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A membrane transport model was de®eloped for prediction and simulation of mem-
( )brane filtration nanofiltration dynamics with reference to permeate flux. It incorpo-

rates important phenomenological aspects of membrane transport, such as concentra-
tion polarization and gel layer formation, and illustrates the concentration of solutes as
foulants in the mass-transfer boundary layer on the membrane surface. Membrane fil-
tration tests using tannic acid as a model organic compound were designed for in®esti-
gating permeate fluxes, as well as solute concentration profiles for permeates and con-
centrates. Membrane performance experiments were conducted under ®arious operation
conditions by ®arying se®eral parameters including solute concentrations, transmem-
brane pressures, and reject flow rates. The tests showed that the NF-45 membrane
composed of polypiperazine amide was more susceptible to organic fouling by tannic
acid than the NF-70 membrane made of cross-linked aromatic polyamide. These obser-
®ations were supported by surface-potential measurements that demonstrated higher
negati®e surface charges and greater hydrophilicity for the NF-70 membrane in the pres-
ence of tannic acid. The predicti®e capability of the membrane transport model was
e®aluated using the results from membrane filtration tests. Model sensiti®ity studies were
conducted to obtain information on effects of ®arious input parameters pertaining to
operating conditions and fluid-dynamic regimes.

Introduction

Membrane applications in water and wastewater treatment
have grown rapidly since the development of synthetic asym-
metric membranes by Loeb and Sourirajan in 1960. Recent
global emphasis on membrane processes can be attributed to

Ž .the following factors: 1 increased regulatory pressure to
provide better treatment for potable waters and wastewaters;

Ž .and 2 increased demand for water requiring exploitation of
water resources of lower quality than those relied upon previ-

Ž .ously Mallevialle et al., 1996 . Membrane processes cover a
wide spectrum of water and wastewater treatment applica-
tions, including the following: removal of colloidal particles,

Ž .microorganisms, natural organic matter NOM , heavy met-
als, and nonmetallic inorganics ions from contaminated wa-

Žters and industrial effluents Taylor et al., 1987; Ho and
.Sirkar, 1992; Aim et al., 1993; Koros, 1995 . Nanofiltration is

mainly employed for the removal of organic and inorganic
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Žcompounds of molecular weights above 300 Da Fu et al.,
.1994; Mallevialle et al., 1996; Braghetta et al., 1997 . The pri-

mary objective in removing NOM from natural waters is to
reduce the potential for disinfection byproduct formation
during chlorination.

The economics of membrane filtration processes are largely
Ždependent on the permeate flux Chellam and Wiesner, 1992,

.1997 . A serious limitation in such processes is the progres-
sive permeate flux deterioration due to membrane fouling and
concentration polarization, two phenomena that affect their

Žoverall performance and economics van den Berg and Smol-
.ders, 1988; Pirbazari et al., 1992; Mallevialle et al., 1996 .

Membrane fouling attributed to sorption of natural organic
matter, inorganic compounds, or colloidal matter is impor-
tant from a water treatment standpoint. The fouling mecha-
nisms causing flux deterioration in various membrane tech-
nologies, such as microfiltration, ultrafiltration, nanofiltra-
tion, and reverse osmosis, are of different types and charac-
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Ž .ter Aim et al., 1993; Koros, 1995; Pirbazari et al., 1996 . Such
mechanisms include concentration polarization on the mem-
brane surface, surface fouling due to adsorption and gel-layer
formation, and internal pore fouling due to pore adsorption

Žand pore blocking Wijmans et al., 1984; van den Berg and
.Smolders, 1988; Ko and Pellegrino, 1992 . In nanofiltration

and reverse osmosis applications permeate flux deterioration
is mainly attributed to concentration polarization and surface
fouling; whereas, in ultrafiltration and microfiltration pro-
cesses, it can be attributed to internal pore fouling as well.
Membrane fouling can be reversible when flux recovery can
be achieved by chemical cleaning or fluid dynamics, or irre-
versible when flux recovery is not possible. This reversible
fouling is referred to as ‘‘colmatage’’ to be distinguished from

Ž .irreversible fouling Chellam and Wiesner, 1992 . Recent de-
velopments in membrane technologies have led to new genre
of membranes that operate at lower pressures, offer resis-
tance to fouling, and simultaneously maintain higher solute

Žrejections without sacrificing permeate fluxes Aim et al.,
.1993 .

Membrane transport of organic compounds and the associ-
ated permeate flux decline has been conceptualized by sev-
eral phenomenological models, including the following: con-
centration polarization model, osmotic pressure model, and

Žresistance-in-series model Wijmans and Baker, 1995; Ko and
Pellegrino, 1992; Nabetani et al., 1990; Nakao et al., 1986;

.van Boxtel et al., 1991; and van den Berg and Smolders, 1988 .
These models have been conceptualized for predicting or
simulating permeate flux decline under steady-state condi-
tions. The model discussed in this article is developed for
predicting or simulating permeate flux decline under un-
steady-state andror transient-state conditions. More specifi-
cally, this study investigates permeate flux decline due to
the combined effects of gel-layer and concentration-polariza-
tion-layer formations, primarily attributed to organic foulants.
Although the developed model is applied to nanofiltration in
this article, this approach can be extrapolated to other mem-
brane processes as well.

In recent years, development of predictiversimulative mod-
els in water and wastewater treatment has become an impor-
tant research area. The utility of such models is greatly rein-
forced by the following aspects: predictingrsimulating the
process performance and dynamics, accomplishing efficient
and economical process design, and achieving process upscal-
ing from laboratory-scale to pilot-scale, and eventually to
full-scale operation. More specifically, these models con-
tribute to efficient and economic planning and design of
treatment systems for specific applications. With reference to
membrane processes, performance predictionrsimulation of
permeate fluxes under various operating conditions is pri-

Žmordial for efficient and cost-effective process design Bhat-
.tacharyya, et al., 1990 . These models facilitate the forecast-

ing of process dynamics under different operating conditions,
and indeed conserve a great deal of time, effort, and finance
involved in planning and design. Traditionally, such planning
and design involves extensive and expensive pilot-scale inves-
tigations before a process can be developed from laboratory-
scale to full-scale. In the present modeling approach, synthe-
sis of laboratory data provides the necessary feedback for
verification of the predictive capability of such models, and
implementation of model refinements whenever necessary.

This technique reduces the scope of elaborate, expensive, and
time-consuming pilot-scale studies, which would otherwise be
required prior to full-scale design. It also provides the means
to obtain performance predictionsrsimulations under a vari-
ety of process operating conditions, and facilitates process
upscaling through dimensional analysis and similitude tech-
niques. The objective in employing specific modeling ap-
proaches and protocols is to economize the time and effort
involved in process design for specific applications by reduc-
ing considerably the volume of pilot-scale studies. Such mod-
eling approaches prove useful in evaluating the effects of var-
ious operational variables and process parameters on the
overall process dynamics, and smoothen the transition from
laboratory-scale conception to pilot-scale demonstration, and
subsequently to full-scale implementation.

The primary objective of this research is to conceptualize
and develop a membrane transport model incorporating the
concentration polarization and gel-layer formations for per-
formance prediction of membrane processes for removal of
natural organics. A plate-and-frame membrane system is em-
ployed to perform the filtration tests to remove tannic acid, a
model compound representing natural organic matter, under
different operating conditions including transmembrane
pressure, reject flow rate, and model compound concentra-
tion. The predictive capability of the model is evaluated based
on comparisons with experimental results under a variety of
operating conditions. Model sensitivity analysis is performed
to obtain information on the influence of input parameters
such as gel-layer and concentration polarization characteris-
tics on the membrane transport model simulations.

Development of Predictive Mathematical Modeling
Fundamental aspects and concentration profiles of the
proposed model

A serious limitation in the operation of membrane pro-
cesses is the progressive deterioration in permeate flux due
to several phenomena in, on, and near the membrane, a fac-
tor that affects the overall process economics. According to

Ž .Darcy’s law, permeate flux J decline is caused by de-®
Žcreased driving forces andror increased resistances van den

.Berg and Smolders, 1988; Ho and Sirkar, 1992 . The driving
forces for the membrane processes include the following: ap-

Ž . Ž .plied pressure D P , concentration gradient DC , andror
Ž .temperature difference DT . Membrane permeate flux can

be described by the relation

Driving force such as D P , DC , or DTŽ .
Flux J s . 1Ž .® Viscosity=total resistance

Permeate flux decline can be categorically attributed to two
Žmajor phenomena, namely, concentration polarization re-

. Žversible and directly occurring phenomena and fouling irre-
. Žversible and long-term phenomena van den Berg and Smol-
.ders, 1988; Ko and Pellegrino, 1992 . The resistances occur-

ring in membrane processes could be caused by the mem-
brane, concentration polarization, internal pore fouling, and
gel-layer formation.

