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Abstract

Water desalination plays a critical role in augmenting the fresh water supplies for wa-

ter scarce regions. However, despite considerable improvements in system efficiencies,

it still remains six to ten times more expensive than treating freshwater for drinking.

As a result, the construction and operation of a desalination plant places considerable

economic burden on the regions that require such an investment. As more and more

regions experience water stress due to climate change, increased industrial consump-

tion, and population growth, materials engineering will play a role in improving the

economics.
The membranes used in today's reverse osmosis plants are made from polymers

that are fragile, limited in the flux, and typically operate at 70% of their rated per-

formance due to biofouling. Following the exciting proposition of using graphene as

a size-exclusion based desalination membrane, there has been a great deal of revived

interest in the development of new membrane materials that overcome these chal-

lenges. Graphene oxide, made from the chemical exfoliation of graphite, has served as

a promising candidate for membrane applications because it is cheaper than graphene

to produce and yet demonstrates similar benefits of resilience and increased perme-

ability. In this work, we take a critical look at three aspects of graphene oxide as it

applies to the development of water desalination membranes.

First, we present an atomic study of the structure of graphene oxide (GO) that is

produced in bulk quantities. In contrast to previous work, which has examined partic-

ularly defect free GO, we find that GO develops a nanocrystalline structure in support

of a Dynamic Structural Model in its hexagonal carbon lattice. Second, we detail the

development of a new cross-linker that enables the fabrication of stable GO films

with sub-nanometer interlayer spacing and demonstrated nanofiltration performance.

The process of cross-linking and membrane fabrication is entirely solution based and

therefore promising for scale up. Finally, we evaluate the techno-economic feasibil-

ity of a GO as a water desalination material with a comparison between estimated

production cost and savings in terms of the levelized cost of water. We quantita-

tively assess GO membranes as a scalable technology and identify other separation
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areas that could be served by robust membrane materials. With these three diverse
analyses, I aim to provide a research-based perspective as to the material system,
technological hurdles, and the economic potential of graphene oxide membranes.

Thesis Supervisor: Jeffrey C. Grossman
Title: Professor of Materials Science and Engineering

4



Acknowledgments

First, I would like to thank my advisor, Professor Jeffrey Grossman, and my com-

mittee, Professors John Lienhard and John Hart, for their dedicated guidance and

feedback throughout the completion of this work. Professor Grossman is unequaled

in his ability to inspire, create, develop, and assess scientific opportunity and I have

been truly lucky to be able to learn to research, teach, and explore from him. I

was also extremely fortunate to learn from Professor Jamie Warner at the University

of Oxford and cannot thank him enough for sharing with me the magic of electron

microscopy.

This work was made possible through a number of key funding sources that help us

bridge the distance between fundamental science, applied engineering, and usually, a

bit of both. In particular, I would like to ackhowledge to Doug Spreng, the Deshpande

Center for Technological Innovation, the JWAF-S, and the Martin Family Society for

Sustainability. Special thanks to Leon Sandler, Maron Cattonar, Michelle Grdina,

and Karan Golmer for believing in us, questioning us, and supporting us in many

many ways.

My research journey started in the Building Technology Laboratory, under the

guidance of Professors Marilyne Andersen and Leon Glicksman through the Technol-

ogy & Policy Program (TPP). It was there, with them, that I discovered the impact

of research and how to explore interdisciplinary questions and for that I am incredibly

grateful.

The creativity of this research was by no small degree driven by teaching experi-

ences with Professors David Wallace and Rich Weisman, Jane Kokernak, as well as

the entire rest of the Pappalardo and 2.009 staff. With their vast knowledge, product

perspective, and moral support I was a happy and more innovative graduate student

throughout.

Through 11 years at MIT, I have been touched by an incredible range of peers and

colleagues that are much too many to name here. But I must thank my Grossman

Group family, remarkable collaborators and friends that include but are not limited

5



to Dr. David Cohen-Tanugi, Dr. Grace Han, Brendan Smith, and Brent Keller, for

the conversations that somehow always inevitably relate back to thermodynamics.

My TPP family has helped me have fun while staying inspired to drive real impact:

thank you to Philip Wolfe, Sam O'Keefe, Stacey Allen, and Cory Ip. And Shivani

Patel and Nicole Carignan deserve a special thanks, just for everything.

Finally, I would not be anything without my family: my parents, Theresa and

Hemang Dave, for teaching me to create and be curious; my grandparents Sushila

and Dinu Dave for unending support and encouragement, and my sister Neha for her

data-driven mind. The foundation of my family are the shoulders on which I stand

to have the opportunities and resources to pursue my education, engage in scientific

discovery, and to change the world. This thesis is dedicated to them.

6



Contents

1 Introduction

1.1 A global issue with local solutions

1.2 Desalination . . . . . . . . . . . . .

1.3 Membranes . . . . . . . . . . . . .

1.4 Why Graphene? . . . . . . . . . . .

1.5 Graphene Oxide . . . . . . . . . . .

2 Background: Graphene Oxide as a Membrane Material

2.1 CVD Graphene vs. Graphene Oxide . . . . . . . . . . .

2.2 Quantifying the Potential of Ultrapermeable Membranes

2.2.1 The case for high permeability . . . . .

2.2.2 Methodology . . . . . . . . . . . . . .

2.2.3 Results & Implications . . . . . . . . .

2.3 On the Structure of Graphene Oxide . . . . .

2.3.1 Ongoing structural model debate . . .

2.3.2 Interpretation of Raman Spectroscopy

2.4 Computation inspiration . . . . . . . . . . . .

3 Chemistry and Structure of Graphene Oxide via

3.1 Introduction . . . . . . . . . . . . . . . . . . . . .

3.2 R esults . . . . . . . . . . . . . . . . . . . . . . . .

3.2.1 Surface Contaminants on GO . . . . . . .

3.2.2 Nanocrystalline GO . . . . . . . . . . . . .

7

Direct

21

21

22

23

27

28

31

32

33

34

36

39

42

45

47

48

51

52

54

54

60

Imaging

. . . . . . . . . . .

. . . . . . . . . . .

. . . . . . . . . . .

. . . . . . . . . . .

. . . . . . . . . . .

.

.



3.2:3 Carbon removal from thermal annealing . . . . . . . . . . . . 64

3.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4 Nanofiltration Performance of Cross-Linked Graphene Oxide Mem-

branes 73

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.2.1 Amine Cross-Linker . . . . . . . . . . . . . . . . . . . . . . . . 78

4.2.2 Permeability and Rejection . . . . . . . . . . . . . . . . . . . . 82

4.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5 Techno-Economic Feasibility of Graphene Oxide Membranes 87

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.2 Manufacturing cost . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.2.1 Classic perspective on manufacturability . . . . . . . . . . . . 89

5.2.2 Process Based Cost Model for Graphene Oxide Membranes . . 92

5.2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.3 Cost of Water Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.3.1 Key elements & updates . . . . . . . . . . . . . . . . . . . . . 101

5.3.2 R esults . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

6 Conclusion 109

A Appendix 113

A.1 Methods for Chapter 3 . . . . . . . . . . . . . . . . . . . . . . . . . . 113

A.1.1 Sample Preparation. . . . . . . . . . . . . . . . . . . . . . . . 113

A.1.2 Characterization . . . . . . . . . . . . . . . . . .. . . . . . . . 114

A.2 Methods for Chapter 4 . . . . . . . . . . . . . . . . . . . . . . . . . . 117

A.2.1 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . 117

A.2.2 Characterization . . . . . . . . . . . . . . . . . . . . . . . . . 118

A.3 Methods for Chapter 5 . . . . . . . . . . . . . . . . . . . . . . . . . . 119

8



A.3.1 Process Based Cost Modeling . . . . . . . . . . . . . . . . . . 119

A.3.2 Water Treatment Cost Model . . . . . . . . . . . . . . . . . . 119

9



10



List of Figures

1-1 The size contaminants that can be filtered by membrane class. Reverse

osmosis operates on the solution-diffusion principle, rather than size

exclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2-1 Summary of the key features of CVD graphene and graphene oxide for

use as a reverse osmis desalination membrane. . . . . . . . . . . . . 33

2-2 (a) The schematic shows the configuration and operation of a reverse

osmosis membrane module. (b) Increased permeability affects the eco-

nomics of a desalination plant in three ways: (1) faster flow, or more

throughput per capital investment; (2) lower pressure, or reduced over-

pressure; and (3) higher recovery, or more fresh water produced per

unit of input seawater. . . . . . . . . . . . . . . . . . . . . . . . . . . 35

11



2-3 Improvements in key performance criteria as a function of membrane

permeability for SWRO at 42,000 ppm NaCl (purple) and BWRO at

2,000 ppm NaCl (orange). a) Minimum required inlet pressure (solid

lines) and energy consumption (dashed) as a function of membrane

permeability at fixed recovery and feed flowrate. The curves decrease

asymptotically from the baseline conditions (colored circles) to a min-

imum dictated by the osmotic pressure of the feed water. For BWRO,

pressure and energy consumption are linearly related, so the two curves

are superimposed. b) Number of pressure vessels required as a func-

tion of membrane permeability for a total capacity of 100,000 m3/day

at fixed recovery ratio and pressure. Membrane width is held fixed in

both subplots. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2-4 Specific energy consumption of RO vs. permeate production per vessel,

for conventional TFC (solid) and UPMs at 3x greater permeability

(dashed). Circles depict the baseline case, and the arrows indicate

how each RO system could operate given the availability of UPMs.

Feed flowrate is held fixed while pressure increases as a function of

permeate production. . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2-5 Low magnification images of GO deposited on a lacey carbon TEM

grid shows the morphology of GO (and that the typical flake size is

remarkably larger than the 90 nm reported by the manufacturer.) . 43

2-6 The Lerf-Klinowski model predicts randomly arranged regions of ox-

idized and unoxided GO. The Szabo-Dekany model demonstrates a

periodic, ribbon-like structure. . . . . . . . . . . . . . . . . . . . . . 44

2-7 The Dynamic Structural Model proposes dynamics interactions of GO

with water, leading to C-C cleavage. . . . . . . . . . . . . . . . . . . 45

2-8 Increasing both oxygen concentration and epoxy concentration in the

starting GO material increases the size of the defects from thermal

annealing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

12



2-9 XPS (a) and Raman spectroscopy (b) show changes in the oxygen

concentration and defect structure in GO with increased anneal times

in vacuum and air. The divergence in both graphs at 400 C confirms

the combustion of GO in air. . . . . . . . . . . . . . . . . . . . . . . 50

3-1 Low-voltage, high-resolution TEM was used to directly observe the

structure of graphene oxide. A heating chip containing a platinum

coil (a) is used to study the temperature dependence of the struc-

ture. A slit was introduced into the thin silicon nitride membrane

using a focused ion beam (FIB) (b) in order to obtain suspended GO.

Low-magnification images (c-d) show the macroscopic morphology of

graphene oxide: clumped flakes with monolayer regions. . . . . . . . 55

3-2 (a) and (b) show the same region imaged at room temperature in the

ultra-high vacuum of the TEM at 80kV. (b) was captured 3 minutes

and 10 seconds after (a), and an a marked increase in hole size and

number of holes is apparent. This is an example of the behavior of

many different regions of the material under the beam. (c) and (d)

show high resolution images of regions at 700C. In (c), the region had

not be damaged by the beam at room temperature. In (d), the material

had been exposed to the beam at room temperature. The difference in

structure and morphology clearly shows the effect of the beam. . . . 57

3-3 Prolonged heating (700C) and beam exposure causes heavier atoms

to migrate into the graphene oxide sample. These are seen as high

contrast atoms in the above figure. This region of the sample had

previously been damaged by the beam to create the holes that are

also visible. The heavier atoms are likely platinum or silicon from the

heating coil and silicon nitride TEM chip, respectively. . . . . . . . . 58

13



3-4 Atomic structure can be resolved using in-situ heating with AC-TEM

at 700 C with features shown in (a). Sufficient resolution is achieved

to identify defects in the bond structure (b). In (b) not all the atomic

structure could be accurately resolved, likely due to structural changes

occurring during image acquisition and only the directly resolved atomic

structure is indicated by white dots and lines. . . . . . . . . . . . . . 58

3-5 Graphene oxide observed at room temperature (a-c) and 700 C (d-f) in

AC-TEM is notably different in appearance. (a) and (d) show images of

the material at room temperature and 700 C respectively, with insets of

the 5nm x 5nm region iii magnified for each. (b) and (e) show FFTs,

both of which have a strong band at 1/d = 1/0.21 nm-1 suggesting

polycrystalline graphene domains. (c) and (f) polar transforms of the

FFTs showing increased order with decreased analysis size. Both the

image and the FFTs show high amounts of disorder or amorphous

material at room temperature. At 700 C, although the full region FFT

appears similarly amorphous, analysis of smaller components shows

the distinct pattern of sp2 graphene lattice, even in multilayer regions. 59

3-6 Two different samplesshow that surface contaminants return to the GO

upon cooling from 700 C inside the TEM. Qualitatively, the amount

of contaminants appears lower, but the hexagonal lattice is still not

visible (a) shows a region with beam damage caused by exposure at

room temperature; regions of lighter contrast in the inset are patches

of damage that grow with prolonged exposure. The boxed areas in (b)

are analyzed with the FFTs in (c). . . . . . . . . . . . . . . . . . . . 61

14



3-7 (a) high resolution image of mono- and few- layer grapene oxide at

700 C imaged with an in-situ TEM heating holder. (b) overlayed color

represents layers of the material, showing turbostratic stacking and

thicker and thinner regions. (c) false color polar transforms of the

FFTs (theta x-axis, 1/d y-axis) of the FFTs (d) of regions of the image

show an increase in sharpness of the band and points at 1/d spacing

of 1/0.19 nm-1 to 1/0.21 nm-1 (e) line scans show the increase in

sharpness of the lattice points from shows the line scans from regions

ii and iii. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3-8 SADPs for GO collected at room temperature show increasing order

with decreasing aperture size (a-d) with line traces showing sharpness

of the diffraction pattern (c-h). The sample is multi-crystalline at the

sm allest aperture size. . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3-9 XPS Cis spectra for (a) as-produced and (b) thermally annealed (b)

show the change in surface chemical composition of the GO samples.

Raman Spectroscopy (c) shows a small change in the ID/IG ratio but

a general consistency in peak shape. . . . . . . . . . . . . . . . . . . 67

3-10 XPS data is summarized in terms of the oxygen atomic fraction for

samples annealed at temperatures from 100 to 500 C. Samples were

annealed for 1 hour either in vacuum or in ambient air. Above 400 C,

the samples annealed in air show high oxygen atomic fraction due to

combustion. All data was collected under the vacuum of the XPS at

room temperature. Error bars are standard error. . . . . . . . . . . . 68

3-11 TGA data is shown for GO samples heated in both air and nitrogen.

GO combusts in air around 420 C, causing the big dip in the TGA

spectra. A slight change in slope between 400 and 500 C under nitrogen

is attributed to the removal of surface contaminants. . . . . . . . . . 69

3-12 TEM analysis of GO that has been thermally annealed both in air (a)

and in vacuum (b) at 300 C shows no clear removal of carbon atoms

from the lattice. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

15



4-1 The flux of a GO membrane assembled with vacuum filtration on a

polyethersulfone (PES) support was evaluated over 20 runs of 200 mL

each in a dead end stirred cell filtration device. A clear trend in de-

creasing flux is observed, but no NaCI is rejected and rinsing with DI

water appears to have little effect. Further, sharp increases in flux

suggest that the GO is rearranging in the presence of water flow. . . 75

4-2 This schematic shows the mechanism of water flow through a multi-

layer GO membrane. The interlayer spacing, or d-spacing, is the criti-

cal dimension for size-exclusion solute rejection. . . . . . . . . . . . . 77

4-3 This schematic illustrates the steps in chemical cross-linking to produce

linkers with just three bonds. . . . . . . . . . . . . . . . . . . . . . . 79

4-4 SEMs show as-produced GO (a), the optimized cross-linked process

(b), and the fully cross-linked foam (c) to demonstrate the range of

parameter optimization. XRD spectra in (d) and (e) show the swelling

from wet to dry in the decrease of the 2-theta peak for the as-produced,

which swells nearly 2x (d) and for the optimized cross-linked film, which

increases only be about 1 A (e). . . . . . . . . . . . . . . . . . . . . 80

4-5 (a) shows the ClS XPS scan for the fully cross-linked foam and (b)

shows the same for the optimized cross-linked membrane. The relative

intensity of the C-O peak is decreased with the degree of cross-linking

(nearly eliminated in (a) but present in (b)). . . . . . . . . . . . . . 81

4-6 The Raman spectra shows that cross-linking does not introduce sig-

nificant defects in the GO structure. The shoulders on the D and G

peaks of the Raman spectroscopy are likely due to the carbon single

bonds in the linker and could be used as a rapid assessment tool in the

future. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4-7 A schematic of the stirred cell setup used to measure the flux and

rejection of GO membranes. . . . . . . . . . . . . . . . . . . . . . . 83

16



4-8 The GO membrane was formed in a 45 mm diameter vacuum filtration

apparatus (a). It was then cut using a clean and sharp blade into small

areas to test and suspended over a slit sheet of Parafilm in the stirred-

cell setup. Kapton tape was used to seal the membrane. The Parafilm

was placed directly on the stainless steel support of the stirred cell. . 84

4-9 UV-visible spectra for the feed and permeate was collected for the range

of 200 to 800 nanometers in order to generate a stable zero background.

The amount of MB in the solution is determined by the absorbance at

590 nm. In this case, there was 32% rejection. . . . . . . . . . . . . 84

4-10 UV-visible spectra for the feed and permeate was collected for the range

of 200 to 800 nanometers in order to generate a stable zero background.

