Chemical Engineering Journal 276 (2015) 59–64

Contents lists available at ScienceDirect

Chemical Engineering Journal
journal homepage: www.elsevier.com/locate/cej

Bioreduction of nitrate in a hydrogen-based membrane bioﬁlm reactor
using CO2 for pH control and as carbon source
Siqing Xia a,⇑, Chenhui Wang a, Xiaoyin Xu a, Youneng Tang b, Zuowei Wang a, Zaoli Gu a, Yun Zhou a
a
b

State Key Laboratory of Pollution Control and Resource Reuse, College of Environmental Science and Engineering, Tongji University, Shanghai 200092, China
Department of Civil and Environmental Engineering, Florida Agricultural & Mechanical University-Florida State University College of Engineering, Tallahassee, FL 32310, USA

h i g h l i g h t s

g r a p h i c a l a b s t r a c t

 MBfR with double bundles of hollow

ﬁbers (one for H2 and the other for
CO2).
 The CO2 diffusion coefﬁcient in PVC
membrane was 3.8375  107 m2/d
@ 25 °C.
 CO2 for pH control and as carbon
source.

a r t i c l e

i n f o

Article history:
Received 31 January 2015
Received in revised form 8 April 2015
Accepted 11 April 2015
Available online 18 April 2015
Keywords:
Nitrate
Hydrogen-based membrane bioﬁlm reactor
CO2
pH control
Carbon source

a b s t r a c t
The hydrogen-based membrane bioﬁlm reactor (MBfR) is efﬁcient in removing nitrate in oligotrophic
water, but pH increase due to denitriﬁcation is a tough problem in practice. To control pH, we investigated a novel MBfR with double bundles of hollow ﬁbers (one for H2 supply and the other for CO2 supply).
CO2 was used for pH control and as the carbon source. The Fick’s ﬁrst law and steady state permeation
tests were adopted to determine the CO2 permeability of polyvinyl chloride (PVC) hollow ﬁbers used
in this study. The CO2 diffusion coefﬁcient in the membrane was 3.8375  107 m2/d @ 25 °C. The CO2
diffusion coefﬁcient was veriﬁed by a nitrate bioreduction experiment in the MBfR. The calculated supply
of CO2 based on the CO2 diffusion coefﬁcient is consistent with the experimental results: The total nitrogen removal rate was more than 99% and the pH is stable at around 7.45. CO2 diffused through the membrane is sufﬁcient to be the sole carbon source. We conﬁrmed that the novel MBfR with double bundles
was stable and efﬁcient. This research provides direct guidance to the design and operation of this new
type MBfR.
Ó 2015 Elsevier B.V. All rights reserved.

1. Introduction
As a major technological breakthrough, the hydrogen-based
membrane bioﬁlm reactor (MBfR) combines the membrane and
bioﬁlm together creatively, which is a new choice to remove the
oxidized contaminants in oligotrophic water such as groundwater
⇑ Corresponding author. Tel.: +86 21 65980440; fax: +86 21 65986313.
E-mail address: siqingxia@tongji.edu.cn (S. Xia).
http://dx.doi.org/10.1016/j.cej.2015.04.061
1385-8947/Ó 2015 Elsevier B.V. All rights reserved.

and micro-polluted raw water without residual economically
[1–3]. In the MBfR, hydrogen gas is delivered through the membrane in a bubbleless way and H2 utilization efﬁciency can be more
than 99% to avoid air explosive hazard, which make it come true
that nontoxic and inexpensive H2 compared to organic donors,
can be the electron donor and energy source of the microorganism
[3]. In recent years, the MBfR was investigated to remove several
kinds of the oxidized contaminants in the oligotrophic water and
gained high efﬁciency. Xia et al. [4] carried out a series of
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Nomenclature
Al, Am
C0, Cl
Ci, Ce
C
NO3
CO2
dm
dl
Dl
Dm
h
H

