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Abstract  Heavy metals are one of the major toxic 
pollutants affecting water quality. The higher con-
centrations of heavy metals in the environment cause 
water quality deterioration. As these metals are used 
for various purposes, they enter in the effluent streams 
of these processes. Their removal and recovery with-
out further contamination would enhance their recy-
clability and usability in further applications. The use 
of graphite nanoplatelets (GNPs) with a polysulfone 
(PSF) based membrane is one potential solution to 
this issue. This will lead to rejection of heavy metals 

through the Donnan Exclusion Principle. At the same 
time, it offers the chemical and mechanical stability 
of PSF, and GNPs can be chemically modified to pro-
vide desired charge to membrane surface for optimum 
removal of heavy metals. Experiments using ultra-
filtration membranes with GNPs anchored on them 
showed an increase in pore density, hydrophilicity, 
water flux and permeability transport properties. In 
addition, experiments involving Mn and Cr rejections 
revealed 96.97 and 93.07% rejections when 0.2% wt 
of GNP was included in the PSF based membrane. 
This highlights the importance of GNP treatment 
with suitable materials providing lower pore size and 
increased porosity and rejection of Mn and Cr. Such 
higher porosity would help to enhance transport rate 
and rejection properties which is necessity for suc-
cessful industrial applications.

Keywords  Donnan exclusion principle · Surface 
properties · Heavy metals · Rejection/ recovery of 
manganese and chromium

1  Introduction

Heavy metals are high density (3.5 to 7 g/cm3) com-
ponents of earth crust (Bellis & Aprile, 2020), with 
varying composition and availability across the world. 
Cr and Mn are notable members of heavy metals due 
to their large applications as machine components, 
structural supports. They are important members of 
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several alloys and used in other applications due to 
favorable mechanical, thermal, and chemical proper-
ties (Jaishankar et al., 2014). Moreover, they also play 
an essential role in metabolism of human and animal 
(Nasir et al., 2018). Despite of their importance in life 
and growth, these metallic materials affect adversely 
to human and surrounding life at higher concentra-
tions (Mahajan-Tatpate et  al., 2021b; Gholamian 
et al., 2023; Kravkaz Kusku et al., 2018; Cetin et al., 
2022a, b, c). Their exposure and intake can result in 
large health hazards to humans, animals and flora 
(Tekin et  al., 2022). Its leaching and contamination 
also affect soil properties (Kravkaz-Kuscu et  al., 
2018; Çiçek et  al., 2022; Pekkan et  al., 2021). The 
soil quality variation also affects vegetation in the 
area (Cetin et al., 2022a, b, c). Additionally, non-bio-
degradable nature and bioaccumulation properties of 
these material would enhance the intensity and sever-
ity of these hazards and damage during long and con-
tinuous exposure (Gholamian et  al., 2023; Mahajan-
Tatpate et al., 2021a, b; Verma & Dwivedi, 2013).

Adverse effect of these materials raises a need to 
control their contamination in food chain and water 
bodies (Gholamian et  al., 2023). Out of several rea-
sons for contamination, effluent and waste disposal 
are resultant of human activities which can be con-
trolled. An increase in heavy metal contamination 
in environment due to population increase in Tur-
key is reported (Cetin et  al., 2022a, b, c). This has 
resulted in posing stringent regulations on disposal 
of these materials during effluent treatment. This has 
prompted world health organizations (WHO) to set 
the permissible limits for different heavy metals to 
limit their effect on human being e.g., the permissi-
ble limits of Chromium (Cr) and Manganese (Mn) are 
0.05 and 0.1 (mg/l), respectively (Mahajan-Tatpate 
et al., 2021a, b).

Separation of heavy metals has been reported by 
methods of flocculation, chemical precipitation, coag-
ulation, flotation, ion exchange, adsorption, electro-
chemical treatment and membrane processes (Malik 
et  al., 2017; Agarwal et  al., 2015; Mahajan-Tatpate 
et  al. 2021a, b, 2022). Some of these conventional 
methods have the issues of secondary treatment 
requirement resulting in sludge generation, change 
in chemical composition and purity (Mahajan-Tat-
pate et  al. 2021a, b). On the other hand, the mem-
brane-based processes work on physical separation 
and reported to be one of the effective methods for 

separation and recovery of metal components (Fadhil, 
2023; Khulbe & Matsuura, 2018; Mahajan-Tatpate 
et al., 2021a, b). These separation systems have ben-
efits of ease of operation, space saving and high effi-
ciency (Ezugbe & Rathilal, 2020). They can be used 
for continuous separation and recovery of compo-
nents, and combined with other processes in indus-
try or effluent plant. Other benefits of membrane 
processes include mild operational conditions, low 
energy requirements (compared to secondary treat-
ment) and possible linear scale up due to modular 
nature (Riffat, 2013).