The amount of MB in the solution is determined by the absorbance at

590 nm. In this case, there was 32% rejection. . . . . . . . . . . . . 85

4-11 Pinholes and cracks are among the defects that cause no rejection due

to incomplete film formation. . . . . . . . . . . . . . . . . . . . . . . 86

5-1 This flow chart outlines the key process steps in the production of a

graphene oxide membrane using crosslinking steps. . . . . . . . . . . 93

5-2 Facility wide decision variables and exogenous inputs used in the Pro-

cess Based Cost Model for GO membranes. .. . . . . . . . . . . . . . 94

5-3 The PCBM shows a decreasing cost per unit with production volume

in this log-log plot. Error bars show 50% estimate for the error in

temporal and process changes. . . . . . . . . . . . . . . . . . . . . . 96

5-4 Both variable and fixed expenses are shown for the membrane produc-

tion cost. Materials are a very small portion of annual costs and capital

depreciation dominates. As such, production cost is heavily dependent

on volum e. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5-5 Low, medium, and high learning curves are applied to the 100,000 cost

volume. Both high and medium learning curves result in costs per unit

below that of today's polymer membrane manufacture. . . . . . . . . 98

17



5-6 The 0.6 exponent factor described by the Viola Equation is overlayed

on the cost per unit production with volume. We observe that the cost

of GO membranes could reasonably scale within this expectation. . . 99

5-7 This flow chart outlines the key process steps in the production of a

graphene oxide membrane using crosslinking steps. . . . . . . . . . . 101

5-8 Cost indexes for January 2016. . . . . . . . . . . . . . . . . . . . . . 102

5-9 Decay in. permeability as a function of time, accounting for mem-

brane cleanings (individual cycles) and membrane replacement (sharp

increase). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5-10 Cost breakdown viewed with the lens of component and steps for RO

desalination with energy recovery. . . . . . . . . . . . . . . . . . . . 106

5-11 Cost breakdown viewed with the lens of component and steps for RO

desalination without energy recovery. . . . . . . . . . . . . . . . . . 106

5-12 Sensitivity of membrane parameters on the annual operating cost for

an RO plant (including energy). . . . . . . . . . . . . . . . . . . . . 106

5-13 Sensitivity of membrane parameters on the whole LCOW for an RO

plant. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5-14 1.7 million USD, or 1 cent per m3 can be saved thanks to robust

m em branes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

18



List of Tables

19



20



Chapter 1

Introduction

1.1 A global issue with local solutions

Water access is non-negotiable to sustain human or any other life. In addition to

direct consumption, water is used to wash clothes and dishes and cars, flush toilets and

operate showers, grow blackberries and corn syrup and to manufacture smartphones.

All of this water cycles through sophisticated natural and anthropogenic filtration

processes and infrastructure. In 1869, Chicago built a wooden water pipeline from

the depth of Lake Michigan into the city and started construction from both sides.

Despite primitive calculation and survey tools, the ends met with only one foot of

error that was then corrected through a nominally expensive mean. Chicago was,

for the first time, drawing water from the center of the lake because city officials

had figured out that pulling water from the same region as their sewage discard was

detrimental to public health. The lake was providing both natural filtration and

dilution processes for the booming city. The inherent relationship between natural

systems and human reliance is what makes water such a complex, local, and critical

challenge.

One in ten people worldwide lack access to clean water [1]. A remarkable and

tragic statistic, this number actually hides the urgency and complexities of water

issues because it lumps all water access problems equally. Despite being only 3 percent

of the planet's total water supply, there is enough fresh water to meet the needs of all
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7 billion people. The one tenth of the global population do not have no water, but

not enough and not clean enough water. And the technology to clean water exists,

but the technology, resources to access that technology, and the water is where the

people are not. The issue is inherently local because these are the same people who

do not have the economic ability to move, purchase, make, or transport clean water

to meet their most basic needs. Meanwhile, floods and hurricanes can devastate other

cities over the course of just a few hours, and suddenly too much water is the concern.

1.2 Desalination

Desalination is playing an increasingly important role in augmenting the supply of

fresh water where it is needed, particularly in regions where salty water is plentiful but

freshwater resources are limited. Desalination infrastructure further allows societies

to draw fresh water from natural sources such as groundwater at rates that are more

sustainable for the environmental infrastructure.

Broadly, there are two approaches to desalihate water. Categorized by type of

energy input, thermal desalination uses heat and water evaporation to separate the

salt from water while electrical (reverse osmosis) desalination uses pressure and semi-

permeable membranes. Reverse osmosis accounts for nearly all of the installed desali-

nation capacity since 1985, largely because it uses about a quarter of energy per unit

of freshwater than thermal methods do. The amount of energy used to desalinate

water is high not because the technology needs improving, but because the laws of

thermodynamics dictate the minimum work of separation.

Thus, the cost of desalination is high because of thermodynamics (energy) and also

due to the large capital investment required for a plant. Desalinated water still costs

about ten times that of treated surface freshwater, which puts significant economic

burden on the regions, municipalities, and governments that choose to de-risk their

water in supply this way. It also puts desalination effectively out of reach for all but

the wealthiest nations. Though cost reduction to acheive "pipe-parity" cannot, and

should not be the goal, there is considerable benefit to reduce this economic burden
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of certain water supply, decrease the ecological impacts of water use, and supplement

an critical industrial supply chain.

1.3 Membranes

Technology for desalination leverages potable water treatment methods insofar as

it also removes salt. The key difference between potable water treatment (which

occurs to all municipal water in the US) is the reverse osmosis (RO) step, which

employs highly specialized membranes RO to remove the salt from water. These

membranes, produced by a concentrated four major manufacturers (GE, Dow, Toray,

Hydronautics) have been made of polyamide, a porous polymer, since its introduction

in the 1980s. They achieve salt rejection of about 99.8% and are priced around $1000.

This thesis is focused on membrane performance, material design, and the process

engineering that could leverage materials reserach to the development of a new RO

membrane.

When I speak to other scientists, particularly materials scientists, I find that there

is a great deal of interest in "what makes a good membrane." ThereforeI have spent

some space here to synthesize key elements from theory, experiment, and industrial

application to succinctly describe what I have found. In doing so, I hope to enable

others to identify opportunities for material synergies towards a more sustainable

future.

Membranes, broadly, refer to the broad category of materials that provide a barrier

to solids, liquids, or gases. Membranes can be impermeable (for example, a water-

proofing roofing membrane) or semi-permeable (and allow certain things to pass, like

air but not water). For water treatment, membranes are sometimes used to filter

things from small organisms, microfiltration (MF); pathogens, ultrafiltration (UF);

and polyvalent cations, nanofiltration (NF). Other methods such as settling, disinfec-

tion, and flocculation can also be used for these processes. All of these membranes

can work similarly to the sieve in a sink when making pasta. Water can pass through

the holes (0.1 um for MF down to 0.01 um for NF, shown in 1-1, but the solute or
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Microfiltration Ultrafiltration Nanofiltration Reverse Osmosis
>0.5 pm 0.1-0.01 pm 0.01 -0.001 pm <0.001 pm

Figure 1-1: The size contaminants that can be filtered by membrane class. Reverse
osmosis operates on the solution-diffusion principle, rather than size exclusion.

contaminant cannot. This is called size-exclusion.

However, to remove sodium chloride from water, a different kind of semi-permeable

membrane is required, and this is the RO membrane. In practice, all polymer MF,

UF, and NF membranes also work on the following model, but commercial ceramic

membranes down to NF that work by size-exclusion do exist. There are no size exclu-

sion RO membranes. The RO membrane unilaterally works on the solution-diffusion

model [2, 3]. In short, this means that the separation is not based on size, but on

kinetics: water diffuses through the membrane material orders of magnitude faster

than salt does. As a result, salt rejection is never 100% and elevated temperature

increases water flow, but also salt passage. The speed of water flow is directly propor-

tional to the thickness of the membrane's active layer, but so is the salt's. The secret

sauce of polymer membrane manufacturing is the solvent used to cast the polymer

active layer, which affects the tortuosity of the channels in the polymer, which then

accelerates or inhibits flow.

It is worth mentioning that RO membranes are used for other applications be-

yond desalination because they are the most selective membrane available. For ex-

ample, water treatment plants may use RO membranes at low pressure to remove

trichloromethanes (TCMs) from fresh water. TCMs, though not typically in surface

water, can form as a byproduct of chlorine disinfectant. The Sant Joan Despi Wa-

ter Treatment Plant passes 50% of the treated drinking water through low-pressure

RO memibranes with just 10 bar of pressure drop in order to remove 100 percent of

the TCMs. This water is blended with water that is not passed through the RO
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membranes to achieve an overall 50% reduction in TCMs that complies with water

standard guidelines [4]. Sometimes, a second stage RO process is used to remove

boron from desalinated (or fresh) water. Boron is typically removed before treated

water is used for irrigation as many plants are intolerant to boron even at low con-

centrations [5] And beyond water treatment, RO membranes are used to separate

proteins in dairy production as well as sugars in beverage production.

What size? There are no size exclusion based RO membranes in commercial

application. This is largely because sub-nanometer pores are required in order to

exclude (hydrated) salt ions but allow water to pass and sub-nanometer pores are

hard to fabricate. This work was first explored computationally using a method

called Molecular Dynamics, which models the interactions between individual atoms

in a system. Specifically, size-exclusion-based RO membranes require holes that are

between 0.6 and 0.7 nm [6]. By contrast, feature size limits in semiconductor manu-

facturing, with their highly controlled environments are on the order of 10-14 nm at

scale [71. Membrane manufacture is neither on the area scale (square meters instead

of square millimeters), or on the cost scale in terms of manufacturing requirements

(commodity production instead of cleanroom facilities), which speaks to the enormous

challenge of sub-nanometer pore formation using current nano-fabrication methods.

This, however, is where new materials and manufacturing processes could play a

significant role.

Permeability The benefits of size-exclusion over solution-diffusion lie both in

permeability as well as opportunities for more robust membranes by leveraging a new

material. Permeability refers to the speed of water flow across the membrane, and

the faster the flow, the fewer membrane modules, pumps, and pipes are required. If

(or when) RO membranes are based instead on size exclusion, material choice will no

longer be limited to polymers and their chemistry limitations. The materials world

is thusly our oyster.

Other performance requirements: biofouling and chlorine Permeability

is not the only metric for membrane performance, and unfortunately polymers are

fairly mediocre at many of the other requirements for water filtration. They foul with
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organic matter easily because they tend to be hydrophobic, but they get degraded

by chlorine which would otherwise be used to clean them. As such, new membrane

materials would ideally be less susceptible to fouling, but even better, tolerant to

chlorine such that chlorinated water could pass through and simultaneously maintain

a clean membrane. At the very least, it would be beneficial to plant operators to have

membranes that could be cleaned with effective chemicals.

The manifestation of these guidelines could, and should, be entirely material de-

pendent. But there are a couple rules of thumb that I find useful. Typically, foulants

attach more easily to rough surfaces, so smoother surfaces are preferred. Moreover,

hydrophobic surfaces tend to foul more than hydrophilic surfaces, presumably be-

cause a layer of water protects a surface from the fouling [8, 91. Finally, the most

critical chemical for a membrane to be tolerant towards is chlorine, as it is the indus-

try standard for disinfection [101. Moreover, municipal water supplies in the United

States require low levels of chlorine in the drinking water supply (4ppm), which is

alone sufficient to compromise a polymer membrane [11]. In desalination plants, wa-

ter is first chlorinated to disinfect, de-chlorinated immediately before the RO step,

and then re-chlorinated to be introduced into municipal water supply. This process

inefficiency speaks to the headache of the membrane's fragility for plant operators.

Cost Lastly, polymer membranes have a significant advantage over any other

material in their cost to manufacture. Polymer membranes are produced for around $1

per square foot, which is a price point that is tough to beat, for any new product. The

production process leverages large-area casting, and balance of system costs (for the

spiral wound module and assembly) account for 20-30 % of that total. For membrane

manufacturers, desalination membranes are high-volume low-margin products and

the public-private partnerships that operate desalination plants are incredibly cost

sensitive (and sometimes are required by law to choose lowest-cost supplier).

In summary, membranes today are made from polymers that have tortuous chan-

nels that allow water to pass much faster than the salt does. Sub-nanometer channels

that employ size-exclusion could allow for faster flow along with robustness that poly-

mer membranes lack. Throughout this thesis, these elements will be considered as
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design guidelines for quantitative assessment of a material, its system, and its man-

ufacturing methods.

1.4 Why Graphene?

One such new material, proposed in 2012 by my colleague Dr. David Cohen-Tanugi,

is graphene 161. Graphene was originally isolated in 2004, a work for which Pro-

fessor Geim and and Dr. Nosovelov won the Nobel Prize in 2010 [121. Since then,

graphene has been heralded as the next silicon, the better carbon nanotube, and

the new aluminum; in other words, it is a miracle material. Graphene owes its re-

markable properties to its two-dimensional framework of carbon atoms arranged in a

honeycomb lattice. This affords extremely high conductivity, transparency, and un-

paralleled strength per atom. But unfortunately, the hype around graphene has not

yet identified its "killer application," leaving some to wonder whether it was worth

all the excitement [131.

Our research group focuses on energy and water applications for a huge range of

materials, from amorphous carbon to graphene to silicon with the mission of draw-

ing connections where there are none currently and further engineering the material

to achieve the desired performance. We conduct material design both computation-

ally and experimentally, and the mission of my dissertation work was to transition

graphene's potential as a membrane material from theory to physical actuality, from

its original proof of concept using simulation towards a platform for scale-up.

A number of key insights about graphene as a size-exclusion membrane material

are relevant to mention here. But first, a brief caveat about translating theory to

experiment: it never works the way one expects it to the first time. Factors such as

outside air humidity, supplier glass qualities, or the buzz about last week's Beyonce

concert' could have unknown consequences that are simply impratical to consider in

a computer model. The theorist provides invaluable guidance into the potential, and

'Joking about that last one, though it's true that my own caffeine intake is something I paid
close attention to when handling TEM grids
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the experimentalist reconciles this creativity with practicality.

In this case, the theory showed conclusively that size-exclusion could be used to

reject salt from seawater using nanopores in graphene of 0.6-0.7 nm. Thanks to its

hydrophilic surface and one atom thickness, graphene further demonstrated perme-

abilities of 10-100 times that of conventional polymer RO membranes 16]. Later,

computation showed that even single-layer nanoporous graphene could withstand the

high pressures of seawater desalination when its support material had pores of 100 nm

or smaller, presenting further practical design guidelines for graphene membranes [14].

And finally, the impact of multiple layers on permeability was explored and de-

termined to scale inversely with membrane thickness when pores are not directly

aligned [151. This seminal work provided the foundation for a huge amount of research

worldwide, towards realizing the potential of graphene-based membranes. Large re-

search centers both in Singapore and in the UK are dedicated towards graphene-based

separation and at MIT alone, at least three research groups are pursuing different

methods towards this end, as of this writing.

1.5 Graphene Oxide

This thesis focuses not on graphene, but on its cousin graphene oxide. My aim is

to convince the reader of the commercial potential for graphene oxide membranes

considering both the fundamental science and economic factors. I thought of this

project as somewhat of a de-risking exercise for graphene oxide products; and aim to

consider the bigger picture through each research step. In doing so, I hope to address

uncomfortable research questions of the proof of concept. Of course, the limits of my

ability to conduct every conceived experiment will leave room for future work, so I

also hope to identify some key remaining questions and provide some inspiration to

others! I feel the work here is important for two reasons: the first is the fascinating

science and its potential for a new material platform to address a critical global need

and the second is to present a holistic methodology - or at the very least, an example

- for considering research in the context of commercial applications.
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The reasons for evaluating graphene oxide will be detailed in the background of

Chapter 2, but in short graphene is not scalable to areas required for membrane ap-

plications (40 m2 ). Chapter 2 also explores the need for permeability in terms of

cost savings for a desalination plant and relaxes the requirement for a membrane that

achieves 100 times the permeability to one that demonstrates 3 times the permeabil-

ity. In Chapter 3, we study fundamental material aspects of graphene oxide through

the lens of desalination, developing a method to image graphene oxide and reveal ele-

ments of its structure that have not been observed directly. We support the Dynamic

Structural Model (originally proposed by [161) for graphene oxide, which argues that

graphene oxide is not a static material in ambient conditions, rather constantly re-

acting with moisture and changing its structure. Chapter 4 focuses on engineering

graphene oxide membranes, optimizing both the spacing between the graphene oxide

flakes and the formation of a robust film. We demonstrate stable membranes with

subnanometer d-spacing that can reject particles of 1.5 nm in diameter. Finally, in

Chapter 5, we model a production plant and quantify the scalability for graphene

oxide membranes. We compare this to the cost savings achieved by the improved

performance of graphene oxide membranes in order consider the actual market pull

for the further development of a new material platform. In summary, we predict that

GO membranes will have stronger early adopter market pull from niche applications

such as nanofiltration in the presence of solvents or in filtration with sterile environ-

ment requirements. Once the production process has come down on the cost curve,

the lower-margin desalination applications may become more viable.
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Chapter 2

Background: Graphene Oxide as a

Membrane Material

"If I had a nickel for every new postage size desalination membrane that

never reached production" - Arthur Goldstein, founder of Ionics [17]

Academic research has seen hundreds of proposals for new membrane configu-

rations, materials, and methods of production, but the industry has seen no shift

away from the use of polyamide. At the American WaterWorks Association Mem-

brane Technology Conference in Orlando, Florida in 2015, I attended as one of about

ten academic researchers (with 200 total attendees). At this and other conferences

and visits, it was clear that the idea that academic research on novel materials for

membranes is so far fetched that it is a running joke throughout the industry.

And the cost projection for just one membrane made from pristine graphene is

perhaps laughable. In this chapter I present a direct comparison between graphene

and graphene oxide with respect to desalination membranes. I also show that the 10-

100 times increase in permeability predicted for graphene is not required to achieve

the cost savings associated with permeability. Both of these lead to the decision to

use graphene oxide (GO) as a feedstock material to make size-exclusion desalination

membranes. However, GO is rather a different material system from graphene and I

aim to summarize key findings from the literature that are important for creating de-
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salination membranes. To me, this is a fascinating application of research; a material

that has been studied for electronic and optoelectronic applications can be viewed in

completely new light when engineering for water desalination.

2.1 CVD Graphene vs. Graphene Oxide

Both graphene and GO have been heralded as novel electronic materials. While CVD

graphene is relatively pristine, defect free, and demonstrates the best electronic and

optoelectronic properties; it is also the subject of considerable research to produce in

a scalable way [18-20]. In particular, the chemical vapor deposition (CVD) process

for its growth relies on copper or platinum substrates for monolayer growth (nickel

substrates produce up to five layers of graphene) and a carbon crystallization tem-

perature above 1000 C under vacuum. Moreover, the recipe is highly dependent on

a the substrate quality, CVD furnace configuration, gas purity, vacuum level, among

other variables. At today's commercial prices, CVD graphene costs about $50 per

square inch. For a 40 in2 desalination membrane, that's about $80,000, assuming the

costs scale linearly (they do not, thanks to the vacuum and yield constraints)

Graphene oxide, though not without its challenges has the advantage of being

solution processable. It is produced in solution and can be further processed in

solution. The temperature required to produce GO is below 100 C, and it does

not require a high purity substrate. GO does not achieve the same conductivities

as pristine graphene, and much work is focused on modifying GO to improve. its

transport processes [21-231. The production of GO also results in small flakes with

lateral dimension around 1-5um, which then require assembly in order to achieve the

same film-based applications as graphene. For desalination membranes, the latter is

incredibly important while the former is a non-issue' At today's commercial prices,

GO costs about $300 per gram. For a 40 m 2 single area, the GO feedstock would

cost around $15. However, a single layer GO membrane is not practical, because GO

'Conductive membranes are used in electrodialysis desalination of brackish water, but for the
moment I am considering only reverse osmosis membranes.
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Figure 2-1: Summary of the key features of CVD graphene and graphene oxide for

use as a reverse osmis desalination membrane.

flakes do not fit together like puzzle pieces. They require some overlap in order to

create a continuous film without leaks; a more reasonable estimate for material cost

is $600 of GO2 . These characteristics are summarized in 2-1.

