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Abstract

Rejection characteristics of organic and inorganic compounds were examined for six reverse osmosis (RO) membranes and two nanofiltratic
(NF) membranes that are commercially available. A batch stirred-cell was employed to determine the membrane flux and the solute rejectio
for solutions at various concentrations and different pH conditions. The results show that for ionic solutes the degree of separation is influence
mainly by electrostatic exclusion, while for organic solutes the removal depends mainly upon the solute radius and molecular structure. In orde
to provide a better understanding of rejection mechanisms for the RO and NF membranes, the ratio of solutgy énlefégctive membrane
pore radius ;) was employed to compare rejections. An empirical relation for the dependence of the rejection of organic compounds on the
ratior; /rp is presented. The rejection for organic compounds is over 75% whigpis greater than 0.8. In addition, the rejection of organic
compounds is examined using the extended Nernst—Planck equation coupled with a steric hindrance model. The transport of organic solut
is controlled mainly by diffusion for the compounds that have a hijgh, ratio, while convection is dominant for compounds that have a
smallr; /r, ratio.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and produces no problematic by-products. In particular, re-
verse osmosis (RO) including low pressure RO (LPRO) and
The effective removal of organic compounds has always nanofiltration (NF) are broadly used membrane processes for
been a major challenge for the production of potable water, both potable water treatment and wastewater ré2isé].
since the United States Environmental Protection Agency as-  Previous studies have shown that RO and NF are effec-
sessed the hazard of over 85,000 chemiHsAlthough tive technologies to remove organic compounds when the so-
there are currently no federal regulations for most of these lute sizes are larger than the membrane pore sizes or organic
chemicals in drinking water, drinking water must be essen- compounds have ionizable functional groups causing elec-
tially free from organics in order to be fit for human con- trostatic repulsiorf5—10]. However, these previous studies
sumption. However, there are few studies of how to remove have typically considered relatively large compounds (e.g.,
the many unregulated chemicals based upon conventionaimolecular weight (MW) > 150 g/mol) and/or relatively hy-
and advanced drinking water treatment technologies includ- drophobic compounds (e.qg., logarithm of octanol-water par-
ing coagulation, softening, activated carbon, ion exchange,tition coefficient>2.0). Only a few studies have investigated
oxidation (e.g., chlorination and ozonation), and membrane the rejection of small uncharged organic compounds by RO
filtration. For the last few decades, the use of membrane tech-and NF membrang41-13] These studies have shown that
nology has grown significantly in the water industry com- the rejections for uncharged small molecules such as urea
pared to other water treatment technologies, since membranare quite low. Like urea, other small, hydrophilic, uncharged
filtration requires minimal addition of aggressive chemicals molecules such as methanol and formaldehyde may also be
quite difficult to remove using RO or NF membranes. How-
* Corresponding author. Tel.: +1 847 491 4265; fax: +1 847 491 3015.  €Ver, few systematic measurements of the interaction of small
E-mail address: r-lueptow@northwestern.edu (R.M. Lueptow). organic molecules with RO and NF membranes are available.
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A complete understanding of the transport of small organic  The objective of this study is to understand the physico-
compounds through RO and NF membranes is a challengingchemical processes related to the rejection of small uncharged
issue, since solute transport depends on physico-chemicabrganic compounds by RO and NF membranes. To accom-
properties of the solvent, solute, and membrane. Factors in-plish this, the rejections of both organic and inorganic species
clude the solution pH and ionic strength, the solute size or were measured at various pH and recovery conditions. The
shape and polarity or hydrophobicity, and the membrane poreexperimental rejection data were analyzed using the extended
size and charge. Nernst—Planck equation to determine the dominant transport
Although our study focuses mainly on the rejection of mechanisms as a function of ratio of solute radius to effective
organic compounds by RO and NF membranes, it is still nec- membrane pore radius and the diffusion in the membrane.
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 2. Materials and methods
membrane charge are major factors that influence the so-
lute rejection due to electrostatic repulsion between ionic  Six RO membranes and two NF membranes that are com-
compounds and a charged membrane. Previous studies havmercially available were tested to measure the organic and
shown that the rejection of sodium, calcium, chloride, and inorganic rejections. The flat sheet, thin film composite mem-
sulfate ions increases with increasing solution pH for the RO branes were obtained from different manufacturers, listed in
and NF membrandd4,15] In these studies, solute concen- Table 1 The typical operating pH recommended for the mem-
tration also influences the solute transport through the RO branes ranges from 2 to 11. The normal/maximum operating
and NF membranes, since the membrane charge becomepressures are 1035-1550/4140 kPa for the RO membranes
more negative with increasing solution pH and with decreas- and 518-690/4140 kPa for the NF membranes. The pure wa-
ing solute concentration. In addition, separate studies haveter permeabilities measured at 800 kPa using a stirred cell
shown that the rejection of both inorganic and organic com- range from 0.51 to 2.36 L/d fkPa.
pounds and the flux for the RO and NF membranes are sig- Although the methods used in this paper and the results
nificantly influenced by hydrodynamic operating parameters that have been obtained are generally applicable to removal
such as the water recovery (the ratio of total permeate vol- of organic contaminants from water, we focus here on con-
ume to initial feed volume) and the volumetric concentration taminants that typically are present in the cabin humidity
factor (the ratio of feed volumetric to concentrate volume) condensate of a spacecrff]. This condensate water is of-
[11,12,16] ten thought to be an ideal candidate for reuse as potable water
Several recent studies have investigated the transportfor long-term space missions. However, it is often contami-
mechanisms of ionic and organic solutes through RO or NF nated by organic chemicals, primarily due to off-gassing of
membrane$3,5,6,12,13,15]These studies have shown that polymer compounds in the spacecid].
for organic compounds the removal depends upon the so- Initial screening tests were performed with solutions at
lute size/shape and polarity/hydrophobicity, while for ionic concentrations of 1000 mg/L for sodium chloride (NaCl),
compounds the degree of separation is governed by both siz&000 mg/L for urea, and 3429 mg/L for ammonium carbon-
exclusion and electrostatic exclusion. However, these studiesate ((NH;)2COs). The chemical composition of these solu-
are still limited to a few membranes and cover only a few tions is based upon analysis of wastewater streams expected
inorganic or organic solutes. Therefore, a systematic rejec-on board a spacecraft. They represent a mixed wastewater
tion assessment both for organic and inorganic compounds isstream before and after ammonification of urea. For these
usefulin order to investigate the rejection and transport mech- screening tests, the criteria include high membrane flux and
anisms (i.e., diffusion, electromigration, and convection) for high rejection. For the three best membranes based upon

