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An electrochemical membrane bioreactor (EMBR) has recently been developed for energy recovery
and wastewater treatment. The hydrodynamics of the EMBR would significantly affect the mass
transfers and reaction kinetics, exerting a pronounced effect on reactor performance. However, only
scarce information is available to date. In this study, the hydrodynamic characteristics of the EMBR
were investigated through various approaches. Tracer tests were adopted to generate residence time
distribution curves at various hydraulic residence times, and three hydraulic models were developed
to simulate the results of tracer studies. In addition, the detailed flow patterns of the EMBR were
acquired from a computational fluid dynamics (CFD) simulation. Compared to the tank-in-series

and axial dispersion ones, the Martin model could describe hydraulic performance of the EBMR
better. CFD simulation results clearly indicated the existence of a preferential or circuitous flow in
the EMBR. Moreover, the possible locations of dead zones in the EMBR were visualized through the
CFD simulation. Based on these results, the relationship between the reactor performance and the
hydrodynamics of EMBR was further elucidated relative to the current generation. The results of this
study would benefit the design, operation and optimization of the EMBR for simultaneous energy
recovery and wastewater treatment.

Microbial fuel cells (MFCs) are devices that convert the chemical energy stored in organic/inorganic
matter to electricity through bioelectrochemical reactions while using bacteria as catalysts'™. A mem-
brane bioreactor (MBR) consists of a filtration membrane for separating the suspended solids and a
bioreactor for biodegrading the dissolved organic and inorganic constituents®S. By coupling these two
systems, novel electrochemical membrane bioreactors (EMBRs) have been developed for recovering
energy from wastewater while harvesting clean water for reuse’~'!. In these reactors, membrane module
was served as a separator or filter between anode and cathode, sometimes could even be the cathode. The
substrates were consumed by the bacteria so that electrons and protons were produced at the anode, and
the treated water would be filtered by the separator and cathode, electrons reached the cathode through
the electrodes and external circuit then combined with oxygen from the air or aeration and protons
that diffused from anode. Compared with individual MFC or MBR, This combination would decrease
the spending of reactors and brought high-quality effluent, high nutrient (especially nitrogen) removal
efficiency and a certain electrical energy.

Hydrodynamic characteristics are highly significant for bioreactors because they can determine the
phase distribution and residence time in the reactor'?. Good mixing in the reactor has many benefits,
such as stopping sludge or biofilm growth, removing organic compounds, and granting complete use of

© the reactor volume'>'. The hydrodynamics of both MFCs and MBRs have been investigated through
. various approaches, such as residence time distribution (RTD) analyses and/or computational fluid
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dynamics (CFD) simulations. Moon et al reported that non-ideal flows, such as tailing and channeling,
would increase the power generation in a normal graphite felt disk MFC relative to a perforated graphite
felt disk MFC". Dekker et al. found that shorter HRTs brought improved the cathode performance in
scaled-up and stacked MFC because the flexible membrane generated unequal effective volumes's. A CFD
model has been developed to account for the aeration, sludge rheology and geometry of two full-scale
MBRs'", while Sanaeepur et al. have adopted the CFD simulation to explore nitrate mass transfer while
investigating the denitrification efficiency in an extractive MBR'®. Because the EMBR was developed
by coupling these two systems, the hydrodynamic characteristics of the EMBR should also significantly
affect the mass transfers and reaction kinetics in the reactor, strongly affecting the reactor performance.
To the best of our knowledge, the hydrodynamic characteristics of the EMBR remain largely unknown.

The present study aims to investigate the hydrodynamic characteristics of the EMBR. Three different
hydraulic models were established to describe the flow patterns of the EMBR, and tracer experiments
were executed to verify these models. Moreover, the detailed flow patterns of the EMBR were visualized
by performing a two-dimensional (2-D) unsteady CFD model simulation. In addition, a mathematical
model was developed to reveal the distribution of dissolved oxygen (DO) in the cathode of the EMBR.
Afterward, the relationship between the reactor performance, which was assessed in terms of current
generation, and the hydrodynamics of EMBR was further elucidated.