2.2 Quantifying the Potential of Ultrapermeable Mem-

branes

Graphene's atomic thinness, hydrophilic surface, and size-exclusion separation prin-

ciple leads to predicted water permeabilities that are one to two orders of magnitude

larger than the commercial reverse osmosis membrane. This does not translate into

10-100 time less energy required to desalinate water, but the laws of thermodynamics

did not stop some popular science media claims to this effect. This brought attention

to the realization that there was no good, scientific understanding of just how much

energy could be saved from these ultra-permeable membranes (UPMs). The fluid

dynamics of the reverse osmosis step are subject to limits inherent to both the RO

module design and the limits of the work of separation. In an attempt to clarify the

impact of ultra-permeable membranes, we constructed a numerical model of the RO

2for a much more detailed description of these numbers, please see Chapter 5.
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step and provided quantified benefits in terms of both energy and capital cost of a

desalination plant.

The commercial polymer thin film composite (TFC) membranes demonstrate ex-

ceedingly high salt rejection (99.8% [11]), but relatively low water permeabilities of

1 L/(m2 h bar). The development of size-exclusion RO membranes would enable a

new paradigm in materials and their permissible water fluxes. This work models the

flow inside a reverse osmosis module for both seawater (4200 ppm) and brackish wa-

ter (2000 ppm) in order to calculate energy and infrastructure costs as a function of

membrane permeability. We found that a three-fold increase in permeability achieves

the majority of cost saving benefits. These cost savings could manifest as higher

throughput (fewer modules required to achieve desired freshwater production); lower

energy (decreased pressure requirements); or higher recovery (recovering a larger frac-

tion of the feedwater). These are illustrated in 2-2. For each of these scenarios, we

modeled UPMs as replacing existing membranes in a "plug and play" structure. In

short, we learned that increasing membrane permeability would change the optimal

operating conditions for plants and could lead to the design of plant configurations

optimized for membrane permeability benefits.

2.2.1 The case for high permeability

Lower energy consumption Power consumption accounts for roughly 40% of the

total cost of seawater desalination today. The high energy-footprint of desalina-

tion arises both from a minimum consumption dictated by thermodynamic theory as

well as from other inefficiencies that arise in practice, such as pretreatment as well

as through viscous losses, diffusion of water across the membrane, and dissipation

within pumps, piping, and in other equipment [241. In virtually all cases, desalina-

tion systems run at pressures higher than the minimum required by thermodynamics

primarily in order to overcome slow permeation kinetics through TFC membranes.

These higher pressures involve additional pumping power and thus a larger energy

footprint. Some systems use isobaric pressure recovery devices to salvage the energy

contained in the brine [251. Systems that do not employ pressure recovery (e.g. small
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Figure 2-2: (a) The schematic shows the configuration and operation of a reverse

osmosis membrane module. (b) Increased permeability affects the economics of a

desalination plant in three ways: (1) faster flow, or more throughput per capital

investment; (2) lower pressure, or reduced overpressure; and (3) higher recovery, or

more fresh water produced per unit of input seawater.
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systems or brackish water plants), aim for high recovery ratios in order to reduce

energy consumption.

More fresh water per day Producing more fresh water per day in a given

RO plant would decrease the levelized cost of water. Higher-flux RO membranes

could enable a greater amount of fresh water production per RO vessel, either by

maximizing the recovery from a given feed source or by allowing the RO system to

process a greater amount of feed water per day.

Smaller RO systems Numerous users (or potential users) of desalination find

themselves constrained in their operations by the availability of physical space and

weight. Notable examples include naval ships, offshore oilrigs, and municipal build-

ings. Even large-scale seawater RO (SWRO) plants that supply water to entire cities

suffer from the large size and high capital costs of today's desalination equipment.

Seawater plants can contain tens of thousands of membrane elements, and capital

costs ranging in the hundreds of millions of US dollars are typical. The large foot-

print of RO systems arises in part from an extensive network of piping and pressure

vessels and other high-pressure equipment [26]. The size of this equipment scales

roughly with the number of individual RO pressure vessels. For a given plant ca-

pacity, selecting a lower operating pressure requires lower throughput and more RO

vessels. Thus, there is an inherent tradeoff between the up-front capital costs of a

plant and its long-term energy consumption.

Higher permeability results in greater permeate flux, which in turn means that

the desalination process takes place over a shorter distance along the vessel axis.

Although enclosures and ports, rather than length account for a large share of the

cost of a pressure vessel, shorter RO vessels could reduce the spatial footprint of

RO plants, decrease the number of required membranes elements, and lessen viscous

losses associated with pipe flow.

2.2.2 Methodology

In order to quantify the impact of permeability on the energy consumption and num-

ber of pressure vessels in a RO plant, we model the mass transport and fluid dynamics
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of an RO module. In this work, we consider two different plant cases: brackish wa-

ter (2,000 ppm; no energy recovery) and seawater (42,000 ppm; including energy

recovery).

For both conventional RO systems and ultra-permeable membranes, the permeate

flux across a membrane J at any given position is proportional to the local pressure

difference between the feed and permeate side (AP - AH) and to the water permeabil-

ity coefficient of the membrane (Amr). In order to account for the salt concentration

at the membrane surface, which exceeds that of the bulk due to the water transport

across the membrane, the exponent exp(J/k) is introduced. The concentration po-

larization boundary layer, k, is dependent on the cross-flow velocity and fluid mixing

inside the channel, and effectively increases the pressure requirement at the mem-

brane's surface to force water transport. Thus, the flux J relates to the membrane

permeability A.. as follows.

J = (P - (7rfe J/k - 7r,)) - Am (2.1)

Inside each feed channel, saline water travels parallel to the membrane surface,

thereby flushing away with it the majority of accumulated salt left behind from perme-

ating water. But the salt concentration at the boundary layer at the water-membrane

interface is higher than the bulk of the feed channel, and the osmotic pressure differ-

ence is always larger than the feed's bulk salinity would suggest [27]. Higher permeate

fluxes thus result in larger osmotic pressures differences, which in turn lower the per-

meate flux. This concentration polarization reduces the effectiveness of a higher per-

meability membrane; a membrane whose intrinsic water permeability is 10x greater

cannot result in 10x higher permeate flux for the same flow conditions. The magni-

tude of concentration polarization is mitigated by the spacer mesh, which promotes

fluid mixing inside the channel, and by the cross-flow velocity of the feed water.

As feed water progresses along the RO channel, its salinity increases and its ve-

locity declines because some of its initial volume has passed across the membrane to

the permeate side. Along the length of the channel, the hydraulic pressure of the flow
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decreases gradually due to viscous losses, which depend on the channel geometry,

surface characteristics, and cross-flow velocity. As a result, the pressure difference

decreases along the membrane module and so does the local flux J. At the end of the

RO pressure vessel, a some is available as desalinated water and the remainer exits as

brine, where Qjn is the flowrate of feed water into each vessel and RR is the recovery

ratio - or fraction of desalinated water - of the process.

The profile of local permeate flux, feed flowrate, feed pressure and bulk salinity

(J(z), Q(z), P(z), cb(z)) over the length of the RO vessel are governed by the differ-

ential equations for local permeate flux, conservation of water, conservation of salt,

and pressure loss as well as the inlet conditions.The salt conservation equation makes

use of the fact that the salinity in the permeate is negligible relative to the feed. The

governing equations are supplemented with the appropriate initial conditions. The

recovery ratio then equals RR = <D(L), where L is the length of the pressure vessel.

The system of governing differential equations was solved using numerical integration

using the NDSolve method in Mathematica 9.0 and the pressure loss was calculated

using the implicit pressure drop equation.

The total permeate production per vessel is calculated as:

L

QOUt = W, J(z)dz (2.2)
0

where W is the effective width of the membrane, and the recovery ratio RR is defined

as the ratio of permeate produced (Qont) to the flowrate of feed into the RO vessel

(Qin).

The energy consumption per m 3 of permeate arises both from a minimum dictated

by thermodynamics and from entropy generated throughout the RO process 124] and

is calculated as:

E - 1 Pin -(1 - RR)(Pin - Post) (2.3)
'Y RR

where z is the efficiency of the PRD and is taken to equal 97% for SWRO (or 0% for

BWRO since PRDs are not used). The first term corresponds to the energy required to
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pressurize the feed water to the inlet pressure, and the second term corresponds to the

energy recovered from the brine whose pressure equals (Pin-Plost) after accounting for

viscous losses. We assume that the high-pressure pump and the circulation pump have

the same efficiency (97%). Salt and water leakage effects across the PRD interface

are neglected.

2.2.3 Results & Implications

Solving the set of governing equations for the RO module allows us to define the

bounds of each parameter lever.

Lower energy consumption (for a given recovery ratio, membrane area and feed

flowrate) would be obtained by reducing the inlet pressure, and the achievable pres-

sure reduction as a function of membrane permeability is shown in 2-3. For capital

investment, the increase in permeability serves to increase the permeate flux, while

the higher feed velocities mitigate the effect of concentration polarization.

The feed inlet pressure for SWRO (purple line) declines asymptotically to the

outlet brine osmotic pressure. This limit corresponds to the osmotic pressure of

the brine, and it represents a fundamental constraint on the energy efficiency of

desalination that is entirely independent of membrane performance. 2-3 shows that

tripling Am from 1 to 3 L/(in 2 h bar) would reduce the inlet pressure from 70 bar to

63 bar. This 10% reduction in inlet pressure translates to a 15% reduction in specific

energy consumption. However, the figure also shows that any further improvements

in membrane permeability beyond 3 L/ (M2 h bar) would have essentially no effect

on energy consumption, since 63 bar is already within 1% of the osmotic limit for

SWRO at the chosen recovery ratio.

In 2-3a, we have plotted the total number of pressure vessels needed for a 100,000

m3/day RO plant as a function of the permeability of the membranes in 2-3. 2-

3b indicates that tripling Am would allow SWRO plants to produce the same total

output (at the same inlet pressure and recovery ratio) with 55% fewer pressure vessels.

However, more energy is dissipated by viscous losses at high feed velocity, so the

specific energy consumption would also increase by 6% at this higher throughput.
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Alternatively, by operating at lower pressure instead, SWRO plants could maintain

the same energy consumption while reducing the number of pressure vessels by 44%

(not shown in figure).

For BWRO, 2-3a indicates that the inlet pressure required to achieve 65% recovery

in BWRO rapidly drops for increasing Am. Because the osmotic limit for BWRO is

only a fraction of that of SWRO, a tripling in membrane permeability would achieve

a much greater reduction in inlet pressure, namely down to 6.4 bar from 12 bar in the

case of TFC membranes (a 46% reduction in pressure and energy consumption). For

even more permeable membranes, the pressure essentially reaches the asymptotic limit

when Am > L/(m2 h bar). Thus, UPMs could nearly halve the energy consumption

of the RO stage for brackish water. The reduction in the number of pressure vessels

is also greater for BWRO than for SWRO. 2-3b indicates that tripling Am would

allow for 63% fewer pressure vessels for a given plant capacity by increasing the feed

flowrate per vessel from 139 m3 /day to 378 m3/day. Furthermore, the increase in

feed flowrate involves approximately no energy penalty, since viscous losses represent

a negligible component of the overall energy consumption in a BWRO system.

The key takeaways from this study are two-fold. First, next generation mem-

branes are not required to optimize for orders of magnitude increase in permeability,

though improvements over the current membranes certainly have benefits. Second,

capital cost savings could be significant with new membrane materials. 2-4 represents

graphically the tradeoff between the energy and pressure vessel savings from UPMs.

Energy consumption and permeate production per vessel are represented on inde-

pendent axes for a fixed recovery ratio and membrane area. For each scenario, the

operating regimes achievable using UPMs (dashed lines) can be compared with those

achievable with TFC membranes (solid lines). The figure indicates RO plants could

adopt any combination of energy savings (up to 15% for SWRO and 46% for BWRO)

and pressure vessel savings (up to 44% for SWRO and 63% for BWRO) along the

dashed line, with the energy savings becoming smaller for a greater reduction in the

number of pressure vessels.

. With the permeability constraint relaxed somewhat for novel membrane configu-

40



100 ( 8
(constant RR L)

80SV
seawater (pressure, bar) 6

< 60
4

40 seawater (energy consumption, kWh/m3),

q 2
~20

br ackish water

0- 00 2 4 6 8 10

Permeability (L/(m2 hr bar))

3000

2500
(constant RR, Pi, d

2000 (for 100,000 m3/d)

1500 baseline

01000
-brackish water

500

z seawater
0 2 4 6 8 10

Permeability (L/(m 2 hr bar))

Figure 2-3: Improvements in key performance criteria as a function of membrane

permeability for SWRO at 42,000 ppm NaCl (purple) and BWRO at 2,000 ppm NaCl

(orange). a) Minimum required inlet pressure (solid lines) and energy consumption
(dashed) as a function of membrane permeability at fixed recovery and feed flowrate.

The curves decreaseline conditions (colored circles) to

a minimum dictated by the osmotic pressure of the feed water. For BWRO, pressure

and energy consumption are linearly related, so the two curves are superimposed.

b) Number of pressure vessels required as a function of membrane permeability for
a total capacity of 100,000 m/day at fixed recovery ratio and pressure. Membrane

width is held fixed in both subplots.
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Figure 2-4: Specific energy consumption of RO vs. permeate production per vessel,
for conventional TFC (solid) and UPMs at 3x greater permeability (dashed). Circles
depict the baseline case, and the arrows indicate how each RO system could operate

given the availability of UPMs. Feed flowrate is held fixed while pressure increases

as a function of permeate production.

rations, we evaluate graphene oxide: oxidized graphitic sheets that can be assembled

into few- or many- layer films and demonstrate similar transport and stability ben-

efits as graphene. Further, the other key parameters discussed in the introduction -

namely chlorine tolerance, resistance to biofouling, and stability over a larger temper-

ature range - are considered from both an economic and material design perspective.

2.3 On the Structure of Graphene Oxide

GO is formed by heavily oxidizing graphite to chemically exfoliate the flakes of the

graphitic stack into mono- and few-layer sheets, depending on the degree of oxidation

and post-processing. Graphite oxide was first prepared by Brodie in 1859 [281 though

many commercially implemented methods today rely modifications to the Hummers

Method [29]. The Hummers' Method uses sulfuric acid and potassium permanganate

to achieve 2-4:1 carbon to oxygen flakes. Flakes will demonstrate a distribution of

sizes and methods such as washing and centerfuging are used to separate larger intact

sheets. The yield of the process is never 100%; some graphite will remain unoxidized
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Figure 2-5: Low magnification images of GO deposited oin a lacc.y carbon TEM, grid
shows the morphology of GO (and that the typical ffla.ke_ size is remarkably lcarger

than the 90 nmn reported by the inuiifactui rer.)

and stacked. MonolayNer graphicne shecets can be seen in the low- magnification TEM1

iMagcs shown In 2-5.

GO is charactcrized by oxygen fUnlctio.Alization on 20-30%Xi of the basal plate,

limiting its electrical and thermal transport and thus its widespread uts( in electron-

ics and optical applications [30 '3411. The structure of GO ha .s been the subjct of

considerable exploration. Although multiple models for the structure of GO have

been proposed [33, 351, thec most wIdely acccpted Lerf-K''linowsk i model reports the

decoration of the carbon balplanle with epoxides and hlydroxyls, With shecet edges

termninated by carboxyllic arcid functional groups 1361. The subsequent Szabo-Dekauly

mnodel proposes a ribbon like structurn" consisting of fflt carbon double bonds and
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Lerf-Klinowski (1998): unoxidized
benzene rings and aliphatic six
membered rings arranged with no
periodicity; carboxyl groups terminate
flake edges

Szabo-Dekany (2006): ribbon-like flat
C=C bonds, trans linked cyclohexane
chairs; phenol groups account for
acidity

Figure 2-6: The Lerf-Khinowski model predicts ran(lomly arranged regions of oxidized

an(d iiunoxided GO. The SzaIbo-Dekary model demonstrates a periodic, ribbon-like

st ructlrc.

trans linked cycloliexane armchairs, with ketones and qcuinones fornied where C-C

bonds have been cleaved [37 . Structural models from each source are shown in 2-

6. It both (as(s the oxygeii-colitainilig fliiictionializationl disrupts the sp2 order of

the graphcie backbonu slich that regions of sp2 (ordered) are interrupted by the spf

(disordered) in the carboni )blasal plaine [32, 36,38,39j. Meanwhile, direct observation

of GO using transmission electron microscopy (TEM) showed the structure of GO

as consistig of long-range ordered sp2 regiolls, and chiaracterized by muich smaller

patches of amorphous material and ,/or defects, which cannot fully account for the

functionalized regions 10,41[.

Diiniev et al. have proposed a Dyiianmic Structural Model (DSM) for GO in

which the carbon lattice is progressively dcegraded upon exposllre to water or a stronig

base 16, 39, 421. Ii their iodel, GO reacts with water to explain its acidic nature

through two transformations: (1) the development of oxygen functionalitics; and (2)

the conjugation of aromatic domnaimis. A figure from this work is shown iM 2-7.

Processing GO to reniove oxygen fuctionial groups has beeii thoroughly explored
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Figre 2-7: The Dyaiic Structural Model proposes dyralmics itera.ctious of GO

with water, leading to C-C cleavage.

with both chemical 131, 431, thermal [144-161, and siiulatio [47 181 itiethods. These

imethods optimize the reduction parametcrs such that there is sufficient oxygen re-

mioval without considerable damage to the graphitic sheet; iM other words, relovNo

iore oxygeii is favorable foi coductivity mprovent but lattice vacancies destroy

the integrity of the GO flake, iiniting its colductivity. Tiermograviometric analysis

(TGA ) combined with mna ss spctromtry (MS) sbows the removal of CO and CO'2

duiriig thermal annealing. 1(d afttiIbuts xiacanicis iii the lattice structure to the

source of carbon [36,39,49 511.

2.3.1 Ongoing structural model debate

There are two initerpretatioiis of graphene oxide chemistry that are relevant for dis-

cussion of our results presented here. On one hand, Rourke, Thomas, Wilson and

colleag iues present a two-comt1ponent iodel of graphene oxide, in which largely in-

tact sheets of grapiiue oxide are burdened by the presence of oxidative debris (OD)

that can be1c removed bV washing with a strong base, reprotonating with 110, and

rinsing [39, 52j. This model has been supported also by 138, 531. Eiglkr, Diemev,
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Hirsch and colleagues instead propose that the base washing is in fact an irreversible

reaction, executed by the strong base, in which the defective oxidized regions of the

graphene oxide are cut away from the original sheet [54-561. Further, this reaction

occurs too in water, but more slowly [16, 421

Below is a direct quote that notes the contamination of GO by adventitious carbon,

which makes HRTEM difficult.

