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Removal of organic contaminants by RO and NF membranes
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Abstract

Rejection characteristics of organic and inorganic compounds were examined for six reverse osmosis (RO) membranes and two nanofiltration
(NF) membranes that are commercially available. A batch stirred-cell was employed to determine the membrane flux and the solute rejection
for solutions at various concentrations and different pH conditions. The results show that for ionic solutes the degree of separation is influenced
mainly by electrostatic exclusion, while for organic solutes the removal depends mainly upon the solute radius and molecular structure. In order
to provide a better understanding of rejection mechanisms for the RO and NF membranes, the ratio of solute radius (ri,s) to effective membrane
pore radius (rp) was employed to compare rejections. An empirical relation for the dependence of the rejection of organic compounds on the
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atio ri,s/rp is presented. The rejection for organic compounds is over 75% whenri,s/rp is greater than 0.8. In addition, the rejection of orga
ompounds is examined using the extended Nernst–Planck equation coupled with a steric hindrance model. The transport of org
s controlled mainly by diffusion for the compounds that have a highri,s/rp ratio, while convection is dominant for compounds that ha
mallri,s/rp ratio.
2005 Elsevier B.V. All rights reserved.

eywords: Organic compounds; Reverse osmosis; Nanofiltration; Membrane pore radius; Water treatment

. Introduction

The effective removal of organic compounds has always
een a major challenge for the production of potable water,
ince the United States Environmental Protection Agency as-
essed the hazard of over 85,000 chemicals[1]. Although
here are currently no federal regulations for most of these
hemicals in drinking water, drinking water must be essen-
ially free from organics in order to be fit for human con-
umption. However, there are few studies of how to remove
he many unregulated chemicals based upon conventional
nd advanced drinking water treatment technologies includ-

ng coagulation, softening, activated carbon, ion exchange,
xidation (e.g., chlorination and ozonation), and membrane
ltration. For the last few decades, the use of membrane tech-
ology has grown significantly in the water industry com-
ared to other water treatment technologies, since membrane
ltration requires minimal addition of aggressive chemicals
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and produces no problematic by-products. In particula
verse osmosis (RO) including low pressure RO (LPRO)
nanofiltration (NF) are broadly used membrane process
both potable water treatment and wastewater reuse[2–4].

Previous studies have shown that RO and NF are e
tive technologies to remove organic compounds when th
lute sizes are larger than the membrane pore sizes or o
compounds have ionizable functional groups causing
trostatic repulsion[5–10]. However, these previous stud
have typically considered relatively large compounds (
molecular weight (MW) > 150 g/mol) and/or relatively h
drophobic compounds (e.g., logarithm of octanol–water
tition coefficient > 2.0). Only a few studies have investiga
the rejection of small uncharged organic compounds by
and NF membranes[11–13]. These studies have shown t
the rejections for uncharged small molecules such as
are quite low. Like urea, other small, hydrophilic, unchar
molecules such as methanol and formaldehyde may al
quite difficult to remove using RO or NF membranes. H
ever, few systematic measurements of the interaction of
organic molecules with RO and NF membranes are avail
376-7388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2005.03.038
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A complete understanding of the transport of small organic
compounds through RO and NF membranes is a challenging
issue, since solute transport depends on physico-chemical
properties of the solvent, solute, and membrane. Factors in-
clude the solution pH and ionic strength, the solute size or
shape and polarity or hydrophobicity, and the membrane pore
size and charge.

Although our study focuses mainly on the rejection of
organic compounds by RO and NF membranes, it is still nec-
essary to evaluate the rejection of ionic compounds, since
various ionic compounds always coexist in drinking source
water. For inorganic compounds the solution pH and the
membrane charge are major factors that influence the so-
lute rejection due to electrostatic repulsion between ionic
compounds and a charged membrane. Previous studies have
shown that the rejection of sodium, calcium, chloride, and
sulfate ions increases with increasing solution pH for the RO
and NF membranes[14,15]. In these studies, solute concen-
tration also influences the solute transport through the RO
and NF membranes, since the membrane charge becomes
more negative with increasing solution pH and with decreas-
ing solute concentration. In addition, separate studies have
shown that the rejection of both inorganic and organic com-
pounds and the flux for the RO and NF membranes are sig-
nificantly influenced by hydrodynamic operating parameters
such as the water recovery (the ratio of total permeate vol-
u tion
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The objective of this study is to understand the physico-
chemical processes related to the rejection of small uncharged
organic compounds by RO and NF membranes. To accom-
plish this, the rejections of both organic and inorganic species
were measured at various pH and recovery conditions. The
experimental rejection data were analyzed using the extended
Nernst–Planck equation to determine the dominant transport
mechanisms as a function of ratio of solute radius to effective
membrane pore radius and the diffusion in the membrane.

