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Abstract-Predict ive mathematical models which describe the adsorption and biological pheno- 
mena in the plug-flow stationary so>lid phase column and completely mixed recycle fluidized bed 
were developed. The models incorporate liquid film transfer, biodegradation and diffusion in the 
biofihn, adsorption onto the adsorbent, as well as I)iofilm growth. The model equations are solved 
by a combination of orthogonal collocation and finite difference techniques. Computer simulations 
were conducted to compare the performance of the two models. Sensitivity tests were also performed 
to determine the effects of physical and biological parameters on model profiles. 

INTRODUCTION 

The role of activated carbon, applied to the removal 
of dissolved organic components has become para- 
mount in water and wastewater treatment applications. 
Increasingly stringent water quality requirements have 
been sufficient incentives for environmental scientist 
and engineers to conceive novel and more efficient 
technologies for treatment of water and wastewater. 
Treatments based on physicochemical processes such 
as activated carbon adsorption have been considered 
technically viable for solving problems relating to wa- 
ter quality. However, major disadvantages of activated 
carbon application have been the high carbon cost, 
and significant thermal regeneration expenses asso- 
ciated with escalating energy" costs. 

Biological treatment systems have the potential to 
be relatively inexpensive for wastewater treatment. 
Interest in biological processes is increasing because 
they are economical, require low energy resources, 
and above all, convert toxic organic compounds to in- 
nocuous products such as carbon dioxide and water. 
The problems of biological processes are that they 
alone cannot remove non-biodegradable or slowly bio- 
degradable organic pollutants. A promising method is 
the integration of activated carbon adsorption and bio- 
logical degradation phenomena into a single unit. This 
combined process has several distinct advantages: (1) 
biodegradation of slowly biodegradable compounds by 
retention through adsorber beds [1]; (2) favorable en- 

vironmental conditions for microorganism growth 
through enriched organic food and irregular surface area 
on activated carbon surface [2]: (3) protection of mi- 
croorganism from toxic substances by activated carbon 
adsorption [3]; and, (4) elimination or dampening ef- 
fect of concentration fluctuations of adsorbable com- 
pounds in the feed [4]. 

Although adsorption models which can predict the 
service life of activated carbon are relatively well de- 
veloped, interaction with biodegradation causes consi- 
derable complications. A mathematical model capable 
of predicting the overall removal of dissolved organic 
matter (DOM) by a combined process of biodegrada- 
tion and adsorption would therefore prove useful. Suc- 
cessful predictive mathematical models facilitate a bet- 
ter understanding of the various phenomena and me- 
chanisms of interactions among microorganisms, sub- 
strate, and adsorbent, as well as provide the engineer 
with necessary design information. The principal objec- 
tive of this work is two-fold: (1) establishing a basic 
theoretical framework which assesses adsorption and 
biodegradation behavior of a mixture of organic ch- 
emicals in biologically activated granular carbon (BAGC) 
systems; and (2) development of a model which can 
effectively preclict those phenomena. 

BACKGROUND 

Tile substrate transport through the biofilrn and into 
activated carbon particles is illustrated in Fig. 1. Bio- 
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Fig. I. Schematic representation of the essential compo- 

nents required to model a biofilm. 
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degradation and adsorption are unsteady-state proces- 
ses taking place during the service life of carbon bed. 
Major factors influencing the rate of each process are: 
transport of materials in the liquid phase, microbial 
growth kinetics (and thus the microbial biodegradation 
rate), intraparticle transport kinetics, and adsorption 
onto the solid phase. 

Extensive studies have been conducted to develop 
mathematical models which take into consideration 
the above-mentioned factors for fixed, expanded or 
fluidized activated carbon beds [4-9~. A literature re-- 
view reveals several modeling efforts which incorpo- 
rate biological activity in activated carbon adsorber 
models. Jennings [5~ investigated the removal of bio- 
degr~dable compounds by attached fifm growth and 
presented a phenomenological analysis in terms of si- 
multaneous diffusion and chemical reaction of the 
species across the biofilm. His model essentially em- 
ployed a lumped-parameter approach, representing the 
concentration of the organic species as total organic: 
carbon (TOC). His steady-state model for biological 
utilization of substrate was effective in predicting ste- 
ady state substrata removals in the case of glucose 
and sodium lactate. There was no necessity to incor- 
porate a rigorous description of adsorption dynamics 
for his specific system since glucose and sodium lac- 
tate manifest pcc~r adsorbabilities on activated carbon. 
Extrapolation of this model to treatment processes in- 
tegrating adsorption and biodegradation for specific 
wastewater applications would however require a rig- 
orous description of adsorption dynamics and trans- 
port for achieving better predictions of effluent concen- 
tration porfiles. 

