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A B S T R A C T   

Functionalized metal-organic frameworks (MOFs) and their composites are found one of the best material to 
develop the thin-film nanocomposite (TFN) membranes and concern water purification technologies with 
boosted water flux and targeted feeds rejection performance. MOFs with suitable functionalities are found more 
stable and efficient due to strong interfacial polymerization with free functional groups which consequently 
resulted in a thin selective nanocomposite layer on the surface of polysulfone flat sheet membranes. Similarly, 
mesoporous synthetic hectorite (MSH), due to negative surface charge acts as the best support material to avoid 
high agglomeration of positively charged MOF crystals. Additionally, surface hydroxyl functionalities with high 
dispersion capability in a polymer monomer solution makes MSH as a promising material for MOF support and 
development of novel membranes. Herein considering all these advantageous aspects of both material, we have 
established a novel approach for developing of TFN membranes by incorporating MSH, and composite of MSH 
and MOF (UiO-66-NH2) nanoparticles in piperazine (PIP) aqueous monomer solution, which were further 
interfacially polymerized with trimesoyl chloride (TMC) organic phase monomer. The developed nanoparticles 
(MSH and MSH@UiO-66-NH2) formulation were confirmed by ideal characterization techniques such as, PXRD, 
FTIR, TGA and SEM. Whereas, alteration impact of MSH and MSH@UiO-66-NH2 nanoparticles on prepared 
membranes were physicochemically evaluated with original TFC membrane by ATR-FTIR, FE-SEM, HR-TEM, 
AFM, XPS, TGA, zeta potential and contact angle analysing techniques. The efficacy performance of the devel-
oped TFN membranes were compared with thin-film composite (TFC) membrane and found that TFN membranes 
showed excellent water flux and rejection performances against different synthetic feed solutions including most 
common salts (i. e. NaCl, Na2SO4, CuSO4, MgSO4, MnSO4), toxic boron in the seawater and bulky humic sub-
stances. Interestingly upon incorporation of a small amount of (0.01%) MSH and MSH@UiO-66-NH2 nano-
particles into the developed membrane dramatically improved rejection performance against applied feed 
solutions in the trend of TFC < MSH-TFN < MSH@UiO-66-NH2-TFN. The highest rejection 94.42% for MgSO4 
was obtained along with the flux 34.78 L/m2.h at 1.5 MPa. Likewise, 69.56 L/m2.h flux with 71.23% rejection for 
boron at pH 8 (close to sea water) at 1.5 MPa. Due to hydrophilic and notable antifouling nature of TFN 
membranes the tested membrane shows excellent humic acid permeate flux of 80.68 L/m2.h and rejection of 
98.96%. Besides, MSH@UiO-66-NH2-TFN membrane showed noteworthy antibacterial properties with efficient 
reduction in the bacterial colony growth. We believed that the present novel membrane modification approach 
has high potential in the development of high efficient water purification technologies in future.   
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1. Introduction 

The lack of potable water for human beings is increasing day by day, 
and almost whole world is facing a critical problem about clean and 
drinking water [1,2]. Conventional water purification technologies are 
energy consuming and not sufficient to provide clean potable water in 
bulk. Due to the eco-friendly nature of membrane technology, it is one of 
the best choice to fulfil demand for pure water requirement in large 
quantity. Therefore, the development of polymer membranes with 
steady performance is highly interested area of research in the separa-
tion and purification using membrane science and concern technologies 
[3]. Polymeric membranes are not only playing a key role in the puri-
fication of water, gas, pharmaceutically active molecules, etc. [4–6], but 
also an important role in our daily life [7,8]. There are several examples 
where polymeric membranes are acting as a main key barrier. Still now 
for water purification, there are several kinds of membranes are devel-
oped by several researcher like ceramic, zeolite, mixed matrix mem-
branes (MMM), thin film composite (TFC), thin film nanocomposite 
(TFN) membranes etc. [9–16]. Recently in the development of nano-
filtration (NF) membrane, the electrostatic and steric hindrance effect 
between the external solutions (feed solutions) and membrane are 
highly responsible factor to explaining the separation mechanism. 
Therefore, researcher focusing on the coating on NF membrane using 
different coating solutions, to get high separation against targeted feeds 
[17,18]. Removal of excess toxic boron from the water bodies by 
membrane technology is also a main task for the membrane researchers 
and various membranes have been developed for boron rejection [19]. 
As per the guideline by WHO only a 0.3 mg/L boron is permissible for 
the human body; excess boron is dangerous and make side effects on 
human health [19,20]. Boron intakes for plants and animals also varies 
is in the range of 0.5–5.0 mg/L [21]. Recently, Hu et al. developed the 
sulfonated polyamide TFC membrane resulted 90.6% boron removal 
under a single reverse osmosis process [22]. The detail mechanistic 
study of boron removal from seawater was carried out by Hyung and 
Kim in their investigation they explained the model for performance 
prediction and design for sea water reverse osmosis processes [23]. In 
the case of humic acid rejection, it is important to develop antifouling 
membranes which also shows antibacterial properties. It’s important to 
mention here that very less research work has been found on the anti-
bacterial properties investigation by membrane application [24–27]-. 
For the humic acid separation the membrane antifouling and antibac-
terial properties are very important prior to the chlorination process. 
The competitive adsorption of pharmaceuticals personal care products 
(PPCP) and humic substances by CNT membranes was applied by Wang 
et al. and reported that the CNT had played a very important role as an 
adsorbent for the removal of PPCP compounds from waste-water treat-
ment [28]. In current work we considered alarming targeted pollutants 
and also focus to develop the TFN membrane with novel high efficient 
materials to achieve 99% or more than that rejection efficiency along 
with better bactericidal properties. 

In water purification, mostly reverse osmosis (RO) membranes are 
applied. The performances of these membranes are high up to a certain 
level but after continuous use there is reduction in permeability results 
due to fouling problems [29,30]. Therefore, several methods are ap-
proaches by the researchers to reduce the fouling issues [31–33]. Cur-
rent studies we too focused on the antifouling, low-cost, energy-saving 
and eco-friendly aspects in TFN membrane development for the purifi-
cation of water. In NF membrane the separation of solute through the 
membrane is governed by a sieving mechanism (size exclusion phe-
nomenon) and electrostatic interaction called the Donnan principle 
[34]. To resolve the fouling issues, the NF-TFN membranes are the best 
alternative for various applications [35]. In NF-TFN membrane, the 
chemistry tweaked to give the anticipated surface charge and high 
selectivity (rejection) during the membrane preparation process via 
interfacial polymerization while making the polyamide layer [36,37]. 

