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Dynamic Characterization of Nanofiltration and 
Reverse Osmosis Membranes 
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DEPARTEMENT DU GENIE CHIMIQUE 

UNIVERSITE DU QUEBEC I\ TROIS-RIVIERES 
C.P. 500, TROIS-FUVIERES, QUEBEC G9A 5H7, CANADA 

ABSTRACT 

An original method has been proposed to determine the dynamic permeability of 
membranes. Experiments were run under different operating conditions (various 
transmembrane pressures, membranes, concentrations, and solutes), and the experi- 
mental data were processed using this dynamic permeability model. The results show 
that permeability defined in this manner reflects d e  differences in the membrane be- 
havior from pure water to a solution or from one solution to another. With dynamic 
permeability data, membrane condition can also be evaluated after use without the 
need to run experiments with pure water. 
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INTRODUCTION 

Membrane characterization is an indispensable step for membrane use in 
different fields. Many methods have been developed and applied at the mi- 
croscopic scale for steric characterization (pore size and pore size distribution) 
(1, 2) and for ionic characterization (sign and charge strength) (3, 4). At the 
macroscopic scale, the determination of pure water permeability is a stan- 
dardized characterization for all applications. Although the membrane is com- 
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1630 LEBRUN AND XU 

pressed beforehand above the maximum operating pressure, the pure water 
permeability of membrane still varies with the applied pressure (5). In general, 
membrane permeability is derived from the mean value of a multiplicity of 
pure water permeability, which then is used to calculate or model the behav- 
ior during a solution separation. On one hand, the validity of pure water per- 
meability is often questioned for solution separation, and on the other hand, 
the pure water permeability must be measured again to evaluate its state after 
use. 

This study proposes an original method for determining the dynamic per- 
meability of a membrane that clearly expresses the relationship between the 
permeate flux and the effective pressure gradient and which can evaluate the 
membrane condition after use without running pure water experiments. 

THEORY AND METHOD 

The process of nanofiltration/reverse osmosis is concurrently characterized 
by the permeate flux and the separation factor. The global separation factor 
and the intrinsic separation factor are defined respectively by the following 
expressions: 

Global separation factor: 

Intrinsic separation factor: 

where x A 1 ,  x A 2 ,  and x A 3  are the molar fraction of feed solution, concentrated 
boundary solution, and permeate solution, respectively. 

Analysis of the nanofiltration/reverse osmosis process is generally based on 
the capillary flow model involving the viscous flow for the transport of Sol- 
vent B, which is proportional to the effective pressure gradient, the diffusion 
within the pores for the transport of Solute A, which is proportional to the ef- 
fective concentration gradient, and the film theory which expresses the mass 
transfer effect on the high pressure side of the membrane on the total material 
transport across the membrane (6). This provides the following equations: 
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DYNAMIC CHARACTERIZATION OF MEMBRANES 1631 

where Ai = pure water intrinsic permeability of membrane (m) 
ACeH = effective molar concentration gradient (mol/m3) 
c = mean molar density (= 5.53 X lo4 mourn3) 
DAMIKS = solute transport parameter (m /s )  
k = mass transfer coefficient on high pressure side of membrane 

NA, NB, N = molar flux of solute, solvent, and permeate, respec- 

APeff = effective pressure gradient (Pa) 
AP = transmembrane pressure (Pa) 
p = fluid viscosity (Pa.s) 
n(X) = osmotic pressure of a solution with molar fraction X (Pa) 

W S )  

tively (mol/m2/s) 

According to the definition, the relationship between N, NA, and NB is: 

Since the volume flux is equal to the molar flux divided by the molar den- 
sity (J = Nlc), three equations are then derived to calculate the volume per- 
meate flux: 

x A 2  - x A 3  

XAI - x A 3  
(9) 

where J is the volume permeate flux across the membrane (m3/m2/s). 

pressure gradient An: 
The following formula is obtained from Eq. (8) to calculate the osmotic 

AH = n(xA2) - H(x~3)  = AP - pJ(1 - XA~)/A~ (10) 
On one hand, once the permeate flux J and molar fraction of solute in the 

permeate XA, are measured by experimentation, the osmotic pressure gradient 
can be calculated by Eq. (10). On the other hand, Robinson and Stokes's equa- 
tion (7) shows the relationship between the osmotic pressure and the concen- 
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1632 LEBRUN AND XU 

tration of solute. So, the concentration of the concentrated boundary solution 
x A 2  can be determined. In practice, however, Expression (10) is often a poor 
description of reality due to the uncertainty of the value of Ai (measured with 
pure water). In some cases it gives a value of n ( x A 2 )  smaller than that of 
~ ( X A , ) .  Hence, another method will be used to determine the coefficient be- 
tween the permeate flux and the effective pressure gradient. 

