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Highlights
• Silica sodalite crystals prepared via topotactic conversion
• Physicochemical characterisation of the crystals carried out
• Used in prepared sodalite-infused PSf membrane and tested for
the first time for AMD treatment.
• The developed membranes outperformed the pure PSf membrane
tested under similar conditions.

Abstract
Silica Sodalite (SSOD) was synthesized by topotactic conversion and hydroxy sodalite (HSOD) by hydrothermal synthesis in this study for comparison in membrane performance
during acid mine drainage (AMD) treatment. Consequently, two membranes, SSOD/PSf and HSOD/PSf membranes at different nanoparticles loading (5wt. % and 10wt. %) were
prepared. The morphology, textural property, crystallinity, surface chemistry, and thermal stability of the synthesized nanoparticles were checked using Scanning Electron Microscopy
(SEM), N2 physisorption at 77 K, X-Ray Diffraction (XRD), Fourier Transform Infra-red (FTIR), and Thermogravimetry analyser (TGA), respectively. The hydrophilicity and the
mechanical strength of the as-prepared membranes were obtained using contact angle measurement and a nano-tensile analyser, respectively. The RUB-15 conversion to SSOD was
confirmed with the preserved sheet-like shape of the nanoparticles, and the absence of CH3 deformation vibrations at 1488 cm-1. The absence of the –OH bond in the 2900-3600 cm-1
region of the FTIR spectra further confirmed the formation of SSOD. The SEM images showed a successful infusion of nanoparticles. Loading the membranes with SSOD enhanced
the membrane permeability from 0.02 g.h-1.cm-2 for PSf to 0.21 g.h-1.cm-2 for 10%SSOD/PSf at 5 bar. The 10%HSOD/PSf membrane had good metal ion rejection with 75 %, 66 %,
61 %, 57 %, 52 %, and 38 % for Mg2+, Fe3+, Mn2+, Ca2+, Al3+ and Na2+, respectively, while Al3+ had the highest rejection (89%) in the 10%SSOD/PSf membrane. This study provides
a platform for further study on the improvement of SSOD usage in AMD treatment as it shows enhanced permeability with promising rejection.
© 2022 FIMTEC & MPRL. All rights reserved.

1. Introduction
South Africa is one of the countries that depend on mining and agriculture
for its economic development. These sectors are much dependent on water, and
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the mining sector reduces the productivity of the agricultural land due to
pollution by acid mine drainage (AMD) [1]. AMD is identified as having a low
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pH, high concentration of sulphates, and high concentration of heavy metals
and metalloids [2]. It is formed in both gold and coal mines when sulphidebearing minerals are exposed to oxidizing bacteria, water, and oxygen [3].
Generally, there is no standard method to treat AMD as the contents of this
wastewater largely depends on its source. The rate of AMD formation is known
to be influenced by five factors, namely, sulphides morphology, oxygen
concentration, wetting and drying cycles, bacteria and acid consuming material,
and the geological history of the sulphides [4].
Conventional treatment methods used to treat AMD are classified as
passive or active methods. Passive methods are more effective in abandoned
mines as they have the potential for low operational cost and maintenance [5].
While active treatment systems have higher limits of acidity (<10 000 mg
CaCO3/L) and acidity loads (<50 000 kg CaCO3/day), their application is
limited by their economic viability [4]. The interest of researchers has been
drawn toward membrane applications for the treatment of AMD. This is
because of their efficiency, selectivity, reliability, and adaptation to changes in
flow volume [6]. Researchers have investigated the effectiveness of membrane
technology for the removal of heavy metals from contaminated wastewater [68].
In the context of membranes in treating heavy metals contaminated water,
thermally driven membranes like membrane distillation have been investigated
for the treatment of AMD [9]. Although recommended because of very high
metal rejections, membrane distillation technology is limited by the increased
rate of fouling resulting in a reduction of flux and the costs associated with
thermal energy consumption [10]. Reverse osmosis is one of the favoured
membrane systems in the treatment of AMD [11]. However, the challenge with
reverse osmosis is that it is not effective when the feed is too concentrated in
heavy metals, hence, often requires a pre-treatment step. Reverse osmosis also
produces a brine stream which is expensive to dispose [11]. Pressure-driven
conventional membranes like microfiltration [12], nanofiltration [13], and
ultrafiltration [14] with less energy demand, when compared to reverse osmosis
have been investigated. However, these membranes are often coupled with
other technologies to improve their performance. Focus has shifted to mixed
matrix membranes (MMMs) to treat AMD. Mixed matrix membranes (MMMs)
are modified conventional membranes which incorporate nanoparticles as filler
materials [8]. The filler material infused into a polymer has a great influence
on the MMM performance. Fillers like chitosan [8,15,16] and HSOD [6] have
been reported for the removal of heavy metals from wastewater.
This study focused on the use of HSOD nanoparticles as a filler material.
This is because HSOD has shown the potential to treat a variety of wastewater
including separation, water/Pb2+ [17], water/alcohol [18], seawater [19], and
acid mine drainage [6]. The removal of heavy metals using HSOD infused
polyethersulfone (PES) membrane was investigated by Daramola et al. [6].
They obtained rejections of 57.5% (Pb2+), 50% (Mg2+), 30% (Al3+), 17.6%
(Cu2+), and 6% (Mn2+). The use of HSOD/PES membrane showed potential in
removing heavy metals. The limited performance was attributed to the
ineffective usage of the HSOD micropores because guest species (water) which
was acquired during hydrothermal synthesis were trapped in the cages. Moteki,
et al. [20] however indicated that if the guest species is to be removed at
temperatures above 400°C by dehydration, the framework structure would
collapse. Silica sodalite (SSOD), a type of zeolite synthesized by topotactic
conversion has a high porosity as it does not have occluded matter [21]. To the
best of our knowledge, there is no reported investigation on the treatment of
AMD wastewater using this SSOD. SSOD will be investigated for heavy metals
removal and compared to an HSOD-infused PSf membrane in this study.

