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bstract

A membrane transport model suitable for the multiple solutes system in reverse osmosis is developed for unsteady-state simulation and prediction
f membrane filtration dynamics in terms of permeate flux and concentration of each solute. This model is based on coupling the concentration polar-
zation model using unsteady-state differential material balance and extended Spiegler-Kedem model. This model is characterized by the parameters
olute diffusivity in the concentration polarization layer (Dbi), reflection coefficient (σ i), osmotic constant (ai), hydraulic permeability constant (Lp),
ass transfer coefficient (ki) and solute permeability coefficient (Pii). These parameters are estimated by using the Levenberg–Marquardt method

oupled with the Gauss–Newton algorithm using the experimental data. The experimental data were obtained from the treatment of pretreated
alm oil mill effluent (POME) as a feed in the pilot plant scale reverse osmosis system. The pretreated POME composed of a ternary system with

he solutes of carbohydrate constituents, protein and ammoniacal nitrogen. The simulation results show a good agreement with the experimental
ata. The proposed model is suitable for predicting the performance of multiple solutes in a reverse osmosis process. The concentration of each
olute present is correlated with the COD of the permeate stream.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Palm oil mill effluent (POME) is the thick brownish vis-
ous liquid waste discharged from the palm oil mills during
he extraction of palm oil from the fruits and is non-toxic but
as an unpleasant odor. It is predominantly organic in nature
nd highly polluting [1]. POME is a colloidal suspension of
5–96% water, 0.6–0.7% oil and 4–5% total solids including
–4% suspended solids originating from mixture of a steril-
zer condensate, separator sludge and hydrocyclone wastewater
2].

The reverse osmosis membranes have been widely used for
esalination of seawater and brackish waters to produce high
uality drinking water [3,4]. Recently, the application of reverse
smosis membranes has been extended to the separation of

rganic solutions. Several researchers successfully applied the
everse osmosis membranes in the removal of viruses, endocrine
isrupting compounds (EDCs), pharmaceutically active com-
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ounds (PhACs), natural organic matters (NOM), dyes and
uorides [5–7].

The hybrid processes, in which the reverse osmosis mem-
ranes are combined with conventional processes, are used in
arious applications [8]. The reverse osmosis membranes gave
99% of COD removal in the treatment of chemical–biological

reated dairy effluent [9]. Integrated system of activated sludge-
everse osmosis in the treatment of the wastewater from the
eat industry enabled the water to be recovered and reused

n the production cycle [10]. Qin et al. [11] reported that the
everse osmosis membranes successfully reclaimed the high-
rade water (NEWater) from the secondary treated sewage
ffluent for its usage in the electronics industry.

Studies on the transport modeling of the multiple solutes sys-
em for organic solutions have been reported in the literature.
arnon et al. [12], combined the film model and Spiegler-Kedem
odel to evaluate the transport of proteins in complex biolog-

cal solutions. Mi et al. [5] developed a spiral-wound element

odel to investigate the passage of viruses through imperfect

piral wound reverse osmosis membranes. A model based on the
olution diffusion mass transport theory, concentration polariza-
ion and pressure dependent dynamic membrane resistance was

mailto:chlatif@eng.usm.my
dx.doi.org/10.1016/j.cej.2006.12.022
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Nomenclature

ai osmotic constant (m3 Pa/g)
bi dimensionless coefficient of Eq. (10)
Cbi solute bulk feed concentration (kg/m3)
Cbi0 initial solute bulk feed concentration (kg/m3)
Ci solute concentration (kg/m3)
C̄i average value of solute bulk feed and permeate

concentration (kg/m3)
Cpi solute permeate concentration (kg/m3)
Cwi solutes wall concentration (kg/m3)
dh hydraulic diameter (m)
Dbi solute diffusivity in the concentration polarization

layer (m2/s)
Fi product constant of Eq. (7)
Jv volumetric flux of permeate (m3/m2 s)
k mass transfer coefficient (m/s)
L phenomenological coefficient
Lp hydraulic permeability constant (m/Pa s)
mi solute molar mass (g/mol)
�P trans-membrane pressure (bar)
Pii solute permeability coefficient solute i with the

consideration of the interaction of solute i (m/s)
Pij solute permeability coefficient of solute i with the

consideration of the interaction of solute j (m/s)
Rg ideal gas constant (8.314 m3 Pa/mol K)
Ri intrinsic rejection of the solute
Ro observed rejection
t filtration time (s)
T operating temperature (K)
U superficial velocity (m/s)
x coordinate perpendicular to the membrane
x* dimensionless boundary layer thickness

Greek letters
αi dimensionless constant of Eq. (16)
βi dimensionless constant of Eq. (16)
δpol thickness of concentration polarization layer (m)
μ viscosity (Pa s)
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(n + 1) components system with n solutes (i = 1, 2, 3, . . ., n) in a
σi reflection coefficient

eveloped to predict the performance of reverse osmosis for
ixed salt and dye solutions [13]. Pastagia et al. [14] developed

n unsteady-state mass transfer model for binary solute system
omposed of reactive black dye and reactive red dye.

