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ABSTRACT

In this study, the feasibility of Forward—Reverse osmosis processes was

investigated for treating the oily wastewater. The first stage was applied forward osmosis
process to recover pure water from oily wastewater. Sodium chloride (NaCl) and
magnesium chloride (MgCl,) salts were used as draw solutions and the membrane that
was used in forward osmosis (FO) process was cellulose triacetate (CTA) membrane. The
operating parameters studied were: draw solution concentrations (0.25 — 0.75 M), oil
concentration in feed solution (FS) (100-1000 ppm), the temperature of FS and draw
solution (DS) (30 - 45 °C), pH of FS (4-10) and the flow rate of both DS and FS (20 - 60
I/h). 1t was found that the water flux and oil concentration in FS increase by increasing
the concentration of draw solutions, the flow rate of FS and the temperature for a limit
(40°C), then, the water flux and oil concentration decrease with increasing the
temperature because of happening the internal concentration polarization phenomenon.
By increasing the oil concentration in FS and the flow rate of the DS, the water flux and
oil concentration in FS decreased, while it had a fluctuated behavior with increasing pH
of oily wastewater. It was found also that MgCl, gives water flux higher than NaCl. So
the values of resistance to solute diffusion within the membrane porous support layer
were 55.93 h/m and 26.21 h/m for NaCl and MgCl; respectively. The second stage was
applied reverse osmosis process using polyamide (thin film composite (TFC)) membrane
for separating the fresh water from a diluted (NaCl) solution using different parameters
such as draw solution concentration (0.08-0.16 M), feed flow rate (20—40 I/h).
Keywords: membranes separations, forward- reverse osmosis, oily wastewater.
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1.INTRODUCTION

One of the most challenging problems today is the removal of oil from wastewater.
Large amounts of wastewater are generated by industrial companies that produce or
handle oil and other organic compounds, both immiscible and miscible in water. Oily
wastewater discharged into the environment causes serious pollution problems since the
biodegradability of oil is very low and oily wastewater hinders biological processing at
sewage treatment plants , Mohammed et al., 2011. Oily wastewater is defined as liquid
waste either from automotive workshop or oil industry and known as a combination of
water with some surface oil, oil sludge or sediments which contained lubricants, cutting
fluid and heavy hydrocarbon such as tars, grease and diesel oil, bacteria and light
hydrocarbon at concentration that may vary from a few hundred parts per million to as
much as 1 to 10 percent by volume , Bujang et al., 2012. Qil and grease in wastewater
can exist in several forms: free, dispersed or emulsified. The differences are based
primarily on size ,Cheryan and Rajagopalan, 1998. Based on the form of the oil in the
water, different methods have been applied to its removal. Conventional oily wastewater
treatment methods include gravity separation and skimming, dissolved air flotation, de-
emulsification, coagulation and flocculation, which have several disadvantages such as
low efficiency, high operation costs, corrosion and recontamination problems ,Yan et al.,
2006. Osmosis a physical phenomenon extensively studied by scientists in various
disciplines of science and engineering. In a FO process, water diffuses spontaneously
through a semi-permeable membrane from a feed solution (FS) with low osmotic
pressure to a draw solution (DS) with high osmotic pressure , Zhao and Zou, 2011. The
osmotic driving forces in FO can be significantly greater than hydraulic driving forces in
RO, theoretically, leading to higher water flux rates and recoveries. Besides low or no
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hydraulic pressure requirements for FO process, high rejection of a wide range of
contaminants, lower membrane fouling, and simplicity of equipment used in the process
are additional advantages of FO ,Bamaga et al., 2011 and Kim et al., 2012.

In 1886, van't Hoff formulated an equation to calculate osmotic pressure (m), based on

data for sugar solution and the similarity of dilute solutions to ideal gases ,Thain, 1967.
T=0iR, TC 1)

where C is the concentration of solute, T is the temperature of solution, Ry is the gas
constant, i is number of dissociated ions per molecule, and @ is osmotic coefficient.
Basically, the FO desalination process involves two steps. In the first step, the fresh water
is extracted from the raw water source using a suitable draw solution (osmotic agent
having a high osmotic pressure). The second step deals with separation of the osmotic
agent from the fresh water , Bamaga et al., 2011. The diluted draw solution that was
produced from FO process is subsequently desalinated by RO to produce fresh water
suitable for beneficial uses , Xie et al., 2012.

