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This thesis is part of AIRO-project which is performed in co-operation
with Vitens, KWR Watercycle Research Institute, Hatenboer-Water and
Evides. The commissioning organization of this thesis was Vitens. The ob-
jective of the AiRo -project is to study a method to clean vertically posi-
tioned spiral-wound reverse osmosis membranes hydraulically with a mix-
ture of air and water. The objective of this thesis was to study if it is pos-
sible to treat surface water with hydraulically cleaned membranes and how
much pretreatment is required for stable operation.

The first part of the thesis is theoretical framework about membrane tech-
niques based on a literature survey. The second part of the thesis is re-
search carried out with a reverse osmosis pilot installation. To study the
performance of a hydraulically cleaned reverse osmosis module six short-
term experiments were performed with different cleaning frequencies and
different pretreatment filter pore sizes. It was found out that treatment of
surface water is possible with hydraulically cleaned reverse osmosis mod-
ules and hydraulic cleaning is an effective way to clean reverse osmosis
modules. After air-water cleaning a reduction was observed in transmem-
brane pressure and an increase in permeability. Under a high particle load
the feed channel pressure drop was reduced efficiently with hydraulic
cleaning. According to this study extensive pretreatment is not needed but
less pretreatment requires shorter hydraulic cleaning frequency. Also rins-
ing water quality was studied and it was found out that after 5 minutes of
air-water cleaning the rinsing water quality did not compare to the feed
water quality. Further research with long-term experiments is suggested to
study the pretreatment requirements and performance of hydraulically
cleaned reverse osmosis membrane treating surface water, and air-water
cleaning time when surface water is used as rinsing water.

Reverse osmosis membranes, hydraulic cleaning, fouling.
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Pintaveden kasittely hydraulisesti puhdistetuilla kd&nteisos-
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Tama opinnaytetyd on osa AiRO-projektia, jonka yhteisty6tahot ovat Vi-
tens, Vitens, KWR Watercycle Research Institute, Hatenboer-Water ja
Evides. Opinnaytetyon toimeksiantajana toimi Vitens. AiRO-projektin ta-
voitteena on tutkia pystysuoraan asennettujen spiraalikierteisten k&an-
teisosmoosikalvojen puhdistusta hydraulisesti veden ja ilman avulla.
Opinnaytetyon tavoitteena oli tutkia onko pintaveden kasittely mahdollista
hydraulisesti puhdistetuilla kdanteisosmoosikalvoilla ja kuinka laaja esik&-
sittely tarvitaan tasaiseen prosessiin.

Tybn ensimmaisessa osassa on perehdytty yleisesti kalvotekniikkaan kayt-
taen lahtein& erilaisia julkaisuja. Tyon toinen osa on tutkimus, joka suori-
tettiin  k&anteisosmoosipilottilaitteistolla. Hydraulisesti puhdistettavan
kaanteisosmoosimoduulin suorituskykya arvioitiin kuudella lyhytkestoi-
sella kokeella, joissa puhdistusvélia ja esikasittelysuodattimien silméko-
koa muutettiin. Todettiin, etta pintaveden ké&sittely on mahdollista hyd-
raulisesti puhdistetuilla kd&dnteisosmoosikalvoilla, ja ettéa hydraulinen puh-
distus on tehokas menetelma kaanteisosmoosimoduulin puhdistukseen.
lIma-vesi-puhdistuksen jalkeen havaittiin palautuminen paine-erossa kal-
von lapi sekd lapdisevyyden kasvu. Suuren partikkeli kuorman aikana
syottokanavan painepudotus palautui tehokkaasti hydraulisen puhdistuk-
sen ansiosta. Taman tutkimuksen mukaan laajaa esikasittelya ei tarvita,
mutta suppea esikasittely vaatii lyhyemman puhdistusvalin. Myos huuhte-
luvedenlaatua tutkittiin ja havaittiin, ettd viiden minuutin huuhtelun jal-
keen huuhteluvedenlaatu ei vastannut syottbvedenlaatua. Pitk&n aikavalin
tutkimuksia ehdotetaan esikasittely tarpeen maaritykseen, pintavetta kasit-
televan kaanteisosmoosilaitteiston suorituskyvyn maarittamiseksi, seka
huuhteluajan maaritykseen, kun huuhteluvetena kaytetdén pintavetta.

Kaanteisosmoosikalvot, hydraulinen puhdistus, tukkeutuminen.
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NOMENCLATURE

AWC

Concentrate

Feed

Flow

Flux
Fouling
MF

NF

Osmotic pressure

Permeate

Pressure drop

Retentate
Retention
RO

Specific flux

Transmembrane
pressure (TMP)

UF

Abbreviation for air-water cleaning. Cleaniogmembrane
with mixture of air and water.

Waste stream with retained componaAtgs.called reten-
tate or brine.

Water to be treated which enters the memlsiysiem. In
cross-flow filtration equal to concentrate + perteea

Vglume of feed water entering the membraneesysL/h or
m/h.

Permeate flow through membrane, L/h m
Clogging of membrane resulting in performafoss.
Abbreviation for microfiltration.

Abbreviation for nanofiltration.

Minimum pressure which prevemsrtbvement of solvent
to the concentrated solution.

Water stream which passes through théraem

Pressure difference between feeshehamd concentrate
channel of membrane.

Another word for concentrate.
A percentage of material that is removed
Abbreviation for reverse osmosis.
Flux through membrane divided by sarembrane pressure,
L/m%*h*bar.
The driving force for membranedtion. The pressure dif-

ference between feed channel and permeate channel.

Abbreviation for ultrafiltration.
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Treatment of surface water with hydraulically cledrreverse osmosis modules

1 INTRODUCTION

The application of membrane techniques in watextiment and wastewa-
ter treatment is growing. Membrane processes hagerbe better func-
tioning and more cost effective than they wereva years ago. Now they
are an efficient and reliable way to treat wateiikénen 2007, 7.) Due to
population growth and increasing demand for watewy methods to cre-
ate clean water have to be found. Conventionalcgsufor fresh water
such as rivers, lakes, and groundwater are overmspusused. Desalina-
tion of salty water and water reuse offer one smtufor water shortage.
(Greenlee, Lawler, Freeman, Marrot & Moulin, 20Q@318.) Reverse 0s-
mosis and nanofiltration are established procekmedesalination of sea
water and brackish water (Liikanen 2007, 7). Ndiydrave the water re-
sources become scarce but also the requirementsaiker quality have
tightened. Reverse osmosis and nanofiltration aeefinest membranes
and they can separate substances from water antievel. These mem-
branes are applied in water treatment, desalinati@eawater and brack-
ish water, in recovery of wastewater, and productbwater for industry
(Van der Kooij, Hijnen & Cornelissen 2009, 19).

Membrane processes have one disadvantage. Padittediomass can
accumulate on the membrane and spacer mesh ang foaisg leading
to decrease of productivity or increase in presslrog across the feed
channel. Because of this extensive pretreatmemtesled and membranes
have to be cleaned frequently. Other filtrationgasses like sand filtra-
tion, microfiltration and ultrafiltration, can bdeaned hydraulically and
backwashed. Reverse osmosis and nanofiltratiorepses have not been
cleaned hydraulically. (Crittenden, Trussel, Haridpwe & Tcho-
banoglous 2005, 959, 964, 1435.) This thesis i$ pRAIRO -project
which is performed in co-operation with Vitens (TRetherlands), KWR
Watercycle Research Institute (The Netherlands}emtmer-Water (The
Netherlands) and Evides (The Netherlands). Thectilage of the AiRo -
project is to study a method to clean verticallgiponed spiral-wound re-
verse osmosis membranes with a mixture of air aatém The cleaning
process is similar to the one that has been usedlti@filtration mem-
branes: membrane is cleaned by injecting air artdntlarough the bottom
section of the element.

The objective of this thesis is to study if it i@gsible to treat surface water
with hydraulically cleaned membranes and how muetrgatment is re-
quired for stable operation if any is required lat Ehe first five chapters
of the thesis deal with basic information of micemd ultrafiltration and
nanofiltration and reverse osmosis processes. iXlle shapter contains
calculations applying to membranes. The matermaksthods, results and
conclusions of the research are in the chapters 7-9
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2 MEMBRANES

Feed
streatm

Membrane filtration is a separation technique oficlwhthe principle is
shown in figure 1. A membrane is a thin layer oftenal which works as
a barrier to certain particles, molecules or suizsta. It is semipermeable
which means that some components can permeategthibland some
components are retained by the membrane. As a @salmembrane fil-
tration the feed water separates into two stredinesproduct stream, also
called permeate, which contains the permeable caemie and the waste
stream, called concentrate or retentate, whichawasitthe impermeable
components. The goal of membrane filtration is todpce a product
stream from which the targeted compounds are rechof@rittenden,
Trussel, Hand, Howe & Tchobanoglous 2005, 956-9%f@i3 chapter pre-
sents the classification of membranes.

| | I—

—
WWaste stream
containing
impermeable
components
{concentrate)

/ | T
Sermpenmiable J/

membrane Product stream

contaiting
permeable
compounds
{permeate)

FIGURE 1 The principle of membrane process (Crittenden, §eydHand, Howe &
Tchobanoglous 2005, 956.)

2.1 Classification of membranes

The currently used membrane processes for watatintesnt are microfil-
tration (MF), ultrafiltration (UF), nanofiltratio(NF), and reverse osmosis
(RO). In all these processes the driving fordbéspressure difference be-
tween the feed water channel and the permeate ehaaslso called as
transmembrane pressure. The transmembrane prasseifected by os-
motic pressure. The basic difference between mambré the presence
and absence of pores. Membranes can be classifiedwo processes:
micro- and ultrafiltration (MF and UF) and nanatition and reverse os-
mosis (NF and RO). (Crittenden, Trussel, Hand, H&~vEchobanoglous
2005, 956-957, 964.) Figure 2 shows the classifinatf membranes.
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The differences between MF/UF and NF/RO processensaiceable. The
basic difference is that MF/UF are porous membraames NF/RO are
considered not to have pores. MF/UF is mainly usegarticle removal
and NF/RO achieves much bigger variety of remowdasnces includ-
ing dissolved solutes. Because the size of rejguaeticles is different the
applications of MF/UF and NF/RO differ too. MF/U$ used for removal
of particles and micro-organisms and NF/RO is uk®dseawater and
brackish water desalination, softening, naturaborg matter removal or
removal of toxic compounds or specific contaminaf@ensequently the
typical source water for reverse osmosis and nkwadfon is seawater or
brackish water and for micro- and ultrafiltratiang surface water but also
NF/RO membranes are used for surface water. MFfgFparous so the
flux through membrane is higher and applied presssirlower than in
NF/RO. The main separation method for MF/UF isising, in other
words separation by particle size. In NF/RO separdas based on differ-
ences in solubility or diffusivity.

Membranes are used for many purposes in variefielos and industries
and the difference between membrane filtration ewkrse osmosis as
used in water treatment might not be correct fbeoindustries. (Critten-
den, Trussel, Hand, Howe & Tchobanoglous 2005, ®5%-1430.) In this
thesis membranes are observed only from the watatntent sector’s

point of view.
Particles
Sediment
Algae
Microfiltration

Protozoa
Bactenia

0.1 -pm pores

Ultrafiltration
0.01 -pm pores

Small colloids
Virses

Dizzolved organic matter
Drvalent 1ons

Manofiltration
0.0071-pm pores

Eeverse osmosis
HWonporous

Monovalent 1ons

“Water

FIGURE 2 The classification of membrane processes (Crittendieussel, Hand,
Howe & Tchobanoglous 2005, 957).
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3 MICROFILTRATION AND ULTRAFILTRATION

Microfiltration and ultrafiltration are used mainfgr particle removal. In
early days of membrane filtration the applicatidrivi-/UF were limited,
consisting only of MF/UF membrane process and flistion. This treat-
ment was used for waters which needed only panteaieoval and disin-
fection. Now micro- and ultrafiltation is combinedth other processes
and it can be used for different source watersitt@@iden, Trussel, Hand,
Howe & Tchobanoglous 2005, 1011.) MF/UF is alsoduse pretreatment
for nanofiltration and reverse osmosis processggafhen 2007, 8). In this
chapter the focus is on microfiltration and ultitadition and their structure
and material, module configuration, process desoripfiltration mecha-
nisms, and application.

3.1 Membrane structure and material

In water treatment membrane filtration is oftenfpened through hollow
fiber membranes. Hollow fibers are very thin tubEseir outside diameter
ranges from 0,5 to 2 mm and the wall thickness earfgom 0,07 to 0,6
mm. There are also other configurations such aslifieet, tubular, or spi-
ral-wound membranes. The configuration of membrafaes its packing
density. The benefit of membranes is that they lzabey surface area per
volume of equipment so they are compact. They mhesgispace than tra-
ditional water treatment processes. For examplie kotlow fibers 1 m? of
footprint may contain as much as 100 m2 of membeaea. (Crittenden,
Trussel, Hand, Howe & Tchobanoglous 2005, 964,)966.

The type of material used for membrane is importhirttas strong effect
on membrane performance. An ideal membrane has wctemacteristics:

it should be able to produce high flux through meamk without fouling,

it should be physically durable, chemically duralsled stable, non-
degradable, and cheap. Many different materialsuaeel for membranes.
Most common materials used for water treatmenipatgpropylene (PP),

polyvinylidene fluoride (PVDF), polysulfone (PS),olgethersulfone

(PES), and cellulose acetate (CA). These matedsds used in water
treatment but different kinds of materials are usedother industries for
example ceramic materials. (Crittenden, Trussehdiddowe & Tcho-

banoglous 2005, 980-981, 983-984.)

3.2 Module configuration

Membrane modules are made by putting thousandslmiw fibers into a

module. One module can contain 8 to 70bafhmembrane area. These
modules are set up either in pressure-vessel systersubmerged sys-
tems. In pressure-vessel systems membranes amgtgat pressure-vessel
shell and shells are arranged in skids or rack® €knd or rack can con-
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tain from 2 to 300 pressure-vessel modules depgnaimproduction re-
guirements. To generate driving force, transmenemessure, feed wa-
ter is pumped with high pressure to the feed sfdmembrane while per-
meate side stays at atmospheric pressure. Duestprdssure difference
between the feed and permeate, water is transptmtedgh the mem-
brane. (Crittenden, Trussel, Hand, Howe & Tchob#mag 2005, 966-
968.) Figure 3 shows a typical pressure-vesselgaration.

