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Abstract: This study used a novel integrated technology of ceramic supported carbon membrane
(CSCM) to degrade azo dyes through an anaerobic mixed culture. The CSCM worked simultaneously
as biofilm support, redox mediator, and nano-filter to enhance the dye decolorization efficiency. The
decolorization of Acid Orange 7 (AO7) was initially investigated with and without microorganisms
in both ceramic support (CS) and CSCM reactors. The CSCM bioreactor (B-CSCM), operated with
microorganisms, gave a maximum decolorization of 98% using a CSCM evolved from 10% weight
(wt.) of Matrimid 5218 solution. To know the influence of permeate flow, feed concentration, and
dye structure on the decolorization process, different B-CSCMs for dye removal experiments were
studied over monoazo AO7, diazo Reactive Black 5 (RB5), and triazo Direct Blue 71 (DB71). The
highest color removal, operated with 50 mg·L−1 feed solution and 0.05 L·m−2·h−1 of permeate flux,
was 98%, 82%, and 72%, respectively, for AO7, RB5, and DB71. By increasing these parameters to
100 mg·L−1 and 0.1 L·m−2·h−1, the decolorization rate of dye solution still achieved 37% for AO7,
30% for RB5, and 26% for DB71. In addition, the system was run for weeks without apparent loss of
activity. These findings make evident that the combined phenomena taking place in CSCM bioreactor
result in an efficient, cost-effective, and ecofriendly azo dye decolorization method.

Keywords: anaerobic biodegradation; azo dye; carbon-based membrane; decolorization

1. Introduction

Azo dyes represent the largest class of dyestuffs used in textile, paint, food, phar-
maceuticals, and cosmetics industries in different stages. Every year, approximately a
half-million tons of dyes are used worldwide, of which about 15% are later found in the
effluent streams. This fact poses an enormous threat to the environment, especially due to
water pollution [1]. The degraded product or byproduct of the dyes generated from this
undesirable discharge poses an adverse effect on the water quality by increasing the color,
toxicity, biochemical oxygen demand (BOD), and chemical oxygen demand (COD) [2]. This
contaminated water obstructs sunlight transmission, which causes a severe problem for
photosynthetic organisms [3]. In addition, wastewater also does significant genotoxic and
carcinogenic damage to human health [4] in addition to aquatic life [5]. With the limited
supply and rising demand for water for the agricultural and industrial sectors, the situation
is getting out of hand [6]. Therefore, wastewater treatments need to be implemented
for a safe and healthy aquatic environment by keeping contaminants within permissible
limits [7,8].

Generally, azo dyes in the aquatic environment behave as xenobiotic and recalci-
trant compounds creating a massive barrier to potential treatment [9]. Several removal
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or decolorization methods based on physical, chemical, physico-chemical, and biological
processes were previously examined independently or in combination to resolve this prob-
lem and decolorize the azo dyes [10–13]. Photocatalytic degradation [14], Ozonation [15],
Advanced Oxidation Processes [16], and a combined photocatalytic and electrochemical
oxidation process [17] are among the most widely applied chemical methods used in recent
years. For instance, Montanaro et al. [18] reported the efficient coumarin degradation
using UV-assisted electrochemical oxidation on boron doped diamond anodes. Yet the
acceptable cost and the ineptness of a large-scale operation still make it incompatible for
practical application. The ozonation process was shown to be an improved process to
amend the biodegradability by reducing the color and COD [19,20]. Although this process
reduced the overall volume and sludge, it is quite expensive due to the high operating cost
associated with the generation of ozone [21]. Electrochemical oxidation [22] and Fenton
peroxidation [23] are the most used advanced oxidation processes, all of them efficiently
able to decrease COD, color, and toxicity [24]. However, excess sludge formation later
requires its disposal or secondary treatment. The same difficulty was also experienced
with the coagulation-flocculation system [25,26]. Conventional methods like activated
carbon adsorption and filtration techniques were also extensively applied in the textile
industry [27,28]. The nature and solubility of the azo dyes in this treatment process increase
the filtration resistance and cake filter that raise the operating cost [29,30]. In comparison, a
quite quick and convenient approach is membrane separation [31,32]. This process is still
confined due to membrane fouling and a high operating cost, in addition to its inherent
non-destructive nature. Microorganism-assisted biological methods in aerobic or anaerobic
environments are often appealing and effective systems to decolorize the azo dyes in
wastewater [33].

Recently, more attention has been paid to the anaerobic decolorization of azo dyes
for treating industrial wastewater [34]. Compared to the pure culture, the use of mixed
microbial consortium in the anaerobic reactor shows efficient decolorization, as it is more
capable of handling the heterogeneity of micropollutants in industrial effluents [24,35].
Though the bioreduction of dye and subsequent color removal was quite significant, the
process is relatively slow. Using redox mediators, which improves the transfer of the
electron from electron sources to dye molecules, considerable dye removal is achieved at a
shorter residence time [36]. For example, flavin enzyme cofactors and quinone compounds
as redox mediators have widely demonstrated a positive impact on the anaerobic dye
decolorization system [37,38]. Apart from these, carbonaceous materials act as a redox
mediator and essential physical support for the microorganism to form a biofilm. Granular
or powdered activated carbon was effectively examined in a variety of anaerobic decol-
orization methods such as MBR [39], packed-bed [40], upflow anaerobic packed bed [41],
continuous flow stirred-tank [42], upflow anaerobic sludge blanket [43], and membrane
bioreactors [44]. Some significant problems were noted due to over biomass production,
pore blocking, and drag of microorganisms through the effluent stream. Further secondary
treatment is needed to get rid of this, which again raises the treatment expenses.