In the above studies, most of the transport models for reverse
smosis are only suitable for steady-state condition. However,
ne of the most important drawbacks of the membrane sep-
ration process is the decline in flux due to concentration
olarization. It reduces the production rate and increases com-
lexity of membrane filtration operation since the system has to
e stopped frequently to restore the flux by back flushing. This

henomenon also results in difficulty regarding the simulation
f time dependant permeate flux and rejection at any operating
ondition. Hence, modeling of the concentration polarization

s
c
a

ing Journal 132 (2007) 183–193

henomenon to predict the unsteady-state permeate flux and
ejection is necessary for the design of any membrane sepa-
ation process. The unsteady-state transport model developed
y Pastagia et al. [14] is only suitable for binary system. On
he contrary, industrial processes apply to complex solutions,
hich their compositions are hardly known compared to those

ynthetic solutions treated in the theoretical studies.
The objective of the present study is to propose a method

o depict solutes and water transfer through reverse osmosis
embranes when the feed solution (POME) contain complex

rganic matters by using unsteady-state simulation with coupled
odel of concentration polarization and extended Spiegler-
edem model where solute–solute interactions are considered.
he measurable objectives are:

1) To propose a membrane transport model for multiple solutes
system in reverse osmosis based on the coupled model of
concentration polarization using unsteady-state differential
material balance and extended Spiegler-Kedem model.

2) To estimate the parameters of the model from the experi-
mental data obtained from the reverse osmosis system.

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

4) To correlate the concentration of each solute with the chem-
ical oxygen demand (COD) of the permeate.

. Theory

A serious limitation in the operation of the reverse osmosis
rocess is the progressive deterioration in permeate flux with
ime due to the fouling phenomena of concentration polariza-
ion. Unsteady-state modeling in permeation flux and quality
s important to accomplish efficient and economical process
esign, achieving effective up-scaling to full scale operation
15]. The overall task of simultaneously predicting the unsteady-
tate permeation flux and rejection of organics solutes of a
ixture involves a coupled solution of two transport models.
he first model describes the transport phenomena in the con-
entration polarization boundary layer on the feed side adjacent
o the membrane, while the second model deals with transport
henomena of organic solutes across the membrane based on
xtended Spiegler-Kedem model yielding the intrinsic rejection
f the organic solutes. The extended Spiegler-Kedem model
s coupled to the model of concentration polarization through
he membrane surface boundary conditions. The coupled solu-
ion of the extended Spiegler-Kedem model and the model of
oncentration polarization provides simultaneous predictions of
he unsteady-state permeate flux and observed rejection of the
rganic solutes.

.1. Concentration polarization of multiple solutes system

In the multiple solutes system of reverse osmosis, there are
olvent (e.g., water). The concentration polarization layer adja-
ent to the membrane surface can be schematically represented
s shown in Fig. 1. Within the concentration polarization layer,
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ig. 1. Schematic of a concentration polarization boundary layer. The notation

wi is the solutes wall concentration and Cpi is the solutes permeate concentra-
ion.

he governing equation for the concentration of each solute i is
ased on the unsteady-state differential material balance [16].

∂Ci

∂t
= −Jv

∂Ci

∂x
+ Dbi

∂2Ci

∂x2 (1)

here Jv is the volumetric flux of permeate, Ci the solute con-
entration in the polarization layer, Dbi the solute diffusivity in
he concentration polarization layer, t the filtration time and x
s the coordinate perpendicular to the membrane as shown in
ig. 1.

Eq. (1) is solved with the following initial and boundary
onditions.

= 0, 0 ≤ x ≤ δpol, Ci = Cbi0 (2a)

� 0, x = 0, Ci = Cbi (2b)

� 0, x = δpol JvCi|x=δpol
= Dbi

∂Ci

∂x

∣∣∣∣
x=δpol

(2c)

here δpol is the thickness of concentration polarization layer,
bi0 the initial solutes bulk feed concentration and Cbi is the

olutes bulk feed concentration.

