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Abstract}A simple, closed-form analytical expression based on the homogenous solution diffusion model
is derived for contaminant removal during nanofiltration (NF) of ground and surface water. Solute
permeation and back-diffusion coefficients were used as fitting parameters to model rejection
characteristics of four thin-film composite NF membranes under conditions typical of drinking water
NF. Nonlinear fits of the model to experimental data suggests that the United States Environmental
Protection Agency’s (USEPA)’s Information Collection Rule protocol for bench-scale studies could be
improved to obtain greater precision of the mass transfer coefficients. The model was found to fit rejection
data for several water treatment contaminants including total organic carbon, precursors to total organic
halide, four trihalomethanes and nine haloacetic acids containing chlorine and bromine, calcium and total
hardness, alkalinity and conductivity. The simplified approach to mass transfer calculations from multi-
solute systems suggests that feed water recovery has a stronger influence on contaminant rejection than
permeate flux. Evidence for coupled transport of divalent inorganic ions is also presented. Even though the
model developed does not account for ion coupling and cannot be applied in a purely predictive mode, it
can assist in the better design and interpretation of data obtained from site-specific pilot-scale water
treatment NF studies conducted in support of plant design. # 2001 Elsevier Science Ltd. All rights
reserved

Key words}nanofiltration, diffusive transport, water treatment, disinfection by-products, trihalo-
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INTRODUCTION

Nanofiltration (NF) membranes typically operate at
pressures less than 100 psi and are capable of high

rejections of natural organic matter (NOM) and
precursors to disinfection by-products (DBP) includ-
ing trihalomethanes (THMs) and haloacetic acids
(HAAs) (Tan and Amy, 1991; Blau et al., 1992;

Allgeier and Summers, 1995; Chellam, 2000), many
of which are suspected carcinogens, mutagens, or
teratogens. NF permeate water quality in multi-

solute systems typical of water treatment applications
is a complex function of physicochemical (steric and
electrostatic) interactions between the membrane and

dissolved solutes and many other factors that
influence the solubility and diffusivity of solutes and

water in the membrane phase (Soltanieh and Gill,

1981). Even though many attempts have been made
to describe solute transport across NF membranes
from first principles, models are not available yet to

accurately predict rejection from multi-component
systems. This is due in part to complications arising
from the need to preserve electroneutrality, ion
pairing and coupling (Marinas and Selleck, 1992),

and changes in diffusivity and viscosity in mixed
solute systems.
One method of modeling ion coupling in multi-

solute systems involves relating the separation data
for a reference electrolyte such as NaCl to the target
solute under consideration (Matsuura, 1993). At the

heart of this approach is the measurement of a
parameter (�DDG=RTÞion that is interpreted as the
free energy required to bring the ion from the bulk

solution to the inter-phase region of the membrane.
In principle, if (�DDG=RTÞion values for all species in
solution are known along with their diffusion and
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dissociation data at a fixed temperature, it will be

possible to calculate solute permeability in multi-
component systems. However, in most applications
the complete feed water composition is not known.
Additionally, thermodynamic properties of NOM

cannot be well estimated because it is heterogeneous
and does not possess a well-defined chemical and
structural formula. For these reasons, a useful free

energy based model may never be developed for
NOM removal during water treatment. Therefore,
our current approach to determining NF selectivity

to NOM, DBP precursors, and inorganic ions in
multi-component systems is largely empirical and is
based on site-specific experiments (Tan and Amy,

1991; Blau et al., 1992; Allgeier and Summers, 1995;
Chellam et al., 1997).
In order to better protect public health, the US

Environmental Protection Agency (EPA) is facilitat-

ing regulatory negotiations to possibly reduce max-
imum contaminant levels (MCLs) of total THMsy

(TTHMs), HAA5z, and possibly introduce new ones

for HAA9}, total organic halide (TOX) and even
individual THM and HAA species under the Dis-
infectant/DBP (D/DBP) rule (USEPA, 1998). Earlier

regulatory negotiations to reach consensus on the
control of microbial contaminants and DBPs in
drinking water resulted in the promulgation of the

Information Collection Rule (ICR). The ICR
required certain municipalities (based on population
served and influent total organic carbon (TOC)
concentration) to conduct experiments using NF or

granular-activated carbon to better assess their
feasibility to reduce DBP precursors under condi-
tions close to those in a full-scale plant in terms of

feed water quality and operational parameters
(USEPA, 1996). This paper summarizes results from
seven such crossflow NF ICR studies all of which

appear to demonstrate diffusion-limited rejection of
NOM, and THM, HAA, and TOX precursors. Most
previous studies have not reported rejection of
precursors to all nine HAAs containing chlorine

and bromine by NF for because until recently
stable calibration standards for dibromochloro-,
dichlorobromo-, and tribromo acetic acid were not

available.
Hindered transport across membrane pores con-

trols the transport of single-neutral solutes across

cellulose acetate NF membranes (Rosa and de Pinho,
1994). Molecular size correlates well with the
retention of single-organic solutes by commercial

NF membranes even though molecular charge and

polarity also influenced rejection (van der Bruggen

et al., 1999). In contrast to the single solutes of
known properties employed in much previous re-
search on organics separation by NF, NOM is
inherently heterogeneous and possesses a wide

distribution of molecular weight, aromaticity, func-
tionality, hydrophobicity, and reactivity (Amy et al.,
1987; Chin et al., 1994; Croue et al., 1999).

