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Main contaminants in water: 
 
 

The main contaminants in water are phosphates and nitrates because they are 
very common and frequently can be found on our environment. 

 
1. Phosphates: 

 
Phosphates (PO4

3-) contain phosphorus, a non-metallic element necessary for 
life. Inorganic phosphates can be found in rock and soil by the plants because 
they take that inorganic element as a nutrient and converse it into organic 
phosphate. Then animals can obtain phosphates in plants and water as it is 
essential for their vital purposes. 
 
Plants need approximately 0.02ppm (parts per million) of phosphorus 
concentration on water in order to grow, which is found mainly on natural 
waters. But the contribution of human activity, about 1.59 kilograms of 
phosphate yearly (1), and soil detachment cause buy rainfalls increases much 
that concentration. 
 
That increase of phosphorus in water increases phosphate consumer 
organisms, plants in general, such as algae. Those organisms use oxygen from 
the water solution, so the increasing amount of them led to a loose of high 
amount of oxygen as well as a wall to the entrance of sunlight into the water. 
That phenomenon is called eutrophication. 
 
This natural phenomenon occurs mostly on bays and lakes. Is the result of the 
increase of nutrient for plants, creating their faster growth than common. As 
there is high plant growth, the death of them increases as well quickly. That fast 
death, faster than the decomposition process, with entering sediments, together 
makes a bigger lake or bay bed and, then, a shallower lake. However, it 
happens naturally in many years. 
 
Cultural eutrophication, which is made by human activity, is a faster 
phenomenon. It causes luck of oxygen in the water because of plants quickly 
growth, much faster than natural growth, and, obviously, the luck of oxygen 
carries the death of vital activity, for example, the death most of the fishes. 
 
These are the concentrations rates to measure eutrophication process:  
 

 0.01-0.03mg/L - the level in uncontaminated lakes 

 0.025-0.1mg/L - level at which plant growth is stimulated 

 0.1mg/L- maximum acceptable to avoid accelerated eutrophication 

 >0.1mg/L - accelerated growth and consequent problems 
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Eutrophication has a high role in water quality issue because of the discovery of 
the blue-green algae, a plant that is very harmful for life activity.  
 
As high level of phosphate concentration in water causes these problems, for 
example, 0,1g/litre of phosphates in water can affect the coagulation process, it 
must be treated with some methods such as filtration. 
 
The following criteria for total phosphorus were recommended by US EPA 
(1986): 
 

 No more than 0.1 mg/L for streams which do not empty into reservoirs, 

 No more than 0.05 mg/L for streams discharging into reservoirs, and 

 No more than 0.025 mg/L for reservoirs. 
 
Those are the main reasons phosphate has to be removed from water if the 
concentration is too high. 
 

(1) Information from Water, Water Everywhere. HACH Company. Second 
Edition. 1983. 

 
2. Nitrates 

 
Nitrate (NO3) can be found commonly on soil or plants as it is a nutrient for 
them. They take nitrates from the soil and accumulate in their leaves and stems. 
But as nitrates have a high mobility, they can be found also in surface water and 
groundwater as rain and irrigation take them from the soil to the water. 
 
Nitrates are not harmful in moderate amounts if they are consumed. But in high 
amounts, is can cause methemoglobinemia in most of the animals, also in 
humans, especially in infants, because their stomach acid is not as strong as 
adults ones. 
 
Infant’s stomach acid, in contact with high amount of nitrates, creates nitrite 
(NO2), which is absorbed in the blood. That absorption lends to conversion of 
haemoglobin (component that carries oxygen in the blood) into methemoglobin 
(worse carrier of oxygen), resulting in a lack of oxygen for normal life. 
 
That is the main reason why U.S. Environmental Protection Agency created the 
Primary Drinking Water Regulation, which levels the maximum contaminant 
level (MCL) for nitrates (NO3) in 45 mg/l and for nitrate-nitrogen (NO3-N) is 10 
mg/l. 
 
To have such levelled water, it must be treated on treatment plants so many 
researchers are trying to find the best and economic way of removing these and 
more contaminants from drinking and wastewater and one of the most popular 
method is the membrane separation. 
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Membrane separation processes: 
 
 
There are several ways of removing contaminants from drinking and 
wastewater using membrane separation, but what is going to be described next 
are membrane separation processes using pressure forces because it is the 
main method for the future. There are four membrane separation processes: 

 
1. Microfiltration (MF) 

 
It is a physical separation that uses microporous membranes in order to filtrate 
or remove contaminants from fluids. These membranes have a pore size 
between 0,1 and 10 micrometres (µm), so can remove substances responsible 
of the turbidity for the water, such as particles, sediments, algae or larger 
bacteria (figure 2), but let other smaller go with the water, for example, 
dissolved organic matter, small colloids, viruses and so on. This is the reason 
why this processes is not much used, just because it cannot disinfect water, it 
cannot make drinking water or cannot clean efficiently the wastewater. 
 
The positive point is that this process does not need high pressure forces, water 
can flow across it with a pressure between 0.11 and 0,3 MPa, thus it is used 
only to clarify water, to purge water and also as a pre-filtration just before the 
reverse osmosis process in some water treatment plants. 
 
So it is possible to say that microfiltration is one of the cheapest method 
because it needs low pressure forces but the less efficient in terms of removing 
substances, it can only remove the biggest ones. 

 
2. Ultrafiltration (UF) 

 
As microfiltration, ultrafiltration is a physical separation process. Ultrafiltration 
uses membranes with pore size between 0.01 – 0.1 µm, so it can remove 
bigger substances from water, for example colloids, microorganisms, but 
solvents and ionized contaminants are allowed to cross the membrane (figure 
2). Because of his pore size, this method clarifies and disinfects water. 
 
The big pore size and the similarity with microfiltration makes ultrafiltration one 
of the most economic process because it does not need much pressure forces 
to remove contaminants, just from 0.15 to 0.5 MPa, which is the reason why it is 
one of the most popular water treatment processes. Besides, it is more efficient 
than microfiltration and more economic than the following methods, 
nanofiltration and reverse osmosis as uses less pressure forces. 
 
It is mostly used to clear and disinfect river water in order to be consumed 
because, with that method, is possible to remove most of the damaging 
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components of water, for example bacteria, viruses and cysts, so it is possible 
to have drinking water from non-drinking one. This made the method one of the 
most popular removing method for many years, just until new methods 
appeared. 
 
Nowadays this method is improving and developing so much by using 
surfactants. Such is the improvement that some researches show it is going to 
be an alternative for processes like nanofiltration or reverse osmosis, it is 
reaching their efficiency. 

 
3. Nanofiltration (NF) 

 
The method of nanofiltration is an improvement of the other methods, 
microfiltration and ultrafiltration. It uses a membrane with a smaller pore size, 
between 0.01 and 0.001 µm, although the most typical, as its name says, is 1 
nm pore size. Despite, nanometre are measured not by their pore size but by 
their molecular weight cut-off (MWCO), expressed in Daltons (Da), which refers 
to the 90% of molecular weight retained in the membrane from a solution. In 
nanofiltration the MWCO is bigger than 200 g/mol. 
 
Besides its low pore size, the biggest difference with microfiltration and 
ultrafiltration is that nanofiltration removing process occurs by molecular sieving 
as well as by electrostatic iteration, whereas the other two use physical 
separation. 
 
According to that, with that method it is possible to remove most of the 
multivalent charged ions, for example, calcium and magnesium, because they 
are big enough to be retained at the membrane, but it cannot reject all single 
valence ions, only a few (figure 2). 
 
Despite its differences with the other two methods, nanofiltration also needs 
pressure forces in order to remove those contaminants, but in this case it needs 
pressure forces between 1.5 and 15 MPa, much higher than microfiltration and 
ultrafiltration methods, which means that it is more expensive. 
 
It is mostly used when ultrafiltration is not as effective as expected, when more 
retention rates are required, and the next process, the reverse osmosis, is too 
expensive. However it has not much usage nowadays, only as a pre-treatment 
in some cases. 

 
4. Reverse osmosis (RO) 

 
According to the removal ability, that membrane process is the most efficient 
from those described above. Reverse osmosis has the lowest pore size of all 
processes, just between 0.001 and 0.0001 µm, so it can remove practically all 
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substances from liquid, including single valence ions (figure 2). The MWCO of 
that membrane is below 200 g/mol. 
 
As it is another pressure forced method, it needs pressure forces to do its job. 
The needed pressure is from 15 to 100 bars. This amount of pressure is, 
comparing with the other three methods, much higher so it will need more 
economic sources. The reason of that high amount of bars is that reverse 
osmosis, as it names indicates, needs to pull the liquid against its osmosis 
forces.  
 
In an osmosis process solvent moves from a membrane separated low 
concentration area to a higher one, which means if there is a part of the solution 
with a lower concentration of any substance on one side of a membrane, this 
part tends to move to another separated one with higher concentration and 
tends to equilibrate the concentration of both parts of the liquid as in figure 1 is 
showed. 
 