average surface area of the liquid and membrane ﬁlm
(m2)
CO2 concentrations in the lumen of the ﬁbers and bulk
liquid of the reactor (g CO2/m3)
CO2 concentrations in the inﬂuent and efﬂuent of the reactor (g CO2/m3)
3
NO
3 concentrations in the inﬂuent of the reactor (g/m )
3
O2 concentrations in the inﬂuent of the reactor (g/m )
hollow ﬁber outer diameter (m)
liquid ﬁlm outer diameter (m)
CO2 diffusion coefﬁcient in water @ 25 °C
1.74528  104 (m2/d) [34]
CO2 diffusion coefﬁcient in the membrane (m2/d)
water depth in the reactor (m)
Henry’s Law constant of CO2 3115.22 (m3 Pa/mol) [35]

short-term experiments, which showed that nitrate reduction rate
improved with H2 pressure increasing, and over 97% of total nitrogen removal rate was achieved when the nitrate loading increased
2
from 0.17 to 0.34 g NO
3 –N/(m day) without nitrite accumulation.
Nerenberg et al. [5] conducted short-term tests without allowing
time for the reactor to adapt to the contaminants and the result
showed nitrate and oxygen were reduced by over 99% for all tests
and removal for the contaminants ranged from a minimum of 29%
for chlorate to over 95% for bromate.
Nitrate is a common oxidized contaminant in the groundwater.
It is introduced into groundwater from a variety of sources such as
agricultural activities, poor sewer systems, wastewater, and industrial activities [6]. Contamination of water by nitrate is increasing
worldwide and nitrate level in natural waters becomes an important indicator of water quality. It is also a primary drinking water
contaminant and standards have been set to regulate the maximum
concentration level (MCL) of nitrate in potable water at 10 mg NO
3
-N/L in the US and China. Besides, as nitrogen source of microorganisms, nitrate is a key factor in the process of oxidized contaminants
bioreduction. However one important characteristic of denitriﬁcation is that it produces approximately one equivalent of strong base
for each equivalent of N reduced to nitrogen [7]. The pH will
increase with the reaction going on if no measure is taken, while
the optimal pH range reported for denitriﬁcation is 7–9 [8]. Once
the pH value is beyond this range, it will inhibit the denitriﬁcation
process and lead to accumulation of intermediates such as NO
2 and
N2O [9–11]. The second consequence is precipitation of hardness
cations that are common in the groundwater. Common mineral
precipitates in biological denitriﬁcation processes includes calcium
carbonate (CaCO3), calcium hydrogen phosphate (CaHPO4), calcium
dihydrogen phosphate (Ca(H2PO4)), hydroxyapatite (Ca5(PO4)3OH),
and b-tricalcium phosphate (Ca3(PO4)2) [7]. It is reported that
CaCO3 precipitation was observed in bench-scale and pilot-scale
denitriﬁcation reactors using real groundwater [12,13]. The formation of mineral solids inside the bioﬁlm and at its interface with the
membrane can impede H2 and substrates diffusion within the bioﬁlm and the calciﬁcation of ﬁbers turns out to be inﬂexible and
appears to induce ﬁber breakage [7,13].
In order to control the pH induced by the production of base, two
methods were adopted. The ﬁrst one is adding enough buffer
solution to stabilize the pH change. Xia et al. [14] studied the
simultaneous reduction of nitrate, sulfate, bromate, hexavalent
chromium and para-chloronitrobenzene using a continuously stirred hydrogen-based membrane bioﬁlm reactor. KH2 PO4 and
Na2HPO4 were added into the feed medium in the concentration
of 181 mg/L and 379 mg/L respectively as not only the nutrient

Jl
Jm
Lm1
Lm2
M
nm
P0
Q
Qt
Q1
S
u
V
zl
zm

CO2 ﬂux through the liquid ﬁlm (g CO2/(m2 d))
CO2 ﬂux through the membrane (g CO2/(m2 d))
H2 hollow ﬁber length (m)
CO2 hollow ﬁber length (m)
molar mass 44 (g/mol)
number of hollow ﬁbers
CO2 pressure in the hollow-ﬁber lumen (Mpa)
water ﬂow rate of the inﬂuent (m3/d)
total water ﬂow rate in the reactor (m3/d)
wastewater ﬂow rate in the reactor (m3/d)
valid cross-section (m2)
representative ﬂow shear velocity in the reactor (m/d)
valid reactor volume (m3)
liquid ﬁlm thickness (m)
membrane thickness (m)

