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ABSTRACT

Although 70% of the earth is covered by water, only 3% is available for
consumption in daily human life or for industrial use. With the sharp rise in population
over recent decades, the growing demand for fresh water has led to water scarcity and
water stress. As a result, a total of 2.7 billion people suffer from water scarcity for at
least one month per year™. The lack of pure water has threatened the development of
many countries and motivates us to seek novel approaches to obtain pure water via the
desalination of seawater. These can be mainly divided into two categories, one using
membranes, and the other using evaporation. Here, we focus on a membrane-based
method to purify seawater, i.e. forward osmosis.

The objective of this thesis is to test the effectiveness of an ionic liquid to draw
water from a saltwater solution across an ionic membrane by forward osmosis. Due to
the high cost of ionic liquid, most of the experiments were conducted with Potassium
Acetate solution which is thought to have similar physical properties to ionic liquid.
Forward osmosis experiments were conducted using a baseline Nafion115 membrane
as well as proprietary membranes supplied by Xergy Inc. Water transport was
measured at varying temperatures and concentrations of Potassium Acetate solution.
These measurements were then used to create a simple model for the design of a shell-

and-tube mass exchange apparatus.



Chapter 1

INTRODUCTION TO FORWARD OSMOSIS

Although 70% of the earth is covered by water, only 3% is available for
consumption in daily human life or for industrial use. With the sharp rise in population
over recent decades, the growing demand for fresh water has led to water scarcity and
water stress. As a result, a total of 2.7 billion people suffer from water scarcity for at
least one month per year™. The lack of pure water has threatened the development of
many countries and motivates us to seek novel approaches to obtain pure water via the
desalination of seawater. These can be mainly divided into two categories, one using
membranes, and the other using evaporation. These techniques are reviewed in the

following sections.

1.1 History of water desalination

Water desalination has been employed to obtain fresh water for many decades.
The two most common methods for water desalination are distillation and osmosis.
Distillation methods can be classified into three types: multi-stage flash distillation
(MSF), low temperature multi-effect distillation (LT-MED), and pressure distillation.
The osmosis method which employs membranes can also be classified into three

types: electrodialysis, forward osmosis (FO), and reverse osmosis (RO).



Distillation Methods:

As shown in Figure 1.1, multi-stage flash distillation introduces seawater into a
flash chamber after it is heated to a certain temperature. The pressure in the chamber
is lower than the saturated vapor pressure corresponding to the sea water. Therefore,
some of the seawater evaporates rapidly due to the pressure difference and the
condensate is collected as pure water. The remaining seawater is then introduced to
the next chamber with a lower pressure than the first chamber, and the process of
evaporation and condensation is repeated. Several such flash chambers are connected
in series, wherein the pressure in the chamber and the seawater temperature decreases

step by step, and potable water is continuously produced.

A »
B

H
C c
D « |
E «

Figure 1.1 Schematic of MSFE!, A - Steam in; B - Seawater in; C - Potable water out;
D - Brine out (waste); E - Condensate out; F - Heat exchange; G - Condensation
collection; H - Brine heater

As shown in Figure 1.2, in low temperature multi-effect distillation®!, seawater

is divided into two streams, one serving as cooling water and discharged to sea, and



the other for feed to the distillation chambers. After adding an anti-sludging agent, the
second flow is sprayed into a low-pressure evaporator which is heated by tubes
carrying steam. Some of the seawater evaporates and the condensate is collected as
pure water. Some of the vapor is sent into the next chamber to provide heat to the
seawater and the process of evaporation and condensation is repeated. Multiple such
chambers are connected in series such that the temperature and pressure is

successively lowered with fresh water being collected in each chamber.
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Figure 1.2 Schematic of multi-effect distillation[*],

As shown in Figure 1.3, vapor compression distillation®™ is based on the fact
that the temperature rises when any gas is compressed. First, seawater is fed to the
evaporator to generate water vapor which is then introduced to a compressor resulting
in a high temperature steam which serves to heat the seawater. Next, the steam flows

into a heat exchanger where it preheats the incoming seawater and condenses to create



potable water.
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Figure 1.3 Single effect vapor compression distillation(®],

The primary shortcoming of distillation methods is low efficiency and high
cost, and there is still no distillation method that can operate continuously for long

periods.

Membrane-based methods:

The other method which uses membranes can also be classified into three
types: electrodialysis, reverse osmosis (RO), and forward osmosis (FO). Membranes
represent a newer technology, and after years development this has become the
mainstream method instead of evaporation. These methods developed mainly due to
the study of membranes such as the ion exchange membrane used in electrodialysis.
Due to lower energy cost compared to evaporation, membrane purification has

evolved rapidly in recent years.



The key technology of electrodialysis is the development of new ion exchange
membranes. lon exchange membrane is a functional membrane with a thickness of
0.5-1.0 mm. According to its selective permeability, it can be divided into positive ion
exchange membrane (positive membrane) and negative ion exchange membrane
(negative membrane)!”l. As shown in Figure 1.4, the electrodialysis method alternately
arranges the positive and negative membranes with selective permeability to form a
number of separate compartments in which seawater is desalinated. The electrodialysis
method can not only desalinate seawater, but can also be used as a means of water
quality treatment and contribute to the reuse of wastewater. In addition, this method is
used in the concentration, separation and purification of chemical, pharmaceutical,
food and other industries. Electrodialysis is claimed to be self-running without manual

control.
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Figure 1.4 Working principle of electrodialysis!®!



As shown in Figure 1.5, reverse osmosis (RO)[®, also known as ultrafiltration
(UF), uses a semipermeable membrane that allows only solvents to pass through while
blocking solutes, thereby separating fresh water from seawater. Normally, osmotic
pressure causes freshwater to diffuse through a semipermeable membrane to the
seawater side, causing the water level on the seawater side to rise gradually until a
certain height before stopping. This process is called infiltration. However, if an
external pressure is applied to the seawater side that exceeds the osmotic pressure,
then the direction of flow can be reversed such that pure water flows out of the
seawater. The biggest advantage of reverse osmosis is that it is energy saving. Its
energy consumption is only 1/2 of electrodialysis and 1/40" of distillation. Therefore,
since 1974, developed countries such as the US and Japan have shifted their focus to

reverse osmosis.

