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ABSTRACT: - In this study the application of a novel forward osmosis (FO) process for
the removal of Pb(Il), Cu(ll), and Ni(ll) metal ions from wastewater is briefly described.
Polyamide (thin film composite (TFC))used as flat sheet forward membrane for heavy metal
rejection under orientation membrane of active layer facing feed solution and using NaCl of
different concentration as the draw solution. The operating parameters studied were draw
solutions concentration (5 - 100 g/l), feed solutions concentration (5 - 200 mg/l), pH of feed
solution (4 - 8), constant pressure and temperature were maintained at 0.2 bar and 25 'C
respectively. It was found that the water flux increases with increasing draw solution
concentration, and decreases with increasing feed solution concentration and pH of feed
solution. For different type of heavy metal used as feed solution, the order of water flux was
Pb*?> Cu*?> Ni*2. For binary and ternary feed solution, the water flux decreased with time
and increasing with the concentration of feed solution due to decreasing of driving force.
Forward osmosis can be used to recover water from wastewater contaminated by heavy
metals with a rejection efficiency more than 99%, 97% and 87% for Pb*?, Ni*?, and
Cu*2metal ions respectively.
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1-INTRODUCTION

Water pollution is nowadays a matter of deep apprehension. Hazardous metals are
discharged into the environment causing soil and water pollution, which must be removed
before reuse of the water or it's discharged to the environment, Mohammed et al., 2014.
Heavy metal such as lead, copper, nickel, cobalt, cadmium and zinc are naturally occurring
element, small amounts of these elements are common in our environment and they are
actually necessary for human health, but large amounts of them may cause acute or chronic
toxicity, Rengaraj and Moon, 2002; Al- Ghouti et al., 2004.Heavy metals are released by
various industries such as pulp; paper mills, petrochemical, fertilizers, motor vehicles, steel
works and inorganic chemicals, etc., Abed, 2011. The removal of heavy metal contaminants
from wastewater is one of the most important environment issues being faced the world over.
The most common methods for the removal of metal ions from wastewater include:
coagulation - flocculation, chemical precipitation, adsorption, ion exchange, and flotation.
However, these methods have certain disadvantage such as incomplete metal removal, high
reagent and energy requirement, generation of toxic sludge or other waste products that
require disposal. The hazardous waste generated from mining and smelting operation also
need to be decontaminated before entering the ecosystem, Kargar and Yahyaabadi,
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2012.0smosis is the diffusion of water through a semi permeable barrier from a solution of
low solute concentration (high water potential) to a solution with high solute concentration
(low water potential). The inherent energy of this natural process is known as the chemical
potential, or specifically the water potential, due to the difference in concentration of the two

solutions, Hsiang, 2011.

The forward osmosis (FO) process is a recently emerging technology for the
membrane separation process, including desalination. Since the process is based on the
natural osmotic process using a concentration gradient across a semi-permeable membrane, it
has been termed a novel process, particularly for desalination as it does not require high
pressure such as in the RO process. FO process has been said to have the edge over the RO
process in terms of energy consumption and fouling resistance, Tang et al., 2010.The
advantage of FO technology include, Low fouling propensity, low pressure reduces effects of
fouling, wide range of feed solutions, reduced power and design costs (i.e. low pressure).The
draw solute must have the following characteristics: The selected draw solution must require
low energy for regeneration or reconcentration, have a high osmotic pressure, must be easily
separated from the pure product water, must be non-toxic and un expensive, must be
chemically inert to the membrane, Chien and How, 2008 and Qasim, 2013.

The main aim of this work is to investigate the efficiency of forward osmosis (FO)
process as a new application for the removal of Pb*2, Cu*2, and Ni*? ions from wastewater. In
this work using NaCl as draw solution to extract water from effluent across thin film
composite (TFC) a semi — permeable membrane, the effect of different parameters such as
draw solution concentration, feed solution concentration, and pH of feed solution on water
flux and study the efficiency of the forward osmosis process on the rejection of lead, copper
and nickel ions from wastewater.

2- VAN'T HOFF'S LAW

Van't Hoff's Law is strictly true only for very dilute solutions (ideal solution). Van't
Hoff's Law is often used to estimate the osmotic pressures of solutions, Thain, 1967.

r=0iR TC (1)

where 7 is the osmotic pressure (bar), 1 is number of dissociated ions per molecule (van't Hoff
factor), Rq is the universal gas constant (liter bar /g. K), T is the temperature (K), C is the
concentration of solute (g/l), @ is osmotic coefficient (for ideal solution, ® = 1).

