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ne is a new technology, which
brane can operated at very
- Of reverse osmosis is membrane

n fluoride rejection rate and cause of
membrane degradaibn. ' membran&‘(bulmg of UTC-70 ultra low
pressure reverse OsMmozis _ groundwater defluoridation was
investigated. Chiang giai/ basin” wa§ selected. as study area. In this area,
groundwater contains Higl e o ation. Two sites of groundwater in this
area were selected s ga ' 1 ife is groundwater from Pra Too
Khong, Lamphun, wheareas second Kam Pang hot spring well,
Chiang mai. Groundwater from.two si jltrated with ULPRO membrane,
which operated in cross-flow o iperating transmembrane pressure was
varied at 0.3 and 0.5 MPa Fus wre, the concentration polarization
phenomenon was investigatéd: The NaF cox centration varied at 0, 10, 25, and 50
mM was used asﬁd solution. From the results, it was found that the mass transfer
coefficient in sa fon was 2.73x10° and 1.75x10 , s at 0.3 and 0.5 MPa,
respectively. Whi &y the avaa,gq te - _“ er coefficient through the
membrane was 4.5%x107 m/s under 0.3 and 0.5 MPa, respectively. For the
groundwater defluoridation e.xpenm it was found that the high fluoride
rejection ong groundwater, the
fluoride rqﬁmﬂg g % g%—lﬁ& Pang hot spring well
was 96.7-97¢5%. From the results it can be indicated that the higher fluoride
rejection rate was obtamad at hlgmer transmembrane pressureiﬂ' 5 MPa). From the
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Furthermore, the effect of silica fouling on groundwater deﬂuondatmn was
investigated. The results showed that silica can effect on permeate flux and
fluoride rejection rate in groundwater defluoridation. The presence of silica in feed
water was cause of decreasing in fluoride rejection rate. While, the results of silica
fouling showed that membrane was fouled with polymerized silica fouled layer.
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CHAPTER I
INTRODUCTION

1.1 Motivation

Fluoride is a common.glement that does-not occur in the elemental state in
nature because of its high.reactivity (WHQO, 2004)..Then, fluoride is rarely found in
pure form, but exits in.wvarious compounds or as the monovalent anion fluoride. It is
found in Earth’s crust infforpa of fluorspar (CaF,), cryolite (NazAlFs), and fluorapatite
(Cas (PO,).F). o

Fluoride is naturally released intc')!;_environment through the weathering and
dissolution of minerals. /It is also releasétj Via coal combustion and waste from
industrial processes; for example the efﬁ:l_-.lé[]}:_ of steel manufacture and primary
aluminium production. Fluoride levels m '-,'éurface waters vary according to
geographical locatien and proximity to emiééiéhio’urces (EHC 227, 2002), whereas in
groundwater, fluoride-concenirations—vary-with-the-type 0f rock the water flows
through. In Chiang mai basin, fluorides concentration 1 groundwater was high to
16.1 mg/L. Groundwater in some districts of Lamphuri”province, which located in
Chiang mai basins, jis.found te have fluoride levels.of between.10 to 15 mg/L, which
is higher than the drinkingtwater limit'of the Warld.Health Organization (1.5 mg/L).
So, villagers in this area were affected from the.dental and skeletal fluorosis. The

groundwater inithis area is recommended to defluoride before drinking.

Membrane filtration with reverse osmosis membrane was applied to
defluoridation in Lamphun province. The quality of filtrated water was high with less
amount of fluoride in water. However, the process of reverse osmosis is required high
pressure (1.5-15 MPa) to operating. So, the operating costs are high and make the
villagers have difficulty to access this technology. From the problem of reverse

osmosis membrane technology, the ultra low pressure reverse osmosis (ULPRO)



membrane is applied to defluoridation. The ULPRO membrane can be operated at

very low pressure (0.1-0.5 MPa) and the high fluoride rejection rates are obtained.

However, the major problem in membrane filtration is membrane fouling. This
problem can reduce the permeate flux, permeate quality and membrane degradation.
Membrane fouling is occurred by many ions such as calcium, magnesium and silica.
Most of membrane plant in Lamphun province s contained the pretreatment process
before enter to reverse osmosis system. The-pretreaiment process can be removing
some ions including sodium,.caletum, rﬁagnesium and potassium but can not remove
silica. Then, silica fouling+has.been the major problem in groundwater defluoridation

system.

Silica is widely found'in the envifor)_ment. In natural water sources, silica is
released from the weathering of mineré]_s,' which containing silica species (E.G.
Darton, 1999). Silica is one of the foulants: b're‘éent in the feed water in RO membrane
plants. Silica fouling can reduce permeate fh:a};,ir_\ membrane filtration processes. Then,
the objectives of this research*are to invesﬁgéfé the membrane fouling of ultra low
pressure reverse 0SMosis memprane in gro‘dr’idWater defluoridation, especially in the
effect of silica fouling. Groundwater from Pra Too Khong-drinking water plant and
groundwater from San Kam Pang hot spring well, which defined as high silica

concentration, was selected as sampling point.
1.2 Objectives

- . /\To study ‘the performance off UTC-70 ultra low pressure reverse 0smosis
membrane in groundwater defluoridation.

- To investigate the membrane fouling and effect of silica on groundwater
defluoridation by ultra low pressure reverse osmosis membrane.

- To determine the mass transfer coefficient (k) in solution and solute mass

transfer coefficient through membrane (ki).



1.3 Hypothesis

- The ULPRO membrane is a new technogy, which can be operated at low
pressure (0.1-0.5 MPa) and provided the high fluoride rejection rate.

- Silica can be effect on performance of groundwater defluoridation by
forming the silica gel layer on membrane surface, which lead to decreased
in permeate flux or fluoride rejection rates in groundwater defluoridation.

- Concentration polarization phenomenon.may occur during the process and

effect on groundwater deflugridation:
1.4 Scope of the study

The study area of this research is ;hiang Mai basin. The Chiang Mai Basin is
located in northern Thailand, which covers about 3,000 km? of Chiang Mai and
Lamphun province (Matsui, 2007). Two Sites of groundwater in Chiang Mai basin
was selected as sampling point. The first__é!t_e: is groundwater from Pra Too Khong
Bottled Drinking Water ‘Plant, fambon Bam Klang, Muang district, Lamphun
province (site 1). The second site is groundy;/éj[g_r_frrom San Kam Pang hot spring well

(site 2). The results from 2 sites were compared.

The experiment was conducted in a cross-flow unit with a flat sheet of UTC-
70 membrane, which .is ultra low pressure reverse osmosis membrane. The
transmembrane pressure ‘was /varied at “0.3" and’ 0.5 | MPa:~The performance of
groundwater defluoridation by ultra low pressure reverse osmosis membrane was
investigated. Furthermore, the effect, of .silica on"groundwater defluaridation was

investigated by/added silica concentration 500 mg/L into: groundwater from both sites.

The concentration polarization phenomenon was studied. The NaF

concentration varied at 0, 10, 25, 50 mM was used as feed solution.



CHAPTER 2
BACKGROUND AND LITERATURE REVIEWS

2.1 Fluoride

2.1.1 Background

Fluoride is hazardous«inerganic specie that seriously endangers the aquatic
environment. Fluoride is'found in /Earth’crust and exists in the most common form of
fluorspar, cryolite and fltuorapatite: Fluoride is found naturally in rocks, seawater,

surface water, and groundwater (Ndiaye ejfzal_., 2005).

Fluorides are relgased into the envifpﬁinent naturally through the weathering
and dissolution of minerals, in emissioné{_’ﬁgfn volcanoes and in marine aerosols
(Symonds et al., 1988; ATSDR, 1993).;,-F-I,'L:Jorides are also released into the
environment via coal combustion and bf:dé’é;s‘s' waters .and waste from various
industrial processes,-ineluding-steel-manufacture;-primary aluminium, copper and
nickel production, phesphate ore processing, phosphate fertilizer production and use,
glass, brick and ceramic manufacturing, and glue and adhesive production (EHC 227,
2002).

Fluoride was used in many processes in some industrial: Hydrogen fluoride is
an important industrial compound that is used mainly/in the matarigasoline alkylates
and chlorofluorocarbons. Calcium fluoride is used as a flux in steel, glass and enamel
production, as the raw material for the production of an electrolyte in aluminium
production. Sodium fluoride is used in the controlled fluoridation of drinking-water,
as a preservative in glues, in glass and enamel production, as a flux in steel and
aluminium production, as an insecticide and as a wood preservative. Sulfur

hexafluoride is used extensively in various electronic components and in the



production of magnesium and aluminium. Fluorosilicic acid (H;SiFs) and sodium

hexafluorosilicate (Na,SiFg) are used for the fluoridation of drinking-water supplies

Fluoride levels in surface waters vary according to location and proximity to
emission sources (EHC 227, 2002). Fluoride content in the bedrock was the most
important factor determining fluaride levels in lake waters. Elevated fluoride
concentrations were found in acidified areas‘compared with other regions with similar
geology (Skjelkvale, 1994a). Elevated inorganiC flueride levels in surface water are
often seen in regions where there1s geofhermal or.volcanic activity, at the foot of high
mountains and in areas.with.geological deposits of marine origin. Surface water
concentrations generallysrange from 0.01 to 0.3 mg/litre. Seawater contains more
fluoride than fresh water with concentrations ranging from 1.2 to 1.5 mg/litre. Higher

levels of fluoride are.found inareas where“thg natural rock is rich in fluoride.

World Health Organization set the guideline value of fluoride concentration at
1.5 mg/L (WHO, 2004). Concentrations'é:{boye this value are risk of dental and
skeletal fluorosis. Due to Thailand are Iocatégl iﬁ:tropical zone, the Ministry of Public

health has set as 0.7 mg/L for flucride concentration in drinking water.

2.1.2 Cycle in-environment

Figure 2.1 showed the cycle of fluoride in environment and it can be indicate

that all components have a relationship with each of other components.
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Figure 2.1 The cycle of fluoride in environment

Fluorides in-the atmosphere may be in gaseous of particulate form. Gaseous
forms include hydregen fluoride, silicon tetrafluoride (SiF,), fluorosilicic acid and
sulfur hexafluoride. Particulate forms include sodium aluminium fluoride (cryolite),
aluminium fluoride, caleium fluoride, sodium:hexafluorosilicate, lead fluoride (PbF,)
and calcium® phosphate fluoride- (fluorapatite). ~Atmospheric fluorides can be
transported over large distances as a result of wind or atmospheric turbulence or can
be removed from:the atmosphere via wet and dry depaesitian orhydrolysis. The fate of
inorganic fluorides'in the atmosphere ‘ts primarily influenced by vaporization, aerosol
formation, wet and dry deposition and hydrolysis (Environment Canada, 1994). Non-
volatile inorganic fluoride particulates are removed from the atmosphere via
condensation or nucleation processes. Atmospheric fluorides may be transported to
soils and surface waters through both wet and dry deposition processes (US NAS,
1971).



In water, the transport and transformation of inorganic fluorides are influenced
by pH, water hardness and the presence of ion-exchange materials such as clays
(Environment Canada, 1994). Fluoride is usually transported through the water cycle
complexed with aluminium (Ares, 1990). Once dissolved, inorganic fluorides remain
in solution under conditions of low pH and hardness and in the presence of ion-
exchange material (Cuker & Shilts, 1979). Fluoride levels in surface waters vary
according to geographical location and ‘proximity to emission sources. Seawater
contains more fluoride than fresh water, with-eoncentrations ranging from 1.2 to 1.5
mg/litre. In seawater, fluorides are removed by the formation of complexes with
calcium compounds, prncipally - carbonate and  phosphate (Carpenter, 1969).
Undissolved fluoride is generally removed from the aguatic phase by sedimentation
(US EPA, 1980).

Factors that influencg the mobility of"inorganic fluorides in soil are pH and the
formation of aluminium jand calcium complexes (Pickering, 1985; Environment
Canada, 1994). Fluoride in soil 'is- mainly, bound 1h complexes. The maximum
adsorption of fluoride to soil was reported to eeeur at pH 5.5 (Barrow & Ellis, 1986).
Fluoride is a component of most types of soil_,,_ with total concentrations ranging from
20 to 1000 pg/g in-areas without natural phosphate or fluoride deposits and up to
several thousand micrograms per gram in mineral soils with deposits of fluoride
(Davison, 1983).

2.1.3 Human exposure

Levels ofidaily exposure-toflueride depend mainly on the,geographical area.
Fluorides can be taken up by aquatic organisms directly from the water or to a lesser
extent via food. In animals, fluorides can be accumulating in the bone tissue. The
principal route for the intake of fluoride is the consumption of foodstuffs and
drinking-water. In areas of the world in which coal rich in fluoride is used for heating
and food preparation, the inhalation of indoor air and consumption of foodstuffs

containing increased levels of fluoride also contribute to elevated intakes. In general,



estimated intakes of fluoride in children and adolescents do not exceed approximately

2 mg/day.

2.1.3.1 Drinking water

Fluoride is presentin all phase of the environment. Therefore, sources
of drinking-water are likely to contain at lgasi#some small amount of fluoride. The
amount of fluoride present naturally in non-controlled fluoridated drinking-water (i.e.,
drinking-water to which«fluoride has not been intentienally added for the prevention
of dental caries) is highly variable, being dependent upoen the individual geological
environment from whieh the water is-obtained (EHC 227, 2002). Table 2.1 showed

the fluoride concentration in/drinking water from some country.

Table 2.1 Fluoride congentration in drinking water from some country

Fluoride concenteation

Location (mglL) A References
: fm il US EPA (1985); US
USA 0.1-1.0 DHHS (1991)
Canada 0.73-1.25 HealthCanada (1993)
Germany 0.02-0.17 Bergmann (1995)
Poland 0.02-3.0 Czarnowski et al. (1996)

2.1.3.2 Food products

Trace amount of fluoride are found in many foodstuffs. Levels of
fluoride in foods are significantly affected by the fluoride content of the water used in
preparation or processing. A study of a variety of infant food products available in the

USA indicated concentrations of fluoride ranging from 0.01 to 8.38 ug/g; the highest



concentrations were in products containing chicken (Heilman et al., 1997). The varius

study of fluoride concentration in food are presented in Table 2.2

Table 2.2 Fluoride in food from some country

Fluoride
Food concentration RrRemark References
(mg/L)
Milk and Range of concentrations in 12 varieties Dabeka &
. 0.01-0.8 \ - McKenzie
milk products of 'dairy products inCanada
(1995)
Range of concentrations in 4 varieties of Dabeka &
Fish 0.21-4:57 : : - McKenzie
fish available in Canada
(1995)
Range of mean concentrations in three Chen et al
Vegetables 0.28-1.34 staple vegetables consumed in three '
5 y . (1996)
villages in China
Range-of céncé-ntrations in black tea Bergmann
Tea 0.37-2.07 sampled between 1984 and 1989 in g
(1995)
Germany
Range of concentrations in 6varieties of ~ Dabeka &
Beverages 0.21-0.96 beer, wines, coffee and soft drinks McKenzie
available in Canada (1995)
Baked good 2,974 85 Range of mean concentrations.in rice Chen et al.
and cereals ' ' consumed.in three villages in China (1996)
Eruits and Range of concentrations in 25 varieties Dabeka &
fruitivice 0.01-0.58 of fruit and fruitjuices available in McKenzie
! Canada (1995)

(Source: EHC 227, 2002)

Dental

products such as toothpaste,

2.1.3.3 Consumer products

mouthwash and fluoride

supplements have been identified as significant sources of fluoride (Ekstrand, 1987,
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Drummond et al., 1990). Topical mouth rinses marketed for daily home use may
contain between 230 and 500 mg fluoride/litre, while mouthwash products intended
for weekly or biweekly use may contain 900-1000 mg fluoride/litre (Sloof et al.,
1989). For dental purposes, fluoride preparations may contain low (0.25-1 mg per
tablet; 1000-1500 mg of fluorine per kg of toothpaste).