Results and Discussion

Hydraulic performance at various HRTs.  As shown in Fig. 1, two or three peaks are observed from
each RTD curve at four different HRTs; therefore, a short circuiting stream or preferential flow existed
in the EMBR because water leaked from different locations of graphite felt in the cathode and produced
different channels of water from the inlet to the outlet in the EMBR'. Moreover, a long tail appeared in
each RTD curve, especially at HRT values of 3.12 and 7.02h, to imply that stagnant or dead zones were
present in the EMBR and the release of the tracer Li" was slow with flow stream in these regions®. In
the EMBR, most of the anode chamber was taken up by the graphite felt, generating numerous micro
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3.12 5.1 9.15 0.3 37.5 3.9 0.56 113.9 4.2 0.14 55.3 55 14.48 13.51
7.02 5 8.84 0.6 77.8 39 0.22 68.9 7.6 0.18 67.5 58 11.37 12.09
10.13 2.5 3.62 0.76 92.1 4.7 0.2 62.6 5 0.04 53.6 4.8 15.60 16.25
17.73 4.7 8.34 0.38 21.4 4 0.43 60.9 7.5 0.19 87.9 3.8 29.70 31.53

Table 1. Estimated values of the different parameters for the three models at various HRTs.

zones with little mixing with main flow in the reactor, a portion of these spaces likely acted as transient
storage or dead zones and therefore contributed to the tailing of the RTD curves.

Comparison of the hydraulic models. Both TIS and AD models are widely used to simulate the
hydrodynamics of the non-ideal flow reactors?', while Martin model could give better description on the
preferential flow or short circuiting in a reactor'®?. Therefore, these three hydraulic models were selected
to describe the hydrodynamic properties of the EMBR for comparison in this study.

As shown in Fig. 1, the Martin model generated better simulation results from the experimental data
in each RTD curve compared to the others. In other words, neither the TIS nor AD models could char-
acterize the hydrodynamics of the EMBR effectively. Moreover, the simulation reveals that three parallel
sub-flows were involved in the Martin model for each HRT. Therefore, the water could flow primarily
through the EMBR in three different channels, and each channel could be characterized by the TIS
model. As shown in Table 1, the number (N) of CSTR in each strand of the Martin model was not below
3.4 at four HRTs. As discussed above, the degree of back-mixing in the reactor is insignificant if the value
of N exceeds 3.01. Therefore, the flow pattern of each strand in the EMBR was similar to a plugged flow.

The dead volume of the EMBR at various HRTs estimated with both the Martin model and an RTD
analysis are summarized in Table 1. The values of dead volume are almost identical at each HRT for
the two methods, further implying that the Martin model could accurately simulate the hydrodynamic
performance of the EMBR. In addition, Table 1 also shows that the dead zone became larger at higher
or lower HRT in the EMBR. The liquid had a larger velocity at a shorter HRT; therefore, a vortex flow
could form at the corner, possibly generated the higher values for the dead zones in the EMBR. However,
a dead corner or stagnant zone would emerge in the reactor if the HRT was too long, possibly generating
a larger dead zone in the EMBR.

The porous graphite felt was padded into the anode as the electrode material and dispersed unevenly
inside, which resulted in a heterogeneous mixing in the EMBR. Although TIS and AD models are per-
vasive, however, both of them were developed based on the uniform dispersion degree in a reactor and
thus wasn’t able to well simulate the heterogeneous mixing in the EMBR. Moreover, both TIS and AD
models gave little information about dead volume and short circuiting of the EMBR. On the contrary,
Martin model could describe the heterogeneous mixing in the reactors by adopting a number of sepa-
rate strands, and therefore shown a better simulation performance on the hydrodynamics of the EMBR
compared to TIS and AD ones.

Flow pattern visualization through CFD simulation. In order to conduct CFD simulation, the
permeability of both graphite felt and non-woven cloth in the EMBR was initially estimated through the
porous media model. A porous media model does nothing but add a momentum sink to the governing
momentum equations, generating pressure gradients in the porous media®. The momentum sink term
in the model for simple homogeneous porous media can be described as:

1
Si=— (%”i + CZEPM”;') (1)
where §; is the momentum source, and K and C, are the permeability and inertial resistance, respectively.
In our study, the inertial resistance of both the graphite felt and non-woven cloth could be treated as
zero because water flowed slowly within the entire EMBR. In addition, all of the fibers in the graphite felt
and non-woven cloth were treated as though they were randomly located in planes running parallel to
gravity. Therefore, the permeability of the graphite felt and non-woven cloth could be determined using
Eq. (2) according to a previous report:?*

