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ABSTRACT

Aecrated stabilization basins (ASB) and activated sludge treatment (AST) are the most
popular unit processes in the treatment of Pulp and paper mill effluents. However, these
traditional biological processes can only provide partially satisfactory treatment because
many components in pulp and paper mill wastes are persistent under the conditions of these
processes. This study evaluated the application of granular activated carbon (GAC)
adsorption using fixed-bed columns in the post-treatment of the whole-plant effluent of a
Kraft and fine paper manufacturer. A mathematical model, the branched pore or dual rate
model, was used to simulate the GAC column adsorption process. The computer program
PRECOS was used to solve the model.

The wastewater was first treated using a traditional AST system and then filtered and
passed through a small-scale GAC column to obtain data for estimating mass transfer
coefficients of the model. Calgon® F400 GAC was used. I[sotherm studies were carried out
for column influents to determine the adsorption capacity of the GAC. A simplified form of
the dual rate model was used to predict the column performance in terms of treatment
efficiency, consumption of carbon, and organic removal. The mass transfer coefficients of
the model were determined based on microcolumn experimental data. The performance of
AST system followed by GAC column adsorption process was compared to that of a
PACT™ gystem in the treatment of a similar wastewater.

It was found that for an overall COD removal of 80%, the carbon usage rate of the
PACT™ system was 30% lower than that of the GAC column system. The lower
performance of the GAC column system was attributed to a possible low efficiency in terms

of carbon usage in the microcolumn experiment. A direct comparison between the two

systems based on experiments is also needed.
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Chapter 1

INTRODUCTION

The pulp and paper industry is one of the oldest and most economically important
industries in Canada. It produces large quantities of organic and chlorinated wastes. Since the
1970s. it has become increasingly regulated for its effluent discharges. Increasing
environmental concern and international competition have led to research and development
of new pulping procedures and high-efficiency treatment facilities.

Pulp is an intermediate product in the manufacture of pulp and paper prodlicts. Pulping
processes are divided into two principal categories: chemical and mechanical. The Kraft
process. also known as the sulfate process. is the dominant chemical pulping process in
Canada and the rest of the world. Kraft pulp is manufactured by separating the wood into its
individual fibers by cooking wood chips under pressure and high temperature in a digester
with strong alkali. The pulp is usually then bleached by molecular chlorine, chlorine
compounds and related chemicals. These processes consume large amounts of energy and
water and form the major sources of organic wastes, particularly chlorinated organic wastes
and other toxic substances discharged to the environment. These wastes pose a serious
human health hazard and are difficult to degrade.

The federal and provincial governments have promulgated regulations since 1971 to
control the quality and limit the quantity of effluent discharged to Canadian waterways. To
comply with the regulations, all Canadian pulp and paper mills had installed and put in

operation their biological treatment systems by the end of 1995 (Kantardjieff and Jones,



1997). Among the existing treatment systems, aerated stabilization basins (ASB) and
activated sludge treatment (AST) are the most popular unit processes. However, these
traditional biological processes can only provide partial treatment because many components
in pulp and paper mill wastes are persistent under the conditions of these processes and can
upset biological treatment systems. Therefore. improvement of effluent quality is often
achieved by adding additional advanced treatment stages.

A whole-plant effluent of a Kraft and fine paper manufacturer was used as the source
wastewater in this study. Objectives of this study were to evaluate the adsorptive capacity of
granular activated carbon (GAC) in the treatment of the waste and to compare the
performance of AST system followed by GAC column process with that of a PACT™

process in terms of treatment efficiency. consumption of carbon. and organic removal.

(8]



Chapter 2

LITERATURE REVIEW

2.1 Pulp and Paper Industry as A Pollution Source

Pulp is an intermediate product in the manufacture of paper. The primary raw material of
paper making. wood contains about 45% cellulose fiber, 25% hemicellulose, 20-30% lignin,

and 1.5-5% extractives. The purpose of pulping is to free the cellulose fibers from the other
wood components to obtain individual fibers that will be suitable for paper or related
products.

There are a number of different pulping processes with varying effluent characteristics.
Traditionally, these processes have been divided into two principal categories: mechanical
and chemical. In mechanical pulping. the fibers are separated by application of mechanical
energy under wet conditions. The yield, i.e., the weight of pulp produced from a unit weight
of oven dry wood. of mechanical pulping is high. ranging from 90 to 96%: however, since
the fibers are literally torn apart in the process, they become weak. This process decreased in
popularity when chemical pulping. which separated the wood fibers by breaking down the
bonds between them with chemical reactants and produced longer stronger fibers, was
developed. During the early half of the 20th century, sulfite pulping predominated, which
was replaced by Kraft pulping. Today. Kraft pulp accounts for a very large share of the total
pulp production (Sinclair, 1990; McCubbin, 1992).

Kraft pulping process begins by treating wood chips at 160—180°C in a sodium sulfide

and sodium hydroxide solution, referred to as “white liquor”. This process cleaves lignin



ether bonds and dissolves 90—95% of the lignin and essentially all hemicellulose and wood
extractives. Approximately 55% of the original wood is dissolved in the spent cooking liquor,
known as “black liquor™. The yield of Kraft pulping ranges from 40 to 55% (Kringsted and
Lindstrom, 1984. McCubbin, 1992).

Byproducts are recovered. The black liquor is evaporated to a high concentration and
then burned for recovery of energy and inorganic chemicals. The evaporated phase that may
contain inorganic sulfur in the form of sulfate, sulfite, or dithionite, is trapped in a condenser.
The content, termed as the evaporator condensate, forms a concentrated sulfur wastewater
stream. Air contamination is caused by the highly volatile fugitive emissions from the
condenser and volatile compounds and gases from the burnt concentrated black liquor
(Kringsted and Lindstrom. 1984).

The pulping process is terminated when the pulp still contains 5-10% lignin. as further
delignification would harm fiber quality. In the bleaching process, the unwanted lignin is
dissolved from the pulp in order to obtain a high and permanent brightness of the pulp. The
lignin is first converted to compounds that are soluble in alkali by treatment with molecular
chlorine and/or chlorine dioxide and then washed out with sodium hydroxide. Subsequent
bleaching treatments may vary, but usually proceed through a series of hypochlorite, chlorine
dioxide, alkali. and chlorine dioxide processing steps. After this treatment stage, the pulp is
filtered. and the process liquids are combined as bleachery effluent. The conventional
bleaching process is the source of about half the BOD, all the chlorinated organic
compounds, most of the color, and much of the toxicity in the effluent from a typical

bleached kraft mill (Kringsted and Lindstrom, 1984; McCubbin, 1992).



2.2 Puip and Paper Industry Effluent Control

Ranking third in the world in terms of freshwater withdrawal, the pulp and paper industry
is believed to become the largest manufacturing user of water by the year 2000 (Kallas and
Munter, 1994). In Canada, it has been estimated that this industry is responsible for 50% of
all the waste dumped into the nation’s waters (Sinclair, 1990). The large quantities of
organic, especially organic chlorine compounds in the pulp and paper mill effluents are toxic,
difficult to degrade. and have a propensity to bioaccumulate.
2.2.1 Effluent Regulations in Canada

Promulgated in 1971 under the Fisheries Act, the Pulp and Paper Effluent Regulations
limits the quantities of certain substances — specifically, total suspended solids (TSS) and
BOD matter— that may be discharged into waterways. These substances can affect the food
chain. In addition. mills are prohibited from discharging any acutely lethal effluent that kills
fish under specified laboratory test conditions. The regulations applied to mills built after
1971, which account for about 10% of all mills. In 1992, the regulations were amended to
cover all Canadian mills and two off-site treatment facilities (Environment Canada. 1996).

The traditional wastewater parameters, TSS. BOD, and acute lethality, provide a basis for
examining the short term and local effects of effluent discharges. In recentyears attention has
shifted to the longer term effects, requiring consideration of the content of persistent and/or
bioaccumulative substances in the effluents. Chemical oxygen demand (COD) and
adsorbable organic halogens (AOX) provide indications of the total quantities of non- and
poorly biodegradable substances in the effluent (McCubbin, 1992).

AOX is an analysis of orga;nohalogens that are adsorbable on activated charcoal. In a
pulp mill effluent AOX is an approximate measure of total organic chlorine compounds. It
;:onsists of approximately 80% high-molecular mass materials, 19% relatively hydrophilic

low-molecular mass compounds, and 1% others. The exact composition varies considerably



depending on its origin (McCubbin, 1992). Many countries are now legislating effluent
discharge limits based on the amount of chlorine bound to organic matter in the effluent
stream. In Canada a-number of provinces have developed regulations to limit discharges of
organic chlorine compounds from Kraft mills to levels as low as 1.4 kg AOX/t ADP (air dry
pulp) (Hall and Randle, 1992).

In 1992, the Pulp and Paper Mill Chlorinated Dioxins and Furans Regulations were
promulgated under the Canadian Environmental Protection Act (CEPA). Dioxins and furans
are persistent and tend to accumulate in sediments and in human and animal tissues. They
were found to be produced when certain compounds were present in the materials used to
manufacture wood pulp. The regulations require all mills that use chlorine or chlorine dioxide
in bleaching to take measures to prevent the formation of dioxins and furans and prohibit the
discharge of measurable amounts of the most toxic forms of dioxins and furans. i.e., 2.3,7,8-
TCDD and 2,3.7,8-TCDF (Environment Canada, 1996).

2.2.2 Environmental Significance of Process Modification

Many existing pulp and paper manufacturing processes can be modified to reduce the
consumption of energy and raw materials at the source. These modifications resuit in reduced
effluent discharges and always lower the need for external effluent treatment. Technologies
for this purpose have been developed at an increasing rate. Of primary concern has been the
modification of bleaching processes, namely the utilization of oxygen delignification and the
substitution of molecular chlorine with chlorine dioxide.

Since the early 1970s, the oxygen delignification stage has been added to the
conventional bleach plant in many European mills, as well as a growing number of mills in
the US and in Canada. The filtrate from an oxygen delignification stage may be recycled to
the chemical recovery system. The installation of an oxygen stage will allow most bleached

Kraft mills to reduce bleach plant BOD discharges by approximately 50% and color by 60%.



Discharges of organic chlorine compounds will be reduced by approximately 30-50%-
(McCubbin, 1992).

Chlorine dioxide is used increasingly to replace the traditional molecular chlorine in the
first chlorination stage of the bleach plant. Chlorine dioxide substitution is defined as the
percentage of “equivalent chlorine” or “active chlorine” used in the form of chlorine dioxide
in the chlorination stage. In the past, the advantages of this process modification were most
concerned with improvements in pulp quality, but the principal driving force to increased
substitution is AOX and PCDD/PCDF reductions. Since 1 kg of chlorine dioxide can replace
approximately 2.63 kg molecular chlorine, there is a net reduction in the amount of chlorine
used, and a reduction in discharges of organic chlorine compounds.

For most mills, chlorine dioxide substitution is the simplest and lowest capital cost
approach for reducing organic chlorine compounds. Compared to a mill with neither oxygen

-delignification nor chlorine dioxide substitution, this process modification can reduce
discharges of chlorinated organic compounds by up to 70%, if all of the molecular chlorine is
replaced (McCubbin, 1992). In practice, oxygen delignification and chlorine dioxide
substitution are often used simuitaneously.

2.2.3 Biological Treatment of Pulp and Paper Mill Effluents

There are many forms of biological treatment used to treat municipal and industrial
effluents. ASB and AST have been the most popular treatment processes in the pulp and
paper industry. There are approximately 600 installations in the North American pulp and
paper mills, and increasing numbers are being installed in Scandinavia and other pulp and
paper producing regions (McCubbin, 1992). |

The existing treatment facilities at paper mills were designed to control conventional

pollutants, such as TSS and BOD. The dissolved BOD fraction of pulp and paper mill



effluents consists largely of wood extractives and cellulose decomposition products. Since
these substances are readily amenable to bacterial attack, the removal of BOD through ASB
and AST is usually greater than 90% (Bryant et al., 1992; Hall and Randle, 1992; Cecen et
al., 1992). However, the COD removals were reported below 60% in both ASBs and AST
systems (Saunamiki et al., 1991; Hall and Randle, 1992; Cegen et al., 1992; Md&bius and
Gordes-Tolle, 1994).

