M,
A
IJARI

Article Info
Received: 02 Apr 2016 | Revised Submission: 20 May 2016 | Accepted: 28 May 2016 | Available Online: 15 Jun 2016

International Journal of Advance Research and Innovation
Vol. 4(1), Jan-Mar 2016, pp. 63-76

Doi: 10.51976/ijari.411610

www.gla.ac.in/journals/ijari

© 2016 1JARI, GLA University

Biological Waste Gas Treatment Using Membrane Based Technology

Gaurav Pandey* and Abhishek Gupta**

ABSTRACT

This article presents a literature review on developments of membrane reactors for biological waste gas
treatment as well as examples of applications to different compounds. The use of membranes combines selective
separation of compounds from a waste gas stream followed by biological removal. Gas transport phenomena
and different types of membranes used in biological waste gas treatment are discussed. So far, membrane-based
biological waste gas treatment has only been tested on laboratory scale. If the long-term stability of these
reactors can be demonstrated, membrane bioreactor technology can be useful in the treatment of gas streams
containing poorly water-soluble pollutants and highly chlorinated hydrocarbons, which are difficult to treat

with conventional methods for biological waste gas treatment.
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1.0 Introduction

Membrane bioreactor (MBR) technology is
advancing rapidly, and different MBR configurations
have evolved during last 30 years [1]. MBR systems
have mostly been used to treat industrial, domestic,
and specific wastewaters, where a small footprint,
water reuse, or stringent discharge standards are
required. In this review, we will focus on transport
and biodegradation of pollutants in membrane
bioreactors for waste gas (MBRWG) treatment.

In aMBRWG, gaseous pollutants diffuse
through the membrane and are subsequently degraded
by the microorganisms in the biofilm attached to the
membrane surface [2-4]. Biomass may also be
suspended in the liquid phase. MBRWGare especially
favorable for poorlywater-soluble compounds.
Membrane materials can be dense, microporous,
porous or composite. Dense materials are more
selective, while microporous materials are more
permeable but susceptible to plugging by biomass [5].

Passage of the pollutants contaminated air
across the membrane allows passive diffusion of
contaminants through the membrane into the liquid
bio-film phase on the other side, driven by the
concentration gradient [5].

The mass transfer coefficients through a dense
membrane also have the high construction cost
disadvantage. Furthermore,  their  long-term
operational stability still has to be demonstrated.

In this review we summarize the state-of-the-
art of membrane based biological waste gas
treatment. In addition, transport phenomena through
membranes and development of MBRWG for
biological waste gas treatment are summarized.

2.0 Membrane Bioreactor Configurations for
Waste Gas Treatment

Different membrane bioreactor configurations
have been used, all on lab-scale: hollow fiber (i.d. <
0.5 mm), capillary (0.5mm< i.d. < 10 mm), tubular
(i.d. > 10 mm), flat sheet and spiral-wounded
membrane type reactors [8]. A schematic
representation of a flat composite membrane
bioreactor for the treatment of waste gas is shown in
Fig. 1.

In this concept, one side of the membrane is
dry and acts as a surface for uptake of pollutants from
the air flowing along the membranes, while the other
side is kept submerged in a flowing nutrient solution
and covered by a biofilm.

*Corresponding Author: Department of Civil Engineering, Uttaranchal University, Dehradun, India

(E-mail: environgineer@gmail.com)

**Department of Civil Engineering, Uttaranchal University, Dehradun, India



64

International Journal of Advance Research and Innovation, Vol 4(1), Jan-Mar 2016

3.0 Mechanism of Membrane-Based Biological
Waste Gas Treatment

Mass transfer and microbial kinetics of a
gaseous pollutant within a MBRWG module can be
described as follows:

(1) Bulk mixing of the contaminant in the air
entering the bioreactor.

