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ABSTRACT
Mehrdad Hesampour

Treatment of oily wastewater by ultrafiltration: The effect of different operating and solution

conditions

Lappeenranta 2009
131 pages, 5 appendices
Acta Universitatis Lappeenrantaensis 361
Diss. Lappeenranta University of Technology
ISBN 978-952-214-846-9, ISBN 978-952-214-847-6 (PDF), ISSN 1456-4491

   In many industries, such as petroleum production, and the petrochemical, metal, food and

cosmetics industries, wastewaters containing an emulsion of oil in water are often produced. The

emulsions consist of water (up to 90%), oils (mineral, animal, vegetable and synthetic), surfactants

and other contaminates. In view of its toxic nature and its deleterious effects on the surrounding

environment (soil, water) such wastewater needs to be treated before release into natural water

ways.

   Membrane-based processes have successfully been applied in industrial applications and are

considered as possible candidates for the treatment of oily wastewaters. Easy operation, lower cost,

and in some cases, the ability to reduce contaminants below existing pollution limits are the main

advantages of these systems. The main drawback of membranes is flux decline due to fouling and

concentration polarisation. The complexity of oil-containing systems demands complementary

studies on issues related to the mitigation of fouling and concentration polarisation in membrane-

based ultrafiltration.

   In this thesis the effect of different operating conditions (factors) on ultrafiltration of oily water is

studied. Important factors are normally correlated and, therefore, their effect should be studied

simultaneously. This work uses a novel approach to study different operating conditions, like

pressure, flow velocity, and temperature, and solution properties, like oil concentration (cutting oil,

diesel, kerosene), pH, and salt concentration (CaCl2 and NaCl)) in the ultrafiltration of oily water,

simultaneously and in a systematic way using an experimental design approach. A hypothesis is

developed to describe the interaction between the oil drops, salt and the membrane surface. The

optimum conditions for ultrafiltration and the contribution of each factor in the ultrafiltration of oily

water are evaluated. It is found that the effect on permeate flux of the various factors studied

strongly depended on the type of oil, the type of membrane and the amount of salts.
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   The thesis demonstrates that a system containing oil is very complex, and that fouling and flux

decline  can  be  observed  even  at  very  low  pressures.  This  means  that  only  the  weak  form  of  the

critical flux exists for such systems.

   The  cleaning  of  the  fouled  membranes  and  the  influence  of  different  parameters  (flow velocity,

temperature, time, pressure, and chemical concentration (SDS, NaOH)) were evaluated in this

study. It was observed that fouling, and consequently cleaning, behaved differently for the studied

membranes. Of the membranes studied, the membrane with the lowest propensity for fouling and

the most easily cleaned was the regenerated cellulose membrane (C100H).

   In order to get more information about the interaction between the membrane and the components

of the emulsion, a streaming potential study was performed on the membrane. The experiments

were carried out at different pH and oil concentration. It was seen that oily water changed the

surface charge of the membrane significantly. The surface charge and the streaming potential during

different stages of filtration were measured and analysed being a new method for fouling of oil in

this thesis. The surface charge varied in different stages of filtration. It was found that the surface

charge of a cleaned membrane was not the same as initially; however, the permeability was equal to

that of a virgin membrane.

   The effect of filtration mode was studied by performing the filtration in both cross-flow and dead-

end mode. The effect of salt on performance was considered in both studies. It was found that salt

decreased the permeate flux even at low concentration.

   To test the effect of hydrophilicity change, the commercial membranes used in this thesis were

modified by grafting (PNIPAAm) on their surfaces. A new technique (corona treatment) was used

for this modification. The effect of modification on permeate flux and retention was evaluated. The

modified membranes changed their pore size around 33oC resulting in different retention and

permeability.

   The obtained results in this thesis can be applied to optimise the operation of a membrane plant

under normal or shock conditions or to modify the process such that it becomes more efficient or

effective.

Keywords:

Oily water, salt, design of experiments, cleaning, surface charge, critical flux
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THEORETICAL PART

1. Introduction

   Wastewaters containing oil and grease come from many sources such as the steel, aluminium,

food, textile, leather, petrochemical, metal finishing industries and domestic sewage. The presence

of oil or hydrocarbon components in discharged wastewaters affects the receiver environments,

which are usually surface water or sea water [Wake 2005]. It has been reported that the effects of

oil can be irreversible for aquatic living organisms and the consequences of these effects are

transferred, indirectly or directly, to humans, as they are also in the ecosystem chain. In recent years

regulations for discharging oil contaminated water have become more stringent. For example, early

in the 90s there was in the USA no limit for oil and grease in the effluent of the metal products and

machinery sectors. The daily allowable maximum limit those days was 35 mg/L and the average per

month less than 17 mg/L [Cheryan et al., 1998]. The regulations were later changed and have

become more stringent. The new maximum limit for daily allowable oil is 15 mg/L and the average

per month is 12 mg/L [Whalen 2001].

   While the nature of the oil phase in oily wastewater is different from one case to another, in

general, the oil is not soluble in the water phase [Wake 2005, Tatem et al. 1978]. Depending on

mixing,  the  amount  of  oil,  and  the  chemical  and  physical  conditions,  like  temperature  and  water

salinity [Tansel et al. 1995, Karakulski et al. 1998], the oil can exist in the water as a separate layer

(free  floating  oil),  a  stable  emulsion  or  as  a  non  stable  emulsion  (or  dispersed)  [Ahmadun  et  al.

2009].

15
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2. Conventional methods for the treatment of oily water

   Based  on  the  form  of  the  oil  in  the  water,  different  methods  have  been  applied  to  its  removal.

Examples of treatment methods are gravity separators with skimmers, chemical or physical de-

emulsification  (adding  coagulants  and  acids  or  heat  treatment),  dissolved  air  flotation  (DAF)  and

membranes [Hua et al. 2007].

   In equipment like API separators, corrugated plate interceptors (CPI), and parallel plate

interceptors (PPI), separation of oil from water is based on the density difference between the two

phases (oil and water). Such equipment is widely utilised worldwide. It is considered to be

effective, low cost equipment for primary treatment of oily water. The minimum oil drop size that

can be removed is limited to 50 µm [Wang et al. 2004]. According to Stokes law, the rising velocity

of a drop in a liquid is proportional to the square of the droplet diameter; therefore, separation of the

dispersed phase becomes faster with the formation of bigger size drops [Hlavacek 1995]. Smaller

sizes of oil droplets can be removed by packed beds and dissolved air flotation (DAF) [Rubio et al.

2002]. Further removal can be done by de-emulsification [Song et al. 1998, Meyssami et al. 2005],

which is effective in breaking stable emulsions and reducing the amount of oil in the water, but the

cost is high and the operation is not always efficient. Furthermore, large amounts of sludge are

produced during de-emulsification, which restricts the method to places with sludge handling

facilities.

   Chemicals usually used for de-emulsification are sulphuric acid, iron and aluminium sulphate

[Karakulski et al., 1995]. Replacing the chemicals with thermal de-emulsification would overcome

most of the above-mentioned problems, but still requires considerable amounts of energy, which

restricts the application of this method.

16
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3. Membrane technology

   A membrane can be defined as a barrier that separates two phases. This barrier can be porous or

non porous (dense). The pore size in porous membranes varies from a few micrometers to less than

a  few  nanometres.  Small  pores  give  the  possibility  to  separate  colloids,  suspended  solids,

emulsions,  and even dissolved salts  from the rest  of the mixture or solution. As there is  always a

size distribution for colloids the efficiency of separation, and the size of particles in the permeate

vary with the pore size of the membrane, e.g. the particles in the permeate of microfiltration

membranes are of bigger size than those found in the permeate of nanofiltration membranes.

   Four different kinds of membrane technologies; microfiltration (MF), ultrafiltration (UF),

nanofiltration  (NF)  and  reverse  osmosis  (RO)  are  generally  used  in  the  treatment  of  oily

wastewater. The driving force in these membranes is pressure; however, the separation in these

cases is based on size. The separation characteristics of a membrane in oil filtration depend on the

pore size distribution of the membrane, the nature of the membrane, and the capillary pressure of oil

inside the membrane pores [Lee et al., 1984]. The range of concentration has, according to

literature, varied from a few mg/L (e.g. 20 mg/L [Lopez et al., 1995]) to a few weight percent

[Nyström 1991, Belkacem et al. 1995b].

   During filtration of oily waters, water passes through the membrane, while the oil is retained by

the membrane. In some cases where the membrane is hydrophobic and the pore size is rather big,

both oil and water pass through the membrane, and therefore, there is no real separation. In fact the

membrane in this case, unlike in other membrane processes, acts as a coalescer for dispersed oil

drops [Daiminger et al. 1995, Hlavacek 1995]. The coalescence happens due to the interaction

between the pore walls and the interfacial film around the oil droplets [Hlavacek et al., 1995].

17
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   In normal filtration, where the oil is retained by the membrane, the efficiency of oil removal

depends on the pore size of the membrane. Nanofiltration membranes, which have small pores,

produce permeate with higher purity than microfiltration membranes. Its quality usually is not

influenced by other operating conditions like temperature, pressure, flow velocity, and pH [I and II].

   Membranes are effective when a stable form of oil emulsion in water is processed. The stability of

the emulsion is influenced by the presence of other pollutants in the mixture. The other components

existing in the mixture may act as surfactants and cause the surface tension between the oil and

water to decrease. Lowering the surface tension increases the miscibility of the two phases (oil and

water) which leads to the emulsion becoming more stable. A theory has been proposed that may

help to select the proper surfactants for preparing stable emulsions; the Derjaguin, Landau, Verway

and Overbeek (DLVO) theory. According to this theory, a stable emulsion can be achieved if the

hydrophilic-lipophilic balance (HLB) values of oil and surfactants match [Myers 1988].

   The emulsion may break due to the presence of co-existing components like salts and other

impurities [Song et al. 1998]. The breakage occurs by introducing new interactions between

individual  oil  droplets.  In  general,  it  can  be  said  that  the  stability  of  the  emulsion  is  affected  by

several parameters such as the type of surfactant, the ratio of surfactant to oil, the concentration of

surfactant, and the ionic strength of the mixture [Lipp et al. 1986, Wang et al. 2000].

   As a membrane has a small pore size it necessitates pretreatment of the feed prior to filtration.

The pre-treatment can be done by conventional methods to remove free, non stable oil emulsion and

other components. Effective pre-treatment improves the efficiency of the membrane separation and

increases the operational time of the membrane before cleaning is required.
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   Membrane processes using pressure as the driving force have been applied in different locations

for the treatment of oily water [Lee et al. 1984, Nyström et al. 1991, Belkacem et al. 1995a, Tansel

et al. 1995, Panpaait et al. 2001, Asatekin et al. 2009]. They are usually combined with an existing

treatment plant to improve the quality of the treated wastewater and to meet required limits for oil

in discharged wastewaters. In some cases, however, the membrane plants are not linked to other

plants. Single membrane plants are often applicable for places with space restrictions.

3.1. Applications

3.1.1. Hydrocarbon wastewater processing

3.1.1.1. Refineries

   The major source of oily water in oil refineries is usually desalters. The crude oil sent to a refinery

is contaminated with salt, which could cause serious problems in downstream units, like

atmospheric  and  vacuum  distillation  towers  [Bai  et  al.  2007].  Therefore,  the  salt  needs  to  be

removed from the  oil  and  this  desalting  operation  is  carried  out  in  a  desalter.  First,  the  stabilised

water in the oil emulsion is broken by adding de-emulsifier. Then the oil is washed with water. By

inducing electrical current, the two phases (water and oil) are separated from each other. The oil

which leaves the desalter is free of salt, while the water is contaminated with salt and some

hydrocarbons [Pak et al. 2008]. The amount of oil in the wastewater is more than 100 mg/L and

benzene, toluene, ethyl benzene and xylene (BTEX) are quite often seen in the effluent of a desalter

[World Bank, 2000]. Different salts like calcium carbonate, calcium sulphate, and sodium chloride

may come from the crude oil to contaminate the water phase.

   Standards for wastewater to be discharged from refineries to surface water permit less than 10

mg/L total hydrocarbon and less than 30 mg/L suspended solids [World Bank, 2000]. Such

standards may be met by using ultrafiltration [Lopez et al. 1995, Pak et al. 2008].
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3.1.1.2. Produced water

   The water which is co-produced with oil during oil extraction operation is the largest source of

oily wastewater. It is estimated that 9 barrels of water are co-produced in the production of 1 barrel

of oil. This produced water cannot be reinjected to the oil wells or discharged to receiving waters

without treatment. It contains large amounts of oil and suspended solids, which may plug the

injection well, foul the equipment or adversely affect the environment [Ahmadun et al. 2009]. A

typical composition of this wastewater is 50 to 1000 mg/L total oil concentration, 10000-150000

mg/L of salt, and 50 to 350 mg/L total suspended solids [Mueller et al. 1997]. Compared to the

refinery effluent, the produced water tends to have lighter hydrocarbons and fewer polycyclic

aromatics [Tatem et al. 1978]. The required standard limits for oil and grease in discharged water

varies from 5-40 mg/L, with a typical requirement limit of 10-15 mg/L. The United States

environmental protection agency (EPA) in guideline AKG315000, effective from December 2008,

sets limits of 42 mg/L and 29 mg/L for maximum daily and monthly oil concentration, respectively

[environmental protection agency (EPA), 2008]. The required limits cannot be achieved by

conventional treatment methods such as gravity separators or coalescer plates. Membrane

technologies like MF, UF and NF have been successfully applied for the treatment of this kind of

wastewater [Ashaghi et al. 2007, Asatekin et al. 2009, Cakmakce et al. 2008]. The quality of the

treated stream meets the requirements for reinjection into oil wells and even as process water for

nearby utility facilities. The advantages of membranes for this application include reduced sludge

volume, high quality of permeate, the possibility of total recycling of water, small space

requirement (attractive for offshore oil platforms), moderate cost, and ease of operation.

3.1.2. Wastewater from metal working and finishing industries

   Large volumes of coolants and lubricants are used in metal working industries. Their applications

include cooling the work pieces and machine tools, reducing friction and wear of tools and dies, and
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improving the surface quality of work pieces. The coolant and lubricants are mainly composed of

stabilised oil in water. The quality of these fluids reduces with usage, and therefore, replacement is

needed. It was predicted that in 2000 in the UK alone about 400000 tonnes of replaced coolant

fluids were required. Other industrialised countries like Italy and Germany produce similar

quantities of such wastewaters [Busca et al., 2004]. In addition to stabilised oil (the concentration of

oil is normally less than 5 V/V%) other components such as biocides, surfactants (anionic and non-

ionic), corrosion inhibitors, metal elements, and suspended matter from the work pieces are present

in the wastewater.

   The oil content of the wastewater of metal finishing operation is about 1-10 V/V% [Karakulski et

al., 1995]. Because of their deleterious effect on the environment, wastewaters polluted with oil are

not  permitted  to  be  discharged  to  the  sewage  system without  pre-treatment.  A typical  example  of

this influent is the oily water from the hot rolling mill of an aluminium factory. The concentration

of oil varies between 2.8-3.2 V/V% and the chemical oxygen demand (COD) of the oily wastewater

is in the range of 28000-35000 mg/L. The oil droplets have a narrow distribution of 1.7± 0.5 µm

[Hlavacek et al., 1995].

   As complex metal working fluids are more frequently in use, the conventional chemical

destabilisation methods for treatment of wastewaters contaminated with this type of oil are not

effective  any  more.  The  oil  in  the  wastewater  is  emulsified,  and  therefore,  normal  separation

processes (gravity, flotation, skimming) are not effective and alternative methods need to be applied

[Belkacem et al. 1995b, Karakulski et al., 1995].

   The treatment of these oily wastewaters by membranes seems to be a promising application.

Currently, there are only a few examples of membranes being applied for the treatment of metal
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working fluid wastewater [Hilal et al. 2004a, Benito et al. 2002, Hilal et al. 2004b]. One of the

earlier plants using membrane technology (in 1975) is the Cummins Engine Company, South

California [Spatz et al., 1981]. The wastewater is produced during different operations like

grinding, machining, parts washing and cleaning, and testing of diesel engines. The treatment plant

was designed to treat 681 m3/day of wastewater containing 700 mg/L of oil. The complete treatment

plant includes dissolved air flotation (DAF), anthracite/sand filtration, activated carbon filtration,

and RO [Spatz et al., 1981].

3.1.3. Bilge water

   The oil in bilge water and the amount of water generated depends on ship type and ship operating

mode. Normally, the bilge water contains fuel oils, lubricating oils, hydraulic oils, detergents, etc

[Karakulski et al. 1998]. Treatment and removal of oil (free floating and emulsified) from this water

is  required.  According  to  current  regulations,  the  amount  of  oil  &  grease  (O&G)  in  this  effluent

should not exceed the level of 15 mg/L [Benito et al. 2007]. There are several methods like gravity

separators and coalescing plate for the reclamation of shipboard bilge water. Due to the presence of

detergent and/or suspended solids, part of the oil is emulsified and cannot be removed by gravity

separators and coalescing plate. It was found that UF and RO are effective for the treatment of these

effluents  [Benito  et  al.  2007,  Tomaszewska  et  al.  2005].  The  amount  of  the  emulsified  oil  varies

from 100 to 1000 mg/L with an average droplet size of 40 µm [Karakulski et al., 1998]. The oil

concentration should be less that 10 mg/L to be drained in the sewage system.

3.2. Fouling

   One of the main drawbacks of membranes is fouling. This term is used when the flux of the

membrane reduces significantly and the difference from the initial flux becomes considerable.
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Losing flux implies the use of more surface area to obtain the same volume of permeate as before.

Increasing the surface area affects directly on the capital cost of the membrane unit and reduces the

low cost advantages of membrane treatment, i.e. fouling has a significant negative impact on the

feasibility  and  economics  of  membrane  usage.  [Hamza  et  al.  1997].  Flux  decline  with  time  has

meant that fouling has been studied extensively. The studies have mainly stressed the principles of

fouling, and proposed practical methods to retard it. In oily water filtration, the fouling problem is

even more serious since oil drops are deformable and their size may vary because of the imposed

stress,  oil  concentration, ratio of oil  to surfactant [Lipp et  al.  1986] and temperature [Lopez et  al.

1995]. The deformability means that the oil drops can easily enter the membrane structure and plug

the membrane pores [Lee et al. 1984]. Deformation of droplets, coalescence, phase inversion, size

distribution of oil droplets, and partial retention of oil by the membrane cause the different fouling

mechanisms such as cake formation and pore plugging (partial or complete) which are observed

during oily water filtration [Lopez et al. 1995, Koltuniewicz et al. 1996]. The type of fouling

depends on the pore size of the membrane; if the pore size is big enough then internal fouling

followed by external fouling are the main mechanisms. For membranes with smaller pore sizes

external fouling is the main mechanism.

   The mechanism of fouling by oil is not very clear, although it is believed that fouling begins by

adsorption of oil drops on the membrane. The adsorption of oil modifies the critical surface tension

and the wettability of the membrane [Lee et al. 1984] and accelerates the formation of a gel layer on

the surface. The extent of adsorption depends on the different interactions between the oil and the

membrane, like hydrophobic/hydrophilic interactions, Van der Waals forces, hydrogen bonding,

and electrostatic forces [Lee et al. 1984, Hamza et al. 1997]. While adsorption has been reported as

the initial point of fouling, some researchers have claimed that fouling starts with pore plugging and
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as operational time increases the adsorption onto the membrane surface then controls the fouling

[Mueller et al. 1997].

   Different factors affect the fouling progress, typically: interaction between the solute and

membrane, membrane properties, salt, pH, temperature, shear stress, and pressure [Lee et al. 1984].

These factors have been studied extensively, and the results widely reported. A brief review of the

background of fouling and published data is presented below.

   The first fouling studies of oily water were conducted in the early 1970s and 1980s. In 1984, Lee

et al. [Lee et al., 1984] conducted a study on cutting oil filtration in an Amicon cell. They observed

that  fouling  by  oil  changes  the  critical  surface  tension  of  the  membrane,  which  leads  to  the

membrane becoming more hydrophobic (oil wet). They also observed that exceeding the capillary

pressure of oil in the membrane pores is the main reason for fouling. Fouling was not observed at

pressures below the capillary pressure (4 bar). The effect of capillary pressure was later pointed out

by Hlavacek [Hlavacek et al. 1995], who used membranes to break up emulsions. In 1988, Lipp and

co-workers [Lipp et al. 1986] reviewed and extended the work of  Lee by conducting experiments

with different concentrations of oil and different types of membranes (from very hydrophilic to

hydrophobic). The concentration of oil varied from very low (0.5 V/V%) to rather high ( 10 V/V%).

They measured for the first time the size and populations of oil drops in the feed, permeate, and at

the membrane surface. The experimental measured concentration was close to the concentration

obtained by Film theory. They observed that the drop size of oil increased at the membrane because

of coalescence of drops by the viscous drag force and the surfactants were lost by permeation to the

permeate side. The coalescence was not completed as the concentration of oil on the membrane

remained below 35 V/V%, is the concentration required for coalescing in free emulsions.
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   Lopez et al. [Lopez et al. 1995] studied the effect of temperature on the fouling of emulsions of

crude oil in water. Compared with the above studies, a much lower concentration of hydrocarbon

(20  mg/L)  was  used  in  the  water,  nevertheless  fouling  was  still  observed.  They  reported  that  the

dominant mechanism of fouling depended on the size distribution of the oil drops. In the presence

of smaller drops, internal pore plugging was the main mechanism. The type of fouling changed to

external pore plugging and cake filtration when the size of the oil droplets increased.

3.2.1. Analysis of foulants

   Knowledge about the type of foulants present in filtration of oil-water emulsions can provide

guidelines for better operation of the membrane units. Different techniques and methods have been

applied to characterise the fouling layer. For example, the amount of mineral elements on the

membrane can be determined by scanning electron microscopy (SEM) and energy dispersive X-ray

(EDX). Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy

(XPS) can be used to characterise the functional groups of foulants [Wang et al. 2000, Lindau et al.

1994]. Wang et al. [Wang et al., 2000] reported that EDX indicated the main foulants in the

treatment of cutting oil with a zirconia MF membrane to be iron, silicon and aluminium. The last

two came from tap water. The results were in accordance with Lindau et al. [Lindau et al. 1994],

who used UF to treat an oil-water emulsion from a car wash. Their research also used a variety of

spectroscopic techniques like FTIR, XPS, SEM and EDX to characterise the foulants on the surface

of the polysulphone membrane fouled by oil.

   Methods like optical or scanning microscopy cannot be used to study the concentration

polarisation layer because the layer dissipates rapidly when the filtration stops. Pope et al. [Pope et

al., 1995] used chemical shift selective NMR micro-imaging to visualise the formation of an oil

polarisation layer during the filtration of an emulsion (oil in water) from metal working. Unlike the
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above-mentioned methods, this technique is invasive and can be used on-line and during filtration.

Another invasive method is ultrasonic time-domain reflectometry (UTDR), which was employed by

Xu et al. [Xu et al. 2009]. Their research showed that the instantaneous rapid flux decline at the

onset of fouling was caused mainly by concentration polarisation and fast oil adsorption on the

lower part of the hollow fiber near the inlet of the membrane module.

3.2.2. Effect of additives and adsorbents

   Adding additives or chemicals has been proposed as a possible approach for retarding fouling in

oily water filtration. Additives such as suspended solids affect the flux in two ways, first, they may

act as a dynamic membrane layer and prevent oil fouling, and secondly they may adsorb the oil

drops. The increase in the mean size of the drops or particles inside the oil emulsion resulting from

adding additives provides evidence  for  the  adsorption  of  oil  [Elmaleh  et  al.  1996,  Mueller  et  al.

1997]. Membranes with bigger pore size have a higher propensity to be fouled by oil drops [Muller

et al., 1997].

   Salts as additives have been studied by several researchers. Belkacem et al. [Belkacem et al.

1995a,b] used CaCl2 as an additive during oil-water emulsion filtration. CaCl2 acts as a coagulant

and destabilises the oil emulsion due to the reduction of the zeta potential [Rios et al. 1998]. The

destabilised oil drops are coalesced by agitation provided by a pump and by Van der Waals

interaction  forces  [Tansel  et  al.  1995].  The  effect  of  suspended  solids  on  the  filtration  of  oil

emulsions  was  studied  by  Elmaleh  et  al.  [Elmaleh  et  al.  1996]  and  Mueller  et  al.  [Muller  et  al.

1997]. They observed that suspended solids adsorb the oil drops and cause agglomeration. This

agglomeration leads to a dramatic increase in permeate flux. In Muller’s study the final flux of a

ceramic membrane (0.2 µm) was one order of magnitude higher, whereas, for polymeric membrane

(PAN; 0.1 µm) it was seven times higher than the flux in the absence of suspended solids [Muller et
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al. 1997]. Bentonite clay is another type of adsorbent that has been used for enhancement of flux in

the UF of oily water [Panpanit et al. 2001]. Bentonite improved the performance of ultrafiltration by

one or a combination of the following mechanisms: 1) Reducing the amount of oil by adsorption of

oil from the bulk of the mixture onto the bentonite surface. 2) Enlarging the oil drops by

aggregating the oil drops on onto the bentonite surface 3) Improving the effect of scouring. These

mechanisms could prevent the build-up of a gel layer near the membrane/liquid interface and within

the membrane pores resulting in flux enhancement. There are some reports on the application of

powder activated carbon (PAC) and coagulant as additives and for enhancing flux before UF or

during filtration [Panpanit et al. 2001].

3.2.3. Methods for retarding fouling

   New methods and techniques for retarding fouling in oily water filtration have been reported.

They can be classified as operational procedures applied during operation, and fundamental

modification of the membrane material. Operational procedure techniques include adjustment of

flow velocity, temperature, pH and concentration, appropriate pre-treatment, proper selection of

module, and cleaning the membrane through utilisation of acidic and/or alkaline cleaning agents

[Hamza et al. 1997]. The other alternative, membrane modification, is more fundamental and deals

with the development of new membrane material which is less susceptible to fouling. Blending an

original polymer with polymers having more suitable properties and addition of a polymeric layer

on the surface of an available membrane are some examples of the membrane modification

approaches. An example for blending of two polymers and making more fouling resistant

membrane for use in oily water filtration has been described by Asatekin et al. [Asatekin et al.

2009]. In their work, a copolymer (composed of a hydrophobic backbone and hydrophilic

polyethylene oxide (PEO) side chain) was added to the casting solution of polyacrylonitrile (PAN).

The developed membrane had a significantly higher flux after 24 hours of filtration, compared with
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a commercial PAN membrane. The developed membrane could be completely cleaned by physical

methods (backwashing) alone. Li et al. [Li et al. 2006] added poly (ethylene glycol) to a cellulose

polymer during the preparation of a membrane. A resistant fouling membrane was formed with a

remarkably lower total relative flux reduction. The effect of blending a surface modifying

macromolecule (a mixture of methylene bis-phenyl di-isocyanate (MDI), polypropylene diol (PPO)

and Fluorotelomer intermediate) with the casting solution of polyethersulfone was studied by

Hamza et al. [Hamza et al. 1997]. The surface active agent rendered the surface of the membrane

more hydrophilic.

   An  approach  used  by  Ju  et  al.  [Ju  et  al.  2008]  was  coating  the  surface  of  a  polysulphone

membrane with cross-linked poly (ethylene glycol) diacrylate (PEGDA). This coating was

hydrophilic and non porous and the coated membrane showed four times higher flux than an

uncoated membrane.

   Gas injection is an operational method that changes the hydrodynamics of the fluid in the vicinity

of the membrane surfaces. The injected gas promotes turbulence and velocity; therefore, it prevents

the accumulation of oil on the surface of the membrane [Um et al. 2001]. Injecting gas causes the

semi homogenous liquid phase (oil and water) to change to a heterogeneous liquid phase and a gas

phase. Adjusting the conditions during the gas injection is very important since gas can move faster

than the liquid and occupy the pores, thus reducing the efficient surface area of the membranes. Gas

injection has been shown to provide a significant improvement in permeate flux.

   Increasing turbulence by the use of mechanical devices such as helical baffles is another way to

retard fouling. Elmaleh et al. [Elmaleh et al. 1996] observed that by using helical baffles fouling

was almost completely avoided.
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3.3. Cleaning

   Fouling is inevitable and the methods described in the previous section are only capable of

retarding fouling. Once a membrane has been fouled, cleaning should be done in order to restore the

initial flux and membrane properties. Cleaning is important and is an essential stage during

filtration with membranes, since ineffective cleaning causes rapid flux drops which necessitate

repeating the cleaning. Different parameters like type of cleaning agent, pH, concentration,

temperature and time have an influence on the cleaning results [Lindau et al. 1994]. The cleaning of

fouled membranes by oil has been studied since the start-up of operations of the first filtration

plants. A review of some of these studies and remarkable results is provided here.

   Lee et al. [Lee et al., 1984] used a micellar solution of anionic surfactant (SDS) and alcohol (n-

pentanol) to clean the membrane. The results showed that the cleaning was more efficient when the

concentration of SDS was remarkably above its critical micelle concentration (CMC). The author

reported that the cleaning solution was effective when it was applied for a time longer than 10 min.

The role of the surfactant in the cleaning solution was to solubilise the adsorbed oil and transfer the

oil from the surface of the membrane to the bulk of the cleaning solution. Dissolving of the foulants

by the chemical agent seemed to be the predominant mechanism during chemical cleaning [Lee et

al. 1984, Lindau et al. 1994].

   The  cleaning  efficiency  depends  on  the  type  of  oil  in  the  mixture.  For  example,  in  a  study  by

Nyström [Nyström 1991] on the ultrafiltration of emulsified petrol, an alkaline solution (NaOH,

without any detergent) was able to restore the initial water flux during emulsified oil filtration,

while in this thesis (chapter 7), where the oil was a mineral oil (as the major consistent of metal

working fluid), the flux was not re-established by alkaline cleaning. However, as a general rule,

mineral foulants should be removed by an acidic cleaning agent and organic compounds by an
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alkaline solution; although for satisfactory performance a combination of both methods is

sometimes needed. In a study by Lindau et al. [Lindau et al. 1994] alkaline and acidic chemical

agents were applied separately and together. The results showed that the flux recovery was higher

when the acidic agent was applied than when the alkaline cleaning agent was used, but the best

performance was achieved when the cleaning agents were used consequentially. The order in which

the cleaning agents were used had a significant influence on the effectiveness of the cleaning. The

recommended order was alkaline (Ultrasil 11), acidic (Ultrasil 70), and alkaline (Ultrasil 11). The

efficiency of an alkaline-acidic-alkaline wash cycle has also been noted by other researchers

[Mueller et al. 1997].

   Generally, cleaning at high flow velocity and low pressure is preferred. The length of time of

cleaning has an optimum above which the efficiency of the cleaning is reduced. Different cleaning

times have been reported, for example by Lee et al. [Lee et al. 1984], who used 10 min, while

Lindau et al. cleaned the membrane for 30 min [Lindau et al. 1994]. Table 1 collates information

about cleaning conditions used in different studies.

   As well as chemical cleaning, physical cleaning of fouled membranes has been reported. Al-

Obeidani et al. [Al-Obeidani et al. 2008] applied different physical cleaning methods to re-establish

the flux of polyethylene hollow fiber UF membrane during treatment of oily water.

   It has been reported by several researchers that evaluation of the cleaning efficiency based on

water flux alone is not reliable. It has been observed that even though the water flux after cleaning

may be the same as the water flux before filtration, the surface of the membrane can be significantly

different [Nyström et al. 1997].
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Table 1. Operating conditions during the cleaning stage of membranes fouled by oil

No pH  V
m/s

Time
min

P
kPa

T
oC

Cleaning Cleaning chemical Performance Ref.