 
Figure 1: Osmosis and osmotic pressure 

 
 
In order to reverse that osmosis force, if the aim is to have a flow from, for 
example, water with high concentration of salt to a very low concentrated one, 
pressure must be added. The added pressure must be higher than the osmotic 
one (in salt water the osmotic pressure is about 30 bars, so reverse osmosis 
must need more). 
 
So, the process of reverse osmosis is to push the high concentrated solute 
forcing it to pass the membrane and then the resultant will be cleared, purified 
water without any bacteria, viruses neither salts. 
 
For that reason, the process requires a high amount of added pressure force 
and that led to a height of economic resources. However, the resultants are 
very efficient. For that reason, it is mostly used in coastal countries with quite 
big economies, like in emirates, because they have enough money to take sea 
water and make it drinking one. 
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The following picture (figure 2) shows what each filtration process can retain 
and what allows crossing it. 
 

 
 

Figure 2: Particle retention of filtration processes 

 
 
As scientists want the best and the most economic method possible, they are 
searching for something that needs low pressure forces and economic, like 
ultrafiltration method, and has high retention rates, just like reverse osmosis. 
Investigating, researchers met Micellar-Enhanced Ultrafiltration process, a 
process that combines both requirements and is under investigation. 
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Micellar-Enhanced Ultrafiltration process 
 
 
Micellar-enhanced Ultrafiltration (MEUF) is a process that uses ultrafiltration 
membranes in order to remove substances from the water. The method, in fact, 
is based on the use of surfactant that helps the removal of low molecular weight 
of substances, such as nitrates and phosphates, because they cannot be 
removed at all just with an ultrafiltration process. 
 
This process is thought it can remove as much contaminants as nanofiltration 
process basing on many researches conclusions, but nanofiltration needs more 
energy as it works with more pressure forces. However, it is only possible if the 
selection of the surfactant is the appropriated one, which depends on the nature 
of contaminants (organic or inorganic). For that reason, critical micelle 
concentration (CMC) of surfactant is need, because it helps to select the best 
surfactant concentration for each contaminant removal, it helps to remove the 
wanted contaminant using one of the cheapest method, using ultrafiltration 
method. 

 
1. Introduction  

 
Micellar-Enhanced Ultrafiltration (MEUF) is an alternative way to use 
ultrafiltration (UF) process. As it uses, apart from common UF pressure and 
membrane pore size, surfactant to make easier the removal of organic either 
inorganic contaminants, it has the efficiency of nanofiltration as well as reverse 
osmosis processes. This combination of UF and surfactant gets the main 
characteristics of both components, the high flow of UF using low pressure 
forces and the high removing potential because of the surfactant, and it makes 
MEUF be as good removing process as the other mentioned two, but much 
more economic because it needs pressures between 100 and 600 kPa 
approximately, uses less pressure than nanofiltration process.  
 
As mentioned, ultrafiltration’s membranes are quite high pore sized, from 10 to 
100 Å (1000 to 50,000 MWCO), so it is possible to have high flow rates 
comparing with nanofiltration for example. Besides, it is possible to remove 
small contaminants thanks to the surfactant aggregates called micelles. 
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Main MEUF process ingredient: Surfactant 
 
As it is described above, ultrafiltration process needs surfactant in order to be a 
MEUF process so surfactant is the main ingredient, but not the only one. This 
process needs also pressure forces, membranes (described on the following 
point “membrane types use in MEUF processes”) and, of course, contaminated 
water. 
 

 
 

Figure 3: General structure of surfactant 

 
 
Surfactant (figure 3 shows the general structure of the surfactant) is added in a 
certain amount to a solute of contaminated water, just in a higher concentration 
than its critical micelle concentration (CMC). In that way, when surfactant CMC 
is exceeded, surfactant monomers start assembling and forming aggregates as 
it is showed in figure 3. As the surfactant is mostly charged, these micelles are 
attractive for the contaminants, so they can be solubilized in the micelle interior 
or added in the micelles chains, depending if the surfactant is anionic or cationic 
(figure 4). These aggregates formed when CMC is exceeded are called 
micelles, which are retained together with the solubilized contaminants in the 
membrane as its hydrodynamic diameter is larger than UF membrane pores. 
 
This is the way the process removes solubilized contaminants, creating 
aggregates of micelles where contaminants are trapped and as they are higher 
in diameter than membrane pores, they cannot cross it. However, insolubilized 
contaminants and surfactant monomers can cross the membrane as they 
diameter is smaller than the pore size of the ultrafiltration membrane. 
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Figure 4: Cationic aggregates and solubilised contaminants 

 
As surfactants critical micelle concentration (CMC) shows the concentration of 
surfactant when micelles start to form, the selection of its concentration is very 
important in order to have a suitable results. Surfactant has the characteristic of 
making aggregates as it reduces the water surface tension when water is 
covered by it and, consequently, decreases the contact area of hydrophobic 
parts of the surfactant with water. Once the surface tension reaches to the 
minimum tension, just when CMC is reached, micellar aggregates start joining 
together with the hydrophobic ends of the surfactant molecules, because the 
contact area of surfactant molecules chain with water decreases, and the 
hydrophilic ends help the union repulsing external influences that can destroy 
the union, creating the well-known spherical micelle as it is showed in figure 4. 
 
Depending on the type of surfactant, which can be ionic or non-ionic, the 
aggregation micelle number as well as CMC varies, and depending on the type 
of contaminant, ionic or non-ionic surfactant is used. The first one creates 
groups between 10 and 100 molecules as it creates electrostatic repulsive 
forces. Meanwhile, the second makes groups of 1000 approximately. 
                            

                           

 
 

Figure 5: Schematic representation of a spherical micelle 
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Formed surfactant aggregated micelles has a similar structure as Figure 5 
shows. There can difference two sections, the core of micelles and the surface 
of them. The first part is composed of hydrophobic hydrocarbon chains, which is 
the union of the molecules, and the second is formed by hydrophilic head group 
that helps the union repulsing external forces. 
 
The solubilisation of the contaminant into micelles occurs at four sites of the 
spherical micelle. It can occur between the hydrophilic head groups, in the 
hydrophobic core, at the micelle and water interface and in the palisade layer of 
the micelle, just in the part located between the first carbon atoms of the 
hydrophobic groups and the hydrophilic groups. 
 
As the binging mechanism is different if the solute is organic, inorganic or metal 
ionic container, the contaminants will bind with the surfactant micelles in a 
different way depending on it. For example, metal cations with inorganic 
pollutants together, due to electrostatic forces, form an oppositely charged bond 
with the micelles ionic head surface in the MEUF process, but this does not 
happen for MEUF of organic materials processes.  
 
However, on the second process this is used with organic contaminants, 
dissolved organic solutes are solubilized via Van der Waals force in the tail of 
the micelles or in the palisade layer. So, the solubilisation grade depends on the 
surfactant characteristic and in the solute structure. The scientist F. Luo [1] 
defends that it is more effective using some surfactant than others. He proved 
that using cetylpyridinium chloride (CPC) for removing phenol is better than 
using octadecyl trimethyl ammonium bromide (OTAB) because both are similar, 
CPC and phenol have a similar structure, both have an aromatic ring. 
 
For those reasons, in order to ensure the efficiency of MEUF process, the 
selection of the surfactant is one of the most important things to take into 
account. The nature of the hydrophilic head and the hydrophobic tail help the 
selection of the surfactant. According to surfactant chemical characteristics, 
they can be anionic, cationic, non-ionic and amphoteric surfactants. However, 
the last of that classification is the less used in wastewater treatment MEUF 
processes; anionic, cationic and non-ionic surfactants are more common. So, it 
is possible to classify wastewater treatment MEUF processes on the next for 
groups: MEUF using cationic surfactant, using anionic surfactant, using non-
ionic surfactant and using mixed surfactant. 
 
Knowing the characteristics of each type of surfactant, as the characteristic of 
the pollutants are already known, the Micellar-Enhanced Ultrafiltration process 
is going to be implemented in most of the water treatment plants because the 
results will be satisfactory and high economic sources are not going to be 
required. So this is the reason why many researches are being made by most 
qualified scientist. 
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1. MEUF using cationic surfactant 
 
With that method is possible to attract anionic contaminants due to the positive 
charged hydrophilic head of cationic surfactant molecule, which is responsible 
of that attraction phenomenon.  
 
Main anionic contaminants, anionic dyes or phosphates for example, are found 
in wastewater. For this reason, the method of MEUF using cationic surfactant is 
mostly used for wastewater processes and because of many results coming 
from most researches, which are very satisfying. Cationic surfactants can be 
also used as corrosion inhibitors, antimicrobial agents and in fabric softeners 
but, as said, the main use of MEUF using cationic surfactant is in wastewater 
treatment processes. 
 
