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The present study aims to investigate the viability of using Spiegler-Kedem model to predict the reten-
tion of atrazine and dimethoate with nanofiltration using NF90 in stirred cell condition. Spiegler-Kedem
model is the thermodynamics of irreversible processes in which no particular mechanism of transport
and structure of membrane is specified. The Spiegler-Kedem transport equations were used to derive
the reflection coefficient and solute permeability of the system. The model was successfully applied on
the modeling of the organic molecules tested. It was found that Spiegler-Kedem model provided a good
estimation of experimental value. The coefficient of determination (R?) obtained for the fitted data was
0.9871 and 0.9692 for atrazine and dimethoate, respectively.

© 2008 Published by Elsevier B.V.

1. Introduction

Public attention on the potential long-term consequences of
pesticides on human health and environment has started since
1962 when Carson [1] highlighted the matter in her book ‘Silent
Spring’. Ballantyne and Marrs [2] stated that the word ‘pesticides’
is used to cover substances that control organisms (insects, fungi,
plants, slugs, snails, weeds, micro-organism, and nematodes) which
destroy plant life and interfere with food chain, and which act as
vectors to disease organism to man and animals. Pesticide pollution
in water may arise from runoff and leaching [3,4].

The implementation on the control of water quality is important
because different type of pesticides have different decaying period.
Unlike heavy metals and other pollutants, pesticides are lethal to
the environment even at microlevel of concentrations [5]. Nanofil-
tration is a promising membrane technique with a growing number
of applications for the treatment of drinking water and wastewater
[6]. Nanofiltration membranes differ from reverse osmosis mem-
branes mainly because they are designed to selectively remove
compounds such as multivalentions or organic contaminants while
allowing other compounds to pass [7]. Furthermore, the energy
requirements are much lower for nanofiltration than with reverse
osmosis because the transmembrane pressures applied in nanofil-
tration are significantly lower than those in reverse osmosis [8]. The
nominal molecular weight cut-off of nanofiltration membranes is
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in the range of 100-1000Da [9] while pesticides have molecular
weight of more than 100 [10]. Hence, nanofiltration could retain
pesticides efficiently depending on characteristics of the mem-
brane and solutes as well as interaction between them [7].

Some nanofiltration models take into account the mechanism
of transport while other models are independent of the mecha-
nism transport. The solution-diffusion model, solution-diffusion
imperfection and extended Nernst-Planck model belong to the for-
mer category while the Spiegler-Kedem (SK) model represents the
latter [11]. Spiegler-Kedem model is the thermodynamics of irre-
versible processes which indicates that the flow of each component
in a solution is related to the flows of other components. In this
model, the membrane is treated as a ‘black box’ in which no particu-
lar mechanism of transport and structure of membrane is specified
[12]. It was relatively slow process near equilibrium where the
mechanisms of transport and the structure of the membrane are
ignored [13]. The nature of the membrane such as charge and com-
pactness also does not affect the transport activities through it [11].
The Spiegler-Kedem model has been extensively used in predicting
data for the transport of charged and uncharged solute through the
membrane in nanofiltration system [6,12,14-16]. However, model-
ing on the retention of organic molecules has received less attention
so far [6].

Atrazine was selected as subject of study because this herbicide
is commonly used in the plantations around the world as well as in
Malaysia [17]. Extensive amount of its usage has ranked it among
the most common pesticides found in surface water and ground-
water [18]. On the other hand, dimethoate is also widely used in
Malaysia and it is being regulated in guidelines for drinking water
by World Health Organization. Nevertheless, data on effectiveness
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Nomenclature

a an osmotic constant (m3 Pa/g)

A membrane area

Cps solute bulk concentration (mg/L)

(@ concentration of feed

Crns solute concentration at the wall of feed side (mg/L)
G concentration of permeate

Cps solute concentration at the permeate side (mg/L)
Cs solute concentration in solution (mol/m?3)

Cs average solute concentration in solution (mol/m3)
dC; solute concentration different in solution (mol/m3)
dx vertical distance from the membrane surface (m)
Dy diffusion coefficient in water (m?/s)

Js solute flux (mol/m? s)

e solvent fluxes (m/s)

ks mass transfer coefficient (m/s)

Kow octanol/water partition coefficient

Ly membrane permeability

m solute molar mass (g/mol)

AP hydrostatic pressure-driven difference (N/m?)