Moreover, membranes transport properties can 
be optimized for separation of desired components. 
Application of various membrane processes like 
Reverse osmosis (RO), Nanofiltration (NF), Electro-
dialysis (ED) and Ultrafiltration (UF) in heavy metal 
separation is reported (Abdullah et  al., 2019). Here 
RO, NF and UF works on pressure gradient as driving 
force, where as ED required electrical potential dif-
ference as driving force. This results in higher energy 
consumption for ED based separations. during the 
process (Fadhil, 2023; Mahajan-Tatpate et al., 2021a, 
b; Ezugbe & Rathilal, 2020; Khulbe & Matsuura, 
2018). In case of pressure driven systems, RO and NF 
requires high pressure of more than 50 kg and 20 to 
50  kg for efficient operation respectively compared 
to UF which works on 1 to 5  kg pressure gradient 
(Mulder, 2012). This provides UF based separations 
the benefits of low energy consumption along with 
ease of operation (Mahajan-Tatpate et al., 2021a, b).

The ultrafiltration membranes supported by Micel-
lar and Polymer complexation (MEUF, PEUF) are 
reported for separation of heavy metals (Lin et  al., 
2020). Both methods work on addition of complex-
ing agent which forms micelles or complexes with the 
pollutants. This complex or micelles formation makes 
direct recycle or use of separated components difficult 
in further processes. Hence the downstream process-
ing for recovery of heavy metal ions is required. This 
would generate secondary pollutants which needs fur-
ther treatment. This limits applicability of these mem-
branes. Hence there is need for defining single mem-
brane system which can work in extreme conditions 
for removal of furthermost multiple heavy materials.

This requires careful optimization of membranes 
properties viz., pore size, porosity and providing 
surface charge to membranes (Dhume et  al., 2020; 
Mahajan-Tatpate et  al., 2022; Li et  al., 2023; Zhang 
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et  al., 2023). These membranes would be helpful in 
separation of heavy metal ions by Donnan Exclusion 
principle (Abdullah et  al., 2019). Modification of 
membranes for surface charge can be done by chemi-
cal treatment (grafting or surface treatment) or use of 
additive in dope solution. Chemical treatment modi-
fies polymeric structure and affect membrane stability 
and applicability. On the other hand, use of carefully 
selected additive would not affect the chemical struc-
ture of base polymer. This would help to maintain the 
stability, while additive would provide the necessary 
charge and charge distribution for enhancement in 
heavy metal removal. Use of carbon based nanoma-
terial to enhance membrane separation properties is 
reported (Rajesh et al., 2023).

Considering all these factors, graphite nanoplate-
lets (GNP) have been used as additives in PSF based 
membranes in the current work. GNP possesses 
excellent mechanical properties, and they can be 
dispersed easily and evenly due to their nanometric 
sizes. Further GNP possess very high surface area 
and high number of active sites available for interac-
tion (Herreros-Lucas et al., 2023). Hence they can be 
charged easily with suitable chemical treatment. This 
would provide easy method to control the charge and 
charge density of membranes.

The study is targeted towards about optimization 
of membranes for removal of heavy metals using 
GNP as an additive in PSF based membranes. The 
development of membranes was targeted for separa-
tion of multiple heavy metal viz., Chromium (Cr) and 
Manganese (Mn). These materials are selected due 
large applicability of Cr and Mn in tanning and metal 
processing industry. This results in large quantities of 
effluent possessing these metal salts. The membranes 
optimized using PSF as base material with PEG as 
porogenic additive and GNP as surface modifier 
showed more than 90% removal for these metals.

