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a b s t r a c t

Dynamics and oxygen transfer of a novel vertical tubular biological reactor (VTBR) for wastewater treat-
ment were investigated in this paper. It was showed that the dissolved oxygen concentration (DO) in
VTBR is higher than that in the conventional bubble column. When the ratio of gas and liquid flow rates
ccepted 2 October 2009

eywords:
xygen transfer
ynamic model

was greater than 6.44, there were no phenomena of deficiency oxygen in all reactors. The volume oxygen
transfer coefficient (kLa) was between 0.005 and 0.025 1/s. The multi-stage series CSTR and PFR model
were developed to describe the dynamics of VTBR. It was revealed that the PFR model was proper to
describe the dynamics of VTBR of which maximum error was only 25%. The industrial effluents from
Dalian Bangchui Island Beer Company were utilized to verify the two models. It was suggested that when

s gre
ertical tubular bioreactor
astewater

the ratio of gas–liquid wa
80%.

. Introduction

In recent years, with the rapid industrialization and the expan-
ions of the chemical industry, a high number of polluting
enobiotic compounds has been released into environment [1,2].
hus, the characteristics and composition of wastewater became
ore complex. Biological treatment has been accepted as one of the
ost feasible, eco-friendly and cost-effective options for the treat-
ent of pollutants [3,4]. In general, bio-filter, suspended growth

ioreactor, packed bed bioreactor and rotating rope bioreactor sys-
ems have been widely used for the biological treatment of such
ompounds [5,6]. However, these bioreactors come with some
nheriting limitations such as poor oxygen transfer, low resistance
o shock loadings, etc., which restricted the use of conventional
eactors at higher concentration and loadings. Hence, research
fforts have been made towards the development of novel biore-
ctors recently, which can overcome the disadvantages associated
ith conventional systems. Mohammed et al. evaluated the mem-

rane bioreactor for treating municipal wastewater at different
perating conditions [5]. Felix et al. review the bioreactor scale-up
nd oxygen transfer rate in microbial processes in detail [6]. Raul

t al. developed two-phase partitioning bioreactors for treatment
f volatile organic compounds, etc. [7]. Among these researches,
arious multi-phase bioreactors have been developed to improve
he treatment efficiency, which have been widely applied in a

∗ Corresponding author. Tel.: +86 411 84706250; fax: +86 411 84706252.
E-mail address: yuanyuanqu@yahoo.cn (Y. Qu).
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ater than 6.44, the removal efficiency of COD could be obtained more than

© 2009 Elsevier B.V. All rights reserved.

variety of biotechnological processes for wastewater treatment
[8–10].

VTBR is a novel and recently developed liquid–gas co-current
up-flow immobilized film wastewater treatment system, which
was modified according to the principle of deep-well [11]. VTBR, a
Chinese patent with No. CN1084831A, was firstly proposed by Zhou
Jiti in 1992. As a novel bioreactor, VTBR possessed some advantages
and specific characteristics concluding lower energy cost, higher
efficiency and easy to operation, etc. while in detail: (1) the time
for gas and liquid contact is enough to improve the oxygen trans-
fer rate; (2) the pressure in VTBR can reach 2–3 atom, which is
much higher than that in the conventional bioreactor, therefore, the
maxim concentration of wastewater could increase to 5000 mg/L;
(3) although VTBR comes from deep-well, its technical character-
istics are far from deep-well because of the inputs; (4) As for the
operation conditions, VTBR could be operated as aerobic art flow,
anaerobic art flow and A/O art flow, and so on; (5) the surplus
sludge is very low due to the immobilized biofilm operation; (6)
considering the characteristics mentioned above, VTBR can be used
for various treatment processes. From then on, some series pro-
cesses of aerobic and anaerobic wastewater treatment devices have
been developed from VTBR, which was used for high concentra-
tion wastewater treatment, nitrogen and phosphorus removal and
sludge digestion, and so on [11,12]. Nowadays, VTBR has been suc-

cessfully used in field treatments of many kinds of wastewater in
China including effluents from chemical, mechanic, dyes and food
industries. Although VTBR has been applied in the field treatments
of various kinds of wastewater, there have been some fundamental
studies to be performed.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:yuanyuanqu@yahoo.cn
dx.doi.org/10.1016/j.cej.2009.10.002
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Nomenclature

ci dissolved concentration of gas component in water
(mg/L)

csi saturated dissolved concentration of gas component
in water (mg/L)

vLS apparent velocity of the liquid (m/s)
kLa volumetric liquid mass transfer coefficient (1/s)
c0 initial dissolved concentration of gas component in

