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• Low-cost ceramic membranes in a labo
ratory scale membrane bio-reactor. 

• A combination of backwashing and 
relaxation gave the lowest fouling. 

• Membranes with and without thin layer 
were compared. 

• A composite membrane with thin TiO2 
layer provided the best performance. 

• High effectiveness in the removal of 
E. coli, Cryptosporidium oocysts and 
Giardia cysts.  
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A B S T R A C T   

Membrane biological reactors (MBR) constitute an alternative to conventional wastewater treatments for 
improved recovery, reuse, and recycling of water. MBRs have a smaller footprint, provide better biotreatment 
and achieve a high-quality effluent. This work analyses the use of MBRs innovative low-cost ceramic membranes 
for wastewater treatment. We propose low-cost ceramic membranes as an alternative to the more expensive 
commercial ceramic membranes. Low-cost membranes were made of clay, calcium carbonate, potato starch, 
almond shell and chamotte. We synthesized two different selective layers, from clay and/or TiO2. We charac
terized the membranes (pore diameter and water permeance) and their performance in a laboratory scale MBR. 
To mitigate membrane fouling and preserve the continued operation along time, the effect of different operating 
cycles was measured, considering two physical cleaning strategies: relaxation and backwashing. Cycles of 9 min 
of operation, 30 s of relaxation and 1 min of backwashing provided the lowest fouling rate. We investigated the 
effect of air scouring on fouling by operating with different air flow rates. Once experimental conditions were 
optimized, the overall performance of the different ceramic membranes was tested. The membrane with a TiO2 
thin layer provided the best resistance to fouling, as well as a good retention capacity of E. coli, Cryptosporidium 
oocysts and Giardia cysts.   
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1. Introduction 

Membrane Bioreactors (MBRs) have been widely improved since 
Dorr-Olivier launched the first proposals in the early 70s of the past 
century (Bemberis et al., 1971). At the beginning, external membrane 
modules were added in series to conventional activated sludge (CAS) 
treatments. Around 1989, Yamamoto proposed the submerged modules, 
in which the membranes were inside the water treatment tank (Yama
moto et al., 1989). This helped to reduce the energy consumption due to 
the pumping of water to the external module. Many developments, as 
can be seen in the monography by Judd (2006) dedicated to this topic, 
have contributed to make MBRs a valuable tool in the wastewater 
treatment. The advantages can be summarized as follows:  

• The decanter employed in CAS is not needed, thus saving space.  
• Higher concentration of biomass (mixed liquor suspended solids 

-MLSS-) can be achieved, which results in better removal of organic 
pollutants or higher processing capacity.  

• Higher solid retention time, which results in lower sludge yield.  
• Better removal of protozoa, bacteria and viruses. 

This last advantage could be a key factor for the implementation of 
MBRs in the treatment of wastewater in rural areas. For example, the 
existence of Giardia cysts and/or Cryptosporidium oocysts in the effluent 
from conventional wastewater treatments has been reported in such 
cases (Ramo et al., 2017). Cryptosporidium is considered a reference 
pathogen for drinking water (WHO, 2006), and it is included in the 
Directive 2003/99/EC of the European Parliament and the Council of 
the European Union on the monitoring of zoonosis and zoonotic agents. 
It seems that CAS is not suitable to provide a large reduction of this 
microbial contamination. Thus, a tertiary treatment is needed if the final 
effluent must fulfil some quality requirements. On the contrary, MBR 
using membranes with an appropriate pore size can provide a highly 
efficient removal of microbial pollutants, and thus could be the most 
suitable wastewater treatment to satisfy these more demanding new 
requirements. 

On the other hand, membrane fouling and the high cost of the 
membrane are the major drawbacks of MBR technology. Fouling occurs 
when the membrane surface and pores are covered and clogged by mi
crobial substances (Teng et al., 2018). This fouling can be perceived by 
the increment in transmembrane pressure (TMP) with permeation flux 
and therefore it rises the energy consumption, leading to higher opera
tion costs. This phenomenon depends on several factors, such as oper
ating conditions, membrane materials and properties, flux, wastewater 
influent and biomass (Bagheri and Mirbagheri, 2018). 

