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1. Introduction

Water being one of the essential resources for the survival of living 
organisms on earth, has always been the topic of interest for 
researchers. The availability of fresh water in surface accounts 
only to 2%, but industries such as the tannery, textile, distillery, 
dairy, pulp, and paper discharge their contagious wastewater into 
the surface water, which devastates water quality. This in turn, 
affects as well as destroys the activity of aquatic life prevailing 
in water. One of the main criteria in the preservation of wastewater 
from industries is to make treatment such a way it meets the dis-
charge standards before getting discharged in water sources. Despite 
having so many drawbacks, the conventional treatment practices 
are still maintained by many industries, which in turn fail to treat 

the industrial effluent within the permissible limit. The other reason 
is due to the stringent nature and complexity of the discharged 
effluent quality and anthropogenic substances [1-4]. MBR has a 
smarter and wider recognition in the wastewater treatment process 
due to its high robustness and reliability [5]. The excellent feature 
in the MBR to emerge as a highly potential process [6] than the 
conventional water treatment process is a combination of activated 
sludge process (ASP) followed by a membrane as a filtration process 
[1, 7, 8]. MBR increases the efficacy of treatment process by concen-
trating the biomass [5] and increasing the quality of the outlet 
water which is very much superior to any other treatment process 
[9], one of the most notable advantages in the MBR process is 
its capacity to treat higher organic load sewage water [10, 11]. 
In spite of so many advantages, there exist one major limitation, 

Environ. Eng. Res. 2021; 26(4): 200039 pISSN 1226-1025
https://doi.org/10.4491/eer.2020.039 eISSN 2005-968X

Research

A study on novel coupled membrane bioreactor with electro 
oxidation for biofouling reduction
Kamalakannan Vasanthapalaniappan1, Kavitha Palani1, Shanmuga Sundar Saravanabhavan1, 

Narendranath Jonna1, Maharaja Pounsamy2, Kannan Natarajan3, Yun Suk Huh4, 

Balasubramanian Natesan1†

1Department of Chemical Engineering, A.C.Tech campus, Anna University, Chennai 25, India
2CSIR–Central Leather Research Institute, Adyar, Chennai 20, India
3Department of Biotechnology, Manipal Institute of Technology, Manipal, Karnataka-576104, India
4Department of Biological Engineering, Biohybrid Systems Research Center (BSRC), Inha University, 22212, Republic of Korea

