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Abstract

A theoretical model is established for predicting the biodegradation of a low concentration volatile organic compound (VOC) in a
trickling biofilter. To facilitate the analysis, the packed bed is simplified to a series of straight capillary tubes covered by the biofilm
in which the liquid film flow on the surface of biofilm and the gas core flow in the center of tube. The theoretical formulas to calculate
liquid film thickness in the capillary tube are obtained by simultaneously solving a set of hydrodynamic equations representing the
momentum transport behaviors of the gas–liquid two-phase flow under co-current flow and counter-current flow. Subsequently, the mass
transport equations are respectively established for the gas core, liquid film, and biofilm with considering the mass transport resistance in
the liquid film and biofilm, the biochemical reaction in the biofilm, and the limitation of oxygen to biochemical reaction. Meanwhile, the
surface area of mass transport in the capillary tube is modified by introducing the active biofilm surface area, namely the specific wetted
surface area available for biofilm formation. The predicted purification efficiencies of VOC waste gas are found to be in good agreement
with the experimental data for the trickling biofilters packed with £8 mm, £18 mm, and £25 mm ceramic spheres under the gas–liquid
co-current flow mode and counter-current flow mode. It has been revealed that for a fixed inlet concentration of toluene, the purification
efficiency of VOC waste gas decreases with the increase in the gas and liquid flow rate, and increases with the increase in the specific area
of packed materials and the height of packed bed. Additionally, it is found that there is an optimal porosity of packed bed corresponding
to the maximal purification efficiency.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, numerous industrial processes, such as
organic chemistry industry, coal industry, rubber regenera-
tion and paint spraying, etc., emit the low concentration
volatile organic compounds (VOCs) and the stench gas,
which has seriously polluted the atmospheric environment
of the local regions. Since the recovery of low concentra-
tion VOCs is valueless and its treatment is very difficult
and expensive with traditional physical and chemical treat-
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ment technologies, the biological treatment technology of
VOCs has been more and more extensively applied in the
industrial fields because of the high purification efficiency,
cost-effectiveness, and environmentally friendliness, etc.
The conventional biological reactors for VOCs treatment
include biofilters, trickling biofilters, and bioscrubbing fil-
ters. It has been proved that trickling biofilters is superior
to biofilters when accurate controls of the environmental
conditions or higher pollutant elimination rate are required
[1]. Besides, trickling biofilters are more recent than biofil-
ters, and have not yet been fully deployed in industrial
applications, but the prospective future applications are
promising [2]. At present, many researchers have focused
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Nomenclature

AT cross-sectional area of the trickling biofilter col-
umn, m2

a specific surface area of packed material, m�1

al specific active biofilm surface area of trickling
biofilter, m�1

CbO concentration of oxygen in biofilm, g/m3

CbT concentration of pollutant in biofilm, g/m3

CgO concentration of oxygen in gas phase, g/m3

CgT concentration of pollutant in gas phase, g/m3

ClO concentration of oxygen in liquid film, g/m3

ClT concentration of pollutant in liquid film, g/m3

DbO diffusion coefficient of oxygen in biofilm, m2/s
DbT diffusion coefficient of pollutant in biofilm, m2/s
DlO diffusion coefficient of oxygen in liquid film, m2/s
DlT diffusion coefficient of pollutant in liquid film,

m2/s
Dp diameter of ceramic spheres, m
DT diameter of trickling biofilter, m
g acceleration of gravity, m s�2

h height of packed bed, m
KIT self-inhibition kinetic constant for biodegrada-

tion of pollutant, g/m3

KO kinetic constant for biodegradation of oxygen,
g/m3

KT kinetic constant for biodegradation of pollutant,
g/m3

m Henry’s constant
nc number of capillary tubes
Pe Peclet number
pc capillary pressure, Pa
p static pressure of gas and liquid in capillary

tube, Pa

Q volume flow rates in trickling biofilter, m3/h
q volume flow rates in capillary tube, m3/s
rb radius at the interface of biofilm and liquid film

in capillary tube, m
rl radius at the interface of gas–liquid in the capil-

lary tube, m
rs radius of the capillary tube, m
u velocity in the capillary tube, m/s
YT dry density of biofilm, kg/m3

YT yield coefficient of a culture on pollutant

Greek symbols

b dimensionless number, bi ¼ X Vlmaxr2
S=ðY TDbi-

Cgi;inÞ; i ¼ T;O
e porosity of packed bed in the trickling biofilter
g purification efficiency of the trickling biofilter
l dynamic viscosity, N S/m2

lmax maximum specific growth rate of microorgan-
ism, h�1

q density, kg/m3

rl liquid surface tension, N/m
rp surface tension of packing material, N/m
n correction factor

Superscript
* dimensionless number

Subscripts

b biofilm
g gas phase
in inlet of the trickling biofilter
l liquid film
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on understanding biofiltration process through theoretical
models [3–6]. The first and simple model by Ottengraf
and van den Oever [3] described kinetics of the elimination
processes. Hodge and Devinny [4] proposed a biofiltration
model to simulate the basic transport and biological pro-
cesses of ethanol reduction and subsequent CO2 formation
in columns containing compost, granular activated carbon,
or a mixture of compost and diatomaceous earth. Deshus-
ses et al. [5] established a novel diffusion reaction model for
the determination of both the steady-state and transient-
state behavior of biofilters for waste air biotreatment.

