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Highlights

*Cellulose/a-ZrP-n ion exchange membranes were fabricated via surface coating.
*Removal mechanisms of heavy metals were confirmed via membrane characterization.
*Up to 97, 98, and 99% removal of Cu (I1), Zn (I1), and Ni (II) were achieved.

*High water permeability through cellulose/a-ZrP-n membranes was accomplished.
*Cellulose/a-ZrP-n membranes reported slight improvement in tensile strength.

Abstract

In this study, commercial cellulose membranes were surface coated with
alpha-zirconium phosphate nanoparticles (a-ZrP-n) to study their impact on the overall
removal efficiency of heavy metals from synthetic metal mixture wastewater solution. A
total of four homogeneous solutions (0.25, 0.50, 0.75, and 1.00 wt%) of a-ZrP-n were
prepared by sonicating the nanoparticles in deionized water. These solutions were used
to surface coat the commercial cellulose membranes. The Scanning Electron Microscopy
(SEM) along with Energy Dispersive Spectroscopy (EDS) were used to confirm the
attachment of a-ZrP-n on the cellulose membrane surface. Furthermore, the structural
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characteristics of the a-ZrP-n modified cellulose membranes were also studied. The
water contact angle results showed that all coated membranes remained super-
hydrophilic. The porosity of the membranes decreased to 48% with the addition of

1.00 wt% a-ZrP-n compared to 65% for the pristine membrane. The mechanical strength
has improved from 3.4 MPa for the pristine membrane to about 4 MPa for the

1.00 wt% a-ZrP-n membrane. Similarly, the thermal stability was found to be slightly
enhanced as evidenced by the increase in decomposition temperature to 280 and 285 °C
in the 0.75 and 1.00 wt% a-ZrP-n membranes, respectively. Furthermore, a removal
efficiency 0of 97.0+ 0.6, 98.0 £ 0.5, 99.5+£0.2, and 91.5 £ 2.0% for Cu (I1), Zn (1I), Ni
(1), and Pb (I1), respectively, was observed with the 0.50 wt% a-ZrP-n membrane. This
removal was achieved at a flux of 41.85 £ 0.87 x 103LMH. Increasing the a-ZrP-n
concentration further did not show any improvement in the overall removal efficiency.
However, it led to 46% flux reduction in the 1.00 wt% a-ZrP-n membrane. The
mechanism of removal of the heavy metal ions was postulated to be a combination of ion
exchange and electrostatic attraction of the strong negatively charged a-ZrP-n
membranes and the free metal ions in the wastewater solution.
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1. Introduction



Recently, freshwater resources have been decreasing across the globe due to climate
change (Benateau et al., 2019), contamination (Schwartz and Ibaraki, 2011), and
industrial and population growth (Vordsmarty et al., 2000). This has contributed to the
spread of water scarcityworldwide (Steduto et al., 2017). Wastewater reuse is one of the
feasible approaches to reduce this scarcity and increase the amount of clean water supply
(van Loosdrecht and Brdjanovic, 2014). Nonetheless, the treated volumes of wastewater
may still contain trace amounts of several contaminants that are harmful to humans and
the environment. Heavy metals such as Zn (Il), Cu (I1), Ni (1), and Pb (1) are found
commonly in sewage effluents and pose a serious health threat to humans even at a very
low concentration (Ahmed and Hasan, 2017; Ali et al., 2019; Giwa et al., 2018). For
example, Cu (Il) leads to liver, kidney, and nervous system damage (Mohod and Dhote,
2013; US EPA, 2009) when the body is exposed to >2 mg/L (World Health
Organization, 2004). Similarly, long exposure to Ni (1I) at a concentration higher than
0.07 mg/L causes cell damage and cancer (Mohod and Dhote, 2013; World Health
Organization, 2004; Zambelli et al., 2016).

There are several methods used for the removal of heavy metals including

adsorption, chemical precipitation, electrochemical processes, ion exchange, membrane
separation, etc. (Fu and Wang, 2011). In addition, the heavy metal detection plays an
important role in the removal of these metal ions from wastewater effluents (Rasheed et
al., 2018). Membrane technologies show tremendous potential in heavy metal removal
from wastewater effluents (Bolisetty et al., 2019; Nabeel et al., 2019). These
technologies are known for high removal efficiencies, low environmental impacts,
reduced land use, and ease of operation (Basile et al., 2015; lbrahim et al.,

2018). Microfiltration (MF), which operates at very low pressure and with relatively
high water flux, is an example of membrane-based technologies used in heavy metals
removal. Typically, MF membranes (with a pore size between 0.1 and 10 pm) are used
for particle separation from a solution (Huisman, 2000). These membranes can be made
from cellulose, which is one of the most abundant resources of polymers worldwide.
Cellulose possesses versatile properties and is relatively cheap compared to other
resources (Bhattacharyya et al., 1998). These membranes have reactive hydroxyl groups
which can bond with heavy metal ions via ion-exchange or adsorption mechanism
(Kamel et al., 2006). For example, cellulose/poly (vinyl alcohol) (PVA) composite
membranes were fabricated and tested for the removal of Cu (Il) from aqueous solution
(Cifci and Kaya, 2010). Removal efficiency of around 45% (pH = 7) was achieved for
Cu (I1) in the composite membrane compared to a negligible removal in the pristine
cellulose membrane. Similarly, pure cellulose membranes were chemically modified



with ethylenediaminetetraacetic acid (EDTA) and used for the remediation of Pb (I1)
from metal-containing water sample (D'Halluin et al., 2017). Removal efficiency of
around 90% was archived via the cellulose-EDTA membrane compared to <20% in the
pure cellulose membrane. Cellulose MF membranes cannot be used alone for the
removal of heavy metals due to the limited ion-exchange and adsorption capacity of the
membrane's surface area (Bhattacharyya et al., 1998). In order to enhance the adsorption
capacity of the membranes, incorporation of nanoparticles (nano-adsorbent) on the
membrane's surface can be used (Ritchie et al., 1999). This allows for the creation of
several ion binding sites on the membrane's surface which would significantly enhance
the capture capacity of the heavy metals and their removal. There is a wide range of
micro/nano particles that can be used for this purpose. These include, but are not limited
to, activated carbon (d =45.5 pm), carbon