2.1.4 Health effects

The ingestion of.excess fluoride can cause of various health effect include
dental and skeletal fluorosis: The effect of fluoride in various concentrations on

human health are showedsin Table/2:3

Table 2.3 Health effect.from various;fluoride concentrations

Concentration of flueride (mg/L) - Health effects

Low " Protection against dental caries

An adverse effect on tooth enamel and

09:1.2 aa ] )
give rise 0 mild dental fluorosis
26 Skeletal fluorosis with adverse changes in
Bone structure
Over 10 Crippling skeletal/fluorosis

(Source? International Program on Cheimnical Safety, 2002)

2.1.4.1 Dental fluorosis

Dental fluorosis occurs because of the excessive intake of fluoride
either through fluoride in the water supply or through other sources during the

formation of the tooth, usually from birth to approximately 6-8 years of age.
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Excessive fluoride can cause yellowing of teeth, white spots, and pitting or mottling

of enamel.

In general, dental fluorosis does not occur in temperate areas at
concentrations below 1.5-2 mg of fluoride per litre of drinking-water. Because of the

greater amounts of water consumed in ?rmer areas, dental fluorosis can occur at

lower concentrations in the drinking-water A 1985a).
- 39
Over the B_§L39—40 years, there has. been an increase in the prevalence

of dental fluorosis amgrpmp/ |

tions consuming either fluoridated or non-fluoridated
drinking-water. The prevalenceof dental fluorosis is also elevated in certain areas of

the world where the int ride rﬁayi be inordinately high, due in large part to

the elevated fluoridesContent/ofithe’s surgndmg geological environment. In China,

denngl fluorosis (Liu, 1995).

v Fada ..-'.I'J; d-‘

large numbers of people exhibi

tooth development Mild.dental ﬂuorosw 'sl'sh:strally typified by the appearance of

A
small white areas"jn-t atal-fluorosis are stained and

pitted appearance orT; teeth. =
|

Flgure 2.2/2:3, and 2.4 showed the severity of dental fluorosis; mild

fluorosis, moderate fluorosis and severe fluor03|s respectively.

Figure 2.2 Dental fluorosis — mild fluorosis
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92.1.4.2 Skeletal fluorosis

ARSI HEIANEDE e

term exposure (both inhalation and ingestion) to a high fluoride concentration.

Figur

Aunnop, in the high fluoride

e moderate to sever

2

students in low quor@ coriéé'n't‘ i

Elevated fluoride intakes can also have more serious effects on skeletal tissues.
Skeletal fluorosis (with adverse changes in bone structure) may be observed when
drinking-water contains 3—-6 mg of fluoride per litre. Crippling skeletal fluorosis
usually develops only where drinking-water contains over 10 mg of fluoride per litre
(IPCS, 1984).
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The severity of the effects associated with skeletal fluorosis is related
to the amount of fluoride accumulated into bone. The first two stages are preclinical-
that is, the patient feels no symptoms but changes have taken place in the body. In the
early clinical stage of skeletal fluorosis, symptoms include pains in the bones and
joints; sensations of burning, pricking, and tingling in the limbs; muscle weakness;
chronic fatigue; and gastrointestinal Ws and reduced appetite. During this phase,

ﬂ detected on x-rays. In the second

changes in the pelvis and sp@lk}o
clinical stage, pains in th ecome ¢ some of the ligaments begin to

T —

calcify. P
In advanced“skeléial flu r'o_s{s, cal rippling skeletal fluorosis, the

extremities become weak and mo e joints is difficult. The vertebrae partially
)

fuse together, crippling the pa

nald
T I

Figure 2.5 Skeletal fluorosis
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2.2 Membrane filtration

2.2.1 Background

Membrane filtration is technology that applied to purify contaminated water
with undesirable components by passing water through a membrane as a filter
material (Fujita et al., 1994). Water can. pasSs<through the membrane, while other

components are rejected. J

The membranesean be categorized into four types, microfiltration membrane
(MF membrane), ultrafiltration membrall’le (UF membrane), nanofiltration membrane
(NF membrane), and eVerse 0smosis rﬁé’fnbrane (RO membrane), by considering
differential pressure on both sides of e'-éch_- membrane and the pore size of each
membrane (Metcalf and Eddy,2003). v

The required pressure to oéérate théJj_jl}JfE.,-membrane (0.5-3.5 MPa) and the RO
membrane (1.5-15 MPa) is higﬁer than the @Jlred pressure for the MF membrane (<
0.2 MPa) and the Uk membrazlr—l'é' (O.’l-l.O MﬁéﬂWagner, 2001).

Generally, the ‘MF membrane, the UF membrang, and the NF membrane are
followed the principlr'é of pores while the RO membrane is operated under the
molecular interagtiomy andy, diffusions The characteristicsof:*RO membrane, NF

membrane, UE ' membrane and"MF'membrane are'shown in Table 2.4.
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Table 2.4 The characteristics of RO membrane, NF membrane, UF membrane and

MF membrane

RO membrane

NF membrane

UF membrane

MF membrane

Structure

Pore size

Rejection

Membrane
material

Operating
pressure

Method

Asymmetrical

<0.002 pm

HMWC, LMWC
glucose;amino
acids

Cellulose acetate,
Thin film
composite

1.5-15MPa

Dead-end filtration
Cross-flow
filtration

Asymmetrical

<0.002 pm
HMWC,

polyvalent neg.
ions

Cellulose acetate,
Thinfilm
composite

0.5-3.5'MPa

DeAd-end filfration

Cross-flow. "/

Asymmetrical

0.2-0.02um

Macro molecules,
polysaccharides

Polysulfone,
Thin film
composite

0.1-1 MPa

Dead-end filtration
Cross-flow
filtration

Asymmetrical
Symmetrical

4 -0.02 pm

Particles, clay

Ceramic, Polysulfone

<0.2 MPa

Dead-end filtration
Cross-flow filtration

Source: Jgrgen Wagner, 2001)

filtration=

The MF membrane and the UF membrane are considered when undesirable
components are larger particles. Because the permeate flux of these two membranes
are high while the differential pressures are low. When ions are considered for
removing from water, NF-membrane and RO membrane are employed. In contrast,
while the permeate water flux: of these «twa: membranes are:low, the differential
pressures are high.

Figure~1-#lustrates«<the operating: range’, of reach smembrane to remove

undesirable’components. It can e concluded that'the RO*membrane-has the widest

operating range to remove almost all undesirable components in water while the MF

membrane has the narrowest operating range to remove undesirable components and

the MF membrane should be strongly recommended as a pretreatment unit.
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Figure 1. Operatift ranges of membranes on undesirable components removal
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2.2.2 Membrane transports theory

AL AN TRUNBAIIEEE, e

processes Generally, when the membrane was used to separate solutes in solution,
several forces including difference of pressure and difference of temperature can

cause of a flow or flux of water and solutes through membrane.
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2.2.2.1 Irreversible thermodynamic model

Irreversible thermodynamic model are considered the membrane
separation processes, which in equilibrium or not far from the equilibrium. This
model has been used to describe the transportation of solute through membrane. The
model considers the membrane as.a block box, then the membrane structure and
membrane properties are not taken into agcount (Dickson, 1988; Williams, M. E.,
2003).

Kedem apd*Kaichalsky (1971) provided the equations for water flux
based on membrane arga (Jy) and the Solute flux based on membrane area (J;) in

Equation (2-1) and Equation (2-2), respectively.

e Lp(Ap,-f o) (2-1)

3, A7+ (1 2%)C, 1) (2-2)

Where L, = pure water pern}égb[lity, o = reflection coefficient, w =
solute permeability, and C. = logarithmic mean solute corcentration. From the van’t

Hoff equation, Az =RTAC;

2.2.2.2 Diffusive.flow model

Generally, when component in solution is separated,by membrane via
diffusion’ mechanism, many parameters are involved including the driving forces of
pressure, temperature, concentration, and electrical potential. The water flux (Jv)

through the membrane can be expressed as

J, =k, (AP -Axr) (2-3)

where k,, = pure water permeability.
AP = transmembrane pressure
Am = osmotic pressure
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And the solute flux (J;) through the membrane, it can be expressed as
J =k (C, -Cp) (2-4)

where ki = solute mass transfer coefficient.
Cwm = concentration of membrane surface
Cpr = concentration of permeate

2.2.2.3 Charged model

Charged membrane is characterized as a membrane that contains
charged chemical groups: The removals of ionic species are mainly due to the
electrostatic interaction hetweensons and membranes (Petersen, 1993).

Most of /membrane is con§i§ts negative charged at membrane surface.
The counter-ion concentration will ‘attract and present in the membrane phase at a
higher level than that of co-ien. Thesér':’-fesylts of electrostatic attractions and
repulsions between the fix membrane chargéaﬁa ionic species in the solution create a
Donnan potential. The Donnan potential p"rei/ents the diffusion of the counter-ion
from the membrane phase to the solution and the diffusion-of co-ion from the solution
to the membrane phiase. When a pressure is applied to force the solution through the
charged membrane, the effect of the Donnan potential is-to repel the co-ion from the
membrane. Because of“an-electroneutrality“must be maintained in the solution, the
counter-ion is also.rejected(Williams, 2003). Donnan equilibrium models assume that
a dynamic equilibrium is established when a charged membrane is_placed in a salt

solution (Bhattacheryya and‘Cheng, 1986; Bhattacharyya and Williams, 1992c).

This model can be predicted that the rejection of solute was a function
of effective charge density of membrane, solute concentration in external solution,
and valence of solute. However, the two important factors for charge membrane
including solute diffution and convective fluxes were not taken into account in this

model.
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2.2.3 System design

The system for membrane filtration can be categorized into 2 types: dead-end
operation and cross-flow operation. All the feed is driven through the membrane,
which implies that the concentration of rejected components in the feed increases and

consequently the quality of the permeate decreases with time (Thanuttamavong, 2002).
2.2.3.1 Dead-end filtration
In dead-endfiltiation, all the water that enters the membrane surface is

passed through the membrane. Some components will stay on membrane surface

while water flows throught Figure 2.7 is showed the dead-end operation.

Permeate

(Source: Adapted from Thanuttamavong, 2002)
Figure 2.7 Dead-end operation

2.2:3:2 Cross-flow filtration

InCeross-flow filtration, | the feed flows parallel to ‘the membrane
surface. Small part of the feed water is passing through the membrane; the largest part
will leave the module. In many case, a cross-flow operation is preferred because of

the rate of fouling is lower than in dead-end operation.
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Feed [ F-" Concentrate | "
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Permeate

Figure 2.9 Method of the cross-flow operation
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2.2.4 Ultra low pressure reverse osmosis membrane

The ultra low pressure reverse osmosis membrane (ULPRO membrane) is a
new technology for membrane filtration which can be operates at very low pressure
conditions (0.1-0.5 MPa) whereas a typical RO membrane requires very high
operating pressure (1.5-15 MPa). Most of ULPRO membrane is multi-layer thin film
composite of polymer. The active membrane surface layer usually consists of
negatively charged sulphone or carboxyl group.. ULPRO membrane have been
identified as energy saving membranesg.with effective rejecting salts, trihalomethane
formation potential (THMFP),sheavy metal, color, and all micro organisms. ULPRO
membrane can provide aspegific flux of more than 60 L/m°-h-MPa at pressure range
about 0.2-0.9 Mpa. This spegific flux is about 2 times of the specific flux of current

generations of compaosite reverse osmosisfmqmbranes (Ozaki et al., 2000).

Petersen, 1993 reported that a thiri film composite membrane may be defined
as a bi-layer film formed by a two=step pr'o'f:gss_. Such a membrane typically consists
of a thick, porous, nonselective layer forﬁ;tet&"'in the first process step, which is
subsequently overcoated with an akra thin b'érf-iér'layer on its top surface in a second
process step. The two layers are always different from @ne another in chemical
composition. A typical thin film composite membrane as-generally produced today is

shown schematically-in Figure 2.10.

Ultra thin
barrierdayer Membrane feed side

~ 0.3-3 pm
Microporods |—= 40'um
polysulfone
Reinforcing 120 um
fabric

Membrane permeate side

(Source: Adapted from Robert, 1993)
Figure 2.10 Cross section of thin film composite membrane
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A Dbase layer of a woven or a non-woven fabric (for handling strength) is
overcoated with a layer of an anisotropic micro porous polymer (usually polysulfone).
The surface of the micro porous support is coated with an ultra thin polymeric
composition, which provides the controlling properties as semi-permeability (Petersen,
1993).

Petersen, 1993 concluded that each individual layer can be optimized for its
particular function, i.e. the ultra thin barrier layer can be optimized for the desired
combination of solvent flux and solute rejection, while the porous support layer can
be optimized for maximum.strength and compression resistance combined with
minimum resistance to permeate flovw. Moreover, various chemical compositions can
be formed into ultra thin barrier layers, Including both linear and cross-linked
polymers. The ability to generate anultra thin layer in situ on a micro porous substrate
also allows one tofgenerate ‘and use several of the cross-linked polymeric
compositions, which caf exhibit supgrior hydrophilic (viz. higher water permeability)
and superior chemical resistance compared fo linear polymeric compositions.

2.2.5 Specification of UTC-70 membré{ﬁe

Some specifications of the UTC-70 membrane, which is ultra low pressure

reverse osmosis membrane reported by Kurihara in 2003 are shown in Table 2.5.