Fig 1: Membrane Bioreactor for Removal of
Waste Gas [2]
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the gas and liquid phase provides the driving force for
diffusive transport across the membrane. A pressure
difference is not applied. The driving force strongly
depends on the compound’s air—water-partitioning
coefficient. For components with a high H-value, the
driving force for mass transfer is small. The
concentration in the liquid phase, which depends on
the microbial activity of the membrane attached
biofilm and/or cells in suspension, also affects the
driving force. The surface of the membrane forms the
contact area. The overall mass transfer resistance
(K-1 ov , sm—1) for gaseous pollutants in a
membrane bioreactor is a combination of several
resistances in series: gas phase (k—1 g ), membrane
phase (k — 1 m ), biofilm (k —1 b ) and liquid phase
(k=11 ) (Fig. 2). For a gas filled microporous

membrane it is defined by
1 1 1 1 1

Fig 2: Mass Transfer Resistance in a Biofilm
Attached on a Flat Membrane

Cin is the compound’s concentration to be treated

(gm—3), Cout the purified air (gm—3), and CLin and

Cl,out are the concentration of nutrients inlet and

outlet respectively

(2)  Air boundary layer transport.

(3)  Transport through the membrane.

(4) Transfer from the membrane, dissolution and
diffusion into the bio film.

(5) Diffusion through and degradation within the
biofilm.

(6) Boundary layer transport through the liquid
phase.

(7)  Subsequent mixing and degradation within the
cell suspension.
The flux of a volatile component over the

membrane in a gas-liquid membrane extractor can be

described by the following formula [5]:

p .
F=K{JVA([_; —C]J
(D)

where F represents the mass flux through the
membrane (g s—1), Kov the overall mass transfer
coefficient (m s—1), A the membrane surface area
(m2), H the dimensionless air—water partition
coefficient ((gm—3)/(gm—3)) and Cg and Cl the
concentrations in gas and liquid phase (gm—3),
respectively. The concentration difference between
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Both kg and kl are function of feed flow
velocity, the compounds diffusion coefficient, the
viscosity, the density and the module geometry and
dimensions. Several semi-empirical relationships for
mass transfer coefficient in pipe and channels are
reported in literature [8]. For the mass transfer
resistance in the biofilm Lewandowski developed a
method for calculating the thickness of the diffusive
boundary layer (DBL) from substrate concentration
profiles [9].

According to the thin film theory, the flux of
substrate to a biofilm can be calculated using finite
differences in Fick’s diffusion equation:
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AC
DBL

J=D
(3)  where J is the flux (gm—2
s—1),Dthe diffusion coefficient of substrate in
stagnant water (m2 s—1),C the difference in the solute
concentration (gm—3) between the bulk liquid and at
the reacting surface, and DBL is the thickness of the
effective diffusive layer (m). From this definition, the
mass transfer coefficient to the thickness of DBL, kI
=D/DBL. The value of the mass transfer coefficient
depends on many factors, with hydrodynamics being
the most significant, because flow velocity influences
the thickness of the DBL. Higher the flow velocity,
the thinner the DBL.

4.0 Physical Transport: Membranes for Mass
Transfer

A membrane may be simply defined as an
interphone between two bulk phases of a system
allowing the selective transport of compounds from
one phase to other [10]. In waste gas treatment
applications, gases are most often blown through the
lumen of the membrane materials. Pollutants from the
gas phase diffuse through membranes to a liquid
phase on the shell side of membranes.

The membrane also serves as a support for the
microbial  population.  Transport through the
membrane takes place as a result of driving force
acting on the compounds in the feed. Gas separation
in  membranes occurs due to differences in
permeability of the species flowing through the
membrane. Membranes used for gas separation can
be broadly categorized into porous, dense and
composites. For successful application, membrane
materials must strike a balance between reasonable
mechanical strength, high permeability and selectivity
[11].

4.1 Micro porous membranes

Micro porous hydrophobic membranes are
most often used in gas transfer applications because
they provide high gas permeability, while not
allowing transport of water across the membrane.
Micro porous hydrophobic membranes are available
with pore diameters between 1000 and 10,000 °A
[11]. The membrane pores remain gas filled and
compounds transfer from the gas stream through the
membrane pores by gaseous diffusion, usually the
ratio between gas and liquid diffusivity is about 104,
At excess liquid side pressure above the critical

pressure ( Pcr), water enters the pores of the
membranes, significantly decreasing mass transfer
rates [12]. Gas side pressure greater than the bubble
point results in bubble formation in the liquid phase
[13]. Within the excess pressure range of 0—Pcr, the
gas-liquid interface is immobilized at the mouth of
the membrane pore on the liquid side [10].