nanotubes (d =20 nm), kaolinite (d = 66.5 um), zeolites (d =38.5 um), aragonite shells
(d=32.5 um), cetyltrimetylammoniumbromide, 8-Hydroxyquinoline, and others
(Apiratikul and Pavasant, 2008; Danis and Keskinler, 2009; Fu and Wang, 2011; Jiang et
al., 2010; Kabbashi et al., 2009; Kohler et al., 2007; Kongsuwan et al., 2009; Li et al.,
2010; Madaeni and Heidary, 2012; Wang et al., 2007). Table S1 shows some examples
of nanoparticles used with MF membranes for the removal of certain heavy metals from
wastewater effluent.

More recently, alpha-zirconium phosphate nanoparticles (a-Zr-n) has been used with
graphene oxide (GO) to remove Pb (1), Cd (I1), Cu (Il), and Zn (II) from a synthetic
wastewater sample (Pourbeyram, 2016). These nanoparticles are known to be a nontoxic
metal cation with a high ionic and coordinative affinity for O, containing groups. In
addition, it has high catalyst activities and significant adsorptive capabilities (Cai et al.,
2012; Karlsson et al., 2001; Xiao and Liu, 2018). Studies related to the incorporation

of a-ZrP-n into polymer membranes for removal of heavy metals are limited. Abutartour
et al. (2014) fabricated porous membrane made of SiF, and hexadecyl

trimethyl ammonium bromide. Zirconium in the form of ZrOCl.-8H,0 was added to the
membrane matrix by which the membrane showed improved removal for both Cu (I1)
and Pb (I1). Hollow fiber membranes (HFM) made of polysulfone (PSF)

and zirconium oxychloride were synthesized and tested for the removal of arsenate (He
et al., 2014). The membranes showed enhanced removal of arsenate from the aqueous
solution. Zhao et al. (2016) fabricated hydrophobic PVDF membranes and modified
them with PVA/ZrP for the removal of lead (I1). The optimal lead (I1) adsorption was
achieved at a pH of 5.5. Zhang et al. (2017) prepared a composite membrane made of
zirconium-chitosan and GO for the removal of fluoride. Results revealed high removal



over a wide range of pH ranging between 3 and 11. To the best of our knowledge, no
attempts on fabricating cellulose membranes incorporating a-ZrP-n were reported in the
literature, neither via phase inversion and surface coating nor by other fabrication
methods. Therefore, the main objective of this research study was to synthesize a-ZrP-n
surface coated cellulose membranes for the removal of heavy metals from wastewater.
Several membrane characterizations and performance tests were carried out and the
results are explained in the subsequent sections.

2. Materials and methods
2.1. Materials

Commercial pure cellulose membranes with a pore size of 7-9 um and a thickness of
170 wum were provided by Filtros Anoia, SA. Galwick™ was purchased from Porous
Materials, Inc. and was used as a wetting liquid. Nano-sized a-ZrP-n, having an average
particle size diameter of 100 nm, were provided by Guizhou Zerophos Chemical Co.,
Ltd. (China). Deionized water (DI) with a resistivity of 17 MQ-cm at 23 °C was used for
the dispersion of a-ZrP-n and for the cleaning of any excess nanoparticles after the
surface coating. HACH detection cuvettes (LCK 337, LCK 306, LCK 360, LCK 364,
and LCK 329) were used to measure the concentration of heavy metals in wastewater
and treated filtrate using HACH DR3900 UV/Vis spectrophotometer with radio-
frequency identification (RFID) technology. The pH measurements on all samples were
carried out using a HACH HQ40D probe.

2.2. Surface coating of cellulose membranes with a-ZrP-n

Analytical grade a-ZrP-n were dispersed in water with concentrations of 0.25, 0.50, 0.75
and 1.00 wt%. The use of relatively low weight concentrations was to

avoid agglomeration and ensure uniform dispersion of the nanoparticles in DI water. All
four solutions with nanoparticles were sonicated using Branson® Ultrasonic Bath (5510
B-series) for 2 h to ensure better dispersion and homogeneity. Furthermore, the sonicated
mixtures were continuously stirred at 250 rpm by a magnetic stirrer for 2 h in order to
ensure maximum homogeneity. The solution mixtures were immediately sprayed onto
the surface of the pure cellulose membranes under vacuum filtration using WELCH
2546C-02A vacuum pump (Gardner Denver Thomas, Inc.). The obtained membranes
were then dried in the Memmert UF55 oven at 60 °C for 3 h and thermally treated at

90 °C for 4 h. The dried membranes were then washed with DI water thrice to remove



any excess a-ZrP-n. The membranes were then dried and stored in a sealed container at
room temperature. Fig. 1 illustrates the fabrication of cellulose a-ZrP-n coated
membranes via a surface coating method.
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Fig. 1. Schematic representation of the fabrication of the cellulose a-ZrP-n coated
membranes via surface coating.

The surface-coated membranes with 0.25, 0.50, 0.75, and 1.00 wt% of a-ZrP-n were
named as ZrP-C1, ZrP-C2, ZrP-C3, and ZrP-C4, respectively. The pristine commercial
cellulose membrane was denoted as C and used as a reference membrane for
comparison. To investigate a-ZrP-n leaching into filtered water, coated membranes were
immersed in DI water for 12 h to verify the degree of attachment of the a-ZrP-n to the
cellulose membrane surfaces. The DI water was then tested for the presence

of zirconium using HACH DR3900 UV/Vis spectrophotometer with radio-frequency
identification (RFID) at a wavelength of 500 nm.

