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e Desalination: An Overview
e Overview of Membrane Desalination Technologies

e Pretreatment Processes:
microfiltration (MF), ultrafiltation (UF) and nanofiltration (NF)

e Commercial Processes:
Reverse Osmosis (RO), Electrodiaysis (ED) and ED Reversal
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Forward Osmosis (FO) and Membrane Distillation (MD)
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Saltwater, when it turns into vapor, becomes sweet and the
vapor does not form saltwater again when it condenses.

Aristotle, fourth Century B.C.
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If we could ever competitively at a cheap rate, get freshwater
from saltwater, that would be in the long term interests of
humanity and would dwarf any other scientific accomplishments.

John F. Kennedy, 1961
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"No water resources program is of
greater long-range importance—for re-
lief not only of our shortages, but for
arid nations the world over—than our
efforts to find an effective and economical
way to convert water from the world's
greatest, cheapest natural resources—our
oceans—into water fit for consumption
in the home and by industry. Such a
break-through would end bitter struggles
between neighbors, States, and nations—
and bring new hope for millions who live
out their lives in dire shortage of usable
water and all its physical and economical
blessings, though living on the edge of a
great body of water throughout that
parched lifetime,"

V)

President, United States of America

John F. Kennedy, 1961
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Historical Developments

History of Thermal Desalination (Pre-1955)

320 BC - Greek Philosopher Aristotle writes of seawater distillation

70 AD - Rome’s Pliny the Elder describes seawater distillation with condensation on
fleece

200 AD - Greece’s Alexander of Aphrodisias describes seawater distillation with
condensation on sponges

975 AD - Persia’s Muwaffaq and al-Harawi write that distillation is a suitable method
of seawater conversion

1565 - French explorer Jean De Lery reports seawater was successfully distilled
during voyage to Brazil

1616 - Spain’s Pedro Fernandez de Quiros discovers Australia and makes

successful use of a small copper still

1675 - Walcot files seawater distillation patent in England

1683 - Fitzgerald files conflicting seawater distillation patents, leading to protracted
patent dispute with Walcot

1739 - Hales recommends limiting recovery in simple stills to 33% to improve quality and
suggests aeration to improve taste
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Historical Developments

History of Thermal Desalination (Pre-1955)
1753 - Watson and Appleby report on pretreating seawater with bone phosphate and
quicklime

1756 - Lucas publishes article skeptical of many distillation designs and especially critical
of recommended additives

1759 - Chapman reports on successful use of emergency seawater still on North Sea
voyage

1761 - Lind experiments with parabolic mirrors for use with solar distillation

1772 - Jan?gs Cook begins successful use of seawater still while circumnavigating the
wor

1791 -S'I'Tlcc)mas Jefferson publishes Report on the Method of Obtaining Fresh Water from

a
1793 - Sﬁain’s Phillip Il assembles a crude still producing 40 barrels/day of fresh water
while fighting the Turks in Tunisia

1828 - Péclet hints at but does not build successful multi-effect evaporator
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Historical Developments

History of Thermal Desalination (Pre-1955)

1840 -CSwisgI firm Escher Wyss installs vapour compression distiller in British Colombia,
anada

1843 - Rillieux patents, builds, sells successful multi-effect evaporators

1851 - France’s Alphonse Normandy patents first of series of vertical tube single stage
seawater stills in England

1862 - Three 27 m3/d Normandy stills installed at Key West Florida, Fort Pulaski Georgia
and Tortugas

1879 - Pictard and Weibel describe, then patent first mechanical vapour recompression
system

1881 - Seawater distiller installed on Malta
1885 - Wilson designs, installs 19 m3/d solar distiller for mining application in Las

Salinas, Chi
1886 - Yaryan introduces rising film vertical tube evaporators
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Historical Developments

History of Thermal Desalination (Pre-1955)
1888 - Lillie introduces spray-film horizontal tube evaporator with provision for removing
non-condensable gases
1895 - Mirlees-Watson installs two six-effect seawater distillers in Sudan

1899 - Kestner patents first of a series of rising and falling-film long tube vertical
evaporators

1900 - Addison Waterhouse’s US patent anticipates multistage flash distillation process

1907 - Two small land-based seawater plants known as "The Kindasa” (the condenser),
installed in Jeddah, Saudi Arabia

1908 -bPra.che designs, patents thermocompressor nozzle design and establishes TVC
usiness

1910 - Frank Normandy publishes 244-page book entitled Sea Water Distillation
1912 - Weir installs six-effect evaporators on Red Sea in Safaga Bay, Egypt
1928 - UK’s Aiton installs a Prache & Broullion TVC evaporator on Curacao
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Historical Developments

History of Thermal Desalination (Pre-1955)
1930s -XVelgr installs many submerged tube multi-effect evaporators on Curacao and
ruba

1934 - SS Queen Mary launched, with triple effect cupronickel evaporators using ferric
chloride as an anti-scalant

1940 - MECO manufactures diesel engine driven VC distillers for US military producing 12
lb water for 1 b fuel

1941 - MEEO introduces Model K diesel powered vacuum distiller with 260:1 water to fuel
ratio

1946 - Kuwait Oil Company installs country’s first evaporator using a unit from an old
World War | destroyer

1954 - Cleaver Brooks (later Aqua Chem) provides four 190 m3/d 5-stage MSFs for aircraft
carrier Independence
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Historical Developments

History of Thermal Desalination (after 1955)

1957 First industrial scale flashing unit by Westinghouse in Kuwait.
Four stage flashing system a performance ratio of 3.3.

1957 Silver patent for the MSF configuration.

1959 Shuwaikh mix (poly-phosphate based) allowed for increase in the
plant factor to values between 70-90%.

1960 First MSF plants commissioned in Shuwaikh, Kuwait and in
Guernsey, Channel Island. The MSF unit in Shuwaikh had 19
stages, a 4550 m3/d capacity, and a performance ratio of 5.7. In
Guernsey, the unit had 40 stages, a 2775 m3/d capacity, and a

1962 performance ratio of 10.

Point Loma MSF plant with a capacity of 1 migd
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Historical Developments

History of Thermal Desalination (after 1955)

1965
1966
1966

1966

1967

1967

1967

1969
1969

Dearation of feed stream.

Reduction in specific volume

Sasakura, Japan, exported the first MSF Desalination Plant (2,300
m3/d) for land installation to Arabian Oil Company.

Sasakura, Japan, installed MSF Desalination Plant (2,650T/D) at
Ikeshima Island, Japan

Sasakura, Japan, Obtained an order (world’s largest at the time)
for 36,400 T/D MSF Desalination Plant from the Kuwait Government
First on-line ball cleaning system by Weirwestgarth in the Bahamas.
Acid cleaning

Co -Generation, energy cost reduction by 50%

Increase in load factor to 85%
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History of Thermal Desalination (after 1955)

1970
1972

1973

1973

1979

1980

1980

Development of commercial grade RO membranes

Sasakura, Japan, obtained an order (world’s largest at the
time) for 180,000 m3/d MSF Desalination Plant from the Hong
Kong Government.

Cladding of partition walls.

Construction of the standard MSF units, 6 migd, 24 stages, and a
performance ratio of 6-8.

Sasakura, Japan, obtained an order for 470,000 m3/d MSF
Desalination Plant from Saudi Arabia(A1 Jobail Phase 2)
Design and operation of low temperature

mechanical vapor compression units

Design and operation of low temperature multiple effect
evaporation units combined with thermal vapor compression
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Historical Developments

History of Thermal Desalination (after 1955)

1983  Sasakura, Japan, obtained an order for the world’s largest
class Reverse Osmosis Desalination Plant (46,000 m3/d) from
the Government of the State of Bahrain
1985  Use of polymer antiscalent at top brine temperatures of 110°C.
1996  Construction of the largest MSF units known to day with
capacity of 57,735 m3/d in UAE.
1999  Construction of large scale RO plant in Florida, USA
1999 Increase in unit capacity of multiple effect evaporation units
2000 Design and construction of high performance of
MSF system with 43 stages, 17280,and a performance ratio of 13
2001 Construction of an MSF unit with performance ratio of 13 in Italy.
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Historical Developments

History of Membrane

Abbe Noilett 1748 Discovering of osmosis phenomenon in natural membranes
Matteucci 1845 Research on anisothropy of natural membranes
Graham 1866 Research on dialysis

Fick 18865 The first synthetic membrane from nitrocellulosis
Graham 1866 Research on gas separation on rubber membranes
Traube 1887 Research on osmosis on synthetic membranes
Pfeffer 1877 Research on osmosis oh ceramic membranes
Gibbs i van Hoff 1877 Theory of osmosis phenomena

Donnan 1911 Distribution law

Abel 1926 Research on dialysis

Michaels, Manegold, McBain 1926- 31 | Research on reverse osmosis

Elder i in. 1934 Research on electrodialysis

Kammermeyer 1957 Gas separation on silicone rubber

Kammermeyer 1957 Pervaporation of azeotropic mixtures

Londsdale 1960 Research on composite membranes

Loeb i Surirayan 1962 Preparation of assymetric membranes

Loeb i Surirayan 1962 Pore size controlling in membranes

Mahon 1963 Kapillary membranes

Merten 1963 Concentration polarisation

Porter 1975 Klassification of pressure-driven processes
Goddard 1977 Modells of facilitated transport

Leblanc 1980 Membranes with immobilised carriers

Yoshikawa 1986 Membranes with active centers

Cussler, Aris, Brown 1989 The chain model of facilitated transport
Rautenbach 1990 Membrane hybrid processes
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Historical Developments

History of Membrane

1748
1855

1866
1869

1958

1960 -

1960 -
1963 -

1965
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- Abbe Noilett discovered the phenomenon of osmosis in natural membranes.
- Adolph Fick created a cellulose nitrate (nitrocellulose) membrane as the first

synthetic membrane.

- Thomas Graham a British physical chemist first used the term dialysis.

- The first synthetic polymer studied & produced commercially by Schoenbein.
1907 -
1927 -
1934 -
1950 -

Bechold first introduced the term ultrafiltration.

Sartorius Company first made membranes commercially available.
Research on electrodialysis done by G. R. Elder

Gerald Hassler introduces the first concept of membrane desalination

- C. E. Reid and E. J. Breton showed that cellulose acetate was an effective

membrane material for water desalination.

Sidney Loeb and Srinivasa Sourirajan developed the first practical
membranes for a water desalting process called reverse osmosis.

H. K. Londsdale develops thin film composite type membranes.

H. I. Mahon developed the first capillary (Hollow Fibre) membranes.

- The world's first commercial RO plant was built in Coalinga, CA
1977 -

John Cadotte patents thin film composite membrane under government gra
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Cumulative Capacity of Desalination Plants

CONTRACTED CAPACITY [n?/d]

Prof. Ibrahim S. Al-Mutaz
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Market Status
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Market Status
B MSF
L
Desalination SWRO

Markets 2010  *'*"
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Forecast Capital Expendiure on New Desal Plants

Over the past 40 years different progresses in pre-treatment operations, in pressure
recovery systems and in membrane modules performances have contributed to the

exponentialsrowth of Reverse Osmosis (RO) for brackish and sea water desalination.
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Prof. Ibrahim S. Al-Mutaz 23/270 King Saud University




The Saudi Chemical Engineering Society

. J Training Course: Membarne Desalination Processes

The Chemical Engineering Club

Market Status
= Approximately, $10 billion (5.3x10® m3/d) is allocated for the
next 5 years.

= In 1996, 65% of the world production is found in the Gulf
countries and the US.

= A similar situation is found in 2000; however, other countries
such as Japan, Spain, ltaly, and Korea have increased their
production capacity to higher and similar levels.

= Spain increased its production capacity by a factor of two.
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Market Status

= The majority of the MSF operating plants are the brine
circulation type.

= The MEE operates in a parallel feed mode, at low
temperature, with/without thermal vapor compression (MEE
or MEE-TVC).

= The MVC operates in single or multiple effect.

= |n 2000, MSF and RO total shares are 42.4% and 41.1 %,
respectively.

Prof. Ibrahim S. Al-Mutaz 25/270
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Market Status

= The MSF and RO seawater market share are 70.2% and
18.1%, respectively.

= The MSF accounts for 93% of all thermal desalination
processes.

= RO represents 88% of all membrane desalination processes.

= Desalination in all of the Gulf countries is dominated by the
multistage flash desalination (MSF) with shares varying from
60% up to 96%.

= RO dominates the US, Japan, and Spain.

= MSF, RO, and MEE contracts in 2000 are 32, 54, and 14%,
respectively.
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Market Status
Country Total |Percentage | MSF(%) | MEE(%) | MVC(%) | RO(%) | ED(%)
Capacity |Relative to
(m’/d) |total world
production
Saudi 5253208 (23.6 65.66 0.31 1.21 3097 [1.85
Arabia 5429334 (20.96 64.22 0.329 1.39 32.254 (1.8
USA 3092533 [15.6 1.71 1.78 4.51 78.04 [11.37
4327596 |[16.7 1.32 4.49 6.35 74.63 [13.56
UAE 2164507 (9.8 89.80 0.38 2.97 6.49 0.24
2890689 |[11.16 86.66 7.7 0.03 5.51 0.09
KUWAIT [1538426 |6.8 95.47 0.68 0.00 3.39 0.33
1614861 6.2 96.52 0.08 0.00 3.25 0.15
JAPAN 745318 |3.67 4.72 1.97 0.00 86.41 [6.78
045163 |3.65 3.86 2.34 0.00 8432 [7.35
LIBYA 683308 |3.37 67.70 0.94 1.84 19.56 [9.79
701303 |2.71 65.66 10.7 0 1591 |7.73
QATAR 566904 (2.79 94.43 0.64 3.26 0.00 0.00
572870 |2.21 94.34 3.86 0 1.8 0.00
SPAIN 529891 |2.61 10.62 0.90 8.65 68.91 [10.90
1233835 [4.76 4.51 3.5 2.79 84.25 [4.95
[TALY 518711 |2.56 43.22 1.88 15.14 2043 [19.16
581478 [2.24 43.76 12.4 6.53 21.67 116.24
BAHRAIN [309158 [1.52 52.02 0.00 1.46 4173 |[4.50
473391 |1.83 62.74 0.67 0 26.88  [0.71
OMAN 192586 0.95 84.06 2.18 0.00 11.73 [0.00
377879 |1.21 87.31 1.111 3.7 7.63 0.237
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Market Status

= From this table, the following conclusions can be made:

Prof. Ibrahim S. Al-Mutaz

MSF is capable of withstanding the harsh conditions in the
Gulf environment.

