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ABSTRACT

Improving access to freshwater is a global challenge. Seawater desalination can solve
water shortages, but faces significant obstacles as a method of efficient freshwater generation.
Here, we construct a novel forward osmosis (FO) system that utilizes polyethylene glycol coated
magnetic nanoparticles (PEG-MNPs) as a draw solute for desalination across an aquaporin
membrane. Osmotic pressure produced by the draw solute pulls water across the selectivelypermeable aquaporin membrane. A magnet can then be used to remove the draw solute from
solution, yielding potable water.
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Chapter 1
Introduction
Within the next ten years, half the world’s population will live in areas without
dependable access to clean water [1]. Towards the objective of avoiding this developing global
crisis, it is essential that new means of water distribution and generation are developed with all
possible urgency. This study seeks to contribute to the second of these objectives. One of the
most common methods currently used for fresh water generation is sea water desalination. There
are 18,000 seawater desalination plants worldwide, capable of generating 22.9 billion gallons of
water a day. Currently, 300 million individuals “rely on desalinated water for some or all of their
daily needs [2].” Thus, seawater desalination presents a potentially feasible, though currently
underutilized, means of fresh water generation.
Among the most pressing concerns presented by the growth of the desalination industry
is the energy demand of the most commonly utilized desalination technologies, multi-stage flash
(MSF) distillation and reverse osmosis (RO) filtration, which, as of 1999, represented 78% and
10% of the world’s desalination capacity, respectively [3]. MSF distillation separates salt from
water by evaporating water under low pressure and high temperature conditions through
consecutive “stages” [3]. Heating is usually accomplished through the use of “low pressure
steam externally supplied by a cogeneration power plant.” RO filters water by forcing it through
a selectively permeable membrane against its concentration gradient at high pressures. Current
MSF distillation plants consume power at a rate of approximately 4 kWh/m3[4], while RO plants
consume power at rates of approximately 6 to 8 kWh/m3[5]. A number of technologies are
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currently being developed to decrease the energy demands of MSF and RO plants. Despite these
advances, the high energy demand of the FO and MSF desalination techniques may make
desalination prohibitively costly in the developing world, and environmentally unsustainable.
This thesis seeks to address this challenge by designing a novel means of forward osmosis (FO)
desalination - a less commonly used filtration technique with potentially lower energy demands.
Commercially available forward osmosis technology generally operates through the use
of draw solutes that change phases at temperatures well separate from the melting and boiling
points of water. A commonly used salt with these characteristics is ammonium carbonate, which
decomposes to ammonia and carbon dioxide gas when heated to 60 oC [6]. High concentrations
of aqueous ammonium carbonate can be used to generate osmotic pressure sufficient to pull fresh
water from a feed solution of seawater across a semipermeable membrane. The previously
described heating process occurs in a second chamber, yielding liquid water and gaseous
ammonia and carbon dioxide. Ventilation can be used to remove the ammonia and carbon
dioxide gas produced from this process and recondense it within the draw solution, producing
fresh water. A schematic of this process can be found below (Figure 1).

Figure 1 Forward Osmosis Desalination [7].
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FO does not have the same energy demands as MSF or RO, because it does not have to
boil water as required by MSF, or mechanically generate the pressure gradient required by RO.
This does not mean that FO is necessarily a better alternative to either MSF or RO. FO is
uniquely vulnerable to some phenomena, such as membrane fouling, that prevent it from
achieving the sort of wide-reaching commercial dominance currently held by MSF and RO [13].
However, because of its low energy demand, RO remains an interesting potential source of
study.