2.3. Characterization of pristine and cellulose a-ZrP-n coated membranes

The surface morphology including cross-sectional structure and surface shape of the
pristine and coated membranes was observed using Quanta250 Scanning Electron
Microscope (SEM). Liquid nitrogen was used to prepare the samples for the cross-
sectional analysis by freeze-fracturing technique. Since the membranes were made of
pure non-conductive cellulose, all membranes were first coated with 100 A gold layer.
The presence of a-ZrP-n was confirmed using Energy Dispersive X-ray Spectroscopy



(EDS) at an accelerating voltage of 1.6 keV (scanning area of 5 x 5 um2). To further
confirm the attachment of a-ZrP-n on the membrane's surface, X-ray Diffraction (XRD)
analysis was carried out on these samples using PANalytical Empyrean (40 kV and

35 mA). Fourier Transform Infrared (FT-IR) spectroscopy was used to study the
functionalities in the cellulose fibers in both the pristine and surface coated membranes.
The IR attenuated total reflectance (ATR) spectra analysis using Bruker's Vertex 80v
FT-IR spectrometer was performed in the wavelength range of 4000 to 400 cm and a
resolution of 4 cm'. The mechanical stability of the membrane including tensile
strength and elongation was investigated using the INSTRON's Blue Hill device
(Canada). Membranes were cut into strips of 65 x 10 mm (length x width) on both ends,
and 20 x 5 mm?in the middle. The ends were fixed between grips such that only the

20 x 5 mm? area was exposed to the load. The maximum tensile strength in MPa was
recorded for all the membranes samples using a crosshead speed of 0.05 mm/min.
Furthermore, contact angle measurements of each sample were obtained from Kriss
GmbH' Drop Shape Analyzer (DSA) by using 2 uLL DI water droplets. A
thermogravimetric analyzer (PerkinElmer, TGA 4000) was used to determine the
thermal stability of each membrane. The membranes were heated to a temperature of
700 °C in O, environment at a heating rate of 10 °C/min. Weight loss due to thermal
decomposition was recorded and used to study the membranes' thermal stability. The
gravimetric method was used to evaluate the porosity of all membranes used in this
work. First, dry membrane samples with a total area of 1 cm? and 170 um thickness were
wetted with Galwick™ in order to fill all the membrane pores. Then, the ratio of the
wetted pores volume to the total membrane volume was used to calculate the porosity.
The nanoparticles surface charge at different pH values was also measured using
ZetaPALS (Brookhaven Instrument). The a-ZrP-n were added to DI water
(concentration of 0.2 mg/mL) and sonicated for 1 h to ensure maximum homogeneity. In
order to adjust the pH of the solution, both HCL and NaOH were used at concentrations
of 100 mM. The cellulose membrane surface charge was measured using Anton Paar
SurPASS Electrokinetic Analyzer (USA). Two membrane samples (10 x 20 mm (W x L)
each) were placed in an adjustable clamping cell and separated by a spacer that allowed
for electrolyte flow. Three solutes were used in this process, | mM KCI, 50 mM HCI,
and 50 mM NaOH.

2.4. Preparation of synthetic metal mixture wastewater solution and water quality
analysis



Synthetic metal mixture wastewater solution was prepared by dissolving copper nitrate
(Cu (NO:s),-3H.0), nickel chloride (NiCl.-6H.0), zinc chloride (ZnCl,), and lead nitrate
Pb(NO-), in 5 L of DI water. The weights added to the DI were calculated such that the
final Cu (1), Ni (I1), Zn (1), and Pb (Il) concentrations were 8.4+0.2, 5.5+0.1,
5.5+0.3, and 5.4+ 0.5 mg/L, respectively. The synthesized solution sample was then
characterized using LCK HACH vials using HACH DR3900 UV/Vis spectrophotometer
with radio-frequency identification (RFID) at wavelengths of 478, 466, 466, and 520 nm
for Cu (I1), Ni (1), Zn (11), and Pb (1), respectively. The removal efficiency of heavy
metals was calculated using Eq. (1):

Removal (%) = (“=52) @

where C: and C; are the heavy metal concentrations (in mg/L) in the feed and permeate,
respectively.

2.5. Performance tests of pristine and cellulose a-ZrP-n coated membranes

Several vacuum filtration experiments using pristine and cellulose a-ZrP-n coated
membranes were carried out to investigate the impact of a-ZrP-n on water flux,
permeability, and permeate quality. The filtration setup used in this study consisted of a
PALL 4241-DS funnel magnetic filter setup installed on a glass flask and connected to
the WELCH 2546C-20A vacuum pump. Water permeability and flux were calculated
using Egs. (2), (3), respectively:

Pure Water Permeability = (2)

AXtXP

Pure Water Flux = — (3)
Axt

where V is the permeate volume in L, A is the membrane's effective surface area in mz, t
is the time needed to collect the permeate in h, and P is the pressure applied to the
membrane in bar.

3. Results and discussion

3.1. Characterization of pristine and cellulose a-ZrP-n coated membranes

3.1.1. a-ZrP-n interaction with cellulose membrane and leaching effects

Fig. S1 shows the possible interaction between a-ZrP-n and the cellulose membrane.
Drying the surface coated cellulose membranes with a-ZrP-n at 90 °C resulted in water



evaporation which led to a covalent attachment of a-ZrP-n to the cellulose membrane, as
illustrated schematically in Fig. S1.

In order to investigate the degree of attachment of a-ZrP-n, leaching experiment was
carried out on the coated membranes by submerging the membranes in DI water for

24 h. Results showed no presence of zirconium in the tested water sample (using HACH
DR3900 spectrophotometer) confirming the strong attachment of the a-ZrP-n on the
coated cellulose membranes.

