


layer. The classical SD model can be written as

The membrane water diffusivity, Dwm, and membrane
water concentration, Cwm, and so the water perme-
ability, A, are assumed to be constant for a particular
temperature. However, in the case of dilute organics
(with negligible osmotic pressure), this model, on one
hand, fails to predict flux behavior unless membrane-
organic interaction terms can be included. On the other
hand, organic separation (solute flux) prediction with
an extended SD model by incorporation of an additional
pressure-induced solute transport parameter has been
reported.18 Although this model adequately described
negative rejection behavior observed by phenol on
cellulose acetate, it does not address substantial de-
creases in water flux found for some dilute organic
systems.

In addition to solution-diffusion-based models, pore
models also provide RO membrane transport behavior.
One of the early models proposed was the Kimura-
Sourirajan analysis (KSA) which defines the membrane
as a barrier layer with preferential sorption for the
water or repulsion of solutes.19,20 The solute perme-
ability coefficient has also been correlated with various
membrane constants and solute Taft parameters which
measure steric and polar behavior.8,15,21,22 For example,
Dickson et al.15 verified the model with FT-30 mem-
branes for simple binary systems such as dilute 2-pro-
panol and tert-butanol. The finely-porous model (FPM)
was first proposed by Merten23 and in modified form
by Johnsson and Boeson24 which assumed viscous
transport of water and diffusive and convective trans-
port of solutes through the pores. Mehdizdeh and
Dickson25 reported the modification of the FPM model
by correcting the solute material balance and the
osmotic pressure effects and provided the mathematical
techniques to find the optimum values of the 3-4
adjustable parameters. Niemi and Palosaari26 applied
the model to predict the separation of dilute ethanol and
acetic acid streams. However, the use of the FPM model
for highly interacting organics required a correction of
the pore size value. A somewhat complicated but highly
elegant pore model to account for organic separations
is the surface force pore flow (SFPF) model which was
first developed by Matsuura and Sourirajan.6 Some of
the assumptions include water transport by viscous
flow, solute transport by convection and diffusion,
transport determined by interaction forces and friction
forces, and preferential sorption of water on the pore
wall. The SFPF model has been extended to describe
the performance of cellulose acetate RO membranes for
the separation of dilute organics (interacting), but this
required 5 adjustable parameters. The model was found
to be reasonably consistent with literature data involv-
ing toluene, cumene, and p-chlorophenol.27

For charged NF or RO membranes, although the
water flux can be calculated with eq 1, the prediction
of ionized solute rejection will require the incorporation
of both diffusion and charge repulsion (Donnan exclu-
sion). The Nernst-Planck equation can be applied to
these types of systems.28-30 Application of this model
requires determining the charge density by theory or
ion-exchange capacity of the membrane, charge density
as a function of pH, transport parameters for diffusion

and ion velocity, and distribution coefficients. Thus, on
the basis of Donnan exclusion model, one would expect
a strong dependency on organic separation with the
degree of ionization of solute. This effect is further
discussed in the NF section.

Proposed Steady-State and Unsteady-State RO
Models Involving Dilute Organic-Water
Systems

Two types of models are formulated to describe the
flux and separation behavior of organics that interact
with polymer materials. One model is a modification of
the SD model to include the effects of organic sorption/
adsorption in the membrane. The second model is a
diffusion-adsorption-based unsteady-state model. The
models assume that transport and separation charac-
teristics are determined by the membrane thin-skin
barrier layer of the composite membranes. The formu-
lated transport equations were solved numerically.

(1) Modified Solution-Diffusion (MSD) Model
(Steady-State Model). The solution-diffusion model
assumes that both water and solute transport across
the membrane occurs by diffusion. For organics that can
strongly sorb in the membrane, Rautenbach and
Gröschl31-33 pointed out that a more reasonable as-
sumption would be that the total solute (Cm) and water
(Cwm) concentration in the membrane is constant:

where Ctm is the total concentration in the membrane.
This implies that there is a finite number of sites within
the membrane that can be occupied by both the water
and the solute. If this expression is substituted into eq
1, we get the following expression:

where A* represents a new permeability constant and
does not depend on the water concentration in the
membrane but instead the total concentration in the
membrane. Rautenbach and Gröschl31-33 also showed
that the quantity Cm/Ctm in eq 3 can be represented by
a Langmuir type:

which, upon substitution in eq 3, results in

Equation 5 indicates that the water flux through the
membrane depends not only on the effective pressure
driving force (∆P - ∆π) across the membrane but also
on the solute feed concentration. In the presence of the
concentration polarization CF needs to be replaced by
the wall concentration.
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For dilute solutions the solute transport can be
described (as in the SD model) by solute diffusion across
the membrane as

However, instead of a linear partition coefficient, as in
the SD model, the partition is determined by a Lang-
muir isotherm like that used in the water flux expres-
sion:

which, when substituted in eq 6, results in

where B* represents a solute permeability constant.
Equations 5 and 9 represent the water and solute

fluxes through the membrane for the modified solution-
diffusion (MSD) model. An explicit form of eq 9 for solute
flux that does not contain the permeate concentration
can be easily obtained by substituting Cp ) JS/JW and
solving the resulting quadratic for JS.

