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Abstract: Copper is one of the crucial materials for the biological activity of human beings and is known for antimicrobial 
properties during wound management. Hence its presence in the effluent is overlooked although it is reported to be 
detrimental at higher concentrations. Its effect on humans varies from simple dizziness, diarrhea to liver/kidney damage, 
etc. Various techniques are reported for separation of these toxic pollutants from effluent. This article focuses on 
development of polysulfone-based membranes with use of additives: polyethylene glycol (PEG) and ZnO nanoparticles 
(NPs) (nascent and modified with HCl) for separation of copper from effluent by Donnan Exclusion principle. The 
incorporation of acid treated ZnO NPs in membrane matrix provides surface charge to membrane. This results in 
repulsive interaction with copper salts from process which retained in retentate as per Donnan exclusion principle. The 
membrane formed with 40% PSF- 0.8% ZnO NPs shows the rejection of copper up to 40%, which raises to 61% when 
instead of nascent NPs, HCl treated NPs were used. The rejection efficiency of the membrane raises up to 90% when 
PEG was used along with PSF and ZnO NPs (acid treated). The use of modified NPs in membrane matrix has strong 
impact on membrane morphology and rejection efficiency. The modification of surface charge properties and 
morphological distribution of NPs is supported by FTIR and EDX. Further the separation works upon physical distribution 
of NPs, which would help to maintain the stability properties of PSF based membrane enhancing its applicability in actual 
process conditions. 
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1. INTRODUCTION 

Heavy metal contaminated water treatment is still a 
big challenge today. Industry effluent, solid waste, and 
natural calamities discharge a large amount of heavy 
metals into the surface and underground water bodies 
[1,2]. Most observed heavy metals in wastewater are 
chromium, arsenic, lead, mercury, copper, iron, 
cadmium, manganese, zinc, nickel, etc. [3-7] Recently 
in India, water in Kabini river-Karnataka and Kolleru 
lake, Machilipatnam Coast in Andhra Pradesh were 
found to be contaminated with metal ion pollutants viz., 
Cr, Cu, Cd, Fe, Mn, Ni, Pb and Zn [8-10]. Among these 
pollutants, copper was one of the major metal ions in 
wastewater. The presence of copper in wastewater is 
due to the use of copper in various industrial 
applications viz. metal processing, semiconductor, 
metallurgy, smelting, electroplating, plastic, etching, 
polishing, paint, printing operations, etc. [4, 11]. Apart 
from this, leaching from water pipes, algae treatment, 
and wood preservatives leads to the loss of copper to 
water bodies [11]. Most of these processes can  
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discharge 10-150 ppm copper in the effluent [12]. 
InBalanagar, Hyderabad, India sediment samples 
contain copper in the range of 90.6 to 810.1mg/kg with 
an average content being 256.06 mg/kg [13]. Similar 
high soil contamination of copper much above the 
maximum permissible limit was reported in Italy and 
Mexico [14]. This copper can cause toxic effects such 
as vomiting, diarrhea, headache, cramps, tremors, hair 
loss, dizziness, epigastric pain, anemia, and kidney 
damage; while its accumulation in the liver, brain, and 
pancreas can cause death [12, 15]. It is also harmful to 
the aquatic ecosystem due to accumulation in the gills 
of fish [16]. This forced the WHO-2018 to define the 
median permissible limit of copper in water should not 
be more than 1.5 ppm. The norms are made even 
more stringent in the USA and European countries, 
where the recommended dietary tolerance of copper 
for adults and children between ages 1 to 18 years is 
0.9 and 0.34 to 1.3 mg/day, respectively [17]. This 
underlines the need for the removal of this copper from 
effluent and other water resources to avoid its entry 
into the digestion system. 

Though the presence of copper in water at 
concentrations above the permissible limit is 
detrimental, it has various applications and large 
importance. It is one of the vital elements supporting 
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biological activities in living organisms [6, 12, 16, 18], 
whereas it is essential for the normal growth and 
metabolism of plants [19]. Copper-based compounds 
can be used as enzymes for redox reactions [20]. 
Moreover, it is used in construction, power 
transmission, electronic item / industrial machines, 
vehicle production, coin production, electrical wiring, 
and nanoparticles for different applications like 
catalysis, etc. [11, 21]. Thus, it necessitates not only 
the separation but recovery of copper for further 
applications in industrial and medicinal purposes. 

