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Riassunto

Dall'indagine della US Geological Survey € emerge it 96,5% dell'acqua nel mondo
e situata in oceani e mari, I'1,7% é sotto formghdaccio e solo lo 0,8% é considerata
fresh water Inoltre, solo lo 0,327% e disponibile in laghi fiemi. La restante
percentuale si riferisce allarackish water A questi dati si aggiunge che circa il 20%
della popolazione non ha accesso ad acqua pulita,at 50% della popolazione
mancano adeguati sistemi di purificazione dellacgal che un incremento nella
potabilizzazione, fornitura e igienizzazione deltjaa ridurrebbe dell’80% le malattie
nel mondo. Infine, entro il 2025, la popolazionenaiale che vive invater-stressed
countriespassera da un terzo a due terzi. Tutti questi fdatio comprendere come
I'approvvigionamento di acqua potabile &€ un grarabfema per 'umanita oggigiorno e
probabilmente ancor di piu in un futuro molto pioss

L’approvvigionamento d’acqua potabile dall'acqua rdare € una delle sfide piu
importanti del pianeta: attualmente piu di 17.0@tpianti di desalinizzazione sono
operativi in tutto il mondo. Gli impianti di desaizzazione esistenti si basano
principalmente su due tecnologie: impianti di desatazione termici 0 a membrana.
Gli impianti di desalinizzazione a processo termigooducono fresh water
essenzialmente per condensazione, usando quin@assaggio di stato per separare
'acqua di mare dai sali e dalle impurita. | praiedi desalinizzazione a membrana
invece non coinvolgono passaggi di stato ma uihzzuna membrana semipermeabile
che permette la formazione di due diverse fasiidigu | principali processi di
desalinizzazione termici sono Multi-Stage Flash Distillation(MSF), Multi Effect
Distillation (MED) e Vapour Compression Distillatio(VCD). Essi differiscono tra loro
per produttivita e schema di processo e sono laegénutilizzati nel medio oriente,
dove l'elevata quantita di energia necessaria jpgofzzare I'acqua € disponibile a
costo relativamente basso. | principali processieanbrana usati per la dissalazione
dell’'acqua di mare sono l'elettrodialisi e 'osmasversa. L’elettrodialisi si basa sulla
migrazione degli ioni soggetti ad un campo elattrie viene utilizzata solo per acque
poco salate. Il processo di desalinizzazione a esimeersa invece puo essere utilizzato
con un vasto intervallo di salinita e, in generpijteefficiente di qualsiasi altro processo
termico di desalinizzazione perché richiede molenmenergia. Purtroppo, nonostante
il forte sviluppo tecnologico degli ultimi decenio, stato dell’arte delle attuali tecniche
di desalinizzazione sembra non essere sufficieatespddisfare la richiesta di acqua
potabile in costante aumento.



Una recente ricerca dellUS National Research CibufidRC, 2004) suggerisce
fortemente di sviluppare nuove tecnologie di desatazione a membrana per ridurre
costi di investimento, costi di esercizio e perstoaltimento delle soluzioni ad alta
concentrazione salina. La ricerca afferma che glettivi piu ottimistici sono: una
riduzione dal 50 all'80% dei costi di esercizio B contemporaneo miglioramento
dell’efficienza energetica del processo. Tutto €ipossibile solo sviluppando le nuove
tecnologiebreak-througha membrana nei prossimi venti anni.

Purtroppo, all’attuale stato dell’arte, il procesdiodesalinizzazione a osmosi inversa
puo arrivare a ridurre solo del 20% i costi operatiaggiungendo il limite teorico
termodinamico dell'osmosi di 1,77kWhrtper un impianto con 50%&coverye 100%
efficienza energetica). Quindi, la ricerca afferofe devono essere considerati altri
approcci di desalinizzazione per abbattere ulter@nte il consumo energetico.

Una possibile tecnologia di desalinizzazione atidva € sicuramente rappresentata dal
processo Manipulated Osmosis DesalinatioMOD). Il processo MOD e stato
sviluppato presstJniversity of Surrey Centre for Osmosis Researath Applications
(CORA) ed é coperto da brevetto (Sharif & SI-May&ti05). MOD € un processo che
puo essere concepito come una modificazione dedenidthe esistenti di
desalinizzazione: é caratterizzato dall’'uso di ait&4y a membran@ressure-drivena
osmosi inversa 0 nano-filtrazione, nella fase dcupero di un processo di
desalinizzazione a osmosi diretta. Il processoegatinizzazione a osmosi diretta € una
tecnologia sviluppata negli ultimi anni ed € ancordase di sperimentazione. Esso
consiste in due fasi principali: nella prima faseumembrana semipermeabile separa
I'acqua di mare da una soluzione a piu alta pressasmoticadraw solutior, 'acqua
quindi tende a passare naturalmente attraverseefabmana andando a diluire daaw
solutionn nella seconda fase ldraw solution viene concentrata in un’unita di
rigenerazione specifica e successivamente riciehf@imo step, ricavando coesh
water. Il processo MOD permette un risparmio energeticoirca il 30% e il 90% se
paragonato rispettivamente al processo di desalimiane a osmosi inversa e in
generale ai processi termici. La riduzione delltge necessaria a desalinizzare I'acqua
e dovuta sostanzialmente alla minor pressione eprogera l'impianto. Infatti, nel
primo step, la pressione € di soli 2bar per vinderperdite di carico e assicurare un
flusso costante attraverso la membrana, in qudnpoocesso € naturale. Inoltre, nel
secondo step, la bassa pressione osmotica dedla solution diluita consente di
ricavare fresh watercon una pressione di circa 25bar, molto inferiare55-60bar
normalmente necessari per un processo di desai@e a osmosi inversa. Oltre al
risparmio energetico, ci sono altri vantaggi: mirtendenza difouling e scaling
(deposito di uno strato di impurita o sali sopramambrana), maggior durata delle



membrane, post-trattamenti meno intensivi, altiokialdi recovery flusso elevato
d’acqua attraverso la membrana, minor produziondritia, assenza dnembrane
compactiore pre-trattamenti non necessari. Nonostante i msneantaggi, il processo
MOD, e in generale i processi di desalinizzazioresaosi diretta, presentano alcune
limitazioni. La prima e dovuta alhternal Concentration Polarization(ICP) che
diminuisce fortemente lariving force nel primo step a osmosi diretta. Questa
limitazione e superabile sviluppando un’appositammena per 'osmosi diretta che
riduca il fenomeno della polarizzazione internaraaita membrana. Il secondo limite &
rappresentato dalla scelta dellsaw solution piu idonea. Ladraw solution, nella
maggior parte dei casi, € la soluzione di un sal@dqua; essa deve avere precise
caratteristiche: economicita, alta pressione ostaaispetto allacqua di mare, facilita
di separazione dall’acqua, non tossicita e stakélipH neutro. Due impianti MOD sono
operativi a tutt’'oggi con risultati brillanti ed are in costruzione, ma la scoperta di una
draw solutionpiu adatta potrebbe rendere il processo ancoraqguiveniente.

L’obiettivo di questa tesi e stato di testare Isefali rigenerazione del processo MOD
utilizzando unadraw solutiondi acqua ed etanolo, determinando sperimentalmente
I'efficienza della rigenerazione tramite osmosidrsa.

| contenuti della tesi sono organizzati come segue.

Il Capitolo 1 descrive in generale i processi dialmizzazione termici e a membrana.
Inoltre, esso introduce il concetto di pressionmaaisca e le sue proprieta.

Il processo di desalinizzazione a osmosi inverampiamente discusso nel Capitolo 2:
principi fondamentali, membrane, modelli di tragpodi massa, impiantistica, costi,
fattori limitanti, impatti ambientali e future sawni tecnologiche.

Il Capitolo 3 descrive il nuovo processo MOD, pade dai principi della dissalazione a
osmosi diretta.

I metodo sperimentale, la strumentazione usata@itatteristiche delldraw solution
sono spiegati nel Capitolo 4.

Il Capitolo 5 mostra i risultati sperimentali otteén i commenti e le considerazioni.
L'obiettivo & stato sviluppato e raggiunto attraceralcuni esperimenti usando un
impianto a osmosi inversa (prodotto da SpinTkerdilin Inc.) e testando due tipi
diversi di membrandlat-sheet(TFC®-ULP prodotta da Koch Membrane System e
RO989pHP fornita da Alfa Laval) a differenti pressioni (8-bar) e concentrazioni di
etanolo in alimentazione (0.29-3.66% v/v). La cariczzione di etanolo dei campioni
di permeato e retentato e stata misurata utilizzamd gas cromatografo (detector a
ionizzazione di fiamma) e i dati sono stati elatiorssando il modelloSolution-
Diffusion



| risultati sperimentali hanno evidenziato che lanmbrana TFE-ULP & pit adatta a
separare acqua ed etanolo tramite osmosi invensaomfronto con la membrana
RO989pHP, perché raggiunge lo stesso valore di ritenzidretaholo permettendo un
flusso di acqua maggiore. Purtroppo, la ritenzidnetanolo e solo di circa il 40%, un
valore non sufficiente a recuperare completameéetanolo, ovvero rigenerare traw
solution nell’'unita ad osmosi inversa. Inoltre, il pernteabsi ottenuto non & potabile
secondo gli standard della World Health Organizaf{@/HO); potrebbe pero essere
conforme solo per alcune applicazioni industriali.

Ci sono diversi fattori che concorrono all’'ottenme di un valore di ritenzione di
etanolo cosi basso: il basso peso molecolare theibéo, il basso valore della soss-
sectional area l'affinita chimica dell'etanolo per il polimero efla membrana
(poliammide acrilica) e la forte tendenza dell’etlana stabilire forti legami idrogeno.

Il lavoro sperimentale ha portato al raggiungimedtobuoni risultati, ma presenta
alcune limitazioni. Sarebbero necessari altri dpéirimentali investigando un intervallo
piu vasto di concentrazioni e pressioni, per capime precisione il comportamento delle
membrane. Inoltre, andrebbero testati altri tipmdimbrane. In aggiunta, I'effetto della

temperatura sui parametri operativi € stato soligimente oggetto di esame e
potrebbe essere affrontato in lavori futuri.

Si suggerisce di considerare altri tipi di unitasdparazione, per sviluppare un sistema
di separazione acqua-etanolo ibrido che possa eeat efficientemente I'etanolo e
produrrefresh waterconforme con gli standard della WHO. Per esempidynita ad
osmosi inversa potrebbe operare a valle di unancaldi distillazione, o di un processo
di assorbimento o di un’unita a pervaporazioneadgiunta, lo studio delle interazioni
tra etanolo e il polimero della membrana, potrepbeare allo sviluppo di membrane
grafted o cross-linkedspecifiche per la separazione di acqua ed etadelguali
possono arrivare ad alti valori di ritenzione, catimaostrato da alcuni studi passati.

Si é fiduciosi che questo studio possa esseretd’aier 0 sviluppo e la progettazione
dell'unita di recupero del processo MOD, con unluzdone di etanolo comédraw
solution



Abstract

The purpose of the research was to investigatadbevery efficiency of an ethanol
draw solution in the reverse osmosis regeneratiep sf the Manipulated Osmosis
Desalination (MOD) process. The research was cdadubrough several experiments
at different ethanol feed concentrations and feedsures at room temperature by using
a Reverse Osmosis (RO) laboratory cell and twoerkfit kinds of flat sheet
commercially available thin film composite membrsuf&FC-ULP and RO98pH).

The research found that TE@LP membrane is the most suitable option for R@ewa
ethanol separation in comparison to RO98phtembrane because it reaches the same
ethanol rejection allowing a higher water flux a&sahe membrane. However, the
ethanol rejection of both membranes is not enoogénsure the completely recover of
the draw solution.

The possible shortcoming of the research could e limited ethanol feed
concentration and feed pressure range, the restrigpbes of RO membranes used and
the lack of the temperature variation. Neverthelabgse results are helpful to
investigate the key factors of the low ethanolagn such as the chemical affinity for
the membrane polymer and the high tendency to faydrogen bonding, in order to
develop grafted or cross-linked membranes whichhinigrrive at higher ethanol
rejection values. In addition, hybrid water-ethaseparation processes involving a RO
unit and another unit type (such as a distillatmpiumn, an adsorption unit or a
pervaporation unit) could be studied in order tackea complete recover of the draw
solution in the MOD process to conform the produgiter to the World Health
Organization (WHO) standards.
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Introduction

The US Geological Survey found that 96.5 % of tretew in the world is situated in
oceans and seas, and 1.7 % is located in ice Caps. 0.8 % is considered to be fresh
water and only 0.327% is available in lakes andrrifhe other percentage is made up
of brackish water. Furthermore, approximately lillob people (about 20% of the
world’s population) do not have access to safekdrgn water, 50% of the world’s
population lacks sufficient water purification sst, so that an improvement in water
supplies, sanitation and water treatment will resoulthe reduction of 80% of the
world’s diseases. Moreover, over one-third of therldis population lives in water-
stressed countries, and this figure is expecteteonearly two-thirds by 2025, because
the demand of fresh water is increasing (Greesteal., 2009 and Menachemt al.,
2011). All these data help to understand how thailawlity of fresh water will
drastically decrease in the near future.

The supply of drinkable water from sea water anougd water is one of the most
important challenges of the world: nowadays morantii7,000 both thermal and
membrane desalination processes are operated waeditowever, this seems not to
be sufficient, and any developments to the curstate-of-the-art of the desalination
processes are expected to take place soon.

A recent review by the US National Research CouiNRC, 2004) strongly suggested
the support of further developments in applicatdmovel membrane technologies in
order to “reduce energy and capital cost and bdisposal’. The review affirms the
most “optimistic” limit of outcome is a 50 to 80 ngent capital and operating cost
reduction, together with a parallel increase inrgnefficiency, by using the application
of new “break-through” technologies over the nexeérnty years. For current state-of-
the-art of Sea Water Reverse Osmosis (SWRO) systdmsmaximum optimistic
reduction is 20%, which represent the Reverse Oisnposcess thermodynamics limit
of 1.77kWh/ni for a 50% recovery rate and a 100% energy recoirergeawater
applications. Hence, the review asserts that, taioturther reductions in energy, a
different desalination approach is recommended (NRO4).

One possible alternative desalination technologylccdbe the novel Manipulated
Osmosis Desalination (MOD) process. MOD is a pionge modification of the
existing desalination techniques: it is charactgtiby the use of a pressure-driven
membrane step (Reverse Osmosis or Nanofiltrationthe recovering stage of a
Forward Osmosis (FO) desalination process. MOD gg®dias been developed at the



University of Surrey’s Centre for Osmosis Reseanttt Applications, CORA (Sharif &
Al-Mayahi, 2005).

The aim of this thesis is to investigate and tedtaav solution of water and ethanol in
the regeneration step of the MOD process, examitiieg efficiency of a Reverse
Osmosis (RO) unit.

The object has been developed by carrying out abegperiments using a laboratory
cell and by testing two different types of flat-eshemembranes at different feed
pressures and concentrations.

The contents of this Thesis are outlined in thiofaing.

Chapter 1 provides a general overview of both tlaémnd membrane based industrial
desalination process. In addition, the osmoticqunesand its properties are introduced.
Reverse osmosis desalination principles and praaeswidely described in Chapter 2.
A brief introduction of reverse osmosis principleggiven, while a special attention is
placed in membranes, mass transfer models, ROsplapsts, limiting factors and
current trends of RO.

Chapter 3 describes the novel Manipulated Osmosgalihation process, focusing on
forward osmosis principles.

The experimental methods for the bench-scale cellthe characteristic of the draw
solution are explained in Chapter 4; while Chapfershows and discusses the
experimental results. Finally, some consideratimirthe experimental work are given at
the end of the Thesis.

The author would like to thank the Faculty of Eregring and Physical Sciences at the
University of Surrey and, in particular Prof. AlbeBertucco and Prof. Adel Sharif for
giving me the opportunity to do my master thesigkvo such a blooming-science-
thoughts place. Deepest gratitude goes to Dr. Bi-and Eng. Aryafar, for their
constant presence and help throughout the work.



Chapter 1

Desalination: General overview

Water desalting, or desalination, has long beed byewater-short nations world-wide
to produce or increase their drinking water sugpliehe variety of weather, industry
and agriculture further development, higher livistandard conditions, population
growth and subsequent increase in demand for waterid and coastal areas are
contributing to a heightened interest in water tlegdon. The ratio of the average
amount of withdrawal to the amount of long term iade freshwater resources is
called “water stress index”. A value of 40% indesiacute water scarcity, and one of
10% is considered as the lower limit of water sitardlany nations, like Israel, Cyprus
and Malta, have a “water stress index” higher #h@¥ and many other have the “water
stress index” between 40% and 10% (Fritzmaial., 2007).

This is only an example to understand the reasoy thwa world tends to intensify the
use of desalination processes as a mean to reduwoent or future water scarcity.
Tapping into the seas seem to be the only suitgtien available to solve fresh water
scarcity issue.

In this chapter a general overview of the main kilegton processes is given in Section
1.1, and the osmotic pressure is described in @edtl.

1.1 Desalination processes

The industrial desalination processes deal withsiygaration of nearly salt-free fresh
water from seawater or brackish water, where satbbncentrated in the rejected brine
stream (Figure 1.1) and fresh water is the wantedyzt. Fresh water can be defined as
containing less than 1000 mg/L of Total Dissolvedid& (TDS) (Schenkevelét al.,
2004).

Above 1000 mg/L, properties such as colour, tagigpsion propensity and odour can
be adversely affected.
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Energy: thermal, mechanical or electric potential

Feed: seawater or brackish water
Product: fresh water
s Separation unit: Thermal or Membrane

Rejected brine

Figure 1.1.Block Flow diagram of desalination process.

In the 17th century, desalination first began talbeeloped for commercial use aboard
ships to produce drinking water. Countries begardeévelop advanced distillation
technology in the late 18th century, including istigations into chemical addition. The
early use of desalination on a large scale for wipal drinking water production was in
the Middle East in 1960s. Membranes then begaretstidied, improved and used in
desalination processes. The first successful R@tplased brackish water as the feed
was built in the late 1960s. Over the past 40 ydampressive improvements in RO
membrane technology elevated RO to be the primé&gice for new distillation
facilities. The worldwide desalination capacitysisown in Figure 1.2 as a function of
the time over the past 60 years (Greeeleal, 2009).
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Figure 1.2.Total desalination production capacity as a funotif the time over the
past 60 years (Greenlee et al., 2009).

Nowadays, more than 17,000 desalination plant®peeated all over the world (Raluy
et al., 2006). The Middle East holds approximately 50%tteé world’s production



Desalination: general overview 5

capacity with Saudi Arabia being the world lead28%). The United States ranks
second (17%), while in Europe the majority of thlanps are in Spain and Italy
(Greenleeet al, 2009).
Desalination processes are generally divided by #eparation mechanism into two
primary categories:
thermal desalinationppase change proces$ediulti-Stage Flash Distillation
(MSF), Multi-Effect Distillation (MED), Vapour Conmgssion Distillation (VC
or VCD);
membrane processessir(gle-phase procesges Reverse Osmosis (RO),
Electrodialysis (ED).
Thermal desalination splits salt from water by exrafion and condensation, whereas in
a membrane desalination water diffuses across abmaem, while salts are almost
completely retained. Reverse Osmosis (RO) and Mut#tge Flash (MSF) are the
techniques that are most extensively used. MSIRasmost frequently applied in the
Middle East, RO is the most common option in seawand brackish water
desalination in the area around Mediterranean Bearmal desalination is more energy
intensive than membrane based desalination (in ifact present where energy is
available at low prices: Middle East), but can éetleal with more saline water and
delivers even higher permeate quality (Fritzmanal, 2007).
The choice of the most appropriate desalinatiocgsses for a particular solution is not
unique. There are a lot of parameters to considdrszveral factors come into play,
such as (Schenkevedd al.,, 2004):
quality and quantity of water resources availaplease-change processes tend
to be utilized for the treatment of high salinityaters (sea water); membrane
processes are used over a wide range of saliroty forackish to sea water,
while ED is limited to brackish water applicatiofzee Table 1.1 and Table 1.2).
In Figure 1.3 it is shown the range of applicapilif desalination processes,
with the reference to the World Health Organizat®HQO) TDS limit for
drinking water (500 ppm);
optimisation of energy and water requirement;
availability of energy resources: energy consunmpiio membrane process is
directly related to the salinity of the feed watehereas in thermal process it
has only a little impact;
plant size: it is normally dictated by the freshtevademand. Each plant has a
limit size to be considered. The MSF process has loeveloped for very large
scale applications (10-60,000%atay) while for membrane processes there is a
wide range of sizes available for each application.
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Table 1.1.Feed water classified by TDS (Schenkeveld e2@04).

Water TDS[mg/L]
Potable water <1000

Low salinity brackish water  1,000-5,000
High salinity brackish wate/ 5,000-15,000
Seawater 15,000-50,000

Table 1.2.TDS concentration for selected water bodies arothl
world (Schenkeveld et al., 2004, and Greenlee.g2a09).

Water body TDS[mg/L]
Baltic sea 7,000
Pacific Ocean 34,000

Mediterranean Sea 38,000-40,500

Atlantic Ocean 38,500-40,000

Red Sea 41,000-42,000
Gulf of Oman 40,000-48,000
Persian Gulf 42,000-45,000
Dead Sea 275,000

100000 —

10 100 1000
Capacity [m3/d]

100000

Figure 1.3. Ranges of applicability for desalination procesdqesodified from
Schenkeveld et al., 2004).
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1.1.1 Thermal processes

In thermal processes, salt-water is boiled and thervapours are condensed to produce
salt-free water. Over 40% of the world’s desaltedewris produced in this way.

1.1.1.1 Multi-Stage Flash Distillation

In this process (Figure 1.4) seawater raises ftgpégature flowing through a series of
heat exchangers. Then it passes through a serigisgdés, each one at a successively
lower temperature and pressure. In each stagecags of decompression and flashing
generates steam that is successively condenseshireRchangers forming fresh-water.
Heat Exchangers Net provides an efficient energgwery, re-utilizing the initial heat.
MSF is the most largely used desalination processaserms of capacity. This is due to
the simplicity of the process, the developed andl-kvews scaling control and the
flexibility of performance control varying stagesmber. The maximum performance
ratio obtained is around 13 units of water per ohgteam, and the process is developed
for continuous operation and high plants (Schenkksteal., 2004). Recent estimations
indicate a unit cost of fresh water produced oOW8%/n? (Van der Bruggeret al.,
2003).

EJECTOR STEAM
Cooling CONDENSOR EJECTOR
Water

Discharge

Contaminated
Condensate
1o Waste STEAM

FROM BOILER

Saline
Feadwater Chemicals

Added €

Fresh
Waler

e

CONDENSATE
™=~ o BOlLER

BRINE
HEATER

Brine
Discharge

- L.
- >

Nih STAGE 251 STAGE 15t STAGE
HEATING

FLASH AND
HEAT RECOVERY SECTION ShRTION

Figure 1.4.Multi-Stage Flash Distillation process scheme {&rianret al, 2007).

1.1.1.2 Multi-Effect Distillation

MED is a desalination process based on thin-fil@pevation approach, where steam is
produced by two means: by flashing and by evapmatA thin-film of salt-water
evaporates in a chamber, and the vapour generktside$ in a successive step (or
“effect”), at lower temperature and pressure, gjvaudditional heat for vaporization to
the salt-water, and condensing in fresh water (eidub).

MED process is used when thermal evaporation ifepesl or required. There is no
large mass of brine recirculating round the plaat,that the pumping requirement,
scaling effect and the necessary power are redudedeover MED processes are
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usually operated in small plants with high perfontge ratios. Recent estimations
indicate a unit cost of 1US$Mivan der Bruggeet al.,2003).
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Figure 1.5. Multi-Effect Distillation process scheme (Schewkaet al., 2004).

1.1.1.3 Vapour Compression Distillation

As in MED process, the steam produced in one eftettien used as heat input in the
successive effect, which is at lower temperaturé pressure. But it is not simply
heating one end of the plant and cooling the offiee. main difference between MED,
MFD and VCD is that in this last process, the stgawduced in the last effect is
compressed, raising its temperature, and senteditt effect as heat input (Figure
1.6). So VCD does not require a thermal input aDMiEd MFD.

