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ABSTRACT -

o =

The problém of separation of suspended solids present in'the
effluent stream of a paper'mill has been investigated. The separation

procéss considered in this study is chemical flocculation followed by
. - .

sedimentation. The present investigation includes an analysis of the

problem ieading to the establishment of important parameters that
determine the cost ‘of separation, the éxperimental evaluation of the

determining factors, and the evaluation of the cost items. In this

context, the sedimentation behaviour of the flocculated suspensions

. of irdividual constituénts of fhe waste namely, Ti 02. clay‘ and the

paper fines has been studied and compared with that of actual waste '-
from a paper mill. Alum and Super Floc-330 (an organic poly-
electrolyte) are the flocculants used for the study./ Electrolytic

‘process has also been investigated.
¢ :

- " s
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1. INTRODUCTION

L3

Paper mills use 10, 000 to 50 ‘(:JOO gallons of water per ton of
paper produced. The waste water containing suspended sohds blO-
degradable materials and the dissolved sahds is drained mto the river
causing pollution. problem The main i gred1ents of the ?JSPended
solids are t1tan1um dioxide (T10 ), clay and the paper ﬁnes Starch
and other bio-degradable materlals used in‘the paper processing cause
biological pollutlon and is measured in terms of Biological Oxygen
Demand (B.0O.D). A list pf ingredients used in the paper processing

from which the effluent st™cam originates, is presented in Appendix ].

The amount of suspended solids and B.O.D. vary from mill to
m111 and also iluctuates durl.ng the Operatmn of the mill. Published
reportsl' ¢ show that the concentrations of the suspended solids vary
vetween 100 to 1000 ppm. The concentrat;ons of the 'suspended solids M‘Q
and B.O.D. are usually around 300 ppm. Other impurities present
in the e}ﬂuent stream are in the form of dissolved solids, whose
| concentrations are usually thce that of the suspended solids. A
medium size paper mill producmg 200 tons per day of paper drains
several tons _of chemicals and bmlog:.cal pollution materials per day.
The present regulation restricts the permissible level of suspended

solids in the effluent stream to 50 ppm This could be fLiqther lowered

by the demnand of the government. /

The present study is restricted to the removal of sﬁspended
solids from the effluent stream. The suSpendéd particles in the
waste stream are in the colloidal form. Titanium dioxide particles \I_

are between Q 2 to 1 micron, clay partifles are between 1 to 5
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microns and the paper fines are mostly below 100 microns in length
and several microns in diameter. These particles cause difficulties
. in all the separation processes, whether it is filtration, floatation or

sedimentatiOn‘. It is necessary to use some Jpretreatment by which

these particles could groin bigger before any such pProcess is possible,

The separation process for such a suspension consists of two
distinct independent processes,
‘N—J—J . '
i) the process by which the particles could grow bigger
-, and form aggregates, '
ii) the process by which the aggregates separ.ate out from

the fluid medium.

The usual way of ach1ev1ng particle growth is by adding an electrolyte

and the process is called flocculation. Flocculanon( followed by the

dimentation of the flocs formed is called che'rmca.l treatment and

is copsidered to be standard practice for the removal of suspended

LY

solid$ from waste water.

The pollution abatement usually means a non returnable
e:i;penditure for the industr;r and its cost frequently détermines the
acceptability of process. The important cost items of the treatment
process whic&'x are functions of process parameters, are the capital
cost determined by the size of the units, and the cost of chemicals.
The 5iZ€'of the units is, determined by the rate of individual process
such as flocculation and sedimentation. The selection basis of any
electrolyte is often the overall cost of separation. It is necessary
to evaluate the factors that determine the cost of separation. .
Therefore, an expenmental study has been planned to inve shgate

the flocculating and sedimentation behaviour of the paper rmll

effluent stream as a function of flocculant dosage asing different

~
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flocculants. It is realized that, due to the presence of a lar.ge
number of different chemicals in the paper mill effluent stream,
understanding of the problem wil]l be difficult. By studying the

flocculating and sedimentatiorybehaviour of the individual consti-
~

tuents, namely the TiOZ' clay and paper fines separately, it may
be possible to identify thé nature of the problem, Tl'{erefore, in
this study most of the experiments have been perforrénch\sing‘

the individual constituents, and their results are compared with

f
¥
\
[3

,

that of an actual paper mill effluent stream.