RO and NF membranes. the screening tests in each category considered (RO, LPRO,
Table 1
RO and NF membranes and their characteristics obtained from manufacturers
Membrane type/use Membrane pH range Normal/maximum Pure water permeability
operating pressure (kPa) (L/d m2 kPajt
Product name Manufacturer
RO/surface water AK Desal-Osmonics 4-11 1550/NA 2.07
RO/low pressure ESPA Hydranautics 4-11 1035/4140 1.69
RO/brackish water AG Desal-Osmonics 4-11 1550/NA 0.96
RO/brackish water 70LW Toray 3-9 1550/4140 0.71
RO/surface water CAP Hydranautics 4-11 1550/4140 0.58
RO/wastewater LFC Hydranautics 3-10 1550/4140 0.51
NF/water softening HL Desal-Osmonics 3-9 690/NA 2.36
NF/surface water ESNA Hydranautics 2-10 518/4140 1.38

@ Data obtained from dead-end stirred-cell experiments; NA: not available.
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Table 2
List of target compounds used in this st@p,26]
Compound MW (g/mol) D; (10-19m?/s) Radius (nm) Structure/formula
O
O
Creatine 13r 6.6 0.37
NYN\

N
2-(2-Butoxyethoxy) ethanol 162 7.7 0.32 NNl
Caprolactam 112 8.7 0.28 O

HN

OH

2-Propanol 60 9.3 0.26
H—C=—=0
Formaldehyde 30 111 0.22 }ll
OH
Methanol 320 12.8 0.19 H
H
1
i
Urea 601 13.8 0.18 H,N—C—NH,
(0]
Ammonium carbonate 96 Cation: 19.6; anion: 18.5; 142 Cation: 0.125; anion: 0.133 ‘O)I\O‘
NH,* NH4*
Sodium chloride 55 Cation: 13.3; anion: 20.3; 16'1 Cation: 0.184; anion: 0.121 NacCl

a Effective diffusion coefficientles).

and NF), the rejection was measured for the seven organicfor 24 h to clean any chemicals on the membrane. During this
compounds and two inorganic compounds listedable 2 period the pure water was replaced several times with a new
These organic and inorganic compounds are typically found volume of pure water. The dissolved organic carbon (DOC)
in spacecraft wastewatt9] as well as in many other sit-  of the final rinse water was checked to assure that it was at a
uations[20—22] The organic compounds that are included negligible level. Additionally, the membrane was prefiltered
in this study are creatine, 2-(2-butoxyethoxy)ethanol, capro- with pure water at a pressure of 1380 kPa (200 psi) for fur-
lactam, 2-propanol, formaldehyde, methanol, and urea. Thether stabilization prior to use. The pure water flux was then
inorganic compounds include NaCl and (NBICOs. The test measured at a pressure of 800 kPa (116 psi) until a constant
solutions were prepared by adding a single organic or inor- flux was obtained. Only then was water in the stirred cell
ganic species to distilled water at a concentration of 1 mM. replaced by the test solution. The stability of the membrane
The experiments were performed in batch mode using a permeability during the experiment was checked by compar-
dead-end stirred cell that has been widely used for the vari- ing the pure water flux before and after each experiment. Only
ous membrane filtration studi§s,7,12,13] The stirred cell those membranes for which permeability changes were less
was made of aluminum and coated with Teflon to improve than 5% were included in the data presented here.
chemical stability by minimizing unnecessary interactions  The weight of the permeate was measured using a bal-
(e.g., adsorption) between solute and stirred cell. The cell ance. The permeate flux is expressed in terms of volumetric

