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Preparation of Ceramic Membranes from Sludge
Waste

M. H. Roushdy

Abstract: Ceramic tiles industry produces industrial waste wit
large amount which become a worldwide problem. Ceramic
sludge produced from ceramic tiles wastewater treatment plant is
routinely discarded as a useless waste. The aim of this paper is to
recycle the ceramic sludge waste to be used as raw material for
ceramic membrane production. The ceramic sludge was collected,
dried, and characterized by mineralogical composition (XRD),
thermal analysis (DTA and TGA), and chemical composition
determination (XRF). The support ceramic membrane samples
were formed, pressed, dried then fired using temperatures from
1050 to 1200 °C for 1 to 3 hours. Verification parameters were
determined. It was found that the firing temperature is the only
affecting parameter. The best firing temperature of ceramic
membrane is 1150°C. The prepared ceramic membrane at 1150
oC can be used in both nano-filtration and micro-filtration
applications with high separation efficiency.

Keywords: ceramic sludge, ceramic
membranes, nano-filtration, micro-filtration.

wastes, ceramic

I. INTRODUCTION

The membrane is like a selective barrier which has the
ability to separate some components on its surface which
called as retentate while the other part pass through it which
called as permeate. The main types of membranes are ceramic
and polymeric membranes. The ceramic membrane can be
fabricated from inorganic materials like titania, zirconia and
alumina oxides. The ceramic membranes have disadvantages
such as high cost because of the highly cost of the raw
materials, the complexity of the fabrication process. The
ceramic membranes have many advantages such as long life
time, high thermal stability, high mechanical strength, and
resistance to chemical solvents. On the other hand, the
application of micro—filtration and ultra—filtration for water
treatment become an important application nowadays.
Nowadays ceramic membrane becomes a favorable method
instead of many processes like coagulation, filtration and
sedimentation [1].

A lot of researches were done on the use of industrial
inorganic waste in the fabrication of ceramic membranes such
as the work of Jedidi et al. [2,3] fabricated a ceramic
membrane using fly ash waste after being mixed with organic
additives and water. They shaped and fired the resulting mix
to 1125 °C to obtain a membrane having reasonable
mechanical strength. Also, Fang et al. [4] produced a low cost
ceramic membrane by using coal fly ash. On the other hand
saw dust was used as pore former in a ceramic type membrane
devised by Bose and Das [5, 6]. Recently, Tolba et al. [7]
fabricated an efficient adsorbent ceramic membrane from
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amorphous nano-silica particles from rice husk. Recently,
Amin el al. [8] prepared a ceramic membrane from roller kiln
waste powder. Since water scarcity is a critical concern in
many areas worldwide, there is an increasing concern about
the problems that arise due to water shortage and the possible
solutions available [9].

Il. EXPERIMENTAL WORK

A. Raw Materials and Its Analysis

The raw material that was used for production of ceramic
membrane is ceramic sludge.

Wavelength Dispersive (WD-XRF) Sequential
Spectrometer was used to make the chemical analysis of fine
ceramic waste. X—Ray Diffractometer apparatus was used to
determine the phase composition. TGA and DTA were used
to determine the thermal changes in the waste material.
Particle size distribution of fine waste was determined using
Laser Particle Size Analyzer according to ASTM B 422 [10].
Powder density was determined by the density bottle method
ASTM B 311 [11].

B. Support Membrane Specimens Preparation

The first step that is required to remove the water content
from the waste is drying the ceramic tiles sludge at 110 °C for
one day followed by jaw crusher for crushing and finally ball
mill for grinding to convert the sludge into a fine waste
powder. The fabrication of support membrane specimens was
done as follows:

a) A fine waste powder of 10 grams was mixed with water.

b) Cylindrical specimens of diameter 50 mm were formed in
molds by pressing under uniaxial pressure = 25 MPa
using a laboratory hydraulic press.

¢) Membrane samples were dried by dryer. First using a mild
drying of 70 °C for 6 hours, then dried using a drastic
conditions of 110 °C for additional 6 hours.

d) Laboratory furnace was used to fire the ceramic membrane
specimens, at four firing temperatures (1050, 1100, 1150
and 1200 °C), using soaking time from 1 to 3) hours at
each temperature. The firing schedule was designed to
simulate roller kiln operation as follows:

i. Fast increasing to the temperature to 600 °C from room
temperature.

ii. Slow temperature increasing from 600 °C to 700 °C to
get rid of combined water so as to prevent crack
formation.

iii. Fast temperature increasing from 700 °C to 800 °C.

iv. Slow temperature increasing from 800 °C to 1000 ° so as
to provide suitable time
for  calcinations  of
calcium carbonate.
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v. Fast temperature increasing from 1000 °C to firing
temperature from 1050 to 1200 °C then stop the
furnace.

