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Kirjallisessa  osassa  käsiteltiin  emulsion  muodostusta  membraanin  avulla.
Emulsioita käytetään teollisuudessa laajasti.  Perinteisesti  emulsio muodostetaan
roottori-staattori  systeemeillä  tai  korkeapainehomogenointi  systeemeillä
käyttämällä  hyödyksi  suuria  leikkausvoimia.  Emulsion  muodostuksessa
membraanin avulla kaksi toisiinsa liukenematonta nestettä sekoitetaan keskenään
työntämällä toinen liuos toisen sekaan kalvon huokosten läpi. Tällä tekniikalla on
mahdollista  säästää  energiaa,  tuottaa  homogeenisempia  emulsiopisaroita  ja
vähentää  käytetyn  pinta-aktiivisen  aineen  määrää.  Ziegler-Natta  ja  single-site
katalyyttejä  käytetään  olefiinien  polymeroinnissa.  Nykyään  näitä  katalyyttejä
valmistetaan  emulsiosta,  joka  on  valmistettu  perinteisesti  sekoittamalla.
Membraaniemulgoinnilla  olisi  mahdollista  saada  aikaiseksi  homogeenisempia
katalyyttipartikkeleita, joilla olisi kapeampi partikkelikokojakauma.

Kokeellisessa osassa tutkittiin polypropyleenin valmistuksessa käytettävän single
site  katalyytin  valmistusta  membraaniemulgoinnin  avulla.  Erilaisia
kalvomateriaaleja ja emulsion kiinteytystekniikoita tutkittiin. Työn aikana myös
määritettiin  tolueeni-PFC  faasidiagrammi.  Faasidiagrammia  käytettiin  apuna
prosessin optimoinnissa.

Polytetrafluoroetyleenimembraanit omasivat suurimmat kontaktikulmat tolueenin
kanssa.  Tästä  huolimatta  suuria  eroja  ei  havaittu  kun  verrattiin
katalyyttipartikkeleita, jotka oli valmistettu PTFE membraania käyttäen tai metalli
sintteriä käyttäen. Näissä testeissä valmistetuilla katalyyttipartikkeleilla oli melko
laajat  partikkelikokojakaumat.  Partikkelikokojakaumia  saataisiin  luultavasti
kavennettua  jos  käytettäisiin  membraaneja,  joilla  on  kapeampi
huokoskokojakauma.  On  myös  mahdollista,  että  kiinteytymisnopeus  vaikuttaa
katalyyttipartikkeleiden  kokojakaumaan  ja  morfologiaan.  Polymeerisistä
membraaneista  PTFE  membraanit  soveltuvat  parhaiten  tähän  prosessiin,  sillä
niillä oli paras kemiallinen kestävyys.



ABSTRACT

Lappeenranta University of Technology
Faculty of Technology
Department of Chemical Technology

Jenni Järvinen

Membrane emulsification in preparation of single site catalyst

Master of Science Thesis

2007

100 pages, 68 figures, 9 tables, 12 indexes

Examiners: Prof. Marianne Nyström 
Dr.Tech. Arto Pihlajamäki 

Keywords: membrane, emulsion, catalyst, polypropylene, polyethylene, PFC,  
Single Site, Ziegler Natta, methylaluminumoxane, MAO

In the theory part the membrane emulsification was studied. Emulsions are used
in many industrial areas. Traditionally emulsions are prepared by using high shear
in rotor-stator systems or in high pressure homogenizer systems.  In membrane
emulsification two immiscible liquids are mixed by pressuring one liquid through
the membrane into the other liquid. With this technique energy could be saved,
more homogeneous droplets could be formed and the amount of surfactant could
be  decreased.  Ziegler-Natta  and  single-site  catalysts  are  used  in  olefin
polymerization processes.  Nowadays,  these catalysts  are prepared according to
traditional mixing emulsification. More homogeneous catalyst particles that have
narrower  particle  size  distribution  might  be  prepared  with  membrane
emulsification.

The aim of the experimental part was to examine the possibility to prepare single
site polypropylene catalyst using membrane emulsification technique. Different
membrane materials and solidification techniques of the emulsion were examined.
Also the toluene-PFC phase diagram was successfully measured during this thesis
work. This phase diagram was used for process optimization.

The  polytetrafluoroethylene  membranes  had  the  largest  contact  angles  with
toluene and also the biggest difference between the contact angles measured with
PFC and toluene. Despite of the contact angle measurement results no significant
difference was noticed between particles prepared using PTFE membrane or metal
sinter. The particle size distributions of catalyst prepared in these tests were quite
wide.  This  would  probably  be  fixed  by  using  a  membrane  with  a  more
homogeneous pore size distribution. It is also possible that the solidification rate
has  an  effect  on  the  particle  sizes  and  particle  morphology.  When  polymeric
membranes are compared PTFE is probably still the best material for the process
as it had the best chemical durability. 



Symbols

A membrane surface area        m2

a distance between two pore centers        m
c maximum droplet ratio
ce emulsifier bulk concentration        mol/L
Dh hydraulic diameter        m
d p mean pore size diameter        m

Jd dispersed phase flux        m3/(m2s)
k fraction of active pores 
k1 constant        N/m
k2 constant        L/mol
L membrane thickness        m
Md mass flow rate of the dispersed phase        g/s
Pc capillary pressure                    Pa
Pe input pressure of the module,        Pa
Pp pressure on the dispersed phase side of the membrane             Pa
Ps output pressure of module                    Pa
Ptm transmembrane pressure        Pa
Rm hydraulic membrane resistance        1/m
r radius of one cylindrical pore        m
Re Reynolds number
Vcis tangential velocity of continuous phase        m/s
�scd the pore wall contact angle        o

� interfacial tension between liquids               N/m
�cd interfacial tension between continuous and dispersed phase       N/m
�sc interfacial tension between solid and continuous phase         N/m
�sd interfacial tension between solid and dispersed phase        N/m
� porosity
�d viscosity of dispersed phase        Pas
� viscosity of emulsion                     Pas
� contact angle between discontinuous phase and membrane        o

� friction factor correlation
� density of emulsion       kg/m3

�d density of dispersed phase             g/m3

� equilibrium interfacial tension           N/m
�0 interfacial tension of clean interface        N/m
�w wall shear stress                   Pa

Abbreviations

CMC  critical micelle concentration
CPDN  Controlled Pore Distance Nano membrane
e/o  ethanol in oil
e/o/w  ethanol in oil in water
GC  gas chromatography
HPH  high pressure homogenizer
MAO  methylaluminumoxane
ME  membrane emulsification
MPG  microporous glass
o/w  oil in water
o/w/o  oil in water in oil



PAN  polyacrylonitrile
PE  polyethylene
PEEK  polyetheretherketone
PEK  polyetherketone
PES  polyethersulfone
PFC  perfluorocarbon
PI  polyimide
PP  polypropylene
PS  polysulfone
PTFE  polytetrafluoroethylene
PU  polyurethane
PVC  poly(vinylchloride)
PVDF  polyvinylidenefluoride
ROME rotating membrane device
SDS  sodium dodecyl sulfate
SE  sucrose ester
s/o/w  solid in oil in water
SPG  Shirasu Porous Glass
UT  Ultra Turrax
w/o/w water in oil in water
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1 Introduction

Emulsions are used in many industrial areas. Traditionally emulsions are prepared

by  using  high  shear  in  rotor-stator  systems  or  in  high  pressure  homogenizer

systems.[1]  During  the  last  twenty  years  emulsion  formation  via  membrane

emulsification has received more attention. [2]

The  membrane  emulsification  technique  using  microporous  membranes  with

narrow pore size distribution was invented in the early 1990's by Nakashima et al.

They used porous glass membrane for emulsification.[3, 4] Shirasu porous glass

membranes (SPG membranes) can be used to form very uniform sized nano- and

microbubbles.[3]  Other  inorganic  membrane  materials  with  small  pore  size

distributions  are  so called microsieves,  ceramic membranes and stainless  steel

membranes.[5, 6,  7] Some polymeric materials like PTFE can also be used in

membrane emulsification but they have wider pore size distributions [8, 9, 10, 11].

In  many  cases  membrane  technology  offers  a  good  alternative  for  traditional

emulsification  systems.[1,  3]  Especially,  when  it  is  important  to  achieve  very

homogeneous emulsion droplets. With this technique energy could be saved since

no high shear is needed. Also the amount of surfactant could be decreased. [1]

Ziegler-Natta and single-site catalysts are used in olefin polymerization processes

on  an  industrial  scale  like  in  the  BorstarR process  by  Borealis  Polymers  Ltd.

Nowadays,  these  catalysts  are  prepared  according  to  traditional  mixing

emulsification.  Emulsion  droplets  are  solidified  by  changing  the  process

parametres and the size of the emulsion droplet defines the size of the catalyst

particle. By using membrane emulsification, catalyst particle size could be better

controlled and the particle size distribution could be narrower.[12, 13] 

The size of the catalyst particles should not be too small in order to prevent the

catalyst from getting stuck on the polymerization reactor walls. On the other hand,

if  the  catalyst  particles  are  too  big  valuable  surface  area  is  lost.  If  the  size

distribution  of  the  catalyst  particles  is  too  wide  it  gets  difficult  to  adjust  the

velocity of the gas flow in a gas-phase reactor as the small particles might get

swept away from the reactor and on the other hand if the velocity is too low the

bigger particles will not move with the gas flow. The morphology of the polymer
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particles  also  resembles  the  morphology  of  the  catalyst  particles.  Spherical,

homogeniously sized polymer particles are more mobile in the processes.[14]

In  this  master  of  science  thesis  emulsification  via  membrane  technology  was

studied.  Special  attention  was  focused  on  the  single-site  catalyst  preparation

process. The possible use of different membrane materials was examined. Also,

the behavior of the used solvents in binary phase systems was studied.
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2 Ziegler-Natta and single-site catalysts

Ziegler-Natta and single-site catalysts are used in olefin polymerization processes.

Traditionally,  the  catalyst  has  been  bound  to  a  carrier material.  The  possible

carrier materials are polymeric and clay materials but the most common carrier

material  is  silica.  Nowadays,  catalysts  can  be  prepared  by  using  emulsion

technology which is a technique developed by Borealis Polymers Ltd. [12, 13]. 

2.1 Single-site catalysts

Earlier, when the catalyst was prepared the silica carrier was first pre-treated to

remove  the  hydroxyl  groups  and  then  impregnated  with  metallocene  and

coactivator. This was a single- or multistep process where carrier was brought in

touch with liquid containing metallocene and coactivator and this liquid diffused

into the pores of the carrier, thus depositing the active components on the carrier

surface. This made the carrier porosity and the pore size distribution important

properties and although the process had been optimized during the last decades,

there was still some carrier related problems. Inhomogeneity of carrier material

caused  inhomogeneity  of  the  catalyst,  the  activity  was  low  due  to  a  low

concentration  of  the  active  compound  and  there  could  be  disturbing  carrier

residues in the final product.  That is why Borealis has developed a process to

produce a self-supporting catalyst without carrier material by an emulsification

technique. This new technique was introduced by Bartke et al. The new technique

makes it possible to prepare perfectly spherical and homogenous catalyst particles

(see figure 1). [12]
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Figure 1. Self-supported  single-site  catalyst  prepared  by  emulsification  
technique.[12]

The catalyst activity is also higher compared to silica-supported catalyst because

the complex concentration in the particle is higher. The new technique uses two

liquid  phases,  a  phase  that  contains  the  catalyst  and  an  inert,  immiscible

continuous phase.  These two are mixed together so that  emulsion droplets  are

formed out  of  the  catalyst  phase.  Droplets  are  stabilized  with  surfactant.  The

catalyst  phase  contains  metallocene  and  the  coactivator  methylaluminoxane

(MAO) dissolved in toluene. The continuous phase consists of a perfluorinated

hydrocarbon which  is  inert  towards  the  components  in  the  catalyst  phase.[12]

Hydrocarbons  like  toluene  are  soluble  in  perfluorinated  hydrocarbons  as  a

function of temperature.[15] After an emulsion is created, the catalyst particles are

solidified by raising the temperature which causes transfer of toluene from the

catalyst phase to the perfluorinated hydrocarbon phase. Solid catalyst particles are

collected and dried. The principle of the emulsification process is described in

figure 2. [12]
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Figure 2. Emulsification  process   to  produce  self-supported  single-site  catalyst
for olefin polymerization. [12]

2.2 Ziegler-Natta catalysts

Traditionally  prepared  Ziegler-Natta  catalysts  are  also  bound  to  the  support

material. The technique introduced by Borealis Polymers is similar to single-site

catalyst  preparation via  emulsification and consists  of  three stages.[16]  First  a

liquid/liquid  two-phase  system is  formed.  One  phase  consists  of  catalyst  pre-

cursors and the other one is an inert phase. The catalyst pre-cursors consist of

TiCl4,  magnesium alkoxide  and  an internal  donor.  The next  step  is  emulsion

formation. Surfactant is used to stabilise the formed catalyst droplets. Finally, the

reaction conditions are changed so that  solid catalyst  particles are formed and

catalyst particles can be isolated and dried. The mixing conditions determine the

catalyst  particle  size.  The  catalyst  particles  made  this  way have  a  very  small

surface area, spherical shape and a narrow size distribution. Abboud et al. studied

the effect of catalyst porosity on catalyst activity. They pointed out that nonporous

catalysts can have high activity. Before, it was thought that only highly porous

catalysts can have high activity. In figure 3 the smooth and spherical structure of

unsupported Ziegler-Natta catalyst prepared using emulsion technology and the

rough and unspherical structure of silica supported Ziegler-Natta catalyst can be

seen.[13]
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Fiqure 3 A.  Smooth  and  spherical  structure  of  unsupported  Ziegler-Natta
catalyst  prepared  by  using  emulsion  technology  and  B.  rough  and
unspherical structure of silica supported Ziegler-Natta catalyst[13].
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3 Emulsification

The emulsion is a two phase liquid-liquid system where one liquid is polar and

hydrophilic, and the other one is non-polar and hydrophobic.[17] Emulsification

techniques are common process steps especially in food-, medicine-, chemistry-

and cosmetics industry.  Emulsions are used for example in dressings,  artificial

milks, margarines and low fat spreads or in agents used in crop protection and in

bitumen.  Membranes  could  be  used  in  these  processes  for  droplet  formation.

Membrane emulsification could also be used for the creation of microspheres used

as  chromatographic  packing materials,  toners  for  electrophotography and drug

delivery systems.[18] 

Emulsions can be devided as oil in water (o/w) or water in oil (w/o) emulsions or

according to their mean droplet diameter as micro-(10-100 nm), mini-(100-1000

nm), and macro (0.5-100 m) emulsions.[17] Preparing w/o emulsions is more�

difficult  than  preparing  o/w  emulsions  since  the  aqueous  phase  has  a  lower

dielectric constant which makes the stabilization of the aqueous droplets in the oil

phase  by  electrical  double  layer  repulsion  force  difficult.[2]  Also,  surfactants

diffuse more slowly through the highly viscous oil phase than through the water

phase  which  makes  the  stabilization  of  water  droplets  slower  and  thus  the

coalescence of droplets more probable.[19]

3.1 Traditional emulsification

In traditional emulsification systems a high shear is used to form the emulsion

droplets.  Usually  a  coarse  emulsion is  made by stirring and  then fed into the

emulsification  system where  shear-  stresses  take  care  of  the  further

emulsification.[1] Because there is no high shear in membrane emulsification, it is

also possible to handle products that are shear- or heat sensitive.[20] 

In rotor-stator systems there is a moving rotor and a stationary smooth, roughened

or grooved surface. A high shear is generated between these two and mainly due

to  turbulence  the  droplets  that  are  formed constitute  the  dispersed  phase.  For

example, tooth-disc high speed homogenizers and colloid mills are used rotor-

stator systems.[1] 

The  other  traditional  emulsification  method  is  the  high  pressure  homogenizer
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system. In these systems droplet formation happens mainly because of turbulence

and cavitation effects when emulsion mixture is injected through a small hole.

Different phases can also be made to collide from jets that are directed head-on.

