
 
 

Delft University of Technology

Periodic venting of MABR lumen allows high removal rates and high gas-transfer
efficiencies

Perez-Calleja, P; Aybar, M; Picioreanu, C.; Esteban-Garcia, A. L.; Martin, K. J.; Nerenberg, R

DOI
10.1016/j.watres.2017.05.042
Publication date
2017
Document Version
Final published version
Published in
Water Research

Citation (APA)
Perez-Calleja, P., Aybar, M., Picioreanu, C., Esteban-Garcia, A. L., Martin, K. J., & Nerenberg, R. (2017).
Periodic venting of MABR lumen allows high removal rates and high gas-transfer efficiencies. Water
Research, 121, 349-360. https://doi.org/10.1016/j.watres.2017.05.042

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.watres.2017.05.042
https://doi.org/10.1016/j.watres.2017.05.042


lable at ScienceDirect

Water Research 121 (2017) 349e360
Contents lists avai
Water Research

journal homepage: www.elsevier .com/locate/watres
Periodic venting of MABR lumen allows high removal rates and high
gas-transfer efficiencies

P. Perez-Calleja a, b, M. Aybar a, c, C. Picioreanu d, A.L. Esteban-Garcia b, K.J. Martin e,
R. Nerenberg a, *

a University of Notre Dame, Department of Civil and Environmental Engineering and Earth Sciences 156 Fitzpatrick Hall, Notre Dame, IN, 46556, USA
b University of Cantabria, Department of Sciences and Techniques of Water and the Environment, University of Cantabria, Avda. Los Castros s/n, 39005,
Santander, Spain
c Department of Civil Engineering, University of Concepcion, Casilla 160-C, Ciudad Universitaria, Concepcion, Chile
d Department of Biotechnology, Faculty of Applied Sciences, Delft University of Technology, Van der Maasweg 9, 2629 HZ, Delft, The Netherlands
e Black and Veatch, 8400 Ward Parkway, Kansas City, MO, 64114, USA
a r t i c l e i n f o

Article history:
Received 8 December 2016
Received in revised form
19 April 2017
Accepted 20 May 2017
Available online 22 May 2017

Keywords:
Hollow-fiber membranes
MBfR
MABR
Gas back-diffusion
Gas transfer efficiency
Gas transfer rate
* Corresponding author.
E-mail addresses: pperezca@nd.edu (P. Pere

maybar@udec.cl (M. Aybar), c.picioreanu@tudelf.nl
esteban@unican.es (A.L. Esteban-Garcia), Martin
nerenberg.1@nd.edu (R. Nerenberg).

http://dx.doi.org/10.1016/j.watres.2017.05.042
0043-1354/© 2017 Elsevier Ltd. All rights reserved.
a b s t r a c t

The membrane-aerated biofilm reactor (MABR) is a novel treatment technology that employs gas-
supplying membranes to deliver oxygen directly to a biofilm growing on the membrane surface.
When operated with closed-end membranes, the MABR provides 100-percent oxygen transfer effi-
ciencies (OTE), resulting in significant energy savings. However, closed-end MABRs are more sensitive to
back-diffusion of inert gases, such as nitrogen. Back-diffusion reduces the average oxygen transfer rates
(OTR), consequently decreasing the average contaminant removal fluxes (J). We hypothesized that
venting the membrane lumen periodically would increase the OTR and J. Using an experimental flow cell
and mathematical modeling, we showed that back-diffusion gas profiles developed over relatively long
timescales. Thus, very short ventings could re-establish uniform gas profiles for relatively long time
periods. Using modeling, we systematically explored the effect of the venting interval (time between
ventings). At moderate venting intervals, opening the membrane for 20 s every 30 min, the venting
significantly increased the average OTR and J without substantially impacting the OTEs. When the in-
terval was short enough, in this case shorter than 20 min, the OTR was actually higher than for
continuous open-end operation. Our results show that periodic venting is a promising strategy to
combine the advantages of open-end and closed end operation, maximizing both the OTR and OTE.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Gas-transferring, hollow-fiber membranes (HFM) are
commonly used to supply gases for environmental, industrial and
medical applications. For example, bundles of HFMs have been used
for oxygenation of rivers and water streams, for blood oxygenation,
and for bioremediation of groundwater contaminants (Weiss et al.,
1998; Roggy et al., 2002; Federspiel and Henchir, 2004). However,
an emerging application is the membrane-biofilm reactor (MBfR),
where HFMs supply gaseous substrates to a biofilm growing
z-Calleja), maybar@nd.edu,
(C. Picioreanu), analorena.
KJ@bv.com (K.J. Martin),
directly on the membrane's outer surface (Martin and Nerenberg,
2012; Nerenberg, 2016). When used to deliver air or oxygen, the
process is often referred to as the membrane-aerated biofilm
reactor (MABR). MABRs can simultaneously remove biological ox-
ygen demand (BOD), nitrify, and denitrify (Downing and
Nerenberg, 2008; Timberlake et al., 1988; Hibiya et al., 2003;
Semmens et al., 2003; Terada et al., 2003; J�acome et al., 2006;
Matsumoto et al., 2007; Syron and Casey, 2008). Several commer-
cial applications are in development, but very few full-scale ap-
plications exist.

MABRs can be operated with closed or open-ended HFMs. With
closed-ended HFMs, all the oxygen supplied to the membranes is
delivered to the biofilm, allowing 100% oxygen transfer efficiencies
(OTEs) (Brindle et al., 1998; Pankhania et al., 1999; Hibiya et al.,
2003; Terada et al., 2003; Syron and Casey, 2008; Martin and
Nerenberg, 2012). This can save up to 85% in energy costs,
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Abbreviations

DO Dissolved oxygen
GTE Gas transfer efficiency
GTR Gas transfer rate
J Contaminant removal flux
HFM Hollow-fiber membrane
MABR Membrane-aerated biofilm reactor
MBfR Membrane-biofilm reactor
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compared to conventional activated sludge process (Aybar et al.,
2014). However, closed-ended HFMs typically suffer from gas
back-diffusion, where N2 and other dissolved gases diffuse into the
membrane lumen (Schaffer et al., 1960; Ahmed and Semmens,
1992a). With back-diffusion, the distal end of the membrane may
be “deadened,” leading to lower average oxygen transfer rates
(OTR) compared to open-end operation (Fig. 1a). In this paper, we
consider OTR to be synonymous with the oxygen flux, JO2, across
the membrane.