There, in wastewater treatment processes, the most powerful and used 
surfactant is, as some results show, cetylpyridinium chloride (CPC) because it 
can remove much anionic contaminants. Most popular researches showed the 
efficiency of CPC removing anionic dyes from wastewater on their 
investigations. For example M. K. Purkait [2] researched eosin dye removal with 
that surfactant and concludes it is possible to remove 74% of the contaminant. 
Another research, L. Ahmad’s [3] one, shows it is possible to remove 99% of 
reactive dyes using CPC as a cationic surfactant on the MEUF process, a really 
positive conclusion in favour of that cationic surfactant and, of course, in favour 
of MEUF using cationic surfactants. 
 
However, cetylpyridinium chloride surfactant (CPC) is not only used to remove 
anionic dyes. It can remove, as well, organic materials from wastewater if it is 
used in MEUF method as some researches showed. As it was described above, 
F. Luo’s [1] research shows that the removal of phenol using CPC is higher than 
other cationic surfactants because both substances has a similarity, the 
surfactant has an aromatic ring as phenol has. While the removal rate of phenol 
is 93,8% with CPC, using cationic surfactant such as 
hexadecyltrimethylammonium bromide (CTAB) and octadecyl trimethyl the 
results are lower, 85,9% and 92,4% respectively, so it is showed, once again, 
that the knowledge and election of the sweetest surfactant is as important as 
the knowledge of the contaminants structure. 
 
Other conclusions of these researchers are that the hydrophobic tails length 
influences the solubilisation of phenol into micelles. Thus, higher hydrophobic 
chain lends to a higher solubilisation of phenol into the palisade layer of 
micelles because this increment results in the decrement in critical micelle 
concentration of surfactant. This affirmation is based on the higher removal 
potential of OTAB against the CTABs removal potential and it is showed on N. 
Zaghbani’s [3] & [4] researches, where the effect of hydrophobic alkyl chain 
using different alkyltrimethylammonium bromide surfactants was studied with 
the obtaining of the next results: 
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 dodecyltrimethlammonium (C12TAB) = 34.6% 

 tetradecyltrimethylammonium (C14TAB) = 51.1% 

 cetyltrimethylammonium (C16TAB) = 99.6% 

 octadecyltrimethylamonium bromide (C18TAB) = 99.9% 
 
The conclusion was that the increasing hydrophobic alkyl chain contributes to 
an increment of the solubilisation of dyes into micelles so it increases the dye 
retention rate. 
 
Therefore, the main conclusion of these researches is that knowing each 
cationic surfactants behaviour and structure, it is possible to remove much 
anionic as well as some organic contaminants from wastewater using micellar-
enhanced ultrafiltration process (MEUF). 

 
2. MEUF using anionic surfactant 

 
The process of bending is just same as with cationic surfactant, but there is a 
very big difference. The hydrophilic head of anionic surfactant is negatively 
charged so it attracts and bears cationic contaminants, for example, metal ions. 
As the anionic surfactant removes cationic contaminants, the main function of it 
is removing dirt, especially for nature fabrics. Therefore, it is used in detergent 
powders production in order to remove these contaminants. 
 
In addition, some studies regarding the power of the anionic surfactant using 
MEUF method for removal of organic and inorganic materials from wastewater 
showed that is possible to get high percentages of solute removal. As a clear 
example of this conclusion is a research using sodium dodecyl sulphate (SDS) 
as anionic surfactant in order to remove heavy metal ions from wastewater. P. 
Yenphan [6] and E. Samper [7] showed that more than 90% of plumb (Pb) ions 
can be removed using SDS in MEUF process. 
 
The second researcher, E. Samper [7], has also made a study of the removal 
ratio of nickel (Ni), copper (Cu), zinc (Zn) and cadmium (Cd) ions using the 
same surfactant, sodium dodecyl sulphate, and a linear alkylbenzene sulfonate 
surfactant (LAS) in the MEUF method. Except for nickel, with both surfactants 
he obtained great results, more than 90% of these heavy metal were removed. 
 
Another scientist, S. K. Misra [8], measured the removal capacity of uranyl ions 
as well as some dissolved organic materials, such as di-butyl (DBP) and tri-
butyl phosphates (TBP), from water solutions using sodium dodecyl sulphate 
anionic surfactant in MEUF process. The results showed that both 
contaminants, DBP and TBP, are 90% removable using SDS but uranyl ions 
are just 80% removable. He also observed that in a mixed solution, DBP with 
uranyl or with TBP together, the effects were non-significant; the removal ratio 
was not altered. 
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3. MEUF using non-ionic surfactant 
 
Non-ionic surfactants molecules have a non-charged hydrophilic head so they 
are effective in oily soil removal. As they can do their job with a low critical 
micellar concentration value that means they can work at low concentrations, 
they are soluble in quite cold waters and are resisting to the water hardness. 
The negative point of non-ionic surfactant used in micellar-enhanced 
ultrafiltration processes is that they can only remove organic substances from 
water, so their usage is quite limited. 
 
As non-ionic surfactants molecules are not charged, as they do not have a 
charged hydrophilic head, these surfactants cannot form a bond between ionic 
components and the head of the ionic micelles like other described surfactants, 
cationic and anionic ones, because these two surfactants have a charged 
hydrophilic head. Therefore, the removal of ionic contaminant, theoretically, is 
lower using non-ionic surfactants due to not creating of an oppositely charged 
bond. 
 
P. Yenphan [6] investigated the removal of plumb ions using non-ionic 
surfactant such as trixon X-100 (TX-100) and nonylphenyl ether (NP12). The 
conclusion was that the removal ratio is very low, lower than charged ionic 
surfactant, just between 9 and 18% for TX-100 and between 30 and 37% using 
NP12. 
 
However, Y. S. Chung [9] wanted to prove that non-ionic surfactant with MEUF 
was suitable for removing organic contaminants. He used polyethylene glycol 
alkyl ether as non-ionic surfactant to remove organic tryhalomethane 
(chloroform) via MEUF method, and concluded that it is possible to remove 
more than 80% of this contaminant from wastewater, so he could satisfy his 
wishes and showed to the world that, although non-ionic surfactant has a limited 
usage, it is still important in removing organic contaminants from water using 
micellar-enhanced ultrafiltration process. 

 
4. MEUF using mixed surfactant 

 
In order to improve the separation of contaminants using MEUF method, it is 
possible to mix different type of surfactants, ionic (cationic or anionic) with non-
ionic surfactant for example. The aim of this type of mix is to remove all type of 
contaminants, or most of them as one type of surfactant can just remove a 
small type of contaminants, so there are many researches concerning this 
removing method, MEUF using mixed surfactant. Most of the researches use 
anionic surfactant instead of cationic surfactant, however, the use of anionic 
surfactant has some negative characteristics because they are: 
 

 Sensitive to hard water. 

 Have high critical micelle concentration value. 
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Thus, although non-ionic surfactants have opposite characteristics and can 
reduce the repulsive forces created on the hence of the anionic surfactant 
decreasing the CMC of the anionic surfactant, the amount of the non-ionic 
surfactant mixed with anionic surfactant in order to equilibrate these negative 
characteristics has to be high and can cause these negative consequences: 
 

 Polarization. 

 Fouling of the membrane. 

 High concentration of surfactant in the permeate solution. 
 
In conclusion, it makes the research and the method more expensive. J.-h. 
Huang [10], despite, showed that sodium dodecyl sulphates CMC decreases as 
non-ionic/anionic surfactant mole ratio increases. 
 
Regarding the results, researches show that micellar-enhanced ultrafiltration 
method using mixed surfactants is useful for the removal of cadmium (Cd) and 
plumb (Pb) ions. P. Yenphan [6] investigated and showed it is possible to 
remove almost 99% of plumb ion using MEUF with only SDS anionic surfactant, 
as well as with mixed SDS/TX-100 and SDS/NP12 surfactants. However, the 
rejection of sodium dodecyl sulphate surfactant using it alone was lower, almost 
60% of SDS rejection against 80% of SDS rejection using mixed surfactant. So, 
the use of mixed surfactants, in that case, is more expensive but has better 
results clarifying plumb contaminated water samples. 

 
5. Conclusion 

 
As many researches showed, MEUF is one of the most interesting and 
developing methods of removing contaminants from wastewater if it is used with 
surfactants together. Besides one of the most important thing of the method is 
to know what surfactants is the optimal and the most economic for that work, is 
the key for a satisfactory result. 
 
Therefore, one of the aims of that research is to obtain conclusions of what kind 
of cationic surfactant and in which amount have to be added them in order to 
remove most amount of negatively charged phosphates from water using MEUF 
method. 
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Membranes types used in MEUF processes: 
 
Although Micellar-Enhanced Ultrafiltration processes main ingredient is the 
surfactant, this method has not sense if used membrane is not the appropriated 
one. 
 
As mentioned in “Micellar-Enhanced Ultrafiltration process” point, the method is 
based on ultrafiltration removing system. Thus MEUF contains “ultrafiltration” 
name on it, just because the method uses this type of membranes. 