2. Materials and methods

Six RO membranes and two NF membranes that are com-
mercially available were tested to measure the organic and
inorganic rejections. The flat sheet, thin film composite mem-
branes were obtained from different manufacturers, listed in
Table 1. The typical operating pH recommended for the mem-
branes ranges from 2 to 11. The normal/maximum operating
pressures are 1035–1550/4140 kPa for the RO membranes
and 518–690/4140 kPa for the NF membranes. The pure wa-
ter permeabilities measured at 800 kPa using a stirred cell
range from 0.51 to 2.36 L/d m2 kPa.

Although the methods used in this paper and the results
that have been obtained are generally applicable to removal
of organic contaminants from water, we focus here on con-
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ilable.
me to initial feed volume) and the volumetric concentra
actor (the ratio of feed volumetric to concentrate volu
11,12,16].

Several recent studies have investigated the tran
echanisms of ionic and organic solutes through RO o
embranes[3,5,6,12,13,15]. These studies have shown t

or organic compounds the removal depends upon th
ute size/shape and polarity/hydrophobicity, while for io
ompounds the degree of separation is governed by bot
xclusion and electrostatic exclusion. However, these st
re still limited to a few membranes and cover only a

norganic or organic solutes. Therefore, a systematic r
ion assessment both for organic and inorganic compoun
seful in order to investigate the rejection and transport m
nisms (i.e., diffusion, electromigration, and convection
O and NF membranes.

able 1
O and NF membranes and their characteristics obtained from manu

embrane type/use Membrane

Product name Manufacturer

O/surface water AK Desal-Osmonics
O/low pressure ESPA Hydranautics
O/brackish water AG Desal-Osmonics
O/brackish water 70LW Toray
O/surface water CAP Hydranautics
O/wastewater LFC Hydranautics
F/water softening HL Desal-Osmonics
F/surface water ESNA Hydranautics
a Data obtained from dead-end stirred-cell experiments; NA: not ava
aminants that typically are present in the cabin hum
ondensate of a spacecraft[17]. This condensate water is o
en thought to be an ideal candidate for reuse as potable
or long-term space missions. However, it is often conta
ated by organic chemicals, primarily due to off-gassin
olymer compounds in the spacecraft[18].

Initial screening tests were performed with solution
oncentrations of 1000 mg/L for sodium chloride (Na
000 mg/L for urea, and 3429 mg/L for ammonium carb
te ((NH4)2CO3). The chemical composition of these so

ions is based upon analysis of wastewater streams exp
n board a spacecraft. They represent a mixed waste
tream before and after ammonification of urea. For t
creening tests, the criteria include high membrane flux
igh rejection. For the three best membranes based

he screening tests in each category considered (RO, L

rs

H range Normal/maximum
operating pressure (kPa)

Pure water permeability
(L/d m2 kPa)a

–11 1550/NA 2.07
–11 1035/4140 1.69
–11 1550/NA 0.96
9 1550/4140 0.71
–11 1550/4140 0.58
–10 1550/4140 0.51
–9 690/NA 2.36
–10 518/4140 1.38
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Table 2
List of target compounds used in this study[25,26]

Compound MW (g/mol) Di (10−10 m2/s) Radius (nm) Structure/formula

Creatine 131.2 6.6 0.37

2-(2-Butoxyethoxy) ethanol 162.2 7.7 0.32

Caprolactam 113.2 8.7 0.28

2-Propanol 60.1 9.3 0.26

Formaldehyde 30.0 11.1 0.22

Methanol 32.0 12.8 0.19

Urea 60.1 13.8 0.18

Ammonium carbonate 96.1 Cation: 19.6; anion: 18.5; 19.2a Cation: 0.125; anion: 0.133

Sodium chloride 58.5 Cation: 13.3; anion: 20.3; 16.1a Cation: 0.184; anion: 0.121 NaCl
a Effective diffusion coefficient (Deff).

and NF), the rejection was measured for the seven organic
compounds and two inorganic compounds listed inTable 2.
These organic and inorganic compounds are typically found
in spacecraft wastewater[19] as well as in many other sit-
uations[20–22]. The organic compounds that are included
in this study are creatine, 2-(2-butoxyethoxy)ethanol, capro-
lactam, 2-propanol, formaldehyde, methanol, and urea. The
inorganic compounds include NaCl and (NH4)2CO3. The test
solutions were prepared by adding a single organic or inor-
ganic species to distilled water at a concentration of 1 mM.

The experiments were performed in batch mode using a
dead-end stirred cell that has been widely used for the vari-
ous membrane filtration studies[5,7,12,13]. The stirred cell
was made of aluminum and coated with Teflon to improve
chemical stability by minimizing unnecessary interactions
(e.g., adsorption) between solute and stirred cell. The cell
had an active filtration area of 22.9 cm2 and a working vol-
ume of 50 mL[13]. All the experiments were conducted at
a stirring speed of 400 rpm, controlled by a magnetic stir-
rer (Stirrer assembly 8200, Millipore, USA), and a constant
working pressure of 800 kPa, controlled by a high-pressure
nitrogen cylinder and a gas pressure regulator.

