THE EFFECT OF LOW TEMPERATURE
ON

THE PHYSICO-CHEMICAL TREATMENT
OF

DOMESTIC WASTEWATER



THE EFFECT OF LOW TEMPERATURE
ON
THE PHYSICO-CHEMICAL TREATMENT
OF
DOMESTIC WASTEWATER

BY
RASHID MAQSO0OD, B.ENG.(CHEM)

A Thesis
Submitted to the School of Graduate Studies
in Partial Fulfilment of the Requirements for
the Degree
Master of Engineering

McMaster University
Hamilton, Ontario
December, 1975



Master of Engineering (1975) . McMaster University
(Chemical Engineering) Hamilton, Ontario

The Effect of Low Temperature on the
Physico-Chemical Treatment of
Domestic Wastewater.,

Title

Author ¢ Rashid Magsood
B. Eng (Chem)
McGill University
Montreal, Que.
Supervisor ¢ Dr. A. Benedek
Number of Pages ¢ 325
Abstract :

The effect of low temperature on the physico-chemical
treatment (PCT) of domestic wastewater is examined with special
emphasis placed on activated carbon adsorption. PCT is a recent
processing scheme, wherein‘wastewatef goes through sedimentation,
precipitation, deep bed filtrétion and adsorption. In PCT,
activated carbon adsorption takes the place of conventional

biological treatment for organic removal.

. Both batch studies using powdered activated carbon
(PAC) and continuous flow studies with granular activated
éérbon (GAC) on a pure compound, sodium dodecyl sulfate (SDS)
and domestic wastewater from the Dundas, Ontario Water

Pollution Control Plant were investigated.

Theoretical analysis and batch feasibility studies

indicate that the effect of low temperature on coagulation,
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flocculation and sedimentation were quite easily handled within
established design parameters., Batch studies on PAC treatment
show that the carbon floc is easily separable from wastewater
with the aid of a small dosage of polyelectrolyte and high
effluent quality is obtainable at temperatures ranging from

0

20 _ 250,

Granular activated carbon was evaluated first on a pure
compound, SDS., Batch isotherms and kinetics were also conducted
at the same time to determine parameters needed for continuous
flow modelling. Results derived from this phase of the study
indicate that the activation energy from column studies is
quite low (approximately 3.0 kcal/mole). Close match is obtained
between the theofetical model ( a modification of Thomas'

reaction kinetics) and experimental data.

Finally PCT pilot plant studies on domestic wastewater
were carried out, at 50C and 25°C. Soluble organic carbon
removal was in excess of that predicted by purely adsorption
type phenomenon. This is attributed to microbial activity
inside the carbon columns. Greater soluble organic removal was
ééen at 2500 than at 5°C. Denitrification inside the carbon
columns was found to be quite significant, again with strohger
denitrifying activity at 25°C than at 5°C. Microbiological
invesfigation of the carbon from the exhausted columns

revealed over 109 cells/cm3 of GAC bed volume from the lead
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column at 2500. Denitrifiers were also detected in the carbon.
Iodine numbers were determined on used carbon, which indicated
the exhaustion of activated carbon capacity. Organic removal,

however, continued undiminished, due to bacterial activity.

The study culminated with the development of a theoretical
model incorporating bacterial activity. The results of column
effluent profile, however, indicated great discrepancy between
theoretical predictions and experimental observations. This
was attributed to simplistic assumptions utilized in solving

the fixed bed problem.
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CHAPTER I

INTRODUCTION

The Northern portions of Canada, occupying vast
sfretches of land areas, are the subject of increasing
attention today. Beneath the barren surfaces lie one
of the world's richest o0il and mineral deposits and
this great economic potential is spurring unprecedented
industrial growth. = Concomitant with this activity,
serious environmental problems threatening the naturally
evolved fragile ecological balance have arisen. Further-
more, a high incidence of enteric infections stemming
from inadequate methods of sewage disposal has been
cited (Alter, 1972).

The availability.of effective facilities for
wastewater collection, treatment and,disposal4,A :is,
therefore, imperative in'the further development of the

North,

1.1 NORTHERN CONDITIONS

The climatic conditions prevailing in the North -
determine to a large extent the manner of waste water
treatment. By definition, the mean temperature for
the warmest month in the Arctic regions is no greater
than SOOF, and for the coldest month is no greater than
15°F. Table 1 1lists typical communities, their locations
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and characteristic temperatures. The population

density is very low in the Arctic, with only 250,000
people in Alaska, and 2u,000 in Cansada, This factor
plays an important role in providing adequate treatment.
Due to the scarcity and dearness of water, the sewage
flows are generally low and their strength high, as shown
in Table 2 and 3, respectively. Average flows and con-
centrations in the Arctic tend to be misleading, as they
do not take into account the high fluctuations which occur
in small, thinly populated bases and camp sites.

TABLE 1

Typical High Latitude Communities

. . Mean Meah Mean
Station Latitude Jan. July Annual
Temp. Temp., Temp.
Op Op °p
ALASKA
Anchorage 61° 13 N 11.2 57.6 -36 -
Fairbanks 64° 51 N -11.6 60.0 ~66
Juneau 58° 18 N 27.5 56,6 -15
Nome 6&0 30 N 3. 49.8 =47
Barrow 71° 23 N  -17.0 40,2 -56
CANADA™
Chesterfield Inlet 63° LS N 26.5 n7.2 -17
Fort Good Hope 66° 25 N -22.0 59.6 -79
Hebron 58° 12 N - 5.7 h7.1 -2

(From Alter!h1??2)il



|
TABLE 2 |

Approximate Volume of Sewage Generated at Selected Cold Region
Installations in Gallons per Capita per Day

Thule AB, Greenland 80
Camp Century, Greenland 50
Fort Churchill, Canada (Air Force Base) 60
Barrow, Alaska (DEWLine Station) ‘ 30
Barter Island, Alaska (DEWLine Station) 25
College, Alaska 70
Fairbanks, Alaska ‘ , 80
Island Homes, PFairbanks, Alaska 35
Average 55

(From Alter, 1972)

TABLE 3
Raw Sewage Characteristics

Location | Biochemical oxygen demands
Site A - North Slope Alaska 380 to L48L
Site B - North Slope Alaska 740
Site E = North Slope Alaska 500 to 1100
Site L - North Slope Alaska 600
Fairbanks, Alaska 260
College, Alaska 280
Ketchikan, Alaska’ 30
Juneau, Alaska™ " yo
Anchorage, Alaska 165
U.S. 180
3¢ Expressed in parts per million

3¢ Water distribution system is kept from freezing by
wasting water, thus sewage flows are high and
strengths are low,
(From Alter, 1972)



The conditions thus found in the North demand a
very rugged and stable method of treatment éapable of
dealing with intermittent operations and periods of low
- and high loadings.

1.2 CURRENT METHODS OF TREATMENT

' In most Northern communities, there is no
satisfactory system of sewage treatment available. 0il
drums, box and can are the common methods of disposal in
small and remote settlements, Slightly less primitive
methods such as septic tanks have met with limited success,
as disease-causing bacteria still persist in effluents.
Chemical toilets as an alternative to the pail receptacle
never became widely accepted due mostly to high chemical
costs.,.

Some unconventional methods such as waste
collection with oil followed by incineration (Logan, 1961)
have been proposed. Their feasibility, however, is quite
doubtful. Alter (1969) suggested freezing as a possible
method of treatment. The mechanisms which might actually
operate for this type of treatment are ill-defined at this
stage and need further investigation. '

The small number of treatment plants which do
exist are inadequate for present purposes. Among these
the biological mode of treatment predominates. Lagoons
are commonly found as a stop-gap measure built usually
for holding purposes. Dawson (1969) found that stabili-
zation lagoons under extreme winter conditions could pro- .-
vide BOD and solids removal rates approximately equivalent
“to primary waste treatment. Efficiencies in the winter
are in some cases notably lower than those in the summer
(Pick et al, 1970).



Activated sludge plants have been built in larger
centres such as Yellowknife. Among existing plants
-extended aeration systems are particularly common as theﬁ
provide additional detention time for stabilizing organic
wastes, BOD removals of over 80% are generally reported

to be obtainable from activated sludge systems,

1.3 PROBLEMS AND ALTERNATIVES

Foremost amongst the factors affecting sewage
treatment plant design and operation in the North is the
cold, which exceedsithat'of the more populous Southern
belt in bbth magnitude and duration. Biological systems
which have been used extensively to date have many
inherent shortcomings in their applications to cold
climates. Most significantly these systems tend to be
unreliable at low temperatures due td decreased biolo-
gical rates. Problems _ ‘arise in maintaining a stable
bacterial population which are usually sensitive to tempe-—
rature fluctuations. Proposals such as spiking biological
systems with psychrophilic micro-organisms to degrade
organic wastes have yet to prove their applicability as
’an alternative (Morrison, 1972). Operating problems in
biological systems utilizing aeration for oxygen transfer
are unique in cold climates., Freezing of rotors has been
reported extensively in literature resulting in operating

problems and anaerobic conditions.,



Faced with these inherent disadvantages of
biological systems, the need for developing akd expioring
alternative methods of treatment becomes crucial. The
logical choice in the search for new techniques would be
to adapt proven, reliable, nonbiological methods of

treatment being currently used in milder climates to the

climatic conditions existing in the North.

1.y  PHYSICAL/CHEMICAL TREATMENT

In the whole panorama of modern technological
systems available, physico-chemical treatment (PCT) appears
to.be a most promising candidate for selection, A typical
flow sheet of a PCT system is shown in Figure 1. Raw
waste enters into the plant and conventional pre-treatment
is provided to separate large solid particles from the flow.
Metallic coagulants such as alum, ferric chloride or lime
are then added at points of high turbulence to ensure good
mixing. Polymeric flocculants are next added to produce
larger and better settling flocs, which settle in the pri-
:ﬁary sedimentation tank.

The primary effluent is then treated to remove
soluble contaminants by contacting with either Granular
Activated Carbon (GAC) or Powdered Activated Carbon (PAC).
In the case of PAC contacting an additional unit operation
has to be provided, namely, the separation by sedimentation

of the PAC particles from the sewage., Sand filtration



' FIGURE 1

GENERALIZED FLOW SCHEME FOR PHYSICO-CHEMICAL TREATMENT
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8

before or after carbon adsorption are options which are widely
incorporated into PCT to provide even better quality effluent,
'The unique feature to note is the relative lack of dependence

on biological removal steps.

The PCT system as we know it today may seem liké a new
and fresh approach to waste water treatment, but the individual
unit operations which comprise it have been used for centuries.
Chemical treatment enjoyed wide popularity in Europe until 1910,
but soon lost its utility due to the development of activated
sludge systems. Similarly, carbon .adsorption as a separate:
unit operation has been used to decolorize sugars, purify
water (by removal of taste and odour causing compounds) and
recover metals from wastes. Adsorbents, however, found their
~widest use in gaseous systems where the molecular forces of
attraction are stronger, In liquids the adsorbent has to
compete with the solvent in capturing the solute., -

With increasingly tough pollution problems plaguing
the United States, a fresh look was cast in search of alterna-
tive technologies. Originally, activated carbon adsorption
was examined for the removal of refractory materials, such as
chlorinated hydrocarbons, dead cellular fragments, humic acids, .
etc., and alkyl benzene sulfonate (ABS), a surface active
agent which created a nuisance by foaming. Later on it was
shown that activated carbon had not only an excellent affinity

for refractory compounds, but was generally non-specific in



9
its adsorptive properties. Except for low and high molecular

weight compounds, carbon could effectively remove most soluble
organics. Since the cost of granular carbon is higher it was
reserved for polishing purposes only.

Weber (1970) showed however, that it was possible to
remove dissolved organics from primary effluents by contacting
with activated carbon. Equal or better quality effluents
were obtained on a remarkably consistent basis compared to a
conventional activated sludge unit. The decisive advantage
which tipped the balance in favour of PCT was that phosphates
were being removed at no additional expenditure,

‘Many outstanding problems still remain in the applica-
tion of PCT, such as long term regeneration effects, the role
of biological activity on carbon surfaces, etc. In spite of
this, over ;0 municipalities and industries have adopted PCT.
Theflargest:one being designed is the 60 MGD Sewage
Treatment Plant in Niagara Falls, N.Y. The popularity of
PCT has been enhanced considerably because cost estimates
show it to be comparable to conventional activated sludge
(CAS) units. Based on data published by Smith (1968), it
was shown by Weber (1970) that for plants larger than 1 MGD,
the capital cost for PCT is less than CAS. Operating costs
are, however, greater for PCT on a volume treated basis, with

the difference decreasing with larger plant capacities. If



10
cost comparison is based on improvement of water%quality, then
the process economics would definitely favour PC&. T&tal
plant costs of the PCT system have been quoted in the range of
28¢4/1000 gallons for 10 MGD to 10-15¢/1000 for 100 MGD
(Kugelman and Cohen, 1973). These costs include amortization,
operation and maintenance costs,

With PCT being accepted as an attractivelalternative,
both from the point of view of performance and economics,
some manufacturers have béen exploring the possiﬁility of
PCT treatment in the Arctic. Several such small package
plants have been installed in Alaska to serve small population
centers like hospitals, schools, hotels, étc. (Smith, 1973).
Prototype installations were set up near Prudhoe Bay as

reparted by Coutts (1972). In spite of many operational

problems, an overall COD removal of 95% was achieved.

1.5 REASONS FOR PCT

In summary then, the PCT system is believed to be a
promising process for Northern applications because of the
foiiowing advantages:

‘l) PCT of domestic wastewater has been proven to be
competitive with conventional activated sludge processes
and shown to deliver equal or better overall removal of
contaminants, |

2) PCT is relatively unaffected by shock organic loadings

or hydraulic fluctuations.
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3) Besides removing soluble organics, PCT sy#tems also
remove. phosphates, toxic compounds, heavy\metals,
without extra expenditure.

L) Since water is a precious commodity in the Canadian
North, (costing sometimes up to $1/ga}lon), economics
dictate that wastewater should be put to partial re-
use by slight upgrading of the quality of secondary
effluent. PCT can deliver re-usable water for non-
drinking purposes from wastewater.

5) Experienced operators are very hard to come by in the
Cenadian North (Clark et al, 1972). PCT systems can
by éasily automated, requiring little maintenance,

6) The operations envisaged in the North are of an
intermittent nature. Biological systems require at
least three weeks to a month before they have a well-
ad justed biomass to degrade the waste, PCT plants
possess a unique advantage of going on-line without

significant delay.

Although PCT has these advantages, some disadvantages
to its application in the North do exist. This mostly relates
to the operating cost of chemicals used for coagulation, floc-
culation and adsorption. Transportation costs are high,
especially for remote areas. An added disadvantage with

PCT systems is that design and operating experience is
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inadequate. A relative independence of tempe;gture is an
unknown that could make the advantages signific%ntly éutweigh
the disadvantages. Theoretically, lower temperatures reduce
rates and efficiencies of physical operations. Up to this
time however, there have not been any investigation of the
effect of low temperatures on PCT efficiency. Once the

fundamentals are grasped, then sound engineering principles

can be set for PCT systems in the North.

1.6 THESIS STRUCTURE

The work presented in this thesis has been divided
into three phases for‘convenience to the reader. This
organizational structure was designed to enable the reader
to fully comprehend each study before proceeding to the
next. As a result of this sub-division, some overlap might
occur from chapter to chapter.

. The three major aspects of the thesis are:
(1) the effect of temperature on unit operations comprising
PC&, (2) modelling theories for batch and fixed bed adsorption
systems and (3) role of biological activity in carbon beds.
In chapter 2 a literature survey is presented focusing on
these fhree topics. The experimental sections are included
for each part separately in latter chapters. The literature

survey in chapter 2 is presented together to avoid duplication.
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Chapter 3 presents the results and conclusions.of a
batch feasibility study on the effect of temperature on the
unit operations of PCT using powdered activated carbon,
Columnar adsorption is quite complicated and, therefore, a
separate study described in Chapter l was undertakén to study
temperature effects in columns., Due to the complexity of
modelling carbon columns, at first a synthetic, single
compound wastewater was used. In Chapter 5 the results of
a pilot PCT plant on Dundas raw sewage are presented with
attention focused on the operation of the activated carbon
columns. In the last chapter, the conclusions gathered from
this research are summarized and recommendations for future

investigations are presented.



CHAPTER 2

LITERATURE SURVEY AND THEORY

2.1 EFFECT OF TEMPERATURE ON UNIT OPERATIONS OF PCT

In the first pert of the literature survey, the
theoretical effect of temperature on fluid properties and
the unit operations which make up PCT will be surveyed as

background to further studies.

2.1.1 FLUID PROPERTIES

a) Viscosity

Viscosity plays an important role in the temperature
dependence of settling rates. ~Its' behaviour has been studied
extensively for many years. Hazen (190L) demonstrsted that

for water a simple relationship can be derived.

p = 0.01309 60 (1)
T + 10
where T =~ temperature in °p
u = absolute viscosity in poise

Bingham (1922) tabulated data on viscosity of water, which

is shown below for the relevant range of'O-BOoC.

Temperature ' u
e : Centipoise

0] 1.792

5 1.519

10 1.308

15 1.140

20 1.005

25 0.894

30 0.801

14
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When plotted as in Figure 2, it can be seen that over a
narrow range an inverse relationship between viscosity and

temperature can be safely assumed.

b) Density
The mass density, g, of pure liquid water at

3

atmospheric pressure is equal to 1.0 gram per cm” at hOC.
At the ordinary pressures and temperatures encountered in
sanitary engineering,‘water is for all practical purposes
an incompreésible fluid. The changes in density as a func=

tion of temperature are also negligible for our present

purposes,

¢) Diffusivity

In most of the unit operations we are dealing with,
mass transfer by diffusion is significant. Hence the tempe-
rature dependence of diffusivity needs to be determined.
Estimates of the diffusivity cannot be made accurately
owing to the inadequate development of liguid structure
-fheory. For dilute solutions of non-electrolytes, the semi-
empirical correlation of Wilke and Change (1955) is widely
used,

D = 7.4 x 10-8 (XM)O'5
VO.C

(2)

=3

where D = diffusivity of solute in solvent - cmz/éec
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M = molecular weight of solvent

X = association factor for solvent = 2.% for water

<
n

solute molal volume at normal boiling point -
cm3/gm mole
T = absolute temperature - °k
H= absélute viscosity - centipoise
Since viscosity was shown earlier to have an inverse
relationship,diffusivity is expected to vary as the square of
the temperature. For a temperature increase from 6° to 3000,

the change in diffusivity will be no more than 23%.

d) Miscellaneous

Temperature affects the solubility of metallic
coagulants, Concentrated feed stock would have to be kept
heated to prevent precipitation. Alum has a solubility of
28.8% by weight at 30°C and decreases to 23.8% at 0°C
(Krenaun, 1908). Ferric chloride exhibits similar behavi-
our (Roozeboon, 1892). Lime, however, is more soluble at

lower temperatures (Bassett, 1934).

Flocculant effectiveness generally declines with

decreasing temperatures (Hoerner, 1973).

2.1.2 FLOCCULATION

Intraparticle contact, the process of collision and
aggregation is an important step towards obtaining a clarified

effluent. A poorly flocculated sewage usually results in the



18
loss of many small flocs over the effluent weir.,
- Intraparticle contact occurs principally byyseveral means.
'First, by Brownian motion and second, by bulk fluid motion.
The first is termed perikinetic flocculation and occurs due
to the random movement of molecules caused by thermal energy.
The rate of perikinetic flocculation is described by the

following equation (Swift and Friedlander, 196lL).

= 2
J K = 'dNo = - 4’nkT(N0) ‘_ (3)
P at 3
where ka = rate of perikinetic flocculation
N® = total concentration of particles
in suspension at time t
n = collision efficiency factor
k = Boltzman's constant

Intraparticle contact through fluid motion is known as
orthokinetic floccalution; 3its rate is given by the following

equation derived by Overbeek (1952) as gqueted by O'Melia (1972).

I = a° = - 2ucad(n)? (ls)
dt 3
where  J,p = rate of orthokinetic flocculation
d = diameter of colloidal particles
G = welocity gradient

The velocity gradient is dependent upon the power which is
dissipated within the water and is defined as
G = (_EL_) (5)
Vu
where P power input to fluid :

Vv

volume of vessel
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The relative significance of the two processes is very much

dependent on particle size. For colloidal particles which
are 0,1 micron in diameter, a velocity gradient of 1000 sec.1
is required for fluid motion to be as significant as Brownian
diffusion in producing particle contact. Taking into account
the viscosity, the overall temperature dependence of the rate
of perikinetic flocculation will approach second order, where-
as the rate of orthokinetic flocculation is less seriously
affected. Jok is almbst proportional to the inverse square
root of the temperature.

Since orthokinetic flocculation most probably prevails
in sewage treatment plants owing to thé relatively large size
suspended particles and lafge scale fluid motion, the kinetics
of the coagulation-flocculation step are a weak function of
temperature and, therefore, our study was concentrated on the

settlability of the floes.

2.1.3 SEDIMENTATION

The law for frictional drag, which determines the
settling velocity of a particle was first proposed by Newton

and is usueally expressed as

2 .
r.o=ca tV¢ (6)
pobeem
where fD = drag force

CD = dimensionless drag coefficient

AP = projected area of the body, in
the direction of motion 4 ‘
Vi = relative velocity between falling

particles and fluid



The general equation for the settling velocity of spheres
of diameter dp in terms of the drag coefficient can be
obtained by equating the force due to gravity to the drag

at steady state or terminal conditions as shown below,

v L (3272 ) aq y O
t (3 %D B — p) (7)

where g = gravitational constant
£,= mass density of sphere
dp= particle diameter

The settling velocity thus depends on the drag coefficient
which in turn has been correlated to the Reynolds number.
A general equation for the settling velocity can be written

as follows.

/(2-n)

Ve o]k 4 (8)
bt un cl-n

where b', n are constants whose values are defined

as the following:

. Range b! n

Stokes Law NRe< 2 2l 1.0
Intermediate 2< Np < 50 18.5 0.6
Newton's Law 500 < Néé200,000 O.hly 0.0

For the laminar range a negative first order relationship
between settling velocity and viscosity is seen. In the
intermediate rangé, the order of viscosity dependence is
-0.42, and finally for the Newton's Law region the terminal

velocity is independent of viscosity.

20
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The effect of low temperature on settling rates has
been documented by various researchers, Howland (1553)
stated that by raising the temperature from 70° to BOOF,
removal could be increased by 13%. Thomas (1950) on the
other hand noticed no pronounced deleterious effects of cold
on process efficiency. He suggested that slower settling
rates were offset by somewhat larger particles occurring at
low temperatures.

Finally, thermél stratification can also occur due
to differences in fluid temperatures causing density currents

which hinder settling and create short circuiting.

2.1.hh POROUS MEDIA FILTRATION

In water treatment, sand filtration is used
extensively for removal of turbidity and other colloidal
particles. In wastewater treatment, sand filtration can
be utilized to remove impurities which might otherwise clog
up the activated carbon column, The head loss through a

sand filter as given by the Carman-Kozeny equation is

(1 -¢ )2 (9)

' =
e ]
1
-3
V)
=3
<

where hf = total head loss
L = 1length of bed.
Vs = superficial fluid velocity
€ = bed porosity
Y. = particle sphericity ’
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As can be seen from the equation, the head loss is greater

at lower temperatures, because of higher fluid viscosity.

2.1.5 ADSORPTION

Adsorption involves the interphase accumulation or
concentration of substances at a surface or interface., The
process can occur at an interface between any two phases,
such as liquid-liquid, gas-liquid, gas-solid or liquid-solid
interfaces., |

In the system of our concern, dissolved organics are
adsorbed on to the large surface area which exists inside the
carbon particles. Most of this surféce area is available in
the narrow micropores of éize 20 & or less (Rankin, 1973)
which are burnt into the particle during activation.
Adsorption from solution on to & solid primarily results
from two forces which are characteristic of a solute-solvent-
solid system. First, the lyophobic nature of the solute
provides a driving force for adsorption, second, the high
“affﬁnity of the solute for the solid surface is anothef force
| which can cause adsorption. This latter force can be differ-
entiated into three types; ionic attraction, Van der Waals
attraction and chemical interaction,

Adsorption of the first type is basically ion exchange,
where ions of one substance concentrate at a surface as a
result of electrical attraction to charged sites at the sur-

face, Van der Waals forces generally gives rise to
Ve
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"physical"adsorption, characterized by low heats of.adsorption
(2=l4 Kcal/mole). Due to this weak bonding the molecule is
free to move about and hence the adsorption reaction is rever-
sible. Chemisorption involves heats of adsorption comparable
to chemical reactions of the order of 50-100 Kcal/mole. The
reaction is regarded as irreversible as the solute is bonded
strongly.

Most adsorption phenomena are a combination of the

three forms, although one of the three is usually dominant.

a) Equilibria

In the solid-liquid system, solute is concentrated at
the surface of the solid until such time that there is a dynamic
equilibrium between the solute concentration at the surface and
that remaining in solution. . The distribution ratio which
relates the amount of solute adsorbed, q, to the liquid phase
concentration, ¢, describes the adsorption equilibria, and is
also referred to as an isotherm,

‘ The shape of the equilibrium plot is of great signifi-
'ﬁcapce in fixed bed processes, and can‘be classified into four
categories as shown in Figure 3. In the irreversible case,
the solid phase concentration remains constant. Linear
isotherms assume a constant relationship with fluid phase
concentration, In most situations, however, the solute
either favors the liquid or the solid phase as the concentration
increases; the favorable and unfavorable equilibris are two

such examples, s



FIGURE 3

BASIC TYPES OF POSSIBLE ADSORPTION ISOTHERMS
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b) Theoretical Equilibria ‘Relationships

Adsorption theory of liquids being not fully

developed, is frequently based on empirical relationships.

The Freundlich isotherm represents an early empirical,

qualitative attempt to fit adsorption data to the form

q = KCl/n (10)
where g = average solid concentration
C = f}luid concentration
K,n = empirical constants

K is an approximate indicator of sorption capacity and can

be shown to vary as follows:

AH/RT
K « RTnP © (11)

Although the Freundlich equation arose empirically, it can
be derived from Langmuir's équation by the assumption of a
logarithmic distribution of heats of adsorption with surface
coverage (Adamson, 1967). The Freundlich isotherm is commonly
used to represent multi-component systems such as wastewater.
| Another very common correlation is Langmuir's isotherm.
""The important assumptions in its derivation are:
i) surface homogeneity

ii) no interactions between adsorbed molecules

iii) monomolecular coverage
Taking a kinetic approach, the forward and reverse reactions

are equated and the equilibrium locading obtained.
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q = @°bC . (12)
1+bC .
where Qo = monolayer adsorption capacity
b = velocity constant
For the estimation of the two parameters, QO and b, from
experimental data, the Langmuir isotherm is frequently linearized,

using forms such as:

and
1 = 1 + 1 1
3 3° (5e°) (5 ) (1L)

b in turn can be shown to be equal to (Adamson, 1967)

b= Ky  25MRT\0.5 ~v/RT (15)
fl N
where K0 = frequency factor
fl = gteric factor
M = molecular weight of adsorbate
N = number of molecules striking
surface per unit time and area
v = activation energy of the solid-solute

complex
An approximately Arrhenius type relationship over a narrow
tempefature range can be seen from above equation. The
temperature dependence of adsorption equilibrias in solid-gas
systems have been investigated extensively, as opposed to the

solid-liquid systems. The solubility of the solute is an
/



27

additional factor complicating asnslysisin solid-liquid systems,
Although adsorptioq is an exothermic process, it does not neces-
sarily follow that an increase in temperature causes a decrease
in adsorption, Bartell et al (1951) working with n-butyl
alcohol, a substance having a negative solubility temperature
coefficient showed that at lower concentrations adsorption
decreases with increasing temperature and vice versa,

Weber and Morris (196l) studied the effect of temperature
on adsorption of alkyl benzene sulfonate and calculated heats of
adsorption for this system. These were of the order of -l.l
Kcal/mole indicating a weak temperature effect.

Snoéyink and Weber (1969) described equilibrium studies
of phenol sorption on carbon at 11° and 37°C. Slightly
greater adsorption at 37°C was noted. Similar trends were
observed for p-nitrophenol adsorption. The authors concluded
that temperature affects on equilibrium capacity were difficult
to interpret as complex interactions between sorbate, solvent
and sorbent are involved.

Jere (1973) conducted batch equilibria studies using
dextrose and urea as adsorbates, and determined the effect of
carbon oxidation on adsorption capacities. For the range 0°
- h990, Jere noted that for both dextrose and urea, the amounts
adsorbed at equilibrium decreased with increase in temperature.
Since dextrose and urea are both representative of substances

commonly found in domestic wastewaters, the results hint at the

possible behaviour of sewage. The concentrations used were,
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" however, much higher than those encountered in domestic waste-

waters,

2.2 THEORETICAL MODELLING OF A CONTINUOUS FLOW ACTIVATED
CARBCON- SINGLE SOLUTE SYSTEM

The theory describing the adsorption of a single
component in a continuous flow system will be outlined, and the
method used to predict column effluent concentrations from

batch data is put forth in this section.

2.2.1 FIXED BED PROCESS

The system of interest is shown in Figure l where a
single compohent solution is contacted with activated carbon
particles in a packed bed. As the solution of a certain
solute concentration enters the column, the solute will be
removed from the liquid phase and adsorbed on to the solid
phase} Initially this process will be accomplished by the
first layer of particles. If the solute in the solution is
followed down the length of the stationary bed, further and
further layers down the column will continuously remove the
remaining solute in solution. The effluent concentration
theoretically will depend, therefore, on the non-adsorbable
fraction introduced in the feed as well as on the length of

the column.
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The above diécussion concerns itself with the solute

concentration in the liquid phase. But, if the soldte uptake
is monifored at a fixed point along the column a different view
is obtained. Initially the solid phase concentration will be
negligible, but as adsorption takes place, the particle will
get more and more saturated until the feed concentration
matches the effluent concentration, At this point equilibrium
is obtained, the adsorptive capacity of the bed is exhausted and
the removal process stops until carbon is regenerated.

