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ABSTRACT

JAMES B. GARBER. Testing of a Miulticonponent Model of
Adsor ption and Bi odegradati on of Natural Organic Matter on
Activated Carbon. (Under the Direction of Dr. Francis A
D G ano)

Adsor pti on and bi odegradati on studies were perforned to
characterize the conponents present in natural organic
material (NOV) obtained from Lake Drunmmbnd, in southeastern
Vi rgi ni a.

NOM adsorbability was characterized by dividing it into
fictive components, using the |Ideal Adsorbed Sol ution Theory
(IAST) to find the Freundlich paraneters and initial
concentrati on of each. Thi s was done for ozonated and
ozonat ed- bi ostabilized NOM The isothermresults, along
with the results of the biokinetic experiment, were used to
determ ne the conponents of the nodel NOM sol ution.

A batch biokinetic study was perforned to determ ne the
bi oki netic paraneters for the ozonated NOM solution. A
first-order nodel was fit to the experinmental data, giving a

first-order rate constant, yield coefficient, and
coefficient of mcrobial decay for the bi odegradable
fracti on of the NOM

A nul ti conponent nodel devel oped by Pedit (1988) was
tested using the experinmentally determ ned adsorption and
bi odegradati on paraneters. The nodel failed to predict the
br eakt hrough of total organic carbon (TOC) and the resulting
total inorganic carbon (TIC) production when the

bi odegradabl e fraction of NOM was assuned to be 55 percent,
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as determ ned using a continuous fl ow GAC reactor which had
apparently reached an exhausti on of adsorption capacity.
The nodel results were i nproved when the bi odegradabl e
fraction was assuned to be 15 percent, as obtained fromthe
bat ch bi oki netic experinent. This suggests that sl ow
adsorption, in addition to bi odegradati on, may have been

responsible for long term TOC renpval in the continuous fl ow

GAC r eact or .
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CHAPTER 1. I NTRODUCTI ON AND OBJECTI VE

1.1 Introduction
In May of 1989 the United States Environnental
Protecti on Agency (USEPA) proposed national primry drinking
wat er standards for 30 synthetic organic chemicals (SOCs) in
conpliance with the 1986 Amendnents to the Safe Drinking
Water Act. G anular activated carbon (GAC) treatnent is
consi dered a best avail able technol ogy (BAT) for the renoval
of 28 of these chenicals by USEPA. In addition, the maxi num
contam nant |level for total trihal onethanes (THWS),
currently 100 ug/L, may be lowered in 1990.
The renoval of natural organic matter (NOVM by GAC
pl ays an inportant role in controlling SOCs and THMVs.
First, NOMis the precursor material for THVs, and thus its
renoval is desirable. In addition, NOM often confounds the
predictability of GAC performance with respect to SOC
removal by coating the GAC surface, thereby preventing
ef fective adsorption of SOCs (Zi nmer, Brauch, and
Sont hei mer, 1989) and decreasing bed life. Furthernore,

since NOM does not adsorb well, GAC is not effective for its

renoval .
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COzonati on of NOM has been shown to increase its

bi odegradability. This not only inproves NOM renoval , but
may al so i nprove renoval of SOCs. SOCs, if present at
concentrations below the |level required to support growh
(S 4 ,) , my be degraded in the presence of other conpounds,

such as NOM present at concentrations greater than SMAjAjA
(Nankung and Rittmann, 1987b). Adsorption of SOCs is al so
enhanced when bi odegradati on of NOM di m ni shes the extent of
surface fouling.

The major difficulty in nodeling NOM behavi or has been
its heterogeneous nature, the result of a w de range of
nmol ecul ar wei ghts and chemi cal characteristics, and
correspondi ng spectra of adsorbability and bi odegradability.
In order to predict the influence of NOM on GAG adsor ber
perfornmance, therefore, it is necessary to detern ne
adsorpti on and bi oki netic paraneters which adequately

characterize the NOM present in solution.

1.2 Objective

This research is intended to provide a better
under st andi ng of the adsorption and bi odegradati on of
ozonated NOMin a continuous flow GAG reactor. The approach
taken is to consider NOMas a m xture of pseudo-conponents,
as has been done by others (Hubele, 1985; Harrington and
D G ano, 1989) in analyzing adsorption characteristics.

This concept is extended here to anal yze bi odegradation
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characteristics as well. Experinentally determ ned
adsorpti on and bi oki netic paraneters for the pseudo-
conponents are used to test the Milticonponent Adsorption
and Bi odegradati on (MCAB) Mbdel devel oped for this research
by Joseph Pedit, a PhD student in the Departnent of

Envi ronnent al Sci ence and Engi neering at the University of

North Carolina at Chapel Hill.
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CHAPTER 2. BACKGROUND

2.1 Natural Organic Matter

Natural organic matter (NOVW is organic nmaterial which
occurs naturally in both surface water and groundwat er.

Soi |l hunus, primarily produced by the degradation of plant
matter, is a significant source of NOMin water through both
surface runoff and percol ation. Thus, the characteristics of
NOM are a function of the vegetation, mcrobial population,
and the physical/chenm cal nature of the soils in a

wat ershed. Once in water the character of the organic
matter can be altered by ultraviolet irradiation,

bi odegr adati on, and adsorption to m nerals.

Several terns have been used in the literature to refer
to this material, including hum c substances, background
organic matter, and di ssolved organic matter. This
het er odi sperse group of conpounds is, in lieu of a specific
nol ecul ar description, operationally defined by total

organi c carbon (TOG, and to a | esser degree by col or.
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2.2 Inportance of NOMin Drinking Water Treat nment

NOM has | ong been of concern in water treatnent. The
first regulation of NOMin the United States was under the

headi ng of color, as a secondary standard of the Public

Heal t h Servi ce Standards of 1925. From 1925 until the md
1970' s NOM was consi dered only an aesthetic problem

The concern over NOM shifted from an aesthetic to a
public health i ssue when Rook (1974) associated it with the
formati on of chl orof orm and ot her tri hal onet hanes ( THWs)
upon chlorination. THMs were soon neasured in finished
wat er throughout the United States (Synons, et al., 1975).
The THVs, a group of known carcinogens, is the nbst comon
of the 12 known cl asses of disinfection by-products. The
total THMs are regul ated as a primary contani nant under the
Safe Drinking Water Act (SDWA) of 1974, and are subject to a
maxi mum cont am nant |level (MCL) of 0.10 ng/L. To conply
wth the 1986 anmendnents to the SDWA, the United States
Envi ronnental Protection Agency (USEPA) has proposed new
MCLs for nmany synthetic organic chemcals (SOCs), and is
expected to |ower the MCL for THVs in 1990 or 1991, possibly
to 0.05 ng/L or |ess.

In addition to the formati on of undesirabl e by-products
as a result of chlorination, NOM can interfere with the
renmoval of target organic conpounds in granular activated
carbon (GAC) adsorbers. A study of full scale GAC col unns

showed that the adsorption capacity for trichloroethene.
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tetrachl oroet hene, and 1,1,1-trichl oroet hane was
significantly reduced in the presence of NOM (Zi nmmrer,
Brauch, and Sontheiner, 1989). This was attributed to the
coating of the GAC by NOVM which prevents effective
adsorption of target organics. In another study (Sumrers,
et al., 1989), the amount of trichloroethene adsorbed in a
GAC col umm was substantially I ess than predicted in an
equi li brium batch isotherm study, reportedly due to a
conponent of NOM that penetrates nore deeply into the GAC
bed and foul s adsorptive capacity. This fouling, which
decreases adsorption capacity and bed Iife, in addition to
ot her aspects of the conplex rel ationship between NOM and

SCCs, nmakes it necessary to understand the characteristics

and behavi or of NOM i n GAC adsor bers.

2.3 Characterizati on of NOM

NOM i s a heterodi sperse m xture which di splays a w de
range of nol ecul ar wei ghts, and consists of conponents with
varying degrees of biodegradability and adsorbability. It
is difficult to isolate and characterize the conponents of
NOM  One approach which has proven useful for separating
the fractions of NOMis gel perneation chromatography, a

met hod which fractionates the NOM on the basis of apparent

nol ecul ar weight (AMN. This nethod has been used to show
that NOM exhi bits a range of AMM from |l ess than 1000 to

greater than 40,000 (Veenstra, Barber, and Kahn, 1983). Al
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of the chromatograns showed a peak in the approxi mate range
of 1,000 to 5,000, with the highest TOC concentration
occurring in the 1,000 to 3,000 range. Sim/lar patterns and
nol ecul ar wei ght distributions have been reported by other
researchers (Brogden, 1971; Davis and d oor, 1981).

Chr omat ograns for ozonated and non-ozonated water
sanpl es were used to construct cunul ative probability plots
of AMWversus the percent of the TOC of AMNV I ess than the
specified AMN Veenstra's results suggested that ozone
causes a shift in the nol ecul ar weight distribution toward
| ower nol ecul ar weights. An overall TOC reduction of 9.4
percent, along with a decrease in the fraction of TOC in the
Il ess than 1,000 AMWrange, indicate that a fraction of the
organic matter in this range is conpletely oxidized to CO2
and water. Neukrug et al. (1984) neasured an 11 percent TCC
reduction across a pilot scale ozone contactor (follow ng
clarification and rapid sand filtration). Mallevialle
(1982) observed a 5.6 percent TOC reduction in a simlar
system

Anot her approach to characterizing NOM m xtures is to
use mul ti conponent equilibrium nodels, such as the ideal
adsor bed solution theory (| AST) nodel (Radke and Prausnitz,
1972). In this approach, NOMis considered as a m xture of
fictive, or pseudo-conponents (PCs). |AST is used to find
the Freundlich adsorption paranmeters and initial
concentration of each PCin the NOM m xture. Harrington and

D G ano (1989) used this approach to exam ne the effect of
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coagul ation, and various |evels of ozonation and

bi odegradati on, on the equilibrium adsorption behavior of
NOM  This approach was not entirely successful for
obtaining a systematic rel ationship between adsorbability
and ozone dosage. Hubele (1985) used a simlar approach to
study the adsorbability of ozonated hum c substances. A set
of five PCs was used for isotherm eval uation. I denti cal
Freundlich 1/n paraneter val ues were assuned for all PCs,
whil e each PC was assigned a different K value. Wth these
preset adsorption paraneters, concentrations of the PCs were
determ ned using non-linear regression. Using this

approach, a linear relationship between ozone dose and the

concentrati on of each PC was est abli shed.

2.4 Effect of Ozone on Bi odegradati on and Adsorption of NOM

Si nce NOM has been shown to interfere with the

adsorption of target conpounds on GAC, and because NOM

itself is poorly adsorbed, GAC does not provide an effective

neans for its renoval. Ozone has been shown to i ncrease the
bi odegradability of NOM Hubel e (1985) reported that ozone

I ncreased the biodegradability and decreased adsorbability

of NOM Increasing ozone dose has al so been shown to
i ncrease the non-adsorbable fraction of NOM and decrease

the concentration of better adsorbing substances (Zi nmrer,

Brauch, and Sontheinmer, 1989). The oxidation reaction |eads

to nmore polar nol ecules, which helps to explain the
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I ncreased bi odegradability and decreased adsorbability of
ozonated NOM  Several other authors have reported an

i ncrease in biodegradability upon ozonation, including
Benedek (1979) and Somiya et al. (1983).

I n GAC processes treating ozonated NOMthere is often
significant, long termsteady-state TOC renoval. DeWaters
(1987) showed that ozonated NOM can serve as the primry
substrate for a biofilmgrown on GAC. For an apparent ozone
dose of 1.1 ng/ng TOC, and an enpty bed contact time of 3.9
m nutes, over 30 percent of the influent TOC was renoved at
steady state. d aze and Wallace (1984) reported that
colums fed ozonated water perforned better than colums fed
unozonat ed wat er when bi ol ogi cal processes predom nat ed.
Benedek (1977) reported that ozonation had little effect on
TOC reduction due to the sinultaneous increase in
bi odegradability and decrease in adsorbability, but
expl ai ned that an insufficient ozone dosage or
prechlorination of the water may have been responsi bl e.

