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SURFACTANT-AIDED MEMBRANE PROCESS  
FOR COPPER ION REMOVAL FROM WATER SOLUTIONS 

The usefulness of micellar-enhanced ultrafiltration (MEUF) for copper ion removal was evalu-
ated. The experiments were performed in a semi-pilot installation in a cross-flow regime with the use 
of ultrafiltration modules (5 kDa and 10 kDa). The first stage of the tests included copper ion removal 
in the classic UF process. During the next step, anionic surfactant (sodium dodecylbenzenesulfonate, 
SDBS) was added to the feed solution in a wide range of concentrations. The effect of copper and 
surfactant concentrations on separation efficiency and permeate flux was evaluated. It was found that 
MEUF enables high copper ion removal. Depending on surfactant concentration in the feed solution, 
the average copper concentration in the permeate was in the range from 0.02 to 0.08 mM (feed solution 
0.79 mM). Surfactant rejection was strongly dependent on its concentration in the feed; the highest 
retention was obtained when surfactant was in the form of micelles, i.e., for concentrations exceeding 
the CMC. 

1. INTRODUCTION  

Industrial development leads to the production of large amounts of wastewater con-
taining various types of heavy-metal compounds, which have harmful effects on living 
organisms. Heavy-metal ion removal processes are usually conducted on the premises 
of the producing facility, due to the danger of toxic impurities escaping into the envi-
ronment during transport to the wastewater treatment plant. 

 Industrial wastewater treatment may be realised by the use of various conventional 
methods such as precipitation, flotation, adsorption, ion exchange, and electrochemical 
deposition [1]. Heavy metals are valuable compounds; thus, not only their removal is 
required, but also recovery of useful ingredients. Membrane separation processes are 
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treatment techniques which enable this purpose to be fulfilled in contrast to conventional 
methods. Literature data reports high-pressure driven membrane processes (reverse os-
mosis and nanofiltration) as suitable methods for divalent ion separation [2, 3]. Micellar 
enhanced ultrafiltration (MEUF) is often proposed as a method for dissolved-matter re-
moval from water solutions. MEUF is a hybrid process, which connects a pressure--
driven membrane process with the ability of surface-active agent’s micelles to bind ionic 
impurities of opposite charge to that of the surfactant. The concentration of surfactant 
above which micelles are formed is named the critical micelle concentration (CMC). 
The useful property of the micelles is the fact that their size is generally greater than the 
pore size of the ultrafiltration membrane; thus, separation of micelles (and bound ions) 
based on a sieve mechanism may be performed with high efficiency. As a result, a fea-
ture of reverse osmosis (high rejection) is combined with lower pressure, typical of ul-
trafiltration [4].  

MEUF has been tested for the removal of organic compounds (phenol [5], organic 
acids [6], pharmaceuticals [7, 8], dyes [9, 10]) and dissolved ions (heavy [11, 12] and 
precious metals [13], inorganic ions [14, 15]) from water solutions. Literature data 
mostly report high separation efficiency of the above-mentioned pollutants; however, 
most studies ignore the problem of secondary contamination of the treated solutions 
by surfactant molecules. The second, equally important issue is the need to recover 
valuable compounds and/or surfactants to reduce the operating costs of the MEUF 
process. 

Huang et al. [16] recovered more than 85% of SDS (sodium dodecyl sulfate) from 
concentrate obtained during cadmium MEUF in the process of acidification. Also, by 
means of acidification, Li et al. [17] recovered and reused SDS employed for zinc and 
cadmium removal. The obtained separation of heavy metals by application of re-
claimed SDS was above 80%. These examples prove the possibility of surfactant re-
generation from the concentrate and reuse in following processes. 

T a b l e  1 

Removal of single metals by MEUF process with the use of SDS 

Contaminant Membrane SDS 
concentration

[CMC] 

Metal 
retention 

[%] 
Ref. Metal 

ion 

Concentration
in the feed 
[mg/dm3]

Material MWCO
[kDa] 

Filtration
regime 

Co2+ 10 zirconium oxide 210

cross-flow

0.5 88 [19] 
Cr3+ 100 cellulose acetate 15 2.5 90 [20] 
Mn2+ 100

polysulfone 
– 1.2 97 [21] 

