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ABSTRACT

Iron and manganese are elements that exist naturally in water, especially groundwater. The aim of
this work is to study the rejection mechanisms of iron and manganese at various feed concentration
and investigate the influence of pH on metallic ions rejection using fabricated polysulfone (PSF)
incorporated with silver-decorated graphene oxide (Ag-GO) ultrafiltration (UF) membrane or desig-
nated as GOS UF membrane. In single electrolyte solutions with feed concentration at 100 ppm and
initial pH of 5.9 + 0.3, the rejection of iron and manganese were >83% and >60% respectively. Higher
rejection was achieved as feed concentration increased to 1000 ppm for each ion with rejection of iron
was 290% and manganese >75%. However, iron rejection was slightly decreased to ~78%, while man-
ganese rejection severely declined to ~22% in multi-electrolytes filtration with feed concentration of
100 ppm iron and 50 ppm manganese. The feed pH for multi component system has significantly
influenced iron and manganese rejection due to changes of the membrane surface properties. The
rejection of iron and manganese by the negatively charged GOS UF membrane varied from 76% to
99% by adjustment of pH in the range of 3 to 11. Manganese rejection is mostly pH dependent with
>97% rejection at feed pH >9. This mixed matrix membrane with superior properties has the poten-
tial to remove iron and manganese to the desired extent for groundwater treatment.

Keywords: Polysulfone; Graphene oxide; Silver nanoparticles; Iron and manganese rejection; pH;
Groundwater

1. Introduction

Heavy metals in water are always one of the main
concerns especially for drinking water resources. This is
because they are dangerous to human health and wildlife
based on their toxicity, non-biodegradability and tendency
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to accumulate in living organisms [1]. Most groundwa-
ter contains metals such as iron (Fe) and manganese (Mn)
which naturally leaches from rocks and soils. Along with
surface water, groundwater resources play a vital role in the
production of clean and adequate drinking water supply all
around the world. Iron and manganese are common metal-
lic elements that exist together naturally especially in deeper
wells [2]. The quantities of Mn that exists in groundwater
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are commonly lower than Fe content. Neither one of these
elements causes adverse health effects because both of them
are essential to human diet as minerals. However, presence
of excess amount of Fe and Mn resulted in metallic taste
of water, slightly reddish colored water and rusty-brown
stains on products like paper, cloths, and plastics [3]. In fact,
these metallic elements in water may also promote growth
of iron bacterias which form thick slime growths on the
walls of piping system or on well screens that resulted in
dirty water or also known as “red water”. In order to pro-
duce safe drinking water, the World Health Organization
(WHO) suggested that Fe and Mn concentrations should be
less than 0.3 mg L™ and 0.1 mg L™, respectively [4].

Fe and Mn usually present in natural groundwater in their
most soluble form as divalent ions, Fe** and Mn?". In soluble
form, they are colorless in groundwater but when exposed
to air, they oxidized and then turn into insoluble form of sta-
ble oxidation states of Fe** and Mn*, respectively. In fact, the
soluble divalent ferrous and manganese ions can react with
dissolved oxygen in groundwater and leave the water with
brown-reddish color. Oxidation of iron as single electrolyte
caused flocculation of orangey precipitates. Whereas, manga-
nese in single form of electrolyte formed blackish precipitates
once they are oxidized. Fe** ions are more prone to oxidize
when exposed to air at room temperature. However, Mn>*
ions are more stable and require a longer duration of aera-
tion for its oxidation. Therefore, the most common method
applied for removal of these metallic ions usually involved a
combination with aeration as pre-treatment process. Natural
groundwater in deeper wells consist of higher level of Fe*
and Mn** because as the depth of aquifer increases, dissolved
oxygen decreases indicating that waters containing dissolve
oxygen will contain very little soluble Fe and Mn. Both diva-
lent ions were less detected in shallow aquifer as trivalent ions
were predominant iron and manganese contents in the aer-
ated soil that is located within the unsaturated zone. There-
fore, dissolved oxygen and water acidity play an important
role in the quantity of Fe and Mn collected [5].

Several techniques have been applied to remove these
metals from groundwater including ion-exchange and water
softening, absorption by activated carbon, aeration and filtra-
tion, biosorption and ionic liquid extraction[5-9]. Recently,
membrane technology including nanofiltration (NF) has
been increasingly used in water treatment for producing
drinking water resources. Numerous studies have been
reported in investigating the ability of membrane filtration
in water treatment [10-12]. Membrane technology is able to
provide advantages not normally associated with conven-
tional techniques such as smaller footprint, lower energy
consumption and fewer man power requirements. In addi-
tion, other advantages of NF membranes are high retention
of multivalent ions at lower operating pressure and thus,
allowing operation at lower permeate flux. In water produc-
tion industries or even in water treatment processes, it was
reported that UF membranes were more preferable due to
higher fluxes in comparison to NF membranes. However, UF
membranes are more prone to macromolecules ions reten-
tion rather than multivalent ions. Therefore, this study was
conducted to investigate the performance of nanohybrid PSF
UF membrane in removal of Fe and Mn from groundwater.