(2) Diffusion-Adsorption (DA) Model (Unsteady-
State Model). The water and solute flux expressions
developed for the MSD model represent steady-state
fluxes across the membrane. The water fluxes usually
reach steady state quickly and so are adequately
described by eq 5. However, some solutes can adsorb in
the membrane pores as these are transported across the
membrane and, as a result, transient behavior is
observed in the permeate concentration. A diffusion-
adsorption (DA) model has been formulated below to
describe this solute transport behavior. The DA model
also assumes that the water and solute transport occurs
by uncoupled diffusion across the membrane.

Figure 1 shows a cross section of a RO membrane with
solute flux Js through the membrane. By taking a

material balance around the slice ∆z of the membrane
and assuming JS can be described by Fick’s law, one
can easily obtain

Equation 10 along with an expression for the rate of
adsorption (adsorption rate ) ∂Qm/∂t) describes the
concentration of solute in the membrane. Before the
membrane feed is introduced, there is no solute in the
membrane and so the initial condition is given by

The boundary conditions are the same as those used in
the MSD model:

For dilute solutions, the permeate concentration can be
eliminated from eq 13 using

along with the evaluation of JS (by Fick’s Law) at z )
δ.

Equations 10-12 and the modified Cm(t,δ) equation
can be rewritten in a more convenient form using the
transformation x ) z/δ and De ) Dsm/δ2. These equations
then become

More importantly, once a profile has been obtained
(using eqs 15-18), the permeate concentration can be
found by rearranging eq 13 (with modifications) as

It can be easily shown that the steady-state solution for
the DA model is equivalent to the MSD model, as would
be expected.

If equilibrium between the adsorbed and nonadsorbed
diffusing solute is assumed to exist within the mem-
brane, several adsorption isotherms can be used to
describe the solute adsorption in the membrane. If

Figure 1. Membrane cross section depicting flux and solute
partitioning.
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Henry’s law is assumed valid,

The DA model then becomes the DA-HA model,

If a Langmuir adsorption isotherm is assumed,

and so the DA model becomes the DA-LA model,

All of the above equations can be solved with the
appropriate boundary conditions, as discussed before.
It should be noted that the DA model is not a pore
model, but rather an extension of the MSD model to
account for unsteady-state behavior. It can be easily
shown that the steady-state solution of the DA model
is equivalent to that of the MSD model.

For the incorporation of the transport model equa-
tions in a batch membrane system, the volume and
concentration changes as a function of time must be
included. For a batch system, a solute material balance
results in

where Qtm represents the total solute adsorption in the
membrane. Equation 24 can be expanded to

From a material balance on the water with

then

Also,

Combining eqs 27 and 28,

Substituting eqs 29 and 26 into eq 25 and rearranging
results in

The system of eqs 28 and 30 along with expressions for
the adsorption in the membrane, water flux (Jw), and
either solute flux (Js) or permeate concentration (CP)
describe the batch membrane system. The initial condi-
tions (at t ) 0) are r ) 0, Cc ) CF, and Qtm ) 0. The
value of CP obtained from the RO transport models is
the instantaneous permeate concentration at time t. The
cumulative permeate concentration for a batch system
is defined as the concentration of the total volume of
permeate collected up to a particular time or at a
particular water recovery. It is calculated as

(3) Solution Techniques. The solution of the MSD
and the DA models requires the determination of the
constants of the models as well as the implementation
of a numerical solution routine. The parameters for the
MSD model include A*, b0, and B*. The value of A* was
calculated using the distilled water flux of the mem-
brane studied and eq 5:

The parameters b0 and B* were determined using a
single experimentally determined data point for water
flux and permeate and retentate concentration for all
the solutes studied. The experimental point used was
at 180 min for the batch membrane system. Although
we used an experimental data point for the exact
determination of b0, it will be shown later how b0 can
be estimated using solute acidity parameters. The value
of b0 was determined using the experimental water flux
and concentrate concentration using eq 5 (with CF )
CC) while B* was determined using the measured
permeate and concentrate concentrations and water flux
with eqs 9 and 14. It should be noted that if we
attempted to determine b0 from direct sorption experi-
ments, the backing material sorption would mask the
active layer sorption.