FIGURE 3 A pressure-vessel system mounted on rack (Shubtwam |

In submerged systems modules are placed in an fegentank. Driving

force is created by applying a negative pressur¢éherpermeate side of
the membrane. These systems are also called soesetiatuum-based
systems. (Crittenden, Trussel, Hand, Howe & Tcholius 2005, 966-
969.) A submerged module is shown in picture 4.

Both systems have advantages. Submerged systenrslarger modules

than pressure-vessel systems but they need lesss\ahd piping. In pres-
sure-vessels each module has to be piped sepai@tglgrmeate and feed
water. Submerged systems operate with individudgavhich can be op-
erated separately so during cleaning or maintentdrecghole production
does not have to be stopped. (Crittenden, Trusteid, Howe & Tcho-

banoglous 2005, 967, 969, 971.)
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4 ﬂmml
J
| 3 |lﬂ|||

|
o LT

FIGURE 4 Picture of submerged module for wastewater treatrfféoch membrane
systems 2008).

3.3 Process description

The water that passes through membrane becomesatiect water, per-

meate, and the retained water on the feed sidallsdcconcentrate or re-
tentate. Since the membrane pores are too smallaw the solids in the

feed to go through the membrane, the solids wdbiawlate on the mem-
brane over time. This causes the transmembransyseet® increase or the
flux to decline. To prevent the pressure from beogntoo high mem-

brane plants operate with backwash and filtratigeles. During the

backwash air and/or water is pumped from the petengde to the feed
side of the module. Backwash removes the accuntutatgerial from the

membrane surface. After backwashing the filtratpwacess starts again.
(Crittenden, Trussel, Hand, Howe & Tchobanogloud52®64.)

However, backwash does not remove all substanoes tihe surface and
so gradually more and more material is presenhemtembrane. This re-
sults in a loss in the membrane performance whickiso called fouling.

To remove fouling membranes are cleaned with chasiicCleaning is

carried out by soaking the membranes into a wassahgfion containing

surfactants, acids or bases. Membranes are cleageldrly but the wash-
ing frequency depends on feed water quality, thecgss settings and
membrane material. It ranges from few days to mari#ven with chemi-

cal cleaning membranes have a limited life-timee@ical cleaning and
accumulation of material make the membrane fragild it starts to de-
grade so finally membrane has to be replaced.té@den, Trussel, Hand,
Howe & Tchobanoglous 2005, 964-966.)

3.4 Filtration mechanism

The main filtration mechanism for membrane filtoatis sieving but sepa-
ration occurs also through adsorption and cake dtion. The principle of
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sieving is that particles big enough do not passntembrane pores and
they are retained on the surface. Cake is formethersurface when big-
ger particles are first strained on the surface blodk the way from
smaller ones that could pass the membrane poresrgiitbn occurs when
small material enters the pores and is adsorbetlepore walls. (Critten-
den, Trussel, Hand, Howe & Tchobanoglous 2005,)984.

3.5 Applications

Micro- and ultrafiltration are mainly a particle cammicro-organism re-
moval processes. Even though for viruses the iefeds not complete,
MF and UF provide good hygiene quality of wateraneling bacteria, pro-
tozoa and algae. In drinking water treatment memdbifdtration can re-
place coagulation-settling, sand filtration andirdection processes and
MF/UF can be used as pretreatment for nanofiltnadiod reverse osmosis.
Possible source waters for MF/UF can be fresh serfeater, waste water,
or ground water. When no other demand for watefitgua present than
particulate removal, pretreatment for membraneatitbn is minimal. To
prevent clogging of fiber tubes and damaging fimaterial, the feed wa-
ter will be prefiltered with cartridge filters orionoscreens. Because parti-
cles are removed by physically straining them, dbahaddition like co-
agulation is not mandatory. This saves costs &attnent plants with re-
spect to chemical handling because changes invie¢er quality do not
effect on membrane filtration as much as conveatitreatment. (Critten-
den, Trussel, Hand, Howe & Tchobanoglous 2005, 9P20. Liikanen
2007, 8.)

Micro- and ultrafiltration are also used to remawere challenging com-
ponents from the feed water for example organicensdtor taste and
odour. For organic matter micro- and ultrafiltratioy themselves are usu-
ally not sufficient. Removal of organics with mieror ultrafiltration is
limited to 10-30 % depending on membrane and sowater. With
tighter ultrafiltration membranes the removal ajamic matter may be 60-
70 %. Organic matter removal can be improved bypgisioagulant pre-
treatment or powdered activated carbon-membraraarsa In submerged
systems the coagulant or activated carbon can deda the feed tank. In
pressure-vessel systems coagulation and activatdzbre can be added
straight into the feed water before membrane mad\erittenden, Trus-
sel, Hand, Howe & Tchobanoglous 2005, 1011-101i8ahien 2007, 8-9.)
In post-treatment pH is adjusted and disinfectanisually added to pre-
vent microbial growth in the distribution systemri(@nden, Trussel,
Hand, Howe & Tchobanoglous 2005, 1021-1022. Liikep@07, 8).



Treatment of surface water with hydraulically cledrreverse osmosis modules

4 REVERSE OSMOSIS

Reverse osmosis membranes are the finest membrEmeg.are applied
in water treatment, in desalination of sea or bisdtkvater, for waste wa-
ter reclamation and for water production for indygti/an der Kooij, Hi-
jnen & Cornelissen 2009, 19). This chapter death veéverse osmosis in-
cluding nanofiltration and reverse osmosis desegldgiffusion, membrane
material, membrane configuration, process desonptpretreatment, fil-
tration and rejection mechanisms, and applications.

4.1 Diffusion

Reverse osmosis is based on diffusion. Osmosisffissidn through a
semi-permeable membrane. Figure 5 shows the difessbetween diffu-
sion, osmosis and reverse osmosis. In figure 5alhseparates two lig-
uids. One liquid is pure water and the other ona #olution of a salt in
water. When the wall is removed the water mass ani unbalanced state
and it will go back into an equilibrium state. Sailblecules start to move
to pure water side on the right and water moleculdsmove to the left
side. The movement of salt molecules from high eatration to low con-
centration is called diffusion.

If there is a semi-permeable membrane betweeniasotuas in figure 5b,

only the water molecules can move. The membraneepts the move-

ment of salt ions. The balance is regained by wdesing to the left side.

As a result, the water level on the concentratdd sses. The flow of wa-
ter from low concentration to high concentratiorrotigh a semi-

permeable membrane is called osmosis. In figurth®&concentrated side
is pressurized and the water molecules are forwgrbtmeate through the
membrane to the pure water side. The flow of whten a high concen-

tration to a low concentration through semi-pernheabembrane by ap-
plying an external force is called reverse osmosis.

Between two solutions with different concentratianglifference in os-
motic pressure exists. The osmotic pressure isntimum pressure
which prevents the movement of water moleculeséocbncentrated solu-
tion. To make reverse osmosis possible the extgneskure has to exceed
osmotic pressure. When osmotic pressure and ekxfemessure are equal,
no water is flowing. When external pressure excélee®smotic pressure,
the water starts to flow from left to right. (Cettden, Trussel, Hand,
Howe & Tchobanoglous 2005, 1444-1445, 1448, 1450.)
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FIGURE 5 The mechanisms of diffusion, osmosis and reversesis (Crittenden,
Trussel, Hand, Howe & Tchobanoglous 2005, 1444).

4.2 Membrane material

The most common materials used for RO/NF membranescellulose

acetate (CA) and polyamide (PA). Thin-film compesihembranes are
made of two or more materials cast onto each offfes. benefit of thin-

film is that properties of membrane can be choseependently accord-
ing to materials. RO/NF membranes are extremely, timly 0.1 to 2 pum.

The active layer allows for selective watertransibort rejects solutes that
may have similar molecular size compared to waRgverse 0smosis
membranes are dense which means they do not haes. {Crittenden,

Trussel, Hand, Howe & Tchobanoglous 2005, 1441-0)4%Be transport

mechanism is based on solution-diffusion (Crittend&russel, Hand,
Howe & Tchobanoglous 2005, 1450).

4.3 Membrane configuration

Usually reverse osmosis membranes are producegiial-svound ele-

ments or hollow-fine-fiber elements. Hollow-findsér elements are simi-
lar to membrane filtration except that reverse aamdébers are thinner,
about the thickness of human hair. (Crittendens3ely Hand, Howe &
Tchobanoglous 2005, 1438, 1440.) In this thesisabpiound membranes
were used.

4.3.1 Spiral-wound membrane element

Spiral-wound membrane elements are more complicdatedhollow-fiber

modules. In spiral-wound elements two membranetshere placed with
their backs together and active layers on the deitsThey are glued to-
gether from three sides to form an envelope. Indheelope a carrier
spacer is placed which collects permeate and f@msrmeate channel.
The fourth side of envelope is glued to a perfargbermeate tube in

9
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which permeate is collected. Between envelopesfegd spacers that
separate the envelopes from each other and crdaésl @hannel and give
rise to turbulent flow of the feed water. Envelopes wound around per-
meate tube. During operation feed water enterdetbe channel and part
of the water penetrates through the membrane ainalsgs way to the

permeation tube. Part of the water exits on therodnd of module as
concentrate and continues to the next elementit¢@den, Trussel, Hand,
Howe & Tchobanoglous 2005, 1438-1440. Van der Kddijnen & Cor-

nelissen 2009, 21.) Figure 6 shows the construci@piral-wound mem-
brane and figure 7 demonstrates the cross-cuti@i-spound membrane.

Spiral-wound membranes operate with cross-flowatilbn in which the
feed flow is parallel to the membrane surface aedngate flow is per-
pendicular to membrane. Spiral-wound elements eaédadle in different
diameters. The most common diameter is about 2(BEwith length of

1 m. This kind of element with 24 envelopes of 0ci® width and 1 m
length has membrane area of 36 m2. (Van der Kbigipen & Cornelissen
2009, 30.)

Concentrate

/ Permeate

Perforated collection tube

Feedwater /
Feedwater and

concentrate spacer

Permeate flow toward collection tube

Covering and bypass spacer
Permeate carrier

FIGURE 6 Spiral-wound reverse osmosis membrane elementgtiiaf006).
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.~ Feed spacer

)
H

& .
\ \‘&Permeate spacer

Membrane leaf

FIGURE 7 A cross-cut of spiral-wound membrane (Hallsby 2006)

4.3.2 Module configuration

Spiral-wound elements are usually arranged in presgessels containing
six to eight element in series (Van der Koolij, liin& Cornelissen 2009,
21). An example of these pressure vessels is shovigure 8. Elements
in a pressure vessel are connected together sthéh@ermeate tubes are
attached. From the first membrane element the crate continues to
the feed channel of the next element and so on tin@ticoncentrate has
flowed through all the elements and exits the Ve¥gben the water flows
through the feed channel to the next element,negdes a pressure drop.
(Crittenden, Trussel, Hand, Howe & Tchobanogloud52a440.) As foul-
ing develops the pressure drop will increase (Van Kooij, Hijnen &
Cornelissen 2009, 27).

FIGURE 8 Reverse osmosis pressure-vessels in water treaptaeitin USA (Comp-
ton engineering 2007).
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4.4 Process description

Reverse osmosis process is similar to other merebpaocesses. Water
enters the system from other end and the streaitledivnto permeate and
concentrate streams. The driving force in revessaasis is the pressure
difference between applied and osmotic pressuferdiitials as presented
in formula 1 (Crittenden, Trussel, Hand, Howe & ®bhnoglous 2005,
1454).

FORMULA 1 Reverse osmosis driving force for water flux thilongembrane (Critten-
den, Trussel, Hand, Howe & Tchobanoglous 2005, 1454

AP =AP-Amr=(P. - B,) - (71 - 11,)
in which,
AP ¢; = net transmembrane pressure, bars

AP = pressure difference, bars
A= osmotic pressure difference, bars
The subscripts p and f refer to permeate and fesgectively.

Reverse osmosis membranes are operated in prasssels. A group of
pressure vessels operated parallel is called &.skagm a stage either the
concentrate or permeate can be directed to nege stiathe concentrate is
directed to the next stage it increases the regosed it's called a multi-
stage system. If the permeate is fed to next stagealled a two-pass sys-
tem. This will increase the permeate quality. (€ntlen, Trussel, Hand,
Howe & Tchobanoglous 2005, 1435-1436.) For seamddsalination re-
verse osmosis plant operates with one- or two-pgstems. These days
many plants are using only one-pass but the nuoigasses depends on
production water quality standards. Some plantshimgyen have to use
four-passes. (Greenlee, Lawler, Freeman, Marrot dulvh 2009, 2331.)
Figure 9 shows the flow diagram of Ashkelon reversmosis sea water
plant in Israel which uses four-pass system. ltéslargest reverse osmosis
desalination plant in the world with 330000 of drinking water per day.
(Sauvet-Goichon 2007, 75.) The use of staging diffeith brackish and
sea water. Brackish water uses stage system inhvth& concentrate is
feed water to the next stage but sea water usesepée as feed to the next
pass (Greenlee, Lawler, Freeman, Marrot & Mouli©9202331, 2335).
The next section describes the air-water cleanifgFéRO membranes.

12
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Disinfectant
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FIGURE 9 Simplified process flow of Ashkelon reverse osnsesiswater plant in Is-
rael (Sauvet-Goichon 2007, 77).