.2. Transport of organic solutes for multiple solutes system

The extended Spiegler-Kedem model of multiple solutes
s derived from the irreversible thermodynamics where
olute–solute interactions are considered [17,18]. In this model,
he membrane is treated as a black box in which relatively slow
rocesses proceed near the equilibrium without specific trans-
ort mechanism and structure of the membrane. The model
imply considers that the fluxes of solutes and solvent are
irectly related to the chemical potential differences between
he two sides of the membrane. The chemical potential gradient
s caused either by concentration or pressure gradient [19]. The
ransport equation for the volumetric flux of permeate, Jv with
solutes where i = 1, 2, 3, . . ., n can be written as [17][

n∑ ]

v = Lp �P −

i=1

σiaiRiCwi (3)

The term Lp is the hydraulic permeability constant, σi the
eflection coefficient, �P the trans-membrane pressure, Cwi the

t
t
c
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olute i wall concentration, ai the osmotic constants [14] and the
erm Ri is the intrinsic rejection of the solutes and is defined as

i = 1 − Cpi

Cwi

(4)

here Cpi is the solute i permeate concentration.
The osmotic constant is defined as [17]

i = RgT

mi

(5)

here mi is the solute i molar mass, Rg the ideal gas constant and
is the operating temperature. For the multiple solutes system
here i = 1, 2, 3, 4, . . ., n and [j = 1, 2, 3, 4, . . ., n and j �= i], the

olute permeate concentration is given by [17]

Roi

1 − Roi

= σi(1 − Fi)

1 − σi

exp
−Jv

ki

(6)

here

i = exp

⎡
⎣−Jv(1 − σi)

Pii

⎛
⎝1 +

n∑
j=1

Aj

⎞
⎠
⎤
⎦ (7)

j = Pij(Cpj − Cbj) exp(Jv/kj)

Jv[Cpi − (1 − σi)C̄i]
(8)

he term k is the mass transfer coefficient and C̄i is the average
alue of the bulk feed and permeate solute concentrations. The
erm Ro is the observed rejection and is defined as

oi = 1 − Cpi

Cbi

(9)

he term Pii is the solute permeability coefficient of solute i with
he consideration of the interaction of solute i and is defined as

ii =
(

L2
wi

LwwCi

− Lii

Ci

)
RgT

lmi

(10)

here the Lii and Lww is the straight phenomenological coeffi-
ient for solute i and solvent, respectively, the Lwi is the cross
henomenological coefficient of solvent–solute i, and l is the
embrane thickness.
The term Pij is the solute permeability coefficient of solute i

ith the consideration of the interaction of solute j and is defined
s

ij =
(

LwiLwj

LwwCj

− Lij

Cj

)
RgT

lmj

(11)

he Lwj and Lij is the cross phenomenological coefficient of
olvent–solute j and solute i–solute j, respectively.

Solving the Eqs. (1)–(9) simultaneously, the solute wall con-
entrations, permeate flux and permeate concentrations for each
olute can be predicted once the parameters of Dbi, σi, ai, Lp, ki,
ii and Pij are determined.
In the application of membrane technology in the wastewa-
er treatment, the chemical oxygen demand (COD) is often used
o monitor the efficiency of the treatment method. The COD is
losely related to the concentrations of solute in the system. A
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orrelation is used in the present studies to relate the concen-
rations of all solutes in the system with the COD as follows
20]:

COD =
n∑

i=1

biCi for i = 1, 2, 3, . . . , n (12)

here the term CCOD is the total COD concentration in the sys-
em, Ci the concentration of solute i in the system and bi is the
imensionless coefficient.

.3. Solution of the governing equations

Eq. (1) of unsteady-state differential material balance
escribing the concentration polarization is nondimensionalized
y introducing the dimensionless variables as follows:

∗
i = Ci

Cbi0

, C∗
bi = Cbi

Cbi0

, t∗i = t

τi

, τi = δ2
pol

Dbi

,

x∗ = x

δpol

hus, Eq. (1) becomes

∂C∗
i

∂t∗i
= −Jvδpol

Dbi

∂C∗
i

∂x∗ + ∂2C∗
i

∂x∗2 (13)

he boundary conditions of Eqs. (2b) and (2c) can be rewritten
s:

∗ = 0, C∗
i = C∗

bi (14a)

∗ = 1, C∗
i

∣∣
x∗=1 = Dbi

Jvδpol

∂C∗
i

∂x∗

∣∣∣∣
x∗=1

(14b)

qs. (13) and (14) are solved numerically by employing finite
lement method [21]. The dimensionless boundary layer thick-
ess, x* was discretized into 100 equally spaced intervals with
01 nodes such that x* = 0 corresponded to the first node and
* = 1 corresponded to the 101th node. The Eq. (13) is con-
erted into a set of ordinary differential equations (ODEs) using
econd-order accurate spatial discretization method based on the
et of nodes [22]. The resulting ODEs are then solved numer-
cally using backward differentiation method [21]. Solving the
DEs provides the profile of Ci and Cwi against t and x. The
alues of Cwi against t are used to calculate the unsteady-state
ermeate flux and intrinsic rejection (quality) by using Eqs.
3)–(9).

