confinemefitas well as the viscos- higher than 26C, AOT is hydrophilic and the surfactant only
ity ratiol’. Shear-driven instabilities were instead responsiblepartitions into the oil phase at lower temperatures. Again,
for the break up of the droplets trailing edge into daughteryvhen the transition occurs, the surface tension goes im@o th
droplets, whose typical size was at least one order of magniJLIFT regime (i.e.~ 1 uN/m). The temperature correspond-
tude smaller than the channel depth. In order to overcoméng to the minimum attainable interfacial tension for a give
these instabilities, emulsion could be produced at low andalinity is denoted as the phase inversion temperature).(PIT
moderate surfactant concentrations in the continuousephasFor AOT solutions, the PIT varies from 96 to 40C when
so that the equilibrium interfacial tension would not beadt  salt concentration increases from 33mM to 84mM. The rela-
low and droplets would remain stable against shear-inducedonship between PIT and salinity as well as the dependency
rupture and coalescence. A surfactant-rich continuousepha of interfacial tension on salt concentration and tempeesdor
could be added to the emulsion in a separate step after fothe heptane-NaCl-water-AOT system have been charaaderize
mation, thereby reducing the interfacial tension to ukna- by Aveyard et ak%??through spinning droplet tensiometry.
values. However, the resulting monodisperse ULIFT draplet
would be very difficult to handle since even low viscous sres
as those induced by nearby walls, would trigger shear-drive
instabilities at the droplet interfaé& Droplets were generated in a fith depth glass flow-focusing

In this paper, we present a microfluidic platform for the device with a cross-juncticd, fabricated by Dolomite Mi-
generation of stable monodisperse oil droplets in waterseho crofluidics via standard photo-lithography and glass etghi
final interfacial tension is of the order ofB1uN/m. Our  techniques. The cross-junction consisted of four channels
alternative method relies on a tuneable oil-water formoilat 17 um in width and 135%m in length which joined at right
whose surface tension can be actively controlled within theangles. The cross-junction was connected to B®0width
microfluidic environment. Our device is capable of produc-inlet and outlet channels via expansion and contractioss (s
ing ULIFT monodisperse droplets with diameters in the rangd-ig. 1b). Hereafter this chip is referred to as the flow focus-
of 10-20um and high stability against coalescence as welling junction (FFJ) chip. Syringe pumps (WPI-Aladdin2-220)
as rupture induced by hydrodynamic stresses. A microfluidiavere used to supply the dispersed phase in the central dhanne
tool for the accurate and repeatable delivery of ULIFT detgpl and the continuous phase in the side channels. Measurements

Methods and materials

2.1 The oil-water-surfactant system

2.2 Microfluidic chips and image system

2| Journal Name, 2010, [vol]l,1-9 This journal is © The Royal Society of Chemistry [year]
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Fig. 1a) Schematic view of the microfluidic platform. Two syringe pumps wesgliis mix two aqueous solutions with concentrations
andcy NaCl. The mixed solution with final salinity NaCl supplied the side channels of the flow focusing junction (FFJ) cliip.cEntral
channel of the chip was fed with heptane by a third syringe pump. b)$elbéthe cross-junction where heptane droplets were formed. The
dimensions of the channels are the followimg: = 500um, L = 135um, w = 17um. ¢) Three dimensional schematic view of the on-chip
temperature control system. The channels were located in the middle(gisied lines) of the FFJ glass slab, whose total thickness was
t=4mm.

were performed at least five minutes after changing the flond8 The microfluidic platform

rates of the two phases to ensure the system stability. The

FFJ chip was also fitted with on-chip temperature contra (se The heptane-water emulsion containing AOT and NaCl
Fig. 1c), consisting of a resistance thermometer (PT106<Cla reaches the ULIFT regime when the system is very close to
A) and a Peltier cell (Ferrotec) attached to the bottom apd to the microemulsion phase transition. Such a condition can be
external walls of the chip, respectively. The Peltier celtih obtained by finely tuning the salinity level and the tempenet