Development of TFN membranes using various nanoparticles like 

SiO2, TiO2, Zeolite, CeO2, etc., were reported by the several researchers 
which shows the advantages like fouling resistance, enhanced flux and 
salt rejection [38–41]. Along with these nanoparticles from last half 
decades’ researchers are concentrated on the preparation of MOF 
incorporated TFN membranes due to superior surface area, large pore 
volumes, and tuneable pore structures, which collectively advantageous 
to give high separation result with antifouling properties [42]. Zr-based 
UiO-66 family MOFs, due to high stability in aqueous medium are 
already successfully applied in the preparation of highly water-stable 
membranes for liquid separation [43]. As important analogues, amine 
functionalized UiO-66-NH2 might provide a good scope for improving 
the compatibility between MOFs and polymers due to strong interfacial 
polymerization with free functional groups on MOF. Eventhough, 
sometimes the interaction of MOF particles and polymer species typi-
cally showed poor compatibility due to the easy agglomeration of MOF 
crystals, which consequently decrease in membrane efficiency [44]. 
Also their strong limitation due to high synthesis cost of MOFs in 
membrane development. Therefore, mentioned both issues (cost and 
agglomeration) can be overcome by synthesising MOF material in 
presence of suitable support material. 

Mesoporous synthetic hectorite (MSH) is a distinctive speciality ad-
ditive/support; a layered magnesium silicate layered material which 
properties and composition quite similar to natural hectorite clay min-
eral. MSH has a layered morphology which, can distribute in water in 
the form of disc shaped crystals. MSH types of synthetic materials are 
already playing key role to improve suspension stability and emulsion 
stability in different areas of industrial formulations. The details about 
innovative synthesis approaches, structural and textural properties re-
sults and applicability of the developed MSH in different areas already 
proved in our previous reports [45–48]. 

Here in present investigation for the first time MSH is selected as a 
choice support material for membrane modification due to negative 
surface charge, suitable structural/textural properties, surface hydroxyl 
functionalities, high dispersion and strong coating ability. Additionally, 
as per our knowledge for the first time we developed the thin film 
nanocomposite membranes by adding MSH and MSH@UiO-66-NH2 
nanoparticles in the aqueous phase monomer and crosslinked with TMC. 
The performance of TFC and TFN membranes have been tested for above 
discussed targeted feeds solutions by optimising different batch pa-
rameters. The effect of MSH and MSH@UiO-66-NH2 nanoparticles on 
the polyamide layer and its bonding has been examined. It is found that 
due to hydroxyl and amine groups of MSH@UiO-66-NH2 nanoparticles 
the crosslink density of the membrane increases, and increased cross-
linked density accountable for the enhanced performance of TFN 
membranes. The pressure effect on membrane performance has been 
studied. All prepared membranes have been characterized using various 
physicochemical characterization techniques and from the observed 
results possible mechanism was investigated. We believe that our 
research finding might be helpful in understanding MSH and 
MSH@UiO-66-NH2 nanoparticles interaction with the monomers while 
making TFN layer to enhanced pure water flux and rejection against 
targeted feed solutions. 

2. Experimental 

2.1. Materials 

For the synthesis of MSH, Ludox HS-40 as a precursor source for 40%, 
stabilized silica solution (DuPont), magnesium chloride hexahydrate, 
lithium fluoride, sodium hydroxide, were procured from S.D. fine 
chemicals Ltd., Mumbai, India. For the synthesis of UiO66-NH2 Zirco-
nium(IV) chloride [ZrCl4, ≧97.0%], 2-Aminoterephthalic acid [MF/ 
MW: C8H7NO4/181.15, Purity: >98.0%], Acetic acid [MF/MW: 
CH3COOH/60.05, purity: 99.7%]; N,N-dimethylformamide [MF/MW: 
HCON(CH3)2/73.09, purity: 99.7%]; Ethanol [MF/MW: C2H5OH/46.07, 
purity: 99.5%] were purchased from S.D. fine chemicals Ltd., Mumbai, 
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India. Polysulfone (PSf, MW ¼ 30000) for the preparation of membrane 
support, piperazine (PIP) and trimesoyl chloride (TMC) for interfacial 
polymerization to make selective layer were received from M/s Sigma- 
Aldrich Chemical Company, USA. The solvent N,N-dimethyl form-
amide (DMF) were used to make homogeneous solution of DMF for 
preparing the support layer, n-hexane (99.9%) solvent for the prepara-
tion of TMC solution obtained from M/s RANKEM range of laboratory 
chemicals, Gujarat, India. For feed solutions NaCl, Na2SO4, CuSO4, 
MgSO4, MnSO4, purchased from S.D. Fine Chemicals Ltd., Mumbai, 
India and Boric acid, humic acid received from M/s Sigma-Aldrich 
chemical company, USA. Deionised (DI) water used for making PIP so-
lution, obtained from millipore available in our lab at CSIR-NEIST. An 
adjustable casting knife was used for casting PSf support layer on the 
non-woven fabric. All chemicals were used as received. 

2.2. Experimental 

2.2.1. Preparation of MSH 
MSH synthesis was carried out by adopting a previously reported 

methodology [49]. The required synthesis precursors were reacted in 
the molar ratios of LiF:MgO:SiO2 ¼ 0.266:1.00:1.52 respectively [45]. 
The freshly prepared magnesium hydroxide was added to an aqueous 
solution of lithium fluoride then the suspension was added to silica sol 
and mixed with a homogenizer for another 30 min at room temperature. 
The homogenised slurry was continuously stirred in reflux condition for 
48 h. The obtained product was separated, thoroughly washed and dried 
in air circulated oven at 110 �C for 10 h and fine grinded product was 
kept in an air-tight bottle for further use. 

2.2.2. Preparation of MSH@UiO-66-NH2 
Synthesis of MSH@UiO-66-NH2 was carried out by a microwave- 

assisted DMF solvent-based modulated solvothermal synthesize 
approach. In detail, synthesis procedure as-synthesized MSH exactly 
280 mg was first dispersed well in 35 ml of dimethylformamide solvent 
in 100 ml of teflon microwave reactor by ultrasonication. Afterward, 
320 mg of ZrCl4 and 250 mg of 2-aminoterephthalic acid were dissolved 
in a well-dispersed prepared MSH solution. After complete mixing of 
MOF precursors, precisely 43.7 mmol of acetic acid was dropped into a 
reaction mixture as modulator and stirred for 15 min. Subsequently, the 
homogeneously synthesized solution was transferred into the micro-
wave reactor and reacted under 1000 W of irradiation at 150 �C for 1 h. 
After cooling down to the room temperature, the resulted product was 
washed by using (10 ml x 3) of fresh DMF solvent and (10 ml x 4) with 
ethanol. Finally, the obtained solid residue was dried in an air-circulated 
oven at 150 �C for 12 h. The obtained product was designated as 
MSH@UiO-66-NH2 and stored for further application. 

