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Abstract — Plug-flow stationary solid phase upflow and completely mixed recycle fluidized adsorber
experiments were conducted to test the predictive models developed earlier. Model parameters were
determined independently from adsorption equilibrium, kinetic investigations, biokinetic experiments
and correlation techniques. Two ideally adsorbable and biodegradable compounds, glucose and suc-
rose, as well as two actual wastewaters, a dairy waste and a landfill leachate, were used to compare
the model profiles and experimental data of non-bioactive and bioactive adsorber systems. The perfor-
mance prediction by the models satisfactorily described the experimental data.

INTRODUCTION

In a companion paper, Kim and Min [1] presented
predictive models for integrated biodegradation and
adsorption process in a plug-flow stationary solid
phase column (PSSPC) and a completely mixed recy-
cle fluidized bed (CMRFB) carbon adsorbers. The
phenomenological aspects essential for model forma-
tion were the following : (1) transport of substrate
in the liquid phase, (2) transport and biodegradation
within the biofilm, (3) adsorption onto activated car-
bon, and (4) growth of the biofilm. Predictive mathe-
matical modeling equations of PSSPC and CMRFB
were presented in an appendix. PSSPC and CMRFB
models are the same in describing the liquid phase
material balance, solid phase diffusion in the adsor-
bent, diffusion and reaction in the biofilm, growth of
biofilm and adsorption isotherm. However, the bound-
ary conditions of Egs. (18) and (24) of PSSPC model
in the appendix are different from those of CMRFB
model. Numerical solutions to the equations governing
the models were obtained using a combination of or-
thogonal collocation and finite difference techniques.

In the study described here, experimental systems
were designed to provide operational data for the test
and verification of the predictive capabilities of these
models. Two actual wastewaters as well as two ideally
biodegradable adsorbates were used in these experi-
ments.
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MATERIALS AND METHODS

1. Synthetic Organic Compounds

The selection of model organic compounds to be
investigated in this research is based on the following
criteria; (1) Wide ranges of adsorbability on activated
carbon and biodegradability by sewage bacteria. (2)
Constituents present in domestic and/or industrial was-
tewater. (3) Established analytical methods for con-
centration determination. (4) Reasonable cost. Glu-
cose and sucrose were selected as model organic com-
pounds for these investigations. Although both these
compounds are readily biodegradable, their adsorbabil-
ity characteristics are different. Glucose is poorly ad-
sorbable, while sucrose is highly adsorbable. Further-
more, these compounds are commonly used as sub-
strates in biological research, and there is a substantial
amount of published data available regarding their be-
havior [2]. Deionized distilled water (DDW) was used
for glucose and sucrose. Potassium phosphate (KH.POy)
was used to provide a moderate buffer capacity (2.0
X 10" M phosphate) as well as to satisfy nutrient
requirement for biodegradation. Ammonium hydro-
xide (NH,OH) was also added to meet nitrogen require-
ments for biological growth. For this study, the BODs:
N ratio was maintained at approximately 20 : 1 for all
experiments.
2. Real Wastewaters

Industrial wastewater is usually comprised of a com-



Verification of Mathematical Modeling of Bio-Physico Chemical Processes 31

plex variable mixture of dissolved colloidal and sus-
pended matters. An eventual purpose of any modeling
is to apply the modeling concept to the design of real
wastewater treatment systems. However, most biolog-
ically active carbon modeling efforts reported in the
literature {2-5] used synthetic solutions of organic com-
pounds for model verification. In this research, both
organic compounds and real wastewaters are used to
test the general applicability of the developed models.

Criteria for the selection of real wastewaters to be
investigated are; (1) Industrial wastewaters which are
treated by a combined process of conventional physi-
cal and biological treatment methods. (2) Industrial
wastewater which contain biodegradable, nonbiode-
gradable, and low as well as high adsorbable organic
compounds. (3) Wastewaters that are available on a
regular basis for the period of research activity. (4)
Industrial wastewater which has high correlation to
other industrial wastewaters.

