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THE INSTITUTE OF PAPER CHEMISTRY

Appleton, Wisconsin
SUSPENDED SOLIDS REMOVAL
SUMMARY

The removal of suspended solids from in-plant streams or secondary
effluents is important in view of the proposed 1983 EPA guidelines. This project
was, therefore, undertaken to study four commonly used solid-liquid separation
processes: granular media filtration, dissolved air flotation, microscreening
and sedimentation. In the past century, considerable improvement has been made
to increase the efficiency of these clarification processes. We believe that any
further improvement will come primarily from better understanding of the separation
mechanisms. This progress report covers work done on granular media (sand) filtra-

tion.

Basic separation mechanisms affecting the removal of suspended solids
in media filtration are investigated by separating the effects of hydrodynamic
and electrokinetic forces. To date, our results show that particles in the size
range of 0.1 to 5 um aré difficult to remove. The separation improves consider-
ably when one adjusts pH or increases ionic strength or adds a coagulation aid
to destabilize colloidal particles. The presence of starqh reduces filtration

velocity significantly.

The effectiveness of granular media filtration in treating clarified
water from saveall units and from biological treatment systems (secondary effluent)
is being investigated in light of the separation mechanisms proposed here. This,
together with our work on dissolved air flotation, will be discussed in the next

report.




Page 2 Members of The Institute of Paper Chemistry
Report One ' ‘ Project 3352

INTRODUCTION

Stringent effluent regulations followed by strict enforcement have
encouraged many industries to modify their processes and/or improve their treat-
ment facilities. The pulp and paper industry has made significant progress to
reduce the consumption of freshwater ' and improve the quality of discharged
effluent. One of the problems in closing the mill water cycle is the control
of suspended solids, especially in tﬁe size range of 0.1 to 5 um. For example,
when thé white water cycle is closed in a paper mill, suspended solids clog wires,
felts and éhower nozzles (1). 'Furthérmore, buildup of suspended solidé and fiber
fines can affect the drainage rate and the quality of the finished product. The
removal and éontrol'of suspended solids is thus quite important to the pulp and

paper industry.

Solid-liquid separation processes, like sedimentation, filtration, and
flotation, héve béen in useAih the pulp and paper industry, as well as elsewhere,
to remove éﬁspended solids. When these processes are used for white water treat-
ment, they are collectivély known as savéall proceéses in the paper indu;try. In
the paét century, considerable improvement has been made‘to increase the efficiency
of theée clarificafion processes. We believe any'further improvement will come

primarily from better understanding of the separation mechanisms.
OBJECTIVE

The overall objective of this project is to reduce the discharge of sus-
pended solids from pulp and paper mill effluents by advanced treatment and/or
process control. This broad objective can be achieved through better understanding

of commonly used solid-liquid separation processes, namely,
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. granular media filtration
dissolved air flotation
microscreening
sedimentation

PNV NN

Various separation mechanisms which affect the efficiency of these processes will
be studied. This will help us to select a separation process or modify the exist-
ing one in a systematic way. Our work on granular media (sand) filtration is

presented in this report.

Some potentially useful processes like centrifugation, reverse osmosis,
ultrafiltration, and freezing are not considered at this time since they are not
economical compared to the above four methods. If the economic picture improves

or needs change, we will investigate such processes.
APPROACH

. Suspended solids usually encountered in papermaking operations (e;g.,
titanium dioxide, latex, and clay) were used for the initial phase of this program.
These particles range from 0.1 to 5 um. Particleé of this size are, in general,
difficult to remove. Particles much smaller than 0.1 ﬁm, due to theirlintense

Brownian motion, and particles much larger than 5 pm, due to their greater settling

velocity, are relatively easier to remove.

There are several exceptions to this general rule simply because separa-
tion of colloidal particles is quife complicated and depends’on particle charge,
density, etc., in addition to particle size. Nevertheless, the removal of particles
in this difficult-to-remove size range of 0.1 to 5 um should provide a stringent

test for the selection of a separation method.

Even though granular media filtration has been used in water treatment for

over a century, considerable progress has been made only recently in understanding
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various separation mechanisms. A brief review of recent developments is presented
in the next section. In the-subsequent sections our results are presented and v

examined in light of the current developments.
GRANULAR MEDIA FILTRATION

Granular media filtration is widely used for separation of suspended
solids. It is generally operated-on a batch or semicontinuous mode by'using a
fixed bed of sand grains or similar material. Although some continuous sand fil-

tration units are in operation, they are not yet popular.

Granular media filtration can be divided into two categories: cake
filtration and depth filtration (2-5). Pore openings in granular beds are such
that particles greater than 30 pm will generally not pass through. These particles

will, therefore, accumulate at the bed surface, forming a cake. Further separation

is effected by this cake, and consequently it is called cake filtration. Particles

smaller than 3 um, on the other hand, are separated by deposition on the grains l

throughout the bed depth. Thus, separation of smaller particles is termed depth
filtration. Both pore blockage and surface deposition are operative for particles -

from 3 to 30 um.

In this project we are primarily concerned with depth filtration. Since
cake filtration is somewhat similar to microscreening, we will consider these two

together in future work.
RECENT DEVELOPMENTS IN DEPTH FILTRATION

Separation of colloidal particles in granular media filtration is be-

lieved to occur in two steps (5-8),
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1. transport of particles from the bulk fluid phase to the
vicinity of grains and,

2. attachment of the particles to the grain surface.

