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ARTICLE INFO ABSTRACT

Editor: <Xin Yang> This research investigates a highly efficient compact tubular ceramic-supported carbon-based membrane reactor

integrated with anaerobic biodegradation to decolorize the azo dyes. Two carbon-based membranes, produced

Keyword?: using Matrimid 5218 polyimide and graphene oxide solutions, are evaluated for the comparative color removal
:naeg‘)b‘c process of three structurally different azo dyes, Acid Orange 7 (AQ7), Reactive Black 5 (RB5), and Direct Blue 71 (DB71).
zo dyes

Based on FESEM microscopic images, the average pore size of the tubular ceramic-supported carbonized
membrane (TCSCM) was approximately 25 nm, while for the tubular ceramic-supported graphene oxide mem-
brane (TCSGOM), it was 12 nm. Additionally, TCSCM had a thinner layer at only 1.10 um, while TCSGOM was
slightly thicker at 2.11 pm. These features influenced the permeate flux of the membrane, in which the TCSGOM
exhibited lower permeate flux (18.2 L-m’z-h’l) than the TCSCM (45.6 L-m’z-h’l). However, the anaerobic
decolorization results indicated that the TCSGOM bioreactor (B-TCSGOM) was more efficient and effective at
removing color from all dye solutions than the TCSCM bioreactor (B-TCSCM) over a wide range of feed con-
centrations. In both reactors, the highest decolorization was achieved at low feed concentration (50 mg-L’l), and
removal was 94 % for AO7, 90 % for RB5, and 88 % for DB71 in B-TCSGOM, whereas 88 %, 85 %, and 69 %,
respectively, in B-TCSCM. These suggest that the robust conductive nanoporous surface of B-TCSGOM makes it
more effective at removing different azo dye solutions from wastewater.

Color removal
Tubular membrane

1. Introduction

Textile industries are now one of the pillars of the contemporary
economy. The manufacturing of clothes has increased due to the growth
of the population, and as a consequence, the environmental impact
associated with these processes has also increased [1]. Among the
different textile manufacturing processes, the dyeing process is pri-
marily responsible for water pollution as it uses a high amount of water
to dissolve the azo dyes used to give color. This produces an enormous
amount of wastewater, posing a severe environmental threat. Some azo
dyes may be carcinogenic and cause several allergies [2]. Furthermore,
it is also reported that they can affect neural, cardiac, and pulmonary
systems and as well as cause reproductive problems [3]. The dyestuff
wastewater treatment technologies have evolved over the years, and
they can be divided into three broad categories: advanced oxidation
processes (AOPs), biological treatments, and physicochemical methods.
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The most common physicochemical treatments are ion exchange,
precipitation, and adsorption [4]. In the case of adsorption processes,
the dye molecules are adsorbed over the solid surface. In these cases, it is
essential to point out that they are frequently expensive even if they are
easy to operate. Moreover, their application is limited by the generation
of toxic sludge and its high cost of adsorption disposal [5,6]. On the
other hand, coagulation and flocculation need the addition of a reagent
to produce the aggregation, which also increases the operational cost.

AOPs are treatment technologies that allow oxidizing the organic
compounds present in wastewater by exploiting the reactivity of active
species [7]. The literature has widely studied Fenton, Photo-Fenton, and
ozonation processes [8-10] and shows the dye removal capabilities from
wastewater. However, to optimize and enhance the performance of
these processes, special attention to the process variables, such as pH,
reagent dose, pollutant concentration, temperature, UV source, etc., is
needed [11]. In addition, it may produce secondary pollutants requiring
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to undergo furthermore treatment. Thus, the high operating cost (high
amount of acid and/or base and energy consumption) makes it difficult
to be applied on an industrial scale [12].

Biological treatments are processes in which organic contaminants
act as nutrients for microorganisms [13]. These methods are typically
employed in wastewater treatment plants because of their capability of
removing suspended particles and color as well as keeping the
biochemical oxygen demand at the desired level. These treatments can
be aerobic or anaerobic, i.e., operating with or without oxygen.
Compared to aerobic dye removal, anaerobic decolorization of azo dyes
is an environmentally acceptable way of treating dyestuff molecules.
Effluent is made safe for disposal or reuse as color intensity is lowered
and potentially harmful compounds are removed or broken down [4].
Though the process is less expensive than competing methods, the
process is relatively slow due to the inadequate electron transfer rate
mechanism. Thus, it is economically challenging to remove such con-
taminants in a continuous mode [14].

