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Preface

‘‘Colloids 2011’’ – the first multi-day conference on the topic of colloid science held in the UK

for many years – took place in the purpose-built De Vere conference centre in the heart of

Canary Wharf, London, from July 4th to 6th 2011. Jointly organized by the RSC Colloid and

Interface Science Group and the SCI Colloid and Surface Science Group, it was designed as

the perfect opportunity for UK and international researchers interested in colloids and inter-

faces to meet, present and discuss issues related to current developments in this field. Canary

Wharf is the centre of London’s business district and the many bars and restaurants within the

vicinity of the conference venue made for an equally enjoyable social setting.

The conference had over 250 delegates, from all across the world – good representation

from Japan, China, Australia, USA, France, Germany, Holland, Sweden, Spain, Poland,

Georgia – as well as a substantial number of UK based researchers. Lectures, organised into

three parallel sessions, numbered 100 ordinary presentations, 12 Keynote and 4 Plenary

lectures. The conference also hosted the new Thomas Graham Lecture, created to recognise

a scientist who has already made a distinguished contribution to the field of colloid science,

with the prospect of a further 15+ years of active research to come. The first ever Thomas

Graham Lecture was awarded to Prof Colin Bain (University of Durham) for his outstanding

work on the characterisation and properties of interfaces and adsorbed layers. The conference

also had about 75 poster presentations that ran in conjunction with a successful exhibition.

This Special Issue of ‘‘Progress in Colloid and Polymer Science’’ collects together a selection

of 20 papers mostly presented during the Conference. The papers included cover the wide

variety of topics from fundamentals in colloid and interface science to industrial applications.

The current Special Issue reflects also an international character of the Conference.

Loughborough, UK Victor Starov

Cardiff, UK Peter Griffiths
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Spreading and Evaporation of Surfactant Solution Droplets

Hezekiah Agogo1, Sergey Semenov2, Francisco Ortega1, Ramón G. Rubio1, Vı́ctor M. Starov2, and Manuel G. Velarde3

Abstract Evaporation of liquid droplets in gas volume has

implications in different areas: spray drying and production

of fine powders [1–3], spray cooling, fuel preparation, air

humidifying, heat exchangers, drying in evaporation cham-

bers of air conditioning systems, fire extinguishing, fuel

spray auto ignition (Diesel), solid surface templates from

evaporation of nanofluid drops (coffee-ring effect), spraying

of pesticides[1–4], painting, coating and inkjet printing,

printed MEMS devices, micro lens manufacturing, spotting

of DNA microarray data [3–5]. Because of such wide range

of industrial applications this phenomenon has been under

investigation for many years, both in the case of pure and

multicomponent fluids. The studies encompass different

conditions: constant pressure and temperature, elevated

pressure, fast compression, still gas atmosphere and turbu-

lent reacting flows, strongly and weakly pinning substrates

[1, 2]. Even though experimental, theoretical and computer

simulation studies have been carried out [1–11], and have

taken into account different physical processes; heat transfer

inside droplets, mass diffusion in bi- and multi- component

fluids, droplet interactions in sprays, turbulence, radiation

adsorption, thermal conductivity of the solid substrate, Mar-

angoni convection inside the droplets.

Introduction

Evaporation of liquid droplets in gas volume has implica-

tions in different areas: spray drying and production of fine

powders [1–3], spray cooling, fuel preparation, air humidi-

fying, heat exchangers, drying in evaporation chambers of

air conditioning systems, fire extinguishing, fuel spray auto

ignition (Diesel), solid surface templates from evaporation

of nanofluid drops (coffee-ring effect), spraying of pesticides

[1–4], painting, coating and inkjet printing, printed MEMS

devices, micro lens manufacturing, spotting of DNA micro-

array data [3–5]. Because of such wide range of industrial

applications this phenomenon has been under investigation

for many years, both in the case of pure and multicomponent

fluids. The studies encompass different conditions: constant

pressure and temperature, elevated pressure, fast compres-

sion, still gas atmosphere and turbulent reacting flows,

strongly and weakly pinning substrates [1, 2]. Even though

experimental, theoretical and computer simulation studies

have been carried out [1–11], and have taken into account

different physical processes; heat transfer inside droplets,

mass diffusion in bi- and multi- component fluids, droplet

interactions in sprays, turbulence, radiation adsorption, ther-

mal conductivity of the solid substrate, Marangoni convec-

tion inside the droplets.

Cioulachjian et al. [4] investigated the drop evaporation

phenomena under moist air or saturated conditions using

water as the pure liquid, they found an influence from sur-

roundings on droplet evaporation dynamics. Shanahan and

Bourges-Monnier [2] used large drops of water and n-decane

on polyethylene, epoxy resin, and Teflon, both in a saturated

vapor atmosphere and in open air. They showed the exis-

tence of four distinct stages in the evaporation process in

open air conditions. Sefiane et al. [3] obtained results which

indicate that evaporation rate is significantly reduced as the

relative humidity is increased, while the initial values of y
and L remain constant, with ethanol/water mixture from

mildly diluted to highly concentrated solutions they showed

a stage of the process although a different evaporation pat-

tern due to the volatility of one of the components here.

Doganci et al. [6] carried out evaporation experiments

using SDS at various concentrations above and below the

CMC, they found that an increase in surfactant concentration

reduces the interfacial tension between droplet and the hy-

drophobic substrate significantly and that evaporation occurs
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by diffusion because the rate of change of the droplet volume

raised to the power 2/3 (V2/3) with time remained linear

throughout the experiment. Sultan et al. [7] derived sets of

equations which describe the evaporation of a thin layer.

They applied the lubrication approximation combined with

the diffusion limited evaporation with the thermodynamic

rate of transfer across the liquid–gas interface and were able

to obtain a correlation between the instability of a uniform

liquid layer and the festoon instability of an evaporating

droplet. Rednikov et al. [8] investigated the microstructure

of a contact line formed by a liquid and its pure vapor for a

completely wetted superheated substrate with a disjoining

pressure in the form of a positive inverse cubic law. From the

results it can be inferred that the regime of a truncated liquid

microfilm on a solid surface can be thermodynamically more

stable than the regime of an extended microfilm.

For the spreading of a thin volatile liquid droplet on a

uniformly heated surface a mathematical model was devel-

oped by Ajeav [9], the lubrication-type approximation and

one sided model, when density, dynamic viscosity and heat

conductivity of gas are small compared to the liquid, they

found that the dynamics of a droplet is a competition be-

tween evaporation and spreading. Moroi et al. [10] com-

pared the evaporation rate of water and SDS solutions

across air/surfactant solution interface using a thermo-gravi-

metric balance they found no apparent difference between

the evaporation rate and activation energy for surfactant

solutions below and above the CMC.

Some phenomenological results are now well established

for the evaporation of a drop of a multicomponent fluid onto

a perfectly smooth surface under partial wetting conditions:

(a) Assuming the evaporation process right after the drop

has spread over the solid substrate, and that the drop has

a spherical shape, the evaporation rate is proportional to

the radius of the drop onto the substrate, L.

(b) The evaporation process is composed of four stages: (1)

L increases while the contact angle, y, decreases down to
the advancing contact angle value, yad. (2) The contact
angle decreases from yad down to receding contact angle
value, yred, at constant L. (3) Contact angle remains

constant and equal its receding value yr, while the radius
of the base droplet, L, decreases. (4) Both the contact

angle and L decrease until the drop completely evapo-

rates. For the purpose of understanding the evaporation

stages we will discuss the second and third stages.

Nevertheless many problems still remain to be solved: (a)

To build a theory for drops multicomponent fluids that

include all the physical processes above mentioned. (b) To

build a hydrodynamic model able to describe the four stages

of the evaporation process. (c) To compare the hydrodynam-

ic description of the drop evaporation with the molecular

thick layer beyond the three-phase contact line. Such com-

parison must take into consideration the DLVO forces acting

at a mesoscopic scale near the contact line. (d) To describe

the evaporation process of complex fluids: polymer and

protein solutions and nanoparticle suspensions. (e) To de-

scribe the evaporation of drops onto patterned surfaces.

In a recent work we have carried out computer simula-

tions of the evaporation of a drop of pure fluid. The results

have shown that evaporation process of small sessile water

droplets in the presence of contact angle hysteresis can be

subdivided into four stages. Introducing a dimensionless

contact line radius and dimensionless times for each stage

allowed us to deduce universal laws describing two stages of

the evaporation process in the case of contact angle hystere-

sis. The theory describes two stages and shows good agree-

ment with experimental data available in the literature [11].

Partly based on these results a model was proposed that was

able to quantitatively explain two stages of the evaporation

of pure fluids. In fact, the model has allowed us to build

universal curves of the time dependence of contact angle and

droplet base radius, L.

The aim of this work is to perform a detailed experimen-

tal study of the time dependence of the contact angle, the

volume and the radius of the drop onto a hydrophobic TEF-

LON-AF substrate. We have used drops of an aqueous

solution of a super spreader surfactant (Silwett 77) over all

concentration ranges i.e. below and above the critical aggre-

gation concentration (C.A.C).

Experimental Technique

SILWET L77 was purchased from Sigma-Aldrich (Ger-

many) and used as received. Poly (4, 5-difluoro-2, 2-bis

(trifluorimethyl)-1, 3-dioxole-co-tetrafluoroethylene), denoted

TEFLON-AF, was purchased from Sigma-Aldrich (Germany)

as powder, the Fuorinet F-77 solvent was bought from 3 M

(U.S.A.), and the silicon wafers were obtained from Siltro-

nix (France). Ultrapure deionized water (Younglin Ultra 370

Series, Korea) with a resistivity higher than 18 MO and TOC

lower than 4 ppm.

All the surfactant solutions were prepared by weight

using a balance precise to �0.01 mg. A pH=7.0 buffer was

used as solvent to prevent hydrolysis of the SILWET L77.

The solutions were used immediately after preparation. The

silicon wafers were cleaned using piranha solution for

20 min (caution piranha solution is highly oxidizing!) The

solid substrates were prepared as follows: the TEFLON-AF

powder was suspended in the Fuorinet F77 and spin-coated

onto the silicon wafers. The average roughness of the 20�
20 mm surface was �1.0 nm as measured by AFM (tapping

2 H. Agogo et al.



mode). The macroscopic contact angle of pure water was

(104�2) on those substrates. Drops of 4 mm3 were deposit-

ed onto the substrate for measurements. Five independent

measurements were done for each experimental point

reported in this work, and only those that agreed within the

experimental uncertainty were accepted.

The experimental technique used was similar to the one

used in the papers by Ivanova et al. [12, 13], with some

modifications that allowed us to monitor continuously the

temperature and the relative humidity inside the experimen-

tal set up. Figure 1 shows a scheme of the device.

Sessile drops are deposited onto the substrate inside a

chamber attached to a thermostat, and its shape and size

was captured by one CCD camera (side view) at a rate of

30 fps. The drop volume is maintained at about 4 mm3 in

order to ensure that gravity effects can be neglected and the

drop always has a spherical cap shape. The images captured

were analyzed using the drop tracking and evaluation analy-

sis software (Micropore Technologies, U.K.) that allowed us

to monitor the time evolution of the drop base diameter,

height, radius of curvature, and contact angle of the drops.

The precision of the contact angle was �2 under dynamic

conditions, i.e. spreading and evaporation, and that of the

temperature was �1�C The relative humidity, was managed

by placing a saturated salt solution inside the measuring

chamber (KBr and KCl for a relative humidity approx.

90%) and it was measured with a precision of �2%.

Results and Discussion

Figure 2 shows typical results of water and Silwet L-77

solutions at different concentrations, the increase of surfac-

tant concentration reduces the initial contact angle and

increases the initial perimeter of the droplet

It is worth mentioning that the rate at which the droplet

spreads before the radius reaches a maximum has been found

to be proportional to the surfactant concentration.

Figure 3 shows an evaporation profile for Silwet L-77 at

CMC with the four stage evaporation profile which is being

investigated. The data is analyzed until the errors in mea-

surements become unreasonably high due to the small initial

volumes. We will analyze the influence or temperature

and relative humidity on evaporation rate in subsequent

publications.

The volume of the droplet to power 2/3 decreases linearly

with time in our experiments from which can infer that

evaporation is diffusion controlled. We observe that the

droplet evaporation profile in terms of contact angle and

droplet radius dependencies with respect to time is consistent

with the droplet volume linear dependency on time (Fig. 4).

Theoretical Background

Figure 5 illustrates the geometry of the problem of spherical

cap droplet evaporation (we assume that the spreading pro-

cess has already ended).

Fig. 1 Scheme of the experimental technique. CCD1 and CCD2 are

the cameras to capture the drop profiles from the top and from the side.

Inside the camber both the temperature and the relative humidity are

controlled and continuously monitored
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In recent work, Semenov et al. [11, 14] have shown that if

during the two first stages of evaporation the drop remains

spherical; its volume is given by:

V ¼ L3f yð Þ f yð Þ ¼ p
3

1� cos yð Þ2 2þ cos yð Þ
sin3y

ð1Þ

On the other hand, computer simulations in [11] have

shown that:

dV

dt
¼ �bF yð ÞL ð2Þ

where

F yð Þ ¼

0:6366 � yþ 0:09591 � y2 � 0:06144 � y3� �
= sin y;

y5p 18=
0:00008957þ 0:6333 � yþ 0:116 � y2�

�0:08878 � y3 þ 0:01033 � y4Þ= sin y;
y � p 18=

8
>>>><

>>>>:

ð3Þ

b ¼ 2p
DM

r
csat Tavð Þ � c1½ 	 ð4Þ

and Tav ¼
Ð

S

TdS is the average temperature of the droplet

surface, S. In (4) D is the diffusion coefficient of the liquid

vapor in air, r is the liquid density and M its molecular

weight. The computer simulations suggest that, for given

values of temperature, relative humidity and surfactant con-

centration, Tav and b can be taken as constants during the

evaporation process.

During the first stage of evaporation L remains constant

and equal to its initial value Lo. Then (2) can be rewritten as

L20 � f 0 yð Þ dy
dt

¼ �b � F yð Þ ð5Þ

From which time dependence of the contact angle can be

easily obtained after numerical integration. The theory pre-

dicts a universal behavior for this evaporation stage when

the variables are expressed in terms of a reduced time, ~t,
defined as

~t ¼ tþ
ðp 2=

yad

f 0 yð Þ F yð Þ= dy; t ¼ t tch= ; tch ¼ L20 b= :

ð6Þ

For the second evaporation stage, where y is constant and
equals its receding value yr, the theory also predicts

lðyÞ ¼ 1� 2FðyrÞ
3f ðyrÞ t� trð Þ

� �1=2
, where l = L/L0 is a reduced

radius of the three-phase contact line, and reduced time tr
corresponds to the moment when receding starts. That repre-

sents a universal behavior for the time dependence of the

reduced radius of the three-phase contact line, l, on reduced

time. In terms of new reduced time �t ¼ 2F yrð Þ
3f yrð Þ t� trð Þ it

takes the following form: lð�tÞ ¼ 1� �tð Þ1=2.
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The theoretical predictions were found to predict reason-

ably well the available data for water droplets onto different

solid substrates. In what follows the theoretical predictions

will be compared with the experimental results for surfactant

solutions.

Validation Against Experimental Data

We show the behavior of the developed parameter b as a

function of SILWET L77 concentration. Preliminary results

are shown in Fig. 6 where the predictions of the universal

Fig. 5 Geometry of the problem of a spherical cap droplet that evaporates onto a solid (partial wetting conditions). L is the radius of the basis of

the droplet, y is the contact angle, csat and c1 are the solvent concentrations at the surface and in the vapor phase far from the droplet surface
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behaviors are tested based on our experiments using Silwett L-

77. It can be observed that during the first stage of the evapora-

tion process the agreement between theory and experiment is

very good, furthermore, changing the surfactant concentration

has allowed us to test a very broad range of the reduced time.

Comparing some of the data obtained by Doganci et al. in

their experiments using SDS surfactant (55% RH, 21�C)
with our experiments using SilwetL-77 (90% RH, 18�C)
we have the following plots one concludes that both systems

have similar behaviors.

Within the limits of experimental errors it may be correct

to infer that b remains constant at all concentrations which

further agrees with the data from Doganci et al. from their

experiments that surfactant concentrations does not influ-

ence the evaporation rate, it does however reduce the surface

tension at the liquid –solid interface which leads to an

increase in the spreading potential proportionally (Fig. 7).

The experimental data follow the predictions only where

the transition from the first stage of evaporation to the second

stage can be determined; the existence of a third stage which

is not modeled into this theory is still being analyzed.

Conclusion

Increasing the surfactant concentration in solution the

advancing contact angle reduces from 104�2 until 83�
2 which is explained by the Teflon surface becoming increas-

ingly hydrophilic. Surfactant molecules are being adsorbed at

the water-air interface the interfacial tension between the

droplet and the substrate. All volume (V2/3) plots as a function

of time are linear which allows us to infer that evaporation is

mainly by diffusion. The contact angle of sessile droplets

decrease with increasing surfactant concentration however it

has no considerable effect on the rate of evaporation which is

in agreement with other literature.
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Novel Membrane Emulsification Method of Producing Highly Uniform
Silica Particles Using Inexpensive Silica Sources

Marijana M. Dragosavac1, Goran T. Vladisavljević1,2, Richard G. Holdich1,3, and Michael T. Stillwell3

Abstract A membrane emulsification method for produc-

tion of monodispersed silica-based ion exchange particles

through water-in-oil emulsion route is developed. A hydro-

phobic microsieve membrane with 15 mm pore size and

200 mm pore spacing was used to produce droplets, with a

mean size between 65 and 240 mm containing acidified

sodium silicate solution (with 4 and 6 wt% SiO2) in kero-

sene. After drying, the final silica particles had a mean size

in the range between 30 and 70 mm. Coefficient of variation

for both the droplets and particles did not exceed 35%. The

most uniform particles had a mean diameter of 40 mm and

coefficient of variation of 17%. The particles were functio-

nalised with 3-aminopropyltrimethoxysilane and used for

chemisorption of Cu(II) from an aqueous solution of

CuSO4 in a continuous flow stirred cell with slotted pore

microfiltration membrane. Functionalised silica particles

showed a higher binding affinity toward Cu(II) than non-

treated silica particles.

Introduction

There has been an increasing interest in the production of

functionalised porous silica microspheres for use in analyti-

cal, preparative, and ion exchange columns, requiring parti-

cle diameters greater than 1 mm. A control of particle size

and internal microstructure of silica particles is critically

important in ion exchange, biochemical sensing [1], drug

delivery [2], catalysis [3], and chromatography. Silica parti-

cles can be fabricated from organic silicon precursors, e.g.

siliciumalkoxide [4] or inorganic materials, such as silicate

solutions [5]. In the latter case, acidified sodium silicate

solution is dispersed in an organic phase to form water-in-

oil (W/O) emulsion [5] or atomized in air [6]. Silicic acid

formed by acidification of sodium silicate immediately

undergoes spontaneous condensation polymerisation which

progresses within the dispersed droplets, eventually leading

to the formation of branched polymer with –Si–O–Si–

bonds. Upon drying the formed silica hydrogel shrinks to

xerogel. A surfactant can be dissolved in the silica solution

to additionally tailor the internal gel structure (surfactant

templating) [7]. This paper reports a novel W/O emulsion

route based on using microsieve-type membrane to prepare

porous silica microspheres with a controllable size between

30 and 70 mm. To the best of our knowledge, membrane

emulsification has only been used for fabrication of silica

particles up to 3 mm in size and only inorganic membranes

were used in this application [8–11].

After functionalisation, the produced silica particles have

been used as ion-exchange particles for removal of copper

from an aqueous solution. Copper(II) is often used as a model

cation for investigation of performance of ion exchangers. In

addition, copper is widely present in industrial wastewaters

and its disposal represents a big environmental threat, since it

can induce severe health problems. Classical techniques for

removal of copper from waste waters are flotation, chemical

precipitation, and ion exchange with organic resins, such as

sulfonated poly(styrene-co-divinylbenzene) resins [12]. In

this work, new inorganic ion-exchange particles have been

fabricated and tested for copper removal.

Experimental

Preparation of W/O Emulsion

The dispersed phase was prepared by dripping sodium sili-

cate solution, containing 10 or 15 wt% SiO2, into 1 MH2SO4
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under vigorous stirring until pH of 3.5 was achieved.

The continuous phase was 5 wt% Span 80 in low odour

kerosene (both supplied by Sigma Aldrich, UK). Emulsifi-

cation was performed using a Micropore Technologies

Ltd. Dispersion Cell (Fig. 1a) equipped with a hydropho-

bic nickel membrane with 15 mm pore size, 200 mm
spacing between the pores and 8.5 cm2 effective

membrane area. The cell was filled with 100 ml of contin-

uous phase and 10 ml of dispersed phase was injected at

constant controllable rate using a Harvard Apparatus

model 11 Plus syringe pump.

Production of Silica Particles

The resultant W/O emulsion was transferred to a beaker,

diluted with kerosene and continuously stirred until the

hydrogel was formed. Beside the spherical silica particles,

needle shapes of silica were also created. To filter them out,

a microfiltration cell with slotted pore membrane was used.

The membrane with an effective membrane area of 8.5 cm2

was provided by Micropore Technologies Ltd. Slots were

4 mm wide and 250 mm long enabling that even the smallest

silica particles were maintained above the membrane. No

spherical particles were observed in the filtrate and the

amount of needle-like silica was less than 2% of the total

particle mass being filtered. After removal of non-spherical

silica, the particles were washed with at least 250 ml of

acetone followed by water washing to remove Span 80 and

kerosene. After that, the particles were dried at room tem-

perature and calcined at 550�C with a ramp step of

20�C min�1 for 6 h. Specific surface area of calcined silica

particles was determined by the adsorption of nitrogen gas

using Micromeritics ASAP 2020 [13].

Functionalisation of Calcined Silica Particles
and Combined Microfiltration and Ion
Exchange

Ten gram of calcined silica particles, with a specific surface

area of 360 m2 g�1 was first washed with a mixture of nitric

and hydrochloric acid in a ratio of 1:3 for 2 h in order to

remove possible metal impurities. The particles were then

filtered, dried in a vacuum at 200�C, and refluxed in a

mixture of 80 ml of toluene and 10 ml of 3-aminopropyl-

trimethoxysilane for 24 h. After that, the particles were

collected by filtration, washed with ethanol and then trans-

ferred to a Soxhlet extractor and washed with toluene for

24 h, to eliminate possible traces of 3-aminopropyltri-

methoxysilane. According to Lam et al. [14] silica functio-

nalised with 3-aminopropyltrimethoxysilane is capable of

adsorbing copper ions from solutions. Combined microfil-

tration and ion exchange was carried out at room tempera-

ture in a continuous flow stirred cell (Fig. 1b) provided by

Micropore Technologies Ltd. A metal membrane with 8�
400 mm slots was fitted to the bottom of the cell. This slot

width was fine enough to keep all particles in the cell. An

aqueous solution of CuSO4 containing 10 gcm
�3 Cu(II) was

continuously delivered to the cell at a constant flow rate of

8 ml min�1. Ten milliliter samples of the effluent stream

were taken at regular time intervals to determine Cu(II)

concentration using an Atomic Absorbance Spectrophotom-

eter (Spectra AA-200 Varian).

Fig. 1 Schematic illustration of: (a) Dispersion Cell containing a paddle stirrer above a disk membrane with cylindrical 15 mm pores used for

membrane emulsification and (b) microfiltration system with slotted pore membrane used for combined microfiltration/ion exchange experiments
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Production of Silica Gel Using Membrane
Emulsification

Figure 2 illustrates the effect of paddle rotation speed and

flow rate of the dispersed phase on the droplet size of theW/O

emulsions produced. An increase of the rotation speed

increases the shear stress on the membrane surface and the

droplet formation time shortens, therefore, the smaller dro-

plets are produced. The force balance model based on average

shear stress [15] provided a good prediction of the droplet size

for a very low flux of 1 Lm�2 h�1. The parameters used for

modeling are provided elsewhere [15]. Droplets produced

using the higher injection rate are larger than the ones pro-

duced at lower injection rate and do not fit the model curve.

Two explanations of this phenomenon are possible. First, the

model does not take into consideration a dispersed phase

inflow during the necking time. The detachment of the droplet

is not instantaneous but requires a finite time, the necking time

[16], during which an additional amount of dispersed phase

flows into the droplet. Secondly, the model calculations are

made using the equilibrium interfacial tension (2.7 mN m�1)

which is lower than the actual interfacial tension during drop

formation. It should be noted that the interfacial tension if no

surfactant is present is 16 mNm�1 and during drop generation

the liquid/liquid interface is not fully saturated with surfactant

molecules. The produced droplets were stirred in a beaker in

order to allow gelling and formation of a hydrogel. Once

gelled, the hydrogel particles were dried to form a xerogel.

Figure 3 illustrates the shrinkage of the dispersed phase dro-

plets during their transformation into silica gel particles. Dur-

ing condensation polymerization the droplets will shrink due

to water loss as the hydrogel is formed. The hydrogel particles

were left to dry for several days at room temperature. During

this drying stage liquid present in the pores is removed, the

structure compresses and the porosity is reduced by the sur-

face tension forces as the liquid is removed leaving dried

silica particles (xerogel). Drying at room temperature was

followed by calcination, but further shrinkage of the dried

silica particles was not observed. The size of final silica

particles was found to be 2.3 times smaller than the initial

droplet size. However, the particles are still significantly

bigger than would be predicted by a mass balance of the silica

used in their formation. It can be explained by a significant

amount of internal porosity, which is 88% and 64% for the

hydrogel and xerogel particles, respectively. The coefficient

of variation (CV) for xerogel particles was below 31% and

was minimal (17%) for the particle diameter of 40 mm.

The surface structure of the silica particles after calcina-

tion was imaged by SEM (operated at 2.6 kV) and FEG SEM

(operated at 10 kV) and microphotographs are presented in

Fig. 4. The silica particles are almost perfectly round as can

be seen from Fig. 4a and b, while the close-up of the particle

surface shows a cloudy and corrugated external and internal

surface morphology (Fig. 4c, d). The presence of pores is

visible on the surface.

Functionalisation of Silica Gel and Combined
Microfiltration/Ion Exchange

The ability of functionalised particles to adsorb Cu(II) was

demonstrated in a continuous flow stirred cell. The volume

of the liquid phase in the cell was 140 ml and the stirrer
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speed was 270 rpm. As can be seen from response curves in

Fig. 5, the functionalised silica particles had a higher binding

affinity toward Cu(II). After about 80 min, both non-treated

and functionalized particles were fully saturated with Cu(II)

and from that time the Cu(II) concentration in the effluent

matched the Cu(II) content in the feed stream.

Conclusions

Spherical silica particles with mean particle sizes controllable

within a range between 30 and 70 mm have been produced

from inexpensive sodium silicate solution using membrane

emulsification. The initial droplet sizewas precisely controlled

by controlling the stirrer speed and the injection rate of the

dispersed phase through the membrane and the final particle

size was 2.7 times smaller than the initial droplet size. The

internal porosity of the particles aged in water was 88% and

64% for the hydrogel and xerogel, respectively. Xerogel par-

ticles were functionalised with 3-aminopropyltrimethoxysi-

lane and successfully used as ion-exchange media for

chemisorption of Cu(II) from aqueous solutions of CuSO4.
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Dynamic Phenomena in Complex (Colloidal) Plasmas

Céline Durniak1, Dmitry Samsonov1, Sergey Zhdanov2, and Gregor Morfill2

Abstract Complex plasmas consist of micron sized micro-

particles immersed into ordinary ion-electron plasmas. They

are model systems to study dynamic phenomena at the

kinetic level since the damping due to collisions with neu-

trals is several orders of magnitude smaller than in colloids.

Here we report on experimental observations and numerical

simulations of dynamic phenomena in complex plasmas:

shocks, tsunami effect, and soliton collisions. Shocks, pro-

pagating discontinuities, are excited by large amplitude volt-

age pulses. As they propagate, they melt the lattice, which

then re-crystallizes. The propagation of a pulse in an inho-

mogeneous lattice induces an increase of the amplitude of

the pulse (‘‘tsunami effect’’) even in the presence of damp-

ing. The interaction between counterpropagating solitons is

shown to be influenced by the lattice structure.

Introduction

Complex or dusty plasmas are ordinary ion-electron plasmas

with added microparticles or grains [1]. These microparti-

cles are charged by collisions with electrons and ions, pre-

dominantly negatively due to higher mobility of the

electrons. They interact with each other electrostatically

via a Yukawa potential and often form ordered structures.

Similar to colloids, complex plasmas can exist in solid,

liquid or gaseous states and exhibit phase transitions. They

can be defined as the plasma state of soft matter [2]. In cases

of very low thermal energy compared to the potential energy

of interaction (strong coupling regimes), crystalline struc-

tures are formed, which are often called ‘‘plasma crystals’’.

These two-dimensional crystal lattices have a hexagonal

structure. Complex plasmas are characterized by the screen-

ing parameter k=a/lD, where lD is the Debye screening

length and a is the average interparticle spacing (usually of

the order of 0.1�1 mm).

They can be found in space [3], e.g. in planetary rings [4],
comets or interstellar clouds. In plasma technology, dust

contamination has negative effects on the yield of semicon-

ductor devices [5]. However beneficial applications include

particle growth, which can be used as fine powders or as

quantum dots in nanoelectronics or for biomedical applica-

tions [6, 7].

Complex plasmas can be obtained in laboratories by

adding monodisperse micron-sized grains to a gas discharge,

where they can be easily manipulated by changing the gas

pressure or the electromagnetic field. Unlike in colloids the

grains are weakly damped by gas friction. Therefore dynam-

ic phenomena, such as grain mediated waves [8], shock

waves [9, 10], Mach cones [11, 12], and solitons [13, 14],

can be observed in complex plasmas at the kinetic level.

Here we present the results of our experiments and mo-

lecular dynamics simulations on wave propagation in com-

plex plasmas. The collision of two counter-propagating

dissipative solitons was studied as well as the propagation

of dissipative solitons in an inhomogeneous lattice and of

high amplitude perturbations that are shock waves.

Experimental Setup

The experiments were performed in a capacitively coupled

radio-frequency (rf) discharge chamber as shown in Fig. 1a,

b. Argon flow of either 0.5 sccm for the shock experiment or

1.2 sccm for the tsunami experiment maintained the working

gas pressure in the chamber of 1.8 or 0.682 Pa respectively.

An rf power of either 10 W (shock) or 2 W (tsunami) was

applied to the lower disc electrode which was 20 cm in
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diameter. The chamber itself was the other grounded elec-

trode. A DC self-bias voltage helped to suspend the particles

in the plasma sheath against the gravity.

The particles that were injected into the plasma through a

particle dispenser were monodisperse plastic microspheres

of 9.19�0.1 mm in diameter with a mass m of 6.1�10�13 kg

for the tsunami experiment and 8.9�0.1 mm, 5.5�10�13 kg

for the shock wave. They levitated in the sheath above the

lower electrode. They were confined radially in a bowl

shaped potential formed by a rim on the outer edge of the

electrode generating a monolayer hexagonal lattice of ap-

proximately 6 cm in diameter (Fig. 1c). The particles were

illuminated by a horizontal thin sheet of laser light and

imaged by a top-view digital camera at a rate of either

102.56 (shock) or 1,000 (tsunami) frames per second.

Two parallel horizontal tungsten wires, both 0.1 mm in

diameter were placed below the particle layer at equidis-

tance from the middle of the lower electrode. Short negative

pulses with amplitudes of respectively �100 V (shock) and

�22.5 V (tsunami) were applied to a wire to excite a single

compressional disturbance.

In order to analyze the experimental data, the positions of

all particles were identified and they were traced in consec-

utive frames to calculate the particle velocities.

Molecular Dynamics Simulation

Molecular Dynamics (MD) simulations have been used to

study different phenomena in colloid-like systems: glass

transitions in colloidal suspensions [15], the driven phases

of particles [16], dynamic properties of a fluid confined in a

disordered porous system [17], the aggregate structure of

surfactants [18] or the relationships between structural

aspects of colloid fluids under shear and the shear rate-

dependent viscosity [19].

Using a MD code described in [20], we simulated a

monolayer complex plasma consisting of 3,000 negatively

charged microparticles interacting via a Yukawa potential

[21]. The code solved the equations of motion for each

microparticle taking into account Yukawa-interaction poten-

tial, global parabolic confinement and neutral gas drag. It did

not include any explicit plasma, which was taken into ac-

count only as the confining and interaction potentials. The

grain charge and the screening or Debye length lD were kept

constant throughout the simulations. The grains were hori-

zontally confined by a parabolic confining potential.

We ran our simulations with the following parameters: a

grain massm= 5�10�13 kg, a damping coefficient of 1 Hz, a

Debye length lD=1 mm, and a grain charge Q of 16,000e.
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Fig. 1 Experimental setup. (a) Side view. Spherical particles charge

negatively and form a monolayer levitating in the plasma sheath above

the lower electrode. (b) Oblique view. Two wires placed below the

lattice are used to apply voltage pulses. (c) Image of the initial structure

of a monolayer hexagonal lattice imaged by the digital video camera

(no pulse applied). (d) Voronoi map of the hexagonal lattice. The

crystal defects are marked with triangles (fivefold), squares (seven-

fold), and asterisks (other defects)
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The particles were first placed randomly into the simula-

tion box. Each particle then interacted with all the other

particles and the code was run until the equilibrium was

reached and a monolayer crystal lattice was formed. The

lattice was then excited by a pulsed force applied inwards at

one or both sides of the lattice at a fraction of the lattice

diameter from the center. The temporal shape was a

truncated parabola with a duration of 130 ms (defined as

the full width at half maximum amplitude of the pulse).

The spatial profile in the x direction was either Gaussian or

half-infinite with a Gaussian transition. It did not depend

on the y coordinate (parallel to the pulse front). The ampli-

tude of the excitation force was expressed in terms of the

parameter 4pe0ml
2
D=Q

2. The main difference with simulat-

ing colloids is that by taking into account the influence of

the background, i.e. the fluid solvent for colloids, the

inertial term can be neglected as the system becomes over-

damped [15].

In order to analyze the numerical data, the particle posi-

tions and velocities were recorded during the simulations.

The local two dimensional number density was determined

as the inverse area of the Voronoi cells (see Fig. 1c for an

example generated in the experiment).

Dynamic Phenomena

‘‘Tsunami’’ Effect

The amplification of the pulse amplitude was studied as it

reached the inhomogeneous edge of the lattice, i.e. with a

decreasing number density, even in the presence of damping.

The experimental chamber was slightly tilted in order to

maximize the lattice inhomogeneity on one side. Single

pulses were excited in both the experiment and the simula-

tion by either applying a voltage pulse to only one of the

wires or an excitation force to one of the sides of the lattice.

The spatial profile of the simulated excitation force was half-

infinite in the x direction with a Gaussian transition [i.e. exp

(�(x�x0)
2/w2) for x�x0 and 1 for x<x0] with x0=�12 mm

and a waist w of 2 mm. The simulation was performed with a

force amplitude Fex0=1 a.u.

Figure 2a shows the particle velocity vx in the x direction.
The crystal had a screening parameter k=0.575 and a diam-

eter of 41.5 mm. In this crystal, the number density varied

between 3.71 mm�2 at the center of the crystal to 1.55 mm�2

at the edge (xe=17.4 mm). The absolute value of the density

gradient increased from 0.07 mm�2/mm at x=5 mm to

0.25 mm�2/mm at xe. The maximum of the particle velocity

first decreased due to damping but then it increased as the

soliton reached the edge of the lattice where the number

density was smaller. The amplitude of the pulse increased

by a factor of 1.14 between x=0 and xe. We found that the

pulse propagation velocity C varied between 51.34 mm/

s in the middle of the crystal (x=0) to 35.46 mm/s at the

edge. Comparing this velocity to the dust lattice wave

speed CDL, the soliton Mach number M=C/CDL decreased

from 1.28 to 1.25. As the amplitude of the pulse increased

towards the edge of the lattice, we observed a steepening of

the front pulse by 37% as well as a decrease of its width by

26%.

The same effect has been found in the experiment, which

was performed with a 5 s,�22.5 V excitation pulse as shown

in Fig. 2b. In [22] we also reported that this amplification

was in qualitative agreement with Korteweg de Vries soliton

solution.

Head-On Collision of Counterpropagating
Solitons

Collisions between same amplitude solitons were studied in

[23] and revealed that the solitons experienced a temporal

delay after their interactions, which increased with the am-

plitude of the excitation force. We also observed that the
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Fig. 2 Tsunami in a complex plasma monolayer. Three dimensional

visualization of solitons (particle flow velocity vx versus propagation

distance and time) propagating in an in-homogeneous lattice (a) in

the simulation and (b) in the experiment. The force was applied at

x =�12 mm in the simulation and x=0 mm in the experiment

Dynamic Phenomena in Complex (Colloidal) Plasmas 15



amplitude of the resulting pulse at the collision point was

different from the sum of the two pulse amplitudes.

