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Ceramic Membranes and 
Membrane Processes

1.1 INTRODUCTION

In general, a ceramic membrane can be described as a permselective barrier or a fi ne sieve. 
Permeability and separation factor of a ceramic membrane are the two most important per-
formance indicators. For a porous ceramic membrane, they are typically governed by thick-
ness, pore size and surface porosity of the membrane, while for a dense ceramic membrane, 
the principle for permeation and separation is more complex. In porous ceramic membranes, 
their applications and separation mechanisms correspond to the pore size of the ceramic 
membranes as shown in Table 1.1.

Ceramic membranes are usually composite ones consisting of several layers of one or 
more different ceramic materials. They generally have a macroporous support, one or two 
mesoporous intermediate layers and a microporous (or a dense) top layer. As shown in Figure 
1.1, the bottom layer provides mechanical support, while the middle layers bridge the pore 
size differences between the support layer and the top layer where the actual separation takes 
place. Commonly used materials for ceramic membranes are Al2O3, TiO2, ZrO2, SiO2 etc. or 
a combination of these materials. An example of the pore characteristics of a four layer 
alumina membrane is given in Figure 1.2. It can be seen that the pore sizes of the top separa-
tion layer, intermediate layers and bottom support layer are in the range of 6 nm (mesoporous), 
0.2–0.7 mm and 10 mm, respectively. A more sophisticated multilayer membrane, consisting 
of a a-alumina macroporous support, two g-alumina mesoporous intermediate layers and a 
microporous silica top layer was reported by Vos and Verweij [1]. As shown in Figure 1.3 (a 
micrograph taken by transition electron microscopy (TEM)), a very thin silica layer ∼30 nm 
with a pore diameter of 5 Å was obtained. The TEM micrograph further indicates that the 
silica layer is deposited on top of the g-Al2O3 layer. A clear division between silica and g-
Al2O3 is visible. The boundary between the fi rst and second g-Al2O3 layers at approximately 
250 nm from the surface is clearly visible.

The ceramic membranes mentioned above can only be achieved through multiple steps. 
As illustrated in Figure 1.1, a support layer is fi rst prepared to provide mechanical strength 
for the membrane, followed by coating one or more intermediate layers on the support layer 
before a fi nal dense separation layer can be fabricated. Each step involves a high temperature 
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2 Ceramic Membranes for Separation and Reaction

Table 1.1 Category of ceramic membranes

Typea Pore size (nm) Mechanism Applications

Macroporous >50 Sieving UF, MF
Mesoporous 2–50 Knudsen diffusion UF, NF, Gas Separation
Microporous  <2 Micropore diffusion Gas Separation
Dense — Diffusion Gas Separation, Reaction

a
 IUPAC classifi cation [53]

1

2

3

4

1. Modified separation layer (Dense or <2 nm) 
2. Separation layer (3–100 nm) 
3. Intermediate layer(s) (100–1500 nm) 
4. Porous support (1–15 µm)

1 + 2 + 3+ 4    nanofiltration or gas separation membranes 
2 + 3 + 4         ultrafiltration membranes 
3 + 4               microfiltration membranes 

Figure 1.1 Schematic representation of an asymmetric composite membrane
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Figure 1.2 Pore size distribution of a four layered alumina membrane/support composite [3]. Reprinted 
from Journal of Membrane Science, 39 (3), Hsieh et al., Microporous alumina membranes, p. 221–241. 
Copyright (1988), with permission from Elsevier
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Thus membranes made from ceramic materials can be operated at higher temperatures and 
in the presence of solvents that would cause polymeric membranes to fail. They offer much 
better mechanical stability and do not swell and thus achieve a more constant performance 
with varying feed concentration. Their ability to operate at higher temperatures with higher 
fl uxes also reduces the required membrane area for operation much below that required for 
a polymeric membrane. Ceramic supported membranes are much harder than the thin polymer 
structure of the polymeric membranes. Ceramics offer advantages such as being chemically 
inert and therefore better at operating with highly reactive compounds present and in acidic 
or alkaline conditions.