Reducing membrane fouling is crucial in MBR technology in order to 
ensure a cost-effective process. Several strategies have been employed to 
control fouling: physical cleaning operations (periodic permeate back
washing or relaxation) (Habib et al., 2017; De Souza and Basu, 2013; Ye 
et al., 2011), membrane scour aeration (Braak et al., 2011; Sun et al., 
2016), chemical cleaning of membranes (Han et al., 2016; Li and Eli
melech, 2004; Wang et al., 2014), rotating membranes (Ruigómez et al., 
2016), ultrasounds (Chen et al., 2006; Xu et al., 2013), quorum sensing 
and quenching (Feng et al., 2020; Liu et al., 2019; Yeon et al., 2009) and 
membrane surface modification and functionalization (Lakshmi Pra
sanna and Vijayaraghavan, 2015; Moghadam et al., 2015; Yang et al., 
2018; Zhang et al., 2021). Fouling phenomena have been extensively 
investigated for polymeric membranes, but much less for ceramic 
membranes. 

Most of the MBRs are based on polymeric membranes, while ceramic 
membranes represent a small part of the market (Judd, 2006). The latter 
are more resistant to chemical attack and provide a longer life than their 
polymeric counterparts, but they have a higher cost which has stopped a 
wider use. Most commercially available ceramic membranes are based 
on expensive and difficult to process materials (alumina, titania, zirco
nia, etc). Thus, the cost is in the order of thousands of €/m2, while 

polymeric membranes have prices comprised between 10 and 100 €/m2. 
In the last two decades, many researchers have tried to develop 

ceramic membranes based on low-cost materials (clay, coal ash, local 
minerals) (Yang et al., 2018; Lakshmi Prasanna and Vijayaraghavan, 
2015; Moghadam et al., 2015; Zhang et al., 2021; Lorente-Ayza et al., 
2016a,b; Hubadillah et al., 2018; Lorente-Ayza et al., 2015; Mestre et al., 
2019; Jeong et al., 2017; Henriques et al., 2019; Manni et al., 2020; 
Lorente-Ayza et al., 2016a,b; Kumar et al., 2016; Mouratib et al., 2020). 
The preparation of these low-cost membranes usually includes, among 
the raw materials, an organic compound (e.g., starch) that is removed 
during sintering and acts as pore generator. It may be expected that, if 
the technology currently employed for ceramic tile production was 
adapted to the manufacture of ceramic membranes, the achievable cost 
would be similar to those of ceramic tiles. The cost of these membranes 
manufactured on an industrial scale would be around 25 €/m2, ac
cording to an estimation based in updating the results obtained by the 
UITC in the H2020 European REMEB project (REMEB), which focused 
on membranes very similar to those used in this article. With these 
prices, they would be cost competitive against polymeric ones. A good 
discussion about the factors affecting the economy of MBRs was pro
vided by Judd (2017). Previous studies testing low cost ceramic mem
branes in MBR, have shown a promising performance (Mahmudul Hasan 
et al., 2011; Tewari et al., 2010). 

Since the beginning of the century, ceramic membrane bioreactors 
have gained attention due to the advantages brought by the ceramic 
membranes and the full-scale market has grown with installations in 
USA, Japan, Netherlands, Singapore, etc. Nevertheless, the full com
mercial application of this technology requires more research on both 
reducing the cost of ceramic membranes, and fouling mitigation to 
achieve a stable long term operation (Asif and Zhang, 2021; Helmi and 
Gallucci, 2020). 

