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ARTICLE INFO ABSTRACT

Keywords: Polyamide-imides (PAI) are attractive materials for membrane formation due to their high chemical and thermal
Polyamide-imide stability. In this study, we report a facile approach for preparing positively charged nanofiltration (NF) mem-
Polyethylenimine branes using a one-step process. Polyethylenimine (PEI) was dissolved in a coagulation bath and formed in-situ

In-situ crosslinking
Positively charged nanofiltration membrane
Phase inversion

ionic crosslinking with PAI during phase inversion. The membranes were characterized by attenuated total
reflectance Fourier Transform Infrared spectroscopy (ATR-FTIR), scanning electron microscopy (SEM), energy
dispersive X-ray analysis (EDX), atomic force microscopy (AFM), contact angle and zeta potential measurements.
The most positively charged membrane was obtained when the pH of the coagulation bath was adjusted to 10.
This membrane showed a significant decrease in contact angle and surface roughness and increase in the pure
water permeability (PWP) compared to the plain PAI membrane. The salt rejection performance of the cross-
linked PAI membrane was measured using MgCl,, CaCl,, NaCl and Na,SOy, salts. The rejection of Mg?* and Ca®*
ions was found to be 95.6% and 90.2%, respectively. The crosslinked membrane showed excellent chemical
stability when stored in HCl solution at pH 3 up to 7 days. Antifouling behaviour of the optimized membrane was
tested using bovine serum albumin (BSA) and flux recovery ratio of the membrane was found to be 92.2% at the
end of 3h filtration. The results suggest that the positively charged PAI membranes crosslinked with PEI may

have a potential in recovering valuable cationic metals from acid mine wastewater.

1. Introduction

Nanofiltration (NF) membranes fill the gap between ultrafiltration
(UF) and reverse osmosis (RO) membranes and are used for separation
of neutral and charged molecules in the range of 0.5-2 nm in diameter
[1-6]. Positively charged NF membranes can exhibit high rejections for
multivalent cations depending on their pore size and charge densities,
hence, they can be used for recovery of valuable cationic macro-
molecules in biotechnology and pharmaceutical industries or removal
of multivalent cations such as dyes and heavy metals from effluents in
the paper and pulp, textile, nuclear, and automotive industries [7,8].

Positively charged NF membranes are usually manufactured in the
form of thin film composite (TFC) membrane through interfacial
polymerization [9-19]. The main disadvantages of this method are the
difficulty in controlling uniform growth of the selective layer over the
surface and the possibility of changing the bulk structure of the support
due to penetration of monomers. The second commonly used approach
to prepare TFC NF membranes is to coat preformed polymer on the
surface of a UF membrane by physical adsorption, electrostatic
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interactions or in some cases through a chemical reaction [20-28]. In
both methods, the challenge is to obtain a very thin and stable selective
layer in order to minimize the mass transfer resistance and maintain
selectivity for a long period of time. NF membranes have also been
manufactured by chemical or thermal post treatment of the integrally
skinned asymmetric membranes. Economy’s group designed positively
charged flat sheet NF membranes by chemical post treatment of P84
copolyimide asymmetric membrane using branched polyethylenimine
(PEID) [29]. Cui et al. [30] blended polyvinyl chloride with an amphi-
philic copolymer of poly(methyl methacrylate-co-dimethyl aminoethyl
methacrylate) (P(MMA-co-DMA)) and at the end of phase inversion, the
membranes were immersed into p-xylene dichloride (XDC) solution to
achieve crosslinking between XDC and tertiary amine units in the
membrane. To obtain positively charged NF membranes in a single step
without using any post treatment process, casting formulation has
usually been adjusted to change the kinetics and thermodynamics of
phase inversion. Yu et al. [31] mixed modified Mg/Al hydrotalcite
(mHT) with poly(ether sulfone) (PES) and pore former poly-
vinylpyrrolidone to fabricate loose NF membranes through nonsolvent
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induced phase separation (NIPS) method. The membrane showed high
retention for dyes, reactive black 5 and reactive red 49, and low re-
jections for salts. Zhang et al. [32] used a positively charged polymer-
cardo poly(arylene ether sulfone) with pendant tertiary amine groups
(PES-TA) to prepare positively charged loose NF membranes in a single
step. By changing the ratio of solvent (DMF) to co-solvent (THF) in the
casting solution, the MWCO value of the membranes changed from
5555 to 1360. Yu et al. [33] blended modified silica spheres with
polyethersulfone and pore former polyvinylpyrrolidone and tested the
membranes for the dye/salt separation. These studies indicate that the
positively charged NF membranes prepared in a single step with phase
inversion are all in loose nanofiltration category with a MWCO greater
than 1kDa. The positive charge in the membranes was achieved with
either fillers or a polymer modified with tertiary amine groups. In both
approaches lengthy and complex procedures are applied which limit
the scalability of the membrane production. On the other hand, the lack
of a chemical bond between the filler and matrix polymer may cause a
change in the long-term performance of the membranes due to leaching
of the filler. These drawbacks indicate that there is still a need for
simple protocols for an economical full-scale production of positively
charged NF membranes.