had an active filtration area of 22.9 érand a working vol- concentration factorfy),

ume of 50 mL[13]. All the experiments were conducted at Vi v

a stirring speed of 400 rpm, controlled by a magnetic stir- fo = — =1+ Q)

rer (Stirrer assembly 8200, Millipore, USA), and a constant ¢ Ve

working pressure of 800 kPa, controlled by a high-pressure where V¢, V¢ and V,, are defined as the volume of feed,
nitrogen cylinder and a gas pressure regulator. concentrate, and permeate, respectively. The volumetric con-

A fresh membrane was used for each experiment. The centration factor has been widely used as a comparable hy-
membrane was soaked in ultra-pure deionized water at leasdrodynamic operating parameter for the membrane filtration
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studies[12,16] The solute concentrations of the permeate 100 =
were measured at different volumetric concentration factors. ~ 8ol e Sy
The rejection for specigsR;, was calculated as: E‘E i | b
o
R (%) = (1— gp) x 100 @) 8 “or .
. f . T 201 (a) NaCl rejection
whereCp, is the permeate concentration afidthe concen- 0 L
tration in the feed (bulk) solution. The concentration in the 100
permeate was measured several times yfintill.0-2.5 cor- — (b) Urea rejection
responding to a recovery of 0-60%. After filtration tests, 9z,
samples were acidified below a pH of 2.0 by adding 10% sul- g T
furic acid to prevent the loss of compounds for DOC analysis. & 4or o
Analyses of organic compounds in the bulk, permeate, and re- & E

20 e 2NN Q’ a
1

tentate of the solutions were performed using a DOC analyzer ” T

(DC-180, Dohrmann, USA). The concentrations of the ionic 100

compounds were determined by conductivity measurements 5 dyo@

and were automatically corrected for temperature. The zeta S v

potential of the RO, LPRO, NF membranes was measured at 5 6or

pH 3.5-9.5 and a NaCl concentration of 1000 mg/L using an ‘§ 40 A
electrokinetic analyzer apparatus (EKA, Brookhaven Instru- ) o0 | o
ments Corp., Holtsville, NY, USA) following an established (N COgrjaction
procedurg23]. ° 0 10 20 30 40 50 60

Flux (L/m*-hr)

3. Results and discussion Fig. 1. Comparison of flux and solute rejection by RO and NF membranes.

Operating conditionsA P =800 kPa; stirring speed =400 rpfa=2.5. ()
3.1. RO and NF membrane characterization AK; (O) ESPA; (0) AG; (0) 70LW; (V) CAP; (O) LFC; (A) HL; (V)
ESNA).

In order to initially compare the basic properties of the
RO (AK, ESPA, AG, 70LW, CAP, and LFC) and NF (HL membrane permeate flux for various solutions. For the in-
and ESNA) membranes, solute rejection measurements basedrganic and organic compounds the permeate flux follows
upon electrical conductivity and DOC were carried out for the order, urea>NaCl > (NH,COg, as shown irFig. 1 Sig-
NaCl, (NHz)2CO;3, and urea solutions for a volumetric con- nificant flux declines ranging from 9 to 73% of the pure water
centration factor of 2.5 atpH 7. To determine the most suitable flux were observed, depending on the membrane and the wa-
membranes, the rejections of NaCl, (NbICOs, andureaare  ter composition. The (Ni2COs solution showed a greater
plotted as a function of permeate fluxikig. L When choos-  flux decline (45-73%) than the NaCl solution (19-46%) or
ing a membrane to produce drinking water, it is optimal to the urea solution (9—36%). For the inorganic solutions this is
produce high-quality water with a high permeation rate, cor- because the (NfJ2COs solution concentration (3429 mg/L)
responding to the upper right hand corner of each graph inwas greater than that for the NaCl solution (1000 mg/L) and
the figure. The HL (NF) membrane has the highest permeatehad the higher osmotic pressure, which lowers flux by re-
flux, but it has the lowest rejection of solutes. The LFC (RO) ducing the effective transmembrane pressure. However, the
membrane has the lowest flux, but this does not guarantee thairea solution showed the lowest flux decline even though this
highest rejection of solutes. Three membranes show promisecontains the highestinitial concentration, because the urea so-
based on the rejection of NaCl and (WHICOs alone: AK, lution had the lowest final concentration in the concentrate
ESPA, and ESNA membranes. In addition, the AK membrane compared with (NH)>CO3z and NaCl.
has good rejection and flux characteristics based on removal Fig. 2 shows the flux as a function of volumetric con-
of urea, although the urea rejection is very low compared centration factor for the filtration of solutions of urea and
to the ions. This is because urea is a very small, uncharged(NH,4)>COs. Clearly, the permeate flux for the solutions was
molecule (MW 60.1 g/mol), so it is very difficult to reject by  significantly reduced with increasing volumetric concentra-
size exclusion and cannot be rejected by charge exclusion.tion factor. The (NH)2COj3 solution showed a greater flux
Error bars based upon the standard deviation calculated fromdecline than the urea solution. This is because not only was
triplicate measurements of the rejection are quite small, sothe initial (NHz)2CO3 solution concentration (3429 mg/L)
they are barely visible in the figure. greater than that for the urea solution (2000 mg/L) at a volu-