4.2 Porous membranes

Porous membranes have a well-defined static
pore structure; it can be highly connected, non-
connected or straight. Membranes can be classified
according to their pore size as macroporous (>500A°
) and mesoporous (500-20A° ) [14]. The mass
transfer coefficient for the porous membrane type can
be calculated as follows:

A

=
or,,

(4

With D being the diffusion coefficient is the
gas phase (m2 s—1), € the porosity, & the membrane
thickness (m) and tm the tortuosity. The tortuosity is
a measure for the shape of the pores. Across these
pore size regimes, gas transport in membranes may
occur via different mechanisms such as Knudsen
diffusion, viscous and surface diffusion [8]. Porous
membranes have lower mass-transfer resistance than
dense ones, but a disadvantage of these is biofouling
[15].

4.3 Dense membranes

Dense membranes rely on physical-chemical
interactions between the permeating compounds and
the membrane material. In dense polymeric materials,
solution-diffusion is widely accepted to be the main
mechanism of transport [16-19]. The mass transfer
rate through a dense membrane depends on the
solubility and the diffusivity of the permeating
compound in the dense matrix [5,8]:

_P_SD,
s ) (5)

where P is the permeability of the dense matrix
(m2 s—1), S the solubility coefficient or gas-
membrane partition coefficient (gm—3
membrane/(gm—3 gas)) and Dm is the diffusion
coefficient through the membrane (m2 s—1). For each
compound, the solubility and diffusivity are different,
depending on the specific interactions between the
compounds and the membrane. The transport
mechanism is generally considered to be a three-step
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process. In the first step the gas molecules are
absorbed by the membrane surface on the up-stream
end. This is followed by the diffusion of the gas
molecules through the polymer matrix. In the final
step the gas molecules evaporate on the down-stream
end. Dense membranes are limited to polymeric
materials, such as latex, silicon rubber,
polypropylene, and polyethylene, etc. They can be
operated at high gas pressure, and are resistant to
chemical as well as mechanical abrasion [11,20].
Dense membranes have also been shown to be more
resistant to biofouling than porous membranes
[21,22], possibly because of the hydrophobic nature
of membranes resists attachment of microorganisms.
The diffusion of gas through a dense
membrane can be expressed by Fick’s first law:

7=2(%) ©)

where J is the flux of the gas through the
membrane, D the diffusion coefficient in the
membrane, and dC/dx is the concentration gradient of
the gas across the membrane. At steady state, the flux
is a constant. If D is assumed to be constant, Eq. (6)
can be integrated to give:

J:D[%) (7)_

whereC0O andC1 are the concentration of the
gas on the upstream and down stream ends,
respectively, and | is the thickness of the membrane.
At low pressure, concentration of the gas in the
membrane:

C=SP (g

where S is the solubility constant and P is the
pressure of the gas. By substituting Eq. (8) into Eq.
(7) we can get:

s=psth=h
! ©)

where P is the permeability of the gas and

according to Eq. (9) can be defined as:
P=DS (10)

The permeability is therefore, a product of the
diffusivity and solubility coefficient of the gas
species. The diffusion coefficient (D) and the
solubility coefficient (S) may both be function of
concentration, so the theoretical analysis becomes
more complicated. The idea of permeability being the
product of a solubility term and diffusivity term is
quite general. In Table 1, permeability and solubility
coefficient of gases and vapour through PDMS are
summarized. In gas separation with membranes,

selectivity is defined as the ratio of individual gas
permeabilities. The selectivity can therefore be
viewed as a function of differences in both the
diffusivity and solubility coefficient of the two gases.