1 2, 11 - 30 NA NA Outside Ultrasil 70,75,11
and NaClO3 (440
mg/L)

WFAC Lindau
 1994

2 NA NA 10-
60

NA NA Outside Micellar solution
(SDS, n-Pentanol)

NA Lee
1984

3 NA* NA NA NA NA Inside Commercial
detergent

NA Nyström
1991

4 NA NA NA NA NA NA Micellar solution NA Belkacem
1995a

5 NA NA NA NA Inside Commercial
cleaning, Flocon
(IPA 411)

NA Tansel
1995

6 NA NA NA NA Inside Commercial
cleaning

NA Belkacem
1995b

7 NA NA NA NA 40  Inside NaOH (30 wt%),
HNO3 (30 wt%)

NA Lopez
1995

8 NA NA 30 NA 40  Inside NaOH (0.5 wt%),
H2SO4 (0.5 wt%)

NA Hlavacek
1995

9 NA Elmaleh
1996

10 NA NA NA NA 40  Inside Tap water, NaOH
(0.2 wt%), HNO3

(1.0 wt%)

WFAC** Mueller
1997

11 12.1,
1.4

NA NA NA NA Inside and
outside

Tap water, an
anionic caustic
detergent, citric
acid

WFAC Hamza
1997

12 NA 4
m/s

60 100 42  Inside Tap water, Impurex
(0.5 wt%)

WFAC Karakulski
1995

13 NA NA NA NA NA Inside Tap water, NaOH
(1 wt%), rinsing
with water

WFAC Panpanit
2001

14 NA NA NA 70 NA Inside inverting the
membrane and
backwashing

WFAC Asatekin
2009

*NA: not available **WFAC: water flux after cleaning
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EXPERIMENTAL PART

Aim of the study

   Oil mixed with other types of chemicals or components, such as salts, suspended solids and

surfactants, is a good example of a complex system. For this kind of system, which is encountered

in real-world applications, enough information needs to be available on the behaviour of the

membrane and its performance in filtration in order to ensure optimal operations. Reviewing the

studies  shows,  however,  that  while  there  are  numerous  studies  on  oily  water  treatment  by

membranes, there is still a lack of information on how several factors simultaneously affect

membrane performance. The aim of this study was to investigate the effects of the operating

conditions and solution properties on the flux and the retention of UF membranes.

   Different operating conditions (pressure, flow velocity, temperature) and solution properties (oil

concentration, pH, and salt concentration (CaCl2 and NaCl)) were studied in the ultrafiltration of

oily water. In order to evaluate the effects of these factors, they should be changed simultaneously

and in a systematic way by using an experimental design approach such as the Taguchi method. The

simplicity of the Taguchi method, which gives a great deal of information with a small number of

experiments, makes it useful in studies of oil filtration. Optimum conditions and the contribution of

each factor which has not yet been extensively treated in the literature were to be evaluated.

   Since long term operation without fouling and flux decline is desired in membrane filtration

processes, a critical flux study was performed. The effects of pressure, flow velocity, temperature

and solution properties (oil concentration, pH, and salt concentration (CaCl2 and NaCl)) were to be

evaluated by the critical flux method. As in the salt study, the Taguchi method was used for the

design of experiments.
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   Study of the effect of the type of oil on the performance of the membranes was a further aim of

the work. Instead of commercial cutting oil, which emulsifies in water, two other types of oil,

kerosene and diesel, were studied.

   Study of the effect of mode of operation (cross-flow and dead-end) on fouling and flux decline,

the importance of different parameters on cleaning, change in the surface charge of the membranes

due to interaction between the membrane and oil emulsion, and modification of the membrane and

its effect on flux decline were other aims of this work.
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4. Effect of salt

   This  chapter  considers  the  effect  of  salt  on  flux  and  rejection.  Since  the  effect  of  salt  has  been

studied for many years there are numerous reports giving different points of view and conclusions,

illustrating the complexity of the problem. For example, there are at least two hypotheses about the

effect of CaCl2 on the performance of membranes in oily water treatment. Lobo et al. [Lobo et al.

2006] concluded that adding salt (CaCl2, above 0.01 mol/L) can improve the permeability, while

Belkacem et al. [Belkacem et al. 1995a] reached the conclusion that adding CaCl2 does not improve

the flux. In both studies other parameters were constant. Therefore, it can be seen that extending

results to new conditions with variable pH or oil concentration may lead to incorrect conclusions.

Similar cases have also been observed for temperature; temperature increases drop size and reduces

permeability because of pore blocking by oil droplets in some studies [Elmaleh et al. 1996, Wang et

al. 2000], while the obtained results in another study [Hu et al. 2007] showed that an increase in

temperature improves the permeability.

   This chapter studies the effect of two kinds of salts on the ultrafiltration of oily wastewater. Two

distinct  ranges  of  concentration  (low and  high)  were  selected  for  the  salts.  Within  each  range  the

amount  of  salt  was  varied  from  low  to  high  level  for  a  wide  range  of  operating  conditions.  The

examined salts (CaCl2 and  NaCl)  are  the  main  sources  of  salinity  in  sea  and  brackish  water,  and

therefore, the results of this study may also be extended to applications concerning salty water.

4.1. Materials and methods

4.1.1. Membranes

   The membranes used in the experiments were flat sheet regenerated cellulose membranes (C100H

(F)). The surface area of the rectangular shaped membrane was 70 cm2 (23.4 x 3 cm). The

dimension of the plate and frame module was 29 x 7.2 cm. The distance between the inlet and outlet
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of the module was 27 cm. The membranes were provided by Microdyne-Nadir Gmbh. Technical

data concerning the applied membrane can be found in Table 2.

Table 2. Typical technical data for the membrane C100H (F), test conditions 3 bar, 20 C, stirred cell

(700 rpm) [Microdyne-Nadir, technical data sheet].

Test solute
Molar mass

kg/mol

Rejection

 %

 - Lactoglobulin (0.05%) 36 > 90

Dextran T500 (1%) 500 > 99

Dextran T2000 (1%) 2000 96 – 98

Pure water flux 200-400 L/(m2h)

pH range 1-11

pH range (cleaning) 1-12

Max. temperature 55 C

4.1.2. Preparation of model solution

   The model solution was prepared by mixing a commercial cutting oil (saBesto cut + cool, Würth)

with distilled water and salt. The cutting oil contains solubiliser (propoxylated fatty alcohol

unsaturated (5-10 wt%), non-ionic surfactant (alcohols unsaturated ethoxylated (1-5 wt%)), solvent

(diethylene glycol monobutyl ether (1-5 wt%)), antibacterial substance (3,3'-methylenebis (5-

methyloxazolidine), (1-4 wt%)) and a preservative (3-iodo-2-propynyl butyl carbamate (0.1-0.24

wt%)) [Wurth Cut & Cool Lubricant, Material Safety Data Sheet].

The total feed volume was 5.5 L. Cutting oil was chosen as the base for the emulsion, as it is easily

emulsified in water and remains stable for a long time. The safety data sheet of the cutting oil shows
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that the major part of it is mineral oil (about 70 wt%) and the rest is emulsifier, biocide and

corrosion inhibitor.

   In order to recognise the effect of low and high electrolyte strength, two separate test series were

done. One with a relatively low amount of salt (Runs 1 and 2 [paper I], CaCl2 and NaCl varied from

0  to  0.5  g/L)  and  another  test  series  with  a  high  amount  of  salt  (Runs  3  and  4  [paper  II],  CaCl2

varied from 1.1 to 5.5 g/L and NaCl varied from 0 to 11.7 g/L). The main reason for the application

of  two  salts  was  to  examine  the  influence  of  salt  type  and  its  valence  on  the  results.  As  well  as

containing different salts, the prepared model emulsions differed in their pH, oil concentration, and

temperature.

4.1.3. Filtration

   A schematic of the filtration equipment is presented in Fig. 1. The model solution in the feed tank

was pumped to a flat sheet membrane module by a centrifuge pump. The required pressure and flow

velocity were achieved by controlling the power of the pump and the back pressure valve after the

membrane module. The temperature was adjusted by installed cooling and heating coils inside and

around the feed tank.

   The  whole  system  worked  in  total  recycle  mode.  This  means  that  permeate,  as  well  as

concentrate, was returned to the feed tank. Operating at these conditions reduces the error caused by

feed concentration variation.
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Fig. 1. Schematic diagram of UF experimental apparatus [I]

4.1.4. Cleaning procedure

   After filtration, the membrane module was flushed for 10 minutes with distilled water at a

pressure of 1.5 bar, velocity of 2.5 m/s and temperature of 25 C. Then, the distilled water was

filtered for 30 minutes at the same conditions and after that the water flux was measured. It was

assumed, based on measurements of pure water flux made on a virgin membrane, that the

sustainable value for the flux was 345 L/(m2h).  If,  after the distilled water filtration, the flux was

lower, a cleaning procedure was applied.

   Cleaning was done using Ultrasil 110 from Henkel. The cleaning agent contains 5-10 wt%

ethylene di amine tetra acetic acid (EDTA), 5-10 wt% NaOH, 3-7 wt% of benzenesulphonic acid,

(1-methylethyl)-, sodium salt and 1-5 wt% sodium dodecylbenzene sulphonate [Ecolab Co.,

Material safety data sheet of Ultrasil 110]. 90  mL of  the  detergent  was  put  into  5.5  L  of  distilled

water giving a pH of 12. The cleaning solution was then heated to a temperature of 40ºC and the

filtration was run for 45 minutes at a pressure of 0.5 bar and velocity of 2.6 m/s. After cleaning, the

membrane was flushed at the same conditions as after the filtration. Then distilled water with a
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conductivity of about 1 S/cm (measured at 24ºC) was filtered for 30 minutes, at 25ºC, 1.5 bar and

2.5 m/s in order to measure the sustainable water flux.

4.1.5. Analysis

   The filtration was run each time for 30 minutes and then samples of permeate were collected to

measure TOC, zeta potential and the amount of salt. The samples of the feed were collected before

the filtration and after 25 minutes of filtration. The amounts of calcium and sodium were measured

using atomic absorption (GBC 932AA, Shimadzu). The zeta potential was measured with a Coulter

Delsa module. TOC was measured using a Shimadzu TOC-meter, model 5050A.

4.1.6. Experimental design

   The combination of different conditions was determined using the Taguchi experimental design

method. This method is based on the statistical technique introduced by R. A. Fisher in the 1920’s

to  study  simultaneously  the  effect  of  multiple  variables  on  an  outcome.  He  showed  that  a  full

factorial array could be reduced to a smaller but still statistically meaningful set. The concept was

improved in the 1940’s by G. Taguchi, who made it more user-friendly and applied it to improve

the quality of manufactured products [Taguchi et al. 2005, Roy 1990]. Because of its effectiveness

and efficiency, this method has been applied in many kinds of applications. This experimental

design approach was also applied for oily waters by Tansel et al. [Tansel et al. 1995]. They used a

factorial design method for 3 factors at 2 levels. The factors included oil concentration, coagulant

concentration and total dissolved solids (TDS).

   The  Taguchi  method  is  a  type  of  fractional  factorial  design  which  uses  an  orthogonal  array  to

study the influence of factors with only a small number of experiments. The design of experiments

(DOE) using the Taguchi approach provides a simple, efficient and systematic way to determine the
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optimum conditions [Idris et al. 2002, Davidson et al. 2008, Plessis et al. 2007]. The method is

based on several steps including the planning of an experimental matrix, executing the experiments,

and evaluation of the results [Mohammadi et al. 2005a and b, Kargari et al. 2004].

   The first step in planning the experimental matrix using the Taguchi method is to determine the

number of factors that need to be evaluated. Based on the literature, seven factors were chosen,

which are summarised in Table 2.

   The factors which have an influence on the permeability or retention of a membrane during oily

water filtration can be divided into two groups. Factors like pH, CaCl2 and NaCl affect the emulsion

and its stability and can be categorised to the first group. Pressure, temperature and flow velocity

are classified to the second group, which includes factors with influence the permeability and

retention  of  the  membranes.  In  spite  of  this  clear  division,  it  can  be  rather  difficult  to  distinguish

between the real effective factors during oily water filtration. For example, pressure is one of the

factors which influence the permeability of the membrane, but it can also affect the coalescence of

oil drops close to the membrane surface. Coalescence and formation of bigger oil drops increases

the stability of the emulsion. In view of such complexity, an experimental design method like the

Taguchi method is useful for this kind of study.

   The second step in the planning of experiments using the Taguchi method is determining the

levels of the factors. Three levels were chosen for each factor. The medium level was added to be

able to recognise any possible non-linearity in the answer, i.e. to see any curvature, minimum or

maximum, between the upper and lower limits of the factors. This number (three levels) is quite

often  chosen  for  experimental  design  studies.  The  different  levels  were  chosen  based  on  two

criteria; first, a level as close as possible to real conditions (section 3.1.2), and a second level for
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comparison with previous work in oily water filtration. Table 3 gives a summary of operating

conditions used in ultrafiltration/microfiltration of oil-water emulsions in the literature.
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Table 3. Operating and solution conditions used in different studies on ultrafiltration/microfiltration

of oil-water emulsions

No P, bar T, oC V
Oil

concentration
pH Salt, adsorbent Ref.

1 1-4  25 0.1-0.92
m/s

1-35 wt% 3-11 0-0.16 M NaCl Nyström, 1991

2 0.6-
1.2

40 NA 0.5-5 wt % NA Lindau, 1994

3 5-35 V/V% Lipp, 1986
4 20 250 rpm 2-40 V/V% CaCl2, 0-2.5 g/L Belkacem, 1995a
5 6.8 NA NA 3000 mg/L NA Coagulant: 0.4 and

8 mL/L, TDS:
10000 mg/L

Tansel, 1995

6 0-3.5  20 0.7-2.9
m/s

2-10 wt% NA No salt Belkacem, 1995b

7 NA 35 NA 20 mg/L 30 mg/L suspended
solids

Lopez, 1995

8 0-1.18 22-50  0-4 m/s 1000 mg/L NA No salt Koltuniewicz,
1996

9 NA 25 5 V/V% Pope, 1996
Elmaleh, 1996

10 0.7-
1.4

40 0.24,
0.91 m/s

250, 1000
mg/L

6.6-
7.8

Suspended solids Mueller, 1997

11 10-
35,1.5

25, 33  3 m/s 124, 5000
mg/L

NA TDS: 3700 and 520
mg/L

Karakulski, 1995

12 4 30 0.45 m/s 100 mg/L NA Bentonite: 60-1000
mg/L, PAC: 60
mg/L, coagulant:
300 mg/L

Panpanit, 2001

13 0.7 NA - COD: 14300,
2210 and 970
mg/L

NA TDS:14000, 440,
1600 mg/L

Asatekin, 2009

14 10 25 68 L/h  1350 mg/L NA  - Ju, 2008
15 1 20 54 L/h 800 mg/L NA  - Li, 2006
16 3.4-

4.1
25 4 L/min 10 V/V% NA  - Hamza, 1997

17 1-7 25 NA 4000 mg/L NA  - Benito, 2007
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   Based on these two steps, an appropriate orthogonal array (L18) was selected and the experiments

performed. 18 experiments is the minimum number of experiments that can be performed to

evaluate the effects of 7 different factors.

   The importance and significance of the factors were determined by analysis of variance

(ANOVA), which was performed using commercial software (Qualitek-4 Version 4.75) [Nutek

Inc.].

4.2. Results and discussion

   The Taguchi experimental design method was used for planning the experiments. The proposed

experimental plan for the L18 array can be seen in Table 4. In this table the columns are orthogonal

(inner product of each column is equal to zero) and all combinations of factor levels occur for any

pair of columns. The levels of the factors are presented in Table 5.

   The permeate flux and the S/N ratio for two sets of experiments are given in Table 6.  The S/N

ratio represents the ratio of signal to noise and is used to transform quality characteristics to

optimise the process [Kim et al. 2007]. The “bigger the better” criterion was selected in this study;

this means that a bigger permeate flux is desirable. The following equation was used to calculate the

corresponding S/N ratio.

N
NYYY

MSD

MSD
NS

2)(...2)2(2)1(

1
10log10/

+++
=

−=
                                                                                   (1)

where MSD is the mean square deviation, Y the response factor (here permeate flux), and N is the

number of observations or repetitions ( two in this study).
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Table 4. Proposed experimental plan for the L18 array [II]

Runs 1 and 2 Runs 3 and 4

Trial pH

Oil

concentration

(V/V %)

Temperature

(oC)

Pressure

(bar)

Velocity

(m/s) CaCl2
(g/L)

NaCl

(g/L)

CaCl2
(g/L)

NaCl

(g/L)

1 5 0.5 25 0.5 2.6 0 0 1.1 0

2 5 1.5 35 1.5 2.9 0.1 0.1 3.3 5.85

3 5 3 40 3.5 3.3 0.5 0.5 5.5 11.7

4 7 0.5 25 1.5 2.9 0.5 0.5 5.5 11.7

5 7 1.5 35 3.5 3.3 0 0 1.1 0

6 7 3 40 0.5 2.6 0.1 0.1 3.3 5.85

7 11 0.5 35 0.5 3.3 0.1 0.5 3.3 11.7

8 11 1.5 40 1.5 2.6 0.5 0 5.5 0

9 11 3 25 3.5 2.9 0 0.1 1.1 5.85

10 5 0.5 40 3.5 2.9 0.1 0 3.3 0

11 5 1.5 25 0.5 3.3 0.5 0.1 5.5 5.85

12 5 3 35 1.5 2.6 0 0.5 1.1 11.7

13 7 0.5 35 3.5 2.6 0.5 0.1 5.5 5.85

14 7 1.5 40 0.5 2.9 0 0.5 1.1 11.7

15 7 3 25 1.5 3.3 0.1 0 3.3 0

16 11 0.5 40 1.5 3.3 0 0.1 1.1 5.85

17 11 1.5 25 3.5 2.6 0.1 0.5 3.3 11.7

18 11 3 35 0.5 2.9 0.5 0 5.5 0

   As can be seen in Table 6, the value of the S/N ratio varies with trials and runs. Since this ratio is

defined as the ratio of the desired value to the error, a big ratio is preferred. Therefore, the optimum

conditions should correspond with the conditions for which the highest S/N ratio was calculated. Of

the different trials in Runs 1 and 2, trial 16 has the biggest value, while in experiments with a higher

amount of salt (Runs 3 and 4), trials 10 and 16 show the biggest S/N ratio.
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Table 5. Factors and their values at different levels for Runs 1 and 2, Runs 3 and 4 [II]

Factors Level 1 Level 2 Level 3
pH 5 7 11

Oil concentration (V/V%) 0.5 1.5 3

Temperature (oC) 25 35 40

Pressure (bar) 0.5 1.5 3.5

Flow velocity (m/s) 2.6 2.9 3.2

       Runs 1 and 2

CaCl2 (g/L) 0 0.1 0.5

NaCl (g/L) 0 0.1 0.5

     Runs 3 and 4

CaCl2 (g/L) 1.1 3.3 5.5

NaCl (g/L) 0 5.85 11.7

   The S/N ratio can also be calculated for a single factor. The effect of each factor on the S/N at a

certain level (high, medium and low) can be calculated by averaging the S/N over different trials.

The variation of the S/N ratio for factors at different levels is presented in paper II, Fig. 2. Different

behaviours can be seen for the factors; some of them have little variation in their S/N, as the factor

goes from a low to a high level, while for others the variations are significant. Pressure is one of the

factors with obvious variation in flux (paper II Fig. 2a), while pH and CaCl2 concentration are

among the factors giving less variation in flux (paper II Fig. 2b).

   As mentioned above, “the bigger the better” criterion was selected for the S/N, and therefore a

maximum of this ratio (S/N) was desirable for the  levels  of  the  factors.  Based  on  this  criterion,  it

may be concluded that a trial which has the highest set levels of pH, temperature, pressure and flow

velocity and the lowest levels of oil and salts have the biggest S/N ratio for runs 1 and 2. A similar

result (except for pH) can be concluded from experiments with higher amounts of salts (Runs 3 and

4).
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Table 6. Response factor and calculated S/N for Runs 1 and 2, and Runs 3 and 4 [II]

Trial Runs 1 and 2 Runs 3 and 4

Flux Flux S/N Flux Flux S/N

1 100 100 40.0 77 74 37.5

2 185 149 44.3 97 108 40.2

3 153 150 43.6 107 110 40.7

4 129 125 42.1 83 99 39.1

5 213 236 46.9 143 135 42.3

6 83 78 38.1 73 73 37.3

7 214 278 47.6 119 104 40.9

8 190 209 45.9 101 87 39.4

9 190 191 45.6 72 69 37.0

10 186 223 46.1 166 161 44.3

11 84 100 39.2 84 69 37.5

12 70 108 38.9 77 64 36.8

13 106 130 41.4 121 104 40.9

14 125 128 42.0 105 83 39.3

15 111 140 41.8 93 86 39.6

16 388 388 51.8 163 167 44.3

17 200 203 46.1 60 56 35.2

18 146 157 43.6 76 67 37.0

Average 160 171 - 101 95 -

4.2.1. Results of analysis of variance (ANOVA)

   Even though it was possible to conclude which level of the factors had the most significant effect

on flux, the relative importance of each factor on the permeate flux was not identified. The

quantitative analysis of their influences and the relative importance of the controllable factors were

determined by using the Analysis of Variance (ANOVA) approach [Yamini et al. 2008]. The

significance of the factors was evaluated by computing the F-ratio (variance ratio) and the

percentage contribution as shown in paper II, Fig. 3. A factor with more influence has a bigger
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contribution (%). Based on the results it can be said for Runs 1 and 2 that the order of importance of

the factors is: pH, flow velocity, pressure, oil concentration, temperature, and CaCl2 concentration.

For experiments with a higher amount of salts, this order changes to: temperature, oil concentration,

flow velocity, pressure, pH, and NaCl concentration.

Fig. 2. Contribution in percent of different factors on permeate flux for all runs (Runs 1 and 2, Runs

3 and 4) [II]

   The contribution of each factor on the permeate flux, that is the amount of error, can also be

determined. The error bar in Fig. 2 is caused by uncontrollable factors (noise), which are not

included in the experiment and the experimental error. In general, the value should be below 50 %,

otherwise, the results are not reliable. Here, the calculated error is about 12 % (for Runs 1 and 2)

and less than 1% (for Runs 3 and 4), which is significantly below the limit. This means that almost

all effective factors have been considered and experimental error is not significant.

   By using the contribution of factors on the permeate flux, the optimum conditions for achieving

the maximum permeate flux can also be determined by ANOVA. The factors with higher

contribution are at the estimated optimum conditions. The optimum conditions for the first study
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with an average of a low amount of salt (Runs 1 and 2) were achieved when pH, temperature,

pressure  and  flow velocity  were  at  the  highest  level,  and  oil  and  CaCl2 concentration were at the

lowest level. When the average amount of salt was increased (Runs 3 and 4) the optimum permeate

flux was achieved at similar levels of factors as the former run. The only exception was pH where

the medium level (pH 7) was selected instead of the highest pH (pH 11) in Runs 1 and 2.

   The optimal conditions do not include the application of salts. For all runs, the established optimal

conditions for salts were at the lowest level (0 g/L concentration of NaCl and CaCl2).  For  CaCl2

concentrations below 0.01 mol/L (1.1 g/L), it has been observed that permeate flux decreases when

adding CaCl2 [Lobo et al. 2006a]. This conclusion is consistent with the results of this study, but for

concentrations above 0.01 mol/L, it was found that there is inconsistency between the results

published by Lobo et al. [Lobo et al. 2006a] and the results of this study. In the paper by Lobo et al.

the permeate flux continuously increased when increasing CaCl2 concentration  but  in  the  current

study the flux decreased slowly also at CaCl2 concentrations above 0.01 mol/L.

4.2.2. Effect of salts

   It  was  assumed  that  salts  would  act  according  to  the  DLVO  theory;  after  adding  salt  to  the

mixture,  the cations in the solution would partly cover the negative charge of the emulsion drops,

which would result in an increase in the interaction between drops and cause coalescence

[Belkacem et al. 1995a]. The drops would become more fragile, and when in contact with the

membrane, they would form bigger drops. The membrane would behave as a surface coalescer and

increase the size of the drops. These bigger drops are affected more by shear stress, and, therefore,

would leave the concentration polarisation layer. Sweeping the oil layer away by tangential flow

improves the permeability and because of its density difference, the removed oil may separate from

the emulsion and float on the surface.
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   No positive effect of salts on permeate flux was observed in this study. It was initially assumed

that the reason was the insufficient ratio of salt/oil as the concentration of oil was 50 times higher

than the concentration of salts applied. This range of salt concentration was selected based on

information from Belkacem et al. [Belkacem et al. 1995a], who reported that the required

concentration of CaCl2 to break an emulsion of 4 wt% of cutting oil in water is above 1000 mg/L.

This assumption, however,  did not prove to be correct,  as in later experiments (Runs 3 and 4) the

amount of salts was increased, but the observed contribution of salt on the permeate flux was low.

   It should also be noted that, contrary to the initial assumption that acidic condition would

destabilise the emulsion resulting in lower permeability, it was not acidic pH that created the

optimal conditions. The optimal conditions established by ANOVA were achieved at alkaline (in

Runs 1 and 2) and neutral (in Runs 3 and 4) pH. Thus, it is not the destabilisation process that

applies to this case – contrary to the traditional methods based on the demulsification (by lowering

the pH). In ultrafiltration, better results seem to be achieved when the treated emulsion is stabilised.

This result is in agreement with the results obtained by Wang et al. [Wang et al. 2000].

   A possible explanation of how pH and salts affect the oil emulsion properties may be as follows.

As mentioned before, adjustment of pH at alkaline conditions is based on the application of NaOH

during the feed preparation. This introduces cations, Na+, and hydroxide groups, OH-, which

changes the charge of the oil drops. The cations act like a bridge and cause the drops to attach to

each other. This conclusion is supported by drop size measurement [Lobo et al. 2006, Shin et al.

2001, paper I] showing that the higher the pH the bigger the drops observed. The formation of

bigger drops results in free energy reduction and in greater stability of the emulsion. The proposed

mechanism is presented in paper II, Fig. 5.
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   When the amount of salts was increased, the optimal pH decreased from alkaline to neutral. In

this situation the only ions that could impact on the emulsion properties were the H+ and Cl- ions

added for pH adjustment. Based on previous considerations, it may be concluded that H+ ions will

influence the zeta potential of the oil drops [Nyström 1991, Lobo et al. 2006b]. The introduced H+

causes electrostatic interactions between the oil drops and makes the oil drops coalesce (Paper II

Fig. 6). However, it is also possible that in acidic conditions (pH = 5) the membrane gets a positive

charge [Metsämuuronen 2003] and attracts negatively charged oil drops. In this case, the

interactions between the oil drops and H+ are not strong enough to make the oil drops coalesce. The

emulsion remains unstable, and the drops are smaller; it is more difficult to remove them from the

membrane surface and they contribute to the fouling to a great extent [paper I]. It has been reported

that increasing CaCl2 concentration up to 600 mg/L has no influence on the size enlargement of the

oil droplets above this concentration, the size of the oil drops rapidly increased from 180 µm to 630

µm [Belkacem et al. 1995a]. Different average drop sizes have been reported for emulsions of

cutting oil in water. The ranges of oil droplets are reported as being from 0.44 µm [Um et al. 2001]

to 100 µm Lipp et al. [Lipp et al. 1986] reported the size of oil droplets for 2 V/V% of commercial

cutting oil to be about 100 µm, which is significantly bigger than measured in the experiments for

this study (about 10 µm in paper I). The average size of oil drops in a mixture of cutting oil (5 wt%)

reported by Um et al. [Um et al. 2001] was about 0.44 µm. Hlavacek [Hlavacek et al. 1995]

reported 1.8 µm for a metal working emulsion with 2.5 V/V% concentration. The measured size in

this study was closer to the one measured by Um et al. [Um et al. 2001] and Hlavacek [Hlavacek et

al. 1995]. The average size of drops for 4 wt% of cutting oil in water reported by Belkacem et al.

[Belkacem et al. 1995a] was 180 µm. As in the study by Lipp et al. [Lipp et al. 1986] the filtration

of oily water was carried out in batch mode (Amicon Cell). The range of oil drops in a mixture of

250 mg/L of crude oil in water varied from 1-10 µm [Muller et al. 1997]. This range is much closer

to the range observed in this study [paper I].
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   In another report [Belkacem et al. 1995b] an average droplet size of 0.17 µm was reported for

cutting oil in a concentration range of 2-10 wt%. A similar size was reported by Pope et al. [Pope et

al., 1995] for 5 V/V% of cutting oil. Belkacem [Belkacem et al. 1995a] reported that adding CaCl2

increased the drop size of oil, and Lopez et al. [Lopez et al. 1995] reported that decreasing

temperature caused coalescence and formation of bigger oil drops. The average size of drops

increased from 2 µm (at 35oC) to 69 µm (at 18oC). Contradictory results were obtained by Hlavacek

[Hlavacek et al. 1995], who reported enlargement of oil drops with temperature. The reason for the

increase in drop size is that the interfacial film formed by the emulsifier begins to weaken at higher

temperature, and therefore, coalescence may happen faster. Karakulski et al. [Karakulski et al.

1995] measured the droplet size of a mixture of diesel and engine oil at two different

concentrations, 124 and 5000 mg/L. They observed that the size of the oil drops was not affected by

dilution. This was because the diameters of the droplets in these emulsions were very small and

kept their size after dilution. The average size of oil drops at both concentrations was about 2 µm.

Based on this finding, equipment normally used for size measuring, like laser scattering, would be

able to predict the size accurately, even if the solution had to be diluted.

   In general, it can be stated that the bigger oil drops are more easily retained by the membrane,

they  are  also  more  easily  removed  from  the  membrane  surface,  and  thus  the  formation  of  a

concentration polarisation layer is minimised – as is the risk of fouling.

4.2.3. Zeta potential of oil

   The zeta potential of the emulsion droplets is the parameter that has been identified as the one

which most properly reflects the emulsion stability and its dependence on pH and salt. A larger

negative value of the zeta potential shows a more stabilised emulsion. The zeta potential can be
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considered as the overall charge of a particle in a specific medium. If the particles have a large

negative or positive zeta potential they will repel each other and resist the formation of aggregates.

   Measurements  of  the  zeta  potential  of  the  oil  emulsion  at  different  conditions  (Fig.  3)  revealed

that, in general, more negative zeta potential values were observed for alkaline (in Run 2) and

neutral (Runs 3 and 4) conditions [paper I]. As higher permeate fluxes were combined with these

conditions, the conclusion may be drawn, that emulsions are stable at alkaline and neutral pH and

thus the permeate flux increases.

Fig. 3. Zeta potentials in different trials for Run 2 (with low concentration of salts), Runs 3 and 4

(with higher concentration of salts) [II].
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(with higher concentration of salts) [II].
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4.2.4. Retention of oil

   As mentioned earlier, the influence of salts was one of the major targets of the thesis study. The

results obtained from ANOVA (Fig.  2) show that salt  has no positive effect  on the permeate flux

and low amounts of them are desirable. The salt may react with the oil droplets and act as a bridge

between two drops. If the hypothesis is true, there should be some retention for the salts trapped

between drops. In Fig. 4, the retention values of two tested ions (Ca++ and Na+) are presented. As

can be seen, the membrane retains the cations to different extents. The maximum retention for Na+

is about 40%, while a higher value (about 95%) is observed for Ca++. The retention of Ca++ is better

at  pH 7 and 11 for Run 1.  Generally,  the retention of the cations was lower for Run 3,  where the

average concentration of salt was high.

Fig. 4. Retention of Na and Ca ions by the membrane in different trials for Run 1 (with low

concentration of salt) and Run 3 (with high concentration of salt)
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4.2.5. Variation of resistance

The total resistance during different stages of the process was measured. This resistance was equal

to the membrane resistance when pure water was used as feed water. As can be seen from Figs. 5

and  6,  this  initial  resistance  was  almost  the  same  for  the  different  trials.  Obvious  differences

between the total resistances during oily water ultrafiltration can be seen. The maximum resistance

was achieved in trials 2 and 3, where oil concentration, pressure, flow velocity and salt

concentrations were averagely high and pH was at acidic conditions.

   When the average salt concentration (Runs 3 and 4) was higher, the maximum of total resistance

happened at trials 9 and 17 (Fig. 6).

   The measured resistances after rinsing the system with water are also presented in Figs. 5 and 6.

As can be seen, in all trials in both studies (low and high salt concentrations) the resistance

decreased significantly after rinsing to values close to the initial resistance. This can be an evidence

of reversible fouling. The very small improvement of resistance after chemical cleaning supports

the assumption that the major resistance is reversible and the initial flux is achieved after rinsing the

system with water.
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Fig. 5. Resistances for 18 trials, Run 1, low level of salt

Fig. 6. Resistances for 18 trials, Run 3, high level of salt

   Thus far, the presented results show that the permeate flux is strongly dependent on the operating

conditions.  However,  the  permeate  flux  is  only  one  of  the  major  factors  in  evaluating  the
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performance of a membrane. If a complete comparison is wanted another factor, retention, should

also be taken into account. The range of variation in retention is small and it is always above 80%

and independent of operating or trial conditions. If the total organic carbons (TOCs) of the

permeates (Fig.7) are compared, there is more variation between trials, which is normal as the feed

concentration varies from low to high level. The reason why oil penetrates inside the membrane

pores is capillary pressure. When the applied pressure exceeds the capillary pressure of the

dispersed oil then the oil permeates through the pores. Below this pressure, oil cannot go through

the pores [Katoh et al. 1995].