The compression step represents the major eneguyreenent. There are two types of
compressor: mechanical compressor (expensive lativedy efficient) and thermo-
compressor (cheaper but less efficient). VCD preceparticularly suited for relatively
small output plants.

MVC process schematic

u Feed
Brine
m Water vapor
m Product
u NCG
m Scale inhibitor

Figure 1.6. Vapour Compression Distillation process scheméé¢8keveld et al.,
2004).
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1.1.2 Membrane processes

In membrane processes, dissolved salt is sepdramdwater using a semi-permeable
membrane. It is a single-phase process becauser wataot vaporized during
desalination.

The membranes used in desalination processes thia aelective separator between
two salinity different phases. There are varioysesyof membranes, the most used in
industrial processes mainly involve: Microfiltratio (MF), Ultrafiltration (UF),
Nanofiltration (NF) and Reverse Osmosis (RO).

All these membrane are pressure-driven but theg kiferent ranges of filtration. MF,
UF and NF membranes have been developed to prdifideent levels of filtration for
particles smaller than those caught by conventidiiabtion system. These are
relatively new and are still being experimentedjniyafor pre-treatment (Schenkeveld
et al, 2004).

In Table 1.3 a summary of the different membranmesgsses is shown.

Table 1.3.Summary of the characteristic of the different memé
processes (Al-Zuhairi, A., 2008).

Process Driving Separation principle  Main applications
force [bar]
Microfiltration 0.1 -1 Filtration Bacteria filter water and wastewater
treatment
Ultrafiltration 0.5-10 Filtration Concentratingatromolecular solutions and

water and wastewater treatment
Nanofiltration 5 - 20 Filtration — Partial water softening

electrostatic

interaction
Reverse 8 - 100 Solution diffusion Brackish and seawater desalination
0Smosis mechanism

The only process which can remove sodium chlorgldRéverse Osmosis. A short
introduction to RO technology is given in the folimg, while it is completely
described in Chapter 2. In addition, also Electbdis, another membrane process, is
used in desalination technologies.

1.1.2.1 Reverse Osmosis
Reverse osmosis is a process where pressure idaipedh salt-water through a semi-
permeable membrane that allows the passage of \watkrejects salts. Advance in
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Reverse Osmosis has been directly connected toddwelopment of membrane
technology. A good membrane should be able to allepassing of high flux of water
and limit the amount of salt flow. The energy reqdiis directly linked to the salinity
of the water being treated. The estimated coséwdnse osmosis is 0.8US$/vVan der
Bruggenet al.,2003).

1.1.2.2 Electrodialysis

Electrodialysis is the only desalination processctiuses electricity as the fundamental
process energy. An electric charge through thetisoluraw metal ions to the positive
plate on one side, and anions migrate to the ari®eleveen anode and cathode there is
a pair of membranes, one of which allows the passdigations and the other one of
anions. In this way between the two membranes asalmity region is created (see

Figure 1.7).

Anion Membrane

Fresh Water

‘CL @ ra+

Figure 1.7. Electrodialysis cell (Schenkeveld et al., 2004).

An electrodialysis plant is built putting togetheetot of electrodyalisis-cell, about 300.
The membranes are about?amd are very tiny to reduce the electrical reaiaAs in
each membrane processes the feed-water has tedieegtred before entering into the
cells. Recent developments regard the periodigaiyersing of the charges. After a
given time period the polarity of the electrodeshsnged: this is called Electrodialysis
Reversal (EDR). This technique reverses the flowubh the membrane: there is a
slight loss in productivity immediately followindhé change, but fouling (thin layer
deposits over the membrane) is significantly prés@nThe energy costs are directly
proportional to the amount of salt removed. It nsettrat ED and EDR processes are
usually used only for brackish water application.
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1.1.3 Comparison between thermal and membrane desalination
processes

Thermal desalination is more energy intensive tha@mbrane based desalination;
however it better deals with more saline water &rwén deliver even higher permeate
quality (Fritzmanret al, 2007). Thermal processes are largely use irMidele East,
because of the wide availability of energy souncesessary to run the process. MFD
requires more salt-water input than RO and maimemaosts are considerably high.
MED is used only for smaller-scale desalinationduse the costs for large facilities are
very high. MED and MFD require thermal input andogtic power, while VCD require
only electric power, because the thermal inputivergby mechanical compression. RO
necessitate salt-water pre-treatment to avoid rigulscaling (formation of a thin layer
of precipitated salts) and the degradation of tremiirane. RO membranes are not
favoured by: high salinity, high temperatures, hgilh density, high bacteria activity
and pollution. Otherwise it can be used with adasglinity range. ED is used only with
low salinity waters because the electric energyired is directly proportional to salt
concentration. On the other hand EDR membranekessesensitive to fouling and there
are no scale phenomena, so no anti-scaled cheamealequired (Schenkeveét al,
2004).
All in all, the advantages in using thermal desalon processes are the following
(Mehdizadeh, 2006):

suitability in dual process (power/water) plant;

suitable for high-salinity waters;

availability especially at low cost of energy;

reliability and maturity;

long operation experience;

large-scale size units.
Advantages of membrane processes are (Mehdizadet):2

low energy consumption;

moderate costs (lower capital and operation costs);

easier operation and maintenance;

compact and modular units;

faster delivery time of plant;

advances in RO membranes and technology;

decoupling of power and desalination plants (duedter demand growth factor

of 11% over 4% of power);

hybrid of three or more processes;

ambient temperature processes.
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The desalination processes are energetically exgehecause of the second law of
thermodynamic. Salt-water is a higher entropy sydtean salt-free water:

[H,0] + [NaCl] & [H,0 + NaCl] + E , (1.1)

where E is the energy required: dissolution enthalgmotic pressure, or ebullioscopy
gradient. In real industrial processes the eneegpirement is a little higher than the
theoretical value due to the technology inefficieadtor. It has been calculated that the
power needed to desalinate salt water (25 °C agd 3% TDS) by reverse osmosis is
0.75kWh/n? (2.7kJ/mi) (Rognoni, 2010).

It is interesting to compare this value with theessary energy to evaporate water in
thermal processes: the latent heat of vaporizaifomater at 100 °C and latm is about
2258kJ/kg (627kWh/f). Most of this energy is then recovered duringdearsation but
the different energy efficiency is evident.

Energy requirement for thermal desalination proegss generally represented by the
Performance Ratio (PR: units of water producedupérof steam consumed), while for
membrane processes, the Specific Energy Consum(BB: kilowatt hour per unit
flow rate of product water) is used.

A comparison of the most important characteristicgolved in the predominant
desalination processes is shown in Table 1.4.

The recent world-wide trend is to improve and depehembrane processes technology
because membrane desalination is less costly Hemal one and growth-possibility is
promising. The current policy is to use RO plamtsdrackish water and hybrid MSF-
RO plants for sea-water application (Mehdizadel®620

One emerging desalination process is Forward Osm@si direct osmosis). This
technique involves the natural passage of the whteugh the membrane, due to the
difference of the osmotic pressure from the saltewand a draw solution. Forward
osmosis process and the novel Manipulated OsmassalDation (MOD) process are
widely described in Chapter 3.
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Table 1.4. Comparison of predominant desalination processes
(modified from Committee on Advancing Desalinatitechnology,
2008 and Schenkeveld et al., 2004)

SWRO® MSF MED MVC @ BWRO® ED

Operating
temperature <45 <120 <70 <70 <45 <43
[°C]
Pre-treatment . ] .

) High Low Low Very Low High Medium
requirement
Main energy Mechanical Steam  Steam Mechanical Mechanical = Mechanical
form (electrical) (heat) (heat) (electrical)  (electrical) (electrical)
Heat
consumption NA 250-330 145-390 NA NA NA
[kd/kg]
Performance

- 8-10 12-14 - - -
ratio (PR)
Electrical ~0.5per 1,000
energy use 2.5-7 3-5 1.5-2.5 8-15 0.5-3 mg/L of ionic
[kWh/m 3] species removed
Typical single
train capacity <20,000 <76,000 <36,000 <3,000 <20,000 <12,000
[m%d]®
Product water
quality, TDS 200-500 <10 <10 <10 - -
[mg/L]
Per cent ion
- - - - 99-99.5% 50-95%
removal
Typical water
5 35-50% 35-45%  35-45% 23-41% 50-90% 50-90%
recovery®
R Very Very .
Reliability Moderate High - -
high high

(1) Sea water Reverse Osmosis. (2) Mechanical a@ompression. (3) Brackish Water Reverse Osm@éjg-or the purpose of
this table, a train is considered a process sursygthich includes the high-pressure pump, the mangbarray(s), energy recovery
devices and associated instrumentation/controM@&fer recovery = (produce water flow / raw watew x 100.
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1.2 Osmotic pressure

Osmotic pressure has to be clearly defined in cl@nderstand membrane processes.
In nature, osmosis is a frequent phenomenon artepends on the presence of a
selective membrane: certain component of a soluiodinarily the solvent) can pass
through the membrane, while one or more of therotlbenponents are rejected. This
type of membrane is callegmi-permeable membrane

Consider a system divided in two parts by a sempable membrane, as shown in
Figure 1.8. Compartment 1 contains pure solventphagea), and compartment 2
contains a solution of solute B in the same solvephase). The membrane allows
the passage of A but it is impermeable to B. Whaths system is set up (Figure 1.8a),
with equal liquid level in both sides, it is foutttht solvent A flows from compartment
1 to compartment 2 (Figure 1.8b). This flow is edlbsmosis and it is caused form the
natural tendency to equalize the concentratioresaoh compartment.

[

A+B
phase f§

A+B A water flux
phase phase o

A water flux

phase o

> (LTI

> [T
o

(@ (b)

semi-permeable membrane semi-permeable membrane

Figure 1.8 Schematic diagram of osmosis phenomena.

The flow of solvent A causes the rising of the leweside 2. The hydrostatic pressure
of side 2 becomes higher than that on the pureesbland it tends to generate an
opposite flow form side 2 to side 1. Eventually, equilibrium point is reached when
the net flow through the membrane is null: the astrforce is exactly balanced by the
pressure difference. The pressure difference betee two sides required to produce
zero flow of solvent is calledsmotic pressutelt is a property of the solution and it
does not depend on the membrane, if the membrdndysemipermeable.

Solutions which have the same osmotic pressure ismemotic A solution is
hyperosmoticthan another one if its osmotic pressure is greateanwhile it is
hypoosmotian the opposite case. The flow goes always froerhiipoosmoticsolution

to thehyperosmotione. Two solution separated by a selective menebaagisotonicif
the net flow is nulllsotonicandisosmoticare not synonymous: whether tigmsmotic
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solutions are alsgsotonic depends on the properties of the membrane, bedauoaa
allow the passage or rejection also of other sggdibain, 1967).

1.2.1 The thermodynamics of osmosis

A better definition of osmotic pressure is basedaothermodynamic function, the
chemical potential of the solventhé osmotic pressure of a solution is that pressure
which must be applied to the solution to make tengcal potential of the solvent in
the solution equal to that of the pure solvenhatsame temperaturgThain, 1967).

The chemical potential is defined by Gibb’s equatio

whereU is the internal energy; the temperature§ the entropyp the pressuréd/ the
volume, andu; and N; respectively the chemical potential and numbemales of
component.. By definition, the chemical potential is exprasse terms of the Gibbs
free energ\s:

w= (), (L3)
and also
v=(G), . (1.4)

wherev; is the partial molar volume of componént

Considering Figure 1.8, there are two phases atdhee temperature and with different
concentration of solute B in the solvent A: phasand phas@. The pressure in phase
a is P, while the pressure in phagas P + . The equilibrium is reached when:

ES (1.5)
The chemical potential in a solution is given by:

Wi = Bpurea(T,P) (1.6)

o =10, a(T,P + 1) +RTIna, | (1.7)
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where a is the activity, related to composition through = y,x4; v is the activity
coefficient ofA andx, its mole fraction. Assuming that the molar voludwes not vary
with pressure (incompressible fluid) and accordinitp equation (1.4):

Upurea (T,P+m) = Upurea (P) + MVpures - (1.8)

Equation (1.5) can be written as

RT

mT=— Ina, . (2.9)

VpureA

If the solution in compartment 2 is very dilutetidte is little solute B), equation (1.9)
can be further simplifiedx, is close to unity, so that algg is close to unity, and

In(1 — x5) = —xp. Equation (1.9) becomes:
—— Inx, = — AT In(1—xp) = AT Xg . (2.10)
VpureA VpureA VpureA

If the solution is very diluted thexy < 1, ng <K ny andxg = ng/ny, wheren is the
number of moles. The total volumesisn, v,,.4 , and equation (1.10) becomes:

=28 - Ts (1.11)
14 MW

wherepg is the mass concentration of solute B &fdl is its molecular weight.
Equation (1.11) is called the Van't Hoff equaticor fosmotic pressure. Van't Hoff
formulated a kinetic theory of dilute solutions.ighheory is based on the analogy
between dilute solutions and ideal gases: the asmogssure of a dilute solution is the
same as the pressure which the solute would eixgrexisted as a gas occupying the
same volume as the solution (Thain, 1967).
Van't Hoff equation shows how osmotic pressure isedlly proportional to the
concentration of the solute molecules but it isepehdent of their type. The kinetic
theory is based on two main assumptions: the swoluts very dilute and it is
incompressible. In this way van't Hoff equation & limiting law, for finite
concentration it is useful to write a series expamsin mass concentratiopg.
(Praunsnitz, 1999):

1
n=RTpB(W+BpB+Cp§+---) : (1.12)
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where B, C etc. are the osmotic viral coefficient8. represents intermolecular forces
between two solute molecules.

The osmolarityof a solution regards the depression of the dgtoni the solvent. The
osmotic pressure of a solution is not a ‘real pressin the solution, but measures the
depression of the solvent activity in the solutibnnon-ideal solutions, the activity of
the solvent depends on which solute is presenttamdncentration.

For non-ideal solutions Van't Hoff equation canibgroved introducing the osmotic
coefficient®, which considers the deviation from the ideal vétva Furthermore if the
solute associates or dissociates, the number césra#crease or increase and also the
osmotic pressure decreases or increases. Equatidl) pecomes:

RTpp

T =1, R (1.13)
where

P = —i—;‘ln a, , (1.14)

Ay = Xp¥a - (1.15)

andi, is the Van't Hoff factor, which is the number obles truly dissociated when one
mole of solid solute is dissolved (e.g. for Ndg2).

1.2.2 Osmotic pressure properties

The osmotic pressure, that measures the activitythef solvent, can be related
thermodynamically to other properties likewise degent of the activity of the solvent:
freezing-point depression, the depression of vapolrent pressure, the elevation of
boiling point. Furthermore the osmotic pressure banused in many applications to
calculate the molecular weight of the solute.

The aim of this paragraph is to show how osmotesgure ) change compared to:
solute concentratiorcf), temperatureT() and molecular weight{W). Secondly, the
osmotic coefficientd is calculated for different solution using OLI'sfsvare (OLI
System Inc. 2006) and van't Hoff relationship. Thkl System software predicts the
properties of solution via thermodynamic modelimgdéd on experimental data.

Figure 1.9 shows how osmotic pressure normallyeases with concentration and with
temperature. A solution of NaCl at 15, 25 and 3% ®een investigated using OLI's
software.



18 Chapter 1

120
110
100
90
80
70
60
50
40
30
20
10

0 - T T T T T T T T T T T T T 1
0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140
concentration in water, ¢ [g/L]
Figure 1.9 The osmotic pressureas a function of NaCl concentration in water at
15, 25, 35 °C. Values calculated using OLI's sofev@LI| System Inc., 2006).
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osmotic pressures [atm]

In Figure 1.10 a comparison is shown between theotis pressure of different types of
salts. The osmotic pressure of NaCl (MW=58.443gjnwlhigher than those of KCI
(MW=74.55g/mol) and MgS© (MW=120.37g/mol). As the molecular weight
increases, the osmotic pressure decreases.
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Figure 1.1Q The osmotic pressure as a function of NaCl, KClI and Mg%0O
concentration in water at 25°C. Values calculatesing OLI's software (OLI
System Inc., 2006).

The osmotic coefficient is also a function of temgpere. While the osmotic pressure
increases with increasing temperature (see Fig@e the osmotic coefficient decreases
with increasing temperature as shown in Figure.1IThe osmotic coefficient has been
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calculated from the ratio between the osmotic presyalues obtained with OLI's
software, and the ideal values obtained by van't Hoff relationship (eqb.1@) with

®=1).
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concentration in water,c [g/L]
Figure 1.11 The osmotic coefficiem® as a function of NaCl concentration in water
at 15, 25 and 35°C. Values calculated using OLdfveare (OLI System Inc., 2006)

and Eqgn. (1.13) witlkbd=1.
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In Figure 1.12 a comparison of the osmotic coedfitiof two different salts (NaCl and

MgS(Qy) is shown.
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Figure 1.12 The osmotic coefficient as a function of NaCl and Mg%0
concentration in water at 25°C. Values calculatesing OLI's software (OLI
System Inc., 2006).
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1.2.3 Osmotic pressure data verification

In this paragraph the osmotic pressure data caémilavith OLI's software are
compared with experimental data in order to vaédatI’s calculation.

Water-sodium chloride verification

Figure 1.13 shows a comparison betweeralues of NaCl solutions in water at 25°C,
calculated by OLI's software, van't Hoff relationgi(Eqn. (1.13) withd=1) and Eqgn.
(1.13) with® from experimental data (Hamer & Wu, 1972). It ieac that van't Hoff
relationship is valid at low salt concentration. Wgher concentration the osmotic
coefficient has to be considered in order to dbescihe non-ideal behaviour. In
addition, it is evident that OLI's software caldides follow the experimental trend
acceptably.

350
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osmotic pressures [atm]
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——van't Hoff

experimental
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25
0 . . . . . . . . . . . . .

0 25 50 75 100 125 150 175 200 225 250 275 300 325

concentration in water, c [g/L]

Figure 1.13 The osmotic pressureas a function of NaCl concentration in water at
25°C. Values calculated using OLI's software (Olst®8m Inc., 2006), Eqn. (1.13)
with @=1 and Eqn. (1.13) witl® from experimental data (Hamer & Wu, 1972)

The errors between OLI's calculation and the expental data are shown in Table 1.5
and calculated with the following equation:

e[%] = Ze2—Teale 100 |

Texp

(1.16)

The percentage error at the sea concentration {(alfbg/L) is 7.67%. So that means
that OLI's software can be used to calculate thenaigx pressure of water-sodium
chloride solutions for reverse osmosis processes.
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Table 1.5. Percentage errors between water-NagZlexperimental
data and OLI’s calculation.

clg/l]  mexlatm] meadatm]  e[%]

0.06 0.05 0.05 0.91
5.83 4.56 4.87 6.86
40.79 31.68 34.11 7.67
104.89 85.61 87.72 2.47

174.81 153.24 146.21 -4.59
262.22 253.61 219.31 -13.53

Water-ethanol verification

There are no experimental data available aboubsheotic pressure of ethanol in water
to make a direct comparison with OLI's simulatiorwever, it is possible to obtain
water activity coefficients values from Aspen Plu#spen Technology, Inc.). The
activity coefficients are calculated by the NRTL aef which uses model parameters
obtained from a regression of experimental datds8guently, the water activity is
calculated from Eqn. (1.15), the osmotic coeffitilom Eqn. (1.14) and finally the
osmotic pressure from Egn. (1.13).

Figure 1.14 and Figure 1.15 show a comparison letwevalues of different ethanol
solutions in water at 25°C, calculated by OLI'sta@ire, van't Hoff relationship (Eqgn.
(1.13) with®=1) and Eqn. (1.13) wittb calculated from Eqn. (1.14 and 1.15).

120

e

100 /
——OLlI
——van't Hoff

exp

(0]
o

(o2}
o

osmotic pressures [atm]

N B
o o

ethanol concentration, ¢ [mol/L]

Figure 1.14 The osmotic pressure as a function of ethanol concentration [O-
4.5mol/L] in water at 25°C. Values calculated usi@fil's software (OLI System
Inc., 2006), Eqn. (1.13) witkb=1 and Eqgn. (1.13) withd calculated from Eqn.

(1.14 and 1.15)from experimental data, Aspen Pliis
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Figure 1.15 The osmotic pressure as a function of ethanol concentration [0-
0.63mol/L] in water at 25°C. Values calculated @si@LI's software (OLI System
Inc., 2006), Eqn. (1.13) witkb=1 and Eqn. (1.13) with® calculated from Eqn.
(1.14 and 1.15)(from experimental data, Aspen Plus

From Figure 1.14 it is evident that OLI's softwasienulation follows the trend of van't
Hoff relationship, reaching the maximum error 0bab30% from the calculation based
on the experimental activity data for an ethandlitsan of 4.5mol/L. It seems that the
osmotic coefficient correction on the osmotic poessis not included in OLI's
calculations.

However, it is clear from Figure 1.15 that van’t fHeoelationship, OLI's software
calculations and the calculation based on the @xpeatal activity data follow the same
trend for the ethanol concentration range usedhm éxperimental work, with a
maximum error of 1.95% at 0.63mol/L.
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Reverse Osmosis process

The aim of this chapter is to describe Reverse @@raesalination process, from the
basic principles to the trends towards the futpessing through the plant technology.

2.1 General principles

Osmosis is a natural phenomenon in which a solgasses through a semipermeable
membrane from the side with lower concentratiosafite (compartment 1) to the side
with higher solute concentration (compartment 2g(Bigure 2.1a). The driving force is
the gap between the chemical potential of the twess At equilibrium this flow is null
and the pressure different between the two sidesaied osmotic pressure. If a
hydrostatic pressure higher than the osmotic pressuapplied to compartment 2, a
reverse flow of solvent, opposite to the naturamosc flow, is generated from
compartment 2 to compartment 1. This is called Rev©smosis (see Figure 2.1b).

pressure

A+B A
phase f§ phase a

A water flux water flux A+B

phase a phase

> (IR

2 1

— (TR

a) semi-permeable membrane b) semi-permeable membrane

Figure 2.1Schematic diagram of (a) direct osmosis and (b¢res osmosis
phenomena.

The result of reverse osmosis phenomenon is theiiggoof the concentration of solute
in compartment 2 and the diluting of the solutinortompartment 1.

Reverse Osmosis is used in a large number of apiolits; the most important use is
desalination. The membrane ideally rejects allatddl and dissolved matter from an
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aqueous solution (e.g. brackish water or sea-waissjlucing a permeate stream, which
consist in almost pure water, and a concentrateelsiream. In Figure 2.2 a schematic
diagram of a membrane system is shown. The coratimtrc [kg/m’] refers to the
solute andy [m¥s] is the volumetric flow rate.

Fead Concentrate
) — Ce, 4e
e
Permeate
—D. Cp ’ q,u

Figure 2.2Schematic diagram of a membrane system.

There are some important parameters to know abeuatbrane processes. The first one
is the recovery or yieldS{. It is a measure of the fraction of the feed fimich passes
through the semipermeable membrane:

s=% (2.1)

The second parameter is the volume reductih) (that indicates how much the brine
is concentrated:

VR=1 (2.2)

The last parameter is the retention or rejecti®n (t is a measure for the quantity of
solute rejected by the membrane:

Rz%zl—%. (2.3)

2.2 Reverse osmosis membranes

Reverse osmosis could appear similar to filtratibacause both processes involve
removing liquid from a mixture by passing it thréug device that only allows the

passage of the solvent. However there are impodiietrences between RO and any
kind of filtration. The most important is the osneopressure itself. RO processes are
based on applying a hydrostatic pressure highen tha osmotic pressure. On the
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contrary, the osmotic pressure is negligible inrady filtration. A second difference is
that filtration processes are continuous processeanwhile in RO processes the
removing of the solvent cause the rising of thecemtration of the brine and an
according rising of the osmotic pressure. Moreother,membrane in RO processes has
to be supported in order to reach the necessaryaneal strength. Finally, the main
difference is the smaller particle size which carsbparated by RO in comparison with
the other pressure driven membrane separation ggesaised in water treatment, as it
is indicated in Figure 2.3.
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Figure 2.3Separation capabilities of pressure driven membraseparation
processes (Fritzmann et al., 2007).

