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Summary 

The textile dyeing sector is the world's second most polluting industry, 

responsible for 20% of global water pollution. This polluted water not only 

ruins the environment but also harms people because it enters the food chain 

in a variety of ways, including drinking water. Many industrially developed 

or developing countries face many problems in treating textile industrial 

effluent waste materials that mainly contain azo dye waste, which is typically 

xenobiotic and recalcitrant in nature. Dye-containing wastewater mixed with 

freshwater reduces the amount of dissolved oxygen in the water and causes 

catastrophic damage to aquatic animals and the environment. The presence of 

these compounds in the effluents must reduce to use or reuse water. For this 

reason, environmentally friendly wastewater treatment is now a top concern 

of nations around the world.  

The presence of a modest quantity of such recalcitrants in massive 

volumes of wastewater failed to treat and remove them efficiently by 

conventional treatment processes, including physical, chemical, 

physicochemical, and biological methods. Researchers worldwide have been 

working on different techniques such as incineration, chemical precipitation, 

ionic exchange, catalytic and non-catalytic oxidation, peroxidation, anaerobic 

treatment, membrane filtrations, anaerobic biological activated carbon for the 

treatment of textile wastewater. 

The significant factors for dye removal from textile wastewater are 

operating cost, installation cost, retention time, secondary sludge, or toxic 

byproduct. Toxic byproducts or sludges are highly environmental pollutants 

that need further treatment. Considering all of these, membrane separation 

processes and biological treatment are the most cost-effective eco-friendly  
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methods. Our previous research demonstrated the beneficial effect of the 

biological activated carbon on anaerobic dye degradation. Thus, an anaerobic 

compact bioreactor greatly enhanced the mineralization of this compound. 

However, this new system had some imperfections, such as decolorization 

efficiency with higher flux and dye concentration and weak electron shuttle 

mechanism between carbonaceous surface and microbes.  

Therefore, this thesis exploits a novel system that integrates the electron 

carrier and separation element into a single unit. The idea is to combine the 

membrane separation and bio-reduction processes by inoculating or growing 

anaerobic biofilms on top of ceramic-supported carbon membranes. UF 

ceramic composite support with the pore sizes equivalent to 50 kg‧mol-1 

molecular weight cut-off (MWCO), comprised of ZrO2 and TiO2, was chosen 

because of the superb physical, chemical, and thermal stability that provides 

longevity and reusability of the membrane. The carbon-based membranes 

were prepared from several carbonaceous materials, for example, Matrimid 

5218 polyimide and exfoliated graphene oxide solution. The flat and tubular 

ceramic-supported carbon-based membranes were fabricated using both 

membrane precursors. Spin coating and up-flow method were employed to 

deposit the polyimide layer over and inside the ceramic support, respectively, 

to synthesize flat and tubular membranes. The coated membranes were then 

carbonized at high temperatures in an inert atmosphere to achieve their final 

shape. On the contrary, both the ceramic-supported flat and tubular graphene 

oxide membrane utilized the vacuum-assisted filtration of exfoliated graphene 

oxide solution to achieve the carbon-based graphene oxide membrane. 
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Due to the feasibility of using carbonaceous material with anaerobic 

microorganisms, an optimization study was conducted on decolorizing dye 

molecules with structurally different dye molecules. The influence of 

amounts and membrane precursors (Matrimid 5218 and Graphene Oxide) 

over the carbon-based membrane was investigated based on two independent 

factors: feed concentration and permeate flux. As a result of this study, both 

ceramic-supported nano-sized carbon-based membranes were able to 

decolorize mono azo Acid Orange 7 (AO7), diazo Reactive Black 5 (RB5), 

and triazo Direct Blue 71 (BD71). The ceramic-supported graphene oxide 

membrane (CSGOM) facilitates a better electron transport mechanism than 

the ceramic-supported matrimid membrane (CSCM) that enhances the color 

removal rate in this integrated anaerobic membrane bioreactors. That's why at 

a higher feed concentration (100 mg‧mL-1) and permeate flux (0.10 L‧m-2‧h-1), 

CSGOM shows three times higher decolorization rate than CSCM. 

Since the single compact carbon-based membrane bioreactor was 

demonstrated to be an effective technology for enhanced decolorization of 

azo dyes, similar reactors worked well with other dyes instead of the 

individual azo dyes. In such an experiment, the color removal properties of an 

azo dye mixture (ADM) (equimolar ratio of AO7, RB5, and DB71), 

phenothiazine Methylene Blue (MB), and sticky fluorescent Rhodamine B 

(RhB) dye solution were studied. CSGOM performs optimally in each 

scenario, regardless of the operating conditions or parameters. This concept is 

later applied to the tubular membrane as this module has high crossflow and 

pressure drop as well as a low tendency to fouling and ease of cleaning. As in 

prior trials, the tubular ceramic-supported graphene oxide membrane 

(TCSGOM) decolorized azo dye more efficiently than the ceramic-supported 

carbon-based membrane (TCSCM).  
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Finally, the thesis studies the kinetic model of the biodecolorization process of 

the CSGOM bioreactor in order to determine the ideal operating parameters for 

maximum dye removal. More precisely, the model was used to study the effect of 

critical operating factors on the dye removal mechanism, including   dye structures, 

initial dye concentration, and permeate flux. This study also scrutinized the 

hydrolysis behavior of complex dye molecules and the effect of biofilm support 

materials. The results suggest that the external carbon sources and hydraulic 

retention time be optimized for the maximum biodecolorization rate. 
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Chapter 1. Introduction 
 

 

 

 

 

The first chapter of this thesis presents an overview of water pollution as well 

as the severe environmental effect caused by the dyestuff molecules, mainly 

the azo dye. This section summarizes traditional water treatment and several 

advanced alternative methods for removing azo dyes from wastewater. It 

describes the hypothesis and objective of this novel compact ceramic-

supported carbon membrane bioreactor that combines anaerobic biological 

processes with membrane filtration to remove azo and other dyes. Afterward, 

highlighted the topics of each chapter that focused on improving dye 

decolorization by conducting several experiments, for example, the influence 

of membrane precursors, inflow feed concentrations and outflow permeate 

flow, membrane modules (flat and tubular), and dye structure. Finally, it 

introduces a biofilm model kinetics to optimize the decolorization process. 
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1. Water Pollution  

The crisis of pure water is increasing day by day due to population 

growth, wastage of water resources, and increasing use of water in industry. 

Globally, as the industry develops, the severity of water pollution is 

increasing at an alarming rate. Rivers and canals are being polluted by 

untreated liquid wastes and toxic chemicals from industries, as seen in Figure 

1. Most of these pollutants are recalcitrant or resistive, which has adverse 

effects on wastewater quality [1]. Due to this contamination, pure water 

changes into a dark black opaque color. This blockage the underwater 

sunlight transmission, as a result, disrupt the photosynthetic process [2]. 

Furthermore, it lowers the oxygen level in the water and causes the death of 

the plants and animals that reside beneath of water surface [3]. That 

deficiency of oxygen and the presence of toxic substances resulted in the 

death of numerous fish, later which eventually became a source of water 

pollution. Moreover, it becomes impossible to use the polluted water for 

drinking and household purposes because of its bad odors. Sometimes the 

wastewater has seeped into the ponds and arable lands during the monsoons 

or floods. As a result, the crop is being destroyed and the environment as 

well. A recent study has found the existence of dyes and toxic substances in 

vegetables and fruits grown by using this pollutant water [4]. 

Very common and harmful pollutants in the wastewater effluent are the 

azo dyes that discharged from the textile and garment industries. The azo 

dyes are mainly comprised of azo bond (─N═N─) in addition to the several 

chromophores (─C═C─, ─C≡N─), auxochromes (─OH, ─NH2) and other 

functional groups (─COOH, ─CH3, O─CH3, ─SO3H) in different structural 

positions [5]. In a dye structure, the occurrences of the azo bond can happen 

many times. Thus, monoazo dye includes one azo linkage, while diazo and 
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triazo dye contains two and three, respectively. It is the largest group of 

synthetic dyes, and compared to the use of other dyes, it represents 

approximately 70% [6]. As a result, worldwide, millions of tons of these azo 

dye containing waste are annually discharged from a variety of industries 

such as textile, paint, food, pharmaceuticals and cosmetics [7, 8].  

 

 
https://www.textiletoday.com.bd/invisible-price-pay-

producing-garment-concerning-environment/  

 
https://www.weforum.org/agenda/2020/01/fashion-
industry-carbon-unsustainable-environment-pollution/  

 
https://www.nytimes.com/2013/07/15/world/asia/ban

gladesh-pollution-told-in-colors-and-smells.html  

 
https://www.reuters.com/article/us-bangladesh-rivers-

idUSTRE54I04G20090519  
 

Figure 1. Water pollution in Bangladesh.  
 

Generally, the azo dyes are developed to be chemically and photolytically 

stable, which makes them recalcitrant that are slowly biodegradable or non-

biodegradable in the aquatic environment. That means after the mixing of 

dyestuffs molecules in water, it poses a massive obstacle to potential 

treatment, which causes them to remain in the environment for a long time. In 

addition, because most azo dyes are water-soluble and readily absorbed 
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through skin contact and inhalation, they raise the risk of cancer and allergic 

disease. Even the azo dyes breakdown products (aromatic amines and 

arylamine) are highly cytotoxic and carcinogenic [9]. Thus, the presence of 

azo dyes either on the surface or groundwater is highly hazardous to the 

living organism. Therefore, the necessity of finding solutions to this problem 

caused by dye-containing wastewater does not require any more discussion. It 

is decidedly essential to ensure that wastewater treatment processes are 

operating efficiently to avoid problems with contamination of azo dyes 

substances. 

 

2. Azo Dye Removal Processes  

2.1 Conventional and Advance Treatment Procedures  

For ensuring a safe and healthy aquatic environment, the pollutants 

present in effluent wastewater need to be kept within a permissible limit [10, 

11]. Dye-containing industrial wastewater could be treated independently or 

in combination by chemical, physical, physicochemical, and biological 

methods [12-15].  

For the degradation of dye, as seen in Figure 2, most commonly applied 

chemical methods are ozonation, advanced oxidation processes and 

photocatalytic degradation [16, 17]. The ozonation process has been 

demonstrated to effectively decolorization, COD removal, and improved 

biodegradability [18-20]. As ozone is applied in its gaseous state, therefore, 

overall volume and sludge do not increase significantly. However, a large 

amount of ozone is used, which makes the process expensive [21]. Advanced 

Oxidation Processes such as electrochemical oxidation, Fenton and Fenton-

like processes are efficiently capable to reduce COD, color, and toxicity [22, 

23]. One major disadvantage of this method is the production of sludge, 
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which requires further treatment. The same difficulty has also been 

experienced for the physicochemical methods such as coagulation-

flocculation or adsorption [24]. Some traditional physical methods, such as 

adsorption or filtration techniques, have also been successfully applied in 

textile industry [25, 26]; however, their main drawbacks are high investment 

cost and fouling [27]. Nanofiltration and reverse osmosis can be applied for 

the treatment of textile-processing wastewaters. These separation processes 

are very fast and the requirements are less [28]. The weaknesses of these 

processes are flux decline and membrane fouling, which leads to higher 

operating cost. Biological treatment or activated sludge process is very 

attractive, as it requires an insignificant amount of chemicals or even any at 

all. For biological treatment, however, the space required for installing 

treatment facilities is quite large [29].   
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Figure 2. Decolorization processes applied to treat the dye-containing 

wastewater. 
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The biological treatment approach based on the anaerobic reduction of the 

azo dyes has gained more popularity because of their cost-effectiveness, 

environmental friendliness, and the fact that they create less hazardous and/or 

non-toxic substances. Because the aerobic conditions limit NADH usage, 

which hinders the electron transport from NADH to azo bonds [30]. On the 

contrary, anaerobic bacteria facilitated the electron transport from the 

bacterial cell to azo bonds, which act as an electron acceptor for this dye 

reduction system. Finally, the cleavage of bonds leads to the decolorization of 

azo dyes by forming colorless products. Furthermore, the intermediate 

products undergo the aerobic or anaerobic biodegradation treatment process 

to remove the dye from the wastewater. A recent study demonstrates that the 

use of mixed microbial consortiums in the anaerobic decolorization process is 

more efficient than the pure culture  [31-33]. Over the last decades, several 

bioreactor configurations such as packed-bed [34], continuous flow stirred-

tank [35], up-flow anaerobic sludge blanket [36] or membrane bioreactors 

[37] were tested. Almost in all experiments, the reduction of dye and color 

was quite significant, but the process was relatively slow.  

 

2.2 Ceramic-supported Carbon-based Membrane Bioreactor 

Some of the conventional and advanced treatment procedures have 

already proved to be capable of removing these pollutants but still are not 

low-cost and efficient technologies. In such a case, specifically dedicated 

processes must be applied to their elimination. However, the bacterial azo 

reduction is enhanced by redox mediators, an interaction between the bacteria 

to the azo dyes [38]. Therefore, the coupling of anaerobic bioreactor and 

external carbon source has attracted increasing interest both academically and 

commercially because of the inherent advantages that the process offers over 

conventional biological wastewater treatment systems [39-41]. Activated 
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carbon and/or biologically activated carbon has been extensively tested for 

azo dye reduction and it seems very promising technology [9, 42, 43]. In 

order to avoid the over biomass production and clogging, carbon particles can 

be deposited onto ceramic or polymeric supports [44-47]. Moreover, these 

carbon particles sometimes help to reduce fouling problems.  

It is possible to optimize and enhance the anaerobic azo dye reduction 

system by designing and fabricating novel ceramic-supported carbon 

membranes (CSCM) anaerobic bioreactors, which integrated the anaerobic 

biodegradation process with membrane filtration. In this process, a carbon 

layer is deposited over the ceramic supports (an ultrafiltration membrane). 

The carbon coating is usually composed of different selective carbon 

precursors such as polyacrylonitrile, polydopamine, carbon fiber, and 

polyimides. During the biodecolorization, a biofilm on top of CSCM is 

formed using the mixed anaerobic bacteria. Thus, the carbon layer acts as 

physical support for biofilm formation. In addition, the CSCM serves as a 

redox mediator to enhance the color removal rate [9, 47]. It is also worked as 

a pollutant immobilizer by adsorption mechanism (functioned as a selective 

barrier).  

Moreover, this compact single unit can overcome some operational 

problems related to fouling and biomass retention. Therefore, it is expected 

that the ceramic-supported carbon membranes bioreactor will be capable of 

producing highly treated effluents without the need for subsequent 

purification steps. This new compact reactor concept will reduce operating 

costs and improve disposal performance, thus obtaining an effluent 

potentially free of contaminants and microorganisms. 
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3. Hypothesis and Objectives of the Thesis 

One hypothesis of this thesis is the formation of a carbon layer over the 

ceramic supports (an ultrafiltration membrane) that facilitates the anaerobic 

decolorization of dye effluents. Figure 3 graphically depicts the triple benefit 

of a carbon layer during the dye removal process. 

 

Figure 3. Role of ceramic-supported carbon membrane in biodecolorization 

of azo dyes. 

 

Following the previous assumption, the carbon layer's conductivity can 

increase by preparing it from different polymeric precursors. However, it 

should be noted that the carbon layer must maintain two criteria: the 

conduciveness of the carbon layer and the desired permeate flux through the 

membrane. A similar hypothesis is considered for both ceramic-supported flat 

and tubular membranes.  

The effluent color is one of the most visible signs of water pollution. The 

main objective of this thesis (as shown in Figure 4) is to design, conduct and 

study the operation conditions of the carbon-based membrane bioreactor to 

decolorize the model dye solutions containing wastewater. Anaerobic 
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biodecolorization studies were carried out to determine the bioreactor's 

robustness and overall performance of several dyes to compare and identify 

the possible impact of their atomic mass, charge, shape, structure, and 

functional groups.  

 

The following objectives have been accomplished in order to achieve the 

goal:  
 

➢ Fabrication of flat ceramic-supported carbon membrane (CSCM) by 

the carbonization of Matrimid 5218 polyimide solution and implement 

the CSCM bioreactor for the decolorization of monoazo Acid Orange 

7 (AO7), diazo Reactive Black 5 (RB5), and triazo Direct Blue 71 

(DB71) dyes (Chapter 2). 

 

➢ Evaluation of the novel ceramic-supported graphene oxide membrane 

(CSGOM) for use in anaerobic bioreduction of AO7, RB5, and DB71 

(Chapter 3).    

 

➢ Application of the CSCM and CSGOM bioreactors for the anaerobic 

decolorization of the other selected dyes such as Azo Dye Mixture 

(ADM), Methylene Blue (MB), Rhodamine Blue (RhB) (Chapter 4). 

 

➢ Preparation of Tubular CSCM and CSGOM membranes and study the 

dye bioreduction of AO7, RB5, and DB71 (Chapter 5). 

 

➢ Development of biofilm kinetic model of the biodecolorization 

process of the CSGOM bioreactor (Chapter 6). 

 

UNIVERSITAT ROVIRA I VIRGILI 
CARBON-BASED MEMBRANE BIOREACTORS FOR THE ANAEROBIC DECOLORIZATION OF DYES 
Mohammad Shaiful Alam Amin 



1. Introduction 

 

15 

 

 
 

Figure 4. Summary of the experimental research work. 

 
4. Thesis Outline 

The research work is divided into seven chapters, which are summarized 

below: 

 

➢ Chapter 1 provides an overview of the work and its objectives. 

 

➢ Chapter 2 demonstrated the synthesis and use of B-CSCM in 

reducing the color of three structurally different azo dyes using CSCM 

bioreactors. This work has been published in the journal Water.  

 

➢ Chapter 3 discusses the synthesis of partly oxidized graphene and its 

subsequent use in fabricating graphene-based membranes to improve 
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its performance throughout various biological activities. In detail, the 

ceramic-supported graphene oxide membranes (BCSGOM) are 

prepared using exfoliated graphene oxide solution. This work has been 

published in the Journal of Water Process Engineering. 

 

➢ Chapter 4 reports the comparative color removal between the CSCM 

and CSGOM bioreactors. The model dye solutions are i) an equimolar 

mixture of AO7, RB5, and DB71 solutions, ii) Methylene Blue, and 

iii) Rhodamine Blue. This work has been published in the journal 

Membranes. 

 

➢ Chapter 5 presents the synthesis of tubular ceramic-supported 

carbon-based membrane using Matrimid 5218 and graphene oxide 

(GO) solution. The comparative decolorization analysis of several 

structurally different azo dye solution (AO7, RB5 and DB71) were 

studied using the TCSCM and TCSGOM bioreactors. The publication 

is in preparation. 

 

➢ Chapter 6 describes the modified biofilm kinetics model of the 

CSGOM bioreactors to optimize the process parameters and 

enhancing the biodelorization of model azo dye solutions. The 

manuscript is under internal revision. 

 

➢ Chapter 7 summarizes the thesis's significant findings and makes 

recommendations for further research on the topic. 
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Chapter 2. Comparative Anaerobic 

Decolorization of Azo Dyes by Carbon-based 

Membrane Bioreactor 
 

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 0.10 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 eco-friendly azo dye decolorization method. 
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1. Introduction 

Azo dyes represent the largest class of dyestuffs used in textile, paint, 

food, pharmaceuticals, 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]. Besides, 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 

recalcitrant compounds creating a massive barrier to potential treatment [9]. 

Several removals or decolorization methods based on physical, chemical, 

physicochemical, and biological processes were previously examined 

independently or in combination to resolve this problem 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 
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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 limited 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 
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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 decolorization methods such as MBR [39], packed-bed [40], up-

flow anaerobic packed bed [41], continuous flow stirred-tank [42], up-flow 

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 accomplished 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 
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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 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, Texas, USA), a 

commercial thermoplastic polyimide, was used as a carbon precursor, and 

NMP (1-methyl-2-pyrrolidone, Sigma Aldrich, ref. 328634, Spain) as 

precursor solvent for the synthesis of the carbon-based membrane. 

AO7 (dye content ≥85%, ACROS Organics, 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 
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(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·mol−1 

λ max: 484 nm 

  

Monoazo 

CI: 15510 

116 g·L−1 

(35 °C) 

Reactive Black 5 

(C26H21N5Na4O19S6) 

MW: 991.8 g·mol−1 

λ max: 587 nm  

Diazo 

CI: 20505 

100 g·L−1 

(30 °C) 

Direct Blue 71 

(C40H23N7Na4O13S4) 

MW: 1029.9 g·mol−1 

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 

following 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, 

Spain) served to pressurize the feed tank and give the constant flux to operate 
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the biodegradation process and purge any oxygen to maintain anaerobic 

conditions. 

Soil DNA Isolation Plus Kit (Norgen Biotek Corporation, ref. 64000, 

Ontario, Canada), λ DNA/HindIII Markers (New England Biolab Inc. ref. 

N3012S, Massachusetts, USA), Agarose (Sigma Aldrich, ref. 1.16801, 

Spain), TBE buffer (Sigma Aldrich, ref. 574796, 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, 

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, Iowa, USA) for 

the pyrolysis process. The membrane was then subjected to stabilization and 

final carbonization steps at 300 °C and 800 °C, respectively. The 
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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 Environmental Scanning Electron Microscopy (ESEM, FEI Quanta 600, 

Virginia, USA), coupled with energy dispersive X-ray Spectrometry (EDX, 

Oxford Instrument, UK). Topography and conductivity of the membrane 

surface were observed using Atomic Force Microscopy (AFM, Molecular 

Imaging Pico SPM II (Pico Plus), Bid Service, New Jersey, 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, Massachusetts, 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 
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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 diversity 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, California, USA) and its 

associated DNA 7500 Reagent kit (Agilent Technologies, California, USA) 

were used to assess the library quality, length, and concentration. 

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, 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].  
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Figure 1. Ceramic-supported carbon membrane bioreactor experimental set-

up. 

The CSCM bioreactor was started by placing anaerobic sludge on the top 

of the membrane 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. 
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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) 

1
      J

t

V

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): 

        
P

R
J


=  (2) 

where R is the resistance (m−1), ΔP 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, Spain), whereas 

the maximum absorption 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: 

o

o

                           (%) =  100    
A A

D
A

−
  (3) 

Ao and A are the absorbance of feed and treated samples during the 

biodegradation process, respectively. 
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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 2 a-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. 