2.2. Nanoparticles synthesis and fabrication of membranes
2.2.1. Nanoparticles synthesis
HSOD was synthesised by hydrothermal synthesis following a method
described in the literature [6,19,22]; The precursor solution was prepared by
NaOH, H2O, Na2SiO3, and NaAlO2 in quantities described in [6]. This solution
was stirred to homogenous form then subjected to hydrothermal synthesis at
140 °C for 3.5 h in a 45 mL Teflon-lined autoclave. The sample was then
centrifuged and washed severally with deionised water to a pH of 7 and allowed
to dry at 100°C overnight.
A procedure described elsewhere was used to synthesize SSOD [20,21,23].
A homogenous mixture of TEOS (18.5 g) and TMAOH (32 mL) was treated in
an autoclave at 140°C for seven days. The formed precipitate was rinsed with
acetone. RUB-15 was then obtained by drying the particles at 60 °C for 24 h.
Pre-treatment of RUB-15 was performed at a ratio of 0.1 g:30 mL of 5 M
propionic acid. The pre-treated solution was agitated for 3 h and particles were
recovered by centrifuge. The treated precipitate was rinsed with distilled water
to a pH of 7, then dried at 60 °C for 24 hours. SSOD nanoparticles were then
obtained from the calcination of the pre-treated RUB-15 particles at 600 °C for
3 h.
2.2.2. Fabrication of mixed matrix membrane
Polysulfone was dissolved in N,N-dimethylacetamide in a 10 g:50 mL
ratio. Nanoparticles loading of 5 wt.% and 10wt.% were prepared and loaded
into the mixture. A study by Daramola et al. [6] showed that increasing the
HSOD nanoparticles loading above 10 wt.% increased the rate at which the
membrane was fouled, hence, the choice of 5 wt.% and 10 wt.% nanoparticle
loading in this study. Each mixture was sonicated for 10 minutes and stirred
overnight. The solution was manually cast on a glass plate using “Dr. Blade”.
The cast membrane was obtained by immersing in a water bath filled with
deionized water (i.e., phase inversion). Impurities on membrane surface were
removed by overnight soaking, after which membranes were dried at 60°C.
2.3. Characterization of nanoparticles and membranes
The morphologies of the synthesized HSOD, SSOD nanoparticles, and
membranes were visualised from SEM images obtained using ZEISS scanning
electron microscopy (SEM) at a voltage of 20 kV. The surface area and pore
characteristics of the nanoparticles were determined by the Micrometrics
Tristar 3000 (RS232) Brunauer-Emmett-Teller (BET). The nanoparticles
crystallinity was analysed using Bruker XRD D2 Phaser (CuKα, λ=1.54 Å, 30
kV, and 10 mA). Scanning step size was 0.026° at a rate of 8.5°/min from 5°90° of 2Θ. The Diffrac.Eva software was used to match the samples XRD
pattern to the library. Nanoparticles functional groups were confirmed by
PerkinElmer FTIR spectrometer (with deuterated triglycine sulphate (DTGS)
detector and KBr beam splitter). The thermal behaviour of nanoparticles was
investigated by TA instrument SDT Q600 simultaneous DSC/TGA analyser
(20°C/min heating rate from 20° -800°C at 50 ml/min N2 flow). TA.XT plus
texture analyser was used for mechanical strength analysis (8.6 mm/s speed at
room temperature. The sessile drop technique (OCA 15 EC GOP, Data physics)
was utilized for membranes contact angle analysis with deionized water as a
probe liquid dispensed at 1 μL/s. The membrane porosity (ε) was calculated
using Equation 1 and membrane water uptake was determined by Equation 2.
Ww -Wd
×100
ρ.V
W -W
EWC(%)= w d ×100
Ww

