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“Abstract

This second part of the overview of reverse osmosis investigates the ability of membrane transport

models, presented in Part 1, to descrebe and/or predict membrane performance under different operating

conditions. The problem of using the transport models to describe mixed solute systems is also discussed. The

emphasis is to provide a simple, practical, and yet comprehensive summary of the most relevant information that

will be needed by a chemical engineer trying to apply reverse osmosis membranes to specific applications.
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INTRODUCTION

In a previous paper [1] an overview of several
transport models that are commonly used to
describe membrane transport was presented. The
study of transport in membranes is interesting
enough in itself. However,the real power of a
transport model comes when it is used to
describe and to predict the behavior of real
membiranes under various experimental
conditdons. Without the capability of prediction,
the interest in transport modeling ends at the
academic level. This paper addresses the
application of transport models for describing
and predicting membrane behavior.

The authors’personal preferences for choosing
a transport model are as follows. If the solute is
highly rejected by the membrane and no
unusual behavior is expected, then the

Kimura-Sourirajan Analysis is quite sufficient.

The advantages of this model are that it is
simple and that many correlations for predicting
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‘the transport parameters have been published

[2-4]. If the solute is not highly rejected then
finely-porous model is preferred. the advantage
of this model is that it can well describe the
relationship between performance and operating
conditions and only one extra transport
parameter is required. An equivalent
phenomenological approach uses Equation (46),
from refernce 1, which is mathematically
similar to several different models, including the
finely porous model. Finally, if unusual behavior
is expected, such as occurs when the solute and
membrane have a strong affinity for each other,
then modified surface force-pore flow
(MD-SF-PF) model is preferred.

The application of transport modelling can be
broken down into several cases. The first, and
easiest case is to predict the performance of a
membrane for one solute but under a variety of
different operating conditions. The second and
considerably more difficult case is to predict for
different solutes. The third and most difficult

"Vol. 4, Nos. 3 & 4, November 1991 - 77



‘case is the prediction for mixed solute systems.
Finally, other complications that can arise are
considered at the end of this paper.

'THE EFFECT OF OPERATING
CONDITIONS

Based on sales literature and on publications
from membrane manufacturers, one might
perceive that each membrane has a chara-
cteristic performance (that is, flux and
separation} for each solute, independent of the
operating conditions. This assumption is
convenient in that tables of flux and separation,
as a function of solute, for a particular
membrane are easy to construct. However, this
information is misleading. The actual performance
of the membrane can be a strong function of the
operating conditions, and the person designing a
membrane system must take this into
consideration. The effect of the major operating
variables, concentration, pressure, feed flow
rate, temperature, and pH are described in turn.
What we hope is that the transport model will
do an accurate job of predicting the membrane
performance as a function of operating
conditions to aid the engineer in the design
process.

The Effect of Concentration

Feed concentration can have marked effect on
membrane performance and the primary reason
for this effect is the increase in osmotic pressure
with increasing concentration. As concentration
increases flux tends to decrease. Interestingly, as
concentration is increased separation first
increases and then decreases (see Figure 1). The
initial increase in separation is due to the rapid
decrease in flux which actually lowers the
concentration polarization, Further increases in
concentration lowers the effective pressure
driving force and, as is shown in the next
section, the separation decreases.

The effect of feed concentration, as predicted
by the MD-SF-PF model [1,6], on aromatic
polyamide FT30 commercial membranes has
been discussed elsewhere[7]. Figure2 illustrates

78 - Vol. 4, Nos. 3 & 4, November 1991

1.00 1
FILM
EXPERIMENTAL o No
DATA e

090 * No8

080F x
070}

0.60

0 No 9
s Noi0
v Noll
* No12

CALCULATED

050

040 ¢

030

160

S ~m &
& o o

PRODUCT RATE g/ hour
®
o

(]
[=]

»
(o]

20

FEED CONCENTRATION (MOLALITY)

Figure 1. Comparison of the experimental and

calculated (using the Kimura Sourirajan analysis)
reverse osmosis performance for NaCl-Water system
Jfor a variety of cellulose acetate membranes with
different porosities (with permission from reference

[51).

