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ABSTRACT

Flourine, a fairly common element on the carth's crust, 1s present in the
form of fluorides i a number of minerals and many rocks. The routes of
human exposure to fluorides are essentially through drinking water and
food. Fluoride ingested in water is almost completely absorbed while n
the diet 1s not as fully absorbed. Absorbed flouride 1s distributed rapidly
throughout the body and is mainly retained in the skeleton with a small

portion in the tecth.

While traces of flouride occur in many waters, high concentrations are

often associated with ground waters of rural areas.

The World Health Organisation (WHO) standards permits only 1 mg// as
a safe limit for human consumption. More than 1 mg [ of fluoride in
drinking water can cause a damage to teeth in a condition called chronic
dental fluorosis (mottling of teeth) which is common in S.A standards.
High doses of fluoride also interfere with calcium metabolism, kidney
action, and with action of other glands and tissues. Since this cause an
unease feeling on the dental wellbeing and health of individuals, there 1s a

need to bring these high concentrations to acceptable limits.

The main objective of this project 1s to bring the high concentrations of
Huortde - drmkmg water below 1 omge /0 The defluoridation process
should be effecun e, attordable. and casy to operate. The process should

also be adapted at both domeste and communiy level.



LAYOUT OF THE THESIS

CHAPTER 1 explamns the background of the project, the deftuortdation

technique used and the objectives of the study.

CHAPTER 2 s a literature review dealing with the background of
ground water and fluoride, and the effect of fluoride in ground water.
The traditional techniques used for water defluoridation are also
discussed with their disadvantages leading to the suggested methods
namely adsorption and membrane techniques. Under membrane
technique, two types of membrane processes are used, that is,
nanofiltration and reverse osmosis. The membranes that were used are
NF 70 and TFC-SR. Under adsorption technique, the natural adsorbents
namely, activated charcoal, charwood, and charcoal (coal) were used.
Also chitosan and maize cob were used but no further experiment was

done on them since they turned out to be poor adsorbents of fluoride.

CHAPTER 3 explains the characterisation techniques by SEM (Scanning
Electron Microscopy), EDS (Energy Dispersive Spectrometry), and N;
Adsorption / Desorption. The adsorption process is also done where the
cffect of variables hke temperature and mass of adsorbents, cte, are

observed. The results are also given and explamed.

CHAPTER 4 cxplains the experimental procedure for the membrane

techniques. the methods used. and finally the results and discussions.



CHAPTER 5 compares the defluoridation ability between the two
membranes used and the three adsorbents used. The use of the better
membrane and an adsorbent 1s suggested and finaily only one technique
(adsorption) 1s reconmended because it 1s mexpensive and it s casy (o
operate Then the conclusions and suggestions for future purposes are

made.



Membrane and adsorption techniques were used.  For adsorption
techmque, the batch process was used in which the natural adsorbents
(activated charcoal. charcoal, and charwood) were used.  The use of
natural adsorbents wus advantageous since they are readily avaitlable. For
membrane techniques, nanofiltration and reverse 0osmosis processes were
used. Since these are pressure driven techmques, pressure of up to 20 bar
were used. For the membrane techniques, concentration of up to 5 mg/
were used and for the adsorption techniques, NaF concentration of up to

10 mg | were used.



CHAPTER 1

OVERVIEW

1.1 BACKGROUND OF THE PROJECT

We generally take our drinking water for granted. Perhaps we should not.
ne water that we drink must have one overriding characteristic- it must
be safe'! Each an every member of the public has the right to clean and

safe water.

The threats of ground water contamination are occurring coincidentally
with a rapid increase in the rate of ground water usage. In many areas,
ground water is the only reliable source of fresh water, and in others it is
increasingly being used as a deference to surface water to meet the

. . . )
growimg demands of an expanding population”

Ground water has inorganic pollutants like fluorides, nitrates, nitrites,
5 R . N . l - L ~ o
chlorides. sulphates, phosphates. ete” In this project. much focus will be
on fluoride contamination of ground water. It became known that more
than I me t of fluoride m demkimyg water causes motthing of teeth

. . . . 3 ..
children. bone changes. crippling Hluorosis. cancer. ele”. Since most
water sources tor the public are not of surtable  quatiy for human

consutmption without some torm ot teatment. many methods have been

MNN
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suggested from time to time for water defluoridation®.  These may be
divided mto two basic groups namely those based on an exchange process
or adsorption and those based on addition of chemicals to the water being
treated®. In this project, two techniques are used. They are membrane

and adsorption techniques.
1.2 DEFLUORIDATION TECHNIQUES USED

The membrane process used is nanofiltration. This membrane process
deals with low molecular weight solutes such as inorganic salts like
fluoride. This membrane can be considered as being intermideate
between open porous types of membrane (microfiltration / ultrafiltration)

. . 5
and dense nonporous membrane (pervaporation / gas separation)’.

Because of its higher membrane resistance, a much higher pressure is
must be applied to force the same amount of solvent through the
membrane which 1s 5-20 bar. Nanofiltration has a separation principle of

solution-diffusion’.

Nanofiltration membranes are widely applied m desalination of brackish
and sea water productionof ultra-pure water, waste water treatment, water

softenig. and removal of micropollutants™ (See Figure 1)
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[2 2 dsarption processes

Batch method was used for adsorption  The natural adsorbents (activated

charcoal. charcoal. and charwood) were used The adsorbents were heated

X ‘ o ‘
up to 300 C so as to remove tpunities . Mass oof 2o¢oand

coconcentraton of 2o/ Nab were used



OBJECTIVES

Smce water pollution by fluoride 1s encountered in many parts of the
R . . .3 . .
world including South Africa’, 1t 1s of paramount importance to bring

those high concentrations of fluoride to accepted limits.

The objectives of this project are:

(a) To analyse fluoride levels in ground water of rural areas of North
West Province.
(b) To use affordable, simple and effective methods (Membrane and

Adsorption Techniques) to reduce fluorides in water to 1 mg/l.
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CHAF:£R 2
LITERATURE STUDY

2. GROUND WATER AND FLUORIDE

In recent years, another water pollution problem has become apparent:

. . l B . -
the contammation of ground water'. Ground water contamination 1s
particularly alarming, because once contaminated, an underground

. . 1
aquifers may remain unusable for decades or longer .

The majority of people living in the North West Province live in rural
areas. More than half of the water used for drinking, washing, and
irrigating crops comes from aquifers underground®. This ground water is
accesed by boreholes, windmills, or wells. It is generally taken for
granted that such ground water drawn from wells, 1s omnipresent and will
always be available and clean and safe to drink. But experts are reporting
that ground water sources can dry up through overuse, or become

; . L . . 2
contaminated as a result of pollution, poor sanitation or salt intrusions”,

Ground water has norganic pollutants like fluorides, nitrates, chlorides,
3 . . . . . 7 -

sulphates, etc”. Since water 1s a major source of fluoride intake” n rural

areas of North West Province (S.A), much focus will be on fluonde

content m drmking water i rural arcas of North West Provinee.
2.1 Basic facts about fluoride

I luoride s a uchily reactive element wluch normally likes 1o bond witl

other clemenis. These combmations are oficn sales aind e tliorae part

AuvuEn



iv called fluoredc. Fluoride 1s known to conmtammate ground water
reserves  globally and it also occurs naturally in ground waters
throughout the world.  Contamination of water by fluoride may he
attrtbuted to its natural  presence o the carth's crust and (o maiy
agricultural and mdusirial activives, especially steel, glass, alupimium.,

B . .-.(
phosphate, clectroplatmg. welding, and the ceramic mdustries™

Fluoride can cnter ground swater by natural processes. The soil at the
Jfoot of mountains is particularly likely to be high n fluoride trom
weathering and leaching of bedrock with a high fluoride content. In
ground water, the natural concentration of fluoride depends on the
geological, chemical and physical characteristic of aquifers, the porosity
and acidity of soil and rocks, the activation of other chemical clements,
and the depths of wells. Because of the large number of variables, the
fluoride concentration in ground water can range from 1 ppm to more

than 335 ppm®.

High profile of fluoride in shallow zone ground water is duce to the
geochemical disposition in the vicinity of the ground water extraction
structures. The toxicity of fluoride is also influenced by high ambicnt
temperature, alkalinity, calcium and magnesium content in the drinking

.
waler

Abnormal level of fluoride m swarer is common i fractured hard rock
cone with pegmatite veis. Lhe vemns are composed of mumnerals lke

topaz, fluoruetmost  common fluoride-bearmg  mmeraly. thior-patie,
villucomue,  crvolie and — fluoride-replaceable hivdroxyl  ons i
rerromagnesim silicares” Fluoride wns from these mncrals teach mio

, 9
the cromnd vweater and contrebwee 1o luga tluoride concentration

AuvHEN

MNQ -



Occastonally. wica group of minerals like mscovite and bionte also

_ , 10
contribute to water fluoride content

Iluorospar occurs in structurally weak planes like shear fractiure zones,
Jouts and at the host rock and vem guariz.Rock mimerals weather and
Jorm calcium and magnesium carbonares, swhich serve as good sinks for
fuoride ions' However it is the leachable siate of fluoride tons that
determmes the seater fluoride levels. The leachability is governed by (i)
pH of draining solution and (ii) dissolved carbon dioxide in the soil. The
present study pertains Lo the fluoride in phreatic ground water (the top
aquifer system) and it 1s n this regimen that hand pipes, dug and hore

wells have been constructed.
2.2 Fluoride concentration in drinking water and its health hazards

Natural contamination of groundwater by fluoride causes irrepairable

damage to plants and animals.