An electrical field or ultrasound can be used as assistance. The used pressure is

usually between  5·106-3.5·107 Pa.[1]

When emulsion is made by injecting the dispersed phase through a small orifice or

nozzle into the cross-flowing continuous phase, the droplet size is dictated by the

orifice  diameter.  Berkland  et  al. prepared  polymeric  microspheres  with  this

technique. They were able to adjust the droplet size to be 1-10 times the orifice

diameter by using piezoelectric transducers.  The nozzle was vibrated with this

device and the frequency was tuned to get the desired droplet size.[21]

In traditional emulsification systems it is sometimes difficult to control the droplet

size and the droplet size distribution. If the droplet size distribution is too wide it

might have an effect on the characteristics and stability of the droplet. It is also

noticed that in traditional emulsification systems the quality of the emulsion may

vary a lot  though the scale of  the equipment  would be the same. This  causes

difficulties in scale up. The membrane emulsification system is easy to scale up by

adding more membranes to the module.[1]

3.2 Membrane emulsification

In membrane emulsification two immiscible liquids are mixed by pressing one

liquid (discontinuous phase or dispersed phase) through the membrane into the

continuous phase. After that the formed emulsion droplets are carried away by the

continuous phase. The principle of cross flow membrane emulsification can be

seen in fiqure 4. [22]  

Membrane  emulsification  is  made  interesting  due  to  its  possibilites  to  control

droplet size by choosing a convenient membrane pore size. It is also possible to

save  energy  by  using  membrane  emulsification  instead  of  traditional

emulsification. In traditional emulsification systems a higher shear (rotor- stator

systems,  colloid  mills  and high  pressure  homogenizer  systems)  is  used  which

consumes more energy.[1, 23] For example in high pressure homogenizers about

99.8% of the used energy is lost and changed into heat. In figure 5 the energy
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densities of traditional techniques and membrane emulsification tehniques can be

seen.[25]

Figure 4. The  principle  of  membrane  emulsification:  the  dispersed  phase  is
pushed  through  a  membrane  into  the  continuous  phase.  Here  the
dispersed  phase  consists  of  a  polar  liquid  (like  water)  and  the
continuous phase consists of a non-polar liquid (like oil).[22]

Figure 5. The droplet diameter as a function of the density of the input energy
used for emulsification. ME means cross-flow membrane emulsification
and the numbers are fractions of the dispersed phase. HPH means high
pressure  homogenizer  and  UT  means  Ultra  Turrax  (common
homogeniser by Janke & Kunkel GmbH & Co). [24, 25]

As  a  disadvantage  of  membrane  emulsification  may  be  mentioned  the  low

dispersed phase flux. This is a problem especally with glass membranes. On the

other hand, ceramic membranes have higher flux. The main reason for low flux is
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that the dispersed phase flux must be regulated so that jetting out of the pores will

not  occur.  Jetting  is  undesirable  because  the  formation  of  uniform droplets  is

possible only due to dripping. [26] 

Membrane emulsification can be done semi-continuously or in a batch reactor.[27]

Usually the continuous phase carries the formed droplets away. This is ensured by

circulating  the  continuous  phase  with  a  low shear  pump or  by  agitation  in  a

stirring vessel.[28] After the emulsion is formed it is possible to solidify either the

droplets  or  the  continuous  phase.[29]  The  tangential  shear  on  the  membrane

surface should be sufficient for the droplets to detach but not too high so that the

formed droplets would break. The idea of this kind of a continuous crossflow

system can be seen in figure 6 a and the idea of the stirring system in figure 6

b.[30]

Figure 6. In  membrane emulsification droplet  detachment  from the  membrane
surface can be ensured by a low shear pump (a) or on  agitation in a
stirring vessel (b). The membrane can also be mounted on a rotating
cylinder (c) or droplet detachment can happen spontaneously (d).[30]

In dead-end emulsification the droplet detachment happens spontaneously without

pumping or agitation. This is possible if there are fast-adsorbing surfactants in the
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continuous phase or  if  the pore cross-section is  non-circular.  [28]  The idea of

dead-end membrane emulsification can be seen in figure 6 d.[30]

3.2.1 Pre-mix membrane emulsification

Membranes can also be used to reduce the droplet size in the pre-mixed emulsion.

This  technique,  introduced  by  Suzuki  et  al. can  be  called  pre-mix  membrane

emulsification.[31]  When this  technique  is  used,  it  is  also  possible  that  phase

inversion  occurs.  This  means  that  coarse  w/o  emulsion  transforms  into  o/w

emulsion or the other way around. This is possible if the dispersed phase of the

coarse  emulsion  wets  the  membrane  pores  and  there  are  suitable  surfactants

present.  The  principle  is  presented  in  figure  7.  With  pre-mix  membrane

emulsification it is possible to use higher dispersed phase fluxes without losing

droplet  uniformity.[10]  After  the  premixed emulsion  is  prepared  no  pumps  or

stirrers are needed and the driving pressure or emulsifier properties do not have to

be  so  precisely  adjusted.  This  makes  the  experimental  setup  for  pre-mix

emulsification  more  simple.  In  pre-mix  membrane  emulsification  it  is  also

possible to make smaller droplets than in direct membrane emulsification with the

same kind of membrane. [30]

Figure 7. In  addition  to  direct  membrane  emulsification  (a),  a  membrane  can
also be used to reduce the droplet size in the pre-mixed emulsion (b)
If  the  membrane  pores  are  wetted  with  the  dispersed  phase  and  if
there  are  suitable  surfactants  present,  o/w  emulsion  can  transform
into w/o emulsion (c) and the other way around. [30]

3.2.2 Hollow fibre emulsification

Hoppe  et  al. introduced  the  use  of  hollow  fibre  membranes  for  membrane

emulsification in their study. The principle of hollow fibre emulsification is that

the  dispersed  phase  is  pushed  through  the  hollow  fibre  and  mixed  with  the
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continuous phase which is introduced into the hollow fibre through the membrane

pores (figure 8). The continuous phase pushes the discontinuous phase away from

the membrane walls and �cuts� the capsule shaped droplets out of it. The formed

capsules are inherently stable and will not disperse further. Compared to cross-

flow membrane emulsification, droplets made by hollow fibre emulsification are

more mono-disperse because the size distribution is not affected by the membrane

pore size distribution. The formed droplets are about 1.5 times as big as the inner

diameter of the fibre.[32]

The  risk  of  coalescence  also  becomes  smaller  when  the  droplets  are  already

surrounded by the continuous phase when they exit the fibre. Coalescence might

probably occur if the droplet is stuck on the open end of the membrane so that the

following droplets can hit it.  Hoppe  et al. tried to avoid that in their study by

cutting the open end of the hollow fibre under an angle of 60o. [32]

The most suitable membranes for hollow fibre emulsification are microfiltration

membranes  that  allow  for  a  high  flux  through  them  because  the  flux  of  the

continuous phase must  be  high.  The discontinuous phase  will  not  stick  to  the

membrane walls and proper droplets are formed.[32]
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Figure 8. Droplet formation in hollow fibre membrane emulsification process  
[32]

3.2.3 Rotating membrane emulsification

Windhab  et al. presented a new Rotating Membrane Device (ROME).[17] This

device consists of two concentric cylinders. The inner hollow cylinder is rotating

and the membrane is mounted on it. The idea of ROME can be seen in figure 6 c.

[30]  Windhab  et  al. used  Controlled  Pore  Distance  Nano  membrane  (CPDN)

which  has  the  advantage  that  the  pore  distance  can  be  adjusted.  This  makes

avoiding coalescence easier as the neighbouring pores are not too close to each

other.[17] 

The shear stresses of the continuous phase detach droplets from the membrane

surface as the inner cylinder rotates.  The continuous phase flows continuously

through  the  gap  between  the  cylinders.[17]  Schadler  and  Windhab  tested  the

influence of several process parametres on droplet size when ROME was used.

They stated that the dispersed phase volume fraction  does not have an effect on

droplet  size  or  droplet  size  distribution.  They also  pointed out  that  if  the  gap
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between  the  cylinders  is  increased  the  droplet  size  is  decreasing.  Also,  if  the

angular velocity of the rotating membrane is high, the droplet size will be smaller.

[5]

3.2.4 Microfluidic systems

Microfluidic  systems  are  also  a  very  studied  subject.  The  microchannel

emulsification  proposed  by  Kawakatsu  et  al. was  the  first  emulsion  droplet

preparation technique based on a microfluidic technique. The basic idea is that the

phase  to  be  dispersed is  pushed  into  the  continuous  phase  through  a  single

capillary or T-junction. This way very uniform droplets are formed due to a very

precise flow channel. The downside is a small throughput of the dispersed phase.

Scale up can be done by using an array of similar capillaries.[33, 34] Microsieve

membranes can be considered as an application of microchannels.[22] The driving

force  in  microchannel  emulsification  is  the  fast  cross-flow  velocity  of  the

continuous phase. In figure 9 a microchannel plate made of silicon by Kobayashi

et  al. can  be  seen.  The  dispersed  phase  flows  through  the  channels  and  the

emulsion droplets are carried away by the continuous phase that flows in the well.

[35]

Figure 9. Microchannel  plate  made  of  silicon  by  Kobayashi  et  al.  The
dispersed phase flows through the channels and the emulsion droplets
are  carried  away by the  continuous  phase  that  flows in  the  well.  a)
schematic drawing and b) SEM image. [35]
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3.2.5 Multiple emulsions

It is also possible to make multiple w/o/w (water in oil in water) or o/w/o (oil in

water in oil) emulsions with membrane emulsification. First a primary emulsion is

prepared under intense homogenization to make sure that the droplets are as fine

as possible. Next, a secondary emulsion is made by pushing the primary emulsion

through the membrane into the third phase. The secondary emulsification is not so

intense as the primary emulsification so that the already formed droplets will not

rupture.[36]

If  the  dispersed  phase  in  the  primary  emulsification  is  water  (polar  liquid)  a

hydrophobic  membrane  is  used.  The  secondary  emulsification  is  done  with  a

hydrophilic  membrane  as  the  dispersed  phase  is  oil  (non-polar  liquid).  The

procedure  is  done  the  other  way  around  if  o/w/o  emulsion  is  prepared.  Two

different surfactants are needed. Hydrophobic surfactants are designed to stabilize

w/o emulsions and hydrophilic surfactants to stabilize the oil-water interface.[36] 

According to Mine et al. the droplet concentration of a primary emulsion should

be between 30-50% to make a stable secondary emulsion. Also the pore diameter

in the secondary emulsification should not be higher than two times the droplet

diameter of the primary emulsion.[37]

By  using  membrane  emulsification  in  the  preparation  of  a  multiple  emulsion

smaller  droplet  size  distributions  can  be  achieved  compared  to  conventional

emulsification  systems.  Also  the  encapsulation  of  inner  droplets  is  more

efficient.[30] W/o/w or o/w/o emulsions made by membrane emulsification are

more homogenous and release low molar mass drugs more slowly than emulsions

made by traditional methods.  In figure 10 the principle of preparation of w/o/w

emulsion  is  presented.  W/o/w  emulsions  are  especially  important  in the

pharmaceutical industry when preparing systems for controlled drug delivery. [38]

W/o or o/w/o emulsions can be used for the preparation of low fat spreads.[29]

Other possible multiple emulsions are ethanol in oil in water (e/o/w) emulsions

and solids in oil in water (s/o/w) emulsions. E/o or e/o/w emulsions could be used

as functional emulsions in food, drug and cosmetic industries. E/o/w emulsion is

prepared by first dissolving into ethanol the desired ingredient that is insoluable
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in oil or water. Then this ethanol mixture is emulsified with oil and this emulsion

can further  be emulsified with water.  S/o/w emulsions  are  used in  studies  for

insulin for oral administration.[29]

Figure 10. Principle of w/o/w emulsion preparation.[30]

Membrane emulsification can also be used for the production of coherent solids as

silica micro- and nanoparticles or metal solder particles, crystal products and solid

lipid microspheres. Solids are prepared from emulsion by changing the process

parametres like temperature, pH or concentration. Silica micro- and nanoparticles

have many applications.  They can be  used for  example  in  catalysts,  coatings,

absorbents and binders.[29]
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4 Emulsion formation in membrane emulsification

In membrane emulsification the droplet first starts to grow on the pore surface.

The interfacial forces try to keep the droplet  on the membrane surface until it

reaches a certain size and becomes distorted. After the droplet has become large

enough,  it  is  detached  from  the  pore  by  the  drag  force  of  the  circulating

continuous phase. According to Williams et al. the droplet diameter is usually 2 to

8 times as big as the pore diameter that it emerges from.[1] The droplet size has a

linear dependence on the membrane pore size. For example for SPG membranes

the droplet size is usually 2-10 times bigger than the membrane pore size. This

coefficient  depends  on  the  process  operating  conditions  and  on  different

membrane materials.  For other kinds of membranes this coefficient  may be as

high as 3-50. [18]

Also the shape of the pores has an effect on the outcome of the droplet. It mainly

affects the size of the droplet. Emulsion droplet size and droplet size distribution

have an effect on the physical and physicochemical properties of the emulsion,

like  stability,  rheology  and  reactivity.[39]  Kobayashi  et  al. studied  silicon

membranes and stated that membranes with oblong pores formed smaller droplets

than membranes with circular pores.[25]

Process  parametres  like  the  velocity  of  the  continuous  phase,  transmembrane

pressure, membrane characteristics and phase properties dictate the droplet size of

the emulsion and the droplet  size distribution (figure 11).  They also affect the

output of the process.[40]
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Figure 11. Process parametres and membrane characteristics that affect emulsion 
properties and output of the process.[40]

4.1 Droplet concentration

Peng and Williams pointed out that as the droplet concentration in the emulsion

increases it has an effect on the droplet size. A change in concentration changes

the properties of the emulsion. For example, a change in viscosity has an effect on

the shear forces and thus also on the droplet size.[41] Vladisavljevic  et al. have

studied the effect of  droplet concentration in emulsions on droplet size. They

stated that though the mean droplet size does not namely change the droplet size,

the distribution gets wider and the minimum droplet size increases as the droplet

concentration increases.[30]

4.2 Cross-flow velocity

The cross-flow velocity is usually between 0.8 � 8 ms-1. The cross-flow velocity

has an effect on the droplet size due to the wall shear stress.[42, 43] That is why it

is possible to control droplet size by changing the cross-flow velocity. The wall

shear stress can be calculated from formula 1. [20]
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�w=
���V cis

2 �

2
       (1)

where �w the wall shear stress, Pa

� friction factor correlation

� density of emulsion, kg/m3

Vcis tangential velocity of the continuous phase, m/s

The friction factor correlation can be calculated if the Reynolds number is known

(formula 2). [20]

Re<2000 �=
16

� Re �
 and  Re>2000  �=0.0792R e

�0.25              (2)

The Reynolds number can be determined using formula 3.[20]

R e=
��V cis D h�

�
       (3)

where Dh hydraulic diameter, m

� viscosity of the emulsion, Pas

When the cross-flow velocity is increasing, the shear stress is increasing and the

droplet size is decreasing (figure 12).[42, 43, 44] This effect is stronger when the

pore size is smaller and the largest change in droplet size happens when the shear

stress is small.  On the other hand, a higher velocity increases coalescence and

causes the droplet size and droplet size distribution to be higher. Coalescence can

happen on the membrane surface while droplets are forming or later after they

have detached into the continuous phase.[24]
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Figure 12. Increasing wall shear stress is causing decreasing droplet size. [44]

Peng and Williams have studied the effect of cross-flow velocity on droplet size.

They  stated  that  at  a  given  pressure,  as  the  cross-flow velocity  increased  the

droplet size decreased (figure 13). This was due to the increased shear force acting

on the droplet.[1]

Figure 13. The effect  of  cross-flow velocity  on the droplet  size.  For  a  given  
pressure,  as  the  cross-flow  velocity  increases,  the  droplet  size  
decreases.[1]
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4.3 Viscosity

A very high viscosity of the dispersed phase lowers the dispersed flux and thus

causes the droplet diameter to be higher. Katoh et al. studied w/o (food) emulsions

and found that an increase in viscosity of the continuous phase decreased flux and

increased droplet size.[45] Kobayashi et al. studied the effect of dispersed phase

viscosity on the mean droplet size. They had an oil phase as the dispersed phase

and a water phase as the continuous phase. They stated that the viscosity of the

dispersed phase has a great effect on the droplet size of the emulsion. When the

viscosity  of  the  dispersed  phase  was  under  100  mPas,  the  droplet  diameter

gradually decreased as the viscosity increased. The viscosity of  the continuous

phase was 0.89 mPas. This result was independent of the surfactant concentration.

When the viscosity was greater  than the threshold viscosity of 100 mPas,  the

droplet diameter increased as the viscosity of the dispersed phase increased. This

increase was significant only for dispersions that contained surfactant. This means

that the concentration of the surfactant affected the results.[46]

Temperature changes the viscosity of the continuous and the dispersed phase so a

higher  temperature  would  make  the  circulation  easier.[47]  Usually,  the

temperature  of  the  process  is  dictated  by  the  requirements  that  the  product

has.[44]

4.4 Porosity

If  the  membrane  is  very  porous  or  the  pores  are  uniformly  placed  on  the

membrane surface, two adjacent droplets might contact each other. Abrahamse et

al. stated that the maximum porosity can be 1.5% when the pore size is 5 m and�

thus the coalesence of two adjacent droplets is avoided. On the other hand, a low

porosity  lowers  the  dispersed  flux.  They  simulated  the  formation  of  a  single

droplet  with  computational  fluid  dynamics.  They  assumed  that  the  interfacial

tension was constant and the droplet spherical. Actually, the droplet was deformed

as figure 14 shows. The flow velocity of the continuous phase was 0.5 m/s.
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Figure 14. The simulation of the formation of a single droplet with computational
fluid dynamics. The simulated droplet was deformed in the direction
of the cross-flow.[48]

Abrahamse et al. also pointed out that a droplet growing in the shadow of other

droplets  would  have  a  different  water-flow  profile  around  it.  The  interfacial

tension would also change if a fast adsorbing emulsifier would be added. They

noticed that droplet growth was sterically hindered by other droplets around it.