Effluents from a dairy plant (Alta-Dena; City of In-
dustry, L.A., CA) and leachate from a Class 1 landfill
(BKK Corp; West Covina, L.A., CA) representing waste-
waters with substantially different adsorbabilities and
biodegradabilities were used for these studies. The
leachate and dairy wastewater characteristics are de-
picted in Tables 1 and’ 2, respectively. Since these
wastewaters contained high concentrations of organic
particulates and suspended solids, they were subjec-
ted to chemical pretreatment with the application of
lime-alum for the dairy wastewater, and alum for the
landfill leachate [6]. Adsorption equilibrium, kinetic,
biokinetic and adsorber-bed studies were conducted
using these settled wastewaters (SWW).

3. Activated Carbon

A bituminous coal activated carbon, (Filtrasorb 400;
Calgon Corp., Pittsburgh, PA) was selected for this
research based on its high adsorption efficiency and
resistance to attrition. The carbon was grinded, sieved
and selected size fractions were washed with DDW
to remove fine particles and oven-dried for 12 hr at
105C . After reaching room temperature ir a desicca-
tor, the carbon was stored in air tight glass containers
until use.

Table 2. Characteristics of the dairy wastewater

Table I. Characteristics of _BKK landfill leachate

Leachate Average concentration

constituent (mg/L)
General parameters
COD 3,237
BOD 1,603
TSS 527
TDS 6,010
Oil and grease 71.6
[norganic compounds
Alkalinity 1433
Cadmium 0.018
Copper 0.05
Cyvanide <002
Lead <0.05
Nickel 0.15
Silver 0.02
Zinc 0.11
Total Kjeldahl Nitrogen (TKN) 774
Orthophosphate 1.1
Organic compounds
Acetone 134
Methy! ethyl ketone 109
Tetrahydrofuran 29
1,2-Dichloroethane 23
Benzene 0.16
1.1-Dichloroethane 0.16
Methyl chloride 1.1
Toluene 0.51
1,2-Dichloropropane 13
1.1,2-Trichloroethane 0.23
Isophorane 0.063
Bis(2-Ethylhexyl) phthalate 0.14
Naphthalene 0.14
2,4-Dimethylphenol (042
Phenol 0.98

4. Bacterial Culture

Primary effluent from a municipal wastewater treat-
ment plant was used for seeding the solution of glu-
cose, sucrose, and dairy SWW. The seed for leachate
SWW was obtained from an activated sludge tank of

Dairy COD BOD TOC
wastewater (mg/L)y  (mg/L)  (mg/L)
Raw* wastewater 1 1620 2680 1160
Settled wastewater 1 2615 1360 680
Raw* wastewater 2 4020 2410 1110
Settled wastewater 2 3280 1285 630

BOD:

COD
ratio
T 058
0.52
0.6
0.54

7 fdt;;l

) Total

TOC: Total

BOD suspended nitrogen  phosphorus
ratio  solids{mg/L)  (N-mg/L) (P-mg/L)
043 3520 26 106
0.50 35 ND 0.7
0.46 2950 25 9.8
0.52 40 ND 0.72
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a leachate treatment pilot plant at the BKK landfill
site. Effluents from continuous biokinetic experiments
were used as alternate seeding sources in biologically
active granular carbon (BAGC) fluidized bed investi-
gations.
5. Non-Bioactive Columns

Non-bioactive PSSPC and CMRFB investigations
were carried out in either 1-cm or 1.85-cm ID plexi-
glass columns to test the models under conditions when
adsorption was the only removal mechanism. Various
hydraulic loadings were used ranging from 2 to 4
gpm/ft’, which cover the expected range for practical
applications. Appropriate quantites of activated carbon
of 25/35 US standard mesh size were charged to each
bed. Organic free water, after pH adjustment to a val-

ue of 7.0+ 0.1, was pumped through the bed for ap-
proximately 2 hours to eliminate carbon fines, and also
to stabilize the effect of pH on activated carbon. Silver
sulfate (Ag,SO,) at a concentration of 3 mg/L. was ad-
ded to inhibit biological growth. A series of four PS-
SPC and CMRFB experiments were conducted. The
experiments were concluded when effluent concentra-
tions approached the influent concentrations. The sche-
matic flow diagrams of non-bioactive mini-column and
tluidized-bed experimental units are shown in Figs. 1
and 2, respectively.
6. Bioactive Columns