Additionally, membrane-NOM interactions depend
on solution chemistry parameters including back-
ground ionic strength, pH, and concentrations of

multivalent ions (e.g. Ca2+, Al3+, Fe3+) (Hong and
Elimelech, 1997; Cho et al., 1999). Because complete
chemical compositions of feed waters are often not

available and since NOM is inherently heteroge-
neous, models based on NOM and membrane
thermodynamic properties may never accurately
predict its rejection from natural and pretreated

waters by NF. We circumvent some of these
difficulties by taking a lumped parameter approach
to mass transfer calculations from multi-solute

systems encountered during water treatment.
Previous NF studies on Florida groundwaters have

suggested that physical sieving is the dominant

mechanism for NOM and THM and HAA precursor
rejection (Blau et al., 1992). However, recent evidence
appears to suggest that molecular diffusion also plays

an important role in the transport of these con-
taminants across new generation thin film composite
(TFC)-NF membranes formulated specifically for
organics removal (Allgeier and Summers, 1995;

Chellam, 2000). No models (including those devel-
oped by manufacturers themselves) currently exist to
quantify rejection of NOM and DBP precursors by

these membranes. Such a model will allow better
design of pilot-scale experiments and more thorough
interpretation of site-specific permeate water quality

data from pilot studies conducted by municipalities
to obtain design parameters for NF plants in
anticipation of federal regulations establishing more
stringent MCLs for THMs and HAAs.

We report results from ICR experiments that were
designed to capture possible seasonal variations in
feed water quality. We also develop and verify a

simple closed form expression for contaminant
rejection from several ground and surface waters
based on the homogenous solution diffusion model

(HSDM) (Lonsdale et al., 1965) under conditions
typical of water treatment NF applications using
TFC membranes. Solute permeation and back-

diffusion mass transfer coefficients are used to fit this
model to rejection of several organic contaminants
important in water treatment including TOC, ultra-
violet absorption at 254 nm and 1 cm path length

(UV254), and precursors to TTHM, HAA9, and
TOX. Rejection of selected inorganic water quality
parameters such as alkalinity, total and calcium

hardness, and conductivity are quantified. Coupled
transport of divalent ions across NF membranes is
also studied.

yTTHM denotes the sum of mass concentrations of
chloroform, chlorodibromo methane, dichlorobromo
methane, and bromoform.

zHAA5 denotes the sum of mass concentrations of
monochloro-, dichloro-, trichloro-, monobromo-, and
dibromo acetic acid.

}HAA9 denotes the sum of HAA5 and mass concentrations
of bromochloro-, dibromochloro-, dichlorobromo-, and
tribromo acetic acid.
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THEORETICAL WORK

Model development

Consider a NF system operating in the feed and
bleed mode as shown in Fig. 1. In this configuration,

a portion of the reject water is recirculated to
maintain a predetermined tangential velocity (or
shear rate) to limit concentration polarization. At

steady state the volumetric water (Jw) and solute (Js)
fluxes when transport is diffusion-dominated and
coupling is negligible (assuming constant membrane

properties and diffusivity) is (Lonsdale et al., 1965;
Soltanieh and Gill, 1981; Matsuura, 1993; Taylor and
Jacobs, 1996)

Jw ¼ kwDP ¼ Qp

A
ð1Þ

Js ¼ ksDC ¼ JwCp ð2Þ

where kw, ks, Qp and Cp represent a membrane
constant, solute permeation coefficient, permeate
flow, and permeate concentration, respectively. DP
and DC are the driving forces for water and solute

transport and are equal to net pressure (including
osmotic pressure) and concentration differential
between the membrane and permeate values. Funda-

mentally, the membrane constant kw is related to the
water diffusion coefficient in the polymeric mem-
brane phase Dw, its concentration in the membrane

cw, its partial molar volume vw, the universal gas
constant R, the absolute temperature T , and the
membrane thickness Dx as (Lonsdale, 1979)

kw ¼ Dwcwvw
RTDx

ð3Þ

Similarly, the solute permeation coefficient is related

to its diffusivity in the membrane Ds and its
distribution (partition) coefficient Ks as

ks ¼
DsKs

Dx
ð4Þ

Because many thermodynamic parameters in equa-

tions (3) and (4) are not known for commercial
membranes, we treat kw and ks as lumped parameters
and will estimate them from experimental permeate
flux and solute rejection data. These equations were

originally developed to model mass transfer of simple
electrolytes and organics across non-porous mem-
branes. However, its applicability for NOM rejection

by NF membranes especially in multi-solute systems

has not yet been evaluated. The feed water (Rf ) and
element (Re) recoveries are defined as

Rf ¼
Qp

Qf
and Re ¼

Qp

Qf þ Qr
ð5Þ

where Qf and Qr denote the feed and recycle flows
respectively. At steady state, a mass balance around
the membrane module gives the reject concentration

Cc:

Cc ¼
Cf � RfCp

1� Rf
ð6Þ

Recycling part of the reject water to the feed side
increases both the crossflow velocity as well as the
influent concentration (CI). At steady state, the
influent concentration to the membrane is the flow-

weighted average of the concentrations in the recycle
and feed streams. Therefore, from equations (5) and
(6) we get

CI ¼
Re

Rf

� �
Cf þ 1� Re

Rf

� �
Cf � RfCp

1� Rf

� �
ð7Þ

The ratio CI=Cf is interpreted as a concentration
factor that! 1 as Re!Rf (Qr! 0). A simple one-

dimensional description of concentration polariza-
tion based on film theory in which the net flux of
solute in the boundary layer is equated to the flux

through the membrane results in (Jonsson and
Boesen, 1984; Matsuura, 1993; Taylor and Jacobs,
1996)