Gallego-Lizon et al. [15, 16] conducted pervaporation experiments for t-butanol and iso-
propanol dehydration using a range of commercially available ceramic membranes. They 
found that when dehydrating a 90 wt% t-butanol solution, microporous silica membranes 
offered the highest fl ux, followed by zeolites, both being better than that of polymeric 
membranes. The separation factors are the greatest for the zeolite membrane. Van Veen 
et al. [17] also tested ceramic membranes for pervaporation and found that the ceramic 
membranes show many advantages over polymeric membranes: (1) giving an extremely 
constant operation over several weeks, (2) allowing operation at much higher temperatures 
than polymeric membranes (up to 300 ºC) and (3) giving much higher fl uxes whilst retaining 
high selectivity. This, in turn, suggests that the required membrane area can be vastly 
reduced.

Liquid feed Retentate stream

Permeate 
vapour stream

Membrane

Vacuum pump

Figure 1.10 A pervaporation process
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Figure 1.11 Perturbation of liquid–vapour equilibrium by membranes
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1.2.3 Reverse Osmosis and Nanofi ltration

Reverse osmosis (RO) and nanofi ltation (NF or loose RO) processes allow selective passage 
of a particular species (solvent), while other species, i.e. solutes, are retained partially or 
completely. Solute separation and solvent permeability are the membrane characteristics and 
are dependent on the membrane material and the structure of the membrane layer. The main 
difference between RO and nanofi ltration membranes is that RO rejects all the solutes, includ-
ing monovalent ions, while the nanofi ltration membrane can only reject multivalent ions with 
no selectivity towards monovalent ions.

As illustrated in Figure 1.12, osmosis is a natural phenomenon where water passes (Figure 
1.12a) through a membrane from one side with lower solute concentration to a higher solute 
concentration until the osmotic equilibrium is reached (Figure 1.12b). To reverse the water 
fl ow, mechanical pressure (Figure 1.12c) is applied, providing a pressure difference greater 
than the osmotic pressure difference; as a result, separation of water from a solution becomes 
possible. This phenomenon is referred to as reverse osmosis. Applications of reverse osmosis 
processes include: seawater desalination, waste water treatment and ultrapure water 
production.

Reverse osmosis (RO) is a well established membrane technology for the treatment of 
water in a variety of applications. Today, only polymeric RO/NF membranes are commer-
cially available. Major problems associated with polymeric RO/NF membranes are: (1) 
excessive fouling due to poor feed fl ow hydrodynamics; (2) low resistance to chlorine and 
other oxidants; (3) extensive pretreatment/chemical usage and associated waste generation 
and (4) lack of desirable surface charge to reduce fouling potential. Ceramic membranes, in 
this context, display a number of performance advantages over commercially available poly-
meric membranes. Of particular importance in RO and NF applications are the excellent 
resistance to chlorine, oxidants, radiation and solvents; the high thermal and chemical stability 
and the long reliable life of ceramic membranes. RO/NF membranes have been available 
from the outset with ceramic materials. However, the high cost, low packing density and/or 
poor selectivity renders commercially available ceramic membrane technology economically 
untenable for RO/NF applications.

Research into formation of ceramic nanofi ltration membranes has been carried out recently 
and membranes prepared from titania [18–21], zirconia [22–24], silica–zirconia [25, 26], 
hafnia [27, 28] and g-alumina [19, 29] have been reported. Most of these nanofi ltration 

Membrane

∆p < ∆π ∆ p = ∆π ∆p > ∆π

(c) Reverse osmosis(a) Osmosis (b) Osmotic equilibrium

Mechanical pressure

Dilute solution Concentrated
solution

Figure 1.12 Phenomenon of osmosis
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membranes have been prepared for separation of nonaqueous solvent using sol-gel processes, 
where a mesoporous ceramic support is coated with a layer of a metal oxide which determines 
the fi nal pore size. This provides a great advantage in controlling the pore diameter through 
the proper choice of colloidal solutions at the fi nal coating stage. Reported MWCO of these 
membranes lies between 200 and 1000 g mol−1.