"For example, in high- resolution TEM studies prior to imaging, GO is

typically heated to remove/reduce amorphous material, which other- wise

masks the graphene-like lattice [40, 41,49,501. Even after heating, amor-

phous regions cover a significant fraction of the area, with only nanometer-

sized "clean" regions evident between them." [391

Rourke, in this claim, uses the observation to support the observation of oxidative

debris, assuming that they are the same material. However, graphene and other

materials also accumulate amorphous carbon from the atmosphere as has been shown

indirectly [441 and with microscopy [571.

Meanwhile, Dimiev and colleagues noted the difference in washing liquid in the

purification step of GO synthesis. In particular, they suggest that water reacts with

the GO to give it its acidic nature through two transformations: (1) the development

of oxygen functionalities that absorb in the 230 nm range and (2) the conjugation

of aromatic domains that absorb in the 270-700nm range. This is notable because,

although polar solvents do not remove sulfates remaining from the oxidation process

as well [58], they should in fact be the best means to remove the organic oxidative

debris [42].

Finally, in contrast to the OD model, Dimiev and colleagues propose the Dynamic

Structural Model (DSM) which describes the reaction GO has in the presence of water.

This model supports the L-K model's hydroxyl and epoxy basal plane functional

groups, and while it does not confirm the presence of edge carboxyl groups, it does

show that edge groups are not sufficient to describe the acidity of GO [591. Upon

exposure to water, GO degrades through C-C bond cleavage in the sp3 regimes with
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the formation of ketones, which is in support of the S-D -model as well. However,

instead of a ribbon-like structure, the DSM reports randomly located vacancy defects.

Constant reactions with water produce hydrogen cations (protons) and accounts for

the measured acidity of GO that is proportional to concentration in water.

2.3.2 Interpretation of Raman Spectroscopy

A second discussion turns to the use of Raman spectroscopy to report quality of

graphene oxide sheets. Historically, Raman spectroscopy has been an incredibly useful

tool for the evaluation of amorphous carbons and graphitic materials [60-63]. Many

a paper reports Raman spectroscopy to simply identify graphene oxide with the two

characteristic peaks: the D-peak at 1300 cm-1 which represents the breathing modes

of C-C bonds and accordingly, the relative amount of defects in the graphitic structure;

and the G-peak at 1600 cm-1, which indicates the presence of C=C sp2 carbon. Some

work on GO has reported an sp2 cluster size of about 3-4nm [31,32,34,64,651 based

on Raman spectroscopy and empirical correlations, which is dependent on processing

conditions. However, this example shows conclusively that ID/IG ratio may not be

used as a quantitative proxy for crystalline size as the Tuinstra-Koenig relation does

not hold for cluster sizes 3nm or below because defects are closer, on average, than the

distance an electron-hole pair travels before scattering with a phonon [34,61,66,671.

Therefore, the increase of the ID/IG ratio could in fact mean either increasing or

decreasing sp2 cluster sizes.

More recently, Eigler and colleagues used statistical Raman spectroscopy to eval-

uate more than 6000 points of graphene oxide flakes. In identifying the GO they

produced as high quality, they showed statistically that it was possible to determine

the quality of graphene oxide using the full-width-half-max of the 2D peak at 2700

cm-1. This correlates strongly to the ID/IG ratio (as well as the AD/AG ratio, where

I refers to intensity and A refers to area), but indicates whether the GO is highly

graphitic with defect spacing >3nm or highly defective with defects <3nm. This

method does not, however, provide a quantitative means to calculate the correlation

length between defects as did the T-K relation [541. That the nanocrystal sizes are
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on the order of 2-4nm in our work is consistent with these observations.

2.4 Computation inspiration

What can we learn from computation about graphene oxide? In the same way

graphene's potential as a desalination membrane was first identified through com-

putation, there are important insights we can draw from computational analysis of

GO. GO is more tricky to simulate because it does not have a stochiometric period-

icity, and thus it is important (as many of the best works have done) to consider a

range of chemical configurations to represent the system. The comparison between

graphene and GO is can be considered similarly to the comparison between crystalline

and amorphous silicon; the amorphous system is much more complex and uncertain,

but computational insights can still be drawn.

One limitation to computational studies is a lack of clarity of the actual functional

group ratio that exists in GO. Because it is non-stochiometric and highly hydro-

scopic [351, the specific chemistry will depend on synthesis and processing conditions,

but to date, there is no effective method to determine the relative number of epoxy

and hydroxyl groups in a particular batch. In this work, we use X-Ray Photoelec-

tron Spectroscopy extensively to determine relative oxygen concentration and Fourier

Transform Infrared Spectroscopy to identify functional groups, but the former can-

not distinguish well between hydroxyl and epoxy and the latter is not a quantitative

method.3

Bagri and colleagues used molecular dynamics to explore the structural evolution

of GO during thermal annealing, for the first time elucidating the chemical changes

in the functional groups. In particular, we can learn from this work that the hydroxyl

functional groups are less stable than the epoxy groups, requiring a lower temperature

for desorbtion. Isolated expoxy groups remain relatively stable, while the interaction

of the functional groups leads to the formation of carbonyls in the thermally annealed

3A linker molecule that only attaches to one or the other would be a great way to use XPS to
determine functional group ratio, and nitrogen (diamenes) are an obvious choice, but nitrogen an
element for which XPS is difficult to gather precise data.
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Figure 2-8: Increasing both oxygen concentration and epoxy concentration in the
starting GO material increases the size of the defects from thermal annealing.

GO. Breaking of the C=-C bonds resulting in a carbon vacancy occurs at a higher

temperature [30].

More recently, work from our research group identified an important parameter

space for creating and controlling these lattice vacancies in GO. In their work, Lin

and Grossman showed that increasing temperature (modeled in vacuum) correlates

with increased size of defects, as does increased starting oxygen concentration and

increased relatively number of epoxy groups [481. These findings are summarized in

the following 2-8. This work provided the foundation for the experimental study to

control the lattice vacancies.

We conducted a preliminary spectroscopic study of GO to monitor the effect of

annealing temperature and annealing environment in terms of oxygen concentration

and defect structure using XPS and Raman Spectroscopy in order to establish a phase
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Figure 2-9: XPS (a) and Raman spectroscopy (b) show changes in the oxygen

concentration and defect structure in GO with increased anneal times in vacuum and

air. The divergence in both graphs at 400 C confirms the combustion of GO in air.

space for an experimental extension to these results. 2-9 shows consistent trends for

samples annealed in both vacuum and air. GO combusts in the presence of oxygen

(air) around 400C, which is noted both by the dramatic increase in relative oxygen

fraction and divergence in air and vacuum trends. From this we confirmed that the

temperature range from 100 - 500 C could give us sufficient structural changes to

expect to observe lattice vacancies but doing so would require direct imaging using

TEM.

Direct imaging is required to further characterize the lattice vacancies because this

spectroscopic data cannot provide conclusive evidence for the size of defect. Other

indirect methods such as the Brunauer-Emnmnett-Teller (BET) method use gas ad-

sorbtion to quantify the size of pores in three-dimensional materials, but are not

applicable for two-dimensional flakes such as graphene oxide because of no such vol-

ume fraction. However, graphene oxide is not easily characterized by TEM due to

interaction of surface contaminants with the carbon framkework under the energy of

the beam that leads to degredation. This, and a method that enables pore visualiza-

tion is presented in the next chapter.
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Chapter 3

Chemistry and Structure of Graphene

Oxide via Direct Imaging

CVD graphene is extremely well characterized through high resolution transmis-

sion electron microscopy (HRTEM). A number of works have used TEM to demon-

strate nanopore formation through methods such as ion bombardment 168,69]. Fur-

ther, atomic resolution imaging of graphene has elucidated great deal of information

about defects, dislocations, and stability of graphene with high-resolution images with

enough accuractly to measure bond lengths [70-731. Because the knock-on damage

of graphene is around 84 kV, low-voltage (80kV) TEM with spherical aberration cor-

rection is used to achieve atomic scale resolution of graphene, and its nanopores [741

By contrast, there are limited examples in the literature of graphene oxide im-

aged directly, and even fewer (none) of intentionally induced defects in GO. GO is

notoriously difficult to characterize and define broadly because of its inherent non-

stoichiometric structure and dependence on production parameters. Recent work has

revealed some insights into the atomic structure of GO by AC-TEM, but this was

primarily in regions that were highly crystalline and relatively defect free [40,41,501.

The degree of defects in GO varies depending upon the synthesis method and studies

of the atomic structure of highly oxidized GO have not yet been undertaken, but are

important for further development of GO in a wide range of applications. Importantly

for us, imaging provides validation that pores are of the size expected to desalinate
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water and that larger size defects are not present and permitting the leakage of both

water and salt.

The work in this chapter was motivated by the desire to view and measure

nanopores created in graphene oxide. What we thought would be a complicated

but previously demonstrated method resulted in considerable work towards learning

about the structure of graphene oxide. In order for graphene or GO to achieve a

"killer app", both these contaminants and the inherent structural transformation of

GO must be fully understood [13]

Here, we present the first HRTEM evidence of the Dynamic Structural Model, in

which GO is progressively degraded into a nanocrystalline structure. Direct observa-

tion of the intrinsic atomic structure of this defective GO has until now been inhibited

by the presence of contaminants that adsorb to the surface of the material at room

temperature. We use an in-situ heating holder within an aberration-corrected low-

voltage TEM to study the atomic structure of graphene oxide from room temperature

to 700 C. As the temperature increases to above 500 C, the adsorbates detach from

the GO and the underlying atomic structure is imaged to be small 2-4nm crystalline

domains within a polycrystalline GO film. By combining spectroscopic evidence with

the HRTEM data, we support the dynamic interpretation of the structural evolution

of graphene oxide.

3.1 Introduction

Work on both graphene [75] and GO [41] has revealed the presence of hydrocarbons

that weakly attach (physioadsorb) to the surface of the material, particularly in de-

fective areas. Recently, there has been interest in the presence and characterization

of surface contaminants at ambient conditions on both graphene and graphene ox-

ide (GO) [38,39,76]. These contaminants affect the surface properties: increasing the

wettability of the graphene [76] or potentially decreasing the conductivity of graphene

oxide [39]. Further, the surface contaminants pose a challenge to characterizing the

intrinsic properties of the material, including its chemical structure, nature of order
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and disorder, and defect density, particularly for GO whose structure has been the

subject of a number of different, at times conflicting, theories [36,39,40,44,51,56,771

While direct imaging of the atomic structure of graphene has been achieved ex-

tensively using aberration-corrected high-resolution transmission electron microscopy

(HRTEM), it has proven more challenging to apply similar approaches to GO, par-

ticularly more defective GO, due to the reaction of the surface contaminants with

the electron beam. Recent work has revealed some insights into the atomic structure

of relatively defect-free and intact GO by HRTEM [40,41, 501. Meanwhile, methods

such as baking in air [31, 34,401, vacuum [33, 751, or carbon black [78, 791 reliably

clean the graphene for direct observation using microscopy, but our experiments find

that none of these methods are effective in cleaning GO or rGO. We attribute this

difference to the presence of defects that have a greater tendency to adsorb airborne

contaminants.

This atomic structure of our commercially available GO (Graphene Supermarket,

NanoGO) exhibits short-range order that is likely a result of degradation in accor-

dance with the Dynamic Structural Model. . As the first direct evidence of the DSM,

we note that the mechanisms proposed by Dimiev and colleagues play a significant

role in the development of commercial applications for graphene oxide. We charac-

terize the GO with spectroscopic methods to confirm that the indirect evidence is

consistent with a large range of literature. GO of this nature is unilaterally charac-

terized by a layer of amorphous contaminants, though not exclusively as a result of

oxidation as suggested by Rourke and colleagues [38,39] because in our studies their

presence is reversible with regard to morphology with temperature cycles. We report

on the behavior of the surface contaminants in the vacuum of the TEM and present

a method to remove them in order to achieve atomic resolution of GO structure. Fi-

nally, we show that the structure of highly defective GO resembles the Szabo-Dekany

Model [31,371, in which the structure of GO consists of nano-crystallines and disrupted

by grain boundaries of disorder.
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3.2 Results

3.2.1 Surface Contaminants on GO

We conducted a repeatable study of the structure of graphene oxide using aberration-

corrected high-resolution TEM at 80kV (AC-TEM). Knock-on damage for pristine

graphene is negligible at 80 kV [801 and thus graphene and its derivatives are observed

at low voltage with spherical aberration (Cs) correction in order to resolve the atomic

structure [36,39,71,74, 771. We prepared samples on heating chips for TEM (DENs)

with a platinum coil shown in 3-1 a. Slits were introduced into the silicon nitride thin

film using a focused ion beam to allow the GO to be suspended across vacuum for

enhanced contrast and atomic resolution imaging, shown in 3-1 b. Macroscopically,

GO is wrinkled and appears clumped consistently through multiple samples, shown

in 3-1 c-d.

At room temperature and in the high vacuum of the TEM, direct imaging of the

sp2 hexagonal lattice structure is inhibited by the presence of amorphous material on

the surface of GO, which reacts rapidly under the electron beam and degrades the

real structure of the GO, shown in 3-2 a-b. By contrast, at high temperatures, the

sample remains stable and intact even after hours of exposure 3-2 c-d.This interaction

of contamination and the beam is not surprising and was observed in a number of

different sample preparation methods, as well as different solvents, graphene oxide

feedstocks, and ambient conditions of preparation. It is possible that the relative

quantity of amorphous contaminants could be affected by the presence of the electron

beam, however we are not the first to observe such adventitious carbon in the GO

system [40, 41, 49, 501. Numerous experiments utilizing cleaning methods reported

for other two-dimensional materials were conducted and were unable to clear the

contamination from GO for imaging [31-34,36,40,75,781 leading us to believe that

surface contaminants tend to be strongly attached to the GO sample than to two-

dimensional materials with longer-range order. At temperatures above 500 rC, the

specimen appears more crystalline and we are able to resolve the atomic structure of

GO. In 3-4 a, we show a region of graphene oxide in false color to enhance contrast.
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Figure 3-1: Low-voltage, high-resolution TEM was used to directly observe the
structure of graphene oxide. A heating chip containing a platinum coil (a) is used to
study the temperature dependence of the structure. A slit was introduced into the

thin silicon nitride membrane using a focused ion beam (FIB) (b) in order to obtain

suspended GO. Low-magnification images (c-d) show the macroscopic morphology of

graphene oxide: clumped flakes with monolayer regions.
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Both open (monolayer, low contrast) and closed (folded over bilayer, high contrast)

edges are visible, as are regions of disorder that separate the nanocrystallites from

each other. The high contrast of the closed edges is different from heavier atoms

contaminating the sample, shown in 3-3. Figure 3-4b shows the atomic structure

of a region of monolayer GO at a temperature of 700 C with sufficient resolution

to identify defects (pentagons and heptagons) in the hexagonal sp2 lattice. In fact,

prolonged exposure causes heavier atoms (likely silicon or platinum from the heating

chip and shown in 3-3) to migrate into the GO sample, rather than holes as seen at

room temperature.

At room temperature, this atomic resolution is not visible. Figure 3 shows the

comparison of GO at room temperature (a-c) and at 700 C (d-f). The FFTs for

different regions are shown, with the characteristic pattern of sp2 graphene lattice

(spots at 1/d where d = 0.21 nm) observed at 700 r-C for small regions. The insets in

Figure 3 a and 3d show region iii in each to demonstrate the shift from amorphous

contaminants to visible atomic structure.

We believe that the amorphous material is a result of surface contaminants rather

than oxygen functionalization for two reasons. First, the specimen appears more

crystalline above 500 C, which is consistent with previous reports of amorphous hy-

drocarbon adsorbates on the surface of CVD graphene [571 and with the observation

of adventitious carbon on GO [39,40,49, 501. The relative amount of surface con-

taminants is not defined (as compared to oxide on metals or silicon) but appears to

correlate with degree of long range order as previous HRTEM of GO reports have

considerably more visible lattice [40,41] and ssNMR on lab samples with long-range

order do not show large amounts of adsorbed amorphous material 1811.

Second, the sample again appears amorphous upon cooling to room temperature,

suggesting that the contaminants have returned (3-6). This has been observed in

graphene, but graphene tends to retain areas of visible crystal structure whereas

samples of GO appear qualitatively amorphous throughout [571. In both cases, the

surface contaminants return even in the high vacuum and anti-contamination pro-

tected environment of the TEM, suggesting that their origin is not strictly the oxida-
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Figure 3-2: (a) and (b) show the same region imaged at room temperature in the
ultra-high vacuum of the TEM at 80kV. (b) was captured 3 minutes and 10 seconds
after (a), and an a marked increase in hole size and number of holes is apparent.
This is an example of the behavior of many different regions of the material under
the beam. (c) and (d) show high resolution images of regions at 700C. In (c), the
region had not be damaged by the beam at room temperature. In (d), the material
had been exposed to the beam at room temperature. The difference in structure and
morphology clearly shows the effect of the beam.

57

I I



Figure 3-3: Prolonged heating (700C) and beam exposure causes heavier atoms to
migrate into the graphene oxide sample. These are seen as high contrast atoms in the
above figure. This region of the sample had previously been damaged by the beam to
create the holes that are also visible. The heavier atoms are likely platinum or silicon
from the heating coil and silicon nitride TEM chip, respectively.

Figure 3-4: Atomic structure can be resolved using in-situ heating with AC-TEM at
700 C with features shown in (a). Sufficient resolution is achieved to identify defects

in the bond structure (b). In (b) not all the atomic structure could be accurately
resolved, likely due to structural changes occurring during image acquisition and only

the directly resolved atomic structure is indicated by white dots and lines.
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Figure 3-5: Graphene oxide observed at room temperature (a-c) and 700 C (d-f) in
AC-TEI is notably different in appearance. (a) and (d) show images of the material
at room temperature and 700 C respectively, with insets of the 5nm x 5nm region
iii magnified for each. (b) and (e) show FFTs, both of which have a strong band at
1/d = 1/0.21 nm-i suggesting polycrystalline graphene domains. (c) and (f) polar
transforms of the FFTs showing increased order with decreased analysis size. Both the
image and the FFTs show high amounts of disorder or amorphous material at room
temperature. At 700 C, although the full region FFT appears similarly amorphous,
analysis of smaller components shows the distinct pattern of sp2 graphene lattice,
even in multilayer regions.
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tion process but instead associated with compounds in the environment, i.e. not the

same oxidative debris (OD) reported by Rourke [39,52].

