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Abstract—We have solved both steady state and transient problems on the biofiltration of toluene vapor. The effect
of inlet toluene concentration and inlet gas-flow rate on the removal rate of toluene and the elimination capacity of a
lab-scale biofilter has been investigated. In this study, the effectiveness factor was a function of pollutant concentra-
tion. The dynamic solutions show good agreement with experimental results. At an inlet toluene concentration of 100
ppm, the diffusion of toluene into biofilm was obviously a rate determining step. Above 200 ppm, however, biofilm
already showed full activity. The steady-state simulation confirmed that the change of elimination capacity obtained
by increasing only inlet toluene concentration was the same as that obtained by increasing only flow rate of con-
taminated air. The maximum possible performance is about 28 g/ith no addition of nutrients.
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INTRODUCTION radation to be first order with respect to its average concentration
in the unified phase. Deshusses et al. [1995] proposed a transient
Biofiltration is an APC (air pollution control) technology in which model for biofiltration of methyl ethyl ketone/methyl isobutyl ketone
microorganisms are immobilized on organic/inorganic packing ma-mixtures in which kinetic interaction between the pollutants was
terials at an off-gas containing biodegradable volatile organic otaken into account in the degradation reaction model. Abumaizar
inorganic compounds and is often a high-efficiency and low-costet al. [1997] studied the removal of BTEX (benzene, toluene, ethyl
alternative to other, more conventional, air pollution control tech-benzene and xylene) and investigated the effect of adding GAC to
nologies such as thermal oxidation, catalytic incineration, refrigerthe compost biofilter. Their model described the basic transport of
ated condensation, carbon adsorption by chemicals and water scradOCs from the gas phase into the liquid phase by Fick’s law. For
bers [Devinny and Deshusses, 1999]. The principle of biofiltrationthe kinetics of biological degradation of substrate, they used a Monod-
consists of a biologically active bed through which the contaminatedike relationship. Recently, Amanullah et al. [1999] developed a rig-
off-gas is vented. Filter bed contains peat, compost, bark, soil corous biofitter model to examine the effects of various operating var-
these mixtures with organic or inorganic inert materials that servéables and intrinsic properties on the transient response and conver-
as carriers for microorganisms, nutrients and water. Aerobic biosion achieved at steady state. Their model incorporated convection
degradation of organic pollutants occurs with the formation gf CO and dispersion in the gas phase, partial coverage of the solid sup-
H,O and biomass [Oh et al., 2002]. port, interphase mass transfer between the gas and the agqueous bio-
Biofiltration is a very complex hybrid technology that involves film with an equilibrium partition at the interface followed by dif-

adsorption, absorption and biochemical reaction. Up to now, nhumerfusion, direct adsorption to the exposed uncovered solid adsorbent
ous efforts have been made to model the process [Chaudhary et ahedia, transfer between the biofilm and the solid support, and bio-
2003; Lim and Lee, 2003]. In the late 1970s, Jennings et al. [1978pgical reactions in both the biofilm and the adsorbent.
and Ottengraf [1977] first suggested biofim models with assump- The main objective of this study is to make the numerical pro-
tions of basic mass balance principles, simple kinetics, and a plugram of a rigorous model which enables us to study the effect of
flow air stream. These models answered the value of overall ordezach parameter. Since both simulation and experiment allow us to
of reaction occurring in biofilms. Shareefdeen et al. [1993, 1994afully understand the process, we tried to make both tools to well
b] proposed both steady-state and transient models in which the bionderstand the biofiltration. In this study, we first solved a steady
degradation was assumed to be first order with respect to both oxtate problem of the biofilter process based upon Shareefdeen et
gen and the organic pollutant. The idea of their study was that sormal.’'s model [1994b]. To match steady-state simulation results with
pollutants were adsorbed on the bare surface of support media whixperimental results, we adjusted the kinetic constants of the bio-
others were absorbed on the biofilm partially covering on the supédegradation reaction and determined some unknown parameters
port media. Hodge and Devinny [1995] used an axially dispersedncluding specific surface area of the support media and biofilm
plug-flow model for gas phase and a linear driving force (LDF) mod-thickness. The effect of inlet load on the removal efficiency or the
el to approximate the interface mass transfer kinetics. They regardegimination capacity has been investigated. We also solved the dy-
the biofilm and the support media as a unified phase representathmic problem of a biofilter model suggested by Amanullah et al.
by a single, average concentration and assumed the pollutant dgfg-999]. Through the simulation, we also examined the performance
of a biofilter under given conditions and the relationship between
To whom correspondence should be addressed. operating parameters such as the inlet concentration of toluene and
E-mail: hchoi@cnu.ac.kr the flow rate of contaminated air.
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In the biofilm, pollutants and oxygen are transported by diffu-
sion and consumed by microbes.
Component balances are
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Polluted Air Support Biofilm Gas phase Sz, 0, t)=gm,; (5)
Fig. 1. Model concept of the biofiltration in a lab-scale bidfilter. —aASDi% NG S ©)
MODEL DEVELOPMENT AND ANALYSIS s(z, 0, )=¢/m, @

