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!El E! respectively. Moreover, under these conditions, the adsorption process
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= kinetic models. In general, the results showed that the synthesized

nanofiltration nanocomposite membrane by embedding modified cellulose
nanocrystals can be used to effectively remove Pb(Il) and Cr(l11) ions from
aqueous solutions.

© Authors, Published by Environment and Water Engineering journal. This is an open-access article
distributed under the CC BY (license http://creativecommons.org/licenses/by/4.0/).

@ &

organic compounds into the environment, have
caused serious health concerns worldwide.
Literature reviews showed nanofiltration (NF) is
a beneficial approach due to its low energy

Introduction

Nowadays, the fast expansion of industrial and
agricultural activities and consequently discharge
of various pollutants especially inorganic and
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Removal of Pb(I1) and Cr(111) lons from Aqueous Solutions

consumption, low-pressure requirements, and
high-water flux, and for these reasons over the
past decade; NF membranes have frequently
been used for several purposes including
wastewater treatment, seawater desalination, ion
separation, and heavy metal removal too.
Therefore, in the current study, thin-film
nanocomposite nanofiltration (TFN) membranes
were fabricated using interfacial polymerization
by incorporating modified cellulose
nanoparticles (MNCs) for the removal of Cr(ll)
and Pb(Il) ions from aqueous solutions.

Material and Methods

In this study, for the fabrication of membrane
substrate, the pellet forms of polysulfone (PSF)
solvay advanced polymers, dimethylacetamide as
solvent and polyvinylpyrrolidone as additive
were employed. As active monomers for the
fabrication of PA selective layer, piperazine and
Trimesoyl chloride (98%) were used. Cellulose
nanocrystals (NCs) were used for membrane
improvement. Two heavy metals, Pb(NO3)2 and
Cr(NO3)3 (99.99%) were used as impurities. [1-
(2-amino-ethyl)-3-aminopropyl] rimethoxysilane
(APTES) and ethanol were used for NCs
modification.

To prevent nanoparticle agglomeration into the
organic solvent, the surface of the MNCSNCs
was chemically modified by APTES as a silence
coupling agent. Water and APTES were added in
a 1:5:100 wi/v/v ratio to nanocrystalline cellulose.
In so doing, first, under stirring, 5 ml of APTES
was added to 100 ml of water; then, Water-
APTES solution pH was adjusted to 4 by adding
glacial acetic acid into it and stirring it
continuously. The mixture was magnetically
stirred at ambient temperature for 120 min,
afterward; the slurry was centrifuged at 4000 rpm
for 10 min. Then, the supernatant was separated,
and the precipitate was re-dispersed in deionized
water. This step was repeated once again before
recovering the CNC as a solid residue.
Subsequently, the precipitate was cured inside an
oven at 105 °C for 15 min to perform the
reaction. The modified cellulose was centrifuged
and washed twice with ethanol (96% purity) and
once with distilled water in order to remove the
unreacted APTES as much as possible. The
resulting hydrogel was finally stocked in a
refrigerator (4 °C) for future use. Furthermore,
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membrane substrate was prepared with a dope
solution consisting of 0.5% PVP, 17.5% PSF,
and 82% DMAC. For the removal of the trapped
air bubbles, the homogenous dope solution was
left at 25 °C for 2 h. Then, the solution was cast
upon a dry glass plate using a casting knife, and
to start the phase inversion process, it was then
soaked into a water coagulation bath at the
ambient  temperature.  After peeling the
membrane from the glass plate, it was subjected
to a second water bath for 24 h for residual
solvent removal. For fabrication of the PA
selective layer, cyclohexane was used as the
organic solvent and MNCS dispersion. Then, the
resultant mixture was subjected to sonication for
3 h to prevent MNCS agglomeration. 100 mL of
aqueous solution 2% (w/v) PIP was added to the
PSF substrate to initiate the interfacial
polymerization. For penetration of PIP into the
pores, the membrane substrate was then left
horizontally for 2 min. The extra PIP solution
was then removed from the substrate and a roller
was used for residual PIP removal. 100 ml of
0.1% (w/v) TMC solution in cyclohexane with
different mNCS concentrations (0.025, 0.05, and
0.1 w/v%) was then poured onto the substrate
surface. After 1 min of contact, the TMC
solution was depleted from the surface. For the
removal of unreacted monomers from the TFN
surface, the membrane was washed with pure n-
hexane and left at room temperature for 1 min
followed by 90 °C for 10 min in an oven. The
fabricated TFN membranes were kept in DI
water until further experiments. These fabricated
membranes, depending on the mNCs loadings
(0.025, 0.05, and 0.1 w/v%) in the PA selective
layer were designated as TFC (control), TFN-1,
TFN-2, and TFN-3, respectively. In this study,
for testing the performance of the membrane,
pure water rejection and flux were assessed. In so
doing, pure water flux was calculated at a
pressure of 6 bars with permeate volume of 150
ppm. Also, the metal contents were determined
using an atomic absorption spectrometer in the
flame mode. For evaluating the morphology of
the fabricated membranes, FESEM was used. To
determine the membrane cross-sections, 2x2 cm2
fragmented samples were prepared and fractured
in liquid nitrogen. For microscopy observations,
samples were pretreated with gold-sputtering for
60 s. Zeta potential was measured to investigate
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the surface charge of the membrane in
duplicates. Water contact angles of five different
areas of each membrane surface were evaluated
by a contact angle goniometer to investigate the
hydrophilicity of the fabricated membranes.
Besides, ATR-FTIR was used to determine the
functional groups in the membrane surface. In
the end, analytical models such as Langmuir (L),
Freundlich (F), Temkin (T), pseudo-first-order
(PFO), and pseudo-second-order (PSO) were
employed for modeling the isotherm and kinetic
data.

