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Abstract

Water is an important aspect of living and nurturing. The advancements in the living style has
led to increased and rapid industrialization which consequently increased the water pollution.
There are various types of contaminants which pollute the water and numerous techniques
have been evolved for water treatment. Membrane separation process is more propitious than
other water treatment techniques due to its ease of operation and selective
removal/concentration of target specie. The present membrane separation techniques
emphasize over the use of reverse osmosis which is exorbitant in comparison to the
microfiltration and ultrafiltration due to its high operating cost. The microfiltration and
ultrafiltration membranes are made up of either costly ceramic materials or low life spanned
polymeric materials. The present work focuses on the preparation of low-cost ceramic
membrane which can be used for microfiltration and as a support to the polymeric membrane
during fabrication of polymer—ceramic composite ultrafiltration membrane, having positive
attributes of both ceramic and polymeric membranes. The prepared ultrafiltration composite
membranes can replace the use of nanofiltration and reverse osmosis by using polymer

enhanced ultrafiltration (PEUF) and micellar enhanced ultrafiltration (MEUF) techniques.

In the present work, the ceramic supports were prepared using paste method by sintering
them at 900°C and polymer—ceramic composite membranes were prepared using dip coating
technique. The prepared membranes were characterized using TGA, XRD, SEM-EDAX,
pycnometry analysis, gravimetric analysis, mechanical strength, corrosion test, FTIR
analysis, gas permeation and liquid permeation analyses to find out their pore size, porosity,
permeability, pore size distribution, mechanical strength, corrosion resistivity and polymer

layer thickness.

For the selection of major raw material, three different low-cost materials namely, kaolin, fly
ash and clay were used to prepare ceramic supports of three different compositions along
with sodium carbonate, calcium carbonate, sodium metasilicate and boric acid. The kaolin
based ceramic supports were found to have smaller pore size (0.512 um), higher mechanical
strength (51.8 MPa) and good corrosion resistivity in comparison to the fly-ash and clay
based ceramic supports. Further, kaolin based ceramic supports were sintered at four different
temperatures viz. 800°C, 900°C, 1000°C and 1100°C. The pore size and mechanical strength
increased with increase in sintering temperature and simultaneously the porosity decreased.
The sintered kaolin based supports had the highest hydraulic permeability (6.31x107*°

m*/m?.s.Pa) and with an increase in temperature from 900°C to 1000°C, a sharp increase in
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pore size (from 0.512 pm to 0.743 pum) and a sharp decrease in porosity (from 30.77% to
24.82%) was observed, whereas, a gradual increase in mechanical strength (from 52 MPa to
58 MPa) was noticed. While, the increase from 800°C to 900°C resulted in the smaller
changes in pore size and porosity of the supports, but, a huge increase in mechanical strength
(28 MPa to 52 MPa), indicating that 900°C is the most suitable sintering temperature. Also,
the XRD analysis ascertained that the strength providing phases namely, anorthite and mullite
are formed during sintering at 900°C.

The effect of carbonates on the properties of kaolin based ceramic supports were studied by
varying the amounts of the sodium carbonate (0—40 wt.%) and calcium carbonate (0—40
wt.%). The average pore size decreased with increase in the amount of carbonates from low
to moderate quantities (0—20 wt.%) due to the creation of new pores of smaller size, while
excess amount (>20 wt.%) of carbonates lead to overlapping of adjacent pores resulting in
increased average pore size. Also, the supports prepared using calcium carbonate were more
porous than those prepared using sodium carbonate as the latter melts and forms a sodium
silicate layer in the interior of pores as well as on the support surface under the sintering
conditions. Hence, the sodium carbonate can be used as pore modifier rather as a pore

forming agent like calcium carbonate.

The supports prepared using calcium carbonates had high porosity and liquid permeability as
compared to those prepared using Na,COs. The supports prepared using both the carbonates
showed intermediate results. The gas permeation data verified the same pattern observed with
liguid permeation, although, the obtained values slightly deviated due the fact that gas
permeation takes into account the micropores. The mean pore size and porosity values
determined using mercury intrusion porosimetry are in good agreement with the permeation
results. The cost analysis supported the fact that the prepared ceramic supports have low cost
in comparison to the previously prepared supports mentioned in literature. Among all the
prepared supports, the support C2 (20% CaCOs3), with 0.5 um pore size, 37% porosity and 48
MPa flexural strength was best to use for further fabrication of polymer—ceramic composite

membranes and microfiltration applications.

Cellulose acetate (CA) was chosen as the polymer material for fabrication of polymer—
ceramic composite membranes because of its biodegradable and hydrophilic nature, low cost

and easy availability; and acetone as a solvent due to its low boiling point and low viscosity
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in comparison to other solvents such as acetic acid and dimethylacetamide, which can lead to
the formation of uniform thickness of polymeric layer on ceramic support.

For the optimization of polymer—ceramic composite membrane, five parameters, namely,
temperature of polymeric solution (15, 25 and 40°C), pH of polymeric solution (2-10),
concentration of polymeric solution (4, 6, 8 and 10 wt.%), dipping cycle time (20, 30 and 60
s) and number of dipping cycles (1, 2 and 3), were taken into account. The 5 wt.% CA
solutions were used for optimization of temperature and pH with one dipping cycle of 60 s
time. The composite membranes prepared using 25°C and pH 7 showed best results among
other prepared composite membranes. For further optimization, keeping pH and temperature
constant, 24 parameter combinations were chosen with variation in polymer concentration,
dipping time and number of dipping cycles. The thickness of the polymeric layer on ceramic
support increased with increase in concentration of polymeric solution, dipping cycle time as
well as number of dipping cycles. The thickness of the polymeric layer formed during first
dipping cycle was more than the thickness of layers formed during second and third dipping
cycles due to the difference between the interaction of polymer—ceramic and polymer—
polymer layers. The polymeric layers formed on ceramic supports during dip coating process
imparted the resistances to the hydraulic permeability of the prepared composite membranes.
Considering the resistances in series model, the individual and total resistances offered to the
hydraulic permeability along with porosity of each layer and total porosity of the membranes

were calculated.

The permeability of the membranes largely depends on the average pore size and porosity of
the prepared membranes. The average pore size and porosity of the membrane decreased with
increase in the concentration and number of dipping cycles of a particular dipping cycle time.
However, with total dipping cycle time of 60 s, i.e. one dipping cycle of 60 s, two dipping
cycles of 30 s and three dipping cycles of 20 s, the porosity was almost similar for the first
two cycles, but decreased prominently in the membrane prepared using 3 dipping cycles. The
decrease in average pore size was more prominent on increasing the concentration from 4
wt.% to 6 wt.% than increasing the concentration to 8 wt.%. The Knudsen flux dominated in
the prepared polymer—ceramic composite membranes in contrast to ceramic supports which
had viscous flux as dominant mode of transport, indicating the presence of small pores (of

Knudsen regime) in the polymeric layer.
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To find the optimum combination of all the five different parameters, an objective function
was chosen based on the fact that a membrane with small pore size, high porosity and
optimum thickness is the most suitable for ultrafiltration applications. Using the values
obtained for average pore size and porosity, the value of the objective function for each
prepared polymer—ceramic composite membrane was calculated. The membrane prepared
using 6 wt.% CA solution with two dipping cycles, each cycle having 30 s dipping time (M-
6-30-2) had the highest value of the calculated objective function. Hence, membrane M-6-30-
2 with polymeric layer thickness of 26.4 um, average pore size 10.8 nm, 41.23% porosity,
hydraulic permeability of 1.675x10*° m*m?.s.Pa and pore density of 3.81x10" m was

chosen for ultrafiltration experiments.

The application of the optimized ceramic support (C2) and polymer ceramic composite
membrane was investigated for treatment of oil-in-water emulsions (100 mg/L and 200
mg/L). A comparative study of microfiltration (using C2 membrane) and ultrafiltration (using
M-6-30-2 membrane) at two different operating pressures for each membrane showed that
with an increase in transmembrane pressure, the flux increases and the rejection decreases.
However, with increase in oil concentration, the flux decreased and the rejection increased.
The permeate flux during ultrafiltration and microfiltration experiments also decreased with
time due to concentration polarization leading to increase in rejection of target species with
time. The microfiltration of o/w emulsion resulted in 97.8% rejection of oil, whereas the
ultrafiltration performed using M-6-30-2 membrane rejected 99.61% of oil. The copper and
chromium ions were rejected using MEUF and PEUF membrane separation techniques. With
the addition of polymers PVA and PEI and surfactant CPC, a good rejection of copper and
chromium ions was achieved. The addition of PVA as chelating agent showed good results in
comparison to PEI and CPC in removal efficiency of copper and chromium ions. An average
removal of 99.4% and 99.94% were achieved for copper and chromium ions, respectively,
using PVA as chelating agent at transmembrane pressure of 2.06 bar. The concentration of
copper and chromium ions in the permeate samples were found to be in the permissible limits
for disposal (3 mg/L for copper ions; 2 mg/L for chromium ions). Hence, the optimized
polymer—ceramic composite membrane (M-6-30-2) showed excellent results in ultrafiltration
applications (removal of oil by UF as well as copper and chromium ions by MEUF and
PEUF).
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Chapter 1

1.1. Introduction

Membrane processes are relatively neoteric type of separation technology. These are one of
the fastest burgeoning and intriguing fields, even though, several membrane processes,
particularly pressure—driven membrane processes including reverse osmosis (RO),
nanofiltration (NF), ultrafiltration (UF), and microfiltration (MF), are already applied in
chemical, pharmaceutical, food and bioproduct processing industry. Membrane separation
process involves selective separation and concentration of target species from aqueous or
organic solutions by pore size exclusion (i.e., rejection by size) of given solutes from the

membrane.

Since the eighteenth century the concept of a membrane has been known, but was used little
outside of the laboratory until the end of world war Il. In Europe, during war, the drinking
water supplies had been compromised and to test water for safety, membrane filters were
used. The first use of membranes on a large scale was with micro-filtration and ultra-filtration
technologies. Since the 1980s, along with electrodialysis, membrane processes are employed

in large industries and, today, a number of experienced companies serve the market [1].

1.1.1. Membrane separation processes
There are various separation processes available for wastewater treatment (and other
applications) like distillation, absorption, adsorption, ion exchange, extraction, evaporation,
electrodialysis, advanced oxidation processes and membrane separation. Over conventional
separation, membrane separation processes can be used exclusively as it is based on physical
mechanism and no chemical, biological, or thermal change of the component is involved for
most of the cases [2,3]. The membrane separation is an alluring technique for processing of
food and beverages, and also in processes including formation of products and bioproducts
which can be sensitive to solvents (e.g. extraction) and temperature (e.g. distillation). The
overall advantages of membrane separation processes are as follows:

e Low energy consumption and environmental friendly

e Simplicity and ease of operation

e Flexibility in design (dead-end/cross-flow, plate/tubular/hollow-fibre modules, etc.)

e High purity product (permeate)

e Easy cleaning (by back-flushing)

¢ Relatively inexpensive (low operating/maintenance cost)
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Membrane separation processes can be classified based on the driving force involved and
transport mechanism of feed materials through membrane as:

a) Pressure driven processes: Microfiltration (MF), ultrafiltration (UF), nanofiltration

(NF) and reverse osmosis (RO).

b) Concentration driven processes: supported liquid membrane (SLM), gas separation
through dense membranes, membrane extraction, pervaporation (PV), dialysis and

emulsion liquid membrane (ELM).
c) Temperature driven processes: thermo-osmosis and membrane distillation.

d) Electrically driven processes: electrochemical ion exchange, electrodialysis and

electrofiltration.

1.1.2. Pressure driven membrane processes

Microfiltration (MF)

MF membranes have pore size varying between 0.1-10 pum with operating pressure 0.5-5
bar. Microfiltration can be used for separation of bacteria, polymers, oil in water emulsions,

clarification of fruit juice, wine and beer.

Ultrafiltration (UF)
UF membranes have pore size varying between 0.01-0.1 pum with operating pressure 2—10
bar. Food, dairy, textile, paper, leather industries use UF for separation processes involved.

Also, it can be used for separation of emulsions/colloids, viruses and proteins.

Nanofiltration (NF)

NF membranes have pore size varying between 0.001-0.01 um with operating pressure 5-20
bar. Applications of nanofiltration involves vitamins and sugars separation, production of
ultrapure water for semiconductor industry, removal of bivalent ions (Ca®*, COs%),

pesticides, and dyes.

Reverse osmosis (RO)

RO membranes have pore size varying between 0.0001-0.001 um with operating pressure
10-80 bar. Desalination of sea water for drinking and separation of salts and low molecular
weight compounds can be achieved by reverse osmosis. Table 1.1 shows various pressure

driven membrane processes along with their operating pressure and pore size range.
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Table 1.1. Pressure driven membrane processes.

Pore Size Operating Pressure
Process
(Hm) (bar)
Microfiltration (MF) 0.1-10 0.5-5
Ultrafiltration (UF) 0.01-0.1 2-10
Nanofiltration (NF) 0.001-0.01 5-20
Reverse Osmosis (RO) 0.0001-0.001 10-80

The pressure required for NF and RO processes is high as compared to MF and UF leading to
increase in cost of the process. Also, the permeability of MF and UF membranes is higher
than that of NF and RO. The pressure driven membrane filtration can be carried out
fundamentally in two ways (i) Dead end filtration and (ii) cross flow filtration as shown in
schematic diagram (Fig. 1.1)

Fig. 1.1. (a) Dead-end filtration; (b) Cross-flow filtration.

1.1.3. Classification of membranes

Membranes can be classified based on their material, structure and pore size (Fig. 1.2)
Membranes can be classified as organic (polymeric) and inorganic (ceramic/metallic) based
on their material. The various polymers that are used to prepare organic membranes are
polyamide (PA), cellulose acetate (CA), polysulfone (PS), polyethersulfone (PES),
polyvinylidene fluoride (PVDF), polypropylene (PP), etc. and inorganic membranes prepared
using y—alumina, a—alumina, borosilicate glass, pyrolyzed carbon or zirconia etc. are further

categorized as ceramic membranes and metallic (inorganic) membranes are prepared using
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metals such as palladium, nickel, zirconium, silver, titanium, etc. The membranes based on
their pore size can be classified as microporous (0.5-2 nm), mesoporous (2-50 nm) and

macroporous (>50 nm).

I Membranes
: |

Structure

based

Asymmetric
membranes
(multilayer/composite)

Pore size

based

I
Material
based

Organic Inorganic
membranes membranes

Microporous
membranes

(0.5-2nm)

Mesoporous
membranes

(2-50 nm)

Macroporous
membranes

(>50 nm)

Symmetric
membranes
(single layer)

Polymeric Ceramic Metallic
membranes membranes membranes

v

Fig. 1.2. Classification of membranes.

Further membranes can be classified as symmetric (single layer) and asymmetric
(multilayer/composite) membranes based on their structure. A single layered membrane with
homogenous porous structure is called symmetric membranes whereas membranes prepared
with two or more layers or porous structures are heterogenous in nature and called as

asymmetric membranes.

The polymeric membranes are widely used in membrane separation processes due to their
low cost, small pore size, ease of fabrication and scale-up [4,5]. However, these polymeric
membranes suffer from poor mechanical strength as well as poor thermal and chemical
resistance (Fig. 1.3).
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Polymeric

membranes

-
Fig. 1.3. Advantages and disadvantages of polymeric membranes.

These drawbacks inhibit their use where harsh process conditions such as, high temperatures,
extreme solution pH, high pressures, and corrosive chemicals exist. Polymeric membranes
are also known to degrade in the presence of aggressive (highly active) solvents. On the other

hand, ceramic membranes possess superior chemical, thermal and mechanical stability with
longer life span (Fig. 1.4).

Ceramic

membranes

Fig. 1.4. Advantages and disadvantages of ceramic membranes.

However, their chemical selectivity and the available pore size range are rather limited.
Nevertheless, these membranes have found increasing use in separation applications where
polymeric membranes cannot be used. These applications include filtration of hot oily
streams and various aqueous and organic streams of corrosive nature as well as detergent—

containing wastewater [6]. Early research on the fabrication of ceramic membranes involved
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the utilization of o—alumina as the building material [7]. The main drawback of o—alumina is

that it is expensive and requires high sintering temperature (>1300°C).

To overcome these issues, current research is focused towards the utilization of low cost raw
materials such as ball clay, dolomite, kaolin, etc. for membrane fabrication [8]. However,
these low-cost ceramic membranes possess wider pores (microfiltration range) and therefore,
not suitable for direct use in ultrafiltration applications that require nearly 100% separation
efficiency. Hence, development of an asymmetric (composite) membrane consisting of a thin
polymeric layer supported on a porous ceramic membrane is suggested to address all these
issues by combining the positive attributes of polymeric and ceramic membranes [10,11]. In
these polymer—ceramic composite membranes, the thin polymeric layer (with very fine pores)
imparts the desired membrane selectivity while the ceramic membrane support provides

structural integrity.

T e =

Polymer solution for dip Ceramic support dipped in polymer Polymer coated on ceramic
coating solution Support

Fig. 1.5. Schematic diagram of dip coating process.

Several methods are available for the fabrication of polymer—ceramic composite membranes.
These include spray coating, grafting, spin coating, self-assembling, dip coating and vapor
deposition. Among these methods, dip coating technique is simple, inexpensive and most
desirable choice for large—scale fabrication [11]. Therefore, fabrication of polymer—ceramic

composite membranes by dip coating method (Fig. 1.5) is chosen for this study.

Since certain target solutes like dyes from textile effluents and heavy metal ions in
wastewater streams do not retain over an ultrafiltration membrane, their separation by
conventional ultrafiltration (UF) process is not possible up to the desired levels. Therefore,
technology modification to the conventional UF process is inevitable to enhance the
separation of such nano-sized solutes using ultrafiltration membranes. Some of the
enhancements suggested for UF process are PEUF (polymer enhanced ultrafiltration), MEUF

(micellar enhanced ultrafiltration), IEUF (ion expulsion ultrafiltration), PEEUF



Chapter 1

(polyelectrolyte enhanced ultrafiltration), etc. [12]. Although, all these processes are similar
in principle that involves utilization of a complexing/chelating agent for the formation of a
bigger (complex) molecule with the solute, the first two methods namely PEUF and MEUF
are the most popular among these methods. Micellar enhanced ultrafiltration (MEUF)
technique is based on the surfactant micelle formation, which can be retained on the
ultrafiltration membrane by size [13]. The basic idea for MEUF is that a surfactant forms
large amphiphilic aggregate micelle when it is added to aqueous streams at a concentration
higher than its critical micelle concentration (CMC). The hydrodynamic size of the solutes
increases and the solutes can be retained after trapping with the micelles, whereas the un—
trapped species readily pass through the ultrafiltration membranes. In a similar way, PEUF
uses a water—soluble polymer to complex metal ions and form a macromolecule having a

higher molecular size than the pore size of the ultrafiltration membrane.

1.1.4. Membrane fouling

Membrane fouling can be defined as the (ir)reversible deposition of colloids, emulsions,
suspensions, salts, etc. in membrane by adsorption, precipitation, cake formation or pore
blocking. The porous membranes (MF and UF) are implicitly susceptible to fouling in
comparison to the dense membranes (gas separation and pervaporation). There are three types
of foulants, namely, inorganic precipitates (calcium salts, metal hydroxides, etc.), organic

precipitates (macromolecules, biological substances, etc.) and particulates.

The mechanism of fouling is abstruse as it depends on the physical and chemical parameters
of the feed solution such as pH, temperature, concentration, hydrogen bonding, ionic
interactions, etc. Due to fouling the permeate flux through the MF/UF membrane can be only
a fraction of pure water flux. Theoretically, it can be defined as, the flux at a finite time is

always less than the original value [14].

1.2. Water pollution and heavy metals

The rapid industrialization and changes in human lifestyle have led to direct or indirect
discharge of heavy metals in the water streams making water polluted and unfit for drinking
and various other applications. The heavy metals like mercury, lead, chromium, cadmium,
copper, nickel, zinc, etc. are non-biodegradable in nature, hence, they accumulate in water
streams and human bodies leading to chronical effect on aquatic and human life [15,16].

Chronic degenerative diseases can be caused by the heavy metal toxicity. The symptoms
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include gastro intestinal disorders, muscle and joints pain, mental disorders, chronic fatigue
and vision problems. The people more susceptible to heavy metal toxicity are those who
work in industries, living near the polluting industries, pregnant women and malnourished
people. The copper and chromium ions are the commonly found heavy metal pollutants in the
water. The sources and health hazards of copper and chromium ions are discussed in

following sections.

1.2.1. Sources of copper ions

Copper, zinc, iron and nickel are the biological essential heavy metals. The copper heavy
metal if present in trace amounts can help in maintaining the metabolism in human body, but,
higher concentrations of copper can have toxic effects. In India, the sites which are
contaminated highly by copper heavy metal are Tuticorin (TN), Singbhum Mines (JH) and
Malanjkahnd (MP). The main industries which leads to contamination of copper ions in water
streams are smelting operation industries, pesticide production, mining, and electroplating
[17].

Health hazards: Copper causes diarrhea, nausea, headache and vomiting when present at low
concentrations and leads to kidney and liver malfunctioning at higher levels of deposition
[18].

1.2.2. Sources of chromium ions

Chromium is one of the toxic heavy metal present along with arsenic, cadmium, lead. Ranipet
(TN), Kanpur (UP), Vadodara (GJ) and Talcher (OR) in India are the highly contaminated
sites of chromium. Chromium salts manufacturing, mining, industrial coolants, leather

tanning industries are the major sources of chromium contamination in water streams [15,17].

Health hazards: Chromium have severe pernicious health effects like gastrointestinal, hepatic

and renal damage [18].

1.3. Literature review

1.3.1. Preparation of ceramic membranes
Porous ceramic membranes (also called inorganic membranes) possess superior chemical,
thermal and mechanical stability with longer life span than polymeric membranes [19,20].

The ceramic membranes are prepared using different raw materials such as alumina, titania,
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zirconia, mullite, silicon carbide, etc. Early research on the preparation of ceramic

membranes involved the utilization of o—alumina as the building material [7].

Jeong et al. prepared pyrophyllite—alumina composite ceramic flat-sheet microfiltration
membrane using 1350°C sintering temperature for removal of organic matter from domestic
water [21]. Tanardi et al. grafted alumina membrane with PDMS for solvent removal and
found that the membranes prepared using coupled PDMS had lower permeability as
compared to the membranes prepared without coupling of PDMS [22]. Mullite based ceramic
membranes are also prepared on large scale. The mullite—zirconia composite membranes
were prepared using halloysite as a precursor by reaction sintering at 1650°C [23]. In other
works, mullite based ceramics were synthesized using mullite with kaolin [24] alumina [25]
boehemite [26]. The raw materials for preparation of ceramic membranes (such as alumina
and titania) are expensive and requires high sintering temperature (>1300°C). Also, ceramic
membranes have large pore size limit. To overcome these issues, current research is
emphasized towards the use of cheaper alternative materials such as ball clay, fly ash,
dolomite, kaolin, etc. for membrane fabrication [8, 27-31]. Among these materials, kaolin is
widely used as a chief constituent (Table 1.2) in the preparation of microfiltration range

ceramic membranes [32-38, 41].