Ps solute permeability (mol/N.s)

Py hydrodinamic permeability (m3/N's)

Ps local solute permeability (m?2/s)

Pw specific hydraulic permeability (m*/N s)

Tsc radius of stirred cell (m)

R pesticide retention

Rg ideal gas constant (8.314 m3 Pa/mol K)

Rs true rejection

Sh Sherwood number

At time difference

T operating temperature (K)

Vw permeate flux

AV cumulative volume difference

Greek letters

% viscosity of solution (kg/ms)

Am osmotic pressure difference (N/m?)
0 density of solution (kg/m3)

o5 reflection coefficient

1) stirring rate (s=1)

of dimethoate retention using membranes has not been found so
far [19]. Previous studies [20,21] found that NF90 showed supe-
rior rejection characteristics for atrazine and dimethoate compared
to other nanofiltration membranes tested. Therefore, the objec-
tive of the present study is to investigate the viability of using
Spiegler-Kedem model to predict the retention of atrazine and
dimethoate with NF90 in stirred cell condition. The measurable
objectives are:

(1) To estimate the parameters of the model from the experimental
data obtained from the nanofiltration system.

(2) To validate the proposed model by comparing the simulated
results with the experimental results.

2. Theory

The Spiegler-Kedem model states that the fluxes of solute and
solvent are directly related to the chemical potential differences
between the two sides of the membrane. The chemical potential
gradient is caused by either concentration or pressure gradient. The
solvent transport is due to the pressure gradient across the mem-

brane and the solute transport is due to the concentration gradient
and/or convective coupling of the volume flow [11].

2.1. Transport equations

The transport equation expressed by Spiegler-Kedem model is
as follows [22]:

¢ For solvent

— /dP dr
Jv=—Pw (a—asa) (1)
e For solute
dC.
]s:—ngxs'i‘(]—Us)Csz (2)

Diffusion is represented by the first term in Eq. (2); the second
term represents the contribution of convection to the transport of
uncharged molecules [8]. In an ideally semipermeable membrane,
o =1. In an entirely unselective membrane in which a concentra-
tion gradient does not cause volumetric flow at all, o =0. Thus, o
is a measure of the degree of semipermeability of the membrane
reflecting its ability to pass solvent in preference to solute and sol-
vent and o =0 indicates complete coupling [11].

2.2. Model development

The transport phenomena of nanofiltration membranes in
the pressure-driven process can be described by the irreversible
thermodynamics. In general, the transport equations for the
components through a nanofiltration membrane consist of two
component which is diffusion component and convection compo-
nent. This is reflected by the transport equation of Spiegler-Kedem.
For a system involving a single solute in aqueous solution, the solute
retention can be described by three transport coefficients:

i. Specific hydraulic permeability, Py.
ii. Local solute permeability, Ps.
iii. Reflection coefficient, os.

Permeability is the flux of a component (solvent or solute)
through the membrane per unit driving force (the effective trans-
membrane pressure). The reflection coefficient is a measure of the
portion of the membrane through which the solute cannot be trans-
ferred [14]. The assumptions made for this work are:

i. The Spiegler-Kedem model is assumed to adequately predict
the transport of solutes and solvent regardless the type of
solutes and its charges, solvent and membrane.

i. The pressure and concentration gradient are the driving forces.

iii. Solutes present in the system are semipermeable to the mem-
brane.

iv. In the concentration polarization layer thickness, each solute
has its independent value of the diffusion and mass transfer
coefficients.

v. Py, Ps and o are assumed to be constants across the uncharged
membranes so that the equation for the integration of Egs. (1)
and (2) of the membrane can be simplified.

—
==

The simplified version of model transport equation can be writ-
ten as [23]:

¢ For solvent

Jv=Pw(AP —osAT) (3)
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e For solute

Js=*PsA7T+(]*Us)C751v (4)

Osmotic pressure, 7, can be estimated using the Vant-Hoff’s
equation [12]:

AT = a(Cms — Cps) (5)
ReT
a= m (6)

Egs. (3) and (4) can be simplified as
Jv = Pw(AP — 05aRsCrs) (7)
Js = —PsaRsCms + (1 —O'S)FSJV (8)

The imperfection of the membrane is characterized by the
reflection coefficient, os. This reflection coefficient can express the
degree of solute-membrane interaction whose values are in the
range of 0 <o <1. An osmotic difference (Am) across an imper-
fectly semipermeable membranes is compensated by an applied
pressure (AP) so that the solvent flux is zero (Jy = 0) and AP is
smaller than Am. The ratio between these two is defined as o.

7= (&), ®

where o =1, for in ideally semipermeable membrane (100% rejec-
tion) and o =0, no rejection.

