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Abstract

Membrane separation processes have been used for years, but they have not come to play
an important role in producing potable water supplies until the past 10 years. RO (reverse
osmosis) and ED (electrodialysis) are replacing phase change desalting technologies for
supplying water to coastal and island communities all over the world. Nanofiltration is
becoming an economical alternative to the traditional water softening processes. As
membrane separations become more widely understood, more applications will be found
for them. This project will shed some light on these processes: how membranes are made;
what makes them different; what types of membranes are available today; what is the cost
of membrane processes and finally it will propose a unique process to fabricate
membranes from nanostructured composites. This initiative has remarkable implications
especially if you consider that the cost of the membranes is a third of the .cost of the

desalination units and must be replaced at least every 3 to 5 years under normal operation.

The initiation of this project falls within the activities of the Nanomaterials Research Center
(NRC), a newly established center at HTI, which serves as a bridge for technology transfer
between HTI and the technology users (industry at large). The primary mission of NRC is
to develop new methods for the economical production of nanostructured metals, ceramics,

and their composites.

Under this center, two operating divisions have been established, each with its own
application goal(s) and commercialization strategy:
1. nanopowders synthesis, which is commercializing high rate production of non-
agglomerated nanoparticles and
2. large area deposition of coatings and consolidation of net-shaped parts. Both
of the divisions focus on the commercialization of advanced materials processes for

enhanced mechanical and thermal properties.
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Current programs are focused on methods for the production of nanostructured powders,
nanophase coatings (wear resistant surfaces, thermal barriers, selective surfaces for solar
thermal and photovoltaic fabrications, semi-permeable membranes) and nanophase

composites (gas turbine engines, bulletproof vests and porous membranes).



Overview

A membrane is a film. A semi-permeable membrane is a very thin film that allows some
types of matter to pass through while leaving others behind. Some membranes are porous
and separate materials based on size of the pores. Others are dense films with no apparent
pores that separate matter based on differences in diffusion rates through the membrane.
Ceramic and metallic membranes are used mostly for microfiltration and ultrafiltration.

They tend to be highly inert, withstanding high temperatures and pH from 0 to 14.

The proposed initiative will establish a multidisciplinary program on the thermochemical

processing (powder synthesis and conversion), deposition and/or consolidation of

nanophase desalination membranes.

The program will focus on three aims: ’

1. producing metal-metal and metal-ceramic amorphous and nanostructured powders,

2. development of nanostructured coating and consolidation application parameters for
superior mechanical, thermal and filtration performance and

3. producing custom materials to specification in partnership with our industrial

partners.
Objective

The primary objective of this project is to fabricate membranes in the form of nano
(structured) coatings or net-shaped parts from amorphous powders to enhance
properties and prolong membrane life at reduced cost.

Nanomembranes will enable increased filtration characteristics compared with

conventionally manufactured membranes.




Advances in high performance materials for structural, thermal and filtration applications
and the associated deposition and consolidation methodologies will increasingly depend on
our ability to control the size, distribution and morphology of their constituent phases at the
sub-micrometer or nanometer level. Since capabilities for synthesizing such nanostructured
materials in bulk are becoming available, it is now possible to produce quantities of

materials needed for prototype development and testing.

Nanostructured materials are a new class of synthetic materials with ultrafine
microstructures, somewhat arbitrarily defined as structures smaller than 100 nm. These
materials may be composed of metals, ceramics, polymers, and their composites. The

materials can be in the form of powders, thin films, porous media, or dense structures.

The primary aim of the proposed project is to exemplify the scientific and technical
foundation for the bulk synthesis and deposition of amorphous and nanophase powders in
the context of desalination membranes. A key feature of this approach will b'e to couple
research on materials synthesis, processing characterization and end-product performance
evaluation at all collaborating academic institutions, with work on process scale-up, coating
and net-shape prototype development and testing at our industrial affiliates. Such
concurrent development should expedite the implementation of nanophase composite

technology.
Description

The main steps of the work are:

1. selection of materials/compounds to be deposited as nanostructured coatings or
consolidated net-shaped parts, preparation and mixing of an appropriate starting
solution, spray drying of the starting solution to form a chemically homogeneous
precursor powder; thermochemical conversion of precursor powders;

2. determination of size, structure and composition of powder, powder stability,

physical/mechanical properties of powder;
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3. analysis of current powder deposition and consolidation methods, influence of the
deposition and consolidation method on the final characteristics of the coatings,
selection of the most suitable method and definition of all critical parameters of the
process;

4. production of membrane prototypes, either in the form of nanocoatings or net-
shaped parts;

5. determination of mechanical properties and thermal properties, long-term

behaviour, testing and evaluation of final product.
Milestones Expected
The ultimate goal will be the synthesis of clean amorphous nanocrystalline powders and the
manufacture of nanophase membranes. The membranes fabricated out of these amorphous

elements/alloys are anticipated to exhibit extraordinary combination of hardness,

toughness, abrasion resistance, adherence, and filtration properties at reduced cost.