1.3.2. Applications of ceramic membranes

Ceramic membranes are used in high temperature applications such as filtration of hot oily
streams, high pressure applications such as nanofiltration and reverse osmosis, handling of
corrosive fluids as well as detergent—containing wastewaters [6,48]. Low cost ceramic
membranes prepared using kaolin have been found to be applicable in different purification
processes such as fruit juice clarification, separation of catalyst particles in heterogeneous
reactions, removal of E. coli, separation of coal from organic solvents, treatment of oily
wastewaters, micellar enhanced microfiltration of heavy metal ions and treatment of
industrial effluents [29-31,49-51]. In addition, they are used as supports for preparing
composite membranes such as polymer/ceramic ultrafiltration membranes and metal/ceramic
composite membranes [52-55]. Table 1.3 lists the various applications of ceramic

membranes.
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Table 1.2. Selected literature on preparation of ceramic membranes.

S Sintering Pore size Porosity  Flexural
Né Material(s) temperature strength Ref.
' (°C) (Hm) (%) (MPa)
1. Kaolin(DD3) + CaO 1100 8 47 56 [32]
o, Kaolin+CaCOs + quartz 900 045-130 23-30 1034  [33]
+ TiO,
Ball clay + kaolin +
3. CaCos 950 0.31 53 12 [34]
4. Alumina 1650 8.57 34 49.8 [35]
5. Local kaolin (DD2) 1250 4 52 23 [36]
6. Kaolin + 20% starch 1050 0.9 60 4 [37]
7. Kaolin 1200 1.4 46 24 [37]
8. Kaolin 1250 7 50 42 [38]
9. Clay 1150 1.3 52 25 [39]
10, SlQue quartz sand + 1200-1400 1127 254-329  16-20 [40]
sodium phosphate
11. TKM (kaolin) 1250 8 47 40 [41]
Natural hydroxyapatite
12. (NHA) + P,0s 1050 - 38.8-41.4 27-46 [42]
Natural hydroxyapatite
13. (NHA) + B,O; 1050 - 41.4-27.2 15-57 [43]
Diatomite + kaolin +
14. bentonite + barium 1000-1100  0.29-0.67 32.2-34.1 32.2-27.9 [44]
carbonate
15. Kaolin + diatomite 1000 0.43-0.83 34.5-36.5 32.2-38.3  [45]
16, Kaolin + bentonite + 1000 0.65-1.25 3444 58317  [46]
carbon black
This
17. Kaolin + CaCO3 / Na,CO3 900 0.39-0.81 2.7-525 22-62.1  work
[47]
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Table 1.3. Selected literature on application of ceramic membranes.

S Sintering Pore Porosit
Nc; Material(s) temperature  size (%) y Application Ref.
. (o]
(°C) (Hm)
1. Kaolin + Na;COg3 + 900 0.51 23.6 Oil rejection [56]
quartz
2. Flyash 1190 1.25 41 Kiwifruit juice [57]
clarification
3. Kaolin + CaCO3 + 900 0.45- 23-30 Oil rejection [33]
quartz + TiO; 1.30
4. Kaolin + CaCO;3 + 900 2.16— 30-37 Oil rejection [58]
Na,COs + quartz 3.06
5. Stainless steel (SS) + 1150 0.3 - BSA removsl [59]
yttria—stabilized
zirconia (YSZ)
6. Ball clay + kaolin + 950 0.31 53 Oil rejection [34]
CaCOs3
7. Attapulgite 1450 0.12 Cellulase [60]
fermentation broth
clarification
8. Diatomite + kaolin + 1000-1100 0.29 32.2 Oil rejection [43]
bentinite + BaCOg3
9. Kaolin + diatomite 1000 0.12 36.5 Oil rejection [44]
10. Kaolin + bentonite + 1000 0.65 34 Oil rejection [45]
carbon black
11. Kaolin + CaCO3 + 850 0.7 42 Oil rejection [61]
Na,COs3
12. Nano clay + zeolite 900 0.3 30.2 Dye removal [62]
13. Kaolin + CaCO3 / 900 0.52 34.84 Oil rejection This
Na,COs3 work
[63]

1.3.3. Preparation of polymer—ceramic composite membrane

Numerous articles have been reported on the preparation of polymer—ceramic composite

membranes by dip—coating method for ultrafiltration applications. Matsumoto et al. [64]
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fabricated sulfonated polysulfone—ceramic composite membrane for ultrafiltration
applications by a modified dip coating method. Firstly, they plugged the pores of the ceramic
support with chitosan suspension at a pH above 6. Then, they coated a thin layer of
sulfonated polysulfone (SPS) on the membrane surface. Finally, they kept the membrane in
an ice-cold bath under pH 6 to dissolve and remove the chitosan suspension from the pores of
the ceramic support. They applied the prepared membranes for separation of vitamin B;, and
BSA by ultrafiltration. In another study, Faibish and Cohen [65] coated vinylpyrrolidone on

zirconia based membrane for treatment of oil-in-water microemulsions.

Table 1.4. Selected literature works on the fabrication of polymer—ceramic composite

membranes.
S. Supportused  Coating material Pore size Application Ref
No. (Hm) '
1. Kaolin Cellulose acetate 0.560 BSA removal [11]
(CA)
2. AlLO; Sulfonated 0.200 Separation of [64]
polysulfone (SPS) Vit By, and
BSA
3. Zirconia—based  Vinylpyrrolidone - Treatment [65]
membrane of oil-in-water
(o/w)
microemulsions
4. PSf (Udel Chitosan - Separation [66]
P3500) performances of
an aqueous
ethanol solution
5. Clay Styrene 0.011 Chromic acid [67]
acrylonitrile (SAN) rejection
6. Clay Polyvinyl acetate 0.009 Purification of [68]
(PVAC) lysozyme from
chicken egg
white
7. Clay and Kaolin Chitosan 0.013 Removal of [69]
Hg(ll) and
As(I11)
8. Clay and Kaolin Cellulose acetate 0.028 Treatment of [70]
(CA) oily wastewater

Tsai et al. [66] prepared chitosan/polysulfone composite membranes by dip coating the

chitosan solution onto the outer surface of a polysulfone (PSf) hollow-fiber membrane. They
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used these composite membranes to study the effects of chitosan concentration and dip
coated temperature on the separation performance of an aqueous ethanol solution. Compared
with their unmodified PSf hollow-fiber membranes, chitosan dip coated polysulfone (PSf)
composite membranes had increased permselectivity of water. They noticed that increasing
the concentration of chitosan solution decreases the permeation rate as well as ethanol
content in the permeate solution. Moreover, they also found that permeation rate increases
while the separation factor decreases with increasing the feed temperature. Later, Nandi et al.
[11] fabricated cellulose acetate—ceramic composite membranes by dip coating method using
low cost ceramic membranes prepared from kaolin. They studied the effect of dipping time
and cellulose acetate concentration on the separation performance of the composite
membranes for bovine serum albumin (BSA) solution. Sachdeva and Kumar [67] coated clay
membrane with styrene acrylonitrile to study chromic acid rejection. Recently, Jana et al. [68]
prepared polyvinyl acetate—ceramic ultrafiltration membranes by a modified dip coating
method. They used a secondary solvent (water) for the removal of organic solvent rather than
drying it from the membrane surface. They applied these membranes for the purification of
lysozyme from chicken egg white. Although, several literatures are available on the
fabrication of composite membranes by dip coating method, some selected works [11, 64—70]
that have given motivation for choosing this research topic are presented in the following
table (Table 1.4).

1.3.4. Applications of polymer-ceramic composite membranes
Studies on the enhanced ultrafiltration techniques (PEUF and MEUF) have been reported in

various literatures [69, 71-84]. Purkait et al. [73] used micellar enhanced ultrafiltration
(MEUF) to remove an acid dye eosin from its aqueous solution using a cationic surfactant
cetyl(hexadecyl) pyridinium chloride (CPC). They studied the effects of surfactant-to-dye
concentration ratio in the feed and the transmembrane pressure drop on permeate flux and
found that the maximum retention of eosin (73.5%) was obtained at a surfactant-to-eosin ratio
of 2000. Bielska and Szymanowski [74] used micellar enhanced ultrafiltration (MEUF) for
the separation of nitrobenzene and 4-nitrophenol through three types of polymeric
membranes using cetyltrimethylammonium bromide (CTAB) and oxyethylated nonylphenol
as the surfactants and found that binary mixture of cationic and nonionic surfactants
enhanced the separation efficiency. Huang et al. [78] explored the micellar enhanced

ultrafiltration (MEUF) of methylene blue (MB) from dye wastewater for obtaining colorless
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water through a polysulfone hollow fiber membrane using sodium dodecylsulfate (SDS) as an
anionic surfactant. They studied the effect of operating pressure on the permeate flux and dye
rejection and observed that increase in operating pressure resulted in a slight decrease of the
rejection of MB and SDS. Jana et al. [69] used polymer enhanced ultrafiltration (PEUF) to
remove Hg(ll) and As(lIl) using polyvinyl alcohol (PVA) as the chelating agent and
investigated the effects of initial concentrations of mercury, arsenic and PVA on the removal
efficiency of these heavy metal ions. They found that the heavy metal concentration in
permeate increased with the increase in its initial concentration and decreased with the
increase in initial PVA concentration. Mimoune et al. [76] used poly(vinyl alcohol) as the
polymer to enhance the removal of various metal ions (Cu®*, Co?*, Ni**, Zn®*, Fe** and Ag")
from their synthetic solutions by polymer enhanced ultrafiltration (PEUF). They studied the
effect of the nature of the ionic species in solution on the permeate flux through the
ultrafiltration membrane and observed higher permeate fluxes for cupric solutions compared
with other the solutions of other metals due to the tightly packed conformation taken by the
PVA-Cu** macromolecular complex. Canizares et al. [71] used poly(ethylene imine) (PEI)
and poly(acrylic acid) (PAA) for the complexation of metallic ions Cu(lIl), Ni(ll), Pb(I1) and
Cd(Il). They modeled the flux and concentration values with concentration polarization
model and obtained the values of mass transfer coefficients and polarization concentrations
for different operation conditions, as these data are important for scale—up to an industrial
process. Kryvoruchko et al. [72] studied on the purification of the water contaminated by
Co(Il) and Ni(ll) ions using polyethyleneimine as the chelating agent. For Co(ll) ions, they
observed that the transmembrane flux increased with an increase in the operating pressure but
decreased with increasing the concentration of polyelectrolyte. However, for the Ni(ll) ions,
they found that the transmembrane flux did not depend upon these parameters. Camarillo et
al. [79] investigated on the design parameters of polymer enhanced ultrafiltration process for
the recovery of copper (Il) ions from synthetic aqueous solutions using the water-soluble
polymer poly(acrylic acid) sodium salt. They found that 99.5% of copper (Il) ions are

retained at pH 5.5 and regenerated the copper metal by electrodeposition.

Llanos et al. [77] also studied the removal of Cu?* from a synthetic effluent by means of
polymer enhanced ultrafiltration (PEUF), using partially ethoxylated polyethyleneimine
(PEPEI) as the water-soluble polymer and regenerated the polymer by the electrochemical
technique, which involved metal electrodeposition on the cathode of an electrochemical cell.

Similar other works are summarized in Table 1.5.
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Table 1.5. Selected

literature works on the enhanced ultrafiltration techniques

(PEUF/MEUF).
i Pore
5. Membrane used Chele_ltlng / size Application Ref.
No. complexing agent
(Hm)
1 Chitosan—ceramic composite Polyvinyl alcohol 0.013 Removal of Hg(ll) [69]
" membrane (PVA) ' and As(111)
L . Polyethyleneimine
Carbon-Zirconia composite . Removal of Cu(ll),
2 membrane (PEI) and polyacrylic = iy ‘ppcny, caan 172
acid (PAA) ’ ’
. Polyethyleneimine Removal of Co(ll)
3. UPM 20 Polyamide (PEI) 0.02 and Ni(I1) [72]
. . Cetyl(hexadecyl) Removal of acid
4, Organic polyamide oyridinium _ dye (eosin) from  [73]
chloride (CPC) aqueous solution
5 Amicon Spiral Wound Polyethyleneimine ~ Removal of Cd(Il) [75]
" Membrane (PED) and Ni(ll)
Removal of Cu(ll),
5 Commercial PES Polyvinyl alcohol ~ Co(ll), Ni(lr), [76]
" (polyethersulfone) (PVA) Zn(11), Fe(11l) and
Ag(l) ions
MlcroCarposep .20 UF Partially ethoxylated Removal of Cu(ll)
module with an inner L .
7. . polyethylenimine —  froma synthetic [79]
ceramic Membrane (ZrO,—
i . (PEPEI) effluent
TiO; active layer)
Industrial grade Recovery of Cu (1)
. . polymer (Colloid ions from
8. Carbosep M5 (Zirconia) 208®) ~  synthetic aqueous [79]
solutions
Carbosep M5 ceramic Partially ethoxylated
9. membrane TiO,—ZrO, active polyethylenimine —  Recovery of Cu(ll) [80]
layer (PEPEI)
Cellulose acetate— Removal of textile
10. polyurethane Fe(l11) 0.8 q [81]
yes
blend membrane
Epoxy functionalized Polvethvleneimine Rejection of metal
11. poly(ether—sulfone) yethy 0.005 complexes of [82]

incorporated cellulose acetate

(PEI)

Cr(I11) and Cr(VI)
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1.4. Knowledge gap

A critical review of the above literatures indicates that there is a vast scope for further

research in this area.

1. A systematic study to optimize the composition and fabrication parameters with respect to

ceramic membrane supports has not been addressed in the literature.

2. Effect of carbonates (CaCO3; and Na,CO3) composition on the membrane characteristics
has not yet been thoroughly studied. This is important mainly because the carbonates
release CO; gas bubbles during the sintering stage, which are responsible for the porous

nature of the ceramic membranes.

3. Most of the polymeric compounds used for thin layer coating are sensitive to operating
pH and temperature. Therefore, there is a need to investigate upon novel coating materials
such as a polymer nanocomposite (polymer with nanoparticles of other materials such as

TiO, or Al,O3) or a polymer blend (mixture of two polymers) with suitable solvents.

4. Technical criteria to obtain polymer—ceramic composite membranes with desired pore
size distribution and morphology are not available in the literature. Some literatures [11,
76] emphasize that dipping time and polymer concentration affect the coating thickness

and morphology.

5. Effect of various process parameters (namely pH, ionic strength, temperature, etc.) on the
performance of ultrafiltration (UF) and polymer—enhanced ultrafiltration (PEUF) is
relatively less studied in the literature. There is a scope for detailed studies on this

concept.
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Chapter 2

2.1. Objectives

The overall objective is to fabricate polymer—ceramic composite membranes for
ultrafiltration applications in wastewater treatment. Specific objectives of the research work
include the following:

1. Preparation and characterization of cost effective ceramic membranes

a. Studying the effect of various alternate raw materials such as kaolin, clay or fly
ash on membrane properties (viz. pore size, porosity, permeability, morphology,

etc.)
b. Studying the effect of other constituents (CaCOs3, Na,COs, etc.)
c. Studying the effect of fabrication parameters such as sintering temperature

2. Preparation and characterization of polymer/ceramic composite membranes by

dip coating method

a. Choice of polymer and solvent combination
b. Optimization of dip coating parameters
i.  Studying the effect of dipping time and number of dipping cycles
ii.  Studying the effect of concentration of polymeric solution
iii.  Studying the effect of temperature and pH of the solution

3. Utilization of prepared composite membranes for ultrafiltration applications

a. Treatment of oil-in-water emulsions

b. Removal of heavy metals from their aqueous solutions
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2.2. Preparation of ceramic membrane supports

The flat ceramic supports are generally prepared by either paste method or dry powder
compaction method. In comparison with dry compaction, the paste method has been found to
produce highly porous ceramic membranes [1]. Therefore, the paste method was used for the
preparation of ceramic supports with kaolin as major raw material and different amounts of
calcium and sodium carbonates. All the raw materials were purchased from CDH India Ltd.
(purity: 99.5%). Different compositions were formulated by changing the basic raw material
(kaolin, fly ash, clay) and also the amounts of CaCO3; and Na,CO3; from 0—40 wt.% in the
intervals of 10 wt.%. Fig. 2.1 shows the methodology followed for the preparation of ceramic
supports. A circular mould made of stainless steel (SS 316) having 50 mm diameter and 5
mm height was used to cast the raw materials paste, for preparing disk type flat supports. The
prepared supports were sintered in an electric furnace following the scheme outlined in Fig.
2.2. As shown in this figure, the furnace temperature was increased in three steps (100°C,
250°C and 900°C) at different heating rates. The sintering temperature (900°C) was selected
based on the TGA. All the sintered supports were polished with silicon carbide (C-100 and
C-220) abrasive papers to a thickness of 4.5 mm and cleaned ultrasonically, prior to

characterization and experimentation.

/ ' Raw Materials ] \
Grinding

Fine Powder ]
Distilled Water
Uniform Paste )
Circular Mould Casting
[ Disc Shaped Membranes ]
Drying and Sintering
[ Hard, Rigid and Porous Ceramic Membranes ]
Polishing

( Smooth, Flat MF Membranes ]
Fig 2.1. Schematic diagram for ceramic membrane fabrication.
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The effect of the carbonates viz. calcium carbonate and sodium carbonate composition along

with other raw materials and sintering temperature on the physical and permeation properties

of the ceramic membranes were studied.

/ 1000
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K Fig 2.2. Schematic diagram for sintering of ceramic membrane.
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2.3. Preparation of polymer—ceramic composite membranes

A standard solution of selected polymer cellulose acetate (CA) was prepared by dissolving

the polymeric powder in a suitable solvent (acetone). A ceramic support, which was covered

with an adhesive tape on all sides except one side where coating was to be done, was dipped

in to the prepared polymeric solution for a specific period of time after which, the membrane

was taken out of the solution for drying. A number of such dipping cycles were performed to

have sufficient thickness of defect—free polymeric film on the ceramic support. The

schematic diagram is shown in Fig 2.3.

2.3.1. Optimization of pH and temperature

The 5 wt.% cellulose acetate solution was prepared by dissolving a known amount of

cellulose acetate (CA) powder in acetone. The mixture was kept in a shaking incubator for 3

h at room temperature (25+0.1°C) to obtain uniform cellulose acetate solution.
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/ [ Polymer ] { Sofuentm
{ Ceramic Membrane (covered with ]

adhesive tape , with one surface open)

(Concn, pH, Temp,

Dippin,
g [ Polymeric So[utionj
(number of dipping cycles and
time of dipping) Drying

[ Compositeﬂ/lem61’aneJ

K Fig 2.3. Schematic diagram of dip coating experiments. /

The covered ceramic supports were first dipped into acetone and sonicated for ten minutes to

plug their pores with the solvent. Then, the supports were dipped into the coating solution
(CA-acetone) for one minute and taken out. The membranes were dried in open air for 12 h
followed by oven drying at 60°C for 3 h to completely remove the acetone. In this way, the
ceramic supports were covered with the porous cellulose acetate layer. The dip coating
experiments were performed at 15+0.1°C, 25+0.1°C and 40+0.1°C to study the effect of
temperature on the membrane properties. Also, the pH of the solution was adjusted to 2, 4, 6,
7, 8, 10, and 12 (with variation of £0.2) using standard HCI and NaOH solutions.

2.3.2. Optimization of concentration, dipping time and no. of dipping cycles

At the optimized temperature and pH, different membranes were fabricated using different

concentration (4-10 wt.%), dipping time (20, 30, 60 s) and number of dipping cycles (1-3).

2.4. Characterization of ceramic supports and polymer—ceramic

composite membranes

Various techniques have been used to characterize the ceramic and polymer—ceramic
composite membranes to get an idea of their properties such as morphology, pore size,

porosity, pore density, which are listed below.
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2.4.1. Thermogravimetric analysis (TGA)

The inorganic mixture (raw materials paste) was subjected to TGA (EXSTAR TG/DTA
6300) by heating it from room temperature to 1,000°C at a heating rate of 10°C/min to
identify various thermal transformations of the materials during the sintering process and to
decide upon the sintering temperature for preparation of ceramic membranes.

2.4.2. Scanning electron microscopy (SEM)

The prepared ceramic membrane supports were characterized by scanning electron
microscopy (SEM). The SEM analysis (JSM-6610LV, JEOL) of sintered supports at various
magnifications (500-10,000%) was carried out to study the surface morphology, identify the
presence of possible defects and evaluate the surface pore size distribution. The surface SEM
images were taken at random locations of the ceramic supports, and the pores present in
various SEM images of all supports were analyzed using the scientific image analysis
program, ImageJ (version 1.46), to depict the surface pore size distribution [2]. For this
purpose, more than 600 pores per sample were selected from images taken at different
locations. The surface average pore size (dps) was calculated by area averaging of all pores as

follows:

dys =[Z£nd J | (2.1)

where d; is the diameter of i pore and n; is the number of pores of size d;.

For composite membranes, the morphology of the deposited polymeric layer of the
composite membranes were determined by both surface and cross-sectional SEM analyses.
Porosity of the deposited film was calculated by weight gain on dry basis and the thickness

was calculated using the cross-sectional SEM images.

2.4.3. X-ray diffraction analysis (XRD)

The mechanical strength of the ceramic membranes is based on the phases formed during
sintering. Structural characterization of the samples was carried out by recording their
powder X-ray diffraction patterns using X’Pert Pro diffractometer (Model X’Pert Pro,
PANalytical, Almelo, Netherlands), operated at 45 kV and 40 mA with monochromatic Cu—
Ko radiation (A = 1.5406 A), in the 20 range of 10-80°. From XRD analysis the identification

of the phases formed was done.
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2.4.4. Pycnometry analysis

The porosity of the ceramic supports was determined by pycnometric method (also called
gravimetric method) using water as the wetting medium [3] under ultrasonic conditions. It
has been proven that porosity determination by this method under ultrasonic conditions [4] is
as accurate as gas permeation (with little/negligible error). The difference between wet and
dry weights of a membrane corresponds to its pore volume. The porosity of the ceramic
supports was evaluated using the following formula (Eg. (2.2)).

Volume of pores y

100 (2.2)
Total volume

Porosity (%) =

For composite membranes

The dry weights of the membranes before (w;) and after (w;) dip coating were noted to
evaluate the porosity of the membranes (&) using the following equation.

W, =W,
ptA

e=1- (2.3)
where, p is the density of polymer (1280 kg/m® for CA), t is the average thickness of the

polymeric layer, A is the surface area of the membrane coated with CA.

