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Stellingen

1 Membranen kunnen worden toegepast om slabiele olie-in-water emulsies le

destabiliseren; het aanleggen van een elektrisch veld werkt daarbij zeer bevorderend.

Dit proefschrift, Hoofdstuk 5.

2 Het is opmerkelijk dat Daiminger et al. opmerken dat het opmerkelijk is dat de
scheidingsefficientie in hun systeem onafhankelijk is van de pgrootte van het

membraanoppervlak.

‘U Daiminger, W. Nitsch, P. Plucinski and S. Hofmann, Novel techniques for oil'water separation,
1995, Journal of Membrane Science, vol.99, p.197-203.

3 Gezien het grote aantal {(empirisch georiénteerde) publicaties dat er niet in slaagt om
een antwoord te geven op de vraag welke materiaaleigenschappen van coalescentie-
filters het coalescentiegedrag van druppels bepalen, is het noodzakelijk dat hiernaar

meer fundamenteel onderzoek vermicht wordt.

a.a. E. I Clayfield, A.G. Dixon, A.W. Foulds and R.JL, Miller, The coalescence of secondary
dispersions, 1985, Journal of Colloid and Enterface Science, vol. 104, no.2, p.500-519.
GXK. Anderson and C.B. Saw, Oilfwater separation with surface modified membranes, 1987,

Environmental Technology Letters, vol 8, p.12t.132
4  Voortbordurend op stelling 3 biedt reflectometrie mogelijkheden om op een snelle en
eenvoudige manier inzicht le verkrijgen in de coalescentie-bevorderende

eigenschappen van opperviakken,

Dit proefschrilt, Hooldstuk 6.



5 AlIO's doen er verstandig aan een aanzienlijk deel van hun tijd e energie te steken in
het ontwikkelen van hun leidinggevende vaardigheden door het begeleiden van

studenien, gezien de nadruk die hierop wordt gelegd tijdens sollicitatieprocedures.

& Om de slagingskans van samenwerkingsverbanden tussen universiteiten en industrie
te vergroten, verdient het aanbeveling dat beide partijen zich op de hoogte siellen van
onderhandelingstechnicken, zoals bijvoorbeeld beschreven in  het Harvard-

Onderhandelingsproject.

R. Fisher and W. Ury, Getting lo yes: negotiation agreement without giving in, Boston: Houghton
MitRin, 1981.

7 Inde industric bestaat dringend behoefte aan praktisch toepasbare kennis ten aanzien

van kristallisatie.

8 Een landrover in ‘zijn achteruit' is gelukkig soms sneller dan een olifant in 'zijn
]] |3 g )

VOOruit',

9 Pogingen om de sfeer lijdens inlemnationale tennistoernooien te vergroten door het

inhuren van brallerige Nederlandse studenten werken averechts.

10 Sporticve auto's bestaan niet,

Stellingen behorende bij hel proetschrift ‘Membranes as separators of dispersed emulsion phases’.

Ageeth Leffents
Wageningen, 14 mei 1997
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1 Introduction

Large volumes of waste water containing varying amounts of oil are produced in
industries such as the edible oil and detergent processing industrics, the textile industry
(scouring water) and the engineering industry (cutting, lubricating and engine oils)'.
These waste waters can either be reused or discharged into coastal waters or municipal
sewage systems. Purification of the industrial waste walers is always necessary in order
to meet stringent legislation. For example, discharges into the North Sea are permitted
only if the oil content is smaller than 40 ppm®.

According to Porter’, aqueous waste streams can be divided into three groups,
based on the condition of the oil phase. The first group contains free floating oil. Because
the density of oil is often smaller than that of water, gravity separators can be used to
separate both phases. In the second group, the primary emulsions, the oil is present in the
form of instable emulsion droplets. Generally, the droplet diameters vary between 10 and
50 pm. These instable droplets easily coalesce after collision, forming large droplets that
can be removed using pgravity settlers, sometimes combined with a chemical or
mechanical treatment. However, large problems are encountered with the third group, so
called secondary emulsions. In this case, the dispersed phase consists of very stable
droplets, with a diameter smaller than 10 pm. Because these oil droplets do not coalesce

easily, methods used to separate instable emuistons are not adequate. Often, expensive
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ultracentrifuges must be used, combined with flotation, coalescers and fibrous or granular

bed filiration.

Conventional coalescers

A detailed overview of the extensive literature about coalescers is given by Sherony et
al.*. Usually, coalescers are beds or filters, made of some kind of powder or fibrous
material {e.g. glass, polypropylene, polyethylene, fluoropolymers, teflon, cellulose,
stainless steel, quartz). The separation mechanism is based on the capture of droplets
which flow through the pores of the coalescer. Due to this capture, the chance of
droplet-droplet collision is enhanced and coalescence will occur. In this way the captured
drop grows until it is reentrained into the emulsion again. Next, these large droplets can

be separated out of the emulsion using gravity.

Conventional emulsion membrane filtration

In recent years, membrane filtration is applied widely to separate emulsions.
Ultrafiltration and reverse osmosis have been found to be very effective for this

2719 In case of waste water purification, the continuous, aqueous phase is

purpose
permeated through a hydrophilic membrane, ending up with an enriched emulsion as the
retentate and a pure water phase as the permeate (figure 1a). The concentrated retentate
can be burni afierwards. Low energy costs, possibility for continuous operation and easy
handling make membrane filiration an attractive alternative method to separate
emulsions™™"'. However, a disadvantage of the system is the large volume of continuous
water phase that has to be removed, especially if the oil concentration is low. If the
dispersed phase can permeate efficiently instead of the continuous phase, no such

disadvantage exists (figure 1b).

Dispersed Phase Separators

Generally, the removal of a phase out of an emulsion using a membrane requires two

processes to be dealt with. Firstly, the phase must contact the membrane. If the
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Figure 1, (a) Permeation of the continuous phase using membrane filtration and (b) permeation of

the dispersed phase using a dispersed phase separator.

continuous phase has to be removed this condition will always be fulfilled. However, in
case of dispersed phase removal the droplets have to be transported out of the bulk in
order to reach the membrane. Secondly, the phase must be able to permeate through the
membrane. Hence, the phase should have the same polarity as the membrane. If this
condition is met for the continuous phase, permeation of this phase will be successful, In
contrast, permeation of the dispersed phase is not obvious because the (stable) droplets
must coalesce with the membrane before they can permeate. Whether this occurs, is
dependent on membrane properties, as well as emulsion properties and process variables.
Thus, the dispersed phase separator is in fact a combination of a conventional coalescer
and membrane filtration. The membrane surface promotes coalescence (similar to a

coalescer} but in the mean time the coalesced phase is separated from the continuous
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water phase as well in contrast to conventional coalescers, which need an additional

process (o separate the coalesced droplets out of the emulsion.