3.1.2. XRD and FT-IR analyses

In order to confirm the presence of a-ZrP-n on the surface of the membrane, XRD
analysis was performed and the results are shown in Fig. 2(a). The broad peaks B and D
are the unique characteristics peaks of the cellulose fibers which also show the degree
of crystallinity of those fibers (Zhao et al., 2007). In addition, the XRD pattern showed
five characteristic peaks A, C, E, F, and G of crystalline a-ZrP-n at 26=12.5, 20.1, 25.4,
27.5, and 34.5°, respectively (Sun et al., 2007; Wu et al., 2010). The first three
correspond to d (002), d (110), and d (112) (Han et al., 2018). The exclusive d (002)
peak corresponded to the crystal plane of a-ZrP-n.
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Fig. 2. (a) XRD, and (b) FT-IR analyses of the pristine and a-ZrP-n coated membranes.

The IR spectra of the pristine cellulose membrane and the a-ZrP-n coated membranes
are shown in Fig. 2(b). The broad peak at 3000-3700 cm could be attributed to
asymmetric and symmetric —OH stretching (Patel and Chudasama, 2007). The peak at
2800-2970 cm is related to the —C-H stretching where peak intensity is usually used to
determine the organic material content of the cellulose fibers (Garside and Wyeth,



2003). The sharp and relatively small peak at 1645 cm'could be ascribed to the (H-O-H)
bending (Garside and Wyeth, 2003). The peaks at 1429, 1361, and 1159 cm belong to
the symmetric bending of —CH,, bending of C_H, and vibration of C-O-C, respectively
(Barud et al., 2008, Barud et al., 2011). The CO stretching peak is observed at 1050 cm,
whereas the C-OH peak is observed at 1023 cm . In addition, the 1034 cm™' peak is
related to the C_C stretching, and the 895 cm-! peak corresponds to the symmetric in
plane C-O-C stretching (Garside and Wyeth, 2003; Oh et al., 2005). An out-of-phase
bending peak of OH is noticed at 635 cm'. These peaks are a unique characteristic of
cellulose membranes. On the other hand, the peak at 1250 cm™ is due to the bending
vibration of P-OH (Han et al., 2018). This peak is only visible in the IR spectra of the
ZrP-C4 which has the highest zirconium phosphate content. The orthophosphategroups
stretching peak in the range of 1000—1200 cm' is overlapped by the cellulose unique
characteristic peaks. Similarly, the P—0 stretching peak at 1034 cm indicates a
possible overlapping stretching of the C__C bond (Patel and Chudasama, 2007).
Finally, the Zr_O extending vibration peak at 560 cm (Huang et al., 2017) is visible
in ZrP-C1, ZrP-C2, ZrP-C3, and ZrP-C4.

3.1.3. Surface/cross-sectional morphology and EDS analyses

In order to investigate the structure of the cellulose membrane and a-ZrP-n attachment,
SEM images and EDS analysis of surface coated membranes were captured and are
shown in Fig. 3. All membranes showed clear, smooth, and dense fibers without the
presence of any noticeable trenches. The macro fibers diameters were in the range of 10—
20 um and are well separated and followed a rod-shaped structure. The attached a-ZrP-n
on the ZrP-C1 membrane could be observed in Fig. 3(b). The nanoparticles are possibly
attached on the cellulose fibers as a result of the strong covalent bond between the
cellulose membrane and the a-ZrP-n, as explained earlier in Section 3.1.1 (He et al.,
2003; Maneerung et al., 2008). The presence of the nanoparticles on the cellulose
membrane fibers increased as the a-ZrP-n concentration increased (Fig. 3(c), (d), and
(e)). It was also observed that the a-ZrP-n had slightly encapsulated the cellulose fibers
in ZrP-C4 membrane which might lead to moderate agglomeration of the a-ZrP-n as a
result of the van der Waals forces between the nanoparticles (Danilenko et al.,

2012; Feng et al., 2007).
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Fig. 3. Surface, cross-sectional and EDS analysis of the membranes showing the cellulose
fibers coated with a-ZrP-n: (a) C, (b) ZrP-C1, (c) ZrP-C2, (d) ZrP-C3, and (e) ZrP-CA4.

Cellulose membranes are usually made up of an interconnected non-woven 3D network
of fibers that could facilitate the penetration of a-ZrP-n throughout the inner space of the
fibers network via the pores formed between the fibers (Wu et al., 2014). This could be
observed from the SEM cross-sectional images shown in Fig. 3. The a-ZrP-n could be
clearly seen attached to the inner macro cellulose fibers.

The presence of unique characteristic peaks of the crystalline a-ZrP-n shown in Fig. 2(a)
(XRD results) were in line with the morphological and cross-sectional SEM imaging
(Fig. 3) which confirmed the existence and attachment of the a-ZrP-n onto the
membrane's surface and sub-surface.

The EDS analysis was carried out to identify the elemental structure of the pristine and
coated cellulose membranes. The EDS spectrum of the C membrane (Fig. 3(a)) showed
only two sharp peaks of both carbon (C) and oxygen (O,) which are a cellulose
elemental structure (Fig. 1). On the other hand, the EDS results of ZrP-C1, ZrP-C2, ZrP-
C3, and ZrP-C4 membranes shown in Fig. 3(b), (c), (d), and (e) respectively, exhibited a
unigue and moderately intense characteristic peaks of both zirconium and phosphate at
La=2.042 keV and Ka =2.013 keV, respectively. This, along with SEM and XRD
analyses, confirmed the presence and attachment of a-ZrP-n onto the cellulose
membrane. The change in the intensity of the carbon peaks (Fig. 3(a) and (b)) was likely
due to the unpredictability of EDS in detecting carbon (Arepalli et al., 2004). This could
be due to the weak sensitivity of the EDS detector when it comes to low energy
spectrums where carbon is located (Ka=0.277 keV) (Arepalli et al., 2004).

