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Abstract

One of the most pervasive problems afflicting people throughout the world is inadequate access
to clean drinking water. With water scarcities occurring globally, efforts are being made to
increase pure water supply and safe re-use of wastewater. Addressing these problems calls out
for a tremendous amount of research involving disinfection and decontamination of water. Lot of
science and technology has been developed in order to identify robust methods of purifying
water at lower cost and less energy, while at the same time minimizing the use of chemicals and
impact on the environment. One such method of effective water purification is coagulation-

flocculation followed by disinfection.

The removal of contaminants from effluents involves a process of flocculation and coagulation.
Addition of specific chemicals changes the surface property of colloidal particles so as to
facilitate the separation of solids from the solid-liquid interface. These colloids which come out
of the suspension are called flocs or flakes. A systematic study of flocculation would include

physical and chemical characterization of floc structures.

In this thesis, we have tried to address how the structure of floc can change as a function of pH,
total dissolved solids, settling time and stirring speed. This was achieved by concentrating on
fractal dimension changes, primary floc size and floc microstructure. Fractal concepts provide a
new way of describing floc geometry and various physical properties such as density, porosity
and settling velocity. The results have confirmed the direct relation between fractal dimension
and floc compactness and floc behavior at different stirring speeds.

Chemical characterization primarily looked into the distribution of inorganic species on the
surface and the active chemical organic groups. This was done at different pH and TDS (total
dissolved solids) conditions and varied turbidity values of the solution. Characterization was
done using Infrared and Raman Spectroscopy, EDX and XPS methods. It was observed that the
inorganic species in the floc is covered by multiple layers of organic PAM and clay.PAM

network formation and subsequent bridging mechanism was confirmed by imaging techniques.
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Chapter 1

Introduction to Coagulation and Flocculation:

Clean, safe water is vital for everyday life. Water is essential for health, hygiene and the
productivity of our community. Main sources of water are surface water, which includes lakes,
rivers and fresh water wetlands, groundwater and Underflow Rivers. Natural water contains a
wide range of impurities mostly arising from weathering of rocks and soils. Added to this,
contributions from human activities, such as domestic and industrial wastes make water unfit for
consumption, laundry and other industrial purposes. These impurities include inorganic particles
such as clays and metal oxides, organic colloids, pathogenic microbes and dissolved natural
organic matter. Many contaminants can be dangerous and necessary treatment is done to meet
the “Drinking water quality standards” set by WHO [1].Others are removed to improve the
water's smell, taste, and appearance.

Many methods are used for water purification but the most common method is coagulation and
flocculation. This method of treatment involves less energy and is cost effective. It requires
minimum use of chemicals and produces less sludge thus having little impact on the
environment. Coagulation-Flocculation process is followed by sedimentation, filtration and

disinfection.

Purification methods are chosen based on the size of impurities present. Particulate contaminants
of the size beyond 1 um can be removed easily by sedimentation and filtration techniques
whereas those smaller than 1 um are called colloids. Colloids carry charges on their surface and
hence cannot be separated by conventional physical methods like sedimentation. Such a state of
the suspension where particles are microscopically dispersed through a continuous phase is
called stable state. Neutralization of charges on colloids and subsequent agglomeration is called

de-stabilization or coagulation.

Flocculation is a process by which colloids form lager form larger agglomerates and undergo

phase separation from the water system. This is achieved by the addition of a flocculant when the



colloids come out of the suspension in the form of flocs or flakes. In this thesis, hydrated

aluminium salt and polyacrylamide were used as a flocculants.

1.1 Literature Survey

Although flocculation in the context of water purification dates back to early 19™ century [2],

usage of alum coagulants for waste water treatment began from the late 20™ century [3].

Characterization of flocs is essential for the comprehensive study of coagulation-flocculation
mechanisms. In earlier studies, the Smoluchowski equation [4,5]was formulated based on the
assumption that floc aggregates are impermeable spheres. Recent studies have shown that flocs
consist of multi-branched structures. Fractal concepts have provided a new way of describing
floc geometry and various other physical properties such as density, porosity and settling
velocity [6-10].However, influence of parameters such as TDS (total dissolved solids)or pH on
the flocculation process has not been addressed. The main aim of this thesis was to test how flocs
withstand extreme pH and TDS conditions. This was achieved by measuring dimension of flocs.
Floc formation, growth and breakage and the influence of shear on the compactness of the floc
have been studied.

Although physical characterization of flocs has been addressed to some extent in the earlier
studies [11-13], no significant research has been done to study the surface chemical speciation
during flocculation process. In this thesis, distribution of inorganic chemicals and organic species
on the surface of floc was discussed. Infrared and Raman spectra were used to study the surface
distribution of chemicals and bulk characterization was done using Energy dispersive X-ray

spectroscopy and X-ray photo-electron spectroscopy.

Most interesting results were observed when imaging of dried flocs was done. The top view of
floc showed a web like network of Polyacrylamide entrapping clay and rest of the colloids. This
observation provided an experimental proof for the “bridging mechanism” of Polyacrylamide.
Bright field microscope and Digital microscope were used for optical imaging.



1.2 Coagulation and Flocculation

Two chief forces acting on colloids are attractive Van der Waals forces and repulsive
electrostatic forces [15]. Van der Waal’s attractive force is directly proportional to the size of the
particle and inversely proportional to the square of the distance between them. Electrostatic
repulsion is the principle mechanism involved in controlling the stability of colloidal
suspensions. The absorbed water molecules provide a liquid barrier preventing collisions and
agglomeration and thus destabilization. Particles may acquire surface charges due to unequal
distribution of constituent ions on the particle surface, preferential adsorption of specific ions,
ionization of surface groups, crystal imperfection, or any combination of these.

1.3 Electrical double layer and Zeta potential

Oppositely charged ions in an electrolytic solution are attracted to the surface of the charged
colloid [16]. The two opposing forces, electrostatic attraction and ionic diffusion, produce a
diffuse cloud of ions surrounding the particulate, which can extend up to 300 nm [17].This co-
existence of original charged surface and the counter-ions is known as electrical double layer.
The double layer consists of two major regions, an inner layer (called Stern layer) where the
initial layer of adsorbed ions and molecules are located at the particle surface; and the outer layer
(called Gouy-Chapman layer) of oppositely charged counter-ions. The stability of colloidal
suspension is greatly influenced by the potential of the Stern layer, which is generally referred to
as the Zeta potential [18].

A charged particle dispersed in an ionic medium tends to have a concentration of opposite ions
attracted towards it. For example, a negatively charged particle collects a number of positive
counter-ions. As one move further away from the particle, concentration of counterions
decreases due to diffusion until ionic equilibrium is reached. A plot of the charge contributed by
these ions versus distance from the particle surface (Figure 1) reveals the familiar exponential
decay. Now, if the particles were imagined to be moving, it would tend to drag its counterions
along with it while leaving behind the ions that are further away from its surface. This would set
up a plane of shear — the potential difference at which is called the zeta potential (£).Two models
have been proposed for understanding the electric double layer; Goy-Chapman model and Stern

model.