ABSTRACT
The present study focuses on a novel method to integrate the electro-oxidation process with membrane bioreactor to reduce biofouling and 
increase the biodegradability index. Here, we used electro-oxidation as pretreatment with membrane bioreactor operating at a current density 
of 1.5 mA/cm2 with hydraulic retention time at six h. The mixed liquor suspended solids concentration was maintained constant at 3,200 mg/L 
throughout the experiment for 30 days. The results obtained were promising with the percentage removal of COD, TOC, total nitrogen, and 
chlorides were in the range of 97%, 90%, 94%, and 15%, respectively, which was comparatively higher than the existing membrane bioreactor. 
The biodegradable index of treated water was higher, reaching a maximum of 0.6, which is remarkably high compared with 0.3 in a membrane 
bioreactor. The integrated electro-oxidation process was efficient for the complete removal of pollutants from wastewater, which was confirmed 
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i.e., fouling of the membrane, which can be noticed in the decline 
of permeate flux. The fouling of membrane occurs mainly due 
to a higher concentration of soluble microbial products (SMP), 
leading to the formation of cake layer over the membrane, sub-
sequently resulting in pore blocking of the membrane [12-14]. To 
overcome the disadvantages in MBR, pretreatment prior to MBR 
is required.  Advanced oxidation process such as photocatalysis 
[15], electro-oxidation, ozonation [16] and UV/H2O2 provides a better 
and compromising solution for pretreatment of wastewater. 
Electro-oxidation (EO) process increases the biodegradability index 
(BI) by decomposing the complex compounds, thereby increasing 
the activity of biological treatment prevailing in the MBR to degrade 
pollutants. Electrolytes prevailing in the industrial effluent dis-
sociate into ions, and oxidation occurs in the anode, aiding the 
degradation of organic pollutants, converting them to the inorganic 
substance without any secondary pollutants [17]. In the last decade, 
EO coupled to MBR found to be a topic of interest for many re-
searchers, and the same has produced many interesting results. 
This system resulted in the reduction of fouling on the membrane 
and improved MBR performance [18, 19]. Borea et al. [19], reported 
that the maximum efficiency in fouling mitigation and application 
of electric filed on MBR. The study on submerged membrane elec-
tro-bioreactor (SMEBR) by Khalid et al., reported that the fouling 
rate was reduced up to 16.3% than MBR without any back-washing 
with an intermittent supply of electric field combined with mem-
brane bioreactor [20]. Whereas, Ibeid et al. [21], demonstrated that 
the SMEBR system had a lesser membrane biofouling rate by increas-
ing the removal rate of organic materials and soluble microbial 
products (SMP). In addition, when electrochemical oxidation used 
as a post-treatment showed a better removal efficiency than pretreat-
ment configuration [22]. The coupled membrane bioreactor with 
electrochemical oxidation (PbO2 as anode) as a post-treatment [23], 
showed a 99.9% removal of toxic pollutants (CBZ), in which elec-
tro-oxidation process plays a vital role towards the removal of toxic 
pollutant. From various research, it is clear that electro-oxidation 
(as pretreatment), when coupled with membrane bioreactor, will 
be effective towards the treatment of tannery wastewater, which 
is not reported to date.  Another study showed a decrease in fouling 
rate by six times in the case of EO coupled MBR compared to 
normal MBR with a current density (CD) ranging between 15-35 
A/m2. [24]. The drawbacks of using EO and MBR individually, such 
as, the cost for membrane replacement, cleaning most importantly 
membrane fouling in MBRs are a concern, whereas in EO corrosion 
of electrode over time and passivation makes both the method to 
use individually [25, 26]. Hence, the present study focuses on com-
bining MBR with an advanced oxidation process, resulting in a 
high potential process, and with the introduction of EO, the load 
on the membrane process gets reduced, resulting in a minimal 
fouling rate. This study has used tannery wastewater for the treat-
ment process to which integrated EO pretreatment to MBR (IEOMBR) 
to increase the BI. Index and reduce biofouling on the membrane.

2. Material and Methods

2.1. Experimental Setup for IEOMBR, MBR

Treatment of tannery wastewater was carried out in a volume of 
57 L pilot plant made up of acrylic material consisting of both 

activated sludge process followed by microfiltration process sepa-
rated into two segments in a single reactor at ambient conditions 
and is represented as a schematic diagram in Fig. 1. The micro-
filtration membrane utilized in this process is composed of re-
inforced polyvinylidene fluoride (RPVDF), the pore size of the mem-
brane is 0.22 μm. The spiral wound membrane module is used 
to carry out the entire experiments, and the filtration surface area 
is 0.5372 m2, three modules have been used in this work, and 
each module has 250 fibers. The membrane was procured from 
the local vendor Davey industries, Chennai, Tamil Nadu – 600053. 
The membrane unit is supported with a back-wash (for 60 seconds) 
unit along with the chemical dosage (sodium hypo chloride) at 
60 min interval in the continuous process. The experiments were 
carried out in both batch mode to optimize the parameters for 
the EO process and in continuous mode for Integrated Electro-oxida-
tion Membrane Bioreactor (IEOMBR) process. For EO process, tita-
nium coated with ruthenium oxide/iridium oxide engaged as anode 
material and stainless steel as the cathode and the electrode material 
were purchased from the local Manufacturer TIFAB industries, 
Chennai Tamil Nadu – 600059. The anode and cathode electrode 
(25*17 cm) is stacked into a single cell to increase the process 
efficiency, and the distance between each electrode is 2 cm; it 
is maintained constantly till the end of the experiment.

Fig. 1. Schematic representation of Integrated Electro-oxidation mem-
brane bio-reactor.

2.2. Collection of Sample

The effluent sample was collected from the Common Effluent 
Treatment Plant (CETP), Chennai, Tamil Nadu, India, which is 
the second-largest plant to treat the tannery wastewater in Tamil 
Nadu. From the water collected, it was evident that there is an 
absence of heavy metal, chromium since the vegetable tanning 
process was carried in and around the plant. The activated sludge 
was also collected from the same operation plant.