In this section we numerically investigate the influence of

using different initial excitation amplitudes. The two dimen-

sional simulation was performed with a confining parameter

of 0.5 Hz. The excitation forces had identical Gaussian

profiles along the x axis with a waist of 2 mm and different

initial amplitudes as specified in Table 1: (A) a symmetrical

case with Fex0=2 a.u. and two asymmetrical cases with (B)

Fex0=2 a.u. and Fex0=3 a.u. for respectively the left (propa-

gating towards x>0) and right (propagating towards x<0)

pulses and (C) the mirrored case. They were applied at

�17 mm from the center of the crystal, which was 93 mm

in diameter and had a screening parameter k=1.325.
Figure 3 shows grayscale maps of the particle number

density n as a function of the distance perpendicular to the

wires x and time for the different initial configurations. The

pulses propagated from opposite sides of the lattice inward;

their amplitudes decreased because of the neutral damping.

Their evolution led to a collision in the middle of the lattice

for the symmetrical case (Fig. 3a). As the higher amplitude

pulse propagated 13–15% faster than the smaller amplitude

pulse before the collision, the interaction occurred slightly

off center for the asymmetrical cases (Fig. 3b, c and Table 1)

and the amplitude of the resulting pulse was different by less

than 9%. These differences between runs B and C were due

to the inhomogeneous distribution of defects in the lattice

(Fig. 4a). The propagation of the higher amplitude pulse also

generated a line of defects corresponding to the compression

front, which increased the kinetic temperature (Fig. 4b) in

comparison to run A.

Table 1 Simulated collision – characterization of the interaction of two counterpropagating pulses. The amplitude, calculated at the collision

point, corresponds to the maximum number density n. We also report the time the collision occurred, its position X in the direction perpendicular to

the wires (X=0 corresponds to the middle of the lattice), and the pulse velocity C before the collision for 0.4� t�0.65 s. Fex0,left�Fex0,right

corresponds respectively to the amplitude of the excitation pulse applied on the left or right hand side of the lattice

Numerical run Excitation force (a.u.) Amplitude n (mm/mm2) Interaction time T (s) Interaction position X (mm) Pulse velocity (mm/s)

Fex0, left Fex0, right Cleft Cright

A 2 2 1.49 0.795 0.09 23.8 �23.7

B 2 3 1.91 0.735 �1.14 23.8 �27.3

C 3 2 1.76 0.745 1.14 26.9 �23.7
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Fig. 3 Simulated collision – trajectory of interacting waves produced from the number density n. The excitation amplitudes were (a) the identical
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After the interaction, two waves emerged from the colli-

sion point. They were wider and had a reduced amplitude

compared to the incident waves.

Shock Waves

Shock waves are propagating disturbances which arise from

large amplitude perturbations. Therefore they cannot be

treated as linear small amplitude waves [9, 24]. The two

dimensional simulation was performed with a confining

parameter of 1.5 Hz. The crystal had a screening parameter

of 0.825 and a diameter of 57.3 mm. The characteristics of

the excitation force were the same as for the tsunami effect

(section ‘‘‘Tsunami’’ Effect’) but with an initial amplitude

Fex0=4 a.u.

The structure of the shock is shown in Fig. 5. The shock

was characterized by an abrupt change in compression factor

n/n0 (ratio of the wave number density to the unperturbed

number density) and flow velocity vx and an increase in

kinetic temperature. The shock propagated from left to right

at a velocity between 38 and 51 mm/s, melting the lattice; this

resulted in a high number of lattice defects shown on the

Voronoi map and velocity randomization. The shock front,

which compressed the lattice, had a thickness of a few inter-

particle distances in the simulation (Fig. 5d) and the experi-

ment (Fig. 5g). The oscillatory structure of the shock (x�
13 mm in Fig. 5a, b) was similar to that of [25].

Conclusion

We investigated different examples of dynamic phenomena

observed in complex plasmas. The numerical results

obtained with our Molecular Dynamic simulation code

have been found to be in good agreement with the experi-

ments. First the amplitude of a pulse propagating in a lattice

with decreasing number density was amplified towards the

edge of the crystal, even in the presence of damping. Then

the interaction of counterpropagating pulses with different

amplitudes was influenced by the inhomogeneous distribu-

tion of defects in the crystal. Finally we reported the propa-

gation of shock waves, which are high amplitude

perturbations.
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Pretreatment of Used Cooking Oil for the Preparation
of Biodiesel Using Heterogeneous Catalysis

Kathleen F. Haigh1, Sumaiya Zainal Abidin1,2, Basu Saha3, and Goran T. Vladisavljević1,4

Abstract Used cooking oil (UCO) offers a number of ben-

efits for the production of biodiesel because it is a waste

material and relatively cheap; however UCOs contain free

fatty acids (FFAs) which need to be removed. Esterification

can be used to convert the FFAs to biodiesel, and this work

has compared two types of heterogeneous catalyst for esteri-

fication. An immobilized enzyme, Novozyme 435, was

investigated because it has been shown to give a high con-

version of FFAs and it has been compared to an ion-ex-

change resin, Purolite D5081, which was developed for the

esterification of UCO for the production of biodiesel. It was

found that a conversion of 94% was achieved using Purolite

D5081 compared to 90% conversion with Novozyme 435.

Introduction

Biodiesel consists of mono-alkyl esters produced from re-

newable sources such as vegetable oil or animal fats. The

most common process for making biodiesel is the transester-

ification of vegetable oils with methanol, in the presence of

alkaline catalysts to form fatty acid methyl esters (FAME)

which is the biodiesel product. A schematic representation

of the reaction is shown in Fig. 1. Vegetable oil is an

expensive raw material and as a result alternatives have

been investigated and these include non-edible oils such as

Jatropha Curacas, by-products from oil refining such as palm

fatty acid distillate, animal fats, algal oil and used cooking

oil (UCO) [1–3].

UCO contains free fatty acids (FFAs), which form during

cooking [4] and these need to be removed prior to transes-

terification. Esterification can be used to convert the FFAs to

biodiesel [1] and a schematic of this reaction is shown in

Fig. 2. Currently most esterification processes use homoge-

neous catalysts such as sulfuric or sulfonic acid however

homogenous catalysts are difficult to separate from the reac-

tion mixture, generate large amounts of waste water, and

require expensive materials to prevent associated corrosion

[5]. As a result solid acid catalysts such as ion-exchange

resins have been investigated with high FFA conversions

reported [4, 6].

Enzyme catalysts often result in higher reaction rates at

more benign operating conditions when compared with their

chemical counterparts. Novozyme 435, Candida antarctica

Lipase B immobilized on acrylic resin and has been reported

as an effective esterification catalyst including the esterifica-

tion of FFAs to FAME [2,7]. The aim of this work is to

determine if Novozyme 435 can be used to pretreat UCO

which contains approximately 6 wt% FFAs and how the

catalyst compares with an effective ion-exchange resin.

The ion-exchange resin, Purolite D5081 has been developed

for the pretreatment of UCO and has been reported to give a

high conversion of FFAs in UCO [6].

Experimental

Purolite D5081 was donated by Purolite International and

Novozyme 435 was donated by Novozymes UK Ltd.

The UCO was donated by GreenFuel Oil Co Ltd., UK and

has an FFA content of approximately 6.4 wt %. The fatty

acid composition is linoleic acid (C18:2), 43%, oleic acid

(C18:1), 36%, palmitic acid (C16:0), 13%, stearic acid

(C18:0), 3.8% and linolenic acid (C18:3), 3.6% [6]. Solvents

were purchased from Fisher Scientific UK Ltd. The esterifi-

cation reactions were carried out using a jacketed batch
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reactor with a reflux condenser. All samples were analyzed

for the FFA content by titration using the ASTM D974

method.

Surface area, pore volume and average pore diameter

were determined from adsorption isotherms using a Micro-

meritics ASAP 2020 surface analyser. In order to investigate

internal mass transfer limitations a portion of catalyst was

separated into size fractions using a series of sieves on a

Fritsch analysette shaker. The amplitude was set to 10 and

the catalyst sieved for 120 min. Particle size distribution

(PSD) analysis of the original catalyst and sieved fractions

were carried out using a Coulter LS 130 Particle Analyzer

with isopropyl alcohol as the solvent.

Catalyst Characterization Data

A summary of catalyst properties is given in Table 1 and

from this data it can be seen that in terms of the particle size

distribution Novozyme 435 has a larger spread of particle

sizes with the average particle size smaller than Purolite

D5081. While Purolite D5081 has a larger surface area

than Novoyzme 435 and could have a greater number of

accessible catalytic sites, Novozyme 435 is more porous and

has a greater pore diameter which may aid the conversion of

larger molecules.

Investigation of Internal Mass Transfer
Limitations on Conversion

Internal mass transfer resistance is due to the resistance of

flow inside the particles and reducing the particle size

reduces the diffusion path length and thus internal mass

transfer resistance. The internal mass transfer resistance

from Novozyme 435 was investigated by sieving the beads

into size fractions as shown in Fig. 3. The overall fraction

+ R4 OH

OH

HO OH
+ R1

O

O

R4

+ R2

O

O

R4

R3

O

O

R4

+Catalyst3

Triglceride Alcohol Glycerol Fatty Acid Alkyl Esters (Biodiesel)R3

O

O

O
+

R2

O

O

R2

O

HO

Fig. 1 Schematic representation of the esterification reaction

O

OH
R1 + R2 OH

O

O R2

R1 + H2O

Free Fatty Acid
(Carboyxlic Acid)

Alcohol Fatty Acid Alkyl Ester
(Biodiesel)

Water

Catalyst

Fig. 2 Schematic representation of the transesterification reaction

Table 1 Summary of the catalyst properties

Immobilized enzyme

Novozyme 435

Ion-exchange resin

Purolite D5081

Nature of catalyst Candida antarctica
lipase B (CALB)

immobilised on

acrylic resin

Sulphonated

polystyrene

cross-linked

with

divynlbenzene

Physical appearance White spherical

beads

Black spherical

beads

Particle size distributiona

d10 (mm) 252 396

d50 (mm) 472 497

d90 (mm) 687 639

BET surface area (m2/g) 81.6 387

Total pore volume (cm3/g) 0.45 0.39

Average pore diameter

(nm)

17.7 4.1

Porosity (�) 0.349 0.338
adx0 is the diameter corresponding to x0 volume % on a relative

cumulative particle diameter distribution curve

Fig. 3 A comparison of the particle size distributions of Novozyme

435 used to investigate internal mass transfer limitations
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(d50=472 mm) represents the size distribution received from

the manufacturer.

Figure 4 shows that there are intra-particle diffusion

limitations when using Novozyme 435 in the size range

supplied by the manufacturer.

Purolite D5081 was previously reported to have no inter-

nal mass transfer limitations for the typical particle size

supplied by the manufacturer [6]. A sieved fraction with an

average particle size (d50) of 463 mm was compared to the

original particle size distribution (d50=497 mm).

Comparison of Optimum Conditions for the
Two Catalysts Investigated

The optimum conditions for each catalyst were identified by

varying the key parameters; for Purolite D5081 these were

temperature (50–65�C), methanol to FFAs mole ratio (mole

ratio) (66–197:1) and catalyst loading (0.50–1.50 wt%).

While for Novozyme 435 the parameters investigated were

temperature (30–60�C), methanol to FFAs mole ratio (3.9–

15.5:1) and catalyst loading (0.75–1.50 wt%). A summary of

the optimum conditions for both catalysts is given in Table 2.

It was found that there was a large difference in the

optimum mole ratios for these two catalysts. In the case of

Novozyme 435 it was found that there was a narrow range of

mole ratio where a high conversion was possible because

Novozyme 435 is inhibited by high concentrations of meth-

anol [2] while reducing the concentration means there is

insufficient methanol for the reaction. In comparison a

much larger mole ratio was required when using Purolite

D5081 and the conversion decreased with decreasing mole

ratio. There is an order of magnitude difference in the opti-

mum mole ratios and comparing the catalysts at the same

reaction conditions would not be meaningful. As a result

conversion has been compared using the optimum condi-

tions for each catalyst and this data is shown in Fig. 5.

From this data it can be seen that with Novozyme 435 the

initial reaction rate is faster however the conversion is

slightly lower with Novozyme 435 reaching 90% compared

to 94% with Purolite D5081 after 600 min of reaction time.

Novozyme 435 offers numerous benefits over Purolite

D5081 because a high conversion is achieved at a much

lower methanol to FFAs mole ratio, lower temperature and

catalyst loading. In particular the significant reduction in

methanol requirements means that for the same equipment

size a much greater capacity is possible and the process will

be much safer. A disadvantage is that the cost of enzymes

tends to be much greater than that for ion-exchange resins.

Conclusions

The catalytic action of two types of catalyst, an ion-ex-

change resin, Purolite D5081 and an immobilized enzyme,

Novozyme 435 were compared for the esterification pre-

treatment of UCO for the preparation of biodiesel. Both

catalysts gave a good conversion of FFAs to biodiesel in

UCO with the optimum conditions summarized in Table 2.

Fig. 4 The effect of particle size distribution of Novozyme 435 on

conversion. The reaction conditions are temperature=50�C, catalyst
loading=1 wt%, mole ratio=6.2:1 methanol to FFA

Table 2 Comparison of the optimum conditions for Novozyme 435

and Purolite D5081

Novozyme 435 Purolite D5081

Methanol to FFA mole ratio 6.2:1 98:1

Temperature (�C) 50 60

Catalyst loading (wt%) 1.00 1.25

Fig. 5 Comparison of conversion for Novozyme 435 and Purolite

D5081 at the optimum conditions for each catalyst as specified in Table 2
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A slightly higher conversion of 94% is possible with Purolite

D5081 compared to 90% conversion of FFAs using Nov-

ozyme 435 after 600 min of reaction time. It was found that

using Novozyme 435 as the catalyst resulted in a large

reduction in the amount of methanol required with the opti-

mum mole ratio going from 98:1 methanol to FFA with

Purolite D5081 to a mole ratio of 6.2:1.
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Spironolactone-Loaded Liposomes Produced Using
a Membrane Contactor Method: An Improvement
of the Ethanol Injection Technique

A. Laouini1,2, C. Jaafar-Maalej1, S. Gandoura-Sfar2, C. Charcosset1, and H. Fessi1

Abstract Spironolactone, a hydrophobic drug, has been

encapsulated within liposomes using two different prepara-

tion methods: the ethanol injection technique and the mem-

brane contactor. The effects of the technique on the prepared

liposomes characteristics have been investigated. For this

aim, the spironolactone-loaded liposomes were character-

ized in terms of size, zeta potential, microscopic morpholo-

gy, encapsulation efficiency and in vitro release profile.

Results indicated a significant influence of the applied prep-

aration method. Indeed, when the membrane contactor

method was used, the mean size was smaller (123 nm instead

of 200 nm), the encapsulation efficiency was higher (93%

instead of 80%), and the release profile showed a better

dissolution behaviour which may enhance the preparation

availability. In conclusion, these results confirmed that the

membrane contactor presents an improvement of the ethanol

injection technique allowing a continuous production of

liposomes at large scale.

Introduction

Over the last decades, advances in pharmaceutical science and

technology have facilitated the availability of an extensive

range of novel drug carriers including nanoparticles, nanocap-

sules and liposomes. Due to their biocompatibility, biodegrad-

ability and low toxicity, liposomes are extensively studied as

drugs and bioactive molecules delivery systems [1, 2].

Since the first report and definition of lipid vesicles by

Bangham [3], numerous preparation processes have been

developed. Hence, liposomes can be obtained by means of

several methods, each of which yields vesicles with special

characteristics. However, most techniques are limited in

terms of scaling-up ability from the laboratory level to the

industrial production.

One of the simplest methods which can be used for lipo-

somes production at large scale is the so-called ethanol

injection [4]. Briefly, an ethanolic solution containing the

lipid mixture is injected rapidly into an aqueous solution.

From the manufacturing point of view, this technique does

fulfil the need of a rapid, simple, easily scalable and safe

preparation technique. Hence, novel approaches based on

the principle of the ethanol injection technique as the micro-

fluidic channel method [5–7] and the cross-flow injection

techniques [8] were recently reported.

The membrane contactor based method was already

reported for liposome preparation [9]. In this method, the

lipidic phase permeated thorough the membrane pores into

aqueous phase. Substantial progress was thus achieved, lead-

ing from the conventional batch process to a potential large

scale continuous procedure.

The present study investigated the preparation of spironolac-

tone-loaded liposomes by ethanol injection technique using sy-

ringe and membrane contactor module. The aim of this work

was to establish the influence of the preparation technique on

liposome characteristics. The selected parameters were the mean

size, the zeta potential, the microscopic morphology, the encap-

sulation efficiency and the in vitro drug release profile.

Materials and Methods

Materials

Reagents

Lipoid E80 was obtained from Lipoı̈d GmbH (Ludwigsha-

fen, Germany). Spironolactone, cholesterol and phospho-
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tungstic acid were supplied by Sigma-Aldrich Chemicals

(Saint Quentin Fallavier, France). All reagents were ac-

quired with their analysis certificate. Organic solvents (etha-

nol 95% and chlorhydric acid HCL 37% w/w) were supplied

by Carlo Erba Reagenti (Milano, Italy) and were of analyti-

cal grade, then used such as without further purification.

Ultra-pure water was obtained from Millipore Synergy sys-

tem (Ultrapure Water System, Millipore).

Syringe Infusion Pump

The syringe infusion pump 22 was purchased from Harvard

Apparatus (Holliston, Massachusetts, United States). This

precision pump set the industry standard.

Hollow Fiber Module

The Liqui-cel Mini Module X50 was purchased from Alting

(Hoerdt, France). This module contains 2,300 polypropylene

hollow fibers distributed in a uniform way around a central

tube, so as to allow the use of the total membrane surface.

The hollow fiber module dimensions are as follow: an inner

diameter of 220 mm, an outer diameter of 300 mm, a porosity

of 40% and a pore size estimated at 40 nm. The fiber length

is 0.115 m and the total active membrane surface is 0.18 m2.

Methods

Liposome Preparation

Liposome Preparation by the Ethanol Injection Method

Liposomes were prepared by a modified ethanol injection

technique [10]. A recent study [11] was carried in our labo-

ratory in order to point out the influence of process and

formulation parameters on liposome characteristics. The

results showed that the optimum parameters were: aqueous

to organic phase volume ratio=2, stirring rate of aqueous

phase during solvent injection=800 rpm, phospholipid con-

centration=20 mg/ml and cholesterol concentration=20%

w/w. The injection velocity has no significant effect on the

vesicle mean size. Based on these results, the required

amounts of phospholipids, cholesterol and spironolactone

(respectively 1 g, 200 mg and 150 mg) were dissolved in

50 ml of ethanol. The resulting organic phase was injected

by means of the syringe infusion pump in a defined volume

of ultra pure water (100 ml) under magnetic stirring

(800 rpm) (RW 20, Ika-Werk). The injection rate was

7 ml/min. Spontaneous liposome formation occurred as

soon as the organic solution was in contact with the aqueous

phase. This formation became evident on the appearance of

the characteristic opalescence of colloidal dispersions. Then,

the liposomal suspension was stabilized for 15 min under

magnetic stirring. Finally the ethanol was removed by evap-

oration under reduced pressure (Rotavapor R-144, Buchi,

Flawil, Switzerland).

Liposome Preparation by the Membrane Contactor

Method

A schematic diagram of the experimental set-up used is

shown in Fig. 1.

The system included a positive displacement pump (Fil-

tron, France), a pressurized vessel (equipped with a manom-

eter M3) connected on one side to a nitrogen bottle (Linde

Gas, France) and on the other side to the hollow fiber module

(with two manometers M1 and M2, respectively placed at the

inlet and outlet of the device).

A recent study was conducted by Laouini et al. [12] to

determine both process and formulation factors effects on

liposome suspension which is obtained by the membrane

contactor module. Results showed that the optimum para-

meters were: aqueous to organic phase volume ratio =2,

organic phase pressure=1.8 bar, phospholipid concentration

=20 mg/ml and cholesterol concentration=20% w/w.

For liposome preparation, the required amounts of phos-

pholipids, cholesterol and spironolactone (respectively 5 g,

1 g and 750 mg) were dissolved in 250 ml ethanol. The

organic phase was placed in the pressurized vessel. The

connecting valve to the nitrogen bottle was opened and the

nitrogen pressure was set at a fixed level. The aqueous phase

(500 ml) was then pumped through the membrane contactor

module using the positive displacement pump. When the

water arrived to the inlet of the hollow fiber module, the

valve connecting the pressurized vessel to the filtrate side of

the membrane device was opened so that the organic phase

permeated through the pores of the hollow fibers into the

aqueous phase. Spontaneous liposome formation occurred as

soon as the organic solution was in contact with the aqueous

phase. The experiment was stopped when air bubbles started

to appear in the tube connecting the pressurized vessel to the

membrane module, indicating that the pressurized vessel

was empty. Finally, the liposomal suspension was stabilized

and the ethanol removed as previously described.

Liposome Characterization

In order to assess the liposome quality and to obtain quanti-

tative measurements which allow comparison between dif-

ferent liposome batches, measured parameters were:
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Size Analysis

Dynamic light scattering (DLS), otherwise known as photon

correlation spectroscopy (PCS), is extensively used in liposome

size distribution analysis [13–15]. In this study, a Malvern

Zetasizer Nano-series (Malvern Instruments Zen 3,600, Mal-

vern UK) was used. Each sample was diluted 100-fold with

ultra-pure water and analyzed in triplicate at 25�C. The data on
particle-size distribution were collected using the DTS (nano)

software (version 5.0) provided with the instrument.

Zeta Potential Determination

Measurements of zeta potential are commonly used to pre-

dict the colloidal system stability. The zeta potential

was determined using a Malvern Zetasizer Nano-series

(Malvern Instruments Zen 3,600, Malvern UK) and mea-

surements were performed at least three times after dilution

in water. The zeta potential was calculated from the electro-

phoretic mobility applying the Helmholtz-Smoluchowski

equation [16].

Microscopic Observation

Transmission electron microscopy (TEM) images were

taken using a CM 120 microscope (Philips, Eindhoven,

Netherlands) operating at an accelerating voltage of 80 kV.

A drop of liposome suspension was placed onto a carbon-

coated copper grid; the suspension excess was removed with

a filter paper leaving a thin liquid film stretched over the

holes. Negative staining using a 2% phosphotungstic acid

solution (w/w), pH 7.1, was directly made on the deposit

during 1 min. Finally, the excess of phosphotungstic solution

was removed with a filter paper and stained samples were

observed.

Encapsulation Efficiency

Liposome preparations are a mixture of encapsulated and

free drug fractions. Methods for determining the amount of

encapsulated material within liposomes typically rely on

destruction of the lipid bilayer and subsequent quantification

of the released material.

Spironolactone concentrations were measured at l abs-

orbance of 237 nm with a spectrophotometer UV-vis

(Shimadzu UV mini-1,240 V, Kyoto, Japan). The spectro-

photometric analytical method was validated as usually re-

quired (data not shown).

In the present study, the liposome encapsulation efficien-

cy was determined from the amount of entrapped drugs

using the ultracentrifugation technique. Briefly, total spiro-

nolactone amount (TSA) was determined after having dis-

solved and disrupted drug-loaded liposomes in ethanol using

Dispersed phase

Tangential flow of
the aqueous phase

Permeation under
applied pressure

Membrane

Aqueous phase Nitrogen
bottle

Dispersed phase in the
pressurized vessel

Detail of a 
hollow fiber

Liposomes

M1

M2

M3

Vanne V1

Membrane
module

Pump

Liposomal
suspension

Fig. 1 Schematic diagram of the experimental set-up
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an ultrasound bath (Bandelin Sonorex, Schalltec GmbH,

Germany) for 10 min. Then, spironolactone-loaded lipo-

some sample was centrifuged (OptimaTM Ultracentrifuge,

Beckman Coulter, USA) at 50,000 rpm for 50 min at +4�C.
The free spironolactone amount (FSA) was determined in

the supernatant.

The spironolactone encapsulation efficiency (E.E.) was

calculated as follows:

E.E:¼ TSA� FSA

TSA
� 100

The encapsulation efficiency was determined in triplicate.

In Vitro Drug Release Study

Spironolactone release was evaluated using the dialysis tube

technique. The dialysis membrane Spectra/Por 7 (Spectrum

Labs, Breda, Netherlands) was selected according to drug

permeability so that no spironolactone adsorption occurred

on the membrane (molecular weight cut off of 50 kD). A

4 ml aliquot of liposomal suspension was placed in a her-

metically tied dialysis bag, and dropped into 1.5 l of an

aqueous receptor medium (chlorhydric acid HCl 0.1 N men-

tioned in the 31st edition of the American Pharmacopeia).

Perfect sink conditions prevailed during the drug release

studies and the entire system was kept at 37+/�2�C under

continuous magnetic stirring at 70 rpm. The receptor com-

partment was closed to avoid evaporation of the dissolution

medium. Three milliliter samples of the dialysate were taken

at various time intervals and assayed for spironolactone

concentration by spectrophotometric method. The same vol-

ume was replaced with fresh dissolution medium so that the

volume of the receptor compartment remained constant. All

kinetic experiences were conducted in triplicate and the

mean values were taken.

Results and Discussion

Mean Size and Zeta Potential

Table 1 presents the mean size and the zeta potential of the

liposomes prepared by ethanol injection using syringe and

the membrane contactor module. It can be observed that the

vesicle size decreased from 200 to 123 nm when using of the

hollow fiber module instead of the syringe.

For pharmaceutical and clinical use, liposomes must fulfil

several criteria in terms of size and zeta potential [17]. Liu

et al. [18] had showed that liposomes smaller than 70 nm are

taken up from the blood stream by liver parenchymal cells,

while liposomes larger than 200 nm accumulate in the

spleen. An optimum size range of 70–200 nm has thus

been identified to give highest blood concentration of lipo-

somes. Therefore, it can be considered that liposomes

prepared using the membrane contactor method offers better

characteristics than those prepared by the ethanol injection

technique.

Since it was previously reported by Lyklema and Fleer

[19] and Wiacek and Chibowski [20] that a negative zeta

potential higher than 20 mV was considered as an optimal

potential for preventing vesicle coalescence, the zeta poten-

tial values confirm the stability of our preparations (values

comprised between �20 and �23 mV)

Microscopic Observation

As shown in Fig. 2, the morphological investigation using

transmission electron microscopy revealed that there was no

impact of the preparation method on liposome morphologi-

cal characteristics. In both cases, prepared liposomes

obtained were nanometric sized and quasi-spherical shaped.

Moreover, no drug crystals were visible on TEM images,

regardless the employed preparation technique. However,

vesicle membranes were composed of several phospholipids

bilayers resulting in multi-lamellar vesicles (i.e., MLVs) and

oligo-lamellar vesicles (i.e., OLVs) respectively for lipo-

somes prepared by the ethanol injection technique and the

membrane contactor method.

Encapsulation Efficiency

Spironolactone-loaded liposomes were successfully

prepared. The encapsulation efficiency was respectively 80

�1.3% and 93�1.1% when liposomes were prepared by

the syringe injection technique and the membrane contactor

Table 1 Spironolactone-loaded liposomes mean size, polydispersity index and zeta potential

Used preparation method Mean size�S.D.a (nm) Polydispersity index�S.D.a Zeta potential�S.Da(mV)

Ethanol injectionb 200�4 0.310�0.020 �20.5�0.9

Membrane contactorb 123�3 0.190�0.030 �23.0�0.6
aS.D. standard deviation (n=3)
bThe mean of three batches
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module. The association between the active substance and

the carrier (whether the drug is encapsulated in the body or

simply adsorbed in the surface) could be assessed by the

measurement of the zeta potential [21]. In our study, when

using the membrane contactor method, the zeta potential

was �43 mV for the drug-free liposomes and �23 mV for

the drug-loaded liposomes. The negative surface charge was

further shielded in the presence of the drug suggesting that at

least a part of the association drug-carrier was surface ad-

sorption and the rest was incorporated within the lipidic

matrix. When using the syringe injection technique, no sig-

nificant change was observed in potential zeta values (re-

spectively �22 mV and �20.5 mV for drug-free and drug

loaded liposomes). The liposomes surface properties,

remaining unchanged, suggest that spironolactone was

mainly entrapped within vesicles bilayers. The higher en-

capsulation efficiency obtained when the membrane contac-

tor was used, confirms that this method presents a real

improvement compared to the classic syringe injection tech-

nique. Similar results, not yet published, were recently ob-

served in our laboratory; caffeine encapsulation efficiency

within liposomes prepared by syringe injection technique

was about 6.9%, whereas membrane contactor module

yielded a higher value (11%).

In Limayem-Blouza et al. [22] study, spironolactone

loading capacity of nanocapsules was about 90.5% when

prepared using a SPG membrane. Several studies [23–25]

established that the encapsulation efficiency was proportion-

al to the drug lipophilicity. Thus, the high encapsulation

efficiency of spironolactone was believed to be due to its

high lipophilicity and therefore its good solubility in the

lipid phase.

In Vitro Drug Release Study

As can be seen in the release profile (Fig. 3), when liposomes

were prepared using the ethanol injection technique, 54% of

spironolactone was released in 60 min. whereas when lipo-

somes were prepared using the membrane contactor method,

only 39% of spironolactone was released within 60 min. The

release behaviour difference during the first hour could be

explained by the important fraction of free drug in the

preparation obtained by the ethanol injection technique

(20% instead of 7% when liposomes were prepared by the

membrane contactor method).

Otherwise, the dissolution profile showed that spirono-

lactone was completely released after about 6 h from lipo-

somes prepared using the ethanol injection technique and

after about 4 h 30 min from liposomes prepared using the

membrane contactor method. This rapid release could be

ascribed by the difference of liposome mean size, since

that in many papers, it has been confirmed that retention

time of encapsulated drug within liposomes increased with

particles size. According to the Noyes–Whitney equation

[26], the drug dissolution rate is directly proportional to its

surface area exposed to the dissolution medium. The accel-

erated release of spironolactone from liposomes prepared by

the membrane contactor method (mean size of 123 nm)

could be explained by their greater surface area compared

to those obtained by the ethanol injection technique

(200 nm).

Furthermore, the liposome lamellarity could also explain

the release behaviour. Indeed, multi-lamellar liposomes

prepared by the ethanol injection technique exhibited

Fig. 3 In vitro spironolactone release profile from liposomes prepared

using syringe and membrane contactor module

Fig. 2 TEM micrographs of

spironolactone-loaded liposomes

prepared by the ethanol injection

technique and the membrane

contactor method
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reduced release rates compared to oligo-lamellar liposomes

obtained by the membrane contactor method.

Conclusion

The purpose of this research was to study the influence of the

preparation method on the final characteristics of lipid vesi-

cles. The results showed that liposomes obtained by the

membrane contactor method presents better characteristics

compared to liposomes obtained by the ethanol injection

technique: (1) a smaller mean size (123 nm versus 200 nm)

which may lead to a highest blood concentration, (2) a

higher encapsulation efficiency (93% versus 80%) and (3)

a better release profile and dissolution rate allowing the use

of the prepared liposomes for paediatric medication. For the

treatment of children heart failure [27], and as it is commer-

cially available only in a solid dosage form and children

have difficulty swallowing whole tablets or capsules, spir-

onolactone liquid formulations are preferable [28]. Thus,

several extemporaneous formulations have been developed

especially suspensions that showed incomplete oral beha-

viour, slow dissolution rate and a risk of degradation during

storage [29]. Spironolactone encapsulation into liposomes

may enhance its availability by improving the dissolution

rate, and protect the drug from degradation by confining it

within lipid vesicles.

On the other hand, the use of the membrane contactor

module successfully led to the preparation of 750 ml of

liposomes in less than 1 min and 30s, versus a preparation

of only 150 ml within 7 min when the syringe injection is

used. Therefore, the membrane contactors offer a better

efficiency than the classic ethanol injection technique allow-

ing continuous production of liposomes.

In the near future, this study is intended to be completed

by a comparative study of the preparations stability.
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The Multiple Emulsion Entrapping Active Agent Produced
via One-Step Preparation Method in the Liquid–Liquid Helical
Flow for Drug Release Study and Modeling

Agnieszka Markowska-Radomska and Ewa Dluska

Abstract The paper presents a theoretical mass transfer model

of the release process of active agent from complex dispersed

systems such as multiple emulsions, microemulsions, micro/

nanoparticles. The model is characterized by five parameters

describing internal structure of the delivery system and the

conditions of the release environment which enable the deter-

mination of the release rate and its sensitivity to the process

parameters. The model was validated by experimental data of

an active component release from two sets of multiple emul-

sions prepared via a novel one-step emulsificationmethod in the

continuous Couette-Taylor Flow contactor. The simulation of

release profiles confirmed the importance of the internal multi-

ple emulsions structure (drop size, packing volume) as well as

the intensity of externalmixing in themodeling of the controlled

release process. The presentedmodel allowed themass released

to be determinedwith satisfactory agreement with experimental

data after optimization of parameters describing internal emul-

sions structure.

Introduction

Multiple emulsion systems are more complex type of dis-

persed system in which the dispersed phase contain smaller

droplets of the internal phase that have the same or different

composition as the external phase, Fig. 1. The multiple

emulsions are considered to be of Oil-in-Water-in-Oil (O/

W/O) and Water-in-Oil-in-Water (W/O/W) emulsion sys-

tems (Fig. 1a). In O/W/O systems an aqueous phase sepa-

rates internal and external organic phases. In W/O/W

systems organic phase separates internal and external aque-

ous phases. The phase, which separates two aqueous or

organic phases is known as membrane phase and acts as a

different barrier and semi-permeable membrane for the

drugs or moieties entrapped in the internal phase. The inter-

nal and external phases may also have different composition:

O1/W/O2, W1/O/W2 (Fig. 1b).

In recent years, multiple emulsions have been widely

used in numerous fields of applications such as pharmaceu-

tics, cosmetics, food and environmental technologies. The

specific intrinsic structure makes them useful e.g. for pro-

longed or controlled active agent delivery system, separation

operations (ELM-emulsion liquid membrane) etc. [1]. Using

multiple emulsions we can, e.g. prevent degradation of an

active agent, improve dissolutions of insoluble substances,

mask the taste and smell of active ingredients and control

active agent release into the external phase. In view of the

numerous uses of emulsions in different technologies, new

methods of their preparation, stabilization, as well as study

of mechanisms of active agent (drug) release from multiple

emulsion are still under interest of pharmaceutical, medical,

chemical and biochemical engineering [1]. Nowadays, in

view of the great potential applications of the multiple emul-

sion products, kinetics of an active agent release is widely

studied area. The most common method of multiple emul-

sions preparation is a two-step stirring emulsification which

is widely described in numerous papers [1–3]. The multiple

emulsions are prepared also by the phase inversion, the

membrane and the microchannel emulsification [4].

Design of multiple emulsion products usually requires

expensive experimental investigation. In order to reduce

costs, the mathematical models of release process based on

the release mechanisms, an intrinsic structure of the product

as well as its relationship with the external surrounding

acceptor are used. The main drug release mechanisms from

multiple emulsions are diffusion of an active agent from

internal droplets through the permeable membrane and/or

emulsion breakdown/membrane rupture due to shear forces–

defragmentation, or as a result of osmotic flow leading to the

swelling-breakdown process [1, 5, 6].
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The most commonly reported in the literature models of

drug release refer to the release from polymeric micro-

spheres [7–9]. The models for non-eroding porous/macro-

porous microspheres can be applied to the multiple emulsion

for predicting an active agent release kinetics and also to

modeled diffusion inside permeable liquid membranes for a

lower diffusion coefficient.

The pioneering mass transfer model is the Higuchi model

of drug release from solid matrix in contact with a perfect

sink where instantaneous drug dissolution and pseudosteady

state diffusion are assumed [10, 11]. In the literature, the

models considering the Fick’s second law with the percola-

tion theory and percolation threshold to estimate the kinetic

parameters are reported [12]. Models based on the Fick’s

second law have been applied for different geometries.

These models assumed the geometry of the reservoir system

where the drug must diffuse through the layer of a constant

thickness or the geometry of the matrix system with drug

dissolved or uniformly distributed inside. For matrix system,

the radius of the inner interface between the region where the

drug is loaded and matrix (diffusing) regions shrinks with

time. As the geometry of the release device in the mentioned

models is exactly characterized the method of emulsion

preparation must be specified. As it was reported in the

literature the models considering any geometry are required.

This is possible by direct modeling approach which offers

cellular automata models for drug release predictions, [13].

In Liao and Lucas paper [14] the mathematical models

corresponding to the breakage of the emulsions are dis-

cussed. Most analytical models of diffusion controlled re-

lease are based on the assumption of steady state diffusion.

Moreover, most of models, regardless of the mechanism of

release assume infinite mass transfer coefficient in the exter-

nal environment. In fact the finite mass transfer conditions

are often seen in drug release under in vivo experiments. As

a result the mass transfer resistance and hence mass transfer

coefficient does dependent on the release environment con-

ditions.

In this paper the factors that affect the release rate of

active agent (drug) from multiple emulsions including exter-

nal mass transfer resistance and intrinsic structure of multi-

ple emulsions are demonstrated based on the sensitivity

analysis of proposed theoretical mass transfer model for

prediction of drug release rate from multiple emulsions

[15]. Subsequently the model predictions are compared

with experimental data of drug release from O1/W/O2 emul-

sions produced by an unconventional one-step emulsifica-

tion method in the Couette-Taylor flow (CTF) contactor

reported in our previous paper [16, 17].