However, the theoretical research work on the trickling
biofilters is limited, most of which take no account of the
mass transport resistance in the liquid film over the porous
material of the packed bed. Baltzis et al. [7,8] developed a
transient model and steady model. In the model, general
mixing, oxygen limitation aspects, multi-component
adsorption phenomena, Monod- and Andrews-type kinet-
ics with interference between the components were consid-
ered with respect to not only single components bio-
degradation but also multi-component biodegradation.
The model accounted of the absorption of pollutant at
the gas–liquid interface with Henry’s law but neglected
the mass transport resistance in the liquid film.

A few models involve the effect of mass transport resis-
tance in the liquid film on the biodegradation of pollutant.
Among these models, Sun et al. [9] theoretically studied the
axial dispersion, convection film mass-transfer, and biodeg-
radation coupled with deactivation of the TCE-degrading
enzyme. Mirpuri et al. [10] developed a predictive model
to the degradation of toluene in a flat-plate vapor phase
bioreactor (VPBR). The VPBR model incorporated
kinetic, stoichiometric, injury, and irreversible loss coeffi-
cients from suspended culture studies for the toluene degra-
dation by P. Putida 54G and measured values of Henry’s
law constant and boundary layer thickness at the gas–
liquid and liquid–biofilm interface. Alonso et al. [11]
established a model by considering a two-phase system,
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quasi-steady-state processes, uniform bacterial population,
and one limiting substrate. However, it should be noted
here that in the aforementioned models, the liquid film
thickness was generally evaluated by experience and the
pollutant concentration was treated as a constant in the
liquid film; the mass transport resistance of the liquid film
was simplified as an absorption resistance at gas–liquid
interface calculated by Henry’s law with a measured Henry
constant.

The objective of this work is to propose a new theoret-
ical model of the gas–liquid two-phase flow and biodegra-
dation for the waste gas treatment in the trickling biofilter
based on the previous work [12], which considers the effect
of pollutant absorption at the gas–liquid interface, mass
transfer resistance in liquid film, the diffusion of VOC pol-
lutant and oxygen in biofilm, and biochemical reaction.
For assessing the required liquid film thickness over the
porous material, the velocity distribution in the liquid film
and the gas core under co-current flow and counter-current
flow were obtained by solving a set of momentum conser-
vation equations of liquid–gas two-phase flow. Simulta-
neously, the specific wetted surface area of the biofilm
was introduced into modifying the surface area of biofilm
under the consideration of the active bioreaction area. In
order to testify the theoretical model, an experiment was
conducted to find the remove efficiency of toluene waste
gas in the trickling biofilter with the ceramic spheres.
And finally, theoretical prediction was evaluated by the
experimental data.
2. Mathematical model

In establishment of the mathematical model reflecting
the transport and biodegradation behavior of the trickling
biofilter, it is considered that the packed material serves as
a support for micro-organisms accompanied with a flowing
circulation liquid film at another side. To facilitate the
analysis, the packed bed is simplified to a series of straight
capillary tubes covered by the biofilm, in which the liquid is
drained downward by the gravity and the waste gas is
forced to move upward under the gas–liquid counter-cur-
Fig. 1. Schematic of th
rent flow or move downward under the gas–liquid co-cur-
rent flow in the trickling biofilter. This method has been
conventionally applied in the analysis of the flow behaviors
and the boiling heat transfer behaviors in porous medium
[13,14]. The schematic of the physical problem is showed
in Fig. 1a and b. There are three zones in the capillary tube:
the biofilm zone over the tube wall (rb 6 r 6 rs), the liquid
film zone over the biofilm (rl 6 r 6 rb), and the gas core
zone in the center of the tube (0 6 r 6 rl).

With referring to Ref. [15], the radius of the capillary
tube can be expressed as

rs ¼
2e

að1� eÞ : ð1Þ

During the steady operation, the thickness of the biofilm
equals to 0.1 times the radius of the packed material [16].
Therefore, the thickness of the biofilm should be taken into
account in determination of the porosity and specific sur-
face area of packed bed.

The transport and biodegradation process of pollutant
in above physical domain can be outlined as that the pollu-
tant in waste gas flowing in the gas core is firstly absorbed
at the liquid–gas interface, and then diffused in the liquid
film and the biofilm, finally degraded by microorganism
in the biofilm. Therefore, the mass transport behavior in
the liquid film has a significant effect on the removal of
VOC and the liquid film thickness profile should be initially
determined by the hydraulic theory of gas–liquid two-
phase flow in the trickling biofilter. And then, the mass
transport control equations are established in the liquid
film and biofilm combined with biochemical reaction,
respectively. The VOC concentration in liquid film and bio-
film, and the distribution of VOC concentration in the
trickling biofilter are solved from these equations, which
gives the purification efficiency of pollutant finally. The
assumptions in the establishment of the model are as fol-
lows: (1) the biofilm is formed on the exterior surface of
the packed materials, thus no reaction occurs in the pores
of the packed materials; (2) the thickness of the biofilm is
necessarily uniformly around the packed materials; (3)
the size and distribution of particle in the trickling biofilter
e physical model.
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is unity; (4) the gas flow and liquid flow are assumed to be
one-dimensional fully developed flow in the axial direction
of trickling biofilter; (5) the diffusion of the VOC is
regarded as being only in the normal direction of the bio-
film, i.e. the axial diffusion is neglected; (6) the convective
mass transport in the liquid film zone and the VOC concen-
tration difference along the radial direction in the gas core
zone are neglected; (7) the absorption of VOC pollutant at
the gas–liquid interface can be evaluated with Henry’s law;
(8) there is no microorganism in the gas core and the liquid
film; (9) carbon dioxide and water are the final products of
biodegradation.
2.1. Thickness of liquid film

