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Performance of fouled NF membrane as used for textile dyeing wastewater
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Abstract. The fouling of Nanofiltration membrane (NF) was examined using wastewater containing reactive black dye RB5 of
1500 Pt/Co color concentrations with 16890 mg/l TDS collected from El-alamia Company for Dying and Weaving in Egypt. The
NF-unit was operated at constant pressure of 10 bars, temperature of 25°C, and flowrate of 420 L/min. SEM, EDX, and FTIR were
used for fouling characterization. Using the ROIFA-4 program, the total inorganic fouling load was 1.07 mM/kg present as 49.3%
Carbonates, 10.1% Sulfates, 37.2% Silicates, 37.2% Phosphates, and 0.93% Iron oxides. The permeate flux, recovery, salt rejection
and mass transfer coefficients of the dye molecules were reduced significantly after fouling. The results clearly demonstrate that the
fouling had detrimental effect on membrane performance in dye removal, as indicated by a sharp decrease in permeate flux and dye
recovery 68%. The dye mass transfer coefficient was dropped dramatically by 34%, and the salt permeability increased by 14%. In
this study, all the properties of the membrane used and the fouling that caused its poor condition are identified. Another study was
conducted to regeneration fouled membrane again by chemical methods in another article (Abdel-Fatah et al. 2017).
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1. Introduction

Nanofiltration (NF) is a process which removes organic
compounds in the range of 300 to 1000 Dalton molecular
weight cut-off, reject of the selected salts (i.e., divalent),
and passing more water at lower pressure operations than
RO systems. Membrane fouling phenomena present
important limitations in the efficient application of NF
technology. Fouling process results from the performance
loss of a membrane due to: (i) deposition of substances
whether they are suspended or dissolved substances on its
opening pores of the external surfaces, (ii) the existence and
growth of micro-living-organisms and (iii) irreversible
collection of material (Organic + inorganic salts) on the
membrane surface (Schaefer et al. 2005, Xu et al. 2006).

The membrane could be rapidly blocked by various
kinds of fouling arising from the influent wastewater (Leo
et al. 2016, Karisma et al. 2017, Chalor et al. 2007,
Rabiller-Baudry et al. 2002, Abid et al. 2012,
Thamaraiselvan and Noel 2015). A fouled membrane
exhibits 2 key performance problems: higher than normal
operating pressure and pressure drop. As the surface of the
membrane becomes fouled with suspended solids that form
another layer, which the feed water must penetrate to
become permeate.

Membrane fouling decrease permeates flux as well as
the recovery rate, increase operating costs, and shortens the
membrane  lifespan. ~ Without  proper  wastewater
pretreatment, rapid fouling may occur causing serious
process deficiencies (Schneider et al. 2005).
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Several factors may affect membrane fouling including:
(i) membrane properties (material, pore size, hydro-
phobicity), (ii) solution properties (concentration, solute
characteristics), (iii) operating conditions (pH, temperature,
pressure, flow rate). The authors treated wastewater
contaminated with reactive black dye-RBS5 for 15 months
by using NF membrane used in a previous article (Abdel-
Fatah 2012). The partially fouled membrane is used in this
article after proper cleaning to be used in an intensive
fouling experiment. Throughout this article, the authors
investigated the fouling phenomena of the NF membrane
and its effect on the performance characteristics of NF
separation using dyed wastewater.

2. Materials, tools, and methodology
2.1 Wastewater sources and characterization

Wastewater effluents contaminated with reactive black
dye-RB5 from the cotton and the polyester dying fabrics in
the dye-house effluent from El-alamia Company for Dying
and Weaving in Egypt were used for fouling experiment by
wastewater before and after fouling experiment the
untreated and treated water were studied covering: pH,
color, total suspended solids, total dissolved solids,
chemical oxygen demand, cations (Ca?*, Mg?*, Ba?*, Sr?*,
Nal*, K*, Cu?, Mn?, Cr¥, AI**, Zn?* and Fe*); and
anions (CI¥, F¥, PO4*", SO4*7, COz*", HCOs!"and SiOs*).
Analyses methods were carried out according to standard
methods of analyses (Standard Methods 1992).