The current work is aimed to establish a novel anaerobic azo dye decolorization
method, taking into consideration all the above drawbacks and the benefit of activated
carbon. The proposed methodology integrates membrane separation and bio-reduction
processes by the inoculation or formation of anaerobic biofilm on top of ceramic-supported
carbon membranes. This compact single unit reactor concept is able to generate highly
treated effluents without needing additional purification steps. As a result, it presents
a relatively low-cost treatment process with enhanced disposal performance. To accom-
plished this, the azo dye removal method was performed by coupling CSCM and an
anaerobic bioreactor. The carbon-based membrane in the anaerobic bioreactor helps to
form biofilm by retaining microorganisms on its surface. At the same time, the carbon layer
acts as a redox mediator to increase the decolorization rate [9,45]. Moreover, it works as
an additional filter medium for retaining dyes and degradation products by a molecular
sieve mechanism. Overall, it is an applied example of process intensification principles
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by enhancing the dye removal through the promotion of a stable biofilm; the increase of
the biodegradation rate and the retention of products allows deep biodegradation. This
study examines these triple roles of carbon membrane on the anaerobic biodegradation
of monoazo Acid Orange 7 (AO7), diazo Reactive Black 5 (RB5), and triazo Direct Blue 71
(DB71) dyes from synthetic wastewater under mixed microbial culture at constant flux.
Additionally, the influence of some critical parameters, such as precursor concentration for
carbon membrane synthesis dye structure, feed flow rate, and inlet concentration in the
B-CSCM, were assessed to enhance and optimize the decolorization process.

2. Materials and Methods
2.1. Materials

Matrimid 5218 (3,3′,4,4′-benzophenonetetracarboxylic dianhydride and diamino-
phenylindane, Huntsman Advanced Materials, The Woodlands, TX, USA), a commer-
cial thermoplastic polyimide, was used as a carbon precursor, and NMP (1-methyl-2-
pyrrolidone, Sigma Aldrich, ref. 328634, Madrid, Spain) as precursor solvent for the
synthesis of the carbon-based membrane.

AO7 (dye content ≥ 85%, ACROS Organics (Waltham, MA, USA), ref. 416561000,
Spain), RB5 (dye content ≥ 50%, Sigma Aldrich, ref. 306452, Spain), and DB71 (dye
content ≥ 50%, Sigma Aldrich, ref. 212407, Spain) colorants were used for preparing
synthetic wastewater. The type and complexity of the dye structures and their main
properties are collected in Table 1. Sodium Acetate (Sigma Aldrich, ref. 110191, Spain), a
readily biodegradable co-substrate, was employed as a secondary carbon source for the
microorganisms.

Table 1. Structure, composition, and properties of selected azo dyes.

Azo Dyes Structure Type Solubility in Water

Acid Orange 7
(C16H11N2NaO4S)

MW: 350.3 g/L
λ max: 484 nm

Monoazo
CI: 15510 116 g·L−1 (35 ◦C)

Reactive Black 5
(C26H21N5Na4O19S6)

MW: 991.8 g/L
λ max: 587 nm

Diazo
CI: 20505 100 g·L−1 (30 ◦C)

Direct Blue 71
(C40H23N7Na4O13S4)

MW: 1029.9 g/L
λ max: 585 nm

Triazo
CI: 34140 10 g·L−1 (60 ◦C)

The basal media [46] for growth of microorganisms was composed of the follow-
ing compounds (mg·L−1): MnSO4·H2O (0.155), CuSO4·5H2O (0.285), ZnSO4·7H2O (0.46),
CoCl2·6H2O (0.26), (NH4)6Mo7O24 (0.285), K2HPO4 (21.75), Na2HPO4·2H2O (33.40), KH2PO4
(8.50), FeCl3·6H2O (29.06), CaCl2 (13.48) MgSO4·7H2O (15.2), NH4Cl (190.90). Each of the
chemicals for preparing the nutrient solution was purchased from Sigma Aldrich (Spain)
and used as received. Ultrapure water (Millipore Milli-Q system, Molsheim, France) was
employed in the entire research work. Nitrogen gas (Linde, Barcelona, Spain) served to
pressurize the feed tank and give the constant flux to operate the biodegradation process,
and purge any oxygen to maintain anaerobic conditions.

Soil DNA Isolation Plus Kit (Norgen Biotek Corporation, ref. 64000, Thorold, ON,
Canada), λ DNA/HindIII Markers (New England Biolab Inc. ref. N3012S, Ipswich, MA,
USA), Agarose (Sigma Aldrich, ref. 1.16801, Spain), TBE buffer (Sigma Aldrich, ref. 574796,
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Spain), and DNA Ladder (New England Biolab Inc. ref. N0552S, Massachusetts, USA)
were used to detect microorganisms from biofilm samples.

