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Abstract: Problem statement: Wastewater problems continue to be a relevanejsgarticularly in
urban areas. One promising low-cost material fonufecturing porous ceramics as water filter is clay
Clays can be blended with other materials suchohgmers to obtain functional ceramic materials.
Approach: Ceramic wastewater filters were fabricated froayalsing both sol-gel and simple mixing
methods followed by hot-pressing and calcinatiooly&hylene Glycol (PEG) was used as a pore-
forming agent.Results. Varying the clay:PEG ratio modified the membrarenpeability between
1.65¢<10 m? and 3.1610°*° n? for the sol-gel membranes and between 2188 and 8.7%10™

m? for membranes prepared by simple mixing. The gtfemanged from 0.28 MPa-1.71 MPa for the
sol-gel membranes and from 0.05-0.90 MPa for sasnptepared by simple mixing. The filtration
performance was tested using aqueous solutionsetiijWene Blue (MB). The concentrations of MB
remaining in the solution varied from 0.98-1.44% $ol-gel filters and from 1.50-38.05% for filters
prepared by simple mixingConclusion: We succeeded in making ceramic as filter from .clEye
porous ceramic can be used to reducing concemtrafigollutant simulated. The model introduced
has succeeded to explain the experimental obsengatvith percolation approximation.

K ey words: Polyethylene glycol, Methylene Blue (MB), Polyethgke Glycol (PEG), wastewater filter,
permeability, strength, filtration performance, étffive Medium Approximation (EMA)

INTRODUCTION surface area (Hwangt al, 2006), be durable and
reusable and exhibit thermal stability, chemical
Research in membrane technology is rapidlyinertness and excellent mechanical strength
advancing due to the emerging utility of membraimes (Velmurugan and Mohan, 2009; Alaet al, 2010;
separations involving solid, liquid and gaseousSelvaganapathiet al, 2010). One property that is
materials (Palacioet al, 2009), particularly in typically improved in porous ceramics is perme#ili
environmental applications such as water purifagati  or the ability of fluids to move in the pores ofeth
Since they are made from inorganic materials, ceram material (Chilingarian, 1995). The permeability of
membranes are potentially more useful for many mor@inmodified clay is low because the intergranulacss
applications than polymer membranes due to pragerti are very small. The pores may be enlarged by adaling
such as high temperature resistance (Biesheuv@g)19 polymer (Putyraet al, 2008) such as Polyethylene
chemical compatibility and durability in long-tease.  Glycol (PEG) that will decompose at the high
In addition, if the pores become clogged duringtemperatures experienced during the firing process.
operation, the filters may be calcined at highThere has been a great deal of effort directed ribwa
temperature to remove organic contaminants. Oneptimizing the permeability of porous ceramics fedn
promising low-cost material for manufacturing pasou from materials such as alumina (Biesheuvel, 199@) a
ceramics is clay, a mineral composed of hydratedrunisian clay (Hamdi and Srasra, 2008). Howeveg, th
aluminum silicates and other metal oxides such agermeabilities achieved have still been inadequarte,
Fe0s, MgO and KO. Clays may be blended with other the order of 107-10" m?. Membranes with improved
materials such as polymers and metals (Kuzugudenlpermeabilities have been produced using maternials s
2004) to obtain functional ceramic materials. Fiite as zirconia/titania (Gestek al, 2006), mineral coal fly
produced from modified clays can possess a higlash (Jedidet al, 2009), Gange river clay (Mittat al,
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2011) and Moroccan clay (Palaciet al, 2009), nitrogen as absorbate gas. Using the BET equatidn a
however these materials require complex processing BJH analysis of isotherm graph of, Nadsorption-
relatively scarce raw materials, resulting in immed desorption to relative pressure, the surface p@asity
manufacturing costs. The permeability of theseand mean pore size of the samples could be obtained
membranes is (in other units) 71D 1.3%10°, The permeability was measured using the
2.20x10°° (in m.s*.Pa*) and 1.48107 (in m/sec). apparatus illustrated in Fig. 1. Darcy’s law (Maayt
Our goal was to obtain a porous ceramic materiafl-, 2008) states that Q = k#/(uAL), where Q is the
with adequate permeability and strength for wateVolumetric flow rate, ks the filter permeability, A is
purification applications. The filter would be fatated ~ the filter surface areaAPis the pressure difference
from clay and coated with titania using simple $ow- b_etwe_en the two _f||ter su_rfaces,_ 1S _the dynamic
cost processes. The titania coating was intended f; scosity ofrt]hg fluid _andAL is the filter thu?knggg. In
induce photocatalytic activity to degrade pollugant these tests hydrostatic pressure was employefipso

) . X pgAh, where p andah are the density and height of
(Badawyet al, 2011; Isnaenét al, 2011). Both simple the fluid. Darcys law may be rearranged to obtain the

mixing and sol-gel methods were investigated. ermeability k = Q AL/(Apgah) (in units of n). The
Theoretical models were developed to explain th ermeabiliti may g]sé Eg e>)<p(ressed in o)ther units
permeability behavior through the Effective Medium using a modified expression, such as:

Approximation (EMA) contact model, the strength

based on the amount of contact model and thetfidtta Q = kAAh/AL

performance from the resistance to fluid flow. Téos

models are required not only for understanding théVhere:

mechanism of filters properties emerging physically

but also for obtaining the desired properties Ibérfs in K = kpg/p (in m sec), or Q =k’ AAp
the next fabrication. Where:

MATERIALSAND METHODS k' = KI( pAL) (in m/Pa.s):

Clay from Plered (West Java, Indonesia) was used c . i th i
as the main raw material. Polyethylene Glycol (PEG) ompressive _ streng measurements _ were
500000, titania (titanium dioxide) with an averagePerformed according to ASTM C0109M-02 using a
particle size of 200 nm and Methylene Blue (MB) &ver Torsee Tokyo Testing Machine MFG Ltd. equipped

purchased from Bratachem (Indonesia). with a load cell. The contact area was 1600°mm

The clay powder precursor was dried in an oven  Simulated wastewater was prepared by
at 80°C for 20 min. Filters were prepared usineit dissolving Methylene Blue (MB) in water at a
a simple mixing or a sol-gel method. In the firstconcentration of 32.735 uM. Flow tests were
process, the clay and PEG were mixed in a containgjerformed under Tube-Lamp (TL) light illumination
and shaken for 3 min, hot-pressed in a cylindricabf approximately 160 Lux to induce MB degradation
mold at 36 MPa pressure and 50°C temperature for 2ehrough the titania catalyst. The filtration
min, then fired at 900°C for 14 h. In the sol-gel performance was measured using UV-Vis
process, the clay and PEG were stirred in 40 mL okpectroscopy (NanoCalc-2000 spectrometer) to
water for 10 minutes using a high-speed mixer andietermine the concentration of methylene blue tefor
then dried by sun exposure for approximately twoand after filtration (Grishchuk, 1971). The filter
days to produce a PEG-containing clay compositeretention is defined as the ratio of methylene blue
This material was mechanically crushed to obtain g@emaining in the filtered water to the initial
fine powder. The powder was hot-pressed in aoncentration. This value may be used to obtain the
cylindrical mold at 36 MPa and 50°C for 20 min andfilter rejection, which is defined as the ratio of
then fired at 900°C for 14 h. The PEG/clay ratioswa concentration of methylene blue removed by the
altered to modify the permeability, strength andfilter to the initial concentration (Zhanet al, 2006;
filtration performance of the filters. The sol-gel Schaferet al., 2000).
filters were coated with titania by dry mixing vawis SEM and SEM-EDX analysis were performed
ratios of PEG and titania. The fabricated samplesising a JEOL JSM 6510LA Analytical Scanning
were 4 cm in diameter and approximately 3.8-4.3Microscope to investigate the chemical compositbn
mm thick depending on the clay/PEG content. the clay raw material, its particle size and thigeffi

The porosity was performed using BET surface morphology. The porosity was measured using
measurement with Nova Quantachrome Instrument witla High Speed Gas Sorption Analyzer NOVA 2200.
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Fig. 1: Permeability test schematic

RESULTS
The partlcle size of Plered clay and its chemlcal y

analysis respectively. It was obtained that thdiglar
size is about 5.3 pm (Fig. 2a), meanwhile, the most
prevalent materials were Si(b4.49% wt) and AlO;
(27.20% wt), along with several metal oxides sush a
FeO, MgO, TiQ, Na&O, K,O and a smaller amount of
non-metal oxides such as $QFig. 2b). Clay is
composed of hydrated aluminium silicate
(Al,03.xSi0,.nH,0). From the composition of S}O
and ALO; above, the weight ratio of Al to Si of the

used clay is about 1:1 that is near to kaoliniteycl Fig 2:(a) SEM image of clay particles and it was

(D|ng et al., 2009) Even though silica and alumina obtained the mean partic'es size aboutm
are dominant compounds of clay, the presence @&froth (b) EDS analysis of Plered clay to obtain its
compounds is very reasonable since the clay was composition. It was obtained the main
directly taken from the environment. compounds are silica (54.49%) and alumina

From BET measurement it was found that the N (27.20%) that close to kaolinite. The bar length
adsorption—desorption isotherm of the sol gel (@&)s is 10 um

(Fig. 3a) shows a type-Il isotherm. The BET surfamea
of SG1, SG2, SG3, SG4 and SG5 is 21.881, 22.13%able 1:Mean pore size and porosity of the filteys sol gel and