REVERSE OSMOSIS

Pressure
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Figure 1.5 Working principle of reverse osmosis(®!



Finally, we come to forward osmosis, which represents the main thrust of this
thesis. In our application, seawater is separated from an ionic liquid by a
semipermeable membrane. Pure water then migrates across the membrane from the
seawater side to the ionic liquid. The natural process by which water transfers from a
lower concentration solvent to a higher one is called forward osmosis (FO). The role

of FO in our proposed desalination method is described next.

1.2 Goal of the project

The overall goal is to employ ionic membranes combined with solar heat to
achieve an effective two-step seawater desalination process as shown in Figure 1.6. In
the first step, FO is applied to first to draw water from seawater (green loop) through
selected membranes into an ionic liquid (EMIMOAC, red loop). In the second step,
vacuum pervaporation is used to extract water vapor from the ionic liquid to which is
condensed to obtain pure water (blue loop) as shown in Figure 1.6. The focus of this
thesis is the Forward Osmosis step. Unlike reverse osmosis, forward osmosis does not
consume energy, and is also less susceptible to membrane fouling. Therefore, the feed

seawater does not need to be filtered before entering the forward osmaosis unit.
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Figure 1.6 Concept of solar desalination using forward osmosis with vacuum
membrane pervaporation. The focus of this thesis is the forward osmosis step (shown
by the dashed line box).

1.3 Organization of the thesis

The key parameter for this thesis is the water transferability of different
membranes, which is quantified by the water flux through the membrane between two
liquids with different solute concentrations. Two membranes were tested: Nafion115
and a perfluorosulfonic acid membrane (PFSA) from Xergy Inc. Due to the high cost
of ionic liquid ($100 per 100ml), the laboratory standard potassium acetate ($30 per
500g) solution was used as a surrogate for the ionic liquid and 3% NaCl (common
salt) solution was used to represent seawater.

In Chapter 2, we describe baseline experiments with Nafion115 to collect
primary data and validate the experimental process before testing with Xergy

membranes. Chapter 3 describes experiments with two types of Xergy PFSA



membranes, and results for concentration and flux versus time curves are provided.
Chapter 4 presents modelling of forward osmosis for Nafion115 and Xergy
membranes based on Fick's law. Chapter 5 summarizes the main conclusions and

provides suggestions for future work.



Chapter 2
EXPERIMENT FOR NAFION115

2.1 Experiment design for Nafion115

Nafion115 is a mature, commercial membrane widely used in various
applications. Forward Osmosis (FO) experiments were first conducted with Nafion115
as a baseline membrane to gather raw data and conduct primary analysis before
performing experiments with the Xergy membranes (X).

As shown in Figure 2.1, all the experiments reported here employed 80ml
acrylic jars (Beauticom) partially filled with an aqueous solution of potassium acetate
(PA). The mouths of the jars were tightly closed by the Nafion115 membrane. A leak
tight seal was ensured by using silicone sealant. The jars were then placed in an
inverted configuration (membrane facing down) in a 400ml beaker filled with 3%
saltwater (by weight) such that the membrane stayed submerged in the beaker. A small
hole (Lmm diameter) was drilled in the bottom of the jar to balance the pressure inside

the jar with the ambient pressure.

Figure 2.1 Experimental setup for Nafion115 on a counter-top at room temperature
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Due to the difference in ion concentration on either side of the membrane,
water molecules will migrate from the saltwater solution through the membrane into
PA by Fickian diffusion. Consequently, the mass of the liquid inside the jar would
increase, and the change in mass is equal to the amount of water absorbed. The jar was
removed from the beaker every 12 hours, patted dry, and its mass was measured on a
scale (U.S. Solid, model #USS-DBS00005).

Primary tests were conducted at room temperature (22°C), and at 40°C in a
laboratory oven (see Figure 2.2) to evaluate the effect of temperature on water
transport. Some tests were also conducted in a larger tank with a magnetic stirrer to
evaluate the effect of convection on the saltwater side. The temperature of 40°C was
selected because the eventual goal of the proposed work is to conduct forward osmosis

using solar thermal heat (40-60°C).

Figure 2.2 Experimental setup for Nafion115 in an oven at 40°C

11



2.2 List of experiments for Nafion115

Four groups of forward osmosis experiments were conducted by controlling

the initial PA concentration and operating temperature:

Table 2.1 Experiments for Nafion115

Temperature (°C)

PA Concentration

Saltwater

(%) Concentration (%)
25
22
33
3
25
40
33

In the stirred tank test shown in Figure 2.3, the goal was to evaluate the ability
of convection to disrupt the concentration boundary layer adjacent to the membrane. A
5L aquarium tank was filled with saltwater, and two experiments with different
concentrations (25 and 33%) of PA solution were conducted. A magnetic stirrer

(CORNING MODEL PC-420) was employed at a setting of “3” to drive a convective

water flow inside the tank.

12




Figure 2.3 Tank test with magnetic stirrer and Nafion115

2.3 Data and analysis for Nafion115

For both the beaker and tank tests, the mass of liquid was recorded as a
function of time. From this it is possible to calculate the flux of water transferred
through Nafion115, and the resulting drop in concentration of the PA solution inside
the jar as a function of time.

Due to the thickness of Nafion115 (127um) the rate of water migration across
the membrane is small, hence the tests take a long time to complete. Hence, the
sampling time was set to 24 hours. The jars were removed from the beaker (or tank)
once every day and their weight was measured after patting dry the surface of
membrane and the jar. The initial weight of the PA solution in the jar was always set
to 15g. The mass of the liquid is plotted as a function of time for the beaker test in

Figure 2.4, and for the tank test in Figure 2.5.

13



2.3.1 Data analysis for beaker test
The mass of liquid inside the jar versus time for the beaker test is shown in

Figure 2.4. The starting mass of liquid in each test was set at 15 g.

