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SUMMARY

This thesis investigates the pressure drops along the bores of B-9 and
B-10 hollow fibre membranes, their measurements, prediction and effect on

fibre bundle performance.

The theory of osmosis and reverse osmosis, the transport models, membrane

configurations and productions were reviewed. Laminar flow in circular
impermeable and porous pipes and the flow through a bundle of hollow
fibres were also reviewed for the better understanding of the theoretical

analysis.

A theoretical model of the fibre behaviowr is studied and analysed. An
analytical solution is obtained for the case of a fibre in a wniform
crossflow of brine of uniform concentration and uniform pressure. A

nunerical procedure, making use of this analytical solution, is developed
to solve the more general problem of detailed bundle behaviour. The
experimental data are analysed using a computer program based on the
numerical procedure presented in Chapter 5.

Experimehts were carried out on small B-9 and B-10 hollow fibre membranes.
The performances of the fibre bundles, including the measurements of the
closed end bore pressures were investigated for two feeds, pure water and

sodium chloride solution, under various ranges of operating conditions.
From the resulting membrane performances, in both modules, it was seen

that:

1. The water permeability constant, k1, increased with increasing
temperature. The k1 was pratically independent of applied pressure at

feed temperature of 20°C and 25°cC. However, the k1 tended to
decrease with increasing pressure at 30°C.

2. The salt permeability constant, k2, increased with increasing
temperature and pressure in the experiments with B-9 module. The salt

permeability constant, k, of the B-10 modules was found to be highly

dependent upon the PT-B post-treatment history.
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A computer program (FD), assuning a fixed fibre geometery was used to
determine the values of k1, Ky andﬂgpe closed end fibg; bore pressure.
However, these theoreticallyigggcited values of fibre bore pressures were
found to be significantly lower than the experimentally measured values of
fibre bore pressures. A second program (VID) used the overall bundle
performances together with the measured values of bore pressures to
predict the effective bore diameters, Dia, andmédified membrane constants
Kiapr @nd Ko pee As a result of these calculations, the effective

bore diameters were found to be smaller than the nominal bore diameters.
This suggests that the hollow fibres are compressed, by as much as 25%,
under the effect of external pressure. Furthermore, the constriction of
fibre bore diameters increased with increasing temperature. The

experiments with B-10 modules indicated that the compaction of the fibres

may also be non-linear and limited, and the apparent fibre bore shrinkage
decreases radially outward through the bundle.

As a result, the modified values of k1 off Were found to be higher than
the values neglecting the fibre bore shrinkage effect. The salt

permeability constant appears to be independent of allowance for bore
shrinkage.

The analysis of the whole bundle behaviour, allowing for the fibre bore
shrinkage, showed that the axial distribution of brine concentration
varies significantly due to the variation of the net driving pressure
along the fibre. The fibres towards the open end tube plate are exposed
to the highest net driving pressure and hence, increase in productivity
and local brine concentration which may lead to a polarisation type

effect.

New modified water and salt permeability constants, k1 p and ko, were
determined assumning the fibre outside diameter shrank by the same amount
as the internal diameter. The new modified values of k1 A and k,, were
found to be higher than the values of k1 of f and k2. This is obviously
due to the resulting reduction in the membrane surface area used in the
calculations with the same bundle performance.



CHAPTER 1. INTRODUCTION



INTRODUCTION

It is very well known that life on earth is dependent on water in its many
forms. Without water this planet would have been different and a lifeless
one. T5% of the earth is covered by water but however only less than 1%
is distributed as fresh water in streams, lakes and ground water. In the
past people settled near water resources or moved from one water resource
to another to provide water for their needs. Increasing population and
industrialisation have increased the water demand. In many parts of the
world the quality of water is not always suitable or suitable water
resources are not enough for owr consumption. The water scarcity has
pushed people into finding new fresh water resources. Rain water was
collected and wells were dug for water. They did not meet the increasing
demand for fresh water in many places.

The seawater and brackish waters which are unsuitable for consumption, due
to the salinity, are often readily available. The mineral salts had to be

removed from the saline water to obtain fresh water. Saline waters may be
desalted by several different methods. Reverse osmosis, distillation, ion
exchange and electrodialysis are the major desalination processes
currently in use. Desalination may be defined as: the art of producing
fresh palatable water from a saline supply at a reasonable cost with

reasonable reliability.

The process reverse osmosis is generally the most economical for desalting
either brackish or dilute sea water. Reverse osmosis is a membrane
permeation process for separating relatively pure water from a less pure
solution. The solution is passed over the surface of an appropriate

semipermeable membrane at a pressure in excess of the effective osmotic
pressure of the feed solution. The permeating water is collected as the
product (fresh water). It is obvious that the membrane must be highly
permeable to water, highly impermeable to solutes (salts), and capable of
withstanding the applied pressure without failure.

Within the last twenty years considerable improvements have been achieved
in membrane materials, production techniques and module designs. One of

them is a hollow fine fibre membrane module. Very large surface to volume
ratios, negligible concentration polarisation and self supporting strength

have made them very attractive for desalination of saline waters.



In the design of hollow fibre membrane systems, the physical fibre
parameters should be chosen to obtain an optimum bundle performance. A
number of hollow fibre analysis can be found in the literature (14, 15,
20, 23, 24). These concern mainly mass transport, the fibre diameter,
length, wall thickness, packing density and fluid flow inside and outside
of the fibre. The assumptions upon which these analyses are based vary.
However, all the analyses (14, 15, 20, 24, L6) assumed the fibre cross
section, where there is a very dense skin outside and a porous wall
underneath, to remain undistorted under working conditions.