3- RECOVERY AND REJECTION PERCENTAGE

The recovery factor measures how much of feed is recovered as permeate. It is
reported as a percentage. The recovery of the membrane was calculated by dividing the
overall volume of permeate by the initial volume of feed solution, Al-Alawy, 2000.

Y :(\i}doo @)
Ve

Where Vp is the overall volume of permeate and Vfis the initial volume of feed
solution. The measure of membrane selectivity is solute rejection, the ratio of solute rejected
by a membrane to the solute in the feed. It is the most common method of evaluating a
membrane's ability to separate solute, because the determination is simple and can be done as
accurately in the field as in the laboratory, Hasan 2008 and Yiip et al., 2010.

R%= (1-CPJ *100 (3)
Ce
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Where Ck is the concentration of a specific component in the feed solution and Cp is the
concentration of the same specific component in the product stream leaving the membrane
system.

4. EXPERIMENTAL WORK

4.1 Feed and Draw Solutions

Samples having concentration of lead Pb(ll), nickel Ni(ll), and copper Cu(ll) were
prepared by dissolving the required amount of lead nitrate Pb(NO3). , nickel chloride NiCl,
and copper sulfate hydrates CuSO4.5H20 in deionized water (DI), of 3-8 uS/cm conductivity.
Solution pH was adjusted (4-8) by adding 0.1 M HCL or 0.1 M NaOH as required, and then
solutions were mixed using a stirrer at an agitation speed of 1000 rpm for 15 min. The total
feed solution volume was 2 liters. Deionized water of 3-8 ps/cm conductivity, was used for
preparing sodium chloride (NaCl) with concentration of 5, 25, 50 and 100 g/l, and then
solution was mixed using a stirrer at an agitation speed of 1000 rpm for 15 min. The total
draw solution volume was 2 liters. This sodium chloride NaCl was selected in preparation of
draw solutions because it has low molecular weight, low viscosity, high solubility, high
osmotic pressure that can be given by this solution, nontoxic, easily and economically
separated and recycled.

4.2 Forward Osmosis Cell

Thin film composite membrane elements (TFC) was used as flat sheet module for the
forward osmosis experiments. TFC membrane including of three layers: a polyester support
web (120um), a microporous polysulfone inter layer (40pm), and an ultra-thin polyamide
barrier layer (0.2 um) at the top surface each layer is fitted to specific requirements. The
specifications of the membrane module are membrane active area 151.2 cm?, salt rejection
(96 — 99 %), maximum operating pressure 6.9 Mpa, maximum operating temperature 45 C,
free chlorine tolerance <0.1 mg/l and pH range for continuous operation (2 - 11).
Experiments were conducted using a laboratory-scale FO system consists of two cylinders
with a capacity of 5 liters were used as a feed and draw solution vessels, two high pressure
pumps (positive displacement, diaphragm pump) were used. Both used to pump the draw
solution and feed solution from vessels to direct osmosis element using inlet pressure 29 psi,
two calibrated flow meters: one was used to measure the volumetric flow rate of feed solution
and the other was used to measure the volumetric flow rate of draw solution each of ranged
(30 - 240 I/h), a pressure gauge (range of 0-2 bar gauge) was used in the feed solution to
indicate the feed solution pressure. The forward osmosis cell was consisting of two semi-cells
which were made of Teflon. It was designed with two flow channels and diameter of each
channels was139 mm and the effective membrane area of 151.2 cm?. The pH of feed solution
was adjusted to the required value by addition of (NaOH) or (HCI), and acidity of feed
solution was measured using pH meter (Model 2906, Jenway Ltd, UK). Digital laboratory
conductivity meter is used to measure the concentration of the draw solutions, range (0-2 x
10° uS/cm), also the concentration of the metal in the feed solution was measured by Atomic
Absorption Spectrometry (AAS) (Buck 210/211, U.S.A., Perkin Elmer, Sr.Nr:1159A).Stirrer
(0 — 2000 rpm, England) was used to mixing solutions. A digital balance with 4 decimal
points (Sartorius BP 3015 max. 303 g, d=0-1 mg) was used to measure the samples weight in
experiments.
4.3Experimental Procedure