With open-ended HFMs, the intra-membrane gas velocity is
high throughout the membrane. With high velocities, advective
mass transport in the lumen is much greater than the diffusive
transfer across the membrane wall. This results in more uniform
oxygen concentrations in the lumen, leading to high average OTRs
(Fig. 1b). However, a large amount of gas is lost from open end. Also,
the high gas velocity leads to greater frictional pressure losses
occurrence along the membrane, resulting in greater energy re-
quirements and lower gas pressures at the distal end of the
membrane. For the MABR, lower overall OTR translates into lower
average substrate removal fluxes (J).

Many researchers have explored ways to improve the OTR of
HFMs (Weissman and Mockros, 1969; Tanishita et al., 1978; Côte
et al., 1989; Ahmed and Semmens, 1992b; Matsuda et al., 1999;
Ahmed et al., 2004). However, few studies have tried to concur-
rently improve the OTR and OTE. A novel approach may be peri-
odically opening the membranes to vent back-diffusion gases. This
will allow the back-diffusion gases to be vented to the atmosphere
during the open phase, re-establishing the uniform almost constant
gas pressure profile along the fiber length.

Previous research experimentally explored increasing the gas
flow rates, or intermittent degassing processes (Li et al., 2010;
Castagna et al., 2015). Fang et al. (2004) measured and modeled
the gas composition inside a membrane, and gave modeled
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Fig. 1. Schematic showing differences between hollow-fiber membranes at steady-state in: (
pressurized with pure O2 transferring to liquid containing dissolved N2. Figures show typica
membrane length. The open end membrane has higher pO2 across the entire membrane, lead
is vented through the end.
predictions of gas concentration profiles as a function of time
applying when supplied with a pulsing strategy. However, they did
not systematically explore the impacts of the pulsing frequency on
the OTE and OTR, and their model was only applicable under
conditions of liquid creeping flow.

The objective of this study was to use experiments and
modeling to systematically explore periodic venting of hollow-fiber
membranes as a means to maximize the OTE and OTR of MABRs.

2. Materials and methods

Our strategy was to (1) experimentally study OTRs and OTEs for
“clean” HFMs (i.e., without biofilm), for open end, closed end, and
for periodic venting, (2) use mathematical modeling to expand the
experimental findings and predict the effects of periodic venting for
a clean HFM, and (3) experimentally assess the periodic venting
strategy for an MABR (i.e., a HFM with biofilm). OTR was calculated
as the oxygen flux difference between the inlet and the outlet
which corresponds to the flux of oxygen transferred across the
membrane surface. OTE was calculated as the flux difference
divided by the inlet flux. OTE represents the percentage of the
transferred oxygen flux with respect to the supplied oxygen. Fluxes
were estimated according to equation (1).

2.1. Experimental flow cells configuration

An experimental flowcell with a single HFMwas used to explore
OTRs and gas back diffusion in clean HFMs, i.e., without biofilm. The
flow cell consisted of square-section glass tube with 6-mm inside
dimension, and 40-cm length. The flow cell had seven ports for
dissolved oxygen (DO) measurements (Fig. 2), separated 3.8 cm
along the flow cell. Water was deoxygenated by nitrogen sparging
and pumped through the flow cell using a peristaltic pump (Cole
Palmer, Vernon Hills, IL, USA).

Tests were first carried out to determine the HFM's mass
transfer coefficient. To test the mathematical model, experiments
were then performed with a range of water velocities, oxygen
supply pressures, feed gases (air and pure oxygen), water flow di-
rections (co-current or counter current with respect to the inlet gas
supply), and transient shifts between open and closed ends.

The flow cell used a composite, microporous polyethylene
membrane with a dense 1 mm polyurethane core (HFM200TL,
Mitsubishi Rayon, Japan). The outer diameter was 280-mm and the
wall thickness was 40-mm. A single membrane was located in the
middle of the flow cell, supported at both ends by a gas-supplying
manifold. The gas was supplied from one end at constant pressure,
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Fig. 2. (a) Schematic of flow cell. Oxygen-free water from a reservoir was pumped into the square-section glass tube with a hollow-fiber membrane supplied with O2 or air in the
middle. (b) Detail of a flow-cell port used for DO measurement with a microsensor controlled by a micromanipulator.
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while a valve at the opposite end allowed open or closed operation
of the membrane. Pure oxygen or air was supplied at 0.07 or
0.18 atm relative pressure. The influent flow rate ranged from 2 to
10 mL/min, resulting in a liquid velocity of 1e5 mm/s and a Rey-
nolds number of 5e28, well within the laminar flow regime.

Two separate reactors were used for the MABR tests, with the
same configuration as described above. Reactor MABR-1 was
operated with an open-ended membrane, while MABR-2 was
initially operated with a closed end, but later was operated with
periodic opening to vent lumen gases. De-oxygenated synthetic
media (described below) was pumped through the flow cell. Each
MABR had a recirculation pump and was connected to a purging
reservoir, where the bulk liquid was sparged with N2 to strip any
residual DO from the reactor. Bulk liquid N2 bubbles were vented in
the reservoir before recycle line back to the flow-cell. This avoided
any DO accumulation in the bulk liquid, which was a concern in the
initial stages, prior to biofilm development. Amagnetic stir bar kept
the reservoir well-mixed with a high shear velocity, minimizing the
attachment of biomass to the glass surface. An influent flow rate of
1 mL/min and a recirculation of 60 mL/min were provided to each
MABR. Pure oxygen was supplied to the lumen of each at 0.05 atm
relative pressure.