2.2 Experimental setup

Fig. 1 represents the experimental set up used. It is a
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cross flow thin film NF bench scale unit, consisting of
feeding tank, feeding pump, pre-filter cartridge (Model
HYTRIX) of 5 micron polypropylene, automatic inlet shut-
off valve, remote unit on/off capability, manometers
(operating pressure gauge, low inlet pressure switch,
conductivity meter), flow control center including
concentrate and recycle valves, spiral wound NF module,
stainless steel high-pressure pump, permeate and
concentrate tanks and regulators. The NF membrane (Model
E2 series with HL2521TF spiral wound module) of
molecular weight cut off 150-300 Daltons (uncharged
organic), active area 2.1 m? The module is of 53.3 cm
length and 6.4 cm diameter. The maximum operating
temperature is 50°C, the typical flux is 15-35 L/h.m? The
NF design capacity is 1.68 m®/d and the designed recovery
is 33-50%. Typical operating pressure is 4.8 — 20 bars.

2.3 Experimental procedure

Dyed wastewater effluent with inlet TDS concentration
of 16893 mg/L and color of 1500 Pt/Co is pumped into the
NF set up. For fouling experiments, the following operating
conditions were maintained over the fouling experiment
until the membrane is completely blocked: pressure (10
bars), temperature (25°C), and flow rate (420 L/min). The
permeate flux was monitored Membrane autopsy was used
to identify the reasons for the loss in membrane
performance. The clean and fouled membranes were cut
into samples of size 5 mm x 5 mm. The fouled membrane is
scratched and the resulted powder is examined.

2.4 Analytical and extmination Tests

The equipment and instruments used for investigated
membranes (cleaned and fouled) were as follows: (1) Scan
Electron Microscope (SEM) JEOL-JSM 6400 equipped
with an Energy-dispersive X-ray spectroscopy (EDX)
analysis system, (2) Fourier transform infrared spectroscopy
(JASCO FTIR-6100, Japan), and (3) Hatch Spectro-
photometer of DR-2800 model (for color intensity at a
wavelength 400-800 nm) with frequencies between 4000
and 400 cm™* and 4 cm! resolution).

3. Mass transfer in spiral wound modules

They are frequently two independent mathematical
models: Egs. (1)—(23) describe the fluid mechanics of
water-permeate transport, salt flux, recovery and rejection
factors, and how the mass transfer coefficient is calculated.
Necessary equations are subsequently derived. On the other
hand, Eq. (24) proves that: as the membrane porosity (€) is
decreased the effective diffusion coefficient (D*) is also
decreased. Eq. (25) proves the continuous decrease of the
hindered mass transfer coefficient (k*) with increasing the
deposited cake thickness (5.).

As &, increases both the conventional and effective
diffusion coefficients (D,D*) are increased. This will result
in increasing the fraction (1/k*, consequently: the hindered
mass transfer coefficient (k*) will be decreased. As fouling
is increased (Egs. (26) and (27)): The value of the term («;)
is increased with decreasing permeate pressure. Permeate
flux is affected by the product of (D;) and (Kjo;). The
value added to (K;o;) be less than the value subtracted
from (D;). Eq. (28) presents the Sherwood number relating
the mass transfer & division coefficient. Graphical
presentation of the calculated (K, & K) — finally Egs. (29)
and (30) reveal their continuous decline and increase with
time respectively.

The solution diffusion models equations are successfully
described steady state permeation of water flux (J,,) and
solute flux (Js) through diffusion controlled NF-
membranes. SDM is utilized to predict permeate
concentration (Cp), water and salt fluxes (Ju,Js), %
permeate  recovery (%PR), solute mass transfer
coefficient (kg), and water and salt permeability (K,,, Ks).
Mass balance equations for solvent and solute in the
membrane module are written as (Rowe et al. 2010, Jyoti et
al. 2015, Jiang et al. 2014, Lee et al. 2010, Jain et al. 2006,
Zhao et al. 2005, Al-Aseeri et al. 2007)

Qf =0Q.+ Qp (1)

Qfo =Q.C. + QpCp 2

The water-permeate transport equations are given as

Fig. 1 Schematic flow diagram of NF-membrane separation system consists of (1) Feeding tank. (2) Electric heater.
(3) Feeding pump. (4) Pre-filter. (5) Feed rotameter. (6) Conductivity meter. (7) High-pressure pump. (8) NF-
membrane. (9) Permeate rotameter. (10) Temperature-indicator-controller
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Q, = (AP — Am)K, A 3)
Consequently, the permeate flux (J,) is given by