The mathematical conceptualizat'ion of Jennings was 
extended by Peel and Benedek [6~ whose predictive 
model assumed plug-flow conditions, with the carbon 
particles held in stationary positions in the adsorber 
column. An additional assumption was that film thick- 
ness was considered as a fixed, externally defined pa- 
ramel:er. This approximation worked reasonably well 
for prediction of long-term performance of their sys- 

tern, although higher removals were predicted at the 
initial stages of column operation, as demonstrated 
by" the investigators. This might be attributed to the 
fact that, at the commencement of the operation cycle 
the biofilm is very thin, and as time progresses, the 
film thickness increases. It was therefore necessary 
to develop a model that considered the spatial and 
temporal variations of biofilm thickness in adsorbers. 

Ying and Weber [4~ responded to the above-men- 
tioned need by conceptualizing a model, in which the 
film thickness in an adsorber was a function of both 
time and distance into the bed. Their model included 
the phenemenological aspects of liquid film transfer, 
intraparticle diffusion, substrate utilization by Monod 
kinetics, and buiId-up of biomass. In their model, the 
bacterial films were allowed to grow until they rea- 
ched a certain level, whereatter they were maintained 
at this externally defined thickness by washing and 
air-scouring the bed. The actual film thickness was 
assumed to correspond to less than that of a monola- 
yet of bacteria, and consequently, no allowance was 
made to account for the additional external mass trans- 
fer resistance to adsorption due to intra-biotayer dif- 
fusion. The model was applicable to both plug-flow 
column and completely mixed fluidized bed adsorbers, 
and was found to have good predictive capability in 
the case of glucose and sucrose, 

Andrews and Tien ~7~ presented a biological model 
for fluidized bed based on the completely mixed reac- 
tor assumption for both liquid phase and carbon parti- 
cles. The important phenomenological assumptions 
employed in model development included the follow- 
ing: (1) mass transfer resistance of the external liq- 
uid film and diffusion resistance of the internal solid 
phase were considered negligible: (2) the organic sub- 
strate was assumed to be present in low concentration 
to timit bacterial growth; and (3) to facilitate and analy- 
tical solution, uptake of organic substrate by the bio- 
fihn was assumed to follow first-order kinetics, and 
the equations pertaining to the model were solved 
for a quasi steady-state condition. The model exhibi- 
ted good capability to predict effluent profiles for their 
specific organic substrate (valeric acid) at dilute concen- 
trations. In order to enlarge the domain of applicabi- 
lity of the model to treatment of real wastewaters ha- 
ving diverse cotnpositions and manifesting system- 
specific characteristics, a few important aspects have 
to be considered. It would be more appropriate to as- 
sume that substrates might be present in high concen- 
trations, and that the resistance to mass transfer due 
to liquid film diffusion should not be neglected. Fur- 
thermore, a model had to be developed that would 
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be suitable for prediction of performances of plug-flow 
adsorbers as well. 

Recently, two other groups of researchers, namely. 
DiGiano et al. -8], and Chang and Rittmann [9], have 
proposed similar models based on the flmdamental 
mechanisms of film transport, biodegradation within 
the biofilm, adsorption within the activated carbon, 
and growth of biofitm. The model proposed by Chang 
and Rittmann is a logical extension of that attributed 
to DiGiano and coworkers, although there are a few 
important differences between them. The former mod- 
el has been formulated for a completely mixed reac- 
tor, while the latter has been developed tot an infinite 
bath configuration. Furthermore, the initial conditions 
used in these models are different. These models 
were intended to be applied for relatively low single 
substrate concentrations. They proved to be effective 
in predicting removal efficiencies of phenol, an easily 
biodegradable substrate. 

The model proposed in this paper incorporates a 
number of features to obviate the limitations of pre- 
vinus models for organic carbon remowd. The model 
provides a rigorous description of adsorption dyna- 
mics, considers external mass transfer, internal diffu- 
sion transport, intra-biofilm diffuskm, and above all, 
spatial and temporal variation of biofilm thickness in 
adsorbers. Furthermore, the model is applicable to 
plug-flow column as well as completely mixed fluidi- 
zed bed designs, and is intended to be applied to ac- 
tual water and wastewaters with radk:ally different 
total organic carbon (TOC) levels, and components 
manifesting varying adsorption or biodegradation char- 
acteristics. 