The overall model couples the extended Spiegler-Kedem
odel with the model of concentration polarization by the intrin-

ic rejections and the wall concentrations of each solute. The
oupling between the two models thus requires an iterative solu-
ion algorithm which is solved using the software package of

atlab 7.0 as outlined below (Fig. 2):
. The feed concentrations of each solute and operating parame-
ters are the independent variables. The membrane parameters
σi, ai, Dbi, Lp, ki, Pii and Pij are obtained from the parameter
estimation using the experimental data.

4

ig. 2. Flow diagram of the algorithm for solution of the governing equations.

. Since the procedure is iterative, the initial estimate of the
permeate concentrations of each solute and volumetric flux
are required. The wall concentrations profile of each solute
against time was obtained from the model of concentration
polarization of Eq. (13) by using the initial and boundary con-
dition of Eqs. (2a), (14a) and (14b). The intrinsic rejections,
Ri profile of each solute against time are calculated from Eq.
(4).

. Using the calculated values of the wall concentrations and
intrinsic rejections profile of each solute against time, the
unsteady-state volumetric flux is calculated by using Eq. (3).
The volumetric flux at steady-state is obtained when the cal-
culated value of volumetric flux remained constant over a

period of time.

. The permeate concentrations for each solute are obtained
by solving the set of Eqs. (6)–(8) simultaneously when the
comparison between the calculated value and the initial guess
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Table 1
Characteristic and distribution of chemical constituents of palm oil mill effluent
(POME)

Parameter Concentration

pH 4.7
Oil and grease (mg/L) 4000
Biological oxygen demand (BOD) (mg/L) 25,000
Chemical oxygen demand (COD) (mg/L) 50,000
Total solids (mg/L) 40,500
Suspended solids (mg/L) 18,000
Ammoniacal nitrogen (mg/L) 35

(a) Mineral (mg/L) 3,560
Phosphorous 180
Potassium 2,270
Magnesium 615
Calcium 439
Boron 7.6
Iron 46.5
Manganese 2.0
Copper 0.89
Zinc 2.3

(b) Carbohydrate constituents (mg/L) 3,900
Glucose 140
Reducing sugars 1,450
Starch 360
Pectin 328
Others 1,622

(c) Protein (mg/L) 2,830
Amino acids Not available
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of volumetric flux at steady-state show an error less than
5%.

. The calculation is terminated when the error between the
initial guess of the permeate concentrations for each solute
and the calculated value is less than 5%.

. The total COD concentration of permeate is calculated from
the Eq. (12).

.4. Parameter estimation method

The hydraulic permeability coefficient, Lp can be determined
y running the experiment with deionized water at increasing
ressure and the other parameters of σi, Dbi, Pii and Pij can be
stimated using non-linear parameter estimation technique with
evenberg–Marquardt with Gauss–Newton algorithm [23].

The mass transfer coefficients for each solute, ki are deter-
ined using velocity variation method [24] as follows:

n

(
1

Roi

− 1

)
= ln

(
1

Ri

− 1

)
+ Jv

ki

(15)

he mass transfer coefficient, ki can be expressed in term of
uperficial velocity, U [25]

i = αiU
βi (16)

here αi and βi are constants. Substitute Eq. (16) into Eq. (15)
ecomes

n

(
1

Roi

− 1

)
= Jv

αi

(
1

Uβi

)
+ ln

(
1

Ri

− 1

)
(17)

rom Eq. (17), a linear relation between the observed rejection
xpression and 1/Uβi is obtained when the true rejection expres-
ion is held constant. The true rejection can be held constant by
easuring the change in observed rejection with varying flow

elocity at constant volumetric flux, Jv. The permeate flux can
e simply held constant by maintaining a constant operating
ressure, high enough to neglect minor osmotic back-pressure
ffects. The coefficient αi and βi are obtained from the best lin-
ar fit of data and the intercept of y-axis is the true rejection
xpression.

. Experimental

.1. Sample preparation

The characteristic of POME is shown in Table 1. Table 1
hows that the high content of BOD and COD in POME indi-
ated that the POME has an extremely high content of degradable
rganic matters, which is due in part to the presence of unrecov-
red palm oil.