Anot her theory for long term steady state renoval and
the resulting extended bed life is slow adsorption kinetics.
Sl ow adsorption is the diffusion of an adsorbate, such as
NOM into the mcropores of the GAC particle. Neukrug et
al. (1984) reported that biodegradation and sl ow adsorption
appear to play key roles when the adsorbent surface is
nearly saturated. Maloney et al. (1984) studied

biologically active filters with GAC and sand nedia at warm

and col d tenperatures to distinguish between bi odegradation
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and sl ow adsorption as causes of long term TOC renoval .

They reported that about 20 percent of the feed TOC was
renmoved by sl ow adsorption, and that between 8.5 and 16
percent was renoved by bi odegradation. Peel and Benedek
(1980), assum ng slow adsorption is the result of a
resistance to intraparticle diffusion in the GAC m cropores,
used i sotherm and batch kinetic data to determ ne two
intraparticle diffusion paranmeters to descri be adsorption of

phenol and chl or ophenol .

2.5 Mbddeling of Adsorption and Bi odegradati on on GAC

Several mathenatical nodels featuring biodegradation
and adsorption have been devel oped. Early single conponent
nodel s (Benedek, 1979; Ying et al., 1978) considered an
adsor babl e, bi odegradabl e solute present at relatively high
concentrations. Speitel, Dovantzis, and D G ano (1987)
devel oped a single conponent nodel to investigate the
bi oregenerati on of GAC. Hubele (1985) formul ated a nodel

capabl e of handling nmore than one conponent simultaneously.

Using this approach, it is possible to describe the behavior
of a m xture of solutes, each possessing different
adsor ption and bi odegradati on characteristics.

Chang and Rittmann (1987) used a singl e-conponent node
to study the adsorption and bi odegradati on of phenol and
acetate at |ow concentrations in a conpletely m xed fixed

filmreactor. This reactor configuration, while probably of
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little practical use in field installations, is useful for

| aboratory research because it sinplifies the collection and
anal ysis of biokinetic data, i.e. the effect of axial

di stance on substrate concentration profiles and

bi odegradation rate is mnim zed. In a nodel devel oped by
Pedit (1988), the nobdel of Chang and R ttmann was expanded
to include as many as four conponents, using a finite

el ement sol ution technique instead of the orthogonal

col |l ocati on nmet hod used by Chang and Ri ttnann.
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CHAPTER 3. SAMPLE COLLECTI ON, STORAGE, AND PREPARATI ON
3.1 Scunple Collection and Storage

Water high in NOM was obtai ned on February 2, 1988 from
Lake Druitinond, located in the Geat Dismal Swanp in
sout heast Virginia. The area had experienced no nmjor
storns prior to the sanpling trip, so the water coll ected
was assuned to represent average February conditions. The
wat er tenperature was approxi mately 40° F

The water was returned to Chapel H Il within 8 hrs and
placed in cold storage at 4° C.  The next day all of the
water was filtered through a 1.0 um honeyconb filter to
remove suspended material. The resulting pre-filtered water
was returned to storage at 4° C for future use. The average

TOC of the filtered sanples was 38.4 ng/L.
3.2 Sanpl e Preparation

A 40 L sanple was ozonated in two, 20 L batches for use
in biokinetic and adsorption experinments. An apparent ozone
dose(ADD) of 1 ng Og/ng TOC was obtained by sparging ozone
produced by a Grace LG 2-LI | aboratory ozone generator

(Union Carbide, South Plainfield, NJ) into each 20 L batch.
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A schematic of the apparatus used is shown in Figure 3.1.
The ozonation procedure is described bel ow

1. 20 L of |l ake water was placed in the reaction
vessel, and each of the four gas washing bottles in the
primary and secondary circuits was filled with 500 nL of 40
g/ L KI solution.

2. The ozone generator was started and allowed to

equilibrate for 5-15 mnutes by routing the gas flow to
vent .

3. The O3 generation rate was neasured by routing the
gas through the secondary circuit for 5 mnutes. The
concentration of ozone in each trap (from which the mass was
cal cul ated) was determ ned using the |odinetric Method for
ozone residual (Standard Methods, 17th ed., 1989). The

initial generation rate was then cal cul ated as nass B
trapped/ 5 m nutes.

4. The reaction time required to achi eve the desired
B dosage was_cal cul ated based on a dosage of 1 ng 03/ ny
TOC, the initial generation rate, an initial TOC
concentration, and an assuned gas transfer efficiency. The
distribution valve was turned to the primary circuit,
al |l owi ng ozone to pass through the reaction vessel and
associ ated Kl traps.

5. At the end of the predeterm ned reaction period,
the valve was switched to the secondary circuit, and the
generation rate was again neasured as in step 3. Follow ng
this the ozone generator was shut off.

6. The reaction vessel was then purged with nitrogen
gas to strip any ozone remaining in solution. Titration of
the KI traps in the primary circuit yields the mass of ozone
trapped during the course of ozonation of the 20 L sanple.
This mass was the sum of the ozone which passed through the
sanpl e without going into solution and that in solution but
purged at the end.

The apparent ozone dose was cal cul ated as the
di fference between the mass of ozone supplied and that

trapped by the Kl solution, divided by the mass of TOC in

the untreated water.
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ACD = ((rg * tj.) - Mout)/(TOCo * YA) (3.1)

where: r = O3 generation rate (g/hr)
tA" = reaction tinme (hr)
Aout ~ Mass O3 trapped by Kl solution (g)
TOCq = Initial TOC (ng/L)

Vj. = Volume of reaction vessel (L)

Ozonation tended to reduce the TOC of the sanples. The
average TOC in the four jugs used in this research prior to
ozonation was 38.4 ng/L. Ozone applied at approximately 1
my/ my TOC destroyed an average of 5.7%of the initial TOC,

| eavi ng the average TOC of the ozonated sanples at 3 6.2

ng/ L.
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CHAPTER 4. RATI ONALE FOR EXPERI MENTAL DESI GN

4.1 Description of Pseudo-Conponents

The two characteristics of the NOM nost inportant with
respect to their behavior in a biologically active GAC bed
are biodegradability and adsorbability. There is no single
set of biokinetic or adsorption paraneters which can
conpletely describe a particular NOM sol ution. Natural
organic matter enbodies a wi de range of nol ecul ar wei ghts,
fromless than 1000 to greater than 40, 000. It is
reasonabl e, therefore, to expect that the biodegradability
and adsorbability of these fractions wll vary. Because the
exact nol ecul ar configuration of each NOM fraction is
unknown, the concept of pseudo-conponents has been used by
ot hers (Hubel e, 1985; Harrington and Di G ano, 1989). This
concept, however, has for the nost part been restricted to
the anal ysis of adsorbability; the goal here is to extend
this concept to the analysis of biodegradability. The

si npl est set of pseudo-conmponents
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woul d divide NOMinto the foll ow ng:

Adsor babl e, non- Bi odegr adabl e ( A/ NB)
Bi odegr adabl e, non- Adsor babl e ( B/ NA)
Adsor babl e, Bi odegradabl e (A/ B)

oo N

Non- Bi odegr adabl e, non- Adsor babl e (NB/ NA)

The breakt hrough pattern of each conponent froma continuous
flow reactor containing GAC nedia can be hypot hesi zed as in
Figure 4.1. The sumof the feed concentrations to the GAC

bed is given by:

AT "A AAJB "e" ANNB "e" OB "*" U NB (4.1)

where the subscripts refer to the four conponents defined
above. The adsorbabl e, non-bi odegradabl e conponent
(Conponent A/NB) will exhibit a pattern of breakthrough |ike
any non- bi odegradabl e adsorbate: effluent concentration
wi Il increase as the adsorption capacity of the GACis
depleted, until finally no further adsorption can occur, and
the effluent concentration is equal to the influent
concentrati on.

Br eakt hrough of the bi odegradabl e, non-adsorbabl e

conponent (Conponent A/NB) is conplete initially because no

biofil mexists on the GAC As the biofilmbecones

establi shed there will be a decrease in the effl uent

concentration due to biodegradation. A steady-state wll
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eventually be reached with regard to biofilmgrowth and
shearing so as to achieve a constant effluent concentrati on.
The extent of renpval of this conponent will be determ ned
by bi oki netics and residence tine in the GAC bed.

Initially, breakthrough of the conponent that is both
adsor babl e and bi odegradabl e (Conponent A/B) foll ows the
pattern of the adsorbabl e, non-bi odegradabl e conponent
(Conmponent A/ NB). However, as the biofil mbegins to grow,
renmoval is acconplished by both adsorption and
bi odegradati on. Eventually, adsorption is not inportant,
ei ther because adsorption sites have been exhausted or
because the biofilmactivity is sufficient to elininate the
conponent before it enters the adsorption space. Biofilm
grow h, therefore, will account for steady-state renoval and
prevent conpl ete breakthrough as would be the case for an
adsor babl e, non-bi odegradabl e conponent. The extent of
renoval at steady-state depends on biokinetics and residence
tine in the GAC bed.

The non-adsor babl e, non-bi odegr adabl e conponent
(Conponent NA/NB) is unaffected by either biodegradation or
adsorption. Therefore, the effluent and infl uent

concentrations are the same throughout the operating tine of

t he GAC bed.
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4.2 Experinmental Design

Viewi ng NOM as a m xture of four pseudo-conponents, an
experinmental design was sought to characterize each. The
paraneters to be determ ned were: concentration,
bi odegradability, and adsorbability. These were obtained by
bat ch bi oki netic and batch equilibrium adsorption
experinments. The expected results of a batch biokinetic
experinment are given in Figure 4.2. The initial NOM
concentration, Cr|[i(0) , is reduced over tine by the mcrobial
popul ation to a final concentration of Ggg. Therefore, G"g

is the concentration of non-bi odegradable NOM The rate at

which Gjg is approached provides information to determ ne

bi oki neti cs.

Equi I i brium adsorption is comonly obtained by the
bottl e-poi nt procedure, by which various dosages of
activated carbon are added to a solution having a fixed
initial concentration of the sorbate (in this instance NOV.
The result is an adsorption isothermshow ng anmount adsorbed
as a function of equilibriumsolution concentration. The

experimental design includes construction of adsorption

i sot herns using both ozonated and ozonat ed- bi ostabilized NOV

solutions. The initial NOMconcentrations before (C-j*) and
after (C2) biostabilization can be represented by the
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following fractions defined earlier:

AL~ ANB + AAINB A OB A AN/ NB (4.2)
A2 = *AA/NB + %/ NB (4. 3)

The difference between C-j* and C2 is due to renoval of the

two bi odegradabl e fractions:

AL - C2 = CMB + GjAB ("AeA)

The general shape and positions of these adsorption
isotherms is shown in Figure 4.3. The initial concentration
of the ozonated NOM solution is higher than that of the
ozonat ed- bi ostabi |l i zed sol ution and thus, the adsorption
i sothermfor ozonated NOMis expected to |lie to the right of
the isotherm for ozonat ed-bi ostabilized NOM

Experience with NOM i sot herns suggests the curvilinear
pattern depicted in Figure 4.3 (Harrington and D G ano,
1989). At high dosages of activated carbon, the residua

concentration can be interpreted as the non-adsorbabl e

fraction. The isotherm beconmes vertical because no further
decrease in bulk phase equilibrium NOM concentration (C")
occurs with increasing carbon dosage (W. Thus, the

equi l i brium mass |oading, g*, nust correspondingly decrease.

The non-adsorbable fraction of NOMis therefore obtained
experinentally by projecting the isothermto the abscissa.