The main goal in this study was to investigate the technical feasibility and the
efficiency of FO— RO processes for treating the oily wastewater. The first stage is
application forward osmosis process to recovery of water from oily wastewater using FO
process. In the second stage, a technically reverse osmosis process was employed to treat
the diluted draw solution outlet from forward osmosis using polyamide and the effect of
(NaCl) concentration in feed solution and feed flow rate were studied on water flux for
RO process.

2.CONCENTRATION POLARIZATION

Concentration polarization is the term used to describe the accumulation of rejected
solute at the surface of a membrane so that the solute concentration at the membrane wall
is much higher than that of the bulk feed solution , Ahmed, 2007. Because asymmetric
FO membranes are comprised of a dense layer on top of a porous support layer,
concentration polarization occurs externally at the feed—-membrane and draw solution—
membrane interfaces, and internally in the porous support layer of the membrane ,Achilli
et al., 2010. Below, these two concentration polarization phenomena are quantitatively
described.

2.1 External Concentration Polarization

In osmotic processes, concentration polarization can occur on both sides of the
membrane. Concentrative external concentration polarization occurs in forward osmosis
when the feed solution is placed against the active layer of the membrane. To account for
this phenomenon, the extent of concentration polarization was calculated from film
theory. The concentrative external concentration polarization moduli at each permeate
flux, Jw, could be calculated using ,Ahmed, 2011.
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Tr,p

Where, J, is the experimental permeate water flux, k is the mass transfer coefficient and
Tr,m and wtgp are the osmotic pressures of the feed solution at the membrane surface and in
the bulk, respectively. Note that the exponent is positive, indicating that wgm > 7y
(McCutcheon and Elimelech, 2006). The mass transfer coefficient, K, is:

k=3P 3)

dn

Where, Sh is Sherwood number, D is the solute diffusion coefficient and dy, is hydraulic
diameter.

Simultaneously, the draw solution in contact with the permeate side of the membrane is
being diluted at the permeate-membrane interface by the permeating water. This is called
dilutive ECP , Digman, 2010. Dilutive external concentration polarization can be
calculated also from film theory. The external concentration polarization modulus
(mo,m/moyp) is calculated using:

Tpp

where np ;m is the osmotic pressure at the membrane surface and mpy is the bulk osmotic
pressure of the draw solution. Jy is negative in this equation because the water flux is in
the direction of the more concentrated solution and the concentration polarization effect
is dilutive (mpm< mpp). TO model the flux performance of the forward osmosis process in
the presence of external concentration polarization, we start with the flux equation for
forward osmosis, given as ,Achilli et al., 2009.

Jw=A0(Tpp — TEp) (5)

Here, A is the pure water permeability coefficient, ¢ is the osmotic reflection
coefficient, has a value of 1. Eq. (5) predicts flux as functions of driving force only in the
absence of concentrative or dilutive ECP, which may be valid only if the permeate flux is
very low. When flux rates are higher, this equation must be modified to include both the
concentrative and dilutive ECP , McCutcheon and Elimelech, 2006.

Ju = Al exp (=2) = 7 exp (2))] (6)

2.2 Internal Concentration Polarization

Internal concentration polarization (ICP) is closely related to external concentration
polarization (ECP) at the surface of the active layer as shown in Fig. 1 ,Alsvik and
Héagg, 2013. The ICP phenomenon occurs on the permeate side. We refer to this as
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dilutive ICP since the draw solution is diluted by the permeate water within the porous
support of the membrane ,McCutcheon and Elimelech, 2006. Loeb et al., 1997.
similarly described flux behavior in the FO mode ,Cath et al., 2006.

K=(1)lnM (7

Jw B+]w+Anpgm

where K is the resistance to solute diffusion within the membrane porous support layer
which is a measure of how easily a solute can diffuse into and out of the support layer
and thus is a measure of the severity of ICP, is defined as:

K= (8)

De
where t is the membrane thickness, T is the tortuously of the membrane porous support

layer, € is porosity of the porous support layer, and D is the diffusion coefficient of the
solute. Because t, 1, and ¢ are fixed for our FO membrane, K is dependent only on D
,Gray et al., 2006.