1.3.1 Gouy-Chapman model

Gouy-Chapman model [19] states that the distribution of charged colloidal particles in an electric
field is determined by the balance between the thermal motion of ions and electrostatic
interactions. In this model, the charge distribution of ions as a function of distance from the

metal surface allows Maxwell-Boltzmann statistics to be applied.

—zey(x)
N (X) =Ngje &t (1.1)

where n;: concentration of ions i (number of ions per unit volume)

Noi - concentration of ions i in the bulk

z;: valence (charge) of ions i

¥(x): electric potential, x= distance from the surface of colloid, T: absolute temperature
e: elementary charge (1.6 x 10™ C), k: Boltzmann constant (1.38 x 102 J/K)

The dependence of electric potential on the distance to the surface is given by the Poisson
d(x) _ p(x)
equation: dx €€, (1.2)

where the charge density at x is given by:  p(x) = e 2z;n;i(x)
go: dielectric constant of vacuum= 8.85 x 102 C%/(N-m?)

g relative dielectric constant of the medium

The combined Poisson-Boltzmann equation is given by:

d‘l‘(\) _ —z.e¥(x)
dx* gD,Z ”“ex‘){ kT J

(1.3)
In general, Poisson-Boltzmann equation has to be solved numerically. For low electric potentials,
(zeW<<KT). This gives an approximation to Poisson-Boltzmann equation called Debye-Hickel
approximation. Applying this approximation to the above equation leads to a linearized form of
Poisson-Boltzmann equation:

d™Y(x) _ CH)
where dx’ (1.4)

2.2
Zz,. en,
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k! is called Debye length which is approximately equal to the thickness of double layer.

The solution to the above ordinary differential equation for electric potential is given by:
Y(x)="Y,exp(—Kx) (1.5)

where o= electric potential at the surface of the colloid

1.3.2 Stern model

Gouy-Chapman model fails for highly charged double layers. The size of the ions is not
considered. Hence stern model [20] was proposed. Adsorption of ions on the surface forms the
stern layer and the potential at stern layer is called the stern potential. The Stern layer accounted
for ions' finite size (as opposed to point charges in Gouy-Chapman model) and consequently
ions' closest approach to the electrode is on the order of the ionic radius. The Stern model had its
own limitations- assuming that all significant interactions in the diffuse layer are Columbic,
assuming dielectric permittivity to be constant throughout the double layer and that fluid

viscosity is constant above the slipping plane.
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Figure 1: Electric double layer and Zeta Potential Figure 2: DLVO theory



1.4 Flocculation Mechanisms:

1.4.1 Charge neutralization

The original colloidal particles are negatively charged and hence positively charged ions from
the coagulant get attracted to them. This deposition process results in charge neutralization.
Charge neutralization [21, 22] by double layer compression is accomplished when flocculation is
effective through an increase in solution ionic strength.

Electric double layer interaction energy per unit area is repulsive in nature and is given by:

64 TKTR Nohg - x
\Y3

K2

W(X) = (1.6)

where ¢,: reduced surface potential = tanh(Z‘;—w;) and k™’ =debye length

Since the double layer thickness is approximated by 1/k, increase in ionic strength (I) decreases

the thickness of the double layer.
lonic strength (1) = % X 7% cio (1.7)

(where cio = concentration of ions in the bulk) and k< /T (1.8)
This compression allows the approach of the colloidal particles to where short-range attractive
forces predominate over electrostatic repulsive forces. In the presence of hydrolysable metal ions
such as Al**and Fe**or polyelectrolytes of opposite charge to colloid surface, the charge is
neutralized by adsorption of these species onto the particle surface and consequently double
layer repulsion is reduced allowing aggregation to occur. Optimum flocculation occurs at the

point of total charge neutralization i.e. when zeta potential will be zero.

1.4.2 DLVO theory

According to Deryagin and Landau [23, 24], Verwey and Overbeek, if the kinetic energy of the
particle is large enough to surmount the potential hump created between them by way of double
layer formation, the particles would coalesce otherwise they would remain as a stable
suspension. This theory is popularly known as DLVO theory. It describes the balance between
two forces, electrostatic repulsion and van der Waals attraction. Electrostatic repulsion becomes
significant when two colloids approach each other and their electrical double layers begin to

interfere. Some energy is required to overcome this repulsive force. The repulsion curve in

7



Figure 2, indicates the energy that must overcome if the particles are forced together. It has a
maximum value, which is related to the surface potential, when they almost touch and decrease
to zero outside the double layer. DLVO theory explains the tendency of colloids to agglomerate
or separate by combining two curves of electrostatic repulsion and van der Waals attraction. At
each distance, a smaller value is subtracted from the larger value to obtain the net energy. In the
regime where there is repulsion, the potential hump can be described as energy barrier. We can
increase or decrease the energy barrier by changing the ionic or pH environment or adding
surfactants to affect the surface charge of the colloid.
Interaction potential energy (W) between two colloids or surfaces is given by

Wiotal = Wattractive + Wreputsive (1.9)
where Witraciive IS Van der Waals energy and is different for different morphologies.
Wiepuisive 1S the electro-osmotic repulsion energy.

1.4.2.a Attractive interactions

Van der Waal’s force is actually the total name of dipole-dipole force, dipole-induced dipole
force and dispersion forces, in which dispersion forces are the most important part because they
are always present. Assume that the pair potential between two atoms or small molecules is
purely attractive and of the form W = -C/r", where C is a constant for interaction energy, decided
by the molecule’s property and n = 6 for van der Waals attraction.

In case of two flat plates, the net van der Waals energy per unit area is given by

A
12mx2

W(X) = -

(1.10)

where A = Hamakar constant, X = distance of separation between the plates

But colloidal particles have spherical geometry. In order to get the interaction energies between a
pair of atoms or molecules [25], Derjaguin approximations (DA) have been used. DA procedure
relates the interaction energy per unit area E between two flat plates and the interaction energy

between two curved surfaces U.

UD) ~ f, EG)dA ~f([r].[r2]) [ E(x)dx (1.11)

where D = distance of closest approach between the two curved surfaces
E(X): interaction energy per unit area between two infinite flat plates



X: distance of separation

dA is the differential area of the surfaces facing each other

[r1] and [r2]: the sets of the two principal radii of curvature of surfaces 1 and 2 at the
distance of closest approach

f([r.].[r2]): a function of the radii of curvature of the surfaces.