This work aims to test the performance of a newly developed low- 
cost flat ceramic membrane in a laboratory plant simulating the oper
ation of an MBR. For this purpose, several low-cost ceramic membranes 
made with waste materials were tested, and the operating conditions 
needed to achieve a suitable performance (i.e., low fouling rate) have 
been studied. The removal efficiency of Escherichia coli and two different 
protozoa (Cryptosporidium oocysts and Giardia cysts) with the above- 
mentioned low-cost ceramic membranes was also studied, in order to 
assess if these membranes can achieve the high removal efficiency of 
polymeric membranes (Bodzek et al., 2019; Hai et al., 2014). 

2. Materials and methods 

2.1. MBR system description 

The bioreactor (MBR) consisted of a cylindrical PVC tank with a 
volume of 30 L equipped with two air diffusers. The first one, was placed 
under the membrane to limit fouling by dragging in the plane membrane 
(flow rates ranging 500–900 cm3 min− 1). The second one, was a ring 
aerator placed at the bottom of the reactor (2000 cm3 min− 1), and was 
used to stir the mixture and to provide dissolved oxygen to the liquor. 
The submerged flat vertical sheet ceramic membrane had an effective 
filtration area of 0.032 m2 and was placed between two baffles that 
simulated parallel membranes. The inoculum was activated sludge from 
a nearby urban wastewater treatment plant (WWTP). The dissolved 
oxygen concentration was in the interval of 4–6 mg L− 1 (measured with 
a dissolved oxygen meter, Thermo Scientific Orion Star A113). The tem
perature ranged from 21 to 28 ◦C. The bioreactor operated with syn
thetic wastewater, prepared according to DIN 38412 L26 (250 mg L− 1 

glucose, 200 mg L− 1 meat peptone, 160 mg L− 1 meat extract, 40 mg L− 1 

urea, 46 mg L− 1 KH2PO4, 2 mg L− 1 MgSO4 and 7 mg L− 1 NaCl). It was fed 
with a peristaltic pump (DINKO Instruments D-25VT), maintaining a 
constant level in the bioreactor with a controller connected to an ul
trasonic distance sensor. The permeate was withdrawn with a peristaltic 
pump at a constant flux of 15 L h− 1 m− 2. The flux was measured 
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volumetrically by collecting the permeate over a known period. A 
pressure gauge (WIKA A-10) monitored (data were recorded every 15 s) 
the transmembrane pressure (TMP). Only TMP readings higher than the 
preceding ones were retained, so backwashing and relaxation data are 
not shown in plots. To carry out the membrane backwashing, another 
peristaltic pump (DINKO Instruments D-25VT) was used to pump back 
the permeate to the membrane at a constant flow of 50 mL/min. All the 
peristaltic pumps were controlled by an ad-hoc LABVIEW® program 
interface. Each filtration phase finished when a preestablished time was 
achieved. It was followed immediately by a fixed time for relaxation and 
finally backwashing. This cycle, consisting in filtration-relaxation- 
backwashing, was repeated over and over again until the end of the 
experiment. 

Mixed liquor suspended solids (MLSS) were measured by filtering 50 
mL of the sample through a glass microfiber filter (1.6 μm) and dried at 
105 ◦C for 24 h. Afterwards, a gravimetric analysis was carried out. The 
MLSS concentration was maintained at 5.5 ± 1.3 g/L. The soluble 
chemical oxygen demand (COD) was measured using a spectrometric 
method with a reagent kit (Lovibond). COD removal efficiencies (RE) of 
the MBR were calculated following Eq. (1), where subscripts inf and eff 
stand for incoming flow and effluent, respectively. 

RE =
CODinf − CODeff

CODinf
× 100 % (1)  

2.2. Membrane composition and characterization (pore size and 
permeance) 

Two kinds of clay-based porous supports were prepared: M_Starch 
and M_Almond. M_Starch was composed of clay, chamotte, calcium 
carbonate and potato starch in a weight ratio of 40:20:20:20. The low 
cost recycled ceramic membrane (M_Almond), was constituted by resi
dues obtained from agricultural and industrial processes, with a 
composition 40:20:20:20 wt% (clay, almond shell, marble dust waste 
and fired tile scrap). 