24.183, 22.113 and 21.824%t respectively and the simple mixing process ' _
total pore volume of them is 0.104, 0.105, 0.10096  Sample Mean pore size (nm) Porosity (%)
and 0.106 criy™. The Pore Size Distribution (PSD) of 28; 3-28 gi-gg
all samples calculated from the desorption branich 0gG3 382 2795
the isotherm using the BJH method is 3.57 nm insca 3.40 32.20
average. Similar to sol gel filters, the isothermgh  SG5 3.80 36.89
of simple mixing (SM) filters (Fig. 3b) is alsogpe-Il ~ SM1 3.40 35.83
SM2 3.79 39.66
graph with BET surface area of SM1, SM2, SM3, SM4g,,3 3.80 12.64
and SM5 is 26.711, 21.518, 22.557, 26.838 andwma4 3.40 47.95
25.954 Mg respectively. SM5 3.41 49.16
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Fig. 4: lllustration of present filter

These can be explained as follow. In  the  simple

0.00 0.23 0.50 0.75 1.00 1.25 mixing process, the arrangement of the particletdyi
Relative pressure (p/p o) the larger spaces since the particle size of aayREG
@ is larger. Beside that, since PEG is in powder form

there is no coverage of PEG to the clay that nesrine
spaces between them. Instead, by sol gel prodess, t
size is smaller and the PEG covers the clay more
perfectly since its form is gel. Even though thenfj
process reduces the pore size as sintering process
(Putyra et al, 2008), the simple mixing process
ultimately yields larger porosity than that of gall.

The similar of mean pore size of both methods is
guessed due to the heat (temperature and duration)
applied to the samples tends to saturated values so
that the size of pores after sintered is near @onst

For sol-gel coated titania, for simplicity the

Yolume at STP (¢m? /g)

0.00 025 0.50 0.75 1.00 1.25 porosity could be considered as porosity of sol-gel
Relative pressure (p/p o) without titania due to far smaller of coated-pasiction
(b) and thickness compared to clay inside (Fig. 4).

Fig. :Volume of gas sorbed during Bdsorption and _ 11° (€T ETTCRLY a8 KR fort e
esorption plotted to relative pressure for: ( )Socontaining 32.735 pM MB under 160 Lux room

gelzar;d Z(lb;r?(lijplgfrglﬁr?%ig&(r)gses;éng:g Isr;(ﬁszséllumination. The permeability of the sol-gel fite
with clay/PEG compositions (w/w) are 9.5:0.5, generally was lower than the filters produced lmgde

9:1,8.5:1.5, 8:2 and 7.5:2.5 mixing for the equal fraction of PEG, not for equal
porosity. Even, for lower porosity, the permeabilitf

Meanwhile, the total pore volume of the filters is SOl gel otherwise was higher than that of simpleimg.
0.117, 0.123, 0.154, 0.184 and 0.154%gthand the It was not a strange phenomenon because in sol Gel
PSD averagely is 3.56 nm (Table 1). This Suggestgrocess, the Polymer (PEG) has covered the clay and

that the filters of both methods are mesoporousgyp PY hot-pressing process the coverage connected each
(Spanoudaket al., 2005). other to form connected pores after fired. Othegwis

in simple mixing even though hot-pressed, the
DISCUSSION polymer coverage was very minimal, so that the
connecting of pores occurred minimally too. However

The filters have same mean pore size for bothlsimp N higher PEG volume fraction, the connected pofes
mixing and sol gel processes, meanwhile the paessit Simple mixing was more due to increasing amount (_)f
are different even though for same composition ofPEG powder connected each others. As result, its
clay and PEG (Table 1) where for simple mixing permeability is larger than that of sol gel.
process, the filters porosity is larger than tHatad gel. Interestingly,  the  permeability  improved
(For SM1 sample the porosity is 35.83% meanwhile(particularly at higher porosities) when the titani
for SG1 sample, its porosity is 24.25% and so on).  coating was applied to the sol-gel filters (Fig).5a
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Fig. 5: Filter permeability as a function of porysof: 9 ICture of Soi-g
(a) sol-gel filters without (black circles) and it and (b) after coating with fitania. The bar length

(red triangles) titania, (b) simple mixing filters Is 1 um

Filters without titania have a thickness governgdHhz However, the permeability of the filters before aiter

pressure and temperature during hot pressing amd t itania mcprporatlon tended to remain t.he samg.(Fi
PEG/clay composition ratio. Since the pressure anlga),.possm'ly due 'Fo the far smal[er th'Ckne.SShﬂ t
temperature were held constant, the cIay/PEéItanla cqa}tmg re'latlve to thc'a.clay filter. Thecla_ased
composition was the dominant factor affecting Permeability at higher porosities may also be erpi
thickness. When a filter with a certain compositieas Py hoting that at higher porosity, the thickness is
coated with titania, the thickness would slightly Slightly lower due to the smaller fraction of seid
increase and the permeability would change depgndinmaking the titania contribution to the average
on the permeability of the titania coating. permeability slightly greater (Fig. 5a). _
This was confirmed during examination of SEM  The sol-gel process )_/llgldezd filters  with
images. Before coating with titania the filters isited a ~ Permeabilities of 1.65-31.%10 ™ m" for uncoated
dense and irregular pore structure (Fig. 6a), ofise; as  filters and 1.49-34.9610™ m" for titania-coated
the titania coating was applied by simply mixing th fl|ter§. These values are comparable to or_bgattant
titania and PEG powders, after titania was coateh¢ ~ Préviously produced filters such as Tunisian clay
filters surface, the pore structure was more regatel  With @ maximum permeability of 3.80°" m
visible (Fig. 6b). Beside that, the titania pernitighwas ~ (Hamdi and Srasra, 2008) or alumina with a
far greater than that of the clay ceramic and aitely ~Permeability of 6.9810°" m" (Biesheuvel, 1999).
the total average permeability was higher as well. Filters produced by simple mixing had permeabititie
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of 1.38x107** m%8.7210" m? equivalent to 2.00 - . -

