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Abstract: In the present study, a submerged ceramic membrane bioreactor was used to effectively
treat industrial wastewater. The outcome of membrane coatings on the efficacy of the membrane was
investigated using a silicon carbide (SiC) coating. The flux data obtained from the study were fitted
into two mathematical models, namely, the standard pore blocking model (SPBM) and the complete
pore plugging model (CPPM) in order to determine the fouling mechanism. It was observed that the
SPBM fit with a minimum coefficient of regression of 0.95, suggesting that particles retained on the
pore walls were smaller than the average size of membrane pores. An increase in dissolved oxygen
(DO) of up to 225% was noted. The significant improvement of the water quality in terms of DO,
chemical oxygen demand (COD) and turbidity of coated membrane emphasizes the fact that the
membrane coating increases the efficacy of water treatment in membrane bioreactors.

Keywords: ceramic membrane bioreactor; silicon carbide coatings; water purification; permeate flux,
fouling; standard pore blocking model; complete pore plugging model

1. Introduction

Membrane separation is an efficient filtration process which has gained prevalence in wastewater
treatment and recycling owing to its stability and outstanding effluent quality [1-10]. Between the two
configurations, namely, the side stream membrane bioreactor and the submerged membrane bioreactor,
the latter stands out as the more effective system owing to its compact size, lower energy consumption,
efficient separation of solid-liquid mixture, and relatively lower sludge production [11-17]. Presently,
two different kinds of membranes are used in membrane bio reactor (MBR) systems: ceramic
membranes and polymeric membranes [18]. Polymeric membranes are widely used in domestic
wastewater purification, whereas ceramic membranes are mainly used for industrial wastewater
treatment and are also used for domestic sludge treatment [19-23].

Ceramic membranes possess good strength, good resistance to abrasion of chemicals and
biological degradation, eminent permeate flux, high life span, tolerance to high suction pressure
and ease for backwashing, thus making the membrane cost effective [24-28]. Ideal membranes should
possess properties such as higher water flux, good solute rejection (eminent water purity), chemical,
mechanical and thermal steadiness, optimum operating conditions, minimum easy pre-treatment
(back flushing and chemical treatment), the ability to be scaled up into large scale membranes and
modules, and low capital cost [29-31]. Thus, MBR systems using ceramic membranes represent one of
the best technologies, owing to the superior quality of the effluent, lesser footprint, excellent organic
loading, and lessened production of sludge [32-36].
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Nonetheless, the principal drawback of MBR systems is the fouling mechanism encountered
in the membrane’s operation [37,38]. Fouling is associated with the accumulation of foulants on
the membrane surface, thus reducing the permeate flux [39-44]. The reported literature is aimed at
pressurized filtration such as dead-end filtration and cross-flow filtration membranes. No significant
studies have been reported on vacuum filtration along with aeration. Filtration along with aeration will
reduce the fouling rate and improve the filtration rate (flux). Power consumption for vacuum filtration
is lower compared to pressure filtration. The primary objectives of the present study are the following:
(i) to treat wastewater by subjecting it to microfiltration assisted by vacuum filtration and obtain very
good quality with respect to the effluent water; and (ii) to study the effect of SiC coating on the ceramic
membrane. For this study, efforts were made to use a fully functional SiC-coated submerged ceramic
membrane bioreactor equipped with vacuum microfiltration for effective wastewater purification.
SiC was chosen for coating owing to its properties, which include high strength, high hardness, low
thermal expansion, excellent thermal shock resistance and chemical inertness. The MBR’s efficacy
was studied on the basis of permeate flux, as well as the feed and effluent quality. The pore size of
the membrane was analyzed using the scanning electron microscopy (SEM) technique, the studies
on permeate flux were carried out using uncoated and the SiC-coated membranes, and the quality
of permeate obtained was compared with that of the others. The main parameters, such as chemical
oxygen demand (COD), turbidity and dissolved oxygen (DO), were analyzed. The fouling mechanism
was investigated by fitting the data obtained by filtration into mathematical models, namely, the
standard pore blocking (SPBM) and complete pore plugging (CPPM) mathematical models. Finally,
the membranes were subjected to regeneration to revive the permeate flux. In the field of Membrane
Technology; the scope of research on coating is wide. The main focus of the present work was to study
the effect of coating on ceramic membranes using silicon carbide and analyze the fouling mechanism
using two mathematical models.