2.2.1 Types of membrane

There are several types of membrane for RO prosesserder to reach an efficient
desalination, membranes should allow a high flua k@ep high rejection. The flux is
inversely proportional to the thickness of the memnk. The first commercial
membrane was cellulose-acetate (CA). One of thedsdentages of using CA
membrane is that it can be deteriorated by hydislysr this reason a rigid pH control
has to be applied to maintain the pH around theevaf 4-5. In addition, at high
pressure, CA membranes tend to decrease the oymetbrmance. This kind of
membrane is still commercially available but therent trend is to use composite
membranes (TFC: Thin Film Composite). These mendwane produced by interfacial
polymerization and are made of a thin active layfgpolyamide (<1pum), and a porous
support of different material (50-100 pm), usuattjcro- or ultrafiltration membrane
made of polysulphone (asymmetric membrane). TFC Ionenes are physically and
chemically more stable than CA membranes: highstasce to bacterial degradation,
no hydrolysation, less influence of membrane coripa@nd stability in a wider range
of pH. However TFC membranes are inclined to fapl{thin layer deposits over the
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membrane) more than CA membrane; moreover theybeadeteriorated by a small
amount of chlorine. In Table 2.1 the main differesibetween CA and TFC membranes
are summarized (Fritzmarat al, 2007).

Table 2.1.Membrane characteristics (modified from Fritzmaatral.,
2007 and Norman, N., 2008).

Cellulose acetate (CA) Thin-Film-Composite (TFC)

pH value 4-5 3-11
Continuous free chlorine <1mg/L 200 — 1000 pprolarance
Bacteria not resistant resistant
Free oxygen resistant resistant
Hydrolysis yes no

Salt rejection up to 99.5% > 99.6%
Net Driving Pressure (NDP 15-30 bar 10-15 bar
Surface charge neutral anionic
Cleaning frequency months to year weeks to month
Pre-treatment low (SHH < 5) high (SDI < 4)
Organics removal relative lower high

(1)Silt Density Index (SDI).It isneeasure of the potential of fouling.

A possible future alternative to TFC membrane tsahigh-permeability membranes.
These types of membranes allow a very high fluduceng the pressure needed to drive
permeation. However there are no experimental ssuthhat demonstrate, for these
membranes, an adequate salt rejection for theidasah processes (Elimelecét al,
2011).

There are two main types of membrane module us&Oirdesalination plants: hollow
fibre and spiral wound modules (SWM). Hollow filmeverse osmosis membranes have
an optimal membrane area to volume ratio. Figudeshows a hollow fibre module. It
is formed by millions of asymmetric fibres contain& a cylindrical vessel and both
ends are epoxy sealed. The feed flows in a pedagaistic tube and distributes radially
around the fibres. The permeate flows from outde $o inner side of hollow fibre core
or vice versa. Product water recovery per elenmseabout 30%.
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Figure 2.4.Flow through a hollow fiber module (Kumano et 2008).

This type of membrane is available in the markedwéver the most installed
membranes in recent RO plants are spiral wound mesdBWMs offer a good
equilibrium in terms of permeability, fouling coalr packing density and ease of
operation. In Table 2.2 there are the main advastagd disadvantages of SWM.

Table 2.2.Advantages and disadvantages of SWM (Fritzmani. et a
2007).

Advantages Disadvantages

Cheap and relatively simple production  High feed side pressure loss
High packing density <1000%m? Susceptible to fouling

High mass transfer rates due to feed spa Hard to clean

In Figure 2.5 the flow through a spiral wound madisl described. SWM are formed of
several flat sheet membranes glued and rolled wdar to form a cylinder with feed
channels and permeate spacer between each sheepefineate passes through the
membrane from the feed channels to the permeatmelsgand flows in these spaces
from the edge to the centre where it is gatheredabgollector tube. Instead, the
concentrate brine is rejected from membrane ancegethe membrane module on the
opposite side. Feed channels create eddies whuablc@econcentration polarization
(accumulation of dissolved and particulate matterfront of the membranes) and
consequently increase mass flow through the membf@n the contrary, feed channels
raise the necessary hydrostatic pressure. An optimansion for feed channel was
found to be between 0.6 and 1.5 mm, and for peeng®nnels between 0.5 and 1 mm.
Generally a single SWM has a recovery of 5% to Hsfb 0.5 bar of head pressure loss.
Usually 4 to 8 elements are placed in series ireaqure vessel (Fritzmaenal., 2007).
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Figure 2.5.Flow through a spiral wound module (Fritzmann et aD07).

2.2.2 Mass transfer

In any membrane processes the characteristic dfdveare functions of the membrane
polymer. For instance different membranes haveewdffit area and thickness and
consequently a diverse set of RO parameters ideabplhe flux of water across the
membrane has to face a series of resistancesttitesic material of the membrane and
the concentration polarization resistances (FigLeég.
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d, : concentration boundary layer thickness permeate side 4, : active skyn layer thickness

Figure 2.6 Concentration profile through a RO membrane.
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The concentration polarization (CP) is an accunmiabf dissolved and particulate
matter in front of the membrane. This phenomenoregees a thin highly concentrate
layer liable of the resistance outside of the memer the boundary layer. Thus, lead to
a diffusive back flow from the membrane to the blkually, also a thin permeate side
boundary layer could occurs, when the solute flsxconsiderable. However, this
resistance can be neglected in the mass trandterdat#éon. Concentration polarization
has several negative aspects (Fritzmanal, 2007): (1) rejection decrease; (2)
possibility of salt precipitation; (3) water fluxedrease because osmotic pressure
increases; (4) possibility of cake formation on tkarface of the membrane.
Concentration polarization is induced by high petadluxes and low velocity in the
feed channels.

The extent of concentration polarization can bewated with the following equation:

7% = exp (%’) : (2.4)

wherec,, is the concentration at the membrane surfag@ndc, the concentration on
the permeate and the feed bulks, respectively,kaisdthe mass transfer coefficiert.
values can be estimated by a Sherwood correldtiotzihannet al.,2007):

Sh = y,;Re"25c?s . (2.5)

It is possible to discriminate two different masansfer involved in RO process: one
inside the membrane and one outside it. There doé & different models that relate
the permeate flux and the rejection to the maircgse variables (pressure, temperature
and solute concentration) for a given membranehBagdel considers only the dense
skin layer and ignores the small resistance ofpiheus substrate. In this paragraph
only a brief description of the general principtésnass transfer models is given.

As regards mass transfer inside the membrane mdtelscan be divided in two main
categories (Soltanieh& Gill, 1981):

- models based on non-equilibrium or irreversiblerti@dynamics (IT): there is
no need of membrane structure information becalweabrane is bypassed, it is
like a black-box in which slow processes take plaea equilibrium;

« structural models: it is assumed a mechanism ospart, the flux is related to
the forces of the system, the physicochemical pt@seof the membrane and
the characteristics of the solution are involvedha transport model, and the
membrane performance can be predicted without erpatal data. It is
possible to distinguish homogeneous model from ywromodel. In
homogeneous model the membrane is assumed to b@onoums and the
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transport takes place between the interstitial spaxf the polymer chains by

diffusion. On the contrary in porous models thesgort takes place through the

pores by both convection and diffusion.
As regards the mass transfer models outside thebnaem, it is possible to use the
boundary layer theory. The boundary layer is idealias a thin liquid film in which
eddy motion is assumed to be negligible and thesefivass transport takes place by
molecular diffusion alone. The concentration peoflutside the membrane is shown in
Figure 2.6. The bulk concentratiot).) is assumed to be constant, without any gradient,
because of the turbulence of the bulk feed. Comagons gradient are present only in
the boundary layer: all the mass transfer resismace due to the laminar film.
Currently know models for mass transfer in RO gsysteeparate the transport
phenomena inside the membrane from those outside nikmbrane. Thus, the
interaction between the membrane phase and thek pheéise is mostly disregarded. In
order to solve this problem a new model is beirgjed the Solution-Diffusion Pore-
flow Fluid-Resistance (SDPFFR) model. This modahiended to describe the whole
system and provide an alternative at the clas§iPaodels (Toffoletto, M., 2010).

2.2.2.1 Solution Diffusion Model
The most commonly model used to predict salt an@mfiows through the membrane
in RO processes is the Solution Diffusion Model D This model is based on the
following assumptions (Fritzmaret al., 2007):
the active membrane layer is dense and withoutspdine permeate dissolve in
membrane phase;
in steady-state conditions there is chemical douilm at the phase interface
(membrane-feed and membrane-permeate side);
salt flux depends on concentration gradient, ngbr@ssure;
water and salt flux are independent each other;
water concentration and water diffusion coefficiemtross the membrane are
constant.
According to SDM assumptions, the driving forcetlué process can be divided in two
parts: the concentration gradient and the pregdifference between the permeate side
and the feed side. At low salt concentration thesgure gradient is negligible,
furthermore only a pressure differen@g) between the two sides causes a water flux
through the membrane, because the water concemtratside the membrane is
assumed to be constant.
The salt flux ) and the water flux/{,) can be determined as following:

Jw = Ay (Ap — Am) (2.6)
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Js = Bs(cs,f - Cs,p) ) (2.7)
Pr+P,

Ap=-L—~=-p,, (2.8)

Art = ”f;'”c -, , (2.9)

where ¢; ¢ is the salt concentration in the feed,, is the salt concentration in the
permeate,A,, and B; are model parameters that involve mass transfefficients
(respectively solvent and solute membrane’s ov@eiimeability) to be determined by
experimentsAp is the average of the trans-membrane hydraulisspre differencedn
is the osmotic pressure difference, and the suyfiscfi ¢ andp refer to the feed,
concentrate and permeate stream, respectiyaly— Am) is called the Net Applied
Pressure (NAP). The solute rejection can be expdess:

1

a=1+(

Bs
Aw

v (2.10)

Proper result is given by SDM models at low conein of salt. At high
concentration is necessary to use models whichidenthe interactions between solute
and solvent (e.g. ESDM: Extended solution diffusioodel).

2.3 Reverse osmosis plants

Nowadays, over 17,000 desalination plants are ireraijon worldwide, and
approximately 50% of those are RO plants (Greeeleal, 2009). In Figure 2.7 is
shown a general flow sheet of a RO plant. It cdsstypically in several key
components (Fritzmanmet al, 2007): (1) water abstraction, (2) pre-treatme(B,
pumping system, (4) membrane separation unit, i8ygy recovery system, (6) post
treatment and (7) control-system.
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Figure 2.7. Schematic flow sheet of a RO desalination planit{frann et al.,
2007).

(1) Water abstraction.

The abstraction of the seawater can be realizexlgir coast or beach wells, or open
seawater intake. The quality of the water in teahgurbidity, algae and total dissolved
liquid is better in coast or beach wells becaus¢hefslow sand filtration. However

seawater intake requires less space and is ususdlg for large plants. In brackish
water desalination plants, wells are utilized tcstedrt the feed water. Generally
brackish water sources are ground waters, low quéatie and colloidal contaminants
are suspended, and the salinity is lower than seawa

(2) Pre-treatment.
A high general performance of RO plants can beheddf membrane fouling is
prevented or at least restricted. The aim of peatinent system is to provide to
membrane separation units a high quality feed wateorder to maintain high
performance levels, to reduce fouling potentiain(tayer deposits over the membrane),
and to minimise scaling (formation of a thin lapémprecipitated salts on the membrane
surface). A high quality feed water is charactatibg a value of the Silt Density Index
(SDI) minor than three. SDI is a measure of theepiial of fouling produced by fine
suspended colloids. There are two possible typgsesfreatment system: conventional
pre-treatment and membrane pre-treatment. The atiowal pre-treatment consists in
chemical and physical pre-treatment without the abeny membrane technology.
Generally it involves: chlorination to disinfectettwater, coagulants and flocculants
addition, pH adjustment consistently with the type membrane, media filtration,
cartridge filtration, antiscaling agent additiondaglechlorination to prevent membrane
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degradation. However fluctuations of feed waterliggalifficulties to reach a constant
SDI<3.0, difficulties to remove particles smalleah 10-15 pum, large footprint due to
slow filtration velocities and negative influencé coagulants agent on membrane
performance are the reason why the new trend irtrpagment system is to use
membranes. MF and UF membrane are used in prergeatsystem after a rough
filtration by mechanical screen. This kind of preatment is becoming very
competitive for the following reason: no fluctuatiof feed water quality; particles,
bacteria, colloidal materials are rejected by M &+ membrane producing a feed
water with SDI<2 and turbidity less than 0.5 NTUe@elometric Turbidity Units), and
reducing the frequency of RO membranes cleaningrapthcement (Greenlest al,
2009 and Fritzmaneat al, 2007).

In Table 2.3 the chemicals used in pre-treatmemsammarized.

Table 2.3.Chemical used in pre-treatment (Fritzmann et 2072).

Pre-treatment Purpose Chemicals added Fate of cheaals

pH adjustment  lower carbonate concentration, acid (HSOy) sulphate stays in
protect membrane from concentrate, pH decrease
hydrolysis

antiscalants prevent formation of membrane sequestering agent complexes formed stay in
scaling dispersants concentrate

coagulation- prevent membrane fouling and coagulants- flocs settle, removal by

filtration clogging flocculants filtration

disinfection prevent biological fouling chloriner(0V) forms hypochlorite,

chlorination by-products

dechlorination  protect chlorine sensitive sodium bisulphate sulphate and chloride
membranes generated stay in
concentrate

(3) Pumping system and (4) membrane separation unit.
The pumping system is the main energy using step RO plant. Figure 2.8 shows
gualitatively how energy consumption is spilt irclkeastep of the process. The power
required to the membrane separation unit dependseamh pressure, salt concentration
and flow rate. The higher these parameters aregtbater is the pumping power
required to produce the desired permeate flux. B\@e as the recovery increases, the
osmotic pressure and also the pumping energy esgeint increase. However, as the
recovery increases, the feed flow required deceeasd consequently also the pumping
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power. Thus, a minimum energy requirement exisaggally at a recovery between 45
and 55% (Figure 2.9, Greenleeal, 2009).

Furthermore, the feed pressure required fluctudtes to the degree of membrane
fouling and scaling, feed water salinity, membraampaction and temperature. Thus, a
flexible pumping system with a variable frequencivel is recommended in order to
keep to pressure of the system at the same optieneh

| Seawater intake Pretreatment Reverse osmosis Post-treatment
- Subsurface intake - Conventional - Spiral wound modules - Remineralization
- Open ocean intake coagulation & filtration with high-permeability - Boron & chloride
- Membrane-based membranes removal
- Disinfection

\ Energy Consumption

—

/ Brine discharge

- Offshore ocean outfall
Dilute with plant discharge
{ V Multiport diffuser -Mulipot difuser

Figure 2.8.Energy consumption distribution in a RO plant (Meimem, 2011).
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Figure 2.9. Total energy required per volume of permeate poedu
as function of RO system recovery (Greenlee e2@09).

A comparison of typical parameter values of SWR@ BWVRO is shown in Table 2.4.
The parallel system of pressure vessels is oftdedcakid or train. RO desalination
plants usually operate using 1-4 passes (the peéenoéaa RO skid is the feed of the
next one in the series) or stages (the concerafaerO skid is the feed of the next one
in the series). Each pass or stage is formed byipteulpressure vessels operating in
parallel. In every pressure vessel there are 648lm@ne elements. The choice between
passes, stages and their number is not simple gmehds on several factors as: energy
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cost, plant cost, feed water characteristic (tewmipee, composition and TDS), desired
characteristics of product water and desired reagovéor example, generally
temperature can vary between 12°C to 35°C; an aser@f 1°C can increase the salt
permeability of 3-5%. Thus, if high feed water teargiure are expected, multiple
passes may be necessary to reach the desire wadeich

Table 2.4.A comparison of typical parameter values for seav&O
and brackish water RO (Greenlee et al., 2009).

Parameters Seawater RO Brackish water RO

RO permeate flux [L/(fh)] 12-15 (open water intake) 12-45 (groundwater)
15-17 (beach well)
Hydrostatic pressure [bar] 55-80 6-30
Membrane replacement 20% per year 5% per year
Every 2-5 years Every 5-7 years

Recovery [%] 35-45 75-90
pH 5.5-7 5.5-7
Salt rejection [%} 99.4-99.7 95-99

Seawaterdesalination plants are often operated with ongvorpasses; each pass could
be formed by one or more stages. Most of RO plargsiesigned to product fresh water
with less than 500 mg/L TDS for potable water pidn. If the TDS required is lower
(for instance for industrial production purpose¥)@-400 mg/L) at least two passes are
necessary; in the second pass the recovery inarbasause the feed is the permeate of
the first one. Seawater RO plants are the 25% taf ®O plants and various design
options are available for a multi-pass seawaterisi@em (Greenleet al, 2009):

- two-pass system: the first pass is a high-presseagvater RO membrane (35-
45% recovery) and the second is a low pressurekistagvater RO membrane
(85-90% recovery). Usually the concentrate of #h@sad pass is recycled to the
front of the first pass to minimizes the waste aruease water quality;

- alternative two-pass system: a portion of highné#glipermeate (take at the end
of the membrane element where salt flux throughntieenbrane is higher due
the higher concentration of the feed) is takenhesfeed of the second pass;
while the other low salinity portion is collectedtattly as product water. The
overall power consumption is lower because onlyoaign of permeate is
pumped to the second pass;

- four-pass system: one plant exists in AshkeloraéBr that is the world’s largest
RO desalination plant. Four passes permits to oliigih quality permeate.
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Brackish water RO plants are the 48% of the total numbdR@©fplants, and tend to be
smaller in production capacity than seawater ROntplaThe basic system design is
different from seawater RO plants because usuallBWRO plants, stages are used.
Brackish water has lower TDS concentrations thaawaéer and this allow reaching
higher recoveries, by recovering other permeate fifte concentrate stream of the first
stage. Several design alternatives are (Greatlak 2009):
two-stage system: each stage has a recovery oD%0f6r an overall system
recovery of 70-85%;
three-stage system: the third stage is used teaserthe recovery or to remove
recalcitrant contaminant (e.g. boron);
NF membrane in series following the RO systemdattthe RO concentrate and
increase the overall recovery. Then RO and NF patenare then blended
together.
One of the limiting factors of BWRO plants is th@stof concentrate disposal in inland
desalination plants. Thus, some new technologieg Ih@en studied and proposed to
solve this problem, recovering more product waBeénleeet al, 2009):
pre-treatment through compact accelerated pretgitasoftening (CAPS)
which removes most of the calcium and allows am nggovery;
interstage precipitation between two RO units toidgcaling;
seawater RO membrane treatment of brackish watecd®@entrate;
crystallizer-UF treatment of brackish water RO aantcate;
treatment of the concentrate for specific salt vecp using pH changes and salt
precipitation.

Figure 2.10 shows schematic array configuration&foRO process. The simplest plant
design is based on the series array configuratirich is limited by feed fouling
potential and restrictions on pressure head losshigher plant through-put, multiple
housings are utilized in parallel. If feed sidewl@ates are considerably reduce by
permeation and fall below the minimum requiremettis, tapered array configuration
can be applied to maintain a similar feed/concéatfi@w rate per vessel through the
length of the system.
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Figure 2.10. Reverse osmosis plant configurations: (a) serigaya (b) parallel
array, (c) tapered array (Fritzmann et al., 2007).

Along a membrane element, flux decreases and saltentration of the feed side
increases. The reverse osmosis driving force isaed by the pressure losses along the
vessel and by the increasing of the salt conceotraif feed side. Thus, interstage
pumps (booster pumps) are necessary. The numiparalfel housing of a specific pass
and the number of elements per housing dependeom#éximum allowed pressure, the
maximum and minimum flow rate, and the target recgv Very high flux along a
pressure vessel can damage the membrane becaigehagh pressure drop. Very low
flow does not provide sufficient turbulence and messult in a predominant
concentration polarization phenomenon (Fritzmanhal, 2007). A concentrate recycle
is generally used in smaller RO plants, to increhsecross-flow velocity and decrease
the risk of fouling.

(5) Energy recovery system.
The main way to decrease seawater RO desalinatiis s the development of energy
recovery systems. Generally, Energy Recovery Dev{e&RD) are used to recuperate
the remaining energy of the concentrate streamg¢lwhbtherwise would be wasted, to
apply part of the necessary pressure to the febd.tWwo main groups of EDR are:
pressure exchangers and turbine system. Presscoharggers (or work exchanger)
directly transfer pressure from the concentrateasir to the feed, with an efficiencies of
96-98%. In Figure 2.11(a) a schematic process selstrows how a pressure exchanger
operates in a RO process: only part of the feguessurized in the high pressure pump.
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Turbine system are mostly Plenton wheel or turbaygrasystems, which convert
potential energy from the concentrate stream tohamgical energy to supply the feed
pump or directly to pressurize the feed water ahefficiency of 90%. Figure 2.11(b)
and Figure 2.11(c) show respectively how a Plemtiobbine and a turbocharger operate
in a RO process. In the first case the turbine kegppart or the necessary energy to the
pump; on the contrary in the second case the thdyger pressurizes the feed from an
intermediate step to the desired pressure.
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Figure 2.11. RO process energy recovery schemes with (a) tudobamger, (b)
Pelton turbine, and (c) turbocharger (Fritzmanragt 2007).

Turbochargers are the mostly used technology ferggnrecovery systems despite the
fact that their efficiency is lower than pressuxetengers. The reasons are that pressure
exchangers need expensive equipment and increasalihity of the permeate stream.
However, pressure exchangers do not suffer strargiictions in efficiency if operated
outside the design point as turbine system.

EDR are designed and used also for brackish wa@rpRnt even if the energy
recovered is lower than SWRO application, due ghéi water recoveries and lower
operating pressure (Fritzmaghal, 2007 and Norman, N. Li., 2008).

(6) Post-treatment
The permeate stream of RO plants is not drinkakleabse it does not conform to
drinking water standard such as the World Healtga@ization (WHO). It has to be
treated, before to be stored or distributed, withfbllowing usages:
- re-hardering in order to produce a Langelier Sabardndex (LSI) slightly
positive to have a fine precipitation layer of @aa carbonate for protection.
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The LSI is a measure of the corrosivity of the waiteLSl is zero the water is
non-aggressive, if it is negative the water is @asifre. The aim of re-hardering
post-treatment is to increase alkalinity and pHyitee the water its typical taste
and to prevent pipe corrosion. There are severahaods for re-hardering
(Fritzmannet al, 2007): dissolution of lime or limestone by carbdioxide,
dosage of chemical solution based on calcium didooir bicarbonate, blending
of RO permeate with treated water from a saline@®and addition of calcium
chloride or sodium bicarbonate;

- disinfection to protect the consumer from any gadl. Chlorine, chlorammines
or sodium hypochlorite can be used,;

- boron removal: boron is typically present in seavas boric acid and it is
suspected to be dangerous for people and agrieulfire WHO limit of boron
in drinking water is 0.5 mg/L and typical boron centration in seawater can be
as high as 7 mg/L (Fritzmanet al, 2007). Boron is not rejected by RO
membrane in standard conditions because the ploidow. High pH value
permits a boron rejection about 99%. However, traee lots of problematic
aspects such as fouling and scaling working at Ipighin RO processes. The
main solutions for boron removal are (Figure 2.18):single-pass SWRO with
high rejection RO membranes; (b) SWRO followed B{mO: the permeate
close to the feed entry of the first pass is blendéh the permeate of the
second pass operating at high pH value; (c) SWRi@wed by a Boron
Selective ion exchange Resin (BSR): the selecte®inr permits a boron
rejection of 99 t099.9%; (d) SWRO followed by a hgbprocess of BSR and
BWRO: the second stage decrease both salinity arahlzoncentration.
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Figure 2.12. Boron removal process schemes: (a)single-pass SWRSWRO
followed by BWRO, (c)SWRO followed by a boron te&gon exchange resin
(BSR), and (d)SWRO followed by a hybrid proce&S# and BWRO (Fritzmann et
al., 2007).
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In Table 2.5 the main chemicals used in post-treatrare shown.

Table 2.5Chemical used in post-treatment (Fritzmann et20Q7).

Post-treatment Purpose Chemicals Fate of chemicals
added

removal of remove gases (GOH,S, radon)  aeration, air emission

dissolved gases degasing

pH adjustmentto 7  protect aquatic life at disckarg NaOH, soda increased sodium/calcium
point ash, lime level, pH

disinfection prevent grow in distribution chlorine chlorine stays in produced
system water

reduction of eliminate chlorine and other sodium increases sulphate and

chlorine level oxidisers bisulphite chloride levels

oxygenation increase dissolved oxygen aeration increase DO in

concentrate

removal of other  decrease pollutants in produced depends on

species water and/or concentrate species

2.3.1 Limiting factors

There are some limiting factors that have to besictsred when a RO process is
operated (Figure 2.13). The first one is the insirea of the osmotic pressure due the
concentration polarization; this is described imagaaph 82.2.2. The other limits are
discussed here.