ε=

2. Experimental
2.1. Materials

(1)
(2)

where Ww and Wd are the wet and dry weight (g) of membranes, respectively;
V is the total volume of the membrane (cm3) and ρ is the water density (0.998
g.cm-3).

Sodium metasilicate (Na2O3Si), Sodium aluminate anhydrous technical
grade [Al (as Al2O3):50-56%, Na (as Na2O):40-45%], and sodium hydroxide
anhydrous reagent grade ≥98% pellets, all purchased from Sigma Aldrich (Pty),
South Africa were used for HSOD synthesis. RUB-15 was synthesized from
reagent grade (98%) Tetraethyl orthosilicate (TEOS) and a 25wt.% in H 2O
solution of tetramethylammonium hydroxide (TMAOH). These were procured
from Sigma Aldrich (Pty), South Africa. SSOD nanoparticles were prepared by
the pre-treatment of RUB-15 using propionic acid purchased from CC
Imelmann Pty Ltd. The membranes were fabricated with Polysulfone (average
Mw= 22 000 g/mol) beads, dissolved in N,N-dimethylacetamide ≥99.9%
(Mw=87.12 g/mol) as a solvent. Synthetic AMD was prepared using MgCl 2,
MnCl2.4H2O, Na2SO4, Al(NO3)3, Fe(NO3)3.9H2O, and Ca2OH2 where the pH
was controlled by H2SO4 and NaOH, all procured from Sigma Aldrich (Pty),
South Africa.

2.4. Membrane performance evaluation
A 400 mL dead-end filtration cell was used for membrane performance
evaluation. Permeate flux collected after 1 h at different pressures was
measured and pure water flux was calculated using Equation 3. Permeate
collected was also measured to determine the membrane flux over time. Heavy
metal rejections were calculated using Equation 4 where the metal cations
concentrations were determined as shown in Table 1 by the Atomic Absorption
Spectroscopy with the specified operating conditions and sulphate
concentrations were determined by ion chromatography.
2
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Jp =
Ri =

mp

Cfi -Cpi
Cfi

presence of more than one shape could have been influenced by the synthesis
time and precursor concentration [27]. The RUB-15 and SSOD nanoparticles
are shown in Figs. 1b and c, respectively. A sheet-like morphology is preserved
from RUB-15 to SSOD, indicating that SSOD was formed successfully without
collapsing or decomposing the mother silicate layers [27]. The BET surface
area of HSOD and SSOD were 201.4 and 200.5 m2/g, respectively. The pore
volume was obtained as 0.115 and 0.242 m3/g for HSOD and SSOD,
respectively. This 53% increase in pore volume indicates an improvement in
the porosity of SSOD nanoparticles which can be attributed to the removal of
occluded matter by topotactic conversion from the structure of the
nanoparticles [21].
HSOD exhibits good crystallinity as it has sharp peaks on the XRD patterns
as shown in Fig. 2a. The major peaks at 15, 25, 32, 35, and 43 2θ are consistent
with pure HSOD in literature [6,17,22,26,28-30]. Fig. 2b shows the XRD
pattern of SSOD and RUB-15 matched to the simulated SSOD pattern. The
SSOD peaks at 12° and 21° are indicative of the successful condensation of
silanol groups on adjacent layers [21]. These agree with the results reported in
the literature [20,21,23,27].