When assuming that B = 0, o = 0 (i.c., the salt permeability is negligible) and the
equation (7) is rearranged, an implicit equation for the permeate water flux is obtained:

Jw = A[T[D,b exp(_]wK) - nF,m] (9)
Here, npp IS now corrected by the dilutive ICP modulus, given by:

2L = exp(—JyK) (10)

D,b

where 7p; IS the osmotic pressure of the draw solution on the inside of the active layer
within the porous support. The negative exponent is indicative of dilution at this point, or

TD,i <D, -
By substituting Eg. (2) into (9) ,Cath et al., 2006.

Jw = A[mp exp(=1,K) = ey exp (2))] (11)

In this study assuming that the salt permeability coefficient (B) is equal to zero
and the small value of the flux (Jw) compared to osmotic pressure of draw solution,
therefore the Equations (8) it can simplify as follows:

Jw = =In (@) (12)

TTF,b
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Figure 1: Concentration polarization in an asymmetric membrane in FO (concentrative
ECP and dilutive ICP) ,Achilli et al., 2010.

3. MATERIALS AND METHODS
3.1 The membranes

An asymmetric FO membrane acquired from Hydration Technology Innovations (X-
Pack™ supplied by Hydration Technology Inc., Albany, OR) was used for forward
osmosis experiments in this study. The membrane that was used is a cellulose triacetate
casted onto a non-woven back support consisting of polyester fibers individually coated
with polyethylene. The physical characteristics of this specific CTA membrane are
unique compared with other commercially available semi-permeable membranes and has
been acknowledged to be the best available membrane for most FO applications ,Choi,
2011. The CTA membrane lacks a thick support layer with thickness of the membrane is
less than 50 um and membrane salt rejection is (95-99 %). While a thin film composite
membrane (TFC) was used in RO process. TFC membrane is an aromatic polyamide
consisting of three layers: polyester support web (120 pm), micro porous poly sulphone
interlayer (40 pm), and ultra thin polyamide barrier layer on the top surface (0.2 um). The
specifications of the TFC membrane are salt rejection (96 — 99 %), maximum operating
pressure (6 — 9 Mpa), maximum operating temperature 45 °C and pH range for
continuous operation (2 — 11).

3.2 Feed and draw solutions preparation

Gasoline and diesel engine oil was used for preparation of the O/W emulsion with total
volume was 5 liters. The O/W emulsion was prepared by vigorous mixing of oil and
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deionized water using a stirrer at an agitation speed of 2000 rpm for 15 min. The
concentrations of oil that was prepared for the feed solution were 100, 500 and 1000
ppm. The phycical specifications of the oil are given in Table 1. Whereas two types of
salts (NaCl and MgCl,) were used for preparing the draw solutions in FO experiments.
The concentrated draw solution was made by dissolving a solid salt in deionized water
with concentrations of 0.25, 0.5, and 0.75 M. The chemical analysis of the salts (NaCl
and MgCl,) is given in Table 2. The total draw solution volume was 5 liters. These
chemicals were chosen in preparation of draw solutions for their relatively low molecular
weight, high solubility, high osmotic pressure that can be given by this solution, easily
and economically separated and recycled, and previous interest or utilization in FO
research.

Table 1.Typical physical characteristics of oil (Shell Helix HX5).

Viscosity grade 15W-40
Kinematic viscosity (40 °C) 105.4 ¢ St
Kinematic viscosity (100 °C) 13.9 ¢ St

Viscosity index 132
Density at 15 °C 0.885 kg/l
Flash point PMCC 220 °C
Pour point -30 °C

Table 2.Chemical Specifications of Draw Solutions

Assay 99.5% min.
Max. limits of
Sodium Chloride | impurities (%)

(NaCl) Ammonia  0.002
MW = 58.44 Iron 0.002
Lead 0.0005
Potassium  0.02
Sulphate  0.02
Assay 98% min.