water (mg/L)
ˇL volume proportion of liquid component
H column height (m)
RO utilization ratio of oxygen (mg/(L h))
F flow rate of wastewater (L/h)
S unused dissolved oxygen (mg/L)
D dilution rate (h−1)
b microbial specific attenuation coefficient (h−1)
ˇ oxygen demand per unit mass of microorganisms
Yg microbial actual increment
Sb concentration in the liquid phase (mg/L)
SS concentration on the surface of biofilm (mg/L)
�m maximal specific growth rate (h−1)
V volume of the liquid in a single VTBR reactor (L)
SO dissolved oxygen of inflow soluble substrate (mg/L)
q′′

m liquid flow rate (L/h)
AS filter effective sectional area (m2)
KS saturation constant (mg/L)
Da equivalent diameter of reaction column (m)
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Fig. 1. Schematic description of the VTBR used in the experiment, (a) the structure
of the VTBR; (b) the structure of the inputs: (1) DE-0.036/2-type air compressor; (2)
control valve; (3) LZB-3WB-type gas meter; (4)–(13) 1–10-level reaction column;
X0 initial concentration of microorganism (mg/L)
L column length (m)

As for any bioreactors, some parameters are the most important
or the reactors design. The mass transfer coefficients between the
ifferent phases together with reaction dynamics are important
esign parameters of gas–liquid–solid reactors for both chemi-
al and biochemical engineering applications [13–16]. It has been
eported that there have been considerable amount of work
hich was done for the purpose of mass transfer from gas phase

o the liquid phase and different types of gas liquid contact-
ng devices, such as wetted wall towers, bubble columns, etc.
17–19]. Hence, it is necessary to apply proper method to obtain
he mass transfer coefficient for any novel multi-phase reactor,
uch as VTBR. Meanwhile, it is essential to acquire kinetic param-
ters for the operation of bioreactors optimization. Furthermore,
he kinetic model should be verified by the field treatment pro-
ess.

Therefore, the present paper was undertaken to study the oxy-
en transfer and dynamics of a co-current gas–liquid reactor for
he field application experimentally. The volumetric oxygen trans-
er coefficient (kLa) was estimated by the least squares method,
nd the reaction dynamics were verified by the real wastewater
ffluents.

. Materials and methods

.1. Reactor design and operation

A schematic diagram of the experimental setup of VTBR is
hown in Fig. 1(a), and the packing was fibrous filler (Fig. 1(b)). The

TBR consists of 10 reactors in sequential each with the volume
f 12.449 L, and HRT about 2–4 h per column. And the inoculated
ctivated sludge were grown adhere to the fibrous filler with con-
entration of 5–10 g/L in each reactor. And reactors joined by the
affles were 2 m in height and 90 mm inner diameter, through
(14) release valve; (15) U-tube differential pressure meter; (16) BY1941A-type digi-
tal multi meter; (17) dissolved oxygen electrode device; (18) raw water flume; (19)
2J-W13/1.5-type sink-plunger metering pump; (20) LZB-type liquid flow meter;
(21) emptying valve.

which flow patterns as well as the type of dispersion can be
observed.

Two running models were adapted in this design, of which
the cold-flow model means the wastewater does not contain the
pollutants, and the hot-flow model means the system adapt the
real wastewater. The temperature was set at 25 ◦C for both cold-
model and hot-model. For cold-flow model, the distilled tip-water
was used for experiments with initial DO = 0. While for the hot-
flow model, the wastewater used was taken from Dalian Bangchui
Islands Beer Company. And the pH values of both test water were
adjusted to 7.0.

The liquid flow rate of wastewater was between 3 and 6 L h−1

and gas flow rates ranged from 0.1 to 0.5 L min−1. The value of gas
injection pressure was controlled as 0.125 MPa. The gas used in the
experiments is atmospheric air pumped by a ventilator, which was
higher than atmosphere. In the column, the gas and the liquid have
a co-current up-flow circulation. The liquid flow rate was measured
by a flow meter located at the tank outlet and controlled by a valve.
And the air flow rate was measured by a flow meter.

2.2. Analytical methods

The samples were collected at the end of each column, of which
CODcr and BOD5 was determined by standard methods described
elsewhere [20]. It was necessary to note that each sample point was
equal to corresponding grade of VTBR.

Volumetric mass transfer coefficient kLa was measured by
a dynamic technique. The dissolved oxygen concentration in
the liquid was measured by a fast responding oxygen elec-
trode manufactured by our lab. And the relationship between DO
and voltage should be calculated by the experimental equation:
DO = −40.65 + 0.133U. And the electrode response time was less
than 1/kLa, which was proved not affecting kLa value. And the
volumetric oxygen transfer coefficient (kLa) was computed by the
minimization of least squares method.

