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ABSTRACT

This study was focused on forward osmosis batch and forward osmosis flowing processes to remove heavy metal
(Co™ ions) from wastewater. Cellulose triacetate (CTA) membrane was used as flat sheet for forward osmosis
process. Potassium chloride KC1 with different concentrations was used as draw solutions. The experimental work
was divided into two parts. Forward osmosis flowing process as first part, was discussed under different operat-
ing parameters studied, such as the concentration of draw solutions 10-20 g/l, concentration of feed solutions
15-150 mg/1, temperature of feed and draw solutions 20-50 °C, pH of feed solution from 2 to 10, feed and draw
flow rate were maintained at 50 1/h, and pressure was maintained at 0.25 bar gauge. Forward osmosis batch process
as second part, was discussed under different operating parameters, such as the concentration of draw solutions
10-120 g/, concentration of feed solutions 15—150 mg/l, temperature of feed and draw solutions 20-50 °C, and
pH of feed solution from 2 to 10. The results showed that the water flux increased along with the draw solution
concentration, and temperature of feed and draw solutions and decreased with the increasing operating time of
experiment, concentration and pH of feed solution. The value of rejection efficiency after 4hrs reached 81.19% for

the FO flowing process and 73.19% for the FO batch process.
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INTRODUCTION

At present, water pollution is an important
problem in the world. Heavy metals are dis-
charged into the environment cause serious pol-
lution problem for soil and water so it must be
removed before water reuse or discharge to the
environment [Kamar et al., 2017]. Large amounts
of heavy metals in the environment may cause
acute or chronic toxicity but small amounts of
heavy metals are necessary for the human health
[Abbas et al. 2014; Abdel-Raouf and Abdul-
Raheim, 2017]. Various industries release heavy
metals, including pulp, paper mills, fertilizers,
steel works and inorganic chemicals, etc. [Gupta
et al., 2017]. Cobalt, naturally found in rocks and
soils, is one of the heavy metal ions that affect
the environment. The important sources of cobalt
are manufacture of alloys, paint driers, permanent
magnets and in industrial catalysts. Cobalt is one
of toxic metal ions that cause allergic dermatitis,

rhinitis and asthma [Sharma et al., 2015]. The
most urgent problems being faced the worldwide
is the removal of heavy metal contaminants from
wastewater. Different techniques for the treat-
ment of metal ions from effluent wastewater in-
clude chemical precipitation, coagulation-floc-
culation, adsorption, flotation, and ion exchange.
The disadvantages of these techniques are in-
complete removal of heavy metals, high-energy
requirements and production of toxic sludge
[Masoudzadeh et al., 2018].

Nowadays, the forward osmosis (FO) pro-
cess is considered as an efficient technology for
the membrane separation process. FO is process
in which water transport across a semi-permeable
membrane based on the natural osmotic process
using a concentration gradient generated by low
solute concentration of feed solution (FS) (low
osmotic pressure) and high solute concentration
of draw solution (DS) (high osmotic pressure)
[Hsiang, 2011]. The osmotic pressure (m) was
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calculated according to the Van’t Hoff equation
[Tang et al., 2011]:

7= GiR,T C 1)

where: 7 — osmotic pressure (bar),
@ — osmotic coefficient,
i — number of dissociated ions per mol-
ecule (van’t Hoff factor),
R —universal gas constant (liter bar /g. K),
T — temperature (K),
C — concentration of solute (g/1).

FO does not require high pressure as in the
case of the RO process, so it considered as a nov-
el process especially for desalination [Ali et al.,
2016]. The main advantages for FO treatment are
low membrane fouling, low pressure application,
and low cost. The draw solution was selected
based on its high osmotic pressure, non-toxic,
low cost, chemically inert character to the mem-
brane, and the possibility of easy separation from
pure product [Qasim, 2013].

The present work includes a study on the ef-
ficiency of FO flowing and FO batch processes as
an application for the removal of Co*? ions from
wastewater. KCI was used as draw solution to re-
cover water across cellulose triacetate (CTA) as a
semi-permeable membrane, and also to study the
effect of different parameters such as draw solu-
tion concentration, feed solution concentration,
pH of feed solution, operating time of experiment
and temperature of feed and draw solutions on
water flux.