One should note that for a spherical particle the two principal radii of curvature are identical.
Two assumptions lead to the above expression. First, the range of the interaction energy is
considered much shorter than the radii of curvature of the particles. This implies that the entire
interaction energy between the two particles arises from a small region of the particles in the
vicinity of the distance of closest approach, thus enabling the extension of the upper integration
limit in equation to infinity. Furthermore, this assumption allows us to neglect higher order
curvature effects in writing the final form of equation. Consequently, the function f([ri],[r2])
represents curvature effects that are valid only near the distance of closest approach.

The second assumption underlying DA is related to the interpretation of the interaction energy
per unit area between two infinite flat plates. The interaction energy per unit area is ideally
defined as the interaction energy at any point on one of the flat surfaces due to the entire second
flat plate. When using DA for two curved surfaces, the interaction energy per unit area between
two infinite flat plates is conveniently defined as the interaction energy between two similar area
elements on the opposing plates directly facing each other.

Thus in case of spherical particles, the net van der Waals interaction is given by;

_ _AResy _ _AResy
Foo=-—2 and We)=-—2 (1.12)
172

Where Reg =

M+

1.4.2.b Repulsive interactions

When two charged surfaces or particles approach each other, their corresponding electrical
double layers overlap. The accumulation of ions due to the overlap of the electrical double layers
creates an increase in osmotic pressure. Water from the bulk comes to dissolve the accumulation
of ions, preventing the surfaces from approaching closer. This is called electro-osmotic double

layer repulsion [26].



Wiepuisive IS the electric double layer repulsion which is given by:

64T 2 _
Wrepulsive: TReff No (I)O e~ (1-13)
where ¢ : reduced surface potential = tanh (Z:;pT"), k' = debye length, T = absolute temperature,
_ nMn
REﬁ B T‘1+ ¥

The electro-osmotic double layer repulsion depends on the surface charge (oo, o), salt
concentration, valence ions, radii of the particles, dielectric constant of the medium and

temperature.

1.4.3 Bridging mechanism

Long chain polymers when added in small dosage to a suspension of colloidal particles, adsorb
onto them in such a manner that an individual chain can become attached to two or more
particles thus “bridging” [27] them together. This phenomenon is observed up to a particular
optimum polymer dosage beyond which flocculation diminishes, a process being known as steric
stabilization. The essential requirements for polymer bridging are that there should be sufficient
unoccupied particle surface for attachment of polymer segments from chains attached to other
particles and that the polymer bridges should be of such an extent that they span the distance
over which inter-particle repulsion prevails. Thus, at lower dosages, there is insufficient polymer
to form adequate bridging links between particles. With excess polymer, there is no longer
enough bare particle surface available for attachment of segments and the particles become
destabilized, which may involve some steric repulsion. On average, bridging flocculation gives
aggregates (flocs) which are much stronger than those produced by addition of salts (i.e. by
reduction in electrical repulsion). However, such stronger flocs produced by the bridging
mechanism may not reform once broken at high shear rates.

O polymer
O W I g <
OO 1_{!, 3{\_{\))@‘} - —

S A

colloids bridging flocculation ~ re-stabilization by adsorbed polymer
Figure 3: Bridging Mechanism
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Chapter 2

THEORY

Physical Characterization of flocs was primarily focused on finding the fractal dimension and
particle size of colloidal flocs. Recent studies have shown that flocs consist of multi-branched
structures or fractals [28] that are not consistent with the floc structure described by classical

Euclidean geometry.

2.1 Fractal dimension

Fractal dimension can be defined as a ratio providing a statistical index of complexity. It
compares how the detail in a pattern changes with the scale at which it is measured. It has also
been characterized as a measure of the space-filling capacity of a pattern but it is not equivalent

to density. It can be expressed as:

detail in the pattern

Fractal dimension = (2.1)

scale of measurement

For ordinary geometric shapes, the theoretical fractal dimension is equal to the Euclidean or
topological dimension. Thus, Ds is 0 for zero dimensional objects, 1 for one dimensional objects

and so on. Dy is 2 for two dimensional surfaces and 3 for solids.

If we take an object having Euclidean dimension D and reduce its linear size by 1/r in each
spatial direction, its measure i.e. length, area or volume, would increase to N=r° times the
original [29]. (Figure 4)

On considering N=rP, and taking log of both sides, we get:

logN = D.logr (2.2)
Solving for D:
log N
= 2.
logr (23)

Here D is an integer for Euclidian geometry. If D is a fraction, it is called fractal dimension.

11



Fractals are typically self-similar patterns with an infinite nesting of structure at all scales. A
fractal is one that has a fractal dimension that usually exceeds its topological dimension. Typical

example of fractals is the Koch Curve.

In order to explain fractal dimension we consider a straight line of length 1 unit, called the
initiator. We remove the middle one-third of the line, and replace it with two lines each having
the same length (1/3 of the original) as the remaining lines on each side, and call it the generator.
(Figure 5)

Since a line in the Koch Curve breaks up into 4 smaller pieces. Each of these pieces are 1/3 the

length of the original. Therefore N is equal to 4 and r is equal to 3. Hence,

_logN

= 24
f logr (24)

Which gives a fractal dimension of 1.26. This value is obviously greater than topological

dimension which is a line which is 1.

D=1 D=2 D=3 Initiator
Length=1
™ ™,
r =2 f Generator
N=2 Length=4/3
N =4 ™
N=28
= . Level 2
™~ . Length=16/9
r=3 —F——
N=3 .
~
N=9
N =27
Level 3
N=rD Length=64/27

Figure 4: Geometrical shapes each reduced in size by 1/r Figure 5: Koch Curve

2.2 Mass fractal dimension

Floc structure is porous hence the same mass of floc spreads over a larger volume than a hard

sphere of the same mass [30]. (Figure 6(a))
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If M denotes floc mass and L denotes a characteristic measure of their size, then mass fractal

dimension is given by:

M oc|Pf (2.5)

()

\. .; z
& &
ik

strong connection
fragile connection overall more compact cluster

Figure 6(a): Variation of contained mass as a function of increasing radius

Figure 6(b): Effect of breakup and re-attachment leading eventually to stronger and compact
aggregate structure associated with higher fractal dimension

2.3Compactness and floc strength

Compactness of floc is determined by fractal dimension values of floc (Figure 6(b)).A higher D¢
value corresponds to a more compact interior floc structure [32].In case of compact aggregates,
fractal dimension is found to lie in the range of 2.3 to 2.5 (or higher if “restructuring” occurs).

For loose aggregates, it is in the range of 1.7 to 1.8 [40-41].

There is no straight forward technique to measure floc strength. Hence floc breakage mode can
be defined as floc strength [31].

log d =logC — v logG (2.6)
where: d is floc diameter

G is the average velocity gradient in the flocculator
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v is an exponent of stable floc size (depends on floc break-up mode)
C is floc strength const. (depends on method used for floc size measurement)

The slope of the equation y denotes the rate of degradation. The steeper the slope y, more prone

the flocs are to breakage under increasing shear rate.