The surface view of CSCM shows that the coating was homogeneous and 

defect-free, as the comparison of Figures 2a,b evidences. It is obtained by 

maintaining the optimum 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 were 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. 
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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 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 concentration), as carbon percentage 

increased with increasing precursor concentration. 
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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 
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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. 

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, 15 and 20% 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 permeance 

(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.  
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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. 

 

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. 
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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 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. 

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 
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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]. 

 

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% wt. polymeric precursor. 
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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 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. 
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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 packed bed reactors (PBRs) or 
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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) 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 
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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 0.10 

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 concentrations. 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. 
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Figure 7. Decolorization of AO7 at different permeate flux and feed 

concentrations. CSCM: 10% wt. polymeric precursor. 

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 bacterial 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 
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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 

concentration 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. 

Overall, the azo dye solutions exhibited different decolorization levels, 

mainly depending on the number of azo bonds. The structural differences, 
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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.  
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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% wt. polymeric precursor. 
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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 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 microbial species and genus distribution of biofilm samples. In 

total, 357 bacterial operational taxonomic units (OTUs) and 43 fungal OTUs 
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were detected in the samples studied. The mixed anaerobic microbial culture 

used in this biodecolorization experiment was responsible 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 11 a-b, bacterial analysis showed that the 

Comamonadaceae (39%) was the most prevalent bacterial community, 

followed by AUTHM297 (13%), Desulfovibrio (4%), Victivallaceae (3%), 

Ruminococcaceae (3%), Porphyromonadaceae (2%), Bacteroidales (1.8%), 

Clostridiales (1.8%), Mollicutes (1.7%), Treponema (1.6%), and 

Xanthomonadaceae (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%). 

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 anaerobic or microaerobic 

conditions, Firmicutes bacteria promoted the ability of Proteobacteria to 

decolorate azo dyes [84]. What is more, other bacterial species such as 
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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]. 

  

Figure 11. Microbial community in the mixed bacterial culture: (a) bacterial 

phyla and (b) bacterial genus distribution. 

 

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 polymer 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. 
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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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Chapter 3. Ceramic-supported Graphene 

Oxide Membrane Bioreactor for the Anaerobic 

Decolorization of Azo Dyes 
 

ABSTRACT 

A continuous compact membrane bioreactor consisted of ceramic-supported 

graphene oxide membrane (CSGOM) was implemented for the first time for 

anaerobic biodecolorization of monoazo Acid Orange 7 (AO7), diazo 

Reactive Black 5 (RB5), and triazo Direct Blue 71 (DB71) solutions, showing 

excellent decolorization potential. The membrane was prepared by vacuum 

filtration of various graphene oxide solutions using a UF ceramic flat 

element. The decolorization efficiency of the CSGOM bioreactor, made from 

1 mg·mL-1 of GO solution (B-CSGOM-1), was investigated for several 

structurally distinct azo dyes, initial feed concentrations, and permeate fluxes. 

Maximum color removal was achieved under low feed concentration 

(50 mg·L-1) and permeate flux (0.05 L·m-2·h-1), reaching 99% for AO7, 96% 

RB5, and 92% for DB71. At this low permeate flux, the biodecolorization 

was stable for all azo dye solutions irrespective of the feed concentration. In a 

subsequent experiment under higher feed concentration and permeate flux 

(100 mg·L-1 and 0.10 L·m-2·h-1), the decolorization slightly fell to 93%, 85%, 

and 81% for monoazo, diazo, and triazo solutions, respectively. The existence 

of anaerobic bacteria (Geobacter and Pseudomonas Guangdongensis) in the 

B-CSGOM-1 biofilm confirms that they could perform efficient 

biodegradation of azo dye molecules in association with the graphene oxide 

membrane.  
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1. Introduction  

Global water pollution occurred in all sources, including canals, lakes, 

rivers, oceans, and underground reservoirs. It usually happened when 

unwanted substances, from either humankind or environment, mix with 

water. Industrial effluents are the primary source of contaminant substances 

for water pollution. For instance, every year, 0.28 million tons of textile dyes 

are discharged in the aquatic environment as industrial waste [1]. About half 

of the textile dyes belong to the azo dye group, which is also extensively used 

in leather, medical, food, and personal care products [2, 3]. The disposal of 

this untreated dyestuff poses a severe threat to the aquatic ecosystem as well 

as biodiversity [4]. It changes the natural appearance of the water becoming a 

dark, opaque, and colored liquid hindering the photosynthesis process due to 

the deficient transmission of sunlight in such water [5]. The dye effluents and 

their decomposed products are mostly detrimental, even at a very low 

concentration. This contaminated water, if used for drinking, household, or 

agricultural purposes, may cause toxicity, mutagenicity, and carcinogenicity 

on the human body [6]. Therefore, efficient wastewater treatment is highly 

required to maintain and control water pollution in this situation. 

Several methods for treating dye-containing wastewater have been 

investigated, including physicochemical (adsorption, coagulation-

flocculation, filtration, ion-exchange), biological, photocatalysis by UV 

irradiation, advanced oxidation processes, and combined process [7, 8]. Still, 

these treatment processes have faced some disadvantages, including addition 

of enormous amounts of chemicals, installation and operating costs, space 

requirements, secondary treatments, and poor process efficiency [9, 10]. On 

the other hand, membrane-based separation processes have attracted 

tremendous attention in the wastewater treatment over the few decades due to 
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its easy operation, low operating cost and energy consumption, small carbon 

footprint, and environmental suitability [11-13]. Besides, other eco-friendly, 

efficient dye removal processes are those based on biological mechanisms. 

Among the various biological methods, anaerobic treatments are very simple, 

less expensive azo dye removal processes [14]. This also produces less 

potentially dangerous substances, which eliminates the need to treat 

subsequently the biodegradable byproducts [7, 15]. However, no single 

process for removing azo dyes from textile effluent is efficiently and 

economically viable yet [16]. Therefore, the advantages of both anaerobic 

pathway and membrane separation process can be coupled in a single 

compact reactor as a successful technique for the intensified biodecolorization 

of azo dye. The key for implementing effectively this alternative is the 

selection of membrane precursors that can successfully be coupled with the 

anaerobic process.  

In this sense, nowadays, graphene oxide (GO) is considered a prospective 

precursor for the synthesis of membranes because of its unique two-

dimensional structure that consisted of the functional polar oxidized zone and 

pristine graphite zone [17]. The water molecules accumulate inside the 

interlayers of the oxidized region, and the other zone increases the liquid 

permeation [18]. Besides, the nanoporous GO membrane imparts surface 

functionality, electrical conductivity, and mechanical stability, making it 

possible to produce a low-cost membrane for a large-scale operation such as 

wastewater treatment and molecular separation [19]. Pure GO (single or 

multilayer graphene) and GO composite (GO surface-modified, stacked 

graphene, graphene mixed-matrix) membrane are reported to be fabricated by 

filtration-assisted, casting, spin coating, and layer by layer assembly method 

[20]. Vacuum-assisted filtration is most commonly used to obtain either free-
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standing or supported GO membranes of all preparation techniques. In recent 

years, GO and GO-composite membranes have demonstrated the ability to 

retain azo dyes [17, 21]. Still, it is under consideration to further improve the 

GO membrane durability, longevity, and water permeability without losing 

decolorization performance. So, it is important to obtain a compact treatment 

process with stable, robust, and high azo dye removal potential. 

A nano-sized ceramic-supported carbon membrane (CSCM) was 

synthesized in our earlier work [22]. This form of the membrane was capable 

of decolorizing structurally different azo dyes. However, the effectiveness of 

the decolorization was limited at higher permeate flux and feed concentration, 

while it is an essential matter to attain the maximum decolorization 

performance for practical application. Taking this into account, this work is 

aimed at finding a robust and durable compact anaerobic membrane 

bioreactor for a better biodecolorization rate. The novelty of this study lies on 

the application of conductive graphene oxide membrane in combination with 

the anaerobic biofilm process for the successful removal of azo dye from dye-

containing wastewater. It is worth that anaerobic bacteria such as Geobacter 

and Pseudomonas can perform extracellular electron transfer in an aqueous 

solution. As a result of the use of microorganisms and GO membrane, both 

the bacteria and the GO layer provide faster and more efficient electron 

transfer for azo dye bond (-N=N-) breaking, thus enhancing the 

decolorization performance under anaerobic conditions. Additionally, the 

nano-sized ceramic-supported graphene oxide membrane (CSGOM) acts as 

biofilm support and pollutant immobilizer to improve the azo dye removal 

rate. The optimum concentration of the GO solution for the preparation of 

CSGOM and its decolorization performance by anaerobic biodegradation 

were examined. Ceramic-supported graphene oxide membrane bioreactor (B-
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CSGOM) was first implemented for the monoazo Acid Orange 7 (AO7) 

decolorization process. Afterward, variations of critical parameters for B-

CSGOM performance, for example, azo dye with different structures, 

molecular weight and functional groups, initial feed concentration, and 

permeate flux, were explored to enhance and optimize the bioreduction of azo 

dyes. Finally, the biofilm was examined to identify microbial species 

involved in this anaerobic process in order to understand and, subsequently, 

improve the biodecolorization by means of CSGOM. 

 

2. Experimental 

2.1 Fabrication of Ceramic-supported GO Membrane (CSGOM) 

Vacuum-assisted deposition of the synthesized graphene oxide layer over 

the ceramic support (ZrO2-TiO2 ultrafiltration flat membrane; diameter: 47 

mm; thickness: 2.5 mm; molecular weight cut-off: 50 kg·mol-1; TAMI 

Industries, France) was used to prepare the CSGOM membrane. Firstly, a 

modified Hummer method [23] was employed to obtain the graphene oxide 

powder. A homogeneous mixture of 2.5 g of graphite powder (<20 μm, Sigma 

Aldrich, ref. 282863) and 2 g of NaNO3 (Honeywell Fluka™, ref. 15603430) 

was made in 70 mL of H2SO4 (Honeywell Fluka™ 95-98%, ref. 32051) 

solution. The mixture was then placed in an ice bath and mixed with 10 g of 

KMnO4 (PanReac AppliChem, ref. 141527), and followed by stirring 

overnight at 50 ºC. Thereafter, 10 g of KMnO4 and 70 mL of Milli-Q water 

(Millipore Milli-Q system, Molsheim, France) were added and stirred for 24 

h. The mixture was transferred into a beaker containing 400 mL of ice water, 

and 3 mL of H2O2 (Acros Organics, ref. 411880025) were added and kept 

stirred at room temperature. The graphite oxide solution was purified by a 

500 mL solution of 0.5 wt.% H2O2 and 3 wt.% H2SO4. The graphite oxide 
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pellet was centrifuged at 3000 rpm and the supernatant discarded. After 

repeating it five times, the solid was exfoliated in water in a sonication bath 

for 2 h to obtain graphene oxide. The GO pellets were dried for 48 h at 60 ºC 

and then grounded using mortar and pestle to obtain the GO powder.  
 

 

 

 

Figure 1: Fabrication process of the ceramic-supported GO Membrane 

(CSGOM). 
 

The schematic diagram of the synthesis of CSGOM is illustrated in Figure 

1. The process begins with preparing different concentrations of 

homogeneous GO solution (mg‧mL-1) by dissolving the desired amount of 

previously synthesized GO powder in deionized water, which was sonicated 

by 45 minutes in an ultrasonic bath. Then, 5 mL of GO solution was poured 

over the ceramic support placed inside the filtration cell (INSIDE DisRAM 

holder, TAMI Industries, France). After 15 minutes of vacuum filtration, a 

controllable graphene oxide layer was formed on the ceramic support surface. 
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The coating was settled by first drying at 80 ºC for 24 h and then at 100 ºC for 

72 h. Following the above procedure, a total of four GO membranes were 

prepared using a variety of precursor concentrations; these were denoted as 

CSGOM-0.5, CSGOM-1, CSGOM-2, and CSGOM-4, respectively, for the 

membrane synthesized with 0.5, 1, 2, and 4 mg·mL-1 of exfoliated GO 

solutions.  

 
 

2.2 Experimental Set-up for Anaerobic Biodegradation 

Figure 2 shows a scheme of the lab-scale B-CSGOM system used in this 

study. The compact bioreactor was made of a filtration cell that held the 

CSGOM membrane with 5 mL of retentate chamber. AO7 (ACROS 

Organics, ref. 416561000), diazo Reactive Black 5 (RB5) (Sigma Aldrich, 

ref. 306452), and triazo Direct Blue 71 (DB71) (Sigma Aldrich, ref. 212407) 

were selected as model compounds to generate the artificial wastewater. As 

co-substrate, Sodium Acetate (SA) (Sigma Aldrich, ref. 110191) was used as 

a carbon source and electron donor for microorganisms and azo reduction. 

The dye and SA were dissolved in Milli-Q water at a 1:3 mass ratio to make 

the synthetic feed solution. After that, 1 mL of each basic medium (BM), 

used as a source of microorganism nutrients, was added to the feed solution. 

There were six basal media; BM 1 contained 0.155 mg·L-1 MnSO4·H2O, 

0.285 mg·L-1 CuSO4·5H2O, 0.46 mg·L-1 ZnSO4·7 H2O, 0.26 mg·L-1 

CoCl2·6H2O and 0.285 mg·L-1 (NH4)6Mo7O24; BM 2 contained 21.75 mg·L-1 

K2HPO4, 33.40 mg·L-1 Na2HPO4·2H2O, 8.50 mg·L-1 KH2PO4; BM 3 was 

29.06 mg·L-1 FeCl3·6H2O solution; BM 4 was 13.48 mg·L-1 CaCl2 solution; 

BM 5 was 15.2 mg·L-1 MgSO4·7H2O solution; and BM 6 was 190.90 mg·L-1 

NH4Cl solution. All the chemicals used in this BM were analytical grade 

chemicals (Sigma Aldrich), and the solutions of these chemicals were made 

by dissolution in Milli-Q water.  
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Figure 2. CSGOM bioreactor experimental set-up. 
 

The feed solution was kept at 1 ºC to prevent microbial growth in the feed 

stream that ensured a stable sodium acetate concentration. The reactor was 

sealed tightly after 5 mL of secondary anaerobic sludge (municipal WWTP 

Reus, Spain) was placed over the CSGOM membrane. Continuous sparging 

of nitrogen through the feed solution (Purity >99.99 %, Linde) helped to 

maintain the negative redox potential, needed to favor dye decolorization rate 

[24]; this resulted in the obtained anaerobic conditions throughout the system. 

Moreover, nitrogen pressure fixed the operation of TMP, thus controlling the 

permeate flux. The compact bioreactor was run under dead-end filtration 

mode at a temperature of 37 ± 1 °C to boost the efficiency of microbial strains 

that were capable of decoloring azo dyes [25, 26].  
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2.3  CSGOM Membrane Characterization 

The morphology, thickness, and elemental composition of graphene oxide 

membranes were characterized by the Field Emission Scanning Electron 

Microscope with Focused Ion Beam (FESEM-FIB, Scios 2 Dual Beam, 

Thermo Scientific, USA). Atomic Force Microscopy (AFM, Molecular 

Imaging Pico Plus 2500, Bid Service, USA) was used to examine the 

membrane surface and conductivity. 

Raman scattering measurements to characterize the carbon product were 

carried out at room temperature with a Renishaw inVia Raman Confocal 

Microscope System w/Leica DM 2500M at 633 nm. Furthermore, to confirm 

the phase purity and crystallinity of the CSGOM membrane, a Siemens 

D5000 diffractometer, Bragg-Brentano parafocusing geometry, and vertical θ-

θ goniometer under the CuKα wavelength of 1.54056 Å at 40 kV and 30 mA, 

was used for X-ray Diffraction (XRD). The data was obtained using a sample 

rotation (0.05º angular step at 3s per step) and analyzed with the aid of 

diffract-plus software.  

The filtration performance of CSGOM was inspected using equations 1 

and 2 as straightforward method to determine membrane flux and hydraulic 

resistance. 

1
                                            (1)

1
                                       (2)R

J
t A

P
H

V

J

= 


= 

 

where J is the permeate flux (L·m-2·h-1), V the volume of permeate (L) 

collected in a given time, t the filtration time (h), A the membrane area (m2), 
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HR is the resistance (m-1), ∆P is the transmembrane pressure (bar), and μ is 

the viscosity (Pa·s) of the permeate corrected to experimental temperature. 

Dye removal was evaluated by measuring the dye concentration using a 

UV/VIS4000n Spectrophotometer (DINKO Instruments, Spain) at the 

corresponding maximum absorbance wavelength at 484 nm for AO7, 597 nm 

for RB5, and 585 nm for DB71. The decolorization percentage (D) was 

calculated using equation 3. 

o

o

  (%) =  100                    (3)
A A

D
A

−
  

where Ao and A are the absorbance of feed and treated samples for each 

biodegradation test, respectively.  

 

2.4 Microbial Analysis 

The microbial diversity of the biofilm evolved during the anaerobic 

bioreduction of dye was examined using DNA isolation kits (Norgen Biotek 

Corporation, ref. 64000). In this extraction technique, the bio-samples were 

collected from the membrane surface and its DNA extracted [27]; 500 ng of 

extracted DNA were used for library preparation to apply DNA Illumina 

sequencing employing Illumina DNA Prep kit (Illumina, Inc.). All libraries 

were evaluated with the TapeStation High Sensitivity DNA kit (Agilent 

Technologies) and quantified with Qubit (Invitrogen Corporation). The 

filtered reads were matched to unique clade-specific marker genes using 

MetaPhlAn 3 to determine the taxonomic profile. Relative abundances and 

alpha diversity measures (Shannon and chao1 indexes) were calculated using 

MetaPhlAn's relative proportions. 
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3. Result and Discussion 

3.1 Morphological Structure of CSGOM 

X-ray diffraction of the CSGOM-1 obtained by vacuum-assisted filtration 

method is presented in Figure 3. The GO crystal plane (0 0 1) is clearly 

visible at 2θ = 11.5° with the interlayer spacing of 0.76 nm that is larger than 

graphite atomic spacing, 0.33 nm [28]. This suggests that the oxygen 

functional group attached to the edge of each layer raises the spacing between 

the layers, which aids GO exfoliation in the aqueous medium [29]. There are 

no graphitic contaminants in the CSGOM-1, which is confirmed by the lack 

of peaks at 2θ = 26° [30]. The peaks at 2θ = 30, 35, 50 and 59° are due to the 

presence of tetragonal ZrO2 [31], whereas the peaks at 2θ = 28, 43, 54 and 

69° owns to rutile form of TiO2 in the ceramic support [32].  

 
 

Figure 3. XRD diffractogram of ceramic-supported graphene oxide 

membrane. 
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Raman spectra shown in Figure 4 can provide additional evidence for the 

presence of GO in the CSGOM-1. High intensity peaks in the Raman spectra 

of CSGOM-1 indicate the expected conjugated and carbon-carbon double 

bonds of graphene. In general, the D peak is caused by sp3 carbon atoms with 

a disordered or defective carbon structure, while the G peak is originated 

from the vibration of the aromatic structure of sp2 hybrid carbon atoms. It 

also reflects the same characteristics as XRD, whereas the tetragonal ZrO2 is 

observed at 262 cm-1 (Eg) [33] and for rutile TiO2 peaks at 448 cm-1 (Eg) and 

611 cm-1 (A1g) [34]. The typical D and G bands for the CSGOM-1 are found 

at 1351 cm-1 and 1605 cm-1, respectively. The quotient ID/IG, the D and G 

band's intensity ratio, is a common way to express the defect degree of 

materials. It is found to be 1.02 for CSGOM-1, which is consistent with 

reported values in the literature [35]. This ratio suggests that the GO 

membrane is relatively stable and resistant to environment conditions. 

Furthermore, the absence of a 2D band at 2700 cm-1 indicates that all the 

graphite layers were essentially oxidized during the oxide formation step [36]. 

The morphology of both CS and CSGOM-1 were examined by FESEM. 

Figure 5(a-b) demonstrates that both ceramic support and ceramic-

supported graphene oxide membranes are typical porous surfaces [22, 37]. 

Part of the of the graphene oxide deposited on the ceramic support appears as 

an aggregate or was broken down into smaller particles that penetrated into 

the ceramic support to form a GO-ZrO2 composite [23]. It seems that, once 

the pores were shrinking or blocked, the homogeneous GO layer was formed, 

over a first zone of the composite GO-ZrO2 and then over the original ZrO2 

section. Probably, interaction on the membrane surface is mainly due to the 

attraction between ZrO2 oxygens and either or both hydroxyl and carboxylic 

groups of graphene oxide [38, 39]. As expected, the GO layer deposited 
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reduced the pore size of the virgin CS surface. In addition to the visual 

inspection of the FESEM images, ImageJ software was used to analyze the 

surface pores of CS and CSGOM-1. Compared to the CS, it is found that the 

pore size of the CSGOM-1 is significantly lowered, where more than 80% of 

the pores being around 25 nm, in the range of transition from ultra to 

nanofiltration. 

 
 

Figure 4. Raman spectra of ceramic-supported graphene oxide membrane 

 

The cross-sectional images of both CS and CSGOM-1 (Figure 5(c-d)) 

revealed a clear disparity between the support and the membrane. The bottom 

part in both cases is the titanium oxide layer. There are then two more layers 

of zirconium oxide above the titanium oxide layer: the smaller active porous 

layer and the intermediate porous layer. 
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Figure 5. FESEM micrographs on the surface of a) CS and b) CSGOM-1, 

and the cross section of c) CS and d) CSGOM-1 (deposited GO amounts: 2.6 

mg). 

However, another layer is clearly visible in the CSGOM-1, which 

corresponds to the synthesized graphene oxide membrane. This configuration 

is in line with that found by Octávia et al. [40], who demonstrated the 

fabrication of a uniform GO-Zirconia composite membrane. The 1.55 µm 

thick GO layer is firmly adhered to the ceramic support, indicating the 

success of CSGOM-1 preparation using the vacuum-assisted method. 
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Table 1 lists the GO content and elementary composition of CSGOM 

synthesized with various concentrations of GO solution. As expected, the GO 

content (0.8 to 3.9 mg) of the top layer of CSGOM increases in proportion to 

the initial solution concentration of membrane precursors. The FESEM-EDX 

analysis of the GO membrane provided more detailed information about this 

layer composition.  

