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a b s t r a c t

To illustrate the process of nitric oxide (NO) denitrifying removal by a novel rotating drum biofilter (RDB),
a dynamic model has been developed and further validated. Based on the mass component profile of NO at
the gas–liquid interface combined with a Monod kinetic equation, the model was used to depict the mass
transfer-reaction process of NO in RDB, focusing on the concentration distribution of NO in the gas, liquid,
and biofilm phases. The NO distribution equation on the biofilm carrier was thereby achieved, as well
eywords:
itric oxide
iofilter
odeling

naerobic process

as a dynamic model for NO elimination in the test system. Additionally, effects of operating parameters
such as inlet NO concentration and empty-bed residence time on NO removal efficiency were evaluated
through a sensitivity analysis of the model. The model was then modified taking the absorption of NO
by nutrition liquid in the bottom of RDB into consideration. The results showed that the simulated data
agreed well with the experimental data. The model made it possible to simulate a relatively high NO

B.
ynamic simulation
ir pollution control

removal efficiency by RD

. Introduction

As global tropospheric pollution becomes increasingly serious,
itric oxide (NO) emitted from all combustion processes should be
rought under strict control. Conventional post-combustion con-
rols for NO abatement include selective catalytic reduction [1],
elective non-catalytic reduction [2], adsorption [3], scrubbing [4],
nd so forth. The biological NO removal from contaminated gas
treams was first carried out in the early 1980s [5]. Recently, a new
ethod which combined the advantages of metal chelate absorp-

ion and biological reduction was applied to treat NO [6,7]. With
ow operating cost, no by-product pollution, and its application in
arge-scale treatment of low-concentration waste gas, biofiltration
as been widely accepted as a promising technology in waste gas
reatment [8].

Although biofiltration has many advantages over traditional
ethods, there are also some drawbacks for existing biofilters, such

s uneven nutrient distributions, excessive biomass, and media
logging [5]. To solve these problems, an innovative rotating drum
iofilter (RDB) has been developed and applied to effectively con-
rol the pollution of volatile organic compounds (VOCs), odors

9–11], and NO [12]. However, theoretical studies regarding biofilter

odeling are relatively limited, and the kinetics of RDB including
iological interactions are not yet well defined [9–13]. In gen-
ral, first- or zero-order kinetic expressions are always used to

∗ Corresponding author. Fax: +86 571 88320884.
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describe the biological degradation process [14], and more recently,
the Monod kinetic model has been adopted with satisfying results
[15,16]. Since the kinetic parameters are essential for the design
and optimization of bioreactors, relevant investigations on math-
ematic models will help researchers to describe and understand
the mechanism and dynamics of the NO biodegradation system.
Consequently, the biological system of RDB can be designed more
scientifically and operated more smoothly to meet various operat-
ing conditions.

Biological NO reduction is one of the sequential processes in
microbial denitrification, i.e. the respiratory reduction of nitrate to
dinitrogen gas (N2). NO is reduced to dinitrogen with nitrous oxide
(N2O) as intermediate [17]:

NO3
− → NO2

− → NO → N2O → N2

The reactions are carried out by denitrifiers, which are widely
distributed across the bacterial taxa, including Pseudomonas fluo-
rescens [18], P. stutzeri [19,20], P. aeruginosa [21,22] and Flexibacter
canadensis [23]. These predominantly heterotrophic microorgan-
isms are facultative anaerobes that are able to use NO3

−, NO2
−

and NO in place of oxygen as an electron acceptor in respiration to
cope with low-oxygen or anaerobic conditions. Enzymes involved
in the reactions are nitrate reductase, nitrite reductase, nitric oxide
reductase and nitrous oxide reductase [24].
The main objective of this study is to develop a dynamic model to
predict RDB performance for NO denitrifying removal under anaer-
obic conditions. Mathematical equations are obtained from overall
mass balances including absorption, adsorption, diffusion, and
biodegradation. On the basis of the experimental results obtained

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jchen@zjut.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.02.159
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Nomenclature

CG NO concentration in gas phase (mg cm−3)
C∗

G NO concentration of liquid–gas interface (mg cm−3)
CL NO concentration in liquid phase (mg cm−3)
CB NO concentration in biofilm phase (mg cm−3)
C0 inlet NO concentration (mg cm−3)
C∗

0 NO concentration of liquid–gas interface of media
(mg cm−3)

VG gas flow rate (cm s−1)
VL liquid flow rate in media (cm s−1)
a specific surface area of media (cm2 cm−3)
NGL mass flux from gas phase to liquid phase

