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Abstract

The problem of fluoride removal from drinking water is an urgent task for many regions of the
world. Therefore, this study was initiated to develop polyacrylamide modified diatomite powder
for the effective removal of fluoride. Batch scale adsorptive removal was performed as a
function of solution pH, contact time, initial fluoride concentration, and agitation speed at room
temperature. Results of the study revealed that 93.2 mg/g maximum adsorption capacity was
obtained using polyacrylamide modified diatomite at optimal conditions of solution pH 4.0,
contact time 1h, adsorbent dose of 1 g/L, when evaluated from initial fluoride concentration
variation data. It was found that the Langmuir isotherm model better fitted to the experimental
data, indicating monolayer adsorption of fluoride upon the adsorbent. Polyacrylamide modified
diatomite was found to be a promising material for the removal of fluoride from fluoride bearing

water.

Keywords: Diatomite powder, Polyacrylamide, Adsorption capacity, fluoride removal, water
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Chapter one
1.1 Background

Fluorine is not found as a free element in nature due to its reactivity with other minerals, and the
most common form of minerals of fluoride occurrence are as fluorspar, cryolite, fluorapatite, and
sellaite (MgF,)*. Naturally, fluoride comes from water when minerals such as fluorite CaF,,
cryolite NasAlFs and fluorapatite Cas(PO4)sF dissolved in water. A little amount of fluoride is

vital for human organisms, and high concentration is toxic °.

Fluoride is existing in all water sources on the surface water with different level from minimally
detectable to and high concentrations. About 60% of Pakistan, the African area, Thailand, China,
and Sri Lanka are more exposed to fluoride in the water sources. Less than one-half per cent of
U.S. residents which are depending on the community water system for drinking exposed to
about 2 ppm, while one-tenth of 1% exceeds 4 ppm. But in Colorado reported the highest level
of fluoride ranging from 2 to 13.7 ppm fluoride 3. Basically, elevated concentrations of fluoride

are common when conditions mainly in calcium-poor aquifers.

Fluoride concentration is often low in the range of ppm, but fluoride absorbed rapidly and
distributed by systematic circulation into intracellular and extracellular water of tissues;
moreover about 90% of fluoride absorbed its burden the boy since it will be taken in bones and
teeth. Blood plasma reflects the concentration of the fluoride to entire soft tissues and organs *.
The regular water consumption can enable us to estimate the fluoride concentration per litre and
led to the determination of the intake concentration of fluoride by mankind 2. Fluoride intake via
drinking water in small amounts (0.5-1.5 mg/L) is vital in preventing dental cares. Fluoride at
higher concentrations (~ > 1.5 mg/L), fluoride causes dental to skeletal fluorosis. It is estimated
that about 200 million people, from 25 countries worldwide, including Ethiopia, suffer from
fluorosis due to fluoride contamination °. Consequently, guideline for fluoride consumption in
water is set by the World Health Organization (WHQO) as MCL of 1.5 mg/L, which gives rooms
for international standards on drinking water suggested for human health; likewise in the United
States, the Environmental Protection Agency (EPA) gives high indulgent to upgrade the drinking
water standard with respect to WHO 2. The Safe Drinking Water Act (SDWA) designated the

Environmental Protection Agency (EPA) to be an agency responsible safe level of drinking
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water through the regulation setting for controlling the quality of drinking water. The SDWA
defines any physical, chemical, biological or radiological substances in drinking water as

“contaminations” regardless of its effect on human health .

There are many techniques used for fluoride determination in water including ion elective
electrode, Colorimetric technique, Uv-Vis technique, Fluorescence Technique, Carbon Dots
technique, and Back titration technique °. In this finding the residue of fluoride was determined
via back titration provides simple, low-cost, rapid and availability; the detection limit for the

method is 5 mg/L .

Polyacrylamide PAM is a polymer with acrylamide monomers bonded connected by end to end
configuration; and solid at room temperature. It’s solid only being softened at 220~230 °C and
its solution subjecting to significant degradation only at above 110 °C. Polyacrylamide is
insoluble in organic solvent such as acetone, alcohols, benzene, toluene, xylene, gasoline,
kerosene, diesel fuel, but soluble in water. Polyacrylamide can react with alkaline with partial
hydrolysis of polyacrylamide. It will have imidization reaction in strongly acidic (pH<2.5) which

will reduce its solubility in water.

Polyacrylamide is easily soluble in cold water form transparent adhesive solution. Increasing the
temperature does not affect its solubility and only affects its dissolution when the concentration

is increased to a high viscosity.

Polyacrylamide has a moderate hygroscopic property, if not exposed to position of high
temperatures, the powdered polyacrylamide can subject to long-term storage. The viscosity of
polyacrylamide solution has a linear correlation with its molecular weight; in addition, the higher
the temperature, the lower the viscosity 2.°. The carboxyl group in a long-chain yields anionic
polyacrylamide; the amino group yields cationic version. Because of the existence of amino
group or carboxyl group in the long-chain of polyacrylamide, it is easy for flocculation when

10

encountering aluminum ions Polyacrylamide itself is non-toxic, but if it contains some

monomers which is not polymerized (a double bond), it would be toxic to humans **.
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1.2 Statement of the problem

Adsorption is promising techniques applied for reducing the fluoride concentration in the water,
but it is not the only one available. For reasons being low cost, easier for application etc.,
numbers of the most effective adsorbents are increasing for the last decades. The coagulation and
precipitation are mostly resulting wet sludge difficult in removal and could result on co-existing
ions, which could led to the formation of sludge with a high content of toxic aluminum fluoride
concentration residuals. Membrane filtration is sensitive for fouling, in addition to running
capital is high. lon-exchange more expensive removal technique and ion interfering is another
difficulty facing it, and formation of toxic solid waste involved during the process. Occurrence of
fluoride above the recommended level by the WHO in drinking water should have high attention
in order to reduce health risk introduced by its consumption. Several fluoride removal techniques
are available including adsorption, precipitation, coagulation, ion exchange, filtration,
membrane, electrodialysis, reverse osmosis, and Donnan dialysis. And these methods have good
capacity removal, but are very expensive and not ample in compare to adsorption technique.
Method of water defluoridation is already present, but people still are looking for low-cost and
available adsorbents with high removal capacity. If adsorbents are wisely selected adsorption
could be the preferred option in developing countries to remove fluoride from water. Since
polyacrylamide has no report of toxicity and it possess amide group which is easily can be
converted to positive surface in acidic medium, it became a better modifier for removal of

negative species from water including fluoride.
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1.3 Objectives