(3)

A.t
×100

(4)
g

where Jp is the water flux (
), mp is the permeate mass (g), A is the
h.cm2
membranes effective area (32 cm2), Ri is the metal rejection percentage, Cfi and
Cpi is the of the feed and permeate concentration of metal i, respectively (mg/L)
and t is the time of sample collection (h).

3. Results and Discussion
3.1. Nanoparticles characterization
SEM images of the as-produced HSOD nanoparticles show a combination
of cubic shapes and thread-ball-like shapes as depicted in Fig. 1a. This confirms
the formation of HSOD crystals as reported in the literature [6,25]. The
Table 1
Metal concentration of synthetic AMD and AA operating parameters.
Cation

Salt

Concentration (mg/L) [24]

Sample concentration (mg/L)

Lamp current (mA)
4

Wavelength (nm)

Flame used (+Acetylene)

202.6

Air

Mg2+

MgCl2

15

12.1

Mn2+

MnCl2.4H2O

5

31.9

5

321.7

Air

NaOH pellets

688

624.8

5

330.3

Air

Al(NO3)3

84

89.1

10

237.3

N2O

Fe(NO3)3.9H2O

111

100.7

5

392

Air

Ca2OH2

41

59.5

10

239.9

N2O

NaSO4

1108

879.7

-

-

-

Na

2+

Al3+
Fe

3+

Ca2+
2-

SO4

(a)

(c)

(b)

Fig. 1. SEM images of (a) HSOD (×7k), (b) RUB-15 (×50k), and (c) SSOD nanoparticles (×50k).

Fig. 2. XRD patterns of (a) HSOD and (b) SSOD and RUB-15.
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The FTIR spectra of the nanoparticles are depicted in Fig. 3. There is an
absence of CH3 deformation vibrations at 1488 cm-1 and –OH bond in the 29003600 cm-1 region in the SSOD spectra when compared to the RUB-15 spectra.
This indicates the removal of occluded organic matter and the absence of
occluded water molecules [21]. The HSOD spectra show a sharp absorption
band at ~459 cm-1, indicative of the bending vibration of O-T-O (T=Si, Al)
[26]. The presence of the symmetric stretch band T-O-T at 663 and 734 cm-1
can also be observed on the HSOD spectre [6]. The covalent bonds in the 10001200 cm-1 region (959, 1080, and 1039 cm-1 for HSOD, SSOD, and RUB-15,
respectively) show the presence of T-O-T asymmetric stretching vibrations
[31]. According to AlOweini et al. [31], the stretching vibration band centred
at ~ 959 cm-1 for HSOD is also indicative of the silanol (SiOH) group. Similar
FTIR spectra were obtained in literature [21,26,31].