This causes the droplet size distribution to be wider. Abrahamse et al. calculated

the maximum porosity based on this simulation. For uniformly arranged droplets

the maximum porosity can be only 1.2%. A maximum of 1.5% is achieved due to

the staggered arrangement of the pores as can be seen in figure 15.[48]
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Figure 15. The theoretical  maximum porosities,  where  coalescence of  adjacent
pores  could  still  be  avoided,  for  5  m  pores  when  pores  were�
uniformly arranged (a) was 1.2% and for staggeredly arranged pores
(b)  1.5%.  Black  dots  represent  pores  and grey  and black  lines  are
contour lines for droplet.[48]

Williams  et al. represented a way to calculate the theoretical maximum droplet

size  when the  membrane had a  certain  porosity  so  that  colescence  would  not

occur.  They assumed an ideal  membrane with uniformly sized and cylindrical

pores which are uniformly placed on the membrane. If a is the distance between

two pore centers and d p is the pore diameter then the maximum possible droplet

ratio  can  be  defined  as  c=a/ d p The  relation  between  a and  the  porosity

(porosity is volume of the pore space in unit per volume unit) can be defined with

formula 4.[1]
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       (4)

where � porosity

         d p mean pore size diameter, m

a distance between two pore centers, m

c maximum droplet ratio

From figure 16 it can be seen that as porosity increases the maximum possible

droplet size decreases. In reality the membrane pores are not ideal but possess
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certain tortuosities and sizes varies in a narrow range. There might also be a few

larger pores which cause the droplet size distribution to be bimodal. [1]

Figure 16. The maximum possible droplet  size as a function of the membrane
porosity so that coalescence will not occur. [1]

4.5 Transmembrane pressure

The transmembrane pressure also plays an important role in droplet formation. If

it is too low, the discontinuous phase can not push through the membrane and if it

is too high the discontinous phase is forced through the membrane so fast that

larger droplets are formed. The transmembrane pressure can be determined with

formula  5  when pressures  in  the  test  system are  as  figure  17 shows.[20]  The

pressure in the to be dispersed phase side of the membrane must be higher than

the average of the module input  and output  pressures in order  for membrane

emulsification to be possible.[49]
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P tm=P p�
�Pe
P s�

2
       (5)

where Ptm transmembrane pressure, Pa

Pp pressure in the dispersed phase side of the membrane, Pa

Ps output pressure of the module, Pa

Pe input pressure of the module, Pa

Figure 17. Pressures in membrane emulsification.

The  flux  of  the  dispersed  phase  depends  on  the  transmembrane  pressure  as

formula 6 shows.[50]

J d=
�k �P tm�Pc��

��d Rm�
       (6)

where Jd dispersed phase flux, m3/(m2s)

Rm hydraulic membrane resistance, 1/m

�d dispersed phase viscosity, Pas

k fraction of active pores

Pc capillary pressure, Pa

If  the  mass  flow  rate  of  the  dispersed  phase  is  known  the  flux  can  also  be

determined by formula 7.[18]
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J d=
M d

��d A�
       (7)

where Jd dispersed phase flux, m3/(m2s)

Md mass flow rate of the dispersed phase, g/s

�d density of the dispersed phase, g/m3

A membrane surface area, m2

The pressure is dependent on the operating conditions. A good estimation for a

suitable  pressure  is  2-10  times  higher  than  the  minimum  pressure.[18]  The

minimum  pressure  is  the  lowest  pressure  that  makes  the  bubble  formation

possible. The highest feasible pressure should be used so that the production rate

would be as high as possible. The maximum transmembrane pressure is affected

by the membrane properties like pore structure and process parametres like cross-

flow velocity.[1] The minimum pressure can be estimated by assuming that the

pores are symmetric cylinders and calculating the  capillary pressure from Young-

Laplace  equation  (formula  8).[28]  Formula  8  means  in  other  words  that

membranes with smaller nominal pore sizes need higher pressures.[44] The actual

pressure needed for membrane emulsification may be higher than this predicted

pressure because of tortuosities of the pores and irregular pore openings.[18]

Pc=
�4 � cos��

d p

       (8)

where  � interfacial tension between the liquids, N/m

	 contact angle between discontinuous phase and membrane, o

             
d p mean pore size diameter, m

Williams et al. demostrated the depedence of the needed transmembrane pressure

on pore size by calculating it as formula 8 shows with two different interfacial

tensions.  The results can be seen in figure 18. It  can be seen that  the needed

pressure decreases as the pore size increases.[1]
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Figure 18. Dependence  of  transmembrane  pressure  on  pore  size.  The  needed
minimum transmembrane pressure for  different pore sizes when the
interfacial tension is 6 mN/m and 35 mN/m.[1]

Abrahamse  et  al. pointed  out  that  a  higher  pressure  increases  the  interfacial

tension and thus the droplet  stays stuck on the pore longer and grows bigger.

Abrahamse et al. noticed that the amount of active pores (pores in which droplets

are formed) increased when the pressure increased. They suggested that this was

due to the pressure drop over the membrane after the start. This means that after

the discontinuous phase has flown through a few pores the pressure drops and

prevents other pores to become active. In figure 19 the percentage of active pores

as  a  function  of  transmembrane  pressure  could  be  seen  when  a  microsieve

membrane was used. Abrahamse  et al. also noticed that the pressure difference

over the pore and thus the droplet formation velocity is constant and independent

of  the  transmembrane  pressure   as  long  as  not  all  pores  are  active  and  the

membrane has a specific substructure resistance. Every pore also formes droplets

of the same size.[51] 
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Figure 19. When the transmembrane pressure increases also the amount of active
pores  increases.  The  percentage  of  active  pores  as  a  function  of
transmembrane pressure when a microsieve membrane was used. [51,
p. 49]

Vladisavljevic and Schubert  suggested that  the fraction of active pores can be

calculated as formula 9 shows.[52]

k=
�J d�d Rm�

�P tm�
     (9)

where k fraction of active pores 

�d viscosity of dispersed phase, Pas

Rm hydraulic membrane resistance, 1/m

Jd dispersed phase flux through membrane, m3/(m2s)

Yasuno  et al. have also studied the effect of the transmembrane pressure on the

amount  of  active  pores.  They  stated  that  the  amount  of  active  pores  will  be

increased  only  if  the  dispersed  phase  flux  will  be  significantly  increased,

otherwise, only the droplet formation rate will be inreased. On the other hand if

the flux is very high, the membrane emulsification will become unstable and the

dispersed phase will flow through the pores continuously. Yasuno et al. stated that

the maximum percentage of active pores for the stable membrane emulsification

process is 0.5%.[53]
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4.6 Forces acting on droplet formation

The interfacial tension force  F� is acting between the edges of the pore opening

and the dispersed phase. Schröder  et al. have stated that this force is one of the

essential forces in order to keep the droplet at the pore.[42, 43] Charcosset et al.

have calculated the overall forces acting on the emulsion droplet, assuming that

the droplet is rigid and spherical. The static pressure difference force FSP is caused

by  the  pressure  difference  in  the  dispersed  and  the  continuous  phase  at  the

membrane surface. The continuous phase creates the drag force FD as it flows past

the  droplet  parallel  to  the  membrane  surface.  The  asymmetric  velocity  of  the

continuous phase near the particle surface causes the dynamic lift force  FL. The

density  difference  between  the  droplet  and  the  continuous  phase  causes  the

buoyancy force FB. The inertial force FI is caused by the dispersed phase moving

through the capillary pores and pushing the forming droplet. In figure 20 there are

shown all the forces acting on the emulsion droplet. The impact of these forces

becomes relatively different as the droplet gets bigger.[18] Schröder et al. stated

in their study that because these forces have several directions the droplet gets

deformed.[42, 43]

Figure 20. Forces  acting  on  forming  emulsion  droplet:  the  interfacial  tension
force  F�,  the  static  pressure  difference  force  FSP,  drag  force  FD,

dynamic lift  force  FL,  buoyancy force  FB and the inertial  force  FI.
[18]

Shear-  and  elongation  rates  of  the  continuous  phase  are  creating  deforming

viscous stresses that are acting on the surface of the created emulsion droplets.

These rates are increasing as the viscosity of the continuous phase is increasing.

When  the  flow  of  the  continuous  phase  is  laminar  the  viscous  stresses  are

proportional to these shear- and elongation rates.[17]
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5 Emulsifiers

Emulsifiers  and  stabilisers  protect  the  formed  droplets  against  coalescence.

Emulsifiers or stabilizers (surfactants) are necessary especially when the droplet

size  is  greater  than  0.1  m.[54]  Mini-  and  macro  emulsions  are�

thermodynamically  unstable  and they tend to  re-coalesce.[17]  There  are  many

kinds of emulsifiers, for example sodium dodecyl sulfate (SDS), sucrose esters

(SE), sodium caseinate, polyglycerol esters and proteins.[44]

The example of a rapid emulsifier used in membrane emulsification is sodium

dodecyl sulfate (SDS). It quickly reduces  the interfacial tension.  The emulsifier

will reduce the interfacial tension between oil and water thus affecting the droplet

size distribution and lowering the needed transmembrane pressure.[55]

The emulsifier is also present in the bulk phases. There the emulsifier molecules

can  be  in  dissolved  form or  form  micelles.  In  equilibrium  there  is  a  certain

concentration of emulsifier molecules in the interface. This amount increases as

the concentration in the bulk increases until  the Critical Micelle Concentration

(CMC)  is  reached.   When  the  CMC is  reached  it  is  assumed that  the  whole

interface is filled with emulsifier molecules.[17] According to Szyskowsky, the

equilibrium interfacial  tension depends on the emulsifier  bulk concentration as

seen in formula 10.[56]

�=�0�k 1ln �1
k 2 ce�      (10)

where � equilibrium interfacial tension, N/m

�0 interfacial tension of clean interface, N/m

k1 constant, N/m

k2 constant, L/mol

ce emulsifier bulk concentration, mol/L

Temperature might affect the emulsifier properties as a consequence of the phase

inversion  temperature.  A higher  temperature  also  makes  the  emulsifiers  more

soluble.[47] According to the studies done by van der Graaf et al., the droplet size

will decrase in constant cross-flow and pressure if the emulsifier concentration in

the bulk phase is increased. If the emulsifier concentration is kept constant, an
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increased pressure will also increase droplet size.[57]

Schröder  et al. reported that the faster the emulsifier is absorbed on a growing

droplet the less the droplet size will depend on the dispersed phase pressure[58] In

other  words,  if  the  droplet  formation  time  is  longer  in  comparison  to  the

decreasing  interfacial  tension  then  the  interfacial  tension  force  does  not  have

much  effect on droplet size and the droplet size does not change though flux

increases.[59]  They  also  stated  that  the  used  emulsifier  had  a  great  effect  on

droplet size: the faster the emulsifier is adsorbed on the new interfaces the smaller

the droplet. For example if Tween 20 is used as emulsifier, the droplet size will be

about two times bigger than the droplets stabilised with SDS.[58] 

Van der Graaf  et al. also pointed out two extreme situations (figure 21). If the

forming droplet has a relatively high expansion rate compared to the diffusion rate

of the emulsifier then there will not be enough surfactants on the droplet surface

and the interfacial tension is equal to the situation when there is no surfactants.

The other situation is that the expansion rate of the droplet is relatively low and

there is enough surfactants on the droplet surface. In this situation the interfacial

tension is equal to the interfacial tension at equilibrium.[57]

Figure 21. Two extreme situations: a) The droplet expansion rate is much higher
than adsorption rate of the surfactant which  causes  the  interfacial
tension to be equal to the situation where there is no surfactant. b) The
droplet formation rate is relatively low compared to the adsorption rate
of the emulsifier and the interfacial tension is equal to the interfacial
tension at equilibrium.[57]
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Also  the  concentration  of  emulsifier  may  have  an  effect  on  droplet  size

distribution. Christov  et al. studied the effect of the emulsifier concentration on

droplet size distribution. They used Tween 20 as emulsifier and membrane with 1

m pore size. Three different concentrations were used and the diameters of 300�

droplets were measured each time for droplet size distribution. They stated that

lower concentrations of surfactant lead to a wider droplet size distribution as seen

in figure 22.[24]

Figure 22. The  effect  of  emulsifier  concentration  on  droplet  size  distribution
of emulsion.[24]

Nakashima  et  al. found  that  the  minimum pressure  needed  for  emulsification

decreased as the concentration of the emulsifier was increased up to the critical

micelle concentration (CMC). They were using SDS as emulsifier. On the other

hand, the emulsion was most monodisperse with lower concentrations of SDS

rather than with an SDS concentration equal to the CMC.[3]
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6 The effect of membrane wetting

The  membrane  should  be  wetted  by  the  continuous  phase  to  make  sure  that

droplets  are  formed from the  dispersed  phase.  This  means  that  the  pore  wall

contact angle measured in the continuous phase should be under 90o. The contact

angle can be defined by Young's equation (formula 11).[51]

� sc��sd
�cd cos�scd=0           (11)

where �sc interfacial tension between solid and continuous phase, N/m

 �sd interfacial tension between solid and dispersed phase, N/m

 �cd interfacial tension between the continuous and dispersed phase, 

N/m

�scd the pore wall contact angle, o

Young's equation can be written in the following form (formula 12) from where

the pore wall contact angle can be solved.[51]

cos�scd=
�� sd��sc �

�cd

     (12)

The pore wall contact angle depends on the interfacial tension so that the lower

the interfacial tension between the dispersed phase and the continuous phase the

smaller  the  pore  wall  contact  angle.  The interfacial  tension on the  other  hand

depends on the expansion rate of the interface between the liquids. The expansion

rate of the interface is highly influenced by the flux and the type of emulsifier

used.[51] Christov et al. studied the effect of  the contact angle between the solid,

the dispersed phase and the continuous phase on the droplet size. They stated that

if the contact angle is too large the droplets will not detach immediately from the

pore  opening  but  the  contact  area  between  the  droplet  and  the  membrane  is

growing and polydispersed, relatively large, droplets are formed as seen in figure

23. Christov et al. also pointed out that when the frequency at which droplets are

released from the pores is increasing the coverage rate of the emulsifier on the

liquid-liquid  interface  is  decreasing.  This  makes  the  mean  droplet  size

increase.[24]
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Figure 23. Effect  of  the  dynamic  contact  angle  on  the  droplet  size.  a)  Small
contact  angle,  droplets  detach  by  necking.  b)  Large  contact  angle,
surface between droplet and membrane expands.[24]

Vladisavljevic et al. studied the effect of membrane wetting on droplet size. They

made w/o emulsions out of demineralized water and mineral oil with hydrophobic

hollow fibre polypropylene membrane. They made the experiment by pre-filling

the membrane pores with water or with oil.  The results showed that when the

membrane  pores  were  pre-filled  with  oil  the  mean  droplet  size  and  size

distribution  was  smaller  than  when  the  pores  were  pre-filled  with  water.

Vladisavljevic et al. stated that this was due to the highly viscous oil reducing the

membrane pore size and thus making it possible to make emulsions with droplet

sizes smaller than the membrane pore size.[19]

Geerken et al. also studied the effect of membrane hydrophobicity/hydrophilicity

on droplet  formation. They had hydrophilic  silicon nitride membrane that was

made hydrophobic with per�uorinated octyltrichlorosilane. W/o emulsions were

then prepared with both unmodified and modified membranes in otherwise similar
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conditions.  It  was noticed that  with hydrophobic membrane,  droplet  formation

was  stable  and  the  formed  emulsion  was  monodisperse.  With  hydrophilic

membrane,  droplets  started creeping on the  membrane surface  (see  figure  24)

resulting in unstable droplet formation and a polydisperse emulsion.[22]

Figure 24. The  effect  of  membrane  hydrophobicity/hydrophilicity  on  droplet
formation.  w/o  emulsions  were  prepared  with  both  a)  modified
hydrophobic and b) unmodified hydrophilic membranes in otherwise
similar conditions.[22]
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7 Membrane materials

Many  polymers  can  be  used  as  membrane  materials  but  their  chemical  and

physical durability and properties might make them impossible to use in practise.