3-6 a shows a region imaged at room temperature after first heating to 700 C. The

inset shows the region within the yellow box. The relatively light contrast areas are

a result of beam damage and continue to grow with increased beam exposure. 3-6b

shows regions of a cooled sample with their associated FFTs in 3-6 c. 3-6 d shows the

polar transforms of each of the four regions, decreasing in size, to show the lack of

lattice structure shown previously in contrast to 3-5f. These results indicate that any

form spectroscopy conducted at ambient temperature necessarily measures both the

contaminants and the intrinsic GO structure. Although it is as of now, not possible to

fully decouple the groups associated with the surface contaminants and the functional

groups bonded directly to the basal plane of the GO, we remark on the importance

of this observation in any processing, functionalization, or characterization analysis

of GO at ambient temperature, even in vacuum.

3.2.2 Nanocrystalline GO

The use of in-situ heating to image GO presents a new opportunity to directly ob-

serve the crystal structure of defective GO with atomic resolution. We report on

the microstructure of this commercially available GO in order to provide structural

information about large-batch GO production. According to the DSM, GO is not

statically stable in its long-range order.

3-7 shows graphene oxide imaged at 700 C. First, we observe that the majority

of the drop-cast sample is turbostratically multi-layer, with apparent Moire patterns

in the few-layer regions (3-7 a-b). As expected, the presence of functional groups

and surface contaminants appears to decouple interactions between the graphitic

lattice of adjacent layersErickson:2010fc, Eda:2010gw. 3-7 b has been color-coded

to represent the number of layers in each region of the image. Second, we show that

the underlying structure of the monolayer regions (3-7c-d) is nanocrystalline and the

sp2 structure of each crystal is independently rotated with respect to each other.

This latter observation is a notable addition in potential structures to the previous
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Figure 3-6: Two different samplesshow that surface contaminants return to the GO

upon cooling from 700 C inside the TEM. Qualitatively, the amount of contaminants

appears lower, but the hexagonal lattice is still not visible (a) shows a region with

beam damage caused by exposure at room temperature; regions of lighter contrast in

the inset are patches of damage that, grow with prolonged exposure. The boxed areas

in (b) are analyzed with the FFTs in (c).
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reports of amorphous (structural models [361) and observations of uniform large-area

sp2 (TEM results [40,41,50]) and is characterized quantitatively through Fast Fourier

Transforms (FFTs) of regions in the image. The line scans in 3-7 e show increasing

sharpness of the polar FFT demonstrating increasing order for smaller regions.

The average size of the sp2 nanocrystallites was calculated using around 10 images

collected at 700 C. The boundaries between crystallites are apparent in single-layer

areas, but are not obvious in the majority of the regions of shown in Figure 5, in

which the material is few or multi-layer. The intra- and inter-layer rotation between

crystallites results in a film that appears amorphous in FFTs of regions larger than

100nm2, even in thin regions. When an FFT is taken of a much smaller region one

to a few crystallites are clear, with the average size of a single crystal of 2nm2. We

note that the size of the crystalline regions do not change with time at the elevated

temperature and under the exposure of the beam in order to rule out heat induced

domain size changes. Since mechanically exfoliated graphene from graphitic parent

material has larger grain sizes the disorder is likely introduced during the oxidation

process, suggesting that tunable transport in rGO derived from chemical exfoliation

will remain limited without sufficient temperature for sp2 re-crystallization (>1000

rC).

Evolution of annealed GO In order to decouple the oxygen removal from the

surface contaminants, we compare these HRTEM results with spectroscopic data.

Unlike graphene, GO undergoes chemical changes upon heating, including carbon re-

moval from lattice siteEigler:2013fq. In addition to the removal of amorphous surface

contaminants, oxygen-containing functional groups attached to the basal plane are

removed with increasing temperature, as is reported by many others [30,32,82]. Fur-

ther, simulations show that thermal annealing in the absence of surface contaminants

reduce the oxygen content of rGO [30,47,48]. However here, despite a reduction in

oxygen content of 70% when heated to 700 C in a vacuum, cooled, and then analyzed,

the correlating images consistently show amorphous material.

To determine whether heating to 700 C dramatically changes the nanocrystalline

nature of GO, we collected selected area diffraction patterns (SADP) of GO that had
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Figure 3-8: SADPs for GO collected at room temperature show increasing order with

decreasing aperture size (a-d) with line traces showing sharpness of the diffraction

pattern (e-h). The sample is multi- crystalline at the smallest aperture size.

not been heated previously with decreasing selected area aperture sizes. We deposited

GO on lacey carbon grids and examined the diffraction patterns from GO flakes that

were very thin and appeared monolayer and flat in their projection with respect to

the electron beam. 3-8 shows four different aperture sizes: (a) 120 um, (b) 50 um, (c)

20 um and (d) 10 urn, and their associated line traces to demonstrate an increasing

degree of order with decreasing aperture size (e-h). At the smallest (10 un) aperture,

the sample is still apparently multi-crystalline which is qualitatively consistent with

the high temperature images.

3.2.3 Carbon removal from thermal annealing

Eigler reports the evolution of CO2 between 120 and 210 C from functional groups,

with microscale blisters resulting from its trapping between layers [83]. Specifically,

CO 2 forms from the interaction of functional groups and is released by breaking the

carbon lattice. The number of blisters increases with film thickness and are visible by

SEM. Further, lower water content GO tends to form fewer blisters. This behavior

was observed with AFM, FTIR, and TGA-Mass Spec in addition to SEM. Notably,

the FTIR signals during in-situ heating are the same for argon and air up to about

150 C.

Acik and colleagues report similar results in which they depict the role of water
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in the formation of CO 2 . This water, trapped between the flakes of a multi-layer

sample enhances the formation of hydroxyl and carbonyl species and support it with

DFT calculations of formation energies for the reactions [841. Together, these data

were used by Eigler and co. to develop a GO synthesis protocol that suppresses

the evolution of C02 by heating at lower temperatures for longer time during the

oxidation [55]. This has led to charge carrier mobility values of up to 1000 cm2 /Vs

(or a mean of 250 cm 2 /Vs) [541.

Finally, Chen and colleagues report a comprehensive review of the structural evo-

lution of graphene oxide during reduction with [821. This work details five steps in the

reduction process: (i) physically adsorbed and intercalated water removed 10OC; (ii)

interaction of functional groups creates stable lactones, anhydrides, ethers and water

around 150C ; (iii) anhydrides decompose to evolve CO and C02 from 400-600C; (iv)

lactones and individual ethers desorb as C02 and CO respectively from 600-800C;

and (v) the most stable carbonyls and quinones decompose to evolve CO from 800

to 100 C. None of these three key sources consider (or have had any reason to con-

sider) the effect of adventitious carbon on the reduction experiments or mechanism.

Here, we discuss briefly some experiments we have conducted in tandem with the

previously reported HRTEM an an attempt to better understand if and how surface

contaminants affect the interpretation of spectroscopic and graviometric data.

Annealing to 700 rC most notably, and unsurprisingly, reduces the oxygen content

of the GO. The initial carbon to oxygen ratio is observed from XPS to be 1.8:1

(35% oxygen). The Cis peak (shown in Figure 7a) can be deconvolved into four

peaks centered at 285.5 eV (hydrocarbons), 287.4 eV (C=O), 284.6 eV (C=C), 289.2

(0-C=0). Heating increases the carbon to oxygen ratio to 8:1 and shifts the Cis

peak to deconvolve into 284.4 eV (C=C), 285.5 (hydrocarbons), 284 eV (sp2 carbon),

and 289.9 (O-C=O), effectively eliminating the C=O peak (Figure 7b). The heated

samples in the TEM inevitably reduce the oxygen content of the GO. Meanwhile,

heating does not change the shape or position of the characteristic D (1330 cm-

1) and G (1590 cm-1) Raman peak shapes drastically (Figure 7c). Similarly, the

ID/IG ratio changes only slightly from 1.09 to 1.13 (just outside standard error bars)
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and suggests little change to the crystallite size and that high temperature images

are representative of the unheated GO, though defects could be introduced into the

lattice upon heating. Moreover, the HRTEM results very well support the models

presented for graphene and graphene oxide presented recently [42,54,59,85,861.

XPS data were also collected for samples annealed at a range of temperatures to

confirm the evolution of oxygen removal (3-10). In air, the material combusts between

400 fC and 500 irC, leading first to an increase in oxygen to carbon ratio and then

insufficient material to take data. TGA confirms that combustion occurs around

500 C (3-11). As expected, the oxygen content is lower with increasing annealing

temperature in vacuum, correlated strongly with a decrease in the ID/IG ratio.

However, as with prior TGA studies under nitrogen, we observe dehydration of

adsorbed water around 100 C. Also consistent with prior studies, we observe a slight

change in slope near 400 irC, which we attribute to the release of amorphous surface

contaminants rather than oxygen-containing functional groups and carbon from the

sp2 lattice. Previous work with Mass Spectroscopy has shown carbon removal at this

stage [821. This change in slope is subtle but repeatable, and consistent with the

presence of a thin layer of light elements adsorbed on the surface of the native GO.

Further, direct observation of in situ heating shows no significant carbon removal

from the lattice even upon extended periods of heating up to 700 C.

Despite the computational predictions that large defects will occur due to heating,

and a number of studies that document the structural evolution of graphene oxide

due to heating, we present a series of TEM images that do not show considerable

defect formation. Although we cannot conclusively say that carbon is not being

removed from the lattice - it could be hidden by the multilayer GO or be replaced

interstitally by surface contaminant carbon - we can show relatively intact GO at

elevated temperature.

Samples that have been annealed in both air and vacuum at 300 C were imaged

using HRTEM, at room temperature and at 700 C to reveal atomic structure. Al-

though the oxygen content is reduced by both the anneal and the heating inside the

TEM, the structures of each are virtually indistinguishable. In particular, there are
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Figure 3-9: XPS Cis spectra for (a) as-produced and (b) thermally annealed (b) show
the change in surface chemical composition of the GO samples. Raman Spectroscopy
(c) shows a small change in the ID/IG ratio but a general consistency in peak shape.
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Figure 3-10: XPS data is summarized in terms of the oxygen atomic fraction for

samples annealed at temperatures from 100 to 500 C. Samples were annealed for 1

hour either in vacuum or in ambient air. Above 400 C, the samples annealed in air

show high oxygen atomic fraction due to combustion. All data was collected under

the vacuum of the XPS at room temperature. Error bars are standard error.
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Figure 3-12: TEM analysis of GO that has been thermally annealed both in air (a)
and in vacuum (b) at 300 C shows no clear removal of carbon atoms from the lattice.

10 visible defects in the system at room temperature, surface contaminants are re-

lnoved at the same temperature as the unprocessed GO shown previously, and atomic

morphology looks identical at high temperatures.

We present a, number of possible explanations for these observations that could

be followed with additional experiments:

" Carbon vacancies are hidden front view in the TEM\ - we acknowledge fully the

limitations of TEM. Projections inherently tilde information fron each layer

and it is possible that the multi-layer structure of GO inhibits our detection of

vacancies.

" Surface contaminants play a role - until now, these surface contaminants have

not been considered part of the system. They could serve as a carbon source for

GO healing (leading to sonie interesting applications for GO in the future) or

well be the source of carbon detected by TGA-MXlass Spec in other experiments.

The latter would have significant implications on our understanding of graphene

oxide and its reduction mechanism.

" Vacancies would occur, but only at much ligher temllperatures - testing this
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hypothesis was, thus far, limited by materials properties of the tools used to

evaluate the GO. The rGO we produced was thermally annealed after deposition

onto the heating chip. At higher temperatures for long periods of time, the chip

degrades and the contacts are rendered useless. Further, the heating holder

in the TEM has a maximum temperature of 800 C. The atomistic simulations

that predict defects in rGO are conducted around 1500 K in order to facilitate

a reaction within reasonable computational time spans. Where this maps to

actuality could be outside the phase space of practical realization with the tools

available.

We report here our observations so that further work can be conducted. Detailed

methods are included in the Appendix.

3.3 Conclusion

These results show how using an in-situ heating holder can help elucidate the atomic

structure of GO as a function of temperature by removing surface adsorbed amor-

phous material that inhibits the AC-TEM imaging. The TEM evidence supports

the Dynamic Structural Model described by Dimiev et al. and the Schlolz-Boehm

model and is the first TEM study of bulk-produced GO. The degradation of GO into

nanocrystallites has implications in the efforts of restoration of transport mechanisms

for electronic applications. The ubiquitous presence of amorphous contaminants on

defective GO at room temperature has implications for GO design as a catalyst sub-

strate, enhancing electrical conductivity, or the stable cross-linking of GO sheets for

membrane separation processes, revising our interpretation of carbon and oxygen re-

moval, lattice defects, and spectroscopic data. With in-situ heating for TEM, the

evolution of the structure graphene oxide is revealed beyond long-range order. The

rapid degradation of the GO sample under electron beam irradiation at 80kV at room

temperature shows that care must be taken when analyzing GO samples by TEM and

detecting defects or nanopores that are intrinsic to the material is extremely chal-

lenging.
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Chapter 4

Nanofiltration Performance of

Cross-Linked Graphene Oxide

Membranes

The work described in the previous chapter showed that thermal reduction is not a

scalable method to produce controllable defects in graphene oxide. In addition to

challenges of measuring the defects, the control and temperature range required to

produce nanopores on the size scale required to reject solutes based on size exclusion

appears to be outside typically scalable temperature ranges (greater than 700 C).

The surface contaminants that we observe to adsorb onto graphene oxide potentially

affect the reduction dynamics and the implications of the nanocrystalline structure

of GO must be further evaluated. The work lead to some fundamental understanding

about graphene oxide and during the period of time which we studied the structure

of GO, a number of graphene oxide membranes were evaluated by other research

groups around the world and published with interesting results [87-891. From these

and our preliminary experiments we identified two critical features: first, graphene

oxide membranes are not stable in water when flakes are held together only by van

der Waals forces and second, the interlayer spacing could serve as the size exclusion

mechanism for a GO membrane while maintaining fast flux.

The interlayer spacing of a GO film is dictated by the attractive van der Waals
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forces between the flakes, and is affected by the humidity of the environment dur-

ing film formation [901. This interlayer distance is typically between 7 and 9 A for

graphene oxide, as measured by the 2-theta peak of X-Ray Diffraction. Unoxidized

graphite exhibits ABA stacking of the graphene layers and an associated lower d-

spacing of about 3.6 A. Reduced graphene oxide also shows a less-ordered 2-theta

peak but does not necessarily stack in ABA formation. In all cases, there is no

chemical bond between individual flakes, laterally or vertically. Still, papers made

from vacuum filtration of GO are self-supporting and can be peeled from a substrate.

When hydrated (saturated in water), the inter-layer spacing swells because GO is hy-

drophilic and intercalated water further separates the sheets [901. Some good review

references on this topic are available [91,92]. Many of the original GO membrane

demonstrations were conducted without a large water flow or at very low pressures,

but our early experiments for GO membranes showed wildly inconsistent results in

permeability after about 10-15 runs of 200 mL of deionized water when passed through

in a dead-end filtration stirred cell, suggesting that the membrane was decomposing

or rearranging in the presence of pressure and water (4-1).

Here we leverage graphene functionalization chemistry to create stable cross-

linkers that maintain sub-nanometer interlayer flake spacing in vacuum filtrated films

when dry and wet. We demonstrate interlayer spacing can remain below 1 nm after

cross-linking, even when hydrated, demonstrate nanofiltration of 1.5 nm diameter

conf'aminants, and that the membrane can withstand water flow up to 60 psi with no

detrimental effect. Finally, we show the effect of chlorine on the membrane's integrity

as a membrane material as well a preliminary study on the material's conductivity in

the context of electronics.

4.1 Introduction

In order for GO to be a viable separation membrane for water desalination, gas

separation, oil-water emulsions or other industrial processes, the GO must be modified

to maintain stable films assembled through scalable methods. In contrast to graphene,
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Figure 4-1: The flux of a GO membrane assembled with vacuum filtration on a
polyethersulfone (PES) support was evaluated over 20 runs of 200 mL each in a dead
end stirred cell filtration device. A clear trend in decreasing flux is observed, but
no NaCl is rejected and rinsing with DI water appears to have little effect. Further,
sharp increases in flux suggest that the GO is rearranging in the presence of water
flow.

GO can be assembled from solution into large area sheets using methods such as

vacuum filtration, spin casting, spray casting, dip casting, drop casting, or Langmuir-

Blot film formation [45]. The mechanism of flow through a GO membrane is thought

to be both lateral and vertical via its interlayer spacing and defects, through both

surface charge interactions and size-exclusion [87] (see 4-2).

Graphene oxide is viewed as the scalable alternative to graphene, solution pro-

cessable in its production and relatively inexpensive in its feedstock. However, GO is

strongly hydrophilic and does not form stable dispersions in water [93]. Accordingly, it

does not form stable papers in water either. In order to overcome the challenge of wa-

ter dispersion, chemical functionalization of the GO basal plane and edges have been

developed. Other work has used chemical cross-linkers to increase film stability [94].

And simultaneously, considerable work on the functionalization of graphene and car-

bon nanotubes provides reference for promising chemistries and applications [95,96].

Separation applications also rely on the high permeabilities that have been ob-

served for graphene oxide films. Joshi et al. report that GO exhibits 300 times the
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permeability than diffusion alone, which dictates limits in permeability for solution-

diffusion polymer membranes [97]. Nair and colleagues observe that reduced graphene

oxide is 100 times less permeable to flow than the original graphene oxide, attributed

to the reduction in inter-layer spacing from 10 A to 4 A [98]. But the exact reason

for this increased permeability is not fully understood. Han et al. calculate the the-

oretical flux for their ultra thin membranes using the Hagan-Poiseuille Equation to

find a value that is four orders of magnitude lower than the observed experimental

fluxes [99]. Two possible explanations exist: (1) the H-P Equation does not account

for the defects in the graphene oxide lattice that could make the effective lateral

dimension of each flake smaller; and (2) the fundamental assumption of the H-P

equation is that flow is laminar and no-slip. Similarly high fluxes have been observed

in carbon nanotubes with diameters less than 10 nm, either due to low friction be-

tween the water and the hydrophobic wall or due to ordered hydrogen bonds due to

a single file row of water molecules [99]. The Hagan-Poiseuille equation is described

as

Q= AP (4.1)
12L2 rAx

where Q is the flux, h or height correlates to the inter-layer spacing, AP is the

pressure drop across the membrane, L is the length of the GO sheets, rq is the viscosity

of water, and Ax refers to the thickness of the membrane.