The parameters for the DA model include Dsm, b0, Ctm,
and δ and the adsorption isotherm parameters Q0, Q1,
and b1. To determine Dsm for the DA-HA and DA-LA
models, it was assumed that diffusion of the solute in
the membrane takes place through water dissolved in
the membrane polymer. This water was assumed to be
in the spaces (equivalent to pores) between the polymer
chains of the membrane. Since the effective diffusivity
of organic solutes through the membrane is unknown,
the following equation was used to calculate the value
of Dsm:
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In eq 33, “b” is Ferry-Faxen-type friction parameter.
On the basis of a large number of experimental mem-
brane data, Sourirajan and Matsuura16 have proposed
that

where λ ) Rs/Rp. Equation 34 is valid for 0.22 < λ < 1,
which was true for all the solutes in this study. The
diffusivities (Dsw) for the solutes in water were calcu-
lated using the Wilke-Chang estimation method and
Stoke’s radius (Rs) for each solute. An average mem-
brane “pore” radius (Rp) was taken as 1 nm for the FT30
membrane used in this study.34 The value of b0 was the
same as that in the MSD model. For the DA-HA and
DA-LA models the value of Ctm was determined using
the steady-state solution of the DA model and single
experimentally-determined values for the water flux and
permeate and retentate concentrations at 180 min for
the batch membrane system studied. The thickness of
the membrane barrier layer was taken as 100 nm; this
is in the range of values reported in the literature and
that indicated by X-ray photoelectron spectroscopy
(XPS) analysis as shown later.

The sets of equations describing a batch membrane
system with the MSD and DA models were solved
numerically to predict the permeate and retentate
concentrations and water flux behavior. The MSD model
was solved using the software package LSODE.35 The
DA model equations describing transport for a batch
membrane system were solved using the NAG Fortran
Library routine D03PJF. The routine uses a Chebyshev
collocation method for the spatial discretization of the
PDEs (partial differential equations) and either a
backward differentiation formula (BDF) method or a
Theta method for the integration of the resulting system
of ODEs (ordinary differential equations).36

Experimental Methods

(1) Reverse Osmosis. To quantify the permeation
model parameters that were formulated and to establish
organic separation behavior, experiments were con-
ducted with thin-film, composite membranes in batch
and continuous systems with various organic com-
pounds. Preliminary characterization of the membrane
by XPS was also done. The membrane feed, permeate,
and retentate were analyzed by UV, high-performance
liquid chromatography (HPLC), and a Hewlett-Packard
5890 gas chromatography-mass spectrometer (GC-MS).
In some cases permeate concentrations were very low
and then solid-phase extraction (described below) was
used to concentrate the sample in a solvent phase.

The membranes used in all experiments was the
FT30-BW membrane obtained in flat-sheet form from
FilmTec Corp. It is a thin-film, composite membrane
with a barrier layer of a cross-linked aromatic polyamide
and support layer of porous polysulfone on a polyester
backing. This membrane has a typical pure water flux
of 12 × 10-4 cm3/(cm2 s) and typical NaCl rejection of
97% at 1.4 MPa and 25 °C. The pH operating range is
2-11 with experiments being operated between 0% and
60% recovery.

The synthetic feed solutions used in the experiments
were made by dissolving the appropriate chemicals in
particle-free, double-distilled water. The organics used
were phenol, 2-aminophenol (AP), 2-flourophenol (FP),
2-chlorophenol (CP), 2,4-dichlorophenol (DCP), 2,4,6-

trichlorophenol (TCP), 2-nitrophenol (NP), 2,4-dinitro-
phenol (DNP), and benzene. The concentration and pH
values were 0.1-0.5 mM and pH 3-5, respectively.
Distilled water fluxes were measured before and after
each membrane experiment to monitor the changes in
membrane performances. If the water flux after the
experiment was less than 80% of that before the
experiment, the membrane was washed with a 20%
methanol-water solution (or pH 9 water for ionizable
organics) to remove adsorbed organics and restore the
water flux. Performance was also periodically monitored
using standard NaCl rejection for RO to ensure mem-
brane stability and integrity.

Analysis was performed on HPLC or UV when pos-
sible, but when concentrations were low, GC-MS was
used to accurately analyze the results. Of course, with
all GC-MS analyses solid-phase extraction is needed
since aqueous samples cannot be analyzed. The extrac-
tion was performed by filtering the aqueous samples (pH
≈ 4) through Fisher Scientific PrepSep C18 (octadecyl
silane) extraction columns, resulting in the retention of
organics in the column. The adsorbed organic was then
extracted from the column with methanol. Extraction
efficiencies for CP, DCP, and TCP were nearly 100%.

Experimentation was done with two systems, a batch
and continuous system. The batch system was used for
the runs with recoveries ranging from 30% to 60%. The
continuous system contained a large reservoir feed
volume (85 L) with continuous recycling of the feed and
permeate so that analysis could be ran with very little
recovery (r ≈ 0). For the batch system, the membranes
(in flat-sheet form) were placed in a 2.0-L stainless steel
cylindrical pressure vessel (membrane surface area of
55 cm2) which was pressured with a nitrogen cylinder.37

The solution in the cell served as the feed to the
membrane and a variable speed mixer was ran at a rate
of 900-1000 rpm to eliminate concentration polariza-
tion.

UV analyses of the various organic compounds were
conducted at wavelengths ranging from 262 nm (DNP)
to 292 nm (TCP) and had lower level detection limits of
<0.01 mM (2 mg/L TCP). When GC-MS analysis was
used, a solid-state extraction into methanol was used
which gave an error of <3% (for example, 25 mg/L TCP
read 25.8 mg/L) for all compounds used. For example,
the amount of CP adsorbed by the membrane was 9.7%
of the original amount in the feed solution. Using the
error in the analysis ((2 mg/L chemical analysis), the
mass balance was within 3% for model compounds
known not to adsorb.