3.1.4. Mechanical and thermal stability

The a-ZrP-n coated membranes showed a slight improvement in the tensile strength as
shown in Fig. 4(a). The average tensile strength of the cellulose membranes increased
from 3.4 MPa to 4 MPa in the a-ZrP-n coated ones (Fig. 4(a)). The minor enhancement
in the tensile strength could be related to the possible interfacial interaction between

the a-ZrP-n and the cellulose fibers (Wu et al., 2010). In membrane composites,
interfacial interaction between fillers (a-ZrP-n) and the membrane fibers is a critical
factor that affects the tensile strength (Mansour et al., 2018; Wu et al., 2010). Initially,
no change in the tensile strength was observed in the ZrP-C1 membrane which is mostly
due to the low concentration of the a-ZrP-n. However, with the increase of ZrP
concentration, the mechanical strength of the cellulose membranes has marginally



increased reaching 4 MPa in the ZrP-C4. This confirms the stress transfer from the
cellulose fibers to the incorporated a-ZrP-n. On the other hand, the tensile strain
(elongation) of the surface coated membranes has decreased significantly from 1.27% in
the C to around 0.38% in ZrP-C1. Nonetheless, with the increase of a-ZrP-n, the drop

in ductilitybecomes less significant. The cellulose fibers lose part of their ductility as a
result of the possible defects formed after the a-ZrP-n impregnation (Mulinari et al.,
2009). The tensile properties are highly depended on the microstructural distribution of

the nanoparticles on the membrane's surface (Mulinari et al., 2009).
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Fig. 4. Impact of adding the a-ZrP-n to the cellulose membranes: (a) Mechanical stability,
and (b) Porosity (The error bars denote standard deviations which were calculated using
three measurements).

The trend observed in Fig. 4(b) clearly depicts the reduction in membrane's porosity with
an increase in a-ZrP-n concentration. As a result of the nano-filling of the membrane's
pores, a reduction in the average porosity could be observed from ca. 65% in the pristine
cellulose membrane to about 60, 54, and 48% for 0.25, 0.50, and 0.75 wt% a-ZrP-n
impregnated membranes, respectively. No further reduction in porosity was observed
with the continued increase of the nanoparticles concentration (i.e. at 1.00 wt% a-ZrP-n
the porosity was 48%). The above finding, therefore, indicates that most of the cellulose
fibers and pores were occupied at 0.75 wt% of a-ZrP-n.

The thermal stability of the membranes was investigated through the thermogravimetric
analysis and the results are shown in Fig. S2. Initially, all membranes exhibit a weight
loss at a temperature below 100 °C which is related to the moisture in both the cellulose



fibers and nanoparticles. The pristine cellulose membrane showed two decomposition
phases: 1) at 270 °C where the membrane starts to degrade, and 2) at around 500 °C
which corresponds to the complete decomposition of the membrane.

The decomposition temperature of both ZrP-C1 and ZrP-C2 membranes were similar to
the pristine cellulose (around 270 °C) indicating that small concentrations of the a-ZrP-n
are not likely to increase the thermal stability of the membrane. On the other hand, a
slight increase in the decomposition temperature of both ZrP-C3 and ZrP-C4 relative to
the pristine cellulose membrane was observed (Fig. S2). The ZrP-C3 membrane started
to decompose at 280 °C whereas ZrP-C4 decomposition temperature was around 285 °C.
This improvement could be related to the strong bonding characteristics between the a-
ZrP-n the cellulose fibers (Raghavendra et al., 2013).

Thermogravimetric results summarized in Table 1 include the percentage of mass loss in
each respective range of temperature. The data shows that both ZrP-C1 and ZrP-C2 have
a similar mass loss in the 200-500 °C range when compared to the pristine cellulose
membrane. However, both ZrP-C3 and ZrP-C4 membranes exhibited a lower mass loss
of 77.4 and 71%, respectively in the same temperature range. The percentage of residue
increased in the coated membranes due to the presence of oxides on the membrane's

surface (Mulinari et al., 2009).
Table 1. Results of the thermogravimetric analysis curves with the % of mass loss,
temperature range, and total residue.

Membrane Mass loss (%0) AT (°C) Residue (%)

6.8 22-200

C 83.3 200-500 1.1
8.8 500-700
5.4 22-200

ZrP-C1 84.6 200-500 6.9
31 500-700
5.3 22-200

ZrP-C2 85.6 200-500 5.7
3.4 500-700
3.0 22-200

ZrP-C3 77.4 200-500 15.7
3.9 500-700
1.2 22-200

ZrP-C4 71.2 200-500 21.8
5.7 500-700




3.1.5. Water contact angle, flux, and permeability

The contact angle measurements of the pristine and a-ZrP-n membranes showed a
complete wetting of the membranes. A receding contact angle of 0° was observed for all
the membranes (both pristine and a-ZrP-n coated). This value was recorded with a span
of 1 s after the contact of the membrane's surface with the water drop as shown in Fig.
5(b) (similar behavior was observed for all a-ZrP-n coated membranes). This super
hydrophilicity led to significantly high water flux as shown in Fig. 5(a).
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Fig. 5. (a) Pure water flux and permeability of the pristine cellulose and a-ZrP-n coated
membranes (before and after the wastewater filtration) (The error bars denote standard
deviations which were calculated using three measurements) (b) The contact angle of the
pristine and surface coated cellulose membrane.

Additionally, the pure water flux of ZrP-C1 showed a slight decrease when compared
with the water flux obtained using the C membrane. However, with further increase in
the a-ZrP-n concentration (e.g. ZrP-C2, ZrP-C3, and ZrP-C4), the water flux
significantly reduced to ca. 54% in ZrP-C4. The flux data were in line with the
membrane porosity results that showed a noticeable decrease in the average membrane's
porosity with the increase of the a-ZrP-n coating (Fig. 4(b)) (Saljoughi et al., 2009).

