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ABSTRACT
The global water demand is increasing dramatically with expanding population, urbanization
and agricultural practices. Additional factors like descending monsoon levels, inefficacious
water network and management, unrestricted groundwater extraction, overexploitation all add
to the water stress situation, especially in underdeveloped and developing nations. Considering
the speedily exhausting fresh water sources, the demand for alternatives such as desalination
of saline/seawater, treatment of polluted water sources has arisen. In the present research work,
two membrane-based technologies have been employed for desalination and heavy metals

removal application.

Among various processes used for water desalination, membrane distillation is a promising
desalination technology providing additional advantages such as, lower operating temperature,
lower operating pressure which requires less demand for mechanical strength of the membrane,
lower fouling, high rejection of non-volatile impurities, possibility of implementing low grade
heat source (geothermal/solar/waste energy). The membrane properties like hydrophobicity
and permeability plays crucial role in MD process performance. In present study,
superhydrophobic (water contact angle > 150°) composite nanofibrous membranes were
prepared using polyvinylidene fluoride (PVDF) and silica nanoparticles via electrospinning
process followed by modification. The resultant modified membranes exhibited high water
contact angle of 154.6 £ 2.2°, high liquid entry pressure of 143 + 4 kPa and smaller mean pore
size of 0.27 = 0.3 um. The water contact angle or hydrophobicity of any surface is directly
proportional to its surface roughness. Loading of silica nanoparticles creates hierarchical
roughness and numerous tiny air pockets are formed on the surface to roll off water droplets
easily and prevent pore wetting. The modified membranes (6 wt% silica) were used in
continuous vacuum membrane distillation (VMD) test with 3.5 wt% NaCl feed solution, a
stable flux (> 11.5 kg/m?/h) and high salt rejection (99.9 %) was obtained after 22 hours of
operation. On the other hand, the pristine membrane (0 wt% silica) produced slightly higher
flux during initial hours of VMD test, the flux gradually decreased after 8 hours of operation
and dropped sharply after 16 hours with drastic drop in permeate quality. The high initial flux
in case of pristine membrane is due to larger pore size and lower liquid entry pressure (LEP),
however, large pores are prone to wetting and eventually result in poor salt rejection. Moreover,
the modified membranes showed high stability with negligible leaching of silica nanoparticles.
The fouling tendency of these membranes was assessed through elemental analysis of

membrane surface after completion of VMD test, no fouling was recorded in case of modified



membranes. The modified membranes were also tested for heavy metals (arsenic and iron)
removal potential in VMD system, the removal performance was compared to that of pristine
and commercial membranes. The modified membrane produced stable flux with high rejection
rates for both the metals, the permeate flux and permeate quality of pristine membrane started
declining after few hours of operation. On the other hand, the commercial membrane produced
slightly higher flux accompanied with lower rejection. In conclusion, the novel modified
membranes fabricated in this study holds robust anti-wetting properties, high permeability and

have great potential in desalination and heavy metal removal applications.

The second part of this research work include synthesis and immobilization of hydrous
manganese oxide (HMO) nanoparticles within polyacrylonitrile (PAN) nanofibers using
electrospinning technique. The synthesized HMO nanoparticles and HMO-PAN
nanocomposite were characterized and studied for adsorption of heavy metal ions of lead and
arsenic in batch setup. The initial pH of solution played important role during metal ions
removal and maximum adsorption capacities for Pb(I1l) and As(V) were achieved at pH values
7.0 and 5.0, respectively. The adsorption isotherm data of lead and arsenic was best represented
by Langmuir and Freundlich models, respectively. The maximum adsorption capacities
obtained from Langmuir isotherm for Pb(Il) and As(V) were 194.4 mg/g and 95.7 mg/g,
respectively. The nanocomposite adsorbent was efficiently reused for multiple adsorption-
desorption cycles retaining about 88% (for Pb) and 83% (for As) of the total adsorption
capacity after five cycles of usage. Hence, the synthesized nanocomposite proved to be
remarkable adsorbent for lead and arsenic with merits of easy fabrication, stability and

regeneration ability.
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Figure 3.7:  Water contact angles of nanofibrous membranes, a) WCA of 65
FAS-Si@PVDF-A membranes with varying silica nanoparticle
dosage (0 wt% to 6 wt%); b) Comparison of water contact
angles of pristine PVDF (MO0) and Si@PVDF (M3)
membranes with and without acid pre-treatment modification

Figure 4.1:  Schematic diagram of VMD setup used for this study (1-feed 70
tank; 2-hot water bath; 3-peristaltic pump with flow meter; 4-
membrane cell/module; 5-membrane; 6-condenser in cold
bath; 7-permeate flask; 8-conductivity meter; 9-weighing

balance; and 10- vacuum pump)
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Figure 4.2:

Figure 4.3:

Figure 4.4:

Figure 4.5:

Figure 4.6:

Figure 4.7:

Figure 4.8:

Figure 5.1:

Figure 5.2:

Figure 5.3:

Figure 5.4:

Figure 5.5:

Membrane performance in continuous VMD test a) water
permeate flux of modified membranes i.e., FAS-PVDF-A
(M0) and FAS-Si@PVDF-A (M1-M3); b) permeate
conductivity of modified membranes i.e. FAS-PVDF-A (MO0)
and FAS-Si@PVDF-A (M1-M3)

Membrane performance in terms of normalized flux (blue) and
salt rejection (red) as a function of time of VMD operation
SEM and EDS analysis of used membranes (a,al-Mo; b,b1-
M3)

Schematic diagram for comparison of membrane performance
Heavy metal removal performance of modified membrane
with varying temperature (a) arsenic and (b) iron

Water permeate flux obtained in continuous VMD test using
pristine PVDF, C-PVDF and modified membranes for arsenic
(@) and iron (b)

Rejection achieved in continuous VMD test using pristine
PVDF, C-PVDF and modified membranes for arsenic (a) and
iron (b)

Schematic diagram for synthesis of HMO nanoparticles and
fabrication of HMO-PAN composite ENMs

HRTEM images of HMO nanoparticles (a) and the SAED of
HMO nanoaprticle (b). The inset shows image of synthesized
nanoparticles

FESEM images of (a) pristine PAN; (b) HMO-PAN composite
(5 wt% HMO nanoparticle dose) nanofibrous membranes; and
(c) TEM image of HMO-PAN composite nanofiber. The inset
shows images at high magnification

XRD spectrum of (a) pristine PAN nanofibers; (b) synthesized
HMO nanoparticles; and (c) HMO-PAN composite ENMs
FTIR spectrum of samples: (a) pristine PAN nanofibers; (b)
synthesized HMO nanoparticles; and (c) HMO-PAN composite
ENMs
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Figure 6.1:

Figure 6.2:

Figure 6.3:

Figure 6.4:

Plot of removal percentage of Pb(11) and As(V) vs initial pH of
the adsorption solution (adsorbent dose: 0.5 g/L, temperature:
298 K, contact time: 24 h, initial metal ion concentration: 100
mg/L)

Adsorption of metal ions Pb(ll) and As(V) onto HMO-PAN
composite nanofibers at various contact time and non-linear
fitting of pseudo-first-order and pseudo-second-order kinetic
models (adsorbent dose: 0.5 g/L, temperature: 298 K, initial
metal ion concentration: 100 mg/L, pH for Pb(ll): 7.0 and pH
for As(V): 5.0)

Adsorption isotherm of composite HMO-PAN nanofiber
membranes for the removal of a) Pb(ll), and b) As(V)
(adsorbent dose: 0.3 g/L for Pb and 0.2 g/L for As, contact time:
10 h, temperature: 298, 308, and 318 K, pH for Pb(Il): 7.0 and
pH for As(V): 5.0)

Regeneration of HMO-PAN composite ENMs for a) Pb(l1) and
b) As(V) (desorption solutions: 0.01 M HCI for Pb(Il) and 0.01
M NaOH for As(V), adsorbent dose: 0.5 g/L for HMO-PAN
composite ENMs and 0.3 g/L for HMO NPs, metal ion
concentration: 100 mg/L, contact time: 10 h, temperature: 298
K, pH for Pb(I1): 7.0 and pH for As(V): 5.0)
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LIST OF ABBREVIATIONS

AFM: Atomic force microscopy

AGMD: Air gap membrane distillation

CNT: Carbon nanotubes

DCMD: Direct contact membrane distillation

EDS: Energy-dispersive analysis of X-ray spectroscopy
ENMs: Electrospun nanofiber membranes

FAS: Fluoroalkylsilane

FESEM: Field emission scanning electron microscopy
FTES: 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane
FTIR: Fourier transform infrared spectroscopy

HMO: Hydrous manganese oxide

HRTEM: High resolution transmission electron microscopy
ICP-MS: Inductively coupled plasma mass spectroscopy
ICP-OES: Inductively coupled plasma optical emission spectroscopy
LEP: Liquid entry pressure

MD: Membrane distillation

MOFs: Metal organic frameworks

NPs: Nanoparticles

PAN: Polyacrylonitrile

PDMS: Polydimethylsiloxane

PE: Polyethylene

PFO: Pseudo first order

PH: Polyvinylidene fluoride-co-hexafluoropropylene
PP: Polypropylene

PSO: Pseudo second order

PTFE: Polytetrafluoroethylene

PVDF: Polyvinylidene fluoride

SAED: Selected area electron diffraction
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SGMD: Sweeping gas membrane distillation
TCD: Tip-collector distance

VMD: Vacuum membrane distillation
WCA: Water contact angle

XPS: X-ray photoelectron spectroscopy
XRD: X-ray diffraction
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