Q
Jp = 71’ = (AP — Am)K,, (4)
The net hydraulic and osmotic pressure differentials
across the membrane (AP,Am) are mathematically
expressed as (Rashidi ez al. 2014, Xuan Nguyen and Van
der Bruggen 2015, Chollom ef al. 2015)

AP =P —P, ()
Am =T —m, (6)

The average hydraulic and osmotic pressures on the feed
side (P,T) are given as

__Pf+ P,
P= 5 (7
= +m:)/2 ®)

The rate of salt flow through the membrane is given by
M; = (C—-C,)kKA )

Consequently, the salt flux (Js) is given by
M _
Js = 75 = (C -Gk, (10)

The average salinity on the feed side (C) is defined as

(Qfo + QCCC)

C=T0 o

(11)

The performance of a NF —membrane is determined by:
solvent permeability (K,,), the recovery factor (%R), and
rejection factor %(SR). The latter two parameters are
expressed as

Q,;)

%R =100 2 12

% (Qf (12)

% (SR) = 100 (@) (13)
f

The spacer composition used in the permeate and feed
channels has shown a remarkable effect on the
hydrodynamics inside spiral wound element. The spacer
composition increases the effective velocity and decreases
the void volume. The characteristic velocity in a spiral
wound element is determined from the following equation
(Amokrane et al. 2015, Murthy and Chaudhari 2009)

U
eff

Uerf =7 (14)

The effective area (Aqr) is a function of spacer
thickness (hgp), leaf width (b), and porosity (¢). The
effective area (Agf) is calculated from the following

equation assuming that the effective channel height (h) is
equal to the spacer thickness (hsp)

The hydraulic diameter (dy,) is calculated as follows for
channels with periodically variable cross sections, such as
spacer-filled feed and permeate channels

4 x volume of flow channel
h =

(16)

netted surface

While if a flat channel with spacer is used (b >> h),
the hydraulic diameter (d},) is calculated as

_ 4 (Vror — Vsp)

dp = 17
" (SFC + Ssp ) ( )
The porosity (€) is calculated as
Vsp
e=(1- ) (18)
< VTot

And specific surface of the spacer (Syp), and for flat
channel
Ssp
Spsp = | = 1
vep (VS) (19)

The definition of the hydraulic diameter (d;,) becomes

4¢e

d. =
" (%) + (1- S)Sv,sp

(20)

The effective cross flow velocity (ues) defined by Eq.
(14) is now used to calculate the channel cross flow
Reynolds number (Re.¢) expressed as

Reeff = (21)

The Schmidt number (S¢) is defined as

Sc = (p%) (22)

The mass transfer coefficient under laminar flow
conditions is given by the following Egs. (10)-(11) as
(Abbas 2007, Mohammad et al. 2015, Masmoudi et al.
2014)

Sh = (%) = 1.86 {Reuyy.Sc. (%)}% (23)

4. Results and discussion

Membrane fouling is namely caused by precipitation
and deposition of molecules or particulates on the
membrane surface or membrane pores. The consequences
of membrane fouling are increased membrane separation
resistances, reduced productivity, severe flux decline, and/or
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Table 1 Chemical analyses of wastewater before and after fouled NF membrane

Parameter Feed water  Permeate water Removal % Conc. water ~ UNITS
Color 1500 29 98.1 2063 Pt/Co unit
pH 7.55 7.28 7.47