2.3. Membrane preparation 

2.3.1. Preparation of PSf membrane 
The PSf membranes were fabricated by phase inversion technique. N, 

N- dimethylformamide is used as a solvent to make 18 wt% polysulfone 
homogeneous solution at 60–70 �C under continuous stirring. After 
preparing the homogeneous solution of polysulfone the polymer solu-
tion was evacuated to remove air bubbles and after that the polymer 
solutions used for the casting of PSf support membranes. The mem-
branes are casted on a non-woven polyester fabric those are purchased 
from Filtration Sciences Corporation, USA under controlled relative 
humidity of 30–35% and temperature of 25–30 �C using doctor’s blade. 
The prepared membranes were air exposed for 30 s before precipitation 
to de-ionised water containing DMF (2%) and sodium lauryl sulphates 
surfactants (0.1%). The membranes were taken out from the precipita-
tion solution after 30 min and washed systematically with de-ionised 
water to remove the surfactant and solvent. The prepared membranes 
were stored in deionised water until next use. 

2.3.2. Preparation of TFC and TFN membranes 
The selective layer of composite and nanocomposite membrane was 

prepared on polysulfone support membrane by interfacial polymeriza-
tion. To prepare thin film composite layer we used piperazine (PIP, 2 wt 
%) called aqueous phase monomer solution and trimesoyl chloride 
(TMC, 0.2 wt%) called organic phase monomer solution. For the 
development of TFN membranes we used MSH and MSH@UiO-66-NH2 
nanoparticles. To prepare hydrophilic TFN layer the polysulfone mem-
brane first immersed in an aqueous solution of PIP containing nano-
particles (2 wt% PIP and 0.01 wt% nanoparticles) for 5 min. After 5 min 
the membrane was drained off for 5–10 min to remove additional so-
lution. Subsequently, after complete removal of water droplets, it was 
immersed in n-hexane solution of TMC for 3 min. The prepared TFC and 
TFN membranes were consequently treated in oven under hot air cir-
culation at 70–80 �C for 10 min for to attain chemical stability to 
polymer layer. The schematic representation of TFN membrane prepa-
ration is shown in Fig. 1. The TFC and TFN membranes preparation 
conditions are summarized in Table 1. 

2.4. Material and membrane characterizations 

The materials powder XRD pattern was recorded over a 2θ range of 
0–70� using Rigaku, Ultima IV X-ray diffractometer. Attenuated Total 
Reflectance Fourier Transform Infrared (ATR-FTIR) is an analytical 
technique used to identify organic, inorganic and polymeric materials. 
This method uses infrared light to scan test samples and observe 
chemical properties. The frequency range measured as wave numbers 
typically over the range 4000–400 cm� 1 using PerkinElmer, System 
2000 Infrared Spectrophotometer. XPS analysis using Thermo Fisher 
Scientific: ESCALAB Xi measure the elemental composition, empirical 
formula, chemical state and electronic state of the elements within a 
material. FESEM analysis was done using Carl ZEISS Microscopy, Ger-
many instrument to obtain information about surface topography and 
composition. HR-TEM analysis was done using TEM-2100 Plus electron 
microscope. TGA is a method of thermal analysis in which changes of 
physical and chemical properties of materials are measured as a function 
of increasing temperatures using PERKIN Elmer PC series, DSC 7. AFM 
analysis was done using AFM/SPM instrument (Ntegra Aura Model NT- 
MDF, Moscow) in semi contact mode. Contact angle measurement (CA) 
was done using DM-501, Kyonea Interface Science based on sessile drop 
method using water as the probe liquid at temperature 25 ̊C. For humic 
acid to calculate rejection the absorbance was determined by UV–vis 
spectrophotometer, Specord 200. Zeta potential was done to find out the 
surface charge and its changes using SurPASS™ Electrokinetic Analyzer 
(Anton Paar, Austria). 

2.5. Membrane performance experiments 

The prepared membranes performances were evaluated by the cross- 
flow NF/RO membrane testing instrument provided by M/s. Prova Pvt. 
Ltd. Mumbai, India as shown in Fig. S1. The test of different salts/acids 
rejection was done using different feed model solutions i.e. Na2SO4, 
MgSO4, CaSO4, MnSO4, NaCl, boric acid and humic acid for the exper-
iments. Except humic acid (1000 mg/L) each feed solution concentra-
tion maintain to 2000 mg/L in DI water. Same like above mentioned 
salts the humic acid 1000 mg/L is also tested using same membranes. 
The cross-flow membrane test was done using 1.5 MPa trans-membrane 
pressure with feed flow 4 L/min at room temperature. To avoid any 
uninvited hydraulic resistance before start salt rejection experiments the 
all prepared membranes were compacted by cross-flow of DI water for 2 
h under ideal experimental conditions. The rejection of salt is calculated 
using conductivity meter from the calibration curve. UV spectropho-
tometer is used for humic acid rejection and boron calculations (for 
boron calculation Hach Carmine Method is used). The following equa-
tions (1) and (2) are used to calculate flux and salt rejections. 
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J¼
Vf

A� Δt
(1)  

where, J is water flux, Vf is the volume of the filtrate flow, A is effective 
membrane area and Δt is the time intervals. 

Salt rejection is calculated by using equation (2). 

R¼ 1 �
CP

Cf
� 100 (2)  

where Cp and Cf are the concentration of permeate and feed respectively. 
To analyse the transport process of boron, using Eq. (3) is used (here 

the permeability coefficients [Bs] of boron through the membranes were 
evaluated).  

Js ¼ Bs x ΔCs                                                                                (3) 

Where Js represent the permeation flux and Bs represent as a coefficient 
of the boron, and ΔCs represent the concentration difference between 
the feed and permeate. 

Humic acid retention is determined using the following equation (4) 

Rh ¼ 1 �
Chp

Chf

� 100 (4)  

where Chp and Chf are the humic acid concentrations in the permeate 
solution and feed solution respectively. 

2.6. Antibacterial test of MSH@UiO-66-NH2-TFN membrane 

The plate colony-forming unit (CFU) count method is used for the 
antibacterial activity test of targeted membrane. Here MSH@UiO-66- 
NH2-TFN membrane was cut in an ideal portion and sterilised using 70% 
ethanol solution and by exposing in UV light. Furthermore, the culture 
of E. coli BI21 (Escherichia coli) with 3 � 105 CFU/ml was used for in-
cubation of membrane for 4 h at 37 �C using rotatory shaker at 300 rpm. 
After that the resultant solution were diluted and 100 μL diluted solution 
were inoculated on agar plates followed by an overnight incubation at 
same temperature (37 �C). Then sterilised membrane cuts were tested in 
the bacterial environment, for the CFU counting 10� 6 dilution plate 
method was used. 