viii



Contents

g T g0 L4 01) | DO

Chapter 1 Introduction to Seawater Desalination

LT INtOQUCTION. .. ottt cet e et e e i et e et e et vee s cee e eee e eee e e
1.2 Short Historic BaCkaroBnd. ...« ... us wrs son o ss s i o s 05 6 sosmsin niim o5 ¢ s 3 55 355 2
1.3 The Development of Desalination................oeeeiiie i ive i vee e
1.4 Chemical and physical properties of seawater... .............c.ooo e vee e
1.4.1 Composition of SeaWater... ... ... ....ocouiiievitiit et e e
1.4.2 Properties of water molecules...............oooov it
1.4.3 Other Properties of Seawater... ... ..........cooee i vt i e

Chapter 2 Desalination Technologies

2.1 Thermal ProCesSeS. .. ... oottt e i e e e et e e et e e e e e
2.1.1 Multi-Stage Flash Distillation...................coooiiiiin e,

2. 1.2 Mult-BHeot DistiMation. .. oo v o oos som oo 058 505 anw vt v s sassnm 265 658 soaisains s
2.1.3 Vapor Compression Distillation .................occo o iin i,
2.1.4 Gained Output Ratio or GOR...........c. oo e
2.1.4.1 Economy or Performance Ratio.........................coooo el

2.2 Membrane PrOCESSES. .. ... ... vuuvetie it i et et e e e eee e e e e
2.2.1 BlCOtrO@IalySIS. « i o oss ws s s 55 s win 585 55 5 oot s 4 55 W50 855 4§ & 55 4 850 66 63 .30
2.2.2 REVOTEE OISIMIOSIS s 5 vien sis 5 55 5005 5560 & 55 w5 §ih 6555 5 4 § 565 i s 1 4 564 5008 § 5 9 5 5 56
2.2.2.1 Pressure Exchanger in SWRO System...................cooeovne.

2.3 O T PrOCESS S, .. ot vt et e e e e e e e e e e e e e e e

23 1Freezing............ccovvveeneinn s

2.3.2 Membrane Distillation. .. ... ... oo oo on e e e e e

1X

Page

20
22

24

26

28
.29

30

31

35
38
40

... 40
.40



2.3.3 Solar Humidification... ... ..........cooviviit e vt i e e e
2.3.4 Other Solar and Wind Driven Desalters.....................cooove oo
2.3.5 Other Aspects 0 DeSalING. . « wos.we o oo sns ws ssw 58 508 mamsan s 54 s o ssn s 55 050
2.3.5.1 CO-gENETAtiON. .. ... .uuiin it cin et eet eee eeteee e e e e e e e ee

2.3.5.2 Hybrid Facilities ... ..........cooovtiet i oot iee i et e e e

2.4 Concentrate Disposal... ... ......cooor it iin it it e e e e
2.5 Energy ConsumPtiON. .. ... ... ovvunoitvit e s et et e i e eee e e een e e

2.6 Economics.........covenn..

BT SUTITOINNN s : s s 5 2 50 8520 0 i 5.3 5 0 § Bt 57055 5 5.4 A0 1 G 6 ARSI ¥ 15 0 W S0 Rl 3 3

Chapter 3 Renewable Energy for Desalination

3.1 S01ar ENCIEY ... ... oot it et e e e e e e e e e
3.2801ar CellS. .. .ot et e e e e e e e e e
3.2.1 Developmient of SOIaroelIS . c s 55 usassms s ms s sne s ss won s s 55 wnosin 1 65
3.2.2 Definition of Solar cell.............c.cooiiiii i
3.2.3 General characteristics of Solarcells..................ccoooci i,
3.2.4 Structure and principles of operation....................ocoe i iiiei i
3.2.4.1 Photovoltaic effect... ... .........cooeiiii i

3.3 Photovoltaic SYSIEIMS. . ; joo e s i son s s i o5 s sws.ins s 26 aik swnsos 5 64 55 § Gawass b s swi 4
3.3.1 Advantages of Photovoltaic systems....................
3.3.2 Limitations of Photovoltaic systems................cooveiiiee i veeinnnnn.
3.4 Solar Desalination. .. ... ... .......oeivnoitoee e e et ees e et eee e et eae e
3.4.1 Solar Humidification................cooee i iir i e e e,
3.4.2 Solar Distillation ... ... .......cooii it e e e
3.4.3 Desalination with Photovoltaics ... ............. -
3.4.4 Comparison with Alternative Technologies................................
3441 Extent of USE.......oooniiniitii e e
3.4.4.2 Operation and Maintenance.................cc.cceveeeeiiivee oo
3.4.43 Level of Involvement................coooiviiiii e e
3444 COStS. .. oot et et et e e e e e e