In recent years, membrane technology has gained the attention of
researchers and has become a potential wastewater treatment process.
Membrane units allow for overcoming some of the mentioned limita-
tions: the smaller size of the equipment, less energy consumption, and
low capital cost. Moreover, it may not use chemicals, thus being an
environmentally-friendly and accessible alternative [15]. However, the
lifetime of the membranes is short, and their surface is exposed to
readily fouling.

A combination of different methods can obtain a better azo dye
removal process. Among all the possible alternatives, coupling mem-
brane technology and anaerobic digestion is an effective solution, giving
rise to anaerobic membrane bioreactor systems [16-19]. This technique
minimized the major obstacle of the conventional anaerobic decolor-
ization process, which was the slow transfer of electrons between mi-
croorganisms and dye molecules (to the azo, hydrogen, and other bonds)
that ultimately hinders biodegradability, and prolongs the residence
time [17]. In these works, the authors used flat ceramic supports to
prepare a carbon-based membrane that usually showed superior chem-
ical and thermal resistance, making them suitable for anaerobic bio-
decolorization of azo and other dyes. It supports microorganisms to
grow biofilm, pollutant immobilization and enhances electron transfer
between bacteria and dye molecules. This triple role is essential in
achieving efficient biodegradation of azo dyes under anaerobic condi-
tions. Though the color removal was comparatively high enough, it may
be insufficient for the large-scale application because of the low
permeate flow. However, it can be overcome using more compact ge-
ometries, for instance, tubular membranes, as they present a greater
surface-to-volume ratio, higher mechanical strength as well as better
resistance to high crossflow velocities.

Therefore, the main objective of this work is to synthesize tubular
ceramic-supported carbon-based membranes. As the first option, one of
the membranes is synthesized by the carbonization of Matrimid 5218
polyimide solution. In turn, the other tubular membrane is made of
graphene oxide by vacuum-assisted filtration of an exfoliated graphene
oxide solution. The novelty of this study is the integration of tubular
carbon-based membranes with the anaerobic biodegradation method to
successfully remove azo dye from dye-containing wastewater, which is
the first time reported to the best of our knowledge. Throughout the
experiments, both tubular membrane bioreactors were investigated for
the anaerobic decolorization of monoazo Acid Orange 7 (AO7), diazo
Reactive Black 5 (RB5), and triazo Direct Blue 71 (DB71) dye solutions
at various feed concentrations.

2. Experimental
2.1. Preparation of tubular ceramic-supported carbon membrane

Ultrafiltration tubular ceramic membranes (inner diameter: 3 mm,
length: 250 mm, molecular weight cut-off: 50 kg-mol™, TAMI
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Industries, France) served as the tubular ceramic support (TCS) for
depositing the carbon layer. The tubular ceramic-supported carbonized
membrane (TCSCM) used 10 % wt. Matrimid 5218 (Huntsman
Advanced Materials, The Woodlands, TX, USA) as membrane precursor
that was prepared by dissolving the desired portion of polymeric pre-
cursors in NMP (1-methyl-2-pyrrolidone, Sigma Aldrich, ref. 328634,
Spain). Fig. 1 illustrates the schematic diagram of the tubular ceramic-
supported carbon-based membrane fabrication. In TCSCM, the poly-
meric layer inside the TCS was formed by flowing (up-flow) of matrimid
solution, in-out, through the membrane, continuously for 60 min (as
shown in Fig. 1a). The membrane was subsequently dried for one hour
and repeated the coating process three times. Afterward, the coated
membrane was dried for 24 h, and then the carbon membrane was
created using the carbonization of the coated membrane at 800 °C in an
inert atmosphere [16].

For the other carbon-based membrane, tubular ceramic-supported
graphene oxide membrane (TCSGOM), the membrane precursor was
exfoliated graphene oxide (GO) solution, which was generated using a
modified Hummer method [20] starting from 20 um of pristine graphite
powder (Sigma Aldrich, ref. 282863, Spain). The porous graphene oxide
layer in the TCSGOM was formed by vacuum-assisted filtration, in-out,
of 3-5 mL of 1 mg-mL~! homogenous GO solution through the TCS in a
filtration cell (MEMBRALOX® ET1-070, Pall Corporation, Bazet,
France). Following filtration for thirty minutes, the membrane was first
dried at 80 °C for 24 h and then at 100 °C for 72 h to obtain a stable and
robust TCSGOM.