Several conventional methods viz., chemical 
precipitation, coagulation, flocculation, flotation, ion-
exchange, adsorption, electrochemical, and advanced 
membrane methods have been reported for the 
separation of these metal ions [7, 22-25]. They have 
limitations of chemical usage resulting in sludge 
generation which poses a concern of discarding, and 
dumping (secondary pollution). This limits the 
applicability of conventional processes [7, 26, 27]. On 
the other hand, the processes like reverse osmosis and 
nanofiltration membranes remove essential univalent 
(Na+) and bivalent (Ca+2, Mg+2) [28] ions, required for 
biological and other applications. The electrodialysis 
method has fouling, and concentration polarization 
issues hence need pretreatment of feed and regular 
cleaning to remove the deposited metal ions [29]. All 
these methods also have issues with high energy 
requirements and operational limitations [27]. The 
micellar and polymer enhanced ultrafiltration (UF) 
methods require the addition of modifiers, and 
surfactants before feed passes through the membrane. 
It affects the purity of recovered metals and 
necessitates further treatment for their recovery. The 
adsorptive ultrafiltration membranes are recently 
reported for metal separation. They have limitation of 
saturation of membrane’s active surface area, which 
will affect the separation efficiency of membrane [30]. 
Thus, a careful selection and design of the method are 
necessary to overcome these limitations. The chosen 
method should be environment friendly, economic, 
sustainable, and should have industrial applicability. 

Among these methods, the ultrafiltration membrane 
process consumes comparatively less energy [7] while 
retaining the desired essential elements in water 
without compromising separation efficiency for heavy 
metals. Also, it is cost comparable with conventional 
processes considering secondary treatment process 
and recovery issues. Thus, the present work is targeted 
toward modification and optimization of the UF 
membrane for the efficient separation and recovery of 

copper from effluent along with excellent transport 
characteristics. 

This study is designed to enhance polysulfone 
(PSF) membrane properties by use of porogen agent-
polyethylene glycol (PEG) and surface modifier- ZnO 
nanoparticles (with or without acid treatment). The ZnO 
nanoparticles anchoring in the membrane and their 
impact on Donnan exclusion-based separation of 
copper are studied. Formed membranes showed 
substantial enhancement in copper removal property 
up to 90%, without the use of any micelles or other 
complexing agents. It resolves not only the issue of 
water purification but also recovers a natural entity- 
copper which is reutilized for further applications. 

2. MATERIAL AND METHODS 

2.1. Material 

PSF of Molecular weight (M.W.) 35000 was 
obtained from Otto Chemie Pvt. Ltd. N, N’-Dimethyl 
acetamide (DMAc), and PEG with M.W. 200 (PEG-200) 
were bought from High Purity Lab. Pvt. Ltd. India. Zinc 
oxide nano powder of 80-100 nm size was procured 
from Nanoshel LLC. HCl and cupric chloride were 
purchased from Merck Ltd. India and Loba Chemie Pvt. 
Ltd. respectively. From Ahlstrom Hollytex, non-woven 
polyester backing 3324 was obtained. 

2.2. Membrane Preparation 

The membrane was prepared using a dope solution 
containing 40 to 43% PSF, 8% PEG, 0 to 1% ZnO 
nano powder, and DMAc solvent. The solution was 
continuously stirred to ensure complete dissolution. 
Further, the membrane was cast using an automatic 
casting system ‘Shivohm’ containing a doctor knife to 
spread the dope solution on a glass sheet. The 
membrane was prepared by the phase separation 
method. The formed membranes were well stored for 
further application. The pictorial view of membrane 
preparation and metal ion separation process is shown 
in Figure 1. 