Ceramic flat sheet supports were manufactured at UICT (University 
Institute of Ceramic Technology) by extrusion and sintered at 1150 ◦C. 
The supports were 20 cm long, 10 cm wide and 1 cm thick. Longitudinal 
channels inside the ceramic piece collected the permeated water. The 
membrane characterization was completed by determining the water 
permeance and pore size. For the last one, the bubble point method was 
used (Lorente-Ayza et al., 2017). Water permeance was assessed by 
measuring water flow while the applied pressure was gradually 
increased. Characterization properties of these supports and of the 
finished membranes (with selective layer) will be described later. 

Membranes were prepared by depositing a selective layer on the 
porous support by dip coating. The supports were submerged in an 
aqueous suspension containing the ceramic raw materials and several 
rheological additives and, after a short time of contact, removed from 
the suspension (immersion and extraction were carried out at constant 
speed). Afterwards, they were sintered at 1120 ◦C. Five different layers 
were tested, as shown in Table 1. Three of them were made with ma
terials like those of the support (SL55, SL60 and SL70). The fourth one 
was a commercial TiO2 powder. The last one included two layers, the 
first one made with low-cost materials and the second one with TiO2. 

2.3. Plant operation 

Six different types of cycles (i.e., C0 to C5) of relaxation and back
washing in continuous mode were applied to the MBR, each of them 
accounting for 30 h (Table 2). The relaxation and backwashing times 
have been established according to the literature. Data from pilot plants 
indicate that between 4% and 20% of the operating time is used in 
physical cleaning (Judd, 2006). The same membrane was used in all the 
runs. The membrane was subjected to chemical cleaning after each test 
using 2100 ppm citric acid and 1000 ppm sodium hypochlorite for 1 h. 
After that, we checked that the permeance had not decreased. 

The impact of aeration on fouling was assessed by varying the air 
flow rate below the membrane zone. These experiments were carried out 
in three stages in which aeration flow was increased (500–700 – 900 
cm3 min− 1). It should be noted that the first day of operation is not 
considered for fouling calculation, since we found that the first hours did 
not have the same behaviour as the subsequent ones. The fouling rate for 
each stage was obtained as the average slope of the line that represents 
TMP vs time. The experiments were conducted for three membranes 
(M_Almond_SL55, M_Almond_SL60, M_Almond_SL70). 

The behaviour of the different ceramic membranes was tested in a 
series of experiments carried out in the MBR, all under the same con
ditions (Critical flux <50 L m− 2 h− 1; operation cycle schedule: 9′

Permeate – 30′′ Relaxation – 30′′ Backwashing; Aeration flow: 700 cm3 

min− 1; permeate flux: 15 L m− 2⋅h− 1; F/M: 0.027 kg (COD)⋅kg− 1 (TSS)⋅ 
day− 1 and temperature >19 ◦C. The feed (synthetic wastewater) had a 
chemical oxygen demand (COD) of 503 ± 52 mg L− 1. 

2.4. Detection of bacteria and protozoa 

Two bacterial indicators of faecal contamination: (total coliform and 
Escherichia coli) were studied according to the Spanish norm UNE-EN- 
ISO-9308-1:2014 (AENOR, 2014). Colinstant Chromogenic Microinstant® 
Agar was used as culture medium for the detection of presence or 
absence of these bacteria in the activated sludge and in the effluent. 

Cryptosporidium oocysts and Giardia cysts were detected according to 
the U.S. Environmental Protection Agency Method 1623 (U.S EPA, 2005). 
This method has four steps: filtration, centrifugation, immunomagnetic 
separation and direct immunofluorescence staining (Ramo et al., 2017). 
These protozoa were analyzed both in the activated sludge and the MBR 
treated water. The number of oocysts/cysts inoculated in the bioreactor 
for these experiments was enough so that they could be detected in the 
permeate if their retention was not very high. The detection limit was 1 
oocyst (or cyst) per litre. The filtered water was continuously collected 
up to a total of 50 L. The experiments were performed for several 
membranes. The removal efficiency of oocysts/cysts was calculated as 
follows (Eq. (2)): 

Log(removal)=Log(influent concentration) − Log(effluent concentration)
(2)  

3. Results and discussion 

3.1. Membrane characterization 

As mentioned before, the characterization performed on each 
Table 1 
Composition of the different selective layers.  