In 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 co-current flow configuration (feed and draw solution flowing
tangential to the membrane in the same direction). This mode of operation provides constant
Ar along the membrane module and makes the process more efficient. The outlet streams of
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feed and draw solutions were recycled back to the main vessels. All experiments were carried
out with applying a pressure of 0.2 bar gauge across the membrane sheets in the feed side.
The time of experiment was 2 hours. For every 0.25 hour, measuring the increase in volume
of the draw solution (DS) and comparing it with the reduction in the FS volume. Metal
concentration in FS outlet was measured using Atomic Absorption Spectrometry (AAS) and
NaCl concentration in DS outlet was measured using conductivity meter. Fig. 1 shows the
schematic diagram of forward osmosis apparatus used in laboratory of chemical engineering
department — University of Baghdad. For cleaning the membrane, osmotic backwashing was
used to remove metal that had 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 deionized water and FS was replaced with 25 g/l
of brine, Hickenbottom, 2013. Deionized water flows through draw side channel, the osmotic
pressure gradients were formed in an opposite direction and water transport across the
membrane from draw side (deionized water) to feed side (brine). Therefore, foulants on the
membrane surface are detached by this opposite flow and were removed from the membrane
surface. The vessels were drained by mean valves and the whole system was washed up by

tap water and distilled water respectively.

5. RESULTS AND DISCUSSION
5.1 Effect of Draw and Feed Solutions Concentration

Figs.2, 3 and 4 show the effect of draw solution concentration (Cd) on water flux with
time for Pb(I1), Cu(Il), and Ni(ll) ions as feed solution respectively. From these figures it can
be seen that the order of pure water flux is: Jw (Pb(I1)) >Jw (Cu(Il)) >Jw (Ni(ll)) due to that
that the osmotic pressure depends on the molecular weight of solute, high molecular weight
of feed solution caused low osmotic pressure, this lead to increase driving force and increase
water flux since the Molecular weight of Pb(NO3z)> (M.wt = 331.23)>Molecular weight of
CuS04.5H,0 (Mwt = 249.68)>Molecular weight of NiCl, (Mwt = 129.6).When the
concentration of draw solution increased, the water permeation across the membrane
increased, as a result, the water flux increased, which is attributed to an increase in driving
force and water transport through the membrane. This behavior was agreement with, Jui et
al., 2012. In the FO process when the feed solution facing the active layer of the membrane
and draw solution facing the support layer of the membrane, the water flux decreased with
the time and the steady state is reached after 2 h, this attributes to concentration polarization
phenomenon on the membrane and diminishes the concentration of draw solution, which
confirms what came to, Abdulhakeem et al., 2013. Also increasing draw solution
concentration with the time, draw solution outlet concentration decreases and feed solution
outlet concentration increase because of the increasing in water transport from feed side to
draw side across the membrane Figs.5 to 7 for Pb(I1), Ni(ll), and Cu(ll)respectively. These
observations are well agreed with the results of, Chetan and Navin, 2010 and Zghair, 2014.
Figs. 8, 9 and 10 show the effect of concentration of NaCl on recovery (Y%) with time for
Pb(11), Ni(ll), and Cu(ll)respectively. The recovery increased with increasing draw solution
concentrations due to an increase in the volume of pure water transfer from feed solution to
the draw solution across the membrane. These results correspond with the results of the
researchers, Ahmed, 2011, and Yaseen, 2013.Figs.11 to 16illustrate the effect of different
feed solution concentration (Cs) (Pb(I1), Ni(ll), and Cu(ll)) on water flux, and draw solution
outlet concentration. From these figures it can be seen that the water flux decreased with
increasing initial feed solution concentration, and draw solution outlet concentration
increased with increasing initial feed solution concentration. The increase of feed solution
concentration will increase the osmotic pressure of feed solution and decrease of driving
force lead to a decrease in water flux with the time. These conclusions correspond with the
investigation of, Sangyoup et al., 2010. When the concentration of feed solution increase, the
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outlet concentration of draw solution increase, this is due to that the permeate water
diminishes which lead to a decrease the dilution of draw solution. These results correspond

with the investigation of, Hussein, 2009, and Issa, 2011.