Reflection coefficient, o, is characteristic of the convective trans-
port of the solute. An o of 100% indicates that the convective
solute transport is totally hindered or that no transport by con-
vection takes place at all. This is the case for ideal RO membranes
where the membranes have a dense structure and no pores are
available for convective transport. The retention may however
be lower than 100% because solute transport may take place by
solution-diffusion. As it has been shown that nanofiltration mem-
branes have pores, a reflection coefficient below 100% will be found
if the solutes are small enough to enter the membrane pores.

The Spiegler-Kedem model assumes the membrane to be
uncharged. In neutral membranes, solute permeability, Ps and the
reflection coefficient, o have constant values characterizing a given
solute-membrane system. At low pressure, both terms contribute
to the transport of solute through the membrane. However, at
higher pressure, the relative importance of convection in the trans-
port will be higher. In the hypothetical case of an infinite pressure,
diffusion is negligible compared to the infinite convection flux.
Since diffusion of solutes will result in an increase of transport rel-
ative to the water transport, the relative transport solutes is at the
lowest at infinite pressure. The permeation for solute is defined as
[12]:

Cps
Rs = o (10)

The true rejection in term of reflection coefficient, o and solute

driving force, Fs

_ os(1 - F;)

Rs = 1 — osFs (n

where F; is defined as

Fs = exp (_(1;05)—,\,) (12)
S

The observed retention coefficient, Ry is defined by the solute
concentration in feed, C¢; and the permeate Cps

Cps

Ros=1-
0s Cfs

(13)

As the Spiegler-Kedem model relates the membrane surface
concentration to the permeate concentration, it needs to be
combined with concentration polarization if the permeate concen-
tration is to be related to the bulk feed concentration. This results in
the Combined Film Theory-Spiegler-Kedem or CFSK models. This
phenomenon is expressed in the Film Theory Model [12]. Mass
transfer coefficient, ks, is an important parameter for concentration
polarization where this parameter is dependent on several factor
like feed flow rate, temperature and cell geometry.

Relationship between membrane surface concentration to the
permeate concentration in concentration polarization is expressed
in Eq. (14). The concentration polarization usually exists in nanofil-
tration process because of the formation of a boundary layer
separating the membranes surface from the bulk solution [12].

Cmns — Cps (_’v )
——— =exp|— 14
Cow —Cos Pk (14)
which ks is defined as

DSW
ks = 15
ks = = (15)

where Ds,y is the diffusion coefficient of solute in water and § is the
concentration polarization layer thickness. By using the rejection
fractions instead of concentrations, the Film Theory Model can be
expressing as

Ros  Rs W
1—Ros‘1—RseXp( F) (16)

By substituting Eq. (11) into Eq. (16):

= e e (1) )
Substitute Egs. (12)-(17) gives
e e (T )] [ ()] 0w

On the other hand, the following equation is applied for estima-
tion of diffusion coefficient in water, Dy [24]:

_27x10™*

Dw = mo.71 (19)

Meanwhile, for estimation for mass transfer coefficient, ks [25]:

ks = Sh Dw (20)
T'sc
Sherwood number, Sh:
Sh = a RePSc¢ (21)
Reynold number, Re:
2
Re = P“sc (22)
%
Schmidt number, Sc:
sc= K (23)

~ pDw
3. Experimental
3.1. Materials

Dimethoate with 99.8% purity and atrazine with 97.4% purity
were purchased from Riedel-de Haen (Germany). The molecu-
lar structures and properties of both pesticides are presented in
Table 1. The nanofiltration membrane used in this study is NF90
(Dow/Filmtec). Table 2 provides the specification of the membrane
used as given by the manufacturers.
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Table 1
Properties of dimethoate and atrazine [10]
Pesticide Dimethoate Atrazine
H Cl

S N /K

VAVAS o N N
Chemical structure /O—T—S H CHs ‘

HG 5 i N/ . /\
/ HC T | CH,
HsC H H
Molecular weight (Da) 229.28 215.69
Solubility in water 25g/Lat21°C 20mg/L at 20°C
log Kow 0.70 2.612
a Ref. [28].

3.2. Membrane stirred cell

A 300mL stirred cell (Sterlitech), model Sterlitech™ HP4750,
USA, was used to conduct the dead-end filtration experiments. The
effective membrane area is 1.46 x 10~3 m2. The maximum operat-
ing pressure for this cell was 69 x 10° Pa.