   Due  to  the  presence  of  other  components  like  corrosion  inhibitors,  antifoaming  agents,  and

couplers in the permeate, the TOCs of the permeates are rather high (Fig.7). These components

have a smaller size than the oil droplets and can easily pass through the membrane pores. Lipp et al.

[Lipp et al. 1986] observed a similar situation, when they filtered home-made lubricant oil without

any additives and compared it with another mixture made from commercial cutting oil. The

permeate TOC  for the commercial mixture was three times higher (1300 against 420 mg/L).

   The permeate TOC at different trials with the same amount of oil was almost in the same range,

therefore, it can be said that the TOC depended on the oil concentration and salt had no influence.

The salts were partly retained by the membrane (Fig. 4).
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Fig. 7. TOC in permeate in different runs and trials

4.3. Conclusions

   The Taguchi method for experimental design and ANOVA are effective tools in the study of

membrane filtration; they make the approach more systematic and reduce the time needed to run

experiments

   The influence of seven factors on the permeate flux of a model oil in water emulsion was studied.

The obtained results show that the factors have different effects. The difference is obvious inside

and between the two cases studied (low and high salt concentration).

   The ranking of important factors changed with the total salt concentration. The most important

factor in Runs 1 and 2, where the total salt was low, was pH, while in the second set of experiments

(Runs 3 and 4) with a higher amount of salt, temperature had the most dominant influence on the

permeate flux.
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   The reported change, based on the ranking of the factors, may be explained by a simple

hypothesis: the observed behaviour is related to the variation of the charge of the oil drops and the

formation/breakage of bigger/smaller drops by imposed attraction or repulsion forces between

charged particles.

   The obtained results were inconsistent with previous results for the effect of salt, especially

CaCl2. A possible explanation is the variation of pH along with salt concentration.

   The optimum conditions to get the highest flux in Runs 1 and 2 were achieved when the pH was

11, and the other factors were at their highest levels. A similar result was obtained for Runs 3 and 4,

where the concentrations of salts were higher. The optimum conditions were achieved when flow

velocity, temperature, and pressure were at the maximum, and oil and salt concentration at the

lowest  level.  For  runs  with  a  low  level  of  salt,  the  optimum  conditions  were  achieved  at  pH  7

(neutral).
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5. Critical and limiting flux

   It is known that the critical flux depends on the back transport from the membrane surface and on

membrane-solute interactions. It has been reported that flow velocity, temperature and solute

concentration affect the back transport, while pH, solute concentration and electrolyte concentration

and charge may also contribute due to solute-membrane interactions [Bacchin 2004].

   The critical flux is known as a key parameter in controlling membrane performance. It

distinguishes between two distinct zones; one without fouling, and the other accompanied by

fouling and flux decline [Espinasse et al. 2002]. The border between these two zones is very narrow

and, therefore, the critical flux should be determined accurately.

   Review of the literature shows that the majority of work about critical flux has been dedicated to

suspensions, colloidal systems [Espinasse et al. 2002, Field et al. 1995] and proteins

[Metsämuuronrn et al. 2002], while the available information for other kinds of systems, like

emulsions, is rather limited [Field et al. 1995, Viadero et al. 2000].

   The results of the previous section show the influence and contribution of each factor on permeate

flux.  Pressure  was  one  of  the  factors  varied  at  three  levels.  The  levels  were  0.5,  1.5  and  3.5  bar.

These levels may not be sufficient for extrapolation or interpolation of the results to other pressures.

The optimum conditions given in the previous section suggest the use of the highest pressure, but

applying the highest pressure could increase the risk of fouling and exceed the critical flux, and

thus, affect the longer time application of the membrane. Further research was carried out [III] to

study critical flux and the variation of permeate flux with pressure.
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5.1. Materials and methods

5.1.2. Membranes

   A similar membrane as in the previous studies (effect  of salt  on oily water filtration) was used.

The membrane was C100H with a cut-off of 100 kg/mol. The surface area of the rectangular shaped

membrane was 70 cm2 (23.4 x 3 cm). The dimension of the plate and frame module was 29 x 7.2

cm. The distance between the inlet and outlet of the module was 27 cm.

5.1.3. Filtration

   The method used to obtain the critical flux was based on the method proposed by Metsämuuronen

et al. and Espinasse et al. [Metsämuuronrn et al. 2002, Espinasse et al. 2002]. In this method the

pressure is increased and decreased in equal steps. The critical flux is defined as the lowest flux that

starts deposition on the surface. Fig. 8 shows  a  scheme  of  the  pressure  variation.  With  this

procedure, reversible fouling (or concentration polarisation) is distinguished from irreversible

fouling.

   In total, eight different pressures from 0.5 to 4 bar were assessed. The effect of flux hysteresis was

studied by reducing the final pressure (4 bar) to the lower pressures in four steps (3.5, 2, 1, 0.5 bar).
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Fig. 8. Scheme of variation of pressure for determining the critical flux

   In  order  to  study  the  effect  of  different  factors  on  the  permeate  flux,  a  set  of  experiments  were

carried out. In this experimental set, six factors including pH, oil concentration, temperature, flow

velocity, and salt concentration (CaCl2 and  NaCl)  were  varied  at  three  levels  (from low to  high).

Each trial was done at various pressures ranging from 0.5 to 4 bar. Combination of the factors and

levels was done using the Taguchi method. The factors, the corresponding levels and their

combination are presented in Table 7.
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Table 7. Experimental set and factor levels for the designed experiments [III].

*  A:  pH,  B:  Oil  concentration  (V/V  %),  C:  Temperature  (oC),  D:  Flow  velocity  (m/s),  E:  CaCl2
(mol/L), F: NaCl (mol/L)

   To evaluate the tendency of the membrane to foul and determine reversible and irreversible

fouling, water flux was measured before and after filtration. All the pure water flux measurements

were done at the same temperature and pressure before and after filtration.

5.2. Results and discussion

   The type of critical flux (strong or weak) is determined by comparing the permeate flux linear

curve  with  the  pure  water  flux  [Field  et  al.  1995,  Mänttäri  et  al.  2000].  The  results  show  a

Trials/ Factors A* B C D E F

1 5 0.5 25 2.6 0.01 0.001

2 5 1.5 35 2.9 0.05 0.01

3 5 3 45 3.3 0.1 0.05

4 7 0.5 25 2.9 0.05 0.05

5 7 1.5 35 3.3 0.1 0.001

6 7 3 45 2.6 0.01 0.01

7 11 0.5 35 3.3 0.1 0.01

8 11 1.5 45 2.6 0.01 0.05

9 11 3 25 2.9 0.05 0.001

10 5 0.5 45 2.9 0.05 0.01

11 5 1.5 25 3.3 0.1 0.05

12 5 3 35 2.6 0.01 0.001

13 7 0.5 35 2.6 0.01 0.05

14 7 1.5 45 2.9 0.05 0.001

15 7 3 25 3.3 0.1 0.01

16 11 0.5 45 3.3 0.1 0.001

17 11 1.5 25 2.6 0.01 0.001

18 11 3 35 2.9 0.05 0.05
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significant difference between pure water and permeate flux. This difference can be seen even at the

lowest pressure. Fig. 9 presents a comparison between pure water and permeate flux at the lowest

pressure (0.5 bar) for all trials. These differences depend on the operating conditions and vary for

different trials.

Fig. 9. Pure water and permeate fluxes at the lowest pressure (0.5 bar) for all trials. Water fluxes

were measured at similar temperature and flow velocity as the permeate fluxes of oil emulsion.

   Another way of determining the critical flux is the approach used by Espinasse et al., cycling the

pressure (in constant pressure mode) [Espinasse et al. 2002]. As can be seen in Fig. 10, when the

pressure was increased one step, from 0.5 to 1 bar, flux increased (moved from point 1 to 2 in Fig.

10 a) but when pressure was again decreased to 0.5 bar the flux was lower than in the former step

(point 3 and 1 in Fig. 10a). The results of the comparison between permeate flux (up and down) at

the first pressure (0.5 bar) for all the trials are presented in Fig. 11. It is clear that in almost all of the

trials there are some differences between the permeate flux going upwards and downwards with

pressure. Fouling is a reasonable explanation, because if the change were caused by concentration

polarisation then by decreasing the pressure, the concentration polarisation should reduce and the

flux should be the same as in the previous step [I and II].
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Fig. 10. Permeate fluxes at upwards and downwards changing pressures, and at the descending

stage when the pressure was reduced in four steps (dash lines show the flux in the descending step).

Operating conditions: pH 5, oil concentration 0.5 V/V%, temperature 25oC, CaCl2 0.01 mol/L,

NaCl 0.001 mol/L, step filtration time 20 min [III].

The difference varies between trials. This may be due to the complexity of the system which

increases the propensity of the membrane to foul at some conditions. Fig. 11 shows that trials with

higher temperature and flow velocity (trial 2 or 8) have smaller differences in permeate flux (up and

down). In some other cases (trial 17) the fouling happened rapidly and even at very low pressures.

The permeate flux-pressure gradient is lower than the pure water flux, but this gradient is not linear,

therefore, even the weak form of the critical flux cannot be seen. The results are in agreement with

those obtained by Bacchin et al. [Bacchin 2004] for complex systems. Lowering pressure below 0.5

bar was not possible with the equipment used in this thesis. Elmaleh et al. [Elmaleh et al. 1996]

reported that fouling is almost avoided at low pressures (0.5 bar).
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Fig. 11. Permeate fluxes (upwards and downwards) for different trials at 0.5 bar [III]

   The weak form of the critical flux was not obtained in any of the trials in the assessed pressure

range, but a limiting flux (highest obtainable flux) was observed. The pressure at which it occurred

and the observed limiting flux values for the trials are given in Fig. 12. It can be seen that the value

of the limiting flux and the corresponding pressure vary with the operating conditions and emulsion

contents.

   Further analysis was done on the available data (Fig. 12) by using ANOVA to determine the

factors which had the most influence on the limiting flux [paper II]. The results of this analysis are

presented in Fig. 13. This figure shows that the order of the most important factors is: flow velocity,

temperature, oil concentration, and pH. In the study of paper II, temperature contributed the most to

the permeate flux while flow velocity and pH had less effect. The obtained results are different from

those reported for similar conditions in paper II, which shows the importance of the amount of salts.
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Fig. 12. Limiting fluxes for different trials. The table shows the corresponding limiting pressure for

each trial [III].

Fig. 13. Contribution of different factors on the limiting flux values [III].

5.3. Conclusion

   A system consisting of emulsified oil and salts is rather complex and has a high propensity to foul

the membrane. This is the main reason for the lack of a critical flux in some conditions. The weak
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form of critical flux was presumed to be close to the lowest pressure when temperature and flow

velocity were adjusted to their highest levels.

   The constant pressure mode of filtration did not provide reliable results since a steady flux was

not reached within the filtration time (20 and 90 min). It was, therefore, suggested that another

mode of filtration (constant flux) be assessed for the determination of the critical flux, and pressures

below 0.5 bar should be used.

   The operating conditions have a significant influence on the permeate fluxes. The conditions also

affect the limiting flux. It was observed that cycling the pressure caused hysteresis effects. The

hysteresis was also a function of the operating conditions.

    The limiting flux was affected by the operating conditions, but to varying degrees. The biggest

impact on flux was observed for the flow velocity and temperature. Other parameters like oil

concentration and pH had less effect.
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6. Effect of kerosene and diesel on permeate flux

   The results presented in the previous parts mainly concern cutting oil. This kind of oil is a mixture

of mineral oil and surfactants. Due to the amount of surfactants, the prepared emulsions are stable.

It has been reported that cutting oil emulsion is quite stable, even though, in the presence of

moderate concentrations of CaCl2 (2000 mg/L) the breakage is not completed until after 24 h

[Belkacem et al. 1995a]. From the experimental point of view, this means that during the time span

of filtration tests the emulsion was stable. In this part of the study, diesel and kerosene rather than

cutting oil are evaluated at different concentrations [IV]. The obtained emulsions were less stable

than from the cutting oil, but the stability was satisfactory during the time span of the experiments.

6.1. Materials and methods

6.1.1. Membrane and Filtration

   The experiments were carried out on a laboratory scale UF apparatus in a total recycling mode. A

schematic of the ultrafiltration set-up is presented in Fig. 1. The membranes for the diesel

experiments were: regenerated cellulose ultrafiltration membrane (C100F) with a cut-off of 100

kg/mol, PVDF (PVDF200) with 200 kg/mol cut-off and polysulphone (PS100H) with a cut-off of

100 kg/mol. Three plate and frame modules were used in parallel. The surface area of each

rectangular shaped membrane was 16.8 cm2 (2.8  x  6  cm).  The  dimension  of  the  plate  and  frame

module was 3.9 x 7 cm. The distance between the inlet and outlet of the module was 7 cm. The

membranes were provided by Microdyne-Nadir Gmbh. For the kerosene test, another type of

membrane (C30 F regenerated cellulose) was used instead of the PVDF200. Details of the

membranes used are given in Table 8. The surface area of the rectangular shaped membrane was 70

cm2 (23.4 x 3 cm). The dimension of the plate and frame module was 29 x 7.2 cm. The distance

between the inlet and outlet of the module was 27 cm.
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   The emulsions of diesel were prepared by mixing commercial diesel to different concentrations

with water. The emulsions were stabilised by adding Tween 80 (emulsifier) with a concentration of

0.002  wt%,  which  was  above  its  critical  micelle  concentration  (0.0013  wt%).  The  pH  of  the

mixtures was adjusted by using NaOH and HCl. Salts (NaCl and CaCl2) with high purity were used

in the experiments.

   The emulsions of kerosene were prepared from distilled water and kerosene using Tween 80 as

the emulsifier. The volume percents of oil in water were 3, 5 and 7 V/V%. Tween 80 was added to a

mixture of distilled water and kerosene and the whole system was mixed with a mixer (IKA-

WERKE, Germany) for 15min at about 1000 rpm. To make Tween 80 act as an emulsifier, its

concentration was adjusted to 0.002 wt%, which is above its Critical Micelle Concentration (CMC),

reported to be about 0.0013 wt% [Weiss et al. 2000]. The size of the oil emulsion droplets in the

feed and permeate was measured by a laser diffraction particle size analyser, model LS 13320

manufactured by Beckman Coulter Co.

Table 8. Details of membranes used in the experiments comparing the effect of oil type on permeate

flux. The concentration of dextran (D) solution was 1 wt%.

Membrane
Cut-off,

kg/mol

R. D. T500,

%

R. D. T2000,

%

PWF,

L/(m2 h)
pH1 pH2 Max. temp.,

oC

C100H 100 >99 96-98 200-400 1-11 1-12 55

PS100H 100 70-95 88-97 300-600 1-14 NA 95

PVDF 200 200 70-90 NA 400-600 1-14 NA 95

C30F 30 >99 NA 300-600 1-11 NA 55

PWF: pure water flux at 1 bar pressure, NA = information not available, R=retention, D= dextran,

pH1 operating pH, pH2 cleaning pH.
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6.1.2. Experimental design

   All the experiments in the diesel tests were carried out using the same membranes. Different

operating conditions were applied including different pH (5, 7, 11), oil concentration (0.5, 1.5, 3

V/V%), pressure (0.5, 1.5 , 3.5 bar), feed flow velocity (varying from 2.6 to 3.3 m/s), and

temperature (25, 35, 45ºC). The prepared emulsions differed in their salt concentrations (CaCl2 and

NaCl).  In  order  to  reduce  the  number  of  experiments  and  systematically  study  the  effects  of

different factors, the Taguchi experimental design method was applied. The designed experimental

plan and the levels of different factors were similar to Runs 3 and 4 (chapter 4, Table 4), with the

exception of temperature, which was 45oC. In each trial, the filtration was run for 60 minutes, and

after this time, the samples of the permeate were measured (weighted) and collected for total

organic carbon (TOC) testing using a Shimadzu TOC-analyser, model 5050A.

   The  Taguchi  method  was  used  to  plan  the  experiments  where  kerosene  was  the  oil  phase.  The

effect of five factors on the permeate flux was studied; pressure, pH, feed flow velocity, Kerosene

concentration, and type of membrane. In the kerosene tests, the membranes were replaced after each

trial and no salts were used. The designed experimental plan, including the factors studied, and their

levels are presented in paper IV, Table 2.

6.2. Results and discussion

6.2.1. Diesel test

   The permeate flux was the response factor. The results of filtration for different trials and

membranes are indicated in Fig. 14. The permeate flux varied between the trials. As can be seen,

the C100H membrane had a better flux in all trials. This membrane is hydrophilic; therefore, the

propensity for fouling is low. For other membranes, which are less hydrophilic, flux is always

lower. The difference between them depends on the trial conditions. The maximum level of flux
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was  observed  in  trial  5,  where  the  concentration  of  oil  was  not  very  high  (1.5  V/V%)  and  the

amount of salts was low (1.1 g/L for CaCl2 and zero concentration for NaCl).

Fig. 14. Permeate flux for three different membranes at different trials. Best conditions at trial 5;

pH=  7,  oil  concentration=1.5  V/V%,  Temp.  =  35oC, pressure= 3.5 bar, flow velocity= 3.3 m/s,

CaCl2=1.1 g/L, NaCl=0 g/L

   The significances of different factors were found using analysis of variance (ANOVA). The feed

flow velocity had the biggest contribution for all the studied membranes. This means that small

changes in the flow velocity have a big impact on the permeate flux. For the regenerated cellulose

membrane, temperature also had a relatively big influence on the permeate flux, while in the

previous studies [paper I and II] the effect was not significant.

   The best operational conditions were estimated using ANOVA. The results are listed in Table 9.

The optimum conditions, where the permeate flux is at the highest value for all the studied

membranes, were achieved when the pH was at neutral conditions (pH 7) and the flow velocity was
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at the highest value. The effects of other factors varied. For example, a low pressure was best for

the regenerated cellulose membrane, but the optimum conditions for the PVDF200 and PS100H

membranes were when pressure was at the highest value (3.5 bar). The differences the results for

the observed operating conditions may be attributed to differences in the membrane material.

Table 9. Optimum conditions for different membranes

Factors/Membranes C100H PVDF200 PS100H

1 pH 7 7 7

2 Oil Concentration, (V/V %) 1.5 0.5 1.5

3 Temperature, (oC) 25 35 35

4 Pressure, (bar) 0.5 3.5 3.5

5 Flow velocity, (m/s) 3.3 3.3 3.3

6 CaCl2, (g/L) 1.1 5.5 1.1

7 NaCl, (g/L) 0 11.7 5.85

6.2.2. Kerosene test

   The optimum conditions in this set of experiments are given in Table 10. It can be seen from the

table that the trial where the level of oil concentration is at the lowest level (3 V/V%), the level of

pressure at the highest level (3 bar) and the membrane is hydrophilic (C30F) has the  optimum

conditions.

   The reason for the C30F membrane providing the best results can be explained by the higher

number of OH groups in the membrane polymer (paper IV, Fig. 2), which makes these membranes

very hydrophilic. The C30F also has a wider pore size distribution compared to the PS100H and

C100F membranes.
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   Comparisons between the permeate pure water fluxes of the C30F and the C100F membranes

(paper IV, Table 1, initial water flux reported by manufacture) show that although these membranes

are made from a similar material, there is a significant difference in their function. This can be

attributed to a higher number of hydrophilic groups in the C30F structure or to a higher number of

pores (pore density). The physical structure also differs.

   The bigger number of OH groups can be seen from paper IV, Fig.4. The intensity of characteristic

peaks of OH groups (3300 cm-1) is bigger in the C30F membrane.

Table 10. Optimum conditions for kerosene test [IV].

Factors Level description Level

1 Pressure 3 bar 3

2 Oil Concentration, (V/V %) 3 V/V% 1

3 Membrane type C30F 2

   The effect of pressure, oil concentration, feed flow velocity and pH on the oil emulsion filtration

at optimum conditions is presented in paper IV, Fig. 5. As can be seen, permeate flux increases with

pressure. This effect is relatively significant. At each pressure, the highest flux was for the C30F

membrane. The C30F membrane was also superior at other conditions. Compared with pressure, the

effect on flux of feed flow velocity and pH was not significant.

6.2.2.1. Fouling

   The decrease in permeate flux with time, which indicates fouling, is shown in paper IV, Fig. 6.

The permeate fluxes in this figure are measured at the optimum conditions shown in Table 10. In

general, flux declines with time but the rate of this decline is not the same for all of the membranes.
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The biggest decrease was observed for the C30F membranes; even though the membrane was

hydrophilic it was fouled by oil. This phenomenon may be related to critical flux. C30F achieved a

critical flux at about 0.8 bar in pulp and paper studies [Väisänen 2004] but the permeate fluxes in

Fig. 6 (paper IV) are measured at optimum conditions (3 bar) that are above the critical pressure and

an increase in pressure in this region results in increasing fouling. In some cases, fouling lead to gel

layer formation (paper IV, Fig. 7 for C100F membrane), but this was not observed for the PS100H

membrane (paper IV, Fig. 8).

   C100F and PS100H follow the same manner in fouling (paper IV Fig. 6), but the type of fouling

is different. Fig. 7 in paper IV shows that the fouling of the C100F membrane was similar (cake

layer formation). The pores which can be seen in Fig. 7a (paper IV), are covered with a layer and

cannot be seen in Fig. 7b (paper IV). The new peak in the FTIR spectrum of the C100F membrane

(Fig. 9 in paper IV) may also be considered as evidence for fouling. The composition of this layer

based on an FTIR library database is an aromatic group.

6.3. Conclusion

   Considering the results of ultrafiltration of diesel it is seen that adding CaCl2 and NaCl does not

improve flux of C100H membrane and has a negative impact on the PS100H permeate. In fact,

adding these salts caused fouling to become more serious. Adding salt improved the permeate flux

of the PVDF200 membrane (the optimum conditions were achieved when salts were at the highest

level). Evaluation of the results by the ANOVA method showed that the most significant factor is

the feed flow velocity. The optimum conditions for the highest permeate flux were achieved at pH 7

and the highest flow velocity. The effects of other parameters depended on the type of membrane.
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   The  calculated  error  of  about  10%  in  the  ANOVA  results  (for  the  kerosene  tests)  verified  that

almost all effective factors had been considered and the experimental error was not significant. The

Taguchi analysis showed that the most important factor affecting filtration was the membrane type

itself. Other important factors, in order of importance, were; pressure, oil concentration, and flow

velocity.

   The greatest flux was achieved at the optimum conditions of 3 bar, oil content of 3 V/V% and for

the C30F membrane. The calculated flux, 108 L/(m2 h),  was  within  the  range  of  the  confidence

limit of the measured value, 106 L/(m2 h).

   The highest flux of the cellulose based C30F membrane compared with the C100F membrane was

attributed to a higher number of hydrophilic groups in the C30F structure and/or a higher number of

pores in the C30F membrane. The normalised FTIR results of the virgin C30F and the C100F

membranes indicated that the characteristic peaks of the OH group in the C30F membrane was

stronger than that in the C100F membrane.

   Despite the fact that both the PS100H and the C100F membranes had the same cut-off (100

kg/mol), the hydrophilic C100F showed a superior permeate flux. The strongest drop of flux with

time due to oil fouling was observed for the C100F membrane, although it is hydrophilic. In the

case of the PS100H, both FTIR and SEM showed that cake layer formation was not the cause of the

fouling, as with the C100F membrane, but probably due to pore blocking because of its

hydrophobic nature.
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7. Cleaning after fouling

   Cleaning is a necessary stage in all filtration processes. The efficiency of cleaning directly affects

the flux. The results in the previous sections mainly concern the effect  of different factors on the

membrane permeate flux. In the above experiments, cleaning was done between the experiments (or

trials) but the cleaning protocol was not the subject of study. The aim of this part is to consider the

cleaning protocol and study the effect of different factors like pressure, temperature, time and

chemical cleaning.

7.1. Materials and methods

   As in the other parts of the study, an experimental design approach was used to design the

experiments. Six factors in total, i.e. flow velocity, temperature, pressure, time of cleaning,

concentration of surfactant (SDS) and alkalinity (NaOH), were studied using three different UF

membranes (regenerated cellulose (C100H), polysulphone (PS100H) and polyvinylidene fluoride

(PVDF200)).  The  characteristics  of  the  membranes  are  presented  in  Table  8  of  chapter  7.  Three

plate and frame modules were used in parallel. The surface area of each rectangular shaped

membrane was 16.8 cm2 (2.8 x 6 cm). The dimension of the plate and frame the module was 3.9 x 7

cm. The distance between the inlet and outlet of the module was 7 cm. Caustic soda (NaOH) is a

typical alkaline used for chemical cleaning of UF membranes and has been used in various studies

for the removal of organic foulants [Bartelett et al. 1995, Panpanit et al. 2001].

   The membranes were fouled during the filtration of a mixture of cutting oil and CaCl2 at  pH 7.

The minimum number of experiments (18 trials) was determined by experimental design using the

Taguchi method. The combination of the factors and their levels are presented in Tables 11 and 12.
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Each of the UF experimental  runs (trials)  was carried out in eight consecutive stages (Fig.  15).  In

each trial, the membranes were fouled with the same solution, but cleaned according to a varying

trial condition protocol. The efficiency of cleaning was verified by measuring the water

permeability after rinsing the system with pure water. Water permeability was measured after

fouling, cleaning and rinsing with water. The permeability was also measured during cleaning with

Ultrasil 110 and during the cleaning stage (stage 5 in Fig. 15). . The measurements of permeability

at different stages are valuable as they provide some information about changes on the surface of

the membranes. As an example, the variation in permeability at different stages of the cleaning

cycle is presented in Fig. 16.

Table 11. Experimental plan for cleaning experiments designed by the Taguchi method

Trial
Temperature

oC
Time
min

Flow velocity
m/s

Pressure
bar

NaOH
wt%

SDS
wt%

1 25 20 1.8 0.5 0.06 0
2 25 30 2.3 1.5 0.1 0.02
3 25 40 3.3 2.5 0.2 0.5
4 40 20 1.8 1.5 0.1 0.5
5 40 30 2.3 2.5 0.2 0
6 40 40 3.3 0.5 0.06 0.02
7 55 20 2.3 0.5 0.2 0.02
8 55 30 3.3 1.5 0.06 0.5
9 55 40 1.8 2.5 0.1 0

10 25 20 3.3 2.5 0.1 0.02
11 25 30 1.8 0.5 0.2 0.5
12 25 40 2.3 1.5 0.06 0
13 40 20 2.3 2.5 0.06 0.5
14 40 30 3.3 0.5 0.1 0
15 40 40 1.8 1.5 0.2 0.02
16 55 20 3.3 1.5 0.2 0
17 55 30 1.8 2.5 0.06 0.02
18 55 40 2.3 0.5 0.1 0.5
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Table 12. Factors and their levels during the cleaning study

Factors Level 1 Level 2 Level 3
Temperature (oC) 25 40 55

Time, min 20 30 40
Flow velocity 1.8 2.3 3.3
Pressure, bar 0.5 1.5 2.5
NaOH (wt %) 0.06 0.1 0.2
SDS (wt %) 0 0.02 0.5

   The optimum conditions and the contribution of each factor were evaluated using analysis of

variance (ANOVA).

   The cleaning protocol was not always effective, and for this reason the membranes were cleaned

with a solution of Ultrasil 110 in water at the end of each stage. This final cleaning was carried out

at equal operating conditions and at equal concentration of Ultrasil 110.
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Fig. 15. Different stages during cleaning of membranes.

Fig. 16. Permeability at different stages of cleaning and fouling.
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7.2. Results and discussion

   The results of permeability at different stages are shown in Fig. 16 to 19. The permeability varies

inside each run. The maximum permeability normally belongs to the stage where the membrane is

clean and the feed is pure water (Fig. 16 stage 2). The permeability decreases when oily water is

used instead of pure water (Fig. 16 stage 3). The permeability during this stage is more or less the

same for all trials, as membranes are fouled at similar conditions. There was an improvement in

permeability after flushing and rinsing the system (stage 4 in Fig. 16). The improvement in

permeability varies with the type of membrane, for example for the C100H and PVDF 200

membranes the permeability after water rinsing was 3 to 4 times higher than when oily water was

filtered. The increase in permeability of the PS100H was not significant.

   In the next stages, where the membranes were cleaned based on the conditions in the trials, more

variations in permeability were observed (Fig. 17). In some of the trials the permeability did not

change during cleaning (trials 1 and 5) while for others the permeability increased (trials 6, 7, 8 and

18). The trials with an increase in permeability have the lowest pressure and a higher amount of

SDS (Table 11). Stable permeability shows that the cleaning protocol has little impact on the

fouling formed on the surface of the membranes. On the other hand, increase in permeability may

be attributed to removal of the fouling layer or to sweeping away of foulants from the surface of the

membranes. A decline in permeability during cleaning was also observed (trials 4, 15 and 17). This

behaviour may have been caused by dislocation of foulants from the surface and the top of the pores

to the inside of the pores.

   Rinsing with water after cleaning quite often improved the permeability (Fig. 18). The

permeability after rinsing with water and during its circulation looks different for the trials (Fig.

18). Permeabilities are stable or increasing during water circulation. The increase in permeability
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may be due to the removal of attached foulants. The bonding between foulants and the surface of

the membrane became weaker during cleaning.

   The permeability of the studied membranes was more or less stable during cleaning with Ultrasil

110. Some improvement in permeability was observed for the last three trials (15-18). The

permeability after cleaning with Ultrasil 110 increased remarkably for all the studied membranes

(Fig. 19). The permeability after cleaning was almost in the same range for the membranes, for the

PVDF 200 membrane, the range of variation was 400 ± 50 L/(m2 h bar), for the C100H membrane

200 ±  20 L/(m2 h bar), and for the PS100H membrane 100 ±  5 L/(m2 h bar).

Fig. 17. Permeability during cleaning (stage 5) based on the conditions in Table 11 for different

trials.
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Fig. 18. Permeability after cleaning (stage 6) based on conditions given in the trials for different

trials.

   Flux recovery data can be used to illustrate the efficiency of the cleaning. The recovery varies

between trials and stages. The results of water permeability recovery after cleaning are presented in

Fig. 20. The maximum recovery was achieved for the C100H membrane while the minimum

recovery was for the PS100H membrane, with a few exceptions in trials 3, 4, 11 and 18. The

recovery of the permeability of the C100H membrane is high (above 60%) even after rinsing the

fouled membrane with pure water. The results are in agreement with those reported by Lipp et al.

[Lipp et al. 1986], who concluded that the reversibility of fouling strongly depends on the type of

membrane. The easily restored flux of the C100H membrane can be attributed to the higher

hydrophilicity of this membrane. The remarkable hydrophilicity of cellulose membranes is due to

active hydroxyl groups in the cellulose molecules [Li et al. 2006]. The value of recovery after

rinsing with water was around 30 % for the PVDF 200 membrane, while it was lower for the

PS100H membrane. More variations were observed after chemical cleaning of the membranes.

While the recovery after cleaning was above 90 % for the C100H membrane, for the PVDF 200H

membrane  it  varied  from a  minimum of  30  % for  trial  14  to  a  maximum of  90  %.  The  range  of
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variation for the PS100H membrane was wider (from < 20 % to 160 %). After cleaning with

Ultrasil 110 the initial permeability was recovered by 90 % .

Fig. 19. Permeability after cleaning with Ultrasil 110 (stage 8) for different trials

   The contribution of different factors to the efficiency of cleaning is presented in Fig. 21. The

results  show  that  the  efficiency  of  cleaning  depends  on  the  type  of  membrane.  The  best  flux

recovery was achieved for the regenerated cellulose membrane (C100H). The permeability of this

membrane was restored even with water flushing. The water permeability measurements after

different stages showed that the permeability of the membranes varied differently; while in some

trials it gradually increased with time, in others it was constant.

82



82

Fig. 20. Flux recovery after cleaning based on conditions for different trials

   The significance of the factors varies with membrane type; while for the semi hydrophilic

membrane (PS100H) the SDS surfactant contributed most, for the hydrophobic membrane

(PVDF200) the effect of flow velocity was more obvious. Increasing pH (using NaOH) and

pressure had no effect on the cleaning performance. Temperature was only significant during

cleaning of the PVDF membrane.