The thickness of liquid film is significantly affected by
flow arrangement of gas–liquid two-phase flow. In the next
parts, the calculation method of liquid film will be deduced
for co-current flow and counter-current flow, respectively.
2.1.1. Gas–liquid co-current flow

The governing conservation equation of momentum in
the gas zone (0 6 r 6 rl) can be written as

lg

1

r
d

dr
r

dug

dr

� �
�

dpg

dx
¼ 0 ð2Þ

with corresponding boundary conditions for co-current
flow

r ¼ 0;
dug

dr
¼ 0; ð3Þ

r ¼ rl; ug ¼ ul; lg

dug

dr
¼ ll

dul

dr
; ð4Þ

Having a smaller flow rate, the liquid passes through the
trickling biofilter in laminar flow. Thus the momentum
equation in the liquid film zone is

ll

1

r
d

dr
r

dul

dr

� �
þ qlg �

dpl

dx
¼ 0 ð5Þ

with corresponding boundary conditions for co-current
flow,

r ¼ rl; ul ¼ ug; ll

dul

dr
¼ lg

dug

dr
; ð6Þ

r ¼ rb; ul ¼ 0: ð7Þ

Simultaneously integrating Eqs. (2) and (5) subject to the
boundary conditions (3), (4), (6), and (7), the gas velocity
and liquid velocity in the capillary tubes can be deduced as

ug ¼
1

4lg

dpg

dx
r2 þ 1

4ll

dpl

dx
� qlg

� �
ðr2

l � r2
bÞ

þ r2
l

2ll

dpg

dx
� dpl

dx
þ qlg

� �
ln

rl

rb

� �
� 1

4lg

dpg

dx
r2

l ð8Þ
and

ul¼
1

4ll

dpl

dx
�qlg

� �
ðr2� r2

bÞþ
r2

l

2ll

dpg

dx
�dpl

dx
þqlg

� �
ln

r
rb

� �
:

ð9Þ
The liquid pressure gradient, dpl/dx, in Eqs. (8) and (9)

is related to the gas pressure gradient, dpg/dx, by the
Yang–Laplace equation, as

dpl

dx
¼

dpg

dx
� dpc

dx
¼

dpg

dx
� d

dx
rl

rl

� �
: ð10Þ

Then, the flow rates of gas and liquid in the capillary tube
for co-current flow are given as

qg ¼ 2p
Z rl

0

ugr dr

¼ p
4ll

dpg

dx
ðr4

l � r2
l r2

bÞ �
pr4

l

8lg

dpg

dx

� p
4ll

dpc

dx
þ qlg

� �
ðr4

l � r2
l r2

bÞ

þ pr4
l

2ll

dpc

dx
þ qlg

� �
ln

rl

rb

� �
; ð11Þ

ql ¼ 2p
Z rb

rl

ulr dr

¼ p
8ll

dpc

dx
þ qlg

� �
r4

b � 4r2
br2

l þ 3r4
l þ 4r4

l ln
rb

rl

� �� �

� p
8ll

dpg

dx
ðr2

b � r2
l Þ

2
:

ð12Þ
By combining Eqs. (10)–(12), the gradient of the radius at
the gas–liquid interface, rl, in the capillary tube is deduced as

drl

dx
¼

pqlgðA � B� C � DÞ � 8lllgqgC � 8llqlB

pA � B� pC � D � r
2
l

rl

; ð13Þ

where

A ¼ r4
b � 4r2

l r2
b þ 3r4

l þ 4r4
l ln

rb

rl

� �
; ð14Þ

B ¼ 2lgðr4
l � r2

l r2
bÞ � llr

4
l ; ð15Þ

C ¼ ðr2
b � r2

l Þ
2
; ð16Þ

and

D ¼ 2lg r4
l � r2

l r2
b � 2r4

l ln
rl

rb

� �� �
ð17Þ

with corresponding boundary conditions,

x ¼ 0; rl ¼ rl;0:

where rl,0 represents the radius at the gas–liquid interface at
the liquid entrance of the capillary tube. Due to the larger
ratio of height to radius of capillary tube and the lower
velocity of gas and liquid flow under consideration in this
paper, the liquid flow and the gas flow in capillary tube
can be regarded as fully developed flow, approximately,
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which implies a constant radius profile, and thus the radius
at the liquid–gas interface can be solved from Eq. (13),
while letting the left hand side be equal to nil, i.e. drl/
dx = 0, using the Newton iteration method.

2.1.2. Gas–liquid counter-current flow

The governing conservation equation of momentum in
the gas zone (0 6 r 6 rl) can be written as

lg

1

r
d

dr
r

dug

dr

� �
�

dpg

dx
¼ 0; ð18Þ

with corresponding boundary conditions for the counter-
current flow

r ¼ 0;
dug

dr
¼ 0; ð19Þ

r ¼ rl; ug ¼ ul; lg

dug

dr
¼ �ll

dul

dr
: ð20Þ

The governing conservation equation of momentum in
the liquid core zone is

ll

1

r
d

dr
r

dul

dr

� �
þ qlg �

dpl

dx
¼ 0 ð21Þ

with corresponding boundary conditions for counter-cur-
rent flow

r ¼ rl; ul ¼ ug; ll

dul

dr
¼ �lg

dug

dr
; ð22Þ

r ¼ rb; ul ¼ 0: ð23Þ

Simultaneously integrating Eqs. (18) and (21) subject to the
boundary conditions (19), (20), (22), and (23), the gas
velocity and liquid velocity in the capillary tubes can be de-
duced as