In the experimental literature (12, 15, 27, 36, 38, U46) there is ample
evidence that the water and salt permeabilities (based on constant fibre
geometry) vary considerably with both temperature and pressure. The
purpose of this work was to attempt to find out how much of this variation

can be attributed to changes in the fibre geometry under the influence of

external pressure. Since the theoretical solution to the pérformance of a
fibre is particularly sensitive to changes in the bore diameter, it was
thought that measurements of the pressure drops along the fibre bores,

under working conditions might provide some evidence of changes in the
bore diamter. To this end a small 4" B-9 and B-10 hollow fibre modules
were disassembled and pressure tapping holes drilled into the resin blocks
supporting the looped 'closed' ends of the fibres.

Fibre bore pressure measwurements have been made under various ranges of
operating conditions. The results were analysed using a computer program.
Evidence from the fibre bore pressure measurements tends to show that the
fibre bore diameters shrink under pressure and this effect increases with
increasing temperature. As mentioned before that the theoretical solution
to the performance of a fibre is particularly sensitive to changes in the
bore diameter. The membrane constants k1 and k, were recalculated (as

Kierr @and ko pe), allowing for the fibre bore shrinkage. The modified
effective water permeability constants (k.I eff Were found to be higher
than the values neglecting the bore shrinkage effect. The salt
permeabllity constant, k2, appears to be independent of allowance for
bore shrinkage.

The hollow fibre analyses in the literature (14, 15, 20, 24, U46) also
neglected the axial variation of brine concentration in the fibre bundle.
If the fibre bore shrinkage is taken into account, because of the axial
variation of the net driving pressure, the axial variation of brine

concentration may become significant, producing a concentration
polarisation type effect.
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2.1 Introduction

The purpose of this chapter is to give some information about the

natuwral osmosis and reverse osmosis which is one of the process used in
desalination of saline waters. The thermodynamics of the process is
reviewed for the better understanding of the process.

2.2 0Osmosis and Reverse Osmosis

Natural osmosis occurs in a closed system containing pure water
separated from an aqueous salt solution by a semi-permeable membrane.

The characteristics of an ideal membrane are such that water molecules
can pass through the membrane but the salt molecules may not.

The pure water will flow through the membrane to dilute the salt
solution (Fig. 2.1.A). This spontaneous flow of pure water is termed
"osmosis". Due to the permeation, the volume of salt solution will
increase and create a build up of pressure on the solution side. The
flow of pure water will stop when it reaches the osmotic pressure of the
solution, (Fig. 2.1.B). On the other hand, if a pressure is applied on
the salt solution side, the rate of pure water flow will be decreased.
As the pressure is increased a point will be found where there is no
flow on eit:,her* side, (Fig. 2.1.C). Then the system is said to be in
"Osmotic Equilibrium" and the applied pressure is equal to the osmotic
pressure of the solution. Under isothermal condition, osmotic pressure
of a solution is directly proportional to the concentration and it can
be written in a simple form as 5 = ¢RTC where ¢, osmotic

coefficient, R, universal gas constant, T, absolute temperature and C is
the concentration. The osmotic pressure of standard seawater (35000 ppm

which is equivalent to 3.2% NaCl solution) is of the order of 25
atmospheres. At the point where osmotic equilibrium is reached, as the

pressure is increased the direction of pure water flow is reversed, Fig.
2.1.D. Thus, the pure water molecules in the salt solution will pass
through the membrane leaving the salt molecules behind. This last
phenomenon is the basis of the reverse osmosis method of desalination.
A simplified flow diagram of a typical reverse osmosis system is shown
on Fig. 2.2.
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2e3 Some thermodynamic considerations

Flow of matter from one region to another is determined by a property
called the "chemical potential"”. Any kind of matter, such as water,
flows in the direction of in which its chemical potential decreases.

The pure water molecules pass through the membrane, under the pressure
which is higher than the osmotic pressure of the solution, and cause a
solute separation in reverse osmosis systems. Consequently the chemical
potential of pure water in aqueous solutions and the osmotic pressure of
solutions are of interest. Hence some of the basic thermodynamic
relations involving chemical potentials and osmotic pressure are
sumarised below, (34, 44, 48, 52),

The chemical potential (M i) of a component i in a solution is
defined in terms of the Gibbs free energy (G) by the relation

dG = -Sdt + VdP + ], M, d Ni (1)

where S is the entropy, T the absolute temperature, V the volume,
P the pressure, and Ni the number of moles of component i.

From equation 1, the chemical potential, ; (or partial molar Gibbs
free energy) may be written as

"1 = (aG/aNi)T,P.NJ (2)
and
V = (BG/BP)T,N (3)

where N represent the entire set of N's and NJ represents all N's except
Ni.

Differentiating equation 3 with respect to Ni

e M | 3V - |
— —— -— et —— - vi. (4)
N1 3P TN, 0 P T P

J

where Vi is the partial volume of component i.



In actwrl calculations it is customary to use not the chemical potential
itself but a quantity called the activity ai and related to the chemical

potential by:
- 1 |
ui_ui-t-RTlnai (5)

where R is the gas constant, and uoi is the standard chemical

potential of i which at a given pressure, is dependent on temperature
only not on concentration. Various conventions are available for

defining uOi, but for the solvent, u; in the treatment of
solutions it is always taken to be the chemical potential of pure
solvent; this means that the activity of pure solvent is unity.

The thermodynamic requirement for osmotic equilibrium is that the

chemical potential of the solvent should be the same on both sides of

the membrane; no such condition is imposed on the solute since the
membrane prevents its passage.