Page

.41

43
44
44
46
46

.47
.48

49

51
54

.54

55

.55
.56

59
60

v O

62
63
63

.64

64

.64
.67

69
70



Page
3.4.4.5 Effectiveness of the Technology................cccovi i 71
3.4.4.6 Suitability............coo oot e 12
3BT ACVATHEBIES. . i« o555 e s 55 ¥ i w55 » 2t o § 0 6 I 558 it 3 5 ot oo 5k A
34 A B DISAOVANTEIES. .. s o oo o oo 5 omis o5 55 5 59 450 3 15 b8 § FH0ES 3 b 53 7 5555 T
3.4.4.9 Cultural Acceptability.............coooe i 74
3.4.4.10 Further Development of the Technology.......................... 75

Chapter 4 Membrane Technology

B, T IO O L0 cin 5 55 5 e v 5 5 0 i 5 5 i i 10k 6 s €. 5 5 G0 s 18 8 0 5 45 5.4 5 A )
4.2 Basics of Membrane Technology .....................coocoi i 77
4.2.1 WhatisaMembrane? ................c.cco v iii i 1T
4.2.2 SIEVINIZ ... oot iie et et e e e et e e e et e e e e e aer e 18
4.2.3 The Solution DiffusionModel ......................cocoo il 78

4. 2.4 Pore FIow MOTEL ... coxivesmsaum s s an s annios s s i wmn 668 555 54 5 o 568 055 wis s 1D
4.2.5 Basic System Design ............ccovcivet i iin e e e el 81
4.2.6 Membrane Configurations ...................cooeociv i ivnieeieevineennn. 200081
4.2.7 Dead-End, Cross flow, and Transverse Flow Operation.................. 85
4.3 Membrane Production Processes.............cc..coivie i e e enn 0. 85
4.3.1 Symmetric Membranes.....................ocoieiei i i ea. 85
4.3.2 Asymmetric Membranes ...................occoi i i i a.L . 88
4.4 Microfiltration .............co oot it e i i e e e e e e 90
4.4.1 Definition...........coo vt iieiiier et e e e e e e 90
4.4.2 Microfiltration Membranes................cococeeveriieeeiee e 91
4.5 Ultrafiltration... .............c. oo i e 9
4.5.1 Basics of UNTafiltration .........................ccccocoreoveeve s 91
4.6 Nanofiltration and Reverse 0Smosis. .. ..........ccoeeeviveireiiiieeeeniinen e .92
4.6.1 Process Fundamentals......................ccooooii i .. 92
4.6.2 Monitoring Performance................c.cco i1l 0. 96
4.6.2.1 Effect of Operation Parameters on Performance..................96

4.6.3 Applications... ... ....c..oiet i it e e e e e e een ., 100

X1



Page
4.7 Electrodialysis. .. ... ....c.oetiie v eiiiesiee e et e ies e eee e e een e aan . 102
471 TIBEIEHIONE, £ i o5 i 65 5 585 56 585 W §5 0 ol § 6 #5 § 955 A 5 56 § im0 i NOD
4.72Background...............coo it i e anl 102
4. 7.3 MemDbIanes. .. ... ... .c.vvviitir ittt vee e e eeniee e e een e eeneee e 0. 102
4.7.4 Membrane Properties... .........cco oo vev it iinviiiee e e veiiee e e e 0. 104
4.8 Estimating the Cost of Membrane Treatment.....................................105
A.8.2 CalOUATING OOBES o s o5 s s o s 55 50 i v 543 55 onk s 45555 M0 s § 5 o » s ot 5 0 O
83 CONIOBIONIS .« 5 s 5 10 .8 0 w0 1 1 5 s 5 .5 0 it 55 3 i 5 4 4 6 o o s 155 B LD

Chapter 5 Net-Shaped or Fabricated Coatings for Nanomembranes
5.1 Innovation, Novel Aspects and Commercial Objective of the Work.......... 111
5.2 What are nanostructures?......... oo oo vevieecin i ven e i eea e enn . 114
5.2.1 How are nanostructures made?................c. oo vee e veeeenveenn ... 114
5.2.2 What are nanostructured materials good for?.............................. 114
5.2.3 Potential broad impact of nanostructured coatings and net-shape

5.3 Timeliness of the proposed initiative......................cccooeevveeen oo an.. 116

Chapter 6 A Novel Method in Producing Nanomembranes
6.1 AppProach.............coooiii it i ettt e e e e i eee i eee e, 118
6.2 Detailed Structure, Methodology, Pertinent Mechanisms and
Justification of the Technical Programme............................c.coeoen . 119

Conclusions and Future Work... ... ... ... i 137

Appendix A. Objectives of the Project..................cco oo vie i nnl . 139
Appendix B. Product Review... ................cooo i e, 142
Appendix C. Nanomaterial Research Center......................c. oo i e enn . 152
Appendix D.