A fresh membrane was used for each experiment. The
membrane was soaked in ultra-pure deionized water at least

for 24 h to clean any chemicals on the membrane. During this
period the pure water was replaced several times with a new
volume of pure water. The dissolved organic carbon (DOC)
of the final rinse water was checked to assure that it was at a
negligible level. Additionally, the membrane was prefiltered
with pure water at a pressure of 1380 kPa (200 psi) for fur-
ther stabilization prior to use. The pure water flux was then
measured at a pressure of 800 kPa (116 psi) until a constant
flux was obtained. Only then was water in the stirred cell
replaced by the test solution. The stability of the membrane
permeability during the experiment was checked by compar-
ing the pure water flux before and after each experiment. Only
those membranes for which permeability changes were less
than 5% were included in the data presented here.

The weight of the permeate was measured using a bal-
ance. The permeate flux is expressed in terms of volumetric
concentration factor (fc),

fc = Vf

Vc
= 1 + Vp

Vc
(1)

where Vf , Vc and Vp are defined as the volume of feed,
concentrate, and permeate, respectively. The volumetric con-
centration factor has been widely used as a comparable hy-
drodynamic operating parameter for the membrane filtration
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studies[12,16]. The solute concentrations of the permeate
were measured at different volumetric concentration factors.

The rejection for speciesi, Ri, was calculated as:

Ri (%) =
(

1 − Cp

Cf

)
× 100 (2)

whereCp is the permeate concentration andCf the concen-
tration in the feed (bulk) solution. The concentration in the
permeate was measured several times untilfc = 1.0–2.5 cor-
responding to a recovery of 0–60%. After filtration tests,
samples were acidified below a pH of 2.0 by adding 10% sul-
furic acid to prevent the loss of compounds for DOC analysis.
Analyses of organic compounds in the bulk, permeate, and re-
tentate of the solutions were performed using a DOC analyzer
(DC-180, Dohrmann, USA). The concentrations of the ionic
compounds were determined by conductivity measurements
and were automatically corrected for temperature. The zeta
potential of the RO, LPRO, NF membranes was measured at
pH 3.5–9.5 and a NaCl concentration of 1000 mg/L using an
electrokinetic analyzer apparatus (EKA, Brookhaven Instru-
ments Corp., Holtsville, NY, USA) following an established
procedure[23].

3. Results and discussion

3

the
R L
a based
u for
N n-
c able
m e
p -
i l to
p cor-
r ph in
t eate
fl O)
m e the
h mise
b
E rane
h oval
o ared
t rged
m by
s sion.
E from
t ll, so
t

eate
q n for
p ate

Fig. 1. Comparison of flux and solute rejection by RO and NF membranes.
Operating conditions:�P = 800 kPa; stirring speed = 400 rpm;fc = 2.5. ((�)
AK; (©) ESPA; (�) AG; (♦) 70LW; (�) CAP; ( ) LFC; (�) HL; (�)
ESNA).

membrane permeate flux for various solutions. For the in-
organic and organic compounds the permeate flux follows
the order, urea > NaCl > (NH4)2CO3, as shown inFig. 1. Sig-
nificant flux declines ranging from 9 to 73% of the pure water
flux were observed, depending on the membrane and the wa-
ter composition. The (NH4)2CO3 solution showed a greater
flux decline (45–73%) than the NaCl solution (19–46%) or
the urea solution (9–36%). For the inorganic solutions this is
because the (NH4)2CO3 solution concentration (3429 mg/L)
was greater than that for the NaCl solution (1000 mg/L) and
had the higher osmotic pressure, which lowers flux by re-
ducing the effective transmembrane pressure. However, the
urea solution showed the lowest flux decline even though this
contains the highest initial concentration, because the urea so-
lution had the lowest final concentration in the concentrate
compared with (NH4)2CO3 and NaCl.

Fig. 2 shows the flux as a function of volumetric con-
centration factor for the filtration of solutions of urea and
(NH4)2CO3. Clearly, the permeate flux for the solutions was
significantly reduced with increasing volumetric concentra-
tion factor. The (NH4)2CO3 solution showed a greater flux
decline than the urea solution. This is because not only was
the initial (NH4)2CO3 solution concentration (3429 mg/L)
greater than that for the urea solution (2000 mg/L) at a volu-
metric concentration factor of 1.0, but also its final concen-
tration was higher in the concentrate than that in the urea
c . In
.1. RO and NF membrane characterization

In order to initially compare the basic properties of
O (AK, ESPA, AG, 70LW, CAP, and LFC) and NF (H
nd ESNA) membranes, solute rejection measurements
pon electrical conductivity and DOC were carried out
aCl, (NH4)2CO3, and urea solutions for a volumetric co
entration factor of 2.5 at pH 7. To determine the most suit
embranes, the rejections of NaCl, (NH4)2CO3, and urea ar
lotted as a function of permeate flux inFig. 1. When choos

ng a membrane to produce drinking water, it is optima
roduce high-quality water with a high permeation rate,
esponding to the upper right hand corner of each gra
he figure. The HL (NF) membrane has the highest perm
ux, but it has the lowest rejection of solutes. The LFC (R
embrane has the lowest flux, but this does not guarante
ighest rejection of solutes. Three membranes show pro
ased on the rejection of NaCl and (NH4)2CO3 alone: AK,
SPA, and ESNA membranes. In addition, the AK memb
as good rejection and flux characteristics based on rem
f urea, although the urea rejection is very low comp

o the ions. This is because urea is a very small, uncha
olecule (MW 60.1 g/mol), so it is very difficult to reject

ize exclusion and cannot be rejected by charge exclu
rror bars based upon the standard deviation calculated

riplicate measurements of the rejection are quite sma
hey are barely visible in the figure.