3. Results and discussions 

3.1. Nanoparticles characterizations 

Fig. 2a shows PXRD patterns of MSH, and MSH@UiO-66-NH2 
showed major peaks at 11.2, 4.5, 3.15, 2.56 and 1.52 Å correspond to 
(001), (110, 020), (130, 200), and (060, 330) planes of hectorite clay 
respectively. However, in the MSH diffraction plot, no peaks were 
observed at 2θ ¼ 4.77 and 22.8� which are corresponding to the mag-
nesium hydroxide mineral and amorphous silica respectively; this con-
firms that in the material synthesis process original Mg (OH)2 and silica 
have been converted to MSH phases [50,51]. Moreover, the MSH 
showed ‘001’ reflection distance 11.2 Å, (2θ ¼ 4.98�) which is found in 
the range of 9.6–14 Å confirms the characteristics layered smectite clay 
minerals [52]. Whereas, the PXRD pattern of MSH@UiO-66-NH2 
showed characteristics peaks of both nanomaterials (MSH and 

Fig. 1. The graphic illustrations of thin film nanocomposite membrane preparation along with polyamide cross-linked structure on the surface of poly-
sulfone membrane. 

Table 1 
Composition of aqueous (NPs þ PIP) and non-aqueous (TMC) solutions and 
reaction times for interfacial polymerization.  

Membrane 
Name 

PIP 
Conc. (wt 
%) 

NPs 
Conc. (wt 
%) 

TMC 
Conc. (wt 
%) 

Reaction time 
(min) 

PT-TFC 2.0 0.0 0.2 3 
MSH-TFN 2.0 0.01 0.2 3 
MSH@UiO-66-NH2- 

TFN 
2.0 0.01 0.2 3  
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Fig. 2. (a) Powder X-Ray diffraction patterns of MSH, MSH@UiO-66-NH2 and simulated Zr-UiO66-NH2, (b) FT-IR spectra of MSH and MSH@UiO-66-NH2 nano-
particles, (c) TGA and (d) DSC thermographs of MSH and MSH@UiO-66-NH2 nanoparticles. 

Fig. 3. SEM images for (a and a*) MSH and, (b and b*) MSH@UiO-66-NH2 nanoparticles.  
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UiO-66-NH2). In case of composite MSH d(001) peaks shifted to lower 
angle 2θ from 4.98 to 3.9� indicates intergallary expansion of MSH 
confirms the intercalation of MOF species on MSH. Also PXRD composite 
patterns exactly matched well with simulated XRD pattern of UiO-66, 
family MOFs confirms the successful formation of highly crystalline 
Zr-UiO66-NH2 MOFs nanoparticles in the composite [53]. 

The FTIR spectra of synthetic MSH and MSH@UiO-66-NH2 are dis-
played in Fig. 2b, the MSH spectra evidently shows the Si–O stretching 
and in-plane bending spectra at 1009 cm� 1. However, spectra observed 
at 3462 and 1640 cm� 1 were allied with the Mg(OH) stretching and 
bending vibrations individually whereas, the Mg–O bending vibrations 
contributed a low-intensity band at 654 cm� 1 [48]. The new band 
formed during MSH@UiO-66-NH2 synthesis at 490 cm� 1 attributed to 
Zr–O bond [54]. The characteristics peaks at 748 cm� 1, 665 cm� 1 

attributed to C–N, C–H group respectively [55]. In MSH@UiO-66-NH2 
due to –COOH group in 2-Aminoterephthalic acid as an organic ligand 
the additional two strong –CO coupling peaks are observed at 1575 
cm� 1, and 1405 cm� 1 belongs to symmetric and asymmetric stretching 
vibration peaks respectively [56]. Fig. 2c and d represent the TGA and 
DSC curves of as synthesized MSH and MSH@UiO-66-NH2, here two 
distinct weight loss was found during thermal decomposition from 150 
to 450 �C, before 150 �C is due to solvent or water loss. This weight loss 
after 200 �C was due to organic ligand 2-aminoterephthalic acid 
decomposition [57]. The remaining residue at the end of decomposition 
was observed due to Zr–O and comes from the MSH@UiO-66 [58]. The 
morphology of the as-synthesized MSH and MSH@UiO-66-NH2 are 
presented in Fig. 3, MSH image showed a characteristic layered 
morphology similar like natural 2:1 smectite clay minerals [59]. Similar 
type of the layered stacks of MSH was also confirmed in previous report 
[45]. Whereas MSH@UiO66-NH2 composite showed characteristics 
octahedral shaped crystals of UiO-66-NH2 formed on the surface of MSH. 

3.2. TFC and TFN membranes characterizations 

3.2.1. ATR-FTIR and XPS 
The physiochemical properties of prepared membranes were char-

acterized by ATR-FTIR analysis. The ATR-FTIR spectra of all membrane 
are shown in Fig. 4 and it has been found that all characterised TFN 
membranes containing the nanoparticles and these nanoparticles are 
closely bind with polyamide. It is also concluded that the nanoparticles 
have taken part in interfacial polymerization (due to active functional 
groups), so they are covalently bonded with selective layer. The com-
mon peak of PSf membranes i.e. 1150 cm� 1, 1245 cm� 1, and 1584 cm� 1 

are characteristics of the sulfone group, and bands in the range of 850 
cm� 1 – 1020 cm� 1 are for C–H stretching of aromatic ring of polysulfone 
were found [60]. The reduced intensity of these peaks in TFN mem-
branes specifies the existence of very thin selective polymer layer on PSf 
membrane. 

The characteristics peak of polyamide layer was observed at 1665 
cm� 1 (C––O) stretching vibration peak, the imide peak at 1772 cm� 1 

(carboxyl C––O, due to oxidized –COCl group to –COOH group of TMC), 
and peaks at 1546 cm� 1 correspond to amide –NH bending vibration 
peak were observed. Also the peaks at 1372 cm� 1 (C–N–C, imide in the 
plane), and 751 cm� 1 (C–N–C, out-of-plane bending, imide) was 
observed. More than this the presence of MSH, and MSH@UiO-66-NH2 
nanoparticles in the membranes also confirmed by 3462 and 1640 cm� 1 

were allied with the Mg(OH) stretching and bending vibrations the 
peaks came from MSH, whereas, the additional –CO peak from the used 
MOF was observed at 1401 cm� 1 in MSH@UiO-66-NH2-TFN membrane 
[61]. 