For the isotherm obtained using ozonated NOVM the non-
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adsorbable fractionis Gj” rjn, as shown in Figure 4.3. That
Is, g™ ip represents the total non-adsorbable fraction

conmpri sed of two conponents:

YA, T ~ Y%A B "" Y% NB (4.5)

The non-adsorbabl e, non-bi odegradabl e fraction, C\j~, /", I'S

al so obtainable directly fromthe isotherm experinent by
once again projecting the isothermfor the ozonated-
bi ostabilized NOMto the abscissa of Figure 4.3. Thus, the

non- adsor babl e, bi odegradabl e fraction can be obtai ned by

cal cul ati on:

O B A~ Y%A T ~ %N NB (4.6)

Finally, the experinmental data allow an inference as to the
characteristics of the fraction renoved by biostabilization,
l.e. (C2-C2) , as given by Equation 4.4. [|f the sumof C‘ b
and G"pMQ , which is experinentally obtained and shown as
Equation 4.4, is equal to CG"/q, whichis calculated from
Equation 4.6, then all of the NOM renoved through

bi ostabilization is non-adsorbable. But if (CMg + %/bh)
Is greater than %/g, then the NOMrenoved through

bi ostabili zati on consi sts of both adsorbabl e and non-

adsor babl e conmponent s.
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CHAPTER 5. DETERM NATI ON OF BI OKI NETI C PARAMETERS

5.1 Experinental Method

A batch experiment was perfornmed to determ ne the
bi oki netic paraneters for the bacteria capable of degrading
ozonated NOM An experinental and a control reactor were
used, each being a 4 L erlenneyer flask. M xing was
provi ded by magnetic stirrers. Rubber stoppers, with large
hol es stuffed with glass wool, were used to cap the
reactors. This allowed ventilation, while preventing
at nospheric contam nation of the NOM solution. The initial
di ssol ved organi c carbon (DOC) concentration of the NOM
solution was 31 ng/L. Both reactors were buffered to a pH
of 6.5 using KH2PO4 AND Na2HP04; Cad 2, MySO*, and NH4C
were added to provide nutrients. Sodium azide (10 ng/L) was

added to the control reactor to inhibit biological activity.

A bacterial seed was obtained froma conti nuous fl ow GAC
reactor, which had been fed the sane NOM sol ution for a
period | ong enough to establish biodegradati on, as suggested

by CQ2 through the reactor. At the beginning of the

experinment, 0.04 g (wet weight) of GAC was transferred from

the inlet end of the conti nuous flow reactor to the

experinmental and control reactors. After the reactors had
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been seeded, DOC and bacterial nunber were nonitored over
tinme. Bacterial nunmber was determ ned using the Direct
Total Count procedure, a nmethod widely used in the counting
of aquatic bacteria. This procedure, presented in severa
pl aces (Hobbie et al. 1977; Standard Methods, 17th ed.,
1989), involves sanple fixation, staining with acridine
orange, and counting with an epifluorescence n croscope.
DOC was determ ned by passing the sanple through a 0.45 um
filter, then neasuring TOC with an O 1. Mdel 700 TCC

Anal yzer.

5 2 Resul ts and Di scussi on

The raw data fromthis experinent are plotted in Figure
5.1. There was an initial |ag period, during which no
degradation and little growh were seen, followed by rapid
grow h and a correspondi ng decrease in TOC. The bacteri al
nunbers reached a peak, then decreased as the readily
degradabl e substrate becane exhausted. After 6 days about
15 percent of the initial DOC had been renoved.

The raw data were transformed for use in paraneter
estimation. The bacterial nunbers were converted to ny

Cel | -Carbon/L using a factor of 2E-10 ng/cell (CGaudy &

Gaudy, 1980), and the typical bacterial fornula C5HyO2N
(60ng C/ 113 ng bi onass).

Mani pul ati on of the DOC data was al so necessary to

obtai n the bi odegradable NOM The non- bi odegr adabl e DOC was
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taken as that remaining after 2.8 days. Subtracting the
non- bi odegradabl e fraction (26.3 ng/L) fromthe initial DOC
(31 ng/L) gave a biodegradable fraction of nearly 5 ngy/L.
The bi odegradabl e fraction remai ning at any tine was

cal cul ated by subtracting the non-bi odegradabl e fracti on
fromthe neasured DOC. The nmni pul ated data are plotted in
Figure 5.2 as a function of tinme, which was adjusted by the
|l ag period suggested in Figure 5.1. One outlier val ue of

bi odegradable DOC is indicated at tine 1.0 day. This sanple
had not been filtered |like the rest, so the bi omass carbon
(fromthe cell count data) was subtracted fromthe TOC to
yield DOC. The adjusted DOC was 1.8 ng/L instead of 3.0

my/ L as neasured. The data plotted in Figure 5.2 are al so

shown in Table 5. 1.

Tabl e 5.1 Mani pul ated Bi oki netic Data used for Paraneter

Esti mati on

Bi odegr adabl e

Ti me DOoC Cel | - Car bon
(days) (mei /L) fma/ L)
0.0 4.8 0.1
0.5 2 .2 0.5
0.8 1.0 1.5
1.0 1.6 1.1
1.4 0.8 1.0
1.8 0.2 0.9
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5.3 Estimati on of Paraneters

5. 3. a Monod Model

An attenpt was made to fit Monod biokinetic paranmeters

to the data using nonlinear regression, using Equations 5.1

and 5. 2.

dS/dt = -(Kkjjj*S*X)/(Ks+S) (5.1)

wher e:
dS/dt = Rate of substrate utilization (ng/L-d)

kj- = Max specific substrate utilization rate (hr-1)
S

Substrate (TOC) concentration (ng/L)
X

Avg. biomass concentration (ng/L as O

Kg = Half velocity constant (ng/L)

dX/dt = Y*(Kkjjj*S*X)/(Kg+S) - kA*X (5.2)

wher e:

dxX/dt = Rate of biomass growh (ny/L-d)
Y = Yield coefficient (nmg Cell-C ng TOC)

Attenpts to fit the Monod nodel to these data were
unsuccessf ul . This was due to an insufficient nunber of

experi nmental data.

Ot her researchers have determ ned Monod paraneters for

NOM  Hubel e (1985) reported a u* of 0.65 hr""'" and a K
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value of 1.64 ng/L. Wrner and Hanmbsch (1986) reported a u,.

of 0.61 hr"-'- and a Kg of 7.7 mg/L. It is not possible to

conpare these values with any paraneter values presented in
this report, because it was not specified whether the u.® and

Kg val ues referred only to the biodegradable fraction of the
NOM or to the total NOMin sol ution.

5.3. b First- O der Model

Si nce the Monod nopbdel could not be fitted to these

data, a first order (with respect to substrate

concentration) nodel was used. The equation used for the

rate of substrate utilization was:

ds/ dt = - k*S*X (5. 3)
where: dS/dt = rate of substrate utilization (ng/L/d)

k = first order rate constant (L/ng Cell-Cd)

This equation was integrated to yield the equation:

In(S) = I n(So) - k*X*(t-to) (5.4)

wher e:

S = DOC concentration at tine t (ng/L)

Sqg = Initial DOC concentration (ng/L)
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The use of this equation for determning k requires that the
bi omass concentration, X, be relatively constant during the
course of the experinment. Since the biomass concentration
was not constant, this equation was eval uated over each tine

interval, using the average bi omass concentration for that

interval. The resulting equation is shown bel ow.
In(Si) = In(Si_i) - k¥(Xi _i+Xi)/2*(ti-ti_i) (5.5)
wher e:

S =DOCat time i (m/L)
SN2 =D0Cat tinei-1 (nmg/lL)
Xi = Biomass concentration at time i (ng/L as Q)

X 2 = Bionass concentration at tine i-1 (my/L as Q
t =time (hrs)

Thi s equation was solved for k, and used to calculate k for

each interval. The equation used was:

kK = -In(Si/Si_i)/((Xi i+Xi)*(ti-ti _1)/2) (5.86)

The data for each interval, plus the correspondi ng val ues of
k are shown in Table 5.2. The average value of k was 3.2

L/ nmg cell - day.
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Table 5.2 Data For Determ nation of First-Order Biokinetic

Rat e Const ant

Kk

i Si-1 Si /\ayg)
(ma/ h) f ma/ L) f ma/ I f L/ ma/ d)

1 4. 8 2.2 0.3 5 2

2 2.2 1.0 1.0 2.6

3 1.0 1.6 1.3

4 1.6 0. 8 1.0 1.7

5 0. 8 0.2 1.0 3.5

6 0.2 0.0 0.8

Bi omass growth was nodeled to estimte Y and K* wusing
Equation 5. 7.

dX/dt = Y*k*S*X - K(j*X (5.7)

wher e:
dxX/dt = Rate of Cell-C production (ng/L/d)
Y
k
KV - Coefficient of decay (day-1)

Yield coefficient (ng/ng)

first order rate constant (L/ng/d)

For this analysis, each interval was again treated

separately, using an average substrate (DOC) concentration


NEATPAGEINFO:id=B4892800-4BE0-48FA-874E-A83402A2D16B


34

for each interval. The equation was integrated to yield:
In(XM XA _-A) = (YKSghg - kM) *(tio- tild) (5.8)
Solving for the term(YkS*"g - k") gives:
(YkSMg - kA) = In(Xi/Xi _i)/(ti - ti_i) (5.9

The val ue of (YkS*” - k*j) was cal cul ated for each interval,

and is shown in Table 5.3. This term a linear function of

SM | is shown plotted versus SA in Figure 5.3. Linear

regression perforned on the data yielded values of Y and kM
of 0.37 ng Cell-C/ ng DOC consuned and 0. 86 day-1,

respectively.

Table 5.3 Data For Determ nation of Yield Coefficient and

Coefficient of Mcrobial Decay.

: (Xi-l Xi /\g?vEg N
my/ L) (mg/ L) rnct/ E) (days) f dav”?)
1 0. 1 0.5 3.5 0.5 3.2
2 0.5 1.5 1.6 0.3 3.7
3 1.5 1.1 1.3 0.2 -1.6
4 1.1 1.0 1.2 0.4 0.2
5 1.0 0.9 0.5 0.4 -0.3
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The values of k, Y, and k*j obtained fromthe first-
order nodel were used to integrate the dS/dt and dX/ dt

functions simultaneously, using the TUTSIM (Applied i, Palo
Alto, California) integration package. In addition to k,Y,

and k, the integration required the initial DOC and bi onass
concentrations. The TUTSIMresults, along with the

experinmental data points are shown in Figure 5.4. These
paraneters produced a satisfactory fit, despite the small
nunber of data collected. A summary of the first-order

bi oki netic paraneters for each bi odegradabl e conponent of
the NOM solution is given in Table 5. 4.

Table 5.4 Sunmary of First-Oder Biokinetic Paraneters

PARANMETER VALUE DESCRI PTI ON
k 3.2 | st-order constant (L/ng Cell-C/ d)
Y 0. 37 Yield coefficient (ng Cell-C nmg DOC)
KA 0. 86 Coeff. of mcrobial decay (day-1)

5.3.C Biokinetic Paraneters for Mdel NOM Sol uti ons

The Ml ticonmponent Adsorption and Bi odegradati on ( MCAB)
model , discussed in Chapter 8, nodels the biodegradation of
NOM according to Minod kinetics. Therefore, Mnod

bi oki netic paraneters were derived which forced the Mnod
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equation to approximate first-order kinetics. The rate of

substrate utilization is given by Equation 5. 10.
dS/ dT = -(kj ,*S*X)/ (Ks+S) (5.10)

VWhen Kg is nuch greater than S, the Sin the denomnator is

negligi ble, and the equati on becones:

dS/dT = -(] <~/ Kg)*S*X (5. 11)

Equation 5.10 is a first-order substrate utilization

expression, with the quotient kjjj/Kg equivalent to the first-
order rate constant k in Eq. 5.2. In this case, the values
of kjjj and Kg are uninportant, so long as the quotient equals

k, or 3.2 L/ng Cell-Cday. The values of kjjj and Kg were
determ ned such that the value of the Mnod expression (Eq.