2.3. Membrane Analysis 

2.3.1. Pure Water Flux 

Water flux plays a significant role to define the 
transport property of porous membranes. Amicon type 
dead-end cell was used to measure water flux at room 
temperature using distilled water. Water flux was 
measured using equation 1: 

J = V
A ! "t

           (1) 
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where ‘J’ is pure water flux in liters per meter square 
hour (LMH), ‘V’ is a volume of water collected in liters, 
‘A’ is an active area of membrane in square meters 
and ‘∆t’ is the time difference in an hour [25, 31-35].  

2.3.2. Bubble Point Analysis 

The bubble point analysis method is used to 
measure the maximum pore size of the membrane. In 
this method, wet membrane is placed in the analysis 
cell and gradually the pressure is increased till the 
bubble point is reached. At this pressure, the 
continuous flow rate of air is obtained. The maximum 
pore size is calculated by using Cantor’s equation. 

rPi =
2.! .cos"

Pi
           (2)  

where rpi is pore radius, σ is surface tension, θ is 
contact angle and Pi is the bubble point pressure [35]. 

2.3.3. Membrane Metal Ion Rejection Analysis 

A 1000 ppm cupric chloride salt solution was 
prepared in distilled water and used for rejection 
analysis. This solution is fed to a dead-end cell 
mounted with a membrane. This system was 
pressurized and permeate was collected. The double 
beam UV Vis Spectrophotometer (UV 3000+ of Lab 
India) was used to measure the concentration of metal 
ions in the feed and permeate sample. The copper ion 
rejection was studied by measuring absorbance at 216 
nm wavelength. Based upon the concentration analysis 
percent rejection (% R) was calculated by: 

%R = 1!
Cp

Cf

"

#
$
$

%

&
'
'
(100           (3)  

where Cp  and Cf  are the concentration of permeate 
and feed, respectively [32, 34]. 

2.3.4. FTIR Spectrum 

The Fourier transform infrared (FTIR) spectra was 
recorded by the spectrometer (ALFA-Bruker) in the 
range of 4000–500 cm−1. In FTIR infrared radiations 
were passed through the sample, where some of the 
radiations will be absorbed by the sample and the rest 
will pass through it. Based on transmittance, the graph 
was plotted between wavenumber and transmittance 
[36-38]. 

2.3.5. Energy Dispersive X-Ray (EDX) Analysis 

The analysis of surface properties, chemical 
composition, and distribution of components was 
investigated using EDX analysis. The Bruker XFlash 
6130 was used for EDX analysis with excellent 
resolution, 123eV at Mn Kα and 45eV at C Kα with an 
element detection range from Be to Am. The samples 
were gold coated by a sputter coater to make them 
conductive. 

In EDX analysis, a very small part of the membrane 
is deeply studied for the surface elemental chemical 
composition distribution [39-41]. Here highly charged 
electrons or protons are bombarded on membrane 
samples. EDX spectrum shows the peaks 
corresponding to element composition [36].  

3. RESULTS AND DISCUSSION 

3.1. Material Selection 

Polysulfone is well known for its chemical, 
mechanical, and thermal properties [42, 43]. The main 
limitation of PSF membranes is their hydrophobic 
nature which leads to a decrease in permeability 
property and increases membrane fouling [38, 44] 
resulting in a decrease in membrane lifespan. To 
overcome this limitation, hydrophilicity was imparted to 
the membrane using PEG as an additive [38, 44]. It is 
easily leachable in a water-non-solvent bath and 

 

Figure 1: Membrane preparation and application stepwise process. 
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improves membrane porosity and pore density. It is 
used as a pore-forming agent, which avoids the 
formation of macro voids and improves the wettability 
of the membrane. Also, it improves membrane 
selectivity and transport rate [45]. Dimethyl acetamide 
was used as a solvent as it forms a stable dope 
solution at high PSF concentrations [35]. The increase 
in PSF concentration will help to improve membrane 
selectivity. Water was used as a non-solvent bath as 
DMAc and PEG are easily soluble in water [39, 46] and 
helps to add porosity to the membrane. The increase in 
PSF concentration and use of PEG changes gelation 
kinetics. It leads to form a denser structure with smooth 
thin selective porous top layer. It helps to increase the 
rejection property of the membrane. ZnO nano powder 
was further used to impart charge to the membrane. 
Thus, according to the Donnan exclusion principle, 
similarly charged particles repel each other, which will 
help to increase in rejection property of the membrane. 
Also, ZnO nano powder is low cost, easy to process, 
and imparts hydrophilicity to the membrane, hence 
improves permeability, transport, and selectivity of the 
membrane [33, 47-50]. Also, the use of ZnO 
nanoparticles in membrane preparation is increasing 
due to their photocatalytic self-cleaning property, which 
helps to reduce membrane fouling, and concentration 
polarization which improves membrane lifespan [50]. 