Electrolytic proceés has also been investigated as an ‘
L] .
alternative for the particle growth process and the results are
compared with that of the chemical\ﬂicmﬂation'process. In the

experimental study, only '1"10‘2 suspensions have been used,

>
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2. LITERATURE SURVEY

The-treatment of paper mill efﬂuent,at/arn‘.s\has drawn
a considerable interest on the grounds.of pollution abatement,
fibre recovery and water economy Since 1970, government'
initiative ha.s led to the formatmn of a joint government- -industry
committee known as the Coordinating Committee for the Water
Pollaution- Abatement Research for C adian pulp and paper ope-
rati;)n. The research is belng conductyd at the Ontano Research

Foundation under the title "Separatlon Han and Utlhzatlon

of Paper Fines", and is aimed at reducing the pollution causéﬁ\f"’\
by pulp and paper mill. effluent s_treams). A survey of all the -
related works done till 1971, is presented in their published

reportl. A literature review3 has also appear'ed prior to this.

The reviewed literature covers almost every aspect of the

treatment, such as its problems, d'ifferent methods of the

treatment and their suitabilities. Although, most of the reported
literatures are dealing with the treatment of combined pulp

and paper mill effluent streams whare the problem is much

more complex than that of white wati .

.some of them are worth

njentioning in order to present an 1dea about the nature of work

done in th1s field. ) . 7

Mc F‘arla.ne4 (1962) reviewed the methods for the treatment

of pulp and paper mill efﬂuentAstrearns other than spent cooking
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liquor. The treatment problems of the puip and paper mill ‘ G

. 5
effluent streams has been discussed by Bhootta (1966), and

a suggestiorn has been made for the reuse ofthe treated paper

mill waste. RauS6 (1969) suggested the use of separate
treatment processes for each of pulp and paper rﬁil instead of
ox.1e combined. The treatment problems and the disposal of
the treated Kraft Mill waste water inté a classified inland water
wére discussed by Vickern}an? (1967). Billing and DeHa558
(1971). discussed the pollution control mefhods of the pulp and
paper mill effluent streams. Beside ' hese, the treatment
methods for the paper bc.;ard efﬂu6n/t;,—kand for the paper and
allied products effluent 10 are of interest.r The problem of
fibre recovery, and water economy in paper mill have been
discussed by Kllernm“ (1961) . Leitner > (1970) , and
Biddikerm‘ (1971) discussed the waste utilization and the

reclaiming of waste water.

It is apparent from the literature study that the
" chemical treatment has been given most serious'consideration.
The treatment process consisted of adding an electrolyte to

induce a particle growth and separating the aggregates formed.

A review of the chemical flocculant used for the treatment :

of the paper mill effluent streams have been present by
Shunas 4 . It* appears that a wide variety of chemicals

(inorganic and organic) have been used for the treatment,

4




13 [
Among them alum is one of the mo st frequently used ch‘gmical
Being one of the ingrediénts used in the paper makmg process it has
obvious advantage over others, when one considers the reuse of the
separated solids. It has been reported also, that the amount of
alum required for the treatment could be’considerably reduced by
adjusting the pH valué of the ‘medium. In many cases, ferric
.sulphate has been used and found to be more effective than ‘alum,
specially if. the medium is alkaline. A combination of chemicals pro-
viding rmxed cations, such as Fe+++, A1+H and solid materials T
which have a strong adsorbent property like activated silica, fly
~ ash'and short fibred asbestos have also been used in some cases.
A’ huge nymber of organic poly-electrolytes, synthetic or natural,
are reported of being used in the treatment process. Among them,
poly ethylene amine, synthehc quaternary ammonium, sulphonium,

—
-

phosphonium poly-electrolytes, and cationic starch are most common.