Table 1. Surface analysis of the CS and CSGOM-1  

 GO content C  O Ti Zr 

 (mg) (wt.%) 

CS n.d. n.d. 44.0 22.2 33.8 

CSGOM-0.5 (0.5 mg·mL-1) 0.8 13.7 42.2 17.0 27.1 

CSGOM-1 (1 mg·mL-1) 2.6 49.4 37.0 3.1 10.5 

CSGOM-2 (2 mg·mL-1) 3.3 61.3 35.9 n.d. 2.8 

CSGOM-4 (4 mg·mL-1) 3.9 66.8 33.1 n.d. 0.1 
 

 

As expected, the results show that CS is made of ZrO2 and TiO2, although 

the content of zirconia is higher than titania as the analysis rather falls upon 

the upper layer of the virgin layer, described as a selective zirconia band. In 

turn, the CSGOM have a carbon-rich layer on top (13.7 to 66.8 wt.% of 

carbon) together with ZrO2 and TiO2. The amount of carbon content is greater 

when increasing the concentration of exfoliated GO solution during coating 

and, subsequently, the relative content of ZrO2 and TiO2 is decreased. 

Obviously, the data is in accordance with the fact that the incident beam 

energy (5 keV) for all measurements penetrated a given depth through the 

CSGOM surface. Thus, the thicker GO layer on the membrane surface allows 

passing a shorter distance, and therefore the analysis was able to quantify 

fewer elements deeper inside the membrane composite. Furthermore, as the 

concentration of the precursor solution rises, more GO particles begin to 
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penetrate the GO-ZrO2 composite layer, which means deposited deep inside 

the ceramic support. As a result, the precursor concentration increases from 2 

to 4 mg·mL-1 had almost no significant changes in the carbon content 

measured on the membrane surface. 

The multilayer 3D topography, height, and current profile of CSGOM-1 

were investigated by using AFM (at a random area of 500x500 nm2) and 

CSAFM (current sensing atomic force microscopy); the data is shown in 

Figure 6 (a-b). The mean roughness and root mean square (RMS) roughness 

analysis of the membrane surface yielded 7.5 and 9.4 nm, respectively. 

According to a rough estimate based on AFM imaging with SPIPTM software, 

most of the pores in CSGOM-1 were in the 17-33 nm range, which compares 

well with estimates made by FESEM.  

 

Figure 6. AFM images of CSGOM-1 a) 3D Topography b) Current 

distribution 

The CSAFM images also provide the current distribution profile of the 

CSGOM-1 membrane (Figure 6b). The results demonstrate the local 

conductance on graphene oxide surfaces, which should enhance the rate of 

biodegradation through the electron shuttle mechanism [41].  

UNIVERSITAT ROVIRA I VIRGILI 
CARBON-BASED MEMBRANE BIOREACTORS FOR THE ANAEROBIC DECOLORIZATION OF DYES 
Mohammad Shaiful Alam Amin 



3. Ceramic-supported Graphene Oxide Membrane Bioreactor for the Anaerobic Decolorization of Azo Dyes 

 

84 

 

3.2 Impact of the GO Layer on Flux and Resistance  

A set of tests were conducted to investigate the effect of depositing 

different amounts of membrane precursor (produced by varying the 

concentration of GO solution) on filtration characteristics represented by 

membrane flux, and the derived parameters pure water permeance (PWP) and 

hydraulic resistance (HR). As expected, the membrane without GO, CS, 

showed the highest flux, 62.3 L·m-2·h-1. The pure water flux of the ceramic 

support (ZrO2-TiO2 based ultrafiltration flat membrane) is mainly influenced 

by the membrane properties such as thickness, homogeneity, and porosity. 

Additional single or multilayer GO was formed over the ceramic support in 

CSGOM, resulting in an increment of hydraulic resistance. Moreover, the GO 

particles reduce the pore size of the ceramic support. Thus, a membrane 

without the GO always possessed the highest water flux. Similar results are 

shown in Figure 7, where the flux decreased linearly with increasing GO 

thickness, which correlates with the increasing precursor concentration for 

CSGOM preparation (0.5, 1 and 2 mg·mL-1 GO). The lowest pure water flux 

(4.1 L·m-2·h-1) was observed for the membrane made of 2 mg·mL-1 of GO 

solution (CSGOM-2). In comparison to CS, the pure water flux for CSGOM-

0.5, CSGOM-1, CSGOM-2 dropped 63%, 83%, and 93%, respectively. 

Giménez et al. [23] also found strong flux drops, 47% and 77%, for GO 

membranes prepared from 0.05 and 0.5 mg·mL-1 of GO over a 0.04 μm pore 

size ceramic support. The derived PWP follows these trends, so CS exhibits 

maximum permeance (77.8 L·m-2·h-1·bar-1) and it then decreases up to 5.1 

L·m-2·h-1·bar-1 for CSGOM-2 (Figure 7). 
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Figure 7. Variation of pure water flux and pure water permeability of CS and 

CSGOM at 25 °C. (PWP in L·m-2·h-1·bar-1) 
 

From the permeances given in Figure 7, the total resistance of the CS and 

CSGOM were estimated, and the specific contribution of the GO layer was 

calculated considering the ceramic support resistance to be constant in the 

membranes containing GO. The hydraulic resistance of the ceramic support 

was estimated to be as 5.2±0.1·1012 m-1. It has been noted that GO load 

during preparation of graphene oxide membranes has a significant impact on 

permeate flux, thus in the hydraulic resistance. Since permeate flux and 

hydraulic resistance are interconnected functions, higher graphene oxide 

content membrane must result in more resistance. During fabrication, the 

ceramic support pores (GO-ZrO2 region) were first entirely filled and then 

formed on top the GO multilayer. It was also observed that the thickness of 

the deposited GO layer grew as the GO concentration was increased, which in 

turn decreased the membrane flux [42, 43] and increased the hydraulic 
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resistance. Hence, the CSGOM resistances increased from 1.51±0.04·1013 m-1 

to 8.64±0.13·1013 m-1 as the concentration of GO solution during coating 

increased from 0.5 to 2 mg·mL-1. Therefore, the CS gives less than one third 

of the total resistance in CSGOM. Further increase of GO concentration up to 

4 mg·mL-1 in CSGOM-4 preparation made the membrane essentially 

impermeable due to the formation of a very thick, dense, and nonporous GO 

layer on the membrane surface that prevents water molecules from passing 

across [44, 45]. 

On the other hand, a low concentration of GO solution (< 0.5 mg·mL-1) 

failed to form a uniform, stable GO-Ceramic membrane because of lack of 

carbon content and non-homogeneous layer formation on the membrane 

surface. Lou et al. [46] found that a membrane prepared from 0.05, 0.10, and 

0.5 mg·mL-1 GO solution was not good enough for practical application. 

Moreover, in a membrane prepared with a high GO concentration (≥4 

mg·mL-1), the GO layer can peel up easily after swelling and detached from 

the surface. Therefore, it is inferred that the CSGOM preparation technique 

must meet two critical requirements. GO load must be suitable to create a 

homogeneous and tightly bound GO layer and permeate flux should be at the 

desired level. In this study, it was found that the CSGOM-1, with an 

estimated 1.55 μm GO layer thickness showed a permeance of 13.8 L·m-2·h-

1·bar-1. This was comparable to other attempts available in the literature such 

as a polyacrylonitrile nanofibrous mat supported (8.2 L·m-2·h-1·bar-1) and an 

electrospray nanofiltration (11.3 L·m-2·h-1·bar-1) GO membrane [47]. Even 

though the carbon wall or channel is hydrophobic in nature, the slip flow 

theory indicates that it can assist in transporting the liquid between the GO 

layers [42]. As per this principle, the water molecules first proceed to the 

hydrophilic edges and defects of the GO layer, which act as a gate for water 
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flow. The liquids are usually deposited in those gates and then slip through 

the hydrophobic nanochannel. As a result, graphene oxide membrane displays 

acceptable permeate flux despite having a thicker layer. Based on these facts, 

0.5 and 1 mg·mL-1 of GO solution appears to be the optimum concentration 

for forming the membranes properly, combining enough flux and robustness 

needed for the wastewater treatment process.  

3.3 Role of the Graphene Oxide Layer on Anaerobic Biodecolorization of 

Azo Dyes  

The capability of the graphene oxide membrane for anaerobic azo dye 

decolorization was checked out, with and without the formation of biofilm. 

Four different reactor combinations were used: mixed microbial consortium 

on CS (B-CS), mixed microbial consortium on CSGOM (B-CSGOM), no 

microbial consortium on CS (R-CS), and no microbial consortium on 

CSGOM (R-CSGOM). In all cases, initially, 50 mg·L-1 feed solution of AO7 

was used as it falls within the typical range (10 to 50 mg·L-1) of dye 

concentrations in real textile effluents [48]. In all the cases, a constant flux of 

0.05 L·m-2·h-1 was maintained in a dead-end filtration mode. Furthermore, 

two graphene oxide membranes produced from 0.5 and 1 mg·mL-1 of GO 

solution (CSGOM-0.5 and CSGOM-1) were used to investigate the impact of 

graphene oxide content on the decolorization process. As above commented, 

the thickness of the GO layer on the membrane surface is easily adjusted by 

changing the precursor concentration. Since the membrane flux is dependent 

on the thickness of the deposited graphene oxide layer (resistance) of the 

CSGOM, transmembrane pressure from 0.5 to 2.0 bar was adjusted in the 

experiments to maintain a constant flow irrespective of the different 

membrane thicknesses. Figure 8 includes the removal evolution for all the 

cases during a period of 10 days, since the start until a steady operation was 
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reached. Overall, the results confirmed that the presence of the GO layer had 

a significant effect on the decolorization of AO7. The color removal attained 

was larger at the highest GO load (B-CSGOM-1 consisting of the membrane 

made of 1 mg·mL-1 of GO solution), giving a decolorization of 99%. 

 

Figure 8. Decolorization of AO7 in CS and CSGOM reactors; CS and 

CSGOM bioreactors; Flux = 0.05 L·m-2·h-1, AO7 concentration in feed 

solution = 50 mg·L-1 and T = 37 °C. 

All the reactors apparently showed a good efficiency during the first 12 

hours as they decolorized more than 75% of the azo dye solution. Actually, 

this initial decolorization was basically due to the adsorption of the dye on the 

membrane surfaces, so it is not a true removal. Once the membrane became 

saturated, the color removal efficiency dropped suddenly, except for B-

CSGOM-1, stabilizing rapidly around a mostly steady value. The B-CS and 
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R-CS completely lost any decolorization ability after two days. In the case of 

R-CS, once saturated the membrane material, the only possible mechanism to 

remove dyes could be the membrane retention, which fails since the pore size 

of the support element (UF range) is too high in comparison to the dye 

dimensions (NF range). Although B-CS was operated with the mixed 

microbial consortium, the desired biodecolorization did not occur because of 

the probable absence of an active biofilm or even microorganisms on the 

ceramic support, which can probably be ascribed to the fact that the permeate 

flow washed out the bacteria before forming a biofilm because of their size 

relatively smaller than the support pores. After four days of operation, the 

decolorization rate stabilized at approximately 22% for CSGOM-1 and 10% 

after six days with CSGOM-0.5. In this case, the membranes are partially able 

to retain the dye due to the nano-sized pores of the CSGOM surface created 

after GO layer formation. Therefore, this limited capacity of dye removal can 

essentially be attributed to molecular sieving mechanism. 

Only for B-CSGOMs (blue and brown circles in Figure 8), there was a 

true biodegradation of the dye. The highest decolorization (99%) was 

observed for the B-CSGOM-1 prepared with a concentration of 1 mg·mL-1 of 

GO, whereas only 51% of color removal was observed using B-CSGOM-0.5 

made from 0.5 mg·mL-1 GO. Only dye decomposition caused by the 

anaerobic action of the microorganisms can account for the high level of 

decolorization observed in this study. However, a great difference is observed 

between the performance of the B-CSGOM-1 and B-CSGOM-0.5, where the 

load of GO seems to favor the biodecomposition. To form an efficient biofilm 

or anaerobic membrane scaffold, microorganisms must be selectively 

attached to the graphene oxide surface. The essence of the microbial activity 

and the consistency of the GO layer have a direct impact on adhesion 
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performance. Thus, the improved performance in B-CSGOMs was due to the 

concurrent occurrence of physical sieving and anaerobic biodegradation. As 

in previous studies using ceramic-supported carbon-based membrane 

bioreactors [22], the GO layer of B-CSGOM also played a triple role in the 

anaerobic decolorization of azo dyes since it performs as a pollutant 

immobilizer, support for the biofilm, and electron transporter. Graphene-

oxide membranes are more conductive than Matrimid-based carbon 

membranes [22], thus contributing to a faster electron shuttle mediator 

mechanism. Moreover, the surface of the nanoporous graphene oxide 

membrane improves the microbial metabolism and retains the degradation 

products, which globally enhances the decolorization performance [49].  

Compared with previous studies (the up-flow packed-bed reactor filled 

with biological activated carbon) with a similar objective [50], the B-

CSGOM-1 was also stabilized in a shorter retention time to achieve the 

almost complete (99%) decolorization of AO7. On the other hand, our 

configuration shows better performance if compared to other attempts based 

on GO. Shital et al. [51] assessed AO7 removal by adsorption with reduced 

graphene oxide (RGO), combined RGO-Photolysis, RGO-Oxidation with 

H2O2, and RGO-Oxidation with photo radiation process, and found 10% 

removal by RGO alone and a maximum of 80% by combined RGO-Oxidation 

with UV-radiation.  

Since GO plays a critical role in this process, it was expected that its load 

in the GO layer impact someway on the dye removal. For instance, in an 

oxidation process, Lee et al. [52] investigated GO load and discovered that 

the increase of the load improved the dye removal efficiency. As previously 

noted, FESEM-EDX measurements (Table 1) confirmed the increase of the 
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GO concentration in the precursor solution from 0.5 to 1 mg·mL-1 improves 

the GO content of CSGOM from 0.8 to 2.6 mg. This latter higher load creates 

a membrane with smaller pore size responsible of dye adsorption and biofilm 

immobilization, therefore, both enhanced [53]. Moreover, the carbon-rich 

CSGOM enhances the redox mediator role due to the greater availability of 

sites with redox properties, which also contributes to improve the 

biodegradation performance. Figure 8 corroborates this trend, as raise of 

carbon content from 13.7% to 49.4% on CSGOM-1 almost doubled the 

decolorization (from 51 to 98%). Further application of a CSGOM-2 and 

CSGOM-4, as commented above, gave a less or non-permeable membrane, so 

the CSGOM-1 was taken as the most favorable balance between flux and 

decolorization.  

3.4 Effect of Flux and Feed Concentration on Azo Dye Decolorization  

The effect of feed concentration and permeate flux on the decolorization 

process of B-CSGOM-1 was evaluated by varying AO7 concentrations (50, 

75, and 100 mg·L-1) and permeate fluxes (0.05, 0.075, and 0.10 L·m-2·h-1). 

All experiments were conducted for 30 days continuous operation, with a 

flow of 0.05 L·m-2·h-1 within the first 10 days, 0.075 L·m-2·h-1 for the second 

10 days, and finally at 0.10 L·m-2·h-1 until the end. The transmembrane 

pressure (TMP) was adjusted when needed to keep a constant permeate flux. 

Though slight, accumulated membrane fouling during the process would 

lower the permeate flux if not corrected. Figure 9 depicts the change in AO7 

decolorization for the three feed concentrations tested during the three periods 

of different permeate flux. As can be seen, irrespective of the conditions, the 

decolorization reached over 90% although the expected trends for feed 

concentration and permeate flux were observed. B-CSGOM-1 with a feed 

concentration of 50 mg·L-1 and a permeate flux of 0.05 L·m-2·h-1 achieved the 
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maximum AO7 removal, 99%. At a higher permeate flux (0.10 L·m-2·h-1), the 

decolorization slightly decreased to 97%, 95%, and 93%, at the AO7 feed 

solution concentrations of 50, 75, and 100 mg·L-1 respectively. Along with 

Figure 9, Table 2 illustrates the amount of dye removed and the percentage 

of decolorization during the B-CSGOM-1 process. It is worth noting that 

when the feed concentration and permeate flux increase, decolorization 

usually reduces but the amount of decolorized dye is progressively growing. 

In this experiment, a maximum equivalent consumption of 9.3 mg·m-2·h-1 

was obtained for 100 mg·L-1 AO7 at a 0.10 L·m-2·h-1 flux. 

 
 

Figure 9. Influence of feed concentration and permeate flux on anaerobic 

decolorization of AO7 using B-CSGOM-1. 

Color removal was thoroughly stable at the low flux-region, with no 

significant differences observed for the three different feed concentrations. 

The low permeate flow allowed the dye molecules to interact with bacteria 

UNIVERSITAT ROVIRA I VIRGILI 
CARBON-BASED MEMBRANE BIOREACTORS FOR THE ANAEROBIC DECOLORIZATION OF DYES 
Mohammad Shaiful Alam Amin 



3. Ceramic-supported Graphene Oxide Membrane Bioreactor for the Anaerobic Decolorization of Azo Dyes 

 

93 

 

enough time to reach large biodegradation [54]. After 30 days of operation, 

even increasing permeate flux, the B-CSGOM-1 gave around 97% of azo dye 

decolorization for the 50 mg·L-1 feed solution. Increasing the flux, even the 

falling decolorization percentage, the absolute amount of AO7 removal by the 

B-CSGOM-1 increased from 2.5 to 4.7 mg·m-2·h-1. These decolorization and 

dye removal findings concluded that the amount of biomass was sufficient to 

assure almost complete biodegradation of the dye. Anyway, even when the 

AO7 feed concentration and permeate flux doubled, the microorganisms were 

able to attain high levels of decolorization. Thus, the decolorization for 75 

and 100 mg·L-1 feed solution at 0.075 and 0.10 L·m-2·h-1 flux was only 

reduced to 98-95% and 97-93%, respectively. Simultaneously, the Total 

Organic Carbon (TOC) and Chemical Oxygen Demand (COD) of each dye 

solution were reduced by more than 85% and 95%, respectively, in all 

conditions. The effluent properties achieved by B-CSGOM-1 were highly 

suitable for environmental emissions (details are given in Table A). Besides, 

these conditions furnish more absolute dye removal, which reach 7.1 and 9.3 

mg·m-2·h-1 for 75 and 100 mg·L-1 feed solutions, respectively. The results 

were much better than those obtained using conventional discontinuous 

biological systems at several AO7 concentrations [50, 55, 56]. In a similar 

reactor configuration and operations conditions using carbon-based 

membranes instead of GO [22], the decolorization attained was 58%, 45%, 

and 36% for 50, 75, and 100 mg·L-1 of AO7 solutions, respectively, while 

over 93% removal was achieved using the present B-CSGOM-1 in the ranges 

tested. This suggests that the GO plays a dominant role during the dye 

biodegradation, being much more efficient than carbon-based membrane 

made using Matrimid 5218 as a precursor [22]. Probably the potential of GO 
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as a redox mediator enhanced the transfer of electrons to the azo bond of the 

dye molecule, leading to easier cleavage of the azo bond [57].  

 

Table 2. Summary of the decolorization and dye removal in B-CSGOM-1 

tests. 

 Decolorization 

(%) 

Dye Removal Rate 

(mg·m-2·h-1) 

Flux (L·m-2·h-1) 
 

Concentration (mg·L-1) 

0.05 0.075 0.10 0.05 0.075 0.10 

50 99 98 97 2.5 3.7 4.7 

75 98 97 95 3.7 5.4 7.2 

100 97 95 93 4.9 7.1 9.3 

 

However, regardless of the color removal, this compact bioreactor unit is 

more compatible with higher feed concentration and permeate flux to remove 

the amount of azo dye as the microorganisms of the B-CSGOM-1 is highly 

capable of coping with the growing dye loads. Consequently, it might be 

more productive to operate the B-CSGOM-1 at a greater permeate flux. 

 

3.5 Comparative Decolorization of Azo Dyes  

A comparative biodecolorization of three structurally different azo dyes 

(mono azo AO7, diazo RB5, and triazo DB71) were investigated in the 

anaerobic B-CSGOM-1s under various permeate fluxes and feed 

concentrations. The extent of decolorization of azo dye solutions varied 

depending on the number of azo bonds present in the dye structure. Figure 

10(a-c) illustrates this fact. In general, for the three azo dyes, the 

decolorization declined as feed concentration and permeate fluxes increased. 

As expected, for all experimental conditions, mono azo AO7 dye reported the 

highest color removal (99-93%), which was significantly higher than for 
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diazo (96-85 %) and triazo (92-81%) dyes. Franciscon et al. [58] previously 

demonstrated that the monoazo dye removal was faster and more efficient 

than diazo and triazo using a sequential microaerophilic-aerobic treatment 

with Klebsiella sp. strain VN-3. Anyway, the absolute quantity of dye 

removal for all azo dyes as well progresses with increasing feed concentration 

or permeate flux, although it reduces when raising the number of azo bonds 

and AO7 hence exhibits the highest dye removal of 9.3 mg·m-2·h-1 while 

DB71 the lowest 8.1 mg·m-2·h-1.  

It must be considered that the contact time (directly related to the 

permeate flux) can affect the removal capacity, which is also varied 

depending on dye properties and microorganism behavior against each 

specific dye [59]. In B-CSGOM-1, as when increasing feed concentration, a 

higher permeate flux adds additional dye load with more chromophores and 

auxochromes content in the decolorization process. Additionally, the high 

flux minimizes biomass retention time within the bioreactor, thereby 

declining microbial biodecolorization [60, 61]. As a result, under high feed 

concentration (100 mg·L-1), changing permeate flux from 0.05 to 0.075 L·m-

2·h-1 and finally to 0.10 L·m-2·h-1, the decolorization reduced to 93% for AO7, 

85% for RB5, and 81% for DB71. The corresponding dye removal for AO7, 

RB5, and DB71 was calculated to be 9.3, 8.5, and 8.07 mg·m-2·h-1, 

respectively.  