The model considers diffusion, convection, absorption, and bio- as.(a;),(é,t) =0 )]

decomposition of pollutants in the air stream occurring during bio-
filtration. The basic concepts of the model are explained schematR. Mass Balance in the Gas Phase
cally in Fig. 1. The assumptions of the model are as follows: While air streams including pollutants are transported by con-
vection and diffusion through the biofilter, some pollutants and oxy-
(i) The process is isothermal and the gas phase is assumed to §en are transported into both the biofilm and the pore of filter me-
an ideal gas. dia. Component balances are
(i) The radial dispersion of air stream is neglected through the
packed bed and only the axial dispersion is considered.
(iii) The frictional pressure drop is neglected.

06 9% _ 3¢ _1-¢
ot 92 0z ¢

(iv) Pollutants and air in gas phase are always in equilibrium x[-aA}Dig—j +(1-a)ki,g_ads(q{g_ads-qi)} 9
with those in liquid phase by following the Henry’s law. x=0

(v) Pollutants are aerobically decomposed in both the bioflm  gc, _ d°c, _ dc,  1-¢ A DS 10
and the adsorbent. ot g Yoz "¢ Doy o (10)

(vi) PoIIutants' and oxygen are fully supplied by only diffusion where the iniial conditions are
through the biofilm.

(vii) The density of microbes and the thickness of biofilm are  ¢(z, 0)=0 (12)
constant in the biofilter. _

(viii) Since the thickness of the biolayer is much smaller than &2 0)=0 (12)
the size of filter media, pollutants and oxygen are transported onhand the boundary conditions are
in one direction which is perpendicular to the surface of biofilm. _

(ix) Diffusivities of the components in the biofilm are those in 60, 9=6o (13)
water corrected by a factor given by the correlation of Fan et al. ac(L,t) _ 0 (14)
[1990]. 9z

(X) The filter media is partially covered with the biofilm and the _
remaining bare surface is directly contacted with pollutants and air. (097G (15)

(xi) Pollutants are only adsorbed onto the bare surface of filter ac,(L,t) -0 (16)

media. 0z

(xii) The adsorption qf ppllutants is assumed to be linear, SINC&, \1-<s Balance on the Surface of Filter Media
the pollutant concentration is usually very low.

(xiii) The mass transfer of pollutants into the filter media is ap-
proximated by an LDF (linear driving force) model.

With the above assumptions, the governing equations are as fol-

lows. aq; . .
1. Mass Balance in the Biofilm g’ =0Ki.a0s(0l g-a0s ~Oh) T (1~ M)Ki g-agd Glig-aas ) ~Riaas (17)

Pollutants are adsorbed on both the liquid layer and solid sur-
face.
The balance equation is
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where the initial condition is %_>,<7. - ﬁl% . 29)
g(z, 0)=0 (18)
. " L L 0X,_,0Y,
Biodecomposition reaction in the biofilm: an =B Z s (30)
Biodecomposition of pollutants in the biofilm can be expressed
by the following with boundary conditions
Baider interactive model [1982]: X(0)=1 31)
Rifim (S5 %) =Rmax i 2 2 3; (19 X0)=1 (32)
k ,%+ S D+Sk0'i N
"0 k) kiU The above partial differential equations are coupled with each other
through boundary conditions. Thus, we first solved Eg. (23) and
Rofim(SS) =Rmax 6 S 5 " isu (20) (24) at the initial section of biofilter bed and then solved Eq. (29)
k""‘%Hk sk H+s and (30) by using the first derivatives at the biofilm phase.
tm After determining the concentration of gas phase at the next sec-
Biodecomposition of pollutants in the adsorbent is assumed tdion of biofitter bed, we again solved Eq. (23) and (24). With this
be amth-order reaction procedure, we can sequentially solve the coupled differential equa-
tion from the inlet to the outlet.
R aKon i Gf' (21) To effectively solve the above equations, we combined Eq. (23)