XPS analysis of all prepared membranes were done to find the 
chemical composition in the selective polyamide layer. The chemical 
composition was found changed in TFN membranes after adding various 
kinds of nanoparticles. The chemical bonding information of C,N,O 
atoms were obtained by deconvoluting high resolution XPS spectra. 
Fig. 5 shows the high resolution XPS scans of C (1s), O (1s) and N (1s). 
The main changes are observed for peaks of C (1s) in PT-TFC, MSH-TFN, 

Fig. 4. ATR-FTIR spectra of (a) PSf, (b) PT-TFC, (c) MSH-TFN and (d) MSH@UiO-66-NH2-TFN membranes.  
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and MSH@UiO-66-NH2-TFN polyamide based membranes. 
In all prepared membrane the major peak at 284.6 eV (δBE ¼ 0) is 

assigned to carbon atoms either C–C bond or C–H bonds. The peaks 
observed around 285.7 eV which is due to the carbon atom bonded with 
oxygen (C–O) group. Another small peak around 287.7 eV is observed 
due to O––C–O in carboxyl and O––C–N in the amide group [62]. The 
formation of obtained structure and functional groups are also 
confirmed by ATR-FTIR (Fig. 4). Furthermore, the other two more peaks 
carbonyl oxygen (O––C–O, O––C–N) at 531.1 eV and carboxyl oxygen 
(O––C–O) at 532.3 eV are observed. The XPS peak at 399.5 eV is 
observed in all prepared membranes due to amide nitrogen in TFC and 
TFN membranes. The aromatic nitrogen peak also observed at 401.8 eV, 
which is a result of contributions from piperazine. The union of FTIR and 
XPS analysis engrained the effective incorporation of the MSH, and 
MSH@UiO-66-NH2 nanoparticles in the membranes. The elemental 
atomic wt% analysis of all prepared membranes along with PSf substrate 

have been added in Table 2. 

3.2.2. FE-SEM study for surface and cross-section morphology 
The surface and cross-section morphology of TFC and TFN mem-

branes are shown in Fig. 6. The PSf membrane surface and cross-section 
images are shown in Fig. S2. Its clearly seen that in the TFN membranes, 
both types of nanoparticles are well dispersed, predominantly 
MSH@UiO-66-NH2 nanoparticles incorporated TFN membranes are 
uniformly dispersed on the membrane surface. The high-resolution im-
ages of all membranes are shown in Fig. 6. To see the comparative dif-
ferences, the prepared membranes the cross-sections were investigated, 
appealable differences have been found in cross-section images. The 
cross-section image of PT-TFC, MSH-TFN and MSH@UiO-66-NH2-TFN 
membranes shown the very thin selective layer containing nanoparticles 
on the surface of TFN membranes. MSH incorporated both TFN mem-
branes cross-section image shows that due to the large particle size of 

Fig. 5. High-resolution XPS spectra and peak deconvolution of C (1s), O (1s), and N (1s) of (a) PT-TFC, (b) MSH-TFN and (c) MSH@UiO-66-NH2-TFN polyamide 
based membranes. 

Table 2 
Elemental analysis of PSf, TFC and TFN membranes by XPS.  

Membranes C (%) O (%) N (%) Li (%) Si (%) S (%) Zr (%) Na (%) Mg (%) 

PSf 78.56 18.19 ND ND ND 3.26 ND ND ND 
PT-TFC 69.08 16.46 11.67 ND ND 2.79 ND ND ND 
MSH-TFN 67.91 14.06 11.74 0.58 1.91 2.06 ND 0.66 1.09 
MSH@UiO-66-NH2-TFN 68.8 15.66 11.84 0.27 1.11 1.37 0.16 0.34 0.48 

(ND stand for Not Detected in XPS analysis). 
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nanoparticles comparatively thick selective layer formed. In both MSH- 
TFN and MSH@UiO-66-NH2-TFN membranes, the nanoparticles are 
covalently bonded with polyamide layer due to hydroxyl and amine 
functional groups on the nanoparticles. There are no defects are found 
due to electrostatic interaction between the aqueous phase monomer 
and polymer substrate and it designating that the good interfacial 
compatibility. It is also found that PT-TFC membrane thickness is less 
than the TFN membranes as marked in Fig. 6. The average selective layer 
thickness was observed in the range of 200–350 nm. The measured 
thicknesses are totally based on SEM images. 

3.3. AFM 

Nanoparticles were used to modify membrane properties to improve 
the performance of membranes and reduce the fouling issue. It is well 
know that the fouling has been shown related to membrane surface 
roughness in NF membrane process [63]. The use of nanoparticles for 
developing TFN membranes permits two things one is a high degree of 
fouling control and other is capability to produce anticipated membrane 
structure. Fig. 7 shows the 2D and 3D AFM images of PSf and all 
modified membranes. Atomic force microscopy was used to check the 
surface roughness of prepared membranes along with virgin membrane. 

In this present work we found that nanoparticles added TFN mem-
branes are showing antifouling characteristics. In modified membranes 
higher surface roughness controlled two major changes i.e. enhanced 
the antifouling performance and increasing the efficient filtration area. 
Because due to porous nature of nanoparticles water molecules can 
permeate fast through them and achieve enhanced flux [64]. 

As shown in Fig. 7 the ‘valley-ridge’ structure was clearly appeared 
and the surface roughness 9.67 nm for PSf, 44.2 nm for PT-TFC, 47.8 nm 
for MSH-TFN, and 52.3 nm for MSH@UiO-66-NH2-TFN membranes 
were observed. In all modified (TFC & TFN) membranes, comparatively 
highly rougher surfaces were found than the PSf membrane. Interest-
ingly the MSH@UiO-66-NH2-TFN membrane displayed the rough sur-
face attributed to the attention of the TFN membrane surface by the leaf- 
like structure. Its confirm here that due to rough surface, the contact 
angles values of membrane goes lower so ultimately, the hydrophilicity 
nature of the modified membrane was increased consequently resulted 
in the superior flux performances. 

The dark bright regions in the images reconfirm the strong interac-
tion between applied nanoparticles and polymer matrix functionalities. 
Compare with TFC, the TFN membranes shows the enhancement in all 
parameters (i.e. root mean square roughness (Rq), average roughness 
(Ra), and roughness max (Rmax)). Additionally, in case of MSH@UiO-66- 

Fig. 6. FE-SEM images of surface and cross-section of (a) PT-TFC, (b) MSH-TFN and (c) MSH@UiO-66-NH2-TFN membranes.  
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Fig. 7. Surface morphology of (a,a1) PSf, (b,b1) PT-TFC, (c,c1) MSH-TFN and (d,d1) MSH@UiO-66-NH2-TFN membranes envisaged via AFM.  
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NH2-TFN membrane, it is also probable that the free amine and hydroxyl 
groups of MSH@UiO-66-NH2 can interact with carbonyl chloride groups 
of the TMC by interfacial polymerization reaction; this might be one of 
the explanation for the observed surface roughness. As the results are 
shown in Table 3 it is concluded that an increase in the surface of PT- 
TFC, MSH-TFN, and MSH@UiO-66-NH2-TFN membranes compare 
with PSf due to increasing diffusion of piperazine molecules to the 
organic front where the reaction occurs robustly to form a rough surface. 