A typical plot of the fluid concentration against time,
called the breakthrough curve, or the cbncentration history
profile is illustrated in Figure S. The sharpness of the pro-

file is a measure of the equilibrium and kinetics of the system.

[
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Amundson (1952) showed that uniform distribution across the
radial direction is a reasonable assumption. Plug flow or no
axial dispersion is also assumed, even though some short circuiting

due to irregularity in the shape of particles is expected. With
/
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these assumptions, a basic mass conservation equation, for a thin

section of the column,Az , can be written.

mass of solute mass of solute amount consumed amount accumue

in incoming - in outgoing - by chemical = adsorbed+lation
liquid liquid reaction in solid in
phase liquid
phase
FC - F(C+§g Az) - eRA Az = cb 9q AAz + ¢ gg AAz - (16)
oz ot at
where F = volumetric flow rate

C = solute concentration in liquid phase
x = length along the column
R = reaction rate per unit liquid volume

cb= density of carbon particles based
on bed volume

A = cross-sectional area of bed

Rearranging, one obtains

F (39 + & (29) + T, (ﬁg) + eR = 0 (17)
A 23z ot ot

The third term in Equation 17 represents an averaged solid
accumulation term over the entire particle. In order to integrate
Equation 17 and derive the breakthrough curve, the adsorption up-
take rate, (9g/at) , must be known. The simpler the relation-
ship between g and‘C, the easier the mathematical solution., In
order to proceed further, it is very important to have a grasp

of the mechanisms governing uptake rates, so that,with appropriate

simplifications, Equation 17 can be solved.
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2.2.2 ADSORPTION KINETICS

In the absence of any other steps, the uptake rate
should be proportional to bulk fluid phase concentration and
the number of vacant sites available for adsorption. In a
majority of practical cases, however, the kinetics are governed
by the mass transfer steps, which can be classified into four

types.

i) external film diffusion
ii) fluid phase internal pore diffusion
iii) surface diffusion

iv) adsorption

a) Film Resistance

In this case, the resistance to mass transfer ié
offered by a thin imaginary film between the bulk fluid phase
and the external surface of the adsorbent particle. Solute
has to diffuse through this boundary to be adsorbed on the sur-
face. The driving force will be the concentration gradient
across this film, The concentration at the external surface
of the particle can be assumed to be in equilibrium with the
solute concentration in the solid phase, Thus the rate of

adsorption is given by

"M K2 (&) (c-c) (18)
it i

where Kf = external film mass transfer coefficient

mass transfer area

a

C = fluid concentration at surface of
particle
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In the mass transfer systems normally encountered in. chemical

engineering, K, is correlated with a mass transfer factor, JD,

f
which is based on analogy to heat transfer,

The correlation of Wilke and Hougen (1945) is suggested

by Vermeulen (1958) for estimating Kes ice.,

K = 1.82 v ( épE )—0.51 ( u )—0.67

£ (19)
v zD¢

where v velocity

\Y

kinematic viscosity

De= vbulk fluid diffusivity

The correlation chosen, however, is developed by Wilson and

Geankoplis (1966) and is of the form

: -.67 "067
Kf= 1.09 (NRe) (NSC) V/E (20)
where
N = d v modified Reynolds
Re v(l-g) number (21)
N =
Sc Y (22)
D¢

b) Internal Diffusion

This mechanism operates in the case of porous adsorbents,
determining the mass transfer rate from the exterior surface of
the adsorbent to the interior adsorption sites. Two types of

internal diffusion mechanisms can operate, with one being primary.
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i) Fluid Phase Pore Diffusion:

The solute remains in the liquid phase untii adsorbed
inside the particle. The driving force for the solute is the
concentration gradient in the voids of the particle. Assuming
a spherical particle with movement of solute directed radially
and using Fick's second law, as outlined by Kasten and

Amundson (1952) one obtains:

2
o i 4+ 25 = ‘lé o (Dpore r3g ) (23)
ot ot r or or
where Q; = point concentration of solute
in solid phase
di = point concentration of solute
in liquid phase
Dpore = fluid phase pore diffusivity
a = intraparticle porosity

r = radial direction in the particle

The first term accounts for accumulation in the solid phase,
the second for accumulation in the fluid phase and the third
représents the net outflow through a differential radial volume.
Wheeler (1955) suggested the following approximation
for calculating fluid phase pore diffusivity:
D = 1 Dsa

pore = =
2

1i) Surface Diffusion:

(24)

In this case, the solute travels along the walls of the
voids to the interior of the particle. Assuming the solid to
be homogenous and the diffusional path to be radially directed,
an expression for the mass transfer rate with su}face diffusion
controlling can be written in a manner similar to fluid phase

pore diffusion,
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2
oq . 1 3 (D xr® bqg.y.
——.l — - —— (l s '-—"l) 2
ot r2 or or (25)
where:Ds = solid phase pore diffusion coefficient

If the diffusivity, Ds’ is assumed to be constant, i.e.,

independent of time and concentration, then

9q . 2
—i = ] 3°q. -2 93q. ,

s (( —3i + £ Z3&4i) 26
ot 3r2 r dor (26)

The average concentration, q, for the entire particle is

given by
R8 2
qg=-3 Sg. r® dr
B3 ot _ (27)
P
where R_ = particle radius

In typical problems, the estimation of DS is made by trial and
error, The uptake rate predicted by a chosen Ds’ is matched
to the experimentally derived uptake rate as a test for the
correct value of Ds‘ Finite difference methods are commonly
used to estimate Ds from batch adsorption kinetics (Weber and
"Rumer, 1965).

The method chosen to evaluate Ds’ is the technique
proposed by Tien (1962) which not only involves little computer
time; but, more significantly, is applicable to generalized
equilibrium relationships. For a non-flow, finite bath, well
agitated system equation 26, along with the following equations,
are used to define the problem of diffusion into initially

empty spherical particles. /
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C = CO' q=20 for O<r<a at t = 0 (28)

g = a(C) at r = a, t>0 (29)

V~3Cc _ K]. b5q t>0 (30)
3t ar T

Solutions to the second order partial differential equation have
beeh given by Carslaw and Jaeger (19,8) and others for the case
of o being a linear function of C, For a non-linear adsorption
isotherm, however, an analytical solution is not obtainable.

Tien's method ‘involves using batch kinetic and adsorption
equilibria data to oBtain Qgs the solid phase concentration at
the particle surface. This is approximated by a polynomial

expression of degree m,

m wi
qs(t) = 2 Pi t (31)

i=0

Knowing qs(t), qi(t) is obtained and integrated over the
particle volume to get q as in Equation 27. The fractional

approach to equilibrium is given by

MR . 2 . 2 ’
2 = 2-64, (1) (-20) ( ~(hy Ryl 4 A 2 + 6o, () A2 1 Ayl 3 By ) 4 sverennenes
a, 17 pe 2 31 s el 2 =) (z 517 T jfu )+ *
. mi ’ .
m az m m ('1’ AZi hd . . )
0T o0 (2" g | (32)

10 2m-1)+3) 20 2(net)e1)1

o : - 2, 22
6 & (»,- Pl(t)(—if) S S DL IS t‘(;EEQ” (-3 g__f?t!a e
n=l n2'2 o Dt n’:’ 52'2
m i m i
where ¢l(t) =( I iP.t7)/( = Pt )
i=1 i=0
Vs
' m Tn i
¢m(t) = m!Pmt /( ﬁo Plt )
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A series of theoretical q/qS can be plotted with (a?/Dt) as
the parameter and compared with the experimentally derived
curve., At the intersection points (refer to Figure 6) a

unique value of DS can be obtained as both (%E) and t are

known. ‘ Computed Curves
Experimental.) i P FIGURE 6
Curve . ] 4=5 TIEN'S METHOD FOR
q ‘ ' CALCULATING SURFACE
ag $Z§8 DIFFUSIVITY
=50 |
0.0
TIHE

For a third order polynomial fit to equation 31, Meier (1972)
has derived an explicit solution for q/qs, correcting some

algebraic mistakes made by Tien.

3 2

4 = (1- b (3p,t> + 2p,t% + P t) (33)
g 15 % Pitl
. i=0
2 3
T— (122,63 + 4p,t?) - b (6B 4t)
315 ¥ P.tt 1575 ¢ P.tt
L] l L3 l
i=0 =0
3 . o ' 3 R . .
-6/ T P,th) (I —1— exp(-n®r/a) (1 (-D7 irp et (E)h)))
i=0 n=1 n2“2 i=0 n2ﬂ2
where P = a2
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¢) Surface Reaction Kinetics

In the general case for reversible adsorption of a

single solute

g%i = KCplg - Kyay (3L)
where CL = fluid concentration
CS = vacant sites
K1 = forward rate constant
K2 = desorption rate constant

In this work, the adsorption process is assumed to be extremely
rapid as compared to the diffusional resistances. The validity
of this statement has been documented by the data of Vassiliov

(1962) and others.

2.2.3 REVIEW OF ANALYTICAL SOLUTIONS TO FIXED-BED
ADSORPTION EQUATIONS

The solution to the general fixed bed problem has been
under intense investigation, For our present purposes, the
reaction term R in équation 17 is set equal to zero. Chapter 5
includes a theory section which incorporates the effect of R in
more detail.

The analytical solution depends strongly on two key
aspects:

(i) The choice of the rate limiting step.

(i1) The nature of adsorption equilibria.
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In earlier periods of investigation, many researchers restricted
the solution by assuming only one resistance as beiﬁg primary.
Initially, this was due to lack of high speed computer facilities,
which can today solve the more complex problems numerically.
Thomas (1951), Rosen (1952) and Kasten et al (1952), for
example, have presented solutions based on the assumption that
intra-particle diffusion is the rate limiting step. Several
investigators have attempted solutions by combining two resis-
tances in series. Rosen (1954) obtained an exact solution in
the form of an infinite integral suitable for numerical inte=-
gration for the case of film diffusion in series with solid
phase pore diffusion. Masamune and Smith (1965) presented
and summarized solutions for a general case of film resistance,

intraparticle diffusion and surface kinetics in an intregral

form,

Unfortunately, however, all these solutions are only
valid for linear isotherms, which are rarely encountered in
wastewater systems.,

The reaction kinetics model of Thomas (1948) uses a
Adifferent approach from the above mentioned investigations
and, therefore, allows the use of a generalized isotherm éf
the Langmuir type. This method involves the representation
of hass transfer resistances by pseudo-kinetic rates and the
combination of these rates into a general rate coefficient.
Hiester and Vermeulen (1952) carried forward the Thomas

solution for packed bed adsorbers. They also noted that
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Thomas's method is the most general, as all other solutions can
be referred back to Thomas's dimensionless relationéhips. A
shortcoming in the Hiester and Vermeulen derivation has been
the assumption of a linear driving force fdr solid phase pore
diffusion of the :type suggested by Gluckeauf and Coates (19,7).
Vermeulen (1953) later postulated a quadratic driving potential
to account for the concentration gradient. Allen et al (1967)
chose an exponential concentration difference for ease in
process design calculétions.

Stuart (1967) considered the representation of solid

phase pore diffusion by an equation of the following type

4 - K flqg,q) (35)

ot

as entirely wrdng from a fundamental standpoint, since
diffusional transfer should be predicated on diffusion equations,
and not pseudo-kinetic rate approximations, Stuart and Camp
(1967) presented a comparison of the diffusional and kinetic
models for a linear isotherm and showed that the diffusional
model is more aécurate. Stuart (1967) advanced the work
-“further by handling the case of general non-linear equilibria
relations. |

For reference purposes, the derivation of Thomas‘reac-
tioh-kinetics solution, as modified by Keinath and Weber (1968),

is included in Appendix 5.
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2.3 BIOLOGICAL ACTIVITY INSIDE ACTIVATED CARBON BEDS

In this third and final section of the literature
review, an attempt will be made to explain the role of
biological gctivity in activated carbon (AC) beds. The
difficulties which have arisen and the experience which has
been gained to date in the operation of AC systems for treat-
ment of domestic wastewater are described. The possible
mechanisms which are responsible for organic substrate
removal are discussed. - Denitrification inside AC beds, a
recently observed phenomenon is also studied. Finally, the
effect of low temperatures on biochemical reaction rates is

elucidated.

2+.3.1 LITERATURE REVIEW

In the early stages of application of AC to domestic
wastewaters an associated phenomenon of biological growth was
observed by many researchers.  Controversy arose over whether-
biological activity was detrimental to effluent quality.

Bishop et al (1967), based on pilot plant runs,

noted that output turbidity from carbon beds increased-markedly,

along with residual TOC in effluénts. ‘The explanation-put
forth was that the bed began to function as a partially

anaerobic blological filter, producing partlculate waste pro-

ducts which broke through the column They concluded that

blologlcal growth would be harmful to final effluent guallty.

Predisinfection was suggested to curtail biological activity

in AC columns.
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Parkhurst et al (1967) desecribing thé performance
of Pomona Water Reclamation Plant attributedthigher.overall
- COD removals to biological decomposition as opposed to pure
adsorption, Proof of biological enhancement was found in
the drop of nitrate levels, inability to exhaust carbon's
capacity and reductions in dissolved oxyden. English et al
(1971) reporting on the same plant noted that the carbon's
capacity dropped after each regeneration cycie, indicating
the buiiaup of non-degradable organics inside the pores of
the carbon.,

The role of biolcgical activity inside carbon beds
was studied by Weber et al (1970) in the operation of a pilot
plant at Ewing-Lawrence, |

Parallel studies were conducted using expanded and
packed bed reactors to determine performance. Over a four
month period no practical difference was discernable, with
close to 60% removals by weight obtained in each of the two lead
columns., Weber et al (1970) noted that such high organic
loadings could be only due to biological activity.
F Expanded bed adsorbers possessed greater operational
‘advantages, as none of the four columns required cleaning or
maintenance over the entire four month period. Conversely,
eveﬁ with a highly clarified effluent, head loss in packed
bed adsorbers increased steadily, requiring increased pumping
pressures and eventual backwashing. The lead column was more
frequently backwashed than the preceeding columns due to higher
buildup of solids., Periodic ansaserobic biological activity in

the carbon columns was encountered, as evidenced by occurrence
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of HES odor in the effluent. Addition of hgpochlorite was
moderately effective in reducing st odor, %erati;n of
primary effluent led to formation of bigger biological flocs
and quicker plugging and fouling in packed beds.

Rodman (1971) reporfed that spent GAC could be
regenerated biologically by an upflow aerated column. A
pilot plant study treating textile wastes showed the efficacy
of this concept. |

Bishop et al (1972) questioned the desirability of
biological activity in adsorption systems, The development
of anaerobic conditions had to be balanced with the advantage
of removing hydrophilic and poorly adéorbed organics, Growth
of biological slimes in sénd filter, and fouling of ion ex-
changers in PCT plant were described. Overall soluble
organic removal decreased with time and was attributed to
biological activity.

The merits of biological growth are still being debated.
The controversy may only be resolved when a strong theoretical
_foundation is postulated, which explains the inter-relationship

between the carbon and the micro-organism,

2.3.2 SUBSTRATE REMOVAL MECHANISMS

Interest in the effect of solid surfaces on microbial
growth has existed for over decades now, More recently inves-
tigations have been carried out with surfaces such as activated

carbon particles in wastewaters.
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Kalinske (1972) suggested that GAC w&pld be excellent
as a growth site due to its high surface to vglume éatio.
Furthermore selective adsorption of oxygen from aqueous solution
was expected. Thus he postulated that since the three ingre-
dients - bacteria, oxygen and substrate - are brought together
in such close proximity, the removal rates are bound to be en-
hanced. This follows from the first order concentration depen-
dence of removal rates in the growth 1imiting‘region. Kalinske
conducted experiments in order to establish that GAC acts solely
as a surface, and that physical adsorption is insignificant.

His claim that biological enhancement was achieved is difficult
to interpreﬁ in view of the fact that he chose glucose, a highly
degradable but poorly adsdrbed compound as his substrate.

Besik (1973) operated an adsorption bio-oxidation
reactor on raw sewage. The author also expected increased
reaction rates due to increased concentrations of organics,
microbes and oxygen. Based on BOD loading data, Besik claimed
that the MLSS-GAC upflow bed performed better than conventional
~activated sludge systems. There appear to be, however, many
.unexamined gquestions in connection with this claim,

Scaramelli and Digiano (1973) used bench scale continuous
flow biological reactors to study the effect of PAC dosage on
organic removals. Two possible mechanisms were suggested to
be verified by experimental investigations. The first one was
essentially Kalinske's mechanism, which if valid, would result

in both increased substrate removals and microbial populations.
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On the other hand, if physical adsorption plgyed a greater
role, then substrate removal would be enhanceé, but not
microbial growth. Results of two parallel reactors showed
that PAC caused no significant increase in oxygen uptake
rates. Microbial growth was essentially unchanged leading
to the conclusion that substrate removal was primarily due to
adsorption, The authors cautioned, however, that only two
parameters were used as indicators of biological activity,
and suggested further respirometric studies.

Perrotti and Rodman (1973) used serobic batch reactors
containing GAC or sand in the presence of activated sludge.

A synthetic feed made up of glucase aﬁd phenol was used.

The authors noted a synergistic effect of AC on the BiolOgical
process. Perrotti and Rodman advanced the hypothesis that

since bacteria cannot penetrate the pores of the carbon, the
adsorbed substrate could be degraded by reaction with extra-
cellular enzymes which diffuse into the pores. The rate of
regeneration would, therefore, be dependent on the concentration
. of these enzymes. The role of exo-enzymatic reactions is specu-
lative, as the mechanism which governs enzymatic production is
i1l understood.

Weber et al (1972) theorized that bacteria not only
degrade the organic. materials on the surface, but also the
adsorbed material on the pores. Studies were undertaken to
evaluate the effect of aerobic and anaerobic conditions on
GAC column performance. Overall - performance in terms of

TOC removal was not greatly different, although the aerobic
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columns always performed better., Comparisons between the
aerobic and a non-porous anthracite carbon system, showed the
latter to perform less well. Weber concluded that in situ
regeneration enabled the surface of the carbon particle to
continue to adsorb, thus extending the life of the bed. It
was proposed that surface regeneration activity appeared to
be anaerobic for the following reasons:

(i) No significant difference in capacity observed for
aerobic system as opposed to anaerobic system.

(ii) No sludge accummulation seen.

(iii)Sludge scoured had appearance of an anaerobic residue.

(iv) Oxygen utilization much less than theoretically
required for serobic mode of regeneration.
A schematic interpretation of in situ biological regeneration

is presented below in Figure 7.

“FIGURE 7 -~
A POSSIBLE MECHANISM FOR BIOLOGICAL REGENERATION =~
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The interpretation is entirely speculative, ég no alcohols or
low molecular weight compounds were ever moni%ored..

Hals (1974) studied the inter-relationship of micro-
organisms and PAC in batch systems., Oxygen uptake rates and
TOC removals were monitored as a function of time for various
substrates. The data showed that 1little, if any, bio-regene-
ration took place for domestic sewage, although some regenera;
tion appeared to exist for phenol. The subsﬁrate concentration
effect on solid surfaées, which is envisaged by other authors,
was not manifested. Hals concluded that the experimental
conditioﬁs of his batch reactor limited the findings of his
study. | |

Currently, a cleaf picture of regeneration mechanism
does not exist. The purpose of this thesis is not to develop
an alternative mechanism, but to understand the effect of
temperature on gross removals in both batch and continuous

systems, The theory provided in this section will help to

explain the observed effects in Chapter 5.

2.3.3 DENITRIFICATION IN INERT MEDIA COLUMNS

In the course of studies involving soluble organics
removal by carbon adsorption, a reduction in nitrate and
dissolved oxygen levels were noticed. Initially, this was
categorized as a side effect, but recently serious investigation

has started to evaluate nutrient removal possibilities.
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Biological denitrification is technically an anaerobic
process, wherein the nitrate ion acts as an hydrogen ion acceptor
'in the electron transport chain. - In aercbic systems this role
is normally played by oxygen. Some bacterial species can main-
tain their metabolism by using nitrate ion as an alternate source
and in the process reducing nitrates to nltrogen gas, as repre-

sented by the following equation:

4No,” 4 - SCH,0 « 5CO,+ 2N, + 7H,0 (36)

2

Most of the denitrifying organisms are facultative
anaerobes, commonly found in wastewater treatment plants.,

Some genera are Pseudomonas, Achromobacter, Bacillus and

Micrococcus. The existence of these genera points to a

significant denitrifying potential, but does not indicate
that acfual reduction in nitrates is taking plsce. The pre-
sence of a suitable environment is more cruciael in denitrifi-
‘cation,

English et al (197}) conducted preliminary evaluation
on two parallel beds, one sand and the other GAC. Potassium
nitrate was added to supplement the feed. Initially limited
denitrification was observed in both columns, and was attributed -
to the lack of an organic carbon source. Methanol was added
to provide a readily available energy source. Denitrification
was enhanced following methanol addition, with nitrate removals
of over 80% in both columns. Pilot scale studies also indicated
equally effective denitrification on sand or carbon media, with

greater than 90% nitrate reductions in less than 10 minutes
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of contact time. Biological growth a33001ated with

denitrification caused significantly higher head 1osses.

Bacterial counts in the effluents revealed large numbers of

Pseudomonas,

Weber et al (1970) noted that nitrate levels as high
as 15 mg/1 NO3 as N in the primary effluents were reduced t~

an average of less than O, 5 mg/1 NO
stage.

3

Plastic media anaerobic filters have been used as well

as N during the adsorption

for denitrification purposes. Tamblyn (1969) noted that the
role of the media is to provide a solid support for bacterial
growth, The solids are retained in the filter for a time
longer than the hydraulic retention time.

Sutton (1973) studied the continuous biological denitri-
fication of wastewater using stirred tank reactors as well as
packed columns. Nitrogen removal performance of the column
reactors was found to be a function of detention time and surface
area available for biological growth, Unit removal rates were

noted to be independent of influent nitrogen concentrations.

2.3.4 EFFECT OF TEMPERATURE ON BIOCHEMICAL RATES

Temperature is a major variable influencing reaction
rates of substrate utilization in biological systems. The total
temperature span within which the organisms can grow is a narrow
one, extending from about -5° to 80°C (Stanier et al, 1970).

The lower temperature 1limit is set by the freezing point of

aqueous solutions. Micro-organisms are classified into three
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types, based on their optimum growth temperature. Psychrophiles
‘and mesophiles, which are of interest in this study, cover the
average rangés 5° - 15°¢ and 20° - 35% respectively. Tempéré-
ture variations can act as a selection mechanism, bringing about
changes in the microbial make-up of a system. This can result
in different reaction rates as differing species have independent
metabolic pathways.

For single substrate, pure culture, systems temperature
affects the rate of substrate removal in two ways. Mass
transfer by diffusion of substrate from bulk -solution to the
surface of the bacterial cell can affect reaction rates. The
temperature dependence of diffusivity is expressed by, a Wilke-
Chang typeﬂbf correlation as Equation 2.

The effect of temperature on the rate of substrate
utilization is commonly assumed to be primarily a thermochemical
phenomenon (Buéch, 1971). This assumption is set on the premise
that oxidation of organic material by micro-organisms involves a
- gseries of enzymatic reactions that follow the law of thermodyna-
mics and rate theory (Gunsalus and Stanier, 1962). An
empirical relationship commonly used for chemical reactions
was suggested by Arrhenius in 1889 (Ingraham, 1962).

-Ea/RT
K = Ae (37)

- where = reaction velocity

constant

a

K

A

E = activation energy

R = ﬁniversal gas constant
T

= absolute temperature
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Streeter and Phelps (1925) developed an empirical equation for
the effect of temperature on biochemical oxygen demand (B.O.D.)

of polluted water,

T, - T
K, T2 = ) (38
K

thermal coefficient

where 0

The thermal coefficient is analogous to the activation energy
as a measurement of temperature sensitivity of the reaction rate.

Typical activation energies range from a few thousand
calories per mole up to 40,000 calories per mole (Johnson et al,
195l ). Arrhenius estimated E, to be 9.08 Kcal/mole for sucrose
hydrolysis by invertase. Stephenson (191;9) calculated an Ea
of 14.2 Kcal/mole for growth rates of E. Coli. Other researchers
usually report biological rates having activation energy of the
order of 8-15 Kcal/mole (David and Goos, 1972, Fair et al, 1968),.

Dawson (1971) studied the variation of unit denitrification
rates with temperature of a single culture batch system and reported
E value of 16.8 Kcal/mole. Stensel (1971) using mixed culture
of denitrifiers, calculated Ea value of 10 Kcal/mole.

Little data is obtainable on temperature effects iﬁ packed
columns., Conditions are expected to differ as diffusion plays an
important role in the overall reaction rate. Sutton (1973)
employed packed columns for denitrification and estimated an

activation energy of 11.1 Kcal/mole in 5° . 25% range. For
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stirred tank reactors having sludge ages 3 - 6 days,‘the Ea
value was 15 - 16 Kcal/mole.

Definite conclusions are hard to form on the reasons
for the lower temperature dependence in columns than the stirred
reactors, and needs further investigation. In general denitri-
fication rates do not appear to have a higher temperature depen=

dence than other biological systems.



CHAPTER 3

FEASTIBILITY OF PHYSICO-CHEMICAL TREATMENT

OF DOMESTIC WASTEWATER

USING POWDERED ACTIVATED CARBON

3.1 INTRODUCTION

A preliminary batch scale feasibility study was conducted
to assess the effect of temperature on the unit operations which
comprise PCT. This step was considered to be necessary before
pilot scale continuous flow systems couid be studied, as the
batch study phase pointed out the areas of greatest concern for
further tempefature effect studies.,

At the present time, there are several package PCT plants
being installed in the North. Almost all of these plants have
opted for a columnar contacting scheme. In view of the fact
that recent developments make powdered carbon regeneration tech-
nology, economically and technically feasible, Shell (1974)
indicated that powdered carbon presented an attractive alternative

.ﬁo GAC with the following advantages:-

i) 8-12¢ per 1b, for PAC as compared to 34-45¢ per 1b.
for GAC

ii) faster reaction-rates.
iii) easier to transport in slurry form.

iv) lower pumping costs.

An added advantage of PAC is that it can be incorporated into

existing treatment plants,

53
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Based on theoretical considerations discussed in
Chapter 2.1., attention was paid to the settling step and
carbon adsorption step as these were felt to be the most
sensitive to temperature. Ho et al (1972), as part of this
project, had made initial studies using Aqua Nuchar A (PAC)
to study batch adsorption at low temperatures, Trese studies
are included in this Chapter as they provide data which are
useful in the analysis of results,

Some of the objectives set out for the study are

listed below:-

i) To evaluate feasibility of PCT of raw sewage
with PAC at low temperatures,
ii) To obtain the magnitude of temperature effect
on séttling rates,Aand to compare it with
theoretical predictions.
iii) To estimate effects on carbon adsorption kinetics

of low temperatures.

3.2  EXPERIMENTAL

In order to investigate the effect of temperature, this
study was divided into two parts, During the first part the
temperature dependence on chemical floc settling or primary
treaﬁment was evaluated. The second part concentrated on the

effect of temperature on carbon adsorption.
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3.2.1 COAGULATION AND SETTLING STUDIES

Séttling tests on raw sewage were conducted at three

°, 130, 25°¢, the range normally encountered

temperatures, 2
in wastewater treatment. | The apparatus used, was the modified
jar tester of Bancsi and Benedek (1973a). Raw sewage was
collected after the bar screen from the Dundas, Ontario,
Water Pollution Control Centre, The sewage was largely
domestic in nature, coming from a community with a population
of 18,000. |

3.4 litres_of raw sewage was placed in the test jar,
which was then immersed in a constant temperéture bath. The
details of the entire arrangement are ihcluded in Figure 8.
After the sewage in the jarbhad reached the same temperature
as that of the bath, 160 mg/l- of alum (as A12(Sou)3' 16H20)
was added and theAliquid mixed for 5 minutes at a stirring
rate of 90 RPM. Following the coagulation step, a polymer
dosage of 0.8 mg/l Percol 730 (Allied Colloid Company) was
introduced and the high stirring rate maintained for one
minute to allow intraparticle contact to take place., These
dosages are based on extensive studies carried out at McMaster
University on Dundas domestic wastewater (Bancsi et al, 1973 b).
Stirring speed was reduced to 30 RPM so as to avoid shearing
the developing flocs, Fifteen minutes later the stirring was
stopped completely and the flocs allowed to settle freely.
Samples were taken during the settling period and anslysed for
their total phosphates content. This analysis was performed

using a Technicon AutoAnalyzer Method No. 3-68W,
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3.2.2 CARBON TREATMENT STEP

The effluent after chemical treatment was contacted
with 400 mg/l of HydroDarco H (Atlas Chemical) powdered activated
carbon. HydroDarco H was chosen as it is relatively inexpensive
and its relatively high density enables it to settle better.

The primary treated effluent was allowed an hour of
contact with PAC, to allow equilibrium to be established. A
polymer dosage of 1.6 mg/l Percol 728 (Allied Colloid) was next
added to help separate the carbon particles from sewage. The
polymer-carbon floc was allowed to settle quiescently following
fifteen minutes of slow stirring. _Samples were taken during
settling and analyzed for their inorganic and total organic
content using the Beckman 915 Total Organic Carbon Analyzer.