Mass Transfer Mathematical Model

The presented mathematical model of the release process

from multiple emulsions corresponds to an active agent

(drug) diffusion within the membrane phase drops to the

surface as well as diffusion through the boundary layers on

the surface of the membrane phase drops and diffusion –

convection transport of active agent in the external continu-

ous phase.

Since drug release is controlled by diffusion the effects of

coalescence and breakage of the internal droplets are ignored.

The physiochemical properties of the emulsion system re-

main constant. In order to obtain the model solution, knowing

the mass transfer coefficients inside and outside of the drops,

interfacial area as well as driving force are necessary.

The volumetric mass transfer coefficient of active agent

through the membrane phase drops (kLa) can be defined

from the Happel sphere in cell conceptual model that enables

taking into account effect the internal structure of multiple

emulsion:

kLa ¼ k ¼ D

d
a ¼ 3Df1=3

r2i ð1� f1=3Þ ð1Þ

Where d (m) is the layer thickness representing mass transfer

resistance in the membrane phase, D (m2 s�1) is the drug

molecular diffusivity within the membrane phase drops, ri
(m) is the radius of the internal phase drops, a (m�1) is the

interfacial area of internal phase drops.

The release rate modeling was based on mass transfer of

an active agent between two continuous phases: the mem-

brane phase and assumed pseudo homogenous phase of the

internal droplets. This simplification avoids mathematical

Fig. 1 Types of multiple

emulsion: (a) the same

composition of internal and

external phases, (b) different

composition of internal and

external phases
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calculations of the release from the internal mass sources

and assumes that in the membrane phase represented by

concentration function of an active agent C(r, t) co-exists

the concentration function CS(r, t) of an active agent in

pseudo homogenous internal phase. The driving force was

expressed as the difference between the concentration of an

active agent at the interface of the internal phase CS*(r, t)

and in the membrane phase C (r, t). The constant concentra-

tion in the internal droplets was assumed due their small size

and at least one order of magnitude higher value of diffusion

coefficient of an active agent compared to that in the mem-

brane phase. This assumption implies that CS=CS*.

The mass release to the external environment begins after

the achievement of an equilibrium state inside the membrane

phase drops t: CS,eq=Ceq for t0=0. The volume of well-

mixed release medium is big enough so that the bulk con-

centration of a drug is C1=0.

With the above assumptions the release process of active

agent from multiple emulsions considered as monodisperse

population of drops of the internal and membrane phases is

described by set of model equations based on the mass

balance of active agent in:

– The membrane phase:

@Cðr; tÞ
@t

� DDCðr; tÞ ¼ ðkLaÞ½C�
Sðr; tÞ � Cðr; tÞ� f

1� f
ð2Þ

where, D represents 3D Laplace operator in spherical coor-

dinates reduced due to the symmetry to the term

1
r2

@
@r r2 @Cðr;tÞ

@r

� �
;

– Pseudohomogenous internal phase:

@C�
Sðr; tÞ
@t

¼ ðkLaÞ½Cðr; tÞ � C�
Sðr; tÞ� ð3Þ

– The boundary condition at the interface between the

external and the membrane phases:

D
@Cðr; tÞ

@r

����
r¼R

¼ �h � m � Cðr; tÞjr¼R ð4Þ

where, h (ms�1) represents external mass transfer resistance;

m (m=103) is the partition coefficient of an active agent

between membrane and external phases; R (m) is the radius

of the membrane phase drops,

– The initial condition:

Cðr; tÞ ¼ C�
Sðr; tÞ ¼ C�

S0 � f dla t ¼ t0 ð5Þ

where, t0 (s) is the initial release time

For the mathematical simplification the scaling laws for

three selected parameters R, CS0, D were used. The system

of (2)–(5) are analytically solved to determine the dimen-

sionless mass released at any time Mt+ from internal droplets

to the external phase as a function of the dimensionless

concentration profiles in the membrane (C+) and internal

phases (CS
+). The mass released to the external environment

was calculated as the difference between the dimensionless

initially encapsulated mass of the drug in the internal phase

Mt+=1 and the mass remaining in the emulsion droplets.

Mtþ ¼4p
f
3
�
ð1

0

½Cþðrþ;tþÞð1�fÞþCþ
S ðrþ; tþÞf�ðrþÞ2drþ

� �

ð6Þ

The results of model simulation are presented as the

cumulative fractional mass released outside of the mem-

brane phase drops expressed as a ratio:

Mtþ=Mtþ¼1ð Þ¼ Mt=M1ð Þ¼ Mt=M0ð Þ¼ f ðR;ri;f;D;hÞ ð7Þ

Results and Discussion

Preparation of Multiple Emulsion

The target of emulsification in helical flow contactor was

stable O1/W/O2 emulsion consisting of three phases of dif-

ferent composition. Where the O1 is the internal phase (phe-

nyl salicylate (active agent) dissolved in liquid paraffin), W

is the membrane phase (15 wt% gelatin aqueous phase con-

taining 5 wt% sucrose) and O2 is the external continuous

phase (liquid paraffin).

In all of the experiments as model hydrophobic drug was

used phenyl salicylate (salol) which is used in veterinary

medicine and is being applied as an analgesic, antipyretic

and intestinal antiseptic as well as the sunscreen and preser-

vative. The other substances used were gelatin for microbi-

ology uses (pH=4.0–6.0, gel strength 240–270 g Bloom) and

dimethyl sulfoxide (DMSO). In this work as a cross-linker,

sucrose was used. All chemicals were of analytical grade.

The multiple emulsions system based on gelatin was chosen

due to possible pharmaceutical applications. It is favorable if

biocompatible polymers are used for the production of con-

trolled release devices. Recently the use of gelatin as a

polymer in form of liquids, gels and microspheres for con-

trolled release systems has received much attention. Gelatin

is relatively cheap and has the potential for use with a variety

of medical agents [18].

The multiple emulsions for release study were produced in

the Couette-Taylor flow contactor under different operation

conditions such as, the gap size, the rotational frequency of
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the inner cylinder, the initial concentration of active agent,

the volumetric flow rate of oils and water phases. To prepare

multiple emulsions, the membrane and internal liquid phases

were introduced into the annular gap between the coaxial

cylinders of the CTF contactor at the inlet cross section,

followed by the external phase. In the CTF contactor run

the inner phase was incorporated as the droplets into the

membrane phase drops dispersed in the external continuous

phase of multiple emulsions. An example of the drop size

distribution is illustrated in Fig. 2.

Release Rate Experiments

The two sets of stable O1/W/O2 emulsions entrapping phenyl

salicylate were selected for release experiments, Fig. 2.

The emulsions were characterized by such factors as: the

encapsulation efficiency (EE), Sauter mean diameter of the

membrane phase drops (D32) and internal phase droplets

(d32) as well as the ratio of the volume of internal droplets

packed in membrane phase drops to the volume of the mem-

brane and internal phase drops (packing volume fraction-f):

– set 1ð Þ : EE ¼ 94:7%; D32 ¼ 66:58mm;

d32 ¼ 32:76mm; f ¼ 0:83;

– set 2ð Þ : EE ¼ 69:8%; D32 ¼ 65:26mm;

d32 ¼ 35:31mm; f ¼ 0:74;

Active agent release study was performed in the standard

stirred tank (diameter of 0.1 m height of 0.2 m, emulsion

volume 0.976 dm3) at different agitation speeds (100,

250 rpm) and at the constant temperature of 37�C�0.5�C.
To determine the mass of salol released from internal

phase of the multiple emulsions to the external paraffin

phase, at fixed time intervals the samples of multiple emul-

sions were withdrawn from the stirred tank and were imme-

diately filtered using hydrophobic membrane to separate the

O1/W drops from the external paraffin phase (O2). Salol

from external paraffin phase was extracted by DMSO (di-

methyl sulfoxide) and then analyzed spectrometrically. The

mass of released salol was calculated as the mean value from

three independent experiments.

For each samples of multiple emulsion withdrawn from

the stirred tank during release experiments the drop size

distribution was analyzed using the confocal laser scanning

microscope LEXT OLS3100 and system optical microscope

BX-60 Olympus connected to a digital camera (Olympus).

The stability of the multiple emulsions during the release

process was controlled on line by the backscattering light

monitoring with the Turbiscan Lab and by droplet sizing

microscopic observation over time. There were no signifi-

cantly changes in the drop size distributions and instabilities

in the dispersion system (coalescence, osmotic mismatch,

change in drop size) during the release process.

All experimental and measuring procedures have been

explained in detail in previous works of authors [15–17].

Analysis of the experimental results showed that the release

rate profiles are strongly affected by the delivery system

structure and related active agent encapsulation, as well as

by external environment mixing intensity [15–17].

Comparison of Model and Experimental Data

The experimental active agent release study and modeling

for multiple emulsion prepared in helical flow was consid-

ered. Two sets of emulsions were chosen for simulations:

highly packed emulsions of set 1 and worse emulsions of set 2.

The release profiles of salol for O1/W/O2 emulsions mixed

with two different stirring rotations: 100 and 250 rpm are

Fig. 2 Cumulative distribution

of the number fraction of drops

population of O1/W/O2 emulsions

prepared in the CTF contactor
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presented in the Fig. 3. The release profiles show the depen-

dence of the cumulative mass of salol released from O1/W/

O2 at time t to the external continuous phase – (Mt) referred

to the mass released at the infinite time (when mass released

�initial mass encapsulated: M1�M0).

The analysis of the model simulations and experimental

release profiles was performed for the volumetric mass trans-

fer coefficient (kLa=k=(D/d)a) expressed by (1) and calcu-

lated with other equations such as proposed by Kataoka et al.

[19] and Hino et al. [20], where authors considering other

ways of expressing the membrane thickness (d), and Lian

et al. [21], where the definition of the mass transfer coeffi-

cient was related to the Crank equation of diffusion under the

assumption of perfect mixing. As shown analysis in each

case to correctly predict the release rate was necessary to

optimize the experimental data to determine the volumetric

mass transfer coefficient named after optimization parameter

(k). As it turned out the best fitting to the experimental data

was obtained when the values of kLa were determined from

(1), based on the Happel sphere in cell model.

The parameters k representing the optimized mass trans-

fer resistance inside membrane phase drops are constant for

the specified classes of emulsions and for emulsions with a

similar structure and about the same drug loading. As it can

be seen in the Fig. 3 the presented model accurately predicts

release rate based on the fitted values of the parameter

kðkset1 ¼ 1:3	 10�5s�1; kset2 ¼ 1:6	 10�5s�1Þ and the

values of model parameters (R, ri, f) taken from release

experiments and can be also applied for multiple emulsion

prepared by any other methods.

The experimental and prediction release profiles, pre-

sented in the Fig. 3, shown that for highly packed structures

the external environment mixing not affects release rate and

therefore release process is limited by the diffusion resis-

tance within the membrane phase drops. In case of multiple

emulsions with less packed structure (below 80%) the influ-

ence of the surrounding environment mixing intensity is

easily noticeable. d32, f, D, h taken from release experi-

ments accurately predict active agent release kinetics. As the

simulations were extended to nano-scale dispersed systems

the release profiles predictions with one parameter opti-

mized were also satisfactory. The presented model can ac-

curately predict the release kinetics of a wide range of

delivery systems prepared by different methods if structural

parameters and active agent loading are including [15].

Conclusion

The theoretical model has been developed to analyze and

predict active agent release from multiple emulsions. The

presented theoretical model is characterized by five para-

meters describing emulsions structure and release condi-

tions. For modeling of release rate emulsions structure

were characterized by the mean size of membrane and inter-

nal phase drops, encapsulation efficiency of active agent and

the packing volume. The release conditions included the

intensity of external surrounding mixing.

The model was validated by comparison with experi-

ments of active agent (salol) release from emulsions of

type O1/W/O2 under a variety of conditions. The quantitative

analysis of the comparison model simulations of release

profiles with corresponding experimental data showed that

Fig. 3 Simulated and

experimental release profiles of

salol from multiple emulsion
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one of the parameter must be optimized. The parameter

estimated from experimental data was the volumetric mass

transfer coefficient being in fact parameter of emulsion

structure (parameter k).
The simulations based on the characteristic parameter k,

confirmed the importance of the emulsions structure for the

release process modeling. The modeling results strongly

suggest that when release experiment is carried out for the

highly packed structures (above 80%), the release rate is

directly linked to the intrinsic structure of multiple emulsion.

For less packed structures the release rate is more sensitive

to external environmental mixing intensity.

Knowing the values of optimized parameter k we can use

them for release process designing and computations for mul-

tiple emulsion systems with a similar structure and about the

same drug loading at any release conditions. This allows the

prediction of drug release kinetics without prior in vitro stud-

ies. As the simulations were extended to nano-scale dispersed

systems the release profiles predictions with one parameter

optimized were also satisfactory. The presented model can

accurately predict the release kinetics of a wide range of

delivery systems prepared by different methods if structural

parameters and active agent loading are including.

In addition, the good agreement between experimental

data and simulated profiles for structures of different scale

(micro and nano), geometry, drug encapsulation and formu-

lation (emulsions, particles) allows the presented model to

be considered as a tool to controlled release process design.

This model can be applicable for the systems containing

any other active component e.g. flavor dispersion in the

gelled emulsions particles, for describing the controlled vol-

atile release process.
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Insights into Catanionic Vesicles Thermal Transition
by NMR Spectroscopy

Gesmi Milcovich and Fioretta Asaro

Abstract Oppositely charged ionic surfactants can self-as-

semble into hollow structures, called catanionic vesicles,

where the anionic-cationic surfactant pair assumes a dou-

ble-tailed zwitterionic attitude. In the present work, multi-

lamellar-to-unilamellar thermal transition of a mixed

aqueous system of sodium dodecyl sulphate (SDS) and

cetyl trimethyl ammonium bromide (CTAB), with a slight

excess of the anionic one, has been investigated by 1H, 2H,
14N NMR spectra and 23Na transverse relaxation measure-

ments. It has been inferred that an increase of the tempera-

ture enhances the SDS counterion dissociation, which can be

considered as one of the driving forces of the mentioned

transition. Moreover, interesting 23Na T2 changes with tem-

perature have been detected for unilamellar aggregates.

Introduction

Amphiphiles are characterized by a double behavior: one

moiety of the molecule is ‘‘solvent-loving’’ (lyophilic),

while the other is ‘‘solvent hating’’ (lyophobic). Two oppo-

sitely charged single-tailed surfactants can associate into a

zwitterionic pseudo-double chained structure [1, 2] (Fig. 1).

SDS/CTAB mixed systems, with a slight excess of the

anionic surfactant, have been studied. The latter tends to

spontaneously aggregate into multi-walled vesicular struc-

tures [3]. They can be susceptible to multi-to-unilamellar

transition, which is driven by different factors, like salt/co-

solutes addition, chain length and temperature [4]. Herein,

temperature effects have been investigated by means of 1H

and 23Na NMR. Sodium corresponds to the counterion of the

anionic component.

23Na isotope, which possesses a natural abundance of

100% and high NMR sensitivity, has a spin of I=3/2; there-

fore, its relaxation is dominated by the quadrupolar mecha-

nism and NMR dynamic parameters are suitable to explore

self-assembly of catanionic systems [5].

Nowadays, these vesicular systems are of increasing

interest as they are widely employed in pharmaceutical/

biotechnological field (e.g. targeted gene therapy, medi-

cated syrups, eye drop products, etc.) [6, 7]. Indeed, they

mimic biological membranes and related compartmentali-

zation properties, noteworthily their preparation is quite

cheap and easy [1, 3]. However, studies concerning their

ultimate thermodynamically-stable structure are still

undergoing.

Experimental

Sodium dodecyl-sulphate (SDS) has been obtained from

BDH Chemicals Ltd. Pool. England (purity grade 99.0%),

while cetyl-trimethyl ammonium bromide (CTAB) has been

purchased from Sigma-Aldrich (puriss �96%). Aqueous

solutions of CTAB and SDS have been prepared and subse-

quently mixed in order to obtain vesicular solutions. Differ-

ent molar ratios (R) have been employed, at a constant CTOT

=6 mM (i.e. about 0.2% wt).

R =
SDS½ �
CTAB½ �

NMR measurements were carried out on a Jeol Eclipse

400 NMR spectrometer (9.4 T), equipped with a Jeol NM-

EVTS3 variable temperature unit, operating at 400MHz for
1H, 61.37 MHz for 2H, 28.88 MHz for 14N and 105.75 MHz

for 23Na without field frequency lock, except for 1H-NMR

(lock on CDCl3, in coaxial tube). The 23Na-R2 (transverse

relaxation rate R2 =1/T2) were measured by Hahn Echo.
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Results and Discussion

Considering that a net charge allows vesicles to be stable, an

excess of sodium dodecylsulphate has been used, i.e. R >1

(R=SDS/CTAB molar ratio). When prepared, the vesicle

solution appears milky, due to the presence of multilamellar

structures [3], while immediately after the thermal transition,

turbidity disappears (Fig. 2), reflecting the conversion to

unilamellar aggregates with lower hydrodynamic radius [3].

The lack of water signal splitting in 2H-NMR spectrum and

the absence of birefringence in the polarized light microscopy

observations have ruled out the presence of anisotropic lamel-

lar phase, both prior and after thermal transition.

Relevant information into the bilayers ordering has been

provided by the 14N NMR spectrum (14N nucleus has I=1) of

the tetraalkylammonium head group, which is the molecular

moiety with the lowest mobility. The residual quadrupolar

splitting (23.5 kHz) is comparable to those found in diluted

lyotropic liquid crystals. Despite the isotropy of the sample,

the line width is rather small, due to an orientational effect

caused by the magnetic field, as already known for lipo-

somes.
23Na transverse relaxation rate, R2, is much more sensitive

to slow motions than longitudinal relaxation rate, R1. Consid-

ering that catanionic systems are quite diluted, no significant

deviation of the echo decay from a single exponential has

been detected, neither before nor after the transition. Thus R2

are averages of those for central and satellite transitions [8].
23Na R2 responds to the interaction of the counterion with

negatively charged aggregates, being remarkably higher than

for free Na+ (e.g. NaI 0.1 M solution), while R1 values do not

differ significantly from that of free Na+.

Moreover, it has been noticed that larger 23Na R2 values

correspond to higher R.

Upon increasing temperature, an R2 decrease has been

observed, while approaching the critical transition tempera-

ture, till it reaches free Na+ value (Fig. 3).

The decrease of R2 values on increasing temperature can

be mainly attributed to Na+ dissociation from the aggregates.

The latter influences the packing parameter, which is respon-

sible for the spontaneous interfacial curvature. The R2

measured some days after the samples have been brought

back to room temperature were higher (especially for the

higher molar ratios), due to changes in the correlation times

of the motions modulating the quadrupolar interaction. Prob-

ably it is also related to lower sodium dissociation, thus

confirming an increase of dodecylsulphate content in the

vesicles after the transition, as inferred from 1H-NMR

(Fig. 4).

Detectable 1H-NMR signals correspond to those of the

free anionic surfactant (no signal for cetyltrimethylammo-

nium), which is in slow exchange with that embedded in the

vesicles, as confirmed by diffusion NMR measurements. 1H

dodecylsulphate resonances exhibit an increase in the line

width altogether with heating cycle, due to faster exchange

among bulk and vesicles.

Integrals analyses showed lower values at high tempera-

tures, related to an uptake of the anionic component into the

aggregates and therefore to a greater dodecylsulphate

amount in vesicles composition.

Considering that dodecylsulphate possesses the shortest

chain length of the system, so the anionic excess may pro-

mote vesicle curvature, stabilizing the aggregates. Indeed,

after heating transition, unilamellar form prevails.

+

SO3

SO3
O

O N
N

Fig. 1 Pairing of two oppositely charged single tailed amphiphiles

Fig. 2 Decrease of turbidity upon heating for R=1.7 sample
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Conclusions

23Na transverse relaxation rates, which are highly responsive to

slow motions, display interesting trends on temperature

changes. The description of the systems afforded by 23Na

NMR during heating evidences a dissociation of sodium,

which takes place prior to the critical transition temperature [3].

At the same time, 1H-NMR spectra suggest an increase of

SDS/CTAB ratio in the bilayer composition.

The net charge of the surface, together with steric inter-

actions [3], might result in a strong repulsion between

bilayers, leading to a multilamellar to unilamellar transition.

The latter may be stabilized by spontaneous curvature, at

high temperature.
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Multilamellar vesicles should be generated at room tem-

perature, as heating can interfere with the preparation proce-

dure, originating unilamellar structures, which are

metastable, when back at room temperature.

In conclusion, catanionic vesicles showed interesting

temperature tunable changes both in their lamellar composi-

tion and curvature.

Further analyses are still undergoing for what concerns

the surfactant exchange between bulk and vesicular

aggregates.
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Competitive Solvation and Chemisorption in Silver
Colloidal Suspensions

Marco Pagliai1, Francesco Muniz-Miranda2, Vincenzo Schettino1,2, and Maurizio Muniz-Miranda1

Abstract Raman spectra and ab initio computational analy-

sis involving Car–Parrinello molecular dynamics simula-

tions and Density Functional Theory approach have been

employed to obtain information on the behaviour of oxazole

and thiazole in aqueous suspensions of silver nanoparticles,

where solvation and chemisorption processes competitively

occur. The solvation of both oxazole and thiazole is depen-

dent on stable hydrogen bonds with water, mainly involving

the nitrogen atoms of the heterocycles. The adsorption on

silver colloidal nanoparticles is, instead, ensured by repla-

cing water molecules of the aqueous environment with sur-

face active sites that can be modelled as Ag3
+ clusters. These

surface complexes can reproduce accurately the observed

surface-enhanced Raman spectra, particularly concerning

the most significant frequency-shifts with respect to the

normal Raman spectra in aqueous solutions and the relative

intensity changes.

Introduction

The adsorption of molecules on metal nanoparticles in col-

loidal suspensions represents a fundamental process for wide

applications regarding the biomedical and environmental

fields, as well as those related to the heterogeneous catalysis

[1]. For example, nanohybrids consisting of biomolecules

linked to gold or silver colloidal clusters can be employed to

selectively act against pathogenic agents or tumour forma-

tions [2]; the capability of metal colloids to adsorb pollutants

can overcome problems of environmental contamination [3];

the adsorption of reactants on metal nanostructured sub-

strates like colloidal suspensions is a prerequisite for the

activation of many catalytic reactions [4]. Furthermore, the

aqueous dispersions of nanosized particles of coinage metals

(Au, Ag, Cu) exhibit peculiar optical properties, due to the

excitation of surface-localized electrons [5]. When electro-

magnetic radiation interacts with a metal surface with nano-

scale roughness, the conduction electrons can be trapped in

the nanostructures, producing collective electron excitations

called surface plasmons, which lead to enhancement of the

local electromagnetic field owing to the high absorption of

light near the metal nanoparticles. This induces enhance-

ments of the spectroscopic signals, like in surface-enhanced

Raman scattering (SERS) [5, 6]. SERS spectroscopy allows

obtaining giant Raman enhancements for molecules

adsorbed on nanostructured substrates of metals like silver,

gold and copper, usually around 106–107, but up to 1014–

1015 factors in single-molecule experiments. This effect is

generally attributed to two different mechanisms, involving

both the enhancement of the electric field near the surface,

due to the resonance of the excitation wavelength with the

surface plasmons of the metal nanoparticles, and the en-

hancement of the molecular polarizability when the ligand

molecules are chemically bound to the active sites of the

metal surface. Albeit this latter ‘‘chemical effect’’ improves

the Raman enhancement only up to 102, with respect to the

predominant role of the electromagnetic contribution, it

plays a key role in the observation of the SERS spectra by

strongly affecting the frequency positions and the relative

intensities of the bands. As a consequence, by observing

these spectroscopic features useful information can be

obtained on the adsorption phenomena and the properties

of molecules linked to the metal. Ag nanoparticles in aque-

ous colloidal suspensions are considered the most efficient

substrate for enhancing the Raman signals of adsorbates

with respect to other SERS-active metal platforms like thin

films, crystalline islands or surfaces roughened by chemical

or electrochemical treatments. Actually, silver colloids are

easy to prepare and provide strong SERS enhancements of
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ligands, whose adsorption can be monitored by observing in

the UV-vis region the surface plasmon resonance (SPR)

bands of the Ag nanoparticles. These latter show a SPR

band around 390 nm, due to the electron excitation of non-

aggregated particles, but it can move to longer wavelengths

due to colloidal aggregation when the ligand is strongly

adsorbed on metal. Actually, chemisorption of organic

ligands could remove the surface charges that give stability

to the colloidal suspension, inducing particle aggregation.

Raman measurements, then, usually confirm this adsorption

process by observing strong enhancements of the SERS

bands and sizeable frequency-shifts with respect to those

observed in the normal Raman spectrum.

Water, as dispersing medium of Ag nanoparticles, plays a

fundamental role in both the stability of the colloids and the

adsorption of organic ligands. Actually, the metal surface

usually becomes negatively charged by adsorption of anion-

ic species deriving from the aqueous environment, like hy-

droxide ions, which impair the aggregation and collapse of

the colloidal dispersions [7]. Organic ligands, moreover,

must be partially soluble in water to interact with the metal

particles; since the solvation represents a necessary prereq-

uisite for the adsorption of ligands in Ag hydrosols. Chemi-

sorption, however, is a quite complex process, which

involves not only the solvation of molecules in the aqueous

environment, but also the ligand affinity to the metal and the

presence of active-sites at the surface of the metal nanopar-

ticles. As a consequence, the adsorption on silver particles in

hydrosols cannot be understood if the action of the water

molecules on the ligand molecules is neglected. Water large-

ly affects the adsorption in Ag hydrosols when acid-base

interactions occur between ligand molecules and aqueous

medium: in this case, the SERS effect results closely depen-

dent on the pH of the water solution; see, for instance, the

cases of 1,2,3-triazole [8], tyrosine [9], 3-thiophene carbox-

ylic acid [10], 6-mercaptopurine [11] or uracil [12]. Howev-

er, also for non-protic ligands, a strong interaction with the

aqueous medium could exist by effect of hydrogen bonding,

when heteroatoms are present in the molecules, thus impair-

ing chemisorption on the metal substrate. A detailed descrip-

tion of the H-bond dynamics is necessary to characterize the

stability and strength of the ligand interaction with the sol-

vent and to set up a suitable model to explain the Raman

spectra in Ag hydrosols of molecules as oxazole and thia-

zole, where two different heteroatoms are present in five-

membered rings (see Fig. 1). Actually, in these cases a

competition occurs between solvation and chemisorption;

consequently, the analysis of the SERS spectra, including

frequency-shifts and relative intensities, is to be performed

in comparison with the normal Raman spectra in water

solutions. The presence of heteroatoms, however, is not

sufficient to ensure chemisorption on silver and, consequent-

ly, a strong SERS effect, which are closely dependent on the

type and the number of heteroatoms, along with their posi-

tion in the unsaturated ring. Hence, a detailed analysis of the

interaction forces between organic and water molecules has

been here performed, by using the ab initio Molecular Dy-

namics approach. This latter allows simplifying the model

systems assumed for the subsequent DFT (density functional

theory) calculations, in comparison with those performed on

ligand/silver complexes able to mime the chemical interac-

tion with the active sites of the metal surface.

Experimental

Colloidal Sample Preparation

Ag hydrosols have been prepared by adding AgNO3

(99.9999% purity, Aldrich) to excess NaBH4 (99.9% purity,

Aldrich) following the procedure adopted by Creighton et al.

[14]. One hour after the colloid preparation, LiCl was added

under stirring to obtain a 10�3 M concentration. The ligand

adsorption was obtained by adding oxazole (98% purity,

Aldrich) or thiazole (99% purity, Aldrich) to silver colloids

in 10�3 M concentration.

Absorption Spectra

UV–visible absorption spectra of the colloidal suspensions

were measured with a Cary 5 spectrophotometer. The ligand

adsorption was monitored by observing the red-shift of the

surface plasmon resonance band, usually observed around

390 nm, due to the aggregation of the Ag nanoparticles. The

addition of thiazole promotes fast aggregation of Ag nano-

particles.

XPS Measurements

X-ray photoelectron spectra were measured using a non-

monochromatic Mg-Ka X-ray source (1253.6 eV) and a

Fig. 1 Molecular structures of oxazole and thiazole, with the ring bond

orders [13]
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VSW HAC 5,000 hemispherical electron energy analyzer

operating in the constant-pass-energy mode at Epas=44 eV.

A few drops of the colloidal suspension were dried on glass.

Then, the Ag-loaded glass was put in the UHV system under

inert gas (N2) flux and kept for 12 h. XPS spectra were

referenced to C 1 s peak at 284.8 eV and the observed

peaks were fitted using Gauss-Lorentz (90+10) curves

after background subtraction.

Raman Spectra

Raman spectra were recorded using the 514.5 nm line of a

Coherent Ar+laser, a Jobin-Yvon HG2S monochromator

equipped with a cooled RCA-C31034A photomultiplier.

SERS spectrum of thiazole was registered a few minutes

after the ligand addition; oxazole, instead, was added during

the colloid preparation to have faster adsorption and good

SERS response.

Computational Details

Ab initio molecular dynamics simulations were performed

with the Car-Parrinello approach [15], using the CPMD

package [16] on a systemmade up of 64 water and one ligand

molecules in the microcanonical (NVE) statistical ensemble.

BLYP exchange and correlation functional was adopted,

while pseudopotentials and plane waves were employed to

describe the wave functions [17, 18]. DFT calculations were

performed with the Gaussian suite of programs [19] using the

B3LYP functional and the 6-31++G(d,p) or the TZVP basis

set for all atoms, except silver (Lanl2dz basis set). The

calculated frequencies were uniformly scaled by 0.98 factor.

The Raman intensities of the harmonic modes corresponded

to spatially averaged values according to the usual formulas

reported in the literature [20–22]. Similar results were

obtained for simulated Raman and SERS spectra by using

the two different basis sets.

Molecular Dynamics of Oxazole and Thiazole
in Water

These unsaturated five-membered heterocyclic compounds

are employed as building blocks of polymers [23] or ligands

in supramolecular chemistry [24] and found in many biomo-

lecular systems [25]. Both compounds adopt a planar geom-

etry (Fig. 1), but the different nature of oxygen and sulphur

atoms gives rise to significant changes in properties like

aromaticity [26–28] and basicity [29]. Here, we want to

examine the behaviour of these heterocycles with respect

to the water environment in Ag hydrosols. The study of the

solvation dynamics of oxazole and thiazole in water with

classical molecular dynamics, as performed for pyridine in

Ag hydrosol [30], is complicated by the presence of two

different heteroatoms, owing to the difficulty of obtaining a

suitable force field for the electrostatic part [31]. Hence, this

study has been here performed by ab initio Molecular Dy-

namics (AIMD) using the Car-Parrinello method [15].

For oxazole, the oxygen atom gives rise to weak interac-

tions with the aqueous medium, as suggested also by DFT

calculations, where the electrostatic potential results sig-

nificantly more negative on the nitrogen atom than on

the oxygen atom (Fig. 2). This agrees with the stronger

H-bond ability of nitrogen in comparison to oxygen recently

proposed [32] for five-membered rings and is closely related

to the basicity of its lone pair. The Raman spectrum of

oxazole in aqueous solution is satisfactorily reproduced by

a water/oxazole complex, as shown in Fig. 3.

Thiazole interacts with the water medium only with the

nitrogen atom, as expected by the electrostatic potential

reported in Fig. 2. The electronic charge that can be involved

in the interaction with water molecules or silver particles is

concentrated on the nitrogen atom, whereas sulphur is posi-

tively-charged. Only one water molecule results H-bonded

to the nitrogen atom of thiazole. The reliability of this model

of interaction is validated by the good agreement between

DFT-simulated and experimental Raman spectra in water

solution, as shown in Fig. 3.

For oxazole the interaction with water results stronger

than for thiazole; as shown by AIMD analysis of the hetero-

cycle/water distances reported in Fig. 4, where X represents

one heteroatom of the molecule. Actually, effective H-bond

interactions (with r(X····H)<2.5 Å) are obtained for oxazole

mainly with the nitrogen atom but also with the oxygen

atom, whereas for thiazole only with nitrogen.

Characterization of Ag Nanoparticles
in Aqueous Colloidal Suspensions

The Ag colloids used in the present investigation have been

prepared by reduction of silver nitrate with sodium borohy-

dride, following the procedure of Creighton et al. [14].

Fig. 2 Negative part of the electrostatic potential (calculated with the

TZVP basis set) for oxazole (left) and thiazole (right)
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The addition of LiCl to the silver colloids ensures SERS

activity and colloidal stability. These properties can be

deduced by observing the strong and narrow SPR band in

the UV-visible absorption spectrum (Fig. 5) around 394 nm,

due to non aggregated silver nanoparticles. When organic

ligands are added to these Ag colloids, the chemisorption

process can be revealed by the particle aggregation, which is

related to the moving of the SPR band to longer wavelengths.

As shown in Fig. 5, the chemisorption of thiazole induces the

formation of a secondary SPR band around 500 nm, whereas

oxazole appears to interact weaker with silver.

XPS (X-Ray photoemission spectroscopy) measurements

have been performed in order to have information on the

oxidation state of the metal nanoparticles (see Fig. 6). A size-

able amount of oxidized silver is present on the surface of

the silver particles, evidenced by the presence of peaks at

369 and 375 eV related to Ag(+1), distinct from the stronger

peaks at 368 and 374 eV, belonging to Ag(0).

Adsorption of Oxazole and Thiazole in Ag
Colloids

The SERS spectra of oxazole and thiazole in Ag hydrosols

can be satisfactory simulated by DFT calculations, adopting

a model system made up of heterocyclic molecules bound to

small positively-charged silver clusters modelled as Ag3
+.

The actual existence of these clusters, which act as surface

active sites for the chemisorption of ligands, was ascertained

in silver colloidal dispersions [33]. On the other part, this

Fig. 4 Probability of interactions of oxazole and thiazole with water

molecules, depending on the heteroatom (X) – H (water) distances,

obtained by AIMD calculations

Fig. 3 Observed (red) and calculated (green: TZVP; blue: 6-31++G(d,
p)) Raman spectra of oxazole (upper panel) and thiazole (lower panel)
in water. Intensities normalized to the strongest Raman band

Fig. 5 Absorption spectra of pure Ag colloid (a) and Ag colloids 100

after the addition of oxazole (b) and thiazole (c)

Fig. 6 XPS spectrum of Ag particles deposited on glass
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model is consistent with the XPS results, which evidence the

presence of oxidized silver on the surface of the colloidal

nanoparticles, as shown in Fig. 6. The adopted model sys-

tem, in particular, is expected to correctly reproduce the

frequency-shifts of the SERS bands with respect to those

observed in aqueous solution and their relative intensities.

These latter, in fact, are strongly dependent on the enhance-

ment effect related to the formation of chemical bonds with

the metal, as stated by Otto [34]. The adsorption process of

oxazole onto the silver colloidal substrate occurs by repla-

cing the water molecule bound to the nitrogen atom of the

heterocycle with the positively-charged active site of the

metal surface, as argued from the molecule-metal charge

transfer that results larger than in the interaction with

water, 0.088 and 0.018e, respectively, with TZVP basis

set. The DFT-simulated SERS spectrum of oxazole (see

Fig. 7) accurately reproduces the experimental one, by con-

sidering both band frequencies and intensities, along with

the frequency-shifts with respect to the normal Raman bands

in aqueous solution, as reported in Table 1.

On the basis of the DFT calculations performed for a

model system of thiazole bound to Ag3
+ cluster, the chemi-

sorption in Ag hydrosol is explained by the ligand/metal

complex stabilization, compared to H-bond interaction

with the solvent. The water molecule bound to the nitrogen

atom is replaced by the surface active site, as the thiazole-

silver charge transfer results larger than in the thiazole-water

interaction, 0.091 and 0.018e, respectively, with TZVP basis

set. Thiazole is bound to silver only through the nitrogen

atom, whereas the sulphur atom is not involved in the inter-

action with the metal surface or in the H-bond interaction

with water. As well as for oxazole, the DFT calculations

accurately reproduce the SERS spectrum of thiazole (see

Fig. 7) and the observed frequency-shifts with respect to

the aqueous solution (see Table 1).

For both heterocycles the electronic charge transfer to

silver clusters results similar, as well as the Ag-N bond

distances (around 2.25 Å) and the corresponding binding

energies (E=�124.12 kJ/mol for oxazole/silver; E=�
128.30 kJ/mol for thiazole/silver, adopting the TZVP basis

set). Hence, the stronger tendency of thiazole to chemisorb

than oxazole, suggested by the occurrence of a secondary

SPR band in the UV-visible absorption, could be mainly

attributed to the kinetic mechanism of replacing water mole-

cules, which are bonded to thiazole in a weaker way, as

noted by the AIMD analysis.