2. Materials and Methods

2.1. Materials

Silicon carbide powder, polyvinyl butyral (PVB), ethanol, SB (Super Bond) powder, ethylene
glycol, acetone, tap water, urea, meat extract, yeast extract, calcium chloride dihydrate (CaCl,-2H,0),
anhydrous dipotassium hydrogen phosphate (K;HPO4), magnesium sulphate heptahydrate
(MgSO4-7H0), and sodium chloride (NaCl) were used for the synthesis of the fermentation feed.
The SiC membrane was procured from Bharat Heavy Electricals Limited (Bangalore, India).

The activated sludge was procured from Hikal Ltd. (Bangalore, India) and mixed with the feed.
Standard potassium dichromate (K;Cr,Oy), concentrated sulfuric acid (H,SO4), mercuric sulphate
(HgSOy), ferrous ammonium sulphate hexahydrate (Fe (NHy)2(SO4)2-6H0), silversulphate (AgSQOy),
ferrous ammonium sulphate (FAS), and ferroin indicator were used for the COD test. All the chemicals
were obtained from Merck (St. Louis, MI, USA), Nice Chemicals, (Kochi, India) and Thomas Baker
(Mumbai, India), and were of AR Grade.

Merck, Sigma-Aldrich (St. Louis, MI, USA): yeast extract, anhydrous dipotassium hydrogen
phosphate (K;HPOy), silicon carbide powder, polyvinyl butyral (PVB), acetone, concentrated sulfuric
acid (HySOy), silver sulphate (AgSOy).

Nice Chemicals (Kochi, India): meat extract, sodium chloride, magnesium sulphate heptahydrate
(MgSO4-7H,0), standard potassium dichromate (K,Cr,O7), mercuric sulphate (HgSOy), ferrous
ammonium sulphate hexahydrate (Fe (NH4)2(504)2-6H20), ferrous ammonium sulphate (FAS).

Thomas Baker (Mumbai, India): urea, calcium chloride dihydrate (CaCl,-2H,0), ethylene glycol,
ferroin indicator.
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2.2. Silicon Carbide (SiC) Membrane Coating

The membrane was coated using SiC slurry which was prepared by suspending SiC powder in
ethanol along with a polymer binder such as polyvinyl butyral (PVB). The mixture was stirred for half
an hour and ethylene glycol (dispersant) was introduced dropwise into the slurry, followed by rigorous
stirring for three hours. The membranes were coated using a simple dip-coating technique [45]. After
coating, the membranes were dried in a hot air oven at 100 °C for two hours. The membranes are then
fired in a furnace at 1250 °C for two hours. Temperature scaling of 10 °C per minute for heating as well
as cooling was maintained to ensure removal of the polymeric binder and to strengthen the SiC tubes.

2.3. Artificial Fermentation Feed

The fermentation feed was prepared synthetically in the laboratory and consisted of the following
components dissolved in each liter of tap water:

160 mg of yeast extract, 110 mg of meat extract; 30 mg of urea, 28 mg of anhydrous dipotassium
hydrogen phosphate (K;HPO,), 7 mg of sodium chloride (NaCl), 4 mg of calcium chloride dihydrate
(CaCly-2H,0) and 2 mg of magnesium sulphate heptahydrate (MgSO4-7H,0).