The elemental composition (on a hydrogen-free basis)
of a FT30-BW membrane adsorbed with TCP were
examined by XPS analysis. XPS was performed on a
Kratos XSAM 800 spectrometer using Mg KR1 (1253.6
eV) radiation. In situ argon ion sputtering was used to
etch away the membrane barrier layer so that composi-
tions as a function of depth could be obtained; the ion
gun was operated at 3.5 keV with currents of 3-µA
across a sample area of around 5 × 25 mm2. The
membrane was prepared by adsorbing TCP on it during
a RO experiment with CF ) 0.25 mM, pHF ) 4, and 1.4
MPa. It was removed from the membrane system after
the experiment and dried.

(2) Nanofiltration. The nanofiltration (NF) mem-
brane used was the Desal HL membrane obtained in
flat-sheet form from the Osmonics-Desal Corp. It is a
negatively-charged, polyamide-based membrane on a

b ) 44.57 - 416.2λ + 934.9λ2 + 302.4λ3 (34)
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polysulfone backing with a typical pure water flux of
15 × 10-4 cm3/(cm2 s) and a typical 2000 mg/L Na2SO4
rejection of 98% at 0.7 MPa and 25 °C. NF experiments
with p-aminobenzoic acid (PABA) at a concentration of
100 mg/L and pH 3-9 consisted of using the batch
system (described above for RO) with measurement of
the flux, permeate, and retentate concentrations. Each
flux reading was taken twice and experimentally mea-
sured fluxes agreed within 5%. Permeate and retentate
concentrations were measured using a UV analysis (HP
8452A spectrophotometer) at 264 nm. Samples were
diluted (if needed) to the concentration of 2-10 mg/L.
The maximum and average standard errors of any
analysis (done by determination of an unknown) was
found to be 4% and 2%, respectively. Further, end
retentate and permeate concentrations were measured
and the mass balance was found to agree to within <2%.

Results and Discussion

Extensive membrane studies were conducted to ex-
amine RO separation characteristics of dilute solutions
of several hazardous organic pollutants. The behavior
of most interest was water flux drop, organic removal,
and extent of organic adsorption by the membrane and
how these were related. Also, the RO models based on
fundamental transport principles were solved and com-
pared to the measured separation results to give insight
into the transport mechanisms of organics in RO
membranes. The usefulness of the models for describing
water fluxes for organic systems were also examined.
Finally, X-ray photoelectron spectroscopy (XPS) was
analyzed to determine TCP adsorption in the mem-
brane.

(1) Organic Solute-Membrane Interactions. Ad-
sorption of organic membranes (FT30-BW) is thought
to be a major factor contributing to flux drop. However,
although many models are able to account for flux drop
by manipulating empirical parameters, few look at how
specific mechanisms of adsorption affect flux. Figure 2
shows flux drop versus adsorption for various mono-
substituted phenols. As shown, the water flux decreases
nearly linearly with adsorption. In addition to hydrogen-
bonding effects, aminophenol (AP) caused the highest
flux drop because of R-NH3 interaction with a slightly
negative FT30-BW membrane. An order of magnitude
estimate of the potential organic loss (adsorption) was
calculated for phenolic OH interaction with carbonyl
groups. If the polymer is assumed to be homogeneous
with a density of 1 g/cm3, a polyamide barrier layer

thickness of 100 nm, and a membrane surface area of
55 cm2, the maximum number of carbonyl groups
available in the polymer would be 5 × 10-6 mol. This is
far less than the 5 × 10-5 mol of TCP adsorbed at 0.24
mM, which indicates that some of the organics must also
be adsorbed by nonspecific interactions.

For this reason, a TCP adsorption experiment was
done with just the polysulfone backing (no active layer).
Considering the fact that the concentration seen by the
backing is only 1/10 of the 0.24 mM feed solute concen-
tration (90% rejection), an adsorption of 3 × 10-7 mol/
cm2 was observed in the backing. This is approximately
1/3 of the overall adsorption, showing that the active
layer indeed adsorbs a significant amount of the organ-
ics. Our scanning electron microscopy studies also
indicated that the backing polysulfone layer has pore
sizes in the range of 70-100 nm and thus adsorption of
small molecules such as TCP on the pore surface will
have no impact on the water flux. It should also be noted
that Forgach et al.,45 in their studies with FT-30
membranes, showed that transport parameters were
characteristic of the polyamide barrier layer and the
backing had no influence on flux or separation charac-
teristics.