Limiting Factors

l :

Membrane Decreasing
deterioration Blocking performance
Fouling Scaling

Hydrolysis (CA) Sropoin e caso,

i material caco. 2
Acids, bases ; 4 3 Osmotic
Eree chlorine Metallic oxide CaF, pressure
Free oxygen Colloids B;%O‘ -

Organic solvent i . 19, Viscosity
Fice c3ohe Biological Srso,
matter Mg(OH),

Figure 2.13Limiting factors to RO desalination (Fritzmann &t 2007).
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Membrane deterioration

Several chemicals can damage irreversibly the edayer of the membrane. Even
traces of oxidant used during pre-treatment ornttgachemicals are very dangerous
for the membrane. Moreover, also very low or veighhpH can damage polymeric
membranes.

Membrane blocking
The loss of performances of the membrane is alasethby the surface deposition of
substances called foulants. These contaminantsidechon-dissolved, colloidal or
biologic matter. Depending on the mechanism of ipretion and formation of a cake
on the surface of the membrane, it is possibleistnguish two kinds of membrane
blocking: fouling and scaling.
Scalingis caused by super-saturation of inorganic comgswm the feed side and it is
characterized by the formation of a thin layer mdqipitated salts. This phenomenon is
easier to be found in BWRO and in the downstreamalbfRO stage, where the
concentration of the feed solution is higher. Swplktan be prevented in pre-treatment
by pH adjustment and addition of antiscalants agenteducing recovery to reduce the
overall salt concentration (Fritzmaehal, 2007).
Fouling is caused by convective and diffusive transpofbafants: a thin layer deposits
over the membrane, increasing the overall resisttammass transfer and decreasing the
total performance of the process. There are sontBaae to limit fouling, but it can
never be fully prevented:
modules and process conditioriee higher the cross flow velocity parallel to
the membrane surface, the lower rate of fouling;
membrane propertiegshe most performance membrane is characterized by
neutrally charged surface in order to minimized #teachment of charged
foulants and by a high surface area in order toedese flux and increase cross-
flow velocity;
pre-treatment of the feed solutidhere are a lot of possible pre-treatment to be
applied in a RO process in order to reduce membfankng. Each type of
foulant requires some specific treatments fromféilewing list: coarse strainer,
chlorination, clarification with or without floccation, final removal of
suspended patrticles using cartridge filters, dtzifon and hardness reduction
using lime treatment, reduction of alkalinity usimiH adjustment, media
filtration, addition of scale inhibitor, water sieration using UV radiation,
reduction of free chlorine using sodium bisulpluteactivated carbon filters.
Inorganic precipitates. The fouling tendency of ieeg feed water is valued
using LSI for brackish water and the Stiff and BaStability Index (S&DSI) for
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seawater; they give an indication of the conceioinabf calcium carbonate
saturation (Fritzmanat al,, 2007):

LSI = pH — pH; (TDS < 10,000 mg/L), pHs; = pCa + pAlk + pK, — pK, , (2.11)
S&DSI = pH — pH, (TDS > 10,000 mg/L), pHs = pCa + pAlk + K , (2.12)

where pH,= pH level at which the water is in equilibrium with Iciam
carbonate,pCa = negativelog,, of calcium concentration [mol/L]pAlk =
negativelog,, of total alkalinity [mol/L], pK, = negativelog,, of ionization
constant of HCQ pK, = negativelog,, of the solubility product of calcium
carbonate, anél = the ionic strength constant at 25°C. Another fxasameter is
the Solubility Product (SP) (Fritzmam al,, 2007):

SP = cjlcp, (2.13)

wherec, is the concentration of the negative ion agds the concentration of
the positive ion, at saturation conditions.

Precipitation of carbonate is avoided by keeping fH value around 4-6,
maintaining LSl and S&DSI smaller than 2-2.5 anthgsantiscalants agents
such as organic polymers, surface active agentgnar phosphonates and
phosphate.

Organic precipitates. Degradation of organic masteach as plants produces
macromolecules called humid acids, with polymeitenmolic structure. These
acids chelate with metal ions and form a foulingylgger over the membrane.
Humid acids are removed by pre-treatment: flocoahat coagulation with
hydroxide flocs, ultrafiltration or adsorption octi@ated carbon.

Biofouling. It is caused by bacteria, algae, fungiuses and biotic debris such
as bacteria cell wall fragments. The RO membrananisdeal substrate for
microorganism grown, which creates a biofilm. Itifficult to remove a biofilm
due to the gel layer. Therefore is necessary toaediofouling by effective pre-
treatment such as chlorination.

Particulates. Particulates matters can be dividddur categories depending on
particle size (Fritzmanet al, 2007): (1) settable solids (>100 um), (2) supra-
colloidal solids (1-100um), (3) colloidal solids.@01-1 um), (3) dissolved
solids (<10 A). Particles larger than 25 um carebsily removed by screens,
cartridge filters and media filters; for smallerrfpdes is necessary to use
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coagulants or flocculants agents. The Silt Densitgex (SDI) is used to
estimate the presence of suspended solids (Greetrdde2009):
(1-3)

SDI = 100% —*, (2.14)
wheret is the total time elapsed andt, are the timegs) required to filter 500
mL of water, initially and aftet minutes, respectively.

SDI is recommended to be <3-5, while the turbiditgeasured in NTU
(Nephelometric Turbidity Units), is recommendedbi <0.2. There are other
indexes that better correlate flux decline, pagsatoncentration and membrane
fouling, for instance: MFI (modified fouling indexand MFI-UF;

Membrane cleaningmembrane fouling can never be totally avoidedjsth
membrane cleaning at definite intervals permits restore membrane
performance. Figure 2.14 shows a typical membrésning process: (1) make-
up of the cleaning solution (e.g. acids), (2) ldewf pumping of the cleaning
solution, (3) recycling of cleaning solution, (4)ring off the pumps and
soaking of the membrane for 1-15 hours, (5) higlwfbperation, (6) flush-out.
Direct osmosis is used as a novel procedure for meme cleaning. A high

salinity solution with an osmotic pressure thatroeenes the pumps pressure
permits to RO to shift in direct osmosis.

Permeale
(Normal Operation)

Permeate
(Cleaning Operation) 5%

Concentrate To Drain
(Normal Operation)

Permeate From Concentrate I
Storage Tank (Cleaning Operation) M

LD-Q—-/—H—\
Mixing
Tank

g W

Tank Drain

Cariridge
Filter

Figure 2.14.Membrane cleaning equipment (Fritzmann et al., 2007

Membrane compaction
If a membrane is exposed to high pressure, it asge its density (compaction) because
of a mechanical deformation of the polymer. Membraompaction decrease the rate of
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diffusion and consequently the permeate flux. Tpti@nomenon is more evident in
asymmetric cellulose membranes and in SWRO th&WiRO.

2.3.2 Factors affecting performance

There are several key parameters that can influR@@erformance, the main ones are
the following: pressure, temperature, recovery, fewtl water salt concentration. In
Table 2.6 the effects of these key parametersuamensrized.

Table 2.6. Factors influencing reverse osmosis performance
(modified from American Water Works Associatio999).

Factor Permeate Flow Salt Passage
Increasing effective pressure increases decreasé8
Increasing temperature increases increases
Increasing recovery decreases increases
Increasing feed water salt concentration decreases increases

(1) It depends on salt ions type

Figure 2.15a shows the effect of increasing pressarpermeate flux and salt rejection:
as pressure increases more water is forced adressémbrane thus the permeate flux
increase. Furthermore, salt passage is increasovgifcome as water is pushed through
the membrane at a faster rate than salt can bgpwaed. Thus, salt rejection increase.
However an upper limit for the increasing of sadjection exists above a certain
pressure level.

The effect of temperature is shown in Figure 2.1&%.temperature increases, water
flux increases almost linearly, due to the high#fusion rate of water through the
membrane. Moreover, an increase of the feed wataperature results in a higher
diffusion rate for salt, consequently in a highalt passage.

(@) @)

Salt Rejection
(constant flux)

/_\

Salt Rejection

Permeate Flux

Permeate Flux ———»

Salt Rejection ———

Permeate Flux
(constant pressure)

Permeate Flux ———
Salt Rejection ———»

Temperature ————»
Pressure ——»

Figure 2.15.(a) Effect of increasing pressure and (b) temp&ebn permeate flux
and salt rejection (American Water Works Assocratjd 999).
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Figure 2.16a shows the effect of increasing rego@sithout adjust the feed pressure to
keep it constant): the permeate flux and salt tigjeslowly decrease and stop if the salt
concentration reaches the value in which the osmmtssure is equal to the applied
pressure. This is due to the fact that the saksidual feed becomes more concentrated.
The maximum recovery percentage possible does eperdl on a limiting osmotic
pressure, but on the concentration of salts infésel water and their tendency to
precipitate on the membrane surface (scaling). éffext of water salt concentration is
shown in Figure 2.16b. As salt concentration insesaalso osmotic pressure increases,
and consequently the process driving force decsealeus, permeate flux decreases
and the salt passage increase.

o) - e )

Salt Rejection

Salt Rejection

Permeate Flux

Permeate Flux ——

Salt Rejection ———

Permeate Flux ——3»

Salt Rejection ——

Permeate Flux

Recovery —=——3 Feedwater Concentration ——»

Figure 2.16.(a) Effect of increasing recovery and (b) feedexnalt concentration
on permeate flux and salt rejection (American Waterks Associations, 1999).

2.3.3 Costs

The cost of RO desalination has gradually decrefreed the commercial introduction
in 1970s until today, despite the fact that prickenergy is rising. Energy is the major
cost component in the operation of a RO desalingpiants. Figure 2.17 shows how
energy cost has been reduced from the late 19D08WA/nT) to nowadays (less than 2
kWh/m®) through the development of more efficient membsnnew membrane
materials, improving in pumping and energy recov®rstems and more efficient plant
designs.

Instead, the energy requirement for BWRO plantseisw 1kWh/ni, due to the lower

salinity of the feed water.
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Figure 2.17. Development of achievable energy consumption ind@g&alination
processes (Fritzmann et al., 2007).

The unit water cost for SWRO ranges between US$®H53new plants) and
US$1.5/n (plants built in 1990s). Furthermore the unit watdce for BWRO ranges
between US$0.1/Mmand US$1/m Thus, it depends on the type of the feed water, a
well as the plant size, the energy source and ldnat plesign. The capital and energy
costs of SWRO plants are about five times gredtan the BWRO plants due to more
extensive pre-treatment systems, higher pressuncsoaver recovery (Greenlest al,
2009).

Figure 2.18 shows the combination of different sasta SWRO plant, and the energy
consumption contributors in each step of the pmces

Membrane
exchange
5%

Chemicals Pre-treatment Abstraction

Vari
3% Maintenance 2.60% 4.50% arious

1.80%

Figure 2.18. Water distribution costs (left) and energy constiomp of different
process stages in RO desalination plants (rightpdified from Fritzmann et al.,
2007).

Fixed costs include the purchase of the land amutgss equipment and plant
construction. It decreases with the size of thentplaeven if membrane-based
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desalination is less affected by economy of sdaa tother processes due to modular
assembly. Membrane replacement costs around 0.31€@29€/m. Labour cost has a
minor impact to overall costs: 1.12 €-cent/nChemical cost can be reduced with
membrane pre-treatment, but it always depends enqtmlity of the raw water
(Fritzmannet al.,, 2007).

2.4 Environmental impacts

Desalination processes have several disadvantaggarding their impact on the
environment. The main environmental aspect to hasidered are: management of
brines, emission of greenhouse gases (1.4 - 1.80kg@r ni of produced water)
(Menachem, 2011), impingement and entrainment ofin@aorganisms during in
seawater intakes, high salinity of the brine, thergicals used in pre-treatment, the
noise emitted, waste membrane to be discharge@sfentnce with the marine
ecosystem and the meddling with local fishing arrigm.

Most energy for desalination processes results fileenmo-electric power generation.
Thus, it makes water production highly dependentfassil oil price. To minimize
greenhouse gas emission and to make desalinatmregses independent of the oil
price, renewable energy sources, such as wind lar soergy, could directly power
SWRO plants in the future.

As regards the brines management, is possiblestinguish three types of brine: (1)
backwash water for physical pre-treatment, (2nhgationcentrate stream, (3) membrane
cleaning solution. The level of the environmentapact of the brines disposal in the
sea depends on the chemical composition, natudtodynamics, the discharge point
and the kind of marine life presents. The highrsliof the brine may influence the
marine biota and expose marine organism to osmstréss. However, limited research
exists about effects of desalination on marine ygstesms. Possible measures to mitigate
the environment impact are the following: dilutiohthe brine with seawater or process
water before the discharging, lower recovery rdteseduce brine salinity, multiple
discharge points, discharge in area with strongecis or waves and discharge at a
larger depth. Furthermore, chemicals can be redusid) membrane pre-treatment and
chlorination could be replaced by ultraviolet rdiia.

As regards the brine disposal in non-coastal aeme alternative are: discharge into
solar evaporation ponds, disposal to wastewatetesysinjection to deep saline
aquifers, disposal into sea through long pipeliy&tesns, disposal on land surface and
land application. However, these alternatives apempsive and in some cases may lead
to ground contamination (Fritzmamenal., 2007).
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2.4.1 Life Cycle Assessment

Desalination is a mature technology, neverthelissenvironmental impact is not well
known yet. One common environmental impacts amaligsthe Life Cycle Assessment
(LCA). LCA is a systematic, objective and powertobl to assess environmental
incidence of a process, including all stages anpacts. An LCA study normally
consists into four stages (Ralatal.,2006): (1) goal and scope definition, (2) life keyc
inventory, (3) life cycle impact assessment (LCIAY) interpretation. Unfortunately, at
the current state-of-the-art the RO desalinatiovirenmental impacts vary due to the
different LCIA methods. Hence, different methodvegidifferent scores in several
impact categories such as acidification, eutroptina photochemical oxidation and
human health (Zhoet al.,2011). For this reason, in this paragraph, jusbraparison
between RO, MSF and MED scores are presented.

In 2006, Raluy G., compared LCA results of MSF, MEabd RO. The studied RO
desalination plant produces about 46,000day of fresh water, 8000 h of operation per
year, average lifetime of 25 years and an energgwnption of 4kWh/m Table 2.7
shows some of the most relevant airborne emissimdyced by the analysed
desalination processes along all their life cydles evident that the RO process is
definitely the less polluted compared to MSF andIME

Table 2.7. Relevant airborne emission produced by desalination
systems (Raluy et al., 2006).

MSF MED RO

kg. CO/m?® desalted water 23.41 18.05 1.78

g. dust / M desalted water 204 1.02 207
g. NQ,/ m*desalted water 28.3 21.41 3.87

g. NMVOC / n? desalted water 7.90 5.85 1.10
g. SQ/ m?® desalted water 27.91 26.48 10.68

The scores obtained for each impact category (Em@8hod) for each desalination
technology is represented in Figure 2.19. The ffofsel effect is the highest

contribution to global impact in each process. Hasve RO scores are approximately
one order of magnitude lower than those correspgndo thermal technologies.

Furthermore, if an energy consumption of 2kWhisnconsidered for the RO plant, the
overall score is lower: 0.0448.
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Figure 2.19.Overall scores obtained in the evaluation phaseefich desalination
technology. EI 99 method (Raluy et al., 2006).

Another interesting aspect is about RO energy aopsion. Table 2.8 shows how the
relevant airborne produced by RO are reduced bytad@% when the energy
consumptions are reduced from 4kWHAhm 2kWh/n?.

Table 2.8.Relevant airborne emission produced by RO for wiffe
energy consumptions (Raluy et al., 2006).

RO RO RO RO RO

(4kWh/m3  (3.5kWh/m®  (3kWh/m®  (2.5kWh/m®  (2kWh/m?
kg. CO/m® 1.78 1.56 1.35 1.14 0.92
desalted water
g. dust / m 2.07 1.81 1.55 1.30 1.05
desalted water
g. NQ./ n?’ 3.87 3.40 2.95 2.49 2.03
desalted water
g. NMVOC / n? 1.10 0.97 0.84 0.70 0.57

desalted water
g.SQ/m 10.68 9.52 8.39 7.26 6.10

desalted water

Independently of the methods used, the materiaésassembly and the final disposal
have low load in the analysis; the most environ@dogd (about 95%) is associated to
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the operational stage, due to the high energy eops8an. In addition, from the
aforementioned data presented, RO emerges as #se aggressive desalination
technology for the environment (Ralayal.,2006).

2.5 Trends in desalination and considerations

The further developments in sea-water and brackister RO desalination processes
aim to reduce the energy consumption and minintizenegative effects of fouling and
scaling. Some recent and future innovation of tatesof-the-art of reverse osmosis
may involve:
development of membranes that are less prone tbndpuoperate at low
pressure and required less pre-treatment of thee ieger. For instance surface
modification by ultraviolet irradiation can makeetmembrane more hydrophilic
with lower fouling tendencies;
development of more efficient energy recovery systand pumps;
improvement of the desalination plant design;
use of renewable energies;
use of different membrane elements in the samespres/essel (HID: Hybrid
RO membrane Interstage Design);
new RO membrane module design: larger diametealspiound, high flux
membrane, sulfonate polysulfone composite membraighly resistant to
chlorine attack;
optimization of antiscalant dosing, pH control, cheal addition;
new membrane with higher boron rejection to minenihe extent of post-
treatment;
new management in membrane replacement for longarbrane life.

One emerging desalination technology is Forward @ssn Water naturally passes
through a semipermeable membrane to a draw solutittna lower chemical potential
than seawater. The solutes in the draw solutiontlz@e recovered to complete the
desalination. The main challenge, and also the dirtinis thesis, is to find a suitable
draw solution that would be cheap, easy to remaliemically compatible with the
membrane and soluble in water. One potentiallyabigt draw solution is ammonia-
carbon dioxide (Menachem, 2011). There are seveagb to separate the fresh water
from the diluted draw solution (e.g. column distiibn, membrane distillation). The use
of a pressure-driven membrane step (RO or NF)erréksovering stage characterize the
novel Manipulated Osmosis Desalination (MOD) precekeveloped at the University
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of Surrey’'s Centre for Osmosis Research and Appdica (CORA) (Sharif & Al-
Mayahi, 2005). Forward Osmosis and MOD processvately described in Chapter 3.

2.5.1 Hybrid desalination and integrated membrane system

Another possibility today is the integration offdilent technologies in order to combine
their different advantages, resulting in hybridalggtion systems. There are three main
types of hybrid system (Fritzmam al., 2007):

simple hybrid system;

integrated hybrids;

power/water hybrids.
Simple hybridsystems involve the integration of a distillatieamd a membrane process.
Usually the combination of MSF and RO is used: camrseawater intake and outfall,
and blending of permeates. These respectively eedapital investment and permit RO
plants to work at a higher TDS. Thus, preservingnim@ane life permits lower energy
consumption due to high recovery rate and reduesgrs requirements on boron
concentration.
Integrated hybridsMSF/RO plant is designed to be more energy efficiesing all
waste heat of MSF and waste pressure energy ofoRsritrol water temperature and
de-aeration of the feed water.
Finally, power/water hybriddake advantage from the storage of water. Eléistris
difficult to be stored and desalination plants areeliable and constant costumer of
electricity. Thus, larger desalination plants caa aver-capacities of the network.
Furthermore dybrid integrated membrargrocess is possible: the low pressure reverse
osmosis involves a nanofiltration stage as pretstreat and a second RO stage operated
at 20 bar (Van der Bruggest al.,2003). The NF pre-treatment step uses ion-sekectiv
membranes and has two main advantages: the sieffexj and the electrostatic effect.
This means a high rejection of uncharged speciepefuding on the size) and a high
rejection of divalent ions, so that the recovery d& increased in the RO stage.
However, at current state-of-the-art, water cosiaftNF/RO process in still higher than
a double pass RO (Fritzmaenal.,, 2007).

2.5.2 Considerations

Reverse Osmosis has lots of advantages: the pracesshe modular installation is
simple, plants have a high space/production capaaiio, seemingly unlimited and
reliable water sources. However membranes aretsenso abuse, pre-treatment is
always required, brine must be carefully disposed #here is risk of bacterial
contamination of the membrane. Despite the hightscoempared to conventional
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technologies for the treatment of fresh water sashgroundwater extraction or
rainwater harvesting, advances in technology haen severse osmosis become the
most popular desalination process in the world.nF2005 to 2008 the annual RO
capacity increased from 2 million to 3.5milliorf/aiay and the 61.1% of the worldwide
capacity is attributable to RO (Pendeal., 2011). Basically, R&D is continuing to
improve the process; for instance the first plaopsrated with a pressure of 120bar,
nowadays plants operate at 60bar. The energy denf@andBWRO desalination
processes by state-of-the-art is only 25% highan tine practical minimum energy for
desalination for an ideal RO stage (Menachem, 2(Hdapefully future research could
decrease the energy demand and increase the ezféoigncy, focus on pre-treatment
and post-treatment, yet too extensive in the psoddsence, it involves the development
of fouling-resistant membranes and the improving hyfdrodynamic mixing in
membrane modules.

Seawater offers the prospective for a stable anoh@ddnt source of fresh water, but
further researches and studies has to be donepmwa and develop this necessary
technology.
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Manipulated Osmosis Desalination
process

The aim of this chapter is to describe the novehidalated Osmosis Desalination
process developed at the University of Surrey’'s t@efor Osmosis Research and
Applications (CORA) (Sharif & Al-Mayabhi, 2005). lorder to do this, forward osmosis
principles and technology is firstly given in Secti3.1, and MOD process is explained
in Section 3.2.

3.1 Forward osmosis

Forward Osmosis (FO) principles are unfolded inftiilowing paragraphs in order to
have the necessary elements to understand MOD gmod®s RO, FO uses a
semipermeable membrane, which acts as a barrieratloavs the passage of small
molecules like water, and rejects bigger molecslésh as salts and bacterial species.
FO is a net flow of water through the membrane wuthe natural osmotic pressure.
Water moves from a region of higher water potentaber solute concentration, lower
osmotic potential and lower entropy to a regiorlosfer water potential, higher solute
concentration, higher osmotic potential and high@ropy (see Figure 3.1). It results in
concentration of a feed stream and dilution ofghlyi concentrate stream (Cathal.,
2006).

Forward Osmosis Reverse Osmosis
Force
o (AP)
=4 Osmotic
=1 Pressure
Pure Pure
Water VWater

Semi-permeable
Membrane

Figure 3.1.Schematic representation of the osmosis phenonmerevérse osmosis
and forward osmosis.



54 Chapter 3

Forward osmosis is used in emerging desalinati@tgases, wastewater treatment,
water purification, hydration bags, food processimine concentration and dehydration
of pharmaceutical products. It is also used to geeepower (Pressure Retarded
Osmosis PRO). In order to produce electricity, demotic pressure difference between
fresh water and sea water is converted into hyadtiospressure. Theoretically, 1.7 or
2.5MJ energy can be produced respectively from dfmiver water and 1fhor more of
sea water (Zhaet al.,2012). In the following paragraph the desalinatipplication of
FO is described.

3.1.1 Forward osmosis desalination process

Forward osmosis is currently been studied as arrggnge desalination process, and
represents a challenge for the future technologyrarements. Most previous literature
on FO desalination processes is in patent formmF2005, technical papers began to
appear in the international scientific world.

In recent studies, it was demonstrated that whemwssuitable FO membrane (e.g.FO-
asymmetric cellulose triacetate) and a high osmutssure draw solution (e.g. highly
soluble ammonia and carbon dioxide gases), seawaterbe efficiently desalinated

(Cathet al.,2006). In Figure 3.2 the FO desalination procesfigsvn.

| Salt-rejecting |Diluted draw solution
|membrana

Armamonia and
carbon dioxide

recovery systam

Concentrated bri ni//

Figure 3.2.Schematic representation of the FO desalinatiorcess.