2 � Experimental

2.1 � Materials

Polysulfone (PSF) of synthesis grade and a molecu-
lar weight (MW) of 35,000 Dalton (Da) was pur-
chased from Otto Chemei Pvt. Ltd. Loba Chemei 
Pvt. Ltd. supplied N, N’-Dimethyl acetamide 
(DMAc) of synthesis grade. Nanoshel LLS supplied a 

synthesis-grade Graphene Nanoplatelets (GNP) with 
a particle size ranging from 2 to 10 nm, bulk density 
0.101 g/cm3 and surface area of 320 m2/g. Polyethyl-
ene Glycol (PEG) with molecular weights 200, 400 
and 600  Da were obtained from High Purity Lab. 
Pvt. Ltd. PEG 1500, and 9000 Da, and Acetic Acid, 
Sodium Hydroxide (NaOH) and Hydrochloric Acid 
(HCl) were purchased from Loba Chemei Pvt. Ltd., 
and PEG 6000 and 20000 Da, Potassium dichromate 
pure (K2Cr2O7) were purchased Sisco Research Lab 
Pvt. Ltd. They are designated by PEG and MW e.g. 
PEG 200.

Potassium Iodide (KI) and Iodine (I2) laboratory 
reagent grades were purchased from ACME Chemi-
cals and Poona Chemical Lab, respectively. Ahlstrom 
Hollytex provided Nonwoven Polyester backing of 
grade 3324. Potassium Permanganate (KMnO4) and 
are Romali Pvt. Ltd., respectively. Sulfuric Acid 
(H2SO4) was purchased from Fisher Scientific, Nitric 
Acid (HNO3) was purchased Merck Ltd.

2.2 � Solution Preparation

Initially, GNP was treated with some acids and alka-
lis like Sulfuric Acid (H2SO4), Nitric Acid (HNO3), 
Hydrochloric Acid (HCl), Acetic Acid, Sodium 
Hydroxide (NaOH) and Potassium Permanganate 
(KMnO4). GNP was stirred for 24 h in 1000 ppm acid 
or alkali solution. It was then filtered out to remove 
GNP and dry it at 60 °C for 48 h.

The GNP, PEG and PSF dried at 60  °C for 48  h 
under vacuum conditions were used in forma-
tion of dope solution as described earlier (Dhume 
et  al., 2020, 2023). Precisely, pre-measured quanti-
ties of dry PSF (23—43%, w/v of DMAc) and PEG 
(1–10%, w/w of PSF) were added to vessel contain-
ing DMAc under a constant stirring to create a dope 
solution. Subsequently, the solution was added with 
pre-weighed GNP (0–1%, w/w of PSF) in order to 
achieve the desired concentration based on w/w ratio 
with respect to the amount of PSF. The stirring pro-
cess was continued for 48 h under close observation 
to ensure the complete dissolution of PSF and PEG 
in DMAc. This was insured by visual observation, 
followed by centrifugation of solution which would 
remove undissolved polymeric materials. Same con-
ditions were maintained for further dissolution. The 
solution was then subjected to degassing through 
either probe sonication or a vacuum degassing system 
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depending upon solution viscosity. The resulting 
solution was utilized for the formation of membranes.

2.3 � Membrane Casting

The dope solutions were degassed using a probe soni-
cator (Johnson Plastosonic, Model No. JP578L) for 
2 to 5 min per cycle or controlled vacuum to remove 
any entrapped air bubbles (Dhume et al., 2020, 2023). 
It was centrifuged and used for membrane prepara-
tion using membrane casting system, following the, 
methodology as described earlier (Dhume et al., 2020, 
2023). A casting system equipped with precise control 
over parameters such as knife gap, spread time and sur-
face drying time was used to ensure the formation of 
membranes without irregularities or uneven surfaces.

The non-woven polyester backing of appropri-
ate size was fixed to glass surface attached to casting 
machine using scotch tape. A doctor blade attached to 
casting machine is used to spread the casting solution 
on backing evenly at predefined thickness. This thick-
ness of solution layer was controlled by gap between 
backing surface and doctor knife. The glass surface, 
backing and solution was transferred to water bath 
after a predefined air-drying time of 10 – 30 s. This 
process lead to membrane formation by gelation. The 
casted membrane was preserved under formalin at a 
temperature of 4  °C before further analysis. All the 
analysis is done in triplicate and best fit data is used 
in discussion.

2.4 � Water Flux Analysis

The water flux of the prepared membrane was meas-
ured by using an Amicon type dead end cell with 
an active membrane area of 13.847 cm2, following 
the methodology as described earlier (Dhume et  al., 
2020, 2023). The analysis was conducted at room 
temperature using distilled water.