Max. limits of

Magnesium impurities (%)

Chloride (MgCl,) Sulfate 0.002

MW =95 Copper 0.002
Lead 0.005
Iron 0.0005
Zinc 0.0005

Cadmium 0.005
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4. EXPERIMENTAL SYSTEMS

4.1 Forward Osmosis System

Experiments were conducted using a laboratory-scale FO system consists of two
cylindrical QVF glass vessels with a capacity of 7 liters were used as a feed and draw
solutions vessels, two centrifugal pumps were used to pump the feed and draw solutions
from vessels to high pressure pumps. Each with flow rate rang of 11.4-54.6 L/min, a head
of 3-13.7 m. Then, the draw solution and feed solution that supplied from centrifugal
pumps were pumped using high pressure pumps 125 psi (MAX PRESSURE)) to forward
osmosis cell. The forward osmosis cell was circular plate and frame membrane cell and it
consisted of two semi-cells which were made of Teflon. It was designed with two flow
channels and the diameter of each circular channel was 12.5 cm with a depth of 3 cm in
draw solution side and 4 cm in the feed side whereas the total effective for CTA
membrane area was 165 cm® To measure the volumetric flow rate of feed and draw
solutions, two calibrated rotameters were used each of ranged (10 - 60 I/hr). While two
submersible electrical coils (220 Volt, 1000 Watt) and thermostats of range (0- 80°C)
were used to control temperatures on the solutions. The pH of FS was adjusted to the
required value by addition of (NaOH) or (HCI) and the acidity of O/W emulsion was
measured using pH meter (Model 2906, Jenway Ltd, UK) and a pH probe. Digital
laboratory conductivity meter was used to measure the concentration of the draw
solution, range (0-2 x 10° ps/cm), operating temperature (0-55 °C), accuracy (+ 0.5 %
Full Scale), also the concentration of oil in water was measured using spectrophotometer
(Genesys 10 UV, Wave length = 1090 — 190 nm).

4.2 Experimental Procedure

In the typical orientation of forward osmosis process, the draw solution was
placed against the support layer and the feed solution was on the active layer. The feed
and draw solutions were operated in a counter-current flow configuration (feed and draw
solution flowing tangential to the membrane but in opposite directions). This mode of
operation provides constant Az along the membrane module and makes the process more
efficient. The outlet streams of feed and draw solutions were recycled back to the main
vessels. All experiments were carried out with applying a pressure of 0.5 bar across the
membrane sheet in the feed side. The time of experiment was five hours. For every one
hour, water flux into the DS was calculated. Also oil concentration in FS was measured.
Fig. 2 shows the schematic diagram of forward osmosis system.

For cleaning the membrane, osmotic backwashing was made in order to remove oil
droptets that accumulated on or in the pores of the membrane. In the backwashing process, the
direction of water permeation across the semipermeable membrane was reversed and the DS was
replaced with a deionized water and FS was replaced with 0.5 M of a brine. So the same pressure
was applied in the permeate side. Dionized water flows through draw side channel, the osmotic
pressure gradients are formed in an opposite direction and permeate (i.e. backwash water) flows
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from draw side (dionized water) to feed side (brine). Therefore, foulants on the membrane surface
are detached by this opposite flow and then are removed from the membrane surface.

4.3 Reverse Osmosis System

For recovery of pure water, the diluted draw solution was treated using reverse
osmosis unit that was run in a closed loop. QVF glass vessel with a capacity of 30 liters
was used as a feed solution vessel and high pressure pump was used to pump the feed
solution (or diluted draw solution) from the QVF vessel to spiral wound module. The
spiral — wound element are adopted and operated with only one stream (the feed stream)
flowing under direct control of its flow velocity tangential to the membrane, (membrane
type is thin film composite (TFC), membrane length is 115 cm, membrane width is 21cm,
diameter is 3 in., number of membrane is 2 and membrane active area is 4830 cm?.

The feed solution in RO process was prepared by dissolving the solid salt (NaCl)
in 15 liters of deionized water and was placed in the QVF glass vessel. Pressure gauge
measured the pressure that was maintained 9 bars at the inlet module. Then the feed inter
the spiral wound module in order to separate draw solution into two streams; one
contained pure water and the other contained concentrated solution that was recycled to
main feed vessel. The time of experiment was 2 hr, so for every a quarter hour, the water
flux was calculated. An experimental rig of reverse osmosis unit was constructed in the

laboratory as shown schematically in Fig. 3.
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Figure 2. The schematic diagram of the laboratory scale forward osmosis membrane
apparatus.
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Figure 3.Schematic diagram of spiral-wound reverse oSmosis process.