3.96x10" m Pa. sed (or 1.55x10°m sec?)- 1751

2.50<10" m Pa. seC (or 9.8%10° m sec¢'). These ~ _ ~ " |

filters therefore display adequate permeation. Theyz 1.50 1

are  substantially  improved compared to T .| [

zirconia/titania membranes (7410 m sec’. Pa) B ] i

(Gestel et al, 2006), ceramics produced from = 1.00 1 A

mineral coal fly ash (1.3210° m Pa.se@) (Jedidiet E L |

al., 2009), Moroccan clay filters (1.400° m sec?) 5 07 = o

(Palacio et al, 2009) and Gange river clay filters £ o050 -

(2.20x10° m Pa.sed) (Mittal et al, 2011). S - l
Generally, the permeability increases with poyosit 023 4 °

due to improved fluid flow. However, for low values 0.00 , , . . ®

porosity of sol gel the increase in permeabilityswary 0.0 0.1 0.2 0.3 0.4 0.5

small until a critical value was reached, i.e.28% (Fig. Poresity (¢)

5a), after which it sharply increased. Similar bata
was observed in filters produced by mixing, where t
increase in permeability occurred porosity of 4264
(Fig. 5b). At this critical point, a sufficient nipar of
pores are formed that extend across the thickrfegge o ) .
membrane. This is similar to the electrical conitgt | he strength of ceramics originates from contact
phenomenon known as perco'ation in which the|nteract|0ns among the pal‘tIC|eS to form bOI’ldSIl’iES
conductivity rises sharply at a point referred tothe  amount of contact increases, the strength increases
percolation threshold ¢f). This has been used to When the porosity is very low the amount of contact
successfully explain the electrical conductivity of and the strength are maximized. This correlates wit
electrolyte polymers (Mikrajuddiet al, 1999). ~ the strength data presented in Fig. 7, in whichetlie
Prior to firing, the clay samples were brittlecgn 3 significant loss of strength at higher porositiElis
they consisted of weakly-associated individualg|so confirms that sol gel filters strength is héglthan

particles. Several important stages occur duringdi to that of simple mixing where in simple mixing the
When the temperature reaches 100°C, the ceramg

Fig. 7: Strength of sol-gel (squares) and simpl&imgi
(circles) filters as function of porosity

d " £l \v-bound ter. Si orosity tends to be higher. As proposed by Kumar
undergoes evaporation of 100S€ly-bound water. SNty q Bhattacharjee (2003) that strength of porous

PEG has a flash point of 182-287°C (Priataghal., . : .
Smedlum was affected by porosity and mean pore size.

2010), firing at that temperature for two h ensures ="'~ ) . . -
decomposition and evaporation of PEG from theW'th identical mean pore size of the simple mixing

ceramic to form pores. When the sample is fired afnd sol gel filters, the strength is dominated by
900°C for five h, the clay particles sinter and da ~ Porosity and particle arrangement that will be
produce a strong and hard porous ceramic (Puyra discussed in mathematical approach of this study.
al., 2008). The firing also affects in reducing the The goal of filter design is to produce a filteitiw
pore size. It can be seen on the same of the simpkdequate permeability while still maintaining sgén
mixing and the sol gel pore size. It is guessed thaFor sol-gel filters, strength of 1.16 MPa was achie
the pore size of the simple mixing filters thatat a porosity of 27.25%, while for simple mixing
previously large becomes small and ultimately clossilters the strongest is a filter with porosity 85.83%
to pore size of the sol gel filters. _ with the strength is 0.92 MPa (Fig. 7). Meanwhtfee
The strength and hardness of ceramics argqequate strength is 0.73 MPa for a porosity of
controlled by the porosity and strength decreasés w 39.66%. It appears that from a strict permeability

increasing porosity. The_ ceramic streng'gh IS .alsostandpoint the mixing process is better than tHe so
increased on a microscopic scale by formation oicio : .
Igel process. However, filters require adequate

and covalent bonding networks. The principa i th to at least withstand the hvdrostati
compounds in clay materials are silica and alumina>réngth to at ieast withstan € hydrostatiC §ues