The flux (l/m2.h—lmh) was calculated by using 
Eq. 1, given in Fig. 1,

where, V is volume (L) of water transported across 
the membrane in time (Δt, h) through the membrane 
of cross-sectional area (A).

(1)F =
V

A × Δt

2.5 � Analysis of Bubble Point and Pore Size 
Distribution

2.5.1 � Bubble Point Analysis

Bubble point analysis was carried out by using 
water – air system, combination as described earlier 
(Dhume et  al., 2020). A wet membrane sample was 
carefully mounted in analysis cell. Dry air was fed 
into the system, and the upstream pressure was gradu-
ally increased at a regular interval until a continuous 
airflow rate was obtained. The pressure at which this 
happens was identified as the bubble point pressure, 
which was used for calculating the maximum pore 
size using Cantors Equation (Cuperus & Smolders, 
1991).

where, σ is surface tension (mN.m-1) of air–water, θ 
is contact angle and Pi is applied pressure (bar).

2.5.2 � Pore Size Distribution

The average pore size of the membranes was deter-
mined with the help of both water flux and bubble 
point analysis by using Cantor’s Eq.  (2). Addition-
ally, the number of pores per unit area was calculated 

(2)rpi =
2.�.cos�

PI

Fig. 1   Effect of variation in PSF concentration in dope solu-
tion from 23 to 43% on water flux through the membrane
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using Hagen-Poiseuille’s Equation (Mulder, 2012), as 
provided below:

In the equation, Ni is the number of pores per 
unit area, rpi is the average radius of the pore (m), σ 
is the viscosity of water (P), l is pore length, which 
is assumed to be equal to the membrane skin layer 
thickness (µm) and Ji corresponds to the flux (lmh) 
measured at the ith increment where applied pressure 
is Pi (bar).

2.6 � PEG Rejection Analysis

The molecular weight cut-off (MWCO) of the result-
ing membrane was measured using PEG rejection 
analysis. This analysis was conducted using a dead 
end cell as described earlier (Dhume et  al., 2020, 
2023). 0.1% PEG solution was prepared in distilled 
water and its transport was analyzed. Initially 25 ml 
of permeate was discarded and further material was 
considered for analysis. Concentration of PEG in the 
feed and permeate was measured by using UV analy-
sis (Yusoff et al., 2017). The solution requires treat-
ment for being UV active. For the same, 0.6 ml feed 
or permeate sample was taken and 3  ml of reagent 
A (1.27 g I2 in 2% of KI solution) was added to the 
same with through mixing. They are allowed to inter-
act for 30 min at room temperature, followed absorb-
ance measurement using double beam UV–visible 
spectrophotometer (UV 3000+, LabIndia Analytical) 
at 535 nm wavelength.

Rejection (%) was calculated by

where Cp and Cf  is concentration of permeate and 
feed concentration, respectively.

2.7 � Metal Rejection Analysis

The synthetic solutions of metal salts (Mn and Cr) with a 
concentration of 1000 ppm (viz., KMnO4 and K2Cr2O7) 
was prepared in distilled water. These solutions were 
used for rejection analysis, similar to PEG rejection 
analysis described in Sect.  2.6. The concentration of 

(3)Ni =

(

Ji −
Ji−1.Pi

Pi−1

)

∙
8η. l

π.Pi. r
4
Pi

(4)%R =

[

1 −
Cp

Cf

]

× 100

the metal salts was determined by using UV analysis at 
530 nm and 313 nm wavelengths for Mn and Cr, respec-
tively (Mahajan-Tatpate et  al., 2021a, b). A calibration 
curve is defined and used to analyze unknown concen-
tration of the salt solutions. This analysis was carried out 
using UV–visible spectrophotometer (UV 3000+) from 
LabIndia Analytical instruments.

3 � Results and Discussion

3.1 � Effect of Dope Solution Concentration

Polysulfone (PSF) is widely considered as a pre-
ferred material for the formation of porous membrane 
(Mulder, 2012; Tan & Rodrigue, 2019). This is due 
to its excellent chemical and thermal stability, as 
well as its solubility in hydrophilic solvents (Dhume 
et al., 2020, 2023; Tan & Rodrigues, 2019; Arthana-
reeswaran & Starov, 2011). These unique properties 
make it important material for porous membrane 
formation.