2.3. Mathematical model of oxygen transfer

In the cold-flow model system, oxygen was not consumed by
any chemical reaction. Therefore, the oxygen balance could be
described by the following equation:
∂ci

∂t
+ d

dx
(vLSci) = kLa(csi − ci) (1)

Initial condition : t = 0, ci = c0
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flow model were investigated. The dynamics of dissolved oxygen
between the first and second injection was determined. And the
response of the electrode was rapid enough to determine. Time
course of DO in the cold-flow model system with 50 L h−1 of liq-
uid flow rate was shown in Fig. 2(a). It was investigated that the
4 Y. Xu et al. / Chemical Engin

oundary conditions : ci(t, x = 0) = ci

(
t − ˇLH

vLS
, x = ˇLH

)

And the following dimensionless variables were inputted:

c = csi − ci

csi − c0

� = t

ˇLH/vLS

X = x

ˇLH

(2)

Then Eq. (1) was as follows:

∂c

∂t
+ ∂c

∂X
+ mc = 0

� = 0, c = 1
c(�, 0) = c[(� − 1), 1]

(3)

here

= kLaˇLH

vLS
(4)

Therefore, the DO can be determined from the following equa-
ion:

m = 1
m

exp
(

−x + �

2
m

)[
exp

(
m

2

)
− 1

]
(5)

.4. Dynamic model description for the reactor

In the hot-flow model system, two models were used in this
aper as CSTR (model A) and PFR (model B). Under each model, the
ssumptions were made to develop the kinetic model for the VTBR.

.4.1. Model A
Generally, CSTR culture systems consist of several separate CSTR

n sequential. In order to develop the dynamic model, the following
ssumptions were given:

1) limited and dissolved substrates in each CSTR conform to the
Monod equation;

2) kinetic parameters of each CSTR were kept consistent;
3) components of the limited and dissolved substrates were con-

stant but only with concentration changes;
4) each CSTR was operated under steady state conditions.

Under these general assumptions the CSTR model was devel-
ped to describe reaction dynamics of the VTBR system. In this
ase, the utilization efficiency of oxygen is given by the following
quation (the deduction process presents in Appendix A):

O(n) = F{(S(n−1) − S(n))(D(n) + b + D(n)ˇ(n)Yg) + X(n−1)[D(n)(ˇ(n−1) − ˇ(n)) + ˇ(n−1)b]}
D(n) + b

(6)

.4.2. Model B
As we all know that flat flowing with the characteristics as:

1) there is no velocity distribution on the cross section which is
vertical with flow direction;

2) there is no back mixing on the flow direction;
3) when the flow left the reactors, the HRT of each fluid particle is

the same.
From these characteristics, the mass balance equation can be
eveloped from theatrical analysis as following:

dSb

dX
+

[
�mV

FL

(
X0

Y
+ SO − Sb

)
+

(
q′′

mAS

FL

)
�
]

Sb

KS + Sb
= 0 (7)
Journal 156 (2010) 92–97

The boundary conditions were:

X = 0, Sb = SO (8)

Make K̄ = KS/Sb here, and then the effective coefficient � was
defined as following (the deduction process presents in Appendix
B):

� =
(K̄ + 1)

[
1 − K̄ − Da +

√
(1 − K̄ − Da)

2 + 4K̄

]

(1 + K̄ − Da) +
√

(1 − K̄ − Da)
2 + 4K̄

(9)

3. Results and discussion

3.1. Dissolved oxygen in the VTBR

It is well known that the volume oxygen transfer coefficient (kLa)
is one of the most important parameters, which affects the design
and operation of the unit. Many factors could affect kLa, includ-
ing air flow rate, air pressure, temperature, vessel geometry and
fluid characteristics, etc. In this paper, the variations of dissolved
oxygen concentration (DO) in VTBR for cold-flow model and hot-
Fig. 2. Time course of DO changes in VTBR, (a) cold-flow model, (�) g/l = 10:1;
(�) g/l = 8:1; (�) g/l = 5:1; (�) g/l = 2:1; (b) hot-flow model, (�) g/l = 12.79:1; (�)
g/l = 14.53:1; (�) g/l = 2.65:1; (�) g/l = 6.44:1.
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O decreased with time increased under the same g/l ratio, which
eant DO in the former reactors was greater than that in the fol-

owing reactors.
It was proved that the changes of DO were different in both sys-

ems. In the cold-flow model system, the DO of each reactor was
etermined by cleaning water. The concentration of DO was mainly
etermined by the pressure inside of the reactor because there was
o respiration of microorganisms. Therefore, DO increased with
ressure increasing. Also, when the liquid flow rate was increased,
he DO was improved to some extent with the increasing of gas and
iquid ratio (g/l).