2.2. Preparation of Ceramic Supported Carbon Membrane

The polymeric precursor solution was prepared by dispersing the desired amount of
dry Matrimid (2, 5, and 10% wt.) in NMP under mild mechanical stirring for 12 h. The
mixture was placed in ultrasonic baths to remove the tiny air bubbles from the polymeric
solution. Finally, the carbon membrane was obtained by forming a homogeneous layer
of Matrimid precursor on the surface of the ceramic support (diameter: 47 mm, thickness:
2.5 mm of thickness and molecular weight cut-off: 50 kg·mol−1; TAMI Industries, Nyons,
France). This thin polymer film was attained by a two-step spin coating method adopted
from previous works [47,48]. The initial ramp was run for 10 s at 500 rpm, followed by
a final spin at 3000 rpm for 30 s. Ceramic support was then dried at 110 ◦C for 24 h to
settle the coated film, and was subsequently washed with methanol and cured at 80–100 ◦C
for 3 h to remove the traces of solvent impurities that may produce defected membranes.
Afterward, the membrane was set into a horizontal tube furnace (Thermolyne F79440,
Barnstead Thermolyne Corporation, Dubuque, IA, USA) for the pyrolysis process. The
membrane was then subjected to stabilization and final carbonization steps at 300 ◦C and
800 ◦C, respectively. The carbonization environment was preserved strictly within an inert
atmosphere, at a nitrogen flow rate of 500 mL·min−1, to avoid the undesired burning off
and chemical disruption on the membrane surface [49]. During this process, the heating
ramp rate was set at 1 ◦C·min−1 above 200 ◦C to prevent cracking. In the end, the carbon
membranes were allowed to cool under room temperature.

2.3. Membrane Characterization

The morphology of CSCM and its chemical composition were recorded by Envi-
ronmental Scanning Electron Microscopy (ESEM, FEI Quanta 600, Richmond, VA, USA),
coupled with energy dispersive X-ray Spectrometry (EDX, Oxford Instrument, Abing-
don upon Thames, UK). Topography and conductivity of the membrane surface were
observed using Atomic Force Microscopy (AFM, Molecular Imaging Pico SPM II (Pico
Plus), Bid Service, Freehold, NJ, USA). The images were recorded at room temperature in
tapping mode with a resonance frequency of 1 Hz in air and then processed by WSxM 5.0
software [50]. Pure water permeability of both ceramic support and ceramic supported
carbon membranes was examined by using a lab-scale filtration cell (TAMI disc holder
with 0.00131 m2 of filtration area, TAMI Industries, France).

2.4. Microbial Analysis

Anaerobic biofilm created in CSCM bioreduction operation was examined separately
by Transmission Electron Microscopy (TEM JEOL, JEM-1011, Boston, MA, USA) and by
DNA isolation kits. Before testing, the carbon membrane was taken out from the reactor,
washed with ultrapure water, and scratched a little bit hard to extract the microorganism
from the membrane surface. In order to perform the DNA extraction, 1.5 mL of the wet
sludge sample was transferred to a 1.7 mL microcentrifuge tube. Then, samples went under
a process to extract its DNA [51]. After extraction, the sample was run through Denaturing
gradient gel electrophoresis (DGGE) gel electron and then to a Gel Documentation System
(Bio-Rad Laboratories SA, Spain) to detect the presence of DNA. The final bacterial diver-
sity studies were performed under variable regions (V3 and V4) of the prokaryotic 16S
ribosomal RNA gene (16S rRNA). To obtain the results, the 16S rRNA gene was amplified
using the primary pairs 341F-532R and 515F-806R. The Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA) and its associated DNA 7500 Reagent kit (Agilent
Technologies, CA, USA) were used to assess the library quality, length, and concentration.
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2.5. Experimental Set-Up for Anaerobic Biodegradation

A scheme of the lab-scale CSCM bioreactor system is shown in Figure 1. The compact
bioreactor consisted of a filtration cell holding the 47 mm diameter CSCM with a retentate
chamber of 5 mL. The 200 mL feed solution was comprised of a 1:3 ratio of azo dye and
sodium acetate and basal media with microelements described previously. The feed bottle
was kept in a refrigerator (Selecta Group SA, Madrid, Spain) at 1 ± 1 ◦C to prevent the
uncontrolled growth of microorganisms and thus to avoid the consumption of sodium
acetate outside the bioreactor. Nitrogen gas was flowing into the feed tank to pressurize the
system and control the flux through the membrane by manually setting the transmembrane
pressure (TMP). Besides, sparging of nitrogen gas in the liquid phase at the feed tank
served to maintain the negative redox potential as a measure of the anaerobic condition
throughout the process needed to conduct the dye biodecolorization [52].

Figure 1. Ceramic supported carbon membrane bioreactor experimental set-up.