These compounds has important role in cerami®f the fluid and the soI.—geI process .provides fdte
strength (Baccouet al, 2009) since they and other that are stronger for a given permeability.

metal oxides contained in the clay such aggeMgO, The filter performance was measured by
TiO,, N&O and KO govern the formation of ionic comparing the concentration of methylene blue & th
bonds. Covalent bonds occur between silica and norsimulated wastewater using UV-Vis spectroscopy
metal oxides such as $@@Brownet al, 2007). before and after filtration (Grishchuk, 1971).
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Fig. 8: Calibration curve for methylene blue coriczion

The relationship between absorbance and
methylene blue (MB) concentration is described in
the calibration curve of Fig. 8 and may be directly
determined from the equation A = 0.04778C, where
A and C are the maximum absorbance occurred (au)
and MB concentration (uM). Maximum absorbance
occurred at a wavelength of 663 nm. Fig. 9 is & plo
of the absorbance of the solutions before and after <
filtration using several filter types.

For sol-gel filters, the MB concentration remainin
after filtration under a hydrostatic pressure okPa
increased with increasing permeability, from 0.98%6
initial concentration for the lowest permeabilitg t
1.44% for the highest permeability (Fig. 10). Tlaene
trend was observed in filters produced by mixing, i
which 1.50-38.05% of the dye remained depending on
permeability. The improved performance of the sall-g
filters is likely the result of their lower permekitly.

The reduction of pollutant concentrations follogin
filtration is defined as the rejection (Rj) sinceis
equivalent to the material rejected from the filter
(Schaferet al, 2000), whereas the amount of pollutant
remaining after filtration is defined as the retent(Rt)
(Zhanget al, 2006). These quantities are related by:

Abgorbance (a.u.)

Absorbance (a.u.)

Rj+Rt=1 (1)
where:
C
Rj :[1—pj
Ci
and: Fig
C
Rt=—2
C

where Gand G are the MB concentrations in the water
before and after filtration.
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. 9:Comparison between absorbance of solutions
before (O) and after filtration (1, 2, 3, 4 and 5
correspond to porosity of 24.25%, 24.86%,
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simple mixing) for: (a) sol-gel, (b) simple
mixing, (c) sol-gel coated with titania
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If a decomposition process is simultaneously aaogir
in the filter (for instance due to photocatalytictiwty)
the rejection may be written as Eq. 2:

C C,+C
g5

Where:
Cy = The pollutant amount physically removed
Cy = The amount decomposed through decomposition

For titania-coated sol-gel filters, the rejection
ranged from 98.89-97.98% depending on permeability
.10:MB rejection as function of porosity for: (Fig. 10). Since the permeability increased wite th

Simp]e mixing (b|ack squares)’ uncoated 30|_titania Coating, it would be expected that thea‘éjm

gel filters (black triangles) and sol-gel filters would decrease. The fact that this did not occur

coated with titania (blank circles)

supports the occurrence of catalytic activity. Hoer
since the rejection in the absence of the titanitiog
approached a saturation value near 98%, the effiect
the coating was less than 1% and was dwarfed by the
overall reduction. To obtain a more accurate vétue

the rejection due to photocatalytic activity, it wd be
necessary to perform Dissolved Oxygen (DO) and
Chemical Oxygen Demand (COD) measurements
(Badawyet al, 2011). These may be the subject of
future work.

If the filters are operated under higher pressures
the effect of titania addition becomes more visible
The volumetric flow rate of the fluid through the
filter depends on the pressure differential (Matgta
al., 2008) and the rejection decreases with incrgasin
flow rate ((Schaferet al, 2000). As the physical
rejection is decreased, the effects of photochelmica
degradation become more apparent.

As far, the adequate filter of sol-gel (without
titania) is that with 1.8410"® m?, 1.16 MPa and
97.80% of permeability, strength and rejection
respectively. Meanwhile, for simple mixing it waseo
with porosity of 39.66% that its permeability, stgth
and rejection are 1.230° m? 0.73 MPa and 97.13%
respectively. From these results we claimed therfil
produced was very effective to filter pollutant fro
the water, especially for MB pollutant as one oé th
main textile pollutants in several industrial citie
Even, for sol-gel coated titania, the adequateerfilt
undergoes in increasing permeability and rejectmn

produced by simple mixing, (b) uncoated sol-2.76 10*® m? and 98.30% respectively.

gel filters and (c) sol-gel filters coated with

titania. O in (a) denotes water

Images of water samples before and after

before filtration are provided in Fig. 10. For filters gtoced

filtration and the indexes 1, 2, 3, 4 and 5 inby simple mixing, the MB color was still visible,
all figures denote porosity of 35.83%, 39.66, particularly for porosity of 47.95 and 49.16% (Fig.
42.64, 47.95 and 49.16% for simple mixing 11a). For sol-gel filters with and without titania
and 24.25, 24.86, 27.25, 32.20 and 36.89%coating, all samples appeared clear upon visual

for both sol gels

inspection (Fig. 11b and 11c).
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Another advantage of titania incorporation is inwhere,a is fraction of pores connected each othgrs
filter reusability. After several uses, the filters and f are the porosity and packing fraction of ltdce
became stained due to dye retention. Catalytically(f 00.52 for simple cubic,f 00.68 for body centered
active filters could be restored by exposure tocubic (bcc) andf 00.74 for face centered cubic (fcc)
sunlight for several days (Fig. 12). However, overand hexagonal close packed (hcp)), so the effective
extended periods the filters may become cloggegermeability becomes Eq. 6:
by extensive deposits of material (Zhatal., 2005).