ug ¼
1

4lg

dpg

dx
ðr2 � r2

l Þ þ
ðr2

l � r2
bÞ

4ll

dpg

dx
� dpc

dx
� qlg

� �

þ r2
l

2ll

dpc

dx
� 2

dpg

dx
þ qlg

� �
ln

rl

rb

� �
; ð24Þ

and

ul ¼
1

4ll

dpg

dx
� dpc

dx
� qlg

� �
ðr2 � r2

bÞ

þ r2
l

2ll

dpc

dx
� 2

dpg

dx
þ qlg

� �
ln

r
rb

� �
: ð25Þ

Then, the flow rate of gas and liquid for counter-current
flow yields

qg ¼
pr4

l

8lg

dpg

dx
þ p

4ll

dpg

dx
ðr4

l � r2
l r2

bÞ�
p

4ll

dpc

dx
þqlg

� �
ðr4

l � r2
l r2

bÞ

þpr4
l

2ll

dpc

dx
þqlg

� �
ln

rl

rb

� �
�pr4

l

ll

ln
rl

rb

� �
dpg

dx
� pr4

l

4lg

dpg

dx

ð26Þ
and

ql ¼
p

8ll

dpc

dx
þ qlg

� �
r4

b � 4r2
br2

l þ 3r4
l þ 4r4

l ln
rb

rl

� �� �

þ p
8ll

dpg

dx
6r2

br2
l � r4

b � 5r4
l � 8r4

l ln
rb

rl

� �� �
:

ð27Þ
Similarly, by combining Eqs. (10), (26) and (27) the gradi-
ent of the radius at the gas–liquid interface, rl, in capillary
tube is given as

drl

dx
¼

8lllgqgC þ 8llqlBþ pqlgðC0 � D� A � B0Þ
pðC0 � D� A � B0Þ

r2
l

rl

; ð28Þ

where

B0 ¼ 2lgðr4
l � r2

l r2
bÞ þ 8lgr4

l ln
rb

rl

� �
� llr

4
l ; ð29Þ

and

C0 ¼ r4
b � 6r2

br2
l þ 5r4

l þ 8r4
l ln

rb

rl

� �
: ð30Þ

As mentioned above, the radius at the interface of liquid
and gas for counter-current flow can be also solved from
Eq. (28) while drl/dx = 0.

2.2. VOC pollutant transport in the gas core zone, the liquid
film zone, and the biofilm zone

From the viewpoints of the biodegradation theory and
aforementioned assumptions, the mass transport process
of the pollutant and oxygen is considered as consisting of
the adsorption at the gas–liquid interface [17], the diffusion
in the liquid film, and the diffusion with a biodegradation
in the biofilm. As a rule, both the biofilm and the liquid
film are very thin and liquid flow is comparatively slow.
So, it is considered that the VOC only diffuses in the nor-
mal direction of the biofilm and the liquid film, i.e. the axial
diffusion and convective transport are neglected in these
zones. In addition, the biodegraded behavior of the VOC
pollutant by microorganism is evaluated with the Monod-
and Andrews-type Kinetics having respect to the limitation
of oxygen following the analysis of Zarook and Baltzis [18]
for single component biodegradation and multi-component
biodegradation. Then, referring to the cylindrical coordi-
nates shown in Fig. 1, the mass conservation equations in
the three zones can be written as follows,

(1) Mass conservation equation of the VOC and oxygen
in the gas core

ug

dCgT

dx
� 2DlT

rl

dClT

dr

����
r¼rl

¼ 0; ð31Þ

ug

dCgO

dx
� 2DlO

rl

dClO

dr

����
r¼rl

¼ 0; ð32Þ

with corresponding boundary conditions,

x ¼ o; CgT ¼ CgT;in; CgO ¼ CgO;in; ð33Þ
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where CgT and CgO stand for the concentrations of pollu-
tant and oxygen in the gas phase, and ClT and ClO are
the concentrations of pollutant and oxygen in the liquid
film (g/m3), respectively. DlT and DlO are the diffusion coef-
ficients of pollutant and oxygen in liquid film (m2/s),
respectively. The subscript ‘‘in” represents the parameter
at the inlet of the tickling biofilter.

(2) Mass conservation equation of the VOC and oxygen
in the liquid film

1

r
d

dr
DlTr

dClT

dr

� �
¼ 0; ð34Þ

1

r
d

dr
DlOr

dClO

dr

� �
¼ 0; ð35Þ

with corresponding boundary conditions,

r ¼ rl; ClT ¼
CgT

mT

; ClO ¼
CgO

mO

; ð36Þ

r ¼ rb; ClT ¼ CbT; ClO ¼ CbO;

DlT

dClT

dr
¼ DbT

dCbT

dr
; DlO

dClO

dr
¼ DbO

dCbO

dr
; ð37Þ

where mT and mO are the Henry’s constant of pollutant and
oxygen.

(3) Mass conservation equation of the VOC and oxygen
in the biofilm

DbT

1

r
d

dr
r

dCbT

dr

� �
¼X Vlmax

Y T

CbT

KTþCbTþðC2
bT=KITÞ

CbO

KOþCbO

;

ð38Þ

DbO
1

r
d

dr
r

dCbO

dr

� �
¼X Vlmax

Y T

CbT

KTþCbTþC2
bT=KIT

CbO

KOþCbO

;

ð39Þ

with corresponding boundary conditions,

r ¼ rs;
dCbT

dr
¼ 0;

dCbO

dr
¼ 0; ð40Þ

where CbT and CbO stand for the concentrations of pollu-
tant and oxygen in the biofilm ðkg=m3Þ, DbT and DbO are
the diffusion coefficients of pollutant and oxygen in biofilm
(m2/s); XV the biofilm dry density ðkg=m3Þ, Y T the yield
coefficient of a culture on pollutant (kg/kg), lmax the con-
stant in the specific growth rate expression, KT and KO the
kinetic constants for biodegradation of the pollutant and
oxygen (g/m3), and KIT the self-inhibition kinetic constants
for biodegradation of the pollutant (g/m3).