5. Results and discussion
5.1 Forward Osmosis

5.1.1 Effect of Draw Solution Concentration

The effect of draw solution concentration of (NaCl) and (MgCl,) on water flux is shown
in Figures 4 and 5. When the concentration of draw solution increased, the water
permeation across the membrane increased, as a result, the water flux increased. This is
expected and attributed to the increasing in the osmotic pressure difference across the
membrane with an increase in the concentration of draw solution, which results in an
increase in the driving force) for water transport through the membrane. Also with
increasing of draw solution concentration, the concentration of O/W emulsion increases
because of the increasing in water transport across the membrane as in Fig.s 6 and 7.
From Figs. 4, 5, 6 and 7. it can be seen that the flux of water and oil concentration using MgCl,
solution as draw solution were greater than that using NaCl solution because it has osmotic
pressure higher than the osmotic pressure for NaCl and the osmotic pressure depends on the
number of dissociates and osmotic coefficient of the solute (as in Eq (1)).

5.1.2 Effect of Oil Concentration in Feed Solution

Generally, the higher concentration of oil in feed is the lower amount of the permeate
flux as observed in Figures 8 and 9. When the concentration increased from 100 to 1000
ppm, the adsorption of oil droplets increased and formed an accumulated layer of oil on
the membrane surface (active layer). This causes easily great resistance for permeating
water across the membrane and this layer cannot be removed by hydrodynamic action of
flow. While at lower concentrations, the accumulation oil on the membrane surface was
lower and can be removed by hydrodynamic action of flow. So the increase of oil
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concentration was increased the osmotic pressure of feed solution and decrease of driving
force (Am) as shown in van't Hoff equation. The O/W emulsion lost quantities of pure
water and this increased concentration of the oil in emulsion as in Figs .10 and 11.

5.1.3 Effect of Temperature

When the temperature increased from 30 to 40°C, the water permeation increased
through the membrane. As a result, the water flux and the concentration of oil in the feed
solution increased with this range of temperature as observed in Fig’s (12, 13, 14 and
15). The increase in temperature of both feed and draw solutions reduces the viscosity of
solutions and increases the diffusion rate of water through the membrane leading to lower
resistance against passage of flow, which results the increasing in the volume of water
that passed into the draw solution. Additionally, thermal expansion of active layer of the
membrane could also be a reason for an increase in the permeate flux with increasing
temperature , Alturki, 2013.

Also according to van't Hoff equation, increasing in the temperature can be
increased the osmotic pressure of a salt solution. The water flux decreased when the
temperature of oil/water emulsion and draw solution were rose from 40 to 45°C. This
means that the increasing in temperature from 40 to 45°C accounted for a fall in effective
osmotic pressure difference inside the membrane as an inherent result of higher internal
concentration polarization or may be attributed for specifications of the oil that was used.
The results obtained here are in good agreement with , Aydiner et al., 2012.

5.1.4 Effect of Feed Solution pH

The performance of FO process was highly dependent on the pH of O/W emulsion so it
was affected not only by the characteristics of membrane but also by the performance of
the solute (droplet). Figs. 16 and 17 indicated that the flux increased sharply with
increase the pH from 4 to 7.3, then reduced with the increase of pH from 7.3 to 10. In
general, the flux under various pH values was affected by the properties of the solute (oil
droplets) especially zeta potential of the emulsion.