Polyamide-imide (PAI), commercially known as Torlon, is a good
candidate for membrane fabrication due to its superior mechanical
properties, high thermal and chemical stability over a wide pH range. In
literature, PAI based positively charged NF membranes were prepared
at least in two steps [34,35]. First, a bare PAI membrane was formed
using phase inversion process and then chemical post-treatment was
applied on the prepared support layer at high temperature. In addition,
various pore forming agents such as ethylene glycol (EG) [34], poly-
ethylene glycol (PEG) with different molecular weights, poly-
vinylpyrrolidone (PVP) and LiCl [35] were added into the casting so-
lution. Due to uncontrolled leaching of these agents, it is not easy to
obtain long term stable NF membranes when a pore former was used.

In the present work, PAI based positively charged NF membranes
were prepared in a single step by dissolving PEI in a coagulation bath at
ambient temperature. In addition, no pore forming agent was used in
the casting solution to obtain long term stable NF membranes. During
the phase inversion process, chemical crosslinking occurs between
amide group in the PAI and amine group of the PEI preventing back
diffusion of PEI into water. The surface tension of the coagulation bath
decreases in the presence of PEIL, causing delayed demixing, hence,
providing a dense skin layer production on the membrane surface. It
has been hypothesized that the pH value is the driving force for the
chemical crosslinking between PAI and PEI. To prove that, pH of the
coagulation bath was adjusted to three different values. The membrane
prepared at optimum pH was tested for its salt rejection performance
and characterized in terms of its MWCO, morphology, elemental com-
position, charge, roughness and hydrophilicity of the surface, chemical
stability and antifouling behaviour. To the best of our knowledge, a
single step preparation of positively charged NF membranes with a
MWCO less than 1 kDa without using any pore former is being reported
for the first time. This one-step preparation is less complicated and
requires fewer steps than either interfacial polymerization or surface
coating without any leaching risk.

2. Experimental
2.1. Materials

Polyamide-imide (PAI) (Trade name Torlon®, 4000 T-LV) kindly
supplied by Solvay Advanced Polymers, was used to obtain flat sheet
substrates. N-methyl-2-pyrrolidone (NMP, anhydrous, greater than
99.5%) was provided by Merck and used to dissolve PAI Branched
polyethyleneimine (PEI) with molecular weight 25kg/mol (kDa) and
bovine serum albumin were purchased from Sigma-Aldrich. Neutral
solutes of glucose (Merck), sucrose (Sigma-Aldrich), PEG 1000 (Sigma-
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Fig. 1. The chemical structures of PAI and PEI and the crosslinking reaction
between PAI and PEIL

Aldrich) and PEG 600 (Fluka) were utilized to determine molecular
weight cut-off (MWCO). MgCl, (VWR), CaCl, (Merck), NaCl (Sigma-
Aldrich) and Na,SO4 (Merck) were used for determining the ion re-
jection capacity of the membrane. HCl with 37% purity (Sigma-Aldrich)
was used to determine the chemical stability of the membrane. All the
reagents were used without further purification.