Membranes can be devided in two groups: open porous membranes that are used

in micro- and ultrafiltration and dense nonporous membranes that are used in gas

separation, pervaporation, reverse osmosis and hydrofiltration. When membrane

emulsification is considered it is practical to focus on ultra- and microfiltration

membranes. Ultrafiltration membranes have pore sizes in the range 2-100 nm and

microfiltration membranes 0.1-10  �m. The membrane material has an effect on

how well  the  membrane  can  tolerate  different  chemicals  or  how fast  fouling

occurs.[60] Usually hydrophilic membranes are used for generating oil in water

(o/w) emulsions and hydrophobic membranes are used for generating water in oil

(w/o) emulsions.[8, 9, 10, 11] 

Membranes that are used for emulsification are usually made of microporous glass

(SPG or  MPG) or  they  are  polymeric  (like  PTFE).  The  membrane  should  be

wetted by the continuous phase.[25] For example glass membranes are usually

hydrophilic and used for generating oil in water (o/w) emulsions.[8, 9, 10 ,11]

PTFE is hydrophobic and that is why it is used when generating water in oil (w/o)

emulsions.  Glass  membranes  can  also  be  made hydrophobic  by  adding  silane

groups on the membrane surface. This can be done by using a silane coupling

agent like octadecyl trichlorosilane.[61]

7.1 Hydrophobic membranes

Polyolefin membranes made from polypropylene (PP) and polyethylene (PE) are

fully  hydrophobic  membranes.  They  can  be  prepared  by  dry-spinning  which

causes the pores to be slit-shaped and that is why the pore size distribution is

wider  than  with  membranes  made  by  wet  spinning.  Polyethersulfone  (PES),

polysulfone (PS) and poly(vinylidene fluoride) (PVDF) can be made using wet

spinning. They are also hydrophobic but can be modified to be more hydrophilic.

All of these membranes have good chemical and thermal resistance. [60, 62]

7.1.1 Polyethersulfone and polysulfone membranes

Polyethersulfone  (PES)  and  polysulfone  (PS)  can  tolerate  acid  and  caustic

conditions  very  well.   PES  and  PS  membranes  can  not  tolerate  aromatic



39

hydrocarbons, oils or polar solvents but have good pH tolerance between 1.5 and

13.  In  figure  25 formulas  of  polysulfone  (upper  picture)  and polyethersulfone

(lower picture) are shown.[60, 62, 63]

Figure 25. Polysulfone (upper picture) and polyethersulfone (lower picture).[60]

7.1.2 Polyolefin membranes

Polypropylene  (PP)  and polyethylene  (PE)  are  very  resistant  materials  against

acids and caustics. Isotactic polypropylene is a specially resistant material. Unlike

atactic polypropylene it has a very crystalline structure. Polypropylene does not

have good chlorine resistance but can tolerate common solvents well. In figure 26

the formula of polypropylene is shown. [60, 62, 63, 64]

Figure 26. Polypropylene.[60]

7.1.3 Poly(vinylidene fluoride) membranes

Poly(vinylidene fluoride) (PVDF) can tolerate well hydrocarbons and oxidating

conditions.  PVDF  is  soluble  in  aprotic  solvents.[60,  62]  Toluene  can  be

considered as an aprotic solvent but according to the manufacturers their PVDF

membranes should tolerate toluene.[65] PVDF can tolerate pH up to 11 and it has

excellent  resistance  against  chlorine.  In  figure  27  the  formula  of  PVDF  is

presented.[60, 62]

Figure 27. Poly(vinylidene fluoride).[60]
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7.1.4 Polytetrafluoroethylene membranes

Polytetrafluoroethylene (PTFE) membranes are also hydrophobic and are usually

used in microfiltration. PTFE is a highly crystalline material and has excellent

thermal and chemical stability. It is also insoluble to any common solvents. PTFE

membranes are usually made by stretching or by sintering. In figure 28 formula of

PTFE is presented.[60, 62, 64]

               

Figure 28. Polytetrafluoroethylene.[60]

7.1.5 Polyetheretherketone and  polyimide membranes

Polyetheretherketone (PEEK) and polyimide (PI) membranes are chemically and

thermally  durable.  PEEK  and  polyetherketone  (PEK)  have  high  crystallinity.

PEEK  is,  at  room  temperature,  soluble  only  in  concentrated  inorganic  acids

(sulfuric acid and chlorosulfonic acid). Because of its insolubility in any common

organic solvents, PEEK membranes cannot be prepared with phase inversion. In

figure 29 formulas of PEEK (upper picture) and polyimide (lower picture)  are

shown.[60, 62, 66]

Figure 29. Polyetheretherketone (upper) and polyimide (lower).[60]

7.1.6 Poly(vinyl chloride) membranes

Poly(vinyl chloride) (PVC) is a durable amorphous polymer. Li et al. stated that

PVC membrane can be made super-hydrophobic by treating PVC with ethanol-

water,  acetone-water  or  ethanol  solutions.  Super-hydrophobic materials  form a

contact angle with water that is greater than 150o. In figure 30 the results can be
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seen from a study made by  Li et al.  On the left is  seen a water bubble on the

surface of PVC that was formed by coating it directly on the glass-plate (contact

angle 103  o). On the right is  seen a water bubble on the PVC surface that was

formed by coating on a glass-plate with ethanol-water solution (contact angle 153

o).[67]

Figure 30. On the left: water bubble on the surface of PVC that was formed by
coating it  directly  on the  glass-plate  (contact  angle  103  o).  On the
right: water bubble on a PVC surface  that was formed by coating on
glass-plate with ethanol-water solution (contact angle 153 o).[67]

7.1.7 Polyurethane membranes

Polyurethane (PU) is a very durable material. It is also a good membrane material

due  to  its  membrane  formation  features.  It  can  also  be  modified  to  be

superhydrophobic.[68]

7.2 Hydrophilic membranes

Hydrophilic membranes are usually preferred when aquatic solutions are filtered

because they have better resistance against fouling. They do not possess as  good

chemical durability as many hydrophobic membranes. Examples of hydrophilic

membranes are cellulose membranes, polyamide membranes and polyacrylonitrile

membranes.[60, 62]

7.2.1 Cellulose membranes

Cellulose membranes include cellulose and its derivatives like cellulose acetate,

cellulose triacetate, cellulose tripropionate, ethyl cellulose, cellulose nitrate and

mixed esters. Cellulose is a very hydrophilic material but its derivatives are more

hydrophobic. Cellulose is very sensitive to chemicals like alkalies and acids, high

temperatures  and biological  degration.  The pH should  be maintained at  4-6.5.
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Cellulose acetate cannot tolerate aromatic hydrocarbons. In figure 31 the formula

of cellulose is shown.[60,62]

Figure 31. Cellulose.[60]

7.2.2  Polyamide membranes

Polyamides have amide groups in them. Aromatic polyamides are preferred as

membrane materials over aliphatic polyamides because they have better thermal

and  chemical  durability.  Examples  of  polyamides  are  the  aliphatic  polyamide

Nylon-6 and the aromatic polyamide Nomex. Although polyamides already have

outstanding durability against chemicals and high temperatures it can be further

increased by the use of para-substituted rings (aromatic groups) in the main chain.

This  makes  the  crystallinity  increase.  Examples  of  these  para-substituted

polybenzamides are Kevlar and Twaron. In figure 32 the formula of Nylon-6 is

presented.[60, 62]

Figure 32. Nylon-6.[60]

7.2.3 Polyacrylonitrile membranes

Polyacrylonitrile membranes (PAN) are very hydrophilic and can stand most of

the solvents well. PAN membranes also tolerate chlorine excellently. Despite that,

they  will  not  tolerate  aromatic  hydrocarbons.  PAN  membranes  are  usually

prepared using the phase separation technique. It is possible to control the porosity

of  PAN  membrane  by  controlling  the  polymer  concentration  in  the  casting

solution.[60, 62, 69]

7.3 Inorganic membranes

Inorganic  membranes  are  very  durable  chemically  and  thermally.  Inorganic
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membrane materials are for example  ceramic, glass, metallic and zeolite. Metallic

membranes can be prepared by sintering of metal powders. The used metal can be,

for example, stainless steel,  tungsten or molybdenum. Ceramic membranes are

made of metal oxides, nitrides or carbides. Metals that are usually used in ceramic

membranes are for example aluminium, titanium, silicon and zirconium. The most

common materials are aluminium oxide (alumina) and zirconium oxide (zirconia).

The preparation method used is usually sintering or the sol-gel process. Glass is

also a very useful ceramic material. Glass membranes are made of silicon oxide

(silica) by leaching on demixed glasses. Glass membranes have very narrow pore

size distributions.[60, 62] Shirasu Porous Glass (SPG) is a special kind of porous

glass that is made by phase separation from Shirasu glass. SPG membranes were

developed by  Nakashima and Shimizu.[3]  Shirasu  glass  is  primary  type  glass

(CaO-Al2O3-B2-O3-SiO2) that is made of volcanic ash from the southern part of

Kyushu island. SPG membranes have quite uniformly shaped pores and a narrow

pore  size  distribution.  SPG has  better  thermal  and  mechanical  resistance  than

other glass membranes or porous alumina. [4]

7.4 Microsieve membranes

Microsieve membranes can be hydrophilic or hydrophobic.  They are very thin

compared  to  conventional  membranes.   They  also  have  a  smaller  pore  size

distribution, higher permeate flux and very uniformly shaped pores. Microsieve

membranes consist of a thin selective layer and a thick support layer. The pores

can be slit-shaped or circular shaped. In figure 33 is a SEM microscope  picture of

microsieves having circular-shaped and slit-shaped pores. In microsieves there is a

certain  correlation between strength  and porosity:  an  increase  in  porosity  will

decrease membrane strength. Microsieves can be prepared by a technique that is

used  in  semiconductor  industry.  They  can  be  ceramic  or  made  out  of  silicon

nitride.[70]
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Figure 33. SEM microscope picture of microsieves having circular-shaped and
slit-shaped pores.[70]
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8 Modification of hydrophilic membranes

Hydrophilic membranes can be made hydrophobic by modifying the surface of the

membrane  with  silane  coupling  agents.[22]  This  is  not  always  possible  for

example  in  food  industry  where  the  use  of  silane  coupling  agents  is  not

allowed.[44] The modification may also have to be repeated after the membrane is

cleaned. Other ways to modify the membrane surface is to pre-soak the membrane

in solutions containing surfactants or emulsifiers. Katoh  et al. also showed that

hydrophilic  membrane  can  be  pre-soaked  in  an  oil  phase  in  order  to  make it

hydrophobic.[71]
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9 Fouling in membrane emulsification

Adsorption  of  surfactant  may  change  the  hydrophilicity/hydrophobicity  of  the

membrane  and  because  of  that  change  the  wetting  properties  of  the

membrane.[48] That is why the surfactant should not have functional groups that

have an opposite charge to the membrane surface.[30] Abrahamse et al. simulated

the formation of a single droplet in the pore and found that the droplet will be

likely deformed. They stated that this might cause the continuous phase to get

inside the pores and cause fouling. For example if the continuous phase is water

that contains proteins as emulsifiers they could easily foul or plug the pores of

hydrophilic membranes by attaching on them with hydrophilic groups. This would

also  make  the  membrane  hydrophobic  and  change  its  droplet  formation

characteristics.[48]  A change of  pH might  have a  similar  effect  on membrane

fouling. As it is known membranes have iso-electric points that depend on pH. At

the isoelectric point the membrane does not have a net charge. Around this point

the membrane is either negatively or positively charged. This may cause surface

active agents to adsorb on the membrane surface and change the hydrophobicity

or  hydrophilicity  of  the  membrane  resulting  in  fouling.  A  changed  surface

hydrophilicity/hydrophobicity affects also the droplet formation as the membrane

material should repel the dispersed phase.[44]
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10 Properties of PFC and toluene and PFC-toluene binary phase system

The membranes might swell when solvents are used. That is why the choice of

membrane  material  has  to  be  done  so  that  it  has  tolerance  against  the  used

solvents.[32]

Perfluorocarbons (PFCs) can be linear, branched or cyclic and they can contain

heteroatoms like oxygen, nitrogen, other halogens and hydrogen.[72] PFCs used

as reaction media are usually alkane, alkene, ether or amine fluids in which all

hydrogen atoms are replaced with fluorine atoms.[73] The chemical and physical

properties  of  these PFCs differ  from those corresponding compounds that  still

contain hydrogen.[74] 

PFC  emulsions  have  been  studied  as  possible  blood-substitutes  for  their

capbability to transfer oxygen. Oxygen, nitrogen, hydrogen and carbon dioxide

are easily dissolved into PFC in high quantaties which is the downside of this

solvent  when considering the catalyst  preparing process  as  these catalysts  and

their precursors are very sensitive to oxygen.[72, 74] The oxygen content of PFC

follows Henry's law so it is directly proportional to the partial pressure of oxygen

in the system. On the other, hand the PFCs themselves belong to the most inert

materials ever invented.[72] PFCs can be used when handling unstable substances

that cannot tolerate water or an oxidative atmosphere.[75] They have been used in

industry  when very corrosive uranium fluorides are handled.[72] 

PFCs  do  not  represent  danger  to  the  ozone  layer  like  halofluorocarbons  but

because they are ultimately stable their lifetime in nature is very long. PFC liquids

have a high density, a low surface tension, a low dielectric constant and a low

refractive index. They are colourless and nontoxic. PFCs will not mix with most

solvents or water.[74] PFCs can be manufactured by fluorinating hydrocarbons or

by combining already fluorinated smaller molecules.[72]

When wetting of the membrane is considered the best membrane material might

be poly(vinylidene fluoride) or polytetrafluoroethylene because they are made of

fluorinated  hydrocarbons.[72]  On  the  other  hand,  any  hydrophobic  membrane

might  be suitable because the dispersed phase in this  case is  70 m-% toluene

which is  a slightly polar liquid and the continuous phase, PFC, is a non-polar
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liquid. But when the membrane durability is considered, PVDF might not tolerate

toluene which is an aprotic solvent.[60, 62]

Toluene (see figure 34) also known as methyl benzene is a very commonly used

aromatic  solvent  and it  is  manufactured in  large quantaties   for  industrial  and

commercial applications. [76]

Figure 34. Toluene is a commonly used aromatic solvent.[76]

Toluene forms with PFC a binary phase system where toluene dissolves into PFC

as a function of temperature, meaning that the miscibility of toluene into PFC

increases  as  temperature  increases.[15]  Usually  when  two  liquids  are  only

partially  miscible  at  low temperatures  they also have large positive  deviations

from Raoult's law. That is why there is expected to be a minimum in the boiling

point- composition curve. At low pressures the boiling point curve intersects with

the liquid-liquid equilibrium curve (see figure 35).[77]
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Figure 35. The miscibility of toluene into PFC increases as temperature increases.
The liquid-vapor equilibrium curve resembles a typical curve of two
partially miscible liquids.[77]

The amount of each liquid in point  p' can be predicted by the lever rule. The

liquid-layer  L1 has the composition that can be read from point  f and the liquid-

layer L2 has the composition that can be read from point g. If this mixture is boiled

at temperature Te there will be three phases in equilibrium and their compositions

can be predicted by the lever rule. The liquid phase L1 has the composition as seen

in point xa and the liquid phase L2 has the composition as seen in point xc. There is

also a vapor phase with a composition that can be seen from point yb. If the vapor

phase is removed it will not change the compositions of the liquid phases.[77]
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11 Summary of the theory part

During the last twenty years emulsion formation via membrane emulsification has

received more attention.  [2]  With this  technique energy could  be  saved,  more

homogeneous droplets could be formed and the amount of surfactant could be

decreased. [1]

Ziegler-Natta and single-site catalysts are used in olefin polymerization processes.

Nowadays,  these  catalysts  are  prepared  according  to  traditional  mixing

emulsification. [12, 13] More homogeneous catalyst particles that have narrower

particle size distribution might be prepared with membrane emulsification.

In membrane emulsification two immiscible liquids are mixed by pressuring  one

liquid (discontinuous phase or dispersed phase) through the membrane into the

continuous phase. After that the formed emulsion droplets are carried away by the

continuous phase. Membrane emulsification can be done semi-continuously or in

a batch reactor.[27]  Membranes can be used to reduce the droplet size in the pre-

mixed emulsion. It is also possible to make multiple emulsions.

Process  parametres  like  the  velocity  of  the  continuous  phase,  transmembrane

pressure, membrane characteristics and phase properties dictate the droplet size of

the emulsion and the droplet size distribution.[40] Also emulsifiers and membrane

wetting properties  have  an  effect  on the  emulsion  droplet  properties.  [50,  51]

Hydrophilic  membranes  are  used  for  generating  oil  in  water  emulsions  and

hydrophobic membranes are used for generating water in oil emulsions.