‘the effect on the performance of a SW30-HR
(Sea Water-High Rejection) type of these
membranes for dilute (2000-ppm) NaCl aqueous
solutions at 1500 kPa and 25°C. The parameters
of the model were estimated at 2000 ppm NaCl
concentration.
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Figure 2. The effect of feed concentration on the
performance of a FT30 (SW30-HR type) membrane
Jor dilute NaCl-water solutions at 1560 kPa and
25°C (with permi- ssion from reference [7]).

‘The Effect of Operating Pressure

The primary effect of increasing the operating
pressure is to increase the driving force for
solvent (See Equation (6) of referencel) while
only marginally affecting the driving force for
solute. With perfect mixing on the high pressure
side of the membrane (k—>w) the separation
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‘increases rapidly with operating pressure and

then levels off at a constant value (see Figure 3).
If the mass transfer coefficient is finite then a
small decrease in separation may be observed
after the initial increase. Increasing operating
pressure can also compact the membrane. This
effect can often be represented by a linear
decrease with pressure [8].

“The Effect of Feed Flow Rate

The primary effect of feed flow rate is 10
change the mixing in the test system. Therefore
the only influence of feed rate should be on the
mass transfer coefficient, k. Of course, in a large
membrane system feed rate also affects the
pressure drop across the feed side channel, but
that is not of concern in this paper. The effect
of changing the feed rate and hence the mass
transfer coefficient is illustrated in Figure 4.
Equation (9) or (10) of reference I can be used
to describe the effect of feed rate on mass
transfer coefficient.

‘The Effect of Temperature

The most important effect of temperature is the
increase in flux associated with increasing
temperature. This increase in flux can be well
described by an Arrhenius temperture dependence
for the pure water permeability coefficient in
Equation (6) of reference 1 as:

"A=Aocexp(—Eo/RT) {1

‘were Eo is the apparent activation energy

associated with the solvent transport process. The
activation energy for most membranes is above
17000 kJ/kmol (which is the value expected
based on the change in the viscosity of free
water). Figure 5 represents the Arrhenius
relationship for four thin-film composite
membranes (FT-30) as the pure water
permeability at zero pressure (i. ¢, in the
absence of compaction) versus 1,T (8]

Modeling the effect of temperature has been
examined by several authors [9, 11,12] Usually
an Arrhenius equation (as above) is applied to
each of the parameters in the transport model.
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_Figure 3. The effect of operating pressure on reverse osmosis performance for 0.5 M sucrose- water
solutions for several different cellulose acetate membranes. The lines are calculated using the
Kimura- Sourirajan analysis (with permission from reference [10]).

Connell and Dickson [12] have demonstrated how
the finely—porous model can be modified to
describe the temperature dependency for
toluene-water-cellulose acetate system. Finally,
Mendizadeh and Dickson [8] studied the
temperature effects on four thin—film composite,
aromatic polyamide FT30 commercial membranes
over the wide ranges of 5-60°Cand 350-7000
kPa for dilute (2000 ppm) NaCl-water solutions,
and found that separation is independent of
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‘temperature at higher pressures, but, for lower
pressures, passes through a minimum and
increases again with increasing temperaturc
(see for example Figure 6); the permeation flux
increased significantly with temperature {8).

‘The Effect of pH

In many cases the effect of pH can be ignored
from a transport modeling point of view. The
two exceptional cases are as follows. If the pH is’
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‘Figure 4. The effect of feed flow rate on the reverse osmosis performance for several different cellulose

acefate membranes
Jrom reference [10]).

too high or low for the membrane, then the
performance will decrease irreversibly and the
membrane should be replaced. The
manufacturers usually supply limits on the pH
for their membranes.

The other exceptional case is when the solute
becomes ionized as a result of a change in pH.
One dramatic example of this is the case of
solute phenol with cellulose acetate membranes
[13]. At lower pH the phenol is completely

Journal of Engineering, !slamic Republic of lran

The lines are calculated using the kimura- Sourirajan analysis (with permission

“undissociated and the separation is about zero

(Figure 7). As the pH is increased, phenol
dissociates and the separation increases until at
pH>12 the phenol is totally dissociated and the
separation becomes independent of pH again.
The shape of the separation curve follows the
degree of dissociation curve. These results
indicate that the neutral phenol is approximately
not separated at all and the dissociated phenol is
highly separated. When the solute is partially
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Figure 7. Effect of PH of feed solution and degree of dissociation of phenol on the reverse osmosis
performance for several different cellulose acetate membranes (with permission from reference [13]).