Fig. 21. Percent contribution of different factors on cleaning efficiency
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7.3. Conclusion

   The effect of five different factors on the cleaning performance of three different types of

membranes was studied. The obtained results show that the factors affect the cleaning efficiency

differently.

   The ranking of the factors for the C100H membrane, in order of importance, was: SDS

concentration, time, flow velocity, temperature, and pressure. For the PVDF200 membrane the most

important factors were flow velocity and temperature, and for the PS100H membrane, SDS had the

biggest effect on cleaning.

   The C100H membrane had the best flux recovery by cleaning of the membranes studied. The

PS100H membrane had the lowest permeability and recovery in this study.
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8. Streaming potential

   It is known that some solutes are rejected by the membrane during permeation of solute or solvent

through a membrane. Accumulation of the rejected matter, at a distinct distance from the surface,

increases the boundary layer resistance. The rejection of solutes and their accumulation are

influenced by different factors. One factor which plays an important role is the surface charge of the

membrane. The surface charge can be determined through streaming potential measurements. The

test helps to determine the charge of foulants, and can be used for monitoring fouling and for

evaluation of the efficiency of cleaning [Pontie et al. 1998]. In the previous sections of the thesis,

permeate flux measurements at different stages were the only way used to evaluate the efficiency of

cleaning or the effect of other factors. There was a lack of information about changes at the surface

of the membrane.

   The  aim  of  this  part  of  the  study  is  to  measure  the  streaming  potential  at  different  stages  of

filtration to get more information on the interaction between solute and membrane and changes

which happen on the surface of the membranes.

   Simultaneous measurements of permeability and streaming potential make it possible to compare

the results from the two approaches [Nyström et al. 1997].

8.1. Materials and methods

   Measurements were made in a polycarbonate ultrafiltration module with a membrane area of 10.4

cm2. New pieces of membrane (C100H, details of the membrane given in chapter 6, table 8) were

used for each set of experiments. The streaming potentials were measured with a pair of Ag/AgCl

electrodes attached to both sides of the membrane. The electrolyte solution permeated through the
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membrane was KCl at a concentration of 0.001M. The measurements were carried out at the same

pressure (1 bar) at different stages of operation. The temperature was constant during filtration and

flushing (25oC) and was only increased at the cleaning stage (40oC). The membrane was pressurised

at a higher pressure (2 bar) for 60 min at room temperature (25oC) before the experiments. The data

were collected by PC. The interval time for collecting data, mass of permeate, temperature,

streaming potential, pressure and permeability was 2 min. A schematic of the set-up is presented in

Fig. 22.

Fig. 22. Schematic of the streaming potential measurement set-up used in the experiments [Nyström

et al. 1994]

8.2. Results and discussion

   Seven different stages were planned, as can be seen in Fig. 23. The stages include stabilisation,

oily water filtration, flushing the system with KCl solution, KCl solution circulation, chemical
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cleaning with SDS solution, KCl solution flushing, and final KCl solution circulation. The

operating pressure and temperature in all stages were the same and equal to 1 bar and 25oC,

respectively, except for the cleaning stage, which was carried out at a higher temperature (40oC).

Fig. 23. Different stages where streaming potential was measured.

   The permeability varied at different stages. As an example, the variation of permeability for one

of the experiments is presented in Fig. 24. The lowest permeability was seen during oily water

filtration. This permeability improved significantly after flushing the system with KCl solution.

When KCl solution was circulated inside the system, the permeability was stable. The permeability

was higher during cleaning of the membrane with SDS solution, but it decreased again after
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flushing the system and became almost stable after circulation of KCl solution. The observed trend

for the earlier stages was similar for all operating conditions (various oil concentrations and pH).

The corresponding streaming potentials for these stages are presented in Fig. 25. The variation of

the streaming potential is obvious. The difference between streaming potentials became significant

when KCl solution was replaced with oily water. The least negative streaming potential was

obtained at the first stage, when the membrane was clean and not used. The streaming potential

decreased significantly, (became more negative), when the KCl solution was replaced by oily water.

The decrease shows that the surface charge had changed. The changes may be due to new

interaction (repulsion or attraction) between the membrane and oil drops. When the surface of the

membrane was washed with KCl solution, the streaming potential increased (became more

positive), but the value was still far from that of the unused membrane. During the cleaning stage

the streaming potential increased further as more oil was removed. This may be due to the presence

of  SDS,  which  is  an  anionic  surfactant  and  dissolves  the  oil  remaining  on  the  surface  of  the

membrane. A decreasing negative charge of the membrane implies that the foulants have been

removed from the surface to some extent. Flushing increases the streaming potential, probably due

to  the  removal  of  oil  from  the  internal  surfaces  of  the  membrane.  The  streaming  potential  at  the

final stage is usually somewhat more negative than for the unused membrane, while the

permeability data shows that the membrane has the same permeability as an unused membrane.
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Fig. 24. Permeability at different stages with time. Oil concentration = 0.5 V/V%, pH = 9,

membrane = C100H, temperature = 25oC

   The results of permeability for different experiments show the permeability was almost constant

during the time of the experiments (Fig. 26 left). The lowest permeability was observed for the oily

water with the highest concentration (3 V/V%). The permeability depends on pH; a higher

permeability was achieved at higher pH. This trend was valid for all oil concentrations studied and

is behaviour consistent with results presented in previous chapters.

   The corresponding streaming potential data for the conditions studied are presented in Fig. 26

(figures to the right). The difference between the results obtained from streaming potential and

those for permeability can be seen. Permeability increases with pH while streaming potential often

decrease (become more negative) with an increase in pH. The most negative streaming potential

was obtained at pH 7 (for 0.5 and 3 V/V% oil concentration) and the highest at pH 5.7.
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Fig. 25. Streaming potential at different stages vs. time, oil concentration= 0.5 V/V%, pH=9,

membrane = C100H, temperature = 25oC

At low pH the emulsion is less stable and assumed to de-emulsify while at pH values from 7 to 9 it

is  stable.  The  stability  of  the  emulsion  affects  permeability.  The  interaction  between  an  unstable

emulsion and the surface is higher, and therefore, the potential of covering the surface with oil is

greater.
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Fig. 26. Permeability and streaming potential during oily water ultrafiltration with pH and time,

membrane = C100H, A: 0.5 V/V% oil, B: 1.5 V/V% oil, C: 3 V/V% oil in water.

8.3. Conclusion

   The streaming potential of the membrane was determined during different stages of oil filtration,

water rinsing and cleaning with SDS solution. The measurements were carried out at various

concentrations and pH.
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   It was observed that the streaming potential varied with the solution being filtered. The least

negative value was for the KCl solution, and the most negative value was obtained for the oily

water mixture.

   The streaming potential varied with time. The streaming potential passed along a curve for the

most part of the studied conditions, less negative in the beginning, while after a few minutes it

became more negative and then less negative. It seems that changes in the surface charge and new

interaction are the reasons for this behaviour.

   The permeability changed with oil concentration and pH, as expected, being less at higher

concentrations of oil and at the lowest pH. The variation of the streaming potential was more

complicated and no clear explanation could be found.

.
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9. Dead-end filtration

   In the previous sections, filtration in cross-flow mode was studied. Dead-end filtration of oily

water is the subject of this part of the thesis. Emulsions of cutting oil in water were used for these

experiments. The total (final) resistance and variation of pressure were the parameters measured and

monitored during the experiments.  The filtration was carried out at  different constant flux and the

pressure varied with time and flux. The membrane was backwashed with pure water between tests

(with variable flux). Compared to the previous sections, lower concentrations of oil had to be used

due to restrictions for the equipment.

9.1. Materials and methods

   The set-up for dead-end filtration consisted of two 25 L vessels (for feed and backwash water),

feed and backwash pumps, a mass flow meter, solenoid valves, pressure transducers, and a tubular

membrane module. The filtration was performed in several filtration-backwash cycles. The cycle

consisted of four stages; forward flushing with feed, feed filtration, permeate flushing, and

backwashing. About 180 cycles were performed at varying flux to study the fouling and its

reversibility in oily water filtration. At each flux, 15 filtration-backwash cycles were scheduled.

   During flushing, the inside of the membrane tube was flushed with pure water (valves 3 and 4

were open and the rest were closed, Fig. 27). In the next stage, feed was pumped through the

membrane using a feed pump (valves 1 and 5 were open). After filtration, the permeate side was

rinsed with water (valves 2, 4 and 5 were open) and backwashing was performed at 250 L/(m2 h).

Valves 2 and 4 were open during backwashing.
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   In the filtration-backwash cycle, the constant flux was achieved by controlling the flow meters

and the pump. The pressures during operation were monitored by pressure transducers in the feed

and permeate lines. In addition to pressure, other operating conditions like temperature,

conductivity, and pH were measured on-line. Two Ag/AgCl electrodes were mounted in the inlet

and outlet of the module in order to measure the streaming potential of the membrane during

operation (Fig. 27).

   The membrane was supplied by Norit X-flow, Netherlands. The hollow fiber membranes, which

were made from a PES/PVP blend, were potted in 8 mm PVC tubes with a polyurethane resin. The

cut-off of the membrane was 200 kg/mol and the pure water permeability was around 600-700

L/(m2 h bar). The surface area of the membrane was 0.0022 m2.

   The control software of the set-up was designed especially for this equipment using National

Instrument Labview 7.0. The software logs the data and controls the set-up. The controls for the

software are either manual (switching valves, changing mass flow controller set points, and data

logging options) or automatic. Operation over long time periods can be performed in the automatic

mode, without supervision or a technician in attendance [van de Ven, 2008].
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Fig. 27. Schematic of the dead-end set-up used in the experiments, adapted from [van de Ven,

2008].

9.2. Results and discussion

9.2.1. Effect of oil concentration

   Final and backwash resistances versus cycle number for two different oil concentrations are

presented in Fig. 28. As can be seen, (Fig. 28A) both resistances increased in the beginning of the

filtration, probably due to adsorption of oil on the surface of the membrane [Ho et al. 2002]. After a

few cycles the variation diminished and a relatively stable resistance was obtained both for the final

and the backwash resistance. This finding shows that the fouling is reversible [van de Ven, 2008].
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Fig. 28. Final and backwash resistance for oily water filtration vs. cycle number, feed flow: 10

L/m2, a) 50 mg/L b) 500 mg/L.

   When the concentration of oil increased from 50 to 500 mg/L (Fig. 28B) a different trend in final

and backwash resistance was observed. The resistances decreased in the beginning of the filtration,

and then slowly increased up to cycle 136, which indicates an irreversible fouling. From this cycle

the flux decreased from 100 L/(m2 h)  to  60  L/(m2 h).  The  resistance  decreased  at  first,  but  with

continuing filtration it suddenly jumped in two steps (cycle 145 and 155) to a higher resistance.

This step increase could be due to pore or fiber blocking. From cycle 145 onward the resistances

were stable in the beginning, but increased sharply with cycle number. The sharp increase could

imply irreversible fouling.
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   Based on Fig. 28A and 28B it can be said that at a low concentration of oil, the fouling is almost

reversible as the resistances (final and backwash) are stable. When the concentration of oil

increased to 500 mg/L, irreversible fouling was observed, and therefore, the final resistance

gradually increased.

   The transition from reversible to irreversible fouling could be determined by calculating a fouling

factor. This factor is defined as follows:

2R×= αξ                                                                                                                        (2)

where ξ  is the fouling factor, α  is the rate of fouling (slope of the resistance line fitted to the data),

and 2R  is the regression coefficient of the fitted line[van de Ven, 2008]. If the fouling is reversible,

then the rate of fouling (α ) is zero. For irreversible fouling, the regression coefficient approaches 1,

and therefore, the fouling factor becomes equal to the fouling rate. The calculated values of the

fouling factor for different flux and oil concentrations are given in Fig. 29. The fouling factor is

remarkably higher, when a bigger amount of oil (500 mg/L) was used. This parameter increased

with the imposed flux, showing that the fouling is more serious at higher flux. The rate of increase

(the slope of the fouling factor) was almost constant, showing that the fouling mechanism did not

change with the imposed flux. As the aim is to reduce the fouling, a lower flux is preferred.
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Fig. 29. Comparison between fouling factors as functions of flux for two different oil

concentrations, 50 and 500 mg/L, feed flow 10 L/m2

9.2.2. Effect of adding salt

   When CaCl2 was  added  to  the  mixture  of  oil  and  water  (with  500  mg/L  oil  concentration)  the

fouling factor increased significantly, which shows that the propensity for fouling of the membrane

became higher (Fig. 30). The fouling factor in Fig. 29 varied from less than 2 to a maximum of 8,

while in Fig. 30 the maximum is above 50. It can also be seen that the fouling factor is a function of

salt (CaCl2) concentration and flux. The minimum was achieved when both flux and salt

concentration had low values.

   In  addition  to  the  flux  and  the  salt  concentration,  the  type  of  salt  also  has  an  influence  on  the

fouling factor, for example, if KCl is used instead of CaCl2, at the same concentration.
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Fig. 30. Fouling factor vs. flux for mixtures of oil and salt at different fluxes and salt

concentrations, oil concentration: 500 mg/L, feed flow: 10 L/m2

   Comparison between Figs. 29 and 30 reveals that even though the fouling factor increased in both

cases, this increase was more obvious when calcium salt was added. This was especially true for

higher amounts of salt (30 and 40 mg/L). In Fig. 29 the slope of the line was constant, whereas in

Fig. 30, the fouling factor lines have different slope. A smaller gradient (the slope) was observed at

a lower flux. With increasing flux, the lines became closer to 90o and the variation was more

significant.

9.2.3. Effect of backwashing

   The filtration-backwash cycle had a backwashing stage at the end of each cycle. Without

backwashing foulants continuously accumulated on the surface of the membrane.. The results of the

experiments without backwashing are presented in Fig. 31. The figure can be compared with Fig.

30, where there was a backwashing stage between each flux. The range of the parameter (fouling
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factor) is remarkably higher in the case without backwashing. The maximum range is about 500

whereas in Fig. 30, it was 200.

Fig. 31. Fouling factor as a function of flux for mixtures of oil (500 mg/L) and CaCl2 without

backwashing, feed flow: 10 L/m2

   Eliminating  the  backwashing  stage  caused  the  foulants  to  accumulate  on  the  surface  of  the

membrane. This accumulation may change the mechanism of fouling, as can be seen in Fig. 31. In

this figure the fouling factor is not linear which means that the fouling mechanism was changed and

the fouling transited from reversible to irreversible fouling.

   In Fig. 31, the experiments having a higher concentration of CaCl2 (20 and 30 mg/L) were not

continued at higher flux. For these experiments the limit of pressure for the set-up (2 bar) was

achieved, and therefore, continuing at greater flux was not possible.

9.3. Conclusions

   At  low  concentrations  of  oil,  the  fouling  was  almost  reversible  as  the  resistances  (final  and

backwash) were stable. When the concentration of oil increased to 500 mg/L, irreversibility in

100 99

factor) is remarkably higher in the case without backwashing. The maximum range is about 500

whereas in Fig. 30, it was 200.

Fig. 31. Fouling factor as a function of flux for mixtures of oil (500 mg/L) and CaCl2 without

backwashing, feed flow: 10 L/m2

   Eliminating  the  backwashing  stage  caused  the  foulants  to  accumulate  on  the  surface  of  the

membrane. This accumulation may change the mechanism of fouling, as can be seen in Fig. 31. In

this figure the fouling factor is not linear which means that the fouling mechanism was changed and

the fouling transited from reversible to irreversible fouling.

   In Fig. 31, the experiments having a higher concentration of CaCl2 (20 and 30 mg/L) were not

continued at higher flux. For these experiments the limit of pressure for the set-up (2 bar) was

achieved, and therefore, continuing at greater flux was not possible.

9.3. Conclusions

   At  low  concentrations  of  oil,  the  fouling  was  almost  reversible  as  the  resistances  (final  and

backwash) were stable. When the concentration of oil increased to 500 mg/L, irreversibility in

100



100

fouling was observed. The resistance (final and backwash) increased linearly with a relatively

constant gradient.

   Adding CaCl2 changed the trend of the fouling factor. A bigger range (up to 100) was observed

for the experiments with CaCl2. The slope of the line varied from that for emulsions without salt. A

remarkable increase in the fouling factor was observed at higher concentrations of salt and at a

higher flux.

   Different salts have differing effects on the fouling of the membrane. KCl showed a lower fouling

at similar conditions than CaCl2.

   Backwashing is an essential stage in dead-end filtration. Elimination of this stage caused

increased fouling during filtration. The fouling factor in the experiments without backwashing was

more than 3 times higher than in the experiments with backwashing.
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10. Modification of membranes

   In the previous chapters the study was performed using commercial membranes without any

modification. As noted in section 3.2, modification is one way to retard fouling of the membrane.

This chapter considers modification of commercial membranes with a temperature sensitive

polymer, poly N-Isopropyl acryl amide (PNIPAAm). This polymer responds to changes in

temperature; it swells and shrinks remarkably when the temperature changes around its lower

critical solution temperature (LCST). By using this property in membrane fabrication, a membrane

with a variable pore size around its LCST can be manufactured. The mechanical strength of the

produced membrane is, however, very low, and thus, the membrane cannot withstand the pressures

normally used in membrane filtration. It has been shown that grafting PNIPAAm on the surface of

an existing membrane, allows improvement in mechanical strength while maintaining its unique

property of variable pore size [V, Sellin et al. 2003, Kessler et al. 1995] .

10.1. Materials and methods

10.1.1. Materials

   Polysulphone UF membranes (PS100H) were supplied by Microdyn-Nadir GmbH. The

membranes had the following characteristics, according to the supplier; polysulphone (PSu) top

layer, polypropylene support layer, and a cut-off of 100 kg/mol. The other membrane used was a

C100H membrane (cut-off 100 kg/mol) which was made from regenerated cellulose. This

membrane was also supplied by Microdyn-Nadir GmbH. The membranes were rectangular in

shape. The surface area of the rectangular shaped membranes was 70 cm2 (23.4 x 3 cm). The

dimension of the plate and frame module was 29 x 7.2 cm. The distance between the inlet and outlet

of the module was 27 cm. Poly ethyleneglycol (PEG) with a molar mass of 35 kg/mol (code

number: 17-0320-01) and polydisperse dextran with a molar mass of 500 kg/mol (code number:
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81310) were purchased from Fluka and Pharmacia Biotech, respectively. They were used without

further purification. The concentrations in the used solutions were 200 and 2000 mg/L. Commercial

cutting oil of the same kind as utilised in previous chapters was used for the test of the membrane in

oily water filtration [I, II].

10.1.2. Methods

10.1.2.1. Surface treatment before modification

The membranes were first washed in isopropyl alcohol for 6 h to remove all preservative material

from the surface. The membranes were dried at room temperature and then treated with corona

discharge (3 kV) before immersing in a polymerisation flask for 20 s. The corona discharge

treatment was performed in air. The treatment modifies the surface by inducing radicals and ionic

interaction between the polymer and molecules in air [Sellin et al. 2003, Kessler et al. 1995]. The

intensity of the treatment depends on the distance between the electrodes and the membrane, and on

the exposure time, which depends on the conveyor belt speed [Kessler et al. 1995].

10.1.2.2. Polymerisation of modification layer

A water solution of sodium dodecyl sulphate (SDS) in a glass container was purged by nitrogen gas

for  15  min  to  remove  dissolved  air  from  the  solution.  After  heating  the  solution  to  50oC, the

aqueous solution of NIPAAm, which was prepared by dissolving NIPAAm in ethanol and N,N

methylenebisacrylamide (MBAm), was added. The solution was heated to 65oC. The corona

discharge  treated  membranes  were  immersed  in  the  solution  and  at  the  same  time  potassium

persulphate (KPS) was added to the solution. The polymerisation was left to proceed over night

(about 12 hours). After polymerisation, the membranes were washed with ultra pure water and dried

at room temperature. The grafting yield of the membrane was determined by gravimetry [Mäkinen
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et al., 2004]. Details of the sample, which was prepared by VTT (Technical Research Centre in

Finland) are given in Table 1 of paper V.

10.1.2.3. Ultrafiltration equipment

   The filtration tests were carried out in a membrane filtration set-up which enabled filtration using

three cells at the same time in parallel. The total membrane area was 3 x 46 cm2. The feed flow rate

and transmembrane pressure were adjusted to 14 L/min (membrane surface velocity 3.3 m/s) and

1.45 bar, respectively. The filtration was done in total batch mode (both permeate and retentate

were recycled to the feed tank). At every measured temperature (25-40oC) sufficient time was given

for a uniform temperature to be achieved in the whole system. The measured flux was corrected to

20°C in order to eliminate the effect of viscosity variations.

10.1.2.4. Analysis for location of PNIPAAm on the membrane

   The profile of PNIPAAm inside the membrane (top layer) was done by penetration depth

profiling with FTIR equipment (FTIR Perkin Elmer, FTIR 2000) using different angles of

incidence. Details of the calculations are presented in paper V.

   Surfaces and cross-sections of samples were scanned using a scanning electron microscope

(SEM), JEOL (JSM-5800). The samples were coated with a very thin layer of gold in vacuum.

   The hydrophilicity of the reference and the modified membranes was measured using the contact

angle (CAM 100, KSV instrument) drop method. The contact angle as a function of time was

measured.
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10.3. Results and discussion

10.3.1. Polysulphone membrane

10.3.1.1. Surface characterisation

   The  SEM  pictures  (Fig.  1  paper  V)  show  the  morphology  of  cross-sections  of  unmodified

membrane (reference) and modified membrane. There is no significant difference in the

morphology and structure of the membranes. This can be attributed to the low amount of grafting

agent on the surface of the membrane [V].

   Although no difference between the two membranes (modified and unmodified) could be detected

by SEM, FTIR IR showed that the grafting agent is present on the surface of the modified

membrane (Fig. 2 paper V). The characteristic peaks of PNIPAAm are detected at wave numbers

3295 and 1536 cm-1,  which  correspond  to  the  characteristic  peaks  of  amide  I,  amide  II,  and  the

methyl groups in –CH(CH3)2, respectively [Kim et al. 2002, Zareie et al. 2002, Yang et al., 2003]. If

there had been some monomer of NIPA on the surface, some peaks at 1631 cm-1 (C=C) and 1413

cm-1 (CH2=) and C-H vinyl bending vibrations should have been observed [Kim et al. 2002]. Depth

profile calculation shows that most of the PNIPAAm is deposited a few micrometers below the

surface [V].

   The variation of hydrophilicity at low temperature between the modified and unmodified

membranes was measured by the contact angle method. Fig. 9 in paper V shows the results for the

contact angle of a reference and a modified membrane. The measurement was carried out at a

temperature of 25°C. As can be seen, the contact angle value of the reference membrane is almost

constant with time, whereas it decreases for the modified membrane, which means that the drops

are absorbed into the membrane. The result is expected because PNIPAAm has a high affinity for

water absorption at temperatures below the LCST. At temperatures above the LCST the contact
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angle should become higher. Fig. 9 in paper V shows that the original membrane becomes more

hydrophilic after grafting PNIPAAm on its surface. The higher hydrophilicity might be the reason

for the significant difference in the water permeability of the reference compared to the modified

membrane (Fig. 5 in paper V).

10.3.1.2. Filtration

   The results of pure water filtration for the reference (unmodified) and grafted (modified)

membranes  are  presented  in  Fig.  5,  paper  V.  As  can  be  seen,  the  variation  of  permeability  of  the

reference membranes is very low, less than 5 %, within the experimental temperature range.

However, the permeability of the modified membrane looks different. The viscosity corrected

permeability of the modified membrane increased about 25 % when the temperature was raised

from 25°C to 40°C. The increase happened around the LCST (33°C) and was not a sharp rise but

more like a range where the polymer shrank and the permeability increased. Polymeric NIPAAm is

probably bound by covalent linkages to the membrane and consists of various molar masses of

polymers. For this reason the change in its structure occurred around the LCST and not tightly at

that temperature. A sharper change at the LCST can be assumed for monomeric NIPAAm. The

changes in permeability are reversible, i.e. with decreasing temperature the water permeability

decreases almost in the same way as it increases in the heating step (Fig. 5 paper V).

   The differences between the reference and the modified membranes became clearer when dextran

or PEG was filtered through the membranes. These substances are normally used to measure the

cut-off of membranes (Fig. 6 paper V).

   The “life-time” history of the reference and the modified membranes is presented in Fig. 8 paper

V. As can be seen, the permeability of the reference membrane is almost the same at different

106



106

temperatures and for different solutes, while it changes for the modified membrane. A significant

decline was observed after the filtration of PEG (2000 mg/L) and a significant increase after

cleaning with Ultrasil 110. The decline in permeability of the reference membrane after PEG

filtration was attributed to pore blocking by PEG molecules. These blocked pores were opened after

alkaline cleaning. The higher flux after cleaning reveals that the pores became wider than in the

initial state.

10.3.2. Regenerated cellulose membrane

   The results of filtration experiment for regenerated cellulose membrane are presented in Fig. 32.

For the modified membrane there is a jump in the permeability around 33oC while for the

unmodified membrane the permeability (corrected to 20oC) is almost constant in the studied

temperature range. The jump in the permeability is very similar in the case of modified

polysulphone and shows that the PNIPAAm is deposited on the surface of the membrane. This

characteristic peak of PNIPAAm for regenerated cellulose membrane is presented in Fig. 33; shows

that the characteristic peak of PNIPAAm (1541 cm-1) is present on the surface of the modified

membrane.

   Fig. 32 shows the results from dextran filtration and cutting oil filtration through the membranes.

When dextran was filtered through the membrane, the permeability of the modified membrane was

one order of magnitude higher. The permeability of the modified membrane decreased to close to

the  unmodified  one,  when  a  mixture  of  oil  and  water  was  filtered.  This  result  shows  that  the

modified membrane is not resistant to fouling and its propensity to fouling is rather high. The

permeability declined for both the modified and unmodified membranes when a solution containing

cutting oil was filtered. The decline was expected as the oil drops tend to adsorb on the surface of

the membrane, resulting in plugging of the pores.
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   The retention data of the modified and unmodified membrane for filtration of dextran and cutting

oil solution are presented in Fig. 34. For cutting oil (Fig. 34 B) the retention of TOC is lower for the

modified membrane than for the unmodified membrane and a jump around the LCST can be

observed. At this point the pores of the membrane are more open and it was expected that retention

would decrease. The result is somewhat unexpected and would suggest that the change in the

hydrophilicty also needs to be taken into account. The membrane became more hydrophilic at

temperatures above LCST (33oC). The hydrophilic surface adsorbs more hydrophilic components

and prevents the adsorption and passage of hydrophobic components (seen mainly in cutting oil

mixtures), which would explain the increase in retention of TOC.

   It seems that grafting or modification of the membrane facilitates the transport of organic carbons

through the membrane. This can be seen also in experiments with the dextran solution (Fig. 34 A),

where the modified membrane showed very low retention. The retention for this feed (dextran) was

not a function of temperature. However, the retention of dextran is lower than unmodified

membrane the permeability of dextran solution is higher for modified membrane (Fig. 32 A).
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Fig. 32. Permeability of membranes as a function of temperature, A: Dextran solution (T150, 200

mg/L), B: Cutting oil (1000 mg/L), membrane = C100H

   The spectra presented in Fig. 33 are taken at the incidence angle equal to 45o. As for the

polysulphone membrane, other incidence angles (30 and 60o)  were  also  assayed.  It  was  observed

that the ratio of the characteristic peak of PNIPAAm to the characteristic peak of the polymer

backbone  is  at  its  highest  value  at  an  incidence  angle  of  30o, which means that the grafting took

place  mainly  under  the  surface  of  the  membrane,  below  the  top  layer.  The  characteristic  peak  of

PNIPAAm was seen on the top side (surface irradiated by corona) and not on the back side.
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Fig. 33. Spectra of modified and unmodified membranes, incidence angle 45o, membrane = C100H,

characteristic peak of PNIPAAm at 1541 cm-1

Fig. 34. Retention of TOC for modified and unmodified membranes for A: Dextran (T150, 200

mg/L) and B: cutting oil (1000 mg/L), membrane = C100H
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   The SEM pictures of the cross-section and surface of the modified and unmodified membrane

were quite similar. It can be seen that grafting does not have any discernable effect on the structure

of the top and support layers of the membrane.

10.4. Conclusion

   Grafting PNIPAAm on membranes results in reversible changes in permeability with temperature.

Depth profiling calculation for polysulphone membrane showed that PNIPAAm was deposited

mostly under the surface (about 1 µm from the surface) rather than on the surface of the

membranes. Hydrogel and polymer chains on the surface might be removed by water during the

washing step.

   Grafting of PNIPAAm on a regenerated cellulose membrane was successful. The modified

membrane had similar morphology of the top and support layer as the unmodified membrane. The

grafted PNIPAAm was observed mainly below the surface of the membrane.

   A solution of cutting oil and water was filtered through the regenerated cellulose membrane

(C100H). A jump in permeability around the LCST (33oC) was observed for the modified

membrane. The retention of TOC also followed this trend and increased at 33oC.  The  jump  in

retention could be due to changes in the hydrophilicity of the membrane.
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11. Summary of experiments on oil

   A summary of the applied operating and solution conditions is presented in Table 13. For the first

three  classes  of  experiments  (oil  emulsion  with  salt,  critical  flux,  and  emulsions  of  kerosene)  the

pH, oil concentration, temperature, and flow velocity were the same. For the filtration experiments

on the effect of salt, critical flux and mode of filtration the type of oil used was cutting oil, while in

the kerosene and the diesel experiments, the emulsions were made from kerosene and diesel. The

membrane was one of the variable factors in the kerosene experiment.

   The operating and solution conditions in this thesis, are in the same range as by other researchers

(presented in Tables 2 and 3).

11.1. Average of flux in different experiments

   The average (mean) values of the permeate flux for the four categories of experiments (cutting oil

with salts, critical flux, diesel tests, and kerosene tests) are presented in Table 14. The mean value

of the flux was generally higher when the salt concentration was low (for example Run 1 compared

with Run 3). At similar conditions, a higher flux was observed when the feed was made from

cutting oil than with the diesel experiments (Runs 3 and 4 compared with the C100H membrane in

the diesel test in Table 14). The mean values of flux in the diesel and kerosene tests were similar.

These two types of emulsion were made by mixing the oil phase with emulsifier. In comparison, the

average flux for the emulsion made from cutting oil was somewhat lower. This result may be

attributed to the effect of the type and amount of emulsifier, which makes the cutting oil very

dispersive in water. The two other types of oil (kerosene, diesel) are less dispersed in the water

phase and have relatively bigger oil drop sizes.
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Table 13. Summary of factors and their levels for different experiments.

Factors Level 1 Level 2 Level 3

pH 5 7 11
Oil concentration, V/V% 0.5 1.5 3
Pressure, bar 0.5 1.5 3.5
Temperature, oC 25 35 40
Flow velocity, m/s 2.6 2.9 3.3
CaCl2 concentration, g/L
Run 1 and 2 0 0.1 0.5
Run 3 and 4 0 0.1 0.5
NaCl concentration, g/L
Run 1 and 2 1.1 3.3 5.5
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Run 3 and 4 0 5.85 11.7
pH 5 7 11
Oil concentration, V/V% 0.5 1.5 3
Temperature, oC 25 35 45
Flow velocity, m/s 2.6 2.9 3.3
CaCl2 concentration, g/L 1.1 5.5 11C
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NaCl concentration, g/L 0.058 0.58 2.9
pH 5 7 11
Oil concentration, V/V% 0.5 1.5 3
Pressure, bar 0.5 1.5 3.5
Temperature, oC 25 35 40
Flow velocity, m/s 2.6 2.9 3.3
CaCl2 concentration, g/L 0 0.1 0.5
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NaCl concentration, g/L 0 5.85 11.7
pH 4.5 8 11
Oil concentration, V/V% 3 5 7
Pressure, bar 2 2.5 3
Flow velocity, m/s 0.4 0.8 1
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Membrane type PS100H C30F C100F (H)

11.2. Ranking of important factors

   The  results  obtained  from  the  experiments  with  different  types  of  oil  and  using  the  Taguchi

method showed differing results. The order of the importance of the factors considered when

filtration of cutting oil with salts was studied (Runs 1 and 2) was; pH, flow velocity, pressure, oil,
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temperature, and CaCl2. This order changed when the salts concentration increased. The order of

importance of factors then became; temperature, oil concentration, flow velocity, pressure, NaCl

concentration, pH, and CaCl2.