Cm � Cp

Cb � Cp
¼ exp

Jw
kb

� �
ð8Þ

where Cm is the concentration near the membrane

surface, Cb is the bulk solution concentration, and kb
is the solute back-transport mass transfer coefficient.
Approximating Cb as an arithmetic average of the

influent and reject concentrations, the change in con-
centration across the membrane from equation (8)
becomes

DC ¼ Cm � Cp ¼
CI þ Cc

2
� Cp

� �
exp

Jw
kb

� �
ð9Þ

Combining equations (1), (2), (7), and (9) a closed-
form analytical expression for the solute rejection R

is obtained

R ¼ 1� Cp

Cf

¼ 1� ksexpðJw=kbÞ
ks expðJw=kbÞ þ 2Jwð1� RfÞ=ð2� ReÞ

ð10Þ
Equation (10) represents a solute-mass transfer

model for systems employing concentrate recycle
that considers the entire membrane element as having
constant bulk solution concentration calculated as

the average of the influent and reject concentrations.
Therefore, it represents an important approximation
whose accuracy increases as the feed water recovery

Fig. 1. Schematic diagram of a crossflow NF system
operated in the feed and bleed mode.
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decreases (so as to limit increases in Cb). However,

invoking this approximation results in an analytical,
closed form solution thereby lending itself to
mechanistic interpretation of solute rejection data
from multi-component feed waters obtained during

municipal water treatment experiments conducted in
support of plant design and/or trouble shooting.
One method of calculating ks and kb is by using

appropriate mass transfer correlations (van den Berg
et al., 1989). These empirical correlations are
intimately linked to the geometry and type of spacer

material used as well as the local hydrodynamics and
typically do not include changes in viscosity and
diffusivity caused by concentration polarization.

Because spacer information is proprietary and
hydrodynamic behavior in the presence of spacers
are not well understood, ks and kb will be estimated
from experimental data in this study as described in

the next section.
Because the partial derivative of R with respect to

Rf in equation (10) is always negative, it can be

concluded that rejection will decrease with increasing
recovery. Mechanistically, this occurs because of
increasing concentration gradient thereby increasing

the driving force for solute permeation across the
membrane. This behavior will be employed predo-
minantly to study solute rejection by NF membranes

in this paper.

Parameter estimation

The Levenberg–Marquardt algorithm (Press et al.,

1992) was employed to minimize the sum of squares
of the residuals for all data points (error sum of
squares (S)) to determine ks and kb. Estimates for

selected datasets were also verified using a more
robust full Newton-type method to minimize the
nonlinear sum of squares employing an analytical

Jacobian (Dennis et al., 1981). The joint (1� a)
likelihood region for ks and kb corresponds to the
contour with level

SF ¼ SðŶÞ 1þ pFðp; n � p; aÞ
n � p

� �
ð11Þ

where a is the significance level, SF denotes the value
of the sum of squares contour defining the (12a)
region, S is the sum of squares of the residuals, Ŷ
denotes the optimal parameter estimate, p is the
number of parameters (p ¼ 2 in equation (10)), n is
the number of observations, Fðp; n2p; aÞ is the
cumulative Fisher F distribution corresponding to

significance level a with p and n2p degrees of
freedom for the numerator and denominator, respec-
tively. Nonlinear nominal likelihood intervals and

nonlinear behavior were quantified by profiling
(Bates and Watts, 1988; Watts, 1994). The profile t
function is defined as

tðYpÞ ¼ sign Yp � Ŷp

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~SðYpÞ � SðŶÞ

q
s

ð12Þ

where Yp denotes a parameter, Ŷp denotes the

parameter’s optimal value, ~S is the profile sum of
squares function, and s2 is the variance estimated as
SðŶÞ=ðn2pÞ. Plots of the profile t function t vs. the
studentitized parameter d (equation (13)) provide

exact likelihood intervals for ks and kb:

dðYpÞ ¼
Yp � Ŷp

seðŶpÞ
ð13Þ

where, seðŶpÞ denotes the standard error of the least-
squares estimate. Likelihood profile traces of ~kb on ks
and ~ks on kb were also generated to determine the
extent of nonlinearity in parameter estimation.

EXPERIMENTAL WORK

Nanofiltration experiments

Crossflow experiments were conducted in the feed and
bleed mode using the protocol specified by USEPA for
bench-scale ICR NF experiments (USEPA, 1996). For these
studies, a pressurized cell using a flat membrane sheet was
employed (model SEPA-CF, Osmonics, Minnetonka, MN).
This cell utilized feed and permeate spacers (0.07 and
0.025 cm thick, respectively) that are also used in commer-
cial spiral-wound elements. The use of positive displacement
gear pumps for both feed water (Cole Palmer, Vernon Hills,
IL model 74011-11) and recycle water (Cole Palmer, Vernon
Hills, IL model 07002-23) minimized pressure fluctuations.
These pumps employed helical gears made of inert, low-
friction materials to reduce potential frictional losses on the
gears. All tubing, connections, and the membrane cell were
fabricated of stainless steel. Dual float rotameters increased
the accuracy of the flow measurements. In addition,
permeate and waste flows were manually measured using a
graduated cylinder and a stopwatch.
Water samples were collected every three months in a