4.4.1 Air-water cleaning

Reverse osmosis processes are continuous so thacehackwash cycle
(Crittenden, Trussel, Hand, Howe & Tchobanoglou8321435). Chemi-
cal cleaning which is performed with acids or basesonsidered the only
way to clean RO/NF membranes and restore flux addae salt passage
(Greenlee, Lawler, Freeman, Marrot & Moulin 200829). In this thesis
backwash with mixture of air and water was studigsing air in cleaning
of membranes is quite new method and it has dritenames such as air
sparging, air-water flushing, or air scouring. Apation of air in mem-
brane processes started in the 1990s. Methodsirtg ag in the process
can be divided into two groups, prevention of fogliby using air con-
tinuously during filtration, and cleaning with ddetween filtration cycles.
(Cornelissen, Vrouwenvelder, Heijman, Viallefondnvder Kooij & Wes-
sels 2007, 95.) In this thesis the applicationiofreas used as a cleaning
method.

Air-water cleaning or using air during filtratios widely research with
micro- and ultrafiltration membranes. Use of airaported to be efficient
in removing particulate fouling and enhancing flgabassud, Laborie &
Laine 1997, 97. Li, Ghosh, Bellara, Cui & Peppe®d,980-81.) Only few
studies were performed on air-water cleaning irere® 0Smosis processes
(Cornelissen, Vrouwenvelder, Heijman, Viallefordnvder Kooij & Wes-
sels 2007. Cornelissen, Harmsen, Beerendonk, Vess&lan der Kooij
2009. Cornelissen, Rebour, Van der Kooij & Wes26189.).

13
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4.5 Pretreatment

Pretreatment is required basically in all reversmasis systems (Critten-
den, Trussel, Hand, Howe & Tchobanoglous 2005, 14B6e goal for

pretreatment is to prevent fouling on the membr@Beeenlee, Lawler,

Freeman, Marrot & Moulin 2009, 2329). The next @t describe meth-
ods for pretreatment and post-treatment.

4.5.1 Conventional pretreatment

Conventional pretreatment for sea and brackish megeally consists of
chemical addition, disinfection, media filtratiomda cartridge filtration.
The extent of pretreatment depends on source wateemical addition
depends on the source water quality. Coagulaninddsi added if water
will be filtered with media filtration like sandlfiiation. Disinfection is
used to prevent biofouling. Not all the membrandemals tolerate disin-
fection chemicals so the chemical has to be rembeéare membrane for
example with activated carbon or sodium bisulf§ealing control is be-
fore or after cartridge filtration. Scaling contimnsists of pH adjustment
and/or antiscalant dosing. This is done to preypeatipitation of salts on
the membrane. During operation the concentrate lsedemes more con-
centrated with salt and the salt concentrationlmesome higher than the
salt’s solubility. Then the salts may start to peéate and damage the
membrane. With pH adjustment the goal is to chdhgesolubility of salts
and antiscalants prevent the precipitate formatiocrystallization. pH ad-
justment is done with acid at the same time witagedant dosing. Car-
tridge filtration is the last pretreatment step #&nd applied to remove the
larger particles that passed media filtration. f€nden, Trussel, Hand,
Howe & Tchobanoglous 2005, 1436-1437. Van der Kddijnen & Cor-
nelissen 2009, 22. Greenlee, Lawler, Freeman, Ma&rdoulin 2009,
2329-2330.) The flow diagram of Ashkelon reversenasis sea water
plant in figure 9 shows a conventional pretreatnpeatess.

When reverse osmosis is used for surface watefijttaton (sand) with
coagulation is commonly used as part of pretreatméariable combina-
tions of ozonation, sedimentation and activateco@arfiltration with
biofiltration are used in pretreatment process.n(\dar Kooij, Hijnen &
Cornelissen 2009, 46-47.)

4.5.2 Membrane pretreatment

A new method for pretreatment is the use of mioradltrafiltration. They
give defined protection against particles. Membrhit&tion has the ad-
vantage of non-chemical treatment and it can repllae granular filtration
of conventional pretreatment which needs chemioaird). Micro- and ul-
trafiltration membranes have also backwash pogyibirhey are more
flexible to changes in feed water quality than cartional pretreatment
methods. Because of the good rejection of micrat altrafiltration, re-
verse osmosis membranes age slower. (Greenleegt,awkeman, Mar-

14
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rot & Moulin 2009, 2330-2331.) Recent studies shbat ultrafiltration
has become the most tested and studied membré&iaéidit pretreatment
(Van Hoof, Minnery, Mack 2001, 164-166. Halper, Mdke & Antrim
2005). The disadvantage of pretreatment with mengbfétration is foul-
ing of the pretreatment membranes themselves. igpuln be reduced by
the use of inline coagulation. Coagulant can noapplied at the same
time with antiscaling agent. Coagulant and antisgathemical form to-
gether a complex which is a very difficult foulariGreenlee, Lawler,
Freeman, Marrot & Moulin 2009, 2330-2331.) Ultraltion has yet an-
other disadvantage. According to studies, ultrafiibn results in a very
good rejection of particles but it does not remmaderial that causes bio-
fouling. (Van der Kooij, Hijnen & Cornelissen 20096, 49. Vrouwen-
velder, van Paassen, van Agtmaal, van Loosdrechtthof 2009, 41-42).

45.3 Post-treatment

Post-treatment for product water is simple. It ¢sissof pH adjustment,
possible removal of gases, and remineralizatiorpeldding on salt con-
centration the permeate might be blended with arotlater to increase or
decrease the salinity. Hardness will be increasedchieve the typical
taste of drinking water. Alkalinity and pH are aldjusted to prevent cor-
rosion. Dissolved gases permeate well through mangbrand if the

source water contains hydrogen sulphide it wilsb@ped. Also disinfec-
tant is added to prevent microbial growth in disition network. (Crit-

tenden, Trussel, Hand, Howe & Tchobanoglous 2083711438. Green-
lee, Lawler, Freeman, Marrot & Moulin 2009, 2336323

4.6 Filtration and rejection mechanisms

With nonporous reverse osmosis membranes the fitough membrane
is different than in MF/UF. First the water is adssd on the membrane
surface, then it diffuses through membrane andrteson the permeate
side. This model is called solution-diffusion mad@lith nanofiltration
membranes the flux is a combination of diffusionl #éime same pore flow-
method as in micro-, and ultrafiltration. (Crittemg Trussel, Hand, Howe
& Tchobanoglous 2005, 1450-1451. Greenlee, LaviHeeeman, Marrot
& Moulin 2009, 2322-2323.) Although the newest s#sdpresent, that
flux through nanofiltration membranes is more coltéd by diffusion
(Greenlee, Lawler, Freeman, Marrot & Moulin 200922).

Rejection can occur in different ways. Most comnmechanisms are
electrostatic rejection at the membrane surfackibgidy and diffusivity
through membrane or straining. Nanofiltration aaderse osmosis mem-
branes are often negatively charged so negativelyged ions may be re-
jected based on electrostatic repulsion and pe$jtigharged ions may be
rejected to sustain electroneutrality in the feed permeate side. Polar
and hydrogen-bondable functional groups in membnaciease the solu-
bility of polar compounds, such as water, and dgvédrger flux of water
through the membrane. Large molecules have lowusdrity through
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membrane or they are not able to pass the memlataak: (Crittenden,
Trussel, Hand, Howe & Tchobanoglous 2005, 1453.)

4.7 Applications

Reverse osmosis processes are used for many diffapplications be-
cause of their tight membrane and ability to rejemtious compounds.
Next sections deal with applications of reverse @smand nanofiltration
membranes including desalination, natural orgaratenial removal, spe-
cific contaminant removal and organic contaminamaval.

4.7.1 Desalination

The main application for reverse osmosis is deaadin of sea water or
removal of dissolved solids. Total dissolved sohasans the sum of ions
in the solution (Crittenden, Trussel, Hand, Howd& éobanoglous 2005,
18, 77). Different types of membranes are usedlifé@rent product water.
To produce demineralised water high rejection typeerse osmosis
membrane is used. If the product water is normalkdrg water then
more loose type of reverse osmosis or nanofiltnatieembrane is used.
(Van der Kooij, Hijnen & Cornelissen 2009, 24.) Bvihough other tech-
niques for desalination exist reverse osmosis sderbg the main tech-
nique in the future (Greenlee, Lawler, Freeman, rvta& Moulin 2009,
2322).

4.7.2 Natural organic material

Other application is removal of natural organic enal (NOM). When

NOM gets contact with disinfectants, harmful disctfon by-products
(DBP) are formed. Generally NOM is easier to remé&oen water than

by-products. Colour removal has been very effectwlh nanofiltration

and colour is usually caused by organic materihls Thakes nanofiltra-
tion effective process to control disinfection bpgucts. Nanofiltration
has been also used for softening in USA for threeades. (Crittenden,
Trussel, Hand, Howe & Tchobanoglous 2005, 1433kadden 2007, 8.
Van der Kooij, Hijnen & Cornelissen 2009, 24.)

4.7.3 Specific contaminants

Reverse osmosis can also remove specific contatsin@ne common ap-
plication is nitrate removal from ground water. Witeverse osmosis
membrane the rejection can be between 73-93 %. Wéittofiltration the

rejection is not so good so they are not usualgdusr this application.
Reverse osmosis is also used for fluoride and ersemoval. (Van der
Koolij, Hijnen & Cornelissen 2009, 24.) In Finlantthe water treatment
plant in Laitila reverse osmosis is used for flderremoval from ground
water. Reverse osmosis reduces the fluoride coratemt by more than
95 %. At the same time it reduces the aluminum eptration to approv-
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able level. Because the rejection of fluoride i, the targeted level is
reached easily by mixing the reverse osmosis weatlrpre-treated water.
(Liikanen 2007, 8.)

4.7.4 Organic contaminants

Reverse osmosis is able to remove organic contamsireuch as pesti-
cides, pharmaceutically active compounds and patszame products. Re-
tention of these contaminants depends on solutpepties, membrane
properties and operating conditions. Generally ghesmpounds are re-
moved very well with both nanofiltration and rewerssmosis. (Van der
Kooij, Hijnen & Cornelissen 2009, 25.) However, ufereverse osmosis
to remove specific contaminants is not very cototive because other
cheaper techniques exist and disposal of concenmaght be challenging
(Crittenden, Trussel, Hand, Howe & Tchobanogloudx20.433).

5 MEMBRANE FOULING

Fouling is the most important issue for membrangiegtions. It causes
flux decline and shortens the membrane life. Fgutan be categorized
by different characters: mechanism, reversibilitg oulants. (Crittenden,
Trussel, Hand, Howe & Tchobanoglous 2005, 993, )984rface fouling
and fouling in pores are the two fouling mechanigha are commonly
detected. Fouling causes water flux decline, irsgeaf transmembrane
pressure drop and feed channel pressure drop, @hgassage through
NF/RO membranes. (Greenlee, Lawler, Freeman, M&rgoulin 2009,
2327). Permanent loss of performance after cleaisiroglled irreversible
fouling. Reversible fouling is fouling that coul@ bemoved by backwash-
ing or cleaning. (Crittenden, Trussel, Hand, How&@&obanoglous 2005,
994.) The next sections describe four common tgbésuling: particulate
fouling, organic fouling, scaling, and biofouling.

5.1 Particulate fouling

Source water for reverse osmosis is often sea waterackish water and
compared to fresh surface waters sea water hapaessle content. How-
ever sea water treatment plants that treat waben fspen water intake are
typically fouled by particles and organic matteartitle fouling is caused
by sand, sludge, silicates, salt precipitates aadhains of micro-

organisms. Particle fouling causes cake formatinrthe membrane and
plugging in the feed channel or piping. From micemd ultrafiltration

membranes particle fouling is easy to remove wabkivash but NF/RO
processes do not have a backwash cycle. Big paptuicles exits the
membrane in the concentrate because of turbuléoweri the membrane
elements. If the load of particles is too big ogrthis not enough turbu-
lence, particles will start accumulating which Hfésun salt passage
through NF/RO membrane, pressure drop over memiai@neents and a
decrease in water flux. Ultrafiltration and micittion as a pre-
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treatment for reverse osmosis give excellent gartemoval. (Crittenden,
Trussel, Hand, Howe & Tchobanoglous 2005, 1468.efdex, Lawler,
Freeman, Marrot & Moulin 2009, 2327-2328. Van deayol{, Hijnen &
Cornelissen 2009, 26.)

5.2 Organic fouling

Natural organic matter is a term often used whestrilging organic mate-
rial. Natural organic matter (NOM) is a term usedcharacterize a com-
plex group of organic chemicals originating fronalbgical activity in wa-

ter bodies such as metabolic activity of algae @rororganisms. It can
also be washed from land into water. It is compasfebiological matter,

reaction products between NOM molecules or reagh@uucts between
NOM molecules and inorganic components. This matkeesry complex

mixture of different chemical features. (Crittenddmussel, Hand, Howe
& Tchobanoglous 2005, 81-82.) NOM consists of g, biological ma-
terial and dissolved organic compounds. It can bglyp removed by

backwashing from MF/UF membranes (Crittenden, Teljd4sand, Howe

& Tchobanoglous 2005, 998, 1000-1001). Also coaguiaand activated
carbon treatment as part of MF/UF can help to reduganic content and
thus decrease fouling.

In NF/RO processes NOM precipitates and adsortth@membrane sur-
face and causes decrease in water flux (Van deij,Kéimen & Cornelis-
sen 2009, 27). Organic fouling can be reduced btrgatment with biofil-
tration or very tight ultrafiltration membranes aso able to reduce the
organic load (Liikanen 2007, 8. Mosqueda-Jimenerxk2009, 65).

5.3 Scaling

Scaling is fouling by inorganic substances. Scatingurs when the con-
centration of salts exceeds the solubility and tstayt to precipitate. They
crystallize on the membrane surface. Micro- andafiltration membranes
allow salts to permeate through the membrane sealieconcentration
will not rise on the membrane surface. Scaling &nhy a problem of
NF/RO membrane processes. Scaling on membrahevesn figure 10.
In sea and brackish water there are lots of inacgems. The main ions
are calcium, magnesium and barium. Concentratidarigation is a phe-
nomenon which occurs when dissolved ions accumiutagethin layer of
the feed water. It is the ratio of salt concentratat the membrane surface
and in the bulk solution. Concentration polarizataecreases water flux
through membrane and increases salt transportghrmembrane. It leads
also to scaling. Water flux declines because higloercentration on the
membrane surface causes higher osmotic pressuch Velaids to the over-
all pressure difference decrease. Salt transporeé@ses due to increase in
concentration and decrease in water flux. Scangevented by using an-
tiscalants which increase the threshold of coneéntr when the ions start
to crystallize and disturb the formation of cryssaducture. (Crittenden,
Trussel, Hand, Howe & Tchobanoglous 2005, 1462,0143reenlee,
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Lawler, Freeman, Marrot & Moulin 2009, 2323, 232328. Van der
Kooij, Hijnen & Cornelissen 2009, 26.)