‘dissociated then intermediate separation is
obtained. Therefore, separation can be
dramatically affected by changing the pH for
ionizable solutes.

Predicting the Effect of Operating
conditions

Predicting the effect of operating conditions on
the membrane performance for the same solute
requires the use of one of the transport models
described before[ll. For example, applying the

“Journal of Engineering, Islamic Republic of Iran

“Kimura—Sourirajan analysis to limited data, the

transport parameters, A DamK /t, and k can be
determined. These parameters are then used to
predict the effect of operating conditions on
membrane performance. This prediction is
illustrated for the effect of feed concentration,
operating pressure, and feed flow rate in
Figures 1,3, and 4. The agreement between the
theoretical curves and experimental data is good.
Predicting the effect of operating conditions by
the MD-SF-PF model has been shown in
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reference 7 and, partly, in Figure 2. Equation (1)
does a good job of describing the dependence of
flux on temperature, and the separation is
approximately independent of temperature. The
effect of pH is more difficult to predict for
ionizable solutes (such as phenol shown in
Figure 7) because the system is essentially a
mixed solute system. Methods of handling mixed
solute systems are discussed below.

PREDICTION FOR DIFFERENT SOLUTES

The real power of a transport model is the
ability to predict performance for solutes that
have not yet been tested. This capability is of
obvious advantage to the removal of organic
solutes from water since there are many more
organic solutes than can be reasonably tested for
cach membrane that is commercially available.

How can we do this prediction? It is apparent
that the flux and separation should be a function
of both the physical and the chemical nature of
the solute— solvent membrane system. Therefore,
one method of prediction is to examine the
relationship between the transport model
parameters and the physicochemical nature of
the solute for a fixed solvent-membrane system.
In principle this technique can be applied to any
of the transport models reviewed beforelll.
However, the vast majority of this type of
correlation work has been done using the
Kimura- Sourivajan Analysis (KSA) and
therefore this is the method that is emphasized in
this section,

"Prediction With the Kimura- Sourirajan
Analysis

Recall that the three parameters required for the
KSA model are: the pure water permeability
coefficient, A, the solute transport parameter,
DamK /1, and the mass transfer coefficient, k.
For a given membrane, the pure water
permeability coefficient, A, is independent of
solute and is reasonably independent of pressure.
The mass transfer coefficient, as described
above, is dependent on flow regime in the test
equipment and can be well characterized by an

B4 - Vol. 4, Nos. 3 & 4, November 1991

“equation of the form of Equation (9) or (10) of

reference 1. Therefore, the prediction problem
simplifies to predicting, DamK/t for various
solutes. That DsmK /1 is reasonably independent
of concentration, feed rate, and almost
independent of pressure is illustratid in Figure
8-10.

Prediction of the solute Transport

Parameter

For a given membrane material it is reasonable
to expect that the grouped transport parameter,
DAmK /1,is a function of physicochemical nature
of the solute. Based on this premise, sourirajan
and coworkers [3,4] have correlated a large
amount of experimental data for many different
inorganic and organic solutes for several
different membrane types. The bulk of this
work has been summarized in a recent book
[4] and therefore only an outline of the results is
given here,

For inorganic solutes that are completely
dissociated, the solute transport parameter is
related to the free energy required to move the
solute cation and anion from bulk solution to the
membrane solution interface. Using an extended
form of the Born equation [15,16] to describe
this free energy change. the following
semiempirical equation was derived and used to
correlate data:

In(DaMK ft)Mx =In C* NaCl
+nrcImM*+nalx (2)
where, I M*=(—AAG/RT) for the cation M+ (3)
IX-=(—AAG/RT)for the anion X- (4

nc and na are the number of cations and
anions, respectively, in the salt formula (ie. for
NaCl, nc=1 and na=1; for MgClz, nc=1 and
na=2; and for MgSo4 nc=Iand nz=1) and
In C* Nac| represents the pore size of the
membrane determined based on a reference salt
NaCl.