In this case, the filters may be regenerated hndir > Lk R _
at high temperatures to burn off organic G(E} L{QJ _ kem=ke
contaminants. f)kp+G-Dke U T J Kyt (5-Dk,

(6)
2(1—a)(9)(ﬁ)7k"m_ke =0

Mathematical approach: Fluid flow in porous media fU T Jkm +(3-Dk,

may be described using Darcy’s law: QKAAP/UAL

where Q is the volumetric flow rate of the fluid. i$ Where:

analogous_ to current flow in electrif:ity: Io:A_AV/AL qnd o> = The average permeability of two pores in
wherek/p in the fluid plays a role similar toin electrical contact

calculations and we may use the Effective Mediumy = The average permeability of two solid materials

Approximation (EMA) of conductivity to explain the in contact
permeability of porous materials (Mikrajuddin and k,, = The average permeability of pores in contact
Khairurrijal, 2009; Lorenz and Persson, 2010). with solid material and z is the coordination

Porous materials are composed of a solid portion  number, or the number of nearest neighbor
and pores and there are three types of contace-por particles in the lattice structure used, so that&
pore, solid material-solid material and pore-solid for sc, z = 8 for bce and z = 12 for fcc and hep
material. When fluid flows in a porous material it

experiences resistance to flow in the form of pore-  por two pores in contact, the resistance is a

pore, solid material-solid material and pore-solidgerial summation of a porous bulk resistance,)(R

material resistances. These may be generallyng a constriction resistance JRFig. 13), making
formulated as: R =AP/Q (Mikrajuddin and the total resistance Eq. 7:

Khairurrijal, 2009). The concept of resistance is
useful in explaining some phenomena such AR =R, + R, (7)
thremal conductivity of the nanofluids (Mastuet
al., 2011a). Particularly, the fluid resistance isyer
important in  explaining pollutant filtration
performance and it will be discussed later in this
study. From the resistance of each type of contac
the average permeability may be determined.
Suppose thatkand k are the pore permeability 1 d 1
and solid material permeability, where;>kk,. In Ron = Rn = — 57 =1~ (8)
each cell, the three contact probabilities may be
obtained from Eq. 3-5 (Mikrajuddiet al., 1999):

where, regardless of the total resistance, theageer
permeability is the pore permeability,k

For solid materials in contact, the total resis&n
t(’Fig. 14) is the solid material resistance Eq. 8:

and the solid material permeability.{kis the average
solid-solid permeability.
b :G( 9y ]2 3) For pore-solid material contacts, the total resise

P may be described as a network of resistances 1big.
Since({R,.R,)>> R,,, the total resistance of a pore-

o solid contact (for a single cell) may be simplified
P :[}fpj (4) Eq. 9:
R O3R, 9)
LAY ®
f f and the average permeability is2k
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A

=R

2d
Fig. 14: Resistance of solid-solid contact cell

The dependence of permeability on mean pore size
is described by the relation Eq. 10:

k = cd’f () (10)

where, ¢ is a constant and is the pore diameter
(O'Brien et al, 2007; Lorenceatet al, 2009). To
obtain the single pore permeability sk where the
porosity is unity, we propose Eq. 11:

k,, =cA (12)

Where:
¢ = A dimensionless constant that depending on
many parameters
A = The average area of a sphere capable of passing
through the pore, thatis =D, 2
For porous medium such as filter with total suefac
area A and surface density of pores n, once again we
propose the pores surface permeability s Eq. 12:

k, =CnAA (12)

This assumption is in agreement with the fact that
increased pore cross-sectional area provides dasibr
flow, which results in greater permeability. Eq. 2y
be written as Eq. 13:

Fig. 12:Filter after several uses: (a) before sype to
sunlight, (b) after exposure to sunlight for 3 days

kp =%[antdrm52 = Cn'A‘tdrms2 (13)
Ry R, In which C is another constant angs @ the root
RAVAYAY R AVAYAV mean square pore diameter obtained from BJH asalysi

of the BET measurement.
From the BET measurement abovigs dm = Oms-sq =
3.56 nm, g,= 8.43«10" m?, m? A= 8.04107 n? and
assume c = 1, therefore, it was obtaingd_k, =
Fig. 13: Resistance in pore-pore cell 4.51x10°m? and k_sy= 4.510° .
88