The CSCM bioreactor was started by placing anaerobic sludge on the top of the mem-
brane surface as a microbial seed. The anaerobic sludge source was the untreated aerobic
secondary sludge from recirculation obtained from a municipal wastewater treatment plant
(Reus, Spain). Initially, it was allowed for partial digestion under anaerobic conditions for
a week. After that, the sludge was filtered through glass wool and then flowed into filter
paper to get the single-cell or single-spore. The compact CSCM bioreactor was operated in
anaerobic dead-end filtration mode at a temperature of 37 ± 1 ◦C to enhance the efficiency
of microbial strains capable of decolorizing azo dyes [24,53]. At the beginning of each
experiment, CSCM bioreactor flux was kept constant at 0.05 L·m−2·h−1 and later changed
to 0.075 and 0.10 L·m−2·h−1 for further investigations.

2.6. Analytical Methods

The permeate flux was computed from the quotient of the permeate flow rate and
active surface area of the membrane: Equation (1)

J =
V
t
· 1
A

(1)

where J is the permeate flux (L·m−2·h−1), V the volume of permeate (L), t the filtration
time (h), and A the membrane area (m2).

The resistance of CS and CSCM can be calculated by using Equation (2):

R =
∆P
µJ

(2)
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where R is the resistance (m−1), ∆P is the transmembrane pressure applied (Pa), and µ is
the viscosity of the permeate corrected to experimental temperature (Pa·s).

The decolorization achieved was measured spectrophotometrically, using UV/VIS4000n
Spectrophotometers (DINKO Instruments, Barcelona, Spain), whereas the maximum ab-
sorption wavelength was fixed at 484 nm for AO7, 597 nm for RB5, and 585 nm for DB71.
The decolorization percentage (D) was calculated using Equation (3):

D (%) =
Ao − A

Ao
× 100 (3)

Ao and A are the absorbance of feed and treated samples during the biodegradation process,
respectively.

3. Results and Discussions
3.1. Morphological Structure Analysis

The ESEM images represent the morphology of the CS, and CSCM resulted from
carbonization of 10% wt. polymeric precursor. The surface view and cross section of the
CS and CSCM are shown in Figure 2a–d. The CS was found to have three layers, with
the smallest active porous layer at the top, an intermediate layer in the middle, and a
porous supporting layer at the bottom. In CSCM, an extra 1.09 µm porous carbon layer was
observed besides these three layers (as shown in Figure 2d). Each carbon and supported
layer, however, was not uniform and represented uneven thickness and level.

Figure 2. Scanning electron micrographs on the surface of (a,b) Ceramic support(CS) and 10% wt. CSCM, and (c,d) the
cross section of CS and 10% wt. CSCM.

The surface view of CSCM shows that the coating was homogeneous and defect-free,
as the comparison of Figure 2a,b evidences. It is obtained by maintaining the optimum
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coating processes and carbonization conditions [47,54,55]. The statistical distribution of
pore size revealed that the pore size of CSCM was in several textures and grains. A rough
analysis of the average pore sizes, based on SEM and AFM imaging, showed more than
80% of the total pores were found in the range 10–25 nm. Desired information from the
SEM and AFM images was extracted by ImageJ and SPIP software. These results revealed
that the formation of the carbon membrane modified the support pore size from 40 nm to
less than 20 nm, which may nearly be classified into the nanoporous membrane family.

The elemental chemical composition of CS and CSCM was studied with ESEM-EDX
inspection (Table 2). It confirmed that the CS was composed of TiO2 and ZrO2 layers.
Whereas for CSCM, the analysis suggests a typical composite membrane that contains a
carbon-rich layer on the top (9.8 to 65.6 wt.% of carbon, depending on precursor concentra-
tion), as carbon percentage increased with increasing precursor concentration.

Table 2. Environmental scanning electron microscopy-Energy dispersive X-ray spectrometry analysis;
composition (wt.%) of the CS and CSCM.

C O Ti Zr

CS n.d. 44.0 52.2 3.8

CSCM (2% wt. of Matrimid) 9.8 25.9 2.6 61.7

CSCM (5% wt. of Matrimid) 34.5 19.1 1.2 45.2

CSCM (10% wt. of Matrimid) 65.6 3.1 0.6 30.7

Topographic and current sensing images of the carbon membranes were obtained
with AFM (at a random area of 1 × 1 µm2) and current sensing atomic force microscopy
(CSAFM), as shown in Figure 3a–c. Tapping mode AFM, which avoids the drag of tips
across the sample surface [56], was employed in this experiment to achieve the high-
resolution topographic images of the CSCM surface. AFM section images of Figure 3a
showed that the CSCM surface was slightly rough and comparatively thin.

Figure 3. Atomic force microscopy images of CSCM (a) 3D topography, (b) roughness profile, and (c) current distribution.