Performance of membrane is majorly defined in 
terms of its transport and selectivity properties. These 
properties are dependent upon composition of solu-
tion used for membrane formation and the formation 
or gelation parameters (Mulder, 2012). One of the 
major parameters is solution composition containing 
solvent, base polymer, polymer properties and addi-
tive (Abdelrasoul et al., 2015). This solution compo-
sition in addition of gelation properties would define 
membrane properties of transport rate and selectivity 
(Mulder, 2012).

The membrane properties of concern viz., trans-
port rate and selectivity, there is always a trade off 
(Mahajan-Tatpate et  al. 2021a, b). Hence optimiza-
tion of concentration, gelation conditions are highly 
essential for membrane properties. One of the method 
to improve selectivity is an increase in the solution 
concentration. It would result in low pore size of 
selective layer (Dhume et  al., 2023; Tan & Rodri-
gues, 2019). This would increase the selectivity while 
reduction in flux is observed (Mulder, 2012).

Through careful optimization of the solvent and PSF 
molecular weight (MW), it is possible to achieve high 
solubility (Dhume et al., 2020). Here by increasing the 
solution concentration overall membrane transport and 
rejection properties can be enhanced. Similar increase 
in membrane properties are reported (Li et al., 2014). 
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In this regard, DMAc was found to be better option due 
to high solubility of PSF compared to N-methyl pyrro-
lidone and N,N’-dimethyl formamide. Further DMAc 
can be used for large scale membrane formation due 
to its solubility in water, which is commonly utilized 
as a non-solvent for membrane preparation (Dhume 
et  al., 2020). Moreover the PSF membranes formed 
with DMAc exhibited remarkable stability properties 
as observed by linear increase in transport rate with 
pressure. This indicates the formation of stable mem-
branes without any mechanical pore compaction owing 
to increased pressure difference.

Further the study was initiated for optimization of 
PSF concentration and its effect on membrane trans-
port properties. A significant exponential decrease 
in the transport rate (from 622 to 5.91 lmh) with 
increase in dope solution concentration from 23 to 
43% was observed (Fig.  1). This decrease in water 
flux can be attribute to the decrease in pore size. Such 
variation is pore size is due to increase in solution 
viscosity as discussed in section below. This resulted 
in formation of denser surface layer with lower pore 
size. It helped to improve the desired selectivity prop-
erties. The observed variation in the flux with change 
in the concentration profile is duly supported by pore 
size analysis. It is evident that as the concentration of 
dope solution increased from 23 to 43% there was a 
decrease in pore size from 1405 to 156 nm.

3.2 � Effect of PSF Concentration on Dope Viscosity

Dope solution viscosity is an important parameter 
during membrane formation and its property optimi-
zation. Hence effect of solution viscosity with con-
centration is analyzed. A linear increase in viscosity 
from 1400 to 2700 cP with the increase in solution 
concentration from 33 to 43% was observed (Fig. 2). 
Such increase in viscosity would restrict the motion 
of polymeric molecules from dope solution. It would 
restrict rearrangement and agglomeration of solute 
particle during casting, air dry and solvent solute 
demixing in gelation process.

Such restricted motion and agglomeration would 
affect rearrangement of polymer from solution, result-
ing in small pore formation in place of solvent removed 
during gelation and phase inversion (Pal, 2017). This 
reduction in pore size would lead to increased resist-
ance for the transport. It would result in lower transport 
rate (flux) through the formed membranes (Fig.  2). 

Similar reduction in transport rate with increase in 
dope solution concentration is reported earlier (Dhume 
et al., 2020, 2023; Ray et al., 2019).

A sharp decrease in transport rate with increase 
in solution concentration or dope solution viscosity 
in observed at lower concentration. At higher con-
centration, to the presence of higher solute content 
enhances the dope solution viscosity. This higher vis-
cosity reduces the polymeric motions and possibility 
of realignment. It would reduce the variation in trans-
port properties. Same is observed through the expo-
nential curve in Fig. 1.