If there is just pure water at pressure P1 on both sides of the
membrane, the two phases will be in equilibrium (the chemical potential
of water in both phases being u‘:), and there will be no net transfer
of water through the membrane. If pure water on one side of the
membrane is replaced by an aqueous solution (both sides still being at

pressure P1), the chemical potential of water in the solution is less
than that of pure water, and the former is given by

W, =‘uw* + RT 1n a (6)
where M, is the chemical potential of water in solution at pressure

P1. The equilibrium can be restored by increasing the pressure on the
solution side to P2 such that the chemical potential of water in the
solution is raised to that of pure water. The increase in chemical
potential of water in the solution as the pressure is increased from P1

to P2 is obtained from equation U4, as;

Py P

] (Bpw/aP)T’N ,dP = [ Vv.dP

W (7)
P4 p



Since this increase, added to H given by equation 6, must restore
the chemical potential of water in solution to that of pure water,

P2_
%
- 8
uw+PJ' AP = (8)
T
Therefore P2
J' - #*
P1 VﬁdP =4, - M, (9)
= =RT 1n a . (10)

From equation 6, if Vw is assumed constant
Vw (P2 - P1) = - RT 1ln a_ (11)

The pressure difference (P2 - P1) is by definition the osmotic pressure
of the solution, usually represented by w, thus

an:-RTlnaw (12)
or
T = - RT/Vw 1n a, (13)

for calculating the activity of water in solution, a » vapour pressure

data are needed, of@en, a, i1s calculated from the relation

a, = P\-J/P;Il+ (14)

where Pw is the vapour pressure of water in equilibrium with the
solution, and Pw is that of pure water at a given temperature.



10

2.4 Electrolyte solutions

Aqueous solutions of salts are mainly concerned in desalination. For
this reason a great many physical-chemical measurements have been made
on ions in solutions and theories of thelr behaviour have been

developed. For example, an electrolyte of the form Cv+ A,,_»
which in solution ionise completely according to the chemical equation:

+Z YA (15)
15
C\J+A\J— = s C <+ \J-A
+1

_ -1
(i.e. Na Cl = 1+Na + Cl )

Considering, each of the ions has its own chemical potential and its own
activity, equation 5 can be written in the form:

O
Moo= M +RT1na+

T u_o + RT 1n a_
The partial molar free energy (chemical potential ui) of the overall
electrolyte will be the sum of the ionic chemical potentials, each

multiplied by the appropriate nunber of ions derived from the
undissociated molecule. Therefore, equation 15 can be written for the

electrolyte;
\

1110 + RT 1n a (16)

Hy

"
<
=
+
<
=
+
<
+
-
-3
=
-
D
jde
+
<
!
-
o
b
!

It now becomes convenient to define what will be known as the mean ion
activity, a, which is a quantity that will satisfy the following

equation:
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+ <

v+ av- (17)

!
2

In this equation, v = vV, + Vv, the total numbers of ions
formed from the salt. Thus the chemical potential of the salt may be

written in the simple form
My = u,° + VRT In a, (18)

When defining the activity of a particular ion, it may be convenient to
use m, the molal concentration, or ¢, the molar concentration, as the

reference function. Thus the activity coefficients for the ions may be
written as

a_ =y, v, m (19)

a =Yy v_nmnm
In these equations, v m and v_m equal to the concentrations of
the two kinds of ions. Hence the meanfactivity'coefficient,Y+,

may be defined by the expression
V V+ V- ' (20)

The mean activity of a simple uni-univalent salt like sodium chloride is

simply the square root of the product of the separate activities, and
the mean activity coefficlent is likewise the square root of the product
of the separate activity coefficients. In general, the activity of the
electrolyte will be;
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V.V V¢ V=V (21
a; =a, =Y,V V_m )

In equation 19, if the reference function is taken as the mole fraction
of the component i, X4 the activity may be written as

- (22
o S L )

or the activity coefficient Y; is;

Yi = a3/x4

For an ideal solution the activity coefficient will be unity. In the
case of dilute electrolyte solutions, the activity coefficients of water

may differ from the unity by less than one in 101I (e.g., the activity
of water in a 5% sodium chloride solution at room temperature is 0.97
times the activity of pure water, Merten (32).

Therefore equation 13 can be written for an ideal solution as

- T (23)
T = RT/VQ 1n.xh

where X, is the mole fraction of pure water. In an electrolyte

solution, the mole fraction of pure water will be

- 1 _ (24)
xh = 1 vxs

where X is the mole fraction of salt. Hence, equation 23 may also be

written as;

- - v - 25
T = RTVVQ In (1 vxs) (25)
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Equation 25 can be written by evaluating the second part as:

- v 26
m = VRT/V xg (26)
Hence, the osmotic pressure of an electrolyte solution can be calculated

by using equation 26.

2¢5 Transport mechanism

Under isothermal conditions, in both osmosis and reverse osmosis, the
transport of material through the membrane is always in the direction of
lower chemical potential. This is a thermodynamic requirement which
says nothing about the mechanism of the separation process.

The osmosls process is assocliated with aqueous solutioﬁs and
semipermeable membranes. The term 'semipermeable!'! describes the
membrane but does not explain why the membrane is permeable to the

solvent but not the solute.

Several mechanisms of water and solute transport through the reverse
osmosis membranes are discussed in the literature, Merten (32), Kedem
(26), Sourirajan (48), Sourirajan and Matsuura (47), Lonsdale et al
(31), and Banks and Sharples (4). However, the fundamental transport
mechanism is not fully understood. Some useful models are shown
diagrammatically in Fig. 2.3 A,B,C, Blais (10). These are (a) -
solution diffusion, (b) -~ sieve model and (¢) - preferential sorption.