Knowing that the permeate flux J is proportional to the effective pressure 
gradient APeH, Aid is used as a coefficient between J and APeff, to distinguish 
it from Ai, in which 

(1  1 )  
Aid J = - APeff or P J  = AidAP,ff 
P 

where Aid is the dynamic solution permeability of membrane (m). 
At first it was not possible to calculate the effective pressure gradient APeff 

due to the unknown solute concentration in the boundary layer x A 2 .  Hence the 
apparent pressure gradient AP, is defined as 

AP, = AP - IT(XAl) + IT(XA3) (12) 
When x A 2  tends toward X A ~ ,  there is no concentration polarization layer, 

whereas APeff = APa. Hence the following equation is correct: 

pJ  = AidAP, when XAZ-+XAI (13) 
Moreover, when APa tends toward zero, there is also no concentration po- 

larization layer. So the value of Aid can be determined as follows: 

or 

EQUIPMENT AND PROTOCOL 

The equipment used in this study has been described by Kusberg et al. (8). 
This device is designed to test up to 12 membrane samples, each measuring 
1.2 X lop3 m2. Each piece is kept in a cell with a very narrow pipe. This ap- 
paratus is schematically portrayed in Fig. 1 .  Three sensors were installed to 
measure the process variables (pressure, flow, and temperature). The per- 
meate flux was measured by weight, while the solution and permeate con- 
centrations were determined through a conductivity meter. A pre-filter (Gel- 
man Sciences) of 0 . 1  pm was installed upstream of the pure water reservoir. 
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DYNAMIC CHARACTERIZATION OF MEMBRANES 1633 

1 - pre-filter 

2- water reservoir 

3- pump Q- flow sensor 

4- thermostat M- membrane cell 

5- solution reservoir 

P- pressure sensor 

T- temperature sensor 

FIG. 1 Schematic experimental representation. 

The solutions used in the study were prepared with this pure water. The wa- 
ter permeability of each membrane was measured before and after use. At an 
operating pressure of 2.76 MPa, the load is 0.13 MPa, measured manually 
with a manometer, which represents approximately 5% of the operating 
pressure. 

Tests were run on six types of commercial membranes and four types of cel- 
lulose acetate membranes manufactured in-house. The commercial mem- 
branes were supplied by two companies, and can be grouped into two cate- 
gories: nanofiltration membranes and reverse osmosis membranes. The four 
types of cellulose acetate membrane are: membrane with no heat treatment 
and membranes with 60, 70, and 80°C treatment for 1 hour respectively. 
Sodium chloride and sodium sulfate solutions were used for the experiments, 
which were run under different transmembrane pressures and different solu- 
tion concentrations. The membranes and experiment protocol used are sum- 
marized in Table 1. 
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1634 LEBRUN AND XU 

TABLE 1 
Summary of Membranes Used and the Protocol 

Solution 
Membrane NaCl Na2S04 

Type Name Madeby (ppm) (ppm) Pressure (MPa) 

Nanofiltration BQOl 

NF45 

Reverse MX07 
osmosis STlO 

MSlO 
SW30 

Reverse None 
osmosis 60°C 
(cellulose 70°C 
acetate) 80°C 

Osmonics 10,000 - 0.69-1.38-2.07-2.76-3.45 
7,000 7,000 1.38-2.07-2.76 

Filmtec 10,000 - 0.69-1.38-2.07-2.76-3.45 
7,000 7,000 

Osmonics 
Osmonics 7,000 7,000 1.38-2.07-2.76 
Osmonics 
Filmtec 

In-house 3,500 - 1.38-2.07-2.76-3.45 

RESULTS AND DISCUSSION 

Determination of Aid 

The relationship between (pJ) and AP, can be simulated from the experi- 
mental data; the function of the simulation pJ = AAP,) with the constraint of 
J = 0 when AP, = 0 would be a second- or third-order polynomial according 
to the number of experimental points. According to Eq. (15), the value of the 
dynamic solution permeability Aid is determined by the derivation of pJ with 
respect to AP, when AP, = 0. This is the value of the coefficient of the first- 
degree term of the polynomial. Figure 2 illustrates how to determine the value 
of A i d .  