The bioactive phase of the experiments was design-
ed to test the PSSPC and CMFRB models under
conditions when adsorption and biodegradation were
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Fig. 2. Schematic experimental set-up for CMRFB studies.
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both operative. Appropriate quantities of activated car-
bon of 25/35 mesh size were charged to each bed
supported on a stainless steel screen. Carbon particles
were then seeded with active mixed bacterial culture
by recirculating the culture through the bed for a du-
ration of 4 to 5 hours. Solutions of glucose, sucrose,
dairy and leachate SWW were pumped from the feed
tank, and oxygen supply was provided through diffu-
sers. The dissolved oxygen concentration in the ef-
fluent was maintained above 3.5 mg/L at all times. Tem-
perature was controlled at 195+ 0.5C. The effluent
samples were taken at constant time intervals and acid-
ified with concentrated H.,SO; to prevent biological
activity. A recycle ratio of 13 to 33 was used for fluid-
ized-bed experiments.
7. Model Parameter Determination
7-1. Choice of Concentration Parameters

Typical wastewaters contain a variety of organic com-
pounds that cannot be easily identified or character-
ized. One must therefore resort to the use of certan
arbitrary gross or lumped concentration parameters
such as chemical oxygen demand (COD), biochemical
oxygen demand (BOD) or total organic carbon (TOC),
to describe characteristics of such wastewaters. TOC
is one of the most frequently used gross concentration
parameters because of good reproducibility as well
as a relatively simple analytical procedure compared
to COD or BOD. A Beckmann Model 915 TOC analy-
zer was used to measure the total concentration of
organics present in the wastewater.
7-2. Adsorption Isotherm Parameters

Adsorption equilibrium studies were conducted to
estimate the Freundlich isotherm adsorption parame-
ters K, and n, using a bottle point technigue [7]. The
pH for the solution was maintained at 7.0+ 0.2, and
silver sulfate (Ag,S0,) at 3 mg/L concentration was
added to inhibit biodegradation. 200 ml of substrate
solutions were transferred to tightly sealed 250-mL
glass bottles, followed by the addition of carefully weigh-
ed amounts of washed/dried carbon (200-300 US mesh
size). The bottles were subsequently placed on a spe-
cially designed rotarv tumbler operating at approxi-
mately 27 rpm, and agitated for a few days until equi-
librium between the liquid phase and activated carbon
was established. Duplicate control bottles without acti-
vated carbon were used as blanks. After equilibrium
was reached, the carbon was allowed to settle, and
the supernatant was filtered through a 0.2 micron
membrane filter to remove the remaining powdered
carbon. Parameter determination of Ky and n was ac-
complished through least-square regression analyses
of the linearized Freundlich equation.

fog g-=los Keta los C M

7-3. Diffusion Coefficients

Completely mixed batch experiments were conduc-
ted to determine surface diffusion coefficient, D,, for
adsorbates in 3.5-L Carberry reactors, specially design-
ed to eliminate the possibility of carbon pulverization
at high mixing intensities. The Carberry reactor has
a cage made of 100-mesh stainless steel screen which
serves the dual purpose of a mixing agitator and a
carbon contactor. A mixing speed of 250-300 rpm was
maintained. A measured quantity of 25/35 mesh size
carbon was introduced into the stainless steel cage and
agitated. Sample solutions were withdrawn period-
ically and analyzed for adsorbate concentration. For
all the experiments, a total solution withdrawal of less
than 4% was maintained. The homogeneous surface
diffusion model (HSDM) [8, 9] was utilized to esti-
mate the liquid film transfer coefficient. k, and surface
diffusion coefficient, D, for the adsorbates of interest
using the rate parameter search program. The values
of ks and D, corresponding to the best fit of experi-
mental data were obtained by the generalized reduced
gradient method which minimized the sum of squared
differences between predicted and experimental re-
sults. The initial slope method [10] was used to obtain
an a priori estimate of Ky to minimize the parameter
search procedures.
7-4. Biological Parameters

Continuous flow biokinetic experiments were con-
ducted to determine the biological parameters which
are maximum specific substrate utilization (k), Monod
half saturation coefficient (K.), microbial yield coeffi-
cient (Y), and overall biofilm loss coefficient (K,). A
stock solution of dairy or leachate SWW was constant-
ly fed to an aerated one-gallon completely mixed flow
reactor (CMFR), which was initially seeded with sew-
age microorganisms. Substrate was delivered to the
CMFR by a metering pump (Minipulse 2, Gilson; Mid-
dleton, WI). The flowrate was varied after the steady-
state condition prevailed, giving a series of hydraulic
detention times ranging from 4 to 15 hours. Tempera-
ture was maintained at 19.5+ 0.5C, and the pH was
adjusted to 7.0t 0.1 by the addition of dilute NaOH
or H;S0,. Biomass concentration was determined by
a membrane technique [11]. TOC analysis was per-
formed on the filtered sample. Aliquots were withdrawn
regularly to measure pH, TOC and bacterial concen-
tration. The following two equations were used to esti-
mate the four biological parameters.