3.3 � Effect of PEG Molecular Weight

There is always a tradeoff between selectivity and 
transport rate for membranes. In case of porous 
membranes this trade off can be suitably modified or 
optimized by variation in solution composition and 
membrane formation conditions. The PSF based mem-
branes can be suitably modifies by using polyethylene 
glycol (PEG) as porogen (Dhume et al., 2020, 2023). 
PEG is used as polymeric pore forming agent or poro-
gen. It is a material used for modification of morphol-
ogy of membranes, which is added to solution and sub-
sequently leached out during phase inversion (Rekik 
et  al., 2023). An increase in porosity and transport 
rate while maintaining the PEG rejection is reported 
(Dhume et al., 2020; Mahajan-Tatpate et al., 2021a, b). 
This can be attributed to increase in viscosity of dope 
solution due to increase in polymer content of solution. 

Fig. 2   Viscosity of dope solution for various concentrations of 
PSF (33% to 43%) in solvent
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It would restrict the rearrangement in polymer while 
leaching of porogen would enhance porosity which 
would increase the transport rate.

Further it was thought to optimize the PEG MW to 
be used as porogen. The effect of different PEG molec-
ular weight in dope solution containing 29% PSF as 
base material was investigated by analyzing its effect 
on water flux and pore size of formed membranes.

As seen from Table  1, a reduction in PEG MW 
in dope solution leads to decrease in pore size from 
702.66 to 140.53  nm. This could be attributed to 
smaller molecular size PEG. The use of PEG as poro-
gen in dope solution would increase the solution vis-
cosity It would restrict base polymer rearrangement 
during gelation, resulting in smaller pore size.

Further PEG being hydrophilic in nature, it gets 
dissolved in water and leached from the membrane 
surface. This would result in smaller size pores with 
low MW PEG as seen from Table  1. The reduction 
in pore size would increase resistance for transport 
through the formed pores. This would reduce the 
water flux from 541.62 to 282.58 lmh with the varia-
tion in PEG MW weight from 6000 to 200 Da at addi-
tion of 8% PEG concentration in dope solution.

3.4 � Water Flux and Pore Size

As seen from Fig.  3, a sharp decrease in water flux 
from 622 to 5.91 LMH was observed with the increase 
in PSF concentration from 23 to 43% in dope solution. 
This exponential decrease is due to the sharp decrease 
in pore size with increase in dope solution concentra-
tion. Higher dope solution concentration affects the 
pore formation during gelation resulting in smaller 
pore size. At high dope solution concentration, rear-
rangement in pore structure and clustering during 
gelation reduces and makes the pore size reduction 
exponential rather linear.

Bubble point method was used to discriminate 
maximum pore size present in the pore distribution. It 
is based on minimum pressure necessary to open the 
pores to transport firstly observed air bubble. A sharp 
increase in bubble point pressure and reduction in pore 
size was observed with the increase in dope solution 
PSF concentration from 33 to 43%. This can be attrib-
uted to the rearrangement in polymer during gelation 
(Dhume et  al., 2020, 2023). Resulting high viscos-
ity of higher polymer solution concentration would 
restrict the movement of polymers and rearrangement 
in polymers. These restrictions would control the pore 
formation and result in formation of smaller pores as 
observed from Fig. 3. This supports the hypothesis of 
rearrangement of polymer during gelation and thus 
observed variation in pore size of formed membranes. 
Such reduction in pore size would lead to separation of 
low molecular weight solutes and improve the selectiv-
ity properties. Similarly they would enhance the resist-
ance towards flow and reduce the membrane flux as 
observed and discussed above.

3.5 � Effect of Graphene Nanoplatelets (GNP) Content 
in Dope Solution

As seen from the explorations uptill now, it was 
observed that the PSF based membranes with dope 
solution containing PEG as porogen agent play major 
role in obtaining desired transport and selectivity prop-
erties. The membranes were further added with graph-
ite nanoplatelets (GNP) to get the desired rejection 

Table 1   Effect of different PEG molecular weight in dope 
solution (PSF 29%)

PEG MW Flux (LMH) Pore Radius (nm)

6000 541.62 702.66
1500 509.76 702.66
600 376.78 675.33
400 302.30 140.53
200 282.58 140.53

Fig. 3   Effect of variation in PSF Concentration from 33 to 
43% and PEG 200 on membrane properties where, ▲is pure 
water flux, ■ is No. of pores, ● pore size
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properties for heavy metals. Selection was GNP was 
owing to the excellent mechanical and stability prop-
erties of GNP (Mohan et  al., 2018). Further the thin 
layered structure of GNP would provide the properties 
of easy dispersion into the polymer solution (Liang 
et  al., 2018). Additionally, its higher surface area 
would provide feasibility for optimization of charge on 
GNP. This charge optimization and ease of dispersion 
would prove beneficial during the optimization of sur-
face charge of membranes (Perez-Alvarez et al., 2019). 
It would be beneficial in the optimization of rejection 
properties for heavy metals. This was investigated to 
determine composition of PEG and GNP to obtain the 
desired selectivity and flux properties.