5.9) changed no nore than one percent over the range of
possi bl e TOC concentrations (0.0 to 17.7 ng/L). The

cal cul ated val ues of k™" and Kg were 228 ng TOC/ mg Cel | -C hr
and 1752 nyg/L, respectively. The parameter values for

approximating first-order kinetics with the Monod equation

are sunmari zed in Table 5.5.
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Table 5.5 Monod Bi oki netic Paraneters Used to

Approxi mate First-Order Kinetics.

Par anet er Val ue

ki~ 228 ng TOC/ ng Cell - hr
Kg 1752 ng/ L
y 0.37 ng Cell -C ng TOC consuned

Jc”j 0.86 day"-"-

These paraneters were used as input to the MCAB node
for the biodegradabl e components of the nodel NOM sol ution.
It should be noted, however, that the values of k" and Kg
calculated for use in the nodel are nmuch too high to be
considered realistic, and that they are only useful for
approxi mation of first-order kinetics with the Monod

equati on.
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of NOMin a continuous flow recycle reactor containing GAC
The continuous flow reactor, designed for the study of

adsor ption-hi odegradation interactions, is described in
Section 6.3. The inportant observation, wth regard to this
research, was that with an EBCT of 3.8 minutes, the
continuous flow reactor achieved a steady-state TOC remova
greater than 40 percent using the same ozonated NOM as in
the batch reactor. In contrast, only 22 percent TCC renmova
was acconplished in the batch reactor.

One possible explanation for |ess hiodegradation in the
batch-recycle reactor relates to NOV heterogeneity. The
conposition of the substrate to which the mcroorganisms in
a reactor are exposed may be inportant. In the batch
recycle reactor, the conposition of the NOM changes with
time, with the nost easily degraded fractions the first to
be consumed. Once these are gone, only the nore
recalcitrant fractions remain, which are |ess energetically
profitable for the mcroorganisns. This depletion of the
readily degradable fractions could |ead to stress of the
mcrobial population, as it is forced to adapt to the new
composition. After a fewiterations of consunption and

adaptation, the mcroorgani sms reach a point where they can
degrade no nore of the NOM

The continuous flow recycle reactor is intended to

sinulate a differential element of GAC by Internal recycle

of the effluent at a high rate. Due to the high recycle
ratio used in the differential reactor, the mcrobial
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popul ation is exposed to all of the various fractions
continuously. Because the conposition of the feed to the
reactor (i.e., influent plus recycle) varies little with
time, the mcrobial population may be viewed as fairly
stable. Thus, the mcrobial conmmunity in this reactor
configuration may have an inherent advantage over the

m crobial population in the batch-recycle reactor. Another
possi bl e explanation for higher steady-state removal of TOC
in the continuous flow recycle reactor is the use of GAC
rather than anthracite as the bacterial attachnent nedia.

It has al so been suggested that slow adsorption kinetics, in
addition to biodegradation, may be responsible for long term
| ow | evel DOC renoval and extended GAC bed |ife (Neukrug et
al., 1984; Maloney et al., 1984). Therefore, the renoval
attributed to biodegradation may, in fact, be overestimted

I f adsorption also takes place at steady-state.

6.3 Biodegradation on GAC Versus Anthracite

As a result of the apparently inconplete stabilization
of the ozonated NOMin the recycling batch reactor, the
continuous flow recycle reactor was chosen to acconplish the
biostabilization of the sanple. The strategy was to al | ow
the reactor to reach steady state then increase the enpty
bed contact tinme (EBCT), and repeat - in an iterative
fashion - until no additional decrease in TOC coul d be seen.
In addition, to ensure that the observed difference in
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performance between the reactors was due to their
configurations, and not to differences in nedia, one reactor
was filled with GAC and another with anthracite. These
reactors were run in parallel (both continuous flow with
recycl e).

A schematic diagram of the continuous flow system
whi ch was desi gned for adsorption and bi odegradation of
natural organic material by DeWaters (DeWaters, 1987), is
presented in Figure 6.3. The systemfeatures a glass fixed
bed colum with a bed volume of 5.38 cm?”, which holds
approximately 4 granms of GAC. A conplete description of the
reactor system conponents is given el sewhere (DeWaters
1987). A high recycle ratio was used, which provided
differential reactor operation. A differential reactor is
one in which there is only a small change in concentration
across the bed, and a potentially large difference between
the feed and effluent concentrations. This is possible
because the feed solution is substantially diluted by the
recycled reactor effluent, and enters the reactor at a
concentration only slightly higher than the effluent
concentration. This node of operation, which approaches
CSTR performance, mnimzes both the concentration gradient

across the bed, and the effect of axial position on

ki neti cs.
The operating conditions for both reactors are

sunmarized in Table 6.1. EBCT is defined by the flowrate
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Figure 6.3 Schematic of Continuous Flow Recycle Reactor
(from DeWaters, 1987).
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to the reactor and the volune of the reactor:

EBCT = Vj*/ Q (6. 1)

wher e:

AR ~ Vol une of reactor (cm)
Q= Feed flowate (cm/nm

The added flowate due to recycle is used to calculate the

per pass contact time (PPCT), as given by Eguation 6. 2.

PPCT = Vi (Q +Q ") (6.2)

wher e:

QD= Recycle flowate (cm/mn)

TABLE 6.1 Sunmary of Operating Conditions for Continuous

Fl ow Recycl e Reactors

RECYCLE GAC REACTOR ANTHRACI TE REACTOR
| NTERVAL FLOW FLOW EBCT ppCT- L EBCT PPCT?
(days) (L/ d) (L/ d) (nin)  (min) (nin) (ni n)

1-13 2.0 72 3.8 0.1 3.8 0.1
13- 25 0. 3" 72 25. 6 0.1 25. 6 0.1
25-33 0.3~ 72 51.2-7 0.1 25. 6 0.1

1. Per pass contact tinmne.

2. Anthracite reactor fed Deionized water Pl us nutrle ts

3. Previously collected GAC reactor reactor effluent fed to
GAC reactor to double | ongest EBCT.
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The initial feed rate to each reactor was 2.0 L/day, which
resulted in an EBCT of 3.8 mnutes. On day 12, the EBCT in
each reactor was increased to 25.6 mnutes. On day 25, the
EBCT of the GAC reactor was increased to 51.2 minutes. The
changes in EBCT and feed solutions are discussed in a |ater
section. The recycle rate, held constant throughout the
experiment, was 50 nL/mn (72 L/day). This high recycle
rate maintai ned the per pass contact time (PPCT)

approximately constant at 0.1 mnutes, despite changes in

the feed rate.

The feed solution was prepared by diluting ozonated
| ake water to a TOC of about 18 ng/L, buffering to a pH of
6.5, and adding nutrients as before. Prior to start-up, 1.0

nmL. of a bacterial seed solution was added to the inlet end

of each reactor. The bacterial seed was prepared by adding

a 50 mL vol une of ozonated | ake water to 50 mL of non-
ozonated water, and allow ng the mxture to incubate at room
tenperature for 24 hours.

The effluent TOC and TI C concentration profiles of both
reactors through Day 6 are shown in Figure 6.4. The pattern
of TOC renmoval in the GAC reactor was simlar to that
observed by DeWaters. The breakthrough pattern observed by
DeVaters, shown in Figure 6.5, is characterized by a typical
breakt hrough early in the run, followed by a dip in the
ef fluent concentration and a nmore gradual breakthrough,
until sorptive capacity is exhausted and a steady state

effluent concentration is reached. The effluent TOC
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concentration does not rise to the level of the feed
concentration, which suggests biodegradation is responsible
for steady-state removal. The spike of TOC in the GAC
reactor effluent (Figure 6.4), possibly due to wash out of
GAC fines, obscured the early section of the breakthrough
curve in this experinent. After about six days, the GAC
col um showed a 28 percent reduction in TOC, whereas the
anthracite colum had acconplished little TOC renoval. This
di fference could be attributed to the fact that GAC adsorbs
TOC, whereas anthracite does not. However, biological
activity was suspected to occur in both reactors, as
evi denced by the increase in TIC, presumably due to
mcrobial CX®2 production. Therefore, TOC removal s shoul d
have been expected in both reactors due to bi odegradati on.
The fact that TIC increased through the anthracite
reactor but TOC was not renoved suggests either that
anthracite itself served as a substrate or that TIC was
being abiotically produced. To resolve this question, the
feed solution to the anthracite columm was replaced with
distilled deionized (DDI) water, with the usual buffering
and nutrients on Day 18 of the experinent. The influent and
effluent TOC and TIC concentrations for the anthracite
colum are shown in Figure 6.6. This change in feed
resulted in an inmmediate drop in effluent TOC, as expected,
but produced very little change in the effluent TIC. The

results of the anthracite reactor are sunmmari zed in Table

6. 2.
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TABLE 6.2 SUMVARY OF ANTHRACI TE REACTOR PERFCORVANCE

TOC TI C
I NTERVAL FEED EBCT REMOVED PRODUCED
f davs) SOLUTI ON (m n) fref/ L) fmg/ L)
1-13 NOM 3.8 0.2 1.5
13- 18 NOM 25. 6 1.4 2-1
18- 33 DI H20 25. 6 -1.0 3.5

TI C production during all three periods exceeded the anmount
of carbon which could be accounted for by a decrease in TCC
This, in addition to the fact that the TIC production was at
a maxi mum when no NOM was being fed to the reactor, served
to confirmthat the TIC production was not due to

bi odegradation of NOM Sone ot her expl anation, therefore,
is needed for the observed TIC production. Certain fungi
have been shown capabl e of degrading anthracite coal (Scott
and Strandberg, 1986). Wiile anthracite coal could have
served as a carbon source for the mcroorganisns, this seens
unli kely when a nmuch nore readily degradabl e substrate

(ozonated NOM was available. Another possibility is that

CO2 was produced by a reaction between the water and

anthracite.

No sinple explanation could be given for the |ack of
biol ogical activity in the anthracite reactor. |In contrast,
the plateau in TOC renoval achieved in the GAC reactor was

good evi dence of biodegradation. Thus, the decision was

made to use the GAC reactor to obtain a biostabilized
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sanple. This assunes that the plateau in TOC renoval after
six days of operation is solely due to bi odegradati on, and
not to slow adsorption, as has been postul ated by Ml oney et

al . (1984).

The TIC and TOC for the influent and effluent of the
GAC colum are shown in Figure 6.7. Once the | ongest EBCT
had been reached (day 23), about 3 L of the effluent was
coll ected and used as influent to the reactor. This was
done to double the | ongest EBCT used, giving a total EBCT of

51 mnutes. The resulting effluent was considered to be

bi ost abi |l i zed. The results of the GAC reactor are

summari zed in Table 6. 3.

TABLE 6.3 SUMVARY OF GAC REACTOR PERFORNVANCE

TOC TI C TOC

I NTERVAL FEED EBCT REMOVED PRODUCED REMOVAL
(days) SOLUTION (nin) rnmg/ L) fng/ L) Yl ELD (9
1-13 NOM 3.8 5 5 1.9 0. 65 34
13- 25 NOM 25. 6 8.4 2.5 0.70 48
25-33 effluent 51.2 10. 4 2.9 0.70 55

The degree of TOC renoval was 31 percent for the shortest
EBCT (3.8 mn.), and reached 55 percent at the |ongest (51.2
mn.). Therefore, the biodegradable fraction of the
ozonated NOM was considered to be 55 percent, for the

model i ng di scussed in Chapter 8. The non-bi odegradabl e
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fraction is that which remains follow ng biostabilization,
or 45 percent. The yield values calculated for the various
intervals range fromO0.65 to 0.70 (ng Cell-C/ng TOC
consuned). These values are | ower than the value of 0.8
reported by DeWaters (1987).