Aim of the thesis

Although some research has been reported concerning dispersed phase separators'> ,
little is known about the mechanisms controlling the efficiency of the separation. The aim
of this thesis is to gain knowledge about these mechanisms in order to be able to optimize
the process. Experimental results are explained and modeled theoretically, both in case of
transport of oil droplets from the bulk to the membrane and in case of coalescence of the
droplets against the membrane. In this way, the rate limiting process and its main
parameters can be identified and optimized. As a model emulsion a secondary
hexadecane-in-water emulsion, stabilized by the nonionic surfactant Tween-40, is
chosen. The stable, dispersed phase fraction is smaller than 0.06 (w/w). This model
emulsion has been chosen because of the attractiveness of applying dispersed phase
separators for the purification of waste waters which contain 5-10% oil. Moreover, we

focus on small, stable droplets because of the challenge to separate these emulsions.

Outline of the thesis

In chapter 2 and 3 the transport mechanisms responsible for droplet movement from the
bulk towards the membrane surface are discussed both experimentally and theoretically.
The most important mechanism is direct interception of the droplets by the membrane.
The influence of several parameters (droplet size, density difference between dispersed
and continuous phase, module configuration, hydrodynamics) is discussed. It is

concluded that the process is transport limited.
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Chapter 4 deals with the description of the coalescence mechanism. The
theoretical discussion is strengthened by experimental results concerning coalescence of
primary emulsions onto liquid interfaces as well as onto membranes. Extrapolation of the
theory to secondary droplets confirms the conclusion of chapter 2 and 3 of transport
limitation. Only in case of high surfactant concentration the process becomes limited by
coalescence.

In chapter 5 the possihilitics of using electrophoresis as an additional transport
mechanism is discussed. Three systems are compared; all show a significant
improvement of the transport.

Finally, in chapter 6 a general discussion is presented in which dispersed phase
separators are compared with other separation methods. Problems encountered when
applying the system in practice are discussed. Ideas for optimization are given. Some new
results concerning the influence of membrane surface roughness on coalescence indicate

that coalescence can be improved by choosing an appropriate surface roughness.
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2 Transport mechanisms in dispersed
phase separators: oil properties

Summary

The reuse or discharge of industrial waste waters, contaminated with small amounts of dispersed oil,
requires a purification treatment for which membranes can be used. If only little oil is present, removal of
the dispersed phase might be preferable to the more commonly applied removal of the continuous phase
because of a decrease of the required membrane area. In this chapter the rate determining mechanism is
examined of the removal of surfactant stabilized oil droplets using 2 polypropylene membrane (either
transport of droplets towards or coalescence with the membrane), without any water permeation. As a
model oil (bromo-) hexadecane is used in a concentration of less than 6 weight percent. It is shown that
stable oil droplets with different size distributions (d;, between 0.5 and 12.4 um) can be removed from the
¢mulsions in the experimental module, The system has been described by solving the convective diffusion
equation assuming that all droplets arriving at the membrane surface are irreversibly consumed by an
unspecified, extremely fast absorbence reaction. Theoretically calculated and experimentally determined
data of both oil concentration and droplet size during filtration agree qualitatively, indicating that the
system is transport limited. Under the experimental conditions, the transport of small droplets is mainly
determined by the diffusion mechanism while gravity and interception dominate in case of large droplets.
Although the latter mechanism is difficult to model, the theory describes the permeation of the dispersed
phase reasonably well. It can be used to optimize the dispersed phase separator so that the system can

compete with conventional membrane filtration.
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Introduction

The separation of stable, dispersed oil droplets out of waste waters is often troublesome.
As mentioned in chapter 1, several separation methods with or without chemical
additions can be used, such as gravity settlers, flotation, fibrous bed coalescers and
membrane filtration. The latter permeates the continuous, aqueous phase, while a
concentrated emulsion is retained. Low energy costs, possibility for continuous operation
and easy handling make membrane filtration an attractive emulsion separation method.
However, large volumes of the continuous phase have to permeate, especially if the oil
concentration is low. In case of efficient permeation of the dispersed phase no such
disadvantage exists. For this purpose a dispersed phase separator can be used: the
dispersed phase on the feed side of the membrane is transferred into a continuous phase
at the permeate side of the membrane.

It can be deduced that if both sysiems have the same membrane area and if they
comprise identical emulsions, the minimum value of the dispersed phase flux, J,,.,,
[mes™], must equal:

Jdmin :Jc'% (N
in order to have the same filtration time and hence to be competitive to the continuous
phase permeation system. Here, J, [m-s”] is the flux of the continuous phase in the
continuous phase permeation system, ¥, [m?] is the volume of the dispersed phase and ¥,
[m?*] is the volume of the continuous phase, Equation (1) can be used as a too! to roughly
compare the two systems although other factors such as the desired composition of the

end products should also be taken into account.

A dispersed phase scparator can be partly compared with a conventional coalescer. A
coalescer through which an emulsion is pumped catches droplets, thus enlarging the

chance of droplet-droplet collision and coalgscence. The captured droplets will grow and
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eventually they can be separated using gravitational methods. In the dispersed phase
separator presented in the present research, the emulsion is pumped alongside the
membrane and droplets can be captured when near to the membrane. Once the droplet
coalesces with the membrane it can be removed simply by permeation. Growth of the
droplets is not necessary, neither is the use of gravity settlers.