MATERIALS AND METHODS

Preparation of feed solutions

Different concentration samples of cobalt so-
lution (15, 60, 80, and 150) mg/l were prepared by
dissolving the required amount of cobalt nitrate
hexahydrate Co(NO,),.6H,0 (Mwt=291.03 g/ml)
in deionized water (DI), of 3—8 uS/cm conductiv-
ity. The solution pH was adjusted (2—10) using a
pH meter (HANNA instruments, Model H198107,
USA) by adding 0.1 M HCL or 0.1 M NaOH as
required, and stirrer (MSH-300N, BOECO, Ger-
many) was used to mix solution at an agitation
speed of 500 rpm for 20 min. The feed solution
total volume was 5 liters. The percentage remov-
al of Co™ ions (R %) in solution was calculated
using Equation 2
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where: C and C, are initial and final concentra-
tions of Co* ions at equilibrium in the
water (mg/1), respectively.

Preparation of draw solution

A potassium chloride KCl (Mwt=74.55 g/ml)
solution used as draw solution was supplied from
scientific equipment offices in Bab Al-Moatham
markets, Baghdad, Iraq as powder. Deionized wa-
ter of 3-8 ps/cm conductivity, was used for pre-
paring KCI solution with different concentration
of 10, 20, 50, 80, and 120 g/1, and then KCl solu-
tion was mixed by using a stirrer at an agitation
speed of 500 rpm for 20 min.

Membrane

An asymmetric FO membrane (cellulose tri-
acetate (CTA)) acquired from Hydration Technol-
ogy Innovations (X-Pack™ supplied by Hydra-
tion Technology Inc., Albany, OR) was used for
FO flowing system and FO batch system.

Experimental procedure

FO batch system procedure

Figure 1 shows the forward osmosis batch
system. The effective membrane area for batch
system was 400 cm?. The volume of both draw
solution (DS) and feed solution (FS) were 500
ml, the cobalt feed solution was placed into the
outer chamber of the bag while the draw solution
(KCl) was placed into the inner chamber of the
bag. Subsequently, the batch system was placed
in a constant-temperature water bath range from
0 to 80°C (VWR Scientific, IL) to maintain the
desired temperature during the FO tests. Through
osmosis, water transports from the feed solution
(cobalt) across membrane to the draw solution
(KCl). The experiment lasted for 4 hours. Every
0.5 hour, the volumes of feed solution and draw
solution were measured by discharging both solu-
tions in graduated cylinders, then the water flux
through membrane was calculated by dividing the
permeate volume by effective membrane area and
time. The concentration of Co™ ions permeate
through CTA membrane was measured by Atom-
ic Absorption Spectrometry (AAS) (AA-7000
Shimadzu, Japan). After recording the results and
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Figure 1. Batch system (Hydration Bag)

at the end of the experiment, the feed and draw so-
lutions that remained in the bag were drained and
the whole bag was washed with distilled water.

FO flow system procedure

The experiments were conducted in designed a
laboratory-scale FO system consisting of two cyl-
inders with a capacity of 7 liters where the feed
and draw solution were placed, KCI draw solution
and cobalt feed solution were pumped by two high
pressure pumps (positive displacement, diaphragm
pump) with inlet pressure 29 psi from vessels to
direct osmosis element. In order to measure the
volumetric flow rate of feed and draw solutions,
two calibrated flow meters were used, each with
the range (10—60 I/h). A pressure gauge range of
(0-2.5 bar) was used to indicate the pressure of
feed solution. The temperatures of both solutions
were controlled by two submersible electrical coils
(220 Volt, 1000 Watt) and thermostat with the
range from 0 to 80°C. The forward osmosis cell
consisted of two semi-cells which were made of
teflon and two channels on both side of membrane
with dimensions of 17.8 cm length, 11.7 cm width
and 6 cm depth; the membrane provided an effec-
tive area of 208.26 cm? Forward osmosis mem-
brane orientated with the draw solution was suited
at support layer and the feed solution was placed
at active layer. The feed and draw solutions flowed
tangentially to the membrane with co-current flow
configuration to reduce strain on both sides of
membrane and provide constant Az along the CTA
membrane. The effluent streams of feed and draw
solutions were recycled back to the main vessels.
The pressure of 0.25 bar gauge was applied across
the membrane sheets in the feed side for all ex-
periments. The operating time of experiment was 4
hours. Increasing draw solution (DS) volume was
measured every 0.5 hour and compared with the
reduction in the feed solution (FS) volume. The