50

40 r

35

30

20 r —0— 33%PA-3%SW at RT

15 —@— 33%PA-3%SW at 40C

10 + 25%PA-3%SW at RT
5 L —h— 25%PA-3%SW at 40C

O 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Total time (h)

Figure 2.4 Mass of liquid inside the jar versus time for the beaker test with
Nafion115 for 22 and 40°C, and initial PA concentrations of 25% and 33%.

Next, we plot both the concentration vs. time and flux vs. time curves. PA

concentration is determined as:

concentration = 24 (1.1)

mp,
where mp, is the mass of solute PA in the jar (which remains fixed over time), and
m,, is the total mass of the solution (which increases with time).

The flux of water across the membrane is calculated as:

Flux = & (1.2)

AtS

14



where Am is the mass change of liquid inside the jar (= mass of water transferred in
g), At is the time increment in seconds, and S is the surface area of the membrane
(= 19.625cm?).

We plot the PA concentration as a function of time for the beaker tests at 22
and 40°C in Figures 2.5 and 2.6, respectively. The 25% PA concentration curve is
offset from the 33% curve by about 16 hours in both Figures 2.5 and 2.6. This offset
was obtained by just eye-balling the two curves such that they overlaid each other to
the best possible extent. We then plot the water flux vs. time for the beaker test at 22
and 40°C in Figures 2.7 and 2.8, respectively. The same offsets used in the

concentration vs. time curves are employed in the flux vs. time curves as well.

0.35

0.30
—0— 33%PA-3%SW at RT

o

= 0.25

© —l— 25%PA-3%SW at RT

€ 0.20
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c 0.15

o

o
0.10

0.05

0.00 1 1 1 1 1
0 20 40 60 80 100 120

Time (h)

Figure 2.5 PA concentration versus time for the beaker test at room temperature with
Nafion115. The 25% curve is offset from the 33% curve by 16 hours.

15



0.35

0.30

0.25

020 |

015

Concentration

0.10 |

005 |

—0— 33%PA-3%SW at 40C
—— 25%PA-3%SW at 40C

0.00

20 40

60

Time (h)

100

120

Figure 2.6 PA concentration versus time for the beaker test at 40°C with Nafion115.

The 25% curve is offset from the 33% curve by 16 hours.
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Figure 2.7 Flux versus time for the beaker test at room temperature with Nafion115.

The 25% curve is offset from the 33% curve by 16 hours.
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Figure 2.8 Flux versus time for the beaker test at 40°C with Nafion115. The 25%
curve is offset from the 33% curve by 16 hours.

2.3.2 Data analysis for tank test
We now plot the mass of liquid inside the jar versus time for tank test in Figure

2.9.

o)
o

[Sa)
o
T

N
o
T

w
o
T

Mass of liquid (g)
S

—0— 33%PA-3%SW at RT
—&— 25%PA-3%SW at RT

=
o
T

0 50 100 150 200 250
Total time (h)

o

Figure 2.9 Mass of liquid inside the jar versus time for the tank test with Nafion115 at
22°C for PA concentrations of 25% and 33%.
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Figures 2.10 and 2.11 show the concentration vs. time and flux vs. time,
respectively, for the tank test at room temperature. Here, the 25% PA curve is offset

from the 33% curve by about 22 hours.
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Figure 2.10 PA concentration versus time for the tank test at room temperature with
Nafion115. The 25% curve is offset from the 33% curve by 22 hours.
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Figure 2.11 Flux versus time for the tank test at room temperature with Nafion115.
The 25% curve is offset from the 33% curve by 22 hours
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Figure 2.12 Comparison of flux versus time curves for the beaker test (BT) and tank
test (TT) at room temperature with Nafion115. No time offsets are employed here.

Now we examine the effect of initial PA concentration, operating temperature,
and convection. It is immediately obvious from Figure 2.12 that a higher PA
concentration results in a higher water transfer rate. This result is expected. A higher
PA concentration implies a lower water concentration and hence a greater water
concentration differential that enhances water diffusion across the membrane. It is
easily seen in Figure 2.12 that the flux reduces with time, i.e. as the PA solution
becomes more dilute. For the effect of temperature, we can compare Figures 2.7 and
2.8 for the beaker test at 22 and 40°C, respectively. The flux is almost twice as high at
40°C. This can be attributed to the higher diffusivity of water in Nafion115 at a higher
temperature. Nguyen and Whitel'®! provide an expression that relates diffusivity of

water in the membrane to the temperature:

—2436
D =(176 x107° + 1.94 x 10~ *Dexp [

]
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where T is the temperature in K, and A is the number of water molecules per sulfonic
acid side chain in the ionomer. For a membrane in contact with liquid water, 1 =~
22014,

From Figure 2.12, we can also observe that the flux for the beaker test is
slightly smaller than the flux for the tank test. Thus, we may conclude that disrupting
the concentration boundary layer on the saltwater side of the membrane has a
relatively small beneficial effect on water transport. We can thus infer that the

concentration boundary layer comprises only a small portion of the total mass transfer

resistance.
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Chapter 3

FORWARD OSMOSIS EXPERIMENT WITH XERGY MEMBRANES

3.1 Experimental design

Similar to Nafion115, Xergy’s perfluorosulfonic acid membrane (PFSA)
membrane (hereafter labeled membrane “X”) also contains nanometer-sized
hydrophilic domains that confer excellent selectivity to water transport while blocking
mobile ionic species, such as salts. The main difference between Nafion115 and X is
the membrane thickness; Nafion115 has thickness of 127um, whereas X has a
thickness of only 25um. Hence, everything else being equal, X should display a
fivefold greater flux than Nafion115.

Using same experimental procedure as the Nafion115 tests, all the experiments
for X as well employed 80ml acrylic jars (Beauticom) partially filled with an aqueous
solution of PA. As before, the jars were then placed in an inverted configuration in a
400ml beaker filled with 3% saltwater (by weight) such that the membrane stayed
submerged in the beaker.

