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Abstract

This research investigates the design principle for metal organic frameworks (MOF) deposited composite membranes for
nanofiltration using functionalized/modified UiO-66 (UiO stands for University of Oslo) nanoparticles for the purpose of
exploring the importance of functional groups around the nanopores. The nanoparticles were synthesized using water as
modulator and characterized by XRD, FTIR, TEM, BET and TGA. The XRD major (sharp) peaks indicated the crystallin-
ity of the nanoparticles whilst the minor peaks at 26 = 6° originated from reo-nanoregions. The intensity of the reo peak
was correlated with the concentration of missing clusters/linkers, cluster defects in the samples and become prominent as
small amount of modulator was added. The particle sizes were found to be in the range of 150-60 nm, 160-60 nm for UiO-
66-NH,, UiO-66-CH; frameworks respectively. The dependence of the particle size on the amount of water demonstrated
its role to accelerate the formation of crystal nuclei. The BET surface area and pore volume were found to be in the range
of 800-1000 m*/g and 0.37-0.44 m*/g without clear tendency on the framework type. The pore size distribution was sharp-
ly concentrated in the range of 0.7-0.8 nm whilst the weight loss due to ligand decomposition was found to have changed
by the water addition irrespective of the ligand functionalization. The functionalized UiO-66 formed polycrystalline, de-
fective nanoparticles and gave high flux compared to non-functionalized type and was found to be superior for leakage
tolerance irrespective of the frameworks. However, the tendency to leakage was found to be greater for smaller particle
size. Its polycrystalline nature played an important role whilst the modification affects the chemoselectivity and permea-
tion. The pore engineering geared towards changing the chemical environment played significant effects and unlock infor-
mation for proper understanding of the role of chemical environment in UiO-66-CH; and UiO-66-NH, nanocomposite

membranes.
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1. INTRODUCTION

Composite mmembranes designed for nanofiltration uti-
lizes pressure driven processes to remove sub-micron or
sub-nanometer scale solutes from a feed stream (e.g. cell
debris from a biomolecule solution, hydrated salts from
water) based on the solution-diffusion mechanism
(Eddaoudi et al., 2002; Furukawa et al., 2013; Zhang et
al., 2014; Guo and Peng, 2018). Recent research inter-
ests in the area have been directed towards the designing
of a new class of membranes, which utilize engineered
nanoparticles with well-defined and/or oriented pores/
channels for higher permeability and rejection (Wang et
al., 2016; Cui et al., 2017).

The design of composite membranes based on deposition
of chemically stable UiO-66 on porous polymer sub-
strate has recently been discovered as a promising ap-
proach which resulted in highly permeable, size-
selective, stable, and flexible composite membranes
(Furukawa et al., 2010; Liu et al., 2015; Wu et al., 2017,
Danchen et al., 2017). The remarkable performances of
these composite membranes in nanofiltration processes
are due to the ability of the deposited nanoparticles to

offer a pore network in form of the nanochannels (Cavka
et al., 2008; Kandiah et al., 2010; Cheng et al., 2017).
These deposited nanoparticles have been found to en-
hance the hydrophilicity and antifouling characteristics of
the polymeric substrate and most importantly offer a pre-
dominant permeation network for filtrates with excellent
rejection ability for solutes at low operating pressure
through the nanochannels (Valenzano ef al., 2011; Tang
and Yan, 2017). For instance, a novel method to form
MOF-based composite membrane for nanofiltration
where the suspension of a stable frameworks UiO-66 na-
noparticles was strategically developed by deposition onto
a regenerated cellulose (RC) support membrane via suc-
tion filtration (Trinh et al., 2017). The nanoparticles were
found to fill the pore network and shown to have exhibit-
ed an excellent permeability of 7860 +374 L/m” h and
100% rejection of a methylene blue (MB) aqueous solu-
tion. The performance was attributed to dominant selec-
tive nanochannels of deposited UiO-66 in contrast to the
non-selective leakage through interparticle voids of the
nanoparticles. A semi-continuous selective layer of com-
posite membranes was designed using series of UiO-66
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nanoparticles with different average particle sizes (Goji
et.al., 2018). These were synthesized using water as a
modulator that aid in the nucleation and growth of the
nanoparticles. It was found that the size and packing of
the UiO-66 nanoparticles had great influence on the per-
formance of the composite membranes for the filtration
of MB solution. Smaller nanoparticles with a greater
external surface area provided a selective layer with su-
perior flux and rejection, while the larger nanoparticles
afforded a selective layer having more tolerance for
fouling.