Selective 
layer 

Clay (wt 
%) 

Chamotte (wt 
%) 

Marble dust (wt 
%) 

TiO2 (wt 
%) 

SL55 55 40 5 – 
SL60 60 35 5 – 
SL70 70 26.3 3.7 – 
TiO2 – – – 100 
SL55_TiO2

a 55 40 5 100  

a Double selective layer. 

Table 2 
Length of periods for Permeation – Relaxation – Backwashing cycle types.  

Cycle Permeation Relaxation Backwashing 

C0 t – – 
C1 9′ 0′ 1′

C2 9′ 1′ 1′

C3 4′30′′ 0′ 1′

C4 9′ 30′′ 30′′

C5 9′ 30′′ 1′
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membrane included the measurement of the pure water permeance, the 
bubble point and the average pore diameter. Values for the three pa
rameters are shown in Table 3. The highest permeance and mean pore 
diameter (dp50) were obtained for M_starch support. However, when a 
selective layer was deposited on it (e.g., M_Starch_SL60), a sharp drop in 
both parameters was noticed with respect to the membrane support, 
suggesting defects in the coating process that translate into a high 
bubble point. For the low-cost membranes based on residues, the sup
port M_Almond had a significant lower permeance than the bare support 
M_Starch. Nevertheless, when a selective layer was deposited on it, the 
permeance did not significantly decrease with respect to its counterpart 
and the average pore diameter remained almost equal (M_Almond_SL60 
vs M_Starch_SL60). 

As the clay content in the three membranes with selective clay-based 
layers (M_Almond_SL55, M_Almond_SL60, M_Almond_SL70) increased, 
the permeance decreased. This change may be due to a higher densifi
cation of the layer. On the other hand, the double-layer membrane 
(M_Almond_SL55_TiO2), showed a decrease in the permeance and pore 
size. The same effect was observed in the membrane with a single TiO2 
layer. 

3.2. Effect of backwashing and relaxation 

As can be seen in Fig. 1 A), significant differences in TMP were 
observed among all the operation cycles for the membrane M_starch. 
Backwashing and relaxation data have not been plotted in the following 
figures in order to ease the understanding (i.e., avoid noise) of the be
haviours for the different cycle types described in Table 3. Thus, the data 
plotted correspond to real time but only in filtration slots. The contin
uous mode, without physical cleanings (C0), showed a sharp increase of 
TMP in a few minutes. This increase demonstrated the importance of 
establishing operating cycles to mitigate membrane fouling but without 
losing sight of the MBR efficiency. This efficiency depends on the 
average amount of filtered water per hour. Since relaxation and back
washing reduce the average flow rate of filtered water, the length of 
these steps should be carefully chosen. For C1 cycle, in which there was 
no relaxation but had 1 min of backwashing and filtration steps of 9 min, 
high TMP values were obtained (ca. 600 mbar in 30 h). Attending to 
these results, a relaxation (1 min) was incorporated in C2 cycle, while 
maintaining the same lengths for filtration periods and backwashing. 
The increase in transmembrane pressure was not as pronounced as it was 
in the previous one, but also reached very high values. This result 
showed that backwashing alone is less effective than relaxation in the 
reduction of fouling (Wu et al., 2008). In the C3 cycle the conditions of 
C1 were maintained, changing to half the permeation period, achieving 
less TMP due to the higher frequency of backwashing. The cycle was less 
efficient, since the fraction of time employed to obtain filtered water was 
reduced from 90% to 82%. To achieve a compromise between the 
average flow rate of filtered water and membrane fouling, the C4 cycle 
was tested, obtaining low TMP values. C5 cycle featured the lowest TMP 
because more backwashing time (1 min) was added. Nevertheless, the 
difference in TMP for C4 and C5 was almost negligible and C4 was 

slightly more efficient than C5 (decreasing from 90% to 86% in the 
average flow). Thus, C4 was the optimum cycle to mitigate fouling. 