Two kinds of X membranes were tested: X-normal and X-special. Since
membrane X is thinner and more fragile than Nafion115, it was decided not to subject
it to convective flow and therefore only the beaker test was performed. Tests were

conducted at three temperatures: room temperature (22°C), 40°C and 50°C.

3.2 Lists of experiments for membrane X
Preliminary tests were conducted to gain a basic understanding of membrane

X-normal as follows:
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Table 3.1 Preliminary tests for ‘X’

Temperature | PA concentration Saltwater
) (%) concentration (%)
22 33 3
22 20 3

Next, tests were conducted with both X membranes at the highest PA

concentration:

Table 3.2 Comparison tests for two kinds of ‘X’

Temperature | Membrane PA concentration Saltwa_lter
(%) concentration (%)
2(2) X-normal
66.7 3
22 X- special
50

Next, additional tests were conducted with X-normal to increase the

concentration range.

Table 3.3 Concentration gradient tests for X-normal

Temperature | PA concentration Saltwater
(69 (%) concentration (%)
66.7
22 40
20
66.7 3
40 40
20

Then, tests were conducted to gauge the effect of a temperature gradient across
the membrane since it is hypothesized that warm saltwater and cool PA should

enhance water flux.
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Table 3.4 Temperature gradient tests for X-normal

Temperature of PA | Temperature of PA concentration Saltwater
solution (°C) saltwater (°C) (%) concentration (%)
22
20 40 66.7 3

Finally, considering the different physical properties of PA and lonic Liquid

(IL), a similar experiment was performed to assess the behavior of IL.

Table 3.5 Repeated tests of temperature gradient for IL

Temperature of lonic Temperature of Saltwater
Liquid (°C) saltwater (°C) concentration (%)
22 22
40 40
22 40 3
40 22

3.3 Data and analysis for membrane X

Similar to the Nafion115 tests, the mass of liquid in the jar was recorded as a
function of time. Due to the higher water transfer rates with X (about 10 times that of
Nafion115), sampling times for X were reduced to 1 hour, and even 20 minutes in
some cases.

Here, we plot the mass of liquid inside jar vs. time, concentration vs. time and
flux vs. time curves for the four tests listed above. Each test employed membrane
samples that were cut from sheets manufactured at different times, and therefore there

is some variability in the results that makes the results difficult to compare.

3.3.1 Room temperature test
Figure 3.1 shows the gain in water mass with time for membrane X-normal at

room temperature starting with PA concentrations of 33% and 20%.
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Figure 3.1 Preliminary tests for X-normal at room temperature (22°C)

It is immediately apparent that the water transferability for X-normal is greatly
superior to Nafion115. For example, while it took 24 hours for Nafion115 to go from
an initial liquid mass of 15g to 22.85g at room temperature, it only took one hour for
X-normal to go from 15g to 19.9¢g at 33% PA. Thus, the time duration for experiments

with membrane X can be greatly reduced which speeds up the data collection.

3.3.2 Comparison of X-normal with X-special

Figure 3.2 and 3.3 show water absorption with time for X-normal and X-
special, respectively. Data was collected with a starting PA concentration of 66.7% for
22°C and 50°C. The initial mass of PA solution was again fixed 15g, and the
concentration of PA was fixed at the highest possible concentration (66.7%) to

accelerate water mass gain for the different materials.
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Figure 3.2 Water transferability for X-normal at 22°C and 50°C.
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Figure 3.3 Water transferability for X-special at 22°C and 50°C.
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The results indicate that X-normal possesses a higher water transferability than
X-special. At 50°C, X-normal absorbed 20.45g of water while X-special only
absorbed 8.35g of water after 100 min from the saltwater solution. At room
temperature, X-normal took up 8.83g of water while X-special took up 5.99g after 100
min. It may be concluded that X-normal has much greater water absorption compared
to X-special, and the difference between the two is much higher at 50°C. However, X-
special is more stable at higher temperatures which could be useful for future research.
Since the design temperature for the current application is 40-60°C (solar heating), X-
normal was selected for subsequent experiments.

X-normal possesses a better water transferability than X-special; as shown in
Figures 3.5, the average flux for X-normal is around 1.25 X 10~*g/cm? - s, while it
isonly 5x1075g/cm? s for X-special. It can be concluded that the water

transferability of X-normal is more than twice that of X-special.

26



0.70
0.60
0.50
c
.©
+ 0.40
s
5
§ 0.30 —@— X normal at RT
Q
0.20 —@— X normal at 50C
X special at RT
0.10
—&— X special at 50C
0.00

0 20 40 60 80 100 120 140
Total time (min)

Figure 3.4 Concentration versus time for both X membranes at RT and 50°C; all
experiments employed 66.7% PA solution with 3% saltwater.
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Figure 3.5 Flux versus time for both X membranes at RT and 50°C; all experiments
employed 66.7% PA solution with 3% saltwater.
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3.3.3 Additional tests with X-normal for various PA concentrations

Based on the previous data, it was decided to conduct additional experiments
by varying PA concentrations. Figures 3.6 and 3.7 show water gain with time for X-
normal at 22 and 40°C, respectively. In each case, three starting PA concentrations
were employed: 20%, 40% and 66.7%. Moreover, the initial mass of PA solution was

fixed at 409 to improve the resolution of the concentration versus time curves.

w
iy

H B R B
w (6] ~ ©
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(\e]
T

—h&— 40%PA-3%SW

w
~
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Figure 3.6 Additional tests with X-normal at 22°C, initial weight of liquid was set to
40qg.
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Figure 3.7 Additional tests with X-normal at 40°C, initial weight of liquid controlled
at 40g.

The results from these tests are not as promising as the earlier tests. It is seen
that with temperature increase from 22°C to 40°C, in 3 hours, the water absorbed by
the 66.7% PA concentration only increased from 7.17g to 8.33g. This is significantly
smaller than the water uptake shown in Figures 3.2 and 3.3. We attribute the big drop
in water uptake to inconsistencies in the manufacture of the membrane.