 
1. Membrane types: 

 
There are two main membrane types: 

 
a. Natural membranes 

 
This type of membrane can be found in all living things. It helps to survive as it 
is used to allow the entrance of some selected components needed for live but 
rejecting those who are harmful. In other words, it is a layer that rejects harmful 
components, which can damage our living system, but allows the entrance of 
indispensable “fuel” that helps our system keep working. 
 
It could be observed on Eukaryote cells (figure 6), which is form by a nucleus 
where DNA is located, surrounded by a cytoplasm where Ribosomes, Golbi 
bodies and mitochondria could be found. All this cytoplasm is surrounded by the 
cell wall, just where the cell membrane is located. This membrane is made of a 
double layer of hydrophilic phosphorous and hydrophobic fat-like molecules or 
lipids. These molecules are embedded within the membrane and acts like a 
classifier; they are the responsible of allowing the entrance to other molecules 
and also pumping the non-needed ones out of the cell. 
 

 
 

Figure 6: Eukaryote cell 
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The concept of membrane used in contaminants removal from, for example, 
water is taken from the observation of this type of membrane. 

 
b. Synthetic membranes 

 
They are these types of membranes created by humans in order to remove 
some components or elements from water or gas; it is just an imitation of 
natural membranes. 
 
Obviously, ultrafiltration processes, as well as other methods, use this type of 
membranes, synthetic ones. 
 
The first investigations about membranes started in the middle of the eighteen 
century, when a researcher called Jean Antoine Nollet discovered the osmosis 
phenomenon in natural membranes. But until 1865 there was not any creation 
of man-made membranes. Adolf Eugen Fick, in the middle of the nineteen 
century, was able to create the first synthetic membrane made of nitrocellulose. 
 
From then until now, more synthetic membranes and researches regarding 
theme have been made, but, unfortunately, there is a lack of well-defined 
properties membranes as they are quite new-known. 
 
Nowadays, membranes are described as new-known just because the last 
significant development occurred in 1962, when scientist like Loeb and 
Sourirajan discovered how to make asymmetric membranes with controlled 
pore sizes. 
 
This shows how long road has to be made in order to obtain suitable 
membranes; it is not a three days thing. 
 
However, those synthetic membranes are useful for components removal from 
water and gasses as they made the same function of natural cell membranes; 
they are able to choose what is going to cross it. 

 
2. Membrane material 

 
Whereas biological or natural membranes are, as it is said, cell membranes, 
most used membranes are synthetic ones, which can be made, as figure 7 
shows, organic (polymeric) or inorganic materials. 
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Figure 7:  Membrane materials 

 
a. Organic membranes 

 
Organic membranes are most commonly used as there are a large number of 
polymeric materials available all over the world, but here are just a few that can 
be considered: 
 

 Cellulose acetate (CEL) 

 Polyethersulfone (PES) 

 Polysulfone (PS) 

 Polyamides (PA) 

 Polyvinylidenfluoride (PVDF) 

 Polypropylene (PP) 

 Polyacrylonitrile (PAN) 

 Regenerated cellulose 
 
The main advantage of polymeric membranes are they flexibility, permeability 
and the facility to be formed into a variety structures. However, they are not 
thermally stable so this is a thing that has to be measured so carefully when 
organic membranes are used. 
 

i. Hydrocarbon-Based Polymers membranes 
 
Those types of membranes are the simplest one as they are formed by the 
polymerization of ethane that results in a saturated carbon chain. When the 
hydrogen is located on the same side of the carbon chain, the polymers are 
crystalline, so, if all crystalline are bound, if they form an interlocked matrix, 
Polypropylene membranes (PP) are made. 
 
PP membranes are mainly symmetric and have a limited porosity. As the 
material is hydrophobic, it is mainly used by organic solvents or either by 
surfactant to reduce that hydrophobic influence on the membrane surface. 
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The thermal resistance reaches to 100ºC, but is recommendable no to reach 
80ºC when Polypropylene membranes are used. 
 
Taking into account that PP is resistant against acidic and caustic solutions, the 
application of it can be quite high. 
 
On the other hand, Polypropylene membranes adsorb some solvents and, 
because of the swelling of its matrix, can lead to a fouling of the membrane. 
 

ii. Cellulosic Polymers 
 
Cellulose is a polysaccharide with a really high molecular weight (1 500 000). 
As the alcoholic hydroxyl groups of the cellulose are polar and has to be 
substituted by nucleophilic groups by some acids, ester is formed (due to the 
reaction between the acid and the alcohol). Because of this formation, 
esterification have to be done (synthesizing of the ester) in order to obtain 
cellulose ester polymer for the microporous membranes. 
 
These types of membranes are very hydrophilic what makes cellulosic polymers 
really useful for aqueous purposes such as microfiltration and ultrafiltration 
processes, as well as for kidney dialysis. 
 
Moreover, cellulosic membranes, in contrast with the Hydrocarbon-Based 
Polymers membranes, are not really adsorptive, the adsorption level of the 
membranes are quite low, so it put this type of membrane in a better position 
regarding fouling. 
 
However, if treated water is high in pH, cellulosic polymers are not the best 
membranes; they are not resistant in these conditions. 
 
In microfiltration and ultrafiltration processes, the most common cellulosic 
membrane is cellulosic acetate, due to its stability against acidic and caustic 
solvents, as well as against fatty oils and most mineral, apart from its 
hydrophilic conditions and low adsorption levels. 
 
Cellulosic acetate can be either symmetric or asymmetric, what makes this type 
of membrane one of the most used one. 
 

iii. Polysulfone and Polyethersulfone membranes 
 
They are polymers that contain sulfone, which make that polymer one of the 
most important in the membrane world. 
 
Polysulfone is normally polar and amorphous. They are also resistant against 
thermal and ionizing irradiations, as well as hydrolysis in any pH conditions. 
Moreover, polysulfone membranes have low adsorbing characteristic. 
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As these kinds of membranes are formed by very flexible modulus polar groups 
in the polysulfone chain, these membranes have a really robust matrix. 
 
The facility of making polysulfone membranes due to their stockiness allow 
them to be made with a symmetric or asymmetric structure, depending on their 
use.  
 
This characteristic also helps to made them with a high porosity range, one of 
the most interesting characteristics of these types of membranes regarding 
filtration. 
 
Other positive points are the thermo-physical toughness and high chemical 
compatibility if filtration is taken into account as the application range increases 
as much as they can be used in microfiltration, ultrafiltration, nanofiltration and 
as a base for composite membranes. 
 

iv. Polyamides 
 
They are known as amide group or “nylon”. Polyamide is commonly used as a 
base polymer for microfiltration and ultrafiltration membranes due to its 
resistance against some thermal, physical and chemical reactions, but, 
particularly, they are used in filtration because of the compatibility with most 
solvents. 
 
The negative characteristic is that polysulfone membranes are quite bad against 
extreme pH values and also that they are hydrophobic, it means they have a 
very high adsorption capacities that leads to a membrane swelling. 
 
Furthermore, the structure of them is limited to a symmetric matrix and the 
porosity is lower than PES membranes. Therefore, Polyethersulfone 
membranes are more used than Polyamides membranes. 

 
b. Inorganic membranes 

 
The used materials to make inorganic membranes are much more expensive 
than polymers, but, in fact, they are chemically and thermally more stable than 
the organic ones. 
 
Ceramic membranes are the most common inorganic membranes. They are 
asymmetric formed by macroporous support with successive thin layers 
deposited on it, which provides mechanical resistance (figure 8). 
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Figure 8: Ceramic membrane 

 
For ultrafiltration processes, inorganic membranes are made of alumina, 
zirconia, titania and ceria as the layer is a bit thicker than 10 µm and a support 
layers thickness is about 2 mm (figure 8). 
 
The main advantages of using ceramic membranes are that their pore size 
distribution is really well defined, apart from the commented thermal and 
chemical resistance. In addition, the can be easily cleaned and sterilized. 
 
For these reasons, ceramic membranes are used in aggressive conditions, in 
those where polymeric membranes cannot work efficiently. In such conditions 
polymeric ones have a faster degradation than inorganic membranes. 
 
However, the advantages of inorganic membranes have a big disadvantage. All 
these positive characteristics are obtained using expensive and laborious 
techniques, which make this type of membranes much more expensive than 
organic ones, more or less 10 times more expensive (they can reach 1,000 
$/m2 against 100 $/m2 for polymeric membranes). 
 
The only usage for those membranes is in food, beverage and pharmaceutical 
industries, whereas polymeric are better for water treatment technologies. 

 
3. Membrane structure and morphology: 

 
Membranes are classified mostly in two types, homogenous membranes and 
heterogeneous ones. First ones have normally a microporous or symmetric 
morphology, whereas the second membranes are quite asymmetric or are 
formed by a thin film of composite. 
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a. Symmetric membranes 
 
As the name says, these types of membranes are homogenous, said in other 
words, the composition and order of the pores are quite neat (figure 9) although 
it is not really neat.  
 