Given vast possibilities that other MOF materials could
offer in terms of design due to their intrinsic hybrid na-
ture, researches have revealed the use of other nanochan-
nels materials such as carbon nanotubes (Liu et al.,
2016; Wan et al., 2017). Nevertheless, in most of these
experimentally designed membranes for filtration
purposes, the investigations have been geared mainly
towards understanding the process of size sieving
mechanism, physical aspect of MOFs on filtration
performance like surface area, pore size and pore
volume.

Thus, the influences of chemical environment around the
pore on the permeation and selectivity in filtration need
to be systematically investigated. However, this has rare-
ly been examined for MOF based composite membranes
(Zornoza et al.,2011; Liu et al.,2017). Paradoxically,
few studies to date have reported the influence of hydro-
philicity of functional groups on the pore surface or trace
the in-pore chemistries within UiO-66-MOFs and other
nanochannels materials on their filtration performance.
Though studies of the influence of MOF pore environ-
ments on solute molecular dynamics is difficult, it is es-
sentially important for understanding of the intrinsic se-
lectivity properties for improving MOF design practices
and grasping the nature of interactions (Aimar et al.,
1990; Sharma and Chellam, 2005).

In general, the primary factors that affect performance of
membranes are physical, chemical nature of materials,
interaction between selective layer and support mem-
brane, concentration polarization and fouling (Bruggen
et al., 1999; Le-Clech et al., 2006, Kandiah et al., 2010).
However, pore size alone does not fully control the re-
jection of solute constituents and no studies have been
done so far on the importance of functionalized chemical
environment around the nanopores. Therefore, this re-
search is aimed at systematic investigation on the design
principle for MOF-deposited composite membranes for
nanofiltration, achieved through:

i. Tuning of pore environment of nanoparticles via ma-
nipulation using functionalized ligands 2-amino/
methyl-terephthalic acids linkers for the synthesis.

ii. Exploring the influence of functionalized UiO-66 na-
noparticle on nanofiltration and chemical selectivity.

2. EXPERIMENTAL

2.1 Materials and methods

Zirconium tetrachloride (ZrCly, 99%) and 2-amino ter-
ephthalic acid (99%) were purchased from Sigma-
Aldrich. 2-Methylterephthalic acid (97.2%) was obtained
from J &H Chemicals Co. Ltd. N, N-dimethylformamide
(DMF) and methanol (MeOH) as solvents were pur-
chased from Wako Chemical Industries Ltd. Methylene
blue (MB, 98.5%) was purchased from Kanto Chemical
Co Inc. Regenerated cellulose membrane (RC 58, diame-
ter 47 mm and pore size 0.2 um) was obtained from
Whatmann G.E Healthcare, Germany and was used as a
support membrane. Deionized (DI) water was used
throughout the experiments.

2.2 Preparation of UiO-66-X nanoparticles and com-
posite membranes

Solution of ZrCly (1.63 mmol) in 30 mL of DMF was
added to a solution of 2-aminoterephthalic acid (28
mmol) in 30 mL of DMF under a controlled supply of N,
gas. The chemicals were then mixed in an ultrasonic bath.
Thereafter, a specified amount of DI water 0.1-1.2 mL
was added and the mixture was heated at 100 °C for 12 h
with constant stirring to yield a yellowish dispersion of
UiO-66-NH,. The products were isolated by centrifuga-
tion and washed with MeOH to completely remove the
residual DMF. The solvent was exchanged with 50 mL of
fresh MeOH each day for three consecutive days. The
purified samples were dried under vacuum at 90 °C for
24 h and the samples were named as UiO1-NH,-UiO6-
NH; corresponding to the addition of 0.9, 0.7, 0.6, 0.5,
0.3, 0.1 mL. Similarly, UiO-66-CH; nanoparticles was
synthesized by adding a solution of ZrCl, (1.63 mmol) in
30 mL of DMF to a solution of 2-methylterephthalic acid
(1.5 mmol) and mixed in an ultrasonic bath. A specified
amount of DI water 0.1-1.2 mL was added to the mixture
and then heated at 100 °C under a controlled supply of N,
gas for 12 h with constant stirring to yield a milky disper-
sion. The products were then isolated by centrifugation,
washed with MeOH to completely remove the residual
DMF and the solvent was exchanged with 50 mL of fresh
MeOH each day for three consecutive days. The purified
samples were dried under vacuum at 90 °C for 24 h) and
the samples were named as UiO1-CH;—-UiO6-CHj; corre-
sponding to 1.2, 0.9, 0.7, 0.6, 0.5, 0.3 mL of water added
respectively (Trinh et al., 2017; Goji et al., 2018).