Producing both high permeate flux and high perm
uality has always been an issue in membrane filtratio
otable water. Therefore, it is very important to evalu
 oncentrate at a volumetric concentration factor of 2.5
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Fig. 2. Flux decline for reverse osmosis and nanofiltration of solutions con-
taining (a) urea and (b) (NH4)2CO3 for different membranes. Operating
conditions:�P = 800 kPa; stirring speed = 400 rpm;fc = 1.0–2.5. ((�) AK;
(©) ESPA; (�) AG; (♦) 70LW; (�) CAP; ( ) LFC; (�) HL; (�) ESNA).

addition, for (NH4)2CO3 the AK and ESPA membranes had
greater flux declines than the other membranes, since these
RO membranes had higher ion rejections. This can be at-
tributed to a higher osmotic pressure at the membrane surface,
which reduces the effective transmembrane pressure.

3.2. Effect of pH on solute rejection

We focus on three membranes for the remainder of this
study, one in each of the categories that we considered that
provide the best rejection and flux based upon the screening
study: AK (RO), ESPA (LPRO), and ESNA (NF). However,
surface waters and wastewater effluents being treated for use
as drinking water have complex compositions with various
pH levels. Thus, it is important to consider the effect of so-
lution pH on solute rejection. As shown inFig. 3, the rejec-
tion of ionic solutes by the RO, LPRO, and NF membranes
is dependent on the solution pH. For ionic salts (NaCl and
(NH4)2CO3) the RO and LPRO membranes with small pore
sizes (the measurement of which will be discussed later) had
a greater rejection than the NF membrane, indicating that
size exclusion is at least partially responsible for the rejec-
tion. In addition, the rejection of these ionic solutes increases
as the solution pH is increased from 3.5 to 7.5. A further
increase in the pH, however, results in increased rejection
f
T sion.
T reas-
i tic
r in-
c
e
n

Fig. 3. Variation of solute rejection with respect to feed pH for RO
(AK), LPRO (ESPA), and NF (ESNA) membranes. Operating conditions:
�P = 800 kPa; stirring speed = 400 rpm;fc = 2.5. ((�) NaCl; (�) urea; (�)
(NH4)2CO3).

CO3
2− ions play a role. At pH 9.5, the dominant form of nitro-

gen compounds is ammonia, which is an uncharged molecule
and difficult to reject by the membranes. However, the dom-
inant form of carbonate compounds is divalent CO3

2− ions
at the high pH, which is more easily rejected by the charged
membranes compared to HCO3

− ions, which are more dom-
inant at lower pH. Apparently, the dominant effect is the re-
duced rejection due to the presence of ammonia. Therefore,

Fig. 4. Dependence of zeta potential on pH for RO (AK), LPRO (ESPA), and
NF (ESNA) membranes. (NaCl = 1000 mg/L; (�) RO; (©) LPRO; (�) NF).
E plicate
m

or NaCl and slightly decreased rejection for (NH4)2CO3.
hese results can be explained by electrostatic exclu
he membrane charge becomes more negative with inc

ng pH, as shown inFig. 4, resulting in increased electrosta
epulsion between Na+/Cl− ions and the membranes thus
reasing the NaCl rejection. However, for (NH4)2CO3 the
quilibrium characteristics of ammonia (NH3) with ammo-
ium ions (NH4

+) and bicarbonate (HCO3−) with carbonate

rror bars are calculated based upon the standard deviation from tri
easurements of the zeta potential.
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Fig. 5. Rejection of different compounds for RO and NF membranes.
Operating conditions:�P = 800 kPa; stirring speed = 400 rpm; feed con-
centration = 1 mM; fc = 2.5. (a) RO (AK), (b) LPRO (ESPA), and (c) NF
(ESNA). ((�) ammonium carbonate; (�) sodium chloride; (�) urea; (�) 2-
(2-butoxyethoxy)ethanol; (�) caprolactam; ( ) creatine; (�) formaldehyde;
(©) methanol; (♦) 2-propanol).

the overall rejection of (NH4)2CO3 at pH 9.5 is slightly lower
than that at pH 7.5. The rejection of urea by all the membranes
was substantially lower than the ion rejection. The urea re-
jection varied somewhat in the pH range, as shown inFig. 3,
although it is unclear why this occurs. The rejection of urea,
a small and uncharged molecule having no ionizable func-
tional groups, should not be influenced by solution pH and
membrane charge.