C. Verification Parameters Determination

Apparent and closed porosity, percent water absorption,
and bulk density were determined according to ASTM C 373,
[12].

D. Filtration Analysis

Experimental work was carried out on the filtration unit
fabricated in the lab. This unit as shown in Fig. 1 consists of a
ceramic membrane module has openings for feeding,
concentrate and permeate. The well water fed to the 50 mm
ceramic membrane from a well water feeding tank (5 litres)
using a pressure pump having a pressure of 9 bar at 25°C. The
test is done onto two steps.

a) The first one include a preliminary work that was done by
passing the well water through the ceramic membranes
prepared at different firing temperatures of (1050, 1100,
1150 and 1200 °C) using 1 hour soaking time to
determine the optimum firing temperature and then the
optimum ceramic membrane. The concentration of salts
in water in mg/l was determined using a conductivity
meter. The conductivity meter was used to determine the
conductivity of well water before after treatment to
determine the salt separation (SP%) percent using the
following relation.

SP%=(concentration of feed water-concentration of treated

water)/(Concentration of feed water)*100 (1)

b) The second step include a detailed analysis for well water
before and after treatment using the prepared membrane
at the optimum firing temperature to determine its
application and separation efficiency for each element
and finally compared the resulted analysis of treated well
water with standards for drinking water.

Pressure gauge

Concentrate

Ceramic membrane
module

Permeate
AN

A 4

o~

High pressure pump
Fig. 1. Ceramic Membrane Testing Unit

Produced
Pure water

Salt feeding
water

E. Characteristics of the Optimum Membrane

The micrographs of the optimum ceramic membranes were
obtained using sscanning electron microscope (SEM). Pore
size distribution is determined using Hg- Porosimetry
method. Specimens were introduced into the sample holder
chamber of equipment by micrometric pore size with a type
number of 9320 version 2.08. Hg- Porosimetry method is
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done in a evacuating chamber. The ceramic membrane is
subjected to mercury using a hydraulic pressure from 1.81 to
29958.20 psia. the compressive strength was measured using
a standard UTM apparatus under the effect of 3 mm/ min™'
shear rate.

I11. RESULTS AND DISCUSSION

A. Ceramic Waste Chemical Composition

Table (1) shows the chemical analysis of the ceramic waste
as determined by XRF

Silica is considered as the main component as shown in
Table (1). The loss on ignition (LOI) happened because of the
loss of limestone and organic matter from the waste powder.

Table 1 Chemical Composition of Ceramic Waste

Constituents

(Wt. %) Waste
SiO; 54.35
Al,O, 21.32
Fe,03 4.67
TiO, 0.85
MnO 0.12
MgO 0.11
Cao 5.99
Na,O 2.88
K0 14
P,Os 0.17
Cl 0.05
SO, 0.12
ZrO, <0.01
LOI 7.7

B. Ceramic Waste Mineralogical Analysis

Fig. 2 shows the mineralogical of ceramic waste by XRD
method.

v
F—
o

= Qe

..........................

Fig. 2: Ceramic Sludge Waste XRD Pattern

The XRD pattern of ceramic waste proved that the waste
powder consist of the following phases: Kaolinite (Al, Si,
O5(OH)4), Quartz (SlOZ), Albite (Nao_gg Caoloz) (All.OZ Siglgg
Og), and Calcite (CaCOs). The main phase is quartz.

C. Ceramic Waste Thermal Analysis
Fig. 3 shows DTA — TGA graph for waste powder.
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Fig. 3: TGA and DTA Pattern of Ceramic Sludge
Waste

The chart gives very important conclusions. The first loss in
weight happened due to physical water elimination then the
appearance of an exothermic peak ending at about 424.7°C
because of the organic impurities oxidation. An endothermic
peak follows ending at about 550°C because of clay’s lattice
loss. An endothermic peak can be observed at about 716.47°C
due to the presence of limestone.