A - Solution diffusion model. Reverse osmosis separation is governed

by a solution diffusion mechanism which requires that the solute and
solvent dissolve in the membrane material and permeate through the
membrane by diffusion through the homogenous non-porous surface layer.
The water (solvent) is readily soluble in the membrane material but the
salt (solute) is only slightly soluble. The water, being more soluble,
can maintain higher concentrations and therefore higher concentration
gradient and rates of diffusion. The salt is only slightly soluble in
the membrane limiting the possible diffusion flow rates and thus leading
to relatively small salt flwuxes.
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The active layer of membrane is envisaged as a molecular lattice into

which water molecules can penetrate and through which they can pass by
diffusion. In certain areas the lattice is open enough to permit the
entry of salt molecules. The variation in properties from membrane to
membrane was explained to be a variation in lattice tightness by Hodgson
(25). It is also known that the water sorption properties of cellulose

and its derivates may depend on such factors as their degree of
crystallinity, Lonsdale et al (31).

The overall solubility of water and salt are considered to be
independent so that the water flux will not necessarily change in
proportion to the salt flux, so that for a given salt rejection there

can be a range of water flow rates.

The water flux through the membrane is essentially pressure dependent
and is proportional to the net driving force. It can be written as:

Lonsdale et al (31).

J C

= -D 71 (&P-81)/RT 8Xz K, (aP-an) (27)

1 177

In arriving at this result, it is assumed that D1, C.I and V1 are
independent of pressure P, where 'V'1 partial molar volume of water,
D1 diffusion coefficient and C1 concentration of water dissolved in
the membrane, and 48X is the membrane thickness. The water
permeability constant, K1 (g/cmz.sec.atm.), can be calculated simply

as; Lonsdale (29)

K1 = J1/( AP=An) (28)

On the other hand, the salt flux is pressure independent, the driving
force 1s almost entirely due to the salt concentration difference. The
salt flux can be written as

J, = =D KﬁCS/ﬁX=K

2 2 2 ACs (29)

The distribution coefficient, K, for salt between the membrane and
water, and the diffusion coefficient Dé are independent of salt
concentration CS. The salt permeability, D2K, of the membrane is
variable in real membranes (not-perfect) due to the salt leakage through
defects in the membranes.



16
B - Sieve transport model According to this model, the transport
mechanism in reverse osmosis is one of diffusive flow through the

membrane without specific interation between the barrier surface, the
solute and the solvent.

Membrane structure is porous and the pores are too small for solute
molecules or hydrated ions to pass through but large enough for water
molecules to pass. The membrane acts as a micro sieve. In such a
structure there is bound to be some variation in the pore sizes and some
will inevitably be large enough to pass the solute molecules or ions
(imperfect membrane) thus accounting for slight permeability to salt.

Solvent flow through the rejecting pores is given by K1 (P-Am) but
solution flow through the non-rejecting pores is determined only by the

-P, Banks and Sharples (4).
Therefore water flux through the membrane;

applied pressure K

P (30}

T

and the solute flux is given by

PC (31)

J b

= K

2 2

where K1 and K2 are solvent and solution flow constants respectively.

C - Preferential sorption model According to this model, the reverse

osmosis separation mechanism is governed, in part, by a surface
(interfacial) phenomenon. The characteristic of the membrane is that it
attracts water more than the solute. When the surface of a porous

membrane is in contact with the solution a multimolecular layer of
preferentially sorbed pure water forms on the membrane surface. A
continuwous removal of this interfacial layer (water) by flow under
pressure through the membrane capillaries results in a product solution.

If the pore diameter is bigger, permeability will be higher but solute
separation will be lower since the effective feed solution (concentrated

boundary solution) will also flow through the pores. When the size of

the pores on the membrane swrface is only a few times bigger than the
size of the permeating molecules, and the interfacial forces are
important enough to cause solute separation.
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In this mechanism, the transport equations are based on
Kimura-Sourirajan Analysis which based on a generalised capillary flow
model involving viscous flow for water transport, pore diffusion for
solute transport, and "film" theory for calculating an effective mass
transfer coefficient applicable to the concentration polarisation
situwation, Sowrirajan and Matsuura (47).

The basic equations relating to the pure water permeability (PWP,g/hr)

constant A (g.mol/ cm2 .sec.atm)

A = PWP/My x S x 3600 x P | 132)

where MB is molecular weight of water and S is the membrane surface

area as3 cm?.

The transport of solvent water NB is given by

NB = A (P-“(xA2)+ “(XA3)) = A (AP-ﬁﬂ) (33)

where w(X,,) and m(X,) represent the osmotic pressure =
corresponding to mole fractions of solute XAZ and XA3 in the boundary
layer and in the product respectively.

The transport of solute through the membrane phase is treated as being
due to pore diffusion. Consequently, the solute flux, NA’ through the
membrane is proportional to the concentration difference across the
membrane and is given simply by:

NA - XA3/(1-XA3) NB (34)

It seems likely that all of these situation exist to some degree in

practical reverse osmosis membranes. However, the preferential sorption
depends on the chemical nature of solution relative to the chemical

nature of the membrane surface. Therefore the chemical nature of the
barrier must have some influence on the reverse osmosis properties of
membranes. Hence, if the appropriate chemical relationships exist
between the barrier, the solute and the solvent, the preferential
sorption mechanism may superpose on the other two mechanisms.
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However, for engineering purposes, real membrane behaviour can be
closely approximated by using solution-diffusion model which has widely
been used in determining the membrane characteristics. Thus, the
transport equations in solution-diffusion model will be used to explain
the experimental data in the next chapter.