By introducing the following dimensionless parameters:

x� ¼ x
h
; r� ¼ r

rS

; r�L ¼
rl

rS

; r�b ¼
rb

rS

; C�gT ¼
CgT

CgT;in

;

C�gO ¼
CgO

CgO;in

; C�lT ¼
ClT

CgT;in

; C�lO ¼
ClO

CgO;in

;

C�bT ¼
CbT

CgT;in

; C�bO ¼
CbO

CgO;in

; K�T ¼
KT

CgT;in

;

K�IT ¼
KIT

CgT;in

; K�O ¼
KO

CgO;in

; /T ¼
DbT

DlT

;

and /O ¼
DbO

DlO

:

Eqs. (31)–(40) can be rewritten in the dimensionless form

dC�gT

dx�
� 2h2

PeTr�l r2
s

dC�lT
dr�

����
r�¼r�

l

¼ 0; ð41Þ

dC�gO

dx�
� 2h2

PeOr�l r2
s

dC�lO
dr�

����
r�¼r�

l

¼ 0; ð42Þ

subject to

x� ¼ 0; C�gT ¼ 1; C�gO ¼ 1; ð43Þ
1

r�
d

dr�
r�

dC�lT
dr�

� �
¼ 0; ð44Þ

1

r�
d

dr�
r�

dC�lO
dr�

� �
¼ 0; ð45Þ

subject to

r� ¼ r�l ; C�lT ¼
C�gT

mT

; C�lO ¼
C�gO

mO

; ð46Þ

r� ¼ r�b; C�lT ¼ C�bT; C�lO ¼ C�bO;

dC�lT
dr�
¼ /T

dC�bT

dr�
;

dC�lO
dr�
¼ /O

dC�bO

dr�
ð47Þ

and

1

r�
d

dr�
r�

dC�bT

dr�

� �
¼ bT

C�bT

K�T þ C�bT þ C�2bT=K�IT

C�bO

K�O þ C�bO

;

ð48Þ
1

r�
d

dr�
r�

dC�bO

dr�

� �
¼ bO

C�bT

K�T þ C�bT þ C�2bT=K�IT

C�bO

K�O þ C�bO

;

ð49Þ

subject to

r� ¼ 1;
dC�bT

dr�
¼ 0;

dC�bO

dr
¼ 0: ð50Þ

In Eqs. (41) and (42), the Peclet number,
Pei ¼ ugh=Dli; i ¼ T;O, reflects the ratio of convective
mass transport in the gas core zone to molecule diffusion
in the liquid film zone, where h is the height of the packed
bed. Besides, the dimensionless number bi, bi ¼ X Vlmaxr2

S=
ðY TDbiCgi;inÞ; i ¼ T;O, is introduced into Eqs. (48) and
(49).

In addition, the biofilm cannot fully cover the packed
material in practice. The surface area of mass transport
in the capillary tube is modified through introducing the
specific wetted surface area available for biofilm formation.
The specific wetted surface area of the biofilm in the trick-
ling biofilter bed, i.e. the area of active biofilm, can be mod-
ified via the following equation [7]:
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where al is the active biofilm surface area per unit volume
of the trickling biofilter (m�1), a the total specific surface
area of the packing material (m�1), n the correction factor,
rp the surface tension of the packing material (N/m), rl the
surface tension of liquid (N/m), ql the liquid flow rate of
the trickling biofilter (m3/s), ql the liquid density (kg/m3),
AT the cross-sectional area of the trickling biofilter column
(m2), ll the liquid viscosity (kg/m s), and g the gravitational
acceleration (m/s2). Finally, the surface area of the biofilm
for mass transfer in the model was substituted by the active
biofilm surface area. It should be noted that the correction
factor, n, in Eq. (51) is introduced to consider the effect of
liquid–gas flow arrangement and the packed sphere size on
the wetted biofilm surface area in the trickling biofilter bed,
which was usually adopted by the previous research work
for trickling biofilter, for instance, a value of n = 2 has been
reported by Diks and Ottengraf [19,20], and a value of n
was determined in Mpanias and Baltzis’s [7] study to be
4.5, and a value of n = 6 can be inferred from the results
of Pedersen and Arvin [21] who speculated that the en-
larged contact area between the air and the biofilm may
be due to the irregular surface of the biofilm. The correc-
tion factor, n, for Eq. (51) is a constant determined by fit-
ting the experimental data of the trickling biofilter with the
solutions of the theoretical model for a specific gas–liquid
flow arrangement and packed sphere size. The active bio-
film surface area per unit volume of the trickling biofilter,
al, is firstly obtained with the present theoretical model
by using the measured purification efficiency, liquid flow
rate, and gas flow rate as the known parameters, then the
correction factor, n, is calculated with Eq. (51) for various
liquid flow rates and gas flow rates under the same packed
sphere size and gas–liquid flow arrangement, and finally
the mean of all the correction factors is treated as the cor-
rection factor of this specific packed material and gas–li-
quid flow arrangement.

The calculation of the concentration distribution of the
pollutant and oxygen in the liquid film zone and biofilm
zone proceeds in a stepwise manner as follows:

(1) Discretize the terms with the x-derivatives (d/dx) in
Eqs. (41) and (42) using the backward finite difference
with an increment Dx, and the terms with r-deriva-
tives (d/dr) in Eqs. (44)–(49) with an increment Dr.