Ž .The resistance of the virgin membrane R is a constantm
factor during filtration. Concentration polarization resistance
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arises due to solute retention by the membrane when solvent
transport is facilitated. Solute accumulates on the membrane
surface and forms a layer at the membrane interface with a
relatively high concentration. The resistance due to the con-

Ž .centration polarization layer R increases during mem-c p
brane filter operation until the system reaches steady state.
Concentration polarization also results in higher osmotic

Ž .pressure Dp associated with the membrane, causing a de-
Žcrease in the driving force Wijmans et al., 1984; Nabetani et

.al., 1990; van Boxtel et al., 1991; Ko and Pellegrino, 1992 .
For some cases, the solution concentration at the membrane
interface can reach certain high values, and will progressively
evolve into a gel layer accumulating on the membrane sur-

Ž . Žface R Wijmans et al., 1984; van den Berg and Smolders,g
.1988; van Boxtel et al., 1991 . Internal pore fouling occurring

inside the membrane can also lead to permeate flux decline
Ž .R .in

In cases where foulant molecules are larger than mem-
brane pores, internal pore fouling will not occur, but surface
fouling will be experienced. The foulant molecules will not
penetrate the membrane, but would either be retained on the
membrane surface andror concentrated in the reject flow.
From this perspective, the model compound used in this study
has a molecular weight of 1700 while the nanofiltration mem-
brane pore size is 300 Daltons. Accordingly, the proposed
model neglects resistance due to internal pore fouling, and
essentially focuses on resistance due to the clean membrane,
concentration polarization, and gel formation. Concentration
profiles of the proposed model during the membrane filtra-

Ž .tion processes involve two stages: a before gel-layer forma-
Ž . Ž .tion, and b after gel-layer formation Figure 1 . Here, C isb

the bulk solution concentration, C is the permeate concen-p
tration, CX is the solute concentration at the membrane sur-m
face inside the membrane, and d is the thickness of the con-
centration polarization layer. The concentrations of for per-
meate and the solution within the membrane region are as-
sumed to be zero for theoretical considerations. At the begin-
ning of membrane filtration processes, the solute concentra-

Ž .tion at membrane surface C is insignificant, and hence nom
Ž .gel layer is formed Figure 1a . The permeate flux decline is

mainly caused by the concentration polarization layer resis-
tance. After a short period of time, the solute concentration
at the membrane surface reaches the limiting gel-layer con-

Ž . Žcentration C , and gel-layer formation commences Figureg
.1b . The thickness of gel layer increases until the system

reaches steady state, at which stage, the permeate flux de-
cline is mainly caused by the gel-layer resistance.

Model framework
The fundamental membrane transport model equation is

the classic advection]diffusion equation discussed in detail
Ž .by Bird et al. 1960 . The general form of the advection]dif-

Ž .fusion equation for a binary system solutersolvent system
can be written as shown below:

­ C
2qn ?=Cs D= C , 2Ž .

­ t

where C is the concentration of the solute and D is the dif-
Ž .fusivity of the solute in the solvent phase water .

Figure 1. Concentration profiles of the proposed model
without internal fouling.
Ž . Ž . Ž .a Before the gel-layer formation C - C ; b after them g

Ž .gel-layer formation C s C .m g

The proposed membrane transport model only considers
the solute mass transfer in the region between the membrane
surface and membrane cell wall, and disregards internal pore

Žfouling van den Berg and Smolders, 1988; Wiesner and
.Chellam, 1992; Von Meien and Nobrega, 1994 . The mathe-

matical representation of solute transport through the mem-
brane system in the region between the membrane and the
cell wall is illustrated in Figure 2, wherein the control volume

Ž .for advection and back diffusion is shown marked A . Ac-
cording to the rectangular Cartesian coordinate system, the
bulk solution flows between the membrane and membrane
cell wall in the x-direction. The solute transport occurs in the
y-direction, controlled by advection from bulk solution to the
membrane, and diffusion from membrane surface back to the
bulk solution. It must be noted that the advective and diffu-
sive transport mechanisms are not exactly balanced before
the system reaches steady state, and consequently the con-
centration polarization and gel layers exhibit variable thick-

Ž .ness with time. The advection]diffusion equation Eq. 2 de-
veloped for the control volume shown in Figure 2 can be sim-
plified using the following assumptions:

1. No concentration gradient exists in the z-direction; that
is, ­ Cr­ z and ­ 2Cr­ z2 are equal to zero.
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Figure 2. Mathematical representation of mass trans-
port in the membrane module.
Ž .a Solute transport through the membrane system in the
region between the membrane and the cell wall, showing the

Ž .control volume for advection and back diffusion; b hydro-
dynamic boundary layer in the flow channel.

2. The concentration gradient in the direction of product
Ž .flow ­ Cr­ x can be considered negligible in comparison with

­ Cr­ y.
Using the preceding assumptions and considering the rela-

tion ® sy J , Eq. 2 can be transformed asy V

­ C ­ C ­ 2C
y J s D . 3Ž .® 2­ t ­ y ­ y

As illustrated in Figure 1, the boundary conditions for the
Ž .preceding equation Eq. 3 can be written as follows. For the

temporal and spatial stages before the gel-layer formation
Ž .C -C , Figure 1a,m g

at ts0, CsC sCm ,0 b ,0

at ysd , CsCb

­ C
at ys0, J C sy D .® m ž /­ y ys 0

For the temporal and spatial stages after the gel-layer for-
Ž .mation C sC , Figure 1b,m g

at ys Lqd , CsCb

at yF L, CsC .g

Ž .Under steady-state conditions dCrdts0 , the solution to
Eq. 3 with the boundary conditions becomes

D C Cm m
J s ln s k ln , 4Ž .® d C Cb b

where k represents the mass-transfer coefficient for solute
transport through the membrane cell. After the gel-layer for-
mation, the solute concentration on the membrane surface

Ž .will equal the gel-layer concentration C sC , and Eq. 4m g
can therefore be written as

CC gm
J s k ln s k ln . 5Ž .® C Cb b

Membrane fouling can be classified into two components,
namely, external fouling and internal fouling. External foul-
ing occurs on the top surface of the membrane due to the
accumulation of pollutants that do not enter the pores,
whereas internal fouling occurs within the internal pore
structure due to pore deposition and sorption of pollutant

Ž .molecules. The membrane permeate flux J can be de-®
scribed by the fundamental relation

Driving force D P yDp
J s s ,® Viscosity=total resistance m R q R q R q RŽ .m g c p in

6Ž .

where D P is the applied pressure, Dp is total osmotic pres-
sure between the bulk solution and permeate solution, D P y

Ž .Dp represents the total driving force, R q R q R q Rm g c p in
denotes the total resistance of the system, and m is the feed
solution dynamic viscosity. Neglecting the effects of internal

Ž .pore fouling resistance R , Eq. 6 can be written asin

D P yDp
J s . 7Ž .® m R q R q RŽ .m g c p

Differentiating Eq. 7 with respect to time, and regarding
D P, m, and R as constants, we havem

dR dRdJ dDpg c p® 2D P yDp = qm J = q q J s0,Ž . ® ®ž /dt dt dt dt

8Ž .

where the osmotic pressure variation with time is given by
Žthe following equations based on virial coefficients Haynes

.et al., 1992; Nabetani et al., 1990

RT
2 3Dp s C q B C q B C q ??? 9Ž .Ž .b 2 b 3 bM

and

dDp RT dCb2s 1q2 B C q3B C q ??? . 10Ž .Ž .2 b 3 bdt M dt

The concentration polarization resistance R referred toc p
in Eqs. 7 and 8 can be estimated by a modification of the

Žpower law suggested by several investigators van Boxtel et
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al., 1991; Pradanos et al., 1992; Akay and Wakeman, 1993;
.Timmer et al., 1994 as shown below

R s a®bD P cC dC e. 11Ž .c p b f

In the preceding equation, the concentration polarization
resistance R is considered as a time-dependent variablec p
until the system reaches steady state. Hence, differentiating
the preceding relation with respect to time results in

dR dCc p bb c dy1 es ad® D P C C . 12Ž .b fdt dt

The gel-layer resistance R also manifests temporal varia-g
tion until steady state is reached. The progressive accumula-

Ž .tion of solute on the membrane gel-layer formation is due
to the difference between the net solute transport from the
bulk solution to the membrane and solute back-diffusion from

Žthe membrane to the bulk solution van Boxtel et al., 1991;
.Timmer et al., 1994 , and is represented as follows

dL Cg g
r s J C yC k ln , 13Ž .g ® b bdt Cb

where L and r represent thickness and density of the gelg g
layer, respectively. Considering a linear relation between the
gel-layer resistance and the thickness of the gel layer

R seL , 14Ž .g g

where e is the resistance per unit of the gel-layer thickness.
From Eqs. 13 and 14, the resistance of gel-layer variation with
time can be written as

dR Ce e kg g
s C J y C ln . 15Ž .b ® bdt r r Cg g b

The boundary conditions for the preceding differential
Ž .equations Eqs. 8, 12, and 15 are the following:

( )For the Stage Before Gel-Layer Formation C -C . Atm g
any time before gel-layer formation

dRg
L s R s s0g g dt

at ts0, J s J , and R s a®bD P cC d C e.® ®,0 c p ,0 b ,0 f

( )For the Stage After Gel-Layer Formation C sCm g

at ts0, L s R s0g g

Aqueous diffusion coefficients of the natural organic mat-
ter in dilute solution can be estimated by the Stokes-Einstein

Ž .equation Cornel et al., 1986

y1r3 y1r3kT kT 3 MW kT MW
2Ds s s 6p ,ž / ž /6pmr 6pm 4p r N 3m r NA A

16Ž .

where k is the Boltzmann constant, T is the absolute temper-
ature, m is the dynamic viscosity, r is the molecular radius, N
is the Avogadro’s number, and r is the density of theA
molecule. The Stokes-Einstein correlation is well established

Ž .for estimating free liquid aqueous phase diffusivities of
polymers with molecular weights over 1,000 Daltons, and

Žglobular proteins composed of cross-linked molecules Pol-
.son, 1950; Young et al., 1980 . It has been successfully em-

Ž .ployed by Cornel et al. 1986 for estimating the free liquid
diffusivity of humic acid, and can generally be used for
macromolecular mixtures, including complex organic
molecules and unhydrated polymers such as humic and tan-
nic acids. This equation has its roots in the kinetic theory of
molecules, and so the estimated molecular diffusivities repre-
sent ensemble averages of various thermodynamic properties
corresponding to different molecular-weight fractions in or-
ganic mixtures. The diffusion coefficient evaluated for tannic
acid was 2.635=10y10 m2rs.

The mass-transfer coefficient k can be calculated from
Sherwood correlations of the form used by several re-

Žsearchers Bird et al., 1960; van den Berg et al., 1989;
.Pradanos et al., 1992, 1995; von Meien and Nobrega, 1994 :

Shs kd rDs pReqScr , 17Ž .h

where d is the hydraulic diameter of the system, D is theh
Ždiffusion coefficient, Re is the Reynolds number Res

. Ž .rn d rm , Sc is the Schmidt number ScsmrrD , and p, q,h
and r are constants depending on the hydraulic regimes. Wi-

Ž . Ž .ley et al. 1985 and van den Berg et al. 1989 used the fol-
lowing correlations for membrane filtration systems operat-

Ž .ing under laminar flow conditions ReF2,000 .

0.33U 0.5 0.33L- L : Shs0.664 Re Sc d rL 18Ž .Ž .h

0.33U 0.33 0.33L) L : Shs1.86 Re Sc d rL , 19Ž .Ž .h

where the entry length LU is given by the relation LU s
0.029d Re. These correlations establish the dependence ofh
the mass-transfer coefficient on fluid dynamics of the system
and the solutersolvent characteristics for positions repre-
sented by L less than or greater than the characteristic entry
length LU required for fully developed flow. While the
Reynolds number characterizes the fluid flow and momen-
tum transport along the membrane surface in relation to in-
ertial forces, the Schmidt number describes the diffusion

Ž .transport of solute foulant molecules to and from the mem-
brane surface under these conditions.

The membrane transport model further emphasizes the
role of solute concentrations in the gel layer and the hydro-
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dynamic boundary layer in relation to that in the bulk fluid,
an important aspect for evaluating the fouling potential. The
solute concentration within the boundary layer is estimated

Ž .by the modeling approach of Trettin and Doshi 1980 . The
purpose of this modeling effort is to evaluate the impact of
hydrodynamic boundary layer on gel-layer formation, an as-
pect not studied in depth because of experimental difficulties
associated with measuring boundary-layer properties during
the transient-state operation. The theoretical computations
presented below are applicable for estimating boundary-layer
thickness for tubular membrane modules, and are based on
results from classic heat- and mass-transfer problems adopted

Žby Doshi and coworkers Doshi, 1980; Trettin and Doshi,
.1980 . Analogous to this method, the hydrodynamic bound-

ary-layer characteristics for laminar flows with parallel-plate
geometry can also be established. By rearranging Eq. 4 and
by assuming that the flow is fully developed over the entire
length of the membrane plate, the velocity and concentration
profiles of the feed flow can be written as shown below

2y y
Velocity profile: us4u y 20Ž .0 ž / ž /h h

Vw
Concentration profile: CsC exp d y y 21Ž .Ž .0 BLD

In the preceding relations, h is the channel height between
the plates, y is the coordinate in the vertical direction, u0

Žrepresents axial flow velocity at the center of the plate ys
.hr2 , and d represents the boundary layer thickness, C isBL 0

Ž .the solute concentration at the center of the plate ys hr2 .
This boundary-layer thickness can be estimated by adapting
the Leveque heat-transfer solution under appropriate flow
conditions and geometry

1r32 C2 D u g
V s1.18 ln . 22Ž .w ž /hL Cm

Matching Eq. 5 with Eq. 22 and substituting for ks Drd ,
one would obtain a dimensionless boundary-layer thickness
as follows

1r3d 4DLBL
s0.424 . 23Ž .2ž /h uh

Two important properties of the hydrodynamic boundary
Ž .layer are the flow fraction f and concentration within the

Ž .boundary layer C , which can be mathematically definedBL
and calculated by the following integrals

y s d
yu dyH

y s 0
Volumetric flow fraction: f s 24Ž .

y s hr2
yu dyH

y s 0

y s d
yuc dyH

y s 0
Boundary-layer concentration: C s .BL y s d

yu dyH
y s 0

25Ž .

The ratio of the solute concentration within the boundary
layer to that in the bulk fluid C rC can be termed as theBL 0
concentration factor. In the present study, the concentration
factor is evaluated under various fluid dynamic conditions.
The approximate solutions for Eq. 24 and Eq. 25, with incor-
poration of Eq. 20 and Eq. 21 in appropriate places, are pre-
sented as follows:

1
3 4f s 8a y3a 26Ž . Ž .

5

C 12 d y h 24 3y BhŽ .Ž .BL BL Bd B Ls y e , 27Ž .4 3C Bd 4hy3 B d 4hy3Ž . Ž .0 BL BL

where as2d rh and BsV rD. It is important to evaluateBL w
the flow fraction and the concentration factor under various
fluid dynamic regimes to obtain a good understanding of the
boundary-layer effect with reference to the gel-layer and con-
centration-polarization-layer formation in membrane pro-
cesses.

Numerical technique for model simulations
The model is composed of a partial differential equation

Ž .advection]diffusion and a set of time-dependent equations
Ž .R , J , R , C . These equations, along with their corre-g ® c p b
sponding initial and boundary conditions, were solved simul-
taneously by adopting the explicit finite difference scheme

Ž .developed in MATLAB language Lindfield and Penny, 1995 .
Initially, a network of grid points was deployed throughout
the region of interest occupied by the independent variables
Ž .y, t . Then, in the context of the explicit finite difference
scheme, two methods were employed for the computation:
Euler approximations of the first-order time derivatives of
time-dependent variables, and the central-difference tech-
nique for the first- and second-order spatial derivatives
ŽWeber and Crittenden, 1975; Smith, 1985; Chapra and
Canale, 1988; Sewell, 1988; Kim and Pirbazari, 1989;

.Schiesser, 1991; Ravindran et al., 1996 . The discretized
equations were then solved iteratively until a convergence
criterion was satisfied for the bulk solution concentration and
the permeate flux. This computer program has the versatility
to model the changes in permeate fluxes, reject solution con-
centrations, and concentration polarization and gel-layer re-
sistances with respect to time.

Materials and Methods
Membranes and model compounds

The membranes tested in these studies were chosen from
commercially available industrial products. The nanofiltra-
tion membranes used in the membrane performance tests
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Table 1. Characteristics of Membranes Using in this Study

Membrane Type NF-45 NF-70

Membrane material Polypiperazine amide Cross-linked aromatic polyamide
Ž .Molecular weight cutoff MWCO ;200]300 Da ;200]300 Da

pH operating range 2]11 3]9
U Contact angle

Clean membrane 458 27.38
Exposed to 30 mgrL tannic acid 50.28 34.18

Maximum temp., 8C 45 35
Maximum pressure, MPa 4.1 1.7
U Surface charge or surface

Ž .potential at pH of 6-9
Deionized distilled water y22 mV to y33 mV y22 mV to y33 mV
Tannic acid, 10 mgrL y17 mV to y20 mV y34 mV to y40 mV

ŽWater flux at 1.0 MPa, clean
2 2.membrane 56 Lrm ?h 92 Lrm ?h

Source: Redondo and Lanari, 1997; Van der Bruggen et al., 1998; Sadr Ghayeni et al., 1998.
UDetermined in this study.

were FilmTec NF-45 and NF-70 thin-film composite mem-
Žbranes FilmTec Corporation, Dow Chemical Co., Midland,

.MI . These thin-film composite membranes are cast from
polyamide material on a polysulfone support. These two types
of membranes were chosen because they have different ad-
sorption affinity and surface hydrophobicity for the test com-
pound. Some important characteristics of the NF-45 and NF-
70 membranes are summarized in Table 1.