The surface roughness deviation of the carbon membrane was measured, resulting
in 1.10 nm and 1.48 nm in which the deviation was smaller. Despite that, the rough
surfaces could have a beneficial impact on the bioreduction application due to the more
vigorous attachment of the biofilm to the surface [57]. CSAFM images (Figure 3c) provide a
distribution that reflects the local conductance on the carbon-based membrane surfaces. It
appeared that the CSCM surface was conductive, which could improve the biodegradation
rate by the electron shuttle mechanism [36]. Though there is no clear correlation between
the structures observed in the current image and topographical characteristics, it may be
anticipated, as the topography corresponds to the morphological structures that rely on
the membrane synthesis process.
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3.2. Impact of the Carbon Layer on Flux and Resistance

The permeate flux and hydraulic resistance mostly govern the membrane filtration
process. A comparative experiment was performed between the CS and CSCMs to assess
these characteristics. Variation of the flux and resistance of CS and CSCMs (prepared by 2,
5, 10, and 15% wt. of Matrimid solution) are presented in Figure 4a,b. Not surprisingly,
CS exhibits higher flux, 62.3 L·m−2·h−1. In the case of CSCM, it gradually decreases with
increasing precursor concentration, and the lowest flux (7.5 L·m−2·h−1) was obtained for
the CSCM made of 15% wt. of Matrimid polyimide solution. In comparison to the ceramic
support, it is observed that the pure water flux for 2% wt., 5% wt., 10% wt., and 15% wt.
CSCM dropped 27%, 44%, 66%, and 88%, respectively. The pure water permeability (PWP)
obtained from the slope of Figure 4a) also showed a similar pattern where the highest
permeance (77.8 L·m−2·h−1·bar−1) was obtained for CS, and thereafter, the PWP of the
15% wt. CSCM decreased up to 9.5 L·m−2·h−1·bar−1.

Figure 4. Variation of (a) pure water flux and (b) resistance of CS and CSCM at 25 ◦C. Overall resistance is displayed as a
bar chart, and the line graph illustrates the resistance of the coated carbon layer. PWP in L·m−2·h−1·bar−1.

As the permeate flux and hydraulic resistance depend on each other, an analogous
hydraulic resistance feature was seen between the CS and CSCMs. The overall resistance
of the support and carbon membranes are seen in the bar chart of Figure 4b, whereas
the resistance of CS was assumed to be constant in CSCMs. In addition, the line graph
represents the resistance due to the coated carbon layer on different CSCMs. It is observed
that the ceramic support shows 5.16 ± 0.04 × 1012 m−1 of hydraulic resistance at different
TMPs. In CSCM, the deposited carbon layer on the top of the ceramic support added
more resistance than CS, which mainly depends on the polymer concentration used to
prepare the carbon membrane. Nermen et al. [58] identified that the increase in precursor
concentration increased the thickness of the membrane and decreased porosity, resulting
in a decline in the permeability rate. Therefore, a higher initial concentration of polymer
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will facilitate lower hydraulic permeability and maximize the resistance of the resulting
carbon membrane. Accordingly, the highest resistance was observed in flowed order:
15% wt. >10% wt. >5% wt. >2% wt. CSCM. Moreover, the CSCM made of 20% wt.
Matrimid solution was essentially non-porous, as no flux was obtained even at the highest
TMP tested.

3.3. Role of the Carbon Layer on Anaerobic Biodegradation of Azo Dye

The continuous experimental treatment was carried out under anaerobic conditions to
promote the reduction of the model azo dye, AO7. The comparative decolorization of azo
dye was studied between the ceramic support and ceramic supported carbon membrane.
In these experiments (as shown in Figure 5), reactors that use a mixed microbial consortium
are referred to as B-CS and B-CSCM, while reactors that do not use it are referred to as R-CS
and R-CSCM. The carbon-based membrane reactors were composed of 2% wt. Matrimid
polyimide solution. Four compact reactors were operated at once over 50 mg·L−1 AO7
feed solutions. During the ten consecutive days of operation, it is evident that the presence
of a carbon layer was found to have a significant influence on the decolorization of AO7, as
shown in Figure 5. Overall, it was observed that CSCM bioreactors (B-CSCM) performed a
maximum decolorization rate.

Figure 5. AO7 disappearance in CS and CSCM reactors; CS and CSCM bioreactor;
Flux = 0.05 L·m−2·h−1, [AO7] = 50 mg·L−1 and T = 37 ◦C. CSCM: 2% precursor.

For all reactors, above 85% decolorization was achieved within the first 12 h. The
dye removal was initially driven by the preferential adsorption of dye molecules over the
surface of materials showing this apparent high removal. Over time, dye saturates all the
solid materials, resulting in a sudden drop in dye removal performance. Following three
days on stream, for R-CS, permeate and feed solution showed the same concentration,
meaning that the membrane became saturated, so adsorption no longer occurred, and there
was not bioreduction of the dye at all. Meanwhile, decolorization of R-CSCM reactors
dropped from 80% to 10% in six days, and then the reduction was stable at 7%. This
behavior is attributed to the nano-sized membrane pores developed in the carbon layer, in
which this residual decolorization was controlled mainly by a sieving mechanism [59].