3.1.6. Surface charge and zeta potential measurements

One of the very important surface properties of membranes in water applications is the
surface charge. This can be evaluated by determining the zeta potential of the membrane



surface. In this work, the zeta potential of both the pristine cellulose and a-ZrP-n was
measured and the results are illustrated in Fig. 6. The pristine cellulose membrane's
surface exhibited a positive charge at pH <5 (Fig. 6(a)). At neutral conditions (pH = 7),
the membrane's surface charge was found to be around —21.75 mV. Any further increase
in the pH value resulted in a further reduction in the membrane's surface charge reaching
around —30.5 mV at pH=11 (Fig. 6(a)). The negatively charged OH-groups and the
adsorbed anions in the cellulose structure leads to such negative values (Mohan et al.,
2011). The isoelectric point at which the OH- groups were protonated was found to be
around a pH of 5. The results are comparable to values found in the literature for the
pristine cellulose membranes (Risti¢ et al., 2014). Also, the a-ZrP-n showed a very
strong negative surface charge as can be clearly seen from Fig. 6(b). The isoelectric
point (deprotonation) occurs approximately at pH = 3.1. From this point, the zeta
potential value decreased significantly to around —47 mV at pH ~12. Similar results have
been reported in the literature (Chalkova et al., 202(27; Su et al., 2013).

45 —

Pure Cellulose Membrane

Alpha ZrP Nanoparticles

Zeta Potential (mV)
Zeta Potential (mV)

(a) (b)

Fig. 6. Zeta potential measurements of both: (a) pristine cellulose, and (b) a-ZrP-n.

3.2. Performance tests and water quality analyses of pristine and cellulose a-ZrP
coated membranes

The synthetic wastewater sample containing heavy metals was filtered using both the
pristine cellulose and a-ZrP-n coated membranes using vacuum filtration. The removal
efficiency was calculated using Eqg. (1)and the results are shown in Fig. 7. Results
showed that impregnating a-ZrP-n on the cellulose membrane surface has improved the



removal of heavy metals at neutral conditions (i.e. pH = 7). The stoichiometric ion
exchange equation of the metal ions onto the a-ZrP-n is explained in Eq. (4):

Zr(HPO4), - Hy0 +0.5M%* =ZrMg sH(PO, ), - H,0 + H'

(4)
where M is the heavy metal element.
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Fig. 7. The overall removal efficiency of the pristine cellulose and a-ZrP-n coated
membranes at pH = 7 (The error bars denote standard deviations which were calculated
using three measurements).

Ni (1) removal percentage doubled when a-ZrP-n coated membranes were employed in
place of pristine cellulose (Fig. 7). In an aqueous solution containing a 10+ M NiCl, (the
case here), the dominant nickel species is in the form of Ni (II) (Ji and Cooper, 1996).
Therefore, the observed increase in Ni (1) removal percentage can be attributed to the
electrostatic attraction between the Ni (I1) and the Zr(HPO.).-H,O by which the nickel
ion intercalation within the crystalline lattice structure of the a-ZrP (Pimpel et al.,
2003). Furthermore, the ion exchange, which always results in H- release (Eq. (4))
illustrates the binding of Ni (11) onto the a-ZrP-n which led to the enhancement of Ni (1)
removal when compared to pristine cellulose membrane (Fig. 7.) (Pan et al., 2007a). The
Zeta potential results (Fig. 6) showed that both the pristine cellulose membrane and

the a-ZrP-n are negatively charged at pH = 7. Initially, the attraction between the Ni (I1)
and the cellulose membrane can be observed (Fig. 7). Following that, with an a-ZrP-n



coating, the negative surface charge of the membrane increases leading to enhanced
removal of the Ni (I1) due to electrostatic attraction forces. The Ni (11) and
Zr(HPO.),-H.O ion exchange can possibly happen according to the following two
equations (Egs. (5), (6)):

Zr(HPO4), - Hz0 + 0.5Ni** + oH;0=4rNigsH(PO4), - 5SH;0 +H™ + H;0 5)

(6)
Similarly, the removal of Zn (11) has improved in the a-ZrP-n coated membranes when
compared to the pristine cellulose (Fig. 7). This enhancement can be attributed to the
possible ion exchange illustrated in Egs. (7), (8). The zinc speciation at pH =7 shows
that the dominant species of Zn is in the form of Zn (Il) (Krezel and Maret, 2016):
Zr(HPO4), - H,0 + 0.5Zn*" + 5H,0=7rZngsH(PO,), - 5H,0 + H* + H,0

ZrNipsH(POg), - 5H,0 + U.SNiz':*ZrNi(PIl;];_, -3H,0+H" + 2H,0

(7)
ZrZng sH(POg4), - 5H,0 + 0.5Zn*’ =Z1rZn(P0y), - 3H,0 +H" + 2H,0 @
Furthermore, both Pb (11) and Cu (II) followed the same improvement trend in removal
percentage as Zn (1) and Ni (1) respectively. The stoichiometric ion exchange equation
of the metal ions onto the a-ZrP-n explained earlier (Eq. (4)) can be used to represent the
possible ion exchange for both Pb (11) and Cu (11) with Zr(HPO.),-H.O. Furthermore, as
can be observed from the results in Fig. 7, Pb (I1) has the highest removal followed by
Cu (I1), Zn (11), and Ni (11). In an aqueous solution with competing cations (i.e. Cu (l1),
Ni(I1), Pb (I1), and Zn (1)), a-ZrP-n has a higher affinity (favorable sorption) towards Pb
(1) (Hua et al., 2013; Pan et al., 2007a). This could be related to the Gibbs free
energies (or hydration energies of ions) which play a significant role in the ion exchange
preference. The adsorption is mostly favored towards cations with lower hydration
energies (Hua et al., 2013). Among the four heavy metal ions used in this study, Pb (I1)
has the lowest hydration energy (AH of around —1481 kJ/mol) (Cotton and Wilkinson,
1980) and hence, adsorption was favored towards it. This explains the increased removal
of Pb (1) at similar pH when compared to Ni (I1) that has hydration energy of
—2105 kJ/mol (Cotton and Wilkinson, 1980). In other words, the increased removal
could be related to the metal's first hydrolysis constant (Eq. (9)). Adsorbents (a-ZrP-n in
this case) have in general higher affinity towards metals with lower hydrolysis constant
(Hua et al., 2013; Pagnanelli et al., 2003; Pan et al., 2007a). The hydrolysis constant of
all the heavy metals used in this study is summarized in Table S2.
}M—H—M}ﬁMWM'—HK%