RO dominates the desalination industry in USA, Spain, and
Japan.

The majority of the RO process operates on brackish and
low salinity water.

The features of the MSF, gained experience, and
conservative nature of the owner, make MSF the
workhorse of the seawater desalination.

The MEE process looks to be promising for future
applications with a rate of increase of 13%.

28/270 King Saud University
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Market Status
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Market Status
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Growth of Desalination Industry

Total capacity of desalination plants in the world

Capacity of 5§ years total (<1000 m*/d )

14000

12000

10000

[0 Capacity Sysare

—a— Tofal

7

1948 1953 1958 1563 1568 1973 1978 1383 1SB8 1983 1988 2003

I
il

Per 5 years

Total capacity( x 1000 m3d)

= As of 2005, installed total capacity in worldwide : 40 million ton/day

= Estimated future increase rate of capacity :10-12 %/year until 2020

= Estimated total capacity : 63 million ton/day until 2010 and 94 million
ton/day until 2015

Prof. Ibrahim S. Al-Mutaz
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Growth of Desalination Industry

UNITS SIZE INCREASE
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Classification Desalination Processes

.

Y J%f_/

Heat consuming processes Power consuming processes
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Desalination Processes

Desalination Processes

> Vapor Compression
! Brine Mixing
Y
Membrane Thermal Once Through
> MSF ;| .|  Brine Circulation
RO < - ED o
Seawater |« MEE  |< = _TVC
\
TVC |« MvC
Low Salinity - Parallel J
Surface Feed — |
- » ADVC
Brackish Well Water w o SEE =
Forward
ADVC |<—| = Feed < ABVC
RO: Reverse Osmosis o
ED: Elect.ro-DlalySIS . ABVC [« j Vertical | >
MEE: Multiple Effect Evaporation <« - > Freezin
. . Stack g

SEE: Single Effect Evaporation CVC |e—
MSF: Multistage Flash
TVC: Thermal Vapor Compression > HDH
MVC: Mechanical Vapor Compression
ADVC: Adsorption Vapor Compression N
ABVC: Absorption Vapor Compression So}ar
CVC: Chemical Vapor Compression Stills
HDH: Humdification-dehumidification

Most Widely Used Processes
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Classification Desalination Processes
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Separation Energy Use Process Desalination Method
Water from Salts | Thermal Evaporation Multi-Stage Flash (MSF)
Multi-Effect Distillation(MED)
Thermal Vapour Compression (TVC)
Solar Distillation (SD)*
Crystallisation Freezing (FR)
Gas Hydrate Processes (GH)
Filtration/Evaporation | Membrane Distillation (MD)
Mechanical Evaporation Mechanical Vapour Compression (MVC)
Filtration Reverse Osmosis (RO)
Salts from water | Electrical Selective Filtration Electrodialysis (ED)
Chemical Exchange lon Exchange (IE)

Prof. Ibrahim S. Al-Mutaz
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Desalination Processes

Classification Process Energy Required
Thermal = Distillation 1. Multi-Stage Flash Electrical + Heat
(Phase Change, Evaporation (MSF)

liquid —Vapor) 2. Multiple Effect Electrical + Heat

Evaporation (MEE)

3. Vapor Compression Electrical, Heat +

(MVC) Electrical

Membrane 1. Reverse Osmosis Electrical

(no phase change) (RO)
2. Nanofiltration (NF)

3. Electrodialysis, ED

4. Electrodialysis
Reversal (EDR)
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Distillation-based Processes

Based on water evaporation

= Multistage Flash Distillation (MSF) involves heating saline water
to high temperatures and passing it though vessels of decreasing
pressures to produce (fresh) water vapour.

= Multi-Effect Distillation (MED) operates at lower temperatures
but uses the same principles as multistage flash distillation.

= Vapour Compression Distillation (VC) where the heat for
evaporating water comes from the compression of vapour,
rather than the direct exchange of heat.
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Membrane-based Processes

Membrane-based Processes

= Reverse Osmosis is a pressure driven process which forces
saline water through a membrane, leaving salts behind.

= FElectrodialysis: With Electrodialysis, an electric current
moves salts selectively through a membrane, leaving fresh
water behind.
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Advantages / Disadvantages of Desalination Processes

Advantages and disadvantages of desalination techniques

. J Training Course: Membarne Desalination Processes

Evaporation of seawater or brackish water and
consecutive condensation of the generated
humid air, mostly at ambient pressure.

comparison fo other
techniques

Desalination type Usage Advantages Disadvantages Companies
Distillation
Multi-stage flash distillation (MSF) Accounts MSF F_IIIHI'ItE, High operating Duusan Heavy
Desalination process that distills seawater by Elr 85% of Eﬁgﬁmaﬁjﬁ;ﬂz Eggﬁ::g{'aﬁﬁil e Egrléﬁat;% (South
flashing a portion of the water into steam in desalinated | lot of waste heat | for distitation. High
multiple stages of what are essentially te q d theref rat f -9
enerative heat exchangers. water; use and can therefore es of corrosion
reg since early often be paired
19508 with cogeneration
Multiple-effect evaporator (MED|ME) Widely High efficiency, A large heafing Niro (United
Using the heat from steam to evaporate water. used, since | while relatively area is reguired atates)
In a multiple-effect evaporator, water is boiled in | 1542 INEXPENSIVE
a sequence of vessels, each held at a lower
pressure than the last.
Vapor-compression evaporation (VC) Mainly Technique copes | - Vacom, Water
Evaporation method by which a blower used for well with high salt Desalination
compressor or jet ejector is used fo mr'n press wastewater | content in water International
and thus, increase the temperature of the vapor | MeCOVery (United States)
produced.
~Evaporation/condensation Widely Easiest method of | Time-consuming .
used distillation and inefficient in
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Advantages / Disadvantages of Desalination Processes

Advantages and disadvantages of desalination techniques

Desalination type Usage Advantages Disadvantages Companies
Membrane processes
Electrodialysis reversal (EDR) Widely Long membrane High capital and General Electric
. ; used, since lifetime and high operational costs (GE), Ryan Herco
Elecimch_emmal separation process th_at early 1960s | efficiency (up to Flow Solutions
removes ions and other charged species from 94% wate United Stat
water and other fluids. r (Unite ates)
recovery, usually
around 80% )
Reverse osmosis (RO) Widely In water Requires more Multiplex-
- d, first purification pretreatment of the Degremont Joint
Separation process that uses pressure to force used, . '
a solvent through a membrane that retains the | F3TL ;| SECUEY fpes | mantenance than | (Australia)
to pass to the other side B Saudi of contaminants MSF plants Consolidation
P ) Arabia in to some extent Water (Cayman
1979 Islands), GE
Manofiltration (NF) Emerging Yery high High capital cost, Stoneybrook
Nanofiltration membranes have a pore size in technology efficiency unknown lifetime of Purification
the order of nanometers and are increasingly membrane, no (United States)
being used for water desalination. large-scale plant
built yet
Forward osmosis (FO) Emerging Low or no Cannct produce Apaclara (United
Osmotic process that, like reverse osmosis, technology | hydraulic pure water, only Kingdom)
uses a semi-permeable membrane to effect pressures, no concentrated
separation of water from dissolved solutes. energy needed solutions
for seperation
Membrane distillation (MD) Widely Low energy - KeppelSeghers
In membrane distillation, the driving force for used consumption, low (Belgium)
desalination is the difference in vapor pressure fouling
of water across the membrane, rather than total
pressure.

Prof. Ibrahim S. Al-Mutaz
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Comparison between Thermal and Membrane Processes

Thermal desalination processes Membrane desalination processes
(MSF, MED, V) (RO)
Desalted water with low total dissolved Desalted water with total dissolved solids
solids concentrations (10-20 ppm) concentrations between 100 and 550 ppm
Energy consumption (MSF)* =17 =18 Energy consumption® ¢ =22 - 6.7 kWh/m?
kWh/m?
Recovery factor = 10% Recovery factorE-F = 40 = 604 %
High capital costs Low capital costs
High operating costs Low operating costs
Desalted water cost® = 1.0=1.4 §/m? (MSF) = | Desalted water cost = 0.50 = 0.70%/m? (in the
2.34 5/m* (MED, TVC) most part of SWRO plants €) and 0.36%/m?
(from brackish water sourcestH)
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Features of Evaporation Methods and Membrane Method

Evaporation | Seawater is evaporated and condensed to obtain Evaporation
- - Heated steam and evaporated seanaterare condensed.
Method freshwater. 'Dne ufthe rnalnevapurahun_meﬂfdeE Method Efficiency is higher than M 5F, but complex.
I:MSF] for the desalination of seaveater in the Middle East I:MED}
Seawater Seawater
&
Cooling, Condensgaticn p =1 "" "qu“ng* 4 * bt
T 177 T T T oo
. Heated recowe
Hwaporati :: Condensation gf |steam ) v
steam Evaporation
Freshwrater Freshwrater

Heat

Condensed
(steam) Seawaler i
Features: By parallel establishmentwithan electric power plant, it can utilize the heat sources.
(The reasonwhy it is the mainstreamin the Middle East.)
It requires almostno preprocessing and provides simple operation. (MED is rather complex.)
Membrane

Separation Pressurizedwateris transportedacrossthe membrane.
Method (RO) Multi-stagingis available as required for the waterquality.

L -
l High-pressure RO preg:::eﬂ,

Q Freshwater

Seawater

Condensed

Preprocessing seavater

Features: Low facility cost 0.5 — 0.9 times compared to evaporation methods
Low seawater usage (High recovery rate) 1/4 or less compared to evaporation methods
Low energy consumption (Heat + Electric power) 1/5 or less compared to evaporation methods
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KUWAIT i J Seawater Desalination Capacity in cbm/day
. 454.572 IRAN Reverse Osmosis (RO) MSF - Distillation
Doha 54 1
697.06: @B 0% e e 600 -2.000 ® 600 - 20.000
. 25.212 °
3.654 235 523 - Bandar Bushehr ©® 2.001 -5.000 @® 20.001 - 50.000
Ny . 100.000 @ 5.001 - 20.000 @ 50.001 - 200.000
Az Zour @@ @ 20.001-50.000 @ 200.001 - 500.000
371.504 41977 @ 50.001-350.000 @ 500.001-2.000.000
108.800 1.892
7.852@® 1.147.470 )
21.233 4 90.909
~ Al Jobail
29.840
Bandar Abbas.
B i .,
SAUDI ARABIA Noq BAHRAIN - ~ *.7 500
o, 142 o0 — .
ol 6 1.230 e 120000
11.640 asn o ‘Queshm Island
- @*5.000 : w =
oL 182.000
N A Q 3.000 s 27.002 o
575.386 i o
E N { QATARY 4cg6s 120.620 g@ 4 500
16.570 | 13, 632‘466 — 1325 113.910 @°1.800
. Dubai
5 400 Abu Dhabi .T 946.460
<100 m /.g 9.200 124.504 -~ aweelah
S om " ® .00 4.600 800' e
s oam oy ‘® 64. 500 S Umm Al Nar West
— 1 3.000 " @ 8> - 674.185
o *033 140 4.500 178 800
i 455.00 9.000
300 Kilometers Shuweihat 1. 400 UAE

Source: Wagnick 2000
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Desalination capacity
& MSF MED RO
in the Arabian Gulf i O —
s | y ® 1,000 - 25,000 & 1,000 - 25,000 e 1,000-2,500
in m*/day o
; \ ® 25001 - 50,000 @ 25001 - 50,000 ® 25015000
Subiya Iran i Wi 1.
Doha . 454600 27,570 @ 50001-250000 @ 5S0001-250000 @ 5,001-25000
626,006 P-oosss ¥ L @ zs0001-s500000 @ 250,001-500000 @ 25,001 - 50,000
Kuwait P 26,134 ® @ so0001-1700000 (@ 500,001-1,000000 @ 50,001-250,000
; 1,686,281 E;‘;‘;.i | P total (bycountry) > total by country) B> total (by country)
ZETC '-\.M
2,614
> % Arabian Gulf coast
@ Te—, P 9855977
Saudi Arabia Bahrain . B 1520429
P 4,621,230 total L~ 52,530 P 750785
2,181,947 Gulf coast o a43.000 '@ R 2 *",_._. -
2,433,605 Red Sea coast Al Jobail Y [ ST iy | A ;- .
5,678 unknown location 1'15:3'225 - T Ve ’.’I“J e
973 S&1total :gl'l:-:I'-|-"| ! MHI‘“‘H 1“2“ . - T =
P 973,551tota Al Khobat® Sitra:116,330 ®
F'I"' T80 Gulf coast 54? Mn ) hr ]
132,601 Red Saa coast M:!__ ‘HI 4 Ras Laffan @ J -'.‘
29 170 unknown location .'._ L A y 457,640
. r 166,020
B 1,190,035 total o i Sharjah | Al FL&I&.,“
145,511 Gulf coast | f ‘ ;‘f;‘%““‘ Dubai / Jebel Al Q
724,802 Red Sea coast - s 1,606,544 ;
319,722 unknown location Qa}ar { Abu D:5 3':'“ Tmelahﬂ 17,680 |
et 240,000 \
p-374, 222 ¥ L 241 504 Umm Al Nar o "
P 28384 g L. &7 804869 UAE
B 5790 O Omesu P-4,733,417
Shuwaihat - S
454,200 P 555,70
P 578836
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Egypt lsraal Jordan
: . rd. Sea B 1100
P 32,574 total * c : 440, i p 1.670
TS BepE. B ® 8,000 Fred Sea
15|5‘44 R’Eﬂ &:“ b & 432 T'lli md sﬁ
6,530 unknown a o -
B 25202 tota RN i Saudi Arabia
1,132 Mad. Sea . 107,970 - P 4,621,230 total
3,060 Red Sea ‘ S Y 2,433,605 Red Sea coast
1,990 unknowr El Sheik N 2 181,947 Gulf coast
- L] : - 5,678 unknown location
321,318 total " 877 BE1 tots
$|TEE “ﬁd- 34‘.'3 x b- " ) . .|'| al ?
223,210 Red Sea \ 2,601 Red Sea coas
86, 352 unknown L] - 8 'I 780 Gulf coast
29 170 unknawn lacatior
IE-._..j e
o Yanbu: 307,206 B 1,190,035 total
F 179,090 724, 802 Red Soa coast
' 145,511 Gulf coast
N Rabigh: 50 878 319,722 unknown location
"l?; ; 210,000
E- " @ Jeddah: 322,940
-& .. 202,262
Shoaiba:
audan ?. ~, 1,575,00
1,650 ~
‘u Yy W k.
P 40,500 - h“'ﬂ o
reig Red Sea coast
e '_1; Assinr P4 657,020
J b 214,892 = 1.052.42
Eritrea I 1 b y mtﬁm
v " i , % d 1 - #
Desalination capacity P 150 A E
in the Red Sea in m*/day pedian - e i
s g
MSF MED RO B2 g A ‘} B
® 1,000 - 25,000 & 1,000 - 5,000 e 1000-5000 gt ‘ "EZ"-'I' B 3216
® 25001 - 50,000 & 5001-25000 @ 5001-25000 b "“;_..;1 % %\ p 3373
@ 50001-250000 @ 25001-50000 @ 25001-50000 ' s p 88513
@ 250001-500000 @ 50,001-75000 @ 50,001- 100,000 G
@ 500001-1.70000c @ 75.001-150,000 @ 100001 -300,000 HHHE Margroves "y
P total bycounty) [ tolal {by country) B total {by country) [ Corais s .
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Content:

e Overview of Membrane Desalination Technologies
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Content:

e Overview of Membrane Desalination Technologies
e Membrane Characterization

e Membrane Chemistry and Structure:

(Cellulose Acetate (CA) membrane, Composite Aromatic Polyamide
(CAP) Membrane)

e Membrane System Concepts
e (lassification of Membrane Separation Processes
e Applications of Membrane Processes
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Historical Background

Development of practical membrane processes

Microfiltration (Germany) 1920 Laboratory use (bacteria filter)
Ultrafiltration (Germany) 1930 Laboratory use

Hemodialysis (Netherlands) 1950 Artificial Kidney

Electrodialysis (USA) 1955 Desalination

Reverse Osmosis (USA) 1960 Sea water desalination
Ultrafiltration (USA) 1960 Concentration of macromolecules
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Membrane Classifications

POROUS

DENSE

ASYMMETRIC
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—

ORIGIN ‘ m#['_ ynthetic . m

MATERIAL Iqul

MORPHOLOGY/
STRUCTURE

Prof. Ibrahim S. Al-Mutaz

_g_h_

m T

50/270 King Saud University




The Saudi Chemical Engineering Society

. J Training Course: Membarne Desalination Processes

The Chemical Engineering Club

Membrane Classifications

v Based on Material
d Binlngical: Animal or Plant origin

Q Synthetic: Organic (polymeric) and Inorganic (ceramics)
membranes are of importancein Env. Eng.
(Example of organic membrane: cellulose acetate, cellulose esters,

polypropylene polyamides, polysulfones, etc.); organic- cheaper.

Ceramic: Alumina, Titania, and Zirconia: high thermal/chemical resistant

v Based on Morphology or Structure

Q Symmetric: All porous or non-porous (10-200 1 m) of identical
morphology.

Q Asymmetric: membrane constituted of two or more structural
planes of non-identical morphologies A thin denselayer (0.1-0.5
1 m) or skin supported by a porous sublayer (50 — 150 L m).
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Membrane Classifications

Membrane
Inorganic Pervaporation
h { Extrusion Gas separation
R — —_—
—Dense Solution casting Control release
\J » Isotropic microporous Mucleation track Dialysis
POI}"mE”C membrane —_— ) Ultrafiliration
Stretched fim ——*+¢
, , Microfiltration
> |sotropic —* Phase inversion
P - Membrane distillati
—» Electrically charged Extrusion embrane distifiation
membrane E—— >
Solution casting lon exchange
Condensation
h 3 . ) 0]
Support liquid porous support impregnated with *» Liquid membrane
membrane liguid complex
. : Thermodynamics Dialysis
—Anisotropic — o —
A Diffusion induced phase Dynamics —T* 7 Ultrafiltration
— Asymmetric — i inenfiltrati
4 separatlonr - Hollow fib Microfiltration
Thermally induced phase { Ollow Tiber
separation Flat sheet
. . (Gas separation
Solution coating P i q
. ervaporation an
— Composite — § Interfacial polymerization ~ uaporl:}(;rmeation
Plasma polymerization Reverse Osmosis

MNanofiltration
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/ According to '\

I
|
|
\

\

Membrane Classifications

[

Skinned type: consist of a dense skinned
layer used as primary filtration barrier and, a
thick and more porous understructure that
serves as support structure.

the Physical \\

Structure -
(“trans-wall K

N symmetry”) y |

""""" Se-=q Graded density type: the porous structure

: gradually decreases in density from the
! feed to the filtrate side of the membrane.

This ribes
the | rmity
thro ross- onst/ tedl by dierent ) (haterogeregous) ymatérials,
section of the Z have Bt . lave L
membrane. : 1al . as
% (71€/. ' «l
\ I

substracture o owh/ s st

; A
) .?SW LAY AR T
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Summary of Membrane Materials for RO

Membrane Material

Examples of Membrane and Module, Membrane Suppliers

Cellulose acetate
Polyamide
Heterocyclic polymer

Cross-linked water-soluble
polymer

Polymerizable monomer
(cross-linking)

Prof. Ibrahim S. Al-Mutaz

Module
Membrane Morphology Configuration
1 .
2 Spiral
g N3 146
5| Asymmetric
membrane |
\ 8 5
\ 7 7
\ 3
\ 8
6}
Vol
‘1.1' l'nh Hollow fiber
A 12
1
\\11 lU
by
10 111 9 Tubular
1
Composite |4
membrane
14

11
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1. Toray, UOP, environgenics, Osmonics, Desalination, Ajax,
Hydranautics, Daiseru
4. Toray-Polyamidic acid, Du Pont-DP-1, Monsanto
6. Cellanese-Polybenzimidazole
9. UOP-CTA
10. North Star-NS-100, UOP-PA-300, -100, LP-300, RC-100
12. North Star-NS-200, Osmonics-N5-200 Environgenics-SPFA
(NS-200), Desalination-NS-200(?7)
14. North Triangle Inst.-Plasma Polym. Toray-PEC-1000, Film
Tec-FT-30 Asahi Glass-MVP, Nihon Syokubai

. Dow, Monsanto, Toyobo
5. Du Pont
7. Cellanese-Polybensimidazole
13. FRL-NS§-200, Gulf South Research Inst.-NS- 100

3. UOP, Environgenics, Universal Water Co. Raypak, Abcor,

PCI, Nitto, Daiseru
8. Teijin-PBIL

11. North Star-NS-100, Others Sumitomo-PAN-Composite
Memberane
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Membrane Base on Nature

Membrane technologies learn from nature to cover all
operations, from molecular separations to chemical
conversions, energy and mass transfer, energy conversion
and in advanced biomedical applications.

AFM photos of fluor polymeric
membranes with ordered structures

Beehive
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Membrane Base on Nature

Reverse Osmosis
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Membrane is a selective or non-selective barrier that separates
and/or contacts two adjacent phases and allows or promotes the
exchange of matter, energy, and information between the phases in

a specific or non-specific manner.

a) membrane with b) membrane with no specific
specific selectivity component selectivity
R
T~ .
: [
R ;
° |
liquid || vapour
phase | | phase
R1\‘/R2 R1YR2 | |
> |
Rs Rs b
| |
driving force driving force
AC Ap AT AC Ap AT
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Membrane Morphology

%Sé) AR q‘ff'é] DD
N DA T
DSBS Bsr

Nonporous dense Isotropic microporous
membrane membrane

OT T
S DA N T,
S BRSNS TS

Composite membranes

Charged membrane

it}

Integrated asymmetric Supported liquid
membranes membranes

Schematic diagram of different membrane morphologies
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Membrane Morphology

SEM photograph of CA asymmetric membrane

£NH©NHCD©W§_<NH @NHGO©CD

SDE m

Representative chemical structure of linear polyamide membrane (B-10)
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Membrane Morphology

Osmonics Proprietary
Polyamide thin film Membrane Layer

Polysulfone Layer

Polyester Non-Woven Material
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RO Membrane

/ m Ultrathin Polvamide Film

——

Structure of Typical RO Membrane
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RO Membrane

Semipermeable
membrane layer

~2000 Angstrom
\ Semipermeable
Y membrane layer
Vi ~5000 Angstrom x
licroporous
- —
polymeric support Microporous
0.2 mm body 0.08 mm 0.15 mm
0.008 Permeate 0.003"  0.008"
Fabric backing = channel
;

Cross section of flat and hollow fiber membranes
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Membrane Processes

Driving force:

Pressure
Concentration
Temperature
. Voltage Structure:
Configurations Solid film
Flat sheets Porous film
Tubes Membrane Charged film
Hollow fibers :
: Symmetric
Capillary . ;
Liquids Asymmetric
Gases
Particles
Molecules
lons

Fundamentals of membrane and membrane processes
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Driving Forces for Transport

= In general, four different driving forces are possible in membrane
transport:

DRIVING FORCE PRIMARY EFFECT

Pressure Flux of solvent
Concentration Flux of solute
Electrical Potential Flux of electrical current

Temperature Flux of thermal energy

= Each of the driving forces have a counter influence on the other
fluxes in addition to their primary effect. For example, the pressure
gradient can cause a flux of current called the streaming current,
besides the flux of solvent.
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Membrane Processes - based on Driving Forces

Pressure Gradient (P): Electrical potential Gradient (E):
Reverse osmosis Electrodialysis
Ultrafiltration Membrane electrolysis
Microfiltration Electrosorption
Nanofiltration Electrofiltration
Vapor permeation Electrochemical ion exchange
Gas permeation
Pervaporation Temperature gradient (T):
Membrane distillation
Concentration gradient (C): Thermo-osmosis
Dialysis
Membrane extraction Processes with combined driving forces:
Supported liquid membrane (SLM) Electro-osmofiltration (P + E)
Emulsion liquid membrane (ELM) Electro-osmotic concentration (E + C)
Non-dispersive solvent extraction with Gas separation (P + C)

hollow fiber contactors. Piezodialysis (P + C)
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Membrane Processes

Membrane Separation Processes

\ Driving Force /

Hydrostatic Concentration Electrochemical Partial pressure
pressure gradient oradient potential oradient
ME, UF, NEF, RO, cas . Electro-dialysis, Pervaporation,
separation Dialysis EDR AMD, OD
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Process

Applications

Alternative
Processes

Microfiltration

Separation of bacteria and cells from solutions

Sedimentation,

Centrifugation
Ultrafiltration Separat_lon of p.ro'telns ang virus, Centrifugation
concentration of oil-in-water emulsions

Nanofiltration Separation of dye a_nd sugar, D|st|IIat|c_>n,
water softening Evaporation
) Desalination of sea and brackish water, DI ISITiel

Reverse Osmosis P g Evaporation,

process water purification Dialysis

Dialysis

Purification of blood (artificial kidney)

Reverse osmosis

Electrodialysis

Separation of electrolytes from nonelectrolytes

Crystallization,
Precipitation

Pervaporation Dehydration of ethanol and organic solvents Distillation
Hydrogen recovery from process gas streams AT,
Gas Permeation . . . . Adsorption,
dehydration and separation of air :
Condensation
Membrane Distillation Water purification and desalination Distillation

Prof. Ibrahim S. Al-Mutaz
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Separation Membrane type Apphed Mode of Applications
pProcess used driving force separation
Microfiltration Symmetric hvdrostatic size exclusion, water
(0VE) MACToporous, pore pressure convection purification,
radms 0.1-10 um | 0.05-0.2 MPa sterihzation
Ultrafiltration asymmetric hvdrostatic size exclusion, separation of
(UF) MAacroporous, pore pressure convection molecular
radius 2-10nm 0.1-0.5 MPa mixtures
Dhafiltration asvmmetric hvdrostatic size exclusion purification of
(DF) MAacroporous, pore pressure and dialvsation, molecular
radius 2-10 nm 0.1-0.5 MPa diffusion mixtures
artificial kdney
Manofiltration asymmeiric Hvdrostatic Size exclusion, separation of
(NF) MEesoporous, pore pressure diffusion, molecular
radius 0.5-2 nm 0.3-3MPa Donnan- mixtures and ions
exclusion
Reverse asvmmeinic skan- | hvdrostatic solution- sea & braclkush
0SMosis tvpe, dense or pressure diffusion water
(RO MICTOporous 1-10 MPa mechanism desalination
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Pressure Driven Membrane Processes

%+ Pressure driven processes are mature technologies with a large
number of successful applications in industrial water and wastewater

treatment.
“» Their flexibility in process configurations can optimize performance.

% They are suitable for system integration with conventional treatment
' S

e s

steps.

King Saud University
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Pressure Driven Membrane Processes

The following table shows the most used Pressure Driven (PD)
Membrane processes and their typical operating values:

( MF 0.1to2 mm 100 — 1000 15 - 60
PD UF 0.005 to 0.1 30 - 300 10 — 100
membrane mm
processes <
primarily NF 0.0005 to 20 - 150 40 — 200 psig
based on 0.005 mm (90
species size typically)
\ | RO < 0.5 nm 10 - 35 200 — 300
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Process Retentate Permeate Common Membrane Typical
range of feed type applications/species
pressure
(atm)

Microfiltration Liquid Liquid 1.5-7 Porous Organic and metal
suspensions, oilfwater
emulsions

Ultrafiltration Liquid Liquid 2-15 Porous Oil/water emulsions,
pesticides, herbicides
bivalent ions

Reverse osmosis  Liquid Liquid 10-70 Porous/nonporous  Desalination, salts,

(hyperfiltration organics, ions heavy

or nanofiltration) metals

Pervaporation Liquid Vapor 1.5-60 (permeate = Nonporous Volatile organic

is under vacuum) compounds
Vapor Vapor Vapor Les than Nonporous Volatile organic
permeation saturation compounds

pressure of feed

(permeate is under

vacuum)
Gas permeation  Gas Gas 3.0-55 Nonporous He, H2, NOX, CO, CO2,

Prof. Ibrahim S. Al-Mutaz
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Pressure Driven Membrane Processes

Pressure driven membrane processes are specially useful where a wide range of possible
contaminants have to be removed over the entire removal spectrum i.e. macro particles to ionic
species.