1. AbbIeviations... ... .......cooeeiitiieiieiii e e et e e e e eeeann .. 154

Xii



2. SIMELIIC COMVETISION . .. .. ittt et et e e e e e e e e e e e e
3. Currency CONVETSION. .. ..o vie i vie et et it ein eeneeneerneeieeaeeiee e ena . 156

2 0S) () (e 11 = P PR

Internet ReSearch. .. ... e e e e e

Xiii

156

157

+: 199



Tables

Table

1.1 Classification of desalting processes..................oooiii it i iin e e
4.1 Characteristics of the major types of water treatment membranes... .............
4.2 RO and NF applications. .. ... ... ... covuveiinie i vt e e e e e e i e e
4.3 CoNSITUCHION COSES ... ... oot vt vet i eit e it et et s et e e e et e et e e e

4.4 Operation and MaINTENANCE COSES ... : v s s s s s 45 8 5 0w os 5 wies i 45 5 558,555 5 24

Appendix B.
Table

B.1 Membrane Manufactures. .. ... ..........cco oo vetiiecin et i e e
B.2 Seawater Membranes, 203 mm (8”) diameter or equivalent.....................
B.3 Brackish Water Membranes, 203 mm (8”) diameter or equivalent...............

B.4 Nanofiltration Membranes, 203 mm (8”) diameter or equivalent.................

Xiv

Page

78

101
109

110

Page
144

.. 146

148
150



Figures

Figure Page
1.1 Installed desalination capacity by process.............cccovveiveviieeieivee e e 7
1.2 Desalination capacity for ten countries with largest capacity...................... 7
2.1 Diagram of a Multi-Stage Flash Plant.......................ocooin 00 22
2.2 Diagram of a Multi-Effect plant with horizontal tubes..............................24
2.3 Diagram of a Mechanical vapor compression unit................c.ocoeveeveeeen e . 27
2.4 Movement of ions in the electrodialysis process.............c....ccoovvvevneenn ... 31
2.5 Components of an electrodialysis plant......................cocco o033
2.6 Basic components of a reverse osmosisplant..................cccce v e .36
2.7 Operation of Pressure Exchanger(PE).....................cocov i i 39
2.8 Diagram of asolarstill..................ccoooi i 42
3.1 A commonly used solar-cell structure...................c.ceocev i viiei e . 57
3.2 Representation of an electroninasolarcell...........................................59
4.1 Models of various types of membrane separation.................................... 80
4.2 General design of a membrane system........................co v viiee e v ... 80
4.3a General Membrane Configurations...................cccoocoeeveeeiei e eenvnn el ... 83
4.3b Generalised Membrane Configurations.....................coccee v viieeinn e ... 84
4.4 Dead-End, Cross flow, and Transverse Flow.......................... oo enn ... 85
4.5 Osmosis and IEVErSE OSIMOSIS. .. ... .. cvviervirver i eeniaeeinee ceneescnnees e ees e 94
4.6 The effects of applied pressure, feed temperature, and water recovery

on membrane flux and product water quality of RO membranes... ...............97

XV



Introduction

Good quality water today becomes more and more precious, especially in large civic
centers, where the blowdown wastewaters are augmenting in volumes, polluting the
environment. The last few years organizations and industries try hardly to purify all
their effluents before the drainage of these effluents, in the sea or in any other water
system. Nevertheless the large amount of polluted effluents remains an acute problem
for many places around the world. Meanwhile the good quality water resources and/or
reserves are decreasing rapidly, as the rivers, the water streams, the lakes, the wells and
even the seawaters are continuously polluted. Sea and/or brackish waters are available
in large amounts but not for immediate use. On the other hand desalination of sea or
brackish waters eliminates their high salt content, turning these waters into fresh water
suitable for any use. Desalination is applied today, as industrial method, in very large
capacity plants, in places deplete of water, depending almost totally from the

’

desalinated water for their existence.

Desalination is probably the most attractive future application for places where good
quality water is slowly exhausted, as well for the purification of various effluents for
water re-uses. The aim of this project is to show the ways that have been developed in

this very interesting and very important scientific progress of our times.

It is obvious that this project, which is an introduction for all people, scientists,
engineers but also non scientists who are interested in the subject from an encyclopaedic
point of view, can be helpful to understand the basic physicochemical and physical
properties related to seawater, and their use to the practical application of all
desalination methods. Furthermore, a rather detailed description of the various
desalination methods that have found commercial application is tried, with their
principles of operation. Finally, it could be a guide to membranes for municipal water

treatment.



It depends upon the readers to judge whether or not I succeed in giving a clear overall
picture of these extremely important, almost new technological achievements of our

times.