Toluene forms with PFC a binary phase system where toluene dissolves into PFC

as a function of temperature, meaning that the miscibility of toluene into PFC

increases  as  temperature  increases.[15]  Catalyst  particles  are  solidified  by

changing the solubility of toluene into PFC.  When wetting of the membrane is

considered  the  best  membrane  materials  might  be  those  that  are  made  of

fluorinated hydrocarbons because the continuous phase consists of PFC.[72] On

the  other  hand,  any  hydrophobic  membrane  might  be  suitable  because  the

dispersed phase in this case is 70 m-% toluene which is a slightly polar liquid.
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EXPERIMENTAL PART

      

12 The aim of the experimental part

The purpose of the experimental part was to examine the preparation of single site

catalyst  with  membrane  emulsification  technique.  The  catalyst  is  needed  for

polypropylene polymerization. The emulsion is traditionally prepared by mixing

and  the  formed droplets  are  solidified  by  mixing  the  emulsion  with  hot  PFC

(perfluoro-1,3-dimethylcyclohexane).  The  use  of  different  membrane  materials

was examined. For this contact angles of the membranes with toluene and PFC

were measured. Also the solidification process of the catalyst particles and the

toluene-PFC binary phase system was examined. For this the toluene-PFC phase

diagram was determined. Three different methods were used to solidify emulsion

droplets, diluting, heating and both together. The emulsion was solidified in a heat

exchanger coil. Emulsion was also prepared by using pure unsaturated PFC as

cross-flowing liquid. This way the emulsion droplets would start to solidify right

after  the  membrane.  Heating  and  diluting  together  were  applied  when  the

emulsion was mixed with hot PFC.
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13 Selection of the membranes

The  selection  of  the  membranes  was  done  based  on  the  assumption  that

hydrophobic  membranes  would  give  the  most  feasible  contact  angle  with  the

discontinuous catalyst phase. The catalyst phase consists of 70 w-% toluene and

toluene is a slightly polar liquid. Also membranes that contain fluoride were given

special  attention  as  the  continuous  phase  PFC  contains  fluoride.  Thus  these

membranes might have the smallest contact angle with the continuous phase. Also

some hydrophilic membranes were tested to see if hydrophilicity/hydrophobicity

really has an assumed impact on the contact angles.

The chemical durability of the membranes was also given an important role. The

chosen  membranes  were  tested  by  soaking  them  in  toluene,  PFC  and  MAO

(methylaluminoxane).

13.1 Measurement of the contact angles

Contact angles were measured for different membranes with toluene and PFC.

The membrane should be wetted by the continuous phase (PFC) and not by the

discontinuous phase (catalyst phase). The contact angle was measured by dripping

one drop of solvent on the membrane surface under the microscope which sent a

picture  of  the  droplet  side profile  to  the  computer  (sessile  drop method).  The

pictures were analyzed with a graphics editor. Different membrane materials were

tested: polypropylen (PP), poly(vinyl chloride)  (PVC), poly(vinylidene fluoride)

(PVDF), polytetrafluoroethylene (PTFE) and ceramic. All of these membranes are

hydrophobic except for the two hydrophobized PVDF membranes and the ceramic

membrane. The contact angle was also measured for one plain PTFE plate to see

how pore size affects contact angle. The used membranes are listed in table I.
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Table I. Used membrane materials, pore sizes and manufacturers.

13.1.1 Results and discussion of contact angle measurements

The measured contact angles can be seen in figure 36 and in the table in appendix

1. The contact angle was also measured for a 7
m metal sinter but the liquid was

absorbed into the membrane so quickly that it was not possible to determine the

contact angle.

Figure 36. Contact angles with PFC and toluene.

PTFE membranes had the largest contact angles with toluene and also the biggest

Material Pore size Hydrophobic Hydrophilic Manufacturer

PP 1.2 x

PVC 5 x

PVDF 5 x

PVDF 0.65 x

PVDF 0.45 x

PVDF 0.22 x

PTFE 5 x Sartorius

PTFE 3 x

PTFE 1.2 x

PTFE plate none x

ceramic 1.4 x

�m

Millipore

Millipore

Millipore

Millipore

Millipore

Millipore

Millipore

Millipore

Sterlitech
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difference between the contact angles measured with PFC and toluene. Ceramic,

PP and 0.22 
m PVDF membranes had larger contact angles with PFC than with

toluene. Based on these results PTFE membranes would have the most feasible

contact angles. 

13.2 Soaking tests with toluene and PFC

It might be that polymeric membranes would not tolerate the used solvents. That

is why the chemical durability of the membranes was tested. Different membranes

were soaked in PFC and toluene for 24 hours and for one month to see if  the

solvents  have  an  effect  on  these  membrane  materials.  The membranes  were

weighted before soaking. After soaking they were let dry in room temperature for

24 hours and after that they were weighted again. The tested membrane materials

were PTFE, PP, PVC, hydrophobic PVDF (0.22 
m) and hydrophilic PVDF (5


m). Theoretically all of them should tolerate these solvents except PVDF which

may not tolerate aprotic solvents.

13.2.1 Results and discussion of soaking tests with toluene and PFC

In table II there are results of membranes weighted after 24 hours of soaking and

in table III there are results of membranes weighted after 1 month of soaking. The

whole tables can be found in appendix 2.

Table II Membranes soaked in PFC and toluene for 24 hours.

Membrane Solvent Weight difference after soaking

%

toluene 1.8

PFC -0.8

toluene 3.4

PFC 0.0

toluene -0.5

PFC -1.0

toluene -1.0

PFC 0.0

toluene 10.1

PFC 12.3

PTFE 1 �m

PVC 5  �m

PVDF 5 �m

PP 1.2 �m

PVDF 0.22 �m
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Table III Membranes soaked in PFC and toluene for 1 month.

After  24  hours  there  was  no  significant  differences  in  membrane  weights

compared to weights before the test except for the hydrophobic  0.22 
m PVDF

membrane. It gained weight about 10% in toluene and 12% in PFC. The PVC

membrane turned permanently transparent though its  original  color was white.

The PP membrane consists of layers that got loose when it was soaked in toluene.

After one month soaking in PFC also the PVC membrane lost 27% of its weight.

SEM pictures were also taken of the soaked membranes. In figure 37 can be see a

SEM picture of  a clean hydrophilic  PVDF membrane.  In figure  38 is  a  SEM

picture of the same membrane that was soaked in toluene for 24 hours. It can be

seen  that  the  membrane  surface  has  changed.  Probably  the  hydrophilic

modification layer has dissolved. No specific differences were noticed in the SEM

pictures  of  other  membranes.  In  appendix  3  there  is  a  SEM  picture  of  the

hydrophilic  5 
m PVDF membrane that was soaked in PFC for 24 hours and of

the hydrophobic 0.22 
m PVDF membrane that was soaked in these solvents for

one month.

Membrane Solvent Weight difference after soaking

%

toluene 4.2

PFC -11.0

toluene -3.0

PFC -27.0

toluene 2.9

PFC -7.3

toluene 1.6

PFC -6.9

PTFE 1  �m

PVC 5  �m

PVDF 5 �m

PP 1,2 �m
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Figure 37. Virgin hydrophilic 5 
m PVDF membrane.

Figure 38. Hydrophilic 5 
m PVDF membrane after soaking for 24h in toluene.
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13.3 Soaking tests with MAO

The  catalyst  phase  contains  30  w-%  MAO  in  toluene  and  that  is  why  the

membrane used in emulsification should tolerate also MAO. Because PTFE has

the best contact angles with toluene and PFC and it tolerated both solvents it was

chosen  for  the  MAO  soaking  test.  The  Nylon  membrane  was  chosen  as  the

reference membrane as it was thought that it would not tolerate MAO. This is

because  MAO contains  oxygen  in  its  structure  and  Nylon has  double  bonded

oxygen so they might react with each other.

The tested membranes were 5 
m PTFE membrane (Sartorius) and 0.8 
m Nylon

membrane  (Millipore).  The membranes  were  placed  in  MAO  solution  that

contained 30 w-% MAO and 70 w-% toluene. This was done in a glove box. The

membranes were soaked for one month. After that they were removed from MAO

and rinsed with toluene. The membranes were taken out of the glove box and let

to dry at room temperature.

13.3.1 Results and discussion of soaking tests with MAO

SEM images were taken of soaked and clean membranes. In figure 39 there is a

SEM image of a clean 5 
m PTFE membrane and in figure 40 there is a SEM

picture of a 5 
m PTFE membrane soaked in MAO solution (30 w-% MAO in

toluene) for 1 month. In figure 41 there is a SEM picture of a clean 0.8 
m Nylon

membrane and in figure 42 there is a SEM picture of a 0.8 
m Nylon membrane

soaked in MAO solution (30 w-% MAO in toluene) for 1 month. There might be

some aluminumoxide residues on the soaked membranes despite of the rinsing.

Otherwise the PTFE membrane seems to tolerate MAO. The Nylon membrane

was totally destroyed. Right after it was placed in the MAO solution some gas

bubbles started to rise from the membrane surface and the liquid turned yellow.

After one month the Nylon membrane had also turned very fragile.
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Figure 39. Clean virgin 5 
m PTFE membrane.

Figure 40. 5 
m PTFE membrane soaked in MAO solution (30 w-% MAO in
toluene) for 1 month.
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Figure 41. Clean virgin 0.8 
m Nylon membrane.

Figure 42. 0.8 
m  Nylon membrane  soaked in  MAO solution  (30  w-% MAO
in toluene) for 1 month.
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14 Toluene-PFC phase diagram measurement

Toluene is soluble in PFC as a function of temperature. Most of the catalyst phase

consists of toluene because the used MAO solution contains 70 w-% toluene. The

catalyst is solidified using this knowledge.  The emulsion is prepared by mixing

the catalyst phase and the PFC phase. The emulsion droplets can thus be solidified

by raising the emulsion temperature or by diluting the emulsion with extra PFC or

by  doing  both  at  the  same  time.  To  figure  out  the  optimal  solidification

circumstances  the toluene-PFC  phase  diagram  was  measured.  In  order  to

determine the toluene-PFC phase diagram the following heating test was done:

1. Toluene and PFC was put in a 50 mL round glass bottle. In the beginning

the fraction of the toluene in the mixture was 5 v-% (in room temperature,

23oC).

2. The solution was heated in an oil bath until there was no visible border

between the PFC and the toluene phases. Refluxing was used and mixing

was applied.

3. The temperature was monitored continuously and the temperature point

where the 2 phases turned into 1 was marked down.

4. Toluene  was  added  into  the  bottle  and  the  test  was  repeated  with  the

toluene volume  fraction being about 10%, 20%, 30%, 40%, 50%, 60%,

70%, 80%, 90% and 95%.

5. The test  was repeated with PFC containing surfactant and toluene. The

toluene v-% was 5%, 10% and 20%.

6. The boiling points of pure toluene and pure PFC were determined

With  the  heating  test  it  is  only  possible  to  determine  points  above  room

temperature. The cooling test was done in order to determine the points where the

toluene volume fraction was near 100%.

1. 62 mL of toluene was put into a septa bottle.

2. The bottle was placed into a heptane bath and the temperature was set first

at 20o C and then at -5oC.

3. PFC was added into toluene and the point where no more PFC was soluble

in toluene was marked down. Mixing was applied.
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14.1 Results and discussion of toluene-PFC phase diagram measurement

The measured boiling point of pure PFC was 101oC and the boiling point of pure

toluene was 112oC. The measured toluene-PFC phase diagram points can be seen

in the table in appendix 4. In many cases a one phase system was never reached

but the two phase system started to boil. Boiling occurred also when the amount

of toluene was 20 vol-%. This time there was one phase boiling instead of two.

The boiling points for the toluene-PFC mixtures were much lower than the boiling

points of the pure solvents.

The toluene-PFC phase diagram can be seen in figure 43. In figure 43 there are

also previously measured points by Nicolas and Rautio (Borealis Polymers).[78]

In those measurements GC analysis was used to measure the toluene content in

the PFC layer at different temperatures. The measured toluene-PFC phase diagram

curve resembles the phase diagram curve of two partially miscible liquids.  Data

from the heating test, the cooling test, and the GC analysis and the phase diagram

(weight fraction of toluene as function of temperature) can be seen in appendix 4.

Figure 43. Measured  toluene-PFC  phase  diagram.  Amount  of  toluene  (mol-%)
as  function  of  temperature.  Measurements  with  GC by  Nicolas  and
Rautio.
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15 Preparation of catalyst phase

The catalyst solutions used in these tests were prepared by first mixing MAO (30

w-% MAO, 70 w-% toluene) with metallocene complex at room temperature. 11

mg complex was measured per 1 mL of MAO. The solution was let to react in

room temperature at least for half an hour and mixing was applied. After that if

the surfactant was added into the catalyst phase, the catalyst phase was cooled

down to -5o C in a heptane bath. First the surfactant was diluted with toluene (1.5

mL toluene and 0.25mL surfactant). The diluted surfactant was slowly added into

the catalyst solution. 0.46 mL of diluted surfactant solution was used per 10 mL of

catalyst solution. In some tests the surfactant was diluted with PFC. This was done

according  to  the  same  principle  as  the  dilution  with  toluene.  All  tests  where

catalyst  solutions  were  handled  were  done  at  inert  conditions  using  argon  or

nitrogen atmosphere and using inert solvents. After each test the product was let to

settle and hot PFC-toluene mixture was siphoned out of the product vessel.  The

prepared catalyst was dried for about 1.5 hours under argon flow and heating. The

product was then collected in a glove box.
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16 Flux tests

A few simple tests were done in a glove box using a 1
m PTFE syringe filter. The

purpose of this test was to discover if the surfactant and prefiltration had an effect

on the flux. The used solutions for filtration were:

� 30 w-% MAO in toluene.

� catalyst solution (MAO + complex (11mg/mL MAO)).

� catalyst solution with surfactant (surfactant diluted in toluene before adding).

� catalyst solution with surfactant (surfactant diluted in PFC before adding).

� diluted catalyst solution that contains 86 v-% toluene (normally 72 v-%).

� prefiltered catalyst solution (from previuos test).

Seven tests were done. The test set up for every test can be seen in table IV.

Table IV. Tests done in a glove box with a 1
m PTFE syringe filter.

16.1 Results and discussion of the flux test

The measured fluxes can be seen in figure 44. The whole figure and the tables of

the test data can be found in appendix 5.

Test Solution Surfactant Pressure

bar

1 30 w-% MAO no 0.1

2 catalyst solution no 0.1 and 0.25

3 diluted catalyst solution no 0.1

4 catalyst solution diluted with toluene 0.1

5 catalyst solution diluted with PFC 0.1

6 no no pressure

7 diluted with PFC 0.1

prefiltered from test 2

prefiltered from test 5
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Figure 44. Flux during the tests done in a glove box with a  1
m PTFE syringe
filter

There was no significant  difference if  the used solution was MAO or catalyst

solution or whether the used surfactant was diluted into toluene or PFC. Although,

at the beginning the flux was higher when the surfactant was diluted into PFC and

not  into  toluene.  Interesting  results  were  achieved  when  a  prefiltered  catalyst

solution was used. In test 6 the catalyst solution (no surfactant) from test 2 was

filtered and  no pressure was needed. 

This  kind  of  results  show that  there  are  impurities  in  MAO  itself.  From the

manufacturer's site (Albemarle) could be found a figure that supports this theory

(figure 45).[79] The gel content in MAO is already about 3% when it is new. It is

also possible that surfactant forms gels as it reacts with MAO. The flux was a

little  higher  at  least  at  the  beginning  when  there  was  no  surfactant.  Also  the

prefiltered solution in test 6 was done without pressure and it had a better flux

than the prefiltered flux in test 7. The only difference was that there was surfactant

in test 7 but not in test 6.
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Figure 45. Gel content in MAO according to manufacturer (Albemarle).[79]
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17 Emulsification tests

Different  emulsification  tests  were  done  with  and  without  membrane.  Three

different  methods  were  used  to  solidify  the  emulsion  droplets:  heating  the

emulsion in heat exchanger, heating the emulsion by mixing it with hot PFC and

using pure PFC not saturated with toluene as the continuous phase. Surfactant (3-

perfluorooctyl-1,2-propenoxide) was also placed either in the catalyst phase or in

the PFC phase. There were also tests done without surfactant. The principle of the

tests can be seen in table V. 

Table V. Principle of the emulsification tests.

17.1 Heat exchanger tests

Traditionally catalyst is prepared by mixing the catalyst phase into  a cold PFC

phase. The emulsion prepared this way is then solidified by mixing with hot PFC.

The possibility of using a heat exchanger coil for  heating the emulsion and thus

solidifying the catalyst droplets was studied. This way there would not be a need

for  a second (hot) PFC flow. This would make  the optimization of the process

more simple. Optimization is not important only because of the savings achieved

due to decreased material costs but also because the solidification conditions have

an effect on the catalyst morphology. A too drastic solidification might also break

the catalyst  particles  or  make  them hollow inside.  On  the  other  hand, if  the

temperature is not high enough or the diluting effect is not strong enough there

will not be a proper solidification. 