2.0 Reverse osmosis membranes

A membrane may be defined as a thin sheet-like plece of material forming
a barrier between two phases. The characteristics of the membrane is
that certain constituents in the phases separated by a membrane will
pass through the membrane more easily than others under the actions of
particular driving forces.

An ideal or perfect membrane is described to be completely impermeable
to certain species. However, in reality membranes are not often
completely impermeable to any component. It is merely a question of
being much more permeable to some components than others.

Several characteristics of membranes are important for desalination. An
effective membrane should have:

a - wide operating range (pressure, temperature and concentration)

b - high water and low salt permeabilities
c - physical, chemical and biological stability
d - easlly repreducible characteristics

e - long service life and low cost

f - high swface to volume ratio

There is no perfect membrane, and the ones in use today vary in quality
with regard to these characteristics.
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One of the most important characteristics of a R.0. membrane is the
quantity of water which can flow through the membrane. This is

described by the following simplified equation:

where J1 = water flux, cm3/cm? sec. (m/d)

Therefore membrane surface area of a unit becomes very important in

overall productivity.
2.6.1 Membrane materials

Membranes are made from a variety of materials. Cellulose Acetate
(C.A.) was used in much of the original development work by Loeb, Reld
and Sourirajan in the 1950's. The C.A. membrane was about 25 micron
thick film, symmetric in structure, given a flux of 0.01 m/day with a

50-fold reduction in salt concentration.

Loeb and Sourirajan, in 1960, developed membranes which effectively
separated salts from water and led into commercial development of the
process. The membranes were made of cellulose diacetate which had an
acetyl content of 38 to 40%. The active layer of membrane was about 1
micron thick given water flux up to 100 times that previously available.

The original C.A. material has been largely displaced by various
derivatives of other cellulose acetates, polyamides and other polymers,
(3, 5, 6, 16, U48). The following list gives some idea of the materials
that have been investigated and used in membrane production.

a - Cellulose based polymers (C.A., cellulose triacetate, C.A. butyrate)

b - Commercial polymers (66 Nylon, Polyethylene terephthalate, Polyvinyl
alcohol) f

¢ - Polymer blends (Polyvinyl alcohol-polyvinyl pyrrolidone,
Polyacrylonitrile - Polyvinyl tetrazole)
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d - Miscellaneous experiemental polymers. (Acrylonitrile - N - (2 -

hydroxyethyl) acrylamide, Polyaminopivalic acid)

e = Nitrogen linked polymers (Aliphatic polyamides, aromatic
polyamides, aliphatic-aromatic polyamides, polybenzimidazoles,
aromatic polyhydrazides, polysemicarbizides, polyimides).

Out of hundreds of candidate polymers, three classes proved to ‘be most

promising for development of commercial R.0. membranes (a) cellulose
acetate (b) aromictic polyhydrazides and (¢) aromatic polyamides. All
of these could be made into the required asymmetric membrane structures.
However, aramid polymers have been replacing C.A. polymers in membrane
manufacture, because of their better resistance to mechanical change, as
well as chemical and biological attack. One of the reasons is that

aramid polymers do not exist in nature and there is no known case of
micro-organisms attacking them. Secondly C.A. membranes must be used
within a narrow pH range (4 to 9) to prevent hydrolysis. However, C.A.
membranes are cheaper to produce than aramid polymer membranes.

2.6.2 Membrane fabrication methods

Understanding of the structure of desalination membranes is important
for understanding the mechanism of desalination by reverse osmosis.

The most important characteristics of an R.0. membrane is high salt

rejection and water flux. Studies in membrane technology show that
membrane structure is important as well as membrane materials. Usually
thimner membranes give better permeation. Hence, membrane must be as
thin as possible and the supporting porous structure must be able to
transport the permeate easily.

The factors governing membrane structure and its characteristics depend
on membrane fabrication technique. There are several techniques of
membrane fabrication using different membrane materials. However, the
two most common membrane fabrication methods will be reviewed for
understanding of the membrane formation mechanism. These are asymmetric
cellulose acetate flat-sheet and aromatic polyamide hollow fine fibre
membranes.
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A - The asymmetric cellulose acetate (C.A.) flat sheet membranes

These asymmetric membranes are formed by precipitation from a solution
of the polymer in good solvent such as acetone. The procedure is as

follows: (32).

a. Solution. The polymer is made up into a viscous solution fn the
solvent (acetone) together with a number of fnodifying additivities (e.g.
C.A. - magnesium perchlorate - water - acetone in the proportions 22.2
- 1.1 = 10.0 = 66.7 wt%). The inclusion of the modifyers in the
solution produces the porous structure in the cast membrane.

b. Casting. A thin (150 ~ 250 micron) layer of the solution is
spread out on a glass plate (if it is desired to separate the membrane

from the surface later) or porous substate (if membrane is being cast
directly onto its support which may be in the form of a sheet or tube).
In this phase, the thickness of the film is determined.