. (E _ Ep)(a+2) de

80 9 (1 — 2o + Ve — e (2)
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Figure 2. Transient model prediction for the EMBR at HRT = 3.12h: (a) liquid velocity magnitude contour
at 0.1, 1, 10, 20, 40 and 70s; (b) liquid velocity vector field at 40s; (c) approximate position of the dead zone
in the EMBR (colorful zones).

where ¢ is the porosity, d; is the fiber diameter, and ¢, and « are constants that depend on the arrange-
ment of the fibers. Values of 0.11 and 0.52 were suggested for €, and « for parallel permeability Kp,
while 0.11 and 0.785 were used for normal permeability K\?*. Therefore, the estimated K, and Ky val-
ues were 4.82 X 1071% and 3.35 x 1072m? for the graphite felt and 1.47 x 10~'* and 9.49 x 10-15m? for
non-woven cloth, respectively.

Based on the above estimated values, a transient CFD simulation was performed over 70s at each
HRT, and the results show that the fraction of the liquid volume was always 100% in the entire EMBR.
Specifically, no air bubbles could enter into the reactor during the simulation process, and therefore the
velocity magnitude contours and vector fields of the mixture only the covered liquid phase in the EMBR
region. When using an HRT of 3.12h as an example, the variations in the liquid contour of velocity mag-
nitude in the EMBR is shown in Fig 2a. The similar contours at 40 and 70s imply that the fluid flow in
the EMBR region had already reached a steady state by 40s. Additionally, the flow velocity in the graphite
felt zone was much lower than that in the non-graphite felt zones because the graphite felt imposed flow
resistance on the water stream, causing a momentum loss in the water stream (Fig. 2a). Vesvikar and
Al-Dahhan reported that the region where the flow velocity is less than five percent of the maximum
among simulation zones could be considered the dead zone?. Consequently, the dead zones of the EMBR
are located primarily at the bottom and upper outer regions of the reactor, as shown in Fig. 2b. Based
on the velocity vector field at 40s in Fig. 2¢, the liquid flowed regularly with less back mixing or mixing
with others in the anode without graphite felt, indicating that the flow pattern was closed to generate a
plug flow in this area. However, the main flow of the stream would disperse to numerous branches after
it entered the graphite felt zone of the anode and then discharge from different locations in the graphite
felt in the cathode. This behavior would allow the generation of various channels of liquid from inlet to
outlet in the EMBR, indicating the possibility of existing preferential or circuitous flow in the reactor.

Relationship between current generation and hydrodynamics. The simulated DO distributions
in the cathode of the EMBR at various HRTs are shown in Fig. S1. The DO concentration should have
decreased when increasing the distance from the outside surface of the cathode at each HRT. However,
a high flow velocity of liquid at a short HRT produced a low DO concentration in the cathode because
the DO diffused in a direction opposing the flow of water in the EMBR.

The existence of dead zones will decrease the effective volume in bioreactors, affecting the extent of
the biochemical reactions. However, the oxygen transfer process is critical for air-cathode MFCs because
it can determine the rate of the oxygen reduction reaction. Fig. 3 shows the variations in the current
density in the EMBR with the effective volume of the reactor and average DO concentration in the cath-
ode and multiplier. A positive relationship was found only between the current density and multiplier
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Figure 3. Variations in the current density relative to the (a) effective volume of the EMBR, (b) average
DO concentration in the cathode, and (c) effective volume of the EMBR*average DO concentration in the
cathode.

of two factors rather than a single one in the EMBR. Therefore, the power production in the EMBR was
simultaneously determined through the effective volume of the reactor and the DO concentration in
the cathode, which were both strongly affected by the hydrodynamics of the reactor, as discussed above.
The DO had a lowest concentration because it had the highest flow velocity at HRT =3.12h (Fig. S1),
therefore, the electricity generation in the EMBR was seriously limited, resulting in a minimum current
density of 4.7 A/m*. Longer HRTs would produce higher DO concentrations in the cathode and may be
beneficial for electricity production, but the dead volume of the reactor would increase and thus reduce
the capability for electricity production in the EMBR (Tablel). At HRT = 17.73h, the ratio of the dead
zones (29.3%) was significantly higher compared to the other HRTs, generating a lower current density
of 9.2 A/m? in the EMBR. These results demonstrate that the hydrodynamic characteristics of the reactor
are critical for the performance of the EMBR. An optimized HRT could reduce the dead volume of the
reactor while also providing an appropriate DO concentration in the cathode, thereby promoting elec-
tricity production in the EMBR.