1.3.1 General objective

To prepare polyacrylamide (PAM) modified diatomite for the adsorptive removal of fluoride

from water

1.3.2 Specific objective

= To prepare modified diatomite using PAMs for adsorption

= To investigate the adsorption capacity of the adsorbent for fluoride removal

= To optimize adsorption influencing parameters including pH, contact time, and concentration
variation.

1.3.3 The significance of the study

This study will enable effective removal of fluoride from water. In addition to that, the method
will encourage others to scale up to support studies. The method will open a chance for other
researchers in acquiring information on modifying the surface of adsorbents for adsorption via

the formation of homogeneous mixture ways.

1.3.4 Scope of the study
The scope of the study was acquiring idea about modification of diatomite surface by
polyacrylamide for removal of fluoride from water at room temperature where the optimal time,

pH, and adsorbent dose had been figure out.
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Chapter 2

2. Literature Review

2.1 Natural existence of fluoride ion

Volcanic rocks and Precambrian rocks are the most suppliers of fluoride in the nature *2.

Fluoride form about 0.08% of the earth’s crust exists in form of minerals, geochemical deposits
and it enters the food chains via drinking water, consumption and cereals. Fluoride concentration
snake into water physically while degradation of fluoride present in the rocks . The large
content of fluoride is found in alkali metals rocks rather than volcanic rocks. In water the
concentration of fluoride range between 0.01 to 0.03 mg/L; but human exposure to fluoride differ
from place to another geographically and frequent consumption of human to fluoride comes

through water intake 2.

Health effects related to excessive fluoride consumption had been reported on the population
around Rift Valley areas™. There is definite proof that fluoride has a main consequence on
demineralization and remineralization of dental hard tissue, and it's hinder because of acid
production from cariogenic bacteria™. The core of successful therapy is by dissolving the
fluoride. Fluoride source is their fluorapatite or precipitate calcium fluoride, which is not
dissolving rapidly such are other studies reported. The calcium fluoride coated at neutral pH by
pellicle proteins and the main reason for this phosphate, at lower pH value dissolution of calcium

fluoride, occurs and the coating disappears *>*°.

Fluoride can be both essential and toxic depend and its presence on food content 3. According to
WHO, it is not advisable to consume more than 1.5 mg/L from drinking water.

Several fluoride removal techniques are available including adsorption, precipitation,
coagulation, ion exchange, filtration, membrane, electrodialysis, reverse osmosis, and Donnan
dialysis *”. At these times there is no adsorbent specified for removal of certain toxic minerals
from water, and most of the researchers are looking for an optimal combination of different
adsorbents in every situation. Enhancing the surface of adsorbents, it increases its adsorption

properties to show batter adsorption capacity 2.

All agriculture by-product adsorbent required modification before using it as an adsorbent. They

must undergo pretreatment in order to prevent high chemical oxygen demand, and biological
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demand, organic soluble materials release by plant biomass and increase adsorption efficiency.
Both of socio-culture acceptance and religion restrictions are account as one of the major factors

which hindered the application of other adsorbents especially bone char.
2.2 Toxicity of fluoride

Fluoride toxicity exists either naturally or anthropogenic *°. The Rift Valley area in Ethiopia is
facing the serious medical problem concerning dental and fluorosis; which arise due to the

consumption of drinking water obtained from drilling wells ** .

Naturally, the groundwater
reported a high concentration of fluoride; especially when it used for household consumptions;
since most of the area depends on the direct intake of the groundwater which possesses a high
content of fluoride, their exposure to such amount of fluoride for a period may be led to health

problem 2,

Fluoride can be considered as an essential mineral in the range of low consumption. However,
when fluoride > 1.5 mg/L in drinking water could cause dental as well as skeletal fluorosis, some
report are indicated below in table 1 and figure. The United States of America, Africa and Asia
recorded high fluoride concentration on groundwater more than 30 mg/L. A large number of
people in the worldwide consumes more the 1.0 mg/L fluoride from drinking water; but most of
them are living in the tropical countries, whereby they are facing the worse problem as a result of
hot climate *°. Fluorosis is predominant in more than 20 developed and developing nations; and
When fluoride consumed in surplus, it results to some diseases such as osteoporosis, arthritis,
brittle bones, cancer, infertility in women, male sterility, brain damage, Alzheimer syndrome,

and thyroid disorder 2.

Table 1: Influence of fluoride concentration on human health *® 2

Fluoride concentration in mg/L ~ Health effects

<05 Dental Carries
[F7]105-15 Optimum dental health
15-4 Dental fluorosis

4.0-10 Dental and skeletal fluorosis
> 10 Crippling fluorosis
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Dental fluorosis Skeletal fluorosis
Figure 1 showing dental and skeletal fluorosis
2.3 Removal of fluoride

A fluoride removal methods generally have two main subdivision, and they are membrane and
adsorption'™. There are several types of adsorption techniques used for removal of fluoride from
water, such as precipitation — coagulation, membrane-based process, ion-exchange techniques,
and in addition to adsorption; which is more appreciated techniques due to its economic status
and simplicity action. Also it renders high efficiency, easy accessibility, environmental

benignity, and since adsorbents characterized by the recycled principle %.
2.3.1 Removal of fluoride via modification of adsorbents