3.3. Experimental set-up and procedure
Dead-end filtration experiments were carried out with the

stirred cell (Sterlitech™ HP4750). The pesticide solution in the cell
was stirred by a Teflon-coated magnetic bar. The cell was pressur-

Table 2
Specification of membrane used
Membrane NF90
Manufacturer Dow/Filmtec
Material Polyamide
Pure water permeability® (m3/(m? s Pa)) 1.90 x 10~
Maximum operating pressure (Pa) 41 x 10°
Maximum operating temperature (°C) 45
pH range 3-10
4 Our measurements.
Gas
N v
= Stainless
Steel
Feed Tank
Legend :
@ :Pressure regulator
2 Valve

ized using compressed high purity nitrogen gas. The pressure in
the permeate side was approximately atmospheric under all con-
dition. The feed pesticide and stirring rate were kept constant at
10mg/L and 1000 rpm while the operating pressure were varied
from 5 x 10° to 15 x 10° Pa. Although the range of usual run-off case
isin pg/L, the range of concentration used in this study is in mg/L as
to consider on case of accidental spill of pesticides in water source
as well. The membrane was immersed for 24 h in deionized water
before being used in any experimental work. Membrane permeabil-
ity was determined by initially filtering it using deionized water at
16 x 10° Pa for approximately 8 h for compaction to avoid compres-
sion effect in the later stage of experiment. Then, stabilized water
flux at different operating pressures was obtained and membrane
permeability values (L) could be determined from the slope of flux
against pressure graph.

For separation process, the same compaction process was car-
ried out before the test cell was emptied and 1.8 L of feed solution
was filled into the test cell and solution reservoir. The cell was
then pressurized at the operating pressure indicated by a pres-
sure regulator. Permeate from the bottom of the cell was collected
and its weight was measured with an electronic balance of +0.01 g
accuracy. The cumulative weight were converted to cumulative vol-
ume and the permeate flux could be obtained. Permeate flux, vy

Permeate
v
Membrane
Stirred Cell
Analytical
Balance

Magnetic Stirrer

Fig. 1. Diagram of experimental set-up.
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(m3/m? s), was obtained using equation (24):

AV
T AAt
where AV is the cumulative volume difference (m?3), At the time
difference (s) and A is the membrane area (m?), respectively.

Samples were collected at every 20 min for four times and the
average values obtained from the samples were used as the results
in this work. All experiments were conducted at room tempera-
ture (25 £ 2°C). A schematic diagram of the experimental set up is
shown in Fig. 1.

Vw (24)

3.4. Analytical method

Concentration of atrazine and dimethoate in feed and perme-
ate was analysed using high performance liquid chromatography
(HPLC) by PerkinElmer (USA). The concentration of pesticides was
interpreted through the area of peak shown by the system. The
HPLC column used was Zorbax SB-CN (5 wm, 4.6 mm i.d. x 150 mm
long, Agilent Technologies). The mobile phase was a mixture of 35%
acetonitrile and 65% deionized water while the flow rate was set
at 1.0 mL/min. The UV detector was operated at a wavelength of
200 nm. The peak for dimethoate was detected at around 3.5 min
while the peak for atrazine was detected at around 5.3 min. The
value of retention was obtained with the following equation:

G
- (1-2)
where Ris the pesticide retention, C, the concentration of permeate

(mg/L) and C; is the concentration of feed (mg/L).

4. Results and discussions
4.1. Parameter estimation

The estimation of parameters for the membrane trans-
port model is an important aspect of this study. The results
obtained from the experimental test of the membrane system
were employed for parameter estimation for the model. The
Spiegler-Kedem model was characterized by the hydraulic per-
meability of the membrane, Py, reflection coefficient, o, solute
permeability, Ps and mass transfer coefficient, ks. Result of the
parameter estimation for NF90 is shown in Table 3.

The retention of pesticide against permeate flux curve is pre-
sented in Fig. 2. It can be seen from the comparison between the
experimental data and predicted data that the Spiegler-Kedem
model provided good regression based on the model applied. Thus,
the parameters estimated can be accepted. In fact, the coefficient
of determination (R?) obtained for the fitted data was 0.9871 and
0.9692 for atrazine and dimethoate, respectively.