X6 K

C.-C k

1 1
Tt @
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The values of k and K, were determined by plotting
the term X0/(C,—C) as a function of (1/C), and Y and
K., by plottings (1/8,) as a function of (C, —C)/X6. The
initial biofilm thickness, L,. was estimated from the
ratio of initial and terminal bacterial concentrations
for the circulating culture and adjusted to fit the exper-
imental data. The maximum biofilm thickness, L.
was estimated by two different methods. One is to
estimate the film thickness based on the assumption
of increase in adsorber depth as a consequence of
particle enlargement due to attached biological growth,
using Eq. (4).

AV

Lo = =5
! N,4nR®

(4)
The other method is that proposed by Law et al. [12],
whereby an average value of L. can be estimated
using the following equation:

W,

Limar = ————p,‘Na 0.59)

)
, where W, is weight of evaporated water which can
be determined using a procedure suggested by Nam-
kung ~13]. The bacterial density, X, is then calculated
from the equation

B.

X= Nal ©
, where B, is cell weight. B, = (total weight of dry
cell and activated carbon particles) — (dry activated car-
bon particles). In this study, both methods yielded sim-
ilar results.

7-5. External Film Transfer Coefficient, k;, and Intra-
particle Surface Diffusion Coefficient, D,

Intraparticle surface diffusion coefficient, D,, was
determined from completely mixed batch adsorption
rate studies using the HSDM predictive model [8,9]
and column film transfer coefficient, k., from short
adsorber bed (SAB) technique proposed by Liu and
Weber [141].

7-6. Biofilm Diffusion Coefficient, D,

Since wastewaters are generally composed of mix-
tures of several unknown compounds, it is difficult,
if not impossible, to evaluate their molecular diffusivi-
ties from empirical relations. In this investigation, a
representative molecular diffusivity, D, for the two
wastewaters was determined from a correlation meth-
od suggested by Wakao and Funazkri [151:
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The biofilm diffusion coefficient was then estimated
using the ratio D/D;=0.8, as suggested by Williamson
and McCarty [16].

7-7. Axial Dispersion Coefficient, Dy

Axial dispersion coefficients, D,, were determined
using a correlation technique developed by Chung and
Wen [17]:

Dpx R _

u 0.20 +0.011R,"* (10)

where
x=1, for fixed bed an
. (R}i)m/ (12)
R = 2pv.Re 13)
u

(R, =1(33.78+0.0408 NG,)"*—33.7 (14)
NGllzdp"'Pl(DATpxi)é; (15)

, where (R),, is the modified Reynolds number, and
NG, is the Galileo number. In Eq.(15), p. becomes
nonuniform because of the variation of bacterial grow-
th. The bacterial effect attached on the surface of acti-
vated carbon was neglected in case of p, calculation,
because the thickness and weight of bacteria are much
smaller than those of activated carbon particle.

RESULTS AND DISCUSSIONS

Experimental systems of non-bioactive and bioactive
activated carbon beds were designed to provide oper-
ational data with which to test and verify the predic-
tive capabilities of the PSSPC and CMRFB models,
and to investigate interactions among adsorption, bio-
logical activity and substrate utilization in bioactive
adsorbers. Results from fourteen PSSPC and CMRFB
runs are presented herein to illustrate application of
the modeling techniques described in the previous pa-
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Table 3. Parameters for non-bioactive PSSP(C experiments

