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ABSTRACT

Novel nano-filtration composite polymeric/ceramic membranes were successfully fabricated. The pre-
pared membranes were prepared using powder from ceramic tile kiln remnants, which contain a
high percentage of alumina. Support ceramic membranes samples were formed into discs by using
polyvinyl alcohol organic binder. The top layer of the membrane was a polymeric solution of poly-
ethersulfone. The prepared membrane exhibited good performance and the results indicated that the
dye separation reached to 99.8% and 99.5% with a high permeate flux of 86 L/m?h to 48.2 L/m*h under
an operating pressure of 8 bar, and the dye concentrations of 50 to 200 ppm, respectively, after 30 min.
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1. Introduction

Microfiltration ~ (MF) and  ultrafiltration  ceramic
membranes have been successfully utilized for wide range
of filtration processes such as separation of microorganisms,
bacteria, colloidal solutes, and proteins. On the other hand,
nanofiltration (NF) is applied most widely for water and
wastewater treatment containing heavy metals and multiple
synthetic dyes. Additionally, the application of ceramic
membranes has recently been extended to non-aqueous solu-
tion separation, especially in petrochemical processing, where
organic membranes cannot be utilized. It has also been interest-
ingly applied in the separation and concentrations of organic
solvents such as ethanol and hexane. Additionally, ceramic
membranes can also be used in the separation of supercritical
fluids, especially supercritical CO, and alcohol [1-3].

* Corresponding author.

Low cost of the mineral-based porous ceramic
membranes makes them under the circle of interest. Tubular
ceramic membranes can be fabricated from an asymmetric
configuration with coating on a porous support that offers
good mechanical strength and thermal shock resistance,
which is more desirable for difficult filtration applications
such as gas separation [4-6]. The surface modification of
ceramic membrane reduces the pore size of the membrane sur-
face and can improve the hydrophilic behavior of membrane,
such as fluoro-alkyl silanes that often used for modification
[7-10]. Grafting process is the method which used to improve
the surface nature of ceramic membranes to be hydrophilic
or hydrophobic [7-11]. Hazardous wastes are produced from
ceramic tile production and, to a lesser extent, flat dinner-
ware and pottery, where these products are fired in roller
kilns. These kilns offer several advantages over conventional
tunnel kilns: lower fuel consumption, computer-controlled
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firing curves, low maintenance due to lack of kiln cars, rapid
firing cycles of less than 1 h, and the ability to shut down the
kiln on very short notice [12-14]. One recurrent problem in
the operation of such kilns is the necessity to grind the kiln
rollers periodically. The high alumina grinding powder was
contaminated by alkali salts depositions with condensation
of the vapor phase. These latter salts, in turn, arise from the
additions of the original ceramic body recipe to impart some
specific properties [12-14]. In an average plant using one or
two such kilns, the monthly product of grinding will con-
sist of several tons of fine powder that usually accumulate
within the plant premises as stockpiles. This represents an
extremely high ecological hazard; for example, the powder
if inhaled for long periods can lead to serious lung problems
such as silicosis [14-20].

The novelty of this work is using the waste powder from
the production of ceramic tiles which contains high percent-
age of alumina and is considered hopeless waste, in the pro-
duction of ceramic support membranes.

The present article explains how the wastes from ceramic
tiles are recycled and treated to be used in the preparation of
supported ceramic membranes. A polymeric solution is used
to produce the thin top membrane layer, which is considered
the selective layer of the membrane. However, the parame-
ters that affect the membrane production and characteriza-
tion are studied to produce the best membrane structure that
can be used in water treatment.

2. Experiment
2.1. Materials

Hazardous fine waste from kiln roller was supplied by
Ceramica Prima Company, Sadat city, Egypt. Polyvinyl
alcohol (PVA) was purchased from Sigma-Aldrich Company
(USA). Polyethersulfone (PES; Ultrason E6020P with molecular
weight 58,000 Da), supplied by BASF, Germany, was used as
a polymer for preparation of the polymeric solution using
the solvent N-methyl pyrrolidone (NMP), purchased from
Sigma-Aldrich. Synthetic dye solutions were prepared using
methylene blue, purchased from Merck (USA).