In the past some research has been performed on the possibilities of a membrane
to act as a coalescer'. The total emulsion is permeated through a polypropylene hollow
fiber membrane resulting in a destabilization of the emulsion. However, oil and water
phase still have to be separated after the filtration process. Thus, the membrane acts as a
conventional coalescer. Others investigated a dispersed phase separator system similar to
ours. For example, the permeation of large (10 pm < d,, < 150 um) oil droplets without
the presence of a surfactant through a polytetrafluorethylene (PTFE) dead end membrane
is studied by Unno et al.>. Ueyama et al.’ studied the permeation of small (d;, < 10 pm),
SDS-stabilized oil droplets with a total volume of 50% in the emulsion through a PTFE
membrane. These publications are strongly descriptive and do not provide a satisfactory
theoretical explanation of the experimental observations.

In the present thesis permeation of oil droplets without any water permeation is
studied. In this chapter the theory behind the dispersed phase separator is explored with
emphasis on the transport mechanisms of small (d;, < 12 um), surfactant stabilized
droplets from the bulk towards a flat sheet membrane. The weight fraction of the oil in
the emulsion is smaller than 0.06. The effect of both droplet size distribution and density

difference between continuous and dispersed phase is investigated.

Theory

Originally, the capture mechanisms described for coalescers involve capture of solid
particles out of gases but they also have been used in case of capture of those particles

out of fluids" **. In this chapter these mechanisms will be applied to predict the capture
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of dispersed oil droplets out of emulsions in membrane systems. It is assumed that these
small liquid droplets, which are rigid’, behave as solid particles as will be discussed later
in this paper. In figure 1, 5 types of capture mechanisms are presented that are relevant
for the permeation of the dispersed phase when using a flat sheet, cross flow membrane
module. fnertial impaction occurs when droplets deviate from curved fluid streamlines
whereas droplets will be removed by interception if the location of the streamlines and
the droplet size results in contact between the membrane and the droplet. This occurs
when the minimum distance between the streamline and the membrane is less than or
equal to the droplet radius. Diffusive capture results from the Brownian motion of very
small droplets caused by collision of the droplets with fluidum molecules. Consequently,
the droplets follow a zigzag path as they pass through the channel, thus increasing the
probability of droplet capture. Gravitational settling is the removal of droplets from the

flow stream because of the density difference between droplet and fluidum. Electrostatic

. . gravitational
wnterception settling electrostatic membrane
N e repulsion/
_inertial diffusion arﬁactfon
impaction
' half height
' l t of the channel
inlet ‘ outlet

1

N o

fluid stream lines

Figure 1, Particle capture mechanisms (not to scale).
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deposition tesults from attractive forces between charged droplets and an oppositely

charged membrane.

Convective diffusion equation

Based on the mechanisms discussed above, several theories for predicting deposition
rates of flowing colloidal particles onto various collector surfaces have been developed.
A review of these models has been given by Adamczyk et al®. For particle-collector
systems subjected to both flow and Brownian motion a mass balance can be expressed by

the convective diffusion equation:

Vi = )

with j [m?s"] is the particle flux vector, # [m™] is the particle concentration, ¢ [s] is the
time and Q [m>s"] is a source term. Here, the particle flux vector consists of a diffusion

term and a convective term:
j=—DVn+y &)

with D [m%s] is the diffusion dyadic and ¥ [m"] is the velocity vector of the particles.
The latter is determined by hydrodynarmic forces and external and colloidal force fields.
The deposition rate of particles on a given collector can be calculated by solving the
convective diffusion equation. However, problems are encountered when doing so
because of changes of hydrodynamic forces in the vicinity of solid surfaces. Moreover,
the description of the colloidal droplet-wall interactions often breaks down at very short
distances’. Consequently, simplifying assumptions regarding particle-collector

interactions are often made.
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Perfect sink model

A frequently used simplified approach to solve the convective diffusion equation is the
'perfect sink' model. In this model it is assumed that all particles arriving at a distance
sufficiently close to the collector surface, are irreversibly consumed by an unspecified,
extremely fast absorbence reaction. This approach proved to be useful for performing
numerical calculations of the amount of particles that are captured in time. However, it
must be kept in mind that a disadvantage of the model is that it does not take into account
the possibility of a finite rate of the absorbence reaction.

The boundary conditions of the perfect sink model are that the source term (& is

zero and that at ¢ = ¢, the particle concentration » is equal to the initial concentration of
the particles #,. Also, for ¢ > t), n=0at h < §and n = n_at k = b. Here, n_ is the bulk

concentration of the particles,  [m] is the distance between particle and collector, & [m)]
is the primary minimum distance between the particle and the wall (i.e. the distance
between particle and wall at which the total colloidal repulsion energy is minimal, this
distance is sometimes assumed to be zero) and b [m] is the half height of the channel.
Even with these simple boundary conditions, the convective diffusion equation can not
be solved analytically when the hydrodynamic corrections and colloidal forces are taken
into account. Hence, numerical and approximate analytical methods which use
dimensionless parameters have been derived to solve the equation®.

The magnitude of hydrodynamic, colloidal {also called specific} and external
forces relative to the diffusional forces can be expressed by a variety of dimensionless
parameters. In this paper we consider 4 dimensionless numbers to be important. Firstly,
the relative magnitude of hydrodynamic and diffusional effects can be denoted by the
Peclet number, Pe [-], which for parallel plates is equal to 3-¥. &*/(26%-D_ ). Here, a [m] is

the particle radius and ¥ [mss"'] the average velocity of the fluid. D_ [m>s™'], the diffusion
coefficient of the particles in the bulk, is given by the Stokes-Einstein equation kT/(6rna)

with & [K'] being the constant of Boltzmann, T [K] the absolute temperature and 7 [N-s
m?] the dynamic viscosity. Secondly, the adhesion number 4d accounts for the

dispersion interactions between particle and wall. It is defined by Ad = A,;,A6kT), where
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A, [J] is the Hamaker constant for the dispersion interaction of particle 1 with wall 2
through medium 3. Thirdly, the double layer number DL regards the electrostatic
interactions between particle and wall. It is equal to 4meg,,CaAkT), where € [-] is the
dielectric constant of the medium, &, [C-V-m'] is the permittivity of the vacuum and ¢,
and £, [ V] are the zeta-potentials of the particle and wall respectively. Finally, the gravity
number Gr which takes the gravity force into account is described by 4n(p,~p,)ga*/(347),
with p, and p, [ke-m™] being the densities of the particle and the medium respectively
and g [mes”] the gravity acceleration.