¢. - Evaporation. The film is then exposed to the air (e.g. 3
minutes). The solvent evaporates from the surface of the film
(concentrating the surface layer) resulting a think active layer. The
long evaporation time causes a thin active layer with a low water flux
and high salt rejection. If the evaporation time is too short the
active layer becomes very thin and probably the membrane is not complete
leading to poor rejection.

d. - Gelation. The membrane is solidified by immersion in water (e.g.
0-2°C) for about one hour. The main effect is to produce inhomogenous

precipitation in the bulk of the membrane thus producing the porous

structure. The temperature of, and additivities in, the gelation bath
are used to alter the membrane properties. In general a higher
gestation temperature produces a more brittle membrane.

e. = Annealing. The membrane is transferred to a warm water bath at a
temperature between 60 and 85°C for a few minutes to improve salt
rejection. Increasing annealing temperature increases the salt
rejection but decreases the water flux. Treatment at temperatures below
60°C has no effect whereas temperature above 85°C tend. to destroy

the porosity of the membrane bulk,
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The membrane produced by this process is relatively robust, slightly
thinner than the cast layer, and can range from being almost transparent
to being opaque.

B. Hollow fibre membranes

There are several techniques for spinning hollow fibres. However, the
fabrication of aromatic polyamide asymmetric hollow fibre membrane will
be reviewed here, Caracciolo et al (12). The procedure is as follows:

a. Fibre spinning. The asymmetric hollow fibre membrane is spun from a
solution of the aromatic polyamide polymer and inorganic salts in
dimethylacetamide through a shaped orifice. The extrusion orifice, or
spinnerette, used for preparation of hollow fibre may be of several
designs. For example, in the dry-jet wet process, the tube-in-orifice

design is used with nitrogen gas injection. The spin dope is extruded
through a sealed, vented insert spinnerette, which admits nitrogen to
the centre of the filament to maintain bore integrity while the final

structure 1s setting in the subsequent drying and extraction steps.
Techniques utilising the wet or dry-jet wet spinning approach often are
favoured for hollow fibre membrane applications, Orofino (39).

b. =~ Stabilisation. In a continuous fibre spinning process, the
threadline emerging from the spinnerette must be quickly stabilised and
thus given sufficient mechanical integrity to permit subsequent passage
over guides and rolls under moderate tension. First, the major fraction
of the solvent is removed from the fibre exterior with heated nitrogen
gas. The balance between the rate of surface evaporation and of solvent
migration to the outer fibre wall has a determining effect on the skin
properties of the hollow fibre membrane., The remaining solvent and
salts are extracted with water and the porous body which support the

skin 1s set up as water displaced the solvent. To retain its asymmetric
properties, the fibre is kept wet. Thermal annealing increases the
resistance of the hollow fibre to deformation and improves its salt
rejection properties.
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c. = Post-treatment. When the permeator assembly is completed all the
ingredients from the various manufacturing steps are flushed out and
post treatments to tailor the salt passage are épplied. For example,
B-9 permeators are post-treated with PT-A (polyvinyl methyl ether)
during the manufacturing process to increase salt rejection. On
occasion, PT-B (tannic acid) has been used to increase the salt

rejection.,

B~10 permeators are post-treated with PT-B to reduce the salt passage by
about 30-50%. However, this treatment may also cause loss in product
flm Ofi 5_10%-

d. - Bundle formation and permeator assembly

The hollow fibre yarns are wound around a flat porous web. (All fibres
are arranged in a parallel configuration. Cross overs or other

misalignments have a significant effect on bundle packing density and
flow distribution). The web with the layers of fibre on both of its

sides is rolled around the rotating central distributor tube which forms
the axis of the fibre bundle. As the web moves forward and is rolled
spirally around the distributor, an epoxy adhesive is applied to one of
the two edges, which later forms the tube sheet (open end). The
distributor opening in the tube sheet is sealed after the epoxy has
cured. A plastic tube to connect the distributor tube with a feed inlet
is attached at the other end (closed end), which is thereafter
completely sealed to prevent short circuiting of the feed stream to the
concentrate outlet.

The flow screen is attached on the outside of the bundle and the tube
sheet face is cut to open the fibre ends and to provide the groove for
the O-ring seal. The bundle with the porous back-up disc is then
assembled in the pressure vessel.
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2.6.3 Membrane structures

There are two basic types of membranes used in R.0., the fixed membranes
and dynamic membranes. The overwhelming majority of the membranes are now
being utilised in R.O. have a fixed membrane structure. All membrane
structures have two sequential components. The first is about 1 micron
thick skin surface layer which determines the salt and water flux
characteristics. The other one is the porous body which supports the
surface layer and transfers the permeate.

a. =~ Fixed membranes. The active swurface and the porous support layers
are Joined together permanently which makes them asymmetric in structure.
In some instances, the surface layer can be made from the same material as
the porous base, in which case the surface is usually altered during or

after the forming process. Most of the polyamide and cellulose based
hollow fibre and flat membranes are made in this fashion.

Thin film composit membranes (such as PA-300 spiral membrane) are made by
incorporating the separate active layer on the porous base by
polymerisation or other means. These membranes can be more complex to
produce commercially.

b. = Dynamic membranes. The two components are produced separately and
Joined as part of the operating process. The membrane structure is
produced by adding certain chemicals to the feed water as it flows through
porous structure. Deposits from these solutions collecting on the surface
of the porous medium form an active layer. These types of membranes do

not have a good combination of water flux and salt rejection comparing to
the fixed membranes.

2.6.4 Reverse osmosis membrane configurations

Several types of R.0. membrane configurations have been explored over the
past 20 years. Only four membrane configurations have been advanced to

commercial applications. These are plate and frame, tubular, spiral wound
and hollow fine fibre systems. These membranes have been manufactured by
different companies using different techniques and membrane materials.
Manufacturers and their representaties generally distribute specification
sheets describing the nominal performance of their wnits under certain

operating conditions.
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A comparison of the modules characteristics is given in Table 2.1.