This thesis specifically seeks to innovate on existing RO technology by
determining whether ferromagnetic iron oxide nanoparticle bonded to the carbohydrate
polyethylene glycol could viably serve as a draw solute for RO. Ferromagnetic nanoparticles
bonded to a carbohydrate would be highly soluble, allowing them to generate osmotic pressure
across a semipermeable membrane. Magnetic force could then be used to remove them from
solution in the same way heat removes ammonium carbonate salt from solution, generating fresh
water. Following the production of fresh water, they could be re-dissolved in the draw solution in
order to once again generate osmotic pressure. Thus, in principle, these nanoparticles fulfill the
three previously discussed requisite attributes of a FO draw solute - (1) high solubility, (2) easily
removable from solution through the use of an external force, and (3) reusable.
There is a demonstrated precedent in the literature for this research - magnetic
nanoparticles have been designed in laboratory settings for the expressed purpose of serving as a
draw solute for RO [14] [15]. The laboratory of Dr. Tai-Shung Chung in the Department of
Chemical and Biomolecular Engineering at the National University of Singapore has been
especially productive in this field, publishing the two most highly cited articles on the subject.
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However, despite being published in 2010 and 2011, respectively, and receiving hundreds of
citations between them, neither of these studies have led to the use of magnetic nanoparticle
draw solutes on the commercial level. One potential concern not addressed in the two most
influential papers by Chung et al. is the safety of their draw solutes. Ling et al. (2010) designed
nanoparticles comprising iron bound to 2-pyrrolidine, triethylene glycol, and polyacrylic acid,
and were able to generate flux across a membrane using the osmotic pressure of all three
nanoparticle types [14]. Unfortunately, there are safety concerns associated with all three ironbound chemicals, with pyrrolidine being the most hazardous to human health [16] [17] [18]. As
draw solutes degrade over time, it is of utmost importance that they are designed with chemicals
that do not negatively impact human health. Thus, although innovative from a technical
standpoint, no magnetic draw solute has yet been designed that could viably be used in
commercial settings.
Magnetic nanoparticle-like substances have been designed for biomedical applications
(for example, for use as “magnetic resonance contrast agents, magnetic drug targeting, or cancer
hyperthermia treatment”) [12] [19]. Such work became the focal point of this thesis because it
demonstrated that soluble iron nanoparticles could be designed that did not negatively affect
human health. Garcia-Jimeno et al (2013) published an article that synthesized iron oxide
nanoparticles bound to the polyether compound polyethylene glycol (PEG). This process was
chosen to serve as the foundation for the nanoparticle synthesis used in this thesis, because of the
simplicity of the synthesis described in the article, and because of the widely-established use of
PEG in biomedical and biotechnological applications [20]. Thus, based on this background,
nanoparticles were synthesized comprising iron oxide bound to PEG. The chemical attributes of
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these nanoparticles were analyzed, and their capacity as a draw solute was evaluated. A
description of this process is detailed in the subsequent sections of this thesis.
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Chapter 2
Materials and Methods
I.

Reagents
Chemicals were used without purification and were reagent grade. Ferric chloride

hexahydrate (FeCl3·6H2O), Ferrous chloride tetrahydrate (FeCl2·4H2O), Polyethylene glycol
(PEG), mw = 6,000 and 10,000, and Ammonium hydroxide (NH4OH, 25%) were purchased
from Sigma-Aldrich (St. Louis, MO). Deionized Millipore Water was used in all experiments.
II.

Glassware/Setup
A 250 ml Three-neck round bottom flask, angled (center and side joint size 24/40), a Flow

control adapter stopcock (inner joint size 24/40), and a Pennyhead Stopper (inner joint size
24/40), 2x were purchased from CTechGlass (River Edge, NJ). A 40 ml Mineral oil bubbler was
purchased from Sigma-Aldrich (St. Louis, MO). Nylon Tubing was purchased from McMasterCarr (Robbinsville, NJ). A Neodymium-iron-boron (Nd2Fe12B) magnet was purchased from
CMS Magnetics, Inc. (Garland, TX).
III.

Synthesis of Polyethylene Glycol Coated Iron Oxide Nanoparticles
PEG (4.5 g, mw = 6000 or 10000) was dissolved in 45°C water (5 mL) under magnetic