D. Ceramic Waste Particle Size Distribution

The particle size distribution of the ceramic powder waste
is shown in Fig.4. The minimum particle size is about 0.05
mm while its maximum value is about Imm.
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Fig. 4: Ceramic Waste Particle Size Distribution

E. Powder Density
The powder density was found to be 2.72 g/cm®.

F. Water Absorption

The effect of firing temperature and soaking time on the
percent boiling water absorption was investigated. The firing
firing temperature is the only effective parameter and there is
no effect due to soaking time change. Fig. 5 shows the results
obtained at soaking time = 1 hour.
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Fig. 5: Percent Water Absorption vs Firing
Temperature.

Water absorption increases up to about 1150 °C as
dilatation happened to the samples because of the increase in
open pore size, then after this temperature there is a decrease
in water absorption due to the occurrence of sintering.

G. Apparent Porosity

The behavior apparent porosity is like that of water
absorption. The maximum porosity equal 52% was found to
be at 1150 °C. The minimum porosity 37% was found to be at
1200 °C. The firing temperature is the only effective
parameter and there is no effect due to soaking time change.
Fig. 6 shows the results at 1 hour soaking time.

&

Apparent Porasity, %
£

1000 1050 1100 1150 1200 1250
Firing Temperature, °C

Fig. 6: Percent Apparent Porosity
vs Firing Temperature.

H. Bulk Density

The values of bulk density are only influenced by firing
temperature. TGA showed that the true powder density
remains approximately constant on firing as the losses are
very small can can be negelected. The bulk density is
inversely proportional to total porosity of the body. bulk
density decreases until 1150 °C at which its value equal to
1.31 g/cm?® and then increases on raising temperature up to
1200 °C at which its value equal to 1.71 g/cm?®. Fig. 7 shows
the results obtained on soaking for 1 hour.
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Bulk Density, gm/em®

flux was quite low due to the small pore size; this indicates
that this ceramic membrane support can provide a promising
separation performance.
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Fig. 7: Bulk Density vs Firing Temperature

. Closed Porosity

The open porosity was determined at 1150 °C and
was found to equal 52% using values of the powder density of
the waste which is equal to 2.72 g/cm®, bulk density which is
equal to 1.31 g/cm®. The total porosity was determined to be
52% so practically approximately there is no closed pores up
to firing temperatures 1150 °C.

The open porosity was determined at 1200 °C and
was found to equal 37% using values of the powder density of
the waste which is equal to 2.72 g/cm®, bulk density which is
equal to 1.71 g/cm®. The total porosity was determined to be
37.13% so there is very small closed porosity equal to 0.13 %.
The previous results that proved that approximately all pores
are open pores which are a good prove that the fabricated
membrane can be used in filtration applications. The optimum
membrane is the membrane prepared and finally fired at
temperature of 1150 °C as increasing the firing temperature
results in no change regarding the porosity.

J. Filtration Experimental Work

Preliminary tests were undergone to investigate the
viability of the prepared membranes and determination of the
optimum ceramic membrane and finally the optimum firing
temperature. As shown in Fig. (8) and (9), an experiment was
done using well water passed through the membrane. The
maximum percent salt rejection was 80 % at firing
temperature 1150 °C and soaking time 1 hour; the permeate

150

1100 1150 1200
Firing Temperature, °C

1050

Fig. 8: Salt Rejection for Support Ceramic Membranes

Detailed salt and turbidity separation from well water
sample was studied using ceramic membrane prepared at the
optimum temperature equals 1150 °C. The removal of mono,
di , and trivalent ions was determined using the prepared
ceramic membrane as shown in Tables 2, 3, and 4 that
represents the analysis of well water before and after
treatment using the membrane. The following tables show that
the prepared membrane can be used in nano-filtartion
applications and micro-filtration applications It can be used in
the separation or removal of water turbidity, mono-valent like
sodium ions, potassium ions and chlorine ions, and di-valent
ions as sulphates, magnesium and calcium ions. The resulted
water after treatment with the prepared membrane has results
compatible with the standard limit for drinking water
(Ministry of Health and Population. Decree No. 458/2007).