In some cases, a combination of inorganic and organic electrolytes
have been used. . Commercial poly-electrolytes belonging to the
class m?nhoned above, are ava.llable in the market under du’ferent
trade names. Their merits and demerits are discussed in a

> 1t has been mentioned that sometimes the -

number of papers
cost of chemicals can be prol'ub1t1ve and due to th1s, practical

1mp1ementat10n has been very limited, ' : !

The separation processes considered were sedimentation,
floatation and filtration. In most cases sedimentation were used.
In some cases, chemical treatment have been used for a partial

separation prior to biological treatment which remove most of the:
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B.O.D and the dissolved solids. Before arriving at the treatment

process it may be worth 'while to inve étigate; the nature of the

pi'oblefn. The basic problem of particle grm‘nt}{is due to the

.\cils%oid beh‘aviqur. An er?ormoxis volhme of literaturé has been
published on the behaviour of the colloids and on the kinetics of ' :

particle growth, since early this century. A basic concept about

the problem.could be obtained from a number of text book on c.olloid

. . 17,18,1
and particulaté chemistry, = '’ ? amd from a few recently pubhshed

: . 21,
, literature on the subject 20, 22, 23 24,25, 26, 27. In the next few

sections o;f this chapter, attempté will be made to identify the basic
problems in the separation of colloids and.brling out the importaﬁt_
process parameters that control the rate of particle growth and
sedimentation, ciﬁng'all the nelevant literature, as it will be help-

ful in formulafing this research study.

2.1 Basic Problem :

The problem of particle growth in a colloidal suspension has
been d15cusSed by Kruyt 7, Clyde Orr 18 and van Olphen9 - The basic
problem is due to the presence of an electric charge on the surface i g

. of the colloid, which creates an electrical double layer at‘ the intér-

face between the particles and the medium in whi¢h they are suspended,

-

The growth of the pa.rtlcles take place due to the van der Waal's force
of attraction between them, whereas the electrical double layer

prevents them from coming in contact with each other. o

2.1.1. Origin’of Electric Charge :

L)

&
The electric charge on the surface of a colloid particle may’
result from one-of the follbwing reasons depending on the chemistry

of the substance concerned. '

3 7 | &
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i) At the phase boundary of sohd surfaces, the charge may .
re sult from an isomorphic replacement within the lattice and by the
lathce 1mperfect10ns Clay offers a repre se.ntatnre example of this
nature. The acquisation of a negative charge at the phase boundary
is due to the replacement of s1111con atoms by aluminium atems in “ -
Si O‘2 tetrahedron and due to the replacement of Al atoms by magne -

sium atoms in aluminium oxide octahedrons. ',[‘102 particles also

' belong to this class.

ii) On-chemically inert materials; “such charges are esta- (.
blished due to the adsorptmn of certain ionic species such as OH ions

from the soluhon 5.

1ii) The primary charge of collou:lal particles may result
from an ionization of a complex 10nogen1c group on the surface of
the dlspersed pa.rhcles - Many natural c01101da.l impurities contain
ionizable func:tlonal groups such as hydroxyl, carboxylic, phosphato
and sulphato groups Their charge depends on the degree of 1on1za-
tion and may be either positive or negative depending on the pH | : ~ -
v;.lue of the solutions. Examples of such cases are : . N '
a) the electrical s‘tate of a,pi-otein, or the. cﬁarge on the oo
surface of a micro~organism
b) the ionizable carboxylic and hydroxyhc group in a
natural color, and a
c) the ionizable carboxylic, phosphato and sull;hato'groups

" in the starch and the cellulose derivatives.
=]

2.1.2 Electrical Double Layer -

- These charges are compensated by an equal amount of counter
T
cha.rge form1ng an electncal double layer, which. keeps the whole assembly

q

W




electrically neutral. This is SChelmati_céHy re'presented,in Figure-1
Particles are surrounded by a ﬁighly compressed positively charged
layer, defined as Stern'ls layer, . This is followed.by a diffuse layer
called Gouy's layer. The potential difference bet}x;een the shear
plane ana that of the solution is calied Zeta potential.