The POME is a very complex mixture of organic matters and
ll specific components of the organic matters could not be deter-
ined. The distribution of chemical constituents of POME has
een determined and analyzed by several researchers [1,26,27]
nd is summarized in Table 1. The high BOD and COD of the
OME are contributed by four major groups of organic matters,
hich are oil and grease, carbohydrate constituents, protein and

l
P
t
a

Peptides Not available
Others Not available

mmoniacal nitrogen. The oil and grease comprises triglycerides
C46–C56) with the molecular weight of 813–925 kg/kmol
here palmitic (44.2 wt.%) and oleic acids (39.2 wt.%) are its
ain components [28]. The carbohydrate constituents com-

rise of low molecular weight monosaccharide (180 kg/kmol)
o high molecular weight polysaccharide (400,000 kg/kmol).
he protein comprises from the simplest compounds of amino
cids (75 kg/kmol) to the most complex compounds of proteins
450,000 kg/kmol). Nitrogen in POME is originally present in
he form of organic (protein) nitrogen and as time progress,
he organic nitrogen is gradually converted to ammoniacal
itrogen which has the molecular weight of 17–35 kg/kmol
27].

POME was obtained from the United Palm Oil Mill, Penang,
alaysia. The pretreatment of POME was required to remove

he oil and grease and total solids before the POME was fed
nto the reverse osmosis system [2]. Hundred litres of POME
as transferred to a chemical treatment tank for the coag-
lation and flocculation process. Three litres of coagulant,
odified industrial grade alum purchased from Envilab Sdn.
hd. was added into the POME at the stirring speed of 50 rpm.
he pH value was adjusted to the pH 6 by using industrial
rade sodium hydroxide 65% (NaOH). Three litres of floccu-

ant (0.1%), cationic polymer (FO 4190) was added into the
OME at the stirring speed of 10 rpm for 15 min. The mix-

ure was allowed to settle and the sludge was removed using
filter press. The details of the pretreatment of POME are
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ig. 3. Schematic diagram of the pilot plant scale equipment set up for reverse
smosis studies. The symbol PI is the pressure indicator, FI is the flowmeter and
I is the temperature indicator.

resented elsewhere [2]. The oil and grease as well as the
otal solids were removed (with 70% removal of COD) by the
oagulation and flocculation processes. The remaining COD
30%) was removed by the ultrafiltration and reverse osmosis
rocesses. The ultrafiltration in this case serves as the pretreat-
ent for reverse osmosis with another 20% removal of the

emaining COD. The major components (solutes) contribut-
ng to the COD were carbohydrate constituents, protein and
mmoniacal nitrogen obtained from the chemical composi-
ion analysis of the pretreated POME [1,26]. Therefore, the
retreated POME forms a ternary solutes system for reverse
smosis.

.2. Membrane system

Fig. 3 shows a schematic diagram of the pilot plant scale set
p used in the present study. The reverse osmosis membrane was
he PVDF membrane module B1 (PCI-Memtech) with stainless
teel (SS 316) housing. The membrane module had a rejection of
9.9% NaCl with 18 flow channels. The inner diameter of each
ube was 12.7 mm and its length was 1219.2 mm. The effec-
ive area for filtration was 0.90 m2 and could be operated up to

aximum pressure of 60 bar.
The pretreated POME was placed in the feed tank of the

embrane system and the temperature was maintained at
oom temperature (25 ◦C) using a water cool heat exchanger.
he feed was pumped through the membrane module using
piston type pump (CAT). The required cross-flowrate and

rans-membrane pressure were adjusted using pressure control
alves (Gemu-diaphragm type). The inlet and outlet pres-
ures of the module were measured using the pressure gauges.
he turbine function flowmeters (Burkert) were used to mea-
ure cross-flowrates of the feed and permeate. The permeate
nd the retentate streams were recycled back to the feed
ank (total recycle mode) to maintain a constant feed con-
entration. The feed concentration is periodically checked
o ensure only very minimal adsorption of solutes onto the
embrane surface. In the present study, the measured feed
oncentration fluctuates within 1% and therefore, the adsorp-
ion factor of the membrane is negligible for the present
tudy.

t
f
k

ing Journal 132 (2007) 183–193

.3. Analysis

The viscosity of pretreated POME was measured with
Hoeppler falling ball viscometer. The carbohydrate con-

tituents were determined using the colorimetric method
ith the phenol–sulfuric acid 98% reaction [29]. The pro-

ein was measured by using the colorimetric method with a
etergent-compatible formulation based on bicinchoninic acid
BCA Protein Assay, Pierce). The ammoniacal nitrogen was
etermined using Preliminary Distillation Step followed by
itrimetric Method with standard sulfuric acid titrant, 0.02N
nd the COD was measured by using the Colorimetric Method at
avelength 600 nm with spectrophotometer CECIL 1000 series,
ambridge, UK [30].