Dependent on the magnitudes of these numbers, several approximate solutions of
the perfect sink model are known for parallel plate systems. The results are often

expressed in terms of the dimensionless local mass transfer Sherwood number:

-
. - (4)

Sh; =
where J, [m?s7] is the local normal component of the particle flux vector at the collector
surface. Because j, depends on the position of the particle on the collector surface, Sk, is a
local quantity. A global measure of the deposition rate can be obtained by averaging Sh,

over the entire collector surface (Sh).

Approximate solutions of the perfect sink model for parallel plates

It is assumed that electrostatic forces are negligible and that the only external force field
is the gravity force field which is responsible for the mechanism of gravitational settling.
Inertial impaction does not occur because in the present research the density of the
droplets is always smaller than the density of the water phase. Taking this into account,
the approximate solutions relevant for this paper can be divided into three groups.

The first solution is called the Smoluchowski-Levich approximation and is valid
if DL << Pe and if no external force field is present (Gr = 0). Above that it is assumed

that the increase of van der Waals attraction a particle experiences while approaching a
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solid wall is balanced by the increase of hydrodynamic drag away from the wall, The
latter can be a result of lateral migration induced by an inertial lift force'. Therefor, both
hydrodynamic drag and van der Waals attraction are ignored (A4 is assumed to be 0). In
the discussion of this chapter it is shown that this assuraption is valid, because both the
lift force and the van der Waals force are negligible compared to the permeation velocity.

In case of laminar flow in a parallel plate channel with Pe < /0it can be derived that''

Shpe = LUT . pe3 )

(5)

Here, L is the length of the plate [m] and the subscript 'Pe’ denotes that Pe dominates Gr.

.

The second approach, for which the subscript 'Gr' is used, is applicable if
deposition is mainly caused by the gravity force field, thus if DL << Gr and Pe << Gr. It
can be deduced that:

Sha =Gr (]

The third situation to be considered occurs if DL << (Gr=Pej. In this case no
exact or approximate analytical solutions of the convective diffusion equation are
available. The approach often attempted is to assume additivity of the two deposition

rates caused by diffusion and gravity forces. The additivity rule can be expressed as:

Shg ol— ShPe +ShG« (7)

The flux can be calculated by combining equation 5, 6 or 7 with equation 4. Also, it is
possible to add S#, the Sherwood number which accounts for interception, to equation 7,
This will be discussed later.

The perfect sink model as described above is used to model the transport of the
dispersed phase of oil-in-water emulsions from the bulk towards the membrane in a flat

sheet membrane module. Originally, the perfect sink model has been developed for solid
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particles. As stated before, the small droplets used in this project can be considered to be
rigid spheres as far as transport is concerned. Furthermore, the main difference between
deposition of solid and liquid particles is due to differences in physical-chemical
conditions. These conditions are related to different colloidal interactions, which are not
considered in the perfect sink model as described above. Also, droplet-droplet interaction
is assumed to be absent; this condition will be met because the oil concentration is

always low.

Materials and Methods

The membrane module

A hydrophobic polypropylene membrane (Enka, Accurel) with an average pore size of
0.1 pm is placed in a flat sheet, cross flow module, made of perspex. A teflon spacer is
placed at the permeate side. The length of the module is 0.12 m, the channel height is 3
mm and the effective membrane area is 3.24-10° m’. The module is placed horizontally
using a leveling instrument in such a way that the membrane is situated on the upper side
of the channel. The fluid flows parallel to the membrane except at the in- and outlet
(figure 2). Care has been taken that the position of the tubes is similar for all experiments

although small changes could not be avoided.

Filtering procedure

Before the membrane is placed into the module il is wetted using dodecane (Merck, p.a.)
to prevent adsorption of surfactant into the pores of the membrane. The emulsion, which
is stirred in a vessel with a magnetic stirrer, is pumped with a flow rate of approximately
4107 ms" through the module using a gear pump. However, during the experiment a

change in flow rate of + 10 % is often detected. A pressure of circa 0.05 bar is regulated
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Figure 2, Membrane system

with a pressure valve on the retentate side of the module. The permeate is collected into a
beaker, while the retentate is led back to the vessel containing the emulsion. During this
batch process, oil concentration and droplet size distribution are determined of samples
that are taken from the feed.

Preparation of the emulsions

Emulsions are made by mixing an aqueous solution of 1 g-1" of the nonionic surfactant
poly(20)oxyethylene-sorbitan-monopalmitate {Tween-40, Sigma, p.a.) with specified
amounts of n-hexadecane (Merck, p.a.) or 1-bromohexadecane (Janssen Chimica). The
densities of both oils are 773 and 999 kg'm>, respectively. The oil concentration in the
emulsions is always smaller than 6 weight percent, Emulsions with different droplet size

distributions are prepared by using three different mixing methods. Firstly, 100 ml
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emulsion is sonified during 10 minutes at an energy output of 70 Watt using a Branson
sonifier, type 250. Secondly, 100 ml emulsign is homogenized during 15 minutes using a
Condi Labhomogenizer. The pressure, which can not be adjusted, is circa 100 bar. The
third method to prepare emulsions employs a Silverson mixer, type L4R. In this
apparatus, a 4-bladed turbine stirrer presses liquid through a perforated stator. A volume
of 100 ml emulsion is mixed during 2 minutes at 1200 rpm. To assure maximal
dispersion of the oil, the oil phase is always added gradually to the solution during the
mixing process. Care has been taken to prepare identical emulsions in case of multiple
experiments. However, variations of + 3 % both in the initial oil concentration as in the

d;, have been observed.

Measurement of the oil concentration in the emulsion

Ten pul of sample is diluted with 990 pl ethanol (Merck, p.a.} and 1 pl of this dilution is
injected in a Carlo Erba gas chromatograph (GC 6000, vega series) with a 10 m CP-8il §
CB capillar column (Chrompack, The Netherlands) and a cold on-column injection
system. At the moment of injection the oven temperature is 8¢ °C. After one minute, the
temperature is increased at 15 *Cimin™ up to 250 °C. The F.1.D detection of hexadecane
and bromohexadecane occurs at 370 °C. To calculate the concentration, a calibration

curve is used.