2.2. Preparation of the positively charged flat sheet membranes

The positively charged flat sheet membranes were prepared by
phase inversion method. PAI was first dried in a vacuum oven ac-
cording to the Solvay drying procedure (177°C, 3h) to remove
moisture. Dried polymer (20 wt%) was dissolved in NMP (80 wt%)
solvent in a schott bottle. The mixture was stirred (100 rpm) in an oil
bath at 70°C for 18h to obtain a homogeneous casting solution.
Resulting solution was viscous and in order to eliminate air bubbles,
solution was kept for 24 h without stirring, then, cast on a clean glass
plate with the help of an automated film applicator (Sheen Instrument
Ltd., model number: 1133N). The initial thickness of the cast membrane
was adjusted by a four-sided applicator with a gap size of 200 um.
Following casting, the glass plate was immediately immersed into the
coagulation bath including 0.5 wt% PEI and kept in the bath for 18 h.
The pH of the coagulation bath was adjusted to three different values,
acidic (pH = 4), neutral (pH = 7) and basic (pH = 10). The membranes
prepared in acidic, neutral and basic coagulation baths were coded as
PAI-PEI pH 4, PAI-PEI pH 7 and PAI-PEI pH 10, respectively. The
prepared membranes were then rinsed several times using deionised
(DI) water to remove loosely bound crosslinking agent (PEI), and finally
stored in DI water at 4 °C (refrigerator) until further tests.

2.3. Nanofiltration experiments
The filtration performance of the membranes was carried out using

a dead-end cell filtration system with a cell volume of 10 mL and an
effective surface area of 4.1 cm? (Millipore, Amicon Stirred Cell 8010).
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Fig. 2. ATR-FTIR spectra of uncrosslinked (pristine PAI) and crosslinked PAI membranes (PAI_PEI) at acidic, neutral and alkaline pH values.
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Fig. 3. Zeta potential as a function of pH for uncrosslinked (pristine PAI) and crosslinked PAI membranes (PAI_PEI) at acidic, neutral and alkaline pH values.

Each membrane was compacted at a pressure of 2.5 bar for 1 h prior to
any filtration test to ensure steady state conditions. Then, water was
filtered at 2 bar and the volume of collected permeate was recorded for
specific time intervals by reading weight of water from digital balance.
The volumetric flux of water was calculated from the slope of the
permeate volume vs. time graph and converted to hydraulic perme-
ability (PWP) using following equation:

AV

PWP =
AAtAP

(€8]

where AV is the volume of permeated water (L), A (m?) is the
membrane area, At (h) is the permeation time and AP (bar) is the
transmembrane pressure difference applied through the membrane.

355

In rejection experiments, 1g/L aqueous solution of each neutral
molecule was used instead of pure water. The solutes were filtered
under the transmembrane pressure of 2 bar and the concentrations of
permeate, retentate and feed solutions were measured by Rudolph -
J357 Automatic Refractometer. To determine the monovalent and di-
valent ion rejection capacity of the membrane, 1 g/L salt solutions were
filtered at pH 3 under the transmembrane pressure of 2 bar. The con-
centration of permeate, retentate and feed solutions were measured by
Dionex ICS-5000* Ton Chromatography (IC). The percentage of solute
rejection was calculated using the equation:
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Fig. 4. Cross-sectional SEM images of uncrosslinked (pristine PAI) and crosslinked PAI membranes (PAI_PEI) at acidic, neutral and alkaline pH values.