Table 2.5 Specifications;of. UTC-70 membrane

UTC-70 membrane

Material Crosslinked-Aromatic.Rolyamide
Structure Thin film composite membrane
Rejection Low MW Organic materials, Monovalent ions
MWCO MW ~ 60 °
Electric repulsion
Mechanism Solution diffusion

Molecular interaction

Pore size <1nm

(Source: Kurihara, Toray Company, 2003) * Yashinari, 1999
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Petersen, 1993 reviewed that UTC-70 membrane was developed by Toray
Corporation, Japan and was the basis of their SU-700 series of spiral element products.
This membrane contains an aromatic polyamide barrier layer consisting of a blend of
diamine and triamine interfacial reacted with a blend of diacyl and triacyl halides. The
diamine is 1, 3-benzenediamine and the triamine appears to be 1, 3, 5-
benzenetriamine. The triacyl hallde is apparently trimesoyl chloride, and the diacyl
halide, terephthaloyl chlorlde The pro ystry of UTC-70 membrane is given
in Figure 2.11.

/. Industries)

E gure 2. 11’Pro’oable ch‘éfﬁ S‘E of UT(‘.“(YO membrane

Low-pressure Low-pressuns Lifra-low-pressure Extra-low-pressune
rmermbane miembrane membrans rnemibrane
UTC-70 UTC-70L LITC-7OL UTC-70UL

FLBEADE AT REE
Figure 2.12 surface of UTC-70 membrane
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2.2.6 Osmotic pressure

Osmosis is the movement of a solvent through a semi-permeable membrane
from the more dilute solution side to the more concentrated solution side (C.N.
Sawyer et al., 2003). The pressure that solutions need to reach equilibrium of both

sides is call osmotic pressure ().

Van’t Hoff Equation. can be use to determine of the osmotic pressure in a

single salt solution, which can-be calculated as follows:

= 4iE RN (2-5)

where i = the permeation factor, 2= the sumof the valency of the electrolyte,
n = the salt concentration (mol/kg), R = the universal gas constants, and T = the

temperature (°K)

2.2.7 Concentration polarization )

Concentratien polarization is an undesirable phenomenon, which cause by the
accumulation of retained solutes on surface of membrane. This phenomenon was a
cause of precipitation gor..formation of a;gel layer on membrane surface when
concentration“of |solute exceeded -its saturation limit (Matthiasson, 1980) and can
elevate solute“concentration on membrane surface and lead to decrease in rejection
rate.€oneentration polarizationis; an jundesirable phenamenon~as it exposes the
membrane ‘surface” to" an " enhanced “solute" concentration:” These “acts to decrease
permeate flux by reduction of the pressure driving force through the increase in the
counteracting osmotic pressure (Sutzkover et al., 2000). Figure 2.13 shows the

concentration profile of a solute in a concentration polarization model.
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Figure'2.18 Concentration;polarization model
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membrane surface ‘due to the resultin : (bulk diffusion) (Bader,

M.S.H., 2006). E " m
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associated with iconcentration polarization were:
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e filtration.

- An increase of hydrostatic resistance when the wall concentration of solute
reaches the satuation limit. It is a cause of precipitation or formation of a gel
on membrane surface.

- High solute concentration at membrane interface increases the risks for

changes in composition of the membrane material due to chemical attack.
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- Solute deposition on membrane surface can change the separation

characteristic of the membrane.

According to the thin film model, the equations that use to describe the solute

concentration on the membrane surface are given by;

(‘]v )solute =K 'n(gM __CC:P j (2-6)
B P

Where k = (D/d)="mass transfer coefficient, D = solute diffusion coefficient,
d = boundary layer thigkness{ (J,).J . = permeate flux of solute solution, Cy = solute

concentration prevailing on memprane surféce, Cp = solute concentration in permeate

solution, and Cg = solute,concentration inbulk solution.

From the studied of Sutzkever, I_.;_-,et. al., 2000 in a simple technique for

determining the mass transfer coefficient and the concentration polarization level in a

reverse osmosis (RO) system. The mass transfer coefficient was estimated by

following equation.
k = (‘]v )solute (2_7)
In AP J1= (Jv)solute
Mg = 7Tp (‘] v )HZO

Where (JV)HZO =permeate, flux of pure-water, AR = transmembrane pressure,

my = osmotic pressure of bulk solution, and 7z, = osmotic pressure of permeate

solution.

It was assumed that solute flow through membrane was a diffusion controlled.
From the solution-diffusion flow model, the permeate flux of a solute solution (Jv)solute,

and solute flux, J;, through membrane is given by
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J, =k, (AP —-Ar) (2-8)

where k,, = pure water permeability.
AP = transmembrane pressure
Az = osmotic pressure

J =k(Cy FL£4) (2-9)

Where k; = solutesmass-transfer coefficient:
Cwm = coneentration.of membrane surface
Cp = concentralionof permeate

2.2.8 Membrane fouling

2.2.8.1 Backgrou'nd'

#

Membrane fouling is a prob_TeE in membrane separation processes.
Membrane fouling-is referred to a flux dé'crl-i_h;e_ of membrane filter that caused by
accumulation of certain components in feed water on- membrane surface or in
membrane matrix (LiU et al.; 1998). Membrane fouling is also cause of the quality of
permeate declined and membrane degradation. According to the type of fouling,
membrane fouling; can ,be (categorized .nte 14 (types: «norganic fouling/scaling,
particles/collojds fouling, microbial/biological fouling, and organic fouling (Liu et al.,
1998).

- Inorganic fouling/ scaling

Inorganic fouling and scaling are caused by the accumulation of the
inorganic precipitates (i.e. metal hydroxides and scales) on the membrane surface or
within membrane matrix (Liu, C. et al., 1998). The inorganic soluble compounds will
precipitate on the membrane surface and form a scale layer when the concentrations
of these compounds exceed the solubility limit (R. P., Schneider et al., 2005).
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- Particles/ colloids fouling

Particles and colloids represent a major type of foulants present in
most feed waters (S.G. Yiantsios and A.J. Karabelas, 1998). During filtration
processes, particles and colloids retained by a membrane will form a cake layer on the
membrane surface. The fouling rates and resistance of this cake layer can be
significantly affected by the colloidal interactions; which are described in the colloid

science (Lianfa Song and Gurdev Singh, 2005):
- Microbial/"Blelogical fouling

Microbial /fouling is' the attachment and growth on the membrane
surface of microbes, Which' Igads to'the formation of biofilms (W.G. Characklis and
K.C. Marshall, 1990)./When ‘these' microbes aftach to the membrane, they will
produce extracellular polymetric substancés (EPS) to form a viscous, slimy, and
hydrated gel on that membrane {Liu, C. é@ial., 1998). Biofouling can significantly
reduce permeate flux and permeate guality (LF\"(J;"'DudIey and J.S. Baker).

- O¥ganicfouling

Organie fouling is dominant in membrane-filtration process with feed
water containing relatively*high natural organic matters (NOM). Generally, surface
water such as river and lake contain higher NOM|than groundwater. For feed water
containing high NOM, it is the mest significant_factor contributed, to flux decline
(Mallevialle et al:;+1989; Lahoussine-Turcaud et al.,1990)

2.2.8.2 Silica fouling

Silica (SiOy),, is widely found in the environment. In natural water
sources, silica is released from the weathering of minerals, which containing silica

species such as asbestos, feldspar, mica, clay and even opal (Darton, 1999). Many
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factors are influenced the formation of silica including temperature, pH and metal

ions.

The silica (SiOy), structure is shown in Figure 2.13. Thus, the
molecules of silica represented by the formula SiO; is polymeric form, and is more
accurately represented by the formula qf (SiOy), where n is infinited in number,
allowing for extensions in term of amorbtfgu}and crystalline forms of silica (R. Y.
Ning et al., 2005). / /:——'

. -~ -

* V ﬂ L
(Salirce: IK.D. De_g;@gis etal., 2005)

Siligé;‘;forms are categorized into three typgg;gepending on their sizes:
dissolved silica orlr;éctive silica (< 0.001 pm), coIIoidaI:sﬂica (0.001 - 1 pm), and

particulate silica (> 1 pm), respectively. The silica solubility of 120 mg/L is valid for

pH values from 6 to 8 and increases as pH value increases (Rodriguez, 2005).

Silica is one of the foulants present in the feed water in RO membrane
plantss Silica fouling has-been-described asa major, unsolved problemsin desalination
units (Sheikholestami,’R., and Tan;-S51999). Silica fouling'can reduce-permeate flux
in membrane filtration processes. The silica in groundwater in Chiang Mai Basin has
relatively low with an average concentration of 28.0 mg/L, a long-term operation of
RO/NF membranes may accumulate silica on membranes if no measure is taken to
control silica (Matsui, 2007). The pretreatment process can not removed silica
concentration, then it can be effect in reverse osmosis process. The solubility of SiO,
is 100~120mg/L at pH7 and 25°C (Matsui, 2006).
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Matsui, 2007 studied the effect of CaF, CaCos; and SiO; on
groundwater defluoridation. The result indicated that SiO- in feed water caused the
maximum flux decline among 3 factors. Silica deposits are difficult and costly to

remove and not easily controlled by anti-scalants (Hasson, 2005).

Sahachaiyunta repore tha the type and extent of silica fouling
he silica concentration, pH of feed

depends on the condition of
solution, temperature, an fother

There M |

foullng and particulate I

JGH

(a) Polymerized fouled layer

‘ Polymerized fouled layer
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CHAPTER 11

METHODOLOGY

3.1 The study area " ,/

The study area is in Cmang Mai basm:ﬁifg Mai Thailand. The Chiang Mai
basin covers about 3 @i‘of Chlang Ma aﬁﬁ‘Lamphun province. This area
situated between 17- 19);;( -and 98-99 Iongltude E. It has 35 km wide in NNE-

SSW direction and 140
runs through the ba

n N-S direction (Matsm, 2007). The ping river

i

, the I:;te_rrace, the high terrace, and the mountain

] _ph‘_u.l_rg-province and Chiang Mai province. The
area is divided into t € y
wate v&ésj:’tlén'_‘ J;;d in aguifers of alluvial plains in the
ovince (M&&Jiﬁ} 2'0.06).,The possible causes of high

L2 I Y .. .
fluoride in groundwater are the presence of.&uorldemmlneral and mixing of hot spring

area. Fluoride in gro

northern part of Lamph

water. Groundwater from two*asTtes in”Chik iang al basin was selected as sampling
point. The samplmg point is shmpmm Flgu@'ﬁﬂ-- .
L — <X

F- Conc. Dﬁfrfbution

Conc.(mg/L] site No, Pra Too Khon
- 0.0 - O.7: 62 Eites
- 0.7 - 1.56: 23 sitas

®  1.5- 16.1(Mak): 45, sites - g e P
RO P 1*n siribi .r’ .

g aicel

.I""E

'ﬁ ‘JF Hot Spring Well
B- :

L

_,

Figure 3.1. Chiang Mai basin and sampling points

The first site was Pra Too Khong, Tambon Ban Klang, Muang district,

Lamphun province, which is defined as a very high fluoride concentrations site.
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Figure 3.2 describe the position of Pra Too Khong Bottled Drinking Water Plant.
This site was established by a private company to produce the bottled drinking water
for people in Tambon Ban Klang. This plant has a capacity of 5 m*/day. Groundwater
in Tambon Ban Klang is strongly recommended that could not be used directly as
drinking water. The groundwater which passed through the pre-treatment was
‘Wpenment The pre-treatment can remove

the membrane. This phenomenon

reduced a permeate Water.mg:l flnall%abrane could not work properly
anymore (Aunnop, ZOW Y H-\

collected as water samples for me

ferrous ions which can be X|d}

o ———

Figure 3.2 Pra Too K‘ﬁjng, Tambon Ban g (ﬁtrict, Lamphun province

e FLSHEM3 ) B1I05 IR VY S oo e

processes. Firy is de-ironed facility to remove A_on and manganese. The next is
= RIRTR AT RINEAN L =
exchange resin remove calcium, sodium, magnesium and potassium.
Groundwaters, which pass the pre-treatment was collected and used as feed water in
the experiment. From this point, Pra Too Khong groundwater mean pretreated water
from Pra Too Khong drinking water plant. The groundwater characteristics of raw
water and pretreated water from Pra Too Khong drinking water plant are shown in
Chapter 4.
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The second site was San Kam Pang hot spring well, Tambon Ban Sahakorn,
Mae-on district, Chiang Mai province. This site is defined as high fluoride
concentration. The hot water might mix with nearby groundwaters, thus a mixed
groundwater would contain high fluoride concentration (Aunnop, 2007). Kundu et al.

(2001) reported that fluoride in groundwater has derived from the intrusion of fluoride

rich geothermal water. This srte arns hrgh silica concentrations. Aunnop
(2007) reported that groundw contains silica concentration 147.1
mg/L. The groundwater trcs of Pang hot spring are shown in
Chapter 4.

ﬂuEJ’W]EJ‘V]‘E‘WEﬂﬂﬁ
anaaﬂnmwnnmaﬂ
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3.2 Materials
3.2.1 Feed Tank

A plastic container with 10 L capacity was used to contain the feed solution.

In this stud) nperature w [ y using a temperature-

controlling water b i nge of 0 to 70°C

Figure 3.5 The temperature-controlling water bath
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3.2.3 Membrane module

The membrane module is the C10-T module, which cross-flow membrane

unit, was obtained from the Nitto Denko Corporation, Japan. The membrane module

and equipment in membrane module are shown in Figure 3.6 and 3.7.

- b
e e

. b <
i .'.*‘"f J 8
Figure 3.6 memhtan‘

Figure 3.7 Equipment in membrane module
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3.2.4 Membrane

The flat sheet of UTC-70, which ultra low pressure reverse osmosis membrane
(ULPRO membrane), was obtained from the Toray Corporation, Japan. It can provide
60 cm? of filtration area. The UTC-70 flat sheet is shown in Figure 3.8.

3.2.5 Valve

i
The concentrated valve wa brane experiment system, which used

to adjust the pressure in the systeim
A X' )
3.2.6 Flow rfiete m

The ﬂﬁ meter (vaS'set in membran&e‘i%rlment system and used to detect the

water ow tfckabdn hembrie ot 3t | (| 3
Q%ﬂﬁﬂﬂimﬂﬂﬂﬂmﬂﬂ

The gear pump was obtained from the Iwaki Company, Japan. It could be
operated at maximum operating pressure of 0.55 MPa, and a maximum capacity of

2.0-2.4 liters per minute.
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3.2.8 Fluoride

Fluoride concentration in concentration polarization experiment was prepared
by using sodium fluoride (J.T. Baker, USA.).

3.2.9 Silica

Silica concentration.was prepared by -wsing.sedium metasilicate nonahydrate
(Wako Pure Chemistries, Lid.;Japan).