The transport step is primarily influenced by the prevailing hydro-
dynamic conditions and depends-on particle size, grain size, filtration velocity,
particle density, and temperature (as it affects fluid viscosity and Brownian

diffusion).

The attachment step is electrochemical. The adhesion of particle to
grain will depend on their eléctric charges. If particles and grains have
opposite charges, thislmay promote-adhesion. When both particles and grainé
have a charge of the same sign, the degree of adhesion will be determined by a
net balance between Van der Waals attractive forces and double layer repulsive
forces. [Note: Van der Waals attracgive forces are always present, and they are
independent of the charge on the particles. Increasing the number of atoms per
unit volume in each particle, i.e., increasing particle density, increases the
magnitude of these attractive forces (9).] The charge on colloidal particles

can be varied by changing pH and/or ionic strength.

Separation mechanisms encountered in depth filtration are somewhat
similar to those found in the papermaking operation. Dyer (10) used this idea
to study retention mechanisms in the deposition. of colloidal particles on cylin-
drical fibers. More work in this direction is needed to improve our understanding

of retention mechanisms.

Before proceeding further with the review of recent developments, let
us define some of the common terms:used in the filtration literature. The filtra-

tion coefficient, A, introduced by Iwasaki, in 1937 (11), is still used today.
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Iwasaki proposed that the rate of removal of colloidal particles per unit depth

of filter is proportional to the local concentration:

dc _ _
&

where C is the concentration of suspended solids at any time and depth, and Z
is the length of the bed measured from the top. The filtration coefficient, A,

is assumed to be independent of Z. The above equation can be integrated to give

Co .
C_— = AL

L

1n

where 90 is the feed concentration, C is the concentration of suspended solids

=L

at the end of the bed, and L is the height of the bed (see Fig. 1).

90’ mg/L l U, cm/sqc

2=0 !
Z o
[4 l
z ’ 1
4 } Z Z + AZ |
£z & 1

E;XQ Y Y Y o
Z=L
. gkf.mgﬁL llH; cm/se

Figure 1. Schematic Diagram of Granular Media Filtration Bed




Members of The Institute of Paper Chemistry Page 7
Project 3352 Report One

Let us now consider the mass balance over an extremely thin layer, thick-

ness AZ, of a bed (7):

No. of particles entering the slice in unit time = U°*A°C

No. of particles leaving the slice in unit time UsAe (C + AC)

No. of particles removed in unit time -UeA°*AC

In the above expressions, U is the superficial velocity and A is the cross-sectional
area of the bed, and AC represents change in particle concentration of fluid due to
passage through the infinitesimal bed element (see Fig. 1). Note that Ag:is negative

since particles are removed from the fluid.

A*AZ (1-€)
m 3
(54%)

where € is the bed porosity and ég-is the average diameter of grains.

No. of grains in the slice =

No. of particles encountered by each grain in unit time = U°C- <F-dg€>

Let us now define collision efficiency and collection efficiency:

_ No. of particles colliding with a grain
No. of particles-enceuntered by a grain

Collision Efficiency = n

No. of particles adhering to a grain
No. of particles colliding with a grain

Collection Efficiency = o =

As explained earlier, collision efficiency will be influenced by the hydrodynamic
conditions, whereas collection efficiency will be determined by the charge on
colloid particles and grains and by thé magnitude of the attractive forces. From

these definitions we have:

m
No. of particles collected by each grain in unit time = U+C* g-dgz-n'a
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Since we know the number of. grains in the slice, we can write

No. of particlés removed in the slice in unit time

As Az(l £)U-Ce < >
= neo
LE d 3
232\ A+0Z(1-€)U+C* e
2. ) L

Equating the two expressions for the number of particles removed in the slice in

unit time we get:

~UeAsACe = <%>A'AZ(1—€)U-C° nea
..

Rearranging this equation and taking . limits as AC and AZ approach zero one gets:

- g—% = (2?1—>n'oni(l—e)c
\. B
. C 3' :
ln<ag'> <§-d—>n'o¢ (1-e)L
L g

Clearly, A, n, and o are related:

Integration yields

3 - .
3 a(l-€)
g

>
I

In order to predict filtration performance, it is necessary to relate A or n and

0 in terms of the properties of the suspension; and grains and operating conditions
(velocity and.temperature), Many elaborate mathematical models (e.g.? 12-15) have.
been developed to obtain such relations. However, agreement with experimental data
is not satisfactory, and therefore only some of the important models will be dis-

cussed here.
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It appears from the literature that there are basically four ways to

transport suspended particles to a grain (see Fig. 2):

(1) Brownian diffusion: As a colloidal particle undergoes random
Brownian motion while following a streamline, it may collide with a grain. The
random motion can be described by a diffusion equation, with diffusion coefficient

approximated by the Stokes-Einstein relation:

T
b= 3§ﬂd
where

D = diffusion coefficient, cmz/seq
k = Boltzmann constant = 1.38 X lQ._6 moleiz%e 5K <% iez?i;>
T = absolute temperature, °K
U = viscosity of the fluid, ﬁoise
d = diameter of the particle, cm

(2) Sedimentation: Due to density differences between a particle and
a fluid, the particle may deviate from a streamline under the action of gravity.
Thus, in the case of downward flow, collision efficiency of particles heavier

than water may increase (see Fig. 2).