one-year period to conduct seasonal NF experiments using
two different membranes. Prior to experiments with the
pretreated source water, deionized water was passed
through the whole system for 	24 h prior to experiments
with the test water. This period is sometimes referred to as
membrane setting. All experiments were conducted at room
temperature (	228C). Therefore, any effects caused by
seasonal variability in water temperature were not reflected
in the data obtained. A pressure-flux profile was conducted
prior to filtration of test water to determine the water
permeation coefficient. During these measurements, the
transmembrane pressure was changed in random order in
the range 0–550 kPa (0–80psi) and the flux measured at the
set pressures. The transmembrane pressure was then
adjusted to obtain an initial permeate flux of 	25L/m2/h
(	15 gfd).
During each quarter, constant pressure experiments using

pretreated source waters were conducted continuously with
each membrane for a period of 	150 h. Feed water recovery
for the first experiment was maintained at 	70% and was
run for a minimum of 78 h. During this time, two 5L
permeate water samples were collected to perform duplicate
water quality analyses. This was followed by experiments
where recovery was maintained at values near 90, 50, and
30%, respectively. As required by the ICR, experiments at
various recoveries were conducted without any membrane
cleaning. Experiments at other recoveries were run for
sufficient duration to collect a minimum of 4L of permeate
water to conduct all required analyses. Composite sampling
began only after UV254 and conductivity reached a steady
value in the permeate water (defined in this study as 53%
change in samples collected over the span of 1 h).

Contaminant removal by nanofiltration 2463



Source waters and NF pretreatment

Important characteristics of the four groundwaters and
three surface waters employed in this study following
pretreatment are summarized in Table 1. These data
represent averages calculated from analyses conducted over
the course of four quarters during a 12-month period. These
feed waters represent a wide range of various organic and
inorganic water quality parameters including TOC
(2.9–13.1mg/L), TTHM precursors (75–527mg/L), HAA9
precursors (73–274mg/L), total hardness (33–355mg/L as
CaCO3), alkalinity (9–305mg/L as CaCO3) and conductiv-
ity (162–1370mS/cm). Each participating utility sent 	350L
of water (collected prior to adding any oxidants or chemical
disinfectants) to our laboratory during each quarter. The
only NF pretreatment for the groundwaters was depth
filtration using a 5mm cartridge (Ryan Herco, Burbank,
CA). Surface waters E, F, and G were coagulated and
flocculated (using alum), settled (	3 h) and filtered using a
5 mm cartridge.

Membranes employed

Four manufacturer recommended TFC-NF membranes
were selected to study NOM rejection. Important manu-
facturer specifications and rejections measured at 70%
recovery during this study are summarized in Table 2. All
membranes employed in this study are available commer-
cially in spiral-wound geometry for larger scale applications.
A new 155-cm2 membrane coupon was used for each set of
experiments with changing recovery.

Simulated distribution system testing

Removals of TTHM, HAA9, and TOX precursors were
measured using simulated distribution system tests with free
chlorine as required by the ICR. These tests simulated each
participating utility’s quarterly average of full-scale dis-
tribution system pH, temperature, and residence time (Table
3). During SDS testing, the sample water was dosed with
sodium hypochlorite after pH adjustment in chlorine
demand free bottles. These bottles were then held in the
dark to obtain a free chlorine residual near 1mg/L at the
conclusion of the incubation period. Trial chlorine demand
tests were conducted with at least two free chlorine dosages
for both the feed and permeate water samples to determine
appropriate dosages for actual SDS testing. SDS conditions
varied with utility and in some cases with season. However,
all comparisons of TTHM, HAA9, and TOX precursor
removal by NF presented in this manuscript were made
using data corresponding to the same SDS conditions. In
other words, DBP precursor rejections were quantified
under identical SDS conditions for the feed and permeate
waters.

Analytical methods

Only standard methods (Clesceri et al., 1998) or EPA
approved methods (USEPA, 1996) with appropriate quality
control procedures were used to quantify contaminant
concentrations. Table 4 summarizes all methods employed
and the minimum reporting level for each contaminant. At
the conclusion of each SDS test, chlorine residual was
measured using the DPD colorimetric method. TOC, THM,
HAA, and TOX samples were then collected headspace free
in amber-glass bottles and stored at 	48C until analysis.
Chlorine residuals were quenched using ammonium chlor-
ide, sodium thiosulfate, and sodium sulfite for HAA, THM,
and TOX respectively. Both TOX and TOC samples were
acidified to pH52 using H2SO4 prior to analysis. Alkalinity
and hardness concentrations were determined by burette
titration. pH and conductivity were quantified using
appropriate probes. UV254 was measured using a 1-cm path
length cell.
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Table 2. Summary of membranes employed and their rejection characteristics from pretreated waters

Parameter Membrane characteristics

Designation I II III IV

Manufacturer Hydranautics, San Diego, CA Koch Fluid Systems, San Diego, CA Dow FilmTec, Midland, MI Dow FilmTec, Midland, MI
Model number NTR 7450 TFC-SR NF 200B NF45
Compositiona Modified polysulfone Polyamide Polypiperazine Polyamide
MWCO (Dalton)a 600–800 300 200–400 400
Hydrophobicitya Hydrophobic NAb Hydrophilic Hydrophobic
Surface chargea Negative Slightly negative Highly negative Negative
Clean membrane constant (m/s/Pa)c 1.39
 10�11 1.84
 10�11 1.74
 10�11 1.39
 10�11

TOC rejection (%)d 71 94 91 93
UV254 rejection (%)d 80 97 93 94
TTHM precursor mass rejection (%)d 68 93 87 89
HAA9 precursor mass rejection (%)d 68 97 91 91
TOX precursor mass rejection (%)d 77 95 89 79
Bromide rejection (%)d 3 10 �3 10
Conductivity rejection (%)d 8 27 25 65
Calcium hardness rejection (%)d 15 42 50 93
Total hardness rejection (%)d 12 42 47 96
Alkalinity rejection (%)d 10 25 14 14

aSpecified by the manufacturer. Surface charge reported at near neutral pH.
bDenotes not available.
cMedian of all measurements during this study.
dMedian of all measurements at 70% recovery in this study.