(2) Use the concentrations of both pollutant and oxygen
at the liquid–biofilm interface and the profiles of pol-
lutant and oxygen concentration in the biofilm based
on the inlet condition or the previous axial position x

for the subsequent increments are initially utilized to
solve the concentration profile of pollutant from
Eq. (48) along the r-direction in the biofilm zone
and then to solve the concentration profile of oxygen
from Eq. (49) by using the solution of the pollutant
concentration profile.

(3) Obtain new values of concentrations of pollutant and
oxygen in the biofilm from solving Eqs. (48) and (49)
using the last solution for concentrations of pollutant
and oxygen.

(4) Repeat step (3). The iteration process is terminated
when the two successive values of the pollutant and
oxygen concentrations in the biofilm agree within a
specific tolerance (±10�3).

(5) Solve the concentration profiles of pollutant and oxy-
gen in the liquid film zone from Eqs. (44) and (45)
based on the concentration profiles of pollutant and
oxygen in the biofilm zone.

(6) Calculate the mass fluxes of pollutant and oxygen at
the liquid–biofilm interface from the concentration
profiles of pollutant and oxygen in the liquid film
zone and from the concentration profiles of pollutant
and oxygen in the biofilm zone, respectively.

(7) If the discrepancy between the two values of pollu-
tant or oxygen exceeds ±0.1%, the new value of pol-
lutant or oxygen concentration at the liquid–biofilm
interface is calculated from the average of the two
mass fluxes of pollutant or oxygen at the liquid–bio-
film interface.

(8) Repeat steps (2)–(7). The iteration process is halted
when the two consecutive values of the pollutant or
oxygen mass flux at the liquid–biofilm interface agree
within a specific tolerance (±10�3).

(9) Solve Eqs. (41) and (42) for the pollutant concentra-
tion, C�gT, and the oxygen concentration, C�gO, in the
gas core zone at the next axial position x and then
obtain the concentration profiles of pollutant and
oxygen along the axial direction with the same afore-
mentioned steps.

(10) The TDMA (Tridiagonal Matrix Algorithm) method
is used in the computation process. Finally, the puri-
fication efficiency of the trickling biofilter can be
obtained from the pollutant concentrations at the
inlet and outlet.
3. Experimental apparatus and methods

For testifying the theoretical model, an experiment was
conducted for toluene purification with the trickling biofil-
ter. A schematic diagram of the experimental system is pre-
sented in Fig. 2. The trickling biofilter was made from
stainless steel cylinder with a 0.3 m internal diameter. The
height of the trickling biofilter is 1.4 m, and the height of
packed bed was 0.5 m. In the experiments for toluene
removal, three sizes of ceramic spheres with 0.008, 0.018,
and 0.025 m in diameter served as packed materials, respec-
tively. To maintain a constant operating temperature, the
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trickling biofilter was thermally insulated with polyure-
thane foam material with 0.02 m in thickness.

The experimental system consisted of air flow loop and
liquid flow loop. Circulation liquid was delivered continu-
ously from a circulation container into the liquid distribu-
tor at the top of the trickling biofilter by two circulation
pumps for the nutrient feed, and then trickled down under
gravity. The temperature in the trickling biofilter was justi-
fied by the heating capacity of heater and the cooling load
of a constant temperature chamber installed in the circula-
tion water loop. The exhaust water was drained into the
circulation container from the bottom of the biofilter,
finally. The air was inputted by an air compressor through
a pressure stabilizer into a bottle with pure liquid toluene,
and then the toluene exhaust gas was conveyed into the
trickling biofilter from the bottom (the gas–liquid coun-
ter-current flow mode) or the top (the gas–liquid co-current
flow mode). Finally, the treated gas exited from the outlet
of the trickling biofilter to atmosphere.

The required measurements for the gas phase included
the gas flow rate and the toluene concentration at the inlet
and outlet of the trickling biofilter. The toluene concentra-
tion was measured by a gas chromatograph (GC) equipped
with a flame ionization detector (FID) while the carrier gas
(N2) flow rate was set at 30 mL/min. The GC oven temper-
ature and FID temperature were maintained at 80 �C and
170 �C, respectively. Liquid-phase samples were analyzed
for the flow rate, absorbency (OD600 nm) and pH value.
The analysis of OD600 nm of the circulation liquid was car-
ried out using a spectrophotometer, and the pH was mea-
sured by a pH meter calibrated with buffers (pH of 4.0
and 7.0) supplied by the manufacturer.

Before the start-up of the trickling biofilter, the circula-
tion liquid in the container was seeded with an enriched
aerobic microbial culture taken from an activated sludge
system utilizing hydroxybenzene as one of the carbon
sources. Then, the biofilm grew gradually on the surface
of the packed materials while the toluene exhaust gas and
the liquid replenished with fresh growth medium were cir-
culated through the trickling biofilter. The medium solu-
tion was composed of the inorganic salts with a nitrogen-
to-phosphorous ratio of 5:1 including 21.75 g K2HPO4 �
H2O, 33.48 g Na2HPO4 � 12 H2O, 5 g NH4Cl, 8.5 g
KH2PO4, 22.5 g MgSO4, 36.4 g CaCl2, 0.25 g FeCl3,
0.04 g MnSO4 � H2O, 0.04 g InSO4 � H2O, and 0.03 g
(NH4)6Mo7O24 � 4H2O per liter of deionized water, to grow
microorganisms in an environment of carbon and energy
source free for the biomass. Besides, Na2HPO4 was added
into the solution as a pH buffer.