4.4 Composite membranes

A composite membrane combines the best
characteristics of both dense (better interface) and
porous materials (better mass transfer). Mass transfer
characteristics for composite membrane are:

1 &5 &1, 1 &,
L R P /S

km }’c De Ka Vad (11)
where Pc is the permeability through a

composite membrane (m2 s—1), & the membrane
thickness (m), 6s and &t represent the thickness of
porous support layer and dense top layer of the
composite membrane (m), respectively, tm the
membrane tortuosity, a the additional interfacial
resistance (sm—1), km the mass transfer rate in
membrane (m s—1), D the diffusion coefficient of
compound in gas (m2 s—1), and P the permeability
through dense membrane (m2 s—1). In a composite
membrane bioreactor, a porous layer is used as
support, while the thin

Table 1: Permeability and Solubility Coefficient of
Gases and VOC in Polydimethylsiloxane
Membrane Arranged in Order of Decreasing
Value for Henry’s Law Coefficient

Compoun Hat25 P (m2 S Referen
0 32 32 0.00691x1 ..
o2 nr 0036x10 143 [24]
ET . 0.028%10 253 [24.25]
DMS 0.087°  0561x10 928 [24.25]
TCE 035t 1434107 360 [24.25]
TOL 0.22 5.1><10'7 202 [24.25]
DCM 0.12 5.6x10°  nr. [26]
DCE 005  3.8x10° nr [26]
PROPN  0.0002 3.7¢10° qr [27]
EOH 00002 11x1071 nr, [27]
MeOH 00001 49x102 nr. [27]
Compounds: ET: ethylene; DMS:

dimethylsulfide; TCE: trichloroethylene; TOL:
toluene; DCM: dichloromethane; DCE:
dichloroethane; PROPN: propanol; EOH:ethanol;
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MeOH: methanol; n.r.. not reported or not
sufficient data to calculate.
% Ref. [28].

b Ref. [29].

Permeability and solubility coefficient of gases
and VOC in polydimethylsiloxane membrane
arranged in order of decreasing value for Henry’s law
coefficient dense layer prevents microbial growth
through the membrane. Hydrophobic microporous
membranes coated with a thin layer of silicone have
also been investigated [10]. The thin silicon layer
increases mass transfer resistance but also decrease
biofouling. The membranes are manufactured as
small diameter (200-400_mi.d.) hollowfiber bundles
that provide surface area to volume ratios as high as
30-100 cm—1 [10]. Different types of composite
membranes have been proposed to enhance
membrane performance. A flat sheet composite
membrane consisting of a dense
polydimethylsiloxane (1 or 2.5 _m) top layer on a
polyvinylidene fluoride (210_m) support layer has
been used for toluene removal [2,4,23]. De Bo et al.
[2] used a flat sheet composite membrane consisting
of a porous zirfon (polysulfone membranes
containing ZrO2 filters) support layer (175 _m)
coated with a thin dense polydimethylsiloxane top
layer (17_m) for dimethylsulfide removal.

5.0 Mass Transport in Biofilms

Biofilms are assemblages of single or multiple
populations that are attached to abiotic or biotic
surfaces through extracellular polymeric substances
(EPS) [30]. Several studies have determined the
composition of communities present in biofilms in
various environments [31-37]. The diffusion
processes that occur within a biofilm matrix are
dependent on thewater-binding capacity and mobility
of the biofilm. The matrix displays a high degree of
microheterogeneity because of the numerous
microenvironments that co-exist within it [38]. The
spatial distribution of the diverse dissolved and
particulate components through the biofilm matrix
and the shape of its external surfaces influence the
rates of the occurring bioconversions and the stability
of the biofilm in terms of resistance to mechanical
stress [39]. Other morphological features such as
biofilm thickness and voids are also important [40—
43]. Thick biofilms have high mass transfer
resistances which reduce the flux of pollutant across

the membrane. The effect of biofilm thickness has
been studied experimentally [43] and by modelling
approach [44]. Biofilm activity may also be affected
negatively by roughness in the biofilm shape, an
effect studied both experimentally [42] and by
modelling approaches [45,46]. The phenomenon of
mass transport in biofilms is influenced by biofilm
structure, which in turn depends upon the local
availability of substrate. Solute transport in biofilms
is driven by diffusive transport within the denser
aggregates and potentially convective transport
within pores and water channels [47]. Biofilm
structure is of special importance in the operation of
biofilm reactors and strongly influence mass transport
mechanisms within biofilms.