2.2. Experimental set-up for anaerobic biodegradation

Fig. 2 illustrates the experimental set-up for the comparative
anaerobic biodecolorization of azo dyes using both carbon-based
membrane bioreactors (B-TCSCM and B-TCSGOM). The monoazo AO7
(ACROS Organics, ref. 416561000, Spain) was used as the first target to
test. Afterward, the second and third were diazo RB5 (Sigma Aldrich,
ref. 306452, Spain) and triazo DB71 (Sigma Aldrich, ref. 212407, Spain)
solutions. The specific dye, Sodium Acetate (Sigma Aldrich, ref. 110191,
Spain), and basal medium were combined to form the artificial feed
solution in each experiment [21]. The basal media, formed by six sets of
microelements (mg-L’l), contained i) MnSO4-H50 (0.16), CuSO4-5 H,0
(0.285), ZnS04-7 HoO (0.46), CoCly-6 HoO (0.26), (NH4)gM07024
(0.285), ii) KoHPO4 (21.75), NapHPO4-2 Ho0 (33.40), KH2PO4 (8.50),
iii) FeCls-6 Ho0 (29.06), iv) CaCl; (13.48) v) MgS04-7 H20 (15.2), and
vi) NH4CI (190.90). All chemicals were obtained from Sigma Aldrich
(Spain) and dissolved in Milli-Q water (Millipore Milli-Q system, Mol-
sheim, France). The source of the anaerobic sludge was the untreated
aerobic secondary sludge from recirculation that was received from a
wastewater treatment plant serving the municipality of Reus, Spain. At
first, the aerobic sludge was stored in an anaerobic environment for one
week so that it might undergo partial digestion. After that, the sludge
was passed through a filter made of glass wool, and then it was allowed
to run through a filter made of paper to obtain a single cell or spore. This
monocellular sludge was once again stored in anaerobic conditions for
further application.

For the anaerobic biodecolorization of azo dyes, the TCSCM and
TCSGOM membranes were inserted in the appropriate filtration cells,
which also perform as bioreactors. Following, 5 mL of anaerobic sludge
was injected inside the tubular carbon-based membranes. In the end, the
bioreactor is properly sealed so that there is no risk of leakage,
contamination, or the presence of oxygen. The continuous flow of
pressurized nitrogen gas (purity >99.99 %, Linde, Spain) into the feed
tank enables the feed solution to be pumped to the bioreactor. It also
contributes to establishing an anaerobic condition in the feed tank. The
gas flow was adjusted throughout the operation to set the trans-
membrane pressure (TMP) and simultaneously provide a negative redox
potential to ensure suitable conditions for the decolorization [22]. A
refrigerator and incubator (Selecta Group SA, Madrid, Spain) were used
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Fig. 2. Experimental set-up for anaerobic decolorization of dye molecules by TCSCM and TCSGOM.

to control the temperature of the feed solution and anaerobic bio-
reactors. Therefore, the temperature of the feed tank and bioreactor was
maintained at 1 + 1 °C and 37 + 1 °C, respectively, to prevent the un-
controlled growth of microorganisms, avoid the consumption of sodium
acetate outside the bioreactor and thus attain the maximum color
removal [23,24]. The compact tubular membrane bioreactors were
operated in a dead-end filtration mode under a constant permeate flux of
0.10 L-m~2h~L Quickly, the biofilm formed over the membrane carbon
layer and adapted to dye, carbon sources, and basal medium. Thus, both
anaerobic biodegradation and membrane filtration occurred simulta-
neously in this novel tubular carbon-based membrane bioreactor.
Throughout the operation, the permeate flow was constantly measured
to keep the constant flux filtration, and two membrane bioreactors
operated at once to compare the anaerobic bioreduction of azo dyes.

2.3. Membrane characterization

The chemical structures of the tubular carbon membranes were
analyzed using the Fourier Transform Infrared (FT-IR) Spectrophotom-
eter (FT/IR-6700, JASCO, Tokyo, Japan). In addition, X-ray diffraction
(XRD) was performed with a Bruker-AXS D8-Discover diffractometer
(Bruker-AXS, Germany; operated under 40 kV and 40 mA to generate
1.54056 A CuK, radiation) to identify the phase purity and crystallinity
of the synthesized tubular carbon-based membranes. Further, the
deposited carbon layer pore size, thickness, and microelements were
examined by a combined Focused Ion Beam-Scanning Electron Micro-
scope (FIB-SEM, Scios 2 Dual Beam, Thermo Scientific, MA USA).