Chronic dental fluorosis

Fluoride salts are acute poisons in moderate to high concentrations'.
World Health Organisation standards permits only | ppm as a safe limit
for human consumption'?. 1.5 ppm tluoride in drinking water can cause
damage to teeth in a condition known as chronic dental fluorosis which is
common in South Africa”. The teeth of consumers become mottled with
permanent black or grev discoloration. the enamel become so severely
pitted that thev eventually lose theiwr teeth This damage 15 significant only
when teeth are ficst developmg Ounce the teeth have tully developed

tabout 12 to 14 vears ot age) this condition does not develop.

hin



In mild form of fluorosis, a slight swelling and impregnation with
globular and crystalline material in the periosteal collagenous fibres is
observed. The mpregnation and swelling increase and, i severe cases ol
fluorosis. an irregular orientation of abnormal fine fibre and thck

N 14
deposits on the bone surfaces occurs™.

Chronic dental fluorosis has both psvchological and economical effect on

s
consumers .
Psychological and economical effects of chronic dental fluorosis

The psychological effect in terms of the unsightly brown-stained teeth has
induced the adolescent, with fluoresed teeth, to demand that these teeth
be extracted and replaced". This is really a problem since the self-esteem

ot inhabitants especially adolescents is affected.

Certain workplaces could not hire someone with mottled teeth. For
example, studies by Mc Caffrey shows that ground water around
Pilanesburg area in Rustenburg have fluoride content that exceed the
suggested 1 ppm fluoride concentration by South African Bureau of
Standards hence the majority of people there cannot work at Sun City or
Lost Cityls, This 1s because with thewr stained teeth, they cannot attract
tourists. This leaves the individual concerned 1 a very bad economical

state.
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Development of diseases

Fluoride ion m lugh doses also interfere with calcium metabolism, kidney
action. thyrowd tunction, and with the action of other glands and tissues'.
Cancer, hip tracture, bone changes and crippling fluorosis may also result
from the long term consumption of water containing high fluoride

s 16
concentrations .

Acute fluoride intoxication may lead to sudden deaths. Fluoride ion acts
by inhibiting Na', K', ATPase that stimulates Na“, Ca’" exchange and
conduces to increase kalemia'”'™®. Etffectively, in case of acute fluoride
intoxication described by Mc Ivor, not only fluoride levels, but also

potassium levels increased .

Effects in plants

High  fluoride levels inhibit  germination,cause ultrastructural
malformations, photosynthetic capacities, alter membrane permiability,
reduce productivity and biomass and inflict other physiological and

. . . . 20
biochemical disorders in plants™.

2.3 Available methods for defluoridation of fluoride-rich ground

waters

Several physicat and chemical  methods have  been used  tor the
defluondation  of fluonide-rich waters. Amongst  others  they are:
Hocculation with silver chloride. softenmg with hime. fittration through

: : 2
activated alumuma on exchange. reverse osmosis. and electro dralysis



231 Electrodialysis

It 1s an electromembranc process which was first developed for
desalinating brackish water brine production and demneralisation. It 1s a
stimple physical process which enables avoiding many of the defects
chemical process have. This approach is found suitable for desalination

and detluoridation of water having total dissolved solids of up to 5000
ppm and fluoride up to 10 ppm with an energy requirement of <7 |
kWh/kg of salt removed. Electrodialysis suffer the limitation of frequent

change of beds and inability to reduce fluoride to non-toxic levels*"?.

2.3.2 Flocculation

It 1s the formation of larger particles of a solid phase dispersed in a
solution by the gathering together of smaller particles. The process
whereby initial aggregates in a solution develop spontaneously into
particles of a new stable phase i1s known as nucleation. When these
particles grow to size sufficient to scatter visible light, they are known as
colloids. Dispersions of particles of colloidal size are frequently stable,
coalescence of the particle into larger aggregates settling under
gravitational or centrifugal forces being prevented by their similar

: : 2
restdual and mutually repelling charges”.

By changing the tonie environment m which collowdal particles exist. for
example. by adding salts contaming mulucharged 1ons. the colloidal
particles can be made 1o undergo turther flocculation Silver chloride 1s a
cood example ot compounds which can be preciprated as a flocculated

Y
colloird™

AHVNEIN.
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Since {locculation s best carried out under atkaline conditions. lime or

bleaching powder are added to water.

233 Actvated Aluminag

It 1s an expensive process. Reactivation of filter material is cumbersome
(done by treatment of bed by acid and alkali) and it can be done only with
the help of trained persons. who are generally not avaitable in most of our
villages. This process also results in moderately high residual aluminium

in output water ranging from 0,1 mg// to 0,3 mg/1*.

2.3.4 Krass Process

In this process, defluoridation 1s conducted in columns using support
material (still patended) in a downflow mode. Effects of recharging
solution quantity, initial fluoride concentration and pH etfeciency are

studied. An attempt was made to develop domestic filter suitable for a

rural family?**.

2.4 Methods used for defluoreidation

For this project. membrane and adsorption techniques are used to remove

excesstve fluoride i ground water.

2410 Membrane techniques

Transport through the membrane takes place when a driving force s

applied to the feed Inomost membrane processes the driving toree 1s a

Tyan,
fumn}
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pressure difference or concentration difterence across the membrane.

. . 2
Membrane is a heart of every membrane process”.

Figure 2.1 Schematic representation of a two-phase system separated by

a membrane®.

Phase | of figure 2.1 is the feed which contains both the solute and the
solvent separated by a membrane. Phase 2, the permeate, is obtained
after a membrane has trapped some solvent and solute particles in the

teed. If the membrane 1s good, it will remove a lot of unwanted material.

Membrane can be thin or thick, its structure can be homogenous or
heterogenous. and transport can be active or passive. Asvmimetric
membranes are used for industrial purposes due to high selectivity with
the permeation vate of a very thin membrane.  One membrane process

witl be used m this research namely nanotiltration™ .



2411 Nanofiltration

Nanofiltration s a membrane process between reverse osmosts and
ultratittration. During nanotiltration. substances are rejected by two

principles: the rejection of neutral species by size (moiecules larger than
200-300 g/mol are rejected). and the rejection of morganic ions due to the

. - - 24,25
electrostatic interaction between the ions and the membrane .

Nanofiltration has more open network structure. The pore size 1s <2 nm
and flux range is 1,4-12 (.m~.h"'.bar'). Membrane material is polyamide
(interfacial polymerisation).  The retention 1s high for micro-pollutants
or micro-solutes and for other low molecular like dyes, and sugars. Top
layer 1s lum in thickness and sub-layer is 150 pum in thickness.

Separation principle is also solution-diffusion®.

Most nanofiltration membranes are thin composite membranes of
hydrophobic polymers with negatively charged groups incorporated. Top-
layer and sub-layer are composed of different polymeric materials so that
each layer can be optimised separately. Firstly, a porous sub-layer should
be prepared. Important criteria for this sub-layer are surface porosity and
pore size distribution. Different methods have been employed for placing
a thin dense laver on top of this sub-layer viz dip coating. in sifu

. : NN 23
polymerisation, and intertacial polymerisation™.

Nanofiltration can be applied m the removal of micro-pollutants and
waste water treatment. and e dawy mdustry. With nanofiltration. 1t s
possible to separate organic substances  from  monovalent morganic
substances. It was m fact orrgmally destgned to desalt whev, The arca of

apphication has. however increased mto other fields such as water

AN N
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softening, decolourisation of citrus and sugar molasses. treatment of
metal-contaiming  waste waters from metal fimshing industries and

removal of sulphate from sea water in off-shore oil well application

27.31,32
.

The advantage of nanofiltration compared with reverse osmosis and
ultrafiltration 1s that it 1s possible to separate organic substances from
some tvpe of salts It 1s also possible to separate different kinds of salts
due to negatively charged groups on the membranes. Since the
membranes are negatively charged, it is the anion repulsion which mainly
determines the solute retention of salt solutions. The degree of retention
increases with increasing valence of the anion, due to the increased
repulsion by the membrane (for example, the retention of sulphate 1ons 1s
considerably higher than the retention of chloride ions)®. Among other

membrane processes, nanofiltration is chosen because it deals with low
molecular weight components like inorganic pollutants including fluoride

and it is applied in water purification®.

The filtration process takes place on a selective separation layer formed
by an organic semi-permeable membrane. The driving force of the
separation 1s the pressure difference between the feed (retentate) and the

filtrate (permeate) side at the separation laver of the membrane (10 - 25

bar)Z('.

Flowever, because of s selectivity one or several components ol a
dissolved mixture are retamed by the membrane despite the driving toree.
while water and substances with a molecular werght 200 Dalton are

able to permeate the semi-permeable separattion faver: Because



'I'/

nanofiltration membranes also have a selectivity for charge ot the

mE

ARl

dissolved components, monovalent ions pass the membrane and divalent

A

: A : 26
and multivalent 1ons will be rejected™.

Various tyvpes of commercial nanotiltration membranes are availabie, and

: . . : 24,27,28,29,30
the separation performance of these membranes varies greatly :

2.4.2 Adsorption technique

Adsorption is a type of adhesion that takes place at the surface of a solid
or a liquid 1n contact with another medium, resulting in an accumulation
or increased concentration of molecules from that medium in the vicinity
of the surface. For example, if freshly heated charcoal is placed in an
enclosure with ordinary air, a condensation of certain gases occurs upon
it, resulting in a reduction of pressure, or if it is placed in a solution of
unrefined sugar, some of the impurities are likewise adsorbed, and thus

.33
removed from the solution™ .