Measurement of droplet size distributions

Because generally determination of droplet size distributions is quite inaccurate,
especially in case of small droplets (<0.2 pm), several methods have been used and
compared. Firstly, with an Axiomat (Zeiss) microscope a qualitative impression of the
size distribution is obtained. Secondly, spectroturbidimetry as described by Walstra® is
used. In this method, the optical density of the emulsion is measured at several wave
lengths and, with other data such as concentration and refractive indices, a specific

turbiditry spectrum is calculated and compared with theoretical spectra. Subsequently,
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the average volume/surface droplet diameter, d,;, can be deduced from the theoretical
spectrum that matches best. Accurate results can be obtained for droplets with a 4,
between 0.2 and 15 um. Also, the dynamic light scastering method is applied. The
variation of intensity of scatlered light in time is measured so the diffusion coefficient
can be calculated. With the Stokes-Einstein relation the volume averaged diameter, djp,
can be derived, which is usually somewhat smaller than the average volume/surface
droplet diameter. This method can be used for droplets with a diameter smaller than 0.2
pm. Finally, measurements have been performed with the Coulter Laser LS 130 with a
Polarization Intensity Differential Scattering unit. This apparatus uses polarized,
monochromatic light at three wavelengths. The difference in scattering of horizontally
and vertically polarized light is measured at five different scaitering angles. These
measurements form a pattern that varies sensitively with droplet size. This method can be

used for droplets with a diameter as small as 0.1 pm.

Characteristics of the various emulsions

All homogenized and sonified emulsions are stable. The average droplet size does not
increase during several days of storage, so droplet-droplet coalescence is negligible. A
cream layer of stable oil droplets is formed only after several weeks. An exception are
emulsions with hexadecane when prepared with the Silverson mixer. Then, such a cream

layer can already be detected after 24 hours. The droplet size distributions of the

Table 1. Average diameters (d;;'s [um] for static and polarized scattering and 4;, for dynamic

scattering) as determined by various scattering methods.

bromohexadecane hexadecane
scattering homogenized sonified Silverson homogenized sonified Silverson
static 0.50 0.44
dynamic 0.48 0.73 0.49 0.77

polarized 0.55 0.94 8.45 0.63 0.82 12.4
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emulsions with bromohexadecane as measured with the Coulter Laser are shown in
figure 3. Similar distributions have been observed for emulsions with hexadecane as the
oil phase. Table 1 shows the results of the different methods. The values differ
substantially, probably because not a single method is suitable to measure the whole
range of droplet sizes within one distribution. However, it still can be seen that the
average droplet sizes of emulsions prepared with the Silverson mixer are larger than
those of the two other emulsions. The most important difference between the
distributions of the homogenized and the sonified emulsions is their width; the
distribution of the sonified emulsion is broader. It is known from literature that droplet

size distributions of sonified emulsions often have two peaks. It is possible that in the
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Figure 3. Droplet size distributions of bromohexadecane emulsions (0.05 g-g') as measured with the
Coulter Laser. Squares denote the homogenized emulsion, diamonds the sonified and circles the

Silverson mixed emulsion.
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present investigation the two peaks could not be distinguished by the methods used,

resulting in a single peak and a broader distribution.

Procedure to fit the experimental flux data

The experimental data can be fitted by a formula based on mass balances over the
mernbrane module and over the vessel containing the emulsion. By fitting the data, the
apparent deposition velocity of the ¢il droplets on the membrane, v’ [mes”], is determined.
It's value is an indication for the efficiency of oil droplet separation; an increase of v/
means an increase of the velocity at which oil droplets permeate through the membrane.
Thus, v' can be used to compare different experiments. The derivation of the fit formula

is given in the appendix.

Transport Model

The calculations using the perfect sink model start by determining the four dimensionless
numbers for each droplet size group z. Then, the appropriate solution of the perfect sink
model is determined (equation 5, 6 or 7). If Pe and Gr do not differ by more than a factor
100 the additivity rule is applied. Next, the theoretical flux j, is calculated as a function of
time. The interception deposition mechanism can be incorporated in equation 7 by

defining a supplementary deposition flux, denoted by the subscript i.

g b
Ju= g (®)

Here, O [m*] is the membrane surface. The underlying thought is that per volume unity
that flows in the module a droplet fraction of a/b permeates through the membrane
because it is in contact with the membrane. It must be kept in mind that this relationship
is a straightforward approach to calculate the fraction of oil which is present at the
membrane at the inlet of the module and therefore should permeate. This assumption is in

line with the perfect sink assumption.
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Finally, it is necessary to calculate the 'overall' deposition velocity v [mes"']
which can be compared to the experimentally fitted +'. Therefor, the procedure to

determine v" is similar to the one determining v'.

Results and Discussion

Experimental results

During a filtration experiment the oil flux decreases in time because oil permeates out of
the emulsion. No water can be detected in the permeate (measured by Karl Fisher
titration). The reproducibility between the apparent deposition velocities of two similar
experiments is + 30%. Severe fouling of the membrane by the surfactant is not the cause
for this inaccuracy; no systematically flux decreases are detected when several
experiments with identical emulsions are performed without renewing the membrane. On
the other hand, changes in pump delivery during the experiments might contribute partly
to the low reproducibility as will deviations in the initial oil concentration and droplet
size distribution. Moreover, small variations in the flow pattern due to changes in the
position of both the inlet tube and the module, as well as due to changes of flow velocity
might effect the interception mechanism, thus influencing the total flux.

To discuss the wvalidity of formula 1, the filtration of a homogenized
bromohexadecane-in-water emulsion is taken as an example, The oil concentration in the
emulsion decreases from 0.055 gg” al the beginning of the experiment to 0.01 gg”' after
150 hours. The related flux values are 0.17 and 0.0015 Fhr':m™ respectively. The
magnitude of the initial flux might fulfill the criterion of formula 1 because usually the
value of J, ranges between 1 and 100 Lhr'm? ™ '™ ", Thus, initially, when V/¥,= 0.05,
J;min Tanges between 0.05 and 5 Fhr'm™”. At the end of the experiment V,/¥, equals 0.008,
resulting in 0.008 Fhr'm? < .J,,,< 0.8 Fhrm™. Here, the criterion of formula 1 is not

met. The initial flux value indicates that permeation of the dispersed phase is a very
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promising method and can compete with conventional filtration methods. However, the
process should be optimized to increase the flux values at very low oil volumes in the

emulsion.