A quantitative understanding of how biofilm
structure is linked to mass transport is essential for
understanding of biofilms. Diffusion has been shown
to dominate mass transport in many biofilm systems.
Two main approaches can be used to relate biofilm
structure to mass transport. One approach is to
explicitly describe the complex three-dimensional
structure of the different biofilm components, which
can be obtained from direct imaging of biofilms
[48,37] or from mathematical modelling [49,50].
Another approach is to relate the overall biofilm
diffusion to the biofilm structure based on macroscale
parameters such as overall biofilm density or
porosity. A disadvantage of the latter approach is that
the spatial resolution of three-dimensional biofilm
structure is lost.

However, the advantage is that established
methods are available to measure parameters
describing the overall biofilm structure and the
overall diffusion coefficients. Biofilms are mainly
composed of water and the macroscale diffusion
coefficient for the biofilm (DF) is often related to the
diffusion coefficient in pure water (DW), where fD is
diffusivity ratio [51]:

D,=F.D, (12

Three main approaches have been used to
quantify  diffusion  coefficients in  biofilms
experimentally: (1) the two-chamber method [51], (2)
microelectrode measurements [52-54] and (3)
quantification of the overall substrate removal and
assuming a substrate conversion rate inside the
biofilm [55].

These three methods have been applied to a
variety of biofilms ranging from biofilms grown
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directly on membrane surfaces [56] to detached
biofilms or activated sludge filtered onto a membrane
[51]. Several reviews on diffusion in biofilms have
summarized the available data [57-61].

However, it is only during the last decade that
transport in biofilm systems have became a focus of
interest for researchers in the field of bioremediation.

5.1 Biofilms in gas phase bioreactors

To date, little information exists about biofilm
structure in bioreactors for waste gas treatment.
Moller et al. reported on the structure of multispecies
biofilms in a toluene-degrading biotrickling filter.
Pseudomonas putida, the main primary pollutant
degrader was present throughout the film, most
probably because of large void channels in the
biofilm allowing increased oxygen and toluene mass
transfer.

In situ toluene degradation activity of P. putida
was found to be lower in biofilms than in suspension
[37]. In another investigation reported by on biofilm
structure of biotrickling filters and biofilters was
determined in situ using computed axial tomography
(CAT) scanning.

The results show heterogeneous interfaces
with air/water channels, image analysis allowed to
calculate the gas/biofilm interfacial area [62].

However, such experience from the existing
biofilm systems could lead to a better understanding
of pollutants mass transfer in membrane bioreactors
and ultimately to improve bioremediation process.

6.0 Development of Membrane Bioreactors in
Biological Waste Gas Treatment

In Table 2 entries include reactor design,
operation and performance parameters, observed
range of individual pollutants, reactor dimensions,
types of membrane, and inoculum type. Laboratory
studies have demonstrated biodegradation of
compounds with a broad range of air—water
partitioning coefficients (five orders of magnitude).
Efficient removal as single pollutants in synthetic
waste air streams has been demonstrated for odorous
sulfur, aromatic, and chlorinated compounds.

The removal of poorly biodegradable
compounds (such as DCM, DCE) and compounds
that require cometabolism like TCE has also been
observed [65-67].

Operating results in terms of EC are
comparable to other conventional biological
techniques, with a wide range of values reported. The
ECs of the VOC undergoing treatment depend on
many factors related to the design and operation of
theMBRWG, as well as the properties of the
pollutants. In particular, the water solubility and
pollutants Henry coefficient are important. For easily
biodegradable VOCs such as toluene, ECs of up to
397gm—3 h—1 can be obtained [23]. Hydrophobic
VOCs are usually removed slower because of mass
transfer limitations. In addition, EC can also be
limited by biological reaction rate, that is, in the case
of poorly biodegradable and/or toxic pollutants.
Interestingly, some poorly biodegradable VOCs such
as DCE, require a long start-up phase (months rather
than days) before significant removal is observed, but
once the reactor reaches steady state, the EC is
comparable to that of more easily biodegradable
pollutants [76,77].