2.2. Characterization of the waste powder
2.2.1. Chemical analysis

X-ray fluorescence (XRF) analyses were run on an AXIOS
Analytical 2005 wavelength dispersive (WD-XRF) sequen-
tial spectrometer, which is installed at the National Research
Center, Egypt. The samples were crushed and then ground in
a Herzog-type mill to realize a powder fine size. The samples
were fabricated as pressed discs and then put in standard
aluminum cups, using uniaxial pressing machine under total
force of 130 kN.

2.2.2. Mineralogical analysis

For the X-ray diffraction (XRD) study, the sample was
split into two aliquots, one for bulk mineral analysis and the
other for clay analysis. The aliquot for bulk mineral anal-
ysis was finely ground (-200 mesh), mounted randomly
on an aluminum holder, and analyzed by D8 ADVANCE

X-ray diffractometer (Bruker, USA) apparatus with
monochromatized Cu Ka radiation, operated at 40 kV and
40 mA. The diffractograms were used to provide background
information on the bulk mineralogy of the sample, and par-
ticularly to estimate the relative abundance of the non-clay
minerals in the sample.

2.2.3. Transmission electron microscopy

The powder samples were tested by transmission elec-
tron microscopy (TEM), where an image is made from the
interaction of the electrons transmitted through the specimen
using the JEM-2100 Plus instrument (JEOL, Japan).

2.2.4. Particle size distribution

The waste fineness and particle size distribution were
investigated with laser particle size analyzer (BT-2001),
which conforms to the International Standard ISO 13320 [21].

2.3. Preparation of composite ceramic membrane

Ceramic membrane preparation from the high-alumina
grind waste was carried out as follows:

2.3.1. Preparation of PVA solutions

PVA powder (2 wt%) was directly added to the water at
90°C under mixing with a magnetic stirrer until the PVA was
fully dissolved, then this solution was continuously mixed
on cold for 1 h.

2.3.2. Preparation of support membrane specimens

Fine waste powder (10 g) was mixed with PVA solution
15 wt%. Cylindrical samples of diameter 50 mm were formed
using lab automatic hydraulic press with uniaxial load of
5 ton (corresponding to a pressure of 25 MPa), then the sam-
ples were dried at temperature of 110°C + 5°C overnight.
Finally, they were fired at temperature of 1,100°C for a 1 h
soaking time at a laboratory furnace with heating rates were
chosen to be 10°C/min.

2.3.3. Top — layer preparation

PES polymeric solutions were prepared, where 12 wt%
PES was dissolved in NMP, and the solutions were stirred for
3 h. Finally, the solution was sprayed on the ceramic mem-
brane support, and then the prepared composite membranes
were dried at 120°C for 30 min.

2.4. Characterization of composite ceramic membrane

2.4.1. Pore size distribution, total porosity, total pore area, and
average pote diameter determination for membrane samples

Mercury porosimetry is a well-adapted method used to
characterize the pore size distributions of MF ceramic mem-
branes with the help of simple calculations. In this method,
mercury is forced into the pores of dry sample. The quan-
tity of mercury forced into the pores is determined with high
accuracy at each pressure, which can be measured by means
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of capacity variation induced by the reduction in the Hg col-
umn height connected to the measuring cell. The values of
the pore radii r, depend on the applied pressure as shown
in the following equation derived from the modified Laplace
equation (Washburn equation) [12,13]:

—2ycos6

h= M

r, is the pore radius at each pressure, P is the applied pres-
sure, O is the contact angle of mercury and v is the capacity
variation. The specimens were introduced into the sample
holder chamber of the equipment by micrometric pore size
with the type number of 9320 version 2.08. The test was
carried out using hydraulic pressure in the range of 0.0124
to 206.5 MPa which related to the pore radius values in the
range of ~6 nm to ~100 pm.