(3) Interception: As a particle follows a streamline, it may come in

contact with a grain by virtue of its size.

(4) Straining: Colloidal particles will contact grains when they

encounter constriction or dead space in a packed bed.
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— Particle Trajectory

o w— = Streamline

Collector
(Granular Media)

A Interception
B Sedimentation

‘C- Diffusion

Figure 2. Modes of Action of the Basic

.

- Transport Mechanisms (7)

==

Members of The Institute of Paper Chemistry
Project 3352
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From the information available in the literature, the following con-
clusions can be drawn about the magnitude and relative importance of these trans-

port modes in a given situation (4,6,12-15):

+ Collision efficiency due to Brownian diffusion alone can be given by:

2/3
n ~2/3 _

a constant

where

Pe = Peclet number = EQE/Q

The numerical constant éD is about 4 if a Stokes velocity profile is
assumed, whereas it depends on porosity (for € = 0.4, éD = ¥ 16) when the equiva-
lent cell model is used (16). Yao, et al. (6) pointed out that actual value may

be somewhere between these two extremes.

¢+ Contribution of sedimentation to the collision efficiency can be ex-

pressed as:

(o, - P d?
G- 18 WU

where

pR-= density of particle

o fluid density

acceleration due to gravity

g

* The importance of collision by interception is not clear from the

literature. If parabolic velocity profile is assumed, one gets

d 2
”17'A1<ﬁ\>
g
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On the other hand, assuming plug flow yields:

- dN
N = AI(d)
. S;raining will be important for particles larger than about 10 um, and

therefore it has not been considered in the analysis of depth filtration.

* Yao, et al. (6) solved the convective diffusion equation numerically to
calculate the collision efficiency due to diffusion, sedimentation, and inter-

ception. Their results, presented in Fig. 3, show that:

(1) Brownian diffusion is important for small particles, d <1 um, whereas

sedimentation becomes important as particle diameter increases above 1 um.

(2) Interception, as expressed by the square of the diameter ratio, is

négligible compared to sedimentation.

(3) Contributions from diffusion, sedimentation, and interception are

additive,
n = Ny + Ng + Ny

(4) Particles in the 1 um range have the lowest collision efficiency

for the parameters listed in Fig. 2.

Information on calculating collection efficiency or attachment efficiency,
a, is not available in the literature. However, the above approach of separating
the hydrodypamiq and e;ectrochemical effeqts_by'introducing n and o have been
criticized by many investigators (lgﬁli); 1t is ;rgued”that; as a colloid particle
approaches a grain, the particle trajectory wiil‘be influencéd by electrocﬁéﬁicél

forces, and consequently interaction .between hydrodynamic and electrokinetic forces




Page 13
Report Omne-

unIpol snoiod B uf AOulaTOTJFIF Faodsuei] 3[oTiied TBOTI=2I09Y] ¢ 2an3ty

wri ¢22zTSs @7913aed papuadsng
Q1 1 1.0 10°0

Members of The Institute of Paper Chemistry

Project 3352

A1uo uorsnyyIq| .

L

uiaijjed MoTJ 'S9)103S

00/8 ¢0°T = A3Tsuap ayoIlaed papuadsng
2,67 = ‘dusy a93em

un /6€°Q0 = 92TS EBIPOW

298 /WO 9¢T°0 = AITD0T2Aa °20B]

8urT3ljes pue ‘uorideoaajur
‘uoTsnzJTIp ¢(0) UOTINTOS TEBOTIBWNYN

| | f ¢_0T

J34 I03109TT00-9T3uULs

ADOUaTOT

o~

\
o
—

B e T S T, s . ST



nge 14 Members of The Institute of Paper Chemistry
Report One Project 3352
should be taken into account. This complicates the analysis significantly, with-

out noticeably improving the prediction., A review of these analyses is therefore

not presented here, and the reader can refer to the original articles (12-15),

review articles (17,18) and books (2-4).

Soﬁe researchers have followed a more or less empirical approach (19,20)
to develop relationships between the filter coefficient A and system parameters, €,
d, gg.y, #, T or D, p and pEf In view of the complicated nature of the particle-
grain interaction and the large number of parameters, it is not surprising to note

that such an approach has not been successful.

In this project, we plan télcompromise between the theoretical and
empirical approaches by developing a semitheoretical model. Results from our
experiments, presented in the next section, will be analyzed in light of the

existing and proposed models.
APPLICATIONS IN PULP AND PAPER INDUSTRY

If the proposed 1983 guideline for the amount of suspended solids dis-
charged from mill effluents is enforced, the pulp and paper industry (like most
other industries and municipal plants) will have to.look for ways to further up-
grade their effluents. Granular media filtration is ideal for such an advanced

treatment (tertiary treatment).

