Theoretical Study

Basic Mechanism of Coagulation

It is impcrtanﬁ, to a discussion of coagulation for
the removal from water of turbidity which may be either or-
ganic or in-organic, organic color, or the 8ludzes resulting
from lime or lime-soda softening are the basic mechanisms
in-volved. The substances that cause turbidity in water are
colloidals, and it is mnecessary that the water chemist fami-

liarizes himself with the properties and behavoirs of colloids.

Properties of Colloids.
Colloids chemistry was originally defined as the physi-

co-chemical phenomena of particles within a certain size
range of about 5-200 mu. This definition, however was soon
found to be too confining, for the most important properties
of colloids are surface effects at interfaces and the surface
areas involved are extremely great. If a l-cm. cube of pure
gold is placed into a l-litre beaker filled with distilled
water, the surface arca of the gold is 6 sq. cm. The brightly
polished gold surface reflects practically all the in-cident
light, and the properties of the water and of the gold are
affected to only a minute degree by virtue of their physiczl
contact. If the gold cube is dissolved in aqua regia and
induced under proper conditions with tannic acid or sodium
formate, the result is dramatically different, - a purple
solution. Long known as "the purple of Cassias" it may be

filtered unchanged through analytical grade filter paper. It
may be kept under proper conditions, for years without

settling. Iuch of the light entering the



_4_

aclutiﬂﬁ is scattered The coligative properties of the system,
its boiling point, freezing point osmotic pressure, and vapor
pressure have all been slightly but measurably changeds FPer-
haps most important of all, when the solution is placed in an
electrical field between charged.poles,the particales migrate
to the 8®ode, indicating that they posses a negative charge.
The size of particles in the solution. In within the limits
stated before, and the surface area of the 1l0-mu. particles
made from the l-cm. gold cube has now increased to 6,000,000
sq.cms more than twice the area of a tennis court. The pro-
perties of the turvidity, organic color, and softening sludges
which are to be removed by coagulation in water treatment are
in general, the properties of this solutionsI% is important,
therefore to understand the forces that surround the parti-

cles of such solutions and give the particles their remarkable

properties.Black,1960)

Instability and Stability Factors.

The two most important 1mstability factors are the
Brownian movement and the Van der Wa=zls farces of attraction.
The Brownian mbvement is the movement inpgrte& to the sugpended
solution particles because of their impact with invisible,
rapidly moving particles of the medium. It is, therefore,
essentially a thermal effect that tends to drive particles
closer to each other and even causes them to penetrate the
force fields surrounding each particle, Although the nature
of the Van der Waals forces is not well understood, they may

be deseribed as molecular cohesive forces that increase in
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intensity as the particles approach each other. They becomec

more effective with decreasing particle size.

The nost important stabilizing factors are hydration
and the zeta potential. Hydration is the property possesscd
by some particles to attract relative by large nuumbers of
solvent nmobecules to the surface. When the solvent is water,
such particles are called Hydrophilic and as has been said,
contact between particles is hindered by the solvent "sand-

wichil

Nature of Zeta Potential

Zeta Potential refers to & surface charge of colloid.l
particles which causes the particles to migrate in an elec-
trical field to the pole of opposite charge. Zeta Potentizl
may be the result of seleetive absorpticn of ions from the
- solution or of residusl vslence forces, or both. The ori-
ginal Helmholtz picture of a charged colloidal particle
showed a closely held double layer of charge of opposite
sign. ZElectrophoresis the movement of charged particles in
an electrical field - could not, however, be explained Ly
such a picture, Gouy (1910) and Stern (1958) proposed the
diffuse-double-layer theory, which picture a stationary
layer of ions on the surface of the particle surrounded by
a movable diffuse layer extending out into the solution a
rapid drop in potential occurs between the particle and the

stationary layer, and 2 much more gradual potential drop
occurs between the stationary later and a point in the so-
lution at which electronatrality exists. The overall poten
tial is called the chemical or Hernst potential whereas

the lesser potential between the stationary layer and the
nﬁn



I:}Q*l-in*in‘

6
fixed lamger Diffuse lomger

toterntial

\

dist s,

O

d)

dict —~

Fig 1. Source of Zeta FPotential and Effect of Ions

of opposite Charge'black,1960)

l.a represents a negative colloidal particle in a

low concentration increases from that ind u. to that in ¢,

more positive ions enter the fixed double layer, and the

zeta potential is reduced.