4. Adsorption Isotherm and (24) into one following equation.

Pollutants are adsorbed on the surface of filter media and the ad- g2y, 5%y,
sorption isotherm of pollutants is assumed to be the Freundlich equa- a_fz o 2&

(33)

tion:
with the boundary conditions, Eq. (25) to Eq. (28), whe 8/
0, gas=G/My, 22 BB
5. Numerical Analysis The solution of Eq. (33) is
The above set of partial differential equations is rewritten in di- v =y, (v,-X)+X, (34)

mensionless form as shown in Appendix I. Then, they are discretized

in space (both in x and y direction), by using the method of orthogBY substituting Eq. (34) into Eq. (23) and (29), we reduced the num-
onal collocation, and become a set of ordinary differential equaler of €quations which have to be solved from four to two. \We used
tions. The discretizing procedure is explained in Appendix II. Ninethe BVPFD and the DIVPRK in the IMSL library to solve Eq. (23)
inner points are used along the the biofilm thickness. Thus, the rednd (29), respectively.

sulting ordinary differential equations become 189 coupled differ- 7- APproximate Analysis

ential equations. The initial value problem is then integrated in the TO investigate the effect of reaction kinetics on the removal of
time domain by using Gear's BDF method provided in IMSL. Com- pollutants, we assumed two reaction kinetics: zero order and first

putation was continued until steady state was reached. order, respectively. Since the effect of oxygen concentration on the
6. Steady-state Simulation kinetics is not significant at the excess oxygen condition, we only
At steady state, the dimensionless governing equation can be réake into account the effect of pollutant concentration on the kinet-
written as follows: ics. So, we assumed
Mass balance in the biofilm: v
o =1 (35)
ﬂ :ﬁ5 Yi Yo (23) ﬁB +Y°
0&  Bal+BY +BYIBtYo Whenf; is much larger than other terms in the denominator of the
Yo _Buo Y, Y, right hand side of Eg. (23), Eg. (23) can be approximately written
98 B lip BNV, (@4)  as the following zero-order kinetics:
with boundary conditions, ‘?;;Zi:yu (36)
Yi(n, 0)=X (29)
where
Yo, 0)=X, (26) 5
y=rr.
‘%’;1) =0 @7) BiBs
After integrating Eg. (36) and applying boundary conditions, Eq.
aYo(n,1) _ (25) and (27), we obtain
ST =0 (28)
. v, =y —10+x, @37
Mass balance in the gas phase: A E
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The first derivative of Eq. (37) at the interface between air and bio:
film becomes

aYy| __
|y Y

Now, we can solve Eq. (29) in the gas phase. Thus, we have

(38)

X=1-Bm (39)
where
- 1_8 EA*sLymaq i5 (40)
YO0 wc,

On the other hand, whéhand; are much less than 1, the kinetics
becomes first order.
%Y,
a&

=WY, (41)

where
=B
B
Applying the boundary conditions, Egs. (25) and (27),

n

v, =Soshy (A=),
cosh/y

The first derivative of Eq. (42) &0 is

42)

oY _
0¢ =0

Now, substituting Eg. (43) into Eq. (29), we have

—Jytanh(/yiX;) 43)

X; = @ Plutanttum (44)

where

B - 1_5 LD,GAS
*0¢ Omyév

and

W=

&
Kn

Yina
Di '
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Fig. 2. Schematic diagram of experimental apparatus.

croorganism cultured with the above medium in a shaking flask
was well mixed with the packing materials and then packed into
the column. The biofilter bed was supplied with a humidified air
stream containing toluene vapor. We conducted the experiment under
the conditions of the air flow rate of 10 L/min and the toluene con-
centrations of 100, 200, 300 ppm (which corresponds to 0.411, 0.821,
1.231 g/m respectively). The air stream was divided into two streams.
The main one was passed through a water vessel for humidifica-
tion. The second stream was passed through a closed toluene ves-
sel. And then two streams were mixed before they entered the bio-
filter bed. The flow rates of two streams were controlled by two
flow meters, respectively. The concentration of toluene was measured
by a portable GAS-TEC (Flame lonization Monitor Type 47674,
Telegan Gas Monitoring Ltd., West Sussex, England) detector. The
temperature of the biofilter bed was kept frontf@%o 30°C for
maintaining high microbial activity. To avoid the pressure drop in
the biofilter bed due to compaction, whole column was divided by

4 stages. The pressure drop was measured at each stage by a mano-
meter filled with water.