3.3. Comparison of solute rejections by selected RO,
LPRO, and NF membranes

The rejection of both organic and inorganic compounds
for the RO, LPRO, and NF membranes is shown inFig. 5as
a function of the molecular weight of the rejected species. The
rejection of the compounds was very similar between the RO
(AK) and LPRO (ESPA) membranes except formaldehyde
and methanol. The rejection was somewhat lower for the NF
(ESNA) membrane than for the RO and LPRO membranes.
Generally, higher molecular weight compounds have better
rejection than low molecular weight compounds. However,
the rejection is not purely a function of molecular weight. For
instance, the rejection of creatine (MW 131.2 g/mol) was over
96% for the RO (AK) and LPRO (ESPA) membranes. How-
ever, the rejection of 2-(2-butoxyethoxy)ethanol (BEE), a
m ol),

was only approximately 80% for the RO and LPRO mem-
branes. That the rejection of creatine is greater than that of
BEE even though the molecular weight of creatine is smaller
than that of BEE can be explained in terms of the solute ra-
dius of the molecules. The solute radii, which are listed in
Table 2, can be calculated based upon the compounds’ dif-
fusion coefficient values (also shown inTable 2) using the
Stokes–Einstein equation[24]:

Di = kBT

6πµri,s
(3)

whereDi is the diffusion coefficient of solutei, kB is the
Boltzmann constant,T is the temperature,µ is the solvent
viscosity, andri,s is the radius of solutei. Using this approach,
the solute radius (ri,s) of creatine is greater (0.37 nm) than
that of BEE (0.32 nm) thus explaining the higher rejection
of creatine. The rejection by the NF (ESNA) membrane is
slightly lower for creatine (89%) and substantially lower for
caprolactam (59%) and BEE (62%) compared to the RO and
LPRO membranes, suggesting a larger effective pore size for
the NF membrane.

For the relatively small organic compounds the rejection
of 2-propanol is over 65% for the RO and LPRO membranes
and nearly 50% for the NF membrane. Urea rejection (under
22%) is substantially lower than all the other compounds
except formaldehyde and methanol (rejection under 15%).
U rged,
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l ter to
olecule with a higher molecular weight (MW 162.2 g/m
rea, formaldehyde, and methanol are small or uncha
o they are difficult to reject by size exclusion and by ch
xclusion for all of the membranes. In addition, the rejec
f urea is substantially lower than that of 2-propanol, e

hough they have identical molecular weights of 60.1 g/m
his is because the solute radius of urea (0.18 nm) is sm

han that of 2-propanol (0.26 nm). These results sugges
he solute radius is a better parameter to predict the reje
f solutes than the molecular weight.

For ionic compounds the rejection of NaCl a
NH4)2CO3 is high (over 85%) for all the membran
ven though the molecular weights of the ionic compou
58.5 g/mol for NaCl and 96.1 g/mol for (NH4)2CO3)) are
uch smaller than creatine, caprolactam, and BEE. Cle

he rejections of ions are governed mainly by electros
xclusion. In addition, the rejection of 2-propanol is subs
ially lower than that for NaCl, even though these compou
ave similar molecular weight. This is because size exclu

s dominant for the 2-propanol rejection, while the rejec
f NaCl is governed by both size exclusion and electros
xclusion.

.4. Relationship between rejection and the ratio of
olute radius to effective membrane pore radius

It is useful to consider the physical properties of both
olute and the membrane in order to understand reje
echanisms for RO and NF membranes. For organic
ounds, the hydrated radius, which is influenced by bot

ute shape and molecular weight, is the crucial parame
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be considered. The size exclusion mechanism can be consid-
ered in terms of the dependence of the rejection on the ratio of
the solute radius (ri,s) to effective membrane pore radius (rp).
The rejection data for uncharged molecules (creatine, BEE,
caprolactam, 2-propanol, formaldehyde, methanol, and urea)
can be used to calculate the effective pore radius for each
membrane based upon a model of steric interaction of hard
spheres in cylindrical pores. Although this approach has been
described in some detail elsewhere[8,13], we briefly sum-
marize some key equations. It can be shown[13,26] that:

Cp = CmKi,cφ

1 − exp
(
−Ki,c

Ki,d

Jv�x
DiAk

)
(1 − φKi,c)

(4)

ci(x) =
(

φCm − Cp

Ki,c

)
exp

(
− Ki,cJvx

Ki,dDiAk

)
+ Cp

Ki,c
(5)

whereCm is the solute concentration at membrane surface on
the concentrate side of the membrane,Ki,c the hindrance fac-
tor for convection,φ the steric partition,Ki,d the hindrance
factor for diffusion,Jv the solvent flux through the mem-
brane,�x the membrane thickness,Ak the effective porosity
of the membrane,ci the solute concentration, andx the coor-
dinate in the flow direction through the membrane. In these
equations the effective membrane pore radius is hidden in the
factorsφ, Ki,c, andKi,d, which are functions of the ratio of
s
K s
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Table 3
Effective membrane pore size,rp (nm), for the various organic compounds

RO (AK) LPRO (ESPA) NF (ESNA)

Creatine 0.328 0.334 0.427
BEE 0.333 0.329 0.428
Caprolactam 0.327 0.328 0.427
2-Propanol 0.334 0.349 0.452
Formaldehyde 0.335 0.334 0.446
Methanol 0.344 0.336 0.452
Urea 0.329 0.343 0.448

Average 0.333 0.336 0.440

report using urea and creatine only (0.35, 0.35, and 0.45 nm,
respectively)[13].