FIGURE 10 Scaling of spiral-wound membrane (WaterForum On2085).

5.4 Biofouling

Biofouling is accumulation and attachment of miorganisms on mem-
brane surface where they form a biofilm. Biofoulilsgtroublesome be-
cause it can not be controlled by reducing micrahethe feed water. If
there is any microbe left, it will multiply as lorag nutrients are available.
(Crittenden, Trussel, Hand, Howe & Tchobanoglou63201001. Flem-
ming 1997, 382.) Part of NOM can be used by miaganisms as nutri-
ent. Assimilable organic carbon (AOC) is ready $& @nergy source for
microbes and if it's available in big concentragoiinat means that mi-
crobes have a lot of potential to grow. So the dabhg potential can be
derived from nutrient concentration in the systéwan der Kooij, Hijnen
& Cornelissen 2009, 27, 45-46.)

A biofilm is formed always when micro-organisms baa surface to at-
tach. Micro-organisms can attach to the membrandetlay are difficult to
remove during backwash. On the membrane they tetaxcrete gel-like
extracellular material that protects them from oleg and results in addi-
tional fouling. The possibilities to prevent biofimg are disinfection, bio-
cide dosing and nutrient reduction by biofiltratiddisinfection kills mi-
cro-organisms but if the dead biomass is not remhi@e@ew biofilm will
grow on it fast using the biodegradable compoumds fthe dead mass.
According to studies limiting nutrient concentratiis an effective way to
control biofouling (Griebe, Flemming 1998, 156. Hgpng, Ong, Phua,
Ng 2005, 128, 132). Biofilm forms in phases. It mscwhen the biofilm
growth exceeds the threshold of interference. Bezatls impossible to
kill all the micro-organisms from the system, thiey option is to live
with biofilm formation as long as it does not letw biofouling. The
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threshold of interference is the limit below whitte biofilm does not in-
terfere with membrane performance. (Flemming 19833, 387-388.
Griebe, Flemming 1998, 156. Hu, Song, Ong, Phua20iep, 128, 132.
Van der Kooij, Hijnen & Cornelissen 2009, 27.)

Biofouling results mainly in pressure drop increbseit can also decrease
the permeate flux and salt rejection on NF/RO memér (Crittenden,
Trussel, Hand, Howe & Tchobanoglous 2005, 84. Flemgni997, 383,
387-388. Hu, Song, Ong, Phua, Ng 2005, 128, 138.déa Kooij, Hijnen
& Cornelissen 2009, 27.) Figure 11 shows biofoulimgthe surface of au-
topsied reverse osmosis membrane. Even thoughubiodohas been no-
ticed and studied a few decades, it still remaid#fecult problem that is
hard to control (Van der Kooij, Hijnen & Corneliss2009, 29).

FIGURE 11 Biofouling on spiral-wound reverse osmosis membi@&aterForum
Online 2008).

6 CALCULATIONS

This chapter presents some of the basic equatwreafculating rejection,
recovery and water flux, solute flux and silt dépsndex for micro- and
ultrafiltration and nanofiltration and reverse osisgrocesses.

6.1 Rejection

The extent to which material that is retained byembrane is called re-
jection. Rejection can be calculated for specifienponents or using an
overall property, such as turbidity. For examplk sgection is one of the
performance indicators for reverse osmosis. (Gwutde, Trussel, Hand,
Howe & Tchobanoglous 2005, 984. Greenlee, Lawlerefman, Marrot &
Moulin 2009, 2323-2324.) Formula 2 shows the eguafor rejection.
The equation is used in all types of membraneafitin.
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FORMULA 2 Equation for calculating rejection for membrandrétion (Crittenden,
Trussel, Hand, Howe & Tchobanoglous 2005, 984, 1443

in which,
R = rejection, dimensionless
C, = permeate concentration, mole/L or mg/L

C. = feed concentration, mole/L or mg/L

6.2 Recovery

Recovery is the fraction of the feed water thatobpees permeate. The
equation shown in formula 3 applies only for nali@tion/reverse osmo-
sis membranes. (Crittenden, Trussel, Hand, Howel8obanoglous 2005,
1455.)

FORMULA 3 Equation for recovery for reverse osmosis and niétretfon membranes
(Crittenden, Trussel, Hand, Howe & Tchobanoglou831455).

- Qe
R, Q.
in which,

R, = recovery, dimensionless
Q. = permeate flow, fiis
Q. = feed flow, ni/s

For MF/UF recovery is typically very high, 95-98 &ad it is the ratio of
net water production to gross water productionhasve in formula 4. The
equation is only valid for dead-end filtration (tenden, Trussel, Hand,
Howe & Tchobanoglous 2005, 1011.)

FORMULA 4 Equation for recovery for micro- and ultrafiltratio(Crittenden, Trussel,
Hand, Howe & Tchobanoglous 2005, 1011).

_ VF _VBW
R,

in which,
R, = recovery, dimensionless

V. = volume of water fed to the membran€, m
V,,, = volume of water used during backwasH, m

6.3 Water flux

Water flux calculation differs for the differentpgs of membrane filtra-
tion because with nanofiltration and reverse osmts osmotic pressure
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affects the flux. The next sections show water ftalculations for NF/RO
and MF/UF.

6.3.1 Water flux through reverse osmosis membranes

The water flux through reverse osmosis or nanafitth membrane is
driving force times mass transfer coefficient. Maater flux through re-
verse osmosis membrane is described in formula 5.

FORMULA 5 Equation for water flux through reverse osmosis aadofiltration mem-
branes (Crittenden, Trussel, Hand, Howe & Tchobamag 2005, 1454).

Jw = kw (AP -Anm)
in which,
J,, = volumetric flux of water, L/ifth

k,, = mass transfer coefficient for water flux (MTC)m? *h*bar

AP = transmembrane pressure difference between fakdeaameate, bars
An= osmotic pressure difference between feed andgeenbars

Mass transfer coefficients are given by the menmdbnamanufacturers or
calculated from clean water flux experiments. Osmptessure is calcu-
lated by the van't Hoff equation which is similap ideal gas law
(pV=nRT). It's derived from ideally diluted solutiovhich is not usually
the case in reverse osmosis systems. So a coefficés to be added to
account for diluteness and behaviour of solutigdsmotic pressure de-
pends on the concentration of water in the systethdissociation of sol-
utes in the water. When these factors are takenaiotount and included
in the van't Hoff equation, we can calculate tlenotic pressure equa-
tion, shown in formula 6. (Crittenden, Trussel, Hatlowe & Tcho-
banoglous 2005, 1446, 1455.)

FORMULA 6 Equation of osmotic pressure (Crittenden, Truddahd, Howe & Tcho-
banoglous 2005, 1446).

1=i¢CRT

in which,

71= osmotic pressure

i = number of ions when solute is dissociated

¢ = osmotic coefficient, unitless

C = concentration of all solutes, moles/L

R = universal gas constant, 0,083145 L * bar/mol&s *
T = temperature, K

To be able to evaluate the performance loss calbgdduling or mem-
brane aging, the flux has to be corrected for teatpee. Temperature ef-
fects water viscosity and correction factors fanperature are given by
membrane manufacturers. If these factors are reladle the flux can be
corrected with factor shown in formula 7.
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FORMULA 7 Equation for temperature correction factor (Critthan, Trussel, Hand,
Howe & Tchobanoglous 2005, 1456).

TCF= (103"

in which,

TCF= temperature correction factor
T= feed water temperaturts

6.3.2 Water flux through micro- and ultrafiltration menaine

The water flux equation for micro- and ultrafiliat membranes is shown
in formula 8 , which is derived from Darcy’s law.

FORMULA 8 Equation for water flux in micro- and ultrafiltratn (Crittenden, Trussel,
Hand, Howe & Tchobanoglous 2005, 990).

J= AP
HKy,
in which,

J = water flux through membrane, L#rth or m/s

AP = differential pressure between feed and permed ransmem-
brane pressure), bar or Pa

M = viscosity of water, kg/m * s

K\ = membrane resistant coefficient, 1/m

In some climates the temperature difference betwdater and summer
can be more 20C which means that at summer flux can be much highe
than at winter. Temperature variations can be &eljudy calculating
equivalent flux at standard temperature. Formukditen used for that.

FORMULA 9 Equation for correcting temperature for water fluxmicro- and ultrafil-
tration (Crittenden, Trussel, Hand, Howe & Tchobglous 2005, 992).

Jo=1J, @03

in which,

J, =water flux in standard temperature (Z5), L/m? *h
J,, = water flux at measured temperature, £.im

Ts= measured temperatuf€
Tw = standard temperaturi§

With standard temperature ZDformula 9 is accurate within 5 % for wa-
ters with temperature range 1°28 Because flux is also dependent on
pressure the normalized pressure is calculatetd@srsin formula 10. It's
called specific flux. (Crittenden, Trussel, Handhwe & Tchobanoglous
2005, 992.)
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FORMULA 10Equation for specific flux for micro- and ultrafittion (Crittenden, Trus-
sel, Hand, Howe & Tchobanoglous 2005, 992).

J
Jsp,zocc ZA_;
in which,
— - 2
Jopac = SPecific flux at 26C, L/m’ *h*bar

J =water flux at standard temperature (£, L/m? *h

AP = differential pressure between feed and permed $ransmem-
brane pressure), bar

The effect of fouling on water flux can be definggcalculating the per-
cent loss of specific flux.

6.4 Solute flux through membrane

The solute flux through membrane can also be ptedess performance
measure. The solute flow is only calculated forerse osmosis and nano-
filtration membranes. (Greenlee, Lawler, Freemargrribt & Moulin
2009, 2323.) The equation is shown in formula 11.

FORMULA 11Equation for solute flux through reverse osmosiaamofiltration mem-
branes (Crittenden, Trussel, Hand, Howe & Tchobamag 2005, 1454).

Js =ks(AC) =Ks(Ceeq —C
in which,

J = flux of solute, mg/rhh

ks= mass transfer coefficient for solute flux, &/t or m/h
C..q= COncentration in the feed solution, mole/L or ng/

permeatg

Cremeae= CONCeENtration in the permeate solution, mole/ngrL

The mass transfer coefficient is given by manufiactu(Crittenden, Trus-
sel, Hand, Howe & Tchobanoglous 2005, 1455).

6.5 Silt density index

The fouling potential of water can be describechv8DI. Silt density in-
dex is a timed filtration test performed with 048 filter in constant 2,07
bar pressure. The standard time of the test is ibbtes and the filtration
continues all this time. First the duration timecoflecting 500 ml of per-
meate is measured. After collecting 500 ml of pextaehe filtration con-
tinues without measuring the volume. When 15 minii@ve passed from
the beginning of the test another 500 ml sampfétesed and the time to
filter that sample is measured. From these filggtimes the SDI is calcu-
lated as shown in formula 12. (Crittenden, Trussliaihnd, Howe & Tcho-
banoglous 2005, 1469. Greenlee, Lawler, Freemanyo¥i& Moulin
2009, 2327.)
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FORMULA 12Equation for calculating SDI (Crittenden, Trusddhnd, Howe & Tcho-
banoglous 2005, 1469).

100% E(l—ttl)
SDI :f2

in which,
t, = time required to filter the first 500 ml samphein
t, = time required to filter the final sample after rhin filtration, min

t = the time from the beginning of the test to thgibring of final sample
filtration, (15) min

An SDI value of 3 or less is preferred for feed avdbr reverse osmosis.
Values of 4-5 are also tolerated and they are lysaahieved with con-
ventional pretreatment. (Greenlee, Lawler, FreenMatrot & Moulin
2009, 2327.)

7 MATERIALS AND METHODS

This thesis discusses the treatment of surfacerwatle reverse osmosis
membranes that were cleaned with a mixture of att water, and the
minimum pretreatment that is required to achieablstoperation. The re-
search objective was to find out what the optimurwater cleaning fre-
guency is for the installation and how much pretreat is required to
successfully operate the pilot. This chapter dessrimaterials, the pilot
set-up, methods and measured parameters.

7.1 Materials

This thesis was part of AIRO-project which is penfied by Vitens

(Leeuwarden, the Netherlands), KWR Watercycle Rebednstitute

(Nieuwegein, the Netherlands), Evides (Rotterddra,Netherlands), and
Hatenboer-Water (Schiedam, the Netherlands). Toatitns of coopera-
tion partners are shown in appendix 7. The reseasshperformed with
pilot installation and surface water from canal rRatge. The pilot was
provided and built by KWR. The pilot was equippehva Hydranautics
reverse osmosis element type ESPA2-4040. The temhdata of the
module is given in table 1 and a picture of the faeme is shown in fig-
ure 12.
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TABLE 1  Technical data of the reverse osmosis membrane Kvéeras.com. 2009).

Membrane element Hydranautics ESPA2-4040
Membrane diameter 10 cm
Membrane length 1m

Material Thin-film composite polyamide
Membrane area 7,90°m

Average salt rejection 99,6 %

Minimum salt rejection 99,4 %

Permeate flow 3000 L/h

Maximum feed flow 3600 L/h

Maximum operating temperature 45°C

Maximum applied pressure 41,6 bar

Feed water pH range 3,0-10,0

£ ovoy-Zvds3

FIGURE 12 Reverse osmosis membrane type used in the exptsimen

7.2 The pilot set-up

The installation was situated in Leeuwarden in @Gsgeg in one of Vit-
ens’ water distribution stations. The feed wates wsarface water pumped
from Potmarge canal with a submerged pump. The pwagin a metal
basket which sieved the biggest particles (leafigises, and rocks) from
the water. Photos of canal Potmarge and the intak& are in appendix
1. The water was pumped to the feed water tank of Bnd was pre-
treated by a cartridge filter with a pore size 80 um. The feed tank was
covered with black plastic to prevent the algaeotrimg and equipped
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with a level switch ASV-Stlibbe NIS 1 to prevent thek from overflow-
ing. From the feed tank the water flew gravitatibnto the installation.
The installation was equipped with a low pressuoenp (DP pumps
DPVE 2-20) supplying the feed water to three cdgei filters placed in
parallel. Only two of the cartridge filters were use at the same time.
Third one was only used when the filters had techenged. After the car-
tridge filters there was a high pressure pump (@Gias CRNE 3-23) that
provided the flow to the module.