2.4. Analytical methods

Membrane flux, pure water permeance (PWP), and hydraulic resis-
tance were used to determine the filtration performance, which was
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computed using Egs. (1-3),
AV

= A (€9)
J

PWP = — 2

AP 2
AP 1

Hy = — 3
nJ

where J denotes the permeate flux through the tubular membrane
(L-m~2h™Y), V is the permeate volume that passes through the mem-
brane (L), tis the filtration time (h), A the membrane filtration area (mz),
Hp is the hydraulic resistance (m™ 1), AP is the transmembrane pressure
(bar), and y is the viscosity of water (Pa-s).

A UV/VIS4000n Spectrophotometer (DINKO Instruments, Spain)
was used to quantify the decolorization (D) that occurred during the
anaerobic bioreduction of the azo dye, which was then calculated using
Eq. (4).

A, —A
A,

D (%) = x 100 4
A, and A being the absorbance of feed and permeate liquid, i.e.,
before and after the biodegradation process.

3. Results and discussion
3.1. Characterization of tubular ceramic-supported carbon membranes

The functional groups of the TCSCM and TCSGOM were character-
ized by FTIR and are depicted in Fig. 3(a-b). The peaks at 1717.23 cm ™!
in TCSGOM (Fig. 3a) are attributable to the C=0 group, whereas the
peak at 1601.23 cm ™! owns to the presence of the sp? bond for the ar-
omatic C—=C skeletal vibrations. A moderate peak shows the stretching
vibrations of the C-OH bond at 1417.23 cm™!. Another distinctive signal
at 1039.78 cm ™! corresponds to the C-O-C groups, demonstrating that
pristine graphite has been completely oxidized [25]. In Fig. 3b, the
typical FTIR spectra of the polymeric membrane, i.e., before the
carbonization, shows at 2955.12, 1713.23, 1497.31, 1368.98, 1090.01,
and 712.16 cm™ !, the stretch of the methyl group (C-H), C=0, C=C,
C-N-C axial, C-N-C transverse, and C-H (monosubstituted of benzene)
groups, respectively [26,27]. After carbonization, the spectrum does not
show apparent peaks from 3600 to 600 cm™!. This proves that the
polymeric precursor completely decomposes and breaks its chemical

I'ransmittance (%)

—— Polymeric Membrane C=0 C-N
—TCSC
L L A1 L L L
3500 3000 2500 2000 1500 1000

Wavenumbers (cm ')

Fig. 3. FTIR analysis of the a) TCSGOM and b) polymeric precursor membrane
and TCSCM (TCSCM: 10 % wt. Matrimid and TCSGOM: 1 mg-L’1 GO solution).
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structure during carbonization [26,28].

XRD diffractograms of ceramic support (TCS) and carbon-based
membranes (TCSCM, and TCSGOM) are displayed stack-by-stack in
Fig. 4, which were measured under identical operating conditions. When
compared, all of the samples have the same distinctive peaks at 20= 16,
28, 43, 35, 54, and 59°, which are associated with the rutile form of TiOo
[17]. Tubular ceramic-supported carbonized membrane (TCSCM) have
been shown to contain graphitized carbon, as evidenced by peaks at
20= 25.9°, while in TCSGOM, instead of this one, identical peaks at
20= 10° indicate that the GO crystal plane (001) has been formed [18].
In addition, this TCSGOM diffractogram represents the complete
oxidation of all graphite to graphene oxide.

Fig. 5(a-d) shows the microstructural analysis of the two carbon-
based membranes, taken in the top surface and the cross-section.
Fig. 5(a-b) suggests a smooth and defect-free surface for both tubular
ceramic-supported carbonized membrane (TCSCM) and tubular
ceramic-supported graphene-oxide membrane (TCSGOM), although
indeed looks different in pore size. The average pore size of TCSCM was
estimated to be 25 nm, while it was 12 nm for TCSGOM. Consistent with
previous research, the current results indicate that the pore size of a
TCSGOM is smaller than that of a TCSCM. On the other hand, opposite
results were found for the carbon layer thickness, which was deposited
on the top of the ceramic support. The thickness was measured as 1.10
and 2.11 pm, respectively, for TCSCM and TCSGOM. The carbonization
of TCSCM at a high temperature resulted in forming of a thinner carbon
layer than that of TCSGOM [29]. However, the layer was asymmetric,
tightly packed, and strongly attached to the tubular support in both
cases.