2.4. Experimental Procedure

Microfiltration using submerged tubular ceramic membranes was carried out on a batch scale.
Each cycle was operated for 24 h. The uncoated membranes were 2 mm thick, 18 cm long, 12.5 mm
in diameter with an external surface area of 8.2797 x 10~3 m? per tube and pore size of 1.5 microns.
Four tubular coated membranes were used which had a thickness of 2 mm + 200 pum coating, a length
of 18 cm, a pore size of 0.5 microns, and a diameter of 12.5 mm, with an external surface area of
8.2797 x 10~3 m? per tube. The membrane was made up of coarse SiC, and the coating was made
using fine SiC. An acrylic tank procured from New Tech Engineers (Bangalore, India) was filled
with 10 L of synthetic wastewater. The four tubular ceramic membranes were submerged inside the
fermentation medium. Activated sludge was added to the tank to provide the biological environment
so that the conventional activated sludge process could be integrated with the modern membrane
separation process. A concentration of 5 mL/L of suspended solid was used in the MBR system.
Mechanical stirring was provided to homogenize the bioreactor feed. Aeration was provided using an
air blower procured from Elico Ltd. (Hyderabad, India), which was fixed at the base of the reactor.
The aeration rate was maintained at 0.5 m3/h. The vacuum pump, a 0.2 HP Multivac (Gurgaon,
India) with a speed of 2800 RPM, was used to help the wastewater enter the ceramic membranes by
suctioning of the water through the membranes. Pressure across the membranes (i.e., transmembrane
pressure (TMP)) was examined using a vacuum gauge, and after 24 h of operation the membranes
were subjected to chemical cleaning. The transmembrane pressure before fouling was 520 mm Hg
and the TMP after fouling was 610 mm Hg. Membranes were regenerated using a wash with 10%
sodium hydroxide followed by a wash with 10% sulfuric acid. After each cycle, feed and effluent
waters were analyzed for turbidity, COD and DO using standard procedures. A total of three cycles
were conducted for each set of membranes.

3. Results and Discussion

3.1. Membrane Characterization

Uncoated, as well as coated, membranes were characterized using scanning electron microscopy
(SEM) from Tescan vega 3 (Libusina tr, Brno-Kohoutovice Czech Republic). SEM analysis of the
membranes was carried out to determine the morphology, pore size and thickness of the membrane.
Figure 1a represents the SEM images showing the cross section of the coated membranes in order to
examine the thickness of membrane coating. The average coating thickness was found to be 200 um.
Figure 1b,c shows the magnified view at 10,000 of the uncoated and coated membranes respectively.
The pores were observed on the surface of the membrane. Uniform distribution of the coating was
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noticed. The Figure 1b depicts that average pore size of uncoated membrane was 1.5 pm. Figure 1c
shows that the average pore size for the coated membrane was 0.5 um. Thus, the average pore size of
coated membrane was less than that of the uncoated membrane.

Bt

e : T : % ;
100 pm EHT = 5.00kv Signal A = SE2 Date :29 Apr 2016
WD =10.6 mm Mag= 403 X Time :17:28:58
(a)

1um EHT = 5.00 kv Signal A = SE2 Date :29 Apr 2016
|_| WD = 9.5 mm Mag= 10.00 KX Time :17:11:01

(b)
Figure 1. Cont.
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Figure 1. (a) SEM image depicting the thickness of the outer SiC coating; (b) SEM of uncoated
membrane; (c) SEM of coated membrane.

3.2. Clean Water Flux Analysis

Pure water flux was determined for coated membranes. Water from the regeneration reservoir was
pumped through the valve to control the pressure using the diaphragm pump and the fitting such that
the water passed from outer surface to inner surface of the tubular membrane. Pressure was monitored
using the pressure gauge followed by flux measurement. The procedure was repeated three times for
each membrane at 1 kg-cm ™2 and 2 kg-cm 2 pressure. The flux obtained for uncoated membrane at
1kg-em2is1.076 x 103 L-m~2-h~! and 2.4 x 103 L-m2-h~! for 2 kg-cm~2. The flux obtained for the
coated membrane for 1 kg-cm™2 was 9.023 x 10> L-m~2-h~! and 2.168 x 10°> L-m~2-h~! for 2 kg-em 2.
It was noticed that with the increase in pressure from 1 to 2 kg-cm 2, the flux value almost doubled. This
implies that the flux per unit pressure remains constant. The above test was carried out for six uncoated
and coated membranes, and the same trend was observed.