Producing both high permeate flux and high permeate metric concentration factor of 1.0, but also its final concen-
quality has always been an issue in membrane filtration for tration was higher in the concentrate than that in the urea
potable water. Therefore, it is very important to evaluate concentrate at a volumetric concentration factor of 2.5. In
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Fig. 2. Flux decline for reverse osmosis and nanofiltration of solutions con- g 40
taining (a) urea and (b) (NH2CO; for different membranes. Operating 'g o0 L
conditions: AP =800 kPa; stirring speed =400 rpfa=1.0-2.5. (0) AK; A A A A
(O) ESPA; (A) AG; (¢) 70LW; (V) CAP; @) LFC; (A) HL; (¥) ESNA). 0 ! L L !
2 4 6 8 10
pH

addition, for (NH;),COs the AK and ESPA membranes had
greater flux declines th_an the_ Other_ me_mbrane_s' since theS%ig. 3. Variation of solute rejection with respect to feed pH for RO
RO membranes had higher ion rejections. This can be at-(ak), LPRO (ESPA), and NF (ESNA) membranes. Operating conditions:
tributed to a higher osmotic pressure atthe membrane surfaceAP =800 kPa; stirring speed =400 rpiia;=2.5. ((J) NaCl; (o) urea; Q)
which reduces the effective transmembrane pressure. (NH4)2COs).

COs2~ ionsplay arole. 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-

We focus on three membranes for the remainder of this . 0 f ¢ carbonat ds is divalent£20i

study, one in each of the categories that we considered thal!rlatﬂ ﬁ_rn;loHcarhc.)nha_e compounll s 1S '\t/adeg th 'OES d
provide the best rejection and flux based upon the screeninga € igh pH, which 1s more easily rejected by the charge
study: AK (RO), ESPA (LPRO), and ESNA (NF). However, membranes compared to HgOions, which are more dom-

surface waters and wastewater effluents being treated for usénant at lower pH. Apparently, the dominant effect is the re-

as drinking water have complex compositions with various duced rejection due to the presence of ammonia. Therefore,
pH levels. Thus, it is important to consider the effect of so-
lution pH on solute rejection. As shown kig. 3, the rejec- 0
tion of ionic solutes by the RO, LPRO, and NF membranes é
is dependent on the solution pH. For ionic salts (NaCl and %
(NH4)2C0O3) the RO and LPRO membranes with small pore S v

3.2. Effect of pH on solute rejection

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
for NaCl and slightly decreased rejection for (WHCOs.
These results can be explained by electrostatic exclusion. 20 A A | !
The membrane charge becomes more negative with increas- 2 4 6 8 10
ing pH, as shown ifrig. 4, resulting in increased electrostatic
repulsion between N#CI~ ions and the membranes thus in- _

. L. Fig. 4. Dependence of zeta potential on pH for RO (AK), LPRO (ESPA), and
creasing the NaCl rejection. However, for (WEHCOs the £\ Eqna) membranes. (NaCl = 1000 mg/CYRO: (O) LPRO: (v) NF).
equilibrium characteristics of ammonia (MHwvith ammo- Error bars are calculated based upon the standard deviation from triplicate
nium ions (NH;*) and bicarbonate (HC£>) with carbonate measurements of the zeta potential.

T
<4 OO

«+CHH

Zeta potential (mV)
x .
I
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100 - 5 was only approximately 80% for the RO and LPRO mem-
= 8- A @ branes. That the rejection of creatine is greater than that of
% il & BEE even though the molecular weight of creatine is smaller
% than that of BEE can be explained in terms of the solute ra-
Z. BT dius of the molecules. The solute radii, which are listed in
o 20 A (a) RO (AK) Table 2 can be calculated based upon the compounds’ dif-

olL—© 1 L L fusion coefficient values (also shown Table 29 using the

100 ~ o Stokes—Einstein equatig4]:

— aolk u o

9 80 5 A D; = kgT 3)

S 60F 6rrur;s

& 40r whereD; is the diffusion coefficient of solutg kg is the

€ 20f 8 L(b) LPRO (ESPA) Boltzmann constantl is the temperaturey is the solvent
0 : ! ! viscosity, and; sis the radius of solute Using this approach,