The abilities of ASB and AST systems to remove organic chlorine compounds have been
studied by various researchers (Randle et al.. 1991; Saunamaiki et al., 1991; Bryant et al..
1992; Hall and Randle, 1992: Cegen et al., 1992). The hypothesized mechanism of AOX
removal in ASB was adsorption onto virgin biomass and subsequent settling to the benthal
layer. and the settled adsorbed AOX has been reported to undergo dehalogenation (Bryant et
al.. 1988. 1992). In AST systems, studies indicated that the removal of organic chlorine
compounds was largely the result of biological degradation (Saunamdékiet al., 1991; Cegen et
al.. 1992). In a survey conducted for eight full-scale wastewater treatment systems operated
at pulp and paper mills in North America, the average removals of AOX were 34% in five
ASBs and 46% in two AST systems (Bryant et al., 1992). Both the ASBs and AST facilities
on average removed over half of the influent low molecular weight AOX, and the average
removal of high molecular weight AOX varied among mill sites from 1 to 47%.

2.2.4 Activated Carbon Adsorption in the Treatment of Pulp And Paper Mill Effluents

Since over half of the pollutants in pulp and paper mill effluents measured by COD and
AOX are non-degradable during conventional biological treatment, advanced treatment
methods have been studied and put into practice in the effort to improve the treatment results
and to meet the increasingly stringent environmental regulations. Some studies have
emphasized alternative secondary treatment processes, while the others have explored

additional treatment stages following the widely used biological treatment processes.



Activated carbon adsorption has been evaluated in both manners in the treatment of pulp and
paper mill effluents. Unit operations utilized include fixed bed GAC columns, fluidized GAC
columns, and powdered activated carbon (PAC) treatment. The treatment processes have
often been tested using pilot plants.

2.2.4.1 Adsorption as A Secondary Treatment Process

In a pilot-scale study conducted in Canada, downflow GAC columns were used to treat
the whole-plant effluent of a Kraft mill that produced bleached, semi-bleached. and
unbleached Kraft pulp from a combination of 90% softwood and 10% hardwood
(Wasserlauf, 1975). The effluent was clarified and then passed through four GAC columns
operated in series. The average BOD, COD. suspended solids (SS), and color of the column
influent were 335, 784. and 85 mg/L. and 2600 color units, respectively. The corresponding
overall removals were 36, 57, 65. and 58% while the loading was 0.0625 g BOD per g carbon
used (Wasserlauf, 1975).

In Fitchburg. Massachusetts. a full-scale GAC filter system has been in operation since
1976 to treat the pulp and paper effluent mixed with municipal wastewater (Callahan and
Pincince, 1977). The system consists of 12 GAC columns, each 6.1 m in diameter and 4.7 m
in bed depth. operated in parallel. The performance of the system reported in 1977 indicated
that. pre-treated by flocculation (lime and alum added) and clarification, the mixed
wastewater entering the GAC filters had average BOD, COD. and SS values of 97, 200, and
24 mg/L, respectively. The average BOD, COD, and SS values in the filter effluent were 5,
12, and 7 mg/L respectively. About 0.25 g of COD had been removed per g of carbon. It was
also concluded that bacterial growth on carbon effectively extended the life of the carbon by

degrading the organic material in the applied wastewater (Callahan and Pincince, 1977).



2.2.4.2 Adsorption of Bio-treated Effluents

Adsorption studies of biologically treated pulp and paper mill effluents have been
conducted to evaluate adsorption capacity of activated carbon for non-biodegradable matter.
In pilot plant studies carried out at two integrated pulp and paper mills in the U.S. with
biological treatment facilities, the feasibility of using GAC columns for the post treatment of
the mill effluents was investigated (Chen, 1981). The effluent of one mill was pretreated with
an AST system and the other with an ASB. Then both effluents were filtered with sand filters
before entering the pilot plant. Four adsorption columns were operated in series in the pilot
plant. Different contact times, ranging from 35 to 140 minutes, were tested. [t was observed
that the carbon columns continued removing chloroform for many days after becoming
exhausted for the adsorption of COD and color. With 70 minutes of contact time. to remove
80% influent COD. the carbon dosages were 6.2 kg/m3 and 20.4 kg/m3; to remove 80%
influent chloroform. the carbon dosage was 0.34 kg/m3, which was much lower than the
dosage needed for the same percentage of COD removal (Chen, 1981).

Several isotherm studies for biologically treated pulp and paper mill effluents have been
reported in recent vears (Cegen et al., 1992, 1993; Kallas et al., 1994). Cegen et al. conducted
isotherm studies for bleaching effluents from the chlorination and extraction steps of a sulfate
pulp mill. The combined effluent was first treated with an AST system in the laboratory.
Several different carbons were tested. The biotreated effluent showed poor adsorbability in
terms of COD, dissolved organic carbon (DOC), colorg3g. and UV254 within the carbon
dosage range of 20-2000 mg/L. When the carbon dosage exceeded 10,000 mg/L, the removal
levels of the above parameters and AOX increased to over 90%. The isotherms could be

expressed by a Freundlich equation, and the shapes of the isotherms were strongly dependent

on the carbon dosages (Cegen, 1993).
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2.2.4.3 Activated Carbon Based Biological Treatment

Treatment processes using activated carbon to intensify biological reaction rates through
accumulation of high concentrations of active biomass have been explored for the treatment
of pulp and paper effluents (Ball. 1996; Graham, 1996; Rovel et al., 1994; Vuoriranta and
Remo. 1994; Jackson-Moss et al., 1992; Verreault, 1992; LaFond et al., 1991). The activated
carbon based biological fluidized bed is one of the process configurations (Vuoriranta and
Remo. 1994). A secondary effluent from a bleached Kraft mill activated sludge plant was
treated in a pilot scale fluidized bed to remove residual organic carbon and AOX. GAC was
used as an adsorbent and support material for biomass. The average daily loading of the
system was 0.9 g DOC per kg GAC. The overall reduction of DOC in the system through the
18-week operation was 57%. AOX removal was more efficient. ranging between 70 to 90%.
Removal rates decreased in the course of time but could be partly recovered with addition of
nutrients to the nutrient deficient feed. a process called bioregeneration. It was believed that
20—-30% of the DOC removal was due to biodegradation and bioregeneration (Vuoriranta and
Remo. 1994). Other processes of this kind include anaerobic biological GAC process
(LaFond et al., 1991; Jackson-Moss et al., 1992), biofiltration (Rovel et al., 1994), and
PACT® (Verreault, 1992; Graham, 1996; Ball. 1996).
2.3 Activated Carbon Adsorption and Process Modeling

Adsorption is a complicated surface phenomenon. It is a process by which material
accumulates at the interface between two phases. The driving force for surface adsorption is
the reduction in surface tension when the adsorbing molecule enters the interface. Adsorption
on solids, particularly activate;i carbons, has become a widely used process for water and
wastewater treatment. Due to the high degree of purification that can be achieved, this

process is often used at the end of a treatment sequence.
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In wastewater treatment, either powdered activated carbon (PAC), consisting of particles
at and below U.S. Sieve Series No. 50. or granular activated carbon (GAC), consisting of
larger particles, can be used. The adsorptive properties of PAC and GAC are not
fundamentally different since they depend on pore size and the internal surface area of the
pores. which are independent of overall particle size. The addition of PAC to an activated
sludge process to enhance the removal of organic compounds for industrial. wastewater is a
very common practice. However. in terms of the adsorption process. the batch mode is
inefficient compared to continuous plug flow configurations.

2.3.1 Adsorption Theory

In water and wastewater treatment, the activated carbon adsorption is normally assessed
in two aspects: how much pollutant can be loaded onto an adsorbent. and how long it will
take for this loading to occur. These two phenomena are described by adsorption equilibria
and kinetics. The feasibility of the process depends on the equilibrium parameters, but the

system’s efficiency is usually a strong function of the rate of adsorption.

2.3.1.1 Adsorption Equilibria and Isotherm

Adsorption in a solid-liquid system results in the removal of solutes. or adsorbate, from
solution. Their concentration at the surface of the solid, or adsorbent, continuously increases
until the concentration of the solute remaining in solution is in a dynamic equilibrium with
that at the surface. The equilibrium isotherm describes the relation between the amount or
concentration of adsorbate that accumulates on the adsorbent and the equilibrium
concentration of dissolved adsorbate. It may be a function of multiple factors including the
molecular size and structure and polarity of the solute. the concentration of the solute. the
nature and concentration of competing solutes, the nature of the solution, and so on. The term

“isotherm™ arises because the equilibrium relationship is measured at constant temperature
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and it is generally given the mathematical expression by fitting the experimental data to
empirical or semi-empirical functions (Weber, 1972; Droste, 1997). In addition to the
mathematical expression, the isotherm is also used to refer to the experiments that quantify

the equilibrium conditions and the plots of the experimental data.

Isotherm studies fall into two categories. one is the single solute isotherm, and the other
one is the multicomponent isotherm. The single solute isotherm is used to describe the
adsorption of an individual compound or the adsorption of complex mixtures of compounds
described in terms of a gross organic parameter such as COD or TOC. The latter approach
has been used to describe many water and wastewater applications (Narbaitz, 1985). Four

types of single solute isotherms are most commonly used in solid-liquid systems (Figure 2.1).

They are:

1) linear q, =Mec,
2) irreversible q.=M

3) favorable q. = f(c,)
4) unfavorable q.=f(c,)
where:

ge is the equilibrium concentration of solute in solid, defined as the number of moles or
mass of adsorbate per unit weight of adsorbent at concentration of solute in solution
when equilibrium exists
ce is the equilibrium concentration of solute in solution
M is a constant

Irreversible isotherms can only be determined by conducting desorption isotherms. The

majority of isotherms found in aqueous systems are of the favorable type.



Three common forms of isotherm found in the literature are:
1) Freundlich isotherm q. =K c! (2-1)

where:

KFrand n are empirical constants dependent on the nature of adsorbate and adsorbent,

and on the temperature

2) Langmuir isotherm q. = EQOA—CI (2-2)
c, +
where:

Qg is the maximum amount of solute that can be adsorbed

K is a constant

Be.Q

3) BET isotherm q, = ; (2-3)
(c, —c)[l B0 '”C*’J
CS
where:

B and Qy;, are constants

cs is the saturation concentration of the solute in solution

The Langmuir isotherm can be derived theoretically based on the assumptions of
constant adsorption site energy, no interaction between adsorbed molecules, and that there is
a maximum adsorption capacity corresponding to a monolayer coverage. Since the activated
carbon surface is heterogeneous, it would appear to be most compatible with the Freundlich
description and in fact the majority of liquid phase systems are found to be quite well

described by the Freundlich isotherm (Peel. 1980). The EBT is rarely used to describe liquid-

phase adsorption.
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Figure 2-1 Four Types of Isotherm
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2.3.1.2 Adsorption Kinetics

Adsorption onto an activated carbon particle can be considered to occur in three steps:

1. Film resistance or film diffusion: The mass transfer by diffusion of the adsorbate molecules
from the bulk fluid phase through a stagnant boundary layer surrounding each adsorbent

particle.

19

Intraparticle resistance or intraparticle diffusion: Transport of the adsorbate from the external

surface of the solid to the interior of the particle.

3. Reaction resistance: Molecules in the pores are adsorbed from the solution on to the solid
phase. This stage is relatively fast, compared to the first two steps: hence, local equilibrium is
usually assumed between these two phases.

The steps occur in series, therefore if one of them is relatively slow. it will be the rate controlling

step. The second step. or the internal diffusion. may occur by diffusion through the fluid in the

pores (pore diffusion). by diffusion in the adsorbed state along the pore surfaces (surface
diffusion), or by a combination of the two (combined diffusion). Pore and surface diffusion are
parallel processes. therefore if one process is much faster, it will control the rate of internal
diffusion.

2.3.2 Fixed Bed Columns and Breakthrough Curves
The most efficient arrangement for conducting adsorption operations is the columnar

continuous plug flow configuration known as a fixed bed. In this adsorption mode, the reactor

consists of a packed bed of adsorbent through which the stream under treatment is passed. As the
polluted stream travels through this bed, adsorption of the contaminants takes place and a purified

effluent exits the column (Figure 2.2).
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Figure 2-2 Mass transfer zone progression in a carbon column

Feed
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During the operation of such a column. the portion of the bed close to the inlet is
continuously contacted by the concentrated feed stream, whereas the subsequent portions are
exposed to adsorbate not adsorbed by an earlier portion. Thus, the adsorbate becomes fully
loaded. i.e.. saturated. at the inlet first and with time the saturation progresses downstream. The
part of the bed that displays a gradient in solid concentration from zero to equilibrium is called
the mass transfer zone (MTZ). As the name indicates, this is the active part of the bed where
adsorption actually takes place. The concentration of pollutants in the stream also changes
continuously throughout this part of the bed, from a value close to zero at the beginning of the
MTZ to the feed concentration at the end.