 
Figure 9: Symmetric membranes 

 

 
b. Asymmetric membranes 

 
Heterogeneous membranes are just the opposite from symmetric ones as they 
have a non-uniform pore structure. 
 
The structure of these membranes can be divided in two layers (figure10): 
 

 
 

Figure 10: Cross section of an asymmetric membrane 
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i. Dense skin layer 
 

This is the thinnest layer of the membrane, with almost 1µm of length, and it is 
located on the top part. This is the main part of the membrane as it is the layer 
what provides the permeation property to de membrane. 
 

ii. Porous sublayer 
 
This is the part of the membrane that provides the mechanical strength to the 
membrane. For that reason, the thickness of this layer is about 100 to 200µm. 
 
There are two types of asymmetric membranes depending on the material both 
part of the membrane are created. 
 

 Integrally skinned asymmetric membrane: when the top or dense layer 
and the porous sublayer are made of the same material (figure10). 
 

 Composite membrane: when the top layer is made of different material 
comparing with the porous sublayer (figure 11). 
 

 
 

Figure 11: structure of a composite membrane 

 
The second kind of membrane has the advantage that, as they can be made of 
different material, this material can be chosen separately to optimize the overall 
performance. That way, nowadays, composite membrane are more common to 
find instead of integrally skinned asymmetric membranes, but as always, it 
depends on different factors that should be taken into account. 
 
In this research, none of inorganic membranes will be researched, only some 
organic. 
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4. Membrane Cut-off: 
 
Ultrafiltration membranes are quite high pore sized, from 10 to 100 Å (1000 to 
50,000 MWCO). For that reason it is possible to obtain high flow rates of water 
crossing it, which is one of main characteristics of the method. Besides, it is 
possible to remove small contaminants thanks to the surfactant aggregates 
called micelles as it is said before. 
 
As many researches show, the importance of the Cut-off mainly remains on the 
objectives of the system. If high amount of treated water are required but the 
quality of the water is not really important, bigger pore sized membranes will be 
required, just above 20 or 30 kDa MWCO. Despite, if really cleaned water is 
requires without looking for the flow rates, smaller pore sized membranes will 
be the most suitable ones, just between 5 and 10 kDa. 

 
5. Conclusion 

 
As the objectives of MEUF system can be different, on the following research 
some membranes are going to be investigated, with different cut-off, in order to 
see their behaviour and to realise what other researches shown is true. 
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MEUF for phosphates removal: 

 
1. Introduction: 

 
As phosphate is one of the main contaminant that creates eutrophication in 
surface water, it must be removed. If it is not, the unusual growth of algae on 
domestic either industrial water can happen, followed by a decrease of oxygen 
and ending with the putrefaction of this water. 
 
In order to avoid this phenomenon, for all over the year, water has been treated 
in different ways, but there has been always a fight between efficiency and 
economy. The most efficient removal methods were quite expensive and, in the 
other hand, the cheapest ones were not very efficient. Therefore, Micellar 
Enhanced Ultrafiltration is being investigated, a new pressured method that 
uses membranes and transmembrane pressure (TMP) to remove contaminants 
from water. 
 
MEUF has a removal potential like reverse osmosis (RO) and needs as much 
as ultrafiltration (UF) methods TMP. The first characteristic is gained due to the 
use of surfactants, which help the removal of small pollutants with UF 
membranes creating retainable micelles. The second characteristic is due to the 
use of UF membranes, which allows the use of low TMP in order to have a 
suitable transmembrane flux. Said in other words, it helps having an acceptable 
removing velocity. 
 
This makes MEUF economical because it needs low transmembrane pressure 
forces to reach suitable transmembrane flow rates and efficient as it can 
remove high amount of contaminants with quite high velocity, such as RO 
efficient. 
 
For that reason, the following investigation regarding Micellar Enhanced 
Ultrafiltration (MEUF) took place on the Environmental Engineering Faculty of 
Politechnika Wroclawska (Poland), because it is one of the most promising 
contaminants removal methods all over the world. 

 
2. Materials, methods and objectives 

 
As it is said, the investigation took place on one laboratory of the Environmental 
Engineering Faculty and it was regarding MEUF, so the main part of the system 
is an Amicon 8400 ultrafiltration cell, which is 350 cm3 of total volume and 
76mm of diameter. As figure 12 shows, membrane is located just above the 
permeate collection chamber, and it has to be 4,52x10-3m2 (A). This 
ultrafiltration cell needs also TMP to work out, to obtain a quite constant 
permeate volume flux (J), so nitrogen is needed to add a range of pressures 
between 0,05 and 0,2 MPa to the system as one of the objectives is to measure 



 Micellar-Enhanced Ultrafiltration for phosphates removal  

Markel Zabala 

 

- 28 - 

 

the importance of the TMP due to the retention rate as well as to the permeate 
volume flux (J). 
 

 
Figure 12: schematic representation of Amicon 8400 ultrafiltration cell and a real 

picture of it.  

 
 
As another of the objectives is to measure different asymmetric ultrafiltration 
membranes efficiency, used membranes are made of polyethersulfone (PES) 
and regenerated cellulose (CEL), and chosen membranes cut-off are 4, 5, 30 
and 50 kDa. Figure 13 shows their characteristic, given by their provider (Nadir): 
 

Ultrafiltration 
membranes 

MWCO (nominal) 
[kDa] 

Membrane 
Material 

Pure Water Flux 
[l/(m2h)] 

UH004 4 PES >30 

UC005 5 RC (CEL) >25 

UH020 20 PES >75 

UH030 30 PES >100 

UC030 30 RC (CEL) >300 

 
Figure 13: Membranes characteristics (under: 3 bar, 20ªC, stirred cell 700RPM) 

 
 
The last main objective of the present research is to investigate the most 
suitable amount of surfactant needed in order to remove as more phosphate as 
possible. The amount of this contaminant is about 15mg/dm3 in distilled water 
samples. For the removal of phosphates, hexadecylpyridinium chloride (CPC) 
cationic surfactant is chosen, because it is the best surfactant due to remove 
phosphates from water as many researches showed. Besides, 
hexadecyltrimethylammonium bromide (CTAB) surfactant is also used in order 
to compare the results obtained with both and to take some conclusions about 
which surfactant will be the most appropriated one. CPC and CTAB surfactants 
characteristics are shown on the figure 14: 
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Acronym CMC (nM) Mw (g/mol) 

CPC 0,90 358,01 

CTAB 0,96 335,00 

 
Figure 14: Hexadecylpyridium chloride (CPC) and hexadecyltrimethylammonium 

bromide (CTAB) cationic surfactants characteristics. 

 
 

This research compares the results in removing 15mg/dm3 of phosphates in 
distilled water using different membranes, with different transmembrane 
pressures and with different amount of hexadecylpyridium chloride (CPC) and 
hexadecyltrimethylammonium bromide (CTAB) surfactants, just in amounts of 2 
critical micelle concentration (CMC), 3 CMC and 6 CMC. 
 
Results of the research are possible using photometric machine, which shows 
the amount of phosphates in any samples based on a numerical method. When 
it is calibrated, is possible to obtain the concentration of any sample, so it is 
possible to know what the retention ratio of the system is; it is possible to 
measure the efficiency of Micellar-Enhanced Ultrafiltration (MEUF) in 
phosphates removal using different transmembrane pressure (TMP), different 
membranes and different surfactant amounts. 

 
3. Analytical measures 

 
As all researches, this needs some analytical measures in order to know the 
exact value of the two parameters that are investigated on Micellar-Enhanced 
Ultrafiltration for phosphates removal: The permeate volume flux (J) and, what 
is the most important, the retention coefficient. 

 
a. Permeate volume flux (J): 

 
As figure 15 shows, to know J only 3 parameters are needed: volume of the 
permeate (V) in m3 obtained in a certain time (t) in days and also the area of the 
membrane (A) that is equal to 4,52x10-3m2. 
 

 
 

Figure 15: permeate volume flux 

 
 
This parameter is measured in order to check “the membranes life”. During the 
process, removed compounds from the water get bounded, with the created 



 Micellar-Enhanced Ultrafiltration for phosphates removal  

Markel Zabala 

 

- 30 - 

 

micelles together, in the membrane. That way, the membrane pores will start 
getting filled, the retained compounds will start covering the membranes holes, 
so the water will have less ways to cross it. Then, the permeate volume flux 
would start being lower during the process until it reaches to a very low values 
comparing first ones. 
 
This phenomenon is called membrane fouling, so the measurement of this 
parameter is to know how this phenomenon is evolving in each membrane. 
 
As the aim of the research is to obtain the most efficient and suitable 
membrane, and as “long living” membranes are preferred as they need less 
cleaning processes, in other words, as “long living” membranes are more 
economical, this parameter is measured in all investigated membranes. 
 