3.3. Permeate Flux Analysis

Permeate Flux refers to the volume of permeate moving through unit cross sectional area of the
membrane in a unit time interval. It has dimensions (volume)(time)~!-(area)~! and denoted by LMH
(L-m~2-h~1). It was calculated using Equation (1):

Volume of Water Collected

P Flux = 1
ermeate Flux Surface Area of the Membranes x Time of collection ™

The variation of permeate flux with duration of operation (in hours) for 3 cycles of filtration was
studied for both the uncoated membranes and the coated membranes. At the beginning of the first cycle
of filtration, the flux was very high—235 L-m~2-h~! for uncoated membranes and 128 L-m~2-h~! for
the coated membranes. Flux eventually dropped to 85 L-m~2-h~! after one hour in both membranes.
Thereafter, a steady value of 50 L-m~2-h~! for uncoated membranes and 20 L-m~2-h~! for coated
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membranes was observed up to 24 h. At the end of each 24-hour cycle, the membranes were regenerated
using chemical wash. After regeneration, the membranes employed for the next cycle showed similar
trend in flux variation with time as shown in Figure 2. The initial flux from cycle 2 was similar to that
of the first cycle. Figure 2 shows the graphical comparison of flux v/s time for three cycles for both the
membranes. The fouling is found to be faster for coated membranes due to smaller pore size. It can be
observed that the initial flux was much higher for uncoated membranes compared to that of coated
membranes. This can be attributed to the fact that the coating applied on the latter was very fine, thus
reducing pore size. The smaller pore size in coated membranes makes it difficult for water to pass
through the membrane encapsulated with the fouling agents.

250,00
——Uncoated membrane
200.00
- — Coated membrane
@
x
g 150,00 Cyce1 Cycle2
S Cycle 3
§ 100.00
50,00
0.00

0 500 1000 1500 2000 2500 3000 3500 4000
TIME (MIN)

Figure 2. Variation of permeate flux with time of operation for both sets of membranes.

3.4. Chemical Oxygen Demand (COD)

Figure 3a,b shows the variation of COD for feed and permeates for the three cycles of uncoated
and coated membrane respectively. COD content of the influent in the bioreactor varied from 224
to 320 mg-L~!. The effluent water with both coated and uncoated membranes showed a significant
decrease in the COD value. For the uncoated membranes, the COD value was reduced to 32 mg-Lfl,
and for the coated membranes, the COD value was reduced to 16 mg~L_1, with an average reduction
of about 87.33% and 94.38% for the coated and uncoated membranes, respectively. The results obtained
are in good agreement with the results [46,47]. The results show that the MBR system is highly efficient
in achieving reduction of COD by removing organic pollutants. The coated membranes gave a better
reduction than the uncoated membranes because of their smaller pore size.

3.5. Turbidity

Turbidity of feed and effluent was measured using a digital nephelo-turbidity meter procured
from Systronics (Ahmedabad, India), and the results are as shown in Figure 3c,d for uncoated and
coated membranes, respectively. It was observed that the feed showed high values of turbidity due
to the varying sizes of suspended matter and floc present in it. The clear effluent obtained from each
cycle has a very low turbidity in the range 1 ppm for coated membranes and 3 ppm for uncoated.
The average percentage reduction of turbidity was more than 98% for both membranes.

3.6. Dissolved Oxygen

Dissolved oxygen (DO) level decreases with the increase in biological oxygen demand (BOD) of
the wastewater as the surplus bacteria and other microbes leading to high BOD consumes the DO in
water. Dissolved oxygen availability affects the ecology of fishes and many other organisms [48,49].
Hence, DO is a notable parameter of water quality. DO concentration of about 7-11 mg/L is considered
to be a very good condition for the survival of aquatic life. The dissolved oxygen in water below
5.0 mg/L would lead to a potential threat to aquatic life. The DO of the samples was analyzed using
DO meter procured from Hanna Instruments (Chennai, India).
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Figure 3e,f shows the DO content of the influent and effluent streams of MBR for filtration with
uncoated and coated membranes. From the graph, it can be observed that the DO range for influent
and effluent varied from 1.93 to 2.91 mg-L~! and from 5.69 to 7.13 mg-L~!, respectively. The uncoated
membranes revealed an average increase of 150% in DO content. The coated membrane shows an
average increase of 176% in the DO content. Thus, the MBR has a capacity to produce an effluent stream
with higher DO content. The DO level of the water increases for the treated water, as subjecting water
to pressurized filtration results in a cavitations effect and an increase in temperature. The cavitations
effect will result in the splitting of the water, the degradation of organic matter, a decrease in COD and