5.2 Effect of Initial pH of Feed Solution

The effect of pH solution on osmosis cell for different feed solution [Pb(lI), Ni(ll),
and Cu(Il)] are shown in Figs.17 to 22. It is obvious that when the pH of the FS solution
decreases, the solubility of dissolved salts increases, Al-Ameer, 2011. This would decrease
the rate of salt scaling on the membrane surface which leads to decrease the osmotic pressure
and increase the permeate flux. On the contrary increasing pH of solution would accelerate
the deposition of salt on membrane surface lead to concentrative external concentration
polarization (ECP), this would decreases the permeate flux with time. This conclusion agrees
with the investigation of, Cong et al., 2013. Increasing pH of feed solution will decrease
water transport through membrane and this will cause an increase draw solution outlet
concentration and decrease the feed solution outlet concentration.

5.3 Effect of Binary and Ternary Feed Solution Concentration

Figs. 23 to 25show the effect of different concentration of binary feed solution
(Pb*2+Cu*?, Pb*2+Ni*? and Cu*?+Ni*?) on the permeate water flux with the time. The
decrease in water flux with increases the concentration of binary feed solution due to
decrease in driving force (Am = Ttnacl — Tbinary metats). ON comparing the water flux for binary
feed solution with one metal feed solution as shown in Fig.26, its found that the water flux
for one metal feed solution higher than the water flux for binary feed solution because the
amount of concentrative (ECP) on membrane in binary feed solution more than one metal
feed solution. Fig. 27shows the effect of different concentration of ternary feed solution on
the permeate water flux with the time. Increasing the concentration of ternary feed solution
caused decreasing in water flux due to decreasing in driving force (Am = mnacl — Tternaey metals)-
On comparing the water flux for single feed solution (Pb*?) with binary feed solution
(Pb*?+Ni*?) and ternaryfeed solution (Pb*2+Ni*?+Cu*?) as shown in Fig. 28, it's found that:

JWone metal feed solution™JWhinary feed solution™JWiernary feed solution due to the amount of concentrative
ECP on membrane of ternary feed solution > binary feed solution> one metal feed solution.

5.4- Feed Solute Concentration in Permeate and Membrane Rejection Percentage (R %)
for Single, Binary and Ternary Feed Solution

It is found at experimental condition (NaCl concentration in DS = 25 g/l, metal
concentration in FS = 50 mg/l, Temp. of FS & DS = 25 °C and pH of feed=6, Q4=60 l/hr,
Qq=60 I/hr, p = 0.2 bar) that the concentration of feed solute (heavy metal) in draw solution
after 2 hr for single metal solution were ND, 2.782 mg/l, and 1.79 mg/I for Pb*2, Cu*?, and
Ni*? respectively. For binary metal solution (Pb*2 + Ni*?) the outlet concentration were 0.736,
2.326 mg/l for Pb*2,and Ni*? respectively, for binary metal solution (Pb*? + Cu*?) the outlet
concentration were 0.26 mg/l, 7.452 mg/I for Pb*?,and Cu*? respectively, and for binary metal
solution (Cu*2 + Ni *2) the outlet concentration were 0.366 mg/l, 1.05 mg/l for Cu*?, and Ni *?
respectively. For ternary metal solution (Pb*? + Cu*™? + Ni*?) the outlet concentration were
1.906 mg/l, 8.882 mg/l, and 2.554 mg/l for Pb*2, Cu*2, and Ni *2 respectively. The rejection
percentage (R %) is a combination factor between the solute concentration in feed (Cr) and
solute concentration in the product (Cp). It is calculated according equation (3).It is found that
the membrane rejection percentage (R %) after 2 hr for single metal solution were 100 %,
94.436 %, and 96.42 % for Pb*2, Cu*2, and Ni*? respectively. For binary metal solution
(Pb*2+Ni*?)the rejection percentage R% were, 98.528 % and 95.348% for Pb*?, and Ni*?
respectively, for binary metal solution (Pb*2+Cu*?) the rejection percentage R% were 99.48
% and 85.096 % for Pb*2, and Cu*? respectively, and for binary metal solution (Cu*2+Ni *?)
were 99.268 %, and 97.9 %for Cu*2, and Ni*? respectively. For ternary metal solution
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(Pb*2+Cu*?+Ni*?) the rejection percentage R% were96.188 %, 82.236 %, and 94.892 % for
Pb*2, Cu*?, and Ni *2 respectively. The salt rejection decreased with increasing in operating
time, the explanation for the behavior is that the increasing in metallic concentration will
decrease the rejection percentage, because of formation of layer on the membrane surface
hinders the back diffusion of the metals from the membrane surface back to the bulk solution.
Consequently, created a larger concentration prepared for its diffusion across the membrane
and this observation is well agreed with the results by Changwoo et al., 2012.Table 1, 2 and 3
show the feed solute concentration in permeate and membrane Rejection Percentage (R %)
for single, binary and ternary feed solution.