Tannic acid was chosen for these tests to represent natural
organic compounds present in surface and ground waters. It
is a hydrophilic organic compound that contains both saccha-
ride and aromatic acid components of significance in surface

Žwaters Mallevialle et al., 1989; Crozes et al., 1993; Dentel et
. Žal., 1995 . Tannic acid C H O , molecular weight s76 52 46

. Ž1701.22 of ACS reagent-grade purity Sigma Chemical Co.,
.St. Louis, MO was used as a moderate molecular-weight

model compound. It is a derivative of glucose in which five
hydroxyl groups are substituted for digalic acids, and thus
contains a large number of phenolic hydroxyl groups. Aque-
ous solutions of tannic acid were prepared in deionized dis-
tilled water with approximately phosphate buffer, and three
concentrations of 2.5, 5, and 10 mgrL were employed.

Membrane filtration experiments
A plate-and-frame membrane system was employed in the

membrane filtration experiments, which is illustrated in Fig-
ure 3. The feed solution was pumped from the feed tank to

Žthe stainless-steel plate-and-frame membrane cell SEPA CF
.membrane cell; Osmonics, Minnetonka, MN , as shown in the

figure.
The system was maintained under high transmembrane

Ž .pressures of 750]1,500 kPa 110]220 psi . The feed solutions
consisted of tannic acid at concentrations in the range of 0]10
mgrL. The feed was allowed to flow into the plate-and-frame
cell, and the flow rate into the cell was controlled by the
recirculation flow rate into the feed tank. Permeate and re-
ject flow rates were continuously measured. The transmem-
brane pressure was carefully monitored and maintained at
the desired levels. The temperature of the feed was main-
tained at 208C, and the feed flow velocity was varied from 0.4
cmrs to 1 cmrs. The permeate and the concentrates were
collected at their corresponding outlets as shown in the fig-
ure. Samples were obtained from the permeates and the con-

Figure 3. Cross-flow membrane experimental setup.

centrates, and were analyzed for tannic acid concentrations
to evaluate the solute rejection characteristics of the mem-
brane.

In order to measure the osmotic pressures of the model
compound solutions, a modified version of the membrane os-

Žmometer cell was employed Vilker et al., 1981; Nabetani et
.al., 1990 . Osmotic pressures of solutions with different so-

lute concentrations were measured in this study.

Analytical techniques
The concentrations of tannic acid in aqueous solutions were

determined by ultraviolet-visible spectroscopy using a
Perkin-Elmer Model Lambda 4 A UV-visible spectropho-

Ž .tometer Perkin-Elmer Corp., Norfolk, CT with a character-
Žistic wavelength of 273.2 nm Crozes et al., 1993; Rivera-

.Utrilla et al., 1993; Dentel et al., 1995 . A range of 0 to 50
mgrL was deemed sufficient to encompass the concentra-
tions of natural organic compounds encountered in natural

Ž .waters. The total organic carbon TOC concentrations of
tannic acid were measured using a Shimadzu Model TOC-

Ž5000 TOC Analyzer Shimadzu Scientific Instruments,
. Ž .Columbia, MD , as described in Standard Methods 1995 .

Ž .Contact angle and surface potential zeta potential measure-
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ments were also conducted for the two membranes. The rele-
Žvant analytical methods can be found elsewhere Tu et al.,

.1997 .

Results and Discussions
Model parameters estimation

Parameters estimation for the membrane transport model
was an important aspect of this study. As the compositions of
the membranes were proprietary, and their material proper-
ties were not available, results from membrane filtration tests
were employed for parameter estimation. These parameters
included the following: various resistances to transport such
as the intrinsic membrane resistance, R , total permeate re-m
sistance, R , resistance of the concentration polarizationTotal
layer, the osmotic pressure, Dp , the transmembrane pres-
sure, D P, the variation of the gel layer resistance, R , withg
respect to time, the mass transfer coefficient, k, and the spe-
cific gel layer resistance, e . The parameter estimation tech-
niques are outlined in this section.

The membrane resistance, R , was measured by conduct-m
ing membrane filtration tests employing deionized distilled
water as the feed solution. The permeate fluxes in these tests
remained constant with time, and were 1.557=10y5 m3rm2rs
and 2.557=10y5 m3rm2rs for the NF-45 and NF-70 mem-
branes, respectively, corresponding to a transmembrane pres-
sure of 1,000 kPa. The membrane resistances, R , deter-m
mined from Eq. 7, for NF-45 and NF-70 membranes were
6.412=1013 and 3.913=1013 my1, respectively. These esti-
mates showed that the NF-45 membrane offered a higher
membrane resistance than the NF-70 membrane.

Several investigators, including Nabetani and coworkers
Ž . Ž .1990 , and Haynes et al. 1992 , had observed that the os-

Ž .motic pressure Dp could be expressed by the empirical re-
lationship of Eq. 9. The osmometer tests conducted in this
investigation facilitated the determination of osmotic pres-
sures corresponding to different solution concentrations.
These test results demonstrated the fact that osmotic pres-
sures for tannic acid solutions were negligible in comparison

Ž .with the applied transmembrane pressures 750 to 1500 kPa .
Therefore, the total driving force for the tannic acid with
nanofiltration in the proposed model was only represented by
the transmembrane pressure.

The total resistance R was estimated from the relationTotal
Ž .R sD Pr m ? J , where D P represents the transmem-Total ®

brane pressure, and m denotes the dynamic viscosity. The
concentration-polarization-layer resistance R was deter-c p
mined using the empirical relationship in Eq. 11. The con-
stants were estimated by conducting the membrane tests us-
ing different feed solute concentrations, and varying the ap-
plied transmembrane pressures as well as cross-flow rates.
From the test data, the values of ®, D P, R , C and CTotal b f
were determined. The constants a, b, c d, and e can be esti-
mated by multiple regression, where it is assumed that gel-

Ž .layer resistance does not exist R s0 at the commencementg
Ž .of membrane operations ts0 . From the membrane perfor-

mance test results, the constants a, b, c, d, and e were esti-
mated as 3.80=10y16, y3.02, 3.65, y3.18, and 3.18, respec-
tively, for the NF-45 membrane, the corresponding constants
for the NF-70 membrane were 3.75=10y53, y6.89, 8.30, 5.0,
and y5.0, respectively.

The gel-layer resistance, R , was evaluated from Eqs. 7g
and 11 using the relation

R s R y R y R s R y R y a®bD P cC dC e 28Ž .g Total m c p total m b f

In order to estimate the temporal variation in gel-layer re-
Ž .sistance dR rdt , a nonlinear curve-fitting method was usedg

to fit the data. A fourth-order polynomial approximation was
employed for representing R , and dR rdt was estimatedg g
from the differentiated form of Eq. 29, as shown below

R s a q a tq a t 2 q a t 3q a t 4 29Ž .g 0 1 2 3 4

and

dR rdts a q a tq a t 2 q a t 3. 30Ž .g 1 2 3 4

The concentration of gel layer, C , and the ratio of specificg
Ž . Ž .resistance e and gel-layer density r were evaluated fromg

a modification of Eq. 15, as shown under

dRg
s A C J q A C ln C q A C , 31Ž .1 b ® 2 b b 3 bdt

where

e e e
A s , A s k , and A sy k ln C .1 2 3 gr r rg g g

The parameters, namely k, err , and C , were determinedg g
from the preceding relationship using experimental data. The
values of dR rdt, J , and C were calculated, while the pa-g ® b
rameters A , A , and A were estimated by multiple regres-1 2 3
sion using experimental data from several runs. The esti-
mated values of err and C were 1.54=1016 mrkg and 0.10g g
kgrm3, respectively. The mass-transfer coefficients were also
determined either from Eq. 23 or from Eqs. 17 through 19. It
must be noted that the membrane performance tests were
conducted under laminar flow conditions, and so estimates of
mass-transfer coefficients varied between 1.28=10y6 and
1.68=10y5 mrs, depending on fluid dynamic regimes and
operation conditions. The resistances R and R were esti-c p g
mated using regression techniques on experimental data. The
regression parameters a, b, c, d, and e based on Eqs. 11 and

Ž12 were estimated using experimental data corresponding to
q .ts0 in the neighborhood of 1 to 3 min , for determining

the resistance, R . Similarly, the regression parameters a ,c p 0
a , a , a , and a were estimated from Eqs. 29 and 30 for1 2 3 4
determining the resistance, R . Aqueous diffusion coefficientg
of tannic acid in dilute solution was estimated by the Stokes-
Einstein equation shown in Eq. 16 and was equal to 2.64=
10y10 m2rs. The input parameters for the proposed mem-
brane transport model are listed in Table 2.