In conclusion, the revealed hydrodynamic characteristics of the EMBR would help us know the degree
of mixing as well as the value and location of dead zones, which will be conducive to improvement of
the EMBR structure. Moreover, after an analysis on the relationship between the revealed hydrodynamic
properties and the performance of the EMBR, it has been confirmed that HRT had a significant impact
on the current generation, and thus it is imperative to choose an optimized HRT for the operation of
the EMBR.

Methods

EMBR structure and operation. The schematic diagram of EMBR is shown in Fig. S2a. Non-woven
cloth with 75% porosity and 50-mm pores supported by a perforated polyvinyl chloride (PVC) tube
was placed between cathode and tubular anode chambers. The non-woven cloth could separate anodic
and cathodic electrodes thus avoiding short circuit. Graphite felt with 93.5% porosity and 150-pm pores
(Sanye Carbon Co., China) was served as the electrode both in anode and cathode. In the anode chamber
(height 20 cm, diameter 4.5cm), the graphite felt with a total volume area of 197.6 mL was rolled into
a swirl so that the water from the top of the EMBR could flow more uniform, and the working volume
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of the anode chamber was 247.1 mL. The cathode of the EMBR was composed of a graphite felt with a
projected surface area of 294 cm? that wrapped around the non-woven cloth. Besides, electrodes were
connected to the circuit through titanium wires across an external resistor (100(2), the reactor was
operated in a continuous-flow mode at around 25°C*%. The electrons and protons were generated when
consuming substrate by the electrochemically active bacteria at the anode, while at the cathode electrons
from the anode was reacted with oxygen in the air and protons diffused from anode.

The electrochemical reactor usually consists of anode and cathode as well as the separator membrane.
In the EMBR, the membrane was replaced by the non-woven cloth, which could be used as not only a
separator but also a filter for treated water from anode. Besides, the bacteria was inoculated both in the
anode and cathode of the EMBR to consume organic and inorganic matters. Additionally, both anodic
and cathodic pHs of the EMBR were kept at a natural value because of bacteria inside, and moreover the
operational HRT would not be too short due to the biofilm formation in both compartments.

Tracer test. Tracer test is often used to produce RTD curves in different systems. Lithium-ion has
been widely used as the tracer not only due to its simple measurement procedure, low detection limit
and low background, but also because it does not volatilize, precipitate or absorb in the reactor. Based on
lithium-ion tracer experiments, Capela et al. obtained information about mixing degree and non-effective
volume in a full-scale anaerobic contact reactor?”, while Wang et al. found that dosing of ferrous salts at
two different points would bring two distinct effects on the reactor in a pilot scale membrane reactor?.
Besides, lithium tracer has also been applied to provide RTD curves in an electrochemical system®.

In this study, a 2g/mL aqueous Li,SO, solution was used as the tracer in the experiments, and the
pulse input method was adopted through the use of deionized water as the carrying fluid. One milliliter
of the Li,SO, solution was injected into the flowing water of the EMBR over 0.5s, producing an average
Lit concentration of 10mg/L in the entire reactor. As summarized in Table S1, four different hydraulic
retention times (HRTs) were investigated by controlling the flow rate of the EMBR with a peristaltic
pump (Longer Co., China). The samples were collected from the EMBR effluent during injection before
stopping after fourfold HRTs*. The Li* concentration in the sample was measured through flame emis-
sion spectroscopy (Vario 6, Analytik Jena AG, Germany) above 670.8nm according to the Standard
Methods®!.

RTD analysis. The exit age-distribution function E(t) can be expressed as follows:

c() o _C

E(t) = — ~
fo C(t)dt Zc(ti)Ati (3)

where c(t) is the tracer concentration at the outlet of the reactor®?. The mean residence time t,, is cal-
culated as follows:

_ ST HE (1)t 0
[TE@®d  XE(1) (4)

t

m

when comparing the mixing performance of the differently sized flow systems, all of the parameters
should be normalized versus normalized time 6:

gzizgt

T Vi (5)
where 7 is the hydraulic residence time, Vj is reactor volume, and Q is volume flow rate. Therefore, the
normalized RTD function E(f) can be presented as follows:

TQC(0)

E(f) = ——=

== (©

where M is the total amount of tracer. The dimensionless variance o, which characterizes the degree of
back-mixing degree in the reactors, is defined as follows:

of = Lm 0%E (0) do—(t,,/7) = j;oo 0%E (0) d0—7" )

A g value of 0 indicates an ideal plug flow, while 1 indicates an ideal mixture; when the flow pattern
is not ideal, the ¢ value is between 0 and 1.