6. CONCLUSIONS

Forward osmosis can be used to recover water from wastewater contaminated by
heavy metals with a rejection efficiency more than 99%, 97% and 87% for Pb(1l), Ni(ll), and
Cu(Il) respectively. The order of water flux for heavy metals was lead, copper and nickel
respectively. The water flux produced from the osmosis cell increases by increasing the
concentration of draw solutions and decreases by increasing the concentration of feed
solution, and increasing the pH of feed solution. The effect of draw solution concentration is
higher than that of the other variables and the polyamide membrane (TFC) has high rejection
percentage for heavy metals. For binary and ternary the water flux decreased with increasing
the concentration of feed solution. The water flux for single metal feed solution was more
than binary metal solution and the flux of ternary metal feed solution was lower than binary
metal solution.
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Table (1): Feed Solute Concentration in Permeate and Membrane Rejection Percentage (R%)

Conc. of Rejection | Rejection | Rejection
Time (hr) Péﬂ?”(‘;]o}cl) Cﬁg“ghf’}‘,) Ni2 (mgll) | (R%) (R%) (R%)
g g ( Pb+2) ( Cu+2) ( Ni+2)
0.25 ND 2.002 0.175 100 % 95.996 % | 99.65 %
1 ND 2.629 0.75 100 % 94.742 % 98.5%
15 ND 2.613 1.375 100 % 94.774% | 97.25%
2 ND 2.782 1.79 100 % 94436 % | 96.42%

Table (2): Feed Solute Concentration in Permeate and Membrane Rejection Percentage (R
%) with the Time for Binary Feed Solution

(Pb*2 + Ni2) (Pb*2 + Cu®?)
Time Conc.
(hr) C%“b‘i'z"f of Ni*2 R% R% Cog‘gﬁf Cc(’;‘lf;ff R% R%
+2 2 +2 +2
ooy | ey | ey | iy | M S ey | ey
025 | 0522 136 | 98.956% | 97.28% | 0.5 617 | 99.7% | 87.66%
1 0.558 | 1796 | 98.884% | 96.408% | 0.21 6245 | 99.58% | OOt
15 | 0781 | 2186 | 98.438% | 95.628% | 0.23 6:552 | 99.54% | 86.896%
7 0736 | 2326 | 98.528% | 95.348% | 0.26 7452 | 99.48% | 85.096%
(Cu+2 + Ni+2)
-IELT)e Cﬁgng'nojl) Conc. of R% R%
g Ni*2 (mg/l) (Cu®) (Ni*?)
0.25 0.26 0.5 99.48 % 99 %
1 0. 277 0.9 99.446 % 98.2%
15 0.345 0.95 99.31 % 98.1%
2 0.366 1.05 99.268 % 97.9 %
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Table (3): Feed Solute Concentration in Permeate and Membrane Rejection Percentage (R
%) with the Time for Ternary Feed Solution

. Conc. of
Time Conc. of 2 Conc. of 0 0 (R%)
(hr) Pb+2 (mg”) Cu (mg/l) Ni+2 (mg/|) (R /0) (Pb) (R /0) (CU) (NI)
0.25 1.128 7.137 1.665 97.744% 85.726% 96.67%
1 1.148 7.879 2.127 97.704% 84.242% 95.746%
15 1.767 7.979 2.198 96.466% 84.042% 95.604%
2 1.906 8.882 2.554 96.188% 82.236% 94.892%
Recycle To Feed Solution
Osmosis Cell
[ XX N
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‘—C}/—fres e Gauge To Draw
[ T Solution
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Figure (1): The schematic diagram of forward osmosis process.
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Figure 2. Water flux with time at different NaCl ~ Figure 5.Feed solution outlet concentration

concentration (Pb(Il) concentration = 50 mg/I,  (Pb(ll)) with time at different NaCl concentration

Temp. of FS & DS = 25 °C, pH of feed =6, Qg =  (Pb(ll) concentration = 50 mg/l, Temp. of FS &