It must be noted that the parameters associated with con-
centration polarization and gel-layer formation cannot be es-
timated with reliability for complex solute]solvent and mem-
brane systems from equations without using experimental
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Table 2. Entry Values for Model Parameters

Ž .Parameter Symbol unit Value
3Ž .Feed solution conc. C kgrm 0.0025f
3Ž .Gel-layer conc. C kgrm 0.1g

q6Ž .Applied pres. D P Pa 1.00=10
2 y10Ž .Diffusion coeff. D m rs 2.64=10

y6Ž .Mass-transfer coeff. k mrs 1.28=10
y3Ž .Cross-flow rate ® mrs 4.81=10

y3Ž .Solution dynamic vis. m Pa ? s 1.002=10
13Ž .Resist. of memb. R 1rm 6.41=10m
16Ž .Resist. per unit of L rgel-layer err mrkg 1.54=10g g

dens.
2Ž .Memb. surface area A m 0.0155m
2Ž .Memb. cell cross-section area A m 0.000125c

y16Coef. for resistance of a 3.8=10
conc. polarization layer b y3.02

c 3.65
d y3.18
e 3.18

data. Additionally, due to the complex structure of tannic
acid, and the proprietary nature of commercial membrane
materials, regression techniques represented the only well-
established, reliable, accurate, and flexible modus operandi
for estimating the resistances R and R from experimentalc p g
data. Furthermore, a large number of data points was used
for maintaining a high degree of statistical freedom and relia-
bility in these estimations.

Model predictionsrrrrrsimulations
Complete removal of tannic acid was achieved in all the

membrane filtration experiments. This was expected because
the cutoff sizes of NF-45 and NF-70 nanofiltration mem-
branes were about 300 Daltons, significantly lower than the
molecular weight of tannic acid of about 1,700 Daltons. This
observation provided sufficient justification for employing a
membrane transport model without internal pore fouling for
simulating the permeate flux.

Model predictions were obtained for the permeate flux and
compared with the experimental data. Variations in impor-
tant operating conditions, including the feed concentration,
transmembrane pressure, and reject flow rate, were at-
tempted to investigate their influences on permeate flux pat-
terns. The operating conditions for each set of membrane

Ž .filtration experiments NF-45 and NF-70 are summarized in
Table 3, and the corresponding experimental and predicted

Table 3. Membrane Operating Conditions for Transport
Model Verification

Transmembrane Feed Solute Reject Flow rate Figure
Ž . Ž . Ž .Pres. D P, kPa Conc. mgrL mLrmin No.

NF-45
Exp. 1 1,000 2.5, 5, 10 30 4
Exp. 2 750, 1,000, 1,500 10 30 5
Exp. 3 1,500 10 30, 40, 50 6

NF-70
Exp. 4 1,000 2.5, 5, 10 30 7
Exp. 5 750, 1,000, 1,500 10 30 8
Exp. 6 1,000 10 30, 40, 50 9

Figure 4. Model predictions vs. experimental data:
NF-45 membrane for nanofiltration of tannic
acid: effect of tannic acid concentration in
feed solution.

profiles are presented in Figures 4 through 9. In all cases,
comparisons of experimental data and model predictions for
permeate fluxes demonstrate a good agreement, establishing
that the model has excellent predictive capability under vari-
ous operating conditions.

Membrane filtration experiments
The experimental data of permeate flux for NF-45 mem-

branes are presented in Figures 4 through 6. The membrane
experiments were conducted by varying several operating
conditions, including the tannic acid feed concentration,
transmembrane pressure, and reject flow rate. The results
depicted in Figure 4 correspond to the NF-45 membrane ex-
periments for tannic acid feed concentrations of 2.5, 5, and
10 mgrL, respectively. In these experimental runs, the other
operating conditions were identical; the transmembrane pres-
sure was 1,000 kPa, the reject flow rate was maintained at 30
mLrmin, and the duration of each run was 10 h. The results
indicate that the permeate flux reductions after 10 h of oper-
ation were 10.9%, 16.1%, and 22.8% for progressively in-
creasing tannic acid concentrations of 2.5, 5, and 10 mgrL,
respectively. The results observed in these experimental runs

Figure 5. Model prediction vs. experimental data: NF-45
membrane for nanofiltration of tannic acid: ef-
fect of transmembrane pressure.
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Figure 6. Model predictions vs. experimental data:
NF-45 membrane for nanofiltration of tannic
acid: effect of reject flow rate.

for the NF-45 membrane can be qualitatively explained by
the differences in the gel-layer resistances corresponding to
different initial solute concentrations. The permeate flux de-
cline manifests an exponential relationship that is approxi-
mately linear during the operation period of 10 h. However,
the rate of flux decline with time exhibits a substantial in-
crease at higher solute concentrations. This can be attributed
to the fact that the thickness of gel-layer formation by sur-
face adsorption andror internal pore adsorption is a mono-
tonically increasing function of solute concentration. On a re-

Ž .lated note, the initial permeate flux permeate flux at ts0
is reduced when the membrane is exposed to a higher solute
concentration. This observation substantiates the argument
that adsorption of solute molecules on the membrane occurs
instantaneously when the membrane is exposed to the feed
solution, and the gel layer is formed, and the initial gel-layer
thickness is dependent on the solute concentration. Subse-
quently, as the gel-layer thickness increases, greater reduc-
tions in permeate fluxes are experienced at higher solute
concentrations.

The results depicted in Figure 5 correspond to the NF-45
membrane experiments for various transmembrane pres-
sures. It can be seen that with a tannic acid feed concentra-

Figure 7. Model predictions vs. experimental data:
NF-70 membrane for nanofiltration of tannic
acid: effect of tannic acid concentration in
feed solution.

Figure 8. Model predictions vs. experimental data:
NF-70 membrane for nanofiltration of tannic
acid: effect of transmembrane pressure.

tion of 10 mgrL, fractional permeate flux reductions of 14.6%,
22.8%, and 30.6% were experienced, corresponding to trans-
membrane pressures of 750, 1,000 and 1,500 kPa, respec-
tively. Although the intrinsic permeate fluxes were greater at

Žhigher transmembrane pressures due to the greater driving
.force , the fractional permeate flux reductions were quantita-

tively increased at higher transmembrane pressures. A quali-
tative explanation for this observed behavioral pattern is that
at higher transmembrane pressures, the gel layer becomes
more compacted as filtration progresses, building up higher
solvent mass-transfer resistance, and consequently, leading to
a faster deterioration in permeate flux.

The results depicted in Figure 6 correspond to the NF-45
membrane experiments under the following conditions: tan-
nic acid feed concentration of 10 mgrL, transmembrane
pressure of 1500 kPa, and different reject flow rates. These
experiments were intended to evaluate the effect of reject
flow rate on the permeate flux. The results indicated that the
permeate flux reductions after 10 h of operation were 30.6%,
25.9%, and 11.4%, corresponding to reject flow rates of 30,
40, and 50 mLrmin, respectively. It should also be noted that
the initial permeate fluxes were greater at higher reject flow

Ž .rates. Increasing the reject flow rate or the cross-flow rate
results in slower accumulation of gel material on the mem-
brane surface, and consequently leads to a thinner gel layer

Figure 9. Model predictions vs. experimental data:
NF-70 membrane for nanofiltration of tannic
acid: effect of reject flow rate.
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Table 4. Important Hydrodynamic Properties of the Fluid
Under Experimental Conditions

Parameter NF-45 and NF-70 Membranes

Reject flow rate 30 40 50
Ž .mLrmin

y5 y5 y5Permeate flux 1.71=10 1.76=10 1.96=10
3 2Ž .m rm rs

Reynolds No. 4.0 4.9 5.9
Peclet No. 15,000 18,400 22,300
d 0.215 0.201 0.188BLrh
Ž .f % 1.46 1.19 0.99

C rC 78 61 44BL 0

after several hours of operation. Thus, the lower fractional
reduction in permeate flux observed at higher reject flow rate
can be attributed to the lower gel-layer resistance associated
with slower gel formation. However, the increased initial per-
meate flux corresponding to higher reject flow rate cannot be
qualitatively explained by the ‘‘slower gel formation’’ theory,
but can only be accounted for by the ‘‘boundary layer’’ the-
ory. A graphical illustration of the boundary-layer phe-
nomenon is provided in Figure 2b. It must be noted that at a
higher reject flow rate, the tangential fluid velocity at the
membrane surface is greater, resulting in a thinner hydrody-
namic boundary layer. This leads to a higher back-diffusion
mass-transfer rate of the gel material, and possibly results in
the formation of a thinner gel layer during the first few sec-

Žonds of membrane exposure to the solute molecules foulant
.molecules in the experimental run.