The coagulation of emulsion droplets on membrane happened under low values of
pH (i.e. pH = 4) as the zeta potential of emulsion droplet was low in absolute value and
this led to decrease the inter-droplet repulsion. Therefore, the lower level of flux was
observed at low pH. While the emulsion droplets had the higher negative charge at higher
pH values. The oil layer became more “open” at high pH due to the inter-droplet
repulsion, and this increased the permeability, resulting in higher permeate flux.
Meanwhile, the inter-droplet repulsion prevented the particle from depositing, and led to
the reduction of the thickness of cake layer. The results obtained here are in good
agreement with ,Hua et al., 2007. So the oil concentration in the feed solution also
fluctuates with increasing the pH of the emulsion according to the fluctuation of water
flux in the same manner as shown in Figs. 18 and 19.
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5.1.5 Effect of Draw Solution Flow Rate

Figs. 20 and 21 show the effect of draw solution flow rate on water flux with time for
NaCl and MgCl, respectively. Increasing the draw solution flow rate from 20 to 60 I/hr
increased the extent of hydrodynamic mixing and prevented the concentration buildup in
the solution at the vicinity of the membrane surface (support layer), and resulting in
decrease the driving force. Thus, water flux decreased with increasing draw solution flow
rate. As observed in Figs. 22 and 23, the oil concentration in feed solution decreased also
with increasing the flow rate of draw solution due to this decreasing in water transport
across the membrane with this range of draw solution flow rate.

5.1.6 Effect of Feed Solution Flow Rate

Figs. 24 and 25 present the effect of feed solution flow rate on the FO process efficiency.
The water flux increased with increasing the feed solution flow rate. The increase in the
feed solution flow rate near the membrane surface increases the extent of hydrodynamic
mixing and increases Reynolds number and this enhances turbulence over the active layer
of the membrane. As a result, it increases mass transfer coefficient in the concentration
boundary layer and this can reduce accumulation of the oil droplets (i.e reducing the
external concentration polarization). Therefore, the oil droplets on the membrane surface
diffuse back to the bulk solution and this causes increase water permeation across the
membrane. The oil concentration in feed solution increased as a result of the increasing
transmission of water from feed solution through the membrane as shown in Figs. 26 and
217.

5.1.7 The Analysis of Concentration Polarization

In Figs. 28 and 29, the water flux (Jw) is presented as a function of logarithm of the ratio
of draw and feed solutions osmotic pressures (In(zp/ne)) (EQu. (12)). It was found that the
slope of line represents the inverse of the solute resistivity for diffusion within the porous
support layer (K). K can be used to determine the influence of internal concentration
polarization on water flux and to describe how easily solute can diffuse in and out of the
support layer. Osmotic pressure was calculated according to the Eqg. (1), where numbers
of dissociated ions for NaCl, MgCl, and oil are (i = 2, 3, 1) respectively and the osmotic
coefficient for ideal solution is (@ = 1). The value of (K) for NaCl was found 55.93 h/m,
while its value for MgCl, was equal to 26.21 h/m. This is meaning that NaCl
(monovalent) diffused through the membrane more rapidly than the MgCl, (divalent)
because of its relatively small hydration radius. Therefore the influence of internal
concentration polarization on water flux for NaCl solution was higher than for MgCl,
solution.
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6. REVERSE OSMOSIS

6.1 The Effect of NaCl Concentration

The influence of NaCl feed concentration on water flux is shown in Figure 30.
According to the results, the lower salt concentration is the higher permeation flux of the
membrane. These results are attributed to the increasing in osmotic pressure with
increasing the NaCl concentration and formation of a salt layer on the membrane surface
with thickness increases with increasing feed concentration.

6.2 Effect of Feed Flow Rate

Fig31. shows the effect of feed flow rate on the water permeate flux of diluted NaCl draw
solution. As shown increasing flow rate from 20 to 40 I/h leads to increase permeate flux
rate. This behavior may be attributed to the fact that increasing cross flow velocity leads
to the increase of turbulence and mass transfer coefficient. This weakens the effect of
concentration polarization and reduces accumulate of the salt which essentially acts as a
dynamic membrane, as a result the salt on the membrane surface diffuse back to the bulk
solution and increases the permeate flux. The results obtained here are in good agreement
with ,Shamel and Chung , 2006).
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Figure 8.Water flux J (I/m%h) with time at
different oil concentration of FS for NaCl
(C4=0.5M, Temp. of FS & DS =30 °C and
pH of FS=7.3, Q¢ =60 I/h, Qs =60 I/h, p =
0.5 bar).
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Figure 9. Water flux J (I/m2.h) with time at
different oil concentration of FS for MgCl,
(C4=0.5M, Temp. of FS & DS =30 °C and
pH of FS=7.3, Q=60 I/h, Qs =60 I/h, p =