60 I/h, Q¢ =60 I/h, and p = 0.2. bar). DS = 25 °C, pH of feed = 6, Q4 = 60 I/h, Qr = 60
I/h, and p = 0.2 bar).
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Figure 3.Water flux with time at different NaCl Figure 6.Feed solution outlet concentration (Cu(ll))

concentration (Cu(ll) concentration = 50 mg/l, With time at different NaCl concentration (Cu(ll)

Temp. of FS & DS = 25 °C, pH of feed = 6, Qq = concentration = 50 mg/l, Temp. of FS & DS = 25

60 I/h, Q=60 I/h, and p = 0.2 bar). °C, EH)Of feed = 6, Q¢ = 60 I/h, Qs =60 I/h, and p =
0.2 ban.
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Figure 4.Water flux with time at different NaCl . . ]

concentration (Ni(Il) concentration = 50 mg/l, Figure 7.Feed solution outlet concentration

Temp. of FS & DS = 25 °C, pH of feed = 6, Qq = (N!(II)) with time at different NaCl concentration

60 I/h, Q= 60 I/h, and p = 0.2 bar). (Ni(I1) concentration = 50 mg/l, Temp. of FS &
DS = 25 °C, pH of feed = 6, Q4 = 60 I/h, Qr = 60
I/h, and p = 0.2 bar).
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Figure 8.Recovery (Y%) with time for different
NaCl concentration (Pb(Il) concentration = 50
mg/l, Temp. of FS & DS =25 °C, pH of feed = 6,
Qg =60 I/h, Q7 =60 I/h, and p = 0.2 bar).

Figure 11.Water flux with time at different Pb(Il)
concentration (NaCl concentration = 25 g/l, Temp. of
FS & DS =25 °C, pH of feed = 6, Q4 = 60 I/h, Qf =60
I/h, and p = 0.2 bar).
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Figure 9.Recovery (Y%) with time for
different NaCl concentration
(Cu(Ihconcentration = 50 mg/l, Temp. of FS &
DS = 25 °C, pH of feed = 6, Qq = 60 I/h, Qs =
60 I/h, and p = 0.2 bar).
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Figure 12.Water flux with time at different
Cu(Ihconcentration (NaCl concentration = 25 g/I,
Temp. of FS & DS = 25 °C, pH of feed = 6, Qq = 60 I/h,
Q:=601I/h, and p = 0.2 bar).
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Figure 10.Recovery (Y%) with time for
different  NaCl concentration (N1
concentration = 50 mg/l, Temp. of FS & DS =
25 °C, pH of feed = 6, Q4 = 60 I/h, Q= 60 I/h,
and p = 0.2 bar).

Figure 13.Water flux with time at different Ni(ll)
concentration (NaCl concentration = 25 g/l, Temp.
of FS & DS = 25 °C, pH of feed = 6, Q4 = 60 I/h,
Q7 =60 I/h, and p = 0.2 bar).
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Figure 14.Draw solution outlet concentration  Figure 17.Water flux with time at different pH of feed
(NaCl) with time at different Pb(1l) concentration  solution (NaCl concentration = 25 g/I,Pb(ll)
(NaCl concentration = 25 g/l, Temp. of FS & DS concentration = 50 mg/l, Temp. of FS & DS = 25 °C

=25°C, pH of feed =6, Q4 = 60 I/h, Qs =60 I/h, Qg =60 I/h, Q+=60 I/h, and p = 0.2 bar).
and p = 0.2 bar).

255 175
e cf=5mgl « XPH=4
251 BCf=25mg/l 155 mPH=5
. PH=6
A Cf=50 mg/l
135 ®PH=7
27 X Cf=100 mg/l ®PH=8
+Cf=200 mg/l 115
=
= 43 =
3 <
Q % 95
s 3
G 29 T
75
235
55
231 35
221 15
0 05 ) 5 2 25 0 05 1 15 2 25
Time, h Time,h

Figure 15.Draw solution outlet concentration  Figure 18.Water flux with time at different pH of
(NaCl) with time at different Cu(ll) concentration  feed solution (NaCl concentration = 25 g/l,Cu(ll)
(NaCl concentration = 25 g/l, Temp. of FS & DS =  concentration = 50 mg/l, Temp. of FS & DS = 25 °C,
25°C, pH of feed =6, Q; =60 I/h, Q=60 I/h,and p ~ Qu=601/h, Q=60 I’h and p = 0.2 bar).