EPA recommends media filtration to reduce suspended solids from 30 to
100 mg/L (normal in secondary effluent) to less than 10 mg/L. However, recently,
Biskner, et al. (21) found that media filtration is not as effective in treating
pulp and paper mill secondary effluent as it is in treating municipal secdndary

effluents because of the considerable difference in the particle size distribution.

yy
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Biskner, gﬁ_gl. found that particles in the mill secondary effluent are
less than 10 um, averaging around 2 um.‘ (As explained earlier, particles in the
0.1 to 5 Um range are generally difficult to remove and are separated by depth
filtration.) On the other hand, particles in the municipal effluent have two size
ranges, one similar to that in mill effluent and the other in the 20 to 200 um
range. The larger particles are removed by cake filtration. In view of the dif~
ferent separation mechanisms, it is not possible to extrapolate results from

municipal treatment to pulp and paper mill waste water

Media filtration can be used not only for advanced Freatment but it can
also be used in the treatment of raw water and for in-plant contfol. The Kingsport
mill of Mead Papers has been using media filtration to treat raw water since 1918
(22). Davis, et al. (23) report that in the Miquon mill of Weyerhaeuser Company,
they were able to reduce the freshwater requirement by using media filtration and

recycling the filtrate.
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EXPERIMENTAL
PLAN

White water treatment was emphasized in this phase of the project.
Therefore, separation of colloidal particles encountered in white water, namely,
titanium dioxide, clay, and latex were considered first. These particles are in
the difficult-to-remove size range of about 0.1 to 5 um. Separationvof these
particles from single component suspensions and mixtures were considgred at
different ionic strengths and pH's. -Also the separation of alum coagulated
suspénsions was studied. The filtration of fiber fines will be discuésed in

the next report.

It has been found that when "broke'" containing starch is added to the
stock, it affects the retention properties. In order to get'further insight into
this, we studied separation of the aforémentioned particles in the presence of

starch at various ionic strengths and pH and in the presence of alum.
EXPERIMENTAL SET-UP

The purpose of the sand filtration experiment was to measure filtration

performance under various operating conditions.

A sand bed of 7.62 cm (3 inches) height and 2.54 e¢m (1 inch) was formed
in a tube. A 200-mesh screen was placed at the bottom of the tube to hold the
sand in place. Sand which passed through the 60~mesh screen (0.250 mm opening)
and was retained by the 100-mesh screen (0.149 mm opening) was used. The average

sand grain diameter, measured microscopically, was about 0.2 mm.

i — e S
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The flow diagram is shown in Fig. 4. Feed entered the sand bea through
a constant head tank. A pool of liquid was maintained at the top of the bed to
damp the impact of ghe incoming feed which otherwise will disrupt the bed. Flow
rate through the bed was measured by a stopwatch and a graduaﬁed cylinder. Pres-—
sure drop across the bed was measured by a U-tube manometer containing tetra-

bromoethane (sp. gr. = 2.96).

Concentration of suspended solids in feed and filtrate was determined
by filtration of a known volume of sample through a 0.45 um filter. The follow-

ing properties of suspensions were also measured:

1. particle size using a Coulter counter
2. zeta potential by electrophoresis using a Zeta meter
3. conductivity

4, pH

In addition, some of the samples were used to measure particle density using a

pycnometer.

The porosity of the bed was found to be about 0.4. Pressure drop across
the bed, for example, was 26.67 cm (10.5 inches) of tetrabromoethane when the flow
rate of water at 20°C was 89.0 mL/min. Pressure drop calculated from the Kozeny-

Carman equation (24,25)

UouLa

Ap = 27

was found to be about 11.6 inches, within 10% of the measured value. In the above
equation AP represents the pressure drop across the bed of length L when a fluid
with viscosity u flows with a velocity U. The Kozeny constant K is related to

sand grain diameter d and porosity €:
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d? g3
K = 18001-6)2

An error of 10% in the pressure drop measurement is considered quite good, since

a number of approximations have been made in deriving the Kozeny-Carman equation. {
Feed
Tank
A
-
- Constant Head
Feed Tank
Manometer
Liquid l
Pool M N
Sand ‘1
Bed l M {
Discharge \1\_‘//
l Wash Water
Graduated ‘
Cylinder A 1
e

——_ >

Figure 4. Experimental Set-up for Sand Filtration : {
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RESULTS AND DISCUSSION
TiO, AND CLAY — DIFFERENT pH's AND IONIC STRENGTHS

Separation of titanium dioxide and clay particles by sand filtrétion
was studied. Particle density and average particle diameter are presented in
Table I, These particles are relatively heavy and are in the difficult-to-remove
size range. Some experiments were carried out with latex particles which are

considerably lighter than clay or titanium dioxide.

TABLE I

PHYSICAL PROPERTIES OF PARTICLES

Density, Diameter,
g/cm® nm
Titanium dioxide, .
(Anatase Zopaque RG) 4.0 0.4
No. 2 Grade, KCS.
(kaolin coating clay) 2.5 1.4 :
Latex 1.08 0.5

The effects of pH and ionic strength on separation of titanium dioxide
and clay are shown in Table II. In these experiments, the flow was from a constant
head tank and no attempt was made to conttol the flow rate. Filtrate velocity
varied between 80 and 105 mL/min, except in one case it was quite low, 52.6 mL/min.

Feed solids were generally kept at around 100 mg/L.