stirring. The three-neck round bottom flask was degassed. Pressurized nitrogen gas was run into
the three-neck round bottom flask through nylon tubing and a flow control adapter stopcock, and
back out of the three-neck round bottom flask through a second flow control adapter stopcock,
nylon tubing, and a 40 mol mineral oil bubbler. The water was stirred vigorously for 30 minutes.
Once the PEG was dissolved, FeCl3·6H2O (0.435 g) and FeCl2·4H2O (0.16 g) (1:2 molar ratio of
FeCl2/FeCl3) were added to the three-neck round bottom flask. The water was stirred until the
added FeCl3·6H2O and FeCl2·4H2O dissolved. Once the iron salts were well dissolved, 0.75 M
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NH4OH (10 mL) was added at a rate of 0.6 mL/min under vigorous mechanical stirring. The
stock solution of Ammonium Hydroxide used in this synthesis was calculated to have a
concentration of 14.007 M, based on a density of 0.9 g/ml, a formula weight of 35.05 g/mol, and
a concentration of 54.55% w/w. To make a 0.75 M solution, 2.142 ml of the stock solution was
slowly added to 10 ml deionized water. The solution was adjusted to a final volume of 40 ml
with deionized water. 10 mL of NH4OH was manually withdrawn from a 50 ml conical
containing 0.75 M NH4OH with an appropriate syringe. Plastic tubing was added to the syringe
tip and the plunger was compressed until fluid reached the tip of the plastic tubing. The syringe
was fastened to the pump and the pump was set to dispense the 0.75 M NH4OH at a rate of 0.6
mL/min. The suspension was stirred for another 30 minutes at a temperature of 45°C. The
ferrofluid was removed from the beaker and washed four times with Deionized Millipore water
via magnetic decantation. The nanoparticles were resuspended in 20 mL of Deionized Millipore
water, and the solution was sonicated for 12 minutes.
IV.

Nanoparticle Characterization
Nanoparticle size distribution was determined using a Malvern Zetasizer Nano ZS.

Nanoparticles were diluted into solutions with a concentration of 0.05 g/ml. Information about
the chemical bonds present in the synthesized nanoparticles were determined using fouriertransform infrared (FT-IR) spectroscopy. A Bruker Vertex V70 FT-IR spectrometer with an
optical objective capable of collecting information about the mid-IR range (4,000 - 400 cm-1)
was used in this study.
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Figure 2 Laboratory Setup

The iron/PEG nanoparticles discussed in this study were synthesized using the following
experimental setup. Components from left to right: 40 mL mineral oil bubbler, nylon tubing,
flow control adapter stopcock (inner joint size 24/40), 250 ml three-neck round bottom flask
(angled, center and side joint size 24/40) in a 500 ml water bath on a heat plate, flow control
adapter stopcock (inner joint size 24/40), nylon tubing to pressurized nitrogen gas line.
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Chapter 3
Results
I.

Nanoparticle Synthesis and Analysis
The first objective following the completed nanoparticle synthesis was to qualitatively

validate the characteristics of the synthesized nanoparticles. Namely, it was essential to
determine whether they could be removed from solution, where they existed as a soluble
ferrofluid, through the use of a magnetic force. A Neodymium-iron-boron (Nd2Fe12B) magnet
was placed on the side of a 50 ml conical containing 5.0 g of nanoparticles dissolved in 20.0 ml
of distilled water. The nanoparticles separated from solution over the course of approximately 40
seconds and stuck to the side of the conical proximal to the magnet (Figure 3). The nanoparticles
also demonstrated the ability to be repeatedly removed from and then dissolved back into
solution. Thus, from a qualitative standpoint, the synthesis was able to generate nanoparticles
with the three most essential characteristics of a FO draw solute. Namely, the synthesized
nanoparticles were (1) highly soluble in water, (2) removable from solution through the exertion
of an external force, and (3) reusable.

The second objective was to evaluate the size distribution of the synthesized
nanoparticles using a zetasizer. The zetasizer functions based on the principle of laser diffraction
[11]. A laser is transmitted through the sample, and the scattering pattern of the laser after it has
passed through the sample is recorded by the instrument. The angular variation in the intensity of
the light scattered is a function of the size of the particles in the sample, and the instrument can
analyze the scattering pattern to calculate the range of particle sizes in the sample indirectly.