= 0.2 bar).
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Figure 16.Draw solution outlet concentration Figure 19.Water flux with time at different pH of
(NaCl) with time at different Ni(Il) concentration feed solution (NaCl concentration = 25 g/I,Ni(ll)
(NaCl concentration = 25 g/l, Temp. of FS & DS = concentration = 50 mg/l, Temp. of FS & DS = 25 °C
25 °C, pH of feed = 6, Q4 = 60 I/h, Qs = 60 I/h, and , Qa =60 I/h, Qs =60 I/h, and p = 0.2 bar).

p = 0.2 bar).
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Figure 20.Feed solution outlet concentration (Pb(11))  Figure 23.Water flux with time at different binary
with time at different pH of feed solution (NaCl  (Pb+2+Cu+2) concentration in feed solution
concentration = 25 g/I,Pb(11) concentration =50 mg/I,  (concentration NaCl = 25 g/I, Temp. of FS & DS =
Temp. of FS & DS = 25 °C , Q4 = 60 I/h, Q= 60 I/h, 25 °C. pH of feed=6, Qd = 60 I/hr, Qf =60 I/hr, and
and p = 0.2 bar). p = 0.2 bar).
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Figure 21.Feed solution outlet concentration Figure 24.Water flux with time at different binary
(Cu(ll)) with time at different pH of feed solution (Pb+2+Ni+2) concentration in feed solution
(NaCl concentration = 25 g/I, Cu(ll) concentration (concentration NaCl = 25 g/l, Temp. of FS & DS =
=50 mg/l, Temp. of FS & DS =25 °C, Q4= 60 I/h, 25 °C, pH of feed=6, Qd = 60 I/hr, Qf =60 I/hr, and
Q= 60 I/h, and p = 0.2 bar). p = 0.2 bar).
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Figure 22.Feed solution outlet concentration (Ni(11)) ~ Figure 25.Water flux with time at different binary
with time at different pH of feed solution (NaCl ~(Cu+2+Ni+2) concentration in feed solution
concentration = 25 g/l, Ni(ll) concentration = 50  (concentration NaCl = 25 g/, Temp. of FS & DS
mg/l, Temp. of FS & DS = 25°C, Q4= 60 I/h, Q=60 = 25 °C, pH of feed=6, Qd = 60 I/hr, Qf =60 l/hr,
I/h, and p = 0.2 bar). and p = 0.2 bar).
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Figure 26.Water flux with time for different type Figure 27.Water flux with time at different binary

of feed solution (concentration NaCl = 25 g/, (Pb+2+Ni+2+Cu+2) concentration in feed solution
metal concentration = 100 mg/l, Temp. of FS & (concentration NaCl = 25 g/l, Temp. of FS & DS =
DS =25 °C and pH of feed=6, Qd = 60 I/hr, Qf = 25 oC, pH of feed=6, Qd = 60 I/hr, Qf =60 I/hr, and
60 I/hr, and p = 0.2 bar). p = 0.2 bar).

ePb(Il) mPb()+Ni(Il) A Pb(I)+Ni(Il)+Cu(ll)
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Figure 28.Water flux with time for different type of feed solution (concentration NaCl = 25
g/l, metal concentration = 100 mg/l, Temp. of FS & DS = 25 oC and pH of feed=6, Qd = 60
I/hr, Qf =60 I/hr, and p = 0.2 bar).

NOMENCLATURE

Symbol Definition Units
Co Concentration of Draw side g/l

Cr Concentration of Feed side mg/I
Cr Product Concentration mg/I

I Dissociation factor i

Qu Draw Solution Flow Rate I/h

Qr Feed Solution Flow Rate I/h

J Water Flux I/m?.h
Q Flow Rate I/h

R Rejection Percentage

Rg Gas Constant bar. I/gmol. k
T Time H

T Temperature °C
VE Volume of Water in Feed Vessel L

Vp Product VVolume of Water L

Y Recovery Percentage

Greek Symbols
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IT Osmotic Pressure bar
() Osmotic Coefficient

Abbreviation

CP Concentration Polarization

DI Deionized water

DS Draw Solution

FO Forward Osmosis

FS Feed Solution

RO Reverse Osmosis

TFC Thin Film Composite (TFC) membrane polyamide
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