COD 378 153 59.5 409 mg/l

BOD 215 90 58.1 210 mg/1

TSS 1123 46 95.9 1499 mg/l

TDS 16893 1534 90 22890 mg/l

Calcium (Ca'") 60 2.2 96.3 24.5 mg/1

Magnesium (Mg*") 48 15.9 66.9 234 mg/1

Sodium [Na*] 3800 520 86.3 8550 mg/l

Potassium [K*] 22 5 77.3 18 mg/l

Iron [Fe™] 0.32 0.17 46.9 0.22 mg/l

Manganese [Mn™] 0.08 0.02 75.0 0.06 mg/l

Strontium [Sr] 0.45 0.03 93.3 0.66 mg/1

Barium [Ba] 0.17 0.07 58.8 0.20 mg/1

Bicarbonate (HCOs™) 2100 375 81.2 188 mg/1

Carbonate alkalinity as (Ca CO3) 8.5 0.0 00.0 0.0 mg/1

Chloride [C17] 1443 310 78.5 2997 mg/1

Sulphate [SO47] 3200 200 93.8 4050 mg/l

Phosphate [PO4] 54 0.98 81.9 19.4 mg/l

Silica [SiO3] 15.8 1.44 72.2 36 mg/l

Fig. 2 Visual observation of the membrane module after NF- processing

altered membrane  selectivity. Membrane fouling
characterization is based on the type and nature of material
being removed as: colloidal, organic, scaling, and bio-
fouling. Each type of fouling and foulant has its effect on
membrane performance and also has its own distinct
mitigation/cleanup approach.

4.1 Water characterization

Chemical analyses of wastewater before and after fouled
Nanofiltration membrane are presented in Table 1. It was
observed that the removal% of TDS, TSS, COD, BOD,
cations, and anion is decreased minimally after 10 hours,
which means that the NF membrane is not working
efficiently as a result of fouling.

4.2 SEM-EDS and IR results

The membrane module was visually inspected after 10
hours NF-processing, where fine hair cracks in the outer
fiberglass skin were observed together with debris
accumulation as shown in Fig. 2.

The dried cleaned and fouled membranes were analyzed
with SEM (Scan Electron Microscope JEOL-JSM 6400)
equipped with an EDX analysis system. Figs. 3(a)-(c) and
(d); shows the profile of the NF membrane before after
nanofiltration process for 720 minutes at magnified 200X,
500x, 1000x and 2000x by using SEM, where scanning
with a focused beam of electrons was carried out at
different scales. The distinctive difference between the
virgin- and an exhausted membrane is approved by changes
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(a) SEM image of the membrane before and after fouling (scale 200x)
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(b) SEM image of the membrane before and after fouling (scale 500x)

(c) SEM image of the membrane before and after fouling (scale1000x)
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(d) SEM image of the membrane before and after fouling (scale2000x)

Fig. 3 SEM profile of the NF membrane

in surface topography and composition (morphology of
deposits). Pore size of the NF membrane does not allow
permeation of organic and silica colloids.

This is confirmed by the low turbidity of permeate
samples. Spongy and coarse layer of CaSQ, is crystallized
and precipitated on the surface of membrane highlighting
the foulant-foulant interactions. Dense and uniform cake
layer colloidal silica is formed on the surface of membrane

due to hydrophobic interactions between the foulant and
membrane surface texture.

EDX is used as an analytical technique for the
percentage of elemental composition analysis of the
membrane. It is observed that the weight proportions of
each element were 66.54% C, 27.43% O, and 6.03% S,
which indicates the precipitation of solid CaCO3 and CaSQO,
on the membrane surface as given in Table 2 and presented
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Fig. 4 Membrane EDX emission spectrum before fouling
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Fig. 5 Membrane EDX emission spectrum after fouling

in Figs. 4-5. FTIR is used as a technique to obtain an
infrared spectrum of absorption, emission and photo-
conductivity of the fouling layer formed on the surface of
the membrane before and after fouling is given in Table 2.

FTIR-spectra of both blank- and fouled membrane are
given in Figs. 6-7, which confirms absorbance deficiency
due to fouling.

Table 2 Elemental composition % of the membrane before
and after fouling

Blank membrane Membrane after fouling

Element
Weight % Atomic %  Weight %  Atomic %

C 66.54 74.43 36.90 47.20
(¢} 2743 23.04 46.30 44.47
S 6.03 2.53 6.64 3.18
Na - - 3.60 2.40
Mg - - 0.51 0.32
Al - - 0.44 0.25
Si - - 0.62 0.34
P - - 0.14 0.07
Cl - - 0.35 0.15
Ca - - 3.68 1.41
Fe - - 0.11 0.03
Cu - - 0.39 0.09
Zn - - 0.33 0.08

Total 100.00 100.00 100.00 100.00
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Fig. 6 FTIR-spectrum of the blank membrane before
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Fig. 7 FTIR-spectrum of the membrane after fouling

Table 3 shows the IR absorptions summary with
functional groups. Imaging analysis using scanning electron
microscope (SEM) coupled with Fourier transform infrared
(FTIR) have shown that the composition of the fouling
layer on membrane surface was dye molecules,
microorganisms encased in extracellular polymers, and
inorganic salts.