3.3.1. Contact angle 
Table 4 represent the contact angle values and images of PSf and 

prepared TFC and TFN membranes after adding MSH and MSH@UiO- 
66-NH2 nanoparticles. It is clearly seen from the observed deformed 
shapes of droplets the contact angle value decreased from 89.1� (PSf) to 
34.2� for MSH@UiO-66-NH2-TFN membranes. The contact angle for PT- 
TFC membrane was observed 53.2�. As the nanoparticles changed from 
MSH to MSH@UiO-66-NH2 the contact angle reduced from 43.4� to 
34.2�. It’s clear here that due to textural properties difference and 
presence of functional groups represent the strong interaction and the 
higher surface roughness of TFN membranes generate superior hydro-
philicity which consequently influence the high record performances of 
flux and rejection against different feed solutions. The contact angle of 
MSH@UiO-66-NH2-TFN membrane (34.2�) is comparatively 35.72% 
less than PT-TFC membrane (53.2�), it is due to more hydrophilicity of 
TFN membrane resulted in the better wetting ability of TFN membranes 
resulted fast transportation of water molecules through membrane [65]. 
It is also important to mention here that after interaction of used 
nanoparticles the membranes not only improved the surface hydrophi-
licity but also improved the pore hydrophilicity responsible for the size 
exclusion separation of applied feeds. 

As a result, due to more hydrophilic surface the humic acid rejection 
and flux achieved very high. The reason is the more hydrophilic surface 
repel the hydrophobic foulant as already reported by Wai et al. [66]. 

3.3.2. HR-TEM 
The high resolution TEM images of all prepared membranes are 

shown in Fig. 8. It is clearly distinguished from the TEM images the 
presence or absence of nanoparticles on the membrane layer. In MSH- 
TFN membrane the trivial agglomeration of characteristics layered 
nanoparticles are found, whereas in MSH@UiO-66-NH2-TFN membrane 
the nanoparticles are fully dispersed on the MSH or in between the layer 
of MSH with characteristics MOF crystals. Furthermore, it is also found 
that after adding nanoparticles in TFN layer the polyamide layer can 
play an improving role for the transport of water molecules along with 
enhanced rejection of targeted feed. 

3.3.3. Zeta potential 
Zeta potential technique is also used to characterize the different 

nanoparticles incorporated TFN membranes to check the surface func-
tionality, stability of dispersed nanoparticles in TFN layer along with the 
interaction of added particles with solid polymer surface. The stability of 
nanoparticles is measured in terms of zeta potential. The zeta potential 
of TFN membrane is found in reduced order form PSf ˃ PT-TFC ˃ MSH- 
TFN ˃ MSH@UiO-66-NH2-TFN membranes. The negative value of zeta 
potential in all membranes are ascribed to the negative charge from 
dissociation of functionalized nanoparticles [67]. Thin film composite 

membranes are negatively charge (in the range pH 3.0–10.0) because of 
the hydrolysis of –COCl group of TMC to –COOH group. The TFN 
membranes are more negatively charge compare to TFC membrane. The 
zeta potential value for PT-TFC had � 25.25 mV, MSH-TFN membrane 
had � 33.86 mV, and MSH@UiO-66-NH2-TFN had � 38 mV respectively. 
It is also found that more hydrophilic membrane has more negatively 
charge surface. 

3.3.4. TGA 
PT-TFC, MSH-TFN and MSH@UiO-66-NH2-TFN membranes were 

characterized using TGA analysis as shown in Fig. 9. The thermal sta-
bility of these membranes checked after coating of thin selective layer. 
Considerable variation is found in thermal properties of TFN mem-
branes. As shown in Fig. 9 there are major three weight losses were 
found. The gradual weight loss is found for all TFC/TFN membranes, 
and first weight loss found in the temperature range 50–200 �C due to 
evaporation of water and the volatile matter. Second weight loss was 
observed in middle decomposition in the range 300–490 �C for all 
membrane for the polymeric decomposition and third weight loss found 
above 500 �C for aromatic and metallic decomposition in TFC/TFN 
membranes. It is also noted that nanoparticles slightly reduce the 
decomposition of TFN membranes [68] due to decomposition of ligand 
from the MOF that lies within (300–530 �C). As this results the final 
decomposition shifted from 400 �C to 600 �C due to the reason of 
presence of MSH nanoparticles in TFN membranes. Incorporation of 
nanoparticles in TFN membranes increases the thermal stability of the 
membranes. 

3.4. Performance of TFC and TFN membranes 

To examine the developed nanofiltration membranes, two main pa-
rameters are need to check, that are permeated flux and rejection by 
using different experimental conditions. In this work three types of 
membranes are considered and all these prepared membranes showed 
the benchmark flux. Fig. 10 (a) shows the permeability results and 
Fig. 10 (b) shows the feeds rejection results of all prepared membranes. 
The highest flux results were achieved through PT-TFC membrane at 
2000 ppm common metal salts and other feed solutions as, Na2SO4: 
118.8 L/m2.h, MgSO4: 47.0 L/m2.h, MnSO4: 54.8 L/m2.h, CuSO4: 75.4 
L/m2.h, NaCl: 127.5 L/m2.h, boric acid: 94.6 L/m2.h. Whereas, for 
humic acid 86.9 L/m2.h flux results was observed at 1000 ppm initial 
concentration solution at pressure 1.5 MPa. The performance of the PT- 
TFC, MSH-TFN, and MSH@UiO-66-NH2-TFN have been also checked 
using above mentioned different types of feed solutions including 
common metal salts and acid in water. As shown in Fig. 10 (a) even 
though, PT-TFC membrane performance were found very high in the 
form of flux but nanoparticles incorporated MSH-TFN, and MSH@UiO- 

Table 3 
Analytical statistics of surface roughness obtained by AFM analysis of PSf, PT- 
TFC, MSH-TFN and MSH@UiO-66-NH2-TFN membranes.  

Membranes Rq (nm) Ra (nm) Rmax (nm) 

PSf 13.0 9.67 105 
PT-TFC 51.5 44.2 130 
MSH-TFN 59.6 47.8 221 
MSH@UiO-66-NH2-TFN 66.0 52.3 355  

Table 4 
Contact angle (a) PSf, (b) PT-TFC, (c) MSH-TFN and (d) MSH@UiO-66-NH2-TFN 
membranes.  