Transmembrane Pressure Effect 

The pressure gradient is the driving force for solvent transport across the 
membrane. Because of the presence of the concentration polarization phe- 
nomenon, the increased transmembrane pressure is not always worthwhile. 
However, the concentration polarization phenomenon is difficult to observe 
experimentally as a function of the operating conditions, and a number of 
models of varying complexity have been proposed (9, 10). The dynamic per- 
meability model presented in this study can be used to evaluate this phe- 
nomenon as a function of operating conditions. 
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DYNAMIC CHARACTERIZATION OF MEMBRANES 1635 

Once the value of Aid is determined, it will be used instead of Ai in Eq. (10) 
to calculate the osmotic pressure on the above side of the membrane n ( x A 2 ) .  

Finally, we can calculate the molar fraction of solute in the boundary layer XA2. 
Figure 3 represents the evolution of x.,&AI versus the transmembrane pres- 
sure. We have seen that the polarization concentration rate (XA2/XAl) increases 
rapidly as the transmembrane pressure rises. This indicates that when the con- 
centration polarization becomes significant, the increased transmembrane pres- 
sure is no longer worthwhile for the process. 

Concentration Effect 
The concentration gradient is the driving force for solute transport across 

the membrane. In order to determine the concentration effect, we have calcu- 
lated the value of the dynamic solution permeability of Membrane NF45 with 
NaCl at two different concentrations. The calculated result showed that the dy- 
namic permeability value decreases when the concentration rises. This indi- 
cates that the dynamic permeability can vary with the feed concentration. A 
detailed investigation of this phenomenon is under way and will be reported 
in a full paper in due course. 

Effect of Membrane Type 
As the membrane is at the core of the process, the efficiency of separation 

varies from one membrane to another. This is due to powerful solute-mem- 
brane interactions resulting from the charge usually carried by these mem- 

O.OE+OO 1 .OE+06 2.OE+06 3.OE+06 4.OE+O6 

APa (Pa) 

FIG. 2 Determination of the dynamic solution permeability of Membrane BQOl with NaCl. 
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1636 LEBRUN AND XU 

z.or------ 1.8 

O.OE+OO 1.OE+06 Z.OE+06 3.OE+O6 4.OE+06 

AP(Pa) 

FIG. 3 Effect of transmembrane pressure on the concentration polarization rate ( X A ~ / X A ~ )  for 
Membranes BQOl and NF45. 

branes and from the small pore dimensions. The dynamic permeability and in- 
trinsic separation factor of six commercial membranes were compared for 
NaCl and Na2S04 solutions of 7000 ppm (XAl = 2.15 X for NaCl, XAl 
= 0.886 X for Na2S04). Figure 4 shows that the nanofiltration mem- 
branes (BQOl and NF45) have a superior dynamic permeability both for NaCl 
and for Na2S04. Figure 5 shows that the value of the intrinsic separation fac- 
tor for the Na2S04 solution is so close to 1 that no difference is observed be- 
tween the membranes. Since the nanofiltration membranes give a superior 
permeability and a retention of Na2S04 as high as reverse osmosis mem- 
branes, nanofiltration membranes will be a good choice for Na2S04 separa- 
tion. For the NaCl solution, the intrinsic separation factor varied between 40 
and 99% depending on the membrane type. The nanofiltration membranes 
show a lower salt retention. The highest salt retention is seen with Membranes 
MSlO and SW30. 

Effect of Solute 

When a solute nears the membrane surface, it succumbs to different inter- 
action forces. In the case of charged compounds (salts), the contributing phe- 
nomena are more complex because there is competition between different 
phenomena such as steric hindrance, electric interactions and, in some cases, 
a concentration polarization layer. As shown in Fig. 5 ,  the intrinsic separation 
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e a 
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A pure water 
X sodium chloride 

0 X 

0 

7000ppm 

I A 
X 

0 
0 

n f  
O.OE+OO 6 

BOO1 NF45 MX07 STlO SW30 MSlO 

Membrane type 

Effect of membrane type on the dynamic solution permeability for NaCl and Na2S04 FIG. 4 
solutions. 

100 

80 

60 
h 5 
i 

40 

20 

a 

v- %- K-X- r 

. 