Different solid materials are used as adsorbent for removal of fluoride by either ion-exchange or
surface reaction; meanwhile the adsorbent can be assessed through its adsorption capacity in
dilute solutions; a pH and time are necessary for fluoride removal, stability, regeneration
capacity, possible interferences with other ions, and especially, cost and accessibility .
Normally the adsorption of fluoride on the solid surface pass through some stages, and it can be

summarized as flows

= Transport of a fluoride ion on a solid surface from bulky solution medium through an ambient
film, and is called external mass transfer
= Fluoride ion adsorb on the surface
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= Exchange of particles between adsorbent with respect to the chemistry of the solid surface and
transfer of adsorbed fluoride ion are called internal surface for absorbent materials

(intraparticle diffusion)

And these are the theories observed during the adsorption process™. The prices of organic
polymers used in carbon modified adsorbents can be considered one of the most insignificant
remakes for modification of the adsorbents. but still there are my input such as lower dosages,
filter backwash saving, reduced filter loading, increase turbidity removal and reduced sludge

might counterbalance the whole price in favor of organic polymers in the long run .
2.4 Polyacrylamides

Polymers are widely applied for water purification for more than four decades. It gives lower
coagulant, less volume of sludge and it raises uptake of ions from water figure 2 below showing
train of polyacrylamide with both tail and loops. Also, polymers improved the reduction of
aluminum when applied for water treatments; furthermore, it enhances the ability of low settling

flocs at low-temperature coagulation or treatment of soft colored water 2°.

Treatments of raw water always accompany with some physiochemical process, such
coagulation and flocculation of suspended solids containing sludge. The cationic polymers are
mainly and mostly contained ammonium group with a formal positive charge regardless of pH,
and they are called strong electrolytes polymers **. While if the electrolyte acquires cationic

properties in acidic media it said to be weak electrolytes polymers.

Tail

Figre 2 polyacylamide
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A cationic polyacrylamide ranging from 10 — 80 % roughly is hydrolyzed from ester group,
where it results in loss of cationic charge with respect to pH, it the particle surface has an affinity
to polymer segments. And the affinity between the surface site needed and polymer segment are
recommended not to be great, according to different points of attachment %°.

2.4.1 Cationic polyacrylamides

The cationic polyacrylamide (CPAM) possesses higher molecular weight, and higher stability
property; with a wide range of application in water treatment, especially in flocculation.

Furthermore, it increases adsorption capacity and bridge for suspending species 2’.

A copolymers of acrylamide and the cationic ester acryloyloxyethyltrimethyl-ammonium
chloride, are broadly used in the water industry’® 2°. The methacrylate analogue is also

commercially available %.
2.5 Diatomite

Diatomite is a biochemical sedimentary rock 2. It deposits from an accumulation in oceans or
fresh waters of amorphous silica (opal, SiO,. nH,O) cell wal of dead diatoms that are
microscopic single-cell aquatic plant (algae). And diatomite rock is a loose, earthy or loosely
cemented porous and lightweight rock of sedimentary origin, mainly formed by fragments of
armor (skeletons) of diatom algae ?°. Diatomite Composed mainly of the skeletons of a very
common type of marine plankton - diatoms. Diatoms are tiny plants that float near the ocean
surface ¥. Because of porosity and high surface area, diatomite is highly sorbent and is very
useful in the clean-up of leaks in the automotive, industrial, janitorial and waste remediation

industries 3.

The method for modification of the diatomite surface features are many, and on depend on its
applications. HCI is used for modification of diatomite surface in order to be used for as filter
support. The surface will be unsafe when OH group removed from diatomite surface area.
Sodium hydroxide NaOH and manganese oxide MnO; are used to improve adsorption capacity
of diatomite surface for removal of heavy metals such as Pb®*, Cu?* and Cd** from wastewater.
Diatomite powder possesses high sorption capacity because it has large surface area and low
bulking value. Typical diatomite composed of 80% to 90% SiO,, alumia 2% to 4%, and
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hematite 0.5% to 2%, with an analytical ignition loss of 4% to 6%. The high quality diatomite
contained about 94% sililca because it is inert to the most chemical reaction and is resistant to

very high temperature .
2.6 lon exchange

Commonly the adsorption of the organic substance onto carbonaceous substance accompany
with heat-releasing; and isotherms of fluoride ion onto bone char BC measured at varies
temperature 283, 297, and 313 K respectively and the results show that as the temperature
increases the adsorption amount increase. And this tells us that the adsorption of fluoride ion on
the bone char is an endothermic reaction whereby the phosphate ions on the bone char exchange

with fluoride ion %,

In the water treatment ions exchange resins used to the most popular procedures for softening the
water source by exchanging sodium ions for hardness ions in addition to calcium and
magnesium. Through the ion-exchange the common presentations in the water will target, such
as fluoride and other ions; calcium ion can be used as selective ions for removal of fluoride.
Calcium act as strong acid cation — exchange resin and it form the insoluble compound with
fluoride ion in water with the window ranged from low to high concentrations. The remarkable
challenge in ion-exchange is the formation of a highly concentrated waste by-product stream that

presence as a removal problem 3.
2.6.1 Influence of pH value

The pH, anions, concentrations, and intrinsic binding affinities have both direct and indirect
influence on fluoride reaction with the positive ions %%, In equation | pH-value plots as a function
of titrant addition, obtained in acid-base titrations, it appears that it can be adequate to solve the
pH as

pH—pH,

PHcal
Where ef is an empirical parameter and has a relation with the inverse of cell efficiency, is

Function of volume H¢or = pH + ef |

empirical calibration pH and pHcr is the corrected pH from potential systematic error to achieve
100% cell efficiency at 25°C *°.
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The fluoride before the formation of precipitation range from 4.5 to 10.1, and it can be adjusted
with a buffer solution; the fluoride precipitation is slow and incomplete at low pH and it formed
large crystal at about pH = 11. Co-precipitation can exist in null alcohol and excess of an acid or
alkali before precipitation pH = 6.5 and after precipitation pH = 4.0 .