A dead zone (V,) in an area where fluids move slowly or stagnate, and these areas often appear at the
corners of a reactor. V,; can be calculated as follows:
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Figure 4. Block diagram of the (a) TIS, (b) AD and (c) Martin models: Q is the volume flow rate; for
the Martin model, f represents volume flow rate fraction of each strand, and the dead volume (V) = total
volume (V) - 1st strand region (V;) - 2nd strand region (V) - ... - sth strand region (V).

Development of hydraulic models. Tank-in-series (TIS) model. ~As shown in Fig. 4a, this model con-
sists of a series of equivalent, continuous stirred tank reactors (CSTRs), and the number (N) of tanks
can be calculated as follows:
1 2
N=—= T_z

Y 9)
N is a criterion that predicts the flow pattern in a reactor®?. The flow pattern of the reactor is closer to
a complete mixing flow if N remains below 3.01; in all other cases, the pattern is more similar to a plug
flow?!. The exit age-distribution function E(6) of the TIS model is given as follows:
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N
E(0) =~V e

(N—1)! (10)

Axial dispersion (AD) model. A schematic diagram of axial dispersion model for the EMBR is shown
in Fig. 4b, and its exit age-distribution function E(f) can be described as

E(0) = ! exp|— (-6
2[70°/(D/uL) 40(D/ul) (11)

Where D is the axial dispersion coefficient, and D/uL is defined as the Peclet number (Pe), which repre-
sents the ratios of mass transport attributed to advection and dispersion, respectively®2. The Peclet num-
ber is also a criterion that predicts the degree of back-mixing in a reactor, and the relationship between
0y and Pe can be described as follows:

2 2 1. —pe
Op _P_e_Z(P_e) (1-¢) (12)

Martin model. 'This model can evaluate the short circuiting stream or preferential flow in reactors while
determining the dead volume accurately’. A schematic diagram of this model for the EMBR is shown in
Fig. 4c, consisting of several parallel strands; each strand is considered as the number of CSTRs in series.
Therefore, the following equation was obtained based on the mass balance:

s
c :flcl —|—f2(:2 + . +fscs = Zf,‘ci
1 (13)

where ¢; and ¢ are the tracer concentration at each strand outlet and total outlet, respectively, and ¢; can
be calculated based on the TIS model:

;= ¢
fiNQ
{(1 —e V. )
f,'NiQ 1 fiNiQ 2 1 fiNiQ N—1
l1+ V) t F( v )"+ +(Ni_1)!( v t)
fiNQ N-1 N .Q
=cl—e V. ) ! (fj )N
TR (14)

where f, N; and V; represent the volume flow rate fraction, the number of tanks and the volume of the
ith strand, respectively. Therefore, the Li" concentration at the total outlet ¢ and the RTD function E(t)
can be expressed as follows:
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c :flc0
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{(1 — e Vi )
f]Nl 1 f 1 lelQ N.—1
14+ 1L - 1
+ v, ( )+ +(N1_1)!( v t) +
szth
fzco{(l —e v )
N,Q N
1+ f2 2 f = 1 (f l’) 4ot 1 (f2 ZQt)N271 + ot
Vv, 2! Vv, (N, = 1! v,
f.N
fsco[(l —e Vs t)
N, N, N, _
1+ f‘V Qt + %(fsv Qt)2 4o ! (fs Qt)Ns !
s . s (Ns - 1)' VS (15)
N Ny fl 1Q N N, szzQ
E (t) =f1(fl+Q?NltNl_le o +f2(f2_—2Q.)Nthz_le_ ot
(N; = DV (N, = 1)V,
g, N L
(N, - DIV (16)

Here (N;-1)! is replaced by Gamma distribution I'(N;) such that Eq. (16) would fit for all positive integer
values??. Therefore, the dimensionless form of Eq. (16) could be given as follows:

tot (f N Q) e fxvgg
~ (N, )VN (17)

The value of N; can be evaluated based on:

fiQ N -1
v, N, (18)
where t,,, and 6, are the time and dimensionless time of the maximal tracer concentration at each
strand outlet, respectively.