Table 2 Physical Parameters Well Water Analysis before and after Using the Ceramic Membrane

Results

Results after Percent . Accepted limits  (acc.
Element to be Analyzed trgg'{r?]r:nt treatment removal Units to 458/2007)
- Colour Colorless Colorless mg/IC(I;’t Colorless
- Turbidity 3 0.2 93.3 N.T.U <1
- Odour Odourless Odourless - Odourless Odourless
Published By:
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Table 3 Physicochemical Parameters Well Water Analysis before and after Using the Ceramic Membrane

Results

Element to be Analyzed before Rei?;;;gﬁi Preerr%eon\}al Units ACCEpEEdJSig]/i;%O?(; cc.
treatment
- pH 7.55 7.35 - 6.5-8.5
- Conductivity 6670 1100 83.5 uS/cm <1200
- Total hardness as (CaCO,) 1700 290 82.9 mg/I <500
- Calcium (Ca™) 420 73 82.6 mg/I <140
- Magnesium ( Mg*™) 190 30.4 84 mg/I <36
- Bicarbonate ( HCO3') 225 29 87.1 mg/I -
- Total alkalinity as (Ca COs) 184 25.6 86.1 mg/I <120
- Bicarbonate alkalinity as (Ca COs) 184 25.6 86.1 mg/I -
- Sodium [Na'] 2190 335 84.7 mg/I <200
- Potassium [K'] 72 10.97 84.8 mg/l <10
- Chloride [CI'] 1852 280 84.9 mg/I <250
- Sulphate [SO47] 1200 165 86.3 mg/I <250
- Total dissolved solids [ TDS ] 4308 684 84.1 mg/l <1000

Table 4 Undesirable Substances Well Water Analysis before and after Using the Ceramic Membrane

Results

Element to be Analyzed before Reiii;‘:ﬁ: Pre;;eon\fal Units Accep:gd4lsigi;%07(;1 cc.
treatment
- Ammonium [NH,’] 0.17 0.13 23.5 mg/I <0.50
- Nitrates [ NO;'] 12.53 4.18 66.6 mg/I <45
- Nitrite [N] 0.050 0.015 70 mg/I < 0.060
- Phosphate [PO,] 0.36 0.25 30.6 mg/I <0.40
- Silica [SiO;] 16.28 9.21 43.4 mg/I -
- Iron [Fe™] 0.11 0.003 97.3 mg/I <0.30
- Manganese [Mn*] 0.08 0.002 96.3 mg/I <0.40
- Copper [Cu™] 0.05 0.003 94 mg/I <20
-Zinc [Zn™] 0.34 0.03 91.2 mg/I <30
- Total chlorine <0.02 <0.02 - mg/l -
- Free chlorine <0.02 <0.02 - mg/Il -
- Combined chlorine <0.02 <0.02 - mg/Il -
- Cyanide [CN] <0.001 <0.001 - mg/I <0.05
T=1200°C

K. SEM Micrographs

The following SEM micrographs show the difference
between two samples (Fig 9.), the first fired at 1150°C and the
second at 1200°C using a zooming scales 1000x. These
micrographs show that a glassy phase is present in both
samples but its amount is larger in case of the sample fired at
1200°C so the separation efficiency at 1150°C is higher than
that at 1200°C. The micrographs proved the sample fired to
1200°C have pores which are less numerous and smaller in
size than that of the samples fired at 1150°C.

T=1150°C
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Fig. 9: SEM Micrographs (1000x).

L. Pore size Distribution

The ceramic membrane samples prepared at 1150 °C has
the pore size distribution shown in Fig. 10. It shows the
relation between pore diameter (um) on x-axis and (dV/dD)
differential intrusion (ml/g .um) on Y-axis. The following
figure shows that the optimum membrane can be used in
Ultra-filtration and Nano-filtration applications. Pore size in
range of 0.005 to 0.01 pm is used for Nano-filtration
applications while pore size in range of 0.01 to 0.1 um is used
for Ultra-filtration applications.
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Fig. 10 Pore Size Distribution

M. Membrane Compressive Strength

Tested Specimen fired at 1150 °C was subjected to
compression loading. It was found that it can withstand 25
MPa as a maximum stress without failure which means it can
safely use in water treatment.

IV. CONCLUSION

This paper investigates the possibility of using the ceramic
sludge waste for ceramic membranes preparation that can be
used in the desalination of water. Samples were fired at
different firing temperatures starting from 1050 up to 1200 °C
and soaking time starting from 1 up to 3 hours. Results
showed that the sintering parameters (percent water
absorption, apparent porosity and bulk density) were
unaffected by soaking time. The maximum porosity was
resulted at 1150 °C. The percent closed porosity was
negligible.

It was found that the firing temperature is the only
affecting parameter on the produced ceramic membrane. The
best firing temperature of ceramic membrane is equal to
1150°C. It was proved that the prepared ceramic membrane at
1150 °C can be used in both nano-filtration and
micro-filtration applications with high separation efficiency.
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