Solidifying step Mixing/membrane Surfactant in Surfactant in 

catalyst phase PFC phase

Heat exchanger mixing no yes

membrane yes no

Unsaturated PFC membrane yes no

membrane no no

membrane no yes

Hot PFC membrane yes no
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17.1.1 Emulsion prepared in mixing reactor and solidified with heat

exchanger

The catalyst emulsion was prepared in  a mixing reactor and  the emulsion was

solidified  in  a heat  exchanger  tube.  This  was  done  to  test  the  solidification

properties of the heat exchanger coil with emulsification technique that is already

in use. At first  the heating capacity of the equipment was tested. Cold (25oC)

toluene  saturated  PFC  was  put  into  a  round  glass  bottle.  The  bottle  was

pressurized with argon gas and PFC was let  to flow through  a metal coil which

was in a hot oil bath by opening a valve. The coil was 3 m long, its inner diameter

is 1 mm and the outer diameter 3 mm. The inner diameter of the coil has an effect

on the flow conditions and the Reynolds number. The final temperature of the hot

PFC was measured with  a  thermometer.  When  the mixing reactor  is  used for

catalyst preparation the emulsion contains about 5 v-% of toluene. This amount

needs to be heated at least to 63oC so that there would be no separate toluene and

PFC  phases.  The  temperature  for  the  test  was  chosen  based  on  the  heating

capacity test done with the heat exchanger coil (results can be seen in appendix 6).

The test set up for catalyst preparation can be seen in figure 46. First  50 mL of

PFC was cooled to  0oC. This was done using a  heptane bath. Then 5 mL of  the

catalyst phase as well as 0.14 mL of surfactant were added. After this the mixture

was mixed at 570 rpm for about 20 min. Over pressure (0.35 bar) was used to feed

the emulsion through the metal coil placed into the hot oil bath and into a product

vessel.

Figure 46. The test  set-up for  preparation of catalyst  with mixing reactor and
heat  exchanger.  The  emulsion  was  prepared  out  of  PFC  and  the
catalyst  phase.  The  formed  droplets  were  solidified  using  a  heat
exchanger tube that was placed into the hot oil bath. The temperature
for the oil bath was  100oC.
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The oil bath temperature for the heat exchanger coil was 100  oC.  The product

vessel was heated using an oil bath to keep the temperature inside at 70oC. Mixing

was applied in  the  product  vessel.  The temperature  in  the product  vessel  was

measured to be about 72 oC. Driving pressure was 0.35 bar.

17.1.2 Emulsion prepared with membrane and solidified with heat exchanger

Two tests were done using a membrane unit and a heat exchanger coil. PTFE was

chosen as the membrane material as it gave the best results in the contact angle

measurement test and in the soaking tests. The purpose of the test was to apply the

heat  exchanger  and  its  advantages  to  membrane  emulsification.  The  used

membrane in both tests was 5 
m PTFE membrane from Sartorius. Cold toluene

saturated PFC (23oC) was let to flow past the membrane. The catalyst phase was

fed through the membrane and the formed emulsion was flowing through the heat

exchanger coil that was placed into the hot oil bath. The catalyst phase was fed

from the glass burette so that the flux could be monitored. Surfactant was added to

the catalyst phase in both tests. Hot product was collected into the product vessel

that was kept in a hot oil bath to keep the product warm. The simple test set up

can be seen in figure 47.

Figure 47. Test equipment. The catalyst emulsion was prepared by using 5 
m
PTFE membrane.  The formed droplets were solidified using a heat
exchanger tube that was placed into the hot oil bath. 

Temperatures  for  heat  exchanger and product  vessel,  cross-flow velocities  and

transmembrane pressures can be seen in table VI.
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Table VI The catalyst emulsion was prepared by using 5 
m PTFE membrane.
The formed droplets were solidified using a heat exchanger tube that
was placed into the hot oil bath. Temperatures for heat exchanger and
product vessel, cross-flow velocities and transmembrane pressures.

The membrane was flushed with toluene before the test as it was thought that

cross-flowing  PFC  might  get  through  the  membrane  and  start  to  solidify  the

catalyst on the catalyst phase-feed side of the membrane when the emulsification

would be started. Toluene could also flush away possible oxygen residues from

the  membrane.  The  catalyst  phase  forms  aluminumoxide  if  let  to  react  with

oxygen and this might plug the membrane. Toluene and some catalyst liquid was

fed into the waste vessel before starting feeding into the product vessel so that

extra toluene would not get into the product vessel. 

In the second test the cold PFC was let to flow through the heat transfer coil just

before beginning the emulsification to adjust the temperature and prevent boiling

of the emulsion. 

17.1.3 Results and discussion of heat exchanger tests

The SEM image of the catalyst prepared in the mixing reactor  can be seen in

figure 48. Spherical particles were formed this way. The particle sizes vary from 3


m to 30 
m. There are also agglomerates and broken particles. Broken particles

may indicate that the solidification temperature was too high. Agglomerates are

formed if coalescence occurs in the heat exchanger coil between unsolid particles.

More SEM images can be found in appendix 7.

Membrane Temperature for Temperature for Cross-flow 

heat exchanger product vessel velocity pressure

bar

Test1 100 70 120 0.12

Test2 78 70 120 0.16-0.22

Transmembrane

oC oC mL/min

5 �m PTFE

5 �m PTFE
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Figure 48. SEM  image  (magnification  500  times)  of  catalyst  prepared  in  a
mixing reactor  using  a  heat  exchanger  for  solidification.  Emulsion
was prepared out of PFC and the catalyst phase in a mixing reactor
and  the  formed  emulsion  droplets  were  solidified  using  a  heat
exchanger tube that was placed into the  hot oil bath. The temperature
for the oil bath was 100oC

The flux during the first test can be seen in figure 49. The flux declined during the

filtration  until  it  reached  ~60  L/(m2h).  This  indicates  that  the  membrane  was

probably partially plugged during the test. It is also possible that toluene stayed in

the  membrane  chamber  longer  than  expected and  caused the  high flux  at  the

beginning as the toluene flux is much higher  than the catalyst phase flux. There

was also quite much empty space in the membrane chamber which makes the

accurate determination of the flux harder at the beginning.

The SEM image of the prepared catalyst particles can be seen in figure 50. There

are  agglomerates  and  broken  particles.  Additionally  to  possibly  too  high

temperature there was also problem in the product vessel with toluene. Toluene

condensed and dripped from the bottle walls thus melting the catalyst particles

floating on the surface near the bottle walls. A table of the flux and more SEM

images can be found in appendix 7.
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Figure 49. A first test using  PTFE 5 
m membrane for emulsification and heat
exchanger for solidification. Flux during the test. The emulsion was
made  by  using  membrane  technique.  The  formed  droplets  were
solidified  by  using  a  heat  exchanger.  The  oil  bath  for  the  heat
exchanger was 100oC. The cross-flow velocity was 120 mL/min and
the transmembrane pressure was 0.12 bar.

Figure 50. A first test using PTFE 5 
m membrane for emulsification and heat
exchanger for solidification. 400 times magnified SEM image of the
catalyst  particles.  The  emulsion  was  made  by  using  membrane
technique.  The  formed  droplets  were  solidified  by  using  a  heat
exchanger. The oil bath for the heat exchanger was 100oC. The cross-
flow velocity was 120 mL/min and the transmembrane pressure was
0.12 bar.
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The flux during the second test can be seen in figure 51. The flux declined and at

the end of the test it was ~110 L/(m2h).

Figure 51. The second test using PTFE 5 
m membrane for emulsification and
heat exchanger for solidification. Flux during the test.  The emulsion
was made by using membrane technique. The formed droplets were
solidified  by  using  a  heat  exchanger. The  oil  bath  for  the  heat
exchanger was 78oC. The cross- flow velocity was 120 mL/min and
the transmembrane pressure was 0.16-0.22 bar.

The transmembrane pressure changed during the test (figure in appendix 7). This

may be due to membrane fouling (the feed pressure varied between 0.7-0.78 bar)

and increased the flow resistance in the heat transfer coil (pressure in continuous

phase  varied  between  0.54-0.56  bar).  The resistance  may  increase  if  catalyst

droplets solidify on the pipe walls. The pressure in the continuous phase was only

0.4-0.42 bar when the pipe was clean. This indicates that the catalyst solidified on

the pipe walls during the test. 

Figure 52 shows a SEM image of the catalyst prepared in the second test. There

are still some broken particles but mostly the particles look better than in the first

test.  This  may be  because of  the  lower  solidification temperature.  More SEM

images and a table on flux can be found in appendix 7.
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Figure 52. A second test using PTFE 5 
m membrane for emulsification and heat
exchanger for solidification. 500 times magnified SEM image of the
catalyst  particles.  The  emulsion  was  made  by  using  membrane
technique and solidified by using heat exchanger. The oil bath for the
heat exchanger was 78oC. The cross-flow velocity was 120 mL/min
and the transmembrane pressure was 0.16-0.22 bar.

The solidification rate might have an effect not only on particle morphology but

also  on  particle  size  distribution.  When  a  mixing  reactor  was  used  for

emulsification there was more toluene in the emulsion and thus solidification took

place slower than when emulsification was done with membrane and the same

temperature for the heat exchanger was applied. The emulsion contained much

less toluene in the membrane emulsification. When the temperature was dropped

for  the membrane emulsification the particles  were more compact.  Decreasing

temperature would make solidification slower. The particle sizes were also more

homogeneous when solidification was slower. When the mixing reactor was used

the particle sizes were between 3 
m and 30 
m. When membrane was used and

the  temperature  for  the  heat  exchanger  was  the  same  the  particle  sizes  were

between 12 
m and 70 
m. When the temperature was lowered the particle sizes

were  between 4 
m and  46 
m.  Though  the  pressure  varied  more  when  the

temperature was lower, the particle size distribution is narrower.
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17.2 Hot PFC as solidifying step

Membrane  (5
m  PTFE  by  Sartorius)  was  used  for  emulsion  formation  and

solidification was done by mixing cold emulsion into hot PFC.  The idea was to

mix cold emulsion with hot PFC as it is done traditionally. There was already

experience  of  mixing  so  the  only  new  feature  would  be  the  membrane

emulsification. Mixing was done in the product vessels. Two round glass bottles

(volume 500 mL) were used as product vessels. Both bottles contained 250 mL of

PFC. The bottles were placed in an oil bath that was heated at 78 oC. PFC in the

product vessels did not contain any toluene at the beginning. 

Mixing was applied in the product vessels (magnet, about 500 rpm). There was

also a magnet mixer in the membrane unit. The catalyst phase was mixed with this

mixer so that it would penetrate the membrane easier and possible gels would not

plug the membrane. Surfactant was added to the catalyst phase. The catalyst phase

was also filtered through a Nylon syringe filter (Pall, 5  
m) before starting the

test. 

The  continuous  phase  (toluene  saturated  PFC  flow)  was  treated  with  MAO

solution (30 w-% MAO in toluene) before the test  so there would not be any

oxygen or moist present.  0.5mL MAO solution (30 w-% MAO in toluene) was

added per 1L toluene saturated PFC. The day before the test argon was led into the

toluene saturated PFC (bubbling) for the same reason. The membrane was placed

into the membrane unit with about 10 mL toluene for a few hours before the test.

Toluene  was  also  treated  with  MAO  so  that  the  moisture  content  could  be

decreased.  0.005  mL MAO was  used  per  100  mL toluene.  Toluene  was  also

filtered so there would not be any aluminumoxide present. 

Some  smoke  was  noticed  when  MAO  was  added  into  these  solutions  and

afterwards some white precipitate could be seen in the liquid. This indicates that

these solutions contained oxygen and/or moisture.  The cross-flow flow rate of

PFC was 120 mL/min and the transmembrane pressure was 0.16-0.22 bar.
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17.2.1 Results and discussion of the test where PFC was used as the 

solidifying step

In figure 53 can be seen the catalyst phase flux during the test. The flux declined

and after 5 minutes it settled down. The average flux after that was 20 L/(m2h). It

might be that MAO treated toluene still contained aluminumoxide that plugged

the membrane. A table of the flux can be seen in appendix 8.

Figure 53. Catalyst phase flux during the test. 5 
m PTFE membrane was used
for  emulsification  and  the  emulsion  droplets  were  solidified  by
mixing the emulsion with hot PFC. The temperature of the hot PFC
at the beginning was 78oC. The cross-flow velocity was 120 mL/min
and the transmembrane pressure 0.16-0.22 bar.

The pressure on the feed side of the membrane was increasing (0.37-0.45 bar, see

figure  of  transmembrane  pressure  in  appendix  8).  This  may  indicate  that  the

membrane was plugged. Figure 54 shows a SEM image of the prepared catalyst.

Spherical particles were formed with this method. The particle sizes were between

8 
m and 60 
m. There are some broken pieces and particles with a hole in the

middle. This may indicate that the solidification took place too fast. This may be

because of  a too high temperature in the product vessel.  The temperature was

decreased in the product vessel during the test which might cause the particle size

distribution to be wider.
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Figure 54. 5 
m PTFE membrane was used for emulsification and the emulsion
droplets were solidified by mixing the emulsion with hot PFC.500
times  magnified  SEM  image  of  prepared  catalyst  particles.  The
temperature of the hot PFC at the beginning was 78oC. The cross-
flow velocity was 120 mL/min and the transmembrane pressure 0.16-
0.22 bar.

The prepared catalyst was used in polymerization. Light microscope images of the

prepared polymer can be seen in appendix 8. The morphology of the polymer

particles resembles the morphology of the catalyst particles.

17.3 Tests done with unsaturated PFC

A few tests were done by using unsaturated PFC as the continuous phase. This

means that PFC is not saturated with toluene or it does not contain any toluene at

the beginning of the test. It was thought before that if unsaturated PFC would be

used, the catalyst would solidify on the membrane. On the other hand, the use of

unsaturated  PFC  would  make  the  process  more  simple  and  that  is  why  the

technique was worth examining. Different membranes and test set ups were used.

They can be seen in table VII.
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Table VII Tests done with unsaturated PFC.

17.3.1 Semicontinuous test with unsaturated PFC

Testing was started with a simple semicontinuous test set up (figure 55). Although

the continuous phase was not circulated in the system, the flow past the membrane

was continuous. Thus the flow conditions and the concentration of the continuous

phase were the same during the test. 

Figure 55. Semicontinuous test with unsaturated PFC.

The membrane used in this test was a 5 
m PTFE membrane made by Sartorius.

The used  PFC  was  purified  PFC  from  the Borealis  pilot  plant.  It  was  done

unsaturated  by  cooling  it  down  to  -10o C.  As  toluene  and  PFC  separated  in

different phases PFC was transferred into a different vessel. The temperature was

let to settle back to room temperature. The flow rate of the PFC was 120 mL/min.

The used transmembrane pressure was 0.21 bar and 0.3 bar. The surfactant was

added into the  catalyst  phase.  The catalyst  phase was prefiltered with  a 1 
m

PTFE syringe filter. The membrane chamber was filled with small glass beads to

decrease  the  empty  space  before  the  membrane  and  thus  ease  the  flux

determination. 

Test set up membrane Surfactant in Surfactant in

catalyst phase PFC phase

yes no

yes no

Continuous, no separate product vessel no no

Batch, in mixing reactor no yes

Batch, in mixing reactor no no

Batch, in mixing reactor yes no

Batch, in mixing reactor no no

Semicontinuous 5 m�  PTFE

Continous, with separate product vessel10 m�  metal sinter

5 m�  PTFE

5 m�  PTFE

5 m�  PTFE

7 m�  metal sinter

7 m�  metal sinter
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17.3.2 Results and discussion of tests done with semicontinuous test set up

The system was back flushed with PFC from the continuous phase. In figure 56

the catalyst phase flux during the test can be seen.

Figure 56. The  catalyst  phase  flux  during  the  test.  Semicontinuous  test  with
unsaturated  PFC.  The  continuous  phase  was  not  circulated  in  the
system  but  the  flow  past  the  membrane  was  continuous.  Back
flushing was used to restore the  membrane and the catalyst  phase
was prefiltered. The transmembrane pressure was 0.21/0.3 bar.

It seems that the membrane did not plug entirely and flux was increased after each

back flush.  At  least  the  PFC did  not  make  the  catalyst  phase  solidify  on  the

membrane.  It  might  be  that  solidification took place  more  slowly than it  was

thought. This would explain the agglomerates as the risk of coalescence between

unsolid particles grows the longer the solidification takes. A table of the flux can

be seen in appendix 9. In figure 57 can be seen the SEM image of the recovered

product.  The particle  size  was  between 3  
m and 63 
m. There  were  lots  of

broken particles and agglomerates. The use of two different pressures makes the

particle size distribution wider.
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Figure 57. 400  times  magnified  SEM  image  of  the  catalyst  particles.
Semicontinuous  test  with  unsaturated  PFC.  The  continuous  phase
was  not  circulated  in  the  system but  the  flow past  the  membrane
was  continuous.  Back  flushing  was  used  to  restore  the  membrane
and the catalyst phase was prefiltered. The transmembrane pressure
was 0.21/0.3 bar.