As the saturated portion of the bed increases, the MTZ travels downstream and eventually
exits the bed. This gives rise to a typical effluent concentration versus time profile, which is
called the breakthrough curve (Figure 2.3). At breakthrough, the effluent concentration starts to
rise and eventually reaches the effluent quality limit set by effluent regulations. This
concentration is termed the breakthrough concentration cp. When the effluent concentration
becomes unacceptable, or after a predetermined time interval, the operation of the column is

stopped and the spent adsorbent is either disposed or regenerated.
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2.3.3 Development of Process Modeling of Fixed Bed Columns

The adsorptive performance of a carbon column is a consequence of both capacity and
kinetics. The conventional approach to evaluating this performance is based on a two-step
procedure: generation of equilibrium isotherms and operation of pilot columns. An isotherm )
indicates the capacity of a carbon for removing organic compounds from a particular water or

wastewater. It is relatively easy to prepare; however, adsorption kinetics, which can affect greatly

the efficiency of carbon use, is ignored in this test. With the operation of pilot

Figure 2-3 Breakthrough Curve of a GAC Column
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columns Kinetics. i.e.. contact time and the breakthrough curve shape, should be taken into
account. These studies have been necessary because adsorption onto activated carbon is a highly
complex operation. Unfortunately. this work can be expensive, time consuming. and dependent
on value judgments.

Since the traditional process design procedure has such a drawback, research effort has been
made to simulate the adsorption process using mathematical models. With the use of a proper
theoretical model, it should be possible to reduce the need for pilot scale studies. Such a model
could also assist in the analysis of laboratory, pilot, and full scale operating data. In practical

applications, competitive adsorption, biological activity, and time-variant feed streams all serve to
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complicate mathematical treatment of adsorbers. However, by gradually developing an
understanding of the separate processes involved. a comprehensive model should eventually be
possible.
2.3.3.1 General Considerations of Modeling

When developing a model to describe the performance of an activated carbon adsorption bed.
the following aspects are generally considered:

1. Type of equilibrium isotherm.

2. The possible mechanism that describes the uptake rate onto the carbon.

w

Fluid phase concentration within the column.

Solutions of the model can be very complicated because of the unsteady state nature of the
adsorption process. Consequently, simplified forms. especially those of the equation that
describes the rate of adsorption, are often used. These simplified equations differ in the choice of
the combination of diffusion resistances, namely the external or film resistance and the
intraparticle resistances. In case of linear or irreversible isotherms. analytical solutions can
normally be found. Meanwhile, numerical solutions have been described for virtually every
possible combination of isotherm type and intraparticle transport mechanism. Weber and
Chakravorti (1974) have tabulated most of these studies.

There are two ways of measuring the kinetic parameters of a proposed model, either in a
batch kinetic experiment. or from the breakthrough behavior of an adsorption bed. An adsorption
kinetic model must be able to describe both phenomena using an identical set of parameters.
2.3.3.2 Rate of Adsorption onto Activated Carbon

The equations that describe the rate of adsorption onto the carbon are based on the
combination of adsorptive mass transfer resistances. The three steps involved in adsorption
process, i.e., film diffusion, intraparticle diffusion, and reaction resistance, were addressed in

Section 2.3.1.2. For the adsorption of dissolved organic compounds onto activated carbons, the
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reaction resistance, which is the final step involved in the adsorption process, is generally quite
rapid and commonly ignored as a possible rate-limiting step. That is, the rate of adsorption is
assumed to be diffusion limited (Thacker and Snoeyink, 1981).

Intraparticle diffusion: The intraparticle diffusion is a combination of pore diffusion and
surface diffusion. A general model that accounts for the resistance to mass transport due to the
combrined diffusion results from a mass balance on an adsorbent particle. It assumes constant

diffusivities, and spherical particles. The mass balance produces the following equation:

5 . D .
&‘p—a—c-é— ‘_?—q=D, -p—f—?-("' ?—q)**—fi("' _85) (2-4)
cr ot r- oér or r- or or
where
t Is time. s

D, is effective pore diffusion coefficient. cm2/sec

D is effective surface diffusion coefficient, cm2/sec

r is particle radii; variable, cm

c is liquid phase concentration in pores, g/cm3

g is solid phase concentration. g/g

Pc s apparent adsorbent particle density, g/cm3

&p is internal porosity of the adsorbent particle.

As addressed in Section2.3.1.2, pore and surface diffusions are parallel processes. therefore if
one process is much faster, it will control the rate of internal diffusion. This provides grounds to
simplify Equation (2-4). In fact, researches have almost always made the following two
assum ptions. The first one is to assume that the fluid phase accumulation in pores, which is the
first term on the left hand side is negligible. This can be done because the concentration on the
surface is much greater than that in the pore fluid (Peel, 1979, Thacker and Snoeyink, 1981). The

second assumption is that either pore or surface diffusion are mathematically identical. Surface
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diffusion is often referred to as the homogeneous solid diffusion. For the situation pore diffusion
govemns the rate of transport within the particle, only the second term on the right hand side is
considered; similarly, if surface diffusion controls, only the first term on the right hand side is
considered.

Besides the above assumptions, other forms of simplification are also used to describe the
adsorption phenomena. The simplest of these methods is to replace the differential driving force
expression of Equation (2-4) with a driving force expression that gives the rate in terms of an
average or bulk parameter rather than a continuous gradient. The linear driving force model.

Equation (2-5). and quadratic driving force model. Equation (2-6), are two forms of this

approach:
da _
7? =k,a,(q,—q) (2-5)
dg 9:-q
— =k a (F— 2-6
a0 =) (2-6)

where

5 is mean solid phase concentration in the particle. g/g

gs is solid phase concentration at the particle’s outer surface, g/g

kp is pseudo mass transfer coefficient, cm/s

ap is specific external surface area of adsorbent, cm2/cm3
Film diffusion: External resistance to mass transfer is due to a liquid film surrounding the
adsorbent particle. When it is significant, it can be taken into account in a diffusion model by an
appropriate boundary condition. For homogeneous solid diffusion, for example, such a boundary
condition is the following equation, which arises from a mass balance that equates the rate of

mass transfer through the surface film with the rate of mass transfer into the particle:
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p‘.Dﬁq-
. ar r=R

=k (c—c,) 2-7)
where

kfis external film transfer coefficient, cm/s

c¢s is liquid phase concentration at particle surface, mg/L

R is the radium of the particle. cm
2.3.3.3 Fluid Phase Concentration

To describe the adsorption in GAC column adsorbers, the above equations must be coupled
with an equation describing the changes in liquid phase concentration along with the length of the
column. The fluid phase equation is obtained from a mass balance over a differential bed segment

of length dx:

éc . &c o l-g 3k,

g _p <. - 2.8
o Prge Vg TR e (>-5)

where

D- is axial dispersion coefficient. cm2/s

x is bed length variable, cm

gis liquid volume fraction

R is radius of adsorbent particle. cm

v is interstitial liquid phase velocity, cm/s
Axial or longitudinal dispersion is a measure of the spreading of an initially sharp wavefront as it
moves through a packed bed. Several researches have suggested that it can be neglected because
the column length to particle diameter ratio in an adsorption column is large, and therefore D- is
small (Peel, 1979). If the axial dispersion term, which is the first term on the right hand side of
the above equation, can be neglected, this equation will have a simple boundary condition and its

solution involves less computation. Discussion of various forms of the kinetic models can be
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found in the literature (Cooney, 1999; McKay, 1999; Sontheimer et al., 1988; Faust and Aly,
1987).
2.3.4 Dual Rate Kinetic Model

It has been recognized that in isotherm study, a rapid initial uptake of 60—80 % of the final
capacity is followed by a slow uptake stage of over several weeks during which the remaining
capacity was utilized (Peel, 1979). Based on this observed uptake behavior and a consideration of
the physical structure of the activated carbon particle. a dual rate kinetic model or branched pore

model has beén devised to describe the intraparticle kinetics (Peel, 1979).

2.3.4.1 An Idealized Activated Carbon Pore Structure

The dual rate model assumes that activated carbon particles consist of two regions, one with
macropores and the other with micropores. Macropores are defined as those pores whose pore
radii are several times greater than the radii of the diffusing species. It is assumed that in
macropores transport occurs by conventionally described diffusion mechanisms, either pore or
surface, and that the presence of the pore walls has little or no effect on the diffusion rates. These
larger pores are assumed to be homogeneously distributed throughout the particle and to provide
a complex network of interconnected access channels to the interior. It is further assumed that the

rapid initial uptake of substrate takes place within this region.

Micropores are defined as those pores whose radii are comparable to the sizes of diffusing
species. This region encompasses all pores that are available for adsorption but not considered
macropores. It is assumed that within the micropores transport rates are strongly hindered, either
by the proximity of the walls or by the restraining effect of the adsorbate/adsorbent interactive
forces. The exact mechanism of adsorption within these small pores is yet unclear. These pores
are assumed to be homogeneously distributed throughout the particle and branch off the

macropore network that is the source of adsorbate diffusing into the micropores. It is in these
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small pores and fissures that the slow adsorption following the initial rapid uptake occurs (Peel,

1979).

2.3.4.2 Model Deve[opl.nent

Figure 2-4 is a conceptual diagram of the branched pore model. To develop the model. it{s
assumed that the carbon particle can be divided into two homogeneously distributed regions. A
fraction *f” constitutes the macropore region, and a fraction *1-f° constitutes the niicropore
region. The carbon particles can be treated as spheres. A schematic diagram of an element of the
adsorption bed of length dx is shown in Figure 2-5. The mechanisms through which adsorption

onto the activated carbon occurs are assumed to be as follows:

1. External film transfer controls the rate of diffusion of adsorbate across the liquid boundary
layer surrounding the particle. Surface diffusion mechanism is responsible for macropore

transport. The accumulation in the liquid phase within the macropores is negligible.

9

The rate of transfer from the macropore to the micropore regions is described by the linear
driving force between the local macro and micropore concentrations.

The adsorbent particles are small enough so that the fluid surrounding a single particle has a

(93]

uniform concentration.
4. Axial dispersion is negligible.

Radial gradients do not exist fluid phase.

W
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Figure 2-4 Conceptual Diagram of Branched Pore Model
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Figure 2-5 Differential Element of Adsorption Bed
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The mathematical formulation of the dual rate adsorption column model is as following:

Macropore mass balance

oq D, &, ,0q
Am s Z 2wy p
vt prwl G

Micropore mass balance

e, -
(d- f)W ;’[ b kW (g, —q,) =R,

Particle surface boundary condition

éq
ﬂ) p —" =k —
[N I'd ar < _/(C C$)

Liquid phase mass balance

c__, 6c_(-g) 3k,

-~ L (C.—C\)
ot Ox E R

Freundlich isotherm

g, =K, le, 0)f

Other initial and boundary conditions
q,(r0)=20
q,(r.0) =0

gu(R,1) = Kp(c, (1))

oq
“(0,r) =0
ar( )

where
fis fraction of total capacity available in macropores
kp, is micropore rate coefficient, s-1

K is Freundlich isotherm constant

(2-9)

(2-10)

(2-11)

(2-13)

(2-14)
(2-15)

(2-16)

(2-17)

27



n is Freundlich isotherm exponent
pp is packed density of adsorbent, chm3

qm is macropore solid phase concentration
g, is branch pore solid phase concentration

g5 is solid phase concentration at the particles’ external surface

It is important to note that if the fraction “f” in the model is set equal to unity, the model
degenerates into the widely used external film resistance-surface diffusion mechanism model.
This makes it possible to compare the numeric solution of the model with previously
published analytical solutions. This model has been solved by Peel using Crank-Nicholson
finite difference analogues. The solution was tested by successively decreasing the time and
spatial increments to prove convergence. It was also proved to be correct by comparing it to a
previous published analytical solution. A detailed account of the solution can be found in the

literature (Peel. 1979).
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Chapter 3

ACTIVATED SLUDGE PROCESS

The wastewater collected from a bleached Kraft pulp and fine paper mill was first treated
using a laboratory-scale AST system that substantially removed its biological contents. Both
influents and effluents of the ASP runs were analyzed for soluble COD (SCOD). soluble
TOC (STOC), and pH. Influent and mixed liquor TSS and VSS were also analyzed for
process control.