All experiments were performed with a circulation liquid
flow rate (Ql) from 0.009 to 0.0616 m3/h, and a gas flow
(Qg) rate from 0.4 to 1.2 m3/h at room temperature (about
27 �C) and each run under a given operating operation
lasted for 24 h at least. Due to the significant effect of the
liquid and gas flow arrangement on the biofilm distribution
and the purification performance in the trickling biofilter,
the start-up of the trickling biofilter with the ceramic
spheres of 0.008 m in diameter was respectively carried
out under the gas–liquid co-current flow mode and the
gas–liquid counter-current flow mode, the trickling biofilter
with ceramic spheres of 0.018 m in diameter under co-cur-
rent flow mode, and the one with ceramic spheres of
0.025 m in diameter under counter-current flow mode.
After each turn for waste gas purification experiment with
a specific start-up completed, the trickling biofilter was nec-
essarily rinsed and disinfected.
4. Parameters for model prediction

The purification performance of the trickling biofilter
for purifying toluene exhaust was numerically calculated
with the present model. The basic parameters used by the
model are shown in Table 1 [17,22,23] for toluene exhaust
treatment with the trickling biofilter. The relationship of
the flow rates of gas and liquid in the capillary tube with
the circulation liquid flow rate and the gas flow rate of
the trickling biofilter can be expressed by Eqs. (52) and (53)



Table 1
Parameter values used for solving the model equation

Parameter Value Unit

CgO,in 275 � 10�3 g/m3

DbO [22] 1.54 � 10�9 m2/s
DbT [17] 0.85 � 10�9 m2/s
DlO 2.41 � 10�9 m2/s
DlT [23] 1.03 � 10�9 m2/s
KIT [23] 78.94 g/m3

KO 0.26 g/m3

KT [23] 11.03 g/m3

mO 34.4
mT [23] 0.27
XV [23] 100.0 kg/m3

YO 0.341 kg/kg
YT [23] 0.708 kg/kg
lmax [23] 1.5 h�1
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ql ¼
Ql

3600nc

; ð52Þ

qg ¼
Qg

3600nc

; ð53Þ

where nc ¼
eD2

T

4r2
s

is the number of capillary tubes in the trick-
ling biofilter and DT represents the diameter of the trickling
biofilter (m).

As mentioned above, the correction factor, n, in Eq. (51)
was determined by fitting the experimental data with the
theoretical solution. The calculated results indicate that
the n for the trickling biofilter packed with the ceramic
spheres of 0.008 m in diameter under co-current flow mode
and counter-current flow mode is 0.38 and 0.4, respectively.
The value of n for 0.018 m ceramic spheres under co-cur-
rent flow mode is 1.0, and the one for 0.025 m ceramic
spheres under counter-current flow mode is 1.38.
g

Fig. 4. Effect of gas flow rate on purification efficiency of the trickling
biofilter with £0.008 m ceramic spheres under the gas–liquid co-current
flow mode.
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5. Results and discussion

In this study, the purification performances of the tick-
ling biofilter for toluene exhaust treatment were firstly pre-
dicted under the same operation conditions as the present
experiments in order to verify the present model. And then,
the effect of the various parameters such as the liquid and
gas flow rate, the specific surface area of packed material,
the porosity of packed bed, and the height of packed bed
on purification efficiency were investigated respectively in
virtue of the numerical simulations.
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Fig. 5. Effect of liquid flow rate on purification efficiency of the trickling
biofilter with £0.008 m ceramic spheres under the gas–liquid counter-
current flow mode.
5.1. Comparison between experimental data and theoretical

prediction

For verifying model, the model predictions are sepa-
rately compared with the experimental results for toluene
removal by the trickling biofilter with the ceramic spheres
of 0.008 m, 0.018 m, and 0.025 m in diameter. The model
predictions and experimental results at various liquid flow
rates and gas flow rates under the co-current flow mode
are shown in Figs. 3 and 4, and the results under the
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counter-current flow mode in Figs. 5 and 6. Both the
numerical result with the total surface area of the packed
materials and the one with the modified active biofilm area
were shown in these figures. It can be seen that the model
predicted values, especially using the specific wetted surface
area of the biofilm, for the purification efficiency have a
good agreement with the experimental data. The similar
varying tendency of purification efficiency with the liquid
flow rate and the gas flow rate can be found from the exper-
imental results and the theoretical prediction. Figs. 3 and 4
show the variation of purification efficiency with the liquid
flow rate and gas flow rate under co-current flow mode,
where the discrepancies between the numerical prediction
with the specific wetted surface area and the experimental
data is less than 1.4% and 11.3%, respectively. Figs. 5
and 6 depict the variation of purification efficiency of the
trickling biofilter with the liquid flow rate and gas flow rate
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Fig. 7. Effect of liquid flow rate on purification efficiency of the trickling
biofilter with £0.018 m ceramic spheres under the gas–liquid co-current
flow mode.
under counter-current flow mode, which indicates the max-
imum discrepancy is 9.5% and 16.7%, respectively. Figs. 7
and 8 show the experimental results and theoretical pre-
dicted results of purification efficiency of the trickling bio-
filter packed with ceramic spheres of 0.018 m in diameter at
different gas flow rates and liquid flow rates under co-cur-
rent flow mode. It is indicated from these figures that the
discrepancy between the theoretical predicted data and
experimental data for purification efficiency is less than
6.3% and 9.5%, respectively. The modified model predic-
tion and experimental results at various liquid and gas flow
rates on the purification efficiency of the trickling biofilter
with ceramic spheres of 0.025 m in diameter under the
gas–liquid counter-current flow mode are shown in Figs.
9 and 10, where the maximum discrepancy is 3.3% and
30.9%, respectively. In the coming section, the effects of
various key factors on the purification efficiency of the
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Fig. 9. Effect of liquid flow rate on purification efficiency of the trickling
biofilter with £0.025 m ceramic spheres under the gas–liquid counter-
current flow mode.
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trickling biofilter will be studied for the gas–liquid co-cur-
rent flow mode in virtue of the theoretical predicted data.
98
5.2. Effect of the liquid and gas flow rate on the purification