As a conclusion, SERS spectroscopy, when combined

with ab initio calculations including AIMD and DFT

Fig. 7 Observed (red) and calculated (green: TZVP; blue: 6-31++G(d,p)) SERS spectra of oxazole (upper panel) and thiazole (lower panel).
Intensities normalized to the strongest Raman band

Table 1 Observed and calculated (B3LYP/TZVP) Raman frequencies

Oxazole Thiazole

Water Ag colloid Water Ag colloid

Obs Calc Obs Calc Assignment Obs Calc Obs Calc Assignment

927 922 940 949 H wag 622 606 628 625 C-S stret

1,094 1,097 1,108 1,119 Ring breath 894 884 907 905 Ring bend

1,156 1,146 1,176 1,179 C-O stret/H bend 1,050 1,051 1,054 1,059 Ring breath

1,334 1,333 1,328 1,328 H bend 1,322 1,331 1,317 1,327 H bend
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approaches, provides fundamental and accurate information

on the solvation and adsorption processes of heterocyclic

ligands that competitively occur in Ag hydrosols.
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dell’Università e Ricerca (MIUR) for the financial support and Dr.

Stefano Caporali for his help in the XPS measurements.

References
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Colloid Flow Control in Microchannels and Detection
by Laser Scattering

Stefano Pagliara1, Catalin Chimerel1, Dirk G.A.L. Aarts2, Richard Langford1, and Ulrich F. Keyser1

Abstract We introduce a new approach towards the flow

control and detection of colloids in microfluidic specimens.

We fabricate hybrid polydimethylsiloxane (PDMS)/glass

microfluidic chips equipped with parallel micrometer and

sub-micrometer channels with different width and thickness.

We image and detect the colloid flow direction through the

microchannels by coupling laser-light-scattering in a re-

stricted region of a single channel. We control single poly-

mer colloids by means of a computerized pressure-based

flow control system and study the Poiseuille flow through

channels with different square cross section. We demon-

strate the possibility of in situ sensing populations of colloids

with different dimensions down to the sub-100 nm scale.

Introduction

Single particle flow control, counting and sizing in fluidic

specimens is of paramount importance in environmental,

industrial and clinical analysis, on-chip particle synthesis

and biological sciences [1]. Micro- and nano-fluidics [2]

are emerging technologies that rely on biocompatible and

low cost materials and mass production fabrication processes,

allow the exploitation of tiny liquid volumes and low analyte

concentrations and offer an accurately controllable environ-

ment. The most common approach regarding the fabrication

of microfluidic devices consists of a combination of photo-

and soft lithography [3] that generally allows only a

2-dimensional control of the features on a same chip.

Among other technologies for the fabrication of features

with variable size on a same chip – such as laser microma-

chining [4], electron beam and photolithography [5], multi-

layer soft lithography [6], gray-tone lithography [7],

stereolithography [8], solid-object printing [9] and template

assisted molding [10], focused ion beam (FIB) has a number

of advantages such as high sensitivity and direct fabrication

in selective areas without any etch mask. FIB milling has

been previously exploited for the fabrication of nanofluidic

channels [11] and microfluidic devices [12–14].

On the other hand among other single particle detection

approaches – such as Coulter counter with nanocapillaries

[15], electrical impedance [16], laser-induced fluorescence

[17], particle tracking [18] and correlation spectroscopy

[19], laser-light-scattering is a well established detection

technique that offers a non-invasive tool for the counting

of micro- and nano-particles down to the 100 nm scale such

as polymer colloids, blood cells and viruses [20–23].

Here we introduce a novel approach toward the control of

single sub-micrometer colloids. We fabricate microfluidic

devices equipped with parallel channels with different cross

section by exploiting Platinum (Pt) wires deposited via FIB

as templates for soft lithography. We characterize transloca-

tions of single particles with size in the range 50–450 nm in

terms of event frequency, duration and amplitude by cou-

pling laser scattering in a single channel. We use channels
with different cross section on the same chip to investigate

the pressure-driven transport of single polymer colloids with

diameter of 300nm. We demonstrate the in situ sensing of

populations of colloids with diameters between 50 and

450 nm.

Experimental

Preparation of Colloidal Suspensions

As test particles for our setup we used polystyrene (PS)

nanospheres with mean diameter (52�8)nm and (457�
11)nm (Polysciences, Inc. Warrington, PA) in a 2.67% and
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2.63% solids (w/v) aqueous suspension, respectively. In

addition poly(methyl methacrylate) (PMMA) nanospheres

with mean diameter of (290�55) are synthesized by means

of emulsion polymerization [24, 25] and dispersed in a

2.63% solids (w/v) aqueous suspension. The saline buffer

for the colloidal suspensions is a KCl solution with molarity

in the range 5–50 mM.

Chip Fabrication

The fabrication of the microfluidic chip consists of three

steps: [26] (a) the deposition of Pt wires on a Silicon sub-

strate via FIB followed by (b) the patterning of a photoresist
layer via photolithography for the realization of a reusable

mold; (c) the replica molding of the latter in PDMS and the

chemical bonding on a glass substrate via oxygen plasma
functionalization for the fabrication of the final disposable

device. The FIB assisted deposition of the Pt wires is carried

out with a Cross-beam 1540 FIB/SEM system (Zeiss, Ober-

kochen, Germany) equipped with a Ga+beam. A typical Pt

deposition is carried out by using an accelerating voltage of

30 kV and a beam current of 100 pA. The scanning frequen-

cies are 20,000 and 200 Hz along the longitudinal and or-

thogonal wire axis, respectively. For the fabrication of the

mold, a layer of AZ 9260 (Microchemicals GmbH, Ulm,

Germany) is deposited via spin coating (2,000 rpm for 30 s)

on the silicon print master previously cleaned by sonication

in acetone and isopropyl alcohol. After a 3 min pre-bake step

at 115�C to remove the residual solvent, the sample is ex-

posed to UV light (365–405 nm, 52 mW/cm2) through a

quartz mask (Photodata Ltd, Hitchin, UK) selectively coated

with a thin Chromium film patterned with two symmetrical

stirrup shapes separated by a 18 mm gap (Fig. 1a) and ending
with four 2 mm-side square pads. Sample and mask are

carefully aligned through a MJB4 mask aligner (Karl Suss,

Garching, Germany) in a way that the central region of the

wire array is positioned under the 18 mm-gap on the mask

(Fig. 1b). The sample is exposed for 10 s in hard contact

mode (by realizing a vacuum around 0.8 Bar between sample

and mask), developed in a deionized water solution of AZ

400k developer (4:1 in volume) for 8 min at steps of 2 min

each and finally rinsed with deionized water and dried with

nitrogen. The thickness of the obtained photoresist structures

deposited over the Pt wires (Fig. 1a) is around 12 mm as

measured by a Dektak stylus profilometer (Veeco, Plain-

view, NY). The sample is baked at 60�C for 3 h and left in

air overnight to allow complete evaporation of the solvent.

Replica molding of the device is realized by casting on it

a 9:1 (base:curing agent) PDMS mixture and in situ curing at

60�C for 40 min in oven. A typical device is shown in the

SEM micrograph of Fig. 1c with the inlet and outlet

reservoirs separated by a 18 mm-wide and 12 mm-thick

PDMS wall and connected through three hollow channels

with square cross section of 1, 4 and 9 mm2 (from left to

right, respectively). Four 1.5 mm-wide circular holes are

drilled by a 1.5 mm-wide circular disposable biopsy punch

(Kai Industries Co. Ltd., Seki City, Japan) in correspondence

of the four square pads to enable fluidic access to the micro-

channels. PDMS is bonded to a glass slide by exposing both

surfaces to oxygen plasma treatment (8.5 s exposure to

2.5 W plasma power, Plasma etcher, Diener, Royal Oak,

MI). 1.6 mm-wide PEEK tubing (Kinesis, St Neots, UK) is

integrated in the holes exploiting the PDMS flexibility thus

ensuring tight and fully sealed connections. The device is

completed by the connection to external PEEK shut off

valves (0.02000 thru-hole, 1/1600 Fittings, Kinesis) on their

turn connected to a computerized pressure-based flow con-

trol system (maximum applied pressure 75 mbar, sub-mbar

pressure steps MFCS-4C, Fluigent, Paris, France) that

allows to stop and accurately regulate the flow in the micro-

fluidic chip. The pressure gradient is defined as positive

when the pressure applied to the inlet is higher than the

Fig. 1 (a) Optical micrograph of the mold: two 12 mm-thick symmet-
rical stirrups made of AZ 9260 are separated by a 18 mm gap. (b)

Particular of the 18 mm-long window of uncoated Si and Pt wires with

square cross section of 1, 4 and 9 mm2. (c) SEM micrograph of the

resulting PDMS negative replica (tilted at an angle of 38� with respect

to the SEM beam column) with hollow channels connecting the inlet

and outlet reservoir chambers of the microfluidic chip. Dashed lines
mark the smallest channel
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one applied to the outlet. In the same way the translocation

frequency through the channels is defined as positive when

the colloids flow from the inlet to the outlet.

Detection Set-up

Details about the laser scattering detection set-up are

reported elsewhere [26]. Briefly a red laser beam is coupled

into an oil immersion objective and thus focused in a single

microchannel. The scattered laser-light is coupled to a four

quadrant photodiode, the voltage signal is amplified and

digitized. Pressure-driven translocations of colloids appear

as increases in the voltage trace and are isolated by using a

custom-made program (LabVIEW 8.6, National Instru-

ments). Specifically the background signal or baseline is

calculated every 1,000 points of the trace. The translocation

events are recorded when a consecutive number of points

(i.e. 40) exceed twice the value of the baseline standard

deviation. Translocations of 300 and 50 nm particles through

a microchannel with square cross section of 1.4 mm2 are

reported in Fig. 2a and b, respectively. Each single isolated

event is fitted by a Gaussian curve (solid lines in Fig. 2c and

d, respectively) which allows determination of the duration

and amplitude of the translocation event (horizontal and

vertical arrows, respectively, in Fig. 2b and d), the time

difference with the previous event and the signal/noise
(S/N) ratio. It is noteworthy to observe that the average

measured signal/noise ratio and the time difference between
two successive events decreases from 60 to 4 and from 350 to

50 ms, respectively, for particle diameters of 300 and 50 nm.

The lower S/N is due to the decreased amplitude in the signal
that is reflected back into the objective from the smaller

particle surface, while the shorter interval within two suc-

cessive events is due to the presence of a higher number of
particles, 1011 and 4�108 cm�3 for 50 and 300 nm popula-

tions, respectively.

Results

We investigated the pressure-driven colloid transport

through channels with different square cross section. We

carried out experiments on two different devices each

equipped with an array of three channels with cross section

of 0.4, 1.4, 3.2 mm2 and 1, 4, 9 mm2, respectively. We

measure the translocation frequency of 300 nm particles

with respect to the channel cross section (Table 1) under

an applied pressure gradient of 40 mbar. The general de-
scription of hydrodynamic phenomena by the Navier-Stokes

equation reduces in most of the microfluidic systems to the

linear Stokes equation and the so called Stokes or creeping

flow since in the limit of low Reynolds numbers the non-
linear term can be neglected [27]. In particular the particle

flow in closed channel systems can be described by introdu-
cing the channel and particle Reynolds numbers (Table 1),

Rec and Rep: [28]

Rec ¼ Um

ffiffiffi
S

p
r

�
; Rep ¼ Umd

2r

�
ffiffiffi
S

p ð1Þ

where Um is the maximum velocity of the channel flow, S is
the channel cross section, d is the particle diameter, � and r
the dynamic viscosity and density of the flowing solution.

The small values of the channel Reynolds number (Table 1)
indicate that the non-linear term is negligible. In particular

the pressure-driven, steady-state flow through long, straight

and rigid microchannels with square cross section can be

described by the Hagen-Poiseuille flow that predicts a sec-

ond power law of the volumetric flow rate, Q, with respect to

S: [27]

Q � 0:27
Dp
12�L

S2 ð2Þ

Fig. 2 Selected intervals of 4 (a) and 2 ms (b) showing ten single
events isolated from the voltage traces of 300 (a) and 50 nm colloids (b)
translocating a microchannel with square cross section of 1.4 mm2.
Measured signal of a single event (squares) fitted by a Gaussian curve

(solid lines) with the estimation of translocation duration and amplitude

(horizontal and vertical arrows) for 300 nm (c) and 50 nm (d) colloids
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where L is the channel length and Dp is the pressure gradient.
For a square cross section the error of this approximate result

is around 13% [27]. At the connection between the reservoirs

and the microchannels the Poiseuille description is still

approximately correct since Rec remains �1 which means
that the non-linear term in the Navier-Stokes equation has a

vanishingly small contribution and that the inertia effect at

the microchannel inlet are negligible. Moreover the laser
detection was coupled in the central part of each micro-

channel far away from the channel inlet and outlet. For
particles dispersed in low concentration dispersion, particle

flow is described by the fluid flow. In fact, since the particle

Reynolds number (Table 1) is small particle flow is domi-
nated by viscous drag of the fluid [27, 28]. Therefore the

predicted translocation frequency can be described as:

f p ¼ nQ ¼ n
Dp
12�L

0:37S2 ð3Þ

where n is the number of particles per unit volume, which is

estimated to be 4.2�108 cm�3.

Moreover inertial effects such as the lift and drag force

play a negligible role and the flow remains laminar [28, 29].
It is noteworthy to observe that the flowing particles rotate

following the fluid vorticity [30]. In fact in a Newtionian fluid

in shear flow with no-slip boundary conditions imposed on
the surface of the sphere, the rotation speed of a single

particle, o, is given by: [30]

o ¼ _g
2

ð4Þ

where _g is the shear rate [31]. Typical rotation speed are
reported in Table 1. No shear thickening [32] is expected

since the suspended colloids occupy only a volume fraction

down to 10�6.
For an applied pressure gradient of Dp=40 mbar and

taking into account that for large channels (S>1.1 mm2)

the laser spot, a, occupies only a fraction of the microchan-

nel volume:

f p ¼ 2:86S2 Hz=mm4 for S1:1 mm2

f p ¼ 2:86
ffiffiffi
S

p 4

3
pa3 Hz=mm4 for S1:1 mm2 ð5Þ

The translocation frequency, fp, predicted by (5) repro-

duces the measured translocation frequency, fm, within the

error bars (Table 1).

Therefore the laser scattering set-up coupled into a single
channel provides quantitative information about the transport

of particles with diameters of a few hundreds of nanometers.

Moreover the presented platform allows the sensing of parti-
cles with diameter down to the 50 nm scale. In particular the

sensing of particles over a range of diameters is easily

achieved by exploiting channels with different cross section

on the same microfluidic chip. As a proof of concept 50 nm

particles are initially injected in the chip and detected in three

different channels with cross section 0.4, 1.4, 3.2 mm2. There-

after a small amount of 450 nm particles (around 1:100 w/w

ratio with respect to the 50 nm ones) is injected and the

translocations of both types of particles are recorded. The

biggest particles reach the outlet reservoir by going through

the medium and the biggest channels (red and blue large

spheres) but do not travel across the smallest channel as high-

lighted in the scatter plot in Fig. 3. In fact both small (ampli-

tude<10 mV) and big particles (amplitude>30 mV) are

detected in the two former channels while only small particles

(black small spheres) are detected in the latter one. Therefore

by simply looking at the scattering events in different channels

in the same chip one can easily detect populations of particles

over a range of diameters.

The presented novel microfluidic platform can be readily

exploited to investigate the interactions between the flowing

particles and the device surface by studying the transport

Table 1 Microchannel cross section S, measured fm and predicted fp
translocation frequencies and corresponding errors. The error in S is

evaluated by considering a 100 nm uncertainty in the SEM measure-

ment of the channel width and height. The errors in fm is the standard

deviation calculated by averaging over measurements acquired for an

interval of 30 s. For the error in fpwe take into account the error in S and
a ~100 nm uncertainty in the diameter of the laser spot. The values refer

to experiments with 300 nm particles

S (mm2) Rec Rep o (s�1) fm (s) fp (s)

0.4�0.1 0.001 3.1*10�4 2*103 0.5�0.1 0.3�0.2

1�0.2 0.007 6.1*10�4 3*103 0.9�0.3 2.5 �1

1.4�0.2 0.012 7.7*10�4 4*103 3 �0.4 4.3�1.6

3.2�0.4 0.040 1.1*10�3 6*103 5.2�0.6 6.5 �2.2

4�0.4 0.055 1.2*10�3 7*103 8.6�1 7.2 �2.4

9�0.6 0.184 1.8*10�3 104 9.3�0.9 10.8�3.4

Fig. 3 3D scatter plot reporting duration and amplitude of 100 trans-

locations of 50 and 450 nm colloids (small and large spheres, respec-
tively) through channels with square cross section of 0.4, 1.4, 3.2 mm2

(black, red and blue spheres, respectively)
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parameters (i.e. event frequency, amplitude, duration) as a

function of the salt concentration. We are currently explor-

ing the possibility of employing such microfluidic systems to

mimic the diffusion of metabolites across membrane protein
pores and to investigate and model the physics of single

channel transport. Further tuning of the glass/PDMS sur-

faces through polymer or protein coating may be required
for more specific biological applications such as the inves-

tigation of DNA translocations under concentration/pH

gradient or electro-phoretic/osmosis force [15]. The exploi-
tation of stiffer material extensively used in soft lithography

for the generation of 50 nm features [33] could open the way

for the realization of nanochannels for nanofluidics while the
improvement of the detection set-up for example with the

integration of a high speed nanoscanning piezostage could

allow the investigation of the transport of particles with
diameter down to the sub-50 nm scale.

Conclusions

We have proposed a simple and versatile approach for the

control of sub-micrometer colloids in polymer-based lab-on-

a-chip systems equipped with arrays of parallel channels

with different square cross section down to 0.4 mm2. We

have coupled laser scattering in single microchannels for the

in situ detection of single translocating colloids with mini-

mum detectable particle size of 50 nm. We demonstrate that

the pressure-driven transport of 300 nm particles through

channels with different cross section can be modeled by a

Poiseuille flow. Finally we demonstrated the sensing of

particles with different diameters by exploiting channels

with a range of cross sections on the same microfluidic chip.
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FACS Based High Throughput Screening Systems for Gene Libraries
in Double Emulsions

Radivoje Prodanovic1,2, Raluca Ostafe2,3, Milan Blanusa2, and Ulrich Schwaneberg2,3

Abstract A flow cytometry based high throughput screen-

ing system for glucose oxidase (GOx) gene libraries in

double emulsions was developed. Firstly, encapsulation of

yeast cells in double emulsion was optimized by changing

the ABIL EM90 concentration in light mineral oil from 2.9%

to 1.5%. This enabled formation of larger water droplets and

more efficient yeast cell encapsulation. Several fluorescent

assays for hydrogen peroxide were tested and the 3-carboxy-

7-(40-aminophenoxy)-coumarine (APCC) oxidation by hors-

eradish peroxidase based assay best fit the requirements of

the double emulsion technology. Using an optimized sub-

strate solution consisting of 0.5 mM APCC, 40 mM glucose

and 10 U/mL of horse radish peroxidase, a referent gene

library containing 107 yeast cells was sorted in 30 min and

enriched from 1% to 15% of yeast cells expressing wt GOx.

Introduction

Directed protein evolution is a method used for improving

enzyme properties in iterative cycles of diversity genera-

tion and screening [1]. In directed evolution experiments,

screening is the most limiting step and systems with the

highest throughput are display technologies (106–1010 var-

iants, mostly used for evolving affinity/binding [2–4]) and

in vitro compartmentalization (IVC, 1010 reaction com-

partments per mL reaction volume). In IVC technology,

enzymatic reactions are performed inside aqueous micro-

droplets of water-in-oil-in-water emulsions [5]. The diam-

eter of microreaction compartment droplets ranges from

0.5 to 10 mm and enables, in combination with flow cyto-

metry, sorting at a very high speed (up to 107 droplets per

hour) if a suitable fluorescence assay is available [6, 7].

Using polymeric detergent ABIL EM 90 cross talk be-

tween internal water droplets was prevented due to its

inability to form micelles [6]. Despite its general applica-

bility, relatively few reports and reviews [5, 8] have been

published on IVC based screening systems using flow

cytometer sorting of double emulsions (thiolactonase [6],

galactosidase [7], glucosidase [9]). The major challenge

for IVC technology is the development of fluorescence

assays that reflect the activity/property which is being

evolved and that incorporate the complex biochemical

environment of single cell enzyme measurement in double

emulsion.

Detection of hydrogen peroxide production is important

for many analytical applications in medicine, process

engineering and food processing [10]. Enzymes associated

with peroxide production are glucose oxidase (GOx) [11],

amino acid oxidase [12] and cholesterol oxidase [13].

Glucose oxidase from Aspergillus niger is a prominent

and industrially important enzyme that is used in the

food industry [11], biosensors [14] and enzymatic biofuel

cells [15].

Experimental

Materials

All chemicals used were of analytical reagent grade or

higher and purchased from Sigma-Aldrich Chemie (Tauf-

kirchen, Germany) and Applichem (Darmstadt, Germany).

pYES2 shuttle vector and Saccharomyces cerevisiae strain

INVSc1 were purchased from Invitrogen (Karlsruhe, Ger-

many). Nucleotides and all other enzymes were purchased

from Fermentas (St. Leon-Rot, Germany), if not stated

otherwise.
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Instrumentation

Fluorescence micrographs were obtained on the LSM 510

Meta inverted laser scanning microscope (Carl Zeiss GmbH,

Oberkochen, Germany) using an excitation wavelength of

488 nm (argon laser) and a pinhole size of one airy unit.

Image analysis was performed with the Zeiss LSM Image

Browser version 3.2.0.70. (Carl Zeiss GmbH, Jena, Ger-

many). Flow cytometry analysis and sorting was performed

using the Partec CyFlowML (Münster, Germany) flow cyto-

mer. For emulsification, the MICCRA D-1 dispenser (ART

Prozess- & Labortechnik Gmbh & Co. KG, Müllheim) was

used. A thermal cycler (Mastercycler gradient, Eppendorf,

Hamburg, Germany) and thin-wall PCR tubes (Mmlti-Ultra
tubes, 0.2 mL, Carl Roth, Germany) were used for all PCRs.

The amount of DNA was quantified using a NanoDrop

photometer (Thermoscientific, USA).

Synthesis

3-Carboxy-7-(40-aminophenoxy)-coumarine (APCC) was syn-

thesized according to the protocol Pyare et al. [16] except for

the reduction from 3-Carboethoxy-7-(40-nitrophenoxy) cou-

marine to 3-Carboethoxy-7-(40-aminophenoxy) coumarine

was performed with iron powder in ethanol in the presence

of trace amounts of hydrochloric acid [17]. The starting sub-

strate for APCC synthesis, 3-Carboethoxy-7-(hydroxy) cou-

marine, was synthesized following the protocol of Chilvers

et al. [18].

Enzymatic Assays

Fluorescence based assays were performed in 96 Micro-

WellTM NunclonTMD Optical Black Flat Bottom Plates

(Greiner Bio One GmbH) using a Tecan GENios microplate

reader (MTX Lab Systems, Inc. Virginia, USA) in a total

reaction volume of 100 mL.
20,70-Dichlorodihydrofluorescein (DCFH, lex 485 nm,

lem 535 nm): Hydrolysis of 2,7-dihydrodichlorofluores-

cein-diacetate (DCFH-DA, Sigma) to 2,7-dihydro-dichloro-

fluorescein was performed according to the protocol by

Keston and Brandt [19]. For the microtiter plate (MTP)

measurements, a mix of DCFH (6.25 mM), Horse radish

peroxidase (2.5 U/mL) and glucose (50 mM) in sodium

phosphate buffer (25 mM, 7.4) was used.

Pentafluorobenzene-sulfonyl-2,7-dichlorofluorescein

(PFBSF, lex 488 nm, lem 520 nm): PFBSF was synthe-

sized according to the protocol by Maeda et al. [20]. For

the MTP measurements, a mix of PFBSF (166 mM), glu-

cose (55 mM) in HEPES buffer (10 mM, 7.4) was used.

Epinephrine and diphenyl ethylene diamine (Epi and

DFE, lex 360 nm, lem 535 nm); For the MTP measure-

ments, a mix of Epi (3 mM), DFE (5 mM), glucose

(300 mM), myeloperoxidase MP-11 (2.72 mM) in sodium

phosphate buffer (1 M, 7.4) was used.

3-Carboxy-7-(40-aminophenoxy)-coumarine (APCC) using

Horse radish peroxidase (HRP), (lex 375 nm, lem 460 nm):

For the MTP measurements, a mix of APCC (500 mM), HRP

(10 U/mL), glucose (40 mM if not differently stated) in PBS

buffer (7.4) was used.

ABTS [21] (lex 405 nm); For the MTP measurements

and agar plate assay, a mix of ABTS (4 mM), HRP (1 U/mL)

and glucose (5 and 333 mM) in PBS buffer (pH 7.4) was

used.

Library Construction

The referent library was made by mixing S. cerevisiae

InvSc1 containing an empty pYES2 plasmid vector and

wt-GOx-pYES2 plasmid vectors containing gene for wild

type glucose oxidase. Cells were grown (24 h, 30�C,
250 rpm) after transformation in liquid SCU-glucose

media, centrifuged (3,000 rpm, 25�C), resuspended in

SCU-galactose media (0.8 O.D., 600 nm) and incubated

4 h (30�C, 250 rpm) [22]. Before compartmentalization,

cells were washed three times in PBS buffer (pH 7.4) and

mixed in 99:1 ratio (pYES2 versus wt-GOx-pYES2). Sorted

libraries were plated on agar plates and the percentage of

positive cells in the library was checked using the ABTS

agar plate assay.

Preparation of Double Emulsion

In vitro compartmentalization of S. cerevisiae cells was per-

formed using a modified protocol from Aharoni et al. [6].

Washed yeast cells, together with the components necessary

for the reaction (total reaction volume 25 mL), were added to
the oil phase of 250 mL 1.5% (v/v) ABIL EM90 (Tego,

Germany) in light mineral oil (approx 4�C). The two phases

were homogenized on ice in a 2 mL round bottom cryotube

(3 min, 8,000 rpm using T18 basic ULTRA-TURRAX1
from IKA, Germany). The second water phase (250 mL),
containing 1.5% (w/v) carboxy-methylcellulose sodium salt

(CMC) 1% (v/v) Triton X 100 in PBS, was added to the

primary emulsion and homogenized on ice for 3 min at

7,000 rpm.
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Flow Cytometry Sorting of Double Emulsions

Emulsions were diluted in sheat fluid (0.9% NaCl, 0.01 Triton

X-100) and analyzed using a Partec CyFlowML (Münster,

Germany) flow cytometer. The trigger parameter was set to

forward scattering. The analysis rate was approximately 8,000

events/s and the sorting speed was 10–100/s. A blue solid state

200 mW laser at 488 nm and a 16 mW UV laser at 375 nm

were used for excitation. The emission was detected with the

460 and 520 nm filter. The positive emulsion droplets were

gated on the FL3-DAPI, FL1-FITC plot. The sorted cells were

centrifuged, plated and grown on SCU-glucose agar plates

(48 h, 30�C). GOx was induced by replica plating and growing
of cells on SCU-galactose plates (24 h, 30�C). The cells

were overlayed with ABTS agar containing low melting aga-

rose (2%), ABTS (3.3 mM), HRP (5 U/mL) and glucose

(333mM) in PBS. The positive vs. negative cells were counted

and the activity of the sorted library was determined in liquid

culture using the ABTS detection system.

Results and Discussion

The development of the screening system of yeast cells

encapsulated in double emulsions was first optimized. Vari-

ous, fluorescent assays were tested in microtiter plates and

emulsions and HRP coupled assays were optimized with

respect to glucose concentration and tested by sorting a refer-

ent GOx gene library in double emulsion with flow cytometer.

Encapsulation of Yeast Cells

The IVC technology developed for directed evolution of thio-

lactonase was optimized for E. coli cells. Double emulsions

were proven to be stable to droplet coalescence and ‘‘cross-

talk’’ between droplets, mainly due to the use of polymeric

detergent ABIL EM90 that cannot form micelles [6]. Since

GOx has been expressed in a active form only in yeast cells

[23], which have a five times higher diameter than E. coli cells
the published protocol [6] for in vitro compartmentalization

was not suitable for encapsulation of yeast cells inside primary

water droplets of double emulsion. In order to increase encap-

sulation efficiency of yeast cells, we adjusted emulsification

protocol by decreasing the concentration of ABIL EM90

detergent to 1.5% (v/v), stirring speed to 8,000 rpm and

emulsification time to 3 min for making primary emulsion.

After this adjustment, diameter of primary water droplets was

increased to the size of yeast cells, (Fig. 1).

Increased diameter of the internal water droplets in pri-

mary emulsion allowed us to encapsulate yeast cells inside

double emulsions without changing conditions for second

emulsification step (Fig. 2).

Fig. 1 Phase contrast micrograph of primary emulsion. Primary emulsion made by stirring of one volume of PBS and nine volumes of 2.9% Abil

EM 90 in light mineral oil at: (a) 10,000 rpm, 5 min, 4�C; (b) 8,000 rpm, 3 min, 4�C

Fig. 2 Confocal epifluorescent micrograph of double emulsion with

encapsulated FITC (fluorescein isothiocyanate) labeled S. cerevisiae cell
(green). Double emulsion was made by stiring of one volume of primary

emulsion and one volume of 1.5% (w/v) carboxy-methylcellulose sodium

salt (CMC) 1% (v/v) Triton X 100 in PBS on ice, for 3 min at 7,000 rpm
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Using optimized protocol, 10% of the yeast cells added to

the double emulsion were encapsulated inside primary water

droplets. Percentage of fluorescent cells inside double emul-

sion droplets, was calculated by counting them under fluo-

rescent microscope.

Testing Available Fluorescent Assays

Our aim was to develop a fluorescent assay for GOx that

could be used for screening of GOx gene libraries in double

emulsions for natural enzyme activity converting glucose to

Table 1 Comparison of different fluorescent assays for peroxide detection. Fluorescent assays for GOx activity that are based on the detection of

hydrogen peroxide with fluorescent probes that have absorbance at the excitation wavelengths of available lasers (375, 488 nm) and fluorescence

emission fitting to filters available for the flow cytometer

Name Reaction

20,70 Dichlorodihydrofluorescein
(DCFH) [19]

High fluorescence of blank reaction in emulsion already with soluble GOx. High photosensitivity of the

DCFH to the irradiation light used for detection [27]

Pentafluorobenzenesulfonyl 2,7

dichloro fluorescein [20]

High fluorescence of blank reaction in emulsion where cell occupies more than half of the internal

water droplet volume. PFSF due to its high hydrophobicity enters the cell and detects the endogenous

peroxide

Epinephrine diphenyl ethylene

diamine [24]

No fluorescence observed when reaction performed in double emulsions. Fluorescent product is

diffusing out of the primary water droplets of double emulsion

3‐Carboxy‐7‐(40‐ aminophenoxy)

coumarin using HRP [26]

Fluorescent signal could be detected by flow cytometer in double emulsion and was very dependent on

glucose concentration. This assay could be used for sorting of referent library made from cells not

expressing GOx and cells expressing wt GOx
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gluconic acid and thereby producing hydrogen peroxide.

Hydrogen peroxide detection was chosen as a starting point

for the development of the flow cytometry based screening

system due to the fact that there were a large number of

published fluorescent assays for hydrogen peroxide. In order

to use them for flow cytometry based screening system,

products of the reaction must be excited by the wavelengths

of the flow cytometer lasers (375, 488 nm). Several fluores-

cent probes fitting the criteria above were tested for detec-

tion of hydrogen peroxide; 20,70-dichlorodihydrofluorescein
(DCFH) [19], pentafluorobenzenesulfonyl (PFBSF) [20],

epinephrine diphenyl ethylene diamine [24] and 3-carboxy-

7-(40-aminophenoxy)-coumarin [25, 26], Table 1.

It was clear from previous experiments that it is necessary

to use a fluorescent probe that cannot detect peroxide inside

the cell and that converts to a charged product without

diffusing out of internal water droplets through the oil

phase. APCC fit these criteria and was used to measure

HRP activity and the detection of hydrogen peroxide [26].

APCC could not react with hydrogen peroxide inside the cell

without HRP. In an enzymatic reaction that obeyed Michae-

lis Menten kinetics (Fig. 3), APCC yielded charged 3-car-

boxy-7-hydroxycoumarin (CC).

Using APCC as a fluorescent probe in MTP, a 50-fold

difference in fluorescence signal between the blank reac-

tion of cells not expressing GOx and the positive reaction

of cells expressing surface GOx was obtained. There was

also a detectable difference in fluorescence by flow cyto-

metry between the blank reaction without GOx and the

positive reaction with soluble GOx emulsified in double

emulsion, proving the reaction product was not diffusing

out through the oil phase from primary water droplets.

However, in order to detect fluorescence of double emul-

sion droplets containing cells expressing GOx by flow

cytometery, the glucose concentration was increased com-

pared to the MTP setup (from 1 to 40 mM). The yeast cells

present at high ratios of cell volume per reaction volume in

emulsion water droplets (25% v/v) were absorbing limiting

amounts of glucose and decreasing the fluorescence signal.

After optimizing the glucose concentration, GOx activity

ws detectable in yeast cells encapsulated inside double

emulsion droplets, Fig. 4.

At 0 h, no fluorescent droplets were present in the blank

and positive reaction, after 2 h fluorescent droplets were

detected and sorted. After sorting and centrifugation, the

cells were spread onto SCU-Gal agar plates for expression

of GOx. After 48 h, positive colonies of yeast cells were

detected on agar plates using a ABTS filter paper pre-screen-

ing method.

The SCU-GAL agar plate with the referent library before

sorting contained approximately 1,000 colonies, of which 11

were positive for GOx activity (1%). The SCU-GAL agar

plate with the referent library after sorting contained 28

negative colonies and 5 positive colonies with GOx activity

(15% of positive in population). Similar results were

obtained in the several such experiments.

From these results it can be concluded that by using

FACS based screening, the referent gene library can be

enriched in a single round of sorting, a 15-fold increase in

cells expressing wt glucose oxidase.

Fig. 3 Michaelis-Menten curve for oxidation of 3-carboxy-7-(40-
aminophenoxy)-coumarin (APCC) by horse radish peroxidase

(HRP) at 1 mM hydrogen peroxide. Determined Km value of HRP

was 39.5 mM. Vo – increase in fluorescence signal in AU (arbitrary

units) per 1 min. S – concentration of APCC
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Conclusions

The encapsulation of yeast cells in double emulsion was opti-

mised and tested against several fluorescent assays for hydro-

gen peroxide in emulsion systems. The assay based on HRP

catalysed oxidation of 4-amino-phenoxy-3-carboxy-coumarine

was able to detect GOx activity by flow cytometery in double

emulsions. A referent library was enriched in a single round of

sorting resulted in an increase from 1% to 15% of cells expres-

singwtGOx.The next step is to test developed assay for sorting

of error prone PCR libraries during directed evolution of GOx.
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A Dimensionless Analysis of the Effect of Material and Surface
Properties on Adhesion. Applications to Medical Device Design

Polina Prokopovich1,2

Abstract Prediction of adhesion is of great significance in

the development of micro-electromechanical systems and

medical devices to achieve reliable and cost-effective

design. For this purpose, knowledge of material and surface

properties and their role on adhesion is crucial. This paper

employs a multi-asperity adhesion model providing a greater

understanding factors influencing on phenomena of adhesion

and this novel method can be used as a tool for effective

design of materials and their contact in various devices.

A dimensionless analysis, employing the p theorem, is

presented based on the multi-asperity JKR adhesion model.

The role of surface topography, material properties and the

effect of asperity height distribution and its asymmetry on

force of adhesion has been shown using dimensionless para-

meters. The application of the developed methodology is

demonstrated through a case study on catheter design.

Introduction

Adhesion is a phenomenon that widely occurs in microelec-

tronic and magnetic recording devices and emerging tech-

nologies such as optical data transmission switches used in

microelectromechanical systems. Moreover, wear and fric-

tional performance of materials in medical devices and or-

thopaedic implants are affected by adhesion [1–3]. It has

been shown in previous works [4, 5], that force of adhesion

is one of the most important factors affecting the lifetime of

such devices. For example, stiction between contact surfaces

leads to a major failure mode in MEMS as it breaks the

actuation function of the device switches [6]. Hence, the

understanding of adhesion is an essential requirement in

designing and optimizing these micro-electromechanical

systems [7]. In order to facilitate and predict materials prop-

erties and their design a significant knowledge of surface and

material properties and their effect on adhesion is needed.

Traditionally, adhesive contact between two surfaces has

been modelled by Johnson, Kendall and Roberts (JKR theo-

ry) [8] or by Derjaguin, Muller and Toporov (DMT theory)

[9];. The JKR model has been the first one to account for

surface energies of contacting solids whilst the DMT model

considered long range adhesive forces outside the contact

area. The latest theory is applicable for hard materials with

low surface energy and small tip radii, whilst the JKR model

is suited for soft materials with high surface energy and large

tip radii. Maugis [10, 11] showed the continuous transition

regime between the JKR and the DMT limits and provides a

transitional solution for the intermediate cases between the

JKR and DMT regimes. However, these models were

derived for molecular smooth elastic solids. In practice,

such ideal smooth surfaces do not exist due to manufacturing

processes and, consequently, all surfaces possess morpho-

logical irregularities so called surface roughness. Due to the

presence of surface roughness, a large number of asperity

contacts should be considered [12–18].