In addition to this examination ROIFA-4 programs (El-
Manharawy and Hafez 2005) was used for the
determination of inorganic fouling. The output of the
program proved that the total fouling load was nearly 1.1
mM/kg in the form of 49.3% Carbonates, 10.1% Sulfates,
37.2% Silicates, 37.2% Phosphates, and 0.93% Iron oxides.

4.2 Effect of fouling on operating parameters

As shown in Fig. 8, the permeate flux (J,) is decreased
sharply to reach 40% of its initial value after 180 min. The
continuous formation of bio-, inorganic-, and organic
fouling layer (Cheryan 1998, Sampath et al. 2014) will
result in a further decrease in the permeate flux (J,) to
exceed 60% after 270 min. The latter remains constant
before it suffers a serious failure after 600 min.

The rejection of salts decreases with increasing fouling.
It follows the same trends as the flux decline Fig. 9 and
appears to be in agreement electro-kinetic potential in
colloidal dispersion (zeta potential). Such layer of colloids
can lead to hindered back diffusion of salts away from the
membrane surface that referred to as cake-enhanced
concentration polarization (Ng and Elimelech 2004, Lee et
al. 2003, Seidel and Elimelech 2002).
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Table 3 IR Absorptions Summary
Characteristic
Functional goup asorption(s) Notes
(em™)
Alkane C-H bonds are ubiquitous and therefore
Alkyl C-H Stretch 2950-2850 (m or ) usually less useful in determining the structure.
Alkenyl C-H Stretch 3100-3010 (m) Absorption peaks above 3000 cm'! are
Alkenyl C=C Stretch 1680-1620 (v) frequently diagnostic of un-saturation
Alkynyl C-H Stretch ~3300 (s)
Alkynyl C=C Stretch 2260-2100 (v)
Aromatic C-H Stretch ~3030 (v)
Aromatic C-H Bending 860-680 (s)
Aromatic C=C Bending 1700-1500 (m,m)
See “Free vs. Hydrogen-Bonded Hydroxyl Groups®
Alcohol/Phenol O-H Stretch 3550-3200 (broad, s) in the Introduction to IR Spectra for more information
Carboxylic Acid O-H Stretch 3000-2500 (broad, v)
Amine N-H Stretch 3500-3300 (m) Primary amines pr.oduce two N-H stretch absorptions,
secondary amides only one, and tertiary none.
Nitrile C=N Stretch 2260-2220 (m)
Aldehyde gzo Stretch 1740-1690 (s) The carbonyl stretching absorption is one of the strongest IR
Ketone C=0 Stretch 1750-1680 (s) . . . o
_ absorptions and is very useful in structure determination as one
Ester C=0 Stretch 1750-1735 (s) . .
. N can determine both the number of carbonyl groups (assuming peaks
Carboxylic Acid C=0 Stretch 1780-1710 (s) do not overlap) but also an estimation of which types
Amide C=0 Stretch 1690-1630 (s) p types.
. As with amines, an amide produces zero to
Amide N-H Stretch 3700-3500 (m) two N-H absorptions depending on its type.
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Fig. 8 Effect of fouling layer on both permeate and salt
fluxes (Jp , Js)

Solution-diffusion model predicted mass transfer
parameters for experimental nanofiltration unit are
illustrated in Table 4 for RB5. Proves an exponential
increase and sharp decrease of the mass transfer coefficient
(kp) with increasing cross flow Reynolds number and time
respectively Fig. 10. It is hypothesized that for thin cake
layers (compared to the film layer thickness), the cake-
enhanced osmotic pressure results solely from the hindered
back-diffusion of salt ions trapped within the colloid-cake
layer (Hoek 1996).

The diffusion of salt ions back into the bulk is hindered
due to accumulation of a thin cake layer on the membrane
surface. Enhanced membrane surface salt conc.(C},) is
attributed to hindered back diffusion of salt ions trapped in
the cake layer leading to an enhanced osmatic pressure drop

Fig. 9 Effect of fouling layer on recovery (R) and salt
rejection (SR)

across the membrane (A, ).