The installation was operated with 1500 L/h feexvflat 10 % recovery.

The feed flow was kept constant at 1500 L/h witld 1th permeate flow

resulting in a recovery of 10 %. Because there neafeed water flow me-
ter in the installation the concentrate flow andnpeate flow were ad-
justed to 1350 L/h and 150 L/h respectively. Thenbeane was vertically
positioned and the flow of feed water was from tibyg of the module to

the bottom. The permeate was collected from theafofhe membrane.

The concentrate exited from the bottom of the meamdr There were
three sample points in the installation: after daetridge filters, in the

permeate line and in the concentrate line. Theme weo flow meters and
both of them were manually read. The concentrate fheter had a range
of 300-3000 L/h and the permeate flow meter haahge of 25-250 L/h.

There were four pressure measuring points: befodeadter cartridge fil-
ters, after the second pump in feed line, and afienbrane in concentrate
line. Pressure drop between feed channel and ctraterchannel was
measured as an indicator of fouling. In all expemts this pressure drop
was measured manually every 15 minutes by a sprglesure sensor and
an array of valves. The result was read from tlspldy of pressure trans-
mitter (Endress-Hauser Cerabar S, PMC71).

A compressor supplied the air for the air-wateanlag. The air pressure
was measured with a manometer after the compreshkerair flow was
measured with a flow meter after the compressoreMéir-water cleaning
was applied the flow of water was stopped and lthe direction changed
to from bottom to top. Air was then added into tieter stream. The air-
water cleaning was applied for 5 minutes with aggsure of 6 bars and
air flow of 3000 L/h. The water flow during the aleng was 1500 L/h so
the air/water ratio was 2:1. When stopping air-wateaning the air flow
was turned off but water was left to flow througlkembrane for 3 minutes.
This was done to remove the remaining air fromsygem. A schematic
picture of installation is shown in figure 13 andiature of the pilot is
shown in figure 14.
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7.3 Methods

Four experiments were conducted to determine theined air-water fre-

guency for stable operation and to study the pagtrent requirements. In
addition two reference experiments were performiée next sections de-
scribe methods for air-water cleaning experimemd eeference experi-
ments.

7.3.1 Air-water cleaning frequency experiments

The pilot had not been used for surface water besor in the first four
experiments the cleaning frequency was studied els ag the pretreat-
ment requirements. Conditions during the experisiarg given in table 2.
In the first experiment air-water cleaning was &aplafter every seven
hours of operation. The size of the cartridge iilteefore the module were
5 um. Experiment 2 was also performed with air-wakeaning frequency
of seven hours. The cartridge filter size was 20 gErperiment 3 was per-
formed without cartridge filters before the modaled with a cleaning
frequency of 14,5 hours and experiment 4 also withaartridge filters
with a cleaning frequency of 24 hours.

Temperature, conductivity, turbidity and particla@unts were measured
every 30 minutes. Experiments consisted of fousriach run lasted 7,5
hours, since the pilot was running only during wogkhours so the total
running time for each experiment was 30 hours.

TABLE 2  Conditions of air-water cleaning frequency expernitse

Experiment Run Run time Filter size Feed flow Recovery AWC frequency

1

1 7,5h 5 um 1500 L/h 10 % 7h
2 7,5h 5 um 1500 L/h 10 % 7h
3 7,5h 5 um 1500 L/h 10 % 7h
4 7,5h 5 um 1500 L/h 10 % 7h
1 7,5h 20 um 1500 L/h 10 % 7h
2 7,5h 20 um 1500 L/h 10 % 7h
3 7,5h 20 um 1500 L/h 10 % 7h
4 7,5h 20 um 1500 L/h 10 % 7h
1 7,5h No filters 1500 L/h 10 %

2 75h No filters 1500 L/h 10 % 145 h
3 7,5h No filters 1500 L/h 10 %

4 75h No filters 1500 L/h 10 % 145 h
1 7,5h No filters 1500 L/h 10 %

2 75h No filters 1500 L/h 10 %

3 7,5h No filters 1500 L/h 10 %

4 75h No filters 1500 L/h 10 % 24 h

29



Treatment of surface water with hydraulically cledrreverse osmosis modules

7.3.2 Reference experiments

Reference experiments were performed with a meneboéthe same type
as the one used in experiments 1-4. No air-waesginchg was applied.
The objective was to see how fast a new membrarie vathout air-water
cleaning. The conditions during reference experisiare in table 3. Two
reference experiments were conducted. The firsemx@nt was carried
out with a cartridge filter of size 5 um and them® with a cartridge fil-
ter size of 20 um.

TABLE 3  Conditions of reference experiments.

Experiment Run Run time Filter size Feed flow Recovery AWC frequency

1 1 75h 5 um 1500 L/h 10% no AWC
2 75h 5 um 1500 L/h 10% no AWC
3 7,5h 5 um 1500 L/h 10 % no AWC
4 7,5h 5 um 1500 L/h 10% no AWC
2 1 75h 20 um 1500 L/h 10% no AWC
2 75h 20 um 1500 L/h 10% no AWC
3 75h 20 um 1500 L/h 10% no AWC
4 7,5h 20 um 1500 L/h 10 % no AWC

7.4 Parameters

To determine the performance of the membrane amefficiency of air-

water cleaning several parameters were measuredgdiasts. Table 4
shows the parameters which were measured on-sitpanameters which
were analyzed in laboratory. Samples for on-sitalyses were taken
every 30 minutes from the feed water tank, aftetrpatment filters and
permeate. Samples for laboratory analyses werentakee during each
experiment, except during the first air-water cilagrexperiment no sam-
ples were taken and the results of the fourth exy@t were lost in the
laboratory.
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TABLE 4  Measured parameters during the experiments.

Laboratory analyses On-site analyses

pH Turbidity

TOC and DOC Temperature
Color Conductivity
Suspended solids Particle count

Colony forming units
UV extinction
Hardness
Alkalinity
lons:

Cet”

Fet

Mg?*

Mn?*

Na’

K+

Ccr

Turbidity measurements were performed with a Hat@0P Turbidime-
ter, temperature and conductivity were measured syNVTW Multi 340i,
and particle counts were measured with a Met Oser |particle counter.
The particle counter measured particles of sizes, 2,0, 15, 20 and 30
pm.

8 RESULTS AND DISCUSSION

8.1 Feed water quality

The feed water was analyzed in the laboratory andite. Samples were
taken both from the feed tank water and from thapa point after the

pretreatment steps just before membrane. The sestulaboratory analy-

sis in appendix 2 show that water from both of ¢heample points was
low quality water. The lab results were not avdeats the first and fourth

experiment but as can be seen the quality did matge a lot between the
experiments. The colour remained high (50-70 mg@®t) and TOC was

also high (=15 mg/l). The UV extinction was vergliwhich showed that
the water contained a lot of organic matter. Théewhad a high biofoul-

ing potential since there were a lot of colony forghunits during the first

experiments.

In all experiments the feed water turbidity washhighich could also be
observed visually as can be seen in figure 15.quadity of feed tank wa-
ter and water after pretreatment was almost theesduming the experi-
ments 1-4. During the first four experiments thedfevater turbidity re-
mained quite stable between 8 to 12 NTU as shovappendix 3. Spikes
in the feed tank turbidity are probably caused ly fevel switch which
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turned the pump off and let the water stand in e and the pump
turned on right before the sample was taken.

,‘[-' oz pretreatment Permeate Concentrate

FIGURE 15 Samples of feed tank, after pretreatment, permeadeconcentrate water.

The turbidity depended on the particle amount efgmallest particles (2,
5 and 10 um) as can be seen in figure 16. Thepatticle amounts varied
between 15000 and 30000 particles per ml duringfitisé four experi-
ments. Particle amounts are shown in appendix 4.aiy days the parti-
cle count rose only a bit to almost 30000 partiglesml while it was oth-
erwise around 25000 particles in ml. In the penbthe experiments there
were only three to four rainy days. In experimern tuns 3 and 4 it was
raining almost the whole day. During the first refece experiment the
first three runs it was raining during the nightlaadso in the first run of
reference experiment 2. During experiment 2 inZuhe weather was hot.
This resulted in a decrease in particle count.

When the cartridge filter size was changed or tat@npletely away dur-
ing the first four experiments the particle amountseased only for about
2000 particles per ml and turbidity remained appnately the same in
the first four experiments. Figure 17 shows theoraf 2 pum particles
compared to the total particle amount. Over 40 %otsHl particles were 2
Km so it could be that the filter size of 5 um was large pore size to af-
fect the particle amount. About 98 % of the totaltigle amount was
composed of small particles (2, 5 10 um) as casdam in figure 18. In
experiments 1, 3 and 4 the ratio of small partigles close to each other.
In experiments 1 and 2 the filter sizes were 5 2ldiqgim respectively but
the ratio of small particles in experiment 2 wasben than in experiment
1. The reason for this is perhaps the hot weatheingl experiment 2
which reduced the total particle amount and becadfigbat the ratio of
small particles seems smaller. In reference exmristhe small particle
amounts are vice versa. This could be becauseotakparticle load was
higher during the reference experiments and thecefif 5 um filter on
the small particle amount showed more clearly wiuah also be seen in
figure 17. During the second reference experiment eartridge filters
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were effectively filtering the large particles. $hivas detected when the
filters had to be changed in the middle of the expent.

25,0

y=1,7032s"EF
R?=0,9732

15,0 4

10,0 4

Turbidity [NTU]

9,0

0,0 T T T T T T T T
20000 22000 24000 26000 28000 30000 32000 34000 36000 38000
Particles 'ml

| « Turhidity — Expon, (Turbiditv)|

FIGURE 16 Turbidity compared to the total particle amoun®¢6, 10 um particles in
the reference experiment 1 in the sample aftergaéient.

44,0

Percent [%]

W Experiment 1 W Experiment 2 O Experiment 3 W Experiment 4
B Ref. experiment 1 BRef experiment 2

FIGURE 17 Amount of 2 um particles from total particle amoimpretreated water in
all experiments.
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FIGURE 18 The amount of small (2, 5, 10 um) particles frotaltparticle amount in
pretreated water in all experiments.

During the reference experiments the turbidity gadticle count of the
pretreated water diverged from the feed tank tutyoiand particle count
measured in the feed tank. The turbidity and padim the feed water af-
ter pretreatment began to rise. The turbidity redciimost 20 NTU while
the water in the feed tank had turbidity of 10 NTithe particle count in
the pretreated water in the first reference expemimvas over 35000 par-
ticles per ml while in the feed tank the count vieatbow 30000 particles
per ml.

At the end of the first reference experiment on¢heflarge supply tanks
at the distribution station was emptied for maiatece work and the outlet
was next to the pump in the canal. This causedriahten the bottom of
the canal to rise and mix in the water which legwudden fouling of the
feed tank filter and also a lot of small pieceglaints and sand flushed to
the cartridge filters in the installation. This che seen as a big spike in
the turbidity and particle counts. At this poinethilot was turned off for
45 minutes until the flow of supply tank decreaskatbidity and the par-
ticle count in feed tank water and especially ie thater after the pre-
treatment remained high during the second referemperiment but the
values were lower than in the reference experirheAppendix 2 table 11
shows that during the reference experiment 2 instiraple after the pre-
treatment had an extremely high colour value. Tdlew in the feed tank
sample was normal. However, all the other pararsetdich could affect
the colour, such as TOC/DOC, iron or magnesiumewwarmal levels.
Only turbidity was high too. This indicates thatween the feed tank and
after pretreatment was a particle source that wakitjmg the water.
Probably during the draining of the supply tankiadf particles deposited
in the bottom of the feed tank and they were fldstoethe installation dur-
ing the last reference experiment or deposit ofiggjas were somewhere
else in tubing between the feed tank and instalati
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8.2 Permeate quality

Permeate quality was stable and high throughouexperiments. Reten-
tion based on conductivity was around 99,1 % (agpeh) in all experi-
ments and turbidity mainly between 0,15 and 0,20UN@&ppendix 3).
Small changes in retention between experimentsaused by lower feed
water conductivity and spikes are due to one uminge in permeate con-
ductivity. In the first reference experiment theergion started high which
is normal for a new membrane but towards the enexpkriment it de-
creased to 98,9 %. At the beginning of the secefefence experiment it
was back to 99,1 %. Laboratory analysis in appe@dskiows that perme-
ate quality was very high during all the experinser8alts were removed
almost completely (over 98 %) and also other comants were removed
with high retention (96-99 %). The results provatturing the experi-
ments the membrane was not damaged by the air-alataring.

8.3 Air-water cleaning experiments

In these experiments the objective was to studyojemum air-water
cleaning frequency and pretreatment requiremerits. riext sections de-
scribe the effect of AWC on pressure drop, transhrame pressure and
membrane permeability.

8.3.1 The effect of air-water cleaning on feed channebkpure drop

The air-water cleaning was applied on the membtarabserve its effect
to control membrane fouling. Cornelissen, Vrouwddee Heijman, Vi-
allefont, Van der Kooij & Wessels (2007) found dedio improvement in
fouling control when AWC was used. The mixture of and water re-
moved fouling from the membrane and the feed spdder feed channel
pressure drop increases due to fouling so prestom was observed to
detect the effect of AWC.