The first model developed, that described the contact

between two rough surfaces, was proposed by Zhuravlev in

1940 [19] and used for pure elastic contact; later Greenwood

and Williamson (GW) applied the model to elasto-plastic

contacts [15]. This model assumed that asperities have the

same curvature radii and asperity heights described by a

Gaussian distribution. These approximations proved to be

not always correct, as it was shown in [20–24] that, some

machining processes produce non-Gaussian surfaces with an

asymmetric asperity heights distribution. Recently, Proko-

povich and Perni [25] developed a multi-asperity adhesion

model for two rough surfaces in contact based on the JKR-

and DMT theories for a single asperity. In this later approach

different roughness features, such as: asperity heights and
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curvature radii distributions, were considered and the model

allows to predict adhesion between materials with any dis-

tribution of asperity heights and curvature radii. The validity

of the model was verified against AFM force-distance

measurements for several different materials, such as

‘‘soft’’- PVC, silicone and ‘‘hard’’- stainless steel and glass

[25, 26]. Furthermore, a comparison of predictions between

the DMT multi-asperity adhesion model and the

corresponding JKR was made [26]. The later model differs

from a model proposed by Borodich and Galanov [27] as the

mechanical properties of the materials are required to predict

the adhesive force, whilst in the Borodich and Galanov

model, the adhesive and mechanical properties of the mate-

rials are estimated from experimentally obtained force–dis-

placement curves.

In this work, the multi-asperity adhesion model devel-

oped by Prokopovich and Perni [25, 26], coupled with the

p theorem has been utilised to determine the profile of

contact force between two ideal solids with various mate-

rial and surface properties such as roughness (asperity

heights and its curvature radii), elasticity and surface ener-

gy. The effects of material and surface properties on adhe-

sion have been studied. The dimensional multi-asperity

contact analysis is applied to derive nondimensional rela-

tionships between adhesion and surface topography para-

meters and materials properties. In addition, variations of

asperity heights and effect of their distributions on adhe-

sion have been considered. The relevance of the proposed

methodology is discussed using catheters as case study.

The results are in good agreement with experimental mea-

surements, which confirms the effectiveness of the model.

The aim of this work is to propose simple rules for design

purposes.

Modelling Approach

Based on this multi-asperity adhesion model [25, 26] the

following nondimensional analysis was employed:

The numerical methodology is described as following:

• Ten thousand asperities were generated according to the

cumulative distribution previously determined.

• Contact forces at separation distances (d), in the range

0–25 mm (dmax) in steps of 0.02 mm, between the two

surfaces were estimated.

• Each asperity was analyzed for every distance and if its

height is greater than d-dc, then the deformation of this

asperity was determined and the contact force was esti-

mated with the multi-asperity JKR adhesion model.

• The contact force of each contributing asperity was

summed to determine the total adhesive contact force.

Determination of the Influencing
Dimensionless Parameters

In this section the selection of the various dimensionless

parameters required to describe a problem of adhesion is

discussed. The p theorem [28] and the approach described in

[25, 29] are utilised. In brief, the relevant definitions of the

theorem are summarised below:

• Dimensional variables are the basic output of the test and

they vary during an experiment.

• Dimensional parameters affect the variables and may

differ from case to case, but they remain constant during

a given run.

Based on the multi-asperity adhesion model described in

Appendix 1 the following seven variables, whose unit in

brackets, were derived:

F(h) is the contact force [N=kg m/s2]; Var

d is the separation distance [m]; Var

s is the RMS surface roughness [m]; Par

m is the average asperity height [m]; Par

R is the asperity curvature radius [m]; Par

Dg is the total surface energy [J/m2=N/m=kg/s2]; Par

E is the reduced elastic modulus [Pa=N/m2=kg/m s2]. Par

From all these set of variables there were only three

different units defined (kg, m, s). Consequently, applying

the p theorem, the number of the dimensionless parameters

necessary to describe the problem was four (7�3) and the

subsequent chosen dimensionless parameters were:

FðhÞ
ER2

;
d � m
s

;
s
R
;
Es
Dg

Var; Par; Par; Par

Results and Discussions

Effect of Surface Topography

The influence of the surface characteristics on adhesion has

been considered by varying the ratio of s/R. The simulations

were carried at a constant value of Es
Dg equal to 12.5; this is in

the range of the values obtained on the contact of biological

tissues with catheter materials. A reduced elastic modulus

(E) equal to 5�104 Pa and a total surface energy (Dg) of
0.05 mJ/m2 were chosen for the studied counter surfaces. In

the simulation the following surface parameters, RMS sur-

face roughness (s) of 12.5 mm and average asperity height
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(m) of 25 mm were set constant, whilst the ratio of RMS

roughness to asperity curvature radius was varied between

0.125 and 2.5. Results of dimensionless contact force F
ER2

� �

versus dimensionless separation distance d�m
s

� �
for different

rations of s/R are plotted in Fig. 1. This figure indicates that

surface parameters have a significant effect on adhesion;

with increasing ratio s/R the contact force monotonically

decreases.

Effect of Material Properties

The effect of the materials properties on the adhesion force

has been taking into account through changing the ratio of

Es
Dg

� �
. In this study the total surface energy was equal to

0.05 mJ/m2 and the following surface features parameters

were selected: s of 12.5 mm; m of 25 mm and asperity

curvature radius(R) of 10 mm. Material elastic properties

were varied though a reduced elastic modulus ranging from

2.0�104 Pa to 1.5�105 Pa. The variation of adhesion force

for different ratios of Es
Dg is shown in Fig. 2. With increasing

Es
Dg the force of adhesion decreased.

Elasticity and Plasticity Index

The pull-off forces derived from the contact force profiles at

different values of s/R are plotted against the elastic adhe-

sion index(y) are shown in Fig. 3a.

y ¼ 4

3

Es
3
2R0:5

RDg
ð1Þ

The change of the pull-off force becomes negligible

above a certain value of y. It has been reported a critical

value y of 10 which indicated a change of slope and a low

adhesion beyond this value. However, other authors [31, 32]

found that this critical value y is not unique and depends on

some parameters such as skewness values [32]. In this work

the relation between elasticity adhesion index and the pull-

off force followed the same pattern as in other works [31, 32]

and the critical value of the elasticity adhesion index was

about 20.

Similarly, in Fig. 3b, pull-off forces are plotted as func-

tion of plasticity index (c) Where H is the material hardness

c ¼ E

H

s
R

� �0:5

ð2Þ

The relation of the pull-off force against the plasticity

index c is the same as in Fig. 3a; initially the pull-off force

decreases with increasing plasticity index, but once a critical

value is reached, the pull-off force remains almost constant

with increasing values of the plasticity index. The critical

value appeared to be about 30,000 times the value of surface

hardness. Other authors [31, 32] reported different beha-

viours in the relation between plasticity index and pull-off

force but this can be attributed to the choice of keeping the

elasticity index constant made by those authors, whilst in

this work, the elasticity index is left varying. Otherwise the

simultaneous variation of other parameters in the simulation

would be required.

Fig. 1 Contact force against

separation distance at various

rations of s/R for a value of
Es
Dg ¼ 12:5
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Effect of Asperity Height Distribution

It should be noticed that when non Gaussian distributions are

used, the values of average and standard deviation do not

possess any physical meaning, as opposed to normal distribu-

tions, though mathematically defined and possible to calcu-

late. It is, therefore, advisable to ignore parameters such as s
or m and use, instead, the parameters linked to the distribution

chosen; for example, for a Weibull model, the shape parame-

ter (p) and the size parameter (l) should be employed (Eq. 3)

fðzÞ ¼ p

l
z

l

� �p�1

exp � z

l

� �p
ð3Þ

In this work the value of l has been used in place of s in

the calculation of the non-dimensional pull-off force, whilst

the nondimensional distance has been calculated as:
d�lð Þ
l p.

The profile of contact force against nondimensional dis-

tance for a constant value of l of 50 mm is shown in Fig. 4. It

is evident that the values of pull-off force are quite affected

by the variation of the parameter p; the force of adhesion

increases with decreasing p and the separation distance

resulting in the pull-off force increases with increasing p.

This is cause by the different profile of the Weibull distribu-

tion with different p at constant l; low values of p result in

distributions with long tails, meaning that a significant num-

ber of asperities have great height. When the asperity heights

are widely spread, it is more likely that only few asperities

are deformed at the point corresponding to the pull-off force

and its amount smaller than in case of asperity closely

distributed. Each asperity contribution is individual hence,

when the lowest asperity are engaged and giving negative

contribution to the overall pull-off force, the highest asperity

for are deformed to such a degree that their contribution can

be positive to an extent offsetting the negative contributions,

resulting in a positive contact force. This behaviour is the

same as in case of the parameter s/R.
Another way of characterising non Gaussian distribution

is also through the Skewness (Sk). This parameter is used to

measure the symmetry of the surface profile about the mean

line. This number is sensitive to occasional deep valleys or

high peaks. A symmetrical asperity height distribution has

zero Sk. Surface roughness profiles with asperities removed

or scrunched have a negative value of Sk, whilst profiles with

high asperity heights or filled valleys have positive Sk. The

values of Sk for the used distribution are shown in Table 1.

Our results confirm that surfaces with positive Sk number

exhibit low adhesion compared to surfaces with negative

skewness numbers [33].

Case Study

The adhesion in catheters (silicone, polyurethane and PVC)

will be analysed as example. Figure 3 demonstrated that the

adhesion force is constant for values of elasticity index

greater than 20. This value can be taken as the threshold

for the catheter material selection.

Es
3
2R0:5

RDg
> 20

3

4
¼ 15 ð4Þ

The value of Young modulus for aorta is: 100 KPa [2],

whilst the surface energy for this blood vessel tissue is:

28.93 mJ/m2 [2].

Fig. 2 Contact force against

separation distance at various

rations of Es
Dg for a value of

s/R = 2.5
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The composite Young modulus (E) is calculated as:

E ¼ 1� u21
E1

þ 1� u22
E2

� ��1

ð5Þ

Its value is practically corresponds to the Young modulus

of aorta, because the Young’s modulus of the elastomers

used for catheters is few order of magnitude greater; for

example, silicone is 0.5 MPa [2] and polyurethane 8 KPa

[2]. The value of Dg is the sum of the surface energy of aorta

and the catheter material; the later vary from 32 mJ/m2 for

silicone to 22 mJ/m2 for polyurethane [2, 34], thus Dg
remain almost unchanged among the elastomers.

Equation 4 can be rewritten as:

s
3
2

R0:5
>15

Dg
E

ð6Þ

this constitutes the designing equation for the surface topog-

raphy of the catheter material as, using the assumption of

Greenwood and Tripp [18]:

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2material þ s2aorta

q
ð7Þ

And

1

R
¼ 1

Rmaterial
þ 1

Raorta
ð8Þ

Fig. 3 Adhesion force as

function of elasticity index (a)

and plasticity index (b)
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Incorporating (7) and (8) into (6), the following relation is

obtained:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2material þ s2aorta

q� �3
2 1

Rmaterial
þ 1

Raorta

� �0:5

>15
Dg
E

ð9Þ

Data for the asperities properties of aorta can be taken

from [2] who reported that Raorta is 17.3 mm and s is 3 mm.

When the actual values of the known parameters are includ-

ed in (8) the following relation is obtained (the materials

properties are expressed in mm):

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2material þ 9

q� �3
2 1

Rmaterial
þ 0:058

� �0:5

>9 ð10Þ

Equation 10 describes a relation between surface rough-

ness and asperity curvature radius in order to achieve the

lowest force of adhesion between tissue and catheter. This

relation can be employed in the design of catheters to mini-

mise the undesirable effects caused by adhesion.

Conclusion

The results shown here extend the knowledge of how mate-

rial and surface parameters influence adhesion using a multi-

asperity adhesion model through unitless coefficients. The

results are normalised using the elasticity and the plasticity

index. For situations requiring low adhesion, the surface and

material properties may be selected thus to yield high y, high
positive skewness and high c value for asymmetric rough

surfaces.

Appendix 1 Brief Description of the
Multi-Asperity JKR Adhesion Model

The JKR model [8] contains the deformation contribution

resulting from the Hertz theory and an adhesion component

due to surface energy Dg. The multi-asperity adhesion

model based on the JKR theory for a single asperity was

developed by assuming that the situation could be simplied

as a rough elastic surface in contact with a rigid smooth

solid. This assumption has been validated in previous

works by [17, 18]. The contact between these surfaces is

considered as the sum of all individual asperity contacts

[18]. Therefore, some asperities are deformed, whilst others

are unaffected due to their small size and some asperities are

stretched from their un-deformed height [25].

Fig. 4 Effect of shape parameter, p, of the asperity height distribution described by Weibull model on the contact force versus separation distance

relation for l=50 mm and Es
Dg ¼ 25

Table 1 Skewness values for l=50 mm with varying p

p Sk

0.5 6.6

0.75 3.1

1.0 2.0

2.0 0.6

4.0 �0.09
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For a single asperity in contact with a flat surface the JKR

theory predicts a contact force:

FJKR ¼ 4Ea3

3R
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8pa3DgE

p
ð11Þ

The corresponding deformation is:

dJKR ¼ a2

R
� 2

3

ffiffiffiffiffiffiffiffiffiffiffi
paDg
E

r

ð12Þ

The couple of (10) and (11) represent the relation,

F ¼ fnðd;RÞ for the JKR model.

The Gaussian and Weibull distributions were employed

to describe the population of asperity heights.

The overall contact force for a rough surfaces at a dis-

tance of d from a perfectly flat one is the sum of all the forces

generated by the asperities whose height (hi) are within their

respective critical deformation dc;i [25]:

FðhÞ ¼
Xdi>�dc;i

i

fn di;Rið Þ ð13Þ

where:

di ¼ hi � d ð14Þ

dc ¼ 1

3R

9RFc

4E

� �2=3

ð15Þ

fn di;Rið Þ is the adhesion force for one asperity with curva-

ture radius Ri and deformation di based on the JKR (Eqs. 10

and 11)
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Influence of Anions of the Hofmeister Series on the Size of ZnS
Nanoparticles Synthesised via Reverse Microemulsion Systems

Marina Rukhadze1, Matthias Wotocek2, Sylvia Kuhn2, and Rolf Hempelmann2

Abstract Zinc sulfide nanocrystals with sizes of 4–7 nm

were obtained by insufflation of hydrogen sulfide through

reverse microemulsions, based on aqueous solutions of

different zinc salts, nonionic surfactants and cyclohexane.

The influence of the Hofmeister anions acetate, chloride,

bromide, nitrate, iodide, and perchlorate on the micelles and

thereof formed nanoparticles was studied by means of dy-

namic light scattering (DLS), X-ray diffractometry (XRD),

UV-Vis spectroscopy and transmission electron microscopy

(TEM). The sizes of micelles are significantly influenced by

the kosmotropic or chaotropic nature of the actual anion,

present in the water pools of reverse micelles: the diameter

of the spherical ZnS nanoparticles, synthezised in these

micelles, correlates with their size and thus follows the direc-

tion of the Hofmeister series. Several possible mechanisms

are proposed to explain the influence of the anions.

Introduction

The synthesis of size controlled semiconductor nanoparti-

cles, due to their unique optical, electronic and photocataly-

tic properties, is topical during the last two decades [1–9].

Among them, zinc sulfide nanoparticles have attracted some

attention because of the potential application in photoelec-

tronic transition devices [10]. The interest in this material

brought about various preparation methods. In particular

reverse microemulsions represent a well suited system for

the synthesis of nanocrystalline materials owing to the facile

control of size and shape, and, most notably, the narrow size

distribution of the resulting nanoparticles [11–13].

The Hofmeister series gives a rank order, which was

established already in the nineteenth century. Originally it

described the activity of different salt anions and cations

to precipitate proteins [14] and was appointed as follows [15]:

SO4
2�>F�>OAc�>Cl�>Br�>NO3

�>I�>ClO4
�>SCN�

ð1Þ

This ranking which is also applicable to the solubility of

hydrocarbons [16], the surface tension of water [17, 18] or

the hydratisation of the ions [19], can be ascribed to the

effect of these ions on the structure of water [19]. Kosmo-

tropic ions, standing on the left side of the series, are small

with a high charge density and bind nearby water molecules

tightly, thus immobilizing them, what strengthens the struc-

ture of water built by hydrogen bonds and enhances hydro-

phobic effects. On the other hand chaotropic ions, standing

on the right side, are large with low charge density and bind

water only weakly, thus liberating nearby water molecules

out of the water-structure by allowing more rapid motion

than in bulk solution; that deranges the water-structure and

lowers hydrophobic effects.

The structure of water is even more complex when it is

confined to nanometre-scale cavities [20]. Water in the core

of reversed micelles reveals at least two structures. Water

that is close to the periphery of the micelle and thus in direct

contact with the barrier molecules, i.e. surfactants, differs

from water nearer to the centre of the reversed micelle.

Thereby both of these structures differ from free, chemically

pure water. Peripheral water molecules are more densely

packed (high-density water) and form less hydrogen bonds

when compared with free water. Water in the centre of the

core is less densely packed (low-density water) and forms a

larger number of hydrogen bonds than free water. The regu-

lar network of water molecules, which slightly resembles the

molecular lattice of ice, is formed exactly by low-density

water. The state of water inside the micelles may be

considered as supercooled [21].
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Although the Hofmeister series was discovered more than

a century ago, it was neglected for a long time. The specific

properties of ions were not considered in theories like, e.g.,

the DLVO-theory, where all ions of the background salt

solution with the same ionic charge, due to the concept of

ionic strength, should result in the same effective force

between colloidal particles, regardless of the kind of the

anions [22]. Only recently there is growing interest in these

specific ionic effects, which are not completely understood

until now [23].

The goal of the present work was to reveal the influence

of anions of the Hofmeister series on the water structure in

the water pools of the reversed micelles, which will be

reflected in the sizes of both the micelles and the resulting

nanoparticles of zinc sulfide, respectively.

Experimental

Materials

Nonionic surfactants (oxyethylene)4 nonyl phenol ether

(Tergitol NP-4, HLB~9, Fluka) and (oxyethylene)10 nonyl

phenol ether (Tergitol NP-10, HLB~13, Fluka), cyclohex-

ane (VWR, p.a.), hydrogen sulfide (Fluka, 99%), zinc sulfate

heptahydrate (Aldrich, 99%), zinc fluoride (Alfa Aesar,

97%), zinc acetate dihydrate (Fluka, 99%), zinc chloride

(Riedel de Haen, 98%), zinc bromide (Merck, 98%), zinc

nitrate hexahydrate (Grüssing, 99%), zinc iodide (Fluka,

98%), zinc perchlorate hexahydrate (ABCR, 99%), acetic

acid (Aldrich, 25 wt.%, 99%), hydrofluoric acid (Riedel-de

Haen, 40%, p.a.), hydroiodic acid (Merck, 57%), ethanol

(Aldrich, 99%, 1% MEK), and deionised water. All chemi-

cals were used as received without further purifications.

Preparation of Microemulsions

The preparation of the microemulsions is carried out in

50 mL measuring cylinders, standing in a water bath at

25�C. They are filled with 31 mL cyclohexane as the oil

phase, 7.9 mL NP-5 and 3.9 mL NP-10 as surfactants, and 2,

3, or 4 mL aqueous solution of the respective zinc salt and

then strongly agitated for several minutes. The obtained

clear microemulsions are used the next day for synthesis.

For the aqueous phase only freshly prepared solutions of

zinc sulfate, zinc fluoride, zinc acetate, zinc chloride, zinc

bromide, zinc nitrate, zinc iodide, or zinc perchlorate, re-

spectively, with molarity 0.05 M are applied. Solutions of

zinc fluoride, zinc acetate and zinc iodide become turbid

because of hydrolysis, therefore they are acidified with

hydrofluoric acid, acetic acid and hydroiodic acid in order

to obtain a pH value of 5 like the other solutions, and in this

way prevent precipitation.

Synthesis of ZnS Nanoparticles

For the synthesis, the respective microemulsions are trans-

ferred into a three-necked flask thermostated at 25�C. Under
vigorous stirring H2S is introduced into the solution by a

capillary glass-tube for 45 min at an approximate rate of 2.5

bubbles per second in a bubble counter. Then ethanol is

added to destroy the micelles and precipitate the formed

nanoparticles, which are three times centrifuged at

3,400 rpm and washed with ethanol. In this step essentially

all anions of the educts are removed in form of the

corresponding acids. Finally the precipitates, i.e. the ZnS

nanoparticles, are dried in vacuum at 30�C.

Characterization

The micelle sizes are determined by means of dynamic light

scattering (DLS) at 25 �C at a scattering angle of 90� using
an ALV-5000E set-up equipped with a frequency doubled

neodymium-YAG laser (532 nm) purchased from Coherent

Inc.. As samples the microemulsions have been taken as

prepared. The refractive index of the hexane dispersion

medium is 1.372, which is, concerning the scattering con-

trast, sufficiently different from the refractive index of the

water in the micelles. For the DLS size determination

the hexane viscosity of 0.294 mPas was used. In order to

eliminate dust or other larger particles, the samples are

filtered through syringe membrane filters with a pore size

of 0.2 mm. TEM investigations are carried out on a JOEL

JEM 2010 microscope working at 200 kV acceleration volt-

age; for that purpose the ZnS the powders are redispersed in

cyclohexane and dried on a carbon-covered copper grid.

X-ray diffractograms are measured by means of a Siemens

D500 diffractometer using CuKa radiation. For UV-Vis

absorption the powders are suspended in cyclohexane (low

solid content) and measured with a Perkin Elmer Lambda5

UV-Vis spectrometer.

Results and Discussion

By means of dynamic light scattering (DLS) the micelle

sizes and their distribution are determined [24]. Thereby

the field autocorrelation function is numerically evaluated
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with the CONTIN algorithm [25], and for the purpose of

comparison the results for the diameter distribution function

are fitted (Fig. 1) using the log-normal distribution [26]:

gðDÞ ¼ 1
ffiffiffiffiffiffi
2p

p
D lns

exp � ln D� lnmð Þ2
2 ln2s

 !

ð2Þ

Eventually, from the obtained median diameter m and the

relative width s (geometrical width), the volume weighted

average diameter is calculated (Fig. 6a) according to:

Dvol ¼ m exp
7

2
ln2s

� �
ð3Þ

As expected, raising the aqueous phase fraction of the

microemulsions leads to an increase in the size of the

micelles, because the given amount of surfactant can only

stabilize a certain amount of surface area. This is exemplari-

ly shown in Fig. 1a; similar features are observed for all

microemulsions. Also the anion of the deployed zinc salt

influences the micelle sizes for a given amount of water

(Fig. 1b). Actually the sequence of this series corresponds

exactly to the respective anions of the Hofmeister series.

The synthesized ZnS nanoparticles are then examined by

transmission electron microscopy (TEM), and Fig. 2 shows

one of the resulting micrographs which looks very similar

for all zinc sulfide samples. Uniform nanospheres can be

observed with a narrow size distribution, and the diameters

are in good accordance to the sizes determined by XRD as

outlined below. This agreement indicates that the ZnS nano-

particles are little singel crystals.

X-ray diffractograms (Fig. 3) of all ZnS nanoparticle

samples are in good agreement with the available powder

a

b

Fig. 1 (a) DLS results of micelle size distributions prepared with

0.05 M Zn(OAc)2 solution: (A) 2 mL, (B) 3 mL and (C) 4 mL; and

(b) DLS results of micelle size distributions prepared with 3 mL of

0.05 M solutions of (A) Zn(OAc)2, (B) ZnCl2, (C) ZnBr2, (D) Zn

(NO3)2, (E) ZnI2 and (F) Zn(ClO4)2

Fig. 2 Representative TEM image of the obtained ZnS nanoparticles

(Prepared from Zn(OAc)2)

Fig. 3 X-ray diffractogram of synthesised ZnS nanoparticles
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diffraction file No. 80-0020 of cubic zinc blende type zinc

sulfide with respect to the position and relative intensities of

the peaks. The particles exhibit good crystallinity, and peaks

corresponding to other crystalline material have not been

found. The mean crystallite sizes are calculated (Fig. 6b)

from the broadening of the (111) diffraction peak on the

basis of the Scherrer equation [27] in the following way [26],

assuming spherical particles:

Dvol ¼ 4

3

KScherrer � l
FWHM � cosY ð4Þ

Here Dvol is the volume-weighted mean diameter of the

particles, K is Scherer’s constant (set as K=1), l denotes the

X-ray wavelength and FWHM is the full width at half

maximum of the peak at the Bragg angle Y, and the factor

4/3 transforms volume weighted column lengths into volume

weighted diameters. Since the inverse micelles in the ther-

modynamically stable microemulsions represent nanoreac-

tors and thus confine the particle growth, the particle sizes

should correspond to the droplet sizes of the microemulsions

determined above. In fact, with the increase of the amount of

aqueous phase also the sizes of the particles increase, what is

evident from the narrowing of the diffraction peaks in

Fig. 4a. And furthermore the Hofmeister series is confirmed,

too, in terms of the sequence of the particle sizes obtained

from different zinc salts (anions) as educts (Fig. 4b).

In addition the semi-conductor quantum size effect is

used to confirm the supposed Hofmeister effect by recording

UV-Vis absorption spectra of the corresponding ZnS nano-

particles suspended in cyclohexane. Due to the poor disper-

sibility the particle content is very low and thus the spectra,

unfortunately, are rather noisy. However, the effect can

clearly be seen in Fig. 5: the absorption band is shifted to

higher wavelengths in the Hofmeister sequence, what is

caused by the larger particle sizes and therewith the reduc-

tion of the electronic band gap. Hence the radius r of the

particles can be calculated approximately (Fig. 6b) using the

concept of the ‘‘effective mass approximation’’ [2]:

EgðrÞ ¼ Eg r ! 1ð Þ þ �h2p2

2r2
1

m�
e

þ 1

m�
h

� �
� 1:8 e2

er
ð5Þ

For that purpose the respective measured band gap energy

Eg(r), the bulk band gap energy Eg(r!1)=3.62 eV, the

effective masses of the electron, me
*=0.42 me, and the hole,

a

b

Fig. 4 X-ray diffractograms of ZnS nanoparticles synthesized in

microemulsions with (a) 2 mL (A), 3 mL (B) and 4 mL (C) of 0.05 M

Zn(OAc)2 solution and (b) with 3 mL of 0.05 M solutions of (A) Zn

(OAc)2, (B) ZnCl2, (C) ZnBr2, (D) Zn(NO3)2, (E) ZnI2 and (F) Zn

(ClO4)2

Fig. 5 UV-Vis-spectra of ZnS nanoparticles synthesized in microe-

mulsions with 3 mL of 0,05 M solutions of (A) Zn(OAc)2, (B) ZnCl2,

(C) ZnBr2, (D) Zn(NO3)2, (E) ZnI2 and (F) Zn(ClO4)2
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m*
h=0.61 me, and the dielectric constant, e=5.20 e0, of ZnS

are used [28].

In Fig. 6a and b all results are summarized; this diagram

illustrates unambiguously that the micellar size and the result-

ing crystallite size of the zinc nanoparticles depend on the zink

salt anions in accordance with the Hofmeister series. This effect

may be explained by the different charge densities of the

specific anions. Therefore chaotropic anions, which are only

weakly hydrated and lower the hydrophobicity of water, may

approach closely to the water/surfactant interface and thus

penetrate even into the polar layer of surfactants. This leads

to a rising of the intermolecular distances between the surfac-

tants and results in the enlargement of the micelles. In contrast,

the kosmotropic anions are hydrated abundantly and conse-

quently migrate mostly in the higher-structured depth of the

water pools, where they even enhance this order and thus the

hydrophobic effect. Kosmotropic anions do not approach the

surfactant layer, so the micelles are not expanded. The pro-

posed considerations are supported by similar data on

biological membranes [29]. Such comparison is possible, if

one takes into account, that reverse micelles provide an artifi-

cial system that mimics the membranous biological system

[30]. Molecular dynamics simulations were performed in

order to reveal the Hofmeister series effect in the context of

anion-lipid bilayer interactions. The central result from the

simulations is that the large chaotropic anions penetrate more

deeply into the interfacial region of the lipid bilayer interior

since the larger ions are more hydrophobic and energetically

stable in a hydrophobic environment; therefore they prefer the

bilayer interior [29].

Conclusion

It was found that in reverse microemulsions both the amount

of water and its structure are reflected in the sizes of the

micelles and, subsequently, the sizes of nanoparticles

synthesized in these micelles. The structure of water in the

core of the reverse micelles is unambiguously determined by

ionic additives, e.g. zinc salts with kosmotropic and chao-

tropic anions in the given case. Thus the results and the

proposed interpretations may be useful for the study of ion-

water interactions in confined spaces, viz. for biological

objects, microemulsions, etc.
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Polymer Shell Nanocapsules Containing a Natural Antimicrobial
Oil for Footwear Applications

M.M. Sánchez Navarro, F. Payá Nohales, F. Arán Aı́s, and C. Orgilés Barceló

Abstract In this study, a series of melamine-formaldehyde

(MF) nanocapsules containing essential oils as natural bio-

cides with different polymer-to-oil ratio was prepared to be

applied to footwear materials (lining, insoles, etc. . .) by an in

situ polymerization (O/W) method. The nanocapsule physi-

cochemical properties were characterized; the average size

distribution was determined by DLS and the chemical struc-

ture was analyzed by FTIR spectroscopy. The antimicrobial

effect of the essential oils was analyzed in solid media by

measuring the inhibition diffusion halos in agar for 24 h.

Finally, the incorporation of the synthesized nanocapsules

into footwear materials was analyzed by scanning electron

microscopy (SEM).

Introduction

Nanoencapsulation is a technique that has gained a strong

foothold in different fields such as pharmaceuticals, cos-

metics or food [1, 2]. Regarding the footwear sector, it is

an emerging technology to be introduced in the near future,

which will open new opportunities for the development of

new functional materials with broad possibilities. Among its

main advantages, this technique allows for extending the life

of the active substances incorporated into the shoe,

controlling the dose delivered over time (controlled release),

etc. This will involve the production of footwear with

improved properties for foot hygiene while serving as a

differentiating element against other items.

Recently, interest in natural medicinal products, essential

oils and other botanicals [3–5], has grown in response to the

ever increasing incidence of adverse side effects associated

with conventional drugs, and the emergence of resistance to

antibiotics, synthetic disinfectants and germicides. Some

essential oils such as tea tree, lemon, lavender, eucalyptus

etc, show suitable antimicrobial activity to be used as bio-

cide [3, 4] for different applications.

Furthermore, the in situ polymerization allows for the for-

mation of nanocapsules containing water-immiscible dispersed

phase, with improved mechanical properties [6] and thermal

stability [7]. The properties of the membrane depend not only

on its chemical structure but also on all the synthesis condi-

tions. The polycondensation of the amino resin occurs in the

continuous phase, and the polymer precipitation around the oil

droplets to form nanocapsules shell is linked to the pH and the

melamine-formaldehyde molar ratio [8, 9].

In this study, melamine-formaldehyde MF nanocapsules

containing tea tree essential oil as natural biocide were

prepared by in situ polymerization. This work aims to inves-

tigate the synthesis and properties of MF nanocapsules

containing this essential oil as a function of their mela-

mine-formaldehyde/oil ratio.

Experimental

Materials

Melamine and formaldehyde were obtained from Quimidroga

S.A. (Barcelona, Spain) and used as received. Essential

oils (EO) were purchased from Guinama S.L.U. (Alboraya,

Valencia, Spain). Sodium dodecylsulphate (SDS) from

Sigma-Aldrich was used without further purification. Water

was purified with Millipore automatic Sanitization Module.

Melamine-Formaldehyde Resin Preparation

Prior to the encapsulation, 3 g of melamine and 30 mL of

water were added in a round-bottom glass flask. The vessel
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was immersed in a water bath placed on a magnetic stirrer

with heating. When the temperature reached 50�C, 6 mL of

formaldehyde were added and the mixture was magnetically

stirred for 1 h at 70�C. Finally, a melamine-formaldehyde

resin clear solution was obtained as prepolymer (MF).

Synthesis of Melamine-Formaldehyde Nanocapsules

Containing Essential Oils

First of all, an O/W emulsion was prepared. The oil phase

was composed of an essential oil and the water one was

constituted of sodium dodecylsulphate (SDS) as surfactant

and distilled water. Both phases were mixed and then emul-

sified by a sonifier (Branson) during 90 s at 50% amplitude.

The result was a milky emulsion. Subsequently, the emul-

sion was maintained at 45�C and magnetically stirred, while

the MF resin prepolymer obtained in the previous section

was added drop by drop. After the addition, the pH of the

mixture was adjusted to 4 and the emulsion was left stirring

for 1 h. After this time, the temperature was risen to 85�C
and kept stirring for 2 h. Finally, it was allowed to cool down

to room temperature and the pH was adjusted to 10.

Finally, the synthesized nanocapsules were freeze-dried,

obtaining a fine white powder for further characterization

through different experimental techniques.

In this study, nanocapsules with different MF/oil ratios

(1 to 7) were synthesized and characterized. The synthesized

nanocapsules containing tea tree oil (EO) were referenced

as: MF1EO, MF2EO, MF3EO, MF4EO, MF5EO, MF6EO

and MF7EO with 1 to 7 MF/EO ratios respectively.

Nanocapsule Characterization

The particle size distribution and mean average particle size of

the nanocapsules containing EO were determined using a laser

particle analyzer Coulter LS 230 with a small volume module.

FTIR spectroscopy was used to analyze chemical properties of

the freeze-dried nanocapsules by transmission mode in KBr

pellets. For the morphological characterization and evaluation

of the incorporation into different footwear materials, scanning

electron microscopy (SEM) was carried out using a Philips

EM400 microscope operating at 80 kV. Previously, specimens

were gold coated to obtain a good contrast.

Results and Discussion

Antimicrobial Activity Study

Prior to the encapsulation process, the antimicrobial activity

of three different essential oils (almond, Tea Tree and lemon

oils) against different microorganisms typically found in

used footwear (Escherichia coli SG13009 (QIAGEN),

Bacillus subtilis 168 ATCC 23857, Klebsiella pneumoniae

CECT 141 and Staphylococcus aureus CECT 239) [10] was

analyzed by in vitro assays. The evaluation was carried out

by measuring their activity in liquid media and inhibition

halos by agar diffusion for 24 h.

The antimicrobial activity was tested through measure-

ment of the absorbance at 600 nm in liquid medium. Firstly,

the different microorganisms were inoculated in LB medium

(Escherichia coli and Bacillus subtilis) and nutrient broth

(Klebsiella pneumoniae and Staphylococcus aureus), re-

spectively. Afterwards, three tubes were inoculated for

each species and the following substances were poured into

them: almond oil as blank and two different essential oils

(Tea Tree and lemon oil). Moreover, an oil-free tube was

inoculated as negative control. All of them were grown up at

37�C and the absorbance at 600 nm after 24 h of growth was

measured.

The evaluation of the inhibition halos assay was carried

out by seeding four medium plates for each type of bacteria.

A disc of cloth impregnated with the above-mentioned

essential oils was placed on them, as well as a control one

with no antimicrobial substance. After 24 h of growth, the

inhibitory halos were measured. Table 1 shows the response

of the microorganisms to the different oils in order to test

the antimicrobial activity. The results proved the effective

antimicrobial activity of Tea Tree oil against most of the

Table 1 Antimicrobial activity test results for different oils and for the control with no-antimicrobial substance

Sample E. coli B. subtilis K. pneumoniae S. aureus

Liq Solid Liq Solid Liq Solid Liq Solid

Control � � � � � � � �
Almond oil � � � � � � � �
Lemon oil + � ++ � + ++ ++ +

Tea tree oil (TTO) ++ � ++ ++ +++ � +++ ++

(�): no antimicrobial activity observed

(++): moderate antimicrobial activity observed

(+++): strong antimicrobial activity observed
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microorganisms. For that reason, this essential oil (EO) was

chosen for encapsulation.

Nanocapsule Characterization

Figure 1 shows the average particle size distribution in

number for nanocapsule emulsions synthesized using differ-

ent MF/EO ratio. They showed a monomodal distribution

with an average mean particle size around 400 nm but with a

small amount of capsules greater than 1 mm. In general,

mean particle size tends to increase as MF/ratio increases.

Nevertheless, MF2EO showed a strange behaviour with a

greater mean particle size, maybe due to a low efficiency of

the nanoencapsulation process for low MF/EO ratios.

These nanoparticles show a mononuclear core-shell mor-

phology (nanocapsules) observed by SEM of a freeze frac-

ture of the solid particles in a thermoset resin matrix. After

that, EO load in the nanocapsules was determined solvent

extraction using dichloromethane. EO load (%) was calcu-

lated as [extracted EO from the nanocapsules]/[theorical EO

in the nanocapsule] ratio. EO load increases as MF/EO ratio

increases from 13.7 to 68.7 (weight %).

Figure 2 shows the FTIR spectra corresponding to MF

resin shell, EO and MFEO nanocapsules with two different

MF/EO ratios, 2 and 7.