Two polymers Dow C=31 and Percol 728 were selected for
comparative studies in their effectiveness to flocculate carbon
particles. = The former polymer was chosen as it was recommended
by Garland and Beebe (1970) based on their evaluation of floccu=-
lants for Darco S-51. Percol 728 (P728) was chosen as an alternat
higher molecular weight cationic polymer. Two jars containing
00 mg/l of HydreDarco H in distilled water were prepared and
2 mg/1l each of the two selected polymers were added.

The particular dosage of 1.6 mg/l Percol 728 was obtained
from an optimization study using a series of six jar test runs,
with P728 concentrations ranging from 0 to 2 mg/l. Effectiveness
in flocculation of carbon particles was measured after an hour of

settling, by a Hellige Turbidimeter Model 8000,
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3¢2.3 ADSORPTION ISOTHERMS AND KINETICS.

The method used by Ho et al (1972) is described here,
Known weights of adsorbent were added to 250 ml  Eprlenmeyer
flasks containing 100 ml of wastewater. The carbon dosages ran
from as low as 50 mg/l to as high as L000 mg/1. Contact between
the carbon particles and the solution was achieved by placing the
samples in a constant temperature shaking bath (Research Speciali-
ties Company Model 2156) operated at a speed of 150 strokes per
minute.

Raw sewage was pre-treated by first coagulation and
flocculation, and then filtration through .1¥ membrane filters.
This last step was carried out to remove suspended matter inter-
fering with adsorption and to delay the onset of biological
growth, After equilibrium had been reached, the PAC was removed
from solution by filteriné through .1¥ membrane filters, and the
filtrate analyzed for TOC.

Batch kinetics were conducted by contacting adsorbate
with PAC in a two litre jar agitated by a magnetic stirrer.

10 ml samples were withdrawn from the jar as a function of time

and analyzed for TOC. Since with PAC, the reaction rate is
initially very rapid, more samples were withdrawn at the beginning
of the run, and the experiment terminated when there was no further
drop in soluble organic concentration,

The procedures used in preparing carbon for the adsorption
study, and the precautions used in analysis of filtrates are

described in Appendix 1.
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3.3 DISCUSSION OF RESULTS

3.3.1 Chemical Floc Settling

The results of the batch coagulation and settling
study at the three temperatures are shown in Figure 9. The
initial phosphate level was around 5.l mg/l as P, which is
a typical value for total phosphates in raw Dundas sewage.
The total phosphate content in the settling floc was monitored
as a fqnction of time; according to independent studies
(Bandsi, 1973 a) conducted on Dundas sewage at McMaster
University, this curve is representative of suspended solids
settling. The phosphate floc is enmeshed with the settling
solids and thus can be used for determining particle concen-
trations remaining in suspension, Based on the residual
phosphate concentration curves of Figure 9. all flocs settle
well, although the low temperature flocs seems to take longer,
Final residual phosphate concentration of 0,2 - 0.4 mg/l as P,
can be obtained (about 94 - 96% P removal) over the temperature
_range of 2° - ZSOC. In order to evaluate the temperature
dependence of settling flocs, the phosphate values are replotted
in terms of settled fraction of removable particles, as drawn in
Figure 10, The detailed procedures are explained in Table 25
of Appendix 3. As can be seen from Figure 10 the initial
settling rate is very high and gradually tapers down, with a

distinct trend noticeable as the temperature ié lowered.
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FIGURE 10

SETTLEABLE FRACTION OF PHOSPHATE FLOCS REMOVED
AS A FUNCTION OF TIME
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Using Hazen-Camp ideal sedimentation tank th;ory, overflow
rates were calculated. Camp (1946) noted tﬁ?t certain
assumptions had to be made to compare quiesceﬁt settling

with actusl tank settling. Short~circuiting, eddies due

to turbulence, bed-load movement or scour, faster flocculation,
convection currents and other phenomena affects performance of
an actual basin, and the removal from an ideal basin may be
more or less depending upon the relative magnitude of the
disturbing factors, Other assumptions involved in Camp's
ideal sedimentation tank theory are that initial concentration
of particles is uniform throughout the column and that during
settling the particles settle discretely and do not influence
each other,

The overflow rate was, therefore, calculated on the
basis of time the particle took to reach a certain depth in
quiescent basin, The details of the procedures can be found
in Table 30 of Appendix 3.

Figure 11 depicts the overflow rates plotted against
percentage of particles settled at the three temperatures.
'LThe distribution of settling particles turns out to be a log
normal distribution as the settling velocity plots lineafly
on a log probability paper. Irani and Callis (1963) derived
thenlog-normal particle size distribution for a system with
particles growing in size with time. In flocculant systems,
particles grow in size as they fall, and hence can be described

by a log-normal distribution. From Figure 11, it is important
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to note that at conventional overflow rates of 600 GPD/ft?,
99% of all particles would settle at temperatures down to
200. In Ontario, a criteria of 1 ppm as residual P, 80% of
the time has been set for effluents discharging into the
Great Lakes under the Canada-United States Agreement (1972).
Using this criteria, Figure 12 shows how the settling velo-
city changes to achieve that treatment level, when the temp-
erature varies from 2° to 25°C,

Verification of the theoretical behavior of settling
velocities was conducted by calculating the overflow rates
of 50% of settleable particles at the three temperatures.
This is shown in Table l, alongside with the values of vis-
cosity of water.

If the following relétionship between velocity rates

and viscosity is assumed:-

-n
Vt = Au
where ‘Vi = overflow rate
n o = absolute viscosity
A,n = empirical constants

The data in Table i can be'plotted on log-log scale, as in
Figure 13, to estimate the magnitude of n. The slope of

the line in Figure 13 calculated from a least square method is
-.78. In Chapter 2, n = =1 for the laminar range and is -.03
for the transition range. If the particle Reynold's number
is in between these ranges then an intermediate value of n
would be seen, This was ascertained by assuming a typical
floc diameter of 110p (Camp, 1968), The calculation is

shown as following:-
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TABLE 4

VISCOSITY AND TEMPERATURE VERSUS OVERFLOW RATES
FOR 50% PHOSPHATE REMOVAL

TEMPERATURE VISCOSITY OVERFLOW RATES
in 0C in cp in USGPD/ft2
2 1.673 4400
13 : 1.203 5600
25 0,894 7200
LOG oy Vi | LOGy4 ¥
3,644 224
3,748 080
3,857 -,049

LOG V, = LOG A + n LOG M

using the least squares method to estimate the value of n

3
(I log uy
i=1 i

n

HtMw

3
log Vti - 3.5

log My log Vv
1 i '

. )
1 t1

2 3 2
log u; ) - 3 I log u; )
1 i=1

( (

l Mw

i

(.255) (11.25) - 3(.927)

=. 2087 . _g.78

(.255) 2 - 3(.059) 112

1) Perry's Chemical Engineers Handbook, 4th Ed, 1963,

McGraw-Hill.
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a, = 1.1 x 10 %em
4 = 1.05 gm/cm3
Ve = 17200 USGPD/ft? = 20,3 cm/min
u = 0,89 cp = 8.94 x 10'3gm/cm sec
a zc.v
Nee = plt - 1.1x10"%cm x 1.Ong3 x 20.3cm x min/60 sec
u cm min  8,9x10--gm/cm sec
= Ll

The value of n therefore obtained seems plausible
as the Reynolds number calculated is in the Stokes or possibly
transitory region.

In view of the inherent experimental errors in such
experiments, the particles can be assumed to fall in the Stokes!

Law region for purposes of design procedures and calculations.

3.3.2 POWDERED CARBON ADSORPTION

Powdered activated carbon was contacted with coagulated
and membrane filtered sewage and the isotherms obtained are
shown in Figure 1lli, where the equilibrium loading on the carbon
is plotted against the residual concentration in mg/1 TOC.
These are typical isotherms obtained from the study conduéted
by the Ho et al (1972) on Dundas sewage. Three tempersatures
werevinvestigated and it is seen that the loading is generally
higher at lower temperatures, for example at 16 mg/l residual
T0C, loading increases 40% from 2°C to 20°c. In practice
this is not always the case, the difference is usually less,

as adsorption is not strongly temperature dependeﬁt.
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Another point to note is the presence of a clear
breakpoint with sewage isotherms. Beyond this poiné, the
carbon dosage required to bring about a further drop in resi-
dual concentration increases markedly. Also there is a
certain fraction of sewage which is non-adsorbable, and remains
in solution regardless of the carbon dosage.

In Figure 15, results of the batch kinetic study are
presented., A very rapid decrease in TOC is seen, after which
not much appreciable chénge in TOC occurs., This is in con-
currence with the observed behaviour with powdered carbons
which have smaller particle size enabling faster diffusion
into the pore structure, The temperatﬁre dependence of adsorp-
tion kinetics follows theorétical predictions, in that kinetics
are adversely affected by decreasing temperature. The results
are not very satisfactory, however, due to the errors involved
in sampling at very short contact times, the initial stages of
adsorption are the most crucial, and it is in this region where
most of the error occurs. Qualitatively, one notes relatively

little effects arising from temperature variations.

3.3.3. PAC SETTLING

PAC can be added to sewage, if and only if it can be
separated.or settled again. The flocculating properties of
two polymers Dow C-31 and Percol 728 were evaluated. The

former proved to be a poor flocculant contrary to what was
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recommended by Beebe (1973). The results of this evaluation

are presented below:=-

Percol 728 Dow C-31
Initial Turbidity
in APHA units 16.0 22.0
Final turbidity 6.0 13.0
(Very clear super- (Dark suspension

natant after 4O mins, little flocculation
of quiescent settling. observed).
Big flces formed).

Percol 728 yielded promising results and an optimum polymer
dosage was obtained through a series of six jar tests. The
results are shown in Figure 16. The chosen dosage of 1,6 mg/1
gave a clear supernatant and large flocs (.1 mm diameter)

which settled rapidly. This dosage can be reduced further in
continuous systems where a part of the settled powdered carbon
sludge is recycled. Also, with bacterial growth taking place
on the surfaces of the carbon particles, the floc size

will be increased, leading to faster settling.

The separation of carbon particles from sewage turned
out to be relatively easy as éhown in Figure 17. Over 90%
of the particles settle in 10 minutes; a clear supernatant is
obtained after 25 minutes of quiescent settling. Results for
13°C are somewhat unrepresentative of settling, and are due
mostly to poor sampling. (verflow rates were calculated from

the results in Figure 17 and are shown in Table 5.
s
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TABLE 5

UNFILTERED TOC REMOVAL AS A FUNCTION OF TIME

TIME OVERFLOW RATES % OF PARTICLES REMOVED

in mins in USGPD/ftZ
. ‘  TEMPERATURE

0.0 0w 0.000 0.000 ' 0,000

1.0 7900.0- 0,520 0.105 04450
2.0 3950,0 ' 0.660 0.233 0.€12
4.0 . 1975.0 0,811 - 0,407 ' 0.756
€40 131700 ' v.884 0.500, 0.878

0.0 . 790,0 0.960 0.629 0.980
25.0 e T 000 0.954  1.000
4 ' ' ..
400 | | 191.0' 1.000 1,000 1,000
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A conventional clarifier with overflow rates in the range of
600 - 800 USGPD/ft° would provide adequate time for removal
of over 95% of carbon particles for temperatures ranging from
2° to 25°C. Effluent quality after PAC adsorption based on
our results is espected to be 10 to 15 mg/l TOC, quite inde-
pendent of temperature. As a comparisdn, typical TOC values
from a secondary biological system on this same sewage is in
the 10 - 15 mg/l1 TOC, for filtered effluents (Murphy, 197L).
The final effluent produced from batch feasibility studies
had very little turbidity as shown in Figure 18, no colour and no

odour at the three temperatures.
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3.4  CONCLUSIONS

1) Chemical coagulation was influenced by temperature,
but this effect was small in view of the excellent settleability
of chemical flocs. The order of dependence of overflow rate on

viscosity was found to be -0,78.

2) Powdered carbon separation and settling was found to
present little difficulty when a flocculant was used. Percol
728 appeared quite effective for this purpose; much more so

than Dow C=-31,

3) PAC adsorption kinetics are little affected by low
temperature. Further investigation needs to be carried out to

determine how significantly temperature affecté adsorption capacity.

L) In general, physico-chemical systems using PAC can
operate well at low temperatures and can deliver high quality

effluents.,



CHAPTER 4

TEMPERATURE EFFECTS ON THE COLUMNAR KINETICS

OF SINGLE SCLUTE SYSTEMS

.1 INTRODUCTION

Preliminary investigations in Chapter 3 revealed that
batch PCT of raw sewage was feasible at low temperature.
Although temperature effects turned out to be insignificant
for batch adsorption kinetics, the sensitivity to temperature
variations in continuous flow systems should be explored.

For continuous wastewater treatment, fixed bed arrange-
ments using granular carboﬁs are far more popular than powdered
carbon systems., With granular carbon columnar processes ﬁhe
effluent concentration profile is of prime importance in design
and operation. To better understand temperature effects from
a theoretical view point, pure component systems are necessary
as multi-component systems bring with them the problems of
selective adsorption and complex boundary condifions, which
;ender theoretical modelling difficult,

The pure compound chosen for theoretical modelling
studies was sodium dodecyl sulfate (SDS), a major part of the
linear alkyl commercial detergents. SDS is biodegradable and,
because of its detergent origin, commonly found in sewage.
SDS-can form a mixture of colloidal and soluble solids in the

concentration range of our interest. The solute particles
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join their hydrophobic tails to form an associated colloid.
Colloidal particles arise once the critical micelle ;oncentration
is exceeded and since sewage feed to carbon columns is often a
mixture of soluble and colloidal materials, we considered the
existence of such colloids an advantage.

Thomas's reaction ~ kinetic model as modified by
Keinath and Weber (1968) was used to predict effluent concen=-
tration profile for SDS-GAC system., The model was chosen as
it is mathematically simple and requires parameter values which
are easily obtainable from batch experiments.

The objectives set for this phase of study were:-

(i) To evaluate temperature sensitivity of columnar
kinetics.,

(ii) To theoretically mbdel continuous flow columnar
systems based on data obtained from agitated
non-flow systems.,

(iii) To assessthe validity and shortcomings of

- proposed theoretical models.

h.2 EXPERIMENTAL

The experimental investigations were conducted in two
parts, the batch system .study and the continuous flow system
study. Filtrasorb ;00 (Calgon Corp.) was selected as the
granular carbon for the study, as it has been used extensively
in wastewater treatment and is known to have a large surface
area with a pore size distribution suited for adsorption of

molecules in sewage. Rankin and Benedek (1973) have
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characterized some of the physical properties (size, porosity,

etc.) of Filtrasorb j00, which was used in this study.

h.2.1 BATCH ADSORPTION EQUILIBRIA

A one litre volume of a 250 mg/l freshly prepared
SDS solution was contacted with Filtrasorb 00 for forty-eight
hours to establish equilibrium, A set of nine such vessels
were utilized for each isotherm run at each of the three
temperatures studied, 20, 13o and 2500. Eight had carbon
dosages ranging from 1,50 mg/1 to LOOO mg/l1 and the last con-
tained no carbon and served as a control blank (to account for
possible bacterial actinn). The flasks were sterilized before
use in dry oven at 350°C for an hour to minimize contamination
of SDS solution. This precaution was deemed necessary as SDS
is readily biodegradable.

In a1l cases, carbon was added only after the contents
of the vessels had come to the temperature maintained in the
bath.. The details of the temperature controlling mechanism
are elaborated in Chapter 3.2.

Batch vessels were agitated by magnetic stirrers,

After the prescribhed contact period, the flasks were withdrawn
from the bath and filtered through .1y membrane filters,
Fifty ml of filtrate was collected and colorimetrically analyzed

for SDS content.
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h.2.2 BATCH ADSORPTION KINETICS

A two litre flask containing 250 mg/1 of a SDS solution
was placed in a constant temperature bath, Five grams of
Filtrasorb 1100 were added once the contents of thé vessel had
assumed the temperature of the bath, The vessel was agitated
by means of a magnetic stirrer, Ten ml samnles for analysis,
were withdrawn progressively, with time to monitor the kinetics
of the reaction., As in the equilibria studies, the kinetics

were also conducted at three temperatures, 20, 130, 2500.

he2.3 CONTINUOUS FLOW COLUMNAR KINETICS

A small pilot plant consisting of pumps, cooling system
and 10 ft. long, 2 in, diameter Lucite columns, in series, were
used to study columnar kinetics. The columns were filled with
Filtrasorb [jJ00 (12 x 110 mesh) as a slurry. Initially tap water
was used to fluidize the beds and drive off the fine carbon
particles at the top, and the height of the carbon in each bed
ad justed to S ft.

Feed to the columns was prepared in a 75 gallon polyethy-

lene container, with SDS concentration made up to 250 mg/l. By
the use of a centrifugal pump, the feed was circulated through
a cooling chamber, as shown in Figure 19, The cooled solution
was then fed to the carbon column in a downflow  mode ét a
flow rate of L USGPM/ft 2 and a pressure of 16 - 20 psig.
Temperatures along the length of the columns were monitored by

thermocouples inserted in the beds. Two-inch thick Fiberglass
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insul ation was placed around each column, Periodic samples
were obtained from outlets located along the bed (Figure 20)
for subsequent analysis.

Similar procedure for all three temperatures was used
except at 2500 when the cooling chamber was not utilized. Feed
was pumped directly from the plastic container, which had an
immersion heater placed in it for temperature control. The

pilot plant apparatus is shown schematically in Figure 21.

ho2.y  ANALYTICAL METHODS

(i) Total Organic Carbon (TOC)

The organic carbon fraction of the samples were
measured using the Beckman Model 915, Total Organic
Carbon (TOC) Analyser, TOC measurements can be used
to estimate SDS concentrations by using its molecular

formula, C OSO3Na. The SDS/TOC concentration

12M25
ratio is simply 288/14l or 2.0. TOC analysis was

used for columnar runs, as it gives immediate results,
and is a helpful operational tool. TOC has the added

advantage that the samples do not require dilution to

be in the range of measurement.

(ii)Color Development

The usual method for SDS analysis, as recommended by
the Standard Methods 13th Edition (1971) is the

methylene blue chloroform extraction method. Due to
7
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FIGURE 21
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the sheer number of samples collected in the batch

runs, the slightly faster and equally accurate techniaue
of Moore and Kolbeson (1956) was employed. Methyl green
dye formed a complex with SDS, which was extracted with
benzene, and the absorbance of the benzene solution
measured at 615y using a Beckman spectrophotometer,
Model DB-2, The SDS concentration is obtained from a
previously determined calibration of absorbance versus

surfactant concentration, as shown in Figure 22.

Ih,3 DISCUSSION OF RESULTS.

h.3.1 BATCH ADSORPTION EQUILIBRIA

The residual SDS concentration was analyzed, using the
colorimetric technique described previously, and the adsorption
loading. on the carbon calculated by the following method:-

qQq = V (\QO - C)
M

(39)

where q = loading in mg SDS/gm adsorbent.
V = solution volume in litre.
Co = initial adsorbate concentration in mg/l.
C = residual adsorbate concentration in mg/l.
M = mass of adsorbent in grams,

The resulting isotherms for all three temperatures are
plotted together in Figure 23, Langmuir type isotherms are

chosen to approximate the data. The loading increases with

s/
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decreasing temperature, as predicted theoretically. The
isotherms, shown in Figure 23, Qere plotted using reparsmetrized
forms to obtain the Langmuir's constants Qo and b (see Equations
13 and 11). Figure 2l is a plot of 1/C vs. 1/0 and Figure 25
is a plot of C/Q vs. C. The intercevts and the slopes are used
to calculate QO and b as shown in Table 6, The straight lines
shown in Figures 2l and 25 are drawn, using the least scuares
method with the extreme points omitted to avoid biasing the results,

An eye fitted curve was also used on the basis that Qo is
the saturation loading asymptotically approached at maximum solu-
bility and b is the tangent to the Langmuir curve at low concen-
trations. The values obtained by eye method were compared with
other sets of data in Table 6 and the C/Q vs., C linearization
method was chosen to be the most consistent and reliable, The
sensitivity of the mathematical model (for predicting effluent
concentration profiles) to the Langmuir's constants Qo and b
was tested later on, using the data of Table 6.

An estimation of the magnitude of the heat of adsorption
was made based on the monolayer saturation capacity at the three
»Ltemperatures, as shown in Table 7. Heat of adsorption calculated
is of the order of -1.8 Kcal/mole close to that quoted by Weber
and Morris (196}) for Alkyl Benzene Sulphonates. The negative
sign indicates thé reaction is exothermic and the lOW’AH‘ values

indicates "physical" adsorption involving weak bonds.
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TABLE 6

VALUES OF LANGMUIR'S CONSTANTS
ESTIMATED USING THREE METHODS

From C/Q vs. C graph

TEMPERATURE b (1/mg) Qo(mg/g)
in 0C ' : o
2.0 0.0934 137.5
13.0 0.1230 | 120.0.

2540 ' 0.1610 107.1

From 1/C vs. 1/Q graph

TEMPERATURE " b(l/mg) ‘ % (mg/q)
in % '
240 1040070  400,0
13.0 0.1510 _ 12142
25.0 0.3080 T 97.5

From " eye " method

TEMPERATURE b (1/mg) : Qo(mg/g)
in 0C o A
2.0 0.0185 127.0
13.0 0.0894 112.0

2540 ' 0.2800 107.0
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TABLE 7

CALCULATION OF HEAT OF ADSORPTION
FOR SDS/GAC SYSTEM

TEMPERATURE MONOLAYER ADSORPTION

inOC LOADING

in mg/gms

2 137.5
13 | 120.0
25 107.1

Using least squares method to estimate AH

Temperature coefficient = -898
1.98 kcal
1000 mole

AH = -898 x = - 1.78 kcal/mole.
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lLe3.2 BATCH ADSORPTION KINETICS

j

The residual SDS concentration was anaiyzed and plotted
as dimensionless concentration ratio versus time at
all three temperatures as shown in Figure 26, It is evident
that the relatively rapid initial rate of adsorption decreases
markedly within a couple of hours or so té give a gradual
approach to an eauilibrium condition which is attained after
about forty-eight hours, The second feature fo note in
Figure 26 is that the rate of adsorption is considerably slowed
down at lower temperatures, as expected theoretically.

The pattern exhibited by the rate curves of Figure 26, can
be most readily accounted for if it is assumed that the rate of
adsorption is controlled by the rate of diffusion of solute in
the pores within the carbon particle. Theoretical treatments
of intraparticle diffusion yield complex solutions, although a
functional relastionship where the uptake rate varies approxi-
mately linearly with the half-power of time, t;é rather than t
has been used by researchers t» obtain pseudo-rate constants
(Weber and Morris, 1963). In Figure 27, the data from Figure
26 are plotted on a square root of time scale and slopes are
calculated for all three temperatures, The temperature depen-
dence as indicated by the activation energy, Ea’ noted in Table 8
at 2.3 kcal/mole is considerably lower than expected. The
assumed relationship fits the data well at 13° and 25°C tut

some deviations from linearity are evident at 2°¢c.
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TABLE 8

RATES OF ADSORPTION
FOR THE SDS/GAC SYSTEM

TEMPERATURE PSEUDO-REACTION RATE

in O¢ in hr1/?
2 : 0.130
13 0,158
25 | 0.180
k = ne E5/RT

Ea = 2.3 kcal/mole.
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he3.3 DETERMINATION OF SOLID PHASE PORE DIFFUSION COEFFICIENTS
|

From the batch isotherm and kinetic déta gathered at the

three temperatures, it is now possible to estimate the solid

phase pore diffusion coefficient using Tien's method, as outlined

in Chapter 2.2.2. Kinetic data is tabulated from Figure 26 for

2°C in Columns I and II of Table 9. Concentration at a particu-

lar time is computed by multiplying Column II}with initial con=-

centration, The average uptake of the particle as a function

of time is shown in Column IV and is simply the loading based

on bulk concentration, By assuming mass transfer resistance

due to film phase diffusion to be negligible, the concentration

in the bulk solution can be considered essentially equivalent

to that at the surface of the particle. The uptake rate at

the particle surface, therefore, will be governed by the concen-

tration in the bulk phaée. The Q8 values in Column V are cal-

culated from the equilibrium relations at 2°¢ in Figure 23 using

concgntrations tabulated in Column III. The ratio of the average

and surface loadings as it approaches equilibrium is shown in

‘Column VI, Similar calculations were made for 13°C and 2500

and are included in Appendix 3, as Tables 31 and 32, respectively.
The next step in Tien's method is to approximate the

surface uptake as a polynomial function Qf time, Least squares

technique. was used to represent Qs as a third order expression

in time, The details of this procedure are included in Appendix

6. Using Equation 33, the fractional uptake profiles can be

derived as a function of time. By varving ¥ values (a2/Dst)



TABLE 9

CALCULATION OF SOLID PHASE PORE DIFFUSION COEFFICIENT
' FOR SDS/GAC SYSTLH

TEMPERATURE = ZOC

coL & coL 11 coL 111 coL 1V coL Vv coL vI
TINE c/c, < Qv 2, 2.+/%
in hrs

ULt V.20 164.0 5.0 126.8 0.118

1.0 0.74) 1er,2 2l.65 126.3 0.1

2.0 Vena? 126.4 28.51 | 12¢.0 0.234

.

3.0 0.58¢ 17,2 34,61 128.6 ' 6.275
4.0 . 0.540 1080 36,46 . 125.4 0.307

6.0 . G.ees 3.0 L 48,39 124,7 0.356

P 0.424 ' 84.8 YR T . 6.3ve
12.0 . 04368 73.8 52,75 123.0 G.425
2.0 . 0.298 se. $5.02 lle.s 0.497
6.0 . v.23) 46,2 €a.29 106.5 0,552
a0 s.173 3,6 65,14 82,0 " 0.833

001
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a whole family of curves are generated usingifhe polynomial
approximation, as shown in Figure 28 for 200.3 The‘experi-
mental fractional uptake curve is superimposed on the theoreti-
cally generated curves. The intersection points uniquely
define the solid phase pore diffusion coefficient if the
adsorbent particle diameter is known, Rankin (1973) experi-
mentally determined the average diameter of Filtrasorb 400
particles to be 0.90mm, Table 10 shows the ;alculated
values for ¥ values ranging from 20 to 240. Figures 62 and
63, as well as Tables 33 and 3, are included in Appendix 3
and |} for 13°C and 2500 respectively. At all three tempera-
tures, it ié seen that diffusivity decreases as a function of
time, as in Figure 29. This variation is attributed to the
attrition nf carbon particles under strong agitation, which
reduces the effective particle diameter. Tien's derivatioﬁ
assumes that the solid phase pore diffusion coefficient is
independent of concentration, which may not be strictly valid.
Mathematical solutions to the diffusion problem in spherical
“particles are very complicated when diffusivity is itself a
variable, To solve Equation 25 which defines this case,
a pre-knowledge of the Ds variation in time is required. This
can be handled by deriving an empirical correlation of particle
diametér with time from.batﬂh experiments., The chenging
parﬁicle diaheter can in turn be related to the solid
phase pore diffusion coefficient. In order to obtain

any kind of solution to Fguetion 25, a simple correlation
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TABLE 10

SOLID PHASE PORE DIFFUSION COEFFICIENT AS A FUNCTION OF TIME
SDS/GAC SYSTEM

TEMPERATURE = 2°C © D.x 10®
igl %s v -2
47.00 ' 20,0 “0.£36°
36.80 | ' 25.0 - | 0;245
31.20 30,0 04240
24.50 g 35.0 : 0.262
16,00 40.0  o.as
13.50 o 45,0 0.370
11.30 ' 50,0 0.368

.70 - 55,0 0,422
8.80 60.0 .  0.426
S.76 80.0 ‘ 0.486
4.38 100.0 0.514
3.37 ~120,0 0.558
2.45 160.0 0,575
2.00 200.0 0.564
1.60 | 240.0 0.585

Particle diameter = 0.09 cm
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|

of the type Ds = DSO(]+Kt) would have to be aﬁtempted. An
experiment was conducted to measure attrition %n batéh vessels
due to stirring. After forty-eight hours of agitation, the
particle diameter had been reduced from 0.09 cm to 0,05, cm.
Using the corrected particle diameter, however, increased the
variation of Ds with time indicating a strong inconsistency

in Tien's method for calculating solid phase pore diffusivities.
For the purposes of obtaining a reasonable appfoximation to the
Ds values an alternate method was adopted. In Figure 29 the
graph is extrapolated to time values equal to zero where par-
ticle attrition hasn't begun. These values are tabulated at
all three temperatures in Table II. It is seen that the
diffusion coefficients increase with increasing temperatures

as expected from Wilke-Chang type correlations. A comparison
of the bulk fluid diffusion values with the solid phase pore
diffusivities reveals that intraparticle transport is about
100-100 times slower than bulk molecular diffusion, The
temperature dependence for both types of diffusion is estimated
using least squares method, as in Figure 30. The slope of the
gést fit line is the temperature coefficient from which an acti-
vation energy of 13.2 Kcal/mole was calculated for solid phase
pore diffusion. A much lower value of 5 Kcal/mole was obtained

for molecular diffusion.
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e e ' FPIGURE 30

ARRHENIUS TYPE PLOT FOR SOLID PHASE PORE DIFFUSIVITY
" TEMPERATURE DEPENDENCE

8.7

8.5}~

3.35 3.39 3.43,  3.47 3.5 3.55 3.59 3.63 3.67
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TABLE 11

iTX ]
COMPARISON OF SOLID PHASE PORE DIFFUSION CdEFFICIENT
AND BULK FLUID DIFFUSION COEFFICIENTS
FOR _SDS/GAC_SYSTEM

Tempersature Solid Phase Pore | Bulk fluid
in °c Diffusivity Diffusivity
8 2 6 2
x 107 in cem /sec x 10~ in cm /sec
2 0.64 2,50
13 2,70 3.61
25 3.76 5.06

Temperature coefficient 6693 for solid phase pore diffusion

Temperature coefficient 2533 for fluid diffusion

Ea = (Temp. coeff.) (R)
= 6693 x 1.98 kcal = 13,25 kcal/mole
1000 mole for solid phase pore
diffusion

For fluid diffusion

i; = 2533 x 1,98 kcal
1000 mole

5.02 keal/mole
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ho3.lt COMPARTISON OF THEORETICAL AND EXPERIMENTAL
COLUMNAR KINETICS \

Continuous flow column operations were conducted until
equilibriiam was established at three temperatures, uo, 13O and
2500. Due to variations in flow rate and initial solute con-
centration the results are plotted in te;ms of the mass of SDS
applied to each adsorber. |

SDS although presenting difficulties in analytical
measurements, yielded consistent results., Some filtering
action was expected to occur in columnar work with SDS due to
its micellar nature, Increased loadings, however, were not
discernible.' The SDS concentration at which micelle starts
to form is around 10-2M or 2880 mg/1. The highest concen-
trations used during experiméntal study was 250 mg/1. Hence‘
extensive micelle formation was not anticipated.