. Results and discussions

In the present study, the experimental data were obtained
rom the pilot plant scale membrane system with the pretreated
OME as the feed to the reverse osmosis module. The pretreated
OME was composed of mainly a ternary solutes system (car-
ohydrate constituents, protein and ammoniacal nitrogen). The
oncentration of each solute in the feed was 1.625 kg/m3 for car-
ohydrate constituents, 0.619 kg/m3 for protein and 0.028 kg/m3

or ammoniacal nitrogen, respectively. The combination of these
oncentrations contributed to the COD value of 12,000 mg/L.

.1. System parameters

The estimation of parameters for the membrane transport
odel is an important aspect of this study. Since the compo-

ition of the membrane was proprietary, therefore, its material
roperties were not available. The results from the experimen-
al test of the membrane system were employed for parameter
stimation. These parameters were μ, Lp, σi, Dbi, Pii, and Pij,
nd their estimated values are listed in Table 2.

Table 2 shows that the viscosity (μ) of pretreated POME
s 1.0240 × 10−3 Pa s was slightly higher than the viscosity
f water (8.7790 × 10−4 Pa s) due to the presence of organic
atters (carbohydrate constituents, protein and ammoniacal

itrogen) in the pretreated POME. Other parameters of Lp, σi,
bi, Pi1, Pi2 and Pi3 matched with their typical values in the

iterature [13,17,18,31,32]. The solute permeability constants
ith the consideration of intra-solutes interactions (P11, P22 and
33) gave a higher order of magnitude compared to the solute
ermeability constants with the consideration of inter-solutes
nteractions (P12, P13, P21, P23, P31 and P32). This indicates that
n the multiple solutes system, the inter-solutes interactions gave
lower permeability of the particular solute to transport through

he membrane compared to the intra-solutes interactions.

.2. Flux and concentration polarization of the membrane
Fig. 4 shows the volumetric flux of permeate versus filtra-
ion time with the increasing trans-membrane pressure varying
rom 13.5 to 45.0 bar. The feed flowrate and velocity were
ept constant at 16 L/min and 7 m/min, respectively. The sim-
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Table 2
Estimated parameters for the model

Parameter Value

Lp (m/Pa s) 9.0096 × 10−12

μ (Pa s) 1.0240 × 10−3

Solutea

(1) Carbohydrate (2) Protein (3) Ammoniacal nitrogen

σI 0.9998 0.9999 0.9989
Dbi (m2/s) 3.16 × 10−9 0.67 × 10−9 1.54 × 10−9

Pi1 (m/s) 7.3456 × 10−9 7.8428 × 10−14 4.0616 × 10−13

P −13 −8 −12

P

i = 1,
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1

i2 (m/s) 2.3672 × 10

i3 (m/s) 3.8432 × 10−12

a The number in front of each solute indicates the solute numbering, which is

lation results show a good agreement with the experimental
ata with the coefficient of determination (r2) more than 0.9
or the trans-membrane pressure of 13.5–45.0 bar. Fig. 4 indi-
ates that the fouling of the membrane caused the volumetric
ux of permeate to decrease until the system reached a steady-
tate value. It can be seen that with constant feed concentration
f carbohydrate constituents, protein and ammoniacal nitrogen,
ractional permeate flux reductions of 17.9, 25.5, 29.0 and 30.8%
ere experienced, corresponding to trans-membrane pressures
f 13.5, 24.5, 35.0 and 45.0 bar, respectively. Although the
ermeate fluxes were greater at higher trans-membrane pres-
ures (due to the greater driving force), the fractional permeate
ux reductions were quantitatively increased at higher trans-
embrane pressures. A qualitative explanation for this observed

ehavior is that at higher trans-membrane pressures, higher con-
entrations build up in the boundary layer resulted higher wall
oncentrations and consequently, leading to a higher deteriora-
ion rate in permeate flux. However, as depicted from Fig. 4,
he volumetric flux of permeate versus filtration time is quite
onstant with minor deterioration as the maximum fractional
ermeate flux reductions is 30.8%. This shows that it is ade-
uate to investigate the reverse osmosis filtration of pretreated
OME system with concentration polarization phenomena by
gnoring the fouling effects.
Fig. 5 depicts the unsteady-state simulation results using the

oupled model of concentration polarization and the extended

ig. 4. Volumetric flux of permeate against filtration time at different trans-
embrane pressure.