CP
R(%) = l—m X100

2 2

where C,, C, and Cy are the concentrations of solutes in permeate,
retentate and feed solution, respectively. The fouling behaviour of the
membrane was tested using bovine serum albumin (BSA) as a model
foulant. The concentration of the BSA solution was fixed at 1.0 g/L and
pH was adjusted to 4.8 (isoelectric point). Firstly, pure water flux (Jw)
of the clean membrane was measured with DI-water at 1 bar for 30 min.
Then, the flux of BSA solution (Jp) passing through the membrane at
1 bar for 1 h was measured. The fouled membrane was washed with DI-
water in static condition for 15min and pure water flux (Jg) of the
washed membrane was remeasured. Filtration and washing cycle was
repeated for 3 times. The flux recovery ratio (FRR), total fouling (Rt),
reversible fouling (Rr) and irreversible fouling (Rir) ratios were

calculated using Egs. (3)-(6).

FRR (%) = 22100
Jw

3)
Jp
R (%) = [1-2 |x100
e ( Jw)x @
R (%) = (M)xwo
Jw (5)
Ry (%) = (M)xloo
W (6)

During all solute filtration experiments, the magnetic stirrer was
used to provide vigorous mixing and reduce concentration polarization
which may otherwise occur on the membrane surface. The experiments
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Fig. 5. Surface SEM images of uncrosslinked (pristine PAI) and crosslinked PAI membranes (PAI_PEI) at acidic, neutral and alkaline pH values.

Table 1
EDX analysis of the uncrosslinked PAI and crosslinked PAI membranes with PEI
at pH 10.

Membranes C (wt %) N (wt %) O (wt %) C/N
PAI 67.11 10.19 22.70 6.59
PAI-PEI pH 10 61.16 16.31 22.54 3.75

were carried out at room temperature.

2.4. Stability of the membranes

The structural stability of the membrane was examined by storing in
HCI aqueous solution at pH 3 up to 7 days under static condition in
refrigerator. The PEG 1000 rejection of the membrane was measured
before and after exposure to the HCI acid.

2.5. Physical characterization

2.5.1. Membrane morphology

The cross-section and surface of the membranes was characterized
using a scanning electron microscope (SEM) (FEI Quanta 250 FEG). In
order to obtain a cross-sectional view, the membrane was first im-
mersed in liquid nitrogen, and then cut with a clean razor blade. Also,
energy dispersive X-ray analysis (EDX) was performed using the same
SEM device to determine elemental composition of the membrane
surfaces. Before imaging and analysis, all membrane samples were
coated with gold nanoparticles to increase the conductivity of the sur-
face using Magnetron Sputter Coating Instrument.

2.5.2. Membrane surface topology
Surface roughness of the membranes was examined using atomic
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force microscopy (AFM) (MMSPM Nanoscope 8, Bruker). Membrane
samples with an area of 2 um x 2 um were scanned at a rate of 1 Hz
using tapping mode in air at ambient temperature by using NCHV
model tip (Bruker). Mean roughness (R,) and root mean square Z values
(Rns) were measured to obtain the information about the surface to-
pology in detail.

2.5.3. Membrane surface chemistry

The chemical crosslinking between imide group in PAI and amine
group of the PEI was confirmed by Attenuated Total Reflectance Fourier
Transformed Infrared Spectrometer (ATR-FTIR), (Perkin Elmer). ATR-
FTIR spectra were collected at ambient temperature over a scanning
range of 2000-650 cm ™! with a resolution of 4.0 cm ™. The flat sheet
membranes were dried in a vacuum oven (Memmert) at 25 °C prior to
analysis.

2.5.4. Membrane surface charge

The surface charges of the pristine and modified membranes (zeta
potential) were determined using streaming potential measurements
with NanoPlus Micromeritics Instrument. The measurements were
carried out in the presence of 103 M KCI electrolyte solution. To de-
termine the isoelectric point (IEP) of the membranes, the measurements
were performed at different pH values. The pH value of the electrolyte
solution was adjusted using 0.5M hydrochloric acid (HCl) (Sigma-
Aldrich) for acidic pH and 0.5M sodium hydroxide (NaOH) (Sigma-
Aldrich) for basic pH. The Helmholtz-Smoluchowski equation was used
to calculate the apparent zeta potential of membrane surface [36].