Composite membranes of UiO-66-X (X= NH,, CH;) na-
noparticles were prepared by suction filtration. A regen-
erated cellulose (RC) substrate membrane was placed on
a filter glass holder and wet with DI water. A specified
amount of the nanoparticles was dispersed in 30 mL of
DI water by sonication for 1 h, and then deposited on the
pre-wetted RC support substrate by suction filtration at a
constant differential pressure of 50 mbar. After 30 min of
filtration, the differential pressure was increased to 100
mbar and kept for 15 min to partially dry the membrane.
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2.3 Characterization of UiO-66-X nanoparti- (1)
cles and Composite Membranes

The crystalline structure of UiO-66-X (X=NH,/CH3;)
nanoparticles was analyzed by X-ray diffraction (XRD,
Rigaku Smart Lab) using Cu Ka radiation in the range
of 20 = 5-35° at the step increment of 0.1° per 150 s.
The crystallite size (D) of the nanoparticles was estimat-
ed using Scherrer’s equation:

032 A
Bcos=B (1)

where A = 1.54 A for Cu Ko, b= full-width at half-
maximum, and 0 = Bragg’s angle (Schaate et al., 2011).
The dried sample was mixed with potassium bromide
powder and pressed into a pellet for the measurement in
the transmission mode using Fourier transform infrared
spectroscpy (FTIR) on a JASCO FTIR 6100 spectrome-
ter 1n the range of 400—2400 cm ™' at resolution of 4
cm '. The dried sample was dispersed in MeOH and
depos1ted onto a copper grid by drop casting and then
dried under air to evaporate the solvent and morphology
of UiO-66-X nanoparticle observed on a transmission
electron microscope (TEM, Hitachi H6750) at an accel-
erated voltage of 100 Kv whilst the particle size was
obtained based on the TEM image analysis using Im-
agel software. About 30 mg of a sample was charged
into a sample cell and sealed with brass filler and rubber
cap. The sample was outgassed at 180 °C for 24 h in
vacuum and measured using N, adsorption/desorption at
77 K on BELSORP mini-HS II instrument BEL JA-
PAN, Inc. The surface area was calculated by fitting the
isotherm data in the P/P, range of 0-1 using Langmuir
model that was in-built in a BELMaster7~ software.

The sample was loaded on an alumina pan and the TGA
measurements were run on a ThermoPlus EVO II
(Rigaku) thermal analysis and heated to 800 °C at a
temperature ramping rate of (10 °C/min) under a flow of
dry air at the rate of 100 mL/min.

D =

The morphology of the prepared composite membranes
was observed by a scanning electron microscope (SEM,
Hitachi S-4100) operated at an accelerated voltage of 20
kV.

2.4 Filtration performance

The composite membrane was placed in a filtration cell
of 100 mL and aqueous solution of MB (1.0 uM) was
suction filtered at a differential pressure of 100 mbar. A
fixed volume of the filtrate was sampled every 1 or 2
min and the concentrations in the feed and permeate
solution were determined by UV-Vis spectroscopy
(JASCO V670) measurements based on the absorption
intensity at 665 nm wavelength. The rejection (R) was
calculated using equation.
. Co - C.

R(%)={——"] =100

E ) ( C ) (2)

The flux was determined from the cumula- tive
permeate volume at the specified filtration time as

shown in Equation. (3):

1= (3) (3)

where J represents the flux (L/m” h), V is the cumulative
permeate volume, A 1s the effective membrane area
(calculated as 961 cm?®), and t is the filtration time
(Bruggen et al., 1999; Trinh et al., 2017; Goji et al.,
2018). The results were obtained as an average from at
least two filtration experiments using independently pre-
pared membranes.