but also the pH buffer. However phosphate is a control index of
water quality which can cause surface-water eutrophication [15]
and it is easier to make the calcium ion precipitate in the low concentration. This method is efﬁcient and easy in lab-scale tests, but
not feasible in practice. The second method is adding acid at a concentration that neutralizes excessive base production from denitriﬁcation. Adham et al. [13] added HCl or sparged CO2 into the
reactor to control the pH in the reactor at a set point using a pHcontrol loop. It was concluded that CO2 addition was the preferred
method for H2-based autotrophic processes. Nonetheless, Shahin
Ghafari et al. found that continuous sparging of CO2 made solution
to be in the acidic range rapidly and any effort to prevent the pH
decline would have been useless, which inhibited the denitriﬁcation rate [16].
A novel hydrogen-based membrane bioﬁlm reactor with double
bundles was used in this research. One bundle of ﬁbers provides H2
and the other provides CO2 in a bubbleless way, which is practical
for the inclosed reactor. The CO2 controls the pH and it is also the
inorganic carbon source for microorganisms at the same time. Last
but not the least, it allows precise control of the CO2 delivery rate
and minimal loss of CO2 to the atmosphere, which contributes to
the CO2 ﬁxation also. In order to stabilize the pH in the appropriate
range, the stoichiometric relationship of pH change to CO2 supply
should be determined. The Fick’s ﬁrst law at a steady state was
used to describe CO2 permeation through membranes:

Jm ¼



Dm
Dm PM
ðC high  C low Þ ¼
 C low
zm
zm H

ð1Þ

The CO2 permeability in Eq. (1) (Dm) can be determined once the
operating conditions (P, Clow, zm) are known and the CO2 ﬂux (Jm) is
measured. The existence forms of CO2 in water are shown below
[17]:
K1

K2

K3

CO2 þ H2 O ¢ H2 CO3 ¢ Hþ þ HCO3 ¢ 2Hþ þ CO2
3
3

4

ð2Þ
11

At 25 °C, K1 = 2.5  10 , K2 = 1.74  10 , K3 = 5.6  10 . In
fact, K = K1  K2 = 4.35  107 is the ﬁrst dissociation constant of
the H2CO3 we used frequently. It is indicated that more than 99%
CO2 exists in the form of CO2 molecule in water, and the physical
partition which follows Henry’s law is predominant in the diffusion
process, so we assume that all CO2 exist in the form of CO2
molecule in the CO2 permeation experiment.
The CO2 ﬂux (Jm) can be calculated by measuring the CO2 concentration and the ﬂow rate at the steady state. We then used
the permeability to interpret MBfR experimental pH results of
bioreduction of nitrate to determine the extent to which CO2
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permeation controlled reactor pH based on the mass balance in the
inﬂuent and efﬂuent [18]. Our results provide direct guidance to
the design and operation of this new type MBfR, which uses CO2
for pH control and as carbon source. The results are also of value
for building up a pH control model.
Before the analysis, the following four assumptions are made:

pressurized with H2. The number of the other bundle of hollow
ﬁbers is 10 (calculated according to the following CO2 diffusion
coefﬁcient in the PVC membrane @ 25 °C) and they were 13 cm
long pressurized with high purity CO2.

(1) The reactor is a closed system at a constant pressure equivalent to the atmosphere. The efﬂuent of the reactor was
exposed to the atmosphere via an outlet of 0.5 cm diameter
tubing. CO2 exchange between the air and the reactor can be
neglected.
(2) Phosphate species are not considered as a buffer due to two
factors. First, phosphate added as a nutrient and dosed at the
stoichiometric requirement for P uptake in biomass synthesis provides negligible phosphate species in the reactor,
compared to carbonate species. Second, the concentration
of total phosphorus in most natural groundwater is very
low due to its precipitation with calcium [19].
(3) Other natural buffering species (e.g., ammonium) also are
neglected, because they are trivial compared to the carbonate species, which account for most of the total alkalinity
[19].
(4) Mg(OH)2 also is neglected, because it is super-saturated only
at pH values that are too high to be relevant for biological
treatment.
(5) Activity coefﬁcients are ignored, since most source water for
drinking water treatment has a low salinity. This assumption
would need to be removed if denitriﬁcation were being carried out with high-salinity water, such as regeneration brine
from ion exchange [20].