A very low quantity of CaF, precipitation is forming in the short-term application of neutral
fluoride, and huge quantity exists when enamel change by initial caries lesions; which means the
formation of CaF, increases as pH of the fluoride solution decrease, calcium fluoride form
merely at 300 ppm fluoride concentration when the pH is adjusted to neutral. Spontaneously
formation of calcium fluoride precipitation can occur on pH 5 where fluoride concentration is
about 100 ppm *.

At the pH 4.6, 7.0, and 9.2 fluoride exhibit isotherms adsorption on the BC at 293 K; the
quantity of fluoride adsorbed increased with a decrease on pH value, which means phosphate ion
can easily yield to fluoride ion at lower pH value because phosphate ion is more dissociated in al
lower pH solution. In sequence, the solubility of calcium fluoride and calcium phosphates are 2.5
mg/100 mL and 1.7 mg/100 mL which means that calcium fluoride is more stable than calcium

phosphate, and decreasing on pH of solution enhance the solubility of calcium phosphate **.
2.6.2 Influence of other anions on fluoride precipitation

The Anions such as sulfate, nitrate, carbonate, chloride, bicarbonate, and phosphate effects
adsorption of fluoride ion because they contain the same negative such as fluoride ions, and they

exhibit amendment of their electrostatic charge at the solid surface %,

The existence of other anions such as CI~, SO, and NO;~ has no influence on fluoride removal
but carbonate bicarbonate HCO3; effects because it increases the pH where it decreases the
precipitation > ®. The fluoride removal shows that it increases with decreasing the pH in
governor for PO;~ influence. The influence of decrease on pH for the phosphate while fluoride

removal by illustrating by this equation

PO}~ + Ht——» HPO; + Hi——nu—3 H,P0; Equation Il

The phosphate concentration in the aqueous solution decrease by the above equations.
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In the equation Il the result of the decrease in pH below 11; whereby almost all PO;~ will be
converted or if there any traces its impact will not be significant on fluoride removal. At the pH

< 1.6 CaF, precipitation is not affected by the presence of phosphate ion *°. The charge ratio
radius % is the reliability of the co-existing anions the affects fluoride selectivity at the removal

process PO,> (3/2.38) > SO,% (2/2.30) > F (1/1.33) > HCO3 (1/1.56) > NOs~ (1/1.79) > CI’
(1/1.81) the phosphate is much greater than other anions; this enables phosphate to influence in
reaction of calcium with fluoride ions, but bicarbonate is almost similar to fluoride which makes
bicarbonate more fit to form a compound with calcium ion. The large radius of sulphate makes it

have no significant effect on fluoride removal % “°.

At the high pH, OH displaced F from the solid and fluoride ions changed to complexes;

fluoride concentration increased in with decreased of pH **.

A nano-filtration process for removal of fluoride from water has some limitation, which is
reported below on table 2, such pH, co-existing ions interferes, cost, ...etc. which many hinder

removal of fluoride from water.
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Table 2: showing Some Studies on a nano-filtration process for removal of fluoride *3

Outcome Remark
= Nano hydroxide chitin composite = Presence of co-anion effects fluoride
possesses higher adsorption capacity of  removal

2840 mg/F/kg than nanohydroxyapatite
which showed removal capacity of 296
mg/F/kg
= Coated granules with a coating amount of
27.5% had a fluoride adsorption capacity of
2.22/gatpH 7
= Fluoride removal effected by phosphate
ion. Fluoride removal happened through
isomorphic substitution of fluoride in
brucite
= The adsorbent has a high affinity for
fluoride and adsorption is rapid
removal

= Effective in fluoride removal,

capacity is 68 mg/g

= The tightness of membrane plays a major

role in removal efficiency

2.6.3 Adsorption isotherm

= |t works at neutral pH, no need for pH
adjustment

=Cost effective recovery of material
Improvement in the fluoride adsorption

capacity

= Adsorption depends upon temperature pH,
adsorbent dose

=Due to super magnetic and magnetization
property
treatment is easy

removal of adsorbent after
= The effect of pH on the removal rate is low.
The promising technique, based on results

technical device can be designed

The method of Adsorption is regularly studied through graphs know as adsorption isotherm. It is
the graph between the concentration of adsorbate adsorbed on the surface of adsorbent and
pressure at constant temperature 2. There are many types of adsorption isotherms such as

Freundlich, and Langmuir.

In the process of adsorption, adsorbate gets adsorbed on adsorbent.

gdsorgtiog

adsorbate + adsorbent =
desorption

Adsorption
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Representation of Le-Chatelier principle, the direction of equilibrium would shift in that

direction where the stress can be relieved.

4 Adsorption Isotherm

e ————

P——’ps
Figure 3: Adsorption Langmuir Isotherm model.
From the graph, we can predict that after saturation pressure Ps, adsorption does not occur

anymore. This can be explained by the fact that there are limited numbers of vacancies on the

surface of the adsorbent®,
In 1909, the equation 111 Freundlich gave an empirical expression demonstrating the isothermal
variation of adsorption of an amount of gas adsorbed by unit mass of solid adsorbent with

pressure

Where x is the mass of the gas adsorbed on mass m of the adsorbent at pressure p and k, n are

constants whose values depend upon adsorbent and gas at particular temperature **.

In 1916 Langmuir proposed another Adsorption Isotherm known as Langmuir Adsorption
isotherm. This isotherm was based on different assumptions one of which is that dynamic

equilibrium exists between adsorbed gaseous molecules and the free gaseous molecules *°.

A linear form of the Langmuir equation can be expressed as in equation 1V
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Where ¢, is the quantity of fluoride ion adsorbed (mg/g), C. is the equilibrium concentration of
the adsorbate (mg/L), and g, and b, are Langmuir constants related to the maximum adsorption

capacity (mg/g) and energy of adsorption (L/mg)

The adsorption obeys the Langmuir equation since %Vs C, become straight-line and

ql is the slope where

e qmbL

is the intercept.