As shown in Figure 31, column kinetics are relatively
insensitive, however, the observed temperature dependence
confirms qualitatively the theory that low temperature
.8lightly increases the saturation capacity, but decreases
breakthrough time. Batech results showed similar trends where
adsorptive capacity increases at low temperature, but rate of
adsorption was affected adversely. The cumulative amount of
SDS removed is calculated in Tables 35, 36, 37 for uo, 13o and

2500 s respectively in Apvendix 3. Figure 32 indicates again

the insensitivity of loadings to temperature. Initially the



FIGURE 31
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column removes the SDS completely, but rapidly reaches its
saturation value. The loading values obtained are co%parable to
thoss attained in batch studies;

In an activated carbon column three zones car be distin-
guished. The equilibrium zone in the front where no mass
transfer is taking place, the mass transfer zone (MTZ) in the
middle wherea concentration gradient exists between bulk liquid
phase concentration and solid phase concentration and thirdly
the unused zone where again no mass transfer is occurring.
Breakthrough occurs when the leading edge of the mass transfer
zone reaches the boundary cf the bed. The S-shape curve obtained
in FPigure 31 is, therefore, the dynamic behaviour of the mass
transfer zone as a function of time at a fixed point along the
bed. The length of the MTZ is an indicaticn of the difficulty of
separation of contaminants from water. At low temperatures due
to the adverse effect on kinetics, the mass transfer resistances
are increased, which means that a longer residence time or height
of MTZ is required to achieve the same separation efficiency.

The actual MTZ is calculated on the basis of time required for
the stoichiometric wave to exit from the column. This is between
the breakthrough and the exhaustion points. The former is de-
fined as the point where the pollutant concentration reaches the
allowable discharge limit and the latter as the point where the
column must be regenerated. Table 12 shows the variation in
MTZ height . with temperature, With the completion of the batch

study phase and the derivation of the necessary input parameters,



TABLE 12

EFFECT OF TEMPERATURE ON EXPERIMENTALLY

DERIVED MASS TRANSFER ZONE HEIGHTS

TEMPERATURE MTZ HEIGHT
in 0C in cms
4 43.5
13 36.7

25 | 29.9

112
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a theoretical modelling of adsorbers became possible, The
reaction kinetics model, originally proposed by Thom;s (1950),
was used, An galgorithm is shown in Table 13 describing, in
brief, the step by step calculation. A detailed computer
program describing the theoretical model is included in
Appendix 6,

The predicted profiles calculated for the three tempera-
tures are shown in Figure 33. The effect of temperature on
theoretically derived columnar kinetics is much more pronounced
than expected, based on experimental results. The results at
136 and 2500 seem reasonable, but at 200 an instability in the
model is notéd. The extent of deviation from experimental
results can be assessed by>ca1cu1ating the height of mass
transfer zone as shown in Table 1. The values of 13°C and
2S°C are comparable to that in Table 12, where as at 2°C an
error of over 55% is seen,

The theoretical column capacities and the heat of
adsorption calculated from those values are shown in

Table 15.

The discrepancy obtained between the theoretical and
experimental profiles was felt to depend upon the choice of
parameter values utilized for modelling purposes. The sensi-
tivity of the model to solid phase pore diffuéivities and the
Langmuir's constants, QO and b, were determined at all three

temperatures. Table 16 shows the set of conditions which



TABLE 13

ALGORITHM USED FOR KEINATH AND WEBER MODEL

Specify
0
FlcolTleIQ /b,e, erl\)

Y

Calculate Bulk-Liquid Diffusivity from
Wilke-Chang Correlation

}

Particle Reynolds Number
Schmidt Number

+

Fluid Phase ggsistance
Internal Pore Resistance

+

General Rate Coefficient

¥

Column Capacity Modulus

Y

Use equation to

predict effluent concentration

as a function of time

114
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TABLE 14

CALCULATION OF MTZ HEIGHTS FOR THEORETICAL
PREDICTIONS OF COLUMN EFFLUENT

TEMPERATURE MTZ HEIGHT
in % in cms
2 67.2
13 41.4
25 30.8
0

Sample Calculation at 2°C

Mass of SDS passed at breakthrough 204 gms (C/C0

Mass of SDS passed at exhaustion

Fraction of column where mass transfer is occuring

364 - 204 _ o ,,

364

Total height of column = 5ft 152.4 cm

Height of MTZ = 0.44 x 152.4 = 67.2

364 gms (C/C0 =

116

h
o
-
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TABLE 15

HEAT OF ADSORPTION CALCULATED FROM
THEORETICAL COLUMN EFFLUENT CONCENTRATION PROT'ILES

TEMPERATURE AMOUNT OF SDS REMOVED LOADING
' in % FROM COLUMN mg SDS/gm GAC
in gms
2 280.0 134.0
13 243.3 116.5
25 - 219.3 105.0

Weight of carbon in column = 2085 grams

Temperature coefficient from least squares analysis = =872
1.98 - kcal
1000 mole

. AH = - 872 x

- 1.73 kcal/mole.
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LIST OF PARAMETER VALUES USED FOR SENSITIVITY TESTS

Run No

Base
Conditions

1A
18
1c
2a
28
2C

3

3B

3C .

4A
48
4C

'5A
58

6A

68

7A
78
8A
88
9A .

98

10A
108

.Temperature DS x 10

in OC.
. 240
2.0
2.0
13.0
13.0
© 13,0
25.0
25.0
- 25.0
2.0
13.0
25.0
2.0
240
2.0
2.0
13.0
13,0
13.0
13.0
25.0
25.0
25.0
25.0

8

cmz/sec
0,640

0.425

0.230 -

2.700
© 1.560
0.590
3.760
2.680

1.370

0,640

- 24700

0,640

0.640
0.640
0.640
2,700
2.700
2.700
2.700
3.760
3.760
3.760
3.760

\
b

1/mg
0.0934

0.0934
i

0.0934

0.1230

0.1230

0.1230

0.1610

04,1610

0.0934°

0.1230

0.0934
0.0934

0.0934

0.0189

0.1230

0.1230

0.1230
0.0894
0.1610
0.,1610

0.1610

- 0.,2800

Q

mg/g
137.5

137.5

137.%

120.0

120.0

120.0
107.1

107.1

107.1
137.5
120.0
107.1
137.5
127.0
137.5
137.5
120.0
112.0
120.0
120.0
107,1
107.0
107.1
107.1
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were evaluated, In Runs la-c, 2a-c, 3a=-c, thp effect of DS

on the columnar kihetics was evaluated at 20, M3O and 2500
respectively. Three values of DS at each temperature were
picked from Figure 29 and the profiles at 20, 13o and 2500

are shown in Appendix l in Figures 6L, 65 and 66, respectively.
The pronounced effect occurs at 2°C, whereas at 13o and 2500,
the profiles are relatively independent of Ds values. In
Table 17 a comparison of the two major contributing resistances
to mass transfer is presented. At lower temperatures the
solid phase pore diffusion is slow enodgh to be significant in
affecting the total resistance and, therefore, the general rate
coefficient. With increasing temperature it is seen that film
resistance becomes the rate-controlling step. It is crucial,
therefore, to have an accurate estimate of solid phase pore
diffusivities at low temperatures due to greater sensitivity of
the model to this parameter.

Since two methods were used to derive Langmuir's
constants, Q° and b, an attempt was made in Runs 5-10 to see
how significantly these variables affect the effluent concen-
tration profile at all three temperatures. Runs 5a, b, 7a,

b and 9a, b are plotted in Figures 67, 68 and 69 in Appendix .
An increase in Qo simply changes the final loading on the column.
The S-shape profile is not seriously affected, At 2°C the
effect is again the strongest. The effect of b, Langmuir's

velocity constant is more interesting, as it is directly related
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TABLE 17 |

]
i

COMPARISON OF FILM AND SOLID PHASE PORE
DIFFUSION RESISTANCES "

TEMPERATURE FILM DIFFUSION SOLID PHASE PORE
in 0C RESISTANCE DIFFUSION RESISTANCE
in secs f in secs
2 36.9 27.9
13 28,8 7.72

25 | 22,9 3.64
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to columnar kinetics through the general rate coefficient.
Run 6, 8, 10 are shown in Figures 70 to 72 in Appendﬁx .

The most pronounced effect of b on general rate coefficient
and the profile shape occurs at 2°C,as seen from Table 18,

At the other two temperatures an over fifty per cent increase
or decrease in value of b produces no overall change in shape
of predicted profiles.

An estimate of the activation energy predicted
theoretically can be made by assuming an Arrhenius type temperature
behaviour for the general rate coeffidients. Table 19 shows the
computation and a value of 6,3 kcal/mole was derived using least
squares analysis.

To estimate temperature dependence of experimentally
derived column effluent profiles, a backcalculating method was
used. Essentially a trial and error search was carried out to
obtain that value of k, the general rate coefficient, which
then defined a certain S-curve, having a mass transfer zone
height equivalent to that experimentally obtained. An initial

<. value was specified, and the MTZ height calculated. This
was compared to an observed value of MTZ.

If the absolute difference was greater than a specified
tolerance, the search was started again with a new « value based on
the previous values. The program terminated when the calculated
MTZ height matched the observed value within a tolerance limit,

Details of the procedure are included in Appendix 6.
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TABLE 18

EFFECT OF 'b' ON GENERAL RATE COEFFICIENTS

TEMPERATURE : 2°c

b GENERAL RATE COEFFICIENT
1/mg in sec !
,0189 .0263
0934 .0297

TEMPERATURE : 13°c

b ' ' GENERAL RATE COEFFICIENT
1/mg in sec”!
. 1230 0531

0894 .0526

_TEMPERATURE : 25°c

b GENERAL RATE COEFFICIENT
1/mg in sec™®
.1610 0722

,2800 0734
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The estimated rate coefficients from experimgntally
derived column effluent concentration profiles are tabulated
in Table 19 as well. Theoretical and expermental « values
are quite close at 13° and ZSOC, with greatest discrepancy at

2°C, as expected, A relatively low activation energy of
3 kcal/mole is estimated indicating low temperature sensitivity

of activated carbon adsorption,
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TABLE 19

COMPARISON OF THEORETICAL AND EXPERIMENTAL
GENERAL RATE COEFFICIENTS FOR SDS/GAC SYSTEM

TEMPERATURE GENERAL RATE COEFFICIENT
in 0C in sec'-l
From Theoretical From Experimental
Model Estimate
2 ,0297 .0497
13 0531 0608
25 ,0720 0768

Assuming Arrhenius type relationship
K = Ae-Ea/RT

Using least squares analysis

Temperature coefficient 3174 for theoretical model

Temperature coefficient 1556 for experimental model

Ea = 6.28 kcal/mole from theoretical prediction

E
a

3.08 kcal/mole from experimental data
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L.y  SUMMARY AND CONCLUSIONS

}

!

1. Batch agitated systems, as well as co;kinuous flow

systems, indicate a low order temperature dependence effect,:
Heat of adsorption from batch isotherms was calculated

to be =1.8 kcal/mole indicating weak, "physical" type of

bonding. The effect of temperature on columnar kinetics

was evaluated using the general rate coefficiept and the mass

transfer zone height concept. The activation energy computed

from experimental columnar work was 3.1 kcal/mole.

2. Generally, theoretical modelling of column effluent
concentrations proved to be adequate, except at 2°C. A good
match is obtained for mass transfer zone heights. A reasonable
agreement between predicted and experiméntally determined

general rate coefficients is also obtained. Heats of adsorption
and activation energies predicted theoretically, yield acceptable

values when compared to experimental data.

3. The inadequate match obtained at 2°C between theore-
-iical and experimental column profile is attributed to a low

D, value obtained from Tien's method. The ratio of intra-
particle diffusion resistance to film diffusion resistance is
1significantly higher at 200. Hence, the general rate coefficient
more sensitive to DS than at other temperatures. One reason for
the low Ds value obtained in Figure 29 is obviously the experi-

mental data, in particular the batch isotherm at 2°C.

is
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|

L. Tien's method for estimating solid ph%se pore diffusion
cecefficients, although remarkably simple and applicable to
generalized adsorption isotherm, possesses serious disadvantages.
Meier (1972) has noted in using Tien's method that a wide varia-
tion is seen in Ds values with time. Sihce a constant DS value
is assumed to solve the partial differential equations governing
the batch adsorption system, the entire solutiﬁn is rendered

theoretically invalid.



CHAPTER 5

THE EFFECT OF LOW TEMPERATURE ON CONTINUOUS

PFYSICN-CHEMICAL TREATMENT OF DOMFSTIC WASTEWATER

5.1 INTRODUCTION

The batch feasibility study undertaken in Chapter 3
and the continucus column operations on a pure compound
presented‘in Chapter )} showed that temperature had a
relatively weak effect on both adsorption equilibria and
kinetics.,

Single solute systems, however, are not necessarily
representative of complex systems, such as domestic wastewater,
The need, therefore, arises ﬁo study the effect of low tempera-
ture on domestic sewages directly.l

For the purposes of rigorous comparison, one should
treat the types of éewages anticipated in the Arctic conditioens,
whicﬁ as illustrated in Chapter 1.1, are significantly more
-eoncentrated and of a more fluctuating nature than those found
in Southern Ontario. Due to practical constraints, the Dundas
Water Pollution Control Centre was chosen as the location for
the pilot PCT plant.

Even though the sewage strength is comparatively low,
valuable information can still be gained on the magnitude of

the temperature effect in columnar operations.

127
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Up to this point, the project had almost exclusively
dealt with physical and chemical removal mechanisms. ' With
the presence of bacteria in wastewaters, the availability of
organic carbon and nutrients, and a detention time far greater
than the hydraulic contact time, biological growth was expected
to manifest itself, This phenomenon, as reported by earlier
researchers, considerably enhances the adsorptive 1ife of the
carbon, although it complicates the analysis of the overall
performance of the bed.‘

An attempt is made, albeitly, of a preliminary nature
to model carbon adsorbers where not only pure adsorption is
taking place, but also biological degradation and renewal of
carbon surfaces by bacterial action, Batch studies were con-
ducted to determine reaction rates and oxygen uptake requirements,
in order to understand columnar behaviour, Microbiological
studies on exhausted carbon were carried out to obtain a picture
of the fauna inside carbon beds, and derive some quantitative

measurements for modelling purposes.

Some of the objectives of the present phase of the study

are listed below:=

i) To show feasibility of PCT of domestic wastewater at
low temperatures, using continuous flow grsnular activated
carbon beds.

ii) To observe and compare the extent of enhancement of
removal capacities of GAC at low and high temperatures.

/
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iii) To study the phenomenon of denitrification inside
columnar beds and evaluate its temperature dependence.,
iv) To develop a general theory, which explains the
complex inter-relationship between adsorption and microbial
activity based on observed facts.,

v) To obtain batch data on adsorption equilibria, kinetics,
reaction rates in aerobic and anaerobic environments, oxygen
uptake rates, at both 1ow and high temperatures.

vi) To gain a microbiological perspective on the nature

and tyre of predominant bacterial species, in activated ~arbon

beds; .
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5.2 THEORY

MODFLLING OF FIXED-RED REACTCRS IN TYF PRESFNTE
OF RACTERIAL ACTIVITY .

Consider the fixed-bed problem, as shown in Figure 3.
Fluid enters at the bottom of the column at a velocity of US
em/min. and a contaminant concentrstion of © mg/1, The

liquid phase volume frasction of the bed is € and the length

bacterial film
volume

J FIGURE 34
AN ADSORBER SEGMENT

Az

I

.

Abulk liduid . ctivated carbon
“volume | ~ particle volume .

(¥! = gsuperficial column velocity, C = solute concentration in

u\)lld phase, 4z = incremental bed height, 4C = change in C over

Y

of fhe fixed bed reactor is L ecm, To deter—ine the set of

- equations governing the relationships between the fluid and the
bed, & mass transfer balance is made arrnss a contrcl element
of arbitrary thickness Az . Since bacterial action is
incorporsted in this model, three distinct phases are noted.

~The solute (pollutant) exists not only in the bulk fluid phase,
but also in the bacterial film phase, which surrounds the
carbon particles, and lastly inside the adsorbent or solid votase.
The materisl balance, which is, therefore, expressed in equation L0,
accounts in a general way for the distribution of solute within the

control volume, with axial dispersion neglected.



~AC ~6 64 131

USAC - USA(C+—— Az) -~ Rl(eAAz) - = (leg—— (l~e))RfAAz
Az d d
p p
-R (1_€_§§ (l-e)) ALz = eAAz\ég + gg(l—e—égll—e))AAz égf
-8 a At 4 a At
p P p
+2, ALz (Aq/At) (40)
where € = Liquid phase volume fraction of column
A = (Columnar cross-sectional ares
dp = Particle diameter
8 = Bacterial film thickness
R1 = Racterisl reaction raste in fluid phsase
per unit volume cof fluid
Rf = PFilm phase degradsation rate per unit
surfece area of carbon particles
RS = PBacterial reaction rate inside solid
particle per unit volume
Cf = Solute concentration in film phase
(variable with film thickness)
q = Average solute concentration in solid
vhase '
At = Time increment

The first term in equatior IO is simply the totel solute input,
the second term is what exits from the control volume after
having been changed by AC. €AAz is the void volume (or
fiiquid volume), hence the third term represents the solute lost
due to bacterial oxidation in the liquid phase. The surface
area for bacterial growth is calculated by assuming & spherically
shaped carbon particle. Since the surface to volume ratio for a
sphere is (6/dp) and solid volume is (l-€)AAz (including the
bacterial film and the AC particlei,the fourth term in equation

J0 corresponds to the solute in the bacterial film phase.
/
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The solute degraded inside the carbon particles is given by
the fifthterm, Besides degradation, accumulation also occurs
in the three phases, The sixth term represents the solute
accumulation in the liquid phase, The volume of the bacterial
film is estimated by assuming a spherical shell.

Volume rstio of film to particle is given by;-

i ST W I M T

3 2 3 2 3 2

2

3

=684+ 128 4+ 8¢
d 2 23
d d
P P P
Assuming § is less than 0,01 the higher order terms are

d

neglected g%d accurmulation in bacterial film phese estimated

by the seventh term. Finally, the solid phase accumulation

is given based on the average loading over the entire particle,
To proceed further in solving Equation 40O, certain

8implifying assumptions have to be made:=-

1) Due to the small relative numbers of bacteria in the
bulk ligquid (after sand filtraticn) versus the number of bacteria
in the film around the particles and tke relatively shert
residence time available for significant degradation to take
place in the bulk liquid phase in the column, the third term

in Equation }j0 is neglected altogether,
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ii) Solid phase degradetion has been postulated bx various
researchers, The author is of the opinion that this is, at
best, insignificant in the degradation mechanism, Strong
theoretical evidence points towards the inability of bacteria
to penetrate the porous structure of the carbon, Enzvmatic
breakdown would, therefore, have to be the method by which
degradation takes place inside the carbon particle. The
nature of this mechanism is speculative and will be raised in

later sections.

iii) A further assumption made is that accumulation of solute
inside the bacterial film does not occur., In this model, any
material, which is not degraded inside fhe film, is assumed
to pass onto the carbon particle.

The simplified equation thus assumes the following form

after dividing by AAz

0¥ 8 8 er, = 24 M (41)
2 A A 3t 3t

An additional equation can be derived from a radial shell balance
in the bacterial film, as shown in Figure 35. The accumulation
in the film is equal to mass transport flux, minus the degrada-

tion inside the film.
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FIGURE 35

— — AN ACTIVATED CARBON
GRANULE

¢ = bacterial film thickness, R = carbon granule radius, ct
‘s golute concentration in film phase, q = average solute

concentration in solid phase

thus:

3C 2 R '
—f = [Vv°c,. - =f 2
. £ (42)

If we neglect the curvature of the shell (thin film on a

relatively large sphere) and consider one dimensional mass

transfer in the radial direction only, we get at steady state.

32c R
D=t= = = Ko (43)
9 r ]

K.r , ,
or D

r+ a, (45)

The boundary conditions used to derive the constants
8ys 8, in Equation Ij5, are obtained by assuming that the

bacterial film resistance is the rate controlling mechanism.



Hence at r =R+ 9, Cf C

£ s
K 2
A c=2 (R+3) + al( R+ 3 ) + a,
D 2
K, 52
Cg==2 +aRr+a,
D 2
Solving for 8y
K
al=-l-(C-Cs——0(2R3+82))
9 v 2) (16)

The solute accumulation in the solid particle occurs

through diffusion at r = R

- ac
Sooa, D= =g 39 (17)
ar |r = R ot
From Equation il
K
3C¢ = 2R+ a; (48)
or |r = R D
. - AD K K
o e a
M- B %%+ -1-(c-cs--9-(2R6 +8%)))
oot *b 8 2D (49)
2
A D K.68
= —B—- ( C - CS - 0
%0 2] _
The other Equations relating the varisbles are:-
Q, =1 (C)) . (50)

wvhich is the equilibria relationship between liquid phase

135

concentration and solid phase concentration at the surface of

the particle,
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Also a kinetic type, first order relation is assumed

for pore diffusicn:-
—=kja (q;-q) (51)

Where kpap intra-particle mass transfer rate

Equations L1, 49, 50, 51 are the set of four independent

equations, which define the problem involving four variables

C, Cg Q Q

physical parameters are known,

s ahd is theoretically solvatle provided the

An algaebraid substitution is made by change of variables

A= z;bz/US
6::t—_z_ei
‘US

using fundamental properties of partial diffentials

¢ - <3*>< 2y + < )( 2,

9z
- g (30)
Ug "2 @ Ugigg’ A
E:acax +.3_Cie_ :0+i§-=£
ot aA 3t 96 a3t a0 a0
Similarly
g . 39
ot 96

Re-arranging Equation lj1 using the new variables one obtains

ag aC 6(l-¢) (1-6 % )R
Gort Ge* % f (52)

deb
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Equation lj9 becomes

2

- Al K.6
49y = P (¢c-c --9_

Equation 50 remains unchanged and equation 51 is

represented by the following:-

(z—‘g) = ¥kpap (g - @) (51)

The whole problem is next rendered dimensionless by

introducing reduced variables:-

y = q9/9, reduced solid phase concentration

x = C/C, reduced fluid phase concentration

xg = C/C, reduced fluid phase concentration

~ at the surface

Yg = qs/qm reduced solid phase concentration
‘ at the surface

£ = 2/L reduced distance along the column

T = 8U_/Le reduced time

9™ loading at saturation

Co= solute concentration at q_

Equation 53 is transformed to:=-

-~ 2
Ma/a.) 9o AEDC0 (S-S . K, S
a(e sy Le Sz, Co Cp 2Dc,

Le U
or

(55)



K06
where K

2])c

and K

2
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2

—————

0

A DLeCo

JRA

Equation 5l is reduced to:-

9(a/q)a,,
———— = kpa
eu
()=
Le Us
0T
where K3 =
Equation 50 assumes
Yg © f(xs)

pqw(qs/qw- a’qa,,)

Kp2p =
Us
the following form
(57)

Finally, equation 52 is trensformed in the following manner:-

3(a/a,)a a(c/c,)C
i A * Ml A *
4
ou SAU. L, L
a(—2)E 2(—2)2-
Le US z..'1)1! US
or 3y - —K5 x _ K6 (58)
9T Y3
where 6(1fe)(1—6£ )R
' d £ eC
4 a r 7g z A U 4
p°b b%e s9

The problem now reduces to solving the equations 55, 56, 57

and 58,
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The solution is obtained through numerical integration using
explicit forward finite difference approximations to the
differential equations.

The equations are re-arranged as:-

- Ry( £(x) -y ) (59)
9T
1l 2

x. = (x-K )-=

s 1 K, 31 (60)

and 3% ay E
-k, X = + K
“Rg . . 6 (61)

A simplified algorithm is included in Appendix 6,
illustrating the method used tc solve the above system of

simultaneous differential equations.
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5.3 EXPERIMENTAL

The details of the pilot plant operation, batch studies,
the microbiological investigations and the analytical techniques

used are presented in this section.

- 5.3.1. PILOT PLANT OPERATION

The pilot plant was located in the basement: of the

- Dundas Water Pollution Control Centre. 300 litres of screened and
degritted raw sewage was collected daily by syphoning into a 350
litre polyethylene tank. The tank was equipped with a 4 baffle
paddle connected to a 1/6 HP motor. - The.width. of each baffle was
2---inches and the ratio of the area_spanned by the-paddle to the
tank was;UiZE;The-paddle height was adjusted so that the bottom-edge
of the paddle was a 1/4 of the tank height above the base. 57 gms of

alum (Alz(SO

4)3.16H20) was dissolved in 1 litre of water and added
to 300 litres 6fdthe collected-sewage to yield an alum dosage of

190 mg/l: The contents of the{tank werefstirfédrfor 5 minutes at

the maximum:-power output of the motor which gave a stirring rate
of-31 RPM.Following the mixing of alum, 30 mls of a freshly prepared
3000 mg/l polymer solution of Percol 730 were added to the sewage
tank to yield a flocculant dosage of 0.3 mg/l. The maximum stirring
speed was maintained for a duration of 1 minute to allow the polymer
to mix rapidly. After this period, the stirring rate was reduced to
a 1/4 of the maximum motor power output which gave a stirring rate
of 7 RPM. Slow stirring was used to prevent floc shearing and
enabling the particles to flocculate. After 14 minutes of slow

mixing, the motor was shut off and the flocs allowed to settle

quiescently for the next 40 minutes. The clarified effluent
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(supernatant) was pumped through a sand filter (4"i.d. Lucite

column, 10" sand depth (sand obtained from Burlington Water
Pollution Control Center)) at a flow rate of 4 USGPM/ft2 and
collected in another 350 litre polyethylene tank. The sand

filter was backwashed daily before use at a flow rate of

10 USGPM/ftz.

Following sand filtration the sewage was fed to two
parallel sets of granular carbon adsorbers. Equal flow rate of
1 USGPM/ft2 was acheived through both sets of adsorbers by a
dual head Masterflex pump (Model No. WZ1R031l). Through the first
set of columns sewage was fed at SOC, by passing through a
refrigeration chamber described in Figure 19, whereas the second
set of columns received sewage which had been circulated through

0

a water bath maintained at 25°C, by a Haake temperature controller

(Model EDe 60626) .

Each set of adsorbers consisted of three identical 2" i.d.
Lucite columns, 10 ft high. The lead column was packed with 2 ft
and fhe other two columns were filled with 5 ft of Filtrasorb 400.
-In the low temperature adsorbers, 2" thick tubular glass fibre
insulation were put around each column. The feed between each

column was recooled in the refrigeration chamber.

Both sets of adsorbers were operated in an upflow
mode due to the pressure drops expected from bacterial growth.
Backwashing of carbon columns was infrequent, depending on build

up of solids inside columnar beds.
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A schematic of the entire pilot plant is shown in
Figure 36. The PCT pilot plant had therefore a daily~batch
coagulation, flocculation, sedimentation and sand filtration

step, whereas the carbon adsorption was continuous.

For an initial period coagulation was not necessary,
as alum was already being added upstream as part of the research
activities associated with the Canada-Ontario Agreement Phosphate
Removal Program. During this phase sewage was collected at the
end of the primary clarifier to allow for coagulation and

sedimentation.

To study denitrification inside the carbon columns

it was felt that the nitrate content of fresh sewage was too

low. Thus 40 mg/l of sodium nitrate as NO,

were added daily

to.the carbon column feed.

Daily samples were collected of the feed to the carbon
columns and the effiuent from each bed. These were either

analjzed immediately or refrigerated for later analysis.
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5.3.2 BATCH REACTCRS STUDY

Lab studies were run to obtain data which would enable

estimation of parameters for modelling purposes.

5.3.2.1 Adsorption Isotherms

100 ml of .4j5u membrane filtered sewage was contacted
with granulsasr activated carbon (Filtrasorb Jj00) in 250 ml
vessels. The carbon dosages varied from 50 mg/l to LOOO mg/1.
Agitation was achieved through magretic stirrers, A set of
vessels were used for two temperature runs at 5° and 25°C.
One of the nine vessels contained no carbon and was used as
a blank, The vessels were placed in a water bath for temperature
control, as described in Chapter . After twenty-four hours of
contact, the flasks were removed and carbon filtered out of the
solution by a .,lu membrane filter., The filtrate was anslyzed
for TOC using an ultra-ﬁiolet oxidation technioue, described in

Appendix 1.

5.3.2.2 Adsorption Kinetics

A twn litre vessel was filled with .45y membrane
filtered sewage and placed in a constant temperature water bath
on top of a magnetic plate.