Fouling rate (d(TMP)/dt) was calculated at different intervals of the 
experiments (at 1 and 24 h). At the beginning of the filtration (first 
hour), a high fouling rate was observed for all cycles, as can be seen in 
Fig. 1 B). It is noteworthy that C1 featured the upmost fouling rate. Also, 
those cycles without relaxation time (C1 and C3), showed a higher 
fouling rate, although it was not noticeable over time because the C3 
cycle exhibited a low fouling rate at 24 h. 

In summary, relaxation and backwashing mitigated fouling. The 
absence of relaxation increased membrane fouling, especially along the 
first hours of the experiment, although it can be mitigated with more 
frequent backwashing periods (C1 vs C3). However, the combination of 
both physical cleanings (C4 and C5), offered the optimum conditions 
with the lowest fouling rate of 4 mbar/h in 24 h of experiment. 

3.3. Bubble aeration in membrane area 

Aeration in the membrane area is one of the key strategies to reduce 
fouling. In the MBR, the air bubbles and activated sludge rose parallel to 
the membrane creating a turbulence that dragged the surface, delaying 
membrane fouling. Three air flow rates were tested (500, 700 and 900 
cm3 min− 1). These experiments were carried out with three different 
membranes, all of them under the same operating conditions and with a 
filtration flux of 15 L m− 2⋅h− 1. As expected, fouling rate decreased as 
airflow increased. As shown in Fig. 2, the same trend was maintained for 
all the membranes, diminishing the fouling rate when air scouring in
creases. Additionally, M_Almond_SL70, the membrane with the lowest 
permeance, had the highest fouling rate. For this membrane, an increase 
from 500 to 700 cm3 min− 1 exhibited a reduction of 47% on fouling rate, 

Table 3 
Water permeance, bubble point (dbubble point) and average pore size (dp50) for 
membranes.  

Membrane Water permeance 
(L⋅h− 1⋅m− 2⋅bar− 1) 

dbubble point 

(μm) 
dp50 

(μm) 

M_Starch 4425 14.2 8.3 
M_Starch_SL60 326 43.4 2.4 
M_Almond 2372 22.0 4.4 
M_Almond_SL55 1321 13.9 3.0 
M_Almond_SL60 1122 14.6 2.5 
M_Almond_SL70 977 14.9 3.0 
M_Almond_SL55_TiO2 683 0.96 0.7 
M_Almond _TiO2 731 2.89 0.5  

Fig. 1. A) TMP vs time for the different operating cycles and B) Changes in 
fouling rate over time (membrane M_starch). (backwashing and relaxation slots 
not plotted for the sake of clarity). 
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while an increment from 700 to 900 cm3 min− 1, showed an additional 
fouling rate reduction of 25%. Further, the fouling rate diminution was 
more significant from 500 to 700 cm3 min− 1 than from 700 to 900 cm3 

min− 1. This effect was observed for all the membranes, although the 
reduction from 500 to 700 cm3 min− 1 was greater as the permeance 
increased (59% M_Almond_SL60 and 72% for M_Almond_SL55). 

Since one of the disadvantages of MBRs is the high energy cost 
associated with air compression, it is interesting to find a trade-off be
tween energy consumption and fouling. To do that, and since the dif
ferences in fouling rates for 700 and 900 cm3 min− 1 were not 
pronounced, the airflow of 700 cm3 min− 1 may be considered as the best 
of those measured. The intermediate flow (700 cm3 min− 1) corresponds 
to a specific oxygen demand in the membrane area (SADm) of 1.15 m3 

h− 1 m− 2. This value is within the range of reference values of MBR 
plants, from 0.18 to 1.28 m3 h− 1 m− 2 (Drews, 2010). In addition, MBRs 
of flat membranes usually have a higher SADm value, because they 
usually work at a higher flux. 