The Langmuir equation V provides information about number of active sites at homogenous
distributed surface of adsorbents. The interaction between the adsorbed molecules when the

affinity is similar for mono molecular layer

Where R; value is type of adsorption either unfavorable if (R, > 1), linear if (R, = 1),

favorable when (O<R;<1), and irreversible when (R, = 0).

The Freundlich isotherm model equation VI relates to adsorption on heterogeneous surfaces
where interactions between the adsorbed molecules occur, and is not limited to the formation of a
monolayer. The model assumes that when the adsorbate concentration increased with increased

of adsorbate on adsorbent surface.

loglogq, = log Ky + %logce ................................ VI
Where g is the quantity adsorbed at equilibrium (mg/g), K+ is the Freundlich constant, 1/n is the

heterogeneity factor which is associated to the capacity and intensity of the adsorption, and Ce is
the equilibrium concentration (mg/L). The values of K ¢ and 1/n can be obtained from the slope
and intercept of the plot of log ge against log Ce .Value of 1/n ranges from 0 to 1 and the closer

this value to zero, the more heterogeneous the adsorbent surface.
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Chapter 3

3. Material and Methods

3.1 Chemical and materials

Reagents NaF (98%, Finkem, Italy) analytical grade for standard and working fluoride solution
preparation, NaCl, acrylamide and hydrogen peroxide, Mohar’s Salt (BDH chemicals Ltd,
England) and, NaOH (Labmerk chemicals, India) and HCI (Riedel-De Haen, Germany), and
methanol alcohol were used throughout the experiment. A stock solution of fluoride (0.05 M)
was prepared, and the stability of the stock solution was maintained by keeping it in the
refrigerator during the experiment. Distilled water was used for the preparation of all solution
and dilution series. And 0.05 stock solution disodium EDTA salt (Chemika, Mumbai) and 1M
stock of Calcium chloride dihydrate was prepared. Working standard solutions of lower
concentration for the whole was prepared by dilution method. Whatman filter paper (grade 1 and

size 8.5 cm); from Whatman International Ltd was applied for filtration.
3.2 Solution preparation

A stock solution of 1000 mg/L F was prepared by dissolving 2.21 g of NaF (98%, Finkem, Italy)
in distilled water and stored with Polyethylene plastic bottles. Calibration standards were
prepared from 1000 mg/L F stock solution. 14.7 g of CaCl,. 2H,0 was used for the preparation
of 1M in 100 mL as well as 9.3 g of disodium EDTA salt (Chemika, Mumbai) was dissolved in
500 mL to prepare 0.05 M. Working solutions of F~ was prepared by diluting the stock solution
prior to each experiment. The applicability of the adsorbent was investigated for various
parameters under batch adsorption. Fluoride residue at each sample was determined using back
titration and EDTA was used as a suitable titrant for the excess calcium added.

3.3 Preparation of PAM

Polymerization of acrylamide with a redox system in aqueous solution; about 10 g of acrylamide
was dissolved in a beaker containing 50 mL of distilled water. And the beaker start getting cold
when acrylamide dissolved; then 0.08 g of Mohr’s salt (Ferrous ammonium sulfate FeSO4.7H,0)
is added to the beaker containing acrylamide solution and the mixture was stirred tilled it is

homogenized. During the stirring, about 5 mL of H,0, is added to the solution and stirred for 2
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minutes; H,O, oxidized the ferrous ions to Ferric (Fe**) ions which cause the solution to have a
rusty color. The reaction produces OH' radical which initiate the polymerization reaction of
acrylamide. After 30 minutes about five drops of concentrated hydrochloric acid were added.

Finally adequate amount of methanol was added to precipitate the polyacrylamide *°.
3.4 modified diatomite

About 40 g of powder diatomaceous earth acid washed filter aid (Northampton, U.K) was mixed
gently with 6 g of freshly prepared polyacrylamide for 30 minutes till homogeneous paste was
obtained. And the diatomaceous and polyacrylamide percentage was 87:13. The paste was dried
in air at room temperature for a duration of 3 days till all water particle escaped from the mixture

paste’’. A dried pate has been powdered and used as an adsorbent for fluoride removal.
3.4.1 Characterization of adsorbents

The prepared PAM modified diatomite adsorbent has been characterized by Fourier Transforms
Infrared (FTIR) spectroscopy. Both used and unused adsorbents has dried; then packed in a very
thin film and introduced to the FTIR analyzer.

3.5 Batch adsorption

A batch adsorption experiments were carried out in 50 cm® high-density polyethylene (HDPE)
bottles. The sorbent was added to the solution in the bottles, and proper shaking was achieved for
the mixture at 150 rpm and 25 °C for duration 60 minutes. The aqueous phase was separated
from the sorbent through filtration. The filtered sample was analyzed for fluoride through back
titration. Triplicate batch adsorption was performed at room temperature. The fluoride uptake

capacity was calculated as in equation VII:

— (Co_ Ce)
= = XV VI

Where q is adsorbed fluoride (mg/g), while C, and C,, are the initial and equilibrium

concentration of fluoride in the solution (mg/L), respectively, V is the solution volume (L), and

m is the adsorbent dosage (Q).

The removal per cent (%) of fluoride was be calculated using the following equation VIII:
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Removal (%) = w X100 ..cceeeieieinnnnnn.. VIII
Doses of 1 g of sorbent were used for investigating the effects of sorbent dosage and the fluoride

initial concentration “8,
3.6 Isothermal

Adsorption data described broadly by using Langmuir and Freundlich adsorption isothermal
models. The equation 1X shouws Langmuir model depends on the assumption of maximum
uptake on a saturated monolayer of analyte molecules presences on the adsorbent surface;
adsorbate molecules were not migrated since the energy of adsorption remains fixed. The uptake
always occurs at constant and restricted sites; where lateral interaction and steric hindrances

involved in adsorbed molecules; the Langmuir isothermal model equation as follows “.