MODEL D E V E L O P M E N T S  

The first step in the development of any conceptual 
model involves its reduction to essential components. 
Fig, 1 shows the schematic of essential components 
required to model biofilm transport and carbon adsorp- 
tion of substrate. As illustrated, microorganisms in 
a biofilm with density X~ get attached to an activated 
carbon surface and grow as the sorptive capacity with- 
in the carbon particle becomes exhausted. During 
its initial phase of development, the biofilm is very 
thin and much of the substrate is transported to the 
granular activated carbon (GAC) surface where adsorp- 
tion occurs. The model is based on the fundamental 
mechanisms of transport of substrate in the liquid 
phase, transport and degradation within the biofitm. 
adsorption within the activated carbon, and growth 
of the biofilm. This model is conceptually similar to 
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Fig. 2. Schematic representation of an activated carbon 
bed. 

those of DiGiano et al. E8], and Chang and Rittmann 
[9], although it differs from the completely mixed flui- 
dized model of Chang and Rittmann in that it takes 
into account the variation of concentration as a func- 
tion of axial position in the bed. Furthermore, this 
model employs different initial and boundary condi- 
tions. 

In this research, two different model were devel- 
oped for general applicability to water and wastewater 
treatment. These include plug-flow statkma W solid 
phase activated carbon columns and completely mixed 
recycle fluidized beds. In order to develop a realistic 
mathematical model, it is not possible to consider 
eve W phenomenon which occurs in the biofilm and 
activated carbon phase. Reasonable assumptions have 
therefore been made for the purpose of simplifying 
complex physical and biological phenomena. In both 

plug-flow stationary solid phase columns (PSSPC) and 
completely mixed recycle fluidized beds (CMRFB). 
bacterial growth causes particle enlargement and the 
associated implications affect liquid flow patterns and 
solid mixing. The bacterial growth also results in an 
increase in the pressure drop necessar7 to maintain 
a constant flow rate or an increase in the bed height, 
and thus makes modeling particularly difficult for pre- 
dicting long-te.rm operations. During the early stages 
of column run, an assumption required for model de- 
velopment is that the change of bed porosity due to 
bacterial growth is negligible. The conceptual mecha- 
nism of the models are emb~xtied in Figs. 2 and 3, 
The following assumptions are incorporated for sim- 
plification of mathematical analysis: 

(1) Axial dispersion for the liquid phase is consid- 
ered: 

(2) The column has uniform cross section and the 
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Fig. 3. Conceptual model of biofilm attached to an activa- 
ted carbon particle and supplied by substrate from 
]both external solution phase and internal adsorbent 
particle. 

adsorbent granules are spherical and of uniform size; 
(3) Contribution of pore diffusion to the adsorbate 

transport has been neglected because surface diffusion 
flux is much larger than pore-diffusion flux; 

(4) The biofilm is homogeneous; i.e., its porosity, 
bacterial density, composition, etc. do not vary with 
film thickness; 

(5) Organic substrate is soluble, biodegradable and 
adsorbable; 

(6) The substrate concentration profile across the 
bacterial film outside adsorbents can be considered 
to be in a pseudo steady-state even though the film 

thickness changes with time; 
(7) The biological activity is assumed to be sub- 

strate-limiting, and its kinetics are presented by the 
Monod equation; 

(8) Bacterial activity in the liquid phase is negligible; 
(9) The desorption of adsorbed substrate does not 

o c c u r .  