Water is extracted from the sea and passes the EMbrane, due to the osmotic
pressure. It results in the dilution of the draluson. Upon moderate heating (close to
65 °C), the dilute draw solution decompose to ammand carbon dioxide. Generally
speaking, the separation of the fresh product watdrthe dilute draw solution can be
obtained in several ways (e.g. column distillatioan exchange, electrodialysis,
crystallization, rapid spray or membrane distia). The separated draw solution is
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then recycled to the FO unit. In a FO process,réte of permeate water through the
membrane is approximately proportional to membranea and osmotic pressure
difference. Bench-scale FO data demonstrated thatania-carbon dioxide FO process
with CTA membrane is a possible desalination precsalt rejection is about 95% and
flux is 25 L/nth, with a calculated driving force of more than 268r (Cathet al.,
2006). The flux is lower than expected, due tormaeCP (see § 3.1.1).
The only pressure to be applied is due to the flesistance in the membrane module
(few bars). Thus, the equipment to be used is semple and membrane support is not
a problem.
FO desalination process operates with some advesmithgompared to RO desalination
process (Chungt al.,2010 and Zhaet al.,2012):

low hydraulic pressure which leads low fouling, loswergy and reduced

cleaning;

high osmotic pressure, which leads to high watex #ind high recovery (over

75%);

high rejection, which leads to high quality prodant less contaminants;

no need of chemical pre-treatment;

less brine discharge;

no membrane compaction.
Thus, it can be summarized as a potentially lessatipn energy, low cost technology.
However the lack of high performance membranes, civhminimize fouling,
concentration polarization and reverse diffusiond ahe necessity for a simply
separable draw solution, have limited the assedfdfO desalination process.

3.1.1.1 Membranes

The desired FO membrane should have mechanicalparfdrmance stability, high
density of the active layer for high salt rejectiossistance to a wide range of pH, high
water flux, and low concentration polarization (@gwet al., 2010). Cellulose acetate
(CA), cellulose triacetate (CTA), polybenzimidazdleéBl) and aromatic polyamide
membranes have been developed for FO processelfash decade also asymmetric
cellulosic osmotically driven membranes, thin fitomposite (TFC) membranes and
chemically modified membranes have been investiggtbaoet al.,2012).

In pressure-driven membrane processes as RO orshlbfes and particles can

accumulate close to the membrane surface (contientiaolarization). It could be on
the feed side of the membrane (concentrative CBain the permeate side (dilutive
CP). Also in osmotic-driven membrane processe<x9bth concentrative and dilutive
concentration polarization (CP) reduce the effectiosmotic driving force. This
phenomenon can be minimized by increasing flow aigloand turbulence at the
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membrane surface. Unfortunately, because of theflmwin FO process, the ability to
reduce external CP is limited. Luckily, due to tbes hydraulic pressure applied, the
influence of external CP in fouling induction ismmal. The main problem with FO
membrane technology is to overcome the internat@oimation polarization (ICP). This
phenomenon is similar of the external CP, exceptte fact that it takes place within
the porous layer. It can be minimized by higherssrfliow and higher temperatures. In
FO applications for desalination, the active lapérthe membrane faces the feed
solution and the porous layer faces the draw smiutbecause the feed solution has a
higher fouling tendency (Zhaat al.,2012, see Figure 3.3).

ﬂ AT o

Draw
Solution

L support layer

active layer

Figure 3.3. Schematic representation of the concentration poddion across an
asymmetric membrane in FO (Cathal.,2006).

It can be evidently seen in Figure 3.3 that the @ignpressure difference between the
bulk draw solution and the bulk feednt,k) is higher than the osmotic pressure
difference across the membranery), due to the external CP. The effective osmotic
pressure driving forceAfier) is even lower, due to the internal CP within glwrous
layer. Furthermore, if feed and draw solutions flimmgential to the membrane, but in
opposite directions, the driving force is almoshgtant along the membrane module;
this makes the process more efficient.

As regards membrane module, different configuratan be used (Catét al., 2006):
flat sheet or tubular/capillary membranes are sulidin laboratory-scale; whereas flat
sheet membranes in plate-and-frame configuratiomsised in larger-scale application.
Spiral-wound membrane elements cannot usually beratgd in FO applications
because the draw solution cannot be forced to fimide the envelope formed by the
membranes. Plate-and-frame is the simplest flaétst@nfiguration. However the lack
of adequate membrane support limits operation W poessure, and the low packing
density leads to larger system footprint and consetly higher capital cost. The use of
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tubular elements (similar to hollow fiber elemesge § 2.2.1) for FO continue
applications is more practical because: tubular brane are self-supported, packing
density is relatively high and liquids flow freebn both sides of the membrane. The
main different between tubular membranes and holfiner is the bigger internal
diameters of the membranes, which modifies the fl@gime from laminar to
turbulence. Thus, CP, fouling and scaling are reduc

To clean the membranes, backwash may be enougimtove the deposited patrticles.
This could be done simply replacing the draw solutivith pure water, or reducing the
concentration of the osmotic agent (OA) in ordergyemerate a net water flux in the
opposite direction. Similar results can be obtaibgdncreasing the salt concentration
in the feed side, or by fluctuating the operatingsgure.

Significant progress has to be made as regard naabrefficiency in order to make
FO competitive with other desalination processes.

3.1.1.2 Draw solutions

One of the main current challenges of FO desabnatechnology is to find out an
effective draw solution (DS). DS is usually a watetution of a high molecular weight
salt (osmotic agent, OA). The extent of OA diffusidepends on its molecular weight
(diffusion decreases as the OA molecular weighteiases) and on membrane type
(Merdaw, 2009). The draw solution is the sourcéhefdriving force of the process and
it should have these characteristics (Chehg@l., 2010 and Zha@t al., 2012): high
osmotic pressure (solute with a low molecular wBigtero toxicity, stability at or near
natural pH, minimum ICP, easy recovery and low .céstr the draw solution, lower

viscosities, higher diffusion coefficients, and deramolecules/ion sizes will minimize
ICP. Thus, better permeate fluxes will be obtainedTable 3.1 an overview of the
investigated draw solutions is reported.

The first draw solution used in 1965 by Batcheldas sulphur dioxide; it could be
removed by stripping operation. However, the patentague, and only demonstrates
that a positive water flux takes place. Later, @lgaeous aluminium sulphate and many
sugars, such as glucose and fructose, were expdaredaw solution. Kravath, in 1975,
described a FO desalination process using glucesdrawv solute; while concentrate
fructose was used by Stache in 1989 to producenkadre sugar-water. In 1992, Yaeli,
continued to test sugar, and described a conti@®&® process with sucrose as draw
solute. In the early 2000’s water soluble mixtur@ammonium bicarbonate (NHCO:3)
was discovered as draw solute (McCutcheon, Yale/ésgity). It can be recovered, in
carbon dioxide and ammonia, heating upon 65 °CredtiiR&D is focused on studying
highly hydrophilic nano-size particles as draw seduin integrated FO-UF process.
Where a UF step is used to split the product witen the dilute draw solution and
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recover the draw solution (Chungt al., 2010). Furthermore ultrasonication and
magnetic separators could recover a draw solutitim magnetic hydrophilic nano-size
particles. However, the problem of particles aggoation during the recycling is a
limiting factor. One of the last tested draw solige polymer hydrogel, which draws
water from the saline water feed when swelling, ael@ases the water during the
process of deswelling caused by heating, or hydraguressure. Moreover a gel-like
mixture composed of positively charged@®@0O,); and CaSQ with special negatively
charged nanopatrticle and an external magnetic, fledd been investigated as a novel
draw solution that could potentially make FO dews#tion process eco-sustainable
(Zhaoet al.,2012).

Table 3.1. Overview of the draw solutes/solutions used in FO
investigations and their recovery methods (Zhaal.e2012).

Year Draw solute/solution Recovery method
1965 Volatile solution (e.g. S® Heating or air stripping
1965 Mixture of water and another gas ¢5@r liquid Distillation

(aliphatic alcohols)

1972 Al,SO, Precipitation by doping Ca(OHl)

1975 Glucose None

1976 Nutrient solution None

1989 Fructose None

1992 Sugar RO

2002 KNG, and SQ SO2 is recycled through standard
means

2005- KNO;z; and SQ(NH4HCOs) Moderate heating (~ 60°C)

2007

2007 Magnetic nanoparticles Captured by a canéstparator

2007 Dendrimers Adjusting pH or UF

2007 Albumin Denatured and solidified by
heating

2010 2-Methylimidazole-based solutes FO-MD®

2010- Magnetic nanoparticles Recycled by a magnetic field

2011

2011 Stimuli-responsive polymer hydrogels Deswelling the polymer
hydrogels

2011 Fertilizers Unnecessary

2011 Hydrophilic nanoparticles UF

(1) Membrane Distillation
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3.1.1.3 Considerations

Internal concentration polarization, reverse soldiffusion, membrane characteristic,
draw solute properties and membrane fouling are ni@én key challenges of FO
applications. These factors are not isolated mgety linked to each other. Figure 3.4
shows the relationship between the key challenfes.membrane support layer should
have high porosity in order to decrease ICP, aedntembrane active layer should be
highly selective in order to reduce reverse sotlitieision. As reverse solute diffusion
decrease, membrane fouling can further decreaseaW solute particles are small, the
ICP will be reduced. However both reverse solutiéusion and membrane fouling
could increase. Thus, the criteria for the choi€ehe right solution is more critical.
Generally, high reverse solute diffusion may pradatern membrane fouling and vice
versa.

Support layer

solute °

diffusion

Membrane
Fouling

Figure 3.4.Relationship between ICP, membrane fouling, reveddution diffusion,
membrane characteristic and draw solute propeiitieBO (Zhao et al., 2012).

Forward osmosis is growing as an alternative tode€alination process because of its
advantages compare to pressure-driven membranegses:. However, to scale up FO
from research applications to industrial plantgngicant improvements of both FO
membrane performance and draw solute have to be.mad

Another important criterion is the selection ofugtable process for re-concentrating the
draw solution and obtaining the fresh product wafEnere are several different
technological solutions such as column distillatiorembrane distillation, heating and
stripping. The use of a pressure-driven membraep @bw-pressure RO or high-
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permeability NF) in the recovering stage, charaoterthe novel Manipulated Osmosis
Desalination (MOD) process, developed at CORA ($8aAl-Mayahi, 2005).The aim
of this thesis is to test, in a RO element, a swhubf water and ethanol, as draw
solution in a MOD process.

3.2 Manipulated Osmosis Desalination process

The innovations of CORA in the area of desalinatima renewable power generation
have been commercialised through a university epin- company, Surrey

Aquatechnology Ltd, which was merged with the Alistéd company Modern Water
plc in 2007, and since then three commercial pléwatge been installed in Southern
Europe and the Middle East. Some patent have bese do protect the novel

technology (MOD is based on Patent number US787934B/ent removal process).
MOD is a relatively new process to replace the R, owhich is based on the
manipulation of the osmotic potential between twugons to permit fresh water to

diffuse in the wanted direction.

3.2.1 MOD process

Manipulated Osmosis Desalination process is showkigure 3.5. The difference from
the FO schematic representation of Figure 3.2 thenregeneration unit: MOD process
involves a NF or RO step to regenerate the drautisol (concentrate osmotic agent).

Seawater or brackish Reject from manipulated
water feed osmosis system

]

Forward Osmosis System

F il

Diluted Concentrated
Osmotic Agent Osmotic Agent

Yy

Q ’
Regeneration System ]

Product Water

Figure 3.5.Simplified MOD process diagram (Thompson, 2011).
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The process description is the same of a normadlégalination process as described in
paragraph 8 3.1.1. The first step is a FO unit th@tes out fresh water from a
concentrated salt solution, by manipulating the @tssvenergy potential through the use
of a proper draw solution. The regeneration sysitem low-pressure RO or high-
permeability NF pressure-membrane based unit. i tbgeneration step, water is
driven through the membrane by hydraulic pressurerder to overcome its natural
tendency. Hydraulic pressure consumes energy,abcareful selection of the osmotic
agent (OA) and the operating conditions may minarize energy requirement.
Key benefits of the MOD process, which have beemaiestrated studying the MOD
plants in operation, include (Thompson, 2011):
lower fouling propensity and consequently lowerragiag cost;
lower energy consumption than conventional RO, iq@aerly with difficult feed
waters (30% lower than RO);
fewer replacements of the membrane, which resulta reduced membrane
whole life cost;
provision of a double membrane barrier between feater and desalinated
water;
reducing of problematic seawater contaminants ssdboron;
lower cost and easier fabrication due to the uskwfpressure pipework and
fittings;
possibility of modifying the properties of the OA order to modify the product
quality.
The membranes used are, unlike RO membrane, caloesistant. The OA is based
upon a low cost, non-toxic, commodity chemical. Tdetails of Modern Water's
proprietary OA, and the type of the membrane armergercially sensitive and so are not
presented here.
New semi-empirical models have been developed anfled in order to describe mass
transfers in MOD process (Merdaw, 2009):
Dynamic Equilibrium-Chemical Capacitance (DECC) midtas been applied to
describe the mass transfer in the FO process. Arggy, the dynamic
equilibrium is used to explain the relationshipvietn water and solute flux, the
electrical capacitance is dealt with to estimate Holution resistance and
permeability, and two resistances in series aresidered (membrane and
solution);
Solution diffusion-pore flow-fluid resistance (SDHFR) model had been
investigated for the mass transfer in RO processcoAdingly, water
permeability is used as an alternative to CP. leuntlore, a better description of
membrane-fluid interaction is reached;
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two new analytical models have been developed rik thembrane micro-
structural parameters, solution molecular properéiad operational condition:
Analytical-Solution Diffusion-Pore Flow (ASDPF) meld and Molecular Trap
(MT) model.
Furthermore, a new theoretical definition of the@fic energy consumption, based on
mechanical energy balances, is used to asses®tfenpance of each unit and of the
whole MOD process.

3.2.2 MOD facilities

MOD process has been investigated initially throptdnned separate investigation of
bench-scale FO and RO unit. The results of ind@idRO and FO experiments have
been used to select the optimal operational canditof the MOD process. For instance
the draw solution dilution has to equate the valtighe recovery rate at the RO unit.
Then, a MOD pilot plant has been operated. Aftda dallection, models investigation
and validation, scale-up has been done to test M@Dess out of laboratories, and to
have enough long-time data to optimize all pro¢bsrdaw, 2009).

Laboratory test rig

MOD process has been investigated at CORA. The C@R# used a laboratory test
rig to examine the performance of several membuaits and procedure to develop the
concept of Manipulated Osmosis Desalination.

Trial facility

In September 2008, Modern Water commissioned tisé ifnplementation of a MOD
plant outside a laboratory environment. The plaas Wcated at Gibraltar, and it was
used as a trial FO/RO facility. Then, this plans baen supplying drinkable water to the
local system since 1 May 2009. The feed watery aftehared pre-treatment, enters to
the FO unit with SDI between 3 and 4. Typicallye ghroduct water has a TDS of less
than 200 mg/L and boron level of less than 0.6 m@ke Gibraltar plants was used to:
confirm the accuracy of mathematical models, dernates the stable operation of
MOD cycle, optimise the entire process gatheringgiterm operational data, test the
duration of the membrane, and identify real-wosislies that may not be apparent in the
laboratory-scale.

Production facility

In July 2009, a production plant with a design cityaof 100nt/d was planned and
deployed to a site in the Sultanate of Oman. Tteeisiowned by the Public Authority
for Electricity and Water (PAEW) and, prior to MadeWater’s arrival, contained a
SWRO plant with a nominal capacity of 106/ch MOD plant was designed to share
both pre- and post- treatment equipment on thensttethe existing facility, in order to



Manipulated Osmosis Desalination process 63

demonstrate the benefits of MOD compared with tledRant. The plant has been fully
operational since November 2009. Modern Water'seegpce on the site has been
challenging, due to the hard ambient conditions tedlow quality of the feed water.
Despite the difficulties, the product water typlgdlas TDS of less than 200mg/L and a
boron level between 0.6 and 0.8 mg/L, with a recpwé 35% and a feed water SDI of
5. The output of FO system, over the course of 20&Mained relatively the same.
Contrarily, over the same period, SWRO output, deghe repeated cleaning, had a
decline of 30%. Furthermore, the energy consumptibiMOD plants is lower than
SWRO. For instance, the specific energy consummi@runit of product is 4.9kWh/n
for MOD plant, instead of 8.5kWh/hior the SWRO plant. MOD process is seen to be
operated at about 60% of the energy consumptioth®fSWRO plant (Thompson,
2011). A third desalination plant is being builtsdtNaghdah in the Al Wusta region of
Oman for PAEW. The plant is designed to producen®dd of drinkable water which
will be supplied to the local community.

3.2.3 Considerations

The success of MOD is highly dependent on the prgedection of RO and FO
membrane, and the draw solution. Moreover membmane-structure, fluid properties
and operation conditions need efficient models ideo to obtain excellent design
equations.

Modern Water has successfully taken MOD process fitee laboratory to a full-scale
commercial facility, investigating the aforemengonissues. Key advantages have been
proven and MOD technology is ready to become matuieuld save the 90% of the
energy requirement compared to current thermallidesan processes and the 30% (up
to 60% in Sultanate of Oman’s facility) compared S8/VRO process. If RO was
considered a revolutionary technology in desaloratprocesses 30 years ago, now
MOD process can further reduce costs and save erieng Water Desalination Report
(WDR) of Global Water Intelligence (19 November @ptated MOD technology 8.9
out of 10, the highest rate in desalination proegssNevertheless, membrane
technology and the optimization of the process hHaviee improved because there are
still areas of amelioration, so that minimized MCEpecific Energy Consumption
(SEC) would make the process more commerciallyactitre. Furthermore, the
discovery of a better draw solution could make pihecess more efficient. The aim of
this thesis is exactly to test one possible drawtem make of ethanol and water.
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Experimental work

The experimental work involves two types of RO -8aket thin film composite
commercially available membrane: polyamide PRILP, and aromatic polyamide
RO98pHP (previous name: HR98PP) membranes. Experimentcamréed out in a
bench-scale cell using a solution of water andreihat different concentration as feed
solution. In the Section 1 a brief discussion abwaiter-ethanol solution is given, while
in Section 2 the bench-scale experiments are destri

4.1 Ethanol as an osmotic agent

Ethanol is a 2-carbon alcohol with chemical form@&s;CH,OH. It is a volatile,
flammable and colourless liquid. Solutions of etilaand water form an azeotrope at
about 89% ethanol and 11% water by mole, or abbu&% of ethanol by mass. This
azeotropic composition strongly depends on tempexaand pressure. In Table 4.1 a
comparison between water and ethanol propertigisas/n.

Table 4.1.Ethanol and water properties.

Property Ethanol Water
Melting point -114.1°C 0.0°C
Boiling point 78.5°C 100 °C
Density (25C) 787.00 Kg/m  997.05 Kg/m
Molecular weight [u] 46.07 18.015

Water-ethanol solution could potentially be a salgadraw solution for the following
reason:
« high available osmotic pressure gradient over eewahge of composition (see
Table 4.2);
- ethanol has a low molecular weight;
« high ethanol solubility in water;
- ethanol is relatively cheap;



66 Chapter 4

- enough vapour-liquid equilibrium data in the litew® to precisely describe the

chemical potential of aqueous-ethanol solutiondetsign the separation process.

In Table 4.2 the osmotic pressure of ethanol inewatt different concentrations is

shown. Low concentrations generate a solution vhigh osmotic pressure. This

confirms the aforementioned reason why ethanoldcpatentially be a suitable osmotic
agent. The data has been obtained by using OlLftwae.

Table 4.2.Water-ethanol osmotic pressure at different conegioins
(25°C, 1bar).Values calculated using OLI's softwg@LlI System
Inc., 2006).

Ethanol concentration [mol/Ly,0] Ethanol concentration [% m/m] Osmotic pressure [am]

0.2 0.92 4.83

0.4 1.81 9.55

1 4.42 23.12
3 12.17 62.79
5 18.77 92.58
6 21.71 109.92
8 26.99 135.05
10 31.60 156.13
15 40.94 194.29
20 48.03 214.96
25 53.60 220.04

Several simulations of water-ethanol solutions,ehlaeen done by using OLI's software
in order to evaluate:

- the change of osmotic pressure with pressure ataonnhethanol composition;

- the change of osmotic pressure with temperaturecatstant ethanol

composition.

In Figure 4.1 the dependence of water-ethanol asmptessure at different
concentrations as a function of pressure is shéivisclear that pressure does not affect
the osmotic pressure of the system. For instaheepsmotic pressure of a 20 mejb.
ethanol solution in water slightly increases fromi4®6atm to 215.14atm with
increasing the pressure from 1 to 30atm. Besidhe, dsmotic pressure of a
0.65mol/L20 ethanol solution in water slightly increases fram31latm to 15.32atm
with increasing the pressure from 1 to 30atm. Thenges, for this two aforementioned
concentrations are only about +0.084% and +0.06&ectively, totally negligible for
our purpose.
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Figure 4.1.The osmotic pressurg of a solution of water and ethanol at different
concentrations, as a function of the pressure. ¥alcalculated using OLI's
software (OLI System Inc., 2006).

Figure 4.2 shows the dependence between osmosisypeeand temperature. It is clear

that at low concentration of ethanol in water, t®notic pressure increases as the

temperature increases, with an approximate linegeddence. At around 9-10mol/L

this trend begins to be reverse: as temperatureases, osmotic pressure decreases. At

higher concentration it is more evident. For inseggnthe osmotic pressure of a
0.65mol/Ly420 ethanol solution in water increases from 14.63@trh6.37atm (+11.9%),
when the temperature of the system is increased 1@ to 50 °C. On the contrary, the
osmotic pressure of a 20malfg ethanol solution in water decreases from 237.2Q@atm
182.23atm (-23.17%) in the same temperature gapsdhesults can be explained
considering the non-ideal behaviour of water-ethaotutions. At low concentration of

ethanol, even though the solution is not idealpediag to van’t Hoff relationship (see

paragraph 8 1.2.1, equation 1.11) the osmotic pressncreases as temperature

increases. On the contrary, at higher concentrather factors seem to overcome the

effect of the temperature in increasing the osmgtiessure, and the van't Hoff
relationship it is not followed.
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Figure 4.2. The osmotic pressurg of a solution of water and ethanol at different
concentrations, as a function of the temperaturalu¥s calculated using OLI's
software (OLI System Inc., 2006).

The experiments are carried out at room temperd@22€2°C). An accuracy analysis
about the temperature influence on the osmoticspresresults is given in paragraph §
4.2.4.

Solutions of water and aliphatic alcohols have beemstigated in the past (see §
3.1.1.2), but the membranes were not enough deselop reach significant results.
Recently, an aqueous ethanol solution has beestigaged as a draw solution in a FO
process by McCormick (2008) for different typesyeémbranes, in order to find out the
right membrane to minimize the loss of ethanol (MoGick et al.,2008). However, no
recovery methods are considered in McCormick ingagbn. Theoretically ethanol is a
perfect osmotic agent for MOD process, but alsthia case there are no enough data
about the DS recovery step.

There are several different processes to sepawty and ethanol; which are described
in the following paragraph. However, the aim okthihesis is to evaluate the separation
efficiency of a RO unit, which is the recovery st#pthe MOD process. In Figure 4.3
the investigated MOD process with ethanol as timeatis agent is shown.
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Figure 4.3.MOD process with ethanol as osmotic agent.

In the FO unit, water selectively permeates trotlghh membrane from the feed side
(lower water osmotic pressure) to the permeatedugethe osmotic pressure difference,
diluting the draw solution of ethanol and watereTiesulting water + draw solution is
then separated into a fresh water stream and #we slolution is recycled back to the
FO unit.

4.1.1 Water-Ethanol separation processes

Ethanol dehydration is an energy intensive prodessto the presence of the azeotropic
point. Ethanol and water can be separated by daeefmiques (Haelssigt al.,2011):
extractive distillation, pressure swing adsorptiohwater on molecular sieves and
pervaporation/vapour permeation of water througtiréghilic membrane. Furthermore
a hybrid process named Membrane Dephlegmationders investigated.

Distillation

The conventional separation process uses sevestlladion steps combined with a
dehydration process (normally extractive distiba)i to go over the azeotropic point.
Ethanol is first passed through a “beer” columnisTtolumn performs as a steam
stripping column and produces a vapour stream witomposition between 40% and
60% of ethanol by mass. This stream usually erdargnriching column to obtain a
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distillate close to the azeotropic point, which adedo be dehydrated in order to
overcome the azeotropic point and produce anhydethaol (Haelssigt al.,2012).