In ¥d, a trivalent positive

ion has entered the fixed double layer and so reduced the

zeta potential that coagulation would probably result,
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¥ig 2. Anionic and cationic polyelectrolytes
Sach dissociating sodium in leaves a negative charze site
along the chain of sodiun.

folymethyl acrylate. Each

dissociat® bronide ion leaves a positive charge site
zlong the chain of polyvinylpyriduim Butyl Bromide.
(Black,1960)
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solution is called the zeta potential. The latter makes it
possible for the particle to move within a charged electrical
field (Fig 1 a). Because the motion of charged particles

in an electrical field is independent of their size or shape
and dependent mainly on the Zeta potential, the mcasurement
of pRrticle mobilities affords a rapid and accurate method

of Zeta potentials. Because all the particles of a given
solution posses the s8me Zeta potential, it acts as a repul-
sive force preventing the individual particles from approach-

ing each other.

Coagulation of Colloids

With the foregoing explanation of colloidal systems
as a basic for discussionsthe next step is to understand the
mechanism of coagulation of solution particles. Colloid
chemists long ago showed that coagulation results when ions
with a charge opposite to the charge of the colleoidal solu-
tion are added to the colloidal solution., The ionic atmos-
phere of the diffuse layer surrounding each particle expands
and contracts as the salt content of the solution is decreased
and increased. As the concentration of the added ion in -
creased, the diffuse layer is contracted until a point is
reached when the Van der Waals attractive forces are stronger
than the repulsive forces of the Zeta potential, and coaguln-—
tion results (Figl, b and e¢) the valence of the ion of oppo-
site charge is all inportant, and the observed effects in

general, follow the schulze-Hardy rule, which states that a

-T=
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Fig 5. Recunring .olecular Units of natural and
synthetic polyuer:.(plack,1960)

Fig 3 a) shows the structural forumula of alginic
acid, derived from keep; 3 b shows hydroxyethylcellulose,
dee Fig 4 for other

a substituted natural polymer.

noleculzar units.
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. polyacrylic acid.
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Fiz 4. Recurring liolecular Units of Natural and
Synthetic Polymers. (Black,1960)

Fig 4 a shows the structural formula of a galucte-

mannan, derived from guar gum. In 4b. a natural polymer,

starch is compared with a synthetic peclymer; polyacrylic.
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bevalent ion is 50-60 times more effective than a monovalent
ion, and a trivalent ion T700-1000 times more effective than
a monovalent ion (Fig 1 d) A colloid may also be precipitated
by the &ddition of the colloid of opposite sign. This is

called mutual coagulation.

The observed facts of water coagulation can be inter-
preted in terms of these colloidal phenomena, the two coagu-
lants most widely used in water treatment are aluminium and
ferric sulfate. Both supply trivalent cations: In as much as
it has been shovn’that, in general both turbidity and organic
color in water are present as negative colloids, the signifi-
cance and inportance of the trivalent positive charge becomes
inmediately apparent. Secondly, when either aluminium or
ferric sulfate is added to a water in the pH. range of optimum
coagulation, hydrolysis takes place. The formation of inso-
luble colloidal basic salts probably precedes the formation
of colloidal aluminium oxide solutions. Both possess positive
Zeta potentials and have the ability to precipitate negatively

charged color or turbidity by mutual coagulation.

Colloids chemists have long recognized that rapid coagv
lation of a colloid solution usually takes place shortly before
the Zeta potentisl has been completely neutralized. Electro-
phoretic studies show that this is generally true where either
alum or ferric sulfate is being used for the coagulation of
either organic color or turbidity. When turbidity is present
as clay, a further factor must be considered. It has been

shown that the metallic ions in the diffuse double layer
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surrounding a clay particle constitute an ion-exchange systen
and that an equilibrium exist between them and other ion ex-
change facilitates the substitution of the positively charged
aluminium or ferric ions in the diffuse double layer surround-
ing the clay particle, and, together with the number and size

of the particles inmolved, governs the coagulant dosage.