Time course of DO in the hot-flow model system with 5 L h−1

f liquid flow rate was shown in Fig. 2(b). The oxygen consump-
ion rate (SOUR) of microorganisms during the first 3 reactors was

ore rapid than that of other reactors. The results indicated that
he DO in the reactor changes in the different tendency when the

icroorganisms participate in the reaction. As mentioned above, in
he cold-flow model system, the DO was determined only by pres-
ure. However, in the hot-flow model system, DO depended not
nly on the pressure but also the SOUR. From Fig. 2(b), it could
e easily observed that DO decreased quickly between the first
nd the third reactor. In the fourth and the fifth reactor, the DO
lso decreased and then turned to stable. As for the sixth to tenth
eactor, DO was mainly determined by pressure according to the
haracteristics of VTBR, which lead to a little increase of dissolved
xygen concentration (Fig. 2(b)).

It was also showed that the DO was improved when g/l ratio
as increased, which was the similarity to the results in the cold-
ow model system. When g/l ratio was of 2.65, the fifth reactor
xhibited anoxic conditions. It could be explained that the SOUR
alue was more than the oxygen transfer in this reactor. However,
t was obvious that the dissolved oxygen was all above zero in the
eactors when g/l ratio reached 6.44, which suggested that the oxy-
en transfer was more than the SOUR. Therefore, it was necessary
o take into account that the g/l ratio should be higher than 6.44
hen VTBR was in the field application.

.2. Oxygen transfer

It was indicated that the value of kLa increased with the increase
f liquid flow rate for a given gas and liquid flow rates (Fig. 3).
hen the ratio of gas and liquid flow rates was greater than 6.44,
here were no phenomena of deficiency oxygen in all reactors. In
rder to determine the volume oxygen transfer coefficient (kLa), a
lug flow model describing gas–liquid two-phase up-flow in VTBR
as proposed and the mathematics solution was given. By com-
arison of dynamic measurement and mathematics solution, the

Fig. 3. Influence of different g/l on kLa. (�) 80 L h−1; (�) 50 L h−1.
Fig. 4. Comparison of the data between two models and the experiments. (�) Data
from PFR model; (�) experiment data; (�) data from CSTR model.

volume oxygen transfer coefficient was obtained. The kLa of VTBR
was between 0.005 and 0.025 1/s, which changed with liquid flow
rate and the g/l ratio (Fig. 3). As reported previously, the kLa was
about 0.045–0.019 1/s, which was a little lower (nearly 10–20%)
than that of reporting here [21], which should be explained that
the soft input in VTBR could improve the oxygen transfer.

3.3. Dynamic model development of VTBR

From the view of biology, bio-treatment of wastewater could
be considered as continuous processes in which the microorgan-
isms were largely generated. This paper analyzed and discussed the
kinetics for VTBR. Two flow models of the ideal reactors were pro-
posed, i.e. multi-stage series CSTR model and PFR model without
the resistance of mass transfer outside. When the ratio of gas and
liquid flow rates was greater than 6.44, the removal efficiency of
COD was greater than 80%. This study showed that all experimen-
tal data were within 25% of predictions from PFR model without
the resistance of mass transfer outside.

Comparison of the results from model calculation and experi-
ments under g/l 6.44 was shown in Fig. 4. It was observed that the
kinetic parameters of VTBR located between CSTR and PFR model.
And the experiment value was closer to the data from the PFR
model. Although the value from PFR model was larger than the
experiment data, it was still consistent with the real data. As shown
in Table 1, the PFR model was proper to describe the dynamics of
VTBR with its maximum error only being 25%.
3.4. Application of VTBR for industrial effluents

As described above, the key parameter kLa was determined and
the PFR model was proved to be fit for describing the VTBR sys-

Table 1
Data comparison of PFR model and experiments.

No. BOD5 (mg/L) from
PFR model

BOD5 (mg/L) from
experiments

Relative
error (%)

1 468 449.7 4.07
2 370 314.09 17.80
3 210 176.39 19.05
4 135 126.06 7.09
5 85 71.98 18.09
6 65 52.84 23.01
7 52 43.69 19.02
8 45 38.70 16.28
9 40 37.03 8.02

10 32 26.22 22.04
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ig. 5. Time course of COD removal in VTBR for real wastewater treatment. (�)
/l = 2.65:1; (�) g/l = 6.44:1; (�) g/l = 12.79:1; (�) g/l = 14.53:1.

em. However, it is still necessary to investigate whether the VTBR
ould be used for real wastewater treatment. Therefore, the effluent
rom Dalian Bancuidao Island was collected to verify the treatment
bility. Firstly, the VTBR was under the acclimatization stage with
38.05 mg/L of the influent COD. After 15 days acclimatization, the
iofilm was formed with the predominant Protozoa. In this period,
he COD removal reached nearly 90.83% (data not shown), which
ndicated that the VTBR possessed high efficiency for such wastew-
ter treatment.