3.4. Overall performance of the MBR with different membranes 

A long-term filtration of the MBR reacting media was performed with 
several low-cost ceramic membranes. They were tested under the same 
conditions, with a flux of 15 L m− 2 h− 1. The comparison for all the 
membranes in the MBR in terms of TMP is shown in Fig. 3. The supports 

(M_Starch and M_Almond) have not been considered, since they ach
ieved high values of TMP too early (M_Starch achieved 500 mbar in 60 h 
and M_Almond, 600 mbar in 30 h). For most membranes, the increase of 
the TMP can be differentiated in two stages: the first 3–5 days, with a 
sharp increment that indicates the cake formation, and the following 
days, with a slight increase. Attending to the three membranes with 
different percentage of clay in the selective layer, M_Almond_SL55 
performed better than M_Almond_SL60 and M_Almond_SL70 due to its 
higher permeance. Therefore, increasing the clay content (apart from 
55%) in the selective layer (see Table 1) was not beneficial. However, 
M_Starch_SL60, with the lowest permeance, had the same evolution of 
TMP over time that M_Almond_SL60, although M_Starch_SL60 had less 
permeance (see Table 3). The increase in TMP for all these membranes 
was associated with a diminution in the membrane permeance, due to 
the formation of a thick biofilm of cake upon the membrane. However, 
all these membranes (M_Starch_SL60, M_Almond_SL55, M_Almond_SL60 
and M_Almond_SL70) offered elevated TMP values (about 250 mbar in 
150 h). 

When the pressure reached more than 400 mbar, the membranes 
were taken out from the tank and chemically cleaned with sodium hy
pochlorite and citric acid, following the above described procedure. 
After that, water permeance was measured again and the results showed 
that membranes had lost between 30 and 50% of the initial permeance. 
Trying to improve the performance of the membranes, selective layers of 
TiO2 were tested. These membranes (M_Almond_TiO2 and 
M_Almond_SL55_TiO2) exhibited constant and lower TMP than those 
without TiO2 layer, being their permeance after testing and chemical 
cleaning, equivalent to the one observed at the beginning of the test. 
Membranes with a selective layer of TiO2 had smaller pore size that 
those with selective layer based on clay (Table 3). Also, the TiO2 based 
membranes showed similar values of TMP along time (Fig. 3), showing 
high resistance to fouling. The double-layer membrane, 
M_Almond_SL55_TiO2, had a more homogeneous pore size distribution. 
This suggests that when pore size diminish, the effect of fouling 
decreased dramatically. As an example, M_Almond_SL55_TiO2 reached a 
TMP of only 70 mbar after 25 days of continuous operation. The results 
clearly revealed that membranes with smaller pores (membranes with 
selective TiO2 layer) had lower fouling tendency. These observations 
suggest that membrane fouling mechanisms for larger and smaller pore- 
sized membranes might be different. Fouling of large pore membranes 
might be probably attributed to pore blocking by organic or inorganic 
compounds, being these more irreversible (Le-Clech et al., 2006). 

For all the low cost membranes fabricated with recycled material, the 
COD removal fluctuated from 95% to 99%, and the COD of the effluent 
ranged from 30 to 6 mg⋅L-1. This accomplished the water quality stan
dard for wastewater discharge in Spain (RD 509/1996 (Ministerio de 
Obras Públicas, 1996), which is a national transposition of the European 
Directive 91/271/EEC on Urban Waste Water Treatment (Council of the 
European Communities, 1991). Therefore, the removal of organic 
compounds has been proved to be high enough with low-cost membrane 
bioreactor technology. 