3.2. Permeate flux and hydraulic resistance of the tubular carbon-based
membranes

The TCSCM and TCSGOM membrane flux, pure water permeance
(PWP), and hydraulic resistance (Hg) were examined to evaluate the
effect of the carbon layers deposited over the tubular ceramic supports.
Three filtration tests over either TCS, TCSCM, or TCSGOM were con-
ducted within a range of transmembrane pressures (TMP). As shown in
Fig. 6, the TCS, due to the absence of any additional carbonaceous layer,
exhibited the highest permeate flux (197.4 L-m 2h™1) as well as water
permeance (247.3 L-m_z-h_lbar_l) at the TMP of 0.80 bar. With
respect to the other two, the TCSGOM owned the lowest permeate flux,
18.2L-m 2h"!, and PWP, 22.8 L-m~2h '-bar!, which is 90 % and 60
%, respectively, lower than the TCS and TCSCM (Flux: 45.6 L-m~2h~!

—TCS
— TCSCM
— TCSGOM
~
=
<
~
b Characteristic
.g Graphitic peak
& | Characteristic at’ZO =25.9°
E‘ GO peak
at 20 =10°
A}
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Fig. 4. X-ray diffractogram of the tubular ceramic support (TCS) and the
tubular ceramic-supported carbon-based membranes (TCSCM: 10 % wt.
Matrimid and TCSGOM: 1 mg~L’1 GO solution).
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Fig. 5. FESEM microscopy images a-b) the surface of TCSCM and TCSGOM, and c-d) the cross-section of TCSCM and TCSGOM (TCSCM: 10 % wt. Matrimid and

TCSGOM: 1 mg-L ™! GO solution).
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Fig. 6. Variation of membrane flux, water permeance, and hydraulic resistance
as a function of TMP for TCS, TCSCM, and TCSGOM.

and PWP: 56.9 L-m~2h~1.bar™1). The variation of the hydraulic resis-
tance was depicted in Fig. 6, too, as a bar chart. Following the per-
meances, the TCSGOM displayed the highest hydraulic resistance (1.78
+ 0.01 x10'®m™1), while TCS had the lowest (1.62 + 0.01 x10'2m™).

Compared to TCS, the decrease in membrane flux of TCSCM and
TCSGOM is predominantly due to the deposition of an additional carbon
layer on the ceramic support inner surface. Again, the distinction of flux
between these two carbon-based membranes depends on the thickness
and pore size of the carbon layers covering the membrane surface. As
shown in the FESEM images, Fig. 5(a-d), the carbon layer thickness of
TCSCM was thinner than that of TCSGOM. This occurred due to the
presence of NMP in the highly viscous Matrimid solution, which evap-
orates slowly during the carbonization at a high temperature causing the
membrane pores to be larger in size but thinner than the carbon layer
[30]. On the other hand, the exfoliated GO solution partially penetrated

the ceramic support (GO-TiO; region) and slightly blocked the support
pores. Then, it continues growing to form single or several graphene
oxide layers over the tubular support. Amin et al. [16,17] also observed
a similar trend over the flat CSCM that exhibited higher filtration flux
and permeance than flat CSGOM. Owing to the little porous and thick
graphene oxide layer, TCSGOM demonstrated higher hydraulic resis-
tance than the others.

3.3. Role of the membrane type on anaerobic decolorization of dyes

Carbon-based membranes (both TCSCM and TCSGOM) and ceramic
support (TCS) were examined to assess the color removal from the model
azo dye solution. The feed solution contained 50 mg-L ™! of Acid Orange
7 (AO7), and the anaerobic biodegradation was carried out under one-
pass dead-end filtration mode at constant permeate flux
(0.10 L-rn’2~h’1). The three bioreactors operated with TCS, TCSCM, and
TCSGOM are henceforth referred to as B-TCS, B-TCSCM, and B-
TCSGOM, respectively; in turn, another reactor consisting of only TCS
was performed without microorganisms labeled as R-TCS. As illustrated
in Fig. 7, AO7 biodecolorization drastically depends on the presence of
the carbon layer and microorganisms. Compared to R-TCS and B-TCS,
both compact carbon-based membrane bioreactors (B-TCSCM and B-
TCSGOM) demonstrated stable color removal over ten-day periods and
beyond, in which B-TCSGOM was able to decolorize 97 % of AO7
monoazo dye at the highest whilst B-TCSCM stabilized at around 90 %.