Hence the value of vy is considered as an indicator of floc strength [32].
2.4 Effect of stirring speed on floc formation

An optimum speed of stirring must be maintained for flocs to form. Stirring too fast or too slow
doesn’t result in proper flocculation. Higher the speed of stirring, the aggregates reach
equilibrium faster, followed by floc breakage. In case of aluminium flocs optimum stirring speed

was found to be 70 rpm.

2.5 Infrared Spectroscopy

Molecular vibrations occur when atoms in a molecule are in periodic motion while the molecule
as a whole has constant translational and rotational motion. The frequency of the periodic motion
is known as a vibration frequency. The typical frequencies of molecular vibrations range from

less than 10* to approximately 10'* Hz which falls in the IR range.

A molecular vibration is triggered when the molecule absorbs energy equal to vibration's
frequency, v. There are two types of molecular vibrations namely stretching and bending modes.
Stretching modes include symmetric and asymmetric stretching while rocking, scissoring,
wagging and twisting come under bending modes (Figure 7) IR spectroscopy is used in case of

asymmetric vibrations i.e. when there is a change in the dipole moment [33].

1 1,1 k
= += = +=)— |-
E=h(n+)8=h(n+3)= |- @.7)
where n = quantum no. which can take values 0,1,2 ...

9= vibrational frequency

I 1
v=vibrational quantum no. = n+z
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Figure 7: Molecular Vibration modes

2.6 Raman Spectroscopy

Raman scattering or Raman effect is the inelastic scattering of a photon. i.e. frequency of
scattered photons is different from incident. Raman spectra is observed in molecules when there
is change in the polarizability. It uses higher intensity laser with wavelengths in either

the visible or near-infrared regions. Thus Raman spectroscopy is mostly used to detect
symmetric vibrations in a molecule. Spatial charge separation under influence of electric field E,

induced dipole moment p and a is the polarizability [34], then
u(t) = a(t) E(1) (2.8)

If the incident radiation has frequency « and the polarizability of the molecule changes between

omin and aimax at a frequency iyt as a result of this rotation/vibration.
u) = (o + %Aa COSwinit) EqCOSwt (2.9)
Expanding this product yields:
U(t) = aE,CoSwt+ iAan (coS (@ + wint)t+ COS (w- Wint) (2.10)

where the first term denotes Rayleigh scattering, the second and third terms represent Anti-

Stokes and Stokes scattering respectively.
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2.7 Energy dispersive X-ray analysis

Energy-dispersive X-ray spectroscopy is an analytical technique used for the elemental analysis
or chemical characterization of a sample. It relies on an interaction of some source of X-
ray excitation and a sample. Its characterization capabilities are due in large part to the
fundamental principle that each element has a unique atomic structure allowing unique set of
peaks on its X-ray spectrum [35]. To stimulate the emission of characteristic X-rays from a
specimen, a high-energy beam of charged particles such as electrons or protons, or a beam of X-

rays, is focused into the sample being studied.

In the ground state of atom only certain orbital states with specific energies exist and these are
defined by quantum numbers. With increasing Z, orbits are occupied on the basis of minimum
energy, those nearest the nucleus, and therefore the most tightly bound, being filled first. Orbital
energy is determined mainly by the principal quantum number (n). The shell closest to the
nucleus (n = 1) is known as the K shell; the next is the L shell (n = 2), then the M shell (n = 3),
etc. The L shell is split into three subshells designated L1, L2 and L3, which have different
quantum configurations and slightly different energies (where as the K shell is unitary).
Similarly, the M shell has five subshells. This model of the inner structure of the atom is

illustrated in Figure 8.

The populations of the inner shells are governed by the Pauli Exclusion Principle, which states
that only one electron may possess a given set of quantum numbers. The maximum population of
a shell is thus equal to the number of possible states possessing the relevant principal quantum
number. In the case of the K shell this is 2, for the L shell 8, for the M shell 18 etc.

The incident beam may excite an electron in an inner shell, ejecting it from the shell while
creating an electron hole where the electron was. An electron from an outer, higher-energy shell
then fills the hole, and the difference in energy between the higher-energy shell and the lower
energy shell may be released in the form of an X-ray. The number and energy of the X-rays
emitted from a specimen can be measured by an energy-dispersive spectrometer. As the energy
of the X-rays is characteristic of the difference in energy between the two shells, and of the
atomic structure of the element from which they were emitted, this allows the elemental

composition of the specimen to be measured.
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Figure 8:A model of the inner structure of the atom

2.8 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) [36] is a surface-sensitive quantitative spectroscopic
technique that measures the elemental composition, empirical ~formula, chemical
state and electronic state of the elements that exist within a material. XPS spectra are obtained by
irradiating a material with a beam of X-rays while simultaneously measuring the kinetic
energy (Figure 9 (a)) and number of electrons that escape from the top O to 10 angstroms of the
material being analyzed. XPS requires high vacuum for sample preparation (P~ 10 Torr),
before being transferred into the main analysis chamber which is in ultra-high vacuum (P <10
® Torr) conditions. XPS although is a surface chemical analysis technique, can also be used to
intentionally expose deeper layers of the sample in depth-profiling XPS, exposure to heat to
study the changes due to heating, exposure to reactive gases or solutions, exposure to ion beam

implant, exposure to ultraviolet light, to name a few.

Since the energy of an X-ray with particular wavelength is known (for aluminum Ka X-
rays, Epnoton = 1486.7 €V), and the emitted electrons' kinetic energies are measured, the electron
binding energy of each of the emitted electrons can be determined by using an equation that is

based on the work of Ernest Rutherford:

Ebinding = Ephoton* (Exinetic + &) (2.11)
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where Epinging IS the binding energy (BE) of the electron, Egnoton i the energy of the X-ray
photons being used, Exinetic IS the kinetic energy of the electron as measured by the instrument

and ¢ is the work function of the spectrometer (not the material).

This equation is essentially a conservation of energy equation. The work function term ¢ is an
adjustable instrumental correction factor that accounts for the few eV of kinetic energy given up
by the photoelectron as it becomes absorbed by the instrument's detector. It is a constant that

rarely needs to be adjusted in practice.

A typical XPS spectrum is a plot of the number of electrons detected (sometimes per unit time)
versus the binding energy of the electrons detected. Each element produces a characteristic set of
XPS peaks at characteristic binding energy values that directly identify each element that exists
in or on the surface of the material being analyzed. These characteristic spectral peaks
correspond to the electron configuration of the electrons within the atom. The number of
detected electrons in each of the characteristic peaks is directly related to the amount of element

within the XPS sampling volume.