2.4.5. Mechanical strength

Good mechanical strength is desirable for ceramic supports to use them as supports for ultra-
or nano- filtration membranes. The mechanical strength of brittle materials such as ceramics
is generally expressed in terms of flexural strength (o), which is evaluated using the

following expression [5].

_ 3F,
2bt?

(2.4)

where, F (N) is load (force) at fracture point, I (mm) is the span length, t (mm) is the
thickness and b (mm) is the width of the specimen. In the present work, the supports were cut
into rectangular specimens and subjected to a preload of 0.5 N at a test speed of 10 mm/min
(Roell 2010, Zwick).
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2.4.6. Corrosion test

The supports were kept in standard solutions of pH 1.0 (HCI) and pH 13.0 (NaOH) for a
period of seven days in order to study their chemical stability [3]. The initial and final dry
weights of the supports were noted to calculate the weight loss and assess their chemical

stability.

2.4.7. Gas permeation analysis

The gas (N2) permeation tests were conducted in a setup similar to the one used for liquid

permeation. The average pore size ( I, ) and effective porosity (5/ q°) are related as follows
[3]:

rv g r’ o _ _
K :2.1339——2+1.61—2P =B+ AP (2.5)
I q In q

where, P (Pa) is the average pressure, V (m/s) is the molecular mean velocity, | (m) is
length of pores, ( is tortuosity, 77 (Pa.s) is viscosity and K (m/s) is effective permeability
factor, calculated as follows.

K= i} = QF (2.6)

AP SAP
where, J (m*/m?.s) is gas flux, Q (m%s) is volumetric flow rate, § (m?) is the permeable
membrane area, P, is permeate-side pressure and AP is transmembrane pressure. The
parameters A and B in Eq. (5) respectively are the slope and intercept of the linear plot of K
versus P . Here, B and AP correspond to Knudsen and viscous diffusion, respectively. The

effective porosity (5/ g°) and mean pore radius (r,) are calculated from the values of slope

(A) and intercept (B) as follows:

A
r,=1333 5" (2.7)
& Bl
L - - 2.8
q® 2.133ryv (28)

2.4.8. Liquid permeation analysis
Water permeation tests were conducted using a batch permeation cell (shown in Fig. 2.4)

with an effective filtration area of 28.2 cm? to determine mean pore size and water
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permeability of the supports. Water permeation test is generally used to characterize micro-
and ultra-filtration membranes as these are used for the treatment of aqueous solutions [2,6—
11]. Determination of mean pore diameter by water permeation test is more reliable than
SEM analysis as the latter includes the dead pores also. In order to conduct the permeation
tests, the membrane was fixed to the base of the permeation cell using an epoxy resin. The
cell was then filled with distilled water and pressure was applied using a nitrogen cylinder.
The membrane was compacted for about 2 h until the attainment of a steady flux at an
absolute pressure of 515 kPa and the permeate flux was measured by varying the

transmembrane pressure difference between 0 and 345 kPa. The hydraulic permeability, L,
(m*/m?.s.Pa) and mean pore radius (1) are calculated using the following equation, assuming

straight cylindrical pores [3,8].

_nzrfAP  er?A

p
=L AP 2.9
8ul 8ul . (29)

J

where, J (m*/m?.s) is the liquid flux through the membrane, AP (Pa) is the transmembrane

pressure, £ (Pa.s) is liquid viscosity, | (m) is length of pores (= membrane thickness), n
(m ) is the pore density (the no. of pores per unit area of membrane) and ¢ = nzr? is the

membrane porosity calculated from gravimetric analysis with water as the wetting fluid.

The water permeability values of prepared supports were obtained from the slopes of the
graphs plotted for J versus AP. The mean pore radius, I, (m) of supports was then

calculated as follows.

‘ =[8ﬂlﬂ | (2.10)

&

The water was permeated through the support and composite membranes at different

transmembrane pressures (AP ) to obtain the pore size of the membranes. The pure water flux

was plotted against transmembrane pressure to calculate the hydraulic permeability of the

support (L) and composite membranes (L, . ) using following equations.

J. =L, AP (2.11)

J. =L, AP (2.12)
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where, J, and J_ are the liquid flux (m%m?s) through the support and composite

S

membrane, respectively.

Nitrogen gas ﬁ_‘
Inlet ﬂ[[j
(feed) Pressure gauge

= Safety
valve

Membrane

O v
[1

I—U—l L]

HF

¥

Outlet
(permeate)

Fig. 2.4. Schematic diagram of permeation cell (not to scale).

Considering two resistances in series (polymer layer and support) acting simultaneously

against the flow of water, the hydraulic permeability of the polymer layer (L, ) can be

calculated as follows. The same approach can be used for any number of layers.

(2.13)

Rcomposite = Rsupport + Rpolymer

11,1 2.1

1 . . .
where, R=— s the resistance offered by support or membrane. The mean pore diameter,
h

d,, (m) of polymer layer was then calculated as follows.
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gull, 1"
@} (2.15)

&

d, =2r= 2{

where, | (m) is length of pores (= polymer layer thickness) and £ (Pa.s) is liquid viscosity.

The pore density (i.e., the number of pores per unit area of membrane), n (m ) is calculated
as follows.

n=— (2.16)

2.4.9. Fourier transform infrared (FTIR) spectroscopy

FTIR spectrophotometer (Agilent, Cary 660) by preparing KBr pellet was used to check the
functional groups present in the polymeric layer. All the prepared membranes were subjected
to FTIR analysis and the data in the range 6000—400 cm™* were recorded.

Further, the surface of the composite membrane will also be subjected to FTIR analysis to

study the functional groups present in the coated layer.

2.4.10. Mercury intrusion porosimetry (MIP)

MIP is a powerful technique utilized for evaluation of pore size distribution, porosity and
pore volume. The mercury is forcibly intruded into the pores of the membrane sample by
pressurizing chamber. Initially, the large pores are filled with mercury, with increase in
pressure the smaller pores get filled. The inter-particle and intra-particle pores can be
characterized by this technique. Mercury intrusion porosimeter (Pascal 440, ThermoQuest)

was used to analyze pore size distribution of selected supports.

2.4.11. Laser particle size analyzer (LPSA):

The laser particle size analyzer measures particle size distribution of suitably dispersed field
of particles in the range 0.02 to 2000 micron. The particle size distribution (PSD) and average
particle size of the membrane precursors (kaolin, calcium carbonate, sodium carbonate) and

powdered mixture were determined by Laser Particle Size Analyzer (Malvern, Masterizer—
2000).
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2.5. Ultrafiltration Applications
2.5.1. Treatment of oil-in-water (O/W) emulsions by ultrafiltration (UF)

The standard solutions of oil-in-water emulsion (100 mg/L and 200 mg/L) were prepared by
ultrasonic mixing of a known amount of crude oil in water [6,7]. A calibration curve was
plotted by determining the absorbance values of the solutions of known concentration by
UV-Vis spectroscopy, which were used to determine the unknown concentration of the oil in
permeate solution. Dead end micro/ultra-filtration experiments were conducted in batch mode
using optimized ceramic and polymer—ceramic composite membrane to separate oil from the
emulsion at transmembrane pressure of 1.03 bar and 2.06 bar for microfiltration and 2.06 bar
and 4.14 bar for ultrafiltration. The ceramic membrane was regenerated by back-flushing it
with surfactant and distilled water. The regenerated membranes were also used to treat oil-in-
water emulsion (at 103 and 206 kPa transmembrane pressure). Oil concentration in the

permeate solutions were determined to calculate the percent rejection/removal.

2.5.2. Removal of heavy metals (copper and chromium) by polymer/micellar
enhanced ultrafiltration (PEUF/MEUF)

The standard solution of heavy metal ions (copper and chromium) were prepared by
dissolving 50 mg/L of copper sulfate and potassium dichromate in distilled water at 25°C [8].
Cetyl(hexadecyl)-pyridinium chloride (CPC, 1 g/L) polyvinyl alcohol (PVA, 1 g/L) and
polyethyleneimine (PEI, 1 g/L) were added separately to the prepared solutions to form
chelates or polymer—metal complexes, which could not pass through the pores of the
composite ultrafiltration membrane due to their increased size. The flux and rejection studies
were done for these six solutions (Cr—CPC, Cr-PVA, Cr-PEI, Cu-CPC, Cu-PVA and Cu—
PEI). The metal ion concentration in the solution after ultrafiltration were determined using

Atomic absorption spectroscopy (AAS).
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Chapter 3

This chapter consist of three parts namely effect of raw materials, effect of sintering
temperature and effect of carbonates. The first part focuses on the effect of various
inexpensive raw materials such as fly ash, clay and kaolin on the membrane properties. Three
different compositions were formulated and supports were prepared and characterized. The
second part focuses on the importance of sintering temperature. The optimized kaolin based
supports were casted and sintered at four different temperatures viz. 800, 900, 1000 and
1100°C. The characterization of the prepared supports has been done to study the effect of the
sintering temperature on the kaolin based supports. After this basic study of raw materials
and sintering temperature, the composition of kaolin based supports were varied using
different amount of calcium carbonate and sodium carbonate (0-40%) at 900°C. The prepared
supports were characterized using SEM, permeation analysis, corrosion etc. for their pore
size, porosity, permeability, corrosion resistivity and mechanical strength. Each experiment
was repeated thrice (using three different supports for each composition) and the average
values of the results are reported. The standard deviation of the data was found to be within
the acceptable range (x5%). The prepared ceramic supports can be used as supports to

polymeric membranes due to their high mechanical strength.

3.1. Effect of raw materials

The flat ceramic supports are generally prepared by either paste method or dry powder
compaction method. In comparison with dry compaction, the paste method has been found to
produce highly porous ceramic supports [1]. Therefore, the paste method was followed for

membrane preparation.

The basic raw material used in the preparation of the ceramic supports plays an important
role as its properties will decide the pore size, porosity and mechanical strength of the
prepared ceramic supports. Clay was procured from local pottery and fly ash was procured
from thermal power plant, Bathinda, India. All the other chemicals, namely kaolin, sodium
carbonate, calcium carbonate, sodium metasilicate, and boric acid, having > 99.5% purity,
were procured from CDH India Ltd. and were used without any pre-treatment. These five
different constituents impart different properties to the ceramic supports. Kaolin not only
serves as a cheaper raw material but also provides low plasticity and better refractory
characteristics. Boric acid (a white powder that dissolves in water) brings homogeneity to the

membrane structure and increases the mechanical strength by forming metallic metaborates at
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high temperatures [2]. Sodium metasilicate is used as a binder as it forms silicate bonds
among the particles and induces high mechanical strength to the supports. Calcium carbonate
and sodium carbonate provide porous texture to the supports. Calcium carbonate decomposes
at temperatures above 650°C into calcium oxide and carbon dioxide [3,4]. On the other hand,
sodium carbonate melts at temperatures above 800°C and reacts with silica of kaolin to form
sodium silicate and carbon dioxide [5,6]. This carbon dioxide pass through the membrane,
causing rearrangement of solid grains, thereby imparting porous texture to it.

Table 3.1. Different raw material compositions.

Raw Materials composition (wt.%
S. Membrane P ( )

] ] Calcium Sodium Boric Sodium
No. label Basic material ) .
carbonate carbonate acid metasilicate
1. R1 Kaolin 65 20 10 25 25
2. R2 Fly ash 65 20 10 2.5 2.5
3. R3 Clay 65 20 10 2.5 2.5

Therefore, three different basic raw materials, namely, kaolin, fly ash and clay were tested
with fixed amount of other additives and their effect on the properties of the ceramic supports
prepared was studied. Three compositions were chosen to prepare ceramic supports (Table
3.1).

3.2. Characterization of ceramic supports

All the prepared supports were analyzed using SEM analysis, permeation analysis and

mechanical strength.

3.2.1. SEM analysis
Fig. 3.1 shows the SEM images of the supports prepared using kaolin, fly ash and clay. It was

observed that the supports prepared using kaolin as basic raw material have defined pores and
was more homogenous in comparison to those prepared using fly ash and local clay. This
may be attributed to the fact that the kaolin procured from CDH Ltd. have a specific
composition of alumina, silicates etc. which is not the case in the fly ash and local clay
composition. Also, the SEM image of the membrane prepared using fly ash showed the
presence of dust agglomerates on the surface which may be formed due to certain type of

impurities in fly ash.
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Fig. 3.1. Surface SEM images of supports prepared using (a) kaolin; (b) fly ash; and (c) clay.

3.2.2. Permeation characterizations

Gas permeation, liquid permeation and pycnometry analysis was done to find out the pore

size and porosity of the prepared supports. Fig. 3.2 shows the N, permeability (K) profiles of

1.64 | —¢— Kaolin
—&— Flyash
—— Clay

o0l—t © ¢ ¢ ¢ ©
1.0 15 2.0 25

Fig. 3.2. Gas permeability data of supports.
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different supports prepared using different basic raw material. As shown in the figure, the
plots of K versus P were linear. Higher K values were observed for R2 supports and lower K
values were observed for R1 supports. The supports R2 and R3 had higher pore size and
porosity which lead to higher gas permeability values than R1. This is because the effective
permeability factor (K) is of higher order in pore size than in porosity (Eqg. (2.5)), Fig. 3.3
shows the pure water flux data of the supports prepared using different raw materials. The
flux profiles indicate that high water flux is associated with the supports prepared using fly
ash (R2) and low flux is associated with those prepared using kaolin (R1), while moderate

flux values are observed with the supports prepared using clay (R3).

204 Kaolin
—4A\— Flyash
> —— Clay
~ 15
£
E
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o
—
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Fig. 3.3. Pure water flux data of different raw material supports.

The mean pore size (dpg = 2ry) values obtained in gas permeation analysis were slightly less
than those evaluated from liquid permeation. On the other hand, the porosity values of
different supports obtained from gas permeation were slightly greater than those of water
permeation. This may be due to the fact that water permeation analysis does not take into
account the presence of micropores. However, the trends in variation of pore size and
porosity, with carbonates composition, by N, and water permeation analyses were similar;
and the effective porosity values observed in gas permeation were in good agreement with

those evaluated from liquid permeation. This observation indicates that the tortuosity (q) is

close to unity and therefore, confirms that the supports have cylindrical pore structure.

40



Chapter 3

3.2.3. Mechanical strength and corrosion resistivity

Fig. 3.4 shows the variation of flexural strength and weight loss in highly corrosive
conditions of as-prepared supports with the different raw material composition. This figure
conveys that R2 support had the lowest mechanical strength (25.3 MPa) and the supports
prepared using kaolin (R1) have highest mechanical strength (51.8 MPa). This may be
because of the presence

Mechanical strength (MPa)
B2 Weight loss (%) -6

w B a
o o o
L L L

N
o
Weight loss (%)

Mechanical strength (MPa)

=
o
L

R2 R3
Support

Fig. 3.4. Mechanical strength and corrosion
resistance of different raw material supports.

of low hardness minerals gehlenite and pyrophyllite in R2 and R3 supports as compared to
high hardness minerals mullite and albite in the supports made of kaolin (R1). The weight
loss in highly basic conditions (pH 13) for R1, R2 and R3 supports is 1.8, 4.5 and 3.1 wt.%
respectively. Also, the weight loss of R1 support in highly acidic (pH 1) and highly basic (pH

13) medium is least (< 3%) as compared to R2 and R3 supports.

Table 3.2 presents the hydraulic permeability and mean pore size (dp, = 2r) of supports made
of different compositions, calculated based on the water flux data of Fig. 3.3. The table also
shows the porosity values determined by pycnometric method. From this table, it is clear that
although the supports made of fly ash show superior water permeability owing to their high
porosity and pore size but have low mechanical strength than those made of clay and kaolin.
This is because of the fact that the water flux (and hence permeability) is of second order in
pore size according to Eq. (2.9) and therefore, small pore size corresponds to low water flux
and permeability. The observed values of permeability are in the acceptable range for

microfiltration applications. In present work, smaller pore size supports with good porosity
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and mechanical strength are desired which can be used for fabrication of polymer—ceramic
composite ultrafiltration membranes. The kaolin based supports (R1) had the smallest pore

Table 3.2. Characteristics of ceramic supports prepared using different raw materials.

Water perm_eﬁ)blllty, Porosity, Poresize, Porosity, Pore size, Mechanical

Support Ly x10 %)  dos (um) (%) o (um) Strength
(m*m?.s.Pa) 170 P! (H G170 pa (M (MPa)
R1 6.31 30.77 0.512 31.52 0.488 51.8
R2 120 35.12 2.1 35.83 1.85 25.3
R3 42.6 37.96 1.2 39.2 0.98 35.7

size, high mechanical strength (Table 3.2) and corrosion resistivity in comparison to the
supports prepared using fly ash and clay (R2 and R3). Therefore, R1 support was further used
to study the effect of sintering temperature on its properties.

The major raw material, kaolin, was analyzed by SEM (shown in Fig. 3.5 (a)) and EDAX
(presented in Table 3.3). The particles of kaolin (Fig. 3.5 (a)) are large enough to see clearly
at a low magnification (1000x), but in the finely ground mixture of different materials, the
particles are too small to visualize at the same magnification. Hence, a higher magnification
(3500x) was used to observe the shape and size distribution of particles (Fig. 3.5 (b)). The
EDAX results indicated that the kaolin sample was pure and K,O was present in trace
amounts. The particle size distribution of raw materials was analyzed by a laser particle size
analyzer (Malvern, Mastersizer 2000) and is shown in Fig. 3.5 (c). The mean particle sizes of
these materials (raw kaolin, CaCOj3, Na,COg3, and finely ground mixture) were 4.6, 7.9, 29.4,
and 1.1 um, respectively. It can be observed from this figure that the raw materials mixture
after grinding in a ball mill had a narrow particle size distribution as compared to fresh raw
materials. Sodium metasilicate was in the form of colorless crystals (of size 0.1-1.2 mm) that

are readily soluble in water.

Table 3.3. EDAX analysis of kaolin powder.
Element Weight% Atomic% Compound% Formula

C (K) 0.35 0.58 1.27 CO,
Al (K) 14.91 11.07 28.16 Al;O4
Si (K) 32.95 23.51 70.49 SiO;
K (K) 0.07 0.03 0.08 K20
@) 51.73 64.8 — —
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Fig. 3.5. (a) SEM image of kaolin; (b) SEM image of finely
ground mixture; and (c) particle size distribution
of raw material powders.
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3.3. Effect of sintering temperature

The kaolin based supports (R1 composition) were then prepared and sintered at four different
temperatures (viz 800°C(T,), 900°C (T,), 1000°C (T3) and1100°C(T,)) with systematic
heating rate which involves slow increase from room temperature to 250°C at a heating rate
of 50°C/h and raised up to the desired sintering temperature (Ti4) at a heating rate of
100°C/h. The final temperature was maintained for about four hours to complete the sintering
process followed by subsequent cooling to room temperature. The support characteristics at
different sintering temperatures are discussed in the following paragraphs

3.3.1. Thermogravimetric analysis (TGA)

The raw material paste of composition R1 was subjected to thermogravimetric analysis to
find out the various thermal transformations occurring at different temperatures during the
sintering process. The TGA was performed by heating the raw material paste in an o—alumina
crucible from ambient temperature 30(x10)°C-1,200°C at the rate of 10°C/min. Fig. 3.6
presents the TGA and DTA graphs of raw material paste and the weight loss of about 21.1%
was observed below 125°C temperature due to evaporation of free (unbound) moisture
(indicated by an endothermic peak at around 70°C in the DTA graph), about 1% weight loss
between 200 and 400°C due to dehydration of crystal water (bound moisture) of boric acid,
and a weight loss of about 3.4% between 400 and 600°C due to the transformation
(dehydroxylation) of kaolinite (Al,Si,Os(OH),) to metakaolinite (Al,Si»O;). The weight loss
of about 5.42% was observed from 600—750°C due to calcination of CaCO3 and 0.5% from
800-850°C due to dissociation of Na,COs.
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Fig. 3.6. Thermal analysis of raw material paste: TGA and DTA.
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3.3.2. X-ray diffraction (XRD) analysis and mechanical strength

: anorthite
illite
. metakaolinite
: mullite
: nepheline
: quartz

QZZAT>»

Intensity (a.u.)

20 (degree)

Fig. 3.7. XRD pattern of supports sintered at different temperatures.

Fig. 3.7 shows the XRD pattern obtained for supports sintered at different temperatures (T1—
T,). It was observed that the anorthite and mullite phases which provide strength to the
ceramic supports are formed only after reaching the sintering temperature of 900°C.
Therefore, the supports sintered at 900°C have high mechanical strength than those sintered
at 800°C (Fig. 3.8). Further increasing the sintering temperature to 1000°C lead to increase in

formation of nepheline and metakaolinite phase and at 1100°C mullite, quartz and nepheline
are highly present.

The mechanical strength of the supports increased with increase in the sintering temperature.
From Fig. 3.8 it was observed that the increase in mechanical strength by increasing the
sintering temperature from 800°C to 900°C is more in comparison to the increase in

mechanical strength by further increasing the sintering temperature to 1000°C and 1100°C.
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Fig 3.8. Mechanical strength of supports at different sintering temperatures.

Thus, it was concluded that the mechanical strength achieved by sintering supports at 900°C
is good for microfiltration and ultrafiltration application pressures. Also, choosing 900°C

instead of higher sintering temperatures would be economical.

3.3.3. Permeation characterizations

Water and N, gas were permeated at different pressures, through supports sintered at four
different temperatures to find out their pore size and porosity. Table 3.4 shows the results
obtained by liquid permeation analysis. It was observed that the pore size increases and

porosity

Table 3.4. Liquid permeation results.

Sintering Wate'r . Pore size, Porosity, Pore
permeability, .

temperature L dp. & density, n

h )

OC o

(°C) (m¥/m?.s.Pa) (um) (vol%o) (m™)
800 5.83x1071° 0.478 32.7 1.8x10%?
900 6.31x1071° 0.512 30.77 1.5%10%
1000 1.07x10°° 0.743 24.82 5.7x10*
1100 1.32x10°° 0.864 22.6 3.9x10"

decreases with increase in sintering temperature. This is due to the fact that as the
temperature increases from 800°C to 900°C new pores are formed, further increasing the
temperature to 1000°C and 1100°C results in the overlapping of the pores, thus increasing the

pore size and decrease in porosity as well as the pore density. Fig. 3.9 (a) shows the N,
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permeability (K) profiles and Fig 3.9 (b) shows the liquid flux data obtained for different
supports based on their sintering temperatures.
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Fig 3.9. (a) Gas permeation data; (b) Liquid permeation data of supports sintered at different
temperatures.

As shown in the figure, the plots of K versus P were linear. Higher K values were observed
for supports sintered at 1100°C and lower K values were observed for supports sintered at
800°C. The supports sintered at higher temperature had higher porosity and higher gas
permeability values than those sintered at lower temperatures. The values of slope (A) and

intercept (B) along with porosity, mean pore size and percent contributions of Knudsen and

viscous fluxes are presented in Table 3.5 below

Table 3.5. Gas permeation results.