In comparison to any other nylon or polymeric
membranes, PSF is among the most attractive materials for

membranes fabrication. This is due to its excellent mechani-
cal properties and higher water flux. However, its membrane
surface is slightly hydrophobic which possibly may reduce
surface wettability or self-cleaning effect for prolonged
application. A number of studies have been reported on
the reduction of the hydrophilicity of PSF membranes by
embedding with metallic and non-metallic nanoparticles. Ng
et al. [13] reported that a certain amount of polyvinyl alco-
hol (PVA) and SiO, nanoparticles have been incorporated
into the matrices of PSF membranes, which contributed to
the enlargement in membrane pore size and thus increased
the water permeability. Metallic nanoparticles such as silver
(Ag) decorated with graphene oxide (GO) nanoplates have
been embedded in PSF UF membrane matrices to obtain new
novel nanohybrid graphene-oxide-silver membranes desig-
nated as GOS UF membrane. Mahmoudi et al. [14] reported
that the modification has enhanced the GOS membrane per-
formances in terms of higher water permeability, lower sur-
face hydrophilicity as well as higher thermal and mechanical
stability in comparison to other pure PSF UF membranes. In
addition, the use of Ag with GO nanoplates that was synthe-
sized using natural graphite powder according to Hummers
method offers significant improvement in terms of provid-
ing more homogenous distribution of silver across the mem-
branes and enhancement properties on antibacterial effect.
GO as new polymer nanofillers with its unique properties
such as a 2D carbon nanostructure, good thermo-mechani-
cal stability and high specific surface area found increasing
attention for used in combination with nanoparticles. As the
GO nanoplates can be uniformly decorated with Ag nanopar-
ticles, the agglomeration problem can possibly be resolved
when used to produce nanohybrid GOS membranes.

The main aim of this work was to investigate the effect
of concentration and pH of the feed solution on rejection
mechanisms and solute-membrane interactions. Therefore,
the fabricated UF nanohybrid membrane assigned as GOS
membrane was characterized and further investigated on
its performance to treat groundwater for drinking water
resources. Performances of this membrane were discussed
mainly on the metallic ions rejection and permeate flux. The
potential of this membrane for groundwater treatment was
compared with commercially available tight UF membranes.
Further analysis such as surface morphology imaging was
carried out using field emission scanning electron micros-
copy (FESEM) to support the rejection mechanism involved.

2. Materials and methods
2.1. Chemicals and membranes

All chemicals used were analytical grade with high purity
and no further purification required. Ferrous chloride tetra-
hydrate (FeCl,.4H,0) was procured from HmbG® Chemicals
and manganese chloride tetrahydrate (MnCl,.4H,0) was
obtained from Bendosen Laboratory Chemicals. Both chem-
icals were used for preparation of synthetic groundwater by
dissolving them as a single or multi component in ultra pure
water with conductivity less than 1uS cm™. The synthetic
groundwater was freshly prepared a day before filtration
experiment and kept in a cold room to avoid the divalent
ions from oxidized. Ferrous iron reagent powder (HACH
Permachem®, USA) was used to determine the content of Fe?*



N. Kasim et al. / Desalination and Water Treatment 61 (2017) 29-41 31

ions in permeate for each filtration. Manganese reagent set
(HACH Permachem®, USA) that consists of buffer powder
citrate type for Mn and sodium periodate were used to detect
the concentration of Mn?* ions in permeate. Individual salt
solutions of sodium chloride, sodium sulphate and calcium
chloride (NaCl, Na,SO, and CaCl,) were freshly prepared
using NaCl (Merck, Germany), Na,SO, and CaCl, (Sigma,
USA) for salt rejection test. Low concentration of hydrochlo-
ric acid (HCI) and sodium hydroxide (NaOH) were used for
pH adjustment on feed solution. All chemicals, solvents and
reagents used were analytical grade with high purity.

Fabricated nanohybrid polysulfone (PSF) ultrafiltration
(UF) membranes or named as GOS UF were employed in
order to investigate the performance for groundwater treat-
ment. Phase inversion method has been adopted for the fabri-
cation of PSF-Ag-GO blend membranes. The casting solution
has been prepared by dispersing the silver-graphene oxide
nanoplates in 1/5 of the total N-methyl-2-pyr-rolidinone
(NMP). The polymer was mixed with the remaining NMP
and keptin a silicon oil bath at a constant temperature of 80°C
with a continuous stirring rate of 300 rpm. The nano-plates
were ultrasonicated for 30 minutes before stirred in differ-
ent beakers for 5 hours. The solution with nanoparticles was
then added into the PSF/NMP mixture after a homogeneous
solution was obtained. The final mixture was then ultrason-
icated for another 30 minutes to produce a better dispersion
of the nano-plates within the solution. Some of the casting
solutions were then poured onto a clean glass plate and
evenly dispersed using Filmographe Doctor Blade 360099003
(Braive Instrument, Germany) at a thickness of 0.2 mm. After
15 s of exposure of the casting solution on the glass plate to
the air, the glass plate was immersed in ultrapure water at
room temperature for the remainder of the phase-inversion
process. The formed membranes were peeled off and rinsed
with RO water for about 30 min. The specifications of the
GOS UF membrane were as mentioned in Table 1.