Under identical operating conditions, the structural properties and nature 

of the azo dyes, for example, meta, ortho, and para position of the electron-

withdrawing groups (-NO2, -C≡N, -SO3H, -SO2NH2) to azo bond, presence of 

electron-releasing groups (-OH, -R, -NH2) and other functional groups (-CH3, 

O-CH3), the number of azo bonds and high molecular weight of the dye 
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molecules have been reported to cause variations in decolorization rate [62-

64].  

 

Figure 10. Anaerobic decolorization of AO7, RB5, and DB71 dyes at various 

concentrations and fluxes; a) 50 mg·L-1, b) 75 mg·L-1 and c) 100 mg·L-1 dye 

solution at 37 °C. 
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Increase of both permeate flux and feed dye concentration, brought more 

reactive groups into the anaerobic bioreactor. It has been reported that an 

excess amount of -SO3H groups in the azo dye structure readily reduced 

microbial growth [65]. In addition, a rise of toxicity in the degradation 

process led to inadequate biomass to dye ratio and spoiled the active sites of 

the biofilm. Consequently, microbial biomass yield at higher feed 

concentration probably remains lower due to excess dye toxicity to 

microorganisms. Compatible trends can be seen in Figure 10(a-c), in which 

the percentage of decolorization of dyes declines as the initial feed 

concentration or permeate flux increases. Anyway, it has been proved that the 

bioreactor configuration here introduced successfully decolorized the various 

azo dyes tested, in line with results reported elsewhere [22, 66].  

 

3.6 Microbial Community Analysis 

Since the active biofilm evolved from conventional secondary sludge 

taken from a municipal WWTP after an acclimation period, it is interesting to 

elucidate which type of microorganism remained prevalent for the dye 

biodegradation. Therefore, FESEM analysis was applied to measure the 

presence of microorganisms in the B-CSGOM biofilm after the DB71 

biodegradation. Figure 11(a-b) displays the surface and cross-sectional view 

of the biofilm formed over the GO layer. On the biofilm surface, significant 

quantities of microorganisms with an average size of 1.51 μm were detected. 

Cross-section analysis revealed a biofilm thickness of about 1.83 μm over the 

GO membrane (Figure 11c).  
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Figure 11. Micrograph of FESEM images of biofilm sample after 

biodecolorization of azo dyes. a) Biofilm surface b) Size of the 

microorganism c) Biofilm thickness 

 

The biofilm specimen of distinct B-CSGOM-1 bioreactors was used to 

extract the DNA of bacteria. Three DNA samples were collected from the 

CSGOM-1 bioreactors operated with 50, 75, and 100 mg·L-1 of DB71 

solutions and were then compared with the original anaerobic sludge 

(inoculum). DNA Illumina sequencing was used to examine the microbial 

populations of bacteria, archaea, viruses, and single-celled eukaryotes in these 

four samples. The sequencing run produced 32.8 million reads that reduce to 

30.6 million reads after quality filtering. Although raw anaerobic sludge 

contained both bacteria and archaea, no archaea were found after bioreactor 

operation. Figure 12 depicts the schematic bar diagram and comparison of 

bacterial phyla for the four samples.    

According to species richness, chao1 indexes show that anaerobic sludge 

(15.24) was the most diverse, and B-CSGOM-1 with 50 mg·L-1 DB71 (7.54) 

was less. Overall, among the 53 bacterial taxonomic units (OTUs), the 

species Pseudomonas guangdongensis was the most prevalent in all samples, 

while Geobacter sulfurreducens was abundant in all biofilms but not in the 

initial anaerobic sludge.  
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Figure 12. Schematic bar diagram of bacterial phyla in the B-CSGOM; ( ) 

Anaerobic sludge, B-CSGOM of ( )50 mg·L-1, ( ) 75 mg·L-1 and ( ) 100 

mg·L-1   

In all cases, bacterial growth solely depended on the concentration of feed 

solution. For example, the presence of a significant number of Geobacter 

sulfurreducens (35%) was observed in the biofilm that treated 100 mg·L-1 

DB71 solution, and the lowest (7%) was found for 50 mg·L-1 of DB71 

solution. Similarly, presence of Pseudomonas guangdongensis in biofilm was 

enhanced increasing inflow dye concentration, but the highest was still in the 

original anaerobic sludge. The results revealed that activities of both 

Geobacter sulfurreducens and Pseudomonas guangdongensis were increased 

with increasing dye concentration.  

Several studies have proven the role of Geobacter sulfurreducens in the 

anaerobic biodegradation of azo dye solution [67, 68]. Moreover, the 

extracellular electron transfer capability of Geobacter sulfurreducens and 

Geobacter soli might enable them to play an important role during the 
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biodecolorization process [69]. In addition, Geobacter anodireducens, which 

were present in B-CSGOM, can exchange more electrons and more rapidly 

than Geobacter sulfurreducens and Geobacter soli [70]. Higher content of 

these bacteria in B-CSGOM operated with 50 mg·L-1 of DB71 could 

contribute to get a more stable and better decolorization performance (as 

shown in Figure 10a). Nevertheless, other bacterial species such as 

Stenotrophomonas acidaminiphila [71], Pseudomonas guangdongensis [72], 

Cupriavidus Metallidurans [73] were known as a potential decolorizing 

organism. All they were significantly present in B-CSGOM biofilm and 

probably took part in the decolorization.  

 

4. Conclusions 

To the best of our knowledge, this is the first time that a dead-end 

membrane filtration element with a ceramic-supported graphene oxide layer 

has been used for anaerobic azo dye decolorization. Different concentrations 

of GO solution were examined to investigate their formation of CSGOM and 

subsequent performance over the anaerobic biodecolorization process. Due to 

the suitable membrane permeability, resistance, and maximum decolorization 

during the azo dye removal process, CSGOM-1 made from 1 mg·mL-1 GO 

solution was identified as the optimal for this integrated compact bioreactor 

that provides a novel, robust, and effective color removal process.  

The conductive surface of the GO membrane enhances faster electron 

transfer in B-CSGOM if compared to other carbon-based processes reported. 

In all operating conditions, the dye removal performance for monoazo AO7 

was stable and higher than for RB5 and DB71. High decolorization rates of 

structurally distinct azo dyes (99% for AO7, 96% for RB5, and 92% for 
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DB71) were achieved at the lowest permeate flux (0.05 L·m−2·h−1) and feed 

concentration (50 mg·L-1).  

The microbial community found in the B-CSGOM-1 mainly contained 

anaerobic Geobacter (Soli, Anodireducens, Sulfurreducens) and 

Pseudomonas Guangdongensis; all are recognized to be able to decolorize 

azo dyes in anaerobic conditions. 
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Appendix:  

The properties of feed and permeate quality 

The typical properties of the dye-containing feed solution and treated effluent 

quality are listed in Table A.  

Table A. Water quality of the feed and treated effluent   

 

Dye Concentration 
 

TOC COD 

Feed Effluent Feed Effluent 

AO7 50 86.8 6.4 310 10 

75 96.9 7.9 340 8 

100 102.4 7.8 410 9 

RB5 50 56.3 12.2 220 7 

75 70.2 10.3 259 8 

100 88.6 14.3 319 7 

DB71 50 53.4 8.6 208 12 

75 83.3 13.4 296 13 

100 110.5 5.7 382 13 

* Unit of the concentration, TOC and COD are in (mg·mL-1).  

** The TOC and COD measurements were analyzed by Lovibond testing kit vials Vario 

420761 and Vario 2420710 respectively. 
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Chapter 4. Compact Carbon-based Membrane 

Reactors for the Intensified Anaerobic Decolorization 

of Dye Effluents 
 

Abstract:  

Carbon-based membranes integrated with anaerobic biodegradation are 

presented as a unique wastewater treatment approach to deal with dye 

effluents. This study explores the scope of Ceramic-supported carbon 

membrane bioreactors (B-CSCM) and Ceramic-supported graphene oxide 

membrane bioreactors (B-CSGOM) to decolorize azo dye mixtures (ADM) 

and other dyes. The ADM mixture was prepared using an equimolar 

composition of monoazo Acid Orange 7, diazo Reactive Black 5, and triazo 

Direct Blue 71 dye aqueous solutions. Later, like the ADM experiment, both 

compact units were investigated for their ability to biodecolorization of 

Methylene Blue (MB) and Rhodamine B (RhB) dye solutions, which do not 

belong to the azo family. The obtained outcomes revealed that the conductive 

surface of the ceramic-supported graphene oxide membrane (CSGOM) 

resulted in a more efficient and higher color removal of all dye solutions than 

B-CSCM under a wide feed concentration and permeate flux ranges. The 

maximum color removal at low feed concentration (50 mg·L-1) and permeate 

flux (0.05 L·m-2·h-1) was 96% for ADM, 98% for MB, and 94% for RhB, 

whereas it was 89%, 94% and 66%, respectively, for B-CSCM. This suggests 

that the robust, cost-effective, efficient nanostructures of B-CSGOM can 

successfully remove diverse azo dye solutions from wastewater better than 

the B-CSCM does.  
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1. Introduction  

Dye molecules are widely applied for coloring in various sectors such as 

the textile, pulp and paper, leather, drug, food, and cosmetics industries. Their 

use has increased rapidly in recent decades, resulting in massive discharges of 

toxic, mutagenic, carcinogenic, and mostly recalcitrant dye effluents into the 

environment [1]. The presence of this dyestuff waste in industrial effluent has 

a detrimental effect on the ecosystem, the human body, and animals [2]. The 

dyed waste turns the color of the water into an unpleasant hue that negatively 

impacts the photosynthesis process and the amount of dissolved oxygen in 

aquatic life [3,4]. Moreover, dye-containing wastewater makes water sources 

unsuitable for drinking and for household and industrial purposes [5]. As a 

result, developing a simple, economical, and sustainable wastewater treatment 

for removing dye-containing effluent from the environment is considered a 

critical issue. 

At present, several physical, chemical, and biological wastewater 

treatment methods such as adsorption, photocatalysis, coagulation, 

electrocoagulation, advanced oxidation, ozonation, filtration processes and 

membrane bioreactors have been examined extensively [6-8]. Since most 

dyestuff molecules are chemically stable and notably soluble in water, it is 

difficult to remove them using the traditional treatment process [9,10]. In 

addition, most of these treatment procedures become less appealing due to the 

higher installation and operating cost, moderate efficiency, duration of the 

treatment and evolving secondary pollution [11,12]. What is more, this 

secondary solid waste might be toxic in nature and poses additional 

environmental problems associated with sludge treatment and disposal. The 

dye removal process using a membrane is one of the most convenient and 

cost-effective applications. Membrane units are capable of overcoming some 
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of the previously described limits, such as reduced equipment size, lower 

energy usage and capital costs [13,14]. Additionally, they may eliminate the 

need for chemicals, making them an environmentally friendly and accessible 

choice. Among the membrane separation processes, ultrafiltration and 

nanofiltration are the most used for dye removal; however, fouling limits the 

membrane flux as well as its performance [11]. In recent years, reverse 

osmosis (RO) filtration followed by ultrafiltration or nanofiltration has proven 

effective in removing dye molecules; nevertheless, installation cost remains a 

significant challenge for its wide application. Electrodialysis and ion-

exchange membranes, on the other hand, are also tested for the treatment of 

water and wastewater. 

Due to the effective performance when addressing suspended solids, color 

and high Biochemical Oxygen Demand (BOD) loads, biological treatment 

processes are widely used in Wastewater Treatment Plants (WWTPs). These 

processes can occur in the presence or absence of oxygen (aerobic and 

anaerobic conditions, respectively). Compared to aerobic treatment, anaerobic 

biodegradation is a simple and less expensive azo dye decolorization 

approach [15]. However, in this process, the electron transport between the 

microorganisms and the dye molecules become the limiting steps that reduce 

the biodegradability and increase the residence time. Therefore, when 

searching for an environmentally friendly treatment process for decolorizing 

dyes from wastewater, it seems that the combination of anaerobic 

biodegradation and membrane separation processes would be perfectly 

complementary. 

Most of the materials employed for membrane separation used in 

wastewater treatment are essentially non-conductive in nature [16]. However, 

a faster electron transfer mechanism in the anaerobic dye reduction is the crux 
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for an effective treatment method [17]. Daniela et al. [18,19] reported that 

conductive graphene-based composite ion-change membranes could be used 

for wastewater treatment purposes. Nonetheless, they may not be feasible in 

terms of cost, which could cause incompetence for large-scale operations with 

practical applications. Therefore, besides the good mechanical and chemical 

stability, carbon-based membranes exhibit a conductive layer on the top of 

their surface that can be integrated with the anaerobic process for dye 

decolorization [20,21]. Carbon membranes are usually derived from the 

carbonization of organic polymer materials such as polyimide, cellulose, 

melamine, polyethersulfone, polyacrylonitrile and the like, in an inert 

atmosphere [22,23]. A nanostructured carbon membrane for wastewater 

treatment shows thermally and electrically conductive properties synthesized 

by graphitic oxide and carbon nanotubes [24,25]. In our previous work, we 

synthesized two types of ceramic-supported carbon membranes [21,26]. One 

of the membranes was fabricated by the carbonization of Matrimid 5218 and 

another one by the vacuum filtration of exfoliated graphene oxide solution. 

Notably, both the Ceramic-supported Matrimid Membrane (CSCM) and the 

Ceramic-supported Graphene Oxide Membrane (CSGOM) displayed good 

electron conductivity that integrated the membrane separation with the 

anaerobic biodegradation to achieve a successful azo dye decolorization 

process. 

To the best of our knowledge, it is the first time that the removal of azo 

dye mixture (ADM), phenothiazine Methylene Blue (MB) and sticky 

fluorescence Rhodamine B (RhB) solutions were conducted in an integrated 

membrane filtration with an anaerobic biodegradation process. For this, two 

compact membrane bioreactors using carbonized Matrimid, and graphene 

oxide membranes were studied to decolorize the dye molecules. These two 
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carbon-based membranes were compared to select a more suitable 

configuration for the anaerobic biodecolorization of azo dye wastewater. 

Throughout the experiments, the decolorization rate of dye solution was 

examined under several feed concentrations and permeate fluxes. 

 

2. Materials and Methods 

2.1 Fabrication of Ceramic-supported Carbon Membrane 

The carbon-based membranes were synthesized from several membrane 

precursors to compare their suitability for the biodecolorization of dyestuff 

molecules. For this purpose, two membranes were prepared over porous 

ceramic support (ZrO2-TiO2 microfiltration flat element, diameter: 47 mm; 

thickness: 2.5 mm; molecular weight cut-off: 50 kg·mol−1; TAMI Industries, 

Nyons, France) using either a 10% wt. of Matrimid 5218 (Huntsman 

Advanced Materials, The Woodlands, TX, USA) in NMP (1-methyl-2-

pyrrolidone, Sigma Aldrich, ref. 328634, Madrid, Spain), or a 1 mg·mL−1 

graphene oxide solution, respectively. In CSCM, the polymeric solution was 

deposited on the support by a two-step spin coating method. After 24 h of 

drying, the carbon membrane was finally formed by carbonizing it at 800 °C 

under an inert atmosphere [21]. For the other carbon-based membrane 

(CSGOM), the exfoliated graphene oxide solution was prepared by the 

modified Hummer method using 20 μm of pristine graphite powder (Sigma 

Aldrich, ref. 282863, Madrid, Spain) [27]. The porous graphene oxide layer 

was deposited over the ceramic support by vacuum-assisted filtration of 3-5 

mL of 1 mg·mL−1 graphene oxide solution using the filtration cell [26]. The 

desired thickness of the uniform GO layer was formed within 15 min of 

vacuum filtration. The membrane was subsequently dried at 80 °C for 24 h 

and subsequently 100 °C for 72 h to get a stable and robust CSGOM. 
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2.2 Experimental Set-up for Anaerobic Biodegradation 

Anaerobic biodecolorization of the dyestuff molecule by carbon-based 

membrane bioreactor (B-CSCM and B-CSGOM) process is depicted in 

Figure 1. Nitrogen gas (Purity > 99.99 %, Linde, Valencia, Spain) flowed in 

the feed tank to pump the feed solution to the two membrane bioreactors and 

modulated the permeate flux by changing the transmembrane pressure 

(TMP). In addition, it was used to maintain the anaerobic conditions 

throughout the decolorization process. Thus, the entire system achieves a 

negative redox potential that forces the suitable conditions for the action of 

anaerobic microorganisms [28]. The feed solution was composed of dye, 

Sodium Acetate (Sigma Aldrich, ref. 110191, Madrid, Spain), and basal 

media (1 mL from each set). The concentration of Sodium acetate was three 

times (1:3 molar ratio) higher than the dye in each feed solution. Depending 

on the test, three different types of feed solutions were used as synthetic feed. 

The first feed was an equimolar solution of monoazo AO7 (ACROS 

Organics, ref. 416561000, Geel, Belgium), diazo RB5 (Sigma Aldrich, ref. 

306452, Madrid, Spain), and triazo DB71 (Sigma Aldrich, ref. 212407, 

Madrid, Spain). The second and third were the solution of Methylene Blue 

(Fluka, ref. 66720, Madrid, Spain) and Rhodamine B (Fluka, ref. R6626, 

Madrid, Spain), respectively. On the other hand, were basal media with 

microelements (mg·L−1) composed by MnSO4·H2O (0.155), CuSO4·5H2O 

(0.285), ZnSO4·7 H2O (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). All the 

analytical grade chemicals were purchased from Sigma Aldrich (Madrid, 

Spain) and dissolved in Milli-Q water (Millipore Milli-Q system, Molsheim, 

France). 
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Figure 1. Experimental set-up for anaerobic decolorization of dye molecules 

by CSCM and CSGOM. 

The temperature has a significant impact on decolorization performance 

and microbial population in this compact membrane bioreactor. Thus, the 

feed solution was kept at 1 °C to prevent microbial growth on the feed tank 

and maintain its actual dye and co-substrate (Sodium Acetate) composition. 

After placing 5 mL of secondary anaerobic sludge (collected from municipal 

WWTP Reus, Spain) over the carbon-based membrane, the membrane 

bioreactor, which was a direct-filtration cell (TAMI Industries, Nyons, 

France), was sealed tightly and then, operated at 37±1 °C under constant flux 

dead-end filtration mode. At this temperature, the microbial strains are able to 

give the best biodecolorization rate [29].  

 

2.3 Membrane Characterization 

The Combined Focused Ion Beam-Scanning Electron Microscope (FIB-

SEM, Scios 2 Dual Beam, Thermo Scientific, MA, USA) examined and 

compared the surface, cross-section, and elemental composition of both 

CSCM and CSGOM. Atomic Force Microscope (AFM) using Molecular 

Imaging Pico Plus 2500 (Bid Service, NJ, USA) examined the membrane 
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surface and conductivity. Further, chemical structures and microstructures of 

the carbon-based membranes were analyzed, respectively, through Fourier 

Transform Infrared (FT-IR) spectrophotometer (FT/IR-6700, JASCO, Tokyo, 

Japan) and X-ray Diffraction (XRD) diffractometer (Siemens D5000, 

Germany under the CuKα wavelength of 1.54056 Å at 40 kV and 30 mA), 

respectively. 

The filtration performance was assessed by means of membrane flux, 

pure water permeance (PWP), hydraulic resistance, and calculated using 

equations 1-3, 

1
 J

V

t A


=   

(1) 

PWP = 
J

P
 

(2) 

1
R

P
H

J


=   

(3) 

 

where J is the permeate flux (L·m-2·h-1), V is the volume of permeate (L), t 

the filtration time (h), A the membrane area (m2), HR is the hydraulic 

resistance (m-1), ∆P is the transmembrane pressure (bar), and μ is the 

viscosity of the permeate corrected to the experimental temperature (Pa·s).  

The decolorization (D) during the anaerobic bioreduction of the azo dye 

was measured using UV/VIS4000n Spectrophotometers (DINKO 

Instruments, Barcelona, Spain) and computed by equation 4, 

o

o

 (%) =   100
A A

D
A

−
  

(4) 

Ao and A are the absorbance of feed and treated samples during the 

biodegradation process, respectively.  
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3. Result and Discussion 

3.1 Structural and Chemical Characterization of Ceramic-supported 

Carbon Membranes 

The FTIR spectrum of carbon-based membranes shown in Figure 2 helps 

to reveal the presence of diverse functional groups, including carboxylic, 

hydroxyl, epoxy, and imide, that also exhibited the appropriate molecular 

orientation. For the polymeric membrane and CSCM, before and after the 

carbonization of the membrane, the structural changes were observed through 

the transformation of the polymeric chains to the carbon membrane. The 

representative bands of the polymeric membrane (Matrimid 5218) were 

obtained at 1714 and 1360 cm-1, indicating the stretching of C=O and C-N 

groups [30]. The aromatic C=C bending vibration, C-N-C transverse 

stretching, and presence of C-H aromatic monosubstituted benzene were 

found at 1501, 1089, and 718 cm-1, respectively [31]. In the case of CSCM, 

compared to the initial polymeric membrane, no apparent bands were 

observed after its carbonization under a nitrogen atmosphere. This fact was 

similar to that observed by Sazali et al. [32], where they synthesized the 

Matrimid-based carbon membrane at different pyrolysis temperatures and 

polymeric compositions.  

The peaks for numerous oxygen-containing functional groups, such as O-

H, C=O, and C-O, were visible in the CSGOM spectra, which agrees well 

with earlier research and illustrates that the graphite exists mostly oxidized 

into GO [33,34]. In summary, the broad peak at 3370 cm-1 confirms the 

presence of hydroxyl groups on the GO layer of CSGOM while the peak at 

1725 cm-1 indicates the C=O stretching vibration of carboxylic acid 

positioned at the edge of the GO structure. The absorption peaks at 1620, 
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1223, and 1055 cm-1, respectively, were obtained due to the aromatic C=C 

stretching, epoxy, and alkoxy C-O stretching vibration. 

 

 

Figure 2. FTIR spectra of the polymeric membrane, CSCM and CSGOM 

(CSCM: 10% wt. Matrimid and CSGOM: 1 mg·L-1 GO solution).  