Sl:et;:;ng Skjfe’ Intechept, R dpg gy  Knudsen Viscous derl?soi;e/ N
' m ot flux (%) flux (% o
(C)  (Eq.(25) (Eq.(25)) (hm) - (%6) - flux (%) Hux (%) 2y

800 3.37x107 1.72x102 0.996 0.455 34.04 20-24 76-80  2.0x10%
900 3.87x10" 1.78x102 0.998 0.505 31.74 18-22 78-82  1.6x10%
1000  6.59x107 2.09x102 0.997 0.729 2591 13-16 84-87  6.2x10"
1100  8.18x10" 2.25x102 0.993 0.842 24.13 12-14 86-88  4.4x10M

The mean pore size (dpg = 2rg) values obtained in gas permeation analysis were slightly less
than those evaluated form liquid permeation. On the other hand, the porosity values of
different supports obtained from gas permeation were slightly greater than those of water
permeation. This may be due to the fact that water permeation analysis does not take into
account the presence of micropores. However, the trends in variation of pore size and

porosity, with increase in sintering temperature, by N, and water permeation analyses were
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similar; and the effective porosity values observed in gas permeation were in good agreement

with those evaluated from liquid permeation. This observation indicates that the tortuosity ( g

) is close to unity and therefore, confirms that the supports have cylindrical pore structure. It
is obvious that viscous flux is the dominant mode of transport through microfiltration
supports. It was observed that increasing the sintering temperature results in increased
viscous flux and porosity (Table 3.5). Also, the pore density values obtained from gas
permeation analysis were slightly higher than those obtained from liquid permeation study
and the difference in the pore density values is proportional to the values of Knudsen flux.
This confirms that the additional pores observed in gas permeation mainly contributed to
Knudsen flow, which is a characteristic of micropores (1-20 nm). Therefore, it can be
inferred that the sintering temperature up till 900°C leads to small pore formation and
increasing sintering temperature further leads to overlapping of pores resulting in higher pore

size.

Fig. 3.10 shows the variation in pore size and porosity of the supports sintered at different
temperatures (T1—T.). It was observed that with increase in sintering temperature from 800°C
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Fig 3.10. Variation in pore size and porosity with sintering temperature.

to 900°C there is small variation in pore size and porosity as compared to the variation
obtained by further increasing temperature to 1000°C and 1100°C. From Fig 3.8 it was
concluded that there is sharp increase in mechanical strength by increasing temperature from
800°C to 900°C as compared to the increase in mechanical strength of supports sintered at

higher temperatures (1000°C and 1100°C). Since a good ceramic support should have smaller
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pore size, good porosity and higher mechanical strength, the support sintered at 900°C fulfill
all the requirements as compared to those sintered at 800°C, 1000°C and 1100°C.

3.4. Effect of carbonates composition

Ceramic supports were prepared by paste method [7] using twelve different compositions
presented in Table 3.6. with varying amounts (0—40 wt.%) of calcium carbonate and sodium
carbonate. Firstly, the raw materials were accurately weighed according to the chosen
composition and were ground to a fine powder using a ball mill (SEM picture is shown in
Fig. 3.5 (b)). Then, a predetermined amount of distilled water (25-35 wt.%) was added to
make a thick and uniform paste. The quantity of water required for paste-making depends on
CaCO; content, ambient temperature and humidity. The raw materials paste was casted in a
circular mold of inner diameter of 50 mm and height 5 mm. The prepared ceramic supports
were kept under a uniform load of 2 kg for 12 h, to prevent deformation, followed by ambient
drying for another 12 h before sintering. Sintering induces hard, rigid, and porous texture to
the supports due to thermal and phase transformations. The supports were placed in a muffle
furnace for sintering, and the temperature of the furnace was increased slowly to 250°C at a
heating rate of 50°C/h and raised up to the sintering temperature (900°C) at a heating rate of
100°C/h.

Table 3.6. Different raw material formulations used in the preparation of ceramic supports
along with mean pore size obtained from surface SEM analysis.

S. Membrane Kaolin CaCO3; Na,CO3; Boric acid mest(z)a(::::(r:r;te Mea;rzsore
No. label (wt. %) (wt. %) (wt. %) (wt. %) (Wt. %) (um)
1 BO 95 - - 2.5 2.5 0.916
2 B1 75 10 10 2.5 2.5 0.541
3 B2 65 20 10 2.5 2.5 0.606
4 B3 55 30 10 2.5 2.5 0.712
5 N1 85 — 10 2.5 2.5 0.529
6 N2 75 — 20 2.5 2.5 0.473
7 N3 65 — 30 2.5 2.5 -
8 N4 55 — 40 2.5 2.5 —
9 C1 85 10 — 2.5 2.5 0.597
10 C2 75 20 — 2.5 2.5 0.618
11 C3 65 30 — 2.5 2.5 0.765
12 C4 55 40 — 2.5 2.5 0.924
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This temperature (900°C) was maintained for about four hours to complete the sintering
process. The sintered ceramic supports were polished on SiC abrasive papers (C—100 and C—
220) and cleaned in an ultrasonic bath to remove loose particles (formed during the polishing

step).

3.4.1. Physical observations

Preparation of defect-free ceramic supports using different compositions presented in Table
3.6 targeted in this work. All the ceramic supports prepared using different amounts of
CaCO3 were found to be defect-free. However, two of the compositions (N3 and N4)
containing Na,COs3 resulted in nonporous (dense) supports. It was physically observed that
excess amount of sodium carbonate results in the formation of a dense glossy layer on the
surface of the supports, which could not be removed by polishing with the SiC abrasive
papers. This is because of the formation of sodium silicate (also known as liquid glass) on the
membrane surface, when molten sodium carbonate or sodium oxide reacts with silica. N3
supports were found to stick loosely to the surface of the brick on which they were placed for
sintering, while N4 supports fused strongly to the brick surface. This might be due to the
lower melting point of sodium carbonate (<850°C) compared with that of calcium carbonate
(1,340°C). In addition, the supports prepared using these two compositions were found to
shrink in size by more than 20% v/v (approx.) and remained impermeable to air and water
(tested using a laboratory permeation cell). Consequently, they (N3 and N4) can no longer
serve as supports due to their nonporous nature. Therefore, it is not recommended to use

sodium carbonate in excess amounts (>20 wt.%) as it causes pore blockage.

3.4.2. Thermogravimetric analysis (TGA)

The TGA was performed by heating the raw material paste in an a—alumina crucible from
ambient temperature 30(x£10)°C-1,000°C at the rate of 10°C/min. Fig. 3.11 presents the TGA
and DTA graphs of raw material paste for four different compositions (viz. BO, N1, C2, and
B2). The weight loss of about 10-16% observed in all four samples below 125°C temperature
was due to evaporation of free (unbound) moisture (indicated by an endothermic peak at
around 70°C in the DTA graph), about 1% weight loss between 200 and 400°C was due to
dehydration of crystal water (bound moisture) of boric acid, and a weight loss of about 3-5%
between 450 and 650°C was due to the transformation (dehydroxylation) of kaolinite
(ALSi,05(0OH),) to metakaolinite (AlSi,O;) along with other phase changes [8,9]. For

samples containing CaCOs, the weight loss (8-12%) observed in the temperature interval
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650-750°C was due to thermal decomposition (calcination) of calcium carbonate resulting in
the release of CO; (indicated by an endothermic peak at around 720°C in the DTA graph),
whereas for the samples containing Na,COs, the weight loss (1-2%) in the temperature
interval 750-850°C was due to the release of CO, resulting from the reaction of silica with

molten sodium carbonate (indicated by an endothermic peak at around 810°C in the DTA
graph).

(a) (b)
1001 e e 0% Carbonates 401 s+ 0% Carbonates
v ----10% Na,CO, - - -+ 10% Na,CO,
954 ¢ — - - 20% CaCo, 301 — - - 20% CaCo,
— o - -+ 10% Na,CO, + 20% CaCO, - -+ 10% Na,CO, + 20% CaCo,
X g0 ¢ < 20+
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Fig. 3.11. Thermal analysis of raw material paste: (a) TGA; and (b) DTA.

Further, a sharp decrease in weight of the samples in the interval 650—750°C than the interval
750-850°C indicates that the rate of decomposition of CaCOs is faster than that of Na,CO:s.
No weight loss was observed beyond 850°C (in the temperature range studied), and hence,
the sintering temperature for fabrication of porous ceramic supports using the raw materials
presented in Table 3.6. should be above 850°C. Therefore, the sintering temperature was
chosen to be 900°C, which is well above the minimum (850°C). The same (i.e. 900°C as the
optimum sintering temperature) has also been recommended by many previous studies [1-
5,10] on the preparation of low-cost porous ceramic supports/membranes using calcium
carbonate because the decomposition occurs far below 900 °C and the product (CaO) reacts

with silica of kaolin.

3.4.3. X-ray diffraction (XRD) analysis

Fig. 3.12 summarizes the XRD patterns of ceramic supports made of four different
compositions (B0, N1, C2, and B2) and sintered at 900°C for four hours. The XRD analysis
conveys that quartz (SiO;) and nepheline (Na,O-Al,03-2Si0;) were present equally in all
four compositions. Nephiline is produced by the reaction of sodium oxide (Na,O) and

metakaolinite (Al,Si,O;) at a temperature of about 850°C [2]. Metakaolinite was highly
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present in composition BO as it contained the maximum amount of kaolin (95 wt.%) in
comparison with other three compositions. Mullite (3Al,03-2Si0,) phase was mainly present
in supports prepared using sodium carbonate (i.e. compositions N1 and B2), whereas, illite
(KogsAl2(AlyssSi335010)(OH),) phase was present in the supports prepared using calcium
carbonate (i.e. compositions C2 and B2). Inyoite (Ca (H4B307)(OH)-4H,0) was found to be

present in trace amounts.
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Fig. 3.12. XRD pattern of supports sintered at 900°C.

It can also be observed from Fig. 3.12 that anorthite (CaAl,Si,Og) was present in the supports
prepared of calcium carbonate (C2 and B2), while albite (NaAl-Si3Og) was present in the
supports prepared of sodium carbonate (N1 and B2). Oligoclase (NagsCagAl; 2Si»50sg), an
intermediate between albite and anorthite, was present in the supports prepared using both
carbonates (B2) and pyrophyllite (Al:Si;O10(OH)2) was found to exist in the supports

prepared without using any of the carbonates (BO0).
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Further, the XRD spectra of supports prepared using the highest amount (40 wt.%) of
carbonates (N4, C4, and B3) are compared with the XRD of BO in Fig. 3.13 (X'Pert PRO,
PANalytical). From this figure, it can be observed that the support N4 contained sodium
silicate (Na,SiO3) in addition to albite, and C4 (as well as B3) contained calcium oxide (CaO)
in addition to anorthite. Nepheline (Na,O-Al,03-2Si0,) and quartz (SiO,) were present in all
supports. In the present study, the two supports N3 and N4 were found to be dense and
impermeable as water and nitrogen did not pass through them during the permeation

experiments.
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Fig. 3.13. XRD spectra of different supports: BO, B3, C4, and N4.

3.4.4. Scanning electron microscopy (SEM)

The surface SEM analysis was performed to determine the surface morphology and the
surface pore size distribution of the supports. Fig. 3.14 shows the surface SEM images

(captured at a magnification of 2,000x) of four different supports. It was observed that the
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prepared supports were uniform and defect—free (i.e. no cracks were noticed). The figure also
conveys that the supports prepared using no carbonates (a) or less amount of carbonates (b)
are more homogeneous than others (c) and (d). SEM images captured at a magnification of
10,000x or higher were used to study the surface pore size distribution of the supports. About
six to eight such images, each containing 100-150 pores (approx.), were analyzed to evaluate
the pore size distribution of a sample. Estimation of pore size by this method has been proven
to be as accurate as liquid permeation, if applied with utmost care [2-3,6-7]. Else, it may lead
to errors (up to 10%) as the size distribution depends on the locations selected and may
necessitate further analysis to validate the results.

10pm WD17mm  SS30 x2,000 10 «  —————

- e =
SE|  15kV WD18mm | $$30 %2,000 10pm

Fig. 3.14. Surface SEM images of supports prepared using (a) 0% carbonates;
(b) 10% Na,COg; (c) 20% CaCOs;; and (d) 10% Na,CO3 + 20% CaCOs.

Fig. 3.15 shows the surface pore size distribution of ceramic supports prepared using
different compositions. From this figure, it is clear that the ceramic supports prepared using
sodium carbonate have narrow pore size distribution in comparison with those prepared using
calcium carbonate. This is probably due to slower reaction of molten sodium carbonate
compared with faster decomposition of calcium carbonate, which is evident from the TGA
analysis. The supports prepared using both carbonates also showed a wider pore size
distribution as they contained more amount of CaCO3; (10-30%) than Na,CO3; (10%). The
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pores noticed on the surface of supports (BO) prepared without using carbonates were formed
by the accumulation of fine and porous kaolin powders, as well as the release of H,O during
drying (<125°C), dehydration (200—400°C) and dihydroxylation (450-650°C).
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Fig. 3.15. Surface pore size distribution of supports prepared
using (a) Na,COg; (b) CaCOs; and (c) both carbonates.

Further, no pores were observed on the surface of the supports N3 and N4. The average pore

size values obtained from surface SEM analysis are presented in Table 3.6. The mean pore
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size decreased with the addition of 10-20 wt.% of carbonates and a further increase in the
amount of carbonates caused an increase in the mean pore size. This observation indicates
that small amounts of carbonates (10-20%) aid in the creation of new pores of smaller size,
whereas, excess amount of carbonates (>20%) lead to overlapping of adjacent pores and/or
creation of larger pores. Therefore, the optimum amount of CaCOj3 that should be used for
membrane fabrication is 20 wt.%.

3.4.5. Porosity

The porosity values determined by pycnometric method are presented in Fig. 3.16 It can be
observed from Fig. 3.16 (a) that the porosity of the ceramic supports increased with
increasing the amount of calcium carbonate. This is in accordance with the fact that
carbonates impart porous texture to the supports. During the sintering process, calcium
carbonate dissociates into calcium oxide and carbon dioxide at 663-745°C, and sodium
carbonate melts at temperatures above 800°C, reacts with silica of kaolin, and releases carbon
dioxide. The vacant spaces created by the release of CO, lead to the formation of pores [11].
The ceramic supports prepared using CaCO3z were more porous than those prepared using
Na,COs, and increasing Na,CO3; composition beyond 10 wt.% did not cause subsequent
increase in porosity. In addition, the supports (N3 and N4) prepared using high amount of
sodium carbonate (30-40%) had negligible porosity. This might be because of the blockage
of pores by sodium silicate resulting in size shrinkage. Therefore, the optimum amount of
Na,CO; that can be used for preparing porous ceramics is 10 wt.%. The variation of bulk
density of supports (determined by gravimetric method) with the amount of carbonates is
shown in Fig. 3.16 (b). From this figure, it can be observed that the bulk density decreases
with increasing the amount of total carbonates due to increased porosity (except N3 and N4).
This is because of the fact that the pore volume is also accounted in the calculation of bulk

density.

The membrane containing no carbonates in its composition (B0O) also exhibited a porosity of
about 18%. Therefore, it should be noted that the release of H,O also induces porosity to the
supports and this could be the reason for the observation of highly porous nature of supports
prepared using wet paste method compared with those prepared using uniaxial dry

compaction method by Ghosh et al. [1].

Increasing the amount of Na,CO3 from 10 to 20 wt.% did not cause an increase in porosity

(Fig. 3.16), but resulted in a slight decrease in mean pore size (Table 3.6). In addition, the
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supports prepared using both carbonates viz. B1 (10% CaCOs; + 10% Na,CO3; = 20% total
carbonates), B2 (30% total carbonates), and B3 (40% total carbonates), had lower mean pore
size than those prepared using calcium carbonate alone, i.e. C2 (20% CaCOs), C3 (30%
CaCO0s3), and C4 (40% CaCOs). Also, the supports prepared using sodium carbonate had a
narrow pore size distribution (Fig. 3.15) than others. Based on these observations, it can be
inferred that sodium carbonate when used in small quantities serves as a pore modifier

instead of acting as a pore-forming agent.
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Fig. 3.16. Variation of (a) porosity; and (b) bulk density with amount of carbonates.

3.4.6. Liquid permeation analysis

Fig. 3.17 shows the pure water flux data of the supports prepared using different amounts of
carbonates. The flux profiles indicate that high water flux is associated with the supports
prepared using calcium carbonate and low flux is associated with those prepared using
sodium carbonate, while moderate flux values are observed with the supports prepared
without using the carbonates (B0). The porosity of BO support (17.8%) was contributed by
the accumulation of porous kaolin powders and the release of water during drying and
sintering. Table 3.7 presents the hydraulic permeability and mean pore size (dp; = 2r;) of
supports made of different compositions, calculated based on the water flux data of Fig. 3.18.
The table also shows the porosity values determined by gravimetric method. From this table,
it is clear that the supports made of calcium carbonate show superior water permeability up to
28.52 x10*® m*/m?.s.Pa (i.e. 1027 L/h.m?.bar) owing to their high porosity and pore size than
those made of sodium carbonate. The observed values of permeability are in the acceptable

range for microfiltration applications. For the supports made of sodium carbonate (N1-N4)
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and also for C1, C2, B1 and B2, the water permeability values were lower than that of the
base material, BO (0% carbonates).
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Fig. 3.17 Pure water flux data of supports prepared

using (a) Na,COs, (b) CaCO3, and (c) Both.

This is because of the fact that the water flux (and hence permeability) is of second order in
pore size according to Eqg. (2.9); and therefore, small pore size corresponds to low water flux
and permeability. Presence of pores in BO support is due to the vacant spaces created by the

release of H,O during drying and phase transformation of kaolinite to metakaolinite during
the sintering process.
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It can be observed from Table 3.7 that all the CaCOg3 supports had larger pores and higher
porosity than Na,COs supports. This is probably because of fast/complete decomposition of
CaCOs3 against slow/incomplete reaction of Na,COs; as indicated by TGA study presented
earlier (section 3.5.2). It was also noticed that the mean pore size of supports decreased with
increasing the amount of Na,COs; because of the formation of new pores that are smaller in
size than those of the support BO.

Table 3.7. Water permeation data of the prepared supports.

f Wate_rl_ ) Pore size, Pore
Support Amount of carbonates permeabllloty, Porosity, ¢ do, density. n
(Wt%o) Ln x10™ (vol%o) ( ?ﬁ) (m- )’
(m*/m?.s.Pa) H
N1 10% Na,COs 4.62 25.91 0.462 1.55x10*2
N2 20% Na,COs 2.16 16.55 0.395 1.35x10%
N3 30% N&zCOg 0 2.71 — —
N4 40% Na,CO3 0 0 — —
C1 10% CaCO; 7.12 28.25 0.549 1.19x10%
C2 20% CaCOs 7.94 34.84 0.522 1.63x10%
C3 30% CaCOs 14.16 41.22 0.641 1.28x10%
C4 40% CaCOs 28.52 52.51 0.806 1.03x10%
BO 0% Na,COs + 0% CaCOs 9.80 17.82 0.811 0.35x10%
0, 0,
B1 10% Na,COs + 10% 6.63 28.03 0.532 1.26x10%
CaCO;
0, 0,
B2 10% Na,COs +20% 6.74 30.77 0.512 1.50x10%
CaCO;
0, 0,
B3 10% Na,COs + 30% 13.03 40.02 0.624 1.31x10%
CaCO;

Another reason for decrease in pore size with increasing sodium carbonate could be the
formation of sodium silicate layer inside the pores. The pore density (n) values reported in
Table 3.7 also reveal that the number of pores increases with the addition of carbonates up to
some optimum amount (20% for CaCO3 and 10% for Na,COs3), and further addition causes
decrease in the number of pores. This observation indicates that excess amount of CaCOj3
(=30%) or Na,COj3 (>20%) results in the overlapping of adjacent pores, thereby, increasing
the mean pore size (especially with CaCO3). The support prepared without using carbonates
(B0) had the least number of pores (0.35x10*? per m?), whereas supports C2, N1 and B2 had
the highest number of pores. Of these three supports, C2 had higher porosity and
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permeability. Therefore, C2 (with pore size = 0.5 pm) is suitable for microfiltration
applications and it can be used as a support for MF and UF supports.

3.4.7. Gas permeation analysis

The trends in gas flux were found to be similar to those of water flux (not shown). Fig. 3.18
shows the N, permeability (K) profiles of different supports based on their carbonates
content. As shown in the figure, the plots of K versus P were linear with acceptable R
values (see Table 3.8). Higher K values were observed for CaCOj3 supports and lower K
values were observed for Na,CO3 supports. Although, the supports C1, C2, B1 and B2 had
higher porosity than BO, their gas permeability values were lower than that of BO. This is
because the effective permeability factor (K) is of higher order in pore size than in porosity
(according to Eqg. (3)). The values of slope (A) and intercept (B) along with porosity, mean
pore size and percent contributions of Knudsen and viscous fluxes are presented in Table 3.8.
The mean pore size (dpg = 2ry) values obtained in gas permeation analysis were slightly less
than those evaluated from liquid permeation. On the other hand, the porosity values of
different supports obtained from gas permeation were slightly greater than those of water
permeation. This may be due to the fact that water permeation analysis does not take into
account the presence of micropores. However, the trends in variation of pore size and
porosity, with carbonates composition, by N, and water permeation analyses were similar;
and the effective porosity values observed in gas permeation were in good agreement with

those evaluated from liquid permeation. This observation indicates that the tortuosity (q) is

close to unity and therefore, confirms that the supports have cylindrical pore structure. It is
obvious that viscous flux is the dominant mode of transport through microfiltration supports.
It was observed that increasing the amount of CaCQOj; results in increased viscous flux and
porosity, whereas, addition of Na,COj3 results in increased Knudsen flux (Table 3.8). Also,
maximum contribution of viscous flux was observed for the support prepared without using
carbonates (B0) and minimum values were observed for supports prepared using sodium
carbonate. Sodium carbonate might have contributed to the creation of small pores and/or
modification of existing pores by the formation of sodium silicate layer within the pore
structure resulting in increased Knudsen flow. Also, the pore density values obtained from
gas permeation analysis were slightly higher than those obtained from liquid permeation
study and the difference in the pore density values is proportional to the values of Knudsen
flux. This confirms that the additional pores observed in gas permeation mainly contributed

to Knudsen flow, which is a characteristic of micropores (1-20 nm). Therefore, it can be
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inferred that CaCOs acts as a pore forming agent and Na,COs acts as pore modifier. The

porosity of support decreased with increasing the amount of Na,CO3 from 10% to 20%, and

further addition of Na,CO3 made the support impermeable (dense).
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Fig. 3.18. Gas permeability data of supports prepared using
(a) Na,COg3, (b) CaCOs3, and (c) Both.