Mn2+ 55 10 0.2 >97 [22] 
Mo6+ 96 30 0.75 90 [23] 
Pb2+ 50 cellulose 10 0.2–2 >93 [24] 
Zn2+ 20.2 polyacrylonitrile 300 1 73 [25] 
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So far, the anionic surfactant most employed for removal of heavy metal cations is 
sodium dodecyl sulfate (SDS, CMC ca. 2250 mg/dm3, molecular weight 288.37 Da) 
[18]. Examples of values of single-ion removal in the MEUF process using SDS are 
shown in Table 1. The effectiveness of the MEUF is the result of many factors, including 
ion concentration in solution, surfactant concentration, type of membrane used (cut-off, 
type of polymer), as well as process parameters (transmembrane pressure, linear veloc-
ity for the cross-flow system). Process parameters must be selected individually, and 
making generalisations in this area is practically impossible. The proposal for design of 
the MEUF process is shown in Fig. 1. 

Solution Surfactant Membrane Process 
parameters

solute type
concentration surfactant type

CMC value
micelle size

surfactant/solute ratio

cut-off
pore size

hydrophilicity

transmembrane pressure
pH

temperature
permeate recovery

 
Fig. 1. Design procedure of the MEUF system 

Study of the use of other surfactants in order to lower the process costs and to in-
crease system efficiency seems to be crucial. Schwarze et. al. [26] proposed nonaoxy-
ethylene oleylether carboxylic acid (RO90) for divalent cation removal. The results ob-
tained showed the better selectivity of RO90 compared to the commonly used surfactant 
SDS for the MEUF process, due to a much lower CMC value (ca. 0.014 g/dm3) and 
formation of larger aggregates (ca. 8 nm). 

In this experimental study, an assessment of copper ion removal by means of MEUF 
in comparison with classic UF process was made. The leakage of surfactant to the per-
meate side was evaluated as an important factor limiting the usefulness of the MEUF 
process. For the experiments, sodium dodecylbenzenesulfonate (SDBS) was chosen, as 
its characteristics (critical micelle concentration, hydrodynamic radius) suggest a better 
applicability in the MEUF process than the standard SDS. 

2. EXPERIMENTAL 

The first part of the experimental research was ultrafiltration of a copper sulfate 
solution. Next, in order to enhance the rejection of copper ions, anionic surfactant was 
added to the feed solution in a wide range of concentrations. Model solutions of 0.08, 
0.16, 0.31 and 0.79 mM copper ions were prepared from distilled water (conductivity 
2.6 µS/cm) and copper sulfate (CuSO4·5H2O). A bicinchoninate method (DR/2000 
spectrophotometer, Hach) was employed to determine the copper content in the samples.  
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For MEUF experiments, anionic surfactant sodium dodecylbenzenesulfonate was em-
ployed (Table 2). The concentration of SDBS in the feed solutions amounted to 0.25, 0.5, 
1.0, 3.0 and 5.0 CMC (0.58, 1.15, 2.30, 6.90 and 11.50 mM). A potentiometric titrator 785 
DMP Titrino (Metrohm) was used for measurement of surfactant concentration. 

T a b l e  2 

Surfactant characteristics 

Chemical name sodium dodecylbenzenesulfonate (SDBS) 
Type anionic

Chemical structure 
S

O

O

O Na

CH3(CH2)10CH2  
Molecular weight, Da 348.48
CMC, mM 2.30 at 22 C
Aggregation number 51 [27]
Molecular weight of a micelle, Da 17 748 [27]
Hydrodynamic radius, nm 2.2 [28]
Purity 80%

 
Due to the size of the micelles being formed by SDSB (ca. 17.7 kDa), two modules 

(Table 3) with smaller cut-off values were selected for the experiments. 

T a b l e  3 

Characteristics of the UF module 

Parameter Module type
KOCH/ROMICON 1 Mollsep Fiber FUS0181 

Cut-off, kDa 5 10 
Polymer polysulfone polyethersulfone 
Surface charge negative negative 
Surface area, m2 0.09 0.26 
Capillary length, mm 457 280 
Number of capillaries 66 382 
Inner diameter of capillaries, mm 1.1 0.8 
Water volume flux (under 0.05 MPa), dm3/(m2·h) 60 32 

 
Membrane filtration was performed under a pressure of 0.05 MPa. The experiments 

were conducted in a semi-pilot installation (Fig. 2). Processes were conducted in an open-
loop system where the retentate from the membrane was recycled back to the feed tank. The 
feed solution was pumped to the membrane module by a circulation pump (Grundfos). 
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Fig. 2. Schematic diagram of the membrane installation: 

 1 – membrane module, 2 – feeding tank, 3 – manometer, 4 – thermometer,  
5 – pump, 6 – rotameter, 7 – cooler, 8 – pressure regulation valve,  

9 – permeate, 10 – retentate, 11 – drain valve 

During the experiments, membrane hydraulic capacity and separation properties were 
assessed. Permeate volume flux J, dm3/(m2·h), was calculated by the following equation: 

 VJ
tA

    

where V – volume of the permeate sample collected, dm3, t – time, h, A – effective 
membrane surface area, m2. 