For the MF resin sample, a characteristic broad band

responsible for hydroxyl, imino and amino groups stretching

was observed around 3335 cm�1. Alkyl C-H stretching

vibration was found around 2930 cm�1. The C-N multiple

stretching in the triazine ring was observed around

1537 cm�1. C-H bending vibration in CH2 was found at

1450 and 1369 cm�1 due to methylene bridges. The charac-

teristic absorption bands of aliphatic C-N vibration appeared

between 1200 and 1170 cm�1. Characteristic triazine ring

bending at 812 cm�1 could also be observed.

EO spectrum showed a broad band responsible of hydrox-

yl stretching around 3430 cm�1. Alkyl C-H stretching vibra-

tion was found between 2960 and 2854 cm�1. The band at

1744 cm�1 corresponds to C=O vibration bond. Between

1464 and 1443 cm�1 the C-H bending vibration was ob-

served. Characteristic absorption band of vibration C-O-C

aromatic rings appeared at 927 cm�1.

FTIR spectra of the nanocapsules containing EO proved

to be the physical combination of the characteristic bands of

MF resin and the EO selected. As the resin ratio increases,

the characteristic bands of the resin increase, and the oil

bands decrease. This seems to be due to an increased thick-

ness of the nanocapsule shell, according to previous results

in the literature.

Finally, the nanocapsules containing the tea tree oil were

incorporated into some materials as leather and fabrics com-

monly used in the footwear industry. The incorporation to

the footwear materials was done by immersion of the mate-

rials in an aqueous dispersion containing the synthesized

nanocapsules without binder. In that process, a piece of

each material was immersed into 50 mL of the nanocapsules

dispersion for 1 h under mechanical agitation at room tem-

perature. After that, the samples were left to dry at room

temperature overnight. The distribution and anchorage of the

nanocapsules on material surface was analysed by SEM.
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Fig. 3 (a) SEM images of the EO nanocapsules attached to the fabric fibers; (b) SEM images of the EO nanocapsules attached to the leather fibers
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Figure 3a and b show SEM images of the nanocapsules

attached to fabric fibres and leather, respectively. In further

work, the use of conventional finishing techniques as well as

a suitable binder is being investigated in order to improve

anchoring of the nanocapsules to the footwear materials and

therefore their durability.

Conclusions

Firstly, some essential oils showed suitable antimicrobial

activity against typical microorganisms associated to the

foot skin, which indicates that they could be used as natural

antimicrobial agents for footwear application.

Secondly, the nanoencapsulation of an essential oil repre-

sents an innovative solution for the controlled release of this

active substance in footwear. Nevertheless, further optimi-

zation of the characteristics would be needed in order to get

the best properties for a long lasting antimicrobial effect in

footwear applications, depending on the type of shoe, user

and materials.
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Evaporation of Pinned Sessile Microdroplets of Water:
Computer Simulations

S. Semenov1, V.M. Starov1, R.G. Rubio2, and M.G. Velarde3

Abstract The aim of present work is to describe results of

computer simulations, which show the influence of kinetic

effects on evaporation of pinned sessile submicron droplets

of water. The suggested model takes into account both

diffusive and kinetic regimes of evaporation. The obtained

results show a smooth transition between kinetic and diffu-

sive regimes of evaporation as the droplet size decreases

from millimetre to micrometer size.

Introduction

The evaporation of sessile liquid droplets plays a significant

role in practical applications such as spray cooling [1, 2],

ink-jet printing [3], tissue engineering [4], printing of micro-

electromechanical systems (MEMS) [5], surface modifica-

tion [6, 7], various coating processes [8], as well as

biological applications [9]. It is a reason why a number of

theoretical and experimental investigations have been fo-

cussed on this phenomenon [10–18].

Studying of evaporating of microdroplets can help to

understand the influence of Derjaguin’s (disjoining/conjoin-

ing) pressure acting in a vicinity of the apparent three-phase

contact line [19–21].

The aim of present computer simulations is to show how

the evaporation of pinned sessile submicron size droplets of

water on a solid surface differs from the evaporation of

bigger millimetre size droplets. The obtained results prove

the importance of kinetic effects, whose influence becomes

more pronounced for submicron droplets.

The model used below includes both diffusive and kinetic

regimes of evaporation. Our model differs from a purely

diffusive model because Hertz-Knudsen-Langmuir equation

[22, 23] is used for a boundary condition at the liquid–

vapour interface instead of a saturated vapour at the

liquid–vapour boundary. The adopted model differs from a

purely kinetic model of evaporation because the model also

includes the presence of vapour diffusion into the surround-

ing vapour similar to the diffusion model. In this way the

evaporation rate is controlled by both rates of vapour diffu-

sion into ambient vapour and molecules transfer across the

liquid–vapour interface. As a result the vapour concentration

at the liquid–vapour interface falls in between saturated

value and the ambient value. The vapour concentration

takes the value that drives both diffusive and kinetic local

fluxes at the liquid–vapour interface. According to the mass

conservation law these two fluxes are equal to each other.

Computer simulations are performed using the software

COMSOL Multiphysics. The dependences of total molar

evaporation flux, Jc, on the radius of the contact line, L,
and the value of contact angle, y, are studied below.

Problem Statement

Below only very small droplets are under consideration that

is the influence of gravitation is neglected. The problem

under consideration has an axial symmetry. It is assumed

that sessile droplet forms a sharp three-phase contact line

and maintains a spherical-cap shape of the liquid–vapour

interface due to the action of liquid–vapour interfacial

tension. A geometry of the problem is presented schemati-

cally in Fig. 1.

Due to small size of evaporating droplets under consider-

ation (radius of the contact line, L, is less than 1 mm), the

diffusion of vapour in the vapour phase dominates the convec-

tion. The latter is confirmed by small values of both thermal
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and diffusive Peclet numbers: Pek=Lu/k<0.05; PeD=Lu/D<

0.04, where L is the radius of the contact line, u (< 1 mm/s) is

the characteristic velocity of vapour convection due to evapo-

ration and Marangoni convection, k is the thermal diffusivity

of the surrounding air, and D is the diffusion coefficient of

vapour in air at normal conditions.

Hence, the convective terms in transfer equations inside

the vapour phase are neglected below. As in Ref. [24] the

problem is solved under quasi-steady state approximation.

That is, all time derivatives in all equations are neglected.

The quasi-steady solution of the problem gives simultaneous

distribution of heat and mass fluxes in the system.

A volume of the droplet decrease over time, which is

caused by the evaporation. Therefore, a certain velocity is

ascribed to the liquid–vapour interface in order to satisfy the

mass conservation law in the quasi-steady state approxima-

tion. This velocity is calculated in such a way to preserve the

spherical-cap shape of the liquid–vapour interface and to

match the evaporation rate of the droplet.

The parameters of the following materials are used in

present computer simulations: copper as the substrate,

water as the liquid droplet, and a humid air as a surrounding

medium. The pressure in the surrounding gas is equals to the

atmospheric pressure, the ambient temperature is 20�C, and
the ambient air humidity is 70%.

Governing Equations in the Bulk Phases

The following governing equations describe the heat and

mass transfer in the bulk phases: equation of the heat transfer

in solid and gas phases:

DT ¼ 0;

where D is the Laplace operator, and T is the temperature;

equation of the heat transfer inside the liquid droplet:

~u � rT ¼ kl DT;

where~u is the liquid velocity,r is the gradient operator, and

kl is the thermal diffusivity of the liquid; Navier-Strokes

equations are used for a flow inside the liquid droplet:

rl ~u � r~u ¼ r � T;

where rl is the liquid density, r~u is the gradient of the

velocity vector, T is the full stress tensor, and r � T is

the dot-product of nabla operator and the full stress tensor.

The full stress tensor is expressed via hydrodynamic

pressure, p, and viscous stress tensor, p as:

T ¼ �pIþ p;

where I is the identity tensor. Continuity equation for the

liquid phase is used also:

r �~u ¼ 0:

Diffusion equation for the vapour in the gas phase:

Dc ¼ 0; ð1Þ

where c is the molar concentration of the vapour.

Boundary Conditions

Boundary conditions of temperature continuity are applied

at all interfaces (liquid–vapour, liquid–solid and gas–solid):

Tl ¼ Tg; Tl ¼ Ts; Tg ¼ Ts;

where subscripts l, g and s stand for liquid, gas and solid,

respectively. Continuity of the heat flux is applied on solid–

liquid and solid–vapour interfaces:

� klðrTÞl �~nþ ksðrTÞs �~n ¼ 0;

� kgðrTÞg �~nþ ksðrTÞs �~n ¼ 0;

where k is the thermal conductivity of corresponding phase;

~n is the unit vector, perpendicular to a corresponding inter-

face. At the liquid–vapour interface heat flux experiences

discontinuity caused by the latent heat of vaporization:

� klðrTÞl �~nþ kgðrTÞg �~n ¼ jcL;

where L is the latent heat of vaporization (or enthalpy of

vaporization [25], units: J/mol); ~n is the unit vector, normal

to the liquid–vapour interface, and pointing into the vapour

phase; jc is the surface density of the molar flux of evapora-

tion (mol �s–1 �m–2) at the liquid–vapour interface.

No-slip and no-penetration boundary conditions are used

for Navier–Stokes equations at the liquid–solid interface,

resulting in zero liquid velocity at this interface:

~ul ¼ 0:

L0 r

z

q

n

Fig. 1 An axisymmetric sessile droplet on a solid substrate. y and L are

contact angle and radius of the droplet base
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Let G is the liquid-vapour interface. Let also jc is a density

of a molar vapour flux across the liquid–vapour interface,

when a density of mass vapour flux across this interface is jm
= jc�M, where M is the molar mass of an evaporating sub-

stance (water). Let the normal velocity of the interface itself

is uG, see Fig. 2. Then the boundary condition for the normal

velocity of liquid at the liquid–vapour interface reads:

rl ~ul �~n� uGð Þ ¼ jm;

where rl is the liquid density. Expressions for evaporation

flux, jm, and normal interfacial velocity, uG, are specified

below. A condition of the stress balance at the liquid–vapour

interface is used to obtain boundary conditions for the pres-

sure and tangential velocity:

T �~nð Þl � T �~nð Þg ¼ �g r �~nð ÞG~nþ g0T rGTð Þ; ð2Þ

where T is the full stress tensor; g is the interfacial tension of
the liquid–vapour interface, g0T is the derivative of the inter-

facial tension with the temperature; rGT is the surface

gradient of temperature, r �~nð ÞG is the divergence of the

normal vector at the liquid–vapour interface, which is equal

to the curvature of the interface. Calculating a dot-product of

(2) and the tangent vector~t (see Fig. 2) and neglecting the

viscous stress in the gas phase we deduce the boundary

condition for thermal Marangoni convection, which deter-

mines the tangent component of the velocity vector. Calcu-

lating a dot-product of (2) and the normal vector ~n (see

Fig. 2) and neglecting normal viscous stress in gas phase

we obtain boundary condition for pressure in liquid at the

liquid–vapour interface.

Since there is no penetration at the solid surface, the

normal flux of vapour at the vapour–solid interface is zero:

rc �~n ¼ 0;

where c is the molar concentration of the vapour in the air;

and ~n is the unit vector, perpendicular to the solid–vapour

interface.

Although we neglect convective terms in diffusion equa-

tions for the vapour phase, we leave vapour velocity at the

derivation of the boundary conditions at the liquid–vapour

interface in order to derive boundary conditions even for the

case when the convection cannot be neglected. It is interest-

ing that in the end the vapour velocity is cancelled out from

the resulting boundary conditions for diffusion equation.

We consider the air phase as the mixture of vapour and

dry air. Note that due to mass conservation law mass flux of

vapour perpendicular to the liquid–vapour interface in the

vapour phase should be equal to the mass flux of liquid

perpendicular to the interface in the liquid phase:

jm ¼ rl ~ul �~n� uGð Þ
¼ rv ~ug �~n� uG

� �� Dvapour in airrrv �~n; ð3Þ

Density of the mass flux of the dry air, jm, air, in the air at

the liquid–vapour interface:

jm; air ¼ rair ~ug �~n� uG
� �� Dair in vapourrrair �~n ¼ 0;

ð4Þ

where rv and rair are densities of vapour and dry air, respec-
tively; D is the diffusion coefficient; ~ul and ~ug are velocity

vectors of liquid and gas, respectively; uG and~n are shown in
Fig. 2. Note that flux of dry air across the interface is assumed

to be zero. As the air under consideration includes more than

one species of molecules, then the mass flux for each species

in the air phase consists of two components: convective part,

r~ug, and diffusive one,Drr. Flux in the pure liquid includes
only a convective term, rl~ul. Fluxes are considered relatively
to the liquid–vapour interface in the direction, normal to the

interface. The latter results in an additional term: � ruG. Let
us adopt the following assumptions.

Assumption 1: rg ¼ rair þ rv ¼ const. This assumption

results in

rrair ¼ �rrv: ð5Þ

Assumption 2:

Dair in vapour ¼ Dvapour in air ¼ D: ð6Þ

After substitution of (5) and (6) into (3) and (4) and

simple algebraic manipulations we arrive to an expression

for the density of the mass flux across the liquid–vapour

interface, jm, as a function of molar vapour concentration,

c, in the air:

jm ¼ �Drrv �~n
1� rv rg

. ¼ �Drc �~n
1 M= � c rg

. ; ð7Þ

where the following relation has been used: rv ¼ cM, M

is the molar mass of an evaporating substance (water).

G

uG n

t

liquid

gas

jm = jc×M

Fig. 2 Notations at the liquid–vapour interface. G is the liquid–vapour

interface; uG is the normal velocity of the interfaceG in direction of normal

unit vector~n (from the liquid phase to the gaseous one);~t is the unit vector,
tangent to the interface G; jm is the mass flux across the interface G
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Equation 7 connects the evaporation flux, jm, with both the

gradient of vapour concentration in the normal direction and

the concentration itself. On the other hand, the rate of mass

transfer across the liquid–vapour interface is given by the

Hertz-Knudsen-Langmuir equation [22, 23]:

jm ¼ b

ffiffiffiffiffiffiffiffiffiffi
MRT

2p

r

csatðTÞ � cð Þ; ð8Þ

where b is the mass accommodation coefficient (probability

that uptake of vapour molecules is occur upon collision of

those molecules with the liquid surface); R is the universal

gas constant; T and c are the local temperature in K� and

molar vapour concentration at the liquid–vapour interface,

respectively; csat is the molar concentration of saturated

vapour. Molar concentration of saturated vapour is taken as

a function of a local temperature and local curvature of the

liquid–vapour interface according to Clausius-Clapeyron

[24] and Kelvin [26] equations.

Combining (7) and (8) we obtain a boundary condition

for diffusion equation (1) at the liquid–vapour interface:

�Drc �~n
1 M= � c rg

. ¼ b

ffiffiffiffiffiffiffiffiffiffi
MRT

2p

r

csatðTÞ � cð Þ:

At the axis of symmetry (r=0) the following boundary

conditions are satisfied:

@ c

@ r

����
r¼0

¼ 0;
@ T

@ r

����
r¼0

¼ 0;
@ uz
@ r

����
r¼0

¼ 0; urjr¼0 ¼ 0;
@ p

@ r

����
r¼0

¼ 0;

where ur and uz are radial and vertical components of the

velocity vector, and p is the hydrodynamic pressure.

At the outer boundary of the computational domain

values of temperature, T1, and vapour concentration, c1,

are imposed.

In our computer simulations we assume that the droplet

under consideration retains spherical-cap shape in the course

of evaporation, and contact line is pinned (L=const). Then

knowing the total mass evaporation flux, Jm ¼ R

G
jm dA (dA

is the element of area of the interface G), we can calculate

the normal velocity of the liquid–vapour interface, uG, at any

point of the interface:

uG ¼ �Jm

p rl L
2
� z

zþ D zð Þ � nz þ r � nr �
1þ cos y
1� cos y

;

where D z ¼ L � cos y sin y= ; y is the contact angle; nr and nz
are radial and vertical components of the vector ~n, respec-

tively, shown in Fig. 2; the origin of cylindrical coordinates

(r, z) is supposed to be at the point of intersection of axis of

droplet symmetry and the liquid–solid interface (Fig. 1).

Results and Discussion

Computer simulations are performed using commercial soft-

ware COMSOL Multiphysics.

Computer simulations show that due to small size of the

system under consideration diffusive fluxes from the liquid–

vapour interface into the surrounding air dominate over

convective ones. As the droplet size decreases, the domina-

tion of diffusion becomes stronger. Thus for water droplets

of the size less than one micron the diffusive mass transfer

(vapour in gas) is stronger than convective one by more than

one order of magnitude. This result proves the validity of

neglecting convective fluxes in gas phase and using only

diffusion. Note for relatively big droplets (1 mm) the Peclet

number is small and the convection can be neglected also

[24].

The described above model has been validated against

available experimental data [18] and results of computer

simulations of diffusion limited evaporation [24], which

were performed earlier for millimetre sized droplets. There

is no disagreement with previous results [24] detected. Com-

puter simulations show that the variation of mass accommo-

dation coefficient, b, almost does not affect the value of

evaporation flux for millimetre sized droplets, which con-

firms the insignificance of kinetic effects for millimetre sized

droplets.

For a water droplet of one micron size the influence of

mass accommodation coefficient, b, on the evaporation flux

is already distinctly pronounced, which shows that kinetic

effects come into play for droplets of submicron size.

For the rest of results presented here the value of b is

taken as 0.5, which is the average experimentally measured

value of b for water according to [22].

Comparison of the total evaporation flux, Jc, calculated

with the present computer model and that calculated with the

purely diffusive model of evaporation [24] shows that it is

difficult to see any difference between these two values at

the scale of droplet sizes ~1 mm.

It is well known that in the diffusive model of evaporation

the total evaporation flux, Jc, is linearly proportional to the

droplet size, L. However, according to the kinetic model of

evaporation the evaporation process is limited by the rate of

molecules transition from liquid phase to the gaseous one.

That means that total evaporation flux, Jc, in kinetic model is

proportional to the area of the liquid–vapour interface, or Jc
~L2. As we have already seen, the kinetic effects come into

play when the size of the droplet is in the micrometers range.

Therefore, in order to see the quadratic dependence (Jc~L
2)
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we have to select L less than 1 mm (see Fig. 3). These plots

demonstrate that results of the present computer simulations

are different from linear dependences which are typical for

diffusive model of evaporation.

In order to check that obtained dependences represent

smooth transition from quadratic dependence (kinetic

model) to linear one (diffusive model) we plotted the fol-

lowing quantity: d ln Jcð Þ d ln Lð Þ= , which represents the

power n of the dependence Jc~L
n (see Fig. 4). Figure 4

shows that the power n increases from 1.2 and approaches

2 as L decreases from 1 mm. The latter shows that Jc is

tending to be proportional to L2 as the size of the droplet

decreases below 1 mm, which means that evaporation flux

becomes proportional to the area of the liquid–vapour inter-

face. On the other hand, while the size of a droplet increases

from 1 mm to 1 mm, the power n reaches its stationary value

of 1 (see Fig. 4), which indicates that Jc becomes propor-

tional to the droplet perimeter, as it should be in a purely

diffusive model of evaporation.

There is a low limit of L, where the above consideration

can be applied. This limit is determined by the range of

surface forces action, which is usually around 0.1 mm [20].

Below this limit the whole droplet is in the range of surface

forces action and there is no spherical part any more even on

the droplet’s top (microdroplets according to [20]). Evapo-

ration in the latter case should be very much different from

the presented above.

Figure 5 shows the influence of kinetic effects on depen-

dence of normalized evaporation rate, Jc/Jc(y=90�), on con-

tact angle, y. In fact, the dependence for L=10–3 m,

presented in Fig. 5, coincides with the well-known depen-

dence obtained by Picknett and Bexon [27] for isothermal

diffusion-limited evaporation of sessile or pendant drops in

still air. Dependence for L=10–6 m is already slightly

different from that for diffusion-limited evaporation. For

yet smaller droplets (L=10–8 m) this difference becomes

distinctively noticeable. Thus, according to our computer

simulations, the normalized evaporation rate, Jc/Jc(y=90�),
increases faster with increasing contact angle for smaller

droplets as compared with bigger droplets.

Conclusion

Computer simulations of sessile small droplets of water are-

performed. Present model combines diffusive and kinetic

models of evaporation. Results of modelling show a smooth

transition between different regimes of evaporation

corresponding to diffusive and kineticmodels of evaporation.

The dependence of droplet’s evaporation rate on droplet

size and contact angle is studied. It is shown that for large

droplets (millimetre-size) the present model of evaporation

is a pure diffusive model of evaporation. However, when the

droplet size decreases down to around 1 mm or smaller, the

evaporation is affected by kinetic processes, and kinetic

Fig. 3 Dependence of total molar evaporation flux, Jc, on the droplet

size, L, for purely diffusive model of evaporation (dashed lines) [24],
and for present computer model of evaporation (solid lines); b=0.5;
relative air humidity is 70%

Fig. 4 Dependence of quantity d ln Jcð Þ d lnLð Þ= on the droplet size, L,
for the present model of evaporation; b=0.5; y=90�; relative air hu-

midity is 70%. The insertion shows the same dependence, but for L<
1 mm

Fig. 5 Dependence of normalized evaporation rate on contact angle, y.
b=0.5; relative air humidity is 70%
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theory at the liquid–vapour interface (Hertz-Knudsen-Lang-

muir equation) must be applied together with the diffusion

equation of vapour in the air.

The vapour concentration at the liquid–vapour interface

is in between its saturated value and its ambient value

according to the presented model. The latter drives both

the vapour diffusion and the process of molecules transfer

from the liquid phase to the vapour phase. As a result the

evaporation rate according to our model is always lower than

the evaporation rate given independently by either pure

diffusive or pure kinetic models of evaporation.

The presented model can be applied for evaporation of

any other pure simple liquids, not water only.
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Viscosity of Rigid and Breakable Aggregate Suspensions Stokesian
Dynamics for Rigid Aggregates

R. Seto1, R. Botet2, and H. Briesen1

Abstract Suspensions of rigid aggregates have been inves-

tigated by Stokesian dynamics. In our recent work (Seto R,

Botet R, Briesen H. Phys Rev E 84:041405, 2011), the

motions of freely suspended aggregates in shear flows were

determined by considering the force and torque balance, and

forces and moments acting on the contact points within

aggregates were also evaluated. Here, by comparing the

obtained results with a bond strength between particles, the

sustainable sizes of the aggregates under shear flows have

been estimated, which leads to a viscosity-shear rate rela-

tion. Our method allows us to see not only the power-law

shear thinning for fractal aggregates but also some devia-

tions due to the finite-size effects.

Introduction

Particles suspended in a fluid affect the viscosity. Fluid flow

is disturbed by such particles, which causes an increase of

the viscosity. If particles are individually dispersed, the

viscosity of the dilute limit of the suspension depends only

on the volume fraction of the particles. If the particles are

aggregated, the viscosity depends on the sizes and structures

of the aggregates as well. We consider the situation where

the total number of primary particles in the system remains

constant. In this case, the flow disturbance per aggregate

increases due to its increasing size, while the number density

of aggregates decreases. Therefore, the apparent viscosity is

determined by the efficiency of the structure to disturb flow.

Furthermore, the aggregates can be broken or restructured by

an applied flow [1–11], which eventually may cause non-

Newtonian behaviour.

When particles interact with each other by only hydro-

dynamic forces, the shear-rate dependence of suspension’s

viscosity is explained by the contribution of Brownian mo-

tion and the formation of microstructures [12–14]. In this

case, the ratio between applied flow and thermal agitations,

i.e. Péclet number, is the major parameter to determine the

behaviour. However, in this paper, we consider a different

situation in which particles are aggregated due to bonding

forces, and hydrodynamic forces may break them up. Here,

the contribution of Brownian motion is neglected because it

is less important for larger aggregates at lower shear rates. In

this case, the competition between hydrodynamic force and

bond strength is expected to determine the sustainable size

of aggregates and as a result the viscosity. In general, the

estimation of the sustainable size of aggregates under flows

is not simple. In our previous work, the restructuring of

colloidal aggregates has been studied by DEM simulation

with the free-draining approximation [15–17]. There it has

been shown that aggregates feature a rigid rotation regime

under a lower shear-rate, and a restructuring regime above a

certain shear rate. If new bonds are generated between newly

contacting particles, the aggregates can become more robust

by forming multi-linking structures. However, in this work

we focus on hydrodynamic interactions, so a highly idea-

lized condition is assumed to determine the sustainable size

of aggregates. Shear thinning due to the breakup of fractal

aggregates has already been shown by Wessel and Ball [18].

They applied Einstein’s equation to aggregates suspensions

using the radii of gyration Rg of fractal aggregates in place of

radii of spheres. By estimating the sustainable maximum

sizes of brittle aggregates under shear flows, they found a

power-law dependence in the increment of the relative

viscosity for the shear rate, i.e. D�r � _g�ð3�DfÞ=3.
In this work, we have studied the dependence

of the viscosity on structure and size of aggregates by

employing Stokesian dynamics (SD) [19–21] for more
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detailed hydrodynamic interactions. By using the force-

torque-stresslet (FTS) version of SD, the forces, torques,

and stresslets acting on particles are approximately related

to the velocities and angular velocities in a shear flow. In

our recent work, we showed a method to determine the

motions of force- and torque-free rigid aggregates in

shear flows without simulating their time-evolution [22].

Though this method cannot deal with deformation or restruc-

turing of aggregates, it allows one to evaluate the hydrody-

namic response of specific sizes and structures with little

computational effort. In this work, we have extend the meth-

od to evaluate the viscosity of aggregate suspensions by

using the relation between stress and viscosity given by

Batchelor [23]. As a demonstrative example, we have used

a simple breakup criteria where the forces and moments

acting on the contact points within aggregates are compared

to a bond strength between particles. Using this simple

criterion is a strong idealization especially for a moment

load at the contact points. Instead of instant breakup, mutual

rolling may be more appropriate [24–26]. However, the

benefit of the presented approach is that it avoids time-

evolution simulations which should be necessary for inves-

tigating mutual rolling.

The characterisation of contact forces is one of the im-

portant issues in colloidal science, so many observations

have been reported over the recent years [27–31]. We have

evaluated the sustainable size of fractal-like aggregates by

using an experimental result from the literature and deter-

mined the shear-rate dependence of their viscosities.

Viscosity of Particle Suspension

The viscosity �0 of a Newtonian fluid is seen in the relation

between shear stress t and shear rate _g for simple shear-flow

conditions, i.e. t ¼ �0 _g. If particles are dispersed in the fluid,
the flow disturbances caused by them result in an increase of

the viscosity. When interparticle interaction and Brownian

motion can be neglected, the influence of the particles

appears as an additional term nS [23];

t ¼ �0 _gþ nS ð1Þ

where S is strength of the stresslet tensor S acting on a

particle, and n is number density of the particles. By using

the relative viscosity �r, the apparent viscosity is given as

�=�0�r. So, the increment of �r is written as

D�r � �r � 1 ¼ nS

�0 _g
: ð2Þ

For the dilute limit, the stresslet S can be evaluated by the

analytical solution of the Stokes equations for a single-sphere

system. When a sphere moves with a velocity U and angular

velocity V in a linearly changing flow U1ðrÞ ¼ U1þ
V1 � r þ E1r, the hydrodynamic interactions, i.e. the

drag force F, torque T and stresslet S, are given by

F ¼ �6p�0aðU � U1ðrÞÞ;
T ¼ �8p�0a

3ðV�V1Þ;
S ¼ 20

3
p�0a

3E1;

ð3Þ

with first relation being known as Stokes’ law.

Since the inertia of colloidal particles is negligibly small

and the kinetic energy of particles is easily dispersed by the

viscous solvent, the force and torque are minimized by the

motion, i.e. the translation and rotation just follow the im-

posed flow;

ðU; OÞ ! ðU1ðrÞ; O1Þ ) ðF;TÞ ! ð0; 0Þ: ð4Þ

The stresslet S is not cancelled by any motion and remains

finite. In a simple shear flow U1ðrÞ ¼ _gzex, the non-zero

elements of stresslet are given by Sxz ¼ ð10=3Þp�0a3 _g.
By substituting this result into (2), the standard Einstein’s

equation is obtained:

D �r ¼
10

3
pna3 ¼ 5

2
f; ð5Þ

where the volume fraction f�n�4/3pa3 is used for the last

expression.

Viscosity of Aggregate Suspension

If particles are aggregated, Einstein’s equation (5) is not

applicable. Here, we consider the dilute limit of strongly

aggregated suspensions, i.e. primary particles are rigidly

connected within an aggregate, and the distance between

the nearest aggregate is so large that the hydrodynamic

interaction can be evaluated for isolated aggregate.

The increment of the relative viscosity for aggregate

suspensions can be written as follows;

D�r ¼
n0hSagi
�0 _g

; ð6Þ

where hSagi is the averaged value of the stresslets acting

on single aggregates, and n0 is the number density of the
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aggregates. When the structures of the aggregates are as-

sumed to be rigid, the total force Fag, torque Tag and stresslet

Sag
1 are given by a 11�11 resistance matrix Rag [22, 32];

Fag

Tag

Sag

0

@

1

A ¼ �Rag

Uag � U1ðr0Þ
Vag �V1

�E1
ag

0

@

1

A: ð7Þ

The matrix Rag can be determined from the grand resis-

tance matrix of SD with the constraint of the rigid structure.

Since the relative velocities between any two particles within

a rigid aggregate are zero, the lubrication correction of SD are

less important. But, it rather can cause errors due to the two-

body solution applied at the inside of the aggregate, where the

external flow can be weakened by the particles [33]. This is

why, the lubrication correction is omitted in this work.

We consider the small-inertia limit to estimate the motion

of the aggregates. There, (Fag, Tag)=(0,0) should be satisfied

as in the previous section. By solving (7) with the force- and

torque-free conditions, the motion of an aggregate (Uag,

Vag) is determined [22]:

Uag ¼ U1ðr0Þ � R�1
ag

� �

US
Sag;

Vag ¼ V1 � R�1
ag

� �

VS
Sag;

ð8Þ

where the subscripts US and OS indicate the submatrices of

the inverse of the resistance matrix that relate U and S, and

V and S, respectively. The motion given by (8) is referred to

as the torque-balanced motion. Simultaneously, the stresslet

Sag acting on the aggregate is also determined;

Sag ¼ R�1
ag

� �

ES

� ��1

E1: ð9Þ

We studied different types of randomly structured aggre-

gates. The clusters are generated by three types of numerical

models, i.e. reaction-limited hierarchical cluster-cluster ag-

gregation (CCA), diffusion-limited particle-cluster aggrega-

tion (DLA) and the Eden growth model (Eden) [34]. At the

large limit, the fractal dimensions Df of the generated aggre-

gates expected to be 2.04, 2.5 and 3, respectively. Figure 1

shows the averages and standard deviations of the radius of

gyration Rg
2.2 In this paper, the averages and standard devia-

tions have been taken at the log scale over 256 samples at

each size N¼2m, m¼3, . . ., 10. As seen in the plots, CCA

clusters follow a power law Rg / N1=df , and the fitting value

of df�2 is close to the literature value [34], i.e. Df�2.04.

However, for small sizes DLA and Eden clusters show some

deviations from power-law behaviour. The DLA and Eden

models yield more open-structured configurations. For small

clusters, this effect cannot be neglected, so that the estimated

fractal dimensions appear to be smaller. In order to deal

with fractal-like clusters with such a finite-size effect, a

power-law relation cannot be assumed a priori.
Here, an example is shown as a demonstration for the

torque-balanced motion. Figure 2 represents the drag forces

acting on particles within a CCA cluster of N=256, which is

the projections for the 3D positions and forces of the parti-

cles in the xz plane. In this work, we have used the numerical

library developed by Ichiki [35] for obtaining it.

The N dependence of the stresslet for the three types of

aggregates have been obtained as shown in Fig. 3, where the

strength Sag is obtained by S2ag � ð1=2ÞPj;k S
2
jk. It is worth

noting that the stresslet growth for the CCA clusters follows

the expected relation; Sag � ð10=3Þ p�0 _gR3
g. In any cases,

three-parameter fittings with (l, k, l) have been applied for

the average values in order to capture the deviations from the

asymptotic behaviour for small N:

Sag ¼ 10

3
p�0a

3 _gkNl el= log N; ð10Þ

This functional formcorresponds to the use of logSag=l log
N+C+l/log N instead of the linear form log Sag=l log N+C.
The averages have been taken over 256 samples at each size,

but not over the different orientations for each sample. The

obtained interpolating functions are shown by the lines in

Fig. 3, and the values of the fitting parameters obtained are

given in Table 1.

We consider a situation where the number density of the

primary particles n is conserved in a suspension. Then the

2

5

10

20

50

8 16 32 64 128 256 512 1024

CCA
DLA

Eden

N

R
g

Fig. 1 N dependence of the radius of gyration Rg for CCA (red disk
and solid line), DLA (blue box and dashed line), and Eden (black circle
and dotted line) clusters. The averages and standard deviations are

taken over 256 samples

1 The bold italic symbol for stresslet implies the five independent
elements of the symmetric traceless tensor: S�(Sxx, Sxy, Sxz, Syz, Syy).

2 The radius of gyration is defined by R2
g � ð1=NÞPi ðrðiÞ � r0Þ2
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number density of aggregates n0 satisfies n ¼ Nh in0, where
Nh i is the average number size of aggregates. If the suspen-

sion can be considered as consisting of monodisperse aggre-

gates i.e. Nh i ¼ N, the N dependence of D�r is obtained as

follows:

D �r �
nhSagi
N �0 _g

� 5

2
fkNl�1el= logN ð11Þ

The viscosity does not depend on the shear rate as long as

the size of aggregates is unchanged.

Shear Thinning of Rigid and Breakable
Aggregate Suspensions

In this section, we consider a possible scenario to demon-

strate shear-thinning behaviour by introducing some

assumptions. We have examined the disturbance of flows

by aggregates of a certain size and structure and the viscos-

ities of their suspensions as a result. Conversely, hydrody-

namic forces can cause a change in aggregate size and

structure. The determination of final size and structure

under a shear flow requires a time-evolution simulation by

coupling discrete element method and Stokesian dynamics,

which is out of the scope of this paper. Here, we only

consider the an idealized case where the size is determined

by simple criteria and the structure remains unchanged.

If an aggregate does not have any no loop structure, the

forces and moments acting on the contact points can be

determined by considering the equilibrium conditions [22].

The number of the contact points within aggregates gener-

ated by the fractal models is always N�1, so no loop can be

formed. Even if it had a few loops, a single linked junction

may cause breakup of the aggregate [36]. In that case, the

following argument is applicable.

The total force and torque are zero for the torque-bal-

anced motion, so the equilibrium conditions for the forces

and moments acting on each contact point a=1, . . ., N�1 are

x

z

Fig. 2 The arrows show the drag forces acting on the primary particles within a CCA cluster (N=256) at the torque-balanced motion. The

projected spheres on xz plane appear to overlap, but they do not in the original 3D structure indeed

N

S
ag

  
 a
F

0

10

100

1000

10000

8 16 32 64 128 256 512 1024

CCA
DLA

Eden

Fig. 3 Strengths of the stresslet tensor Sag � ð1=2Þ Pj;k S2jk

� �1=2
for

CCA (red disk and solid line), DLA (blue box and dashed line), and
Eden (black circle and dotted line) clusters are shown, which is normal-
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satisfied. Thus, the forces and moments can be determined.

The obtained results are decomposed into the four mechani-

cal modes; normal elongation force F
ðaÞ
elong, sliding force F

ðaÞ
slid,

bending moment M
ðaÞ
bend, and torsional moment M

ðaÞ
torsion. Only

the elongation forces and bending moments have been con-

sidered here, because experimental data are only available

for these two modes [30, 31]. When the maximum force or

moment reaches the bond strength, the most stressed con-

nection is expected to be broken. Therefore, the maximum

values are important to estimate the sustainable size of

aggregate under a shear flow. The N dependence of the

maximum bending moment is shown in Fig. 4. The averaged

values of max(Felong) and max(Mbend) for N are fitted by the

following relations with three fitting parameters (z, B, C);

max
a

F
ðaÞ
elong=F0

D E
¼ CelongN

zelongeBelong= logN; ð12Þ

max
a

M
ðaÞ
bend=aF0

D E
¼ CbendN

zbendeBbend= logN: ð13Þ

We introduce the critical number-size Nc(_g). Under a shear
flow of shear rate _g, the aggregates larger thanNc(_g) are broken,
but the smaller ones remain. The criteria of Nc(_g) is given by

comparing the maximum force and moment for contact points

with a given bond strength. The bond strength is assumed to be

characterized by a critical elongation force FNc and a critical

bending moment MBc. So, Nc(_g) is determined by

Ncð _gÞ ¼ min Nelong
c ;Nbend

c

� � ð14Þ

where Nelong
c and Nbend

c satisfy the following equality, respec-

tively;

max
a

F
ðaÞ
elong=F0

D E
Nelong
c

� � ¼ FNc=F0; ð15Þ

max
a

M
ðaÞ
bend=aF0

D E
Nbend
c

� � ¼ MBc=aF0: ð16Þ

We need an additional assumption for the relationship

between the critical number-size Nc( _g) and the average size

of aggregates Nh i in a sheared suspension. The average

size Nh i is assumed to be proportional to the critical num-

ber-size Nc( _g), so that Nh i ¼ hNc _gð Þ. The proportionality

constant h depends on the breakup and aggregation mecha-

nism, i.e. restructuring and bonding condition, and so forth.