The most efficient and improved conversion, nearly 51%, was attained by the B-CSCM
reactor. In B-CSCM, filtration and biodegradation simultaneously occur. The compact
reactor took a minimum of two days to stabilize the system, which was faster than other
studies in different systems [42,60]. This fact clearly demonstrated that the deposited
carbon layer plays a critical role as biofilm support, redox mediator [61], and filtration unit.
The size of CSCM pores was much smaller than that of the microorganism so that they
could not get into the pores to block them. As a result, biofilm and the degradation products
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were retained on the membrane surface, and microorganisms metabolized the substrate
better [46]. In the absence of the carbon layer, it appears that B-CS was unsuccessful to
perform efficiently. In this case, the microorganisms were probably unable to create a
stable dense biofilm on the membrane surface, because the bacteria were washed out
by the permeate flow due to their smaller size compared to the support pores. Thus,
the novel one-step compact unit (B-CSCM) was able to combine dye and microorganism
retention properly, and promote both biofilm growth and electron transferability to furnish
an effective dye removal process through anaerobic bioreduction.

At the end of the B-CSCM experiment, backflushing cleaning was used to check the
recoverability of the membrane. Thus, the initial permeate flux was obtained without any
apparent structural modification or loss due to bioreduction activity. Therefore, the system
can be reused for weeks without mechanical or chemical damage.

3.4. Effect of Precursor Concentration on Azo Dye Decolorization

The anaerobic bioreduction of the model azo dye compound was investigated in three
different B-CSCMs, which contained the carbon membrane made from 2% wt., 5% wt., and
10% wt. of Matrimid solution, respectively. For these B-CSCMs (as shown in Figure 6), the
highest decolorization (98%) was observed for the CSCM prepared with a concentration of
10% wt. CSCM, whereas the lowest (51%) color removal was observed for 2% wt. CSCM.

Figure 6. Influence of precursor concentration on anaerobic bioreduction of AO7; Flux =
0.05 L·m−2·h−1, [AO7] = 50 mg·L−1 and T = 37 ◦C.

The results revealed that this 98% of decolorization was attained at a removal rate of
49 g·m−3·d−1. The various conventional, batch, continuous, and discontinuous biosystems,
such as PBRs or sequential anaerobic-aerobic processes, operated with different initial dye
concentrations and showed that high AO7 conversion (>90%) required a longer contact time
(10–15 days) than B-CSCM [9,46,60,62]. Using the mixed culture under batch condition,
Brás et al. [63] reported AO7 decolorization of up to 90% after four days of operation.
Similarly, Evangelista-Barreto et al. [64] (achieved 96–98% of color removal) and Bragger
et al. (decolorized up to 95%) [65] also published identical decolorization results for
pure culture.

Antonio et al. [66] investigated catalyst loading and discovered that increasing the
catalyst load improves azo dye decolorization efficiency. Similarly, the above results
proved that the decolorization efficiency was boosted by the amount of carbonaceous
material deposited on the ceramic supported membrane. The ESEM-EDX analysis (Table 2)
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confirms that the increasing precursor concentration raises the carbon content in the CSCM
superficial layer. The high concentration of polymeric precursor mostly creates a membrane
with a smaller pore size due to the slow evaporation of solvent [67]. This smaller pore-sized
carbon-rich layer makes the CSCM easier to serve as an effective organic adsorbent and
immobilization support. Besides, an increase in carbon content in the CSCMs enhanced
their redox mediator capacity and, thus, their biodegradation activity.

The same evidence is illustrated in Figure 6, which raised the decolorization of AO7
as the precursor concentration of CSCM increased. For example, polymer content changes
from 2% to 10% wt. had doubled decolorization effectiveness. Conversely, the extreme
rise in precursor concentration decreased the pore size and permeability of the CSCM,
which was not favorable for lack of flux in this compact treatment unit at reasonable TMP
pressure. Considering this fact, the CSCM that consisted of 15% and 20% wt. of Matrimid
solution was not used in the process of bioreduction. Thereafter, 10% wt. of Matrimid
precursor was chosen for all subsequent tests.

3.5. Effect of Flux and Feed Concentration on Azo Dye Decolorization

A series of B-CSCMs were simultaneously operated to assess the impact of initial AO7
dye concentration and permeate flux on decolorization efficiency. Consequently, three
B-CSCMs were run at feed concentrations of 50, 75, and 100 mg·L−1, respectively. Each
reactor was started from the lowest flux (0.05 L·m−2·h−1), and when the steady operation
was achieved, step by step, flux was first increased to 0.075 L·m−2·h−1 and finally to
0.1 L·m−2·h−1. The permeate flux was set by varying the operating pressure. A small
fluctuation was observed in the operating flux, and it was controlled by modifying the
TMP; nonetheless, the decolorization rate was very stable. The decolorization efficiency
depicted in Figure 7 illustrates that the maximum color removal was obtained at a low
flux (0.05 L·m−2·h−1) and initial concentration (50 mg·L−1); as expected, it declined with
higher permeate flux and feed concentration. In that low flux-region, the color removal was
essentially complete, and no differences can be observed for the different feed concentra-
tions. After that, for B-CSCMs operating with 100 mg·L−1 of dye solutions, it was observed
that the gradual reduction of decolorization was due to the rise of feed concentration and
permeate flow. Results showed that efficiency of decolorization decreased to 60% at a flux
of 0.075 L·m−2·h−1, and 36% for 0.10 L·m−2·h−1.