3.3 Membrane expegiment

3.3.1 Water sampling

About 20 L of groundwaier from bé_’th,sj_tes was collected in plastic tank and
carried to the laboratory of the Department of Environmental Engineering, Faculty of

Engineering, Chiang, Mai-University.
3.3.2 Membrane experimental procedure

This research was.conducted in.a_cross-flow: operation.unit. The membrane
module (C10-T Module, Nitto Denko Corp.) ‘with.a flat'sheet of UTC-70 ULPRO

membrane was used in the experiment. The transmembrane pressure was varied at 0.3

and 0,5 IMPa. The temperature, was controlled at 25°C" by using ;a temperature-

controlling water bath. The diagram of the membrane experiment process is shown in
Figure 3.9 and Figure 3.10.
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Flow meter
Pressure gauge
Concentrated | @ 9
water Valve Pressure gauge
Membrane module

¥ ’, :

[‘ //// \
Feed Tank b& Permeate water

e experiment

N .“:.,‘ -4 : ,,4"

Figure. 3.10 The membrane experiment
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3.3.3 Preparation of the membrane experiment

The ULPRO membrane (UTC-70 membrane) was prepared by using the
following procedure.

1. The equipment in module was clean with milli-Q water.

2. The flat sheet UTC- cut and washed in milli-Q water.

Then it was set up properly-i it —
3. It was put-thro ?ﬁ ' y ;mer pressure 0.30 MPa with 1
L of milli-Q water forwashing the

4. Concentratedl watér and permeate water cled to the feed tank.

Figure 3.6 she experiment with 1 L of

milli-Q water.
e
- _ L AE

.

J -

Figure 3.11 The preparation of membrane experiment
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3.3.4 Concentration polarization experiment

In the concentration polarization experiment. The feed solutions were prepared
by using the milli-Q water combined with varied NaF concentration (0, 10, 25, and 50
mM).

1. 5 L of feed solution in the feed iank was put through the membrane
experiment process. The electroconductivity and pH. of feed solution was recorded.

The concentrated water was recycled to the feed tank.

2. The permeate«flux.was observed every 10 minutes in the first hour and
every 30 minutes in thesnexthour: The 6ermeate flux'was determined by using 10 ml

measuring cylinder to identify the time atthe permeate water reached 10 ml.

it

3. At 250 ml of permeate water ob}ain‘ed, the concentrated water and permeate
water were collected i 120 ml plastic bo’tf;l__g for analyzed the fluoride concentration.

The electroconductivity and pH were measyj,ed.

4. The membrane ‘experiments forﬁh’ér NaF concentration were done by

starting with the preparation of_;_he-membrané_-eggperiment step.

5. At the end.of the membrane experiment, the employed membrane was
replaced by the new membrane sheet.

6. The membrane experiments for other transmembrane pressure were done.

The concentration polarization experiment condition is shown in Table. 3.1
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Table 3.1. Concentration polarization experiment condition

Transmembrane NaF
Runs no. pressure concentration

(Mpa) (mM)
Al 0
A2 10
A3 04 -
A4 ' 50
Bl 0
B2 10
ZE 13 25
Bd » 50

3.3.5 Groundwater defluoridation experiment

In the groungwater-deflucridation-experiment,groundwater from two sites was

used as feed solution.

1. 5 L of groundwater from site 1 (Pra Too Khong) was filtrated with 0.45 um
filter and putthreugh the membrane experiment process: The €lectroconductivity and

pH was recorded. The concentrated water was recycled to feed tank.

2y Ehepermeate-flux-was observed;every+10, minutesyin~thesfirst hour and
every 30 ‘minutes‘in the ‘next*hour.“The"permeate fiux' was-determined-with the same

method in concentration polarization experiment.

3. At 250, 500, 750, and 1000 ml of permeate water obtained, the concentrated
water and permeate water were collected in 120 ml plastic bottles. The

electroconductivity and pH were measured.

4. At the end of the membrane experiment, the employed membrane was
replaced by the new membrane sheet.
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5. The membrane experiment for other transmembrane pressure was done.

6. The membrane experiments for groundwater from site 2 (San Kam Pang hot
spring well) were done by starting with the preparation of the membrane experiment

step and continued with step 1.

3.3.6 Silica fouling experiment ,

In this experimentgsilica eoncentration 500 mg/L was added to groundwater to

prepared feed solutions.

1.5 L of feedsolutionwas put thré’uth the membrane experiment process. The
electroconductivity and pH of feed solution was recorded. The concentrated water

was recycled to feed tanki

#

2. The permeate flux was observec-i__-rév_gry 10 minutes in the first hour and
every 30 minutes in the next hour. The permeate flux was determined with the same

method in concentration polarization experiment.

3. At 250, 500; 750, and 1000 ml of permeate water abtained, the concentrated
water and permeate water were collected in 120 ml plastic bottles. The

electroconductivity and pH were measured.

4. At the enhd of the membrane experiment, the employed membrane was

replaced by the'new membrane sheet.
5. The membrane experiment for other transmembrane pressure was done.

6. The experiments for other feed solution were done by starting with the

preparation of the membrane experiment step and continued with step 1.
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Table 3.2 demonstrated the groundwater defluoridation and silica fouling

experiment condition.

RUNS No Transmembrane Groundwater Silica
' pressure site adeed
i (mg/L)
1 A 0
—_—
2 0.3 Pra Too 500
3 =Ly ong 0
4 4/, 500
5 03 l\\\\\\ 0
6 JIEET AN NG 500
! 0
8 500

3.4.1 Fluorldg Iﬂ

e i b ) ) s vt

permeate solution was analyzed in ‘accordance with standard method 4110; section

““(’WW'TWTT"?N?JWW 1138 13

3.4.2 pH

The pH of concentrated water and permeate water was measured by a Horiba
pH meter, Model D-13E with an accuracy of + 0.01 pH unit.
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3.4.3 Electrical Conductivity (EC)

The electrical conductivity (EC) of concentrated water and permeate water

was measured by a WTW electrical conductivity meter, Model Cond 330i.

3.4.4 Temperature

Temperature of fegd Wate r and permeate water were

measured by thermome

AULINENTNEINS
PRIAATUAMINYAE



CHAPTER IV

RESULTS AND DISCUSSION

The results of membrane experiments and their analysis for each part of
experiments were presented in the followingpaces.

4.1 Concentration polarization eXperiment

The concentration polarization-was studied. The feed solution was varied the
fluoride concentration at.0, 10, 25, and 50.-mM by dissolving NaF in milli-Q water.

4.1.1 Permeate water flux

In this experiment, the permeate wét'é_'r,‘fqu was calculated as followed:

Permeate water flux (m?*/m?®sec) = 10 mL_ of permeate water (4-1)
AXT

Where A = surface area of UTC-70 membrane (60 10 m?)

T = Time wien the permeate volume reached 10 ml

The operating time that used-to reached 250 ml of the permeate water volume
were different. It~depends on. the aperating transmembrane pressure. The operating
time of varied fluoride concentration (0, 10, 25, and 50 mM) in feed solutions was
150-540 minutes and 80-270 minutes at 0.3 and 0.5 MPa, respectively. The results
demonstrated that the highest operating transmembrane pressure (0.5 MPa) provide
the shortest operating time.

The permeate water flux as a function of operating time until 250 ml of

permeate water obtained are shown in Figure 4.1.
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(b) Permeate fluxsat 0.5 MPa
Figure 4.1: The permeate flux as a function of operating time.

Tiher permeaten flux «at 250, ml) permeate~,water pobtained, under operating
transmembrane pressure’0.3 and’0.5 MPa‘was investigated: The permeate flux under
0.3 MPa were 7.899x10°, 6.061x10°°, 4.253x10°® and 2.012x10°® m*/m?-s at 0,10,25
and 50 mM, and those under 0.5 MPa were 1.41x107°, 1.157x107, 8.818x107°, and
4.188x10° m*/m?-s at 0,10,25 and 50 mM, respectively.

Table 4.1 showed the relationship between permeate flux and operating

transmembrane pressure at various fluoride concentrations.
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Table 4.1 Permeate flux at 250 ml of permeate water obtained under 0.3 and 0.5 MPa

Feed concentration Permeate flux (m*/m?-s)
(mM) 0.3 MPa 0.5 MPa
0 7.899x10° 1.410x10”
10 6060107 1.157x10”
25 | 4.253%10° 8.818x10°
50 " 2.012x40° 4.188x10°

From the results«@s shown/in Table 4.1, it was found that the higher permeate
flux were obtained at higher/operating transmembrane pressure. It was indicated that
when the operating™ transmembrane prEssure increased, the permeate flux also
increased. This result related to the studietiof Bhattacharyya et al., 1992 and Williams,
M.E., 2003, which reported that the operéfi;néj' pressure affected the performance of

. » Al
the membrane in the membrane separation processes.
4 ;!J:'

The fluoride, concentration in feed water also-affected on the permeate flux.
From the result, the permeaie-flux-decrease-with-inereasing of fluoride concentration
in feed water due to the effect of osmotic pressure—The osmotic pressure was
calculated from Equation (2-5). The results of osmotiC pressure of each fluoride
concentration.are,shown in Table.4,1. It can be,stated.that, higher osmotic pressure
could be obtained ‘.from’ lower. fluoride 'concentration: dncreasing bulk salt
concentration causes a higher osmotic pressure~drop, which results in a smaller
permeate flux (HOeky, 2005). The performance of ULPRO- membrane-was evaluated
by using sodium chloride. The results show that the flux is slightly linear with a

negative slope in higher feed concentration (Ozaki et al, 2002).

The solute — diffusion model was used to describe the relationship between
permeate flux and operating transmembrane pressure and osmotic pressure by

following equation.
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=k, (AP -Ax)
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(4-2)

where k,, = pure water permeability

AP = transmembrane pressure

Ar = osmotic pressure

From Equation (4-2),
pressure.
412 Them

investigated.

The fluoride, cone
water was analysed:

parts were calculated-fro

mﬁﬂﬂ?ﬁ%?

mbrane pressure (AP) and osmotic
IX. The permeate flux increase

d decreasing of the osmotic

ach operating transmembrane was

'fated water and permeate

he- "i otic pressure for each

m own in Table 4.1.

?Wﬁﬁﬁ?mmm”

(4-3)

qua@m
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The mass transfer coefficient for each transmembrane was obtained by

Ty —TTp

plotting between (JV)soiute and A. (A=In{ AP -{1—((‘\];))50'“9 }}) and the resuls are
v/H,0

shown in figure 4.2
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_. 0.00001 1
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£.0.000006 -
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>
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Figure 4.2 Average mass transfer coefficients

From Figure 4.2, it was found that the mass transfer coefficient was 2.73x107
and 1.75x10° m/s at 0.3 and 0.5 MPa, respectively. As a result, it was indicated that

the operating transmembrane pressure was affected on the mass transfer coefficient.
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Mass transfer coefficient in water (k) depends on feed water pH, temperature,

reynolds number. This k value can be utilized in some range of fluoride concentration,

until the plot is straight line.

defluoridation experimental.

Table 4.2 The results of mass transfer coefficient and permeate flux
-

The mass transfer coefficient for 0.3 and 0.5 MPa was used in groundwater

Transme _# Concentrated Permeate Permeate
mbrane water | water flux
Run | Feed Y An
no. | solution | pressiire (Gl (Cp) (m3/m?-s)
(Mpa) £/ MM}~ may 4 MM | me | meeme | Jvx 107
--'_.ft’-,
AL | 0 72 - Ot O 0 0 0.789
A2 | 980 | ™ 11.81 | 0.0545 | 0.60710.0028 | 0.0518 |  0.606
.03 =
A3 | 24.21 ' 28.58 | 0.1320 | 2.83 | 0,0131 | 0.1189 0.425
A4 | 49.81 55:24 1110:2551 42 /9.74 | /0:04504:0.2101 0.201
Bl 0 0 0 C 0 0 1412
B2 9.94 11.39 | 0.0526 | 0.57 | 0.0026 | 0.0500 1.157
0.5
B3 | 2457 28.00 | 0.1293 | 2.58 | 0.0119 | 0.1174 0.882
B4 51.47 55.75 | 0.2575 | 7.54 | 0.0348 | 0.2227 0.419
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4.1.3 Concentration polarization.

The fluoride concentration on membrane surface (Cy) was calculated from
Equation (2-6). The average mass transfer coefficient at 0.3 and 0.5 MPa was used.
When the fluoride concentration on membrane surface was obtained, the
concentration polarization level (f = Cy/Cg) was estimated. Moreover, the intrinsic
rejection rate (Rint = 1-Cp/Cy) and observed.rejection rate (Robs = 1- Cp/Cg) were

calculated. The results are.shown-in Table 4.3.

Table 4.3 Level of conceniration polarization

Run | ConcentratedWater'| Rermeate water | Membrane surface f Rint | Robs
no. (Cg) (Ce)- ¥ (Cw) % | %
mM mM mM
A2 11.81 0.60 14.60 1.24 | 95.9 | 94.9
A3 28.58 2.83 ; 32.92 115|914 |90.1
Ad 55.25 974 58.72 1.06 | 834|824
B2 11:39 0.57 21.52 1.89 | 97.4 | 95.0
B3 28.00 2,58 44,66 1760 | 94.2 | 90.8
B4 55.75 7.54 68.78 1.23 |89.0 | 86.5

From the results in Table 4.3, it was found that the fluoride concentration on
membrane surface (Cy) was higher than in concentrated water (Cg) in all runs.

Therefore, the intrinsic rejection rate was higher than the observed rejection rate too.
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Moreover, the fluoride concentration in permeate water was increased when
increasing the feed concentration. It could be described that at low feed concentration,
electrostatic repulsion between solute and membrane was high. However, at high feed
concentration, electrostatic repulsion between solute and membrane was decreased.
As a result, it leaded to increase in solute concentration of permeate (Wongrueng et al.,
2007).

From the results of the eoncentration pelarization level for each feed fluoride
concentrations, it was found.that at I0\7vest feed fluoride concentration (10 mM) in
Run A2 and B2, the highest level of concentration polarization 1.24 and 1.89 was
obtained at 0.3 and 0.5.MPay respectively. The concentration polarization level was
decreased with increasing of feed. fluoride concentration. Wongrueng et al., 2007
reported that high cenceatration polarizfétipn level (f) was observed at low feed
concentration. Furthermore, if the concentration polarization level was plotting with
permeate flux at 250 ml permeate water obf&ir’r’ed. It was found that the concentration

polarization level as a function of permeate'ﬂpx._The results are shown in Figure 4.3.

At 0.3 MPa .

7.00E-06 5 o
6.00E-06 |
5.00E-06 |
4.00E-06 | L

3.00E-06 = —
2.00E-06 |
1.00E-06 | iy L/
0/00E+00 ‘ ‘ ‘ : j
1.00 105 1.10 1415 120 1.25

Permeate flux(m¥m?>s)

concentration polarization level (f)

At 0.5 MPa

1.40E-05
1.20E-05 +
1.00E-05 +
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2.00E-06 -
0.00E+00 T T T T
1.00 1.20 1.40 1.60 1.80 2.00

Permeate flux(m?/n?-s)

Concentration polarization level (f)

Figure 4.3 The relationship between concentration polarization level and permeate
flux at 0.3 and 0.5 MPa
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From Figure 4.3, it was found that the highest permeate flux was provided the
highest concentration polarization level both of operating transmembrane pressure
(0.3 and 0.5 MPa). At low feed concentration, high permeate flux could transport
solute onto membrane surface more than low permeate flux, the higher concentration
polarization level was obtained. Thus, besides feed concentration, permeate flux

should be considered in a control of concentration polarization.