The feed channel pressure drop, the pressure ahiferbetween feed and
concentrate lines, was developing slowly duringftret four experiments

considering the low feed water quality. In thetfiesst AWC was applied

after every seven hours of operation. Figure 19vshthe feed channel
pressure drop during first experiment. Arrows shbg/cleaning times. No

decrease in feed channel pressure drop was obsefigxdcleaning but

this could be due to minimal fouling. The feed amanpressure drop in-
creased only 0,02 bars (9,5 %) during the first tésich showed that

there was only slight fouling. During the experirhére pressure drop re-
mained stable between 0,21 and 0,23 bar which dmildlie to AWC.
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FIGURE 19 Feed channel pressure drop during experiment teffdize 5 um). Arrows
indicate AWC times when the cleaning was applie® fminutes.

Before the first experiment the pilot was operdt@d26 hours with 5 um
cartridge filters and different feed flows and reedes. During this period
membrane was cleaned sporadically eight times. féad channel pres-
sure drop increased 10 % during that time. After first experiment the
increase in feed channel pressure drop was 15 %a@uth to the initial
value of clean membrane. This indicated slightifaulThe total operating
time after the first experiment was 56 hours. Cadeisng the quality of
feed water, fouling was developing slower than ekgu:

The second experiment was not showing faster fguliespite the larger
pore size filters. The particle count during tixperiment was also lower
due to a very warm day in run 2. The feed chanredsure drop increased
as much as in the first experiment, 0,02 bars (9 Phg total increase

compared to initial pressure drop was 20 % afteh86rs (3,5 days) of

operation. The pressure drop recovered 0,01 btsthe three first clean-
ings but the fourth cleaning did not show any dff@t the pressure drop
as can be seen in figure 20. The cleaning frequesasythe same as in the
first experiment which may have kept the pressuop drom increasing

but at the same time the particle load was alsdlenthan in experiment

1 which could slow down the fouling. So low pamidioad and short

cleaning frequency together might have causedItivges fouling.
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FIGURE 20 Feed channel pressure drop during experiment &(fdize 20 um). Ar-
rows indicate the AWC times when the cleaning vpgdied for 5 minutes.

In the third experiment the cartridge filters weegnoved and cleaning
frequency was longer. As can be seen in figure &l membrane was
cleaned only twice during the third experiment. Téed channel pressure
drop increased 0,03 bars (12,5 %) during this expmt. The total in-

crease compared to the initial value was 35 % wisicbwed that the
membrane was getting more fouled. The particle toas the same as in
the experiment 1 which indicated that longer clegrirequency caused
the faster fouling.

0,30
0,28 A

0,26 'y
0,24

0,22

0,20 4 I I
0,18

016 -
014 -
01z -
0,10 -
0,08 -
0,06 -
0,04 -
0,02 -
0,00

Pressure drop [bar]

0,0 7.4 14,0 225 30,0
Time [hours]

—— Pressure drop

FIGURE 21 Feed channel pressure drop during experiment Ji(ters). Arrows indi-
cate the AWC times when the cleaning was appliefl finutes.

In the fourth experiment the objective was to sttiily decrease in feed
channel pressure drop after air-water cleaningthi experiment the
membrane was cleaned only once after 24 hours efatipn. As can be
seen in figure 22 the pressure drop was reduced fry 0,01 bar to 0,29
bars. A complete recovery of the feed channel pressirop was not
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achieved. The membrane was cleaned three timesfterdeach cleaning
step the pressure drop was determined and wheecovery in pressure
drop was detected the membrane was cleaned ag@ndédtails of each
cleaning are in table 5.The third cleaning was iagplvith an air/water ra-
tio of 3/1 with air flow of 3000 L/h and water floaf 1000 L/h. After this
last AWC the pressure drop reduced 0,01 bars acauke it seemed that
a higher recovery could not be reached the cleanaystopped. The ini-
tially used air/water ratio of 2/1 was chosen adowy to previous studies
but further studies should be made with differeintwater ratios. Cor-
nelissen, Rebour, van der Kooij & Wessels (200@ntbthat turbulence
increased in experiments performed with membranding simulator
(MFS) when the air/water ratio was higher. Turbuakeprevents particles
to accumulate on membrane and thereby preventsdpsib higher turbu-
lence during AWC should be more effective (Van Hewoij, Hijnen &
Cornelissen 2009, 26).

During experiment 4 the pressure drop increase8 Bads (11 %) which
was as much as in experiment 3. Shorter cleaneguéncy than in the
experiment 3 did not lead to faster fouling. Aftee fourth experiment the
total increase in pressure drop was 50 %. Fouliag attached strongly to
the membrane which indicated that fouling mightrbainly biofouling.
Also the slow development suggests to biofoulingowwvenvelder, Graf
von der Schulenburg, Kruithof, Johns & van Loost{€009) found that
biofouling is a feed spacer problem so the foulvas attached also on
spacer. When the spacer gets fouled it affects Iyné#ed channel pres-
sure drop because the resistance in the flow chanoeeases. Spacer
fouling also causes development of flow channelswparts of the spacer
mesh becomes clogged and the flow of water goesndrthe clogged
parts. (Vrouwenvelder, Graf von der Schulenburgjitkiof, Johns & van
Loosdrect 2009, 589-590.) This might also affeetftow of AWC and in-
terfere the cleaning flow distribution.
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FIGURE 22 Feed channel pressure drop during experiment 4fi{tess).Arrows indi-
cate AWC times when the duration were 5 min, 10 amd 5 min respec-
tively.
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TABLE 5  Air-water cleanings in experiment 4.

Cleaning Water flow Air flow Air-water cleaning time

1 1500 L/h | 3000 L/h 5 min
2 1500 L/h | 3000 L/h 10 min
3 1000 L/h | 3000 L/h 5 min

Figure 23 shows the fouling rate of the air-watk¥aning experiments.
The fouling rate of two preliminary runs before #eperiments is added
in the figure. During those runs the feed flow aeadovery were the same
as in the air-water cleaning experiments. As caisdsn in figure 23 the
fouling rate increased significantly between pratiany runs and the first
air-water cleaning experiment. During the prelinmjneuns the membrane
was cleaned four times sporadically during 14 haireperation. So the
longer cleaning frequency in the experiment 1 caegbado preliminary
runs had a strong effect on the fouling rate whrdficates that shorter
cleaning frequency keeps the fouling rate loweer€&hwas an increase be-
tween fouling rates of the experiments 1 and 2 wisitows that the foul-
ing was actually developing faster in experimerih&n in experiment 1.
The difference between fouling rates in experimeéhtand 3 was almost
the same as between experiments 1 and 2. Aftehd06s of operation
when the filters were removed the fouling rate éased substantially. So
without filters the cleaning frequency should bersér than 14,5 hours
which was used in experiment 3. According to thdifg rate it could be
that during continuous run the module would havédocleaned a few
times a day.
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FIGURE 23 Fouling rate of air-water cleaning experiments.

The particle count during the experiment 3 wasdiffering much from
the experiment 1 which indicates the same partadd in those two ex-
periments. Cornelissen, Rebour, van der Kooij & ¥é&s (2009) found
that daily AWC was more efficient than weekly AWRccording to pre-
vious studies, experiments 1, 2 and 3, and thangpuhte between pre-
liminary runs and experiment 1, it seems that €moAWC frequency
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slowed the fouling down. The results from the expent 4 unfortunately
did not support this conclusion since the longer @\Wequency did not
lead to faster fouling. But the particle counts evarbit lower than in the
experiments 1 and 3. Laboratory results were natlave from the ex-
periment 4 but judging from other laboratory resitlican be assumed that
the feed water quality should have been quite amailiring the fourth ex-
periment. The small difference between fouling saiEthe experiments 3
and 4 could be due to lower particle load durireyekperiment 4.

The effect of AWC was hard to detect from feed cighrpressure drop
measurements because a clear reduction in predsopecould not be

reached. The total net operating time at the entiekexperiment 4 was 6
days. During this time the pressure drop incre&se#o. Figure 24 shows
the increasing of pressure drop during the experimerhe two prelimi-

nary runs are included in the graph the same wap dise fouling rate

graph. At the beginning from 15 to 75 hours of apien the pressure drop
increase was steady since the fouling rate was Betwveen 80 and 100
hours of operation the pressure drop increasedaniisly which was due
to higher fouling rate. Also between 100 and 14Qremf operation the
pressure drop made a steep increase. This alsessgggnificant differ-

ence between the experiments with cartridge filserd without cartridge

filters combined with longer AWC frequency. The erpntial increase
reminds of biofilm development (Flemming 1997, 38Bhis could also

suggest that the fouling was mainly biofouling. Butas to be taken into
account that the membrane carried a historicaliiguirom one experi-

ment to another and that could interfere the expenmis.
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FIGURE 24 Feed channel pressure drop during air-water clegnéxperiments.

In the previous study the effect of AWC to contoadfouling was studied
and an increase of 50 % in feed channel pressopewas found after 16
weeks of operation on a reverse osmosis membramnehwas cleaned
daily by AWC (Cornelissen, Vrouwenvelder, Heijmariallefont, Van

der Kooij & Wessels 2007, 98). In that study feeatev was tap water fil-
tered with 1 um cartridge filters to prevent hegayticle load and dosed

40



Treatment of surface water with hydraulically cledrreverse osmosis modules

with sodium acetate to increase the biofouling pidéé The surface water
used in this study had more fouling potential titfae feed water used in
the study of Cornelissen, Vrouwenvelder, Heijmamllgfont, Van der

Kooij & Wessels (2007) since the feed channel pnesdrop increased in
shorter period of time to the same value. Fastalirfg in this study could

also be due to the combination of particle and dutihg which is ex-

pected to influence each other (Cornelissen, Maile Beerendonk &

Wessels 2009, 9). Long-term experiments are negessatudy the per-
formance of hydraulically cleaned RO membrane féth wurface water.

Long-term experiments will also show what effecampes in the surface
water quality will have on the performance of a faydically cleaned

membrane.

8.3.2 The effect of air-water cleaning on transmembraesgure

Transmembrane pressure is the pressure differeztoeebn feed and per-
meate side of the membrane. In reverse osmosieggqmermeate is near
the atmospheric pressure so the TMP was calculaiddfeed pressure

and assuming that the permeate side is in the atmeads pressure of 100
kPa.

The transmembrane pressure increased during theriegnts. It started
from 650 kPa in experiment 1. Already in the fiesiperiment it rose to
680 kPa as can be seen in figure 25. The averagsmiembrane pressure
during experiment 1 was 660 kPa. The increaseamstnembrane pres-
sure showed that the membrane was fouling. A suddgease happened
after 15 hours at the beginning of third run amgbadt the beginning of
fourth run. These increases could indicate a stfounling. The feed chan-
nel pressure drop increased 0,01 bar at the begjnoi the third run
which correlates with transmembrane pressure bumncrease in the feed
channel pressure drop was observed at the begimfifgurth run. The
pressure dropped suddenly during the third rurr &@ehours which was
due to the clogged feed tank filter which stoppleel installation. When
the pilot was started again the pressure was lo8@ithe pressure might
also change due to start-ups.
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FIGURE 25 Transmembrane pressure during experiment 1. Ariodisate the AWC
times.

Only a slight effect of AWC was detected in thedfezhannel pressure
drop but the transmembrane pressure decreased”€. As can be
seen in figure 25 the transmembrane pressure dtirengxperiment 1 de-
creased slightly after each AWC. This shows tha& mthembrane was
cleaned during AWC. During the experiment 2 it shdvelearly that the
transmembrane pressure dropped after each air-wig@ning as can be
seen in figure 26. This much clearer drop alsongubthat in the experi-
ment 1 fouling had not developed so much that ihevater cleaning
could show a noticeable decrease in the TMP or tdethnel pressure
drop. In the second experiment the transmembrarsespre increased
from 620 to 720 kPa which is a remarkable incre&bke. increasing com-
pares to feed channel pressure drop which wasstdsalily increasing for
0,01 bar after 15 hours of operation. The averesggssinembrane pressure
was 675 kPa which indicates that average TMP ise@d5 kPa from ex-
periment 1. The AWC applied at the end of the fitst reduced the TMP
for 60 kPa. The transmembrane pressure at the deaanwas lower than
in the first run. Either the AWC at the end of tst run cleaned the
membrane very well and the pressure remained lowherstart-up af-
fected the TMP. The next three AWCs reduced the TMPalue of 645
kPa which showed that AWC was effectively cleartimg membrane.
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FIGURE 26 Transmembrane pressure during experiment 2. Arindisate AWC
times.

Also during experiment 3 the transmembrane pressureased. As can
be seen in figure 27 it reached 750 kPa while ki &t the beginning of
the experiment 3 was 690 kPa. TMP increased 3(kReaeen runs 1 and
2, and 3 and 4. The same steps were found on #uedeannel pressure
drop as the pressure increased 0,01 bar. The a/gagmembrane pres-
sure was 720 kPa which indicates a 45 kPa increfaaeerage TMP from
the experiment 2. The average increase can be cethpafaster fouling
which could be seen also in the feed channel pressop.

It can be clearly seen that transmembrane preskoeases after every
AWC but when the next run is started it has risgaira When pilot was
started in the morning, brown dirty water coulddeen in the concentrate
flow meter. The start up flushed away removabldifguthat developed
during the night when the pilot was standing sfilhe “stair” looking in-
crease could also be irreversible fouling that tged during the night.
Between the experiments was weekend while the pid not running.
After each experiment clean tap water was fed ¢opttot and left in the
tubing to prevent extensive microbial growth durthg weekend. At the
end of the first experiment the transmembrane preswas 680 kPa as
can be seen in figure 25. The second experimeotsédsted with a trans-
membrane pressure of 680 kPa as can be seen e #§u So no fouling
effect was found after weekend. This could indightg the “stair” effect
was biofouling. The same end and start-up pressuees also found be-
tween experiments 3 and 4.

With continuous run the “stairs” could be avoidédlisturbed the analy-

sis of the results because a definite reason ®retfect can not be pre-
sented.
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FIGURE 27 Transmembrane pressure during experiment 3. Arindisate AWC
times.