5 gms of carbon (Filtrasorb 40O) were added and the
system well-agitated. 10 mls of solution were withdrawn as
8 function of time, and filtrate analysed for TOC. Kinetics

were conducted at two temperstures, 5° and 25°q.
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5.3.2.3 Regeneration Studies

Twenty litres of fresh, sand filtered sewage was
collected from Dundas Pilot Plant facility and filtered
through ./}5u membrane filters to remove bacteria.

Two I 1litre volume flasks were filled with the above
sewage and the rest refrigerated. The éwo flasks were kept
in separate constant temperature baths, one at SOC and the
other at ZSNC. After temperature stabilization, 2 gms of
Filtrasorb LL,00 were added to both flasks snd the carbon allowed
to adsorb to its maximum capscity. Following forty-eight hours
of contact, the carbon was collected on & Whatman No,1 filter
paper and drained, A portion of the collected carbon was
used to measure moisture content by drying in an oven.

Two 1 litre reactors.were next prepared containing
the .L5u filtered sewage refrigerated earlier, To one
reactor, a8 10 ml activated sludge seed was added. The other
reactor contained no seed, except for accidental bacterial
contémination, which might have ozcurred. Both reactors
‘were then contacted with 10 gms of the saturasted wet carbon
collected earlier. Iron, Calcium, Magnesium in small quantities,
as well as phosrhate huffer, were introduced to provide a suiteble
environment for bacteriel growth, The two reactors were part of
an electrolytic BOD respirometer (Oceanography International
Corp. Model No. 6356), as shown in Figure 37. Oxygen is pro-
duced by an electric current, and the arount of oxygen produced

monitored continunusly., Oxygen uptake rates and TOC removal
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FIGURE 37
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were observed, as it was felt that biologicaliregeneration
of carbon surface would occur, The carbon a&gorptién and
substrate removal was allowed to continue until no further
oxygen was being consumed.

This procedure was carried out at two temperatures,
5° and 25%%. At SOC, the cells were submerged in a separate water
bath, the 250C temperature was obtained with the respirometer's
bath. After the establishment of equilibrium; the carbons
were removed and their respective adsorptive capacities
measured by tb?r.iodine number tests,

A portion of the carbon from regeneration studies was
then used for isotherm studies for comparison purposes. One
set of equilibria runs were conducted with regenerated carbon
and the other with carbon which had no bacterial growth on it,
Sewage collected earlier and preserved with mercuric sulfate
was used during these runs,

Similar experiments were run at both 5o and 2S°C.
Further details on the regeneration studies are given by Najask

and Benedek (197L).

5.3.3 STUDY ON CARBON FROM EXHAUSTED COLUMN

After nearly complete exhaustion, the pilct plant was
shut down, and carbon samples were removed f}om each of the
three columrs of the two sets of adsorbers.

The carbon from the lead column was used to obtain some
rough estimate of removal rétes at the two temperatures, FO and

25°¢.
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Two 1 litre rcund bottom flasks were filled with concentrated,

i
|

sand filtered sewage and kept in a constant tehperatﬁre room
at 2500. One reactor was maintained anserobic by stripping
out the dissolved oxygen (DO) with nitrogen, and the other was
aerated with pure oxygen to DO levels of 20-30 mg/l.

An oxygen probe was fitted to the aerobic reactor and
DO level monitored continuously with a Honeywell Multi-point
Chart Recorder, as shown in Figure 38. Fivelgrams of carbon
from the lead column of 25°C adsorbers was added to both the
angerobic and serobic reactors. Samples were taken periodicsally
and analysed for TOC. Duplicate studies were run st SOC using
carbon from the SOC lesd column. A1 necessary nutriengs and
buffer were rresent in the reaetors, based on Standard Methods
(1973) BOD riutrient recommendations. Since the exhausted
carbon presumably contained large numbers of bacteria, it was
expected that regeneration would occur. The reactors were,
therefore, allowed to run for close to ten days. After no
further oxygen uptake was observed, the carbon ﬁas removed and
iodine number tests were conducted for subsequent comparison
.to the lodine numbers obtained from exhsusted carbon, which had

not been further regenerated in batch reactors,
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5.3.4 MICRORTOLOGICAL INVESTIGATIONS

i

The carbon from the lead and last coluLns at both
temperatures were examined for presence of bacterial activity.

Direct microscopic examination was carried out by
observing small amount of the smallest carbon particles under
Olympus phase- ¢ontrast nmicroscope, using #100 and x1;00 magnifi-
cations.

Cultural investigations of the number of bacteria in
the columns was embarked upon next. The lead and the last
columns at 2500 were denoted as H1 and H3, respectively.
Similarly, the lead and last columns at 5°C were denoted as
L

and L3, respectively. 2.5 gram portions of drained acti=-

1

vated carbon from Hl’ H3, Ll’ L, columns were mixed with

3 |
250 ml of sterilized buffered water (Standard Methods, p650)
and macerated st the highest speed in a blender (Futura Waring
500) for ten minutes. The slurries obtained were then diluted

ten-fold in a similar buffered water and used for:-

1. Determination of total viable count

2e Determination of MPN of denitrifiers

Tryptone-glucose-yeast extract agar (Difco - Bacto plate
count agar) was used for viable counts determinations., Incu-
bation temperature for Hl’ H3 samples was 26 = 2700 for a

period of nine days. Similarly, for Ll’ L, the samples were

3
incubated at 5°C for thirty-three days.
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For the determination of denitrifiers, NO3 broth
1 )
liquid wass used. Ten-fold dilutions of AC slhrries were
used to inoculate the above medium in duplicates., Incubation

time for H H., samples was five days at a temperature of 26.5

1" 73
+ O.SOC. Ll’ L3 samples were incubated at 500 for a total

incubation time of twenty-seven days. /

Further tests were performed for taxonémic purposes,
which included:-

1. Grem staining

2. Oxidase Test (Kovacs, 1956)

3. Oxidative versus fermentative medium

growth (Hugh and Leifson, 1953).

5.3.5 ANALYTICAL PROCEDURES

Samples collected from the csrbon columns were ususglly

analyzed for the foilowing chemical parameters:-

PARAMETER ANALYTICAL TECHNIQUE

" Total organic carbon Automated U.V, Oxidation

Soluble orgsnic carbon Technique developed at McMaster
(.1p filtered)

Nitrates + Nitrites Technicon Auto Analy:zer

B.0.D. Standard Methods

Turbidity Helige Turbidimeter

pH Orion pH electrode

Dissolved oxygen Winkler Test (Montgomery
Modification)

The details of these #nslytical procedures are included in

Appendix 1.
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S.h DISCUSSION OF RESULTS

5.1 ORGANIC REMOVAL IN THE PILOT PCT PLANT

Samples were taken twice daily, from both sets of
parallel adsorbers and the raw data on feed and éffluent
TOC's from selected locations are shown in Tables 39 and Ukl
for 50 and ZSOC, respectively, in Appendix 3. A precursory
glancé at the dats indicates a wide fluctuation in-the
strength of the incoming feed and, secondly, a similar; but
less pronounced, variation in the effluent concentrations.

The major reason for the variation is that thé sewage was
collected daily between 9 - 12 A.M. each morning, and there

are considersble variations in wastewster strength during

this period. Furthermore, the tests were conducted during

the winter months when molten snow can infiltrate into the
sewer‘systems and thereby -dilute the sewage. The differences
in volumes passed each day arises from two reasons, First,
the wear of the plastic tube in the pump causes disparities in
pumping rates and, second, the tihe interval is not necessarily
twenty-four hours between each daily collection.

The results when plotted as'C/Co versus TOC fed as a
function of bed distance, as shown in Figures 39 and 4O, for
low and high temperature ¢olumns, respectively, indicate s
fairly consistent pattern. After the initial start-up, the
first and second columns remove almost all of the removable
organics. The final 5 ft of the carbon serves little purpose

as the effluent remains essentially unchanged.



FIGURE 39

DIMENSIONLESS EFFLUENT CONCENTRATION vs TOC APPLIED AS A
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FIGURE 40

DIMENSIONLESS EFFLUENT CONCENTRATION vs TOC APPLIED AS A
FUNCTION OF BED DEPTH FOR HIGH TEMPERATURE COLUMN
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From Figures 39 and 1jO, the differences in effluent
oauality sre difficult to distinguish. Effluents from the
lead columns are compared as in Figure 41, Unfortunately,
the significance of tempersture cannot be determined from
such 8 plot due to the fluctuations in feed concentrations.
A slightly better representation can be obtained in Figure 42,
where the feed and final effluents are shown. The average
feed strength is about 20 mg/l TOC and the final effluent
after an initisl start-up period assumes a fairly consistent
low value, averaging around i mg/1 TOC from both temperature
columns. A slight deterioration in the effluent quality is
noticed after 100 grams of TOC have been applied (two months
of operation). This can be interpreted as a sign'of the onset
of exhaustion. Some of the peaks, which occur in Figure L2
for the gffluent doncentration profiles, are attributed to
backwashing and staft-up after temporary breakdown. From
this particular graph, however, it is still impossible to make
any comments regarding the effectiveness of one set of columns
over the other, and their possible removal rates., Further
gnalysis, therefore, was carried out by comparing for both
temperatures the overall removal by lead columns as a function
of cumulstive TOC input, as depicted in Figure 3. This
method dampens the effect of desily strength varistions.

Initially, the overall removal capacity of the lead columns

are indistinguishable, but with time the differences become sig-
nificant, and the rate and extent of removal becomes higher at

7
25°¢ than 5°c. This is probsably linked to biological activity



FIGURE 41
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which inevitably appears in activated carben columns (see
Section 2.3). Since bio-oxidation rates are greater at 25%¢
than at SOC, it follows, therefore, that bacterial activity
would be greater in the ZSOC column, The direct evidence
for greater microbial activity at higher temperatures is
presented in a later section dealing with microbiological
investigations.

The effect of column height on removal was also deter-
mined for both temperatures using the cumulative TOC removal
method, as shown in Figures L); and 45, for 5° and 25°c,
respectively, As noted previously from the plots in Figures
39 and j0, the last column is contributing very little to
organic removal. The bulk of TOC is removed at both terpera-
tures in the lead column, which is only 2 ft in height, with
thé middle column acting as a polishing bed. The lack of
removal in the third column can be explained on the basis of
the low TOC concentration and the corresponding decrease in
the driving force for separation. Also, the organics enter-
_ing the last column may be largely of & non-adsorbable nature.
Furthermore, a lower bacterisl population was indicated from
microbiological investigations, which would reinforce our
conclusions on the low removal rates from the last column.

The results on rate and capacity derived from Figure 3,
Iy and Ii5 are compiled in Table 20, Close to 80% overall
TOC removal (f£inal effluent) was obtained from the 25°C set

of columns, with the removal at 5°¢, similar, but a bit lower,
7
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TOC removed in gms.

FIGURE 44
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FIGURE 45

CUMULATIVE TOC REMOVAL VS TOC APPLIED AS A FUNCTION OF
BED DEPTH FOR HIGH TEMPERATURE COLUMI
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TABLE 20

COMPARISON OF RATES AND OVERALL REMOVAL FROM SET OF COLUMNS

at 5% anp 25%

Lead Column Middle Column Last Column
5% - 25% ‘| 5% - 25% | 5% 25°¢
(gm TOC removed) :
(gm TOC applied to .350 .441 .480 .447 .185 277
each column) _ oL S
(gm TOC removed)
(cumulative TOC applied) . ﬂ359 ‘f44;. f662. .'691. f724 =177
mg TOC removed :
gm adsorbent 49.5  64.5 17.7 .;AfSAA ‘;fs. 5.0
gm TOC removed 9.05 11.85 3.23 2.68 .65 .92
. hr=cm®. surface.area x 1077 .{x 1077 . x1077 | x 1077 | x 1077 | x 1077

9T
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About 50% of the TOC removel occurs in the lead conlumns sat
both temperatures. The carbon effectiveness or loading is
much greater in the lead columns due to the fact that the bed
height is 2 ft compared to 5 ft in the remaining two columns.
Loadings in the case of the lead columns are much higher at
ZSOC than SOC. Batch isotherms discussed later in Chapter
S.4.3 indicate a maximum loading of 30-},0mg TOC adsorbed/gram
carbon, From this it is seen, therefore, that the life of

the carbon beds are prolonged by at least 60% at 250C, in com-
parison with batch "pure" adsorption capacities. In Figure L3,
the dotted line indicates the approximate maximum adsorptive
capacity of the carbon,

The undiminished removal after this point indicates
that the rest of the remcvael is probably due to biological
action, TOC removal rates are calculated per unit surface
area, and an activation energy of 2.2 kcal/mole is estimated.
This activation energy is much less than the typieal values
of 8 - 15 kcal/mole mentioned in Chapter 2.3.L4 for Biological
reaction rates. From published work of previous researchers,
carbon beds are known to also remove colloidal and suspended
solids, thus contributing to higher observed removal. A
comparison of the filtered and unfiltered results, however,
indicated that the feed and effluents were predominantly smaller
than .58 material (usually defined in sanitary engineering as

"soluble"). Filtration was, therefore, dismissed entirely.
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This is not surprising since after alum coaguiation, polyelectrolyte
flocculation, settling and sand filtration, th; sewaée should be
essentially "“soluble".

BODS values were measured for the feed and column e€ffluents
and the results, as shown in Table 21, indicsate an average sewage
BOD strength of 20 mg/l and an average of 2 mg/l BCD for finsal
effluents from both sets of columns, The BOD/TOC ratio is thus
calculated to be approximately 1.0, Theoreticaily, the ratio should
be approximately or greater than 2.67, if the sewage is entirely
oxidizable iﬁ five days. Normally, only 60-70% of organics show up
by five days in BOD tests susceptible to biological attack. A BOD/TOC
ratio of 1,0 indicates that close to LL0% of sewage fed to the
carbon columns is difficult to degrade in the BOD bnttle., The
90% removal, which is achieved in the carbon beds, can be either
attributed to adsorption or biochemical degradation in the
absence of any specific knowledge on the distribution of soluble
TOC into:=

1) Degradable, non-adsorbable
11) Adsorbable, non-degradable

111) Non-degradasble, non-adsorbable
fractions

Other psrameters, such as turbidity and pH, were
monitored from the co’umns, Generelly, the effluents were

clear and had turbidity values ranging from 8 to 10 mg/1 silica.
Fears of sloughing and bacterial end-products tending to make
the effluent turbid proved to be unwarranted, The pH of the
feed and effluents varied between 6 and 7 with no noticesble

temperature effects,
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TABLE 21 ‘

B.0.D. VALUES OF FEED AND EFFLUENT o
OF PILOT PCT PLANT )

DATE AVERAGE B.0.D, IN MG/L

5
Feed 'L, L, Hj . .Hy

22.1.74 480 - 40 = 47

23.1.74 21,6 - 3.2 - 2.3

25.1%764 22,0 - - 3.3 - 2.5
20.1.74 20,5 - < 1.3 - 2.5
27.1.74 6.1 _ - 3045 .- 0.8
20,174 16 = . 2.0 = 0.9
= o - not measured
311078 146 - 0.8 - 16 -
P e ‘ i . . 4
(o0 S ;
1276 164 = 0.8 - 0.6
2.2.76 - 13,6 8.4 17 | €o0. 1.3
3.2.76 6.7 3.4 105 2.6 2.0
4.2.74 6e2 - 3,1 .. .0.90  2.40 . 0.9
C S.2.7¢ 181 8.9 0us . 3.3 0.l |
. | . Lo \
- L. . . "

. 6e2eT4 21.9 8.5 3.8 €.9 2.3 ) 3

O Mmoo -
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5.4.2 DENITRIFICATION

Nitrates and nitrites were monitored in the feed and
lead column Effluents at both temperatures and results are
plotted in Figure Ii6 as cumulative nitrates removed versus
nitrates appnlied. Some nitrates were present in the sevage
amounting to about 3.5 mg/l or less ss N0§+NO§-N. Later an
additional dose of nitrate was added to check column removal
capacities., Prior to nitrate supplementaetion, particularly
at.?FoC, essentially a1l the nitrates in the feed were removed,
Once sddition began, effluent nitrates levels increased, indi-
cating there was irsufficient orgasnic substrate avasilable for
nitrete removal. The theoretical requirement of orgsanic
carbon for dissimilative nitrate reduction has been expressed

using methanol as substrate source to be 1.9 mg CH,OF per mg

- 3
NO.+NO_-N., As TOC, this retio works out to be slightly more

3 2
than 0.70. The carbon aveilsble to nitrogen fed ratio, for
both the columns over a cumulative period from 18th January
to Lith February, 197l has been calculated to be 1,58 and

1.61 gm TOC/gm NO +NO =N for 25°C and 5°C columns respectively.

3 2

If, however, it is assumed that 8ll the carbon which is adsorbed
is sequestered and not avsilable for denitrificetion then consi-
derably lower ratics of 0.8 snd 1.11 sre found for 2500 and SOC,
respectively. Higher overall removal at 25°C is again to be
noted from Figure j6 as expected from theoretical tempersture
dependence of biochemical reaction rates. Evidence of larger
amount of denitrifiers present in the high temperature column

was obtained in the microbiological studies discussed in s

later section.
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Table 22 depicts the quantitative results on rate and
removal capacity obtsined from Figure li6. Nitrate removal sat
2500 is slightly less than 30% and at SOC less than 20% from
the lead column. The loading per gram of csrbon is quite
attractive, indicsasting possible economic feasibility of GAC
a8 denitrification medis. The rates obtained by Sutton (1973)
on plastic media and Jeris (197L) on GAC fluidized bed show
that the present denitrification rates are 1/4th to 1/10th
lower, respectively. |

The values derived from the pilot PCT plant are only
preliminary, but still serve to show that activation energy
as low as ;.7 kcal/mole can be obtained. Sutton (1974)
reported biological denitrification rates of 11.1 kcal/mole
for packed columns using plastic media.

Dissolved oxygen (DO) measurements of the feed and two
effluents from the lead and the final columns are shown in
Table 23. Typically the feed had a DO value of 6.0 mg/l and
2 - 3 mg/l for the lead column effluents. A significant
drop in the DO level ig seen after the lead columns. More
oxygen seems to have been consumed at high tempersture than
at low temperature. The DO level, however, remains high
enough to preclude the existence of bulk anserobic conditions
inside the lead columns. Other considerations, such as presence
of nitrate in the feed and the possibility of some methane pro-
duction lead us to conclude‘that the conditions inside the beds
most likely remained aerobic (except for anaerobic pockets as

discussion below). High DO values have been measured in final
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TABLE 22

COMPARISON OF DENITRIFICATION
RATES AND REMOVAL CAPACITIES
OF PILOT PCT PLANT

Temperature
......................... 6O -+ g0 e

GMS Nitrates removed
gm Nit;ates applied 0.174 0'239
MG Nitrates Removed _
GM Adsorbent 15.5 25.1
GMS Nitrétes Reduced
hr--cm2 (surface area) , :
Present GAC Columns 9.09 x 10~/ 16.1 x 10~/
BURL Saddles - -7 9
Plastic Media 28.6 x 10 93.9 x 10
- (Sutton, 1973)
GAC Fluidized Bed ' -7
(Jeris, 1974) 157 x 10




DISSOLVED OXYGEN MEASUREMENTS ON

TABLE 23

EFFLUENTS FROM PILOT PCT PLANT

DATE

25.1.74

26.1}74'
31.1.74
1..2.}4*
2.2.74
3.?.74'
'4.2.74
$.2.74

62,74

Feed

6.4

5.6

5.4

8.6

8.6

6.2

5.0

= not measured

DISSOLVED OXYGEN IN MG/L .

Ll
2.3

3.05

3.20.

. 230

3.3

Se6

S.8.

3.0

. 2.1

L

3

1044

3.1

4.3

Hy
2.70

2.75

2.58

2.15

5

[a}]

1.9

1.5

3.5

1.6

5.5

- 69

4.6

6.7

8.9

170
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effluents, however, due to partially empty tubing ahead of the samp-
ling point, the results are meaningless. st was abséﬁt at all times.
Theoretically, an anaerobic environment is an imperative
for cultiveting denitrifiers, The results obtained, so far,
do not explain this situation. Some removal must, of course,
be attributed to adsorption itself by GAC. Batch isotherms
were run at 50 and ?SOC and results shown in Figure 17 confirm
this. At B°C therefore, if § - 6 mg Nitrates/gm carbon are
removed per gram of GAC, this still does not account for the
other 10 mg/gm carbon. Subtracting the‘removél due to adsorp-
tion indicates a much greater temperature dependence than before.
It should be noted though that the carbon was most likely satu-
rated with nitrates before data on nitrate removal was collected.
An explanation for aerobic denitrification is that
although aerobic conditions prevail inside the beds, sanaerobic
pockets can exist, as profuse bacterial growth inside the
beds can cause solids build-up, which tends to block the
passage of flow cresting channelling and dead pockets. Further-
more, even in aserobic areas, anaerobic zones can occur in the
'5acteria1 film near the activated carbon surface where oxygen

mass transfer is rate limiting and adequate substrate exists for

anoxic growth.
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5.1.3 CARBON REGENERATION STUDIES

Batch studies were conducted simultaneously with the
pilot PCT plant, in an attempt to obtain some rate removal
data in controlled lab conditions.

Batch adscrption isotherms run at EOC and ZSOC are
shown in Figure 48, Loadings obtained are about half that
calculated from columnar studies. In the asbsence of bacterial
activity in batch experiments, the loadings are seen to be
higher at lower témperatures as expected theoretically.

Saturated carbon was regenerated for periods lasting
up to ten days and its adsorptive capacity evaluated by
isotherm tests. Results at SO and 2500 are presented in
Figures 49 and 50, respectively. In both cases some rejuvena=-
tion occurs. Iodine numbers,lwhich are a measure of adsorption
capacities, also indicate partial biological regeneration

at both temperatures as shown in Table 24,

S lioly STUDIES ON EXHAUSTED CARBON FROM PILOT PCT PLANT

An attempt was made to obtain reaction rates for carbon
as it existed inside the columns., It was hoped that this
carbon sample would be more representative than virgin carbon,

which was utilized in the regeneration studies.
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TABLE 24

. COMPARISON OF IODINE NUMBERS FOR
' FRESH_AND REGENERATED CARBONS

IODINE NUMBER

FRESH FILTRASORB 400 - | - 1207
(THRU 200 MESH)

250C REGENERATED - 938
50C ReGENERATED ~ 72
UNREGENERATED ; 605

(ONCE SATURATED)

Regeneration on .2u filtered raw sewage for 1l days

LLT
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Batch isotherms were run firstly on carbon from both
temperature columns, Results in Figure 51 show that the
carbons in their present state are by and large exhausted, as
indicated by the low loading values, The high temperature
colurn shows a slightly higher remaining adsorpntion potential
end again substantiates the findings in the columnar study.

In Figure 52, a comparison of the adsorption isotherms from
exhausted carbons is shown along with the fresh carbons at
both 5° and 25°C. This shows quite conclusively that the
carbon in the columns had reached their exhaustion point.

Batch aerobic reactors were set up in which the
respective carbon samples were left and allowed to regenerate,
Progress of the reactors wefe monitored and TOC removals, as
well as oxygen uptakes; shown in Figure 53. At 2500, one can
see a much greater oxygen utilization rate indicating strong
biological activity. Correspondingly organic substrate con-
centration drops with time due te both adsorption and biological
degradation. At FOC, even after ten days, substanti2l bacterial
qctivity does not develop, as seen from low oxygen consumption,
To compare quantitatively the extent of regeneration of these
samples, Iodine numbers sre provided in Table 25, Interestingly,
regeneration is higher aerohically than anserobically, and
increases with temperature. But still Table 25 shows that
after ten days or so of regeneration, only a maximum increase
of 20% in loading capacities is achieved. Biological rejuvena-
tion of carbon, as a technique for regenerating exhausted carbon,
thus has some drawbacks in that over a period of time, the adsorp-

tion sites on the carbon get exhausted with non-regenerable material,
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FIGURE 52

COMPARISON OF ADSORPTION ISOTHERMS USING VIRGIN AND
REGENERATED CARBON (FROM EXHAUSTED COLUMN)
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COMPARISON OF

JODINE NUMBERS OF EXHAUSTED CARBONS

FROM LEAD COLUMNS

Carbon Type

................ B I e I N R

Jodine Number

..............................

25°c column

. Yegenerated carbon

(as is) 4 600
o
57C column ) 544
(sample as is)
_25°C aerobic reactor . 732
xegenerated carbon ' .
. 25°C anaerobic reactor . 550
regenerated carbon : '
5°C aerobic reactor 616
regenerated carbon
. o . . ’ E
5°C anaerobic reactor 591

.....................
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Based on these particuler set of values, it would be

safe to say that the carbon columns were nearly exhausted due

to build-up of non-regenersable solids in the beds.

5.4.5 MICROBIOLOGICAL INVESTIGATIONS

Direct microscopic examination of the carbon removed

from the columns indicated the following(see Latoszek & Benedek,
1975 for details).

1. Lead Column

High Temperaturé: Nematoda worms along with extensive
zoogleal bacterial mass growing on
carbon particles. '

2. Fingl Column

High Temperature: Higher forms of micro-organisms were
not detected. Less bacterial growth

observed than on lesd column.

3. Lead Column

Low Temperature: Minute Amoebae and flagellata detected.

Spheerotilus 1like bacteria and large

amount of free suspended rods observed;

some of which were motile.

L. Final Column

Low Temperature: Higher forms of micro-organisms not
detected. Lesser bacterial presence

noted in specimem.

Besides visual examination, total viable cell counts
were obtained as shown in Table 26.



TABLE 26

TOTAL VIABLE CELL COUNT

OF SPECIMENS FROM EXHAUSTED CARBONS

VIABLE CELL COUNTS

50 ¢ | 250 C

cells per gram wet carbon
Lead Column | .23 x 109 1,06 x 109
Last Column 10,7 x 100  56x100

78T
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The greater number of cells at 25°C than at SOC confirm
the impecrtance of bio-oxidation and its enhancement bf carbon
bed life. More growth in the lead column is also reasonsble
as more of the substrate is available there.

An interesting point to note is that the density of
bacteria in the lead columns is comparsable in magnitude to that
which occurs in sctivated sludge systems, as shown in Table 27.
Weddle and Jenkins (1971) estimated that 20% of the volatile
suspended solids (VSS) iﬁ activated sludge are the viable

12

organisms and suggested 10~ gm/cell to be a close estimate of

the dry cell weight. Assuming & typical VSS concentration of

9 3

2000 mg/1, a value of 0. x 10’ cells/cm” was derived for the
bacterial density in the aeration tank of an activated sludge
plant. Hawkes (1965) slso quotes a similar maximum value for
bacterial populations in sctivated sludge systems.

MPN determinations of denitrifiers led to indefinite
results as all dilutiocns gave positive reaction with gas pro-
duction. Therefore, exact determination of MPN was impossible
for these three samples. The minimum number of denitrifiers,
.however, would be 11 x 106 cells per gram of wet AC at 2500 in
the first column,

Taxonomic investigation of the bacterial population in
H, end L, columns was conducted by Latoszek and Benedek (1975).

Using the tests mentioned in Section 5.3.l, isolates
were differentiated on the generic level following the deter-

minative scheme proposed by Shewan et al (1960).
) /
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TABLE 27

COMPARISON OF BACTERIAL DENSITY IN SOLTD MEDIA

AND ACTIVATED SLUDGE SYSTEMS

BACTERTAL DENSITY

# cells/cm3

GRANULAR CARBON 1.0 x 109

(FROM PRESENT PLANT) (based on
column volume)

HAWKES (1963) 9
MIXED LIQUOR 2.2 x 107 - max

WEDDLE and JENKINS
(1971) 9

ACTIVATED SLUDGE 0.k x 10

(typicel)
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The strsins jisolated from the H] and L1 columns were

classified as shown in Table 28. Of the thirteen strsins

belonging to the genus Pseudomonas isolated from the H, column,

1
811 but one produced alksline reaction in O/F medium. Five of

the strains from the H., columns were also denitrifiers. Four

1

of the eight Pseudomoras strasins isolat~d from the Ll cclumn

produced alkaline reaction in 0/F medium and showed denitrifi-

cation ability.

In our taxonomy investigation, flagella staining or
electro-microscopic determinations were not performed. Accord-
ing to Shewan et 2l (1960), however, the oxidase test of Kovacs

is invaluable for the determination of Enterobacteriaceae,

The taxonomy of the isolated bacterial strains from the columns
is similar to the main bacterial groups characteristic of acti-
vated sludge and bacteria beds (Hawkes (1963), Benedict and
Carlson (1971). It is interesting to note that in an earlier
investigation of an activated carbon sample from EPA's Pomons,
California pilot plant, similar groups of bacteria were isolated
(Latoszek and Benedek, 1973).

Many species of the genus Pseudomonas as well as the

Flavobacterium - Cytophaga group possess denitrificstion ability,.

From the twenty-one strains of Pseudomcnas spp isolated in this

study, ten are denitrifiers. Also, two isolates belonging to

Flavobacteriur-Cytophags group show this ability,




TABLE 28

TAXONOMIC DISTRIBUTION OF MICRO-ORGANISMS FROM COLUMNS

Sl [ B

i ”“

- TAXONOMIC DISTRIBUTION OF

MICRO-ORGANISMS FROM COLUMNS

NUMBER OF STRAINS | GENERA
1 Pseudomonas
13 Flavobacterium
3 Achromobacter
2 “Arthrobacter
ALSO
NEMOTODA
AMOEBAE
FLAGELLATA

SPHAEROTILUS

" 88T
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5.5 THECRETICAL MODELLING OF CARBON ADSORBERS TN
THE PRESENCE OF BACTFRIAL ACTION

To use the model developed in Chapter 5.2 certain
physical parameters had to be first estimated from literature

as well as experimental data.