2.2. Characterization of membranes

The wettability of membrane surfaces was analyzed
by contact angle measurements using a static sessile drop
method by Goniometer contact angle (Ramé-Hart, Model
290, Netcong, USA) with three series of measurement at
three different spots. Images of top surface and cross-sec-
tional morphologies of the fabricated membranes were
provided by Zeiss SUPRA 55VP FESEM (Oberkochen,
Germany). The instrument was equipped with an energy
dispersive X-ray (EDX) analysis system to identify compo-
nents that were filtered by the membranes. Liquid nitrogen
was used to fracture the membranes which then required
to be coated with platinum before the analysis of cross-sec-
tional images. The membrane pure water permeability, L
was determined by measuring using ultra-pure water at

Table 1
Specification of GOS nanohybrid membrane

operating pressures range of 1 to 5 bar and room tempera-
ture. Membranes were kept in pure water right after fabri-
cated and compacted at 5 bar for 30 to 45 min prior to use.
Data of pure water flux J (L-m™h™) was used to mea-
sure the membrane resistance R_ (m™) as presented in
the following Eq. (1). The applied pressure P (Pa) and the
dynamic viscosity of water (kg-m™s™ or Pa-s) which is
8.91x10* at 25°C were also involved in the calculation.

R,= M
1,

The overall porosity (¢) was calculated using a gravimet-
ric method according to Eq. (2). The dried and wet membrane
weight assigned as o, and o,, respectively. The surface area
of membrane A (m?), the membrane thickness | and water
density d_ (998 kg-m?) were included for measurement.

e ®, —nl
AxIxd, )

The pore sizes of fabricated membranes were calcu-
lated by Eq. (3). This calculation involved porosity data and
using Guerout-Elford-Ferry equation. The water viscosity
(8.9 x 10* Pa-s), the volume of permeated pure water per
unit time (m®s™) and operational pressure (0.4 MPa) were
also used in the calculation.

_ [(29-1.75e)811Q
fm = ex AxAP 3)
In order to determine the surface zeta potential was
measured using the Malvern Surface Zeta Potential Cell.
The zeta potential of PSF membrane surface was measured
in 0.1 mM NaCl at pH 4,7 and 9 using 300-350 nm latex par-
ticles as the tracer particles (DTS1235 Malvern UK).

2.3. Experimental set-up

A bench-scale dead-end stirred cell procured from
Sterlitech Corporation, WA (Model HP4750) that houses a
49 mm diameter flat sheet membrane with effective area of
14.6 cm? was used for filtration experiment. The filtration
setup comprises of a nitrogen gas tank, 300 mL stainless
steel stirred cell and a precision balance (Sartorious AG,
Germany, Model AX6202) connected to a data acquisition
personal computer. The schematic diagram of the experi-
mental apparatus is as ilustrated in Fig. 1. Filtration exper-
iments by using the selected membranes were conducted
for 1 to 3 hours and permeate samples were collected for
further water quality analysis of Fe* and Mn?* ions using
spectrophotometer (HACH, Model DR3900).

Membrane Polymer to Ag-decorated GO pH range Thickness MWCO
nanoplate ratio concentration (wt%) at 25°C (mm) (kDa)
GOS PSF:NMP:Ag-GO 0.5 2-11 0.2 50

=1:5.56:0.005
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Fig. 1. Schematic diagram of dead-end stirred cell system.

Filtration experiments were performed to investigate
the ability of the applied membranes based on permeability,
flux and rejection using ultra pure water and synthetic sam-
ples of groundwater. All fabricated membranes were kept in
ultra-pure water before used. The soaking step was consid-
ered as a wetting process for the membrane. Then, compac-
tion of the membrane was conducted for 30 to 45 minutes by
pressurizing the stirred cell with nitrogen gas at 5 bar with-
out stirring. After compaction, the pure water permeability
test was conducted. For determination of flux and rejection
of synthetic groundwater, about 250 mL of feed solution
was placed into the stirred cell and filtered for permeate
collection. Data of permeate mass collected every 60 s was
recorded by a software installed in the personal computer.

2.4. Iron and manganese ion analysis

Permeate samples of Fe** and Mn?* ions were analysed
by using spectrophotometer (HACH, Model DR3900).
Detection of Fe?* and Mn?* ions concentration in permeate
were by APHA Standard Method 8146 and 8034 powder
pillows, respectively. The detection limit for Fe** is 0.02
to 3.00 mg L whereas for Mn** is 0.1 to 20.0 mg L. The
collected permeate after filtration process was checked
for water quality analysis in identifying the best oper-
ating variables to meet the drinking water standards.
Physico-chemical parameters were measured to investigate
efficiency of membranes. Conductivity, pH and TDS were
measured using Hanna Instrument HI2550, whereas tur-
bidity were analyzed by using Turbidimeter (HA 2100AN).
Color, in permeate were detected by using Spectrophotome-

Table 2

ter (HACH, Model DR3900). All parameters were analyzed
according to the APHA standard methods.