3. RESULTS AND DISCUSSION
3.1 Preparation and Characterization of Ui0Q-66-X
nanoparticles
The peaks at 20 = 7.4, 8.8, 12.2° corresponded to (111),
(200), (222) planes, respectively as shown in Figure la.
These peaks demonstrated good agreement with UiO-66
parent crystal, and confirmed the pure crystal phase for-
mation (Kandiah et al., 2010; Huang et al., 2012). The
minor peaks at 20 = 6° originated from reo-nanoregions
as observed by Goodwin and co-workers (Cliffe et al.,
2014). The intensity of the reo peak is correlated with the
concentration of missing cluster defects in the samples
which originated from missing clusters/linkers and be-
come prominent in the absence of sufficient amount of
modulator. For UiO-66-CHj3, the peaks at 20 = 7.4, 8.7,
12.1° corresponded (111), (200), (311) planes respective-
ly. The reo-nanoregions (secondary crystalline phase) was
also observed at 20 = 5.9°, which showed an increasing
intensity as the water amount decreases (Figure 1b). How-
ever, at highest water amount, the peak intensity of the
reo-nanoregions significantly reduced and it was ob-
served that the use of water as modulator significantly
enhance crystallinity in both UiO-66-CHsand UiO-66-
NH, because it accelerated the nucleation rate of ZrsO4
(OH)4 cluster by sol-gel reaction leading to growth of
crystals (Huang et al., 2012; Wu et al., 2013).

The functional groups present in the prepared samples are
as assigned in Figure 2. From the Figure 2a, it is possible
to distinguish between two characteristic bands of amino
group: the medium 1nten51ty of NH, bending vibration
observed at 1338 cm™, 1428 whilst strong C-N stretchmg
vibration aromatic ammes observed at 1258 cm™. The
bands at 1567 cm ' and 1385 cm™' corresponded to sym-
metric and asymmetric stretching of O-C-O in the carbox-
ylate groups coordmated with zirconium metal centre
while band at 1498 ¢cm 'is ascribed to C=C vibration of
the aromatic ring (Cliffe et al., 2014; Cavka et al., 2008;

Liu et al., 2016 Taddei et al 2017) The characterlstlc
band at 765 cm ' is ascribed to a mixture of OH and C-H
vibrational bendlngs (Liu et al., 2016) whilst those at 664,

655,473 cm  are assigned to 7r (O-C) streching and m;-
OH streching, which indicates successful synthesis of
UiO-66-NH,. The FTIR spectrum of UiO-66-CH; (Figiure
2b) was compared with parent UiO-66 sample and
showed strong out-of-phase carboxylic CO peak at 1496
cm ', and O-C-O stretchings at 1581 cm 'indicating  co-
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ordination of terephthalic acid ligand with zirconium
metal. The strong doublet peaks at 1378 cm™and 1407
cm’” represent the C-C vibration of CH; of aromatic ring.
The peak at 762 cm™ was ascribed to OH and C-H vibra-
tional bendings (Liu et al, 2016) whilst bands at 664

cmﬁl, 567 cm

! 467 cm' are assigned to Zr (O-C)

streching and m3;-OH streching and indicated successful
synthesis of UiO-66-CHj; (Liu et al,, 2006; Cavka et al.,
2008; Nan et al., 2012; Cheng et a.l, 2017).

The particle sizes were acquired from TEM images using
ImageJ software as listed in Table 1. SEM average sizes of
the particles of UiO-66-NH, were found to distributed in
the range between 150-60 nm (Table 1). Though not per-
fect, the particle sizes were found to increase with the de-
crease in the quantity of water added as shown by the
XRD crystallite size measured from the XRD data. The
dependence of the particle size on the amount of water
demonstrated the role of water to accelerate the formation
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Figure 1: XRD patterns of modified UiO-66 samples: a) UiO-66-NH, b) UiO-66-CH; nanoparticles
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Figure 2: IR spectra of modified UiO-66 samples: UiO-66-NH, and UiO-66-CH; nanoparticles
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Table 1: Size Analysis of UiO-66-X nanoparticles

Water Crystallite Particle Water  Crystallite Particle
amount? size size amount? size size
Sample from XRDP  from TEM¢  Sample from XRDY  from TEM¢