The degree of specific-to-nonspecific interactions can
be very important, as indicated in Figure 3. As shown,
DNP caused a very high water flux drop, even though
NP had similar adsorption. This is because the disub-
stitution of the DNP highly enhances the molecule
acidity. Figure 4 shows the possible hydrogen-bonding
sites (using TCP as an example) with the FT30-BW
membrane polymer. The carbonyl groups are the most
likely interaction sites since the resonance structures
of the amine-aromatic groups38 of the aromatic polya-
mide would probably inhibit its formation of hydrogen
bonds. In contrast, benzene with no hydrogen-bonding
capability shows (Figure 3) high physical adsorption but
negligible flux drop, showing that the reduction of
transport corridors is not a phenomena leading to flux
reduction.

Water flux through a RO membrane is thought to be
greatly dependent on its ability to form hydrogen bonds
with the hydrophilic groups of the membrane polymer;
thus, water should be preferentially sorbed by the
membrane polymer for the membrane to have high
water fluxes.16 Further, organics that form stronger
hydrogen bonds with the membrane polymer than water
would partially displace the water from the hydrophilic
sites of the membrane. Therefore, a measure of hydrogen-
bonding ability, such as the pKa, should be a good
indicator of water flux decline. Figure 5 indeed shows

Figure 2. Relationship of water flux and organic adsorption for
phenol and monosubstituted phenols.

Figure 3. Water flux drop behavior with selected aromatics to
distinguish the effect of specific (DNP and TCP) and nonspecific
(benzene) adsorption.
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that the pKa for the phenolics studied is a good measure
of water flux decline. However, nonspecific interactions,

which may have little impact on flux, can be very
important in terms of organic solute loss. For example,
benzene, which is highly adsorbed in the membrane,
causes no flux drop (Figure 3) but material loss (Figure
6) is very high. In contrast, phenol is a relatively polar
compound which should have insignificant adsorption
on the membrane (Figure 3). For the chlorophenols, each
addition of chlorine would make the compound more
hydrophobic and thus cause an increase in physical
adsorption by the membrane. The concepts of specific
and nonspecific interactions are consistent with the
behavior observed for some of the phenolics under
ionized conditions. When ionized, these compounds
cause substantially less water flux drop with the FT30-
BW membranes.3 The water flux through composite RO
membranes (e.g., FT30-BW) obviously is a function of
the skin thickness. Although the absolute value of the
flux (and organic adsorption) will increase with mem-
brane skin thickness, the percentage flux drop will
remain the same.

Evidence of the importance of specific interactions can
further be verified by the analysis of transient flux and
permeate concentration behavior. Figure 7 shows the
flux and permeate concentration variation with time
involving insignificant water recovery (both permeate

Figure 4. Schematic of interaction of nonionized trichlorophenol (TCP) with (a) carbonyl groups, (b) an aromatic polyamide RO membrane,
and (c) ionized TCP with carbonyl groups.

Figure 5. Water flux as a function of pKa for selected phenolic
compounds.
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and retentate recycled back to the feed tank). If, overall,
nonspecific adsorption controlled the water flux, then
one would expect, on one hand, a continual flux drop
over a long period of time. On the other hand, permeate
concentration would be expected to increase with time
until steady state is reached. The rapid attainment of
steady-state flux (Figure 7) does indicate the importance
of specific interactions with water transport sites in the
membranes. The total concentration Ctm (eq 2) can be
viewed as representing the total number of membrane
interaction sites that can be occupied by the organic
solute and water. Although water is present in consid-
erable excess, competitive sorption was evident by the
experimental b0 (eq 4) values dependency on feed solute
concentration. For example, with TCP in the concentra-
tion range of 0.1-0.5 mM, the quantity b0CF was
approximately linear with the feed concentration. With
organics that have strong interactions with the mem-
brane (that is, a large Cm due to either hydrogen
bonding or hydrophobic forces), the concentration of
water in the membrane would decrease, thus causing
flux decline. This is in agreement with the findings of
Burghoff et al.18and Rautenbach and Gröschl31-33 who
found that some organics could decrease the membrane
water content. Cheng et al.,14 in their detailed studies
with various halogenated organics, found that the
membrane void fraction (measure of water content)

indeed decreased (20%-50%), depending on the mem-
brane and organic solute utilized.

(2) MSD Model Verification. The MSD model has
been used for the prediction of permeate concentration
and water flux behavior. While the equations describe
the unsteady-state nature of the batch system, these
assume the membrane itself has steady-state partition-
ing and diffusion of organics and water. Water flux
results for the MSD model for a 0.5 mM TCP feed
solution (b0 ) 1380 L/mol, A* ) 7.70 × 10-4 cm/(s MPa),
and B* ) 0.569 × 10-10 mol/(cm2 s)) are given in Figure
8. Since the feed was continuously concentrated with
operating time, the batch membrane system represented
a convenient test of the model over a range of concen-
trations. This verified that the continuous drop in water
flux for the batch system was the result of increases in
retentate concentration over time and that eq 5 could
adequately describe the changes in water flux due to
the feed solute concentration changes. In addition, the
retentate concentration variation indicated (not shown
here) that fit between the MSD model and experimental
data was within 8%.