Ejected Photoelectron
Incident X-ray .
\ / Free

Electron
Conduction Band Level
Fermi
Level

Figure 9: Photoelectron getting ejected upon irradiation with X-rays.
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Chapter 3

MATERIALS AND METHODS

3.1 Sample Preparation

Samples with different parameters were prepared in a 2 litre beaker. To 1 litre de-ionized water,
salts Magnesium chloride hexahydrate (MgCl,.6H,0), Calcium chloride dihydrate (CaCl,.2H,0)
and Sodium bicarbonate (NaHCO3) were added in the ratio of 1:2:4 in order to adjust the TDS to
desired value. TDS is a measure of the combined content of all inorganic and organic substances
contained in a liquid in molecular, ionized or micro-granular suspended form. It is used as an
indication of hardness or softness of water (since it gives an estimate of the number of ions
present in the suspension) and as an aggregate indicator of the presence of a broad array of
chemical contaminants. The pH of the solution was maintained by adding dilute (0.1N) HCI and

NaOH solutions.

Initial solution was prepared by adding 0.05 g of bentonite clay. Clay particles act as nuclei in
the coagulation-flocculation process. Flocs are prepared by adding 0.1g of Aluminium Sulfate

hexadecahydrate.

Bentonite clay acts as the nuclei for coagulation and flocs are generated using Aluminium
Sulfate hexadecahydrate. Polyacrylamide was used as sweep flocculant and Sodium carbonate in
order to adjust the basicity of solution.

3.2 Particle size measurement method

Particle size of flocs was measured using Malvern Mastersizer 2000 (Figure 10). This works on
the principle of laser light diffraction. Due to its simplicity and accuracy, this method has been
employed for the determination of particle size distribution in disperse systems. The
measurement procedures on modern laser diffraction (LD) devices are fast, fully automated and
reproducible.

The LD technique is based on the fact that the spatial distribution of scattered light is a function
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of the particle size of the sample to be analyzed. Light diffraction is a phenomenon which occurs
when an EM wave encounters an obstacle, here particle. The waves near the site of impact are
more intense and decreases as one goes away from the particle [37]. Larger particles will create
more waves which are more intense and clearly separated whereas smaller particles produce
more diffusive diffraction images. LD method [38] measures the intensity of the diffraction rings
and the distance between them (declination angles from the direction of incident light). Besides
diffraction, other phenomena such as reflection, refraction, absorption and re-radiation also occur

during the illumination of particles.

We are more interested in the scattered light. In contrast to diffracted light, which is emitted at
small angles relative to incident light, scattering occurs in all directions. The special distribution

of scattered light is called the scattering pattern of a particle.

The scattering pattern depends on the ratio of particle diameter D and the wave length of incident

light A. Thus the scattering pattern changes with the size of the particle and wavelength of
incident light. Depending on % ratio, the scattering is called Mie, Fraunhofer or Rayleigh

scattering.

Since detectors cannot detect if the scattered light is because of LD or some other phenomenon,
Mie theory has been developed. Mie theory is a solution to Maxwell’s equations which describes
the scattering of electromagnetic radiation by asphere. The solution takes the form of an
analytical infinite series. Rayleigh scattering describes the elastic scattering of light by spheres
which are much smaller than the wavelength of light. The Rayleigh scattering model breaks
down when the particle size becomes larger than around 10% of the wavelength of the incident
radiation. In the case of particles with dimensions greater than this, Mie's scattering model can be
used to find the intensity of the scattered radiation. However Mie scattering differs from
Rayleigh scattering in several respects; the intensity, I, of the Rayleigh scattered radiation
depends on wavelength of light and is equal in both forward and reverse directions. Whereas Mie
scattered intensity is roughly independent of wavelength and it is larger in the forward direction
than in the reverse direction. The greater the particle size, the more of the light is scattered in the

forward direction.
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The Fraunhofer theory is one of the approximate expressions of the Mie scattering theory. This
approximate expression can be used only when the particle size is relatively large (at least, 10
times the laser wavelength) and the scattering angle is small (30° or less).

Fraunhofer scattering intensity is greater than that of Mie or Rayleigh scattering. The scattering
angle is comparatively small and the ratio of light scattered forward and backward is small in

case of Mie than Fraunhofer scattering.
Mie solution giving the total scattered light intensity:
1(8) = E { K’D*[J1]%6+ [K16]" + [K20]® + [K36]°+ k*D° (m-1)%6° /8m} (3.1)

where | is the scattered light intensity, E is the flux of incident light per unit area, D is the
particle diameter, J1 is the Bessel function of first order, 6 is the scattering angle and m is the

complex refractive index [37]. K, k are constants.

For the calculation of scattered intensities, we need particle diameter D, scattering angle (6) and
optical parameter m which is the complex refractive index. Scattering angle is measured by the

detectors and corresponding D value is calculated.

Figure 10: Malvern Mastersizer 2000

3.3 Fractal dimension measurement method

Fractal dimension of flocs is measured using Malvern Mastersizer 2000. The mass of a fractal
object of dimension d scales as M(r) ~ r [30]. Here d is between 2 and 3 for a surface fractal in

three-dimensional space. It is equal to 2 for a perfectly smooth surface, and approaches 3 for a
highly folded/convoluted surface.
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Scattering from a mass fractal is considered from the 3D Fourier transform of the scattering

length distribution function [39], which now scales as

1(q) ~ éfod r4=2sin(qr) dr (3.2)
where scattering vector q (Figure 11) is given by: g = M#in@ (3.3)
Here wavelength (L) of red laser light is 632 nm and refractive index (n) for water is known.
This yields a scaling of
(@) ~q* (34)

The slope of a log-log plot of intensity versus wave vector thus yields the fractal dimension of
the object under study at a particular length scale.

o
°¢
(13
an ¥
S

source
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Figure 11: Light scattering by sample in Malvern Mastersizer. Here g represents scattering vector, k;

shows the incident wave and ks represents elastically scattered wave.
3.4 Fourier Transform Infrared Spectroscopy

Chemical characterization of floc is done using FTIR technique. Different compounds have
characteristic vibrations. To find the elemental distribution, dried floc sample was heated in the
oven at 120 degrees for two hours in order to remove any leftover moisture and was stored in a
vacuum desiccator. Potassium bromide standard, used for calibration of the instrument, is also
kept in the oven at 120 degrees since any moisture content in the sample would result in a huge

H,O absorption peak at 3650 cm™ which hinders the finger printing process. The dried floc
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powder and the KBr standard are added in the ratio of 1:100 and ground into a fine powder for

analysis.