Figure 7. Decolorization of AO7 at different permeate flux and feed concentrations. CSCM: 10%
precursor.
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As stated in Figure 7, at a flux of 0.05 L·m−2·h−1, dye biodegradation efficiency
was almost identical for all concentrations of AO7 feed solutions within the first ten
days of the experiments. In this interval, there was an average of 98% decolorization for
all concentrated AO7 dye solutions (Figure 7). This result indicates that the amount of
biomass was high enough to guarantee the total biodegradation of the dye. Even though the
concentration was doubled from its initial point (50 to 100 mg·L−1), due to the large contact
time at low flux [68], the increased dye concentration had no adverse impact on individual
bacteria microbial population. At a flux of 0.075 L·m−2·h−1, the decolorization efficiency
of B-CSCMs of 50, 75, and 100 mg·L−1 dye solution was decreased at 80%, 69%, and 60%,
respectively, as shown in Figure 7. Subsequently, their performance reduced to 58%, 45%,
and 36%, respectively, when the permeate flux was increased up to 0.10 L·m−2·h−1. The
obtained results were in line with previous findings reported by Meitiniarti et al. [69] and
Ding et al. [70], where it was observed that the color removal rate declined from 98% to
58%, while the AO7 dye concentration increased to 140 mg·L−1.

It should be noted that higher permeate flux or higher feed concentration at the reactor
means higher dye load rate, which reduces the microorganism’s tolerance [71]. Therefore,
the decolorization ability was probably reduced because of the shortage of biomass in
the biodegradation process [72]. Such a significant adverse pattern was observed in other
systems for the decolorization of AO7 [73,74]. One reason could be the presence of sulfonic
acid (-SO3H) group in the azo dye structure, which significantly suppressed the microbial
growth at higher dye concentrations [75]. Nonhydrolyzed organic matter and heavy
metals may also inhibit bacterial growth and might be another cause for toxicity at higher
concentrations.

3.6. Comparative Decolorization of Azo Dyes

A set of B-CSCMs was prepared to check the anaerobic bioreduction of structurally
different azo dyes; in this case, azo dyes containing one azo bond, monoazo AO7; two azo
bonds, diazo RB5 or three azo bonds, triazo DB71. Again, the effect of feed concentration
and flux was explored. As shown in Figure 8a–c, the results of these experiments indicate
that the decolorization rate of all azo dye solutions decreased with increasing dye con-
centration and permeate flux. The mono azo dye solution at a low flux (0.05 L·m−2·h−1)
showed the maximum color removal, 98%, in all operations.
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Figure 8. Decolorization of AO7, RB5, and DB71 dyes at different concentrations and fluxes;
(a) 50 mg·L−1, (b) 75 mg·L−1, and (c) 100 mg·L−1 dye solution at 37 ◦C. CSCM: 10% precursor.

Overall, the azo dye solutions exhibited different decolorization levels, mainly depend-
ing on the number of azo bonds. The structural differences, such as the functional groups,
number of azo bonds, morphology, and position of the benzene ring, have been reported
to cause variations in decolorization rate [76,77]. The decolorization is typically higher
for simple low molecular weight azo dyes; on the contrary, the color removal becomes
smaller for the complex large weight dye molecules. Therefore, irrespective of the initial
dye concentration and permeate flux, monoazo dye decolorization was significantly higher
than for diazo and triazo dyes. For instance, under different dye concentrations and fluxes,
decolorization of AO7 ranged between 98% and 32%; additionally, RB5 and DB71 varied
from 82% to 30% and from 70% to 26%, respectively. Thus, it was proved that the present
method also successfully deals with complex azo dyes, and the decolorization trends were
consistent with other previous research [78–80].

As for previous results, the color removal of such dyes for various concentrations
tested decreased with increasing permeate flux and feed dye concentration. It was observed
that with the gradual raise in permeate flux (0.05, 075, and 0.10 L·m−2·h−1) and feed dye
concentrations (50, 75, and 100 mg·L−1), the rate of decolorization of RB5 and DB71
was consistently less than for AO7. At higher flux (0.10 L·m−2·h−1), the percentage of
decolorization was lowered to 59%, 41%, and 32% for a 50 mg·L−1 solution of AO7, RB5,
and DB71, respectively. When the feed dye concentration increased up to 100 mg·L−1, the
decolorization of dye solution was additionally reduced to 37% for AO7, 30% for RB5, and
26% for DB71. The reason for the reduction in removal rate was probably that the high
concentration of dyes hindered biofilm growth, and later this adverse environment was
responsible for some microbial death.

In any case, all B-CSCMs showed stable performance. The short contact time, i.e., high
flux inhibits prolonged toxicity and dye deposition on biomass, makes the environment
more favorable for microorganisms to outlive. This finding reflects those of Franciscon
et al. [79], where the dyes with mono azo bonds were more likely to decolorize quicker



Water 2021, 13, 1060 14 of 20

than those with diazo or triazo groups. However, at a lower flux (0.05 L·m−2·h−1), the
decolorization effect by the initial dye concentration was not observed very much. For
instance, Figure 8a–c showed that, at this stage, around 98%, 80%, and 68% of decolorization
was achieved for the various concentrations of AO7, RB5, and DB71, respectively. It is
assumed that the dye decolorization response with higher contact time favors the well-built
microbial growth and efficient biodegradation operation. Hence, there was a significant
correlation between feed dye concentration and permeate flux, and an optimum value
should be required to operate the decolorization process efficiently.