3. Results and discussion
3.1. Surface properties of membrane
3.1.1. Surface wettability

The surface wettability of membranes was measured by
the static sessile drop method. The contact angle between pure
water droplet and the clean surface of membrane is a mea-
surement of wettability of membranes. Therefore, the tested
membrane can be identified either it is a hydrophilic or hydro-
phobic membrane. A lower value of contact angle indicated
that the membrane is more hydrophilic. A hydrophilic surface
is obtained when the contact angle (6) is lower than 90° and
surface is completely wetted by water for a contact angle equal
to 0° [15]. In this study, three series of measurement at three
different spots of clean membranes were conducted a day after
the samples were kept overnight in a desiccator. The average
contact angle of the three clean membrane coupons for GOS
membrane was measured at 57° + 1.5. Result showed that
this membrane was more hydrophilic than the pure PSF UF
(83.8 + 0.5) membrane as reported by Mahmoudi et al. [14].
The contact angle of this membrane as presented in Fig. 2 was
found reduced because of the addition of 0.5 wt% silver-deco-
rated GO. The functional group of the silver-decorated GO has
contributed to the reduction of interface energy of the mixed
matrix membranes. Hydrophilicity of the fabricated GOS UF
membrane revealed that it was suitable for further application
in treating groundwater. However, the potential of this mem-
brane in rejecting contaminants and meeting the drinking
water standard was to be the main priority.

sl e
S R
- S

-

L g

Fig. 2. Water drop contact angle of GOS UF membrane.

Characteristics of nanohybrid PSF and pure PSF ultrafiltration membranes

Membrane Water flux® Membrane® Porosity® Pore radius® Reference
(L.m2h) resistance (m™) (%) (nm)
+0.5 +0.5 +1.0 +1.0
GOSs 29.3 16 61.7 8.8 Present study
Pure PSF 16.5 27 51.2 72 [14]

* Value obtained at pressure of 5 bar.
" Value obtained from experimental measurement.
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3.1.2. Surface resistance and porosity

The surface resistance, overall porosity and pore radius
of this membrane are summarized in Table 2. All measured
data were calculated by Egs. (1)-(3) as mentioned in earlier
section and results were compared with the pure PSF mem-
branes. The fabricated GOS membranes exhibited poros-
ities higher than 50% and in comparison to the pure PSF
membrane; it was 10% higher which is highly desirable in
this work. Due to high porosity of GOS membrane, it was
proven that the membrane surface resistance was reduced
which could be ascribed by the addition of silver-decorated
GO to the matrix of the membranes. Results also showed
that only a small change on the pore radius of the GOS
membranes in comparison to the pure PSF membranes.

3.1.3. Water flux

In water treatment industries, membranes with high
water flux are more desirable for enhancement on water
production. It is well-known that an improvement on
surface wettability has a direct effect on the pure water
flux. Therefore, it was expected that water flux by GOS
membrane was higher than the PSF UF membrane as
summarized in Table 2. Three different clean coupons of
GOS membrane were used for measurement of pure water
fluxes. The average volumetric water flux at applied pres-
sure of 5.0 bar using this membrane was determined to be
29.30 £ 0.5 L-m >h. From the observed results, these indi-
cated that all coupons of GOS UF membranes conducted
for this objective has the pure water permeability at 5.86 +
0.5 L' m™>h™-bar”. This result showed that the separation
layer of GOS membrane was highly permeable to water.

3.1.4. Surface morphology

Figs. 3(a) and 3(b) presented the FESEM images of surface
and cross-sectional morphologies of pure PSF UF membrane.
Whereas, Fig 3(c) and 3(d) were the FESEM images of the
GOS UF membrane. The surface image of GOS UF membrane
showed that no agglomerations of nanoparticles or graphene
nanoplates could be observed as in comparison with the
pure PSF UF membrane. Thus, the surface is smooth and sil-
ver-decorated GO was evenly distributed in the matrix of the
membrane. The cross sectional image of the fabricated mem-
brane demonstrated that it has a typical asymmetric morphol-
ogy with finger-like pores linked by a sponge walls. Results
indicated that the structures of membrane cross sections were
not affected by the addition of silver-decorated GO.

Figs. 3(e) and 3(f) presented the EDX spectrum and
mapping images of the fabricated membrane. The peaks
located at 2.65 and 2.984 verified the presence of silver
nanoparticles in the membrane matrices. In order to
study the distribution pattern of the Ag-GO in the structure
of the membrane, EDX in mapping mode was used. Based
on the scanning result, an excellent distribution of the silver
nanoparticles in the membrane matrix was observed. This
suggests that the decoration of silver on the graphene oxide
can prevent nanoparticles agglomeration and lead to an
even distribution of the silver in the structure of the mem-
brane. Therefore, this can enhance the oligodynamic effect
across the skin of the membrane.