Adsorbate < Q : Ky n D.\ ke Figare
777777 (mg/L)  (mL/min) 7 (cm?*/sec) (cm/sec) no.
Glucose 100 6.50 0.32 0.62 15010 *# 1.95>10 3
Sucrose 100 6.50 14.93 0.31 6.17x10 ¥ 1.74>10 * K
Dairy SWW 120 6.45 0.33 0.81 363x10 * 138610 4
Leachate SWW 105 6.53 147x10 * 2.00 9.13x10 ¥ 2.02>10 4
Common parameters: W=596 gnﬁm DIA=1 ¢m. R=0018 cm, L=175 cm -
Table 4. Parameters for non-bioactive CMRFB experiments

o C, Q D, k, Figure
Adsorbate (mg/L) (mL/min) Ky " (cmr?/sec) (cm/ se() no.
Glucose 105 5.8 0.32 0.62 150X 10 ¥ 48410 5
Sucrose 100 8.0 14.93 0.31 6.17X 10 ° 420X10 7 5
Dairy SWW 115 5.8 0.33 0.81 363x10 457x10 * 6
Leachate SWW 140 5.8 147X 10 i 7 00 9 1310 ¥ 5.05x10 - 6

Common parameters: W=
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Fig. 3. Experimental breakthrough data and model simu-
lations for glucose and sucrose in a non-bioactive
PSSPC.

per [11.
1. Non-Bioactive PSSPC and CMRFB Studies
PSSPC and CMRFB adsorber bed experiments were
conducted to test the models under conditions when
adsorption constitutes the only removal mechanism.
The adsorption parameters required as input to the
model were determined as described previously. The
values of these parameters as well as detailed infor-
mation pertaining to these runs are listed in Tables
3 and 4. Figs.3 and 4 present experimental break-
through curves and corresponding model profiles for
glucose, sucrose, dairy and leachate SWW in non-bio-
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Fig. 4. Experimental breakthrough data and model simu-
lations for dairy SWW and leachate SWW in a
non-bioactive PSSPC.

active PSSPC. Similarly, Figs. 5 and 6 illustrate exper-
imental CMRFB breakthrough data and model pro-
files. In CMRFB of Fig. 5 and 6, complete solid phase
mixing is accomplished through high rates of effluent
recirculation. One of main effects of effluent recycle
is to reduce the substrate concentration that is applied
to the inlet of the fluidized bed. Premature break-
through of Fig. 5 and 6 of CMRFB compared with Fig.
3 and 4 of PSSPC can be caused by the difference
of solid phase mixing and liquid phase dispersion be-
tween these beds.

The comparison of the non-bioactive experimental

Korean J. Ch. E.(Vol. 11.No. 1)
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data and the model predictions shows that the perfor-
mance predictions of PSSPC and CMRFB models are
in good agreement with experimental data for the en-
tire run. In addition, the breakthrough data indicate
that sucrose is highly adsorbable, while glucose, dairy
and leachate SWWs are slightly adsorbable. These ob-
servations are in accord with the results of adsorption
equilibrium studies.
2. Bioactive PSSPC and CMRFB Studies

As for the non-bioactive case, experimental systems
were designed to test and verify the predictive capabil-
ities of PSSPC and CMRFB models in biofilm adsorb-
ers. Operational problems were encountered with
PSSPC runs due to excessive biogrowth. It was found
that while operating the bioactive upflow column, it
was difficult to maintain constant flow rate more than
a few hours once the biological growth became estab-
lished. This was because the GAC particles were stuck
together, causing frequent short-circuiting. Vigorous
shaking of the column partially solved this problem.
The oxygen limitation problems in CMRFB were not
detected. This was possible, because influent dissolved
oxygen concentration was as high as 8.5 to 9.0 mg/L
and carbonaceous removal efficiency of CMRFB was
as low as 40 to 70% compared with typical biological
fluidized bed [18]. In addition, recycle flow rate was
set at 190 ml/min to supply the biological carbon par-
ticles in the fluidized bed with enough dissolved oxy-
gen.