Estimation of boundary-layer thickness and concentration
factors

It can be observed from Table 4 that a relatively thick hy-
Ž U .drodynamic boundary layer forms d rh f0.2 under theBL

Ž .low-velocity flow regime Re-6 . The dimensionless thick-
ness decreases with larger Reynolds numbers, corresponding
to higher reject flow rates. It is also evident that a relatively

Ž .small fraction of feed f -1.5% flows through the boundary
layer; however, the solute concentration in the boundary layer
is substantially greater than that in the feed. Such a high
boundary-layer solute concentration apparently poses signifi-
cant impact on subsequent polarization and gel-layer forma-
tion, because it causes initial buildup of a dense layer of
molecules near the membrane surface. As the flow rate in-
creases, however, the boundary-layer concentration de-
creases, facilitating greater mass transfer and permeate flux
enhancement. This observation offers an explanation as to
why the initial permeate flux increases at higher reject flow
rates in the experimental runs.

Prediction of permeate flux under different operating
conditions

The experimental data for the NF-70 membrane permeate
fluxes under different operating conditions are presented in
Figures 7 through 9. The results depicted in Figure 7 corre-
spond to different tannic acid feed concentrations. Other op-
erating conditions were held identical, as depicted in Table 3.
The permeate flux reductions after 10 h of operation were
15.5%, 13.4%, and 6.5%, corresponding to tannic acid feed
concentrations of 2.5, 5 and 10 mgrL, respectively. This be-

havioral pattern was qualitatively similar to that observed for
Ž .the NF-45 membrane Figure 4 , and can therefore be ex-

plained by the same theory.
The results depicted in Figure 8 correspond to the NF-70

membrane experiments for a tannic acid feed concentration
of 10 mgrL at different transmembrane pressures. Figure 8
shows that the permeate flux reductions were estimated at
6.3%, 6.6%, and 18.9%, corresponding to transmembrane
pressures of 750, 1,000 and 1,500 kPa, respectively. The
greater reduction in permeate flux observed at higher trans-
membrane pressures could be attributed to the greater com-
paction of the gel layer, which is qualitatively similar to the
explanation offered for the NF-45 membrane.

The results presented in Figure 9 correspond to the NF-70
membrane experiments for various reject flow rates. The data
indicate that the permeate flux reductions were 6.5%, 6.6%,
and 8.3%, corresponding to reject flow rates of 30, 40 and 50
mLrmin, respectively. Similar to NF-45 membrane experi-
ment results, increasing the reject flow rate resulted in higher
permeate flux, and this could be explained by possible reduc-
tion in gel-layer thickness at higher cross-flow rates across
the membrane surface. However, the permeate flux reduc-
tion remained almost unchanged under various reject flow
rates, and the effects were less significant than those ob-
served for NF-45 membranes. This could be attributed to the
lower sorption affinity of tannic acid for the NF-70 mem-
brane than for the NF-45 membrane, resulting in a lower
gel-layer formation rate, and consequently lower mass-trans-
fer resistance in the former. This explanation is also substan-

Ž .tiated both qualitatively and quantitatively by comparison
of permeate flux results for the NF-45 and NF-70 mem-
branes.

Comparisons of permeate flux profiles for NF-45 and NF-70
Žmembranes under similar operating conditions comparisons

.of Figures 4 and 7, Figures 5 and 8, and Figures 6 and 9
clearly indicate that the initial permeate fluxes were higher
for the latter. The rates of flux decline due to increased so-
lute concentrations or transmembrane pressure were also
more pronounced in the case of NF-45 membranes. The
quantitative values of fractional permeate flux reduction for
both membranes under identical conditions are summarized
in Table 5. The NF-70 maintains an inherently higher water

Table 5. Relative Flux Decline between NF-45 and NF-70
Membranes

Ž .Rel. Flux Decline %
after 10-h Oper.

Variable NF-45 NF-70
Ž .D P s1,000 kPa C mgrLf

Q s30 mLrmin 2.5 10.9 15.5rej
5.0 16.1 13.4

10.0 22.8 6.5
Ž .C s10.0 mgrL D P kPaf

Q s30 mLrmin 750 14.6 6.3rej
1,000 22.8 6.6
1,500 30.6 18.9
Ž .C s10.0 mgrL Q mLrmin D P s1,500 kPa D P s1,000 kPaf rej

30 30.6 6.5
40 25.9 6.6
50 11.4 8.3

Key: C s feed tannic acid concentration; D P s applied transmembranef
pressure; Q s reject flow raterej
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flux of more than 60% compared to that of the NF-45 mem-
brane. Although both membrane surfaces are composed of
polyamide materials, the exact information regarding their
compositions is not available. It is hence difficult to attribute
the initial flux difference to any particular characteristic of
the membrane. However, the flux variation is clearly influ-
enced by the membrane surface chemistry involving its mate-
rial hydrophobicity. In general, hydrophilic membrane sur-
faces facilitate water transport by forming hydrogen bonds
with the water molecules, and thus generate a higher perme-
ate flux than hydrophobic membrane surfaces. In this study,
we measured the contact angle for both membranes to esti-
mate their relative hydrophilicity. The results presented in
Table 1 indicate that NF-45 is consistently more hydrophobic
than NF-70, as reflected by the larger contact angles of the
former. Therefore, our experimental results are consistent
with this hypothesis, manifesting a higher permeate flux for
NF-70 than for NF-45 membranes.

Membrane fouling is generally explained by the phenom-
ena of boundary-layer development and gel-layer formation,
as previously discussed. However, the ‘‘fouling potential’’ of a
membrane is greatly influenced by its surface characteristics.
Three major factors are generally believed to contribute to

Ž .the flux-decline phenomenon: 1 sorption of organic
Ž .molecules on membrane surface, 2 chemical interactions

between membrane surface and the organic molecules, and
Ž .3 electrostatic interactions between membrane surface and
the organic molecules. Physical adsorption of organic
molecules on the hydrophobic sites of the membrane surface
is an important factor with reference to organic rejection, but
its effects on permeate flux is highly dependent on whether
polymer]organic molecule interactions occur. The fact that
NF-45 membrane exhibits greater affinity to tannic acid ad-

Ž .sorption Tu et al., 1997 apparently has immense impact on
its greater flux decline as compared to the NF-70 membrane,
due to chemical interactions between the adsorbed tannic acid
molecules and the hydrophilic polymer sites. This is because
water should be preferentially sorbed by the membrane poly-
mer to allow high water fluxes. However, the organic
molecules capable of forming stronger hydrogen bonds will
displace water molecules from the hydrophilic sites of the
membrane, and thus impede water transport though the
thin-film polymeric layer. Examples of such interactions for
the NF-45 and NF-70 membranes are presented in Figures
10 and 11, respectively. These figures illustrate the potential
for hydrogen bond formation between the carbonyl group of
the polymeric surfaces of the two membranes with the phe-
nolic hydroxyl group in the tannic acid molecules. These
strong hydrogen bonds are practically irreversible, and possi-
bly contribute to the rapid accumulation of gel material in
subsequent stages.

The differences in the affinities of NF-45 and NF-70 mem-
branes for tannic acid adsorption due to solute]membrane
interactions can be illustrated by surface charge or surface-

Ž .potential zeta potential measurements. The surface-poten-
tial data for the two types of membranes in the pH range of 6
to 9 corresponding to deionized distilled water and 10 mgrL
tannic acid, are presented in Table 1. It must be noted that
the charged phenolic groups in tannic acid and the carbonyl
groups in the membrane polymer dictate the overall surface
charge. Under low pH conditions, the membrane surfaces

Figure 10. Interactions between NF-45 polypiperazine
amide membrane and tannic acid.

have positive charges, and consequently maintain a positive
surface potential. At higher pH ranges beyond their isoelec-
tric points, both membranes maintain negative surface

Figure 11. Interactions between NF-70 cross-linked
aromatic polyamide membrane and tannic
acid.