2.3. Analytical Methods

2.3.1. Physio-chemical characterization
The samples collected were stored below 50C for analysis, 
and physicochemical characterization was done, as mentioned in 
Table 1. All the analyses were done in triplicate. The treated samples 
were tested for Chemical Oxygen Demand (COD), Biological Oxygen 
Demand (BOD5), Total Suspended Solids (TSS), Mixed Liquor 
Suspended Solids (MLSS) based on American Public Health 
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Association Standards, APHA [27].

2.4. Analytical Methods

2.4.1. Total organic carbon and total nitrogen analysis
The Total Organic Carbon (TOC) and Total Nitrogen (TN) were 
analyzed by using TOC-TN Analyser (SHIMADZU Model No: 
SHIMADZU CORP 00291, India). The TOC analysis were carried 
out to ensure the conversion of organic pollutant to carbon dioxide 
and water.

2.4.2. Scanning electron microscope
The surface of the membranes before and after treatment was analyzed 
using a scanning electron microscope (SEM HITACHI S-3400model). 
Field Emission Scanning Electron Microscope (FESEM) analysis was 
carried out by Hitachi-S 3400N model with an applied accelerating 
voltage of 15kV. The cross-section of the virgin membrane and treated 
membrane were analyzed to conclude the fouling rate.

2.4.3. Gas chromatography with mass spectrometer
Gas Chromatography with Mass Spectrometer (GC-MS) analysis using 
GC MS5975 C Agilent was carried out for the water obtained before 
and after treatment to evaluate the complete eradication of pollutants 
after the process. Samples collected as described in section 2.2 were 
centrifuged, followed by thorough mixing of supernatant using ethyl 
acetate, and the obtained samples were collected twice-using separat-
ing funnel. The samples collected were concentrated using a rotary 
evaporator and subjected to GC-MS analysis; the same procedure 
was repeated for treated water samples. The results obtained for 
the mass fragmentation pattern for the raw effluent and treated water 
were compared with the NIST library for further interpretation.

2.5. Phyto-Toxicity Test
In order to evaluate the toxicity of the treated samples, Vigna radiata 
seeds were chosen for assessing phyto-toxicity. Proper sunlight, 
water, and nutrient soil are supplied. The plantation area was 
about 29.5 cm * 24.5 cm, filled with alluvial soil. After the germina-
tion period of ten days, random plants were selected for examination 
with groundwater as control. The results of all samples were com-
pared for phytotoxicity.

2.6. Cyclic Voltammetry Studies
To study the oxidation and reduction peaks of the treated as well 
as raw wastewater by this electrochemical technique using 
Electrochemical Workstation CHI 660 D, USA.

3. Results and Discussion

3.1. Optimization Studies for Electro Ooxidation

3.1.1. Effect of Time and pH 
The collected sample was subjected to the electro-oxidation process 
at the sample pH to optimize the time required for the degradation 
of organic pollutants contained in the wastewater sample. From 
Fig. 2(a), it is evident that the time required for removal of the 
organic pollutant was 120 min, beyond the time it resulted in 
a constant removal rate. The major parameter that affects the electro-
chemical reaction is solution pH [28, 29]. In order to evaluate 
the stability of hydroxyl formation, the pH of tannery wastewater 
was varied between 5 and 9 using 1M (NaOH/H2SO4) keeping con-
stant current density at 0.2 mA/cm2.  The percentage of COD removal 
rate was found to be linearly increasing with respect to time at 
all three pH (5, 7, and 9), as depicted in Fig. 2(b). The pH 7 represented 
the maximum percentage (85%) of the COD removal rate compared 
to the other two conditions. The minimal reduction of COD at 
pH 5 may be due to the evolution of hydrogen ions near the cathode 
material, which leads to the evolution of hydroxyl ions near the 
anode, which predominantly affects the COD removal. At pH 9 
the COD removal is low may be due to the higher rate of production 
in OH ions, which is unstable and leads to the formation of hydroxide 
precipitation on the electrode. Similar reports were reported [29] 
for high removal efficiency at neutral pH 7.

In the advanced oxidation process, the predominant radical is 
(OH *), which favors the conversion of organic pollutants to in-
organic pollutants as per equations1 & 2.  Since the lifetime of 
hydroxyl radical is very much shorter, it cannot accumulate on 
anode surface [30]. 