3.2. Characterization of fabricated mixed matrix membranes
Fig. 5 depicts the SEM cross-sectional images of (a) PSf, (b)
5%HSOD/PSf, (c) 5%SSOD/PSf, (d) 10%HSOD/PSf, and (e) 10%SSOD/PSf.
The cross-section of the PSf membrane in Fig. 5a shows a porous structure with
a dense skin layer. The nanoparticles-loaded membranes (Fig. 5b-e) show the
successful infusion of the nanoparticles into the polymer membrane. It is worth
noting that there is an uneven distribution of nanoparticles in the membranes.
This could be attributed to the agglomeration of the particles within the
fractional free volume of the polymer due to the poor dispersion as reported by
Daramola et al. [6].
Membranes show an improvement in water affinity when loaded with
HSOD as shown by the reduced contact angle and increased porosity in Fig. 6.
The 10%HSOD/PSf and 5%HSOD/PSf membranes had the lowest contact
angle of 79° and 78°, respectively. They also had the highest porosity of 40%
and 18%, respectively. This can be attributed to the hydrophilic HSOD
nanoparticles. Comparable outcomes were achieved in the literature [32]. The
infusion of 10%SSOD nanoparticles into PSf had no impact on the contact
angle of the membrane. However, the presence of the SSOD nanoparticles
reduced the porosity of the membranes from 16% for PSf to 9.6% and 3.8% for
10%SSOD/PSf and 5%SSOD/PSf, respectively. The membrane porosity was
calculated by the relationship between the wet and dry membrane given by
Equation 1. The reduction of porosity in the presence of SSOD nanoparticles
can be attributed to the poor absorption of water by the membrane because of
the presence of the hydrophobic nanoparticles. This phenomenon can be better
explained by the principle of membrane wettability. Yao et al. [33] define
membrane wettability as the contact of a liquid with a membrane surface
through intermolecular interactions between the surface, liquid, and gas. The
liquid penetrates the pores of the membrane resulting in pore obstruction. This
is more pronounced in membranes with small contact angles [33].
The mechanical strength of the membranes is shown in Fig. 7. The results
showed a reduction in the Young modulus for the 10% HSOD/PSf membrane
when compared to that of the 5%HSOD/PSf membrane. This can be an
indication of particle agglomeration at higher loadings [6]. On the contrary,
infusing the SSOD nanoparticles resulted in an 18 % increase of the Young
Modulus whereas the tensile strength was reduced by 9 % when compared to
that of the PSf membrane. A similar trend was observed by Eden et al. [21],
and this was attributed to the interaction between the polymer and nanoparticle
agglomerates that further restricts the polymer chain movement.

Fig. 3. FTIR spectra of (a) HSOD, (b) SSOD and (c) RUB-15.

3.3. Membrane performance evaluation
3.3.1. Effect of pressure on pure water flux
The thermal behaviour of the nanoparticles is illustrated in Fig. 4. The
weight loss below temperatures of 140 °C is associated with the loss of
physically absorbed water. At temperatures above 140 °C, there is a gradual
weight loss (1.4 %) for SSOD, indicating the removal of propionic acid in the
SSOD nanoparticles [27]. Weight loss above 350 °C for HSOD indicates the
decomposition of all water molecules in the cell structure, resulting in structural
collapse [22]. These correspond to results reported in the literature [22,27].

Membranes' pure water flux was evaluated at varying pressures as shown
in Fig. 8. An increase in flux at increasing pressures can be observed. Similar
results were obtained in the literature [34,35]. This is because of the increased
driving force which improves mass transfer [36,37]. The enhanced flux of
HSOD loaded membranes when compared to the PSf membrane is due to the
improved permeation channels created by the HSOD nanoparticles with a cage
diameter of ~2.6 Ȧ which allow the water molecules (kinetic diameter ~2.65Ȧ)
to pass easily [6]. It can be observed that the membranes loaded with SSOD
have the highest flux in all evaluated transmembrane pressures. According to
Vatanpour, et al. [34], the membrane's hydrophilicity, pore size, and structure
influence its permeability. The highest contact angle (88.4 °C) and low porosity
(9.6 %) were observed in the 10%SSOD/PSf membrane, indicating that it is
hydrophobic. The membrane's porosity was defined in terms of the membrane's
ability to absorb water (Equation 1). The SSOD membranes showed that they
could not retain water, but because of the higher SSOD nanoparticles pore
volume obtained from BET, they do allow more water to pass through them.
Enhanced permeability can be attributed to the SSOD pore volume obtained
from BET (0.242 m3/g) which is 53 % more than that of HSOD, hence the
improved flux. Similar results were obtained by Fernandes et al. [38] by
comparing polyvinylidene difluoride (PVDF) membranes infused with
hydrophobic and hydrophilic silica. The membranes loaded with hydrophobic
silica showed a high contact angle, however, the membrane water flux was
higher than when compared to the membrane infused with hydrophilic silica.

Fig. 4. TG analysis of SSOD and HSOD nanoparticles.
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a

b

d

c

e

Fig. 5. Cross sectional SEM images of (a) PSf (×2k), (b) 5%HSOD/PSf (×2k), (c) 5%SSOD/PSf (×2k), (d) 10%HSOD/PSf (×2k), and (e) 10%SSOD/PSf (×2k).

Fig. 6. Membranes contact angle and porosity.
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Fig. 7. Mechanical strength of the fabricated membranes.