Just at starting, instantaneously, all the reactors showed good dye
removal efficiency. Still, after 12 h of operation, the decolorization
abruptly dropped from 70 % to 33 % for B-TCS and 65-15 % for R-TCS.
Finally, after two days, both R-TCS and B-TCS, the bioreactors exhibited
nil capacity to remove any color. In the initial phase of decolorization,
the dye was mostly adsorbed by the membrane surface. However, this
process cannot be considered as the true decolorization process. The
effectiveness of removing color reduced significantly after the mem-
brane became saturated, except for two types of membrane bioreactors:
B-TCSCM and B-TCSGOM. These are tubular ceramic-supported
carbonized and graphene-oxide membrane bioreactors, respectively.
This suggests that the non-modified ultrafiltration ceramic support
(TCS) cannot generate the required stable biofilm for effective dye
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Fig. 7. Anaerobic decolorization of AO7 in TCS reactor and TCS, TCSCM, and
TCSGOM  bioreactors. Flux =0.10L-m 2h™!, [AO7], =50mgL!
and T = 37 °C.

removal or filter out dye molecules from the feed solution, as the pores
are comparatively larger than the dye molecules, to facilitate the pore-
blocking filtration mechanism. Even though B-CS was operated with
microorganisms, the intended biodecolorization did not happen because
of the absence of an active biofilm. Like R-TCS, it is possible that the
bacteria were washed out before a biofilm could form due to the small
size of their cells compared to the pores in the support material. In turn,
after three days of operation, the decolorization in the carbon-based
membrane bioreactors remained highly stable throughout the experi-
ments. It appears that the nanoporous carbon layer of both carbon-based
membranes was well suited for the anaerobic decolorization process
under these conditions. As elsewhere stated [31,32], these membranes
perform a triple role: they support microorganisms to grow a biofilm,
immobilize and retain the pollutants, and enhance electron transfer
between bacteria and dye molecules under anaerobic conditions.

The degradation mechanism in this integrated anaerobic degrada-
tion of azo dyes comprises two steps: the bacteria initially use the sub-
strate to produce electrons, which are subsequently transported to the
dye molecules in order to break the azo bonds. The electron-generating
bacteria adhere to the membrane and keep building the biofilm. Thus,
the conductive carbon-based membranes accelerate electron transfer
between microorganisms and azo dyes, enhancing degradation and dye
removal efficiency. In the biodecolorization of azo dyes, it is essential to
note that the m-conjugated structure in the tubular graphene oxide
membrane plays a crucial role as an electron transfer intermediator or
redox mediator [33]. As a result, the graphene layers are more
conductive than the carbonized matrimid layer, resulting in a quicker
electron shuttle mediator effect [34]. In addition, the TCSGOM is formed
with hydroxyl, carbonyl, and epoxy groups at its base plane and
carboxyl groups at its lateral edges, which provide strong absorbing
affinity to azo dyes and allow the bacteria to immobilize at its large
surface due to good biocompatibility [35].

Moreover, some of the electrons were accepted on the graphene
oxide membrane surface. At this point, the microbial consortium turned
the GO into rGO (reduced graphene oxide). After the azo dyes were
broken down, the rGO turned into GO, and the cycle started again [36].
Thus, the enhanced microbial metabolism in TCSGOM provides a higher
anaerobic decolorization than the others [37]. Contrary to findings in
some previous research [38,39], graphene oxide has not shown a
detrimental effect on bacteria, allowing biofilm growth and attachment
over the membrane surface.
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After each biodecolorization experiment, backflushing of Milli-Q
water was conducted for 30 min at 2 bar to clean the membrane,
which was able to remove any dye molecule adsorbed on either the
carbonaceous layer or the ceramic support, as well as to wash out the
biofilm from the membrane surface. This allowed the membrane to
recover the initial permeate flux without any noticeable structural
changes or loss caused by bioreduction activity. Thus, the used mem-
brane can be utilized for future experiments.