Other reason of the measurement of this parameter is to know if the membrane 
is broken or not. If first permeate volume flux (J0) with distilled water is smaller 
than any other J, or if J1 is smaller than J2, the membrane must have a little 
hole, must be broken, so it has to be replaced. 

 
b. Retention coefficient (R): 

 
The main objective of this research is to measure the retention ability of 
different membranes in different pressure forces. This ability is directly related 
with membrane cut-off as most of the researches and following results showed. 
 
This coefficient is obtained with the feed water concentration (Cf) and 
permeates concentration (Cp) in mg/dm3 using the following formula (figure 16). 
This formula provides the percentage of retained pollutants on the used 
membrane: 
 
 

 
 

Figure 16: Retention coefficient 

 
 

This retention coefficient is useful with pollutants as well as with surfactant 
concentration. 
 
Finally, with the values of the concentrations and using this formula (figure 16), 
it is possible to measure the retention coefficient, which shows the efficiency of 
each membrane using a certain pressure forces. Nearer from 100% the 
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coefficient is, better retention rate would have and more efficient the membrane 
would be, because it means that most of the pollutants or surfactant are 
removed using this membrane. 

 
i. Feed water concentration (Cf): 

 
This parameter shows the concentration of the feed water, which can be a 
concentration of pollutants or surfactant. 
 
In this research the contaminant concentration is near 15 mg of phosphate per 
dm3, so 0,068 g of phosphate is added to a litre of distilled water. 
 
As surfactant is also added to the feed water, in amounts of  2, 3 or 6 critical 
micelles concentration, just in 644,4 mg/dm3 (2 CMC), 966,6 mg/dm3 (3 CMC) 
and  1933,3 mg/dm3 (6 CMC) of hexadecylpyridium chloride (CPC) and 670,6 
mg/dm3 (2 CMC) ,1005,9 mg/dm3 (3 CMC) and 2011,8 mg/dm3 (6 CMC) of 
hexadecyltrimethylammonium bromide (CTAB) surfactants respectively. These 
concentrations have to be measured too. 
 

Feed water concentration, as well as permeate water concentration, is 
measured with a photometric machine. This machine gives values that have to 
be exchanged to mg/dm3 unit, so before making the research it has to be 
calibrated. Then, doing a numerical approximation, it is possible to obtain the 
required concentration values. 

 
ii. Permeate concentration (Cp): 

 
Permeate concentration shows the amount of contaminant or surfactant the 
water has after it is forced to cross the membrane. It is expected to be less than 
Cf. 
 
If the process is efficient, if the chosen membrane and transmembrane pressure 
force are the most suitable, this parameter must be very low, near 0 mg/dm3. 
This value is never going to be reach, it is the ideal but impossible, because 
many researches showed the best results reached 99% of removal. On the 
permeate water there are going to be always some ions or micelles. 

 
4. Results and discussion 

 
As it is said before, the aim of the research was to compare different 
membranes removal ratio using different amount and type of surfactant and 
their efficiency under different pressure forces for the removal of 15 mg/l of 
phosphates. 
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In the research only two types of membranes are compared, permanently 
hydrophilic polyethersulone / polysulfone (PES) and Cellulose (CEL) 
membranes with different cut-off. 
 
Taking into account the objectives, this research shows different results, which 
can be observed more detailed on the “Annex”. But as the most important 
results are discussed on the next paragraphs, they will be shown on some 
graphs as it can be seen before. 

 
a. Membrane cut-off 

 
In the next graphs different removal ratios are observed for different amount of 
surfactant (2, 3 and 6 CMC) and different pressure forces (1, 1.5 and 2 bar).  
 
In order to compare both type of membranes, polyethersulone (PES) and 
Cellulose acetate (CEL) membranes, there are going to be some results of 
different cut-off, 30 kDa cut-off membranes (PES 30 and CEL 30) as well as 4-5 
kDa membranes (PES 4 and CEL 5)*. In that way, there are going to be some 
conclusions about which kind of membrane would be the most suitable for that 
method. 
 
The different behaviour of the membranes using each surfactant is going to be 
commented on the next points, so in that point the comments are going to be 
focused only in the membrane cut-off influences. 
 
* The difference between 4 kDa and 5 kDa are almost insignificant, therefore PES 4 
and CEL 5 are taken on the research as equivalent in order to compare both type of 
membranes. 
 
 

 
a) 1 bar     b) 1,5 bar 
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c) 2 bar 

 
Figure 17: Removal coefficient (%) of PES 30 and CEL 30 with a) 1 bar, b) 1.5 bar and 

c) 2 bars using CPC surfactant. 
 
 

 
a) 1 bar     b) 1,5 bar 

 

 
c) 2 bar 

 
Figure 18: Removal coefficient (%) of PES 4 and CEL 5 with a) 1 bar, b) 1.5 bar and c) 

2 bars using CPC surfactant. 
 

 

The importance of the membrane cut-off is clearly shown in all graphs. It can be 
observed that using smaller cut-off membranes the removal ratios are bigger. 
Comparing figure 17 with figure 18, bigger removal ratios can be found on the 
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second results (figure 18), so, as it is said some pages before, on the 
introduction points, smaller pore size means more retention rates. 
 
It is better illustrated in figure 19, where the difference of best removal ratios 
between CEL 30 and CEL 5 (Figure 19-b)) and between PES 30 and PES 4 
(Figure 19-a) are showed: 
 
 

  
a)       b) 

 
Figure 19: difference between best removal ratios of different cut-off membranes a) 

PES4 vs. PES 30 for CPC and b) CEL 5 vs CEL 30 using CTAB). 

 
 
This phenomenon, the bigger removal ratios using smallest cut-off membranes, 
is due to the pore size of them. A smaller cut-off means that higher amount of 
light pollutant molecules are retained on it. So, in this case, the theory fill the 
reality, as smaller the cut-off is, more phosphate is retained. 
 
To ensure that this happens only for the reason of the membranes pore size, 
next graphs (figure 20) show the difference between CEL30 and CEL5 using 
both surfactants, CPC and CTAB: 
 
 

 
a)       b) 

 
Figure 20: difference between best removal ration of CEL5 and CEL30 using a) CPC 

surfactant and b) using CTAB surfactant. 
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In this case, although the retention rates are quite different (using CTAB are 
quite lower (figure 20-b)), the theory also fill the reality. The importance of the 
cut-off remains although different surfactants are used (figure 20). 
 
If transmembrane flow rates (J) are observed and bigger J is required, bigger 
cut-off membranes would be required as well. On the following graphs (figure 
21 and figure 22) a really big difference is shown: 
 
 

 
 

Figure 21: Transmembrane flow values difference between PES 4 and PES 30 in (m3/ 
m2.d) using CPC surfactant. 

 
 

 
 

Figure 22: transmembrane flow values difference between CEL 5 and CEL 30 in (m3/ 
m2.d.) using CPC surfactant. 
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As expected, big cut-off membranes have bigger transmembrane flow values, 
up to 4 times greater than the minor cut-off membranes J using 1 bar and up to 
8 times using 2 bars. 
 
Despite, focusing in figure 22’s 2 bars value, a decreasing of the flow can be 
observed for CEL 30 and CEL 5, as well as in 1,5 bar values for CEL 30. This 
phenomenon may happen because of fouling of the membrane, which is 
something to be avoided, so if CEL membranes are used, less transmembrane 
pressure must be used, but this would be discussed on the next pages. All this 
is observed when CPC surfactant is used. 
 
Next graphs (figure 23) will show if what is said about membrane cut-off from 
now is also valid if CTAB surfactant is used. Until now, it can be observed that 
surfactant has influence in the removal ratios but not when membrane cut-off is 
researched. 
 
 

 
 
Figure 23: Transmembrane flow values difference between PES 4 and PES 20 in (m3/ 

m2.d) using CTAB surfactant. 

 

 

Notice that the differences in figure 21 and figure 23 are not similar. That is 
because used membrane cut-off is not PES 30 for CTAB, but PES 20. Said in 
other words, the big cut-off PES membrane is not 30 (figure 21), it is 20 (figure 
23), that is why the differences between small (PES 4) and big cut-off 
membrane (PES 20) are not as big as using CPC. 
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Figure 24: transmembrane flow values difference between CEL 5 and CEL 30 in (m3/ 
m2.d.) using CTAB surfactant. 

 
 

In fact, using same cut-off and type of membranes, this affirmation can be 
assumed as in the cases of CEL 5 vs CEL 30 (figure 22 and figure 24), the 
differences are quite similar. 
 
Therefore, same phenomenon can be observed if CTAB surfactant is used 
instead of CPC. Bigger cut-off membranes have higher flow rates than smaller 
ones. The difference is quite equal using both surfactants. (figure 21, figure 22, 
figure 23 and figure 24). 
 
In conclusion, smallest cut-off membranes have better removal ratio results, 
they are able to remove more contaminant, but they might produce less clean 
water per time than biggest cut-off membrane: 
 

- If the objective is to obtain really clean water, small cut-off membranes 
(PES 4 or CEL 5) must be used. 
 