It has been observed that as biological growth oc-
curs on the activated carbon particles, their overall
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Table 5. Parameters for bioactive PSSPC experiments

[nput Glucose Sucrose
parameters (Fig. 7 (Fig. 7)
DIA (cm) 18 185
C, (mg/L) 100 105
Q (mL/min) 175 17.0
Q. (mL/min) 0 )

X, (cm) 21 21

Kr 0.32 14.93

n 0.62 0.31

W (gm) 25 25

D, (cm*/sec) 15010 ? 6.17X10 ¢
D, {(cm®/sec) 6.9x10 © 56x10 ¢
k; (cm/sec) 11810 1.01x10 *
D; (cm?/sec) 552%10 6 448X 10 ©
k (min ) 52010 ¢ 6.17>10 *
Y (mg/mg) 1.38 1.44

K, (mg/L) 108.2 164.6
K, (min Y 50X10 ° 6.7x10 °
Ls (um) 1.0 1.0
L,"m:u (um) 40 65

D, (cm*/sec) 0 0

density reduces and results in a bed expansion. The
carbon particles. even if they are of uniform size ini-
tially, became nonuniform because of the variation of
bacterial growth along the axial distance of the bed.
It was necessary to put a wire screen of 40 mesh
on the top of fluidized bed to prevent the bed from
expanding and causing the biological carbon particles
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Table 6. Parameters for bioactive CMRFB experiments

Iuput Glucose Sucrose D'éiry SWW Leachate SWW
parameters (Fig. 8) (Fig. 8) (Fig. 9) (Fig. 9
C, (mg/L) 110 100 S0
Q (mL/Min) 15 6.5 6.5
K« 0.32 0.33 147x10 °
n 0.62 0.81 2.00
D, (cm */sec) 1.50x10 * 6.17>10 ° 363x1¢ ¢ 9.13x10 *®
D, {cm*/sec) 69010 & 560x10 © 6.34X10 ° 7.34%10 ©
D, {cm?/sec) 552x10°° 4.48>10°* 507X10 ® 58710 ®
k (min 1) 520X10 6.17>10 * 7.14x10 ¢ 1.12x10 *
Y (mg/mg) 1.38 1.05 0.85
K. (mg/L) 108.2 135.0 145.0
X, (mg/cm®) 31 36 30
Ly (um) 1.0 1.5 1.0
Linee (um) 20 50 35
ks (cm/sec) 484%10 ° 420x10°° 457x10 ¢ 550x10 °

Common parameters: W=25 gm, DIA=1.85 cm, Q=190 mL/min, L=40 cm, R=0.039 cm, D,=5.61 cm¥/sec
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Fig. 7. Experimental breakthrough data and model simu-
lations for glucose and sucrose in a bioactive PS-
SPC.

to flow out of the reactor with the effluent. In the
development of the mathematical model of fluidized
bed, the biofilm thickness (L) and biomass concentra-
tion (X)) on the surface of activated carbon was regard-
ed as pseudo steady-state quantities. This means that
the biofilm thickness and biomass concentration can
be maintained at relatively constant values by taking
the average value for nonuniform biological carbon
particles.

Table 5 presents the input parameters for bioactive
PSSPC model predictions for glucose and sucrose,
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Fig. 8. Experimental breakthrough data and model simu-
lations for glucose and sucrose in a bioactive CM-
RFB.

while Table 6 lists the bioactive CMRFB model input
parameters for the above two compounds as well as
the dairy and leachate SWWs. The parameters for the
models were determined as described previously. Fig.
7 demonstrates the experimental data and the corres-
ponding model profiles for glucose and sucrose, re-
spectively. Figs. 8 and 9 depict the experimental data
and the corresponding model profiles for glucose, su-
crose, dairy SWW, and leachate SWW, respectively. The
results of model simulations and experimen:al data
of Figs. 7 through 9 conducted for PSSPC and CMRFB

Korean J. Ch. E.(Vol. 11, No. 1)
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Fig. 9. Experimental breakthrough data and model simu-
lations for dairy SWW and leachate SWW in a
bioactive CMRFB.

beds show that the models satisfactorily predict the
performance of bioactive adsorbers and the adsorption
phenomenon controls substrate removal at the initial
stages of adsorber run, while biological biodegradation
controls the steady-state performance. The models in
general give better predictions for readily biodegrada-
ble organic compounds such as glucose and sucrose.

CONCLUSIONS

Predictive models were developed and verified for
the BAGC plug-flow stationary solid phase and com-
pletely mixed fluidized bed reactors using two biode-
gradable compounds, and two industrial wastewaters.
The major findings and conclusions of the study are
the following:

1. It was demonstrated that a numerical technique
combining orthogonal collocation and finite difference
methods was effective in prediction of adsorber perfor-
mance.