(mL) (nm) (nm) (mL) (nm) (nm)
UiO1-NH, 0.90 40 6114  UiO1-CH; 1.2 43 89+11
UiO2-NH, 0.70 41 78+08  UiO2-CH; 09 34 107+08
UiO3-NH, 0.60 51 98+11 UiO3-CH; 0.7 35 109+12
UiO4-NH, 0.50 59 113209  UiO4-CH; 0.6 40 115+14
UiO5-NH, 0.30 88 124+16  UiO5-CH; 0.5 41 138+21
UiO6-NH, 0.10 51 142+07  UiO6-CH, 0.3 47 151+19

“Water amount added; "Determined using Scherrer’s equation based on the (002) plane. “Median particle
size acquired from TEM images using ImageJ software.

UiO5-NH,

10 1 1] 10

ld,, (nm) d, (nm) ' d,, (nm)
Figure 5: Pore size distribution for selected samples nanoparticles
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Figure 3b: TEM images UiO-66-CHj; nanoparticles

Sample BET surface area (m°/g)  Pore volume at P/P0 = 0.4 (cm’/g)
uUiol 803 0.380
uio3 799 0.367
uio4 1060 0.442
Ui05 1010 0.422

UiO1-NH2 861 0.390
UiO3-NH2 867 0.367
Ui06-NH2 958 0.402
UiO1-CH3 1010 0.427
UiO3-CH3 915 0.379
UiO4-CH3 1035 0.428
Ui06-CH3 925 0.389

Table 2: Surface area and pore volume of selected UiO-66, UiO-66-NH, and UiO-66-CH; nanoparticles
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Figure 6: Typical mass loss curve of UiO-66

6



Shangkum et al.: Nigerian Journal of Materials Science and Engineering. Vol. 11(1):1 - 13 (2021)

ISSN 214-453-2

of crystal nuclei (Wu et al., 2013; Cliffe et al., 2014;
Cliffe et al., 2015). Depending on the amount of water
added, the TEM average size of the UiO-66-CH; parti-
cles was found to vary in the range of 160-60 nm as
shown in Table 1. It has been previously reported that
the crystallization of UiO-66 became significantly faster
in the presence of water because of the ease of the Zrs-
cluster formation (Ragon et a/.,2014). In this study, it
was evident by the formation of a more turbid solution
when a large amount of water was added during the syn-
thesis.

The morphology of UiO-66-X nanoparticles (X= NH,,
CH;) were observed by TEM (Figure 3a, 3b). The crys-
tal morphology in this work was found to be similar to
those reported in the literature (Valenzano et al., 2011;
Morris et al., 2017). From Figure 3a, TEM images
showed a symmetrical triangular base pyramid crystals
morphologies/shapes whilst the particle size of UiO-66-
CH; was found to be dependent on the amount of water
added leading to an octahedral (quasi-spherical morphol-
ogy) of the particles (Diring et al., 2010; Oien et al.,
2014; Morris et al., 2017) as shown in Figure 3b.

N, adsorption/desorption isotherms for the three kind of
MOFs frameworks are presented in Figure 4. The ad-
sorption showed a steep increment at a very low relative
pressure (below P/P,=0.05) irrespective of frameworks
types and water amount. This corresponded to the filling
of intraparticle channels where N, adsorption occurred
only through the multilayer adsorption on external sur-
faces of the nanoparticles. Therefore, the increment be-
came significantly marginal against the pressure. The
slight increased in N, uptake could be attributed to pres-
ence of defects in the MOF (Peterson et al., 2017). The
BET surface area and the pore volume were respectively
estimated in the range of 800-1000 m,/g and 0.37-0.44
ms/g without clear tendency on the framework type and
the water amount (Table 2). This fact suggested that the
N, adsorption/desorption behaviors of UiO-66 nanopar-
ticles were mostly originated from those for the perfect
crystal.

The pore size distribution of selected samples of differ-
ent frameworks were calculated using grand canonical
Monte Carlo method software as shown in Figure 5.
Consistent to N, adsorption/desorption isotherms; the
pore size distribution was not dependent on the amount
of water added. Additionally, irrespective of the frame-
works or ligand functionalization, the pore size distribu-
tion was sharply concentrated in the range of 0.7-0.8 nm,
in good agreement with the theoretical pore size.