Given that mass transfer limits most such
systems, the flux limits EC. Reported VOC fluxes are
roughly 100 gm—3 h—1 in systems using single
membranes, so much higher ECs can be achieved
with systems using commercial designs with high
specific areas (membrane area per reactor volume). In
addition to good ECs at gas residence times of
seconds, membrane biofilters are clearly able to
operate under high pollutant loads and high pollutants
concentrations. At high mass loading (short residence
times), MBRWG become mass transfer-limited rather
than biologically limited, as is observed at low mass
loading [4,23].

As with biofilters the kinetic limitation may be
due to either the electron acceptor or donor. Both
enter the active biofilm from the membrane side, so
the relative ratios of diffusion coefficient and
degradation stoichiometry determine limitation, as is
seen even in trickling filters. Van Langenhove et al.
[4] reported that ammonia, provided as a nutrient
from the liquid side, might decrease EC, perhaps
because nitrifiers compete for oxygen with
heterotrophs degrading organic contaminants. A
variety of membrane materials have been used in
MBRWG, such as PDMS, PP and PE. Membrane
materials are selected to provide high specific surface
area and selected separation. Some membranes
provide satisfactory support for the bacterial growth
and this consideration is generally not a problem.
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Depending on the inlet concentration and EBRT,
removal efficiencies of individual compounds in
MBRWG can be near 100% One point of concern is
that VOC concentrations are too low to sustain an
active, population degrading the VOCSs. This may be
of particular importance in MBRWG.

Biofilms inMBRWGdo showsome aging [43].
For example, clogging was reported when the liquid
phasewas on the tube side of HFMBR [5]. However,
consistent removal has been reported for such
systems in operation for at least 1 year. Another
temporal issue is the aging of the membrane material.
A decrease in the permeability of dense phase
silicone rubber used intermittently over 2 years, and
apparent intrusion of organisms into microporous
membranes have been reported in a number of studies
[15,78].

Little study has explicitly been made of the
response of the membrane bioreactors to transient
loads. Three important time dependent conditions
exist for bioreactors: startup response, response to
varying loads, and long-term performance. Startup
generally accomplished by inoculation with an

acclimated suspension, followed by a rapid
development of activity, with apparent steady-state
performance after 1-2 weeks [3]. During this startup
period, an initial high removal at 1-2 days is
apparently followed by a decline in performance,
attributed to either starvation in the liquid phase as
the forming biofilm inhibits mass transfer, or to
changes in the membrane due to swelling.

MBRWG appear to respond well to diurnal
loading based on a 40-h week [70,78]. A number of
investigators have shown that MBRWG respond well
to changing loads, with new steady states established
in a few days, but have not reported results during
this transition period.

Finally, comparison of the studies in Table 2 is
very difficult because of different reactor
configuration or operation and the rates of removal
are highly pollutant/substrate dependent. Caution is
needed in interpreting the results because the varying
methodologies used in the respective studies raise
difficulties for making comparisons.

Table 2: Membrane Bioreactors for Biological Waste Gas Treatment Arranged in Order of
Increasing Values for ECm,max Per Compound