The cumulative permeate concentrations variation
with time was also modeled, and as expected, the
steady-state behavior can be predicted quite well, as
indicated in Figure 9 (using the same membrane
parameters as Figure 8). The steady-state results
showed about 90% rejection of TCP for this membrane.3
However, the MSD model overpredicted the permeate
concentration, especially for the lower operating times.
This disagreement was most likely due to unsteady-
state solute transport in the membrane just after the
experiments were started. The unsteady-state behavior
would not be described by the MSD model since it
assumed steady-state conditions in the membrane.
Thus, it is clear that other models are needed to describe
the unsteady-state behavior of permeate concentration
data.

Parametric studies for membrane models are impor-
tant since these allow insight into the effect a particular
variable or constant might have on water flux or
separation characteristics. Further, parametric studies
can point out some potential improvements that can be
made for a membrane to optimize water fluxes or
separations. Using the information of the MSD model,
various predictions of membrane behavior can be made.

Figure 6. Effect of benzene adsorption on retentate concentration
variation with time.

Figure 7. Water flux drop and permeate concentration behavior
of TCP for a RO experiment with negligible water recovery.

Figure 8. Measured and calculated (MSD model) water flux as
a function of time for a batch RO experiment.
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The model must predict the trend that permeate con-
centrations should reach an asymptotic number as the
pressure is increased. As can be seen in Figure 10, this
is indeed the case.

The specific sorption coefficient parameter, b0 (in eq
5), which is a measure of specific interactions, should
have a strong impact on the water flux drop behavior.
This effect in Figure 11 shows that in the dilute
concentration range (negligible osmotic pressure) the
flux drop is quite severe for high values of b0. Figure
11 also indicates that higher solute feed concentrations
would result in larger water flux drops, which would
be expected on the basis of eq 5. From our experimental
observations, it has already been noted that strongly
acidic compounds, such as DNP, cause severe membrane
flux decline and thus one would expect that b0 would
be a strong function of acidity. Figure 12 shows the
strong dependence of solute acidity (pKa) on the best fit
b0 parameters (at 0.2 mM) for various phenolic com-
pounds. Further understanding of the importance of
organic sorption on membranes will not only help one
to describe flux drop behavior (without membrane

experimentation) but also may lead to the development
of “adsorptive membranes”.

(3) Diffusion-Adsorption (DA) Models. A likely
cause for the unsteady-state behavior of the dilute
organic solute flux is that the solute adsorbs in the
membrane as it is transported through it. Equations 21
and 23 (DA-HA and DA-LA models, respectively)
along with the boundary conditions and the batch
equations describe unsteady-state diffusion with Henry’s-
law or Langmuir-type adsorption in the membrane. The
isotherms utilized are widely applied to organic adsorp-
tion and have been indicated to describe membrane
adsorption: a linear adsorption isotherm.39 Equation 21
is particularly enlightening. Crank40 pointed out that
this is the usual one-dimensional form of the diffusion
equation with the exception that the diffusion coefficient
is reduced by the factor (1 + Q0). Numerical solutions
of eq 21 (DA-HA model) and related equations for the
batch system permeate concentration for the 0.5 mM
TCP feed solution with several values of Henry’s law
coefficient Q0 are shown in Figure 13. The parameters
used for the DA model are b0 ) 1380 L/mol, Rs ) 0.31
nm, Dsw ) 7.68 × 10-6 cm2/s, Dsm ) 5.26 × 10-7 cm2/s,
and Ctm ) 1.08 × 10-6 mol/L. The figure shows that as
Q0 increases (and so adsorption increases), the overall
effective rate of diffusion [De/(1 + Q0)] decreases. Thus,

Figure 9. Calculated (MSD model) and experimental permeate
TCP concentration for a batch RO experiment.

Figure 10. Modified solution diffusion model (MSD) predicted
permeate concentration as a function of operating pressure for
dilute aqueous TCP.

Figure 11. Effect of the sorption coefficient parameter, b0, on
water flux calculated by the MSD model as a function of feed
concentration.

Figure 12. Correlation of the MSD model sorption coefficient
parameter, b0, with pKa of selected phenolic compounds.
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one would expect a strong dependence of the Q0 param-
eter on the permeate concentration time profile. More
importantly, this plot shows that the effect of adsorption
is to lower the overall solute diffusivity. For a TCP
diffusivity of Dsm ) 5.26 × 10-7 cm2/s in the membrane
and Q0 ) 2.5 × 107 mol adsorbed/mol, Dsm/(1 + Q0) ≈ 2
× 10-14 cm2/s. This is on the order of the TCP membrane
diffusivities found.

Figure 14 shows numerical solutions for eq 23 (DA-
LA model) and related batch membrane equations
where the adsorption is described by a Langmuir
isotherm with several values of the adsorption coef-
ficients Q1 and b1 for a 0.5 mM TCP feed solution. The
cumulative permeate curves show trends similar trends
to those in Figure 13. In fact, this would be expected
since the TCP concentrations in the membrane should
be low (90% rejection as well as low feed concentration)
and, as a result, the Langmuir isotherm would reduce
to a linear form (Henry’s law); that is, Q0 ) Q1b1. The
fact that constant values of Q1b1 shown in the figure
produced approximately the same numerical solution
also indicates that the Langmuir isotherm reduced to
a linear form for the concentrations present in the
membrane.