3.4. TCSCM and TCSGOM performance for decolorization of azo dyes

The effect of feed concentration on the biodecolorization perfor-
mance was investigated for the three structurally different azo dyes
(monoazo AO7, diazo RB5, triazo DB71) using both B-TCSCM and B-
TCSGOM. Three different feed solution concentrations were explored in
the experiments: 50, 75, and 100 mg-L_l. In all cases, the bioreactors
were operated under a constant permeate flux of 0.10 L-m~2h ™!, which
was controlled by adjusting the TMP regularly.

Fig. 8(a-i) illustrates the extent of the color removal for the three dye
solutions during a one-month operation. As expected, it can be seen that
the decolorization depends on the feed concentration, the number of azo
bonds, and, probably, the other functional groups present in the dye
molecules. The decolorization performance was also significantly
influenced by the type of carbonaceous layer. Logically, irrespective of
the feed concentration, the monoazo AO7 gave the highest color
removal, 92-97 % in TCSGOM and 75-90 % in TCSCM. Table 1 collects
the dye removal and decolorization rate for the B-TCSCM and B-
TCSGOM processes using the different feed concentrations and dyes.
Notably, as feed concentration increases, decolorization decreases, but
the hourly normalized amount of decolorized dye increases. Regardless
of the membrane bioreactor, the maximum amount of dye removal
(9.2 mg-m~2h! for B-TCSGOM and 7.5 mg-m™~2h ! for B-TCSCM) was
obtained for 100 mg-L ™! of AO7, while DB71 at the same feed concen-
tration gave the lowest 6.2 and 7.8 mg-m~2h~! for B-TCSCM and B-
TCSGOM, respectively.

Overall, color removal was significantly higher and more stable in all
experiments in the bioreactors operated with the tubular graphene oxide
membrane. Under the same operating condition and feed solution, the
reason for the superior performance of TCSGOM than TCSCM may be
attributed to its superior conductive surface, which enhances the role of
a redox mediator due to its better electron transfer capacity during
biodegradation. This way, it boosts the quick electron transfer from the
bacteria to the azo bonds, followed by breaking the azo bonds of dye
molecules to give a colorless product [40]. Moreover, for any azo dye
and feed concentrations applied, B-TCSGOM adapted very well to
increasing concentration and removed color significantly better than
TCSCM does. However, in both bioreactors, the biofilm was almost
equally stable to give a consistent degradation rate and rapidly reac-
tivated after each increase in feed concentration. Overall, the integrated
system has a very robust operational performance.

There is evidence that the decolorization of azo dyes generally de-
pends on the existence of one or more azo bonds connected to sulpho-
nates, -OH and -NHj groups, and on the molecular weight of the dye
molecule [41,42]. The triazo DB71 contains three azo bonds as well as
more chromophores and auxochromes groups than AO7 and RB5. The
increased presence of such reactive groups in the dye readily reduced
microbial growth [43]. Additionally, compared to monoazo dye, the
more significant toxicity in diazo and triazo molecules resulted in a
decline of the decolorization effectiveness by ruining the biofilm or
active sites of the microorganisms. This was also found in the present
research work. Thus, Fig. 8(a-i) shows that the decolorization rate
worsens (90-80 % for B-TCSCM and 97-88 % for B-TCSGOM) when the
feed solution contains more azo, aromatic, and functional groups.
Accordingly, for both bioreactors, the steady color removal followed the
order: AO7 > RB5 > DB71. Franciscon et al. [44] and Amin et al. [16,
17] previously observed that the monoazo dye removal was faster and
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Fig. 8. Anaerobic decolorization of Acid Orange 7, Reactive Black 5, and Direct Blue 71 at 37 °C for various feed dye concentrations; a-c) 50 rng-L’l, d-f) 75 rng-L’1
and g-i) 100 mg-L~1. TCSCM: 10 % wt. of Matrimid and TCSGOM: 1 mg-mL ™! of GO.