Case 1. PSSPC Model  
l q .  Liquid Phase Material Balance 

The material balance of the dissolved substrates to 
be reraoved for any differential segment of the bed 
is represented by the equation 

oC(x, t) D l 02C(x' t) 0C(x, t) 3k+(1-e.) (R + L) 2 
- -  ~ . . . . . . . . . . . .  V x - .  - _ 

O~ 0 xa 0x e W 

[C(x, t ) -  C~(x, 03 (1) 

whose initial and boundary conditions are 

C(x, t -  O) = O (2) 

C(x-- O, t) = C, (3) 

0C(x, t) 
�9 1 = 0  (4) 

0 X  - - .  

1-2. Solid Phase Material Balance in the Adsorbent 
The homogeneous surface diffusion model used for 

intraparticle diffusion of adsorbed substrate can be 
represented by 

r)q(r, t) [L ~ [r e 0q(r, t) ] 
0rL 

whose initial and boundary conditions are 

q(0.<- r_< R, t = 0) = 0 (6) 

q(r = R, t) :- %(0 (7) 

0q(r =0, t->.t,,) 
= 0  (8) 

Or 

Another boundary condition can be introduced by per. 
forming mass balance on an adsorbent particle as 
shown below: 

3 0 (~ ~ _ MAp~ ~ 
) oq(r, t)r- d r -  ~ - L C ( x ,  t ) -  Cz(x, t)] 

0t 

3kX/L, C,~,_.~(x, t) (9) 
Yp.R K, + C,~,~(x, t) 

1-3. Diffusion and Reaction in the Biofilm 
Assuming that substrate concentration within the 

biofilm changes only in the z direction, normal to the 
surface of the biofilm, and that substrate concentration 
profile across the biofilm is at pseudo steady-state. 
the following relation can be written: 

D,. 02C'(x' z, t) = kXs z:..0_. - (10) 
0z ~ K, C(x, z, t) 

The boundary conditions corresponding to the above 
equation are the following: 

C~(x, z:=O, t)= C~(x, t) (11) 

(.".,~x, Z=]b~ t)=CAx, t) (12) 

1-4. Growth of Biofilm 
If the Monod growth model is used, the variation 

of biofilm thickness with time can be adequately re- 
presented by 

0Lt(x. t) _ kC___~,,,.(=,..x t)L(x, t) _ t~L(x, t) (13) 
0t K, + C,~,,4x, t) 

The initial and boundary, condition are 

L(x, t = O) ==: L, (14) 
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L,(x, t = t ~ )  = L ~  (15) 

1-5. Adsorption Equilibrium Relationship 
The Freundlich adsorption model used to relate the 

equilibrium solid phase concentration to liquid phase 
concentration near the exterior particle surface can 
be written as 

q(r= R, x, t)= K~(x,  t)" (16) 

Non-dimensionalization of variables is an important 
aspect to be considered with regard to applications 
of numerical techniques. It is convenient to normalize 
the domains of variables (often between zero and 
unity), and express differential equations and their 
initial and boundary conditions in a systematized and 
compact form. Furthermore, the transformation pro- 
cess renders the equations more easily amenable to 
techniques such as orthogonal callocatkm, facilitates 
a better analysis of system characteristics from values 
of dimensionless groups, and provides more informa- 
tion on convergence, consistency, and stability proper- 
ties of the numerical scheme employed. 

Eqs. (1) through (16) can be non-dimensionalized 
by defining the following dimensionless variables: 

= C (17) 
C.  

- C~ 
C~ = ~ (18) 

~, - ~ (19) 

- -  C t  
C,= ~,, (20) 

~,.~ = C ~  (21) 

q = q~ (22) 
qo 

L = ~ (23) 

= x (24) 
L 

= z (25) 
L 

~ = r  (26) 
R 

Then the system of equations representing the model 
can be transformed by non-dimensionalization as 

shown below: 

0C(x, T) n ~2~(~, T) 0C(x, T) 

- 3D~S,(1 + B~,L)2[C(x, T ) -  C,,,(x, T)] (27) 

aq(r, x, "r) _ E. a [r 2.aq(r, x, T) 1 (28) 
aT F: o r  L ~ J 

a 
f '  q(r, x, T)r2d~= S,(1 + Bo.~)2[C(x, T)-C~(x, T) 

0T 0 

�9 ~ ~(X, T)C,a~(X, T) 

~2Q(x, z, T) G2(x T)C~x s T) 
a~ 2 =A~- "~-) ~ z , ~  (30) 

oG(x, T) ~ ~ ~,oo~(x, T)G(x, T) 
aT - ~a~,~ ~ ~ ~ - A,~DffI.c(k, T) (31) 

q0 :=  1, x, T)=  ~2,(L T)" (32) 

where dimensionless parameters and defined as fol- 
lows: 

D = DgD~ (33) 

D,~- p . % ( l -  c) 
8C~, (34) 