a central 5 mm diameter hole to allow optical access to th@f the emulsion. We thus devised a microfluidic system where
cross-junction. The cell was driven by a proportionalgngd-  both those parameters could be controlled. The final splinit
derivative (PID) control unit (Electron Dynamics Ltd.), ish ~ of the continuous phase was obtained by mixing two aqueous
allowed for temperature control with a precision of@. In  solutions with different salt concentrations. Two syriagsee
order to allow the system to reach thermal equilibrium, meaFig.1a) were charged witty andc, mM NaCl aqueous solu-
surements began at least three minutes after the chip tempdions plus 2mM AOT. The liquids from the two syringes joined
ature had been set to a new value. In some experiments, tfiegether in a'Y junction (Y1) and fully mixed by flowing in a
temperature control unit was de-activated so that droglet g 250um diameter FEP tubing. Denoting the flow rates in the

eration could be performed under laboratory ambient conditwo syringes aQc andQc, the final salt concentration of the
tion. mixed phase can be expressed as

_ €1Qc1 +C2Qc2

After formation, droplets were transferred into a separate Qc1+ Qc2
device designed and fabricated for droplet storage andichar After mixing, the flow split at the junction Y2 and entered the
terization purposes. The device was made of two microscopside channels of the FFJ chip. Assuming a relative error of
slides separated by a PDMS layer, the fabrication protogol b d¢;/ci = 0.2% (fori =1,2) for the salinity of the aqueous so-
ing reported elsewhefé. We refer to that device as the obser- lutions anddQci/Qci = 1% (fori = 1,2) for the flow rates of
vation chamber (ObC) chip. the syringe pumps, we can estimate that the accuracy on the

salt concentration of the mixed phase is abécftc = 0.3%.
For a 50mM NaCl agueous solution, that means an approxi-

Images of droplets within both the FFJ and ObC chips weramate error of 0.2 mM in the final salt concentration.
captured with an Olympus IX81 inverted microscope fitted The chip temperature was set through a thermal control unit.
with a CCD camera (Q-Imaging Retiga EXi fast). Image post-Denoting the thermal diffusivity of any liquid phase as,
processing for droplet sizing and characterization was perthe liquid reaches thermal equilibrium with the surroumdin
formed with custom Java macros implemented in ImageJ andalls after flowing for a distancle ~ Q/2ay, whereQ is the
Python code. liquid flow rate. Considering the thermal diffusivity of veat

@)
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(ar = 143 x 10~ 8m?/s) and heptaneofr = 8.5x 10 8m?/s)  mation . can be lowered down to the ULIFT regime. Such
at 25C and a maximum flow rat€® = 20 uL/min, we ob-  control is quite difficult to implement whey mainly depends
tain It ~ 1—2mm. Since the area covered by the Peltieron the concentration of surfactant in either phases, agitrsc
cell is 13mnmx13 mm, it can be assumed that at the cross{for the oil-water-surfactant systems typically used inpded
junction both phases are at thermal equilibrium with theneha microfluidics. Moreover, in those systems where surfactant
nel walls. By performing stationary finite element analygsis concentration exceeds the cnygreaches its minimum value
Comsol Multiphysics (COMSOL Ltd.), the temperature field and it no longer depends on the amount of surfactant.
in the FFJ glass slab was determined assuming that heat en-On the contrary, for the heptane-brine-AOT system at a sur-
ters the system from the Peltier module and leaves it througfactant concentration higher than the cmcstrongly depends
the external walls by natural convection. With a typicalmbo on salinity and temperature. By controlling these two param
temperature of 2%, for an average chip temperature ofG0  eters, the equilibrium surface tension can be indepengdentl
the standard deviation of the temperature field in the volumauned in the FFJ chip for droplet generation and in the ObC
of the FFJ glass slab under by the Peltier unit is about@.2 chip for droplet storage and characterization. In the foihg
That value can be considered as a good estimate for the predections, we separately assess the effects of salinityesmd t
sion of the emulsion temperature measurements. perature on droplet formation and we show how this microflu-
idic platform can be used to generate and store monodisperse

