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Abstract: Ceramic membrane-based fly ash clay (FAC), sintered at low temperatures, has been
implemented in river water treatment. Ceramic membrane with the composition of fly ash: clay 65%:
35% and sintered at 950 for 4 hours has been fabricated. X-ray diffraction (XRD) and energy-dispersive
X-ray (EDX) were used to obtain a chemical characterization of fly ash and clay. The filtration process
used dead-end and crossflow systems with variations in operating pressure 0.25; 0.50; 0.75, 1.00, and
1.25 bar. The results showed that a ceramic membrane with a crossflow at an operating pressure of 0.75
bar could reflect Pb, Fe, and Escherichia coli (E.coli) bacteria as much as 96.59%, 95.55%, and 99.29%,
respectively. The highest flux amounted to 570.641 L/m2.h generated at 1.25 bar by the crossflow
filtration system. The analysis using scanning electron microscopy (SEM) showed that the pore size of
the FAC membrane before the filtration process was 0.9um, with a membrane porosity of 40.82%. After
the crossflow filtration process at 0.75 bar and dead-end filtration at 0.25 bar, the membrane porosity
decreased to 39.58 % and 37.97%, respectively. The highest lead intensity is found in the FAC
membrane, which is used for crossflow filtration at a pressure of 0.75 bar.
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1. Introduction

Increased pollution from industrial and household waste is causing river water to
deteriorate beyond clean water quality standards. Heavy metals and bacteria, such as E. coli,
are common contaminants in river water with significant toxicity to human health that must be
removed in order to meet permitted drinking water and clean water quality standards [1,2].
Ceramic membranes for the microfiltration (MF) process are currently being developed and
applied for removing heavy metals and E. coli bacteria in water because they have excellent
thermal, chemical, and mechanical stability and have high separation efficiency compared to
polymer-based membranes [3-5]. Ceramic membranes are generally fabricated of various
inorganic materials such as silica, alumina, titania, zirconia, and kaolin, but these materials are
relatively expensive. To reduce membrane synthesis costs, low-cost alternative materials are
highly recommended [6-8]. Besides, minimizing energy consumption using the sintering
method at a low temperature can also be an alternative in the membrane synthesis process to
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produce ceramic membranes with lower prices in terms of material and fabrication [9-13].
Cement factories' fly ash, a side waste from the cement and clay industries, is widely found in
nature and can be used as a mixture for making ceramic membranes at a relatively low price
[14,15]. The particle sizes of around 1.6 um-2pm of the fly ash and the clay are also very
suitable for fabricating ceramic MF membranes [16-19].

Ceramic membranes by mixing fly ash and clay as a primary material using the
sintering method at temperatures below 1000° C have been applied, where the membrane with
fly ash: clay composition of 60%: 40% and 65%: 35% sintered at 700° C and 1000° C produced
a membrane with a pore size of 1.6 um and 0.64 pum [20,21]. Some researchers have also
applied ceramic membranes in river water treatment, such as ceramic membranes made of clay-
sawdust-diatomite, sintered at a temperature of 850° C, which can remove turbidity and TDS
in river water by 79% and 64% [22]. A membrane with a sintering temperature of 1100 made
of clay can also remove up to 97% turbidity using a dead-end flow system [23]. Furthermore,
the use of nanofiltration and ultrafiltration ceramic membranes made of montmorillonite,
kaolin, tobermorite, magnetite, silica gel, and alumina were reported to be capable of removing
heavy metals Cd (I1) and Pb (I1) up to 97% and 94%, respectively [24,25].

This research will further study river water treatment using ceramic membranes made
of fly ash-clay with a composition of 65%-35% sintered at a temperature of 950 °C by
modifying the crossflow and dead-end filtration systems and setting variations in operating
pressure by 0.25, 0.5, 0.75, 1, and 1.25 bar. This research is expected to produce a relatively
inexpensive membrane that can be applied to remove turbidity, TDS, heavy metals like Pb and
Fe, and E. coli bacteria so that it can achieve water quality standards.

2. Materials and Methods

2.1. Materials.

The primary materials for making membranes are fly ash and clay with particle sizes of
120 pm, with the ratio of fly ash and clay being 65%:35%. The fly ash used in this research
came from the local cement industry. Meanwhile, the clay used was purchased from PT.
Rudang Jaya in Medan, Indonesia. Sigma Aldrich supplied the polyvinyl alcohol (PVA) used
as the adhesive. The river water sample was collected from the Geudong River in
Lhokseumawe, Aceh, Indonesia.

2.2. Membrane fabrication.

900 grams of the total fly ash and clay mixed with a composition of 65% fly ash and
35% clay was put into a beaker glass. Furthermore, 36 grams of Polyvinyl Alcohol (PVA) was
added. Then as much as 700 ml of water was gradually added to the solution. After that, the
mixture was stirred until it formed a paste. The membrane printing was accomplished by
pouring the paste into the mold and pressing it. The membrane was removed from the mold
and left at room temperature for 7 consecutive days. The membrane was then sintered for 4
hours at 950°C.