Hence, composition of sodium carbonate should be limited to 10 wt%. Observation with pore
density values indicates that supports N1, N2, B2 and C2 possess large number of pores per

m? of support. Of these four supports, C2 has the maximum porosity value. Therefore, C2
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support (prepared using 20 wt% CaCOgs) is the best choice based on liquid and gas

permeation studies.

Table 3.8. Gas permeation results.

& (%0)

. Pore
same
Support A B R? (S’;ﬁ) as };S;C(is/e;‘ f\|/ul ic(c:;s; density, n
0 (o] _
(Ea. (25)) (Eq.(25)) o/ (m”)

Slope, Intercept,

N1 2.27x10°7  1.27x10° 0.996 0.414 27.68 29.2-19.0 70.8-81.0 2.06x10%
N2 1.06x107 0.72x10% 0.993 0.343 18.83 33.2-22.0 66.8-78.0 2.04x10%
N3 0 0 - - 0 - - -

N4 0 0 - - 0 - - -

c1 4.11x107  1.75x10% 0.997 0.543 29.10 23.9-15.1 76.1-84.9 1.26x10%
C2 4.43x107 2.03x10% 0.999 0.506 36.14 25.2-16.1 74.8-83.9 1.80x10"
C3 7.77x107  2.93x10° 0.998 0.614 43.07 21.7-13.6 78.3-86.4 1.46x10%
C4  15.74x107 4.73x10% 0.982 0.771 55.31 18.1-11.2 81.9-88.8 1.19x10"
BO 5.91x107 1.74x10° 0.991 0.785 20.04 17.8-11.0 82.2-89.0 0.41x10%
B1 3.53x107  1.66x10° 0.989 0.492 3051 25.7-16.4 74.3-83.6 1.61x10%
B2 351x107  1.74x10° 0.995 0.466 33.77 26.8-17.2 73.2-82.8 1.98x10%
B3 6.96x10" 2.81x102 0.984 0.573 44.28 22.9-145 77.1-855 1.72x10%

3.4.8. Mercury intrusion porosimetry

Fig. 3.19 shows mercury intrusion porosimetry (Pascal 440, ThermoQuest) results of selected
supports (BO, N1, C2, and B2). From this figure, it can be observed that the pore size
distributions of supports prepared without carbonates (BO) and with CaCO3; (C2) are
unimodal type. This observation is in good agreement with that reported in literature by
Harabi et al. [8]. However, the supports prepared using Na,CO3 (N1 and B2) resulted in a
bimodal distribution of pores owing to the presence of micropores. This particular finding
also supports the inference drawn from gas permeation result (discussed in section 3.3) that
addition of 10 wt% Na,COs in the raw material mixture contributes to additional pores in
Knudsen flow regime. Therefore, it can be concluded that C2 is the best support in terms of
uniform pore size distribution. In addition, the porosity of the supports BO, N1, C2 and B2
(0.212, 0.284, 0.371 and 0.343, respectively) and their average pore sizes (0.759, 0.427,
0.498 and 0.475 um, respectively) obtained by mercury intrusion method matched very

closely with liquid and gas permeation results.
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Fig. 3.19. Pore size distribution of selected supports.

3.4.9. Chemical stability

One of the advantages of ceramic supports is their superior chemical stability that allows
them to be applicable for a wide variety of effluents. All the prepared supports were subjected
to extremely acidic (pH ~ 1) and alkaline (pH =~ 13) conditions separately for seven
consecutive days followed by washing with water and drying [2]. The dry weights of
supports before and after the corrosion test were measured to calculate the weight loss. Fig.
3.20 shows the chemical stability results in terms of percent weight loss for all the supports.
The supports prepared without using carbonates (B0) showed the best chemical stability in
HCI and NaOH solutions without any weight loss. It can be observed that the weight loss of
all supports prepared using calcium carbonate was within the acceptable limit (< 5%) as
suggested by Nandi et al. [2], indicating that they can be used under acidic as well as basic
environments. This can be attributed to the poor solubility of CaO (formed by the
decomposition of CaCO3) in aqueous and alkaline solutions. However, the dense supports
(N3 and N4) showed poor corrosion resistance, especially in acidic medium. This may be due
to the fact that Na,O (formed at high temperatures by the decomposition of Na,COs3) is
unstable and Na,SiO3; (formed by the reaction of molten Na,CO3 with SiO;) is soluble in
aqueous solutions. Therefore, it can be concluded that all supports except N3 and N4 are
suitable for microfiltration of corrosive feed streams. The porosity of the supports after the
corrosion test was found to increase by 5-8% for Na,COj3 supports and 0-2% for CaCO;

supports.
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Fig. 3.20. Chemical stability of supports in (a) HCI, pH=1, and (b) NaOH, pH=13.

3.4.10. Mechanical strength

Fig. 3.21 (a) shows the variation of flexural strength of as-prepared supports with the amount
of total carbonates in the raw material composition. This figure conveys that BO support had
the lowest mechanical strength (22 MPa) and the supports prepared using sodium carbonate
have higher mechanical strength than CaCO3 supports. This may be because of the presence
of low hardness minerals metakaolinite and pyrophyllite in BO support and high hardness
minerals mullite and albite in the supports made of sodium carbonate. Increase of Na,COj3
content enhanced the mechanical strength of supports (from 36 MPa for N1 up to 62 MPa for
N4). With increase in CaCO; content, the mechanical strength of supports first increased to
48 MPa (for C2) and then decreased, owing to a drastic increase in the porosity values.
Intermediate values (50-52 MPa) were observed for the supports prepared using both the
carbonates (B1-B3). The mechanical strength of all the supports (as-prepared they can
withstand the operating pressures of microfiltration (0.1-0.4 MPa), ultrafiltration (0.2-0.7
MPa), and nanofiltration (0.6-1.0 MPa) processes. It may further be increased by increasing
the sintering temperature to above 1100°C [8,12,13]. The mechanical strength values of the
supports prepared in this work are close to those reported for kaolin based supports (10-34
MPa) [14] and are significantly higher than those prepared of local clay (1.5-11.5 MPa) [15]
and mixture of local clay and kaolin (7.0-17.2 MPa) [16,17].

As shown in Fig. 3.21 (b), the supports after subjecting to corrosion test (for a period of seven
days) in acidic environment (pH =~ 1) showed a significant decrease in their mechanical
strength, especially for those prepared using sodium carbonate. This may be due to poor
chemical stability of Na,CO3 supports and increased porosity after the corrosion test. The

reference support BO retained its mechanical strength even after the corrosion test because of
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its excellent chemical stability (indicated by 0% weight loss) in both media. However, the

supports prepared using CaCO; as well as both carbonates were little affected by the

corrosion test. Also, Fig. 3.21 (c) shows that CaCOs supports were unaffected by basic

environments. That is, their mechanical strength after subjecting to NaOH solution (pH ~ 13)

is almost the same as that of as-prepared supports. From this figure, it can be noticed that the

decrease in mechanical strength of supports due to corrosion can be directly related to their

weight loss.
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Fig. 3.21. Mechanical strength of the supports: (a) as prepared,
(b) after HCI (pH = 1) treatment, and (c) after NaOH (pH = 13) treatment.
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Table 3.9 presents a comparison of pore size, porosity and flexural strength of different
supports reported in literature [8,12,14,16,18-30]. This table shows that the pore

characteristics as well as mechanical strength are strongly influenced by the raw material

Table 3.9. Literature comparison of mechanical strength of ceramic supports.

S Sintering Pore size Porosit Flexural
Né Material(s) temperature (um) %) y strength Ref.
| ¢C) g Y (MPa)
1. Kaolin (DD3) + CaO 1100 8 47 56 [12]
2. Coarse Al,O3 + nano TiO, 1650 8 38 55.4 [18]
3. Kaolin + CaCO; + quartz + 900 0.45-1.30 23-30 10-34 [14]
TiO,
4. Ball clay + kaolin + CaCOs 950 0.31 53 12 [16]
5. Alumina 1650 8.57 34 49.8 [19]
6. Kaolin (DD3) + CaCO3 1100-1250 1.8-5.8 45.6-52.3  67-87 [8]
7. Local kaolin (DD2) 1250 4 52 23 [20]
8. Kaolin + 20% starch 1050 0.9 60 4 [21]
9. Kaolin 1200 1.4 46 24 [21]
10. Kaolin 1250 7 50 42 [22]
11. Clay 1150 1.3 52 25 [23]
12. Sigue quartz sand + sodium  1200-1400 11-27 25.4-32.9 16-20 [24]
phosphate
13. TKM (kaolin) 1250 8 47 40 [25]
14. Natural hydroxyapatite 1050 - 38.8-41.4 27-46 [26]
(NHA) + P,0s
15. Natural hydroxyapatite 1050 - 41.4-27.2 15-57 [27]
(NHA) + B,03
16. Diatomite + kaolin + 1000-1100 0.29-0.67 32.2-34.1 32.2-27.9 [28]
bentonite + barium carbonate
17. Kaolin + diatomite 1000 0.43-0.83 34.5-36.5 32.2-38.3 [29]
18. Kaolin + bentonite + carbon 1000 0.65-1.25 34-44 58-31.7 [30]
black
19. Kaolin + CaCOj3 / Na,CO3 900 0.39-0.81 2.7-525 22-62.1 This
work
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composition and sintering temperature. In most cases, the sintering temperature has a positive
effect on the flexural strength. However, increase of pore size with an increase in sintering
temperature is not desirable as it may limit the applicability of the prepared
supports/membranes in the separation of small particles or solutes. It can also be seen that the
kaolin based supports sintered at 900°C in the present work have similar mechanical strength
and better pore characteristics than alumina based support sintered at 1650°C [19]. It is
important to note that the highest flexural strength of 87 MPa was achieved by Harabi et al.
[8] at a sintering temperature of 1250°C using only two raw materials (kaolin and calcite).
This value is significantly higher than that of the supports prepared using coarse alumina
grains coated by nano titania (and corn starch as pore—forming agent) and sintered at 1650°C
[18]. Also, the kaolin supports [8] have relatively higher porosity and lower average pore size
than alumina supports [18]. Therefore, preparation of resistant ceramic supports using kaolin
and CaCOs [8] is more likely to be encouraged than expensive alumina supports sintered at
high temperatures [18].

3.5. Cost analysis

Unlike polymeric membranes, cost of membrane materials is one of the factors that limits the
wider applicability of ceramic supports. This issue has been addressed to some extent in
literature by using less expensive raw materials (e.g. kaolin) as an alternative to the
conventional materials (e.g. alumina) [20-22]. Further reduction in cost may be achieved by
lowering the sintering temperature [31]. The main drawback of alumina based supports is that
they require high sintering temperature (1650°C) [19] and the material cost of alumina is
about 100 times that of kaolin. In an attempt to decrease the membrane cost, this work
focuses on preparing ceramic supports without using feldspar, pyrophyllite and quartz, which
are relatively expensive. Table 3.10 presents the cost comparison of various raw material
formulations used in the present work with literature [2,6]. The difference in raw materials
cost corresponds to a similar difference in the overall cost of support, as the fabrication
procedure and sintering temperature were the same for the supports compared in Table 3.10.
From this table, it is evident that the material cost of the prepared supports is much less than
that of the others reported earlier. In addition, the prepared supports are very much cheaper
than the commercial polymeric (200 $/m?), ceramic (500—1000 $/m? for a—alumina type) and
stainless steel (3000 $/m?) supports. Further, the cost can be reduced drastically upon

production of supports on commercial scale (large scale). Therefore, the supports prepared by
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using different amounts of carbonates in the present work qualify to be called as low-cost

supports.
Table 3.10. Cost comparison of raw materials.

Material Unit Composition on dry basis (wt%o)
price Bulasaraet Nandietal. Thiswork
(¥ka) a1 [6] 2]
Kaolin 7 40 40 55-95
Quartz 64 15 15 0
Feldspar 88 15 0 0
Pyrophyllite 76 10 0 0
Sodium carbonate 5 10 10 0-40
Calcium carbonate 4 0 25 0-40
Sodium metasilicate 10 5 5 2.5
Boric acid 6 5 5 2.5
Cost of membrane material ($/kg) 34.5 14.7 59-7.1
Cost of membrane material ($/m?) 352 150 60-72
Average pore size (um) 0.3 0.7 0.3-0.8

3.6. Conclusions

The role of raw materials, sintering temperature and carbonates composition in the
preparation of low-cost microfiltration supports has been studied in this work. The kaolin
based supports (R1) had the smallest pore size, high mechanical strength and corrosion
resistivity in comparison to the supports prepared using fly ash and clay (R2 and R3). For
variation in sintering temperature, kaolin based low-cost supports sintered at 900°C possessed
small pore size with good mechanical strength, porosity and pore density as compared to
other supports. Variation in carbonates composition was done in the kaolin based supports
(sintered at 900°C).

The prepared ceramic supports (except N3 and N4) exhibited very good permeation
characteristics viz. pore size and porosity. The TGA and XRD analyses revealed the
occurrence of complex phase transformations during sintering process. It was also noticed
that the rate of reaction of sodium carbonate is slower than that of calcium carbonate
resulting in narrow pore size distribution on the surface of the supports. Use of mixed

carbonates yielded intermediate results. The supports prepared using calcium carbonate were
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more porous than those prepared using sodium carbonate as the latter melts and forms a
sodium silicate layer in the interior of pores as well as on the support surface under the
sintering conditions. Therefore, calcium carbonate should be preferred over sodium carbonate
as pore-forming agent in the preparation of inorganic supports. The average pore size
decreases with increasing the amount of carbonates from low to moderate quantities (0—20
wt.%) due to the creation of new pores of smaller size, while excess amount (>20 wt.%) of
carbonates leads to overlapping of adjacent pores resulting in increased average pore size.
Therefore, the optimum amount of calcium carbonate that can be used is 20 wt.%. Sodium
carbonate should be used cautiously in low quantities (<10%), and it serves well as a pore

modifier than as a pore-forming agent.

The effect of amount of carbonates on the permeation properties of ceramic supports has also
been studied. All the supports (except N3 and N4) were found to be defect—free. The supports
prepared using CaCO3; had high porosity and liquid permeability as compared to those
prepared using Na,COs. The supports prepared using both carbonates showed intermediate
results. The gas permeation data verified the same pattern observed with liquid permeation,
although, the obtained values slightly deviated due the fact that gas permeation takes into
account the micropores. The mean pore size and porosity values determined using mercury
intrusion porosimetry are in good agreement with the permeation results. Good chemical
stability was observed for the supports prepared without using any carbonates and also with
CaCO; as compared to those prepared using Na,COs. The corrosion test indicated that all
supports (except N3 and N4) are suitable for microfiltration of corrosive feed streams. The
mechanical strength of as—prepared Na,CO3 supports was higher than CaCO3 supports and
BO supports had the lowest strength. However, after the corrosion test, the mechanical
strength of Na,CO3 supports decreased, while strength other supports remained unaffected.
Also, the use of less expensive raw materials decreased the membrane cost. The ceramic
supports prepared in this work using kaolin are cheaper than those reported in previous
works. Altogether, it is concluded that the support C2 (20 wt% CaCOg3) having 0.5 um pore
size, 37% porosity and 48 MPa flexural strength is the best among all the compositions used

in this work.
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Chapter 4

This chapter is divided in three sub sections. The first section deals with the choice of
polymer solvent combination. Cellulose acetate was chosen as a coating polymer with
acetone as solvent, so that the acetone evaporates leaving behind the cellulose acetate
polymeric layer on the ceramic support. Then, in the second sub section the optimization of
the polymer ceramic membrane based on the pH and temperature of the polymeric solution is
discussed.

In third sub section, the optimization of concentration of polymeric solution, dipping time
and the number of dipping cycles is done by preparing 24 different parameter combinations
keeping the optimized pH and temperature. The concentration of polymeric solution is varied
from 4 wt.% to 10 wt.% with the interval of 2 wt.%. The dipping time is varied between 20 s
to 60 s and the number of dipping cycles as 1, 2 and 3. Each experiment was repeated thrice
(using three different composite membranes for each composition) and the average values of
the results are reported. The standard deviation of the data was found to be within the

acceptable range (£5%).

These five parameters are optimized to give small pore size and high porosity, suitable for the
end use of the membranes (ultrafiltration applications). The ceramic supports having 0.5 um
pore size, 37% porosity and 48 MPa flexural strength were prepared by paste method [1]
using kaolin (75%), calcium carbonate (20%), sodium metasilicate and boric acid (2.5%
each) and sintered at 900°C. The prepared supports after polishing and sonication were oven
dried. Before dip coating, all the sides of the ceramic supports, except the top surface, were

covered with an adhesive tape.
4.1. Choice of polymer—solvent combination

In preparation of polymer—ceramic composite membranes, the choice of polymer—solvent
combination plays an important role in imparting the properties to the membrane. The
properties of the polymer used in fabrication of the composite membrane have prominent
effect in comparison to the effect of solvent. The polymer interacts with the solvent on the

basis of the polarity [2,3].

Numerous articles have been reported on the polymer—ceramic composite membranes using
different polymer—solvent combinations. Table 4.1 represents various type of polymers that

were used for fabrication of membranes.
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Table 4.1. Selected literature on polymer-solvent combinations used for membrane
preparation.

S. No. Polymer Solvent Nature Ref.
1. Cellulose acetate (CA) Acetone Hydrophilic [4]
2. Polysulfone (PS) N-methyl-2-pyrrolidone Hydrophilic [5]

(NMP)
3. Chitosan Acetic acid Hydrophilic [5]
4. Cellulose acetate (CA) N, N’-dimethylformamide  Hydrophilic [6]
(DMF)
5. Polyvinyl acetate (PVAC) Dimethylacetamide Hydrophilic [7]
(DMAC)
6. Chitosan Acetic acid Hydrophilic [8]
7. Cellulose acetate (CA) Acetone Hydrophilic [9]
8. Poly(ether sulfonamide) Dimethylacetamide Hydrophilic [10]
(PESA) (DMAC)
9. Cellulose propionate (CP) Dimethylacetamide Hydrophilic [11]
(DMAC)
10.  Modified PVDF N-methyl-2-pyrrolidone Hydrophilic [12]
(NMP)
11.  Carboxymethyl cellulose N, N’-dimethylformamide  Hydrophilic [13]
acetate CMCA)/cellulose (DMF)
acetate (CA) blend
12.  Cellulose acetate (CA) N, N’-dimethylformamide  Hydrophilic [14]
(DMF)
13.  Poly(ethylene glycol) (PEG) Dimethylacetamide Hydrophilic [14]
(DMAC)
14.  Celluloseacetate/polyethylene  Acetone Hydrophilic [15]
glycol blend (CA/PEG)
15.  Cellulose acetate (CA) Dichloromethane Hydrophilic [16]
16.  Polyurethane-cellulose acetate Tetrahydrofuran (THF) Hydrophilic [17]
blend (PU/CA)
17.  Zwitterionic cellulose acetate  N,N-dimethyl-1,3- Hydrophilic [18]
(ZCA) propanediamine (NMP)
18.  Cellulose acetate (CA) Dimethylacetamide Hydrophilic [19]

(DMAC)

The polymers used for the preparation of polymer—ceramic composite membranes are of two

types viz. biodegradable and non-biodegradable. Keeping in mind, the safety of the
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environment, it is important to choose a biodegradable polymer for fabrication of composite

membranes.

Among these the cellulose acetate (CA) has enticed much attention due to its versatility. CA
is a natural biopolymer which have high biocompatibility, good toughness, suitable for
desalting and relatively low cost [20,21]. Moreover, CA membranes have been used to
minimize fouling as they have excellent hydrophilic nature. It can be observed from Table 4.1
that various types of solvents were used for CA polymer. The solvent, acetone, have a low
boiling point low viscosity and low surface tension compared to other solvents [22] such as
acetic acid and dimethylacetamide, etc. leading to ease of evaporation and formation of
uniform polymeric layer on ceramic supports. Therefore, CA with acetone was chosen as

polymer—solvent combination for fabrication of polymer-ceramic composite membranes.

4.2. Effect of temperature

Dip coating experiments were initially performed at three different temperatures (15+£0.1°C,
25+0.1°C and 40+0.1°C) to observe the effect of temperature of coating solution on the
morphology of composite membranes. SEM images show (Fig. 4.1), low temperature
(15%0.1°C) resulted in non—-homogeneous and less porous cellulose acetate layer, whereas
high temperature (40+0.1°C) resulted in defective layer with large pores. The non-
homogeneous surface observed at low temperature could be due to the formation of larger
supermolecular polymer aggregates and the surface defects (cracks) observed at high
temperature may be due to faster evaporation of the solvent. At moderate temperature
(25+0.1°C), the surface of the cellulose acetate layer was found to be homogeneous with a
good number of small pores. Hence, all subsequent experiments were performed at a
temperature of 25+0.1°C.
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SEl  15kV WD18mm  SS35

SEI  15kV WD18mm SS35 x50,000 0.2pm S—

Fig. 4.1. Effect of temperature on surface morphology of cellulose acetate layer.

4.3. Effect of pH of the polymeric solution
4.3.1. SEM analysis

Fig. 4.2 shows the surface SEM images of the composite membranes prepared using different
pH solutions. It can be observed from Fig. 4.2 that the surfaces of all the membranes were

homogeneous with circular pore openings. The number of large pores decreased and small

pores increased with increase in the pH of the solution.
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x50,000 0.2pm

SElI  15kV WD18mm  SS35 x50,000 0.2um

x50,000 0.2um

SElI  15kV WD18mm  SS35

SEl  15kV WD18mm SS35

Fig. 4.2. Surface SEM images of composite membranes prepared using different pH solutions.
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WD12mm  SS30 x2,000 10pm

SElI  10kV WD12mm  SS30 x2,000 10pm — SEI  10kV WD12mm x2,000 10pm

‘WD12mm  SS30 X2,000  10pm

SEI  10kV WD12mm  SS30 x2,000 10UM —

Fig. 4.3. Cross-sectional SEM images of composite membranes prepared using different pH
solutions.
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Fig. 4.3 shows the cross-sectional SEM images of the composite membranes prepared using
different pH solutions. A number of such micrographs were analyzed by using ImageJ
software to determine the average thickness deposited on the supports. These thickness
values as a function of pH are plotted in Fig. 4.4.

=
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® ©

»
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Fig. 4.4. Variation in the thickness of CA layer with pH.

Also, the polymer layers deposited at low pH (2 — 6) were weakly bonded to the surface of
the ceramic support, whereas, they were strongly bonded to the support at high pH
conditions. This is because of the fact that the surface charge of the support plays a key role
in polymer—support interaction. As shown in Fig. 4.5, the zero—point charge (also called
isoelectric point, IEP) of the ceramic support was observed at pH 6.2 (pHz,c = 6.2). Below the
zero—point charge (low pH), the support possesses a positive charge on its surface and tends

to repel the positive functional groups of CA.