To estimate whether the long term steady-state TOC
renoval could be due to adsorption rather than
bi odegradati on, the tinme necessary for exhaustion of the
adsorption capacity was cal cul ated using a sinple
equi li brium nodel. The adsorption capacity of the GAC was
determ ned fromthe ozonated NOM i sotherm presented in
Chapter 7. The equilibrium mass | oading corresponding to an
equilibriumliquid phase TOC concentration of 17.7 ng/L is
13.8 ng/g. Breakthrough tinme was cal cul ated using the
assunption of equilibriumadsorption in the GAC bed, with no

mass transfer limtations. This gave:

tg = (WQqQ)/ (Q"Co) (6. 3)
= (4 * 13.8)/(2 * 17.7) = 1.6 days
wher e:
tg = breakthrough time (days)
W= mass of GAC in reactor (g)
Q=feed flowrate (L/d)
Cg = TOC concentration in feed (my/L)

q = equilibriummss |oading at Cq (ny/ Q)

The estimated breakthrough tine of 1.6 days is shorter than

the operating tine of the GAC bed before steady-state was
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reached (about 6 days). It is inpossible to state, w thout
detai |l ed mat henati cal nodeling, that nass transfer

limtati ons of external and internal diffusion would not

| engt hen the breakthrough tine by a factor of 3.8 (6

days/ 1.6 days). Since the sanple of biostabilized NOM was
col |l ected between Day 25 and Day 28, adsorption was thought
to be insignificant. Nevert hel ess, it cannot be disn ssed

as a possi bl e nechani sm for TOC renoval .


NEATPAGEINFO:id=ECE290C4-E688-4B96-B048-8292E9775018


CHAPTER 7. DETERM NATI ON OP ADSORPTI ON PARAMETERS

7.1 Experinental Method

Adsorption isothernms were determ ned for ozonated NOM
and ozonat ed- bi ostabilized NOM using the bottle point nethod
(Randt ke and Snoeyink, 198 3). The constant Cg (initial
adsor bate concentrati on) approach was used, wherein the
initial volunme and adsorbate concentration (NOM were
constant frombottle to bottle, and the nmass of adsorbent
(powder ed activated carbon, or PAC) was varied. This
approach was favored over the constant adsorbent dose
approach in which the mass of PAC added to each bottle is
t he same, and the concentration of the solution is
different. For a solution containing one adsorbate, the two
approaches will yield the same adsorption isotherm
However, when nore than one adsorbate is present, which is
envi si oned because NOM is a het erogeneous substance,
different adsorption isotherms are obtained (Harrington &

D G ano 1989).

Cal gon F-400 (30/40 nesh) was ground to a nesh size of
200/ 325 (U. S. Standard Sieve Size) for the bottle point
tests. PAC dosages ranging fromb5 to 4000 ng/L were added
to 2 0 bottles containing 100 nL of the NOM sol ution buffered
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to pH 6.5 Two control bottles which contained no PAC were
used for each isotherm Follow ng PAC addition the bottles
were placed on a tunmbler for a period of 10 days. An

equi libration period of 7 days was found to be adequate for
a NOM sol ution from Lake Drunmond (Harrington and D G ano,
1989). Biodegradation during equilibration was of special
concern because ozonati on has been shown to increase

bi odegradabi lity of NOM (Hubele, 1985). 1In addition, sodium
azide at a dosage of 5 ng/L had not been found effective in
control ling biodegradati on of ozonated NOM during 7 days of
equilibration at a tenperature of 23° C (Harrington and

D G ano, 1987). Therefore, equilibration was conducted at
4° Cto mnimze biodegradation of the ozonated NOM during
the course of the experinent. At the end of the

equi libration period, the contents of the bottles were
passed through 0.45 umfilters and analyzed for TOC. The
mass | oading (q) of TOC on the PAC was then cal cul ated using

t he equati on:

[(TOO)o - (TOO)™] * (MM (7.1)

wher e:

qui I brium TOC concentration in adsorbed

a9 = ha (m_:] TOC/ g PAC

'crn

(T )q [nitial TOC concentration in bulk
ol ution (mg/ L

(TOCO) g = EquilibriumTOC concentration in bul k
solution (ng/L)

M = Mass of PAC (g)

V = Vol une of bulk solution (L)
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7.2. Determnation of Adsorption |Isotherns for NOM

Sol uti ons

Adsorption isotherns for ozonated and ozonat ed-
bi ostabilized NOM both m xtures of unknown conposition,
wer e obtai ned using ideal adsorbed solution theory (I AST).
| AST, devel oped by Myers and Prausnitz (1965) for nodeling
m xed gas adsorption, and later applied to nulti-solute
adsorption fromdilute |liquid solutions by Radke and
Prausnitz (1972), contains the follow ng assunptions: 1)

t he adsorbent phase is inert and has an identical surface
area for all adsorbates; 2) the bulk liquid phase is a
dilute solution that obeys Henry's law, and 3) the adsorbed
phase is solvent free and forns an ideal solution that obeys
Raoult's law, with sol utes adsorbing sinultaneously at
constant tenperatures and spreadi ng pressures.

Frick and Sont hei mer (1983) devel oped the pseudo-
conponent approach for nodeling an unknown m xture as a
group of pseudo-conponents using | AST, in which each pseudo-
conponent is representative of an actual fraction of the
m xture having simlar adsorbabilities. The equations for
| AST using the pseudo-conmponent approach are presented
el sewhere (Crittenden, Luft, and Hand (1985); Harrington,

D G ano, and Fettig (1989)).

The results of the bottle point experiments provide the
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input to the nodel, including the initial TOC concentration
in the bulk solution, the nmeasured equilibrium TCC
concentration ((TOC)g) in each bottle, and the equilibrium

solid phase TOC concentration (g") in each bottle calcul ated
fromEquation 7.1. According to the method devel oped by

Crittenden, Luft, and Hand (1985) , the Freundlich adsorption
paranmeters, K™ and 1/nj”, in addition to the initial

concentration of each conmponent, Cgj”, are found by sol ving
t he system of equations represented by Equation 7.2.

_ . _ N _ N i
Coi - Cgi*(MV)] - [qllA((i"gi * [Z(.n;*Pﬁl’:),/ (ni*KY) ] =0
for i=l to N (7.2)

wher e:

Cgj™ = Initial TOC cone, in bulk solution.
g = EquilibriumTOC cone, in adsorbed phase.

K = Freundlich K
n = Freundlich n.

N = Nunber of adsorbabl e PCs.

This systemof equations is for Cgi/ K *, and |/n™ via non-
i near regression such that the difference between the

observed and cal cul ated equilibriumliquid phase TOC

concentrations is mnimzed. The function to mnimze is
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gi ven by:

SSR =EC(CTi, obs - CTi,calc)/o-ci]” (7.3)
wher e:

SSR = Resi dual sum of squares.

Crpi Qos = (oserved equilibriumTOC cone.

ATi calc ™ Calculated equilibriumTCC cone.
A= Standard deviation of Crpj" obs*

m = Nunber of bottles used in experinment.

7.3 EquilibriiomAdsorption Results

7.3.a Isotherm for Ozonat ed NOM

The first adsorption experinent was run with ozonated
Lake Drummond water (1 ng 03/ng TOC) which had not been
bi ostabilized. The control bottles reveal ed no significant
decrease in TOC over the 10 days of this isotherm study;
this suggested that biological activity had been prevented.
The initial TOC of the NOM sol ution, determ ned fromthe
experinmental data, was 5.8 ng/L.

An isothermwas fitted to the data using the | AST
model , as discussed in the previous section. The data and
the fitted isothermare shown in Figure 7.1. The results of
the | AST nodel indicate that the ozonated NOM may be
described as a mxture of two adsorbabl e pseudo-conmponents

and one non-adsorbabl e pseudo-conponent. The residual sum
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of squares (SSR), which is mnimzed during the curve
fitting, is shown in Figure 7.2 as a function of the non-
adsorbabl e concentration, G*;*. There is a pronounced dip
when CQvjj™ is four percent of the initial concentration, which
gi ves the concentration of the solution's non-adsorbabl e
fraction. This is simlar to the findings of Summers and
Roberts (1988), who reported a non-adsorbing concentration
of not greater than three percent of the initia
concentration, for aquatic humc and fulvic acid. The | AST

nodel results for ozonated NOM are shown in Table 7. 1.

Table 7.1. | AST Equilibrium Model Results for Ozonated NOM

Conponent K 1/ n ACE T)
Pseudo- conponent 1 8. 44 0. 084 83
Pseudo- conponent 2 3 6.54 0. 253 13

Non- adsor bi ng
Pseudo- conponent - -~ 4

7.3.b Isotherm for Ozonat ed-Bi ostabilized NOM

Bi ostabi |l i zati on of ozonated NOM was acconplished by
runni ng the NOM sol ution through a CSTR with an equi val ent
EBCT of 54 mn, as described in Section 6.2. A bottle-point
experiment was then perforned on the ozonat ed-bi ostabilized
NOM as described in Section 7.1. Biodegradation of the

ozonat ed- bi ost abi | i zed sanpl e during equilibration was not
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of concern, because the NOM was al ready biostabilized.
Nevert hel ess, this isothermwas neasured at the same
tenperature (4° C) as that for the ozonated NOM sol ution, to
elimnate the confounding effect of tenperature on
conparison of the two isothernms. The control bottles

contai ning NOM wi t hout activated carbon showed no decrease

in TCC. The initial concentration of the NOM sol uti on was

- (EE; a3y 7/ L _ —

An isothermwas fitted to the data as before, to yield
t he concentrations and adsorption paraneters of the pseudo-
conponents. The data and the isotherm obtained for
ozonat ed- bi ostabilized NOM are presented in Figure 7.3. As
in the case of ozonated NOM the ozonated-bi ostabilized NOM

conprises two adsorbi ng pseudo-conponents. The SSR i s shown

versus G A Gji in Figure 7.4. The mninmum SSR occurs when
Gjj™ is one percent of the initial concentration, but the

correspondi ng decrease in the SSRis not significant.
Therefore, a significant non-adsorbing pseudo-conponent is
not thought to be present. These results indicate that nost
of the nonadsorbable fraction of the ozonated NOM was
degraded during the process of biostabilization in the CSTR
This observation is supported by Hubele (1985), who reported

that mcroorganisns preferentially utilize substrate with
| ow carbon affinity. The termcarbon used here denotes GAG

The | AST nodel results for ozonat ed-bi ostabilized NOM are

shown in Table 7. 2.
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Table 7.2. | AST Equilibrium Mdel Results for Ozonated-

Bi ostabili zed NOM

Conponent K 1/n %t T)
Pseudo- conponent 1 19. 46 0. 594 84
Pseudo- conponent 2 153. 71 0.221 16

7.3.C Conparison of (zonated and QOzonated-Bi ostabilized

| sot her ns

The rel ative concentrations of the adsorbabl e PCs
changed little due to biostabilization. The concentration
of PC No. 1 increased from8 3 percent to 84 percent of the
total concentration, and the concentration of PC No. 2

changed from 13 to 16 percent. This increase was offset by

a decrease in the non-adsorbable fraction of four to zero
percent of the total concentration. |In contrast to the
smal | changes in relative concentration, the adsorbability
of both adsorbable PCs increased significantly.

Initially it is necessary to determne if the isotherm
shapes differ because of differences in conposition, or
merely due to differences in solution concentration.

Mul ticonponent isotherms can differ due to initial liquid
phase concentration. Harrington and D G ano (1989) showed
that the position of isotherms for coagul ated NOM depends
upon initial concentration. A change in the conposition of

a mxture can al so change its isotherm Such a change is to
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be expected, since biodegradation of a nmultisolute mxture
produces a shift in the nolecular weight distribution of the
m xture, which is evidence of a change in the concentrations

and/ or other characteristics of the various conponents.