The degree of adsorption depends on five factors:

. Decomposition of the adsorbing material

2. Condition of the surface of the adsorbing material
3. Material to be adsorbed

4. Temperature

5. Pressure (i the case of gas).

The temperature of preparation ot adsorbent charcoal s an mmportant

factor. high temperatures beme deleterious.



On the basis of the adsorbate {(or the substance which 1s adsorbed).
adsorption mayv be polar. when the material to be adsorbed consists of
posttive or negative tons. so that the adsorbed film has an overall
electrical charge. The term polar adsorption 1s also apphied to adsorption
chiefly attributed to attraction between polar groups of adsorbents.
Example of polar adsorbent is silica gel. It also retains water and may
thus reject an organic compound. It can also discriminate more
selectivelv than activated carbon and consequently can be used for the

~ - . . . 33
fractionation of organic solvents™ .

Activated carbon 1s non-polar since it has no affinity for water and 1t will
adsorb organic compounds in preference to water. Specific adsorption is
the preferential adsorption of one substance over another, or the quantity

of adsorbate held per unit area of adsorbent™.

On the basis of the process involved, adsorption may be classified as
chemical adsorption or chemisorption where forces of chemical or
valence nature between adsorbate and adsorbent are involved or van der
Waals or physical adsorption where van der Waals forces are involved.

Chemical adsorption may be rapid or slow and may occur above or
below critical temperatures of the adsorbent. Physical adsorption occur
as a result of relatively non-specific intermolecular forces that are
responsible for the condensation of vapour to a liquid.  Physical
adsorption s usually tmportant only for gases below  their critical

emperature

AT
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The difference 1s usually indicated by the greater heat of adsorption and
o~ . 3 .
more specific nature of chemical process”. The heats of adsorption

should be in the range of heats ot consensation.

Mayor adsorbents are: carbon. clay. sand, activated silica, activated
alumna, charcoal, charwood, bonechar, synthetic zeolites, etc. Among
these adsorbents. only natural adsorbents will be used. They are activated

carbon, charwood, and charcoal.
2.4.2.1 Properties of charcoal

Charcoal is a highly porous form of amorphous carbon derived from
wood by destructive distillation. It is a black, brittle solid that 1s
odourless and tasteless. It contains barrels, multi wall paper sacks. It is
denser than water, but it often adsorbs enough gas to make it float on
water. The ability to adsorb a large quantity of gas is the most
remarkable physical properties of charcoal. 1 cubic inch of freshly
prepared willow charcoal adsorbs about 90 cubic inches of ammonia gas.

. . . . 34
Because of its ability to adsorb gases. charcoal is a good deodoriser™.

Charcoal also removes the odour from certain liquids. It a good fuel but
it 18 more expensive than any other tuel It has the following uses:
filtering medium, component ot black powder and other explosives,
purtiving otls. and solvent recovery trom their vapours. A laver of wood
charcoal s often used between lavers ot sand and gravel o water

puritication. Its efticiency is increased by steam activation

Hazards of charcoal are that 1t can cause dangerous fire risk m brquette

form or when wet ftmay also ignite spontancously i an™
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Surtace area of charcoal

Surface area is the total arca of exposed surface of a solid material,
usuallv in the form of powder. imcluding all the uregularities, pores. etc.
Since activity 1s greatest at the surface. that is. the interface between the
particle and 1ts environment. the larger the surface area of a given
substance, the more reactive it becomes. Thus the reduction to smaller
particles s a means of increasing the efficiency ot both chemical and
physical reactions, for example, twigs and wood fragments ignite more

casily than large slabs™.

2.4.2.2 Properties of activated charcoal

It 1s an active charcoal that has been treated with oxygen to open up
millions of tiny pores between the carbon atom. It is made by thermal
decomposition of carbonaceous material followed by activation with
steam or carbon dioxide at elevated temperatures of 700-1100 "C, which
result in a porous internal structure (honeycomb). The structure of
activated charcoal consists of elementary micro-crystallites of graphite,
but these micro-crystallites are stacked together in random orientation
and it is the spaces between the crystals, which form the micropores

(Table 2y



] | |
Micro- - Meso- | Macro-
pores : pores | pores
|
Diameter (nm) -2 2-50 50
Pore volume | 0,15-0,5 0,02-0,1 0,2-0,5
(cm’ /g)
Surface area (m”| 100-1000 | 10-100 0,5-2
/g)
Particle 0,6 0,7 09
Density (g/cm’
Porosity 04 0,5 0.6

1
n

M

AV

The actual distribution and the total pore volume associated with each
pore size range are however sensttive to the conditions of the mitial

pyvrolvsis and activation procedures.



The use of special manufacturing techniques results in highly porous
charcoals that have surface areas of 300-2000 m® / g. The specific gravity
is trom 0,08-0,5. The huge surface area of activated charcoal gives it
countless bonding sites.  The ability of activated carbon 1o adsorb

. - S 36
molecules ot gas 1s due to this factor™

Activated carbon is an amorphous form of carbon characterised by high
adsorptivity for many gases. vapours. and destructive distillation of wood,
nutshell, animal bones, or other carbonaceous material. It 1s widely used
to adsorbs odorous or coloured substances from gases or liquids,
decolourising of sugar, water, and air purification, solvent recovery,
waste treatment, electroplating, air conditioning, and removal of jet

fumes from air pockets®’.

The dangers of activated charcoal are that it is flammable and it can be

bad to ones health if it is inhaled®”.
2.4.2.3 Charwood
It is a highly porous form of amorphous carbon. It is derived from

destructive distillation of wood. It contains multiwall paper sacks. Itis

used as a gas adsorbent, decolorizing and filtering medium, and as a

. 33
component of black powder™.
242 A4 Theories of adsorption

[he Lancnnr adsorption isotherm
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Using the law of mass actuon. Langmuir derived adsorption 1sotherins
widely applicable to the adsorption of gases on solid surfaces. Generaily
speaking, there are two kinds ot adsorption: physical or chemical  The
former mvolves a weak binding ot the adsorbate to the surtace by van der
Waals forces. The second. usuallv referred to as chemisorption, involves
the formation of chemical bonds.  Enthalpies of adsorption for the first
case fall in the range ot 0-5 kcal/mol whereas for chemisorption the range
1s 20-100 kcal mol. Adsorption at liquid-vapour and  hquid-liquid
interface is most often of the physical sort, although 1t also occurs with

some frequency in gas-solid interface™.

Chemisorption does not occur indiscriminately over all portion of the
interface but at specific surface sites that, because of the local compound
or topography, are most suitable for binding the adsorbate, these are
called the active sites. The derivation starts by considering a gas of

species M to be in equilibrium with the appropriate concentration of
adsorbed molecules. It s furthermore supposed that the surface contains
a specific concentration S, of active sites capable of capturing M type
molecules. The absorbed molecules are represented by SM and written as

chemical reactions, are given by:

(Sy,-SM) +M & SM (Equation 1)

[ the fractional occupation of active sites 1s defined as 0 =SM S0 0 we

can write tor equilibrium constant equation 1

N (SMy (SM)Y (M)



- 0Sy /S (1-6) Py (Equation 2)

-0/ PM -0 P,\|

Where M o Py the partial pressure on M . The algebraic

rearrangement of Equation 2 leads to

0= KPnm/ (1 +KPy), (Equation 3)

which s the usual form of the Langmuir adsorption isotherm

~
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Lircure 2.2 The five tsotherm classification accordime to 30017 i s the
werght adsorbed, P s the adsorbate cquilibriume pressure, Po s the
acdsorbate cquilibrogn vapour pressure. and 1P Po s the relanve prossire

Condensation occurs at 1’ 1o > 1
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Classification of adsorption isotherns

Lhe majoriy of phvsisorption isotheris may be grouped mto the six
npes. tive of winch are shoven u g 2.2 [nomost cases at sufticiently
low surface coverage the isotherm reduces to a inear form (r.e. 1 x p),
which 1s often referred 1o as Henry's region. On heterogenous surfaces
this linear regron niay fall belove the lowest experimentally measurable

39
pressure’”

The reversible Type | isotherms are sometimes referred to as Langmuir
isotherms, but this nomenclature is not recommended. It is concave to
the p.p’ axis and n® approaches a limiting value as pp® — . Type
isotherms are given by microporous solids having relatively small
external surfaces (e.g. activated carbons, molecular sieve zeolites and
certain  porous oxides, the limiting uptake being governed by the

A A . ‘ 39
accessible micropore volume rather than by the internal surface area .

The reversible Tvpe 11 isotherm is the normal form of isotherm obtained
with a non-porous or nicroporous adsorbent.  The Type [l isotherm
represents unrestricted monolayer-multilayver adsorption.  Point B, the
beginning of the almoxst linear micddle section of the isotherm.  is ofien
taken (o ndicate the stage ar which monolayver coverage 1s complete and
multilaver adsorption s about 10 /n'.gm”_

[he reversidle fype (D soncrm s convex 1o e pop’ axis oves s enire
rantee and theretore does s cxlybir a pome 5 Isotherns of this tvpe are

not conmon,  hut thicre e o numberof  sysicms (nirogen on



poivethylenc) which give isotherms with gradual curvature an mdistinet
point B, In such cases, the adsorbate - adsorbate nteraction plays an

_ 39
itmportant role””.

the characteristuce features of Tvpe I isotherm are its hysteresis loop,
which s associated with - capillary condensation  taking  place  in
mesopores, and the limiting uptake over a range of high p P’ The minal
part of 1ype N sothernr i attvibuted (o monolaver-multilaver adsorption
since it follows the same path as the corresponding part of a Type 11
isotherm obtained with the given adsorptive on the same surface
area of the adsorbent in a nonporous form. Type [V isotherms are given

. . 9
by many mesoporous industrial adsorbents®.