Am. J. Environ. Sci., 8 (2): 79-94, 2012

|

Fig. 15: Resistance of pore-solid material contadit

Thus Eq. 6 becomes Eq. 14: A simple contact model was employed to explain
the filter compressive strength based on the
following assumptions:

2 _ 2
a (2) Ky — ke + (1_ ¢j The strength of the filter is governed by solid
f) k,+(5-Dk, f material contacts. In conditions where the porokity
k -k zero, the amount of solid contact is at a maximum

and the maximum strength is achieved. This
assumption was combined with another approach to
o) 1-¢) 2k,-k _ successfully explain the compressive strength of
;)(f—jm— (14)  composites (Mastuet al, 2011b).
" € Increasing pore fraction decreases contact among
the particles. As the porosity increases, the adnta
The difference threshold of sol gel and simpleamong the particles decreases. At ascertain pgrosit
mixing above (Fig. 16) indicated that their poresthe strength will approach zero.
arrangement (cell) is different. For sol gel fitawhere Suppose that for certain porosity, the amount
the percolation threshold is about 32%, it was show Of omitted contact due to the porosityyisif porosity
that the appropriate cell is a fcc or hep cell vittction  increases as @, the omitted contact increases as dy.

of pores connected each others to generate periiyeabi FOr simplicity, the addition of omitted contact is
is about 40%. In other word, the pores fractior6% proportional to the additional of porosity and ambu

did not generate permeability since they did nonet of omitted contact, so:
each other, otherwise, connected with clay pasicle

Otherwise, for simple mixing, with percolation
threshold is about 40% the appropriate cell is #mp
cubic with fraction of connected pores is less (2086
can be accepted by understanding that in powden for
of PEG as pores former, the probability of their .
connection to generate permeability is less thathad Y =€ M (16)
of sol gel form. In sol gel form, all of clay pantés

have been covered by PEG that connected each othexgh ¢, is critical porosity, i.e., porosity when strength
during hot-pressing process, however, during firingis zero andC dimensionless constant depends on

process, the pores size tends to reduce. As resulte  several parameters. As a model proposed by Kungr an
of them do not connect with their neighbours. Bhattacharjee (2003) that Eq. 17:

The accordance of percolation phenomena was
further confirmed by scaling relation: k k; (P-@) BF(4)
with @ is porosity near porosity thresholg. € 39.66% 0= o (17)
and @, = 32.20% for simple mixing and sol gel filters m
respectively) and obtained t = 1.25 and t = 1.3% f
both methods respectively. These values were dmse Where:
the accepted value of approximately 1.2 (Mikrajuddi ¢ = Compressive strength
and Khairurrijal, 2009). B constant
89

ko + (G -1k,

2(1-a )(

dy = Cydp (15)

with C is a dimensionless constant. The Eq. 15kmn
easily solved as Eg. 16:
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5 T T T T

rn = Mean pore radii of pores and assume that
compressive strength of ceramic satisfies:

o=0,—-0

Where:

O, = Maximum strength

= Strength omitted due to porosity, with = 0, y
Eq. 22 could be expressed as Eq. 18:

Log (Ke/Km)

B -
0=——[1-e%"*] (18)
\F

I

m

0.0 0.1 0.2 0.3 0.4 0.5
Porosity (4) By exponential fitting of the data using
@ Mathematica® software with the built up equation
fios (- above and remembering the mean pores diameter of
. i v . . . both filters is 3.56 nm, it was obtained: B = 0.2085,
-4.3 -4.2 -4.1 -4.0 -3.9 Xc = 0.5056 for simple mixing and B = 0.00044%2=
®3670 0.3982 for sol gel. It was also obtained the stiteraf
simple mixing and sol gel filters for zero porosfty=
0) were 2.79 and 3.47 MPa respectively, meanwhie t
critical porosity of both filters were 50.56% and
39.82% respectively.

The filter performance (the filter rejection
described in Fig. 17) may be modeled with the
following assumptions:

The filter performance is governed by the
“conductance” of the fluid passing through the gore
defined asy) = 1/R, where R is the fluid resistance in
the filter. The amount of pollutant removed decesas
with increasing conductance.

The filtered concentration at any point depends on
the current concentration at that point.