2.5.5. Membrane hydrophilicity

Contact angles of the pristine and crosslinked membranes were
measured using Attension Optical tensiometer. Before measurement,
membranes were dried in a vacuum oven (Memmert) at 25°C. The
dried membranes were fixed to a glass surface using double-sided tape.
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b) PAI-PEI pH 10

Fig. 6. AFM images of uncrosslinked (pristine PAI) and crosslinked PAI membranes with PEI at pH 10.

Table 2
Surface roughness values of uncrosslinked and crosslinked PAI membranes with
PEI at pH 10.

Membranes R, (nm) Ry (nm)
PAI 3.35 4.17
PAI-PEI pH 10 1.76 2.33

All measurements were carried out with 5 ul volume of deionized water
droplet.

3. Results and discussion
3.1. Characterization of membranes

The PAI based positively charged flat sheet NF membranes were
prepared in a single step by using a new approach. In this approach,
positively charged polyelectrolyte PEI dissolved in a coagulation bath
diffuses into PAI solution during immersion step of the phase inversion
process. As shown in Fig. 1, chemical crosslinking occurs between imide
groups in PAI and amine groups of PEL. The degree of crosslinking can
be easily adjusted with the immersion time in the coagulation bath
without any need for high temperature. It is hypothesized that the pH of
the coagulation bath determines the degree of crosslinking and to prove

this hypothesis, three different membranes were prepared by adjusting
the pH to 4, 7 and 10.

The chemical crosslinking between imide groups in PAI and amine
groups of PEI was confirmed by ATR-FTIR measurement (Fig. 2). The
pristine PAI membrane can be identified by the characteristic peaks
belonging to imide groups at wavenumbers of 1777 and 1716 cm ™!
(symmetric and asymmetric C=O0 stretching, respectively), 1382 cm ™"
(C—N—C stretching), 1108 and 722 cm ™! (imide ring) and the amide
groups at wavenumbers of 1643cm™'! (C=O stretching) and
1542 cm ™! (C—N stretching of the C—N—H group). Fig. 2 demonstrates
that as the pH of the coagulation bath is changed from 4 to 10, the
characteristic peaks for the imide group slowly decreases while the
peaks for the amide group increases progressively. This result indicates
more imide ring opening and higher degree of chemical crosslinking
formed between amine and imide groups with the increased pH in the
coagulation bath.

The surface charges of pristine and crosslinked membranes were
determined by zeta potential measurement. As shown in Fig. 3, the
pristine membrane (PAI) has a negative charge within the pH range of
3-11 due to deprotonation of the carboxyl groups. After chemical
crosslinking with PEIL, the surface charge of the PAI membranes was
gradually directed towards the positive values as a result of protonation
of the amine groups in the PEI. Also, isoelectric point (IEP) (embedded
in Fig. 3) of the membranes shifted to higher pH values because of the
amine groups attached to the membrane surface. The membrane
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Fig. 8. The MWCO curve of the PAI membrane crosslinked with PEI at pH 10.

formed at alkaline pH, PAI-PEI pH 10, has the highest positively
charged group which indicates the highest degree of crosslinking
achieved at this pH. As the pH of the PEI solution shifted towards
neutral and acidic values (pH 7 and pH 4), the amount of positive
charge dramatically decreased. This simply proves our hypothesis about
the pH dependent degree of crosslinking. From the zeta potential and
ATR FTIR data, it can be concluded that the tendency of the imide ring
opening is low in acidic and neutral pH values and the chemical
crosslinking is favoured in alkaline rather than in acidic pH.