2.2. Synthetic medium for the MABRs

The synthetic wastewater for MABR-1 and MABR-2, was pre-
pared from distilled water amended with 2.773 g Na2HPO4, 0.169 g
KH2PO4, 0.410 g MgSO4$7H2O and 0.202 g(NH4)2SO4 per liter, as
well as a trace mineral and calcium iron solutions. CaeFe solution
contained, per liter: 1 g CaCl2-2H2O and 1 gFeSO4-7H2O. The trace
mineral solution contained, per liter: 100 mg ZnSO4 -7H2O, 30 mg
MnCl2-H2O, 300 mg H3BO3, 200 mg CoCl2 -6H2O, 10 mg CuCl2
-2H2O, 10 mg NiCl2-6H2O, 30 mg Na2MoO4-2H2O, and 30 mg
Na2SeO3. Potassium acetate was added as a COD source to achieve
30 mgCOD/L. The synthetic wastewater was maintained anoxic by
sparging the mediumwith nitrogen gas and maintaining a positive
pressure of nitrogen gas on the storage container. The pH was
maintained at approximately 7, while the water temperature was
22 �C.

2.3. Analytical methods

Chemical oxygen demand (COD) was monitored in the influent
and effluent of the MABR reactors using colorimetric methods
(Hach, Loveland, CO, USA). A glass electrode pH meter was used to
monitor pH.

For determining the biofilm thickness, we used a stereo-zoom
light microscope (Cole-Palmer, Chicago, IL) equipped with a
mounted digital camera (Cybershot DSC-F707, Sony) and a fiber-
optic light source. The camera was fixed to the microscope with a
1 � mounting adapter. Biofilm thicknesses were measured using a
microsensor by attaching it to a motorized micromanipulator with
a vertical resolution of 0.010 mm. The microsensor tip was first
positioned at membrane surface. Then, the tip was raised with the
computer-controlled motor until the tip reached the outer edge of
the biofilm, which was checked visually by microscopy. The dis-
tance was measured and recorded by SensorTrace Suit software
(Unisense). Biofilm image acquisition was also performed in all
seven flow-cell ports after four weeks of operation. Image pro-
cessing for each measurement was followed by statistical evalua-
tion of the results.
2.4. DO measurements

Clark-type oxygenmicrosensors (Unisense A/S, Denmark) with a
10 mm tip diameter were used to measure DO concentrations. The
microelectrode movement was controlled with a micro-
manipulator (Model MM33-2, Unisense A/S). The use of micro-
sensors is an invasive method that can slightly affect the results.
However, considering that the tip was only 10 mmdiameter andwas
immersed in a much thicker boundary layer, the microsensors
would be expected to have a minimal impact on the DO concen-
tration. Hydrodynamic measurements made by Hondzo et al.
(2005), using a similar DO microsensor diameters and Reynolds
number as used in this study, concluded that the disturbance of the
flow by microsenors stem was minimal.

Longitudinal profiles of DO at the HFM surface were collected
from the seven ports once the system reached steady state, typi-
cally after 2 h. For each port, transversal DO profiles were collected
starting from the HFM surface, across the liquid diffusion layer
(LDL), and into the bulk. The transversal DO measurements were
collected at 20-mm intervals, typically reached a distance of around
1000 mm from the membrane surface. Profiles were collected at
least in triplicate. For transient conditions, DO was measured
continuously at the membrane surface, for one of the intermediate
ports, during the shift from open-end to closed-end operation.
Longitudinal steady-state DO profiles were also taken in both
MABRs after four weeks of operation.
2.5. Calculation of membrane mass transfer coefficient, Km

The membrane mass transfer coefficient, Km, was calculated
from oxygen transfer tests in clean membranes. We used measured
transversal DO profiles in the diffusion-dominated liquid boundary
layer, using the flux continuity condition. The oxygen flux across
the HFM, JO2,m, is equal to the diffusion flux through the mass
transfer boundary layer at the membrane surface, JO2,l, as follows:
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JO2;m ¼ Km

�
CO2;mðgÞ � CO2;mðlÞ

�
¼ DO2;l

dCO2;l
dr

����
r¼Rm

¼ JO2;l (1)

where DO2,l is the diffusion coefficient in the liquid phase (water),
CO2,l is the measured oxygen concentration in water, CO2,m is the
oxygen concentration in themicroporousmembrane on (g) gas side
and (l) liquid side, and Rm the outer radius of the membrane. Given
the small membrane thickness relative to the HFM radius, the
membrane was approximated as a planar surface. From Eq. (1) the
oxygen mass transfer coefficient in the membrane is calculated as:

Km ¼ DO2;l
�
dCO2;l

�
dr
�
r¼Rm

CO2;mðgÞ � CO2;mðlÞ
(2)

The oxygen diffusivity in water DO2,l was obtained from the
literature (Haynes et al., 2015). The oxygen concentration in the gas
side of the microporous membrane, CO2,m(g), is linked, by the ideal
gas law, to the applied pressure and gas composition yO2 (either O2

or air, at the working temperature). When determining the Km, the
HFM was operated in open end mode to minimize concentration
changes. Also, microsensor measurements were carried out at the
first port of the flow cell (from the left side), where the gas con-
centration was essentially equal to the supply concentration,
CO2;mðgÞ ¼ p yO2;in=ðRTÞ. The oxygen gas concentration in the
membrane, where it contacts the liquid, is related to the DO con-
centration in the liquid by the partition equilibrium (Henry's law),
such that CO2;mðlÞ ¼ ðCO2;lÞr¼Rm

=HO2. Finally, microsensor measure-
ments of concentration profiles of DO in water were used to
determine the concentration gradient at the membrane surface,
ðdCO2;l=drÞr¼Rm and the concentration ðCO2;lÞr¼Rm

. As mentioned
above, profiles were collected at least in triplicate, and the reported
Km is the average of the replicates.
2.6. Numerical model for gas back-diffusion

A mathematical model for gas back-diffusion was developed,
addressing both steady-state and transient conditions. The model
included O2 supply from the HFM lumen, and assumed that the
Fig. 3. (a) Schematic representation (not at scale) of the experimental co-current aeration sy
between the HFM and the flow cell wall, and the membrane is supplied with oxygen. (b)
membrane wall with a 1-D gas domain.
bulk liquid was in equilibrium with 1 atm of N2. The model was
implemented with the finite-element simulation platform COMSOL
Multiphysics (COMSOL 4.4, Comsol Inc., Burlington, MA, www.
comsol.com).