4 Results and discussion ULIFT droplets.

Droplets cannot readily be generated in the ULIFT regime bez 1 Effect of salinity on droplet formation
cause the effects of capillary forces, which drive the fiater
cial instability leading to the breakup of the dispersedsgha According to the literatur, the equilibrium surface tension
stream, are dramatically slowed down. Consequently, fior su of the heptane-water-AOT-NaCl system af@5eaches val-
face tension lower than a critical valug (see Appendix) ues below 1@N/m for salt concentrations in the range of 38
droplets do not form at the cross-junction and parallel floivs MM - 58 mM. To assess the effects of salinity on droplet for-
the two phases are obtained instead. If, however, the tiale sc mation, the FFJ chip temperature was fixed and the emulsion
for interface generation is less than the characterisffiesion ~ salinity was varied in the range corresponding to the lowest
time for the surfactant to the interface, the equilibriunface  surface tensions. The continuous phase syringes were filled
coverage is not reached on the time scale of droplet formawith aqueous solution at salt concentratiaas= 0 mM and
tion2%. Under these conditions, the dynamic surface tensiorg2 = 100 mM. The corresponding flow rat€; andQc, were
y4 assumes values between the surface tension at equilibriun@ried between 06 uL/min and 014 uL/min in order to tune
ye and the surface tension of a clean surfactant-free interfacthe final salinity of the emulsion. The total water flow rate
¥, depending on the device geometry, the flow rates and th@c = Qc1 + Qc2 and oil flow rateQq were fixed to @ pL/min
type and concentration of surfactdntFor yy typically higher ~ and Q05 uL/min, respectively. The droplet generation was
thany, it is hence possible to produce monodisperse dropletgerformed under laboratory ambient conditions. The lab tem
immediately at the junction whereas the droplet equililoriu perature was monitored through the on-chip resistance ther
surface tension still lies in the ULIFT regime. For typicats ~ mometer and it was constant at @3 for all experiments.
factant concentrations in the millimolar range, the diffns Under these conditionse depends strongly on the con-
timescale is of the order of milliseconds. After formatitme  centration of NaCl and its value can be qualitatively assgss
droplets go through the junction and enters the wider outputhrough the deformations droplets underwent in the expand-
channel, where the diffusive and convective transport of su ing output channel. Fig.2 shows the generated droplets flow-
factant molecules to the interfatecauses the surface tension ing outside of the junction for salinity levels between 35 mM
Y4 to drop to ultra-low values on a time scale of tens of mil- and 60 mM. By interpolating the experimental data available
liseconds after generation. For thatreason, ULIFT dre@le¢  in the literaturé®, we could estimate that the equilibrium sur-
unstable and they can easily tear apart due to the high \dscodace tensionge varied in the range of £ 22 uN/m (see labels
stresses downstream of the junction, yielding highly pslyd in Fig.2). As droplets left the junction, the viscous ste=ss
perse emulsioH. exerted by the continuous phase flow in the expanding output
The most effective method to produce and manipulatechannel deformed the droplets.
monodisperse ULIFT droplets is to control the equilibrium The continuous phase flow was quite complex for the ex-
surface tension according to the operation required. Foamined channel geometry. It had an irrotational component
droplet generation and transpoyt, has to be higher thag ~ induced by the increasing width of the channel as well as a
and the capillary number Ca lower than a critical valug Ca rotational component induced by the over-confinement of the
whereas for droplet storage, manipulation and optical defo droplets, whose undeformed diametigrwas typically larger

4|  Journal Name, 2010, [vol]1-9 This journal is © The Royal Society of Chemistry [year]
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a) 35 mM NaCl - ye~22 uN/m b) 40 mM NaCl - ye~9.0 uN/m

finement is expected to stabilize the droplets by increasing
the value of Cawith respect to the case of unbounded flow.
For viscosity ratioh = 1 and over-confinementlf > h), ex-
treme droplet deformations have also been repdfieitie fi-

nal droplet length before rupture being up to 10 times the
undeformed droplet radius. Even though the geometry of
our droplet generation device do not allow to easily estimat
the character and the intensity of the viscous stresses, and
hence, of the Ca our experimental data showed that for the

c) 45 mM NaCl - ye~1.0 uN/m d) 50 mM NaCl - ye~1.5 pN/m examined flow rates droplets did not break up in the output
channel when the equilibrium surface tension was higher tha
0.1 mN/m. Moreover, at constant temperature (hence, constant
liquid viscosity) and constant liquid flow rates, the vissou
stresses are expected to be the same for all experiments. Con
ey sequently, the Ca number was a function of the surface ten-
sion only and the deformed shape of the droplets exclusively
depended on the surface tension of the oil-water interfatte w
higher deformations corresponding to lower valuegof