Some examples of the single ion quantities,
Im* and fx-, are presented in Table 1 for
cellulose acetate membranes, and in Table 2 for
some other membrane materials. Interpreting and

“Journat of Engineering, Islamic Republic of Iran
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correlating the data to give single ion quantities
make the prediction for different salts a simple
procedure. Simply add the single ion quantities
for the new salt and use Equation (2) to
calculate DamK /1. To apply this analysis to
other membrane materials it is necessary to
consult the original reference [4] to examine how
to correlate data for different saits in terms of
Equation(2).

Journal of Engineering, Islamic Republic of Iran

For organic solutes that are undissociated a
similar analysis is used to predict Dam K/t in
terms of the physicochemical nature of the
solute. According to the analysis of Sourirajan
and coworkers [4,17] the physicochemical nature
of the solute can be divided into polar effects,
steric effects, and nonpolar (dispersive) effects.

As such, the following semiempirical relationship
is used:
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‘Table 1. Free Energy Parameter (-A A G/RT)i Data for Some Inorganic Ions and Ion-Pairs. Values are
applicable for aqueous solutions and cellulose acetate membranes. *

Inorganic Cations

Species (-AAG/RT)

H 6.34
Li* 5.77
Na* 5.79
K 591
Rb’ 5.86
Cs* 572
NH* 597
Mgf‘ 872
Ca?* 8.88
s 876
Ba?* 8.50
Mn2* 8.58
co?* 876
Ni¢* 8.47
Ccu?* 841
Zn?* 8.76
ca?* 8N
PH* 8.40
Fe?* 933
Fe¥* 9382
AR 10.41
ce™ 10.62
ot 11.28
La¥ 12.89
T 12.42

* from reference [4].

Inorganic Anions

Species (-A AGRT)i
OH™ -6.18
F 4.91
cr -4.42
Br~ -4.25
r -3.98
]03- -5.69
H,pO,” 616
Br03- -4.89
NO{ -3.85
NO3— -3.66
CIO; 4.10
CKO 4_ -3.60
HCOB- -5.32
HSO 4- -6.21
SO 42- -13.20
82 03? -14.03
5032 -13.12
CrO 42- -13.69
Cr,0,2" -11.16
C032_ -13.22
Fe(CN)3~ -20.87
Fe(CN) 4™ -26.83

Inoranic lon-pairs

Species (-2 AGRDI
MgSO4 345
CoSO4 341
ZnSO4 2.46
MnSO4 2.48
CuSO4 285
Cds04 3.04
NiSO4 218
KFe(CN)62- -2.53
KFe(CN)6*- -17.18

‘Table 2. Free Energy Parameter (- A A.G/RT)i Data Jor Some Inorganic Ions for Aqueous Solutions and
Different Membrane Materials. *

on

cr
Br
r

" Aromatic

Polyamide

177
-2.08
211
-2.08
-2.04

103
1.35
1.35
133

(-& AGRT
Aromatic
Polyamide-Hydrazide
120
-1.35
-1.28
-1.27
-1.23

1.03
.35
1.35
133

Cellulose

Acetate-Propionate

128
-1.30
-1.27
-1.23
-1.18

042
1.10
115
1.20

* from reference [4]. Consult the original reference for the exact structure of the polymers used.
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In (DaMK/T)org=InC*0rg+p*So*

+8TEs+w3s* (9

where T0* is the Taft number [18] which
represents the polar contribution, 3 Es is the Taft
steric number which represents the steric
contribution, and Xs* is the modified Small's
number which repersents the nonpolar
contribution, These three numbers are related to
the physicochemical nature of the solute and as
such they can be looked up in tables or

estimated for most organic molecules [4,17). The
parameters In C*org, p*, 8*, and o* are

parameters which are fit to the experimental
data for any given membrane, Again in C%p,, is
considered to represent the effect of the
membrane pore size on the transport parameter.
To illustrate the use of this equation, consider
the case of simple alcohol solutes in water with
cellulose acetate membranes. For this case the

polar nature of the sclute is the dominating

factor and Equation (5) simplifies to:

In (DamK /1) org=InC*org+p*So*  (6)

This relationship is illustrated in Figure 11
for three different cellulose acetate membranes
and 7 different alcohol solutes. ' _

Using the concept of the free energy
parameter it is possible to further modify
Equation (5) as follows;

In(DamK/1) org=1In C*org+(—AAG/RT)

+8*TEs+@*Ts* 0]

where the free energy parameter for the
sclute can be calculated as a function of the
organic molecule by a group contribution
method [19]. Using a group contribution method
facilitates the prediction of DamK /1 for a wide
variety of different organic solutes from a
knowledge of the solute chemical structure only.

In some cases, the solute transport

e FILMQD
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-4.0+

-6.0—
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|«
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-10.0-l
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Figure 11. The relationship between the Taft number and the solute transport parameter for three different
cellulose acetate membranes and 7 different alcohol' iolutes (with permission Jrom reference (17]).
Solutes: 1=t-butanol;3=s-butanol; 4=i-propanol; 6 =n -butanol; 7=i-butanol; 8=n-propanol;

9=ethanol.
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parameter, DamK /1, is not constant [4,20] but
varies with concentration and; or pressure. One
approach is to describe this dependence by some
empirical correlation between DAmMK /1 and the
operating conditions [20]. This method works, but
the result is that several additional adjustable
parameters must be introduced into the model. A
better approach may be to try a different
transport model. In reference 9 these two
approaches are compared for some thin-film
composite aromatic polyamide membranes.

Note that in the original papers by Sourirajan
and coworkers, the values for DamK /1 are
expressed in cmys. To use the correlation is SI
units (mys), the various parameters and
coefficients, such as

Im*, (—AAG/RT) or &*

can be used directly. The only change requied
is thatDamK /1and C* should both be in my/s.

In summary the above analysis provides a
useful way of correlating data for a wide variety
of inorganic and organic solutes which then
allows prediction of performance for almost any
solute with that same membrane. The weaknesses
in this analysis are as follows. The equations
correlate a grouped parameter, DAy K /1, which
may or may not be constant for a given system
and which may not behave as a single quantity.
Furter, the parameters in the model are only
known for a few types of membranes and
therefore need to be determined experimentally
for different membrane materials.
Notwithstanding these problems, this analysis can
be very useful once the initial work is invested
in collecting enough data to determine the
unknowns in the model,

An Algorithm for Solving the Transport
Equations

Once the transport parameters, A, DamK /1, and
k are determined (as shown above) then it is
necessary to convert this information into flux
and separation data for the desired operating
conditions. This calculation is done by solving
the transport Equations (6), (8), (12), and (34) of
reference 1 simultaneously with knowledge of
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“the solution properties,

density, viscosity,
diffusivity and osmotic pressure. The degree of
difficulty of this calculation depends on whether
the feed solution can be considered dilute.

For dilute solutions the prediction is quite
simple, First the definition of dilute solution is

that the operating pressure is large compared to
the osmotic pressure (AP >> An ) and the solvent
flux is large compared to the solute flux
( N >>Na ). The necessary equations can be
simplified to:

p=qr4 RamK /T exp(Nt IR ®)

NT Ck

"The total molar flux, N7, can be approximated

by the pure water molar flux, N, which is
caiculated from Equation (6) of reference 1 with
An=0. The molar density, C, can be
approximated by the molar density of pure
water, 55.35 kmol,/m® at 25°C.

For concentrated solutions the appropriate
equations need to be solved simultancously. A
useful algorithm for this solution, provided that
the molar density is approximately constant
(C=Ci1=C2=C3), is presented here [21] If the
molar density is not constant then the governing
equations can be rearranged to two equations in
Caz and Ca3, which can be
solved by a Newton-Raphson technique.