We plot the PA concentration in tests for X-normal as a function of time at 22
and 40°C in Figure 3.8. The 40% PA concentration curves are offset from the 66.7%
curves by about 8 hours, and the 20% PA concentration curves are offset from the
40% curves by about 14 hours. This offset was obtained by just eye-balling the two

sets of curves such that they overlaid each other to the best possible extent. We then
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plot the water flux vs. time for X-normal at 22 and 40°C in Figure 3.9. The same
offsets used in the concentration vs. time curves are employed in the flux versus time

curves as well.
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Figure 3.8 Concentration versus time for X-normal at room temperature group and
40°C.
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Figure 3.9 Flux versus time for X-normal at room temperature group and 40°C.

Figure 3.8 shows that Group [3] produces cleaner concentration versus time
curves. By using proper time offsets, it is possible to make all the curves for different
initial PA concentrations merge smoothly.

Figure 3.9 shows that the flux for X-normal and 20%-66.7% PA varies from
1.0 to 4.5 X 10~3g /cm? - s, which is much higher than that of Nafion membranes
(2.56 t0 3.54% 10~ °g/cm? - s at 20°C for 25%-30% PA with 3% SW). For X normal,
increasing the temperature from 22°C to 40°C will increases the flux by about
5x 107®g/cm? - s, which is not a huge increase.

As shown in Figures 3.8 and 3.9, the measured flux of samples in group [2]
and [3] are 1.75 % 10™*g/cm? -s and 3.75 X 10™°g/cm? - s, respectively. Clearly

there is a huge gap between the performance of group [2] and [3], which is puzzling.
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3.3.4 Effect of temperature gradient across the membrane for PA solution

In Figure 3.10, we show results for two experiments: (1) both saltwater and PA
solution heated at 40°C, and (2) only saltwater heated at 40°C and PA solution at room
temperature. The experiments were performed as follows. For (1) we simply placed
the beaker inside the oven at the prescribed temperature. For (2) the temperature
conditions were slightly more difficult to maintain because after the cold PA solution
is placed inside the warm saltwater beaker, the PA solution warms up within about 20
minutes. Therefore, experiment (2) had to be conducted in an intermittent manner such
that after every weight measurement, the PA solution was again cooled back to room
temperature by placing it in an ice water bath. We anticipated that the PA solution will
accept water less readily when it is heated. To our surprise, experiment (1) showed

better water transferability than experiment (2).
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Figure 3.10 Dilution of PA solution versus time for two situations: (1) both saltwater
and PA solution heated, and (2) only saltwater heated.
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Therefore, our hypothesis that warm saltwater and cool PA would enhance the
water flux was not verified. Figure 3.11 shows the variation of concentration versus
time for the two experiments. Figure 3.12 shows the average flux for ‘both SW and
PA at 40°C’ and ‘SW at 40°C, PA at RT’ groups as 1.44 X 10~*g/cm?-s and
1.16 X 10~*g/cm? - s, respectively, which indicates that the ‘both heated’ case

transfers water 20% better than the ‘SW at 40°C, PA at RT’ case.
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Figure 3.11 Concentration versus time comparing “both SW and PA at 40°C” and
“SW at 40°C, PA at RT” cases for X-normal.
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Figure 3.12 Flux versus time comparing “both SW and PA at 40°C” and “SW at 40°C,
PA at RT” cases for X-normal.
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3.3.5 Effect of temperature gradient across the membrane for ionic liquid (1-
Ethyl-3-methylimidazolium acetate, CAS:[143314-17-4])
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14
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Total time(s)

Figure 3.13 Dilution of ionic liquid versus time for four situations: (1) both IL and SW
at room temperature; (2) both IL and SW at 40°C; (3) IL at RT, SW at 40°C; and (4)
IL at 40°C, SW at 40°C .

The results described in 2.3.4 above for PA were surprising in that the
temperature gradient (saltwater heated with PA solution RT) did not lead to a higher
water transfer rate. We suspected that PA solution has different properties than the
ionic liquid which would actually be used in our desalination system. Therefore, we
repeated the experiments in 2.3.4 with ionic liquid. Since evaporation increases with
temperature for ionic liquid, we expected water transferability into the ionic liquid to
increase for the forward osmosis case where the ionic liquid is at room temperature

with saltwater heated. Figure 3.13 shows that the “Both at RT” case exhibited the
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lowest water transferability which is expected. However, the “Both at 40°C” group
still performs the best which is consistent with the PA results in Figure 3.10. For the
other two groups, “IL at RT-SW at 40°C” performs better than “IL at 40°C-SW at RT”

which matches our expectation.
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Figure 3.14 Flux versus time for four cases with X-normal and ionic liquid.

The flux-time curves in Figure 3.14 confirm that the “Both heated” group
possesses the highest water transferability, and “Both at RT” group shows the lowest
water transferability. Comparing the flux-time curve with result of PA in Figure 3.12,
the average computed flux for IL varied from 3.30~6.55 X 10™°g/cm? - s, whereas
the flux for PA varied from 1.16~1.44 x 10~*g/cm? - s. Thus it can be concluded

that the water transferability for IL is lower than that for 66.7% PA solution.
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These results require careful explanation. There are two effects that are
prevalent in this experiment. First, it is well known that the water diffusivity of PFSA
membranes improves with temperature. Therefore, it stands to reason that the best
performer is when both liquids (and therefore the membrane as well) are heated to
40°C. Second, our belief is that heated ionic liquid is less accepting of water than
room temperature ionic liquid. Therefore, a temperature gradient where ionic liquid is
at room temperature with saltwater heated should promote water migration. However,
it is not clear if the temperature gradient is really playing a significant role. Although
the “IL at RT-SW at 40°C” performs better than “IL at 40°C-SW at RT”, we need to
realize that the mass of the SW is much greater than the mass of the ionic liquid.
Hence, in both these cases, the membrane temperature is influenced more by the SW
temperature rather than the IL temperature. Therefore, although heating the IL
apparently slows water migration, since the SW mass is much greater than the IL
mass, we can infer that the membrane temperature in the “IL at 40°C-SW at RT” drops
more quickly and so the lower water transferability observed could be due to the effect
of temperature on the PFSA membrane’s water diffusivity.