2.3. Membrane characterization.

The Archimedes method was used to determine the porosity of the FAC membrane at
950° C sintering temperature as described in Equation 1.
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e(%) =B 1)

Ws—W,
where W1 is the dry weight of the membrane, W is the dry weight of the membrane calculated
inside the water, and Waiis the fresh weight of the membrane that has been immersed in water
for 48 hours.

The pore structure and size of Fly ash, clay, and FAC membranes were analyzed using
a Scanning Electron Microscope (SEM) (HITACHI SU3500, Politeknik Manufaktur,
Bandung). Fly ash, clay, and FAC membrane elements were analyzed using Energy Dispersive
X-Ray (EDX) (EDX OCTANE Pro, Politeknik Manufaktur, Bandung). The fly ash and clay
phase's compositions were analyzed using x-ray diffraction (XRD, Analysis Lab, PNL,
Indonesia).

Pure water flux (J, L/m?.hr) ceramic membrane was tested by passing pure water
(distilled water) through the membrane module using the dead-end flow and crossflow system
with the operating pressure of 0:25, 0.5, 0.75, 1, 1.25 bar. Water flux is calculated based on
Equation 2:

Vp

] - Athf (2)

where J is pure water flux (L/m2.h); Vp is permeate volume (L); Am is effective membrane
area (m?); tf is filtration time (hour)

2.4. River water treatment.

For the ceramic membrane filtration experiment, a water sample as a feed solution was
taken from Geudong River, Lhokseumawe District, Aceh Province, Indonesia. Turbidity level,
Fe, and Pb concentration in feed and permeate solution were measured using a turbidimeter
and atomic absorption spectroscopy (AAS), respectively. Meanwhile, the content of E. coli
bacteria in the feed and permeate was calculated using the MPN method. The initial river water
was pretreated by adding CaCOs of 20 g/L [26]. Then the river water treatment was carried out
through a tubular FAC membrane with an external diameter of 6.5 cm, an internal diameter of
2.5 cm, and a height of 25 cm. The FAC membrane was installed on the module membrane,
and river water was flowed by dead-end and crossflow system with pressure variations of 0.25,
0.5, 0.75, 1, and 1.25 bar. The rejection of turbidity, Pb, Fe, and E. coli bacteria in the water
sample were calculated using Equation 3.

R=(1—2—j)><100 (3)

where C, and Cs are the concentration in the permeate and feed, respectively.
3. Results and Discussion

3.1. Characteristics of fly ash and clay

Fly ash and clay used as ceramic membrane material was characterized in term of
crystal structure and chemical composition. Figure 1 shows the results of observations using
X-Ray diffraction (XRD), where the crystal structure of fly ash is dominated by SiO2, CaSQOg,
Ti0O2, and element C, whereas the crystal structure of the clay is composed of Al.SiOs(OH)a.
The observation of the constituent components of fly ash and clay was also investigated using
energy-dispersive X-ray (EDX), as presented in Figure 2 and Table 1. It can be seen that the
fly ash and clay are dominated by elements O, Si, and Al.
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Figure 1. The XRD Pattern of fly ash and clay.
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Figure 2. The EDX analysis of (A) fly ash and (B) clay.

Table 1. Element composition of fly ash and clay.

Element CK |OK | MgK |AIK |SiK |MoL | KK |caK |FeK
Fly ash

Weightt% 738 [ 4842 [244 [1236 [1754 [ 184 [094 [508 [3.99

Atomic% 1213 [59.75 [198 [9.04 [1233 038 [047 [250 |[1.41
Clay

Weightt% 357 5454 20.98 [ 20.48 0.44

Atomic% 5.69 | 65.26 14.88 | 13.96 0.21

(C: Carbon; K: Potassium; O: Oxygen; Mg: Magnesium; Al: Aluminum; Si: Silica; Mo: Molybdenum; Ca:

Calcium; Fe: Iron)
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3.2. Characteristics of membrane.

The results of observations using SEM revealed that a ceramic membrane with a
composition of fly ash (65%)-clay (35%) has an average pore size of 0.90 um and porosity of
40.82% (Figure 3). The observations using XRD show that the crystal structure of the FAC
membrane is dominated by quartz (SiO2) illite ((KH30)AI>SizAlO10(OH)2) and gypsum
(CaS04.2H20) phases ( Figure 4).
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Figure 3. The structure of FAC membrane.
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Figure 4. The XRD patterns of FAC Membrane sintered at 950°C.

Figure 5 shows the pure water flux of the membrane obtained at operation pressure
from 0.25 to 1.25 bar. The water flux value increases with the increase of filtration pressure.
The crossflow filtration system obtains the highest flux of 570.641 L/m2.h at a filtration
pressure of 1.25 bar. Pressure as a driving force on the membrane dramatically affects its
performance of the membrane, where more molecules in solution will pass through the
membrane [27,28]. Based on the characteristics of the FAC membrane, which include the
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constituent elements of the membrane, the water flux, and the average pore size, the FAC
membrane can be categorized as a microfiltration membrane.
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Figure 5. Pure water flux.
3.3. FAC membrane performance for water treatment.