7000ppm 

AP=2.76MPa 

BQOI NF45 MX07 STlO SW30 MSlO 

Membrane type 

FIG. 5 Effect of membrane type on the intrinsic separation factor for NaCl and Na2S04 solu- 
tions. 
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1638 LEBRUN AND XU 

factor for the Na2S04 solution reached 99% for the entire group of mem- 
branes, whereas for the NaCl solution it varied between 40 and 99% depend- 
ing on the membrane type. The fact that the membranes retained more Na2S04 
than NaCl can be explained by the combined steric exclusion (Stokes' radius 
for NaCl = 1.52 X lo-'' m and Stokes' radius for Na2S04 = 1.99 X lo-" 
m) and electric repulsion between the solutes and the membranes. As to the 
dynamic permeability, Fig. 4 shows that the dynamic solution permeability is 
greater than the pure water permeability for both NaCl and Na2S04. The fact 
that the membrane permeation rate in the presence of electrolyte solute in the 
feed may increase significantly from that in the absence of electrolyte solute 
has been reported by other authors (1  1). Depending on the membrane type, the 
dynamic permeability for NaCl can be slightly greater or less than that for 
Na2S04. 

Effect of Membrane Heat Treatment 

The heat treatment consists of modifying the porous structure of the mem- 
brane by shrinking the pore size, and the temperature determines the structural 
modification (12). As a result of pore size shrinkage, the permeate flux drops 
and the intrinsic separation factor rises in relation to the degree of heat treat- 
ment (13). In our study the effect of heat treatment on pure water permeabil- 
ity and on dynamic solution permeability were compared. Figure 6 shows that 

1 4.OE-15 

h 

3.OE-15 
0 

2 
6 2.OE-15 
a 

E n 4 1.OE-15 

.- - .- 
s 

W 

O.OE+OO ; 
I 

no 60 70 80 

Membrane heat treatment eC) 

FIG. 6 Comparison of the effect of heat treatment of cellulose acetate membrane on the pure 
water permeability and the dynamic solution permeability. 
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DYNAMIC CHARACTERIZATION OF MEMBRANES 1639 

evolution of dynamic solution permeability as a function of heat treatment is 
similar to that of pure water permeability. However, depending on the degree 
of heat treatment, the value of dynamic solution permeability can be greater or 
less than that of pure water permeability. 

CONCLUSION 

In this study we have proposed an original method to determine the dy- 
namic permeability of a membrane. This dynamic solution permeability re- 
flects the differences in membrane behavior from pure water to a solution or 
from one solution to another. The nanofiltratiordreverse osmosis process can 
be analyzed in a rigorous yet user-friendly manner, and the condition of the 
membrane after use can be evaluated using dynamic permeability data with- 
out the need to run pure water experiments. 

For the same membrane, when the solution to be filtered is different, the dy- 
namic permeability value is not the same, which means that the membrane 
does not react in the same manner from one solution to another. Classic water 
permeability cannot reflect these differences in membrane behavior. 

Parameters which cannot be measured, such as the concentration upstream 
of the membrane in the boundary layer X A ~ ,  can be calculated from dynamic 
permeability values Aid, from which the intrinsic separation factor f’ is then 
calculated. 

The concentration polarization phenomenon is difficult to observe experi- 
mentally as a function of the operating conditions. The dynamic permeability 
model presented in this study can be used to evaluate this phenomenon as a 
function of operating conditions. This could have considerable significance in 
research strategies of optimal operating conditions. 

NOMENCLATURE 

Ai 
Aid 
C 
C 

J 
k 
N 
P 
X 

pure water intrinsic permeability of membrane (m) 
dynamic solution permeability of membrane (m) 
mean molar density, c = 5.53 X lo4 mol/m3 
molar concentration (mourn3) 
solute transport parameter (m/s) 
global and intrinsic separation factors, respectively 
volume permeate flux (m3/m2/s) 
mass transfer coefficient on high pressure side of membrane (m/s) 
molar permeate flux (mol/m2/s) 
pressure (Pa) 
molar fraction 
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1640 LEBRUN AND XU 

Greek Letters 

A gradient 
iv, fluid viscosity (Pa-s) 
FI osmotic pressure (Pa) 

Subscripts 

A 
B 
M 
a 
eff 

1 
2 
3 

1 

solute 
solvent 
membrane 
apparent value 
effective value 
intrinsic 
within the solution 
upstream of the membrane in the boundary layer 
downstream of the membrane 
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