Interestingly, Figure 3.14 shows that there are some similarities between the
shapes of the “both at RT” and “both at 40°C” curves; likewise, the curves for “IL at
RT, SW at 40°C” and “IL at 40°C, SW at 40°C” are also relatively similar. For ‘Both
at 40°C’ and ‘Both RT’, it maybe concluded that the higher water transfer ability of
the system come with higher temperature and evaporation of water inside heated IL
balanced each other after second data point, the flux curve might keep the shape until
the balance is broken. For ‘IL at 40°C, SW at 40°C’ and ‘IL at RT, SW at 40°C’, it

was supposed that the experiment has not arrived the equilibrium point between
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temperature and evaporation effect, and evaporation dominate the experiment in
current stage. Obviously, a complete curve including more data point is necessary to

study the effect of temperature gradient and evaporation in the future.
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Chapter 4

MODELLING OF FORWARD OSMOSIS

In this chapter we apply modelling to analyze the water flux across membranes
under various conditions. The goal of this chapter is to build a model of forward
osmosis across membranes to predict water flux and compare with experimental data
in future work. We will begin by modelling of the experiments in Section 3.1 for

membrane <X’.

4.1 Basic modelling for experiments in 3.1
In the experiments in Section 3.1, the liquid made contact with the membrane
as shown in Figure 4.1. The water flux is driven by the difference of osmotic pressure

in saltwater (SW) and the potassium acetate solution (PA).

PA solution

-

SW solution

water flux

naPA

Figure 4.1 Experimental setup in 3.1 (top); and water flux across the membrane driven
by pressure difference (bottom), z,,and 7, represent the osmotic pressures in PA

and SW solutions, respectively.
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Here we consider an ideal condition: no concentration polarization and no
solute (potassium acetate and salt) flux; thus, the only flux that needs to be considered

here is the water flux from SW to PA across the membrane.

J» = A(oAm — AP) (4.2)

where A is membrane water permeability coefficient (m*/(m?s Pa), o is the
reflection coefficient, which is usually assumed to be unity, and AP is applied
hydraulic pressure, which is equal to 0 in our forward osmosis setup. Hence:

Jo = AT graw — 7Tf.eed) (4.2)
From van’t Hoff theory!*®],

m = cRT (4.3)
where ¢ is the molar concentration of solute, R is the ideal gas constant, and T is
the temperature in K. Substituting Equation 4.3 in 4.2, we obtain:

Jv» = ART (Caraw — Cfeed) (4.4)
J» is calculated in Chapters 1 and 2, and Cgyqy , Creeq, and T are set parameters.

Hence, we can solve for A.

Thus, we obtain a basic model for ideal forward osmosis.

4.2  Modelling of forward osmosis in a tube flow

A typical forward osmaosis system would consist of a shell-and-tube mass
transfer apparatus, where the ionic liquid (or PA solution) would flow through the tube
extracting water from the surrounding seawater in the shell. In order to model this

system, let us consider the tube flow shown in Figure 4.2.
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Figure 4.2 Schematic of tube flow for modeling purposes

For the tube flow, there is no water accumulation in the membrane wall,
therefore the water flow into the membrane from the SW side is balanced by the water

flow out of the membrane on the PA side. Figure 4.3 shows the details.
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Figure 4.3 Analysis of forward osmosis in a tube flow. C,, and C,; represent the
bulk and interfacial water concentration on the SW side, respectively.
Cioand C,; represent the bulk and interfacial water concentration on the
PA side. R isthe tube radius. C,, and C,,., representthe concentration
of PA (g/cm?) at the entry and exit of the control volume, respectively.
u., represents the velocity of water entering the control volume across
the tube wall. u,, and u,,; represent the velocity of PA solution flow
at the entry and exit of the control volume, respectively.

Our experiments have confirmed that the volume of PA solution is given by:

mpy + My,
Pw

Vol =

Thus, the concentration of PA can be written as:
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_ Mpay Mpy
Vol Mmpyg+m,y,
Pw

Cn

The mass concentration of water in PA solution, which is a function of x, can be

written as:
__mw 4 Cn
Cm = Mmpatmy Pw (4:5)

Let us consider the water flux across the membrane from the SW to the PA solution.

Water flux at the SW side:

Uen = Kow (C20 — Cain) (4.6)
Water flux across the membrane:

Uen = %(CZI:,TL — Ciin) (4.7)
Water flux at the PA side:

Uen = KPA(Cli,n - Clo,n) (4-8)

In Equations 4.6-4.8, u.,, is the water flux (cm/s) which is a function of x, K, and
Kp, are the mass transfer coefficients (cm/s), D is the diffusion coefficient (cm?/s) of
water in the membrane obtained from experiments in Chapter 3, and t is the

thickness of the membrane (cm).

Combining Equations 4.5-4.7, we obtain:

1 t 1
C20 = Ciom = Ucn (E to+ E) (4.9)

To simplify, we rewrite the total mass transfer resistance (KL +i4 L) as a:

sw D Kpg
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Cz0 — Cion = Ucn@ (4.10)

Using Equation 4.5, this can be rewritten as:

CZO - ( - Z_:/) = Ucp
Therefore,
Coo—(1-52
Uen = o) (4.11)

a

Applying mass conservation of water to the control volume in Figure 4.3, we obtain:

(Uny1 — Up)TR? = 2nRAX U, ,,

Therefore:

2Ax
Uptr = Uy T Ucp R (4-12)

Applying mass conservation of PA to the control volume in Figure 4.3, we obtain:

UpCp = Uptq Gy

Therefore:
TLCTL
Crag =32 (4.13)

Substituting Equations 4.11 and 4.12 into 4.13, we obtain:
Cryy = ——2 (4.14)

un+<620 —(1—5—;)>2R;“:
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In Equation 4.14, C,,, the initial values of C, and u,, and Ax are input
values, and a can be determined using values for Ks,, and Kp, obtained from the
literature or from the experiments in Chapter 3. p,, = 1.0 g/cm®*and R = 0.5 cm.