In this study, the Microsoft EXCEL built-in solver’ was used to determine the values of various param-
eters in each model to reach the best correlation between the experimental data and the simulation
results.

0

peak =

CFD simulation. A 2-D axisymmetric unsteady CFD simulation was used to investigate the hydro-
dynamics of the EMBR through commercially available CFD software called FLUENT. The Gambit pre-
treatment software was chosen to divide grids in the simulated region, which was treated as a 2-D plane
because an axisymmetric space was adopted for the simulation in this study, as shown in Fig. S2b. The
detailed boundary conditions of this simulation are provided in the Supporting Information (SI). The
Volume of Fluid (VOF) model, which is an Euler-Euler approach, was applied to address the multi-
ple phases: gas and water®. In the VOF model, two or more phases share a single set of conservation
equations, and the volume fraction of each phase is tracked in each computational cell throughout the
domain. The conservation equations for mass and momentum in the VOF formulation are defined as
follows, respectively:

Bl L
E(p)JrV(pv)—O (19)
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0 — —— — —T — =
—(p +V-(p =—-—Vp+ V.- [p(Vu+V +pgd + F
t( 'U) (’UU) p [( v U)] g (20)

The density (p) and viscosity (1) in a two-phase system can be estimated using Eq. (21) and Eq. (22):

2
p = p
E ¢ (21)
2
H= 2 Ol
g ¢ (22)

where « is the volume fraction of phase k. The sum of the volume fractions in all phases should equal
one in each control volume. The interface between the two phases in the VOF model is tracked by solving
the continuity equation in the volume fraction equation:

ot (23)

Modeling the DO distribution in the cathode. A mathematical model was built to investigate the
DO distribution in the cathode, and the schematic diagram of this model is shown in Fig. S3. The cube
in Fig. S3 was considered part of the graphite felt, and the directions of the DO diffusion and water flow
were horizontal but opposing. Moreover, the flow velocity of water was assumed equal along the entire
piece graphite felt. Therefore, one-dimensional conservation laws were established for the DO distribu-
tion in the cathode:

0 0j
o 9 _
ot 0z (24)
p = Ae§
° (25)
j = AcuS, — A&:DO%
0z (26)

where p is the amount of conserved quantity per unit thickness of graphite felt, j is the amount of oxygen
transported per unit time, A denotes the cross area of the graphite felt, u is the flow velocity in the
graphite felt, and D, is the oxygen diffusion coeflicient in water (2.2 X 107?m?/s at 20°C). Substituting
Eq. (25) and Eq. (26) into e Eq. (24) yields:

950 S0 0%
ot 9z* 0z (27)

The boundary conditions are as follows:

S(Z, O) =0,0<z< Lm S(Lm t) = SOsat (28)

where L. is the thickness of the graphite felt, and Sy, is the saturated solubility of oxygen in water
(8 mg/L at 20°C). MATLAB program was executed to obtain the numerical solution of Eq. (27).

References

1. Logan, B. E,, et al. Microbial fuel cells: Methodology and technology. Environ. Sci. Technol. 40, 5181-5192 (2006).

2. Mu, Y, Rabaey, K., Rozendal, R. A., Yuan, Z. G. & Keller, J. Decolorization of Azo Dyes in Bioelectrochemical Systems. Environ.
Sci. Technol. 43, 5137-5143 (2009).

3. ElMekawy, A., Srikanth, S., Vanbroekhoven, K., De Wever, H. & Pant, D. Bioelectro-catalytic valorization of dark fermentation
effluents by acetate oxidizing bacteria in bioelectrochemical system (BES). J. Power Sources. 262, 183-191 (2014).

4. Sevda, S., Dominguez-Benetton, X., Vanbroekhoven, K., Sreekrishnan, T. R. & Pant, D. Characterization and comparison of the
performance of two different separator types in air-cathode microbial fuel cell treating synthetic wastewater. Chem. Eng. J. 228,
1-11 (2013).

5. Oh, H. S. et al. Control of Membrane Biofouling in MBR for Wastewater Treatment by Quorum Quenching Bacteria Encapsulated
in Microporous Membrane. Environ. Sci. Technol. 46, 4877-4884 (2012).

SCIENTIFIC REPORTS | 5:10387 | DOI: 10.1038/srep10387 10



www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

. Meng, E G. et al. Recent advances in membrane bioreactors (MBRs): Membrane fouling and membrane material. Water Res. 43,

1489-1512 (2009).