Results

As TEM and HR-TEM images of the modified
cellulose monocrystalline showed, the length and
diameter of the mNCs were 261 + 71.0 nm and
9.0 £ 2.0 nm, respectively as can be seen in Fig.
1. According to the ATR-FTIR spectra for
mNCs, the band at around 2700 cm™ can be
attributed to the asymmetric and symmetric C-H
bending vibration, while the peak at 3000-3500
cm? can be attributed to —OH groups bending in
water. Following modification, a band emerges
at ~1633 cm™* corresponding to the N-H
stretching vibration of the initial amine. This
extra band shows the addition of the functional
groups onto NCs surfaces. Bands assigned to the
Si-O-Cellulose and Si-O-Si bridges (around 1150
and 1135 cm™, respectively) appear to be
overlapping the intense and large C-O-C

vibration bands of cellulose.

Fig. 1 TEM image of modified cellulose
monocrystalline

The zeta potential measures of TFC and TFN-2
(optimal TFN) showed a positive-to-negative
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shift following pH elevations. Moreover, mNCs
particles show a negative surface charge with an
IEP of 2.4, which could result in an elevation in
the negative charges at TFN membrane surfaces.
The assessment of the effect of embedding
mNCs on the hydrophilicity of prepared
membranes showed that the average water
contact angle falls from 35° for the TFC
membrane to 32°, 28°, and 26°, for TFN-1, TFN-
2, and TFN-3, respectively, in which the loading
mass of mNCs are 0.025, 0.05 and 0.1 pg/cm2,
respectively. Also, the results of the capability
assessment of heavy metal removal by fabricated
membranes showed that the TFN membranes
present the most favorable rejection for Pb(ll)
with a rejection rate of over 99% at TFN-2,
followed by Cr (88%). On the other hand, under
optimum conditions of parameters, adsorption
followed the Langmuir adsorption isotherm with
a correlation coefficient of 0.996 for Pb(lIl) and
a correlation coefficient of 0.994 for Cr(lll).
Also, according to the correlation coefficient R?
and Mean Root of Square Error (RMSE), the
adsorption data follow the PSO. Moreover, the
result showed that the TFN2 and TFC could be
successfully used for up to five cycles for the
desorption of Pb(Il) and Cr(l1l) ions.

Conclusions

In general, the results showed that the
synthesized nanofiltration nanocomposite
membrane by embedding modified cellulose
nanocrystals can be used to effectively remove
ions of Pb(ll) and Cr(lll) ions from aqueous
solutions.
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Table 2 Obtained parameters for adsorption of Ph(ll)

and Cr(I11) onto TFN2
Isotherm model Parameter Pb  Cr
Langmuir b (I/mg) 0.101 0.710
q_(mg/g) 625 556
R 0.996 0.995

. 1- (1) 1/n

Freundlich KF(mg | /g) 188 181
n 4526 5.22
R 0.957 0.909
Tamkin B 215 1.73
K 2.75 4.22
R 0.987 0.948
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Table 3 parameters of pseudo first-order and pseudo
second-order models for Pb(Il) and Cr(l11) adsorption

by TFN2
Kinetic model Parameter Pb Cr
mg/
Pseudo-first order a,(ma/e) 142 69/6
k, (U/min) 0,067 0.062
R 0.976 0.894
RMSE 1.234 1.789
mg/
Pseudo second order 2 (mg/g) 313 286
k, (g/mg/min) 0,001 0.001
R’ 0.999 0.999
RMSE 0.874 0.872
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Table 4 Comparison of removal of heavy metals by different membranes

Concentration

'_r:]e;\;i/ Membrane pH of heav>ll_ T)etal (mg REJ(%Z;IOI’I Source
Pb PAN 7.0 0.25 90 (Petrov and Nenov 2004)
Pb Carbon-zirconia 5.7 200 90 (Cafiizares et al. 2002)
Pb CA 55 100 92.5 (Verbych et al. 2005)
Pb TFC 7.5 150 85 This study
Pb TFN-2 7.5 150 98 This study

(Barakat and Schmidt

Cr PES 7 10 99.5 2010)
Cr PSf 8 10 100 (Aroua et al. 2007)
Cr CA 55 100 98 (Verbych et al. 2005)
Cr TFC 7.5 150 78 This study
Cr TFN-2 7.5 150 86 This study
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