Thus, we can solve numerically for the bulk water mass concentration on the PA side,

Crn (x).

4.3 Effect of parameter variation on simulation results

Here, we will employ Equation 4.14 to solve for C,, using Matlab. In
Equation 4.14, C,, is the bulk concentration of water on the SW side, which is fixed
as 0.97, an average value for seawater. The initial value of C, is known as the initial
bulk concentration of PA on the PA side at the beginning of test in Figure 4.2.
Assuming 66.7 wt.% for PA (the saturation concentration of PA in water at room
temperature) in Figure 4.2, the initial value of C,=0.667.

Next, we determine the value of Kg,, and Kp, as follows:
K = % (4.15)

where D is the diffusivity of a solute in water and [ is the mass transfer boundary
layer thickness. In Equation 4.15, Dy, and Dp, are assumed to be around 1E-5
cm?/si*2, 1 is assumed as 0.01cm. Therefore, the baseline value of Kg,, and Kp, is
1E-3 cm/s. However, to study its effect on mass transport, we will use three different
values of K, and Kp, as 1E-2, 1E-3, and 1E-4 cm/s. The mass transfer resistance
of the membrane wall is t/D, where t is the known thickness of the Xergy
membrane (0.0025 cm), and D is diffusion coefficient of water in the membrane,
which is estimated from the experimental results in Chapter 3 as 4E-6 cm?/s. Ax was

selected by performing grid convergence studies.
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We will now introduce the Reynolds number to represent the initial PA flow velocity:

(4.16)

In Equation 4.16, v is the kinematic viscosity of PA solution at 20°C, which is 0.1
cm?/st4. D is the diameter of the tube, given as 1 cm. We will let Re take on the
values of 1, 10, and 100 giving u,= 0.1, 1, and 10 cm/s, respectively.

Profiles of C,,(x) forvarying Kg,, and Kp, for Re = 10 are shown in

Figure 4.4, and profiles of C,,(x) for varying Re for K, = Kp, = 1073 cm/s are

shown in Figure 4.5.
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Figure 4.4 Profiles of C,,(x) forvarying Kg,, and Kp, for Re = 10.
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Figure 4.5 Profiles of C,,(x) forvarying Re for Kg, = Kp, = 1073 cm/s.

The modelling results in Figures 4.4 and 4.5 show that the bulk water

concentration with the tube on the PA side is highly sensitive to both the mass transfer

coefficients and Re. Asmall Re and a large mass transfer coefficient cause the PA

solution to dilute faster and reach its equilibrium value of 0.97 more rapidly. This

result can be explained quite easily. A smaller Re implies that the residence time of

the fluid within the same length of tube is higher allowing the dilution as a function of

x to increase. Likewise, a higher mass transfer coefficient also accelerates dilution.

These results can provide valuable guidelines for the design of the mass transfer

apparatus.
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Chapter 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

In this thesis, the effect of both temperature and PA concentration on water
transport by forward osmosis across Nafion115 and proprietary membranes from
Xergy was studied. Results in Chapters 2 and 3 consistently show that the forward
osmosis efficiency increases with both temperature and PA concentration. Comparing
results of the beaker test and tank test in Chapter 2, it is apparent that disrupting
boundary layer on the SW side of the membrane has a very small effect on the rate of
water transport. From this we may conclude that most of the resistance to water
transport comes from the membrane itself. Comparing water flux data for all the three
membranes tested (Nafion115, X-normal, X-special), X-normal provides the highest
water flux. Although it was hypothesized that a temperature gradient across the
membrane with hotter SW and cooler PA/ionic liquid would improve transport, on the
contrary, results showed that a higher overall temperature produced the greatest water
transport. This is attributed to the increase in water diffusivity through the membrane
at higher temperature.

Modelling of the mass transfer based on Fick’s Law and mass conservation
confirmed that dilution of the flow in the tube increases when the Reynolds number is

reduced and when the mass transfer coefficient is increased.

5.2 Future work
All the experiments conducted in this thesis pertained to water transport
measurements across planar films under static conditions. However, any practical

application would employ a shell-and-tube type mass transfer apparatus. The modeling
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in Chapter 4 represents the first step in constructing some design guidelines for future
experiments. Such experiments would need to be performed to validate the model.
Additional tasks for the future would include membrane durability studies, as well as

energy optimization for the overall desalination process depicted in Figure 1.6.
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Appendix A

MATLAB FUNCTION OF MODELLING USED IN 4.3
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A.1 Function for varying Kgy and Kp,.

1 clc;

2 clear all;

3 close all;

4 num = 20888 ;

5 output_1 = zeros{mum,4};

[3 output_2 = zeros{num,4);

7 output_3 = zeros{num,4);

8

9 EEESEEEREEREEEELEEEEFEEFEEEEEEEEEEREEFEEEEEEEEREEEE LT EXFESEESEE SRS LT LS
18 ¥ o= 83

11 pw = 1;

12 t = 25e-4;

13 D = de-6;

14 €28 = B.97;

15 delta_x = 1;

158 cn = @.67;

17 R = 8.5;

18 un = 1;

19 cm = 1-cnj

28

21 kpa = 1=-2;

22 ksw = kpa;

23 alpha = 1/ksw + t/D + 1/kpa;
24 EXRXXX XX XXX RXXXRXEEXE loop RERERREZRERREZREEREEXRS
25

26 for 1 = 1:inum

27 output_1{i,1) = cn;

28 output_1(1i,2) = x;

29 output_1(i,3) = logl@e(x);
38 output_1(i,4) = cm;

31 x = x + delta_x;

32 cn = un®cn/ (un+{c28-(1-cn/pw))*2*delta_x/alpha);
33 cm = 1-cnj;

34 end
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35
35
37
38
39
4@
41
42
43

a5
46
a7
ag
49
5@
51
52
53
54
55
56
57
58
59
60
61
62
63
64
85
66
67
68
&9

A B A A A A B e R R R R X AR RN R R RN X0
¥ o= 0;

pw = 1;