Once the Freundlich paraneters and pseudo- conponent
concentrations for a particular solution have been estimated
by fitting an isothermto the data, the | AST approach may be
used to predict the isothermat any concentration. This
procedure was used to predict the isotherns for both
ozonat ed NOM and ozonat ed- bi ostabilized NOM at the sane
initial concentration. An initial concentration of 7.0 ng/L
was sel ected for the conparison. The predicted isotherns
are presented in Figure 7.5. The two isothernms, predicted
at the same concentration, show a difference in

adsorbability, which is attributed to biol ogica

transformati on of the ozonated NOM

7.4 lnmplications for Mdeling of NOMin the Recycle Reactor

7.4.a. Selection of Pseudo- Conponents for Mdel NOM

Sol uti on

The results of fitting isotherns to ozonated and
ozonat ed- bi ostabi | i zed NOM suggest that the relative

concentrations of the adsorbabl e pseudo-conponents were
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det erm ned using the eguation:

Cg .j. = Cr[,*0.55 (7.7)
= 17.7*0.55 =9.7 ng/L

Know ng from above that G"wg is 7.0 ng/L, Equation 7.6 is
satisfied if q/\/b is 00 ng/L. CMA [ AN AAA - AATMOA ' AAA

adsor babl e, bi odegradabl e concentration of each adsorbabl e

pseudo- conponent, and will be apportioned between the two

adsor babl e pseudo-conponents of the ozonated NOM Il ater in

this section.

3. DETERM NATION OF C* nB
"A, T — "A/B """ ~“"A/NB (7. 8)

The value of G rji is obtained by:

A, T = Cr - Cna,t (7.9)
= 17.7 - 0.7 = 17.0 ng/L

Gven that g~ g was found to be 9.0 ng/L, Equation 7.8 is
satisfied if CVjgBis 8.0 ng/L. C\nb A A ARTMOA AAQ

adsor babl e, non- bi odegradabl e concentrati on of each
adsor babl e pseudo-conponent. This concentration will, like

ANB M divided between the two adsorbabl e pseudo-

conponents of the ozonated NOM


NEATPAGEINFO:id=FF9C99C3-481C-4AAD-A24A-24FA0AEFEB4F


82

The above steps yield the follow ng cal cul at ed

conposi tion of NOM

ANB =9.0 ng/L
W B = O~ nyl/L
AN NB =8.0 ny/L
%/ NB= 0-0 "' g/L

The adsorbable fraction represented by C'/ g and C'/j"g

nmust be di stri buted between the two adsor babl e PCs of the
ozonat ed NOM The nobdel results suggest that each of these
PCs has a bi odegradabl e fracti on. Furt hernore, the two
adsorbi ng PCs were shown to have been bi odegraded to
approxi mately the sane degree, as evidenced by the snal
change in their relative concentrations. For this reason,

AAIB AN AAINB A®M® distributed such that the bi odegradabl e
fraction of each PC was the sane. The A/B and A/ NB

fractions (fj*/ g and fj"/ Ne) °r "AAA AN were determ ned using
Equations 7.10 and 7.11, respectively, and the

concentrati ons cal cul at ed above.

= 9.0/ (9. 0+8.0) =0.53

ANNB " (AAND)/ (AAB + AANb) (7. 11)

= 8.0/(9.0+8.0) = 0.47
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The concentrations of PCl and PC2, as determ ned by the | AST

model , were 83 percent and 13 percent of Cr[i, respectively.

Therefore, out of the 14.7 mg/L of PCl, 7.8 ng/L is

bi odegradabl e, and 6.9 ng/L is non-bi odegradabl e.

Simlarly, the concentration of PC2 is 2.3 ng/L, 1.2 ng/L of

whi ch is biodegradable, and 1.1 ng/L is non-bi odegradabl e.
Based on the above anal ysis, the ozonated NOM sol uti on

consists of five conponents, two which are adsorbabl e and

bi odegradabl e, two whi ch are adsorbabl e and non-

bi odegr adabl e, and one which is bi odegradabl e and non-

adsorbable. A summary of the concentrati ons and adsorption

paraneters for the conponents of ozonated NOMis given in

Tabl e 7. 3.

Tabl e 7. 3. Char acteri zati on of Ozonat ed NOM

Initial Adsor pti on

Concentrati on Par anet er s
Conponent %€, pf ) rma/ L) fK I/n).
PC 1-A/B 44 7.8 8.4, 0. 084
PC 1- A/ NB 39 6.9 8.4, 0.084
PC 2-A/B 7 1.2 3 6.5/ 0.2 53
PC 2- A/ NB 6 1.1 36. 5, 0. 253
PC- NA/ B 4 0.7 NA

For sinmplicity, since PC-NA/B accounts for only four percent

of the feed TOC concentration, it was conbined with Pd - A/ B.
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The conposition of the resulting nodel NOM solution is shown

in Table 7. 4.

Tabl e 7.4 Conposition of Mddel NOM Sol ution

Initial Adsor pti on
Concentrati on Par anet er s

Conmponent Y%rrfo) frma/ L) (K, I'/n).

PC 1-A/B 48 8.5 8.4,0. 084

PC 1- A/ NB 39 6.9 8.4, 0.084

PC 2-A/B 7 1.2 36. 5, 0. 253

PC 2- A/ NB 6 1.1 36. 5, 0. 253
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CHAPTER 8. MULTI COVPONENT MODELI NG OF NOV

8.1 Multiconmponent Adsorption and Bi odegradati on ( MCAB)

Model

A nmat hemati cal nodel was used to nobdel the perfornmance
of the continuous flow recycle reactor (with GAC nedi a) used
for the biostabilizati on of ozonated NOM (see Chapter 6),
and to draw i nferences concerni ng the behavi or of the
ozonated NOMin a biologically active GAC reactor. The
mul ti conponent adsorpti on and bi odegradati on ( MCAB) nodel
used in this research was witten by Joseph Pedit (1988),
PhD student in the Departnent of Environnental Science and
Engi neering at the University of North Carolina at Chapel

.= [ [ | — —

The MCAB nodel is based on the single conponent nodel
devel oped by Chang and Rittnmann (1987) to study the
adsor pti on and bi odegradati on of a single solute in a fixed
bed conpletely m xed reactor. The MCAB nodel is capabl e of
handling up to four solutes, each possessing different
adsorpti on and bi odegradati on characteristics, using a
finite el ement solution technique instead of the orthogonal

col l ocati on net hod used by Chang and R ttmann. The GAC
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media i s assunmed to consi st of honbgeneous, spherica
particles. The biofilmis also honbgeneous, with a constant
density throughout. The nobdel accounts for diffusion
through the liquid film biofilm and GAC

Adsorption is considered conpletely reversible.
Conpetitive adsorption is nodelled according to idea
adsor bed sol ution theory, using Freundlich adsorption
paraneters for the conponents of concern.

Bi odegradati on is governed by Mnod kinetics, and
occurs only in the solution phase and the biofilm No
bi ol ogi cal activity takes place in the carbon particle. The
t hi ckness of the biofilmcan i ncrease or decrease in
response to biological growth or shearing of attached
bacteria, respectively. Table 8.1 contains the input
necessary to run the nodel, a brief description, and the
units of the paraneters. The conputer programfor the MCAB
nmodel is provided on a disk at the end of this report.
Ginberg (1989), who al so used the MCAB nodel, provides

docunentation as an appendix to his report.
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TABTi E 8. 1.

PARANMETER

NSOL
NEAC
NEBF

TOL
NTYPE
NSTEP
T VE

REACTOR PARANETERS

Q
voL

RAD
RHO
xXw
XF

B

E

BETA

SOLUTE PARANMETERS

DS
K

1/ n
DF

KF

Ks
Km

Y
A

So

I NI TI AL CONDI TI ONS

ACSTAR
SBSTAR
Co

COSTAR
XSSTAR
LFSTAR

Descri pti on of
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| nput to MCAB Model

DESCRI PTI ON UNI TS

NUVERI CAL METHOD PARANMETERS

# OF SOLUTES

ELEMENTS I N GAC
ELEVMENTS I N Bl OFI LM

# OF GAUSS QUAD. PO NTS

# OF GAUSS QUAD. PO NTS
SI ZE OF FI RST Tl ME STEP

ERROR TOLERANCE
TYPE OF TI VME STEP

# OF Tl ME STEPS
TI ME OF SI MJULATI ON

(hr)

FLOWRATE (Ci t
EMPTY BED VOLUMVE (cm)
RADI US OF GAC PARTI CT. E (cm
GAC DENSI TY

GAC DRY WEI GHT A
Bl OFI LM DENSI TY ( ;ggd\
COEFF. OF DECAY

SHEAR COEFFI Cl ENT ?

g C02-C g CELL-C DESTROYED (9/9)
SURFACE DI FFUSI VI TY ((;i ti’\/hr)
FREUNDL| CH K
FREUNDLI CH n
FI LM DI FFUSI VI TY (cmt/ hr)
LI Q FILM MASS TRANS COEFF (citi/hr)
HALF VELOCI TY CONSTANT (mg/ L)
MAX. VELOCI TY (g/g cell-h
Y| ELD CCEFF. (g CELL-C/g T(
g C02/ g TOC CONSUMED (9/9)
EED cch (ng/ L)

I NI T. SOLUTE CONC. | N GAC gl
I NI T BULK PHASE CONC. '
FEED CO2 ns
INI' T BULK PHASE CO" CONC. m

nt

INIT
I NIT

LI Q PHASE BI OQVASS
Bl OFI LM THI CKNESS

~ O (XD~
o \\\\(Q
3 oo oo =~
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8.2 Sensitivity Analysis

8.2.a Sel ection of Standard | nput Paraneters ;

The sensitivity of the MCAB nodel to selection of the
Monod bi okinetic paraneters, i and Kg, and the Freundlich
paraneter K, was determ ned. These paraneters were
considered the nost likely to vary anong the pseudo-
conponents into which the NOM was di vi ded for nbpdeling
pur poses. The focus of analysis was on how characterization
of the pseudo-conponents affects their effl uent
concentration profiles and not on the assunptions regarding
bi ofil mor mass transfer characteri stics.

To nost easily distinguish the effects of varying the
sel ected paraneters, a sinple standard nodel sol ution was
chosen, consisting of two conponents. One conponent was
adsor babl e but non-bi odegradabl e (Conponent A/ NB), and the
ot her bi odegradabl e but non-adsor babl e (Conponent NA/ B)
Bot h conponents will diffuse into the biofilm but only

Component NA/B will be bi odegraded, and cause the biofilmto

grow. Simlarly, only Conponent A/NB will be able to enter
the GAC. Therefore, the two conponents will not conpete with
each other for adsorption sites. |In Section 8.2.F, however,

the i ssue of conpetitive adsorption is addressed. The

standard i nput paraneters are shown in Table 8.2. A summary
of the paraneter values for the sensitivity analysis is

presented in Table 8. 3.
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TABLE 8. 2

NUNVERI CAL

NSOL
NEAC
NEBF
NGAUSI
NGAUS2
H

TOL
NTYPE
NSTEP
TI VE

St andard | nput

Par aneters Used

METHOD PARANMETERS

2
2

10

10

I . OCE- 08

1 . OCE- 06
(0]

480

240 (hr)

REACTOR PARANMETERS

Q

VOL
RAD
RHO
xXwW
XF

B

Bg
BETA

PANG®ONN
N
N
m
0
®

SOLUTE PARANETERS

1/ n

KF

o
Y

A

So

COVPONENT

A NB__
7.