It was also found that the thickness of the polymer layer deposited on the surface of the
support first decreased (from pH 2 to 6) and then increased with increase in pH (from 7 to
12). At low pH values, aggregation of polymer molecules produced by the coordination of
functional groups of CA with protons in the solution resulted in increased polymer
deposition. However, there was no strong adsorption with the support, because of poor
adhesion force. Therefore, CA layer could be easily peeled off from the support surface. The
adhesion force was minimum at the IEP (pH ~ 6), therefore, less amount of polymer (CA)
deposited, resulting in the lowest film thickness. At high pH, the surface of the support

becomes negatively charged.
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Fig. 4.5. Zero point charge of ceramic support.

Hence, the interaction between the polymer and the support surface became strong and
resulted in enhanced CA deposition on the support. In this case, the polymer (CA) layer was
strongly bonded to the support surface by adsorption phenomenon.

4.3.2. EDAX and FTIR analyses

Table 4.2 shows the EDAX data of three different composite membranes (coated at pH 4, 7
and 10). It was observed that Cl and Na were present in negligible amounts and therefore, it
can be inferred that the addition of very small amount of HCI and NaOH (one or two drops)
to adjust the pH of the coating solution did not affect the overall composition of the

polymeric solution.

Table 4.2. EDAX of CA membranes.

pH 4 pH 7 pH 10
Element Weight Atomic Weight Atomic Weight Atomic
(%) (%) (%) (%) (%) (%)
C (K) 48.65 55.80 50.63 57.74 49.49 56.64
0 (K) 51.32 44,19 49.37 42.26 50.9 43.29
Na (K) - - - - 0.12 0.07
Cl(K) 0.03 0.01 - - - -

All the prepared membranes were subjected to FTIR analysis to check the functional groups

present in the polymeric layer. The FTIR spectra of three different membranes (prepared at

80



Chapter 4

pH 4, 7 and 10) are shown in Fig. 4.6. All the membranes showed peaks at the same
wavelengths indicating that the addition of HCI or NaOH for adjusting the pH of the CA
solution did not affect its functionality. The peaks observed at 1734 cm™ (C=0 stretching),
1370 (CH3 symmetric deformation), 1211 (acetate C—C—O stretching), and 1030 (C—O
stretching) cm™' are characteristic peaks of CA. Also, the peaks observed at 1211 and 1030
cm ' (skeletal vibration involving the C—O stretching) are characteristic peaks of saccharide
structure of CA The peak observed at 900 cm ™' is due to the p—linked glucan structure and

peak at 2980 cm ™' represents (OH — stretching vibration) the hydroxyl group of CA [23].

Transmittance (%)

1000 2000 3000 4000
Wave number (cm'l)

Fig. 4.6. FTIR analysis of different membranes.

4.3.3. Gas permeation analysis
From the gas permeation data (Fig. 4.7), pore size (dpg), permeability factor (K), pore density

(n), and contribution of viscous and Knudsen fluxes were calculated and shown in Table 4.3.
It was observed that the permeability factor values increase with increase in the
transmembrane pressure. This is due to fact that an increase in transmembrane pressure
increases the average pressure on the membrane and results in increased K value according to
Eq. 2.5. Also, it is obvious from Table 4.3 that Knudsen flux is the dominant mode of gas
transport through polymer—ceramic composite membranes prepared using different pH
solutions, in contrast to the ceramic support for which viscous flux is predominant. This is
because of the presence of small pores (of Knudsen regime) in the polymeric layer. With an
increase in the pH of the coating solution, the mean pore size decreased and pore density
increased, causing the Knudsen
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Fig. 4.7. Gas permeation data at different pH.

flux to increase. High porosity was observed at low pH (Fig. 4.9) because of weak interaction
of CA with the support (see Fig. 4.3) and the porosity of the polymeric layer decreased with

increase in pH.

Table 4.3. Gas permeation results.

] Pore

Pore size, Porosity, Knudsen Viscous .
Membrane Slope Intercept dog (M) & (%)  flux (%)  flux (%) d(er:i;y
Support  4.43x10°7 2.03x102  506.2 36.14 15-23 77-85  1.80x10'?
pH2  520x10° 2.85x10°  42.2 57.06 68-78 22-32  4.08x10*
pH4  3.99x10° 2.45x10°  37.7 54.79 71-80 20-29  4.90x10*
pH6  2.99x10° 2.07x10°  33.4 52.27 73-82 1827  5.96x10%
pH7  255x10° 1.86x10°  31.7 49.44 74-83 17-26  6.26x10%
pH8  2.13x10° 1.66x10°  29.8 47.00 75-84 16-25  6.76x10%
pH10 1.64x107° 1.33x10° 284 39.61 76-84 16-24  6.25x10%
pH12  1.24x10° 1.05x10° 274 32.46 77-85 1523  5.52x10%

The strong interaction between polymer and support also caused a noticeable decrease in pore

size with increase in pH.
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4.3.4. Gravimetric and liquid permeation analysis

Gravimetric analysis was used to measure the porosity of the polymeric membranes prepared
using dip coating method at different pH of CA solution. The initial and final dry weight of
the membrane before and after dip coating was measured to find out the weight gain. The
weight gain obtained is the weight of the polymeric layer formed on the ceramic support,
prepared using different pH CA solutions. Using Eq. 2.2, the porosity values of the prepared

composite membranes were calculated.

The pure water was permeated through prepared membranes at different pressures and the
flux data was obtained (Fig. 4.8). It was observed that the permeability decreases with
increase in pH (Table 4.4) because of decrease in pore size and porosity resulting from strong
interaction of the polymer layer with the ceramic support.

3
—A— pH2
—O—pH4
m —+— pH6
N.2_ —Q—F)H?
O:\E pHS8
- —— pH10
- —&— pH12
=
X 1]
Iﬁ
00 05 10 15 20 25 30 35 40

AP (bar)

Fig. 4.8. Liquid permeation flux data for different pH.

Also, the pore density values obtained from liquid permeation were lesser than those obtained
from gas permeation. This may be due to the fact that the gas permeation takes into account

the small pores through which water couldn't permeate at the pressures studied in this work. It
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can be observed from Table 4.4 that the percentage of polymer layer resistance increased
with increase in pH of the solution due to decrease in pore size and permeability.

Table 4.4. Liquid permeation results.

embrane perr\;\lﬁ?girlity, Resistances Pore( s:ﬁ;} dp.i Por((e rg_ezr)lsity
(m3/m2’.cs.Pa) Rs (%) Re (%0)

Support 7.95x10*° 100.0 - 522.5 1.63x10"
pH 2 6.48x10 %0 81.64 18.36 47.2 1.99x10"
pH 4 6.38x10*° 80.37 19.63 42.6 2.45x10"
pH 6 6.22x10*° 78.43 21.57 37.8 3.11x10"
pH 7 5.91x10 %0 7451 25.49 35.2 3.58x10"
pH 8 5.46x1071° 68.81 31.19 33.2 3.96x10"
pH 10 4.53x107*° 57.03 42.97 31.6 4.45x10"
pH 12 3.62x1071° 45.54 54.46 30.3 4.83x10"

From Fig. 4.9 (a), it can be observed that the porosity values obtained from liquid
permeation (gravimetric analysis) were a slightly lower and pore size values were marginally

greater than those obtained from gas permeation analysis.

@ @

—0— Liquid permeation 0.007 i Liquid permeation
—/A— Gas permeation Gas permeation

[$a)
o
1

Porosity (%)
N
o

w
o
1

20 T T T T T T 0.001

pH pH
Fig. 4.9. (a) Variation of porosity with pH; and (b) Objective function.

4.3.5. Objective function

The physical and permeation characteristics of the composite membranes were found to be

strongly dependent on the pH. In order to have better performance of a membrane, the
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polymer layer thickness and pore size should be minimized and porosity maximized. It can be
inferred from the parametric studies presented in previous sections that there exists a trade-
off among these parameters, which need to be optimized. Hence, an objective function (Y)
was defined to identify the optimized membrane with desirable characteristics as follows.

B porosity
thickness x (pore size)?

(4.1)

Fig. 4.9 (b) shows the variation of Y (which should be maximized) with respect to pH. From
this figure, it can be seen that the membrane prepared at pH 7 has the highest value for the
objective function. Therefore, this membrane was selected for further optimization of dip

coating parameters.

4.4. Effect of concentration, dipping time and number of dipping
cycles on the properties of polymer ceramic composite

membranes

The dip coating parameters play an important role in the morphology and characteristics of
the composite membrane. The concentration of the polymeric solution effects the thickness of
the polymeric layer on the ceramic support, the porosity and pore size of the membranes
prepared. Similarly, the dip coating time and number of dipping cycles also effect the
characteristics of the polymeric layer formed on the ceramic support and thus on the

properties of the polymer—ceramic composite membranes.

The cellulose acetate polymeric solution formed a sufficient thickness of layer on the support
in the time span of 60 s, therefore maximum dipping time chosen in this work is 60 s. To
study the effect of number of dipping cycles the ceramic supports were subjected to dip
coating for the time span of 20 s, 30 s and 60 s such that the total dipping time does not
exceed the 60 s time. As discussed by Nandi et al [4], the polymeric solution with 2 wt.%
cellulose acetate solution will not form the layer of adequate thickness (on ceramic support)
and pore size such as to transform it into ultrafiltration membrane, therefore the minimum
amount chosen is 4 wt.%. The modification of optimized ceramic microfiltration support (C2)
to polymer—ceramic composite ultrafiltration membrane is done by dipping it into cellulose
acetate (CA) polymeric solution of different concentrations (4 wt.%, 6 wt.%, 8 wt.% and 10
wt. %) for different dipping time (20 s, 30 s, 60 s) and number of dipping cycles (1, 2, 3) with
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varying dipping time and number of dipping cycles. Table 4.5 shows the membranes
prepared using various combinations of polymeric solution concentration, dipping time and

number of dipping cycles.

Table 4.5. Membrane coding for different combinations formulations.

S.No.  Membrane coding Conc (wt%)  Dip time (s) No. of dipping cycles

1. M-4-20-1 4 20 1
2. M-4-30-1 4 30 1
3. M-4-60-1 4 60 1
4. M-6-20-1 6 20 1
S. M-6-30-1 6 30 1
6. M-6-60-1 6 60 1
7. M-8-20-1 8 20 1
8. M-8-30-1 8 30 1
9. M-8-60-1 8 60 1
10. M-10-20-1 10 20 1
11. M-10-30-1 10 30 1
12. M-10-60-1 10 60 1
13. M-4-20-2 4 20 2
14. M-4-30-2 4 30 2
15. M-6-20-2 6 20 2
16. M-6-30-2 6 30 2
17. M-8-20-2 8 20 2
18. M-8-30-2 8 30 2
19. M-10-20-2 10 20 2
20. M-10-30-2 10 30 2
21. M-4-20-3 4 20 3
22. M-6-20-3 6 20 3
23. M-8-20-3 8 20 3
24, M-10-20-3 10 20 3

Number of optimized ceramic supports were prepared to use for dip coating experiments. The
characterization of the prepared polymer—ceramic composite membranes was done by SEM

analysis, gravimetric analysis and liquid permeation.
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4.4.1. SEM Analysis

Surface and cross-sectional SEM analysis was done for all the prepared membranes to study
the morphology of the membranes and to find out the thickness of the polymeric layer on the
ceramic support with variation in concentration of CA polymeric solution, dipping time and
number of dipping cycles. Fig. 4.10 shows the cross-sectional SEM images of the composite
membranes prepared using different concentration of cellulose acetate (CA) solution (4-10
wt.%) and different dipping time (20, 30 and 60 s) with one dipping cycle. It can be observed

Magnification: 1000x Magnification: 500x Magnification: 250x Magnification: 250x

Dipping time (s)

Concentration of cellulose acetate (wt%)

Fig. 4.10. Cross-sectional SEM images of membranes prepared by using different dipping times and
concentrations of cellulose acetate with one dipping cycle.

from Fig. 4.10 that the thickness of the polymeric layer on the ceramic support increases with
increase in the concentration of the CA solution and dipping time. Using 20 s dipping time
and increasing the concentration leads to the formation of CA layer of thickness 4 um for 4-
20-1 membrane, 15.4 um for 6-20-1 membrane, 37.6 um for 8-20-1 membrane and 74.6 um
for 10-20-1 membrane. This is due to the fact that with increase in concentration of the
polymeric solution the viscosity of the solution increases, thus making a thick layer on the
ceramic support. With increase in dipping time from 20 s to 30 s and further 60 s the
thickness of the polymeric layer with 6 wt.% CA solution increased from 20.1, 24.8 to 37.6

pm respectively. From the data obtained from SEM images it was observed that the increase
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in concentration of CA solutions have more pronounced effect on the thickness of the
polymeric layer as compared to the effect of dipping time.

Fig. 4.11 shows the surface SEM images of the membranes prepared using different
concentrations of CA solution with 60 s of dipping time and one dipping cycle. It was
observed that all the prepared membranes have homogenous surface morphology and no pin

points, cracks or deformations were present.

prsm—; SEl 15V  WD1Bmm SS35 B L T —

Fig. 4.11. Surface SEM images of membranes prepared with one dipping cycle,
60 s dipping time and different concentrations of cellulose acetate;
(a) 4 wt.%; (b) 6 wt.%; (c) 8 wt.%; (d) 10 wt.%.

It was also observed that as the concentration of CA solution increased the surface pore size
decreased. With increase in concentration from 4 wt.% to 6 wt.% the average pore size
decreased which further decreased with increase in concentration to 8 wt.%, at 10 wt.%
concentration CA the viscosity of the solution was maximum as compared to other
concentrations used which lead to a very dense layer formation on the ceramic support with
almost no pores visible on the surface. Similar images were obtained for different dipping
times and it was observed that dipping time did not have much influence on surface

morphology of the composite membranes.

Fig. 4.12 shows the surface and cross-sectional SEM images obtained for membranes
prepared using 6 wt.% CA solution with more than one dipping cycle and 20 s and 30 s
dipping time for each cycle such that the total dipping time should not exceed 60 s. From
surface SEM images, it was observed that the variation in number of dipping cycles have
prominent effect on the surface morphology and also on the thickness of the polymeric layer

which leads to the variation in membrane characteristics namely pore size and porosity.
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The thickness of the film obtained in first dipping cycle is more than those obtained in second
and third dipping cycle, this may be due to the fact that the ceramic support has the rough
surface which gives the polymeric layer more surface area to get absorbed on itself leading to
the formation of film. For second and third dipping cycle, the interaction between the
polymeric layers is less as compared to that present between polymeric layer and ceramic
support leading to formation of comparatively thin layer in second and third dipping cycle as
compared to the one formed during first dipping cycle experiment.

2 cycles x 20 s 3cyclesx 20 s 2cyclesx 30s
, R \ R :

Surface
Magnification: 50000x

Cross-section
Magnification: 1500x

Fig. 4.12. SEM images of membranes prepared by using different dipping cycles and
dipping time with 6 wt.% concentration of cellulose acetate.

Fig. 4.13 shows the variation in average thickness of the polymeric layer as calculated from
the SEM images with variation in concentration of CA solution, dipping time and number of
dipping cycles. It was observed that the thickness of the polymeric layer grows exponentially
with variation in the dipping parameters (concentration of CA solution, dipping time and

number of dipping cycles).

The composite membrane M-4-20-1 had the minimum thickness (4 um) of all the prepared
membranes and membrane M-10-20-3 had the maximum thickness (143.1 um). For the
membranes prepared using one dipping cycle, the thickness increases with increase in
concentration of the CA solution (4 to 10 wt.%) and dipping time (20, 30 and 60 s) from 4
pm for M-4-20-1 to 119.8 um for M-10-60-1(Fig. 4(a)).
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Fig. 4.13. Variation of thickness with (a) polymer concentration; (b) no. of dipping cycles for a total
time of 60 s; (c) no. of dipping cycles of (cycle time) 20 s; (d) no. of dipping cycles of (cycle time) 30 s

The increase in number of dipping cycles (total dipping time of 60 s) with increase in
concentration also leads to the increase in thickness of the polymeric layer from 6.5 um to
11.4 um for concentration 4 wt.% of CA, from 24.8 um to 30.6 um for concentration 6 wt.%
of CA, from 68.8 um to 84.3 um for concentration 8 wt.% of CA and from 119.8 umto 143.1
pm for concentration 10 wt.% of CA (Fig. 4(b)). Fig. 4 (c) and 4 (d) shows the variation in
thickness with variation of number of dipping cycles using 20 s and 30 s as dipping time.
Table 4.6 shows the thickness of the polymeric layer formed on the ceramic support with the

variation in concentration of CA solution, dipping time and number of dipping cycles.
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S. No. Membrane coding Thickness (um) Porosity (%0)
1. M-4-20-1 4 56.21
2. M-4-30-1 5.6 53.08
3. M-4-60-1 6.5 48.55
4, M-6-20-1 15.4 50.63
o. M-6-30-1 20.1 47.71
6. M-6-60-1 24.8 43.18
7. M-8-20-1 37.6 38.59
8. M-8-30-1 50.3 34.47
9. M-8-60-1 68.8 27.44
10. M-10-20-1 74.6 9.18
11. M-10-30-1 93.2 6.50
12. M-10-60-1 119.8 1.11
13. M-4-20-2 7.8 48.67
14. M-4-30-2 8 46.92
15. M-6-20-2 24.1 43.72
16. M-6-30-2 26.4 41.23
17. M-8-20-2 62.9 31.24
18. M-8-30-2 76.1 26.40
19. M-10-20-2 112.8 4.13
20. M-10-30-2 128.7 0.09
21. M-4-20-3 11.4 40.29
22. M-6-20-3 30.6 33.24
23. M-8-20-3 84.3 18.52
24, M-10-20-3 143.1 0.02
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4.4.2. Gravimetric analysis

The gravimetric analysis was used to find out the porosity of the polymeric membrane layer
casted on ceramic support (Eq. 2.2). Table 4.6 shows the porosity of the prepared membranes
calculated using gravimetric analysis. It was observed that the membrane M-4-20-1 has the
highest porosity (56.21%) and the membranes M-10-20-3 has the least (0.02%) showing that
the membrane prepared using 10 wt.% CA solution with three dipping cycles of 20 s dipping
time each is almost impermeable. This is due to the fact that the polymeric solution prepared
using 10 wt.% CA concentration is very viscous which formed a very thick layer in one
dipping cycle only (Fig. 4.11(d)), the further layering (dipping cycle 2 and 3) blocks the pores
of the membrane leading to a dense formation of polymeric film which is almost
impermeable. Fig. 4.14 shows the variation in porosity of the composite membranes with
variation in dip coating parameters (concentration of CA solution, dipping time and number
of dipping cycles). It was observed that the membranes prepared using 4 wt.% and 6 wt.%
CA solutions have higher porosity as compared to those prepared using 8 wt.% and 10 wt.%
CA solutions.

60
(a) 0 )
E\ﬂ\i —A— M-30-2
—0— M-20-3
. 407
é 40 4 3\0/
2 2 307
= £
o o
o 4
& 20- —I— 4 W% CA g
—®— 6 Wt.% CA
—A— 8 wt.% CA 104
10 wt.% CA
0 T T T T ] 0 T T T .
10 20 30 40 50 60 70 2 4 6 8 10 12
Dipping time (s) Concentration of CA (wt.%)
€ o (o) I
M-20-1 ——M-30-1
—A— M-20-2 —/A— M-30-2
501 —0— M-20-3 50
— —~ 40
Q\O/ 404 9\1 40 .
>
2 30 2 30
o o
& 201 & 201
104 104
0 r T T ; 0 r T T )
2 4 6 8 10 12 2 4 6 8 10 12
Concentration of CA (wt.%) Concentration of CA (wt.%)

Fig. 4.14. Variation of porosity with (a) polymer concentration; (b) no. of dipping cycles for a total time
of 60 s; (c) no. of dipping cycles of (cycle time) 20 s; (d) no. of dipping cycles of (cycle time) 30 s.
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It can be attributed to the fact that the rate of evaporation decreases as the polymer
concentration increases in the solution because, the ceramic supports provide the same
surface area for evaporation of acetone and as the concentration of the polymer gets higher,
less acetone molecules will get exposed to escape from the membrane surface leading to
lower porosity values for higher concentration solutions of CA. From Fig. 4.14, it can be
observed that with increase in number of dipping cycle (total time 60 s) from one to two, the
decrease in porosity is less than the porosity decrease in going from two dipping cycles to
three dipping cycles. Also from Fig 5(c) and (d), the decrease in porosity was observed for
increase in concentration and increase in number of dipping cycles. The membranes prepared
using 10 wt.% CA solution have almost negligible porosity except for those prepared using
20 s dipping cycle time.

4.4.3. Gas permeation analysis

The N, gas was permeated through all the prepared polymer—ceramic composite
ultrafiltration membranes at different pressures to find out their pore size and porosity along
with other parameters such as viscous flux and Knudsen flux. Fig. 4.15 represents the gas
permeability trends of the different membranes prepared using one dipping cycle. It was
observed that with increase in CA solution concentration and dipping cycle time the

permeability factor decreased.
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Fig. 4.15. Variation of permeability factor with variation in polymer concentration and dipping cycle
time for one dipping cycle.
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The membranes prepared using 4 wt.% CA with 20 s dipping cycle time (M-4-20-1) have the
highest permeability as compared to other prepared membranes. As the concentration
increased from 4 wt.% CA to 10 wt.% CA for 20 s dipping cycle time, the pore density
increased for 6 wt.% (M-6-20-1) and 8 wt.% (M-8-20-1) CA solution but decreased for the
membranes M-10-20-1). This may be due to the fact that at higher concentrations the
polymeric solution become viscous leading to less area of evaporation for the solvent
(acetone) resulting in decrease in pore density. Similar trend was observed for membranes
prepared using 30 s and 60 s dipping cycle time for different concentrations. The prepared
polymer—ceramic composite membrane has the Knudsen flux as the dominant mode of
transportation in contrast to ceramic supports which have viscous flux as dominant mode,
validating the presence of small pores (in UF range) in the composite membranes against

large pores (in MF range) for ceramic supports.

The gas permeability experiments were also performed for membranes prepared using two
and three dipping cycles with variation in dipping cycle time and polymer concentration. Fig.
4.16 shows the permeabilty data obtained for the membranes prepared using two and three
dipping cycles. It was observed that with increase in concentration from 4 wt.% CA to 6
wt.% CA there is drastic variation in the membrane properties (permeability, viscous and
Knudsen flux) as compared to the variations obtained by further increasing the concentration
to 8 wt.% and 10 wt.%. From Fig. 4.15 and Fig. 4.16 it can be observed that the number of

dipping cycles plays a significant role in moulding the membrane characteristics.
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Fig. 4.16. Variation of permeability factor with variation in polymer concentration and dipping cycle
time for (a) two dipping cycles; (b) three dipping cycles.
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Table 4.7 show the gas permeability data of the membranes prepared using different number
of dipping cycles alongwith varying concentrations of CA solution and dipping cycle time.