Ddz 
D~ - (35) L 2 

S, = kj, z ( l  - 8) (36) 
R~ 

B o -  L ~  (37) 
R 

B1 Ks = c~ (38) 

E DsDg~ d= ~ (39) 

Qz(1 - e) 
Ao -- (40) 

3V~e 

A1 = kzX/L~ (41) 
Yqop~R 

kX~ . I ~  
A2= CoDj (42) 

A3 = k~ (43) 

t 
T = - -  (44) 

~D, 

L = (45) 
v~ 
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q~ = KFC~" (46) 

V = -QQ (47) 
A 

The initial and boundary conditions in dimensionless 
form are: 

C(~, T = 0) = 0 (48) 

C(x::0 ,  T ) =  I (49) 

0C(x, T) ~,x [~ =o (50) 

q(r, T = 0) = 0 (51) 

O(tff = 0, T) _ 0 (52) 
O~ 

C~(i, ~=0, T) = C,(.~, T) (53) 

C~(~ ~=1, T)=C~(x, T) (54) 

L(x, T = 0) = E,, (55) 

E~(~, T = T,~,J = 1 (56) 

Case  2 .  C M R F B  Model  
In this case, Eqs. (1) through (16) remain as in PS- 

SPC of Case 1, describing the liquid phase material 
balance, solid phase diffusion in the adsorbent, diffu- 
sion and reaction in the biofilm, growth of biofilm and 
adsorption isotherm model, respectively. However, the 
boundary conditions of Eqs. (3) and (9) are different 
from those of the PSSPC model. Eq. (3) is hence re- 
placed by 

QC0 + Q.C 
C(x, t)L=o=- (57) Q+Q,  

When ~he liquid phase substrate removal is negligible. 
the boandary condition of Eq. (9) can be replaced by 
performing mass balance on an adsorbent particle as 
shown below: 

R ~ 3t q(r, t)r ~ d r =  ~-<p, [C, ,-  C(x, t){,=s.] 

(58) 
YRp~ K~+Ci~g(x, t) 

The dimensionless system of equations which ~r 
scribe the CMRFB model are the following: 

0C(i~, T) _ D 0 ~ ( x ,  T) D~ OC(~<, T) 
0T 0~ ~ 0x 

- 3DgSdl+ Bf4)~[C(i, T ) -  C~(7r T)] (59) 

Oq6:,~,T) E ~  O [ ~ O q ( - L k T ) ]  (60) 
.gT ~ O~ Or 

Jo q(7", x, T)b ~ d?=  Ao[1-C(x,  T)I;: ~] 

Lr T)C~g(~, T) 

02CJ <k, ~, "D - A ~2(i ,  T)G(x, z, T) 
3z ~ - ~ B l + ~ ( i , z  T) (62) 

0~(~, T) . ~ Cs~<,~(~, T)Ics(x, ~, T) _ A3DfLr T)(63) 

q(i" = 1, x, T)=C~(x, TY (64) 

All dimensionless parameters and variables in Eqs. 
(17) through (26), and (33) through (46) are defined 
as they were for the case of PSSFC model, with the 
exception of Eq. (47), which is replaced in the complete- 
ly mixed recycle fluidized bed model by the rela- 
tion 

Q+Q,  
v~ = (65) 

A 

The initial and boundary conditions are: 

C(X = 0, T) = 0 (66) 

0C(~ T) 1~: ~=0 (67) 
c~X 

Ct(f, T = 0) = 0 (68) 

3cl(r= 0, T) =0  (69) 

C ~ ,  ~ = 0, T) = C~(~, T) (70) 

~d i ,  z,= 1, T)= C~(x, T) (71) 

~(~, T = 0) = L~, (72) 

L(x, T = T_) = 1 (73) 

NUMERICAL S O L U T I O N  

A number of numerical techniques are available 
which can be employed to solve these equations. In 
this study, a combined technique of orthogonal collo- 
cation and finite difference methods was employed 
to obtain long-term predictions of effluent concentra- 
tion profiles for the PSSPC and CMRFB systems. The 
general philosophy behind application of orthogonal 
collocation is the reduction of a complicated system 
of partial differential equations to a more tractable 
system of ordinary differential equations. Orthogonat 
collocation method was used to solve partial differen- 
tial Eqs. (27), (28) and (29), and finite difference meth- 
od, for Eqs. (30) and (31). 
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The application of orthogonal collocation to Eq. (27) 
results in the following ordinary differential equation: 

- -  Mc Me 

dC~ =D Z BU,.:C,-De s AUoC ~ 
dT ~_~ ~=~ 

- 3Dr + BoL~)2(C~- C~.~) (k-- 2, M,) (74) 

The subscript i represents a collocation point in the 
axial direction and the matrices AU and BU represent 
collocation constants for first and second order deri- 
vatives determined from the roots of the assymmetric 
Legendre polynomials as discussed by Finlayson [I0]. 