3.1 Experimental Materials and Method -

3.1.1 Pulp and Paper Effluent

The wastewater treated in the AST systems was sampled from the primary sedimentation
effluent lines of a bleached Kraft pulp and fine paper mill (Domtar at Cornwall. Ontario).
The mill’s products contained a wide variety of fine papers including coated printing Bristol.
premium offset and copy papers. [t produced bleached Kraft pulp from hardwoods for
internal use and recycled pulp from old corrugated containers. The mill used chlorine dioxide

bleaching followed by caustic extraction. The bleach sequence was DEDED (D=chlorine

dioxide, E=caustic extraction).

Samples were collected using 200 L plastic barrels. transported to the laboratory within
three hours after sampling. and then stored in freezers at —10 to —20°C. The samples were

cooled to 0°C within 24 hours of sampling but did not freeze for several days. Soluble COD
of the samples were between 300 and 800 mg/L, while soluble TOC were between 140 and

265 mg/L; pH was between 6.5 and 7.5.
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3.1.2 System Configuration and Process Control

Two reactors. made of 6 mm clear Plexiglas™, were operated in parallel. Each reactor
contained two sections that were separated by a baffle. One of the sections was an aeration
tank filled with mixed liquor. The operation volume of this tank was 5 L. The other one was a
sedimentation chamber used to separate the suspended activated sludge solids from the
treated wastewater.

Influent was continuously fed to the aeration tank by a peristaltic pump through Tygon™
tubing. Air was introduced to the mixed liquor through stone diffusers to provide oxygen and
mixing. Settled activated sludge in the sedimentation chamber was periodically taken through
the port at the bottom of the chamber and recycled to the aeration tank. The reactors were
operated at room temperature (23°C). Figure 3-1 shows the design of the reactors, Figure 3-2

shows the side view of a reactor, and Figure 3-3 shows the setup of the AST system.

Figure 3-1 Design of the Reactors
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Figure 3-2 Side View of a Reactor in Operation (Graham, 1996)
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Figure 3-3 System Setup (Graham, 1996)
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For feeding the reactors, frozen samples were thawed as needed and stored at 2°C. The
tubing between the reservoir and the reactors was long enough to allow the temperature of
the feed to increase to the room temperature. Phosphorus and nitrogen were added to the
reservoir as forms of K3POg4 and (NH4)>SO4 to maintain a degradable-COD and nutrients
ratio, i.e., COD:N:P, at approximately 100:5:1.

Different operating conditions were maintained by controlling the solids retention time

(SRT) and hydraulic retention time (HRT) of the system. Table 3-1 shows the operating

conditions tested in this study. SRT is actually the sludge age () of the svstem. The desired

SRT was controlled by removing certain amount of mixed liquor every day. Wasting rate was

calculated based on the following formula:-

SRT = vx G-
(Q - Qu' )X‘- + Qu'X

where

V is aeration tank volume. cm3

X is mixed liquor ¥SS, g/cm3

Q is the flow rate. cm3/d

O, is wastage rate, cm3/d

X is effluent VSS, g/cm3

The food-to-microorganism ratto (F/M) was also monitored for process control. It was

calculated based on the following formula:

FIM=-C0

H
where

cg is influent COD or TOC concentration, mg/L

6 is hydraulic loading rate, d
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Table 3-1 Operating Conditions for AST Process

Run Feed COD (mg/L) Feed TOC HRT SRT
(mg/L) (hour) (day)
2 764 - 795 207 -230 12 10
5 295 - 684 116 - 265 6 10
6 263 - 692 99 - 236 6 5

The AST process was operated for at least four weeks after it became steady for each set
of operating conditions. Process effluents were stored in 200 L plastic barrels at —10°C until
subsequent tests and treatment processes were conducted. Each barrel contained a mixture of
effluents obtained in five consecutive days when the system was steady under a certain
operating condition.

3.2 Results and Analysis

Both influents and effluents were analyzed for pH, soluble COD. and soluble TOC.
which means that samples were filtered with NALGENE® 0.45um CN membrane filters
before COD and TOC analyses. In addition, effluents and mixed liquor were analyzed for
TSS and VSS for process control. All the analyses were performed following standard
methods (1971). The ferrous ammonium sulfate titrimetric method was used for COD
analysis, and TOC analysis was carried out with FOLIO Instruments’ DC-190 TOC analyzer.
VSS and TSS samples were filtered with Whatman™ GF/C glass fiber paper. For TSS
analysis. the samples were oven dried with the filters at 103°C for two hours before they
were weighted.

Figures 3-4 to 3-6 summarize the analysis results of three runs operated under operating

conditions summarized in Table 3-1. At SRT=10 d and HRT=12 h, COD removals were

71-79% and TOC removals were 57-66%; at SRT=10 d and HRT=6 h, COD removals were



46—-70%, and TOC removals were 42—-69%; finally, at SRT=5 d and HRT=6 h, COD

removals were 48—60%, and TOC removals were 41-59%.
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Chapter 4

ISOTHERM STUDY

The equilibrium isotherm describes the loading obtained in the activated carbon particles
as a function of the solution equilibrium concentrations at a constant temperature. [sotherm
studies were conducted for the feed of the AST system and for the AST effluents, which [ater
served as the influents of GAC column experiments. The AST effluents were obtained under
the operation conditions listed in Table 3-1.

The standard batch bottle-point technique was used for the isotherm study. Samples of
known initial concentration were contacted with different amounts of activated carbon until
equilibria were achieved. The GAC was ground to a powder before use in order to reduce the
time to reach equilibrium. All samples were filtered before use and before being analyzed for
COD and TOC.

4.1 Experimental Materials

Calgon® F400 GAC and wastewater samples were tested for adsorptive capacity before
they were engaged in the column tests. Table 4-1 shows the specifications of the carbon. To
prevent the leaching of the GAC, it was soaked for 24 hours in distilled-deionized water and
then leached twice with boiling distilled-deionized water. After being decanted and then oven
dried at 110°C for 24 hours, the GAC was pulverized and stored in a desiccator. Although
there is concern that grinding the GAC will expose new areas of the carbon surface not
previously accessible to the adsorbate, several studies found that adsorptive capacity was not

affected by grinding (Randtke and Snoeyink, 1983).
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Table 4-1 Specifications of F400 GAC

Item Value
Iodine number, mg/g (Min.) 1000
Moisture, weight % (Max. %) 2
Abrasion Number (Min.) 75
Uniformity Coefficient (Max.) 1.9

Each wastewater sample was a mixture of AST effluents of five consecutive days within

one run. [t was filtered with NALGENE® 0.45um CN membrane filters to remove suspended
solids and bacteria before being tested in the isotherm study. The membrane filters were first
washed with 200 mL distilled-deionized water before the filtration.

4.2 Experimental Procedure

It was assumed that adsorption equilibrium was achieved within 72 hours (Cegen. 1993).
A reference sample of the tested wastewater without carbon addition was included for each
isotherm to test the possible degradation of the sample within the contact period. A blank,
which was deionized distilled water without carbon addition, was also tested to measure the
leaching of the bottle. Some isotherms were tested for the leaching of carbon by an additional
bottle containing deionized distilled water and a carbon dosage of 400 mg/L.

Carbon dosages ranged from 100 to 4,000 mg/L. This was determined based on some
preliminary experiments that showed that carbon dosages between 4,000 and 10,000 mg/L
did not provide improved adsorption for the specific wastewater (Appendix A, Isotherm 1).
The selected carbon dosage range provided data points that covered a broad range of
equilibrium concentrations.

The experiment procedure for obtaining an isotherm is as following (Narbaitz, 1985):

1. Prepare the carbon and effluent sample as detailed in 3.4.1.

2. Measure the initial TOC and COD of the sample.
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(93}

10.

11.

14.

Wash and dry eleven 800 mL glass bottles.

Weigh each bottle.

Fill bottles 1 to 9 with sample to about 90% full.

Weigh each bottle with the sample it contained and then determine the net weight of
the sample by subtracting the bottle weight (step 4) from the total weight.

Calculate the amount of activated carbon needed for each sample based on the target
carbon dosage. Add adequate amount of activated carbon to each bottle.

Fill bottle 10 with distilled-deionized water to about 90% full. This control was used
to measure the leaching from the bottle.

Fill bottle 11 with sample to 90% full, without adding activated carbon. This control
was used to measure the degradation of sample in the contact period.

Repeat step 5 for boitles 10 and 11.

Seal all the bottles using Teflon lined caps.

. Place the bottles in a tumbler that kept the carbon particles within the bottles in

suspension and provide necessary mixing. The contact period was 72 h, and the room

temperature was controlled at 23°C.

. Upon the completion of the contact period, the activated carbon powder and the

sample in bottle 1 to 9 were separated by pressure filtration using NALGENE®
0.45pum CN membrane filters that were prewashed with 200 ml distilled-deionized

water.
Store the filtrates and samples taken from bottles 10 and 11 at 4°C until COD and

TOC tests were conducted.
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4.3 Results and Discussion

Six isotherm experiments were conducted, two for AST feed and four for AST effluents,
in terms of bulk concentration parameters COD and TOC. While examining the influence of
experimental materials on data, it was found that the degradation of AST effluent during the
contact period was not measurable. The leaching of both bottles and carbon was found

negligible (Appendix A). The experimental data were analyzed according to the following

equation:
. B -
q( = (_C%. (4-] )
where

Vis the volume of the sample, L

cg is the initial liquid phase concentration, mg/L

ce 1s the equilibrium liquid phase concentration. mg/L
M is the mass of activated carbon in the bottle, g

Adsorption for COD and TOC was found to conform to Freundlich isotherm:

q9.=Kpc; @-1)
The value of K is proportional to adsorption capacity, and the value of n is roughly an
inverse indicator of the adsorption intensity (Wedler, 1976). As the value of n decreases, the
-adsorption intensity increases.
KF and n were obtained by taking logarithm of both sides of equation 2-1 and then fitting

the linear form of the isotherm, Equation 4-2, to the equilibrium data ce and ge.

Ing, =InK, +nlne, (4-2)
The least square method was used for the linear regression analysis. The confidence level of

the analysis was 95%. Table 4-2 summarizes the output of the regression analysis, where the
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Table 4-2 Summary of the regression analysis

Sample COD TOC
No. R Intercept n R Intercept n
square ~ square
1 0.86 3.16 (2.44-3.89) | 0.32(0.14-0.49) 0.98 1.62(1.22-2.09) | 0.57(0.46-0.67)
2 0.95 3.00(2.60-3.41) 0.45(0.35-0.56) 0.86 1.79(0.73-2.86) 0.51(0.22-0.80)
3 0.95 2.05(1.30-2.80) 0.68(0.49-0.87) 0.95 1.47(0.79-2.16) 0.71(0.49-0.93)
4 0.99 2353(2.32-2.74) 0.51(0.46-0.55) 0.97 1.31(0.86-1.76) 0.69(0.57-0.81)
3 0.99 0.22(-0.66-1.10) 0.88(0.72-1.04) N/A N/A N/A
6 0.94 0.71(-0.9-2.32) 0.92(0.58-1.25) 0.94 1.56(0.30-2.81) 0.68(0.35-1.01)

Table 4—3 Isotherms and AST operation conditions for the isotherm samples, COD

Sample Source COD AST operation conditions | Residual Isotherm
No. (mg/L) (mg/L)
1 AST effluent 190 SRT = 10d. HRT = 12h 15 g, =37.77c"%
2 AST effluent 232 SRT = 10d. HRT = 12h 10 g. = 20.14¢%
3 AST effluent 196 SRT = 10d. HRT = 6h 20 g. = 7.78¢°%
4 AST effluent 277 | SRT = 5d. HRT = 6h 40 g, =12.54c>"
5 AST feed 546 N/A 120 g. =1.25¢°%
6 AST feed 614 N/A 190 g. = 2.03c%%

Table 4—4 Isotherms and AST operation conditions for the isotherm samples, TOC

Sz;::fle Source (;(g)/i) AST operation conditions lt:;ﬁa)ll Isotherm
1 ASTeffluent | 957 | SRT=10d. HRT =12h N/A g, =5.05¢)"
2 AST effluent 94.8 | SRT=10d, HRT = 12h N/A g, =6.01c>
3 AST effluent 71.5 | SRT = 10d, HRT = 6h N/A g, =437
4 AST effluent 1052 | SRT=5d, HRT = 6h N/A g, =3.71c2%
5 AST feed N/A N/A N/A N/A
6 AST feed 213.2 N/A 80 q. =4.76c2%
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intercept and » are corresponding to /nKfr and n in Equation 4-2. The values in parentheses
are confidence intervals. Tables 4-3 and 4-4 summarize the resulting isotherms. Figures 4-1
to 4-4 illustrate the linear regression analysis of the isotherms for the AST effluents. Figures
4-5 and 4-6 compare the isotherms for the AST effluents. Experimental data of all isotherms
are detailed in Appendix A.

