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ABSTRACT

Forward osmosis (FO) is the engineered term of the natural process of osmosis, where water
transfers naturally across a semi-permeable membrane from a low salinity solution, called feed
water (FW), towards a high salinity solution, called draw solution (DS). An important potential
application of FO is the dilution of the concentrated rejects of reverse osmosis (RO) processes by
the low salinity industrial or municipal wastewaters. However, this transfer of freshwater from
the FW to the DS is accompanied with another mutual transfer of multiple organic and inorganic
ions. The ions transfer may affect the quality of the produced water and exceed the required limits
of specifications. Currently, there is lack of information in the literature describing multiple ions
transfer in actual FO processes utilizing real solutions. Most of the literature published so far dis-
cusses transport phenomena using specific binary system solutions. This study aims to provide an
informative assessment of the transfer of ions between the FO membrane sides using the reject of an
RO desalination process as DS, and a mixed wastewater obtained from an industrial mining site as
FW. The experiments were conducted at a constant temperature of ~24°C and using a purpose made
bench-scale osmotic cell. A symmetric cellulosic membrane, having a molecular weight cut-off of
3,500 Da, equivalent to a membrane mean pore diameter of about 2.8 nm, was utilized. The results
show that the tested ions transferred at different rates across the membrane depending on their
nature and concentration differences.

Keywords: Forward osmosis; Semi-permeable membranes; Water treatment; Desalination

1. Introduction

The provision of drinkable water supplies through
desalination of sea and ground water and through treat-
ment of industrial or municipal wastewater is one of the
most significant challenges that the World faces. Solutions,
including traditional water resources management tech-
niques and water resources developments, will not suffice to
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address future water problems. In the meantime, energy con-
sumption becomes a major factor determining feasibility of
the process, considering plant capital/operational costs and
environmental impacts. Hence, membrane separation pro-
cesses were attractive in this field of water industry due to
their simplicity and low energy needs [1].

Forward osmosis (FO) is a membrane separation process
where water is transferred naturally across a semi-permeable
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membrane from a low salinity solution, called feed water
(FW), such as brackish water or wastewater, towards a high
salinity solution, such as seawater or concentrated brine,
called draw solution (DS). FO process is eco-friendly and
consumes very little energy. The interest in FO technol-
ogy over the past two decades has increased resulting in
enormous publications in this field [2]. The main trends
of research and development are investigations on new
membranes, draw solutions, and optimizing the opera-
tional conditions. An ideal DS should provide high osmotic
pressure, low viscosity, easy recovery, and non-toxicity [3].

Water is transferred in FO driven by a net differential
pressure (NDP). The NDP is the sum of the hydrostatic
pressure difference, AP, and the osmotic pressure differ-
ence, All, between the membrane sides. Most FO applica-
tions are carried out at atmospheric or very low pressure;
hence, the AP is usually neglected, and the NDP is con-
sidered as the AIT only. FO has many existing as well as
potential applications. It is currently utilized in haemodi-
alysis (dialysis) to purify blood from waste products, such
as urea and excess water, and for several industrial pur-
poses, such as concentrating of fruit juice and dairy prod-
ucts. This membrane processes is attractive to the industry
due to its simplicity, where no phase change occurs, appli-
cations diversity at the ambient temperature, and the rel-
atively low energy needs, which have a major impact on
cost and greenhouse gases reduction [4-6].

One of the major problems facing the use of FO in
industry is the need for efficient semi-permeable mem-
branes with high water permeability, but having high sol-
ute rejection and good chemical stability. The membranes
could be symmetric composed of one dense layer or asym-
metric composed of several layers, usually a very thin skin,
an intermediate layer, and a thicker substrate. Most of the
membranes available in the market nowadays are designed
for pressure-driven separation applications, and there-
fore, they are made asymmetric in order to withstand high
hydrostatic pressure values. The symmetric membranes
outperform the asymmetric ones for FO applications, as
adding porous supports decreases water permeation exces-
sively [7]. Symmetric membranes do not endure internal
solute concentration polarization, which may occur in
the substrate and the intermediate layer of the asymmet-
ric membranes [8]. The synthesis of high performance FO
membrane is still in the early stage of its development, and
therefore, asymmetric membranes are currently used in FO
studies and applications.

In the applications of wastewater treatments, utiliz-
ing FO process has many advantages. For example, the
wastewater is concentrated by FO and reduced in volume.
This will accordingly decreases the process feed flow-rate,
reducing the plant size and its capital/operational costs.
The extraction of freshwater from the wastewater can be
achieved by utilizing a high salinity DS, such as seawater
or the reject of an reverse osmosis (RO) or nanofiltration
desalination process. The diluted DS can then be directly
used for irrigation, for example, depending on its final spec-
ifications. Alternatively, diluted DS can be treated through
other regeneration processes to recover the freshwater.

This study is a part of a project aims to develop a new
technology integrating FO with an existing RO desalination

process to serve an industrial mining wastewater treatment
(WWT) plant based in north Saudi Arabia. The RO process
desalinates underground brackish water. The by-prod-
uct of the RO process, the rejected concentrated brine, is a
present ecological problem. The RO desalination plant pro-
duces, on average, 1.5 L of waste brine for every one liter
of product freshwater output, that is, with 40% feed recov-
ery rate. On the other hand, large quantities of freshwa-
ter are wasted and much energy is consumed by the WWT
plant. This research project aims to turn the ecological
problem of the RO rejected brine to an economic opportu-
nity to recover the wasted freshwater during wastewater
treatment.