3.2. Effect of PSF Concentration and ZnO Nano 
Powder Modification by Acid Treatment on Copper 
Rejection 

The rejection of copper ions is mainly concerned 
with size and charge exclusion. The implementation of 
the Donnan exclusion principle for membrane anchored 
with ZnO nano powder with and without acid 
modification was studied. The use of ZnO nano powder 
in the membrane was also studied by Alabi A. et al. 
2018. ZnO nano embedded membrane shows good 
selectivity and transport rate as compared to pristine 
polymer membrane [51]. Copper rejection for 
membranes prepared with different PSF 
concentrations, and ZnO nano powder with or without 
HCl treatment is shown in Figure 1. It was observed 
that the copper rejection was 40% for membranes 
prepared from 40% PSF and ZnO NPs. The rejection 
was increased from 40 to 61% when the membrane 
was prepared from HCl modified ZnO NPs instead of 
nascent NPs. It attributes to the reaction between ZnO 
and HCl forms ZnCl2 and interaction between ZnCl2 
and PSF imparts a partial charge to the membrane. 
The formed membrane acts like an electrolyte with 

denser morphology and thin, porous structure, a similar 
observation was reported by Panda S. R. et al. 2014. 
According to the Donnan exclusion principle, the similar 
charge of a copper solution and that of membrane 
experiences repulsion which increases the copper 
rejection property of the membrane. Similar behavior of 
increase in chromium rejection property for membrane 
prepared with ZnO nano powder (HCl treated) was 
reported by Mahajan-Tatpate P. et al. 2021. Apart from 
this, the formed ZnCl2 increases membrane 
smoothness and forms a thin selective top layer with 
excellent pore geometry [42, 52]. Thus, HCl treated 
ZnO nano powder embedded membranes give better 
performance than pristine ZnO nano powder 
embedded membranes. 

Similarly, the effect of PSF concentration was 
studied for copper rejection. An increase in base 
polymer and dope solution concentration modifies the 
gelation condition for the membrane prepared by sol-
gel method. This reduction in solvent content and 
enhanced solid content help to reduce the membrane 
pore size. This reduction in membrane pore size helps 
to improve their rejection properties [35]. The similar 
properties were observed for concentration up to 40 %. 
Beyond this condition, when PSF concentration was 
increased from 40 to 43%, a decrease in rejection 
properties have been observed. It can be attributed to 
variation in gelation kinetics at higher concentration 
(43%). There is possibility of large agglomerate 
formation enhancing the pore size and uneven 
distribution of ZnO nano powder. Both these conditions 
in combination results in decreasing rejection as shown 
in Figure 2.  

 

Figure 2: Effect of PSF concentration and ZnO NPs chemical 
modification on Copper Rejection for PSF-ZnO NPs 
membrane. 
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3.3. Effect of ZnO Nano Powder (Acid Treated) 
Concentration on Copper Rejection 

A rejection study of copper was observed for 
membranes prepared from 40% PSF, 8% PEG (M.W. 
200), and 0.2 to 1 % HCl treated ZnO nano powder. 
Optimization of PEG concentration for PSF membrane 
was studied by Dhume S. et al. 2020, it was observed 
that at 8 % PEG concentration there is a good 
equilibrium among selectivity and transport property of 
membrane. Membrane obtained have smaller pore size 
and hence will increase rejection property of membrane 
without much affecting pure water flux. Acid (HCl) 
treated ZnO form ZnCl2, which has a good interaction 
with PSF. It changes the gelation kinetics of the 
membrane, resulting in good rejection properties [42, 
52]. 