To designate the membrane’s susceptibility to fouling, the relative flux RF was 
evaluated: 

 
0

JRF
J

    

where J0 – distilled water flux, dm3/(m2·h). 
The effectiveness of the membrane separation was evaluated as the retention coef-

ficient R: 

 100%f p

f

C C
R

C


     

where Cf – initial compound concentration, mM, Cp – compound concentration in the 
permeate, mM. 
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3. RESULTS AND DISCUSSION  

3.1. ULTRAFILTRATION 

The concentrations of copper ions in the permeate and relative flux obtained over 
the UF experiments are plotted in Fig. 3. For both modules used, a decrease in separation 
was observed with the increase in metal ion concentration. In dilute streams of copper 
ions (0.08 and 0.16 mM), the retention was in the range of 60–79%, and for solutions 
with a higher concentration of ions (0.31 and 0.79 mM), the retention was reduced to 
the level of 18–39% and 12–16% for 5 kDa and 10 kDa modules, respectively. 

  

 
Fig. 3. Copper concentration in the permeate (left) and relative flux RF (right) 

during the filtration cycle for 5 kDa and 10 kDa modules 

Considering the copper radius and the size of UF membrane pores, the achieved 
separation was probably caused by ion adsorption in the polymer structure, and was not 
the result of the sieve mechanism of separation. As can be seen, during the 60-min fil-
tration cycle, the modules exhibited stable permeability. For the most concentrated so-
lution (0.79 mM), the decrease in the permeate flux did not exceed 10%. 
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3.2. SURFACTANT-AIDED MEMBRANE PROCESS  

The concentrations of copper ions in averaged permeate samples collected during the 
60-min MEUF process are plotted in Fig. 4. As can be seen, the addition of anionic surfac-
tant significantly enhanced membrane selectivity of metal ions. This phenomenon is at-
tributed to electrical adsorption of positively charged copper ions on the negatively charged 
SDBS micelle surface. Hence, a sieve separation of SDBS aggregates (and trapped copper 
ions) is possible, since micelle size is substantially greater than membrane pore size. 

 
Fig. 4. Concentration of copper in the permeate for 5 kDa and 10 kDa modules 

All experiments performed achieved a very high retention of copper ions. Even for 
the smallest dose of SDBS (0.25 CMC), a surprisingly high separation of metal ions 
(over 90%) was obtained. This is most likely caused by formation of pre-micelle struc-
tures in the concentration polarisation layer. An increase in molar ratio of surfactant to 
metal ions led to further enhancement in membrane selectivity, due to the larger micelle 
surface available for electrostatic adsorption. The highest separation of Cu was obtained 
in tests with SDBS concentration of 5 CMC (98–99% and 97–99% for 5 kDa and 
10 kDa, respectively). It seems, however, that the use of such high concentrations of 
surfactant is not justified, due to the cost of chemicals and an increase in surfactant 
concentration in the permeate. 

Heavy-metal separation obtained during the tests was in accordance with data reported 
in experiments with SDS. Huang et al. [29] achieved copper ion rejection amounting to 
100% by a polyethersulfone membrane with cut-off 10 kDa (feed of 50 mg Cu/dm3,  
1 CMC SDS, pH = 7). Li et al. [30] reported copper removal around 90% in an MEUF 
process with the use of SDS at a concentration of 1 CMC and a hydrophilic membrane 
with cut-off 10 kDa; however, when the lower surfactant concentration was applied, the 
obtained retention coefficients were not satisfactory. 