RESULTS AND DISCUSSION

As represented in Fig. 2, we used the unit which was an acrylic Table 1 represents parameter values used for solving the mod-
column of 10.6 cm diameter and 160 cm height, equipped with @l equations. We used IMSL library (DIVPRK for gas phase and
sampling port at each stage. The height of the biofilter bed was 12BVPFD for biofim) included in Digital Visual Fortran (Digital Equip-

cm, leading to a value of bed volume equal to 10.58xf0The
packing material consisted of a mixture of peat and calstone (5:

ment Corporation, Maynard, Massachusetts) to obtain numerical
Solutions of both steady-state and transient models. We first obtained

volume ratio before mixing). The microorganism used in the experthe steady state solutions at the air flow rate of 10 L/min and the

iments wagPseudomonas. Putidgpe A and the strain ¢fseudo-
monas. Putidas provided by Dr. Khoo, InBionet, Inc. The cells
were maintained at°€ on agar plate. The culture medium used
contained per liter: glucose, 1.1 g; KiHO.1 g; MgSQ 7HO 0.05

g; FeS@7HO 0.005 g; MnSEH,0O 0.005 g; CaGl0.00375g;
Yeast extract 1 g; 0.1 M phosphate buffer solution 18 ml. The mi-

toluene concentrations of 100, 200, 300 ppm, respectively.

Fig. 3 represents both simulation and experimental results. Sim-
ulation results show good agreement with experimental results, es-
pecially at high toluene concentration. At low concentration of tol-
uene, the experimental results fit very well with the first-order kinetic
approximation while they fit very well with the zero-order kinetic

Korean J. Chem. Eng.(Vol. 21, No. 3)
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Table 1. Parameter values used for the simulation

Parameter Value Units
v 1.89 cm/s
L 120 cm
D, 3.4x10? cn/s
a 0.50 -
£ 0.30 -
m ; 0.27 -
m,, 0.02 -
m, 34.40 -
As 1.78 1l/cm
D, 2.00x10° cn/s
D, 4,70x10° cn/s
o) 3.76x10* cm
Kig-ads 3.20x10* 1/sec
Ki-ads 0 1/sec
M 14.99x10° glcni/sec
Mmaxo 12.23x10° glcni/sec
Kni 1.00x10° glcn?
Koo 0.26x10° glcn?
C.o 0.411-1.231x10 glcn?
Co.o 2.75x10* glcne
K, 0.05x10° glcne
Rrxn, i 0 -
N' 0 -
1.0
2 09 i_ \\ i
5 N el
E’ ol Il il iy
5 i
}% 07 4 i il iy il by
E - I
87| & spmmmemEn | PN
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zero-order approximation 4
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Normalized Column Height

Fig. 3. Comparison of experimental data with steady state simula-

tion results.

predicts very well the exit toluene concentration of the biofilter.

May, 2004

50

/
/ @ experimental results
I — — 100% conversion
= 401 I . Crg=0.411 g/m®
i i 3
£ / — C,=0.821 g/m
e b —C=1.231g/m*
>
.§ 30 + I
g /
8 / °
S 201 iliitie o0 oo
B gz Esai T~ S~ D
= ./ 00 @ ® ')
E o: ' ° ° °
w () ®
H 40 4 b
(]
0 T T T T T T T T
0 10 20 30 40 50 60 70 80 90

Inlet load, g/m3 hr

(@)

50

40 / o

Experimental results

; ———100% conversion
W HtRRHM M OO Q=5 L/min
) —— Q=10 L/min

30 4

20 4

Elimination capacity, g/mahr

0 10 20 30 40 50 60 70

Inlet load, g/mshr

(b)

80 90

Fig. 4. Change of elimination capacity with respect to inlet load.
(a) effect of inlet concentration of toluene, (b) effect of inlet
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ity, but the definition we used in this study is

= (C-C)xQ

E.C.
Vbed

(45)

where /.4 is a volume of support media in biofilter and Q is a

volumetric flow rate of air stream.