O.
O.
5.

3.
1.

w oo

2E- 07

o1
60

76E- 03
26. 0

o

88
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32

. OE- 06

I NI TI AL CONDI TI ONS

ACSTAR
SBSTAR

"0
COSTAR
XSSTAR

LFSTAR

e0

NGO oo

(o] o)
(0] 6)

(o))

. 00
. 30E- 03
. 50E- 05

(hr)

NA/ B
7. 2E- O7
10. 0O
0. 60
5. 76E- 03
26. O
3.0
. 00
. 68
.32
. OE- 06

hOOO
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i n MCAB Model

(cm 7 hr)

(cmt/ hr)

(cnt hr)

(rmg/ L)

(g/g cell-hr)
(g CELL-C/ g TOO)
(9/9)

(rmg/ L)

(9/9)
(mg/ L)

(mo/ L)
(mg/L)
(my/ L)

(cm
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TABLE 8.3 Sunmmary of Model Runs.

RUN PARANETER VALUES

A K(IAANB) = 5 (Freundlich)
IB K(A/VNB) = 10
IC K(A/NB) = 15

I D K(A/ NB) =20

| E K(A/ NB) = 25

2A kjjj = 0.5 mg TOC/mg Cell-hr
2B ~1 ~ 1'O

2C kj~ = 1.5

2D kj~» = 3.0

3A Kg = 1.0 ng/L (for biodegradabl e conmponent)

3B Kg = 3.0
3C Kg = 5.0

3D Kg = 7.0

4A K(NA/B)* = 0.01 (FREUNDLI CH)
4B K(A/B)** = 1.0

4C K(A/ B) ** =10.0

* 0.01 chosen to represent negligible adsorbability
** formerly conmponent NA B
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8.2.b MCAB Mbdel Qutput for Standard | nput Paraneters

The nodel results for the standard i nput case of the
sensitivity analysis are shown in Figure 8.1. All
concentrati ons have been normalized, expressed as a fraction
of the influent TOG  The plot of the base case contains
curves for the breakthrough of each pseudo-conponent, their

sum and the TIC (CQ2) production (expressed as C) resulting

from bi ol ogical activity.

The nmost prom nent feature of the Crp plot is the "hunmp"
near the begi nning of reactor operation. This was noted
experinmentally by DeWaters (1987), using the same NOM as
feed to a biologically active GAC reactor (shown in Figure
6.5). The "hump" is thought to be the conbi ned result of
the initial increase and subsequent decrease in the
concentration profile of Conponent NA/B and the increasing
concentration profile of Conmponent A/NB. Thus, its shape
and hei ght should be functions of the biodegradation and
adsorption paraneters of NOM | n one experinent by DeWaters
(run 4: 1 ng 03/ng TOC, TOC=7 ny/L; EBCT=3.8 mn.), the hunp
occurred between 0 and 20 hours (DeWaters, 1987). |In the
standard i nput case of this analysis, the hunp is sharper
and lasts fromoO to 10 hours.

Foll owi ng the "hunp", Crj, begins to rise due to
br eakt hr ough of Conponent A/ NB. Bi odegradati on of Conponent

A/ B has reached steady-state, as evidenced by the plateau in

the TIC curve.
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8.2.C Effect of Varying Freundlich K

The value of the Freundlich K parameter was vari ed
between 2.5 and 40 (1/n constant throughout) to test the
sensitivity of the nodel to changes in adsorbability. The

br eakt hrough curves for Cr™, presented in Figure 8.2. a, show

that varying K prinmarily affects the shape of the

br eakt hrough after the "hunp". The breakthrough curves for
each value of K are shown in Figure 8.2.b for Conponent NA/B
and Conponent A/ NB. For all values of K, the breakthrough
curve for Conmponent NA/B remains the sane as in the case
usi ng standard i nput paraneters. This is to be expected,
because this conponent is biodegraded i ndependently, and is
unaf fected by changes in the adsorbability of Conponent

A/ NB. The breakt hrough curves for Conponent A/ NB show t hat
earl i er breakthrough occurs as Kis decreased, and

determ nes the shape of the breakthrough curve after the

"hunp" when adsorpti on approaches exhausti on.

8.2.d Effect of Varying KM

The Cp breakt hrough curves produced by varying the
maxi num specific substrate utilization rate y» (or UjjlYy)
between 0.5 and 3.0 ng TOC/ng Cell-C hr, are shown in Figure
8.3. a. Varying "k™» has the nost profound effect on the early

stages of the breakthrough curve. The breakthrough curves
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for Conponent NA/B and Conmponent A/NB are shown in Figure
8.3.b. For |ower values of K*, more time is required for
the biofilmto degrade Conponent NA/B to a steady-state
ef fl uent concentrati on. Therefore, the "hunmp" reaches a
hi gher concentration and takes longer to tail off. A |low
value of Kjjj, when the yield coefficient is constant, mnust

correspond to a | ow maxi num specific growh rate, u®j". For

this reason, it takes longer for the bionass initially
present in the colum to reach equilibrium |In addition,

the lower reaction rate results in a slightly | ower steady
state renoval of Conponent NA/ B, hence a hi gher steady state
ef fluent concentration. There is no change in the

concentration profile of component A/NB as a result of

varying the value of I~ for conponent NA/B

8.2.e Effect of Varying K,

The results of varying Kg between 1 and 7 ng TOC/L are
contained in Figure 8.4 . The effect of varying Kg is
simlar to that of varying K®, as increasing K" and
decreasing Kg both increase the biodegradation rate
cal culated fromthe Monod expression. As in the | ast case,
a change in the value of Kg primarily affects the early
stages of the breakthrough curve for Crp (Figure 8.4.a). For
hi gher val ues of Kg, responsible for |ower substrate
utilization rates, the hunp reaches hi gher concentrations

and tails off nore gradually. Al so due to | ower substrate
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utilization rates, the nicroorganisnms require a |onger tinme
to reduce Conponent NA/B to a steady-state concentration in
the effluent (Figure 8.4.b). Slightly | ower steady state

renoval s, hence hi gher steady state effluent concentrations
(Figures 8.4.b and 8.4.a), result from hi gher values of Kg.

There is no change in the concentration profile of component

A/NB as a result of varying the value of Kg for conponent

NA/ B.

8.2.f Effect of Varying Adsorbability of Conponent NA/B

For the cases presented in sections 8.2.b through 8.2.¢
the adsorbability of Component NA/B was negligible, |ess
than the value of K for Conponent A/NB in all cases by a
factor of 1000 to avoid conpetition for adsorption sites.
Foll ow ng these cases, the effect of maki ng conponent NA/ B
adsorbabl e was tested, using the two conponent system
consi sting of Conponent A/ NB and Conponent A/B (formerly
Conponent NA/ B).

The effect of varying K(A/B) between 0.01 and 10.0
(hol ding K(A/NB) constant at 10.0) on the breakthrough of
Crp, Conponent A/ B, and Conponent A/NB is shown in Figure
8.5.a. The breakthrough curves for a K(A/B) value of 0.01
represent the case using standard i nput paraneters. The
value of this paraneter has a great inpact on the shape of
the "hunmp”. The paranmeters found previously to affect the

“hunmp", nanely Kg and }*, changed only the hei ght of the
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peak and the tinme required for it to tail off, but had
little effect on the starting point of the hunmp or its
sharpness. Increasing the adsorbability of Conponent A/ B
(formerly Conponent NA/B), however, causes adsorption to
account for a degree of renoval of Conmponent A/B until the
bi ofi | m becones established, as shown in Figure 8.5. b. The
concentration profile of conponent A/NB remai ns essentially
unchanged, with the exception of a small degree of
conpetitive adsorption evident between 0 and 50 hours.

The shape of the "hunp" observed by DeWaters (1987),
and presented in Figure 6.5, was not nearly as sharp as
predi cted when the bi odegradabl e conponent was treated as

non- adsorbabl e (i.e.. Conponent NA B). This supports the

concl usi ons drawn fromthe i sothermresults that a fracti on

exists in the ozonated NOM m xture which i s both adsor babl e

and bi odegr adabl e.

8.3 Model i ng of Experinental Results

The MCAB npbdel was used to npdel the results of the
conti nuous flow recycle contai ni ng GAC, which was used for

the biostabilization of ozonated NOM (see Chap. 6). The run

was nodel ed for the duration of the tine when EBCT was hel d
at 3.8 mnutes (a total of about 300 hours). The nodel NOM
sol ution consisted of four conponents, two bei ng adsorbabl e
and bi odegradable (PC -A/B and PC2-A/B) and the other two
adsor babl e and non- bi odegradabl e (PC - A/ NB and PC2- A/ NB) .
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The cal cul ation of the concentration of each conponent is
presented in Section 7.4.b. For these calculations, a val ue
of 55 percent was used for the biodegradability of the

ozonated NOM as determ ned fromthe continuous flow GAC

reactor used for the biostabilization.

The Monod bi oki netic paranmeters used for PO -A/B and
PC2- A/B were fromthe batch biokinetic study. This study
yielded a first-order rate constant, but the data were
insufficient for determ nati on of Monod paraneters. For
this reason, Mnod paraneters were cal cul ated which forced
t he Monod equation to approximte first-order Kkinetics.
These cal cul ati ons are di scussed in Section 5.3.c. A
sumary of the Freundlich adsorption paraneters, Mnod
bi oki netic paraneters, and initial concentration of each

conponent is presented in Table 8.4. The rest of the input

to the nodel is shown in Table 8.5.

Tabl e 8.4 Adsorption and bi okinetic paraneters of nodel NOM
sol uti on, assum ng 55 percent biodegradability.

Initial Bi oki neti c Adsor pti on
Concentrati on Par anet er s Par anet er s
Component (xng/L) . -Ckm "sJ---- (K, 1/n)
PC -A/'B 8.5 282, 1752 8.4,0.084
PC - A/ NB 6.9 NA 8.4, 0. 084
PC2- A/ B 1.2 282, 1752 36. 5, 0. 253

PC2- A/ NB 1.1 NA 36. 5, 0. 253
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TABLE 8.5 | nput Paraneters for Test of MCAB Model with
Experimental Data for Continuous Fl ow Recycle

React or Assuni ng 55 Percent Bi odegradability of
NOM

NUVERI CAL METHOD PARANETERS

NSOL 4
NEAC 2

NEBF 1

NGAUSI 10

NGAUS2 10

H | . OCE-08 (hr)
ToL I . COE- 06
NTYPE )

NSTEP 305

T MVE 305 (hr)

REACTOR PARANMETERS

Q 83. 3 cnhr)
VoL 69. 0 cnf)
RAD 2. 49E-02 (¢
RHO 7. 0E- 01 (g/cm\)
XW 3.8
XFE 3. 42E- 03 @/)crr?)
B 3. 60E- 02 hr-?-
BS 4. 38E- 03 hr -
BETA 1.0 (a COo-C
SOLUTE PARAMETERS

COVPONENT

1-A/'B 1- A/ NB 2-A/ B 2- A/ NB .
DS 7. 2E- 07 7.2E-07 7.2E-07 7.2E-07 (CrT’f‘/ hr)
K 8. 4 8. 4 36. 5 36.5
1/ n 0. 084 0. 084 0. 253 0. 253
DF 5. 76E- 03 5. 76E-03 5. 76E-03 5. 76E- 03 (cm\/ hr)
KF 26. 0 26.0 26.0 26. 0 (cmi hr)
Ks 1752 1752 1752 1752 (my/ L)
km 228 0. 00 228 0. 00 (g/g cell/hr)
Y 0. 37 0. 37 0. 37 0.37(g CELL--C/g TOO)
A 0. 63 0. 63 0. 63 0. 63 (g/ g)
So 8.5 6.9 1.2 1.1 (mg/ L)
I NI TI AL CONDI TI ONS
ACSTAR 0. 00 0. 00 0. 00 0. 00 (g/ g)
SBSTAR 0. 00 0. 00 0. 00 0. 00 (g/cnt)
co 1.20 /L
COSTAR 0. 00 Enng/ Lg
XSSTAR 5. 30E- 09 (gl cm ™)
LFSTAR 2

. 50E- 05
(cm
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The nodel predictions for the case where 55 percent of
NOM i s assuned to be bi odegradabl e are conpared with the
results of the continuous flow biostabilization experi ment
in Figure 8.6. The effluent TOC concentration and TIC
production for the nodel results and the experinental data
are shown in Figure 8.6.a as a fraction of the feed TCOC
concentrati on. In addition, the breakthrough of each
conponent, their sum and the TIC production are shown in
Figure 8.6.b. The nodel predicts a nore rapid initial
br eakt hr ough of TOC t han t he breakt hrough shown by the
experinental data. |In addition, the hunp in the predicted
br eakt hrough curve takes longer to tail off than the hunp
exhi bited by the data, although the hunp in the experi mental
data is difficult to analyze due to the washout of GAC fines
at the begi nning of the run.