Also, the interaction between PSF and PEG imparts 
hydrophilicity to the membrane which helps to 
overcome the membrane’s major limitation of fouling 
and hence will help to increase membrane life. 
Similarly, M.W. of PEG also plays a crucial role to 
determine membrane properties. The use of low M.W. 
PEG reduces membrane flux [53] which features the 
pore size reduction of the membrane which is desired 
property of the present work to enhance copper 
rejection. 

 

Figure 3: Effect of concentration of HCl treated ZnO nano 
powder on Copper Rejection for 40%PSF-8%PEG 
membrane. 

From Figure 3 it is observed that as the 
concentration of ZnO nano powder is increased from 
0.2 to 0.8%, copper rejection has increased from 71 to 
90%. It attributes that up to 0.8% concentration ZnO 
nano powder was homogeneously dispersed in dope 
solution and charge intensity of membrane is 
maximum. Thus, maximum rejection was observed at 
0.8% concentration. Whereas with further increase in 

ZnO concentration up to 1%, copper rejection has 
decreased to 68%. These attributes at 1% 
concentration ZnO nano powder clusters may be 
formed resulting in uneven distribution and forming a 
comparatively weak charged membrane. 

3.4. Water Flux and Pore Size 

The dope solution concentration is significant to 
define the membrane transport properties as shown in 
Figure 4. The HCl treated ZnO nano powder was used 
to optimize the performance of PSF-PEG membrane 
[42, 51]. The use of ZnO nano powder up to 0.8 % 
causes an increase in pure water flux denotes the pore 
size of membrane will be more. But there is a decrease 
in the pore size of the membrane up to 0.8% and after 
that, at 1% flux has decreased and pore size has 
increased. An increase in water flux, though the 
decrease in pore size attributes that there is an 
increase in a pore density or number of pores of the 
membrane. The membrane with good transport and 
good selectivity for rejection is the desired property of 
current work.  

 

Figure 4: Effect of concentration of HCl treated ZnO nano 
powder on membrane water flux and pore size. 

It shows up to 0.8% ZnO concentration improved 
interaction of PSF/PEG and proper uniform distribution 
of ZnO nano powder, and equal charge distribution in 
membrane matrix. This we have even observed in 
Figure 3 and confirmed with improved rejection 
property of membrane up to 0.8% nano powder 
concentration. At 1% ZnO nano powder concentration, 
a decrease in water flux and rejection property of 
membrane attributes to accumulation and improper 
distribution of nano powder, its charge, and weak 
interaction with polymer. 
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3.5. FTIR Analysis 

The FTIR spectra indicate the type of bond, 
stretching, or components present [36-38]. The 
membrane shows a slight variation in the absorption 
band for different compositions as shown in Figure 5.  

 

Figure 5: FTIR spectra of PSF, PSF-PEG, PSF-ZnO, PSF-
PEG-ZnO nano powder, and PSF-PEG-ZnO nano powder 
(HCl) membrane. 

From Figure 5, it was observed that, after the 
addition of PEG, and ZnO in PSF membrane, there is 
little or no change in the FTIR pattern as a very small 
amount of additives was used during membrane 
fabrication. Similar results were reported by Leo C.P. et 
al. 2012. It was observed that the absorption band at 
1083 cm-1 is an ether (-C-O-C-) group of PSF [37], and 
it gets shifted to 1104 for PSF embedded with PEG, 
ZnO, and PEG-ZnO together. While ZnO nanoparticles 
when interacting with HCl, the surface modification of 
the membrane was observed, and its ether group band 
shifted to a new position at 1083 cm-1 for PSF-PEG-
ZnO (HCl) membrane. This shows the stronger 
interaction and variation in molecule surface property, 
and surface charge. Thus, when the secondary 
molecule (metal ion) comes in contact with surface-

charged material, due to the repulsion between 
similarly charged ZnO nanoparticles and metal ions, 
there will be a surface double layer formation of heavy 
metal ions on the surface of the membrane. It leads to 
a concentration gradient, which causes the repulsion 
and rejection of heavy metal ions. Similarly at 1235 cm-