In three cases, filtrate concentration was not measurable. Since accuracy
in weighing is about 0.2 mg and a 250 mL sample was taken, the error in measurement
could be 0.8 mg/L. Therefore, the minimum concentration in the filtrate is assumed

to be 0.8 mg/L.
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NaCl,
pH mg/L .
4.6 0
4.0 0
3.5 0
3.0 0
2.5 0
2,0 0
4.9 500
5.2 1000
5.2 1500
5.3 2000
4.5 "0
4.0 0
3.5 0
3.0 0
2.5 0
2.0 0
5.3 500
5.2 1000
5.3 1500
5.9 2000

SEPARATION OF TiO, AND CLAY AT DIFFERENT pH s

Velocity,
mL/min

83.3
93.4
88.0
87.7
93.7
95.2
52.6
82.5
90.9

95.2

95.2

98.3

96.8

95.2

95.2

97.6

98.6

94.8
95.2

105.0

Members -of The Institute’of Paper' Chemistry

TABLE II

AND IONIC STRENGTHS

Feed Solids,
mg/L,

Filtrate Solids,

S mg/L, C

Titanium Dioxide

97.
95.
102.
102.
. 98.
94,
89.
90.
88.

93.

101.
- 99.
99.
88.
100.
110.
98.
96.
1001

95.

6 54.
2 45.
4 3
4 0
. 0
4 3
2 3
4 2
0 3
6 4
Clay

2" 77.
2 77.
2 27.
8 2
8" 1
4 0
8 | 74.
o 90.
0 83
6 74

.0(0.8)

.0(0.8)

Project 3352

'0.577
" 0.736

3.466
® (4.852)
© (4.812)

3.384

3.328

3.811

3.314

3.153

0.271
0.246.
1.29 -

.. 3.611
4.143

o (4.927)
0.278
0.056
" 0.184

0.251
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Table ‘-IT shows that as pH decreases, separation improves for both TiO;
and clay. This is primarily due to the charge reduction or reversal on these
particles. Thus, double layer repulsion is minimized, and as a result, particle-
particle contact is enhanced. Also, attachment to sand grains may be improved at

lower pH.

In the presence of sodium chloride, separation of TiO, is improved but
that of clay is not. In general, the effect of electrolyte is to compress the
double layer and, therefore, reduce the zeta potential. However, zeta potential
is found to increase in the presence of an electrolyte. The reasons for this

increase in zeta potential, also observed by others, are not clear. In the case

of Ti0, it appears that the improved separation in the presence of sodium chloride
is due to reduction in double layer repulsion forces. The effect of a monovalent
cation, like Na+, in the separation of clay is small (26) due to the protective
phosphate layer on clay particles. Clay particles are stabilized this way for ease
in disperéion. The protective layer could easily be displaced by a trivalent

cation like Al , as will be seen in experiments with alum,

In the case of good separation, say when AL > 3 or QO/QL 2;20, double
layer repulsion must be negligible. As a result, all collisions can be assumed

to lead to attachment. In other words, a ¥ 1 when separation is good. From the

relationships between A and n developed in the last section, we have

=3 -
A= ng n a{l-g)

or in the case of good separation, a = 1 and AL > 3,

2d
nz_g
L(1l-€)



Page 22 Members of The.Institute:Qf Paper Chemistry
Report One ‘ Project 3352

Therefore,

2 X 0,02

N2 7 §2(1-0.4) = 0:00875

Thus, in the case of good separation, the collision efficiency, n, must be of the
order of 0.01, i.e., one out of every hundred particles "seen" by a sand grain

must collide with it.

It will be interesting to compute various contributions to the collision
efficiency to determine the dominating transport mode. Results obtained from

various theoretical or semitheoretical analyses are presented in Table III.

Table III shows that sedimentation or gravitational transport is.negli—
gible in the case of the TiO2 and clay particles considered here. :Also, con-—
tributions due to diffusion (assuming that particles. follow Stokes Law) and
due.to interception (assuming that fluid velocity profile is parabolic) are
negligible. Therefore, in the final addition, contribution by diffusion is
obtained from the free surface cell model, and.that by interception is obtained

by assuming a flat velocity profile.

Tﬁé collision efficiency for TiO, is somewhat lower than 0.00875 re-
quired for good separation. Therefore, we decided to modify the equations for
collision efficiency. This was done by choosing different numerical constants

in the expressions for n and nI

2/3
e
and ) Q;-
N1 _<d>
g

0.665 x 10 2 for TiO,

0.289 x 10" 2 for clay

0.2 x 10 2 for TiO,

I

0.7 x 10 2 for clay
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0.00874 for Ti0,

3
]

1]

0.01042 for clay

TABLE III

THEORETICAL VALUES OF COLLISION EFFICIENCY

Mode «f Transport and Assumptions

1. Diffusion, n

(a)

(b)

3. Interception, n

(a)

D
Assume: Stoke's Velocity Profile
D ud, d U/

Assume: Free Surface Equivalent Cell

2/3

- P 2
e 1guy 8¢
I

Assume: Parabolic Velocity Profile

- d ¢
nI—i.Sd—)
g

(b) Assume: Flat Velocity Profile

Collision Efficiency n=nD +n

(b) (b)

+T]I

G

N TiOZ

0.060 x 10 2

0.228 x 10 2

0.009 x 10 2

0.001 x 10 2

0.400 x 10 2

0.637 x 10 2

X

Values of the various parameters are listed on the next page.
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n, clay

.026 x 10 2

.099 x 10 2

.053 x 102

.007 x 1072

.400 x 1072

.552 x 102
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Values of Parameters Used in Table IIL

2
k=1.38x 10716 &0 T = 298°K
sec? °K
W =0.01 cmgsec U= Secj90ﬂ§mL/min) ¥ 0.3 22
(o 3m) G x @swlent) %
SE'-see Table I d =0.02 cm
e = 0.4 p_ — see Table I
: P
p=1g/em® g = 981 cm/sec?