e) 55 mM NaCl - ye~4.0 uN/m In agreement with our physical description of the process,
Fig.2 shows that for most salt concentration, the degree of
droplet deformation kept increasing as droplets flowed down
stream up to the point that the capillary instability présehi
and the droplet broke up into two or more smaller droplets.
That behaviour is very similar to the "rain” regime reported
for a Hele-Shaw cel*. Despite the fact that droplets had very
low interfacial tension, they showed high stability agaics
alescence, on the timescale of a few hundred milliseconds.
_ _ o That stability is essential for subsequent transport aod st
Fig. 209t5|de of the junction, the droplets were stretched by the age of the droplets. The droplet deformability can be as-
surrounding flow and assumed_very elongateo_l shapes. At the top Ofsessed through the highest rablax = | /do reached by the
each panel, the salt concentration and the estimated correspondlngd .
L ) : . roplet before rupturd, being the droplet length. At 35mM
equilibrium surface tension are reported. The typical production rateN N .
is about 200 Hz. The surface tension were interpolated from data in aCl (ye ~ 22/,{N/m), Dmaxis about 4 whereas at 45mM NaCl
ref. [12]. (Ve ~ 1 uN/m) it goes up to 9. In the latter case, the salt con-
centration is very close to the value corresponding to tlzseh
inversion (namely, 46 mM at 23.6C) and the droplets re-
than the channel depth Moreover, the simultaneous pres- main stable to break up within the field of view of the micro-
ence of several droplets in the output channel affecteddie fl scope (Fig.2c). A similar condition occurs in the "fishbone”
itself. As drops slowed down, the separation distance betwe regime for a Hele-Shaw céft. Such result can be explained
them was reduced and the fluid was squeezed out from the r&y comparing the breakup time and the drop residence time in
gion between the drops, thereby increasing the total stadén the field of view. We can assume that in supercritical condi-
applied to the drop¥. Finally, the viscous stresses exerted tion (Ca> Ca), the time of capillary breakup scales with the
on individual droplets was not constant in time since as thevisco-capillary timetyc = ”°S°- Under the same condition of
droplet abandoned the expanding section of the output ehanntemperature and flow rates, lower interfacial tensions doul
the corresponding extensional component of the flow ceasedience result in longer breakup time. For extremely low in-
Generally, if the capillary number exceeds a critical valueterfacial tension{ 111N/m), the breakup time can exceed the
Ca:, no equilibrium droplet shape exists in order to balance'esidence time and droplets no longer broke up within the fiel
the viscous and capillary forces and the flow keeps deformin@f view of the microscope.
the droplets until Rayleigh-Plateau instabilities préevaind To conclude, our experiments show that droplet deforma-
droplet breakup occurs. Droplet breakup of confined drspletbility depends on water salinity and it increases with dasre
for specific flows, such as simple shear and extensional, havieg y.. Such behaviour demonstrates the capability of the mi-
been investigated in the literatdfe?®. For instance, for vis-  crofluidic platform to tune the equilibrium surface tensiufn
cosity ratioA < 1 and simple shear flo¥§?”, spatial con- the oil-water interface by controlling the salt conceritnain

""""H’“H‘Uyl‘m \
QU ;;;u‘g;i‘m\;\\

. 7 i
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the continuous phase. a) 29.9°C - ye~16 uN/m b) 43.4°C - ye >0.1 mN/m

4.2 Effect of temperature on droplet formation

S C) O |

The control over the salt concentration allowed us to brireg t Wé‘(&}é?%?{t{
water-oil system very close to the microemulsion phase tran Oﬁuw4;;3.’&,(.;,&)»@@[&,(1
IR e

{

sition, thereby generating very low interfacial tensionss
shown in Fig.2, that condition is not ideal for droplet gexier
tion because droplets were so deformable that viscoussses
could tear them apart, resulting in a highly polydispersguso
lation. However, for a given salinity the equilibrium infacial . o o ]
tension can still be modified through temperature. Theeefor Fig. 3 Droplets at the J_unct|on exit with salt conc_entratlon of 47.3
we used the on-chip temperature control unit to increase thgﬂvI attemperatures higher than the corresponding PIT, namely

. S . 4.3C. The equilibrium surface tension increased with increasing
ﬁ)?]L;Iell:rtl)l:giurface tension in the FFJ chip so that droplets temperature and for values higher thatriN/m, the droplet