Type V isotherm is uncommon, it is related to the Type Il isotherm that
the adsorbent - adsorbent interaction is weak, but is obtained with certain

39
porous adsorbents™ .

Type 17T isotherm, in which the sharpness of the steps depends on the
svstenr and the temperature represents stepwise multilaver adsorption on
a uniform non-porous surface. The step-height now represents  the
monolayer capacity for cach of adsorbed layer and, in the simplest case,
remicins nearlhy constant for two to three adsorbed layers. Amongst the
best examples of Lype 17 isotherms are those obtained with argon or

9
kivpton on graphised carbon black at hguid nitrogen temperatures

Adwvean
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imtrogen at its boiiing pomi ar p p’ =042 and benzene at 25°C ar p ' =

0.28)".

Although the effect of various factors on adsorption hysieresis is not fully
understood, the shapes of hysteresis loops have been identified with
specific pore structures.  Thus, Type HI s ofien associated with porous
material known (o consist of agglomerates or compacts of approximately
unifornt spheres i fairlv recular array, and hence to have  narrow
distributions of pore size. Many porous adsorbents tend to give Type H2
loops, but in such systems the distribution of pore size and shape is not

well-defined. Indeed, the H2 loop is especially difficult to interprer”’.

The Type H3 loop, which does not exhibit any limiting adsorption at high
p/p’, is observed with aggregates of plate-like particles giving rise to slit-
shaped pores.  Similarly, the Type H4 loop is often associated with
narrow slit-like pores, but in this case the Type | isotherm character is

. . . . .39
indicative of microporosity””

The BET Isotherm

More often than denoted. additional adsorbate molecules will condense
on the initial monolaver before the latter has completely saturated all the
available surface sites. These successive layers are bound less tightly,
and therr relative concentrations (that 1s. the tirst. second. third, and so

tourth. Tavers ) will fotlosw the customary thermodyvnamice distribution

functions. The (Brauner- Fimmett-Tellery BET sotherms takes account of

these successive lavess of these adsorbate and thus s an extent of the

Langmunr treatiment. The adsorpuion ol gases as a function of pressure on

ATEGL I
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nonporous surfaces generally (but not always) follows either ot the (wo
isotherms potrayed n figure 2.3 (a, b). Figure 2.3 (a) shows the
adsorption of a monolaver m which the gas ultimately saturate all ot the
adsorption sites without condensation of the second layer and (b) shows
the 1sotherm appropriate for the case where additional supercritical lavers

- . Lo 38
develop befpore saturation by the mitial monolayer

As 1 the usual case for a thermodyvnamic desceription of chemical
reaction, one can proceed via a classical or statistical approach, the
fpormer will be used since it is more closely parallel to the previous
deviation of the Langmuir isotherm. Defining So, Si, S, S3,...S;... as the
areas covered by 0, 1, 2, 3... I, molecular layers of adsorbate, we have an

equation for the first layer only:

aPS, d; St * (Equation 4) or

S, = BPSST M
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Iigure 2.3 (a) and (h) the idealized adsorption isotherms - (a) Langmuir
isotherm described by cquation 15 and (b) The frequently encountered

isotherm with sccond layer of adsorbate starting as denoted at ~2.

Where a; and d; are rate constants for adsorption and desorption, F is the
heat of adsorption of the first layer, and b = a;, / d, . Equation 2 is
formally equivalent to the Langmuir equation. Similar relations exist in
equilibrium, between the first and the second layers, and so on. In the
development of BET isotherm, two major approximations are made.
First, the proportionality constant b is taken to be the same for all layers.
Second, the heat of adsorption for the second and for all the layers
beyond the second is taken to be the heat of liquifaction, E;, . Thus, for

the second layer:
Sy bPS R pp)t sy R ETRT (Equation 5)

The general form for / lavers is then

. [ AN N .
Noobly N e et (Equation 6)
It we substitute ¢ 2 Eguation 6 we go back to Equation 3

[U1s comvenient to let

AYYHgl
MEN
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) ELRT . . 5 =
hPe X ( Equation 7) §
ﬁ N
to give,
AY bt Sax'” (Fequation 8)

Now the total active surface area of the sohd 1s given by

( Equation 9)

and the total volume of gas adsorbed is

V=102 S,
=1
( equation 10)

where ¥y 1s the volume of gas adsorbed per unit area by a completed

monolayer . Hence. for a surface of area we can write




(Equation 11;

Where 7 1s the velume corresponding to a monolayer over the entire

surface.

The summation i Fquation 11 mav be expressed as

Z Si
0

Sp + SpbPE (1 v x X0 )

sgbl’ e Ri

= §+ 1 -x , ( Equation 12)

DS, =

0 e X 4

So prett R (1 2x - 3x .
Sphle , ( Equation 13)
(1-3 7

and Equation 15 -ccomes

o o I . yopr v ¢ - M R
{ R A j { Lquarion {4}
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e, (L-PPycl-0r, bhre™y, ( Equation 14)

which 1s the BET adsorption isotherm.
For matching to experiments. Equation 14 may be rearranged by calling

that bPyexp( £, /RT) - 1. as

) I 1 B T ( Equation 15)
VS(P()' P) Vsm POVS m

where Al - I - E; .

The BET method is most commonly used to determine the total surface
area of solids. The most commonly used adsorbate i1s N;. Figure 2.4
shows particularly good agreement between Equation 15 and the

experimental data.

g
// |
| /

€ //" |

N /

z s S

B , /

Freure 2.4 Adsorption of Nsona tused Cu catalvst at 901 K according to

: -40
cquation [37



In concluston, it should be marked that. althouch the BET approach 1s
extremely useful for the deternmnation of the surface areas, it 1s not a
rigorous theory, and, i fact, has been shown to violate the principle of

microscopie reversibifity
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CHAPTER 3

3. TECHNIQUES FOR  TIHE CHARACTERISATION  OF
ADSORBENTS

3.1 GAS ADSORPTION - DESORPTION

The term adsorption may be used to denote the process m which
adsorptive molecules are transterred to, and accumulative on, the
interfacial layer.  Its counterpart, desorption, denotes the converse
process, in which the amount adsorbed decreased. Adsorption and
desorption are often used adjectivally to indicate the direction from which
experimentally determined adsorption curve (or point) and the desorption

curve (point)".

Gas adsorption - desorption is a well-known technique for pore size and
pore size distribution i porous material. The adsorption and desorption
isotherms of an inert gas 1s determined as a function of a relative pressure
(Prei = p/po. 1. the ratio between the applied pressure and the saturation
pressure). Nitrogen is often used as adsorption gas the experiments are

-
3

carried out at boiling point of hquid nitrogen at 77K (at 1 bar)”.

The adsorption sotherm starts at a relative pressure At a certamn
mmumum pressure the smallest pores will be tilfed with iiquid nitrogen
(with a mimmuam radins ~tze o about 2oy As the pressure is icreased
stll funther. larger poies will be tidled and near the saturation pressure all
the pores are ttlled the toral pore volume s deternnned by the quantiny

ol vas adsorbed near o <atiation pressure”

¢ 1

grL

- MNO



Desorption occurs when the pressure 18 decreased, starting at the
saturation pressure. The desorption curve 1s generally not identical to the
adsorption curve. ¢.g.a hysteresis ctlect can be observed. A hysteresis

arises when the adsorpuon and desorption curves do not comceide™.

The lowering of the vapour pressure tor a capillary of a radius is given by

the Kelvin relationship

In(p/py) 2 yv cosB /1y RTry, Equation (i)

the contact angle 6 15 assumed to be 0 when the adsorptive is nitrogen
(cos 0 =1),

p’ = actual pressure (p,) , v = liquid surface tensions, v = molar volume
of condensed adsorptive (m".mol). r, = mean radius of curvature of the
liquid meniscus (also called the Kelvin radius), R = gas constant

(JK ' 'mol™), and T = temperature.

This relation can be simplified for nitrogen adsorption - desorption to ry

n nm:

-y Equation (ii)

i L

SR AN

and pore radius may be crleubaed. 0y Lquation (iti)
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where t s the thickness ot the adsorbed laver of vapour i the pores, 1y 1s
the Kelvin radius. and r. is the pore radius (7, r, ). The thickness of

the t-layer can be estimated from calibration curves”.

The mstrument that was used for gas adsorption-desorption experiment is
Micromeritics ASAP 2010 Gas Sorption Analyser. The internal surface
areas of adsorbents was measured by a standard technique in which
nitrogen gas was contacted with the adsorbent at the atmospheric boiling
point of hquid nitrogen (77K).  An mitial pressure of less than |
atmosphere was applied  The pressure was then raised slowly. Then

nitrogen gradually condensed as a monolayer onto the internal surfaces.
3.1.1 RESULTS AND DISCUSSION
3.1.1.1 Nitrogen Adsorption - Desorption

Natural adsorbents which were used in this project, that is, charcoal,

activated charcoal. and char-wood. gave the following results:

g T
r':"}
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Figure 3.1 The isotherm ploi of 1'olume Adsorbed (cm’’g) against

Relative Pressure (P/Po) of activated charcoal.

Figure (3.1) above which is the isotherm plot of volume adsorbed (cm'/g)
against relative pressurc (p/po) was used to determine which type of
isotherm is activated carbon. The shape of the curve shows that activated
carbon 1s a Langmuir Tvpe | isotherm, which is an indicative of

microporosity. Tvpe [ isotherms are given by microporous solids having
relatively small external surtaces The isotherm plot also shows that
hysteresis ol tvpe HH appears Hvsterests s usually associated  with

- o i
capillary condensation in mosopore structures
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Figure (3.2) is the - plot of volume adsorbed (cm’'g STP) against
thickness.