0.5 bar).
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Figure 10:. The oil concentration C; (ppm)
in FS with time at different oil concentration
in FS for NaCl (C4=0.5 M, Temp. of FS &
DS =30 °C and pH of FS=7.3, Q4 = 60 I/h,
¢=601/h, p=0.5 bar).
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Figure 11. The oil concentration C,; (ppm)

with time at different oil concentrati Figure
on in FS for MgCl, (C4 = 0.5 M, Temp. of
FS & DS =30 °C and pH of FS= 7.3, Qq =
60 I/h, Q¢ =60 I/h, P = 0.5 bar).
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Figure 12. Water flux J (I/m*.h) with time at
different Temp. of FS & DS for NaCl (C4 =
0.5 M, C,= 500 ppm and pH of FS = 7.3,
Qq¢=601/h, Q¢=60 I/h, P = 0.5 bar).
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Figure 13. Water flux J (I/m*.h) with time at
different Temp. of FS & FS for MgCl, (C4 =

0.5 M, C,;= 500 ppm and pH of FS = 7.3,
Qg =60 I/h, Qs =60 I/h, P =0.5 bar).
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Figure 14. The oil concentration C,; (ppm)
in FS with time at different Temp. of FS &
DS for NaCl (C4 = 0.5 M, Cg;= 500 ppm and
pHof FS=7.3,Q4=601/h,Qs=601/h,P =
0.5 bar).
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Figure 15.The oil concentration C,; (ppm)
with time at different Temp. of FS & DS for
MgCl, (C4 = 0.5 M, Cq= 500 ppm and pH
of FS=7.3,Q4=601/h, Q=60 1/h,P=0.5

bar).
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Figure 16. Water flux J (I/m%h) with time at
different pH of FS for NaCl (C4= 0.5 M,
Coii= 500 ppm and Temp. of FS & DS = 30
°C, Q¢ =601/h, Qs=60I/h, P = 0.5 bar).
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Figure 17. Water flux J (I/m”.h) with time at
different pH of FS for MgCl, (C4= 0.5 M,
Coii= 500 ppm and Temp. of FS & DS = 30

°C, Qg =601/h, Qs=60I/h, P = 0.5 bar).
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Figure 18.The oil concentration C,; (ppm)
with time at different pH of FS for NaCl (Cy4
=0.5 M, Cy;= 500 ppm and Temp. of FS &
DS =30°C,Qy=601I/h,Q;=601/h,P=0.5

bar).
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Figure 19. The oil concentration C,; (ppm)
with time at different pH of FS for MgCl,
(Cq4=0.5M, Cg=500 ppm and Temp. of FS
&DS=30°C,Qq=601/h, Qs=601/h,P=

0.5 bar).
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Figure 20. Water flux J (I/m®.h) with time at
different draw solution flow rate (Qg) for
NaCl (C4=0.5 M, Cy;= 500 ppm and Temp.
of FS& DS =30°C,pHof FS=7.3, Qs =
60 I/h, P = 0.5 bar).
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Figure 21. Water flux J (I/m.h) at different
time at different draw solution flow rate (Qq)
for MgCl, (C; = 0.5 M, C,;= 500 ppm,
Temp. of FS & DS =30 °C, pH of FS =7.3,
Q¢=601/h, P =0.5 bar).
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Figure 22.The oil concentration C,; (ppm)
in FS with time at different draw solution
flow rate (Qq) for NaCl (Cq = 0.5 M, Cy;=
500 ppm, Temp. of FS & DS = 30 °C, pH of
FS=7.3,Q;=60I/h, P=0.5bar).
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Figure 23.The oil concentration C,; (ppm)
in FS with time at different draw solution
flow rate (Qg) for MgCl, (Cq = 0.5 M, Cy=
500 ppm, Temp. of FS & DS = 30 °C, pH of
FS=7.3,Q¢=60I/h, P=0.5 bar).
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Figure 24. Water flux J (I/m”.h) with time at
different feed solution flow rate (Qy) for
NaCl (C4=0.5 M, C= 500 ppm, Temp. of
FS & DS =30 °C, pH of FS=7.3, Q4 =60