 

The microstructure and interlayer distance of the ceramic support and 

ceramic-supported carbon-based membranes were determined using XRD 

diffraction, as shown in Figure 3. In CS, CSCM and CSGOM diffractograms, 

identical peaks were obtained at 2θ = 28, 36, 39, 41, 43, 55 and 57° due to the 

presence of rutile, TiO2 [35], and 2θ = 30, 35, 50, 60, and 63° own to the 

presence of tetragonal ZrO2 [36], which is consistent with the information 
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provided by the supplier of the ceramic support, consisting of layers of ZrO2 

and TiO2. 

 
 

Figure 3. X-ray diffractogram of the ceramic support (CS) and the ceramic-

supported carbon-based membrane (CSCM: 10% wt. Matrimid and CSGOM: 

1 mg·L-1 GO solution).  
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Furthermore, the diffraction peak located at 2θ = 26.2° is an indication 

that the CSCM consisted of highly graphitized carbon with an interlayer 

distance of 3.6 Å, which corresponds to the (002) plane of crystalline graphite 

[37]. Besides, the GO crystal plane (001) was clearly visible at 2θ =11.5° (as 

shown in CSGOM diffractogram in Figure 3) with the interlayer spacing of 

7.3 Å that was larger than graphite atomic spacing [38]. The absence of a 

peak at 26.2° means that all graphite molecules were completely oxidized to 

generate graphene oxide, and no graphitic contaminations were obtained [39]. 

This was expected as the oxygen-containing groups were attached to each 

layer edge to raise the spacing between the sheets, which aided GO 

exfoliation in the aqueous medium and increased the hydrophilicity [40].  

The surface and cross-sectional views of the carbon-based membranes 

were studied using FESEM, which shows crucial morphological features for 

their application in the anaerobic decolorization process. As illustrated in 

Figures 4(a-b), the top view of these carbon membranes clearly exhibits a 

defect-free smooth and porous carbon layer that was quite similar to previous 

studies [21,26]. The pore size of the resulting carbon membrane differed 

between the two alternatives. The difference between both membranes was 

the pore size and thickness of the respective synthesized carbon layers. The 

average pore size was found to be 35 μm for CSCM and 20 μm for CSGOM. 

On the other hand, the thickness was, respectively, 0.88 and 1.78 μm for 

CSCM and CSGOM, as depicted in Figure 4 (c-d). The thinner layer in 

CSCM was due to the optimal spin coating method and high carbonization 

temperature maintained during the preparation of this membrane [41]. For the 

same reason, FESEM-EDX analysis observed higher carbon content in 

CSCM (64%) than that of the CSGOM (49%). 
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Figure 4. FESEM micrographs on the surface of a-b) CSCM and CSGOM, 

and c-d) the cross section of CSCM and CSGOM (CSCM: 10% wt. Matrimid 

and CSGOM: 1 mg·L-1 GO solution). 

The membrane surface roughness and conductivity were further 

investigated using AFM (at a random area of 5x5 μm2) and CSAFM (current 

sensing atomic microscopy) images. The 3D topography and current profile 

of these experiments are shown in Figure 5(a-d). The root-mean-square 

(RMS) roughness of the carbon layer attained for the CSGOM surface was at 

80.12 nm, while the CSCM exhibited the lowest surface roughness at 32.94 

nm. This fact was attributed to the less porous structure of the carbonized 
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Matrimid membrane, as shown by SEM images. This means a less porous 

structure but represents a smoother surface. In Figure 5(c-d), the current 

distribution of the surface of the membrane was compared, and the local 

conductance on the graphene oxide membrane surfaces was found better than 

that of the CSCM. However, the rough conductive GO surfaces could 

improve the biodecolorization because of the more vigorous attachment of the 

biofilm to the surface and the intensified electron shuttle mechanism [42,43].  

  

  

Figure 5. AFM images of CSCM and CSGOM a-b) 3D Topography and c-d) 

current distribution.  
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Therefore, it is possible to conclude from the above results that the 

compact membrane bioreactor made with a graphene oxide layer may be a 

more suitable solution for the dye bioreduction method. 

 

3.2 Impact of the Carbonaceous Layer on Flux and Resistance  

The effect of membrane precursors (Matrimid 5218 or exfoliated GO 

solution) on filtration parameters such as permeate flux, pure water 

permeance (PWP), and hydraulic resistance (HR) was examined by as of 

experiments. Figure 6 displays the results of this comparative study, where 

the units were either the ceramic support (CS), CSCM (produced with 10% 

wt. of Matrimid solution), and CSGOM (made with 1 mg·mL-1 of exfoliated 

GO solution). A simple comparison shows that the ceramic support gives the 

maximum permeate flux, 62.3 L·m-2·h-1, and 77.8 L·m-2·h-1·bar-1 of PWP. At 

the same range of operating conditions, the lowest water flux (10.2 L·m-2·h-1) 

and PWP (12.9 L·m-2·h-1·bar-1) were observed for CSGOM, which is less 

than 84% and 50%, respectively, than for CS and CSCM. In addition, a bar 

chart depicting the hydraulic resistance of the CS, CSCM, and CSGOM is 

shown at the bottom of Figure 6. Since both variables are directly related, CS 

displayed the lowest hydraulic resistance (5.25 ± 0.1x1012 m-1), while 

CSGOM has the highest.  

Membrane thickness and pore size greatly influence the membrane 

performance by altering the permeate flux and hydraulic resistance [44]. In 

this study, in addition to the TiO2-ZrO2 layers of the ceramic support, we 

deposited an additional carbon layer on top of the support in each case. As a 

result, the membrane flux drops as well as the hydraulic resistance rises. 

Comparing the FESEM images of the two membranes synthesized over the 

ceramic support, the thickness of the defect-free carbon layer in CSCM was 

UNIVERSITAT ROVIRA I VIRGILI 
CARBON-BASED MEMBRANE BIOREACTORS FOR THE ANAEROBIC DECOLORIZATION OF DYES 
Mohammad Shaiful Alam Amin 



4. Compact Carbon-based Membrane Reactors for the Intensified Anaerobic Decolorization of Dye effluents 

 

129 

 

found to be smaller than that of CSGOM; on the contrary, the average pore 

size was relatively greater. 

 

Figure 6. Variation of pure water flux, permeance, and resistance of CS, 

CSCM and CSGOM at 25 °C. CSCM: 10% wt. of Matrimid and CSGOM: 1 

mg·mL-1 of GO. 

 

Thus, the initial PWP (77.8 L·m-2·h-1·bar-1) and resistance (5.25±0.1x1012 

m-1) of the porous ceramic support changed after deposition of the 

carbonaceous layer. Due to the relatively larger thickness and smaller pore 

size of CSGOM than CSCM, PWP was recorded at 12.9 L·m-2·h-1·bar-1; on 

the other hand, in CSCM, it was 26.4 L·m-2·h-1·bar-1. Similarly, the hydraulic 

resistance rises to 1.50 ± 0.2x1013 m-1 in CSCM and 3.15 ± 0.3x1013 m-1 in 

CSGOM.  
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These results align with the trends observed by Sazali et al. [45], which 

indicated that the high carbonization temperature and precursors 

concentration were the keys for fabricating a thin carbon-based membrane. In 

the case of CSGOM, the membrane was prepared by vacuum-assisted 

filtration of an exfoliated GO solution with a concentration of 1 mg·mL-1. The 

viscosity of the GO solution is much lower than that of Matrimid 5218, so it 

easily filled the internal ceramic support pore (GO-ZrO2 region) and then 

formed the mono or multilayer of GO on the top of CS. Due to the internal 

blockage or filling of the support pore, the hydraulic resistance and 

permeability through the membrane were usually disrupted [46].  

Our recent work demonstrated the selection of the most appropriate 

precursor is critical to achieving a porous, permeable carbon-based membrane 

[21, 26]. In CSGOM, this is essential because the carbon layer thickness on 

the membrane surface increases as the GO concentration increases, resulting 

in a decrease in membrane flux [47]. Again, when the membrane is derived 

from a high precursor concentration (>3 mg·mL-1), the GO layer can easily 

peel away from the surface or causes swelling of the layer [48]. On the other 

hand, GO membrane synthesized with low GO solution (0.05-0.5 mg·mL-1) 

provide low carbon content that was not suitable for anaerobic 

biodecolorization application. A thicker and less porous GO layer was 

required to establish a defect-free GO layer with high carbon content and flux 

on CSGOM. Thus, compared to the CSGOM, pure water flux and permeance 

values were higher in CSCM. Since permeate flux and hydraulic resistance 

are interdependent, higher hydraulic resistance was observed in the CSGOM 

due to its less porosity and formation of GO-ZrO2 layers inside the ceramic 

support. 
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3.3 Role of the Membrane Precursors on Anaerobic Decolorization of 

Dye Molecules 

The combined effect of the filtration and anaerobic bioreduction of dye 

solutions in compact bioreactors was evaluated using carbon-based 

membranes (both CSCM and CSGOM) and ceramic support (CS). This study 

used 50 mg·L-1 azo dye mixture (ADM) of feed solution that contained an 

equimolar mixture of the monoazo AO7, diazo RB5, and triazo DB71. All 

reactors were operated in dead-end filtration mode and maintained with a 

constant permeate flux of 0.05 L·m-2·h-1. These concentrations in the feed 

solution were selected because they fall within the range owing to dye 

residues in industrial or textile wastewater, which is generally found between 

10 and 50 mg·L-1 [49]. In this test, the reactors operated with microorganisms 

are referred to as B-CS, B-CSCM, and B-CSGOM; in turn, reactors without 

microorganisms are labeled R-CS, R-CSCM, and R-CSGOM, respectively. 

As illustrated in Figure 7, the simultaneous presence of the carbon layer and 

microorganisms has a significant effect on the bioreduction of ADM during 

the decolorization process. Both compact carbon-based membrane 

bioreactors, B-CSCM and B-CSGOM, gave very high decolorization rates 

under anaerobic conditions, the B-CSGOM achieving a maximum of 99% of 

dye removal rate.  

At the start of the anaerobic decolorization process, up to 12 hours, all the 

reactors accomplished more than 75% of the dye removal rate. Unlike the two 

carbon-based membrane bioreactors, the decolorization rate for all the other 

reactors progressively declined; it is noteworthy that, after 48 hours of 

operation, the color removal for B-CS and R-CS dropped to almost zero. This 

strongly suggests that the dye was initially removed due to adsorption by the 

porous support and carbon membrane but, once saturated, they were not able 

anymore to remove color. Even though B-CS was used in conjunction with 
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microorganisms, the color removal was negligible, too. It seems that the 

microorganisms were washed out from the reactor by the permeate flow 

because of the lack of nano-sized structure or support suitable to form a stable 

biofilm, as it happens in the other carbon-based membranes. 

 

Figure 7. Decolorization of azo dye mixture in CS, CSCM and CSGOM 

reactors, and CS, CSCM and CSGOM bioreactors. Flux = 0.05 L·m-2·h-1, 

[ADM]o = 50 mg·L-1 and T = 37 °C. 

For CSGOM and CSCM, because of having a nanoporous carbon layer on 

the top, decolorization gradually decreased to reach a stable 20% for R-

CSGOM and 6% for R-CSCM. In this case, the pore size of the carbonaceous 

layers was able to reject partially the dyes, although both the adsorption site 

and pore size decreased with the time on stream [50]. The highest 

decolorization, 99%, was observed for the bioreactor operated with CSGOM, 

while 97% of color removal was observed for B-CSCM. Overall, it means 
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that the carbon layer derived from the carbonization of the Matrimid, and 

graphene oxide has no adverse effect on bacterial growth for the successive 

formation of active biofilm [51-53]. As with the results obtained from the 

earlier ceramic-supported carbon-based membrane bioreactor experiments 

[21,26], these membranes perform triple roles in anaerobic dye 

decolorization. The carbon membrane served as biofilm support, redox 

mediator, and pollutant immobilizer that also retain the degradation products. 

In this way, the one-pass compact carbon-based membrane bioreactor has 

shown enhanced decolorization performance for azo dye mixtures. 

Following each successful biodecolorization experiment, the membrane 

was cleaned using Milli-Q water backflushing. As a result, the initial 

permeate flux was regained without modifying the membrane properties, so it 

can be reused for subsequent color removal operation without any additional 

conditioning. 

 

3.4 Biodecolorization Performance of CSCM and CSGOM  

After demonstration of stable and excellent performance by the carbon-

based membrane bioreactors, the B-CSCM and B-CSGOM were investigated 

for long-term operation for the biodecolorization of structurally different 

dyes. Azo dye mixture, thiazine MB, and fluoresce RhB dye solutions were 

examined under various permeate fluxes and feed concentrations. Initially, all 

compact reactors were run with 50 mg·L-1 of dye solution at a permeate flux 

of 0.05 L·m-2·h-1. After obtaining consistent decolorization, the system was 

left to operate for 10 days; then, the flow rate was first increased to 0.075 

L·m-2·h-1 and, finally, at 20 days, up to 0.1 L·m-2·h-1. Similar procedures were 

repeated for compact bioreactors consisting of 75 and 100 mg·L-1 of feed 

solution operated for the anaerobic decolorization of azo dyes.  
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Figure 8 collects all the decolorization performance data. Besides the 

influence of the feed concentration and permeate flow, it is shown that the 

biodecolorization effectiveness of different dye solutions widely depends on 

the number and nature of azo bonds and functional groups present in the dye 

structure. Apart from this, membrane properties, such as membrane 

precursors, pore size, and thickness, also played a relevant role in 

decolorization performance. It must be noted that all the dye decolorization 

removals decreased when feed concentration and permeate flux increased. In 

all experiments, the highest decolorization was achieved for the lowest feed 

concentration and permeate flow. Comparing again the performance of the 

bioreactors containing carbon-based membranes, B-CSGOM exhibits greater 

decolorization under all feed concentrations and fluxes. According to Figure 

8, the maximum decolorization in the B-CSGOM system was 96%, 98%, and 

94% for ADM, MB, and RhB, respectively, obtained for 50 mg·L-1 of dye 

solutions at a permeate flux of 0.05 L·m-2·h-1). On the contrary, the lowest 

decolorization was in B-CSCM experiments using 100 mg·L-1 feed solutions 

and 0.10 L·m-2·h-1 flow, which only achieved 84% for ADM, 84% for MB, 

and 22% for RhB.  

In terms of lifetime, the B-CSGOM was more stable in all operating 

situations and produced better results. This indicates that the properties of the 

membrane precursor were responsible for most of the dye removal capacity in 

the carbon-based membrane bioreactors operated under identical conditions. 

Thus, in addition to providing the required energy for microbial growth, it 

works as a redox mediator by enhancing the electron transfer to the azo, 

hydrogen, and other bonds of the dye molecule, thereby breaking the bonds to 

achieve the effective biodegradation of dyes [17]. 
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Figure 8. Anaerobic decolorization of Azo dye mixture, Methylene Blue, and Rhodamine B dyes at various 

concentrations and fluxes; a-c) 50 mg·L-1, d-f) 75 mg·L-1 and g-i) 100 mg·L-1 dye solution at 37 °C. CSCM: 10% wt. 

of Matrimid and CSGOM: 1 mg·mL-1 of GO. 
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However, regardless of the flux, the difference of the decolorization 

between B-CSCM and B-CSGOM was rather low for ADM and MB, whereas 

this was indeed noticeable for RhB. In general, the color removal efficiency 

for ADM (96-94% in B-CSGOM and 95-88% in B-CSCM), MB (98% in B-

CSGOM and 96% in B-CSCM), and RhB (94-84% in B-CSGOM and 79-

66% in B-CSCM) was remarkably steady at low permeate flux, 0.05 L·m-2·h-

1, as illustrated by Figure 8, with no significant steady changes found when 

the feed concentrations were first increased up to 75 mg·L-1 and then up to 

100 mg·L-1. The results obtained were mostly consistent and, in some cases, 

showed much better decolorization performance than those using 

conventional adsorption, photocatalysis, filtration, and bacterial treatment 

process for decolorizing the dye mixture, Methylene Blue, and Rhodamine 

Blue dye solutions [2,16,54]. It must be noted that dye removal levels reached 

here were similar to those obtained using nanofiltration coupled with wet 

oxidation, PVDF membrane sensitized nano zeolite, MBR with 

electrocoagulation, Ag/Pd-loaded ZnO nanofiber membrane with UV 

irradiation; where it was shown over 85% of color removal [55-58]. Some 

other membrane-based dye removal treatment processes, such as 

nanofiltration under unstirred batch and continuous crossflow mode [59], 

activated carbon-PVDF Blend Membrane [60], showed the limitations and 

were capable of decolorizing just up to 70%.   

During the biodecolorization process, the biomass load was sufficient to 

form active biofilms to ensure complete biodegradation of the dyes, even with 

the short contact times associated to one-pass direct filtration operation. Even 

so, low permeate flow allowed the dye molecules to interact sufficiently with 

the microorganisms, stimulating the effective biodecolorization rate [61,62], 

although  higher permeate flux is of course detrimental for achieving high 
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biodegradation [63,64]. Therefore, the increase of the permeate flux from 

0.05 to 0.075 L·m-2·h-1 and, finally, to 0.1 L·m-2·h-1 provides declining 

decolorization of ADM, MB, and RhB dye solutions up to 94%, 98%, and 

85%, respectively, in B-CSGOM, which are more evident for B-CSCM, were 

they decreased to 89% for ADM, 94% for MB, and 66% for the most 

reluctant RhB. 

Increased feed concentration of dye molecules introduced more reactive 

groups into the anaerobic bioreactor, as did when increasing permeate flux. In 

such conditions, the excess load of functional groups causes an inadequate 

biomass to dye ratio [16,63]. Therefore, some dye molecules escape the 

membrane reactor without undergoing adequate biodegradation. Additionally, 

the toxicity effect of the dye molecules affects active sites in the biofilm, 

reducing the decolorization effectiveness of the membrane reactor. These 

features were reflected in Figure 8(a-c), where the color removal for each of 

the dye solutions and compact bioreactors declined as the initial feed 

concentration or permeate flux increased so the load to the anaerobic 

biodegradation system rises. The feed concentration firstly was increased 

from 50 to 75 mg·L-1 and, later, to 100 mg·L-1, in B-CSGOM; accordingly, 

the decolorization rate for the ADM, MB, and RhB solutions was reduced to 

91%, 96%, and 67%, respectively. Whereas for B-CSCM, it was decreased to 

84% for ADM, 88% for MB, and 22% for RhB. In an earlier investigation, 

the color removal rate of individually administered AO7, RB5, and BD71 

solutions was respectively 34-58% in B-CSCM and 86-97% in B-CSGOM 

[21,26].  

 

For the azo dye mixture, this study achieved a decolorization up to 90% 

and 94 % for B-CSCM and B-CSGOM, respectively. In the instance of ADM, 

the mixed solution exhibited a synergic effect, which increased the 
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biodecolorization of the ADM compared to the individual dye. Additionally, 

the mixture of numerous azo dyes and their metabolic products boosts the 

carbon sources or food available to the microbe that improves the 

bioreduction of dye molecules. B-CSGOM, on the other hand, performs 

significantly better than B-CSCM because its GO layer is more conductive 

than the CSCM carbon layer to escalate the biodegradation performance. 

 

As can be seen, color removal for the MB exhibited less sensitivity to the 

bioreactor configuration and operating conditions. This treatment behavior 

can be influenced by the factors that dye removal efficacy varies, such as dye 

structure with different bonds and functional groups, dye concentration, 

external carbon and nitrogen sources, electron donor, redox mediator, food to 

microorganism ratio, and the microorganism growth [65,66]. Increasing feed 

concentration of ADM in the bioreactor means more azo bonds but also that 

more other functional groups were entered into the biodegradation system. On 

the contrary, the rate of biodecolorization of the RhB dye solution was the 

lowest in all cases. RhB molecules are coalesced by nature and easily stick 

into the pores or the biofilm. As a result, activity and development of the 

microbial were prevented, which reduced the biodegradability performance of 

RhB. The reason for the two-and-a-half-fold higher rate of RhB 

decolorization in B-CSGOM in comparison to B-CSCM should be assigned 

to the best capacity of graphene oxide to transfer electrons, which is critical 

for this more structurally complex dye. 
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4. Conclusions 

In this study, the feasibility of two carbon-based membranes integrated 

with the anaerobic process proved to be efficient for treating several dye 

solutions. The systems were tested to decolorize azo dye mixtures made of 

monoazo Acid Orange 7, diazo Reactive Black 5, and triazo Direct Blue 71 

dyes. In addition, they were tested over the phenothiazine, Methylene Blue, 

and the sticky fluorescence Rhodamine B (RhB), too. 

It was found that the enhanced electron transfer mechanism of graphene 

oxide in the CSGOM unit seems to be superior to the carbonaceous layer 

present in the CSCM configuration. Additionally, this nanoscaled GO layer 

appears to stimulate the establishment of stable biofilms and to retain better 

dye molecules and biodegradation derived compounds.  

Under the lowest feed concentration (50 mg·L-1) and permeate flux (0.05 

L·m−2·h−1), maximum decolorization of the dye solutions in CSGOM 

bioreactor was 96% for ADM, 98% for MB, and 94% for RhB; in turn, for B-

CSCM, it was 89%, 94%, and 66%. In response to increasing feed and flux, 

after 30 days of operation, the decolorization rate of ADM and MB was only 

8-12% and 2-5% lower in B-CSCM and B-CSGOM, respectively. RhB 

demonstrated to be more reluctant, so the decolorization lowered up to 67% 

B-CSGOM and only 26% in B-CSCM for the more unfavorable conditions, 

higher feed concentration and flux.  

The present investigation shows that compact graphene oxide membrane-

based anaerobic biosystems can be successfully applied for the decolorization 

of a wide variety of isolate or mixed dye molecules. 

The definition of the kinetics describing the anaerobic bioreduction of 

azo dyes is highly needed in order to optimize the decolorization performance 

so the implementation at large scale could be lowered. In this sense, operation 
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at higher permeate flux or availability of more conductive membranes would 

be desirable, too. 
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Chapter 5. Compact Tubular Carbon-based 

Membrane Bioreactors for Anaerobic Decolorization 

of Azo Dyes 
 

Abstract:  

This research investigates a highly efficient compact tubular ceramic-

supported carbon-based membrane reactor integrated with the anaerobic 

biodegradation to decolorize the azo dyes. Two carbon-based membranes, 

produced using Matrimid 5218 and graphene oxide (GO) solutions, are 

evaluated for the comparative color removal of three structurally different azo 

dyes, Acid Orange 7 (AO7), Reactive Black 5 (RB5), and Direct Blue 71 

(DB71). The results indicated that the tubular ceramic-supported graphene 

oxide membrane bioreactor (B-TCSGOM) was more efficient and effective at 

removing color from all dye solutions than the ceramic-supported carbonized 

membrane bioreactor (B-TCSCM) over a wide range of feed concentrations. 