2.4.2. Scanning electron microscopy

SEM images were done on the membrane surface, where
ceramic membrane samples were coated with gold layer
with thickness of 200-300 A. SEM of samples was carried out
using device (Quanta 250) FEG (field emission gun) under
the potential difference of 30 KV.

2.5. Tests of dye separation

The filtration experiments were carried out using a lab
filtration system technique, which had flat-sheet membrane
module with three openings for feeding, recycling, and per-
meate. The methyl blue dye was continuously fed to the
module from feeding tank by feeding pump of 0.8 MPa. The
product was collected from the permeate side in collector
tank. The experiments were performed using methylene
blue dye with the concentrations of 50, 100, and 200 ppm.
The dye solutions were prepared by dissolving the dye
powder in distilled water. Samples were taken every 5 min
for analysis. The operation of experiments was performed
within 30 min at steady-state conditions. Analysis of the
samples was carried out by UV analysis using a Shimadzu
UV-visible spectrophotometer (HACH DR2800, Germany)
to measure the light absorbency of the dye solution at a
660-nm wavelength.

The separation percentage of each species was calculated
[11] as:

R=|1 5, 100
skl @

R

R is the separation (%), C, is the solute concentration (dye
concentration) in the permeate (mg/L), and C, is the sol-
ute concentration (dye concentration) in the feed solution
(mg/L); the permeate flux (J) of the membrane is calculated
as follows:

__Q
T (Axt) 3)

] is the permeate flux (L/m?h), Q is the permeate volume
(L), A is the active surface area of the membrane (m?), and
t is time (h).

3. Results and discussion
3.1. Waste powder characterization
3.1.1. Chemical analysis

The chemical analysis of waste powder indicates that the
high percentages of components were AL O, (63.86%), SiO,
(23.55%), CaO (3.51%), ZrO, (3.45%), MgO (1.96%), Fe,O,
(1.16%), respectively [13,22]. Increasing in alumina percent-
age may be because of the rollers kiln materials made from
high alumina grade. However, there is no observation of loss
of ignition.

3.1.2. Mineralogical analysis

The waste powder mineralogical analysis is illustrated in
Fig. 1. The result indicates that the waste composed of alu-
mina (corundum) and mullite [13,22].

3.1.3. Transmission electron microscopy

TEM photos for the roller grind waste powder explain
the formation of multilayers nanosheets of different lamel-
lar crystal shapes as shown in Figs. 2(a) and (b). The lamel-
lar crystal structure exhibits bright areas could be as an
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Fig. 1. XRD pattern of the waste powder [13,22].
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Fig. 2. TEM micrographs of waste powder; ((a) and (b)) lamellar
crystal structure.



70 Sh.K. Amin et al. / Desalination and Water Treatment 126 (2018) 67-72

incomplete stacking with little mismatching in the layer
superposition, this structure is determined by literature
[22,23]. The dark areas in the image are related to the inter-
face between various phases due to the difference in shapes
and morphologies of raw powder waste. Also, the nucle-
ation mechanism during the decomposition of the original
ingredients includes expenditure of carbonates, quartz and
clay minerals, which leads to recrystallization of aluminum-
silicate, calcium—aluminum silicate (Gehlenite) and an alumi-
num oxide vitreous phase [23-31].

3.1.4. Particle size distribution of waste powder

The cumulative curve of waste powder particle size dis-
tribution explains that the waste powder has very soft gran-
ules as shown in Fig. 3, where the minimum particle size is
about 300 nm, while the maximum value is about 200 um
and the medium particle size are approximately about 17 um
[13,22,23].
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Fig. 3. Particle size distribution of waste powder [23,22].
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3.2. Composite ceramic membrane characterization

3.2.1. Determination of the pore size distribution, average
pore diameter, total porosity, and total pore area for ceramic
membrane samples

The pore size distribution, average pore diameter, total
porosity, and total pore area for ceramic membrane samples
were determined by mercury porosimetry, where the results
as follows, the mercury contact angle is 130°, total intrusion
volume is 0.1882 mL/g, total pore area is 8.318 m?/g, aver-
age pore diameter is 0.0905 um, bulk density is 2.013 g/mL,
porosity is 35.80%, and apparent specific gravity equal
3.14 g/mL. The pore size for the prepared membrane var-
ied from 0.1 to 0.005 pm, so it can be used in nano-filtration
applications.