Thermogravimetric analysis (TGA) was used for
estimating the amount of structural defects in MOFs
types that is caused by missing clusters/linkers. A typical
representation of TGA thermogram for UiO-66 family
represented by ZrsO4OH),BDCs, (where BDC is 1,4-
benzenedicarboxylate linker) is as shown in Figure 6.
The heating of UiO-66 under O, causes three-step mass

losses, which are i) solvent evaporation, ii)
dehydroxylation, and iii) ligand decomposition. The

dehydroxylation is typically completed upto 200-300 °C,
and the chemical composition of UiO-66 is changed into
Zrs0OcBDCs. The ligand decomposition usually occur with
oxidation of ZrO (Zr¢Og) into ZrO, as the final product.
In both missing linkers and missing clusters, there is
reduction of the coordination number of a ZrsO, (OH),
cluster against the BDC (Gutov et al., 2015; Shearer et
al., 2016). From the profile (Figure 6), the mass of the
remaining ZrO, was set to X=1, and the mass gain by the
oxidation calculated as:

Z=15.999/123.218 “4)

The mass loss by the ligand decomposition is then
derived from

Y (observed mass loss) + 0.130 %)
The average coordination number (CN,,,) is expressed by
CNavg = 12(Y+0.130) x (MW of ZrO,)/(MW of BDC) (6)

For defect-free UiO-66, the mass before the ligand
decomposition (X+Y) is theoretically calculated as

1 +12/12 x (MW of BDC)/ (MW of ZrO,) —0.130  (7)

where MW is the molecular weight. This leads to 2.20,
2.45, and 2.53 for normal UiO-66, UiO-66-NH,, and UiO
-66-NH3, respectively. One missing linker per cluster (i.e.
CN=11) reduces the value of (X+Y) to 2.09, 2.31, and
2.39, respectively. This leads to 2.20, 2.45, and 2.53 for
normal UiO-66, UiO-66-NH,, and UiO-66-CHs;,
respectively.

Figure 7 summarizes the TGA results for the three kinds
of UiO-66 nanoparticles, where the mass change relative
to the residual ZrO, was normalized to the remaining con-
tents. The ligand decomposition stability of the frame-
work was in the order of UiO-66-NH,<<UiO-66-
CH;<UiO-66. From the decomposition temperatures
among the frameworks, the parent UiO-66 frameworks
decomposition starts around 350-550 °C while that of
UiO-66-CH;, UiO-66-NH, occurred at 300°C, 400°C,
respectively. The lowest stability of UiO-66-NH, means
that it is more defective and was attributed to presence of
electron withdrawing group on the benzene ring (Cavka
et al., 2008; Kandiah et al, 2010; Oien et al., 2014). This
decrease in decomposition framework is as illustrated in
black line (Figure 7) representing theoretical organic de-
composition amount for perfect crystals. The weight loss
due to ligand decomposition was found to have changed
by the addition of water amount whilst the ligand decom-
position temperature was independent of the added water.
At insufficient water amount, the weight loss tended to be
reduced leading to missing linkers and/or clusters. The
insufficient water amount might have slowed down clus-
ter formation and thereby bridging incomplete clusters by
a ligand to form these defective structures. However, at
sufficient addition of water amount, the weight before the
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Figure 7: Organic content with respect to residual ZrO, of some selected nanoparticles

ligand decomposition became closer to that of the per-
fect crystal for un-functionalized UiO-66. For instance,
UiO-66-CH; weight before the ligand decomposition
was around 2.3, which corresponded to the coordination
number of 10, 11. Similarly, the coordination number
was estimated around 11 as in the case of UiO-66-NH,.
In this way, the presence of side functional groups en-
hances the defect formation probably because of in-
creased bulkiness (Liu ef al., 2016).

SEM micrograph of composite membranes prepared
using UiO1-NH,-UiO6-NH, shown in Figure 8 They
show strange and interesting crystals morphologies for
some of UiO-66-NH, that existed as individual nanopar-
ticles with distinct edges existed and exhibited homoge-
neous crystalline morphologies that are connected with
neighbouring particles. The interconnections among the
crystals were found to vary according to water amount
used. This revealed small increase in size of interparti-
cle voids as the nanoparticles were homogeneously
packed on the substrate membranes. Therefore, packing

of smaller particles created no voids on substrate sur-
face as compared to larger particles thereby leading to
an efficient nanofiltration performance.