The numerical model included fluid flow and mass transport of
O2 and N2, both in the liquid surrounding the HFM and in the lumen
gas (Fig. 3). For the flow and mass transport in the liquid phase, a
two-dimensional (2-D) axisymmetric geometry was set along the
axis of the membrane lumen (direction x) with radial gradients
along direction r. The 2-D model implies an annular cross-section
for the flow, with size Lf ¼ 3.4 mm (the radius of a circle with the
same area as the square cross-section). This model was coupled
with a one-dimensional (1-D) domain for gas flow and mass
transport in the membrane lumen (assuming no radial gradients in
the lumen).
2.6.1. Flow and mass transport in the liquid
The liquid velocity distribution in the flow cell was determined

by solution of the two-dimensional Navier-Stokes Eqs. (3) and (4) in
the 2-D axisymmetric domain:

rðul,VÞul ¼ V,
h
� pIþ m

�
Vul þ ðVulÞT

�i
; (3)

V,ul ¼ 0 (4)

where ul is the water flow velocity, p is the pressure, r is the water
density, m is the liquid dynamic viscosity, and I is the identity ma-
trix. The water velocity was assumed to be zero at the membrane
surface and at the flow cell wall (non-slip condition, ul ¼ 0).
Laminar flow conditions were imposed, with average velocity uin in
the inlet and zero relative pressure in the outlet.

The mass transport of oxygen and nitrogen in the liquid flow
results from convection-diffusion Eqs. (5) and (6) solved for the
dissolved O2 and N2 concentrations, CO2,l and CN2,l:

ulVCO2;l ¼ DO2;lV
2CO2;l; (5)
stem with a single HFM inside a square-section flow cell filled with liquid. Water flows
Model representation including a 2-D axisymmetric liquid domain connected via the
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Table 1
Model parameters.

Parameter Symbol Value Units Reference

Physical parameters
Water density r 1000 kg/m3 (Haynes et al.,

2015)
Water dynamic viscosity m 0.001 Pa,s (Haynes et al.,

2015)
Gas dynamic viscosity mg 1.8,10�5 Pa,s (Haynes et al.,

2015)
O2 diffusion coefficient in

water
DO2,l 2$10�9 m2/s (Haynes et al.,

2015)
N2 diffusion coefficient in

water
DN2,l 1.7$10�9 m2/s (Haynes et al.,

2015)
O2 and N2 diffusivity in gas Dg 1.76$10�5 m2/s (Haynes et al.,

2015)
Henry coefficient for O2 HO2 0.0338 mol(aq.)/

mol(g)
(Haynes et al.,
2015)

Henry coefficient for N2 HN2 0.0156 mol(aq.)/
mol(g)

(Haynes et al.,
2015)

Ideal gas constant R 8.206$10�5 m3$atm/ e
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ulVCN2;l ¼ DN2;lV
2CN2;l (6)

where DO2,l and DN2,l are the diffusion coefficients in the liquid.
Constant dissolved O2 and N2 concentrations were imposed at the
inlet boundary, CO2,l,in and CN2,l,in. N2 was present in the feed water
at 18 mg/L, which corresponds to equilibrium with 1 atm of N2.
Convection-only outlet boundary was assigned
(vCO2;l=vx ¼ vCN2;l=vx ¼ 0), while no-flux conditions were imposed
at the flow cell wall (vCO2;l=vy ¼ vCN2;l=vy ¼ 0). On the membrane
wall, flux continuity conditions were set:

JO2 ¼ Km
�
CO2;gHO2 � CO2;l

�
; JN2 ¼ Km

�
CN2;gHN2 � CN2;l

�

where HO2 and HN2 are the gas-liquid partition (Henry's) co-
efficients at 20 �C. We assumed that the membrane, which was
microporous, had the same selectivity for O2 and N2 (Ahmed and
Semmens, 1992a), which translates to the same Km.
(mol$K)
Membrane parameters
Mass transfer coefficient Km 5.4$10�5 m/s Fitted to

experiments
Length Lm 0.32 m Experimental

2.5 m Parametric
study

Outer radius Rm 140 mm Mitsubishi
Rayon

Inner radius Rm,i 130 mm Mitsubishi
Rayon

Operation conditions
Oxygen inlet liquid

concentration
CO2,l,in 0 mol/m3 Experimental

Nitrogen inlet liquid
concentration

CN2,l,in 0.64 mol/m3 Experimental

Oxygen inlet gas
concentration

CO2,g,in 69.7 mol/m3 Experimental

Nitrogen inlet gaseous
concentration

CN2,g,in 0 mol/m3 Experimental

Inlet gas pressure pin 1.07 and
1.18

atm Experimental

1.68 atm Parametric
study

Outlet gas pressure (for
open-end)

pout 1 atm Experimental

Average liquid velocity uin 1 and 5 mm/s Experimental
Venting interval tc 1, 2, 5, 10

and 30
min Parametric

study
Venting open-end duration to 20 s Parametric

study
Temperature T 293.15 K Experimental
2.6.2. Flow and mass transport in the gas
The mass balances for the gases in the membrane lumen were

adapted from Ahmed and Semmens (1992a), who modeled steady-
state O2 and N2 profiles in a closed-end HFM. Unlike the past model,
our model includes transient behavior, and used computational
fluid dynamics to determine dissolved gas concentrations in the
fluid along the membrane length. Frictional gas pressure losses in
the lumen were included, and the model allowed for transient
conditions to be simulated, for example when switching from
open-end to closed-end operation. Finally, the membrane mass
transfer resistance (Km) was considered explicitly. Note that only
longitudinal gradients in gas concentrations (direction x) were
considered in our model.