5.5.1 SOLID PHASE PORE DIFFUSION COEFFICIENT OF SEWAGE

This was estimated at both 5°C and ZSOC using the
method outlined by Tien (1960). The batceh adsorption isotherms
on sewage, shown in Figure 48 for 5°C and 25, along with the
batch kinetics illustrated in Figure 73 in Appenﬁix Iy were used.
The fractional uptake curves are plotted in Figures 74 and 75
in Appendix !l using the data from Tables L9 and 50 for 25°¢ and
SOC, respectively. The intersection points from Figures 74
and 75 are determined in Tables 51 and 52 for ESOC and SOC,
respectively, and a constant DS value taken as time approaches
zero in Figures 76 and 77 for 25°C and §°c, respectively. The
solid phase pore diffusion coefficient values derived from this
procedure-are 8.0 x 10~7 and 5.9 x 10°° cmz/sec at 25°¢ and 5%,

respectively.

5.5.2 BULK LIQUTD DIFFUSIVITY

Wilke-Chang's equation is used to estimate diffusivity
of sewage organics in water. Robhertson (1972) quotes an
average molecular weight of 160 fcr sewage, which is used in

Wilke-Chang correlation with an empirical formula of C6H60

M

estimate monlecular volume.
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Thus at 25°¢, using Equation 2:-

_ -8
D = 1. x 10-8 x PO8,0Kx (2.6 x 18g/mo}n)0'5 =-0.83 x 10

liq em?/sec

0.8%cp x (luﬂ.écmB/gmﬂle)o'é

At SOC, viscosity = 1.519 cp and

D.. = 0.83 x 107° x 273 x 0.89)

= 0.6 x 1075 cm2/ sec
liq 298  1.519

Tomlinson (1966) calculated that the diffusivity of molecules
in bacterisl films is about 2/3°%° that of the bulk liguid.

Hen-e at 25°C Dpsqm = P83 x 2 x 1072

W

5.5 x 10.6 cmz/sec

3.0 x 10°® er?/sec,

And at 5°C Doyq

5.5.3 BACTERIAI. FILM THICKNESS

An estimate of this is presented here based on the

viable cell count derived in the microbiological studies.

Thus e.g. at 2500

Number of cells per gram of wet carbon = 109
‘Moisture per cent in wet carbon = 30%
Number of cells/gm carbon = 199 = 1.43 x 109
o7
Particle density . = 1.35 gm
cm
Average particle diemeter = 0,09 cm
3 _
Volume per particle d -
per p = .0 = 364 x 10 6 emd
6
Number of particles cm3 particles
per gram of carbon = X 36l x 10° om
1.35 gm '

= 2035 psrticles/gram,
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Numher of cells

- 9 _ 5
Carbon Particle - 1‘lgo§ 107 = 7.03 x 10

Assume bacterial cel1 diameter = 2u

=2 x 10"h cm

3 -12
Volume of bacteria per cell = ndp = 1x 8 x 10
e [3
= 4.9 x 10713 cem’
. _ s -13

Volume per particle of carbon = 7,03 x 10" x 41,9 x 10

2.9 x 10'6 cm3

Assuming the bacterial film forms a spherical shell

Volume of shell = L r2 ¢ dr
Where dr Film thickness

r = Carbon particle radius
¢ = Packirg factor

A value of 0,7 for the packing factor is estimated by assuming
the cells are packed with their centre to centre distance

being 3u

5 = 2.9 x 10_6 em>

1.9u

(or dr) T X (.09)2 cm2 x 0.7

A value bf 109 viable cells/gm of carbon was used to estimate
the bacterigl film thickness. However, not all the organisms
which are present in a sample respond to cell count medium and
as a result an accurate estimate of the film thickness cannot be
- made . The purpose of this above calculation is to approximate

the minimum film thickness required to account for the noted
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high bacterial densities.

Tomlinson (1960), for examnle, reports 20H
as the film thickness where oxygen becomes rate limiting.
The bacterial film thickness is of importence in modelling,
but due to lack of experimental data available a value of
20u was chosen in conformance with the literature on solids

supported growth.

5.5.1 FILM REACTION RATES

This parameter was estimated from the aerchic resctor
kinetics data presented in Figure 53, The initial slope was
taken to represent the rate and the surface area of carbon was
estimated from the weight introduced in the reactor. A value

10

of 9.75 x 107" gm TOC degraded/sec~ em® surface area was

obtained at 25°c, By assuming an activation energy of

10

10 kcal/mnle, an estimate of 2.92 x 10” gm/cmz- sec was made

of the reaction rate at SOC.

5.5.5 NORMALIZATION OF ADSORPTION ISOTHFRMS

The 25°C and 5°¢ sewage isotherms, shown in Figure L8,
were normalized by Aividing q or the TOC adsorbed by a, the
loading at saturation, The TOC concentration was normalized
by subtracting the non-adsorbhable fraction, which was assumed
to be degradsble. The graph presented in Figure 78 in Appendix
li was broken into two straight line segments, each being defined

by two coefficients calculated by the least squsares method.
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5.5.6 PREDICTED RESULTS FROM THEORETICAL MODEL.

I -

The model proposed in Section 5.2 couﬂd now be solved
once these psrameters had been estimated. Only the lead
column or the first 60 cm of the carbor bed was mode?led as
most of our experimentsl data (from pilot plant) was gsthered
over this section of the sdsorbers. A chy of the computer
program,written to solve the set of equation3159,60,61 is
included in Appendix 6. The solutions converéed rapidly

to stable values and in no case took longer than 125 seconds

on the McMaster University ©DC 6,00 System.

Figures 54 and 55 show the dimensionless effluent
concentration profiles from the adsorbers plotted against
the cumulative amount of TOC.applied to the columns at 2500
and 5°C, respectively. At 25°C, it can be seer that
according to the model, the effluent even at a bed depth
(z/L) of 0.2, never reaches the influent value.At Z/I. = 1.0

or the final effluent end the model predicts C/Co = 0.0 or

complete removal, Intermediate values of C/C,. are obtained

0
along the column. The breakthrough curves are very sharp
and indicate that the initial removal is due to adsorption

onto the pores of the car : granules, followed by constant

removal due to biologiral degradation.



FIGURE 54

DIMENSIONLESS EFFLUENT CONCENTRATION PROFILES
* PREDICTED BY THEORETICAL MODEL
25°C

v

v

»

b

"

¥

§ = 20p
Rf = 9,75 x 1().10 gm/cmz-sec

>

-

1 Z/Le 0.2
H
1
i
$
‘, » .
2L 0.4
s
i3 .
: '
{4
i Z/L= 0.6
:o: !
{
1
Pif : 2/L= 08
Al
A R T A T I Y SR T TR T At T TV S T R T R
. GMS TOC APPLIED :
. e

AN



FIGURé 55

DIMENSIONLESS EFFLUENT CONCENTRATION PROFILES -
*  PREDICTED BY THEORETICAL MODEL
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At 5°C, in Figure 55, a different pictpre is ‘obtained.
At Z/L = 0.2 the effluent closely reaches the influent value,
whereas at Z/L =1.0, the C/CO value equals about 0.65, The
sharpness of the breskthrough curves once again indicates
rapid initial adsorption followed by prolonged bio-oxidation,

Poorer performance in TOC removal at SOC than 2500 results

from the differences in bacterial reaction rates in the model.

Figure 56 and 57 depict the build-up of solute inside
the carbon particle vs. TOC applied as a function of bed depth
at 2500 and EOC, respectively. The two plots closely parsllel
the C/CO plots shown earlier, The steep rise in the profiles
indicates that the pores getAfilled up very rapidly, although
not completely exhausted. At 25°C at Z/L = 1.0 the carbon
remaing virgin according to the niodel, i.e. the bacterial film
removes all the TOC before it reaches the carbon, thus prclonging
the life of the bed indefinitely. At 5°0 , in Figure 57, the
build-up »f solute is much more and even at Z/L = 1.0, the Y

value is 0.83 indicating substantial exhaustion of the carbon.

Figures 58 and 59 show the TCC removed from the entire
column vs. the TOC applied at PSOC and SOC, respectively.
Drawn on the plots are also the experimental curves (extrapolated)

obtained from the pilot plant. At 25°C, the theoretical model



FIGURE 56 - »
BUILD-UP OF AVERAGE SOLUTE CONTENT IN SOLID AS
PREDICTED BY THEORETICAL MODEL
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5°C

FIGURE 57
PREDICTED BY THEORETICAL MODEL

BUILD-UP OF AVERAGE SOLUTE CONTENT IN SOLID AS
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FIGURE 58

.« GMS TOC REMOVED vs GMS TOC APPLIED

* AS PREDICTED BY THEORETICAL MODEL ~ °
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FIGURE 59

- GMS TOC REMOVED vs GMS TOC APPLIED
AS PREDICTED BY THEORETICAL MODEL,
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predicts ~~mplete removal, which is in contradiction,with our
experimental observatinons where leskage of solgble organics
was measured in the effluent. At 5°¢ in Figure 59, a much
closer agreement to the experimental curve is predicted by the
theonretical model. This is fortuitous as we happened to
cheose an Re value in the right "ball parﬁ". Note that even
at SOC, tre mndel predicts continued removal,

The derendence of these results on the R, and § values

f
(chosen somewhet arbitarily) was next investigated. Table 53

in Aprendix !} shows a list of the parsmeters varied. Figures

79 and 80 in Aprendix L are plots of cumulative TOC removal

from the effluent end (Z/L = 1.0) vs. applied TOC at 2?nC and
FOC, respectively. At ZSOC, three »rofiles are shown for film
resction rates 9.75, 7.0 and L.45 (gm/cmz-sec) x 101°%,  The

Rf values were varied in an attempt to duplicate the experirental
curve which was obtaired (which is shawn in an extrapolated form
on Figure 79, as well). One way of matching a theoreticeal
profile to the experimental curve used, was to backcalculate

the R, value required to give the same slone 2s the experimental

10

f
curve, Thus, L4.LS x 10 gm/cmz-sec was estimated to be the
value which would give the same slope or TOC removal rate as
the experimentally derived curve.

Comparing these two curves, one sees little agreement

in the initisl period, with the two curves becoming closer ss

biclogical growth develops in the latter portion of the operation,
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The large discrevancy between the TOC remcval curve of

10 )

R. = 9.75 x 107 gm/cm2 and the experimental curve can be

sattributed to the crude estimation made of the film reactior

rate in our reactors. At SOC, similarly, three profiles

for Rf values of 2.92, 2.53 and 2.0 (gm/cm2 - sec) x 1010

are shown. Much closer agreement is seen between the curve

R, = 2.0 x 10777 and the experimental curve. The TOC

: e L. e}
removal also seems.to be less sensitive to R, values at 5 C,

f
as seen from the small difference between 2.0 x 10-10 and
2.92 x 10-10 in Figure 80. Thus coldmn performance is not

only better at higher temperature, but also more strongly
dependent on biologicsael action.

Figure 81 and 82 are attached in Appendix L to show
the effect of changing Rf value on C/CO and Y, respectively,
at 25°¢, Thus, by reducing the R, value by 50% from 9.75 x

101

0 to h.L45 x 10710 gm/cm2 - sec, we get final effluent
concentration of 0,45 and Y or solute build-up of 0.65. The
effect of varying the film reaction rate is quite dramatic and
underlines the predominance of biological removal over physico-
>;hemical phenomenon.

Finally, the sensitivity of our model to the bacterial
film thickness was tested.

Figure 83 in Appendix li shows a plot of TOC removal vs.
TOC applied at 5°C for § values of Sy , 20y and 10y with

10

the same Rf value of 2.53 x 10 gm/cm2 - sec, Higher TOC

removal is seen to occur with smaller film thickness, although
s
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the effect is not very significant (17% more removal for an
eight-fold drop in 6§ ). This observed effect can bé explained
by the fact that faster diffusion occurs through the film when
the film thickness is smaller.

The sclutions obtained cver-predict the bacterial action
st both 25°C and 5°c. As figures 56 and 57 suggest, the carbon
pores are very slowly exhsusted. Resed on iodine numbers and
isotherms on regenerated carbons from the columns, the carbon
had reached exhaustion et the end of the run. One similarity
between theoreticesl and experimental results exists though.

It was observed from the pilot plant run, as shown in Figure /i3,
that TOC removal did not stop, which agrees with the theoretica?
niodel.,

The discrepancy between the €xperimental and theoretical
results arises from the assurmptions made and the input dats
utilized to mathematically define and solve the fixed-bed problem,
It was assumed that the non-sdsorbable fraction is completely
degraded, and that the adsnrbable fraction is vulnerable to
biological decomposition (based on the work of Bertrandy (197.)
éh the same sewage). This may not necessarily be the case as
obviously documented in the pilot PCT plent shudies where TOC
leakages did occur. liith a more specific knowledge on the
input parameters and the nature of organics in domestic wastewater
in our model (e.g. reaction rates, film thiqkness) more reliable
results can be assured. This is not a simple task, however, due

to the ccmplexity and grest varistions in domestic sevage.
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In spite of the disagreement between pilot plant and
mathematical model results, the model predictions have certain
significant implications. Thus, the model impiies that for
the ideal use of a biodegradable and adsorbable feed, bio-
activity would keep the colﬁmn in operation indefinitely with
an extremely high volumetric removal rate..

The model was developed specifically to explain adsorber

behaviour in the presence of bacterial acgivity, and was only

the first attempt to that end.

5.6 CONCLUSIONS

From the pilot PCT plant study and its associated

investigations, the following conclusions can be drawn:-

1) Physical-Chemical treatment using granular activated

carbon columns was shown to bé capable of delivering high
quality effluents continuously at 5°¢ and 25°c.

2) Microbiological studies indicated that there is extensivé
bacterial 1ife in the carbon beds at both temperatures; although
it proiiferates more at the higher temperature. Greater bacte-
rial numbers at 25°C than at 5°C partially explain why a higher
rate and overall removal is seen in the 2S°C column. Bacterial
densities in the adsorbers were found to be similar to those
reported in the mixed liquor of an activated sludge plant.

3) Denitrification occurs to a significant extent inside beds
which were measured to be aerobic, It is postulated that this

is made possible by anaerobic pockets created by localized flow
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conditions., Denitrifiers were found to existiin significant
quantities inside the beds, giving concrete eviéence éf deni-
trifying potential. Denitrification rates were found to be
l/hth to 1/10th less than those obtained in plastic media and
GAC fluidized beds, Rates are still high enough considering
the fact that excess organic substrate was not available in the
pilot plant.

L) The rate and extent of organic removal seeﬁs to be governed
by biological rather thah physico-chemical phenomenon. The results
indicate that although low temperature deteriorates the performance
of the bed, sufficient bio-oxidation still occurs to make cold
climate operation feasible.

5) Theoretical modelling indicates that bacterial action can
prolong the life of the carbon indefinitely with extremely low
activated carbon exhaustion rates.,

6) Theoretical modelling procedures developed to account for
bacterial reaction inside carbon beds,were found to be inadequate
due to simplistic assumptions on the nature of sewage organics,
Lack of physical parameter values needed to solve the problem

leo to some extent contributed towards the discrepancy between

experimental observations and theoretical predictions.



CHAPTER 6

GENERAL SUMMARY AND RECOMMENDATIONS

6.1 SUMMARY AND CONCLUSIONS

The objective of evaluating the effect of low temperature
on the Physical-Chemical treatment of domestic wastewater was
divided into three separate phases, each one evaluating a differ-
ent aspect of the problem.

Starting with the batch feasibility study of PCT using
powdered activated carbon, it was shown that adsorption was the
most temperature sensitive operation of PCT. Coagulation and
flocculation were neglected on the basis of theoretical evalua-
tion, and settling was observed to exhibit temperature dependence
in the range 2 =~ 25°C. However, adequate overflow rates (above
600 GPM/IH;Z) at low temperatures were obtained for over ninety
per cent removal of suspended solids, indicating that settling
is not a crucial variable.

' Batch tests showed that PAC could be easily separated
to yield high . quality effluents at temperstures as low as ZOC.

For the time being, however, granular activated carbon
is a more attractive choice, chiefly because of its regenerability
which has been demonstrated to be economically and technically
feasible. For this reason, one has to understand temperature

effects on columnar behaviour,

.206
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Theoretical models for multi-component systems are
very complex, hence a simple compound, Sodium Dodecyl.Sulfate
was chosen for the temperature effects study. Results at uo,
13o and 25°C indicated a very low order of temperature depend-
ence (3.2 kcal/mole, as estimated from general rate coefficients).
A close match was obtained between the theoretical model (which
was a modified version of Thomas'! reaction kinetics solution)
and experimental effluent concentration profiles, with the
exception of the 2°¢ run. This discrepancy was attributed to
the low values of Ds’ the so0lid phase pore diffusivity, which
results from Tien's method at 2°c. Generally, it was noted
from the pure compound study that low temperature would cause
mild adverse effect on adsorption kinetics.

A continuous flow PCT facility was set up and the long
term effects of low temperature on carbon beds, especially with
respect to biological activity, were studied. It was found
that bacterial life plays a very important part in the enhance-
ment of the 1ife of the carbon beds, even at SOC. Nevertheless,
the carbon does get exhausted inspite of external bio-oxidation
due\to the build-up of solids in the carbon pores. A secondary
phgnomenon of denitrification was noted to occur simultaneously
with soluble organic carbon removal, Although aerobic conditions
prevalled inside the beds, it was hypothesized that denitrifica-

tion could take place due to localized flow conditions,



208

Microbiological investigation of the carbon reﬁoved from the
column after final shutdown revealed that over i.h X i09 cells
per gram of GAC were present in the lead column at 2500.
Lower microbial numbers at SOC partially explain why organic
removal is lower at 5°C in the bed. Significant numbers of
denitrifiers were also determined to be present in the carbon
beds.

A theoretical model, which was developed to explain
columnar kinetics in the presence of bacterial activity, was a
limited success as the model at both 25°C and 5°¢ overpredicted
the performance of the adsorbers in terms of TOC removal, This
flaw was attributed to the inherent assumptions built into the
model. The non-adsorbable fraction of domestic wastewater was
assumed to be degradable, which was not the case, as seen from
the leakages which occurred in the carbon columns, One point
of significant agreement between the theoretical and experimental
results was that continued TOC removal was indicated, in spite of
carbon exhaustion,

The pilot PCT plant demonstrated quite successfully that
high quality effluents could be delivered at temperatures as low

as 5°C.
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Continuous flow studies should be conducted using PAC
at low temperature on a pilot scale, Bacterial
enhancement is claimed to be higher in PAC due to its
smaller size. Settling and re-cycling of microbial
PAC flocs should be evaluated.

As bacterial l1life is ubiquitous inside carbon columns,
it becomes necessary to make mass balances on carbon,
nitrogen and oxygen within the sytem. It is important
to know just how much of the TOC is removed by adsorption
and what serves as substrate for bacterial consumption
and the rest assimilated. Radioactive isotopes could
be used as tracers to chart the behaviour of carbon atoms,
To further understand theoretical concepts, GAC study
should be repeated using a single component soluble
substrate, which is simultaneously well adsorbed and
biologically oxidized inside carbon beds, e.g. Phenol,
This could serve to demonstrate whether the theoretical
model developed in this study was valid when the non-
adsbrbable fraction of the substrate was subsequently
degraded.

Stuart's (1967) model using a diffusion type relation
for the intra-particle mass transfer should be further
investigated. It is felt that this approach is

superior to kinetic type approximations.,
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As the quality of sewage is different in the North,
some studies should be carried out to evaluate the
feasibility of PCT on typicel domestic wastewaters

expected in the Arctic.

210
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ABBREVIATIONS AND SYMBOLS

Abbreviations \
ABS - alkyl benzene sulfate.
AC - activated carbon.
APHA - American Public Health Association.
B.0.D. - biochemical oxygen demand.
CAS - conventional activated sludge.
C.0.D. - chemical oxygen demand.
DO - dissolved oxygen.
GAC - granular activated carbon.
GPD - gallons per day.
H1l - lead column at 2500.
H3 - last column at 25°C.
Ll - lead column at 5°C.
L3 - last colﬁmn at SOC.
MGD - million gallons per day.
mg/1 - milligrams per liter.
MLSS - mixed liquor suspended solids.
MfN - most probable number,
MTZ - mass transfer zone,
NOZ + Nog - N - nitrites plus nitrates measured as nitrogen.,
NOS -N - nitrates measured as N,
NRe - Reynolds number,
NSc - Schmidt number,

as P - measured as phosphorus.



212

Abbreviations
P728 - Percol 728.
PAC - powdered activated carbon.
PCT - physico - chemical treatment.
ppm - parts per million.
psig - pressure per square inch, gauge.
RPM - revolutions per minute.
SDS - sodium dodecyl sulfate.
TOC - total organic carbon.
USGPD - U.S. gallons per day.
U.V. - ultra violet.
Symbols

(Note that symbols used in the computer program
may differ slightly from those noted here. Symbols used in the
computer programs are defined in the programs themselves, as in
Appendix 6. A symbol is used at times to define different
variables, which may cause come confusion, The reader should
in that event search for the definition inside the thesis where-

ever the symbol was first introduced).

a - interfacial mass transfer area.

a - particle radiué.

815 8, - bonstants used in bacterial film model.

A - bed cross~sectional area.

A° - angstroms.,

Ap - projected area of the body, ,

b - velocity constant in Langmuir's equation,
b - constant in terminal velocity equation.
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also

solute cohcentration in bulk phase.
dimensionless drag coefficient.

solute concentration in film phase,
point concentration of solute in solid
initial solute concentfation.

solute concentration in fluid phase at
particle surface.

concentration of vacant sites.,
diameter of particle.

diameter of particle.
activation energy.

steric factor,

drag force.

volumetric feed flow rate.
gra&itational constant,
velocity gradient.

head loss per unit length of bed.
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phase,

mass transfer factor based on analogy to

heat transfer,
rate of orthokinetic flocculation,
rate of perikinetic flocculation,

Boltzman's constant,

empirical constant used in Freundlich's

equation.

reaction velocity.
frequency factor,
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forward rate constant.

desorption rate constant,

external film mass transfer coefficient,
intra-particle mass transfer.rate.

molecular weight of solvent in
Wilke-Chang equation,

empirical constant in Freundlich's equation.
constant in terminal velocity equation.

total concentration of particles in
suspension at time t.

power input to fluid.

average solute concentration in solid phase.
average solute concentration in solid phase.
adsorption loading at saturation.

point concentration in solid at particle
surface,

fractional adsorption uptake.,

monolayer adsorptive capacity.

radial direction in the particle.
particle radius, universal gas constant.
reaction rate pér unit volume.

film phase degradation rate per unit
surface area.

bacterial reaction rate in fluid phase per
unit fluid volume.

particle radius.

bacterial reaction rate inside solid
particle per unit volume.,

s/
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absolute ahd relative temperaturé.

columnar velocity.

velocity.

solute molal volume at normal boiling point,
vessel volume,

superficial fluid velocity.

overflow rates,

relative velocity of particle with respect
to the fluid., -

reduced fluid phase concentration.,

reduced fluid phase concentration at the
particle surface.

association factor for solvent.
reduced solid phase concentration,

reduced solid phase concentration at the
particle surface.,

intraparticle porosity.

bacterial film thickness.

liquid volume void fraction in bed,
solute diffusivity in bulk phase.,

bulk fluid diffusivity.

fluid phase pore diffusivity.

solid phase pore diffusion coefficient.
mass density.

mass density of sphere,

bed porosity.



Greek symbols

also

AH
At

Az
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thermal coefficient.

dimensionless parameter used in
Tien's model.

particle sphericity.

general rate coefficient.
collision efficiency factor,
microns,

viscosity.

reduced distance along the column.
kinematic viscosity.

reduced time.

heat of adsorption.

time increment.

differential height in a fixed-bed.
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The samples collected from pilot plant were usually

analyzed for the following parameters.

Al.1 Turbidity

This was measured to see whether bacterial action
caused any increase in turbidity due to sloughing of end-
products. An Hellige turbidimeter (Model No.8000) was
used, along with a calibration giving results in mg/l of

silica.

Al.2 pH
An Orion specific ion electrode and meter (Model

No [j01) was used to measure pH.

Al.3 Total Organic Carbon

To each 10 ml sample, one drop of concentrated
sulfuric acid was added to bring pH down to L.3. Inorganics
were purged as carbon dioxide by stripping for five minutes
with nitrogen gas. If the TOC of sample was known to be
over 30 mg/l, dilution was undertaken to bring concentration
to a measurable range.

An automated wet UV oxidation method as devised by
Addie and Murphy (1973) was used at a sampling rate of 20/hr
with two water rinses between each sample. A flow diagram
of the process is included as Figure 60. Peaks obtained
were converted to TOC values through a standard calibration
curve, Daily calbrations were carried out using ureas

solutions. .
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al.ly Soluble Organic Carbon

TOC values represent a mixture of colloidal and
soluble organic compounds present in wastewater. Often,
we are interested in knowing exclusively the soluble organic
content of the sewage. The sample is, therefore, filtered
through a .luy membrane, and the filtrate #ields the soluble

organic carbon.,

Al.5 Nitrates & Nitrites

The process of denitrification involes the conversion
of nitrates and nitrites to nitrogen gas. The dissolved
Nd} & Nd; -N content in sewages was measured by an automated
procedure No 33-69W outlined in Technicon Msanual. The pro-
cedure is based originally on the development of Kamphake
(1967) where the nitrates are reduced to nitrites by an
alkaline solution of hydrazine sulfate containing a copper
catalyst. The stream is then trested with sulfanilamide
under«ac}dic conditions to yield a diazo compound which
couples with N-l-napthylethylenediamine dihydrochloride to
fsrm a soluble dye which is measured colorimetrically at
wavelength of 520u .,

The sampling rate is 20 litre/hour with a distilled
water wash between alternate ssmples. Applicable range for

the method is 0.05-10mg/1 NO3

curves were obtained by using accurately prepared potassium

+ Nd; - N. Standard calibration

nitrate solutions. A schematic flow chart is included as

Figure 61.
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Al.6 Dissolved Oxygen

Dissolved oxygen content in the sewage along the carbon
columns was measured by the Winkler Test (Montgomery - Sodium
Azide Modification) as recommended by Standard Methods (1971).
The method is suitable if analysis is carried out immediately
on the sample, as temperature variations can result in DO

changes.

Al.7 Biochemical Oxygen Demand (BOD)

BOD tests were run on samples éollected from pilot
plant facility, using the dilution technique. The dissolved
oxygen depletion was measured by an oxygen probe (with an
attached stirrer) and a YSI meter (Model No 54 Rc ) giving
readings directly in DO mg/l.

Sewage was aerated before the test, nutrients and
buffer added, initial DO taken, sealed and incubated for five
days after which the five day BOD was calculated. At times
dilutions were unnecessary since the effluents had so little
BOD. Sand filtered sewage was usually diluted in 1:2 and
1:5 ratios. No seed was added, since sewage already contains

large numbers of acclimated bacteria,

Al1.8 Chemical Oxygen Demand (COD)

A few COD tests were run.on the samples from pilot
plant runs using an automated procedure developed in the
Technicon Manual.

The method was not found to be suitable f?r the COD

concentration of our interest.
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Al.9 Jodine Numbers

The iodine number is defined as the milligrams of
iodine adsorbed by one gram of carbon when the iodine concen-
tration of the residusal filtrate is 0.02 N. The procedure

followed was as outlined by Culp and Culp (1971).

Al.10 Temperature Measurements

Copper constantan thermo-couples were inserted into
the columns with the bare ends soldered, A reference electrode
was submerged in an ice bath at OOC, and the voltage generated
due to the temperature gradient measured by a Honeywell Potentio-
meter (Model No. 2733). Standard calibration charts were used

to convert voltage to temperature values.,
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A2.1 TOC Measurements

Hals (197L) has documented extensively the difficulties
which arise in TOC measurements. His recommendations were
followed rigorously to obtain accurate and precise determinations

of TOC.

A2.2 Filter Wash-0ff

A great disadvantage in the use of TOC as a parameter
for the measurement of contaminant concentration is that it is
a non-specific parameter, It measures any organic substance
which leacheé into the sample solution, Membrane filters can
cause errors in measurements as they contribute TOC to the
filtrate during filtration (Hals, 1974). Throughout the
experiment, all membrane filters were rinsed under vacuum with
500 ml distilled water, before use. The initial 10 - 20 ml
portion of the filtrate was discarded and analysis carried out
on the remainder.

Another possible contribution to leaching can come from
powdered carbon itself, if it passes through the filter,
Résearchers at McMaster University have shown (Hals, 1974) that

elu filters completely prevents PAC from filtering through.

A2.3 Carbon Preparation Procedures

Activated carbon was washed and dried thoroughly to drive
off any orgenic or inorgenic residues, which might otherwise

remain on the carbon and subsequently contaminate the solutidn.,
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Washing and drying were accomplished by following the step by

step procedure detailed below:- .

1)
2)
3)
L)
5)
6)
7)
8)
9)

Fill up 2 litre besgker with 200 gm dry carbon.
Introduce 1500 ml distilled water.

Boil vigorously for two hours to expel gas bubbles.
Let contents settle and pour off supe£natant.
Refill with 1500 ml distilled water,
Mix thoroughly.

Filter through Whatman #1 filter paper.
Dry in oven at 103°C for 24 hours.

Store in dessicator until used.