(mg cm−2 s−1)
NLB mass flux from liquid phase to biofilm phase

(mg cm−2 s−1)
DG diffusion coefficient of NO in gas phase (cm2 s−1)
DL diffusion coefficient of NO in liquid phase (cm2 s−1)
DB diffusion coefficient of NO in biofilm (cm2 s−1)
S interfacial area (m2)
r radial radius (cm)
R0 outer radius (cm)
R biological generation rate (mg cm−3 s−1)
KS half-saturation coefficient (mg m−3)
X position in the biofilm (cm)
l liquid film thickness (cm)
KL total transfer coefficient in liquid phase (cm s−1)
kL transfer coefficient in liquid phase (cm s−1)
kG transfer coefficient in gas phase (cm s−1)
H solubility constant (kmol kPa−1 m−3)
E Henry’s constant (MPa)
W hold-up in the medium (mL)
V volume of medium (cm3)
C1 constant
kaq NO dissolved rate (mL L−1)

Greek symbols
ε1 porosity of medium (%)
ε2 proportion of liquid in media (%)
ε3 proportion of biofilm in media (%)
�max maximum growth rate of microorganism (s−1)
�B biomass density in the medium (mg m−3)
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Fig. 1. Schematic representation of the experimental system: (1) N2 cylinder; (2)
packing material; (3) NO cylinder; (4) digital mass meter; (5) rotameter; (6) gas

During the startup and operation of the system, the gas steams
ı biofilm thickness (cm)
� NO removal efficiency (%)

rom both gas phase and leachate measurements, we conclude that
he dynamic model well simulates the steady-state of the pilot-
cale RDB.

. Materials and methods

.1. RDB construction and operation

As seen from Fig. 1, the waste gas treatment system was com-
osed of an inlet, inspection port, and the main unit of the RDB. NO
aste gas was synthesized using nitrogen and nitric oxide during

he operation of the biofilter. A digital mass flow controller ensured
n accurate concentration of NO at the inlet of RDB. NO and NO2
n the inlet and outlet gas flows were measured simultaneously

nline.

The main unit of RDB consisted of a closed stainless steel cham-
er in which spongy medium was mounted on a stainless steel
rum frame with impermeable plates. The medium was open-pore
mixing container; (7) pressure meter; (8) dryer; (9) NO/NOx analyzer; (10) RDB;
(11) water temperature control reservoir; (12) motor; (13) nutrient reservoir; (14)
metering pump; (15) tail gas absorber.

reticulated polyurethane (PU, Shanghai Xinyuan Sponge Ltd., China)
sponge (porosity 93.87%, pore size 2.5 pores cm−1), which was
used to support the growth of biofilm in RDB. The axial length of
the medium was 10 cm, and the outer and inner diameters were,
respectively, 20 cm and 10 cm with a total medium volume of 2.4 L.
The bottom of RDB was filled with nutrient solution that enabled
the medium and the biofilm to be partly submerged in the solution,
and thus allowed the intake of the nutrient by the microorgan-
isms when the rotating drum was rotating through the solution.
The total volume of nutrient solution in RDB was kept at 5 L, and
was refreshed every 5 days using a tubing pump with a designed
rate of 1.0 L day−1.

The experiment was carried out at pH values ranging from 6.5 to
7.5. After entering the working RDB chamber through a dispersion
pipe, waste gas passed through the spongy medium coated with
the moist microbial biofilm, where the contaminants in the waste
gas were absorbed and biodegraded by the biofilm. The purified gas
escaped from RDB through the outlet located in the center of the
drum.

2.2. Nutrients

The nutrient solution fed to the bioreactor mainly consisted
of phosphate and micronutrients as follows: KH2PO4 0.5 g L−1,
K2HPO4 0.5 g L−1, MgSO4·7H2O 0.1 g L−1, FeSO4·7H2O 0.1 g L−1,
CuSO4·5H2O 1 mg L−1, CaCl2 50 mg L−1, and Na2MoO4 1 mg L−1.
Sodium bicarbonate was used as a buffer to prevent major pH
changes in the nutrient solution. Glucose was used as an electron
donor and C/N (mole ratio between glucose and NO) of the feeding
nutrients was kept at 2.5.

2.3. Bacterial culture

A concentrated sludge was taken from a secondary sedimen-
tation tank at Hangzhou Qige Wastewater Treatment Plant, China.
The sludge had been cultured for 2 weeks in a liquid medium (glu-
cose 12,000 mg L−1; sodium nitrate 4800 mg L−1) [25] and then was
used for seeding RDB.

2.4. Analytical methods
were sampled and analyzed. NO and NO2 concentrations in inlet
gas were measured automatically by a Model 42CHL NO–NO2–NOx

Analyzer (0–5000 mg m−3, Thermo Electron Co., USA), while the
concentrations in outlet gas were measured by a Model 42C
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Fig. 2. Typical route of NO transfer in RDB.