100 the solute radiusrfs) of creatine is greater (0.37 nm) than
e sy | e m © that of BEE (0.32 nm) thus explaining the higher rejection
T of creatine. The rejection by the NF (ESNA) membrane is
,é 2T & = . slightly lower for creatine (89%) and substantially lower for
3 40r caprolactam (59%) and BEE (62%) compared to the RO and
T 20} & (c) NF (ESNA) LPRO membranes, suggesting a larger effective pore size for

0 B ! s the NF membrane.
0 50 100 150 200 For the relatively small organic compounds the rejection
Molecular weight (g/mol) of 2-propanol is over 65% for the RO and LPRO membranes

and nearly 50% for the NF membrane. Urea rejection (under
Fig. 5. Rejection of different compounds for RO and NF membranes. 2204) is substantially lower than all the other compounds

Operating conditionsAP =800kPa; stirring speed=400rpm; feed con- At 0
centration = 1 mM; fo= 2.5. () RO (AK), (b) LPRO (ESPA), and (c) NF except formaldehyde and methanol (rejection under 15%).

(ESNA). (@) ammonium carbonate@) sodium chloride; 4) urea; (J) 2- Urea, formak_jejhyde’ an_d metha}nOI are Small or uncharged,
(2-butoxyethoxy)ethanol) caprolactam;Q) creatine; {7) formaldehyde; so they are difficult to reject by size exclusion and by charge
(O) methanol; ) 2-propanol). exclusion for all of the membranes. In addition, the rejection

of urea is substantially lower than that of 2-propanol, even
the overall rejection of (Nk)2COz at pH 9.5is slightly lower  though they have identical molecular weights of 60.1 g/mol.
thanthatat pH 7.5. The rejection of urea by all the membranesThis is because the solute radius of urea (0.18 nm) is smaller
was substantially lower than the ion rejection. The urea re- than that of 2-propanol (0.26 nm). These results suggest that
jection varied somewhat in the pH range, as showfign 3 the solute radius is a better parameter to predict the rejection
although it is unclear why this occurs. The rejection of urea, of solutes than the molecular weight.
a small and uncharged molecule having no ionizable func-  For ionic compounds the rejection of NaCl and

tional groups, should not be influenced by solution pH and (NH4),COs is high (over 85%) for all the membranes,

membrane charge. even though the molecular weights of the ionic compounds
(58.5g/mol for NaCl and 96.1 g/mol for (NHLCO3)) are

3.3. Comparison of solute rejections by selected RO, much smaller than creatine, caprolactam, and BEE. Clearly,

LPRO, and NF membranes the rejections of ions are governed mainly by electrostatic

exclusion. In addition, the rejection of 2-propanol is substan-

The rejection of both organic and inorganic compounds tially lower than that for NaCl, even though these compounds
for the RO, LPRO, and NF membranes is showFig. 5as have similar molecular weight. This is because size exclusion
afunction of the molecular weight of the rejected species. The is dominant for the 2-propanol rejection, while the rejection
rejection of the compounds was very similar between the RO of NaCl is governed by both size exclusion and electrostatic
(AK) and LPRO (ESPA) membranes except formaldehyde exclusion.
and methanol. The rejection was somewhat lower for the NF
(ESNA) membrane than for the RO and LPRO membranes. 3.4. Relationship between rejection and the ratio of
Generally, higher molecular weight compounds have better solute radius to effective membrane pore radius
rejection than low molecular weight compounds. However,
the rejection is not purely a function of molecular weight. For It is useful to consider the physical properties of both the
instance, the rejection of creatine (MW 131.2 g/mol) was over solute and the membrane in order to understand rejection
96% for the RO (AK) and LPRO (ESPA) membranes. How- mechanisms for RO and NF membranes. For organic com-
ever, the rejection of 2-(2-butoxyethoxy)ethanol (BEE), a pounds, the hydrated radius, which is influenced by both so-
molecule with a higher molecular weight (MW 162.2 g/mol), lute shape and molecular weight, is the crucial parameter to
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be considered. The size exclusion mechanism can be considfable 3 . _ _
ered in terms of the dependence of the rejection on the ratio ofEffective membrane pore sizg, (nm), for the various organic compounds

the solute radiuss) to effective membrane pore radiug); RO (AK) LPRO (ESPA) NF (ESNA)
The rejection data for uncharged molecules (creatine, BEE, creatine 0.328 0.334 0.427
caprolactam, 2-propanol, formaldehyde, methanol, and urea)BEE 0.333 0.329 0.428
can be used to calculate the effective pore radius for eachCaprolactam 0.327 0.328 0.427
membrane based upon a model of steric interaction of hard%Fropanol 0.334 0.349 0.452

. . . . Formaldehyde 0.335 0.334 0.446
spheres in cylindrical pores. Although this approach has beeny;qihanol 0344 0336 0452
described in some detail elsewhg813], we briefly sum- Urea 0.329 0.343 0.448

marize some key equations. It can be sh¢®826]that: Average 0.333 0.336 0.440

CmKico

Cp= .
1 exp(— Fe 555 ) (L - ¢Kic)