This procedure prevents moisture and dust particles

from altering weight and quality of carbons.
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TABLES AND CALCULATIONS

. \




TABLE 29 1

SAMPLE CALCULATION OF SETTLEABLE FRACTION OF PARTICLES

Initial Phosphate concentration = 5.5 mg/l
Temperature = 2°C.
Time = 5 min,

It

Phosphate concentration in solution 1.0 mg[i as P

Final residual concentration = 0,30 mg/l
% of Settleable Particles
removed up to time of 5 min, = 5.5 - 1.0 x
05 had 030

L
02]
o
L]
T
N

100
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TABLE 30

CALCULATION OF OVERFLOW RATES

Volume of sewage in jar = 3400 cm3
Cross=-sectional area of jar = 100 cm2
Initial height of liquid = 3060 = 34 cm
100
Location of sampling outlet '
from base = 3" . = T7.62 cm
Therefore the distance the
particles fall = 34 - 7.62 = 26,38 cm
Overflow flux = Superfig¢ial linear velocity x Time
= 26,38cm x 1440 min x 233 x 7.481 U.S.Gal x
day ft £t
ft
30, cm
= 9323 U,S. Gal mnin
£t day
Sampling Time Overflow Hates
min. | USGPD/£t°
O (<]
1 9323
2 1,661
L 2331
6 1554
10 932
25 373
Lo 233

This table was used in 8ll the settling curves as the

initial liquid volume was the same.



COL X

in hrs
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1.0

2.0

A.Q
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6.0
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TABLE 31
CALCULATION OF SOLID PHASE PORE DIFFUSION COEFFICIENT

COL II
c/c,

v.700

0.6l
0esS0

. 04503

!c"ﬁ

0.440

0.400

04330

0.202

0.140

0.108

_ FOR SDS/GAC SYSTEM

TEMPERATURE = 13°¢

CoL IIX

C

...ls‘.ﬁg

T2.6

4.4
30.8

2.1

COL IV

Hav

. &l.60

350

41.40

45,70 |
A"“eaao

51,50

/85,20
61.60
13.4;

- 7s.io

82,30

COL V

112.0

Ml
i
1.

111.2

‘llI.O

1o.4

1050

9%.0

1no0.8 - -

239

CCH# VI
C%avlwzs
0.246
'.0.316
- 0371
Q.Alo
: 0.433
0.66;
OfQDB
0.558
0,659
0.7?0
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- * TABLE 32
CALCULATION OF SOLID PHASE PORE DIFFUSION COEFFICIENT
- FOR ‘SDS/GAC_SYSTEM

- TEMPERATURE = 25°C

coLx con 1z - cqri — . con v coL v  coL vI

TIME c/c, o c . N Qo | Q%
"in hrs v - _ .

s ‘ °'95°,.- , RN 7 30.20 S e e.asz

: e o O ewser | ; _ , nss ‘f w0 lée.e | 0,335

240 'o.sﬁxA. _ .’ ‘, l@;.o - '.‘z.oo . - 10s.0 .0.405

30 - e - o ‘es;s" .::. AE.80 . 1es.0 0,465

‘f°' S -,°"“? - _-. - 'lo.o : ~ s2.70 104.0 . 0.507

60 - 0.320 C ese  sear0 ez ‘ 0.575

5.0 o2t ° .55,5 ’ 62,00 es.s ; 0.633

. 12,0 0.201 o 1.3 TRPU ) : 05,0 0.726

2.0 ' o208 2.4 ‘76,90 ‘ 83.5 0.920

. . ! /
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TABLE- 33
SOLID PHASE PORE DIFFUSION COEFFICIENT AS A FUNCTION OF TIME
" 8DS/GAC SYSTEM

TEMPERATURE = 250C

_ Time v - Ds x 10°
in hrs - . '. | ;:mz/seé:
37.50 | 10.0 "“i 0:600

| 23.50 - 15.0 R c0.638 ¢
le.co 2 tAzofo' R 0,678
12,40 i.f.'_zs.o.  “ © 0L726,
9450 - 30.0 - v 789
.20 - . 35.0 »_ C G.esa
.60 ,..4'  s0.0 "1:064-
bev - 45,0 o o i.lé;‘
; 13.50 "f S 50,0 ..I  1.286
2090 o 5540 o fi;ail
2,40 o o 60,0 | 1,563
1.60 . 80.0 1;760
110 100.0 2,042
. ;o

0.65 - 140.0 2,480
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TABLE?34

SOLID PHASE PORE DIFFUSION COEFFICIENT AS A FUNCTION OF TIME
SDS/GAC SYSTEM

TEMPERATURE = 250C

Time | o - | v . | ' DS-X 10°
in hrs | cmz/sec
16.00 | 10.0 1.406
10.70 ,‘ | s 1.402

7.70 - ;26;0 . 1461

| f‘$é7b‘  f :_ '.2s.d S s
'%.351». | 1f,  j_.36.q. o .72

_3;49 | ._.lp‘ 3500 ’,. -  i.é9i
2.70 D  ’40.6. L ;;083
2;?0 S as0 :".:-» '_z.éia
1.80 .  | o 50.0 N 2.560

1,60 : f' '055.0 - 857

Lso = 6040 o 5.6};

1.00 80,0 'é.elol

0455 120.0 3,420



TABLE 35 » 243

§DS REMOVAL AND EFFLUENT CONCENTRATION RATIO VERSUS SDS
APPLIED FOR EXPERIMENTAL COLUMNAR KINETICS

_ "TEMPERATURE = 4% ' T

. Amount of sos ©c/c, : Amount of SDS
applied in gms Effluent Ratio removed in gms
(cumulative) - o L V(cumulative)
118.5 ‘ O}ooo | " l1e.s0
Mz 0.023 - 141.70
1es.e 0.052 '16%.20(
159.§ - '_‘ ’ ' o'.09s- C y 185‘.65‘

213;3 = o o.17} : ~~  vzos;lg .
225.2 - ;: | .°fé67, . 213.88
lé37}d ‘ «;,';'i _0:407 _" _~_', . zgé.sa:
248;?. o »fo.esi R 'Azzs,oa
260.7 - 079 : .227.50
12,6 | - | . 0.88s o ‘,‘ " 228.88
to2ba L4 R o.94é ' ‘225,56

Weight of carbon in columns = Area x Particle Density
.. . x (1 - void Fraction)
Void Fraction = 0.5 (from experiments)
Weight of Carbon = L x L £t? x sfe x 1.35T% x (30.5) %cn’
4 6 cm £t
x (1 - 0.5) ) : i

= 2085 grams.
/

Loading = 229.56 gms SDS = 110.1 M SDS
2085 gms Carbon gm Carbon
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TABLE 36

APPLIED FOR EXPERIMENTAL COLUMNAR KINETICS
TEMPERATURE = 13°¢C

Amount of SDS

Amount of SDS C/C,
applied in gms Effluent Ratio removed in gms
(cumulative) _ ' _ (cumulative)
-llg.' : o o}ooo :‘. 118,50
;52.2' __' L :..0.017 | T Mk .
1655 - bfoas | 164,70
 ib9.é | T '“_;.684 o . 186.46 
2;3.3‘_v l":'.'.o.;s7 . ;"_ 206.40 ‘
ézs.av ‘- o256 . 215,20
2370 : 0.4.77 - 221.4y
248.9 . | 0.709 ' . 22;.90
260.7‘ R 0.849 '226.60
272.6 | - 02930 . 227.50
2b4.4 ’ 0,977 L 227,70

Loading = 109.2 mgs SDS/gms Carbon
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. TABLE 37

S$DS_ REMOVAL AND EFFLUENT CONCENTRATION RATIO VERSUS SDS
APPLIED ¥OR EXPERIMENTAL COLUMNAR KINETICS

TEMPERATURE = 250C

Amount §f SDS -c/c, ‘ Amount of SDS
. applied in gms Effluent Ratio . removed in gms .
(cumulative) _ ' ."J (cumélative)
| M2zt L 04000 o - 142.20
.2165;91. | .1'“_ f‘&.ozll.;. L _'165.30
':;59.6_ o  1A‘o.oso B RS LIN
213.3 ‘,f ) 0.11R : 208.10
:‘, ?25'2»-3?. ¥f'f;h[ @;ii§i; >. ;“'; n;'217;60 ‘
:gsj.b | | T0.300° | .' " 22530
© 243.0 °.: o.eoo.. L.  227.10
‘ uzae.g . .5;‘ | l'o.7oo | ; .;_' 228;20
Y S 0,750 - 226.90
260.7 . T 05790 ' 225.40
212.6 ., " 0.850 | 226.50

" Loading = 110.0 mgs SDS/gms Carbon
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TABLE 38 '

EFFECT OF Ds ON GENERAL RATE COEFFICIENTS AND MTZ HEIGHTS

TEMPERATURE = 20C

DS x 10% General Rate Coefficient MTZ Height

2 -1
cm” /sec | . sec - cms
S 0.640 10,0297 ' | 67.2
0.425 T 040244 . TT.4
.0,230 . 0.0168 . 88.5

TEMPERATURE = 13%c

R Ds x 10% General Rate Coefficient MTZ Height

em’/sec sect oms

2.700 .  0.0531 ae
1.560 040460 4643
1 0.590 U o.0303 65.0

0

TEMPERATURE = 25°C
DS x 108 General Rate Coéfficient MTZ Height
cmz/sec‘ =  sec”! " ems
3.760 - 0.0722 ~ .30.8
2,680 0.0634 33.0

1.370° - 0,0583 51.0



RAW-PATA FROM EOW -TEMPERATURE- COLUMN -UNPILTERED TOC

TABLE 39

Date

4.12.73
5.12.73

"6.12.73
12.12.732
13.12.73

14,12.73

15.12.73
20.12.73
23.12.72

24,12.72
26.12.72
27.12.73
28.12.73
30.12.73
1.1.74.
4.1.74

541474
6.1.74
9.1.74
10.1,74
11.1.74
13.1.74
15.1.74
18.1.74
19.1.74
22.1.74
23.1.74

Feed

38,6

30.0
30.0
35.4
36.4
2l.6
25.0

32.4

29.3
18.2
7.8

18.9

12.2
12.2

20,0

17.2
15.4
11.0
22.8
20.8
15.8
6.6

4.0

21.5
13.0
9.4

22.2

Concentration in mg/l1 TOC

Iy
34.4
8.8
11.6
32.2
30.9
12.5
12.5

L2240
17.0
10.6
3.6
11.4
7.6 .
7.4
10,0
7.6
8.4

| 5.4
14.2
13.2
10.6
4.6
0.8
1644
10.5
7.7

Ly

37.4
6.8
10.0
26.1
24.8
6.7

T 1444
16.0

4.5

5.0
2.0

6.2
5.2
3.0

S.2
0.8
0.4
2.1

.33.0

S.4

10,0
15.8
24.8
11.0

12.6

9.4

4.5

11.4

. Se2

3.0

247

Volume
passed

litre
- 165.0
‘118.0
104.0
275.0
121.5
122.5
382.0
121.0
142.6
121.0
250,0
131.0
130.0
260.0
110.0
354.0
119.0
128.5
130.0
118.0
117.0
169,0
103.0
“171.0
121.0
161.0

136.0
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TABLE 39 CONTD.

Date Concéntration in mg/1 TOC Volume
i ; passed
. ) in
Feed I’l : Lz L3 litges
F , 21.1 17.4 8.8 | €8 as
25.1.74 23.5 15.4 8.0 6.8 195.5
F A 23.6 1645 8.5 6.9 .o
26.1.74 19.4 13.4 5.5 2.3 142.8
F : 19.0 13.4 5.5 4.0 . e
27.1.74 13.1 “ 7.9 3.3 1.5 112.9
F . 1247 6.8 3.3 1.4 a0
26.1.7¢ . 17.4 10.8 2.6 1.7 7.4
F © 16,5 | 10.3 3.5 240 "e
30.1.74 20,8 11.4 7.8 . 6.8 . 90.0
F 20.2 10.3 5.5 6.0 s
31.1.74 21,3 15.0 1.7 6.0 7544
F 20.8  14.6 T2 €.2 ce
1.2.74  22.1 17.9 7.2 5.7 116.0
F ' 22.6 16,6 7.8 5.7 ae
2.2.764 17.7 13.3 6.6 5.2 117.9
F oo 17.2 11.9 6.8 8.7 ss
3.2.76 9.6 7.0 4.0 2.7 - 119.5
F . 10,4 7.6 4.2 3.0 . we
4.2.74 1.3 7.2 4eé " 3.6 © 136.3
F - 1.6 8.2 - 3.6 se
5.2.74 15.6 15.3 7.4 6.6 '118.5
F v 2043 15.2 6.9 6.2 es
6.2.74 T o21.6 17.6 10.4 8.2 115.1
F - 18.5 11.2 .5 oe

F - Filtered TOC
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TABLE 40

DIMENSIONLESS EFFLUENT CONCENTRATION FROM LOW TEMPERATURE
'COLUMN AS A FUNCTION OF TIME

Date - c/cC

o -
Packed bed height in ft
| 2 7 12
4.12.73 0.891 0.969 0.855
" 5.,12.73 0.263 0.227 . 0.180.
6.12,73 : 0.387 0.333 " 04333
12.12.73 0.610 0.737 0.556
13.12.,73 0.849 0.681 0.681
14,12.73 0.579 0310 0.508
15.12.73 - 0.500 - -
20.12,.73 0.679 04444 0.386
23.12.73 , «£80 0.546 0.321
24.,12.73 0.582 - 0.247 " 06247 -
26,12.73 0.462 0.231 ' 0.000
27.,12.73 . 0.603 0.265 , 0.201
30.,12.73 0.607 0.000 . . 0,000
lel.74 0.500 0.000 0.000
C 4.1.74 . 0,442 0,000 ' 0.000
' %74 0.545 : 0.039 : 0,000
6sle74 0.4G1 0.000 0.000
9.1.74 0.€23 0.272 0.500
10,1.74 - 04635 _ 0.250 0.250
1301074 0.697 . 0.000 0.000
15.,1.74 0.200 0.000 0.000
18.1.74 : 0.763 0.242 0.18¢
- 19.1.74 0.808 - 0.062 ‘ 0.000
22.1074 00819 ‘00043 0.000
23.1.74 - 0.649 0.0585 0.050
25.1.74 0.€55 0.340 0.286
31174 ' 0.704 0.362 0.282
1.2.74 0.789 0.317 0.251
Ce2474 0.751 0.373 0.254
3.2.74 0.729 0.417 - 0.281
5.2.74 0.581 0.474 0.423

6.2e74 0.638 0.377 0.297

( - ) not measured , - -y



TABLE 41

RAW DATA FROM HIGH TEMPERATURE COLUMN UNFILTERED TOC

Date

4.12.73
5.12.73
6.12.73
12.12.73
13.12.73
14.12;73
15.12.73
16.12.72
20.12.73
23.12.73
24.12,73
26,12.,73
7.12.,73
28.12.73
30.12.73
lelo74
4.1.74
S.1.74
6174
9.1.74
10.1.74
11.1.74
13.1.74
15.1.74
18.1.74
19.1.74

22.1.74

Feed
38.6

30.0
30.0
35.4
36.4
21.6
25.0
25,0
32.4
29.3

18,2

7.8

18,5
12.2
12.2
50.0
17.2
15,4
11.0
22.8
20.8

15.8

6.6
4.0
21.5
13.0

9.4

vl{l
32.2

8.2
12.2
31.0
30.5
12.5

17.4
24.0
11.2
3.6
10,0
7.0
7.4
8.5 -
5.4
6.4
2.0
11.3
11.6
7.8

0.4

~ Concentration in mg/l TOC

Hy

- 31.5

4.6
9.2
28.0
24,8

10.6

1.3

250

Volume
passed
in

litre

165.0
118.0
141.0
360.0
121.5
122.5
161.0
191.0
101.5
1426
121.0
250.0
131.0
130.0
260.0
“ 237.0
354,0
128,0
123.0
13040
125.0
138.0
176.0
135.0
171.0
121.0
161,0



Date

L 23.1.74
F
24.1.74
25.1.74
¥
26.1.74
r
27.1.74
F
29.1.74
F
'30.1.74
F .
31.1.74
F '
1.2.74
F -
2.2.74

3.2.74

4.2.74
F
Selel4
F
6.2.74
F

F - Filtered

Feed

22.2 -

21.1
9.6

23,5
23.6
19.4
19.0
13.1

12.7

17.4
16,5
20.8
20.2
21.3
20.8
22.7
22.6
17.7
17.2
9.6
10.4
11.3
11.8
15.6
20,3
27.6

TOC

TABLE 41 CONTD.

Concentration in mng/1l TOC
1

Hy
9.6

16.6

10.2
10.0
9.4
8.6
5.2
3.9
9.7
8.6
9.5
8.0
11.9

10,7 -

12.4
11.4

10.9

10.2
6.3
5.3
6.3
6.0
11.5
10.8

14,0

8.8

o Mom

3.8
5.2
3.8

3.2

1.8

0.8
3.0
3.2
4.2
4.0
7.0
7.0
6.5
6.3
3.4

7.2

3.6

4.4

4.1
5.0
6.2
6.9
7.8

R,2

0.
1.5

3.1
2.8
2.7
2.1
1.4
0.6
2.0
1.7
4.0
3.2

St
5.0
5.3
5.1

3.5

4.5
2.5
2.5
3.4

3.1

5.7

6.2

7.6

Volume
passed

litre
13800

L 2

129.1
(23
140.0

o

112.9

&%

96,75

*8

90.0

L L
90,45
o
98.6
L L T
99.16

L2 )

100.8

113.4

L 2]
98.7
91.¢

L 2]

251
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TABLE 42 % '

DIMENSIONLESS EFFLUENT CONCENTRATION FROM HIGH‘TEMPERATURE
COLUMN AS A FUNCTION OF TIME '

Date ‘¢c/C 0

Packed bed height in ft

2 7. 12

4.12.73 - 04834 0.816 0,788
S5¢12.73 -~ 0273 0.153 0.170
6,12.73 0,407 0.307 0.373
12.12.73 0.876 0.791 0.356
13.12,.73 0.838 0.681 0.681
14.,12.73 0.579 0.491 0.449
15.12.73 - - -

16.12.73 - .- ' -

20412473 - 06537 0.420 0.364
23.12.73 0.819 0.300 0.235
24.,12.73 0.615 0.247 0.187
26.12,73 0.462 0.000 0.000
28.12.73 0.574 0.164 0.164
30.12.73 0.607 - 0.000 0.000
l.2.74 " 0.425 0.000 0,000
4.,2.74 0.314 0.000 0,000
S.2.74 0.416 0.000 0.000
6.2.74 0.182 0.000 0.000
9.2.74 0,496 0.219 0.307
1041.74 0.558 0.260 0.260
11.1.74 04494 0.000 0.000
13.1.74 0.061 0,000 0.000
15.1.74 0.000 ' 0.000 0.000
18.1.74 0.409 0,028 0.000
19.,1.74 0.246 0,138 0.000
22.1.74 0.787 0.202 0.138
23.1.74 0.432 0.117 0.018
24.1074 - et -

25.1.74 0.434 0.162 0.132
27.1.74 0.367 0.137 04107
29.1.74 0.5857 0.172 0.115
30.,1.74 Ce4S7 0.202 0.162
3lele74 0.5%9 0.329 0.254
1.2.74 0.546 0.286 0.233
2.2.74 0.€16 0.192 0.198
3.2.74 0,656 0.375 0.260
4e2074 0.558 0.363 0.301
5e2e74 0.737 0.397 0,365

6.2.74 . 0576 0,283 0.275

( - ) not measured « -
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LR . * * . . ) < .
. : * ) .
= " TABLE 43 : _ )
x " CUMULATIVE SOLUBLE ORGANIC CARBON REMOVAL

FROM PILOT PLANT AT LOW TEMPERATURE

.

i ) Cumulative . c Lati
: . : : umulative
bPate Cumulative Gm TOC Cumulative ?:m:eg a teqn:sal g:"g?,gd TOC
: volume Cumulative removed TOC from 2 removed
in Gm TOC feced lead removal by 274 lead by 3rd entire
- litres applied in gms column in gms ‘column columns ¢olumn colunn
A2.73 165.0 60 36 8.6 a9 0,000 0694 0aan . 84925
$.12.7 e RS 9.90 2.50 339 0,238 3.430  0.l85 3.826
e.12.73 EPY Y 312 13.02 191 $.10 elee $.506 0,000 $.902
i 12.12.73 0062,0 9.75 2.7 080 - €.90 3678 0004 M 10,193
A $3.02.73 - - 1835 LI I 27.20 0.67 6.5 o741 $.475 8.000 11,800
11223 505.0 2.64 PN T R W TR R e 1.210 oncer 13.400
16.12.73 1287.0 9.55 39,3 4.7 12,52 6.000 0.000 0.000 0,000
20.12.73 1avu.0 .82 4331 1.26 12.78 3.823 25.13% 0.505 | . 240173
23.12,73 1551 .6 a8 aT.40 . 176 < 1554 . 0,143 23,042 oasel 21,017
2000273 1672.6 2.20 4v.69 8,92 16.46 8738 2a.700 “0.090 28,075
26.12.73 1W22.6 195 - 91464 1.05 11.51 0.450 26,200 0450 30,625
211213 2es3.0 | 2.48 PP PR TR TS 0.838 20,018 0,157 . 32,600
Wa2.73 - 21840 1.57 8546 055 15,08 0.728 29,33 0,000 33.vle
30.12.73 2a43.0 3.4 - sb.A2 1.2} 20.29 1,924 32.470 s.q00° 3.052
i . Belo7e 283,0 - ‘2,20 YY) 1.10 1.0 1.100 34,670 0.000 | 39.252
BRI C ot T a0 . aTugd vt 2.e8 2079 24850 0,760 e.000 48,342
. SeloTe . s0ee.e a3 T X ¥ PrORY) Beten  azlSlE 0,008 a7.100
TR I Ive.s 1.1 70.37 0,22 2t.3¢ 0,054 43,932 ‘e.000 48,514
. S.1.24 e80.S - 2,87 3.4 141 245 l.0a0 46,002 0800 80,684
: . © 30.3a74 3028 2.4 g0 . oee T 2038 (XYY 47,926 0,800 82,508
b T Y9 7% 3519.0 "1t . | X1 06 2096 e.809 49,425 s.000 84,007
| : e BT RS 3080.0 ° 1.2 7.7 .34 25.30 0 50,502 0,400 55,124
' o 15,00 e el 19.10 e 5. e.0e2 80,954 . 8.800 . 53.536
18,090 3%62.0 .68 . #2.86 .07 36,80 1.915 $3, 739 s.308 58,526
’ TR R T wese 1,52 YSOT 03 .m0 1.174 55,213 0.¢07 60,057
22,098 . s2ess0 LSl 05,94 027 .07 1178 56,658 8.666  61.60
23.0.38  a3re.8 - 2,67 sl 1.0¢ 32,42 - l.648 89,346 TN ta.470
25.0.74 4577, 3.6 92,69 1.9 .81 ‘L.022 €l.008 . G167 L 46,717
26,174 7203 2 . 9548 TR TN 1128 83,456 04457 - e9,162
EIBRD 4533.2 148 se.nseuse 34,06 0.5l €4.565 0.703 70,474
29.0.%4 asrte 138 . 98,29 0.5 .47 0035 €570 0000 71,609
LTI I8 2% 500006 b7 dee.te 005 2,32 0.3 "e6.884 T 8090 " 12,953
3.1, Svle.0 1.01 101,77 0.en 3e.00 0550 €1.914 o124 70,111
“e2424 © slva.e 2,63 184,40 0.5 .38 1261 5.1s I 76,008
| B . 8d8y.9, 2.09° 100,49 0.52 3.8 0.750 11,008 0.408 17,548
. R 2.0 Sezu.4 1% 197,08 %)) PN 0.9 11,69 [MTE Te.0m5
R YO N PO 30,7 | CXY st b LTS Worn , Jee 2% .60 oluy [ I9PS ™
: $.2.7 Suna ¥ (TS 130,03 .0 TR e .32 s.coy YR
YR Y Sovy,? LT N2l [T 3%.m8 ounie t LY 00453 IR
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*  TABLE 44

' CUMULATIVE SOLUBLE ORGANIC CARBON REMOVAL
FROM PILOT PLANT AT HIGH TEMPERATURE

. o S " Cumulative Cumu.ligéive
. T0C

pate  Cumulative : ' Gm TOC Cumulative ?:ngegd ;:’g:“';l g‘:u:?rgd z;‘:g;ed
T T o R T L e o
°. i 1itres applied in gms column in gms column - columns column column
4.32.7 T 65,00 6.6 6,36 Cdees . 1.05 o.l2e 166 _e.182 1362
2e12.73 . 203.0 3.54 T, 990 2.5¢ 3403 T0e42L” an “WeC00 4.35)
. sa2.7 [PIN PRI 14,13 2.51 €16 - 023 . 1,8 e.t00 1,208
T e Tes.0 sree 20,85 tse. 02 f.020 9,704 L %I " 1S.e80
13.12.73 05,9 4.0 .20 o2 e84 " e.e83 narn 0.¢00 16,903
24.12.73 1620.0 2.64 FERCH ‘12 B X7 . 8,223 12,530 e.110 18,386
B I T 2% 2] 10,0 .55 L43.47 T T aae LY 11 , 1.837 S 384347 0.€70 25,553
20.32.73 1515.0 .29 4676 1.53 15.027 2.1 22,845 15543 . 3.e8s
22.12.13 le5e,.1 . 418 50,94 . 0.5 tes2 . e.81) 20,406 0.133 33,108
T 24402, 1135.0 2420 . 7 S3.04 -, 8.85 1T T ees00 ac.x's; 8.800 . .93
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TABLE 45

RAW DATA FOR NITRATE REMOVAL FROM PILOT PCT PLANT

Date
To18.1.74

"1941.74

2241474

23.1.74

25.1.74 .
26.1.74
57;1;74 1'
"éé.i.7§'
30.1.74

31.1.74

1.2.74
2e2.74
. 3.2.74

842474

AT LOW TEMPERATURE

Nitrate + Nitrite Concentration in mg/l

Feed
5.18

42,0
56.0

53.0

56.5

62.0

68.25
80.0

00,0

105.0

L
4.12

1.95

55,25

61.75
64.5

65.0 °

- 87.5

31,0

64,5

L,
1.5

* 1.95

1.42

2.08 -

- 'S,1

37.0

47.5

51,0

" 81.3

63.75

" 64.5

$0.0

Ly

‘1499

0.64

0.09

0,04

" 0.15.

1.25

43,0

34.5

40.5

47.0

$2.0

$3.0

60.0

Volume

passed

in
litres

171.0

121.0

16l1.0

13440
199.5
19z.8
112.5
77,8
0.0
75.4
116.,0

117.%

" 119,85

.7 136.3

255



e

Date

10.1.74

19.1,74

" 224174

23.1,74

25.1.74

26.1,74

27.1.74

29.1.74 °

30.1.74

31074
1.2.7‘
L2.2.76 T

30274

. 8e2eT4

.

T " TABLE 46

CUMULATIVE NITRATE REMOVAL AT

1,0W TEMPERATURE FROM PILOT PCT PLANT -

Nocgﬁo o EUmulative
32 . nitrate
,fed * . fed

'f 0.85 L “0.89
0.61 -,.’. 1.50
0.70 > i 2.22

' 1.32 _ .:k, 3.5
33 657

{' 6,00 '; . 12,87

632 ';‘_ 18,89
4010 22,99
‘_5-°° S 28.08
4,67 ; o 32,75
192 o . ausd

Y e T T s0ute

lxx.ss e 03,05
143 .--'1 72,3

. Gms
N03+NO
refove

from
lead
columns

0.180
oo 0437

0.06

C0.80 *

© 028
.- 0.40

0.53

g 0.51
0.75
183
13

239

Cumulative
. Jnitrates,
removed .
in gms .
0280
0,550
0,610
© 0,790
1.01

.