It is evident from Table S2 that the metal hydrolysis constant is in the order of Pb

(I < Cu (1) <Zn (1) <Ni (I1). This implies that the uppermost adsorbent (a-ZrP-n)
affinity would be in favor of Pb (I1) followed by Cu (1), Zn (11), and Ni (II). This
explains the highest removal of Pb (11) (as shown in Fig. 7), followed by the rest of the
heavy metals in the following order: Pb (11) > Cu (1) > Zn (11) > Ni (Il). For example,
when ZrP-C4 was used, the removal of Pb (1), Cu (1I), Zn (II), and Ni (1I) was
61.3+2.1,58.1+1.6,28.7+2.1, and 15.5 + 1.2%, respectively. The rest of the a-ZrP-n
coated membranes followed a similar trend. Overall, the impregnation of the nano-
sized a-ZrP-n provided a higher surface area and created several ions binding sites on
the membrane's surface which significantly enhanced the capture capacity of the heavy
metals (Hua et al., 2013).

After filtration tests, all membranes were characterized using EDS to demonstrate the
adsorption of all heavy metals onto the membrane's surface and the results are
summarized in Fig. 8. All membranes showed heavy metal deposition on their surface
which confirms the adsorption of these metal ions. These results are in accordance with
the results illustrated in Fig. 7. The unique characteristic peak of Ni (I1) can be seen at
La=0.851keV, Cu(ll) at La=0.930keV, Zn (Il) at La=1.012 keV, and Pb (I1) at
La=2.342 keV.
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Fig. 8. EDS analysis results of the pristine cellulose and a-ZrP-n incorporated membranes
after filtration tests: (a) C, (b) ZrP-C1, (c) ZrP-C2, (d) ZrP-C3, and (e) ZrP-C4.

Although EDS is a useful technique in identifying the chemical elements of the sample,
it cannot be used accurately to quantify trace elements with concentrations >500 mg/L
(Goldstein et al., 2018; Liao, 2006). Therefore, the elemental intensity peaks in Fig.

8 cannot be used to quantify the concentration of heavy metals which were removed.

3.3. Impact of wastewater pH on the removal of heavy metals

Acidity plays a critical role in the removal of ions in aqueous solutions since it affects
ionic chemistry such as hydrolysis, coordination, redox reactions, etc. In addition, it
influences the ionic state of the adsorbents. Therefore, the impact of pH on heavy metal
removal was investigated and the results are shown in Fig. 9. It was observed that the
increase in solution pH led to a remarkable increase in the metal ion uptake. For
example, Zn (1) removal efficiency in ZrP-C1 membrane increased from 28.2 +1.7% at
pH =7 (Fig. 9(a)) to 98.2 +0.7% at pH = 12. On the other hand, at a very low pH (i.e.
pH =2), the removal efficiency decreased significantly (i.e. from 28.2 £ 1.7% at pH="7
to 8.2+ 1.1% at pH =2). Similar trends were observed for the rest of the metal ions In
the pristine cellulose and other a-ZrP-n surface coated membranes (Fig. 9(b), (c), and
(d)) where the heavy metal attained complete removal at pH between 10 and 12.
Additionally, at a very low pH, the metal ion adsorption is restricted through the high
competition of H+ as illustrated by Eq. (7) where the majority of the OH- groups on the
cellulose membrane's surface get protonated. The active binding sites (in the protonated
form) on the adsorbent (a-ZrP-n) get abated which is in accordance with the Le Chatelier
principle of ion exchange (Eq. (4)) (Pagnanelli et al., 2003; Pan et al., 2007b). These two
effects are in agreement with the zeta potential results obtained earlier (Fig. 6) for the
pristine cellulose membrane surface and a-ZrP-n. The surface charge negativity fades
considerably with the decrease of pH through which it becomes positive at pH =5 and
3.1 for the pristine cellulose membrane and a-ZrP-n, respectively. This could hinder the
interaction between the heavy metals and the active sites on the membrane's surface
which explains the low uptake of metal ions at a very low pH value.
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Fig. 9. pH impact on the overall removal of (a) Zn (I1), (b) Ni (1), (c) Cu (1I), and (d) Pb
(m.

The chemistry of the ions in the solution is greatly affected by the increase of pH in the
solution. For example, increasing the pH grants the metal ions the ability to form
insoluble complex hydroxides as a result of interaction with the abundant OH- groups
found at high pH values (Ozaki et al., 2002). In an aqueous solution with pH =7, the
predominant zinc species is in the form of Zn (1) (Krezel and Maret, 2016). However,
with further increase in pH, different ions complexes such as ZnOH+, Zn(OH)..q,
Zn(OH),, Zn(OH),, and Zn(OH).2 are formed. Similarly, at neutral conditions, nickel
dominant species is in the form of Ni (I1). The increase of pH results in the forming of
NiOH*, Ni(OH),@q, Ni(OH),, Ni(OH),, and Ni(OH).2 (Ji and Cooper, 1996). When pH
is between 10 and 12, the dominate Ni hydroxide is in the form of Ni(OH). (Ji and
Cooper, 1996). Both Pb (11) and Cu (1) tend to form metal hydroxides when pH of the
solution was increased, an occurrence observed in several other studies (Jiang et al.,
2010; Kongsuwan et al., 2009; Sen Gupta and Bhattacharyya, 2008). Metal hydroxides
have larger molecules that are incapable of passing through the membrane's pores and
precipitate on the surface of the membrane. Therefore, the removal of all heavy metals at
pH = 12 using pristine cellulose membrane was in the range of 65—-75%. On the other