On the other hand, Fig. 4 shows a photograph of the pre-
pared membrane before and after drying. Fig. 4(a) indicates
the wet polymeric layer on the membrane before drying. In
Fig. 4(b), the color of the top membrane layer changed to
white because of the coagulation of the polymeric layer on
the top of the membrane.

3.2.2. Scanning electron microscopy

The SEM photos for prepared composite ceramic mem-
brane are illustrated in Figs. 5(a) and (b), where the surface
of the membrane has many nano-pores due to appreciable

Fig. 4. Prepared composite ceramic membrane (a) before drying
and (b) after drying.
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Fig. 5. SEM of prepared composite ceramic membrane. (a) 1,000x magnification and (b) 3,000x magnification
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sintering setting temperature for firing ceramic membrane at
1,100°C. In addition, the surface of the membrane is coated
with the layer of shiny glass; this is represented by the upper
polymer layer. These results explain why the prepared com-
posite ceramic membrane provided high performance.

3.3. Dye separation test

Fig. 6 illustrates the separation of dye during process
time for methylene blue dyes at different concentrations of
50, 100, and 200 ppm at room temperature 25°C and oper-
ating pressure of 0.8 MPa. The figure shows that the sepa-
ration of dye is positive according to the membrane active
layer. Results indicate that the removal percentage reached
to 99.8%, 99.5%, and 98.7% for dye concentrations of 50, 100
and 200 ppm, respectively, after 5 min from the beginning of
the process, and slightly decreased with time due to clogging
of the membrane pores with the increasing operation time.
However, the permeate flux was increased at the beginning
of the process time and decreased with increasing the process
time until it reached to 86, 67.6, and 48.2 L/m?h for dye con-
centrations of 50, 100, and 200 ppm, respectively, after 30 min
as shown in Fig. 7. The higher dye separation was obtained
and slightly reduced with increasing operating time; that
depends on the low solubility characteristics of the blue dye,
which leads to membrane fouling at the end of the opera-
tion. The membrane fouling can be caused also, due to dye
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Fig. 6. Dye rejection using the prepared composite ceramic
membrane.
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Fig. 7. Permeate flux of treated water using the prepared
composite ceramic membrane.

adsorption on the membrane surface observed during the
experimental runs, which was observed by the presence of
the blue color on the membrane after filtration.

Decreasing the flux with time is due to accumulation of
dye on the surface of the membrane during operation form-
ing a cake layer, this layer formed can perform an additional
resistance to dye permeation but decrease the flux. Therefore,
the permeate flux decreased and rejection increased as the
operating time elapsed; this problem can be eliminated by
washing or backwash of the membrane after flux decline [20].

4. Conclusion

Composite polymeric/ceramic membranes were suc-
cessfully prepared using high-alumina waste powder from
ceramic tile roller kilns. The prepared ceramic support was
fired at temperature of 1,100°C using the soaking time of
1 h. The polymeric solution was sprayed on the top support
surface.

The powder waste was analyzed by XRF for chemical
composition, XRD for mineralogical composition, TEM,
and particle size distribution. The results indicated that the
powder contains high alumina percentage. The prepared
composite polymeric/ceramic membrane was tested for dye
separation. The results conducted that the dye removal per-
centage was 99.8%, 99.5%, and 98.7% for dye concentrations
of 50, 100, and 200 ppm, respectively. Also, the permeate flux
reached to 86, 67.6, and 48.2 L/m*h for dye concentrations of
50, 100, and 200 ppm, respectively, after 30 min. The perme-
ate flux reduced with time due to the accumulation of dye
on the membrane surface during operation forming a cake
layer, which leads to decrease of the permeate flux, this prob-
lem can be eliminated by washing step or backwash step for
membrane after flux decline.
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