The availability of the membrane pore size allows a more
meaningful analysis of the physical basis for the rejection
using the ratio of solute radius to effective membrane pore
radius,ri,s/rp, rather than simply the molecular weight of the
species. The rejections of organic compounds are plotted as a
function ofri,s/rp for all three membranes inFig. 6. In the fig-
ure, the data points having zero rejection correspond to water
molecules (H2O) with an assumption that water passed read-
ily through the membrane pores. The data points for the RO
and LPRO membranes can be identified for a particular com-
pound, since they have almost identicalri,s/rp ratios, whereas
the ratio for the NF membrane is lower. The regression curve
in the figure (solid curve) is based upon the measured rejec-
tion for all organic compounds for all the membranes such
that:

Ri (%) = (1 − e−K(ri,s/rp)+a) × 100 (8)

whereK (4.28) anda (1.97) are the fitting constants (valid
for ri,s/rp ≥ 0.46). The form of the regression curve was cho-
sen so that the rejection asymptotically approaches 100% as
ri,s/rp increases. Clearly, a higher rejection occurs when the
ri,s/rp ratio increases. However, the prediction is imperfect in
the region of the steepest part of the curve (0.4≤ ri,s/rp ≤ 0.7)
i urea
a , in

F rejec-
t NA)
m m;
f l;
(
p om-
p

olute radius to effective membrane pore radius,ri,s/rp; φ and
i,c decrease with increasingri,s/rp ratio, whileKi,d increase
ith increasingri,s/rp ratio. The solute concentration at
embrane surface,Cm, can be related to the experimen

alues ofCp, Cf , andJv along with the estimated mass tra
er coefficient,k, using the concentration polarization mo
ased upon back diffusion of the solute from the memb

o the bulk solution[24],

Cm − Cp

Cf − Cp
= eJv/k (6)

he standard expression for the mass transfer coefficien
tirred cell is[24],

= 0.104

(
Deff

r

) (
ωr2ρ

µ

)2/3(
µ

ρDeff

)1/3

(7)

hereDeff is the effective diffusion coefficient,r the stirring
adius,ω the stirring velocity, andρ the solution density
hen using Eqs.(4) and (5), the two unknown parameters,rp
nd�x/Ak, can be calculated from the rejection data for e
rganic compound.

The calculated values ofrp based upon the rejection
ach of the organic compounds are provided inTable 3.
he estimated effective pore radii are consistent regar
f which organic compound they are based upon. The
ge effective pore radiirp of the membranes were 0.33 n

or the RO, 0.34 nm for the LPRO, and 0.44 nm for the
embranes. The values ofrp for the RO, LPRO, and N
embranes obtained in this analysis are similar to a pre
n which the rejections of formaldehyde, methanol, and
re quite low (<22%) for all the membranes. In addition

ig. 6. Effect of solute radius/effective membrane pore radius on the
ion of various compounds by RO (AK), LPRO (ESPA), and NF (ES
embranes. Operating conditions:�P = 800 kPa; stirring speed = 400 rp

c = 2.5. ((�) sodium chloride; (�) urea; (�) 2-(2-butoxyethoxy)ethano
�) caprolactam; ( ) creatine; (�) formaldehyde; (©) methanol; (♦) 2-
ropanol; (�) water). Solid curve: regression fit to data for organic c
ounds (Eq.(8)); dashed curve: regression fit for inorganic compounds[28].
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Table 4
Three dimensional molecular structures of the organic compounds and water [based upon Chem3D]

Compound Ball-and-stick Space-filling

Creatine

2-(2-Butoxyethoxy) ethanol

Caprolactam

2-Propanol

Formaldehyde

Methanol

Urea

Water

By manually adjusting the scale so that the oxygen atoms are similar in size for all molecules, the molecules appear at approximately the same scale to allow
comparison of the overall size of the molecules.