The shape of the graph (Iigure 5.2) 1s indicative of microporous material.
This is confirmed by the t-plot above which does not start at zero. There
are no mesopores In activated charcoal.  There are only micropores.
carbons. The pore widths do not exceed 2 nm. Carbons have very small

diameter.
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Figure (3.3) shows the BET surface area plot of 1/[VA * (Po/P - 1)]

against relative pressure (P/Po) of activated carbon.

The graph of Figure 3.3 does not give any linear relationship. The range
of linearity 1s outside the P/Po range of 0.05 - 0.30. Therefore the BET

surface area (842 m%/g) is not applicable.

Pore volume was found to be 0,63 cm’/g and two types of diameter were

found to be mesopores of ~ 30A and 60 A.
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Figure 3.4 The Langmuir Surface Area plot of I/[VA*(P/Po) against

Relative Pressuer (P Po) of activated charcoal.

From the graph (Figure 3 1), a straight line 1s observed where most of the
points are n a straight line. This shows that activated charcoal is a type |

Langmuir sotherm. Langmuir surface area was 1136 m“/g which 1s very

large.
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Figure 3.5 The isotherm plot of the volume adsorbed (cm’/STP) against

Relative pressure (P Po) of char-wood.

Like in activated charcoal, Figure (3.5) of the isotherm plot shows that
char-wood 1s a Langmuir Type [ isotherm with the appearance of
hysteresis of tvpe H4.  Hvsterests 1s observed because at first there 1s
adsorption and then the filling of the pore called capillary condition

1
occur .
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Figure 3.6 The Langmuir Surface Area plot of 1/[{VA*(Po/P)] against

Relative Pressure of char-wood.

The straight line in the Langmuir surface area plot shows the validity of
: . 3
Langmuir surface area. Pore volume was 0,1 cm’/g and two types of pore

diameter were mesopores of 21A and 61A.

 jydan
- N



17

r Pl
MGIUEE Fussrsis
Feltned #17xnrs

€ -

37

Iz
i

M o N o
1= ‘7 bel : B

VA 3sorhed romiy 3TH:

L[>
(%3

3 + 5 Vé
Thickaress, - Harkios & Su, 58y

=
o -
L3

Figure 3.7 The t-plot of the volume adsorbed (cm’/STP) against thickness

of char-wood.

The t - plot figure (3 7) does not start from O which is an indicative of

MICrOporosily’,
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Figure 3.8 The BE'T Surface Area plot of I/[VA*(Po/P-1) against

Relative Pressure (P/Po) of char-wood.

BET surface area (figure 3.8) is not applicable because char- wood is

. . 2
microporous. BET surface area was 200 m“/g.
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Figure 3.9 The isotherm plot of charcoal (coal).

Figure (3.9) shows that charcoal is more of Langmuir Type I isotherm
with hysteresis H4. Therefore like all the other carbons, Langmuir surface

area is valid and it was 68 m*/¢.
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Figure 3.10 The t-plot of charcoal (coal).

The t - plot of figure (3.10) confirms that charcoal is microporous. It has
very less pore volume: 0,03 cm’/g. Its porosity is also very low. Pore
diameter was very difficult to estimate. This 1s because charcoal has very

small pores. The BET surface area is not valid, and it was 51 m*/g.

Basically, it was very difficult to interpret results on charcoal.



JLI2 TABLE OF THE RESULTS

Adsorbents Pore  volume Pore size or BET surface area | Langmuir surfac
('('m'; o) dimeter (A) (m:/g) - area (m:/’g)
Activated .63 30 and 60 842 1136
carbon | i
T 003 ~ 20and 76 N 68 -
Charcoal | |
| | e |
01 © I2tand6l 1200 266
Charwood | |

3.1.1.3 CONCLUSION.

All the carbons are microporous. This is clearly explained by the t- plot
which does not go to zero. The Langmuir surface area is valid for all the
carbons since thev are all Tyvpe | isotherms.  Type H4 Hysteresis
appeared for all of them. The BT surtace area was not obeyed because
the carbons arc microporous [n veneral, carbons have smaller pores

compared to oxides

Among the theee natural adsocionts actvated carbon has better porosity:,
farger Lanemune surtace arca arecr pore volume and pore diameter.
Theretore. activaied carbon 1+ the better adsorbent. followed by char-

wood and then charccal Beocalls 0 was very didticult o iterpret

results on charcoat veoaly



3.2 SENI ( Scanning FElectron vlicroscope )

The scanning clectron mictosp e (ST s commonly used to examine
the microstructure of bulk spec men 1is an electron-optical instrument
which uses a source of electrons to ifununate specimen. These electrons
are accelerated down the column and pass through a combination of
electromagnetic fenses and aperiures 1o form a fine probe at the surface of
the spectmen e chamber a0 Borh the column and the chamber are
held under vacuum to avord hich voliage discharge and scattering of the

electrons along their path by residual ¢as atom™

The SEM is a valuable imaging tool which allows very fine detail to be
resolved and, unlike an optical microscope, offers a large depth of field.
In addition, it mayv be combined with appropriate detectors, to serve as a
powerful analytical tool>. Sample preparation for SEM include polishing,

mounting, coating. sputtering and dehvdrating the sample”.

3.3 EDS (Energy Disoersive Spectrometry)

EDS (Energy Dispers ve Specirometry) 1s an X-ray spectrometer which
collects the characteristic N-ruws. The spectrometer counts and sorts the
X-ravs. usually on the basis < f enerey - The resulting spectrum: plots

number of X-rav . on the vertooal axis versus energy, on the horizontal

axis. Qualitatv e mabvsis can o e it of as the "maredients™ of the
spectmets and 1 fentilies the —o men - present i the analvsed volume of
spectimen. Peal- noche spoc e spond to the elements present i
the sample 1o crenient o ades ed by orelerence 1o tables and

database~s™
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Figure 3.16 The EDS analysis for char-wood

The above graph (Figure 3.16) shows that charcoal 1s n-as ¢’ as
activated carbon since it has many elements in it. Carbon a: oxy:  are

the main elements of both carbons.
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3.5 THE ADSC.\P ... N Mo dowe

3.5.1 EXPERIMENTS

APPARATUS: a) 250 m! beaker
b) 250 m! volumetric flasks
¢) magnetic stirrers
d) stirrer pieces

e) Ultrafiltration membrane (PA-100 )

CHEMICALS: a) AA water (milli Q water)
b) HCI
¢) NaOH
d) SPADNS reagent for fluoride analysis

ANALYTICAL TOOL.S: a) HACH DR/890 Colorimeter (Programme 24)
b) Pressure driven nanofiltration setup

c¢) Labotec sieve with aperture opening of 90 um
ADSORBENTS: a) Activated carbon

b) Charcoal
¢) Charwood
e) Chitosin (High molecular weight shells)
) Red and white matze cob (mixture of the third and

second lavers)

IYYE
MR



GROUND WATER SAMPLE COLLECTION- 4 case study

Ground water samples were collected trom six difterent villages around
Rustenburg namely Letaragatlhe, Lerome (Doornkop store). Ledig (Kagiso
Section), Ledig (Btshabelo Section). Saulspoort, And Lerome (Moruleng
Section). Rustenburg was chosen as the area of study because literature
studies, for example, Schoemann and associates, have shown that ground
water around that area have fluoride which exceed | mg [. Samples were all
collected from boreholes during very hot weather when the temperature was
about 32 "C. Samples were then kept in a cold place inside plastic bottles.
The experiment was followed for water with excesstve fluoride (Moruleng

and Saulspoort).

EXPERIMENTAL PROCEDURE

a) Level of fluoride in ground water

Areas around Rustenburg were sampled for underground water. The

samples were then analysed for fluoride.

b) Detecting whether the adsorbents have fluoride as one of their

elements (purity of the adsorbents)

This was done by mxang 2 ¢ ot each of the adsorbents with milh Q water.
The solutions were stivred tor I hour. tiltered with PA-T00 ultrafiltration

membrance. and the analy sed tor fluonde.
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¢) The adsorptive capacity of adsorbents
2 g of each adsorbent was mixed with 100 m/ of 2 mg/l NaF solution. The
mixture was stirred for | hour and the filtered. The permeate was analysed
for fluoride.

d) The effect of mass of adsorbents on adsorption

100 m/ of 2 mg | F~ was added to different masses of 0.5, 1 and 2 g and

stirred for [ hour. The solution was then filtered and analysed for fluorides.
e) The effect of temperature of adsorbents on adsorption

2 g of each adsorbent heated to temperatures of 100, 200, and 300 °C was
added to 2 mg [ F~ solution. The solution was stirred, filtered and analysed
for fluorides.

f) The effect of concentration of fluoride on adsorption

2,4, 06, and 10 mg [ ¥ solutions were prepared and added to 2 g of adsorbent

separately.
o) The effect of contact time of fluoride and adsorbent on adsorption
2 oot cach adsorbent was nuxed with 2 me [F solution. The solutton was

stirred for three ditferent times - 20, 40 and munutes The solution was

tihtered and anatysed tor ftuorides,






O

b) The purity of adsorbents

Maize cob (red and white) showed the presence of fluoride i it. The red
maize cob was found to contamn 029 mg /[ fluoride and the white one
contained 0,55 mg ! tluoride. Since maize cob proved to be the poor
adsorbent for fluoride, no further experiments were done on it. All the

other adsorbents were found to contain no fluoride.