O–NO2–NOx Analyzer (0–100 mg m−3, Thermo Electron Co., USA).
he pH was analyzed with a Model pHS-9V Acidimeter (Huaguang
ireless Electric Company, Hangzhou, China).

. Simplified model development

.1. NO degradation in RDB

Typical route of NO transfer in RDB under anaerobic condition
s illustrated in Fig. 2. As NO flows into the RDB, equilibrium is
ssumed to occur at the gas–biofilm interface, and gaseous and
nterfacial liquid concentrations are somewhat related to Henry’s
aw. In the biofilm, NO was simultaneously reduced by the den-
trifying bacteria into N2O, then N2 when it went through the

icroorganism layer. Fig. 2 illustrates the overall structure taken the
ass balances into consideration, while Fig. 3 depicts the modeling

etails for RDB unit.
Considering the fact that three phases of gas, liquid, and biofilm

lay roles of reaction media during NO elimination, a mathematical
odel was developed for the novel biofilter with the aid of mass bal-

nce equations. Mass balance equations were proposed on the basis
f the following assumptions: (1) RDB rotates stably and any subdi-
ision of the media as defined in Figs. 2 and 3 is identical in terms of
oth physical and biochemical properties. (2) Equilibrium state of
ass transformation is maintained in phase interfaces, and there-

ore the gas phase interfacial resistance is negligible. (3) Biofilm is
ainly on the external surface of the packing material; gas phase

eactions occur only in the biofilm phase. (4) Planar geometry and
erpendicular diffusion in the biofilm–gas interface can be used to
educe model equations. (5) There is no excessive biomass accumu-
ation in the packing material, and biomass properties are uniform
long the drum under different operating conditions. (6) The reac-
ion occurs under anaerobic conditions and the final product is
2.

ig. 3. Schematic description of the model for one unit of RDB. C refers to NO con-
entration, mg cm−3; suffixes G/L/B/S refer to gas phase, liquid phase, biofilm, and
olid phase respectively; H is the NO soluble coefficient, kmol kPa−1 m−3; NGL is the
ass flux from the gas phase to the liquid phase, mg cm−2 s−1; ı is the thickness of

iofilm, cm; � is the removal efficiency, %; and t is the time, s.
aterials 168 (2009) 1047–1052 1049

3.2. Dynamic model of NO transfer-biodegration

According to the description above, the transfer process of one
RDB unit involved NO diffusion in the gas phase, the mass transfer
from the gas phase to the liquid phase, the dissolved and convective
diffusion in the liquid phase, the accumulation of mass transfer
from the gas phase to the liquid phase, the mass transfer from the
liquid phase to the biofilm, and the diffusion and degradation of NO
in the biofilm. Mostly, Monod kinetics are assumed as a function of
biomass growth and contaminant concentrations [26,27].

Mass balance over the gas phase:

⎧⎨
⎩

∂C∗
G

∂t
= DG

∂2C∗
G

∂r2
− VG

∂C∗
G

∂r
− a

ε1
NGL

r = R0, C∗
G = C∗

0

(1)

Mass balance over the liquid phase:

⎧⎪⎪⎨
⎪⎪⎩

∂CL

∂t
= DL

∂2CL

∂r2
− VL

∂CL

∂r
+ a

ε2
NGL − a

ε2
NLB

NLB = −DB

(
∂CB

∂X

)
|X = 0

(2)

Mass balance over the biofilm:⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

∂CB

∂t
= DB

∂2CB

∂X2
− �max × �B × CL

KS + CL

X = 0, CB = CL

−DB

(
∂CB

∂X

)
|X = ı = −DB

(
∂CS

∂X

)
|X = ı

(3)

In NO elimination, the microorganism species in biofilm are
complex [28,29], but can be assumed as one kind of microor-
ganism according to the model developed by Grady et al. [30].
The parameters of the model are therefore considered to be one
kind of microorganism. Hunik et al. [31,32] reported that when
the microorganism metabolized the inorganic compounds, such as
NO2, NH3, NO2

−, and so forth, the reaction is a zero-order reac-
tion, with its half-saturation coefficient between 0.1 and 1.0 mg L−1.
Catton et al. [33] shared the same opinion and reported that the
removal efficiency would not be influenced by the increasing NO
concentration at low concentrations (<600 mg m−3), with mass
transfer being the key limiting factor. In this investigation, the NO
concentration is below 8.04 × 10−4 mg cm−3, so the following infer-
ence can be achieved.