Application of orthogonal collocation transforms Eq. 
(31) to the following ordinary differential equation: 

dq~ =Ea ~ B,.,~, ( i= l ,N, ;  k = l ,  M,) (75) 
dT ~-~ 

The subscript counter i represents a collocation point 
in the radial direction, and as previously noted, the 
subscript counter k represents the axial position. Ad- 
sorbent-phase concentrations, q,.~ are matrices that re- 
present unknowns resulting from the application of 
orthogonal collocation in the radial direction on Eq. 
(75), and in the axial direction on Eq. (74). Matrix B 
represents the set of collocation constants for the Lap- 
lacian operator with spherical geometry, and its ele- 
ments are determined from the roots of symmetric 
Legendre polynomials as discussed earlier [ 10~]. The 
application of orthogonal collocation to Eqs. (29) and 
(61) results in the following relation involving the ad- 
sorbent phase for PSSFC system: 

d~,,~., _ [S,(1-~ B o ~ ) ~ ( C ~ - < ~ ) -  A , D ~ C ~  "~r 

For CMRFB, the above equation takes the form 

d~,~.~ _ [N(1 - C ~ ) -  A~D,~_Lt~ ~ 
dT L ' B~ ~- C,~k 

% 1 W d%.~ ] 1 
~=~ "" dT J WN~ (77) 

The subscript N, refers to the adsorbent-phase con- 
centration at the surface and the subscript k refers 
to the axial position. The weighting factors, W), used 
for integration, are determined from the roots of sym- 
metric Legendre polynomials [10]. Eqs. (76) and (77) 
are valid throughout the bed, or from k+  1 to M~. 

The dimensionless biofilm diffusion equation was 
solved using the finite difference method. For diffu- 
sion and reaction in the biofilm represented by Eq. 
(30), the finite difference approximation is 

A~ 2 : z'--2 ~ (78) 

For the growth of biofilm represented by Eq. (31), the 
relation is 

~ . i . , , : ~ . ~ [ I + A T (  A~D~J"~ )]-AaDg (79) 

Biofilm thickness is divided into (m+ 1) finite pc,ints. 
Czl~ and Cz2~ are calculated from the equations 

' ' A z  ~ B I + C ~  (80)  

' ' ' A z  2 B l + ~ r , ~  (81) 

Cj.~ § ~, is obtained by substituting for Cs~ and Cj;2~ 
into Eq. (70), and Ci,~g,~ is determined from the follow- 
ing equation: 

m+l 
Ct,~g.~=(C,k+ s Cj.,.D/(m+ 1) (82) 

j-1 

C~,k is then substituted into Eq. (79) to obtain ] ~ j . ,  
at each time step. The final equation needed for the 
model is the Freundlich coupling equation 

qN~ = C ~  (83) 

valid for k 1 to Me. 
The number of ordinary differential equations gen- 

erated by application of orthogonal collocation to 
axial and radial directions are M ~ - I  in the liquid 
phase, and N~*M,. in the adsorbent phase, respectively. 
It was found that seven internal collocation points in 
the radial direction and eight in the axial direction 
provided excellent numerical accuracy. Seven ordinary 
differential equations for the liquid phase, and fifty- 
six for the adsorbent phase were required, and a total 
of sixty three ordinary differential equations were sol- 
ved using the algorithm developed by GEAR [11]. 

SIMULATIONS 

The two mathematical models thus developed pre- 
dict the dynamics of bioactive adsorbers of plug-flow 
stationary solid phase column (Model A) and complete- 
ly mixed recycle fluidized bed (Model C). Further, 
in order to assess biofilm diffusion resistance effect 
on adsorption rate, Model A was modified following 
the assumption of no resistance due to biofilm (Model 
B). To accomplish this, Eq. (30) was neglected and the 
remaining equations solved using the same numerical 
technique. Table 1 summarizes model conditions and 
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Table 1. Predictive mathematical models for biologically 
activated carbon adsorbers 

Model 
designation 

Biofilm 
Conditions resistance 

effect 
z 

Plug-flow stationary Yes ! 
solid phase column ~. 