In both the reactors, the highest decolorization was achieved at low feed 

concentration (50 mg·L-1), and in B-TCSGOM, removal was 94% for AO7, 

90% for RB5, and 88% for DB71, whereas 88%, 85%, and 69%, respectively, 

in B-TCSCM. These findings indicate that the robust conductive nanoporous 

surface of B-TCSGOM makes it more effective at removing different azo dye 

solutions from wastewater. 
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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 primarily responsible for 

water pollution as it uses a high amount of water to dissolve the azo dyes that 

give color to the products. This produces an enormous amount of wastewater, 

which poses a severe threat to the environment. 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 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 treatment methods. 

The most common physicochemical treatments the precipitation, 

adsorption, and membrane technology [4]. The difference between 

coagulation and flocculation is that the second one needs the addition of a 

reagent to produce the aggregation. In the case of the adsorption processes, 

the dye molecules are adsorbed on the surface of the solid surface. In these 

cases, it is essential to point out that they are expensive even if they are easy 

to operate. Moreover, their application is limited by the use of some 

hazardous coagulants [5] as well as the generation of toxic sludge and its high 

cost of adsorption disposal [6]. 
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AOPs are treatment technologies that allow oxidizing the organic 

compounds present in wastewater by exploiting the reactivity of hydroxyl 

radicals (·OH) [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., are required [11]. In 

addition, it may produce secondary pollutants which are required to undergo 

furthermore treatment. Thus, the high operating cost (high amount of acid, 

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 that 

operate with or without oxygen. Despite being fully implemented in the 

industry due to their competitive cost, long residence time, and extensive 

facilities, it is difficult to remove such contaminants in continuous mode [14].  

In the last years, membrane technology has gained the attention of 

researchers and has become a potential wastewater treatment process. 

Membrane units allow overcoming some of the mentioned limitations: the 

more diminutive 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 [14]. However, the 

lifetime of the membranes is short, and their surface is exposed to fouling.  
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Combining different methods can obtain a better contaminant azo dye 

removal process. Among all the possible alternatives, the coupling of 

membrane technology and anaerobic digestion is an effective solution, giving 

rise to anaerobic membrane bioreactors systems [15, 16]. In these works, the 

researcher used the flat ceramic supports to prepare a carbon-based membrane 

that usually showed the highest chemical and thermal resistance, making 

them suitable for industrial wastewater treatment. However, among the 

different geometries, tubular and hollow-fiber membranes present better 

performance than the flat-sheet module, as they present higher mechanical 

strength and resistance to high cross-flow velocities. Considering this, the 

main objective of this work is to synthesize the ceramic-supported tubular 

carbon-based membrane. As first option, one of the membranes is synthesized 

by the carbonization of Matrimid 5218 polyimide solution. In contrast, the 

other tubular membrane is made of graphene oxide by vacuum-assisted 

filtration of exfoliated graphene oxide solution. One of the innovative aspects 

of this study is the integration of the tubular carbon-based membranes with 

the anaerobic biodegradation method to successfully remove azo dye from 

dye-containing wastewater, which is the first of its kind to the best of our 

knowledge. The decolorization of Acid Orange 7 (AO7), Reactive Black 5 

(RB5), and Direct Blue 71 (DB71) dye solutions were investigated at various 

feed solution concentrations. 

2. Experimental 

2.1 Preparation of Tubular Ceramic-supported Carbon Membrane 

The ultrafiltration tubular ceramic membrane (inner diameter: 3 mm, 

length: 250 mm, molecular weight cut-off: 50 kg·mol-1, TAMI Industries, 

France) served as the ceramic support for depositing the carbon layer. The 

ceramic-supported tubular carbon membrane (TCSCM) used 10% wt. 
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Matrimid 5218 (Huntsman Advanced Materials, The Woodlands, TX, USA) 

as membrane precursor that was prepared by dissolving the desired amount of 

polymeric precursors in NMP (1-methyl-2-pyrrolidone, Sigma Aldrich, ref. 

328634, Spain). In TCSCM, the polymeric layer inside the tubular 

ultrafiltration support was formed by flowing (up-flow) of precursor solution, 

in-out, through the membrane, continuously for 60 minutes. The membrane 

was subsequently dried for one hour before the repetition of the coating 

protocol. In the following step, the coated membrane was allowed to dry for 

24 hours before the carbon membrane was created by carbonization at 800 °C 

under an inert atmosphere [15].  

For the another carbon-based membrane, ceramic-supported tubular 

graphene oxide membrane (TCSGOM), the membrane precursor was 

exfoliated graphene oxide (GO) solution, which was generated using a 

modified Hummer method [17] from 20 μm of pristine graphite powder 

(Sigma Aldrich, ref. 282863, Spain). The porous graphene oxide layer on the 

TCSGOM was formed by vacuum-assisted filtration, in-out, of 3-5 mL of 1 

mg·mL-1 homogenous GO solution over the ceramic substrate in a filtration 

cell (INSIDE DisRAM holder, TAMI Industries, France). Following filtering 

for thirty minutes, the membrane was first dried at 80 °C for 24 hours and 

then at 100 °C for 72 hours to obtain a stable and robust TCSGOM. 

 

2.2 Experimental Set-up for Anaerobic Biodegradation 

Figure 1 illustrates 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 first feed solution to test. Afterwards, the second and third were 

diazo RB5 (Sigma Aldrich, ref. 306452, Spain) and triazo DB71 (Sigma 

Aldrich, ref. 212407, Spain) solutions. The dye, Sodium Acetate (Sigma 
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Aldrich, ref. 110191, Spain), and basal medium were combined to form the 

artificial feed solution in each experiment [16]. The basal media, formed by 

six sets of microelements (mg·L-1), contains i) MnSO4·H2O (0.155), 

CuSO4·5H2O (0.285), ZnSO4·7 H2O (0.46), CoCl2·6H2O (0.26), 

(NH4)6Mo7O24 (0.285), ii) K2HPO4 (21.75), Na2HPO4·2H2O (33.40), KH2PO4 

(8.50), iii) FeCl3·6H2O (29.06), iv) CaCl2 (13.48) v) MgSO4·7H2O (15.2), 

and vi) NH4Cl (190.90). All chemicals were obtained from Sigma Aldrich 

(Spain) and dissolved in Milli-Q water (Millipore Milli-Q system, Molsheim, 

France). 

 

 
 

 

Figure 1. Experimental set-up for anaerobic decolorization of dye molecules 

by TCSCM and TCSGOM. 

 

Firstly, the TCSCM and TCSGOM membranes were inserted in the 

appropriate filtration cells, which perform as reactors. Following, 5 mL of 

secondary anaerobic sludge (collected from the municipal WWTP in Reus, 

Spain) was injected inside the tubular carbon-based membranes. The 

continuous flow of the nitrogen gas (purity >99.99%, Linde, Spain) into the 

feed tank allows the feed solution to be driven to the bioreactor. The gas flow 

was adjusted throughout the operation to maintain a transmembrane pressure 
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(TMP) and a negative redox potential, to assure suitable conditions for the 

decolorization [18]. In addition, the feed tank and the temperature of the 

bioreactor were operated at 1±1 ºC and 37±1 °C, respectively, to attain the 

maximum color removal [19, 20].  

 

2.3 Membrane Characterization 

The chemical structures of the tubular carbon membranes were analyzed 

using the Fourier Transform Infrared (FT-IR) spectrophotometer (FT/IR-

6700, JASCO, Tokyo, Japan). Further, the deposited carbon layer pore size, 

thickness, and microelements were examined by combined Focused Ion 

Beam-Scanning Electron Microscope (FIB-SEM, Scios 2 Dual Beam, 

Thermo Scientific, MA USA).  

 

2.4 Analytical Methods 

Membrane flux, pure water permeance (PWP), and hydraulic resistance 

were used to determine the filtration performance, which was computed using 

equations 1-3,  

1
 J

V

t A


=   

(1) 

PWP = 
J

P
 

(2) 

1
R

P
H

J


=   

(3) 

 

where J denotes the permeate flux through the tubular membrane (L·m-2·h-1), 

V is the permeate volume that passes through the membrane (L), t the 

filtration time (h), A the membrane filtration area (m2), HR is the hydraulic 

resistance (m-1), ∆P is the transmembrane pressure (bar), and μ is the 

viscosity of water (Pa·s).  
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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 equation 4.  

o

o

 (%) =   100
A A

D
A

−
  

(4) 

Ao and A are the absorbance of feed and permeate liquid, i.e., before and after 

the biodegradation process.  

  

3. Result and Discussion 

3.1 Structural and Chemical Characterization of Tubular Ceramic-

supported Carbon Membranes 

The functional groups of the TCSCM and TCSGOM were characterized 

by FTIR and are depicted in Figure 2(a-b). The peaks at 1717.23 cm-1 in 

TCSGOM (Figure 2a) are attributable to the C=O group, whereas the peak at 

1601.23 cm-1 owns to the presence of the sp2 bond for the aromatic C=C 

skeletal vibrations. A moderate peak shows the stretching vibrations of the C-

OH bond at 1417.23 cm-1. Another distinctive signal at 1039.78 cm-1 

corresponds to the C-O-C groups, demonstrating that pristine graphite has 

been completely oxidized [21]. In Figure 2b, the typical FTIR spectra of the 

polymeric membrane, before the carbonization, shows at 2955.12, 1713.23, 

1497.31, 1368.98, 1090.01, and 712.16 cm-1, the stretch of the methyl group 

(C-H), C=O, C=C, C-N-C axial, C-N-C transverse, and C-H (monosubstituted 

of benzene) groups, respectively [22, 23]. After carbonization, the spectrum, 

represented by the blue line in Figure 2b, does not show apparent peaks from 

3600 to 600 cm-1. This proves that the polymeric precursor completely 

decomposes and break its chemical structure during carbonization [22, 24]. 
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Figure 2. FTIR analysis of the a) TCGOM and b) polymeric precursor 

membrane and TCSCM (TCSCM: 10% wt. Matrimid and TCSGOM: 1 mg·L-

1 GO solution). 

 

Figure 3 (a-d) shows the microstructural analysis of the two carbon-based 

membranes, taken in the top surface and the cross-section. Based on Figure 

3(a-b), the surface of both the TCSCM and TCSGOM appears to be defect-

free and smooth but looks differently 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 flat ceramic-supported graphene-oxide membrane is smaller than 

that of a flat carbon membrane. 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 µm, 

respectively, for TCSCM and TCSGOM. The carbonization of TCSCM at a 

high temperature resulted in forming a thinner carbon layer than that of 

UNIVERSITAT ROVIRA I VIRGILI 
CARBON-BASED MEMBRANE BIOREACTORS FOR THE ANAEROBIC DECOLORIZATION OF DYES 
Mohammad Shaiful Alam Amin 



5. Compact Tubular Carbon-based Membrane Bioreactors for Anaerobic Decolorization of Azo Dyes 

 

161 

 

TCSGOM [25]. However, the layer was asymmetric, tightly packed, and 

strongly attached to the tubular support in both cases. 

 

  
  

  

Figure 3. 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-1 GO solution). 

 
3.2 Permeate Flux and Hydraulic Resistance of the Tubular Carbon-

based Membranes   

To evaluate the effect of the various carbon layers deposited over the 

tubular ceramic supports, the TCSCM and TCSGOM membrane flux, i.e., 

pure water permeance (PWP), and hydraulic resistance (HR) was evaluated 

using Milli-Q water. Three filtration tests over either tubular ultrafiltration 

membrane (tubular ceramic support, TCS), TCSCM, and TCSGOM were 

conducted within a range of transmembrane pressures (TMP). As shown in 
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Figure 4, the TCS, because of the absence of any additional carbonaceous 

layer, exhibited the highest permeate flux (197.4 L·m-2·h-1) as well as water 

permeance (247.3 L·m-2·h-1·bar-1) at the TMP of 0.80 bar. With respect the 

other two, the TCSGOM owed the lowest permeate flux, 18.2 L·m-2·h-1, and 

PWP, 22.8 L·m-2·h-1·bar-1, which is 90% and 60%, respectively, lower than 

the TCS and TCSCM (Flux: 45.6 L·m-2·h-1 and PWP: 56.9 L·m-2·h-1·bar-1). 

The variation of the hydraulic resistance was depicted in Figure 4, too, as a 

bar chart. Following the permeances, the TCSGOM displayed the highest 

hydraulic resistance (1.78 ± 0.01x1013 m-1), while TCS had the lowest (1.62 ± 

0.01x1012 m-1).  

 
 

Figure 4. Variation of membrane flux, water permeance, and hydraulic 

resistance as a function of TMP for TCS, TCSCM and TCSGOM. 
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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 that cover the membrane surface. As shown in 

the FESEM images (Figure 3 a-d), the carbon layer thickness of TCSCM was 

lower than that of TCSGOM. This occurred due to the highly viscous 

Matrimid solution, which makes evaporation to be slow during the 

carbonization at a high temperature causing the membrane pores to be larger 

in size but thinner the carbon layer [26]. On the other hand, the exfoliated GO 

solution partially penetrated the ceramic support (GO-TiO2 region) and 

mostly blocked the support pores. Then, it continues growing to form single 

or several graphene oxide layers over the tubular support. Amin et al. [15, 16] 

also observed a similar trend, over 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 resistance 

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-1 of Acid Orange 7 (AO7), 

and the anaerobic biodegradation was carried out under dead-end filtration 

mode at constant permeate flux (0.10 L·m-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. As illustrated in Figure 5, 

AO7 biodecolorization is drastically dependent on the presence of the carbon 

layer and microorganisms. Compared to B-TCS, both compact carbon-based 
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membrane bioreactors (B-TCSCM and B-TCSGOM) demonstrated stable 

color removal over ten-day periods, in which B-TCSGOM was able to 

decolorize 95% of AO7 monoazo dye at the highest. 

 
 

Figure 5. Anaerobic decolorization of AO7 in TCS, TCSCM and TCSGOM 

bioreactors. Flux = 0.10 L·m-2·h-1, [AO7]o = 50 mg·L-1 and T = 37 °C. 

Just at starting, all the reactors showed a good dye removal efficiency but, 

after 12 h of operation, the decolorization of the TCS suddenly dropped from 

75% to 33%, and finally, after two days, the bioreactor became unable to 

remove any color. This suggests that the ultrafiltration ceramic support was 

neither able to form the needed biofilm to degrade the dye nor to reject, due 

to its too large pores, the dye molecules from the feed solution. In turn, after 

three days of operation, the decolorization in the carbon-based membrane 

bioreactors remained highly stable throughout the experiments. B-TCSGOM 

demonstrated the most effective decolorization (95%), and the B-TCSCM 

UNIVERSITAT ROVIRA I VIRGILI 
CARBON-BASED MEMBRANE BIOREACTORS FOR THE ANAEROBIC DECOLORIZATION OF DYES 
Mohammad Shaiful Alam Amin 



5. Compact Tubular Carbon-based Membrane Bioreactors for Anaerobic Decolorization of Azo Dyes 

 

165 

 

showed the least 88% color removal. 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 [27, 28], 

these membranes served a triple role: they support microorganisms to grow a 

biofilm, immobilize the pollutants, and enhance electron transfer between 

bacteria and dye molecules under anaerobic conditions. Contrarily to findings 

in some previous research [29, 30], graphene oxide has no detrimental effect 

on bacteria, allowing biofilm growth and attachment over the membrane 

surface. However, the graphene layers are more conductive than the 

carbonized Matrimid layer, resulting in a faster electron shuttle mediator 

effect [31]. Thus, the enhanced microbial metabolism in TCSGOM provides a 

higher anaerobic decolorization than the others [32].  

After each biodecolorization experiment, the membranes were simply 

cleaned by water backflushing, which apparently 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 is 

evidenced by the fact that the initial flux was recovered without 

compromising the membrane properties, allowing it to be reused in 

subsequent decolorization tests giving comparable performance.  

 

3.4 TCSCM and TCSGOM Performance for Decolorization of Azo Dyes 

The effect of feed concentration of three structurally different azo dyes 

(monoazo AO7, diazo RB5, triazo DB71) on the biodecolorization 

performance was investigated for both B-TCSCM and B-TCSGOM. Three 

different feed solution concentrations were explored in the experiments: 50, 

75, and 100 mg·L-1. In all cases, the bioreactors were operated under a 

constant permeate flux of 0.10 L·m-2·h-1, which was controlled by adjusting 

regularly the TMP.  

UNIVERSITAT ROVIRA I VIRGILI 
CARBON-BASED MEMBRANE BIOREACTORS FOR THE ANAEROBIC DECOLORIZATION OF DYES 
Mohammad Shaiful Alam Amin 



5. Compact Tubular Carbon-based Membrane Bioreactors for Anaerobic Decolorization of Azo Dyes 

 

166 

 

Figure 6 (a-i) illustrates the extent of the color removal for the three dye 

solutions. 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. As expected, 

irrespective of the feed concentration, the monoazo AO7 gave the highest 

color removal, 92-97% in TCSGOM and 75-88% 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-2·h-1 for B-TCSGOM and 

7.5 mg·m-2·h-1 for B-TCSCM) was obtained for 100 mg·L-1 of AO7 while 

DB71 at the same feed concentration gave the lowest 6.2 and 7.8 mg·m-2·h-1 

for B-TCSCM and B-TCSGOM, respectively. 

Overall, color removal was significantly higher and 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 the carbonized tubular 

Matrimid membrane may be attributed to its conductive surface, which 

enhances the role as 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 [33]. Accordingly, for any azo dye and 

concentration applied, TCSGOM removed color significantly better than 

TCSCM does. 
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Figure 6. Anaerobic decolorization of Acid Orange 7, Reactive Black 5, and Direct Blue 71 at 37 °C for various feed 

dye concentrations; a-c) 50 mg·L-1, d-f) 75 mg·L-1 and g-i) 100 mg·L-1. TCSCM: 10% wt. of Matrimid and TCSGOM: 

1 mg·mL-1 of GO. 
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Table 1. Summary of the decolorization and removal of azo dyes 

  B-TCSCM B-TCSGOM 

Dye  Concentration 

(mg·L-1) 

Decolorization 

(%) 

Dye Removal 

Rate (mg·m-2·h-1) 

Decolorization 

(%) 

Dye Removal 

Rate (mg·m-2·h-1) 

 

AO7 

  50 90 4.5 97 4.9 

  75 84 6.3 94 7.1 

100 75 7.5 92 9.2 

 

RB7 

  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 

 

There is evidence that decolorization of azo dyes generally depends on the 

existence of one or more azo bonds connected to sulphonates, -OH and NH2 

groups, and the molecular weight of the dye molecules [34, 35]. The triazo 

DB71 contains three azo bonds as well as more chromophores and 

auxochromes groups than AO7 and RB5. Increased presence of such reactive 

groups in the dye readily reduced microbial growth [36]. Additionally, 

compared to monoazo dye, the greater 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, Figure (a-i) shows that the decolorization rate decreases 

(90-80% for B-TCSCM and 97-88% for B-TCSGOM) when the feed solution 

contains more azo, aromatic, and functional groups. This means that, for both 

bioreactors, the steady color removal followed the order: AO7> RB5> DB71. 

Franciscon et al. [37] and  Amin et al. [15, 16] previously observed that the 

monoazo dye removal was faster and more efficient than diazo and triazo 

using bacterial bioreduction processes, while a similar trend was also 

obtained by Garcia et al. [38] using the electro-Fenton method. Once again, it 

was evident that the faster electron transport is crucial for the anaerobic 

decolorization of azo dye solutions. 
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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 

Figure 6) by increasing the feed concentration first from 50 to 75 mg·L-1 and 

later up to 100 mg·L-1. Accordingly, the decolorization for the AO7, the RB5, 

and the DB71 solutions were declined from 97 to 92%, 90 to 82%, and 88 to 

78%, respectively. A similar trend was obtained for B-TCSCM, where the 

reductions were as follows: 90 to 75% for AO7, 84 to 69% for RB5, and 80 to 

62% for DB71. It is well-known that a low feed concentration in the reactor 

system allows the dye molecules to interact suitably with bacteria to reach 

significant biodegradation [39]. Under these circumstances, the biomass 

present was adequate to support almost complete bioreduction. On the other 

hand, increasing feed concentration in the bioreactors introduces higher dye 

load with additional chromophores and auxochromes content in the anaerobic 

biodegradation pathways. Therefore, excess amounts of these functional 

groups (-SO3H, -R, -NH2, -SO2NH2, etc.) severely reduce microbial growth in 

the reactors, consequently, lessen the decolorization performance [40-42]. In 

addition, the toxic substances limit the biomass content 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 bioreactors 

[15, 16]. 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 [15], TCSCM demonstrated 

about 33, 50, and 66% greater dye removal rates for AO7, RB5, and DB7, 

respectively. The tubular bioreactor provides better coverage and roughness, 
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where the surface area of the biofilm and the amount of biomass are 

increased; this contributed to improve the decolorization rate. However, 

comparing B-TCSGOM to B-CSGOM, i.e., tubular versus flat, except for the 

high permit outflow, the percentage of color removal was almost identical 

[16]. On the other hand, the degree of decolorization declines as the feed 

concentration increases. The amount of dye removed increases steadily, and 

the highest dye removal 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 as 

bioreactors were successfully prepared using a carbonized polymer precursor 

(TCSCM) or graphene oxide (TCSGOM) over a ceramic filtration element as 

support. To the best of our knowledge, this is the first-time that tubular 

ceramic-supported carbon-based membranes (TCSCM and TCSGOM) have 

been integrated with an anaerobic biodegradation process for azo dye 

decolorization. The TCSGOM had a water permeance of 22.8 L·m-2·h-1·bar-1, 

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 were 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 concentration; in 

turn, for B-TCSCM, it was 90%, 85%, and 80%, respectively.  
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As a result, the newly developed compact tubular carbon-based 

membrane may pave the way for novel methods to treat raw textile 

wastewater using integrated methods in single compact units. This intensified 

bioreactor should also be easily scaled-up to confirm its applicability in 

industrial wastewater treatment. 
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Chapter 6. Biofilm Model Development and Process 

Analysis of Anaerobic Bio-digestion of Azo Dyes 

 

Abstract:  

Ceramic-supported graphene oxide membrane bioreactors have already 

shown their potential for the anaerobic decolorization of wastewater 

containing azo dyes. The primary goal of this investigation was to develop a 

mathematical model that would be able to describe the steady-state behavior 

of this biodegradation process. The developed model was calibrated and 

validated using independent experimental data sets with various dye structure, 

feed concentration, hydraulic retention time (HRT) and support materials on 

which the biofilm was grown. The main aim was to analyze the intrinsic 

mechanism of the process, which was found to be the hydrolysis that was the 

rate limiting step of the process. Hydrolysis rate constant were dependent on 

dye structure and support material. It was decreased when increasing the 

complexity of the dye structure and also with decreasing the electron carrying 

capacity of support material. Dye molecules with a higher molecular weight 

or a more complicated structure had a lower hydrolysis rate. Support 

materials with high electron transfer capacity increased the biofilm activity, 

therefor, the hydrolysis rate constant. Increase of the acetate concentration, 

used as external carbon source, improved the dye removal efficiency, too. 