1026

e 14660

. 2.190.:

© L2691

96¢



TABLE 47

RAW DATA FOR NITRATE REMOVAL FROM PILOT PCT PLANT

Date
BRLICNS
‘19.1.74
22.1.76
23.1.74

25.1.74

C€.1.74

271074
»29‘;.54
30.1.74
31.1.74
1.2.74
2.2.74
33,2474

4.2.74

AT HIGH TEMPERATURE

Nitrate + Nitrite Concentration in mg/l

Féed

5.18

4,34

9,83

15.2
s2.0
5640
53.0
56.5
62.0
68.25
80.0.
100.0

105.0

Hlk

0418,

11.6
26,3

51.0

49.5

43.5

56.0

§8.5

61.5

68.5:

85,0

6.15

| 25.5

44.5

| 46.5

39,5

49.5

53.5

55,0

64.5

32.5

Hy

0.18

0.00

0.09

0.04

0.15

15.0°

26.5
17.5
4S.5
38.5
35.0
41.3
47.5

45.0

Volume
passed

in
litres

171.0.
121.0
161.0
138,0
129.1
140.0
xlé.é'
96.8
90.0
90.5
98.6
99.2
100,8

113.4

257



Date
18.1.74

194174
22.1.74
23.1.74

25.1.74

26.1.74

27.1.74
29.1.74
30.1.74
311,74

1.2.74

2.2.76
3.2.74

h.2.74

TABLE 48

CUMULATIVE NITRATE REMOVAL AT ,

HIGH TEMPERATURE. FROM PILOT PCT PLANT

Gms
+N02

fed
0.89

NO

5,13
5,09
5,61

6.73

7.93
10.u8

11.90

Cumulative
nitrates

fed
in gms
0.89

27.94
33.55

40.28

48,21
55,29

70,19

NO_,+NO

3720
~ removed

from
lead

- columns

0,86 v
0.5;0
0,580
1.3s .
| 0,460
2,20 .
10,560

0,350

Cumulative
nitrates
removed
in gms
0,86
1.450
‘2,03

3,380

3.840

6.040-

- 86¢



TABLE 49

CALCULATION OF SOLID PHASE PORE DIFFUSION COEFFICIENT OF

SEWAGE/FILTRASORB 400 SYSTEM AT 250C

Initial Concentration C0 = 25 mg/l TOC

COL I COL II coL III COL IV coL v
. qS
Time LA Qv mg TOC/gm Carbon
in hrs - C/C0 A mg/l mg TOC/gm Carbon
V.2 | 0.900 22.500 ‘ 1.n0 22,75
6.4 v.810 . 20,250  Leso .21.28
1.0 T 0.646 o 16.150 3.54 1,20
2._0 6.510 12.750 Y T 1¢.10
4.0 0.350 " 9.750 6,10 13.60
6.0 . 0.338. 8.450 6462 1270
8.c 0.320 8.000 .80 . 11.s0
180 0.30% C T.728 6.61 10.25
18.0 0.305 ' .28 6.91 _ 10.00
24.0 0.301 T.525 6.99 ;.15

259

CNL VI

Tav/%

C.044
0.;89
0.16S
€.304
0,446
¢.521
.0.591
0.674
0,651

0.717



0.6

2.0

4.0

6.0

15.0

2440

CALCULATION OF SOLID PHASE PORE DIFFUSION COEFFICIENT OF

TABLE 50

COoL IIX

c/c

0.950

0.790

0.740

0.620

_9.500

0.400

0.340
0.325
0,315

0.310

0

SEWAGE/FILTRASORB 400 SYSTEM AT 5°C

9av mg TOC/gm Carbon

COL I1I coLnL 1Iv
c
mg/1 mg TOC/gm Carbon’
23.750 0.50
22.zs§ 1.10
16.500 " 2.0
lé.goo 3.00
12,500 5.00
10,000 6,00
8.500 6.60
8.120 6.7%
7.880 6,85
7.750 "6.90

COL V

9g

28.75

- 25.50

23,75

© t21.%50

20,00

16.00

13.7¢

12,00

11.00

260

COL VI
‘qqxﬂ/qs
C.0174
€.03%6
0.1020
0.1600
0.2320
0.3000
0.4120
0.4510
0.5710

0.6260



TABLE 51

SOLID PHASE PORE DIFFUSION COEFFICIENT

TEMPERATURE = 25°C

© Pime
in
hours

la .90

12.10

D

S

AS- A FUNCTION OF TIME

SEWAGE/GAC SYSTEM

2

‘a

- o S

yt

20,0
25.0
36;0
35.0
sow0
45,0
55,0
80,0

100.0

81 x 10™% cm?

P x t x 3600 sec

i

322 x 10

vt

8

261

cmz/sec



TABLE 52 262
SOLID PHASE PORE DIFFUSION COEFFICIENT
AS A FUNCTION OF TIME
SEWAGE/GAC SYSTEM

TEMPERATURE = 50C o L | o

Timé . v | | Ds x 10
in nours » A cm2/ sec
" 2.62 L 155.0 - 0.554

;.id" | s '-Q}53#»

ERT Cmse T 0.529

el w0 sl

5.64 v‘. : '; . ao;ov}5_::  0.499

'6;66; :J  o ' 70.6jt‘u ) ;.Vb;ééé

7.?8 _' T N 0482

9.80 :. - _.. 50.0 - ,-‘ " - 0459

12,62  'f  .vW»; 40}9' o '.6.;45

17.63 - ' I o 0.425
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TABLE 53 i

\

LIST OF R § VALUES USED FOR THEORETICAL MODEL

e

PROGRAM Rf TEMPERATURE )

NUMBER % 1010 in 0C | in v

gm/cﬁz-sec

1 2.92 5 20
2 9,75 25 20
3 2,53 5 20
Y 4,45 25 20
5 2,00 5 20
6 7.00 25 20
7 2,53 5 5
8 2,53 5 | 40
9 2,92 5 20

( In sensitivity analysis convergence test

10

of (Y -Y_ ) to 10 " was used ).
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APPENDTIX IV

ILLUSTRATIONS
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UPTARE CURVES FOR _SDS/GAC SYSTEM AT 13°C
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FIGURE 63

EXPERIMENTAL VS THEORETICAL FRACTIONAL UPTAKE CURVES SDS/GAC SYSTEM AT 25°C

16 20 24 28 32 36 40 44 48

TIME IN HOURS

y=3

Yy=10

y=15

v=20
y=25
P=30

y=35
=40

y=50
y=60

y=80

99¢



DIMENSIONLESS EFFLUENT CONCENTRATION

o FIGURE 64
EFFECT OF D‘ ON THEORETICAL EFFLUENT CONCENTRATION PROFILES

FOR SDS/CAC CYSTLN

oL,

1, ' - B ICTY ) T rmrrn oft Gt Sa S P P ey Y
: [¢] - . on.::' = Qx»“* o :
0.9 & TEMPERATURE = 2°C . 3 oo '
0 o 3 o ot ¥ ]
: ..-.'7 ,‘u. :
0.8 r ‘:.o.,‘.o . :
K x| ex L 8 . H
©Ty O on D, x 10 '
: ottt H
0.6 * bV (1) 0.64 !
2 ke . . ’
: c . x.. . :
0.5 r Eo o (2) 0.42 H
- '
¢ e . H
0.4 - s (3) 0.23 5
: [ ‘'
0.3 ¢ o e H
' o% e3¢ 1
] (1] o\ ]
0.2 ¢ » H
' (3) .77 . H
0.1 ¢ o e="20n "0 ST :
: ¢ - n_‘ >~ At a ’
LI N2 X g - W ey, sow H
- T i RS e wd 4 L 3 3 A L /] O . ) " ]
°-°r‘0‘.:’3’0‘--‘;.-on‘:.nfo-fE%O-Aan'oo-a-ooootoo.o-nnt-o-oos-o:ooo’o-.nos.b."-.otooinoi‘.:’..
0 40 80 120 160 200 240 280, 320 360 {00 440 480
SDS APPLIED IN GMS - . S

L9t



DIMENSIONLESS EFFLUENT CONCENTRATION

FIGURE 65

EFFECT OF l')s ON THEORETICAL EFFLUENT CONCENTRATION PROFILES

FOR SDS/GAC SYSTEM
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DIMENSIONLESS EFFLUENT CONCENTRATION

[
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o

FIGURE 66

EPFECT OF D. ON THEORETICAL EFFLUENT CONCENTRATION PROFILES

FOR SDS/GAC SYSTEM
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DIMENSIQULESS LFFLUENT CONCENTRATION
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FIGURE 67

EFFECT OF Q° ON THE THEORETICAL EFFLUENT CCMCENTRATION PROFILES
: FOR SDS/GAC SYSTEM *
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DIMENSTIONLESS EFFLUENT CONCENTRATION

FIGURE 68

.

EFFECT OF Qo ON THE THEORETICAL EFFLUENT CONCENTRATION PROFILES

FOR SDS/GAC_SYSTEM
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DIMENSIONLESS EFFLUENT CONCENTRATIO“

[
?

FIGURE 69 .
EPFECT OF Qo ON THE THEORETICAL EFFLUENT CONCENTRATION PROFILES

FOR_SDS/GAC SYSTEM
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DIMENSIONLESS EFFLUGHT COniCE'IRATION

EIGURE 70

EFFECT OF VELOCITY CONSTANT ‘b' ON THE THEORETICAL EFFLUENT CONCENTRATION PROFILES
FOR_SDS/GAC_SYSTEM
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DIMENSIOJEESS EPPLUENT CONCENTRATION

[
.
(-

EFFECT OF VE!DCITY CONSTANT °'b' ON THE THEORETICAL EFFLUENT CONCENTRATION PROFILES

FIGURE 71

FOR SDS/GAC_SYSTEM
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DIMENSIONLESS EFFLUENT CONCENTRATION

FIGURE 72

EFFECT OF VELOCITY CONSTANT 'b' ON THE THEORETICAL "EFFLUENT CONCENTRATION PROFILES

FOR SDS/GAC SYSTEM
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FIGURE 73
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FIGURE 74

EXPERIMENTAL AND THEORETICAL FRACTIONAL UPTAKE CURVES

FOR_SEWAGE/GAC SYSTEM
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FIGURE 75 :

EXPERIMENTAL AND THEORETICAL FRACTIONAL UPTAKE CURVES
FOR_SEWAGE/GAC SYSTEM
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FIGURE 76

SOLID PHASE PORE DIFFUSION COEFFICIENT AS A FUNCTION OF TIME
FOR SEWAGE/GAC SYSTEM AT ZSOC
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GMS TOC REMOVED

FIGURE 79

GMS_TOC REMOVED VS GMS TOC APPLIED
AS PREDICTED BY THEORETICAL MODEL
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FIGURE 80

GMS_TOC_REMOVED VS GMS TOC APPLIED
AS PREDICTED BY THEORETICAL MODEL
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FIGURE 81

-

DIMENSIONLESS EFFLUENT',‘CONCENTRATIOP.J PROFILES
PREDICTED BY THEORETICAL MODEL
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PIGURE 82
AS PREDICTLD BY THEORETICAL MODEL
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GMS .TOC REMOVED

FIGURE 83

ADSORBER PERFORMANCE AS A FUNCTION OF BACTERIAL FILM THICKNESS
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APPENDIX V

THEORETICAL DERIVATIONS
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Thomas' Reaction Kinetics Model \

Starting from the basic mass balance relationship for the
fixed bed process

aC aq aC
(=), = t_ (=), + (=) (62)
ava "€ v Yp 3V Vb f

Using a property of partial differentials
aC _ 3gq
(Dyay e = Ll )y
Vv b B(V—Vba) b
Assuming a Langmuir type isotherm, the rate of sorption

(63)
b

is written

4 o= v (c@-a -Baq) (64)
9T b 0

g, the saturation capacity is defined as Q bc0

l+bC0

Equilibrium modulus r is defined as

l+bCo

and solution-capacity modulus is defined as t = K(l + CO)T
Dg dimensionless coefficient defining the limiting distribution
of solute between the solution and adsorbent phases.

D, = ==

g
Coe

The fixed bed problem can then be reduced to the rate equation

and conservation of mass equation which are respectively

a(qg/q,) c (1-9
(—), =¢ (1 q) -2 (1-S) (65)
3t 'b 0 % d, Co |
-(a(crcy)/es), = (a(q/qm)/at)sc (66)

‘These equations have been integrated subject to appropriate
boundary conditions by Thomas (1944) and modified by Hiester
and Vermeulen (1952). An explicit analytical solution for the
concentration ratio of effluent to influent is given by
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Keinath and Weber (1968}~as follows:

c =(v%{l—erf(/rt —/S)}exEert—/S)z— (1/(Yrt+vyrst)) + 1 ywl (67)

o /Ym{l-erf (vrs -/t)}exp(/rs-/t)2+ (1/( vt+Vrst))

This equation enables one to evaluate the quantity (C/Co)
numerically for any specified combinations of the parameters
r,s,t.

The general rate coefficient is given by in the case of external
and internal solid phase diffusion controlling ;

-1+ 2 (68)
K Kg Kg
Ke is calculated by comparing the mass transfer to a
reaction type kinetic approach;
k. = 2k.0/ (£0+1) | (69)
£ f
_ 0 .
Kg = 2ksa;Dg/(r +1) (70)
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APPENDIX VI

COMPUTER PROGRAMS
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TIEN'S METHOD
| FOR
CALCULATING SURFACE DIFFUSION COEFFICIENT
SAMPLE CALCULATICN SHOWN:
FOR

SDS/GAC SYSTEM AT 2500.



294

T
-
-
vt
=g u .
- >
[ -
- %]
T -
b4 -
" -~
o -
. -
- -
« Pl
. v
. =
. >
s 3
.
o -
" 3
B “w
< >
. o«
. <
. -
[ -
= —
d w
I -
by o
- ¥
. -
- -
- et
. r——
. Iy
DI Y ARD 2Ty niag)
e g eted Ay

et L )]
G et e,

o st O

e b = DO O
M1 1-T=1- T I N

15

- X

3 o> E3

QT T

Z un ~

» OX = -

o~ oW »

O Xe - w

4 Zx o -
L N .

o X e uiv ©Q

WO e <

a O ne

O D e I

DY TR T o

O e w4
LGN -
Cun me 1N

Thaas N0

Who set N0
weadh  uwd
a>mie e e
OGO e
WA~ Ot
N we
I Ta
T o CT -
- e o
N d ..
AreD o0 NN
- PO et
TR etn -

et N 13
3 aTan L
eyl LS
VV!ITI) "

bbern h
O >e3?

20O 0! G’O-Jﬂ SCMINE 0T NI ) D O] T T g -V'..—Ya\OD ARG
JNCRTTN lb ada i de b VF-‘V”LDJ"QC&S}—I!CCC“IS!*G"H‘G’
)

L2 .

DeMS N
et ot

23
25
30

NyMyX4X3AR, STN, D, SUNSQ)

Z Xa

35

113

&3

EyN1,£)
T0,SUMSQ,0I,E,1SAVE,8,58,T,ANS)

s1,1Say
A
8,800

o,k
sULT
$ X34

= (OLIL)E)

2t~

l.vl?‘ W oy

&5

59

G L W R

$5

102

T, ANS (L), ARS (6) , ANS (210}, SUNLIP

~N
o
-

3.

[ 13

7

208,108,226

Ny
L it
NN

SX(LI*COE LI+ L)

L 1]

A
H

x
-
-
o
=
~ e
ane
Isn
-
5T e W =
L L XY PDOPD "3 COLCOULrAN N
SOORMATXTRICEIZN TCAAROORE T I >
o b
- her O
-~ ~e e
“w [=3 [ N4 "w
© ” L d ~
- -

sin

12

CATN G KRN, VP IN, Y A0}

RALT PRCILE 4 ¥y 4,

it oes

¥ 4ee
caLl



295

P e -
>} x L4
> o .
ot » -
o Lod [N
. r -
< - e’ -
T »* w
X0 - - .
e r .m
e . a .
~g 13 neo
- N S
LX) . bl
- N Ox
jot™ . -~
~. ~ RS
~ed - M.
v e - 33
on o mo .
Em . >
> b L3
.w [ ux
-n ~—— ® >
2% N g S - o
L8] * -m
- » & L] t
caovc T o
YN %] o mw
Pt = v o -
acaa o 1)
“vee =] T Yo
oD S0 a aae
LR ~Z 3 Om
Teew ~NO ~ - o
YYYw .0 . 0
- NN N RxiTe
sass >~ . re
—~——— N o X
——— .. AL ax
-~ N e (L
et bt p b g Qe LEIZ L] -t
TILITYX N NN T e lilad .
aaac e1re St Cami @03
AN MamC v D . d e -~
I atoiad ErOLC 9T 3. -~ o
e *8 0N aNNe pat ” -~ o
Pty ANl et T P ' ~ O
« caca PR ‘. - Hw e e
. e DS M w e
X 12054 * 0 > * - aud o«
- teee e Ve SRR ¢ S ol
. WYY ae L - v A -
- -~ . > > - @ N e e
. UK RN *r~ . C N\w «
« A ot o # Py * - PN
- “fnna o e P AN XX W e R -
- AN PR el LINENEN G b= pubrne § f e
-t BOH BN vl 4 AN emNOCy, y v 3 O WO
et tbt it @D e STy, TS D e ad D od

anida o L T P 1N T 0 i MriadgO

B MW T Y (g & 8§ e eRIe, -!.1(..555..1..; 3 l HATARL: N e
NPt b e W=t b, . L S ) U, e W W el A
DB iados wr b Tsud & BRI BN I T AT W etk IO
A E T O TDITCVON 40t 32 <20 ONA 8 T OO g OwrZ
UL DOOHE 0 CT L I)DUUUUDUUUUCDZCGGGVYVYO Qu'&XVCCCCDlIXVgE

© o ~ A ~
Ll ) ~ “w NN ~

.

"

128
125
136
133
140
11
159
155
162
185
170



POLYNIMIAL 2T6RISSION.....SPSASE
NUMSER OF ofshCyMiav s

POLYRONIIL REGRESSIIN OF DInEE

.
IKTIRCIPY «10785012403 b
REG’ESS!O CIZNTS . E

£23

ANZLYSTS 37 JavlansI Fae I YIGRIT PN YROMTIAL

SOUICE OF VAIIATION y- of reay 3
Rnadis . SOUARE vatug
DUE TN EGRFSSION c. 1 Whb . 39&73 454.39474 4338 84
OEVIATION A30UT REGREZSSION ¥ ca ti94ny  L3se.ces
123718 s wesl1358%

2

POLYNOMIAL RFERCSIIN OF DIRT H
INTERCZIPT 2137375393

REGASSION €O § FICIINTS
~e1i553173408 3704589702

iz
3
. f
ARALYSIS OF VARIANCE FOR 2 DJEGRIE POLYNOMIAL

SOUITE OF VARIRTIOA sy OF KEAN (4
SAUARTS SNUARE VALUE
gu: 10 22695510 Lhu 9R32% 232,23162  2:72.52015 -
EV¥IaTIon 85007 RIGRESSION 67232 . e1130% :
13740 865.13655
POLYNOMIAL RFGRESSION OF DERREE 2
INTIRCEST «1u749522¢03
RE S5y cos FEICIZNTS
R PR AR cea32797E-43 «1310083E-52
ANALYSIS OF VARIANCE FOR 3 DZGREL POLYNOMIAL
© SOUITE OF VARIATIOM DE Su+ of KEAN 13
A F SAUARES SAVARE VALUE
QUE_TO os6RISSIaN g 465, 15R97 155.L2232 151301.8%53%
DEVIATION 430UT RIGRESSION - 3E483 1372
107aL 3 565.!3553
POLYNOMILL IEGRESSION OF DESCEE &
INTERECEPT 1173242003
Rssatss'ou fO’F'I'I NTS - \ _
283261¢ 9287573201 SLul9SAE-C2 9353913524
ANALYSIS CF YATIANGE FOR & IEGRTI POLYNOHIAL
SOUICE OF VARIATION <uyx nF rEAN £
§auarss $004RE vaLuz
DUS_TC IEIRESSTON 3 LLETE LT L 136.&THTL £2659.(1711
[ 1334 130\ 230U 5 RESSI0% - A7¢ v A
, 197AL [ LAE.!S‘Sa
PHls [ 11131
1= CONS GAMMAL GAMNR2 GAMPAZ . L7}
g.¢ 167.5 B % ] LI (%144 t.C00 © £.093
$. 203, .82 123 331 .17
8.0 7.3 ~.122 LXas 1A TS H sl
18.¢ 91,6 “.185 155 «29 .82
20,0 86.3 232 «$56 o723 867
.. ., .et?? L34 Tents P
Y. A2.% o 44 sed3g 3,873 024
b 1 85.% e L] Se337 3,67 186
‘ (Y 3 93,5 N LR 5,342 N IEY
f N . N
[ 79N L34 8% . Cee ¥ et LTS H w?
"'f $17%. e ) ety T T

296

IrPOOVENENT IN TEONS
OF SUF OF SQUARES

466439074

IHPROVEMENT IN TERMS
OF Sur OF SQUARES

+06850
TR e
463373
AR RE
«03187
v2 v3 v
0.0962 9.00¢ o885
“e6C18 <002 «te9y
~e3213 N 11 o094
0123 <022 <097
+6528 <358 +096
o138 o117 .tas
AN 276 €73
4283 o312 11
«$293 ee27 <019
+AZ26 «53¢ ~oCt1
. 558 812 st 38

QAvsS
« 9155
«9253
+9393
<9544
«9661
9582
«9548

9216

8717
«8230

o547



a

2= cs
c.¢ 157,58
5.t 23,0
uu... 97.3
15.¢6 91.4
29.¢ 86.3
25.0 83.3
3¢ T 8245
35,6 85.6
93.5
AS.C 167.1
$0.0 1274
PHIx
2s CONS
1 14 137.5
S.6 163.0
16.0 97.3
15.¢ 9.0
2.¢ 86.3
25.¢ 83.2
3.3 82,5
5.0 83,6
a0.C 93.%
4S5.¢C T167.1
SC.8 127.4
PHIx
s CONS
e.0 167.5
s.t wau.a
10.¢ 97,3
15.0 9.6
22.¢ 85.3
5.8 83.C
3¢.C 2,5
85.5
93.5

L3 134

127,

' Pulx

= CONS
. 157.5
S.6 163.¢
97.3
15.8 9.6
26.0 86.3
5.8 B34
30.0 82.5
38.8 85.6
(329 4 93.5
45,0 1€7.¢
12744

2e429

1.873

15.0¢C

o222

“.127

o 83

1o

Y]

E {71244

GAR~A2

el 23
~el16

185

«636
1.857
3.2h1
$.399
7803
1ee 11l

12.339

GAMMNA2
[ £ 11

-s£23

«656
314657
3. 268

5.399

12.¢39

GAKMA2
2.3ud

-e323

015

«155
556
1857
34258
54393
P.063

[ILEE Ny

GANNA2
mrnnn
-.023
=ed16
155
+656
nooww
3.261
$.399
T7.803

1. 810

12.139

GAMPAY
cetll
.mam
o812

+ 290

o728

GANKAZ
J.¢90
017
«f8%
292
o728
14483
2.575
3,937
5.382
6,691

t.717

GAYPFAS

cArra3
6,100
ol1d
11}
. 290
o728
3e8%8
2.578
3.937
S.382
6. 691

1 22434

«G5%
«292
«633
«933

3.253

s
LedCO
“sLS)

-.122

~s202

-e127

k38

34

2,469

1

.00
~e088
-.163
=267
- 276
~e3169

o124

"t
c.000
~s1C2

R 1N

o378

“shiS

«165
«876

(11

2.837

3750

Ye

G.00(¢C

=«C051
«fbas
2081
«5261
1.0353
3.7143
2.4772
3.209%6

3.8218

Y2
d.000C
*eC16t
~s 0315

+110S

<6683
1.1837
2.3293
3.8568
5.5737

T.2215

8.5992

12.9182°

313,24

Y2

0. 6300
“e 0654
~e04b2

ohb22
1.8731
473069
9.3173
18,6278

22,2950

3443966

3 v
0.00¢ .23
06 29 T2ue
«051 .23
o186 79
463 .059
+940 154
1,635 -.467
2,580 - -.861
J.017 ~1.279
4,248 -1.658
%900 -1.956
Y3 Yo
0.900 .326
028 33
o173 o201
622 -.C36
1.561 -.612
3.7 ~1.585
5.517  -2.984
8.437  -4.705
11.532 -6.537
14,337 -s.118
16,537 ~9.361
3 ALY
0. 300 .393
S48 +375
oh10 T .108
1,676 -a671
3.760 -2.209
7.516 ~6.896
13,077 -8.691
19.999  -13.3u6
27,335  -18.213
33.986 -22.558
39.193. -25.91%
1] vy
0.008 _  .u82
o168 2308
" 1.385 ~e723
8,975 -3.710
12,688 -9.767
25.367  -19.937
88136 ~34.535
87,495  ~52.473
92,257 ~71.268
214,696 -88.082
132,297  g1.072

«8130

«7827
7361
«6806

6249

QAvS
8740
+6831
«6360
7100
7214
7206
«T142
<6869
«6LAT
5942

«Sh34

nsvs

6183
8272
«6403
6538
«$6539

<8448

«S073
5565
5592
«5509
«5289
+4849
4542

4131




i
sut= {120 . ‘l .
\ L TR cons * Gannal CANtA2 CaAnra3 " . ve v3 208 w oty
C.0 107,95 Coune Jedi 6. 009 t-lﬁ! s.0000 s.000 «562 38
1]
L 1% ] 103.¢ *..%2 .v:23 of30° *,3%3 = 1672 «552 14 YITY
16.0 97.3 ..222 *ei3b Y118 ~.366, . 1038 0675 -3. 868 .QSJ‘
. 15.6 . et . =e10% 188 «299 -.su\ #9949 26,791 =16.703 83
/ 2.8 5.3 -~ 232 «656 « 728 L 144 4.2168 “2.147 «36.796 oA70
25.6 83.8 “.127 1.657 1.489 :.Sll 10.6535 0%.632 -76.050 72
. e 82.5 «%83 2.261 . 2578 o 264" 20,9660 188,959 *27.747 oA6h
Is.0 85.6 o438 $.399 3.937 3$.31% 34,7110 227.296 *93,845 obbb
aC.0 ) 1.5 «904 7.933° $.382 .713 $5.1637 315,367  *63.33 ohis
45.¢C 187.1 1.4(9 L1138 6.893 ) 8,226 66,9935 387,100 025.714 7
$4.6 1274 1.479 i 12.23% T.717 .“ $.636 77,3926 466,508 *7u.089 382
' L I 1Y ST
2. cons cannag canaaz ‘Ganray v " 2 ) " i
. €.% 117.3 [ 2% 134 [ 1198 e.Lee t.0¢C 3.00%¢ 2.909 <891 «3087
5% $3%.2 -.;§i e 3 1%t *eJ0¢ =271 4359 =5.759 «313
- .
18.¢ 7.3 122 - 3148 ot8 LI LY “e3113 $1.360 «50.318 o318
15.0 M.h o185 «1%3% «293 1,235 &.9238 194,265 277,600 «J23
n.C 26.3 LY 44 oASH 1) e3.300 20.0123 862,526 *39.686 03288
AN iioi L) I .ll” :.'U". YL LIY.L04 LU 939.802 *25.352 «318
. 3 2.5 TR Tedst 2.3 8% [T IS ALA *36.860 *3C.93¢C [? 114
. ! . I%.¢ s, ¢ LA L) %.39 3.937 022 17848123 *39.85%  *3C.6C3 2724
Lo~ :
H @ %0 Wl W@ b
[ ® e OJF enn e "~ e s 0§
1] LR LR . (XY
'] g ard o g oo ~e
POX R LY N ” - N
0‘, ﬂ“ . - ..-a
. ! ‘ - “ee,
s H . " . -y
: w.““.:.m..mov-'u.—-lntrnmau-...." “..\-"
"5 ? o~~v—o—.“' pome . o = . .‘\'.“ -~ 0\\. .
?- - nb". me v
: -'.. o s SM emg o g smg g —n 0o o 40s . -O.. .
o] '?' “‘““‘.‘-ouolo—;‘-r.“- o e R PO .-,
* H * ) oL YO Y PR OT Y VTS e "% ee
“ : . “'H.-.—:woi‘oﬂo— oa-v!--.“ 0-0.‘. -
4 Y. St ehst 400G P @ . L X
°'b7 1] ~~‘~‘-;.:.mututhtw l".“.\~ . C\.'." . ~\..’.
R T VLT i A ) . e e e
.. .. '~‘~.»...~mu—uﬂﬂﬂ-..-.—‘. ——tb‘-‘\u-‘- RPN .\M.\. \‘~ . e
..'—'.uw:k g em§ o —‘.”—-'—'-.-"-O-..-.u.w.'..——-”. ® et Q.h‘.\. .w—..'
[ Y ‘ - .t 8l as oo -t s - me ¢ . oo e o~
b2 b G e een 0@ .  Cut Bs SPe oom qeng sng -~ ern ov, 28 e ¢ .
St Moy iy 08 @ o) W G @ Gons LR ad X 1 Ll X ) L] e
Waw o) o g s S WP gom gow g " P 4% caw ) .8 we one
Ll X A R LX) - 00 St Wu ) i WO POE s e SN g ws & SNt Rad o W .
PR ol R g g otalodbc - AL L kg bt MR -~ . T

ot G G PG Y g
wobe ¢ Ve e e

.
Sl eossnslcnnnn jeacsal sacal| j=l 1o Jo Jesl wc jucoslnsane

Pt St Sus St OI SEnG S PG PG Mol s &
D 0 W O sae Ml NG O G g g Lol ol o W 1S
.

o -
- 9 Lo ] Sur & o8 wd A
40 S wwr SR Ges G G G g NG WD WP W [ X e & sy o
tae G0s 0 oem en g ome e s e e 0t oo
° W W S G Sas Gu S . ove o8 . .
'3 e 0om oom s st o o ® g P et wr e -~
. Ghh o R WV Mo W W Gols Shs St S & (X VK (T3 e o
oo oen . - g Ne o - . X -
DI el et b R T e R ) * =0 n -~ LX) T RN
con gem g pem e L X ] L d
b R EE XA R L ¥ W
11, o ot oo Pam —ee
0.1' Lo (LY ]
. . - . -~
] e -~ e
. 3 "y o
] -~ *Ne
3 -~e - e
1] e “~e Lo ]
: ~o e land g
°"' ~ .e - e
* o -y -
3 L. - “¢
: '~ ~ . 00. \\ .
. . -
6 & (¥ A A L} 3 Stolh b 150 A LoD mndn
0000000000000 000000060000 00000000000000000¢oNtdosnbosdecetosnen G80etedssedststtns

1 33 e
. TIME IN.HOURS .

L \y

—




299

THOMAS REAC?ION KINETIC MODEL
FOR
PREDICTING EFFLUENT CONCENTRATION PROFILES
ALONG WITH SAMPLE CALCULATIONS
FOR SbS/GAC SYSTEM
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PROGRAM FOR ESTIMATING GENERAL RATE COEFFICIENT
BY COMPARISON OF MASS TRANSFER ZONE HEIGHTS

FOR SDS/GAC SYSTEM.
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SOLUTION TO FIXED-BED PROBLEM
IN THE PRESENCE OF BACTERIAL ACTIVITY
WITH SURFACE DIFFUSION STEP,.
SAMPLE CALCULATION INCLUDED FOR

250C SOLUTION
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TABLE 54

'ALGORITHM FOR SOLUTION TO FIXED-BED PROBLEM
WITH PRESENCE OF BACTERIAL ACTIVITY '
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