Plug-flow stationary No 
solid phase column 

Completely mixed solid phase Yes 
recycle fluidized bed 

Table 2. Common input parameters for model sensitivity 

Input Values Input Values 
parameters parameters 
W(~O 5.96 D~{cme/sec) 4A8• 10 -+ 
DLa.(cm) 1.0 k(min- ~) 6.67 • 1 0  ~ 
Co(rag/L) 80 Y(mg/mg) 1.25 
Q(mL/min) 6.5 K+(mg/L) 125 
L(cm) 17,5 Kd(min q) 5•  10- ~ 
R(cm) 0.0179 X~(mg/cm 3) 31 
KF 11.48 l.~,(~m) 1.0 
n 0.423 14m~(~am) 60 
D~(cm~/sec) 1X 10 -~ Dd(Cm~/sec) 114,0 
kt(cm/sec) 1.74 • 10 -:~ R+~ 25 
D~(cm2/sec) 5s215 10 -6 
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Fig+ 4. Comparison of effluent concentrations for PSSPC 
and CMRFB models. 

designation. 
Model simulations were conducted to investigate 

the system performance, as well as effects of influen- 
cing parameters. The input parameters listed in Table 
2 were used in the simulations. They were estimated 
from literature data [12+I41. 

A comparison of the performances of the PSSPC 
model (Model A) and CMRFB model (Model C) for 

o +  + 

+ \ 

r  

+ - -  , 

+r ira++ 
Fig. 5. Comparison of breakthrough profiles depicting ef- 

fects of biofilm thickness. 
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6. Model sensitivity of variations in Freundlich isotherm 
parameters, Ks and n, and mass transfer coeffi- 
cients kr162 and D,  

bioactive and non-bioactive adsorbers is presented in 
Fig. 4, The results are given in the form of effluent 
concentration vs. time for a given bed height. The 
effluent profile for adsorption without biological activ- 
ity was obtained as a limiting case by substituting 
a zero value for biofilm thickness (14=0) into Models 
A and C+ As may be observed, substantial differences 
between the two model profiles exist, Faster break- 
through and a significantly higher steady-state effluent 
concentration is observed in the case of CMRFB. 

Fig+ 5 illustrates the effect of biofilm thickness on 
effluent concentration profiles for Models A and B. 
The simulation results indicate that the effect of bio- 
film thickness is insignificant at 10 pro, and becomes 
slightly more pronounced as the thickness is increas- 
ed, It can therefore be concluded that biofilm diffu- 
sion resistance may be disregarded for such systems. 
This is in accord with the assumption made by Ying 
and Weber E4] in their model development. 

Finally, three sets of simulation analyses were con- 
ducted to test the sensitivity of models with respect 
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Fig. 7. Model sensitivity to variations in biological param- 
eters, k, K+, Y, X/, K+ and D/. 
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Fig. 8. Model profiles for variations in axial dispersion 
coefficient, De. 

to: (1) adsorption isotherm parameters, K~. and n, and 
mass transfer parameters, ki~ and D+, for Model A, 
shown in Fig. 6; (2) biological parameters k, K~, Y, 
Xj, Ke and D I for Model A, presented in Fig. 7; (3) axial 
dispersion parameter, Dd for Model C, illustrated in 
Fig. 8. Breakthrough profiles designated 2, 3, 4 and 
5 in Fig. 6 are model profiles for a 25 percent increase 
in the values of K~-, n, ~ ,  and D,, respectively. As 
may be observed, variations of the Freundlich iso- 
therm parameters, Kr and n, strongly affect the break- 
through simulation profiles, especially the exponential 
parameter. The film transfer coefficient, kz~. and intra- 
particle surface diffusion coefficient, D~, have no signi- 
ficant effect on effluent concentrations. 

Results of sensitivity studies for the biologic~fl param- 
eters, k, K,, Y, Xr I~, and Di are depicted in Fig. 
7. A careful examination of the simulation profiles in- 
dicates that the effluent profiles are more sensitive 
to the Monod kinetic constants, biomass yield, and 
biomass concentration in the biofilm. The profiles are 
relatively insensitive to biomass decay coefficient and 

biofilm diffusivity. 
The effects of variations in axial dispersion coeffi- 

cient, Dd, of fluidized bed on effluent concentration 
are illustrated in Fig. 8. As evident, the significant 
changes are observed with regard to variations in axial 
dispersion coefficient, 

Based on the simulation results, a systematic labo- 
ratoD" experimentation program was designed :rod 
executed to verify the PSSPC and CMRFB model pre- 
dictions with experimental results [15]. 