Table 14. Mean of permeate flux for different experiments in the thesis

Experiment The mean value of permeate flux, L/(m2 h)
Run 1 160

Run 2 171

Run 3 101
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Run 4 95

0.5 bar 54

1.5 bar 66
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3 bar 62

PS100H 38

C100H 70D
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PVDF200 43
PS100H 30

C30F 91
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C100F (H) 72
1 and 2, the membrane was C100H

   When the cutting oil was replaced with kerosene, the ranking of the factors changed to; membrane

type, pressure, oil concentration, and flow velocity. In this latter set of experiments pH had no effect

on  the  permeate  flux.  It  seems  that  pH  is  one  of  the  factors  that  has  varying  contribution  on  the

permeate flux.
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11.3. Resistance

   The variation in the resistance for the performed experiments shows that the fouling of the C100H

membrane is relatively more reversible than the other membranes considered since the initial flux

could be recovered to a great extent by rinsing with water. This low fouling tendency was observed

for different experiments and types of oil.

   Although the average of total resistance differed for different experiments, normally, the total

resistance was high when the pH is at the lowest level (acidic condition).

   The resistance increased when salt was added to the mixture. This increase was observed for both

cross-flow and dead-end filtration. In the dead-end filtration experiments, which were adjusted to

work at constant permeate flux, the range of salt was limited due to the restriction of the equipment.

Nevertheless, even though low amounts of salts were used, the total (final) resistance was

significantly influenced. The results of the experiment showed that the increase depended on the

imposed flux (in dead-end) and the type of salts. A larger total resistance was observed for CaCl2.

The other type of salt (KCl) studied, which has the same anion (Cl-), showed lower resistance. The

difference in total resistance for these two salts shows that the cation and its charge have great

influence on the resistance.

11.4. Cleaning of the membrane

   For cleaning experiments, the membranes were cleaned between each trial or experiment. The

cleaning was done by first rinsing with water, followed by chemical cleaning. Ultrasil 110, which is

an alkaline cleaning agent, was used for recovering the initial pure water flux. This cleaning
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approach was efficient for the different types of oil studied (cutting oil and diesel) and a major part

of the initial flux was recovered.

   In the cleaning experiments, which were performed separately, the effect of different factors was

studied. The alkaline cleaning agent (Ultrasil 110) contains surfactant (SDS) and alkaline for which

reason  the  effects  of  these  two chemicals  were  included  in  the  cleaning  study.  The  results  of  the

experiments confirmed to a certain extent that the regenerated cellulose membranes are less

susceptible membranes to irreversible fouling. A further finding of the experiments was that the

factors studied have differing effects on the cleaning efficiency. The contribution depends on the

type of the membrane. For example, flow velocity has about a 40% contribution on the efficiency of

cleaning for the PVDF200 membrane while its contribution for the C100H and PS100H membranes

is 15 and 2 %, respectively.

11.5. Streaming potential experiments

   The decline in flux during ultrafiltration of oily water shows that the oil affects the surface of the

membrane. The effect of oil on the surface characteristics of the membrane, such as surface charge,

was evaluated during this set of experiments. The results showed that adding oil significantly

changed the streaming potential of the membrane. The streaming potential of the C100H membrane

increased about 6 times due to the negative effect of introduction of oil solution in the feed tank.

The streaming potential varied during the experiments, showing that steady state conditions were

not achieved. The unsteady conditions had little influence on the permeability of the membrane,

which was simultaneously measured. The streaming potential of the surface was a function of oil

concentration and pH.
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12. Conclusions and future work

   The  effect  of  a  number  of  factors  on  the  ultrafiltration  of  oily  water  was  studied.  The  effective

factors had varying influence on and contribution to the permeate flux and the retention of the

membranes. It was found that adding salts could not improve the permeate flux, although there was

a minor effect on retention. It was observed that the contribution to permeate flux of some factors

depended  strongly  on  the  type  of  oil,  the  type  of  membrane,  and  the  amount  of  salts.  Suggested

conditions for optimum flux were: higher temperature, pressure, and flow velocity; a lower amount

of oil, and salts; and pH above 7.

   The best membrane for ultrafiltration of oily water was the C100H membrane, which is made

from regenerated cellulose. The flux of this membrane was acceptable at different conditions and

the initial flux was restored remarkably by water rinsing. The membrane had 100% permeability

recovery after chemical cleaning. Even though the permeability was recovered, the results of

streaming potential measurements showed that the surface charge of the membrane was different

from the initial membrane, i.e. it was more negatively charged after cleaning.

   In long time operation, it was observed that the system containing oil was very complex, and

fouling and flux decline could be observed even at very low pressures, which means that only the

weak form of critical flux exists for such a system.

   Modification of commercial membranes by grafting PNIPAAm on the surface of the membrane

had some influence on the permeability and retention of the membrane in the temperature interval

tested. The membrane had a bigger pore size above its LCST (33oC), which resulted in higher

permeability and lower retention for the PS100H membrane.
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   For future work, more detailed studies on the interaction of oil drops together and with the surface

of the membrane are suggested. The use of non-invasive methods such as ultrasonic time-domain

reflectometry (UTDR) to study fouling and concentration polarisation during the ultrafiltration

process is recommended. Data obtained from non-invasive methods are valuable because they are

collected online and have no effect on the concentration polarisation layer or on the fouling layer.

   The development of a control system based on the results obtained from this thesis would be of

considerable interest. The control system should be able to control and adjust the operating

conditions (such as pressure, and flow velocity) when encountering unexpected conditions like load

shocking, streams containing salts, and rapid variation of pH or temperature.
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Abstract 

In this study the effects of operating parameters on the ultrafiltration of metal working fluids were considered
and the optimum conditions for filtration were estimated. In order to reduce the number of experiments an
experimental design method (Taguchi) was applied. Seven parameters including pH, oil concentration,
temperature, salt (NaCl, CaCl2), feed velocity, and pressure were studied at three levels (low, medium, and high).
The oil was water soluble cutting oil and the membrane was an ultrafiltration membrane (C100F) which was
supplied by the NADIR Company. The filtration was done at total recycle conditions. 

During the experiment samples from feed and permeate were collected in order to measure the retention of oil,
the zeta potential, and the oil drop size. 

The obtained results showed a flux increase with increasing pH. The highest flux was achieved at alkaline
conditions but the highest retention was observed when the pH was acidic (lower limit in experiment). It was also
observed that the zeta potential was mostly affected by pH and CaCl2. The biggest zeta potential resulted in
the lowest permeate flux. The drop size measurement showed that a bigger drop size usually gave a higher flux.
The effect (increase in flux) of salt addition implied that at acidic conditions the effect was smaller than at alkaline
conditions. As a conclusion, an alkaline pH, a high pressure, a high temperature and a low amount of CaCl2 gave
the optimum conditions. 
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1. Introduction 

Finishing, rolling and cutting operations in
metal working industries usually consume oil
or water soluble lubricant for cooling and/or
removing metal from the surface. During the
application, these emulsions that undergo thermal
degradation or become contaminated thus need
to be periodically replaced. The produced effluent
contains different substances like oil, surfactant,
corrosion inhibitor, and biocide which are
hazardous and toxic for the environment and
must be treated before disposal. The methods
used in the treatment of MWF (metal working
fluid) waste effluent are based on the separation
of the oily phase from the aqueous phase and
then treating each phase independently [1–3].
Traditional treatment methods require high energy
consumption or the application of a variety of
chemicals, which decreases the efficiency and
increases the costs of the process. Moreover, the
presence of some substances like biocides makes
the effluents difficult to treat with normal bio-
logical waste water treatments. It has been
found that membranes are a good option to
overcome this problem. Nevertheless, the appli-
cation of membranes involves two hurdles to
overcome; concentration polarisation and mem-
brane fouling. Both phenomena result in decreas-
ing permeate flux what significantly influences
the capital and operational costs of membrane
systems. That is why there is a great concern to
find the methods, which mitigate concentration
polarisation and fouling. 

Control of the process conditions seems to be
the easiest way of influencing filtration perfor-
mance and thus preventing conditions resulting
in flux decline. It has been proven that there is a
strong dependency between transmembrane
pressure and flux decline [4]. It has also been
shown that this dependency is quite complex
and other factors including the feed velocity [4]

as well as the feed concentration [2], pH [5] and
the type of membrane process [2,3] have to be
taken into consideration. Still, adjusting the operat-
ing conditions can be limited by the applied
equipment and costs involved, and that is why
more and more research is being done on the
modifications of the feed, which could enhance
the performance of the filtration. 

Adding salt to the feed which results in a
destabilisation of the emulsion is one of the
methods to modify the feed. It was proven that
adding CaCl2 significantly influences the flux
decline [1,2,4]. Although, several researches
[1,2,4,6] have been done applying MF, UF and
NF with the combination of a coagulation/floc-
culation step there is still a lack of information
on the influences of salt at different conditions. 

The objective of this study was to estimate
the best operational conditions in ultrafiltration
of wastewater from metal working fluids. The
conditions taken into consideration included
transmembrane pressure, feed velocity, tempera-
ture and pH of the feed. Moreover, the influence
of different salt concentrations on the performance
of the process was examined. Different combi-
nations of sodium chloride and calcium chloride
concentrations were applied. 

2. Materials and methods 

2.1. Materials 

The membrane used in the experiments was
a flat sheet regenerated cellulose membrane
(C100F) with a cut off of 100 kg/mol and a sur-
face area of 44 cm2, provided by NADIR Gmbh. 

The emulsions prepared were based on cutting
oil (saBesto cut + cool, Würth). The other chem-
icals were NaOH, HCl (37 w/w%) and sodium
chloride (analytical grade, 95%), which were
purchased from Merck and calcium chloride-
2-hydrate (95%) from Riedel-de Haën. 
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2.2. Preparation of the feed 

The feed used in the experiment was based
on the cutting oil above. The prepared emul-
sions differed in their salt concentrations — a
combination of 0, 0.1 and 0.5 g/L of the two
mentioned salts was used. The emulsions dif-
fered in pH as well — alkaline conditions were
achieved by adding NaOH whereas neutral and
acid conditions were gained by adding HCl. In
each case the starting point for adjusting the pH
was in the range of 9.0–9.5. Different oil con-
centrations were used, 0.5, 1.5 and 3.0 v/v%.
The total volume of the feed was 5.5 L. 

2.3. Filtration 

Different operating conditions were applied
including different pressures (0.5 , 1.5 and
3.5 bar), flow velocities (2.6, 2.9 and 3.3 m/s),
as well as temperatures (25, 35 and 40°C). In
order to have a constant concentration permeate
was returned to the feed tank. Fig. 1 shows a
schematic presentation of the filtration equip-
ment. The filtration was run each time for 30 min
and after this time samples of the permeate were
collected to measure the total organic carbon
(TOC), the zeta potential of the emulsion drop-
lets and the amounts of the salts. The samples of

the feed were collected before filtration and after
25 min of filtration. The amount of calcium and
sodium were measured using atomic adsorption
(GBC 932AA, Shimadzu). The zeta potential
was measured by a Delsa 440 device. TOC was
measured using the TOC-meter, model 5050A,
Shimadzu. 

After filtration the membrane was flushed for
10 min at a pressure of 1.5 bar and at moderate
flow velocity with distilled water. Then distilled
water was filtered for 30 min at 1.5 bar and after
that the water flux was measured. If the flux was
below a preset value (345 L/(m2 h)) a cleaning
was undertaken. 

2.4. Cleaning procedure 

Cleaning was done using an alkaline clean-
ing solution (Ultrasil 110, Henkel). The cleaning
solution was heated to 40°C, then the filtration
was run for 45 min at a pressure of 0.5 bar and
using a moderate flow velocity. 

The whole system was flushed after filtration
with distilled water. Verification of the cleaning
procedure was done by comparing the water
flux after filtration with the initial water flux at
similar conditions. 

3. Results and discussion 

The set of experiments consisted of 18 trials
and was designed using the Taguchi approach.
The Taguchi method provides the possibility to
consider systematically and simultaneously the
effects of multiple variables on the response
with a proper number of experiments. The method
is based on the new definition of quality which
was introduced by Taguchi; the best quality will
be achieved when the variation around the target
is minimised. In statistical form for a set of
experiments with multiple factors the response
quality is expressed as the ratio of the desired
factor (signal) compared to uncountable factors
(noise) [7]. There are a few programs which can

Fig. 1. A schematic presentation of the filtration
equipment.
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be used to calculate this ratio (S/N) and do the
relevant analysis. In this study the design of
experiments and the analysis was done using
Qualitek-4 software (version 4.7). “The larger —
the better” criteria were chosen for S/N. 

Table 1 shows information about the experi-
mental set including factor levels, the conse-
quent response (here permeate flux), and the
corresponding S/N ratio for each trial. The aim
of the experiment was to maximise the S/N, and
the following equation was used to calculate this
ratio for a trial: 

(1)

where, MSD is the mean square deviation. 
The calculated ratio shows the influences of

each trial on the response. 

As can be seen from Table 1, the biggest
value of S/N was achieved for trial 16 where pH
was in the alkaline range, oil at the lowest level,
and there was no CaCl2. 

The S/N is also expressed for a factor. It indi-
cates the effect of each factor on the response
independently. It is calculated by averaging the
S/N at different levels. For example for the first
factor (pH) in Table 1, at low level (pH = 5), the
S/N is equal to the average value of S/N for trials
where pH is at the low level, i.e. trials 1–3 and
10–12. Similar calculations can be used for the
second and the third level of pH. The effects of
individual factors are shown in Table 2. Compar-
ing the S/N for different factors shows that most
of the variation of S/N is for pH and pressure. 

In Table 2, a negative sign in column 4 and 5
shows that the effect declines while a positive

S N/  = − ⎛
⎝⎜

⎞
⎠⎟

10
1

10log
MSD

Table 1
Experimental set, factor levels and the corresponding S/N (signal/noise)  

aFactors: A: pH, B: oil concentration (v/v%), C: temperature (°C), D: pressure (bar), E: flow velocity (m/s), F: CaCl2

concentration (g/L), G: NaCl concentration (g/L). 
bResponse: H and I: Flux, L/(m2 h), H and I are repetition experiments. 

Trial/factors Aa Ba Ca Da Ea Fa Ga Hb Ib S/N 

1 5 0.5 25 0.5 2.6 0 0 100 100 40.0
2 5 1.5 35 1.5 2.9 0.1 0.1 185 149 44.3 
3 5 3 40 3.5 3.3 0.5 0.5 153 150 43.6 
4 7 0.5 25 1.5 2.9 0.5 0.5 129 125 42.1 
5 7 1.5 35 3.5 3.3 0 0 213 236 46.9 
6 7 3 40 0.5 2.6 0.1 0.1 83 78 38.1 
7 11 0.5 35 0.5 3.3 0.1 0.5 214 278 47.6 
8 11 1.5 40 1.5 2.6 0.5 0 190 209 45.9 
9 11 3 25 3.5 2.9 0 0.1 190 191 45.6 
10 5 0.5 40 3.5 2.9 0.1 0 186 223 46.1 
11 5 1.5 25 0.5 3.3 0.5 0.1 84 100 39.2 
12 5 3 35 1.5 2.6 0 0.5 70 108 38.9 
13 7 0.5 35 3.5 2.6 0.5 0.1 106 130 41.4 
14 7 1.5 40 0.5 2.9 0 0.5 125 128 42.0 
15 7 3 25 1.5 3.3 0.1 0 111 140 41.8 
16 11 0.5 40 1.5 3.3 0 0.1 388 388 51.8 
17 11 1.5 25 3.5 2.6 0.1 0.5 200 203 46.1 
18 11 3 35 0.5 2.9 0.5 0 146 157 43.6 
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sign means that the effect of the factor increases.
In optimum conditions it is desired to have a
positive and big value of S/N. Thus the best
conditions achieved here are when pH is in the
alkaline range, and pressure, temperature and
flow velocity are at the highest level, and there
is no salt in the feed. These conditions are very
similar to trial 16. 

The influence and relative importance of
these factors are quantitatively given by the
analysis of variance (ANOVA). The results of
ANOVA are listed in Table 3. The row which is
marked as Other/error indicates the errors which
are caused by uncontrollable factors (noise), that
is factors which are not included in the experi-
ment and experimental error. In general, the

value should be below 50%, otherwise the
results are not reliable. Here, the calculated error
is about 11% which is far enough from the limit.
It means that almost all effective factors are
taken into account and/or the error of the experi-
ment is not significant. 

The last column in Table 3, shows the per-
cent contribution of each factor to the response.
It is defined as the influence of one factor on the
total observed variance in the experiment. A
bigger value means that the factor contributes
more to the final result. It can be seen that pH
has the biggest contribution between the factors. 

pH can affect by changing the emulsion prop-
erties and/or membrane surface charge. In a pre-
vious study [8] it was observed that regenerated

Table 2
Main effect of factors on S/N 

Factors Level 1 Level 2 Level 3 Level 2 – level 1 Level 3 – level 2

pH 41.9 42.1 46.8 0.12 4.69 
Oil concentration 44.8 44.1 41.9 −0.72 −2.23 
Pressure 42.5 43.7 44.6 1.25 0.89 
Temperature 41.8 44.1 44.9 2.32 0.89 
Flow velocity 41.7 43.9 45.2 2.29 1.20 
CaCl2 44.6 44.0 42.6 −1.5 −1.37 
NaCl 44.1 43.4 43.3 −0.69 −0.72 

Table 3
Analysis of variance (ANOVA) for flux as response  

aDOF: Degree of freedom.

Factors DOFa Sum of squares Variance F-ratio Pure sum Percent

pH 2 90.6 45.3 31.1 87.7 40.1 
Oil concentration 2 28.4 14.2 9.75 25.5 11.6 
Temperature 2 13.8 6.90 4.74 10.9 5.0 
Pressure 2 32.8 16.4 11.2 29.9 13.7 
Flow velocity 2 37.7 18.9 12.9 34.8 15.9 
CaCl2 2 8.37 4.18 2.87 5.4 2.5 
NaCl 2 2.14 1.07 0.73 0.0 0.00 
Other/error 3 4.37 1.45   11.2 
Total 17 218.3    100.0 
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cellulose membranes had an almost constant and
small negative charge within the studied pH
range. Thus the observed variation in the response
factor mostly comes from emulsion stability. 

Emulsion stability can be explained by the
zeta potential. A more negative value gives an
emulsion with a higher stability. The influence
and importance of pH, salt and operating condi-
tions on the stability of the emulsion were
examined by analysis of variance (Fig. 2). It was
revealed that the most important factors were
pH and CaCl2 concentration. 

In general, an increase in pH results in a
more negative zeta potential. For example the
measured zeta potential for cutting oil in this
study at acidic conditions (pH = 5) was about
−50 mV, while when the pH was increased to 7,
it changed to −70 mV. Thus it can be said that
the emulsion was more stable at pH = 7. 

The stabilisation of emulsions by pH is a
complex process. Adding NaOH which contains
both a cation and an anion changes the charge of
the oil drops. It seems that Na+ acts as a bridge
between drops and causes that the negative
drops coalesce and a bigger drop forms. Drop
size measurements showed that at higher pH the
oil drop size increases (Fig. 3, trials 7–9 and
17, 18). The formation of a bigger drop reduces

the free energy and thus the emulsion becomes
more stable. 

At acidic conditions the mixture contains H+

ions. The attraction between the protons and the
negative charge on the surface of drops can take
place and consequently the drops could coalesce
[9] but the drop size measurement shows a lack
of bigger drops. It seems that the forces between
the drops are not big enough to enlarge them,
and therefore, repulsion forces by anions keep
them far from each other. 

The effect of salt may be explained by the
DLVO theory [10,11]. According to this theory
when salt is added to an emulsion the electro-
static interaction will be greater than the Van der
Waals repulsion force and then the drops can
attach. However, the interaction is influenced by
the type of salt and the valance of the cations
and the anions. For example, as can be seen in
Fig. 2, the contribution of NaCl being a mono
valent cation is about one third of the contribu-
tion from CaCl2 with a double valency. 

The optimum conditions are given by ANOVA.
These conditions are determined according to
the significances of the factors. This is expressed
by the F-ratio which is defined as the ratio of
variance due to the effect of a special factor on
the variance compared to the error term. It means
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that the factors with an F-ratio less than one
have no significant effect compared to the error.
In Table 3, the F-ratio for NaCl is less than 1,
therefore, it was neglected. 

Table 4 shows the optimum conditions. Since
these conditions are not belonging to the trials
which were presented in Table 1, a confirmation
experiment should be done to verify the pre-
dicted results. If the average results (S/N) of this
experiment is within the confidence limit then
the prediction is acceptable. It was observed with
the confidence limit 90% that the average of the
measured permeate flux was within the range
of flux which was predicted by the Taguchi
approach. Table 4 indicates that the highest flux

will be achieved when pH, temperature and flow
velocity are at maximum level (highest value),
the oil concentration is low and there are no salts
in the solution. 

It was mentioned above that the pH affects
the response by changing the emulsion stability
and it seems that in comparison with the effect
on the membrane surface charge this effect is
the dominant. However, adding salt influences
emulsion stability but salt can also induce interac-
tion between the surface of the membrane, which
has a negative charge, and with the drops. This
interaction causes a formation of an oil layer on
the surface. The consequence of the formation of
this layer is a decline in permeate flux. 
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Fig. 3. Variation of oil drop size versus trial number (see Table 1).

Table 4
Optimal conditions according to ANOVA   

Factors Level description Level Contribution

1 pH 11 3 3.17
2 Oil concentration 0.5 (V%) 1 1.22
3 Temperature 40 (°C) 3 1.00
3 Pressure 3.5 (bar) 3 1.36
4 Flow velocity 3.3 (m/s) 3 1.56
5 CaCl2 0 (g/L) 1 0.55
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Comparing the resistance of the membrane
after filtration in each experiment (Fig. 4) as an
evidence for the formation of a fouling layer,
reveals that at acidic conditions fouling is very
serious, i.e. fouling is facilitated by a low pH
(trial 1–3 and 10–12). 

As can be seen from Table 4, one of the pre-
dicted ways to get an optimum performance is to
set the oil concentration at a low level. Reducing
the amount of oil has a significant effect on con-
centration polarisation. The rejections of oil which
were calculated by measuring the concentration
of oil in feed and permeate was about 85%, it
means that a small portion of oil can pass through
the membrane and the rest will be retained by
the membrane. Retention of oil causes that oil
accumulates close to the surface and hence the
resistance against the permeate flow increases
(Fig. 4). 

Moreover, the resistance is also affected by
other operating conditions such as pressure and
flow velocity. A high pressure can accelerate
concentration polarisation. Increasing the pres-
sure causes the bulk flow towards the membrane
to get bigger than the back diffusion from the
surface. But as can be seen in Fig. 5, which
shows the estimated effect of factors at different
pH, the flux up to 3.5 bar is still depending on

pressure. However, the smaller increase in flux
when pressure changes from 1.5 to 3.5 bar than
from 0.5 to 1.5 bar, indicates that at even higher
pressures flux will be independent of pressure. 

Another operating condition which can affect
concentration polarisation is the flow velocity.
In order to get the highest flux it was predicted
that the highest level of the velocity should be
used. In a normal flow channel a high tangential
flow increases turbulence close to the mem-
brane surface which mitigates the formation of
concentration polarisation. In a thin channel,
such as the one used in this study, the flow is at
a maximum in the transient region (Reynolds
number varied between 2500 and 3000) and the
velocity affects the flux by increasing the shear
tension on the surface. The produced tension
removes the oil from the surface and reduces
the thickness of the oil layer. As can be seen in
Fig. 5, flux improves with flow velocity. The
bigger effect at high pH can be attributed to the
bigger size of the oil drops which makes them
easier to remove from the surface. The tangen-
tial force of the shear force is not big enough to
overcome the Laplace pressure of the oil drops,
and thus it can be said that the rupture of the oil
drops and the formation of smaller drops is
minimised. 
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Improving flux by increasing temperature is
related to the decrease in the viscosity as well as
in the possibility of the formation of bigger drops
by accelerating the collision frequency between
oil drops. The variation of flux with temperature
is shown in Fig. 5. 

One of the interesting points with the opti-
mum conditions is that the optimum is achieved
when no salt is in the mixture. The predicted
condition is different from what was reported by
Belkacem et al. [4]. They observed that adding a
very low amount of CaCl2 could improve the
flux by reducing fouling. As can be seen in
Fig. 5 adding salt up to 0.1 g/L has no effect on

flux and a further increase results in a decline in
flux. It seems that CaCl2 has a positive effect
when a proper ratio of salt per oil is used. The
amount of oil which was used in this set of
experiments was 50 times more than the con-
centration of salts. Therefore, there was not
enough NaCl salt in the mixture to attach to all
the drops and make bigger drops, or CaCl2 was
below its coagulation concentration and thus
had no positive effect on flux. The current
amount of salt just changed the zeta potential
and the drop size and made the emulsion more
unstable compared with the state where no salt
was used. 

Fig. 5. Variation of flux at different pH and operating conditions.
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Comparing permeate flux shows that most of
the variation in flux due to NaCl can be seen when
a low amount of salt was added (flux changed
upon 0.1 g/L of NaCl and after that it was
almost constant). This behaviour was different
from what was observed for CaCl2 (flux did not
change upon addition of 0.5 g/L of salt) It seems
that some interactions between NaCl and other
substances of cutting oil occurred which make
the response different from what is reported in
the literature. Further studies should be made to
recognise these reactions. 

4. Conclusion 

Considering different factors having influence
on ultrafiltration in filtration of metal working
fluids showed that the pH had the biggest
influence. The effect of pH was attributed to the
stability of the emulsion. The stability increased
with pH. The oil drop size measurement showed
that at higher pH the drops were bigger and,
therefore, the free energy was lower and the
emulsion became more stable. 

When salt was added to the emulsion the zeta
potential changed and the emulsion became more
unstable. The effect of salt was very clear at low
pH where flux remarkably decreased. The decline
in flux could be attributed to the formation of an
oil layer on the surface. The water flux after filtra-
tion confirmed that at acidic pH the fouling
resistance increased significantly. 

The best conditions which were predicted to
get the highest flux are pH, pressure, temperature
and flow velocity at the highest level and salts
and oil at the lowest level. 
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a b s t r a c t

The effects of different operating conditions on ultrafiltration (regenerated cellulose with a cut-off of
100 kg/mol) of cutting oil were studied for two different cases. The factors, examined at three levels,
included: pH, oil concentration, feed flow velocity, and temperature. The salt (NaCl and CaCl2) concen-
tration was examined at three levels as well. A lower concentration range was used initially and was
increased in the second case.

In each case different combinations of operating conditions were studied by using the Taguchi exper-
imental design. The designed experimental set consisted of eighteen trials with three levels of variation
for each factor. For each trial permeate flux, oil drop size and the zeta potential of the oil were measured.

The obtained results showed that with a low salt concentration (NaCl and CaCl2), pH is the most impor-
tant factor. With increasing salt concentration, temperature becomes the most important factor. pH affects
mainly emulsion stability while temperature has an influence on viscosity.

Further, a statistical analysis of variance (ANOVA) was performed to determine the significance of con-
trolling factors. It was observed that for both cases salts have the least influence on the increase of permeate
flux.

The best optimum conditions for both cases were achieved when salt and oil concentration remained
at the lowest level, whereas temperature, pressure and flow velocity were at the highest level.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Treatment of oily wastewater by membranes has been exten-
sively studied during the last 20 years. Different issues like fouling
[1], composition of foulant [2,3], effect of pre-treatment [4–6],
adding coagulant [7] and salt [8–10], effect of pH [11,12], effect of
temperature [13,14], presence of organic compounds [13,15], sta-
bility of emulsion [16,17], type of filtration equipment, cross-flow,
dead-end and rotational disk [18–21], modelling of fouling and flux
by empirical or theoretical models [22–25], cleaning [26,27], and
membrane material [18,28] have been addressed. In most of these
studies, UF and/or MF membranes have been chosen for the treat-
ment. Only a few efforts concerning the application of NF and RO
in the treatment of oily water have been reported [23,29,30].

∗ Corresponding author. Tel.: +358 5 621 2258; fax: +358 5 621 2199.
E-mail address: mehrdad.hesampour@lut.fi (M. Hesampour).

1 New address: Eindhoven University of Technology, Department of Chemical Engi-
neering and Chemistry, Process Systems Engineering Group, PO Box 513, 5600 MB
Eindhoven, The Netherlands.

The diversity of researches and the large number of studies
which have been presented until now show that there is still a
huge interest in the research around this field. Even though very
good work is available, reviewing the publications reveals that
the researches are limited in terms of the variability of factors,
i.e. the general trend has been to study one variable at a time.
This means that the interaction of factors and the effect of vari-
ables on each other have been omitted. Membrane filtration has
been proven to be a complex process and ignoring interaction
of factors may result in incorrect conclusions. One way to over-
come this problem is to make a set of experiments taking into
account all the possible combinations of the factors. Still, utilising
this method is time consuming and expensive, since the number
of experiments increases rapidly as the input variables or factors
increase. The alternative way is to use a design of experiment (DOE)
method. In this case, with a smaller number of experiments sim-
ilar results can be achieved. For example, if the objective is to
study seven different factors at three levels, the total number of
experiments required to consider all possible combinations would
be 2187. By using a DOE method (fractional factorial) a similar
result can be achieved with less experiments (18 for 7 factors)
[31–37].

0376-7388/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2008.07.048
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DOE and the statistical approach are recently getting more atten-
tion in the membrane field. The possibility of reaching the goals in
a rather short time, the ability to analyse the results, identify the
interaction between different variables, and determine the most
important factors in a process are the main advantages and reasons
for the popularity of these methods.

The methods may be used for optimising the amount of ingre-
dients during the membrane fabrication process, resulting in a
membrane with a high flux or retention [31,32,36]. DOE methods
can also be applied to find the best optimal operating conditions
during membrane filtration [4,37] or cleaning [14,34]. A simple
form [14,38,39] going to a more advanced form of DOE, which is
combined with regression modelling [40,41], has been applied in
the aforementioned studies. Reviewing the publications concern-
ing the subject reveals that fractional factorial design has been the
most applied approach. In comparison with this approach, another
method to make DOE simpler is available; it is called the Taguchi
method. However, the number of reported investigations using
this method is limited in the membrane field [31,32,42–46]. Any-
how, it is frequently applied in other fields of science and industry
[33,47–50].

The simplicity of the method, the remarkable results, getting
as much information with a smaller number of experiments, and
finally the limited information on applications using the Taguchi
method in oily water treatment by membranes were the motiva-
tion of this study. Also, it was found that the effects of parameters,
their importance and their influence on the performance of a mem-
brane process have not yet been mentioned in the preceding papers.
Therefore, the main aim of this study was to establish the most sig-
nificant factors that have an influence on the flux of a hydrophilic
membrane. The factors were classified into two groups; the first
one including factors affecting directly on the emulsion properties
– like pH and oil concentration, and the second group composed
of operating conditions – like flow velocity and temperature. Since
inconsistent results have been reported about the effect of salt, two
types of salts were included among the studied factors as well. The
total amount of salts was changed from low to high in a wide range
of conditions. The examined salts also constitute the main source of
salinity in sea and brackish water where pollution with oil becomes
an important issue. Therefore, the results of this study may also be
extended to this application. The final aim was to evaluate the opti-
mum conditions for operating a membrane treatment unit for all
cases (low and high salt concentration).

2. Materials and methods

2.1. Membrane

The membrane used in the experiments was a rectangular flat
sheet regenerated cellulose membrane (C100F) with a cut off of
100 kg/mol and a surface area of 44 cm2, provided by Microdyne-
Nadir GmbH. The technical data concerning the applied membrane
can be found in Table 1.

2.2. Preparation of model solution

The model solution was prepared by mixing a commercial cut-
ting oil (saBesto cut + cool, Würth) with distilled water and salt.
Cutting oil was chosen as the base for making the emulsion as it is
emulsified easily in water and remains stable for a long time. The
safety data sheet of the cutting oil shows that the major part of
cutting oil is mineral oil (about 70 wt%) and the rest is emulsifier,
biocide and corrosion inhibitor.

Table 1
Typical technical data for the membrane C100F, test conditions 3 bar, 20 ◦C, stirred
cell 11.7 Hz (700 rpm) [Microdyne-Nadir, technical data sheet]

Test solute Molar mass (kg/mol) Rejection (%)

�-Lactoglobulin (0.05%) 36 >90
Dextran T500 (1%) 500 >99
Dextran T2000 (1%) 2000 96–98

Experimental conditions
Pure water flux 200–400 L/(m2 h)
pH range 1–11
pH range (cleaning) 1–12
Maximum temperature 55 ◦C

The prepared model emulsions differed in their salt (CaCl2 and
NaCl) concentration, oil concentration, and pH.