3.5. Removal of protozoa and bacteria by the MBR 

All the experiments showed the presence of Escherichia coli in the 
activated sludge, although it was not detected in the effluent. The faecal 
coliforms, which are generally used as indicators to determine the de
gree of disinfection, were also analyzed during the experiment. Their 
presence was observed in all the effluents except for those treated with 
the membranes with TiO2 layer. For these membranes neither E. coli nor 
coliforms were noticed in the effluent after being analyzed. This may be 
explained by the smaller pore size that provides more retention. These 
results demonstrated the best quality of MBR treated water in compar
ison to conventional systems (Hai et al., 2014; Valderrama et al., 2012). 

Table 4 shows the results of the experiments performed to measure 
the removal efficiency of both protozoa. As it can be seen, the amount of 

Fig. 2. Fouling rate vs air flow in the membrane zone for several membranes.  

Fig. 3. TMP vs time for all the different low-cost ceramic membranes 
mentioned in Table 3. 
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Cryptosporidium oocysts and Giardia cysts of the activated sludge was 
very similar in all cases. The inoculums were slightly higher in the last 
two experiments (M_Almond_SL55 and M_Almond_SL60), to check the 
removal efficiency with higher concentrations. 

Each experiment was performed with a different membrane. The first 
one (M_Starch) is the only that did not have a selective layer. In all cases, 
the retention efficiency was 99.99% for both protozoa. Considering that 
Cryptosporidium oocysts have a size between 4.5 and 8 μm and Giardia 
cysts of 20 μm, the conclusion is that retention has been produced by the 
layer of microorganisms formed in the membrane, since the membrane 
with the lowest bubble point pore was 13.9 μm, much larger than the 
Cryptosporidium oocysts. 

Ramo et al. (2017) analyzed the concentration and removal effi
ciency of Cryptosporidium oocysts and Giardia cysts in 23 wastewater 
treatment plants located at the 20 most populated towns in Aragón 
(north-eastern Spain). The highest removal efficiency values found in 
these conventional systems were 2.34-log for Giardia and 1.8-log for 
Cryptosporidium. In contrast, the MBR with low-cost ceramic membranes 
tested in this work provided values close to 4-log for Giardia and 3.5-log 
for Cryptosporidium, revealing that these membrane bioreactors are a 
very competitive alternative to conventional sewage treatment plants 
for removal of both protozoa. 

4. Conclusions 

Low-cost ceramic membranes were characterized (permeance and 
pore size), and reported to be suitable for MBRs. Those membranes with 
selective layer showed lower permeance and pore size. The permeance 
decrease was sharper for those membrane that used potato starch as 
porosity promoter agent. The permeance of M_Starch_SL60 decreased by 
93% respecting to M_Starch. Membranes with selective layer based on 
TiO2 (M_Almond_SL55_TiO2 and M_Almond_TiO2) offered the smallest 
pore sizes (0.7 and 0.5 μm). Most membranes prepared with waste 
materials (M_Almond) operated in MBR achieving TMP below 250 mbar 
after 150 h. 

Considering the MBR process, the operating cycle 4 (C4) showed the 
lowest fouling rate (9 min of permeation, 30 s of relaxation and 30 s of 
backwashing). Increasing the air flow rate in the membrane area 
resulted in lower fouling rates but at higher cost. To reach a compromise 
between fouling and costs, an air flow rate of 700 cm3 min− 1 was 
selected as optimum, since effect on fouling rate of an increase from 700 
to 900 cm3 min− 1 was not as significant as the increase from 500 to 700 
cm3 min− 1. 

The membranes with a selective TiO2 layer, M_Almond_SL55_TiO2 
and M_Almond_TiO2, were able to operate without exceeding a TMP of 
0.1 bar in 25 days. In addition, they exhibited the highest quality of the 
effluent both from the physical-chemical and from the microbiological 
point of view. 

MBRs with the low-cost ceramic membranes tested in this study 
provided a removal efficiency of 99.99% for Giardia cysts and Crypto
sporidium oocysts. In addition, no E. coli was detected in the permeate. 
Those results confirm that these bioreactors are a competitive alterna
tive to conventional wastewater treatment plants for removal of these 
bacteria and protozoa. 
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