Pressure swing adsorption of water on molecular sieves

The vapour stream of ethanol and water is pumpetl @assed in some vessels,

containing specific molecular sieves. This can sspaethanol and water because,

under pressure, the absorbent bed inside the seaesels to adsorb water and allow at

the ethanol to pass through. Special adsorptivenadd (e.g., zeolites) are utilized as a

molecular sieve, specially adsorbing the targetspesies at high pressure. The process
then swings to low pressure to desorb the adsorbatsrial.

Pervaporation/vapour permeation of water through hydrophilic membrane

In vapour permeation the feed is a vapour, theraoigohase change or substantial
temperature difference across the membrane. Saparat realized by the different
grades to which components are dissolved in arfdsdéifthrough the polymer of the
membrane. The driving force is proportional to gaetial pressure difference of the
components in the feed. The main key factor ofgglazess is the membrane material
and characteristics (Boltt al.,2012). Hydrophilic organic polymers are generakgd

to separate water from water/organic mixtures, doetheir attraction of water
molecules: water sorption on the membrane surfdifieision through the membrane
matrix and desorption into the permeate bulk phase.

In pervaporation process the concepts are the séwapour permeation, but the feed is
a liquid. Thus, an energy-demanding phase tramsitiom the liquid to the vapours
occurs.

Both vapour permeation and pervaporation work atingrto the solution-diffusion
model.

Compare to pervaporation, vapour permeation reguiosver membrane area and
provides higher flow rate.

Membrane Dephlegmation

Another recent possibility to separate ethanol water is to use a hybrid distillation —
pervaporation process: Membrane Dephlegmation @dagkt al., 2011). This hybrid
process replaces the enriching column and dehgdragistem in the ethanol separation
process, combining both distillation and pervaporawithin the same unit: a vertically
oriented pervaporation membrane, with counter otirvapour-liquid contacting on its
surface. The pervaporation membranes are NaA eetyjite. They are not limited by
vapour-liquid equilibrium, in order to break thesafropic point, reaching concentration
of ethanol greater than 99% by mass. These kindmeshbranes, compared with the
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polymeric alternatives, have higher water fluxesl dgher separation factors. This
leads to lower separation costs, absence of camatiemt polarization, less swelling of
the membrane and higher energy efficiency.

Membrane Dephlegmation is not the only possibleridybeparation process that has
been investigated. In Figure 4.4 the most promisindprid separation process
configuration involving distillation are shown, peaire swing adsorption and vapour
permeation, and the benchmark process (Rb#i.,2010). The hybrid processes could
overcome existing limitations and offer a more gyeefficient and economic process.
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Figure 4.4.Promising hybrid separation processes for ethatelydration (Roth et
al., 2010).

4.2 Bench-scale experiments

The RO experiments have been carried out with pater, salt water and aqueous
solutions of ethanol as feed in order to investghe performance of the membranes.
The effect of hydraulic pressure, at constant teatpee, in water flux and ethanol
rejection has been examined.

4.2.1 Laboratory cell

Experiments were carried out using a small stat@ Rboratory cell supplied by
SpinTek Filtration, Inc. (USA) (Figure 4.5). Theiuoonsists in a variable speed high
pressure pump with flexible connections, a pressgymage for the feed and the
concentrate line, a digital flow meter and a needlve at the concentrate line, a 4-
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liters feed tank and a flat sheet membrane’s déie flat sheet membrane is laid
horizontally on the lower fixed part of the celhd membrane is then tightened in-place
using a rubber gasket with the upper part of thebgeeight, evenly positioned, screw
bolts with nuts. The feed solution flows alongsille lower side of the membrane and
discharges through a needle valve as concentragep@rmeate fluid obtained from the
upper side of the membrane flows through a smahoy in the upper part of the cell.
In order to avoid membrane bending towards the ityrpermeate side due to the high
hydraulic pressure difference, ten layers of highopity filter paper (Whatman, type 1-
Qualitative, filter speed: Medium-Fast) were emkatidver the membrane substrate
surface (for a total thickness of about 2.2 mm) #reh secured by a stainless wire
mesh of 1 mm thickness.

The upper hydraulic pressure used for the expetsnevas 20bar, which is the
maximum operating hydraulic pressure allowed byuh&. The flow diagram of the
reverse osmosis test set-up is depicted in Figire 4

PERMEATE
QUTLET

MEMBRANE|
TEST
SAMPLE

CONCENTRATE

Figure 4.5.Reverse osmosis bench-scale cell named StaticCBH{STC (SpinTek
Filtration, Inc., USA)).
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-

Pressure gauge Pressure gauge
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2 NV,
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High-pressure pump

Figure 4.6 Flow diagram of the reverse osmosis test set-up.
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The filter paper layers force the feed fluid to p#srough the grooves of the zigzagged
path of the lower part of the cell, as shown inuFgg4.7. The membrane active area is
calculated from the path geometry; it is about 45¢hg,).

Concentrate outlet

(Channel depth: 2.8 mm) 7,6
©
s — 5
%
©
©
)
%
—
m ~
o
95

Feed inlet

Figure 4.7. Top view of the lower fixed part of the RO cellpwig the feed flow
path. The channel cross section is about 21.3.ffre dimensions are expressed in
mm.

4.2.2 Membranes

The first membrane used is TEOLP. It is manufactured by Koch Membrane System,
Inc. (USA), and it was commercialized from 1995aasew generation of the TFC
membranes with polyamide active layer. It is usualised for brackish water
desalination by RO process with ultra-low press(ué&P). About 20-33 % lower
energy consumption can be achieved using ®FBCP membrane in a brackish water
application (Filteawet al.,1997).

Table 4.3 lists some operation and design datataheumembrane as specified by the
manufacturer, and Table 4.4 lists some micro-stiratiproperties.

Table 4.3.Manufacturer’'s operating and design data of TFGLP
membrane referred to the 4014 spiral wound modsdt (Eonditions:
700 ppm TDS, 13.8 bar, 25°C, pH 7, 15% recovery).

TFC®-ULP
NaCl rejection [%] 99.0
Permeate flux [L/(rhh)] 46.57
Specific permeate flux [L/( frh bar)] 6.14
Maximum operating temperature [°C] 45
Maximum operating pressure [bar] 24.20
Maximum free chlorine @ 25°C [mg/L] <0.1

Allowable pH — continuous operation 4-11
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Table 4.4.Micro-structural properties of TF&EULP membrane.

TFC®-ULP
Pure water permeability @ 25°C [L7m.kPa]  1.95"
Molecular Weight Cut Off (MWCO) [Da] <189
Mean pore diameter [nm] <0.64%
Contact angle [°] 38
Mean roughness [nm] 429
Charge @ pH 6 Negatitfe

@ (Xu &Drewes, 2006)2 (Xu et al., 2005)™ (Schafer et al., 2000)

The mean pore diameter of a membrane can be fddtyrthe molecular weight cut-off
(MWCO) measured by Dalton (Da), which is a nominsasure of the separation
potential of a membrane. It is defined as the mdécweight of the molecule that is
90% retained by the membrane. Commercially, MWE€Qsied as an indication for the
membrane’s pore size. However, no industry standsidt, therefore the MWCO
ratings of different manufactures are often not parable. Furthermore, the
permeability of a solute is dependent, in additmmolecular weight, also on the shape
of the molecule, its degree of hydration and itargk, and the nature of the solvent
(solvent pH and ionic strength). Accordingly, MW@&Bould be used only as a guide,
and not as an exact indicator of performance.

The mean pore diameter of a membrane can be cadugpproximately from the
MWCO data by using the following empirical relatsbip between the molecular
weight and the molecular diameter (Ren et al., 2006

D, = 0.066 MW 46 (4.1)

where D,, is the approximate equivalent diameter of the ke in nanometers and
MW is the molecular weight in g/mol.

The wetting and adhesion properties of membranesafiected by the contact angle,
which is the angle at which the liquid/vapor ins&& meets the solid membrane surface.
The contact angle is specific for any given systemd is defined by the interactions
across the interface.

Roughness is a measure of the texture of a surfllce. mean roughness is the
arithmetic average of the deviations from the aeplane of peaks and valleys taken at
different equally spaced spots (Hirose et al., 1996
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Initially, the membrane is conditioned by usingideized water as feed at 25°C and
about 10bar for 3 hours, in order to eliminate argversible changes that could affect
the following experiments.

The second membrane used was RO98pHt is manufactured by Alfa Laval
(Denmark), and it is a high-rejection aromatic pohyde with a polypropylene support.
Table 4.5 lists some operation and design datataheumembrane as specified by the
manufacturer.

Table 4.5. Manufacturer's operating and design data of
RO98pHt®flat sheet membrane (test conditions: 2ppon NacCl,
16bar, 25°C).

RO98pH®
NaCl rejection [%0] >97.0
Typical operating pressure [bar] 46.57
Operating temperature range [°C] 5-60
Maximum operating pressure [bar] 55

Maximum free chlorine @ 25°C [mg/L <0.1

Allowable pH — continuous operation 2-11

The membrane is cleaned and conditioned prior titgali use with the following
cleaning procedure, as recommended by Alfa Lavadlist Specification:
flushing with de-ionized water as feed for one h@u°C and about 10bar);
recirculating the de-ionized water at 30-40°C, dtad pressure and flow
conditions for 30 minutes;
adding NaOH to achieve a pH of 8.5-10.5 and retatmg for 30 minutes;
flushing with de-ionized water as feed (25°C anduwblObar) until achieve
neutral pH for both permeate and retentate is aelie

4.2.3 Feed solutions

The feed fluids were de-ionized pure water, aquesmistions of NaCl and aqueous
solutions of ethanol. All the chemicals used wefréaboratory grade with high purity.
In Table 4.6 their general specifications are tiste
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Table 4.6.Specifications of the chemical used.

Chemical Manufacturer  Grade Purity ~ Molecular formula MW
Sodium chloride Sigma-Aldrich  Laboratory reagent >99.5% NacCl 58.44
Ethanol Fisher Scientific Analytical reagent grad@6% v/v.  CH3CH2OH 46.07

NacCl solutions were prepared by dissolving the ireguamounts of salts in pure water
of less than 10uS/cm electrical conductivity. Diggw of salt was carried out at
ambient temperature by using a laboratory magrstitier. Measures of concentration
during solutions preparation and during experimemése taken by using a digital
electrical conductivity meter (model: SevenMultianufactured by Mettler-Toledo,
Switzerland). The measurement of concentration amaluctivity were taken directly
from the instrument readings, as it was calibrébedhis use.
Ethanol solutions were prepared by pouring theutaled amounts of ethanol in a
known-volume holder, and filling the holder withrpuwater, in order to generate the
required solution. Otherwise, if the ethanol iseditb the wanted volume of water, the
volume of the solution may change, because walemel solutions have excess
volumes.
In order to measure the concentration of ethanothimm permeate and concentrate
streams, several possibilities have been investigathe concentration of ethanol in
aqueous samples can be measured by:
- the electrical conductivity of the samples and ifigdout the concentration of
ethanol comparing the values generated by OLI's\ng0€;
- the density of the samples and calculating outtreentration of ethanol with a
mathematical model based from the following equmtio

1
Pmix = s Ve (4.2)
Lpl_

where p,,i, 1S the density of the sample; andp; are respectively the mass
fraction and the density of the pure substance eaadhe excess quantity due to
the no ideal solution;
- the analysis of samples with Gas Chromatography) (@QHigh Performance
Liquid Chromatography (HPLC).
As regards the electrical conductivity method, ¢hare several negative aspects: the
variation of EC is too small to be measured witbuaacy, the EC of de-ionized water
slightly changes in every experiment, and ethasokivery weak electrolyte. As
concerns the density method, the density-meteradlaiin the laboratory unluckily
was three decimal accurate. Unfortunately, workatgsuch low concentration of
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ethanol, a four decimal density-meter would be iregu Therefore, both conductivity
and density method could not be used to measuredheentration of ethanol in the
samples. The most suitable alternatives are t@ @€ or HPLC analysis.

In order to analyse the samples, the GC instrunoénthe Chemistry Department
(University of Surrey) has been used (Agilent 68%Ghh flame ionisation detector).
The ethanol concentrations in de-ionized water,hwite corresponding osmotic
pressures used to test the performance of*FBCP and RO98pHt membranes are
listed in Table 4.7. The concentration of ethamolvater is low, in order to generate a
solution with an osmotic pressure lower than th&imam operating pressure of TEC
ULP membrane (24.2 bar) and the maximum operatiagspire of the RO unit (20 bar).
In addition, the concentration of ethanol in waerappropriate for the aim of this
research. The osmotic pressure of the solutioralisutated by using OLI's software
(OLI System, Inc., 2006).

Table 4.7. Ethanol concentration and osmotic pressure of #nedf
solution.

Ethanol concentration  Ethanol concentration Ethanol concentration Osmotic pressure

[mol/L 0] [Yov/v] [Yom/m] [25°C, latm]
0.05 0.29 0.23 1.22
0.15 0.87 0.69 3.63
0.25 1.44 1.14 6.01
0.35 2.00 1.59 8.38
0.45 2.56 2.04 10.71
0.55 3.11 2.48 13.02
0.65 3.66 2.92 15.30

4.2.4 Experimental accuracy

Generally, the aim of the experiments is to ingzge the relationship between the
controllable variables and the observed respomseul case, the controllable variables
considered are the solutes concentration and tdeablyc pressure of the feed fluid.

The experiments were carried out at constant flesd fate and cell configuration. The

observed variables were the flow rate and the auraton of permeate and concentrate
streams, and the hydraulic pressure of the coratentlhe collected data were then
used to calculate other process variables: watgrfirm volume and time data; solute
flux from concentration, volume and time data; osmpressure difference across the
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membrane (by converting concentrations to osmatsgure by using OLI's software)
and solute and water permeability from all aforetivered data.

The experiments were carried out at room tempezatiir22+2°C. As described in
paragraph 8 4.1, the temperature influences theotisrpressure of the feed. Then,
accuracy analysis about the temperature influenceth® result is given in the
following.

The 0.65 mol/ly2o ethanol solution is chosen to do the accuracyyarslbecause it is
the highest concentration of ethanol used in thgesments, where the temperature
effect is higher. The osmotic pressure of the patmand concentrate streams for each
investigated pressure was calculated by using Gidfsware firstly at 20°C and then at
24°C. The difference from the calculat&lo-c andAm,4-c is about 1.14% for both the
experiments (the first with TFGULP and the second with RO98fSirtembranes).
Hence, the effect of the variation of the room temagure on the osmotic pressure is
completely negligible in our experimental work.

However, it is clear that the temperature influenakso the values of the fluxes through
the membrane; for instance a rise in the temperatareases the permeate flux.
Consequently, the effects of temperature variati@miywveen 20°C and 24°C, during the
experiments have been considered acceptable fqguitp®se of this thesis; however in
the same time they are a considerable limitatiothisf works, because the temperature
effects on fluxes were not considered.

In addition, some experimental data have been oegleafter careful considerations, in
order to maximize the correlation ind&% (0< R’<1). The model used is linear, thus a
linear regression has been used. The neglecteddalih have been affected due casual
errors, ethanol evaporation, increasing of the femdperature due to the pump or
unsteady state measurement.

Finally, the experimental concentration data fa&r hO5mol/L ethanol solution are not
considered for the ethanol permeability, ethanak fand ethanol rejection calculation
because they fall outside of the calibration cuofethe GC used for the samples
analysis.

4.2.5 Experimental procedure

In this section a detailed description of the ekpental procedure is presented.

The experiments have been performed accordingetfottowing procedure:
the RO unit was completely disassemble, each coermda accurately cleaned
with a mixture of hot water and a citric acid soap;
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the RO unit was carefully assembled and then wifleshed with a mixture of
hot water and a citric acid soap, in order to reenal the salts deposits left from
the previous experiments;

the RO unit was flushed with de-ionized water, miev to remove all the
impurities from the pipes and the cell;

the membrane was cut and positioned in the cefi tem layers of filter paper as
described in paragraph 8§ 4.2.1;

the membrane was cleaned and conditioned as deddnbparagraph § 4.2.2.
Moreover, in between the use of two feed solutisith different solutes, the
system was flushed with de-ionized water for 3 Bdarremove residuals of the
previous solutions;

the membrane was tested with an aqueous feed @olatiNaCl (8.2 g/L), in
order to verify the operation of the membrane. Tdedl solution was prepared
as described in paragraph § 4.2.2;

the pure water permeability was measured with puater experiments at two
different temperatures (26°C and 33°C);

the feed ethanol aqueous solutions for each merabrweere prepared as
described in paragraph 8§ 4.2.2;

the RO unit was flushed with the required feed smfuin order to remove all
previous substances. The experiments were carug¢datoroom temperature
(22+2°C) and at constant feed flow rate and cefifigoiration. The controllable
variables considered are the feed ethanol condemiydhe temperature and the
hydraulic pressure of the feed fluid. The obsenvadables are the flow rate and
the concentration of permeate and concentrate nsse@and the hydraulic
pressure of the concentrate. The investigated fleetipressures are: 2, 5, 8, 11,
14, 17 and 20 bar. For each pressure 3 samplesrofeate and 3 samples of
concentrate were taken. The samples were analygedfind out the
concentration of ethanol, by using GC (see 8§ 4@ Zpecification). Permeate
flow rates have been measured manually for eaahl® oL collected by using
a 10 mL measuring cylinder and a digital stopwatch.
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Results and discussion

As described in Chapter 4, several bench-scaleriengests have been carried out using
two types of flat-sheet membrane: TROLP and RO98pHt membranes (see
paragraph 8§ 4.2.2 for specifications). These erpants can be divided in three main
groups:

1. with pure water as feed to determine the pure wagemeability 4,,,,,);

2. with salt water as feed in order to verify the @tem of the membrane;

3. with aqueous ethanol solutions, to investigatesey@aration performance of the

membranes.

The Solution Diffusion Model (see § 2.2.2.1) isdise elaborate the experimental data.
According to its assumption, it is suitable to warkt of the experimental data, due to
the low concentration of salt and ethanol in treslfe
In the following sections the results of the afoesmtioned experiments are presented,
and a discussion about the experimental work igld@ed in the last section.

5.1 Pure water experiments

These experiments were carried out with the purgoseetermine the pure water
permeability 4,,,) and the water flux through the membrang).( These two
parameters are calculated by using the followingaéqn based on the Solution
Diffusion Model:

Jw = Awmlp (5.1)
P¢+P.
Ap = fz - B, , (5.2)

whereAp is the average value of the trans-membrane hyidratdssure difference, and
the subscriptsf, ¢ and p refer to the feed, concentrate and permeate stream
respectively. Thus, the water flux through the memb (,,) is estimated by dividing
the amount of water collected in a certain timethy membrane active ared,,. The
pure water permeability is calculated by dividihg twater flux by the trans-membrane
hydraulic pressure difference.
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Pure water has a maximum electrical conductivit§@iS/cm.
Figure 5.1 shows the values of pure water permigabif both TFC-ULP and
RO98pHP membranes as a function of the hydraulic pressifference across the
membrane at 26 and 32°C, and at a constant feeddlie of ~ 107 L/h.
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Figure 5.1.Pure water permeability of TFGULP and RO98pHt membranes at 26
and 32°C, as a function of the hydraulic pressuifeetence across the membrane.
Feed flow rate constant at ~107 L/h.

Figure 5.2 shows the results of the water flux uigfothe membrane as a function of the
hydraulic pressure difference across the membra6 and 32°C, and at a constant
feed flow rate of ~ 107 L/h.
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Figure 5.2. Water flux through TF&EULP and RO98pHimembranesat 26 and
32°C, as a function of the hydraulic pressure diffeee across the membrane. Feed
flow rate constant at ~107 L/h.

Water flux, Jw [L/mZ2.h]




Results and discussion 83

5.2 Salt water experiments

The membranes were tested with a solution of 8.20§NaCl in order to verify their
operation and generate some data to compare wathvitter-ethanol experiments. In
these conditions, the osmotic pressure of the sallition, calculated with OLI's
software, was 6.3atm (25°C, latm).

The overall water permeabilit¢4,,) , the water flux(J,,), the salt permeabilityB;),
the salt flux(J), the salt rejectiorfiR), and the salt passa@R) are calculated with the
following equations:

Jw =Ay(4p — Am) (5.3)

Js="22 (5.4)

Js = Bs(cs,f - Cs,p) = B4, , (5.5)
Tr+T,

Am=T——m, (5.6)

R = ﬁ , (5.7)
cr

P=1-R, (5.8)

wherec is the salt concentratiom; is the osmotic pressure agdthe flow rate, the
subscriptsf, ¢ andp refer to the feed, concentrate and permeate stnemmectively. In
addition,A,, andB, are the overall water and salt permeabilityis the salt fluxj,, the
water flux, 4,, the area of the membrank,the salt passag€Ap — Amn) is the Net
Applied Pressure (NAP), atlis the salt rejection of the membrane.

Thus, the water flux through the membrafg) (s estimated by dividing the amount of
water collected in a certain time by the membracteve@ areaA,,. The overall water
permeability 4,,) is calculated by dividing the water flux by théAR. The values of
the osmotic pressure are calculated with OLI'svgafe after the measurement of the
salt concentrations. The solute flux through themtmeane [;) is estimated by using
Equation. (5.4), and the solute permeability ialated by dividing the solute flux by
the concentration difference. Eventually, the repec of the membrangR) is
calculated from Equation (5.7).

Figure 5.3 shows the overall water permeabilitypoth TFC-ULP and RO98pHt
membranes as a function of the NAP at room temperand at a constant feed flow
rate of ~ 107 L/h.
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Figure 5.3.Overall water permeability of TFGULP and RO98pHimembranesat
room temperature, as a function of the NAP. Feaw fate constant at ~107 L/h.

Figure 5.4 shows the experimental data of the whterthrough the membrane at room
temperature, and at a constant feed flow rateX@¥7~L/h, as a function of the NAP.
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Figure 5.4. Water flux through TF&EULP and RO98ptHfimembranesat room
temperature as a function of the NAP. Feed flow minstant at ~107 L/h.

Figure 5.5 shows the salt permeability of both TR@_.P and RO98pHt membranes at
room temperature and constant feed flow rate d%L1h, as a function of the NAP.
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Figure 5.5.Salt permeability of TFEULP and RO98pHat room temperature as
a function of the NAP. Feed flow rate constant B2 7~L/h.

Figure 5.6 shows the experimental data of the fak through TFE-ULP and
RO98pHE membranes at room temperature and constant feeddite of ~ 107 L/h, as
a function of the NAP.
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Figure 5.6.Solute flux through TFGULP and RO98ptHiat room temperature as a
function of the NAP. Feed flow rate constant at7Lh.

The salt rejection of both TFGULP and RO98ptft membranes is shown in Figure
5.7, as a function of the NAP at a constant feed ftate of ~ 107 L/h. In addition,
Figure 5.8 shows the salt passage of the membrane.
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Figure 5.7. Salt rejection of TFE&ULP and RO98pHimembranesat room
temperature, as a function of the NAP. Feed flol@ cnstant at ~107 L/h.
25
i —=—8.2 g/L NaCl TFC-ULP
20 -

8.2 g/L NaCl RO98pHt

1o§ e

Salt passage, P [%]

O ] T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14
Net Applied Pressure, AP-Axn) [bar

Figure 5.8. Salt passage of TFGULP and RO98ptftmembranesat room
temperature, as a function of the NAP. Feed flol@ cnstant at ~107 L/h.

5.3 Water-ethanol experiments

The membranes were tested at room temperature dfedtedt concentrations of

ethanol, as reported in Table 4.7 (see paragrapghZ4varying the feed pressure at
constant feed flow rate (see experimental procegaragraph 8§ 4.2.4).
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The overall water permeabilit§d,,), the water flux(J,,), the ethanol rejectiofR) and
the ethanol passag®) are calculated as described for the salt wateeraxgnts in
paragraph 8§ 5.2,

The ethanol permeabilitgB,), the ethanol fluxJ,) are calculated with the following
equations:

Jo="2, (5.9)
Je = Be(Cep — Cep) = Bedc (5.10)

wherec is the salt concentration agdthe flow rate, the subscripfsandp refer to the
feed, and permeate stream, respectiviglyis the ethanol permeability, is the ethanol
flux, and 4,, the area of the membrane. Thus, the ethanol ficough the membrane
(J.) is estimated by using Equation (5.9), and thamh permeability is calculated by
dividing the ethanol flux by the concentration difnce. The concentration of ethanol
in the permeate and concentrate streams are mdasyr@ GC. Instead, the values of
the osmotic pressure are calculated with OLI'svgafe.