Influence of droplet size distribution and density of the oil phase

Several filtration experiments have been performed with droplet size distribution and
density difference as variables. Figure 4a shows the oil concentration in the emulsion
during the filtration of bromohexadecane-in-water emulsions with three different droplet

size distributions. The difference between the curves of the sonified and the homogenized

oil concentration in feed [g/g] d3; [om]
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Figure 4. (a) Measured (marks) and fitted (lines} concentration curves during the filtration of three

bromohexadecane-in-water emulsions: ¢ homogenized emulsion with d,,= 0.6 pm, O sonified
emulsion with ;;= 0.9 pym and C emulsion prepared with the Silverson mixer, d;,= 8.5 um. The
values for v are shown in table 2. (b} Average droplet diameter during the filtration of the

homogenized emulsion from figure 4a as measured with the dynamic light scattering method.
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emulsions (both small d;;) is small. However, the oil phase of the Silverson mixed
emulsion (large d;;) clearly permeates faster. During the filtration experiments the
average droplet sizes have also been measured. An example is given in figure 4b; similar
dropiet size decreases have been detected for all types of emulsions and with all droplet
size measurement methods. Combination of figures 4a and 4b indicates that large
dropiets permeate faster than small ones. A similar result was found by Ueyama et al.

during the filtration of droplets stabilized by SDS with a PTFE dead end membrane’.

An example of the influence of the density of the dispersed phase on the fiitration
behavior is given in figure 5. The concentration of hexadecane in the emulsion (p = 773

kgm™) decreases faster than the bromohexadecane concentration (p = 999 kg:m™®). This

oil concentration in feed [g/g)
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Figure 5. Oil concentration of two sonified emulsions during filtration: ® bromohexadecane-in-water

emulsion and O hexadecane-in-water emulsion, The values for +* are shown in table 2.
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result has also been found in case of filtration of emulsions with different droplet size

distributions.

In table 2 the apparent deposition velocities of the various experiments are summarized.
It shows that the difference between the apparent deposition velocities of hexadecane and
bromohexadecane is highest for emulsions with a large &;,. This indicates the importance

of the effect of the gravity force on the deposition velocity in case of hexadecane.

Tahle 2. Summary of the values of v' [ums"] averaged over two similar experiments, during

filtration of several emulsions.

method of mixing bromohexadecane hexadecane
homogenized 0.14 016
sonified 0.14 021
Silverson mixed 0.25 0.49

The perfect sink model

The filtration experiments have been sitmulated using the perfect sink theory. In figure 6
simulations of the effect of droplet size on the relative contributions of the different
transport mechanisms (diffusion, gravity and interception) to the total flux are given. In
case of bromohexadecane Pe/Gr, which is independent of droplet size, is equal to 15.1
while for hexadecane this ratio is 0.067. Thus, in both cases the additivity rule has been
applied (equation 7 and 8).

It is calculated that both the importance of the interception mechanism as well as
that of the gravity mechanism increases with increasing droplet diameter. For small
droplets the deposition rate is mainly determined by diffusion. This is consistent with the
staternent of Rubow’* that the removal of sub micrometer particles from gases can be

predicted accurately when using both the interception and the diffusion mechanism.
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Figure 6. Simulations of the relative contribution of the transport mechanisms to the total flux as
function of droplet diameter with an average fluid velocity of 410” ms" for (a) a homogeneous
bromohexadecane-in-water emulsion and (b) a homogeneous hexadecane-in-water emulsion: empty
bars denote diffusion mechanism, bars with crossed fill pattern denate interception mechanism an

diagonal filled hars denote gravity mechanism,

Also, the absolute deposition velocity is a function of droplet size (figure 7). At each
flow rate a droplet size with the lowest deposition velocity can be determined. In case of
separation of emulsions by flowing through coalescers this is called the most penetrating
particle size® although in this work it would be better to call it the least permeating
droplet size. In figure 7 a high fraction of permeated oil corresponds with a high apparent
deposition velocity. Thus, it can be seen that the difference between the apparent

deposition velocities of a sonified (d;;= 0.9 pm) and a homogenized (d;,= 0.6 pm)
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emulsion is negligible compared to the difference between one of these and the apparent
deposition velocity of the Silverson mixed emulsion (d;;= 8.5 pm). This is coherent with
the results from figure 4a.

At a constant flow rate the least permeating droplet size is somewhat smaller for
hexadecane than for bromohexadecane. This is due to the large density difference in case
of hexadecane, which improves the permeation of large droplets. This is also the reason
for the higher total filiration rate of large hexadecane droplets compared to large

bromohexadecane droplets. The effect diminishes if the droplet size decreases. This is

permeated oil/oil before filtration [g/g]

0.2

0.15

0.1

0.05

droplet diameter [um]

Figure 7, Fraction of oil that permeated after 3 hours filtration, calculated for homogeneous
emulsions of bromohexadecane (a2) and hexadecane (b) as a function of droplet diameter with
different average velocities of the fluid; 37-10° m+" for line 1, 17-10° m's” for line 2 and 6.2-10° ms"

for line 3.
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consistent with the experimental data of figure 5 and table 2. For all emulsions the
apparent deposition velocity of hexadecane is larger than that of bromohexadecane and
the difference is highest for the emulsions with large d;,.

The total fraction of oil that has permeated after 3 hours filtration increases with
increasing flow rate. This is caused by the increased amount of droplets that contacts the
membrane due to interception per unit of time. Thus, the relative contributions of both
the diffusion and the gravity mechanism decrease while the influence of the interception

mechanism increases with increasing flow rate.

Simulations of droplet size distributions after filiration

To determine whether the perfect sink theory can be applied not only qualitatively but
also quantitatively, simulations and experimental data have been compared. Firstly, the
droplet size distribution after filtration, calculated using the perfect sink theory, has been
compared with the experimentally determined droplet size distribution (figure 8). For all
emulsions a similar decrease of average droplet size has been both measured and

calculated (table 3).