Table 4.7. Gas permeation data of the prepared membranes.

Pore

Membrane size Porosity, Viscous Knudsen Pore
coding Slope Intercept q ' dy flux flux density
P9 % % % -
(nm) (%0) (%0) (%0) (m™)
M-4-20-1 1.5531x10%® 4.949x10% 727 5736 3949 5161  1.38x10%
M-4-30-1 8.7252x10%° 3.623x10° 55.8 5472 3343 57-67  2.24x10%
M-4-60-1 4.6463x10™° 2515x10° 428 4954 27-36  64-73  3.45x10%
M-6-20-1  4.9030x10°%° 2.635x10® 431 5166 2836 6472 3.54x10%
M-6-30-1 2.9880x10°%° 2.007x10* 345 4919 2331 69-77 5.26x10%*
M-6-60-1 1.5655x10%° 1.374x10%° 264 4406 2836  64-72  3.55x10%
M-8-20-1 2.7674x10°%° 1.738x10® 369 3999 2533 67-75 3.74x10%
M-8-30-1 1.5728x10%° 1.239x10%® 294 3591 2128  72-79  5.29x10%
M-8-60-1 5.9983x107*° 6.779x10% 205 2829 1521  79-85  8.58x10%
M-10-20-1 5.0185x107° 3.577x10°% 32,5 9.43 22-30  70-78  1.14x10%
M-10-30-1 1.0048x107° 1.353x10°% 17.2 6.77 13-19 8187 2.92x10™
M-10-60-1 - - - - - - -
M-4-20-2  3.1494x10°%° 2.073x10® 352 4966 2432 6876 5.11x10%
M-4-30-2 1.2186x10°%° 1.266x10% 223 4788 1623  77-84  1.23x10%
M-6-20-2  9.8405x107*° 1.096x10* 20.8 4461 1622 7884  1.31x10%°
M-6-30-2  2.4088x107*° 5.265x10* 10.6  42.07 9-12 88-91  4.77x10%
M-8-20-2 3.9603x10°° 5.881x10% 15,6 3221  12-17 83-88  1.69x10%°
M-8-30-2  8.0003x107* 2.439x10% 7.6 27.5 6-9 91-94  6.07x10%°
M-10-20-2 7.3329x10°*% 2.924x10%® 5.81 4.35 57 93-95  1.64x10%°
M-10-30-2 - - - - - - -
M-4-20-3  1.1533x10%° 1.147x10%° 233 4154 1724 7683  9.75x10%
M-6-20-3 3.2411x10° 5481x10° 137 3392 11-15 8589  2.30x10%
M-8-20-3 8.9369x10° Y 2.157x10% 9.6 19.29 8-11 89-92  2.67x10%°
M-10-20-3 - - - - - - -
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It can be observed that membranes prepared using two dipping cycles have relatively higher
Knudsen flux and pore density along with small pore size and high porosity compared to
those prepared using one and three dipping cycles.

Fig. 4.17 shows the variation in pore size of the prepared membrane with varying dip coating
parameters calculated using gas permeation analysis. From Fig. 4.17 (a) it can be observed
that the pore size decreased with increase in concentration and time of dipping cycle. The
relative decrease in pore size is more when the concentration was increased from 4 wt.% to 6
wt.% as compared to the variation in pore size from increasing cocentration 6 wt.% to 8
wt.%. Further increasing the concentration of CA to 10 wt.% resulted in formation of very
small pores due to its high viscosity and less area of evaporation for acetone. The values of
pore size obtained using 6 wt.% and 8 wt.% CA solution are almost near to similar. So from
economical point of view we can say that the 6 wt.% concentration is economical as it is

giving almost the similar pore sizes for the membranes prepared using 8 wt.% CA solution.
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Fig. 4.17. Variation of pores size with (a) polymer concentration; (b) no. of dipping cycles for a total
time of 60 s; (c) no. of dipping cycles of (cycle time) 20 s; (d) no. of dipping cycles of (cycle time) 30 s.

Also, it can be observed from Fig. 4.17 (b) that keeping the total dipping cycle time 60 s and
varying the number of dip cycles with variation in concentration of CA solution, the

membranes prepared using two dip cycles have the smaller pore size in comparison to those
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prepared using one and three dipping cycle. Fig. 4.17 (c) and Fig. 4.17 (d) shows the effect of
number of dipping cycles for constant dipping cycle time for each cycle. The noticeable
decrease in pore size was observed when the number of dipping cycle increased from one to
two and increasing the dipping cycle from two to three lead to small decrease in pore size. It
can be said that the two dipping cycles for a particular time (20 s and 30 s) would result in

desired small pore size.

Fig. 4.18 represents the variation in porosity of the membranes prepared using different
concentration of CA solutions, different dipping time and number of dipping cycles. From
Fig. 4.18 (a) it can be observed that with increase in concentration of CA solution and
dipping cycle time the porosity of the prepared membranes decreased. The decrease in
porosity is less when the concentration of CA solution was increased from 4 wt.% to 6 wt.%
as compared to when the concentration of CA solution was increased from 6 wt.% to 8 wt.%.
The membranes prepared using 10 wt.% CA solution had the minimum values of the
porosity. This may be due to the fact that the high viscosity of 10 wt.% CA solution leads to
agglomeration of polymer molecules and also the area for evaporation of acetone is less. The
membranes prepared using 10 wt.% CA solution with 20 s dipping cycle time have porosity
9.43% which decreased further to 6.77% with increase in dipping cycle time to 30 s, further
increasing the dipping cycle time to 60 s leads to the formation of impermeable membrane

with no pores and thus no porosity

Fig. 4.18 (b) show the variation in the porosity values obtained using gas permeation analysis
of the membranes prepared with total dipping time of 60 s and varying number of dipping
cycles and concentration of CA solution. The membranes prepared using one and two dipping
cycles (M-60-1 and M-30-2) have almost similar values of porosity. The membranes M-6-60-
1 and M-6-30-2 have 44.06 % and 42.07% porosity respectively and 33.92% porosity was
observed for membranes M-6-20-3. It was observed that there is sharp decrease in porosity
value when three dipping cycles were used to obtain a total 60 s dipping time. Fig. 4.18 (c)

and 4.18 (d) shows the variation in porosity with number of dipping cycles.
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Fig. 4.18. Variation of porosity with (a) polymer concentration; (b) no. of dipping cycles for a total time
of 60 s; (c) no. of dipping cycles of (cycle time) 20 s; (d) no. of dipping cycles of (cycle time) 30 s.

It can be observed that number of dipping cycles can influence the properties of the prepared
membranes. Thus along with concentration of polymeric solution and dipping cycle time, the
number of dipping cycles should also be considered as an important factor for optimization of
membranes based on dip coating parameters. The trends observed in porosity variation

obtained from gas permeation analysis are similar to those observed for porosity values
obtained from gravimetric analysis.

4.4.4. Liquid permeation analysis

Fig. 4.19 shows the liquid flux data of the membranes prepared using one dipping cycle and
varying concentration of CA solution and dipping cycle time. The ceramic support and
polymeric layer offer resistances in series (Rs and R, respectively) to the hydraulic
permeability of the prepared membranes. As the concentration and time of dipping cycle
increased the pure water flux of the prepared membranes decreased. This is due to the reason
that with increase in concentration and dipping time the average pore size of the membranes
decrased along with increase in the thickness of the polymeric layer.
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Fig. 4.19. Liquid flux data for membranes prepared using one dipping cycle with variation in polymer
concentration and dipping cycle time.

It can also be observed that with increase in pressure the pure water flux increased. The
membrane M-6-60-1 showed lower pure water flux as compared to membrane M-8-20-1, it
can be inferred that the time of dipping cycle along with concentration of the polymer
solution plays an important role in imparting properties to the prepared composite
membranes. The membrane M-10-60-1 was found to be impermeable with no pore formation
and porosity and M-10-20-1 and M-10-30-1 also showed very low values of pure water flux.
Although, the membranes prepared with 4 wt.% CA solution have high pure water flux, the
membranes have large average pore size. The membranes prepared using 6 wt.% CA solution

showed good pure water flux and had smaller pore sizes.

Table 4.8 shows the water permeability values obtained by liquid permeation analysis along
with the calculated resistances offered by ceramic support and polymeric layer of the
polymer—ceramic composite membranes prepared using one dipping cycle and varying

concentration of CA solution and dipping time.
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Table 4.8. Liquid permeation data of the composite membranes prepared using one dipping
cycle.

Membrane pern/ﬁ?;irlity, Resistances Pore( rs1|r$1§ dp, Por((e rg_ezr;sity
(m*/m’.s.Pa) Rs (%) Ry (%0)
M-4-20-1  7.7112x10°% 97.16 2.84 74.2 8.07x10"
M-4-30-1  7.3921x10% 93.14 6.86 56.9 1.37x10*
M-4-60-1  6.8509x10%° 86.32 13.68 43.7 2.32x10*
M-6-20-1  5.8567x10% 73.79 26.21 44 2.30x10™
M-6-30-1  4.4653x10 ™ 56.26 43.74 35 3.63x10"
M-6-60-1  2.8811x10% 36.30 63.70 27.2 6.00x10™*
M-8-20-1  3.1029x10 % 39.10 60.90 37.6 3.14x10™
M-8-30-1  1.7014x10% 21.44 78.56 30 4.93x10™
M-8-60-1  5.8826x101 7.41 92.59 213 9.75x10"
M-10-20-1  4.4420x10°1 5.60 94.40 33 4.01x10%
M-10-30-1  7.9423x10%2 1.00 99.00 18.1 1.33x10"
M-10-60-1 - _ B B B

Table 4.8 also show the average pore size values and pore density of the prepared
membranes. It can be observed that with increase in concentration of CA solution from 4
wt.% to 6 wt.% and dipping cycle time, the resistance offered by ceramic support (Rs)
decreased and the resistance offered by polymeric layer increased this may be due to the
increase in thickness of polymeric layer with increase in concentration and dipping cycle
time. The average pore size decreased and the pore density increased with increase in

concentration and dipping cycle time.

Fig. 4.20 shows the pure water flux data obtained by liquid permeation analysis of the
membranes prepared using two dipping cycles along with variation in concentration of CA

solution and the dipping cycle time.
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Fig. 4.20. Liquid flux data for membranes prepared using two dipping cycles with variation in polymer
concentration and dipping cycle time.

The pure water flux data obtained for M-4-20-2 and M-4-30-2 shows less variation as
compared to the variation obtained in membranes M-6-20-2 and M-6-30-2 implying the
higher reduction in pore size which is favorable property of the polymer—ceramic composite
membrane. further increase in concentration of polymer solution with 20 s and 30 s dipping

cycle time for each dipping cycle leads to the prominent drop in the pure water flux.

For two dipping cycles, it was concluded that the polymeric layer formed during each dipping
cycle imparts its own resistance to hydraulic permeability (Rp: and Ry, for polymer layer
formed during first dipping cycle and second dipping cycle respectively) along with
resistance offered by ceramic support (Rs). Resistances in series model was used to calculate
the resistances offered by each layer of the polymer ceramic composite membranes to
hydraulic permeability. The thickness of individual layer calculated from SEM images along
with the porosity of each layer calculated by gravimetric analysis was used for calculation of

the resistances offered by two layers of polymeric film and the ceramic support.

Table 4.9 shows the water permeability data obtained from liquid permeation analysis along
with calculated resistances, average pore size and pore density. With increase in
concentration the thickness of the polymeric layer increased resulting in decrease in

resistance offered by ceramic support.
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Table 4.9. Liquid permeation data of the composite membranes prepared using two dipping
cycles.

Wate_rl_ Resistances ) .
Membrane permeability, Pore size, Pore d_e2n5|ty

3 LB,C Rs Rp1 Rp2 dps (NM) (m™)

(Mm/m°s.Pa) @) ) ) -

M-4-20-2 6.806x10° 8575 251 11.74 359 3.45x10
14

M-4-30-2 6.115x10°  77.04 567 17.29 22.7 8.59x10
14

M-6-20-2  3.369x107° 4245 1507 4248  21.2 9.91x10
15

M-6-30-2 1.675x10%° 2111 1640 6250  10.8 3.81x10
15

M-8-20-2 8.24910™ 1039 1620 73.40  16.1 1.72x10
15

M-8-30-2 1981101 250 9.14 88.36 7.9 7.05%10

16
M-10-20-2 136910 017 290 9693 6.1 1.17x10

M-10-30-2 - - - - - -

It can also be observed that the resistance offered by second polymeric layer (Rp2)is more
prominent in comparison to resistances offered by first polymeric layer(Ry1) and ceramic
support (Rs) implying that the number of dipping cycles have great influence on the

characteristics of the prepared membranes.

It can also be observed that, although the pore size decreased and the pore density of the
prepared membranes increased with increase in the concentration of the polymeric solution,
the membranes prepared using 8 wt.% and 10 wt.% CA solutions have low water
permeability values in comparison to those prepared using 6 wt.% CA solution. From critical
analysis of the obtained data, it can be concluded that the membranes prepared using 6 wt.%
CA solution imparts good properties to the membranes prepared using 4, 8 and 10 wt.% CA

solution.

Fig. 4.21 shows the pure water flux data obtained by liquid permeation analysis of the
membranes prepared using three dipping cycles along with variation in concentration of CA
solution and the dipping cycle time. The pure water flux data trend obtained for the
membranes prepared using three dipping cycles is similar to the trends obtained for the

membranes prepared using one and two dipping cycles.
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Fig. 4.21. Liquid flux data for membranes prepared using three dipping cycles with
variation in polymer concentration and dipping cycle time.

Table 4.10 shows the water permeability data obtained from liquid permeation analysis along
with calculated resistances, average pore size and pore density. Resistances in series model
was taken into account to calculate the resistances offered to the hydraulic permeability.
Three layers of the polymeric film on the ceramic support imparted three different resistances
(Rp1, Rp2 and Ryz for polymer layer formed during first, second and third dipping cycles
respectively). The third and the top most layer imparted the highest resistance to the

hydraulic permeability.

Table 4.10. Liquid permeation data of the composite membranes prepared using three
dipping cycles.

Water Resistances Pore
Membrane permeability,
Lnc (M*/m?.s.Pa) (

size. d Pore density
Rs+ Ryu Ry Ry el (M)
w ) @) @ O™

M-4-20-3 5.222x1071° 6579 1.92 9.02 23.26 23.9 7.75x10%
M-6-20-3 1.709x1071° 2153 7.64 2157 4926 13.9 2.29x10%
M-8-20-3 2.251x10°Y  2.84 4.42 20.12 7262 10.1 4.38x10"

M-10-20-3 - - - - - -
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It can be observed that the increase in number of dipping cycles along with concentration of
CA solution and dipping time the water permeability decreased from 5.22x10° to 2.25x10
' m3/m?.s.Pa for membranes M-4-20-3 and M-8-20-3.

Fig. 4.22 shows the variation in pore size of the membranes prepared using different
concentrations of CA solutions, varying dipping time and number of dipping cycles (dip
coating parameters. It can be observed from Fig. 4.22 (a) that the pore size of the prepared
membranes decreased with increase in CA concentration and dipping cycle time. From Fig.
4.22 it can be inferred that the number of dipping cycles plays an important role along with
the polymer concentration and dipping cycle time in characterization and optimization of the
prepared polymer—ceramic composite membranes.

100 50
(a) —— 4 wt.% CA (b) M-60-1
—®— 6 wt.% CA —/— M-30-2
801 —&— 8 wt.% CA 40 —0— M-20-3
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o c
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(2] ]
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Fig. 4.22. Variation of pore size with (a) polymer concentration; (b) no. of dipping cycles for a total
time of 60 s; (c) no. of dipping cycles of (cycle time) 20 s; (d) no. of dipping cycles of (cycle time) 30 s.

The polymer—ceramic composite membranes should have small pore size and high porosity
for achieving good efficiency of ultrafiltration applications. It can be observed that increasing
the concentration of CA solution from 4 wt.% to 6 wt.% leads to decrease in pore size from
74.2 nm to 44 nm for membranes M-4-20-1 and M-6-20-1, from 56.9 nm to 35 nm for
membranes M-4-30-1 and M-6-30-1 and 43.7 nm to 27.2 for membranes M-4-60-1 and M-6-
60-1, respectively. However, increasing the polymer concentration to 8 wt.% does not lead to

prominent decrease in pore size and the membranes prepared with 10 wt.% have very small
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pore size and almost impermeable with zero porosity in case of M-10-60-1. So, it can be
concluded that increasing the concentration from 4 wt.% of CA to 6 wt.% of CA can improve
the membrane properties effectively as compared to those observed by further increasing the
concentrations to 8 wt.% and 10 wt.%.

Fig. 4.22 (b—d) shows the effect of number of dipping cycles. It can be observed from Fig.
4.22 (b) that the two dipping cycles are more effective in getting the smaller pore size in
comparison to one and three dipping cycle(s) for a total dipping time of 60 s of membranes
prepared using different concentrations of CA solutions. From Fig. 4.22 (c) it can be
observed that for each dipping cycle of 20 s the pore size decreases prominently on
increasing number of dipping cycles from one to two in contrast to decrease observed while
increasing number of dipping cycles from two to three. Thus, it can be concluded that using
two dipping cycles instead of single dipping cycle can give proper thickness of polymeric
layer along with low pore size and high porosity. Although, the pore size values obtained
from liquid permeation analysis for various membranes is bit higher than those obtained from
gas permeation, the trends obtained in pore size variation, calculated using liquid permeation
analysis was found to be similar to the trends obtained by gas permeation analysis for pore

size variations.

4.4.5. Objective function

All the polymer—ceramic composite membranes prepared using different combinations of
concentration of CA solution, dipping cycle time and number of dipping cycles were
characterized using various analyses to find out their pore size, porosity, Knudsen and
viscous fluxes, gas and liquid permeability and various resistances offered by the polymeric
layers and the ceramic supports. From all the analyses, it can be concluded that the number of
dipping cycles also have prominent effect on the characteristics of the membranes along with

the effect of concentration of dipping cycle time and concentration of CA solution.

In order to have better performance of a membrane, the polymer layer thickness and pore size
should be minimized and porosity maximized. It can be inferred from the parametric studies
presented in previous sections that there exists a trade-off among these parameters, which
need to be optimized. Hence, an objective function (Y) was defined to identify the optimized

membrane with desirable characteristics (Eq. (4.1)).
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Objective function

4-20-1 4-30-1 4-60-1 6-20-1 6-30-1 6-60-1 8-20-1 8-30-1 8-60-1 10-20-1 10-30-1 10-60-1 4-20-2 4-30-2 6-20-2 6-30-2 8-20-2 8-30-2 10-20-2 10-30-2 4-20-3 6-20-3 8-20-3 10-20-3

Membrane

Fig. 4.23. Variation of objective function for all the prepared polymer—ceramic composite membranes.

Fig. 4.23 shows the variation of Y (which should be maximized) with respect to dip coating
parameters. From this figure, it can be seen that the membrane prepared using 6 wt.% CA
solution and two dipping cycles of dipping time 30 s each, has the highest value for the
objective function with polymeric layer thickness of 26.4 um, average pore size 10.8 nm and
41.23 % porosity. Therefore, the membrane M-6-30-2 was selected for ultrafiltration

applications amongst all the prepared polymer—ceramic composite membranes.

4.5. Conclusions

Cellulose acetate (CA) was chosen as the polymer material for fabrication of polymer-
ceramic composite membranes because of its biodegradable and hydrophilic nature, low cost
and easy availability; and acetone as a solvent due to its low boiling point and low viscosity
in comparison to other solvents such as acetic acid and dimethylacetamide, which can lead to

the formation of uniform thickness of polymeric layer on ceramic support.

The effect of temperature and pH of the polymeric solution on the properties of the composite
membranes has been studied. At moderate temperature (25°C), the homogenous surface of

the cellulose acetate layer with a good number of small pores was obtained as compared to
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low (15°C) and high temperature (40°C). The polymer layers deposited at low pH (2-6)
were weakly bonded to the surface of the ceramic support, whereas, they were strongly
bonded to the support at high pH (7—12) conditions. The pore size, porosity and permeability
of the polymeric layer decreased with increase in pH. The membrane prepared with pH 7
solution gave the optimum results (pore size: 35 nm and porosity: 47%).

Further for optimization of dip coating parameters, pH 7 and 25°C temperature was
maintained to perform dip coating experiments. The variation in concentration of CA
solution, dipping cycle time and number of dipping cycle imparted different characteristics to
the prepared polymer—ceramic composite membranes. All the prepared composite
membranes had the pore size in the ultrafiltration range with good porosity for membranes
prepared using two dipping cycles. The gas permeability factor values increased with
increase in the transmembrane pressure and the Knudsen flux was the dominant mode of gas
transport through polymer—ceramic composite membranes, in contrast to the ceramic support
for which viscous flux is predominant. The different layers of the polymer formed during
each dipping cycle imparted resistance to the hydraulic permeability of the membranes, hence
emphasizing that number of dipping cycles play an important role in changing the membrane
characteristics. From objective function calculation, it was concluded that membrane M-6-30-
2 have better properties (in comparison to the other prepared membranes) with polymeric
layer thickness of 26.4 um, average pore size 10.8 nm and 41.23 % porosity. Thus, the
membrane M-6-30-2 was used for ultrafiltration applications (o/w emulsion treatment,
removal of copper and chromium metal ions using PEUF and MEUF), discussed in the next

chapter.
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Chapter 5

This chapter includes the application of the optimized ceramic support (C2) and polymer—
ceramic composite membrane (M-6-30-2). The first section includes the treatment of the
prepared oil in water emulsions (100 mg/L and 200 mg/L) by MF and UF using optimized
ceramic and polymer—ceramic composite membrane. The second section presents the flux
and rejection studies of copper and chromium ions by PEUF and MEUF process using
cetyl(hexadecyl) pyridinium chloride (CPC, a surfactant), polyvinyl alcohol (PVA) and
polyethylene imine (PEI).

5.1. Characteristics of optimized support and composite

membrane
Fig. 5.1 shows the surface SEM image of the optimized ceramic support (C2), the figure
outlines a few of the pores identified on the surface SEM image showing the pore size lies in

the range of microfiltration.

SEI  15kV WD10mm  S546 x10,000 1pum —

Fig. 5.1. SEM image of a membrane (C2) at high magnification (10000x).

About six to eight such images, each containing 100-150 pores (approx.), were analyzed to
evaluate the pore size distribution of the support (section 3.4.4) and the results were validated

using liquid permeation analysis.