During stable operation stage, COD value of each level was
etermined (Fig. 5). With the g/l ratio increased, COD of effluent
ecreased, which indicated that large gas amount would enhance
he COD removal. However, when the gas quantity reached some
xtent, COD removal kept stable as shown in Fig. 5. It was showed
hat tend of line 3 (g/l = 12.79) and line 4 (g/l = 14.53) was almost
onsistent, which exhibited that it would largely increased the
ower consumption if the gas quantity was continuously increased.
rom Fig. 5, it was also obvious that the g/l ratio played the key role
n the COD removal within the short HRT, which suggested that oxy-
en transfer was important for the target compounds degradation.

As shown in Fig. 5, it suggested that the COD removal was nearly
9% under enough HRT during the whole operation of the VTBR.
hen g/l was 14.53, it needed 11 h for 80% COD removal. While g/l
as 2.65, it needed more time (nearly 13 h) to obtain the same COD

emoval. It was concluded that relatively few series of VTBR with
igh g/l ratio would obtain the same removal efficiency. However,
he g/l ratio was not the sole determinants for COD removal in VTBR.

. Conclusions

In conclusion, the most important parameter affecting the
esign and operation of VTBR is the volume oxygen transfer coeffi-
ient kLa. Therefore, this study was firstly performed to determine
he kLa, which between 0.005–0.025 1/s. And it was proved that

ulti-stage series CSTR and PFR model could be used to describe the
ynamics of VTBR. According to the oxygen transfer and dynamic
nalysis, VTBR was proved to be efficient for industrial effluents
uch as some effluents from Dalian Bangchui Island Beer Company,
f which the COD removal was more than 80%. Although VTBR has
een widely used in the wastewater treatment in the industry of
hina, the basic characteristics such as hydrodynamics mass trans-

er should also be deeply studied. As a novel bioreactor, VTBR is
onsidered to be the predominant sewage treatment equipment in
he future.
cknowledgment
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Appendix A.

According to the assumption mentioned above, the following
equation can be obtained:

�n = Dn

(
1 − XV(n−1)

XV(n)

)
+ � + b

XV(n) = D(n)[XV(n−1) + Yg(S(n−1) − S(n))]
D(n) + b + �

Xd(n) = D(n)Xd(n−1) + �XV(n)

D(n) + b

X(n) = D(n)[X(n−1) + Yg(S(n−1) − S(n))]
D(n) + b

[�m − (D(n) + � + b)]S2
(n) −

[
�m

(
XV(n−1)

Yg
+ S(n−1)

)
+ (KS − S(n−1))(D(n) + � + b)

]
S(n) + S(n−1)KS(D(n) + � + b) = 0

v(n) =
(

D(n) + b

D(n) + � + b

)(
XV(n−1) + Yg(S(n−1) − S(n))

XV(n) + Yg(S(n−1) − S(n)

)

RO(n) = F{(S(n−1) − S(n))(D(n) + b + D(n)ˇ(n)Yg) + X(n−1)[D(n)(ˇ(n−1) − ˇ(n)) + ˇ(n−1)b]}
D(n) + b

Appendix B.

The equation of mass transfer rate was as following:

NS = KL(Sb − SS)

According to the Monod equation, it could obtain the following
equation:

−r′′
S = q′′

mSS

KS + SS

Under steady state, NS = −r′′
S , therefore, the following equation

could be got:

SS = Sb − KS − (q′′
m/KL) +

√
(Sb − KS − (q′′

m/KL))2 + 4KSSb

2

Considering the � using in the chemical reaction engineering, it
could get the following equation:

� = r′′
S

r′′
b

= q′′
mSS/(KS + SS)

q′′
mSb/(KS + Sb)

And these dimensionless variables were introduced:

S̄ = SS

Sb

K̄ = KS

Sb

Da = q′′
m

KLSb

According to all the equation mentioned above, the � could

determine as:

� =
(K̄ + 1)

[
1 − K̄ − Da +

√
(1 − K̄ − Da)

2 + 4K̄

]

(1 + K̄ − Da) +
√

(1 − K̄ − Da)
2 + 4K̄
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