Pressure Membrane
(bar) Pore Size (um)
Reverse Osmosis 30-60 T o :*..: 104-10°3
(RO) ‘ ® ® the
Retentate
(concentrate
)
Nanofiltration  20-40 T O - :*..: 10-3-10°2
b (NF) @ RERL
Permeate
& (filtrate)
Ultrafitration ~ 1-10 BT o R 102-10-
... () ....
f‘Suspended solids\ (UF) “
© Bacteria
“ Viruses

. . .
Multivalent ions

L -

. Monovalent ions

Microfiltration <1
(MF)

1010 1
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Membrane Processes

Microfiltration

. J Training Course: Membarne Desalination Processes

Nanofiltration

Ultrafiltration ‘ Reverse Osmosis

& E. coli @ Viruses
e Ol ¥ Proteins
&> Macromolecules
& Colloids
W Suspended

Particles
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Membrane Processes
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Membrane Processes

Orgarnic macromolecufes
salts
Poliens

100 pm 10 1am 0.1 1 0.01 um 0. 1 nm 0. 1nm
Red RO
hair yisipie to  globule Smallest Polio
naked eye microorganisms viris

Nanofiltration
Sand filter (7 Ultrafiltration

Microfiltration
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Membrane Processes

Reverze

Separatiun A Ultrafiltration Particle Filtration
Process Nanofiliration Microfiltration
ueous Milk Proteins EMIPHH‘-! Broth Calls
| |
z Red Blood Cells
I.{L"l:'.l.i"-'E E—'.r:||.:|!||1 | | Fat Micellas
Cles af Metal fon Bacteria |
Slze et Endotoxin Pyrogen I | Activated
§ 1 = [ LN
Colinen | | “'E'“"‘l"“ | el
liaterfals yes = L Mims Blue Cryptosperidium
| | o e |
Lacto Callcidal
[Hlj:gu :—iﬁl e %“ Huan Hair
| I | |
Microns 0.001 0.01 0.1 1.0 10 100 1000
| | | | I | |
W 100 200 1,000 20,000 100,000 500,000 MM 5 MM

Mote: 1 micron (micrometer) = 4 x 10-5 inches =1 x 104 Angstrom units
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Membrane Processes

Suspensions

Aqueous salis .
Bacteria
; Viruses
Species
° Gas Sugar
g _ Yeast cells
Proteins
Amino Acids
Pore size of the -
membrane | | | |5 | 4 | ynm-
0.1 1 10 10 10 10
Reverse Osmosis Ultrafiltration
Filter
Process Pervaporation
Dialysis
Microfiltration
Gas Nanofiltration
separation
Mesoporous Macroporous

Dense/porous _— Porous

Nonporous

= |
Membrane -
Filter

Relationship between membrane pore size and separated species
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Membrane Processes

Filter type Symbol
Microfilter MF
Ultrafilter UF
Nanofilter NF
Reverse RO

Osmosis

Prof. Ibrahim S. Al-Mutaz

Pore Size,
um
1.0-0.01

0.01-0.001

0.001-0.0001

< 0.0001
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Operating
Pressure, psi

<30

20-100

50-300

225-1,000
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Types of Materials
Removed

Clay, bacteria, large
viruses, suspended
solids

Viruses, proteins,
starches, colloids,
silica, organics, dye,

Sugar, pesticides,
herbicides, divalent
anions

Monovalent salts
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Membrane Separation Spectrum

4 v 4
- A J 4 Sgsm-:nnm

4 - ﬂ ARTICLES

‘u[ MICRO- gﬂ S 2 0 A .
s Different layers of the filter
E < YDROCARBONS . .
s . o someew  The first filter gets the largest

ULTRA- e ,  objects out of the water
a .
4 The last filter layer called the
e e oomisns— membrane rejects the salt
2. A
4 -
4
: MoNOVALENT loNS
- o BOD/COD
ag .

WATER
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Membrane Separation Processes

Q990 00O

- Suspended Sofids @ Multivalent fons
@ WMacromolecules Monovalent lons o Water
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Membrane Separation Processes

( Reverse osmosis pore | ( Nanofiltration ) ( Ultrafiltration

Comparative Size of Membrane Pores
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Advantages of Membrane Separation Processes

Low energy requirement

Ease of operation

Continuous separation

Membrane properties are variable and adjustable
Portability

Simplicity

Compactness

Environmental friendly

Direct scale-up

O
O
O
O
O
O
O
O
O
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Advantages of Membrane Separation Processes

Membrane DRE:_;duﬂl
Addition

Small area

L

—

Faw
Water

Easy to operate

Raw Water
Tank

Ta
Distribution

Permeate

Tank Disinfection
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Comparison between Thermal and Membrane Processes

§ D gt Fresh water from the ocean & viater
water from the Proposed desalination plant in Carlsbad would make fresh SueEzes
. th
e i waler using seawater pumped through nearby power plant. bl g
runs thi 19,000 filters
PN ot
d'rlfert_:d's_tuﬂ'ie iﬂpuﬂi‘::lﬁ% Clean
dﬁlnahm to the center of
g the tubes.
. 1| Carisbad - DESALINATION PLANT Fd
2 Seawater = | [ AR I TN -
; = VLR 5 The
Ew ==5 A, - %Y filtered water
sand and = = T is treated
N scharge with lime to
material that et P %ﬁeﬁw
could clog e et
[tration S for
Symem o= W T =2 dtibution
5 = o =
- M v
3 Hign- - 6 Brine 3
pressure rerncvied from
seawater is
Emﬁm diluted with
water into remaining
TBVErse power plant
osmosis cooling water
filtration = and returned
systerm. 1o the ocean,
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Important Parameters in Membrane Processes

The key properties determining membrane performance are:

o High selectivity,

o High permeability/fluxes,

o Good mechanical, chemical and thermal stability under
operating conditions,

o Low fouling tendencies,

o Good compatibility with the operating environment,

o Cost effective,

o Defect-free production
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Important Parameters in Membrane Processes

A Measure Of Hydrophilicity

Water
Droplets Membrex
e _— Contact Angle
IIIIIIIIIIIIImElIIIJ LT IiIIIIIIIIIIIIIIIﬂWIIlEIII]I III]I]II i~ Mermbidhe
Membrane Poly- Unmadified | Hydrophilic Membrex
Material | PTFE | Propylene | PVDF PAN Palysulfone | Ceramic | J|traChem
‘omact | 112’ | 108 | 66 | 46 W | 30| &
= Increasing Hydrophilicity =
Qleophilic: Oleophobic:
Repels Water Repels Dils
Absorbs Dil _ Absorbs Water _
Fouls With Free Qils Mot Fouled By Free Dils
Lower Flux Per Faot Higher Flux Per Foot
Diffucult to Clean Easier to Clean
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Membrane Processes

Microfiltration and Ultrafiltration are essentially membrane
processes that rely on pure straining through porosity in the
membranes. Pressure required is lower than RO and due entirely to
frictional headloss

Nanofiltration: divalent cations and anions are preferentially
rejected over the monovalent cations and anions. Some organics
with MW > 100 -500 are removed There is an osmotic pressure
developed but it is less than that of the RO process.

RO: is semi-permeable with thin layer of membrane supported on a
porous sub-structure. The thin skin is about 0.25 u thick and has
pore size of 5 - 10 °A. The pore size of the skin limits transport to
certain size molecules. Dissolved ions such as Na and Cl are about
the same size as water molecules.
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Membrane Processes

Typical recoveries, trans-membrane pressures,
power requirements, consumption

Recovery (%) Pressure (kPa) Consumption (kKkWh/day)

MF 90-98 100 77.5-70.8

UF 90-98 300 231.5-212.5
NF 75-95 500 463.5-365.5
RO 50-80 1000 1389-868.3
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Membrane Manufacturers in the World

- —— T RO| NF | UF | MF | MBR
DOW!/ Filmtec (US) o
§ Koch (US) O O
g GE (US) ® ®
5 Siemens (Germany) ©) o
Norit (Netherlands) ©) O
Nitto Denko /Hydranautics (US) ) © o) )
§ Mitsubishi Rayon o O
% Toyobo A
% Daicel Chemical
- Asahi Chemical / Pall (US) ©)
Kubota
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Membrane Processes

Water quality parameters to be measured
Parameter MESUE MNE/REO)

Cations
AJuminurm
Avmmonia
Barmmum
Calcium
Iron

Magne sium
Manganese
Potassium
Sodium

Strontum

HH A

Anions

Chloride

Fluoride

Mitrate

Silica X
Sulfate

AAAAA HAAAAAAAAAA

Oiher chemical'phyvsical parameters
Mlgae b
Alkalinity
pH

501

TDOS

TOC

TSS
Turbidity
LI%-254

#
AA AAAAA

HA A
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Membrane Processes

List of commercial membranes: compositions and applications

Membranes Membrane materials Applications
Organic membrane Cellulose regenerated D, UF, MF
Cellulose nitrate MF

Polyamide RO, NF, D, UF, MF
Polysulphone GS, UF, MF
Poly(ether sulphone) UF, MF
Polycarbonate GS, D, UF, MF
Poly(ether imide) UF, MF
Poly(2.6-dimethyl-1.4-phenylene oxide) GS
Polyimide GS
Poly(vinylidene fluoride) UF, MF
Polytetrafluoroethylene MF
Polypropvlene MF
Polyacrylonitrile D, UF, MF
Poly (methyl methacrylate) D, UF
Polyi{vinyl alcohol) PV
Polydimethylsiloxane PV, G5
Inorganic membrane

Ceramic Metal (Al Zn. Ti, 51, etc.) oxide PV, MF
Metal (Al, Zn, Ti, 5i, etc.) mitride
Metal (Al, Zn, Ti, 5i, etc.) carbide

Metallic Metal (Al, An, Ti, 5i, etc.) oxide PV, MF

Zeolite Si0, PV, GS

Cellulose acetate

G5, RO, D, UF, MF

MF microfiltration, UUF ultrafiltration, NF nanofiltration, [ dialysis. PV pervaporation, (S gas separation,

RO reverse 0smosis.
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Membrane Materials

= Made from a thin film of polymeric material (several
thousands angstrom) which cast on polymeric porous material

= Commercial membranes have high water permeability; the
rate of water permeability must be much higher than salt
permeability

= Must be stable over a wide range of pHand T
= Must have good mechanical integrity
= Life of commercial membranes = 3-5 years

= Major types of commercial membranes are cellulose acetate
(CA) and polyamides (PA)
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Membrane Materials

H
H—éfH
v =0
n-c " °
» Cellulose Acetate Lo A -
s on % e
and Derivatives v/ O/mo\
S NL0 "6 W
N H—é';—H Os(’ £=0
O\C,,O H—c::—H H-(l?—H
1 H H
H-C-H
. H
= Polyamides
“ Ho o H H O 0 H]
e-c-0o . o | 1ol
! / N=-C C-N N-C C-N
0 H \ / \ / Y / \ / N
g O ¢ @ ©
/ | |
AN I RV Ca0 C=0
Cy-N-c-N-C-N- ' |
. \CH_,, Cﬁts _ OH
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Membrane Materials

OH OH H OH
O 0 OH
HO o HO 0 HO
HO g o HO O o
H OH OH OH
- - [
Cellulose
H,C —OCH,CH, H,C—OCH,CH;
| I CH— O —* CcH CH—oO—"
CH—CH n CH—CH "
OH OCCH, H,CCO  OCCH,

0

Cellulose acetate Cellulose triacetate

Chemical structures of cellulose, cellulose acetate and triacetate
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Membrane Materials

A O

Udel polysulfone

Sarras
. &

. a
Sarvas

Polysulfone cyclic dimer

Chemical structure of polysulfone
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Thin Film Composite

Polyester
Fiber
Backing
~120 um

Polysulfone
Support
~50 um

Active
NF/RO
Layer

Polysulfone Layer
Pore Size
~20-30 nm

Active
Layer
~50-250 nm
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Porous Polymeric Membrane
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Thin Film Composite / Cellulose Acetate

Comparison of Thin-Film Composite and Cellulose Acetate

Membranes
Parameter Thin-Film Composite Membranes Cellulose Acetate Membranes
Salt rejection, % Higher (>99.6%) Lower (Up to 99.5%)
Net driving pressure, Lower (10-15 bars) Higher (15-30 bars)
bars
Surface charge Anionic (limits use of cationic Neutral (no limitations on
pretreatment coagulants) pretreatment coagulants)
Chlorine tolerance Poor (Up to 1000 ppm-h) feed Good; continuous feed of 1-2 ppm
dechlorination needed of chlorine is acceptable
Cleaning frequency High (weeks to months) Lower (months to years)
Pretreatment High (SDI < 4) Lower (SDI < 5)
requirements
Organics removal High Relatively lower
Biogrowth on May cause performance Limited—not a cause of
membrane surface problems performance problems
pH tolerance High (1-13) Limited (4-6)
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Cellulose Acetate / Polyamide

Comparison between symmetric cellulose acetate (CA) membranes and polyamide and
polyurea composite membranes

Polyamide and polyurea composite

Asymmetric CA membranes membranes
Advantages e Chlorine-resistant e Higher water flux

¢ Tolerant to oxidation * Higher salt and organic rejections

* [nexpensive * Higher temperature and pH (4-11)

e Immune to biological attack and compaction

Disadvantages e Subject to hydrolysis e Less chlorine-resistant

e Susceptible to biological attack e Susceptible to oxidation

e Compaction at high pressures e More expensive

* Narrow pH range (4.5-7.5)
* Lower upper temperature limits
(Fe337)
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Semi-Permeable Membrane

Membrane: A selective barrier that allows specific entities to pass
through, while retaining the passage of others. The ability of the
membrane to differentiate amongst entities is termed its selectivity.

It can separate particles and molecules by combination of sieving and
diffusion mechanisms over a wide particle size range and molecular
weights

Membrane
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Semi-Permeable Membrane

= Semi-permeable refers to a membrane that selectively allows
certain species to pass through it while retaining others.

= |n actuality, many species will pass through the membrane, but
at significantly different rates.