CONCLUSIONS 

Mathematical models for PSSPC and CMRFB were 
developed and simulated using model parameters of 
Table 2. The major findings are summarized below: 

1. A comparison of PSSPC and CMRFB models sho- 
wed substantial differences in their breakthrough pro+ 
files. Faster breakthrough was observed in the case 
of the CMRFB model. 

2. Model simulations indicate that biofllm thickness 
does not pose significant resistance to mass tran,;fer, 
and thus may be disregarded in such systems. 

3. The simulation studies reported herein have 
shown that adsorption and transport parameters ,cha- 
racterized by K~, n, ~ and D,, strongly affect the initial 
stages of breakthrough curves, while biological para- 
meters characterized by k, K~, Y, X! and 144 control 
steady-state effluent concentrations. The effects of va~ 
riations in axial dispersion coefficient, De, appear to 
have a significant effect on effluent concentrations. 

NOMENCLATURE 

A :cross section area [L 2] 
Ap : total surface area available for mass transfer [L 2] 
a :surface area per particle [L ~] 
AU :unsymmetric second order collocation constant 
B :symmetric second order collocation constant 
BU : unsymmetric first order collocation constant 
C :substrate concentration in liquid phase [M,/L 3] 
C~ :substrate concentration in biofilm [M+/U] 
Cr~,,r : average substrate concentration in biofilm [MV 

L3; 
(2/, :substrate concentration at biofilm/liquid inter- 

face [M~/U] 
Co :influent substrate concentration [MflL ~] 
C+ :substrate concentration near activated carbon 

surface [MJL 3] 
Dd :axial dispersion coefficient [L~/T] 
Df :substrate diffusion coefficient in biofilm [I,2/T] 
D, : substrate diffusion coefficient in activated carbon 
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[L2/T] 
DIA :diameter of the activated carbon column EL-] 
k : maximum specific substrate utilization rate [MJ 

(M/T)] 
kt, liquid film transfer coefficient in column study 

[L/T] 
Iq :overall biofilm loss coefficient [1/ l ' ]  
KF :Freundlich isotherm constant E(M~/Mq)(L:TMJ"] 
K, :Monod half saturation coefficient FMJL ~] 
L :length of activated carbon fluidized bed ILl 
L :biofilm thickness EL] 
I4,, :initial biofilm thickness ILl 
L ~ :  maximum biofilm thickness ILl 
m :number  of finite points in the biofilm 

M~ : number of internal collocation points in the axial 
direction 

n : Freundlich isotherm constant 
N~ : number of internal collocation points in the ra- 

dial direction 
q :sorhed phase substrate concentration EMJM~] 
Q :influent flow rate [L:~/T] 
Q, :recirculation flow rate EL:~/T] 
r : radial coordinate in activated carbon particle ELI 
R :radius of activated carbon particle ILl 
1~, :recycle ratio (dimensionless) 
t : time IT] 
t ~  :time corresponding to maximum film thickness 

L~ FT~ 
t, :initial time ET] 
T,,~, : dimensionless time corresponding to t,,~ 
AT dimensionless increment for time 
v~ interstitial axial fluid velocity EL/T] 
V~ total activated carbon volume in the bed F L :~] 
W weighting factors for collocation integration of 

the symmetric Legendre polynomials 
WT weight of activated carbon in adsorber [-M e] 
x coordinate for axial position in activated carbon 

bed ILl 
X~ :biomass density in biofllm [-M~/L 3] 
Y :microbial yield coefficient [-MJM~] 
z :coordinate for position in biofilm ELI 
Az :dimensionless increment for position z in bio- 

film 

Greek Letters 
po :apparent density of activated carbon [Mq/L 3] 

: fraction of volumetric space unoccupied by acti- 
vated carbon 

:empty bed contact time I-T] 

where  uni ts  s y m b o l s  are 
L :length 
Mq :mass of activated carbon 
M~ :mass of substrate 
Mx :mass of microorganisms 
T : time 
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