4.3.1 Discussion of Experimental Data

When the values of qe were first calculated based on the total equilibrium concentrations
as illustrated in Figures 4-1 to 4-4, a residual COD was clearly shown in the COD - ge plot of
each isotherm test. The magnitude of the residual was determined by the extrapolation of the
isotherm to the zero loading, i.e.. infinite carbon dosage in the COD — ge plot (Benedek,
1980). It was found that the SRT of the AST process. in which a sample was pretreated.
would affect the magnitude of COD residual in the isotherm experiment conducted for the
sample. In other words, the SRT in the pretreatment process would affect the adsorbability of
GAC for the COD of the sample.

When a sample was pretreated under lower SRT, the COD residual in the isotherm test
conducted for the sample would be higher. As listed in Table 4-3, the SRT corresponding to
isotherm 4 was one half of that of isotherms 1 to 3, and the residual resulted in isotherm test 4
was two to four times as high as that in isotherm tests 1 to 3. It was also shown in Table 4-3
that the COD residuals found in the isotherm tests conducted for AST feed were much higher
than that found in the isotherm tests for AST effluents. Therefore, it was concluded that the
GAC adsorbability for COD was higher, or the residual was lower, if the sample was
pretreated under higher SRT in the AST process.

Unlike COD residuals, within the range of SRT controlled in the AST pretreatment
processes in this study, the TOC residual, if measurable, was fairly low, less than 5 mg/L,

and did not appear to a function of SRT. However, the TOC residual found in one of the
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isotherm tests conducted for the AST feed was 80 mg/L, which accounted for 38% of the
initial TOC of the feed and was much higher than those found in the isotherms conducted for
AST effluents. Other factors including the HRT of the pretreatment process and the initial
concentration of the isotherm experiment were also examined. However, no particular
relationships between the residual value and these factors were found.

While examining the influence of experimental materials on data, it was found that the
degradation of AST effluent during the contact period was not measurable. The leaching of
both bottles and carbon was found negligible (Appendix A). When the residual value was
determined. the COD equilibrium concentrations were corrected by subtracting the residual
value from the raw data.

Linear regression analyses were performed, based on the corrected data. for the
logarithm of g, versus logarithm of equilibrium concentration plot to determine the values of
parameters n and K. When the carbon dosage was very low, the percentage error of cg— ¢
(Equation 4-1). and therefore the percentage error of g,. could be high. Justified by this. the
data point corresponding to the lowest carbon dosage was not included in the linear
regression of the isotherms (Benedek, 1980). Tables 4-3 and 4-4 summarize the analysis
results. Figures 4-1 to 4-4 show the raw equilibrium concentrations and linear regression
analysis for isotherms 1 to 4.

4.3.2 Discussion of the Isotherms

The isotherms listed in Tables 4-3 and 4-4 were obtained from the regression analysis of
the adsorbable fraction of the equilibrium concentration. That is, the data were corrected by
subtracting the residual from the equilibrium COD or TOC prior to the modeling. By doing
this, it was assumed that the pretreatment process conditions, the SRT in particular, would

not affect the analysis of the adsorbability of the GAC.
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An earlier study conducted by Randtke and Snoeyink (1983) indicated that, unlike a truly
single-solute system, wastewater was a heterogeneous mixture of organic contaminants. In
such a complex system, the equilibrium isotherm would depend on the initial adsorbate
concentration in an isotherm experiment. A higher initial adsorbate concentration would
require a removal of a greater percentage of the adsorbate to reach a given equilibrium
concentration, resulting in a greater removal of the more poorly adsorbed compounds.
Therefore, the GAC adsorbability for the mixture of organic contaminants measured by the
bulk parameter. i.e., COD or TOC, will decrease as the initial adsorbate concentration
increased (Randtke and Snoeyink, 1983).

However, examining the AST effluents tested in this study, where COD ranged between
190 and 277 mg/L. and TOC ranged between 71.5 and 105 mg/L, it was found that the
adsorbabilities of GAC for COD and TOC were not strong functions of the initial
concentrations (Tables 4—3 and 4—4). As stated in section 4.3, the value of n in an isotherm
was roughly an inverse indicator of adsorbability. Considering the isotherms 1 to 4 shown in
Table 4-3, isotherm 4 had the highest initial COD, but the value of n was not the highest
among the four. [sotherms | and 3 had almost the same initial COD, but the value of n of
isotherm 3 was twice as high as that of isotherm 1. Taking consideration of the value of Kf
of these two isotherms, the one that had a low value of » had a much higher value of K. This
diminishes the differences between the adsorptive capacity calculated from the whole
isotherm expression.

While comparing the COD isotherms obtained for AST effluents to that obtained for the
AST feed, the values of n for the AST effluents were much lower than that for the AST feed.
This indicated that the adsorbability of the GAC for COD of the AST effluents was much
higher than that for the AST feed. This can be attributed to the adsorption of metabolic end

product (MEP) in the AST effluent. Previous work indicated that a major portion of the
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residual organics in the effluent of acti vated sludge systems is not the original substrate, but
is MEP synthesized by the biomass (Daigger and Grady, 1979). Other studies showed that a
significant fraction of the MEP is adsorbable (Randtke and McCarty, 1979).

The TOC isotherms obtained from different samples appeared very similar. The value of
n of each TOC isotherm, including the one for the AST feed, fell into a very narrow range, as
did the value of K. This indicated thaz the change of initial TOC within the range tested in
this study did not affect the adsorption capacity of the GAC for TOC. Experimental data of
isotherms for both the AST effluents amnd the AST feed are listed in Appendix A.

Comparing the COD and TOC isotherms for the same sample, when the values of  are
close (isotherms for sample 3). the ratio of Kz value for COD to KF value for TOC is close
to 2. This is a typical COD:TOC ratio ffor the industrial wastewater (Droste, 1997).

Finally, comparison has also been conducted among the four isotherms obtained for AST
effluents, measured in either COD or T'OC, in terms of the confidence intervals of the
coefficients. i.e., the intercept and n summarized in Table 4-2. It was observed from the
regression analysis that the confidence intervals for the four sets of coefficients, are
overlapped. This indicates that the isotherms describe similar adsorptive behaviors and can

be represented by a single isotherm.
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Chapter S

ADSORPTION MODEL FOR FIXED-BED COLUMNS
AND THE COLUMN EXPERIMENT

The dual internal mass transfer resistance model of Peel and Benedek (1981) offers great
flexibility modeling GAC columns. It was chosen to model the GAC column runs in the
current study because of the ready availability of the computer proéram for it, its great
flexibility. and the excellent results obtained by Peel (1979). Also it is unlikely that newer
models, such as the combined surface and pore diffusion model, would offer more flexibility
as they do not contain more internal resistances.

Microcolumn experiments were performed to obtain the data that were used to estimate
the mass transfer coefficients involved in the dual rate model. The column influents were
obtained as described in Chapter 3. Various flow rates were tested. Based on the
experimental data, computer programs PRECOS and REG-3 developed by Peel (1979),
Narbaitz. and Benedek (Narbaitz and Benedek, 1983) were used to solve the model and
perform the regression analysis for the estimation of the mass transfer coefficients.

5.1 Adsorption Model

The dual-rate column model was discussed in detail in Section 2.3.4.2. It provides the
foundation of this study. In the dual rate model (Equations 2-9 through 2-17), the surface
diffusion was considered being the predominant transport mechanism in the macropore, and a
simple linear expression is assumed for transport within the micropore. Since both macropore
and micropore concentrations were radially distributed, the numerical solution was very
complicated and time consuming. In further research, Peel and Benedek (1981) investigated

the simplified forms of the model, namely the linear driving force and quadratic driving force
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(QDF) expressions. They have tested the solutions of the two simplified versions against the
exact solution of the original model and chosen the QDF expression as the simplified model.
In the QDF expression, the dual rate model was simplified by using quadratic driving force
approximations to replace the continuous concentration profile within an activated carbon

particle. The mathematical formulation of the driving force column model is as following:

Freundlich isotherm:
qg,=K,c! (2-13)

Macropore mass balance

s d—m "H, \2 ——:::
e <k p (P - R
r Rpc "'qm

b -D

Micropore mass balance

da - =
(1= W ;’Ih =kW(q, —q,)=R, (5-2

Particle surface boundary condition

— Y

k, (c—c)=k,p. (5*—7:—‘7'") (5-3)

m

Liquid phase mass balance

- _ “k

o _ ‘g_u:’_f(c_cj) (5-4)
ot T ox £

where

q, is mean branch pore solid phase concentration
q, is mean macropore solid phase concentration

k,y, is macropore pseudo mass transfer coefficient, cm/s

W is mass of carbon, g



Coupled with the Freundlich isotherm described by Equation (2-13), Equations (5-1) to
(5-4) describe the adsorption bed model. The model was solved using implicit finite
difference expansions of the differential terms. The solution has proven to be a good
approximation to the exact solution (Peel and Bendek, 1981). The QDF expression of the
dual rate model was used in this study to simulate the performance of the GAC column.

5.2 Multicomponent and Bulk Parameter Modeling

As in the AST process, bulk concentration parameters soluble COD and TOC were used
in the adsorption bed modeling. Using bulk parameters is necessary in many applications of
activated carbon adsorption because it is often impossible to define a wastewater in terms of
one or several components. Even when tens or hundreds of single compounds are identified,
they still only comprise a small fraction of the total organic matter in the wastewater. In such
a situation the only possible solution is to use bulk parameters.

However, using bulk parameters can impose limitations on the ability of a mathematical
model to describe the adsorption behavior of GAC columns. When a complex wastewater is
applied to a GAC column, problems such as early breakthrough of poorly adsorbed
components and concentration of weakly adsorbed components in the effluent can occur. The
second problem is caused by the displacement effect existing in the column. It is impossible
to predict these effects using a bulk parameter approach (Peel. 1980).

In this study it was assumed that the concentration of any single component was much
less than that of the gross concentration represented by COD and TOC. Therefore, COD and
TOC would reflect the overall behavior of the system.

5.3 Microcolumn Experiment

One major issue in mathematical modeling of GAC column is to determine the mass
transport parameters, namely film transfer coefficients and intraparticle coefficients.

Traditionally, effective intraparticle diffusivities, i.e., surface and/or pore diffusivities
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depending on the adsorption mechanism of choice, was often obtained by batch kinetic
experiment. The film transfer coefficient k£, on the other hand, were estimated using
mathematical correlations. The potential errors that could be introduced by correlation
procedures were estimated to be as high as 20% (Liu and Weber, 1981).

Peel et al. (1980) used a different approach based on a batch kinetic model to estimate the
fiim transfer coefficient and other coefficients. The batch kinetic model was also derived
from the dual rate adsorption mechanism. The only function that was different between these
two models was the one that described the liquid phase mass balance, i.e., Equation 5-4. The

equation appeared in the batch kinetic model as follows:

V%=—kf K%(e—cl‘) (5-5)

c
where V" was the volume of the batch reactor. The batch kinetic model was fitted with batch
experimental data. It was assumed that thé liquid phase concentration at carbon surface was
close to zero at the very first stage of adsorption — the first three minutes for o-chlorophenol.
Then the coefficient kfcan be obtained from the logarithm of ¢ versus ¢ plot of the initial data
based on Equation 5-5. Other coefficients involved in the model were estimated by fitting the
whole model with the full set of batch kinetic data. This approach depended on the
assumption of a zero liquid phase concentration at the carbon surface in the initial stage.
Therefore, the accuracy of the film transfer coefficient kfwas largely affected by the
precision of the data obtained within the first couple of minutes of the batch kinetic
experiment.