2. The models developed in the previous study were
successfully tested for the prediction of non-bioactive
and bioactive adsorbers.

3. Both the non-bioactive and bioactive versions of
plug-flow stationary solid phase model predicted faster
rate of approach to steady-state performance than those
of completely mixed fluidized-bed.

4. The premature breakthrough of CMRFB compa-
red with PSSPC can be caused by the solid phase
mixing and liquid phase dispersion due to a recycle
effect of fluidized-bed.

January, 1994

APPENDIX

The detailed information for mathematical model
development of PSSPC and CMRFB is given in the
previous paper [1]. Main mathematical equations ob-
tained from the material balances are introduced in
this appendix.

1. PSSPC Model
1-1. Liquid Phase Material Balance

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

oCe ) _p Tk 0 aCx. 1)
at ox’ 0x
3k (1~ +Ly
-39 M [Cx, 1)~ Culx. t)]
£ R
(16)
whose initial and boundary conditions are
Cix,t=0)=0 a7
Cx=0,t=C, (18)
2NN, =0 (19)
ox x=1

1-2. Solid Phase Material Balance in the Adscrbent

The homogeneous surface diffusion model used for
intraparticle diffusion of adsorbed substrate can be
represented by

09, t) _ DZ _a_[rz oa(r, t)] 20)
ot ¥ ar or

whose initial and boundary conditions are

q0<r<R, t=0}=0 21

q(r=R, t)=qdt) 22)

09{r=0, t>t,) —0 ©3)
or

Another boundary condition can be introduced by
performing mass balance on an adsorbent particle as
shown below

ig T;«f::q(r, tir? dr= l\(J;‘;Af[C(x, ) —Ci(x, t)]
C3kXL Cuxd
Yp. R K.+ Ciplx ©)
(24)

1-3. Diffusion and Reaction in the Biofilm
Assuming that substrate concentration within the
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biofilm changes only in the z direction, normal to the
surface of the biofilm, and that substrate concentration
profile across the biofilm at pseudo steady state, the
following relation can be written

kX, Cix, z, t)

D, a‘*’C,(x,‘ z 1)

oz’ - K+ Cdx, 2, t) 25)

the boundary conditions are the following
Cix. z=0,)=C{x, t) (26)
Cix, z=L, =Culx, 1) 27

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

oLlix 1) K Cunl(x, ) LAx, 1)
ot Ko+ Cuw(x, ©)

— KaLx, 1) (28)

The initial and boundary conditions are
Lix, t=0=L (29)
Li(x, t = tiwur) = Lina (30)

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, )= K:C.(x, t)" 31

2. CMRFB Model

Egs. (16) through (31) remain as the same in PSSPC
model which describes the liquid phase material bal-
ance, solid phase diffusion in the adsorbent, diffusion
and reaction in the biofilm, growth of biofilm and ad-
sorption isotherm model respectively. However, the
boundary conditions of Egs. (18) and (24) are different
from those of the PSSPC model. Egs. (18) and (24)
are replaced by (32) and (33).

_ QG+ QL V-1

Cx. o= T (32)

_li,f” s qr=— re Cce ol
R at ”q(r,t)r dr Vo, [C.—Cx -]

_ 3k XyI:r Q’&Lg(xv t)
YRp!I Kx + C/um:(xv t)
(33)
NOMENCLATURE
A, :total surface area available for mass transfer

oo

D,
C,

Dy,
D,
D,
D,

L,
Lpman
n

N
N,
q

q(‘

s

RlF-ols

(L]

: surface area per particle [L*]

: cell weight [M,]

: effluent substrate concentration [M./L*]
:equilibrium substrate concentration in hqud

phase [M,/L%]

: substrate concentration in biofilm [M/L"]
: average substrate concentration in biofilm

[M/L*]

: substrate concentration at biofilm/liquid inter-

face [M,/L*]

:influent substrate concentration [M./L*]
: substrate concentration near activated carbon

surface [M,/L?]