Table 3. Comparison of d;, values [pum] before (measured using polarized scattering) and after

filtration (measured and calculated, implying that interception occurs),

method of mixing  dispersed phase measured before measured afier calculated after
filtration filtration filtration
homogenized bromohexadecane 0.55 0.22 045
sonified bromohexadecane 0.94 0.23 0.44
Silverson bromohexadecane 8.45 0.23 0.32
homogenized hexadecane 0.63 0.32 034
sonified hexadecane 0.82 0.22 0.26

Silverson hexadecane 124 042 0.19
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Figure 8, Measured and calculated droplet size distributions before and after the filtration of a
Silverson mixed bromohexadecane-in-water emulsion. The calculation includes the interception

mechanism.

Experiments and simulations show that during filtration of oil-in-water emulsions all
large droplets are removed from the emulsion. Their filtration rate is high due to
gravitation and/or interception (figure 6 and 7). Eventually, also smaller droplets
permeate, mainly caused by diffusion. For example, for a sonified hexadecane-in-water
emulsion the weight fraction of oil has been reduced from 0.038 to 0.00061 after 800
hours of filtration. Thus, 98.4% of the oil has been removed, which should include a
large fraction of the small droplets.

Considering figure 7 it is expected that not only large droplets but also droplets

smaller than the least permeating droplet size will be removed from the emulsion with a
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high filtration rate. Unfortunately, our droplet size measurements are unable to detect a
decrease of the volume fraction of these very small droplets.

The deviation between the calculated and measured d;, after filtration might be
partly due to the inaccuracy of the measurements of the distributions before filtration.
These distributions, which are used for the calculations, are quite broad. Hence, the
amount of small droplets is probably underestimated. Small changes of the input
distributions, such as increasing the fraction of droplets with a diameter smaller than 1
pm, result in a better similarity between the calculated and measured values of d;, after

filtration.

Simulations of oil concentration during filtration

A second way to validate the model is to compare experimentally determined and
predicted oil concentrations in the feed during filtration. Simulations have been carried
out with and without interception because this mechanism is expected to be important
{(figure 6). On the other hand, it is difficult to quantify in the given experimental setup.
An experiment with a Silverson mixed emulsion with red colored bromohexadecane as
the dispersed phase showed an accumulation of red color at the entrance of the module.
This indicates the importance of the interception mechanism at the entrance.

An example of the simulation of the oil concentration during filtration is given in
figure 9 and in table 4 the predicted and apparent deposition velocities are compared. As
can be seen in table 4, in almost all cases v’ is in between v” without and with
interception. Only in case of the Silverson mixed hexadecane-in-water emulsions the
modeled values are always too high. This can be caused, among other things, by the
inaccuracy of the droplet size measurements as mentioned before. A small overestimation
of the amount of large droplets will cause a large overestimation of the calculated
deposition velocity due to gravity, which becomes the dominant transport mechanism for
large hexadecane droplets (figure 6).

Thus, generally formula (8) overestimates the interception effect. Nevertheless,

implementation of the mechanism of interception can be used to improve the predictions
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Table 4. Comparison of apparent deposition velocities, v [um-=s"| derived from experimental dats
averaged over two similar experiments and deposition velocities, v [um-s’], predicted by the

perfect sink model.

bromchexadecane hexadecane
v ¥ without V' with v v” without  v' with
inferception interception intercepticn  interception
homogenized 0.14 0.0l 0.23 0.16 0.08 0.22
sonified 0.14 0.04 0.23 0.2i 0.14 0.31
Silverson 0.25 0.18 531 0.49 5.01 10.42

oil concentration in feed [g/g]

0.06

0.05 prediction with interception

0.04

0.03 fit
prediction without interception
0.02
0.01
0 : :
0 50 100 150 200

time [h]

Figure 9. Experimental data and both the [itted and predicted values of the oil conceniration durin

filtration of a sonified hexadecane-in-water emulsion. The deposition velocities are given in table 4.
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according to the perfect sink model. This is consistent with the observation of other
research groups that interception often is an important transport mechanism™ *° .

A final remark concerns the assumption that the hydrodynamic drag and the van
der Waals attraction a droplet experiences in the vicinity of the membrane are both
negligible. As stated before, the drag is induced by inertial Lift forces and is also called
the tubular pinch effect. The lift velocity can be calculated as a function of droplet size'.
These calculations show that for small droplets (& < 2 um) close to the membrane the Lifi
velocity varies between 1.10™ and 1.10° mes™, These values are much smaller than the
deposition velocities in table 4, indicating that it is justified to ignore the drag effect in
case of small droplets. Moreover, the van der Waals attraction is noticeable at very short
distances from the membrane only {nanometers). At larger distances the effect can be

neglected too.

Accuracy of the flux predictions

The model assumptions are not always met. For example, the model is valid for Pe <

10°2. If this condition is not met, an underestimation of the deposition velocities can be

expected. This is true for v = 410° m's" and d;, > 1.1 um. However, this effect is
negligible compared to the effect of interception. Moreover, the model assumes laminar
flow in the module. The Reynolds number in the channel is 111, fulfilling this condition,
vet at the entrance and the exit of the module stable, laminar vortices can occur.
However, these will be small compared to the total length of the module. Moreover, the
correctness of the assumption of perfect sink is questionable since coalescence costs time
(see also chapter 4 of this thesis). Finally, predictions will always deviate from the
experimental values because of the £ 30% reproducibility of the filtration experiments as
discussed earlier. In literature about coalescers®, deviations between experimentally
determined deposition fluxes and those predicted using the perfect sink theory in the
absence of colloidal interactions, range between 10 and 20%. Taking the previous
mentioned inaccuracies into account, it can be concluded that this might aiso be true in

the present research,
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Conclusions

The dispersed phase of stable oil-in-water emuisions can be separated in a cross flow, flat
sheet membrane module with a polypropylene membrane. No additional separation
process of the permeate is needed, because the permeated oil phase contains no water,
Only little fouling of the membrane by the nonionic surfactant Tween-40 has been
detected. The perfect sink theory is successful in modeling the experimental data,
assuming that no colloidal interactions occur. This indicates that the transport mechanism
is the limiting step in the separation.

If the average flow velocity is 4-10” ms', the transport of small droplets is
mainly determined by the diffusion mechanism while for large droplets gravity (if Ap is
large} and interception dominate. Generally, large droplets (d > 1 um) have high fluxes.
During filtration experiments, the oil concentration of emulsions with a large d;, reduces
faster than in case of emulsions with a small d,,. Also, the average droplet size decreases
during the experiments. It is calculated that droplets with a diameter smaller than 0.1 pm
also permeate fast, but this has not been proven experimentally. The relative
contributions of all mechanisms to the total flux depend on the flow velocity.