(4)

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

C K: o Jux C The availability of the membrane pore size allows a more
ci(x) = (¢Cm - —F ) exp (—lcv> +E 5) meaningful analysis of the physical basis for the rejection

Kic Ki.aDiAx Kic using the ratio of solute radius to effective membrane pore
whereCn, is the solute concentration at membrane surface on radius,r; ¢/rp, rather than simply the molecular weight of the
the concentrate side of the membrakig, the hindrance fac-  species. The rejections of organic compounds are plotted as a
tor for convectiong the steric partitionk; 4 the hindrance  function ofr; /r, for all three membranes Fig. 6. In the fig-
factor for diffusion,Jy the solvent flux through the mem- ure, the data points having zero rejection correspond to water
brane,Ax the membrane thicknessy the effective porosity ~ molecules (HO) with an assumption that water passed read-
of the membrane;; the solute concentration, andhe coor-  ily through the membrane pores. The data points for the RO
dinate in the flow direction through the membrane. In these and LPRO membranes can be identified for a particular com-
equations the effective membrane pore radius is hidden in thepound, since they have almost identigalrp ratios, whereas
factorse, K; ¢, andk; g, which are functions of the ratio of the ratio for the NF membrane is lower. The regression curve
solute radius to effective membrane pore radiugrp; ¢ and in the figure (solid curve) is based upon the measured rejec-
K; ¢ decrease with increasimgy/rp ratio, whilek; gincreases  tion for all organic compounds for all the membranes such
with increasingr; /rp ratio. The solute concentration at the that:
membrane surfac&’n, can be related to the experimental , o\ - K(is/rp)ta
values ofCp, Ct, andJy along with the estimated mass trans- Ri(%)=(1-e P % 100 (8)
fer coefficientk, using the concentration polarization model wherek (4.28) anda (1.97) are the fitting constants (valid
based upon back diffusion of the solute from the membrane for r; ¢/rp > 0.46). The form of the regression curve was cho-

to the bulk solutiorf24], sen so that the rejection asymptotically approaches 100% as
Co_C r; d/rp increases. Clearly, a higher rejection occurs when the
M P _ gh/k (6) r; o/rp ratio increases. However, the prediction is imperfectin
G —Cp the region of the steepest part of the curve (@:/rp < 0.7)

ain which the rejections of formaldehyde, methanol, and urea

The standard expression for the mass transfer coefficient in ’ e
are quite low (<22%) for all the membranes. In addition, in

stirred cell is[24],

D wr?p 2/3 PRE 100 - ——
k=0.104(>< ) ( ) @) ="
r 18 0o Deff £ O/

whereDegi; is the effective diffusion coefficient,the stirring g %0 /
radius,  the stirring velocity, andp the solution density. s A0F f
Then using Eqg4) and (5) the two unknown parameters, © 20/ 4 .
andAx/Ay, can be calculated from the rejection data for each 0 [ JQISe «
organic compound. 0.0 02 04 06 08 1.0 12

The calculated values of, based upon the rejection of nt

each of the organic compounds are providedTable 3
The estimated effective pore radii are consistent regardlessFig. 6. Effect of solute radius/effective membrane pore radius on the rejec-
of which organic compound they are based upon. The aver-tion of various compounds by RO (AK), LPRO (ESPA), and NF (ESNA)
age effective pore rad'rip of the membranes were 0.33nm membranes. Operating condition'sP = 800 kPa; stirring speed =400 rpm;

’ fc=2.5. (@) sodium chloride; &) urea; (0) 2-(2-butoxyethoxy)ethanol;
for the RO, 0.34 nm for the LPRO, and 0.44 nm for the NF (A) caprolactam; Q) creatine; ) formaldehyde; (©O) methanol; ¢) 2-
membranes. The values gf for the RO, LPRO, and NF  propanol; ¢) water). Solid curve: regression fit to data for organic com-

membranes obtained in this analysis are similar to a previouspounds (Eq(8)); dashed curve: regression fit for inorganic compouggs
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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
- ‘adn *

?%

.

Caprolactam

e &
<
2-Propanol <
u.i
X

L™
Methanol

c

Formaldehyde i 5
[

Urea »’“%\

Water

TTLLY.