As an alternative to these traditional methods, a microcolumn technique was introduced

by Liu and Weber (1981). This technique has proved to be able to simultaneously determine

the film transfer coefficients and effective intraparticle diffusivities with high precision.
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5.3.1 Microcolumn Technique

A microcolumn is defined as a column of sufficiently short length that immediate
concentration breakthrough occurs (Liu and Weber, 1981). Weber and Liu conducted
sensitivity analysis of the film transport coefficient krand the effective surface diffusivity D
on microcolumn breakthrough curves for p-bromophenol and dodecylbenzenesulfonate. They
found that when the column length was made sufficiently short, the initial portions of
breakthrough curves were dominated by film transfer mechanism regardless of the
predominant mass transport type of overall process. Therefore, the effect of film transfer can
be separated from that of intraparticle diffusion. By separately measuring A7in the region
where it is the controlling resistance, better estimates of D could be obtained. Liu and Weber
also found that for the same degree of change in krand Dg, the response of microcolumn is
more sensitive than that of a long column. Based on this observation, kfcan be determined by
analyzing the initial portion of the breakthrough curve of a microcolumn run. Once kfis
determined. Dg can be searched using nonlinear regression analysis for the entire
breakthrough curve. Liu and Weber also conducted the sensitivity study for the effect of the
exponent of Freundlich isotherm on micro-column breakthrough curve. They found that with
high value of n, for example 0.6 for PBP, both film transfer and solid diffusion occur
simultaneously from the beginning of the breakthrough curve. Therefore, they indicated, the
microcolumn technique was not particularly successful for adsorption systems with high
values of n.
5.3.2 System Configuration and Experimental Materials

Microcolumns were made of clear Plexiglas™. The internal diameter of each column was
1.0 cm while the length was 60 cm. Such a column length provided enough space for carbon

packing, supporting material packing, and freeboard height for backwashing. Columns were
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operated in upright position and downflow mode. Each column had a bleeding port at the top
to prevent the build up of air bubbles. Glass wool was used as supporting material for GAC
particles and packed close to the lower end of the column. A peristaltic pump was used to
provide constant flow to the column. Tygon™ tubing was used to connect the reservoir, the
pump. and the column. The same type of tubing was used to discharge the effluent from the
column. Figure 5-1 shows the setup of a microcolumn system.

Figure 5-1 Set up of the microcolumn system

Bleeding port < Influent

Back wash space

GAC

Glass wool

—_— Effluent
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Calgon F400 GAC was chosen to be the adsorptive media and the preparation of the GAC
followed the same procedure described in section 4.1 except that the GAC was not
pulverized, but ground to smaller sizes. The initial F400 GAC particles had sieve sizes of
12x40. The 40x50 fraction of the ground carbon was used, which was corresponding to a
particle size range of 0.0297 to 0.0420 cm. It was thoroughly washed to remove fine carbon
and to reduce the effect of possible leaching of carbon. Then it was dried and stored as
described in section 4.1. Among the seven column runs, one column was filled with 2.51 g
GAC and had a bed length of 7.2 cm, and the rest columns were filled with 1.80 g GAC and
had a bed length of 5.5 cm. The ratio of carbon bed length to average particle diameter was
150. The ratio of column diameter to the av-erage particle diameter was 28.

When a column was filled with measured amount of GAC, the bed was first backwashed
with deionized distilled water to remove air bubbles. A very small amount of fine carbon
could be washed out during the backwash. However. since the GAC was well washed after it
was ground, it was considered that most fine carbon had been removed and carbon lost
during the backwash process was negligible. When air bubbles were removed, the carbon bed
was allowed to settle and soaked in deionized distilled water before the experiment started.

AST effluents obtained earlier from the laboratory-scale system were tested in the
microcolumn experiment. Refer to Table 3-1 for the characteristics and AST operation
conditions of these effluents and Tables 4-2 and 4-3 for equilibrium isotherms of these
effluents. A study conducted to treat a similar wastewater using the same laboratory AST
system concluded that the average removal of soluble CBOD (carbonaceous biochemical
oxygen demand) in this system was 98%, with a standard deviation of 1.1% (Graham, 1996).
The biodegradable contents of the AST effluents were very low. As stated in Chapter 3, these

AST effluents were frozen during storage to minimize degradation. Shortly before a
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microcolumn run started, the sample used in the experiment was thawed and filtered with
NALGENE® 0.45um CN membrane filters to remove solids and bacteria. Then the filtrate

was stored in a 20 L plastic reservoir at room temperature (23°C) until it was used in the
column experiment. Experimental evidence found in the isotherm study stated in chapter 3
showed that the degradation of the AST effluents at room temperature within a period of 72
hours was negligible. Based on the facts stated above, it was assumed that the biodegradation
within the column was negligible.
5.3.3 Process Control

The feed concentrations, i.e., COD and TOC, for each column run, except column 5,
remained constant. To obtain a basis of model verification, column experiments were
conducted using various flow rates, ranging from 0.065 mL/s to 0.133 mL/s. One major
consideration in deciding the minimum flow rate was to guarantee sufficient volume of
samples for analysis in the initial frequent sampling period. When a column test started.
sampling started after the distilled water in which the carbon bed was soaked was completely
pushed out of the bed by the influent wastewater. The effluent was sampled every 15 minutes
during the first hour of experiment, and then less frequently. The operation was terminated
when the effluent COD and TOC were unchanged in a period of six hours. Table 5-1
summarizes the carbon bed measurement and influent information of each column test.

Unlike the other single columns, columns 4 and 5 were operated in series, therefore, the
influent COD and TOC of column 5 varied during the experiment. As the result. the column
model was not fitted to the data obtained from column 5.
5.3.4 Discussion of the Column Effluent Data

As discussed in Section 4.3.1, a portion of the AST effluent COD was non-adsorbable in

the isotherm experiment. The magnitude of the residual was mainly affected by the SRT in
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the AST pretreatment process. The lower the SRT in the pretreatment process was, the higher
the residual was found in the adsorption test. Refer to Table 4-3 for the residual values of
samples corresponding to various SRT in the pretreatment process. The non-adsorbable
portion of the influent concentration would pass directly to the effluent in an adsorption
column and had no effect on the adsorption process. Therefore, it was subtracted from both
the influent and effluent concentrations before analysis. Detailed microcolumn experimental

data can be found in Appendix B.
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5.4 Estimation of the Mass Transfer Coefficients in the Dual Rate Model
5.4.1 The Computer Program

The computer program used to solve the QDF dual rate model in this study was based on
the FORTRAN program MASTER (McMaster Adsorption System Optimization Routines)
developed by Narbaitz and Benedek ( 1983). MASTER solved the QDF dual rate model —
using implicit finite difference scheme. It also calculated the carbon usage rate for different
design configurations and estimated the cost of GAC column systems. MASTER was revised
to suit the PC platform in 1996 (Swyer, 1996).

This study used solely the simulation portion of MASTER, called PRECOS. to estimate
mass transfer coefficients involved in the dual rate model and predict the carbon usage rate of
a single column. The inputs of the program are listed in Table 5-2, which include the mass
transfer coefficients, namely kf kp;- kp- and f; and information regarding the column influent,
the dimension of the carbon bed, and process control. The output of the program is the
effluent concentration profile, i.e., a breakthrough curve, calculated based on the inputs of the
program.

To determine the mass transfer coefficients, the first estimation of the mass transfer
coefficients and the experimental data obtained from one microcolumn experiment were used
as the input of PRECOS. The calculated breakthrough curve was fitted with the experimental
data, and the input mass transfer coefficients were adjusted based on the analysis of the
errors. A FORTRAN program called REG-3 developed by Narbaitz in 1997 was used in
conjunction with MASTER to accomplish the non-linear regression analysis. REG-3 took the
output of MASTER, calculated the average error and the sum of squares of the predicted
breakthrough curve against the experimental data, and then adjusted the input values of mass
transfer coefficients. This process iterated until the errors were below the predefined levels.

Since the non-linear regression analysis was very sensitive to the initial input, the column
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Table 5-2 Major Input Parameters of PRECOS

Symbol Description
KF External liquid film transfer coefficient, Igf(cm/s).
KM Macropore mass transfer coefficient, k,, (cm/s).
FB Micropore mass transfer coefficient, kg (cm/s).
F Fraction of total capacity available in the macropore f.

Co Influent concentration, COD or TOC (mg/]).

CL Length of the carbon bed (cm).

\' Volumetric flow rate (ml/s).

HLR Hydraulic loading rate (m/hr).

RHOB | Packed bed density (g/cm?).

RHOC | Apparent particle density (g/cm>).

Parameter calculated based on K (mg/g) and » of the Freundlich isotherm:

EQ1 3
EQl = i6,.KF
10

EQ2 The value of n of the isotherm.

IERR | Number of experimental data points.

ARRE Values of the experimental data.

Various incremental steps required by the numerical method.

model was first manually fitted with the experimental data using PRECOS alone. The mass
transfer coefficients resulted from the manual fitting process were then used as the input of
REG-3. Minor changes were made to both PROCES and REG-3 to tailor the input and output
formats to suit the requirements of this study.
5.4.2 Selection of the Isotherm

The influent of a microcolumn was pretreated in an AST system under a particular set of

operation conditions. Among these operation conditions, the SRT had a considerable
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influence on the adsorbability of GAC for COD indicated by the residual found in the
equilibrium isotherm experiment. It was concluded in Section 4.3.2 that, the influence of the
SRT on the adsorbability of GAC, and thereby the isotherm, could be eliminated by
subtracting the residual from the equilibrium concentration. When fitting the dual rate model
with the microcolumn experimental data, only the adsorbable fraction was evaluated. The
isotherm chosen for the model was the one that fitted all microcolumn experimental data best.
5.4.3 Estimation of the Mass Transfer Coefficients

Typical values of the mass transfer coefficients for the particular type of wastewater were
not available in the literature. Therefore, the values for some other simple or complex
compounds were adopted as the initial input of the column model. Table 5-2 listed some of
the values.

While manually fitting the dual rate model to the microcolumn experimental data using
the computer program PRECOS, the input values of the mass transfer coefficients were
adjusted according to the response of the output breakthrough curves. Sensitivity tests were
conducted for k£, kp,. and /. It was found that kfsignificantly affected the earlier stage of the
breakthrough curve. This conformed to the findings of Liu and Weber (1978) and Peel
(1980). When the value of kfwas increased, the predicted effluent concentration at the
beginning of the process would decrease, which indicated a slower approach to breakthrough.
Figure 5-2 shows the response of the predicted breakthrough curve to the change of kfwhen

fitting the model with the experimental data of column 2.
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As indicated in Section 2.3.4.2, when the fraction fis set to unity, the model becomes the
widely used external film resistance-surface diffusion mechanism model. The QDF dual rate
model has shown to give very similar results to that of the surface diffusion model (Peel,
1979). Figure 5-3 shows the effect of kp; on the predicted breakthrough curve when fitting
with the experimental data of column 2. At lower &y, values, the model gave higher effluent
concentrations for the early and middle stretch of the breakthrough curve. Unlike the
responds to k£, the effluent concentration at the very beginning was not sensitive to k,. This
also conformed to Liuz and Weber’s finding (1981) that the initial portion of the breakthrough
curve was always controlled by Lf

The coefficient kz was found to have an effect on the middle stretch of the breakthrough
curve, as shown in Figure 5-4. An increase in k3 would result in a lower rate of breakthrough
because the micropore capacity filled more quickly. The coefficient £ had an effect on the
middle stretch of the breakthrough curve. At lower f value, the micropore capacity becomes
more important. Since the rate of adsorption in the micropore would be lower than that in the
macropore, the effluent concentration tends to increase faster especially after the initial stage.
Therefore, a more rapid breakthrough approach was predicted. Figure 5-5 shows the stated

effect of £,
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5.5 Results and Discussion

5.5.1 Adsorption of COD

Based on the sensitivity study, the dual rate adsorption model was first fitted with the

experimental data of columns 1 and 2 simultaneously to determine the mass transfer

coefficients of the model, namely kf, kp,, kp, and f. Isotherms obtained in Chapter 4 were

used as the equilibrium expression included in the model. A set of mass transfer coefficients

was determined for each isotherm so that the output of the model, i.e., the predicted

breakthrough curve, for each microcolumn had good correspondence with the experimental

data. The results are listed in Tables 5-4.