1.2.4 Ultrafi ltration and Microfi ltration

Ultrafi ltration is a membrane process where porous membranes are used to separate colloidal 
particles or large molecular weight solutes from solvent. In ultrafi ltration, the mechanism for 
separation of the solvent from the solute/colloidal particle is similar to that of reverse osmosis/
nanofi ltration. Therefore, the rejection of solutes is determined based on the pore size and 
pore size distribution of the membranes, and surface interactions between the membrane 
surface and solvent/solutes. The overall solvent transfer is often dominated by mass transfer 
resistances in the membrane as well as at the solution boundaries. Thus, the presence of even 
a low concentration of retained species can have a profound effect on the solvent 
permeation.

Although there is no precise defi nition of the boundary between ultrafi ltration and micro-
fi ltration as shown in Figure 1.13, microfi ltration, as a membrane process, closely resembles 
conventional fi ltration processes and separates discrete particles from solution. As can be seen 
in Figure 1.13, there is also no clear dividing line between coarse fi ltration and microfi ltra-
tion, but the accepted upper pore size limit is around several mm. The lower size limit is set 
at 0.1 mm. Microfi ltration is used to separate small insoluble particles, bacteria and yeast cells 
from broths and aqueous streams. Conventional depth fi lters typically consisting of a matrix 
of fi bres are used to perform similar tasks, but the separation is achieved by a mechanism of 
entrapment within the fi bres and adsorption to the surface. There is no defi ned ‘pore’ size for 
depth fi lters but the voids between the fi bres are greater than the size of the smallest retained 
particle. Thus the retention in depth fi ltration is a statistical function. Microfi ltration mem-
branes, on the other hand, have a well defi ned pore size and separation is achieved on the 
basis of sieving effects. Because the pore sizes in membranes are large enough, the solvent 
is usually transported through the pores of the membrane by convection. The rate of transport 
of solvent through the membrane is thus proportional to the pressure difference across the 
membrane and can be described by the Hagen–Poiseuille equation, if the pores of the mem-
branes are assumed to be cylindrical.

Ultrafi ltration and microfi ltration membranes have been prepared from a wide range 
of polymers such as cellulose acetate, cellulose nitrate, polyacrylonitrile, polyamide, 
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Figure 1.13 Relation between the membrane process and the membrane pore size
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polyethersulfone, polyimide, polysulfone, polyvinyl alcohol, polyvinylidene fl uoride, etc. 
Ceramic membranes have also been developed for ultrafi ltration and microfi ltration applica-
tions. The development of ceramic membranes is mainly driven by the need to produce 
membranes with greater chemical and thermal tolerance, because the upper temperature limit 
of polymeric membranes is mostly below 200 ºC. In addition, most polymers mentioned 
above cannot survive in solvents such as benzene and toluene. Ceramic ultrafi ltration and 
microfi ltration membranes are prepared from materials such as aluminium oxide, titanium 
oxide and zirconium oxide, as they can withstand high temperatures and harsh chemical 
environments. Typical applications of ultrafi ltration and microfi ltration processes using 
ceramic membranes can be found in the dairy, food, pharmaceutical, biological, paint, paper 
and water industries. A detailed review on use of ceramic membranes in these applications 
can be found elsewhere [4].

There are two types of operations in ultrafi ltration and microfi ltration: (1) dead-end fi ltra-
tion and (2) cross-fl ow fi ltration. As illustrated in Figure 1.14, dead-end fi ltration is only 
suitable for dealing with suspensions with a very low solid content, while cross-fl ow fi ltration 
can be used for much higher concentrations as the deposits on the membrane are swept away 
by membrane-parallel fl ow.