In general the transport parameters, A,
DamK /1, and k, the operating conditions, AP,
and C4l, the molar density, C, and the osmotic
pressure versus concentration relationship, ni=
(Cai), are all known. Then Equations (6), (8),
(12), and (27) of reference 1 can be rearranged
as:

two unknowns,

Caz3_ CDamK/t “(9)
Caz~ NT4+C(DamK[v)
Cai_Ca3 (. Cas _ N1, -
1 Caz (1 Caz Jexp | Ck ) o

Nr=A(P—(n2—n3))+

(DAMK [V)(C a2~ CA3) (an

The trial and error method proceeds as

follows:
1: Guess a reasonable value for NT;(NT=A(AP
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—n1) is a good first guess).

2, Calculate Ca3/Ca2 form Equation {9).

3. Calculate CA1/Ca2 form equation (10).

4. Calculate Ca2 and Ca3 from known ratios
in steps 2 and 3 and the feed concentration
Cal .

5. Calculate the total flux Nt from Equation
(11).

6. Compare calculated and guessed values of
Nt and repeat steps 1 to 6 until the
algorithm converges. Note that the calculated
N7 (in step 6) is 2 good next guess.

The above algorithm converges very
quickiy—in 3 or 4 iterations—and is a
considerable improvement over techniques
suggested previously (2,41

Solving the Transport Equations for the
MD-SF-PF Model

The modified surface force-pore flow
(MD-SF-PF) 16,7] is mathematically more
complex than the KSA model and therefore
requires the use of advanced numerical routines.
For example, in Figure 2, the unknown
parameters in the model are determined from
data at 2000 ppm and these parameters are used
to predict the effect of concentration on
separation and flux. As shown in Figure 2, the
agreement between data and model is excellent.

PREDICTION FOR MIXED SOLUTES

The prediction of preformance for mixed solute
systems can be considerably more complex than
the prediction for single solute systems. In
general, there may be strong interactions
between the various solutes and this leads to a
complex relationship between operating
conditions and performance.

Howere, for many mixed solute systems it is
reasonable to assume that the solutes act
independently of each other. In this case the
transport equations are straight forward. Using,
for example, the KSA model, the solute
transport equation and the mass transfer
equation for mixing on the high pressure side of
the membrane can each be written for each of
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solute species i (or each salt or individual ion i) '
in a complex mixture as:

| Ci2—Ciz -
Nr=Chiln| &-—5" ] (12)

“and ) ) )
Ni=(DiMK[D)(Ci2 Ci3) 13)

The solvent water flux, Ny, is similar to
before except that the sum of the osmotic
pressures of all the solutes must be considered:

Na=A(AP — TA) (14)

This equation predicts that the effective
operating pressure is reduced due to the osmotic
pressure of all the solutes. Consider the case of a
two solute system, 0.01% ethanol and 107
sucrose, in water. The sucrose has a high osmotic
pressure and therefore the effective pressure
driving force is lower for both of the solutes. As
a result the presence of the sucrose causes the
ethanol separation to decrease even though
concentration of the ethanol is small. The work
of sourirajan and coworkers on this approach
has been summarized in reference 22.

Very little has been published on mixed
solute systems and even less has been published
on systems where there is an interaction between
the solute components such that they do not
behave independently. Jonsson [23] examined
multicomponent interactions using a model based
on irreversible thermodynamics. More recently
Thiel and Lioyd [24,25] have used the
Stefan-Maxwell equations to describe the
transport of multicomponent systems with
possible interaction between the solutes.

'OTHER COMPLICATIONS TO THE
PREDICTION PROCESS

It is important to remember that the reviewed
transport models [1] are restricted by the
assumption and simplification used in their
development. As a result it is not surprising that
in some cases the models may not describe or
predict experimental data very well. As a result
it is sometimes necessary to modify the models.
In this section three cases which can occur are
briefly discussed.
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Partially Dissociated solute Systems

The first case occurs when the solute present
tends to partially dissociate so that ionized and
nonionezed species are present in solution at the
same time. This case can be treated as a mixed
solute system where the ionized species are
treated the same way as for inorganic solutes
(see previous Section) and the nonionized (or
ion—pair) species are treated as scparate
components. Therefore, there is a transport
parameter for each of the different species
present. As well, for species that are in
equilibrium with each other the appropriate
dissociation relationship can be written for the
feed and permeate solutions. An example for
partially dissociated organic acids is presented in
reference 26. A similar analysis for inorganic
solutes that form ion—pairs in solution is given in
reference 4. Some free energy parameter data
for inorganic ion—pairs and cellulose acetate
membranes are presented in Table 1.