(1)

(2)

Electrochemical oxidation of aqueous solution exhibits both type 
of removal mechanism, however, in case of indirect oxidation for-
mation of a strong oxidizing agent such as chlorine is likely elec-
tro-generated at the anode side as per the equations 3-7. The chlorine 
and hypochlorite ions produced by anodic oxidation play an im-
portant role in oxidizing organic compounds. 

Table 1. Characteristics of the Tannery Wastewater Used before and after Treatment with EO, MBR and IEOMBR, Respectively

S. No. Parameter Before Treatment EO Results MBR Treated Water IEOMBR Treated Water TNPCB Norms

1 Color Brown Colorless Mild Brown Colorless Colorless

2 pH 6.9 7.0 7.0 7.0 5.5-9.0

3 Chemical Oxygen Demand (COD) 4,800 mg O2/L 864 mg O2/L 1,800 mg O2/L 192 mg O2/L 250 mg O2/L

4 Biological Oxygen Demand (BOD) 1,100 mg O2/L 250 mg O2/L 300 mg O2/L 27 mg O2/L 50 mg O2/L

5 Total Organic Carbon (TOC) 734.9 mg/L 154.32 mg/L 152 mg/L 59.88 mg/L NA

6 Total Nitrogen (TN) 140.8 mg/L 35 mg/L 41 mg/L 7.83 mg/L 50 mg/L

7 Total Chloride 1,278 mg Cl/L 1,125 mg Cl/L 1,150 mg Cl/L 1,050mg Cl/L 1,000 mg Cl/L
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(3)

(4)

(5)

(6)

(7)

The other reactions that may happen in the bulk solution, which 
takes part in the removal of organic pollutants, are represented 
in equation 8, 9.

(8)

(9)

3.1.2. Effect of current density 
In this work, the effect of current density was carried out at different 
ranges such as (0.05 to 0.2) mA/cm2, and reduction in percentage 
COD removal was observed as shown in Fig. 2(c). The applied 
current density in the electrochemical degradation process induces 
the generation of free radicals on the electrode surface. From Fig. 
2(c), it clearly shows an increase in the degradation of COD was 

gradual with an increase in time along with an increase in current 
density. This is mainly due to the production of OH* radicals, 
which is directly proportional to the current density [31]. The 
removal rate of COD at current density 0.05mA/cm2 was low as 
much as when compared with other current density, which is 
due to oxygen evolution from OH* radicals by electrolysis of water 
and some undesirable side reactions occurred in the elec-
tro-oxidation process [32]. It was remarkably found that the COD 
reduction rate at CD 0.15 mA/cm2 was 81%, which is comparatively 
higher than the other Current density (0.05, 0.1, 0.2 mA/cm2) values. 
So the optimum CD was 0.15 mA/cm2 because high current density 
will result in the generation of oxidant species and higher energy 
consumption [33]. The energy consumption for the elec-
tro-oxidation process was found to be 0.25 kWh/kg COD removal, 
which was very low when compared to previous results reported 
[34, 35]. When there is an increase in current density, apparently, 
there is a decrease in TOC value, and these results are very much 
similar to the results obtained by [36]. The reduction in the organic 
pollutants during electrochemical treatment is mainly because of 
direct oxidation occurring on the anode material results in the 
generation of active oxygen [37, 38]. Fig. 2(d) represents the percent-
age removal of various parameters such as COD, Total Organic 
Carbon (TOC), Total Nitrogen (TN), and Chlorides for current den-
sity 0.15mA/cm2. The removal rate of COD and TOC was found 
to be high with a higher current density, which was found to 
be on par with earlier reports [34].

a b

c d

Fig. 2. (a) Effect of Time on COD removal at J = 0.20 mA/cm2, pH – 7 in batch process, Temp = 25˚C; (b) Effect of pH on COD removal
at J = 0.20 mA/cm2 in batch process, Temp = 25˚C; (c) Effect of Current Density on COD removal at pH = 7.0,Temp = 25˚C in
batch process, (d) Effect of percentage removal of COD, TOC, TN, Chlorides at CD 0.15 mA/cm2; pH = 7.0, Temp = 250C in batch
process.
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3.2. Optimization of MBR Studies

3.2.1. Effect of hydraulic retention time
One of the important parameters for membrane bioreactor is 
Hydraulic Retention Time (HRT) of the samples that was maintained 
as such in the collected form with Mixed Liquor Suspension Solids 
(MLSS) constant at 3,200 mg/L. The collected samples were acclim-
atized with the collected activated sludge before initiating the 
experiments. The experiments were carried out at different HRT 
values, and samples were collected for every one hour to optimize 
the time, as shown in Fig. 3(a). The COD removal was found to 
be gradual and maximum at 6 h, beyond which COD removal 
became constant. The optimized hydraulic retention time in this 
experiment is comparatively low, and the percentage of COD re-
moval was high compared with our previous reports [22].