The cross-section and surface morphologies of the membranes were
characterized using SEM pictures. As shown in Figs. 4 and 5, a thin
dense skin layer and finger like pores in the sublayer were observed for

all the membranes. The bulk morphology of membranes prepared by
phase inversion technique is influenced by the viscosity of the coagu-
lation bath. Adding 0.5% PEI into the coagulation bath or adjusting pH
did not change the viscosity of the solution in the bath. That’s why we
could not see big differences between the cross-section SEM images of
the uncrosslinked and crosslinked membranes prepared at three dif-
ferent pH values. Based on the results in Figs. 2-5, we have selected the
membrane carrying the highest positive charge density, PAI-PEI pH 10,
as the optimum membrane. EDX analysis results in Table 1 indicated
that amount of nitrogen in PAI-PEI_10 membrane is 60% higher than in
pristine PAI membrane. This result further proved the occurrence of the
ionic crosslinking between PAI and PEI. We have also compared surface
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properties, average pore size and salt rejection performances of the
uncrosslinked and crosslinked PAI membranes.

AFM images in Fig. 6 showed that the surface roughness of the
pristine PAI membrane is nearly 50% higher than the PAI PEI pH10
membrane in terms of arithmetic and root mean square average
roughness values (Table 2).

The change in water contact angles of the pristine and crosslinked
membranes is shown in Fig. 7. The PAI membrane is slightly hydro-
philic displaying the initial and final contact angle values of 92-89°. On
the other hand, after chemical crosslinking with PEI, the contact angle
decreased by almost 20° and the pristine membrane became more hy-
drophilic due to the presence of the amine group. The lower surface
roughness and higher hydrophilic nature of PAI-PEI pH10 membrane
compared to the unmodified PAI membrane are other evidences of
successful crosslinking between amine and imide groups.

3.2. Molecular weight cut-off (MWCO) and pure water permeability (PWP)
of membranes

Four different neutral organic molecules glucose, sucrose, PEG 600
and PEG 1000 (embedded in Fig. 8) were used to determine MWCO of
the PAI-PEI pH 10 membrane. Fig. 8 shows the rejection of solutes as a
function of their molecular weights. The MWCO and pore radius of the
PAI-PEI_pH 10 membrane were determined to be 560 Da and 0.568 nm,
respectively while its PWP was found as 4.77 + 0.45 L/m>hbar. The
uncrosslinked pristine PAI membrane completely (100%) rejected PEG
600, however, the PWP of this membrane was found to be very low
(0.35 = 0.05 L/m*hbar) due to its hydrophobic nature and lack of pore

Separation and Purification Technology 207 (2018) 353-362

forming agent in the casting solution. The result demonstrates sig-
nificant contribution of adding PEI into the coagulation bath not only
for obtaining a positively charged membrane but also for increasing the
PWP of the membrane to an acceptable level.

3.3. Monovalent and multivalent ions separation performance of the
membrane

To show the salt separation efficiency of the PAI-PEI pH 10 flat
sheet NF membrane, four different salts (MgCl,, CaCl,, Na,SO,4, NaCl)
were used at the same concentration (1000 ppm) and pH (pH = 3). The
salt permeability of the PAI-PEI pH 10 membrane was measured as
4.21 * 0.17 L/m>hbar. The experiments were carried out in acidic
condition because protonation capacity of the membrane in acid
medium is higher than in neutral condition as illustrated with zeta
potential measurements. Thus, we wanted to benefit from Donnan ex-
clusion (electrostatic repulsion) mechanism effectively in addition to
size exclusion for rejection of ions. Fig. 9 shows that the salt retention
order is MgCl, > CaCl, > NaCl > Na,SO4. This order is consistent
with Donnan exclusion theory and supports the zeta potential mea-
surement that the membrane surface is the positively charged [37]. The
PAI-PEI pH 10 membrane displayed excellent rejection for positively
charged multivalent ions (95.6% Mg2+ and 90.2% Ca®*) and moderate
rejection for monovalent ions.