Fig. 2 is schematic of a bottle with a representative hollow ﬁber
used in the steady state CO2 permeation experiment. Distilled
water free of CO2 was pumped into the reactor at a ﬂow rate of
2.349  103 m3/d. The hollow ﬁbers in the reactor were pressurized with a high purity CO2 at a pressure of 0.04 MPa. CO2 diffused
through the hollow ﬁber wall and into the distilled water. A recirculation line provided mixing to ensure that the liquid was completely mixed. The bulk water (100 ml) was sampled regularly
and assayed for its CO2 concentration. Every time we got the sample, we emptied the reactor and started the experiment from the
beginning for next sampling time point. Steady state was achieved
when the CO2 concentration was stable.

2.2. CO2 permeation experiment

2.3. Mathematical model to determine the CO2 permeability
Fig. 3 plots a typical CO2 concentration proﬁle in the permeation
test. The method to measure the permeability of CO2 through the
membrane was adapted from the method to measure the
permeability of hydrogen in Youneng Tang [21]. According to
Fig. 3, the CO2 mass balance at steady state in the reactor is

QCi  QCe ¼ J m Am ¼ J l Al

ð3Þ

In which

Jm ¼



Dm PM
 Cl
zm H

ð4Þ

2. Materials and methods
2.1. Experimental setup
Fig. 1 is schematic of the hydrogen-based membrane bioﬁlm
reactors (MBfR) used in this study. The MBfR system included a
transparent plastic cylinder, silicone pipelines and peristaltic
pumps. Both ends of the cylinder were sealed with the plastic ring
and the cap for anaerobic environment. Two bundles of hydrophobic polyvinyl chloride hollow ﬁber membranes with pore size
0.01 lm (Litree Company, Suzhou, China) were submerged inside
the cylinder with their top ends connected to the gas (H2 or CO2)
pipelines and bottom ends plugged. The outside and inner diameters of the ﬁber are 0.18 cm and 0.12 cm respectively. The reactor
was 24 cm in height and 7 cm in inner diameter. In the CO2 permeation experiment, the number of total hollow ﬁbers was 150
and they were 21 cm long pressurized with high purity CO2
(99.999%). In the nitrate removal experiment, the number of one
bundle of hollow ﬁbers was 130 and they were 18 cm long

Fig. 1. Schematic of the bench-scale reactor used in the study.

Jl ¼

Dl
ðC l  C e Þ
zl

ð5Þ

Am ¼ pðdm  zm ÞLm nm

ð6Þ

Al ¼ pðdm þ zl ÞLm nm

ð7Þ

zl ¼ 2:1  104 e6:810

3

u

ð8Þ

S¼

V
h

ð9Þ

u¼

Qt
S

ð10Þ

Fig. 2. Schematic diagram of the CO2 permeation experiment.
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dissolved oxygen concentration were measured with a HQ40d
meter (HACH, USA).

3. Results and discussion
3.1. CO2 permeability and the calculation of membrane area

The liquid ﬁlm thickness (zl) is determined using an empirical
Eq. (8) [22], which is a function that involves the ﬂow shear velocity. We use a representative ﬂow shear velocity (u) that is expressed
as the total ﬂow rate (Qt) through the valid cylinder cross-section
(S). Once we measured Ce and substituted Eqs. (4)–(10) into
Eq. (3) correspondingly, the only unknown is Dm and Cl in two linearly independent equations. Therefore, we can get Dm.