= In RO, the solvent (water) passes through the membrane at a
much faster rate than the dissolved solids (salts). The net effect
is that a solute-solvent separation occurs, with pure water being
the product.
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Semi-Permeable Membrane

0.0
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29%
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Q
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L
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Applications of Membrane Processes

Process Water Treatment application

ME Girardia removal . some bactena
partial virus, pretreatment

UF Microorganisms, viruses_ oil,
m arcomolecules, pretreatment

NF Softening. ion and heavy metal
removal | partial desalting, THM.
DEP remaowval

RO Desalination ,

ED Nitrate removal, desalting of
moderate salty soln

PV Water/organics, volatiles from water

Membrane Hvdrocarbons, metal s from water

contactor
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Applications of Membrane Processes - Processes Selection

Is treatment goal to remove particles =0.2 micron?

Yes |
& |
Can dissolved contaminants be precipitated,
coagulated, or absorbed?
ves I
W or UEZ I
Is dissolved organics removal needed?

M

l

Are the inorganic ions to be removed multivalent
{e.9., a softening application)?

vés |
b N
|z the required TDS removal greater

than 3,000 mg/L?

]
Yas

I= silica scale a concem

|
M
|
7

‘\";a I'~.II|:|-
enicoR
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MF = Microfiltration

LF = Ultrafiltration
MNF = Manofiltration

RO = Reverse Osmosis

EDEDR = Electrodialysis Reversal
MW = Molecular Weight (in daltons)
TDS = Total Dissolved Solids

—Yes —» |5 inorganic ion removal needed?

l

Yes

l

Are the ions multivalent
{e.g.. a softening application)? No

I I
Yes ]

S d |
Are the dissolved organics
greater than 10,000 MW?
vis |

ur 1
Are the dissolved organics

greater than 400 MW?

Yis No

e R0’
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Rew  _ |Flocculati
Vet T 2

Filtration gor=o

Residuals BacEwash

Coagulation-Sedimentat]
Membrane '
Faw Water Filtration RO or GAC| Fitered wanier )
Buaciowash Wiasie
Post-Treatment
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Applications of Membrane Processes - Processes Selection

. J Training Course: Membarne Desalination Processes

Type of Target Pollutant

Candidate Processes

Volatile compounds

Pervaporation

Salinity, nitrates

RO, ED/EDR

Hardness, heavy metals

RO, ED, NF

Specific organic compounds,
natural organic matter (NOM)

NF, AC-UF, Coagulation-MF,
membrane bioreactor (MBR)

microbial contaminants, viruses

UF, coagulation-MF

Microbial contaminants, SS

UF, MF

Prof. Ibrahim S. Al-Mutaz

106/270

King Saud University




The Saudi Chemical Engineering Society

. J Training Course: Membarne Desalination Processes
The Chemical Engineering Club

Content:

e Pretreatment Processes:
microfiltration (MF), ultrafiltation (UF) and nanofiltration (NF)
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Content:

e Pretreatment Processes:
microfiltration (MF), ultrafiltation (UF) and nanofiltration (NF)

e Microfiltration
e Ultrafiltration

e Nanofiltration
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Microfiltration .. Ultrafiltration ... Microfiltration

Microfiltration and Ultrafiltration are essentially membrane
processes that rely on pure straining through porosity in the
membranes. Pressure required is lower than RO and due entirely to
frictional headloss.

Nanofiltration: divalent cations and anions are preferentially
rejected over the monovalent cations and anions. Some organics
with MW > 100 -500 are removed There is an osmotic pressure
developed but it is less than that of the RO process.

RO: is semi-permeable with thin layer of membrane supported on a
porous sub-structure. The thin skin is about 0.25 u thick and has
pore size of 5 - 10 °A. The pore size of the skin limits transport to
certain size molecules. Dissolved ions such as Na and Cl are about
the same size as water molecules.
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Microfiltration

Typical pore size: 0.1 microns (10-/m)
Very low pressure

Removes bacteria, some large viruses
Does not filter

small viruses, protein molecules,
sugar, and salts

5 ' Inlet
ipe
Sand 4 P

L_| ] —lfp—
Filtered | s Gravel b
Outflow P A A R S A A
] i i 8 o T M M i 7 i 7 i e i
—-— . _ e _ @ . ;

7
Perforated drain pipe

Sand and gravel filtration
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Microfiltration

Only large particles with diameters of micron are separated by the
membrane, the diffusion of particles and the osmotic pressure
difference between the feed and filtrate solution are negligibly low.

_ Ap symmetric
J — Z JV ~ L porous membrane
1% 11 1%
" AZ . * . *
l * *
feed [ ..... @ " .'® - ilrate
/. volumetric flux across the membrane O —. @9’ -L | -®", . é ©
g e e e "
V: partial molar volume o.:.. .Lal- & .® .o
. . . * 5 * * *.* *.* **
Ap: pressure I*O*l" .Io‘ 6.
* . *
- ags * Lk « + @, * .
£ ,.-hydrodynamic permeability of the o, .. o.M%e. " o
membrane flux
Azis the thickness of the membrane. 4p

The mass transport in microfiltration membranes takes place by
viscous flow through the pores.
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Microfiltration

In MF, hydrodynamic permeability is expressed in terms of the
membrane pore size and the porosity and the solution viscosity
according to Hagen-Poiseuille's law:

2

= £-membrane porosity; 7 pore radius;
3NT n.viscosity; 7 .-tortuosity.

Total area of pores <1

Total area
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Ultrafiltration

Typical pore size: 0.01 microns (10-8m)
Moderately low pressure

Removes viruses, protein, and other
organic molecules

Does not filter ionic particles like

lead, iron, chloride ions; nitrates,
nitrites; other charged particles

o oones s — Inlet
ipe
Sand 4 P

L_| ] —lfp—
Filtered | [esdar gt Gravel i
Qutflow | fissinsdninsasa s
] i i 8 o T M M i 7 i 7 i e i
— | = . e _ ¢ n i

7
Perforated drain pipe

Sand and gravel filtration
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Ultrafiltration

Ultrafiltration is a pressure driven process, the flux J of fluid
through the membrane is proportional to the trans-membrane
pressure (the pressure drop over the membrane) AP applied to

the membrane:
N [
72 R =Rn+R,+R.+R,+ Re, o .
!"_LRt ® - ®
o0, Y.
Where p is the viscosity of the fluid and Rt is ': % )e-r
the total resistance, often the summation of all * %'-_ °
resistances in series acting on the membrane. c o 0 0o
Rm is the membrane resistance, Rp the pore 0 ':_ -—R,
blocking resistance, Ra the resistance as a :-':_
result of adsorption, Rg the resistance as result o 200"

of a gel layer and Rcp the resistance as an | R E
effect of concentration polarization.
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Ultrafiltration

In UF, the structure of an ultrafiltration membrane is asymmetric
having the smallest pores on the surface facing the feed solution, and
its pores are significantly smaller than those of a microfiltration
membrane.

asymmetric
porous membrane

Since ultrafiltration membranes retain

also some relatively low molecular feed
weight solutes, osmotic pressure

differences between the feed and the

filtrate can be significant and diffusive

fluxes of the solutes across the

membrane are no longer negligibly low.

filtrate
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Ultrafiltration

Flux of individual components in ultrafiltration:

— — d d d
:ZJiVi:ZVi &L ZVL EVp+RTIng,)+L, £
; ; " dz dz R dz
4
L. phenomenological
coefficients referring to
interactions of the
permeating components
with the membrane matrix; Chemical Potential Gradient
V: partial molar volume;
u: chemical potential; Hydrostatic Pressure Gradient
p: hydrostatic pressure;
a.-activity
1) for diluted solutions, the total volume flux can be expressed to a first
approximation by the flux of the solvent (water) J ~ J
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Ultrafiltration

2) the activity of the solvent in the solution a can be expressed in
terms of osmotic pressure gradient (An). After arrangements:

Ap—A?[_I_LV&
Az Az

L, is the hydrodynamic permeability

L,, is the diffusive permeability of the solvent

However, in most practical applications of UF, L <<L,:
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Nanofiltration

Nanofiltration (NF) is a pressure-driven membrane process that falls
between reverse osmosis (RO) and ultrafiltration (UF) in its
separation characteristics, which permits the separation of certain
species in a fluid by a combination of a sieving and sorption diffusion
mechanism.

A sieving mechanism is responsible for the retention of uncharged
solutes. For charged components an electrostatic interaction takes
place between the component and the membrane, as most
nanofiltration membranes are charged (mostly negatively). (Donnan
exclusion mechanism).
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Nanofiltration

» Typical pore size: 0.001 micron
(10-9m)

* Moderate pressure

» Removes toxic or unwanted
bivalent ions (ions with 2 or more
charges), such as

— Lead

— lron

— Nickel

— Mercury (lI)
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Nanofiltration

The separation properties of

asymmetric membrane

nanofiltration membrane are determinec with dense skin layer

in general by two distinct properties:

feed K * o, *, . permeate
1)the pore size of the membranes, whic e ta s ; (hitrate)
corresponds to a molecular weight cu ot > - 7
off value of about 400 (+100) Daltor SRR SO
and TRETE =
, - SR g
2)the surface charge which can b > o oo O
positive or negative and affects th f';; -

permeability of charged component
such as salt ions.
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Nanofiltration

The transport of individual component i-th (J;) can be described by:

L,-phenomenological coefficients d U, d

referring to diffusion of the J, =L =L — (V p+RTIna, )+ L"C,
permeating components within the dz dz dz
membrane matrix; A

dp

£ -hydraulic permeability of the
membrane;

V: partial molar volume; Chemical Potential Gradient
u: chemical potential;

p: hydrostatic pressure;

a.activity Hydrostatic
Pressure Gradient

The total volumetric flux (J,) through the membrane is, therefore:

_ da dp
—Zi:J,.V ZVL dZ(Vp+RT1n a)+L, P
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Nanofiltration

1: for diluted solutions, the total volume flux can be expressed to a
first approximation by the flux of the solvent (water)

J =J

Vv w
2: the activity of the solvent in the solution a can be expressed in
terms of osmotic pressure gradient (Am).
After arrangements:

J =J =V’L 4p

Ap—A?Z_I_L Ap
Az " Az

L is the hydrodynamic permeability

L, is the diffusive permeability of the solvent
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Nanofiltration

Expressing the phenomenological coefficient L, by:
D C
Lw — w w
RT

follows that:

7 2
J, = Y L (Ap+A7L')+Lv£:
Az Az

DV, Ap DV Ax
+L, +
RT Az RT A4z

For nanofiltration membranes with pore sizes in the range of ca. 1

nm the term 2+Y» s of the same order of magnitude or large than
RT

the L, Thus, unlike in ultrafiltration the effect of the osmotic

pressure on the solvent flux can not be neglected in nanofiltration.
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Nanofiltration

3: it is assumed that the solutions treated in NF are relatively dilute and
that to a first approximation the activities of the individual components

can be replaced by their concentrations.

V."C,
J.="D, alv ~dp+d"C, |+ L,"C, dp
dz\ RT dz

where:

vpy =, BT
mCi

A partition coefficient correlates the concentration at the membrane
interface mCi to the concentration in the solution sC; :

mCi — kiSCi

King Saud University
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Nanofiltration

Extended Nernst Planck Equation

Accounts for ionic diffusion, electro migration and convective flow
through the membrane

Consentrate channel Particles and molecules

Pump

FEED / ) CONCENTRATE
Membran section

PERMEATE

ji =J1.'Kicc,'_Dj dc,- ZiciDi r dLP
" dx "RT dx

Prof. Ibrahim S. Al-Mutaz 125/270 King Saud University




The Saudi Chemical Engineering Society

. J Training Course: Membarne Desalination Processes

The Chemical Engineering Club

Nanofiltration

Extended Nernst Planck Equation

], = - D

Flux = Convection diffusion Electric Field Gradient

Ji - is the solute flux (mol/m2s)

Di,p is the hindered diffusivity (m2/s)

¢/ is the solute concentrations (mol/l)

zi is the ion valence (-)

F is the Faraday constant (96,489 C/mol)
W  is the electric potential (V)

Ki,c is the hindrance factor for convection (-)
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Nanofiltration

Donnan Potential and Donnan Exclusion

If the membrane carries positive or negative electric charges at the
surface, the partition coefficient for ionic components such as salt ions
is not only determined by size exclusion but also by the so-called
Donnan exclusion which postulates that ions carrying the same charge
as the membrane, i.e. the so-called co-ions, will be excluded from the
membrane.

@ Fixed charge on the membrane

@ Counter-ion
@ Co-ion
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Nanofiltration

Nanofiltration operated at a 65% conversion

reverse osmosis 56% conversion rate, providing an overall
seawater conversion rate of 36.4%.

Compared with the conversion rate of a parallel equipment line of
28%, this represents a 30% increase in overall recovery

nanofiltration and reverse osmosis elements, produced 25% more
water per element of a higher quality at a pressure of 54 Bar
compared to the 65 Bar in the reference line, which is a pressure
reduction of 17%. This translates into the same approximate
reduction in energy consumption.
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Nanofiltration

NF pretreatment in the Umm Lujj
SWRO NF pretreatment plant
reduced:

total hardness from 7500 to 220
ppm, total dissolved solids from
45,460 to 28,260 ppm, and chloride
from 21,587 to 16,438 ppm. With
the ionic makeup at the Umm Lujj
plant, sulfate was rejected at a

rate better than 99%, magnesium The Umm Lujj Nanofiltration Plant for
at 98%. calcium at 92% and Preatreatment of Seawater Before Reverse
) Osmosis

bicarbonate at 44%.
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Nanofiltration
Aefraimoent
P NF Unit
L ( . NF Produc
e A W8
(. " = - :

Seawater Intake

Seawateroyt

Cooling
wavater

Condeniats MSF Product

Row down

Schematic flow diagram of dihybrid NF/MSF desalination system
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Nanofiltration

The experimental operation of NF at a pressure of 22 bars showed that
the NF unit reduced turbidity and microorganisms, removed hardness
ions of Ca**, Mg**, SO, =, HCO;", and total hardness by 89.6%, 94.0%,
97.8%, 76.6% and 93.3%, respectively. The system also resulted in the
reduction of the monovalent ions of Cl-, Na*, K* each by 40.3% and the
overall seawater TDS by 57.7%.

