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THE BEGINNING OF MEMBRANE SCIENCE

“In 1966 Israel invited a California scientist, Sidney Loeb, to spend a year at Ben-Gurion
University in Beer-Sheva (the new Hebrew name for Beersheba). Loeb had worked for industry
after taking an undergraduate degree in engineering in 1941. Feeling restless, he quit his job
at the age of forty and went to graduate school at the University of California at Los Angeles.
Like the researchers in Israel, scientists at UCLA had been seeking practical desalination
methods. Loeb joined the quest with another student, a Canadian named Srinivasa Sourirajan.
They developed the first successful reverse-osmosis process in 1960— “successful ” in the
sense that it worked in a laboratory, not that it could be deployed in the real world. Sourirajan
soon ran into visa problems and Loeb continued alone, constantly tweaking the all-important
membrane. By 1965 the technology had advanced enough that Loeb was able to build a
commercial reverse-osmosis plant—the first in the Americas—in Coalinga, a town of about six
thousand in the San Joaquin Valley. So thick with salts was its groundwater that residents had

’

always brought in potable water by tanker cars.’

The above is the quote of Charles C. Mann from the book “The Wizard and the Prophet: Two

Remarkable Scientists and Their Dueling Visions to Shape Tomorrow's World”.

Vi


https://www.goodreads.com/work/quotes/56233353
https://www.goodreads.com/work/quotes/56233353

ABSTRACT

In the past few decades, rapid industrial and urban development with exponential growth in
human population has significantly impacted freshwater reserves, leading to an acute scarcity
of usable freshwater. Membrane-based desalination of seawater and industrial saline
wastewater has emerged as a promising solution to fulfil freshwater needs. However,
conventional membrane technologies, such as reverse osmosis (RO)/nanofiltration (NF) suffer
critical performance limitations, including high energy consumption (3 to 6 kWh/m?®), water
recovery (30-40%) and fouling, which undermine their suitability for viable and large-scale
desalination. Therefore, this study proposes osmotically enhanced hybrid systems like Forward
Osmosis-Nanofiltration (FO-NF) and Pressure Assisted Forward Osmosis-Nanofiltration
(PAFO-NF) as a potential alternative for treating salinity in wastewater effluents. Subsequently,
several critical aspects of the module-scale hybrid process are evaluated using experimental and
transport modeling studies and investigate the impact of continuous draw solute regeneration
in these hybrid systems over standalone NF performance. Furthermore, a unique data-driven
modelling for the FO-NF hybrid system is developed to predict the permeate fluxes and
concentrations for different draw solutes.

Initially, in transport modelling, Speigler-Kedem model, along with the concentration
polarization model, is used to describe the local mass transport in the FO and NF membranes.
Following this, the combined mathematical models for FO and NF are integrated into the hybrid
FO-NF system. Furthermore, FO-NF process optimization reveals that NF hydraulic pressure
and inlet draw concentration control the NF retentate concentration and then simulate the
desired operating conditions for the hybrid system when the NF retentate stream is directly used
as a draw solution for the FO unit. Further experimental observations shows that standalone NF

water recovery degrades with time from 40 to 15.6% due to fouling, while increasing the SEC

vii



from 0.89 to 2.38kWh/m?3. At the same time, the FO-NF hybrid system shows consistent water
recovery 32.6% and 28.6%, with process SECs 3.26 kWh/m? for Na,SO4 and 4.70 kWh/m?3 for

MgSO:s as draw solutes, respectively.

It is also observed that compared to the standalone NF system, the FO-NF exhibits relatively
lower water recovery but higher SEC. Consequently, this observation motivates to investigate
the potential of PAFO-NF systems through experimental and modeling approaches for
enhancing the water recovery by simultaneously reducing SEC. The same FO-NF transport
model with minor modification in FO modeling for the PAFO process is utilized for the PAFO-
NF modeling. Membrane performance is then simulated for fouling prone feed stream
containing 3.5 g/L of CaCl, using Na2SO4 and MgSOs as the draw solutes at a concentration
of 40 g/L each. Simulated results under optimized operating conditions show that, FO feed side
assisted pressure (APparo), FO membrane area (Amro) and the FO water permeability (Aro) are
the key factors for reducing the PAFO-NF process SEC and improving the water recovery,
while using Na2SO4 as draw solute. Simulations reveal that at 1.0 m? Amro, increasing APparo
(from 0 to 7.5 bar) may reduce the SEC from 2.95 to 1.47 kWh/m? while simultaneously
increasing water recovery from 60.5 to 95.54%. In fact, merely increasing the Amro from 0.25
to 1.0 m? may reduce the process SEC compared to the FO-NF process by up to 63% and
increase water recovery to as much as 90 %. Similarly, increasing Aro (1.22x107*? to 3.0x10"
12 m/Pa.s) may also reduce the process SEC by nearly 42 % while also increasing the water
recovery by 45.73%. Alternatively, inlet feed and draw concentrations and inlet feed flowrates
have negligible impact on the process SEC. In conclusion, PAFO-NF hybrid process
demonstrates significant potential for treating both fouling-prone and non-fouling saline waters
and surpasses the FO-NF and standalone NF (under non-fouled conditions) processes by

achieving lower SEC under the same operating conditions.
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The above transport modeling for the FO-NF hybrid process is complex and each draw
solute needs validation to predict permeate fluxes and concentrations, which is time consuming
and rigorous process. However, nowadays, enormous experimental datasets are available for
FO and NF membrane processes. Therefore, artificial neural network (ANN) based data-driven
model is developed and compared to the FO-NF transport modeling. to predict the permeate
flux and concentration. The optimized ANN-based model showed high R? values: 95.03% and
96.08% for FO and NF datasets, respectively. However, model accuracy is compromised
because of limited variation in training datasets, resulting in higher errors (5-12%) when
compared to the transport-based model errors (2%). Despite larger errors, ANN model is

competent in predicting the suitable draw solute and responses for the feed side solute.
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