2.4. Bioreduction of nitrate experiment
The cultivation of autohydrogentrophic organisms was implemented in the physiologic salt water bottle, the same method as
in Xia et al. [23]. The composition of the synthetic wastewater
was (mg/L): NaNO3 60.7, NaHCO3 110, MgCl2 10, FeSO47H2O 1,
ZnSO47H2O
0.013,
H3BO3
0.038,
CuCl22H2O
0.001,
Na2MoO42H2O 0.004, MnCl24H2O 0.004, CoCl26H2O 0.025,
NiCl26H2O 0.001, and Na2SeO3 0.003. Na2HPO412H2O 663.3 mg/L
and KH2PO4 292.3 mg/L were added into the feed water to stabilize
the pH throughout the process. The dissolved oxygen in the inﬂuent
was 8.6 ± 0.2 mg/L. 50 mL cultivation liquid was injected into the
reactor by a sterilized syringe. After that, the reactor was fed by
10 mg/L NO
3 –N with ﬂow of 0.2 mL/min for 24 h. The H2 supply
pressure was set at 0.02 Mpa. An initial bioﬁlm attached to the surface of the membrane ﬁbers was observed. The inﬂuent was
increased to a ﬂow of 1.0 mL/min and H2 pressure was increased
to 0.04 MPa for bioﬁlm accumulation, which is sufﬁcient for the
bioreduction of nitrate [24]. From day 7, the efﬂuent was sampled.
Then we began to use KH2PO4 (6.5 mg/L) instead of the phosphate
buffer pair as the nutrient, and adjust the inﬂuent pH to around
7.10. The hollow ﬁber membranes, inﬂated with CO2, were submerged into the reactor. In order to evaluate if the added CO2 was
sufﬁcient or not, we decreased the NaHCO3 dose into the inﬂuent

water to 40 mg/L and then to 0 mg/L. Efﬂuent NO
3 , NO2 , dissolved
oxygen concentration and pH were monitored daily throughout the
experiment. All experiments were conducted at ambient temperature (25 ± 1 °C) controlled by the air conditioner.

2.5. Sampling and analysis
All the ﬂuid samples were ﬁltered immediately through a
0.22 lm polyether sulfone syringe ﬁlter (Anpel Company,
Shanghai, China) and kept in the refrigerator at 4 °C. Nitrate and
nitrite were determined by ion chromatograph (ICS-1000,
Dionex, USA) using an AS-20 column, an AG-20 precolumn, and a
150-mg/L injection loop [25]. The titration method was used to
determine the CO2 in the bulk water [26]. The pH value and

NO3 þ 0:23CO2 þ Hþ þ 3:03H2 ¼ 0:48N2 þ 0:046C5 H7 O2 N þ 3:37H2 O
ð11Þ

O2 þ 0:028NO3 þ 0:14CO2 þ 0:028Hþ þ 2:39H2
¼ 0:028C5 H7 O2 N þ 2:31H2 O

ð12Þ

In the reactor, the CO2 supplied by the membrane aeration is
used in three aspects: the ﬁrst part is used to neutralize the base
produced
CNO 
3

in

CO
2 620:028
32

62

carbon source

the
1þ

bioreduction
CO

of

nitrate

44  Q 1

!!
2

32

 0:028

44  Q 1

, the second part is used as the
CO
2 620:028
32

CNO 
3

62

 0:23 þ

CO

!!
2

32

 0:14

,

160

CO2 concentration ( mg/L )

Fig. 3. A typical CO2-concentration proﬁle in the permeation experiment.

In the CO2 permeation experiment, when the system was operated with a high CO2 pressure (0.06 Mpa) and a low water ﬂow rate
(0.72  103 m3/d), the water close to the membrane became
supersaturated and bubbles were formed on the membrane surface
[27]. It changed the surface character and these experimental
results were not used. The CO2 pressures in the lumen of the ﬁbers
was set at 0.04 Mpa and the ﬂow rate was 2.349  103 m3/d. The
recirculation rate was set at 20.655  103 m3/d. The concentration of CO2 in the bulk liquid is plotted in Fig. 4. The concentration
of CO2 in the bulk liquid reached steady state and ended up with
the average steady state CO2 concentration of 149.15 mg/L.
Substitute the CO2 concentration and the experimental parameters
in Table 1 into Eqs. (3)–(10), we can get CO2 Dm value of
3.8375  107 m2/d @ 25 °C for the PVC hollow ﬁbers.
According to the Dm calculated above and the CO2 demand ﬂux
determined on the ﬂuxes of oxidized compounds and the stoichiometric coefﬁcient from Eqs. (11)–(12) below, which we obtained
from other research [18,21], the area of the membrane can be
speciﬁed for CO2 for a speciﬁc contaminant loading rate.