Membranes Contact angle (�) Image 

PSf 89.1 (�2�) 

PT-TFC 

53.2 (�2�) 

MSH-TFN 

43.4 (�2�) 

MSH@UiO-66-NH2-TFN 

34.2 (�2�) 
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66-NH2-TFN were shows very high performance in the form of rejection 
with little sacrifice in the flux. At primary stage of experiments, we 
found that TFN membranes shows antifouling characteristic so we 
continued to comparative check with TFC membrane against applied 
feeds. On the basis of analysis of obtained results it was confirmed that 
the synthesized nanoparticles have taken part in the interfacial poly-
merization to avoid the leaching problem and it may also acme the 
boosted charge exclusion mechanism by the more negatively charged 
surfaces of TFN membranes (as found by zeta potential). It is noteworthy 
to mention that it’s our first attempt to apply developed MSH and UiO- 

66-NH2 based composite nanomaterials to develop the membranes for 
above mentioned metal salts and humic acid solutions treatment. 
Interestingly rejection rate of MSH-TFN against all applied feed solu-
tions was observed enhanced and also comparatively higher than TFC 
membrane. Considering these results MSH might be employable in 
different aspects of membrane development. As a results of rejection for 
focused MSH@UiO-66-NH2-TFN membrane was observed superior than 
all developed membranes. Particularly results of flux and rejection for 
different feeds are found like 94.0 L/m2.h flux with 82.29% rejection for 
2000 ppm solution of Na2SO4, 34.78 L/m2.h flux with 94.42% rejection 
for 2000 ppm solution of MgSO4, 34.7 L/m2.h flux with 81.06% rejec-
tion for 2000 ppm solution of MnSO4, 60.86 L/m2.h flux with 84.62% 
rejection for 2000 ppm solution of CuSO4, 115.94 L/m2.h flux with 
36.42% rejection for 2000 ppm solution of NaCl, 69.56 L/m2.h flux with 
71.23% rejection for 2000 ppm solution of boric acid and 80.68 L/m2.h 
flux with 98.96% rejection for 1000 ppm solution of humic acid at 1.5 
MPa. The rejection of sulfate ions containing salts (MgSO4, Na2SO4, 
MnSO4, CuSO4) is much higher that chloride ion containing salt due to 
synergistic effect of strong Donnan exclusion and size sieving of sulfate 
ions. When we chose NaCl as a feed solution with 2000 ppm feed con-
centration, the high flux and low rejection observed. Because nano-
filtration membrane separation performance for electrolyte solution ion 
is mostly strongminded by Donnan exclusion effect and steric hindrance 
[69,70]. It is also know that the Donnan effect and size exclusion plays a 
very important role in salt rejection of nanofiltration membranes. 
Moreover, in the case of charged NF membranes, the electrostatic 
repulsion also has an effect on the salt rejection. Therefore it is found 
that, the change of surface zeta potential of modified NF membranes 
would result in the variation of salts rejection. With different incorpo-
ration sites of nanomaterials, the dominant mechanism is different for 
the TFN membranes. Therefore, it is realistic conclude that Donnan 
equilibrium and dielectric repulsion are the key assistances to the salt 

Fig. 8. TEM surface images of PSf, PT-TFC, MSH-TFN and MSH@UiO-66-NH2-TFN membranes.  

Fig. 9. TGA of PT-TFC, MSH-TFN and MSH@UiO-66-NH2-TFN membranes.  
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separation for all these tested membranes. The incorporation of MSH 
and MSH@UiO-66-NH2 into the PA layer increase the flux and salt 
rejection and detected styles are dependable with the mechanism of 
Donnan equilibrium and dielectric repulsion. In difference, compare 
with PT-TFC the MSH-TFN and MSH@UiO-66-NH2-TFN membranes the 
permeate flux slightly reduce but the salt rejections are alluringly 
enhanced. 

As explain in Donnan exclusion theory for the solution of single salt a 
higher valence co-ion (i.e. bivalent salt) causes high rejection and in 
high valence counter-ion leads a low rejection of salt (monovalent salt so 
obtained results are 115.9 L/m2.h flux and 36.4% NaCl rejection for 
MSH@UiO-66-NH2-TFN membrane) [71]. Here in TFN membrane case 
the negative selective layer applies an electrostatic repulsion on the 
anion. Therefore to maintain electrical neutrality for every repelled 
anion, it must be balanced by cation [72]. So as a results the prepared 
nanofiltration membranes continuously shows the high rejection for 
bivalent salt molecules as obtained in our present research work and low 
rejection of monovalent salts as shown in Fig. 10 (b). 

On the basis of characterization result it is found that due to syner-
gistic textural properties results of mixed nanoparticles on MSH@UiO- 

66-NH2-TFN membrane is more hydrophilic and as expected the 
improved flux and rejection (flux is not drastically change compare with 
PT-TFC membrane). In details, MSH@UiO-66-NH2-TFN shows 98.96% 
rejection of humic acid with 80.86 L/m2.h water flux due to the 
increasing polymer cross-link density [73]. As known at pH 8 the most of 
the boron molecules were uncharged, hence we inferred that the 
absorbed boron by TFN layer will not pass through the membranes pores 
[22,74]. As already explained above removal of boron from water is 
challenging task even though our lab developed nanocomposite mem-
branes showed excellent performance in the form of rejection and 
permeability against high concentrated boric acid feed solution. Espe-
cially the concentration is given for boron and humic acid rejection 
without compromising the water flux. The experiment conducted by 
consider of the MgSO4 separation test and it is found that by using TFC 
membrane the obtained flux was about 47.0 L/m2.h with rejection rate 
about 78.63%. After addition of MSH nanoparticles the membrane 
performance was increase up to 42.3 L/m2.h flux and 90.32% rejection. 
The drastic change is observed while using MSH@UiO-66-NH2-TFN 
membrane case here the flux 34.78 L/m2.h and rejection 94.42% was 
obtain when tested with 2000 ppm solution at 1.5 MPa pressure at room 

Fig. 10. (a) Permeation fluxes and (b) Rejection with different salt solution of the PT-TFC, MSH-TFN, and MSH@UiO-66-NH2-TFN membranes.  
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temperature. 

3.5. Effect of operating pressure on water flux and rejection 

The variations of water flux and salt rejection of the TFC and TFN 
membranes with the operation pressure were studied using Na2SO4 and 
MgSO4 as feed solutions. The permeability variation of TFC and TFN 

membranes were found as operating pressure varies from 0.5 to 2.0 
MPa. It is found that the flux performances of membranes increased with 
operating pressure. 