3.3. IEOMBR Studies

The IEOMBR process was carried out with optimized values obtained 
from EO and MBR studies. Before integrating electro-oxidation with 
the biological treatment process, the viability of the microorganisms 
should be checked with the applied voltage. In the present study, 
the applied voltage was 0.95 V/cm, which is comparatively lesser 
when compared with other reported works in the range higher than 
1.14V/cm, which may affect the microbial activity [39].

3.3.1. Biodegradable index
Biodegradable Index (BI) was one of the major parameters in bio-
logical wastewater treatment. The ration between BOD and COD 
is used to calculate the biodegradable index [40]. Fig. 3(b) shows 
the BI. Index for treated water from EO that shows a remarkable 
increase in the BI. Value, which ultimately increases the activity 
of the activated sludge process to treat the wastewater in an efficient 
manner. The increase in BI. Index was mainly due to the complete 
mineralization of organic pollutants, which drastically reduces the 
bio-load to the microbial community, which may reduce biofouling. 
The BI. index does not decrease after 40 min; similarly, the trend 
tends to increase until the end of the process. These results prove 

that electrochemical oxidation helps to increase the BI. Index of 
the treated water than any other process.

3.3.2. Permeate flux decline
The experiment was carried out with a constant transmembrane 
pressure of 141.325 kPa, MLSS concentration of 3,200 mg/L, pH 
was maintained at neutral with a CD 0.15 mA/cm2. The decline 
in permeate flux, which is shown in Fig. 4(a), is mainly due to 
the accumulation of the biofilm formation and the deposition of 
small particles in the filtration pathway, which blocks the pores 
in turn increase initially osmotic pressure of the membrane [41]. 
The fouling rate for IEOMBR is very much less when compared 
to the MBR system. Previous studies were on par and exhibited 
[19, 20] a similar decrease in fouling rate in membranes was used 
for electrochemical integrated membrane bioreactor compared to 
MBR. The back-washing time for the membrane used in both MBR 
and IEOMBR is 60 s. The time interval between every back-washing 
is 60 min. However, the back-washing is done periodically in MBR 
systems, although the fouling mechanism followed by the MBR 
system is irreversible, which is evident from the result obtained 
for permeate flux decline (Fig. 4(a)) i.e., a drastic decline in the 
performance. The IEOMBR system, it follows the reversible fouling 
as shown in Fig. 4(a), the performance of the system is much 
better than MBR. The permeate flux was 17 L/m2.h for both MBR 
and IEOMBR, but there was a higher rate of declining permeate 
flux in the MBR compared with IEOMBR. This may be due to 
the formation of a cake layer over the membrane, whereas on 
IEOMBR the deposition of bio-film and pore constriction have been 
reduced by integration of EO process into the bulk system. The 
permeate flux improvement has been found 50% in IEOMBR, and 
it was found to noticeably higher to previous reports [42].

3.3.3. Performance comparison
The comparison of percentage COD removal is shown in Figure 
4(B) for MBR and IEOMBR. From figure 4(B), it was observed that 
the removal rate was higher in IEOMBR than MBR. The study 
on IEOMBR and MBR was carried out for 30 days to check the 