In this work h is assumed to be unity. This considers the

idealized case that fragmentation and restructuring processes

eventually result in aggregates with just the critical size.

Finally, the shear-rate dependence of the relative viscosi-

ty �r can be obtained. The bond strength is taken from

experimental observations by using optical tweezers [30,

31], i.e. FNc=10 pN and MBc=30 pN·mm for a=735 nm of

PMMA particles. The solvent is water, so the viscosity and

density are �0=10
�3 Pa·s and r0=1,000 kg/m

3, respectively.

We have examined the range of shear rate from

_g ¼ 0:1s�1 to 2000s�1, which corresponds to the particle

Reynolds number Re � r0a
2 _g=�0 from 10�7 to 10�3. As

seen in Fig. 5, the critical-number size decreases monoto-

nously with the shear rate. At the highest shear-rate, the critical-

number size reach to the order of 10, which corresponds to

Table 1 Fitting parameters for the N dependence of the stresslet Sag
given by (10)

l k l

CCA 1.48 0.75 0.16

DLA 1.33 2.01 �1.14

Eden 0.97 8.49 �2.74
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Fig. 4 The N dependence of the maximum bending moment for CCA

(red disk and solid line), DLA (blue box and dashed line), and Eden

(black circle and dotted line) clusters are shown, which are normalized

by aF0¼ 6p�0a
3 _g. The interpolating lines are given by (13)
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Fig. 5 The shear-rate dependence of the critical-number size Nc( _g) are
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=10 pN, and the thick lines are given by the moment criterion (16) with

MBc=30 pN mm. The cross points between two regimes are indicated by

the vertical lines
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the minimum size used in this work. For larger aggregates, the

breakups are caused by the bending-moment criteria (15), but

for smaller aggregate they are caused by the elongation-

force criteria (16). The volume fraction is chosen ’=0.04,

which leads to D�r=0.1 for the dispersed system [see (5)].

By using (11), the expected value of D�r are obtained as

shown in Fig. 6. The open structured large aggregates cause

a large increase of the viscosity. But, such aggregates are

fragmented to smaller and smaller sizes by increasing the

shear rate, which shows a shear-thinning behaviour. The

shear thinning of CCA clusters follows a power law well

and the exponent was about �0.3, which agrees with the

result of Wessel and Ball [18], i.e. �(3�Df)/3��0.3 for

Df�2.04. For Eden clusters, the Newtonian behaviour pre-

dicted by �(3�Df)/3�0 for Df�3 is also seen at the lower

shear-rate but it ends up with the shear thinning at the high

shear rate which is brought by elongation forces. But it is

worth noting that, even if the bending criteria remains at the

higher shear rate, a similar shear thinning behaviour is seen,

which is explained by the less compactness of smaller Eden

clusters. The shear-rate dependence for Nc (Fig. 5) and D�r
(Fig. 6) were demonstrated by choosing a particular set of

parameters here. More generic plots might be obtained by

introducing a dimensionless quantity representing the ratio

between shear rate and bond strength, such as 6p�0a
2 _g=FNc

or 6p�0a
3 _g=MBc. However, as we used a particular experi-

mental parameter set from [30, 31], we limit ourselves to the

particular case.

In the above evaluation, rigidity is assumed for the structure

of aggregates, which maximizes the flow disturbance. Howev-

er, for larger aggregates, elastic or/and plastic deformation can

reduce the viscosity increase. Such deformation may also

cause the consolidation of the aggregates, which requires

more precise breakup criteria. Moreover, the idealized break-

up criteria cannot capture the case that the aggregate are not

split into two part by breakup of one bond due to the steric

hindrance, which is expected for more compact clusters.
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Neutron Reflection at the Calcite-Liquid Interface

Isabella N. Stocker1, Kathryn L. Miller1, Seung Y. Lee1, Rebecca J.L. Welbourn1, Alice R. Mannion1, Ian R. Collins2,
Kevin J. Webb2, Andrew Wildes3, Christian J. Kinane4, and Stuart M. Clarke1

Abstract The calcite-liquid interface is of great importance

in many industrial and academic situations. In this paper,

this interface is investigated using the powerful method of

neutron reflection. Experimental approaches to overcome

the challenges of surface roughness, cleanliness and mineral

dissolution have been developed. Based on this protocol, the

interfaces of calcite with the liquids water, toluene and

heptane have been characterised successfully. Hence

this study allows the technique of neutron reflection to be

expanded to the investigation of mineral surfaces.

Introduction

Calcium carbonate (CaCO3) is of great industrial importance

owing to its abundance and non-toxicity. Applications in-

clude paper whitening and lubrication. Prevention of scale

formation in domestic and industrial appliances is desirable.

The interaction of calcite with biomolecules is also central to

the study of sea creature shell formation and related species

[1, 2]. Predictably CaCO3 is the subject of extensive

research, yet to our knowledge this important surface has

not been addressed systematically by the technique of neu-

tron reflection [3]. This technique can provide molecular

level resolution of the surface structure normal to the inter-

face and has been demonstrated to be a major asset in the

study of adsorbed layers, most particularly at the air-liquid

and solid–liquid interfaces [4]. In recent years many impor-

tant systems have been studied using neutron reflection,

however, in the study of solid–liquid interfaces, these mea-

surements have been dominated by studies on silicon/silica

[5–7] or alumina [8, 9] and rather few other solid substrates

have been exploited.

The most stable polymorph of CaCO3 under room tem-

perature and pressure is calcite, shown in Fig. 1 [11]. Large,

essentially perfect crystals with well defined crystal faces

that are ideal for the reflection technique can be obtained of

this polymorph. Here, we focus on the most stable (104)

face, shown as the shaded area in Fig. 1.

CaCO3 is slightly soluble in water with a solubility of

3.7�10�9 mol dm�3 under standard conditions [12, 13].

The dissolution of CaCO3 is coupled to pH and prevalent

carbon dioxide pressure (PCO2) as listed in Table 1. Similar

speciation reactions occur at the surface in contact with

water. It can be shown that CaCO3 dissolution increases

with increasing PCO2 and/or decreasing pH. In the absence

of added acid or base, solutions saturated with CaCO3 reach a

different equilibrium pH depending on the amount of CO2

present. In the absence of CO2 dissolution is minimal with an

equilibrium pH of 9.91 whereas dissolution increases and the

pH reaches 8.23 in equilibrium with atmospheric CO2 (3.5�
10�4 atm). The pH is therefore a key indicator of the equilib-

rium state of the system.

In order to control both surface speciation and surface

roughness, a parameter linked to dissolution and of crucial

importance in neutron reflection, PCO2 and pH need to be

controlled carefully.

Neutron Reflection Theory

The details of the neutron reflection technique can be

found elsewhere, e.g. [4]. Here the general approach is out-

lined. The geometry of a neutron reflection experiment is

illustrated in Fig. 2. In specular reflection, of interest here,

the incident angle yi is equal to the reflected angle yf and
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the scattering is elastic. Specular reflection provides insight

into the structure normal to a surface. Off-specular reflection

(yf 6¼ yi) can be used to extract in-plane structural informa-

tion in some situations and will not be discussed further in

this report [15].

The momentum transfer of specularly reflected neutrons,

qz, is defined by

qz ¼ kf�ki

qzj j ¼ 4p sin y
l

ki and kf are the wave vectors of incident and reflected

neutrons respectively and l is the wavelength. In a typical

neutron reflection experiment, the variation of reflected inten-

sity with qz is measured. In a time-of-flight experiment, the

angle of incidence is fixed and the variation in intensity with

wavelength is considered. The different wavelengths are de-

termined by the time the neutron takes to travel between a

start point and the detector. Alternatively yi can be swept at

constant l, the so-called monochromatic mode.

Neutron reflection can be treated in an analogous way to

the reflection of visible light. A neutron refractive index of

non-absorbing materials can be defined as:

n ¼ 1� l2r
2p

where r is the scattering length density (SLD) of the material,

essentially the variable that identifies how strongly a com-

ponent scatters neutrons. It is defined as

r ¼
P

bcoh
vM

where vM is the molecular volume and bcoh the coherent

scattering length, a nuclear property that varies across the

periodic table and even between isotopes. Typical values of

r of relevance to this study are given in Table 2.

‘Contrast variation’ takes advantage of the variation of

scattering length between isotopes of the same element [16].

Of particular importance in soft matter studies are the differ-

ent neutron scattering abilities of hydrogen and deuterium.

The scattering power of the solvent can be tuned by appropri-

ate combinations of heavy and light solvent (e.g. H2O and

D2O, D=2H) while the chemical behaviour is essentially

unaffected. For example, the contrast of hydrogenated sol-

vent is particularly useful to highlight the calcite substrate

roughness whereas contrast-matched solvent (a mixture of

light and heavy solvent thatmatches the SLD of the substrate)

allows identification of any adsorbed layers. The advantages

of deuterated solvent are ease of alignment, short count times

and the ability to probe both substrate roughness and

adsorbed layers simultaneously. The combination of all

three contrasts aids in providing a unique structural solution

[16]. Note that in the presence of adsorbed organic molecules

the possibilities of contrast variation increase substantially as

various combinations of contrast-varied solvent and contrast-

varied adsorbate become available.

Neutron reflectivity data analysis relies on fitting the

calculated reflectivity profile from a model structure of

the interface to the experimental data. The calculated reflec-

tivity is compared to the experimental data and structural

parameters varied until a best fit between calculated and

experimental data is obtained.

In the optical matrix method the interface is divided into

layers with defined thickness and composition [17]. Reflec-

Fig. 1 Calcite cleavage rhombohedron; [10] oxygen-red, carbon-

black, calcium- blue (images generated using CrystalMaker1)

Table 1 Solution reactions of calcium carbonate in water with respec-

tive equilibrium constants [12–14]

CaCO3 ⇌ Ca2++CO3
2� Ksp=3.7�10�9 M

H2CO3⇌ HCO3�+H+ Ka1=2.50�10�4 M

HCO3
� ⇌ CO3

2�+H+ Ka2=5.61�10�11 M

CO2(g) ⇌CO2(aq) kH=29.76 atmM�1

CO2(aq)+H2O ⇌ H2CO3 Kh=1.7�10�4 M�1

H2O ⇌H++OH� KW=1.0�10�14 M

Fig. 2 Reflection geometry in a neutron reflection experiment; ni, nt
refractive indices of bulk phases, ki, kf wave vectors of incident and

reflected neutrons, yi, yf, yt angle of incidence, reflection and transmis-

sion respectively
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tion is considered from each interface and the reflectivity

determined from interference of all reflected signals. Each

layer can be represented by a characteristic matrix:

Mi ¼ cos bi � i
pj

� �
sin bi

�ipj sinbi cos bi

" #

where pj = nj sin yj and bi the phase shift neutrons undergo as
they are transmitted and reflected in the layer. The matrix of

the system is then given by the product of the characteristic

matrices of all layers:

M ¼
Yi

0

Mi

Finally the reflectivity of such a system can be calculated

from:

R ¼ M11 þM12psð Þpa � M21 þM22ð Þps
M11 þM12psð Þpa þ M21 þM22ð Þps

����

����

2

Experimental

Materials

Calcite Single Crystals

Calcite crystals of high optical clarity (Iceland Spar) were

purchased from Moussa Direct Ltd. and cut by Crystran Ltd.

The crystals were of either cuboidal or rhombohedral shape

with sizes of 30�30�10 mm3 to 40�40�10 mm3.

Solvents

D2O (98.5% deuteration) has been obtained from the ISIS

and ILL deuteration facilities. d8-toluene, d4-methanol and

d16-heptane (all 99% deuteration) were purchased from

Sigma-Aldrich and used without further purification.

Polishing

Calcite can readily be cleaved to expose the (104), (�114)

and (0–14) faces. However cleavage is not suitable to obtain

large atomically flat areas as required for neutron reflection.

Thus polishing of the crystals is necessary but complicated

by the relatively soft nature of calcite. Calcite has a Moh’s

hardness of 3, whereas, for comparison, silicon and sapphire

have a hardness of 7 and 9 respectively [14]. Hence obtain-

ing calcite surfaces suitable for neutron reflection poses a

challenge. In order to achieve minimum roughness as re-

quired for neutron reflection, two polishing procedures and

cleaving of the crystals were assessed. In polishing proce-

dure A the crystals were smoothed using silicon carbide and

finished with 1 mm diamond paste. In procedure B, under-

taken by Crystran Ltd., the crystals were smoothed with

aluminium oxide and finished with colloidal silica [18].

The surface roughness was determined with profilometry

and atomic force microscopy (AFM), as discussed below.

Prior to running a crystal on the neutron source it is also

convenient to perform an initial X-ray reflection experiment

to confirm the surface roughness. In this way only the best

crystals can be prepared for the neutron experiment. All

crystals finally used for neutron reflection experiments

were polished by Crystran Ltd. using procedure B.

Sample Cleaning

The solubility of CaCO3 discussed above poses the difficulty

of cleaning the sample of surface impurities, as most con-

ventional cleaning methods prior to a neutron reflection

experiment require strong acid (e.g. concentrated nitric

acid or piranha solution) which would badly roughen the

calcite surface or even dissolve the crystal. Instead, calcite

crystals were cleaned by UV/ozone treatment using a Novas-

can PSD-UV4 and plasma treatment using a Diener FEMTO

plasma system. The effectiveness of the two methods was

assessed by X-ray photoelectron spectroscopy (XPS). As

discussed below, UV/ozone treatment for 10 min was the

most effective method and has been applied for all future

measurements immediately before mounting of the crystals

in the sample cell [3].

Control of Surface Dissolution

Even slight dissolution of the sparingly soluble calcite can

have a detectable effect on surface roughness. To control

dissolution, water pre-saturated with CaCO3 was used. This

has been prepared stirring powdered CaCO3 (Sigma-

Aldrich, �99%) with H2O and D2O in a closed bottle for

1 day. The final pH/pD was around 9.9 as expected for a

Table 2 Scattering length densities of selected compounds

Material r(10�6 Å�2)

H2O �0.56

D2O 6.40

CaCO3 4.70

d8-toluene 5.66

d4-methanol 5.80

d16-heptane 6.30
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saturated solution in a closed system (no exchange with

atmospheric CO2). Total organic carbon analysis revealed

no organic carbon present in water saturated with the CaCO3

used (TOC=�0.03 � 0.07 ppm). Water contrast-matched to

calcite (CMW) contained a mixture of D2O and H2O in the

ratio 0.765:0.235 v/v. Saturated water will be referred to as

H2O(sat.), D2O(sat.) and CMW(sat.) respectively.

Sample Cells

Design: The sample cell was designed specifically for this

experiment to create a solid–liquid interface for neutron

reflection. A key issue is to provide a good seal to obtain

an effective solid–liquid contact and contain the liquid even

in a vertical alignment without fracture of the reasonably

fragile calcite crystals. The calcite crystals were clamped

between a PTFE trough and an o-ring set into a clear Perspex

lid by three bolts, as illustrated in Fig. 3 below. The edges of

the PTFE trough were chamfered to improve the seal for the

larger crystals by an increase in the local pressure. Three

independently adjustable spacers were used to ensure an

even pressure. The o-ring was visible through the clear

plastic lid and used to help ensure even compression of the

cell. This was particularly important with the larger calcite

crystals. Later modifications of the cell used a square ring so

that the clamping pressure could be applied more neatly over

the edges of the crystal, rather than at the centre of the crystal

which tended to crack the crystals. The liquid cell volume

was minimised to reduce use of deuterated solvents and

varied from 2.7 ml for the smallest crystals to 4.8 ml for

the largest crystals.

Cleaning: All PTFE troughs and glassware were cleaned

in concentrated HNO3 (Sigma-Aldrich, �69%) for 6–12 h

and washed with copious amounts of ultra pure water. Steel

cells, plastic lids and spatulas were cleaned in Decon 90 for

6–12 h before copious washing with ultra pure water.

Reflection Measurements

Neutron Reflection measurements were performed at the instru-

ments CRISP at the Rutherford Appleton Laboratory, U.K., and

at the instrument D17 at the Institut Laue-Langevin, France.

Detailed description of the instruments can be found in refer-

ences [19, 20]. The sample geometry at CRISP was horizontal

and vertical at D17. Where selected samples were repeated,

excellent agreement was found between the two devices.

All samples were aligned using the highly scattering

contrast of deuterated solvent. The vertical set-up at D17

allowed in-situ sample changes between different contrasts.

At CRISP the sample holder had to be removed from the

goniometer for sample changes. However, it was found that

the alignment was still highly repeatable. This proved to be

particularly useful for the contrast of contrast-matched water

since alignment was complicated by the low reflected inten-

sity. We are hence moderately confident that the very weak

reflection from this contrast is a genuine indication of the

absence of significant adsorbed material. During sample

changes, the cell was rinsed three times with the subsequent

solution to ensure complete exchange of the liquid.

Reflectivity was recorded in time-of-flight mode on both

devices. Data was normalised by measuring the direct beam

so that the reflectively can be calculated directly. The beam

resolution (Dl//l) on CRISP was 4.06% for all qz. On D17,

it was 1% for qz < 0.02 Å�1 and 4% for qz > 0.02 Å�1. At

D17 the background was subtracted by taking into account

scattering recorded on either side of the specular reflected

signal on a two-dimensional detector. At CRISP no back-

ground was subtracted but was included in the data analysis

routines. The data was analyzed using the software RasCAL.

Results and Discussion

Preliminary Investigations

Sample Size

Neutron reflection requires a reasonably large surface area

(ideally at least 4�4 cm) to minimize count times and maxi-

mize the signal-to-noise ratio. The sample size is limited,

however, by the transmission of the sample to the neutrons.

Fig. 3 (a) Illustration of a single cell and its mounting arrangements

and (b) cross-section through a cell illustrating the calcite crystal, the

PTFE trough and liquid showing the neutron beam path
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For a calcite crystal of 30 mm length the transmission was

found to be 87% (Fig. 4). Crystals of path length 30–40 mm

are therefore considered to be ideal for neutron reflection

experiments.

Roughness

Neutron reflection requires smooth surfaces for maximum

resolution. Cleaving of the crystals produced locally atom-

ically flat areas (data not shown) but separated by visible

cleavage steps. While a cleaved surface would be ideal for

reflection owing to cleanliness and roughness, it was impos-

sible to seal cells containing crystals with cleavage steps and

an alternative polishing procedure was established, as de-

scribed above. Figure 5 shows profilometry height scans of

polished surfaces over a length of 2 mm. The root-mean

square roughness (RMS) is defined as

RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn

i¼1

y2i

s

where n is the number of data points and yi the height at

distance i. The RMS over a length of 2 mm in polishing

procedure A was 12.5 nm (solid line in Fig. 5), unacceptably

large for neutron reflection. Polishing procedure B (dotted

line in Fig. 5) produced a RMS of 6.2 nm. Since profilometry

is only a crude measure this representative crystal was fur-

ther investigated by AFM, see Fig. 6, and a RMS of 30 Å

could be confirmed. This roughness is still high relative to

silicon or alumina, reducing the useful q-range to q<

0.2 Å�1. Yet it is sufficiently low to characterise the bare

calcite-liquid interface as well observe adsorption of suffi-

ciently thick layers. The polishing procedure has since been

improved further and neutron reflection proved roughnesses

in the range 7–45 Å with generally lower values in later

experiments.

Evaluation of Surface Cleanliness

Polished calcite crystals were cleaned by plasma and UV/

ozone treatment respectively and the thus achieved cleanli-

ness compared to a freshly cleaved surface assessed using

XPS. The XPS data is shown in Table 3 and indicate that the

as received crystal contained a significant amount of impu-

rities. However, both the Plasma and UV treated samples

show reductions in the impurity levels of adventitious car-

bon. Even the sample freshly cleaved in air shows evidence

of some impurities. The XPS data suggest that plasma treat-

ment was less successful in removing adventitious carbon.

Surprisingly, it also appeared to give rise to the presence of

aluminium and fluorine. Although their origin is not well

understood it is likely that aluminium will originate from

contamination in the plasma cleaner. Fluorine may be pres-

ent as trace element in the calcite. The 10 min UV/ozone

treatment generated very similar sample cleanliness as the

cleaved surface. Extending the exposure to 45 min had an

adverse effect which is thought to arise from the generation

of an activated surface that is more reactive toward atmo-

spheric organic impurities. Hence we conclude that 10 min

UV/ozone treatment is appropriate for cleaning calcite

surfaces in preparation of a neutron reflection experiment.

Calcite-Water Interface

The reflectivity of a bare crystal in the two contrasts of H2O

(sat.) and D2O(sat.) are shown in Fig. 7. The profiles

were fitted with the scattering length density parameters

expected for calcite, H2O and D2O (see Table 2) and very

reasonable agreement was found between the expected and

experimental data. A roughness of 22 Å was included in the

Fig. 4 Transmission of neutrons through (▪) 12 mm and (○) 30 mm

thick calcite crystal as a function of neutron wavelength

Fig. 5 Profilometry results of polished crystals: solid line finished with
diamond paste (shifted by 70 nm for clarity); dotted line finished with

colloidal silica
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model. There was no evidence of a hydrocarbon layer at the

interface in the contrasts of H2O(sat.) and D2O(sat.) and

essentially no reflectivity was observed in contrast-matched

water. Note that the rough interface could equally be repre-

sented by a calcite substrate with 3 Å roughness and a 30 Å

thick layer consisting of 60% calcite and 40% water, We

conclude that this data shows that it is possible to achieve

neutron reflection from the calcite-water interface.

Several other CaCO3 crystals have also been investigated

with these contrasts. In general, their reflectivity is very

similar to that given in Fig. 7 differing predominantly in

the level of roughness, which can be as low as 7 Å and as

large as 45 Å.

Calcite in contact with saturated water is not expected to

dissolve as the water phase already contains equilibrium

concentrations of all species mentioned in Table 1, although

there should be a dynamic equilibrium at the surface. Indeed,

Fig. 8 illustrates that there is no change in reflectivity be-

tween scans immediately after exposure to saturated water

and after 20 h exposure. Hence we conclude that there is

minimal surface dissolution under these conditions. Both

reflectivity profiles of this crystal could be fitted with the

expected scattering length densities of calcite and water. In

this case the fitted roughness was 45 Å.

Surface ‘healing’ of a cleaved calcite surface in contact

with super-saturated water had been observed by X-ray

reflectivity [21]. While the experimental conditions have

been repeated here (data not shown) no evidence of signifi-

Table 3 XPS analysis of calcite surface after various cleaning procedures, all values in atom-percent

Ca 2p O 1s C 1s (carbonate) C 1s (adventitious) Al 2p F 1s N 1s Na 1s Fe 2p

As received 12.7 43.7 15.6 28.0 0.0 0 0 0 0

Cleaved 16.1 54.5 19.6 8.8 0.0 1.0 0 0 0

Plasma, 10 min 7.4 56.7 7.3 12.9 11.9 2.0 1.6 0 0.2

Plasma, 45 min 0.6 57.8 0.0 14.2 23.7 1.9 1.6 0 0.2

UV/ozone, 10 min 15.3 55.2 19.7 8.6 0.0 0.8 0 0.4 0

UV/Ozone, 45 min 13.9 52.0 18.0 14.5 0.0 1.1 0 0.5 0

Fig. 6 AFM image of polished

calcite surface, RMS roughness

30 Å

Fig. 7 Neutron reflectivity profiles of bare crystal inH2O (○) andD2O (▪).
Solid lines are fits based on the expected scattering length densities of calcite
and water, with a roughness of 22 Å
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cant reductions in roughness was observed. It was previously

shown that cleaved and polished calcite surfaces can behave

quite differently: in a X-ray reflection study of the calcite-air

interface Bohr et al. demonstrated that a water film deposited

from vapour was twice as thick on the rougher polished

surface [18]. This may explain why no surface ‘healing’

was observed on the polished crystals whereas it has been

reported on cleaved samples [21].

The equilibria in Table 1 suggest that little dissolution

should occur in water with basic pH. Indeed, no increase in

surface roughness has been observed in the neutron reflec-

tion data after exposure to water of pH 10.2 without added

CaCO3 (data not shown). We conclude that the calcite sur-

face is stable under conditions predicted from the bulk

solution phase equilibria.

In contact with pure water (pH 6.5) for 2 h, the surface

roughness was found to increase from 10 to 33 Å (data not

shown). From the bulk phase equilibria (Table 1) dissolution of

1.2�10�4 mol/L CaCO3 is required for equilibrium in absence

of CO2 (the situation in the closed neutron reflection cell).

Previous AFM studies showed that calcite dissolution proceeds

via etch pitch formation at localised defect sites rather than

dissolution of a uniform layer [22, 23]. An increase in rough-

ness, as observed here, is therefore considered appropriate. The

experimental finding agrees particularly well with a previous

AFM study of the dissolution of polished calcite in pure water

[22]. The authors report a linear increase in surface roughness

during the first 60 min of exposure, increasing from about 10 to

30 Å [22]. The roughness then stayed roughly constant before

decreasing slightly. This behaviour was attributed to the surface

roughness increasing up to a point where the entire surface was

covered in etch-pits so that further dissolution caused the

roughness to stay constant or decrease if etch-pits started to

merge [22]. However this reduction was only of the order of a

few Å and may be within the error of the experiment and was

not observed in our study. Specular neutron reflection has very

poor lateral resolution but very high vertical resolution.

The excellent agreement between the two studies provides

confidence in the model and the validity of the technique of

neutron reflection from the calcite-water interface [22].

Lastly, the behaviour of the calcite surface under acidic

conditions (pH 4.8) has been investigated (reflectivity data

not shown). Here, the roughness increased significantly with-

in the first 40 min contact time and continued to rise more

slowly until the experiment was terminated, as illustrated in

Fig. 9 and Table 4. The change in dissolution rate corre-

sponds well to that observed by Bisschop et al., as discussed

above, albeit under slightly more acidic conditions [22].

Calcite-Oil Interface

The interface between calcite and hydrophobic solvents has

also been investigated. While surface dissolution is not a

problem in contact with organic solvents, the volatility and

viscosity of the solvents poses additional technical chal-

lenges. The hydrophobic character of the PTFE trough

means that cells containingwater could be sealed by applying

only moderate pressure. It was found that significantly higher

pressure was required to seal cells containing hydrocarbons,

increasing the risk of fracture of the fragile crystals. To

circumvent this problem, the PTFE troughs were chamfered

to achieve a locally higher pressure. In addition, the o-ring in

the initial set-up was exchanged by a square ring as the

compression base so that the clamping pressure could be

Fig. 8 Neutron reflectivity profile of calcite-D2O(sat.) interface at 0 h (▪)

and 20 h (□) contact time

Fig. 9 Increase of RMS roughness with time, for a calcite crystal in

contact with water at pH 6.5. The dotted line is a guide to the eye

Table 4 RMS roughness as function of pH and contact time

Water conditions Contact time/min Substrate roughness/Å

Saturated water 100 10�4

Pure water (pH 6.5) 100 33�5

Acidified water (pH 4.8) 40 48�4

70 49�4

100 51�4

130 56�4
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applied more neatly over the edges of the crystal and

PTFE trough. Using these measures, it was possible to

record reflectivity curves from the interface of calcite with

hydrocarbon solvents, as illustrated in Fig. 10. The

corresponding fitting parameters are summarised in Table 5.

In all cases the calculated scattering length densities are as

expected from the literature. Figure 10c illustrates the effect

of a cell leak in a horizontal sample alignment. The squares

were recorded after some solvent has leaked andwas replaced

by a thin layer of air which caused the reflectivity to lift in

comparison to a sealed sample cell. Increasing the clamping

pressure was sufficient to seal the sample and a reflectivity as

expected from d4-methanol could be recorded (circles). Since

the scattering length densities of air and hydrogenous materi-

al are similar (close to or equal to zero), leaking of the cell and

displacement of liquid with air has the same effect as adsorp-

tion of a hydrogenous layer. In the study of adsorption at the

solid–liquid interface leaking of the cell has hence to be

eliminated. The sample cells were designed such that the

clamping pressure required to seal the cells effectively can

be set at the beginning of the experiment. The sample is then

run in absence of adsorbing species to verify that no leaking

occurs at the set clamping pressure so that later changes in

reflectivity is presence of solutes can reliably be attributed to

adsorption of hydrogenous material.

Conclusions

Here we have presented the neutron reflection from the

calcite/water interface. The experimental data are shown to

be in good agreement with that expected from the composi-

tions of the materials present suggesting that the measure-

Fig. 10 Neutron reflectivity profiles of (a) calcite #1/d8-toluene; (b) calcite #3/d4-methanol (○) and calcite #3/air/d4-methanol after cell leak

(□); (c) calcite #2/d16-heptane; calculated reflectivity shown as solid lines

Table 5 Fitting parameters

Solvent SLD/10�6 Å�2 Substrate roughness/Å Thickness of air layer/Å Roughness of air layer/Å

d8-toluene 5.60�0.03 10�2 n.a. n.a.

d16-heptane 6.23�0.03 19�2 n.a. n.a.

d4-methanol 5.74�0.04 20�2 n.a. n.a.

d4-methanol (after leak) 5.74�0.03 23�3 150 �10 58�5
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ments are a good representation of the system. In addition

we have been able to address the key issues that

enable these measurements to be made such as crystal

size, cleanliness and roughness: The CMW contrast is

a sensitive measure of impurities at the interface and

suggest good cleanliness. The roughness is sufficiently

small so that adsorbed layers can be identified and charac-

terised. Further work is underway to improve this aspect and

enhance the accessible q-range and resolution of the

measurements.
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Passive Microrheology for Measurement of the Concentrated
Dispersions Stability

Christelle Tisserand, Mathias Fleury, Laurent Brunel, Pascal Bru, and Gérard Meunier

Abstract This work presents a new technique of passive

microrheology for the study of the microstructural properties

of soft materials such as emulsions or suspensions. This

technology uses Multi Speckle Diffusing Wave Spectrosco-

py (MS-DWS) set-up in a backscattering configuration with

video camera detection. It measures the mean displacement

of the microstructure particles in a spatial range between 0.1

and 100 nm and a time scale between 10�2 and 105 s.

Different parameters can be measured or obtained directly

from the Mean Square Displacement (MSD) curve, includ-

ing a fluidity index, a solid–liquid balance, an elasticity

index, a viscosity index, a relaxation time and a MSD slope.

Using this technique the evolution of the microstructure,

the restructuring after shearing and the variation of the

viscoelastic properties with temperature or pH can be

measured allowing the physical stability of emulsions or

suspensions to be forecasted.

This work focuses on the evolution of the viscoelastic

properties of emulsions and suspensions to follow their stabil-

ity over time and shows the advantages of using a non-invasive

method to detect nascent destabilisation of the microstructure.

Introduction

For many years, soluble polymers have been routinely added

to emulsions and suspensions in order to improve their

stability in respect of creaming or sedimentation. These

polymers give these concentrated dispersions gel-like beha-

viour, leading to viscoelastic properties. Formulators need to

characterize these new products as they have new rheologi-

cal properties such as consistency, spreadability, shape sta-

bility, workability or physical stability. Thus it is crucial to

characterize the rheological behaviour using properly

adapted techniques. Microrheology is a new domain of rhe-

ological methods studying viscoelastic behaviour of soft

matter such as suspensions, emulsions, gels, colloidal dis-

persions at the micron length scale.

The optical method used in passive microrheology

involves measuring the mean displacement of constituent

particles (or droplets, fibres or crystallites contained in the

material) as a function of time. This raw data provides

information on the viscoelasticity of the sample when ana-

lysed appropriately. This technique enables the analysis of a

product at rest (with zero shear), it is a non contact measure-

ment (the product is not denaturated), the sample being

monitored versus ageing time.

Experimental Set-up

Measurements

Measurements were performed using a Rheolaser Lab

Diffusing Wave Spectroscopy instrument (Formulaction,

France). It consists of Dynamic Light Scattering (DLS)

extended to an opaque media. DLS is a well known method

monitoring Brownian motion of particles in a diluted

media in order to determine the particle size. In a DWS

experiment (more precisely Multi Speckle-DWS in this

case) [1, 2], a fixed coherent laser beam is applied 170 mm

from the sample containing scaterrers (particles, droplets,

fibers. . .). The sample is contained in a cylindrical glass cell

of 20 mL with a 25 mm diameter. The light is multiply-

scattered many times, by the particles into the sample, which

leads to interfering backscattering waves (Fig. 1). An inter-

ference image called a ‘‘Speckle image’’ is detected by a

multi-pixel detector. In dynamic mode, the scatterers motion

(resulting from thermal energy kbT with kb being the Boltz-

man constant, and T the temperature) induces spot move-

ments of the speckle image [3]. A patented algorithm [4]
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enables the treatment of this speckle image in order to

determine the scatterers mobility in terms of speed and

displacement which are directly related to the samples vis-

coelastic properties. The MS-DWS technique enables the

measurement of the viscoelasticity of samples by the micro-

rheology method presented in the following chapter.

Experimental Systems

Emulsion

Oil-in-water emulsions were prepared at room temperature.

The initial step consists in preparing a crude polydisperse

emulsion, the so-called premixed emulsion. It is obtained by

incorporating the dispersed phase (vegetal oil) under gentle

manual mixing into a mixture of water, salt, surfactant

(Tween 20) and preservative (potassium sorbate). The pre-

mixed emulsion is comprised of 50% oil, 2% surfactant, 1%

NaCl in volume. An Ultraturrax (rotor stator mixer, speed

24,000 min�1) was used to fragment the premixed emulsion

to reduce the average diameter and obtain a lower degree of

polydispersity. The average droplet size is 2 mm. The next

step consists in preparing xanthan solution at 1% w/w.

Sodium chloride is added to help the polymer to extend the

chains. Then the emulsions are diluted with the xanthan

solution to adapt a final volume fraction of 20% for the

emulsion and variable concentrations for the xanthan poly-

mer (0.12%, 0.15%, 0.25%, 0.40%). The mixture is then

immediately sampled in a 20 mL glass cell and introduced

into the instrument for analysis.

Paint

Commercial paints were analysed, described by the supplier

as a classic one and a non-drip one (Tollens). The non drip

one is presented as a paint containing higher amount of

polymer, improving the elasticity of the system.

Microrheology Theory

Microrheology [5] consists of using micron sized particles to

measure the local deformation of a sample resulting from an

applied stress or thermal energy (~kbT). When microrheol-

ogy measurements are performed using an applied stress to

displace the particles (optical tweezers, magnetic field), the

method is called active microrheology. When microrheol-

ogy measurements are performed by measuring the displace-

ment of particles due to the thermal energy, that is to say

the Brownian motion, the method is called passive micro-

rheology [6].

The instrument used to perform this work uses the passive

approach. The measurement is done at rest as no mechanical

or external stress is applied. The unique force used to dis-

place the particles is thermal energy which may be 1012

times lower than macroscopic mechanical stress provided

by a rheometer.

The treatment of the speckle pattern with a patented

algorithm enables the plotting of the Mean Square Displace-

ment (MSD) of the particles versus decorrelation time. Dec-

orrelation time is the observation time scale: initially (short

time scale) the particle movement probes the solid compo-

nent of the sample (elasticity) and then (longer time scales)

the liquid component (Fig. 2).

There are two types of motion, Brownian and Ballistic,

Brownian motion is diffusive which means that the particles

do not move in any particular direction but randomly move

everywhere within the available space. Thus the displacement

is measured as a squared distance (in nm2). It is a ‘‘mean’’

displacement because the displacement of many particles is

tracked simultaneously with only one measurement.

Figure 3 gives the typical shape of the MSD for a purely

viscous product: the MSD grows linearly with decorrelation

time as the particles are completely free to move in the

sample. This figure gives also the typical shape for the

MSD of a viscoelastic product (concentrated emulsion, poly-

mer solution with particles). Over very short observation

times, the particles are free to move in the continuous

phase. They are then blocked by their neighbours (or by

polymers), and the MSD reaches a plateau. This is charac-

teristic of the elasticity of the product, the lower the plateau,

the tighter the network, and the stronger the elasticity. Then,

at longer time scales, the scatterers are able to find a way to

escape from the ‘‘cages’’ formed by neighbouring particles

or polymers and the MSD grows as it would for a viscous

fluid. This is characteristic of the macroscopic viscosity, as it

corresponds to the speed of the particles in the sample.

In summary, the MSD is the viscoelastic fingerprint of the

analysed product (Fig. 4):

– The lower the elastic plateau, the stronger the elasticity,

the Elasticity Index corresponds to the inverse of the

MSD plateau value;

Fig. 1 Measurement principle (Multi-Speckle Diffusing Wave Spec-

troscopy)
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– The Solid–liquid Balance (SLB) corresponds to the MSD

slope at short decorrelation time: SLB=0.5 means that the

liquid and solid parts are equal, 0.5<SLB<1 means that

the liquid behaviour dominates, 0<SLB<0.5 means that

the solid behaviour dominates (gel behaviour).

– The longer the time needed by the particles to travel a

distance, means they have a lower particle speed and a

higher macroscopic viscosity, the Macroscopic Viscosity

Index (MVI) corresponds to the inverse of the slope of

MSD in linear scale. This MVI is linked to the well

known macroscopic viscosity in Pa.s.