GNP concentration was optimized to obtain the 
desired transport and selectivity properties. As seen 
from Fig. 4, the dope solution containing 0.2% GNP 
gives maximum pore density with minimum pore 
size. This could be attributed to interactions between 
PSF, PEG and GNP resulting in lower pore size and 
higher porosity by leaching of the PEG. Further 
increase in GNP would lead to agglomeration and 
cluster formation leading to abnormalities in pore size 
and porosity. This lower pore size would be benefi-
cial in providing optimum rejection properties, while 
higher pore density would be helpful to improve 
membrane flux (Table 2).

Lower flux for membranes based upon dope solu-
tion containing 0.2% GNP can be attributed to for-
mation of regular size pores with lower interconnec-
tivity. This would increase the membrane resistance 
and reduce convective flux (Piry et  al., 2011). At 
the same time, it would enhance rejection properties 
for all metals investigated and helped to achieve the 
desired selectivity.

3.6 � Fourier Transform Infrared Spectroscopy (FTIR) 
Analysis

In FTIR analysis 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. This absorption and transmittance 
is dependent upon molecular structure and its elec-
tronics activity. Based on transmittance, the graph 
was plotted between wave number and transmittance 
for PSF modified membranes is shown in Fig.  5. 
The membrane shows a variation in FTIR spectra 
of PSF membrane modified with additive like, PEG/ 
GNP and GNP nanoparticle treated with KMnO4. 
There is variation at the presence of IR peaks related 
to C = C and O–H groups at 1539 and 3820  cm−1, 
respectively; which were absent in PSF based mem-
branes. This attributes to change in chemical com-
position (presence of GNP and PEG), and related 
functional group interactions present in the mem-
brane. Such variation in composition would result 
in modification surface properties. This change in 
surface properties would modify the interaction with 
metal salts. Similar variation in surface properties 

Fig. 4   Effect of water flux, 
pore size, and number of 
pores due to variation in 
GNP content in dope solu-
tion (Dope solution: 43% of 
PSF with 2% PEG 200)

Table 2   Effect of GNP content on membrane properties

Graphite nano-
platelets content

Water flux 
(LMH)

Pore size (m) No. of 
Pores × 1018

0.1 76.57 32.6 0.42
0.2 4.07 13.78 4.85
0.4 50.27 25.9 0.35
0.6 47.59 23.5 0.31
0.8 54.47 14.8 2.46
1 62.48 16.38 0.28



Water Air Soil Pollut (2024) 235:560	 Page 9 of 13  560

Vol.: (0123456789)

and interactions has been reported (Enders et  al., 
2023). These interactions would improve the rejec-
tion properties of metal salts by Donnan Exclu-
sion principal. Similar increase in metal rejection 
with modification in surface composition has been 
reported (Muthumareeswaran et al., 2017).

3.7 � Morphology of Membranes

The surface morphology of the membranes are shown 
in Fig. 6. The Scanning Electron Microscopy (SEM) 
of the surface images shows presence of similar size 
pores in both these membrane with and without 
porogen. Here the careful selection of PEG as poro-
gen helps to maintain the pore size while enhancing 
porosity. This PEG is leached during phase inversion 
process. It increased the voids and reduced the thick-
ness of pore walls. This would increase the perme-
ability of membrane.

The porous layer varied significantly with the 
addition of GNP, from tighter and void-free pores. 
Membranes prepared using N,N-dimethylacetamide 

(DMAc) had higher porosity (89%) as compared to 
1-methyl-2-pyrrolidone (NMP) and N,N-dimeth-
ylformamide (DMF), which were 83% and 80% 
respectively. In our study, the use of DMAc as sol-
vent resulting in an asymmetrical porous top layer 
and pore sizes ranging between 8–19  nm. Similar 
benefits of DMAc towards formation of PSF based 
membranes has reported (Ravishankar et  al., 2018). 
This smaller pore size in addition with surface charge 
would lead to enhanced metal ion rejection and 
removal by Donnan exclusion principle.