¢) The adsorption capacity of adsorbents

All the other adsorbents were found to be good for fluoride removal. For
activated carbon, the initial mass of 2 g was reduced to 0,44 g (up to 78 %
was adsorbed), for charwood it was reduced to 0,74 g (up to 63 % was
adsorbed) and for charcoal it was 1,07g (up to 47 %). These results show
that activated carbon is the best adsorbent for fluoride removal, followed

by charwood and finally charcoal.

d) The effect of mass of adsorbent on adsorption

Hfect of mass on adsorption

(ACTIVATED CHARCOAL)
12 -
u:m 1 8
EEo8i ) ‘
£ 606} e 2ngl|
804
Q02
® 0 i
5 1 2 3
mass (g}

Focure S 17 The plor of concentration of fluoride lete atier adsorpiion

aeaiing the mass of activared charcoal wsime 2 me D of Nal- salution,
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From the figure, it is observed that the larger the mass of adsorbent, the
larger the adsorption. Charcoal is generally not a better adsorbent for
fluoride removal but when larger mass is used, its adsorptive capacity

Increases.

SUMMARY ON THE EFFECT OF MASS OFF ADSORBENT ON ADSORPTION

From the findings above, it is clear that the larger the mass, the better the
adsorption because larger mass have large surface area and large bonding
site. Activated charcoal gave best results, followed by char-wood and
finally charcoal (coal). Activated charcoal has been heated to larger

temperatures so as to be active hence it is very porous.

e) Effect of temperature of adsorbent on adsorption.

Effect of temperature on
adsorption (ACTIVATED

CHARCOAL)

. E’ 03915

0.391 —
£ = ®2mgh!
% § 0.3905 | 2m9/|=
28 039 [B2mg i
L 2 038

©

0 200 400

temperature(degree celcius)

Figure 3.20 The plor of concentration left after adsorption against the

temperature of 2 ¢ of activated charcoal using 2 mg [ of Nal” solution.

From the graph. it is observed that the difference in temperature did not
bring any changes to activated charcoal. This 1s because activated

0y -
charcoal has alrecady been heated to larger temperatures (600-800 "C) n

~praen
S i



its form.. By doing that, it was activated to remove impurities. The
temperatures that were used in this research were not good enough to

activate it further.

Effect of temperature on
adsorption ( CHARWOOD)

-
8]

oo

'@ 2 mg/

—_

©
o

[F] ieft after
adsorption(mg/l)

[}

0 200 400

temperature(degree celcius)

Figure 3.21 The plot of fluoride concentration left after adsorption

against temperature of 2 g of char-wood using 2 mg/l of NaF solution.

The higher the temperature, the larger the adsorption. This is because by
heating char-wood to higher temperatures, one is activating it and its

adsorption capacity increases.

Effect of temperature on
adsorption ( CHARCOAL)

-
(8]

—_

ft after

o
»

[F
adsorption(mgl/l)

[}

0 200 400

temperature(degree celcius)

[1eure 3.22 The plot of fluoride concentration left after adsorption

against the temperature of 2 g of charcoal using 2 mg | of Nal” solution.
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From the graph, it is observed that charcoal is the poor adsorbent for

fluoride but at high temperatures, its adsorptive capacity increased.
SUMMARY ON THL LIFECT OF TIMPERATURE ON ADSORPTION

From the results obtained for the three adsorbents, it 1s observed that
char-wood performed well under higher temperatures of 300°C whereas
activated charcoal did not show any effect on temperature. Charcoal is the
poor adsorbent for fluoride removal but at higher temperatures it can

perform better.

f) Effect of contact time of fluoride and adsorbent on adsorption.

Effect ofcontact time on
adsorption (ACTIVATED
CHARCOAL)

Bng—ﬂ

[F] left after
adsorption{mg/l)

0 50 100

time (seconds)

Figure 3.23 The plot of fluoride concentration left after adsorption
against the contact time of 2 mg | of Nal solution and | g of activated

charcoal.

The longer the contact time of activated charcoal and fluoride, the better
the adsorption. This 1s because if the adsorbent is allowed to be in contact

with fluoride solution, it will have enough time to adsorb fluoride.
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Effect ofcontact time on
a rption (CHARWOOD)
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Figure 3.24 The plot of fluoride concentration left after adsorption

against the contact time of 2 mg l of Nal and 2 g of char-wood.

The more the contact time of fluoride and the adsorbent, the better the

adsorption.

Effect ofcontact time on
adsorption (CHARCOAL)

25
s 2
ﬁ ‘g' 15 |—2__/|‘
a
§z 1 m7
[y ) 0.5 1
g 0

0 50 100

time (seconds)

Figure 3.25 The plot of fluoride concentration left after adsorption

against the contact time of 2 mg/l of Nal" and 2 g of charcoal (coal).

The more the time of stirring of the solution of fluoride and charcoal, the
better the adsorption since there will be enough contact time of adsorbent

and fluoride.
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SUMMARY ON THE EFIFECT OF CONTACT TIME OF FLUORIDE AND
ADSORBENT ON ADSORPTION

[n general, the longer the time of stirring of the solution, the better the
adsorption due to enough contact of fluoride and adsorbent. Among the

three adsorbents, activated charcoal gave better results followed by char-

wood and then charcoal.

g) Effect of concentration of fluoride on adsorption

Effect of concentration of fluoride on
adsorption(ACTIVATED CHARCOAL)

[F] left after
adsorption(mg/l)

0 5 10 15
[F] before adsorption{(mg/l)

Figure 3.25 The plot of fluoride concentration left after adsorption

against the concentration of fluoride using 2 g of activated charcoal.

There is a linear relationship between the concentration left after
adsorption and the initial concentration of fluoride. The higher the
concentration of fluoride, the lesser the adsorption since there will be a

competition between the ions.
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h) Effect of pH on adsorption

Effect of ph on adsorption (activated carbon) T
|

[F] left after adsorption

pH

Figure 3.26 The plot of fluoride concentration left after adsorption

versus pH using 2 g of activated carbon.

From the above graph it is observed that fluoride was adsorbed efficiently
on basic medium (pH 10 and 12). Up to 60 % fluoride was adsorbed. In

acidic medium (pH 1 and 4) not much fluoride was adsorbed. Less than

40 % fluoride was adsorbed.

Effect of pH on adsorption (charwood)

2.5
2
1.5
1

0G]

(mg/l)

[F] Left after adsorption

pH

Figure 3,26 The graph of fluoride concentration left after adsorption
versus pH using 2 ¢ of charwood and 2 mg | Nal-.

Charwood also performed better in the basic medium compared to acidic
medium. [ts adsorptive capacity was lesser than that of activated carbon.
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used, when the time of stirring the solution was 1 hour, and when basic
pH was used. Charwood also proved to be a better adsorbent with
adsorption capacity of more than 60 %. Charcoal was the poorest

adsorbent for fluoride.

Activated carbon also was efficient even in ground water samples since it

was able to adsorb more than 70 % fluoride.






CHAPTER 4
4. THE MENMBRANE TECHNIQUE.

4.1 Characterisation of membranes

Membranes need to be characterised to ascertamn which one may be used
for separation or class of separations. A small change n one of the
membrane formation parameters can change (top laver) structure and
consequently have a drastic eftect on membrane performance.
Reproducibility 1s also often a problem. Membrane characterisation is
necessary to relate structural membrane properties such as pore size, pore
size distribution, free volume and crystallinity to membrane separation
processes.  For example. concentration polartsation and fouling of the

: 1
membrane can cause large discrepancy on the membrane’.

Membrane characterisation leads to the determination of structural and
morphological properties of a given membrane.  [irespective of the
structure developed, the first requirement after membrane preparation 1s
to characterise the latter using sunple techniques. Since membranes
range from porous to nou-porous. completely different characterisation

techniques will be required in each case’.

Membranes are characterised by the fact that the teed stream s divided
mto the retentate or concentrate stream and the permeate stream which

tmplies that cither the concentrate or permeate stream 1s the product
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(Figure 4.1 ). If the aim is concentration, the retentate will usually be the

product stream'.

module
feed retentate

permeate

Figure 4.1 Schematic representation of a membrane process where the feed stream
has been separated into a retentate and a permeate.

For my project, nanofiltration membranes are used.  Nanofiltration
membranes are intermediate between porous and non-porous membranes
but their structure i1s more of non-porous than porous. In porous
membranes, the pore size and pore size distribution mainly determines
which particles or molecules are retained and which ones will pass
through the membrane. Hence, the material of little importance In
determining the separation performance. Examples of porous membranes

are ultrafiltration and nmcrofiltration membranes™ .
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4.2 EXPERIMENTS

APPARUTUS:

CHEMICALS:

a) 500 and 250 ml beakers,

b) 4 x 1/ volumetric flask, ~~

c) magnetic stirrer and stirrer pieces; |
d) NF 70 membrane,: -

¢) TFC-SR membrane,

f) nitrogen gas, -

a) NaF,

b) AA water,

c¢) HC/,

d) NaOH,

e) SPADNS reagent for fluoride analysis
f) NaCl

EXPERIMENTAL PROCEDURE

Different concentrations of NaF solution were prepared (0.5, 1,2,4 and 5

mg/l). 2 mg/l of fluoride was chosen as the concentration that was obtained

after the point of equilibrium was reached. Two types of membranes, NF 70

and TFC-SR were used to reject fluorides at pressures of 10, 15, and 20 bar

using nitrogen gas. Membranes were first soaked in AA water for 1 hour

before they were used so0 as to enhance wetting. The stirred nanofiltration

set-up with the capacity ot 1 / was used to perform the experiment. The first

solution that was collected from the reactor in five minutes interval was

thrown away so as to wash the membrane from impurities. The solute can
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be partly or completely retained while the solvent molecules pass freely

through the membrane. The permeate is usually potable water.