C
o
n
ta
m
in
a
n
t
rem

o
v
a
l
b
y
n
a
n
o
fi
ltra

tio
n

2
4
6
5



RESULTS AND DISCUSSION

Solute mass balances

Mass balances were conducted around the mem-
brane cell for various contaminants after steady state
was reached. Experimental reject water concentration

data were compared to calculations using equation
(6). Excellent agreement between experimental ob-
servations and theoretical calculations were noted in
all cases. (Details of model fits using equation (10)

to experimental data are provided in the Sections
‘‘Organics rejection’’ and ‘‘Inorganics rejection’’).
Additionally, two-sided, two sample t-tests also

showed that there were no differences in the means
of the calculated and measured concentrations at
95% confidence level. These mass balances show that

the sampling protocol was acceptable, and the water
quality analyses and flow measurements were accu-
rate.

Membrane constant

Results from pressure-flux profiles were modeled
using equation (1). Membranes II and III were
more permeable to deionized water (kw	 1:82

10�11 m=s=Pa) compared to membranes I and IV
(kw	 1:39
 10�11 m=s=Pa). Additionally, in the
pressure range employed (5550 kPa) permeate flux
increased linearly with transmembrane pressure for

all four membranes suggesting that compaction
effects were negligible under the conditions employed
in this study.

Organics rejection

As shown in Table 1, rejection of TOC and
precursors to TTHM, HAA9, and TOX were in
the order membrane II > III ’ IV > I. Membrane I

achieved >	95% rejection; membranes III and IV
achieved 	90% rejection whereas membrane I
rejected only 	70% of these organic contaminants.

Table 3. Summary of simulated distribution system conditions
employeda

Source water Quarter pH Temperature (8C) Holding time (h)

A I–IV 8.0 24 24
B I–IV 9.0 24 24
C I–IV 9.0 24 24
D I–IV 8.0 24 24
E I 7.3 10 60

II 7.3 18 60
III 7.3 28 72
IV 7.3 16 72

F I 8.0 24 24
II 8.0 24 48
III 8.0 24 72
IV 8.0 24 48

G I 8.2 24 72
II 8.2 24 48
III 8.2 24 24
IV 8.2 24 48

a In all cases free chlorine was the disinfectant with a target residual
	1mg/L at the end of the holding period.
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In general, HAA9 precursors were removed to a

slightly greater extent than TTHM precursors.
Model calculations of HAA9 precursor rejection is

depicted in Fig. 2 along with experimental measure-
ments for source water D using membrane I . Good

agreement between model calculations and labora-
tory data is observed (S(Ŷ)=0.179). Similar results
were obtained for other membrane}source water

combinations for the range of organic water quality
parameters investigated. A discussion of model
parameter estimates is postponed until the Section

‘‘Behavior of parameter estimates’’. Figure 2 shows
that within the range of experimental conditions
investigated in this study, HAA9 precursor removal

is a strong function of feed water recovery but is only
weakly influenced by permeate flux. Rejection
decreases as recovery increases because concentration
gradient across the membrane is increased. Rejection

effectively increases with permeate flux according to
the HSDM because increasing transmembrane pres-
sure does not influence solute transport while

increasing permeate flux (Sourirajan, 1970; Lonsdale,
1979; Wiesner and Buckley, 1996).
The effect of recovery on TOX precursor rejection

from source water F is shown in Fig. 3(a) for
membranes I–III at an average flux of 21.5L/m2/h
and 228C and identical SDS conditions. The trans-

port of TOX precursors across these membranes also
appears to be influenced by molecular diffusion
because their rejection decreases with increasing
recovery. Interestingly, model parameters included

in Fig. 3(a) show that the back-transport coefficient
varied only in the narrow range 1.50–1.88mm/s for all
three membranes (average TOX kb=1.73mm/s).
However, under the same conditions ks varied over
14-fold from 0.002 to 0.028 mm/s. Increasing solute
permeation coefficient manifests decreasing rejection

with different membranes. Membrane II achieved

highest TOX precursor rejection (ks=0.002 mm/s)
whereas membrane I demonstrated lowest TOX
precursor rejection (ks=0.028mm/s). Thus, ks ap-
pears to be a very good descriptor of solute mass
transfer across these TFC-NF membranes. Diffusive

transport of TOX precursors was observed for other
membrane}source water combinations also during
the course of one year. One example is depicted in

Fig. 3(b) where TOX precursor rejection from four
sets of experiments conducted over the course of one
year to evaluate seasonal changes in feed water

quality are summarized. Decreasing rejection with
increasing recovery during these replicate experi-
ments appear to confirm the importance of molecular

diffusion on TOX precursor removal by NF mem-
branes. Even though similar observations have been
made with monovalent (sodium) ion transport
(Taylor and Jacobs, 1996) to our knowledge, these

are amongst the first calculations of diffusion-
dominated transport of DBP precursors across
TFC-NF membranes during water treatment.

Inorganics rejection

As seen in Table 2, membranes I–III rejected NOM
and DBP precursors to a much greater extent than
the inorganic contaminants. Membrane IV rejected

inorganics to a greater extent than membranes I–III.
Total hardness will be used as a representative
example in the discussions on inorganics rejection
that follow next.