hand, the removal increased to 99% using the a-ZrP-n coated membranes with the
exception of Pb (11). This is due to its high diffusion coefficientcompared to the rest of
heavy metals facilitates the passage through the membrane (Vanysek, 2005).
Furthermore, the superior removal in the a-ZrP-n coated membranes compared to the
pristine cellulose at high pH could possibly be attributed to the enhanced adsorption and
binding strength of the actives sites on the adsorbent (a-ZrP) surface and the co-
precipitate and/or the complex hydroxides. This is related to the substantial increase of
the OH- density on the a-ZrP-n surface that was confirmed through the zeta potential
results obtained earlier (Fig. 6). Zeta potential results showed a significant increase in
the a-ZrP-n surface negativity with the increase of the solution pH. Complex hydroxides
lead to the formation of a cake layer on top of the membrane surface via hydroxides
precipitation. As a result, the membrane undergoes significant flux reduction due to
membrane fouling as has been illustrated in Fig. 5. As could be observed from both
figures (Fig. 5, Fig. 9), the highest heavy metal removal at pH = 12 led to substantial flux
decrease. The C membrane which reported a lower removal at pH = 12, had lesser flux
decline compared to the rest of the membranes (ZrP-C1, ZrP-C2, ZrP-C3, and ZrP-C4).
This illustration is valid for the effect of pH on the removal and flux performance. Hence
the highest removal is always accompanied by the highest flux decline.

To further investigate the flux decline, the surface and cross-sectional morphologies of
the membranes after filtration were evaluated using SEM imaging (Fig. 10). It was
observed that heavy metals were deposited on the cellulose membrane fibers that
subsequently formed a cake layer. This layer is more noticeable in the a-ZrP-n surface
coated membranes due to their high affinity to the metal ions and hydroxides. The cross-
sectional images showed that most of this deposition happened on the surface of the
membranes (Fig. 10). The removal efficiency of the present cellulose/a-ZrP-n enhanced
membranes has been compared with other cellulose-based membranes reported for
heavy metal removal (Table 2). When compared to other cellulose-based membranes,
the novel cellulose/a-ZrP-n surface-coated membrane showed superiority with respect to
the removal of heavy metals from metal mixture wastewater solution.
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Fig. 10. Surface and cross-sectional morphology of the membranes after filtration: (a, al)
pristine cellulose membrane, (b, b.) ZrP-C1, (c, ¢1) ZrP-C2, (d, d:) ZrP-C3, and (e, e:) ZrP-
C4.

Table 2. Comparison of different cellulose-based membranes with cellulose/a-ZrP-n surface-
coated membranes fabricated in this study.



Membrane Modified with | pH | Heavy metal(s) Removal Ref.
material
e (Cifci and Kaya,
Cellulose PVA 7 |Cu(ll) 45% 2010)
Cellulose Zeolites 6 | Ni(ll) ~80% (i etal,, 2012)
acetate
Methyl Pb (Il)and Cu | ~70% and (Saravanan and
Cellulose benzalaniline 10 (1 ~60% Ravikumar, 2015)
D'Halluin et al.
~00No,
Cellulose EDTA 9 |Pb(Il) 90% (2017)
. Pb (1), Ni (1), | 88%, 97%, .
Cellulose a-ZrP-n 10 and Cu (1), and 98% This work

4. Conclusions

This research study focused on the synthesis and characterization of novel cellulose
membranes via surface coating with a-ZrP-n for the removal of heavy metals from
wastewater. It was concluded that the surface coated membranes were super hydrophilic
reporting a contact angle of Oc. Furthermore, SEM images revealed dense rode-shaped
porous fibers network. The porosity of the C, ZrP-C1, ZrP-C2, ZrP-C3, and ZrP-C4
were 65, 60, 54, 48, and 48%, respectively. ZrP-C1 reported the highest pure water

flux of 61.00 £0.20 x 102 LMH. It was also observed that ZrP-C4 possessed the
maximum tensile strength of 4 MPa as well as the highest decomposition temperature of
285 °C. Furthermore, heavy metal removal for all membranes used in this study (at

pH =7) was in the following order: Pb (I1I) > Cu (I1) > Zn (II) > Ni (II). This was
attributed to the Gibbs free energies (or hydration energies of ions) which played a
significant role in the ion exchange preference. The highest removal efficiency at neutral
conditions was observed for ZrP-C4 with 61.3+2.1, 58.1+1.6,28.7+2.1, and
15.5+1.2% for Pb (I1), Cu (II), Zn (I1), and Ni (I1), respectively. This removal
improvement (compared to the pristine cellulose membrane) was attributed to the
increased number of binding sites for metal ions on the surface of the membrane as a
result of the a-ZrP-n surface coating. In addition, increasing the pH of the wastewater
has led to an increase in removal efficiency. For example, ZrP-C2 reported 97.0 £ 0.6,
98.0+£0.5,99.5+0.2, and 91.5 +2.0% for Cu (Il), Zn (I1), Ni (1), and Pb (1),
respectively. The high removal percentage was due to the enhanced adsorption and
binding strength of the active sites and the co-precipitate and/or the complex hydroxides.
The main mechanisms behind metal removal were the electrostatic attraction between
the heavy metal ions and the high-negatively charged membrane's surface as well as an
ion exchange of the metal ions with the a-ZrP-n.



Overall, it was concluded that cellulose-zirconium phosphate based membranes could be
used to selectively eliminate heavy metal ions from wastewater. Incorporation of nano-
sized a-ZrP-n on the MFcellulose membranes has the potential of achieving high heavy
metal removal and reducing the specific energy requirements due to the very low-
pressure requirements and the relatively high water flux.
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