As shown in Fig. 4, the elimination capacity increases with increas-
ing the contaminated airflow rate since the amount of toluene trans-
ported from air stream to biofilm increases with increasing inlet loads
from O to 20 g/rthr. The elimination capacity, however, does not
approximation at high concentration of toluene. Thus, the modelncrease at the inlet loads of over 30t#mFrom this result, we
parameter used in the Baider interactive model has to be carefullgan know that the activity of microbes in the biofilm reaches a max-
readjusted for low concentration kinetics. The simulation, howeverjimum and the maximum elimination capacity of our system is about
20 g/nihr. Yoon et al. [2002] recently reported high value of elimi-

We also plotted the elimination capacity as a function of inletnation capacity after optimizing operating parameters such as tem-
loads in Fig. 4. The elimination capacity is very important since itperature, residence time and inlet concentration in their compost-
is related with the removal efficiency and inlet loads. The maxi-packed bidfilter. It is thought to be that the low value of our max-
mum elimination capacity is affected by the activity of microbes. imum elimination capacity is due to the lack of nutrients during the
The activity is a function of the environmental conditions such asoperation. In Fig. 4(a), we also compared the experimental elimi-
temperature, humidity and inhibitory substances. Diks and Ottennation capacities with simulation results obtained by changing the
graf [1991] reported various expressions of the elimination capacflow rate of air stream at constant inlet concentration of toluene.
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Simulation shows that the maximum elimination capacity depends i I
on the inlet concentration of toluene. The maximum elimination o T TeET
capacity asymptotically approaches to a fixed value as the inlet cor s i |
centration of toluene increases. In Fig. 4(b), we also investigater £ 1.0 I g
the effect of the flow rate on the elimination capacity by changing § 00 o p55 RECH
the inlet toluene concentration at constant flow rate. In this simula 5 Al |
tion, the elimination capacity increases with decreasing flow rate an - 2 I
asymptotically approaches a maximum value. ’g i A i
Fig. 5 represents the change of removal efficiencies with respec 5§ |~ il o Inletexperiment)
Q .
to the inlet concentration of toluene. The experiment was conducte © ool
H [ ) o
at the toluene concentrations of 0.411 to 1.233gfah the removal Nt
efficiency was obtained from dividing the difference between the  °°

inlet and the outlet toluene concentrations by the inlet toluene cor i it
centration. The removal efficiency of 65% a=0.411 g/m de-
creases rapidly to about 35% at0.821 g/m At over G,=0.821 ¢/
m®, however, the removal efficiency decreases slowly. This is be-
cause, at low inlet concentration of toluene, the diffusion of toluene
through biofilm is a rate determining step (as also observed at Fig. Fig. 7 shows the dynamic simulation results for the three step
3 with high curvature of 100 ppm line since, in case that we assumeidputs. As shown in the inset of Fig. 7, the first response for the step
zero order kinetics, the concentration profile became a second ordéput is at about 20 sec. The equilibrium, however, is reached at
function with respect to the height of column in the diffusion limited about 8 hours. This is because the process is a kind of reactive-ad-
regime [Zarook, 1997].). The removal efficiency calculated at low sorption, that is, the adsorbed toluene keeps being removed in the
flow rate (Q=5 L/min) is much larger than that calculated at Q=bhiofilm before it reaches equilibrium. The simulation results show
10 L/min at the same inlet concentration of toluene. good agreement with experimental results for the overall process.

We also calculated the effectiveness factor at three different inletUnder our experimental conditions, the space time is very small,
concentrations of toluene. The effectiveness factor is defined as fothat is, 7=19 sec. Thus, the untreated toluene is detected at about
lows: 20 sec after the initial step input. The exit toluene concentration,

& or @ =—D(ds/dX)_Jf.... however,_ increases until it reaches the adsorption equilibrium. The

' e same exit patterns are observed at the second and the third steps.

The effectiveness factor actually depends on the concentration dut, at the second and the third steps, the filter media are already
toluene as shown in the inset of Fig. 6 although its dependence &aturated under the condition of first step. Thus, the additional ad-
too small. At a toluene concentration above 0.8 dfm effective-  sorption only proceeds until the toluene concentration reaches a new
ness factor becomes small and constant, which means that the difquilibrium for the step increase of inlet toluene concentration.
fusion is relatively slow as compared to the biodegradation rate and
the diffusion may control the overall process. Although the effec-
tiveness factor becomes large at low inlet concentration of toluene,
the diffusion flux is still small as compared to the biodegradation We successfully solved both steady state and transient problems
rate. Thus, the whole process is mainly controlled by diffusion undepf the biofilter process. Both simulation results show good agree-
fast-flow condition of this experimental system. ment with experimental results. The removal efficiency decreased

Time, hr

Fig. 7. Comparison of experimental data with the dynamic simu-
lation results.