In both closed-end and open-end operation, the one-
dimensional transient mass balances for O2 (Eq. (7)) and N2 gas
(Eq. (8)) in the membrane lumen included transport by convection
and diffusion, and transfer across the wall into or from the liquid
phase. These equations allowed the concentrations CO2,g(t, x) and
CN2,g(t, x) to be calculated.

vCO2;g
vt

¼ v

vx

�
Dg

vCO2;g
vx

�ugCO2;g

	
� 2
Rm

Km
�
CO2;gHO2�CO2;l

�
(7)

vCN2;g
vt

¼ v

vx

�
Dg

vCN2;g
vx

�ugCN2;g

	
� 2
Rm

Km
�
CN2;gHN2�CN2;l

�
(8)

In Eqs. (7) and (8), ug is the gas velocity in the fiber, while CO2,l
and CN2,l are the corresponding dissolved O2 and N2 concentrations,
respectively, at position x. The same mass transfer coefficient
through the membrane, Km, and the same diffusion coefficient in
the gas phase, Dg, was assumed for both gases.

The gas velocity in the lumen was calculated differently for
close-end or open-end operation. In the closed-end operation,
frictional losses were neglected due to the very low gas velocity in
the lumen. For this case, the sum of gas concentrations at any point
x is equal to that of the inlet: CO2,g þ CN2,g ¼
CO2,in þ CN2,in ¼ constant. In these conditions, the sum of Eqs. (7)
and (8) is equal to zero. Adding Eqs. (7) and (8), and rearranging,
results in:

dug
dx

¼ �2Km
�
CO2;gHO2 � CO2;l þ CN2;gHN2 � CN2;l

�
Rm

�
CO2;in þ CN2;in

� (9)

which allows for calculation of the local gas velocity along the fiber,
ug(x), resulting from the diffusion of gasses into or out of the
membrane. At the sealed end, the gas velocity must be zero
(ug¼ 0 at x¼ Lm). The inlet concentrations were calculated from the
universal gas law, for example, CO2;g;in ¼ p yO2;in=ðRTÞwith yO2,in the
oxygen fraction in the inlet gas (i.e., 1 for pure oxygen or 0.21 for
air). In model simulations for the parametric study, only pure ox-
ygen was used, i.e., CN2,g,in ¼ 0.

For the open-end HFM, the constant gas velocity ug was calcu-
lated from the Hagen-Poiseuille relationship, which is valid for
slightly compressible fluids (Federspiel et al., 1996):

ug ¼
R2m;i

8mgLm
ðpin � poutÞ

where mg is the gas dynamic viscosity and Rm,i is the internal fiber
radius. The inlet pressure pin was defined according to the
measured value, while the outlet pressure pout was set as atmo-
spheric pressure.

The boundary conditions for Eqs. (7) and (8) imply constant
concentrations in the inlet CO2;g;in and CN2;g;in at x ¼ 0. At x ¼ Lm,
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zero diffusion was assumed for the open-end case, while for the
closed-end zero total flux was imposed, which in both cases leads
to:

vCO2;g
vx

ðt; x ¼ LmÞ ¼ 0;
vCN2;g
vx

ðt; x ¼ LmÞ ¼ 0

Initial gas concentrations for the entiremembranewere equal to
the inlet concentrations.

Predicted DO concentrations at the surface of the fiber (CO2,l)
were directly compared with experimental measurements for both
steady and transient states. Several model parameters were taken
from the experimental conditions, such as membrane thickness,
average water velocity, membrane length and radius, dissolved
nitrogen, dissolved oxygen in the influent water, and oxygen gas
pressures in the membrane inlet and outlet. For the model appli-
cation, parametric studies were used, where simulations were
carried out for a range of values of a single parameter. These and
other parameters obtained from literature are summarized in
Table 1.

3. Results and discussion

3.1. Determination of membrane mass transfer coefficient

A typical plot of measured DO profiles, perpendicular to the
membrane surface, is shown in Fig. 4. From the slope of the
measured DO concentration profile, the flux of oxygen was calcu-
lated with Eq. (1). Subsequently, the mass transfer coefficient Km

was calculated from Eq. (2). An average Km value of 5.4 � 10�5 m/s
was obtained. This value is consistent with previously determined
oxygen mass transfer coefficients for the same membrane (Ahmed
et al., 2004) who found Km ¼ 5 � 10�5 m/s. In this study, the mass
transfer coefficients for N2 and O2 were assumed to be equal.

3.2. Model evaluation

The back-diffusion model results were in good agreement with
the measured values of DO along the membrane length, both for
open- and closed-end operation, in steady state and transient
conditions (Fig. 5).

For closed ends using either air or pure O2 supplied in co-current
with the liquid flow (uin ¼ 5 mm/s), the N2 back-diffusion
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Km.
significantly reduced the DO concentrations along the membrane
length. The DO concentrations decreased from 35 mg/L to 5 mg/L
when pure O2 was supplied, and from 6 mg/L to 0.5 mg/L in case of
air (Fig. 5a). Accordingly, the steady state partial pressure of O2 in
themembrane lumen significantly decreased as O2 was replaced by
N2 (Fig. 5b). However, for the open-end operation, O2 concentra-
tions remained almost constant and at high values until the distal
end of the membrane (Fig. 5a). The open-end operation mode
typically resulted in negligible back-diffusion effects. The partial
pressure of O2 in the gas decreased only slightly along the mem-
brane because of the frictional pressure loss (Fig. 5b).

The counter-current configuration showed lower DO concen-
trations towards the end of the membrane than the co-current
configuration, in stationary conditions at an average water veloc-
ity of uin ¼ 1 mm/s (Fig. 5c). When water flows in the opposite
direction of the supplied gas, i.e., in counter-current operation, O2
transferred to the bulk liquid from the membrane does not accu-
mulate downstream of the flow cell, thus decreasing DO concen-
trations in the liquid towards the closed end of the membrane.
Therefore, the rest of the simulations considered only co-current
operation. The partial pressure of O2 in the counter-current oper-
ation decreases more than in the co-current because of the larger
driving force for the trans-membrane transfer at the distal end,
which is created by the oxygen-free influent water.