By determining the cake layer porosity (€), the effective
diffusion coefficient for salt ion strapped within the colloid
deposit layer can be calculated using a simple analytical
expression given by (Faibish et al. 1998), as shown below

D*= (¢/7)D, with 1= (1-Ine? (24)

Porosities of silica colloids cake layer formed under
similar physical and chemical conditions were typically in
the range of 0.3— 0.7 (Yiantsios and Karabelas 1998, Endo
and Alonso 2001, Ku et al. 2005). For the range of typical
porosity values, the effective diffusion coefficient can be
reduced to about 10 and 40% of the bulk diffusion
coefficient, leading to a substantial enhanced membrane
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Table 4 Solution diffusion model predicted mass transfer
parameters for experimental NF unit (RB5)

T{!ﬂT:‘ Uesf Regrs k, K, K
0 0.411 90.401 6.1E-05 3.93E-07 4.59E08
30 0.378 83.169 5.93E05 3.61E-07 5.74E08
60 0.362 79.553  5.84E05 3.45E-07 7.47E08
90 0.345 75.937 5.75E05 3.28E-07 9.73E08
120 0.329 72321 5.66E05 3.12E-07 1.27E07
150 0.296 65.089 5.46E05 2.8E-07 1.57E07
180 0.247 54241 5.14E05 2.32E-07 1.82E07
210 0.214 47.009 4.9E-05 2E-07 2.2E-07
240 0.181 39.776  4.64E05 1.69E-07 2.64E07
270 0.164 36.160 4.49E05 1.52E-07 3.47E07
300 0.164 36.160 4.49E05 1.51E-07 5.16E07
330 0.164 36.160 4.49E05 1.49E-07 8.08E07
360 0.164 36.160 4.49E05 1.49E-07 8.08E07
600 0.131 28.928  4.17E05 1.19E-07 6.48E07

0
6.50E-05

20

Effective Reynolds number(-),Re ¢
40 60

1 6. 6
_=_+_,

25
k* D' D 23)

with &5 =6 — 6,

Combination of Egs. (24)-(25) proves that (k,/k*) > 1.
A continuous decline of solute mass transfer coefficient
with time s, therefore, expected which is proved
experimentally Fig. 10.

The solution-diffusion model employs the membrane
transport equations to describe the flux through the
membrane (J;) as a function of the concentration of solute
in both feed and permeate and the pressure difference
across the membrane (Shi et al. 2006)

fa - aper |- 22 B])

Ji= DLKSpl ] (26)
= Dlepzai
C
Kepi = —— 27)
dsp

Based on Eq. (26), the value of term «o; =
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Fig. 10 Effect of fouling layer on mass transfer coefficient of dye-solute on the permeate
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Fig. 11 Effect of fouling layer on both water and salt permeability coefficients (Kw, Ks)

surface salt concentration.

Accordingly, the effective mass transfer coefficient can
be considered two separate coefficients; one coefficient
describes mass transfer through the colloid deposit layer
and the other coefficient accounts for mass transfer from the
interface into the bulk. The resulting hindered mass transfer
coefficient (k*) is estimated from

{Cio—CpeXp[—mD

is increased with decreasing permeate

pressure. The membrane sorption coefficient (K;) value
and the diffusion coefficient (D;) for each component have
increased. The permeation flux change is affected by the
product of (D;) and (K;a;). This fast decrease has indicated
that the value added to (K;a;) is less than the value-
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subtracted from (D).

The direct proportionality of (D;) with the mass
transfer coefficient of the solute on the permeate
side (kj), as proved by the Sherwood number (Sh), results
in a simultaneous increase of both as proved in Fig. 10.

k,dy
=5,

Experimental results prove the direct- and inverse-
proportionality of water- and salt permeability
coefficients (K, Ks) with permeates flux respectively
(Jp)- graphical presentation of the calculated K., and K
Egs. (29)-(30) reveals their continuous decline and increase
with time respectively Fig. 11.