3.2. Flux behaviour and fouling tendency

Fig. 4 showed fluxes trend by using the GOS UF
membrane. In Fig. 4(a), it was found that synthetic ground-
water fluxes were slightly lower than the pure water fluxes for
permeability test at applied pressure in the range of 1 to 5 bar.
In this part, synthetic groundwater with multi-electrolytes
was used with concentration of 100 mg Fe/L and 50 mg
Mn/L. It was prepared without addition of any background
electrolytes. Divalent ions of Mn?* typically exist in natural
groundwater at concentration that is much lower than Fe*'.
In this case, the co-exist of Fe:Mn at 100:50 mg L' were cho-
sen mainly in order to further investigate the ability of GOS
UF membrane for co-removal of iron and manganese at high
concentration. The initial measured pH of the feed solution
before used was 5.9 + 0.3 with conductivity at 209.7 + 0.5 pS.
Fig. 4(b) presented the normalized flux of synthetic ground-
water at applied pressure of 5 bar for filtration process within
two hours at stirring rate of 500 rpm. This result showed that
no flux decline within the operating period and average vol-
umetric flux was found at 26.3 £ 2.5 L-m™h™. The final pH
measured after the filtration experiment was 6.8 + 0.3 and
this measurement indicated that the water quality for pH has
complied with the standard of drinking water by WHO. Fur-
thermore, rejections of the divalent metallic ions at this point
were 92.4% and 82.3% for Fe** and Mn?* ions, respectively.
At this condition, the GOS membrane was considered to be
performing well despite the qualities of both ions in perme-
ate were still above the drinking water standards which were
7.6 and 8.9 mg L™ for Fe and Mn, respectively. According
to the allowable level of both metallic ions in water, results
achieved in this section were 96% ( Fe**) and 88% ( Mn?")
were reaching the drinking water standard.

3.3. Effect of feed concentrations

The Department of Mineral and Geoscience, Malaysia
has reported that concentrations of Fe in natural ground-
water sources were typically range from 0.7 to 94 mg L™,
with an average concentration of 15.6 mg L. Manganese
typically presents in lower concentration in the range from
less than 0.1 to 2.7 mg L, with an average concentration of
0.43 mg L. In order to determine the effectiveness of using
the selected membrane for treating groundwater with higher
concentration range of metal elements, synthetic water at
various concentrations of Fe?* and Mn?* were used for fur-
ther investigation. The effect of initial feed concentration on
the rejection of these metallic ions is presented in Fig. 5(a).
Filtration experiments were conducted at applied pressure of
5 bar, ambient temperature and stirring rate of 500 rpm. For
this part, performance of the GOS membranes were tested by
using a single electrolyte in the synthetic groundwater.

Results showed that rejection of Fe** and Mn?* ions
increased with increasing initial feed concentrations from
100 to 1000 mg L. Very high observed rejection of Fe**
values from 82.6% to 92.6% were obtained by using this
membrane, indicating that it has very good separation
properties for metallic ions removal. It was observed that
a similar trend was also depicted for Mn?* removal. The
rejection of Mn** ions using this membrane increased from
61.1% to 75.9%. These results confirmed that the presence of
Fe* and Mn?* ions in synthetic groundwater even at very
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Fig. 3. FESEM images of (a) surface, (b) cross sectional morphology of clean pure PSF membrane, (c) surface, (d) cross sectional
morphology with (e) EDX spectrum and (f) mapping of clean GOS UF (0.5 wt% silver decorated graphene oxide) membrane.
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Fig. 4. (a) Flux for pure water and synthetic groundwater at various applied pressures and (b) normalized flux of filtration of syn-
thetic groundwater at operating conditions: 100 mg Fe/L and 50 mg Mn/L, 5 bar, pH 6.8, 25°C and 500 rpm stirring rate.

high concentration were effectively rejected by the GOS
membrane. It was clearly determined that this membrane
has high ability to remove both metallic ions and suitable
for further inspection using natural groundwater. How-
ever, it should be noted that the metals concentration in
permeate were not below the acceptable limits for drinking
water standards. Therefore, further investigation by other
operating conditions was suggested to optimize the per-
formance of GOS membranes at high concentration of the
metallic ions in the feed solutions. The findings on Fe and
Mn rejection percentage revealed that the selected GOS UF
membranes have an outstanding performance in compari-
son to other commercial UF membranes or other treatment
methods [6,8,11,16].

Separation mechanism by UF and NF membranes
involved both steric (sieving) effects and electrical (Donnan)
effects [17]. UF membranes are effectively able to reject mac-
romolecules and allow the monovalent ions to pass through.
For this study, both metallic ions were proportionally
rejected with increasing metal concentration in the aque-
ous solution. Thus, by considering only the corresponding
charge effects, both metallic ions rejection were expected to
increase with increasing feed concentration. Increase in the
ionic strength of a solution may cause a decrease in the pore
size of the membranes resulting in an increase of solute rejec-
tion [18]. Similar finding has been discovered by Nguyen
et al. [19] as they reported that at high ionic strength, the
electrostatic repulsion between nearby negatively charged
carboxylates was reduced because of double layer compres-
sion and charge screening at the solution-pore wall inter-
face that tend to cause a decrease in pore size and increase
on arsenic rejection. Therefore in this study, slight increase
of both metallic ions rejection at high ionic strength was
believed to have been affected by electrostatic interactions
of solute with the negatively charged GOS UF membrane
due to the decrease of pore size (volume) of membrane.