The model also accurately predicted the transient behavior of
the DO concentration after suddenly closing the distal end of the
membrane. The DO profile began with the steady state value in
open-end operation, and progressively decreased towards the
steady state value for the closed-end period. The experimental
values and model predictions for the Port 4 are shown in Fig. 5e.
The time required to reach a steady O2 profile in the lumen during
the back-diffusion process was around 30 min.
3.3. Model-based assessment of periodic venting

Closed-end HFMs initially have high gas transfer rates, as the
membranes are filled with pure O2. However, the rates quickly
decrease as gas back-diffusion profiles develop. We used numerical
modeling to study the effects of periodically venting closed-end
membranes, temporarily returning the membranes to the initial
condition by venting the back-diffusion gases. The transitory gas
dynamics of periodic venting were studied, and the impacts of
00 600 800
membrane [ m]
ss transfer boundary layer in the liquid adjacent to the membrane. From this profile, the
m membrane, which means r ¼ Rm in the numerical model) were extracted to calculate
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Fig. 5. Experimental and model-simulated dissolved oxygen (DO) profiles at the membrane surface for the experimental HFM flow cell. Liquid and gas flows are co-current, unless
indicated otherwise. (a) DO profiles for open and closed end operation modes using an inlet relative gas pressure of 0.18 atm and uin ¼ 5 mm/s. DO profiles for air and oxygen as
supply gases are shown for the closed end cases; (b) Simulations of partial pressures for O2 and N2 in the open-end and closed-end with pure O2 supply; (c) DO profiles along the
membrane length for closed-end mode in co- and counter-current flow configurations using pure oxygen at 0.07 atm and uin ¼ 1 mm/s; (d) Simulations of partial pressures for O2

and N2 in the closed-end co- and counter-current operation with pure O2 supply; (e) DO concentrations over time when transitioning from an open-end to a closed-end operation
using pure O2 at an inlet pressure of 0.18 atm. The microsensor measurement was performed at the membrane surface, for Port 4 at 16.1 cm from the inlet. Error bars in plots (a) and
(c) are the standard deviation of triplicate measurements.
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different membrane opening intervals on OTRs and OTEs were
explored.

Time-averaged O2 partial pressures during three venting cycles
were calculated from simulations with Rm ¼ 140 mm,
Km ¼ 5 � 10�5 m/s, a longer membrane (Lm ¼ 2.5 m) than in the
experimental setup (closer to what might be used in a full-scale
MABR) and an inlet gas pressure of pin ¼ 1.68 atm. Each cycle
included a 30-min closed period followed by a 20-s open (venting)
period. This corresponds to a 30-min “venting interval”. Fig. 6
shows how, during the first cycle from t ¼ 0 to t ¼ 30 min (closed
phase), a drop in the membrane-averaged O2 partial pressure
developed due to back-diffusion. Before the steady-state back-
diffusion condition was fully obtained, the membrane was opened
for 20 s, allowing the O2 partial pressures along the membrane to
recover their maximum value, which was slightly lower (1.54 atm)
than the inlet gas pressure due to the pressure drop resulting from
high gas velocities in open-end periods. The Hagen-Poiseuille
relationship for slightly compressible fluids effectively predicted
the observed flows for a broad range of pressures, ranging from
0.07 to 0.68 atm (data not shown).

This periodic venting provides high OTEs during most of the
cycle duration, while maintaining higher time-averaged O2 partial
pressures than closed-endmembranes. These results indicate that a
20-s open phase every 30 min was sufficient to allow oxygen
pressure to recover its maximum value (1.54 atm) before the next
closed phase. On the other hand, the membrane-averaged oxygen
partial pressure dropped from 1.54 to 0.86 atm during the closed-
end phase. On average, the membrane had a higher O2 pressure
than in the steady-state, closed-end operation. Therefore, it pro-
vided a greater OTR than the purely closed-end mode.

To evaluate how the duration of the closed-end/open-end cycles
influenced the OTRs and OTEs, we simulated different venting in-
tervals (i.e., time between openings) ranging from 1 to 30min, with
a constant venting (open end) duration of 20 s (Fig. 7). The pre-
dicted average OTRs were 2e4 times higher thanwith permanently
closed end. Furthermore, the OTE values (75e99%) were compa-
rable to the closed end (100%), and dramatically higher than the
open end mode (0.5%).

Interestingly, when the venting interval decreased below
approximately 20 min, the OTR values were higher than for purely
open-end operation, without significantly affecting the OTEs. This
can be explained by the simulated O2 pressure profiles along an
HFM for open-end steady-state conditions, closed-end steady state
conditions, and for the transition from open-end to closed-ended
conditions (Fig. 8). Profiles for the transition phase are presented
at different times. For open-end operation, the O2 pressure
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Fig. 6. Simulated O2 partial pressures in the lumen, averaged along the entire mem-
brane length for different operation regimes: (i) transient (solid line) and time-
averaged (dotted line) during three venting cycles, (ii) steady state closed end
(short-dashed gray line), and (iii) steady state open end (long-dashed gray line).
decrease is mainly due to frictional losses, whereas in closed-end
operation the O2 pressure drop is caused by back-diffusion.
Furthermore, for the closed-end case, the O2 concentration de-
creases from a constant initial value (equal to the inlet pressure of
1.68 atm), along the whole membrane until the steady state profile
is reached. The shape of the transient profiles shows that, initially,
N2 back-diffusion only affects the initial portion of the HFM. This is
where pure O2 is supplied, and also where O2-free water enters the
system, providing the maximum O2 and N2 concentration gradi-
ents. Then the N2/O2 gas mixture is transferred by advective flow
towards the distal end of the membrane.

The time-dependent reduction in the O2 pressure profiles occurs
during the closed phase of a venting cycle. If the venting interval is
smaller, the time- and length-averaged O2 pressure concentrations
increase, leading to higher OTRs. However, below a certain venting
interval, the OTRs actually exceed those of the open-end configu-
ration. This is caused by the pressure drop resulting from high gas
velocities in open-end configuration. However, the pressure losses
are negligible once the membrane is closed, thus allowing a higher
total average pressure inside the membrane (see pressure profiles
at times t0, t1, and t2 in Fig. 8).
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to 30 min, with 20 s open phases.
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Table 2
Required membrane areas and oxygen fluxes for closed-end, open-end, and venting
modes. Areas and fluxes are normalized by the closed-end value.