The IR radiation is passed through a sample. Some of the infrared radiation is absorbed by the
sample and some of it is passed through (transmitted). The resulting spectrum represents the
molecular absorption and transmission, creating a molecular fingerprint of the sample. We have
used PerkinElmer FTIR Spectrometer (Figure 12) and Diffuse Reflectance Sampling Accessory
for spectral acquisition. Floc samples with varied turbidity values are analysed using this

technique.

Screen

M+
4 L

7 Mirror 2 (M2)
(2)

Beam Splitter (BS)

Ly |

Mirror 1 (M1)

Figure 12: Fourier transform infrared spectrometer. Principle of working — Michaelson interferometry
3.5 Raman Spectroscopy

Raman spectroscopy is a technique used for elemental analysis and surface speciation of the
sample. For molecules undergoing symmetric vibrations, IR spectroscopy cannot be used for
characterization since dipole moment change is not observed. In such case Raman Spectroscopy

is used for characterization.

Much sample preparation is not required for Raman analysis. This technique provides
complimentary information to IR spectroscopy. We have used Renishaw’s inViaRaman
Microscopy for spectral acquisition. These microscopes support laser wavelengths from the near-
infrared to deep ultraviolet.Calibration of Raman spectrometer is done using silicon calibration
standard which gives a peak at 520 cm™. After calibration, the sample is mounted on a glass slide
and adjusted to position using ProScan monitorized microscopic stage and Raman spectra is

acquired. Floc samples with varied turbidity values are analysed using this technique.

23



diffraction grating
microscope |

holographic
filters

M

reflector
transducer -

\ laser
mirror beam exgan?‘lIT %

right angle adaptor laser adjustment mirror

Figure 13: Raman microscope and instrumentation
3.6 Surface elemental composition and elemental analysis:

Three different floc samples are taken. Sample A: Floc made without adding Polyacrylamide.
Sample B: Arizona dust is added in the floc formulation. Sample C: Floc with Polyacrylamide
and no Arizona dust. Note that Arizona dust is added to increase the turbidity of the solution.
Pellets of these samples of the size 1 cm x 1 cm x 2 mm are made using IR pelletizer- Hydrolic
Pellet Press.

Energy dispersive and X-ray photoelectron spectroscopy were used for surface characterization
and bulk chemical characterization respectively. Gold 4f was used for EDX calibration- Au 4f7,
peak at 84 eV and Au 4fs, at 88 eV.

Y

Figure 14: X-ray photoelectron spectroscope Figure 15: Energy dispersive X-ray spectroscope
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Chapter 4

RESULTS AND DISCUSSIONS

4.1Physical Characterization

Fractal dimension of flocs and particle size measurements were recorded using the particle sizer
Malvern Mastersizer 2000 by varying different parameters.
4.1.1 Fractal dimension versus pH at constant TDS:
The TDS of the sample was kept constant and pH was varied from 5 to 8 and fractal
dimension of the floc was recorded.

Table 1: Fractal dimension values of samples at 60 ppm, 350 ppm and 700 ppm for a pH of
5,6,7,8.

5 2.44 2.45 241
6 2.31 2.46 244
7 2.49 2.46 2.48
8 2.32 2.48 241

4.1.2 Fractal dimension versus TDS at constant pH:
The pH of the sample was kept constant and pH was varied from 5 to 8 and fractal

dimension of the floc was recorded.

Table 2: Fractal dimension values of samples at pH = 5,6,7 and 8 at constant TDS of 60, 350
and 700 ppm.

60 2.44 231 248 2.32
350 245 246 245 2.48
700 241 244 235 2.41
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Figure 16 (a): Dsversus pH graph (at constant TDS) Figure 16 (b): Dsversus TDS graph at constant pH

Observations:

Fractal dimension remains almost constant upon changing pH or TDS values. Average fractal

dimension is found to be2.44.

4.1.3 Change in the fractal dimension with time at increased shear
(a) Stirring at 70 rpm
Using the same formulation a sample was prepared keeping the pH and TDS constant at 7
and 700 ppm respectively. The floc sample was stirred at 70 rpm using Jar Test method

and variation in fractal dimension with time was recorded.

Table 3: Fractal dimension values of samples at pH = 5,6,7 and 8 at constant TDS of 60, 350
and 700 ppm.

t (sec) D¢
0 1.984
1.66 1.937
3 2.05
5 1.965
8 2.191
11 2.222
13 2.395
15 2.375
19 2.34
21 2.424
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23 2.389
26 2.228
30 2.38

32 241

34 2.256
36 2.415
40 2.472

(b) Stirring at 150 rpm
Using the same formulation a sample was prepared keeping the pH and TDS constant
at 7 and 700 ppm respectively. The floc sample was stirred at 150 rpm using Jar Test
method and variation in fractal dimension with time was recorded.

Table 4: Fractal dimension values of samples at pH = 5,6,7 and 8 at constant TDS of 60, 350
and 700 ppm.

t (sec) Ds
0 2.543
7 2.49
11 2.444
17 2.463
21 2.568
26 2.572
31 25
38 2.462
42 2.406
25 I,.L‘i,ln- wn g A" pEdm— T T
M_H\I/%"/l L ] :
T
o a
U i t (min) ’ D 20time(min) :

Figure 17 (a) : Dt versus time graph at constant stirring speed of 70 rpm
Figure 17 (b) : Dsversus time graph at constant stirring speed of 150 rpm
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4.1.4 Fractal dimension versus stirring speed [42]
A sample with pH 7 and TDS 700 ppm was prepared and stirred initially at 173 rpm for
1.5 min using Jar test method(in order to mix the). Later the stirring speed was decreased
to 40 rpm and fractal dimension (Ds) measurements were taken. Speed was then increased
to 173 rpm for 24 min and Ds was recorded later. Finally the rate was brought back to 40

rpm and the Ds readings were taken.

An increase in fractal dimension from intial to final recording was observed. This

indicates that the flocs have re-grown into more compact flocs.

Table 5: For pH =7, TDS = 700 ppm

t (min) D,
0 2.28
2 2.1
4 2.2
8 2.06
10 2.3
12 2.33
14 2.38
16 2.32
19 2.33
20 25
22 2.54
25 2.35
28 2.49
30 2.45
32 2.66
25 EH'}\ /E‘E/i
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Figure 18: Dyversus time graph initially stirred at 40 rpm then 170 rpm followed by 40 rpm
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4.1.5 Fractal dimension versus time for extreme pH, TDS values at a constant stirring

rate of 70 rpm

Table 6: Dynamic fractal dimension values for pH =5,8 and TDS = 60ppm, 700 ppm

t(mln) Df Df Df Df
(pH =5, TDS =60ppm) (pH =8, TDS =60ppm) (pH =5, TDS =700 ppm) (pH =8, TDS =700ppm)