1.2.5 Dialysis

Dialysis is basically a diffusion process and it describes the separation of substances in solu-
tion by means of their unequal diffusion rate through porous membranes; therefore, dialysis 
is achieved by imposing a concentration gradient across the membrane. Typical application 
for this process is the artifi cial kidney as shown in Figure 1.15. The dialysis unit consists of 
a membrane module comprising a bundle of hollow fi bres. Blood fl ows through the hollow 
fi bre where the dialysis fl uid fl ows through the shell side of the module. The dialysis fl uid is 

Feed
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Figure 1.14 Schematic diagram of fi ltration processes: (a) dead-end fi ltration and (b) cross-fl ow 
fi ltration
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electrical potential to the cathode. The sodium ions can permeate through the negatively 
charged cationic membrane, but are rejected by the positively charged anionic membrane. 
Similarly, the negatively charged anions such as chloride ions migrate toward the anode 
through the anionic membrane, but are rejected by the cationic membrane. As a result, both 
sodium and chloride ions are depleted in chambers referred as ‘dilute’ and are concentrated 
in the neighbouring chambers called ‘brine’. Electrodialysis can thus be used either to con-
centrate the salt or to produce potable water from brackish water.

Ion exchange membranes have also been used in caustic soda industries for the electrolysis 
of sodium chloride solution to produce sodium hydroxide and chlorine. The process is 
schematically illustrated in Figure 1.17. As can be seen, a cationic membrane made from a 
perfl uorocarbon polymer is placed at the centre of an electrolysis chamber. When a sodium 
chloride solution is introduced to the left side of the cationic membrane, the sodium ions 
are attracted toward the cathode and move to the right side of the membrane. On the surface 
of the cathode, water is decomposed into proton and hydroxyl ions. The protons are imme-
diately reduced into hydrogen atoms by receiving one electron from the surface of the 
cathode. Two hydrogen atoms are combined to form a hydrogen molecule, and leave the 
cathode compartment. Sodium hydroxide solution is thus produced in the cathode compart-
ment. On the other hand, chlorine ions move toward the anode. Upon reaching to the anode, 
the chlorine ions donate an electron to the anode and become chlorine atoms. Two chlorine 
atoms are then combined to form a chlorine molecule, before leaving the anode 
compartment.

So far, electrodialysis processes primarily employ polymeric ion selective membranes 
because they show desirable features, such as low electrical resistance and mechanical fl exi-

Table 1.2 Difference between ordinary dialysis and electrodialysis

Ordinary dialysis Electrodialysis

Based on concentration gradient Based on external electrical fi eld
Use of normal membranes Use of ion exchange membranes
Flow direction: Flow direction:
high concentration  →  low concentration high concentration  ↔  low concentration
Concentration gradient diminish as results of mass Desired degree of separation is achievable
 transfer

Feed solution

AnodeCathode

Anion-exchange
Membrane

Cation-exchange
Membrane

Brine

Diluate

Brine

Figure 1.16 Principle of electrodialysis [32]. Reprinted from H. Strathman Electrodialysis, in Syn-
thetic Membranes: Science, Engineering and Applications, P. M. Bungay, H. K. Lonsdale and M. N. 
de Pinho, Editors. (1983), D. Reidel Publishing Company: Dordrecht. p. 199. With kind permission of 
Springer Science and Business Media
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bility. The drawbacks of the polymeric ion selective membranes are their relatively low 
selectivity and thermal stability [33]. Sodium selective ceramic membranes, in this context, 
provide enhanced current effi ciencies and can operate at high temperatures without being 
damaged [34]. However, the thickness required for self supporting ceramic membranes leads 
to high resistance and increases the energy consumption to unacceptable levels. Cormier 
et al. [35] proposed a composite membrane consisting of a thin fi lm of a ceramic of NASICON 
composition (Na1+xZr2SixP3−xO12, 0  ≤  x  ≤  3) deposited on a cation selective polymeric mem-
brane. They demonstrated that the presence of this ceramic thin fi lm on a polymer membrane 
increases current effi ciency and prevents fouling [36], as the membrane combines the advan-
tages of both polymer (mechanical fl exibility and low electrical resistance) and ceramic 
membranes (Na+/H+ selectivity and low multivalent ion fouling rates).