The application of positively charged NF membranes in acidic en-
vironment for the rejection of monovalent and divalent ions is limited.
On the other hand, such an application may offer a solution in metal
recovery from mine waste streams. Typical mine wastewater contains
both divalent and monovalent ions, Ca*2, SO,”2, K*, Na* and Cl™
[38] in addition to metal ions, thus, high selectivity for the separation
of metals from salts is necessary to make NF an alternative separation
process. Table 3 lists the selectivities of commercial and custom-made
NF membranes for the separation of monovalent and divalent ions.
Among the membranes listed in Table 3, our membrane has the highest
selectivity in the recovery of Mg*? ions from divalent salt Na,SO,.
Although selectivity of the commercial membrane NTR-729HF for se-
parating NaCl from MgCl, is slightly higher than our membrane, their
feed concentrations are much lower (293 and 238 ppm for NaCl and
MgCl,, respectively). If these low feed concentrations are used, we
expect higher Na®/Mg*? (NaCl/MgCl,) selectivities for our membrane
than the commercial NTR-729HF since the Donnan exclusion becomes
more effective when the ion concentration in feed is low. It should also
be noted that all salt rejection data reported by other groups were
obtained at pressures higher than the pressure used in our study.
Achieving high selectivity at low pressures is important to perform
energy efficient separation, thus, to propose NF as an alternative pro-
cess in the recovery of metals from salt containing acidic solutions.

In Table 4, the pure water permeabilities and MWCO values of

Table 3
The ion selectivities of various positively charged NF membranes at pH 3.
Membrane Applied pressure Feed concentration (ppm) Selectivity Ref.
(bar)
Na*/Mg?* Na*/Mg?* Na*/Ca®* Na*/Ca®* S04~ /Cl™
(NayS04/MgCly)  (NaCl/MgCl,) (NaySO4/CaCly)  (NaCl/CaCly) (NapSO4/NaCl)
PEI/TMC 4 1000 3.4 3.1 - - 1.1 [19]
PEI/TPC 6.3 4.7 - - 1.4
UTC-60 3 NaCl (293 ppm) Na,SO4 10 11 13.3 14.7 0.9 [39]
NTR-729HF (710 ppm) CaCl, (277 ppm) - 18.7 - 9.3 -
MgCl, (238 ppm)
NF-255 5 NaCl (500 ppm) Na,SO4 - - 2.7 2.8 0.98 [40]
NF-45 2.4 (500 ppm) CaCl, (620 ppm) - 26 25 1.0
NF-45 NacCl (10 bar) Na,SO4 NaCl (257 ppm) Na,SO4 11 1.9 - - 0.6 [41]
(14 bar) MgCl, (2750 ppm) MgCl, (1850 ppm)
(14 bar)
PAI-PEIpH 10 2 1000 20.9 15.2 9.4 6.8 1.3 this work
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Table 4
Comparison of the performances of different PAI based NF membranes.
NF membrane Preparation procedure MWCO (Da) PWP (L/m>h bar) Ref.
PAI-PEI hollow fiber (PEI_2K) Chemical modification 1278 6.37 [34]
PAI-PEI hollow fiber (PEI_20K) 1278 4.85
PAI-PEI hollow fiber (PEI_60K) 912 3.58
PAI-PEI hollow fiber (PEI_800) Chemical modification - 2.25 [43]
P84-PEI hollow fiber (PEI_60K) Chemical modification - 0.98 [27]
P84-PEI flat sheet (PEI_25K) Chemical modification - 3.6 [29]
PAI-PEI flat sheet (PEI_800) Chemical modification - 4.58 [35]
PES-PEIs,, hollow fiber (PEI_750K) Single step preparation 700 0.4 [42]
PES-PEI, oo, hollow fiber (PEI_750K) 1040 2.0
PAI-PEI flat sheet (PEI_25K) Single step preparation 560 4.77 This work
1.2
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Fig. 10. Chemical stability performance of the PAI membrane crosslinked with
PEI at pH 10.
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Fig. 11. Antifouling performance of the PAI membrane crosslinked with PEI at
pH 10.