10

A Malvern Zetasizer was used to measure the size of the nanoparticles. Six measurements
were taken (Figure 4). Records 1, 2, and 3 were taken from a sample of nanoparticles
synthesized using the protocol described in the Materials and Methods Section. The average
nanoparticle diameter in Record 1 was 523 nm, in Record 2 was 564.6 nm, and in Record 3 was
556.8 nm. These nanoparticles were approximately an order of magnitude larger than those
described by Garcia-Jimeno et al. [12], who measured the hydrodynamic diameter of their PEGcoated iron nanoparticles to be 56 nm using dynamic scattering. In the interest of decreasing the
size of the nanoparticles synthesized in this study, the temperature of the synthesis was
manipulated, and the effect of temperature on nanoparticle diameter was examined. Decreasing
the synthesis temperature from 45 oC to 35 oC produced nanoparticles that failed to separate from
solution under the influence of a magnet. These nanoparticles were thus not analyzed using a
zetasizer. Records 4, 5, and 6 were taken from a sample of nanoparticles synthesized at a
temperature of 55 oC rather than 45 oC (Figure 4). The average nanoparticle diameter in Record 1
was 463 nm, in Record 2 was 450.2 nm, and in Record 3 was 455.7 nm. To compare, the average
nanoparticle diameter in Records 1 to 3 was 548 nm, while the average nanoparticle diameter in
Records 4 to 6 was 456 nm. An unpaired t-test revealed that there was a statistically significant
difference (p = 0.0023 < 0.05) between these two values. However, increasing the temperature of
the synthesis to 55 oC still failed to yield nanoparticles comparable in size to those described by
Garcia-Jimeno et al. [12].
The third objective was to determine the bonds present in the synthesized nanoparticles.
This information was determined through the use of IR-spectroscopy. An absorbance spectrum
between 4000 cm-1 and 400 cm-1 was obtained for a sample of nanoparticles synthesized using
the protocol described in the Materials and Methods section (Figure 5, b). This absorbance
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spectrum was then compared to an absorbance spectrum of pure PEG, courtesy of the American
Chemical Society (Figure 5, a). In analyzing their synthesized nanoparticles with IRspectroscopy, Garcia-Jimeno et al. (2013) observed a number of bands corresponding to the
bonds present in PEG. Notably, they observed bands at 950 cm-1, corresponding to a C-C stretch,
at 1080 cm -1, corresponding to a C-O-C stretch, at 1132 cm-1, corresponding to a -CH2 twist, and
between 3000 and 3500 cm -1, corresponding to an O-H stretch. Corresponding bands that likely
represented the C-C stretch, the C-O-C stretch, and the -CH2 twist were observed in the present
study at 958 cm-1 1095 cm-1 1147 cm-1. Notably, no band was observed in the current study
between 3000 and 3500 cm-1. Though not entirely consistent with the results published in the
literature, these spectroscopy data strongly suggested that PEG had been successfully bonded to
the iron oxide cores, thus contributing to the solubility of the synthesized nanoparticles.

Figure 3 Soluble and Magnetic Properties of Synthesized Nanoparticles
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The nanoparticles were suspended in Deionized Millipore water and then removed from
solution with a Neodymium-iron-boron (Nd2Fe12B) magnet. Approximately 5.0 g of
nanoparticles suspended in 20.0 mL of Deionized Millipore water were removed from solution
over the course of approximately 40 seconds. A video detailing the above process can be found
at the following link: https://youtu.be/x8fCjbrkFRM.

Figure 4 Size Distribution of Synthesized Nanoparticles.
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A Malvern Zetasizer Nano ZS was used to determine the size distribution of the
synthesized nanoparticles at 45 oC (Records 1, 2, and 3) and 55 oC (Records 4, 5, 6). The
nanoparticles synthesized at 45 oC had an average diameter of 548 nm, while the nanoparticles
synthesized at 55 oC had an average diameter of 456 oC. The full data set displayed in this figure
can be found in Appendix I.
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Figure 5 Bonds Present in Synthesized Nanoparticles

An infrared transmittance spectrum of pure polyethylene glycol is displayed above,
courtesy of the American Chemical Society. An absorbance spectrum of the nanoparticles
synthesized in the current study is displayed below, generated by a Bruker Vertex V70 FT-IR
spectrometer.
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II.