'I:here are two types of coiloids, the hydrophc;bic and the hydro-
'phyllic. The hydrophobic colloids repel water and there is a distinct
phase boundary between the colloid particles and the medium.

Inherent charge on‘{the surface of the particle establishes the double
layer with the help of counter ions from the solutions. Clay, T1O

and many other morgamc chermcals are examples of this type of
colloid. On the other hand, the hydrophyllic colloids attract water,

In many cases, they are preseat in true solution as a single molecule .
or as a cluster. A distinct phase boundary does not exist in this

» case. The double layer formation in such a case is due to the pre-
~sence of a hydratmn layer and the counter ions from the solutions. \
Starch gums and color complexes used in the paper pror:essulg are

: examples of this type of colloids. ' C

2.1.3 Force of Repulsion
\ .

- A
. - ff . . . .
When two particles approach each othler.owing-to their Brownian

movement or due to an induced velocity gradient, their diffuse counter
ion atmospheres begin.to interfere. . This difference lf;-ads fto a change
in distribution of io.ns in a double.layer, whiéh involves in an increase
in the free energy of the system, or in other words there will E;e
‘repulsion between the pa1.'tic1es. Repulsive force prevents the
)pa.rticles from coming in ;:ontact with each other. ft is a function of

surface charge density on the parhcle and der,;reases apprommately

-
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‘expo; € ntially with an increase in the separatién distance between the

g - : Sy

particles. L.

2.1.4, The van der Waal's Attraction Force.

-

Particle growth takes plécé because of the van der Waal's
force of attraction bemeen';tw‘o particles. For an atom pair, the
van der Waal's attrﬁctivé fofce it inver sely‘ proportional to the
seventh power of the distance, (or to the sixth power fof the attractive‘

“energy). For two splietical particles however, the force is inversely

’

proportional to the third power of the distance between the surface,

. . : 1
and the attractive energy therefore to the second power of the distance.g -
. A ™ . -

This is because, van der Waal's attraction force between the atom
pair is additive. The total attraction between two particles containing

large number of atoms is equal to the sum of all the attractive force

between every atoms of one par'ticl_e to ever'y-‘a_toms ofthe other parti-

o
—

cles. The summation leads not only to a large total‘force but also to

a less rapid decay with increasing distance.

a s ———

- If the p_articl;e is surrounded by a shell of absorbed molecule -
of either solvent or the solute, the density of atoms packing the shell
is less than the particlef itself with a reduction of effective attraction

_force. The shape of the particle and the position of mutual approach

also play a role,

2.1.5. Energy Barrier and the Stability of the Colloids: L

The resultant of the van der Waal's attractive force and the(-
force of repulsion is actualiy the net force acting on the partiqle.
The potential energies due to these forces are shown as a function
of the distance from the particle surface ‘in E‘ig—Zlg. The curves
A, R and S represent the van der Waal's attractive for,ce,. fhe repulsive

force and the resultant,re specti\;ely.

s -
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The nature of the curve S suggests that the particles will have to !
climb and energy hill Eb before the force of attraction come into play. _
Particles which overcome the energy hill make contact to each bthér‘.
This energy barrier represents the stability of the iéolloid. At a
particular distanée, the force of attraction is a constant quantity.
Where as, the repulsive force is a variable one, determined by the

charge density on the surface of the colloid. This makes the energy

barrier a variable guantity and its value for a stable suspension is

of the order of 15-25 kT.