“ %

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

the same region the rejection of formaldehyde and methanolcaprolactam and 2-propanol. This may lead to better transport
by the RO and LPRO membranes was much lower (<16%) of formaldehyde and methanol through the RO and LPRO
than that of caprolactam and 2-propanol by the NF membranemembranes than caprolactam and 2-propanol through the NF
(>51%), even though formaldehyde and methanol for the RO membrane in spite of similaf;, ¢/rp ratios. Apparently, the
and LPRO membranes and caprolactam and 2-propanol formore complex molecules, caprolactam and 2-propanol, are
the NF membrane have similaygs/ry ratios (ranging from rejected more easily by steric exclusion than formaldehyde
0.55 to 0.66). This may be a consequence of different de-and methanol. Thus, the structure of compounds may need
grees of steric exclusion, since these compounds have differto be considered for the rejection of organic compounds in
ent molecular structures. The three dimensional molecularaddition to ther; ¢/rp ratio. When ther; o/rp, ratio is greater
structures of all the organic compounds that were consideredthan 0.7, the collapse of the data is much better than at lower
are shown inTable 4 (obtained using commercially avail- ratios. The compounds at the higher ratios, creatine, BEE,
able software: Chem3D, CambridgeSoft Corp., Cambridge, and caprolactam, all have large solute radii. However, their
MA, USA). The space-filling models show the size and posi- structures differ substantially. Creatine is a compact chain,
tion of the atoms based upon the bonding properties and vanBEE is a long chain, and caprolactam is a ring. Thus, it ap-
der Waals radiuf27]. Although the space-filling models are  pears that the rejection depends primarily upon the molecular
most realistic, the ball-and-stick models depict the molecu- size, and the molecular structure is less important for these
lar structure more clearly. Formaldehyde and methanol havelarger molecules. From the results one could categorize the
smaller and less complex three-dimensional structures thanrejection of organic compounds into three classes according
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to the ratio,r; ¢/rp. At the lowest ratiosy; ¢/rp < 0.4, the re- the compounds is lower than the RO and LPRO membranes.
jection is negligible. At moderate ratios, G4; J/rp <0.7, The Cn/Cs ratio for all the membranes is higher for crea-
the rejection can be either quite low or moderate, depend-tine, BEE, caprolactam, and 2-propanol than that for urea,
ing upon the structure of the solute and the resulting steric formaldehyde, and methanol due to the higher rejection of
exclusion. At high ratios;; ¢/rp > 0.7, the rejection seems de-  the larger molecules. However, tlig,/Cs ratio for NaCl and
pendent only on the; J/rp ratio with little effect due to the (NH4)2COs is lower than that for creatine and BEE for the
solute’s molecular structure. RO and LPRO membranes, even though they have the similar
The rejection of an ionic solute (NaCl) is also shown in rejections. This is because the effective diffusion coefficient
Fig. 6 (filled circle symbols). The NaCl rejection is much of NaCl and (NH),CQs is higher than that of creatine and
greater than that for the organic compounds even at lower BEE.
ri o/rp ratios. In addition, the dependence of the rejection on  The relative importance of various transport mechanisms
ri/rp for various ionic solutes (at very high concentrations) for solute through the membranes can be determined using
including potassium, calcium, magnesium, phosphate, sul-a transport model based upon the extended Nernst—Planck
fate, ammonium, nitrate, and nitrate ions as well as sodium Equation combined with a concentration polarization model
and chloride ions obtained from our study for the same RO, [13,26,29]
LPRO, and NF membrang28] is §h0\_/vn inFig. 6for com- de; 21K aDi F dwi,
parison (dashed curve). The rejection of the ionic solutes J; = —K; 4D;— — ¢;———-—
is much greater than that for the organic compounds at the ’ dx RT dx
samer; ¢/rp ratios, verifying that the rejection of a charged whereJ; is the solute fluxz; the valency of solute, F the
compound is governed by electrostatic exclusion in addition Faraday constan¥, the membrane potential, aRdthe gas
to steric exclusion. (The data points fig. 6 for NaCl are constant. The terms on the right hand side represent transport
somewhat above the dashed curve, because the concentratiodue to diffusion, the electric field gradient, and convection,
used here is substantially lower than that in the other work.) respectively. Based upon the Nernst—Planck equation, Bowen
and MohammagR6] suggested that the contribution of each
transport mechanism in the membrane can be approximated
using a one-step central difference estimate of the gradient.
For uncharged organic compounds, the contribution by elec-
Since solute transport through RO and NF membrane tromigration is zero because the valency of compouands
pores is influenced by solute concentration at the membranezero in Eq.(9). Thus, solute transport depends only upon the
surface, determining solute concentration at the membranediffusion and convection. The following expressions reflect
surface is important to understanding solute rejection by RO the percentage contribution of each transport mechanism in
and NF membranesig. 7 shows the ratios of solute con-  Ed.(9) to the total transport:
centration on membrane surfadg,{), calculated using Eq. 1 Co C
(5), to bulk concentrationd;) for all of the solutes for the  Diffusion (%)= — <—K,-,le~pm) x 100 (10)
three membranes. The RO membrane has a high#€; Ji Ax
ratio because of its higher flux and high rejection. The NF ) 1 Cm+ Cp
membrane exhibits a lowefm/Cs ratio than the RO and ~ Convection (%)= 7 (Ki,c]v2> x 100 (11)
LPRO membranes. This is because for all the solutions of '
1 mM (30-162 mg/L) the membrane permeability of the NF The diffusion coefficient and the ratio of solute radius to ef-
membrane is lowerTable 1) and the rejection of most of  fective membrane pore radiugg/rp, play a role in the hin-
drance factor for both transport mechanisms. In the above