Model calculations of total hardness rejection is
depicted in Fig. 4 along with experimental measure-
ments for source water G using membrane III.

Again, in the range of experimental parameters
investigated, the feed water recovery strongly influ-
enced hardness removal, whereas permeate flux had

only a weak effect. Similar results were obtained for
other membrane}source water combinations for the
range of inorganic water quality parameters investi-

gated as long as ion coupling was low (see next
Section). Rejection decreased as recovery increased
due to increasing concentration gradient across the
membrane. As expected from the HSDM, rejection

increased slightly as flux increased. Good agreement
is seen between experimental observations and model
calculations (S(Ŷ)=0.223). A detailed discussion of

model parameter fits to laboratory data is postponed
until the Section ‘‘Behavior of parameter estimates’’.
The role of molecular diffusion on the transport of

ions contributing to total hardness across membranes
I–III is depicted in Fig. 5(a) where increasing
recovery (at a constant flux) is seen to decrease
rejection. As before, kb values remained in a narrow

range [1.72–1.95 mm/s] (average kb=1.84mm/s) even
with changing membrane type. Increasing ks values
manifested decreasing rejection. Membrane I

achieved the lowest total hardness rejection from
source water F (ks=0.33 mm/s) whereas ks decreased
to 0.05 mm/s for membrane II that demonstrated the

Fig. 2. Model calculations of HAA9 precursor removal
from source water D by membrane 1. Experimental data are
superposed for comparison purposes. ðSðŶÞ ¼ 0:179,

ks=0.65mm/s, kb=130mm/s, Re ¼ 0:02).
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highest total hardness rejection. These results suggest
that ks is also a good descriptor of inorganic ion
rejection by TFC-NF membranes during municipal

water treatment. Replicate experiments conducted
over the course of one year to assess impacts of
seasonal variation in feed water quality confirm
decreasing rejection with increasing recovery

(Fig. 5(b)). Decreases in rejection with increases in
recovery during the entire course of this study appear
to confirm the importance of diffusive transport in

the removal of hardness causing ions by the TFC
polymeric membranes.

Ca+2 and SO4
�2 ion-coupling. Substantial changes

in diffusion-limited rejection can be observed during
NF of multi-component solutions because of electro-

neutrality considerations. For example, calcium ion
selectivity for membranes II and III are depicted in
Fig. 6 for source waters B and G. As seen from Table

1, the calcium hardness of these waters is similar
(	230mg/L as CaCO3) whereas conductivity in
source water G is 	 two times higher compared to
source water B. Higher concentrations of SO4

�2 were

also measured in source water G (288mg/L)
compared to source water B (20mg/L). Under these
conditions, calcium ion rejection by both membranes

decreased by a factor 	2 for all recovery values for
source water B compared to source water G (see
Fig. 6). For example, membrane II achieved 	80%
rejection of calcium hardness from source water G
but only 	40% from source water B at 50%
recovery.

Fig. 3. Comparison of TOX precursor rejection by three NF membranes at various feed water recoveries
for source water F (a). Theoretical fits are superposed on experimental observations for comparison. TOX
precursor rejection for replicate experiments conducted over a one-year period with seasonal changes in

feed water quality for source water A using membrane I are depicted in (b).
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These results are consistent with coupled transport
of ions across these membranes from multi-solute
feed waters in order to preserve electroneutrality
(Marinas and Selleck, 1992; Taylor and Jacobs, 1996;

Wiesner and Buckley, 1996). All membranes evalu-
ated in this study are reported by respective
manufacturers to be negatively charged at pH values

employed (6.5–8.1). Other TFC-NF membranes have
also been reported to be negatively charged at
different solution chemistries encompassing this pH

range (Childress and Elimelech, 1996). Electrostatic
repulsion is the primary anion rejection mechanism
by negatively charged membranes. Thus, increasing

concentrations of highly rejected divalent anions such
as SO4

�2 should simultaneously increase Ca+2 rejec-
tion because of the higher stability constants of 2–2
ion pairs (e.g. CaSO4

0) compared to 1–1 (NaCl0) or

2–1 (e.g. NaSO4
�, Na2SO4

0) ion pairs (Martell and
Motekaitis, 1992; Stumm and Morgan, 1996) so as to
preserve electroneutrality in the feed stream. Such

behavior should also concurrently decrease the
rejection of monovalent ion pairs (e.g. NaCl0 and
NaHCO3

0). As expected, alkalinity rejection for both

membranes increased for source water B compared
to source water G (data not shown). However,
because monitoring for Na+ and Cl� was not
required under the ICR their concentrations were

not measured in these studies. These results demon-
strate that softening and alkalinity removal capabil-
ities of a given nanofilter should not be universalized

as ‘‘high’’ or ‘‘low’’ without considering the complete
feed water chemistry.
Model parameters shown in Fig. 6 again demon-

strate that decreasing rejection for various mem-
brane-source water combinations is manifested as
increasing ks values while kb remains in a narrow

range [1.76–1.93 mm/s] (average kb=1.88mm/s). A
	10 fold increase in ks (from 0.02 to 0.23 mm/s) was
calculated when calcium hardness rejection increased
from 	20% for membrane III (source water B) to
	80% for membrane II (source water G) at 70%

recovery. Ion coupling reduced the importance of
feed water recovery on calcium removal. As seen in
Fig. 6, rejection of calcium hardness from source

water G appeared to be relatively constant with feed
water recovery for both membrane II and III. This
also resulted in poor model fits to experimental data.

However, when SO4
2� concentrations were low

(and coupling was reduced), equation (10) was a
better descriptor of calcium transport across these

NF membranes.