Where ¢, is the amount of fluoride removed from solution (mg/g); C, is an initial concentration
of fluoride in solution before mixing with adsorbent (mg/L); Ceq is the equilibrium

concentration of fluoride left in the solution after the experiment (mg/L); V is the solution

volume (L), and W is weight of the adsorbent in (g).
3.7 Effects of parameters

3.7.1 Effect of contact time

The effect of contact time on adsorption was studied to find the equilibrium time. Removal
capacities are increased with increasing contact time until the state of equilibrium is reached. A
pre-trial experiment has been performed until 24 h before the actual experiment to estimate the
equilibrium time.

3.7.2 The Chemical Kinetics

Pseudo —First order Kinetic Model

The uptake of amount of solute per mass of sorbent (mg/g) at any time, and equilibrium
respectively, and kj is the rate constant for the first-order sorption in 1/min. The intercept

obtained from a plot of (ge — q;) versus t gives log (qge) as slope and intercept ki/2.303 as in
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equation X *°. Later from the capacity (qe) of adsorbent at equilibrium and first-order sorption

rate constant (k1) was evaluated from the slope and intercept.

k
log(q. — q;) = log(q.) — 2.3;3 eeenererernenesasnnnns X

Pseudo-Second order Kinetic model

Since the adsorption follow Langmuir equation, the has represented by equation XI

t 1 1

ac keqe? | “qe

The initial rate was figure out by the equation XII
h = k,q.*
Where k; is the rate constant, and g is the fluoride adsorbed at any time t *.

3.7.3 Effect of pH

The initial pH (pH 2.5 — 10.2) of the solution was optimized as to which pH provide efficient
removal of contaminants. The favorite solutions for all runs were prepared by dilution of stock
solutions at medium pH of 5.5. The solution pH was adjusted by adding buffers. Prior to each
viral experiment *°.

3.7.4 Concentration variation

About seven serial diluted solutions were prepared for the batch concentration variation study.
The concentrations of fluoride started from 50 mg/L to 1000 mg/L where selected to saturate
saturated ' and with fixing of some other parameters. Back titration was used for measuring

fluoride concentration in the residuals after each sample has been filtered.

3.7.5 Desorption study

The adsorbent capacity was determined through adsorption dose. The amount of adsorbent was
varied from smaller weight to the highest weight per liter of solution. Both treated and untreated
diatomite were examined for fluoride removal under various parameters. As the mass transfer
increase, adsorbent dose decrease with respect to ion mobility and it reflect the capacity of the
surface area toward binding with the fluoride ion °2. The adsorbent dose was studied in the
ranges of: 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2, 3.0, 5.0, 6.0, and 10 g/L.
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Chapter 4

4. Results and Discussion

In this finding, a polymerization, batch adsorption removal, and back titration experiment were
carried out, and various parameters such contact time, pH, dose, and concentration variation of
fluoride has been investigated in room temperature. The outcome data were applied for
interpretation of adsorbent characterization, adsorbent capacity, and evaluation of the kinetics of

fluoride on to modified diatomite.
4.1 Adsorbent Characterization

The FT-IR characterization was carried out before and after adsorption in the range 400—
4000 cm™' for PAM modified diatomite for detection of functional groups and to predict the

mechanism of adsorption responsible (Fig. 4). A typical FTIR spectrum of PAM modified

diatomite has the following characteristic absorption bands: strong bands at 3409 and 3436 cm™

are associated with the —OH of water or N-H stretching vibrations (stretch, medium) >3, before
and after adsorption, showing intensity and frequency shifts upon adsorption of fluoride. The
modes observed at 3196 and 2942 cm™' could be asymmetric and symmetric CH, stretching

vibrations. The lowering of the frequencies in polyacrylamide could be mainly due to the

unsaturat_ECHz_CH%,
=

n

NH»

The peak at 1085 cm™ ! miaht be attributed to the asvmmetric stretchina models of Si—-O-Si
- After (A
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Figure 4: FT-IR for PAM modified diatomite before and after adsorption
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4.2 Time effects

The fluoride adsorption capacity on PAM modified diatomite was performed to define the
equilibrium time. The results revealed that natural diatomite provided a 12.4 mg/g which is
negligible amount of removal capacities as compared to PAM modified diatomite with all other
parameters being remained the same. Thus, the experiment was focused on the use of PAM
modified diatomite for fluoride removal. The experimental result showed that a rapid rate of
fluoride uptake during the first 40 min. contact time, followed by equilibration, where
adsorptions desorption remains constant. The rapid fluoride ion removal from aqueous solution
during the initial stage of contact time is presumably due to the fact that initially, all adsorbent

sites were vacant >,

Although it seems equilibrium attains after 40 minutes (Fig. 5), 60 minutes have been used as
working time to avoid uncertainties in equilibration. And the removal capacity was found to be
92 mg/g at the pH of 5.6, 1 g/L adsorbent dose and 100 mg/L as initial concentration at room

temperature.

100 -
90 - L 4 2 2 2 2 2 L 2 L 2
80 -
70 -
60 ¢ @

50 -

ge(mg/g)

40 -
30 A
20 A

10 +

O T T T T T 1
0 20 40 60 80 100 120

time (min.)

Figure 5: Effect of time on removal of fluoride using modified diatomite; initial concentration
100 mg/L, pH 5.6 shaking speed 150 rpm adsorbent dose 1g/L, at room temperature
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4.3 Effects of pH

The influence of solution pH for fluoride removal was presented in Fig. 6. It was shown that the
removal of fluoride using PAM modified diatomite was effective over an initial pH range of 4-
5.5. Similar mechanisms were proposed in aluminum based adsorbents for fluoride removal in

the previous literature.