The performance of the GOS membranes was also
tested by using multi electrolyte in the synthetic ground-
water. For this case, a mixture of 100 mg Fe/L and 50 mg
Mn/L was used in the feed solutions at initial pH of

6.3 £0.3. Results depicted in Fig. 5(b) showed that rejection
rates for both metallic ions were slightly decreased in multi
components solution. The reduction of performance based
on rejection was found to be less than 6% which indicated
that there were less affinity of solute-solute interaction
involved, regardless the filtration was by single or multi
components system.

3.4. Effect of pH on solute and membrane
3.4.1. Feed Solution

The prepared synthetic groundwater was added with
low concentration at 0.1 M of hydrochloric acid (HCI) or
sodium hydroxide (NaOH) in order to adjust the pH of
feed solutions in the range of 3 to 11. Initial pH of FeCl,
and MnCl, feed solution was 5.9 = 0.3. At this condition,
both divalent metallic ions were soluble in water. At this
point, the prepared synthetic groundwater samples consist
of either Fe** and Mn* ions were colourless as sample A in
Fig. 6(a). By increasing the feed pH, soluble divalent ions
were slowly oxidized to become insoluble and stable ions
according to the following equations;

Fe?* + 3H,0 — Fe(OH), + 3H" + e 4)
Mn?+ 2H,0 — MnO, + 4H* + 2e 5)

Therefore, pH has affected solubility of solute. These
metallic divalent ions were less soluble at higher value of
pH. Insoluble trivalent ferric ions, Fe* or known as iron
solid commonly occurs as colourful bright reddish-yellow
to yellowish-brown stains as in sample B in Fig. 6(a). Once
sample B was left for 20 to 30 minutes, precipitate of iron
hydroxide (Fe(OH),) settled down as sediment at the bot-
tom of the sample cell as shown in Fig. 6(b). The stability
of Fe ions depend not only on pH but also on the activity
of electrons. The occurrence and behaviour of Mn is not
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when flocs of Fe(OH)3 formed.

similar to Fe. It was found that Fe** was more rapidly and
easily oxidized than Mn*". Precipitate of MnO, requires a
longer duration for sedimentation. The precipitations of
Fe(OH), and MnQO, were due to the feed solution having
bigger size of particles formed once the pH increased. Dif-
ferent species of same solute have different characteristics
such as size and charge, which significantly affect rejection
mechanism [20]. Therefore, size exclusion was expected to
become the dominant rejection mechanism that has been
significantly influenced at higher pH of the feed solutions.
Furthermore, divalent ion Fe* is predominant at pH <
6.8 while the trivalent Fe** dominates at pH above than 6.8.
Therefore, more divalent ferrous ions were transformed to
the trivalent feric ions when pH increased. For the case of
manganese, the divalent Mn?* is predominant at pH < 9.3
and thus, the multivalent Mn* dominates at pH above than
9.3. The increase in pH will help in the oxidation of iron
and if it is raised high enough it will favor the oxidation
of manganese. Very high pH is required for the oxidation
of soluble manganese without adding any strong oxidant.
The oxidation rates are faster at high pH values and become
slower at low pH. In practice, the removal of dissolved Fe*

and Mn* from groundwater used to accomplish by the
oxidation and precipitation. Mansoor et al [2] reported that
the removal process of these two elements from groundwa-
ter is affected by the different chemical and physical char-
acteristic of water including pH, total organic carbon (TOC)
and concentration of dissolved oxygen. The occurance and
concentration of Fe and Mn in groundwater in particular
were controlled by water chemistry (pH, redox potential
(Eh), dissolved oxygen (DO) and dissolved organic carbon
(DOC).

Fig. 7 showed the zeta potential of both solutes at various
pH of feed solutions. The isoelectric point (IEP) of iron and
manganese was found at pH 7.8 and pH 3.3, respectively. At
this point, solutes are uncharged and the rejection mechanism
was mainly depend on sieving effect. Results in Figs. 7(a)
and 7(b) showed that Mn is more negatively charged than Fe
as pH increased. Therefore, it was expected that electrostatic
repulsion between membrane and solute became stronger
with increasing pH when a negatively charged membrane is
used. The graphene oxide and silver decorated graphene are
both negatively charged [21]. The hydroxyl, epoxide, car-
bonyl and carboxyl groups of the graphene oxide resulting
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in a negatively charged surface [22]. This is a well known
concept reported by many authors.

3.4.2. Permeate quality

Fig. 8 presents the permeate concentration measured
after filtration by using multi components feed solution
with 100 mg Fe/L and 50 mg Mn/L at adjusted pH in the
range of 3 to 11. Results showed that at this pH range, the
concentration of metal ions detected in permeate decreased
with increasing pH. This result proved that removal of both
metallic ions from synthetic groundwater increased with
increasing pH of the feed solution.