In the experiment 4 the average TMP was 740 kPahimdicates a 20
kPa increase compared to the experiment 3. As etesiéd from the feed
channel pressure drop the average transmembrassupgealso showed
minor fouling compared to the experiment 3. Dutting fourth experiment
TMP was more stable. The high point of almost 8P@ kould be due to
the feed channel pressure drop increase of 0,01Tharsame increase in
the feed channel pressure drop happened after @8 dich reduced the
flux and the feed pressure had to be adjusted.i$lsisown in figure 28 as
an increase in TMP. The air-water cleaning afteh@drs of operation re-
duced the transmembrane pressure. It can be cautltht the trans-
membrane pressure indicated the efficiency of AVi&arer than pressure
drop in the feed channel and AWC reduced the trengonane pressure.
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FIGURE 28 Transmembrane pressure during experiment 4. Arindisate AWC
times.
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Biofouling is mainly a feed spacer problem (Vrouwelder, Graf von der
Schulenburg, Kruithof, Johns & van Loosdrect 20889-591). The
transmembrane pressure indicates the resistanoagthrthe membrane
and therefore it indicates the fouling on the meanbrsurface as can be
seen in figure 29. A reduction in transmembransguee was observed af-
ter air-water cleaning which indicated that AWCarled the membrane
surface. Biofouling was attached mainly on the spand was not so eas-
ily removed. Particles might not be deposited om spacer but on the
membrane surface. Air-water cleaning has foundecetbective also on
particle removal (Cornelissen, Viallefont, Beerenkl®& Wessels 2009,
8). So the reduction on transmembrane pressurel dadicate the re-
moval of particle fouling.
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FIGURE 29 Pressure drops in membrane sheets: feed channesyme drop and
transmembrane pressure drop (Vrouwenvelder, Grafder Schulenburg,
Kruithof, Johns & van Loosdrect 2009, 584).

8.3.3 The effect of air-water cleaning on membrane pehitiga

Flux is related to transmembrane pressure. Whehnfpuncreases the

transmembrane pressure, flux decreases. The nasddlux for tempera-

ture and pressure is called mass transfer coetfide permeability. The

flux was calculated by dividing the permeate flowthamembrane area as
can be seen in formula 13. The flux during all thgeriments can be
found on appendix 6.

FORMULA 13Equation for flux.

Q,
A
in which,
J= flux, L/h nf
Qy= permeate flow, L/h
A= membrane area,’m

J=
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The permeability (MTC) was calculated and normaliter temperature
and pressure. The calculations for MTC are showorimulas 14-16.

FORMULA 14Equation for MTC.

_ JITCR
P (360(sec
in which,
MTC= mass transfer coefficient, m/s Pa
J= flux, L/h n?
TCRurc= temperature correction factor for MTC, unitless
P = average feed channel pressure, Pa

FORMULA 15Equation for temperature correction factor for MTC.

— ATy +273)~(U(Tre + +273))

TCRyqc =€

in which,

TCRurc= temperature correction factor for MTC, unitless

Tm= measured temperatufg,

TreF reference temperatur?C (in this 20°C were chosen for reference
temperature)

FORMULA 16Equation for average feed channel pressure.

P —P-
2
in which,
P = average feed channel pressure, Pa
Pe= feed pressure, Pa
Pc= concentrate pressure, Pa

P =

After air-water cleanings the permeability rose ethindicates that the
membrane was cleaned. The same effect was notose#uox. Flux and
permeability were both stable during the experimeBuring the first ex-
periment the average flux was 19,3 L/ s can be seen in figure 30 the
permeability was slightly decreasing which is daentcrease in the trans-
membrane pressure during the first experiment. Trscated fouling.
The average permeability was 7,2 *£am/s Pa. During the first experi-
ment an increasing and decreasing can be seengdeaich run. An in-
crease could indicate the flushing of fouling thdateloped between the
runs and decrease a new fouling on the membrane.
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FIGURE 30 Permeability during experiment 1. Arrows indicat&/& times.

In the second experiment the average flux was 1%5m? which is
slightly higher than in the experiment 1. Small ip@s can be seen be-
tween the runs but generally flux remained stalblee average MTC of
7,1*10% m/s Pa showed a slight increase. The permeabiitjined dur-
ing the runs 2-4. The increase on TMP was obseduethg the runs 2-4
which correlates on permeability so the membrane faaling. After each
AWC permeability increased which indicates a clegrof the membrane.
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FIGURE 31 Permeability during experiment 2. Arrows indicat&/& times.

During experiment 3 flux remained about 19 L/h the average flux had
decreased to 19,0 L/h?mThe permeability correlated increases and de-
creases of transmembrane pressure as can be dgguren32. In the first
run permeability was high and then in the secorthind run it was quite
stable and in the fourth run it declined. The clengndicate that the
membrane was slowly fouling. The average MTC wag1&* m/s Pa
which indicates a small decline compared to expenin®2. The average
transmembrane pressure increased 45 kPa from freriesent 2 which
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perhaps caused the slight decrease in MTC and Tlo&. effect of AWC
can be clearly seen on permeability.
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FIGURE 32 Permeability during experiment 3. Arrows indicat&/& times.

The flux was stable during the fourth experimentemained around 19,0
L/h m%. The average flux of 19,0 L/h“malso proves that there was no
change compared to the experiment 3. The permabiliring the ex-
periment 4 is shown in figure 33. The average pabitiey was 6,4*10
m/s Pa which was almost the same in the previopsrarent. Compared
to the transmembrane pressure which had the ire@a20 kPa from the
experiment 3, the permeability showed that smaltdase in transmem-
brane pressure was not affecting the MTC. The MES declining during
the first three runs which indicates fouling buteathe AWC it increased
indicating that AWC was enhancing the normalizeat fl
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FIGURE 33 Permeability during experiment 4. Arrows indicat&/& times.

In previous studies the effect of particle or biding on flux has been
controversial. Some studies report the flux decéind some report no ef-
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fect on flux (Speth, Gusses & Summers 2000, 35. &ltlimelech 1997,
3656, 3658. Cornelissen, Harmsen, Beerendonk, We&séan der Kooij
2009, 4. Vrouwenvelder, van Paassen, van Agtmaah, Moosdrecht,
Kruithof 2009, 41-42). In this study the transmeam®& pressure increased
170 kPa (27 %) from the initial value, the flux tieed ~2 L/h n§ (12 %)
and permeability declined ~1,2*10m/s Pa (16 %) from their initial val-
ues. During experiments while the feed channelsoresdrop was rising
the transmembrane pressure increased too whichsshog@onnection in
fouling development. The fact that experiments weoé performed on
continuous runs makes the comparison difficult beeathe transmem-
brane pressure increased step by step. The avesages of flux and per-
meability between experiments were not declinirgnidicantly. The de-
cline of the flux and permeability from their irdtivalues during the com-
plete experiment series were 12 % and 16 % respedgtwhich indicates
that there was a decline. It could be assumedithlaé experiments had
continued the flux and MTC would have continued rdasing. In
transmembrane pressure the reduction after AWC bearclearly seen.
Also the MTC increased after air-water cleaningedé results are in
contradiction to the fact that flux is not affectby fouling. The results
suggest that air-water cleaning reduces transmemebgaessure and
enhances permeability.

8.4 Reference experiments

Two reference experiments were performed to seefhsinfouling devel-

ops on membrane which is not cleaned by AWC. Thelt®indicated that
the fouling was developing at the same rate afheénair-water cleaning
experiments. During the first reference experinttet pressure drop in-
creased 0,02 bars (10 %) which is as much as ifirdteexperiment. The
pressure drop of the reference experiment 1 igjurdé 34.
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FIGURE 34 Feed channel pressure drop during reference exmmrirh (filter size 5
um).
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During the second reference experiment the fouliag not faster as can
be seen on figure 35. The pressure drop increassdhan in the first ref-
erence experiment, only 0,01 bar. The total inaeamnpared to the ini-
tial value was 15 % after 59 hours of referenceedrpents. After 56
hours of operation with air-water cleaning the puge drop increase was
the same. During the reference experiments thécfgadount and turbid-
ity were higher than in the experiments 1-4. Thesoa for slow fouling
could be that the feed water had less biofoulingmial. The water tem-
peratures were lower which could have reduced ibfdrh formation and
make the fouling develop slower.

One cleaning was applied at the end of the secefailence experiment
and the pressure drop was recovered 0,01 bar atmt® initial value. In
the experiments 1-4 the AWC was not recoveringpifessure drop at all
or only for short time but in the reference expemtafter the AWC the
feed channel pressure drop remained at 0,21 bdrtihatend of the ex-
periment. This could indicate that most of the ifogiwas caused by parti-
cles because also the transmembrane pressure skstreanarkably after
air-water cleaning. Also the huge particle counimythe draining of sup-
ply tank might have caused particle fouling. Thisaiso supported by the
cartridge filters which had to be changed after twas during the second
reference experiment.
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FIGURE 35 Pressure drop during reference experiment 2 (fiiee 20 um). Arrow in-
dicates the AWC.

The transmembrane pressure was high during botheofeference ex-
periments as can be seen in figures 36 and 37aVémrage pressure in the
reference experiment 1 was 820 kPa and in the deadarence experi-
ment 845 kPa. So the increase of average transmemlpressure be-
tween the experiments was 25 kPa. A substantidingein TMP was de-
tected after AWC which proves that huge part ofifmuwas flushed away
during the AWC.
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The transmembrane pressure was changing throudirgshesference ex-
periment. After the first run it decreased whichuldobe due to rinsing of
material that is added in the new membranes f& sahsport. The parti-
cle count was high during the third run which pg@daaused the TMP in-
crease after 15 hours of operation. After the dingiof the supply tank the
pressure was unstable and went down. It is posHibltethe particles and
other material that got flushed into the instadlatcaused disturbance in
the low pressure pump. During the second referemqeeriment the
transmembrane pressure was also unstable. Durengdbond reference
experiment the TMP was decreasing but at the baginof the fourth run
it was high again. The increase could not be dugatticles because the
particle count was the same as during the previons The explanation
could be the malfunction of the low pressure purapaise right before
the pilot was shut down after the last referencpegrment the pump
seemed to break down. The high transmembrane pesssauld indicate
that the low pressure pump was not operating phppknring the refer-
ence experiments or during the reference experient
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FIGURE 36 Transmembrane pressure during reference experithent
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FIGURE 37 Transmembrane pressure during reference experitent

The flux was stable in both of the reference expernits. The average flux
was 19,3 L/h rhin the first reference experiment and 19,0 L/ imthe
second reference experiment. At the end of botlerxents the flux de-
clined a bit. The permeability was low which coatek to high TMP. The
average MTC on first reference experiment was %)9*Im/s Pa and
5,7*10"? m/s Pa on the second reference experiment. Savéérage flux
and MTC did not decline during the reference expents. The perme-
ability was low in the fourth run of the first reésce experiment and at
the same time TMP was high which indicates strandjrig happened be-
tween runs 3 and 4. During the second referencergrpnt permeability
had an increasing trend during three first runscWigorrelates the de-
crease of TMP. This indicates that fouling was dasing. At the begin-
ning of the second run the MTC started with a higlue but it decreased
during the run. Also transmembrane pressure stéoteavhich means that
fouling had decreased between the runs 1 andcdultd be that material
which was added on the membrane at the factoryflwsised from mem-
brane and it caused the decreasing of fouling. Beroteason could be the
malfunction of the low pressure pump.
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FIGURE 38 Permeability during reference experiment 1.
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FIGURE 39 Permeability during reference experiment 2. Arroicates AWC.

The high TMP throughout the reference experimenticates that the
membrane was fouled but the feed channel pressopewas not high.
The fouling was not developing faster even thoughfeed water quality
was worse in turbidity and particles than in thpexkments 1-4. Only two
reference experiments were operated and the samdictuthan experi-
ments 1-4 would give better comparison. Also paratiodules with and
without AWC would give better results. With surfaeeater which
changes according to seasons it is most effeabiveave parallel modules
to observe the performance of air-water cleaned lnane. The reference
experiments are not giving a definite comparisoaiofvater cleaning be-
cause the changes in feed water quality and pessiblbles with the
equipment. Parallel experiments are needed to tdigpare the perform-
ance of air-water cleaning. The recovery of thesguee drop at the end of
the reference experiment 2 proved that AWC is &cefe way to clean
reverse osmosis membranes treating surface water.
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8.5 Rinsing water

Cleaning time was chosen according to earlier studihich revealed that
the main part of the removable matter was remowgthg the first min-
utes of AWC and that no significant removal too&qa after five minutes
of cleaning (Cornelissen, Vrouwenvelder, Heijmanaldfont, Van der
Kooij & Wessels 2007, 97. Cornelissen, Harmsen,r@&s#onk, Wessels
& Van der Kooij 2009, 5). Rinsing water was colkstttwice during ex-
periments and analyzed on-site. Figure 40 showsitiseng water during
experiment 2 in run 2 after 15 seconds, 1 minutk minutes rinsing.
This sample was rinsing water of 7 hours AWC fretuye Visual obser-
vation showed that AWC is removing the impuritiesni the membrane.
The on-site analysis results of rinsing water drews in table 6. The
sample after 15 seconds was too concentrated &mdigzed. In previous
studies it was found that the quality of rinsingevaafter five minutes was
almost the same as the feed water (Cornelisseruwéwovelder, Heijman,
Viallefont, Van der Kooij & Wessels 2007, 97. Cdisgen, Harmsen,
Beerendonk, Wessels, & Van der Kooij 2009, 5). As be seen in table 6
the turbidity was still high and the particle couvas slightly higher than
in the feed water. This indicates that AWC wad séimoving particles
and biofilm from the membrane.

After 15 s After 1 min After 5 min
FIGURE 40 Rinsing water of experiment 2 run 2 (AWC frequehbpurs) after 15
second, 1 minute and 5 minutes rinsing.

TABLE 6  Rinsing water quality on experiment 2 run 2 compaefeed water qual-
ity before air-water cleaning.