140
120
100
80
60
40
20
0

5

10

15

20

25

time (h)
Fig. 4. The concentration of CO2 in the bulk liquid during the CO2 permeation
experiment.
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Table 1
Value of the parameters used in the CO2 permeation experiment.

Ce
Ci
dm
h
Lm1
nm

Units

149.15
0
1.8  103
0.24
0.21
150

3

g/m
g/m3
m
m
m

Parameter

Value

Units

P0
Q
Qt
V
zm

0.04
2.349  103
20.655  103
0.814  103
0.0003

Mpa
m3/d
m3/d
m3
m

and the last part forms the HCO
3 /H2CO3 buffer pair to maintain the pH
at 7.37, which accounts for one tenth of HCO
3
Q1

CO
2 620:028
32

CNO 
3
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1þ

CO

0:1  44

2

 0:028

ð13Þ

We can calculate the number of the ﬁbers according to the
concentration of NO
3 and O2 , the Dm of the membrane, which is
calculated before, and the parameter about the ﬁbers in Table 2.
The concentration of CO2 (less than 1 mg/L) in the water to form
PM
the HCO
3 /H2CO3 buffer pair is very low compare to the H
(1996 mg/L), thus we neglect it to simplify the calculation. That
is why we design 10 13 cm long ﬁber to provide the CO2 at
0.04 Mpa @ 25 °C. We can ﬁnd that once the area of the membrane
is ﬁxed, we can only adjust the CO2 ﬂux in a small range by the
pressure under 0.08 Mpa considering that air bubbles are formed
at pressures larger than 0.08 Mpa. In fact, the original reactor
was set up with two identical bundles of hollow ﬁbers for CO2
and H2 separately. Each bundle contains 130 18 cm hollow ﬁbers.
The pH of the efﬂuent decreased rapidly to below 5 even when
the CO2 pressure was set at 0.01 Mpa, the least count of the valve.
In order to keep the pH in the appropriate range, it is important to
determine the area of the membrane providing the CO2. Certainly,
the actual micropolluted raw water is more complex, and we
should take all the oxidized compound into consideration. The following is the oxidized compound which may exist in the micropolluted water and participate in reaction [18,21]:

þ
SO2
4 þ 0:015NO3 þ 0:075CO2 þ 1:52H þ 4:21H2

ð14Þ



ClO4 þ 0:11NO3 þ 0:53CO2 þ 0:11Hþ þ 5:48H2


¼ Cl þ 0:11C5 H7 O2 N þ 5:15H2 O

ð15Þ


þ
SeO2
4 þ 0:027NO3 þ 0:13CO2 þ 2:03H þ 3:38H2

¼ Se þ 0:027C5 H7 O2 N þ 4:3H2 O

-

NO2

8

8

6
6

4
2

2

-

2

80mg/L HCO3

CO

2

2

4

4

CO

CO

Na HPO4+KH PO

2

-

-

-

80mg/L HCO3 40mg/L HCO3

0mg/L HCO3
2

5



Dm PM
Dm PM
J m Am ¼
 C l Am ¼

 Am ¼ 44
H
zm H
zm
"
CO
CNO3  322  62  0:028
 ð1  1:1 þ 0:23Þ
 Q1
62

CO
þ 2  ð0:028  1:1 þ 0:14Þ ¼ 44  Q 1  ð0:02145CNO3
32

¼ 0:5H2 S þ 0:5HS þ 0:015C5 H7 O2 N þ 4:17H2 O

-

NO3

0

.

þ0:00417CO2 Þ

10

pH

2

0

!!

32

turn off CO

pH

Value

effluent concentration (mg/L)

Parameter

10

ð16Þ

Table 2
Value of the parameter about the CO2 ﬁber in nitrate bioreduction experiment.
Parameter

Value

Units

C
NO3

10

g/m3

CO2
Lm2
Q1

8.7
0.13
1.44  103

g/m3
m
m3/d

10

15

20

25

30

35

40

45

50

55

60

time (d)

Fig. 5. The efﬂuent concentration of NO
,3 NO2 and pH in the different phase of
nitrate bioreduction experiment.