17.3.3 Continuous process with no separate product vessel

This  time  the  previous  process  was  made  continuous.  Continuous  circulation

makes it possible to use the system for a little longer and make longer test runs.

On the other hand the toluene concentration and the particle concentration of the

emulsion were changing during the test thus changing the flow conditions. The

test was done with 500 mL pure unsaturated PFC that was continuously circulated

past the membrane. There was no separate product vessel (the feed vessel and the

product vessel were the same) so catalyst particles moved with the PFC flow past

the membrane more than once. The PFC flow rate was 500 mL/min. The flow was

turbulent (Re~2400). There was no surfactant at all and the catalyst phase was

prefiltered with a 1 
m PTFE syringe filter. The used membrane was 5 
m PTFE

membrane by Sartorius. The used pressures were 0.16 and 0.25 bar. The toluene

that was transferred from the catalyst phase to the PFC phase was not removed. In

figure 58 the test settings are shown.
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Figure 58. The  test  apparatus  for  continuous  membrane  emulsification  using
unsaturated PFC. The continuous phase was circulated in the system
and there was no separation of toluene or particles from the emulsion
between the cycles.

17.3.4 Results and discussion of continuous process with no separate product

vessel

In figure 59 the flux during the test can be seen. The table on the flux can be seen

in appendix 10. It is significantly better than before.
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Figure 59. Flux during the test when doing continuous membrane emulsification
using unsaturated PFC.  The continuous phase was circulated in the
system and there was no separation of toluene or particles from the
emulsion between the cycles.

SEM images  of  the  prepared  catalyst  particles  can  be  seen  in  figure  60.  The

particle sizes were between 3 
m and 60 
m. The particle size distribution is wide

partly because two different pressures were used. The catalyst particles were also

circulated past the membrane so there might have been coalescence. More SEM

images and pictures of polymerized product can be found in appendix 10.
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Figure 60. 500  times  magnified  SEM  image  of  catalyst  particles  made  in
continuous  membrane  emulsification  using  unsaturated  PFC.  The
continuous  phase  was  circulated  in  the  system and  there  was  no
separation  of  toluene  or  particles  from the  emulsion  between  the
cycles.

17.3.5 Batch tests

The batch test with unsaturated PFC was the quickest and most simple way to test

the membrane emulsification. This way it was fast to test different materials and

the effect of surfactant. The downside was that as the toluene stays in the system

the test can not be very long. It also changes the test conditions. The catalyst was

prepared in a three necked glass bottle that was filled with 200 mL of pure PFC.

The emulsion was made  using a  7  
m stainless steel sinter (picture in appendix

11) and using a 5 
m PTFE membrane (Sartorius). 500 rpm mixing was applied to

make the PFC flow past the membrane. Argon gas was let  to flow through the

membrane and into the PFC phase for a few minutes before the test. This would

remove possible oxygen from the membrane and PFC. The pressure difference

was 0.1 bar. A picture of the test set up can be seen in figure 61. Four tests were

done. Two tests were done without surfactant using both membranes. One test was

done  using PTFE  membrane  where  0.14  mL  surfactant  was  placed  in  the
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continuous  phase.  One  test  was  done  using  a metal  sinter  and surfactant  was

placed in the catalyst phase.

Figure 61. Test  set  up  for  membrane  emulsification  in  a glass  reactor.  The
tests were done using unsaturated PFC.

Within a few seconds a few milliliters (2-4 mL) of catalyst phase was fed through

the membrane in each test and emulsion was formed. The emulsion was mixed for

25 min and after that the emulsion was let to settle for 20 min.

17.3.6 Results and discussion of batch tests

A few milliliters passed through the membrane quite quickly. It is possible that

oxygen was totally removed from the membrane pores when argon was let to flow

through the membrane before the test and thus there would be no problems with

formation of aluminumoxide. The SEM image of catalyst prepared using a 7 
m

stainless steel sinter with surfactant can be seen in figure 62. The particle sizes

were between 4 
m and 140 
m. The SEM image of catalyst prepared using a 7


m stainless steel sinter without surfactant can be seen in figure 63. The particle

sizes were between 4 
m and 160 
m. The SEM image of catalyst prepared using

a 5  
m PTFE membrane with surfactant can be seen in figure 64.  The particle

sizes were between 6 
m and 150 
m. The SEM image of catalyst prepared using

a 5 
m PTFE membrane without surfactant can be seen in figure 65. The particle

sizes were between 10 
m and 100 
m. More SEM images are shown in appendix

11. 
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Figure 62. 500 times magnified SEM image of  catalyst  prepared  using a 7  
m
stainless steel sinter with surfactant in a mixing reactor.

Figure 63. 500 times magnified SEM image of  catalyst  prepared  using a 7  
m
stainless steel sinter without surfactant in a mixing reactor.
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figure 64. 500 times magnified SEM image of catalyst prepared using a 5 
m
PTFE membrane with surfactant.

figure 65. 500 times magnified SEM image of catalyst prepared using a 5 
m
PTFE membrane without surfactant.

Spherical  particles were formed with this technique. Particles were broken but

there were no agglomerates. Also the particle size distribution was quite wide.
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This may be a result from the pore size distributions of the membranes possibly

being broad. Also the flow conditions are not constant at different spots of the

membrane. The skin layer of the particles seemed to be more intact if there was

surfactant present. Surfactant seems to decrease the size of the biggest particles

when a metal sinter was used. When PTFE membrane was used the situation was

the opposite. On the other hand, the surfactant was placed into the continuous

phase when PTFE membrane was used and into the catalyst phase when a metal

sinter  was  used.  The  flow  conditions  for  the  PTFE  membrane  were  more

homogeneous because the catalyst phase was fed only through the bottom of the

feed pipe. When a metal sinter was used the catalyst phase was fed also through

the side of the pipe.

17.3.7 Continuous test with a separate product vessel

The continuous test with a separate product vessel was more complicated than the

other  tests,  but  because  the  toluene  and  the  particles  were  removed  from the

continuous phase between the circulation cycles, it was possible to do a longer

test. This process is also nearest to how the catalyst could be manufactured in a

bigger  scale.  The  continuous  test  was  done with  unsaturated  PFC including a

separate product vessel where catalyst would be separated from the continuous

phase. The toluene that was transferred to the PFC phase from the catalyst phase

was removed by using plate heat exchangers. A 10 
m metal sinter was used for

the emulsification. Surfactant was placed in the catalyst phase. The catalyst phase

was prefiltered with a 1 
m PTFE syringe filter.

The feed vessel contained 2L of toluene saturated PFC and a layer of toluene. In

case some catalyst would have got into the feed vessel it would been dissolved

into the toluene. The continuous phase was heated with a plate heat exchanger to

make  it  unsaturated  with  toluene.  50oC  heating  was  applied  to  the  hot  heat

exchanger  and  the  temperature  of  the  continuous  phase  was  about  40oC.  The

catalyst  was  collected in  the  product  vessel  that  was  a  1  L round bottle.  The

product vessel was kept in a hot 50oC oil bath. The PFC was circulated back to the

feed  vessel.  On  the  way  back  the  PFC  was  cooled  with  another  plate  heat

exchanger.  The  temperature  for  this  heat  exchanger  was  set  to  1oC  and  the

temperature in the feed vessel was about 10oC. The flow rate of the PFC was over

500 mL/min. The transmembrane pressure was 0.1 bar. The oxygen level in the
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system was measured before the test and it was 0.002%. The picture of the test set

up can be seen in figure 66.

Figure 66. Continuous  emulsification  test  with  unsaturated  PFC.  A separate
product  vessel  was  used  to  separate  the  catalyst  from  the
continuous phase.

17.3.8 Results and discussion of continuous test with separate product vessel

The flux during the test is shown in figure 67. It declined at the beginning and

settled to about 1000 L/(m2h). The table on the flux can be seen in appendix 12.

The SEM image of the prepared particles can be seen in figure 68. The particle

sizes were between 5 
m and 100 
m.
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Figure 67. Flux during a continuous emulsification test.  A product vessel  was
used to separate the catalyst from the PFC phase.

Figure 68. 200  times  magnified  SEM  image  of  the  catalyst  prepared  in  the
continuous emulsification test. A product vessel was used to separate
the catalyst from the PFC phase.
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18 Summary of solidification tests

A summary of the results can be seen in tables VIII and IX. A short summary of

the solidification tests:

� Test with mixing reactor and heat exchanger: the idea of the test was to test the

heat  exchanger  using  a  catalyst  preparation  process  that  has  already  been

successfully used. When a heat exchanger is used there is no need to ad hot

PFC to the process. Spherical particles were prepared this way. There were

some broken particles and aglomerates.

� Test 1 with 5 
m PTFE membrane and heat exchanger: the idea of the test was

to apply the heat exchanger and its advantages to the membrane emulsification

process. The membrane was treated with toluene before the test to prevent the

flux decline.  Spherical  particles were formed. There were broken particles.

The temperature for the heat exchanger was 100oC. 

� Test 2 with 5 
m PTFE membrane and heat exchanger: the idea was to use a

lower solidification temperature as there were broken particles in the previous

tests. The membrane was treated with toluene before the test to prevent the

flux decline. Spherical particles were formed. They were more compact than

in the previous tests. The temperature for the heat exchanger was 78oC. 

� Test with hot PFC as solidifying step: The idea was to mix cold emulsion with

hot PFC as it is done traditionally. There was already experience of mixing so

the only new feature would be the membrane emulsification. The membrane

was treated with toluene. This time toluene and continuous phase were treated

with MAO to ensure that they would not contain oxygen or moisture. The

catalyst phase was prefiltered. The product vessels contained 500 mL 78oC hot

PFC at the beginning. Spherical particles were formed. Some particles had a

hole in the middle. 

� Tests with unsaturated PFC: So far it was firmly believed that unsaturated PFC

would solidify the catalyst on the membrane surface. A few tests were done

and no dramatic chance for worse was noticed as flux was determined. Using

unsaturated  PFC  makes  the  process  more  simple.  The  catalyst  phase  was

prefiltrated in these tests. Placing the surfactant into the continuous phase or

doing the test without the surfactant would make flux better. Also prefiltration

and  feeding  argon/nitrogen  gas  trough  the  membrane  prevents  it  from

plugging.  Gas was fed  through the membrane in all  batch tests  and in the

continuous test done with separate product vessel.
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Table VIII. Summary of test results. Tests done with heat exchanger and hot PFC

Table IX. Summary of test results. Tests done with unsaturated PFC.

Test Cross-flow Flux Particle

velocity sizes pressure

bar

Mixing reactor and - - 3-30 -

 heat exchanger

1 st test membrane 120 60 12-70 0.12

and heat exchanger

2 st test membrane 120 110 4-46 0.16-0.22

and heat exchanger

Hot PFC as 120 20 8-60 0.16.0.22

solidifying step

Transmembrane

mL/min L/(m2h) 
m

5 
m PTFE

5  
m PTFE

5  
m PTFE

Test Cross-flow Flux Particle Surfactant

velocity sizes pressure

bar

120 30-90 3-63 0.21/0.3 In catalyst

test, phase

back flushing was

Continuous with 500 1000 5-100 0.1 In catalyst

product vessel phase

Continuous no 500 50-440 3-60 0.16/0.25 No surfactant

product vessel

Batch - - 6-150 0.1 In continuous

phase
-

Batch - 10-100 0.1 No surfactant

-

Batch - - 4-140 0.1 In catalyst

phase

Batch - - 4-160 0.1 No surfactant

Transmembrane

mL/min L/(m2h) 
m

Semicontinuous

used, 5  
m PTFE

10  
m metal sinter

5 
m PTFE

5  
m PTFE

5  
m PTFE

7 
m metal sinter

7 
m metal sinter
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19 Conclusions and summary

The aim of this master of science thesis was to examine the possibility to prepare

single  site  polypropylene  catalyst  using  membrane  emulsification  technique.

Different membrane materials and solidification techniques of the emulsion were

examined.

The  polytetrafluoroethylene  membranes  had  the  largest  contact  angles  against

toluene and also the biggest difference to when the contact angles were measured

with PFC. Based on these results PTFE membranes would have the most feasible

contact angles. The contact angle was also measured for a 7 
m metal sinter but

the liquid was absorbed into the membrane so quickly that it was not possible to

determine the contact angle. Despite of the contact angle measurement results no

significant  difference  was  noticed  between  particles  prepared  using  PTFE

membrane or metal sinter. Other process parameters probably have greater effect

on the particle size and particle size distribution than the membrane material and

the contact angle. This is probably because the polarities of PFC and toluene are

so  near  to  each  other  unlike  their  densities  and  viscosities.  The  particle  size

distributions  of  catalyst  prepared  in  these  tests  were  quite  wide.  This  would

probably  be  fixed by using  a  membrane with  a  more  homogeneous  pore  size

distribution. As it seems that the membrane hydrophobicity/ hydrophilicity does

not play such a big role in droplet formation and also hydrophilic membranes like

ceramic or glass membranes might be suitable.

When  polymeric  membranes  are  compared  PTFE  is  probably  still  the  best

material  for  the process as  it  had the best  chemical  durability.  There were no

significant differences in the PTFE membrane weights before and after soaking in

PFC and toluene. The SEM images of the PTFE membranes did not show any

drastic changes after soaking in solvent or methylaluminumoxane. The color or

structure of the PTFE membranes did not change after soakings.

It  is  important  to  know the  toluene-PFC  phase  diagram for  the  solidification

process. The toluene-PFC phase diagram was successfully measured during this

thesis  work.  This  phase  diagram  can  be  used  for  process  optimization.  The

optimization is made easier if it is not necessary to take into consideration both

the temperature and the diluting effect during the solidification. This is possible
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when a heat exchanger is used for solidification. There would not be a need for a

hot PFC line.

It  seems  that  the  solidification  rate  has  an  effect  on  the  catalyst  particle

morphology. There were more broken particles  when the emulsion was heated

faster  or when the cross-flow solution was pure PFC. It  is also possible  that the

solidification rate has an effect on the particle sizes. When a mixing reactor was

used  for  emulsification  there  was  more  toluene  in  the  emulsion  and  thus

solidification  took  place  slower  than  when  emulsification  was  done  using

membrane at the same temperature and a heat exchanger. The emulsion contained

much less toluene in  this  membrane emulsification. When  the temperature was

dropped for the membrane emulsification the particles were more compact. The

particle sizes were also more homogeneous when the solidification was slower. 

As the MAO contains gels that might plug the membrane it would be feasible to

use as big membrane pores as possible. The droplet size can also be controlled

with  cross-flow quite  effectively  so  increasing  the  pore  size  should  not  be  a

problem. Prefiltration of the catalyst phase also results in a higher flux but is not

feasible in the long run as part of the MAO is thrown away as waste. It might be

possible to examine if this prefiltration waste could be recycled for example by

dissolving it in toluene and using it again in catalyst preparation.

It might also be possible that the reaction with surfactant results in more gels in

the  catalyst  phase.  This  could  be  prevented  by  placing  the  surfactant  in  the

continuous phase. When unsaturated PFC is used as the continuous phase it is also

possible to leave the surfactant or at least decrease its amount drastically. It seems

that the particles prepared with unsaturated PFC and with surfactant had a more

compact surface layer than particles prepared without surfactant. This might also

have  something  to  do  with  the  solidification  rate  which  could  be  lowered  by

increasing the PFC saturation level. This might also result in a to more compact

skin layer.

There should be as small amounts of oxygen in the system as possible. Especially

inside the membrane pores. When the oxygen reacts with the catalyst phase it

turns into aluminumoxide and plugs the membrane pores. This could be prevented
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by letting inert gas flow through membrane pores before the emulsification. When

the membrane is already plugged backflushing seems to restore the situation.

In  the  future  it  would  be  feasible  to  test  membranes  with  narrow  pore  size

distribution like ceramic membranes, glass membranes and microsieves. This way

narrower pore size distribution might be achieved. Membranes with pore sizes

bigger than 5 
m should be tested. With bigger pore sizes membrane plugging

might be avoided and no prefiltration would be needed. The droplet size could be

decreased by increasing the cross-flow velocity. The surfactant should be placed

into  the  continuous  phase  to  avoid  gel  formation  in  the  catalyst  phase  and

membrane  plugging.  It  is  also  possible  that  the  surfactant  is  adsorbed  on  the

surface of the membranes that contain fluorine. This might foul and plug these

membranes so it would be feasible to use membranes made of other materials.