-  If the objective is to obtain much quite cleaned water, big cut-off 
membranes (PES30 or CEL30) must be used. 
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b. CPC surfactant (CMC) 
 
In all graphs the same phenomenon is observed; although the pressure force is 
changed, the biggest removal ratios are observed when 6 CMC of 
hexadecylpyridinium chloride (CPC) surfactant is used (Figure 17 and figure 
18). So if we have into account only the removal ratio, we would conclude that 
as much surfactant is used, more efficient the installation would be because 
bigger micelles are created and more pollutant (phosphates) are bounded in 
them, so easier and better removal would be obtained. 
 
This conclusion has a bigger weight if cellulose (CEL) membranes are used 
because of their behaviour. But if permanently hydrophilic polyethersulone / 
polysulfone (PES) membranes are used, although this conclusion is valid, is not 
as important as using the other one. 
 
The importance of the surfactant amount is bigger when cellulose membranes 
are used as it can be observed on al graphs (figure 17 and figure 18) except for 
the last one (figure 18-c)) because of the mentioned fouling phenomenon. The 
difference between using 2 CMC and 6 CMC of CPC is about 30% and 20 % 
between 3 CMC and 6 CMC in most cases. 
 
On the other hand, the difference of the removal ratio of PES (figure 17) 
changing CPC amount is not as big as with CEL membranes (figure 18). It is 
shown clearly on the 1 bar graph (figure 17-a)), in PES 30 removals. Despite 
the removal with 3 CMC is a bit less than using 2 CMC (maybe caused by a 
very little human error or due to a very efficient research in 2 CMC case), the 
small difference can be observed between 2 and 6 CMC (just 10% of 
difference). But generally, in all cases the difference between 3 CMC and 6 
CMC does not reach a bigger percentage than 15%, near 10% in many cases. 
 
As it is said before, depending on the type of membrane, the importance of the 
amount of hexadecylpyridinium chloride (CPC) surfactant is bigger or smaller: 
 

- If CEL membrane is chosen, 6 CMC of the surfactant must be added to 
the solution. That way it would be possible to obtain a 70% of removal in 
many cases. If 3 CMC is added the removal ratio reaches 55% on the 
best cases, 50% in most of them. 
 

- If PES membrane is chosen, 3 CMC of CPC would be enough to reach to 
a 60% of removal approximately. But if bigger amount of removal is 
wanted, with 6 CMC between 65% and 75% of the removal can be 
obtained. 

 
However, a high surfactant amount must have some disadvantages, which are: 
 

 The presence of CPC on the treated water. 

 Bigger probability of fouling of the membrane. 
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 High economic resource. 
 
As more surfactant is used, more surfactant ions might be observed on the 
permeate water and this is a thing that has to be avoided. If high amount of 
surfactant is used, membrane’s pores would be obstructed, fastening the need 
of cleaning the membrane making its life shorter. As hexadecylpyridinium 
chloride (CPC) surfactant is quite expensive, more economic inversion would 
the system need. 
 
As well as the other point (“membrane cut-off”), in this point two main 
conclusions can be obtained depending on what is being looked for: 
 

- If the objective is to obtain really clean water regarding damaging 
pollutants (phosphates) and the presence of a bit of surfactant is not a 
problem, 6 CMC of CPC can be used for any membranes. 70% of the 
removal is guaranteed with this amount. 
 

- But if the aim is to obtain good clean water using as less CPC as 
possible because of its disadvantages, the most suitable membrane 
would be PES 4 as it can remove between 60% and 65% of the pollutant 
using just 3 CMC of hexadecylpyridinium chloride (CPC) surfactant.  

 
c. CTAB surfactant (CMC) 

 
In the following graphs results of removal coefficient of PES 4, PES 20*, CEL 5 
and CEL 30 using CTAB surfactant are shown (figure 25 and figure 26): 
 
*PES 20 is used instead of PES 30 because the second type of membrane was not 
available. 
 
 

 
a) 1 bar     b) 1,5 bar 
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c) 2 bar 

 
Figure 25: Removal coefficient (%) of PES 4 and PES 20 with a) 1 bar, b) 1.5 bar and 

c) 2 bars using CTAB surfactant. 
 

 
a) 1 bar     b) 1,5 bar 

 

 
c) 2 bar 

 
Figure 26 : Removal coefficient (%) of CEL 5 and CEL 30 with a) 1 bar, b) 1.5 bar and 

c) 2 bars using CTAB surfactant. 

 
 
As well as with CPC surfactant, using CTAB mainly same results can be 
observed. Results show in most cases (there is an exception in figure 26-a) 
probably due to a human error) that using higher amount of surfactant (6 CMC) 
higher values of retention coefficient can be reached. 
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Again, as with CPC surfactant happens, the conclusion has more strength in 
CEL membranes. In almost all cases (except on the figure 26-a) the difference 
using 3 CMC and 6 CMC is near 20%, really a significant difference referring to 
the removal coefficient. 
 
On the other hand, these differences using PES are not as important as using 
CEL membranes. There are quite big differences if 2 CMC and 6 CMC are 
compared, almost from 15 to 20%, but comparing 3 CMC and 6 CMC, 
differences are smaller. These differences reach to 10% of removal coefficient, 
not enough to be considered a really significant one. 
 
As it is said before, depending on the type of membrane, the importance of the 
amount of hexadecyltrimethylammonium bromide (CTAB), as well as the 
amount of hexadecylpyridium chloride (CPC) surfactant is bigger or smaller: 
 

- If CEL membrane is chosen, 6 CMC of the surfactant must be added to 
the solution. That way it would be possible to obtain a 55% of removal in 
many cases. If 3 CMC is added the removal ratio reaches 40% on the 
best cases, 35% in most of them. 
 

- If PES membrane is chosen, 3 CMC of CPC would be enough to reach to 
a 55% of removal approximately. But if bigger amount of removal is 
wanted, with 6 CMC between 60% and 65% of the removal can be 
obtained. 

 
So, the decision of what kind of membrane is going to be used has a big 
relationship with the amount of surfactant that has to be added in order to reach 
a suitable result. 
 
Also, depending on the principal aim of the system, different amount of 
surfactant must be added. 

 
d. CPC vs CTAB 

 
It can be observed in all graphs that removal results are by far better if 
hexadecylpyridium chloride (CPC) surfactant is used instead of 
hexadecyltrimethylammonium bromide (CTAB) surfactant (figure 17, figure 18, 
figure 25 and figure 26). However, next graphs show the difference more 
clearly: 
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a) 1 bar    b) 1,5 bar 
 

Figure 27: Comparison between CPC and CTAB best removal coefficient using 
different cut-off PES membranes. 

 
 

 
a) 1 bar    b) 1,5 bar 
 

Figure 28: Comparison between CPC and CTAB best removal coefficient using 
different cut-off CEL membranes. 

 
 

The main conclusion that can be taken from these graphs (figure 27 and figure 
28) is what is said some paragraphs above; CPC surfactant works by far better 
than CTAB surfactant when phosphates are the contaminant that have to be 
removed from water samples. 
 
The differences are big using both membranes, but CEL membranes 
differences are quite bigger than PES membranes. While the differences in 
removal coefficients using CEL are about 20-25%, using PES is almost 15%, 
reaching 20% in few cases.  
 
So, the importance of the surfactant is bigger when CEL membranes are 
chosen, but the main conclusion is that CPC works much better than CTAB in 
phosphates removal if the conditions are the same. 
 
This affirmation can be better shown on the next graph: 
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Figure 29: Difference of the best removal coefficient for CEL 30 using CPC and PES 4 
usign CTAB. 

 
Although tested worst membrane type and cut-off (CEL 30) is use regardin 
removal coeficient, more or less same removal values can be obtained if CPC is 
used comparing with best tested membrane type and cut-off (PES 4) used with 
CTAB surfactant. Said in other words, the removal coefficient are similar if CPC 
is used with the worst membrane type and cut-off comparing with CTAB results 
using the best one (figure 29). 
 
For that reason, the principal conclusion is that hexadecylpyridium chloride 
(CPC) surfactant is better than hexadecyltrimethylammonium bromide (CTAB) 
surfactant regarding removal coefficient as with CPC can be remove much 
more phosphates than with CTAB. 

 
e. Transmembrane pressure forces (bar) 

 
The other observed parameter, the transmembrane flow values for each 
membrane in different pressure and surfactant concentrations (figure 21, figure 
22, figure 23 and figure 24), show different behaviours for each membrane and 
help to choice the most suitable transmembrane pressure force. 
 
As it is said, bigger membrane cut-off (PES 30, PES 20 and CEL 30) have a 
higher transmembrane flow values than lower membrane cut-off (PES 4 and 
CEL 5). 
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Figure 30: Transmembrane flow rates (m3/m2.d) for PES 30 and for CEL 30 
membranes using CPC surfactant. 