4.1.4 Solute mass transfer coefi;icient.

The solute mass.transfer coefficient through the membrane was investigated.
The solute flux through the /membrane (Ji) was calculated from permeate flux and
fluoride concentration”in permeate waterj’ Then the solute mass transfer coefficient

(Ki) through UTC-70 membrane was estirﬁgtéd from Equation (4-4).

e K"(CM —CP) (4-4)

From this equation, the solute mass transfer coefficient through membrane can
estimate by plotting between solute fluxes (Ji) and (Cy-Cp)./ The results are shown in
Figure 4.4.

At 0.3'MPa
5.0E-08 -
4.0E-08 ]
7 Ji = 3,92 x10Y (Cm-€p)
% 8.0E-08 -
£ 2.0E-08
=
1.0E-08

0.0E+00 T T T T T ]
0 0.01 0.02 0.03 0.04 0.05 0.06
(Cu-Cp) (mol)

(a) At0.3 MPa
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At 0.5 Mpa
5.0E-08 -
4.0E-08 - ) 07
0 Ji=5.08x10 " (Cm-Cp)
¢ 3.0E-08 +
g 2.0E-08 -
=
1.0E-08 A
*
00E+OO T T . T T T 1
0 Q.01 0.02 & 0.03...0.04 0.05 0.06 0.07
(C m=Cep)(mol)

(b) At 0.5 MPa

Figuge 4.4 Solute mass transfer coefficients

From Figure 4.4 the solute mass transfer coefficient through membrane was
3.92x107 and 5.08x10”" m/s at 0.3'and 0.5 MPa, respectively. The average of solute
mass transfer coefficient thiough membran'e':Was 4.5x 107 m/s. The average of solute

] "J.'- - - -
mass transfer coefficient was used-in groundwater defluoridation experimental.

4.2 Groundwater-defluoridation

Groupdwater from~Pra Too Khong:dninking \water-plant, Lamphun and San
Kam Pang hot spring-well}”Chiangmai ‘was collected and filtrated by UTC-70 ultra

low pressure reverse osmosis membrane. The results are shown Separately in each

part.
4.2.1 Fluoride concentration in groundwater and permeate water flux

The fluoride concentration in groundwater from both sites was analyzed by
ion-chromatography. The permeate flux was calculated with the same equation in

concentration polarization experiment.
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The fluoride concentration and permeate flux of each sites were shown

separately in following parts
4.2.1.1 Pra Too Khong groundwater

In September, 2008, the performance of three membrane plants in
Lamphun province including Pra Too Khong.@rinking water plant was investigated.
At Pra Too Khong drinking water plant, raw-Water, pretreated water and permeate
water were collected. The characterii}sltion of Pra Too Khong groundwater was
analyzed and the results are'shewn in Table 4.4.

Table 4.4 Pra Too Khong«@groundwater characteristics.

Raw Pretreated

Paramete_rs _ water Whter
pH 7.8 7.9
Temp. (CC) T, 22.5
ORP (mM\4) 167 157
EC (mS/m) 80.5 | 79.7
Fe (I1) (mg/L) <0.03 <0003
NH4-N{mg/t) | <0.08 <008
Alk. (mg/L
| Caéog) 255 257
DOC (mg/L) <0.10 <0.10
Si02,(mgiLy) 23.95 21.7Q
F (mnglL) 1320 13.19

From . the<results<in Table 44, it was dound that the coricentration of
fluoride and silica in raw water was 13.20 and 23.95 mg/L. While the fluoride and
silica concentration in pretreated water was 13.19 and 21.70 mg/L. The fluoride and
silica concentration in raw water and pretreated water was almost the same. Then, it
can be stated that pre-treatment process cannot remove fluoride and silica from raw
water. The silica can be affected to the performance of groundwater defluoridation. So,
the problem of this membrane plant is the membrane might be fouled with silica,

which accumulation on membrane surface.
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In December, 2008, groundwater from Pra Too Khong drinking water
plant was collected. Fluoride concentration in groundwater was analysed, the results
showed that fluoride concentration in Pra Too Khong drinking water plant
groundwater was 11.99 — 15.17 mg/L, This value was higher than the standard of
fluoride in drinking water. Then, groundwater from this site is recommended to

filtrate by UTC-70 membrane before drinking.

In the groundwater defluoridaiton_experiment, the permeate flux of
each transmembrane pressure.was calculated with. the same equation in concentration

polarization experimental«Theresult of permeate flux are shown in Figure 4.5.

Tlie permeate flu:x of Pra Too Khong
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Figure4:5 the permeate flux and operating time

The permeate flux at.1,000 ml permeate water obtained was 4.960x10°®
and 9.862%10°°|m?/m?-s Uindér;0:3land 0.5 ViPa.| The results showeédithat the permeate
flux at;0.5 MPa was higher than permeate flux under 0.3 MPa. Furthermore, the
operating time at 0.5 MPa was shorter than operating time under 0.3 MPa. From the
results, it was found that the permeate flux from both transmembrane pressure were

slightly decreased with the long time operating.
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The water characteristics of San Kam Pang hot spring well are reported

in Table 4.5 (Wongrueng, 2008).

Table 4.5 San Kam Pang hot spring well groundwater characteristics

Parameters SanKam.Pang hot spring well
pH 8.9
EC (mS/Can) 76.1
Total Alk (img/L/asCaCQOs) 249
Na‘(mg/L) 168.8
€a”* (mglL) . _ <0.03
K (mo/1) 12.0
Si0(mg/L) . 1471
FID= | o ) 179
CI (mg/L) =7 41
SO.Z (mg/l) i 411

From: Table 4.5, it was found that San Kam Pang hot spring well
contains high fluoride concentration (17.9 mg/L) and silica concentration (147.1
mg/L).

In December, 2008, ‘about 20 L of:groundwater fram' San Kam Pang
hot spring ' well was cellected in/plastic.tank. The fluoride concentration was analysed
and the'result showed that groundwater from San Kam Pang hot spring well contained
fluoride concentration 19.69 - 22.48 mg/L, which higher than the fluoride
concentration of Pra Too Khong groundwater. The permeate flux was calculated and

showed in Figure 4.6
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The permeate flux of Hot Spring Well
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Figure 4.6 Permeate flux oml‘ San Kam Pang hot spring well

The permeate flux at 1,0007:ml;permeate water obtained was 6.127x10°
and 9.921x10°® m*/m?s under 0.3 and 0.5 TIMPa._ The results of permeate flux from San
Kam Pang hot spring well was-al-most tH:ei;lsz;me with permeate flux from Pra Too
Khong drinking water plant. The higher peif_-n-iegte flux was obtained at 0.5 MPa and
the shorter operating time (360 minutes) Was?q[;tiéined under 0.5 MPa.

If compared between the results of Pra Too-Khong and San Kam Pang
hot spring, it was fdund that the results of permeate flux from both sites were quite
similar. The higher operating transmembrane pressure (0.5 MPa) was provided the
higher permeate flux and-sharter pperating:time: The.permeate: flux from both sites
were quite similar due-to the fluoride ‘concentration-in feed ‘solution. Furthermore, it
was found that the permeate flux was decreased with higher operating time due to the

accumulation of fluoride concentration in feed tank.

This results related to the studied of Wongrueng (2006), which
reported that the permeate water flux of membranes apparently increased with the

operating transmembrane pressure.
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Khankum, 2007 studied the effect of silica fouling on fluoride removal
by ultra low pressure reverse osmosis membrane. The synthesis water with 15 mg/L
fluoride concentration was used as feed solution. The permeate flux at 1,000 ml
permeate obtained was 2.548 x 10°®, 7.342 x 10° and 1.344 x 10° m*m?-s at 0.1, 0.3
ahd 0.5 MPa was reported.

The comparisons between permeate flux from Pra Too Khong and San
Kam Pang hot spring well.and Khankum studied are.shown in Table 4.6.

-

Table 4.6 The comparisons©f permeate flux

) A ¥ Synthesis water with 15
Operating Pra Teo Khong San Kam Pang )
e mo/L of fluoride (Khankum,
pressure groundwager & < hot.Spring well
2007)
0.3 4.960x10° + 6.127x10° 7.342x10°
a g
0.5 9.862x10° ~+  9.921%10° 1.344x 10°

From the resulfs; it was founidf't'ﬁét'the permeate flux of synthesis water
was higher than permeat&ﬂu*oippaiee--Khong ahd-Safi-iKam Pang hot spring. Then,
it can be indicated that the other parameters in ground\i\;ater including silica and
sodium was affected to the permeate flux. If groundwater contains higher
concentration.of any parameter, the permeateflux was low, Water flux decreases with
increasing feed solute_congentration since ithe higher concentrations result in larger
osmotic pressures and a smaller driving force across the membrane,(Bhattacharyya et
al., 1992 and Williams, M.E.12003).
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4.2.2 Membrane fouled layer

The membrane fouled layer was investigated. The fluoride concentration in
bulk solution, permeate water was analysed and showed in Table 4.7 and 4.8, whereas,
the fluoride concentration on gel layer surface was calculated from the following

equation.

(‘]v)solute =Jk In((éM _C(::PJ (45)
B b

Where k = (D/d)= mass transfer coefficient, D = solute diffusion coefficient,

0 = boundary layer thickness, (Jv) =permeate flux of solute solution, Cy = solute

solute
concentration prevailing.on membrane sut.faC'e, Cp = solute concentration in permeate
solution, and Cg = solute concentration in bulk solution.

By substitute Cy with Cg and used thé@ass transfer coefficient (k) from the
concentration polarization experiment (k = 2773x105 and 1.75x10”° m/s at 0.3 and 0.5
MPa, respectively). The fluoride concentration on gel layer surface was obtained and

showed in Table 4.7 and 4.8.

Then, the fluoride concentration on membrane surface (Cy) was calculated

from Equatian, (4-6).

I kdGaea (4.6)
Where J; = solute flux (JV (solute) - Cp)
Cwm = concentration of membrane surface

Cp = concentration of permeate
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The average solute mass transfer coefficient (kj)) was used from the
concentration polarization experiment (4.5 x 107 m/s at 0.3 and 0.5 MPa,
respectively). Then the fluoride concentration on membrane surface was obtained and
showed in Table 4.7 and 4.8.

Table 4.7 Fluoride concentrations in bulk solution, permeate water, gel layer surface

and membrane surface (Cw) of Pra Too Khong«@roundwater.

Permeate  TMP CP CB CM CG CM/ICG %R

obtained (Mpa) _(mo/L) - (mg/L)  (mg/L)  (mg/L) f

250 ml 0.55 13.99 7.81 16.80 0.46 96.1
500 ml 0.3 0.61 14.96 4 ' 8.56 17.91 0.48 95.9
750 ml 068 1693+ 949 19.02 0.50 95.7
1000 ml 0.70 17.639, " 9556 21.00 0.46 96.0
250 ml 0.4% , 112614 898 | 2276  0.39 96.7
500 ml 0.5 0.48 13.204 4 _;0.38 23.66 0.44 96.4
750 ml 56721436 j_.;'l;l_j_JG 25.28 0.47 96.1

1000 ml 0.61 16.54 1245 28.59 0.44 96.3

o el

From the reSult-tn—Fable-4-7-1t-was-found-that fluoride concentration in
permeate water was 0:55-0.70 and 0.41-0.61 mg/L under-transmembrane pressure 0.3
and 0.5 MPa, which meet the standard of fluoride in drinking water of Ministry of
Health (0.7 mg/L). ,However,trend ,of the-fluoride, concentration in permeate water
was increased withitime. Due to the.condition of experiment that set as recycled mode,
the fluoride concentration in feed tank was increased with time and then the high

concentration in feed'tank might be effect oni the fluoride rejection rate.
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Table 4.8 Fluoride concentrations in bulk solution, permeate water, gel layer surface

and membrane surface (Cy) of San Kam Pang hot spring well.

Permeate  TMP CP CB CM CG CM/CG %R
obtained (Mpa) (mg/L) (mg/L) (mg/L) (mg/L) f
250 ml 0.73 21,91 . 12.88 27.64  0.47 96.7
500 ml 03 070 2877/ /1215 2990  0.41 97.1
750 ml 073 2584 14248 3238  0.39 97.2
1000 ml Qb 2800 ~12:44www33.10  0.38 97.3
250 ml 0597272243~ 12.07%89.09  0.31 97.4
500 ml 05 062 /2412 \ 1280 4219  0.30 97.4
750 ml 064 4 /25559 ' 12.79. 4405  0.29 97.5
1000 ml 060 / /2750 1410, 4797 029 975

From Table 4.8, the result showed!,that the fluoride concentration in permeate
water was 0.70-0.77 and 0.59-0:69 mao/L uﬁdér transmembrane pressure 0.3 and 0.5
MPa. It was found that the fluorice concéﬁtrgtion in permeate water was meet the
standard only at 0.5 MPa transmembrane ;t)rélééure. It was cause of high fluoride
concentration in feed tank; which decreased the fluoride rejection rate. Then, it was
indicated that the ‘higher transmembrane was provide the-higher quality of permeate

water than lower transimembrane pressure.

The membrane fouied layer from both sites was investigated. From the result
in Table 4.7 and 4.8, it wag found|that the fluoride/concentration on gel layer surface
(Cs) was higher than fluoride concentration on._membrane surface (Cy) at any
permeate volume~gbtained both"in Pra Too Khong and ‘San Kam!Pang hot spring.
From the profile of fluoride concentration that showed in Chapter 2, it was stated that
the membrane fouled layer of both sites was fouled with polymerized fouled layer.
When the polymerized fouled layer occurred, the fouled layer was form with highly
dense gel layer. The dense gel layer can act as second filtration, which leaded the

fluoride concentration on membrane surface was lower than on gel layer surface.
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The CM/CG ratio in various times was investigated. The results from Table
4.7 and 4.8 showed that the CM/CG ratio at any permeates volumes were nearly
constant. The average CM/CG ratio of Pra Too Khong groundwater was 0.42 and 0.49
under 0.3 and 0.5 MPa, respectively. While the average CM/CG ratio in hot spring
was 0.36 and 0.34 at 0.3 and 0.5 MPa, respectively.

4.2.3 Fluoride rejection rate

When the fluoriderconcentration in bulk selution and permeate water was

obtained. Then, the fluoride rejection rate was calculated.