Rejection Characteristics of various ionic pair

Anion
Cation Molepular Cr- SO,
weight
35 98
Na+ 23 50% 90%
Mg++ 24 20% 35%
Cat+ 40 12% -

Ref: International Desalination & Water Reuse Quarterly, May/June Issue, 1998, Vol. 8/1,
p.53-59, and also in August/September Issue 1998, Vol. 8/2 p. 39-45.
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Nanofiltration

G0000
89%
99 . 9%
50000 ° o 91% 75%
lonic «+——Ff——» Hardness
40000 :
32100 O Seawater
B MNMF Product
30000 -
200004
10000 —

Total
Hardness Cars
HCO3-

Arabian Gulf water Treatment by Nanofiltration

King Saud University
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Nanofiltration

Rejection [%)]

0.5 1 5 10 50 100
Nominal membrane pore size [nm]

Typical rejection of various parameters from various Norwegian sources
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Content:

e Commercial Processes:
Reverse Osmosis (RO),
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Content:

e Commercial Processes:
Reverse Osmosis (RO),

e Principles of Natural Osmoses, Principles of Reverse Osmosis

e Membrane Module Configurations:
(Flat Sheet, Tube, Hollow Fine Fiber, Spiral Wound)

e RO System: (Membrane Element, RO Pressure Tube Construction, RO
Membrane Pressure Vessel, RO Trains - Alternative Configurations).
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Principles of Natural Osmosis

. J Training Course: Membarne Desalination Processes

1.
2.
3.
High
<alt content
' ; 4,
Natural osmosis

Osmosis is a purely natural process.

Fluids with a low salt content will
always try to mix with fluids with a
high salt content until the salt
content of the two fluids is the
same.

If the two fluids are separated by a
semi - permeable membrane, the
fluid with the low salt content will
permeate (go through) the
membrane until the salt content is
the same at both sides of the
membrane.

The level difference of the two
fluids is called the osmotic pressure.
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Principles of Natural Osmosis

Semipermeable 1,000 ppm

Pure Water

Membrane

Osmosis Causes Levels and

Concentration to Change

1. Salt Solution is Diluted

2. Pure Water Level Decreases
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Osmotic Forces

Solution B
1 ,OOOppm
NGC|
-

> 10 psi

1 psi <

Net Osmotic Pressure

. 9 psi

Prof. Ibrahim S. Al-Mutaz
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The force driving the
molecules from one side
to the other is called the
osmotic pressure.

1 psi of osmotic pressure
is caused by every 100
ppm difference in TDS.
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Principles of Natural Osmosis

5 psi T
P _! . T=0 5 psi
Hydrostatic : B Y .\ )
Solurion. 4 Initial | Hydrostatic
g & Conditions 9 5 "A Head
o 1P"_‘- | Solution
Q 0 N\ el | i ag . _— | \ B N
- ' 1,000 ppm =
2 NacCl r:Bh
Osmotic Forces y = How can osmoses
1 psi - i: 10 psi cause water to
Hydrostatic Head (Applied Pressure) apparently defy
c _‘r:: 3 1 7
5psi 5 psi gravity:
_ Driving Pressure
6 psi +* 15 psi
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Net Driving Pressure

‘ ' 9 psi

139/270

King Saud University




The Saudi Chemical Engineering Society

. J Training Course: Membarne Desalination Processes

The Chemical Engineering Club

Principles of Natural Osmosis

Final
Conditions
4 S |
(equilibrium) | & o L.l..t,'o o .
. | applso x. 7.5 Psi
2.5 Psi . 7019‘ ppm R
| . ANfaCl o
o . L e
1] * Final  equilibrium
Osmotic Forces condition
2 S. . . . of o . .
Pl Hydrostatic Head Equ1l1br1um 15
| £ 2.5 o reached when the
7.5 psi , -9 PSI
| Driving Pressure . NDP goes to zero.
9.5 psi “ = > 9.5 psi

Net Driving Pressure (NDP) = O
Flow Stops
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Principles of Reverse Osmosis

Solution B
5,000 ppm

Osmotic Forces

. 50 psi

Net Osmotic Pressure

:) 48 psi
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We can reverse the
natural OSMOSis
phenomena by
applying a  higher
pressure on the high
salt concentration
side.
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Principles of Reverse Osmosis

Piston
100 psi _ y

. Additional
5 psi 3 Applied :
Hydrostatic N - 5 psi
* ¥ | T=O .
Head . Hydrostatic
B o loifiom 2 Initial ,
° 5 el Conditions - Head .
O a0 BN 5, Sty — ~ 2
- \ TDS B S o lutioniB ]
- _J_J?,DDD Ppm &
TR S -
Osmotic Forces
[ r‘\ °*
< 50 psi

2 psi

Applied Pressure
105 psi - = Spsi
Driving Pressure

L)

107 psi

O
Vv

55 psi

Net Driving Pressure
52 psi '

O
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RO occur when
we apply enough
pressure to cause
+ve net driving
pressure against
O0SMOses.
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Principles of Reverse Osmosis

PRESSURE
< ~
OSMOTIC = =
PRESSURE ~
=~
FRESH SALT FRESH SALT
WATER WATER WATER WATER
SEMI- SEMI-
PERMEABLE PERMEABL
MEMBRANE MEMBRANE

Osmosis and Reverse Osmosis
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A plate-and-frame module

Permeate
Membranes Spacer Feed = ———
-."" -.._,___*L l.."lr
1|." Fr -
Feed "«.L Retentate B
—F "H —.L -
-«
Permeate = —

— Retentate

T :
g .
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Plate Membrane Module

Membrane Permeate Spacer

Support Plate

0007070707070 7070700 707000700
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Plate Membrane Module
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Tubular Membrane Module

End Cap Housing Membrane Tubes End Cap

e

D
d" RETENTATE

Permeate

— " T—— SN~
/"" Membrane Perforated Rigid '\_

Outer Tube \

Do |
S
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Tubular Membrane Module

Membranes

1 L]

Prof. Ibrahim S. Al-Mutaz 148/270 King Saud University




The Saudi Chemical Engineering Society

. J Training Course: Membarne Desalination Processes

The Chemical Engineering Club

Tubular Membrane Module
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Hollow Fine Fiber Membrane Module

“O” Ring
End Plate

(Feed)

“0” Ring

Porous Suppor Block

Brine S e NS
Header NS "g End Plate

Feed /
Header

\ A
: ; 'lg) roduct

Product Header

Product

Epoxy Tube Sheet
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Hollow Fine Fiber Membrane Module

Hollow Fiber

Adhesive
Portion

Hollow fibers with epoxy resin.
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Hollow Fine Fiber Membrane Module
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L !
\_,r'/ ‘.\\"" Permeate

Carrier

Thin Membrane with
Supported Layers
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Spiral Wound Membrane Element

Anti-Telescoping Caps

= Permeate

Perforated g ' Concentrate
Product Tube
---- Feedwater
Carrier

Sealed (glued) Edge of

Permeate Envelope
Semipermeable
Feed

Solution

Permeate Flow Membrane

(after passing through Permeate
Membrane, shown Carrier Material
With blue arrows)
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Spiral Wound Membrane Element

Brine Seal s

Perforated Central Tube
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=
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Feed Channel Spacer
Outer Wrap

Prof. Ibrahim S. Al-Mutaz 155/270 King Saud University




The Saudi Chemical Engineering Society

. J Training Course: Membarne Desalination Processes
The Chemical Engineering Club

Polyamide Thia Film

Osmonics Propretary
Membrane Layer

Polysulfone Layer
Palyester Non-Wowen Material

Perforated Central Tube
Anti-Telescoping
Device
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Membrane

Feed
spacer

Feed permeate
flow collection
pipe
Membrane -
= Residue
~I fl
Permeate - o

flow -

Membrane
envelope

Permeate
spacer
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Spiral Wound Membrane Element

PERMEATE GUTl ‘FEED ouTt
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R 3‘- :
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Spiral Wound Membrane Element

Feed Spacer

Permeate Carrier
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Spiral Wound Membrane Element

Prof. Ibrahim S. Al-Mutaz

The spiral-wound module is featured by:

O

O O O O

A compact structure

High-pressure durability

Less contamination

Less pressure drop at the permeate channel
Minimum concentration polarization

160/270
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Spiral-wound thin-film-composite SWRO membrane element
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Spiral Wound Membrane Element

{ Permeate Channel (Carmer Fabng)

-:

\ Feed Solution (Hring|

- # L
H BE&NE SEPARATION HECH&NISM ‘.

Spiral-wound : Membrane Separation Mechanism

Prof. Ibrahim S. Al-Mutaz 162/270 King Saud University




The Saudi Chemical Engineering Society

The Chemical Engineering Club

Typical characteristics of membrane modules
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Plate and frame Spiral wound Tubular  Hollow fibre
Packing density (m?m?) 30-500 200800 30-200 3009, (00
Resistance to fouling Good Moderate Very good Poor
Ease of cleaning Good Fair Excellent Poor
Membrane material choices Many Many Few Few
Relative cost High Low High Low

Applications

D, RO, PV, UF, MF D, RO, GP, UF, MF RO, UF

D, RO, GP, UF

MF microfiltration, UF ultrafiltration, D) dialysis, PV pervaporation, RO reverse osmosis.

Prof. Ibrahim S. Al-Mutaz
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Comparison of membrane module geometries

Tubular Capillary FPlate-and-Fran Spiral Wound
Characteristic flow diameter, mm 4 - 35 05-156 05-1 05-1
Cost/Area High Low High Low
Membrane replacemeetn High Moderate |Low Moderate/low
Flux, LIM2h Good Good Low Low
Facking density, mZ/m3 poor excellent Good/ffair Good
Holdup volume High low medium medium
Energy consunption high low medium medium
Fouling Resistance Excelent Goodffair | Goodffair Medium
CIP Excelent Good Fair/poor Fair/poor
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RO Pressure Vessel with a flow Path Identified

Brine  Membrane Pressure
Seal Element V ssel
Tl Concentrate
Feed === [':Ii':l':['tl':l':‘-’-_':

Permeate
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RO Pressure Vessel with a flow Path Identified

Permeate Brine seal Interconnector End plate
port \ \

Concen-
trate port

I

—
/

/

Pressure vessel

Pressure vessel with three membrane elements
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RO Pressure Vessel with a flow Path Identified

Concentrate

=

Permeate
)

& -

Permeate Pressure

collection tube Permeate tube
coupling vessel

RO Pressurized Vessel Structure
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Typical RO Membrane Pressure Vessel
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Typical RO system / General Process Configuration

Influent to the Liguid that passes through the
membrane module: semi-permeable membrane:
Feed water / feed stream permeate [ product stream /

permeating stream

Semi- brane Product
Feed |

Concentrate

Liguid containing the retained constituents:

Concentrate / retentate / reject / retained phase /
waste stream
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Typical RO system and components
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Feed Product Reject

Submersible
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Typical RO system and components

RO 11 Stage

RO 2" Stage

RO 3" Stage

Cleaningline

Flow diagram of a three stage RO system
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Typical RO system and components
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Simplified membrane process system

Recycle

Membrane ‘ >

Retentate

 J
Permeate
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Major subsystems in a reverse-osmosis system
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Osmotic Pressure Estimation

m(@am)=MRT
where
m is the osmotic pressure in atm., M is Molarity, R is the universal gas
constant, R = 0.0821 liter-atm/mole kelvin, T temperature in degree Kelvin

Example
Calculate the osmotic pressure of a solution that contained 100 grams of NaCl
dissolved in enough water to make 1 liter of solution at 25 °C..

1. Convert the grams of NaCl to moles by dividing the grams by the molecular
weight of NaCl (58.5). (Na=23, Cl=35.5)
100 grams NaCl X 1 mole / 58.5 grams sucrose = 1.71 moles NaCl
2. Determine the Molarity concentration.
Molarity = moles NaCl / volume of solution in liters=1.71 /1 =171 M
3. Convert the temperature from Celsius to Kelvin, K =25 + 273 = 298 K
4. Calculate the osmotic pressure using the formula.
Osmotic pressure inatm=MR T = (1.71) (0.0821) (298) = 41.8 atm
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Osmotic Pressure Correlation

The osmotic pressure, m, in bar is obtained from the data
given by Sourirajan (1970) for the NaCl-H,0 system at 25 -C
(concentration range: 0-49.95 kgm=3) and is correlated as:

r=0.7949C — 0.0021C*+7.0 x 107°C* — 6.0 x 10~ 'C*

Reference: Sourirajan, S. (1970). Reverse osmosis. New York: Academic.
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Osmotic Pressure Correlation

The osmotic pressure, Posm, of a solution can be determined
experimentally by measuring the concentration of dissolved salts
in solution :

Posm = 1.19 (T + 273) * X(mi) (1)

where
= Posm = osmotic pressure (in psi),
= T is the temperature (in °C), and
= 2 (mi)=sum of molal concentration of all constituents in a solution.

= An approximation for Posm may be made by assuming that 1000
ppm of TDS equals about 11 psi (0.76 bar) of osmotic pressure.
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Osmotic Pressure Correlation

The mechanism of water and salt separation by reverse osmosis is not
fully understood.

Two transport models: porosity and diffusion.

Porosity : transport of water through the membrane may be through
physical pores present in the membrane.

Diffusion from one bonding site to another within the membrane.

The chemical nature of the membrane is such that it will absorb and pass
water preferentially to dissolved salts at the solid/liquid interface.

This may occur by weak chemical bonding of the water to the membrane
surface or by dissolution of the water within the membrane structure.

Either way, a salt concentration gradient is formed across the solid/liquid
interface. The chemical and physical nature of the membrane determines
its ability to allow for preferential transport of solvent (water) over
solute (salt ions).
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Pressure Definitions

» Average Operating Pressure
Pavg = (P + Pg)/2

= Effective Pressure (Transmembrane)

Perr = Pavg - Ps - Py

» The effective pressure is the net pressure after permeate back pressure
and osmotic pressure losses - i.e. the pressure difference across the
membrane.

P,: Inlet Pressure - Pressure of the feed stream prior to the membrane
elements

Po: Outlet Pressure - Pressure of the concentrate stream after the membranes

Pg: Permeate Pressure (Back Pressure) - Pressure of the permeate stream
after the membranes
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Water Transport

The rate of water passage through a semipermeable membrane is:

Qw = ( AP - APosm) * Kw * S/d (2)
where
= Qw is the rate of water flow through the membrane,
= AP is the hydraulic pressure differential across the membrane,
= APosm is the osmotic pressure differential across the membrane,
= Kw is the membrane permeability coefficient for water,
= Sis the membrane area, and d is the membrane thickness.