In order to recognise the effect of low and high electrolyte
strength, two separate test series were done. One with a low
amount of salt (runs 1 and 2, CaCl2 and NaCl varied from 0.1 to
0.5 g/L) and another test series with a high amount of salt (runs 3
and 4, CaCl2 varied from 1.1 to 5.5 g/L and NaCl varied from 0 to
11.7 g/L). The main reason for using these two salts was their appli-
cation in wastewater treatment plants and their presence in sea and
brackish water as the main source of salinity. The other aim was to
examine the influence of salt type and its valence on the efficiency
of the UF separation.

2.3. Experimental design

The combination of different conditions was achieved by using
the Taguchi experimental design method. This method is based
on the statistical technique introduced by R.A. Fisher in England
in the 1920s to simultaneously study the effect of multiple vari-
ables on the outcome. He showed that a full factorial array could
be reduced to a smaller but still statistically meaningful set. The
concept was improved in the 1940s by G. Taguchi, who made it
more user-friendly and applied it to improve the quality of man-
ufactured products. Because of its effectiveness and efficiency this
method has been applied in different kinds of applications.

The Taguchi method is a type of fractional factorial design which
uses an orthogonal array to study the influence of factors with
only a small number of experiments. The design of experiment
(DOE) using the Taguchi provides a simple, efficient and system-
atic approach to determine the optimum conditions [31,47,48]. This
method is based on several steps including planning of experimen-
tal matrix, executing experiments and the evaluation of results.

The first step in the planning of the experimental matrix in the
Taguchi method is to determine the number of factors that need
to be evaluated. In this study seven factors were chosen based on
literature [2,42–44].

The factors can be divided in two categories. The first one
includes factors that have effect on the emulsion and its stabil-
ity like pH, CaCl2 and NaCl. The second group includes factors that
have effect on the membrane performance like pressure, tempera-
ture and flow velocity. However, when a feed containing emulsion
is studied it would be difficult to clearly distinguish between effec-
tive factors, for example, pressure seems to have no effect on the
stability of the emulsion while near the surface of the membrane
where the concentration of oil is higher, an increase in pressure can
increase coalescence of emulsion droplets and hence the stability of
the emulsion is affected by increasing the number of bigger drops.
In this study the main goal was to find the effect of each factor on
the performance (flux and rejection) of the selected membrane and
quantify these effects.

The second step in the planning of experiments using the
Taguchi method is determining the levels of factors. Three levels



M. Hesampour et al. / Journal of Membrane Science 325 (2008) 199–208 201

Table 2
Factors and their levels in two runs of experiments

Factors Level 1 Level 2 Level 3

pH 5 7 11
Oil concentration (%, v/v) 0.5 1.5 3
Temperature (◦C) 25 35 40
Pressure (bar) 0.5 1.5 3.5
Flow velocity (m/s) 2.6 2.9 3.2

Runs 1 and 2
CaCl2 (g/L) 0 0.1 0.5
NaCl (g/L) 0 0.1 0.5

Runs 3 and 4
CaCl2 (g/L) 1.1 3.3 5.5
NaCl (g/L) 0 5.85 11.7

for each factor are chosen. The medium level is added to recognise
any possible non-linearity in the answer, i.e. to see any curvature,
minimum or maximum between two upper and lower limits of
factors. This number (three levels) is quite often chosen for exper-
imental design studies. The different levels were chosen based on
two criteria, first, a level as close as possible to real conditions and a
second one to cover and complete the previous work in oily water
filtration. Since this field has been studied for many years there
are numerous reports having different points of view and conclu-
sions which show the diversity of the problem. For example, for the
effect of salt (CaCl2) on the performance of membrane in oily water
treatment there are at least two opinions, in Ref. [8] the authors con-
cluded that adding salt (CaCl2) can improve the permeability while
in Ref. [9] the conclusion shows that adding CaCl2 can not improve
the flux. In both of the studies the other parameters were constant.
Therefore, extending the results to the new conditions with variable
pH or oil concentration may cause an incorrect conclusion. Similar
cases were also observed for temperature; temperature increases
drop size and reduces permeability because of pore blocking by
oil droplets [3,13] while the obtained results in another Ref. [51]
showed that an increase in temperature improves the permeabil-
ity. These examples give some idea about the diversity of the work
and the conclusions. Therefore, if it is necessary to do a study it
needs to be done in such a way that it covers at least a wider range
of conditions. This was our idea in this study, to choose a wider
range of levels to be able to interpolate or extrapolate the obtained
results.

Based on the previous steps (the first and second step) an appro-
priate orthogonal array (L18) was selected and the experiments

Fig. 1. Schematic diagram of the UF experimental apparatus.

performed. This (18 experiments) is the least number of experi-
ments that can be performed to evaluate the effects of different
factors.

The factors and their levels are presented in Table 2. The pro-
posed experimental plan for the L18 array can be seen in Table 3. In
this table the columns are orthogonal (inner product of each col-
umn is equal to zero) and for any pair of columns all combinations
of factor levels occur.

The importance and significance of the factors were determined
by analysis of variance (ANOVA) which was performed by using
commercial software (Qualitek-4 Version 4.75).

2.4. Filtration

A schematic diagram of the filtration equipment is presented
in Fig. 1. The model solution in the feed tank was pumped to a
flat sheet membrane module by a centrifuge pump. The required
pressure and flow velocity were achieved by controlling the input
power of the electromotor of the pump and the back pressure valve
after the membrane module.

Since the temperature was one of the controlling factors, a cool-
ing and heating system was installed which was able to adjust the
temperature in the required range.

The whole system was working in total recycle mode. This means
that permeate, as well as concentrate, were returned to the feed

Table 3
The design of experiments for the L18 array

Trial pH Oil concentration
(%, v/v)

Temperature
(◦C)

Pressure (bar) Velocity (m/s) Runs 1 and 2 Runs 3 and 4

CaCl2 (g/L) NaCl (g/L) CaCl2 (g/L) NaCl (g/L)

1 1 1 1 1 1 1 1 1 1
2 1 2 2 2 2 2 2 2 2
3 1 3 3 3 3 3 3 3 3
4 2 1 1 2 2 3 3 3 3
5 2 2 2 3 3 1 1 1 1
6 2 3 3 1 1 2 2 2 2
7 3 1 2 1 3 2 3 2 3
8 3 2 3 2 1 3 1 3 1
9 3 3 1 3 2 1 2 1 2

10 1 1 3 3 2 2 1 2 1
11 1 2 1 1 3 3 2 3 2
12 1 3 2 2 1 1 3 1 3
13 2 1 2 3 1 3 2 3 1
14 2 2 3 1 2 1 3 1 2
15 2 3 1 2 3 2 1 2 1
16 3 1 3 2 3 1 2 1 2
17 3 2 1 3 1 2 3 2 3
18 3 3 2 1 2 3 1 3 1
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Table 4
The measured flux in different runs and its calculated S/N

Trial no. Runs 1 and 2 Runs 3 and 4

Flux (L/(m2 h)) Flux (L/(m2 h)) S/N Flux (L/(m2 h)) Flux (L/(m2 h)) S/N

1 100 100 40.0 77 74 37.5
2 185 149 44.3 97 108 40.2
3 153 150 43.6 107 110 40.7
4 129 125 42.1 83 99 39.1
5 213 236 46.9 143 135 42.3
6 83 78 38.1 73 73 37.3
7 214 278 47.6 119 104 40.9
8 190 209 45.9 101 87 39.4
9 190 191 45.6 72 69 37.0

10 186 223 46.1 166 161 44.3
11 84 100 39.2 84 69 37.5
12 70 108 38.9 77 64 36.8
13 106 130 41.4 121 104 40.9
14 125 128 42.0 105 83 39.3
15 111 140 41.8 93 86 39.6
16 388 388 51.8 163 167 44.3
17 200 203 46.1 60 56 35.2
18 146 157 43.6 76 67 37.0

tank. Operating at these conditions would reduce the error caused
by feed concentration variation.

The filtration was run for 30 min and after this time the weight
of permeate was measured. The samples of the feed before filtra-
tion and after 25 min of filtration were collected to measure the
zeta potential of the emulsion particles. The zeta potential was
measured with a Coulter Delsa equipment.

After filtration the membrane module was flushed for 10 min
with distilled water at a pressure of 1.5 bar, a velocity of 2.5 m/s
and a temperature of 25 ◦C. Afterwards, distilled water was filtered
for 30 min at the same conditions and after that the water flux was
measured. It was assumed, based on the measurements of pure
water flux made on a virgin membrane, that the sustainable value
for the flux to be achieved was 345 L/(m2 h).

2.5. Cleaning procedure

Cleaning was done using Ultrasil 110 from Henkel. About 90 mL
of the detergent was put into 5.5 L of distilled water giving a pH
of 12. The cleaning solution was then heated to a temperature of
40 ◦C and the filtration was run for 45 min at a pressure of 0.5 bar
and a velocity of 2.6 m/s (low pressure and high flow velocity).
After cleaning, the membrane was flushed at the same conditions
as after the filtration. Then distilled water with a conductivity of
about 1 �S/cm (measured at 24 ◦C) was filtered for 30 min, at 25 ◦C,
1.5 bar and 2.5 m/s in order to measure the sustainable water flux.

3. Results and discussion

3.1. Taguchi results

The measured flux and the computed S/N (signal to noise ratio)
for each series of experiments designed by the Taguchi method are
presented in Table 4.

In the Taguchi method ‘signal’ and ‘noise’ represent the desir-
able value and undesirable value for output characteristics and the
ratio of them (S/N) is used to transform quality characteristics (here
permeate flux) to optimise the process [49]. The equation of the S/N
ratio depends on the criterion for the quality characteristics to be
optimised. Since a high flux is preferred, “the larger the better” cri-
teria was chosen for the S/N ratio. The following equation was used

to calculate the corresponding S/N ratio.

S
N

= −10 log10
1

MSD

MSD = (Y1)2 + (Y2)2 + · · · + (YN)2

N

(1)

where MSD is the mean square deviation, Y the response factor
(here permeate flux), N is the number of observations (two in this
study).

As can be seen in Table 4 the value of the S/N ratio varies with
trials and runs. Since this ratio is defined as the ratio of the desired
value to the error, a big one is preferred. Therefore, the optimum
conditions should correspond with the conditions for which the
highest S/N ratio was calculated. Among the different trials in runs
1 and 2, trial 16 has the biggest value while in experiments with
a higher amount of salt (runs 3 and 4) trials 10 and 16 show the
biggest S/N ratio.

In order to evaluate the influence of each factor on the flux, the
S/N ratio for each factor should be computed. The ratio (S/N) for
a single factor can be calculated by averaging the value of S/N at
different levels. For example, the S/N for the first factor, having pH
at the highest level, is equal to the average value of S/N for each
trial where pH is at the third level, i.e. trials 7, 8, 9 and 16, 17, 18.
In a similar way the S/N ratio for the first and second level can be
calculated.

In Fig. 2, the variation of the S/N ratio for factors at different lev-
els is presented. It can be seen that the slopes of the lines between
different levels are not the same. This means that the levels have
divergent influence. For example, in Fig. 2a the increase in flux is
bigger when the pressure changes from 0.5 to 1.5 bar than when
it changes from 1.5 to 3.5 bar. Thus, it might be concluded that in
this case flux is independent of pressure at pressures higher than
1.5 bar.

On the contrary, the lines that connect the levels for some fac-
tors like pH and CaCl2 in Fig. 2b are straight. This means that the
differences between the levels are not significant.

As mentioned before, a bigger value of S/N is desirable for opti-
mum conditions. Therefore, the level which gives the biggest S/N
ratio determines the optimum conditions for the considered fac-
tor. Comparing the S/N for different factors in runs 1 and 2 (Fig. 2a)
shows that the biggest S/N ratio was achieved at the highest levels
of pH, temperature, pressure and flow velocity and the lowest level
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Fig. 2. The variation of S/N ratio for different factors for runs 1 and 2 (a), and runs 3 and 4 (b).

of oil and salts. A similar result (except for pH) can be concluded
from experiments with higher amounts of salts (runs 3 and 4).

A high level of temperature, due to its effect on viscosity and
density, was expected to increase the flux. The flow velocity was
also expected to have a positive effect on the flux when applied at
the highest level; it should limit the formation of a concentration
polarisation layer by increasing the turbulence in the feed channel
and the surface tension close to the membrane surface. In this study
a thin channel was used and thus the effect of flow velocity was
reflected by an increase of the shear tension on the surface of the
membrane; due to the produced tension oil was removed from the
membrane surface and flux increased.

It is known that a higher pressure results in a better flux but
it can also enhance the formation of a concentration polarisation
layer. Nevertheless, the best result was expected at 3.5 bar.

The oil concentration and pH were expected to contribute in
a very positive way to the final result when applied at low level;
especially, the pH, because an acidic pH causes a demulsification
of the emulsion. The majority of traditional treatment methods is
based on this fact.

As far as salts are concerned, it was expected that the addition
of CaCl2 would increase the flux as this type of effect has been
reported already in literature [8]. A similar effect was expected for
NaCl.

3.2. ANOVA

The quantitative analysis of the influence and the relative impor-
tance of the controllable factors are determined by using the
ANOVA approach.

In ANOVA the significance of the controlling factors is evalu-
ated by computing the F-ratio (variance ratio) and the percentage
contribution as shown in Fig. 3 [50].

The percent contribution of each factor is defined as the portion
of total observed variance in the experiment of each significant fac-
tor. The greater the value the more contribution it gives to the final
results.

The F-ratio is defined as the ratio of variance due to the effect
of a factor to the variance due to the inherent error (variance) of
the system. When the variances are close to each other, the ratio
would be close to one and it is less likely that any of the factors has
a significant effect on the response, i.e. the F-value can be used to
determine, whether a control factor can be pooled to an error term
or not.

In Fig. 3, the columns marked as “error” refer to the errors caused
by uncontrollable factors (noise), which are not included in the
experiment and the experimental error. In general, the value should
be below 50%, otherwise the results would not be reliable. Here, the
calculated error is about 12% (for runs 1 and 2) and less than 1% (for

Fig. 3. The results of ANOVA for test series with low amounts of salt (runs 1 and 2) and high amounts of salt (runs 3 and 4).
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Table 5
Optimum conditions in different runs given by ANOVA

Factor Runs 1 and 2 Runs 3 and 4

Level description Level Contribution Level description Level Contribution

pH 11 3 3.18 7 1 0.33
Oil concentration 0.5 (v/v%) 1 1.22 0.5 (v/v%) 1 1.77
Temperature 40 ◦C 3 1.01 40 ◦C 3 1.46
Pressure 3.5 bar 3 1.36 3.5 bar 3 0.75
Flow velocity 3.2 m/s 3 1.57 3.2 m/s 3 1.48
CaCl2 0 g/L 1 0.55 – – –
NaCl – – – 0 g/L 1 0.61

Table 6
Comparison between expected (from literature) predicted (trail 16), and established optimal conditions (given by ANOVA)

Factor Runs 1 and 2 Runs 3 and 4

Expected Trial 16 Given by ANOVA Expected Trial 16 Given by ANOVA

pH 5 11 11 5 11 7
Oil concentration (%, v/v) 0.5 0.5 0.5 0.5 0.5 0.5
Temperature (◦C) 40 40 40 40 40 40
Pressure (bar) 3.5 1.5 3.5 3.5 1.5 3.5
Flow velocity (m/s) 3.2 3.2 3.2 3.2 3.2 3.2
CaCl2 (g/L) 0.5 0 0 5.5 1.1 –
NaCl (g/L) 0.5 0.1 – 11.7 5.75 0

runs 3 and 4) which is significantly below the limit. It means that
almost all effective factors have been considered and the error of
the experiment is not significant.

It is observed from Fig. 3 for runs 1 and 2 that the order of
importance of factors is: pH, flow velocity, pressure, oil concen-
tration, temperature and CaCl2 concentration. This order changes
for experiments with a higher amount of salts to temperature, oil
concentration, flow velocity, pressure, pH and NaCl concentration.

Moreover, looking at Fig. 3 one can see that NaCl (in runs 1 and
2) and CaCl2 (in runs 3 and 4) do not contribute to the final effect
and based on the F-ratio calculations can be pooled (included) in
the error contribution.

Based on Fig. 3 the conclusion should be drawn that when the
amount of salt is low it is not the salt concentration but the pH that
has the greatest importance in influencing the response. It can also
be concluded from Fig. 3 that when the amount of salt increases the
pH is no longer the crucial factor. Instead, the temperature becomes
more important.

With a high temperature the viscosity and the density of the
emulsion decrease, which has a positive effect on the flow. More-
over, an increased temperature results in an increased collision rate
between particles and in coalescence for disperse systems. This
might increase the oil droplet sizes and thus difficulties with foul-
ing and concentration polarisation are reduced—and consequently
a higher permeate flux can be observed.

Fig. 4. The measured zeta potential of two sets of experiments, low amount of salt
(run 2) and high amount of salt (run 3).

3.3. Optimal conditions

ANOVA may be used to estimate the process performance at
optimum conditions. In the estimation only the significant factors
are taken into account. The results of optimum conditions are listed
in Table 5.

As far as the predicted and established optimal conditions
(Table 6) are concerned, it is clear that the predictions concern-
ing temperature, oil concentration and flow velocity were correct.
Also the level of applied pressure was predicted properly, as the
conditions given by the ANOVA analysis were found to be superior
over those from trial 16 (in all runs).

On the contrary to what was expected, the optimal conditions
do not include the application of salts. For all runs the established
optimal conditions for salts were at the lowest level (0 g/L concen-
tration of NaCl and CaCl2 in runs 1 and 2, 0 g/L for NaCl and 1.1 g/L
for CaCl2 in runs 3 and 4) while previously it was reported that
CaCl2 can be used to improve the flux in ultrafiltration of cutting
oils [7].

It was assumed, that presumably salts would act according to
the Derjaguin, Verway, Landau and Overbeek (DVLO) theory; after
adding salt to the mixture the cations in solution would cover partly
the negative charge of the emulsion drops, which would create
an electrostatic attraction force between the drops. The interac-
tion would be greater than the repulsion force and eventually the
oil drops would attach—which would enhance the flux (the bigger
drops are more easily swept away from the surface). Yet, this type
of effect was not observed. It was initially assumed that the reason
was the insufficient ratio of salt/oil as the concentration of oil was
50 times higher than the concentration of salts applied. In this sit-
uation the amount of ions introduced to the mixture would not be
enough to affect its properties significantly. This explanation, how-
ever, did not prove to be correct, as in later experiments (runs 3 and
4) the amount of salts increased but the observed contribution of
salt on the permeate flux was still low.

The effect of CaCl2 seems to be significant in a very low range of
Ca2+ concentrations and a further increase in the amount of CaCl2
does not influence the result much.

Moreover, it should also be noted that, opposite to the initial
assumptions, it is not the acidic pH that creates the optimal condi-
tions. The optimal conditions established by ANOVA were achieved
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Fig. 5. The mechanism of oil droplets attaching at alkaline conditions.

at alkaline (in runs 1 and 2) and neutral (in runs 3 and 4) pH. Thus, it
is not the destabilisation process that applies to this case—contrary
to the traditional methods based on the demulsification (by low-
ering the pH). In ultrafiltration better results seem to be achieved
when the treated emulsion is stabilised. This result is in agreement
with the results obtained by Wang et al. [3].

The zeta potential of the emulsion droplets is the parameter
that has been identified as the one which most properly reflects
the emulsion stability and its dependence on pH and salt. A big-
ger negative value of the zeta potential shows that the emulsion
is more stable. The measurements of the zeta potential of the oil
emulsion at different conditions (Fig. 4) revealed that, in general,
more negative zeta potential values were observed for alkaline (in
runs 1 and 2) and neutral (runs 3 and 4) conditions [46]. As higher
permeate fluxes were combined with these conditions as well, the
conclusion may be drawn, that emulsions are stable at alkaline and
neutral pH and thus the permeate flux increases.

The possible explanation of how pH and salts affect the oil
emulsion properties can be as follows. As mentioned before, the
adjustment of pH at alkaline conditions is based on the application
of NaOH during the feed preparation. It introduces both cations,
Na+, and hydroxide groups, OH−, which change the charge of the
oil drops. The cations act like a bridge and cause the drops to
attach. This conclusion is supported by the drop size measurement
[11,46,52] showing that the higher the pH the bigger the drops
being observed. The formation of bigger drops results in free energy
reduction and a higher stability of the emulsion. The proposed
mechanism is presented in Fig. 5.

When the amount of salts increased, the optimal pH decreased
from alkaline to neutral. In this situation the only ions that can
have impact on emulsion properties are H+ and Cl− added for pH
adjustment. Based on previous considerations, it may be concluded
that H+ ions will influence the zeta potential of oil drops [10,11].
The introduced H+ causes the electrostatic interactions between
oil drops and makes the oil drops coalesce (Fig. 6). However, it is
also possible that in acidic conditions (pH 5) the membrane gets
a positive charge [53] and attracts negatively charged oil drops.

In this case the interactions between oil drops and H+ are not
strong enough to make the oil drops coalesce. The emulsion remains
unstable, the drops are smaller—it is more difficult to remove them
from the membrane surface and they contribute to the fouling to a
great extent [46].

In general, it can be stated that the bigger oil drops are more eas-
ily retained by the membrane, they are also more easily removed
from the membrane surface and thus the formation of a concentra-
tion polarisation layer is minimised—as well as the risk of fouling.

3.4. Verifying the results

Since the optimum conditions are not belonging to any of the
trials in Table 3, a confirmation experiment was done to verify the
predicted result. If the average results of the experiment are within
the confidence limit then the prediction is acceptable. The value of
the flux at optimum conditions was measured as 133 L/(m2 h) (for
runs 1 and 2) and 196 L/(m2 h) (for runs 3 and 4) and it is within the
range of the 95% confidence limit. The permeate fluxes at these con-
ditions given by the analysis for runs 1 and 2 reached 108 L/(m2 h)
while the value for runs with a high amount of salt was 200 L/(m2 h).

4. Discussion

According to the before mentioned conclusions about stabilisa-
tion of emulsions by pH the combined effect of salt and pH may be
explained.

In order to adjust the initially acidic pH of the emulsion, HCl
is applied. It introduces H+ and Cl− ions to the emulsion. Addi-
tion of CaCl2 introduces Ca2+ and even more Cl− ions. With this
combination, two ways of explaining the mechanism governing the
interactions are possible.

In Fig. 7 the first hypothetical mechanism is presented. Accord-
ing to literature [54] the type of ions influencing the zeta potential is
dependent on the milieu; if NaCl is present in the environment, the
effect of OH− or H+ is predominant. But, with the presence of CaCl2
a competitive adsorption between ions is observed. Moreover, as

Fig. 6. Hypothetical mechanism of oil droplets attaching at acidic conditions.
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Fig. 7. Hypothetical mechanism of zeta potential modification by Ca2+ and consequent lack of bigger oil drop formation (pH 5, CaCl2 = 3.3 g/L).

stated by the Gouy–Chapman theory, bivalent ions lower the zeta
potential more than monovalent ones. It has also been reported
in literature [54] that Ca2+ ions are “privileged” in zeta potential
modifications. Thus, it may be argued, that the interactions with
Ca2+ and H+ ions are observed in the first instance, leading to low-
ering of the absolute negative values of the zeta potential and thus
destabilising the emulsion. The remaining Cl− ions are not able to
effectively join the oil droplets and, consequently, there should be
no increased oil droplets observed.

Yet, there is another explanation possible. In the medium where
CaCl2 is present the probability of Cl− ions influencing the zeta
potential decreases. Additionally, as reported by Shin and Kim [52],
the effective concentration of Ca2+ showing the influence on the
zeta potential is in the range 2–14 ppm (0.002–0.014 g/L), with the

higher concentration the effect diminishes. In this case the concen-
tration applied was over 200 times higher, which may suggest that
ions which do not take part in the zeta potential modification can
act like binders between the oil drops. This solution is presented in
Fig. 8 and seems to be plausible.

Recapitulating, the definite response about the mechanism gov-
erning the interactions can be given only based on the zeta potential
and oil droplet size measurements. The value of the zeta poten-
tial itself is not enough. The modifications introduced by Ca2+ ions
are limited and it is very unlikely that positive or slightly negative
zeta potentials would appear. This is supported by measurement
of the zeta potential. The value oscillated round −50 to −70 mV
in Fig. 4 which is still not sufficient to identify the interactions
interchangeably.

Fig. 8. Hypothetical mechanism involving Ca2+ ions in both zeta potential modification and formation of bigger oil droplets (pH 5, CaCl2 = 3.3 g/L).
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Fig. 9. Hypothetical mechanism of bigger oil drop formation at pH 11, CaCl2 = 1.1, NaCl = 5.85.

Knowing both the zeta potential value and the oil drop size, it
would be possible to distinguish the mechanism resulting in forma-
tion of bigger drops. An increased oil droplet size and a moderate
value of the zeta potential (still in the negative range) would favor
the mechanism from Fig. 8. The lack of bigger complexes would be
the evidence for the mechanism presented in Fig. 7.

In the case of alkaline conditions the mechanism seems to be
similar to the one presented in the case of lower salt concentration.
The initial negative charge attracts Ca2+ ions, which modify the zeta
potential. However, as mentioned before, this effect is significant in
a very low range of Ca2+ concentrations and any further increase in
the amount of CaCl2 does not influence the result much. Moreover,
presumably this effect is suppressed by the OH− influence, which
– probably as in the case of lower salt concentration in Part 1 (runs
1 and 2) – changes the zeta potential value to even more negative
and thus stabilises the emulsion. Na+ ions again act as “bridges”,
connecting the oil drops and leading to the formation of bigger
forms—this phenomenon is presented in Fig. 9. Yet, again it has
to be noticed that in trial 16 the concentration of CaCl2 is almost
80-times higher than the one identified as maximally effective for
modifying the zeta potential. Thus, it should be assumed that next
to Na+ ions, some Ca2+ ions seize the “binding function”.

It is worth noticing that there is a huge difference in the
NaCl concentration between trial 16 in Part 1 (runs 1 and 2) and
in Part 2 (runs 3 and 4). Still, the effect obtained seems to be
equal, although the fluxes in Part 2 were generally lower. With an
increased amount of salts the risk of fouling increases as well. It may
be concluded that either NaCl has no effect on the flux or the effect
is attributed to interactions between NaCl and one of the emulsion
ingredients—but this interaction has not yet been identified.

5. Conclusion

The Taguchi method for experimental design and ANOVA are
effective tools in the study of membrane filtration to shorten the
time needed to run experiments and make the approach to the goals
more systematic.

The influence of seven factors on the permeate flux of a model oil
in water emulsion was studied. The obtained results show that the
factors have diversed effects. The difference is obvious inside and
between the two cases studied (low and high salt concentration).

The rank of important factors changed with the total salt con-
centration. The most important factor in runs 1 and 2, where the
total salt is low, is pH, while in the second set of experiments (runs
3 and 4) with a higher amount of salt, temperature has the most
dominant influence on the permeate flux.

The reported changes, according to the rank of factors may
be explained by a simple hypothesis: the observed behaviour is
related to the variation of the charge of the oil drops and the for-
mation/breakage of bigger/smaller drops by imposed attraction or
repulsion forces between charged particles.

An inconsistency of the obtained results with previous results
for the effect of salt, especially CaCl2, is observed. The possible
explanation is the variation of pH along with salt concentration.

The optimum conditions to get the highest flux in runs 1 and 2
were achieved when the pH was 11, and the other factors were at
their highest levels.

A similar result was obtained for runs 3 and 4 where the con-
centrations of the salts were higher. Optimum conditions were
achieved when flow velocity, temperature, and pressure were at
the maximum; oil and salt concentration at the lowest level. In con-
trary to cases with low level of salt the optimum conditions were
determined at pH 7(neutral).
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A B S T R AC T

It is over a decade since the concept of critical fl ux was introduced. From that time intensive 
research has been done to fi nd the functionality and dependency of critical fl ux for different 
feeds and membranes. The studies focussed on critical fl ux in the fi eld of oily water fi ltration are 
scarce, however, there are numerous membrane units which have been applied to treat waste-
water contaminated with oil. It might be due to the fact that in this kind of fi ltration the oil drops 
form a gel layer on the surface of the membranes and this gel layer formation is not the case 
with feeds where the concept of critical fl ux has been studied (suspended solids forming a cake 
layer). In membrane fi ltration of oily water, knowledge on the existence of critical fl ux and the 
infl uence of different parameters on it may enhance a better operation of the membrane units.

In order to fi nd the critical fl ux, a set of experiments was carried out in constant pressure mode 
using varying pressures from 0.5 to 4 bars. A cycling pressure approach (increasing and decreas-
ing pressure) was applied to fi nd the possible critical fl ux in a system consisting of emulsifi ed 
oil and salts. It was found that a weak form of critical fl ux in some cases might exist close to the 
lowest pressure. No strong form of critical fl ux was observed from comparison between pure 
water and permeate fl ux since the permeate fl ux differed signifi cantly from the initial pure 
water fl ux even at the lowest pressure.

The existence of a limiting fl ux and its dependency on operating conditions was proven in 
some cases. The limiting fl ux was established under different operating conditions, including 
oil concentration, pH, temperature, salts and fl ow velocity. The results showed that this fl ux was 
signifi cantly infl uenced by variations in fl ow velocity and temperature.

Keywords: Critical fl ux; Limiting fl ux; Oil emulsion; Salts; Ultrafi ltration

1. Introduction

Today membrane processes are more often 
 considered as alternatives to conventional processes. It 
is because of their unique advantages like higher perfor-
mance, smaller foot print, and lower cost which make 
them reliable competitors to other processes.  However, 

drawbacks such as concentration polarisation and 
 fouling prevent an increased application of membranes. 
 Concentration polarisation is a natural consequence of 
fi ltration while fouling happens when pressure exceeds 
the limiting value. These two phenomena are inevitable, 
but could be managed to have less effect on the perfor-
mance of membrane fi ltration.

Fouling and concentration polarisation were the sub-
jects of many investigations in the last decades. Several *Corresponding author.
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methods have been suggested to retard their infl uences. 
These methods may be classifi ed into two main groups. 
The fi rst one consists of the methods which concern the 
modifi cation of membranes by using grafting, blending, 
or plasma treatment, while the second group includes the 
methods which are dealing with the operating conditions 
of the fi ltration process. Adjusting the operating conditions 
by operating at lower pressure, pre treatment of feed, and 
increasing fl ow velocity and shear rate are all considered 
as some examples for different approaches to keep the per-
meate fl ux stable. In this group, another approach, which 
recently got more attention in the literature and in indus-
try is operating the membrane units under subcritical fl ux 
conditions. The concept of critical fl ux was introduced for 
the fi rst time in 1995 by Field et al. [1]. Since then, it was 
extensively studied in different systems, and new defi ni-
tions were introduced.

The critical fl ux is known as a key parameter when 
controlling membrane performance, it distinguishes 
between two distinct zones, one without fouling while the 
other one is accompanied with fouling and fl ux decline 
[2]. The boarder between these two zones is very narrow 
and, therefore, the critical fl ux should be determined 
accurately. This can be done by comparing the permeate 
fl ux with the pure water fl ux at the same pressure [3] or 
by cycling the pressure (in constant pressure mode) [2] or 
the fl ux (in constant fl ux mode) [4]. Recently, Espinasse 
et al. [2] improved the previous techniques to determine 
the critical fl ux more accurately. They conducted their 
study for a suspension of PVC latex in water at various 
ionic strength and different hydrodynamic conditions in 
constant pressure mode. 

The critical fl ux concept differs from the limiting 
fl ux; the fi rst one is the maximum fl ux where there is no 
deposited layer on the surface and operation is without 
any fouling, while the limiting fl ux is the maximum fl ux 
independent of pressure increase in an operation where 
the fouling saturates the fi ltration capacity of the mem-
brane [1]. It was pointed out that the limiting fl ux hap-
pens when the critical fl ux is reached at all points of the 
membrane surface [2, 5]. This relationship between the 
critical and limiting fl ux was studied by Bacchin [6]. He 
observed that for a suspension of latex the critical fl ux 
was 2/3 of the limiting fl ux. Since achieving the limiting 
fl ux in the experiments is easier, the obtained correlation 
may be applied in determining the critical fl ux.

Reviewing the papers and research trends reveals 
that the majority of work about critical fl ux has been 
dedicated to suspensions, colloidal systems [1, 2] and 
proteins [7], while the available information for other 
kinds of systems, like emulsions, is limited [1, 8].