+ K cJvei )

3.5. Rejection mechanisms: diffusion, electromigration,
and convection

equations for diffusion and convectioki;, 4, Kic, andD; are

2.5
known parameters for each solute or membra#ng,, andCp
) 5 are based upon experimental data obtained from the stirred
o5 2 i cell tests, and’y, is calculated from Eq(6). The contribu-
S a 0 tions of diffusion and convection are shownkhig. 8 as a
1.5 "2. OEA o. function of the diffusion coefficient and they/rp ratio. The
s BO2 mass transport through the membrane is controlled mainly by
10 ob V4o &, diffusion for membrane/compound combinations that have a

RO

LPRO NF highr; ¢/rp ratio (>0.75). In these cases, the convective trans-
port is minimal and the rejection of solute is high. Since the
Fig. 7. Ratio of the solute concentration on the membrane surface to bulk spolute concentration on the high-pressure side of the mem-
concentration for RO (AK), LPRO (ESPA), and NF (ESNA) membranes. brane is much greater than that on the Iow-pressure side, dif-
Operating conditionsA P =800 kPa; stirring speed =400 rpm; feed concen- . . - L
tration=1mM.: £, = 2.5. (@) ammonium carbonate®() sodium chloride: fusm_n dominates. However, the contrlbutlo_n of_convect|on is
(a) urea; (J) 2-(2-butoxyethoxy)ethanol:A) caprolactam;Q ) creatine; dominant for membrane/compound combinations that have

(v) formaldehyde; () methanol; (/) 2-propanol). a smallr; J/rp ratio, since/y andKk; ¢ increase with decreas-
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9% Contribution

9, Contribution

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) convectidn) RO; (O)
LPRO; (¥) NF).

ing r; ¢/rp ratio. The contributions obtained in this analysis
for creatine are similar to those in a previous report for the
LPRO (ESPA) membrand3].

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 radi
than the NF membrane. To better understand the rejection
mechanisms (size exclusion and electrostatic exclusion), the
ratio of solute radiusr{ s) to effective membrane pore radius

85

ganic compounds, the rejection depends upom;tig, ratio

for the RO, LPRO, and NF membranes. Significant rejection
occurs when the; ¢/rp ratio is greater than 0.8. However, for
the three membranes the prediction of rejection given by Eq.
(8) and shown irFig. 6is imperfect forr; /rp ratios between
0.4 and 0.7. Apparently, the rejection of organic compounds
inthis range of; ¢/rp ratios depends upon the molecular struc-
ture in addition to the; ¢/rp ratio. The rejection of NaCl is
much higher than that for the organic compounds at the same
r; d/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 high ¢/rp ratio, while the contribution of
convection is dominant for compounds having a smalkp
ratio.
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Nomenclature

a fitting constant (=)

Ay effective porosity of membrane (-)

G solute concentration inside membrane phase
(mol/md)

Cs solute concentration in feed (bulk) solution
(mol/m?3)

Cm solute concentration at membrane surfa¢e
(mol/m®)

Co solute concentration in permeate solution
(mol/md)

D; diffusion coefficient of solute (m?/s)

Deif effective diffusion coefficient of solute (s)

fe volumetric concentration factor (-)

F Faraday constant (C/mol)

Ji solute flux through membrane (m/s)

Jy solvent flux through membrane (m/s)

k mass transfer coefficient on high-pressure side
of membrane (m/s)

ks Boltzmann constant (J/K)

K fitting constant (=)

Kic hindrance factor for convection (=)

Kid hindrance factor for diffusion (-)

r radius of stirred cell (m)

p effective pore radius of membrane (m)

Tis radius of solute (m)

(rp) was employed to compare the rejections. For all the or-
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[11] S. Lee, R.M. Lueptow, Toward a reverse osmosis membrane system
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R gas constant (J/mol K) (2000) 251-261.
R; rejection for solute (-) [12] S. Lee, R.M. Lueptow, Reverse osmosis filtration for space mis-
T temperature (K) sion wastewater: membrane properties and operating conditions, J.
Ve volume of concentrate (M Membr. Sci. 182 (2001) 77-90. .
v | f initial feed (A [13] S. Lee, R.M. Lueptow, Membrane rejection of nitrogen compounds,
f volume of initial feed () Environ. Sci. Technol. 35 (2001) 3008-3018.
Vo volume of permeate (f) [14] A.E. Childress, M. Elimelech, Effect of solution chemistry on the
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Ax membrane thickness (m) branes, J. Membr. Sci. 119 (1996) 253-268.
z valency of solute (_) [15] Y. Yoon, G. Amy, J. Cho, J. Pellegrino, Systematic bench-scale
! assessment of perchlorate rejection mechanisms by nanofiltration
Greek bol and ultrafiltration membranes, Sep. Sci. Technol. 39 (2004) 2105-
reek symbols . - 2135,
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