- ) population was monodisperse. In panel b), the droplet diameter is
According to the literatur®, at 50mM NacCl the surface 227+0.8um.

tension drops below 10N/m in a temperature range of 48
and 29C. To assess the effect of temperature on droplet for-
mation in the device, the system was first brought very clos&.5%. In previous studies on droplet formation in a cross-
to the microemulsion phase transition (namely, 47.3 mM NaCjunction devicé®, it has been demonstrated that the droplet
and 24.3C) and then the temperature was gradually increasediameter scales a(Qc/Qd)‘aCa‘b, wherea andb are posi-
while keeping the salt concentration constant. As for thee pr tive constants. If we thus increase the flow rate r&igQy
vious experiments, the total flow rate of the continuous phasand the continuous phase flow r&dg, we can generate even
was Q¢ = 0.2 uL/min whereas the flow rate of the dispersed smaller droplets. As an example, when we @gtQq = 100
phase wag)q = 0.05uL/min. Under those conditions, the andQ; = 20uL/min, we obtained droplets with an average
droplet surface tension is expected to increase with the tendiameter of 1Jum and a coefficient of variation less than 5%
perature. We note that the increase in temperature does nata not shown).
only affect the interfacial property of the emulsion, budlgo
changes the bulk rheology of the liquid phases. Indeed #ie vi 3
cosity of heptane and water decrease by about 19% and 35%',
respectively, for a temperature rise from°@0to 40°C. The
viscosity affects the fluid stresses as well as the droptet si In order to demonstrate the capability of the microfluidiatpl
S0 it is not possible to relate the droplet shape directhhéo t form to produce an emulsion with such a low surface tension,
surface tension as in the previous experiments. we generated and stored droplets under temperature and sali
Fig.3a and Fig.3b show droplets at the junction exit at tem-ty conditions corresponding to the ULIFT regime and moni-
peratures of 29°C and 434°C, respectively. It is evident tored the thermally-driven perturbations at the droplégrin
that droplet formation and shape were highly affected by temface. It is well known that thermal motion is able to pro-
perature. Interpolating the data available in the liteelty  duce statistical fluctuations of the position of a two-phiase
the equilibrium surface tension at.29C was estimated to be terface®. The typical amplitude of those thermally-induced
16 uN/m. On the other hand, 48 C is outside of the range capillary waves scales ag’ksT/y, wherekg is the Boltz-
of temperature for which surface tension measurements amann constant andl the absolute temperature. For the most
available at the examined salinity. However, since thattemcommon water-oil-surfactant systems adopted in dropléts m
perature is about 2@ higher than the PIT, we can reasonably crofluidics, the surface tension is of the order of 1 to 10 mN/m
assumes, > 0.1 mN/m. As expected, the experimental resultswhich sets the wave amplitude in the range of 1nm. Such a
show that for a high value af, the capillary force success- small perturbation can only be detected via light and x-ray
fully opposed the viscous stresses, thereby preventingetro scattering techniques and, hence, the interface of a draple
rupture in the outlet channel. The resulting droplet popula pears to be smooth down to the molecular length scale. On
tion was monodisperse. To assess quantitatively the menodithe other hand, if the surface tension is lowered down.1e 0
persity of the emulsion, 180 droplets from images similar tol yN/m, the interface roughness increases up to 50-200 nm,
Fig.3b were analysed, resulting in an average droplet diamand the thermal capillary waves can be observed in real space
eter of 22.7um with a coefficient of variation (i.e. the ra- through standard optical microscoiy
tio of the standard deviation and the mean value) less than Droplet were generated with a salt concentration whose

Thermal capillary waves at the ULIFT droplet inter-
face

6| Journal Name, 2010, [vol]l1-9 This journal is © The Royal Society of Chemistry [year]
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the emulsion enter the ULIFT regime. As the emulsion tem-
perature approached the PIT, the droplet interfaces began t
fluctuate under the effect of thermal motion. Fig.4 shows the
thermal capillary waves at the interface of ajid diameter
droplet (video available in the electronic supplementary i
formation). Tracking the motion of the droplet interface we
measured a root mean squared displacement of approximately
As=110+50nm (see Fig.4e), which according to the scale law
As ~ (k,T/y)Y/2 is consistent with a surface tension lower
than 1uN/m, as expected. The root mean square displacement
of the interface of arigid droplet (hamely, 50nm) is conside

as a good estimate for the accuracy of the droplet interface
tracking method. The comparison between the histograms
of the interface displacements for a deformable droplet and
a rigid one (see Fig.4e) shows that the adopted bright-field
interface tracking method is accurate enough to discriteina
between ULIFT and non-ULIFT droplets. Higher accuracy
for the interface tracking can be obtained by using altéreat
optical methods as, for instance, fluorescence microstopy