Table S-4 Mass Transfer Coefficients for Adsorption of COD

Coefficient Isotherm 1 [sotherm 2 Isotherm 3 Isotherm 4
n 0.32 0.45 0.68 0.51
Kgp 37.77 20.14 7.78 12.54
kf 5.5x10-4 7.0x10-4 not convergent 5.0x10-4
km 3.0x10-11 5.0x10-9 not convergent 4.0x10-7
kp 7.0x10-10 7.0x10-6 not convergent 7.0x10-6
f 0.10 0.75 not convergent 0.75

Mass transfer coefficients listed in Table 5-4 are within the range of Peel’s results (Table

5-3). The set obtained by using isotherm 4 was chosen to predict the performance of columns
3.5, 6, and 7 and to simulate the full scale GAC column operation. As stated in section 5.3.3,
column 5 was operated in series with column 4, and its influent was changing during the
operation. Therefore, the model was not fitted to the data obtained from column 5. Table .5-5

shows the average errors between the predicted breakthrough curves and the experimental

data, calculated based on the following equation:
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predicted — Xobserved

sk
I

X observed

n

where

7 is the average error

N

Xpredicted is the predicted effluent concentration

Xobserved is the experimental data

N is the total number of data

Table 5-5 Regression Analysis of Fitting the Model with Microcolumn Experimental Data

Error

Column 1

Column 2

Column 3

Column 4

Columné

Column 7

Average

0.154

0.078

0.138

0.085

0.084

0.058

The loading analysis was conducted for column 2 to compare the actual COD loading

onto the carbon column to the theoretical maximum loading calculated using the isotherm.

The column was run until the effluent COD was 74% of the influent COD. The maxium COD

loadings were calculated for the equilibrium concentration of influent COD, which was 228

mg/L. The mass of carbon in column 2 was [.80 g, and the time for the column to reach an

effluent COD of 74% of the influent COD was 510 minutes. The result was listed in Table 5-

6. More information about column 2 can be found in Appendix B.

Table 5-6 Results of Loading Analysis, COD

Experimental

Isotherm 1

Isotherm 2

Isotherm 3

Isotherm 4

Loading (mg COD)

167

386

417

562

360

The actual loading was around 45% of the maximum loading calculated based on

isotherms 1, 2, and 4. This indicates that it would take relatively long time after 75%

breakthrough for the column to become saturated. As discussed in Section 4.3.2, isotherm 3
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had a substantially high value of » comparing to the other three. This made the maximum
COD loading calculated from this isotherm very high and, as a result, the loading achieved in
the experiment accounted for even smalier fraction of the calculated saturation (theoretical)
loading.

Figures 5-4 to 5-9 are the plots of microcolumn experimental data along with the
simulated breakthrough curves. The mass transfer coefficients and experimental conditions
for each microcolumn run are listed under the graph. The experimental data in the
surrounding of operation time of 200 minutes had higher COD values than the predicted
concentrations in every plot. This can be attributed to the early breakthrough of poorly
adsorbed components in the wastewater.

Considering the drawbacks of using bulk parameters in modeling a multicomponent
adsorption system, which was detailed in section 5.2, the ability of the dual rate model to
predict the column adsorption process was generally very good. The values of mass transfer
coefficient kfobtained for isotherms 1, 2, and 4 were fairly consistent, while the others varied
significantly. Compared with those listed in Table 5-3, the values ofkffound in this study
were one to two orders lower than those found in the literature. This indicated that the
adsorption for COD of the wastewater studied herein had a higher external film resistance.
According to the sensibility study stated in Section 5.4.3, this lower kfwould produce a
higher effluent concentration in the initial stage when simulating the column adsorption
process.

While the three sets of mass transfer coefficients fitted the experimental data almost
equally well, it was impossible t.o use isotherm 3 to obtain the mass transfer coefficients that
fit the experimental data. This can be attributed to the higher value of # in isotherm 3. As
stated in Section 5.4.3, for an adsorption system with higher value of n, both film transfer and

solid diffusion occur simultaneously from the beginning of the microcolumn experiment. As
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a result, the obtained data are not particularly helpful in predicting the film transfer
coefficient krand therefore the other mass transfer coefficients. When the input parameters of
the computer program. i.e., the first estimated coefficients obtained from fitting the
microcolumn data. are not precise enough, the chance of getting an acceptable output from

nonlinear regression analysis is small.
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Figure 5-6 Fitting the Model with COD Data of Column 1

Fitting with Column 1

-

o
©

COD/COD,

400 600 800 1000 1200 1400

Time (min)

Influent COD: 228.5 mg/L, Hydraulic loading rate: 3.02 m/hr
ky= 5.0x10% kyy = 4.0x10°7, kp = 7.0x10-6, f=0.75,n = 0.5], Kp = 12.54

Figure 5-7 Fitting the Model with COD Data of Column 2

Fitting with Column 2

COD / COD,

0 100 200 300 400 500 600
Time (min)

Influent COD: 186.8 mg/L, Hydraulic loading rate: 3.13 m/hr
kf=5.0x10"%, kpy = 4.0x10-7, kp = 7.0x10°6, f = 0.75, n = 0.5], Kp = 12.54
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Figure S-8 Fitting the Model with COD Data of Column 3

Fitting with Column 3

COD/CcoD,

02 |®

0 100 200 300 400 500 600
Time (min)

Influent COD: 186.8 mg/L, Hydraulic loading rate: 6.08 m/hr
kf=5.0x10"4, kp, = 4.0x10-7, kp = 7.0x10-6, f=0.75,n = 0.51, K= 12.54

Figure 5-9 Fitting the Model with COD Data of Column 4

Fitting with Column 4
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Influent COD: 227.00 mg/L, Hydraulic loading rate: 3.75 m/hr
kf= 5.0x10°%, kyy = 4.0x10°7, kg = 7.0x10-6, £ = 0.75, n = 0.51, Kp = 12.54
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Figure 5-10 Fitting the Model with COD Data of Column 6

Fitting with Column 6
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Influent COD: 248.7 mg/L, Hydraulic loading rate: 4.80 m/hr
kf=5.0x10-%, kpy = 4.0x1077, kp = 7.0x10°6, = 0.75, n = 0.51, K = 12.54

Figure 5-11 Fitting the Model with COD Data of Column 7

Fitting with Column 7
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Influent COD: 248.7 mg/L, Hydraulic loading rate: 4.80 m/hr
kf=5.0x10"4, kiyy = 4.0x10°7, kp =7.0x10°6, f=0.75,n = 0.51, Kp = 12.54



5.5.2 Adsorption of TOC

Unlike the adsorption of COD, the simulation of the adsorption of TOC by the
microcolumns was not as successful. Table 5-7 shows the results. The best set of coefficients
obtained with isotherm 1 was used to fit microcolumns 1 and 2. The plots of experimental
data along with the simulated breakthrough curves are shown in Figures 5-10 and 5-11. Itis
obvious that the predicted curve do not fit the experimental data well. While trying to lower
the value of f and adjust other coefficients accordingly, the solution would not converge. The
failure of using microcolumn data to estimate mass transfer coefficients for adsorption of
TOC can be attributed to the high exponent values of adsorption isotherms as stated in

section 5.5.1.

Table 5-7 Mass Transfer Coefficients for Adsorption of TOC

Coefficient Isotherm 1 Isotherm 2 Isotherm 3 Isotherm 4
n 0.57 0.51 0.71 0.69
Kr 5.05 6.01 4.37 3.71
kf 8.5x10-4 not convergent not convergent not convergent
km 4.0x10-6 not convergent not convergent not convergent
kp 7.0x10-6 not convergent not convergent not convergent
f 0.80 not convergent not convergent not convergent

The loading analysis was conducted for column 2 to compare the actual TOC loading onto

the carbon column to the theoretical maximum loading calculated using the isotherm. The

column was run until the effluent TOC reached 93% of the influent TOC. The maxium TOC
loadings were calculated for the equilibrium concentration of influent TOC, which was 82.5
mg/L. The mass of carbon in column 2 was 1.80 g, and the time for the effluent TOC to reach
93% of the influent TOC was 510 minutes. See Appendix B for more information regarding

column 2. The result was listed in Table 5-7.
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Figure 5-12 Fitting the Model with TOC Data of Column 1

Fitting Column 1
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Influent TOC: 80.32 mg/L, Hydraulic loading rate: 3.02 m/hr
kf=8.5x10"4, kpy = 4.0x1076, kj = 7.0x10-6, f=0.85, n=0.57, Kp = 5.05

Figure 5-13 Fitting the Model with TOC Data of Column 2

Fitting with Column 2
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Influent TOC: 82.5 mg/L, Hydraulic loading rate: 3.13 m/hr
kf=85x10-%, ky = 4.0x10°6, ky = 7.0x10°6, f=0.85, n = 0.57, Kp =5
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Table 5-8 Results of Loading Analysis, TOC

Experimental

Isotherm 1

Isotherm 2

Isotherm 3

Isotherm 4

Loading (mg TOC)

38.5

112

180

140

Since the column was run until the effluent TOC reached 93% of the influent TOC, the

actual TOC loading onto the carbon within the column should have been fairly close to the

maximum loading calculated from the isotherm. However, it was observed that the actual

loading measured from the experimental data was around only 30% of the maximum loading

calculated from each of the four isotherms. This is very different from the analysis results

obtained for COD.

There are no obvious explanations for this. The lack of agreement between the actual

loading and the calculated maximum loadings, however, indicates that the isotherms did not

describe the actual adsorptive behavior of the carbon. Therefore, by using these isotherms,

the dual rate kinetic model did not describe the actual breakthrough behavior observed in the

column experiment.
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Chapter 6

PREDICTION AND OPTIMIZATION
OF COLUMN PERFORMANCE

When the mass transfer coefficients and the isotherm have been chosen for the dual rate
column model. it is possible to use the model to predict the performance of full-scale GAC
columns. [t was noted that the experiments conducted in this study to obtain the kinetic and
equilibrium profiles were prepared in such ways that it was assumed that there was no
biological activity taking place in the GAC columns. This is unlikely the case in industrial
operations. However. considering the biostabilization provided prior to the colt;mn
experiment by the AST treatment, the adsorption behavior would constitute the major
mechanism in the unit operation. It was thoroughly investigated in the current study, and the
microcolumn data were well described by the proposed model. Therefore, the performance
prediction based on the model will provide a solid foundation for a feasibility study.

Optimizing the performance of GAC columns means to design the columns in such a way
that the following two constraints are met (Droste, 1997):

1) The minimum empty bed contact time (EBCT), which is the total bed volume divided by
the volumetric flow rate (V/Q), must be provided.

2) The carbon must be provided at a rate equal to the exhaustion rate R,.

A complete design of a GAC column system, which is beyond the scope of this study,

includes determination of design parameters such as the dimension of a column, number of

columns, connection methods, i.e., series or parallel, and hydraulic factors. All these

parameters need to be determined based on design variables EBCT and R, along with the
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economic factors. The EBCT will determine the amount of carbon required in a carbon
column system. Previous studies showed that both the construction and operating costs of a
GAC column system were related to the EBCT (Narbaitz and Benedek, 1981). Therefore, the
estimation of the minimum EBCT and R, is the baseline of the system design. The study
carried out here applied the dual rate model to the traditional operating line method that was
used to find the EBCT and R,. The carbon usage rate for a fixed-bed GAC column system
obtained here was also compared to the one obtained for a PACT™ system for a similar
wastewater.
6.1 Operating Line Method for Process Design

Several design methodologies can be used to obtain the two design variables EBCT and
R, (Droste. 1997). The operating line method defined by Erkine and Schuliger (1971) was
used in this study. An operating line is a plot of EBCT versus Re for a desired breakthrough
concentration at a certain hydraulic loading rate. The points on the operating line represent
the possible values of EBCT and R, for a specific GAC and wastewater system. An
economic evaluation of the costs associated with different combinations of EBCT and Re on
the line can be performed to find the least cost design.
An operating line is constructed by analyzing the breakthrough curves obtained for different
column lengths at a certain hydraulic condition, i.e., the hydraulic loading rate. Traditionally,
a set of pilot-scale column experiments is required to obtain the needed breakthrough curves.
It can be carried out using a set of columns of different lengths, or a column with sampling
ports at different depths. The choices of the column lengths should include those on the order
of the eventual design. Figure 6-1 is an example of a set of breakthrough curves, in the
format of the fractional concentration versus time, obtained from such experiments. If the

breakthrough concentration is defined as 0.28 Cg, then the time at which the dotted line
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crosses a breakthrough curve defines the exhaustion time, or the regeneration time, for the
column length that the breakthrough curve represents. The service time of a column is the
regeneration time less of the filling time for the column. In practice, the filling time is
generally ignored.

Figure 6-1 Breakthrough Curves for Different Column Length (Droste, 1997)

Breakthrough Curves

i
B '

cic,

Q/A =300 mvd |
0 ;
0 10 20 30 40

t,, d

Figure 6-2 Operating Line and Theoretical Minimum EBCT (Droste, 1997)
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When the regeneration time of a column ty, is determined, the carbon exhaustion rate for

the column can be calculated based on the following equation:

p,xAxD  p,xD

= (6-1)
1, xQ t, x HLR

¢
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Where:
Pp is the packed density of the carbon, kg/m3
A is the cross sectional area of the column, m2
D is the length of the column, m
Q is the volumetric loading rate, m3/d
HLR is the hydraulic loading rate, m/h

Meanwhile, the EBCT can be determined based on the following equation:

AxD D
HLR

EBCT = (6-2)

=

Figure 6-2 shows the operating line obtained by plotting the R, against EBCT for each
column. The designer can choose any point on the operating line for a proper design. A more
comprehensive analysis can be performed by applying different hydraulic loading rates and
performing the economic analysis for each operating line.