This paper presents the results of assessment of the 
critical fl ux in a rather complex system consisting of oil 
emulsion and salts. This kind of mixture may be faced 

in the fi ltration of brackish or sea water contaminated 
with hydrocarbons. The mixture is more complex than 
what was studied before by other researchers. In a sys-
tem containing oil, there are some additional phenomena 
such as oil coalescence or even phase inversion on the 
surface of the membrane, therefore, the behaviour of fl ux is 
different with normal colloidal and suspension systems. 
Thus, the simulation and extension of previous results for 
example from latex systems to oil systems may lead to a 
wrong answer. Moreover, the mechanism of back diffu-
sion, which is the main mechanism in controlling the for-
mation of a concentration polarisation layer, is different. 
The size of the oil droplets in our study varied between 
1–3 µm while in the work carried out by Espinasse et al. 
[2] the size of the latex particles was about 20 nm. The 
different size distribution of drops or particles between 
these two systems (oil and latex) and their physical 
nature (oil is deformable while latex is rigid) implies that 
there should not be any similarity between them.

A theoretical prediction of the critical and limiting fl ux 
is still impossible as the theory of interaction between oil, 
salt and the surface of a membrane is not developed and 
the surface interaction can signifi cantly vary from one 
system to another [1]. Therefore, the critical fl ux needs to 
be determined experimentally. The results can be useful 
as a guide in the proper operation of fi ltration units.

Since different factors affect the value of the critical 
and limiting fl ux, in order to consider all factors and to 
get a clear conclusion the design of experiments method 
(DOE) was applied. The results of the applied method 
and their analysis by analysis of variance (ANOVA) are 
presented in the following sections.

2. Materials and methods

2.1. Materials

The experiments were carried out in a laboratory 
scale UF apparatus as shown in Fig. 1.

The membrane used in the experiments was a 
regenerated cellulose membrane C-100F with a cut-off 
equal to 100 kg/mol and an effective surface area of 
44 cm2, provided by Microdyn-Nadir GmbH, Germany.

The prepared emulsions were based on a cutting oil 
(saBesto cut + cool, Würth) which is composed of mineral 
oil (70 wt %), surfactants, biocides and corrosion inhibi-
tors. Other chemicals used in the experiments were: NaOH 
(10 wt %), HCl (37 wt %), calcium chloride-2-hydrate 
 (Riedel- de Haën) and sodium chloride (Merck). The water 
used in the experiments was distilled water having a con-
ductivity of about 1.0 µS/cm measured at a temperature 
of 24 ̊ C. The emulsions were prepared by adding the oil to 
distilled water. The salts were added in the next step and 
then pH was adjusted by adding HCl or NaOH. 
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2.2. Methods

2.2.1. Filtration – critical fl ux experiments

The method which was used to obtain the critical 
fl ux was based on the proposed method by Metsämuu-
ronen et al. and Espinasse et al. [2, 7]. According to 
this method the pressure is increased and decreased 
in equal steps. The critical fl ux is defi ned as the low-
est fl ux that creates an irreversible deposition on the 
surface. Fig. 2 II shows a scheme of the pressure varia-
tion. With this procedure reversible fouling (or concen-
tration polarisation) is distinguished from irreversible 
fouling.

In total, eight different pressures from 0.5 to 4 bar 
were assessed. The effect of fl ux hysteresis was studied by 
reducing the fi nal pressure (4 bar) to the lower pressures 
in four steps (3.5, 2, 1, 0.5 bar). 

It is known that the critical fl ux depends on the back 
transport from the membrane surface and on mem-
brane-solute interactions. It is reported that fl ow veloc-
ity, temperature and solute concentration are affecting 
the back transport while pH, solute concentration and 
electrolyte concentration and charge may contribute due 
to the solute-membrane interactions.

In order to study the effect of different factors on 
the permeate fl ux, a set of experiments were carried 
out. In this experimental set, six factors including pH, 
oil concentration, temperature, fl ow velocity, and salt 
concentration (CaCl2 and NaCl) were varied at three 
levels (from low to high). Each trial was done at vari-
ous pressures ranging from 0.5 to 4 bar. The combina-
tion of the factors and levels was done by using the 

Taguchi method which is a type of design of experi-
ments (DOE) method. The factors, the corresponding 
levels and the combination of them are presented in 
Table 1.

To evaluate the tendency of the membrane to foul 
and determine reversible and irreversible fouling, 
water fl ux was measured before and after fi ltration. 
All the pure water fl ux measurements were done at 
the same temperature and pressure before and after 
fi ltration. 

3. Results and discussion

There are two different forms of critical fl ux: the 
strong and the weak form [9]. The type of critical fl ux 
is determined by comparing the permeate fl ux linear 
curve with the pure water fl ux. If the permeate fl ux lin-
ear curve equates the water fl ux the deviation point is 
called the strong form of the obtained critical fl ux, but 
if the constant linear fl ux-pressure curve deviates from 
the beginning from the pure water fl ux the deviation 
point shows the weak form of critical fl ux [1, 9]. Figure 2 
shows the comparison between water and permeate fl ux 
at the lowest pressure for trial 1. As can be seen there is 
a signifi cant difference between the pure water and the 
permeate fl ux. These differences depend on the operat-
ing conditions. It was observed that with increasing the 
pH, oil concentration, CaCl2, and the temperature of the 
feed the differences between pure water and permeate 
fl ux reduced. However, it still deviated from the water 
fl ux line (the results are not presented here). 

Fig. 1. A schematic diagram of the UF experimental apparatus.
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The results of the comparison between perme-
ate fl ux (up and down) at the fi rst pressure (0.5 bar) 
for all the trials are presented in Table 2. It is clear 
that almost in all of the trials there are some differ-
ences between the permeate fl ux going upwards 
and downwards with pressure. The difference var-
ies between trials. This may be due to the complex-
ity of the system which increases the propensity 
of the membrane to foul at some conditions. Hav-
ing a look at Table 2 shows that trials (2 or 8) with 
higher temperature and fl ow velocity have smaller 
differences in permeate fl ux (up and down). In some 
other cases (trial 17) the fouling happens rapidly 
and even at very low pressures. Therefore, the per-
meate fl ux-pressure gradient is lower than the pure 
water fl ux, but this gradient is not linear, therefore, 
even the weak form of the critical fl ux cannot be seen. 
The results are in agreement with what is obtained 
by  Bacchin et al. [9] for complex systems. Lowering 

pressure below 0.5 bar was not possible with the used 
equipment.

The existence of a critical fl ux in our system was also 
examined by the pressure-stepping method. As can be 
seen in Fig. 2 when pressure increased one step from 
0.5 to 1 bar fl ux increased (moved from point 1 to 2 in 
Fig. 2I) but when pressure decreased again to 0.5 bar the 
fl ux was lower than in the formal step (point 3 and 1 in 
Fig. 2I). A reasonable explanation is fouling, because if it 
were concentration polarisation then by decreasing the 
pressure, the concentration polarisation should reduce 
and the fl ux should be the same as in the previous step 
[10, 11]. 

Another parameter which shows that fouling occurs 
during fi ltration is the fl ux recovery parameter. The 
parameter is defi ned as the difference between the 
fl ux values at the same pressure during the ascending 
and descending steps. The dash lines in Fig. 2 show 
the pressures and the corresponding fl uxes during the 

Fig. 2. Comparison between permeate fl uxes at upward and downward pressures, and at the descending stage when the 
pressure was reduced in four steps (dash lines show the fl ux in the descending step). Operating conditions: pH 5, oil concen-
tration 0.5 v/v %, temperature 25°C, CaCl2 0.01 mol/L, NaCl 0.001 mol/L, step fi ltration time 20 min. 
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Table 2
Comparison of permeate fl uxes (upwards and downwards) for different trials at 0.5 bar.

Trials/fl ux 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Permeate fl ux, up
(L/(m2 h))

21 39 111 43 79 34 21 61 55 126 21 46 92 30 35 66 68 16

Permeate fl ux, down 
(L/(m2 h))

17 39 97 38 83 25 16 64 35 127 16 43 91 28 27 67 31 12

Difference between
up and down fl ux 4 0 14 5 -4 9 5 3 20 1 5 3 1 2 8 -1 37 4

Table 1
Experimental set and factor levels for the designed experiments.

Trials/ Factors A* B C D E F

1 5 0.5 25 2.6 0.01 0.001
2 5 1.5 35 2.9 0.05 0.01
3 5 3 45 3.3 0.1 0.05
4 7 0.5 25 2.9 0.05 0.05
5 7 1.5 35 3.3 0.1 0.001
6 7 3 45 2.6 0.01 0.01
7 11 0.5 35 3.3 0.1 0.01
8 11 1.5 45 2.6 0.01 0.05
9 11 3 25 2.9 0.05 0.001
10 5 0.5 45 2.9 0.05 0.01
11 5 1.5 25 3.3 0.1 0.05
12 5 3 35 2.6 0.01 0.001
13 7 0.5 35 2.6 0.01 0.05
14 7 1.5 45 2.9 0.05 0.001
15 7 3 25 3.3 0.1 0.01
16 11 0.5 45 3.3 0.1 0.001
17 11 1.5 25 2.6 0.01 0.001
18 11 3 35 2.9 0.05 0.05

*A: pH, B: Oil concentration (v/v %), C: Temperature (°C), D: Flow velocity (m/s), E: CaCl2 (mol/L), F: NaCl (mol/L).

 descending step for Trial 1. The results for the rest of the 
trials are presented in Table 3. The fl ux recovery varied 
but in general it was below 50%. In some cases a very 
low recovery (about 1% to 3%) was observed. 

The weak form of the critical fl ux was not obtained 
in each trial in the assessed pressure range, but a 
limiting fl ux was observed. The pressure at which it 
occurred and the observed limiting fl ux values for the 
trials are given in Table 4. It is clear that the value of 
the limiting fl ux and the corresponding pressure vary 
with the operating conditions and emulsion contents.

Further analysis was done on the available data in 
Table 4 by using ANOVA to determine the factors which 
have most infl uence on the limiting fl ux [11]. The results 
of this analysis are presented in Fig. 3. This  fi gure shows 
that the order of the most important factors is; fl ow 
velocity, temperature, oil concentration and pH. In the 

previous work temperature contributed the most on 
the permeate fl ux while fl ow velocity and pH had less 
effect. The obtained results are different from what was 
p reviously reported for similar conditions but with a 
lower amount of salts [11]. This shows the importance of 
the amount of salts.

4. Conclusions

A system consisting of emulsifi ed oil and salts is rather 
complex and has a high propensity to foul the membrane. 
This is the main reason to the lack of a critical fl ux in some 
conditions. The weak form of critical fl ux was presumed 
to be close to the lowest pressure when temperature and 
fl ow velocity were adjusted to their highest levels. 

The constant pressure mode of fi ltration did not 
show reliable results since a steady fl ux was not reached 
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Table 3
Calculated fl ux recovery between fl uxes in ascending and descending steps during ultrafi ltration.

Pressure/
Trials 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

3.5 -2 6 4 5 12 2 0 1 0 3 -1 1 7 2 2 9 7
2 -3 12 39 13 27 4 6 2 2 59 -4 3 29 4 3 28 20
1 3 13 46 8 21 6 13 -2 27 32 -1 0 18 3 6 16 39
0.5 0 10 26 10 7 8 16 -1 25 31 3 -2 25 4 10 16 52

Table 4
Comparison between the limiting fl uxes for different trials.

Trials 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Pressure
(bar)

2.5 3.5 3.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.0 2.5 2.0 2.5 2.0 2.0 2.0

Flux 
(L/(m2h)) 20 50 140 43 125 22 14 75 30 200 18 60 140 60 40 90 90 7

within the fi ltration time (20 and 90 min). Therefore, 
it was suggested that another mode of fi ltration (con-
stant fl ux) would be assessed for the determination of 
the critical fl ux, and pressures below 0.5 bar should be 
used also.

The operating conditions have a signifi cant infl uence 
on the permeate fl uxes. The conditions also affect the 
limiting fl ux. It was observed that cycling the pressure 
caused hysteresis effects. The hysteresis was also a func-
tion of the operating conditions.

The limiting fl ux was affected by the operating con-
ditions, but to varying amount. The biggest impact on 
fl ux was observed for the fl ow velocity and temperature. 
Other parameters like oil concentration and pH had less 
effect.
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Marianne Nyströmb, Cyrus Ghotbia

a Department of Chemical and Petroleum Engineering, Sharif University of Technology, Tehran, Iran
b Laboratory of Membrane Technology and Technical Polymer Chemistry, Lappeenranta University of Technology,
53851 Lappeenranta, Finland

a r t i c l e i n f o

Article history:
Received 20 December 2007
Received in revised form 11 April 2008
Accepted 21 April 2008
Available online 24 April 2008

Keywords:
Ultrafiltration
Kerosene
Emulsion
Experimental design
Hydrophilicity

a b s t r a c t

The effects of different parameters including membrane type (regenerated cellulose and polysulphone),
transmembrane pressure (TMP), the content of oil in the feed, the flow velocity of the feed and pH on the
ultrafiltration of an emulsion of kerosene in water were studied.

It was found that the important factors affecting ultrafiltration were, in order, membrane type, pressure
and oil concentration. The greatest flux at the optimum conditions here of 3 bar, an oil content of 3% (v/v)
and with membrane type C30F was predicted as 108 L/(m2 h) that was within the range of the confidence
limit of the measured value of 106 L/(m2 h). The normalised FTIR results of the virgin cellulosic membranes
C30F and C100F showed more abundant OH groups. The bigger number of OH groups implies a greater
hydrophilicity. The larger observed flux in the C30F is related to a higher number of pores as well (surface
porosity) compared with the C100F membrane.

In the “polarised regime” from 3 bar upwards, flux was independent of pressure for all membranes and
was assumed to be determined by the back diffusion transport. Despite the fact that both the PS100H and
C100F membranes had the same cut-off (100 kg/mol), the hydrophilic C100F showed a superior permeate
flux. The strongest drop of flux with time due to oil fouling was observed for the C100F although it was
hydrophilic. In the case of the PS100H, both FTIR and SEM showed that cake layer formation was not the
cause of fouling. Meanwhile the SEM and FTIR results of fouled C100F provided evidence of adsorptive
and gel formation fouling.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In most industry such as petroleum production, petrochemi-
cal, metal, food and cosmetics usually a wastewater containing an
emulsion of oil in water is produced. The emulsion consists of water
(up to 90%), oil (mineral, animal, vegetable and synthetic) and sur-
factant [1,2]. It was reported that more than 2000 million tons of
wastewater is produced by oil refineries only in the European Union
countries [3]. Because of its toxic nature and the significant effects
of this wastewater on the surrounding environment (soil, water)
it needs to be treated before it is released to the environment.
There are several methods such as dissolved air flotation (DAF)
[4,5], adsorption [6], biological treatment [7,8], sedimentation in
a centrifugal field [9] and in hydrocyclones [10], and membrane fil-
tration [11–13] which can be used for the treatment of different

∗ Corresponding author. Tel.: +358 5 6212258; fax: +358 5 6212199.
E-mail addresses: hesampou@yahoo.com, mhesampo@lut.fi (M. Hesampour).

kinds of oily wastewater. Since the upper limit of permissible oil
in the effluent is steadily reduced by governing bodies, industries
have to improve the treatment plants to meet the new limits. In
some cases, it is really difficult or even impossible to meet the new
limits using conventional methods. This problem will be particu-
larly serious if the industrial facilities are close to urban areas, as
is the case in the Tehran refinery. In this refinery the wastewater
after the treatment plant has been discharged for a long time to
evaporative ponds. A long residence time caused pollutants to pen-
etrate to the aquifer which supplies water for people around the
refinery. Therefore, additional unit operations should be adopted
in a post-treatment to meet the proper requirements.

Membrane-based systems have successfully been applied or
considered as possible candidates for post-treating this kind of liq-
uid wastes in industrial plants. Easy operation, lower cost in some
cases [14] and capability of reducing contaminants to below the
limits are the main advantages of these systems. However, draw-
backs like fouling and polarisation and decline of flux with time has
caused that the process has not been accepted by all industries.

0304-3894/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2008.04.074
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Table 1
Technical data on the membranes used in this study

Membrane name

PS100H C30F C100F

Membrane material Hydrophilised polysulphone Regenerated cellulose Regenerated cellulose
Cut-off (kg/mol) 100 30 100
Pure water flux (L/(m2 h)) 300–600 300–600 200–400
pH range 1–14 1–11 1–11
Maximum temperature (◦C) 95 55 55

Reviewing the publications reveals, however, different aspects
such as the effect of membrane type and operating conditions
on the performance of the treatment [14–18], the effect of mod-
ification of membrane to retard fouling [1,19–21], an integrated
process to increase the quality of the permeate [11,22] process mod-
eling by empirical and theoretical models [23–25] and cleaning
[26] have been extensively studied, but because of the com-
plexity of the membrane process still rather much research is
needed.

The complexity of the system implies a complementary study of
all different issues of filtration to mitigate fouling and concentra-
tion polarisation. Based on our knowledge and literature review we
found that there are only a few reports [27,28] which considered
all effective factors in the filtration simultaneously and in a sys-
tematic way, i.e. by using an experimental design approach. This
lack of information and also our interest to check out the perfor-
mance of available membranes on the market for treatment of tap
water to remove oil and other hazardous components at a range of
conditions were our motivation for this work.

To simulate the polluted water a model solution of oil in water
was used. The oil phase was kerosene which was used as the results
of previous analysis showed that pollutant components can be
modeled by mixing kerosene with water.

The aim of our work was to consider the effect of important
operating conditions like oil concentration, pH and the membrane
type on the filterability of three different commercial UF mem-
branes and determining the optimum conditions for the given sets
of values to get the best flux. The results of this study may be
used as a guideline to operate the UF systems at the best condi-
tions.

The results of filtration and the analyses which were carried
out by using analysis of variance (ANOVA) will be presented and
discussed in this study.

2. Materials and methods

2.1. Membranes

Two regenerated cellulose ultrafiltration membranes with a
cut-off of 100 and 30 kg/mol and one hydrophilised polysulphone
membrane with a cut-off of 100 kg/mol were used in this study
(Microdyn-Nadir GmbH, Germany). All membranes were rectan-
gular flat sheet with a size of 2 cm × 23 cm or 0.0046 m2, installed
in a polycarbonate module (made at LUT, Finland). The technical
data of the membrane is shown in Table 1.

2.2. Preparation of emulsions

Emulsions were prepared from distilled water and kerosene
using Tween 80 as the emulsifier. The volume percents of oil in
water were 3, 5 and 7% (v/v). Tween 80 was added to the mix-
ture of distilled water and kerosene and the whole system was
mixed with a mixer (IKA-WERKE, Germany) for 15 min at about
1000 rpm. To make Tween 80 act as an emulsifier its concentra-
tion was adjusted to 0.002 wt.% which is above its Critical Micelle
Concentration (CMC) which is reported to be about 0.0013 wt.%
[29].

The size of oil emulsion droplets in the feed and permeate was
measured by a laser diffraction particle size analyser, model LS
13320 manufactured by Beckman Coulter Co.

2.3. Experiments

Fig. 1 shows a schematic diagram of the experimental set-up
used in this study. The feed was pumped to the module by using
a centrifuge pump. Flow was regulated using valves V1 and V2
while the pressure on the membrane was adjusted by valve V3.

Fig. 1. Schematic diagram of the experimental equipment.
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Table 2
Summary of factors and levels, obtained results (permeate flux) and S/N ratio in each trial

Trial number Pressure (bar) pH Feed velocity (m/s) Feed oil content (%, v/v) Membrane type Flux 1 (L/(m2 h)) Flux 2 (L/(m2 h)) S/N

1 2.5 11 0.4 3 PS100H 70 69 37
2 2.5 8 1.0 5 C30F 97 96 40
3 2.5 4.5 0.8 7 C100F 69 70 37
4 3 11 0.4 5 C30F 96 95 40
5 3 8 1.0 7 C100F 75 76 38
6 3 4.5 0.8 3 PS100H 74 75 37
7 2 11 1.0 3 C100F 70 69 37
8 2 8 0.8 5 PS100H 57 58 35
9 2 4.5 0.4 7 C30F 76 76 38

10 2.5 11 0.8 7 C30F 79 78 38
11 2.5 8 0.4 3 C100F 74 73 37
12 2.5 4.5 1.0 5 PS100H 65 64 36
13 3 11 1.0 7 PS100H 72 73 37
14 3 8 0.8 3 C30F 108 109 41
15 3 4.5 0.4 5 C100F 78 77 38
16 2 11 0.8 5 C100F 67 68 37
17 2 8 0.4 7 PS100H 46 45 33
18 2 4.5 1.0 3 C30F 92 91 39

The feed stream splits in two streams, one, the concentrate which
contains non-passing components is returned to the feed tank. The
other one, the permeate, contains components passing through the
membrane and it is measured by a balance. The permeate after mea-
surement was returned to the feed tank in order to have a feed with
constant concentration.

Temperature was kept constant, about 30 ◦C, during the experi-
ment by circulating water around the jacketed feed tank.

An experimental design method (Taguchi) was used to design
the experiments. The Taguchi method is a useful method for
systematic study of different effective factors and it has been
applied for many years [28]. The advantages, like prediction of
the results with less numbers of experiments and determina-
tion of the optimum conditions based upon the obtained results,
have made the method very popular in industry as well as in sci-
ence.

In this study five different factors including pH, transmembrane
pressure (TMP), oil content of the feed, membrane type and feed
velocity were chosen as controllable factors and permeate flux
as the response factor. They were adjusted at three levels (low,
medium and high). The choice of the factors and their levels was
based on a literature survey. All factors and their levels were com-
bined to 18 trials. Permeate flux was measured after a certain time
(60 min) in each trial. This time was chosen to reduce the error
caused by the initial rapid drop of flux.

The pH values used were 4.5 (acidic condition), 8 (near to neu-
tral condition) and 11 (alkaline condition). The oil concentrations
were 3, 5 and 7% (v/v) which are close to the oil content in the oily
wastewater (usually between 3 and 5%, v/v). The feed velocities
were adjusted to 0.4, 0.8 and 1 m/s.

A summary of factors and their levels in the proposed exper-
imental plan and the results of the experiments are presented in
Table 2.

Table 3
S/N ratio for levels of each factor and S/N differences between these levels where
permeate flux has been optimised

Factors L1a L2 L3 L2 − L1 L3 − L2

1 Pressure 37.5 38.4 36.4 0.9 −1.9
2 pH 37.5 37.3 37.5 −0.2 0.2
3 Flow velocity 37.1 37.8 37.4 0.7 −0.3
4 Oil concentration 38.1 37.5 36.7 −0.6 −0.8
5 Membrane type 36.0 39.1 37.1 3.1 −1.9

a L1: level 1; L2: level 2; L3: level 3; L2 − L1: difference between levels 1 and 2;
L3 − L2: differences between levels 2 and 3.

3. Results and discussion

3.1. Taguchi results

A parameter which is defined for comparing the trials and the
influence of a factor in the Taguchi method is the ratio of the desired
factor to the noise created during the experiment, S/N.

Since a higher flux is desirable in this experiment “the bigger
the better” criterion was chosen for the S/N ratio. The following
equation shows how this ratio can be calculated for a data set:

S/N = −10 log10

[
1

[(Y1)2 + (Y2)2 + · · · + (YN)2]/N

]
(1)

where Y1 and Y2 are the first and second response factors (Flux 1 and
Flux 2 for each trial in Table 2), and N is the number of observations
(here 2 since each trial was repeated).

The average value of S/N for different trials is presented in
Table 2. It may be seen that the largest value of S/N is for trial No.
14 where the pH is 8, the membrane is the C30F and the pressure
is about 3 bar.

This ratio (S/N) for a factor may be calculated by averaging the
S/N at different levels. For example the S/N for the second factor,
pH at high level, is equal to the average value of S/N for each trial
where pH is at the first level, i.e. trials 1, 4, 7 and 10, 13, 16. The S/N
for the second and third level is calculated similarly.

In Table 3, the S/N for each level of factor and the differences
between levels are presented. A negative sign shows that the effect
is decreasing and vice versa. In optimum conditions a positive and
bigger value of S/N is desired. Therefore, the levels which gives the
biggest positive S/N ratio determines the optimum conditions for
the considered factor. Comparing the S/N for different factors shows
that the most significant variation is observed for membrane type
while for the rest of the factors the variation is not very clear.

The quantitative analysis of the influences and the relative
importance of the controllable factors may be provided via ANOVA.
Table 4 shows the results of this analysis. The last column in this
table shows the percent contribution of each factor which is the
most important value achieved. It is defined as the portion of total
observed variance in the experiment of each significant factor. A
greater value means more contribution to the final results. In com-
parison with other factors, pressure and membrane type appear to
have the biggest contribution to the results.

The second most important parameter in Table 4 is the F-ratio,
which is defined as the ratio of variance due to the effect of a factor
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Table 4
Results of analysis of variance (ANOVA) for each factor

Factors DOFa Sum of squares Variance F-Ratio Pure sum Percent

1 Pressure 2 11.3 5.68 18.4 10.7 21.3
2 pH 2 0.18 0.09 0.29 0.00 0.00
3 Flow velocity 2 1.52 0.76 2.47 0.91 1.79
4 Oil concentration 2 5.42 2.71 8.78 4.81 9.53
5 Membrane type 2 29.8 14.9 48.2 29.1 57.8
6 Error/others 7 2.16 0.31 – – 9.54

7 Total 17 50.4 – – – 100.0

a Degree of freedom.

to the variance due to the inherent error of the system. Therefore,
an F value less than 1 means that the effect of that factor is not
important in comparison with the error term. In Table 4, the F-
ratio for pH is less than 1 and thus the effect may be regarded as
insignificant and can be neglected. This was not the case in the
former study where a high pH was one of the most important factors
[27]. The F-ratio may also be used to rank the factors according to
their significance. Based on these discussions, Table 4 shows that
the important factors in order are membrane type, pressure, oil
concentration and flow velocity.

In Table 4, the row which is marked as error/others refers to the
errors which are caused by uncontrollable factors (noise), which are
not included in the experiment and experimental error. In general,
the value should be below 50%, otherwise the results would not be
reliable. Here, the calculated error is about 10% which is much less
than the limit. It means that almost all effective factors have been
considered and the error of the experiment is not significant.

ANOVA may be used to estimate the process performance at
optimum conditions. In the estimation only the significant factors
are taken into account. The results of estimated performance are
listed in Table 5. The permeate flux at these conditions is given by
this analysis as 108 L/(m2 h). Since the optimum conditions are not
belonging to any of the trials in Table 2, a confirmation experiment
was done to verify the predicted result. If the average results of the
experiment are within the confidence limit then the prediction is
acceptable. The value of the flux at optimum conditions was mea-

Table 5
Estimated performance at optimum conditions

Factors Level description Level Contribution

1 Pressure 3 bar 3 0.96
2 Oil concentration 3% (v/v) 1 0.64
3 Membrane type C30F 2 1.69

sured as 106 L/(m2 h) and it may be seen that it is within the range
of the confidence limit.

3.2. Discussion

The five factors studied in this research may be classified as
structural and non-structural. The type of membrane that features
the hydrophilicity and pore size distribution is classified as a struc-
tural factor. It has a direct influence on the water permeation of the
membrane. Transmembrane pressure, feed oil content, pH and feed
velocity are classified as non-structural factors. The effect of each
individual factor on membrane performance will be discussed in
more detail in the following sections.

3.2.1. Effect of membrane type
The hydrophilicity and the pore size distribution are the two

major features of the structural factor named as membrane type in
this study. The former is influenced by the “chemical structure” of
the membrane material and it is normally related to the number
of hydrophilic groups (like OH groups) in the chemical structure of
the membrane. This is while the latter is related to the “physical
structure” of the membrane. In general a membrane with a greater
pore size and a stronger hydrophilicity shows a higher permeate
flux (water-based solution).

The high number of OH groups (Fig. 2) in regenerated cellulose
membranes apparently makes these membranes very hydrophilic.

Fig. 3 shows the chemical structure of polysulphone. There are
no OH groups in polysulphone. Thus it is expected that the water
permeation (flux) is lower than in a regenerated cellulose mem-
brane with the same pore size while in Table 1 the water flux is
higher. This probably is attributed to the size distribution of mem-
brane pores which apparently is wider for PS100H including very
large pores.

Fig. 2. Chemical structure of regenerated cellulose.
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Fig. 3. Chemical structure of polysulphone.

Comparisons between the water permeate fluxes of the C30F
and the C100F membranes (Table 1, initial water flux reported by
manufacture) show that although these membranes are made from
a similar material, there is a significant difference in their function.
This can be attributed to a higher number of hydrophilic groups in
the C30F structure or to a higher number of pores (pore density) in
the C30F membrane. Its physical structure also differs from that of
the C100F [30].

Fig. 4 shows normalised FTIR results of virgin C30F and C100F
membranes. The characteristic peaks of the OH group are high-
lighted. The wave number of the OH group is about 3300 cm−1 [30].
As can be seen the peak height of the C30F is higher than for the
C100F. The two extra peaks (1743 and 1236 cm−1) in the C30F spec-
trum are related to (–C O) and (C–O) bonds which have probably
come from the solvent and/or from the hydrolisation process [30].

The membrane hydrophilicity also affects the oily water per-
meation. The hydrophilicity of the membrane induces preferably
water adsorption on the surface and hence the surface becomes
less fouled by oil.

It can be seen from Table 3 that when the membrane was made
from polysulphone and not from regenerated cellulose, a change
occurred in the S/N ratio. This can be explained by the fact that cel-
lulose is much more hydrophilic than polysulphone and, therefore,
it is less affected by oil.

The S/N ratio is not better with the C30F membrane than with
the C100F membrane. This may be because of the pore size distribu-
tion. It was reported by the membrane manufacturer that the C100F
has a greater molar mass cut-off, while in this study it showed a
weaker flux.

3.2.2. Effect of TMP
Fig. 5a shows the variation of permeate flux versus TMP. In

general, permeate flux increases with increasing TMP but it does

Fig. 4. Comparison between number of OH groups (3300 cm−1) in virgin C30F and
C100F membranes.

not change monotonously and often becomes independent of
pressure.

A further increase in pressure will again temporarily increase
the convective transport to the membrane surface while the back
diffusion is fixed. Thus the pressure just affects the polarised layer
thickness and makes it more thick or compact, i.e. an increase in
the resistance of the polarised layer compensates for the effect
of increase in pressure. Therefore, in the “polarised regime”, flux
is independent of pressure and is solely determined by the back-
diffusive transport. It is indicated in Fig. 5a that the permeate flux
becomes almost constant at 3 bar for each membrane.

3.2.3. Effect of feed oil content
Fig. 5b shows the variation of permeate flux versus oil content.

It can be seen that the permeate flux always decreases with oil
content.

With increasing the oil contents on the feed side the thickness of
the polarised layer on the membrane surface increases more read-
ily. The flux decline rate depends on the membrane. The rate is
higher for the C30F membrane. This membrane is very hydrophilic
but because of the higher number of pores and consequently higher
flux, the pore blockage possibility may be greater.

Comparison of PS100H and C100F membrane performance
reveals the effect of hydrophilicity on the permeate flux. Accord-
ing to the manufacturer, these membranes have the same cut-off
(100 kg/mol), however, the hydrophilic membrane shows a higher
flux in the filtration of oil in water emulsions.

3.2.4. Effect of feed velocity
Fig. 5c shows the variation of permeate flux versus feed flow

velocity. As can be seen, an increase in flow velocity does not
increase the flux as much as the oil concentration or pressure.
The Reynolds number is almost the same in the velocity range of
this study. The maximum value for the Reynolds number is about
3000 at 1 m/s feed velocity (maximum velocity in these trials). This
means that increasing the flow velocity is not sufficient to change
the flow regime from laminar to turbulent. The small improvement
in flux can be attributed to mitigation of concentration polarisa-
tion by increasing the back diffusion transport. Furthermore, the
hydraulic diameter of the flow channel is very small (about 2 mm),
which causes a strong shear tension in the channel that prevents
fouling to increase.

3.2.5. Effect of pH
The variation of permeate flux versus pH is shown in Fig. 5d. No

significant changes can be detected which is in accordance with the
conclusion based on ANOVA. This is reasonable because the active
layers of these membranes are made up of materials that can exist
in different ionisation states depending on pH. It seems that pH
affects the membrane surface charge and, consequently, the solute
adsorption mechanisms.