Chemical Coagulants
Chemical eocagulants are obtained by adding the floc

forming chemicals for the purpose of emmeshing or combining
with, settleable, but more particularly with non-settleable,
suspended and colleoidal matters, Rapidly settling aggregates,
or flocs, are created. The added chemicals, called caagulants,
are soluble, but they are precipitated by reacting with sub-
stances in or added to the water or waste water. In water
«purification, the floc¢ that has not been removed by sedimcn-
tation is generally removed by fitration; in waste-water
treatment, the floc is removed by filtration or by biological
treatment. The most common coagulants are aluminium and iron
salts while the preeiiifa%iﬁg substances are, usually,
naturally present alkalinity or, more rarely, added alkali-

nity releaved by substances such as soda ash-{Fair,G.M.andGayar,

J.C.,1956)
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The reacition of alun are:-

-+ * ¢+ AR
AL(S(%_);]EHEG oo Bghd + 55% _._!&Hzo
[ s
+++ i
¢ Al 4 & 0OH - ﬁ§%~*%0

The sccond reaction is the combination with OH. ions
availableby the alkalinity of water: If the alkalinity of
water is Inadequateg, it must be increased by adding substances

1

In practice, more than the amgunt required for reaction is

added in order to leave a residuzl of unrecacted alkalinity

in the water.

Polyelectrolytes.

The ability of such natural substances as starch,

gelatin, and vegetable gums to act as ccagulant aids has

long been known. Recent years have withessed the introduc-
tion of synthetic polyelectrolyte coagulant aids. Their

use has stimulateﬁ an increased interest in the older natural
products. Some of these materials have been found to Le
effecctive in extreamely low concentrations and to produce
spectacular results in many situations involving coagulation.

It is necessary, therefore, to examine the nature and -

By Iy
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properties of these material, in order to learn about their

mode of action.

The term "Polyelectrolyte" was ihtroduced by EUD53§19h?)
to include those polymers which, by some ion producing
nechanism, can become converted to a polymer molecule
having electrical charges. (ionized sites) along its

length (Fig 2)
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Fig 5 Effect of Degree of ionization of a polyelec-

trolyte on the viscosity of its solution(Black,1960)

If tt- chain is formed by linking molecules of one

molecular 3Ppecies, the compound is called a polyner, if
the chain is formed by linking two or more different mole-
cules, it is called a copolymer. Starch is an exauple of
2 natural polymer involving the linkage of a simple mole-
cular unit (Pig 3 and 4.) Proteins are polyamplolytes in-
volving the linkage of several amineacid..!. Proteins

-11-
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Fig 6. Effect of liolecular Weight and Degree oi

Ionization on Viscosity.(Black,1960)

The relat onship of spectific viscosity to
oentration is plotted against degree of ionization for
six polymethylacrylic acids. - The number near each curve
indicates the number of simple moleculed per macromolecule.
The respective molecular weights would, therefore be
these numbers multiplied by 86, the molecular weight of

the monomer.
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may also have both positiwvely and negatively charged sites.
The behavior of solutions of polymethylacrylic acid provides
information on the possible mode of asction of polyclectro-
lytes as coagulant aids. When sodium hydroxide is gradually
added to a water suspension of this acid, the specific
viscosity is found to increase rapidly as the acid is neu-
tralized, a maxinum being reached at approximately 50 - 60
percent neutralization (Fig 5). The viscosity is found to
increase with the square of the molecular weight, so that
polymers of high molecular weight provide solutions of much
greater viscosity than do polymers of low molecular weight

(Fig 6)

coiled spring. This shape is the result of the random
forccs surrounding the polyelectrolyte. As a basic polymer
neutralized with acid or an acid polymer neutratized with
base, the ions of the neutralized acid or base dissociate
irom the chain, leaving charges at the points of dissocia-
tion. PFor example, if polymethylacrylic acid is 10 percent
neutralized with base, each tenth molecule in the long chain
w1ill have a negative charge. These charges will repel each
Other; the polymer chain will begin to uncoil and the mole-
cule to stretch with consequent increase in viscosity,