This equation is often simplified to:
Qw = A * (NDP) (3)
Where

= A represents a unique constant for each membrane material type, and

= NDP is the net driving pressure or net driving force for the mass transfer of water
across the membrane.
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Salt Passage

The rate of salt flow through the membrane is defined by :
Qs = AC * Ks *S/d (4)
where
= Qs is the flow rate of salt through the membrane,
= AC is the salt concentration differential across the membrane,
= Ks is the membrane permeability coefficient for salt,
= S is the membrane area, and d is the membrane thickness.

This equation is often simplified to:
Qs = B*(AC) (3)
= Where
= B represents a unique constant for each membrane type, and
= AC is the driving force for the mass transfer of salts.
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Salt Transport

Equations 4 and 5 show that for a given membrane:

Rate of water flow through a membrane is proportional to net driving pressure
differential (NDP) across the membrane.

Rate of salt flow is proportional to the concentration differential across the
membrane and is independent of applied pressure.

Salinity of the permeate, Cp,

depends on the relative rates of water and salt transport through reverse osmosis
membrane:

Cp = Qs/Qw (6)

The fact that water and salt have different mass transfer rates through a given
membrane creates the phenomena of salt rejection. No membrane is ideal in the
sense that it absolutely rejects salts; rather the different transport rates create
an apparent rejection. The equations 2, 4 and 5 explain important design
considerations in RO systems. For example, an increase in operating pressure

will increase water flow without changing salt flow, thus resulting in lower
permeate salinity.
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Salt Passage

= Salt passage: is the ratio of concentration of salt on the permeate side of
the membrane relative to the average feed concentration. expressed:

SP =100% * (Cp/Cfm) (7)
where
= SPis the salt passage (in %), Cp is the salt concentration in the permeate,
= (Cfm is the mean salt concentration in feed stream.

= Applying the fundamental equations of water flow and salt flow
illustrates some of the basic principles of RO membranes.

= For example, salt passage is an inverse function of pressure; that is, the
salt passage increases as applied pressure decreases. This is because
reduced pressure decreases permeate flow rate, and hence, dilution of
salt (the salt flows at a constant rate through the membrane as its rate of
flow is independent of pressure).
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Salt Rejection

Salt rejection: is the opposite of salt passage, and is defined by:

SR =100% - SP (8)
where
= SR is the salt rejection (in %), and

= SPis the salt passage as defined in Equation 7:
SP =100% * (Cp/Cfm) (7)
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Permeate Recovery Rate (Conversion)

Permeate Recovery: is an important parameter in the design and
operation of RO systems.

= Recovery or conversion rate of feed water to permeate is defined by:

R =100% * (Qp/Qf) (9)
where
= R is recovery rate (in %),
= Qp is the product water flow rate, and
= Qf is the feed water flow rate.

= The recovery rate affects salt passage and product flow. As the recovery
rate increases, the salt concentration on the feed-brine side of the
membrane increases, which causes an increase in salt flow rate across
the membrane as indicated by Equation 5: Qs = B*(AC).

= Also, a higher salt concentration in the feed-brine solution increases the
osmotic pressure, reducing the NDP and consequently reducing the
product water flow rate according to Eq. 2: Qw = ( AP - APosm) * Kw * S/d
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Content:

e Commercial Processes:
Electrodiaysis (ED) and ED Reversal
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Content:

e Commercial Processes:
Electrodiaysis (ED) and ED Reversal

e [ntroduction

e Basic Equations for ED& RO

e Comparisons between ED and RO
e ED Process Characteristics

e ED Voltage Requirements

e ED Basic Operation

e EDR: Electrodialysis Reversal
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Introduction

* ED membrane was discovered in 1950

= First commercial ED plant was build in 1954

= EDR is developed in 1968

= Developments in the technology are:

= Better membranes and module designs

= ED is generally applied for brackish water desalination
= Capital cost is USS 2.42 per installed gallon/day

= Desalinated water cost is USS 0.3 to 1.0 per m3 for brackish
water desalination
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Introduction

* History: Ostwald 1890 (membrane potential), Donnan 1911 Elder 1934
* Driven force: ELECTRICAL POTENTIAL GRADIENT, electroosmosis.

* Transport mechanism: counter ions via ion exchange membranes,
coupled transport

* Models: Nernst-Planck equation and Donnan equilibrium.

* Separation principle: Donnan exclusion mechanism

* Size of retained species: coions, macroions

* Type of membrane: ION-exchange and bipolar, SEMIPERMEABLE

* Membrane materials: crosslinked copolymers based on divinylbenzene
(DVB), with polystyrene or polyvinylpyridine copolymers of
polytetrafluoroethylene (PTFE) and polysulfonyl fluoride-vinyl ether)

* Pore size: nhonporous

* Type of module: flat sheet

* Flux: DEPENDENT ON REQUIRED SEPARATION

* Energy consumption: depends on feed concentration (~0.4 kWh/m3

*+ Costs: operating costs: 0.15/m3, total 0.34 $/m3

* Applications: brackish water, table salt, wastewater treatment,
desalting of solutions in food,, chemical and pharmaceutical industries,
concentrating of brines.
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Introduction
LOCATION COUNTRY APPLICATION Production ma}.-'d YEAR
EURODIA
Montefano Italy Groundwater Nitrate removal 1.000 1991
Munchenbuschses Switzerland Groundwater MNitrate remowval 1.200 1996
Kleylehof Austria Groundwater Nitrate removal 3.500 1997
GENERAL ELECTRIC WATER & PROCESS (fomerly ionics Inc)
Abrera, BCIW SPATMN Surface water bromide reduction 200000 2005
Magna, Utah 54 Groundwater As, Perchlorate reduction 22728 2008
Sherman, Texas [WAET-Y Surface water salinty reduction 27700 19%03-00-98
Suffolk, Virginia 54 Groundwater Fluoride reduction 560000 1960
Sarasota, Or 1TS54 Groundwater Hardness & salts reduction 45 420 1945
Maspalomas SPATN Groundwater salinty reduction 37000 1986
Barranco Seco, Canary Is. SPATMN Waste Water Feuse 26000 2002
Berowida WaterWorks Beromidas Groundwater Hardness & MNitrate reduction] 2.300 1989
Falconera, Valencia SPAIN Groundwater MNitrate reduction 16.000 2007
MEGA a.s.
Sant Boi, BCW SPATM Waste Water salinty reduction 55296 2010
Dolnd Eozinka Czech Fep. Uranium mining Desalination of sludge 1752 2007
ZIAR nad HRONOM Slovalkia Waste water Desalination of sludge 350 2003
Aralk Lran Waste water cooling tower 4 800 2008 -10
Alberta Canada Well water Gas well water desalination 40 2003

Prof. Ibrahim S. Al-Mutaz

192/270

King Saud University




The Saudi Chemical Engineering Society

. J Training Course: Membarne Desalination Processes

The Chemical Engineering Club

Electrodialysis, Electrolysis and Dialysis

Electrodialysis (ED): is used to transport salt ions from one solution
through ion-exchange membranes to another solution under the
influence of an applied electric potential difference.

Electrolysis: is a method of using a direct electric current to drive
non-spontaneous chemical reaction. For example, electrolysis of
water is the decomposition of water (H,0) into oxygen (O,) and
hydrogen gas (H,) due to an electric current being passed through the
water.

Dialysis: is a membrane process where solutes (MW~<100 Da) diffuse
from one side of the membrane (feed side) to the other (dialysate or
permeate side) according to their concentration gradient.
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Electrodialysis Basic Operation

Electrodialysis (ED) is an electrochemical separation process in
which ions are transferred through ion exchange membranes by
means of a direct current (DC) voltage. The process uses a driving
force to transfer ionic species from the source water through
cathode (positively charged ions) and anode (negatively charged
ions) to a concentrate wastewater stream, creating a more dilute
stream.
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Electrodialysis Basic Operation
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] i a 1Y i i & i & E =

' Cation-permeable
meambrane

" Anion-permeable
mearmbrarne

Electrode Elactroce’

NaCl => Na* + CI-
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NaCl => Na* + CI-
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Electrodialysis Basic Operation
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Electrodialysis Basic Operation

Cathode (-)

Cation-Transfer
Membrane

Demineralized
Product

Anion=-Transfer
Membrane

Concentrate

Cation-Transfer
Membrane

Anode (+)

Prof. Ibrahim S. Al-Mutaz 198/270 King Saud University




The Saudi Chemical Engineering Society

. J Training Course: Membarne Desalination Processes

The Chemical Engineering Club

Electrodialysis Basic Operation
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Electrodialysis Basic Operation
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Electrodialysis Basic Operation
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Electrodialysis Basic Operation
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lectrodialysis Basic Operation
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lectrodialysis Basic Operation
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Electrodialysis Basic Operation
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1: Polypropylene end plate
2: Electrode

3: Electrode chamber

4: spacer-sealing PVC

5: Spacer fabnc

B: Screws

T: Steel frame
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Detailed of Electrodialysis Cell
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8: Inlet anode cell

9: Inlet concentrate cell

10: cation exchange membrane
11: AAM

12: Inlet diluate cell

13: Inlet cathode chamber
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Electrodialysis System
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Electrodialysis System
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Electrodialysis System

Diluate feed
1.000 mgd 1.000 mgd 1.000 mgd
4500 ppm 2025 ppm 911 ppm
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‘ 1.000mgd | 1 2 3
mgd 9944 ppm
I’@ > ] — > » To waste
0.429 mgd
Concentrate recycle | 14034 ppm
0.571 mgd 14 034 ppm
L

Flow Scheme of 3-stages Electrodialysis Plant
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Notes on Cost

* RO process requirement for brackish water is much less than for
seawater, desalination of brackish water is less expensive than
desalination of seawater.

* EDR is currently cost-effective only for low salinity sources.

* Distillation based technology cost is not function of salinity, they
make sense only for higher salinity sources (seawater).
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Salt and water Salt and water

d f

Water Water Anions Cations
AP AP A E E
Salt Water
Reverse osmosis Electrodialysis

Operating Principles of Reverse Osmosis and Electrodialysis
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RO Basic Equations Salt and water

'
F.=A_ (AP - AIl) S/t

Water Water
AP AP
F, = flow rate of water through the membrane in m%hr. Sal
ait

A, = membrane permeability coefficient for water in cm? sec/gm.
AP = hydraulic pressure differential across membrane in gm / cm sec?.
AIl = osmotic pressure differential across membrane in gm/cm sec?.
S = membrane surface area in cm?.
t = membrane thickness in cm.
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Electrodialysis basic Equations

AE=1> nRt Salt and water
I =2FQ, AC/q ¢

E = energy consumption
I = electric current through membrane stack
n = number of cell pairs in a stack Anions Cations
R = resistance of the cell pair
t = time A E E
/ = valence of the ion species
F = Faraday’s constant, 96500 C/q-eqv *
AC = concentration difference between the feed
and product Water
1 = current utilization (efficiency).
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electrodialysis

reverse osmosis

irreversible energy loss

feed solution salt concentration

The irreversible energy losses in ED and RO
as a function of feed salt concentration.
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Voltage Requirements

The required voltage is sum of :

- the ohmic voltage drop, I Rc
- the membrane voltage, Vm
- the polarization potential, Vp

Ve=IRc+Vm+ Vp

For operating in non-polarization
conditions, Vp=0

Ve =1Rc + Vm, re-written as
Ve/I = Re + Vi/l
In the form of y = a + bx;

y:Vc¢/lI and x=1/1
Slope = Rc and Intercept= Vm
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Ion Exchange Membranes Used 1n Electrodialysis Applications

Manufacturer Tradename  Material Special Features Location
Solvay Perfluorinated film with fixed pyridine (anion-permeable) or France
sulfonic acid (cation-permeable)
FuMA-Tech Polyetherketones, polysulfone, polyphenylene oxide Germany
Tokuyama Soda  Neosepta® Styrene-divinyl benzene Robust high mechanical strength; Japan
Moderate electrical resistance

Asalu Glass Selemiom® Polystyrene-based Very low electrical resistance Japan

Asahi Chemical — Aciplex®  Styrene-divinyl benzene/PVC backing Japan

Tonies, Inc. Heterogeneous polystyrene-based/acrylic fabrie, with fixed Rugged, low resistance, hugh select- MA USA
sulfonate (cation-permeable) and quarternary ammonmum cations  1vity, chemucally stable, low fouling
(amon-permeable)

Dupont Co. Nafion®  Perflourinated sulfuric acid polymer Cation permeable NC, USA

Sybron Tonac™ Heterogeneous resin-PVDF/fabric High mechanical strength NJ, USA

Prof. Ibrahim S. Al-Mutaz
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lon Permeable Membranes

= Non porous
» Sheets of ion-exchange resins and other polymers

= Thickness 100 - 500 um

Are divided in

Anion - exchange Cation - exchange

Positively charged groups Negatively charged groups
E.g. Quarternary ammonium salts E.g. Sulfonic or carboxylic acid groups
_NR3 Or _C5H5N'R - SOS -

Chemically attached to the polymer chains
(e.g. styrene/divinylboenzene copolymers)
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Requirements for lon-Exchange Membranes

e High electrical conductivity
e High ionic permeability

e Moderate degree of swelling
e High mechanical strength

Charge density 1 - 2 mequiv / g dry polymer
Electrical Resistance 2 - 10 Q.cm?