Table 1
Summary of the decolorization and removal of azo dyes.
B-TCSCM B-TCSGOM
Dye Concentration (mg-L™!) Decolorization Dye Removal Rate (mg-m~2h™1) Decolorization Dye Removal Rate (mg-m~2h~1)
(%) (%)
AO7 50 90 4.5 97 4.9
75 84 6.3 94 7.1
100 75 7.5 92 9.2
RB5 50 84 4.2 90 4.5
75 77 5.8 85 6.4
100 69 6.9 82 8.2
DB71 50 80 4.0 88 4.4
75 69 5.2 84 6.3
100 62 6.2 78 7.8

more efficient than diazo and triazo using anaerobic bacterial bio-
reduction processes, while a similar trend was also obtained by Garcia
et al. [45] using the electro-Fenton method. Once again, it was evident
that faster electron transport is crucial for the anaerobic decolorization
of azo dye solutions.

As expected, the dye removal was better in the bioreactors operated
at a low feed concentration. For instance, the adverse effect of a growing
feed concentration on the dye removal of B-TCSGOM was followed (as
shown in Fig. 8) by increasing the feed concentration first from 50 to
75 mg-L ™! and later up to 100 mg-L™!. Hence, the decolorization for the
AQ7, the RB5, and the DB71 solutions declined from 97 % to 92 %,
90-82 %, and 88-78 %, respectively. A similar trend was obtained for B-
TCSCM, where the reductions were as follows: 90-75 % for AO7, 84-69
% for RB5, and 80-62 % for DB71. It is well-known that a low feed
concentration in the reactor system allows the dye molecules to interact
more suitably with bacteria to reach significant biodegradation [46].
Under these circumstances, the biomass present was adequate to support
almost complete bioreduction. On the other hand, increasing feed con-
centration in the bioreactors introduces a higher dye load with addi-
tional chromophores and auxochromes content in the anaerobic
biodegradation pathways.

Therefore, excess amounts of these functional groups (-SOsH, -R,
-NHj, -SOoNHjy, etc.) severely reduce microbial growth in the reactors,
consequently lessening the decolorization performance [47-49]. In
addition, the toxic substances can limit the biomass load and

microorganism tolerance, which lowers the decolorization rate, too.

This trend was already observed in our previous research, where the
anaerobic decolorization of azo dyes was performed using flat ceramic-
supported carbonized Matrimid and graphene oxide membrane bio-
reactors [16,17]. Using CSCM, the biodecolorization achieved in those
experiments was 36-57 %, 30-42 %, and 26-34 % for AO7, RB5, and
DB71, respectively. In comparison to the flat membrane bioreactor [16],
TCSCM demonstrated about 33 %, 50 %, and 66 % greater dye removal
rates for AO7, RB5, and DB7, respectively. The tubular bioreactor pro-
vides better coverage and roughness, where the surface area of the
biofilm and the amount of biomass are increased; this contributed to
improving the decolorization rate. However, comparing B-TCSGOM to
B-CSGOM, i.e., tubular versus flat, except for the higher amount of
filtered liquid, the percentage of color removal was almost identical
[17]. On the other hand, the degree of decolorization declines as the feed
concentration increases. However, the amount of dye removed
increased steadily, and the highest dye removal in absolute terms was
obtained with 100 mg-L’1 of each azo dye solution (Table 1).

4. Conclusions

To summarize, two tubular carbon-based membranes to be used in
bioreactors were successfully prepared using a carbonized polymer
precursor (TCSCM) or graphene oxide (TCSGOM) over a ceramic
filtration element as support by means of easily scalable procedures. The
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TCSGOM had a water permeance of 22.8 L-m~2-h~!-bar !, showing that
the GO membrane nanoporous surface was responsible for its lower
permeance than the tubular support and TCSCM.

The overall performance of TCSCM and TCSGOM was evaluated with
different types of azo dyes (mono-, di- and tri-azo dyes) and several feed
concentrations. In all experiments, regardless of the type of azo dye and
operating conditions, the TCSGOM bioreactor gave better color removal
than the TCSCM. The highest biodecolorization using B-TCSGOM was 97
% for AO7, 94 % for RB5, and 92 % for DB71 at the lowest feed con-
centration; in turn, for B-TCSCM, it was 90 %, 84 %, and 80 %,
respectively. Based on the research conducted, it has been found that the
graphene oxide layer in the TCSGOM bioreactor has a superior electron
transfer mechanism compared to the carbonaceous layer in the
matrimid-based TCSCM bioreactor. Moreover, the GO layer at the
nanoscale facilitates the formation of durable biofilms and improves the
efficacy of retaining dye molecules and byproducts of biodegradation.
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