Besides, the two-phase resistance theory postulates that the
overall resistance to interfacial mass transfer is equal to the sum
of the individual liquid- and gas-phase resistances, therefore,

1
KL

= H

kG
+ 1

kL
(4)

CL = kL

kL + ık1
× C∗

G (5)

Eqs. (1)–(5) can be rewritten as

VG
∂C∗

G

∂r
= KLa

ε1

(
C∗

G − kL

kL + ık1
× C∗

G

)
= kLaık1

ε1(kL + ık1)
× C∗

G (6)

Subject to:
a

ε1
NGL = KLa

ε1
(C∗

G − CL)

C = kLaık1

ε1(kL + ık1)VG
, (7)
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Table 1
Parameter values used for solving the model equations.

Parameter and symbol Value Unit Reference

Porosity of the medium, ε 0.94 Experimental determination
Biofilm thickness, ı 0.1 cm [16,43]
Diffusion coefficient in the liquid phase, DL 2.32 × 10−5 cm2 s−1 [33]
Diffusion coefficient in the gas phase, kG 2 × 10−4 mol cm−2 s−1 MPa−1 [34]
H −4 −3

M
D
B

ı

ε

t

C

b

C

i

�

4

a
f
u
i
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r
e
t

F
a

alf-saturation coefficient, KS 1.0 × 10
ass transfer coefficient, kL 1.98 × 10−3

issolution coefficient, H 1.91 × 10−5

iomass density, �B 1.0

k1 � kL, H � kG (8)

1 = ε − ε2 − ε3 = ε − W

V
− aı (9)

When r = R0 and C∗
G = C∗

0, the pollutant distribution equation in
he dimensionless form of the drum is

G = C0 exp
[
− kLa

ε1VG
(R0 − r)

]
(10)

According to Cussler [34], kL = DLaV /W , so the pollutant distri-
ution equation in the drum can be inferred as

G = C0 exp

[
− DLa2V(

ε − W/V − aı
)

WVG

(R0 − r)

]
(11)

Along the radial direction of RDB, the removal efficiency can be
nferred as

= C0 − CG

C0
= 1 − CG

C0
(12)

. Results and discussion

In the following investigation, the simplified model obtained is
pplied for the dynamic simulation of a realistic operating case and
urther examined with respect to its parametric sensitivity. The val-
es of the model parameters selected for NO treatment are listed

n Table 1.

.1. Effect of inlet NO concentration on NO removal efficiency
Fig. 4 represents the effects of inlet NO concentration on the
emoval efficiency. The experimental and model simulated removal
fficiencies showed similar trends, but the former was 10% higher
han the latter under the operating conditions of EBRT 65 s and

ig. 4. Removal efficiency comparisons between model results and experiment data
t different inlet NO concentrations.
mg cm [33]
cm s−1 [34]
kmol kPa m−3 [34]
g cm−3 Experimental determination

rotating speed 0.5 rpm. The simplified model could predict the per-
formance of RDB for NO removal. As shown in Fig. 4, with the inlet
NO concentration increasing, the biofilm had the potential to elim-
inate the additional NO loading when the nutrition was sufficient
for the enhancement of bacteria growth. Biofilm therefore could
degrade NO more rapidly at the higher inlet pollutant concentration
due to the improved mass diffusion and reaction dynamics. How-
ever, on the other hand, the inlet NO concentration increased faster
than elimination capacity of bacteria, and it led to the continuous
drop in NO removal efficiency. The reasons for this phenomenon
were that: (1) with the inlet NO concentration increasing, the degra-
dation time of NO by biofilm became shorter; (2) bacteria on the
biofilm grew faster, resulting in clogging in some parts of the media,
which influenced the elimination capacity.

The main reasons for the difference between the experimen-
tal and simulated profiles can be listed as follows: (1) in order to
maintain the microorganism metabolism, parts of the nutrient liq-
uid were kept in the bottom of the drum. As a result, the lower
simulated profiles could be induced by neglecting the absorption
of NO and following denitrification in the nutrient liquid. In addi-
tion, the nutrient liquid flow rate increased with the rotation of
the medium, and the reduction of NO through absorption was con-
sequently enhanced. (2) In the assumptions, the water layer was
regarded to be still and equilibrium over the surface of media was
uniform. In fact, the water flowed downwards because of gravity, so
that most of the hold-up liquid remained in the inner medium. So
the inner water layer was thicker than the outer layer, and the dis-
tribution of outer microorganisms over the medium was therefore
denser than that of the inner. It showed that the outer microor-
ganisms actually removed most of NO. Accordingly, the transfer
resistance coefficient increased during the modeling process, which
contributed to the decrease of removal efficiency. (3) According to
the surface renew theory, KC =

√
SDAB [35], the flow of liquid could

enlarge the mass transfer coefficient. But in the modeling process,
the liquid was regarded as stationary, and thus the simplified model
predictions were lower than the experimental profiles.