I/h, P =0.5 bar).
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Figure 25.Water flux J (I/m?.h) with time at
different feed solution flow rate (Qy) for
MgClz (Cd =05M, C0i|= 500 ppm, Temp
of FS& DS=30°C,pHof FS=7.3,Qq =
60 I/h, P = 0.5 bar).
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Figure 26.The oil concentration C,; (ppm)
in FS with time at different feed solution
flow rate (Qy) for NaCl (C4=0.5 M, Cy;=

500 ppm, Temp. of FS & DS = 30 °C, pH of
FS=7.3,Q4=601I/h, P=0.5 bar).
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Figure 27. The oil concentration C,; (ppm)
in FS with time at different feed solution
flow rate (Qy) for MgCl, (C4=0.5 M, Cyi=
500 ppm, Temp. of FS & DS = 30 °C, pH of
FS=7.3,Q4=601/h, P=0.5 bar).
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Figure 28. Water flux against the logarithm
of the ratio of osmotic pressures for
calculate K (C4 = 0.5 M, C; =500 ppm,
Temp. of FS & DS =30°C, pH =7.3, Q¢ =
60 I/h, Q¢ =60 I/h, and P=0.5 bar).
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Figure 29. Water flux against the logarithm
of the ratio of solution osmotic pressures for
calculate K (C4 = 0.5 M, C; =500 ppm,
Temp. of FS & DS =30°C, pH =7.3, Q¢ =
60 I/h, Q¢ =60 I/h,and P= 0.5 bar).
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Figure 30. Water flux with time at different
NaCl concentration in the FS (Flow rate of
FS=20 I/h, Pressure = 9 bar, Temp. of FS =

30 °C).

CONCLUSIONS
Forward osmosis can be used for treating the oily wastewater from different

industries.
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Figure 31. Water flux with time at different

flow rate of FS (NaCl concentration in the

FS=10.16 M, Pressure = 9 bar and Temp. of
FS =30 °C).

The water flux produced from the osmosis cell and oil concentration in FS
increase by increasing the concentration of draw solutions, the flow rate of feed
solution, and the temperature for a limit then, it decreases with increasing the
temperature and decreases by increasing the oil concentration in the feed solution
and the flow rate of the draw solutions.
The MgCl, gives water flux higher than NaCl.

The values of resistance to solute diffusion within the membrane porous support
layer were 55.93 h/m and 26.21 h/m for NaCl and MgCl; respectively.
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Nomenclature

Symbols Definition
A -
water permeability constant
B salt permeability coefficient
C concentration
Cr conentration of feed side
Cp conentration of permeate side
D solute diffusion coefficient
dn hydraulic diameter
i dissociation factor
Jw water flux
Js reverse salt flux
K resistivity coefficient
k mass transfer coefficient
p pressure
Rg universal gas constant
R rejection Percent
T temperature
GREEK SYMBOLS
np  Osmotic pressure of the bar
draw solution
Tpp Osmotic pressure of the bar
draw solution in the
bulk
np; Osmotic pressure of the bar
draw solution on the
inside of the active
layer within the porous
support
Tpm Osmotic pressure of the bar
draw solution at the
membrane surface
TE Osmotic pressure of the bar
feed solution
nrp  Osmotic pressure of the bar
feed solution in the
bulk
ne;  Osmotic pressure of the bar

feed solution on the
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Units
I/m?.h.bar

m/s
g/l
g/l
o/l
m?/s
m

I/m?.h
I/m?.h
h/m

m/s

bar
Jigmol.K

°C
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inside of the active

layer within the porous

support

Osmotic pressure of the bar
feed solution at the

membrane surface

Osmotic Pressure bar

Tortuosity of the

support layer

Porosity of the support

layer

Reflection Coefficient

Osmotic Coefficient

ABBREVIATION

Symbol Definition

CP Concentration Polarization

CTA Cellulose Triacetate

DS Draw Solution

ECP External Concentration
polarization

FO Forward Osmosis

FO-RO Forward-Reverse Osmosis

FS Feed Solution

ICP Interr_lal C_:oncentration Feed Solution
polarization

o/wW Oil-in-Water

RO Reverse Osmosis

TFC Thin Film Composite

W/O Water-in-Oil
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