Fig. 8. Membranes pure water flux.

3.3.2. Effect of nanoparticles loading on membrane flux

flux of SSOD loaded membranes as presented in Fig. 8. At the investigated
time, the SSOD membranes were able to maintain a higher flux over time,
though foulants were mounting on the surface of the membrane. Because of the
relatively low rate of deposition of the foulants in comparison to the high
permeability of the membranes, a reduction in the membrane flux was barely
noticeable. This implies that the infusion of nanoparticles into the polymer
reduced the fouling rate of the membrane. These results are consistent with the
literature [41,42].

The membranes solution flux collected over operation time is presented in
Fig. 9. A decline in flux over the evaluated period is a general trend for all the
membranes. This is because of the accumulation of the retentate particles over
time which obstructs the pore channels of the membranes, hence reducing the
flow of water. This phenomenon is described in the literature in one of four
mechanisms of fouling (complete blocking of pores, intermediate blocking of
pores, constriction of pores, and cake layer formation) [39,40]. The infusion of
nanoparticles into PSf reduced the fouling rate as PSf had a 93 % reduction in
flux. Presence of nanoparticles in the fabricated membranes resulted in
percentage flux reduction of 77 %, 65 %, 58 % and 54 %, for 5%HSOD/PSf,
5%SSOD/PSf, 10%SSOD/PSf, and 10%HSOD/PSf, respectively. This is
because the foulants are more likely to accumulate on the surface of the
hydrophobic PSf [41,42]. Although 10%SSOD/PSf showed a high contact
angle than PSf indicating that it is more hydrophobic. The low fouling rate on
SSOD loaded membranes when compared to PSf can be explained by the high

3.3.3. Effect of nanoparticles loading on metal rejection
The effect of nanoparticle loadings on the heavy metals rejection from the
different membranes is depicted in Fig. 10. Maximum rejections of 89.1 %,
74.7 %, 65.8 %, 61.5 %, 57.4 % and 37.7 % were obtained for Al 3+, Mg2+, Fe3+,
Mn2+, Ca2+, and Na2+, respectively as shown in Fig. 10. The 10%HSOD/PSf
membrane shows the capability of rejecting all the evaluated metal ions,
whereas other membranes are only able to reject a few ions. This can be
6
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attributed to the HSOD small pore diameter as smaller particles sizes are
favourable because they can provide a more polymer/particle interfacial area,
hence improved separation [43,44]. The 5%SSOD/PSf membrane showed a
promising metal rejection as it is second to the 10%HSOD/PSf in rejection. The
SSOD loaded membranes were able to produce high flux at 10wt.% loading
and improved rejections at 5wt.% loading. The poor rejection can be attributed
to particles agglomeration at higher loadings resulting in pore blocking, hence
an increase in mass transfer resistance [21]. This can be overcome by the
functionalization of nanoparticles to create an even distribution of
nanoparticles [6].

molecules, and removing them will result in structural collapse. On the other
hand, the poor selectivity of SSOD loaded membranes can be improved by
improving the dispersion of nanoparticles. The results obtained in this study
could be a platform to improve the SSOD infused membranes for heavy metal
removal.

4. Conclusions
SSOD and HSOD nanoparticles were synthesized successfully via
topotactic conversion and hydrothermal synthesis, respectively. Successful
infusion of these nanoparticles was confirmed by SEM images which showed
nanoparticles agglomeration at increased loadings. The highest pure water flux
obtained was 0.21 g.h-1.cm-2 for 10%SSOD/PSf at 5 bar. Highest selectivity
was obtained from the 10%HSOD/PSf membrane with rejections of 75%, 66%,
61%, 57%, 52%, and 38% for Mg2+, Fe3+, Mn2+, Ca2+, Al3+and Na2+,
respectively. However, this membrane showed one of the least pure water
fluxes (0.06 g.h-1.cm-2). The reduced flux resulted in good metal rejections,
indicating the trade-off between selectivity and permeability. These results
show that both HSOD and SSOD have potential for AMD treatment. Although
HSOD loaded membranes showed good selectivity, there is little that can be
done to improve the permeability as HSOD pores are occluded with water

Fig. 9. Membrane flux over time.

Fig. 10. Heavy metal rejection.
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