Case OTR
(mg m�2s�1)

OTE
(%)

Normalized required
membrane area

Normalized O2

supply
requirement

Closed end 0.19 100 1.0 1.0
Open end 0.42 0.47 0.5 213
Venting

(tc ¼ 1 min,
to ¼ 20 s)

0.79 75.3 0.2 1.3

Venting
(tc ¼ 30 min,
to ¼ 20 s)

0.38 98.9 0.5 1.0

P. Perez-Calleja et al. / Water Research 121 (2017) 349e360 357
The model results clearly indicate that periodic venting of
closed-end operation can improve the gas transfer rates beyond
those obtainable with conventional open-end operation, while
maintaining high mass transfer efficiencies.

A simple calculation was made to compare different gas supply
modes and show how the venting strategy could impact the MABR
design, such asmembrane area and required oxygen supply. Table 2
shows the OTRs, OTEs, required membrane areas, and O2 supply
needs using simulation results for the conditions in Fig. 7. The
membrane area was calculated for an arbitrary O2 requirement.
Oxygen supply requirements were determined by multiplying the
OTE by the O2 need. Finally, membrane areas and O2 supply re-
quirements for open-end and venting modes were normalized to
the values for closed-end operation (first row in Table 2). Calcula-
tions indicate that the open-end operation requires only half of the
membrane area of the closed-end operation. However, around 200
times more O2 is required. With the intermittent venting of 20 s
every 30 min, the required membrane area is the same as the open
end, i.e., half of the area required for the closed-end operation. But
O2 requirement is essentially the same as the closed-end operation.

3.4. Experimental assessment of gas supply strategies on HFMs with
biofilm

The periodic venting strategy was tested in a bench-scale MABR
treating COD. Fig. 9 shows the biofilm thicknesses and measured
DO concentration profiles along the membrane surface in two
MABRs that were run in parallel. MABR-1 was operated in open-
end mode, and MABR-2 was operated in closed-end mode. Bio-
film thickness images andmeasurements of DO profiles were taken
after four weeks of operation.

In MABR-1 (open end), a homogeneous biofilm grew through
the fiber surface, with a similar thickness along the membrane
length (Fig. 9a). InMABR-2 (closed end), the biofilmwas thick at the
gas supply end, but was significantly reduced towards the sealed
end of the membrane (Fig. 9 b). This can be explained by the
measured DO profiles along the membrane (Fig. 9 c and d). For
MABR-1, the O2 concentrations remained almost constant and at
high values across the entire membrane (Fig. 9 c). This is because
the high supply gas rate into the membrane resulted in negligible
back-diffusion effects. The partial pressure of O2 in the gas
decreased only slightly along the membrane because of frictional
pressure loss. N2 accumulation in the membrane was not signifi-
cant in MABR-1, as inlet gas flow-rate was high enough to vent
back-diffused N2 to the atmosphere. However, for MABR-2, O2
consumption and N2 back-diffusion significantly reduced O2 con-
centrations along the fiber length (Fig. 9 d) resulting in much lower
OTRs and consequently lower overall COD removal fluxes (Fig. 10).

The open-end MABR-1 had a higher average O2 pressure than in
the steady-state, closed-end MABR-2 (Fig. 9 c and d). Therefore, it
provided a greater OTRs and COD removal fluxes than the purely
closed-end MABR-2 (Fig. 10). The average COD removal flux for
MABR-1 was double the value for MABR-2. In MABR-2, back-
diffusion caused DO limitation in much of the membrane. This
slowed the development of the biofilm, and consequently the in-
crease in COD removal. Also, COD removal rates fluctuated
considerably because this was a small reactor. As the biofilms grew,
any biofilm detachment had a significant impact on the system.
This would be more likely to average out in a larger system.

Note that the predicted OTR values for closed, open and venting
strategies in a clean membrane were lower than those for MABRs.
This is because the biofilm can eliminate the mass transfer resis-
tance of the liquid concentration boundary layer (Semmens, 2008).

After four weeks of operation, MABR-2 was switched to periodic
venting, which consisted of opening the membrane (venting) for
20 s every 20 min. Fig. 10 shows the experimental COD removal
fluxes that were obtained when periodic venting cycles were
applied to MABR-2. Fig. 11 shows the biofilm thicknesses along the
membrane length prior to venting, and after eight days of venting
cycles.

The mathematical model predicted that greater average O2
partial pressures, and consequently higher OTRs and removal
fluxes, could be obtained by applying periodic venting to a closed-
end MABR. The experimental COD removal fluxes are shown in
Fig. 10. The average COD removal flux became double that for the
closed-end operation, increasing from 56 gCOD/m2d to 117 gCOD/
m2d. This value is very similar to the 121 gCOD/m2d obtained in
MABR-1 (Fig. 10). This was in part due to the more uniform biofilm
thickness along the length of the fiber when periodic venting was
implemented (Fig. 11). Based on the measured gas flow rate
through the membrane during the open cycles, OTEs of at least 97%
were obtained when applying the periodic venting. In this research,
the COD removal rates were greater than those obtained in some
previous MABR studies. This was mainly because we used pure
oxygen as the supplied gas. Also, we used acetate as organic carbon
source. Acetate is readily biodegradable substrate, as opposed to
more complex organics such as wastewater. Nevertheless, COD
removal rates found in this study were similar than the ones ob-
tained by Osa et al. (1997), Pankhania et al. (1999) and Brindle et al.
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(1999), who reported COD removal rate values in MABRs fed with
pure O2 of 180, 42.7, 62.6 gCOD/m2d respectively. Experimental
results verified that periodic venting of closed-end MABRs can lead
to high OTRs and OTEs, improving the overall process performance
and increasing the energy efficiency.

This work highlights the potential transient behavior of gas
back-diffusion, and the potentially significant lag in reaching steady
state operation after a perturbation. For example, changing the
supply gas pressure, concentration of supply gas in the liquid phase,
and concentration of back-diffusion gases in the liquid phase,
among others. Following any of these changes, it may take a
considerable amount of time to reach steady state.