As shown in Fig. 11 (a) the result of 2000 ppm Na2SO4 feed solution 
with different operating pressure, the highest fluxes were found at 
pressure 2.0 MPa i. e. 131.3 L/m2.h, 123.4 L/m2.h, and 111.3 L/m2.h for 
PT-TFC, MSH-TFN and MSH@UiO-66-NH2-TFN membranes 

Fig. 11. Variations of water flux and salt rejection with (a) Na2SO4 and (b) MgSO4 of the TFC and TFN membranes with the variable operation pressure.  
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respectively. The highest Na2SO4 rejections were found at pressure 1.5 
MPa i.e. 67.3%, 80.2% and 82.2% for PT-TFC, MSH-TFN and 
MSH@UiO-66-NH2-TFN membranes respectively. Same membrane was 
tested for MgSO4 feed solution after varying the operating pressure from 
0.5 to 2.0 MPa having concentration 2000 ppm. The obtained results as 
shown in Fig. 11 (b), it is observed that the highest fluxes are obtained at 
pressure 2.0 MPa i.e. for PT-TFC 60.9 L/m2.h, MSH-TFN 55.7 L/m2.h 
and for MSH@UiO-66-NH2-TFN membrane 42.0 L/m2.h. The highest 
rejection was obtained at pressure 1.5 MPa i.e. 78.6%, 90.3% and 94.4% 
for PT-TFC, MSH-TFN and MSH@UiO-66-NH2-TFN membranes respec-
tively. The obtained results shows the rejection was auxiliary enhanced 
at higher pressure up to 1.5 MPa after that slightly decreased at 2.0 MPa 
due to fast transport of salt molecules. The prepared interfacially poly-
merized membranes shows great potential to facing the challenge of 
making the TFN membranes as stable, robust, accessible, and cost- 
effective as their polymeric equivalents in the form of current RO 
membrane technologies [75]. 

3.6. Boron rejection by TFN membranes 

Fig. 12 (a) shows the result of flux and 12 (b) shows the boron 
rejection using PT-TFC, MSH-TFN, and MSH@UiO-66-NH2-TFN mem-
branes. As a result, using MSH@UiO-66-NH2-TFN membranes, the 
highest 71.23% boron rejection was obtained. Here the above prepared 
TFN membranes shows high boron rejection because the presence of 
narrow nanochannels in the selective polyamide nanocomposite layer 
[76]. Therefore, the water molecules rapidly transport through the 
membrane and boron molecules becomes rejected. Here acid base 
electrostatic interaction theory and Zeta potential differences were also 
played an important role. In TFN membranes incorporated nanoparticles 
have narrow channels also create resistance for boron in permeate so-
lution and as a result the high rejection rate is observed. As found in zeta 
potential result the TFN membranes found more negatively charge 
surfaces and lower contact angle so this is also one of the reason for high 
water flux and high rejection especially using MSH@UiO-66-NH2-TFN 
membrane. Compare the rejection rate in between TFN and TFC the TFN 
shows significantly improved boron rejection. Because the absorbed 
boron in MSH@UiO-66-NH2 TFN nanochannel shows pore narrowing 
effect might be responsible to reduce the passage for small molecules 
like boron. Our present findings are found comparable with the previous 
reports [23,77,78]. 

3.7. Humic acid rejection by TFN membranes 

Since in the above conducted experiment we further explore the 
applicability of the developed membranes for humic acid rejection and 
anti-organic fouling property. The experiments were carried out using 
pressure 1.5 MPa with 1000 ppm humic acid feed solution. As shown in 
Fig. 13 (a) it is found that up to 10 h there is not much reduction found in 
the water flux, it means MSH@UiO-66-NH2-TFN membrane has good 
antifouling properties. The real condition of all membranes after ex-
periments are shown in Fig. S3, and it can clearly see the antifouling 
nature of TFN membranes. The humic acid rejection result of PT-TFC, 
MSH-TFN, and MSH@UiO-66-NH2-TFN membranes performance are 
shown in Fig. 13 (b). The TFC membrane exhibit slightly higher water 
flux (86.95 L/m2.h) compare with MSH-TFN (84.73 L/m2.h) and 
MSH@UiO-66-NH2-TFN membrane i.e. 80.68 L/m2.h with rejection 
efficiency in the range 96.3–98.96%. The addition of functional UiO-66 
nanoparticles imparts the negative charge density and improved hy-
drophilicity of membrane [79,80]. It is also found that due to hydro-
philicity of TFN membrane the interaction between TFN membrane and 
humic acid lessened, therefore permeability not much reduced only 
small change observed but rejection rate increased considerable. The 
detail comparison with examples of MOFs incorporated TFN membranes 
on various substrates has been added as a Table S1 in supporting in-
formation file. 

3.8. Antibacterial activity of TFN membrane 

The antibacterial activity of developed TFN membrane has been 
checked with E. coli BI21 (Escherichia coli) and the results are shown in 
Fig. 14. It’s important to mention here that in the present investigation 
for the first time we checked either this MSH@UiO-66-NH2 incorporated 
membrane might show any antibacterial property or not. As clearly 
found in Fig. 14(b) after 3 h dramatically bacterial colony reduction was 
observed (compared in between Fig. 14(a) initial and Fig. 14(b) after 3 
h). It is due to direct MSH@UiO-66-NH2 incorporated membrane con-
tact physically interrupts the cells of the bacteria and also encourages 
apoptotic mechanisms by oxidative stresses, additionally it possibly due 
to defects/oxygen vacancy, charge transfer, membrane destruction, etc. 
Finally, we reconfirmed that due to anomalous characteristics (surface 
charge, functionalities as well as structural and textural differences etc.) 
of MSH@UiO-66-NH2 modified membrane showed excellent antibacte-
rial performance. 

Fig. 12. (a) Permeability and (b) Rejection of boron against variable time at operating pressure 1.5 MPa.  
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4. Conclusions 

In this study the TFC and MSH, MSH@UiO-66-NH2 incorporated TFN 
membranes successfully prepared, characterized and tested with 
different feed solutions. The separation experiments were done using 
various salt solutions (monovalent and bivalent), boron and humic acid. 
The antifouling and antibacterial study was also done and prepared 
membranes are found with both the properties with the enhanced re-
sults. Superior water fluxes and rejections were achieved by TFN 
membranes. The MSH@UiO-66-NH2-TFN membrane shown higher 
rejection than the MSH-TFN and TFC membrane. In this study it is also 
found that the MSH@UiO-66-NH2 nanoparticles have substantial 
intrinsic narrow nanochannels and adsorption capacity for boron. In the 
case of humic acid also there are no sacrifices of water flux for long 
duration experiments. Therefore the conclusion is the prepared TFN 
membranes have good antifouling and antibacterial properties. The 
experimental finding also showed that after incorporating nanoparticles, 
the TFN membranes performance is not only good for boron rejection 
but also superlative for humic acid separation. The key finding of this 
study is the prepared TFN membranes have the noble capacity of high 
performance with various salts along with toxic boron, bulkier humic 

acid separation and antibacterial properties. 
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Fig. 13. (a) Permeability and (b) rejection of humic acid against variable time at operating pressure 1.5 MPa.  

Fig. 14. Antibacterial property of the MSH@UiO-66-NH2-TFN membrane estimated by the plate colony-forming count experiments (a) initial and (b) after 3 h.  
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