H: Ref Time Inoculum (co- Reactor Set-up Experimental Reactor Performance
(days) substrate); Conditions
at 25
«C b="niofilm, s = Configuration, A(m®) @ @ (m2 Cin T(s) ECmma LRm (%) Ref
suspend. Type, Material (m2 m-3) (mgm— X
m-3) 3) (gm-2
cells (gm—2 day-1)
day-1)
Compounds  5gx10- nr. nr. b C, NP, PDMS 12 nr 60 10— nr. 10 52 20 [75]
3 2600
MeOH
BuOH 36x10- 1 nor Activated shidge b C. NP, PDMS 031 1000 26 414 3.0-80 5.8 73 80 [76]
3
135 Actiwsbed sledga bi R FAD 2 A | 55 «17- [F et a1 475 fa [3]
135
] Actiwnbed shadga bC, R FA0 anls 1500 92 IR 6 1547 4148 3% [30]
s
HH:2 SEulr I 13 Activebed shadga bHF.F, P Qs annd  1X & 04 LUk 02s i ]
1 a 05
DCE gl FI ¥a. fadctrophicus b AW, HF, 15 250 ms B50 B-1E0 LEx] s o [11]
ano FLads
D s 2 nar Actiwnbed shadga bC, WP, FOME 031 o I &1 2014 filie ] s 3% [25]
| Strnin D21 aF, F.FF it i} S0 ei) HL-] U608 1.6 i? 44 [£3]
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K¥La alr- I ne Actisnbed slodga b, HF, FOME ol i) 36 E L] 30RO L8 ) Lk c] 95 [25]
=== ]
BENE alg T Actisntod slodga bHF, F, FF LiE] 4R 518 TED EE o 16 T 9K [*&]
a
nE Actisnted sludga b, HF, FORE ooz [T [T 1L 5] e e 50 15 [0
40 Actisnbed slodga b, HF, HLE D006 kL &2 L35 n4 &5 &l &0 [*E]
TOL X T 9 Faeudomanes putdls  bHF, F, FE 15 W25 305 ¥ 0R- Lé ILé @1 [<%]
Talla & EE
=1 Faendomonaa (&) aF,F.FF L] SOay 5 15 L6086 1R &1 kL3 [£3]
130 Activated sladga bHF, F, FF 0z b T v i L& 30 &6 kL3 [EH
] ¥ LR
148 Activated sladga b, F, FEM* 0056 33 . i 11 39 A7 fa [<4]
]
ne nr b, HF, FOR{E i2 mr (1] k- nr. 113 &4 30 [1%]
AN
150 Faeudemonss putdls  BHF.FE LB [T [T T4 s nr ar 13 []
Al il b=
kR Peendomonaes putids bk L] SOy i) 320 =M 173 u fe [X¥]
TVAR FLMMESFVDF
ar Actisnted sludga BT, HF, FIME D00 558 K2 EE5 L] B44 T30 20 [
TCE K] T byl OBIh 1 HF, F,FF oarr 5000 i ke L= e OOLR FilicE] 52 [&5]
(ETH) 111 300*
13 Actisnted sludga b, F, Fa D056 = [T b L R ] L2 ] e 53 [&5]
(0L}
1% Actisnted bHF, F, FF oz wos 1 2R 3612 000 ol EH [&1]
(0L} L]
FROF 21 3 @ Ha. Pyl bF.F, FF LB SOy T - os L3 &4 20 [&0]
hlycoba claruim Pyl 1735
k) Fanthobasier Fy2 bF.F, FF L] SOay 5 s s 316 &2 £ 2]
LaEx ]
170 anthobacies Fy2 b, F FF L8 ] 521 &57 L2 T.4-R) 42 113 25 [rx
)
HITE R L. by kbector bF. ne,nr RS Siei] 283 &2 30 oLs ol GE [&]
144 Activabed sludge bHF, F, P QnEa A 1% [ L LIRS 02 4 [82]
a
uit i 80 Hyphomizabiun W8 bs, FiE ] S0 i) B-Es =M 19 A e [
FDMSTE
HEX 12 I me nr b, NP, FOLE 12 [T &l L nr 6 L 20 [75]
2450
Mishee 0 Ferudomonaa putzla bHF F, FF 14 AET N80 TER0- B0 4D L1 4] [15]
TX] & BTEHL 2 [E
BTEX
51 Faendomonea puitels b O NP, FDME ozl 3800 m ol 4315 T3 &4 90 [43]
TX1 & BIEIL birc ]
MeDH nr nr b, NP, FOLE 12 [T &l ia nr 02E 3 1z [75]
TOL [F1 1.2 24 55
HEX Iz ol 3 ?
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Configurations: HF: hollow fibre (i.d. < 0.5
mm); C: capillary (0.5mm< i.d. <10 mm); T: tubular
(i.d. > 10 mm); SW: spiral-wound; F: flat membrane.
Membrane type: P: porous; NP: nonporous; CM:
composite membrane; gas residence time in lumen;
gas residence time in shell and lumen.