Because the adsorbent surface is positive at lower pH values fluoride removal is highly expected

at this range in acidic medium.

Adsorbate fluoride on
the surface

PAM modified
diatomite Adsorbent

* B 8— 5’ 000%H—> o
G adsorption | = "\ iRy Adsorption
B I B Rl B

Y, \__ Q0 ) \ J,

.

Fluoride contaminated
water

Safe water

The percentage of fluoride removal was high at pH range from 4 to 5.5, but showed a decrement
at neutral pH. And starts shooting up to the higher pHs. A decrease in fluoride removal below pH
4 is might be due to the washing of modifier from the diatomite, while decrease above 5.5 is due
to the presence of hydroxide ion OH  which has the high potentiality to compete with fluoride for
the positive surface of the adsorbent. Since hydroxide OH" and fluoride similar size, charge, and

size; which make them to have the same mobility **.
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Figure 6: the fluoride removal capacity by modified diatomite initial concentration 100 mg/L,

shaking speed 150 rpm, and adsorbent dose 1 g/L at room temperature.
4.4 Adsorbent dose

The adsorbent dose varied from initial dose of 0.02, 0.04, 0.06, 0.08, 0.15, 0.20, 0.25, 0.30, and
0.50 g respectively in each 50 mL where the duration is 60 minutes, and the fluoride initial of
concentration was 100 mg/L, room temperature condition. It is found that the removal capacity is
inversely proportional to dose variations as shown in Fig. 7. The maximum capacity on this dose
variation was found to be 93.2 mg/g which was obtained at a smaller dose of 0.02 g/L due to

greater saturation of the adsorbent.

The result shows the smallest capacity removal is about 0.45 mg/g when the dose of 10 g/L,
which indicate the availability of more adsorbents sites are likely for fluoride removal. A 2 g/L
considered being the optimum dose for fluoride removal using modified diatomite with
polyacrylamide. The dose of modified diatomite indicated a decrease in capacity with an increase
in adsorbent dose; since the fluoride initial concentration is constant for all doses, it would be
distributed over the range of added adsorbent doses, hence fluoride per gram adsorbed would

decrease *°.

Page 23



100
90
80
70
60
50

qe(mg/g)

40
30
20
10

0 0.2 0.4 0.6 0.8 1 1.2
Adsorbent dose (g)

Figure 7: Effect of adsorbent dose on fluoride removal capacity using PAM modified
diatomite, initial fluoride concentration 100 mg/L, pH of 4, shaking speed 150 rpm for

the duration of 60 minutes at room temperature.
4.5 Concentration variation

Fluoride removal at batch basis was studied at optimal conditions (pH of 4, shaking speed 150
rpm, a dose of 1 g/L, and duration of 60 minutes) at room temperature under initial concentration
variation. The adsorption capacities vs initial concentration was used to express the data for
unmodified and modified adsorbents (Fig. 8 & 9). The maximum capacity of PAM modified
diatomite as explained from the Langmuir model was 93.00 mg/g. The Langmuir and Freundlich
model parameters were described in Table 3. Langmuir model described the relationship
between the adsorbate and the fixed homogeneous active surfaces undergoing adsorption, being
all active sites with equal size and shape *’. Whereas the Freundlich isotherm model assumes a
heterogeneous surface with the possibility of adsorbate-adsorbate interaction. The non-linear

forms of both models are given by the following equations:
Langmuir: ge = gmax* b *Ce/(1 + b*Ce)

Freundlich: ge= K*C(1/n)
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Figure 8: Effect of concentration variation on unmodified adsorbent for fluoride removal
capacity, initial fluoride concentration 100, 125, 150, 300, 500, and 1000 mg/L, pH of 4, shaking

speed 150 rpm for the duration of 60 minutes at room temperature. [triplicate]

In figure 8, the maximum capacity of unmodified adsorbent was about 13.3 mg/L showed at

higher fluoride concentration.

Table 3: parameters for plotting Langmuir and Freundlich isothermal model for unmodified

diatomite

Concmg/L C. Je 1/Ce 1/qe Log C. Log qe
100 66 11.33 0.015 0.088 1.820 1.054
125 90 11.67 0.011 0.086 1.954 1.067
150 115 12.00 0.009 0.083 2.061 1.079
300 264 12.67 0.004 0.079 2.422 1.103
500 460 13.33 0.002 0.075 2.663 1.125
1000 960 13.33 0.001 0.075 2.982 1.125
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Figure 9: effect of concentration variation on the adsorbent capacity for removal of fluoride

using PAM modified diatomite at pH 4.0 — 5.5, shaking speed 150 rpm, adsorbent dose 0.06g, at

room temperature

In figure 9, the capacity of PAM modified adsorbent is about 93.2, which is much higher than the

capacity of unmodified reported in figure 8. This indicated the efficiency of PAM modified

diatomite toward fluoride removal.

Table 4: parameters for plotting Langmuir and Freundlich isothermal model for PAM modified

diatomite
Concmg/L C, Je 1/C. 1/qe Log C. Log qe
100 6.9 93.1 0.145 0.011 0.839 1.969
125 32.2 92.8 0.031 0.011 1.508 1.968
150 56.8 93.2 0.018 0.011 1.754 1.969
300 206.9 93.1 0.005 0.011 2.316 1.969
500 407.2 92.8 0.002 0.011 2.610 1.968
1000 907.8 92.2 0.001 0.011 2.958 1.965
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Figure 10: Langmuir adsorption isotherm for fluoride on PAM modified diatomite, pH 4.0 — 5.5,

adsorbent dose 0.02g, 60 min, at room temperature. Slope of the curvve = 1/qn, intercept of

curve =1/K\qm, SD =0.00984,
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Figure 11: Freundlich adsorption isotherm for fluoride on PAM modified diatomite, pH 4.0 —

5.5, adsorbent dose 0.02g, 60 min, at room temperature. Slope = 1/n, intercept = log K¢, SD =

0.724682,
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Figure 12: Langmuir adsorption isotherm for fluoride on PAM modified diatomite, pH 4.0 — 5.5,
adsorbent dose 0.02g, 60 min, at room temperature. [is it differ from 10]
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Figure 13: Freundlich adsorption isotherm for fluoride on PAM modified diatomite, pH 4.0 —
5.5, adsorbent dose 0.02g, 60 min, at room temperature. [ fig 13 vs 11]
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The adsorption equilibrium data were analyzed using Freundlich and Langmuir isotherm models
in the concentration of fluoride ranged from 100 to 1000 mg/L. the concentration was selected
based on limit of detection of the instrument used in determination. And the value of n > 1 is
favorable for adsorption condition. Langmuir isotherm assumes monolayer attention of

adsorbate on the surface of adsorbent.