The author would like to specify that all the comications shown in the following
diagrams should be considered as mol of ethandltpeof water.

5.3.1 Effect of concentration

In this paragraph, the effect of varying the coniion of ethanol in the feed on the
overall water permeability, ethanol flux, ethanetpeability and rejection is shown.

Overall water permeability

Figure 5.9 shows the overall water permeabilitf BE®-ULP membrane, as a function
of the NAP at room temperature, constant feed ftate of ~ 107 L/h, and different
concentrations of ethanol feed solution. Besidégure 5.10 shows the overall water
permeability of RO98pHfimembrane, as a function of the NAP at room tempezat

constant feed flow rate of ~ 107 L/h, and differ@aincentrations of ethanol feed
solution.
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Figure 5.9. Overall water permeability of TFGULP ®at room temperature and
different concentrations of ethanol, as a functidrthe net applied pressure. Feed
flow rate constant at ~107 L/h.
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Figure 5.10. Overall water permeability of RO98pHtt room temperature and
different concentrations of ethanol, as a functidrthe net applied pressure. Feed
flow rate constant at ~107 L/h.

Water flux

Figure 5.11 shows the experimental data of the métex through TFE-ULP
membrane, as a function of the hydraulic pressifferénce across the membrane at
room temperature, constant feed flow rate of ~ 7 and different concentrations of
ethanol feed solution. Besides, Figure 5.12 shdwswater flux through TFGULP
membrane as a function of the NAP.
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Figure 5.13 shows the experimental data of water through RO98pHt membrane,
as a function of the hydraulic pressure differemoss the membrane at room
temperature, constant feed flow rate of ~ 107 lahd different concentrations of
ethanol feed solution. Besides, Figure 5.14 shdweswater flux through RO98pfit
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Figure 5.11. Water flux through TF&ULP membrane at room temperature and
different concentrations of ethanol, as a functioh the hydraulic pressure
difference across the membrane. Feed flow ratetaahat ~107 L/h.
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Figure 5.12. Water flux through TF&ULP membrane at room temperature and
different concentrations of ethanol, as a functidrthe net applied pressure. Feed

flow rate constant at ~107 L/h.

membrane as a function of the NAP.
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Figure 5.13. Water flux through RO98pFimembraneat room temperature and
different concentrations of ethanol, as a functioh the hydraulic pressure
difference across the membrane. Feed flow ratetaahat ~107 L/h.
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Figure 5.14. Water flux through RO98pFimembraneat room temperature and

different concentrations of ethanol, as a functidrthe net applied pressure. Feed
flow rate constant at ~107 L/h.

Ethanal flux

Figure 5.15 shows the ethanol flux through PRILP membrane, as a function of the
net applied pressure at room temperature, confent flow rate of ~ 107 L/h, and
different concentrations of ethanol. Besides, Fedgud5 shows the ethanol flux through
RO98pHE membrane.
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Figure 5.15.Ethanol flux through TF&ULP membrane at room temperature and

different concentrations of ethanol, as a functidrthe net applied pressure. Feed
flow rate constant at ~107 L/h.
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Figure 5.16. Ethanol flux through RO98pFinembraneat room temperature and
different concentrations of ethanol, as a functidrthe net applied pressure. Feed
flow rate constant at ~107 L/h.

Ethanol permeability

Figure 5.17 shows the ethanol permeability of RE_P membrane, as a function of

the net applied pressure at room temperature, @oinfded flow rate of ~ 107 L/h, and

different concentrations of ethanol. Besides, Fegui8 shows the ethanol permeability
of RO98pHP membrane.
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Figure 5.15. Ethanol permeability of TFGULP membrane at room temperature

and different concentrations of ethanol, as a fiomcof the net applied pressure.

Feed flow rate constant at ~107 L/h.

100 -
. 90 - o /A
< :
£ 80 1
- 3 —%—0.15 mol/L Eth
) 70 - /\H—\-“/.O /(
A 60 77-‘/ —4—0.25 mol/L Eth
< ] T ——0.35 mollL Eth
g 0%
= ] 0.45 mol/L Eth
5 40 /’/K
@ 3 —e—0.55 mol/L Eth
g 30 1 )/
2 50 ] —+—0.65 mol/L Eth
5
S 10
E ]
Lu 0 . T T T T T T T T T T T T T T T T T T T 1
0 5 10 15 20

Net Applied Pressure, AP-Ax) [bar]

Figure 5.18.Ethanol permeability of RO98pPthembrane at room temperature and
different concentrations of ethanol, as a functidrthe net applied pressure. Feed
flow rate constant at ~107 L/h.

Ethanol rejection

Figure 5.19 shows the ethanol rejection of RAI_P membrane, as a function of the
net applied pressure at room temperature, confent flow rate of ~ 107 L/h, and
different concentrations of ethanol. Besides, Feghi20 shows the ethanol rejection of
RO98pHE membrane.
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Figure 5.21 shows the ethanol passage acros$-TUE€ membrane, as a function of
the net applied pressure at room temperature, @oinfded flow rate of ~ 107 L/h, and
different concentrations of ethanol. Besides, Fegtr22 shows the ethanol passage
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Figure 5.19.Ethanol rejection of TF&ULP membrane at room temperature and
different concentrations of ethanol, as a functidrthe net applied pressure. Feed
flow rate constant at ~107 L/h.
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Figure 5.20. Ethanol rejection of RO98pfinembrane at room temperature and
different concentrations of ethanol, as a functidrthe net applied pressure. Feed
flow rate constant at ~107 L/h.

through RO98pHt membrane.
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Figure 5.21.Ethanol passage across TEQLP membrane at room temperature
and different concentrations of ethanol, as a fiomcof the net applied pressure.
Feed flow rate constant at ~107 L/h.
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Figure 5.22.Ethanol passage across RO98friembrane at room temperature and
different concentrations of ethanol, as a functidrthe net applied pressure. Feed
flow rate constant at ~107 L/h.

5.3.2 Effect of membrane

The aim of this paragraph is to compare, throughnesaliagrams, the operability of
TFC®-ULP and RO98pHft membranes. The results of the salt experiments dA.
Nacl, = = 6.30atm) are compared with the results of ti&% @nol/L ethanol solution,
which has almost the same osmotic pressure@.0latm), for both the membranes.
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In Figure 5.23, a comparison of the overall watempeability for both TFE-ULP and
RO98pHE membranes is shown.
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Figure 5.23.Overall water permeability of TFGULP and RO98pHtmembranes
at room temperature for the 0.25mol/L ethanol doht pure water and 8.2g/L
NacCl solution, as a function of the net appliedssiee. Feed flow rate constant at
~107 L/h.

Figure 5.24 shows a comparison of the water flux TEC®-ULP and RO98pHit

membranes.
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Figure 5.24. Water flux through TF&EULP and RO98pHimembranes at room
temperature for the 0.25mol/L ethanol solution, guwater and 8.2g/L NaCl
solution, as a function of the net applied pressieed flow rate constant at ~107
L/h.
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In Figure 5.25, a comparison of the ethanol/saltmeability for both TFE-ULP and
RO98pHE membranes is shown. Moreover, Figure 5.26 showsnaparison of the
ethanol/salt flux through TFGULP and RO98pHt membranes.
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Figure 5.25.Ethanol/salt permeability of TFGULP and RO98ptHftmembranes at
room temperature for the 0.25mol/L ethanol soluémr 8.2g/L NaCl solution, as a

function of the net applied pressure. Feed flove @instant at ~107 L/h.
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Figure 5.26. Ethanol/salt flux through TFGULP and RO98pHimembranes at
room temperature for the 0.25mol/L ethanol solum 8.2g/L NaCl solution, as a
function of the net applied pressure. Feed flove @instant at ~107 L/h.
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5.3.3 Relationship between ethanol and water fluxes

In this paragraph the relationships between ethamal water flux with the feed

concentration is estimated. Furthermore, the cdiorecbetween the permeate
concentration and the net applied pressure is shown

The concentration values of the permeate flyx,are plotted against the net applied
pressure in Figure 5.27 and 5.28 for TFOLP and RO98pHt membranes,

respectively.
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Figure 5.27.Permeate concentration of TEQLP membrane at room temperature
and different feed ethanol concentrations, as ation of the net applied pressure.

Feed flow rate constant at ~107 L/h.
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Figure 5.28.Permeate concentration of RO98fhtembraneat room temperature
and different feed ethanol concentrations, as ation of the net applied pressure.
Feed flow rate constant at ~107 L/h.
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Figure 5.29 and Figure 5.30 shows the ethanol dturoom temperature and different
feed pressure, as a function of the feed ethanotemtrations, for TF&EULP and
RO98pHE membranes respectively.
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Figure 5.29.Ethanol flux through TF&ULP membrane at room temperature and
different feed pressure, as a function of the feedcentration. Feed flow rate
constant at ~107 L/h.
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Figure 5.30. Ethanol flux through RO98pFinembraneat room temperature and

different feed pressure, as a function of the feedcentration. Feed flow rate
constant at ~107 L/h.

Figure 5.31 and Figure 5.32 show the water flusoam temperature and different feed
pressures, as a function of the feed ethanol coratems, for TFE-ULP and
RO98pHE membranes respectively.
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Figure 5.31.Water flux through TF&ULP membrane at room temperature and
different feed pressure, as a function of the feedcentration. Feed flow rate
constant at ~107 L/h.
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Figure 5.32. Water flux through RO98pFimembraneat room temperature and
different feed pressure, as a function of the feedcentration. Feed flow rate
constant at ~107 L/h.

5.3.4 Mass balances

Tables 5.1 and 5.2 show the mass balances of bB®’-ULP and RO98pHt
membranes for each water-ethanol experiment aerdifit feed pressures and feed
concentrations. In addition, the percentage erfoeach balance has been calculated
with this equation:
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e[%] =—

(P+C)-F

100 .

(5.11)

whereF, P andC are the feed, the permeate and the concentraaaatmass flow rate
[g/h], respectively. Only five mass balances out@have a percentage error over 10%.

Table 5.1.Mass balances of TFGULP experiments at different feed
pressures and concentrations.

c[mol/Lyy] Pressure[bar] Fe[g/h] P [g/h] Colg/h] P+C[g/h] €[%]

0,05 5 137,48 0,13 137,94 138,07 0,43

8 137,60 0,15 151,17 151,32 9,97

11 137,72 0,18 148,72 148,91 8,12

14 137,86 0,25 142,75 142,99 3,72

17 138,00 0,20 145,10 145,31 5,30

20 138,12 0,30 158,33 158,62 14,84
0,15 5 590,97 055 581,84 582,39 -1,45

8 591,43 0,87 584,29 585,15 -1,06

11 501,95 1,18 587,91 589,08 -0,48

14 592,48 1,34 589,09 590,43 -0,35

17 50291 163 579,49 581,12 -1,99

20 593,49 1,98 605,85 607,83 2,42
0,25 5 1354,60 0,95 1328,16 1329,11 -1,88

8 135557 1,67 1301,72 1303,39 -3,85

11 1356,60 2,15 1354,52 1356,67 0,01

14 1357,68 2,82 1367,74 1370,56 0,95

17 1358,55 3,33 1169,75 1173,09 -13,65

20 1359,54 3,51 1278,98 1282,49 -5,67
0,35 8 1552,19 1,70 1524,89 1526,59 -1,65

11 1553,20 2,14  1464,93 1467,07 -5,55

14 1554,19 2,51 1605,32 1607,83 3,45

17 1555,20 3,08 148531 1488,39 -4,30

20 1556,29 3,62 1623,34 1626,96 4,54
0,45 8 1950,98 2,03 168566 1687,69 13;50

11 1952,15 2,67 1949,67 1952,34 0,01

14 1953,32 3,38 1916,07 1919,45 -1,73

17 195450 4,58 2051,66 2056,24 5,21

20 1955,78 4,61  1956,83 1961,44 0,29
0,55 11 2447,64 2,62 2475,18 2477,79 1,23

14 244899 3,19 2478,80 2481,99 1,35

17 2450,71 4,55 2328,81 2333,36 -4,79

20 2451,68 4,95 2436,78 2441,72 -0,41
0,65 14 2965,46 3,00 2838,74 2841,73 -4,17

17 2967,08 4,91 276555 2770,46  -6,63

20 2968,74 5,74 2707,95 2713,69 -8,59
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Table 5.2.Mass balances of RO98pgHexperiments at different feed
pressures and concentrations.

c[mol/Lyy Pressure[bar] F[g/h] PJ[g/h] Clg/h] P+C]Jlg/h] e [%]

0,05 5 172,76 0,05 176,85 176,90 2,40

8 172,85 0,12 176,85 176,97 2,39

11 17294 0,15 176,85 177,00 2,35

14 173,04 0,17 176,85 177,03 2,31

17 173,14 0,17 160,01 160,18 -7,48

20 173,22 0,20 176,85 177,05 2,21
0,15 5 707,85 0,28 648,46 648,74 -8,35

8 708,18 0,49 631,62 632,11  -10,74

11 70851 0,63 60635 606,98 -14,33

14 708,87 0,80 656,88 657,68 -7,22

17 709,22 0,86 640,04 640,90 -9,63
0,25 5 1129,06 0,46 1136,91 1137,36 0,74

8 1129,50 0,79 1128,49 1129,28 -0,02

11 1129,97 1,04 1254,81 1255,8511,14

14 1130,44 1,07 1061,12 1062,18 -6,04

17 1130,96 1,40 1179,02 1180,42 4,37

20 1131,50 1,77 1187,44 1189,21 5,10
0,35 8 1731,97 1,01 1574,83 157584 -9,01

11 1732,64 1,37 1625,36 1626,73 -6,11

14 1733,34 1,84 1650,62 1652,46  -4,67

17 1734,10 1,94 173484 1736,78 0,15

20 173486 2,45 1650,62 1653,07 -4,71
0,45 8 2296,53 1,21 2130,65 213187 -7,17

11 229737 1,77 2223,29 222506 -3,15

14 2298,24 2,25 2366,46 2368,70 3,07

17 2299,17 2,60 2122,23 212483  -7,58

20 2300,07 2,92 231593 231884 0,82
0,55 11 239392 1,69 2450,67 2452,36 2,44

14 2394,66 2,09 2526,46 252855 5,59

17 239550 2,51 2576,99 2579,51 7,68

20 2396,30 3,10 2585,42 2588,51 8,02
0,65 14 3199,60 2,52 2998,07 300059 -6,22

17 3200,64 3,01 3099,13 3102,14 -3,08

20 3201,76 3,75 3149,66 315341 -1,51
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5.4 Considerations

In the following paragraphs the results are diseds&én order to compare the
performance of the membranes considered. Finaliggestions for future works are
reported.

5.4.1 Results comments

Pure water experiments

As regards to the pure water experiments:
it is clear from the Figure 5.1 that the pure watermeability of the membrane
is marginally affected by the hydraulic pressurifedence. On the other hand
the pure water permeability increases as the temtyrer increases and TEC
ULP membrane exhibits higher pure water permeghitiues than RO98pfit
membrane;
it can be seen from Figure 5.2 that that therelisear relationship between the
hydraulic pressure difference and the water fluxos& the membrane. In
addition, an increase in the temperature resultaninncrease water flux and
TFC®-ULP membrane is characterized by higher watereffuthan RO98piit
membrane.

Salt experiments

As concerns the salt experiments, it is evidenmfiigures 5.3-5.8 that TEGULP
membrane is characterized by water flux, overallewaermeability, salt permeability
and salt flux all higher than RO98gHmembrane. Furthermore, at low NAP, T+C
ULP membrane has higher salt rejection values; kewat higher NAP, both TFG
ULP and RO98pHt membranes display similar salt rejection valuatagut 91%.

Water-ethanol experiments

Concerning the water-ethanol experiments, a dismusgs proposed in order to
summarize and compare the operative characterieficFC°-ULP and RO98pHt
membranes.

Figures 5.33 and 5.34 gather the main findings:

(@) both TFC-ULP and RO98pHt membranes allow the passage of similar
quantities of ethanol;

(b) TFC®-ULP membrane is characterized by higher ethandheater fluxes.



Results and discussion 103

TFC-ULP: 18.33gEth/, 106.74L/h
Concentrate | poogpHt: 21.70gEth/1, 106.741/h

Feed //
—> / Permeate

TFC-ULP: 18.25gEth/L, 107.14L/h / -
RO98pHt: 20.50gEth/L, 106.98L/h TFC-ULP: 14.49gEh/L, 0.4L/h
RO98pHt: 12.072gEth/L, 0.24L/h

Figure 5.33. Concentration of ethanol and flow rate in the fepérmeate and
concentrate streams (2.04% m/m feed solution, 20fmar both TFEC-ULP and

R0O98pH? membranes.
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Figure 5.34.Ethanol flux through both TFGULP and RO98pHt membrane, at
room temperature, different feed pressures andnetheoncentrations, as a function
of the water flux. Feed flow rate constant at ~107.

In addition, for all the experiments carried otisiclear that:

(a) the overall water permeability of both membraneslightly affected by the net
applied pressure and the plateau gradually degeasehe concentration of
ethanol in the feed increases, as it can be seanfigures 5.9 and 5.10.

This could be explained according to the SDPFFRehashich states that the
overall water permeability is formed by the combima of a membrane material
permeability and the feed solution permeability. ihhe membrane material
permeability is a characteristic of the membrand #merefore constant at
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constant temperature, the feed solution permeghditds to slightly vary with
pressure and with the feed concentrations (Totket al.,2010). Furthermore,
the overall water permeability values of TEROLP (average around
6.5L/nf.h.bar) are always higher than RO98PHhembrane (average about
AL/m?.h.bar);

(b) there is a linear relationship between the watex through the membrane and
the applied pressure (NAP AP), as is shown in Figures 5.11-5.14;

(c) an increase in the ethanol feed concentration teegula decrease in the water
flux across the membrane due to the rise of theotispressure. Moreover, the
water fluxes values at different feed concentratbrethanol tend to overlap
each other if they are plotted as a function of ibe applied pressure (Figure
5.12 and 5.14); because the NAP consider the teomih of the osmotic
pressure;

(d) the water fluxes across TE@LP are always higher (about 75% higher) than
RO98pHP membrane (Figure 5.11 and 5.13);

(e) as the NAP increases, the ethanol flux and theneth@ermeability increase, as
it can be seen from Figures 5.15-5.18 . Besidess dlear that ethanol flux
increases as the feed ethanol concentration iresgas

(f) TFC®-ULP membrane is characterized by higher ethanok find ethanol
permeability (about 60% and 50% respectively) tfR@9I8pHE membrane
(Figures 5.15-5.18);

(g) the ethanol rejection increases as the NAP incsefSgures 5.19 and 5.20).
Moreover it is apparent that the feed ethanol cotmagon slightly affects the
ethanol rejection, all the data are close to eablkrcand seems to follow the
same upward trend. The ethanol feed concentragiogeris probably too limited
to clearly understand the impact of it on the régeg

(h) the maximum ethanol rejection is reached at theirmax operated NAP and it
is about 40% for both the membranes with a pealkratt®0% for the 0.25mol/L
ethanol solution with RO98pfitmembrane (Figures 5.19 and 5.20). Though the
ethanol rejection values exhibited by both the memé are very low, they are
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consistent with other data reported by scientifapgrs (Duvel Eeal., 1975;
Pozderou et al.,2006; Ozaket al, 2002);

() the permeate ethanol concentration only margindiigreases as the NAP
increases for both the membranes, as reportedgurd-i5.27 and 5.28. Thus,
low rejection values are justified;

(j) concerning to the specific comparison between ®FBCP and RO98ptHt
membranes Figures 5.23 and 5.24 not only confirmt thFC*-ULP is
characterized by higher overall water permeab#gitgd water flux values, but
also show how the overall water permeability arelviater flux are lower when
the feed salt solution is used instead of the ethi@ed solution having the same
osmotic pressure. The same conclusion can be maheHigure 5.25 regarding
the ethanol and salt permeability as well as Figug&6 regarding the ethanol
and salt flux. Essentially, the membranes allowghssage of more water and
more solute if the feed is an ethanol solutioneadtof a salt solution. This
behaviour could be related to the chemical natéitbeosolute as is described in
the following paragraphs;

(k) the ethanol flux through the membrane increasesthes feed ethanol
concentration or the feed pressure increase, iassthown in Figures 5.29 and
5.30. On the other hand, as illustrated in Figir€4d and 5.32, the water flux
through the membrane decreases as the ethanol ntmatoen and the feed
pressure increase. In addition, as aforementioited, also clear from these
diagrams that TF&EULP membrane allows higher ethanol and water 8utken
RO98pHP membrane. Essentially, when the ethanol concémtrancreases,
also the ethanol flux through the membrane incieadé the same time the
water flux across the membrane shows a downwandl tteecause there is less
water in the solution and mainly because the NARickv forces the water to
pass through the membrane, is lower due to thagrisf the feed osmotic
pressure.

To summarize, TF&EULP membrane is the most suitable option for R@ewathanol
separation in comparison to RO98fHnembrane. In spite they reach the same ethanol
rejection, TFE-ULP membrane allows a higher water flux. Henceaihypothetical
process, TF&ULP membrane is more efficient. However, the rijec values are
certainly not enough to recover a high percentdggt@nol in MOD process. Thus, in
the following paragraph the reasons of low rejettesults are explained.
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As aforementioned, the ethanol rejection is abod4for both TFE-ULP and
RO98pHEP membranes and this data are consistent with tperemental results of
several past scientific papers, which used diffetgmes of CA and aromatic polyamide
TFC membranes and different feed ethanol conceémtsat(Duvel € al., 1975;
Pozderou et al.,2006; Ozakiet al, 2002). The reasons of this low rejection may be
attributed to the chemical properties of the watdanol solution and to the influence
of solute, solvent and membrane interaction on nmtangperformance.

In 1975 Duvel and Helfgott proved that shape, simd chemical characteristic of a
compound influence the rejection in a RO procese Jolute rejection increases as the
number of carbon atoms and the geometry complégityss-sectional area, structure)
of an organic compound increases. Consequentlye tiee a trend for percentage
rejection to increase in response to an increaseolecular weight. Firstly, ethanol is a
primary alcohol with low molecular weight, straigitain, simple geometry and no side
chains. As a result, it can easily enter the mend(aorption or dissolution) by passing
into a gap between polymer segments. Following, tbisce the ethanol is in the
membrane, the second step of membrane permeatiohe igiffusion through the
membrane and this could be facilitated if ethanak rkchemical affinity for the
membrane. In fact, according to the Solution-Difdns Model, both the solute and
solvent dissolve in the thin dense non porous sarfayer of the membrane and then
each diffuses across it. Furthermore, the fluxesujh the membrane are strongly
influenced by differences in the solubilities andffusivities of the solvent and the
solute in the membrane phase (Williams, 2003).tlhelowords, differences in retention
are caused principally by differences in diffusiosmtes of the solute across the
membrane. Therefore, the high ethanol flux acrbesmiembranes could be explained
by the interaction between ethanol and the membrane interaction between water,
solutes and membrane are the most important faictd®© separation. The membranes
used in the experiments are hydrophilic (exhibitargaffinity for water) because they
carry some degree of negative surface charge. Wagy diffuses through the
membrane due to hydrogen bonding interaction withnd it is scientifically proved
that organic hydrogen bonding interaction with thembrane polymers might reduce
water flux through the membrane (Williams, 2003hdhol is a polar organic
compound and interacts with water, the membrane itself forming hydrogen
bonding. Hence, ethanol in a RO process may irtevétb the membrane polymer,
decrease the water content of the membrane andgditicross the membrane leading to
low rejection values. As hydrogen bonding increasesre solute enters the membrane
and there is more solute available for diffusion.
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To sum up, it is noteworthy to state that the ethpassage across both TROLP and
RO98pHP membranes could be justified according to previoesearches about
ethanol-membrane interaction.