4.2. Effect of EBRT on NO removal efficiency

EBRT is an important parameter for the bioreactor design. Opti-
mal EBRT, which corresponds to a certain proper gas flow rate (VG),
will be beneficial to NO removal. Fig. 5 illustrates the difference
between the experimental and simulated profiles at inlet NO con-
centration of 344 mg m−3 and drum rotating speed of 0.5 rpm.

The results showed that the model simulated profiles were 10%
lower than the experimental profiles, which coincided with the
results on the effect of inlet NO concentration. The incongruity
with the effect of drum rotation is that at short EBRT, the differ-
ence enlarges to 20%, while it decreases to 10% at high EBRT. The

reasons are as follows.

(1) The difference between experimental and simulated profiles is
attributed to the neglect of absorption and the effect of hold-up
liquid of RDB.
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ig. 5. Removal efficiency comparisons between model results and experiment data
t different EBRTs.

2) Under the conditions of short EBRT and high gas flow rate, the
effect of absorption is strengthened, which contributed to the
difference between the experimental and simulated profiles.

.3. Model modification

Based on the above analysis, the chemical absorption and bio-
ogical reduction of NO by nutrition liquid in the bottom of RDB
ould not be ignored. The rapid and quantitative NO dissolved in
he aqueous solution to HONO/NO2

− had been used to analyze the
issolution of NO in water [36,37]. Glasson and Tuesday [38] estab-

ished both the stoichiometry (Eq. (13)) of this reaction and the rate
aw for the appearance of NO (Eq. (14)) in aqueous phase. Zhang
t al. [39] reported that NO had low solubility in the water, while
he NO2

− production in the water could be rapidly denitrified to N2
y denitrifiers in the drum [40]. Therefore, the NO transfer limited
rocess was more important than the reaction limited process for
he NO removal process

O + H2O → NO2
− + 2H+ (13)

L = kaq

kaq + Sk1
× C0 (14)

According to Dean [41], the NO dissolved rate kaq = 0.043 ml L−1

nder the condition of 101.325 kPa and 25 ◦C.
So the pollutant distribution equation (11) in the drum could be

ewritten as follows:

G = C0 exp

[
− DLa2V(

ε − (W/V) − aı
)

WVG

(R0 − r)

]

− kaq

kaq + Sk1
× C0 (15)

The comparison between the modified model data and the
xperimental data of NO removal by RDB could be seen in
igs. 4 and 5. It showed that the calculated values were in well
ccordance with the experimental values.

.4. Prediction of NO distribution on the drum

Fig. 6 illustrates that the NO concentration distribution along

he different radius of the packing materials under the conditions
f EBRT of 65 s, drum rotating speed at 0.5 rpm, and inlet NO con-
entration of 344 mg m−3.

Due to the restriction of detection methods, the NO concentra-
ion along the radius direction in RDB could not be measured in
Fig. 6. NO concentration distribution along the radius of RDB.

this study. From Fig. 6, the NO concentration of the model grad-
ually decreased along the radius of medium, but the tendency
was more rapid in the outer medium in relation to the inner
medium. This demonstrated that the NO degradation rate along
drum radius agreed well with pollutant mass transfer model and
removal kinetics of the biofilm. Under the same operational condi-
tions, the simulative calculation of traditional biofilter model [42]
was compared with that of RDB model. As shown in Fig. 6, the NO
concentration curve along the radius of packing materials of RDB
was flatter than that of the traditional biofilter, which indicated the
lower mass transfer resistance of NO in RDB and higher effective
utility of packing materials. The above results suggest that the novel
RDB have more advantages over traditional bioreactors in terms
of high even distribution of biomass and no biomass clogging of
packing materials.

5. Conclusions

The investigation analyzed the process of transfer-reaction of
NO in RDB. Based on the mass balance of pollutants in gas, liq-
uid, and biofilm phases, a dynamic model was put forward to
describe the NO concentration distribution in RDB and the NO
removal efficiency. The predictions of theoretical model under
steady-state conditions agreed well with the experimental data
under low NO concentrations (<600 mg m−3) treated in RDB. Then,
the model was further modified in consideration of the NO absorp-
tion and following denitrification by nutrition liquid in the drum.
Due to the lower mass transfer resistance and higher effective utility
of packing materials, RDB was also proved as a stable and suit-
able process for NO denitrification in comparison with traditional
bioreactors.
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