Membrane polymer: PP: polypropylene; PSf:
polysulfone; PE: polyethylene; PDMS:
polydimethylsiloxane; NLR: natural latex rubber; PO:
polyolefin;  pores are water-filled; PVDF:
polyvinylidenefluoride; Zrf: zirfon; n.r.: not reported
or not sufficient data to calculate.

References: 1 [73], 2 [29], 3[6], 4 [74].
Compounds: MeOH: methanol; BuOH: 1-butanol;
NH3:  ammonia; BENZ:  benzene; TCE:
trichloroethylene; TOL.: toluene; PROP: propylene;
NO: nitric  oxide; HEX: hexane; DMS:
dimethylsulfide; BTEX: mixture of benzene, toluene,
ethylbenzene and xylenes; DMS: dimethylsulfide;
DCM: dichloromethane; DCE: dichloroethane.

7.0 Challenges for Membrane Technology
Integration in Industrial Processes
Membrane-based  biological waste gas

treatment is scientifically recognized as a suitable

treatment technology.

Membrane bioreactors will be at some point
used because of no gas-phase clogging, high removal
of poorly soluble contaminants,
minimal water requirements, and
elimination capacities.

However, in practice its use is limited, so far
no full scale installation.

The reasons proposed or possibly limiting the
adoption of this technology are mainly membrane
cost and robustness. From our viewpoint, the real
bottlenecks can be summarized as follows:

(i) Cost of the membranes as compared to
conventional biofilter packing, illustrated by
the analysis of De Bo [84].With micro porous
membranes replaced every 3 years, both
capital and operating costs are as much as
tenfold greater than for any other common
waste gas treatment methods.

(i)  The robustness of the technology in terms of
dealing with fluctuating pollutants load, wide
range of temperature and humidity.

competitive

(iii)  Excessive bio film growth is one of the major
drawbacks of membrane bio filters. The
accumulation of biomass can lead to
membrane fouling, resulting in mass transfer
limitation of substrates (VOC and oxygen)
leading to a decline of biomass activity and
finally to the breakdown of the reactor.

(iv)  Lack of demonstrated multiyear performance.

8.0 Conclusions

Membrane bioreactors have opened the
possibility to treat low concentrations of volatile
and/or poorly water-soluble pollutants from waste
gas. Different membrane bioreactor configurations
have been used, i.e. hollow fibre, capillary, and flat
sheet. Selection of membrane material mainly
depends upon the mass transfer properties of gaseous
pollutant within MBRWG. For the successful
application, the membrane material should strike a
balance between reasonable mechanical strength,
high permeability, selectivity and a support for the
microbial population. So far, PDMS membrane has
been reported as a suitable material for the biological
removal of waste gas.

However, all the studies presented in this
review are lab scale studies, and little is known about
the interference of this technology by the presence of
other volatiles in the waste gas. The effects of biofilm
materials on the membrane surfaces in the long run
have not been sufficiently tested. In addition to the
durability of the membrane material, the stability of
the biomass is essential as well.

Future research must focus on removal of
gaseous mixtures, effect of temperature, and humidity
to demonstrate and evaluate MBRWG performance,
both under controlled conditions in lab-scale and
pilot-scale MBRWG placed on industrial sites. As
biofilm morphology is of special importance in the
operation of biofilm reactors, research should also
focus on biofilm material (thickness, location,
diffusion through biofilm, quantification of microbial
population). For the financial implications and
technology developments, the research should also
focus on process design, taking several aspects in to
consideration such as costs, ease to control biomass,
and membrane density.
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