a b

Fig. 3. (a) Effect of Hydraulic Retention Time on COD removal, MLSS concentration = 3,200 mg/L; (b) Effect of Biodegradable Index and BOD
removal at pH = 7.0, J = 0.15 mA/cm2, MLSS concentration = 3,200 mg/L in batch process.
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stability of the process and the fouling rate in the membrane. 
Back-washing (time-60 seconds) to the membrane was supplied 
at an interval time of 60 min during the process, and the sample 
was collected for a period of 6 h. EO has reduced the sludge deposi-
tion by the IEOMBR due to the mineralization process. The percent-
age removal of COD, TOC, TN, and Chloride was found to be 
increased in IEOMBR than MBR as shown in Figure 4(C), and 
the results are 13%, 7%, 8%, and 5% respectively, which is due 
to the incorporation of advanced oxidation process as a pretreatment 
to the microfiltration along with activated sludge process. During 
the process, it was noticed that there is no change in the temperature 
of the solution. Since the treatment efficiency is found to be superior 
in IEOMBR than MBR, the cost-effectiveness for the IEOMBR is 
very much lesser when compared with MBR. The replacement 
of membrane cost is higher in MBR compared with IEOMBR due 
to low biofouling in IEOMBR. However, MBR and IEOMBR had 
equal chemical dosage for back-washing, and the pumping cost 
is the same for both. Similar reports from the literature [22, 23] 
reveal integrated electro-oxidation with membrane bioreactor ex-
hibited a better efficiency in pollutant degradation compared with 
MBR. The energy consumption calculated for the MBR process 

was found to be 1.3 kWh/m3, whereas the energy consumption 
calculated for the IMBR process was found to be 1.32 kWh/m3. 
However, the energy consumption for the integrated system was 
found to be similar to that of the MBR process. The fouling rate 
was found to be higher in the MBR process than IMBR, which 
implies that the cost for replacement of membrane in MBR will 
be higher than the IMBR process.

3.3.3.1. Cyclic voltammetry studies
The Cyclic Voltammetry study of raw wastewater and treated water 
by MBR, IEOMBR, is shown in Fig. 4(d). The study was carried 
out using Pt as a working electrode, standard calomel electrode 
(SCE) as a reference electrode in 0.1 M Na2SO4 as electrolyte solution 
with specific volumetric parts of raw wastewater and treated water 
at a scan rate of 0.1 mv/s. The image shows that there was some 
oxidation peak at 0.2 V and a reduction peak at -0.3 V, clearly 
representing the presence of pollutants in the raw wastewater. 
The oxidation peak observed in MBR effluent at 0.2 V proves that 
the pollutant has not been completely removed by MBR, some 
negligible amount of trace elements have been present in the treated 
water. The compound for oxidation & reduction peak at 0.2 V 

a b

c d

Fig. 4. (a) Effect of MBR and IEOMBR on Permeate flux, pH = 7.0, J = 0.15 mA/cm2, MLSS concentration = 3,200 mg/L in continuous process
for 30 days; (b) Performance comparison of MBR with IEOMBR J = 0.15 mA/cm2 ; pH 7; MLSS = 3,200 mg/L; back wash time – 

60 Seconds; (c) Performance comparison of MBR with IEOMBR for various parameters for a period of 30 days; (d) Cyclic Voltammetry 
analysis for raw wastewater, MBR, IEOMBR treated water using Pt working electrode; SCE as reference electrode; pH = 7, at a scan
rate of 0.1mV/s.
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& -0.3 V might be due to chlorine present in methylene chloride 
of treated effluent by MBR. Nevertheless, IEOMBR treated effluent 
shows no oxidation peak and reduction peak, evident that the 
pollutant has been completely removed in the IEOMBR process 
and confirms the previous results.

3.3.4. Scanning electron microscope
SEM images of surface (Fig. S1) and a cross-sectional view of the 
pure membrane is shown in Fig. 5(a), which clearly depicts the mi-
cro-level pores present in the membrane. The pores are evenly dis-
tributed and arranged in a unique way all over the membrane, which 
gives a clear pathway for a better filtration rate. Fig. 5(b) shows 
the cross-section of the membrane used after MBR. The image evidently 
shows the accumulation of the biofilm over the membrane, which 
hinders the pores of the membrane in such a way that it slows down 
the filtration process and reduces the life of the membrane. Even 
though the formation of bio-film enhances the activity of the microbes, 
it is a major disadvantage in a membrane process, which depletes 

the porosity and increases the capital cost. So a back-wash was induced 
in the membrane process for irreversible fouling. The Cross-sectional 
view of the membrane is shown in Fig. 5(c) used in IEOMBR, which 
shows the formation of a gel layer over the membrane façade is 
very less when compared to the MBR process. The pore-blocking 
leads to the depletion in membrane porosity [43]. The membrane 
used in the IEOMBR resembles the pristine membrane, which proves 
that the pore block due to the biofilm activity has been eventually 
reduced. The obtained results confirm the analytical results that 
IEOMBR is superior and has evidently reduced biofouling.