However, because graphene oxide is hydrophilic due to the regions of oxygen func-

tionalities, only the ordered sp2 regions contribute to the low-friction condition. In

this work, base-reduced GO membranes exhibited twice the flow than the GO, sug-

gesting an decrease in the hydrophilicity of the flakes (and in contrast to the prior

study [98]). In order to further investigate the no-slip theory, Han's work also mea-

sured the flux through the membrane for increasingly hydrophilic liquids. As ex-

pected, flux increased with hydrophilicity of the liquid, supporting this no-slip theory.

The interlayer spacing is dependent on film formation method as well as ambient

processing conditions, particularly humidity, though typically ranges from 7-9 A [90].
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Figure 4-2: This schematic shows the mechanism of water flow through a multi-layer

GO membrane. The interlayer spacing, or d-spacing, is the critical dimension for
size-exclusion solute rejection.

Moreover, GO films swell when exposed to moisture, as water molecules permeate

between sheets and increase the interlayer spacing to about 1.3 nn [98]. Ultimately,

this leads to films that are unstable in water without a form of cross-linker. Yeh

and colleagues identified increased stability when creating vacuum filtration films

on anoide aluminum filters as compared to polymer filters, noting trace amounts of

alumina serving as a cross-linker to increase stability [94].

Other attempts have successfully cross-linked GO sheets to make more stable

films. Jia and Shi use both dicarboxylic acid and diamine to crosslink both the basal

plane and the edges and demonstrate a small increase in spacing from 7.4 A before

cross-linking to 7.8 A after [100]. Burress and colleagues correlated the GO d-spacing

as measured by XPS with the length of the linker [101]. Fang showed long chain

aromatic amines covalently bonded to GO using diazorium addition [102]. Srinivas

and colleagues showed porous graphene oxide frameworks with the d-spacing as an

effect of synthesis temperature [103]. Bourlinos et al. showed that longer chains

resulted in bigger d-spacing and demonstrated reduction using hydroquione [104].

Herrera-Alonso et al. intercalcated GO with diamonioalkanes in order to achieve

larger d-spacing as well [105].

Perhaps the most applicable piece of literature in the GO cross-linking field is from

Hu and colleagues [87]. In their work, they demonstrate the most thorough evalua-

tion of cross-linked GO membranes for molecular separation, observing rejection of

divalent ions and positively charged dyes. In particular, they note the importance of
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accounting for adsorbtion in separation measurements, a factor that could overesti-

mate a membrane's filtration performance when not considered. This factor has not

been explicitly controlled for in many of the works in the field.

To be an effective size exclusion desalination membrane, simulations and experi-

ments show the need for sub-nanometer spacing (6-7 A) [14,106-108]. In this work, we

engineer a cross-linked GO membrane to have 7 A spacing both when dry and when

saturated with water. We developed a process for the film formation and cross-linking

chemistry to make stable membranes without pinholes or cracks. We demonstrate

32% rejection of methylene blue, which has a hydrated diameter of about 1.5 nm.

With demonstrated stability of 7 A spacing, we predict the potential of increasing

rejection of each with further film formation optimization.

4.2 Results

In order to achieve sub-nanometer spacing, we used a cross-linker method with the

fewest number of bonds between GO sheets. Unlike graphene, GO has the chemical

advantage of functional groups, so disruption of the sp2 lattice is not required. In

particular, the non-stochiometric structure of GO includes epoxides and hydroxyl

groups on the basal plane, with both carboxyilic acid and hydroxyls terminating the

edges [36].

4.2.1 Amine Cross-Linker

Shown in the schematic in 4-3, we used oxalyl chloride to activate the edge carboxylic

acid groups on GO and triethylamine to link these activated sites to hydroxyl groups

on the basal plane, resulting in just three bond-lengths.

The key parameter to creating a stable film using this cross-linking method is the

degree of cross-linking of the system, which is dependent both on concentration of GO

in solution, the concentration of cross-linkers, and the mixing of the solution. Highly

cross-linked GO is extremely stable in its hydrated state, but produces a porous foam.

Vacuum filtrated GO exhibits a very planar morphology when it is not cross-linked at
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Figure 4-3: This schematic illustrates the steps in chemical cross-linking to produce
linkers with just three bonds.

all, but swells to about twice its original . Film coverage optimization depends on the

concentration of cross-linkers and the dilution of the GO process both during cross-

linking and during film assembly, shown in 4-4a-c. Further, the degree of cross-linking

here, i.e. how planar the sheets sit, is inversely correlated to how much it swells when

hydrated; the fully-crosslinked foam is most stable, while the as-produced GO is the

least (4-4d). The optimized process was measured to have 1 A of swelling, shown in

4-4e.

When reacted in a concentrated solution, the amine produced a foam-like clumped

structure that holds its d-spacing when wet. When reacted during the vacuum fil-

tration process, the sheets assembled into a much more planar configuration, but

demonstrated swelling when wet. When reacted immediately before the filtration

was applied, a stable film can be formed (see d-spacing in cross-linked film in as

compared to as-produced (no cross-linking) GO. The two processes both showed an

increase in covalent bonds, some residual chlorine (1%), and reduced oxygen func-

tionalization when analyzed with XPS. The foam demonstrates a higher percentage

of C=C bonds (284.5 eV) as well as a lower oxygen content, with the residual second

peak in the film attributed to epoxy groups. The as-produced film has a 2:1 carbon

to oxygen ratio, which is typical for graphene oxide. The foam has been reduced

to 6.5:1 while the optimized film is 5.8:1. As a result, it appears that the degree of

79



a as-produced GO

44

b optimized process

H
6.79 A

11.55A as-produced GO 795A

swells almost 2x

d ry Ilk,

5 10 15 20 25 30 35 40 45 50 5 10

2-theta

6.95 A

optimized cross-linked
dry swells only by 1 A

15 20 25 30 35 40 45 50

2-theta

Figure 4-4: SEMs show as-produced GO (a), the optimized cross-linked process (b),
and the fully cross-linked foam (c) to demonstrate the range of parameter optimiza-
tion. XRD spectra in (d) and (e) show the swelling from wet to dry in the decrease of
the 2-theta peak for the as-produced, which swells nearly 2x (d) and for the optimized
cross-linked film, which increases only be about 1 A (e).
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Figure 4-5: (a) shows the CIS XPS scan for the fully cross-linked foam and (b)
shows the same for the optimized cross-linked memhbrane. The relative intensity of
the C-O peak is decreased with the degree of cross-linking (nearly eliminated in (a)

but present in (b)).
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Figure 4-6: The Riaman spectra shows that cross-linking does not introduce signifi-
cant defects in the GO structure. The shoulders on the D and G peaks of the Raman
spectroscopy are likely due to the carbon single bonds in the linker and could be used
as a rapid assessment tool in the future. .

cross-linking can be correlated with the degree of oxygen reduction in the sample.

Finally, Raman spectroscopy provides evidence of the chemical and structural

changes due to the cross-linking process. 4-6 shows the evolution of shoulders onto

the characteristic D and G peaks for graphene oxide at 1120 cu- and 1500 cm-1,

which could represent the carbon single bonds in the linker ( [1091). This data could

serve as a inexpensive method to measure the cross-linking in GO membranes.

4.2.2 Permeability and Rejection

Membranes were tested for pernieability and selectivity using a dead-end stirred cell

pressured with nitrogen gas to 30 psi. The membrane was suspended and scaled

over an impermeable Parafilm support using kapton tape, and tested for leaks. The

experimental setup is shown in 4-7. All membranes were subjected to the solution

at pressure (30 psi) for 2 hours before rejection data was collected to control for

adsorbtion. Flux measurements were collected using a bench counting scale and were

not considered until flux had reached a linear steady state. The rejection of ions was
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Figure 4-7: A schematic of the stirred cell setup used to measure the flux and
rejection of GO membranes.

detected by conductivity measurements, which correlate with salinity. The rejection of

organic dyes was determined using a Cary UV-Visible Spectrophotometer to measure

transmittance of feed and permeate solutions at 590 nanometers. An example of the

full collected spectra is shown in 4-9.

When calculated, the GO membrane we have optimized should demonstrate a

flux of 2.5 x 10-6 L/hour, which is slower than a typical polymer RO membrane.

When measured, the flux was 2.7 x 10-3 L/hour, three orders of magnitude faster

and twice as fast a polymer RO membrane. In both cases, the GO active layer is

200 times the thickness of the active polyamide layer, which is promising for thinner

films. The reasons for the faster permeation are three fold. First, cracks or holes

in the membrane, not visible by SEM but internal, may be to blame. This would

increase flux and reduce rejection. Second, defects in the GO sheets could result in a

shorter average lateral length of the GO sheets, increasing the flux. And finally, the

slip flow theory could be be applied to the regions of sp2 of the GO sheet.

The membrane was also exposed to 4ppm (drinking water standard) of free chlo-

rine in the form of sodium hypochlorite for 24 hours and then assessed for rejection
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Figure 4-8: The GO membrane was formed in a 45 mm diameter vacuum filtration

apparatus (a). It was then cut using a clean and sharp blade into small areas to test
and suspended over a slit sheet of Parafilm in the stirred-cell setup. Kapton tape was

used to seal the membrane. The Parafilm was placed directly on the stainless steel
support of the stirred cell.

200 300 400 500 600 700 800

Wavelength (nm)

Figure 4-9: UV-visible spectra for the feed and permeate was collected for the range

of 200 to 800 nanometers in order to generate a stable zero background. The amount

of MB in the solution is determined by the absorbance at 590 nm. In this case, there

was 32% rejection.
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Figure 4-10: UV-visible spectra for the feed and permeate was collected for the range

of 200 to 800 nanometers in order to generate a stable zero background. The amount

of MB in the solution is determined by the absorbance at 590 n1. In this case, there

was 32 rejection1.

Performanec. A polyiner R1 ()1(n111) o (Dow SVHIR30) shows io salt rejection upont

eXposure to Ippmll chlorine for t about 8 hours 1-10. In addition, a baseline comparisoi

to ittetllvlette blule rejection was c(onducted. The polymer RO inenbrane demoistrates

a 50% reduction in rc.jection, from 24 %(1 to 13%. The graphtene oxide ietnbrane acti-

ally iner'eased rejectioti froi o32% to 54%. Both mncibranes were run with MB for 1

hour under pressure before reIjoeCioll ws ueastred in order to accoutit for adsorbt ion

to the ieibrane. The itcreas( li in j(.(tion for the GO membrane could be attributed

to a slower rate of adsorbtion dluc to the chlorine, where some fraction of the rejection

is due to adsorbtion. Future experiments will validate this hypothesis.

In order to achieve full coverage (ito pinholes) of stable membranes (no cracks),

vacuum filtration was used to deposit flakes intediately after anine addition with

gentle stirring. 1-11 shows potentia.l defects that are only revealed after the ethanol

soak and contribute to no rejection iti the permeate. This aittd the other samples that

were assembled using slow filti-aiot tended to demonstrate largcr defect features.

The Hitratiot vohtite, cot 'ent ration, and cross-linker amtount are critical to forming

a menibrane that is not too brittle but maintains plarar flake deposit ion.



Figure 1-11: Pinholes and cracks are among the defects that cause no rejectioin (tue

to incomplete flin formation.

4.3 Conclusion

In summlary, we have developed a way to reliably cross-link GO membranes in order

to maintain sub-nanometer interlayer spacing that can.1 be tunIled to reject solutes

from solution. We l demonstrated 7-8 A interlayer spacing which translated into about

30% rejection of methylene bLie, which has a hydrated diamieter of 1.5 inn. These

results suggest that the degree of cross-linking and filin assembly could be further

optimized to ensure no swelling and increased rejection. In theory and in practice,

the 7 A spacing should be sufficient to reject hydrated sodim chloride ions, but

larger pathways must be entirely clininated. The opposing forces of degree of cross-

linking and film coverage help define the parameter space to evaluate here. Most

importantly, chlorine does not appear to degra(de the separation performance of the

gra eIphe oxide membrane, which provides a critical performance parameter for thir

further development to reject salt.



Chapter 5

Techno-Economic Feasibility of

Graphene Oxide Membranes

5.1 Introduction

Good research is inherently interdisciplinary across scientific fields, but less often

interdisciplinary across levels of implementation. A proof-of-concept is incredibly

exciting, but can easily inspire notions of product-ready development, particularly

through popular science media outlets. These interactions between science and society

have an impact on research funding, market, and investment opportunities. These

serve as important examples of educating the public about scientific discoveries, but

also cause speculation that could lead to disappointed expectations. Lux Research,

a reputable market research firm, published a report in July of 2016 declaring that

graphene's future was no better than the ill-fated and over-promised carbon nanotubes

[110]. Though it is true that commercial applications are still limited [13], graphene

was only first isolated 12 years ago. By contrast, the New Yorker has an excellent

scientific reporting article comparing graphene to aluminum, which took almost 100

years from discovery until its "killer application" [1111.

Proof-of-concept demonstrations, fundamental evaluations, or simulation-based

exploration are crucial to the advancement of science. Indeed, the electronics revo-

lution that is underway currently is thanks to a great deal of fundamental research
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that occurred in the 1950s. To describe these critical elements, NASA and the US

Department of Defense use a system called "technology readiness levels," in which

TRL 1 represents basic science while TRL 9 indicates preparation to launch. A TRL

9 project necessarily has been explored in dimensions beyond technical capability -

at this point the questions is not only, "can we do it?" but also "how does this help

us?" and "why would we do it?" Furthermore, in the engineering execution setting,

cost analysis becomes relevant and important.

The academic literature predominantly consists of TRL 1-3 projects, suggesting

that technical feasibility is the most critical path of exploration. While not all research

projects should be evaluated with a cost-component context, I do believe that there

is a complete lack of awareness in the research field. In this case, the question of "can

we [make graphene oxide desalination membranes]?" inherently implies the question

of cost: can we make graphene oxide desalination membranes at a low enough cost?

In many cases, an application is identified before it is fully explored because such

practical applications receive attention from journal editors as well as popular science

media. This also gives context to a discovery, highlights its importance, and serves as

an important direction for the rest of the research. However, academic literature is

littered with the words "scalable," "inexpensive" or "green", but researchers have no

need, desire, or accessible toolkit to justify as such. Instead of just being buzz words,

I present here an analysis that allows a quantitative evaluation of the research work

towards graphene oxide membranes in terms of cost and scalability. This is useful

not just to the previous work in this thesis, but also for the numerous researchers

also working in this area. Ultimately, my vision is that there can be a database or

tool created such that researchers can easily obtain - and care about - first order

scalability approximations for their work.

In the following pages, I discuss one approach that could help determine the scala-

bility of graphene oxide membranes with an aim to develop a framework for evaluating

research projects that are headed towards development of a particular application.

The inputs are early and educated assumptions that I truly believe can help formu-

late future research decisions about both the engineering and applications for GO
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membranes. In this chapter, I explore the manufacturability of GO membranes both

through a qualitative classical perspective and a quantitative Process Based Cost

Model. These costs are then compared to the potential cost savings of a fouling resis-

tant and chlorine tolerant membrane using a water treatment cost model originally

developed by the United States Bureau of Reclamation. In summary, I find that

graphene oxide membranes could feasibly achieve the price points required for the

low-margin, high-volume desalination membrane industry. This work provides quan-

titative evidence for the use of the word "scalable", articulates the role of membrane

technology on the cost of desalinated water, and builds on a framework that could be

leveraged across a considerable number of other research projects.

5.2 Manufacturing cost

In this section we discuss the GO membrane production process in two contexts. First,

the process design for the cross-linking described in Chapter 4 was developed using

the metrics for manufacturability that are used commonly as first order comparisons.

These are explained here and contrasted to a brief discussion of methods that were

conceived but not pursued for the fabrication of nanoporous RO membranes.

Second, we evaluate the cost of graphene oxide membrane manufacture using

a Process Based Cost Model (PBCM). Briefly, a PBCM models all of the input

costs including equipment, materials, labor, and capital in order to estimate the

manufacturing cost,.cost drivers, and often, areas for improvement. The purpose of

this quantitative analysis is two fold: first, it is the first ballpark figure to exist for any

commercial application of graphene oxide, particularly in the context of separation

and second, it provides early understanding of the cost drivers, which illuminates the

next set of research or development endeavors.

5.2.1 Classic perspective on manufacturability

In evaluating this, or any, manufacturing method, we begin by considering the four

classic metrics for manufacturability: rate, quality, flexibility, and cost. These met-
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rics are an invaluable tool when considering established manufacturing methods for

producing a known part or using a known process. For an unknown process, like

many proposed for nanomaterials, there are larger gaps in understanding due to a

lack of information and experience. To begin, I will outline considerations for each of

these metrics in the context of cross-linked GO membranes.

Rate: Rate refers to the speed at which the process occurs. For example, com-

paring 3D printing to injection molding illustrates how rate affects the production of

a product; while 3D printing has relatively low set-up time, each fist sized part takes

hours to print. For injection molding, the set up time (mold design and fabrication)

is expensive both in time and money, but parts are produced in seconds.

The cross-linking process is conducted in batches at the lab scale, but would

be converted to a continuous manufacturing method. There would be certain line

balance concerns, and this process would ideally be ultimately be optimized. But

with no volume constraints, there is about 8 hours of production time required per

membrane. The rate is driven by the reaction time, and could be parallelized for

further reduction.

Quality: Quality refers to the yield of the process. If 3D printing takes 10 times as

long but makes a usable part every time, it may be preferable to another method that

takes less time but results in many unusable parts. This tradeoff is well-documented

for processes which have been used across a number of products and industries. Yield

is particularly problematic when transferring processes from R&D to production, e.g.

in semiconductor manufacturing [112].

Of course, it is not in a company's interest to report yield data for their manufac-

turing process, and no data is readily available for polymer membrane manufacture.

The performance of a polymer membrane, however, is not consistent across an en-

tire membrane, sometimes varying by up to 50% (CITE). In the process design here,

vacuum filtration was selected as a promising membrane assembly process because

it is kinetically self-limiting and can be extended in terms of area range, unlike spin

coating or drop casting, which do not scale well with consistent results. This decision

was an active one, with the intent of improving yield at production scale.
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Flexibility: Flexibility refers to the degree of ease with which a process can be

changed with changes in demand, knowledge, or market conditions. It is a function

of both process design and application specifications. In this work, the goal of main-

taining flexibility was achieved by designing with simple processes that are already

implemented at scale, thereby requiring limited specialized equipment. Limited spe-

cialized equipment makes it easier to spec out a plant as well as sell equipment if

necessary.

Cost: Finally, cost is a relatively easily quantified metric for which there is much

uncertainty when considering a new product. Moreover, when there is new process

design proposed to replace an incumbent process, direct comparisons become more

difficult. Lifetime cost savings play a significant role, particularly for a product like

desalination membranes. From a manufacturer's perspective, cost and margin are two

separate concerns: desalination membranes tend to be low margin ( 10 percent) and

high volume while other separation processes such as dairy tend to be high margin

( 25-30 percent) and lower volume [1131. The market matters considerably on how

much cost impacts are felt to the producer.