It is clear from Table III or from the proposed empirical equations that
both Brownian diffusion and interception are important modes of transport, whereas
gravitational effects are negligible in the case of 1 um size particles. 1In the
casezéf latex particles with a density pE_= 1.08 g/cm® and d = 0.5 um, one would

expect that gravitational force can safely be neglected.

So far we have considered the case of good separation where every colli-
sion results in attachment, a=1. Now, let us consider the case of TiO; and clay

when their separations are not as good. In that case, from Table III,

AL 0.577 for TiO:

0.271 for clay

Since collision efficiency depends primarily on hydrodynamic conditions, one can

assume that it is the same as that for the good separation, i.e.,
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0.00874 for TiO,

3
I

0.01042 for clay
It is possible to calculate the attachment efficiency for these particles from
the relationship

I
)\—ngnoc(le)

Since L = 7.62 cm, g& = 0.02 ¢m and € = 0.4,

o = 0,192 for TiO,

0.076 for clay

This means that only 20% and 8%, for TiO2 and clay, respectively, of all collisions
result in attachment. This can be attributed to double layer repulsion forces

between these particles and sand grains.

Zeta potential can be used to measure the relative magnitude of charges
on the particles. Both Ti0; and clay have a negative charge of about -30 mv when
dispérsed in deionized distilled:water. The difference in the attachment efficiency
of the two particles may arise from the difference in the Van der Waals attractive
forces. We know (27,28) that the magnitude of the  attractive forces, due to London
dispersion effect, is proportional to the Hamaker constant. In the case of water,
it has been shown (9) that the Hamaker constant increases with the density of the
particle. Thus, one would expect attractive forces to be larger for TiO, (density =
4 g/cm®) than for clay (density = 2,5 g/cm®). This explains, at least partly, the
observed higher attachment efficiency for TiO, compared to that for clay. Quanti-
tative analysis of repulsive and attractive forces is quite tedious and not very

reliable. Therefore, this subject will not be pursued at this time.
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Summarizing results obtained thus far, separation of TiO; or clay, dis-
persed in water, is not very good due to repulsive forces between these particles
and sand grains. As the pH is lowered, particle-charge and double layer repulsion
decreases, and as a result separation improves. It is generally believed that in-
creasing the ionic strength reduces double layer thickness and therefore improves
separation. This is what happens in the case of TiO;. However, in the case of
clay, a protective phosphate layer significantly reduces the effect of monovalent

cations on separation efficiency.

LATEX

Let us now consider some experiments with latex particles. Recall from

Table I that these particles are 0.5 um in diameter' with a density of 1.08 g/em®.

Thus, the size of latex particles is very close to- that of Ti0, particles (0.4 um

diameter)ﬂ Results in Table IV show that the collision efficiency of latex particles

is close to that of TiO, particles.

The “fact that separation of latex particles is relatively poor even at
pH 2 or at 5000 mg/L of NaCl, indicates that the attachment efficiency is small.
In other words, the latex suspension is very stable. The zeta potential of a
latex suspension is about -41 mv. This value changes to -11 mv at pH 2 and to
-60 mv at 5000 mg/L of NaCl. Thus, latex particles are highly negatively charged,
and this probably explains the observed poor separation. Also the lower density
of latex may give rise to a relatively low magnitude of the attractive forces.
Hence, one may conclude that compared to TiO, and clay, latex particles are dif-

ficult to separate by sand filtration.

Assuming that the empirical value of the collision efficiency, shown in

the last column of Table IV, is reasonable, the collection efficiency o, for the

—

s
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latex particles and sand grains can be calculated.

_ 2O 5 % 0.02 x 0.119
3eLon(-e) 3 X 7.62 X 0.00818 X 0.6

o

or

o = 0.0424

Thus the collection efficiency for the latex particles is much smaller than that

for Ti0; or clay particles.

As mentioned earlier, the collection efficiency is a balaﬁce between
double layer repulsive forces and Van der Waals attractive forces. For the case
of water, it has been shown (9) that these attractive forces are directly propor-
tional to the particle density. For the TiO,, clay, and latex particles considered

here, the approximate relationship can be given by
o = 0.04p

as shown in Fig. 5. Much more data with different types of particles are needed

to get further insight into such a relationship.
TiOz2, CLAY, AND LATEX WITH ALUM

Filtration of colloidal particles is almost always carried out by pre-
treating the suspension so as to destabilize the particles. Although this can be
done by adjusting pH or ionic strength, one of the commonest methods is to add a
coagulant aid. We studied the filtration of TiOz; clay, and latex particles in
the presence of alum, and the results are shown in Table V. Two sets of experi=-

ments were carried out, one at pH 8.0 and the other at pH around 6.0.

e —
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Collection Efficiency, Q

0.15 84—

0.1}

0.05¢

a = 0.04p_~\\k

O Clay

Latex

1 1 1 A 1

b
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T10,0

1 2 3
Particle Density, p, g/cm3

Figure 5. Collection Efficiency as a Function
of Particle Density
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Velocity,