‘Strong Solute-Membrane Attraction

It has been shown that for many systems the
solute may be strongly attracted to the
membrane material. This attraction can cause
anomalous reverse osmosis performance. For
instance it is possible to observe negative
separation, indicating that the solute is enriched
in the permecate stream; in many cases the
separation tends to decrease (instead of increase)
with increasing operating pressure; and often the
permeate flux is significantly reduced from the
pure water flux cven if the solution is dilute so
that osmotic pressure effects are negligible. A
common example, that exhibits the above
behavior is for phenol, phenol derivative, and
hydrocarbon solutes with cellulose acetate
membranes [13, 27, 28]. A review of this type of
behavior and some attempts at modeling the
experimental data are presented elsewhere [28].

‘Charged Membranes
The models discussed in the previous paper [1]

are applicable for a wide variety of solutes in
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‘membranes that are essentially neutral in
character. However, unusual behavior can be
observed with charged solutes in membranes
containing fixed charged groups [29,30]. For
instance, the membrane can exchange ions
between the feed solution and the ion exchange
groups con the membrane. This can lead to
swelling (or shrinking) of the membrane
structure which in turn effects the transport
properties of the membrane. As a first
approximation the methods in this chapter can be
used, but the transport parameters may be a
strong function of the operating conditions,

CONCLUSION

“The main conclusions of this paper are as
follows. The effects of operating conditions on
reverse osmosis membrane preformance has been
reviewed, and it has been shown how to use a
transport model to predict these effects. Based
on semiempirical relationships it is possible to
predict the performance for new solutes that
have not been previously tested from knowledge
of the structure of the solute only. The transport
models can be extended to mixed solute systems
but little work has been done in this area.
Finally, these models, with the exception of the
MD-SF-PF model, may fail in their ability to
describe performance for certain systems such as
those where there is strong attraction between
the solute and the membrane material,
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'NOMENCLATURE

A “ Pure water permeability
coefficiecnt ,.kmol/m? s kPa.

Ao Constant defined in Equation (1),
kmol/m?’s kPa.

Ao Pure water permeability coefficient

extrapolated to zero operating
pressure,kmol/m? s kPa.

C Molar density, kmot/m>,

Cij Molar concentration of component i
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C*i

Dij
(DiMK [1)i
E,

>Es
f

at location j, kmol/m?,

Membrane pore size parameter with
reference to the solute i as defined
by Equation (2) or (5), mys,
Diffusivity of component { in
component j, m?s.

Solute transport parameter for
solute i, mys.

Apparent activation energy

for solvent transport, kJ/kmol.
Taft steric number.

Separation.

(—AAG/RT)i Free energy parameter for solute i.

I; Free energy parameter component f.

¥ 4 Solute partition coefficient.

k Mass transfer coefficient, mys,

ki Mass transfer coefficient for
component i, m/s.

‘Na Number of anions in the salt formula.

ne Number of cations in the salt formula.

Ni Molar flux of component i, kmol/m?s.

AP Pressure difference across the
membrane, kPa.

R Gas constaat, KJ/kmol K.

PX N Modified Small’s number.

T Temperature, K.

Greek Symbols

&* " Steric parameter in Equation (5).

ni Osmotic pressure of solution i, kPa.

An Osmotic pressure difference across
the membrane, kPa.

p* polar parameter defined by Equation
(5).

So* Taft number.

w* Nonpolar parameter defined by
Equation (5).

A Effective pore length, m.

Subscripts

A “solute

B solvent

M membrane

M* cation in MX

MX salt MX
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"NaCl “sodium chloride

Org organic

T total solution

X anion in MX

1 feed solution

2 boundary layer solution
3 permeate solution

10.

12

13.

14,

15.

17.

18.

19.

20.

21.
22.

23.
24,
25.
26.
27.
28.

29.

30
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