a
d
t
t
t
a
fi
a

T
F

�

1
2
3
4

1.2162 × 10 1.4840 × 10
3.6334 × 10−12 1.3969 × 10−7

2, and 3.

piegler-Kedem model. Fig. 5 shows the dependence of wall
oncentrations for each solute on filtration time. For all the
olutes, the wall concentrations increased at the increasing trans-
embrane pressure of 13.5–45.0 bar. The wall concentrations

ncreased sharply at the initial filtration time. After a sharp
ncrease during the initial filtration time, this increase became
luggish and gradually approached asymptotic value. Based on
he simulation results, the fractional wall concentration increase
or each solute corresponding to the increasing trans-membrane
ressures are listed in Table 3. The fractional wall concentra-
ions increase for each solute were quantitatively increased at
igher trans-membrane pressures, and thus lead to faster con-
entration build up in the boundary layer and deterioration in
ermeate flux as shown in Fig. 4. Each solute of carbohydrate
onstituents, protein and ammoniacal nitrogen show a simi-
ar fractional wall concentrations increase (e.g., 5.46, 5.54 and
.41%, respectively) at the same trans-membrane pressure (e.g.,
3.5 bar). This indicates that the fractional wall concentrations
or each solute increased at the same rate with the increasing
rans-membrane pressure.

The unsteady-state concentration polarization profiles within
he boundary layer at the constant trans-membrane pressure of
3.5 bar for each solute of carbohydrate constituents, protein
nd ammoniacal nitrogen are shown in Fig. 6. All the solutes
emonstrate similar trends in concentration polarization where
he solute concentrations increased from the initial bulk concen-
ration to the maximum concentration (wall concentration) along

he boundary layer in axial direction. Fig. 6(a)–(c) depict that
lthough the wall concentrations increased sharply at the initial
ltration time, the initial concentration build up along the bound-
ry layer was sluggish. After a sluggish increase during the initial

able 3
ractional wall concentrations increase for each solute

P (bar) Solute

Carbohydrate
constituents (%)

Protein (%) Ammoniacal
nitrogen (%)

3.5 5.46 5.54 5.41
4.5 13.56 13.72 13.72
5.0 25.62 25.90 25.99
5.0 41.30 41.73 41.88
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The outcome of the experiment demonstrates that the reverse
osmosis membranes were able to reject the complex organic
matters effectively with the minimum observed rejection of
ig. 5. Simulation results of wall concentrations for (a) carbohydrate con-
tituents (b) protein and (c) ammoniacal nitrogen against filtration time.

ltration time, the concentrations build up along the bound-
ry layer became greater despite a sluggish wall concentration
ncrease. It must be noted that at initial filtration time, there was
o accumulation of rejected solutes along the boundary layer. As
ltration progress, the amount of rejected solutes was gradually

ncreased and consequently lead to higher wall concentration

nd back-diffusion mass transfer rate into the boundary layer.
he accumulation of back transported solutes resulted greater
oncentrations build up along the boundary layer.

F
c
p

ing Journal 132 (2007) 183–193

.3. Permeate quality for the ternary solutes system
ig. 6. Simulation results of concentration buildup profile for (a) carbohydrate
onstituents (b) protein and (c) ammoniacal nitrogen along the concentration
olarization boundary layer against filtration time.
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ig. 7. The unsteady-state permeate concentration for each solutes at trans-mem
�), (�) and (�) indicate the experimental results for carbohydrate constituents
ndicate the simulation results for carbohydrate constituents, protein and ammo

.996, 0.994 and 0.921 for carbohydrate constituents, protein
nd ammoniacal nitrogen, respectively. The higher molecular
eight of solutes (carbohydrate constituents and protein) gave a
igher observed rejection compared to the solute which had the
ower molecular weight (ammoniacal nitrogen). The simulation
nd experimental results of permeate concentrations for each
olute (carbohydrate constituents, protein and ammoniacal nitro-
en) against filtration time at the increasing trans-membrane
ressure of 13.5–45.0 bar is shown in Fig. 7. The simulation
esults showed a good agreement with the experimental data.

Fig. 7(a)–(d) depict a similar trend of lower permeate con-
entrations for each solutes when the trans-membrane pressure
ncreased. This phenomenon resulted higher observed rejection
or each solutes at higher trans-membrane pressure due to the
igher driving force which would force more solvent (water)
o diffuse through the membrane. The simulation results of
ig. 7(a)–(d) show that the permeate concentration for each
olutes increased slightly from the initial filtration time until
he steady-state condition was reached. The behavior observed
rom Fig. 7(a)–(d) shows that the observed rejection decreased
lightly from the initial filtration time until the steady-state con-
ition was reached.