A brief description of these systems is given below.

a. - Tubular membranes. The membrane is placed or coated on inner wall
of the porous tubes with a diameter of about 0.7 to 2.5 cm. Bundles of
these tubes are joined to a header in parallel or in series like a shell
and tube heat exchanger. The feed water flows inside the tube and the
brine exists from the far end of the tube. The product water passes
through the membrane to the porous tube wall and is collected inside the
shell, Fig. 2.4. The system is not efficient for large scale water
treatment applications because they contain a small membrane area per unit

volume. Packing densities for tubular membrane systems are within the
range from 32 to 320 m2/m3. Water flux may be around 0.5m/day.

However, the system is used in special applications where the particulate
count is very high. They can be cleaned easily and frequently.

b. -~ Plate and frame membranes. In this device, the membranes are
mounted on opposite sides of a rigid porous plate and sealed to the plate.
The feed water is applied on the outer side of the plate and product water
is collected at the interior of the supporting plate, Fig. 2.5.
Comparing with other devices, plate and frame R.0. systems contain a
relatively small membrane surface area for the volume of the pressure

vessel required. The membrane packing density in current designs ranges
from 150 to 500 m2 per m it volume. The water flux may be given
around 0.4 m/day.

Plate and frame equipment, however, does offer flexibility of selecting
different membranes for different applications.

c, = Spiral wound membranes. The spiral wound membrane configuration
uses flat sheet membranes. The membrane is cast on a fabric support and

then two of these fabric supported membranes are glued together with a
porous material. This porous material provides a route for the product
weater, which passes through the membrane. The membrane leaf is glued

together on three of its four edges forming an envelope. The fourth edge
is joined to a tube which acts as a collector for product water. These

envelopes together; with brine side spacer screens are wound around the
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collector tube and the module is housed in a pressure vessel. Usually 2
to 26 membrane envelopes are attached to the central tube. The feed flows
axially along the side spacer screen and the permeate flow through the
membrane into porous backing material and then to the central collector,

Fig- 2:6-

Two to six modules are usually placed in series in a long tubular pressure
vessel to make up a single production unit. The diameters of the.modules

range from 5 to 30 cm. The spiral wound design is compact, with membrane
area ranging from 650 to 1650 m2 per m3 unit volume of module.
Initial capital costs of larger modules are less than the smaller modules.

d. - Hollow fibre membranes. Modern technology has made possible the
preparation of R.0. membranes in the form of hollow fine fibres. They

are asymmetric in structure with a very dense skin on the outside,
supported by a porous structure, usually, of the same chemical
composition. The feed solution flows on the ocutside of the fibres and the
product water flows inside the fibres.

The main advantage of hollow fibre membranes is that very large surface
area can be packed in a shell volume, i.e. ranging from 2900 to 60000
m® per m3. The ratio of outside to inside diameter (0.D. = 95

micron, I.D. = 45 micron) is at least 2 to 1, so these fibres can be
viewed as thick-walled cylinders. They have the strength to withstand
high operating pressure (68 atm.) without additional physical support.

A bundle of hollow fibres are sealed on both ends and one end is cut open
to remove the permete. The feed tube (at the centre of the bundle) is
sealed at one end and is porous along its length within the fibre bundle.
The bundle of fibres is placed in a pressure vessel. Fig. 2.7 is a cross
section of a permeator. The construction resembles a shell and tube heat

exchanger. Feed water under pressure enters the pressure vessel through
the feed tube and is forced from the centre of the fibre bundle radially
outward around the many fibres within the bundle. The high pressure
concentrated solution leaves the shell while the product water is
collected and carried away on the other side.

The permeate flux rate through these fibres is low (0.02 - 0.4 m/day).
However, the enormous swrface area of such fibres packed into a unit

volume, tends to compensate, for the low flux rate.
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TABLE 2.1

Reverse Osmosis Module Characteristics

Pressure Flux Packing Flux
Module (atm.) (1) density (2) density (3)
Tubular 40 0.40 32-330 13-132
Plate and Frame 40 0.40 150-500 60-200
Spiral Wound 40 0.40 650-1650 260-660
Hollow Fibre 21 0.013 29000-60000 377-780

(1) Flux (cubic meter product water/sq. meter day (m/day))

(2) Packing density (sq.m. membrane area/cu.m. module volume (m=/m3))

(3) Flux density (cu.m.water/cu.m. module volume per day (m3/m3))

NOTE: The data in Table 2.1 are only informative, they depend on the type

of membrane used. Membranes with a wide range of flux rates are
commercially available, (9, 13, 21).
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CHAPTER 3: SOME ASPECTS ON BRINE, FEED AND PRODUCT WATER IN
DESALINATION

3.1 Introduction

3.2 Feed water

3.3 Brine

3.4 Product water

3.5 Osmotic pressures of solutions
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3.1 Introduction

The purpose of this chapter is to give some idea about the physical and
chemical characteristics of water used in desalination by reverse osmosis.

The water enters the system, called "feedwater", is separated by reverse
osmosis membrane into two streams. The highly concentrated reject
solution is called "brine" (or concentrate) and the other one is called
"product water" (permeate or fresh water). The characteristics of brine,
product and feed water are very important factors in designing a
desalination plant. Normally reverse osmosis systems are designed,
constructed, and installed by the original equipment manufacturers or
their Pépresentatives. Regardless of who is involved with the design, it
is important to know about the solution prdcessed in a desalination plant.