BOD, and an increase in DO level.
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Figure 3. Variation in COD, Turbidity and DO for uncoated and coated membranes. (a) Variation in
COD for uncoated membranes; (b) Variation in COD for coated membranes; (c) Variation in turbidity
for uncoated membranes; (d) Variation in Turbidity for coated membranes; (e) Variation of DO for

uncoated membranes; (f) Variation of DO for coated membranes.
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3.7. Fouling Mechanism

Interdependency of time (t) and permeate volume (V) was analyzed for the three cycles of batch
operation of MBR for both uncoated membranes and coated membranes. For the standard pore

blocking model (SPBM) [50,51],
t B P (uRy\?| R
o i HIlkm Hiim
! ntLps <8yL> (AN,,) ] + APA @

1%

The above equation can be simplified as:

% X+ Y, 3)

From the above equation, it is evident that the time needed for the filtration of a unit of permeate
volume is directly proportional to the product of a constant and the time period over which fluid
traverses the ceramic membrane.

The standard pore blocking model shows a linear relationship among t and t/V, with X; as
slope and Y» as intercept [50]. t/V versus t values were plotted, and a linear fit was observed
for uncoated membranes, as shown in Figure 4a—c, with coated membranes being as shown in
Figure 4d—f. The average slope and intercept for uncoated membranes were found to be 0.0377 and
0.2573, respectively. Similarly, for the coated membranes, the average slope and intercept were found to
be 0.0646 and 0.3937, respectively. The average R? values for both were 0.9617 and 0.9564, respectively.

For the Complete Pore Plugging model (CPPM) [50,51],

_ N
Pp

1% (1—e") 4)

_ mAP, 4
where a = 8uL ' Pp-

From Equation (4), it is found that the CPPM model has a linear expression possessing a negative
slope as a characteristic equation [50,51], which can be further simplified as

O ©
V/t versus V values was plotted, and the data was fitted into a linear equation, as shown in
Figure 4g—i. The average slope and intercept for uncoated membranes were found to be —0.2036 and
4.7056, respectively. Similarly, for the coated membranes, the average slope and intercept were found
to be —0.2246 and 3.0789, respectively. The average R? value for uncoated membranes is 0.8399 and
the average R? value for coated membranes is 0.8823. The slope, intercept and R? value of coated and
uncoated membranes with respect to SPBM are depicted in Table 1, and the slope, intercept and R?
value of coated and uncoated membranes with respect to CPPM are as shown in Table 2. By analyzing
the data from Tables 1 and 2, it is evident that the filtration data for the standard pore blocking model
(SPBM) are more accurate when compared to the data for the complete pore plugging model (CPPM),
due to the higher regression coefficient, R?, values. This suggests that the feed has particles whose
sizes are smaller than the average pore size of the ceramic membrane. These particles enter the pore
and get adsorbed onto the walls of the pore, thus reducing the effective filtration area. This results in
an increase in membrane resistance. Thus, the membrane tends to lose filtration capability. The results
are consistent with those reported by [50-52].
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Standard pore blocking model (SPBM)

(d) (e) ()
Complete pore blocking model (CPBM)

(8)
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Figure 4. Filtration analysis of uncoated and coated membranes pursuant to the standard pore blocking
model (SPBM) and the complete pore blocking model (CPBM). (a) Cycle 1 (uncoated membrane);
(b) Cycle 2 (uncoated membrane); (c) Cycle 3 (uncoated membrane); (d) Cycle 1 (coated membrane);
(e) Cycle 2 (coated membrane); (f) Cycle 3 (coated membrane); (g) Cycle 1 (uncoated membrane);
(h) Cycle 2 (uncoated membrane); (i) Cycle 3 (uncoated membrane); (j) Cycle 1 (coated membrane);
(k) Cycle 2 (coated membrane); (1) Cycle 3 (coated membrane).
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Table 1. Slope, intercept and R? values on fitting the Standard Pore Blocking model fitted for flux data.