(4) XPS Characterization of the FT30-BW Mem-
brane. The FT30-BW membrane used in this study was

analyzed by XPS, which allows relatively precise deter-
mination of elemental compositions. A membrane with
TCP adsorbed was examined and the composition (only
Cl in the membrane came from TCP) was determined
as a function of depth by etching the polymer with argon
ion (Ar+) sputtering. The analysis of the membrane was
performed to examine the distribution of the adsorbed
TCP in the barrier layer. Under the sputtering condi-
tions used, the etching rate of a SiO2 standard film has
been estimated as 2.5 nm/min;41 since it would be very
difficult to determine the etching rate of the membrane
polymer film due to the lack of a similar standard, the
SiO2 etching rate can be used as a first approximation
to that of the polymer.

Figure 15 shows the compositions of carbon, nitrogen,
oxygen, sulfur, and chlorine in the membrane for several
XPS scans for the membrane adsorbed with TCP. The
TCP was adsorbed during a RO experiment with CF )
0.2 mM and 1 × 10-6 mol/cm2 TCP was adsorbed by
the membrane during the experiment. Since the barrier
layer polyamide or the support layer polysulfone did not
contain chlorine, the percentage of chlorine indicated
in Figure 15 must be due to the TCP in the membrane.
Since the aromatic polyamide barrier layer contained
no sulfur, the sulfur composition should increase only
when the polysulfone layer is reached. This is found to
be at a depth between 75 and 150 nm (30-60 min of
etching) as indicated in Figure 15.

(5) Organic Adsorption and Rejection Behavior
for NF Membranes. Charged NF membranes are used
for the separation of many organic molecules. A com-
prehensive view of all the MW cutoffs of NF membranes
is give by Rautenbach and Mellis.42 Since a significant
amount of work had been performed on RO adsorption
studies, NF membranes were characterized with a
model organic compound to establish the role of adsorp-
tion and pH on membrane performance. The model
compound chosen for the study was p-aminobenzoic acid
(PABA). PABA is an interesting molecule from a re-
search standpoint because it has a postive charge at low
pH (amine pKa ) 4.65) and a negative charge at higher
pH’s (carboxyl pKa ) 4.80). Although PABA is a mol-
ecule similar to many of the compounds studied in this
article, the adsorption on a NF membrane would be
assumed to be lower because it is much more hydrophilic

Figure 13. Comparison of experimental and diffusion-Henry’s
law adsorption (DA-HA) based permeate TCP concentration.

Figure 14. Calculated (diffusion-Langmuir adsorption based
DA-LA model) and experimental permeate concentration profile
for TCP.

Figure 15. XPS (X-ray photoelectron spectroscopy) profile of
elemental mass composition for a TCP adsorbed FT30-BW mem-
brane.
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than FT-30 and many researchers have shown that this
hydrophilicity leads to lower protein sorption, for in-
stance.43 In addition, one would expect organics contain-
ing positive charges, such as amine groups, to have
stronger interactions with negatively-charged mem-
branes.44 Figure 16 shows that the adsorption of PABA
on the Desal-HL membrane is as much as a factor of
10 lower than 2-aminophenol (AP) sorption on FT-
30BW. However, it is also interesting to note that the
adsorption of PABA on the membrane is a function of
pH. This is probably due to charge interaction (nega-
tively-charged membrane) of positive amine at low pH
and charge repulsion of negatively-charged carboxyls at
high pH. In FT-30BW membranes the mechanisms of
water transport is primarily diffusion which is facili-
tated through interactions with specific sites on the
membrane. However, the Desal-HL membrane is nega-
tively-charged and transport through this membrane is
probably a function of convection, diffusion, and electri-
cal interactions (negatively-charged membrane facilitat-
ing water diffusion). In this work, we found that the
Desal-HL membrane flux was about 5% lower than the
pure water flux at all pH values, showing that the
change in adsorption caused insignificant flux decline.
This membrane is highly hydrophilic and thus one
would not expect significant flux drop with low-molec-
ular-weight organic solutes.

PABA has two charge groups and thus one would
expect a strong impact of pH on the separation. The pH
effect can be easily explained on the basis of ionization
(pKa). Figure 17 is a plot of PABA rejection vs pH. It
can be shown that even at pH 3 (≈100% positively
charged) PABA was rejected around 25%. Also shown
in Figure 17, a model for the rejection based on ioniza-
tion is also plotted. The model utilized only two data

points: one around pH 3 and one above pH 7. As shown,
the model predicted NF rejection reasonably well.