There are several mechanisms of surfactant adsorption onto
solid substrates from aqueous solution. Adsorption of emulsifier
or other charged particles and droplets on the membrane surface
can increase the rate of polarised layer formation and decreases the
water permeate flux.

In this study, distilled water is supplied from an RO set-up and
is almost deionised. On the other hand, the emulsifier is a nonionic
surfactant [29]. Then there should not be any charged particle or
droplet in the aqueous solution. So, the membrane surface charge
variation in the result of pH variation cannot change the permeate
flux [14].

The other possibility is that the oil droplet surface is affected
by pH. The emulsifier (Tween 80) is a nonionic surfactant which
adsorbs on the droplet surface by Van der Waals interaction [31].
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Fig. 5. Variation of permeate flux versus pressure, oil concentration, flow velocity, and pH for the used membranes. In each figure the rest of the operating conditions were
fixed at optimum conditions—(a) pH 4.5, flow velocity: 1 m/s, oil concentration: 3% (v/v); (b) pH 4.5, flow velocity: 1 m/s, TMP: 3 bar; (c) pH 4.5, TMP: 3 bar, oil concentration:
3% (v/v); (d) flow velocity: 1 m/s, TMP: 3 bar, oil concentration: 3% (v/v).

This interaction can be changed by pH to affect the stability of the
emulsion. In an unstable emulsion, the oil droplets can attach to
each other and make bigger droplets. It was observed that the pH
had no influence on the emulsion stability.

3.3. Fouling

The variation of permeate flux versus time, which indicates foul-
ing, is shown in Fig. 6. The permeate fluxes in Fig. 6 are measured at
the optimum conditions shown in Table 5. In general, flux declines
with time but the rate of this decline is not the same for all of
the membranes. The biggest drop was observed for the C30F. Even
though the membrane was hydrophilic it was fouled by oil. This
phenomenon may be related to critical flux. C30F has a critical flux
achieved at about 0.8 bar [30] but the permeate fluxes in Fig. 6 are
measured at optimum conditions (3 bar) that are above the critical
pressure and then an increase in pressure in this region results in
increasing fouling. In particular conditions, fouling may lead to gel
layer formation (Fig. 7 for C100F membrane) but this is not what
was observed for the PS100H membrane (Fig. 8).

C100F and PS100H follow the same manner in fouling (Fig. 6),
but the type of fouling is different. Fig. 7 shows that the fouling of
the C100F membrane was similar with cake layer formation (pores
which can be seen in Fig. 7a are covered with a layer and cannot be
seen in Fig. 7b). The new peak in the FTIR spectrum of the C100F
membrane (Fig. 9) may also be considered as an evidence for foul-
ing. The composition of this layer based on an FTIR library database
is “aromatic group”.

Since FTIR is a surface sensitive method, therefore, if something
is adsorbed on the surface it could be detected using this method.
The lack of new peaks means that fouling in PS100H was probably
due to pore blockage (Fig. 10).

The review of the total, fouling and concentration polarisation
resistances of the C30F, C100F and PS100H membranes which are
listed in Table 6 indicates that although the cellulose membranes
have higher polarisation and fouling resistance than the polysul-

Fig. 6. Variation of permeate flux versus time (in 1 h) for the used membranes.
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Fig. 7. SEM photos that show the virgin and the fouled surface of the C100F membrane: (a) virgin surface and (b) fouled surface (magnification of 700×).

Fig. 8. SEM photos that show the virgin and the fouled surface of the PS100H membrane: (a) virgin surface and (b) fouled surface (magnification of 700×).

phone membrane, the total resistances of these membranes are
smaller. The higher flux which can be observed for the cellulose
membranes may also be explained by the resistance model.

The membrane resistance in Table 6 was measured at the start of
the optimum trial shown in Table 5. The total resistance was mea-
sured at the end of this trial. After this, membrane cleaning was
performed and then the total fouling and membrane resistances
were measured and then the fouling resistance was calculated.

Fig. 9. FTIR result comparing the virgin and used C100F membrane and indicating
the fouling.

After calculation of the total, the membrane and the fouling resis-
tances, the concentration polarisation resistance was calculated.

4. Retention

The amounts of oil in the permeate and feed samples were anal-
ysed by a total organic carbon, TOC meter. The value of TOC in the
permeate of all the tested membranes was below 50 ppm which

Fig. 10. FTIR result comparing the virgin and used PS100H membrane and indicating
the fouling.
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Table 6
Membrane, fouling, concentration polarisation and total resistances for the studied
membranes

Membrane type

PS100H C100F C30F

Membrane resistance
(m−1)

15.02 × 1012 11.84 × 1012 7.48 × 1012

Fouling resistance (m−1) 1.38 × 1012 1.83 × 1012 2.43 × 1012

Concentration polarisation
resistance (m−1)

9.8 × 1012 10.74 × 1012 11.34 × 1012

Total resistance (m−1) 26.2 × 1012 24.41 × 1012 21.25 × 1012

Fig. 11. Size distribution of emulsion droplets for feed (a) and permeate (b).

compared with an initial value of 3500 ppm in the feed solution
shows above 98% retention.

The size of emulsion droplets in feed and permeate which were
measured by a laser diffraction particle size analyser is presented in
Fig. 11. The decrease of the mean emulsion size droplet from 4 �m
in the feed (Fig. 11a) to less than 0.1 �m in the permeate (Fig. 11b)
can also be considered as an evidence for high retention of oil by
the membranes.

5. Conclusions

The effect of membrane type, pressure, feed oil content, pH and
feed velocity on ultrafiltration of oil in water emulsions was studied.
The experimental study was designed and analysed by the Taguchi
statistical method. The results from the experiments were further
examined based on the chemical and physical structures of the
membrane as revealed by FTIR and SEM.

The calculated error/others of about 10% in Table 4 verified that
almost all effective factors had been considered and the error of the
experiment was not significant. The Taguchi analysis showed that
the most important factor affecting filtration was the membrane
type itself.

Also, based on the quantitative analysis, ANOVA, pressure and
membrane type appeared to contribute the most to the results. An
F-ratio less than 1 showed that the pH effect could be regarded as
insignificant and the important factors in order were membrane
type, pressure, oil concentration and flow velocity.

ANOVA was used to estimate the greatest flux at the optimum
conditions of 3 bar, an oil content of 3% (v/v) and the membrane
type, being C30F. The calculated flux, 108 L/(m2 h), was within the
range of the confidence limit of the measured value, 106 L/(m2 h).

The highest flux of the cellulosic C30F membrane compared
with the C100F membrane was attributed to a higher number of

hydrophilic groups in the C30F structure and/or a higher number
of pores in the C30F membrane. The normalised FTIR results of the
virgin C30F and the C100F membranes illustrated that the charac-
teristic peaks of the OH group in the C30F was stronger than that
in the C100F membrane.

In the “polarised regime” from 3 bar upwards, flux was inde-
pendent of pressure for all membranes and was assumed to be
determined by the back-diffusive transport. Despite the fact that
both the PS100H and the C100F membranes had the same cut-off
(100 kg/mol), the hydrophilic C100F showed a superior permeate
flux. The strongest drop of flux with time due to oil fouling was
observed for the C100F membrane although it was hydrophilic.
In the case of the PS100H, both FTIR and SEM showed that the
cake layer formation was not the cause of the fouling like with the
C100F membrane but probably due to pore blocking because of its
hydrophobic nature.
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[30] P. Väisänen, Characterization of clean and fouled polymeric membrane mate-
rials, Dissertation, Lappeenranta University of Technology, Lappeenranta,
Finland, 2004.

[31] A.V.R. Reddy, J.J. Trivedi, C.V. Devmurari, D.J. Mohan, P. Singh, A.P. Rao, S.V. Joshi,
P.K. Ghosh, Fouling resistant membranes in desalination and water recovery,
Desalination 183 (2005) 301–306.





V

Reprinted with permission from Elsevier, Journal of Membrane

Science, Vol. 310, 2008, pp. 85-92, Hesampour, M., Huuhilo,

T., Mäkinen, K., Mänttäri, M., Nyström, M., Grafting of

temperature sensitive PNIPAAm on hydrophilised polysulfone

UF membranes





Available online at www.sciencedirect.com

Journal of Membrane Science 310 (2008) 85–92

Grafting of temperature sensitive PNIPAAm on hydrophilised
polysulfone UF membranes

Mehrdad Hesampour a,∗, Tiina Huuhilo a, Katri Mäkinen b,1,
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Abstract

Poly(N-isopropyl acrylamide) (PNIPAAm) was grafted on a polysulfone UF membrane. The changes of permeability as well as retention of PEG
(35 kg/mol) and Dextran (500 kg/mol) between 23 and 60 ◦C were determined for both grafted and unmodified membranes. The results showed
that the viscosity corrected water permeability and solute retention were almost constant for the unmodified membranes within the measured
temperature range, the permeability of the grafted membranes increased and the retention of Dextran and PEG decreased with temperature. The
variation of changes was most obvious in the temperature range 27–37 ◦C for the modified membranes due to the lower critical solution temperature
(LCST) of PNIPAAm. The location and profile of PNIPAAm inside and on the surface of the membrane were analysed by SEM and FTIR. Depth
profile calculation for FTIR spectra showed that PNIPAAm was mostly placed inside the membrane (at a depth of 1.06–1.10 �m from the surface)
rather than on the surface. The amount of grafted PNIPAAm was low and did not significantly affect the morphology of the membrane. Therefore,
a difference in SEM pictures of modified and unmodified membranes could not be seen. The modified membrane exhibited a clearly different
thermal response compared to the unmodified one.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Hydrophilic; UF; PNIPAAm; Permeability; Thermo-sensitive

1. Introduction

Smart polymers are a kind of polymers which show a remark-
able change in their properties as a response to slight changes in
the surrounding environment such as pH, temperature and ionic
strength. Due to this unique property they have a great poten-
tial to be used in applications like sensors and drug controlled
release.

Poly(N-isopropyl acrylamide) (PNIPAAm) is one of these
polymers that responds to changes in temperature. It swells and
shrinks remarkably when the temperature changes around its
lower critical solution temperature (LCST). The shrinking of

∗ Corresponding author. Tel.: +358 5 621 2258; fax: +358 5 621 2291.
E-mail address: mehrdad.hesampour@lut.fi (M. Hesampour).

1 Current address: Albany International Ab, Box 510, S-30180 Halmstad,
Sweden.

PNIPAAm is a result of destruction of hydrogen bonds between
water molecules and the NH or C O of PNIPAAm [1], while
the swelling at low temperature is due to hydration and water
adsorption [2–5]. Using this property in membrane fabrication a
membrane with a variable pore size around its LCST can be
manufactured. However, the mechanical strength of the pro-
duced membrane is very low and thus cannot withstand pressures
which are normally used in membrane filtration. It has been
proven that with grafting PNIPAAm on the surface of the exist-
ing membrane, after an improvement of its mechanical strength,
its unique property of variable pore size can be achieved. Dif-
ferent techniques like plasma induced graft polymerisation [6],
plasma polymerisation [4], UV photopolymerisation [7] and
corona discharge [3] have been reported to graft PNIPAAm on
the membrane surface.

Mäkinen et al. [3] grafted PNIPAAm on polypropylene (PP)
MF and polyether UF membranes. The membrane surfaces were
activated by corona discharge treatment. They observed that

0376-7388/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2007.10.038
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although the activation and modification method was similar
the grafting yield was different for membranes with different
pore size. The MF membrane was mostly covered by PNIPAAm
while the amount of grafting on the UF membrane was scarce.

Liang et al. [7] studied hydrophilic polypropylene microfil-
tration membrane. The modification was done by ultraviolet
photopolymerisation of NIPAAm on the surface of the mem-
brane. The authors observed that Dextran retention remarkably
increased when temperature was reduced to below the lower crit-
ical solution temperature. They explained that the membrane
pores became narrow when temperature decreased. By using
SEM, they showed that most of the PNIPAAm was deposited on
the surface instead of inside the membrane.

Huang et al. [8,9] grafted PNIPAAm on the surface of
polyethylene (PE) microfiltration membrane by using plasma
(argon). The membrane was in tubular form with a pore radius of
0.25 �m. The results showed that with a monomer concentration
of 10 wt%, the grafted amount was about 1.5 mg/cm2.

Kim et al. [10] used a similar method to modify polypropy-
lene microfiltration membranes. In comparison with the former
study, besides the membrane material, the pore sizes of the mem-
brane were bigger (5, 10 and 30 �m instead of 0.25 �m). The
authors concluded that the grafting yield increased with the con-
centration of NIPA monomer and reaction time and depended on
pore size. For example the membrane with a pore size of 10 �m
exhibited a higher graft yield than the membrane with a pore size
of 5 �m while a membrane with a 30 �m pore had a yield lower
than the 10 �m membrane. The similarity with the membranes
which were modified by Mäkinen et al. [3] was that the surface
of their membrane was covered uniformly by the grafted chains.

Iwata et al. [6] reported the performance of modified PVDF
membrane using induced plasma polymerisation technique. The
pore size of the membrane was 0.22 �m. In contrast with refer-
ences [8,9] the polymerisation using UV radiation (400 W) was
allowed to proceed in an aqueous NIPAAm solution contain-
ing riboflavin at low temperature (10 ◦C for 15 min). The reason
that they used a very low temperature was that at a tempera-
ture above the LCST the NIPAAm chains precipitated onto the
membrane and the active radical ends were surrounded by the
precipitated polymer, and therefore, graft polymerisation could
not be expected. They found that in graft polymerisation the
plasma pretreatment and the photon-initiation were important
and without them the graft polymerisation was not effectively
achieved.

Xie et al. [11] used a similar method to Iwata et al. [6]. But
they used a higher temperature (30 ◦C) to graft PNIPAAm on
the surface of PVDF or Nylon membrane.

Choi et al. [4] modified polypropylene microfiltration mem-
brane of a pore size of 0.25 �m by using the plasma graft filling
polymerisation technique. The profile of the grafting agent
inside of the membrane was determined by FTIR at different
incidence angles.

Xie et al. [12] used a similar technique to Choi et al. [4] to
graft PNIPAAm on a track-etched (PCTE) membrane. In con-
trast to the UV irradiation [7] and corona treatments [3] the
grafted polymer was formed inside the pores throughout the
entire membrane and it was not observed as a dense layer on the

surface. The filling of the pore by the grafted polymer caused that
the water flux of the grafted membrane was always lower than
that of the non-grafted membrane. They observed that the flux
became zero when the pore filling percentage was above 44%.

The review of these studies reveals several things:

(a) A great concern has been given to plasma graft polymeri-
sation due to advantages like small sized instruments and
commercial availability.

(b) In general modification is carried out in two steps, first a
free radical or an active site forms on the surface by using
one of the surface treatment methods above. Next, the graft
polymerisation will be done by immersing the membrane in
an aqueous solution of NIPAAm. The exposure time of the
samples, the power of irradiation as well as the reaction time
and temperature of the reaction vessel are the most effective
factors during the modification process.

(c) It has been found that the location of PNIPAAm on the
membrane depends on the membrane pore size, the shape
of the pore and the technique which is used for grafting.
For example Xie et al. [12] reported that when using plasma
induced graft polymerisation PNIPAAm mostly deposited
inside the pores as brush polymers and the permeability was
controlled by it. Liang et al. [7] observed that with the same
technique PNIPAAm deposited only on the mouth of the
pores.

(d) Most of the researches are concentrated on modification
of membranes with bigger pore sizes such as MF mem-
branes and the membranes with smaller pore size like UF
membranes have not been considered very much. The wide
range of application of UF membranes in different industries
implies that more attention should be given to UF.

There are a few reports about grafting PNIPAAm on the
surface of UF membranes [3,5]. In these studies the mem-
brane was hydrophobic. The lack of information about grafting
of PNIPAAm on a hydrophilic ultrafiltration membrane was
our motivation in this study. The permeation behaviour of
PEG and Dextran of different molar mass and particle size
through a hydrophilic polysulfone ultrafiltration membrane will
be described and the temperature dependency of permeability
of solutes will be discussed.

2. Materials and methods

2.1. Materials

Polysulfone UF membranes (PS 100 H) were supplied by
Microdyn-Nadir GmbH. The membranes had the following
characteristics according to the supplier: polysulfone (PSu) top
layer, polypropylene support layer and a cut-off of 100 kg/mol.

PEG with a molar mass of 35 kg/mol (code number: 17-0320-
01) and polydisperse Dextran with a molar mass of 500 kg/mol
(code number: 81310) were purchased from Fluka and Phar-
macia Biotech, respectively. They were used without further
purification. The concentrations in the used solutions were 200
and 2000 ppm.
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2.2. Methods

2.2.1. Surface treatment before modification
At first, the membranes were washed in isopropyl alcohol

for 6 h to remove all preservative material from the surface. The
membranes dried at room temperature were then treated with
corona discharge (3 kV voltage) before immersing in a poly-
merisation flask for 20 s. The corona discharge treatment was
performed in air. The treatment modifies the surface by induc-
ing radicals and ionic interaction between the polymer and the
molecules in air [13,14]. The intensity of the treatment depends
on the distance between the electrodes and the membrane, and
on the exposure time, which depends on the conveyor belt speed
[14].

2.2.2. Polymerisation of modification layer
A water solution of sodium dodecyl sulphate (SDS) in a glass

container was purged by nitrogen gas for 15 min to remove
dissolved air from the solution. After heating the solution
to 50 ◦C, the prepared aqueous solution of NIPAAm, which
was prepared by dissolving NIPAAm in ethanol and N,N-
methylenebisacrylamide (MBAm), was added to it. The solution
was heated to 65 ◦C. The corona discharge treated membranes
were immersed into the solution and at the same time potassium
persulphate (KPS) was added to the solution. The polymeri-
sation was left to proceed over night. After polymerisation, the
membranes were washed with ultra pure water and dried at room
temperature. The grafting yield of the membrane was determined
by gravimetry [3]. The details of the sample which was pre-
pared by VTT (Technical Research Centre in Finland) is listed
in Table 1.

2.2.3. Ultrafiltration equipment
The filtration tests were carried out in a membrane filtration

set-up which enabled filtration using three cells at the same time
in parallel. The total membrane area was 3 cm × 46 cm. The feed
flow rate and transmembrane pressure were adjusted to 14 L/min
(membrane surface velocity 3.3 m/s) and 1.45 bar, respectively.
The filtration was done in total batch mode (permeate as well
as retentate were recycled to the feed tank). At every measured
temperature sufficient time was given to get a uniform temper-
ature in the whole system. The measured flux was corrected to
20 ◦C in order to eliminate the effect of viscosity variations. The
following equation shows how the flux was corrected to a certain

Table 1
Modified membrane sample characterisation

Component Molar mass (g/mol) Sample

SDS (surfactant) 288.40 0.095 g
NIPA (monomer) 113.15 3 g
MBAa (cross-linker) 154.16 0.239 g
KPSb (initiator) 270.30 0.12 g
Water (solvent) 18 500 mL
Ethanol (solvent) 33 20 mL

a Methylenebisacrylamide.
b Potassium persulphate.

temperature taking into account the change in viscosity.

J20 ◦C = JT
μT

μ20 ◦C
(1)

The details of the equipment are described elsewhere [15].

2.2.4. Analysis for location of PNIPAAm
2.2.4.1. FTIR. IR spectra were taken using an FTIR Perkin-
Elmer, FTIR 2000. It was provided with a He Ne laser as a
radiation source (unpolarised IR radiation), triglycine sulphate
(TGS) as a detector and KBr as a beam splitter. The resolution of
the FTIR was adjusted to 2.0 cm−1, the optical path difference
(OPD) velocity to 0.2 cm s−1, and the data collecting interval to
1.0. A KRS-5 crystal (thallium bromide iodide) was used as an
internal reflection element (45◦, 17 reflection). Every spectrum
was made of 100 co-added scans. The front and the backsides
of two pieces of each sample were analysed by FTIR.

2.2.4.2. Depth profiling. Measuring the profile of PNIPAAm
inside the membrane (top layer) was done by penetration depth
profiling with the FTIR equipment using different angles of inci-
dence. Similar experiments have been reported by Pihlajamäki
et al. [16]. In their work the penetration depth dp of IR radi-
ation into the sample was estimated according to the Harrick
expression as:

dp = λ/n1

2π[sin2 θ − (n2/n1)2]
1/2 (2)

where � is the wavelength of the IR radiation, θ is the angle of
incidence (effective), n1 and n2, the refractive indices of the crys-
tal and the sample, respectively. The effective angle of incidence
θ is given by

θ = θIRA − sin−1
[

sin(θIRA − θIRE)

n1

]
(3)

where θIRA is the angle of the accessory (variable) and θIRE is
the angle of the crystal face (fixed at 45◦).

Because of the lack of information on the refractive index of
our samples (θc), the following equation was applied to calculate
it:

θc = sin−1
(

n2

n1

)
(4)

where θc is the critical angle of incidence and means that all
incoming IR radiation enters the sample and there is no reflection
for the surface. This angle can be obtained by extrapolating the
line of energy versus the incidence angle to zero energy. With
a known value of θc and the crystal refractive index (n1), the
refractive index of the sample (n2) can be calculated.

2.2.4.3. Other methods. Surfaces and cross-sections of sam-
ples were scanned using a scanning electron microscope (SEM),
JEOL (JSM-5800). The samples were coated with a very thin
layer of gold in vacuum.

The hydrophilicity of reference and modified membranes
was measured using the contact angle (CAM 100, KSV instru-
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Fig. 1. SEM pictures of cross-sections of unmodified (reference) and modified (grafted) membranes, (a and b) are references with magnifications of 1000 and 10,000;
(c and d) are modified membranes with magnifications of 1000 and 10,000, respectively.

ment) drop method. The contact angle as a function of time was
measured.

3. Results and discussion

3.1. SEM and FTIR

3.1.1. SEM
SEM can be used to observe the structure and morphology of

modified and unmodified membranes. The SEM pictures (a and
b) in Fig. 1 show the morphology of cross-sections of unmod-
ified membrane (reference) with magnifications of 1000 and
10,000, respectively. The support and top layer structures can
be observed in the cross-sections. Pictures (c and d) show the
cross-sections of a grafted membrane at the same magnification.
As can be seen there are no significant differences between the
morphologies of these membranes (modified and unmodified).

The lack of changes in morphology can be attributed to a low
amount of grafting. When there is a very low amount of grafting
agent on the surface the changes in morphology would not be
detectable by SEM. It can be seen that an exposure for a short
time to corona has no clear influence on the membrane structure.

3.1.2. FTIR
FTIR spectra of reference and grafted membranes are shown

in Fig. 2. The characteristic peaks of PNIPAAm are detected
at wave numbers 3295 and 1536 cm−1, which correspond to
the characteristic peaks of amide I, amide II, and the methyl
groups in CH(CH3)2, respectively [10,17,18]. If there is some
monomer of NIPA on the surface some peaks at 1631 cm−1

(C C) and 1413 cm−1 (CH2 ) and C H vinyl bending vibra-
tions should be observed [10].

The spectra of the backsides of the samples are demonstrated
in Fig. 3. As can be seen no characteristic peaks of PNIPAAm are

Fig. 2. Comparison of reference and grafted membrane, surface side (polysul-
fone), incidence angle 45◦.

Fig. 3. Comparison of reference and grafted membrane, backside (polypropy-
lene), incidence angle 45◦.
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Fig. 4. Profile of PNIPAAm inside membrane, incidence angle 30◦, 45◦ and
60◦, peak ratio of amide at 1536 to polysulfone peak at 1452 cm−1.

detected on the backside. The differences in the surface and the
backside spectra are due to different materials which are used
in manufacturing. The surface is made mainly of polysulfone
while the backside of the membrane is made of polypropylene.

The lack of characteristic peaks of PNIPAAm on the backside
of the membranes suggests that the modification agent cannot
pass through the entire membrane pores and/or PNIPAAm is
only located on the surfaces which are affected by the corona
discharge.

However, observing the characteristic peaks of PNIPAAm
at a small distance (1.10 �m, calculated from Eq. (2) and at an
incidence angle of 30◦), from the membrane surface could act as
an evidence that the membrane is not completely impermeable
to PNIPAAm.

3.1.3. FTIR depth profiling
Fig. 4 shows the profile of PNIPAAm versus depth (looking

from the surface). The penetration depth of the IR radiation was
calculated according to Eq. (2).

As can be seen from Fig. 4, the ratio of PNIPAAm/
polysulfone (amide 1536 and polysulfone 1452 cm−1) at an inci-
dence angle of 30◦, which means scanning at a deeper depth
(1.10 �m), gives a higher value than at other angles. It means
that most of the PNIPAAm is deposited a few micrometers below
the surface. A possible reason could be that the main part of PNI-
PAAm has been removed from the surface during washing. A
long polymerisation time increases the possibility that a hydro-
gel forms on the surface. The interaction between the hydrogel
and the surface is not very strong and it can be removed easily
by washing of the surface. PNIPAAm which is attached to the
wall inside the pores is not affected by washing. Even though
the amount of PNIPAAm chains inside the pores is very low
they have a clear influence on the water permeation through the
pores.

3.2. Filtration

More information about the PNIPAAm influence on the mem-
brane characteristics can be achieved by filtration. The water flux
and the retention of Dextran and PEG were measured at different
temperatures for both modified and unmodified membranes.

The results of pure water filtration for reference (unmodi-
fied) and grafted (modified) membranes are presented in Fig. 5.

Fig. 5. Viscosity corrected water permeability of unmodified and modified mem-
branes versus temperature.

As can be seen, the variation of permeability of the reference
membranes is very low, less than 5%, within the experimental
temperature range. However, the permeability of the modified
membrane looks different. The viscosity corrected permeability
of the modified membrane increased about 25% when tempera-
ture was raised from 25 to 45 ◦C. The increase happened around
the LCST (33 ◦C) and was not a sharp rise but more like a range
where the polymer shrank and the permeability increased. Poly-
meric NIPAAm is probably bound by covalent linkages to the
membrane and it consists of various molar masses of polymers.
Therefore, the change in its structure occurred around the LCST
and not tightly at that temperature. A sharper change at the
LCST can be assumed with monomeric NIPAAm. The changes
in permeability are reversible, i.e. with decreasing temperature
the water permeability decreases almost in the same ways as it
increases in the heating step (Fig. 5).

The differences between the reference and the modified
membranes became clearer when Dextran or PEG was filtered
through the membranes. These substances are normally used to
measure the cut-off of the membranes.

PEG with a molar mass of 35 kg/mol and with a concen-
tration of 200 and 2000 ppm and Dextran with a molar mass of
500 kg/mol and with a concentration of 200 ppm were used. The
results of Dextran and PEG retention and permeability versus
temperature are shown in Figs. 6 and 7.

As can be seen the retention of Dextran for the reference
membrane is almost the same at different temperatures while it
decreases at high temperature for the modified membrane. This
can be attributed to the pore size variation of the membrane
with temperature. The shrinking of PNIPAAm above its LCST
(33 ◦C) causes the pores to become larger while the consequent
swelling at temperatures below the LCST results in smaller pores
[4,19].

According to Fig. 6 for modified membranes the retention of
Dextran at both temperatures, below and above the LCST, is less
than 100% (∼90%) and Dextran passes through the membrane
even though the molar mass of Dextran is five times higher than
the reported original membrane cut-off. At temperatures above
the LCST the permeation could depend on increasing pore size
[19] while at lower temperatures it has to be attributed to the
poly disperse nature of Dextran, which causes that some small
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Fig. 6. Permeability and retention of Dextran T 500 by modified (a) and refer-
ence (b) membranes.

sized Dextran passes through the pores. The decline in reten-
tion of Dextran at high temperature is more prominent for the
modified membrane, which can mean that the modification has
a significant effect on the interaction between membrane and
Dextran. The reversibility of the temperature effect on retention
is clearly seen in Figs. 6 and 7.

Fig. 7 shows results from the filtration of PEG with a molar
mass of 35 kg/mol. The changes in retention and flux with tem-
perature are similar to the results with Dextran solution, i.e. flux
increases and retention decreases with temperature.

Fig. 7. Permeability and retention of PEG 35000 by modified (a) and reference
(b) membranes.

Fig. 8. History of corrected permeability of reference and modified membrane
with different solutes under the experimental temperature cycles. The X-axis is
lifetime.

Contradictory to Dextran, the PEG having a smaller molar
mass than the membrane cut-off, is retained both by the modified
and the unmodified membrane. The value of retention for the
modified membrane is smaller than for the reference membrane
at low temperature even though the permeability is lower for
the modified membrane. It seems that the modification has an
impact on the interaction between the solute and the surface of
the membrane. The influence of modification was getting less
important when increasing the temperature. As can be seen the
retention value of PEG decreases with temperature as expected
for NIPA modified membranes.

Comparing the pure water permeability with the perme-
abilities of solute containing solutions (Dextran and/or PEG,
Figs. 5–7) it can be seen that even though the concentration
of solute is low still a significant decline in permeability is
observed for both reference and modified membranes. This
decline can normally be attributed to concentration polarisation
and an increased resistance towards permeation flow.

The “life-time” history of the reference and the modified
membranes is presented in Fig. 8. As can be seen, the perme-
ability of the reference membrane is almost the same at different
temperatures and solutes, while it changes for the modified mem-
brane. A significant decline was observed after the filtration of
PEG (2000 ppm) and a significant increase after cleaning with
Ultrasil 110. The decline in permeability of the reference mem-
brane after PEG filtration was attributed to pore blocking by
PEG molecules. These blocked pores were opened after clean-
ing with alkaline cleaning. The higher flux after cleaning reveals
that the pores became wider than in the initial state.

3.3. Hydrophilicity change due to modification

As already mentioned, besides the pore size variation, the
hydrophilicity of the modified membrane is also supposed
to change by modification and temperature. It was expected
because at temperatures below the LCST water absorbs into the
PNIPAAm structure. This absorption causes the membrane to
become more hydrophilic, while above the LCST the membrane
loses its hydrophilicity because of dehydration. The changes in
hydrophilicity can be used in the fractionation of hydrophobic
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Fig. 9. Contact angle variation with time for reference and modified membranes
at 25 ◦C.

solutes from hydrophilic ones. The idea is of most interest in
bio separations [18,19]. The authors studied the application of
thermo-sensitive membranes in the separation of hydrophilic
and hydrophobic components. It was observed that above the
LCST, only hydrophilic solutes permeated through the mem-
branes and hydrophobic solutes adsorbed on the surface and
when temperature changed to below the LCST these adsorbed
solutes were released into the permeate stream.

Here the variation of hydrophilicity at low temperature
between modified and unmodified membranes was measured
by the contact angle method. Fig. 9 shows the results of the
contact angle of a reference and a modified membrane. The
measurement was carried out at a temperature of 25 ◦C. As can
be seen the contact angle value of the reference membrane is
almost constant with time while it decreases for the modified
membranes which means that the drops are absorbed into the
membrane. The result is expected because PNIPAAm has a high
affinity for water absorption at temperatures below the LCST. At
temperatures above the LCST the contact angle should become
higher.

Fig. 9 shows that the original membrane becomes more
hydrophilic after grafting PNIPAAm on its surface. The higher
hydrophilicity might be the reason for the significant differ-
ence in the water permeability of the reference compared to
the modified membrane (Fig. 5).

4. Conclusion

Grafting PNIPAAm on membrane shows reversible changes
in permeability with temperature. Depth profiling calculation
showed that PNIPAAm mostly deposited under (about 1 �m
from the surface) rather than on the surface of the membranes.
Hydrogel and polymer chains on the surface might be removed
by water during the washing step.

SEM cross-sections showed that the inside of the membranes
(support layer) was very similar for both modified and unmodi-
fied membranes which means that PNIPAAm could not penetrate
through it and the amount of PNIPAAm was too low to affect
the morphology of the membrane.

Although, the amount of grafting agent was very low, the
influence of that on water permeability and retention of solute
was very clear. The viscosity corrected permeabilities and reten-

tions of PEG and Dextran were influenced by temperature for
the modified membranes but not significantly for the unmodi-
fied ones. The changes were remarkable around the LCST. A
higher permeability and a lower retention could be seen at tem-
peratures above the LCST where the modified membranes have
bigger pores due to shrinking of the grafted PNIPAAm.

Grafting of PNIPAAm on polysulfone increases the
hydrophilicity of the membrane below the LCST. This was con-
firmed by contact angle measurements.

The pretreatment of the surface with corona was an essen-
tial step. The lack of a PNIPAAm peak on the backside of the
membrane which was not treated with corona, reveals this fact.

Acknowledgements
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