B
,, 800] L
£ ; |
£ 600( FH 5 Conclusions
5 kIR
@ 4001 ' j .
| {131 In this paper we present a novel approach for the stable gener
£ 00| it ation of monodisperse ULIFT oil droplets in water. We have
# M [] p p :
o AN R devised and successfully tested a microfluidic platformictvh
-600 -400 -200 0 200 400 600 allowed us to tune the surface tension of the liquid-liqund i
Displacement [nm] terface by accurate control of the salinity and temperatiise

Fig. 4 Thermal capillary waves at the interface of a droplet near the® Consgquenpg of that,' droplets could be generated with gom—
microemulsion phase transition (44.5mM NaCl at 22 a)-d): mon microfluidic techniques, such as the use of flow-focusing

four consecutive frames extracted from a 10 fps frame rate video. device, with no need of external perturbation sources as re-
The full video is available in the supplemental material (ESI). The quired when ATPS are used. After formation, droplets were
scale bar is 5im. The solid line in panel a) shows the actual transferred in a separate chip for storage and charadieriza
interface position whereas the dashed lines is the corresponding beptirposes. The aqueous phase was pumped from two syringes
fit circle. e) Histogram of the droplet interface displacements, whichfilled with solutions having different salt concentratioi$e
are computed as the radial distance between the actual interface arffbw rate ratio of the syringes determined the final salinity o
the be_st_ fit circle. The dashe_d _Iine is the corresponding _h_istogram the emulsion. On-chip temperature control units were aztbpt
for a rigid d_roplet, whose salinity and_ j[emperature conditions are farto adjust the emulsion temperature.
from the microemulsion phase transition. Droplet formation in microfluidic devices is challenging
when the interfacial tension is in the ULIFT regimes. The
growths of interfacial disturbances, which drive the dapj
corresponding PIT was equal to the lab temperature. Unddoreakup, are extremely delayed and the dispersed phase can
such conditions, the equilibrium surface tension is exguéct form long and stable jets. Using the theory of absolute and
to be very close to the minimum value, which is less thanconvective instabilities for confined jets, we determinedit.
1 uN/m. Droplet production and transport to the ObC chipical value for the surface tension of about®N/m , below
was performed at temperatures higher thanG®o that vis-  which no jet is stable and droplets form immediately at the
cous stresses did not break the droplets and the emulsion reross-junction. We showed that droplets can be generated
mained monodisperse. As the droplets reached the ObC chipyen for equilibrium surface tensions in the ULIFT regimes,
the flow was stopped and the droplets, at rest, were allowebut only if the production rate is fast enough that surfactan
to equilibrate at the lab temperature. Alternatively, detg  cannot equilibrate at the interface. However, after foramat
could also be produced at lab temperature but with high-salinthe dynamic surface tensions quickly drop to the equilitoriu
ity levels to satisfy the conditios > y: and the ObC chip ultra-low value and the resulting capillary forces canrane
temperature could be adjusted with a heating device to lepete against the viscous stresses; the droplets tear ayhrt a

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol]l, 1-9 |7
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the resulting emulsion is polydisperse. moderate degrees of confinement (namely, 0.6)13. Since