. Wang, Y. P. et al. A microbial fuel cell-membrane bioreactor integrated system for cost-effective wastewater treatment. Appl.

Energy. 98, 230-235 (2012).

. Ge, Z., Ping, Q. Y. & He, Z. Hollow-fiber membrane bioelectrochemical reactor for domestic wastewater treatment. J. Chem.

Technol. Biot. 88, 1584-1590 (2013).

. Wang, Y. K, Sheng, G. P, Shi, B. ], Li, W. W. & Yu, H. Q. A novel electrochemical membrane bioreactor as a potential net energy

producer for sustainable wastewater treatment. Sci. Rep-Uk. 3, 1864 (2013).

Wang, Y. K. et al. Development of a novel bioelectrochemical membrane reactor for wastewater treatment. Environ. Sci. Technol.
45, 9256-9261 (2011).

Malaeb, L. et al. A Hybrid Microbial Fuel Cell Membrane Bioreactor with a Conductive Ultrafiltration Membrane Biocathode
for Wastewater Treatment. Environ. Sci. Technol. 47, 11821-11828 (2013).

Nameche, T. & Vasel, J. L. Hydrodynamic studies and modelization for aerated lagoons and waste stabilization ponds. Water Res.
32, 3039-3045 (1998).

Wang, Y., Sanly, Brannock, M. & Leslie, G. Diagnosis of membrane bioreactor performance through residence time distribution
measurements - a preliminary study. Desalination. 236, 120-126 (2009)

Olivet, D., Valls, J., Gordillo, M. A., Freixo, A. & Sanchez, A. Application of residence time distribution technique to the study
of the hydrodynamic behaviour of a full-scale wastewater treatment plant plug-flow bioreactor. J. Chem. Technol. Biot. 80, 425-
432 (2005)

Moon, H., Chang, I. S, Jang, J. K. & Kim, B. H. Residence time distribution in microbial fuel cell and its influence on COD
removal with electricity generation. Biochem. Eng. J. 27, 59-65 (2005).

Dekker, A., Ter Heijne, A., Saakes, M., Hamelers, H. V. M. & Buisman, C. J. N. Analysis and Improvement of a Scaled-Up and
Stacked Microbial Fuel Cell. Environ. Sci. Technol. 43, 9038-9042 (2009).

Brannock, M., Wang, Y. & Leslie, G. Mixing characterisation of full-scale membrane bioreactors: CFD modelling with
experimental validation. Water Res. 44, 3181-3191 (2010).

Sanaeepur, H., Hosseinkhani, O., Kargari, A., Ebadi Amooghin, A. & Raisi, A. Mathematical modeling of a time-dependent
extractive membrane bioreactor for denitrification of drinking water. Desalination. 289, 58-65 (2012).

Kjellstrand, R., Mattsson, A., Niklasson, C. & Taherzadeh, M. J. Short circuiting in a denitrifying activated sludge tank. Water.
Sci. Technol. 52, 79-87 (2005).

Qi, W. K., Guo, Y. L., Xue, M. & Li, Y. Y. Hydraulic analysis of an upflow sand filter: Tracer experiments, mathematical model
and CFD computation. Chem. Eng. Sci. 104, 460-472 (2013).

Chen, G. T. Chemical Reaction Engineering, 3' ed. Chemical Industry Press, Beijing, 2010.

Burrows, L. J., Stokes, A. J., West, J. R, Forster, C. E & Martin, A. D. Evaluation of different analytical methods for tracer studies
in aeration lanes of activated sludge plants. Water Res. 33, 367-374 (1999).

Ferrari, G. E., Politano, M. & Weber, L. Numerical simulation of free surface flows on a fish bypass. Comput. Fluids. 38, 997-1002
(2009)

Tomadakis, M. M. & Robertson, T. J. Viscous permeability of random fiber structures: Comparison of electrical and diffusional
estimates with experimental and analytical results. J. Compos. Mater. 39, 163-188 (2005).

Vesvikar, M. S. & Al-Dahhan, M. Flow pattern visualization in a mimic anaerobic digester using CFD. Biotechnol. Bioeng. 89,
719-732 (2005).