 

 
 

Figure 31: Transmembrane flow rates (m3/m2.d) for PES 20 and for CEL 30 
membranes using CTAB surfactant. 
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Comparing higher membrane cut-off, PES 30 membrane has a quite lower flow 
rate than CEL 30 as figure 30 shows, when CPC is used; the second 
membrane has more than two times first’s transmembrane flow. This difference 
decreases while pressure is added because PES 30’s transmembrane flow 
increases faster than CEL 30’s (with low pressures, 1 bar, PES 30 has almost 
25% less transmembrane flow than CEL30. However, using 2 bar, the 
difference is between 50 and 60%). 
 
In CTAB surfactant case (figure 31), although the PES membrane is smaller 
pore sized and, for that reason, has smaller transmembrane flow values, the 
difference big enough to reach the same conclusions. Thus, it can be again 
observed that the effect of the type of surfactant does not affect the 
transmembrane flow values very much; it is the cut-off what influences it. 
 
To sum up, CEL30 treats more volume of water per day, is more efficient 
regarding flow rates as can produce more cleaned water. 
 
If lower cut-off membranes are compared, it is possible to observe in figure 32 
and figure 33 that CEL 5 has a bigger transmembrane flow values than PES 4, 
almost more than the double. 
 
 

 
 

Figure 32: Transmembrane flow rates (m3/m2.d) for PES 4 and for CEL 5 membranes 
using CPC surfactant. 
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Figure 33: Transmembrane flow rates (m3/m2.d) for PES 4 and for CEL 5 membranes 
using CTAB surfactant. 

 
As figure 31 and figure 32, figure 34 and figure 35 show that as more 
transmembrane pressure is added, higher transmembrane flow would be 
obtained, but the difference between PES membranes and CEL membranes 
decreases. 
 
However, the most interesting parameter that could help to reach a conclusion 
is the division of J0/J (figure 34, figure 35, figure 36 and figure 37). 
 
 

 
 

Figure 34: Transmembrane flow values (J0/J) difference between PES 4 and CEL 5 
using CPC surfactant. 
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Figure 35: Transmembrane flow values (J0/J) difference between PES 4 and CEL 5 
using CTAB surfactant. 

 

 

 
 

Figure 36: Transmembrane flow values (J0/J) difference between PES 30 and CEL 30 
using CPC surfactant. 
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Figure 37: Transmembrane flow values (J0/J) difference between PES 30 and CEL 30 
using CTAB surfactant. 

 
 

This parameter (J0/J) shows the efficiency of the membrane comparing 
transmembrane flow rates between distilled water and polluted one. So, best 
parameter value would be 1, as it is the maximum transmembrane flow value a 
membrane in any condition could reach. 
 
For PES membranes using both surfactants, as much transmembrane pressure 
is added, a better or more efficient transmembrane flow value would reach; in 
both cases (PES 4 and PES 30 (and PES 20)) J0/J reaches high enough values 
when CPC surfactant is used, over 0,6 on the first one and over 0,8 on the 
bigger cut-off membrane as figure 34 and figure 36 show. Although it matches 
also if CTAB is used with higher pore-sized membranes (PES 20 figure 37), 
using small ones (PES 4 figure 35) this affirmation is not valid as it reaches 
quite low values, just 0,5. 
 
However, it is not possible to say the same for CEL membranes, as this 
parameter decreases while hexadecylpyridium chloride (CPC) (figure 34 and 
figure 36) and in the other case hexadecyltrimethylammonium bromide (CTAB) 
surfactant (figure 35 and figure 36) amount increases using high values of 
transmembrane pressure force. As it is commented above, this decreasing may 
happen because of fouling of the membrane as CEL membranes tend to 
adsorption. For instance, figure 36 and figure 37 show that using CEL 30 this 
phenomenon occurs using 2 bar transmembrane pressure force as well as 
using 1,5 bar in CPC case (figure 36), while using CEL 5 only occurs using 2 
bar. 
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So, depending on the chosen membrane and taking into account J0/J 
parameter, different transmembrane pressure could be used: 
 

- If CEL 5 membrane is used, in order to avoid the fouling phenomenon, 
1,5 bar would be the most suitable pressure force as the transmembrane 
flow value remains constant and it is high enough. 
 

- If CEL 30 is chosen, for the same reason, the transmembrane pressure 
force value must be 1 bar.  
 

- If PES membranes are chosen, 2 bar transmembrane pressure force will 
show the most suitable transmembrane flow values, however, the 
differences between 1,5 bar’s and 2 bar’s transmembrane flow values 
are not big, just 0,05 m3/m2.d for PES 4 and 0,5 m3/m2.d for PES 30, so 
the importance of the transmembrane pressure using PES is not really 
important. 
 

The main conclusion that could be obtained for all those graph is that, apart 
from PES 4 membrane, as much 1,5 bar transmembrane pressure must be 
used, as it would be cheaper than 2 bar and less problems the system would 
have. 

 
5. Main conclusions 

 
One of the most important conclusions is that hexadecylpyridium chloride (CPC) 
surfactant is better than hexadecyltrimethylammonium bromide (CTAB), so, if it 
is available, CPC surfactant must be chosen as, with it, more phosphates can 
be removed. 
 
All next taken conclusions are based on CPC results, as it is the best surfactant 
as all results show. 
 
As there are many other objectives and depending on which of them are 
chosen, different membranes could be used. The following table sums up all 
conclusions taken above, so it would help to choose the most suitable 
membrane (figure 38). 
 
 

Membrane 
CPC 

(CMC) 

Transmembrane 
pressure force 

(bar) 

Removal 
ratio (%) 

J 
(m3/m2.d) 

J0/J 

PES 4 3 1,5 58,94 0,21 0,5 

PES 4 6 1,5 74,50 0,22 0,5 

PES 4 3 2 66,60 0,25 0,6 
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PES 4 6 2 78,97 0,32 0,8 

CEL 5 6 1,5 73,03 0,54 0,7 

PES 30 3 1,5 55,05 1,33 0,5 

PES 30 6 1,5 74,75 2,10 0,7 

CEL 30 6 1 61,67 4,00 0,4 

  
Figure 38: each membrane’s best characteristics.  

 
a. Each membrane’s description 

 
In figure 38 each membrane characteristics are showed, so they can be 
described: 
 

i. CEL 30 
 
This membrane is not really good comparing with others, although its 
transmembrane flow is higher than the rest’s. Besides, as other CEL 
membranes, they have the disadvantage of high adsorption rates, which led to 
a higher fouling probability. 
 

ii. CEL 5 
 
It is quite competitive, but used in such conditions (6 CMC and 1,5 bar) PES30 
has better characteristics. 
 

iii. PES 30 
 
This membrane is not very efficient if 3 CMC of CPC is used, but using 6 CMC 
of surfactant is the best of them because the removal ratio reaches almost to 
75% and the transmembrane flow is big enough. 
 

iv. PES 4 
 
it is too competitive. If high transmembrane flow values are not required and 2 
bar transmembrane pressure can be used, it could reach high enough removal 
ratios (just more than 65%) just using 3 CMC of surfactant. 
 

v. PES 20 
 
This membrane is only used to ensure CTAB surfactant is not the best cationic 
surfactant for phosphates removal so, it is not one of the analysed cut-off. 
 
In conclusion, PES membranes are preferred instead of CEL membranes as 
they have better characteristics. 
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b. Most suitable membranes 
 
Therefore, depending on the objectives different conclusions could be reached 
for removal of 15mg/l of phosphates from water: 
 

- If the objective is to remove as much as possible in the shortest period of 
time, PES 30 is the best membrane if it is used under 1,5 bar 
transmembrane pressure and 6 CMC of CPC surfactant. This would be 
the cheapest, fastest and most efficient way to obtain that objective. 
 

- But if the objective is to remove as much as possible but in a cheapest 
way, PES 4 used under 2 bar transmembrane pressure and 3 CMC of 
CPC surfactant. 

 
c. Main conclusion discussion 

 
Each PES membranes have their advantages and disadvantages, so, in order 
to choose one of them, there are some characteristics that have to be taken into 
account: 
 

i. PES 4: 
 
Although it needs 2 bar transmembrane forces, 0,5 more than PES 30, which 
can remove almost 10% more of phosphates, it is the cheapest way of 
removing more than 65% of the pollutants (phosphates). PES 4 needs just 3 
CMC of hexadecylpyridinium chloride (CPC) surfactant to reach that 
percentage. 
 
Moreover, as it needs just 3 CMC of CPC, on the cleaned water (permeate 
water) less surfactant would be found. 
 
On the other hand, using PES 4 membranes less volume of cleaned water per 
day would be obtained and if the demand is big, there would be a problem. 
 

ii. PES 30: 
 
One of the main disadvantages is that it needs 6 CMC of hexadecylpyridinium 
chloride (CPC) surfactant to reach almost 75% of removal of phosphates. It led 
to a higher concentration of it on the cleaned water, what is something that has 
to be avoided.  
 
However, just under 1,5 bar transmembrane pressure forces it is able to 
produce more than 2 m3/m2.d 75% cleaned water, what is a really good result. 
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