For Fe removal by GOS membrane at pH 7, 9 and 11,
permeate concentration measured were well below than
the acceptable limit for drinking water standard by WHO
which were 0.17, 0.24 and 0.08 mg Fe/L, respectively.
These results indicated that Fe rejection was succesful at
pH above than 7 and poor rejection of Fe when feed solu-
tion pH was adjusted below than 7. Thus, results proved
that pH has importantly impacted Fe removal as also
reported by other scholars [20,23,24]. The feed pH may
change the nature of the membrane surface charge and
pore size, as well as the dissolved metal species and there-
fore can affect the membrane separation efficiency [25].
Between pH 3 and 7, almost all Fe were present as solu-
ble Fe**. Higher than pH 8, Fe is predominantly present
as insoluble Fe®* and easily precipitate as Fe(OH), on the
surface of membrane. Therefore, Fe removal at this point
was mainly by size exclusion.

For Mn removal with feed concentration at 50 mg Mn/L,
it was found that the best quality of permeate occured when
using feed solution at pH 9 with detected permeate con-
centration at 0.35 mg Mn/L as shown in Fig. 8. However,
it was considered as unsatisfactory result as for drinking
water since the acceptable value should be at least 0.1 mg
Mn/L. Poor quality of permeate at below than pH 11 can
be attributed to the effect of concentration polarization. The
occurence and behavior of Mn is not similar to Fe, as Fe?* ions
were easily and rapidly oxidized than Mn* ions. At higher
than pH 9, Mn is slowly exist as stable Mn** and insoluble
as MnO, which then precipitate on the surface of membrane.
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Fig. 8. Effect of pH on permeate concentration for filtration of
Fe and Mn.

At this point, Mn removal could be attributed solely by size
exclusion. Between pH 3 and 7, Mn exist as soluble Mn** and
thus, easily permeate and pass through membrane pores.
As the result, poor rejection occured especially at pH 3 with
high value of permeate concentration at 11.8 mg Mn/L was
detected. In acidic feed solution, membrane pores could be
expanded. At this point, low rejection at pH 3 explained that
solute-membrane interaction is the main mechanism and
dominated by the nature of the membrane pores.

3.4.3. Solute rejection

Fig. 9(a) presents the effect of feed pH on Fe and Mn
rejection by using GOS membrane. In general, as the
pH increased from 3 to 11, the rejection of both metal-
lic ions were increased. This can be mainly caused by the
solute-membrane charges interactions and also due to the
size exclusion effect. It was obviously shown that the rejec-
tion of Fe at various feed pH were higher than Mn. The
main reason for this behaviour was probably because of
Fe* ions were easily oxidized at higher pH and Mn?*ions
were more stable which contributed to having a longer
period for oxidation. Lower rejection of Mn than Fe could
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be attributed solely to the electrostactic effect interaction
between membrane material and Mn** ions. Kabsch-Korbu-
towicz and Winnicki [16] reported that retention of manga-
nese compound from MnCl, at pH 6.6 was dominated by
Mn?* ions as oxidation used to occured above than pH 9.
In addition, the ferrous chloride rejection was higher than
manganese chloride rejection as depicted in Fig. 8(a), and
this higher rejection of ferrous salt was determined by the
higher hydration energy of Fe** in comparison to Mn*". The
molar Gibbs energies of hydration of ions Fe** and Mn?** is
-1840 and -1760 kJmol™ [26], respectively. Similar results
which highlighted the increase in the cation rejection with
increasing hydration energy were obtained by Gherasim et
al. [27] and Mehiguene et al. [28].

The pH of feed solution may change the nature of the
membrane surface charge and pore size, as well as the dis-
solved metal species and therefore can affected the mem-
brane separation efficiency. The GOS membrane has reached
higher rejection rate for both metals in comparison by using
other commercial UF membranes. Simillar findings for Fe*
ions removal has previously been reported by other schol-
ars [6,29]. Regarding to Mn?* ions, De Munari and Schéfer
[30] reported that PA-NF membrane has achieved more
than 95% of rejection at pH 7. In Fig. 8, Mn rejection at pH
9 has inrceased very well to >95% from 76% rejection at pH
3. This was mainly because of changes of solute to a stable
form which easier to be removed by membrane as further
explained in the earlier section. The good rejection at this
condition was mainly contributed by solute-membrane
charge interactions. The charge of solute influenced the
extent of rejection by membranes though the precise mech-
anism of rejection will depend upon the particular mem-
brane in use [31].

The zeta potential of GOS UF membrane as a function of
pH is presented in Figure 9(b). Measurement of this param-
eter at pH 4, 7, and 9 resulted with negative values of zeta
potential indicated that the GOS membrane is more nega-
tively charged with increase of pH. The GOS membrane had
a positive charge below pH 2.5, and passed through the IEP
at approximately pH 2.5. Thus, solute charge repulsion was
less important at this point since the membrane was at zero
charge. It was believed that rejection of both ions at this point