1.2.7 Membrane Contactors

Unlike conventional membrane processes, where the membrane is a selective layer towards 
the fl uids to be separated, the membranes used in membrane contactors are nonselective. 
Therefore, separation achieved in membrane contactors is primarily based on the same prin-
ciple as in conventional contact processes, i.e. based on phase equilibria. Figure 1.18 illus-
trates the principles of the process. As can be seen, the applied porous membrane separates 
two fl uids (gas or liquid) from each other and a diffusive mass transfer takes place through 
the porous membrane. Depending on the membrane material, the physicochemical properties 
of the liquid and the operating pressures employed, the pores of the membrane can be fi lled 
with either gas or liquid, which would result in great differences in the mass transfer resistance 
of the membrane employed [37].

Membrane contactors represent a technology where porous membranes are used as 
‘packing materials’ for interphase mass transfer. Therefore, all traditional gas stripping and 
absorption [38, 39], distillation [40, 41], liquid–liquid extraction [42, 43], as well as emulsi-
fi cation [44], crystallization [45, 46] and phase transfer catalysis [47] can be carried out in 
membrane contactors.

The performances of membrane contactors are strongly dependent on the properties of the 
membranes, physicochemical properties of the fl uids and the operating pressures employed. 

CathodeAnode

Cl2 Cation exchange
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Depleted NaCl NaOH

Na+

H2O

OH-

H2ONaCl

H2

Cl-

Figure 1.17 Electrodialysis for caustic soda industry
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Detailed discussion on membrane contactors will be given in Chapter 5 with emphasis on 
one of the unit operations, i.e. gas absorption. Obviously, using the same approach, the results 
from gas absorption analysis can be easily applied to other unit operation processes such as 
liquid–liquid extraction and distillation.

1.2.8 Membrane Reactors

A membrane reactor is a device that combines a membrane separation or distribution process 
with a chemical reactor in one unit. Due to the integration of reaction and separation/distribu-
tion, chemical processes become simpler leading to a much lower processing cost. In addition, 
membrane reactors are capable of promoting a reaction process by: (1) selectively removing 
at least one of the products from the reaction zone through the membrane, making the equi-
librium reaction shifting to the product side; (2) supplying only a particular reactant to the 
reaction zone giving an optimum concentration ratio of the two reactant streams. As a result, 
the yield can be increased (even beyond the equilibrium value for equilibrium reactions) 
and/or the selectivity can be improved by suppressing other undesired side reactions or the 
secondary reaction of products. Figure 1.20 illustrates the two main functions of the mem-
brane reactors.

Use of membrane reactors to shift the equilibrium in a reversible reaction has been mainly 
studied for dehydrogenation reactions. For example, as the hydrogen produced in the dehy-
drogenation reaction is removed continuously through a permselective membrane, the reac-
tion equilibrium shifts to the product side, resulting in a high yield even at lower temperatures, 
and then the deactivation of catalyst and undesirable side reactions may be avoided.

Gauged Cylinder

Condenser

Hollow Fiber Module

Reboiler

Xw

Xp

Figure 1.19 Process for hollow fi bre distillation (The hollow fi bre module replaces the conventional 
packedtower used for differential distillation) [40]. Reprinted from Zhang, G. L. and Cussler, E. L.,  
Distillation in hollow fi bres. American Institute of Chemical Engineers Journal, 49 (9) p. 2344–2351. 
Copyright (2003), with permission from John Wiley & Sons, Inc.
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It should be noted that the membrane top layer, which facilitates the separation forms 
only a small part of the overall membrane thickness, with the support layer forming the 
major part. This confi guration has been mostly applied in dehydrogenation reactions. Some-
times, the catalyst in the form of paste is coated on the membrane top layer, but it functions 
in a similar way to the pellet catalyst. In the second arrangement, the membrane itself is 
catalytically active as shown in Figure 1.21(b). The active catalyst is a thin dense membrane 
layer deposited on a surface of a porous support. A potential problem with this confi gura-
tion is that the membrane may not have suffi cient catalytic area to be totally effective. The 
fi nal confi guration shown in Figure 1.21(c) is for a catalyst impregnated into the pores of 
a microporous material either as individual particles or as a layer. This is a convenient way 
of introducing catalyst into the membrane and has also been used in dehydrogenation 
reactions.

Detailed analysis of membrane reactors as product separators and as reactant distributors 
will be covered in Chapter 8.
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