(Fig 7). As neutralization proceeds and more charge sites

12w
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Fig 7. 3XEffect of Electric Charge on the shape of
a Molecule in Solution. (Black,1960)

The uncharged molecule is like a contracted chain,
which might even be coiled or looped. The elecirically
charged chain has expanded and Lengthened owing nutual

repulsion of charged sites along the chain.
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are placed on the molecule, it uncoils more and more and
finally straightens out, reaching nmaximum viscosity. The
charged sites on the polymer chain can attract ions or

colloids of opposite charge or can cross link with other

polymers of opposite charge Fig (8)

liechano - Chemical Effect.

The behavior of polymer molecules provides a possi-
ble means of converting chemical energy directly into
mechanically energy. Fibers of a poly acid soil-condition-
ing agent are drawn from a concentrated solution and hcat
treated so that they become inscluble in water. .Dnc and
of a bundle of these fiber is attached to the inside bottom
of & glass cylinder that can be filled with acid or alkali
as desired. The other end of the fiber bundle is attached
to one beam of 2 chemical balance, and a balancing weight
is added to the opposite pan. The balance pointer in-
dicates ﬁny physical change taking place in the systen.

If the cylinder is then filled alternately with 5 percent
hydrochloric acid and 5 percent Sodium Hydroxide, the fibers
will expand in the alkali, owing to the mutuzl repulsion of
charged sites, and contract in the acid. With fibers about
a foot in length and counterpoise weight of 10 gm, the
movement of the pointer may be as much as 2-3 in this so-
called "mechano-chemical" effect is remarkably similar to
that involved in the contraction of muscle fibers is the
human body the protein myosin, & main constituent of zuccle

fiber is a very long protein molecule possessing ionized
-15-
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or ionizable sites. If, be enzyme action, the electrostatic
energy of these molecules is suddenly diminished, the result
might be a muscle twitch more rapid than, but similar in
nature to, the change that has just been described. One

may imagine the long chains of natural or synthetic poly-
electrolyte coagulant aids as tiny muscles suspended in water
which actually attract and draw to-gether, by nuscle action,
tiny colloidal particles and agglomerate them into the
visible flocs than can be removed by settling. If this is
the true explanation of their aetion, then the name |
"polyelectrolyte coazgulants aids" is consistant with their
behavior. 4lso one would expect that their maxinum activity
would expect that their maximum activity would be exerted
right after the preliminary phase of coagulation. In actual
practice, it has been found that the aid being used should,
in most instances, be added after and not before the
coagulant. The number of those "little muscles" available
for floc building even at the minute dosages at which sone
of these aids are effective, 1iIs very large. For example,

a dosage of only 0.2 ppm. of a polyelectrolyte having a
molecular weight of 100,000 would provide 120 trillion

active chains per liter of water treated.

Although the above mechanisn may possibly explain
the action of some of the natural polyelectrolytes as
coagulant aids, fit fails to explain the action of others,
The high viscosity of aqueous solution of the monionie
natural materials, such as starch and guar gum, is probably

the resulk of the ready hydration of the highly hydrophylie

=j4=
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molecules. Cationic starch, however, has recently been
produced and is ‘MOW, @ommercially available. Lamer,(1956)in
his study of the flocculation of phosphate slimes, found
potato starches to be much more effective than those derived
from corn or other sources. He attributes their effec=
tiveness to their phosphate content, and suggests that
specific cross-linking between the phosphate radiecals

which normally occursin potato starch molecules, with
calcuin or other cations forming insoluble phosphates-is
respoBRfible for thé specific flocculating power of potato
starch and its derivatives. He further found that whereas
electrolytes will coagulate colloidally dispemsed matteryr,
in the absence of electrolytes, will preferentially coagu-
late the coarses particles. The metallic salts’ of slginic
acid, derived from kélp, have been shown to have ion-exchange

propertiesy, .



Fig 8. Electrostatic Cross-linking of Polyner

Chains by trivalent Ion.(Black,1960)

The diagram represents a gel of an acidic polyelec-
trolyte formed with polyvalent. Cations by electrostatic

cross-linking.
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