The amount of fluoride left in the permeate and retentate was monitored
using HACH DR/890 colorimeter and SF™NS reagent. Percentage rejection
is given by:

R =c¢s-cp/ee = (1 -¢y/ce ) x 100%

Where c is the solute concentration in the feed, ¢, is the solute concentration

in the permeate, R is the rejection which is the dimensionless parameter.

The water flux with different amount of NaF (solute flux) and pure water

flux (solvent flux) of the membranes was determined. Flux is given by:

J=A(AP-An),
where J is the flux (m*/m?.s), A is the permeability coefficient (m*/m’ s.P),

AP is the driving force (Pa) and A is the osmotic pressure difference (Pa).

The following parameters were also studied using the two membranes: pH,

pressure, salt, and concentration.

Finally, the percentage retention and the water flux of ground water sample

were determined using a better performing membrane (NF 70).

METHODS
The following procedure was followed for both NF 70 and TFC-SR
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1. Effect of pressure on pure water flux (solvent flux)

The membrane was cut then soaked in water for | hour. ..e setup with
water inside was pressurised by nitrogen gas at 10, 15, and 20 bar. After
five minutes, first permeate was discarded so as to wash off the membrane.
In the next five minutes' interval the permeate was collected. The volume

flux of pure water (ml.s.m? bar!) was determined.
2. Effect of NaF concentrations on pure water flux

0.1, 1, 2, 4, and 5 mg/l of NaF solutions were prepared. 1/ of each solution
was added into the membrane reactor. These were pressured (10, 15, and 20
bar) and the permeate was collected after 5 minutes. The flux of the

permeate was determined.
3. Effect of NaF concentration on fluoride rejection

Various concentrations of NaF were used under various pressures. The
solution was filtered and the permeate and retentate were collected.

Percentage rejection was determined.

4. Effect of pH

NaF concentrations of 2 mg/l was used under pressure at various pH of land
4 (acidic), 10 and 12 (basic). Unbuffered solution was also used. The flux

and rejection of the permeate were determined.
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The above graph shows the effect of concentration on flux of the two
membranes. The linear relationship is observed between flux and pressure
irrespective of the concentration of fluoride added. TFC-SR 2 gave the
high solute flux of up to 13.32 Lh™".m™.bar" whereas NF 70 gave the

lowest solute flux of 1.32 Lh' m? bar"

The solute flux of NF 70 1s lower than its pure water flux since NaF
accumulated on the membrane and thus made the passage of water very
difficult. On the other hand, TFC-SR gave larger solute flux and lower
solvent flux since the membrane film dissolved in the solution of NaF

which made it very porous.

NF70 (NaF)
100
X
80 +—¢ x *2ppm
bod a 8 5ppm
60 - - % a1ppm
]
40 L—* B x 4 ppm
8 13 18 23 | x 0.5 ppm
Pressure (bar)

Figure 4.3 the graph of R% versus pressure of NIY 70 at various

concentrations of fluoride.

The lower the concentration of fluoride, the higher the percentage
retention. This was clearly explained by the above graph where the 90 %
of retention was obtained at lower concentrations whereas only 50 %
retention was obtained at the highest concentration.. There is no linear
relationship between percentage retention and pressure because the points
on the graph gave a v-shape. that is, retention increased, then decreased

and finally increased.
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The linear relationship between flux and pressure is observed but the
changes in pH lowered the flux. 1ue highest flux of 3,6 LA™ .m™ bar’
was obtained at the acidic pH (4). The basic pH lowered the flux to even

smaller flux (1.6 Lh™".m “.bar’).

Effect of pH on flux (TFC-SR)

5 &0

T 40 ephl |
g 20 @ ph4
X 04 : aph 10
TE | 10 20 30

x ph12

pressure (bar)

Figure 4.6 The graph of flux versus pressure at various pH and 2 mg/!
NaF (TFC-SR).

From the above graph, it is observed that TFC-SR produced the highest
flux (27 Lh ™" .m Z.bar”) at the higher pH (12 and 10) whereas low pH (1
and 4) reduced the flux (10,88 LA™ .m ~.bar"). In general, this membrane
gave better flux at various pH compared to NF 70. The reason is that the
changes in pH led to the improved porosity of TFC-SR since acids and
bases reacted with the membrane film. The decreased flux of NF 70 is
due to the salts and other chemicals accumulated on the membrane which

made it to be compact.
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1 1iis membrane generally produced poor retentions but with the addition
of mixtures worst results were obtained. The above graph shows that
only 12 % retention was produced. Addition of acid (50 mg/) improved

the retention rather than NaCl.

The efficiency of NF 70 on the fluoride retention at basic medium and

water flux of ground water.

After treatment with NF 70 membrane, the initial concentrations of 4.9
mg/l and 5,4 mg/! fluoride in ground water were able to reduce to 1,9 and
2.2 mg/l respectively. This shows that the membrane is efficient since it
was able to trap more than 50 % fluoride. The water flux of the two

samples was 8,44 Lh” .m?bar’ and 8,29 Lh'.m?bar' (See the table

below).

Village Initial [F] (mg/) | Final [F] (mg/) | Water flux (Lh".mbar’)
Moruleng 5.4 2,2 8,44

(LEROME)

Saulspoort 4.9 1,9 8,29

(BAKGATLHA)

Table 2 .7able of the results on ground water samples.

sISCUSSLO NG ANL CONCLUSIONS

From the results, it 1s clear that NF 70 1s the better membrane for fluoride

removal compared to TEFC-SR. A hnear relationship was obtained for
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both tl "+ __vent flux with pressu ~ NF 70 gave la-~>r wa

(solvent flux), lower solute flux and better retention (up to 90 %) whereas
TFC-SR gave larger solvent flux (fluoride also passed through), lower
water flux and poor retentions of even negative values. This made NF 70
to be a better membrane. Membranes with high water flux and low

solvent flux are good ones since they lead to larger retentions.

Addition of NaCl, HCI, and NaF and changes in pH (1,and 4) decreased
the flux and the retention ability of the two membranes due to the
competition for the binding side that occurs between the ions. The basic
solutions improved retention and it is an advantage because ground water
has some basic salts thus it will not be difficult for one to remove fluoride

in the presence of those ions.

The ground water treatment by NF 70 also showed that it is the best
membrane for fluoride removal.

In conclusion, NF 70 is more preferred membrane due to the following
reasons:

e A better water flux is observed (up to 7,22 Lh'.m™? bar’) for
laboratory water and 8,44 I/h/m*/bar and 8,29 I/h/m*/bar for ground
water samples which falls within the flux range for nanofiltration
membranes (1.4 - 12 Lh'.m ~“.bar’). This membrane performed
better in the absence of acidic media and also in the absence of

mixtures but extremely good in the presence of a base.

e A better retention was obtained (Between 90% and 96 %)).

AATHE

NN
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CHAPTER 5
EVALUATION
5.1 Summary on the defluoridation capacity of the two techniques

used (Membrane and Adsorption).

5.1.1 The membrane technique.

Between the two membranes (TFC-SR and NF 70), NF 70 yielded better
retentions at lower concentrations of fluoride (2 mg/l) and at higher
pressures of 20 bar. Up to 90 % of fluoride was removed from water
using this membrane. Inv 70 also produced better water flux and poor
solute flux. This was an advantage because if lesser amount of solute pass
through the membrane, it means defluoridation is efficient since chances

of obtaining water with less amount of fluorides are high.

On the other hand, TFC-SR was found to be the poorest membrane for
fluoride removal since it yielded only up to 25 % fluoride retentions. The
solute (NaF) reacted with the film of the membrane and hence made the
membrane very porous. Retention decreased because the membrane also

allowed a lot of fluonide ions to pass through.

Based on the finding outlined above. it is clear that NF 70 1s a better

membrane for fluoride removal.
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3.1.2 Adsorption technique

Among the three adsorbents used, activated charcoal proved to be the
better one for fluoride removal, followed by char-wood, and then
charcoal (coal). All the adsorbents performed well under the following
conditions: when a larger mass of 2 g was used, when contact time of 1
hour was used, when a smaller concentration of 2 g was used, and when a
higher temperature of 300°C was used (in case of char-wood and
charcoal). Higher temperatures of 300° did not bring any changes to
activated charcoal since extremely high temperatures (600°) are needed to
activate it. Activated carbon was able to reduce 2 mg// of fluoride to 0,4
mg/l, which is good. Char-wood was able to give 0,7 mg/l whereas

charcoal gave only 1,09 mg/!.

Although activated charcoal was able to remove a larger amount of
fluoride in water, it is better to use char-wood due to its availability.
Since charcoal (coal) is not a good adsorbent, it will be of no use to use it

for defluoridation.
5.2 Conclusions and suggestions

From the two techniques, the membrane technique with the use of NF 70
proved to be the most effective method for defluoridation. This was
shown by the larger retentions obtained for both laboratory waters and

ground water samples. For practical use, this method 1s not suitable since

AYY?

“ MN
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it is expensive and it is not easy to use as one might think (especially if it

has to be used mainly by people in rural areas).

The membranes are not readily available. They are prepared from the
laboratory using a unique support and then coated with expensive
chemicals. If this technique is to be used, the government should be

willing to spend for the sake of the health of the consumers.

Due to the above pitfalls of membrane technique, I would suggest the use
of the batch process by char-wood since the process i1s cheap (very
economical), and it is easy to use with readily available adsorbent. This

method can be adapted at both domestic and community level.