Aquaporin Membrane Analysis
A FO Flat Sheet Membrane comprising a polyethersulfone base embedded with

aquaporin proteins was purchased from Sterlitech Corporation (Kent, WA). There are no known
papers or patents in the existing body of scientific literature that discuss a FO method comprising
a ferrofluid draw solute and an embedded aquaporin membrane. Aquaporin proteins were chosen
for use in this study because of the rapidity with which they can transfer water across a
membrane, and also their selectivity for water. Water can flow through a single aquaporin
protein at a rate of 3 * 109 molecules per second [23] [24]. This corresponds to a rate of about
18.02 mL of water in 2.5 seconds. Additionally, aquaporins are selectively permeable to water,
and capable of rejecting the passage of molecules as small as hydrogen ions [25]. Thus, the
ultimate objective of this thesis was to determine whether a membrane with embedded aquaporin
proteins could be used with an iron/PEG nanoparticle draw solute as a novel means of FO
desalination.
A waterproof vessel comprising two chambers of equal volume, along with a removable
frame to separate the two chambers and hold a semipermeable membrane in place, was designed
to evaluate the flow of water across the Sterlitech aquaporin membrane (Figure 6, a). The two
chambers were filled with equal volumes of Deionized Millipore water and a solution of 1 M
NaCl in Deionized Millipore water, respectively. Volume changes between the two chambers
were observed on an hourly basis to determine flux across the membrane. The specifications
accompanying the membrane list it as capable of achieving flux greater than 7 L/m2/hr when
using the membrane under FO conditions between two chambers containing Deionized Millipore
water and a solution of Deionized Millipore water and NaCl at a concentration of 1 M.
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Water was permitted to flow across the membrane for 16 hours under these conditions.
The experiment was repeated three times and an average height difference of 0.1875 inches
between the water levels in the two chambers was observed at the end of the time periods.
Average flux across the membrane was then calculated in the following manner:
(0.1875 in / 16 hr) (5.5 in / 5 in) (0.0164 L / 1 in3) = 0.00529 L/hr
(0.00529 L/hr) / ((16 in2 * (0.000645 m2) / 1 in2)) = 0.512 L / m2 / hr
Thus, the membrane achieved a flux of approximately 7% its minimum expected
performance under these conditions. If the membrane had achieved a flux consistent with its
minimum expected performance, a height change of 0.16 in would have been observed over a
time interval of 16 hours. The rationale for this height change is based on the following
calculations:
(7 L / m2 / hr) (16 in2) (0.000645 m2 / 1 in2) = 0.07224 (L/hr)
(0.07224 L) (1 in3 / 0.0164 L) = 5 in * 5.5 in * dH
Solving for dH yields a dH value of 0.160 in.
Sterlitech Corporation was contacted following the completion of this experiment. A
replacement membrane was received.
The flux experiment was repeated using Vessel I with comparable results, and so a new
vessel was designed to determine if the membrane was achieving a flux significantly lower than
its minimum expected performance due to the design of the first experiment (Figure 7). The flux
experiment was then performed with Vessel II (Figure 8). Because the active membrane surface
area in Vessel II was 0.01 m2, a flux of 70 mL / hr was expected, assuming the membrane was
capable of achieving a flux consistent with its minimum expected performance.
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A flux of 2.22 mL/hr was achieved (3.3% the minimum expected value) with the active
surface of the membrane facing the draw solution. In a FO system, the active surface of a
membrane should face the draw solution for optimal performance. The flux experiment was
repeated with the active surface of the aquaporin membrane facing the feed solution to determine
whether the active surface of the membrane had been misidentified. Under these conditions, a
flux of 2.6 mL/hr was achieved (3.7 % the minimum expected value). Finally, the reverse flux of
salt was measured under both conditions to determine whether the membrane was permeable to
NaCl. With the active membrane surface facing the draw solution, a salinity increase of 5 ppt / hr
was observed in the feed solution. With the active membrane surface facing the feed solution, a
salinity increase of 7 ppt / hr was observed in the feed solution. This result in particular suggests
that the Sterlitech membrane did not have the selectivity of pure aquaporin proteins. Thus, it is
possible that a lower than expected flux was observed under these conditions because the draw
solution was not able to generate the osmotic pressure required to draw 7 L / m2 / hr across the
membrane.
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Figure 6 Vessel I used to evaluate flux across a Sterlitech aquaporin FO membrane

(Upper panel) The Vessel I was designed from manually cut plexiglass. The active
membrane area was 16 in2, while the dimensions of each of the two chambers was 5.5 x 8.0 x 5.0
in. The membrane contains one active surface, which was oriented towards the draw solution of
Deionized Millipore water and NaCl at a concentration of 1 M. (Bottom panel) The
specifications of the FO Flat Sheet Membrane purchased from Sterlitech Corporation.
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Figure 7 Vessel II used to evaluate flux across a Sterlitech aquaporin FO membrane.