This study applied the FAC ceramic membrane to remove the total dissolved solids
(TDS), Pb, Fe, and E. coli in the Geudong River, in North Aceh, Indonesia. The filtration flow
systems used were dead-end and crossflow. Using the dead-end module, it was known that the
highest rejection of the TDS, Pb, Fe, and E. coli was generated at a pressure of 0.25 bar, equal
to 70.35%, 94.51 %, 91.43% dan 98.67%, respectively (Figure 6). In the case of the crossflow
filtration system, the highest rejection of the TDS was generated at a pressure of 0.25 bar,
which was 76.35%, while the highest rejection of the other parameter was obtained at an
operating pressure of 0.75 bar. The highest rejection of Pb, Fe, and E. coli at this condition was
96.59%, 95.55%, and 99.29%, respectively (Figure 6).

At the dead-end flow, the more the rejection of each parameter decreases, the more the
pressure increases. The effect of pressure on the dead-end flow system causes compaction in
the circuit where the bait flow passes through the membrane and particles accumulate on the
membrane surface; as a result, it causes the formation of cake on the membrane to occur more
quickly [29-32]. On the other hand, the rejection of each parameter increased to a pressure of
0.75 bar, and rejection decreased at one bar, indicating deformation of the pore size due to an
increase in pressure. Only a part of the feed water flows through the membrane pores to produce
permeate in the crossflow system. Another part of the feed component flows through the
membrane surface so that the colloid and suspended solids retained by the membrane will
continue to be carried away into the backflow [33-35]. Thus, the cake formation on the
membrane surface with a crossflow system can be avoided because the deposition of particles
on the membrane surface will be swept away by the pressure of the feed flow [36].

Table 2. Water quality analysis for the river water and permeate for crossflow filtration at 0.75 bar.

TDS(mg.L™) | Pb(mg.LY) | Fe(mg.L?h) | E.Coli(MPN/100 ml)
Feed Water 344 0.93 2.125 2100
Permeate 95 0.031 0.12 15
WHO Standard 600 0.01 0.3
National Standard 1000 0.05 1
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Table 2 reveals the content of TDS, Fe, and Pb in the permeate has achieved the water
quality standards according to WHO drinking water standards [37] and national clean water
standards based on Ministerial Regulation No. 32/Menkes/Per/1X/2017 [38] for either dead-
end systems or crossflow.
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Figure 6. The Rejection of (a) TDS, (b) Pb, (c) Fe, and (d) E.coli bacteria.

Figures 7 show the structure of the FAC membrane after filtration of the river water
sample. The structure of the FAC membrane before filtration had a porosity of 40.82% with a
pore size of 0.9 um (Figure 3). The porosity of the FAC membrane after crossflow filtration
decreased to 39.58% at 0.75 bar. The porosity of the FAC membrane also decreases during
dead-end filtration (37.97% at 0.25 bar).

€y (b)

Figure 7. The Structure of FAC Membrane after (a) crossflow filtration and (b) dead-end filtration.
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The change in membrane structure is due to polarization phenomena on the membrane
surface. The solutes stick to the membrane surface, so the membrane’s pore size decreases.
These solutes accumulate on the membrane surface and return to the feed stream by back
diffusion [39,40]. The solute concentration on the membrane surface was much greater than
the solvent concentration in the permeate or the bait. Polarization on the membrane surface
may decrease the rejection of turbidity, Pb, Fe, and E. coli bacteria as the pressure increases in
the dead-end flow system.

Figure 8 shows the crystal structure of each FAC membrane used for dead-end and
crossflow filtration processes with pressure variations of 0.25, 0.5, 0.75, 1, and 1.25 bar. The
crystal structure of each membrane is dominated by quartz (SiOy), illite (Al2SisAlO1 (OH)2),
Magnetite (FeFe204), and Lead (Pb). The highest lead intensity is found in the FAC membrane
used for crossflow filtration at a pressure of 0.75 bar, where the percentage of rejection obtained
in this filtration process was 96.59%.
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Figure 8. The XRD patterns of FAC membrane (a) after dead end and (b) crossflow filtration.
4. Conclusions

The FAC membrane with fly ash: clay composition of 65%: 35% sintered at 950° C
with porosity of 40,8% and pore size of 0.9 um, can be applied for river water treatment. The
FAC ceramic membrane removed TDS, Pb, Fe, and E. coli from the Geudong River in North
Aceh, Indonesia. Dead-end and crossflow filtering was used. The dead-end module determined
that the greatest rejection of TDS, Pb, Fe, and E. coli was at 0.25 bar, or 70.35, 94.51, 91.43,
and 98.67%. At dead-end flow, as parameter rejection drops, pressure rises. The effect of
pressure on a dead-end flow system generates compaction in the circuit where the flow goes
across the membrane and particles aggregate on the membrane surface. Solute concentration
on the membrane surface was higher than in permeate or bait. As the pressure in a dead-end
flow system increases, polarisation on the membrane surface may decrease turbidity, Pb, Fe,
and E. coli rejection. The FAC membrane employed for crossflow filtration at 0.75 bar has the
maximum lead intensity, with 96.59% rejection.
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