(IEP) was dominantly controlled by seiving effect and co-ions
as the surface charge of membrane is more rejected at pH
higher than 2.5. As reported in earlier section, the IEP of Fe**
and Mn** were found at pH 7.8 and 3.3, respectively. There-
fore, Mn?* ions were more prone to be removed based on elec-
trostatic charge repulsion as it was more negatively charge
than Fe?* at pH higher than 3.3. However, removal of Fe was
found higher than Mn as depicted in Figure 9(a) was believed
due to the hydration energy of Fe** and Mn?*. The ion filtra-
tion resulting from the electrostatic enteractions between ions
and membrane surface charge is based on the Donnan exclu-
sion mechanism [32]. In this mechanism, the co-ions (which
have the same charge of the membrane) are repulsed by the
membrane surface and to satisfy the electroneutrality condi-
tion, an equivalent number of counter-ions is retained [33].
Results in Fig. 9 indicated that removal of Fe** at pH
above than 7 was dominated by both size exclusion and
electrostatic charge repulsion. Whereas, at pH below than 7
the removal mechanism was solely due to the size exclusion
(sieving effect) mechanism. Retentions of Mn**ions at pH 3,
5and 7 were solely attributed by electrostatic charges repul-
sion. At pH above than 3, Mn?*ions are co-ions to the neg-
atively charged GOS UF membrane. Therefore, manganese

Fig. 10. Visualization on physical quality of fouled GOS UF
membrane for filtration at 5 bar and pHO.
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removal by this membrane was expected to be higher within
pH range of 3 to 11. Morgan [34] in his study on oxidation
rate of Mn? has discovered that this metallic ion was rela-
tively slow oxidized at pH values below than 9.5. For this
reason, it was found that higher retention was obtained at
pH 9 and 11 since the size exclusion and electrostatic repul-
sion were involved as the main rejection mechanism.

3.5. Surface morphology analysis

Fig. 10 presented an image of fouled GOS membranes
for filtration of single metal component in syn-
thetic groundwater at pH 9. From visual observation,
brown-orengey cake layer become visible on top surface
of membrane A, that resulted from Fe removal. Whereas,
blackish cake layer formed on the surface of membrane B
after filtration with synthetic groundwater solution with
Mn ions. The cake layer formed mainly because of pre-
cipitation of Fe(OH), and MnO, as explained in the earlier
section. Fig. 11(a) and 11(b) showed the FESEM images of
Fe(OH), and MnO, precipitation, respectively. Larger size
of crystalline MnQO, precipitate were clearly seen on top
surface of GOS membrane. Bordoloi et al. [35] reported
that the SEM image with EDS analysis of arsenic and iron
removal from groundwater by oxidation-coaglation at
optimized pH revealed that the sorption of As onto the
poorly crystalline precipitate of Fe(OH), and existence of a
small amount of MnO,,.

The FESEM images of the precipitate obtained in the
presence of Fe and Mn for filtration of multi component
by using GOS membranes at adjusted pH of feed solutions
were depicted in Fig. 11(c) and 11(d). The precipitates of
Fe(OH), and MnO, at pH 5 were observed on the surface
of GOS membrane as presented by Fig. 11(c). Whereas,
Fig. 11(d) indicated that the precipitate of both metallic
elements using feed solution at pH 7. Results showed the
membrane surface images of GOS membranes with aggre-
gated large regularly shaped particles unevenly precipi-
tate of MnO, stable crystallinity. In comparison to Fe(OH),,
MnO, was found more stable especialy at pH higher than 8.

4. Conclusions

The rejection mechanism using GOS UF membranes in
removal of Fe and Mn from synthetic groundwater were
identified and evaluated in this study. The main focus of
this paper was to investigate the influence of feed solution
pH on solute and membrane interactions. The efficiencies
of the GOS UF membranes were assessed based on permea-
bility, water flux and rejection capabilities at 5 bar and feed
solution pH ranged at 3 to 11. The rejection rates for metal
components (Fe and Mn) using these membranes were sig-
nificantly influenced by the adjustment on pH of the feed
solutions. Results proved that GOS membrane had effi-
ciently rejected Fe** and Mn?* ions to the allowable value for
drinking water based on WHO standards. Excellent separa-
tion performance of this membrane especially at pH above
than 7 was mainly due to its effective separation layer of
membrane structure and the electronegativity of membrane
surfaces.

The contribution of solute-membrane charge inter-
actions was determined to have significant influence as a
function of the pH of feed solution. Increases of pH lead to a
higher efficiency of Fe and Mn rejections by this membrane.
Higher pH of the feed solution contributed to transforma-
tion of soluble divalent Fe** and Mn?* ions to insoluble Fe**
and Mn* ions which were more stable. Therefore, they
were easily flocculated and precipitated on membrane sur-
faces. Furthermore, the adjustment of pH has also affected
solute and membrane surface charges that contributed to
electrostatic interaction which enhanced both metallic ions
removal. Higher rate of removal especially for Mn** ions
was mainly attributed by the GOS UF membranes that were
characterized as negatively charged membrane at pH above
than 2.5. Size exclusion and electrostatic charge repulsion
were the main rejection mechanisms involved for Fe and
Mn removal at pH values higher than 7 or 9. In conclusion,
the nanohybrid PSF UF membrane used in this study has
high potential to treat groundwater for drinking water
resources even though at high concentration of Fe and Mn.
The improved characteristics of this membrane in terms of
providing higher flux, higher hydrophilicity and antibac-
terial properties were expected to become the advantages
towards application of membrane technology in water
treatment processes.
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