different PAI based hollow fiber and flat sheet membranes are listed.
Although our membrane was prepared in a single step, its MWCO is half
of the PAI PEI hollow fiber membranes prepared in two steps [34]
while the PWP values are similar. Thus, with our high flux membrane it
is possible to recover smaller molecular weight valuable neutral com-
pounds. Gherasim et al. [42] manufactured their hollow fiber mem-
branes in a single step, however, the PWP of these membranes are lower
and MWCO values are higher than our membrane.

3.4. Chemical stability and antifouling property of the membrane

Industrial applications of nanofiltration in acidic environment are

First cycle Second cycle Third cycle

Fig. 12. Fouling resistances and flux recovery ratio of the PAI membrane
crosslinked with PEI at pH 10.

still limited due to insufficient acid resistance of commercial mem-
branes. To evaluate the potential of the PAI_ PEI NF membrane for the
treatment of acidic solutions, the membrane was exposed to HCI acid
solution at pH 3 up to 7 days. The change in the structure of the
membrane was checked by measuring its PEG 1000 rejection. Fig. 10
shows the rejection data normalized with respect to the PEG 1000 re-
jection value of fresh membrane not treated with HCl solution. As seen
from the data, there is no significant change in the rejection values
which demonstrated that our membrane was not affected from highly
acidic condition. Although transport and rejection properties of the PAI
based flat sheet NF membrane were measured in previous studies, its
chemical stability was not tested.

We tested antifouling performance of the optimized membrane
using 1 g/L BSA solution. Fig. 11 shows the change of normalized BSA
flux up to 3h through PEI crosslinked membrane and Fig. 12 demon-
strates the flux recovery ratios and fouling resistances. FRR values at
the end of first, second and third cycles were determined as 96.4%,
94.1% and 92.2%, respectively. High flux recoveries can be attributed
to limited hydrophobic-hydrophobic interactions between the foulant
BSA and the membrane surface due to the presence of hydrophilic PEI
In the first two cycles, BSA fouling is mostly reversible while in the
third cycle reversible and irreversible fouling resistances are similar in
magnitude. The decrease in flux recoveries with time is due to increased
irreversible BSA deposition.

4. Conclusion

In this study, a facile approach is proposed for the fabrication of PAI
based positively charged flat sheet NF membranes. In this approach, PEI
dissolved in a coagulation bath makes in situ chemical crosslinking with
PAI during the phase inversion. Alkaline pH in the coagulation bath
enhanced the positive charge density of the membrane when compared
to acidic and neutral conditions. Although not investigated in this
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study, the positive charge density of the membrane can be further ad-
justed by changing the concentration of PEI and immersion time in the
PEI containing coagulation bath. The obtained membrane showed good
performance in terms of pure water permeability (PWP) and removal of
multivalent ions such as Ca*? and Mg*? and displayed higher se-
lectivity in the recovery of magnesium from salt containing acidic so-
lution than commercial membranes. In addition, the membrane has
shown no significant change in its stability when stored in acidic so-
lution. Thus, we can conclude that the membrane has a great potential
in the treatment of acidic mine wastewater and in the recovery of va-
luable cationic metals without any need for pH adjustment.
Furthermore, due to its chemical stability, it could also be used for
treating acidic wastewater generated e.g. from pharmaceutical in-
dustry. The PAI membrane crosslinked with PEI at pH 10 also exhibited
good performance in terms of fouling resistance and flux recovery ratio
after 3 h BSA filtration. The facile approach proposed in this study can
be used for fabricating positively charged PAI based NF membranes due
to its various advantageous such as single step preparation without
need for any pore former, use of commercially available polymers and
easy scalability.
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