In order to confirm the effects of the functional group
modification of the prepared MOF nanoparticles, the

XRD crystallite was compared with TEM particle sizes at
different water content for the MOF samples to confirm
the effects of functional group modification on the crys-
tallinity (Figure 9). The particle and crystallite size from
TEM and XRD nanoparticles respectively and that of pure
UiO-66 nanoparticles (without any modification) were
found to be the same and thus, the nanoparticles are be-
lieved to be monocrystalline. However, in the case of
chemically modified systems, the nanoparticles seem to
show polycrystalline behavior which indicated ligand ef-
fects where the nucleation rate becomes slower due to the
bulkiness of modified ligands as compared to unmodified
ligands.

3.2 Filtration performance

Filtration performance of ccomposite membranes based
on the rejection of MB of some selected UiO-66-NH, is as
presented in Figure 10. The selectivity of UiO-66 compo-
site. membranes originated from the molecular sieving
ability of the intraparticle channels of UiO-66 (Trinh et
al., 2017; Goji et al., 2018). From the Figure 10, a linear
permeation curve along with the perfect MB rejection for
the first 5 minutes of filtration was observed.
Additionally, the permeability changed with respect to
particle resulting into higher permeability with respect to
the particle size in systematically increasing pattern.
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However, for the non-functionalized MOF, the filtration
tendency was found to be similar in all cases regardless
of the chemical environment around MOF nanoparticles
(Goji et al., 2018).

Particle size affect the interactions between selective
layer, morphology, surface roughness, and separation
performance and therefore should be taken into account
when designing a specific composite membrane (Japip
et al., 2016). Therefore, the effect of particles size on
the flux of non-functionalized and functionalized MOFs,

the dependence of the flux on the particle size estimated
from TEM images was investigated and plotted as shown
in Figure 11a. The flux dependence significantly differed
because the functionalized UiO gave larger flux at a given
size possibly due to defective structures, which created
large aperture of nanochannels. However, the flux for all
series of nanoparticles was found to decrease with in-
crease in particle size. Therefore, the trend was similar to
that for non-functionalized UiO-66 nanoparticles. Addi-
tionally, it is expected that nanoparticle size can enhance
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Figure 10: Filtration performance of some selected
UiO-66-NH, composite membranes: MB
rejection and permeate volume

the filtration greatly. However, the particle size was
found not to have represented the flux well. Therefore,
crystallite size (from XRD analysis) was plotted against
flux (Figure 11b). The trend was found to be better than
for TEM particle sizes and affected the flux. This
demonstrated that MOF nanoparticles smaller and de-
fective crystals (possess larger pore aperture in the crys-
tallites) were found to be superior in terms of flux due to
larger surface area. Thus, modification introduces a
larger fraction of defects resulting in an overall higher
flux at the crystallite size. Hence, single crystal can be
considered as a kind of building unit in the nanoparticles
deposition membranes for water filtration.

The filtration performance of these newly synthesized
MOF nanoparticles-based membranes was evaluated as
shown in Fig-
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ure 12. The linear permeation curve along with perfect
MB rejection for the first 5 minutes of filtration was ob-
served. This remarkable improvement in terms of leakage/
fouling was observed due to functionalization of UiO-66
thereby suppressing leakage/fouling. Furthermore, it can
also be observed that permeability of the membranes
changes with respect to particle size where smaller parti-
cles gave higher permeability. Nevertheless, comparing
this with the earlier results for non-functionalized MOF
membranes, the trend was similar regardless of chemical
nature of the resultant MOF as reported for UiO-66 nano-
particles with smallest diameter (Trinh et al., 2017; Goji
etal.,2018).

The tolerance ability for leakage of the functionalized
particles was determined by keeping the cumulative vol-
ume over 99% rejection and the tolerance for MB leakage
was estimated (Figure 13). The results indicated that the
modified UiO-66 was superior for leakage tolerance and
irrespective of the UiO type, the tolerance to leakage was
greater for smaller crystallites size. Additionally, the vari-
ation in the particle morphology due to ligand modifica-
tion might have added to this higher tolerance value as a
result of dense packing of the selective layer compared to
the non-modified MOF based membranes. Therefore, the
chemical environment and pore engineering have signifi-
cant effects on the filtration process.