-

2.1.6. Destabilization of the Colloid : _ -

1 had

The energy barrier is a measure of the colloid stability and is Do

strongly dependent on the electrolytic concentrations of the medium,

If the double layer is created by the absorption of potential deter- /

- mining ions from the solutions, the electrical potential is determined
. -
by the concentrations of these ions. Therefore, the energy barrier
could be chapged by changing the electrolytic concentrations of the : .

- mediwm. o

If the double layer results from an interior, lattice imperfection,
the charge per ;.mit area is a fixed quantity determined by the irnpe‘rfect*ion
of the crystal lattice. In this case, a decrease in surface charge may
be brought by the charge neutralization due to the absorption of certain
‘i:oni(': spécies fr;ﬁ the solution, or the diffuse double layer may be

compressed with an increasing electrolytic concentration. In either

case, there/will be a change in the shape of the net interaction curve. : k

i 4
The effect is shown in Fig-3 9, in which the curves I, II and
III represent the net potential energy for medium and high electrolytic

concentrations,respectively. At a high electrolytic concentration, the
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potential eﬁergy curve III does not show a repulsion at any distance
and the particle agglomeration takes place very rapidly. At an
intermediate electrolytic conv.;:entration (curve II), the long range
repulsion restricts the particle agglomeration. At a very low concen-
tration (curve-1), the long range'repuléion re.stricts the agglomeration
to such an extent that it takes weeks or even months to show any

noticeable effect.

The process by which the energy barrier is lowered, is called
destabilization. Most of the yéxtu'ra]ly occurring colloids have negative
surface charge. Any positively charged ion, which can get absorbed
on the surface, will cause charge neutralization. Schultz Hardy Rul‘o:*.19
predicts that the higher the valency,of the ion, the greater will be its
po’wer of destabilization. Thus, tfd_estabilization power of Fe+++
or Al+++ is much greater than that of. Ca;& or Mg++, which again
is higher than that of monovalent ion Na® or K'. For this reason,
ferric-sulphate and aluminium sulphate have proved to be effective
destabilization agents.

"It is to be noted that the coagulating power of alum and
ferric sulphate is e:étremely sensative to the B H value of the
medium and a very high coagulating power is attributed to the polymeric

28,29,30

hydrox‘i\ie corﬁplex - formation in some pH range. For

aIgrg flocculation the pH range in which polymeric hydroxide cmrnplex
forrhs is 5 to 9. Organic poly-electrolytes which provide a large
number of cations in a single chain, likewise become very effective.
Destabilization can be brought simply by increasing the acidity or
alkalinity of the medium. In case of a hydrophyllic colloid, where
the stability of the colloid is due to tbe presence of a hydration

layer, destabilization is brought only after dehydration .
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The factong that determine the potential energy barrier after

destabilization are as follows : i

i) the initial surface charge, : T

ii} the ability of an electrélyte for éharge neutralization.
iii) the cox.'ltenltratior'x of the electrolyte, . .
iv)} the adsorption equilibrium of the added electrolyte

between the solid and the liquid phase.

b

As the amount of surface charge is proportional to the total surfﬁce :
area, the extent of destabilization will be a function of the amount
of electrolyte added per unit surface a..rez;. of the colloid or, in other
wordé, the amount of electrolyte required is proportional to the

surface area concentration of the colloid.