For simplicity, we assume that the mean surface
area of the pores is constant and the decrease in
concentration dds proportional to the increment of
filter conductance )y and the current concentration, C, so
Eqg. 19:

Log (K.J/K,;)

Fig. 16: (a-b) Filters permeabilty as a functiod o dc=-BCd (19)
porosity. The symbols represent experimental
data, where red circle and black triangle are so,
gel and simple mixing filters respectively. The
curves represent the model calculation, where th
red line for sol gel with: ¥k, =10000, z = 12, f =
0.74,a = 0.4 and the black line for simple mixing
with: kykn, =10, z = 6, f = 0520 = 0. 2, The  dx = d(L/R)= o(é kj (20)
percolation thresholds are 32.20% and 39.66% '
for sol gel and simple mixing respectively; (b)
Scaling relation of percolation threshold of sol where, A and | are the surface area and thickneteo
gel filters near, = 32.20% and obtained t = 1.25 filter and are assumed constant for all filtersu&tpn
(upper graph) and simple mixing filters near 19 may be written as Eq. 21:
¢, =39.66%and obtained t = 1.30 (bottom
graph) dc=-Cqdk (21)

90

!Nhere, B is a filtration constant depending on the
difference in pressure across the filter and thedfl
eiscosity and Eq. 20:
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that may be easily solved in the form Eq. 22: io

C=C,e™ (22) 7

where, Gis the initial concentration of methylene blue
(32.735 pM) andq =BA /1. Finally, we obtain Eq. 23:

C=32.735¢&% (in pM) (23)

Compressive strength (MPay

Using the Mathematica® software to fit the
experimental results to this equation, we obtaiged
0.000926575 nf (andp = 4.05<10° Pa.s/m) and q =
0.0000572014 i (andp = 2.97%10" Pa.s/m) for sol-
gel and simple mixing filters respectively. Frons it . - i o L i
dimension, it was conclude@ is the fluid resistance Porosity (6)

(viscosity) per volume unit along passing the fite

Since the mean pores size obtained from both method_ ) ] )

is equal, the 16-fold difference i values are most F9- 17: Strength of filters as function of potysi

likely due to differences in pores arrangement that S_ymbols . |-nd|cat§ experimental resu[ts of

have discussed in permeability percolation above. simple mixing (triangle) and S.Ol gel (circle).
. : T : Curves represent mathematical model of

With pores arrangement of simple mixing filterdds simple mixing (black line) and sol gel (red line)

(f = 0.74 and z = 12 and), their pores densities in

every cell are larger so that the resistances rasdlar
than that of sol gel filters (f = 0.52 and z = 6)_Where, E, k and P are the illuminance, permealslitg
However, evidence for this requires further discuss Pressure difference. It is difficult to obtain (€, K, P))
and will not be addressed in this study. Neverthgle analytically. In this study the pressure differahtnd
based on these values the methylene blue filtratioHghting were assumed to be the same for all tests,
gradient in sol-gel filters is larger (Fig. 18). @&e Making G (E, K, P) sensitive only to changes in
plots were expanded to large values of permealbiiity Permeability (Table 3).
order to show the fitting trends as decay functions  The experimental and theoretical values far C
Table 2 provides a comparison between thediffered at  several permeabilities. However,; C
experimental and theoretical results. decreased as predicted with increasing permeability
In additon to permeability, for sol-gel filters The theoretical model predicts that Would decrease
coated with titania the filtration performance vedso a 0 zero with increasing permeability as the higtheid
function of the photocatalytic activity. For simgty, it ~ velocities reduced the catalyst contact time and
is assumed that the fitting equations for sol-gieérs ~ rendered the photocatalytic process ineffective.
without titania are acceptable since the titaniatiog is ~However, the experimental values of Gisplay a
far thinner than the main filter and may be ignored maximum, then decrease. This inconsistency might be
Suppose the amount of dye decomposed by titanithe result of errors in the curve fitting or pos$gib
activity is G and depends on the fraction of surfacebecause our assumption that the equations usesbfor
coated with titania, the type and intensity of tigh gel filters without titania (Eq. 23) are also apphle in
illuminating the filter and the effective contadtne filters with the catalyst is inaccurate. This asption
for decomposition, which is governed by the fluid was assumed to be valid because the titania coating
velocity across the filter surfaces. The fluid v@tg is  thickness is much smaller than the overall filter
controlled by the pressure differential acrossfthier thickness. However, even though the coating is very
and the permeability. The equation for the amount othin, the permeability, porosity and mean pore sy

methylene blue removed becomes Eq. 24: be sufficiently different from the bulk filter toacse
flow effects. Even so, the assumption above id stil
C=327356"+ C (EkF (24)  acceptable for qualitative descriptions.

91



Am. J. Environ. Sci., 8 (2): 79-94, 2012

[’
[
[
A
L
B concentration filtered (hd)
-k
o=

32.00 4

o 1000 2000 3000 4000
Permeability (<1078 m?)
31.75

31.50 =

MB concentration [illered (M)

31.25 =

31.00 1

T T T T T T T T T T T
0 20 40 60 80 100
Permeability (x1071¢ m?)
()

35 =

30 < -

15— -1

10 —

MB concentration fillered (puM)

0 v T v T v T v T T T
0 10000 20000 30000 40000 50000
Permeability (x1071¢ m?)

(b)

Fig. 18:MB concentration after filtration usinga)(sol-gel (without titania). Inset: the fitting teapolation to
large permeability; (b) simple mixing filters as fanction of permeability. Symbols represent
experimental data and curves are theoretical plots
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