However, acetate to dye ratio did not have direct relation to dye removal 

efficiency. As expected, higher hydraulic retention time (HRT) increased the 

contact time between dye molecules and biofilm, which enhanced the process 

efficiency. However, it is essential to impose the right balance between HRT 

and external carbon sources to make the process feasible.   
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1. Introduction 

The textile and garment sector still plays a significant role in the growth 

of the global economy. In the rapid expansion of these industries, several 

issues have arisen related to huge water pollution. The main cause of this 

pollution is the extensive use and discharge of dyestuff, especially azo dyes, 

which represent 70% of the organic colorant chemicals [1]. Industrially, over 

100000 types of dyes and pigments are being used, with an annual production 

volume of 700000 tons [2]. A recent research found that about 744 tons of 

wastewater are generated while manufacturing one ton of dye [3]. Another 

statistics reported that nearly 200000 tons of dyes per annum are lost in the 

effluent streams during the dyeing and printing process, which are discharged 

into the aquatic system [4]. This enormous amount of dye-containing waste 

released into the environment consistently pollutes the lakes, rivers, and other 

water reservoirs [5]. Therefore, it is essential to treat these textile effluents 

before discharging in order to save and maintain healthy aquatic life. 

Numerous approaches, including physical, chemical, physicochemical, 

and biological processes, were examined independently or combined to treat 

the dye-containing wastewater. Considering the efficiency, generation of 

secondary sludge and toxic byproduct, installation, and operating cost, the 

integration of membrane filtration and anaerobic biodegradation of textile 

dyes has proven to be very attractive [6-8]. Membranes made of carbonaceous 

materials with a conductive top layer are often suitable for such treatment 

method. A recent study demonstrated that the Ceramic-supported Carbon 

Membrane (CSCM) had the ability to complete decolorization of azo dyes 

[6]. During the anaerobic biodegradation of azo dye, the nanosized CSCM 

helps to generate an active biofilm by retaining the microorganism on its 
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surface. In addition, this layer enhanced the electron shuttle mechanism 

between the azo bond and microorganisms to increase the biodegradation rate 

[9]. Aside from that, this membrane improves the treatment performance 

through the retention of the dye molecules and biodegradable products. Amin 

et al. [7] also investigated the influence of the conductive Ceramic-supported 

Graphene Oxide Membrane (CSGOM) derived from the exfoliated graphene 

oxide (GO) on biodecolorization performance, and the results showed that the 

CSGOM is more efficient for color removal than the membranes consisting of  

carbonized Matrimid 5218.  

The mechanism of the anaerobic biodecolorization in a compact 

bioreactor appeared to be initiated through the biosorption of dye molecules 

on microorganisms and later completed by biodegradation of dyes within 

microbial cells [10]. During the biosorption, the dye entraps on the surface. 

However, the biodegradation occurred when the azo bonds of the dye 

molecules started to cleavage to form aromatic amines with the functional 

groups of -SO3, -OH, -COOH, -N, etc. [11]. Subsequently, under aerobic 

conditions, those biodegradable aromatic products underwent extensive 

mineralization resulting highly decolorized treated water [12]. Various 

researches experiments have been conducted to enhance the performance of 

anaerobic dye decolorization by biodegradation [13-15]. These studies 

concluded that the dye reduction process was directly influenced by several 

factors such as bioavailability, adaptability and selective activity of microbial 

entities in the aqueous medium, supplementary carbon sources, dye structure 

and concentration, and retention time. 

It has been demonstrated that mixed bacterial cultures outperform single 

pure cultures in several biological dye-containing wastewater treatment 
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systems [10, 12]. The mixed bacterial cultures produce a better level of azo 

dye decolorization than the pure strains due to complementary catabolic 

pathways within the microbial community and the vulnerability to 

contamination [16-18]. Moreover, the mixed microbial consortia involved in 

anaerobic decolorization of dye molecules convert the soluble substrate into 

volatile acids or alcohols that serve as a competitive substrate for 

methanogenic, sulfate-reducing, and acetogenic bacteria [19,20]. 

Additionally, mixed culture is beneficial due to high microbial diversity, 

which helps to reduce toxicity and improves process stability by resisting 

variations in quality and amount of wastewater [21]. These anaerobic 

biodegradation processes are enhanced by the presence of organic carbon or 

energy sources that act as electron-donors. In such cases, several primary 

electron source substances such as acetate, glucose, starch and ethanol have 

been used for bacterial growth to enhance the biodecolorization rate [22].  

According to literature, dye structure and concentration in the feed 

streams significantly affect the anaerobic decolorization kinetics. The 

dyestuff with simple structure and low molecular weight showed higher 

biodegradation rate compared to complex and high molecular weight dyes 

[23, 24]. A recent study [6] on anaerobic decolorization of monoazo Acid 

Orange 7 (AO7), diazo Reactive Black 5 (RB5), and triazo Direct Blue 71 

(DB71) showed that the color removal was 98%, 80%, and 69%, respectively, 

for AO7, RB5, and DB71. This result indicated that the decolorization rate 

decreased progressively with increasing molecular weight and substitution -

SO3H and -N=N- groups. The biodegradation of textile dyes also reduced 

progressively with increasing initial dye concentration, which was consistent 

with previous findings. Various dye concentrations were examined and most 

effective for decolorization were found for lower concentrations [10, 25]. 
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High dye concentrations may inhibit microbial growth therefore reducing 

microbial dye removal efficiency. The most likely explanation is that 

presence of more reactive groups of the dye molecules in the anaerobic 

bioreactor impeded microbial development due to a lack of sufficient biomass 

concentration in the culture, blockage of active sites of azoreductase, and 

aromatic metabolites products [26, 27]. It was also found that, after rise of 

initial dye concentration from 50 to 100 mg‧L-1, the integrated anaerobic 

membrane bioreactor fed with different solutions of AO7, RB5, and DB71 

exhibited a similar decreasing trend. Besides initial dye concentration, 

hydraulic retention time (HRT), which must be understood as contact time, 

has a critical relation with color removal rate; decolorization of dye molecules 

improved with increasing HRT [24, 28]. Due to the extended HRT, the 

system may efficiently treat dye-containing wastewater, even at a higher 

initial feed concentration. 

The anaerobic biodegradation of dyes molecules comprises a number of 

complex process steps including microbial growth, hydrolysis of complex dye 

molecules, anaerobic degradation of hydrolyzed products, biomass decay, 

maintenance etc. These steps involve a number of process operation 

variables. Mathematical models were used to determine the kinetics and 

process parameters of microbial growth and biodegradation of dyes, as well 

as to develop adequate process strategies aiming to maximize dye removal. 

Very few mathematical models have been constructed to analyze the 

biodegradation of dyes and they are mainly focused on optimization of 

process variables using response surface methodology [29]. However, to the 

best of our knowledge, no model is available to analyze the underlaying 

mechanisms for biodegradation of dyes.  
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With the aforesaid limitations in dyes biodegradation research, this work 

attempts to understand the mechanism of biodecolorization of azo dye under 

an integrated anaerobic membrane bioreactor. To analyze the mechanism, a 

kinetic model was developed based on operation conditions tested for 

maximum dyes removal. The model was built from a simple set of reaction 

kinetics and an empirical relation for the hydrolysis rate equation. In more 

detail, the model was utilized to investigate the influence of the essential 

operating parameters, for example, dye structures, initial dye concentration, 

and permeate flux on the dye removal. Therefore, the interaction among the 

HRT, external carbon source and dye concentration in a biofilm reactor for 

dye removal has been assessed for the first time. Hydrolysis behavior of 

complex dye molecules and effect of support materials for biofilm were also 

assessed. The steady-state model behavior was considered in all cases to 

evaluate the overall process responses.  

  

2. Materials and Methods  

2.1 Preparation of Bioreactors 

The biofilm in a single bed bioreactor with ceramic-supported carbon 

membrane (CSCM) and ceramic-supported graphene oxide membrane 

(CSGOM) support materials were developed for the bio-digestion of dyes. In 

order to build the CSCM, a membrane precursor containing 10% wt. 

Matrimid solution was carbonized over the ceramic support. CSGOM, on the 

other hand, was created using a standard technique outlined by Gimenez-

Perez et al. (2016) [30]. In this case, 1 mg/mL graphene oxide solution was 

used to make the CSGOM support material. The biofilm was produced 

seeding secondary anaerobic sludge collected from a municipal WWTP 
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(Reus, Spain), which was placed over the CSCM and CSGOM support 

materials. 

2.2 Process Configuration 

A controllable vacuum filtration unit in which CSCM and CSGOM were 

used as filters and support for biofilm growth was applied. Three different 

types of dyes, monoazo AO7 (ACROS Organics, ref. 416561000), diazo RB5 

(Sigma Aldrich, ref. 306452), and triazo DB71 (Sigma Aldrich, ref. 212407), 

were selected to generate the artificial wastewater that was mixed with 

sodium acetate (Sigma Aldrich, ref. 110191) maintaining the absolute 

concentration (in mg/mL) ratio 1:3. The dye and sodium acetate mixture was 

then mixed with 1 mL of each basal medium (BM) to make the feed solution. 

There were six basal mixtures; the elements contained, and composition are 

listed in Table 1. 

Table 1. Composition and concentration of the different basal media. 

Basal medium (BM) Minerals Concentration (mg/L) 

BM 1 MnSO4·H2O 0.15 

CuSO4·5H2O 0.28 

ZnSO4·7 H2O, 0.46 

CoCl2·6H2O 0.26 

(NH4)6Mo7O24; 0.28 

BM 2 K2HPO4 21.75 

Na2HPO4·2H2O 33.40 

KH2PO4 8.50 

BM 3 FeCl3·6H2O 29.06 

BM 4 CaCl2 13.48 

BM 5 MgSO4·7H2O 15.20 

BM 6 NH4Cl            190.90 
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All the chemicals (Sigma Aldrich, Spain) used in this study were 

analytical grade and the solutions were made with Milli-Q water (Millipore 

Milli-Q system, Molsheim, France). The feed solution was kept at 1ºC to 

prevent microbial growth in feed solution tank. Nitrogen gas (>99.99 %, 

Linde) was sparged through the feed tank to maintain it under anaerobic 

conditions (negative redox potential) and, also, for controlling the permeate 

flux by setting the needed pressure. The compact bioreactor was run under 

dead-end filtration mode at a temperature of 37 ± 1 °C. Samples were 

collected every regular interval and then, the dye concentration, acetate 

concentration, ammonium concentration and COD immediately analyzed.  

 

2.3 Analytical Procedure 

The decolorization rate was measured in a visible/UV spectrophotometer 

(DINKO Instruments, Barcelona, Spain), whereas the maximum absorption 

wavelength was set at 484 nm for AO7, 597 nm for RB5, and 585 nm for 

DB71. Acetate concentration in both feed and permeate solution was 

determined by high-performance liquid chromatography (HPLC) on a C18 

Hypersil ODS column applying a gradient of methanol-water mobile phase 

with a flow rate of 1 mL/min [31]. Portable chemical oxygen demand (COD) 

test kit (Vario 2420721 and 2420722) was used to measure the wastewater 

COD. The ammonium-N was determined by the salicylate method (Lovibond 

method 66) using the Lovibond testing kit (Vario 535650). 

2.4 Model Development 

The anaerobic digestion model was developed based on Activated Sludge 

Model-2 (ASM2) to examine the anaerobic bio-digestion of dye using a 

single bed biofilm reactor. An empirical hydrolysis rate equation was 

developed from the experimental datasets.     
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The model for anaerobic dye decomposition takes into account four main 

processes: (1) anaerobic hydrolysis of dye (SS); (2) fermentation of 

fermentable materials (SF); (3) anaerobic digestion of fermented product (SA) 

and (4) biomass decay. The model stoichiometry and kinetics are listed in 

Tables 2 and 3, respectively. The stoichiometric and kinetic parameter values 

are listed in Table 4. 

Table 2. Stoichiometric matrix Aij.  

Aij 

i 
component    

→ 

SS 

[mgCOD/

mL] 

SF 

[mgCOD/

mL] 

SA 

[mgCOD/

mL] 

SH 

[mgCOD/

mL] 

SNH 

[mgN/

mL] 

SSO2 

[mgS/

mL] 

XH  

[mgCOD/

mL] 

XI  

[mgCOD/

mL] j process     ↓ 

1. Anaerobic 

hydrolysis 
-1 

1- (VNH 

+VS) 

  
VNH VS 

 
 

2. Fermentation  -1 1      

3. Anaerobic 

digestion 
 

 -1/YH (1- YH)/ 

YH 
-iNXB  

1 
 

4. Decay  
 1-fI   iNXB - 

fI iNXI 
 

-1 fI
 

 

Table 3. Kinetic rate expressions.  

j process 

Kinetic rate  Equation  

1. Anaerobic hydrolysis H ( )

n

h S in S H
k S S X

−
=    (1) 

2. Anaerobic fermentation F

F

fa H

fe F

S
q X

K S
 =  

+
 

() 

3. Anaerobic digestion 
AD

AD max

NHA

HH H

A A NH NH

SS
X

K S K S
 =   

+ +
 

() 

4. Decay of XH D H H
b X =   () 
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Table 4. Stoichiometric and kinetics parameters.  
Parameter Value Units Reference 

YH 0.06 mgCOD/mgCOD [32] 
AD

max  2.0325 h-1 Estimated 

kh Biofilm on CSGOM 

support:  

AO7: 1.3141 ± 0.061 

RB5: 0.2873 ± 0.011 

DB71: 0.2621 ± 0.017 

Biofilm on CSCM support 

materials:  

DB71: 0.0410±0.0040 

(mgCOD)n-1/  

(Ln-1.h) 

Estimated 

n 1.6852 ± 0.018  Estimated 
H

AK  0.0760  mgCOD/mL [32] 

H

NHK  0.0300 mgN/mL [32] 

bH 0.00083 h-1 [32] 

feq  2.0325 h-1 Assumed same as 
AD

max  

feK  0.0040  mgCOD/mL [33] 

iNXB 0.0700 mgN/mgCOD [33] 

iNXI 0.0700 mgN/mgCOD Assumed same as 

iNXB 

fI
 

0.0800 mgCOD/mgCOD [33] 

VNH 
Fraction of nitrogen in dye: 

Acid Orange 7: 0.0422 

Reactive Black 5: 0.062 

Direct Blue 71: 0.0570 

mgN/mgCOD From 

stoichiometric 

calculation 

VS 
Fraction of sulphur in dye: 

Acid Orange 7: 0.0481 

Reactive Black 5: 0.1700 

Direct Blue 71: 0.0740 

mgS/mgCOD From 

stoichiometric 

calculation 

DNH 0.0625 cm2.h-1 [34] 

DO2 0.0917 cm2.h-1 [35] 

DS 0.0417 cm2.h-1 [36] 

DH 0.0538  cm2.h-1 [37] 

DSO2 0.0917 cm2.h-1 Assumed same as 

DO2 
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(1) After unit conversion, using a typical biomass composition of 

CH1.8O0.5N0.2, corresponding with 1.3659 mgCOD/mg [38] 

(2) 1 mg Sodium acetate = 0.78 mgCOD, 1 mg Acid Orange 7 = 1.987 

mgCOD, 1 mg Reactive Black 5 = 1.331 mgCOD, 1 mg Direct Blue 

71 = 1.790 mgCOD (theoretically calculated) 

(3) Conversion of ASM2 and ASM2d-values given by Henze et al. (2000) 

[33] at 10°C and 20°C to 37°C using temperature relationship 

proposed by these authors (in ASM3): 

1 2

1 2

( ) (20 C) exp( ( 20 C))

ln( ( ) / ( ))
        

T

T

k T k T

k T k T

T T





=    − 

=
−

 

 

It is assumed that all dyes undergo hydrolysis first and then anaerobic 

fermentation and subsequent digestion. The first process, hydrolysis of dye 

(SS), followed simple reaction kinetics, proportional to dye concentration and 

presence of microorganisms. As a result, the fermentable materials (SF) were 

produced through hydrolysis of complex dye molecules. Fermentable 

materials then are converted to fermented products (SA) by following 

anaerobic fermentation (second process) that followed Monod kinetics as 

described in ASM2 [33]. It must be noted that, in this study, acetate was 

considered as the fermented product (SA). The SA was then transformed 

through anaerobic digestion (third process) and converted to carbon dioxide 

and methane (SH). Anaerobic digestion depends on the SA and ammonium 

concentration. The growth of microorganisms resulted from the anaerobic 

digestion, where ammonium nitrogen played a significant role. According to 

ASM2, it was also considered that hydrolysis and fermentation did not take 

part in microbial growth. The microorganisms (XH) produced by digestion 

process took part in all biological activities. The amine group and sulphur 
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present in dye molecules were converted to the ammonium and hydrogen 

sulphite through anaerobic hydrolysis.   

Therefore, the process was stated as completely anaerobic, so oxygen was 

not considered as an operating variable in this study. Carbon dioxide and 

methane produced during digestion did not affect the process and hence was 

not accounted in the global kinetics.    

The biomass decay followed the death-regeneration concept in which the 

living cells were directly converted to soluble organic substrate and a fraction 

of inert materials [39]. Decay was first order kinetics and its rate limited steps 

over the hydrolysis of decay product. Therefore, hydrolysis merged with the 

decay and fermentable materials were directly produced from the decay of 

biomass [40]. 

 

2.5 Reactor Configuration, Simulation Parameters and Initial Conditions 

A one-dimensional biofilm model, only considering gradients through 

biofilm depth was set up to describe the process. The model was implemented 

in the Aquasim software [41]. The reactor had a fixed volume of 5 mL; same 

as that experimentally used. A layer of biomass was assumed to grow on the 

support materials (CSCM or CSGOM) with a surface area of 13.1 cm2 for a 

predefined biofilm thickness of 2 μm. The biofilm was generally dense and 

rigid and biofilm porosity was assumed to be constant (25%). The density of 

the biomass and inert materials were considered as 60 mg VSS/mL [42] and, 

according to Henze et al., (2000), it corresponds to 80 mg COD/mL [33]. 

The process was evaluated in both experimental and model simulation for 

an influent containing dye and acetate maintaining the concentration ratio 1:3, 

even when dye flow rate varied from 0.0655 to 0.131 mL/h. The dye 
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concentration ranged from 0.05 mg/mL to 0.10 mg/mL. It was assumed that 

there was initially no other fermentable organic matter (SF) in the inflow. The 

initial concentrations of dye and substrate in the bulk liquid was assumed 

equal to influent concentrations. The processes were operated at 37°C. 

Steady-state simulations were performed to evaluate the process. The 

interactive effect of dye concentration, HRT, and influent fermented product 

(SA) were investigated by performing steady-state calculations for different 

combinations of their concentrations and variation of feed flow rate. 

 

2.6 Model Calibration and Validation  

The model calibration was performed to determine model parameters 

represented by constant variables from available data. The parameters were 

estimated by AQUASIM by minimizing the sum of the squares of the 

weighted deviations between measurements and simulation outcomes as per 

Eq. 5. 

2

exp, ( )2

1 exp, 

( )

 
100

 m
i i P

i i

P
y y



=

=

 −
 
 
 

  

 

(5) 

 

Here, iyexp, is the experimental value, iexp,  is its standard deviation, 

)(Piy is the simulated value of the corresponding model parameter P, and m is 

the number of data points. 

The model validation was conducted through the visual comparison of 

experimental values and steady-state simulation outcomes. Moreover, the 

validation was confirmed by calculation of percentage deviation (%) defined 

by Eq. 6.  Less than 9% deviations were considered as acceptable value in 

this study.  
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exp, ( )

exp, 

% deviation

 
100

 
i i P

iy

y y
=

 −
 
 
 

 

 

(6) 

 

3. Results and Discussions 

3.1 Model Calibration 

To describe the anaerobic biodegradation of dye, the developed model 

was calibrated on independent experimental datasets. For the model 

calibration, continuous mode biodegradation was selected using monoazo 

AO7 dye with different feed concentrations and flow rates. In this case, the 

biofilm was developed on ceramic-supported graphene oxide membrane 

(CSGOM). In all the cases, acetate was set three times higher than dye 

concentration (in mg/mL), although it was fully consumed through the 

biodegradation process. The results showed that steady state AO7 

concentration in permeate was increased with increasing feed concentration 

and decreasing HRT. Maintaining 76.3 h of HRT, the permeate AO7 

concentration was increased from 0.00166 ± 0.00052 mgCOD/mL to 0.00520 

± 0.00096 mgCOD/mL with increasing feed concentration from 0.099 

mgCOD/mL (0.05 mg/mL) to 0.190 mgCOD/mL (0.10 mg/mL). 

 Accordingly, the removal was decreased from 98.3% to 97.4% (Table 5). 

Decreasing HRT increased the permeate concentration so lowered the 

efficiency of the biodegradation because higher feed flow rate reduces the 

HRT that adversely affects the dye removal efficiency. Thus, the HRT 

decrease from 76.3 h to 38.2 h, dropped the dye removal efficiency from 

97.38% to 94.82% (Table 5). 
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Table 5. Experimental removal of AO7 by CSGOM-biofilm reactor at 

various hydraulic retention times and dye feed concentration. 