Cycle Uncoated Membranes Coated Membranes
Slope Intercept Rr? Slope Intercept R?
1 0.0369 0.2511 0.9574 0.0666 0.3935 0.9669
2 0.0377 0.2576 0.9637 0.0641 0.3853 0.9553
3 0.0387 0.2633 0.9641 0.063 0.4024 0.947

Table 2. Slope, intercept and R? values on fitting the Complete Pore Plugging model fitted for flux data.

Cycle Uncoated Membranes Coated Membranes
Slope Intercept R? Slope Intercept R?
1 —0.2088 4.8967 0.8204 —0.2251 3.0248 0.8966
2 —0.1999 4.6516 0.8543 —0.2301 3.1684 0.8825
3 —0.2021 4.5684 0.8449 —0.2187 3.0434 0.8678

3.8. Analysis of Total Nitrogen, Total Phosphate, BODS5 and Total Suspended Solids

The influent and effluent samples were further subjected to the testing of Total Nitrogen (TN),
Total Phosphate (TP), BOD5 and Total Suspended Solids (TSS). The results obtained are as follows:

3.8.1. Water Effluent and Influent Quality for Uncoated Membranes

TN of the influent sample was 17 mg/L. TN of the effluent sample was 5.4 mg/L. TP of the
influent sample was 4.54 mg/L and TP of the effluent sample was 1.2 mg/L. BOD5 of the influent
sample was 132.63 mg/L and BODS5 of the effluent sample was 9 mg/L. TSS of the influent sample
was 162.80 mg/L. TSS of the effluent sample was 6.8 mg/L.

3.8.2. Water Effluent and Influent Quality for Coated Membranes

TN of the influent sample was 17 mg/L. TN of the effluent sample was 3.2 mg/L. TP of the
influent sample was 4.54 mg/L and TP of the effluent sample was 0.9 mg/L. BOD5 of the influent
sample was132.63 mg/L and BOD?5 of the effluent sample was 5 mg/L. TSS of the influent sample was
162.80 mg/L. TSS of the effluent sample was 1.1 mg/L.

The results obtained can be effectively used in the water purification process. The coating process
increases the efficacy of the treatment process. Developing nations should place importance on clean
and safe environments, which are vital for the sustainable growth of the country. The present work
gives a possible solution for wastewater treatment, and the usage of an eco-friendly ceramic membrane
would reduce the usage of polymeric membranes, which are not cost effective and difficult to degrade
after use, thus emphasizing the usage of green materials.

4. Conclusions

A pilot-scale setup of a submerged ceramic membrane bioreactor for microfiltration of synthetic
fermentation feed was fabricated. Vacuum filtration was used instead of pressurized filtration. Aeration
was found to be helpful in reducing the fouling by partially scouring the membrane surface, which
resulted in the removal of biomass and organic matter from the surface of the membrane. A significant
reduction in parameters like COD and turbidity of the feed water was observed. An increase in the DO
content of effluent was observed. The influent feed to the MBR was black in color with high turbidity
and very foul smell, whereas the effluent was colorless, clear and odorless water. A gradual decrease
in permeate flux was noticed as the membrane surface became fouled due to the accumulation of
suspended solids and organic matter. The cleaning of the membranes resulted in a drastic increase in
permeate flux due to the regeneration of the membrane surface. The filtration data were found to fit
the SPBM mathematical model more accurately than the CPPM model, which suggests that fouling
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was due to pore blocking of membranes by particles whose size is smaller than the pore size of the
membrane. The membranes with coating had better effluent quality over membranes without coating
due to the smaller pore size of the coated membrane. Future research will aim at trying different
coating materials to understand the efficacy of membrane coating in wastewater treatment.
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