Feed mL/min
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TABLE V

FILTRATION OF Ti0O», LATEX AND

Filtrate
Feed Solids, Solids,
90’ mg/L C, mg/L

I. Velocity of Water Through the Bed ¥ 90.0 mL/min

TiO, +
25 mg/L alum
pH 8 69.2
Clay +
25 mg/L alum
pH 8 55.5

Latex +
25 mg/L alum

pH 8 69.0

93 7
102 8
109 16

II. Velocity of Water Through the Bed 120 mL/min

Ti0, +
25 mg/L alum
pH 5.9 97

Clay
25 mg/L alum
pH 6.5 80

Latex
25 mg/L alum
pH 5.8 102

92 19
98 1
97 4

Project 3352

CLAY

Efficiency,

g - ¢ c
‘—9:—X100 )\I_._=ln §__

92.5 2.587
92.2 2.546
85.3 1.920
79.3 1.577
99.0 4.585
95.9 3.188

The above two sets of experiments were made at different times, and

consequently there is some difference in the rate of flow of water through the

bed. In both cases the filtration rate is reduced by about 15 to 20% compared

to the water flow rate.

This is probably due to the removal of particles in the

initial portion of the bed which will then offer extra resistance to the flow.

v
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In all cases, separation efficiency is about 80 to 99%. Thus, it is
clear that when particles are destabilized, separation efficiency is substantially
increased. Since coagulation is a dynamic process, it is difficult to measure a
representative particle size. It is, therefore, not possible to calculate colli-
sion efficiency in this case. Collection or attachment efficiency will be close

to unity in most of the cases, since separation is generally high.

It is known that coagulation with alum (5) is effective between pH 5
and 8. 1In sand filtration also alum is effective in this pH range. Thus, simple
jar tests can be used to determine effective dose and pH for coagﬁlation prior to

sand filtration.
SEPARATION OF MIXTURES

After considering the separation of a single component suspension, we

studied the separation of mixtures of TiO, and clay, and of TiO;, clay, and latex.

Results are presented in Table VI. The weight of each component was kept approxi--

mately the same.

Table VI shows that the filtratioﬁ of untreated mixtures (Experiment
No. 1, 5) is poor, as observed in the case of a single component'system; When
particles are destabilized by lowering pH (Experiment No. 2) or by cqagulaping
them with alum (Experiment No. 3), performance improves. The removal of ;atek'
particles in the presence of TiO2 and clay at pH 2 (Experiment No. 6) appears to
be better than in a single component system. However, one cannot be sure of this,

since concentrations of individual components were not measured.

The interesting case is the separation of a mixture in the presence of

sodium chloride. Recall that sodium chloride affected the filtration of TiO,
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TABLE VI

FILTRATION OF MIXTURES

Expt. Velocity, Feed Solids, Filtrate Solids, AL = lJ/g—
No. Feed mL/min 90’ mg/L 9? mg/L ) f'_ \C
1 Ti02 v 50 mg/L
Clay v 50 mg/L 98.7 100.0 82.0 . 0.198
2 Ti0; " 50 mg/L
Clay v 50 mg/L
pH 2 1.4 95.0 0.0 e
3. Ti02 v 50 mg/L
Clay v 50 mg/L
25 mg/L alum, pH 8 74.0 112.0 11.0 2.321
4 Ti0, v 50 mg/L 80.5 103.0% 38.0 0.997
Clay ™ 50 mg/L 45 mg/L T10, 7 mg/L Ti02 : :
NaCl ~ 2000 mg/L 58 mg/L clay, 31 mg/L clay
5 Ti02 + clay + latex . .
"~ 50 mg/L each 71.0 150.0 109.0 0.319
6 Ti02 + clay + latex
“ 50 mg/L each : '
pH 2 76.0 125.0 15.0 2.120 r
7 TiOz + clay + latex
"~ 50 mg/L each . : 4 .
2000 mg/L NaCl 70.0 146.0 88.0 0.506
8 Ti0z + clay + latex
~ 100 mg/L each 69.0 280.0 159.0 0.566
2000 mg/L NaCl (T10,, 88 mg/L) (Ti02, 9 mg/L) -
9 Filtrate from 4
Expt. 8 70.0 159.0 36.0 1.485
pH 2 ’ : (Ti02, 9 mg/L) (T102, 1.5 mg/L)

8Concentration of Ti0; measured by TAPPI Method T 627 as 58 colorometric,
Procedure: NB 3278 — p. 38.
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(Table II) but not that of clay (Table II) and latex (Table IV). Consequently,
when the mixture of Ti0;, clay, and sodium chloride was filtergd (Experiment No. 4)
most of the TiO2 was retained, ‘dand most of the clay particles appeared in the
filtfate. Similarly when tﬁe“mixture of TiO,, clay, lafex, and sodium chloride
was filtered (Experiment No, 7,'8), most of the latex and élay particles appeared
in the filtrate, and TiO; was retained. The filtrate from this run,.containing
primarily clay and latex, was filtered again after the pH was adjusted to 2
(Experimeqt No. 9). From the results of Tables IV and II, one would expect that
latex particles would appear in the filtpate while particles of clay would be

retained. This is confirmed from the results in Table VI.