 

HRT (h) AO7 concentration in feed (SS(in)) 

(mgCOD/mL) 

% Dye removal 

76.3 0.099 98.3 

0.149 97.8 

0.198 97.4 

50.9 0.099 97.5 

0.149 96.8 

0.198 95.9 

38.2 0.099 96.8 

0.149 95.9 

0.198 94.8 

 

The hydrolysis rate constant (kh) for AO7 biodegradation, the power index 

of inflow dye concentration in feeding solution (n) and maximum specific 

growth rate of anaerobic organism ( AD

max ) were determined from the model 

calibration. The experimental datasets with fixed HRT, 76.3 h, at various 

inflow dye concentrations, from 0.099 mgCOD/mL to 0.199 mgCOD/mL, 

were used for the calibration.  The estimated value of hydrolysis constant, kh, 

was found to be 1.314 ± 0.061 (mgCOD)n-1/ (Ln-1·h), while n was 1.685 ± 

0.018, and AD

max  was 2.032 h-1 for all the feed concentrations.   
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3.2 Model Validation 

The calibrated model was validated for several HRT in the CSGOM-

biofilm reactor, and the different AO7 dye feed concentration. Using the 

estimated hydrolysis rate constant, the power index (n) and maximum specific 

growth rate of anaerobic organism ( AD

max ), the model could describe the 

steady state behavior of the biodegradation of AO7 very well with deviations 

below 8% (Figure 1).  

The calculated hydrolysis rate constant was very high compared to 

literature since, according to ASM2d model, it is 0.25 h-1 [33]. This 

hydrolysis constant was even higher than the acidic hydrolysis constant of 

glucose [43]. The high hydrolysis constant in this study was due to the 

reduced detachment of biofilm with the support material GO and high 

electron transfer rate [7] that improve the microbial activities [31] as well as 

ensure biodegradation of dye with a high efficiency.  

 

HRT 

(h) 

SS(in) 

(mgCOD/

mL) 

% 

Deviation 

 

76.3 

0.099 1.7 

0.149 2.5 

0.198 0.8 

 

50.9 

 

0.099 2.2 

0.149 0.4 

0.198 7.4 

 

38.2 

0.099 3.5 

0.149 3.2 

0.198 1.0 

 

Figure 1. Comparison between experimental and predicted outcomes of AO7 

removal at steady-state using a CSGOM-biofilm reactor (points are the 

experimental values and lines are predictions from the model).  
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3.3 Model Evaluation with Various Types of Dye 

Anaerobic biodegradation in a CSGOM-biofilm reactor was also 

evaluated for three different types of dye; in addition to AO7, diazo RB5 and 

triazo DB71. In both cases, the dye concentration was changed from 0.05 

mg/mL (≈ 0.066 mgCOD/mL RB5 and 0.089 mgCOD/mL DB71) to 0.10 

mg/mL (≈ 0.133 mgCOD/mL RB5 and 0.179 mgCOD/mL DB71) whilst feed 

flow rate was varied from 0.065 mL/h to 0.131 mL/h to set the hydraulic 

retention time from 76.3 h to 38.2 h.  

Increasing hydraulic retention time improved the dye removal efficiency 

and, consequently, decreased the dye concentration in permeate (Table 6). As 

usual, any increase of the flow rate decreases the HRT that adversely affects 

the dye removal efficiency. Higher feed concentration also has adverse effect 

on removal of the dyes. Comparing the three types of dyes; AO7 shown better 

removal efficiency and DB71 showed the lowest (Table 5 and 6), following 

the number of azo bonds in the respective molecule. 

Table 6. RB5 and DB71 removal in a CSGOM-biofilm reactor for several 

hydraulic retention times and dye concentrations. 

HRT 

(h) 

Reactive Black 5 Direct Blue 71 

Feed concentration (SS(in)) 

(mgCOD/mL) 

% Dye 

removal 

Feed concentration (SS(in)) 

(mgCOD/mL) 

% Dye 

removal 

76.3 0.066 95.9 0.089 92.2 

0.099 94.5 0.134 91.4 

0.133 93.0 0.179 89.9 

50.9 0.066 93.4 0.089 89.8 

0.099 90.6 0.134 86.0 

0.133 88.6 0.179 82.2 

38.2 0.066 90.6 0.089 86.7 

0.099 88.1 0.134 81.5 

0.133 86.3 0.179 76.0 
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If they are applied the estimated hydrolysis constant (kh), power index of 

inflow feed concentration (n) and maximum specific growth rate of anaerobic 

organism ( AD

max ) from the biodegradation of AO7, it is not able to describe 

the steady state behavior of RB5 and DB71 (data was not shown). As the dye 

structures and functionality were not similar to each other; the hydrolysis rate 

constant is not the same and needs to be re-estimate for these dyes. The 

estimated hydrolysis constants (kh) were 0.287 ± 0.011 (mgCOD)n-1/ (Ln-1.h) 

(χ2 = 0.00009) for RB5 and 0.262 ± 0.017 (mgCOD)n-1/ (Ln-1.h) (χ2 = 0.00007) 

for DB71. Using these re-estimated kh, the model predictions agreed well with 

the experimental values of dye concentration in permeate at steady-state 

(Figure 2). The percentage deviation associated with HRT, dye feed 

concentration and dye types were below 9%, which demonstrates the 

goodness of the model fit. 

 

Hydrolysis rate constant was indeed quite different for each type of dye. 

Increasing molecular weight as well as complexity of dye structure lowers the 

hydrolysis capacity of the microorganisms, which becomes in lower 

hydrolysis constant (Table 7). Tombari et al. (2007) [44] found that the 

change of configurational and vibrational partition functions has a significant 

effect on hydrolysis. Kura (1987) [45] analyzed the hydrolysis for different 

membered inorganic cyclophosphates and found that the lowest membered 

cyclotriphosphate showed the most rapid hydrolysis,. In addition, there were a 

wide variation of hydrolysis due to structural variation [46]. Similarly, in this 

study, it has been found that the hydrolysis rate constant decreased with 

increasing molecular weight that also correlates here with higher number of 

azo bonds in the dye molecules (Table 7).  
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HRT 

(h) 

SS(in) 

(mgCOD/

mL) 

% 

Deviation 

 

76.3 

0.066 8.9 

0.099 8.3 

0.133 2.8 

 

50.9 

 

0.066 4.8 

0.099 2.7 

0.133 3.0 

 

38.2 

0.066 4.4 

0.099 0.7 

0.133 3.4 

 
   

 

HRT 

(h) 

SS(in) 

(mgCOD/

mL) 

% 

Deviation 

 

76.3 

0.089 5.3 

0.134 5.0 

0.179 8.5 

 

50.9 

 

0.089 4.7 

0.134 0.9 

0.179 5.9 

 

38.2 

0.089 3.1 

0.134 6.7 

0.179 8.1 

 

 

Figure 2. Model validation for (A) RB5 and (B) DB71 removal in a 

CSGOM-biofilm reactor (points are the experimental values and lines are 

simulation outcome). 
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Table 7. Relation between the dye properties and hydrolysis constant for 

CSGOM-biofilm  

Dye 

information 

Dye structure Hydrolysis constant, kh 

(mgCOD)n-1/ (Ln-1·h) 

Acid Orange 7 

C16H11N2NaO4S 

MW = 350.32  

g/moL 
 

1.431 ± 0.061 

 

Reactive Black 5 

C26H21N5Na4O19S6  

MW = 991.8 

g/moL 
 

0.287 ± 0.011 

Direct Blue 71 

C40H23N7Na4O13S4 

MW = 1029.9 

g/moL 
 

0.262 ± 0.017 

Klaus Hunger; Peter Mischke; Wolfgang Rieper; Roderich Raue; Klaus Kunde; Aloys Engel (2005). "Azo Dyes". Ullmann's Encyclopedia of Industrial 

Chemistry. Weinheim: Wiley-VCH. 

National Center for Biotechnology Information (2021a). PubChem Compound Summary for CID 135442967, Reactive Black 5. Retrieved January 31, 

2022, from https://pubchem.ncbi.nlm.nih.gov/compound/Reactive-Black-5. 

National Center for Biotechnology Information (2021b). PubChem Compound Summary for CID 20427, Direct Blue 71. Retrieved January 31, 2022, from 

https://pubchem.ncbi.nlm.nih.gov/compound/Direct-Blue-71.  
 

 

3.4 Model Evaluation with Differing Supporting Materials   

DB71 removal data were employed to find out the effect of support 

material for the biofilm formation, i.e., CSCM and CSGOM. The removal 

efficiency was quite higher for the biofilm growing on CSGOM compared to 

CSCM (Figure 3). Biofilm over CSGOM gives, at steady-state, a dye removal 

of 92.2 % for 0.089 mgCOD/mL DB71 feed concentration and 76.3 h of 

HRT, but 22 % less removal was shown for CSCM support. The removal 

efficiency was also lowered as dye concentration increases and HRT 
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decreases. For 38.2 h HRT, 50% less removal was encountered for CSCM-

biofilm compared to CSGOM-biofilm.  

 
 

Figure 3. Comparison of DB71 removal efficiency of CSGOM-biofilm and 

CSCM-biofilm. 

 

The developed model was calibrated against data shown in Figure 3 and 

the estimated hydrolysis constant (kh) for CSCM was calculated to be 0.041 ± 

0.004 (mgCOD)n-1/ (Ln-1·h) (χ2 = 0.000098), while it was much higher for 

CSGOM (kh = 0.262 ± 0.017 (mgCOD)n-1/ (Ln-1·h)). The low hydrolysis 

constant for CSCM supporting biofilm is attributed to the lower electron 

transfer capacity compared to CSGOM. It indicated that the support material 

with high electron transfer capacity enhances the hydrolysis, which 

eventually increases the dye removal efficiency. Anyway, the calibrated 

model was able to reproduce very well the DB71 removal using CSCM based 

biofilm reactor with deviation below 9% (Figure 4).   
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HRT 

(h) 

SS(in) 

(mgCOD/

mL) 

% 

Deviation 

 

76.3 

0.089 5.1 

0.134 8.4 

0.179 8.1  

 

50.9 

 

0.089 3.2 

0.134   0.03 

0.179 0.7 

 

38.2 

0.089 6.0 

0.134 6.9 

0.179 8.7 

 

Figure 4. Comparison between experimental and predicted behavior at 

steady-state for DB71 removal using biofilm on CSCM (points are the 

experimental values and lines are simulation outcome). 
 

3.5 Effect of External Carbon Source on Anaerobic Bio-digestion of Dyes  

Simulation was conducted with various acetate to dye ratios by changing 

their concentrations in feed solution. The flow rate as well as HRT was kept 

constant at 50.9 h. The effect of acetate concentration on dye removal was 

evaluated based on steady state dye concentration in permeate that was 

translated as percentage removal as a function of acetate to dye ratio and 

shown in Figure 5. Results showed that the dye removal efficiency was 

increased as acetate concentration increases in line with findings from other 

studies [47, 48]. At the same acetate to dye ratio the removal efficiency was 

higher for low dye concentration. The dye removal efficiency was also 

decreased with increasing molecular weight and complexity of dye. In 

absence of any external organic substrate (acetate), more than 85% AO7 

removal was still observed for 0.40 mgCOD/mL dye concentration (Figure 

5(A)) but for RB5 it was just 24% (Figure 5(B)) while for DB71 it was 26% 

(Figure 5(C)). More than 90% dye removal was found for both RB5 and 
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DB71 by applying an acetate to dye ratio of 5. Easily fermentable organic 

materials like acetate give advantages to the microorganisms to grow and 

stimulate the hydrolysis process, thus the removal efficiency. Presence of 

acetate facilitated the easy transferability of electrons that promoted a faster 

degradation of azo dye, which suggests that a denser current of electrons 

helps the reductive break of the azo bond [49]. The increase of external 

carbon source also promotes an easier development of biofilm and biomass 

formation and allows reaching higher dye removal rate. 

 
 

 

Figure 5. Effect of acetate to dye ratio on (A) AO7, (B) RB5 and (C) DB71 

removal. 
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The optimal doses of acetate (external carbon source) for maximum dye 

removal are not the unique variable that needs to be controlled for efficient 

process. Another strategy called ratio control: keeping the carbon: dye 

(Acetate/dye) ratio at a certain level by dosing external carbon for the 

efficient removal of pollutants. From Figure 5, it was found that ratio alone 

did not have a straightforward relation to removal achieved, i.e., same ratio 

did not show same dye removal efficiency. Dye concentration in feed solution 

also have a significant role. However, this study only was focused to 

determine the setpoint for minimum external carbon source to meet the 

effluent standard.  

 
 

3.6 Interaction Between HRT and Acetate to Dye Ratio on Anaerobic 

Bio-digestion of Dyes 
 

To evaluate the HRT impact on anaerobic bio-digestion of dyes and find 

out the interaction between the HRT and acetate to dye ratio on the dye 

removal process, simulations were conducted at various acetate to dye ratio 

and HRT. The variation of acetate to dye ratio was done by changing acetate 

concentration 0-1.2 mgCOD/mL over a fixed 0.40 mgCOD/mL DB71 

solution. The HRT was set by changing the feed flow rate from 0.03 mL/h to 

1.5 mL/h in the 5 mL bioreactor. The steady state removals reached for each 

combination are depicted in Figure 6. As expected, HRT enhanced the DB71 

removal efficiency. Without adding any acetate in the feed solution (acetate to 

BD71 ratio 0) the DB71 removal was increased from 6.8% to 74.3% as HRT 

increases from 33.3 h to 166.7 h. Increasing HRT provides more time to the 

microorganisms to digest dye and other intermediate products, thus enhancing 

the dye removal.   
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Figure 6. Effect of HRT and acetate to DB71 ratio on DB71 removal. 

 

As suspected, both HRT and acetate to dye ratio altered the dye removal 

efficiency. However, small amount of external carbon source (acetate) is 

desired since it makes the process more economic, also in terms of lower 

sludge production. The optimization addressed here is to interactive 

performance between HRT and external carbon source to dye ratio. The study 

enables the reduction of use external carbon source by increasing HRT 

without hampering the effluent water quality, however it should be well 

balanced with HRT to reduce the investment cost.  
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4. Conclusions 

A mathematical model for anaerobic biodegradation of dyes using biofilm 

reactors coupled with membrane filtration was developed, calibrated and 

validated with different types of dye, various feed concentrations and several 

hydraulic retention times.  

Hydrolysis played the major role on anaerobic biodegradation of dyes. 

Hydrolysis rate constant was dependent on dye molecule structure and 

biofilm support materials. Increasing molecular weight as well as the 

complexity of dye structure decreased the hydrolysis capacity of dye. Simple 

dye possesses higher hydrolysis constant compared to more complex (higher 

molecular weight) dyes. 

The support materials, on which the biofilm was formed, has a significant 

effect on dye removal efficiency. Materials with high electron transfer 

capacity increases the biofilm activities and hydrolysis as well as enhances 

the removal efficiency.  

External carbon source is also important for the efficient dye removal 

through anaerobic digestion. Increase of the carbon source dose enhances the 

dye removal efficiency. The required external carbon source for efficient dye 

removal also depends on type of dyes; simple dye needs low external carbon 

dose compared to more complex dyes. Acetate to dye ratio did not have a 

straightforward relation to dye removal efficiency since dye feed 

concentration also needs to be taken into account. 

Hydraulic retention time (HRT) enhances the dye removal efficiency. It is 

possible to compensate lower external carbon source doses with higher HRT 

to achieve a given level of dye removal.   
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Appendix:  

List of symbols 

bh : Decay rate constant of anaerobic bacteria, h-1 

DNH : Ammonium diffusion coefficient in water, cm2.h-1 

DO2 : Oxygen diffusion coefficient in water, cm2.h-1 

DS : COD diffusion coefficient in water, cm2.h-1 

DH : SH diffusion coefficient in water, cm2.h-1 

DSO2 : SO2 Ammonium diffusion coefficient in water, cm2.h-1 

fI
 : Fraction of inert COD generated by biomass lysis 

iNXB : Nitrogen content in bacteria, mgN/mgCOD 

iNXI : Nitrogen content in inert particulate, mgN/mgCOD 

kh : Hydrolysis rate constant, h-1 

Kfe : Saturation coefficient for fermentation of SF, 

mgCOD/mL 

H

AK  : Saturation coefficient for anaerobic digestion of SA, 

mgCOD/mL 

H

NHK  : Inhibition coefficient for ammonium-nitrogen on 

anaerobic digestion, mgO2/mL 

n : Power index for hydrolysis 

qfe : Maximum rate for fermentation, h-1 
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SA : Fermented product concentration, mgCOD/mL 

SF : Hydrolyzed organic substrate concentration, 

mgCOD/mL 

SH : Digested product concentration, mgCOD/mL 

SS : Dye concentration, mgCOD/mL 

SNH : Ammonium concentration, mgCOD/mL 

SSO2 : Sulphur concentration, mgCOD/mL 

VNH : Fraction of nitrogen in dye 

VS : Fraction of sulphur in dye 

XI : Inert particulate concentration, mgCOD/mL 

XH : Anaerobic bacteria concentration, mgCOD/mL 

YH : Anaerobic Yield coefficient 

AD
max  : Maximum specific growth rate of anaerobic bacteria, h-1 

* in: inflow, ** ini: initial   
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Chapter 7. Conclusions and Future Work 

 

 

 

 

 

 

 

 

The final chapter of this thesis summarizes the significant findings and 

provides the most pertinent conclusions. Lastly, several recommendations for 

further work are made. 
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1. General Conclusions 
 

The following are the key conclusions that were achieved from the research 

findings arising from this thesis: 

➢ The anaerobic biodegradation of azo dye was investigated using 

ceramic-supported carbon-based membrane bioreactors, where 

membranes were synthesized from Matrimid 5218 (CSCM) and 

exfoliated graphene oxide solution (CSGOM) using flat ceramic 

filtration elements as support. The most significant consideration 

during the membrane synthesis is the selection of precursor 

concentration, and it was found that 10% wt. Matrimid solution and 1 

mg‧mL-1 of GO solution was the best composition for CSCM and 

CSGOM, respectively. 

➢ In each reactor, the maximum decolorization of the dye solutions was 

observed (> 95%) at lower feed concentration (50 mg·L-1) and 

permeate flux (0.05 L·m-2·h-1). The color removal rate decreased with 

increasing feed concentration and permeate flux regardless of the 

structurally different dyestuff molecules tested. Compared to the 

CSCM bioreactor (B-CSCM), the CSGOM bioreactor (B-CSGOM) 

showed better biodecolorization due to the better conductive surface 

and enhanced electron shuttle mechanism of graphene oxide. 

➢ Further studies were focused on microbial identification and growth 

during the decolorization of azo dyes in B-CSGOM. The results 

obtained from the electron microscopic images demonstrated that the 

micro-sized (1.53 µm) biofilm was formed over the CSGOM. Using 

the DNA Illumina sequencing of the biofilm, it is found that the 
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anaerobic Geobacter and Pseudomonas Guangdongensis are the 

prevalent bacteria for dye decolorization.  

➢ Both the B-CSCM and B-CSGOM were successfully implemented for 

the removal of multi-azo dyes, azo dye mixtures (ADM), 

phenothiazine Methylene Blue (MB), and sticky fluorescence 

Rhodamine B (RhB) dye solutions. In all cases, B-CSGOM performed 

better than B-CSCM in terms of color removal.    

➢ Tubular ceramic-supported carbon-based membranes (TCSCM and 

TCSGOM) were synthesized and successfully implemented for 

anaerobic decolorization of azo dyes for first time to the best of our 

knowledge. Compared to the flat membrane bioreactor, it was found 

that the tubular membranes were capable of removing the color from 

model azo dye solutions with enhanced permeate flow. Not 

surprisingly, the tubular graphene oxide membrane displayed a higher 

decolorization rate than the carbonized Matrimid membrane. 

➢ A mathematical model for bioreduction of anaerobic azo dyes in the 

biofilm of CSGOM reactor was developed, calibrated, and validated 

using a variety of dye types in a wide range of feed concentration and 

hydraulic retention time. In this model, hydrolysis was critical in the 

anaerobic biodegradation of dyes. The rate constant for hydrolysis 

was dependent on the structure of the dye molecule as well as the 

hydraulic retention time and biofilm support material. 
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2. Future Work 

As a guide for future research, considering the main findings and conclusions 

obtained from this research work, some proposals are given below for 

possible future development of this topic.  

➢ Further investigation of membrane precursors (such as carbon 

nanotubes or fibers, polyaniline, polydopamine, polyacetylene, etc.) is 

required in order to enhance the electron shuttle mechanism during the 

biodecolorization of dye solution.  

➢ The doping of selected functional groups (nitrate, phenyl, hydroxyl, 

methyl, etc.) to the graphene oxide membrane can be studied to 

increase its porosity, chemical, and thermal stability.  

➢ It would be of interest the design and operation of CSCM and 

CSGOM in a microbial fuel cell for the simultaneous power 

generation during wastewater treatment. 

➢ Instead of azo dyes, the T-CSCM and TCSGOM bioreactors can be 

used to decolorize a variety of other dye solutions and even other 

compounds likely to be degraded by reductive pathways.  

➢ Another recommendation for color removal of dye molecules would 

be the integration of the tubular ceramic-supported carbon membrane 

bioreactor filled with biological activated carbon.  

➢ A topic worthy of development in the future is determining the 

bioreactor real-time COD, redox potential, and microbial growth to 

enhance the decolorization rate. 

UNIVERSITAT ROVIRA I VIRGILI 
CARBON-BASED MEMBRANE BIOREACTORS FOR THE ANAEROBIC DECOLORIZATION OF DYES 
Mohammad Shaiful Alam Amin 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
CARBON-BASED MEMBRANE BIOREACTORS FOR THE ANAEROBIC DECOLORIZATION OF DYES 
Mohammad Shaiful Alam Amin 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
CARBON-BASED MEMBRANE BIOREACTORS FOR THE ANAEROBIC DECOLORIZATION OF DYES 
Mohammad Shaiful Alam Amin 