The nodel predicts a steady-state effluent TOC
concentration of 49 percent of the feed TOC concentrati on.
This is significantly | ess than the experinental steady-
state val ue of 69 percent. In addition, the node
overpredicted the TIC, or CO2 production resulting fromthe
bi odegradati on of the biodegradabl e conponents. One
possi bl e expl anation for this was that the yield coefficient
(Y) used was 0.37 ng Cell -C/ng TOC consuned, determ ned from
t he batch biokinetic study (Section 5.3.b). The apparent

yield cal cul ated using the experinental data fromthe

continuous flow biostabilization experinment was 0.65 ng
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Cell -Cmg TOC consunmed (Section 6.3). Wen substrate, CQO2,

and bionmass are all expressed in units of ng CL, the unit

CO2 production resulting from bi odegradation of TOC is given
by Equation 8. 1.

Unit CO2 Production = 1.0 - Y (8.1)

Using this ecfuation, the CO2 production per unit TOC

reduction for the batch bi okinetic experinent is 0.63,
conpared with a value of 0.35 for the biostabilization

experinent. Therefore, the batch biokinetic results predict

80 percent nmore CO2 production than the apparent yield

cal cul ated fromthe conti nuous fl ow biostabilizati on data

for a given TOC renoval .

Anot her possi bl e explanation for the | ow steady-state
effluent TOC concentration and high TIC production
predicted by the nodel is that the biodegradability of the
ozonat ed NOM was overpredicted in the GAC reactor. |If
bi odegradati on can not account for all of the steady-state
TOC renoval, then a portion of this renoval nust have been
due to sone other nechani sm such as sl ow adsorption.

To evaluate the effect of assuming that the long term
TOC renoval was solely due to biodegradati on, anot her nodel
run was perfornmed assum ng a | ower percent renoval of NOM by

bi odegradation. Only the concentrations and adsorption

paraneters fromthe ozonated NOM i sot herm were used in these
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cal cul ati ons, as the ozonated-biostabilized NOM may have
been affected by slow adsorption as well as bi odegradati on.
The concentrati ons of the ozonat ed-bi ostabilized NOM

PCs, which were used in the deternination of PC
concentrati ons assuni ng 55 percent of NOM as bi odegradabl e
(Section 7.4.b), were not used in the calculations for the
new assunpti on of percent biodegradability. The conponents
of the ozonated NOM isotherm first presented in Chapter 7,

are shown agai n bel ow for conveni ence:

I AST Equi li brium Model Results for Ozonated NOM

Conponent K 1/ n o(T)

Pseudo- conponent 1 8. 44 0. 084 83
Pseudo- conponent 2 36. 54 0. 253 13
Non- adsor bi ng

Pseudo- conponent - 4

The maj or difference between this nodeling attenpt and
that presented in Figure 8.6 is the anbunt of NOM consi dered
to be biodegradable. Here it is assuned that the ozonated
NOM m xture was 15 percent bi odegradabl e, as deternined from
the batch biokinetic study (Section 5.2). This val ue was
not affected by adsorption, as no GAC was present. For this
analysis it was al so assuned that the difference in reactor
configuration had no effect on the biodegradability of the
ozonated NOM contrary to the discussion in Section 6. 2. It
was furthernore assuned that this biodegradable fraction

consi sted of the | east adsorbable material in the NOM

m xture. Therefore, the non-adsorbabl e conponent was
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entirely biodegradable, and was renaned PC NA/B. PC 1, the
| ess adsorbabl e of the two adsorbing conponents, accounted
for the renmainder of the biodegradable fraction. Thus, PC 1
was split into a biodegradable (PC 1-A/B) and a non-

bi odegr adabl e conponent (PC 1-A/NB). PC 2 was non-

bi odegr adabl e, and becane PC 2- A/NB. The conponents, plus

their respective percentages of the initial TOC are shown in

Tabl e 8. 6.

Tabl e 8.6 Conposition of Model NOM Sol ution Assum ng
15 Percent Bi odegradability

COVPONENT 7 948 O)
PC 1-A/B 11
PC 1- A/ NB 72
PC 2- A/ NB 13
PC- NA/ B 4

For sinplicity, since PC-NA/B accounts for only four
percent of the total concentration, it was conmbined with PC
1-A/B. The concentrations, biokinetic paraneters, and
adsorption paraneters of the revised nodel NOM sol ution are

shown in Table 8.7. The rest of the input to the nodel is

shown i n Tabl e 8. 8.
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Table 8.7 Adsorption and Bi oki netic Paraneters of Revised
Model NOM Sol ution, Assum ng 15 Percent
Bi odegradability of NOM
Initial Bi oki neti c Adsor pti on
Concentrati on Par anet er s Par anet er s
Conponent frg/ L) (K, 1/n)
PC 1-A/B 2.7 282, 1752 8.4,0.084
PC 1- A/ NB 12. 7 NA 8.4,0.084
PC 2- A/ NB 2.3 NA 36. 5, 0. 253
The nodel predictions for the case where 15 percent of

NOM i s assuned bi odegradabl e are conpared with the results

of the continuous flow biostabilization experiment in Figure

8.7. The total breakthrough and TIC production are plotted
agai nst the experinental results in Figure 8.7.a, and the
effluent concentration profile of each conponent, TIC
producti on, and total breakthrough are shown in Figure
8.7.b, Due to the | ower concentration of biodegradable
material, the hunp is not as pronounced as in the previous
case. The TOC agai n breaks through rapidly, and reaches
steady-state at 81 percent of the feed TOC concentrati on,
conpared to 69 percent for the experinmental results. The
predicted TIC production is 10 percent of the feed TOC,
approximately the sane as the average experinental TIC

pr oducti on.
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NUMERI CAL

NSOL
NEAC
NEBF
NGAUSI
NGAUS2
H

TOL
NTYPE
NSTEP
TI VE
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| nput Paraneters for Test of MCAB Model with

Experinental Data for

NOM

METHOD PARANMETERS

3
2
1
10
10

| . 00E-08 (hr)
1. OCE- 06

0}
305

305 (hr)

REACTOR PARANETERS

Q

VoL
RAD
RHO
xXwW
XF

B

BS
BETA

83. 3
69. 0

8

42E- -
. 60E _
. 38E -

P Ao wwNN

SOLUTE ] PARAMETERS

DS
K

1/ n
DF
KF

Ks

km
Y

A
So

COVPONENT
1-A/B

7. 2E- O7

8. 4
0. 084
5. 76E- 03
26. 0
1752

228

0. 37

0. 63

2.7

I NI TI AL CONDI TI ONS

ACSTAR
SBSTAR

CcOoO

COSTAR
XSSTAR
LFSTAR

o

. 00
. 00

@]

20
(o] o]
. 30E- 09
. 50E- 05

Nwo

. 49E -

m
oe 01 {glent)

(%%m?)

Cont i nuous Fl ow Recycl e
React or Assum ng 15 Percent Bi odegradability of

Egm)/ hr)

02

% hi N

(g C»-C/ g CELL-Q)

1- A/ NB
7. 2E- 07
8.4
0. 084
5. 76E- 03
26. 0
1752

0. 00

0. 37

0. 63

12. 7

0. 00
0. 00

2- A/ NB
7. 2E- 07
36.5

0. 253
5. 76E- 03
26. 0
1752

0. 00

0. 37

0. 63
2.3

0. 00
0. 00

(cmt/ hr)

(cm/ hr)

(cnt hr)

(ng/ L)

(g/g cell/hr)

(g CELL-C/g TOC)
(9/9)

(ng/ L)

(9/9)
(g/cnt)

(mg/ L)

(mg/ L
(g/cm‘g

(cm
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CHAPTER 9. CONCLUSI ONS AND RECOMVENDATI ONS

9.1 Concl usi ons

1. An adsorption isothermwas determ ned from an

equi | i brium adsorption experinment using ozonated NOM | dea
adsorbed solution theory (I AST) was used to obtain the
Freundl i ch adsorption paraneters for the pseudo-conponents
of the NOM solution. The results suggest that the ozonated
NOM may be described as a m xture of two adsorbi ng pseudo-

conponents and one non-adsorbi ng pseudo- conponent.

2. Biostabilization of ozonated NOM proved difficult to
identify. A batch recycle reactor achi eved approxi mately 20
percent renoval over 13 days. A 15 percent TOC renobval was
acconplished in the batch biokinetic study, over about six
days. A continuous flow reactor with GAC nedi a exhibited a
TOC renoval of 55 percent for a |ong enpty bed contact tine
(51 mnutes). As the adsorption capacity of the GAC had
apparently reached exhaustion, this renpbval was attri buted
solely to biodegradati on, and was used to define the

bi odegradabl e fraction of the ozonated NOM sol uti on.

Continuous flow reactors were used to conpare bi odegradation
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on GAC and anthracite nedia. Due to unexplained TIC

production with no correspondi ng decrease in TOC in the
anthracite reactor, the GAC reactor was used to produce the

desired biostabilized NOM

3. An adsorption isothermwas deterni ned for the ozonat ed-
bi ostabilized NOM sanple. The results indicate that the
ozonat ed- bi ostabi li zed sanpl e nay be descri bed by two
adsor bi ng pseudo-conponents, and that no non-adsorbabl e
pseudo- conponent was present. Isothermresults showed that

bi ostabilization increased overall adsorbability of the

m Xt ur e.

4. A batch biokinetic study was perforned to determ ne
Monod bi oki netic paranmeters for use in the nodel. The data
collected were insufficient to fit the Monod nodel, but
first-order biokinetic paraneters were obtained. Using

t hese paraneters, Mnod paraneters were cal cul ated whi ch

forced the Monod equation to approximate first-order

Ki neti cs.

5. A nulticonponent nodel was tested using the
experinmental |y derived adsorption and biokinetic paraneters.
The concentrations of the NOM conponents were cal cul at ed
using a value of 55 percent for the biodegradable fraction.
For these conditions, the nodel underpredicted TCC

br eakt hr ough, possibly due to erroneous biokinetic
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paraneters. In addition, the nodel significantly

overpredi cted TIC production, due to the fact that the batch
bi okinetic results predict 80 percent nore CO2 production
than the apparent yield cal culated fromthe continuous fl ow

bi ostabilization data for a given TOC renoval .

6. The nodel was al so tested using a value of 15 percent
for the biodegradable fraction. This attenpt slightly

over predi cted TOC breakt hrough, and predicted the TIC
production well. These results suggest that biodegradation
m ght not account for all of the 55 percent TOC renoval
acconplished by the continuous flow GAC reactor. Sone ot her

mechani smis suspected, such as sl ow adsorption

9.2 Recommendat i ons

1. Biostabilization should be acconplished using non-
adsor bi ng nedi a, thereby dimnishing the possibility that

mechani snms ot her than bi odegradati on are responsible for TOC

renoval .

2. O her nmethods, such as fractionation by gel perneation
chr omat ogr aphy, shoul d be evaluated for the characterization
of NOM It seens desirable to trace the sane set of
conponents through biostabilization, rather than define a

new set of conponents, as is the case with | AST.
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3. Biokinetic paraneters should be determ ned using the
same reactor configuration as that to be nodeled. This
woul d el im nate discrepancies in degradability and

bi oki netic paranmeters due solely to differences in reactors.
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