Behavior of parameter estimates

Graphical summaries of nonlinear estimations of
mass transfer coefficients and their inference regions
are provided in Fig. 7 for four quarters of TOC

removal from source water G using membrane III.
Profile t plots (t vs. d) for kb and ks are shown in
Fig. 7(a) and (b), respectively. The dashed straight

line is the linear approximation of the joint para-
meter likelihood region. In all cases, the t curves lie
below the linear approximation line suggesting that

the sum of squares of the residuals surface has a large
negative slope (steep fall) as ks and kb values
approach the least-squares estimate from the left
and has a small positive slope (slow rise) as they

increase beyond the optimal value (Watts, 1994).
All profile t plots for ks and kb are highly curved

and even tend to asymptotes, indicating severe

nonlinearity. Thus, the likelihood intervals are
extremely skewed and asymmetric about the least-
squares point estimate. Asymptotic behavior also

results in likelihood intervals that do not close on the
right (unbounded upper limit) above some signifi-
cance level (Bates and Watts, 1988). For example, as

seen in Fig. 7(a) and (b) the second quarter joint
likelihood regions for both ks and kb do not close on
the right (indeterminate upper limit) for significance
levels of 	50%.

Close agreement between experimental Cp=Cf

ratios and theoretical calculations for all four
quarters for TOC and total dissolved solids (TDS)

are seen in Fig. 7(c) and (d), respectively. The average
absolute deviation of theoretical predictions from
experimental values was 24% for TOC and 8% for

TDS. Simple two sided t-tests also showed that the
averages of the experimental and theoretical values
for all seasons were not statistically different at the
99% confidence level for both TOC and TDS

suggesting that equation (10) is a good descriptor
of both organic and inorganic contaminant rejection
by NF membranes. However, point estimates were

derived with poor precision as explained next.
Joint parameter likelihood regions around the

least-squares estimate (ks¼ 0:023 mm=s, kb=2.21

Fig. 4. Effects of permeate flux and feed-water recovery on
total hardness removal from source water G by membrane
III. Experimental data are superposed on model cal-
culations for comparison purposes. ðSðŶÞ ¼ 0:223,

ks=0.79mm/s, kb=7.54mm/s, Re=0.02).
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mm/s) for the first quarter of testing are shown in Fig.
7(e) in the range 0 � ks� 0:25 mm=s and 0:8 � kb
� 12:4 mm=s along with profile traces of ~ks on kb and
~kb on ks. As seen in Fig. 7(e), the likelihood regions

are extremely large and remain divergent even as ks
and kb are increased to 10 and six times their least-
squares estimate, respectively. The lower bounds for

the 95% joint likelihood intervals for ks and kb can
be read directly off Fig. 7(e) as 	0 and 0.80mm/s,
respectively. The upper bounds for significance levels
>50% cannot be estimated because the likelihood

contours do not close. Profile traces of ~kb on ks and
~ks on kb are coincident in the range shown and
curved over a wide range of parameter values

indicating that the contours are long, tapering and
markedly non-elliptical. This behavior again reveals
the inherent severe non-linearity of the model-data

set combination collected under the ICR protocol.
Similar diagnostics of least-square estimates for

other inorganic and organic contaminant rejection

for various source water membrane combinations

were observed (data not shown). All profile t plots
were highly skewed and showed asymptotic behavior
indicative of highly non-linear behavior with poor

precision suggesting that the design of bench-scale
NF experiments under the ICR could be improved.
Fig. 7(f ) shows joint likelihood regions of ks and kb
obtained by pooling data from four quarters of
experiments conducted at the four EPA mandated
recovery values (30, 50, 70, and 90%). Increasing the
degrees of freedom from 3 to 18 by pooling data

resulted in 50 and 75% nominal contours to close on
both sides of the point estimate. However, the 95%
joint likelihood contour remained open to the right

(unbounded upper limit). Thus, increasing the
number of observations alone leads to greater
precision. One method of collecting more data for a

set of experiments under the ICR without changing
the financial burden on the affected utilities could
have been to halve the number of seasonal

Fig. 5. Comparison of total hardness rejection by three NF membranes at various feed-water recoveries
for source water F (a). Theoretical fits are superposed (along with model parameters) on experimental
observations for comparison. Total hardness rejection for replicate experiments conducted over four
quarters with seasonal variations in source water G water quality using membrane III are shown in (b).
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evaluations to 2 while doubling the number of
required samples. Additionally, more prudently
choosing recovery values could have also lead to

increased precision of parameter estimates. As
expected, the profile traces intersect the sum of
squares of surface where the contours have horizon-

tal or vertical tangents (Watts, 1994).

MODEL APPLICATION

Figures 2–7 depict good model fits to experimental
data (when coupling is small) in terms of contami-

nant rejection. However, drinking water MCLs for
most inorganic and organic chemicals are based on
absolute concentrations rather than percent removal.