A number of additional approaches were considered for the creation of nanopores

in CVD graphene, graphene oxide, and even silicon. Early on in the process, CVD

graphene was eliminated from consideration but processes such as using anodic alu-

mina mask [1141 and ion bombardment [68, 69] were explored. More wild ideas in-

cluded patterning the copper substrate before graphene synthesis and creating nano-

drills from buckeyballs. For grapheAe oxide, thermal annealing out-simplified oxygen

plasma etching [1081, chemical reduction [531, or laser pulses [115]. Finally, silicon

was explored in order to evaluate a material for which processing conditions are very

well known and equipment is highly specialized. In this case, I successfully used in-

terference lithography to make 120 nm pores with very high repeatability, followed by

a silica deposition on the walls in order to make the pores smaller. While this worked

with some success, it was very difficult to control the last tens of nanometers in the

process. I also spent quality time with the sputtering machine in order to develop

thin amorphous silica films to anneal to create holes. In this case, the process was
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not sufficiently repeatable. These ideas and attempts serve as examples where the

manufacturing process design was not feasible from the early proof of concept analy-

sis. Today, labmate, friend, and colleague Brendan Smith has developed an extremely

promising method of using metal assisted chemical etching (MACE) to create very

small pores in silicon using very similar principles (citation forthcoming).

5.2.2 Process Based Cost Model for Graphene Oxide Mem-

branes

Many cost models become evident as backward looking tools to evaluate opportunities

for improvement, but forward looking models are becoming increasingly valuable for

technological evaluation. A Process Based Cost Model (PBCM) uses technical knowl-

edge about a product and converts it to cost in order to inform technical decisions

before investments in are made [116]. Process Based Cost Modeling is used' at many

levels of product development in order to estimate the production cost. The produc-

tion cost typically has no relation to the prototype cost, and must be calculated with

production scale components. For well-established manufacturing methods, a first

order calculation can be conducted using a bill of materials and estimated markup

for labor and assembly. For more novel processes, the costs are less certain. Pro-

cess Based Cost Modeling has, thus, been used for systems from batteries [1171 to

semiconductors [1181.

In order to estimate the cost of production for a graphene oxide membrane as

compared to a commercial polymer RO membrane or a ceramic nanofiltration mem-

brane, we built a production model for the steps involved in oxidizing graphite to

form GO, cross-linking GO to form stable membranes, and assembly of the film to

ensure full coverage. The steps considered in this PBCM are shown in the schematic

in 5-1 and have been derived directly from the methods of the results shown in Chap-

ter 4. This model is a first order approximation, taking into account both building

and equipment costs (captial), labor, materials, and utilities costs (operating). This

financial model is then analyzed in the context of learning curves, scalability, and
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Figure 5-1: This flow chart outlines the key process steps in the production of a

graphene oxide membrane using crosslinking steps.

benchmarks for other membranes in the industry. Finally, we compare the projected

cost of production with the potential for cost savings using another cost model - for

the levelized cost of desalinated water.

The Process Based Cost Model (PCBM) assumes a number of facility wide costs

that are outlined in 5-2. The key variables for membrane specifications are the men-

brane area and the thickness of the active layer of graphene oxide, particularly the

latter because the former is dictated by membrane module specifications. These dic-

tate the weight of grapliene oxide required to fabricate the membrane active layer. In

this model, the Hummers' Method is used to oxidize graphite in order to control the

entire graphene oxide supply chain.

Capital equipment is amortized over 6 years and facility building space is amor-
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Figure 5-2: Facility wide decision variables and
Based Cost Model for GO membranes.

exogenous inputs used in the Process
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tized over 20. Some of the key variables, such as relative proportion of launch costs

and facility unplanned downtime) were used based on similarities of this process to

the models presented in the the NREL Biorefinery Cost Model [119] and the Argonne

National Laboratory Battery Cost Model (BatPac) [120].

A key parameter in the total membrane manufacture cost is what we term here

as the "balance of system" costs. These refer to all the cost components that are not

associated with the manufacture of the active layer of the membrane. Specifically, this

includes membrane module, support material, feed spacers, winding equipment, and

enclosure. Because these processes are known for polymer membranes and a plug-

and-play membrane replacement system would ideally utilize line equipment that has

already been developed, we assume here that these balance of system costs costs

associated with a GO membrane are equal to those for a polymer RO membrane.

The exact cost of production for polymer membranes is dependent on manufac-

turer, and typically not public information for any product. RO membranes retail

for around $1000 reported, but are often sold to users through distributors, which

complicates the assumed markup. Tom Pankratz, desalination industry expert and

founder of Global Water Intelligence, a desalination market resource, has written

about the industry benchmark of $1 per square foot production cost for polymer

membranes [121]. Pankratz, among other industry experts have alluded to the bal-

ance of system costs as being about 30% of this value [113,122,123]. In this model, to

be conservative, $0.50 per square foot was assumed for the balance of system costs.

5.2.3 Results

Production Cost Using this PCBM, we evaluate the cost per membrane as a func-

tion of production volume. Costs have been calculated using estimated vendor quotes

for a range of scale volumes. Cost estimates in this "conceptual" stage of process typ-

ically have an error of plus or minus 50% and are shown with error bars in 5-3. These

errors include temporal and process changes that will occur in the cost structure [124].

In order to avoid artificially showing cost reduction with volume, all capital costs have

been scaled linearly from reported values in the cost model literature.

95



t

10 100 1,000 10.000
Production Volume (log)

t t

100,000 1,000.000 10,000,000

OPolymer Membrane Benchmark * Cost per membrane

Figure 5-3: The PCBM shows a decreasing cost per unit with production volume in

this log-log plot. Error bars show 50% estimate for the error in temporal and process

changes.

Materials
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Variable Overhead

General, Sales,
Administration

Research and
Development

Depreciation

Figure 5-4: Both variable and fixed expenses are shown for the membrane production

cost. Materials are a very small portion of annual costs and capital depreciation

dominates. As such, production cost is heavily dependent on volume.
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Learning Curves Learning curves are typically posteriori evaluations of how

costs have decreased due to improvements in process design, technological advance-

ments, and other optimization methods. Here, three learning curves from the aggre-

gated literature have been used as representatives of low, medium, and high-learning

scenarios with progress ratios of 90%, 80%, and 65% respectively [125]. The progress

ratio refers to the reduction of cost associated with doubling of output. The cost at

volume t is related to the cost at volume 0 as,

Ct = Co Xt (5.1)

where b is the exponent derived from the progress ratio. The progress ratio is

described as

PR = 2- (5.2)

Much literature focuses on isolating variables in cost reduction due to changes

in process design, economies of scale, or other exogenous variables, but in this case,

aggregate values are most relevant. When applied to the production cost, we can

estimate volume and learning to effect the per unit production prices as showing in

5-5, with each of the learning scenarios shown. In order to accurately represent the

learning curves, the baseline cost was assumed to be the production cost at 100,000

membrane production, which is the volume for which many of the vendor quotes

were provided. For both the medium and high learning rate curves, the cost of GO

membranes ultimately lands below the benchmark polymer membrane case.

Scalability The Viola Method is a well-established scaling factor for chemical

engineering processes that is used for estimating costs at higher volumes based on

existing cost models [126]. Its utility is in its simplicity since many process factors

are impossible to estimate precisely. For an existing process, one can expect costs to

scale with volume with an exponent factor of 0.6, as shown:

C/=/\.0.6

CVY = 0 Vx (KX (5.3)
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Figure 5-5: Low, medium, and high learning curves are applied to the 100,000 cost
volume. Both high and medium learning curves result in costs per unit below that of

today's polymer membrane manufacture.

In order to quantitatively compare the scalability of GO membranes with this

established metric of cost scaling, we have plotted cost as a function of volume for

the upper bound (PBCM model) and lower bound (medium learning curve), both

with error bars and for the Viola equation in 5-6. We observe that the cost of GO

membranes could reasonably scale within this expectation.

5.3 Cost of Water Model

Although water and energy are inextricably linked and many policymakers group the

two together, the cost and value of the two could hardly be more different. Energy

exists in a relatively deregulated market in which utilities are profit driven companies

that price according to their costs and the value of the service they provide. Water,

however, is a basic need for human life and thus is heavily subsidized by local gov-

ernments. Customers see just a fraction of the costs associated with delivering fresh
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Figure 5-6: The 0.6 exponent factor described by the Viola Equation is overlayed on

the cost per unit production with volume. We observe that the cost of GO membranes

could reasonably scale within this expectation.

water to the home.

The Levelized Cost of Water is a metric used to amortize the cost of capital

infrastructure over the lifetime production of a plant. Its analogy, Levelized Cost

of Electricity is used frequently to compare conventional electricity production with

renewables because it accounts for lifetime production and operating costs. Solar

photovoltaics, for example, are expensive to produce (high capital cost), but have no

fuel costs whereas coal powerplants must continue to supply the plant with coal fuel.

Similarly, the Levelized Cost of Water (LCOW) accounts for the lifetime production

of the plant in a metric that can compare across drinking water treatment, brack-

ish water desalination, and seawater desalination. The Levelized Cost of Water is

equivalent to the price at which water must be sold in order for the project to break

even.

The Levelized Cost of Water is calculated as,
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LCOW = sumofcostsoverlifetime (5.4)
totalwaterproducedoverlifetime

and has been modeled for a 100,000 MGD plant.

Discount rates for capital broadly are approximated as 6%. However, the Depart-

ment of the Interior reports each year an interest rate to be used by Federal agencies

in the formulation and evaluation of plans for water and related land resources. For

the fiscal year of 2015, this number is 3.375%. This value accounts for the increased

social value associated with water construction projects (as compared to, say, a lux-

ury apartment building) and allows such prioritization to be considered in cost-benefit

analysis conducted by the Federal government. Applying such a discount rate to the

production of water reduces the baseline levelized cost of water by 30% over the same

20 year lifetime of the plant. It is important to note that local governments and

private companies are not obligated to consider such a "social discount rate," and

thus would likely consider a capital investment with the current capital structure.

Another perspective on water cost is the "willingness-to-pay" for fresh water. Most

of this research is based on surveys in Australia [127]. Conceptually, it considers the

amount a consumer would be willing to pay to avoid interruption in the water supply.

This dollar value would be different for an industrial customer than for a household

customer, and can provide reference into whether the economics of a desalination

plant make sense. A detailed study of this (as well as geographical dynamics) is

outside the scope of this work, but I thought it important to note for completeness.

There is a great deal of variation in the reported costs for desalinated water.

To illustrate, 5-7 shows the range of specific sources, including the model reported

here. Variation in these numbers arise from two primary sources: (1) Forward-looking

estimates verses retro-active analysis: the retro-active analyses include hidden and

unexpected costs of operation; (2) Cost of land: the cost of land is included in some

of the retro-active estimates but not the forward looking estimates, in addition to

the hidden costs including overpressure or additional membrane cleanings. Finally,

it is estimated that the cost of the drought simply to agriculture in California is $2.7
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Figure 5-7: This flow chart outlines the key process steps in the production of a
graphLcne oxide nembrane using crosslinking steps.

billion, Iased 1( diglt-lelat('( idle land, crop reventie loss, dairy and livestock, alnd

costs of additioniai plining, illulnded lost jobs 1281. This is a staggering iinlber

that motivates a better llntderstalnding of the( costs of (esalination for ratioial public

and private decision making to coistruct and operate platils.

In this work, we look at the LCOW as well as the relative changes to the costs

as a. function of key variables. Fiially, there are a number of resources in the liter-

ature for the imodeolig and optimization of PAO planiits. MNy of these highlight the

issues associated with perimeab)ility an d fouling, but also note schedting and energy

consumption dynamics. For more information, see [129 1321.

5.3.1 Key elements & updates

The WTCost (Vater Treatment Cost) Nlodel is a Visua1l Basic-based Model that was

developed it 2004 by the United States Bureau of Reclamation in order to define the

capital and operating costs of a water treatment plant For decision-mlakers 11331. The

1model is supported with an Excel documented model called WaTER, that was most

recently updated in 2011. The models are based on the physics of separation (for

exatiple, osmotic pressure is Calctulated from the feedwater parameters).

In order to validate and update the model, a number of specific actions were

taken. First, all celitijcal costs, cost indexes, and labor numbers were used in the

model. Cheiical costs were obtained frol the Chermilcal Cost Index (Chemical Engi-
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Figure 5-8: Cost indexes for .Jannarv 2016.

IRIering Magazine) and construction cost in(lexes were front Engineering News Report.

Both were obtained for most recent (January 2016 and July 2015 respectively). Sec-

ond, a fouling model was incorporated into the cost model. Both plant operators aii(l

intembrane ianufact irers acknowledge the impact that fouling has oti desalination

perforiaIcc, particularly in energy costs. Finally, membrane cleanitigs were Oval-

nated based on available (Iata for cost ranges. Downtiume was considered (lack of

reveniue).

Cost indexes Chemical and constrnction cost indexes used for the 2016 update

are shown in the 5-8.

Fouling Model Membrane fouling contributes dynamically to the cost of oper-

ating any i( mnmbrane treatmient pla it. For drinking water treatment, hollow fiber

menibranes are backwashe(l every 20 minutes for abont 30 seconds in or(ler to re-

move orgaiiic fouling. For (lesalination plans, the fragile RO imembranes cainot bc

backwashed, but are suibjected to caustic cleamnig every 1 to 4 months. For this,

hydrochloric acid is used because chlorine d isin fectalit damages the i ntegrity of the

tembrane.

Thre are two types of fouling: reversible and irreversible. As their names sitglgest,

reversible fouling can be removed using lekaaning methods, while irreversible fouling is

only eliminated by replacem tent of the ietmbrane. Irreversible damage also incliles
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an unacceptable increase in solute transport. Typically, membranes are replaced due

to irreversible fouling and/or integrity damage every 6 years. In actual operation, this

translates to 8-20% of the membranes replaced each year, to remain within annual

cash flow restrictions. Over the course of 5-6 years, the whole plant has undergone

an overhaul.

Two notes about plant operation. Today, membranes are monitored for damage

by periodically testing samples from trains of membranes. This allows an operator

to identify a compromised membrane to the resolution of a column of stacked mem-

branes. To date, there is no further resolution or individual membrane monitoring.

For this reason, it is extremely important for operators to remain conservative about

the quality of the feedwater entering the plant. Second, plant operators maintain

constant output of flow. Therefore, if membranes are particularly fouled (which re-

duces permeability, and therefore flux), an increased pressure drop is applied to the

whole RO train. This allows the plant to continue supplying to their customers, but

at the cost of increased energy expense. This component is very rarely considered in

water cost models and is one of the stated reasons that plant estimates are considered

conservative.

In this work, we have incorporated a fouling model based on actual plant data

reported in the literature. More recent data could not be used because many of the

current big plants do not have sufficient historical data - Carlsbad came online only in

December of 2015, Tampa Bay is running at 20% capacity, and Barcelona is running

at 12% capacity - and indeed none have replaced their entire membrane inventory.

The fouling model incorporated here is derived from the literature [134,135]. In

this model, membranes are cleaned when permeability reaches below 60% of its rated

permeability. Membranes are replaced when solute transport is 40% above the initial

condition. The permeability of each membrane reflects both irreversible and reversible

fouling, and decays exponentially. 140 months of operation are shown (1 membrane

replacement) in 5-9.

Two equations are used to describe the exponential decay of the membrane per-

meability. Here, A is the membrane permeability and B is the membrane solute
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Figiir' 5-9: Decay in permeability as a function of tiic, accounting for mneinbrane
Cleallings (individual cycles) .1d 1Ienbraiie replaceiient (sharp ilcrease).

p(rmileation1. TI refers to the tinie since tli last ilellllbramIne C1(laiiing a11d T is the

tin' since the last menibrane replaceieIIt.

A,j A( (1 - wjT ,,, 1 ) e.xp (5.5)

BJ/(= Bo (1 + <1'12 1'2I ) 'I) (5.6)

Con lstants for these eq(jlati1s are below:

i = 1.67 x W- V! =-- 1.67 x 10 F 328. I = 650 (5.7)

In this cost 1odl we assume that GOi membranes that permit the passage of

Chlorine would also require mn1mal overpressure. without the cycling sCcii here.

Membrane Cleanings As Ientioled in the previons section, icmlbrane cliani-

ings are inherently related to the foiling that occurs, which is directly related to the

quality of the feedwater. Estimates vary widely, but imetll)ra les are most often to

be quoted as requiring cleaning 4-6 times per year. For the Tampa Bay (esalinationl

plant, the feedwater is the brackish estuary of Tampa Bly. Salinity varies seasonally.

as 1(oes bio-activitv. Heavy rainis decrease salinity (and thus osMlotic pressure require-

ment ). but increase bio-activity (and thus pre-treatllet or fouling problenms). The
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former is more predictable and controllable than the latter, and is thus preferred.

In this cost model, we assume that membrane cleaning is reduced from 6 times

per year to 3 times per year. This conservative estimate allows for the treatment of

chemicals in the saltwater flow that ides not disrupt production, but still represents

an operating cost. In reality, the loss of production (downtime) associated with each

cleaning is 97% of the total cost, with the remaining 3% due to the chemicals used

to conduct the cleaning.

5.3.2 Results

The cost model enables us to observe the cost breakdown. The charts below are similar

to others reported in the literature, for example [136]. From this perspective, it would

seem that energy is a considerable cost, which is the classic perspective on cost savings

for desalination. Below, we show the breakdown of costs for the model desalination

plant, which is heavily dependent on whether energy recovery is employed or not (see

5-10 and 5-11). Energy recovery devices (ERDs) are used to capture the energy of the

brine flow and transfer it to the feed flow. These devices are typically greater than

97% efficient and are followed by low pressure booster pumps. When the desalination

cost is separated by treatment step, we observe that the pre- and primary-treatment

steps represent a considerable portion of the desalination, when the RO step actually

conducts the removal of salt. With this perspective, we highlight that energy is not

the only cost driver of desalination, though it is a significant component.

In order to evaluate the key cost drivers for reverse osmosis desalination, we used

the 2016 cost model to conduct a simple sensitivity analysis on the LCOW. While

LCOW is not a perfect metric, because one of the biggest drivers is how much pro-

duction the cost is over which it is levelized, it provides a constant frame of reference

in terms of dollars per m2 of desalinated water.

Desalination plants operate on an annual budget, particularly when taxpayer

money is involved. As a result, it is only relevant to consider costs, membrane re-

placements, and savings on an annual basis. Here, we use this approach to consider

how much a GO (or any other novel) membrane could cost in order to break even
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Cost by component

6%

26%

32% Capital Cost

Other O&M
Energy Cost

Labor

Membrane Replacement

31%

with energy recovery with energy recovery

Figure 5-10: Cost breakdown viewed with the lens of component and steps for RO
desalination with energy recovery.