Wang, Y. K., Li, W. W, Sheng, G. P, Shi, B. J. & Yu, H. Q. In-situ utilization of generated electricity in an electrochemical
membrane bioreactor to mitigate membrane fouling. Water Res. 47, 5794-5800 (2013).

Capela, L. et al. Hydrodynamic behavior of a full-scale anaerobic contact reactor using residence time distribution technique. J.
Chem. Technol. Biot. 84, 716-724 (2009).

Wang, Y., Tng, K. H., Wu, H., Leslie, G. & Waite, T. D. Removal of phosphorus from wastewaters using ferrous salts - A pilot
scale membrane bioreactor study. Water Res. 57, 140-150 (2014).

Aminian, H., Bazin, C. & Hodouin, D. Residence time distributions in SX-EW equipment. Int. J. Miner. Process. 54, 235-242
(1998).

Ren, T. T, Mu, Y., Ni, B. J. & Yu, H. Q. Hydrodynamics of Upflow Anaerobic Sludge Blanket Reactors. Aiche. J. 55, 516-528
(2009).

APHA, Standard methods for the examination of water and wastewater 20th ed, Washington, DC, American Public Health
Association, 1998.

Levenspiel, O. Chemical Reaction Engineering. 2" ed. Wiley, New York, 1972.

Hirt, C. W. & Nichols, B. D. Volume of fluid (VOF) method for the dynamics of free boundaries. . Comput. Phys. 39, 201-225,
(1981).

Acknowledgements

The authors wish to thank the Natural Science Foundation of China (51222812, 51478446), the
Recruitment Program of Global Experts, the Program for Changjiang Scholars and Innovative Research
Team in University of the Ministry of Education of China, the 863 Program (2011AA060901), and the
Fundamental Research Funds for the Central Universities (30920140122008) for financially supporting
this study.

Author Contributions
Y.Z.W. carried out the experiments, developed the models analyzed the data, and wrote the paper; YK.W.
carried out the experiments and analyzed the data; C.S.H., H.Y.Y. and J.Y.S. analyzed the data; G.P.S. and
H.Q.Y. designed the experiments and analyzed the data; Y.M. designed the experiments, analyzed the
data, and wrote the paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

SCIENTIFIC REPORTS | 5:10387 | DOI: 10.1038/srep10387 11


http://www.nature.com/srep

www.nature.com/scientificreports/

How to cite this article: Wang, Y.-Z. et al. Hydrodynamics of an Electrochemical Membrane
Bioreactor. Sci. Rep. 5, 10387; doi: 10.1038/srep10387 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

Tam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:10387 | DOI: 10.1038/srep10387 12


http://creativecommons.org/licenses/by/4.0/

	Hydrodynamics of an Electrochemical Membrane Bioreactor

	Results and Discussion

	Hydraulic performance at various HRTs. 
	Comparison of the hydraulic models. 
	Flow pattern visualization through CFD simulation. 
	Relationship between current generation and hydrodynamics. 

	Methods

	EMBR structure and operation. 
	Tracer test. 
	RTD analysis. 
	Development of hydraulic models. 
	Tank-in-series (TIS) model. 
	Axial dispersion (AD) model. 
	Martin model. 

	CFD simulation. 
	Modeling the DO distribution in the cathode. 

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ RTD curve and simulation results with the three models at various HRTs.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Transient model prediction for the EMBR at HRT = 3.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Variations in the current density relative to the (a) effective volume of the EMBR, (b) average DO concentration in the cathode, and (c) effective volume of the EMBR*average DO concentration in the cathode.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Block diagram of the (a) TIS, (b) AD and (c) Martin models: Q is the volume flow rate for the Martin model, f represents volume flow rate fraction of each strand, and the dead volume (Vd) = total volume (Vt) - 1st strand region (V1) - 2nd
	﻿Table 1﻿﻿. ﻿ Estimated values of the different parameters for the three models at various HRTs.



 
    
       
          application/pdf
          
             
                Hydrodynamics of an Electrochemical Membrane Bioreactor
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10387
            
         
          
             
                Ya-Zhou Wang
                Yun-Kun Wang
                Chuan-Shu He
                Hou-Yun Yang
                Guo-Ping Sheng
                Jin-You Shen
                Yang Mu
                Han-Qing Yu
            
         
          doi:10.1038/srep10387
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep10387
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep10387
            
         
      
       
          
          
          
             
                doi:10.1038/srep10387
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10387
            
         
          
          
      
       
       
          True
      
   