3.3.5. Gas chromatography with Mass Spectroscopy Study
Gas chromatography with Mass Spectroscopy was carried out for 
raw effluent (Fig. 6(a)) and the treated water from IEOMBR (Fig. 
6(b)). It was clearly found in Fig. 6(a) that there was the presence 
of some organic compounds at a retention time of 10.286 min 
with peak area = 26236099. From the mass spectrum, it was found 
that methylene chloride, molecular weight = 84.93 g/mol was ob-

a b c

Fig. 5. FESEM images of (a) pure membrane; (b) MBR membrane; (c) IEOMBR membrane.

a

b

Fig. 6. (a) Gas Chromatography with mass spectroscopy analysis for Raw Tannery wastewater; (b) Gas Chromatography with mass spectroscopy 
for treated water from IEOMBR.
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served as well. Methylene chloride has a widespread application 
in the chemical industry, such as metal degreasing, solvent for 
extraction and chemical synthesis, etc. Long exposure to methylene 
chloride causes CNS depression and gastrointestinal irritation. 
When it is contacted with skin, it leads to irritation of skin & 
eye irritation with body burns. The peak at 10.497 in GC corresponds 
to the acetonitrile group. Acetonitrile is mainly used for the ex-
traction of fatty acids from animal fats and skins. Acetonitrile has 
very bad effects over humans at a higher level, whereas in the 
present study, the reported value was very low when compared 
to methylene chloride. In electrochemical oxidation, the process 
completely mineralizes organic completed, thereby eradicating 
methylene chloride. However, MBR systems mainly depend on 
the activity of the activated sludge process. Hence, in MBR, it 
is very hard for the microorganism’s digestive system to remove 
the toxic methylene chloride. The low performance of membrane 
bioreactor compared to the IEOMBR (Integrated Electro-oxidation 
Membrane Bioreactor) was due to the same. Consequently, the 
results obtained for treated water from IEOMBR clearly shows that 
there was no presence of methylene chloride and in par with other 
observations.

3.3.6. Phyto-toxicity test
Phyto-toxicity tests were carried out for the treated water from 
both IEOMBR and MBR to check the viability of water for plant 
growth. Vigna radiate seeds were irrigated twice a day for seed 
germination tests with groundwater for toxicity studies. The results 
in Fig. 7 shows that the control water yielded a plant growth up 
to 15.5 cm, treated water from MBR showed a growth of up to 

6 cm, and treated water from IEOMBR shows growth of up to 
13 cm for ten days under optimized growth condition. The seeds 
grown using raw water did not show any significant growth with 
both fungal and bacterial contamination, which may be attributed 
to the inadequacy of the raw water to initiate the growth compared 
to treated water. The improper growth activity in the MBR treated 
water is mainly due to the lack of pretreatment, whereas in IEOMBR 
treated water, the growth was highly appreciable and comparable 
with that of groundwater. Earlier reports [22] reveal a similar pattern 
in toxicity study where treated water obtained from the integrated 
combination (MBR-EO) were subjected for toxicity test with 
Daphnia Magna, which does not affect the growth of organisms. 
Both raw tannery wastewater and MBR effluent contain con-
taminants that affect seed germination, which is the first stage 
of plant development. This may significantly affect the plants to 
survive and compete in the environment. Hence, the treated water 
had a higher growth rate than the raw tannery wastewater and 
MBR effluent [44, 45]. These results are an indication that the 
integration of the electro-oxidation process with membrane bio-
reactor shall produce a better treatment option, which was evident 
from other obtained analysis discussed.

4. Conclusions

The integration of electrochemical oxidation with membrane bio-
reactor exhibits a better performance with an effective percentage 
removal of COD, TOC, Total Nitrogen, and Chlorides such as 97%, 
90%, 94%, and 71% respectively. FESEM images of the membrane 

Fig. 7. Phyto-toxicity test using Vigna radiate for Treated water from IEOMBR, MBR, Raw tannery wastewater.
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used in the IEOMBR illustrated that the reduction in biofouling 
compared to the MBR process. The results obtained from the GC-MS, 
toxicity tests also prove that IEOMBR shows a complete mineraliza-
tion process and thus an integrated process ensures the viability 
of pilot plant study and eco-friendly to the process plant. Hence, 
the above results are a path to accept that the electro-oxidation 
as pretreatment for the MBR process resulting in reduced biofouling.
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