From the MSD one can measure:

– The viscosity and elasticity indexes which are a simple

way of comparing the viscous and elastic behaviour of

similar products,

– Parameters such as relaxation time or macroscopic

viscosity,

– The elastic and viscous moduli G0 and G00. These can be

calculated using the Generalized Stokes Einstein relation

[7] by knowing precisely the particle size and assuming

the sample is homogeneous.

Results

Emulsion Stability

Emulsions are commonly used in food and cosmetic indus-

tries. Their shelf life is very important for the supplier and

also for the customer. Polymers are used to stabilize emul-

sions and provide them particular viscoelastic properties.

These properties drive several end use properties such as

physical stability or efficiency during use.

In this example, four emulsions with xanthan polymer are

analysed and the goal is to determine their physical stability

to rank them depending on this criteria. Xanthan is known as

a non-absorbing polymer, will play the role of a depletion

flocculent and create a transient gel with the emulsion [8].

The integrity of the gel persists for a finite period of time,

then the structure collapses suddenly, local fractures appear,

a percolation network forms then a denser creamed phase

forms. This phenomenon is called delayed creaming [9].

Figure 5 gives the MSD curves at different ageing times

for the sample with 0.12% xanthan. The measurements were

started just after sample preparation.

The MSD curves first move from long to short displace-

ment meaning an increase in the elasticity and from short to

long decorrelation time (meaning an increase in the viscosity)

(step 1). This step monitors the network flocculation and then

stabilisation. Then at one moment, the curves move towards

the left, linked to the sample destabilisation, the structure is

breaking (step 2). This is the beginning of microstructure

evolution.

The macroscopic viscosity index is directly obtained

from the MSD curves (Fig. 6). Its evolution shows a first

increase in step 1, then a drop corresponding to step 2. So

when the viscosity begins to decrease, the sample becomes

unstable at the microscopic scale. The drop of the viscosity

index appears later when the xanthan concentration

increases (Table 1). The more thickener is added to the

sample, the more the creaming is delayed.

Table 1 gives also the destabilisation times corresponding

to macroscopic destabilisation (eye observation). The micro-

Fig. 3 Mean Square Displacement (MSD) of purely viscous and

viscoelastic materials

Elasticity

MSD

tdec 

-

Macroscopic Viscosity

+-

+
Solid-Liquid Balance 

Fig. 4 Mean Square Displacement (MSD) as a viscoelastic fingerprint

Fig. 2 Viscoelastic behaviour over time
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scopic scale detects destabilisation phenomenon much earli-

er meaning that the microstructure begins to destabilize

before the sample changes at the macroscopic level. For

both methods, the more structured is the sample (the higher

is the xanthan concentration), the longer it is stable (the

longer is the viscosity drop time).

Paint Stability

Paints are mainly dispersions of pigments and binders

stabilized with a polymer. Depending on the formula and

polymer nature, the paint will be more or less stable and a

transparent layer will or will not appear on top when the user

opens the container.

The slope of the MSD at long decorrelation time provides

information on the nature of the motion: if the slope is equal

Step 1

Step 2

Fig. 5 MSD curves at different

ageing times for an emulsion with

0.12% xanthan
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Fig. 6 Macroscopic viscosity

index versus ageing time for all

emulsions

Table 1 Stability time for all samples measured with microrheology

(Extracted from Fig. 6)

Xanthan

concentration in

the emulsion (%)

Stability at the microscopic

scale (time before the MVI

drop) (h)

Macroscopic

stability (eye

observation) (h)

0.12 4.25 65

0.15 11 168

0.25 132 >864

0.40 1,008 >1,536
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to 1, the motion is brownian and if the slope is greater than 1,

the motion is ballistic. A ballistic motion corresponds to a

specific motion of the particles, which is not purely brow-

nian. Very often, the ballistic motion corresponds to sedi-

mentation or creaming phenomenon.

By examining the MSD slope versus ageing time, it is

possible to monitor stability. Figure 7 monitors the MSD

slope versus ageing time for both paints.

For the non-drip paint, the slope remains equal to 1 for

100 h, meaning that the particle motion is purely brownian.

The particles are completely stable in the paint. For the

classic paint, the slope increases after 60 h, meaning that

ballistic motion is occurring in the sample. The pigment

particles are settling toward the bottom, thus indicating the

initial time of destabilisation of the paint.

Conclusion

The microrheology method using MS-DWS enables the

viscoelasticity of soft matter to be characterized in real

time and linked to the desired end user properties. The

measurement is performed using a non-contact method

which enables sample analysis without the application of

an external stress. It has been demonstrated that the method

has promise as a way of monitoring physical stability. We

have seen that it can be applied to both emulsions and

suspensions.
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Microfiltration of Deforming Droplets

A. Ullah1,2, M. Naeem3, R.G. Holdich1, V.M. Starov1, and S. Semenov1

Abstract Control of permeate flux is important in micro-

filtration processes as it influences trans-membrane pressure

and fouling of a membrane. Particles of vegetable oil ranging

from 1 to 15 mm were passed through a 4 mm slotted pore

membrane at various flux rates. Various intensities of shear

were applied parallel to the membrane by vibrating the mem-

brane at different frequencies. At the lowest permeate flux

rate (200 lm�2 hr�1) the membrane fouled because the drag

force was too low to squeeze the deformable oil droplets

through the membrane. At higher flux rates the drag force

over the oil droplets increased and deformation, and passage,

of oil droplets into the permeate was possible. Without any

applied shear highest trans-membrane pressure was observed

due to fouling, which could be modelled by a pore blocking

model. A positive displacement pump was used in experi-

ments which maintained nearly constant flow of permeate.

Flux rates varied from 200 up to 1200 lm�2 hr�1, and the

highest shear rate used was 8,000 s�1. The experimental

system provided a simple technique for assessing the beha-

viour of the microfilter during the filtration of these deforming

particles.

Introduction

A variety of approaches have been adopted to reduce fouling

of a membrane used in microfiltration. For example, fouling

can be reduced and permeate flux increased with increasing

ionic strength of TiO2 [1]. Concentration is in other impor-

tant factor that influences fouling and permeate flux. The flux

rate of latex suspensions linearly decreased with increase in

its concentration [2]. Another study showed that increase in

concentration of bacteria suspension does not foul the mem-

brane [3]. Particle size does severely influence the fouling of

membrane. Keeping operating conditions constant the influ-

ence of particle size on membrane fouling was studied [4]. It

is found that retaining particles on the surface of a membrane

decreases the fouling effect, compared to retaining particles

inside the membrane [5]. Small membrane pores of are more

susceptible to fouling, due to not allowing particles to pass

through the membrane [6]. More recently, fouling has been

reduced by making a membrane surface hydrophobic, which

gave higher permeation flux rates [7]. Higher permeation flux

of hydrophobic membranes is due to the super-hydrophobic

and super-olephilic nature of oil [8].

Theory

There are a number of equations that may be used to corre-

late permeate flow rate and the required pressure drop

through a membrane: for example Hagen-Poiseuille and

Darcy’s law. For laminar flow they simply state that the

pressure drop required for the flow increases linearly with

the permeate flow rate. In all cases there is a constant of

proportionality that is a resistance term, or some form of

inverse permeability, for example:

J ¼ ko
1
DP þ R

ð1Þ

Where J is the permeate flux through the membrane, kois

the initial permeability of membrane, DP is the pressure

difference across the membrane and R is resistance to flow

from the membrane and its deposit. Assuming a blocking

model of filtration [9], then Rwill change with the amount of

material deposited on the membrane as follows:

R ¼ kocyt
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Where cis the concentration of dispersion in the permeate,

y is the blocking constant and t is filtration time.

Hence, the filtration pressure is related to the flux and

time by:

DP ¼ J

ko 1� cyJtð Þ ð2Þ

Resistance ‘‘R’’ to the flow of fluid is dependent on

concentration of particles (i.e. oil) in the emulsion, blocking

constant of the membrane, permeate flux rate and time.

Higher concentrations of oil would offer higher membrane

resistance to the flow of fluid. The blocking constant can be

related to the physical properties of the membrane and the

particles being filtered [9]:

y ¼ ðpbd��=4Þ
ðDmax

d��
f pðDÞdD ð3Þ

where f pðDÞis probability distribution function of particle

diameter, Dmax is maximum particle diameter and b is the

hydrodynamic specific surface force of interaction between

the surface of the membrane pores/slots and the particles [9].

The constant d** is assumed to be the diameter of pore/slot at

the start of the process when it is assumed to be completely

open, D is the diameter of particles/droplets that will cause

fouling (between d** and the maximum dispersed phase

size). Hence, y is the blocking constant and independent of

time for any given set of filtration conditions. The model

presented in (2) can be applied to circular and slotted pore

membranes with filtration of non-deforming particles. It may

be valid up to a point when filtering deforming oil drops; i.e.

where the passing of deformed drops through the membrane

may result in higher flux rates, or lower operating pressures,

than would otherwise be obtained when filtering solid (non-

deforming) particles. In addition, the model is one that

applies the full concentration of the dispersed phase (c)
and blocking constant (y) to the analysis. During conditions

of microfiltration applying shear at the membrane surface,

rather than dead-end filtration, then it could be argued that

either (or both) of these constants may be altered compared

to those obtained in the absence of shear.

Experimental

Material

The oil used was vegetable oil from a local supermarket

(EU Rapeseed from the Co-operative Group Ltd, UK). Silica

(SiO2) (Degussa AG, Germany) was used to enhance oil

droplet stability by decreasing the deformation of the

droplets when subjected to high trans-membrane pressure

during filtration, by increasing the interfacial tension be-

tween the oil droplet and water. Permeate flux was sucked

through the membrane by a peristaltic pump (RS 440–515,

UK). To measure trans-membrane pressure a sensitive pres-

sure transducer (HCX001A60, Farnell, UK) was used. Filtra-

tion experiments were carried out with a 4 mm slotted pore

size (Micropore Technologies Ltd, UK). This is an unusual

membrane filter design, as the pore is in the form of a slot and

it has no internal tortuosity: it is similar to an industrial

screen, but with a slot width of 4 mm and a slot length of

400 mm, see Fig. 1. Shear rates were applied on the surface of

membrane and membrane frequency was controlled through

a voltage controller (Deltra eteckronika 1464). For droplet

size distribution and concentration determination a Coulter

Multisier II (Coulter Counter, Coulter Electronics Ltd) was

used. A Coulter was used so that the concentration of droplets

within each size grade, or range, could be measured and it

was possible to deduce the full ‘grade efficiency’ curve for

each filtration.

Filtration

One to fifteen micrometre vegetable oil particles were pro-

duced with a food blender operated using its highest speed

for 12 min, a typical size distribution is illustrated in Fig. 2.

All filtration experiments were carried out using a 4 mm

Fig. 1 Image of the surface of a slotted pore membrane
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Fig. 2 Typical size distribution (cumulative mass undersized ‘‘m’’

versus droplet diameter ‘‘d’’) of the oil droplets produced
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slotted pore membrane attached to a vibrating arm activated

by an electromechanical oscillator. A replaceable membrane

was attached to the vibrating head using a hollow steel rod

that provided both structural support as well as the permeate

flow tube. Frequency and amplitude of the membrane

were controlled and were adjusted between 0–100 Hz and

0–10 mm, respectively. Vibration is produced in the vertical

direction that creates shear on the outer surface of the

membrane. Emulsion feed was contained outside of the

membrane and permeate was sucked, by a peristaltic pump

(a positive displacement type of pump enabling almost con-

stant flow rate conditions), and periodically collected in a

measuring cylinder, trans-membrane pressure was recorded

and the permeate returned to the feed tank. Trans-membrane

pressure is defined here as the difference in pressures

between the inside of the membrane and atmospheric pressure.

Filtration of vegetable/water oil emulsion was carried out

with, and with-out, vibration of the membrane using various

frequencies and flux rates. Before and after each run the mem-

brane was cleaned with 2% Ultrasil 11 and hot (50�C) filtered
water. At different trans-membrane pressures various flux rates

were obtained and compared with clean water flux rates at the

respective trans-membrane pressures. Equilibrium conditions

are those when trans-membrane pressures and flux rates do not

change with time. The membrane was vibrated vertically with

various frequencies and, due to it, different intensities of shear

rates were applied to the membrane. The effect of different

intensities of shear rates were studied at the different flux rates

using vibrating microfiltration rig see Fig. 3.

Results and Discussions

In all filtrations nearly constant flux was achieved, due to the

reason of using positive displacement pump. When membrane

fouling occurred, the permeate flux rate did not significantly

decline, instead it was the trans-membrane pressure that

increased, see Figs. 4 and 5.

Higher trans-membrane pressure was observed in the absence

of any surface shear (vibrations). A blocking model for the

microfilter appears to describe the performance adequately, at

least up until a threshold such as at 250 s for the 1,200 lm�2 h�1

permeate flux curve, see Fig. 5.

Fig. 3 Schematic view of vibrating microfiltration rig
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A considerable change in trans-membrane was observed with

applying shear rate (8,000 s�1) to the membrane. Shear decreases

fouling of the membrane, as can be seen by the lower trans-

membrane pressure obtained without shear illustrated by compar-

ing Fig. 6 with Fig. 5.

Conclusions

Trans-membrane pressure can be affected by applying shear

rate. Without shear higher trans-membrane pressure was

observed due to higher fouling of the membrane. At lower

flux rates deformation of oil droplets was lower and mostly

the droplets were retained on the surface of the membrane.

Under these conditions the trans-membrane pressure

increased linearly with time, in a conventional way that

may be expected during ‘constant rate’ filtration. However,

the concentration of material being filtered was low, hence

the increase in pressure is due to increased blocking at the

membrane surface, and not by the formation of a filter cake.

After a certain pressure drop is obtained, equating to an

increase in the local velocity of liquid flowing through the

pores that remain open on the membrane filter, then the oil

drops that can deform are squeezed through the pores from

the feed vessel and into the permeate. The blocking model is

no longer applicable under these conditions, as some of the

dispersed phase is now being sucked into the permeate and

no longer contributing towards the membrane blocking.

Applying shear to the membrane surface reduces the mem-

brane blocking and, therefore, the trans-membrane pressure

was lower. The reduction in blocking could be correlated

with increasing applied shear.
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Fabrication of Biodegradable Poly(Lactic Acid) Particles
in Flow-Focusing Glass Capillary Devices

Goran T. Vladisavljević1,2, J.V. Henry1, Wynter J. Duncanson3, Ho C. Shum4, and David A. Weitz3

Abstract Monodisperse poly(dl-lactic acid) (PLA) particles

with a diameter in the range from 12 to 100 mm were fabri-

cated in flow focusing glass capillary devices by evaporation

of dichloromethane (DCM) from emulsions at room tempera-

ture. The dispersed phase was 5% (w/w) PLA in DCM con-

taining a small amount of Nile red and the continuous phase

was 5% (w/w) poly(vinyl alcohol) in reverse osmosis water.

Particle diameter was 2.7 times smaller than the size of the

emulsion droplet template indicating that the particle porosity

was very low. SEM images revealed that the majority of

particle pores are in the sub-micron region but in some

instances these pores can reach 3 mm in diameter. Droplet

diameter was influenced by the flow rates of the two phases

and the entry diameter of the collection capillary tube; droplet

diameters decreased with increasing values of the flow rate

ratio of the dispersed to continuous phase to reach constant

minimum values at 40–60% orifice diameter. At flow rate

ratios less than 5, jetting can occur, giving rise to large

droplets formed by detachment from relatively long jets

(~10 times longer than droplet diameter).

Introduction

Microspheres composed of biodegradable polymers have

been used for the encapsulation and controlled release of

hydrophilic and hydrophobic drugs [1], ultrasound and

molecular imaging [2], cell cultivation in tissue engineer-

ing [3], fabrication of scaffolds for bone tissue repair

applications [4], fabrication of composite coatings for im-

plantable devices [5], etc. The most commonly used bio-

degradable synthetic polymers for these applications are

poly(lactic acid), PLA, and poly(lactic-co-glycolic) acid,

PLGA, since they both have favourable properties such as

good biocompatibility, biodegradability, and mechanical

strength [1, 6].

PLA particles are usually produced via single emulsion

route shown in Fig. 1a. In this process, a mixture of PLA and

volatile organic solvent is emulsified in the aqueous surfactant

solution. The second step involves solvent evaporation or

extraction, resulting in shrinkage of the droplets and formation

of a coherent solid particle as shown in Fig. 1b. These particles

are suitable for encapsulation of hydrophobic drugs [7].

The PLA droplets shrank during solvent (DCM) evapo-

ration, as demonstrated in Fig. 1b. In this figure the average

emulsion droplet diameter was 64 mm and the resulting

particle diameter (at the right-hand edge of Fig. 1b) was

24 mm, which agrees well with theoretical value of 64/2.7=

24 mm calculated on the assumption of complete solvent

evaporation and zero particle porosity.

Precision generation of drops is a crucial step in fabrica-

tion of PLA particles because monodisperse particles can

only be produced from monodisperse droplets. Conventional

methods for production of PLA particles based on spray

drying [8] or homogenization in a stirred vessel or high-

pressure homogenizers result in polydisperse particles. For

example, Straub et al. [8] have produced PLGA particles

with a mean size of 2.3 mm using a spray dryer at

20 mL min�1 emulsion flow rate, but the particle size in

the product was in the range between 1 and 10 mm. Mono-

disperse particles are favourable in drug delivery and ultra-

sound imaging applications, because particles behave

homogenously, ensuring a predictable release rate profile

and acoustic response. Several drop-by-drop methods have

been used in production of PLA and PLGA microspheres,

such as ink-jet printing [9], direct and pre-mix membrane
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emulsification [7–10], extrusion through a nozzle under

acoustic excitation [11] and flow focusing in PDMS micro-

fluidic devices [12]. However, these methods either produce

particles with high coefficient of variations or are expensive

to build and to operate. For example, coefficient of varia-

tions of particle sizes for PLGA particles produced by direct

membrane emulsification was 7–16% [8]. Using repeated

pre-mix membrane emulsification, the mean particle size of

around 1 mm was achieved but the span of size distribution

was 0.7 [10]. The purpose of this study is to fabricate

inexpensive glass capillary devices, developed by Utada

et al. [13], shown in Fig. 2, so that highly uniform PLA

microspheres may be produced economically.

Materials and Methods

Glass capillaries of inner diameter 580 mm and outer diameter

1 mm were pulled using a Sutter Instruments model P-97

micropipette puller to obtain a tapered tip. Each tip was sanded

smooth to obtain an orifice with an entry diameter of 60–

280 mm, followed by surface modification with 2-[methoxy

(polyethylenoxy)propyl]trimethoxysilane (Gelest Inc.). These

capillaries with hydrophilic coating were then inserted and

glued in the centre of a square glass tube (AIT Inc.) of

1.05 mm inner dimension. The oil phase was 5% (w/w) poly

(dl-lactic acid) (Polysciences Europe GmbH, molecular

weight=15,000 gmol�1) in dichloromethane (DCM) contain-

ing small amount of Nile red dye (Sigma-Aldrich). The role of

dye in our preparation was to easily observe the position of the

interface between the organic and aqueous phase in the device

because Nile red is insoluble in water. The viscosity and

density of the organic phase is 0.3631 mPa�s and 1.31 kg�
dm�3 respectively at 298 K. The aqueous phase was 5% (w/w)

polyvinyl alcohol (Sigma-Aldrich, 87–89% hydrolyzed) in

Milli-Q water. The interfacial tension between the two phases

was measured as 2.26 mN/m using a Krüss DSA-100 pendant

drop tensiometer. The both phaseswere delivered to the device

from gas tight syringes using separate Harvard Apparatus

PHD 22/2000 syringe pumps connected to 19-gauge needles,

as shown in Fig. 2a.

Flow optimization (through manually reprogramming

flow rates of both phases) was enabled by real-time visuali-

zation of emulsion formation using Phantom V5.1 high-

speed camera focused by an inverted microscope. The

images are obtained using high-speed video footage at

1,000–2,000 frames per second. Droplet diameters were

Form PLA/DCM
Droplet

Evaporate
DCM

Collect PLA 
Particle

100µm

a b

Fig. 1 Emulsion templating method for producing PLA microparticles. (a) Schematic diagram of process; (b) micrograph of emulsions

undergoing DCM evaporation
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Continuous phase
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Fig. 2 Experimental setup for the two-phase flow in a flow focusing configuration. (a) Visual representation of data collection; (b) enlarged view

of flow focusing zone in device, where droplets are formed
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measured using ImageJ v.1.44 software. Frames of the high-

speed video footage were taken to allow individual measure-

ment of the droplet diameters. Using this technique also,

stills were studied to characterize the drop generation behav-

ior and estimate drop generation rate.

Examples of the video footage gathered at 1,000 fps are

shown in Fig. 3. In this experiment, the flow rate of the

dispersed phase, Qd was set at 1.5 ml·h�1, the flow rate of

the continuous phase, Qc, was set at 13 ml·h�1 and the

resulting observed diameter of the droplets was d=156 mm.

The following mass balance equation can be used for the

dispersed phase: f = Qd/(d
3p/6), where f is the frequency of

drop generation. Putting d =1.56�10�4 m and Qd = 4.17�
10�10 m3/s into the above equation, one obtains 210 Hz

which is in good agreement with 206 Hz estimated from

the video recordings.

The fluid flow rates and device geometry has an impor-

tant effect on droplet size, as illustrated by the examples in

Fig. 4. In (a), the orifice size was made very small so as to

obtain relatively small droplets with a diameter of 33 mm
that can be converted into 12 mm particles after solvent

evaporation. In (b) and (c) the device was the same but

the flow rates were different, leading to different droplet

formation regimes. As can be seen in (d) collected droplets

are packed into regular hexagonal arrangements, evidence

of a high degree of monodispersity, with a coefficient of

variation of less than 2%.

In Fig. 5, the relationship between the dimensionless

droplet diameter, d/dorifice and flow rate ratio, Qc/Qd is

shown. There are two different regimes of droplet formation,

e.g. jetting and dripping. At low flow rate ratios, whereQc/Qd

< 5 jetting can occur, which gives rise to large droplets and

relatively long length jets prior to droplet detachment. At

jetting, jet lengths are ~10 times longer than droplet diameter

and the droplet diameter can be up to twice the diameter of

the orifice. In addition, droplets formed under jetting regime

are more polydisperse than droplets formed under dripping

regime. These regimes are commutative at Qc/Qd < 5, and

any small disturbance received by the system may either

cause or destroy long jetting breakup. The second feature of

Fig. 5 is that droplet diameters decrease with increasing

values of Qc/Qd to reach their respective minimum values

at 40–60% orifice diameter. At flow rate ratios between 5 and

15, droplets have the highest degree of monodispersity. At

Qc/Qd > 15, a second region of droplet formation from

extended jetting predominates; these extensional flows how-

ever, are not as long as those encountered atQc/Qd< 5, nor as

wide as those exhibited at these values; for this reason are not

subject to the same instability, but instead exhibit a tip

streaming regime, which is reflected in the smaller, more

polydisperse droplet diameters.

The polylactic acid particles have a high degree of

monodispersity and low degrees of attrition and porosity,

as shown in the optical and electron microscope images in

0 1 ms 2 ms 3 ms 4 ms 5 ms

200 µm

Fig. 3 Six consecutive frames of droplet production via dripping mechanism over the course of 5 ms. The drop generation frequency was 206 Hz

Fig. 4 Images of droplet formation under varying flow rates and

orifice size. (a) Qc = 0.5 ml·h�1, Qd = 0.003 ml·h�1, dorifice=60 mm,

d = 33 mm; (b) Qc = 5 ml·h�1, Qd = 1 ml·h�1, dorifice=130 mm, d =

100 mm; (c) Qc=6.5 ml·h�1, Qd=0.7 ml·h�1, dorifice=130 mm, d =

230 mm; (d) collected monodisperse droplets
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Fig. 6. The coefficient of variation of particle sizes in Fig. 6a is

2.3%. Examination of SEM images has revealed that

the surface of PLA particles was essentially non-porous with

a majority of pores in the sub-micron region but in some

rare instances these pores can reach 3 mm in diameter, as

shown in Fig. 6c.

Conclusions

The diameter of PLA/DCM droplets in flow focusing glass

capillary devices has been closely controlled by phase flow

rates and entry diameter of collection capillary tube. The

maximum emulsion and particle monodispersity was

achieved at flow rate ratios of continuous to dispersed

phase between 5 and 15; outside of this range, jetting during

the formation of emulsion droplets predominates, and is

accompanied by more polydisperse and for lower flow rate

ratios, larger droplet diameters. Particle diameters have been

established to be 2.7 times smaller than the emulsion dia-

meters. The resultant particles have low porosity, and are

highly monodisperse.
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J Membr Sci 310:484

11. Berkland C, Kim KK, Pack DW (2001) J Control Release 73:59

12. Xu Q, Hashimoto M, Dang TT, Hoare T, Kohane DS, Whitesides

GM, Langer R, Anderson DG (2009) Small 5:1575

13. Utada AS, Chu L-Y, Fernandez-Nieves A, Link DR, Holtze C,

Weitz DA (2007) MRS Bull 32:702

0.2

0.6

1

1.4

1.8

2.2

0 5 10 15 20 25 30 35

O
b

se
rv

ed
 D

ro
p

le
t 

D
ia

m
et

er
/ O

ri
fi

ce
 D

ia
m

et
er

Continuous/Disperse Flow Rate 

161 194 199 209

214 221 278Jetting

Dripping

Orifice Diameter (µm)

Fig. 5 Graph of droplet diameter/orifice diameter versus flow rate ratio, Qc/Qd, for a range of device internal orifice diameters: ◊=161 mm; ▪=
194 mm; ~=199 mm; �=209 mm; □=214 mm; �=221 mm; D=278 mm

Fig. 6 (a) Optical micrograph of 84 mm poly(lactic) acid particles; (b) scanning electron micrograph of 63 mm particles; (c) surface of a PLA

particle showing two micrometer-sized pores

114 G.T. Vladisavljević et al.
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Control over the Shell Thickness of Core/Shell Drops in Three-Phase
Glass Capillary Devices

Goran T. Vladisavljević1,2, Ho Cheung Shum3, and David A. Weitz4

Abstract Monodisperse core/shell drops with aqueous core

and poly(dimethylsiloxane) (PDMS) shell of controllable

thickness have been produced using a glass microcapillary

device that combines co-flow and flow-focusing geometries.

The throughput of the droplet generation was high, with

droplet generation frequency in the range from 1,000 to

10,000 Hz. The size of the droplets can be tuned by changing

the flow rate of the continuous phase. The technique enables

control over the shell thickness through adjusting the flow

rate ratio of the middle to inner phase. As the flow rate of the

middle and inner phase increases, the droplet breakup occurs

in the dripping-to-jetting transition regime, with each double

emulsion droplet containing two monodisperse internal

aqueous droplets. The resultant drops can be used subse-

quently as templates for monodisperse polymer capsules

with a single or multiple inner compartments, as well as

functional vesicles such as liposomes, polymersomes and

colloidosomes.

Introduction

Droplets with a core/shell structure can be used as templates

for the production of hollow particles, such as poly(lactic acid)

microbubbles [1], hydrogel shells [2] and liquid crystal shells

[3], as well as vesicles, such as liposomes [4], polymersomes

[5] and colloidosomes [6]. Conventional techniques for vesi-

cle preparation (e.g. rehydration of dried amphiphilic films

and electroforming) rely on the self-assembly of amphiphiles

under shear and electric field, respectively [7]. However, the

resultant vesicles are often non-uniform in size and structure

due to the random nature of the self-assembly process. In

addition, encapsulation yields of active materials are relatively

low [8]. With microfluidic core/shell droplets as templates,

vesicles can be prepared via directed assembly of the amphi-

philes with higher degree of control over the droplet size and

size uniformity as well as improved encapsulation efficiency.

Regarding other core/shell particles, conventional techniques

include internal phase separation [9], complex coacervation

[10], layer-by-layer deposition [11] and interfacial polymeri-

zation [12]; these typically require multi-stage processing,

very specific emulsion formulation, and does not allow close

control over the shell thickness. The control over the shell

thickness of core/shell particles is highly relevant, because it

affects their robustness, mechanical properties and perme-

ability to different species. Poly(dimethylsiloxane) (PDMS)

microfluidic devices containing sequential junctions with

alternating wettability have been used to generate controllable

multiple emulsions [13]. However, PDMS swells in strong

organic solvents and has inherently unstable surface proper-

ties. In addition, due to its high elasticity, PDMS channels

tend to deform with applied pressure. In this work, monodis-

perse multiple emulsion droplets of different morphology

(core/shell or with two inner droplets per each outer drop)

have been produced using glass capillary microfluidics [14,

15]. Glass is more chemically robust than PDMS, does not

swell, and can easily be functionalized to control surface

properties. The aim of the research was to investigate the

effect of fluid flow rates on droplet size, morphology, and

shell thickness.

Experimental

Controllable multiple emulsions were produced using

microcapillary device shown in Fig. 1. The device consists

of two round capillaries with a tapered end inserted into a
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square capillary. First, a round glass capillary (World Preci-

sion Instrument, Inc., Sarasota, FL) with an outer diameter of

1 mm and in inner diameter of 0.58 mm was heated and

pulled using a Sutter Instrument model P-97 micropipette

puller. As a result of the pulling process, the capillary breaks

into two parts, each with a tapered end that culminates in a

fine orifice. The orifice in both capillaries was then enlarged

to the desired diameter by microforging using a Narishige

model MF-830 microforge. Capillaries with the desired ori-

fice size were then inserted into a square glass capillary

(Vitrocom, Fiber Optic Center, Inc., New Bredford, MA)

and glued together on a microscope glass slide. Coaxial

alignment of the capillaries was ensured by choosing the

capillaries such that the outer diameter of the round capil-

laries matches the inner dimension of the square capillary.

Milli-q water (the inner fluid) was introduced through the

injection tube and a solution of 2% (w/w) Dow Corning 749

Fluid in 10 cP PDMS (the middle fluid) was supplied co-

currently through the square capillary. Two percentange

(w/w) poly(vinyl alcohol) aqueous solution was supplied

from the opposite side through the square capillary and all

phases were forced into the collection tube. It resulted in the

rupture of coaxial jet composed of the inner and middle fluid

and formation of droplets, as shown in Fig. 1a. In order to

prevent wetting of the injection tube with water, the tapered

region of the injection tube was rendered hydrophobic with

octadecyltrimethoxysilane. All liquids were delivered to the

device from gas tight syringes using separate Harvard Appa-

ratus PHD 22/2000 syringe pumps interfaced to a PC com-

puter. The drop generation process was observed in real time

and recorded using a Phantom v7.0 fast speed camera (Vi-

sion Research, Inc., USA) attached to a Leica DMIRB

inverted microscope.

Droplet Size and Generation Frequency

In the dripping regime, the interfacial tension between the

middle and outer fluid dominates the droplet breakup pro-

cess [16] and the double emulsions generated had one inter-

nal aqueous drop (Fig. 2a). As the inertial force of the middle

and inner phases becomes comparable to the interfacial

tension, the droplet breakup occurs in the dripping-to-jetting

Fig. 1 (a) Schematic of the glass capillary device used in this work; (b)

micrograph of the tapered end of the injection and collection tube. The

diameter of the orifice in the injection and collection tube was 44 and

115 mm, respectively and the distance between the ends of the two

capillaries was 90 mm

Fig. 2 (a) Micrographs of core/shell droplets with do=78 mm and d=8 mm taken under different magnification; (b) micrograph of multiple

emulsion droplets containing two inner drops
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transition regime. Each double emulsion droplet formed in

this regime had two monodisperse internal aqueous droplets,

as shown in Fig. 2b. Drops with two inner droplets can be

used as templates for fabrication of vesicles with multiple

inner compartments, for example multi-compartment colloi-

dosomes [17] or alternatively, dimer particles can be pro-

duced, if inner droplets are polymerized.

The diameter, do and generation frequency, n of the

droplets were controlled by changing the flow rate of the

continuous phase, Qo in the range from 10 to 45 mL h�1

while keeping the constant flow rate of the middle and inner

phase. At Qi = 4 and Qm =1 mL h�1, the drop generation

frequency was in the range from 1,000 to 10,000 Hz and the

droplet diameter varied widely between 60 and 150 mm, as

shown in Fig. 3. The droplets in this size range can be useful

for subcutaneous drug release [18]. As Qo increases, the

viscous drag force between the outer and middle phase

increases causing the droplets to detach sooner from the

injection tube. As a result, smaller droplets are produced at

higher frequencies. The drop generation frequency was near-

ly 10,000 Hz at Qo= 45 mL h�1. Above that threshold value,

the middle fluid forms a long jet, which breaks farther

downstream. This regime results in the formation of poly-

disperse droplets because the point at which a drop separates

from the jet can vary. A mass balance for the drop generation

process in the dripping regime gives:

do ¼ ½6 Qm þ Qið Þ=ðpnÞ�1=3 ð1Þ

The drop diameters calculated from (1) were consistent

with the experimental do values estimated from microscopic

images, as shown in Fig. 3. Equation 1 shows that do is

proportional to n�1/3 at constant Qm and Qi values, which

is confirmed in Fig. 3.

Shell Thickness of Core/Shell Droplets

Assuming that the core is at the center of the shell, which is

valid for phases with nearly equal densities, the mass bal-

ance equation for middle fluid in the dripping regime gives:

d ¼ ½3Qi=ð4pnÞ�1=3f½1þ ðQm=QiÞ�1=3 � 1g ð2Þ

where d is the shell thickness. Equation 2 shows that the

shell thickness should increase with increasing the flow rate

ratio, Qm/Qi, as shown in Fig. 4. At Qm/Qi = 6, the middle

fluid extends into a long jet before forming a shell around a

water droplet. At Qm/Qi = 0.25 and 1.5, the drop diameter

was greater than the diameter of the orifice in the collection

capillary, resulting in deformation of the droplets in the

tapered region and formation of ellipsoidal drops. It is visi-

ble in the image at Qm/Qi = 0.25. If these ellipsoidal drops

contain cross-linkable compounds in the shell, they can

potentially be transformed into non-spherical particles

through polymerisation in the entry region of the collection

tube.

For a given flow rate of the middle and inner fluid, the

shell thickness decreases with increasing the outer fluid flow

rate, as shown in Fig. 5. The minimum shell thickness of
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2.4 mmwas obtained at the outer fluid flow rate of 45 mL h�1

andQm/Qi = 0.25. To obtain core/shell droplets with shells in

the nanometre region (100 nm or even less), different design

of the device should be used with middle fluid delivered

through the injection capillary and inner fluid supplied

through a small tapered capillary inserted into the injection

capillary [19]. In this configuration, the inner and middle

fluid form a biphasic flow within the injection capillary and

the thickness of the middle fluid can be made very thin

because of its high affinity to the wall of the capillary.

Conclusions

We have demonstrated the ability of glass microcapillary

device that combine co-flow and flow-focusing geometries

to generate controllable multiple emulsions. The droplets

formed using this device had either core/shell morphology

or contained two internal droplets per each outer drop and

the dominant regime was controlled by adjusting fluid flow

rates. The shell thickness ranged from about 2 mm to several

tens of mm and was finely tuned by controlling the flow rate

ratio of the middle to inner fluid, Qm/Qi. The higher the

Qm/Qi ratio, the thicker the shell around the droplet became.

The droplet production rate was controlled by adjusting

the flow rate of the continuous phase. The shell material

can be polymerised to produce spherical or non-spherical

polymer shells or may contain dissolved amphiphilic mole-

cules or particles which can undergo self-assembly upon

solvent evaporation, leading to the generation of functional

vesicles.

Acknowledgement The work was supported by the Engineering and

Physical Sciences Research Council (EPSRC) of the United Kingdom

(grant reference number: EP/HO29923/1).

References
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(1998) Angew Chem Int Ed 37:2201

12. Han JH, Koo BM, Kim JW, Suh KD (2008) Chem Commun 28:984

13. Abate AR, Weitz DA (2009) Small 5:2030

14. Utada AS, Lorenceau E, Link DR, Kaplan PD, Stone HA, Weitz

DA (2005) Science 38:537

15. Sun BJ, Shum HC, Holtze C, Weitz DA (2010) ACS Appl Mater

Interfaces 2:3411

16. Utada AS, Fernandez-Nieves A, Stone HA, Weitz DA (2007) Phys

Rev Lett 99:4

17. Lee D, Weitz DA (2009) Small 5:1935

18. Gasparini G, Kosvintsev SR, Stillwell MT, Holdich RG (2008)

Colloid Surf B 61:199

19. Kim SH, Kim JW, Cho JC, Weitz DA (2011) Lab Chip 11:3162

10 20 30 40 50
0

5

10

15

20

25

30
Qm/Qi=5
Qm/Qi=1.5
Qm/Qi=1
Qm/Qi=0.75
Qm/Qi=0.5
Qm/Qi=0.25

S
he

ll 
th

ic
kn

es
s,

 d 
 (

mm
)

Outer fluid flow rate, Qo (ml/h)

Fig. 5 The shell thickness versus outer fluid flow rate at different flow

rate ratios of the inner to middle fluid, Qm/Qi. The sum of the middle

and inner fluid flow rate was 5 mL h�1

118 G.T. Vladisavljević et al.
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