From the results, it was found that the fluoride rejection rate from Pra Too
Khong groundwater at any permeate volumes was nearly constant as shown in Table
4.7. The average of fluoride 'rejectioh‘-' rate was 95.9% and 96.4% under
transmembrane pressure 0.3 and. 8.5 MPa, i‘éspectively. For San Kam Pang hot spring
well, the fluoride rejection rateat-any perméat"'elf"'volumes was also nearly constant as
shown in Table 4.8. The average of the fluoride rejection rate of was 97.1% and

97.5% at 0.3 and 0:5-\MPa of transmembrane presstire.

These results-eorrelated with the change of CM/EG ratio, when the CM/CG
ratio decreased, the CM"was decreased. Thén, the fluoride rejection rate was goes up.
Wongrueng (2007). reported that when the flux (is| constant [during the course of
filtration experiments, the fluoride rejection rates_are determined by the changes of
CM/CG ratio. If GM/ICG ratiowgo down, then CM decreases and the! fluoride rejection

rate goes up.

From the results, it was found that the fluoride rejection rate at 0.3 and 0.5
MPa was quite similar. However, the higher fluoride rejection rate was obtained at
higher transmembrane pressure. This may be due to a decrease in the average

pore size on the membrane surface and increase in the preferential sorption of
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pure water at higher pressure, e.g., the solvent permeability increases compared

to solute at high pressure ( Ozaki et al., 2002).

Khankum, 2007 reported that the fluoride rejection rate of synthesis water
with fluoride 15 mg/L was 95.5% and 95.1% under 0.3 and 0.5 MPa, respectively. If
compared with this study, it was found that the fluoride rejection rate is almost same.
Then, it can be indicated that the other parameters in groundwater not affect to the
fluoride rejection rate in.groundwater deflueridation by ULPRO membrane. This
cause might be due to the low cencentration of other parameter. In actually, another
parameter such as caicium or magnesium can be affected on performance of
groundwater defluoridatien.

4.2.4 Effect of high silica ¢oncentration.

The effect of high silica concentraiio"r';j"'on groundwater defluoridation was
investigated. High silica concentration was used to.accelerate the fouling process. If
used low concentration, we have to wait for several- day. In real case, silica
concentration in groundwater is low. But in some case of membrane plant, although
silica is low, at high+recovery rate the silica will high. #n this experiment, the silica

concentration 500 mg/L 'was-added to groundwater from both sites.
4.2.4.1 Effect on permeate flux

The permeate flux of Pra Too Khong groundwater with silica added
was calculated. It was found that the permeate flux at 1,000 ml permeate water
obtained was 4.177x10°® and 7.899x10°® m*m?*-s under 0.3 and 0.5 MPa. The results
of permeate flux with operating time at each transmembrane pressure was showed in

Figure 4.7
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Pra Too Khong with silica 500 mg/L
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Figure 4.8 Permeate flux of groundwater from two sites with silica 500 mg/L

Khankum, 2007 studied the effect of silica fouling on fluoride removal

by ultra low pressure reverse osmosis membrane. The synthesis water with 15 mg/L
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fluoride concentration was combined with 100 and 300 mg/L of silica concentrations

used to prepare feed solution.

Table 4.9 illustrated the comparison of permeate flux between

groundwater with and without silica and the permeate flux from Khankum studied.

Table 4.9 Permeate flux at various silica concentrations

Silica foncentrations Permeate flux (m*/m?-s)
(mg/L) 0.3 MPa 0.5 MPa
21.70° 4.960x10° 9.862x10°
Pra Too Khong groundwater AN

52170 4.177x10° 7.899x10°
_ 1471 6.127x10° | 9.921x10°
San Kam Pang hot spring well | A . .
647.1 4.296x10° 7.153x10°
Synthesis water with flugride |~ 160 < 7.278x10° 1.235x107
15 mg/L (Khankum, 2007) 30{)7) , 7.184x10° 1.217x10™

# dd
(* Approximately silica concentration not added silica to groundwater, ** Approximately silica concentration after added silica 500 mg/L into
groundwater) ;

From-the-resultsfrom Tabler4:9; it was found that the permeate flux
from groundwater with added silica 500 mg/L was lower than permeate flux of
groundwater without silica. In Pra Too Khong groundwater, the permeate flux was
decrease from-4.960x40 ° 10, 4:177x10;% and-9.862x40;° ta 7:899%10°® m*/m?-s under 0.3
and 0.5 MPa. For'San‘Kam'Pang het spring'well, the-permeate flux was decrease from
6.127x10°to 4.296x10°® and 9.921%10°° to 7.153x20° m¥m?-s unden0.3 and 0.5 MPa.
Fromithe result; it.can,be stated thatthe silica concentratiorin feed water was affected
on permeate flux. The permeate flux was decreased with increasing of silica
concentration in feed water. This may be attributed to the effect of the accumulation
of silica in the feed water on the membrane surface (Liu et al., 1998). The effect of

silica fouling was found to be the most influential on the flux declined (Matsui, 2007).

If compared with the results of Khankum studied, it was found that the

permeate flux from both site without silica added was lower than the synthesis water
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with 100 and 300 mg/L of silica concentration. Then, it can be stated that some
parameters in groundwater was affected to the permeate flux. The groundwater might
be contains the higher concentration of any parameter than synthesis water with
fluoride concentration 15 mg/L combined with 100 and 300 mg/L of silica

concentration.

4.2.4.2 Silica fouled layer

The silica«fouled. layer: in groundwater defluoridation by ULPRO
membrane was investigated. The fluoride concentrations in bulk solutions, permeate
water, gel layer surface and membrane surface was calculated with the same method
in membrane fouleddlayer part./ The resr_J’Itg_of both sites are showed separately in
Table 4.10 and 4.11. A

Table 4.10 Pra Too Khong groundwater wi'ti‘:; silica 500 mg/L

Permeate TMP CP =~ CcR “¥ M CG. CM/ICG %R

obtained (Mpa)—(mg/L)__(mg/l)__(mg/l)__{me/k) f

250 ml . 1.36 17,15 | 3 50 0.81 92.1
500 ml 03 ™ 1.41 1821 16.44 2099 0.78 92.3
750 ml 3,51 19.44 4 4790 2245 0.80 92.2
1000 ml 1.64 20178 1 19114 23,95 0.80 92.1
250 ml 0.75 1381 1268  21.49 0.59 94.6
500 ml o 0.76 1441 . . 13.18" . 22.63 0.58 94.7
750 ml 0.87 16:53 |/ | 14.600 | 25.68 0.57 94.8

1000 ml 0.99 16.71 16.34 25.69 0.64 94.1
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Table 4.11 San Kam Pang hot spring well with silica 500 mg/L

Permeate  TMP CP CB CM CG CM/ICG %R
obtained (Mpa) (mg/L) (mg/L) (mg/L) (mg/L) f
250 ml 1.67 20.73 2159 2429 0.89 91.9
500 ml . 1.74 21,94, 2157 2553 0.84 92.1
750 ml 1.82 2324 | #2206  26.94 0.82 92.2
1000 ml 1.99 25.15 " 7.23.80° 29.10 0.82 92.1
250 ml 1.53 2286 ~24:86m34.74 0.72 93.3
500 ml 05 1.65 24. 36 aN200 .86 0/ 0.71 93.3
750 ml 1479 05.0D '\ 27.68, 8875 0.71 93.1
1000 ml 187 27:91 | 2820, 41,05 0.69 93.3

The resulis from. table Z.lD and 4.11 showed that the fluoride
concentration on gelslayer surface wa[ls_ higher than fluoride concentration on
membrane surface. Then, it can be indi‘éai’éd that membrane was fouled with
polymerized fouled layer (dense-gef fayer) -a';t_',élll_.case. Matsui, 2007 reported that SiO,
was saturated on the membrane surface. The gel layer formed by monosilicic silica
was found to be densely polymerized and Id\'}ii'p‘é'rmeability. It was also found that the
polymerization of silica-was-increased-with-inereasing-of imitial silica concentration
(R. Sheikholeslami et al, 2001). At silica concentrations greater than 300 ppm,
polymerization took™ place even in the absence of calcium and magnesium
(Sheikholeslami et ,al, 2001),, Furthermore, the ,fluaride concentration in permeate
water were highefr-than-fluoride ‘concentration In‘permeate wateér of groundwater (not
added silica). So, it can be stated«hat silica coneentration in feedswater might be
affectson fluorideirejection rate. The higher silica concentration in feed water was

provided the higher fluoride concentration in permeate water.

Khankum, 2007 reported that at 0.3 and 0.5 MPa, the formation of a
polymerized silica fouled layer occurred at a low silica concentration of 100 mg/L,
whereas the formation of colloidal silica fouled layer appeared at a high silica

concentration of 300 mg/L. From the results of my studied, it was found that the
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polymerized fouled layer was occurred when 500 mg/L silica added. This result might

be due to the induction time of silica.

The CM/CG ratio at various times was investigated. From Table 4.10
and 4.11, it was found that the CM/CG ratio was almost the same. The average of
CMI/CG ratio in Pra Too Khong groundwater was 0.70 and 0.67 at 0.3 and 0.5 MPa,
respectively. Whereas, in hot spring, the averace.of CM/CG ratio was 0.74 and 0.79
under 0.3 and 0.5 MPa, respectively.

The results-of this part were compared with the results of groundwater
without silica added. From the eomparisons, it was found that when adding silica to
groundwater, the CM/CG ratio was' increased. In Pra Too Khong groundwater, the
CM/CG ratio was inerease from 0.40 toi).zl and 0.49t0 0.71 at 0.3 and 0.5 MPa,
respectively. While, indhot Spring, the CI\ZI_/CG ratio was increase from 0.34 to 0.72
and 0.33 to 0.77 under 0.8 and 0.5 MPa, réspébtively. From the results of CG, it was
found that the CG was nearly constant. Thé:’nj, when CM/CG was increased, it means
that the CM was increased. From the results:,,__ié’]ﬁan be indicated that when silica was
added, silica might be affect en the Iayer'df'rmembrane surface. It makes the layer
more thickness than-the experiment without stlica added-When the layer was more
thickness, the bacK _diffusion of fluoride was difficult. So, the higher fluoride
concentration was aecumulated on the membrane surface. Then, the fluoride

concentration on membranessurface was high:

4.2:4.3'Fluaoride rejection rate

The fluoride rejection rate when adding silica concentration 500 mg/L
into groundwater was investigated. It was found that the fluoride rejection rate at any
permeate volumes was almost the same as shown in Table 4.10 and 4.11. The average
of fluoride rejection rate of Pra Too Khong groundwater with silica 500 mg/L was

92.2% and 94.6% at transmembrane pressure 0.3 and 0.5 MPa, respectively. Whereas,
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the average of fluoride rejection rate of San Kam Pang hot spring well with silica
concentration 500 mg/L was 92.1% and 93.3% at 0.3 and 0.5 MPa, respectively.

From the results of fluoride rejection rate, it was found that the higher

transmembrane pressure was provided the higher rejection rate.

If compared between the groundwater with silica adding and without
silica adding, it was found.that the fluoride rejection rate of groundwater with silica
adding was lower than in grounawater r{.ot adding silica at all transmembrane pressure.
In Pra Too Khong groundwater; ihe fluoride rejection rate was decrease from 96.0%
to 92.1% and 96.3% to 94.1% under 0.3 and 0.5 MPa, respectively, when silica was
added. While, in hot spring groundwater, when added silica, the fluoride rejection rate
was decrease from 97.3% to 92.1% ar‘fd 97.5% to 93.3% at 0.3 and 0.5 MPa,
respectively. The fluaride/ rejectiorl rate. of groundwater with silica added was

decreased due to the increasing of the CM/CG ratio.

#

From the results;-it can be irigi-é];i'ted that the silica concentration was
affected on fluoride rejection raté. The fluofi'déérejection rate was decreased with the
increasing of concentration in feed water. The increase in-Salt concentration at the
membrane surface Created greater salt concentration gradient across the membrane,
causing an increase of salt concentration in permeate and a decrease in salt rejection
by the RO membrane (How;2005).

Khankum, 2007 reported that the percentages of fluoride rejection of
synthesis water with«fluoride*15-mg/L. combined with 100 mg/L ‘of silica was 98.7%
and 98.8% at 0.3 and 0.5 MPa. For the synthesis water with fluoride 15 mg/L
combined with 300 mg/L of silica, the fluoride rejection rate was 94.9% and 98.0%
under 0.3 and 0.5 MPa.

The results of fluoride rejection rate of groundwater with and without
silica were compared with the fluoride rejection rate of Khankum studied and shown
in Table 4.12.
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Table 4.12. The comparison of fluoride rejection rate

Silica concentrations Fluoride rejection rate (%)
(mg/L) 0.3 MPa 0.5 MPa
21.70° 95.9 96.4
Pra Too Khong groundwater —
521.70 92.2 94.6
_ 1474 97.1 97.5
San Kam Pang hot spring well P
647.1 92.1 93.3
_ _ _ 0 955 95.1
Synthesis water with fluoride
100 98.7 98.8
15 mg/L (Khankum;2004)
1300 94.9 98.0

(* Approximately silica concentration not added silica to groundwater, ** Approximately silica concentration after added silica 500 mg/L into
groundwater)

From the rgsults, it “was ;‘Ie_und that the fluoride rejection rate was
decreased with the increasing of silica coﬁéjgln{ration in feed solution. When add 500
mg/L of silica into groundwater, the fluoridé__'rr-iej_p’,ction rate was decreased in both sites.
From studied of Khankum (2007}, it was réﬁ&ed that fluoride rejection rate at 100
mg/L of silica added was Hig"hér than in-';/-\}'iiF-lbht silica ;added. This cause of the
polymerized silica fouled tayer occurred on membrane surface and acts as second
filtration. So, the fIUoride rejection rate was Increased. In case of 500 mg/L of silica
added, the membrane was fouled with polymerized fouled layer but the fluoride
rejection rate-was lower. Jt,mightebe related with the thickness-of membrane fouled
layer. If the"thickness~of ‘membrane Touled layer-increased, ‘the back diffusion of
fluoride is difficulty. Then, the fluofide rejection rate was decreased:.From the results,
it can’be indicated that the silica might be affected an the membrane layer by increase
the thickness of membrane fouled layer, which leading to decrease in fluoride ejection
rate.




CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The results from silica“fouling of UTC-70 ultra low pressure reverse 0Smosis
membrane in defluoridation of Chiang mai basin groundwater can be concluded as
follows:

1. In the concentration polarization ekberiment, the mass transfer coefficient in
solution was estimated. |t was. found thaf__th_e average mass transfer coefficient in
solution were 2.73x10™ and 1.75x10° m/s'at transmembrane pressure 0.3 and 0.5
MPa, respectively. Furthermore,” the solute’'mass transfer coefficient through
membrane was estimated. The resuft showed_.th_'a_t the solute mass transfer coefficient

through membrane was 3.92x10™" and 5.08x10"" m/s at 0.3.and 0.5 MPa, respectively.