3.7. Microbial Community Analysis

After biodegradation of the AO7 dye, the bacterial cell morphology of biofilm that
formed over the B-CSCM was evaluated by TEM analysis. At different magnifications,
Figure 9 shows the presence of microorganisms on the biofilm sample. The microscopy
images showed that most of the microorganisms could belong to the community of bacillus
and vibrio bacteria. Some fungi may also be present as the inoculum was prepared from a
mixed anaerobic microbial consortium obtained from a conventional wastewater treatment
plant, where typically numerous groups of microorganisms exist.
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Figure 9. Transmission electron microscopy images of biofilm sample after biodegradation.

Afterward, the DNA of the biofilm sample was collected to confirm the existence
of microorganisms. DGGE fingerprint patterns (Figure 10) indicate that active microbial
colonies existed in the biofilm sample. This analysis, however, was insufficient to give
more detailed information on microbial diversity.

Figure 10. Denaturing gradient gel electrophoresis fingerprints of microbial communities of biofilm.

The taxonomical studies were performed by PCR amplifying to determine the micro-
bial species and genus distribution of biofilm samples. In total, 357 bacterial operational
taxonomic units (OTUs) and 43 fungal OTUs were detected in the samples studied. The
mixed anaerobic microbial culture used in this biodecolorization experiment was responsi-
ble for the existence of numerous bacterial and fungal species. Alpha diversity analysis
assessed by the QIIME (V1.9.1) showed that the microbial richness (Chao1 Index: 1989.93
for bacterial and 41.19 for fungal species) and the diversity (Shannon Indices: 6.69 for
bacterial and 1.91 for fungal species and Simpson indices: 0.925 for bacterial and 0.471 for
fungal species) of bacteria were more dominant than the fungi.

As illustrated in Figure 11a–b, bacterial analysis showed that the Comamonadaceae
(39%) was the most prevalent bacterial community, followed by AUTHM297 (13%), Desul-
fovibrio (4%), Victivallaceae (3%), Ruminococcaceae (3%), Porphyromonadaceae (2%),
Bacteroidales (1.8%), Clostridiales (1.8%), Mollicutes (1.7%), Treponema (1.6%), and Xan-
thomonadaceae (1.4%). The largest phylum consisted of Proteobacteria (54%), followed by
Thermotogae (13%), Firmicutes (9.2%), and Bacteroidetes (6.9%). Fungi phyla distribution
revealed that 90% of OTUs were not matched with any fungal taxonomic category. The
rest of the OTUs was prevalent by Ascomycota (9.3%), composed by the genus Candida
(0.5%) and the genus Pseudallescheria (8.5%).
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Figure 11. Microbial community in the mixed bacterial culture: (a) bacterial phyla and (b) bacterial genus distribution.

The role of Proteobacteria and Firmicutes during the degradation of dye solution by
microbial communities was proven in several studies [81,82]. Cui et al. [83] revealed that
the bacterial community (rich in Proteobacteria and Firmicutes) present in anaerobic sludge
efficiently decolorized the azo, anthraquinone, and triphenylmethane dyes. Under anaero-
bic or microaerobic conditions, firmicutes bacteria promoted the ability of Proteobacteria to
decolorate azo dyes [84]. What is more, other bacterial species such as Bacteriodates [85],
Desulfovibrio [86], and Clostridia [87] were capable of decolorization of dye solutions.
Separately, some of the fungal species were also known to be capable of decolorizing the
textile azo dyes [88].

4. Conclusions

The concept of a compact one-step B-CSCM was implemented for the anaerobic
decolorization of structurally different dyes, AO7, RB5, and DB71, without the need for
subsequent purification steps.

Stable carbon-layers were synthesized with designed thickness, using Matrimid poly-
mer precursor, over a commercial ceramic flat element. Long-term operation demonstrated
a robust operation without apparent loss of chemical and mechanical properties.

The triple role of CSCM, such as attachment of microorganisms to grow biofilms,
redox mediator for better electron transfer, and nano-filter to retain the dyes, demonstrated
better efficiency and removal rate in B-CSCMs.

Stable performance of anaerobic biodegradation was achieved for all types of azo dyes
and operation conditions. Comparatively, for any feed concentration and permeate flux,
AO7 azo dye shows a higher decolorization rate. Diazo and triazo dyes seem to be more
reluctant to biodecolorization.

For the maximum decolorization extent (98% for AO7, 80% for RB5 and 69% for DB71),
it seems that an increase in dye concentration at low permeate flux (0.05 L·m−2·h−1) causes
no limitation to the biodegradation process. In contrast, high permeate flux, that is, lower
contact time, reduced the removal rate of any concentrated dye solution.

The metagenomics results and microbial activity tests indicate that the proteobacteria
and firmicutes were mainly responsible for dye decolorization.
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