the same region the rejection of formaldehyde and methanol
by the RO and LPRO membranes was much lower (<16%)
than that of caprolactam and 2-propanol by the NF membrane
(>51%), even though formaldehyde and methanol for the RO
and LPRO membranes and caprolactam and 2-propanol for
the NF membrane have similarri,s/rp ratios (ranging from
0.55 to 0.66). This may be a consequence of different de-
grees of steric exclusion, since these compounds have differ-
ent molecular structures. The three dimensional molecular
structures of all the organic compounds that were considered
are shown inTable 4(obtained using commercially avail-
able software: Chem3D, CambridgeSoft Corp., Cambridge,
MA, USA). The space-filling models show the size and posi-
tion of the atoms based upon the bonding properties and van
der Waals radius[27]. Although the space-filling models are
most realistic, the ball-and-stick models depict the molecu-
lar structure more clearly. Formaldehyde and methanol have
smaller and less complex three-dimensional structures than

caprolactam and 2-propanol. This may lead to better transport
of formaldehyde and methanol through the RO and LPRO
membranes than caprolactam and 2-propanol through the NF
membrane in spite of similarri,s/rp ratios. Apparently, the
more complex molecules, caprolactam and 2-propanol, are
rejected more easily by steric exclusion than formaldehyde
and methanol. Thus, the structure of compounds may need
to be considered for the rejection of organic compounds in
addition to theri,s/rp ratio. When theri,s/rp ratio is greater
than 0.7, the collapse of the data is much better than at lower
ratios. The compounds at the higher ratios, creatine, BEE,
and caprolactam, all have large solute radii. However, their
structures differ substantially. Creatine is a compact chain,
BEE is a long chain, and caprolactam is a ring. Thus, it ap-
pears that the rejection depends primarily upon the molecular
size, and the molecular structure is less important for these
larger molecules. From the results one could categorize the
rejection of organic compounds into three classes according
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to the ratio,ri,s/rp. At the lowest ratios,ri,s/rp < 0.4, the re-
jection is negligible. At moderate ratios, 0.4≤ ri,s/rp ≤ 0.7,
the rejection can be either quite low or moderate, depend-
ing upon the structure of the solute and the resulting steric
exclusion. At high ratios,ri,s/rp > 0.7, the rejection seems de-
pendent only on theri,s/rp ratio with little effect due to the
solute’s molecular structure.

The rejection of an ionic solute (NaCl) is also shown in
Fig. 6 (filled circle symbols). The NaCl rejection is much
greater than that for the organic compounds even at lower
ri,s/rp ratios. In addition, the dependence of the rejection on
ri,s/rp for various ionic solutes (at very high concentrations)
including potassium, calcium, magnesium, phosphate, sul-
fate, ammonium, nitrate, and nitrate ions as well as sodium
and chloride ions obtained from our study for the same RO,
LPRO, and NF membranes[28] is shown inFig. 6 for com-
parison (dashed curve). The rejection of the ionic solutes
is much greater than that for the organic compounds at the
sameri,s/rp ratios, verifying that the rejection of a charged
compound is governed by electrostatic exclusion in addition
to steric exclusion. (The data points inFig. 6 for NaCl are
somewhat above the dashed curve, because the concentration
used here is substantially lower than that in the other work.)

3.5. Rejection mechanisms: diffusion, electromigration,
a
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the compounds is lower than the RO and LPRO membranes.
The Cm/Cf ratio for all the membranes is higher for crea-
tine, BEE, caprolactam, and 2-propanol than that for urea,
formaldehyde, and methanol due to the higher rejection of
the larger molecules. However, theCm/Cf ratio for NaCl and
(NH4)2CO3 is lower than that for creatine and BEE for the
RO and LPRO membranes, even though they have the similar
rejections. This is because the effective diffusion coefficient
of NaCl and (NH4)2CO3 is higher than that of creatine and
BEE.

The relative importance of various transport mechanisms
for solute through the membranes can be determined using
a transport model based upon the extended Nernst–Planck
Equation combined with a concentration polarization model
[13,26,29]:

Ji = −Ki,dDi

dci

dx
− ci

ziKi,dDiF

RT

dΨm

dx
+ Ki,cJvci (9)

whereJi is the solute flux,zi the valency of solutei, F the
Faraday constant,Ψm the membrane potential, andR the gas
constant. The terms on the right hand side represent transport
due to diffusion, the electric field gradient, and convection,
respectively. Based upon the Nernst–Planck equation, Bowen
and Mohammad[26] suggested that the contribution of each
transport mechanism in the membrane can be approximated
using a one-step central difference estimate of the gradient.
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Since solute transport through RO and NF memb
ores is influenced by solute concentration at the memb
urface, determining solute concentration at the memb
urface is important to understanding solute rejection by
nd NF membranes.Fig. 7 shows the ratios of solute co
entration on membrane surface (Cm), calculated using Eq
5), to bulk concentration (Cf ) for all of the solutes for th
hree membranes. The RO membrane has a higherCm/Cf
atio because of its higher flux and high rejection. The
embrane exhibits a lowerCm/Cf ratio than the RO an
PRO membranes. This is because for all the solution
mM (30–162 mg/L) the membrane permeability of the
embrane is lower (Table 1) and the rejection of most

ig. 7. Ratio of the solute concentration on the membrane surface to
oncentration for RO (AK), LPRO (ESPA), and NF (ESNA) membra
perating conditions:�P = 800 kPa; stirring speed = 400 rpm; feed conc

ration = 1 mM; fc = 2.5. ((�) ammonium carbonate; (�) sodium chloride
�) urea; (�) 2-(2-butoxyethoxy)ethanol; (�) caprolactam; ( ) creatine
�) formaldehyde; (©) methanol; (♦) 2-propanol).
or uncharged organic compounds, the contribution by
romigration is zero because the valency of compound,zi, is
ero in Eq.(9). Thus, solute transport depends only upon
iffusion and convection. The following expressions refl