Cost by component

26%

40%

25%

Capital Cost

Other O&M
Energy Cost

Labor

Membrane Replacement

without energy recovery without energy recovery

Figure 5-11: Cost breakdown viewed with the lens of component and steps for RO
desalination without energy recovery.

Energy Recovery fraction

Permeability

Electricity cost

Membrane lifetime

Rejection

Number of cleanings

$19,500,000 $21.500,000 $23,500,000 $25,500,000 $27.500,000 $29,500,000 $31,500,000

Figure 5-12: Sensitivity of membrane parameters on
an RO plant (including energy).

the annual operating cost for
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Membrane lifeti

Rejection U
Number of cleanings

-15% -5% 5% 15% 25% 35% 45%

Figure 5-13: Sensitivity of membrane parameters on the whole LCOW for an RO
plant.

Construction Cost Operating Cost
Process $ $/year $/m3 J$/year S/m3

Sodium Bisulfite $1,168,122.12 $ 74,292.57 $ 0.00 $ 88,195.73 $ 0.00
Chlorine $ 283,555.62 $ 18,034.14 $ 0.00 $ 66,599.85 $ 0.00
Over pressure

Average annual cost (6 years, 1 membrane lifetimE $ - $ - $ - $ 105,155.03 $ 0.00
Membrane cleanings

Assume remove 3 per year $ 62,154.35 $ 0.00

Totals $1,451,677.74 S 92,326.70 $ 0.00 $ 322,104.97 $ 0.00

Cost/m3 $ 0.01
Annual Costs $1,773,782.71

Figure 5-14: 1.7 million USD. or 1 cent per m3 can be saved thanks to robust
membranes.

on calculated savings from resilience. In other words, with a 10% replacement rate

for membranes, what cost of membranes is supported by the savings associated with

chlorine tolerance and reduced biofouling. In particular, we include the dechlorina-

tion, rechlorination, membrane fouling and membrane cleaning costs in this analysis.

We find that membranes can cost up to 2x their current amount before they no longer

represent a cost savings on an annual basis. The chart shown in 5-14 illustrates the

annual cost savings from tolerant membranes.

Finally, considering tradeoffs in performance are critical for the design of mem-

branes broadly. In particular, development work on chlorine tolerant membranes has

shown promise even for polymer-based materials. However, transport (permeability)

is typically the limiting performance feature of these new membranes. Using this
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model, we also calculate that chlorine tolerance would permit a reduction in perme-

ability of about 40%, a considerable amount considering the sensitivity of permeability

on the operating cost.

5.4 Conclusion

In conclusion, a techno-economic assessment places GO membranes and the potential

cost savings in the same order of magnitude in terms of cost. This is promising

for the development of GO membranes for desalination, but suggests that learning

and economies of scale are required to achieve the greatest economic benefit. In

effect, higher dollar value applications of separation membranes - particularly ones

that use RO membranes today but are not well-suited to the material choice - will

be early target applications. These may include dairy production, pharmaceutical

manufacturing, or oil refining. Ultimately, the cost of a new membrane must reach

under 2x the cost of today's polymer membranes to be commercially viable. To get

there, both permeability and robustness must be improved over current technology.
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Chapter 6

Conclusion

Graphene oxide is a fascinating material that has been only superficially understood

across a range of applications, particularly as a separation membrane. In this work,

we examine GO through the lens of water desalination, elucidating information on

its atomic structure, engineering a stable and robust cross-linker for membrane pro-

duction, and commenting on the techno-economic feasibility of this chemistry for

membranes. In doing so, I also hope to demonstrate the importance of interdisci-

plinary work, both across disciplines and also across levels of implementation. The

exact structure of each of these studies may not transfer directly to another material

or application, but the framework could be used more broadly. Finally, I hope the

critical issue of water desalination and the current state of its technology has been

addressed both pragmatically and effectively in order to inspire new ideas that we

cannot yet fathom.

Research is very exciting, and it can be very frustrating. The goals are consistently

moving targets depending both on how other publications shape your understanding

and how your own results shape your understanding. For me, what began as a very

applied project quickly turned to a fundamental study of graphene oxide. You don't

know what you don't know, until you don't know it and it matters. This is also

what makes it very intoxicating. With research, there is no time to be afraid of new

things. Almost by definition, you are guaranteed to not have learned in your classes

exactly what you need to know for a particular project or experiment. But learning
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by doing is extremely effective, and that fresh perspective is how really great research

gets done.

For graphene oxide, much research and development remains. For the R (research),

a better understanding of the origin and implications of surface contaminants would

help any application driven process to be more successful. In particular, reducing

GO to a sufficiently high conductivity remains an open task and I think that addi-

tional work on the structure and surface contaminants will be critical. Similarly, we

hypothesize on the slip flow theory for water as it permeates through a GO sheet,

but a greater understanding of the structure of and order of these water molecules,

either through simulation or experiment (or probably both) would be fascinating. On

the D side (development), a critical analysis of separations applications and corre-

lated cross-linking chemistry would serve as an important platform in new membrane

development. In other words, in order for GO membranes to compete on cost and

efficacy metrics with polymer RO membranes for water desalination, they must first

be implemented at scale in an industry whose product line can sustain the initial high

cost of production. With learning and economies of scale, GO membranes, in this

manifestation or others, could then have a considerable impact in the water industry.

And finally, this insight is drawn both from the science and from the techno-economic

study, the latter of which is largely ignored by many research projects. With sufficient

collected resources and exposure, this type of study does not need to be a chunk of a

PhD dissertation. It can be instead a much smaller validation that relies on an acces-

sible database, general rules of thumb for industries, and a logical way to approach a

process development research question. The more researchers that take the time to

implement this framework now, the easier it will become.

If there are three things to take away from this work, please remember these: (1)

The economics of desalination are indeed driven by the RO step, but this technology

is actually pretty close to thermodynamic limits for the work of separation. The many

auxiliary components, in place to protect the fragile membranes, drive up the cost.

To reduce costs, these can be improved, eliminated, or altered in many different ways.

In this work, we implement more resilient membranes, but there may be many other
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ways to drive the needle. (2) New material development takes a number of iterations.

Many things seem obvious in hindsight but are anything but during the development.

The shift from conceptual nanoporous graphene membrane for increased permeability

to the cross-linked graphene oxide membrane for improved resiliency, for example,

took about two years and many failed TEM imaging attempts to accomplish. And

lastly (3) I believe that the best researchers are ones that know how to seek out

vision. It is incredibly easy (and also very important) to get focused on the details

of the experiment, the material, the project. This can create an inherent sense of

pessimism about whether it will ever actually work. Some researchers posses vision

and optimism inherently. For the rest of us, whether it's a big picture application

that drives you or an advisor or mentor (formal or informal) that can be the sounding

board for ideas, having this makes the research more purposeful. It reminds us what

is important and helps drive the research forward. In many cases, the vision will shift,

but it is important to remember that research decisions do not exist in a vacuum.

For me, when there is a fork in the road, the vision helps me choose where to go

next. In closing, academic research, materials development, graphene oxide, and

water desalination are each going to have impact in a world that needs lower energy

processes, better distributed fresh water, and more efficient use of resources. It is an

exciting time to change the world, and I hope this work can provide some context,

useful information, and most importantly, inspiration to do so.
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Appendix A

Appendix

A.1 Methods for Chapter 3

I place a lot of value on others' ability to think critically about the data I present.

Because a detailed methods section can be cumbersome and a cursory methods section

misleading, I have included more detail than you may want to know in this Appendix

Section, but I hope that one nugget of information can help a graduate student trying

something new avoid a pitfall I can warn against.

The core mission of this analysis was to observe commercially produced graphene

oxide, since that would be the feedstock for membrane materials. We also were not

interested in optimizing the production process for GO, though I did try the Hummers'

Method once. I also tried oxidizing CVD graphene using the HummersMethod [29],

which caused a total sample decomposition because it turns out that copper oxidizes

faster in the presence of graphene [137]. For this reason, we purchased all of our

graphene samples (Nano platelet graphene oxide, >99% single layer) from Graphene

Supermarket.

A.1.1 Sample Preparation

GO samples were purchased from Graphene Supermarket (Nano Graphene Oxide)

to replicate bulk processing conditions of a modified Hummers? Method. GO was
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dispersed in IPA (concentration imperceptible to the naked eye) and drop cast onto

silicon nitride chips for spectroscopic analysis and DENS heating chips for TEM

imaging. The heating chips were prepared by introducing a slit in the silicon nitride

membrane using focused ion beam for free standing graphene.

For annealed samples, GO was dispersed in IPA at a higher concentration in order

to drop cast more material. At low concentrations, early XPS measurements showed

a considerable variation when collecting at the center versus the edges of the drops.

We ultimately attribute this to flake size (larger flakes in the center and smaller flakes

at the edges). Consistently, the edge measurements had more oxygen percentage, like

as a result of higher edge to surface functional group ratio.

We used the CVD furnace to anneal the GO samples deposited on a silicon nitride

grid under vacuum (<30 mtorr) to mimic TEM conditions. The heating rate in the

CVD was about 1 degree C per second. For samples annealed in air, the furnace

and heating rate were the same, but the ends of the tube were open to ambient.

Samples were annealed for 1 hour to allow them to achieve steady state, although

most chemical changes (oxygen removal) occur within seconds to minutes of reaching

temperature.

A.1.2 Characterization

Transmission Electron Microscopy TEM was used to image graphene oxide at

the atomic scale. Typically, higher voltage is required for higher resolution, and many

microscopes operate optimally at 200 kV. However, the knock-on damage for graphene

is reported to be around 84 kV, and thus lower voltages must be used [138-1401.

Because low voltage imaging is required, aberration correction was employed in all

cases. Thus images (with the exception of low magnification images) were all collected

at 80kV.

HRTEM images were collected using a JEOL MCO 2200 aberration-corrected

transmission electron microscope operated at an accelerating voltage of 80kV. Data

were recorded using a Gatan Ultrascan 4KE4K CCD camera with 12 s acquisition

times and 2 pixel binning. SADPs were collected using a JEOL 2100 HRTEM oper-
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ated at an accelerating voltage of 200 kV. Using a higher voltage for SADPs does not

damage the GO sample due to lower beam intensity17.

Image Processing Processing of TEM images was conducted using ImageJ.

Bandpass filters (1-100 pixels) were used to remove uneven illumination on all pre-

sented images. Line profiles and false-color images were generated using a Polar

Transformer plugin for ImageJ to process FFTs. False color images are LUT Fire in

ImageJ.

In situ Heating Holder We used a commercially available in situ heating holder

from DENS Solutions (SH30-4M-FS). Heating the sample was achieved by passing a

current through a platinum resistive coil imbedded in the TEM chip (DENS Solutions

DENS-C-30). The resistance of the platinum coil is monitored in a four-point config-

uration, and the temperature is calculated using the Callendar Van Dusen equation

(with calibration constants provided by the manufacturer). Slits were introduced into

the Silicon Nitride film of the TEM chips using a Zeiss NVision Focussed Ion Beam.

Raman Spectroscopy Raman spectroscopy was used to correlate changes in the

defect structure in GO. It is important to note that relative differences are sought

here, rather than quantitative comparisons. Raman spectroscopy uses visible light to

probe the phonon scattering length of a material and is an incredibly versatile tool

for probing materials in a non-invasive and efficient manner. Much work has been

done on Raman spectroscopy for graphene that was not included in the text of this

thesis. Some good references include [62,141-1431.

In this work, Micro Raman spectra was collected using Horiba LabRAM 800 HR

spectrometer equipped with He-Ne (632.817) laser and no filter. Collection time was

5 seconds, average 5-10 times; spot size was 800nm in diameter and has a power of

<1mW at the sample surface and was corrected for fluorescence. Data was collected

across the thin film on 6-1 points and averaged to observe film uniformity and reduce

error bars. We tested the Raman laser to determine whether it was degrading the

graphene oxide by collecting spectra at the lowest intensity with which we could

achieve signal, using a filter, again in the same location at full intensity, and again

with the same filter. All three results appeared identical in terms of the ID/IG ratio,
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which suggests that the laser does not degrade the GO during collection times. All

graphs include standard error bars. Data was analyzed using LabSpec and peak

height was used for the calculation of the ID/IG ratio.

X-Ray Photoelectron Spectroscopy X-Ray Photoelectron Spectroscopy (XPS)

is often my first line of defense for identifying a material. X-Rays are used to probe

the bond structure of a material's surface (1-10nm). Photoelectrons are generated.

when the material is hit by the X-rays, and the energy of these photoelectrons is

associated with unique bonds. Besides hydrogen and helium, XPS can quantify the

relative amount of all elements, so long as the atomic concentration is above about

1%.

XPS data was collected using a Thermofischer Scientific K-Alpha with Aluminum

K-radiation. In order to reduce surface charging, XPS data was collected with the

flood gun, which consists of low energy electrons and ions that neutralize the surface

of the GO. The XPS samples were prepared with a dilute solution of GO (in IPA) drop

cast onto silicon nitride. The use of silicon nitride is to eliminate any contribution

of oxidation of the substrate to the peaks. The samples are taken with a 400 um

spot size on regions that appear visually homogeneous. Finally, the survey spectra

detects the substrate, which indicates that the film is thin, further helping to suppress

charging. Data was analyzed using CasaXPS survey spectra to calculate oxygen

concentration. Element peaks were also deconvolved using CasaXPS. An important

note on deconvolution: there is a bad habit, particularly in the GO community to over

deconvolve carbon peaks. For example, the peaks for sp2 and sp3 carbon are about

0.8 eV apart from each other (284 and 284.8 eV respectively). This is perhaps the

limit of determining peaks using the K-Alpha instrument with a reported resolution

of 0.1 eV. Peaks that appear on top of each other are features of the algorithm, and

not useful.

FTIR-ATR Spectroscopy Fourier Transform Infrared Spectroscopy measures

the infrared emission of a material using multiple wavelengths. Peaks are then qual-

itatively representations of bonds present in the material. Whereas XPS provides

quantitative data for specific elements, FTIR probes over a wide range of wavelengths.
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In this work, analysis is limited to presence or absence of a peak.

FTIR was conducted using a Germanium attenuated total reflectance (ATR.) crys-

tal in a Thermo Fisher FTIR6700 at ambient conditions. Background and sample

scans were taken at a sample rate of 64.

Thermograviometric Analysis Thermograviometric Analysis is an example of

clever engineering! The instrument measures weight with a microbalance while heat-

ing, either in ambient or under an inert gas. Because different compounds decompose

at particular temperatures, one can then determine the composition (and relative

amounts) through a complete heating cycle. For example, a drop in weight at 100

C can almost always be attributed to water, so this is one way to determine the

adsorbed and physical water content of a material. Some TGAs are connected to

Mass Spectrometers to say with increased certainty the elements that are leaving the

sample.

TGA data was collected using TA Instruments Q500 in air and nitrogen as an

inert environment with about 70mg of GO. The heating rate was 1OC/min. Data was

analyzed using Universal Analysis 2000.

A.2 Methods for Chapter 4

A.2.1 Sample preparation

10 mg of graphene oxide (Graphene Supermarket, small flakes) was dispersed in 50

ml of anhydrous DMF. X mL of oxayl chloride was added to the dispersion at 0 C

while not exposed to air. This solution was stirred at 0 C for 2 hours and then at 2

hours at room temperature. Any excess HCl was removed by rotor evaporation for 1

hour. Finally, 1 ml triethylamine EtOH3 was added to to the 50 ml solution that was

then immediately mixed with anhydrous DMF in the vacuum funnel while filtration

occured. We used PETE filters as flexible substrates that are resistant to all solvents

used in the process. The film was then washed and then soaked in ethanol for 12

hours to remove unoxidized components. This also allowed the film to peel off in one
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piece without tearing or ripping.

A.2.2 Characterization

XPS As before, XPS data was collected using a Thermofisher Scientific K-Alpha

with with Aluminum K-radiation with the flood gun on. Casa XPS was used to fit

the peaks with Voigt peaks for analysis.

X-ray Diffraction X-ray Diffraction spectra was collected using a Rigaku Smart-

Lab X-Ray Diffractometer with the Grazing Incidence package and the parallel beam

slit. Samples were analyzed from 5 to 50 degrees with a 1 degree step and 3 min-

utes dwell time per degree. High Score Plus was used to determine d-spacing from

the peaks in the spectra. This work made use of the Shared Experimental Facilities

supported in part by the MRSEC Program of the National Science Foundation under

award number DMR - 1419807.

Raman Micro Raman spectra was collected using Horiba LabRAM 800 HR spec-

trometer equipped with He-Ne (632.817) laser and no filter. Collection time was 5

seconds, average 5-10 times; spot size was 800nm in diameter and has a power of

<1mW at the sample surface and was corrected for fluorescence.

Filtration measurements Permeability and filtration measurements were con-

ducted using a Sterlitech HP4750 Stirred Cell with a Adams bench counting scale

attached to Adams DU software on a computer. 1 second intervals in weight data

was collected in order to determine the flux. Flux measurements are reported relative

to a GE Osmonics SW30HR membrane. Pressure is provided to the stirred cell using

nitrogen gas.

Conductivity Measurements ResMap-178 CDE Four Point Probe is a device

used to measure the sheet resistance of a thin film. The probe has 4 pins that lie on

a straight line. The two outer pins apply a current and the two inner ones measure

the corresponding voltage difference. The sample of interest is loaded manually onto

a platform and then the probe is lowered until it makes contact with the sample.

Next, the current and voltage values are recorded, and sheet resistance is determined

using Ohms law. To obtain more precise results, measurements are repeated across
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different regions of the sample, and then averaged over the number of measurements.

The resistivity can be obtained by multiplying the thickness by the determined sheet

resistance. This work was performed in part at the Center for Nanoscale Systems

(CNS), a member of the National Nanotechnology Coordinated Infrastructure Net-

work (NNCI), which is supported by the National Science Foundation under NSF

award no. 1541959. CNS is part of Harvard University.

A.3 Methods for Chapter 5

A.3.1 Process Based Cost Modeling

A full process-based cost model for capital, operating, and launch expenses was de-

veloped in Excel, using significant resources from the BatPac model developed by

Argonne National Laboratory [120] and the Ethanol Biorefinery Model developed by

the National Renewable Energy Laboratory (NREL) [1191. Please feel free to contact

me if you wish to see the full model (sdaveamit.edu).

A.3.2 Water Treatment Cost Model

This model was based on the WTCost Model developed by the Bureau of Reclamation

in 2004, updated in 2011, and validated by me in 2016 [1331. If you would like to see

this model, please feel free to contact me (sdaveamit.edu).
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