Deviations between predicted and experimental data are caused partly by
experimental difficulties related to (measurement of) droplet size distributions and
variations in flow pattern and flow velocity. Also, accurate modeling of the interception
mechanism is hard. Although all these factors make accurate estimations difficult, the
model provides reasonable predictions of the time dependent concentration of oil phase
in the emulsion, certainly from a qualitative point of view. The perfect sink model can
therefor be used to describe the transport in a dispersed phase separator, thus leading to a
better understanding of the mechanisms controlling the system. With the gained
knowledge efforts can be made to improve the fluxes so that the system becomes

competitive to the continuous phase permeation system.
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Appendix

Two mass balances can be defined, one over the membrane module and the other over the

vessel containing the emulsion. In an ideally mixed membrane module this balance is:

4

v
md " "y

=¢-nif)—¢ - n()-v - O-n() &)
with V,,,,; [m’] being the volume of the module, 7 the droplet concentration in the module,
n,, the inlet droplet concentration and ¢ [m*s'] the pump delivery (assuming that the
volume of extracted oil is negligible, so ¢,;= ¢,,= ). The mass balance over the ideally

mixed vessel is:
drtyee(f
Pres %‘Q = ¢ Moesn(f) = - Mve) (10)

where V., [m’] is the volume of the vessel, n,,, the droplet concentration in the vessel and
the inlet droplet concentration in the vessel. Because n,,,, = » and n,,, = n,

nves. in

equations (9) and (10) can be written as:
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Y rod d"(t)— —~{o+V - O)-n()+d 5[0 (1

dn mlf)

Vies- =d-n()—¢-n ) (12)

These equations can be solved using Laplace transformation to give:

1) = 7 [ - Mg — (4 )] (13)

with 4, A’ and A" [s"'] being:

b Vot + Vies)
Vmad . Vves

”_1.( 0 ) ( o NV (%0
1—2{A+ VJ+JA+V v v (14)
If the emulsion is heterodisperse the total droplet concentration can be calculated as:

Z
) = § nAt) (15)

and

iﬁ, 7O) = My — (4, - We (] (16)

n,(f) =

Z 15 the number of droplet size groups, n(r) the concentration of droplets of size group z

(n:(0))

at time ¢ and F, the fraction of droplets of size group =z at /=0 \ oy n(0) J- The experimental
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and modeled data can be fitted, by using equation (13) with v' as the fit parameter, by

minimizing the residual sum of squares between the experimental or theoretical and the

fitted concentration n(f).

Nomenclature
Symbols
a droplet or particle radius [m]
A constant according to formula (14) [s"]
A Hamaker constant of droplet or particle 1 with wall 2

through medium 3 9]
Ad adhesion nurnber [-1
b half height of the channel [m]
dy volume averaged droplet diameter [m]
ds, volume/surface averaged droplet diameter [m]
D diffusion coefficient [m*s™]
D diffusion dyadic [m*s]
DL double layer number [-1
F fraction of droplets with a certain size at t=0 [
g gravity acceleration fm-s7]
Gr gravity number []
h distance between droplet or particle and membrane [m]
J volume flux [m-s"] and [I-hr’m?)
i normal component of droplet or particle flux vector [m*s"]
} droplet or particle flux vector (m*s7]
k constant of Boltzmann K™Y
L length of membrane [m]




36 Chapter 2
#n droplet or particle concentration [m?)
0 membrane area [m?]
Pe Peclet-number [-]
o source term m>s"]
Sh Sherwood-number, averaged over the entire collector surface [-]
t time [s]
T absolute temperature K]
v velocity of the fluid [m-s']
v average velocity [ms']
¥ velocity vector of the droplets or particles ms']
v’ apparent deposition velocity of droplets on membrane,

determined by fitting experimental data [m-s!]
v deposition velocity of droplets on membrane,

determined by perfect sink model ms™]
14 volume [m’]
Z total number of droplet size groups [-]
5 primary minimum distance between droplet/particle and membrane [m]
£ dielectric constant of the medium [-]
£ permittivity of the vacuum (C-viml
n dynamic viscosity [N-s'm™]
N constant according to formula (14) [s']
A" constant according to formula (14) [s']
) pump delivery (5]
p density kgm™
g zeta potential V]
Subscripts
0 at time =0
i droplet or particle
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2 membrane or wall

3 medium

c continuous phase

d dispersed phase

Gr in case Gr is dominant
i interception

in inlet

! local

min minimal

mod module

Pe in case Pe is dominant
tot total

ves vessel

z indicator for droplet size group
o0 in the bulk
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3 Transport mechanisms in dispersed
phase separators: hydrodynamics

Summary

Separation is investigated of dispersed bromo(hexa)decane droplets (d;, < 10 um) stabilized by Tween-40
out of an oil-in-water emulsion by wsing hydrophobic polypropylene membranes. It has been found
previously {chapter 2 of this thesis) that the droplet transport towards the membrane can be modeled by the
convective diffusion equation with perfect sink conditions at the membrane surface and presupposing
interception to be an important mechanism. To verify the assumption of interception three different
module types are investigated in the present chapter; a flat sheet module, a hollow fiber module and a dead
end module. The flow velocity is varied as well as the dimensions of the first two medule types.

It is confirmed that the experimental permeation data, when expressed as Sh-numbers, can best be
described by models which include interception. Generally, the predictions are best at intermediate
velogities. Only in case of the hollow fiber modules, the predictions always overestimate the experimental
data. It is concluded that the perfect sink condition is met in most cases, hence transport is the rate limiting
mechanism. Experimentally, a decrease of Sh with increasing velocity is found for the dead end module,
which is not predicted by the models. The time dependent coalescence becomes the rate limiting step at
high flow velocities due to the decreased contact titne between droplet and membrane. Both a decreased
residence time as an increased detachment of droplets from the membrane into the bulk contribute to this

effect. If the coalescence time is larger than the contact time, the perfect sink condition is not met and the

convective diffusion madel should be extended by coalescence models.