0 1.88 1.79 2.06 1.97
1 - 1.77 - -
2 - - 2.06 -
3 2.54 - 211 -
4 2.59 2.04 - -
5 - - 2 2.17
6 2.51 - - -
7 - - 2.07 2.28
8 2.53 - - -
9 - 2.36 2.12 2.38
10 2.55 - - -
11 2.58 - - 2.38
12 - - 2.12 -
13 2.54 - 2.07 2.3
14 - 2.42 - -
15 2.49 - 2.16 2.31
16 2.54 - - -
17 - - 2.26 2.38
18 - - 2.15 -
19 2.46 2.43 - 2.17
20 2.5 - 2.26 -
21 - - - 2.15
22 2.38 - 2.35 -
23 - - 2.37 2.09
24 2.42 2.57 - -
25 - - 2.23 2.18
26 2.38 2.31 - -
27 - - 2.15 2.2
28 2.37 2.28 - -
29 - - 2.13 -
30 2.38 - - 2.14
31 - - 2.26 -
32 2.39 2.23 2.21 -
33 - - - -
34 2.31 2.2 2.28 -
35 - - - -
36 2.33 2.2 2.15 -
37 - - - -
38 2.29 - 2.26 -
39 - 2.13 - -
40 2.3 - - -
41 2.3 - - -
42 - - - -
43 2.27 - - -
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Figure 19 (a): Dsversus time graph at pH =5, TDS =60 ppm  (b) At pH =8, TDS = 60 ppm
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Figure 19 (c): Dsversus time graph at pH =5, TDS =700 ppm  (d) At pH =8, TDS = 700 ppm

Observations:

For low pH (pH = 5) and low TDS (= 60 ppm): Ds increases very fast (to 2.59 at t= 4
min) and decreases gradually.

For low pH (pH = 5) and high TDS (=700 ppm): flocs are not formed at all. Ds remains
constant throughout.

For high pH (pH = 8) and low TDS (= 60 ppm): Dy increases gradually (to 2.57 at t=24
min) and decreases gradually.

For high pH (=8) and high TDS (=700 ppm): Dy increases gradually (to 2.38 at t=17 min)

and decreases gradually.
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4.1.6 Particle size variation with pH and TDS

a) The TDS of the sample was kept constant and pH was varied from 5 to 8 and the

average particle size of the floc, d(0.5), was recorded using Malvern Mastersizer

2000. The observations were as follows:

200 -

m
=
1

100 A

particle size d{0.5) pm

50

—a— particle size for TDS 60 ppm
—a— particle size for TDS 350 ppm
—a— particle size for TDS 700 ppm

pH

b) The pH of the sample was kept constant and TDS was varied to 60ppm, 350

ppm and 700 ppm. The average particle size of the flocd(0.5) was recorded using

Malvern Mastersizer 2000. The observations were as follows:

200 4

150 4

100

particle size d(0.5) pom

50

—a— particle size forpH = 5
—a— particle size for pH =6
—k— particle size for pH =7
—w— particle size for pH =8

: — e

b

The results show that:

3EIIEI EI]IEI
TDS (ppm))

e Particle size is maximum at pH = 8 and it is almost equal for pH =7 and 6. Flocs show

smallest sizes at pH = 5. This implies that flocs are barely formed at lower pH values

e Primary particle size of flocs remains invariant under TDS changes.
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4.2Chemical Characterization

4.2.1 Infrared characterization:

Initially IR spectra of raw materials were recorded. This was followed by two floc formulations;
one having 0 turbidity (i.e. no Arizona dust) and the other with turbidity 2.5 were sampled for IR

characterization.
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Figure 20 a,b: (Above) IR spectra of floc with O turbidity (no arizona dust). (Below) IR spectra

offlocwith non zero turbidity
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Table 7 : IR characterization of raw materials

Compound

Signature peaks

Aly(SO4)s .16H,0

1084 cm™ (vs) 93 (SO4) triply degenerate stretch

Polyacrylamide

1653 cm™ (vs) 9 C-O

CaCl,.2H,0 1633 cm™
MgCl,, 6H,0 1633 cm™
Na,COs 1454 cm™ 95 symmetric stretching doubly degenerate

Upon comparing the floc spectra to that of the raw materials, it was observed that floc spectra

showed only PAM and clay signature peaks. None of the added inorganic raw materials (i.e.

aluminium, sodium, calcium, magnesium, silicates from bentonite clay) are seen.

On comparing the flocs with and without turbidity, it was observed that the two spectra match

each other and both of them show only signature peaks of PAM and clay.

Hence we can conclude that PAM and clay have masked all the inorganic species in the floc

surface.

4.2.2 Raman characterization:

Table 8: Raman characterization of raw materials

Compound

Signature peaks

NaHCO3

1044 cm™ | 1516 cm™ OH bending

Al5(SO4); .16H,0

467cm™9,,611cm™9, 911 cm™ 9,

Polyacrylamide

1000 cm™ C-C 9a, 1456 cm™CH,s

Na,CO3

1078 cm™ 9,
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Figure 21 (e): Raman Spectra of PAM network of floc with turbidity 2.5

The raman spectra show only vibration modes of PAM and traces of clay. Hence we conclude
that clay has masked the floc hence signature peaks of inorganic species are not seen. PAM
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network engtangled all the clay and inorganic species. This is furthe verified by the digital
microscopic images.

Images of floc taken by Digital microscope - MightyScope 5.0 M (Magnification 10x — 200x)

Figure 22 (a,b,c,d): Image of floc without arizona dust showing PAM network

4.2.3 EDX results
Three different floc samples are taken.

Sample A:Floc made without adding Polyacrylamide.
Sample B: Arizona dust is added in the floc formulation.
Sample C:Floc with Polyacrylamide and no Arizona dust. (Note that Arizona dust is added to

increase the turbidity of the solution.)
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Pellets of these samples of the size 1 cm x 1 cm x 2 mm are made using IR pelletizer.

1 2 3 4
Full Scale 367 cls Cursor: 4.394 (0 «¢

EDX for floc sample A

1 2 3 4

Full Scale 367 ofs Cursor: 4.2394 (0 of

Element Weight % Atomic %
0K 55.68 68.93
Na K 9 7.76
Al K 12.93 9.49
Si K 10.88 7.67
ClK 7.26 4.06
CakK 4.24 2.10
Total 100

Element Weight % Atomic %

OK 57.25 69.17

Na K 5.75 4.83

Al K 18.54 13.28

Si K 18.47 12.71

Cak 0.0 0.0

Total 100

EDX for floc sample B
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Element Weight % Atomic %
OK 60.68 72.69

Na K 3.21 2.67

Al K 15.85 131.26

Si K 17.16 11.71

Cl K 3.09 1.67

CaK 0.0 0.0

Total 100

2 ol
ull scale 141 ct=s

EDX for floc sample C

In EDX since the penetration depth of the incident electron beam is of the order of 1000 microns
and more, inorganic species like Al, Ca could be seen.