The dotted line underneath the operating line indicates the theoretical minimum
exhaustion rate Re mim- The Re mim is based on the equilibrium isotherm for the carbon and
the wastewater. The rate at which carbon is being exhausted is equal to the rate at which

adsorbate is being removed.

Re.min Qd: = Q(C - cr ) (6'3)
Therefore:
Re_ml_n = gg;cL)_ (6-4)
9.
Where:

cr is the non-adsorbable matter

g = 1s the solids phase equilibrium concentration at cg—c,
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6.2 Application of the Dual Rate Model

Instead of conducting pilot-scale experiments, mathematically simulated columns, using
the QDF dual rate model discussed in Chapter 5, were adopted to find the breakthrough
curves required by the operating line method. As stated in Section 5.4.1, the computer
program PRECOS solved the dual rate model and produced breakthrough curves based on
the input column configuration and operating information. The Re and EBCT for each
simulated column were also calculated by PRECOS. The waste stren gth of the wastewater
was measured in the COD.

Table 6-1 lists the input of the computer program PRECOS. The equilibrium and kinetic
parameters involved in the model were obtained based on the experiments and analysis
described in Chapters 4 and 5. The column configuration and operating conditions were
chosen based on the typical industrial applications (Eckenfelder, 1981). The influent
concentration was the typical value of the sample wastewater used in this study.

The breakthrough curves were obtained at different column lengths for each of the three
hydraulic loading rates: 6.0, 8.0, and 12.5 m/hr. Figures 6-3, 6-4, and 6-5 show the output
breakthrough curves and the operating lines obtained accordingly. Three breakthrough levels
were examined for each column length: COD/CODg = 0.1, 0.2, and 0.5. The dotted line
under operating lines in each figure indicated the theoretical minimum carbon exhaustion rate

calculated based on adsorbable fraction of the influent COD (200 mg/L), using equation 6-4.
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Table 6-1 Input of the Computer Model

. Input item Value
Isotherm qg= 12_546351
kr 5.0x10-4
km 4.0x10-7
kb 7.0x10-6
s 0.75
Influent COD (CODyg) 230 mg/L
Volumetric loading rate 9600 m-/d
Hydraulic loading rate 6.0 — 12.5 m/hr
Column length 40 — 600 cm
Carbon bed packed density 500 kg/m>

Tables 6-2, 6-3, and 6-4 list the EBCT and R for three breakthrough levels for each
hydraulic loading rate, calculated by PRECOS. Where CL is the column length in cm. The
column influent listed in Table 6-1 was the total COD in the column influent. As discussed in
Section 5.3.4, the dual rate model anaiyzed the adsorption process based on the adsorbable
fraction of the column influent and effluent. Therefore, it was assumed that the pretreatment
AST system had a SRT of 6 days and the non-adsorbable COD in the column influent was 30
mg/L. While solving the dual rate model. the input value of the column influent concentration
was the total COD less the non-adsorbable portion. However. the non-adsorbable portion was
added to the predicted effluent COD before the breakthrough curves were plotted. The
carbon exhaustion rate was calculated for virgin carbon based on the breakthrough of total

COD.
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Figure 6-3 Predicted Breakthrough Curves and Operating Line
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Figure 6-4 Predicted Breakthrough Curves and Operating Line
HLR=8.0 m/hr
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Figure 6-5 Predicted Breakthrough Curves and Operating Line
HLR=6.0 m/hr
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6.3 Results and Analysis

It is shown in Figures 6-3 to 6-5 that the predicted breakthrough curves do not begin at
COD/CODgq = 0. This can be attributed to the non-adsorbable portion of the influent COD.
The predicted breakthrough curves for each hydraulic loading rate show a trend of trailing
after the columns breakthrough 50% of the influent COD. This indicates that the adsorption
zone within a column will be long (Section 2.3.2).

It has been observed from the operating lines in Figures 6-3 and 6-5 that the carbon
usage rate is sensitive to the change of EBCT when the EBCT is short. The carbon usage rate
will be greatly decreased by a small increase in EBCT at low EBCT level. At the higher
EBCT range, for example, when EBCT is greater than 20 minutes at breakthrough of
0.5CODy for each hydraulic loading rate, the carbon usage rate changes very little. For a
certain hydraulic loading rate, an increase in EBCT will cause an increase in the length of the
column. While an increase in EBCT will generally lower the operating cost of a column
system. an increase in column length will increase the construction cost (Narbaitz and
Benedek. 1981). Therefore, a proper combination of EBCT and carbon usage rate can only
be determined after economic analysis.

At a certain hydraulic loading rate, the lower the desired effluent concentration is, the
higher the carbon usage rate is for a certain EBCT value. When the breakthrough
concentration is set to be 50% of influent COD, the carbon usage rate was very close to the
theoretical minimum exhaustion rate of the carbon when the EBCT is greater than 20
minutes. If the hydraulic loading rate is 8 m/hr, for EBCT of 30 minutes and a breakthrough

level of 0.5CODy, the carbon usage rate is 1.52 kg/m3 wastewater, compared to the

theoretical value of 1.07 kg/m3, which was calculated based on Equation 6—4. The
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corresponding column length will be 4.0 m, and the regeneration time of the system is 6.25
days.

For a certain EBCT and breakthrough level, the hydraulic loading rate of the column
system will affect the carbon usage rate. especially at the lower EBCT range. The higher the
hydraulic loading rate, the higher the carbon usage rate.

6.4 Fixed-bed GAC Column System and PACT™

The performance of the fixed-bed GAC column system in terms of COD removal and the
carbon usage rate can be predicted based on the findings in Section 6.2 and Section 3.3. It
should be noticed that the calculation is based on soluble COD.For a GAC column system
with influent COD of 230 mg/L (30 mg/L of it is non-adsorbable), hydraulic loading rate of 8
m/hr, and EBCT of 30 minutes, when the column system is considered to breakthrough at
50% of influent COD, the carbon usage rate is 1.52 kg./m3. If the COD removal in the AST
pretreatment process is 60% (SRT = 6 days, HRT = 10 hours), then the overall COD removal
1s 80%. Using the GAC column system as the post treatment process, the overall COD
removal will be increased to 80% from 60% obtained in the AST system.

Assume the PACT™ system is used in the treatment of the same wastewater, and the same
isotherm applied. Suppose the PACT™ system have the same influent COD, and the COD
removal attributed to the conventional AST mechanism is 60% of the influent COD. The
theoretical carbon dosage required for an overall COD removal of 80% can be calculated by
using the isotherm. The resulting carbon dosage will be 0.96 kg/m3. The detailed calculation
can be found in Appendix C.

In a study conducted with a PACT™ system (Graham. 1996). Calgon™ powdered
activated carbon (PAC) was added to the traditional AST system in order to improve the

treatment of a similar pulp and paper mill wastewater. When the PAC dosage was 1.0 g/L,
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which was equivalent to a carbon usage rate of 1.0 kg/m3, the COD removal was 78.4 to
88.1%, compared to the COD removal of 62.5% in a reference AST system for the same
feed. The SRT and HRT of both the PACT™ and AST systems were 5 days and 8 hours,
respectively (Graham, 1996).

Previous studies (Schultz, Keinath, 1984) speculated that the enhanced treatment in the
PACT™ system, compared with the conventional AST process, could be attributed to the
enhanced bioactivity and metabolic end product adsorption occurred in the PACT™ system.
The enhanced bioactivity was the ability of PAC to increase the biological assimilation of
organics by an activated sludge system. It was not directly related to the adsorptive capacity
of PAC. However. it could improve the overall COD removal in the PACT™ system than
would have by using column adsorption system as the post treatment process of the AST
system. Since metabolic end product adsorption could occur in both PACT™ and AST
followed by GAC column systems, further study is needed to identify its effect on COD
removal in the two systems.

Although the PACT™ system could have the above advantage, the fact that the PACT™
system appears to be more effective seems to contradict the basic adsorption theory. A direct
comparison between the two systems based on experiments is needed. As stated in Section
6.3, the predicted carbon usage rate in the GAC column was 1.52 kg/m3 while the theoretical
maximum carbon usage rate was 1.07 kg/m3. This indicates that the column was not very
efficient in terms of the carbon usage. One reason that could cause this was that the
microcolumn experiment was not efficient. The inefficiency of small scale columns was also
found in previous studies (Hand et. al., 1989). Since the coefficients of the dual rate model
were determined based on the microcolumn experiment data, the predicted capacity of a full-

scale column could be under estimated. It is also noticed that the comparison conducted in
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this study was based on 50% COD removal in the adsorption process. A sensitivity study in

terms of the carbon usage rate at various percentages of COD removal is needed.
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Chapter 7

CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE STUDY

The QDF dual rate column model has proved to be able to describe the adsorption process
of GAC column system for soluble COD in the treatment of biotreated pulp and paper mill
wastewater. The computer program PRECOS was used to solve the- model. Microcolumn
experiments were performed. The mass transfer coefficients involved in the model were
estimated by fitting the model with microcolumn experimental data.

Isotherm studies were carried out for both AST effluents and the feed of AST systems to
determine the equilibrium relationship between the GAC and the wastewater. It was found
that the adsorptive capacity of GAC for COD in AST effluents was substantially higher than
that for COD in the feed of AST systems. This was because that the metabolic end product in
the AST effluents were more adsorbable than the original components in the feed of AST
systems. Laboratory scale AST experiments were conducted to remove the biodegradable
contents in the wastewater. At SRT=10 d and HRT=12 hr, COD removals were 71-79%; at
SRT=10 d and HRT =6 hr. COD removals were 46—70%; and at SRT=5 d and HRT=6 hr,
COD removals were 48—60%. At the three operating conditions, the TOC removals were
57-66. 4269, and 41-59% respectively.

The QDF dual rate column model was used to simulate the performance of GAC column
system over a wide range of ope-rating conditions. It provided sufficient information for
system design using the operating line method. When the performance of a GAC column
system as predicted, the overall COD removal of the combination of the AST system and the

GAC column system was compared with that of a PACT™ system. It was found that for an
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overall COD removal of 80%, the carbon usage rate of the PACT™ system was 30% lower
than that of the GAC column system. The better performance of the PACT™ system seems to
contradict the basic adsorption theory. One possibility was that the actual efficiency in terms
of carbon usage of a full-scale GAC column system could be higher than predicted based on
the microcolumn experiment. A direct comparison between the two systems based on
experiments is needed. A sensitivity study in terms of the carbon usage rate at various
percentages of COD removal is also needed.

Since this study was intended to evaluate the adsorption process in an ideal environment,
biological activities were eliminated from the GAC adsorption processes. In the future study,
the biological activity should be considered in the process modeling because it will directly
affect the adsorptive capacity of the carbon. The activated carbon based biological fluidized

column can also be studied for the treatment of pulp and paper mill effluents.
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APPENDIX C THEORETICAL CARBON USAGE RATE OF
PACT™

Assume the influent COD of a PACT™ system is 575 mg/L. The COD removal that can
be attributed to the conventional AST mechanism is 60%. Then the COD concentration
that is subject to PAC adsorption is 230 mg/L. Assume 30 mg/L of the 230 mg/L COD is
non-adsorbable and is added to the effluent concentration. To achieve an overall COD
removal of 80% of the influent COD, The equilibrium liquid concentration will be 85 + 30
=115mg/L.

Assuming that the aeration basin is completely mixed and the detention time is
sufficient to reach equilibrium, then we can assume that the loading achieved by the PAC
exiting the system will be in equilibrium with the water exiting the system. The calculation
for the carbon usage rate will be based on the adsorbable portion of the equilibrium
concentration, i.e., 85 mg/L.

Isotherm:
g. =12.45x85°%' =120(mg/ g)
Mass balance in the PACT™ reactor:
(e, —€,u) =M.,

M, (200-85)(mg/L)

=0.96(g/L)=0.96(kg /m’
0 120(mg/ 2) (g/L) (kg /m”)

where
M, is the carbon dosage for a day (g/d)

Q is the flow rate (L/d)
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