Back flushing can be used to avoid membrane plugging. Another way is to change

the catalyst phase feed so that it would be circulated past the membrane instead of

dead-end filtration.
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Contact angles with toluene and PFC.

Membrane Contact angle with toluene Contact angle with PFC

o o

10 15

13 13

22 15

14 8

14 11

13 14

48 13

33 16

32 8

PTFE plate 31 5

6 11

PP 1.2 m�

PVC 5 m�

PVDF 5 m�

PVDF 0.65 m�

PVDF 0.45 m�

PVDF 0.22 m�

PTFE 5 m�

PTFE 3 m�

PTFE 1.2 m�

ceramic 1.4 m�
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Hydrophilic 5 
m PVDF membrane soaked in PFC for 24h.

Virgin hydrophobic 0.22 
m PVDF membrane.
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Hydrophobic 0.22 
m PVDF membrane soaked in toluene for 24h.

Hydrophobic 0.22 
m PVDF membrane soaked in PFC for 24h.
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Measured data points for toluene-PFC phase diagram (heating test and cooling
test). 

Measured toluene-PFC phase diagram. Amount of toluene (w-%) as function of
temperature. Measurements with GC by Nicolas and Rautio.[78]

Measurements done with PFC containing toluene and surfactant

Toluene Toluene PFC

%

5 0.9 18 24

10 2.0 18 64

20 4.5 18 88

Temperature 
(1phase)

mL mL oC

Toluene Toluene PFC

vol-%

5 0.9 18.0 34

10 2.0 18.0 63

20 4.5 18.0 87

30 8.0 18.0 87

40 12.0 18.0 87

50 18.0 18.0 82

50 (repeated) 18.0 18.0 86

60 18.0 12.0 85

70 18.0 8.0 83

80 18.0 4.5 83

90 18.0 2.0 74

95 18.0 0.9 51

98 62.0 1.0 20

99 62.0 0.4 5�

Temperature 
(1 phase)

Temperature 
(2 phases)

mL mL oC oC
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Flux through the 1�m PTFE syringe filter during emulsification tests done in a
glove box.

Test 1, 30 v-% MAO, p=0.1 bar

Time Volume Flux Flux Flux

s L/s L/h

12 0.60 0.0000 0.0000 0

30 0.50 0.0056 0.0200 41

75 0.40 0.0022 0.0080 16

140 0.30 0.0015 0.0055 11

220 0.20 0.0013 0.0045 9

300 0.11 0.0011 0.0041 8

mL L/(m2h)
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Test 2, catalyst solution, no surfactant, p=0.1 bar

Test 2, catalyst solution, no surfactant, p=0.25 bar

Test 3, catalyst solution with 85 v-% toluene, no surfactant, p=0.1 bar

Time Volume Flux Flux Flux

s L/s L/h

0 0.90 0.0000 0.0000 0

13 0.80 0.0077 0.0277 56

34 0.70 0.0048 0.0171 35

60 0.60 0.0038 0.0138 28

97 0.50 0.0027 0.0097 20

137 0.40 0.0025 0.0090 18

180 0.30 0.0023 0.0084 17

234 0.20 0.0019 0.0067 14

240 0.19 0.0017 0.0060 12

mL L/(m2h)

Time Volume Flux Flux Flux

s L/s L/h

243 0.40 0.0333 0.1200 244

260 0.30 0.0059 0.0212 43

290 0.20 0.0033 0.0120 24

300 0.19 0.0010 0.0036 7

mL L/(m2h)

Time Volume Flux Flux Flux

s L/s L/h

0 0.85 0.0000 0.0000 0

9 0.50 0.0389 0.1400 285

14 0.40 0.0200 0.0720 147

21 0.30 0.0143 0.0514 105

32 0.20 0.0091 0.0327 67

40 0.10 0.0125 0.0450 92

54 0.00 0.0071 0.0257 52

mL L/(m2h)
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Test 4, catalyst solution with toluene diluted surfactant, p=0.1 bar

Test 5, catalyst solution with PFC diluted surfactant, p=0.1 bar

Time Volume Flux Flux Flux

s L/s L/h

16 0.90 0.0000 0.0000 0

55 0.80 0.0026 0.0092 19

98 0.70 0.0023 0.0084 17

134 0.65 0.0014 0.0050 10

159 0.60 0.0020 0.0072 15

190 0.55 0.0016 0.0058 12

211 0.50 0.0024 0.0086 17

240 0.45 0.0017 0.0062 13

273 0.40 0.0015 0.0055 11

320 0.35 0.0011 0.0038 8

355 0.30 0.0014 0.0051 10

385 0.28 0.0007 0.0024 5

431 0.20 0.0017 0.0063 13

480 0.15 0.0010 0.0037 7

520 0.10 0.0013 0.0045 9

573 0.01 0.0018 0.0065 13

mL L/(m2h)

Time Volume Flux Flux Flux

s L/s L/h

0 0.75 0.0000 0.0000 0

16 0.60 0.0094 0.0338 69

30 0.50 0.0071 0.0257 52

57 0.40 0.0037 0.0133 27

87 0.30 0.0033 0.0120 24

125 0.20 0.0026 0.0095 19

170 0.10 0.0022 0.0080 16

240 0.00 0.0014 0.0051 10

mL L/(m2h)
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Test 6, solution from test 2, no pressure

Test 7, solution from test 5, p=0.1 bar

Time Volume Flux Flux Flux

s L/s L/h

0 0.60 0.0000 0.00000 0

17 0.50 0.0059 0.02118 43

38 0.40 0.0048 0.01714 35

66 0.30 0.0036 0.01286 26

103 0.20 0.0027 0.00973 20

133 0.10 0.0033 0.01200 24

mL L/(m2h)

Time Volume Flux Flux Flux

s L/s L/h

0 0.60 0.0000 0.0000 0

7 0.50 0.0143 0.0514 105

19 0.40 0.0083 0.0300 61

32 0.30 0.0077 0.0277 56

53 0.20 0.0048 0.0171 35

76 0.10 0.0043 0.0157 32

112 0.00 0.0028 0.0100 20

mL L/(m2h)
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Heat exchanger coil placed in hot oil bath was tested. Over pressure was used  to

make PFC flow through the heat exchanger coil. Different bath temperatures and

pressures were tested and temperatures of hot toluene saturated PFC and flow

rates were measured. The summary of the measurements can be seen in the table:

A flow rate at 100 mL/min for PFC was the goal so the pressure was adjusted to

as high as possible (as high as the glass bottle could handle).

In the following figure there can be seen the dependence of the temperature on hot

PFC of the temperature of the oil bath:

Dependence of  the  temperature of hot PFC of the temperature  on the oil  bath
when the driving pressure was 0.3 bar and 0.35 bar.

Pressure Bath temperature  Temperature of hot PFC Flow

bar

0.3 80 60 69

0.3 90 71 83

0.3 95 69 76

0.35 90 70 89

0.35 80 54 87

oC oC mL/min
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As the flow rate and the temperatures of the oil bath and the ingoing and outgoing

PFC  are  known  a  specific  heat  transfer  coefficient  can  be  calculated  for  the

system. From formula 1 we get the amount of heat to be transferred.

Q= �m c p�T out�T i.n�          (1)

where Q transferred heat, W

       �m mass flow rate, kg/s

          Tout temperature of hot PFC, K

          Tin temperature of cold PFC, K

          cp specific heat capacity of toluene saturated PFC, J/(kg K)

The flow rate and the temperatures were measured and the specific heat capacity

for toluene saturated PFC can be calculated when the specific heat capacities of

toluene and PFC are known and the amounts of both liquids in the system are

known. The specific heat capacity of toluene is 1.7 kJ/(kg K) and the specific heat

capacity of PFC is 0.963 kJ/(kg K). In room temperature toluene saturated PFC

contains 4.55 v-% toluene which is 2.2 m-%. The specific heat transfer coefficient

can be calculated from formula 2.

Q=U AT m          (2)

where U specific heat transfer coefficient, W/(m2K)

           A heat transfer area, m2

          T� m logarithmic temperature difference, K
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The logarithmic temperature difference can be calculated according to formula 3.

T m=
��T b�T i.n���T b�T out ��

�ln
�T b�T i.n�

�T b�T out �
�

         (3)

where Tb is the temperature of the oil bath, K

The calculated heat transfer coefficients are shown in table:

It  can  be  seen  that  the  bath  temperature  has  more  effect  on  the heat  transfer

coefficient than the driving pressure. The decrease of the heat transfer coefficient

when  pressure  is  0.3  bar  and  the  bath  the  temperature  95oC must  be  due  to

measurement error as otherwise the heat transfer coefficient is increasing when

temperature is increasing at a certain pressure. Probably the temperature of the

outcoming PFC was inaccurate. It is also possible that the liquid started to boil

inside the coil which decreased heat transfer.

U is approximated to be the mean value of the heat transfer coefficients calculated

when the bath temperature was 90 oC because the product temperature was near

the desired value. Q is calculated when the flow rate is 100 mL/min and  a new

T� m is  calculated  from  formula  2.  The hot  PFC  must  be  at  least  63oC  for

solidification of catalyst to take place. To ensure this the goal temperature for hot

PFC was  set  at  70oC.   T� m  was  calculated  from formula  3  for  different  bath

temperatures and was plotted as function of bath temperature as  the following

figure shows.

Pressure Bath temperature U

bar

0.35 80 111.3

0.35 90 179.1

0.3 80 119.2

0.3 90 174.3

0.3 95 128.5

o C W/(m2K)
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From the figure ( T� m as function of bath temperature) can be seen which bath

temperature matches with the calculated  T� m  from formula 2 when the hot PFC

temperature is set to be 70oC. The answer is  368 K (95oC). When  T� m calculated

from formula 2 and  T� m calculated from formula 3 are compared the difference is

only 0.41 so the approximate U is acceptable. 
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SEM image (magnification 1000 times) of catalyst. The emulsion was prepared in
a mixing reactor and the formed droplets were solidified using a heat exchanger.

SEM image (magnification 200 times) catalyst.  The emulsion was prepared in a
mixing reactor and the formed droplets were solidified using a heat exchanger.
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First test with membrane and heat exchanger. Flux during the test

First test with membrane and heat exchanger. 200 times magnified SEM image of
the prepared catalyst particles.

Time Volume Flux Flux Flux

s L/s L/h

0 6.40 0.000 0.000 0

10 4.00 0.240 0.864 6400

20 3.25 0.075 0.270 2000

30 2.75 0.050 0.180 1333

50 2.50 0.013 0.045 333

70 2.00 0.025 0.090 667

105 1.75 0.007 0.026 190

120 1.50 0.017 0.060 444

150 1.40 0.003 0.012 89

170 1.25 0.008 0.027 200

210 1.00 0.006 0.023 167

250 0.95 0.001 0.005 33

320 0.75 0.003 0.010 76

390 0.60 0.002 0.008 57

mL L/(m2h)
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Second emulsification test with the membrane and heat exchanger. Flux during
the test.

Transmembrane  pressure  during  the  second  emulsification  test  done  with
membrane and heat exchanger.

Time Volume Flux Flux Flux

s L/s L/h

26 4.5 0.000 0.00 0

59 3.0 0.045 0.16 1212

85 2.5 0.019 0.07 513

117 2.0 0.016 0.06 417

180 1.5 0.008 0.03 212

300 1.0 0.004 0.02 111

mL L/(m2h)
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Second  emulsification  test  with  membrane  and  heat  exchanger.  100  times
magnified SEM image of the catalyst particles.
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Flux during the test where hot PFC was used as solidifying step. 5 
m PTFE
membrane was used for emulsification and the emulsion droplets were solidified
by mixing the emulsion with hot PFC.

Transmembrane  pressure  during  the  test  where  hot  PFC  was  used  as  the
solidifying  step.  5 
m  PTFE  membrane  was  used  for  emulsification  and  the
emulsion droplets were solidified by mixing the emulsion with hot PFC.

Time Volume Flux Flux Flux

s L/h

21 3.50 0.0000 0.0000 0

60 2.75 0.0192 0.0692 513

120 2.50 0.0042 0.0150 111

180 2.25 0.0042 0.0150 111

300 2.10 0.0013 0.0045 33

360 2.00 0.0017 0.0060 44

540 1.90 0.0006 0.0020 15

690 1.75 0.0010 0.0036 27

930 1.60 0.0006 0.0023 17

1140 1.50 0.0005 0.0017 13

1440 1.45 0.0002 0.0006 4

2460 1.10 0.0003 0.0012 9

3300 0.75 0.0004 0.0015 11

3600 0.50 0.0008 0.0030 22

mL mL/s L/(m2h)
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200  times  magnified  SEM  image  of  prepared  catalyst  particles.  5 
m  PTFE
membrane was used for emulsification and the emulsion droplets were solidified
by mixing the emulsion with hot PFC.

75  times  magnified  SEM  image  of  prepared  catalyst  particles.  5 
m  PTFE
membrane was used for emulsification and the emulsion droplets were solidified
by mixing the emulsion with hot PFC.
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Light microscope image of polymer prepared with the catalyst.  To prepare the
catalyst  5 
m PTFE membrane was  used  for  emulsification  and the  emulsion
droplets  were  solidified  by  mixing  the  emulsion  with  hot  PFC.  The  polymer
particles have diameter of a few millimeters.

Light microscope image of polymer prepared with the catalyst.  To prepare the
catalyst  5 
m PTFE membrane was  used  for  emulsification  and the  emulsion
droplets  were  solidified  by  mixing  the  emulsion  with  hot  PFC. The  polymer
particles have diameter of a few millimeters.
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Light microscope image of polymer prepared with the catalyst.  To prepare the
catalyst  5 
m PTFE membrane was  used  for  emulsification  and the  emulsion
droplets  were  solidified  by  mixing  the  emulsion  with  hot  PFC. The  polymer
particles have diameter of a few millimeters.
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Flux during an emulsification test done semicontinuously with unsaturated PFC
and a 5 
m PTFE membrane  

Time Volume Flux Flux Flux

s L/h

25 4.50 0.0000 0.0000 0

103 4.25 0.0032 0.0115 85

210 4.00 0.0023 0.0084 62

406 3.75 0.0013 0.0046 34

690 3.50 0.0009 0.0032 23

840 3.40 0.0007 0.0024 18

1025 3.25 0.0008 0.0029 22

1337 3.00 0.0011 0.0040 29

1605 2.95 0.0002 0.0007 5

1830 2.75 0.0011 0.0041 30

mL mL/s L/(m2h)
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Flux during a continuous emulsification test. No separate product vessel was used.
The emulsion was done using unsaturated PFC and 5 
m PTFE membrane.  

100 times magnified SEM image of the catalyst particles. Continuous test.  No
separate product vessel was used.  The emulsion was done with unsaturated PFC
and 5 
m PTFE membrane.  

Time Volume Flux Flux Flux

s L/h

0 1.4 0.0000 0.000 0

74 1.3 0.0020 0.007 54

161 1.2 0.0006 0.002 17

216 0.8 0.0167 0.060 444

269 0.5 0.0047 0.017 126

355 0.3 0.0029 0.010 78

435 0.0 0.0031 0.011 83

mL mL/s L/(m2h)



Appendix 10 2(2)

Polymerized product. Continuous test. No separate product vessel was used. The
emulsion  was  done  with  unsaturated  PFC  and  5 
m  PTFE  membrane.  The
polymer particles have diameter of a few millimeters.

Polymerized  product  and  some  unpolymerized  catalyst.  Continuous  test.  No
separate product vessel was used. The emulsion was done with unsaturated PFC
and  5 
m  PTFE  membrane.  The  polymer  particles  have  diameter  of  a  few
millimeters.



Appendix 11 1(3)

Metal filter used in batch tests.

75 times magnified SEM image of  catalyst prepared with  a 7 
m stainless steel
sinter with surfactant in a mixing reactor.



Appendix 11 2(3)

100 times magnified SEM image of catalyst prepared with a 7 
m stainless  steel
sinter without surfactant in a mixing reactor.

75 times magnified SEM image of catalyst prepared with a 5 
m PTFE membrane
without surfactant in a mixing reactor.



Appendix 11 3(3)

75 times magnified SEM image of catalyst prepared with a 5 
m PTFE membrane
with surfactant in a mixing reactor.



Appendix 12 1(1)

Flux during continuous emulsification test. A product vessel was used to separate
the catalyst from the continuous phase.

Time Volume Flux Flux Flux

s L/h

0 8.5 0.00 0.00 0

5 4.0 0.90 3.24 17189

7 3.5 0.25 0.90 4775

12 2.5 0.20 0.72 3820

16 2.0 0.13 0.45 2387

20 1.5 0.13 0.45 2387

29 1.0 0.06 0.20 1061

38 0.5 0.06 0.20 1061

48 0.0 0.05 0.18 955

mL mL/s L/(m2h)