4.2.4 XPS results.

Au - 4f calibration spectra Al - 2p spectra
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Carbon 1s spectra Oxygen 1s spectra
0 1s=531eV A

C1s=2845eV

Norm.Intensity (arb.units)
Norm.intensity (arb.units)

T T T T T T T T T T T
280 285 290 295 300 305 310 525 530 535 540

Binding Energy (eV) Binding Energy (eV)

XPS data suggests that the surface species are predominantly carbon, oxygen i.e. PAM network.
The corelevels of inorganic species are very broad suggesting that they are covered by other
species.

4.3 Conclusions:

Comprehensive characterization of aluminum flocs was done in the context of drinking water.

The physical characterization of flocs suggests that:

» flocs can withstand extreme cases of hardness or softness (TDS) of water. This has been
confirmed by fractal dimension data. Dsvalues also suggest the maximum and minimum
pH conditions of the solution at the flocs can form. Optimum pH and TDS conditions for
effective floc formation are at pH =6 and TDS = 350 ppm.

» Floc behaviour was studied at a different shear rate and optimum rate was tested. Floc

growth, breakage and re-growth observed and correlated with Ds.

«  Compactness of floc was tested by fractal dimension calculations under different shear

conditions.

The chemical characterization of flocs showed that the sweeping mechanism by PAM is
predominant over charge neutralization by aluminum salt. Aluminum species is not found on the
surface as the EDS spectra of aluminium is very broad. Other species like PAM network and

clay have masked the Al species.
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Discussion
Coagulants are used to remove impurities from polluted water. The most common coagulants

used in water purification are “Alums”. Alums are double salts of sulfate with the
formula AM(SQO,),-12H,0,where A is a monovalent cation such as potassium or ammonium and
M is a trivalent metal ion such as aluminium or chromium(l11). Coagulation by metal salts is an
important and widely applied process in water and wastewater treatment. In our experiment we
use aluminium salts, because of its effectiveness in treating a wide range of water types at a
relatively low cost. On the basis of conventional aluminum salts (AlCl; and alum), the researches
on prehydrolyzed aluminum coagulants have developed rapidly in the recent years.
Prehydrolyzed aluminum coagulants have many advantages over conventional aluminum salts
including less sludge production and less dependence on temperature and pH. Aluminium
Sulfate hexadecahydrate (Al2(SO4)3.16 H,O) contains a range of pre-formed Al(I11) hydrolysis
species with superior quality and structure, which are fairly stable for further hydrolysis,

resulting in higher coagulation efficiency.

Previous studies showed that the coagulation performance and the coagulation mechanism of
aluminum salts are largely dependent on the Al (I11) hydrolysis species in Aluminium Sulfate.
Lower dosages are required to achieve water treatment goals, less chemical residuals are
produced, resulting in lower final TDS. Aluminium salts when added to the solution immediately
dissociate to form hydrated products like Al(H,0)s>*. These species are referred to as trivalent

ions of aluminium and are often represented as Al*".

The formation of these species depends highly on the pH of the solution hence varying pH has a
great effect on the hydroxide precipitate formation. The net charge on the molecule is affected by
pH of its surrounding environment and can become more positively or negatively charged due to
the gain or loss, respectively, of protons (H"). The isoelectric spoint, sometimes abbreviated
to IEP, is the pH at which a particular molecule or surface carries no net electrical charge.
Surfaces naturally charge to form a double layer. In the common case when the surface charge-
determining ions are H'/OH", the net surface charge is affected by the pH of the liquid in which

the solid is submerged.

The pl value (pH at iso-electric point) can affect the solubility of a molecule at a given pH. Such

molecules have minimum solubility in water or salt solutions at the pH that corresponds to
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their pl and often precipitate out of solution. The IEP for aluminium is around six. Hence at pH
below six, aluminium is positively charged and at a higher pH it is negatively charged.
Mechanism involved in coagulation using aluminium salts is charge neutralization. Since most
colloidal particles, in our case bentonite clay, are negatively charged, positively charged
Aluminium species gets attracted to them resulting in charge neutralization. Thus at pH below pl
stable colloids exist. As pH is increased towards pl, the stability decreases and the particles can
aggregate into larger aggregates. It is worth noting that the IEP for Al(OH)soccurs at Aluminum
speciation, which refers to the partitioning of aluminum among different physical and chemical
forms, and aluminum solubility are affected by a wide variety of environmental parameters,
including pH, solution temperature, dissolved organic carbon (DOC) content, and the presence
and concentrations of numerous ligands. Metals in solution may be present as dissolved
complexes, as "free" or aquo ions, in association with particles, as colloids or as solids in the

process of precipitating.

There are two general types of ligands that can form strong complexes with aluminum in
solution. Inorganic ligands include anions such as sulphate (SO4%), fluoride (F), phosphate
(PO,>), bicarbonate (HCO5") and hydroxide (OH), among others. The relative concentrations
of the inorganic and organic ligands generally determine the proportions and type of

complexes that are formed in solution.

Aluminum is a strongly hydrolysing metal and is relatively insoluble in the neutral pH range
(6.0-8.0) (Figure 23). In the presence of complexing ligands and under acidic (pH < 6) and
alkaline (pH > 8) conditions, aluminum solubility is enhanced. At low pH values, dissolved
aluminum is present mainly in the aquo form (AI**). Hydrolysis occurs as pH rises, resulting
in a series of less soluble hydroxide complexes (e.g., AI(OH)*, AI(OH)®"). Aluminum
solubility is at a minimum near pH 6.5 at 20°C and then increases as the anion, Al(OH)s,
begins to form at higher pH. Thus, at 20°C and pH < 5.7, aluminum is present primarily in the
forms AI** and AI(OH)?*. In the pH range 5.7 to 6.7, aluminum hydroxide species dominate,
including AI(OH)?**,and then AI(OH);. Typically, at a pH of approximately 6.5,
Al(OH); predominates over all the other species. In this range, aluminum solubility is low,

and availability to aquatic biota should also be low. At pH > 6.7, AI(OH), becomes the
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dominant species. Aluminum-hydroxide complexes predominate over aluminum-fluoride

complexes under alkaline conditions.

Mononuclear aluminum hydrolytic products combine to form polynuclear species in solution.
Aluminum begins to polymerize when the pH of an acidic solution increases to over 4.5:

2A1(0OH)(H,0)5%" === Al,(OH),(H,0)s*" + 2H,0

Dissolved Al Species
100
TRL . W e — S R e —
i
% 01+
= oo-
TETR N a——
L AIQHL @, o L
0.0001 ~= S i R
: | LN o
0.00001 : s
3 4 5 B 7 8 a
pH

Figure 23: Solubility curve of aluminum species and total aluminum, Al in relation to pH in a system
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