2. The permeate flux of each experiment ‘were investigated. In the
concentration polarization.experiment, the.permeate flux was in range 7.899x107°-
2.012x10° ahd 1741x10°°" 4.188x10° " m¥/m?-s at 0:3 and 0.5 MPa, respectively. The
permeate flux“was decreased with increasing of fluoride concentration in feed water.
In greundwater, defluoridationy the permeate;flux of RrasToo Khong, groundwater was
in range 6.13x10% < 6.56x10 %and'9.69x107° - 9.98%10° m3/m2-s ‘at'0.3-and 0.5 MPa,
respectively, whereas, the permeate flux of San Kam Pang hot spring well was
4.96x10° - 5.18x10° and 9.86x10° — 1.06x10° m3/m2-s at 0.3 and 0.5 MPa,

respectively.

3. The fluoride concentration in groundwater from Pra Too Khong and hot

spring was investigated. The result showed that the fluoride concentration in Pra Too
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Khong groundwater was 11.99 — 15.17 mg/L, whereas, in hot spring was found to
contain fluoride concentration 19.69 — 22.48 mg/L. When groundwater from both
sites was filtrated with UTC-70 ULPRO membranes, the fluoride concentration in
permeate water was 0.41- 0.70 mg/L and 0.59 — 0.77 mg/L at Pra Too Khong and hot

spring, respectively.

4. The fluoride rejection rate was investigated. It was found that the average
fluoride rejection rate of.Pra Too Khong aroundwater was 95.9% and 96.4% at
transmembrane pressure 0.3 and 0.5 MPa, respectively, whereas, the average fluoride
rejection rate of San Kam«Pang hot spring well was 97.1% and 97.5% at 0.3 and 0.5
MPa, respectively. The higher fluoride rejection rate was obtained at higher operating
transmembrane pressure.+The comparison between two sites, it was found that the
fluoride rejection ratedin Pra too Khong gr’Ou_n_dwater was lower than fluoride rejection

rate in hot spring underransmembrane pressure 0.3 and 0.5 MPa

5. The membrane fouling was inVéstigated. The fluoride concentration on
membrane surface and on gel layerwas calcélat'é'd. The result showed that the fluoride
concentration on gel layer-surface was higher than fluoride concentration on
membrane surface. <Then, it was indicated that the polvimerized fouled layer was

occurred both in Pra Too Khong groundwater and San Kam Pang hot spring well.

6. The effect of silica on groundwater defluoridation was investigated. It was
found that silica was effect.on permeate flux and fluoride rejection rate. The permeate
flux and fluoride rejection rate decreased with increasing of silica concentration in
feed solution. Thesaverage of tluoride'rejection rate of Pra' Too Kheng was 92.2% and
94.6%runder 0.3 and 0.5 MPa, whereas, in hot spring, the average fluoride rejection
rate was 92.1% and 93.3% at 0.3 and 0.5 MPa.

7. The silica fouling on membrane was investigated by measured the fluoride
concentration on gel layer and on membrane surface. The result showed that the
fluoride concentration on gel layer was higher than fluoride concentration on

membrane surface at all case. It can be indicated that membrane was fouled with
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polymerized silica fouled layer. Furthermore, it was found that silica can increase the
thickness of membrane surface layer, which leading to increase concentration on

membrane surface and decrease in fluoride rejection rate.

5.2 Recommendations for future research

Based on the resulis.of this study, the recommendation for future studies can

be proposed.

1. In this study the effect of silicé on groundwater defluoridation in the short-
term operating (until 1,000/mi‘of perme@fé water obtained) was investigated. Then,
the effect of silica in the long-term operatipg‘ShouId pe investigated such as 1 or 2 day
operating.

2. Based on the results, it is important!,_to remove silica before filtrated with
UTC-70 membrane. Then, the pretreatmen_t__f_tfq remove silica are recommended to be

studied.

3. The chemical cleaning method for membrane fouling is recommended to be
investigated. There are.many methods to_solving the membrane fouling such as
oxidants andjacidic agents. Then, the future-research to'find-the-most effective method

to cleaning the;membrane fouling are recommended to be investigated.

4. The effect of some’parameters including pH, temperature and presence of

other ions on the formation of silica on membrane surface should be investigated.
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Table A-1 Permeate flux until 250 ml of permeate water obtained at fluoride

concentration 0 mM at 0.3 MPa

Time Flow pressure in | pressure out | Time at V=10 ml Flux
(min) I/min Mpa pa (sec) (m3/m?.sec)
0 1.40 0.307 211 7.899E-06
10 1.40 07 0. 211 7.899E-06
20 1.40 = 1o, 214 7.788E-06
30 1.40 0. 208 8.013E-06
40 1.40 v 215 7.752E-06
50 1.40 f 0292 ‘\\ 212 7.862E-06
60 | 140 o |7 es |\ I\ ) 21 7.899E-06
90 1.40 8 b1 70293 213 7.825E-06
120 | 140 0 T 210 7.937E-06
150 | 140 LY 211 7.899E-06
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Table A-2 Permeate flux until 250 ml of permeate water obtained at fluoride

concentration 10 mM at 0.3 MPa

Time Flow pressure in | pressure out | Time at V=10 ml Flux
(min) I/min Mpa pa (sec) (m3/m2.sec)
0 1.32 0.30 275 6.061E-06
10 1.32 0.2 277 6.017E-06
20 132 | 0807 02 273 6.105E-06
30 1.32 73 6.105E-06
40 1.32 4 Ny, e 6.017E-06
50 1.32 70292 \\ 72 6.127E-06
60 1.32 0 70292 o 6.083E-06
90 1.32 . 20 274 6.083E-06
120 1.32 B0/EA 0. 273 6.105E-06
150 | 132 M 275 6.061E-06

1
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Table A-3 Permeate flux until 250 ml of permeate water obtained at fluoride
concentration 25 mM at 0.3 MPa

Time Flow pressure in | pressure out | Time at V=10 ml Flux
(min) I/min Mpa pa (sec) (m3/m2.sec)
0 1.32 0.30 396 4.209E-06
15 1.32 0.2 392 4.252E-06
30 132 | 0806 02 392 4.252E-06
45 1.32 91 4.263E-06
60 1.32 2!,_:{3'. K 89 4.284E-06
90 1.32 (% 93 \\ 90 4.274E-06
120 1.32 0 ..E" : 3 \ 392 4.252E-06
150 1.32 rwf;‘ 392 4.252E-06
180 1.32 0§14 0, 392 4.252E-06
195 | 132 2250 392 4.252E-06

7

iy
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Table A-4 Permeate flux until 250 ml of permeate water obtained at fluoride
concentration 50 mM at 0.3 MPa

Time Flow pressure in | pressure out | Time at V=10 ml Flux
(min) I/min Mpa Mpa (sec) (m3/m2.sec)
0 1.32 0.305 0.294 813 2.050E-06
20 1.32 0.306 0202 813 2.050E-06
40 1.32 0805~ 0.201 815 2.045E-06
60 1.32 0.307 0.292 811 2.055E-06
90 1.32 odo7 / /1, 6.293 812 2.053E-06
120 1.32 oo /| 0293 816 2.042E-06
150 1.32 0807 | 0503 820 2.033E-06
180 | 132 0307 { 029,3 819 2 035E-06
210 1.32 013071 0.291& 823 2.025E-06
240 132 | 0307~ 0293 4% 822 2.028E-06
270 1.32% = —0:307 0:293 824 2.023E-06
300 132 [} 0307 0.293 825 2 020E-06
330 132 | .0.306 0.293 828 2.013E-06
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Table A-5 Permeate flux until 250 ml of permeate water obtained at fluoride

concentration 0 mM at 0.5 MPa

Time Flow pressure in | pressure out | Time at V=10 ml Flux
(min) I/min Mpa Mpa (sec) (m3/m2.sec)
0 0.08 0.486 01435 117 1.425E-05
10 0.08 0.486 0.485 113 1.475E-05
20 0.08 0.483 0.482 118 1.412E-05
30 0.08 0482 0.481 119 1.401E-05
40 0.08 0.483 0.481 116 1.437E-05
50 0.08 0.483 df’él 115 1.449E-05
60 0.12 0.483 0.482 115 1.449E-05
75 0.08 0.484-4 «. O.ZS_Z ¥ 118 1.412E-05

oW
v ol o

Table A-6 Permeate flux untit 250 ml iﬁﬁérmeate water obtained at fluoride

concentration 10 mM at 0.5 MPa

Time Flowr = pressure it | pressure out | Time at V=10 ml Flux
(min) I/miﬁ Mpa Mpa (séc) (m3/m2.sec)
0 0.20 0.484 0.482 145 1.149E-05
10 0.20 0.486 0.484 143 1.166E-05
20 0.20 0.485 0.483 142 1.174E-05
30 0.29 0.487 0.486 142 1.174E-05
40 0.20 0.485 0.483 142 1.174E-05
50 0.20 0.484 0.482 143 1.166E-05
60 0.20 0.484 0.482 144 1.157E-05
80 0.24 0.485 0.482 144 1.157E-05
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Table A-7 Permeate flux until 250 ml of permeate water obtained at fluoride
concentration 25 mM at 0.5 MPa

Time Flow pressure in | pressure out | Time at V=10 ml Flux

(min) I/min Mpa Mpa (sec) (m3/m2.sec)
0 0.16 0.480 0479 183 9.107E-06
10 0.08 0.478 0.4 180 9.259E-06
20 0.12 0.473 0471 179 9.311E-06
30 0.16 0.464 0.466 181 9.208E-06
40 0.12 0476 (?.475 182 9.158E-06
50 0.12 0.476 0.475 185 9.009E-06
60 0.08 0.476 0474 183 9.107E-06
90 0.12 0470 07468 4 189 8.818E-06

2,

Table A-8 Permeate flux untirlr-_ZTSO ml of permeate water obtained at fluoride
concentration 50 mM at 0.5 MPa

Time at'V=10 ml

Time Flow "\ | pressure in pressuﬁia out Flux
(min) I/min Mpa Mpa ('sgé) (m3/m2.sec)
0 0.12 0.471 0.470 !384 4.340E-06
10 0.12 0.473 0.472 386 4.318E-06
20 0.12 0:474 0.473 384 4.340E-06
30 0.12 0.473 0.472 385 4.329E-06
40 0.12 0.472 0.471 387 4.307E-06
50 0.12 0.471 0.470 385 4.329E-06
60 0.12 0.472 0.471 388 4.296E-06
90 0.12 0.471 0.470 392 4.252E-06
120 0.12 0.471 0.471 390 4.274E-06
160 0.12 0.471 0.470 398 4.188E-06
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Table B-1 Permeate flux of Pra Too Khong groundwater until 1,000 ml of permeate
water obtained at 0.3 MPa

Time Flow | pressurein | pressure out | Time at V=10 ml Flux
(min) I/min Mpa Mpa (sec) (m3/m2.sec)
0 1.16 0.306 0292 319 5.225E-06
10 1.28 0.306 0.292 321 5.192E-06
20 1.28 0.306 0.292 319 5.225E-06
30 1.28 0.307 0.293 320 5.208E-06
40 1.28 07306 0.293 321 5.192E-06
50 1.28 0.306 0.293 323 5.160E-06
60 1.28 0.306 0.293 321 5.192E-06
90 1.28 04308 012931 323 5.160E-06
120 1.28 0.307 0.293 322 5.176E-06
130 1.28 0306 7|7, 0293 322 5.176E-06
180 1.28 0.306 . —— 0.2'93?; 323 5.160E-06
210 | 128 | 0307 0.293 323 5.160E-06
240 1.28 0.306 0293 ~ 324 5.144E-06
270 1.28 | 4—0:307 0.293 824 5.144E-06
289 128 | | 0.309 0.293 1326 5.112E-06
330 1.28 0.307 0.293 324 5.144E-06
360 1.28 0.308 0.294 326 5.112E-06
420 1.28 0.308 0.294 326 5.112E-06
445 1.28 0.806 0.293 328 5.081E-06
480 1.28 0.305 0.293 329 5.066E-06
540 1.28 0.306 0.293 332 5.020E-06
600 1.28 0.306 0.293 336 4.960E-06
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Table B-2 Permeate flux of Pra Too Khong until 1,000 ml of permeate water obtained

at 0.5 MPa

Time Flow | pressurein | pressure out | Time at V=10 ml Flux
(min) I/min Mpa Mpa (sec) (m3/m2.sec)
0 0.20 0.481 0.48 160 1.042E-05
10 0.20 0.476 0.475 161 1.035E-05
20 0.24 0.474 0.473 160 1.042E-05
30 0.28 0475 0.474 161 1.035E-05
40 0.28 0476 0.474 158 1.055E-05
50 0.28 0.475 0.473 160 1.042E-05
60 0.32 0475 0.473 157 1.062E-05
90 0.28 0481 0479 156 1.068E-05
120 | 028 | 0481 0.481 157 1.062E-05
150 0.28 gag2 7|, 0480 " 159 1.048E-05
180 0.32 0478+ 0.4'7_’_6__‘;|_,J 162 1.029E-05
210 0.32 0.475 0.47%*ff 164 1.016E-05
240 0.32 0475~ |~ 0473 - 167 9.980E-06
270 0.28 | 10475 0473 i1_69 9.862E-06
300 0.28 | 0475 0.473 1169 9.862E-06
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Permeate volume
obtained

EC (us/cm)

Feed

834

872

Concentrated water

924

982

1058

76.7

81.5

Permeate water

86.4

102.0

=TT

Table B-4 pH and %ctro coﬁa&'&?\?fty (EC)’ at 0.5
\

EC (us/cm)

Feed

737

764

{
i
1
oo
o
oo -ﬁ w

At

)
500 ml 8.5
[ 4

808

Concentrated water

ﬁ F |

AWIANNIUBRNAVEII QN ) =
q 1000 ml 895 921
250 ml 8.45 57.4
500 ml 8.75 58.0

Permeate water
750 ml 8.93 59.6
1000 ml 9.12 63.1
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Table C-1 Permeate flux of Pra Too Khong groundwater with silica 500 mg/L until

1,000 ml of permeate water obtained at 0.3 MPa

Time Flow | pressurein | pressure out | Time at V=10 ml Flux
(min) I/min Mpa Mpa (sec) (m3/m2.sec)
0 1.28 0.307 0294 421 3.959E-06
20 1.28 0.305 0.292 407 4.095E-06
40 1.28 0.307 0.295 396 4.209E-06
60 1.28 0.305 0.292 397 4.198E-06
90 1.28 07304 0.294 389 4.284E-06
120 1.28 0.304 0.294 388 4.296E-06
170 1.28 0.305 0.292 393 4.241E-06
210 1.28 04304 02291; 394 4.230E-06
240 1.28 0.304 0.590 395 4.219E-06
270 1.28 0’304 7|, 0290 393 4.241E-06
300 | 128 | 0307, 4 0295, 391 4.263E-06
360 | 128 | 0307 0295 399 4.177E-06
420 1.28 0.305- 17 029" = 393 4.241E-06
480 1.28 | 10308 | 0205 | i394 4.230E-06
540 128 | 0.307 0.294 1393 4.241E-06
600 1.28 0.308 0.295 392 4.252E-06
660 1.28 0.308 0.295 399 4.177E-06
720 1.28 0.305 0.292 399 4.177E-06
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Table C-2 Permeate flux of Pra Too Khong groundwater with silica 500 mg/L until