T = 25e-4;

D = 4e-6;
c2@ = 8.97;
delta x = 1;
cn = B.67;
R = 8.5;

un = 1;

cm = 1-cnj

kpa = le-3;

ksw = kpa;

alpha = 1/ksw + t/D + 1/kpa;

ERTRRTHRRAXRTREXRAEREEY loop RERREREXRRERERRRXXRZXRR

for i = 1:num
output_2(i,1)
output_2(1i,2)
output 2(i,3) = logle(x);
output_2(1i,4)
¥ = x + delta_x;

un®*cn/{unt{c28-(1-cn/pw))*2%delta_x/alpha);

cm = 1-cn;

cn;

x5

cm;

cn
end

R A B R B BB B B B B B B B B B e B B A B L A B B L A e B e R R A A e A A e A R R R R R A
o= B;

pw = 1;

t = 25e-4;

D = 4e-6;

c2@ = 8.97;

delta_x = 1;

cn = @.67;
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7a
71
72
73
74
75
76
77
78
74
28
81
82
83
B4
85
86
87
titid
89
o9a
91
92
93
94
95
896
97
93
99

R =08.5;
un = 1;
cm = 1-cn;

kpa = le-4;
ksw = kpa;
alpha = 1/ksw + t/D + 1/kpa;
Re = 180;
EXCXAXXAXAXLIXNECXXAXALY Loop HERXXAXEXXXRAXNRLXNLIE
ksw = kpa;
for 1 = l:num
output_3(i,1) = cn;
output_3(1i,2) = x;

output_3(i,3) = logle(x);
output_3(i,4)
x = x + delta_x;

cm;

cn = un®*cn/ (un+{c28-(1-cn/pw))*2*delta_x/alpha);

cm = 1-cnj;
end

figure;

plot{output 2(:,2),output 1(:,4),...
output_2(:,2),output_2(:,4),...
output_2(:,2),output_3(:,4));

% xlabel('$log_{10}x% (cm)}');

xlabel("x (cm)'};

ylabel{ "Cm");

legend( ' kpa=ksw=18-4", "kpa=ksw=18-5", "kpa=ksw=18-&", 'location’, 'southeast');

title('Re=18");
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A.2 Function for varying Re

1 klc;

2 clear;

3 close all;

4 num = 20880;

g output 1 = zeros{num,4};

[3 output_2 = zeros{num,4);

7 output_3 = zeros{num,4);

8

9 EXESEF SR FEEREF SR FEEREREFEEFEEFEFEEFERLFEGFEETES S EEGEEEREF LS FEFEEFEE LTSS 5
1@ w o= 8

11 pw = 13

12 t = 25e-4;

13 D = 4e-6;

14 €28 = 9.97;

15 delta x = 1;

16 cn = 8.67;

17 R = @.5;

18

19 un = @.1;

28

21 cm = 1-cnj

22 kpa = 1le-3;

23 ksw = kpa;

24 alpha = 1/ksw + t/D + 1/kpa;
25 EXCXTXAAXXXRLXLAXLINAY loop AEXXAXXXEELXXXXEXRLNALALN
26

27 for i = 1l:num

28 output_1(i,1) = cn;

29 output_1(1i,2) = x;

38 output_1(1i,3) = logle(x);
31 output_1(i,4) = cm;

32 X = x + delta_x;

33 cn = un®cn/ (un+(c28-(1-cnSfpw) ) *2¥delta_x/alpha);
34 cm = 1-cn;
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35
36
7
38
39
48
41
42
43

45
a5
a7
48
49
58
51
52
53
54
55
55
57
58
59
6@
61
62
63
54
85
&6
67
68

end

EEEES PSR RS S SRS bR e S P SR RS RS e SR SRR ey S

X = B;

pw = 1;

t = 25e-4;

D = 4e-6;
c2@ = 8.97;
delta_x = 1;
cn = 8.67;
R = 8.5;

un = 1;

cm = 1-cnj
kpa = le-3;
ksw = kpaj
alpha = 1/ksw + t/D + 1/kpa;

AREXRXEXRELRRRREATXEXEXE loop REREREERREEEEXEREREXEXE

for 1 = 1:num
output_2(i,1} cn;
output_2(1,2) = x;

output_2(1i,3) = loglé(x);

output_2(1i,4)
® = x + delta_x;

cm;

cn = un®cn/(unt(c2@-{1-cn/pw})*2*delta_x/alpha);

cm = 1-cn;
end

A A A R A R R R A e A R A R R A R R R R R R R R R AR R R A A R AR R R AR R R R R RN

o= @
pw = 1;
t = 25e-4;
D = 4e-6;
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&9 c2@ = 8.97;

7@ delta x = 1;

71 cn = @.67;

72 R = @.5;

73

74 un = 18;

75

78 cm = 1-cnj

77 kpa = 1le-3;

78 ksw = kpa;

79 alpha = 1/ksw + t/D + 1/kpa;

8o EXCATXAXXAXTREALRIANEE loop HEXAEXEEAXEAXAXLERNEEI XY
81 ksw = kpa;

82 for 1 = 1:num

83 output_3(i,1) = cn;

B4 output_3(1i,2) = x;

85 output_3(1,3) = logle(x);

B5 output_3(i,4) = cm;

87 ¥ = x + delta_x;

B8 cn = un*cn/{un+(c2@-{1-cn/pw))*2*delta_x/alpha);
29 cm = 1l-cnj

=l end

91 EEFEEEES SRS ESEE RS S S SR PSS E SRS S SRS E RS S R
92

o3 figure;

Gel plot{output_1(:,2),output_1(:,4),...

95 output_2(:,2),output_2(:,4),...

T output 3(:,2),output 3(:,4));

o7 xlabel('x (cm) ');

98 % xlabel('$x% (cm)');

99 ylabel( 'Cm");

186 legend('Re=1"', 'Re=18", 'Re=128", "location”, 'southeast’);
121 title( 'kpa=ksw=18-3");
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