(left) Vessel II was a 3D printed acrylic slab. The active membrane surface area was 10
cm x 10 cm, or 0.1 m2. Each side of the membrane was connected to 1000 mL beakers
containing initially equal volumes of Deionized Millipore water or a solution of Deionized
Millipore water and NaCl at a concentration of 1 M. Water was circulated across the membrane
from the beakers through the use of a Micro Pump, purchased from Servo Flo (Lexington, MA).
(right) Deionized Millipore water containing blue dye was pumped across one side of the
membrane. The dye remained on one side of the membrane after 24 hours, demonstrating that
Vessel II was watertight.
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Figure 8 Flux observed through Vessel II

The flux of water through Vessel II was measured over the course of 1 hour with the
active side facing the draw solution and the feed solution, respectively. Water was pumped
across both sides of the membrane at a rate of 93 mL/min. The reverse flux of salt was measured
using a refractometer (ppt). The flux was determined by measuring the change in mass of the
draw solution over the course of an hour and then converting this value to a volume using the
density of water at the temperature at which the experiment was performed (23 oC).
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Chapter 4
Discussion
Discussion
I.

Nanoparticle Synthesis and Analysis
The results of this study demonstrated that nanoparticles could be synthesized with the

three requisite attributes of a FO draw solute. Namely, the synthesized nanoparticles were, as
discussed in the Introduction, (1) soluble in water, (2) easily removable from solution through
the use of an external force (in this case through the use of a Neodymium-iron-boron
(Nd2Fe12B) magnet), and (3) reusable. Regarding reusability, the synthesized nanoparticles
could be continuously removed from and resuspended in solution through the use of the
Neodymium-iron-boron (Nd2Fe12B) magnet. These observations align with the results of Ling
et al. (2011) [14]. This study demonstrated that a synthesized nanoparticle draw solute was
capable of performing FO across a membrane at 5 distinct time points without losing its soluble
or magnetic properties. Further experiments could be performed to verify the reusability of the
nanoparticles synthesized in this study. Garcia-Jimeno et al. (2013) stored synthesized
nanoparticles at various temperatures and evaluated their properties at the end of a two-year
period; a similar longitudinal experiment could be conducted with the nanoparticles synthesized
in this experiment [12].
The characterization performed on the nanoparticles demonstrated that the synthesis did
not work entirely as intended. The FT-IR analysis performed in this study identified the likely
presence of PEG on the surface of the synthesized nanoparticles. The results of the FT-IR
analysis were supported by the observation that the nanoparticles readily dissolved in solution in
the absence of a magnetic field. However, the synthesized nanoparticles were between 420 nm
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and 520 nm larger than comparable iron nanoparticles synthesized by Garcia-Jimeno et al.
(2013). The present study demonstrated that increasing the temperature at which the synthesis
was performed significantly decreased the size of the synthesized nanoparticles, although not to
the desired size of approximately 20 to 30 nm. Further alterations of the nanoparticle synthesis
protocol will need to be made in order to determine how to synthesize smaller nanoparticles.
Hyeon (2003) suggests that rapid injection of reagents into a synthesis vessel can decrease the
size of synthesized iron nanoparticles [12]. Increasing the rate of injection of the reagents used in
this experiment into the three-neck flask, as well as increasing the temperature at which they are
injected, may decrease the size of the nanoparticles synthesized in this study.

II.