water transported through the membrane was di-
vided by the effective area of CTA membrane and
the time to measure the water flux. The cleaning
process was carried out by adding 10 g/l of citric
acid to the distilled water in the feed and draw ves-
sels as well as circulating the solutions through two
sides of FO cell, followed by flushing with deion-
ized water. The scheme of forward osmosis set-up
is shown in Figure 2.
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Figure 2. The schematic diagram of the labora-
tory scale forward osmosis membrane apparatus.

RESULTS AND DISCUSSION

Effect of operating time on water flux

Figure 3 illustrates the effect of time on wa-
ter flux of feed solution (Co*? ions) for FO flow-
ing and FO batch processes. During the first hour
of experiment, the water flux decline reached
37.96 I/m>.h for the FO flowing process and
28.44 1/m2.h for the FO batch process, and then
after 2.5 hr it reached steady state due to phe-
nomenon of concentration polarization on the
membrane, which led to a decrease in the osmotic
driving pressure with time, which conforms to
[Nematzadeh et al., 2015].
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Figure 3. Water flux with time for FO flowing and
FO batch processes (KCI concentration = 20 g/1,
Co™ ions concentration = 60 mg/l, temperature of
feed and draw solutions = 30°C, pH of feed =5).
For FO flowing system (flow rate of feed and draw
solutions = 50 I/hr, and pressure = 0.25 bar).

Effect of draw solution concentration

Figure 4 illustrates the effect of draw solution
concentration on water flux for the FO flowing
and the FO batch processes. When the concen-
tration of draw solution increased, water flux
increased as well, reaching 25.68 1/m?.h for FO
flowing process after 4 hrs. For the FO batch
process at draw solution concentration 120 g/1, it
reached 15.74 I/m*h due to an increase in driv-
ing force. This behavior is in agreement with
[Changwoo et al., 2012].
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Figure 4. Water flux with KCI concentration for the
FO flowing and the FO batch processes (Co™ ions
concentration = 60 mg/l, temperature of feed and

draw solutions = 30°C, pH of feed =5, time= 4 hrs).
For the FO flowing system (flow rate of feed and
draw solutions = 50 I/hr, and pressure = 0.25 bar).

Effect of feed solution concentration

Figure 5 illustrates the effect of different feed
solution concentration (Co*? ions) on water flux for
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the FO flowing and the FO batch processes. From
this figure it can be seen that when the initial feed
solution concentration increased, the water flux
decreased reachinf 9.99 I/m?h for the FO flowing
process and 4.19 I/m?.h for the FO batch process at
concentration 150 mg/1 of feed solution after 4 hrs.
A decrease in the water flux was attributed to the
increasing feed solution concentration which raised
the osmotic pressure of the feed solution and re-
duced of driving force (Am). These conclusions cor-
respond with the investigation of [Patil et al., 2016].
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Figure 5. Water flux with Co** ions inlet concentra-
tion for the FO flowing and the FO batch processes
(KCI concentration = 20 g/1, temperature of feed and
draw solutions = 30°C, pH of feed =5, time= 4 hrs).
For the FO flowing system (flow rate of feed and
draw solutions = 50 1/hr, and pressure = (.25 bar).

Effect of temperature

Figure 6 shows the effect of both feed and
draw solutions temperature on the water flux for
both processes. When the temperature of feed
and draw solutions increased from (20-50°C),
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Figure 6. Water flux with different temperature of
both feed & draw solution for FO flowing and FO
batch processes (Co™ ions concentration = 60 mg/I,
KClI concentration = 20 g/l, pH of feed =5, time=
4 hrs). For the FO flowing system (flow rate of feed
and draw solutions = 50 I/hr, and pressure = 0.25 bar).
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the water flux increased linearly due to reduced
viscosity of feed and draw solutions which led to
an increase in the permeation of water through
CTA membrane which after reached 32.34 1/m*.h
for the FO flowing process and 16.43 1/m*.h for
the FO batch process at temperature 50°C for
both feed and draw solutions, after 4 hours of the
experiment. This result corresponds with previ-
ous studies [Cui et al., 2014].