3.2 Feed water

The main raw water sﬁpplies are surface and underground waters. Defining
the characteristics of raw water supply is an important item in the design
of a reverse osmosis system. The chemical and physical characteristics
and their variability should be thoroughly investigated.

One of the major problems in operation of a plant is fouling. It is the
deposition of materials within the plant which result in reduced

performance of the system. The membrane surface especially is very
sensitive to fouling, both biological or non-biological, which can reduce
the water flux to a major degree. In bad cases the membrane replacement
may become necessary.

The proper pretreatment of the water before it reaches the membrane is the
key to successful operation of a reverse osmosis plant. Brackish well
water and sea water from shore wells generally require only basic
treatment since the water has already filtered through the earth. Surface

waters, both brackish and sea water, usully require more extensive
pretreatment to make the water suitable for the reverse osmosis process.

Different membrane modules may require different feed water treatment. 1In
the case of Du Pont hollow fibre membrane systems, the feed pretreatment

techniques for the removal of different substances may be found in
Permasep Engineering Manual (PEM) (42).
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3.3 Brine

The brine stream has a concentrated salt solution and often some levels of
chemical additivities which must be disposed safely. The brine in a
brackish water reverse osmosis plant can amount to 10 to 50% of the water
produced and that of about 70% in a sea water reverse osmosis plant.

In coastal locations the brine stream can usually be discharged into the
sea Or ocean without problems. However, the concentrated brine with

chemical additivities may cause some problems to aquatic life if
discharged into estuarian areas.

Inland brine discharges can be an important problem, since the brine can

adversely affect the quality of the existing ground water if the brine is
allowed to enter the aquifer. One of the first items that should be
considered in an inland desalting project is the disposal of the brine.

The necessity for a special disposal technique could make the system very
costly.

3.4 Product water

Product water is the most important item because it is the one being
consuned as drinking or industrial water. In designing a reverse osmosis
plant, information on the desired quantity and quality of the finished
water 1s needed. The quality of the product water is referred to its
total dissolved solids (TDS) content. The desired quality of the product
water will determine the salt rejection required.

If the product water is for human consumption then it should be within
W.H.O. 1limits which is less than 500 mg/L as TDS. For specialised uses,
(electronic industry, boiler feed water) much higher degrees of purity may
be required.

The product water emerging from the membrane assembly needs some type of
post-treatment before being distributed as potable water, (pH adjustment,
removal of dissolved gases such as H,S and Co,).

However, the palatability and health aspects of product water should be
considered. The effect of mineral content of product water when comparing
to WHO standards on the palatability and health have been discussed in the
literature (7, 8, 18).
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3.5 Osmotic pressures of solutions

Knowledge of the properties of saline waters and their concentrates is
important in the development, design and operation of desalination

processes.

The total dissolved solids (TDS) content of a saline solution is the most
important one in desalination by reverse osmosis. Because the osmotic
pressure of a solution is directly related to its TDS content, increasing

the TDS level of a solution increases the osmotic pressure in direct
proportion. A solution with a higher osmotic pressure requires higher
applied pressure, hence increases the size of plant and energy

consumption.

Saline waters having a TDS content below 10000 mg/L (ppm) is generally
described as "brackish water". At higher TDS levels, it becomes "high

brackish!" or "sea water?'.

In the literature the properties of electrolyte solutions and sea water
are well documented, (17, U48). Concentration of seawater may be found
different in different locations but sodium chloride is the predominant
salt component with a proportion of about 78% with 10.5% Mg Cl,.

When bracklsh waters are considered, there is no specific predominant salt
component in common. However, Calcium, Magnesium and Sodium cations with

Sulphate and Chloride anions are generally found in different proportions.
One of the cations with an anion may become the predominant salt content

in a specific brackish water. Mineral content analyses of some brackish
waters can be found in the literature (1, 2, 19, 28, U41).

Different salt component of solutions may give different osmotic pressures
due to their physical and chemical properties, such as approximately, one
weight percent of NaCl gives 116 psi, Ca 012 92 psi, NaZSOu 60 psi

and Mg SO, 36 psi. Osmotic pressure determination of solutions is given
in Chapter 2 and related references.

In desalination practice, concentration of solutions are determined by
measwring the electrolyte conductivity as mhos/cm (or Siemen (S)/cm). The
tables of conductivity vs. concentration used in these experiments are

given in Appendix 3.



34

CHAPTER 4 FLUID FLOW

4.1 Introduction

4.2 Laminar flow in a circular pipe

4,3 Laminar flow in porous pipes

" 4.4 Flow through a bundle of hollow fibres
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4.1 Introduction

In the experimental work, the analyses of pressure drops along the bores
of hollow fibre membrane were made. The hollow fibres are actually pipes
(or tubes with Do/Di = 95/45 microns) with permeable walls. The fluid
flod inside the tubes were assumed to be laminar due to the small Reynold
number. The analyses here and in the literature are based on
Hagen-Poiseuille equation for laminar flow in pipes. Because of this

reason it was thought to be useful to review the laminar flow
characteristics in pipes. Fluid flow through a bundle of hollow fibres

Wwere also reviewed.

4.2 Laminar flow in a circular pipe.

Laminar flow may occur in many situations. 1Its distinguishing features
however, are always the same; individual particles of fluid flow paths

which do not cross the neighbouwring particles, (33, 35).

The steady flow of an incompressible fluid through a circular pipe of
radius R and length L, is illustrated on Figure 4.1.
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Figure 4,1 Laminar flow 1in a circular pipe.

The pressure at the upstream and downstream reference sections are
denoted by P1 and P2 respectively.

The flow of fluid within the c¢ylindrical core of radius (r=R) is in
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