1,000 ml of permeate water obtained at 0.5 MPa

Time Flow | pressurein | pressure out | Time at V=10 ml Flux
(min) I/min Mpa Mpa (sec) (m3/m2.sec)
0 0.16 0.462 0462 215 7.752E-06
10 0.16 0.462 0.461 205 8.130E-06
20 0.16 0.463 0.462 206 8.091E-06
30 0.16 0.461 0.461 205 8.130E-06
40 0.16 07464 0.460 203 8.210E-06
50 0.16 0.464 0.460 205 8.130E-06
60 0.16 0.464 0.460 200 8.333E-06
90 0.16 0459 0458 206 8.091E-06
120 0.12 0.461 0.460 203 8.210E-06
150 0.12 gast 7|, 0460 197 8.460E-06
180 | 012 | 0460 - 0459 202 8.251E-06
210 | 012 | 0456 0455 205 8.130E-06
240 0.12 0450 |~ 0457 - 208 8.013E-06
279 0.12 | 1 0.459 0458 i2_07 8.052E-06
300 012 | 0.460 0.459 1205 8.130E-06
330 0.12 0.460 0.459 211 7.899E-06
360 0.08 0.460 0.459 208 8.013E-06
380 0.08 0.461 0.460 211 7.899E-06




Table C-3 pH and electro conductivity (EC) at 0.3 MPa

Permeate volume
obtained pH EC (us/cm)
Feed 7 10.30 1986
2 10.27 2070
Concentrated water L" = 0.22 2170
0mie 2300
2450
232
Permeate water 236
234
246
Table C-4 pH and electro conductivity (E
(A
I :
LY /i J
| @ i
E obtaine pﬂ EC (us/cm)
Fee ‘la UL“ 10.11 1959
a8 ilal aAanailan S nil Al o W =
Lt d Vesol | d 1045 | o 2030
4
500 ml 2 10.19 o 2120
C@%@Iﬁﬁfﬂealn A0 OADIAA 7N DI
q | d somn V1|1 & foloa) TV ) 2250
1000 ml 10.18 2380
250 ml 10.07 204.0
500 ml 10.15 194.3
Permeate water
750 ml 10.12 189.4
1000 ml 10.08 200.0
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Table D-1 Permeate flux of San Kam Pang hot spring well until 1,000 ml of permeate
water obtained at 0.3 MPa

Time Flow | pressurein | pressure out | Time at V=10 ml Flux
(min) I/min Mpa Mpa (sec) (m3/m2.sec)
0 1.56 0.31 0.29% 271 6.150E-06
10 1.56 0.308 0.290 264 6.313E-06
20 1.56 0,308 0.290 268 6.219E-06
30 1.56 0308 0.290 259 6.435E-06
40 1.56 0.308 0:290 267 6.242E-06
50 1.56 0.308 0.290 261 6.386E-06
60 1.56 0808 0.290 . 265 6.289E-06
90 1.56 0.308 o.ééi;_ | 258 6.460E-06
115 | 156 | 0308 0290 254 6.562E-06
150 1.56 0.3LT=1="" P29 256 6.510E-06
180 1,56 +_0.309 0.290 54 6.562E-06
210 1.56 |~ 0.309 0.290 257 6.485E-06
240 156 - 0.309 0.290 258 6.460E-06
270 1.56 04309 0.290 259 6.435E-06
300 1.56 0.210 0.291 258 6.460E-06
360 1.56 0.310 0.291 263 6.337E-06
390 1.56 0.308 0.289 266 6.266E-06
420 1.56 0.308 0.289 265 6.289E-06
450 1.56 0.309 0.291 267 6.242E-06
480 1.56 0.309 0.201 272 6.127E-06
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Table D-2 Permeate flux of San Kam Pang hot spring well until 1,000 ml of permeate
water obtained at 0.5 MPa

Time Flow | pressurein | pressure out | Time at V=10 ml Flux
(min) I/min Mpa Mpa (sec) (m3/m2.sec)
0 0.64 0.493 0.485 177 9.416E-06
10 0.68 0.504 0.498 173 9.634E-06
20 0.72 0.502 0.494 175 9.524E-06
30 0.80 0.504 "6.496 170 9.804E-06
40 0.80 0.504 0.496 171 9.747E-06
50 0.84 0502 ('2.494 169 9.862E-06
60 0.84 04504 : 0;496 168 9.921E-06
90 0.84 0,504 = 0496 167 9.980E-06
115 0.84 0.504 - 0496 167 9.980E-06
150 0.84 0504 -4 |1 ic 0496 4 167 9.980E-06
180 0.84 0.503 0.4’:9&! 169 9.862E-06
210 0.84 05044245 0496 ¥ 167 9.980E-06
240 084 | 0504 0,496 172 9.690E-06
270 0.84 f o—0:502 0.495 166 1.004E-05
300 0.84 |  0.502 0.495 169 9.862E-06
360 0.84 0.502 0.495 168 9.921E-06




Table D-3 pH and electro conductivity (EC) at 0.3 MPa
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Permeate volume

obtained pH EC (us/cm)
Feed 8.26 759
797
853
Concentrated water
919
993
42.0
46.7
Permeate water
51.2
57.1
Table D-4 pH and electro con
| EC (us/cm)
Feed ‘a o/ 759
AUE By I e 3| s
4
500 ml 8.32 845
Co Jwat =) 7 LV
R WP SRR
! 1000 ml 8.51 969
250 ml 8.23 37.8
500 ml 8.35 38.4
Permeate water
750 ml 8.56 43.4
1000 ml 8.81 47.6
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Table E-1 Permeate flux of San Kam Pang hot spring well with silica 500 mg/L until
1,000 ml of permeate water obtained at 0.3 MPa

Time Flow | pressurein | pressure out | Time at V=10 ml Flux
(min) I/min Mpa Mpa (sec) (m3/m2.sec)
0 1.16 0.305 0.292 335 4.975E-06
10 1.24 0.305 0.293 341 4.888E-06
20 1.24 0.306 0.294 346 4.817E-06
30 124 0.304 ='6.291 344 4.845E-06
40 124 0.307 0.295 346 4.817E-06
50 1.24 Q80 Q.295 343 4.859E-06
60 1.24 o AU 0-@95 345 4.831E-06
90 1.24 0,304 —0:293 349 4.776E-06
120 1.24 0.307 - 02?4 353 4.721E-06
150 1.24 Q803 1|4 0202 4 357 4.669E-06
180 1.24 0.306 s 0.2@14! 363 4.591E-06
210 | 124 | 0806“° 1" 0294 © 363 4,591E-06
240 1.28 0.307 =4 0.295:-—’;--_ 363 4.591E-06
270 1.28. 4 0.306 0.294 ;?73 4.468E-06
300 1.28 =4 0.306 0.295 873 4.468E-06
360 1.28 | 0.308 0.296 377 4.421E-06
420 1.28 0:306 0.294 380 4.386E-06
480 1.28 0.306 0.294 383 4.352E-06
540 1.28 0.306 0.294 387 4.307E-06
600 128 0:306 0.294 386 4.318E-06
660 1.28 0.306 0.294 388 4.296E-06
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Table E-2 Permeate flux of San Kam Pang hot spring well with silica 500 mg/L until

1,000 ml of permeate water obtained at 0.5 MPa

Time Flow preisrs]ure pressure out Time regIV:lo Flux
(min) I/min Mpa Mpa (sec) (m3/m2.sec)
0 0.24 0.470 0.469 218 7.645E-06
10 0.24 0.471 0.469 216 7.716E-06
20 0.24 0.471 -0.465 214 7.788E-06
30 0.24 0.440 0.469 215 7.752E-06
40 0.24 01469 9.467 216 7.716E-06
50 0.24 0°469 0468 214 7.788E-06
60 0.24 0469 0:467 217 7.680E-06
90 0.24 0470 - 0.'3468' 215 7.752E-06
120 0.204"| 0.469, | 0467 4 216 7.716E-06
150 | 020 | 0468 ' 0467 218 7.645E-06
180 | 020 | 0469 | - 0468 & 222 7.508E-06
210 | 024 | 0470 |  0.469 218 7.645E-06
240 0.24 0.472 0.470 221_ 7.541E-06
270 | 024 | 0472 0.470 224 7.440E-06
300 0.24+ | 0472 0.469 227 7.342E-06
360 0.24 0.472 0.469 224 7.440E-06
420 0.24 0.472 0.469 230 7.246E-06
480 0724 0472 0.469 281 7i215E-06
540 0.24 0.472 0.469 233 7.153E-06
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Table E-3 pH and electro conductivity (EC) at 0.3 MPa

Permeate volume

obtained pH EC (us/cm)

Feed 1973

2050

2150

Concentrated water
2250

2390

248

255

Permeate water
270

265

EC (ms/cm)

Feed 1978

aju | ! | L 2060

2180

(&3]
o, 3
[
o
(o))

Concentrated water

CLAR RS Tl TRr TR
q 1000 m " hoss 1 24s0

250 ml 10.24 245

500 ml 10.31 234
Permeate water

750 ml 10.24 225

1000 ml 10.33 232
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Mass transfer coefficient (k) was calculated by using the equation (2-7)

. (9, )
i,

solution; and 7, = osmotic pressure of

I

pressure, 7, = osmotic_g

permeate solution.

Example: at 0.3 MPa

\ Perme
meate water ate
Transme Ar flux
Run Feed (Cp) 3,2
no. | solution mbrane (m/m
' pressure | - -S)
(Mp
Jv X
TB-Tlp 10
Al 0 7 . 0 0.789
A2 9.8(ﬂ : . 05 ﬂ)@ 0.0518 | 0.606
A3 24.21‘“ 28.5% 0.1320 Ié83 0.0131 1189 | 0.425
/ . e
pa ) 480) [0 ) 0 4698 3] [obR0d) fon | oo
3 ' (
6
Run no. A2: k= 6.061x10

] 0300 [ 6061x10°
0.0545-0.0028 |~ 7.899x10°

k = 2.021x10™ m/s
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4.253x10°

Run no. A3: k =
In 0.299 . 1_4.253x10'6
0.1320-0.0131 7.899x10°

k = 2.823x10™ m/s

Run no. A4:

Table D-1 mass tral

AUt FnEninens
RUTP E S . . V)
ARANNTR RSN

avg 1.75E-05
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The fluoride concentration on membrane surface (Cy) was calculated from Equation
(2-6).

(‘] v )solute = k In[Mj

C,-C,

coefficient, D = solute diffusion
coefficient, 6 = bounda SS armeate flux of solute solution,

Cw = solute concentration«pre g 0 \{ ;\-‘_ e, Cp = solute concentration

in permeate solution, and entra \ solution.

Example for run no. A2

Mass transfer |
Run no. coefficient (K),
m/s__Ze

Permeate water Solute flux
(Cp), mM (m*/m?-s)

F =3

A2 ). 060 6.061x10°

]

ﬂ‘UEJ’J'VIEJﬂﬁW 'm'z

061x10‘6 2:73x10 I

QW’]ﬁNﬂiﬂJ 41 VFEJ’W%

Cu = 1460 mM
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GROUNDWATER/D f;;__
FLUORIDE CONCE ‘”;ﬁ.‘;

ON EXPERIMENT: THE
)N MEMBRANE SURFACE
(Cu)A

1)) AND ON GEL LAYER SURFACE (Cg)
ol Y

]
ﬂ’lJEJ’JVIEWI‘iWEJ’]ﬂ?
A AININURIINIA Y
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The fluoride concentration on gel layer surface was calculated from equation (2-6).
By substitute Cy with Cg

(‘]v )solute = k In[ﬁj

C,-C,

The fluoride concentration on mem e was calculated from equation (2-9)

——

Cp), Cm = : ‘ace, Cp = coneentration of permeate

\

, Ji = solute flux (IV (solute) -

Example: Pra Too Khon \@(¥ ' 0:ml per eate water obtained under 0.3
MPa # \
Mass
i , Mass transfer
Permeate ‘Permeate’ ermeate -
S ST transfer coefficient
Og\gﬁg q T L o coefficient through
- B I (K), m/s membrane
- | (K), m/s
1) I
250 ml 13.99¢ . 15.180 x10° | 2.73x10° | 3.92x107
PLE VIV WENT
U
C . | 5 C, —0.55
AR TEU W I ¥ 2
3 , J 0K C ,

Cs = 16.80 mg/L

Cwm calculation 2.85x10° = 3.92x10” (CM - 0.55)

Cm =7.81 mg/L
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The fluoride rejection rate can be determined by following equation.

C
%R = (1 =-—2)x 100

\ ’, H
Whe = percent ﬁ_ejection rate, Cp = fluoride
T—

concentration in perme = fluoride coneentration in concentrated water

Table I-1 Fluoride rejecti telof 'f 0 ho 0 dwater

Permeate water obtained

Fluoride rejection rate (%)

(ml)
250 ml 308 96.1
500 mi A S £ 95.9
750 ml Al ‘ 95.7
1000 ml 96.0

250 ml '] 96.7

750 96.1

A H ANV NYINT =
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Table 1-2 Fluoride rejection rate of Pra Too Khong groundwater with 500 mg/L of

silica concentration

Permeate water obtained Transmembrane pressure ] o
Fluoride rejection rate (%)

(ml) (MPa)
250 ml 0.3 92.1
500 ml 0.3 92.3
750 ml 0.3 92.2
1000 ml 0.3 92.1
250 ml 0.5 94.6
500 ml 0.5 94.7
750 ml 0.5 94.8
1000 ml 0.5 94.1

Table 1-3 Fluoride rejection rate of San Kam Pang hot'spring-well

Permeate water obtained Transmembrane pressure ) o
Fluoride rejection rate (%)

(ml) (MPa)
250-ml 013 96.7
500ml 0.3 97.1
750 ml 0.3 97.2
1000 ml 0.3 97.3
250 ml 0.5 97.4
500 ml 0.5 97.4
750 ml 0.5 97.5

1000 ml 0.5 97.5
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Table 1-4 Fluoride rejection rate of San Kam Pang hot spring well with 500 mg/I of

silica concentration

Permeate water obtained ~ Transmembrane pressure ) o
Fluoride rejection rate (%)

(ml) (MPa)
250 ml 91.9
500 ml 92.1
750 ml 92.2
1000 ml 92.1
250 ml 93.3
500 ml 93.3
750 ml 93.1
1000 ml 93.3

]
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