Effect of cobalt feed solution pH

Figure 7 illustrates the effect pertaining to
the pH of cobalt feed solution on the permeate
water flux for FO flowing and FO batch process-
es. When the pH of feed solution decreases, wa-
ter flux increased; after 4hrs it reached 21.09 I/
m?2.h for the FO flowing process and 10.16 1/m*.h
for the FO batch process at pH 2. It is obvious
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Figure 7. Water flux with different pH of feed solu-
tion for FO flowing and FO batch processes (Co* ions
concentration = 60 mg/l, KCI concentration = 20 g/I,
temperature of feed and draw solutions = 30°C, time=
4 hrs). For the FO flowing system (flow rate of feed
and draw solutions = 50 I/hr, and pressure = 0.25 bar).

that lowering pH of cobalt feed solution increas-
es the the dissolved salts solubility which leads
to decreasing the rate of salt scaling on the CTA
membrane surface and this caused lowering of
the osmotic pressure as well as increased the
permeate water flux. [Abid et al., 2012]. How-
ever, increasing the pH of cobalt feed solution
would decrease the the permeate flux; after 4hrs
it reached 5.34 1/m%h for the FO flowing pro-
cess and 2.14 1/m%.h for the FO batch process at
pH 10 due to the cobalt salt deposition on CTA
membrane surface; this led to an external con-
centration polarization (ECP). This conclusion
agrees with the previous investigation of [Nguy-
en et al., 2013].

Co*?ions Concentration in Permeate and
Membrane Rejection Percentage (R%)

Figure 8 a, b shows Co™ ions concentra-
tion in permeate increased and membrane re-
jection percentage decreased with the time for
FO flowing and batch processes. The explana-
tion for this behavior is that the increasing in
metallic concentration decreases the rejection
percentage, which reached 91.71% after 0.5 hr
and 81.19% after 4 hrs for the FO flowing pro-
cess and 87.71% after 0.5 hr and 73.19% after
4 hrs for the FO batch process, due to the for-
mation of cobalt layer on the CTA membrane
surface that retarded the back diffusion of the
Co™ ions from the CTA membrane surface to
the bulk solution. Consequently, this caused a
larger concentration prepared for its diffusion
across the CTA membrane and this observa-
tion is compatible with previous results by
[Achilli et al., 2010].
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Figure 8. Co™ ions concentration product and rejection percentage (R %) with the time for (a) the FO
flowing process and (b) the FO Batch Process For both membrane module Co™ ions concentration =
60 mg/l, (KCI concentration = 20 g/l, pH of feed =5, temperature of feed and draw solutions = 30°C).
For the FO flowing system (flow rate of feed and draw solutions = 50 I/hr, and pressure = 0.25 bar).
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Effect of FO batch and FO flowing processes

Previous figures show the effect of the FO flow-
ing and the FO batch processes on the water flux,
the FO flowing process has a higher water flux than
the FO batch process because the flow rate in hydra-
tion bag (batch process) was equal to 0 m/s. In the
forward osmosis flowing system, the flow rate near
membrane surface reduced the accumulated solute
on both side of membrane (i.e reducing the external
and internal concentration polarization) and led to
an increase in the driving force (Am) and the water
flux. Moreover, the effect of pressure that was ap-
plied on the feed side constituted another factor en-
hancing the water flux across the membrane.

CONCLUSIONS

From these results it is evident that for the FO
flowing and the FO batch processes, the water flux
increased by raising the concentration of draw solu-
tions (KCl) and temperature of both feed and draw
solutions, and decreased by increasing the operating
time of experiment, concentration and pH of feed
solution. The rejection efficiency and water flux for
the FO flowing process was higher than in the case
of the FO batch process, so the FO flowing process
had a higher efficiency than the FO batch process.
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