June 2001 Vol. 47, No. 6AIChE Journal 1357



Table 6. Contributions of Various Resistances under Different Operating Conditions for NF-45 membrane

Reject Appl. Feed Solute Oper.
y1 2 y12 y12Flow Rate Pres. Conc. Time R =10 R =10 R =10c p g T o t al

y1 y1 y1Ž . Ž . Ž . Ž . Ž . Ž . Ž .mLrmin kPa mgrL h m m m a a am c p g

0 9.0 0 73.1 0.88 0.12 0.00
30 1,000 2.5 5 10.1 3.9 78.1 0.82 0.13 0.05

10 10.8 6.9 81.8 0.78 0.13 0.08
0 10.4 0 74.5 0.86 0.14 0.00

30 1,000 5 5 12.1 7.2 83.4 0.77 0.15 0.09
10 13.1 12.1 89.3 0.72 0.15 0.14
0 13.2 0 77.3 0.83 0.17 0.00

30 1,000 10 5 15.6 10.9 90.6 0.71 0.17 0.12
10 16.8 16.7 97.6 0.66 0.17 0.17
0 23.9 0 88.0 0.73 0.27 0.00

30 1,500 10 5 35.4 14.1 113.6 0.56 0.31 0.12
10 39.6 19.3 123.0 0.52 0.32 0.16
0 21.1 0 85.3 0.75 0.25 0.00

40 1,500 10 5 27.2 14.9 106.2 0.60 0.26 0.14
10 29.7 21.7 115.5 0.55 0.26 0.19
0 11.6 0 75.7 0.85 0.15 0.00

50 1,500 10 5 12.9 5.9 82.9 0.77 0.16 0.07
10 13.4 7.8 85.3 0.75 0.16 0.09

Key: R s 64.1=1012my1.m

charges, mainly contributed by the charged phenolic groups
generated by hydrolysis of tannic acid. However, there are
differences in surface charge contributions of carboxyl groups
on the NF-45 and NF-70 membranes, mainly arising from
their material properties. The NF-45 membrane is composed

Ž .of polypiperazine amide blocks Figure 10 , while the NF-70
membrane is composed of cross-linked aromatic polyamide

Ž .blocks Figure 11 . The hydrolyzability of carboxyl groups in
the two types of membrane polymers and their negative
charge contributions determine the differences in their hy-
drophobic or hydrophilic characteristics. The surface-charge
contributions of the carboxyl groups are similar for both
membranes in the presence of deionized distilled water, and
the surface potentials for both membranes for a pH range of
6 to 9 vary from y22 mV to y33 mV, as presented in Table

1. However, the surface potentials are distinctly different for
the two membranes in the presence of 10 mgrL tannic acid,
demonstrating the significance of solute]membrane interac-
tions. The surface potentials for the NF-45 membrane vary
from y14 mV to y18 mV for a pH range of 6 to 9, while
those for the NF-70 membrane corresponding to the same
pH range vary from y34 mV to y40 mV, as shown in Table
1. These observations can be explained by the hydrolyzability
of carboxyl groups in the membrane polymers. The carboxyl
groups in the polypiperazine amide blocks constituting the
NF-45 membrane are not easily amenable to hydrolysis in the
presence of tannic acid to make significant negative surface-
charge or surface-potential contributions. On the other hand,
the carboxyl groups of cross-linked aromatic polyamide blocks
of the NF-70 membrane are hydrolyzed more easily under

Table 7. Contributions of Various Resistance under Different Operating Conditions for NF-70 Membrane

Reject Appl. Feed Solute Oper.
y1 2 y12 y12Flow Rate Pres. Conc. Time R =10 R =10 R =10c p g T o t al

y1 y1 y1Ž . Ž . Ž . Ž . Ž . Ž . Ž .mLrmin kPa mgrL h m m m a a am c p g

0 2.2 0 41.2 0.95 0.05 0.00
30 1,000 2.5 5 2.4 4.6 46.0 0.85 0.05 0.10

10 2.6 6.8 48.4 0.81 0.05 0.14
0 3.7 0 42.7 0.91 0.09 0.00

30 1,000 5 5 3.9 5.0 47.9 0.81 0.08 0.10
10 4.0 6.3 49.3 0.79 0.08 0.13
0 7.8 0 46.8 0.83 0.17 0.00

30 1,000 10 5 8.1 2.7 49.8 0.78 0.16 0.05
10 8.2 3.0 50.2 0.78 0.16 0.06
0 4.5 0 43.5 0.90 0.10 0.00

30 1,500 10 5 8.4 5.0 52.4 0.74 0.16 0.10
10 8.4 5.0 52.4 0.74 0.16 0.10
0 6.4 0 45.4 0.86 0.14 0.00

40 1,000 10 5 6.4 2.7 48.1 0.81 0.13 0.06
10 6.4 3.3 48.7 0.80 0.13 0.07
0 3.5 0 42.5 0.92 0.08 0.00

50 1,000 10 5 3.6 2.6 45.2 0.86 0.08 0.06
10 3.6 3.0 45.6 0.86 0.08 0.07

Key:s 39.0=1012my1.
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the preceding conditions, and contribute to larger magni-
tudes of negative surface potentials. The NF-70 membrane
with large magnitudes of negative surface potentials has a
poorer affinity for negatively charged colloids or organic
molecules such as tannic acid than the NF-45 membrane, and
is therefore less amenable to organic or colloidal fouling. The
surface potential data also suggest that the NF-45 membrane
is less hydrophilic than the NF-70 membrane, and is there-
fore more susceptible to organic fouling by tannic acid. Thus,
the results from surface potential studies appear to be consis-
tent with the observation that hydrophobic membranes are
generally more sensitive to adsorption of polar organic

Žmolecules than hydrophilic membranes Crozes et al., 1993;
.Williams et al., 1999 .

Contributions of ©arious resistances under different
operating conditions

An important objective of the membrane transport model
was to estimate the relative contributions of various mass-

Ž .transfer resistances attributed to the membrane layer R ,m
Ž . Ž .concentration polarization layer R , and gel layer R , toc p g

Žthe total resistance R under different conditions, in-Total
Ž .cluding the feed solute tannic acid concentration, reject flow

rate, transmembrane pressure, and operating time. The frac-
tional contribution of R , R , and R to the total resis-m c p g
tance R are denoted by a , a , and a , respectively.Total m c p g
The various resistances and their relative fractional contribu-
tions under different operating conditions are shown in Ta-
bles 6 and 7 for NF-45 and NF-70 membranes, respectively.

The resistance R is an inherent characteristics invariantm
for each membrane, and is a major contributor to R .Total
However, resistances R and R manifest variations withc p g
operation time, solute concentrations, reject flow rate, and
transmembrane pressure. The estimates presented in Table 6
for the NF-45 membrane shows that R progressively in-g
creases with time, and the increment is proportional to feed
solute concentration. Resistance R manifests similar in-c p
creases for the NF-45 membrane at a transmembrane pres-
sure of 1,000 kPa. However, when pressure is increased from
1,000 kPa to 1,500 kPa, under the same flow rate and solute
concentration, the R increases substantially, while R un-c p g
dergoes smaller increments; and R is significantly greaterc p
than R at this point. As filtration progresses, the R impactg g
becomes more significant due to gel formation, especially no-
ticeable at high reject flow rates. However, as the reject flow
rate is progressively increased from 30 mLrmin to 50 mLrmin,
R and R values undergo a dramatic reduction of 30]40%.c p g

The estimates of resistances and their relative fractional
contributions for the NF-70 membrane in Table 7 present a
qualitatively different picture as compared to those for the
NF-45 membrane. The R for the NF-70 membrane is 39.0m
=1012 my1, significantly lower than 64.1=1012 my1 for the
NF-45 membrane, consistent with its material characteristics.

Ž .It must be noted that the polypiperazine membrane NF-45
is less porous than the cross-linked aromatic polyamide mem-

Ž .brane NF-70 , and therefore offers more resistance to fluid
transport. Additionally, the polypiperazine membrane is more
hydrophobic than the cross-linked aromatic polyamide mem-
brane, and is therefore susceptible to lower solvent transport
and greater organic fouling by tannic acid. It is evident from

Table 7 that R is generally low for NF-70 membranes, andg
gradually increases with operation time due to gel-layer for-
mation, but progressively decreases with feed solute concen-
tration because of its lower tendency to adsorb foulant
molecules. The R contributions are comparable to the Rc p g
contributions, and increase progressively with feed solute
concentration. It can also be seen that increasing the trans-
membrane pressure from 1,000 kPa to 1,500 kPa showed a
marginal increase in R and R . Increase in the reject flowc p g
rates progressively from 30 mLrmin to 40 mLrmin and sub-
sequently to 50 mLrmin resulted in a gradual decrease in the
R and R values. It must be noted that the R and Rc p g c p g
account for less than 15]25%, while R represents 75]85%m
of the total resistance. The progressive reduction in R withg
solute concentration can be explained by the fact that the
hydrophilic NF-70 membrane tends to accumulate a thinner
gel layer than the more hydrophobic NF-45 membrane under
identical conditions owing to lower sorption of tannic acid.
Additionally, the back diffusion is greater in the case of NF-70
due to its tendency to repel the tannic acid molecules. This
argument also qualitatively explains higher levels of R ex-c p
perienced in NF-45 membranes. At higher reject flow rates
of 40 mLrmin and 50 mLrmin, R values decrease for bothc p

membranes, indicating the significant effect of fluid turbu-
lence on reducing resistances, although it is more pro-
nounced in NF-45 membranes. Furthermore, NF-70 mem-
branes do not manifest much variations of R and R withc p g
operating time as compared to NF-45 membranes. This can
possibly be attributed to the hydrophilic nature of the for-
mer, and consequently its lower tendency to form the con-
centration polarization and gel layers.