(46)

CONCLUSIONS

Korean J. Chem. Eng.(Vol. 21, No. 3)
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with increasing the inlet concentration of toluene since biofim activ-  Y;(n, & 0)=0 (i)
ity eventually reached a limit as increasing the amount of dissolved Y.(1, £ 0)=0 (xi)
toluene. Thus, the elimination capacity reached the maximum value "™

of about 20 g/ritr at the inlet load of 30 gftw. At the inlet toluene  and boundary conditions

concentration of 100 ppm, the diffusion of toluene into biofim was

obviously a rate determining step. Above 200 ppm, however, bio- Yin,0.9=X (i)
film already showed full activity. The steady-state simulation con-  Y,(n, 0,7)=X, (Xiv)
firmed that the change of elimination capacity obtained by increasing oY (n1
only inlet toluene concentration was the same as that obtained by %2 ==Bu(X;-Z) (xv)
increasing only flow rate of contaminated air. The fact allows us to g
extend the simulation to the prediction of the elimination capacity 9Y(n,1,1) _ 0 v
at other operating conditions without doing additional experiments. on
The effectiveness factor was a function of toluene concentration L .
. . Mass balance on the surface of biofilter media:
especially at low concentration of toluene. The overall process, how-
ever, was controlled by the diffusion of toluene through the biofilm oz, _ P ;
phase. The dynamic solutions also show good agreement with ex- a1 =Bu(Xi =2) =B, G
perimental results obtained at three different step inputs. The initial .., . .. .
. g : . With initial condition
response was very quick and not at equilibrium until the filter media
were saturated by toluene under the given condition. Z(n, 0)=0 (xviii)
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APPENDIX I. DIMENSIONLESS FORM t'Og Omy, ov
OF THE GOVERNING EQUATIONS _1-el-akKig-ad _1-eaAJlD, _DL
B== my, U ' B== m, ov '’ ’B“_5_2[;‘
H 2
Mass balance in the gas-phase BS:%] ﬁe:k(_:;; L B=— Co , Ba=kzim°, ﬁfDLLZ,
OX, 10K, _0X, g OV 5 7y 0 el mk (;nl’ik"ikm’i otk
0t Pejny® 0n ’Blaf £=0 - &ﬁﬁ‘:, ﬁu=a—‘ml;—‘—x3? y Bie=(1-0q) "st ta ";”5 ,
0X, :lﬂn _0X, , 5 0¥y (i) B :M%ﬂl_l
0T Pepn® 0n " 0&| Bou OmO

with initial conditions APPENDIX II. DISCRETIZATION BY

X,(n, 0)=0 (i) ORTHOGONAL COLLOCATION
X, 0)=0 ™) To convert a set of partial differential equations into a set of ordi-
and boundary conditions nary c_iifferential_ equa_ltions, we used Fhe orthogonal coIIocation_meth—
od. First, we discretized the space into (n+2) roots of Jacobi poly-
X0, 1)=1 v) nomial between 0 and 1. Then, dependent variableX (X, Y,,
X(0,7)=1 i) Z) were approximated as a linear combination of Lagrange poly-
nomial.
XD _, (i) For example,
af] n+2
a)(o(lY .[.) _ Xi(rlir T) :lej(ni)xi,l(r) izl, 21 3 ey n+2 (I)
—==0 (vii) !
on
where

Mass balance in the biofilm: ,
_ T -
(m _ aZYi _ Y, Y, li(n) _k=|:Ljnj =1 (i)

ar _B“agz ﬁ51+B6Yi+B7Yi2B8 +Y, (i) |
Let us denoté(n)=L;, 1,(&)=L;
Nopd¥ep VYo )
ot 9 agz 101+ﬁeYi +ﬁ7Yi2ﬁs +Y, M =A M =Ai'J (i)