1 stretching vibration of aryl ether was observed for 
PSF [38] which shifted to 1239-1241 for PSF 
membrane prepared with the use of PEG, ZnO, and 
PEG-ZnO combination, and further, it shifted to 1236 
for PEG-ZnO modified with HCl. The phenyl (C-H) peak 
was observed at 719 and shifted to 714 cm-1 for 
membrane embedded with ZnO. ZnO generally shows 
absorption below 1000 cm-1 in the fingerprint area. The 
peak at 556 of PSF shifted to 553 cm-1 due to ZnO 
stretching. No additional peaks were formed due to 
PEG additive due to overlapping of PSF ether and C-H 
group. This stretching and bending attribute that when 
HCl interacts with ZnO, modifies the membrane, and 
changes the electronic environment which is stable. 
This contributes to an increase in interactive repulsion 
between the similar charges of membrane and metal 
ions according to the Donnan exclusion principle. It 
leads to enhancement in the rejection property of 
copper. 

3.6. EDX 

Surface chemistry and composition have a large 
effect on the transport and rejection properties of the 
membrane. The membranes with similar composition, 
pore size, and porosity can possess variations in 
rejection properties for different components based 
upon interaction with surface molecules. Hence the 
analysis of surface properties, chemical composition, 
and distribution of components is investigated using 
EDX analysis.  

Table 1 shows the elements present in the 
membrane by energy dispersive X-ray. EDX data from 
Table 1 underlines the importance of interaction and 
possible variation in Cu rejection properties. When the 
membrane was composed of PSF and pristine ZnO 

Table 1: EDX Data of Membrane with Different Compositions (wt%)  

Membrane Composition C O S Zn Cl 

40%PSF, 0.8%ZnO 72.05 21,83 5.98 0.14  

40% PSF, 0.8%ZnO (HCl) 70.64 23.21 5.94 0.05 0.16 

43% PSF, 0.8%ZnO (HCl) 72.81 21.03 5.72 0.09 0.35 
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nanoparticles, it can show the absence of Cl in the 
membrane matrix. Whereas when it was treated with 
HCl, the presence of Cl was observed. The data in 
Table 1 supports the interaction of ZnO nanoparticles 
with HCl by the presence of Cl in the membrane matrix. 
Also, the increase in the amount of ZnO for 43% is 
supported by a high amount of Zn and Cl present is 
shown in EDX data. 

4. CONCLUSIONS 

The harmful effects of copper on the environment 
and living organisms demanded its removal from water. 
Further, its recovery is important as this natural entity-
metal ion has large applicability. The separation is 
dependent on parameters such as feed condition (pH, 
concentration), method efficiency, operational cost 
(economics), environmental impact, etc. Limitations of 
conventional and membrane-based methods impose 
the need to develop a new design that overcomes the 
separation method issues. Thus, in this study, PSF-
based membranes prepared with PEG as an additive 
and HCl treated ZnO nano powder as a surface 
modifier were used for the same. Some of the major 
outcomes can be pointed out as: 

A. The use of ZnO nano powder resulted in surface 
charge modification of membranes while maintaining 
transport properties. Such incorporation of the charge 
in the membrane by pre-synthesis preparation process 
developed mechanical and chemical stable 
membranes without altering PSF properties.  

B. These membranes showed a reduction in fouling 
and the similar charge of membrane surface and metal 
ion solution improves separation efficiency of 
membrane using the Donnan exclusion principle.  

C. It was observed that copper rejection efficiency 
of the membrane has increased from 40% to 90% for 
pristine to acid (HCl) treated ZnO nano powder along 
with the use of PEG.  

This method has industrial applicability due to its 
easy fabrication process, sustainability, and techno-
commercial impact. Further membrane optimization 
study is required to opt for maximum rejection 
efficiency and to maintain copper ion level in water 
within its permissible limit. Also, the membrane 
properties can be tuned as per the transport property 
requirements and for multi-metal ions separation. 
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