Diffusion coefficient 10-¢ - 10-19 cm?/s
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Design of ED Plant

» Flow velocities
e Current density

. J Training Course: Membarne Desalination Processes

» Width of the cell

Parameters: / » Length of the stack

 Stack Construction » Thickness of the cell chamber
» Feed and product concentration

« Membrane permselectivity « Volume factor

T . Shadow effect

* Recovery Rates \ Safety factor

|

Optimized in terms of

Prof. Ibrahim S. Al-Mutaz

« Component design and properties
e Operating Parameters

220/270 King Saud University




The Saudi Chemical Engineering Society

The Chemical Engineering Club

Design of ED Plant

Prof. Ibrahim S. Al-Mutaz

[Faw Water \
Qualty \
Parameters: \

| (Nat+], ppm =
[Cat+], ppm = \

| [Mg++], pprm = N
[HoO3-], ppm= Water

| [804 | ppm = flow

| CL], pprn = rate, L'h /
TDE, ppm =

| Hardness, ppm = /
Allzalinity, ppm =

| 2H= /
EC, mlSicm = /

| Temp., C=

LEhmV = /

S/
v

Voltage
Applied
U=,V

~__

Elwctrotechmological Water
Conditioning TTNIT

“Unit Desizn
Parameters

! Membane Type 7
Electrodes Type ¥
Electrodes Area=
D1stance hetween El-ds =

Umt Ciperation Parameters:
Average Cutrent, & =

Qua. of Electr. Appl, C/L =
El Energy Appl, WL =

L e e e — -

Current efficiency, % =

Treated Water
Cuality Parameters

[Nat+], ppm =
[Cat+], ppm =
[Mg++], ppm = )
[HOO3-], ppm= Water
[304--]. ppm = flow
[CL]. ppm = rate, L'h
TDE, ppm =
Hardness, ppro =
Allcaliity, ppm =
pH=

EC, mlsSicm =
Tetmp., C=
Eh mV =

By products;
02, g3 =
CO2, gm3 =
H2, g/m3 =

221/270

. J Training Course: Membarne Desalination Processes

King Saud University




The Saudi Chemical Engineering Societ . . . .
& & LA Training Course: Membarne Desalination Processes

The Chemical Engineering Club

Electrodialysis Reversal (EDR)

EDR is a variation on the ED process, which uses electrode polarity
reversal to automatically clean membrane surfaces. EDR works the
same way as ED, except that the polarity of the DC power is
reversed two to four times per hour. When the polarity is
reversed, the source water dilute and concentrate compartments
are also reversed. This polarity reversal helps prevent the
formation of scale on the membranes. The setup is very similar to
an ED system except for the presence of reversal valves.
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Electrodialysis Reversal (EDR)

Feed Inlet »>——)
Concentrate Inlet »i———)
Electrode Feed » Electrode Waste
[_} Cathode Tl]p End Plate
| 1 | [ |
u Ff--— Cation Transfer Membrane
i .4—— Demineralized Flow Spacer
B K
B i ‘k\"“'-—— Anion Transfer Membrane
—1 - 7 ~4— Concentrate Flow Spacer
—— *-
| ul
(+) Anode Bottom End Plate
== ] -
Electrode Feed » Electrode Waste
\—— Product Outlet

\.——» Concentrate Qutlet
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Electrodialysis Reversal (EDR)
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Energy conversion scheme using reverse electrodialysis; A is an anion exchange
membrane, C a cation exchange membrane, | the electrical current or transported
charge(A), N the number of cell pairs (in this case N=3), NAV1 the potential difference
over the applied external load(V), where as the power generated is [(NAV)(W).
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Electrodialysis Reversal (EDR)

Bofore polarity reversal After polarity reversal
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cathom (-)
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Electrodialysis Reversal (EDR)

Positive Polarity Negative Polarity
N A
Cation- Cation-
Exchange Exchange

o o = o Meml:tani_ ;& o = ] # Mﬂmhrann__

G — oS, — o, G, G —
bembrane
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Exchange |
Membranea
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deposition and removal forces in
EDR
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Electrodialysis Reversal (EDR)
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Typical EDR Installation
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EDR Design Parameters

Recovery 86 - 94%

B0% per Stack

Rejection
(3 stacks for 87.5%)

Feed Pressure 35-40 psi

Product Flow Rate 125 - 160 gpm per stack

2 kilowatthours (kWh) per 1000 gals per

Energy Required for Desalti
nergy Required Tor DEstiNg | 1,000 mg/| reduction in salinity
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EDR Operation and Maintenance

Daily data collection and daily analysis
Weekly stack inspection and rinsing
Stack and electrode probing

Periodic re-tightening of tie rods
Stack Clean in Place

Electrode Clean in Place
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Content:

e Innovative Processes:
Forward Osmosis (FO) and Membrane Distillation (MD)
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Content:

e |[nnovative Processes:
Forward Osmosis (FO)

Prof. Ibrahim S. Al-Mutaz

Forward Osmosis (FO) and Membrane Distillation (MD)
Classification of Osmotic Processes

Forward Osmosis

Comparison between RO and FO

Concentration Polarization (CP)

Forward Osmosis Pretreatment for Reverse Osmosis
Forward Osmosis for Re-use of Wastewater
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Forward Osmosis (FO) and Membrane Distillation (MD)

¢ The driving force is temperature or concentration gradients across
the membrane

¢ Combination with each other and with pressure-driven membrane

processes
Process Mass Transport Driving Force
Forward Osmosis Diffusion Osmotic Pressure
(FO)
Membrane Partial Vapor

Evaporation
Pressure

Distillation (MD)

Prof. Ibrahim S. Al-Mutaz 241/270 King Saud University




The Saudi Chemical Engineering Society

. J Training Course: Membarne Desalination Processes

The Chemical Engineering Club

Classification of Osmotic Processes

Osmosis is the transport of water across a selectively permeable
membrane from a region of higher water chemical potential to a
region of lower water chemical potential.

It is driven by a difference in solute concentrations across the
membrane that allows passage of water, but rejects most solute
molecules or ions.

Osmotic pressure (m) is the pressure which, if applied to the more
concentrated solution, would prevent transport of water across
the membrane.
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Classification of Osmotic Processes

FORCE (\P) FORCE (1A

I dd

RO uses hydraulic pressure differential as the driving force for
transport of water through the membrane.

FO uses m as the driving force resulting in concentration of a feed
stream and dilution of a highly concentrated stream (referred to as
the draw solution).

PRO (pressure-retarded osmosis) can be viewed as an intermediate
process between FO and RO, where hydraulic pressure is applied in
the opposite direction of the osmotic pressure gradient (similar to
RO). However, the net water flux is still in the direction of the
concentrated draw solution (similar to FO).
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Classification of Osmotic Processes

FORCE (\P) FORCE (1A

| u u
FO PRO RO
A

The general equation describing water

transport in FO, RO and PRO is g = . E’iﬁi@)
J,, = A(G Am - AP) : g i”]

where Jw is the water flux, A the water ’ Am T

permeability constant of the membrane, Pressure-

o the reflection coefficient, and AP is % careals

the applied pressure. For FO, AP is e

zero; for RO, AP>Am; and for PRO, A SOIR— .

AT>AP. h i
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Forward Osmosis

Diluted drasw solution

Salt-rejecting
membir ane

p

Ammonia and
carbon dioxide

Draw solute
DRAW recovery system

SOLUTION

Concentrated hrini//
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Forward Osmosis

The draw solution is the concentrated solution on the permeate side
of the membrane, source of the driving force in the FO process. It has
to be a higher osmotic pressure than the feed solution.

Tested draw solutions in FO desalination of seawater:
 Sulfur dioxide solution;

* Mixtures of water and an other gas (e.g., sulfur dioxide) or liquid
(e.g., aliphatic alcohols);

* Aluminum sulfate solution;

* Glucose solution;

* A mixed solution of glucose and fructose;

» Solutions of potassium nitrate (KNO;) and sulfur dioxide(SO,);

« Ammonia and carbon dioxide gases
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Forward Osmosis

FO has been used in the following fields:
» To desalinate seawater;
 To treat industrial waste waters (at bench-scale);
» To concentrate land fill leachate (at pilot-and full-scale);
 To treat liquid foods in the food industry (at bench-scale).
FO was evaluated:

* For reclaiming waste water for potable reuse in life support systems
(at demonstration-scale);

» For purifying water in emergency relief situations;

* For controlling drug release in the body.
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Forward Osmosis

Forward Osmosis desalination pilot plant developed at Yale Univ., USA.

Membrane
Saline 5
Water
|
k‘-‘ I
HEE1
N Draw | [« == Draw
Solution '::::-: Solute
=
N [ |NH4/CO, = Recovery
b‘\;-* I Product
Nl Water
Brine

NH; and CO, gases are dissolved in water forming of ammonium salts. This solution can have a very
high osmotic pressure. They have the ability to decompose from solution, when heated, into ammonia
and carbon dioxide gases again, so allowing for their efficient and complete removal and reuse
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Concentrated
Feed Out

Draw Solution Qut

Draw solution In

Flow patterns in a spiral-wound module modified for FO. The feed
solution flows through the central tube into the inner side of the
membrane envelope and the draw solution flows in the space between

the rolled envelopes.
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Comparison between RO and FO

Membrane

Saline Water Energy

/Input

Draw Solute
Recovery

i Product
Water

e 0
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We_lter Memibrane

Energy
Input
Forward Osmosis
Brine Energy Product Water _
Recovery -

A

J, = AfA}}}— oAT)

Prof. Ibrahim S. Al-Mutaz 250/270 King Saud University




The Saudi Chemical Engineering Society

. J Training Course: Membarne Desalination Processes

The Chemical Engineering Club

e, O

—
ﬂ AR,
Draw
% Solution

. . A | k|
achve layer ‘ support layer
Support layer achve layer

Concentrative internal CP Dilutive internal CP

The osmotic pressure difference between the bulk feed and bulk draw solution
(Am, ) is higher than the osmotic pressure difference across the membrane
(Am,) due to external CP. The effective osmotic pressure driving force (Am) is
even lower due to internal CP. Operation of FO in a counter-current flow
configuration (feed and draw solution flowing tangential to the membrane but

in opposite directions) provides constant Arr along the membrane module and
makes the process more efficient.
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Forward Osmosis Pretreatment for Reverse Osmosis

membrane

osmotic
pressure

v —
e

Osmosis Equilibrium Forward Osmosis
(FO)

Brine = Draw Solution (DS)
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Forward Osmosis Pretreatment for Reverse Osmosis
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Content:

e |nnovative Processes:
Membrane Distillation (MD)
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Content:

e |nnovative Processes:
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Membrane Distillation (MD)
Membrane Distillation (MD) Principle
Membrane Distillation Configurations
Membrane Distillation Flow Diagram
FO (DO) and MD for Reuse of Wastewater
Solar MD Compact Systems
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Volarile compounds evaporate at the interface of a zzcroporous /iydropliobic
membrare, diffuse and/or convect across the membrane, and are condensed
and/or removed on the opposite side (permeate or distillate) of the system.
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Membrane Distillation (MD) Principle

¢ heated aqueous feed solution is brought into
contact with feed side of hydrophobic,
microporous membrane.

¢ hydrophobic nature of membrane prevents
penetration of aqueous solution into pores.

¢ cold pure water is in contact with permeate side
of membrane.

¢ vapors diffuse through pores and directly
condense into cold stream.
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Membrane Distillation (MD) Principle

¢ Separation of two liquids or solutions at different temperatures by a
porous membrane

¢ Liquids do not wet the membrane
¢ Non-wettable porous hydrophobic membrane

¢ Liquids differ in temperature => vapour pressure difference => vapour
molecules transport through the pores of the membrane from the high
vapour pressure side to the low

- evaporation on the high-temperature side
- transport of vapour molecules through the pores of membrane
- condensation on the low-temperature side
¢ Pore size: 0.2-1.0um
¢ Driving force: vapour pressure difference
¢ Only process where membrane is not directly involved in separation
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Membrane Distillation Configurations

Direct Contact

Ai M
Membrane Distillation Air Dfr .Gap. embrane
Cap istillation (AGMD).
AELALDI, LLIETeCIGE The permeate side of the
side of the membrane —

membrane consists of a
condensing surface
separated from the
membrane by an air

consists of a condensing
ol 5ol fluid (often pure water)
acd: 204 that is directly in contact

with the membrane.

Sol

acy.

gap.
Sweeping Gas Membrane
Distillation (SGMD). The V2.1c1.1um. Membrane
vaporized solvent is Distillation (VMD).
‘oL o removed by a sweep gas. GoL :I‘he Vaporlge: solvent
- . is recovered by
! ® : vacuum.
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Membrane Distillation Configurations
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MD Configurations - Advantages and Drawbacks

Sol. Sol.
acy, acy,
Sol.

ary,

Prof. Ibrahim S. Al-Mutaz

DCMD:

- Low efficiency of heat
utilization due to the
high heat lost by
conduction through the
membrane.

SGMD combines the low
conductive heat loss of
AGMD with the reduced
mass transfer resistance
of DCMD. The problem
is that the permeate is
condensed in an external
surface.

262/270
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AGMD:

-Low conductive heat
loss with respect to

DCMD

-- Higher mass transfer
resistance than DCMD
VMD:

-Negligible conductive
heat loss through the
membrane

-High sensibility  to
membrane wetting
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Membrane Distillation (MD)

Types of MD:
o Direct Contact Membrane Distillation (DCMD)
o Vacuum Enhanced Direct Contact Membrane Distillation (VEDCMD)

—H—Q Q
Q]l S >

Traditional DCMD VEDCMD
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Membrane Distillation Flow Diagram

Cold water column

Hot water tank
(feed water)

MD

Cold side

N

EEY:

C: Conduciivity

F: Flowr indicater

L: Water level indicator
P: Pressure indicator

T: Temperature indicator
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Solar MD Compact Systems

P Desalination Unit

with Heat Recovery
>
Solar Thermal
Collector
Fresh Water
Storage
Brine Disposal Sea Water Intake
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Promising Future

With more research and development (R&D) efforts into promising
approach, new and more cost effective desalination processes will be
made available in commercial scale, such as

o Forward osmosis, membrane distillation, capacitive deionization,
aquaporin membrane etc.

o Carbon-nanotube-enhanced (CNT) membrane distillation.

o Innovative operational technique such as vibratory shear enhanced
processing (VSEP) technology was proved to increase the RO
recovery up to 95%.

o The use of a variable frequency drive (VFD) which optimizes flow
through the membranes.

Prof. Ibrahim S. Al-Mutaz 267/270 King Saud University




The Saudi Chemical Engineering Society

] Training Course: Membarne Desalination Processes

The Chemical Engineering Club

Promising Future

1,600 units fabricated on an 8-inch-diameter -
produce about 15 liters of water per hour

A single unit of the new desalination device, fabricated on a layer of silicone. In the Y-shaped channel
(in red), seawater enters from the right, and fresh water leaves through the lower channel at left,
while concentrated brine leaves through the upper channel
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