Table 5: Langmuir and Freundlich value

Langmuir Freundlich
Om Re R’ ks 1n R’
93.1 0.7084 0.8344 2.26 0.0106 0.8156

From the table 5, 0 < R < 1 which indicate that favorability of the Langmuir isotherm model for

removal of fluoride from water.

Langmuir isotherm constant R = 0.7084 which above 0 and below 1. In this case the adsorption
process is favorable and obeyed type 1. Freundlich isotherm constant, n, is a degree of deviation
from linearity. The value of n is in agreement the adsorption is linear, but below linearity it is
suggested that the relation is unfavorable, meanwhile if the n value is above agreement,
adsorption is favorable 0.82. In this finding, the value of n at equilibrium was higher, which is in

favorable with adsorption process.
4.6 Kinetic studies of Adsorption

The kinetic of adsorption system was study for determination of how rapidly or deliberately the
rate constant of the reaction is during the adsorption process. At different time where the other
parameters are constant, the kinetic studies were carried out. The kinetic data provides valuable
information about the effectiveness of the adsorption process.
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Figure: 14: Pseudo —first and second order plot for F~ adsorption onto PAM modified diatomite,

fluoride initial 100 mg/L; pH: 5.4; adsorbent dose 0.05g, shaking speed 150 rpm at room
temperature.

As the rate of sorption increases the maximum capacity obtained, capacity at equilibrium g and
capacity at any time, t, of the first order sorbed at initial concentration period, as in (Figure 14.
A). fluoride ion sorption on PAM modified diatomite with 100 mg/L initial concentration at time
30 minutes. Where (figure 14 B) demonstrate the linearity of pseudo-second order model for
sorption of fluoride ion by PAM modified diatomite with 100 mg/L as initial concentration at 60
minutes. The correlation of t/g; versus time from the pseudo-second order rate 0.9957 is greater
than 0.9777 for pseudo-first order model when the time is 60 minutes. Which means that this
sorption is not a first order reaction and the system support a pseudo-second order model.
Adsorption kinetic models applied for illustration of correlation coefficient, R? and adsorption

kinetic.

Table 6: Kinetic parameters for adsorption of fluoride ions onto adsorbents at room temperature

K; (min~1) Q. (@) R”
g
Pseudo-first order
1.169 59.00 0.9777
K, (min~1) Q. (@) R?
g
Pseudo-second order
0.0002 92 0.9957
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The kinetics and correlation coefficient, R?, were calculated from the plots. Both pseudo — first
order and pseudo second order has been used for understanding of adsorption kinetics. And the

equation X and XI has been applied for calculating the pseudo — first and pseudo second.

Nevertheless, the values of coefficient, R?, showed that pseudo-second order model in (figure 14
and table 6) is well fit in compared to pseudo — first order.

4.7 Comparison of adsorption capacities of different adsorbents for fluoride removal

The values of adsorbent capacities of related work have been used for comparison of adsorptive
capacities of an adsorbent. Some literature reported values of adsorption capacity at different pH

values, and they are clearly shown in (Table 7)
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Table 7: Comparison of adsorption capacities for different adsorbents for fluoride removal.

S/N  Adsorbents pH Adsorbent capacity References
Qm(mg/g)

1 aluminum impregnated coconut 12 3.14 >

2 Fluoride Removal from Water By Calcium ~ 3-5 1.07 38
Materials

3 adsorption of fluoride from water by 6.2-8.2 39.5 >9
modified banana peel

4 Hydrated Cement 7 1.92 60

5 activated carbon prepared coffee 2 0.41 o1

6 Iron-tin bimetal 6.4 10.47 32

7 Waste residue from alum manufacturing 3-8 3325 >z
process

8 Siliceous Mineral of a 3.4 12.4 62
Kenyan Origin

9 trimetal Mg/Ce/Mn oxide-modified 4 12.63 63
diatomaceous earth

10 Modified spent diatomaceous earth 3.4 51.1 >
adsorbents

11  acid-activated diatomite 6 12.33 o4

12 acid-activated ignimbrite material 6 8.8267 o4

13 PAM modified diatomite 4-5.5 93.2 current work
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4.8 Conclusions

A batch scale removal of fluoride using adsorptive experiments was performed as a function of
solution pH, adsorbent dose, contact time, and agitation speed at room temperature. The study
suggested that the batch defluoridation by using PAM modified diatomite was found to be
promising due to the following main findings: high adsorption capacity of 96.23 mg/g, the
possibility of working near neutral pH and short equilibrium time. Moreover, the possibility of

degradation of the adsorbent is vital features of this work.

The experimental data for the batch adsorption process was fitted by Langmuir and Freundlich

adsorption isotherm model with encouraged correlations.

5.1 Recommendations

- Another study for the removal of fluoride using cross-link modified PAM should carry
out for diatomite.

- Another study should be carried out using modified diatomite under lower fluoride
concentrations and the fluoride residual should be tested using an instrument such as an
ion-selective electrode or Uv-Vis spectroscopy.

- Diatomaceous and PAM is highly encouraged to be used for adsorption, since they have

no significant hazard to human.
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