Fig. 8 shows the unsteady-state simulation results of intrinsic
ejection for each solute of carbohydrate constituents, protein

nd ammoniacal nitrogen at increasing trans-membrane pres-
ure. All solutes demonstrate an identical behavior where the
ntrinsic rejection increased with the increasing trans-membrane
ressure and filtration time. The observed behavior clearly

s
b

fi

pressure of (a) 13.5 bar (b) 24.5 bar (c) 35.0 bar and (d) 45.0 bar. The symbols
in and ammoniacal nitrogen, respectively. The symbols (- - -), (—) and (–– —)
nitrogen, respectively.

emonstrates the importance of concentration polarization and
he efficiency of reverse osmosis to reject the organic matters on
he intrinsic rejections. The concentration polarization factor as
hown in Fig. 6 contributed to accumulation of solutes on the
embrane wall (Fig. 5). However, the reverse osmosis mem-

ranes maintained relatively constant observed rejections for
ach solute with only slight increase of permeate concentrations
s shown in Fig. 7. Therefore, the reverse osmosis membranes
ffectively retained the organic solutes regardless to the extent
f concentration polarization and consequently, contributed to
he increase in intrinsic rejection with filtration time.

The correlation in the present study related the concentrations
f all solutes (Cp,carbohydrate, Cp,protein, Cp,nitrogen) with the COD
alue in the membrane system. The correlation was obtained
y using the multivariable regression of Levenberg–Marquardt
ethod. The values of the dimensionless coefficients b1, b2 and

3 were 0.3535, 4.9279 and 0.5595, respectively obtained using
q. (10). The final correlation is given by Eq. (18).

ODcalculated = 0.3535Cp,carbohydrate + 4.9279Cp,protein

+ 0.5595Cp,nitrogen (18)

he comparison of the experimental data and the model pre-
ictions is shown in Fig. 9. It shows that the correlation was

uccessfully applied in the prediction of COD value in the mem-
rane system with the coefficient of determination (r2) of 0.9911.

The simulation values obtained from Eq. (18) showed a good
t with the experimental data as demonstrated in Fig. 10. Fig. 10
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emonstrates a decrease of COD reading in the permeate stream
hen the trans-membrane pressure increased. This was in line
ith the permeate concentration shown in Fig. 7. The decrease of
ermeate concentration at the increasing trans-membrane pres-

ure resulted more solvent to diffuse through membrane, and
hus lower COD reading was obtained.

The low COD reading in the permeate stream compared to
he COD reading in the feed stream (12,000) shows that the

ig. 8. Unsteady-state simulation results of intrinsic rejections for (a) carbo-
ydrate constituents (b) protein and (c) ammoniacal nitrogen for increasing
rans-membrane pressure.

Fig. 9. Comparison of experimental COD against calculated COD.
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ig. 10. Variation of unsteady-state COD reading in the permeate with increas-
ng trans-membrane pressure.

fficiency of COD removal using reverse osmosis was high
94–98% of COD removal). The high rejection of carbohydrate
onstituents, protein and ammoniacal nitrogen indicated that
ost of the solutes were unable to diffuse through the membrane,

nd thus contributed to high efficiency of COD removal.

. Conclusion

A membrane transport model suitable for the multiple solutes
ystem in reverse osmosis based on the coupled model of con-
entration polarization using unsteady-state differential material
alance and extended Spiegler-Kedem model has been devel-
ped. The comparisons between the proposed model and the
xperimental data of ternary solutes system (pretreated POME)
or the reverse osmosis showed a good agreement and proved
ts utility in predicting the performance of the multiple solutes
ystem.

The proposed model successfully predicted the volumetric
ermeate flux decline and the concentration polarization for each
olute as a function of filtration time. In addition, the proposed
odel demonstrated a good predicting capability of permeate

oncentrations and intrinsic rejections of each solute of the sys-

em. The correlation for the concentrations of all solutes with
he COD value in the permeate stream of the membrane sys-
em has been successfully developed. In overall, a method of
redicting the performance of reverse osmosis using complex
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rganics solutions by applying the coupled model of concentra-
ion polarization and extended Spiegler-Kedem model with the
onsideration of solute–solute interactions has been successfully
eveloped.

The reverse osmosis gave high efficiency of COD removal
or pretreated POME due to the high rejection of carbohydrate
onstituents, protein and ammoniacal nitrogen. Thus, the reverse
smosis is effective to remove the remaining micromolecules in
he pretreated POME to achieve the desired water quality.
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