3.2. Nitrate bioreduction and effect of sodium bicarbonate
Fig. 5 presents the experimental results for the startup and
steady-state of the bioreduction of nitrate experiment. The dissolved oxygen in the efﬂuent was 0.3 ± 0.1 mg/L in the process,
which is consistent with other research [5,28,29] NO
3 –N decreased
to 0.6 mg/L on day 7 and below 0.05 mg/L on day 9 stepwise.
Meanwhile, efﬂuent NO
2 –N was 0.1 mg/L and decreased to 0 on
day 13 stepwise. NO
2 –N accumulation was not detected in the
efﬂuent. The pH was in the range of 7.99–8.13 during this period.
The reactor was run in this condition for 11 days, and the total
nitrogen removal rate reached above 99.7%. The bioﬁlm was considered as mature and ready for subsequent operation with the
appearance of a tan ﬁlm attached to the surface of the membrane
ﬁbers. On day 18, the CO2 was introduced into the reactor instead
of phosphate buffer pair in high concentration. On day 20, the
phosphate in the efﬂuent was very low and stable, which suggested that the phosphate buffer pair had been washed out and
the pH decreased to 7.45 gradually. From day 18 to day 31, the
nitrate was reduced completely throughout the process. On day
25, the ﬂow valve of CO2 was shut off, and the pH increased to
8.91 on day 26 acutely. We turned on the valve of CO2 immediately. On day 27, the pH decreased to 7.52 and was stable in the
range of 7.5–7.45 in the following 3 days. This means that the
CO2 is efﬁcient to control the pH in the reactor and keep the reactor
run stable in the appropriate pH range. The CO2 ﬂux based on the
measured CO2 diffusion coefﬁcient would satisfy the stoichiometry
for the denitriﬁcation of NO
3 . Thus, the inﬂuent concentration of
HCO
3 of 80, 40, 0 mg/L was investigated to ﬁnd whether CO2 provided by the membrane aeration was sufﬁcient for the autotrophic
denitriﬁers. On day 32, the inﬂuent HCO
3 concentration was
decreased to 40 mg/L, and the total nitrogen removal rate
decreased to 91.8% and recovered to >97% on day 36 quickly. The
pH was stable at around 7.40. On day 42, inﬂuent HCO
3 concentration was further decreased to 0. From day 43 to day 44, the total
nitrogen removal rate decreased from 99% to 87% in one day and
then the total nitrogen removal rate increased above 95% stepwise,
which means that the CO2 was adequate to keep the reactor robust.
When the inorganic carbon source concentration satisﬁes the
demand of the microorganism, higher dose of bicarbonate does
not necessarily result in better removal, which agrees with other
researchers [30]. In fact, the inorganic carbon source is sufﬁcient
in the groundwater [31–33], which may not be a problem in treating polluted groundwater.
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4. Conclusion
Considering the air tightness of the membrane module, the
pressure of the gas should be below 0.08 Mpa to make the module
safe to operate. Therefore, to adjust the CO2 ﬂux through the
pressure change is limited to a small range, once the area of the
membrane is ﬁxed. So it is important to get the diffusion coefﬁcient
(Dm) to design a rational area of membrane according to the base
produced by the oxidized contaminants in the inﬂuent water to
control the pH in the reactor in optimal range. The Fick’s ﬁrst
law and steady state experiment were precise and simple to be
adopted to solve the Dm of the polyvinyl chloride membrane used
in this study, which is 3.8375  107 m2/d @ 25 °C.
According to the Dm solved in the CO2 permeation experiment
and the ﬂuxes of oxidized compounds, we design a membrane bioﬁlm reactor with double bundles of ﬁber, one for H2 supply and the
other for CO2 supply. The CO2 can stabilize the pH in the reactor at
appropriate value of 7.4 approximately with more than 99% total
nitrogen removed. This novel membranes bioﬁlm reactor was
stable and efﬁcient in nitrate removal.
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