:axial dispersion coefficient [L*/T_
:influent substrate concentration [ M,/L*]
: substrate concentration near activated carbon

surface [ M,/L*]

s axial dispersion coefficient [L*/T]

: molecular diffusivity [L%/T]

: substrate diffusion coefficient in biofilm [L?/T]
: substrate diffusion coefficient in activated car-

bon [L*/T]

: acceleration due to gravity [L%/T]
: maximum specific substrate utilization rate

[(M/M./T]

:liquid film transfer coefficient in adsorption

rate study [L/T]

: liquid film transfer coefficient in column study

(L/T]

: overall biofilm loss coefficient [1/T]

: Freundlich isotherm constant [(M./M,) (L'/M,)']
: Monod half saturation coefficient [ M,/L"']
:length of activated carbon fluidized bed [L]
: biofilm thickness [L]

:initial biofilm thickness [L]

: maximum biofilm thickness [L]

: Freundlich isotherm constant

: number of particles taken up for biofilm analy-

sis

: total number of particles in the GAC bed
: sorbed phase substrate concentration [ M,/M,]
: equilibrium sorbed phase concentration [My/

M,]

: sorbed phase substrate concentration at carbon

surface [M./M,]

:influent flow rate [L*/T]
: recirculation flow rate [L%/T]
: radial coordinate in activated carbon particle

(L]

- radius of activated carbon particle [L]
: recycle ratio (dimensionless)
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: Schmidt number (dimensionless)

stime [T]

:bed expansion volume [L*]

: molar volume of the solute at its boiling point

[LYM,]

s total activated carbon volume in the bed [L*]
:axial interstitial fluid velocity [L/T]

: weight of evaporated water [M]

. coordinate for axial position in activated carbon

bed [L]

- bacterial concentration in solution [M,/L*;
- biomass density in biofilm [M,/L*]

: microbial yield coefficient {M,/M,]

: coordinate for position in biofilm [L]

Greek Letters

€ : fraction of volumetric space unoccupied by ac-
tivated carbon

i : viscosity of the fluid [M/(TL)]

p. :apparent density of activated carbon {M,/L*]

p;  :density of the fluid [M/L"]

p.  :density of particle [M,/L*]

0 : hydraulic detention time [T]

0. : mean cell resistence time [T]

Symbols

L : length

M, :mass of activated carbon

M. :mass of substrate

M, :mass of microorganisms

T : time

REFERENCES

1. Kim, S. H. and Min, B. M.: Korean J. of Chem. Eng.,

January, 1994

=~1

10.

11.

12.

13.

14.

15.

16.

17.

18.

10(1), 18 (1993).

. Ying, W.: Ph. D. Dissertation, The University of

Michigan, Ann Arbor, Mich.(1978).

. Jennings, P. A.: Ph. D. Dissertation, University of

Ilinois, Urbana-Champaign (1975).

. Chang, H. T. and Rittmann, B. E.. Environ. Sci. Te-

chnol., 21(3), 273 (1987).

. Andrews, G.F. and Tien, C.: AIChE ], 27(3), 396

(1981).

. Kim, S. H.: Ph. D. Dissertation, University of South-

ern California, Los Angeles, California (1987).

. Pirbazari, M. and Weber, W.]., Jr.: “Chemistry in

Water Reuse”. Ann Arbor Science, Mich.(1981).

. Crittenden, J. C. and Weber, W.]., Jr.: [ of Envir.

Eng. Div, ASCE.. 104(2), 185 (1978).

. Crittenden, J. C. and Weber, W. )., Jr.:J. of Envir.

Eng Div, ASCE, 104(3), 433 (1978).

Pirbazari, M.: Ph. D. Dissertation, The University
of Michigan, Ann Arbor, Mich.(1980).
Winneberger, J. H,, Austin, J. H. and Klett, C. A.:
WPCF, 35(5), 807 (1963).

Law, A. T., Robertson, B. R., Dunker, S. S. and Bu-
tton, D. K.: Microbial Ecology, 2(3), 261 (1976).
Namkung, E.: Ph. D. Dissertation, University of [I-
linois, Urbana-Champaign, Illinois (1985).

Liu, K. T. and Weber, W.].,, Jr.. WPCF, 53(10),
1541 (1981).

Wakao, N. and Funazkri, T.: Chem. Eng. Sci., 33,
1375 (1978).

Williamson, K. and McCarty, P. L.: WPCF, 48(1),
9 (1976).

Chung, S.F. and Wen, C. F.: Amer. Inst. Chem.
Engr. ], 14(6), 857 (1968).

Cooper, P.F.: The Chemical Engineer, Aug./Sep.,
373 (1981).