Model sensiti©ity analysis
Model sensitivity analyses were conducted to obtain a

quantitative evaluation of the influence of the input parame-
ters on the membrane transport model simulations. Such a
technique can also demonstrate the significance of obtaining
accurate parameter values to offer reliable predictions of the
process dynamics. Figures 12 through 15 show the permeate
flux predictions for tannic acid using NF-45 membranes with
variations in several input parameters, including the mass-

Ž . Ž .transfer coefficient k , solution viscosity m , resistance per

Figure 12. Model simulation for tannic acid using NF-45
membrane: effect of mass-transfer coeffi-
cient, k.
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Figure 13. Model simulation for tannic acid using NF-45
membrane: effect of the solution dynamic
viscosity, m.

Ž . Ž .unit of gel-layer thickness e , and membrane resistance R .m
These parameters represent the influences of variations in

Ž .the hydrodynamic properties k and m , membrane proper-
Ž . Ž .ties R , as well as the gel-layer properties e .m

It can be observed from Figure 12 that variations in the
mass-transfer coefficient due to changes in the fluid dynam-
ics have a marked effect on permeate flux profiles. The
mass-transfer coefficient is strongly influenced by several fac-
tors, including cross-flow rate, solute diffusivity, and operat-
ing temperature. Increase of the mass-transfer coefficient di-
rectly leads to an increase of the Sherwood and Reynolds

Ž .numbers Eq. 17 . Consequently, the growth of gel-layer for-
mation is minimized due to the mounting effects of forced
convection, resulting in permeate flux increase. It is indeed
clear that, when the cross-flow rate was increased by 50%,
the mass-transfer coefficient would increase by 14%. Simi-
larly, if the diffusion coefficient were increased by 50%, the
mass-transfer coefficient would increase by 31%. The simula-
tion results depicted in Figure 13 illustrates the effects of

Ž .solution viscosity m . In contrast to the mass-transfer coeffi-
cient, an increase in the dynamic viscosity leads to smaller
Reynolds numbers. Hence, the permeate flux declines due to
increased gel-layer formation. It should be noted that the
greatest impact of viscosity is observed during the initial stages
of membrane operation, which implies that intrinsic fluid

Figure 14. Model simulation for tannic acid using NF-45
membrane: effect of resistance per unit
gel-layer thickness, e .

Figure 15. Model simulation for tannic acid using NF-45
membrane: effect of membrane resistance,
R .m

properties can be a major influencing factor at this point.
However, as the membrane operation progresses, the impact
of viscosity gradually decreases because the influences of

Žother variables such as mass-transfer resistance attributed to
.gel-layer formation become increasingly significant, until a

pseudo steady state is eventually reached.
The simulated profiles presented in Figures 14 and 15 cor-

respond to the effects of solution resistance per unit of gel-
Ž . Ž .layer thickness e and membrane resistance R , respec-m

tively. It is evident from the results depicted in Figure 14 that
the permeate flux predictions were only marginally affected
by variations in e . An increase of 50% leads to approximately
6% of permeate flux reduction after 10 h of operation. Simi-
larly, the effects of variation in R were only marginal underm
steady-state conditions. As described earlier, the intrinsic re-
sistance of the membrane apparently determines the initial
rate of permeate flux; however, its role gradually diminishes
as the resistance due to gel-layer formation becomes more
significant.

The results of the sensitivity analyses clearly demonstrated
that the membrane performance was greatly influenced by
the fluid-dynamic regime reflected in the mass-transfer coef-
ficient and the fluid viscosity. Relatively lesser effects were
experienced from variations of gel-layer and membrane resis-
tances. These results also demonstrate the importance of
precise determinations of the input parameters to maximize
the predictive capability of the model.

Summary and Conclusions
A membrane transport model was developed to predict the

permeate flux decline in nanofiltration processes under un-
steady-state conditions. Nanofiltration experiments using tan-
nic acid as a model compound for simulating natural organic
matter in natural waters established the good predictive ca-
pability of the model with reference to permeate flux decline
attributed to concentration polarization and gel-layer forma-
tion. The model also provided a qualitative and quantitative
appreciation of the process dynamics under a variety of oper-
ating conditions.

The differences in permeate flux reduction between NF-45
and NF-70 membranes were explained on the basis of mem-
brane surface characteristics, particularly the relative hy-
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drophilicity of the thin-film polyamide surface. Apparently,
the sorption of tannic acid and chemical interactions between
the polar groups of membrane polymer and tannic acid
molecules substantially contributed to permeate flux reduc-
tion. Membrane filtration studies demonstrated that NF-45
membranes exhibited greater affinity to tannic acid adsorp-
tion than NF-70 membranes, and thus experienced greater
flux reductions. The surface potential measurements showed
that NF-45 membranes were less hydrophilic and had greater
affinity for tannic acid than NF-70 membranes, and were
therefore more susceptible to organic fouling. The study fur-
ther demonstrated that interactions between the organic so-
lute and membrane polymers could play an important role in
gel-layer formation and membrane fouling.

Tannic acid was completely removed by both NF-45 and
NF-70 membranes. This was consistent with the fact that the
molecular cutoff sizes of the membranes were about 300 Da,
significantly lower than the molecular weight of tannic acid
of about 1,700 Da.

Model sensitivity analyses demonstrated that precise deter-
mination of input parameters was of critical importance for
model simulations. Higher initial permeate fluxes were ob-
served with increases in applied pressures, decreases in feed
concentrations, andror increases in reject flow rates. The
higher permeate fluxes were attributed to increases in the
driving forces and decreases in the resistances of the concen-
tration polarization layer. Also, when the applied pressure
was increased, greater permeate flux reductions were ob-
served, a factor that could be attributed to the increase in
gel-layer compaction and gel-layer resistance. Furthermore, a
theoretical analysis was attempted to quantify the impacts of
the hydrodynamic boundary layer on the formation of con-
centration polarization and gel layers. The results suggested
significant effects of such a boundary layer, particularly un-
der the low-velocity flow regime experienced in this study.

Acknowledgments
The authors extend their appreciation to the following individuals

for supplying membranes for this research: Mr. Chris Rollins, Vice
President, Sea Recovery, Inc., Gardena, CA; and Ms. Sharon Whip-
ple and Mr. Bill Holly, Liquid Separation Systems Division, FilmTec,
Inc., Minneapolis, MN.

Notation
B snth virial coefficient, m3Ž ny1. kg yn q1

n
Cssolute concentration, kgrm3

C sconcentration at the center of the plate, kgrm3
0

C sconcentration in the bulk solution, kgrm3
b

C sconcentration within the boundary layer, kgrm3
BL
C sconcentration in the feed solution, kgrm3

f
C sconcentration in the gel layer, kgrm3

g
C sconcentration at the membrane surface on the bulk solutionm

side, kgrm3

CX sconcentration at the membrane surface on the membranem
side, kgrm3

C sconcentration in the permeate solution, kgrm3
p

d shydraulic diameter, mh
Dsmolecular diffusion coefficient, m2rs
f svolumetric flow fraction
hschannel height between the plate, m
J spermeate flux, m3rm2 ? s®
ksBoltzmann constant s RrNs1.38062=10y23, JrK

ksmass-transfer coefficient, mrs
Lslength of a membrane module, m
U Ž U .L slength of the entry region in the module L s0.029d Re ,h

m
L sthickness of the gel layer, mg

MW sweight-average molecular weight, kgrmol
NsAvogadro’s number s6.022169=1023 moly1

r smolecular radius, m
Rsgas-law constant s8.3143 J ?moly1 ?Ky1

ResReynolds number, Res r ®d rmh
R stotal resistance of the membrane, my1

T o t al
R sresistance of the concentration polarization layer, my1

c p
R sresistance due to the internal pore fouling, my1

i n
R sresistance of the gel layer, my1

g
R sresistance of the membrane, my1

m
Ž .ScsSchmidt number ScsmrrD

ShsSherwood number
T sabsolute temperature, K

u saxial flow velocity at the center of the plate, mrs0
®scross-flow velocity, mrs

V spermeate velocity, mrsw

Greek letters
a sfractional contribution of membrane resistance to the totalm

resistance
a sfractional contribution of concentration polarization resis-c p

tance to the total resistance
a sfractional contribution of gel-layer resistance to the totalg

resistance
e sresistance per unit of the gel layer thickness, my2

d sthickness of the concentration polarization layer, m
d sboundary layer thickness, mBL

msdynamic viscosity, Pa ? sskg ?my1 ? sy1

hskinematic viscosity, m2rs
r sdensity of the solution, kgrm3

r sdensity of the molecule, kgrm3
A

r sdensity of the gel layer, kgrm3
g

D P sapplied pressure, Paskg ?my1 ? sy2

Dp sosmotic pressure between the bulk solution and the perme-
ate, Pa
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