The presence of the surfactants in the treated solutions may negatively affect the 
pressure-driven membrane process. The first serious limitation of the full-scale applica-
tion of MEUF is surfactant monomer penetration to the permeate side which may result 
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in secondary contamination of the process stream, and the necessity for post-treatment 
steps. Another problem arises from surfactant fouling. In order to evaluate these phe-
nomena and its performance, both SDBS concentration in permeate and flux changes 
were measured. Figure 5 shows the SDBS retention coefficient and relative flux ob-
tained during the MEUF tests with copper ion concentration in the feed amounting to 
0.16 mM. The analysis of data obtained confirmed that the presence of anionic surfac-
tant in the feed affected membrane hydraulic properties.  

 
Fig. 5. SDBS retention coefficient R (left) and relative flux RF  

during the MEUF (right) for 5 kDa and 10 kDa modules; transmembrane pressure 0.05 MPa,  
copper concentration in the feed 0.16 mM 

The average value of the permeate flux for 5 kDa and 10 kDa modules amounted to 
about 78% and 32% of distilled water flux, respectively, during the filtration of a solu-
tion containing SDBS in a concentration of 0.25 CMC. Surfactant application at a dose 
of 3 CMC resulted in slightly lower J/J0 values, i.e., about 64% and 22% for 5 kDa and 
10 kDa modules, respectively. However, the causes of flux changes can be different; 
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below the CMC value, the main reason for membrane permeability is decrease is mon-
omer adsorption on membrane pores, while in solutions of 3 CMC, the permeability 
change may be ascribed to a polarisation concentration layer created by micelles near 
the membrane surface. It should also be mentioned that permeate flux was relatively 
stable during the MEUF process. According to De and Mondal [31], the phenomenon 
of membrane pore blocking by SDBS particles is complete in the initial stages of 
membrane filtration. This phenomenon was much more pronounced for 10 kDa, which 
was more susceptible to blocking (lower values of relative permeability) by the SDBS 
molecules due to the larger pore diameter. 

Xu et al. [32] reported a twofold decrease of permeate flux compared to distilled 
water at the initial stage of cadmium treatment process with SDS (100 mg Cd/dm3, 
SDS 1 CMC, polysulfone hollow-fibre membrane, cut-off 6 kDa). During the 30-min 
filtration process, further deterioration of permeability was observed. In the same ex-
perimental work, increasing SDS concentration from 1 CMC to 4 CMC resulted in 
reduced permeate flux from 3.5×10–8 to 2.5×10–8 m3/(m2·s·Pa).  

It was observed that surfactant concentration in the feed is a crucial parameter in 
the separation efficiency. When SDBS molecules exist in the form of aggregates, high 
retention can be achieved. For example, 88–98% and 89–93% of surfactant were re-
moved from the 5 CMC solution using 5 kDa and 10 kDa modules, respectively. Alt-
hough at the beginning of membrane filtration, modules exhibited a higher selectivity 
of SDBS, during the process a decrease of retention coefficient was observed in all tests. 
This fall in rejection may be attributed to the phenomenon of sorption capacity exhaus-
tion of the membrane during filtration, which is particularly pronounced for the solution 
of 0.25 CMC. With the increase in the concentration of SDBS in the solution, an en-
hancement in surfactant separation on the modules was observed. Despite the increase 
in the retention coefficient, permeates more highly contaminated by surfactant were ob-
tained (Table 4).  

T a b l e  4

SDBS concentration of MEUF permeates expressed as CMC

Permeate Feed solution
0.25 0.50 1 3 5

After 60 min of filtration 0.12 0.18 0.36 0.54 0.61
Average sample 0.08 0.16 0.32 0.53 0.46

 
Application of surfactants in doses above the CMC (3 CMC and 5 CMC) resulted 

in SDBS concentration reaching more than 0.5 CMC at the end of the filtration time 
(Table 4). Such concentration in treated streams significantly limits MEUF application 
in full-scale systems due to permeate post-treatment required, which is associated with 
difficulties in surfactant removal from aqueous solutions. 
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4. SUMMARY 

The experimental research proved that surfactant-aided ultrafiltration exhibited 
much better copper ion retention compared to classic UF processes. The results obtained 
for MEUF with SDBS correspond to data reported for processes enhanced by commonly 
used SDS. Copper rejection in all experiments was very satisfactory and exceeded 90%; 
however, the highest copper rejection was observed for surfactant dosages above the 
CMC value. During the MEUF experiments, surfactant monomer penetration to the per-
meate side was observed. In the course of membrane filtration this phenomenon was 
intensified. The concentration of surfactant in the feed solution above the CMC resulted 
in SDBS concentration in the permeate reaching higher than 0.5 CMC at the end of 
filtration time. 
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