2.2. Theory of Particle Growth :

,The'\colloid particles suspended in a mediurm move arotnd

either due to the Brownian motion or due a mechanically induced velocity
gradient. The potential energy barrier surrounding the particle prevents
them from coming close to one another.. Those particles, which over-
come the energy barrier make contact with. each Jther: )
forming aggregates. The process is called coagulation. As discussed
earltier the energy barrier ~may be lowered by édding an electrolyte. )

, the éoagulation results in .comple}cl:] particle aggre‘gates with the
association of molecules c.af electrolyte , the process is defined as

flocculation. ' '

Coagulation or flocculation could be either perikinetic or ortho-
kinetic depending. on = whether it takes place due to Brownian motion

or due o a mechanically induced velocity gradient. — "
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The rate equations of peri - and orthokinetic coagulation
. 17
were developed by Smolochowsky in 1918 ., The equations were

based on the following simplified assumptions :

i) the particles are non-interacting spheroids of equal sizes, .

having no potential energy barrier between them.,

i1) the particles move either due to the Brownian motion or
L3
due to a mechanically induced velocity gradient and collide with each

other forming muiltiplets of an equivalent diameter.

ii1) the particles are randomly oriented and the volume of the

dispersed phase is negligibly small as compared with the liquid.

iv) All Collisions lead to attachment.

2.2.1. Smolochowsky's Peril(inetic Rate Equation :

The collision frequency J, in numbers per second, of the

particle of radius R with N other spheres of equal size is given by

J = 4% DNR _ ' )
wheré,
D = diffusion coefficient of Brownian‘ movement, cmZ/Ser:‘
R = Radius, crm.
! N . = Particle density, Nurnber/cm.3

If all the particles participate, the rate at which the particles
dis'appear, can be expressed by Equation 2, -
2 . -

T " 47 D N° R | (2)

d
where g = flocculation time, secs.
b

[a B

) 2
and = diffusion coefficient, cm /[sec.
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‘The “y-afl{lé of D is given by the Stoke's - Einstein's ‘expressionl‘

p - X
i 6vﬂR
where, '
= Boltzman's constant,
T = Temperature OK,
and - 'z Visc.osity of the medium.

Ll 1 .

Combining Equations 2 and 3 yields,

dN i

AN |2 kT 2 J

d-e 3T i

= - K:Nz

Where,

K = rate constant = kT

- 3’f 7
Integrating Equation 5, we obtain,
{ .

l - ﬁ' = K 9

N o
Where,

No = initial particle concentration
and N = final particle concentration

2.2.2. Smolochowsky's Orthokinetic Rate Equation :

The rate equation of orthokinetic coagulation or flocculation

is given by

exposed within the fluid

(3)

(4)

{5)

(6)

-

7

dN du ©
— = -4— . = N
do 4 dz ™
© Where, -
/e 7= volume fraction of the suspended particle
;l_u = local velocity gradient in which the particles are
2 :
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Integratiﬁg E‘qdation 7 yields
N - du tp ’
1n~NO"?4dz ;—Q:—KD (8)
where K is the flocculation constant and is equal to
4 du .
~ — ™ -
m dz
Expre-ssing the root mean square velocity gradient as”' G,
we obtain : -
4 :
K = = Go (9)
' ) \
' The equation of orthokinetic flocculation (Egquation 8) could
‘be written as :
N ' . .
In [ = -K'Gos S . (10)
O .
However, this is a very simplified form, based on two
important assumptions as follows: /
i) all collisions lead to attachment,.
4.and . ii} the particles are uniform to start with.
The concept of attachment efficiency was introduced by
20 -
Victor Lamer . The rate of flocculation is gi)yen by
. . . 7
Rade of Ylocculation = 'Rate of collision X Attachment ,
efficiency’ {R) . *

The attachment efficiency is defined as the rate of attachment

#

‘collision to the total number of collisions taking place. -3

In this case, the flocculation constant K' becomes a

function of the attachment efficiency.
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The rate of collision could be calculated from the kinetic
theory of colloid particles, but the attachment efficie'ncy is an
unpredictable fac;tor, and is determined by the energy ba.r-rier and

the mechanism of the attachment process.

~—

THe degree of destabilization depends on the amount of -
electrolyte added, thereby varying the energy barrier and the
attachment coefficient. .In other words, K' is a function of the

arniount of electrolyte added.