The optimal venting interval (time between openings) and
venting time (open period) depends on a variety of factors,
including the membrane mass transfer coefficient, diameter,
length, supply gas pressure and concentration, and dissolved gas
concentrations in the liquid. For instance, larger membrane di-
ameters will likely allow a greater venting interval, as there is
greater gas storage in the membrane lumen relative to the gas
transfer across the membrane. Larger HFM diameters, and longer
membrane lengths, would require longer venting periods. When
selective membranes are used, the relationship between the
diffusion coefficients can also be important. Finally, the effect of
liquid flow in a contactor, e.g., co-current, counter-current, or cross
flow, can impact the gas transfer rates and the transition to steady-
state conditions. Future research should explore the impact of the
above factors in more detail.

Past research on MABRs has shown that water vapor can diffuse
into the membrane and condense at the sealed end, plugging part
of the membrane (Côte et al., 1988, 1989., Fang et al., 2004). How-
ever, it would take weeks or months for condensation to have an
appreciable effect on the membrane behavior. In our closed-end
experiments, the membranes were vented every two days, and
no sign of condensate accumulation was observed during the
ventings. Some MABRs are periodically vented to remove water
condensation, but the frequency of venting is typically too low to
obtain the gas transfer rate benefits. Based on our findings, it would
be easy to increase the venting frequency to both remove
condensate and obtain higher OTRs.

The above strategy was studied for O2 supply to an MABR, but
the periodic venting is also relevant to MABRs supplied with air, or
MBfR applicationswith gases such as hydrogen gas (H2) ormethane
(CH4) (Martin and Nerenberg, 2012; Shi et al., 2013).



Fig. 10. Experimentally observed COD removal fluxes in MABR-1 (triangles) and MABR-2 (squares) plotted against time. Circles enclosed in the black rectangle represent COD
removal fluxes for the closed-end MABR-2 when a venting strategy of 20 s open and 20 min closed was implemented.
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4. Conclusions

The periodic venting of lumen gases in a closed-end MABR can
greatly improve the membrane's OTRs and contaminant removal
fluxes, without significantly impacting the OTEs. This is due to the
transient behavior of the lumen gas profiles when shifting from
open-end to closed-end operation. When the venting interval is
short enough, the OTR can be even higher than with continuous
open-end operation. This novel gas supply strategy can greatly
increase the capacity of MABRs, and decrease the capital and
operating cost of new systems. Future research should address in
more detail the range of factors that affect the selection of opening
interval, the closed duration, and the impacts of these factors on the
OTRs and OTEs.

Acknowledgements

Primary funding for this work was from Water Environment
Research Foundation (WERF) project U2R14. Additional funding
was provided by the Basque Government, partially financing Pat-
ricia P�erez through a fellowship, and the joint Spanish Ministry of
Economics and Competitiveness and European Regional Develop-
ment Fund (FEDER) project “Innovative Integrated Biological Pro-
cesses for Nutrients Removal (PBi2)” (CTM2012-36227).
References

Ahmed, T., Semmens, M.J., 1992a. The use of independently sealed microporous
hollow fiber membranes for oxygenation of water - model development.
J. Membr. Sci. 69 (1e2), 11e20.

Ahmed, T., Semmens, M.J., 1992b. Use of sealed end hollow fibers for bubbleless
membrane aeration - experimental studies. J. Membr. Sci. 69 (1e2), 1e10.

Ahmed, T., Semmens, M.J., Voss, M.A., 2004. Oxygen transfer characteristics of
hollow-fiber, composite membranes. Adv. Environ. Res. 8, 637e646.

Aybar, M., Pizarro, G., Boltz, J.P., Downing, L., Nerenberg, R., 2014. Energy-efficient
wastewater treatment via the air-based, hybrid membrane biofilm reactor
(hybrid MfBR). Water Sci. Technol. 69 (8), 1735e1741.

Brindle, K., Stephenson, T., Semmens, M.J., 1998. Nitrification and oxygen utilisation
in a membrane aeration bioreactor. J. Membr. Sci. 144, 197e209.

Brindle, K., Stephenson, T., Semmens, M.J., 1999. Pilot-plant treatment of a high-
strength brewery wastewater using a membraneaeration bioreactor. Water

http://refhub.elsevier.com/S0043-1354(17)30406-2/sref1
http://refhub.elsevier.com/S0043-1354(17)30406-2/sref1
http://refhub.elsevier.com/S0043-1354(17)30406-2/sref1
http://refhub.elsevier.com/S0043-1354(17)30406-2/sref1
http://refhub.elsevier.com/S0043-1354(17)30406-2/sref1
http://refhub.elsevier.com/S0043-1354(17)30406-2/sref2
http://refhub.elsevier.com/S0043-1354(17)30406-2/sref2
http://refhub.elsevier.com/S0043-1354(17)30406-2/sref2
http://refhub.elsevier.com/S0043-1354(17)30406-2/sref2
http://refhub.elsevier.com/S0043-1354(17)30406-2/sref3
http://refhub.elsevier.com/S0043-1354(17)30406-2/sref3
http://refhub.elsevier.com/S0043-1354(17)30406-2/sref3
http://refhub.elsevier.com/S0043-1354(17)30406-2/sref4
http://refhub.elsevier.com/S0043-1354(17)30406-2/sref4
http://refhub.elsevier.com/S0043-1354(17)30406-2/sref4
http://refhub.elsevier.com/S0043-1354(17)30406-2/sref4
http://refhub.elsevier.com/S0043-1354(17)30406-2/sref5
http://refhub.elsevier.com/S0043-1354(17)30406-2/sref5
http://refhub.elsevier.com/S0043-1354(17)30406-2/sref5
http://refhub.elsevier.com/S0043-1354(17)30406-2/sref6
http://refhub.elsevier.com/S0043-1354(17)30406-2/sref6


P. Perez-Calleja et al. / Water Research 121 (2017) 349e360360
Environ. Res. 71 (6), 1197e1204.
Castagna, L., Zanella, A., Scaravilli, V., Magni, F., Deab, S.A.E., Introna, M., Mojoli, F.,

Grasselli, G., Pesenti, A., Patroniti, N., 2015. Effects on membrane lung gas ex-
change of an intermittent high gas flow recruitment maneuver: preliminary
data in veno-venous ECMO patients. J. Artif. Organs 18 (3), 213e219.
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