Fig. 5.2 (a) shows the surface SEM image and Fig. 5.2 (b) shows the cross-sectional SEM
image of the optimized polymer—ceramic composite membrane (M-6-30-2). From surface
SEM image (Fig. 5.2 (a)) it can be observed that the optimized polymer—ceramic composite
membrane has small pore size as compared to the optimized support (C2). It can also be
observed that the composite membrane has high pore density as compared to ceramic support

and hence high porosity as discussed in previous chapters.
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The cross—sectional SEM image (Fig. 5.2 (b)) of the optimized composite membrane (M-6-
30-2) clearly shows the support and two polymeric layers of CA which offer resistances to
the hydraulic permeability hence imparting the specific properties to the polymer—ceramic
composite membranes making it suitable for ultrafiltration applications. Table 5.1 shows the
properties of the optimized ceramic support (C2) and polymer—ceramic composite membrane
(M-6-30-2).

N vy

SEI  15kV WD18mm  SS35 x50,000 0.2pm SEl  20kV

Fig. 5.2. (a) Surface SEM image; and (b) Cross—sectional SEM image of optimized composite
membrane (M-6-30-2).

Table 5.1. Membrane characteristics.

Support/ Pore size, dp, Water permeability, Pore density

i (0)
Membrane (nm) Porosity (%) Lnc (m*/m?.s.Pa) (m2)
c2 522 34.84 7.94x107%° 1.80x10*
M-6-30-2 10.8 41.23 1.675x107%° 3.81x10%

It can be observed that after coating of CA polymeric layer, the pore size of the support
reduced prominently. Thus, the ceramic support which has pore size in the microfiltration
range was modified to a polymer—ceramic composite membrane with good mechanical
strength and the pore size in the range of ultrafiltration. The permeation properties of the
optimized ceramic support and polymer—ceramic composite membrane are discussed in

chapter 3 and chapter 4 respectively.

5.2. Ultrafiltration and microfiltration of oil-in-water emulsions

Among various methods used for the separation of oil-water solutions, membrane filtration
[1-4] have become more attractive as these are highly efficient and easy to design. Since C2

membrane showed the best permeation characteristics, it was subjected to microfiltration of
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oil-in-water emulsions to study the oil rejection at two different transmembrane pressures
(aP). As shown in Fig. 5.3, the permeate flux decreased with time due to membrane fouling
by pore blocking, formation of oily layer and/or concentration polarization near the
membrane surface contributing to increased resistance [5]. Permeate flux significantly
decreased with increasing oil concentration from 100 to 200 mg/L. This is probably because
of formation of thicker oil layer on the membrane surface, which increases the resistance to

permeate flow [4].

a) o030 0.6
( ) —{— 100 mg/L fresh (b) —{— 100 mg/L fresh
—— 100 mg/L regenerated —i— 100 mg/L regenerated
0.254 —&— 200 mg/L fresh 0.54 —6— 200 mg/L fresh
= ) —0— 200 mg/L regenerated = —0— 200 mg/L regenerated
o~ o
E E
o mE
She EO
X 5
[ T
0 10 20 30 “o 10 20 30
time (mins) time (mins)

Fig. 5.3. Permeate flux through membrane C2: (a) AP =1.03 bar, and (b) AP = 2.06 bar.

The permeate flux increased proportionately with an increase in transmembrane pressure due
to increased driving force for transport of solution through membrane. The flux behaviour of
regenerated membrane was found to be similar to that of the fresh membrane (with more than
90% flux recovery). The lowering of flux was due to irreversible fouling of the membrane.
The permeate collected at different time intervals was analysed using UV-Visible
spectrophotometer (Amax =268 nm) to check the oil rejection. Fig. 5.4 shows the oil rejection

by the membrane C2 (fresh and regenerated) at different pressures and oil concentrations.

(a) 100 - (b) 100
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L
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s ] £
3 E 85
q:)‘ 85 >:<
6 —{+ 100 mg/L fresh T 804 —J— 100 mg/L fresh
304 —— 100 mg/L regenerated —i— 100 mg/L regenerated|
—&— 200 mg/L fresh —5— 200 mg/L fresh
—©— 200 mg/L regenerated 751 —0— 200 mg/L regenerated
75 T T T T T T
0 10 20 30 0 10 20 30
time (mins) time (mins)

Fig. 5.4. Oil rejection by membrane C2: (a) AP = 103 kPa, and (b) AP = 206 kPa.
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The percent oil rejection increased with time because of decreased pore size due to adsorption
of oil inside the pores. The rejection also increased with increasing the concentration of oil.
This is because higher concentrations of oil result in larger sized droplets (average droplet
sizes of 0.7 and 0.9 pum for 100 and 200 mg/L, respectively [1]). An increase in AP from 1.03
bar (Fig. 5.4 (a)) to 2.06 bar (Fig. 5.4 (b)) resulted in decreased oil rejection. The regenerated
membrane showed slightly higher values of oil rejection due to lowered pore size resulting
from the irreversible fouling. The highest rejection of oil (97.8%) was obtained at 1.03 bar for
200 mg/L emulsion. The trends observed with permeate flux and oil rejection are in good
agreement with the literature findings [1-3,5] and the permeate quality was in accordance
with the standards for safe disposal into public sewers (< 20 mg/L) [6]. Hence, the
microfiltration ability of C2 membrane has been successfully validated; and therefore, it can
be inferred that the prepared supports are suitable for microfiltration applications. Table 5.2

presents the comparison of present work with literature findings.

Table 5.2. Selected literature on oil rejection by microfiltration.

S Sintering Pore Porosit Qil Oil
N6 Material(s) temperature  size (%) Y concentration rejection Ref.
' (°C) (um) (mg/L) (%)

1. Kaolin + Na,CO; 900 0.51 23.6 125-250 98.4-98.8 [1]
+ quartz

2.  Kaolin + CaCOs; 900 0.45- 23-30 200 90.8-98.4 [2]
+ quartz + TiO, 1.30

3.  Kaolin + CaCOs; 900 2.16—  30-37 400 88.3-98.5 [3]
+ Na,CO; + 3.06
quartz

4. Diatomite + 1000-1100 0.29 32.2 600 92.9 [7]
kaolin + bentinite
+ BaCO;

5. Kaolin + 1000 0.12 36.5 600 99.9 [8]
diatomite

6. Kaolin + 1000 0.65 34 100 96.7 [9]
bentonite +
carbon black

7. PVDF — 0.1 72 100 77 [10]

8. Kaolin + CaCO;/ 900 0.52 34.84 100-200 92.1-97.8 This work
Na,CO3;

The optimized membrane (M-6-30-2) was used to treat the prepared oil in water emulsions by

ultrafiltration at two different transmembrane pressures (2.06 and 4.14 bar) for one hour and
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the flux was measured at different time intervals (shown in Fig.5.5). This figure shows that
the flux declined with increase in time due to the formation of oily layer on the surface,
concentration polarization, and/or pore blocking leading to increase in resistance and
membrane fouling. The variation in concentration of the feed leads to the variation in
permeate flux. With an increase in concentration (100 to 200 mg/L) the flux decreased. This
may be due to the formation of a thicker oily layer on the membrane surface which causes an

increase in the resistance to permeate flow. Increase in transmembrane pressure (2.06 to 4.14
bar) caused an increase in the permeate flux.
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Fig. 5.5. Permeate flux through membrane M-6-30-2: (a) AP = 2.06 bar, and (b) AP = 4.14 bar.

The percent oil rejection increased with increase in concentration of feed solution (Fig. 5.6).
This may be due to the increase in droplet size caused by coalescence (0.7 um for 100 mg/L
and 0.9 um for 200 mg/L) at increased concentration. At increased transmembrane pressure,
the effective pore size decreases due to adsorption of oil droplets inside the pores leading to

the decrease in percent oil rejection. This phenomenon becomes more pronounced with
filtration time.
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Fig. 5.6. Oil rejection by membrane M-6-30-2: (a) AP = 2.06 bar, and (b) AP =4.14 bar.
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The maximum oil rejection of 99.61% was obtained for 100 mg/L solution at 2 bar
transmembrane pressure. The oil rejection values are in good agreement with those achieved
using polymer membranes [11,12]. The permeate obtained was within the permissible limits
for discharge into surface waters and irrigation systems (10 mg/L) and far below the limits
for discharge into public sewers (<20 mg/L) [6]. Hence, the optimized membrane has been
successfully validated for ultrafiltration applications.

As discussed in chapter 1, the enhanced ultrafiltration techniques namely, micellar enhanced
ultrafiltration (MEUF) and polymer enhanced ultrafiltration (PEUF), can replace the

necessity of the nanofiltration and reverse osmosis techniques, being used nowadays on the

large scale.
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Scheme 5.1. Formation of micelles during MEUF process.

The enhanced ultrafiltration techniques works on the principle that the small size target
species which cannot be removed by ultrafiltration separation technique, can be
removed/rejected by addition of surfactant (Scheme 5.1) or polymer (Scheme 5.2) which will
form micelle or chelate with the target species, hence increasing its size and thus making

possible to treat it using ultrafiltration membrane.
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116



Chapter 5

The water—soluble polymers polyvinyl alcohol (PVA, (C:H40),) and branched
polyethyleneimine (PEI, (C2HsN),) were used to trap the metal ion by forming metal ligand
bond and cetyl(hexadecyl) pyridinium chloride (CPC, C;1H3sCIN, CMC~0.04 g/L) surfactant
was used to form micelles with the metal ions. The molecular weight of PVA, PEI and CPC
is 125000, 25000 and 358 Da, respectively. Numerous optimized polymer—ceramic
membranes (M-6-30-2) were prepared for flux and rejection studies of copper (Cu?**) and
chromium (Cr®") ions using a surfactant and two different polymers, separately, discussed in
following sections (5.3 and 5.4). The experiments were performed in unstirred batch mode by
filling the teflon cell with the prepared solutions (Fig. 5.7).

Fig 5.7. (a) M-6-30-2 membrane prior to removal studies; (b) Membrane M-6-30-2 after chromium ion

removal experiment; (c) experimental set—up.

The permeate (10 mL) for each preapred solution was collected continuously from the bottom
of the teflon cell and the time to collect the sample during the process was observed. The
permeate flux was calculated using the cumulative volume and cumulative time. The
membrane material, solution pH and the transmembrane pressure have impact on metal
rejection. At low pH the metal rejction of Cd** from synthetic solution, treated using hollow
fiber membrane, was low as compared to the solutions of high pH, because of H* and metal
ions competitive adsorption effect [13—15]. Similar results have also been found by R.-S.
Juang et al. [16], where metal rejection decreased by 3-6% at a low pH in comparison with
that at high pH. The pH of all the prepared solutions (Cu-CPC, Cu-PEI, Cu-PVA, Cr-CPC,
Cr—PEI, Cr-PVA) was found to be in the range of 7-8. Also, the membrane M-6-30-2 is
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preapred using CA polymer which is hydrophilic in nature, hence gave good permeate flux of
all the prepared solutions treated using PEUF and MEUF.

5.3. PEUF and MEUF of copper ions: Flux and rejection studies

Fig. 5.8 shows the variation of permeate flux during ultrafiltraion of copper ions using PVA,
PEI and CPC at two different pressures. It can be observed that the copper ion solution
having CPC have higher flux as compared to the flux obtained for copper ion solutions
containing PVA and PEI. This can be attributed to the fact that CPC have lowest molecular
weight as compared to PVA and PEI, thus he micelles formed by addition of surfactant CPC
are smaller in size as compared to the chelated formed by addition of polymer PVA and PEI.
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Fig. 5.8. Ultrafiltraion of copper ions (Cu®*), permeate flux through membrane M-6-30-2: (a) AP =
2.06 bar, and (b) AP = 4.14 bar.

The flux decline from 0.0614 m*/m?.h at 5.32 min of run to 0.045 m*m?.h at 59.21 min of
run for Cu—CPC solution treated at 2.06 bar. For Cu—PVA solution, the flux declined from
0.012 m*¥m?.h at 5.95 min to 0.006 m*/m*h at 57.3 min of run and 0.0326 m*/m*h at 6.02
min of run to 0.0211 m*m?.h at 57.92 for Cu—PEI solution.

After 60 mins of run the permeate flux became constant in all the (three) copper ion
complexed solutions, this can be due to the membrane fouling and set up of an equilibrium.
From Fig. 5.8, it can be observed that the permeate flux decreased very sharply due to the
concentration polarization and then there is gradual decline due to fouling over the membrane
surface [17]. Comparing Fig. 5.8 (a) and Fig. 5.8 (b) it can be observed that with increase in
transmembrane pressure the corresponding permeate flux for the complexed copper solutions
increased, this may be attributed to the fact that with an increase in transmembrane pressure,

driving force for transport of solution through membrane increased [18].
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Fig. 5.9. Copper ions (Cu2+) rejection by PEUF and MEUF using membrane M-6-30-2: (a) AP =2.06

bar, and (b) AP =4.14 bar.

The permeate collected at different time intervals was analyzed using AAS to find out the
percent rejection of the copper ions by PEUF and MEUF. It was observed that with increase
in transmembrane pressure (Fig. 5.9), the rejection of copper ions decreases. Also, it was
observed that the Cu—CPC complexes have less rejection as compared to Cu—PEI and Cu-
PVA complexes. This can be attributed to the fact that with time the concentration
polarization increases and it was found to be maximum for Cu-PVA solutions followed by

Cu-PEI and Cu—CPC solutions respectively and hence the corresponding rejection increases.
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Fig. 5.10. Copper ions (Cu*) feed solution and permeate samples

For all the prepared solutions, treated using MEUF and PEUF at different pressures, the
rejections was found to be more than 99.5%. The permeate obtained were found to be less
than 0.25 mg/L of copper ions concentration which is well within the permissible limits for
sewer disposal, inland surface and marine coastal areas (3 mg/L) [6]. It was found that the
solutions treated at 2.06 bar have high rejection as compared to those treated at 4.14 bar. The

highest rejection was found to be 99.4 % and 99.2 % respectively for Cu—PVA and Cu-PEI
solutions treated at 2.06 bar.
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5.4. PEUF and MEUF of chromium ions: Flux and rejection

studies

The chromium ions due to their high valency (V1) binds well with the surfactant (CPC) and
the polymers (PVA and PEI). The 50 mg/L solutions of potassium dichromate were prepared
and stirred after addition of 1 g/L of CPC, PEI and PVA separately in prepared solutions. The
prepared solutions were treated in batch mode. Fig. 5.11 shows the variation in permeate flux
of different solutions (Cr—CPC, Cr—PEI, Cr-PVA) at two different pressures (2.06 and 4.14
bar). It was observed that the flux increased with increase in transmembrane pressure, this is
due to driving force which increases with increase in the transmembrane pressure or trans—
membrane pressure. It can be observed that the higher molecular weight polymer solutions
(Cr—PVA and Cr—PEI) have lower flux as compared to the Cr—CPC solution. The addition of
polymer to prepared chromium solutions (50 mg/L) increases the size of the solute ions by

making chelates with the metal ions present in the solution.

(a) 010 g —— CPC (b) 0207 CPC
—— PEI —0—PEI
—J— PVA

0.15+

Flux (m*mZ.h)
o
S

0.05{F 24

0 10 20 30 40 5 60 70 0 1 20 30 40 5 60 70
Time (min) Time (min)

Fig. 5.11. Ultrafiltraion of chromium ions (Cr®"), permeate flux through membrane M-6-30-2: (a) AP
= 2.06 bar, and (b) AP = 4.14 bar.

Similarly, the addition of CPC to chromium solutions above the critical micelle concentration
(CMC) of CPC lead to formation of micelles entrapping chromium ions hence increasing its
size and making it suitable for rejection using ultrafiltration membrane (M-6-30-2). Fig. 5.12
shows the rejection of chromium ions achieved by ultrafiltration using membrane M-6-30-2
at two different transmembrane pressures. The permeate samples collected at different
interval of time were analyzed using AAS technique. It can be observed that with increase in
transmembrane pressure the rejection of chromium ions decreased. This can be attributed to
the fact that the increase in transmembrane pressure leads to the passage of untrapped

chromium ions through membrane. The chromium solution prepared using PVA (Cr—PVA)
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as chelating agent caused the maximum fouling followed by Cr—PEI and Cr—CPC solutions.
The rejections were found to be more than 99.7% and 99% for all the prepared solutions at

2.06 and 4.14 bar transmembrane pressure, respectively.
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Fig. 5.12. Chromium ions (Cr®") rejection by PEUF and MEUF using membrane M-6-30-2: (a) AP =
2.06 bar, and (b) AP = 4.14 bar.

The permeate obtained were found to be less than 0.15 mg/L (2.06 bar) and 0.5mg/L (4.14
bar) of chromium ions concentration which is well within the permissible limits for sewer
disposal, inland surface and marine coastal areas (total chromium; 2 mg/L) [6]. It was found
that the solutions treated at 2.06 bar have high rejection as compared to those treated at 4.14
bar. The highest rejection was found to be 99.94 % and 99.9 % respectively for Cr—PVA and
Cr—PEI solutions treated at 2.06 bar.

5.5. Conclusions

A comparative study of microfiltration (using C2 membrane) and ultrafiltration (using M-6-
30-2 membrane) at two different transmembrane pressure for each membrane showed that
with increase in transmembrane pressure the flux increased and the rejection decreased.
Although, with increase in concentration the flux decreased and an increase in rejection was
observed. The permeate flux during ultrafiltration and microfiltration experiments also
decreased with time due to concentration polarization leading to increase in rejection of target
specie with time. The microfiltration of o/w emulsion resulted in 97.8 % rejection of oil
whereas the ultrafiltration performed using M-6-30-2 membrane rejected 99.6% of oil. The
copper and chromium ions were rejected using MEUF and PEUF membrane separation
techniques. With the addition of polymers PVA and PEI and surfactant CPC, a good rejection
of copper and chromium ions was achieved. The addition of PVA as chelating agent showed

good results in comparison to PEI and CPC in removal efficiency of copper and chromium
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ions. 99.4 % and 99.94 % removal was achieved for copper and chromium ions, respectively,
using PVA as chelating agent at transmembrane pressure of 2.06 bar. The concentration of
copper and chromium ions in the permeate samples were found to be in the permissible limits
for disposal (3 mg/L for copper ions; 2 mg/L for chromium ions). Hence, the optimized
polymer—ceramic composite membrane (M-6-30-2) showed excellent results in ultrafiltration
applications (removal of oil, copper and chromium ions by MEUF and PEUF).
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Conclusions and future outlook,

This thesis focuses on the preparation of polymer—ceramic composite membranes using low
cost ceramic supports for using them in ultrafiltration applications (oil rejection and heavy
metal removal). The concluding remarks of all chapters are summarized below and the scope
for future work is described in brief at the end of this chapter.

Firstly, the selection of the major raw material for the preparation of low cost ceramic
supports was done based on the characteristics of three different membranes prepared using
local clay, fly ash and kaolin. It was observed that the kaolin based membrane possesses
lower pore size, higher porosity and better mechanical strength than those prepared using the
other two materials. Hence, kaolin was chosen as the main raw material and kaolin based
membrane supports were sintered at four different temperatures to study the effect of
sintering temperature on the support properties. It was noticed that the pore size and
mechanical strength increase with increasing the sintering temperature from 800°C to
1100°C. On the other hand, the permeability, porosity and pore density decreased with this
increase in sintering temperature. Based on the results, a temperature of 900°C was found to

be optimum for sintering the kaolin based ceramic membranes/supports.

After the selection of raw material and sintering temperature, the effect of pore forming agent
(carbonates) was studied to optimize the composition based on the permeation properties of
the supports. The supports prepared using calcium carbonate were more porous than those
prepared using sodium carbonate as the latter melts and forms a sodium silicate layer in the
interior of pores as well as on the support surface under the sintering conditions. The
prepared membranes have pore size in the range 0.3-0.8 um, porosity 2.7-52.5% and flexural
strength 22-62 MPa. Altogether, it is concluded that the support C2 (20 wt.% CaCOj3) having
0.5 um pore size, 37% porosity and 48 MPa flexural strength is the best among all the
compositions used in this work. The C2 support performed satisfactorily in the separation of
oil-in-water emulsions with good permeate flux and oil rejection profiles. About 98% oil
rejection was obtained for the emulsion containing 200 mg/L of oil at a transmembrane
pressure of 1 bar. The ceramic supports prepared in this work using kaolin are cheaper than

those reported in previous works.

The selection of polymer and solvent for preparing the composite membranes by dip coating
method was done by reviewing the existing literature. Cellulose acetate (CA) was chosen as
the polymer material because of its biodegradable nature and availability, whereas acetone

was chosen as the suitable solvent for CA because of its low boiling point and low viscosity.

125



Conclusions and future outlook,

The pH and temperature of the polymeric solution effect the properties of polymer—ceramic
composite membranes. At moderate temperature (25°C), the homogenous surface of the
cellulose acetate layer with a good number of small pores was obtained as compared to low
(15°C) and high temperature (40°C). The polymer layers deposited at low pH (2-6) were
weakly bonded to the surface of the ceramic support, whereas, they were strongly bonded to
the support at high pH (7-12) conditions. The pore size, porosity and permeability of the
polymeric layer decreased with increase in pH. The membrane prepared with pH 7 solution

gave the optimum results (pore size: 35 nm and porosity: 47%).

The variation in other process parameters, namely, concentration of polymeric solution (4-10
wt.%), dipping time (20-60 s) and number of dipping cycles (1, 2, 3) also plays a significant
role on the optimization of polymer—ceramic composite membranes, thus, lead to variation in
the pore size and porosity of the membrane along with the thickness of the polymeric layer on
ceramic support. The prepared composite membranes have pore size in the range 6.1-74.2
nm, porosity in the range 0.02-56.2%, thickness in the range 4.2-143 um. The membrane
prepared using 6 wt.% concentration of CA solution with dipping time 30 s and 2 dipping
cycles (M-6-30-2) gave the optimum results (pore size: 10.8 nm, porosity: 41.23%, thickness:
26.4 um).

The optimized membrane performed well for ultrafiltration of oil-in-water emulsions and
polymer enhanced ultrafiltration (PEUF) and micellar enhanced ultrafiltration (MEUF) of
heavy metal ions (copper and chromium). Maximum oil rejection of 99.6% was obtained for
100 mg/L solution at 2 bar transmembrane pressure and the concentration of the metal ions in
the permeate obtained were found to be within the permissible limits for sewer disposal

(copper: 3 mg/L, total chromium: 2 mg/L).

Polymer—ceramic composite membranes, a new generation of membranes, have a great
potential in ultrafiltration applications and enhanced ultrafiltration processes (PEUF/MEUF)
due to their higher selectivity and easy scale up which can replace the present nanofiltration
and reverse osmosis processes for water treatment. Novel coating materials such as a polymer
nanocomposite (polymer with nanoparticles of other materials such as TiO, or Al,Os3) or a
polymer blend (mixture of two polymers) with suitable solvents can be explored for the
enhancement of the membrane properties and widening of the application areas. The

composite membranes are of great usability in water treatment and food technology.
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