Defluoridation by char-wood can be practically done as follows:

People from rural areas have to be trained as to how to defluoridate water.
At domestic level, wood will be burnt to produce char-wood, then heated
to 300°C (using stoves). Solution mixture of polluted water and char-
wood will then be stirred using any suitable domestic stirrer for a longer
time, and then filtering will follow. Sand can be used as a filter. The
product obtained 1s potable water. The amount of water to be
defluoridated can be « mut 1 by the consun - depending on the size

of the family or consumers.
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At community level, a big tank (big enough to feed the whole village) has

to be filled with water and char-wood, then stirred and filtered. Modern

electronic equipment has to be devised and used for stirring and
filtering. Of course, this can only be possible if enough funds are

available.



APPENDIX 1 ( ADSORPTION PROCESS)

TABLE [.] THE PRESENCE OF FLUORIDE IONS ON THE ADSORBENTS USING 2g OF EACH
ADSORBENT.

Adsorbents Contact Time | Temperature | [F] mg/l
(seconds) (C)
chitosan
60 300 0
Maize cob(red 0,29 and
and white) 60 300 0,55
Activated
charcoal L& 300 0
Charwood
60 300 0
Charcoal(coal)
60 300 0

EFFECT OF MASS OF THE ADSORBENTS ON THE ADSORPTION OF
FLUORIDE IONS.

Table 1.2 Effect of mass of activated charcoal on the adsorption of fluoride ions
using 2 mg/1 of NaF solution.

Mass (g) | Contact time | Temperature [F] left after
(sec) ‘c) adsorption
(mg/))
0,5
60 300 1,09
1
60 300 0,9
2
60 300 0,44

#
i



Table 1.3 The effect of mass of charwood on the adsorption of fluoride ions

using 2 mg/l of NaF solution.

Contact time | Temperature [F] solution
Mass(g) | (seconds) (°C) after
adsorption
mg/l)
0,5
60 300 1,4
|
60 300 1,1
2
60 300 0,74

Table 1.4 Effect of mass of charcoal on the adsorption of fluoride ions using 2

mg/l of NaF solution.

[F}] left after
Mass (g) | Contact time Temperature(0 adsorption
(seconds) C) (mg/l)
0,5
60 300 1,7
(1
60 300 1,4
2
60 300 1,07
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EFFECT OF TEMPERATURE OF ADSORBENTS ON ADSORPTION OF

FLUORIDE ION.

Table 1.5 The effect of temperature of activated charcoal on the adsorption of

fluoride ions using 2 mg/l of NaF solution.

Table 1.6 Effect of temperature of charwood on the adsorption of fluoride ion

[F] left after
Mass (g) | Temperature | Contact time adsorption
(°C) (seconds) (mg/l)
2
100 60 0,39
2
200 60 0,39
2
L 300 60 0,4

using 2 mg// of NaF solution.

Contact time | Temperature [F] left after
Mass (g) ( seconds) ‘0) adsorption
(mg/)
2
60 100 1.01
2
60 200 0,78
2
60 300 0,54
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Table 1.7 The effect of temperature of charcoal on the adsorption of fluoride ions
with 2 mg/l NaF solution.

Mass (g) Contact time | Temperature [F] left after
(seconds) (‘C) adsorption
(mg/l)
2
60 100 1,01
2
60 200 0,9
2
60 300 0,7

EFFECT OF CONTACT TIME OF ADSORBENT AND FLUORIDE ON

ADSORPTION.

Table 1.8 Effect of contact time of activated charcoal and fluoride on adsorption of

fluoride ions using 2 mg/l of NaF solution.

Contact time

Temperature ("C)

[ 1] tett after

Mass (g) (seconds) adsorption ( mg/l)
2
20 300 1,67
2
40 90 0,63
2
60 300 0,44

Table 1.9 Effect of contact time of charwood and 2 mg/l of NaF on the adsorption

of fluoride ions.

[F] left after
Mass (g) Contact time Temperature ("C) | adsorption(mg//
(seconds) )
2
20 300 1,78
2
40 oo 1,5
2
60 300 0,74
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Table 1.10 Effect of contact time of charcoal and 2 mg/l of NaF on adsorption of

fluoride ions.

[F] left after
Mass (g) Contact time Temperature (°C) | adsorption(mg//
(seconds) )
2
20 300 1,91
2
40 300 1,7
2
60 300 1,07

EFFECT OF CONCENTRATION OF NaF SOLUTION ON ADSORPTION OF

FLUORIDE IONS.

Table 1.11 Effect of concentration on adsorption using 2 g of activated charcoal.

Temperature ("C) | Contact [F] before [F] after
time(seconds) adsorption(mg//) | adsorption(mg/l
300
60 2 0,44
300
60 4 0,7
300
60 6 1,5
300
10 1,89
60 _

Table 1.12 Effect of concentration of fluoride on adsorption using 2 g of charwood.

Temperature ("C) | Contact time [F] before [F] after
(seconds) adsorption (mg/l) | adsorption
(mg/)
300 |
Uy !
B 60 4 1099
300
60 0 1.6
300
60 10 1,92




Table 1.13 Ef
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t of concentration of fluoride on adsorption using g charcoal

(coal).
Temperature ("C) | Contact Time |F[ before [F] after
(Minutes) adsorption (mg/l) | adsorption(mg/l)
300
60 2 1,07
300
60 4 1,5
300
60 0 1,8
300
A0 10 1,96

EFFECT OF pH ON ADSORPTION

Table 1.14 Effect of pH on adsorption of 2 g of activated carbon and 2

mg/l NaF

Temperature( °C) | Contact time pH [F] after adsorption (mg/l)
(minutes)

300 60 1 1.9

300 60 4 1.7

300 60 10 1.5

300 60 12 1.46

Table 1.15 Effect of PH on adsorption of 2 g of charwood and 2 mg/l

NaF

Temperature ('C) | Contact time ph [F] left after adsorption
(minutes) (mg/l)

300 60 l 1,93

300 60 o 1,75

300 60 L 10 1,56

00 60 2 1,49
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Table 1,16 The effect of ph on adsorption of 2 g of charcoal and 2 mg/l

NaF

Temperature ("C) | Contact time ph [F] left after adsorption
(minutes) (mg/1)

300 60 I 1,98 ]

300 60 4 1,87

300 60 10 1,77

300 60 12 1,63

APPENDIX 2

MEMBRANE PROCESSES.

Table 2.1 Pure water flux of NF 70 and TFC-SR 2 membranes.

Membrane Type | Pressure (bar) | Solvent Flux
‘I/m’/h/bar)

NF 70 10 6,228

15 9,22

20 13,68

10 7,59 o
TFC-SR 2

1S 8,17

20 8,57
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Table 2.2 Effect of NaF concentration on flux of NF 70 and TFC-SR 2 using 2
mg/l of NaF.

Membrane Type Pressure (bar) Solute flux
(/m’./h/bar)

NF 70 10 1,334
15 1,991
20 2,675
TFC-SR 2 10 10,83
15 16,85

20 23,29




Table 2.3 The effect of NaF concentration cn Retention of fluoride using NF 70

membrane.

Initial [F] /mg/l | Pressure(bar) | Retention (%)
0,5
10 77,32
15 80
20 90,91
10 80,65
1
15 74
20 73
2 10 74
135 61,4
B 20 70,09
4
10 30
15 46,12
20 53,42
5 10 47,92
15 45,1
20 50
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Table 2.4 The effect of concentration of NaF on Retention of fluoride using TFC-

SR 2 membrane.

Concentration(mg/l) | Pressure(bar) Retention(%)
10 26,7

0,5
15 25,9
20 25
10 18,4

1
1S 16,1
20 18,9
10 6,4

2
15 9,2
20 16,81
10 7,5

4
15 7,55
20 10,66
10 5

S
15 4,1
20 7,8




Table 25 The effect of pH on flux of NF 70 membrane.

Pressure(bar) pH Flux
(m’/llvbar)

10 3,564
1

15 5,004

20 6,48

10 3,53
4

15 5,08

20 6,91

10 3,71
10

15 15,54

20 7,52

10 3,13
12

15 4,82

20 6,12
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Table 2.6 Effect of pH on flux of TFC-SR 2

pH Flux

Pracessmalhas (1l /b /hos)
10 S 15,8

15 1 22,97

20 31,32

10 1y

15 4 17,78

20 23,25

10 20.84

15 10 29,30

20 43,81

10 22,28

15 12 36,94

20 48,71
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Table 2.7 Effect of pH on Retention using NF 70 membrane and 2 mg/1 of NaF

solution.
Pressure(bar) pH Retention(%)
10 -1,2
|
5 1,4
20 4,7
10 38,97
15 4 46,1
20 47,8
10 0
15 10 95,5
20 94,6
10 91,9
12
15 0
20 0
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Table 2.9 Effect of 2 mg/l of NaF and mixtures (NaCl and HCl) on Retention

using NF 70 membrane.

Pressure(bar) | Mixtures (mg/) Retention (%)
10 19.1
15 50 mg/l NaCl 16,6
20 14,6
10 2,25
15 35 mg/l NaCl + 15 2,3
mg/l HCI
20 0
10 5,81
25 mg/l HCI + 25 mg/l
15 NaCl 0,63
20 2,6
10 2,5
15 50 mg/l HCI -9.1
20 -7,8
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Table 2.10 The effect of 2 mg/i of NaF and mixtures (NaCl and HCl) on

Retention using TFC-SR 2 membrane.

Pressure(ba | Mixtures (mg//) Retention (%)
r)
10 -11.3
15 50 mg/l NaCl -12,5
20 -3,2
10 0

35 mg/l NaCl + 15 mg/l HCI
15 -3,6
20 -2,4
10 4,9
15 2S mg/l 7”1 + 25 mg/l NaCl | 4,8
20 £S5
10 6,5
1S 50 mg/l HCI 12,02
20 -1,3
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