efficiency

It can be known from Figs. 3 and 5 that the purification
efficiency decreases with the increase of the liquid flow rate
at a fixed inlet toluene concentration and gas flow rate.
This is mainly resulted from that a larger liquid flow rate
induces a thicker liquid film over the biofilm with a larger
pollutant mass transport resistance in the liquid film zone
and thus, a less pollutant mass flux diffusing into the bio-
film. In Figs. 4 and 6, we can see that the purification effi-
ciency of trickling biofilter reduces with the gas flow rate
increasing at a fixed liquid flow rate. This is mainly caused
by the reason that under the specific liquid flow rate and
inlet pollutant concentration, a larger gas flow rate leads
to a larger pollutant mass flux and namely, a larger treat-
ment load. As a result, the purification efficiency reduces
with the increase in the gas flow rate.
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5.3. Effect of the geometric parameters of the packed

materials on the purification efficiency

Fig. 11 shows the effect of the specific surface area of the
packed materials to the purification efficiency. We can see
in this figure that the purification efficiency increases with
the specific surface area of the packed material increasing.
It can be explained by that a larger specific surface area of
the packed material leads to a larger gas–liquid interface
area, which results in a larger mass transport area and a
thinner liquid film thickness over the biofilm and thus a lar-
ger mass flux from the gas core zone to the reaction zone.
From Fig. 11, we can also see that at a larger specific sur-
face area of the packed material, the increase in the specific
surface area of the packed material has a less influence in
the purification efficiency. It is due to the fact that the bio-
chemical reaction becomes a limited factor as compared
with the larger mass transport ability at a larger specific
surface area.

Fig. 12 shows that the effect of the porosity of the
packed bed on the purification efficiency. It is known that
as the porosity of the packed bed increasing, the purifica-
tion efficiency firstly increases to the largest one and then,
decreases. This is mainly caused by the reason that at a
fixed specific surface area of the packed material, as the
porosity of the packed bed increasing, the flow cross-sec-
tional area increases and accordingly, the practical gas flow
rate in the pore of packed material decreases. As indicated
in the former section, a smaller gas flow rate will induce lar-
ger purification efficiency. However, the increase in the
porosity of packed bed can also lead to the decrease in
the effective mass transport area and the increase in mass
transport resistance, which results in the purification effi-
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ciency reducing. As a result, there is an optimum porosity
of the packed bed corresponding to the highest purification
efficiency.

Fig. 13 shows the effect of the height of the packed bed
on purification efficiency. It can be seen in this figure that
with the increase in the height of the packed bed, the puri-
fication efficiency increases. The main reason is the fact
that as the height of the packed bed increasing, the mass
transport area is increasing, which leads to a larger mass
transport flux and biodegradation. We can also see in this
figure that the increase in the height of the packed bed
causes comparatively sharper increase in the purification
efficiency for a trickling biofilter with smaller height. As
the height of the packed bed increasing, the rise of purifica-
tion efficiency becomes gentler. This is mainly caused by
the reason that as the height of the packed bed increasing,
the local pollutant concentration becomes lower, which
leads to a smaller pollutant mass transport from the gas
core zone to the bioreaction zone in the biofilm and thus,
the rise of purification efficiency reduces.

6. Conclusions

A mathematical model for predicting gas–liquid two-
phase flow and a VOC waste gas degradation in a trickling
biofilter is proposed in this paper. In this model, the
packed bed is simplified into a series of straight capillary
tubes covered by the biofilm and dividing the field of cap-
illary tube into the gas core zone, the liquid film zone, and
the biofilm zone. The effects of the pollutant absorption at
the gas–liquid interface, the mass transport resistance in
the liquid film zone and the biofilm zone, the biochemical
reaction in the biofilm, and the limitation of oxygen to the
bioreaction of microorganism have been incorporated in
the model. The theoretical formula of the liquid film thick-
ness in the capillary tube is derived by solving a set of
momentum conservation equations for the liquid–gas co-
current flow mode and counter-current flow mode. An
iterative computation process is employed to solve the
mass transport equations established for the gas core, the
liquid film, and the biofilm. It has been showed that the
predicted purification efficiencies for the low concentration
toluene waste gas are favorably in an agreement with the
experimental data. Based on the capillary tube model,
the effects of the liquid and gas flow rate, the specific sur-
face area of the packed material, the porosity of packed
bed, and the height of the packed bed are studied, respec-
tively. The following conclusions may be drawn from this
study:

(1) With the increase in the liquid flow rate, the liquid
film thickness is increased, which leads to a larger
mass transport resistance in the liquid film and a
lower purification efficiency.

(2) An increase in the waste gas flow rate leads to a
reduction in the purification efficiency, which is
caused by the increase in the pollutant loading.

(3) The purification efficiency increases with the increase
in the height of packed bed.

(4) A lager specific surface area of the packed material
causes larger purification efficiency. There exists an
optimal porosity of the packed bed corresponding
to the maximal purification efficiency of the trickling
biofilter.
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