The transport of water and other solvents through na-
nochannels materials like MOFs is a complex process and
is affected by factors like temperatures, pressures, flow
rate and electric fields because of structures, diameter of
nanochannels as well as diffusion properties. MOFs with
proper pore apertures can be used to elevate the selectivi-
ty and permeability of composite membranes (Trinh ef al.,
1995; Japip et al, 2016). These MOFs composite
memranes in an aqueous environment often shows attrac-
tive or repulsive response to water and other solvents. For
instance, a hydrophilic membrane exhibits an affinity for
water due to its high surface tension value and ability to
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form "hydrogen-bonds" with water molecules (Mallik et
al., 2006; Shen et al., 2016). Additionally, though perme-
ability of solvents such as methanol, ethanol, water, and
acetone through composite membranes often depend on
the swelling tendency as dominant factors added to sol-
vent physical properties. However, the superiority of
composite membranes in terms of permeability and selec-
tivity is attributed to the chemical environment around the
nanopores. Therefore, role of chemical environments of
unfunctionalized and functionalized nanoparticles was
verified by permeation test for methanol, water and ace-
tone with different viscosities as 0.56, 0.89, and 0.316
centipoise for methanol, water, and acetone respectively.
The solvents permeability through unfunctionalized and
functionalized UiO (small particles sizes) is as shown in
Figure 14. Though the particle size of UiO1-NH, and
UiO1-CHj; was much bigger than UiO1, flux was found to
be comparable or greater. For instance, the flux of acetone
was found to be higher because its viscosity is lowest.
However, the viscosity of methanol, which is lower, yet
its flux comparable to that of water was attributed to hy-
drogen bonding which enhances water flux in spite its
high viscosity and as such channel environment was
found to be more sensitive to water than other solvents.
The result indicated NH, accelerates water permeation
whilst CH; decelerate it, thus, hydrogen bonding is im-
portant for water intrusion. The order for solvent perma-
nence: acetone > methanol> water; acetone> water >
methanol; acetone. water > methanol for UiO1-CH;,
UiO1-NH; and UiO1 composite membrane respectively.
Therefore, nanopores environment significantly contribut-
ed to the permeate flux differential behaviour. The hydro-
philicity/hydrophobicity of UiO-66-NH,/UiO-66-CHj3
nanoparticles therefore showed different chemical envi-
ronment due to functional groups and accounted for high/
low water flux due to environment around the nanopores
(Su et al, 2011; Su et al, 2012; He et al., 2017, Liang et
al., 2018).

4. CONCLUSIONS

UiO-66 nanoparticles with different functional groups
were synthesized using water as modulator and the major
XRD pattern shows the crystallinity of the nanoparticles
whilst the minor peaks at 20 = 6° which originated from
reo-nanoregions. The intensity of the peak was correlated
with the concentration of missing cluster defects in the
samples. The particle sizes werefoundto be in the range
of 150-60 nm, 160-60 nm for UiO-66-NH,, UiO-66-CHj;
respectively and increases with decrease in the amount of
water added. The dependence of the particle size on the
amount of water demonstrated its role to accelerate the
formation of crystal nuclei. The BET surface area and
pore volume were found to be in the range of 800-1000
m*/g and 0.37-0.44 m’/g without clear tendency on the
framework type. The BET surface area and pore volume
were found to be in the range of 800-1000 m“/g and 0.37-
0.44 m’/g without clear tendency on the framework type.
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The ligand modification led to the formation of poly-
crystalline, defective particles and the polycrystalline
nature was found to have played an important role as
well as modification which affected the chemoselectivi-
ty. Thus, the deposition of these nanoparticles not only
created an enlarged effective membrane area to mini-
mize the voids pathway that circumvented leakage of
solvent, but also accounted for the high flux of water as
well as the rejection due to the chemical environment
around the nanopore. Pore engineering is therefore a
promising approach to improve the membrane perfor-
mance and to endow it with chemoselectivity properties.
Thus, these investigations unlock information for proper
understanding, evaluation of the role of chemical envi-
ronment in UiO-66-CH; and UiO-66-NH, nanocompo-
site membranes.
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