The simple structure of ethanol molecule, the lowleoular weight, the low-cross
sectional area, the chemical affinity for the meamler polymer and primarily the high
tendency to form hydrogen bonding are the key faatesponsible for the low ethanol
rejection. The membranes are designed with hydlioplpolymers (for example
cellulose esters and polyamides) in order to deerethe solute sorption and
consequently increase the water sorption and therlax. Unfortunately, the sorption
of particular organic solutes with high tendencydon hydrogen bonding such ethanol
could be increased instead of decreased. Hencés asggested in the following
paragraph, the structure of the membrane shoultidmfied in order to maximize the
ethanol rejection.

Furthermore, in 1996 Kulkarni, Mukherjee and Giked ethanol to hydrophilize
RO98pHE membrane (in the paper the old name of the memsbisansed HR98PP).
They stated that the increase in water flux ant regction may be attributed to the
ethanol mild solvent characteristics with respegbalyamides. Thus, ethanol swells the
membrane, removes small molecular fragments becalusiee partial dissolution in
alcohol and removes the imperfections or defectding the membrane a more porous
structure (Kulkarnet al., 1996). This confirms the aforementioned discussioout the
ethanol-membrane interactions, and some non-linesrd of the results could be
explained also considering that the membrane mbghimodified by the ethanol flux
during the experiments.

5.4.2 Future work recommendations

The results of the experimental work carried ouh@sTFC*-ULP and RO98pHt
membranes state that ethanol rejection of both mamals is not enough to recover
entirely the ethanol in the MOD process. For tleigson, new design process solutions
and other experimental works are suggested indllenfing paragraphs.

Concerning the process design solutions, the sesulggest considering other kind of
separation processes, because a RO recovery uthe aurrent state-of-the-art, is not
enough to recover totally the ethanol and produdekdble water conform to WHO

(World Health Organization) standards. The feedhef reverse osmosis unit could be
the product stream of another recovery unit in btdedevelop a hybrid water-ethanol
separation system that could efficiently recover dinaw solution. For instance the RO
unit could be linked to a distillation column, agsarption unit or a pervaporation unit.
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However, the product water of the RO recovery umigjht be suitable for specific
industrial application.

As regard to the future work recommendations, fafsall it is suggested to make the
research focus on the membrane structures andriespdrying to understand how to
possibly modify the membrane in order to be lesm@ito adsorb ethanol or understand
which membranes are the most suitable to selecarfsiy, it is recommended to repeat
the experiments with other possibly suitable ddfértypes of membrane in order to
have a large available database.

For instance Choundhury, Ghosh and Guha in 198%edrat about 90% separation of
ethanol (10% v/v feed solution, 50 bar) using a ifred styrene-grafted CA membrane
(Choudhury et al., 1985). Furthermore, in 1976 Fang Chan reached an ethanol
rejection of 60%, 70% and 80% (40bar, 25°C) witlo tfferent types of cross-linked
polyethylenmine membranes (NS-100, NS-100-T) anel type of sulfonate polymer
composite membrane (NS-200) respectively (Fah@l., 1976). Moreover, in 1998,
Huang, Guo and Fang used a cross-linked polyacagit (PAA) composite membrane
to arrive at about 67% of ethanol rejection (1008pf0bar, 30°C) (Huanet al.,
1998), and in 2003 Schutte reached 75% of ethasjettion with a very dense cross-
linked aromatic polyamide membrane (Schwteal., 2003). Therefore, reaching high
ethanol rejection values with specific grafted mss-linked membrane is possible after
a considerable study of membrane structure, congowembrane interactions,
membrane charge and polarity, hydrogen bonding pdocedensity and molecular
complexity. In addition, there are models that gaedict the rejection of a specific
membrane that can be used for organic compoundiiitance the Empirical (QSAR)
Models Describing Organic Compound Rejection) (NVPRdject 01-EC-002, 2004).
Finally, it is suggested to use another kind of eldd describe the transport mechanism
inside the membrane. The Solution-Diffusion mods#diis a linear model very simple
to use, however it is probably based on quite gtrassumptions, because some
parameters such as the rejection and the solutagadyility do not seem to follow a
linear trend. Furthermore, SD model assumes tlesdiute and the solvent diffusion
are uncoupled inside the membrane. Although it raytrue for the separation of
organic system, the solute-solvent coupling shbeldonsidered (Paat al.,2004).
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This study aimed to investigate the efficiency loé reverse osmosis recovery unit of
the Manipulated Osmosis Desalination process whikanel is used as an osmotic
agent. MOD process has been developed at the Wiiywesf Surrey’'s Centre for
Osmosis Research and Applications (CORA) (Sharifl8Mayahi, 2005) and it is
characterized by the use of a pressure-driven nembstep (Reverse Osmosis or
Nanofiltration) in the recovering stage of a fordrmsmosis desalination process.

The experiments were carried out by using two cdfié kinds of flat sheet
commercially available thin film composite membmr{@FC®-ULP manufactured by
Koch Membrane System and RO98BHnanufactured by Alfa Laval) and a RO
laboratory cell supplied by SpinTek Filtration, If&JSA). The membrane were tested
by using different ethanol feed concentration (B2%6% v/v) and different feed
pressure (2-20 bar) at room temperature. The sampiere analysed by a Gas
Chromatographer (Agilent 6890N with flame ionisatitetector) and the data was work
out by using the Solution-Diffusion model.

As a general result it was evident that PRILP membrane is the most suitable option
for RO water-ethanol separation in comparison to9&{® membrane, because it
reaches the same ethanol rejection allowing a higlaer flux across the membrane.
However, the ethanol rejection (about 40%) is noiugh to recover completely the
ethanol in the RO unit. Therefore, the obtainedn@ate is not drinkable according to
the WHO (World Health Organization) standards, tougmight be used for industrial
application. The simple structure, the low molecwaight and the low-cross sectional
area of ethanol molecule in addition to the chehadianity for the membrane polymer
and primarily the high tendency to form hydrogenndiog are the key factors
responsible for the low ethanol rejection.

Admittedly, the experimental works has some linndtat because more experimental
data using a wider range of feed ethanol concentraind feed pressure and other kinds
of membranes should be obtained. Moreover, temperaffect on the operative RO
parameters has only partially been investigatediaoould be the aim of future works.
Nevertheless, it is suggested considering othedt kinseparation processes in order to
develop a hybrid water-ethanol separation system iffstance the RO unit after a
distillation column, an adsorption unit or a pervegiion unit) that could recover
efficiently the draw solution and produce a perraeanform to the WHO standards for
drinkable waters. On the other hand, the studyhef éthanol-membrane interaction
could lead to the development of grafted or crasdsed membrane which could arrived
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at higher ethanol rejection values, as it had béene in the past (Choudhury et
al.,1985; Fanget al., 1976; Huanget al., 1998 and Schuttet al., 2003). Last but not

least, the RO product water could be suitable pecsic industrial application without

any process modification.
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Nomenclature

Activity

Solvent permeability coefficient
Membrane’s active surface area
Overall water permeability
Pure water permeability
Solute permeability coefficient
Solute permeability

Solute concentration

van't Hoff factor

Mass flux of solute
Volumetric pure water flux
lonic strength constant
Mass transfer coefficient
Molecular weight

Numbers of moles
Hydraulic pressure
Volumetric flow rate
Retention or Rejection
Ideal gas constant
Coefficient of determination
Reynolds number
Recovery or yield

Entropy

Schmidt number

Sherwood number
Temperature

Time

Energy

Volume

Partial molar volume
Volume reduction

mole fraction
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Greek letters

T = Thickness of the concentration boundary Igfesd side)
Om = Active skin layer thickness

O = Porous layer thickness

5y = Thickness of the concentration boundary ldgermeate side)
y = Activity coefficient

i = Chemical potential

T = Osmotic pressure

p = Density

(¢ = Osmotic coefficient

Subscripts

b = Bulk (feed-concentrate) side

c = Concentrate

e = Ethanol

f = Feed

m = Membrane

p = Permeate

s = Solute

w = Solvent

Acronyms

ASDPF = Analytical-Solution Diffusion-Pore Flow
BWRO = Brackish Water Reverse Osmosis

CA = Cellulose-Acetate

CAPS = Compact Accelerated Precipitation Softening
CORA = Centre for Osmosis Research and Applinatio
CP = Concentration Polarization

CTA = Cellulose Triacetate

DECC = Dynamic Equilibrium-Chemical Capacitance
DS = Draw Solutions

ED = Electrodialysis

EDR = Electrodialysis Reversal

ERD = Energy Recovery Device

ESDM = Extended Solution Diffusion Model
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FO =
GC =
HD =

S&DSI =
SDI =
SDM =
SDPFFR =
SEC =
SP =
SWM =

Forward Osmosis

Gas Chromatographer

Hybrid RO membrane Interstage Design
High Rejection

Internal Concentration Polarization
Irreversible Thermodynamics

Life Cycle Assessment

Life Cycle Impact Assessment
Langelier Saturation Index
Membrane Distillation

Multi-Effect Distillation
Microfiltration

Modified Fouling Index
Manipulated Osmosis Desalination
Material Safety Data Sheet
Multi-Stage Flash

Molecular Trap

Mechanical Vapour Compression
Net Driving Pressure
Nanofiltration

Net Applied Pressure

National Research Council
Nephelometric Turbidity Units
Osmotic Agent

Polyacrylic Acid

Public Authority for Electricity and Water
Polybenzimidazole

Performance Ratio

Pressure Retarded Osmosis
Pressure Vessel

Reverse Osmosis

Stiff and Davis Stability Index

Silt Density Index

Solution Diffusion Model
Solution-Diffusion Pore Flow Fluid-Resistance
Specific Energy Consumption
Solubility Product

Spiral Wound Modules
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SWRO
TDS
TFC
UF
ULP
VCD
WDR
WHO

Sea Water Reverse Osmosis
Total Dissolved Solid

Thin film Composite
Ultrafiltration

Ultra Low Pressure

Vapour Compression Distillation
Water Desalination Report
World Health Organization
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APPENDIXA: Ethanol MSDS

@ Fisher Scientific

Part of Thermo Fisher Scientific
Material Safety Data Sheet

Creation Date 24-Apr-2008 Revision Date 28-Zep-2008 Rewvision Number 1
[ 4. PRODUCT AND COMPANY IDENTIFICATION
Product Name Ethanol, 200 Proof
Cat No. A992 RS200; BP2818-4, BP2818-100; BP2818-500
Synonyms Absolute Ethanol; Ethyl Alcohot;, Molecular Biology Grade
Recommendad Use Laboratory chemicals
Company Emergency Telephone Number
Fisher Scientific CHEMTRECS, Inside the USA- 800-
One Reagent Lane 424-8300
Fair Lawn, MJ 07410 CHEMTRECS, Outside the USA: 703-
Tel: (201) T88-7100 527-3887

2. HAZARDS IDENTIFICATION
WARNIMNGE

Emergency Overview
Flammable liguid and vapor. Irritating to eyes and skin. May cause imtation of respiratory tract. May cause central
nervous system effects. Aspiration hazard if swallowed - can enter lungs and cause damage. This substance has caused
adverse reproductive and fetal effects in humans. Substances known to cause developmental toxicity in humans.

\IAppearance Clear, Coloress Physical State Liguid odor swest, Charactenisic

Target Organs Eyes, Skin, Reproductive System, Central nervous system (CNS), Liver, Kidney, Blood

Potential Health Effects

Acute Effects
Principle Routes of Exposure
Eyes Irritating fo eyes
Skin Irritating to skin. May be harmful in contact with skin.
Inhalation May cause imtation of respiratory tract. May be harmful if inhaled. Inhalation may cause central
nernvous system effects.
Ingestion May be harmful if swallowsd. Aspiraton hazard F swallowed - can enter lungs and cause

damage. [ngestion may cause gastrointestinal irmtation, nausea, vomiting and diarrhea.

Chronic Effects This substance has caused adverse reproductive and fietal efects in humans. Substances
known to cause developmental toxicity in humans. Tumorigenic effects have been reported in
experimental animals.. May cause adverse liver effects. May cause adverse kidney effects.

Page 1/8



116 Appendices

Therma Fisher Scientific - Ethanol, 200 Proof Revision Date 28-Sep-2008

See Section 11 for additional Toxicological information.

Apgravated Medical Conditions Central nervous system disorders. Preexisting eye disorders. Liver disorders. Skin disorders.

3. COMPOSITION/INFORMATION ON INGREDIENTS

Haz/Non-haz
Component CAS-No Weight %
Ethyl alechol 34-17-5 895 - 100
4. FIRST AID MEASURES
Eye Contact Rinsa immediately with plenty of water, also under the eyelids, for at least 15 minutes. Obtain
medical sttention.
Skin Contact Wash off inmediately with plenty of water for at least 15 minutes. Obtain medical attention
Inhalation Mave to fresh air. If breathing is difficult, give oxygen. Do not use mouth-to-mouth resuscitation
if wictim ingested or inhaled the substanee; induce artficial respiration with a respiratory
medical device. Obiain medical attention.
Ingestion Do not induce vomifing. Obtain medical atiention.
Motes to Physician Treat symptomaticaliy.
5. FIRE-FIGHTING MEASURES
Flash Point 12°C 1 53.8°F
Method Mo information available,
Autoignition Temperature 363°C | BBS.AF
Explosion Limits
Upper 18 vol %
Lower 3.3 vol %
Suitable Extinguishing Media Use water spray, alcohol-resistant foam, dry chemical or carboen

diokide. Use water spray to cool unopened containers.

Unsuitable Extinguishing Media Water may be ineffactive
Hazardous Combustion Products Mo informaticn available.
Sensitivity to mechanical impact Mo informabion available.
Sensitivity to static discharge Mo information available,

Specific Hazards Ansing from the Chemical
Flammabie, Risk of ignition. \Vapors may form explosive mixtures with air, 'apors may travel to source of ignition and flash back.
Containers may sxplode when heated.

Page 2/8
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Thermo Fisher Scientific - Ethanol, 200 Proof

Revision Date 26-5ep-2008

Protective Equipment and Precautions for Firefighters
As in any fire, wear self-contained braathing apparatus pressure-demand, MSHAMIOEH (approved or equivalent) and full protective
gear. Thermal decomposition can lead to release of imitating gases and vapors.

NFPA Health 2

Flammability 3 Instability 0 Physical hazards N/A

6. ACCIDENTAL RELEASE MEASURES

Personal Precautions

Environmental Precautions

Methods for Containment and Clean

Up

Remove all sources of ignibon. Use personal protective eguipment. Take precautionany
measures against static discharges. Do not get in eyes, on skin, or on clothing.

Should not be released into the environment.

Remowve all sources of ignition. Soak up with inent absarbent maternial. Keep in suitable and
closed containers for disposal Take precautionary measures against static discharges.

7. HANDLING AND STORAGE

Handling

Storage

Wear personal protective equipment. Ensure adeguate ventilation. Use explosion-proaf
gquipment. Keep away from open flames, hot surfaces and sources of igniton, Take
precautionary measures against siatic discharges. Do not breathe vapors or spray mist. Do not
get in eyes, on skin, or on clothing.

F.eep containers fightly closed in a dry, cool and welbventilated place. Keep away from cpen
flames, hot sufaces and sources of ignition. Flammables area.

8. EXPOSURE CONTROLS /| PERSONAL PROTECTION

Engineering Measures

Ensure adequate ventilation, especially in confined areas. Use explosion-proof
electicaliventilating/lighting'equipment. Ensure that eyewash stations and safety showers are
close to the workstation location.

Component ACGIH TLV O5HA PEL NIOSH IDLH
Ethyl alcohol TWA: 1000 ppm [Vacated) TWA: 1800 mgm? IDLH: 3300 ppm
{Vacated) TWA: 1000 ppm TWA: 1000 ppm
TWA: 1800 mgm? TWA: 1800 mgim?
TWA: 1000 ppm

Component Quebec Mexico OEL [TWA) Cintario TWAEV
Eifvyl alcohal TWA: 1000 pom T4 1000 ppm TWA: 1000 ppm
TWA: 1280 mgim® TWvA: 1000 mg/m? TWA: 1800 mgim®

MIOSH IDLH: immediately Dangemous to Life or Health

Personal Protective Equipment
Eyelface Protection

Skin and body protection
Respiratory Protection

Wear appropriate profective eyeglasses or chemical safety goggles as described by O5HA's
eye and face protection regulations in 28 CFR 1810.133 or European Standard EN16E.

Wear appropriate protective gloves and dlothing fo prevent skin exposure.

Follow the OSHA respirator regulations found in 28 CFR 1910.134 or European Standard EN
140, Use a NIDSHMSHA or European Standard EN 148 approved respirator if exposure limits
are exceaded or if imtation or other sympioms are experienced.

Page 3/6
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Thermo Fisher Scientific - Ethanol, 200 Proof
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| 9. PHYSICAL AND CHEMICAL PROPERTIES

Physical State
Appearance

odor

Odor Threshold

pH

Vapor Pressure
Vapor Density
Viscosity

Boiling Point/Range
Melting PointRange
Decompaosition temperature
Flash Paint

Liquid
Clear, Colortess
sweet, Charactenstic

Mo information available.
Mo information available.
Mo information available.
Mo information availlable.
Mo information available.

T CI 124
-14°C L -1732°F

Ko information available.

12°C 1 53.8°F

Evaporation Rate Mo information available.
Specific Gravity Mo information available.
Solubility Mo information available.
log Pow Mo data available
Malecular Weight 4a6.07
Molecular Formula C2HE O

10. STABILITY AND REACTIVITY

Stability
Conditions to Avoid

Incompatible Materials

Hazardous Decomposition Products
Hazardows Polymerization

Hazardous Reactions .

Stable under normal conditions.

Incompatible products. Heat, flames and sparks.

Strong oxidizing agents, Strong acids, Acid anhydrides, Acid

chiondes

Carben monoxide (CO), Carbon dioxide {C0;)

Hazardous polymerization does not ocour.

Moene under normal processing..

11. TOXICOLOGICAL INFORMATION

Acute Toxicity

Compaonent Information

Component

LO50 Oral

LD30 Dermal

LG50 Inhalation

Efyl alconal

7080 mg'kg [ Rat}

Mok Ested

J0000 ppmd10H { Rat )

Irritation

Toxicologically Synergistic
Products

Imritating to 2yes and skin

Ma information available
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Chronic Toxicity

Carcinogenicity

The table below indicates whather each agenoy has listed any ingredient a5 a carcinegen.

Component

ACGH

IARC

NTP

(ISHA

Mexico

Mot listed

X

Ethyl abzohol

Not [sted

Group 1

Notlited

ACGIH: [American Conference of Governmental Industrial Hygienists)
Al - Known Human Carcnogen

A2 - Suspected Human
A3 - Animal Carcnogen

Carcinogen

ACGIH; {American Conference of Govemmenta! Industrial Hypienists)
O5HA: |{Occupational Safety & Health Administration)

D5HA: (Ccocupabonal Safety & Health Agministration )

X - Present

Mexico - Occupational Exposure Limits - Carcinogens

Mexico - Oreupational Exposure Limis - Carcinogens

Al - Confimned Human Carcinogen

A2 - Suspectzd Human

Carcinogen

A2 - Confimmed Animal Carcinogen

A4 - Mot Classfiable as

3 Human Carcinogen

A5 - Mot Suspected a5 3 Human Carcinogen

Sensitization
Mutagenic Effects
Reproductive Effects
Developmental Effects
Teratogenicity

Other Adverse Effects

Endocrine Disruptor Information

Ma information available.

Mutagenic effects have occurred in humans.

Adverse reproducive effects have oocurred in humans..

Substances known to cause developmental toxichy in humans

Teratogenic effects have occurred in humans..

Tumaornigenic effects have been reported in experimental animals.. See aciual entry in RTECS
for complete information.

Ma information avarlable

12. ECOLOGICAL INFORMATION
Ecotoxicity
Component Frashwater Algae Freshwater Fish Microtox Water Flea
Ethyl akeohol Mot listed Leucidus idus: LC50 = 8.14 Photobacterivm EC50 = D268 mg/Li48h
mig/L48h phosphoreun:ECS0 = 34634 [ ECS0 = 10800 mgiLi2eh
mg/LY30 min
Photobacterem
phosghoreum:ECHD = 35470
migLi5 man
Persistence and Degradability Readily biedegradable.
Bicaccumulation/ Accumulation Ma information available
Maobility
Component log Pow
Ethil alcohal 4.32
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13. DISPOSAL CONSIDERATIONS

Waste Disposal Methods

Chemical waste gensrators must determine whether a discarded chemical is classified az a
hazardous waste. Chemical waste generators must also consult local, regional, and national

hazardous waste regulations to ensure complete and accurate classification

14. TRANSPORT INFORMATION
DOT
UN-Ho UN1170
Proper Shipping Name ETHANCL
Hazard Class 3
Packing Group |
IDG
UN-Ho UN1170
Proper Shipping Name ETHANCL
Hazard Class 3
Packing Group i
IATA
UN-Ho UN1170
Proper Shipping Hame ETHANCL
Hazard Class 3
Packing Group ]
IMDG/MO
UN-No UNT170
Proper Shipping Name ETHANGL
Hazard Class 3
Packing Group i
15. REGULATORY INFORMATION
International Inventories
Compaonent T5CA | DSL | WDSL |EIMECS|ELINCS| WLP |PiCCs | ENCS | AICS | CHINA | KECL
Ethyl alcohol X |200-578 - X X X X KE-
] 13217
X

Legend:
X - Listed
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E - Indicates a substance that is the subject of a Section He) Consent order under TSCA.

F - Indicates a substance that is the subject of a Section 5{f) Rule under TSCA.

N - Indicates a polymeric substance containing no freeradical initiator in its inventory name but is considered to cover the designated
polymer made with any free-radical initiator regardless of the amount used.

P - Indicates a commenced PMN substance

R - Indicates a substance that is the subject of a Section & risk management rule under TSCA

§ - Indicates a substance that is identified in a proposed or final Significant New Use Rule

T - Indicates a substance that is the subject of a Section 4 test rule under TSCA

XU - Indicates a substance exempt from reporting under the Inventory Update Rule, Le. Partial Updating of the TSCA Inventory Data Base
Production and Site Reports (40 CFR T10{B).

¥1 - Indicates an axempt polymer that has a number-average maolecular weight of 1,000 or greater.

¥2 - Indicates an exempt polymer that is a polyester and is made only from reactants included in a specified list of low concarn reactants that
comprises one of the eligibility criteria for the exemption rule.

LS. Federal Regulations

TSCA 12(b) Not applicable

SARA 313
Mot applicable

SARA 3111312 Hazardous Categorization
Acute Health Hazard fas
Chronic: Health Hazard Yes
Fire Hazard fas
Sudden Release of Pressure Hazard ko
Reactive Hazard No

Clean Water Act
Mot applicable

Clean Air Act
Mot applicable

O5HA
Mot applicable

CERCLA
Mot Applicabls

California Proposition 85
This product contains the following Proposition 85 chemicals: Ethyl aleohol is only & considered a Propasition 65 developmental hazard
when it is ingested as an alcohalic beverage.

Component CAS-HNo California Prop. 63 Prop 83 NSRL
Ethyl alcohal 84175 Devslopmental -
State Right-to-Know
Component Massachusetts New Jersey Pennsylvania [tlinois Rhode ksland
Eihyl akeohol X X X - X

U5, Department of Transportation

Reportable Quantity (RQ): N
DOT Marine Pollutant N
DOT Severe Marine Pollutant MN
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Thermo Fisher Scientific - Ethanol, 200 Proof Revision Date 26-5ep-2008

1.5, Department of Homeland Security
This product does not contain any DHS chemicals.

Other International Regulations
Mexico - Grade Sernous risk, Grade 3
Canada

This product has been classified in accordance with the hazard criteria of the Controlled Products Regulations [CPR) and the
MSDS contains all the information required by the CPR.

WHMIS Hazard Class
B2 Flammable liguid
DZB Towic matenals

16. OTHER INFORMATION

Prepared By Regulatary Affairs
Therma Fisher Scientific
Tel: 412 400-8928

Creation Date 24-Apr-2009

Print Date 28-S2p-2000

Revision Summary . and red text indicates revisian

Disclaimer

The information provided on this Safety Data Sheet is correct to the best of our knowledge, information and belief at the date
of its publication. The information given is designed only as a guide for safe handling, use, processing, storage,
transportation, disposal and release and is not to be considered as a warranty or quality specification. The information
relates only to the specific material designated and may not be valid for such material used in combination with any other
material or in any process, unless specified in the text.

End of MSDS
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