he percentage contribution of each transport mechanis
q. (9) to the total transport:

iffusion (%) = 1

Ji

(
−Ki,dDi

Cp − Cm

�x

)
× 100 (10)

onvection (%)= 1

Ji

(
Ki,cJv

Cm + Cp

2

)
× 100 (11)

he diffusion coefficient and the ratio of solute radius to
ective membrane pore radius,ri,s/rp, play a role in the hin
rance factor for both transport mechanisms. In the a
quations for diffusion and convection,Ki,d, Ki,c, andDi are
nown parameters for each solute or membrane,Ji, Jv, andCp
re based upon experimental data obtained from the s
ell tests, andCm is calculated from Eq.(6). The contribu
ions of diffusion and convection are shown inFig. 8 as a
unction of the diffusion coefficient and theri,s/rp ratio. The
ass transport through the membrane is controlled main
iffusion for membrane/compound combinations that ha
ighri,s/rp ratio (>0.75). In these cases, the convective tr
ort is minimal and the rejection of solute is high. Since
olute concentration on the high-pressure side of the m
rane is much greater than that on the low-pressure side

usion dominates. However, the contribution of convectio
ominant for membrane/compound combinations that
smallri,s/rp ratio, sinceJv andKi,c increase with decrea
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Fig. 8. Relative contribution of transport mechanisms for RO (AK), LPRO
(ESPA), and NF (ESNA) membranes with different organic compounds
(urea, 2-(2-butoxyethoxy)ethanol, caprolactam, creatine, formaldehyde,
methanol, and 2-propanol). (a) Diffusion and (b) convection. ((�) RO; (©)
LPRO; (�) NF).

ing ri,s/rp ratio. The contributions obtained in this analysis
for creatine are similar to those in a previous report for the
LPRO (ESPA) membrane[13].

4. Conclusions

Commercially available RO and NF membranes were
tested to determine rejection of organic and inorganic com-
pounds using laboratory scale experiments. The results show
that rejection of organic compounds and ions by RO mem-
branes was higher than NF membranes due to size exclusion,
since the RO membranes have smaller membrane pore radii
than the NF membrane. To better understand the rejection
mechanisms (size exclusion and electrostatic exclusion), the
ratio of solute radius (ri,s) to effective membrane pore radius
(rp) was employed to compare the rejections. For all the or-

ganic compounds, the rejection depends upon theri,s/rp ratio
for the RO, LPRO, and NF membranes. Significant rejection
occurs when theri,s/rp ratio is greater than 0.8. However, for
the three membranes the prediction of rejection given by Eq.
(8) and shown inFig. 6is imperfect forri,s/rp ratios between
0.4 and 0.7. Apparently, the rejection of organic compounds
in this range ofri,s/rp ratios depends upon the molecular struc-
ture in addition to theri,s/rp ratio. The rejection of NaCl is
much higher than that for the organic compounds at the same
ri,s/rp ratio, indicating that the rejection of ionic compounds is
governed by electrostatic repulsion. For organic compounds
the transport of solutes is controlled by diffusion and convec-
tion. The contribution by diffusion is dominant for the com-
pounds having a highri,s/rp ratio, while the contribution of
convection is dominant for compounds having a smallri,s/rp
ratio.
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r radius of stirred cell (m)
rp effective pore radius of membrane (m)
ri,s radius of solutei (m)
Nomenclature

a fitting constant (–)
Ak effective porosity of membrane (–)
ci solute concentration inside membrane phas

(mol/m3)
Cf solute concentration in feed (bulk) solution

(mol/m3)
Cm solute concentration at membrane surfac

(mol/m3)
Cp solute concentration in permeate solution

(mol/m3)
Di diffusion coefficient of solutei (m2/s)
Deff effective diffusion coefficient of solute (m2/s)
fc volumetric concentration factor (–)
F Faraday constant (C/mol)
Ji solute flux through membrane (m/s)
Jv solvent flux through membrane (m/s)
k mass transfer coefficient on high-pressure sid

of membrane (m/s)
kB Boltzmann constant (J/K)
K fitting constant (–)
Ki,c hindrance factor for convection (–)
Ki,d hindrance factor for diffusion (–)



86 Y. Yoon, R.M. Lueptow / Journal of Membrane Science 261 (2005) 76–86

R gas constant (J/mol K)
Ri rejection for solutei (–)
T temperature (K)
Vc volume of concentrate (m3)
Vf volume of initial feed (m3)
Vp volume of permeate (m3)
x coordinate in flow direction (m)
�x membrane thickness (m)
zi valency of solutei (–)

Greek symbols
µ solvent viscosity (kg/m s)
π mathematical constant (–)
ρ solution density (kg/m3)
φ steric partitioning term (–)
Ψm electrical potential in membrane phase (V)
ω stirring velocity (rad/s)
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