The reflection coefficient, o, was in good agreement with the
results obtained in the experimental work as it showed that NFOO
had the value of an almost ideal membrane. This is because the
value close to 1 meant that it had high ability to pass solvent in
preference to solute [22], resulting in high retention of solute by

Table 3
Parameters estimated based on the experimental results
Parameter Value

Atrazine Dimethoate
Hydraulic permeability (Py ) 2.3611E-11 2.3611E-11
Reflection coefficient (o) 0.9835 0.9560
Solute permeability (Ps) 3.4317E-07 2.4142E-06
Mass transfer coefficient (ks) 1.2894E-05 1.2524E-05

NF90. Meanwhile, atrazine had slightly higher mass transfer coef-
ficient than dimethoate due to its slightly lower molecular weight
[24]. However, atrazine had obviously lower solute permeability,
Ps, compared to dimethoate. This lower solute permeability value
possessed by atrazine explains its higher retention compared to
dimethoate. This behaviour was due to the higher hydrophobicity
(log Kow) and heterocyclic aromatic structure of atrazine [20].

4.2. Comparison between experimental and modeling data

As confirmed by the irreversible thermodynamics model, the
retention of solute increased with the increasing permeate flux (i.e.
increasing applied pressure). The solute retention and permeate
flux are plotted against applied pressure in Figs. 3 and 4, respec-
tively. Itis observed that while the solute retention against pressure
curve for predicted value by Spiegler-Kedem model fitted well with
the experimental data, the model was unable to match the slope
of the experimental flux against pressure curve as good as it did in
the case for retention. However, the trend of experimental data was
still in agreement with the predicted data by the model and did not
deviate far from each other.

100 4
90 A -“/’Jﬂ/ﬂf’_"‘—k_‘
80 A

70 -

60 1

% Rejection

50 1

40 -

30
1.00E-05

200E-05  2.50E-05
Aux (m¥m2s)

1.50E-05 3.00E-05 3.50E-05

+ Experimentatrazine m  Experiment dimethoate

————— SK model atrazine SK model dimethoate

Fig. 2. Solute retention against permeate flux curve from experimental data and the
predicted results from Spiegler-Kedem model.

1004

PP LR PP rmmnenan- @ TS Py
N Vr/.”lﬂ”’.’_‘._—‘.
80/
=
e
g 70/
2
& 60/
R
501
40/
30 , , : , : ‘
4 6 8 10 12 14 16

Pressure x10° (Pa)

+ Experiment atrazine
------ SK model atrazine

m  Experiment dimethoate
SK model dimethoate

Fig. 3. Solute retention plotted against pressure using the experimental data and
predicted results from Spiegler-Kedem model.
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4.00E-05

3.50E-05 1

3.00E-05

s)

- 2.50E-05 A

2

2.00E-05 1

1.50E-05 1

Flux (m*/m

1.00E-05 4

5.00E-06 -

0.00E+00 T T T T
4 6 8 10 12 14 16

Pressure (x10° Pa)

| & Experiment atrazine W Experiment dimethoate —SKmodelatrazine&dlmemaate‘

Fig. 4. Permeate flux plotted against pressure using the experimental data and
predicted results from Spiegler-Kedem model.

18 -
16 4

14 4

Pressure (x10° Pa)

| ---9 - - Atrazine —a— Dimethoate ‘

Fig. 5. Concentration polarization profile plotted against pressure.

4.3. Concentration polarization profile

Fig. 5 provides the concentration polarization profiles for
atrazine and dimethoate at different operating pressure. The
profiles were gauged based on the ratio of membrane wall concen-
tration to bulk concentration (Crh /Gy, ) [26]. Based on the membrane
wall concentration calculated from the Film Theory Model, the
concentration polarization profile was depicted to increase with
the increasing pressure. Both solutes demonstrated similar trends
on concentration polarization where the solute concentrations
increased from the initial bulk concentration to the maximum con-
centration (wall concentration) at the maximum pressure applied.
Although previous results showed that the retention increased with
the increasing pressure, these profiles show that the effect of con-
centration polarization would be magnified with the increasing
pressure. The same trend was also observed by [27]. Thus, due
consideration should be given when choosing the suitable applied
pressure for nanofiltration system.

5. Conclusions

Comparisons were made between the Spiegler-Kedem model
with the experimental data obtained for nanofiltration of atrazine
and dimethoate. The model was successfully applied on the
modeling of the organic molecules tested. It was found that

Spiegler-Kedem model provided a good estimation of the exper-
imental value. The coefficient of determination (R%) obtained for
the fitted data was 0.9871 and 0.9692 for atrazine and dimethoate,
respectively. Although the model was unable to match the slope
of the experimental flux against pressure curve as good as it did
for the case for retention, the trend of experimental data was still
in agreement with the predicted data by the model and did not
deviate far from each other. It was also found from concentration
polarization profiles that the effect of concentration polarization
would be magnified with the increasing pressure.
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