Thus, results of Table VI show that the filtration of mixgqres follows,
more or less, the behavior exhibited by the respective single component systems.
Furthermore, it is possible to separate a mixture by preferentially filtering out
appropriate components.  Hénce, sand filtration can be used as a solid—liquid, as
well as solid-solid (in a liquid) separation. Not much work has been reported on
the use of sand filtration for solid-solid separation. One may also note here
that separation of TiO,, clay, and latex particles is not achieved on the basis
of their size differences but on the physicochemical nature of their surfaces and

their interaction with sand grains.
THE EFFECT OF STARCH

Now we will consider filtration of colloidal particles like TiOz and

clay in the presence of starch.

Experiments were carried out with three forms of starch:
(1) Pearl starch — unmodified cornstarch containing about
25% amylose (straight chain polymer) and 75% amylopectin

(branched chain polymer)
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(2) Amylon IT - 65% amylose and 357 amylopectin

(3) 100% Amylopectin

A 4% starch solution was cooked at 94°C for 25 minutes with moderate agitation.
The solution was then diltted to about 1.6% with warm deionized distilled water

and allowed to cool slowly at room temperature. A fresh solution was cooked each

“day.

Results of the starch-Ti0O, and starch-clay filtration are presented in
Table VII. These results should be compared with those obtained without starch

which are also given in:Table VII.

Filtration velocity is somewhat reduced when Amylon-II or 100% amylo-
pectin is present, and it is markedly reduced in the presence of pearl starch.
In some cases, particularly with TiO, ahd starch, a slime layer was visible at
the surface of the filter bed. It is interesting to note that the presence of

starch in the stock slurry is known to reduce the drainage rate or freeness.

Separation efficiencies without starch, with pearl starch, or with
Amylon-I1I are not too different. However, 100% amylopectin seems to reduce the
separation efficiency of TiO, at pH 2 and 'at high iénic strength (2000 mg/L
NaCl). It may be possible that adsorption of hydrophilic starch on TiO, particles
may occur under these conditions and conséquently retard their separation.
Coating clay is not so affected, probably due to the protective phosphate layer.
More work in this area is needed to better understand the effect of starch on

sand filtration.
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CONCLUSIONS

The following conclusions can be drawn from the sand filtration results

presented in this report:

ey

(2)

(3)

(4)

Separation Mechanisms: The principal modes of transport for the removal of

about 1 um size colloidal particles (like TiO,, clay, and latex) appear to

be Brownian diffusion and interceptién. Gravitational transport (also known

as sedimentation), negligible in this case, may become important for particles

greater than about 5 um.

Separation Efficiency: Separation of TiO,, clay, and latex particles by

media filtration is poor primarily due téd double layer repulsive forces.

However, separation efficiency increases significantly when these particles

are "destabilized" (i.e., charge on the’ particles is reduced). Depending

on the nature of the particles, destabilization can be effected by adjusting

pH or increasing ionic strength or adding a coagulation aid, like alum.

Addition of alum or other‘coagulating’aid is the most common and effective

method of improving separation of colloidal particles.

Filtration of Mixtures: Particle-particle interaction is minimal in dilute

systems considered here. Therefore,

the performance of mixtures can, in

general, be predicted from the corresponding single component systems. It

is also possible to preferentially destabilize and, hence, separate one

or more component(s) from a mixture.

The Effects of Starch: The presence

significantly by forming a gel layer

behavior of separation efficiency is

of starch reduces the filtration velocity
or cake in the top layers of the bed. The

not entirely clear and needs more work.

)
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FUTURE WORK

Granular media filtration seems to have potential as .a postsaveall unit,
Biosolids from secondary effluents could be removed by granular media filtration.
Therefore, the effectiveness of media filtration in polishing clarified water
from saveall units and biological treatment systems will be investigated in the

coming year.

Another important method for the removal of suspended solids is by dis-
solved air flotation. In this process, separation is achieved by attachment and/or
entrapment of air bubbles. Relative importance of these mechanisms and the role
of chemicals in enhancing one or the other separation mechanisms will be investi-

gated.

Our work on granular media filtration and dissolved air flotation will be
discussed in the next progress report. Our future plans include a study of micro-

screening and sedimentation processes.
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NOMENCLATURE

cross—sectional area of the bed, cm?

numerical constants

particle concentration, mg/L

particle concentration in a stream entering the bed, mg/L
particle concentration in a stream leaving the bed, mg/L

change in concentration as the fluid passes over a bed of thickness
AZ, mg/L

diffusion coefficient, cm?/sec
particle diameter, cm
diameter of the sand grain, cm
gravitational acceleration, cm/sec2
Kozeny-Carman constant, cm?
Boltzmann ‘constant = 1.38 % 10 % g cm?/sec? °K
length of the bed, cm
Peclet Number = U d /D

=~ =g'=
pressure drop across the bed
absolute temperature, °K
filtration velocity, cm/sec
volumetric filtration rate, cm®/min
coordinate measured from the entrance of the bed, cm
infinitesimal thickness of the bed, cm
collection efficiency
porosity of the bed
collision efficiency

collision efficiency due to Brownian diffusion
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nG collision efficiency due to sedimentation ]
ﬁ; collision efficiency due to interception

X_ filtration coefficient, cm !

u fluid viscosity, g/cm sec

P fluid density, g/cm’

o) " particle density, g/cm?

-

o
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