Time Temperature Turbidity Conductivity Total particles/ml
After 1 min rinsing 19,8C 29 NTU 749 uS/cm 29555
After 5 min rinsing 19,8C 9,51 NTU 749 puS/cm 20660
Feed water before AWC 19,9°C 6,21 NTU 748 uS/cm 19735

The other rinsing water sample was taken duringettigeriment 4 when
AWC frequency was 24 hours. Figure 41 and tableoivsthat rinsing wa-
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ter had deeper colour when the cleaning frequenag lenger. Also
“flakes” or small pieces of removed bacteria cdutdrecognized in the 15
second rinsing water sample and also in the 1-risample. Comparison
of feed water before AWC and the sample after Suies rinsing show
that particles were still being removed. TheseItegiiffer from previous
researches which concluded that particles are snagmhoved during the
first minute of AWC and mainly biomass was rinsé@éra2 minutes (Cor-
nelissen, Harmsen, Beerendonk, Wessels, & Van deij R009, 5). The
rinsing water samples in the study of Corneliss¢srmsen, Beerendonk,
Wessels, & Van der Kooij (2009) were analyzed italaoratory which
made it possible to compare the results betweery parameters. In this
study rinsing water was not analyzed in a laboyabut only on-site and
the comparison was based on turbidity, conductigitg particles. High
turbidity after 5 minutes of rinsing showed that A&Was still removing
particles. These results indicate that longer AVk&Zjdiency needs longer
AWC time to wash away more impurities. Also the amoof fouling
could have effect since during the second expetirttenmembrane was
not fouled as much as at the end of the experifeBb the rinsing time
might be derived from the quantity of fouling. Thiesing time should be
studied for AWC when surface water is used forings

In reverse osmosis membrane autopsies main p#redfiomass is found
close to the inlet of the membrane (Vrouwenvel@gf von der Schulen-
burg, Kruithof, Johns & Van Loosdrecht 2009, 58%@rrilissen, Vrou-
wenvelder, Heijman, Viallefont, Van der Kooij & Waeds 2007, 99). This
is because the nutrient concentration is also higgr the inlet. Particles
are probably spread more throughout the membranehi$ study the
membrane was positioned vertically with the watewffrom top to bot-
tom. The air-water cleaning was applied from bottmrtop. When the
cleaning is applied the biomass near the top & flushed away but it
might take more time for the particles to be rentbsece they are dis-
tributed to a larger area. Also the spacer foulingating flow channels
causes the removal to become more difficult. Irdis of Cornelissen,
Harmsen, Beerendonk, Wessels, & Van der Kooij (2008 feed water
was filtered with 10 and 1 pum cartridge filters andthe study of Cor-
nelissen, Vrouwenvelder, Heijman, Viallefont, Vaar ooij & Wessels
(2007) the feed water was filtered with 1 um cdge filters. This pre-
vented the high load of particles to enter the nramd and thus does not
include the removal of particles in the rinsingeim
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After 15 s After 1 min After 5 min

FIGURE 41 Rinsing water of experiment 4 run 4 (AWC frequezeyours) after 15
seconds, 1 minute and 5 minutes rinsing.

TABLE 7  Rinsing water quality on experiment 4 run 4 (AW&)frency 24 hours)
compared to feed water quality before AWC.

Time Temperature Turbidity Conductivity Total particles/ml
After 1 min rinsing 17,8C 115 NTU 951 pS/cm 43925
After 5 min rinsing 17,8C 27,1 NTU 955 uS/cm 31819
Feed water before AWC 17,8°C 7,56 NTU 956 uS/cm 21447

9 CONCLUSIONS

The results show that air-water cleaning is ancétfe way to clean re-
verse osmosis membranes. The performed experimesres short-term
experiments when the pilot was running only dumvagking hours which
appeared to be not an ideal way for the study.itBatconcluded that it is
possible to treat surface water with hydraulicallganed reverse osmosis
membranes. Long-term experiments are needed fibrefustudying of the
performance of hydraulically cleaned RO membraeating surface wa-
ter. The experiments should be done with paralletiues when one of
the modules is cleaned and the other one is aerefermodule. The results
of this study indicate that shorter cleaning fretyecontrols the fouling
more efficiently. It can be predicted that in contbus run in surface water
treatment the reverse osmosis membranes havediedreed with AWC a
few times a day. By long-term experiments the oplidWC frequency
can also be defined.

The results of this study showed enhancement ohgalility when AWC
was applied and also reduction in transmembrargspre which indicates
that the membrane was efficiently cleaned by AWG@Ge Teed channel
pressure drop was not recovered as effectivelyaasiinembrane pressure
which indicates that the spacer was not cleanedefisas the membrane.
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Reference experiments proved that particles wefectefely removed
with AWC.

It was found that the air-water cleaning time skdoé chosen according
to the fouling quantity or depending on the clegmirequency. The foul-
ing was both particle and biofouling which could/@affected the rinsing
time. Further study is required for rinsing time emhrinsing is applied
with surface water. Further studies are also sugdds study the optimal
air/water ratio.

These experiments showed that it is possible tat garface water with

hydraulically cleaned reverse osmosis membraneghengretreatment do
not have to be extensive. The results showed #s# pretreatment re-
quires short cleaning frequency. The performancerefreatment would

also be better observed with long-term experimanis it would give a

better overview how often filters need to be chahde these experiments
the filters were dirty and changed after 30 hodrsperation which sug-

gests that during long-term operation they wouldehia be changed every
day. In short-term experiments the coarse cartridgr of 100 um was

enough pretreatment to prevent the severe fouliniggomembrane.

Based on these experiments modifications in that jpite also suggested.
Parallel modules are required and the pilot shdaddmade more auto-
matic. A data logger for pressure drop or a diffidied pressure transmitter
and digital flow meters for feed and permeate wowmake the results
more accurate and the pilot easier to operate.

Overall further studies are required but air-wafeaning seems to be an
applicable technique for treatment of surface watiéh reverse osmosis
membranes. It is possible to control fouling widtraulic cleaning but it
seems that only air-water cleaning is not enougtidan membranes. Hy-
draulic cleaning can not yet replace chemical dheafut it is a cost-
effective cleaning method and reduces the costsecawy fouling.
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APPENDIX 1/1

CANAL POTMARGE AND INTAKE POINT

FIGURE 42 Canal Potmarge in Leeuwarden. Arrow shows the miadint.

FIGURE 43 Canal Potmarge. Photo taken from the intake point.
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APPENDIX 1/2

CANAL POTMARGE AND INTAKE POINT

FIGURE 44 Intake point.
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APPENDIX 2/1

LABORATORY ANALYSIS

TABLE 8  Laboratory results on sample date 8.9.2009 (expamin2).
Parameter Unit Feed tank After pretreatmeni Permeate
pH - 7,56 7,61 5,69
Colour mg Pt/CO/l 46 49 <3
TOC mg/l 14 14 <0,5
DOC mg/l 12 13 <0,5
Suspended solids mg/I 7,8 9,3 <0,5
UV 254 1/m 37 37 <1,0
Colony forming units /ml >100000 | >100000 22
Hardness mmol/Il 1,53 1,57 <0,02

°D 8,5 8,8 <0,1
ca* mg/l 43,0 44,3 <0,5
Fett mg/l 0,248 0,276 <0,01
Mg?* mg/l 11,0 11,2 <0,1
Mn?* mg/l 0,064 0,049 <0,005
Na' mg/l 110 111 1,30
K* mg/l 10 10 0,3
Cr mg/I 140 140 <3

TABLE 9  Laboratory results on sample date 17.9.2009 (expeni 3).
Parameter Unit Feed tank After pretreatmeni Permeate
pH - 7,61 7,75 5,86
Colour mg Pt/CO/l 71 77 <3
TOC mg/l 14 13 <0,5
DOC mg/l 13 12 <0,5
Suspended solids mg/I 6,8 7,4 <0,5
Total dissolved solids mg/I 560 550 <5
UV 254 1/m 40 41 <0,2
Alkalinity mg/l 206 206 <10
Hardness mmol/| 1,72 1,78 <0,02

°D 9,6 10,0 <0,1
ca’ mg/l 47,6 49,3 <0,5
Fef* mg/l 0,221 0,235 <0,01
Mg?* mg/l 12,9 13,3 <0,1
Mn?* mg/l 0,059 0,053 <0,005
Na" mg/l 121 124 1,50
K* mg/| 11 11 <0,1
Cr mg/l 160 160 <3
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LABORATORYANALYSIS

APPENDIX 2/2

TABLE 10 Laboratory results on sample date 1.10.2009 (refeeeexperiment 1).

Parameter
pH

Colour
TOC

DOC

Unit

mg Pt/CO/I
mg/l
mg/l

Suspended solidsmg/I

Total dissolved
solids

UV 254
Alkalinity
Hardness

ca*
Feft
Mg**
Mn?*
Na'
K+
CI

mg/l

1/m
mg/l
mmol/Il

°D

mg/I
mg/I
mg/I
mg/I
mg/I
mg/I
mg/I

7,73 | 7,65
64 60
15 16
15 12
10 6,6
610 580
43 43
229 228
1,87 1,88
10,5 | 10,5
51 51,3
0,24 | 0,22
145 14,6
0,056 0,048
138 138
13 13
190 190

7,74
65
15
15
7,6
600

43
230
1,86
10,4
51
0,21
14,4
0,048
138
13
190

Canal Feed tank After pretreatmeni Permeate

5,74
<3
<0,5
<0,5
<0,5
<5

<0,2
<10
<0,02

<0,1
<0,5
<0,01
<0,1

<0,005
1,13
<0,1
<3

TABLE 11 Laboratory results on sample date 8.10.2009 (refeeeexperiment 2).

Parameter
pH

Colour
TOC

DOC

Suspended solidsmg/I

Total dissolved

solids
UV 254
Alkalinity
Hardness

ca*
Fef
Mg**
Mn?%*
Na
K+
CI

Feed tank After pretreatmeni Permeate

Unit
- 7,62
mg Pt/COI/l 47
mg/I 14
mg/I 13
7,0
mg/I 540
1/m 40
mg/I 180
mmol/l 1,64
°D 9,2
mg/l 45,6
mg/l 0,218
mg/l 12,3
mg/I 0,031
mg/l 109
mg/l 10
mg/l 150

1,47
160
14
13
8,2
540

40
179
1,79
10,0
49,7
0,228
13,4
0,023
116
11
150

5,66
<3
<0,5
<0,5
<0,5
<5

<0,2
<10
<0,02
<0,1
<0,5
<0,01
<0,1
<0,005
1,22
0,2
<3
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APPENDIX 3/1

TURBIDITY DURING EXPERIMENTS 1- 4 AND REFERENCE EX-
PERIMENTS 1-2.
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FIGURE 45 Turbidity during experiment 1 (filter size 5 um).
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FIGURE 46 Turbidity during experiment 2 (filter size 20 um).
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APPENDIX 3/2

TURBIDITY DURING EXPERIMENTS 1-4 AND REFERENCE EX-
PERIMENTS 1-2.
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FIGURE 47 Turbidity during experiment 3 (no filters).
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FIGURE 48 Turbidity during experiment 4 (no filters).
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APPENDIX 3/3

TURBIDITY DURING EXPERIMENTS 1-4 AND REFERENCE EX-
PERIMENTS 1-2.
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FIGURE 49 Turbidity during reference experiment 1 (filterezum).
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FIGURE 50 Turbidity during reference experiment 2 (filteres20 um).
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APPENDIX 4/1

PARTICLES DURING EXPERIMENTS 1-4 AND REFERENCE EX-
PERIMENTS 1-2.
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FIGURE 51 Particles during experiment 1 (filter size 5 pm).
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FIGURE 52 Particles during experiment 2 (filter size 20 um).
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APPENDIX 4/2

PARTICLES DURING EXPERIMENTS 1-4 AND REFERENCE EX-
PERIMENTS 1-2.
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FIGURE 53 Particles during experiment 3 (no filters).
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FIGURE 54 Particles during experiment 4 (no filters).




Treatment of surface water with hydraulically cledrreverse osmosis modules

APPENDIX 4/3

PARTICLES DURING EXPERIMENTS 1-4 AND REFERENCE EX-
PERIMENTS 1-2.

50000

45000 +
40000 +

35000 4 .Px“
000 W’/ N
25000 4

20000 4

Particlesiml

15000 H
10000 H
5000

o T T T
0,0 6.5 14,0 215 29,0
Time [hours]

| —+— Feed tank —m— After pretreatment |

FIGURE 55 Particles during reference experiment 1 (filteresizpum).
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FIGURE 56 Particles during reference experiment 2 (filteres20 pum).
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APPENDIX 5/1

RETENTION DURING EXPERIMENTS 1-4 AND REFERENCE EX-
PERIMENTS 1-2.
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FIGURE 57 Retention during experiment 1.
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FIGURE 58 Retention during experiment 2.
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RETENTION DURING EXPERIMENTS 1-4 AND REFERENCE EX-
PERIMENTS 1-2.
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FIGURE 59 Retention during experiment 3.
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FIGURE 60 Retention during experiment 4.
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APPENDIX 5/3

RETENTION DURING EXPERIMENTS 1-4 AND REFERENCE EX-
PERIMENTS 1-2.
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FIGURE 61 Retention during reference experiment 1.
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FIGURE 62 Retention during reference experiment 2.
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PERMEATE FLUX DURING EXPERIMENTS 1-4 AND REFERENCE
EXPERIMENTS 1-2.
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FIGURE 63 Permeate flux during experiment 1.
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FIGURE 64 Permeate flux during experiment 2.
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PERMEATE FLUX DURING THE EXPERIMENTS 1-4 AND THE
REFERENCE EXPERIMENTS 1-2.
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FIGURE 65 Permeate flux during experiment 3.
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FIGURE 66 Permeate flux during experiment 4.
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PERMEATE FLUX DURING THE EXPERIMENTS 1-4 AND THE
REFERENCE EXPERIMENTS 1-2.
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FIGURE 67 Permeate flux during reference experiment 1.
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FIGURE 68 Permeate flux during reference experiment 2.
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APPENDIX 7

LOCATIONS OF COOPERATION PARTNERS
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FIGURE 69 Locations of cooperation partners.