Conclusions

This study examined water flux, separation, and
adsorption for several hazardous organic pollutants by
a thin-film, composite membrane (FT30-BW). Models
were developed on the basis of fundamental transport
principles which included the effects of organic sorption/
adsorption that were formulated and solved to describe
water fluxes and separations for the organic systems
studied. Studies with several nonionized, ortho-substi-
tuted phenolic compounds in dilute solutions (negligible
osmotic pressure) showed that these could cause sub-
stantial decreases in water flux through the membrane.
Material balances on the system also indicated signifi-
cant organic adsorption by the membrane (on the order
of 10-6 mol/cm2) during the RO experiment. It was found
that both water flux drop and adsorption followed the
same trends for these phenolics: AP > NP > CP > FP
> phenol. Selected nonionized chlorophenols and nitro-
phenols in dilute solutions (negligible osmotic pressure)
were studied and also found to cause substantial
membrane water flux drop for some cases. The order of
flux drop for these for similar feed concentrations was
DNP > TCP > DCP > CP > NP. Flux drop results were
explained in terms of specific and nonspecific interac-
tions. Studies with a continuous RO system showed that
water flux drops caused by TCP occurred rapidly and
reached a steady-state value. However, the permeate
concentration clearly showed a transient behavior,
increasing with operating time.

Reverse osmosis transport models were formulated
to describe water flux and separations for organics
systems. The modified solution-diffusion (MSD) model
and diffusion-adsorption (DA) models were solved
numerically for selected organics. The parameters of the
models were obtained from measured data at a single
data point. The MSD and DA models gave excellent
descriptions of water flux (typically within 5%) for the
phenolics studied. The MSD model did predict the
steady-state behavior of the permeate concentration
quite accurately, while DA models were needed for the
successful prediction of transient concentration profiles.
With charged NF membranes (loose RO), the flux drop
was not found to be significant despite some organic
adsorption. The separation behavior of a model com-
pound containing two ionizable groups (one positive and
one negative) could be predicted quite well with pKa
data.

Nomenclature

A ) water permeability coefficient, (L3/L2tP)
A* ) modified water permeability constant, (L3/L2tP)
Am ) membrane surface area, L2

b ) solute-membrane friction parameter, dimensionless
B* ) modified solute permeability constant, (mol/L2t)
b0 ) sorption coefficient, L3/mol
b1 ) Langmuir adsorption coefficient, L3/mol
Cc ) concentrate solute concentration, mol/L3 or M/L3

CF ) feed solute concentration, mol/L3 or M/L3

Cm ) membrane solute concentration, mol/L3

CP ) permeate solute concentration, mol/L3 or M/L3

CPc ) cumulative permeate solute concentration, mol/L3 or
M/L3

Csmf ) solute concentration at feed side membrane surface,
mol/L3

Figure 16. Effect of pH on PABA (p-aminobenzoic acid) adsorp-
tion by negatively-charged NF membranes.

Figure 17. Effect of pH on PABA rejection with negatively
charged NF membranes.

K



Csmp ) solute concentration at permeate side membrane
surface, mol/L3

Ctm ) total concentration of water and solute in the
membrane, mol/L3

Cwm ) membrane water concentration, mol/L3

De ) normalized solute diffusivity, Dsm/δ2, 1/t
Dsm ) solute diffusivity in membrane, L2/t
Dsw ) solute diffusivity in water, L2/t
Dwm ) water diffusivity in membrane, L2/t
Js ) solute flux, mol/(L2t) or M/(L2t)
Jw ) water flux, L3/(L2t)
Jwo ) pure water flux, L3/(L2t)
Ksm ) solute partition coefficient for homogeneous mem-

brane, dimensionless
L ) length
Lsp ) pressure-induced solute transport parameter, mol/

(L2tP) or M/(L2tP)
M ) mass
P ) pressure, M/(Lt2)
Qm ) solute adsorption in membrane, mol/L3

Qtm ) total solute adsorption in membrane, mol
Q0 ) Henry’s law adsorption coefficient, mol adsorbed/mol
Q1 ) Langmuir adsorption coefficient, mol/L3

r ) permeate water recovery, dimensionless
Rg ) ideal gas constant, (ML2)/(t2T mol)
Rp ) membrane pore radius, L
Rs ) Stoke’s radius of solute, L
t ) time
T ) temperature
Vc ) concentrate volume, L3

VF ) feed volume, L3

VP ) permeate volume, L3

Vh w ) partial molar volume of water, L3/mol
x ) dimensionless membrane depth, z/δ
z ) membrane depth, L

Greek Letters

δ ) membrane thickness, L
λ ) ratio of solute Stoke’s radius to membrane pore radius,

dimensionless
∆π ) transmembrane osmotic pressure difference, M/(Lt2)

Chemical Abbreviations

AP ) 2-aminophenol
CP ) 2-chlorophenol
DCP ) 2,4-dichlorophenol
DNP ) 2,4-dinitrophenol
FP ) 2-flourophenol
NP ) 2-nitrophenol
PABA ) p-aminobenzoic acid
TCP ) 2,4,6-trichlorophenol
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(31) Rautenbach, R.; Gröschl, A. Reverse Osmosis of Aqueous-
Organic Solutions: Material Transport and Process Design.
Presented at the 1990 International Congress on Membranes and
Membrane Processes, Chicago, IL, Aug 20-24, 1990.
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