Sh

(28)

5. Conclusions

The effect of membrane fouling on the performance of a
Desal HL2521-TF nanofiltration unit was investigated using
dye-house wastewater. Fouling is caused by the unwanted
accumulation or deposition of material accompanying dye
house effluent fluid on the membrane surface. Particulate
fouling (caused by suspended solids), biological fouling
(caused by algae, fungi and bacteria), and molecules of
dyestuff material together with inorganic salts are the main
reasons of membrane fouling.

At stable operating conditions, a sharp decline of
permeate  flux and  dye-rejection was  observed
experimentally which is attributed to the continuous
irreversible growth of foulant layer. Full characterization of
the fouled membrane is accomplished by practicing a
variety of instrumental EDX, FTIR, and SEM analyses. The
diffusion coefficient of the dye molecules is seriously
hindered by the formed colloid layer. The dye- mass
transfer coefficient proves dramatic decline and increases
with time and cross flow Reynolds number respectively.
The total membrane lifespan over the last effective filtration
period was 9.5 h.
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Nomenclature

A = Membrane area (m?)
Agpr = Ef fective area (m?)
b = Leafwidth (m)
cif = Concentration of component
in the feedstock (mg/l)
ciyp = Concentration of component
in the permeate (mg/l)
¢sp = Concentration of adsorbateon
the membrane at equilibrium
(mol/kg)cys, = Total dissolved adsorbate
concentration remaining
in the solution
at equilibrium (mol/m3)
C = Average salinity on the feedside (mg/l)
Cr = Dye/salt feed concentration (mg/l)
C. = Concentrate concentration (mg/l)
C, = Permeate concentration (mg/1)
d, = Hydraulic diameter (m?)
D = Soluted dif fusion coef ficient in water
(m?/s)
DR = Dye rejection (%)
h = Channel height (m?)
hs, = Spacer thickness (m?)
J, = Permeate flux (I/m*.h)
Js = salt flux (kg/m?.h)
k = Mass transfer coef ficient (m/s)
k, = Permeate —
side mass transfer coef ficient (m/s)
K¢, = Membrane sorption coef ficient (m3/kg)
K, = Salt permeability coef ficient (m/s)
K,, = Water permeability coef ficient
(m3/m?2.s.bar)
l = Membrane thickness (m)
L = Channel length (m)
M, = Rateof solid flow through the membrane
(kg/s)
NDP = Net driving pressure (bar)
P = Operating pressure (bar)
AP = Net hydraulic pressure dif ferential
across the membrane(bar)
P = Average hydraulic pressure on the feed side
(bar)
Pr = Hydraulic pressure on the feed side (bar)
B, = Hydraulic pressure on the permeate side
(bar)
P. = Hydraulic pressure on the concentrate side
(bar)
(Pf - Pp) = Pressure dif ference across
the membrane (bar)
Qf = Feed flowrate (l/h)
Q. = Concentrate flowrate (I/h)
Qp = Peremeate flowrate (I/h)
R = Universal gas constant (bar.m3/mol.°C)

Re.rr = Ef fective cross flow Reynolds number
on permeate side(—)

Re. = Ef fective cross flow Reynolds numberon
concentrate side(—)

R,, = Membrane hydraulic resistance (m™1)

Ryon—rec = Anynon — recoverable resistance

developed during filtration (m™1)

S¢c = Wettedsur face of the flat channel (m?)

Ssp = Wetted surface of the spacer (m?)

Sc = Schmidt number (—)

Sh = Sherwood number (—)

SR = Salt rejection (%)

T = Operating temperature (°C)

U = Fluid linear velocity ("/s)

urr = Ef fective cross flow fluid velocity (/)

Ve = Volume of the flat channel (m®)

Vror = Total volume (m?)

Vop = Volume of the spacer (m?)

Greek symbols

p = Fluid density (kg/m3)
1 = Dynamic viscosity of the solution
(kg.m™Ls™1)
o = Osmotic reflection coef ficient (—)
9; = Molar volume of component (m3/mol)
Am = Net osmotic pressure dif ferential
across the membrane (bar)
T = Average osmotic pressure
on the feed side (bar)
7y = Osmotic pressure on the feed side (bar)
T, = Osmotic pressure on the permeate side (bar)
. = Osmotic pressure on the concentrate side
(bar)
& = Porosity (—)
6. = colloid deposit layer thickness()
6 = film layer thickness (m)