Hence, the potential for NF to meet regulations is
inherently dependent on membrane feed water
concentrations. One method of employing the model

(equation (10)) is shown in Fig. 8 which depicts
constant permeate concentration surfaces using ks
and kb values estimated for source water G and

membrane III. TTHM and HAA9 precursor surfaces
corresponding to 80 and 60mg/L (loosely based on
USEPA’s Stage I D/DBP rule) as well as 40 and

30mg/L (based on Stage II D/DBP rule placeholders)
are shown in Fig. 8(a) and (b), respectively. (The
chosen permeate concentrations could be a regula-
tory MCL or a more stringent level determined by

individual utilities based on greater public health
protection.) These surfaces show maximum feed
water concentrations of TTHM and HAA9 precur-

sors that can be effectively treated by this membrane
for various combinations of flux and recovery. Thus,
at 20L/m2/h flux and 70% recovery, anticipated

Stage II MCLs will be achieved only when feed water
concentrations are 5	330mg/L for TTHM precur-
sors (point A1 in Fig. 8(a)) and 5	250mg/L for

Fig. 6. Evidence of coupling between calcium and sulfate ion transport across membranes II and III. Note
that calcium rejection increased by a factor of 	2 at all recoveries for a 	14 fold increase in feed water

SO4
�2 concentration.
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HAA9 precursors (point A2 in Fig. 8(b)), respectively

if free chlorine is employed. Because transport of
DBP precursors across these NF membranes are
limited by molecular diffusion, compliance with

anticipated Stage II regulations using membrane III
will be possible only when feed water concentrations
decrease to below 	140mg/L for both TTHM and

HAA9 precursors at 40L/m2/h flux and 90%

recovery if free chlorine is employed.
These results again demonstrate the increased

importance of recovery over flux on permeate water

quality. Similar plots can be made for other
membrane–source water combinations (and other
contaminants) to better interpret water quality data

Fig. 7. Summary of non-linear statistical parameter estimation for four quarters of contaminant removal
from source water G using membrane III. Profile t plots for TOC kb and ks are depicted in (a) and (b)
respectively, along with the linear approximation. Comparison of experimental data and theoretical
calculations according to equation (10) for each quarter are shown in (c) and (d) for TOC and total
dissolved solids, respectively. Profile traces, 50, 75, and 95% joint likelihood regions for the first quarter
TOC data are given in (e) where the joint likelihood regions do not close on the right (indeterminable
upper confidence limit) and the profile traces of ks on kb and kb on ks are coincident. Point estimates of ks
and kb derived by non-linear regression after pooling all four quarters of TOC data are given in (f ) where

50 and 75% joint likelihood regions are seen to close and the profile traces are not coincident.
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obtained with changing operating conditions in pilot-
scale experiments conducted in support of plant

design. Thus, the design flux and recovery may be
controlled by permeate water quality and/or fouling.
This approach also allows plant operators or
automatic control systems to adjust flux/recovery to

comply with MCLs of diffusion-limited contaminants
with changes in the feed water quality.

CONCLUSIONS

Nonlinear fits of mass transfer coefficients to a
simple closed-form analytical expression suggests
that the design of bench-scale NF treatment studies

mandated under USEPA’s information collection

rule could be improved to obtain greater precision of
these parameters. Increasing the number and location
of recovery values is expected to increase the
precision of parameter estimates. Our approach to

rejection calculations cannot be employed in a purely
predictive mode for a multi-component system
primarily because fundamental thermodynamic

properties of contaminants encountered in water
treatment have not yet been determined due to their
heterogeneity as well as the complex composition of

natural and pretreated feed waters. This is not
surprising because, even mass transfer coefficients
of single, fully dissociated ionic solutions are

dependent on solute concentration (Eriksson, 1988)
and are difficult to predict apriori. Complexation of
inorganic ions with NOM, incomplete characteriza-
tion of membrane and feed water composition, and

unavailability of methods to identify dominant ion
pairs encountered in water treatment (Marinas and
Selleck, 1992) can be expected to further complicate

rejection calculations from multi-solute solutions.
Coupled transport of divalent inorganic ions

across negatively charged membranes further con-

founded rejection calculations. For example, increas-
ing SO4

�2 concentrations increased Ca+2 rejection
while decreasing alkalinity rejection. Hence, care

should be taken before universalizing softening and
alkalinity removal capabilities of membranes without
considering the complete feed water chemistry. These
results underscore the continued need for site-specific

studies for water quality evaluations in addition to
determining fouling rates and other plant design
parameters.

Even with these limitations, the simplified model
can quantitatively fit rejection of NOM, DBP
precursors, and inorganic contaminants (when cou-

pling is low) by various TFC-NF membranes. This
result is consistent with the notion that molecular
diffusion plays an important role in contaminant
rejection even in NF membranes under conditions

typical of water treatment. The model can also be
employed to better interpret site-specific bench-, and
pilot-scale experiments conducted in support of plant

design. For example, our calculations suggest that
flux will have a lower impact on permeate water
quality compared to recovery. However, NF fouling

rate is a strong function of permeate flux (Chellam
et al., 1997). Hence, pilot-scale experiments should be
conducted at various fluxes primarily to determine

design values during which time water quality
sampling can be reduced in order to decrease project
cost. Diffusion-dominated transport of NOM and
DBP precursors may limit the upper bound of

recovery and/or necessitate changes in the secondary
disinfectant for highly colored waters to comply with
anticipated Stage II DBP regulations. Thus, the

design recovery in installations employing these new
generation NF membranes in water treatment should
be determined from considerations of concentrate

Fig. 8. Constant TTHM (a) and HAA9 (b) permeate
concentration surfaces. Mass transfer coefficients corre-
spond to those calculated for source water G and membrane
III (TTHM ks=0.123, TTHM kb=8.75; HAA9 ks=0.166,
HAA9 kb=17.72mm/s). Surfaces loosely correspond to
Stage I MCLs (80/60mg/L) and Stage II placeholders (40/
30 mg/L) of USEPA’s D/DBP rule and depict the maximum
feed concentration that can be effectively treated to reduce
TTHM and HAA9 precursors to these regulatory levels.
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disposal, precipitative fouling, as well as finished

water quality.
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