on " 0
with initial conditions
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0°l(n) Bu,a (&) _ =B}
Theﬁ'7 &
LD =S A, (0, M = 58,X,(1) ()
‘%2 =5 A0 84005 e . (n v
aY (gléfka T) - ZAKJYIJ(HII T) a Y (I’l.,fk, T) _ZBkJYu(rlu T) (Vl)
HADLD =5 AL, (0,7, a—Y R AN R
(vii)
Since the boundary conditions of Eq. (v-viii) of Appendix | are
Xi(N1, T) =X2(7) =1, Xo(N1, T) =X,4(7) =1 (vii)
axi(nn+21 T) — axo(nn+21 T) .
an =0, an (ix)
that is,
"ijme.,(r) =0, ZAWJXOJ(T) =0 (x-1)
|n+2(T) - mn+2 1+nilAn+ZJX|J(T)ZAn+2 n+2 (X'l)
0 n+1 O
Xo,n+2( T) == %n+2,1+ ZAmz,on,j(T)'ZAmz,mz (X-Z)
O i= 0O
By following the same procedure forand Y,
Yi(ni! Ell T)=Yi,l(r’i! T)zxi(r’i! T) (Xl-l)
Yol &1 D=You(1 =X T) (xi-2)
a,
Yin+2(1iT) =_mn+z,1xi(’7i: 1) *+Bu(Xi(n:, T) ~Zi(n;, 7))
+”§:An+z,v.1(n., DAY 2000 (xi-1)

a. et g
Yo,n*z(ni: T) =_|}\n+2,1xo(ni: T) +ZAn+2,on,j(r’ix T)gAn+2,n+2
g i= g
(xii-2)
Inserting Eq. (viii-xii) into Eq. (iv-vii),

G—Hiézi’ =FAuAne ”*215+§25A ARl ()

in+2
n+2 n+2 An+2 n+2

2:
L(r;]i’r): i1_Bi, n+21 D+Z% B _MZ‘L%(”(T)

2 in+2
0 An+2 n+2

0Xo(NisT) _ %.1_A|n+2 n+21|:|+2%;” A,n+2_n+2d_§<01(t)

n+2 n+2

ar] n+2 n+2 "*2'”2
S i LIS et

«M —"izAl,Y.J(n., )

n+l

= A'11Yi,1(f7i, T+ %ALYi,j(ﬂn T) +A'1,n+zYi,n+z(f7i, T)
fa

= Alllxi,l(nix )+ ZAllei,j(nix T)
=

O
_Al,n+2%3\n+2,1xi(’7ix T) +ﬁ11(xi(niv T)

ntlo O ,
=Z(n,1)* ZAn‘*Z,jYi,J (N, D EA 2042
i= 0

aY(n.,El,T) =[AL= Al "*“%(n.,r)

n+2 n+2

_All,n+2 -ﬁ11 Xi(mi, 1) =Zi(n;, 7))

An+2 n+2

n+l

+Z%‘n Alnsz _n;z'i_zlj(u(’?n T)

aYo i 3 n+
('7 &) %3\11 A“*ZA zziz%(‘j(ni,r)

n+l

+Z%3‘11 Al n+2 _MZJ_E‘VOJ(UH 7)

n+2 n+2

0°Yi(1, & 1) _ n+2,1
6—62 %m Bkn+2An+2n+2%<(rlnT)

Bl P (X0, T) 21 T)

An+2 n+2

n+l

+Z%“J Bln+2 —WJ‘B{IJ(UH 7)

zYo(n.,Ek,T) =Bl “*“%((n.,r)

n+2 n+2
n+1

+ Z %k} Bk n+2 rjj:wo J(r’i! T)
After substituting the above partial differentials into Eq. (i, ii, iX,
x) of Appendix I, one can solve the resulting ordinary differential
equations using Gear’s method.

NOMENCLATURE

A, :total surface area available for biolayer formation and ad-
sorption per unit volume of biofilter [ct

A, : biolayer surface area per unit volume of reactor, for VOC i
[em™]

¢ :concentration of substance iin the air at a position h along
the biofilter [g cnt]

C., :valueof¢att=0[gcm]

C, :o0xygen concentration in the air at a position h along the bio-
filter [gm™]

Coo - Value of gatt=0 [gm?

C  :inlet concentration of VOCs [gril

C, :outlet concentration of VOCs [gfh

C,, :inlet concentration of toluene [gfh

: diffusion coefficient of pollutant i in the biofilm [cisec’]

. dispersion coefficient [cfrec’]

: diffusion coefficient of oxygen in the biofilm [Csec’]

: effectiveness factor based on pollutant i

: effectiveness factor based on oxygen

: position in the column. m: h=0 at he entrance, h=L at the

exit
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