3.8 � Heavy Metal Rejection

Rejection of ions can principally be achieved through 
adsorption, size exclusion, and charge exclusion. In 
the current investigations GNP is used enhance metal 
ion rejection by employing Donnan exclusion princi-
ple.  As seen from, Fig.  7, it was observed that PSF 
based membranes with dope solution containing PEG 
as porogen and GNP as modifying agent play major 
role in obtaining desired rejection properties for 
heavy metals (Plisko et al., 2021).

The rejection of metal ions at same PSF concen-
tration with different optimization shown in Fig.  8. 
From the figure, it can be noted that higher rejection 
was achieved with the 35% of PSF, PEG 400 is 8% 
and GNP 0.2%. All these membranes demonstrated 
an increase in rejection when there was a change in 
membrane content. The membranes based on only 
PSF gives rejection 26.39 and 42.03% for Mn and 
Cr ions respectively. A maximum metal rejection of 
87.19 and 54.24% of Mn and Cr respectively was 
achieved using PSF membrane with PEG 400 and 
GNP content. This can be attributed to the higher 
interaction and charge on membranes with the pres-
ence of GNP. It would result in higher rejection of 

Fig. 5   FTIR spectra of PSF, PSF-GNP, PSF-PEG-GNP, PSF-
PEG-GNP(KMnO4) membrane

Fig. 6   Effect of presence 
of porogen (PEG 6000) in 
dope solution on the pore 
size of 29% PSF based 
membranes, where SEM 
image a without PEG, b 
with PEG 6 kDa
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heavy metals by Donnan exclusion principle. Similar 
increase in rejection due interaction is reported earlier 
(Dhume et al., 2020, 2023; Mahajan – Tatpate et al., 
2022; Syahirah-Suhalim et al., 2022).

Figure 8 shows the rejection of metal ions at dif-
ferent PSF concentration. From the figure, it can be 
noted that higher rejection was achieved with the 
43% of PSF, PEG 200 is 2% and GNP (KMnO4) 
0.2%. All membranes demonstrated an increase in 
rejection when there was an increase in concentration 

of PSF, which can be attributed to the smaller pore 
size. The reduction in pore size would make the 
membrane more compact and higher repulsive inter-
action between membrane surface and solute metal 
ion particles (Costa & de Pinho, 2005). A maximum 
metal rejection of 96.25 and 93.07% was achieved 
for Mn and Cr respectively was achieved using 43% 
PSF membrane containing GNP. This increase in 
rejection properties can be attributed to the interac-
tion between solute molecules and charged particles 
on membrane surface.

4 � Conclusions

The GNP-anchored PSF ultrafiltration membranes 
were prepared using DMAc as a solvent. These 
membranes demonstrated marked improvements in 
hydrophilicity and porosity, resulting in higher over-
all flux and permeability when compared to mem-
branes without GNP. The pores of these ultrafiltra-
tion membranes have sizes ranging from 8 to 19 nm. 
Furthermore use of PEG as porogen helped to 
enhance the membrane porosity while maintaining 
pore size. This enhanced porosity helped to increase 
the water flux across membrane. Additionally, the 
prepared membranes exhibited greater permeabil-
ity as well as rejection of Mn and Cr ions through 
tests. The 43% PSF based membranes with 2% 
PEG (200) as porogen and 0.2 wt % GNP showed 
the highest rejection rates of 96.97 and 93.07%, and 
Mn and Cr, respectively. The presence of GNP pro-
vides surface charge to the PSF membranes, while 
still maintaining their stability. Through acid, base 
or strong chemical reagent treatments (e.g. KMNO4) 
this surface charge can be modified, along with pos-
sible grafting of it onto the GNPs surface. This pro-
vides charge similar to that found in salt solution. 
This resulted in more than 90% retention for Cr and 
Mn on membranes due to repelling action by similar 
charge of salt molecules known as Donnan Exclu-
sion, without compromising its stability and perme-
ation performance. These findings emphasize contri-
bution of PEG (200), GNP and DMAc to creating 
highly porous membranes with improved pore size, 
for removing heavy metal salts. It would be helpful 
in water purification by removing heavy metal salts 
in economical fashion.

Fig. 7   Mn and Cr rejection by 35% PSF based membrane 
with different optimization through use of PEG as porogen and 
GNP as modifying agent

Fig. 8   Effect of membrane composition on metal rejection 
properties
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