For that reason, the droplet production and manipulatiorthe junction cross-section of the chip used in our experimen
was performed at temperatures higher thafiCi@or salt- is almost square, Eqg.(2) can be used to estimate the growth
surfactant-water-oil formulations with PIT close to°’20 Un-  rate of the fastest disturbance by replacing the channalgad
der those conditions, the hydrodynamic instabilities, ahi R with the equivalent radius/wh/2, wherew andh are the
characterize the dynamics of ULIFT drdfs could be junction width and depth, respectively.
avoided and the formed droplets were highly stable with re- In order to prove that droplets cannot be easily produced in
spect to rupture as well as coalescence. As droplets were cahe ULIFT regime, we now determine the jet break up time
lected in a separate device and brought under conditioss clo for ultra-low values of surface tension. If we assume the
to the microemulsion phase transition, thermally-drivapie  flow rate and viscosity of the continuous (dispersed) phase t
lary waves with a typical amplitude of 100 nm were observedbe Q. = 0.2 uL/min (Qq = 0.05uL/min) andn. = 10 3Pas
at the liquid-liquid interface, thereby proving that thewdm (g = 0.39x 10-3Pas), respectively, we can predict from the
sion had finally entered the ULIFT regime. Stokes equatior’€ a dimensionless jet size of= 0.3 and
from Eq.(2) a maximal growth rate @" = 20 Hz at the di-
mensionless wavenumbkt=0.7. The jet breakup timig can
be defined as the time at which the disturbance amplitude

. : e
At low Reynolds and Weber numbers, the droplet formationequals the unpertl_Jr_b_ed Jet radlus_, ”a'”ﬁ*?xf’(w ) = To.
If we assume an initial perturbation amplitudg of the or-

rocess is controlled by the balance of viscous and capillar o .
b y P der of 1nm and a surface tension in the ULIFT regime, such

forces. Vi for n ilize the interf - X .
orees scous forces tend to stabilize the interfaces be%s 1uN/m, the fastest perturbation will take abdyt= 0.4s

tween the two phases whereas the capillary forces promott break up the dispersed oh tream. If the or ‘Gt
the growth of interfacial disturbances which eventuallyde 0 eal up Ie sperse hp ase sldea ) tthetc' ot‘;’]S'Jg?_fF_?_
fo the breakup of the dispersed phase sream. The tme § T 10 M EL BB 0 EEEt T e
breakup scales as the visco-capillary t nca/y, where junction width would form. Under such conditions, an accu-

phceI?ag;jsdg;ntirgIgi;’éiigzgypﬁgézethcrgggn;%ﬁ 5 23?2’3 e rate control over the size and monodispersity of the droplet
population would be extremely difficult.

tension. At ultra-low values of surface tensiap, becomes Th | veloci £ 1h I fth bati

much larger than the characteristic flow time and the onset € ext'rema velocity of the envelope of the perturbation

and growth of the interfacial perturbations is extremely de can be written a¥

layed. Under these conditions, the effects of capillargdsr Cax3E(X,A) £C1F (X,A)

are negligible on the time scale of thread formation and g lon Vi = WOL_A-1) x5 ()

and stable jet can form. Considering the geometry, the flow

rates and th_e liquid prgperties of our_m_icrofluidic systemm, w whereCais a Capillary number defined —QPOR‘%, 5,P0 the

now determine an estimate of the minimum value of surface Y

tension for which jets are no longer stable and dropletskoreapressure gradient along the jet azigndC; = 5%? %-

up promptly at the junction. Whenv* < 0, the disturbance is not only convected away from
According to the theoretical predictions of Guillot et®].  the junction but it also travels backwards. The transiticm

the disturbance growth rate for a jet of radigsand viscosity  a convectively unstable jev{ > 0) to an absolutely unstable

N4, confined in a cylindrical channel of radit& and focused  jet (v* < 0) occurs when surface tension equals the critical

Appendix

by a continuous phase stream of viscogjtyis given by value
I —5,POREX3E(X,A)
W= y F(XaA)(kZ_k4) (2) Ve = C]_F(X,/\) (4)
16nNcR: X°(1— A1) — x5

Considering the flow conditions, the fluid properties and the

wherek = kro is the dimensionless wavenumber of the per-deVice geometry parameters reported above, we can pre-

turbation, x = ro/Re is the dimensionless jet radiud, — dict from Eq.(fl) t.hat for surface tensions higher than~
Na/ne is the viscosity ratio and the functidf(x, A ) is equal 0.1m_N/m, the jetis no Ic_mger stable and droplet breakup oc-
0 F(X,A) = X4 (4 — A1+ 4Inx) + x8(—8+ 4A 1) +x8(4 — curs immediately at the junction.

321 —(4—42"1Y)Inx). The radius of the perturbed jet is

equal tor = ro+ goexp(ikz+ wt), whererg is the unperturbed 6 Acknowledgements
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