Aquaporin Membrane Analysis
This study was unable to replicate the minimum expected flux of 7 L / m2 / hr across a

Sterlitech FO aquaporin membrane using a 1 M draw solute. Across two separate experiments,
the maximum flux observed under these conditions was just 7% of the minimum expected flux.
observed. As a result, the objective of designing a novel FO system comprising a membrane with
embedded aquaporin proteins could be used with an iron/PEG nanoparticle draw solute. It is
entirely possible that the flux values observed in this study were an artifact of the experimental
setup. Further experiments will need to be performed to determine whether the FO aquaporin
membranes developed by Sterlitech Corporation are indeed incapable of achieving the claimed
minimum expected flux of 7 L / m2 / hr in the presence of a 1 M concentration gradient.
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Chapter 5
Future Directions
I.

Nanoparticle Synthesis and Analysis
A number of further experiments should be performed in order to evaluate the efficacy of

the synthesized nanoparticles as a draw solute. A qualitative experiment was performed in order
to verify that the ferrofluid could generate osmotic pressure across a semipermeable membrane
and produce flow of water across the membrane, but these results were not quantified. A few
experiments would need to be performed in order to quantify these results. First, the molecular
weight of the synthesized nanoparticles would need to be determined in order to find the
molarity of aqueous solutions containing varying masses of nanoparticles. Currently, static light
scattering is one method available at Penn State that can be used to evaluate the masses of
nanoparticles. Static light scattering uses the interaction between light and the zeta potential (the
surface charge acquired by a molecule when it is dissolved in solution) in order to calculate the
molecular weight of microscopic substances. It can be used to measure the molecular weight of
polymers, proteins, and nanoparticles, among other types of particles [21].
Once the molecular weight of the synthesized nanoparticles was determined, solutions
with known molarities could be created, and placed inside dialysis membranes. These dialysis
membranes could then be placed in beakers containing volumes of distilled water. Measuring the
volume of water in the beaker periodically could be used to evaluate the flux of water (ml/min)
generated by solutions of the ferrofluid with varying molarities. Given the surface area of the
dialysis membrane, the flux of water across the membrane (in units of volume per unit area per
unit time) could also be calculated. In this way, the efficacy of the synthesized nanoparticles as a
draw solute could be validated quantitatively.
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II.

Aquaporin Membrane Analysis
It is also possible that the aquaporin membranes designed by Sterlitech are synthesized in

a manner that compromises the conformation or filtration capacity of the embedded aquaporin
proteins. A number of advances have been made to the deposition of channel proteins into
polymer membranes, such as the development of computational models [26], protein-stabilizing
polymer scaffolds [28], and protein-stabilizing synthetic vesicles [29], since Sterlitech
Corporation began marketing their FO aquaporin membranes in January of 2015 [26] [27].
Notably, most of these advances focus on synthesis methods that emulate wherever possible the
environmental conditions of aquaporin proteins in vivo, a recommendation made by the first and
most influential research article on synthetic membranes with embedded aquaporin proteins.
[30]. As Sterlitech does not make their membrane synthesis protocols publicly available, one
essential future experiment is to determine whether the aquaporin proteins present in their
commercially available membranes have a conformation consistent with the proteins in vivo.
Ultimately, it is hoped that these future directions will help realize the initial objective of a novel
FO technique comprising an aquaporin membrane and a polyethylene-glycol functionalized iron
oxide nanoparticle draw solute.
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Chapter 6
Conclusions
To conclude, iron nanoparticles functionalized with polyethylene-glycol were
successfully synthesized. They possess (1) high solubility, (2) easy removability from solution
through the use of an external force, and (3) reusability, the three necessary attributes of a
forward osmosis draw solute. Further experiments will need to be performed to determine their
maximum possible osmotic pressure in solution. Further improvements will also need to be made
to the synthesis in order to reduce the size of the synthesized nanoparticles. A Sterlitech FO
membrane with embedded aquaporin proteins was also analyzed to determine the flux of water
across it in the presence of a 1 M concentration gradient. A maximum flux of between 3% and
7% the minimum expected performance of 7 L/m2/hr was observed. Further improvements will
need to be made to the experimental setup used in this study to determine whether the minimum
expected performance can be achieved. Further analysis of the Sterlitech FO membrane should
also be performed to determine whether the method by which it is synthesized has an adverse
effect of the aquaporin proteins embedded in it.
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Appendix
Size Distribution of Synthesized Nanoparticles (Additional Data)
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