Utilizing FO process in the above mentioned appli-
cation involves reciprocal transfer of the dissolved ions
between the DS and the FW. The solute transfer depends on
its nature and the concentration difference across the mem-
brane. It also depends on the membrane microstructure and
the operational conditions. The transfer of ions may affect
the specifications of the produced diluted DS or the recov-
ered freshwater, as it is required to meet the end use spec-
ification. These specifications would determine the type of
the regeneration process and their pre-treatment units.

Currently, there is lack of information in the literature
describing multiple ions transfer in actual FO processes
utilizing real solutions. Most of the literature published
so far discusses transport phenomena in specific binary
system solutions, such as sodium chloride-water solu-
tion.This study provides an informative assessment and
attempts to provide better understanding of the multiple
ions transfer between the FW and the DS as a function
of the operational time. This study is a bench scale FO
experimental work as a first step preparing for further
developments of a pilot plant and commercializing. In this
work, samples of the brine reject of the RO process is used
as DS, while samples of the raw wastewater is used as FW.
The FO membrane used in this study is a symmetric dial-
ysis cellulosic membrane, available in the market, has a
molecular weight cut-off (MWCO) value of 3,500 Da. The
use of this type membrane was tested in two previous stud-
ies by the same group of researchers [9,10] and found to be
suitable for FO applications.

1.1. Theory of FO

The phenomenon of osmosis (from the Greek word for
‘push’) is the transfer of a pure solvent towards its solution
separated from it by a semi-permeable membrane. From a
thermodynamic point of view, this operation is regarded as
a non-equilibrium state. The hydrostatic pressure that must
be applied to the solution to stop the influx of solvent is the
value of its osmotic pressure, I1. Equilibrium is attained
when the hydrostatic pressure of the solution equals the
osmotic pressure, or when the osmotic pressures of the two
solutions placed across the membrane are equal [11].

The currently available models for the mass transfer in
FO are limited, but because the process shares many similar-
ities with pressure-driven membrane processes, such as RO,
models developed in this area have been used with differ-
ent levels of validity [12]. However, these adapted models,
similarly to that of the RO process, deal separately with the
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transfer phenomena inside the membrane from that in the
feed or the draw solutions.

Water is transferred by osmosis across a semi-permeable
membrane from the FW to the DS driven by the NDP
achieved by osmotic pressure difference, AIT. Water trans-
fers by pore flow through the membrane pores and by dif-
fusion through the membrane dense material driven by
osmosis, while the DS solute molecules are transferred in
the opposite direction from the DS to the FW, driven by the
concentration difference across the membrane [7,13].

1.1.1. Water flux

Water volumetric flux, ] , can be defined by an extended
version of Darcy’s law [12,14] as follows:

_AP—AIl,

Jo IR

)

m

where AP is the hydrostatic pressure difference, AIl is the
osmotic pressure difference across the membrane mate-
rial, p is the fluid viscosity, and R is intrinsic resistance of
the membrane material. By ignoring the AP, and replac-
ing the term (1/u R ) by A , the membrane permeability
coefficient, this equation can be written as follows:

J.=A (H _HFW) @)

w DS

That is by assuming that the osmotic pressure difference
across the membrane material is the same as that between
the two solutions, IT ¢ — IT,,. Water flux can be expressed in
units of, for example, L/m? h, where A  is a water permeabil-
ity coefficient with units of, for example, L/m? h bar.

The osmotic pressure of the solution is usually esti-
mated using van't Hoff equation for ideal solutions [15]:

. C
1= lv MiRgT (3)

wt

where i is the van't Hoff factor and refers to the number
of moles of the dissociated entities when one mole of the
solid solute is dissolved (e.g., 2 for NaCl), ¢ is the weight
concentration of the solute, M, is the molecular weight, Rg
is the universal gas constant, and T is the thermodynamic
temperature.

In ionic solutions, due to a phenomenon called ion
pairing, a certain number of the positive and the negative
ions will randomly come together and form ion pairs. This
reduces the total number of free particles in solution, and
consequently decreases the osmotic pressure from its ide-
ally estimated value by Eq. (3). This effect can be considered
by introducing the osmotic coefficient, &, which accounts
for the deviation of the solvent from the ideal behaviour.
The osmotic coefficient is defined as [16]:

B —ny,

“RTIn(x,) &

where % and p, are the chemical potentials of the sol-
vent as a pure substance and in solution, respectively, and

x, is the solvent mole fraction. The osmotic coefficient is
sometimes called the rational osmotic coefficient.

Hence, Eq. (3) can be rewritten by incorporating & to
give:
Nn=ygi, <

M

wt
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The value of @ usually falls within the range of 0 <@ <1,
where 1 indicates 100% ions dissociation. However,
@ can also be larger than 1 (e.g., for sucrose and glyc-
erol). For ionic salts, the electrostatic effects cause O to be
smaller than 1 even if 100% dissociation occurs.

1.1.2. Solute flux

The DS solute mass flux, J., can be represented as:
J.=B, (CDS - CFW) (6)

The DS solute mass flux, with units of, for example, g/
m? h, is driven by the concentration difference (c,¢ — cy,),
in, for example, g/m’, where B_ is a DS solute permeability
coefficient with units of, for example, m/h.

The solute permeability, B, can be described by a well-
known model for the mass transfer through dense mem-
branes, the solution—diffusion (SD) model [17]. This model
applies to RO, pervaporation, gas permeation and dialysis
processes in polymeric membranes. Despite the apparent
difference between these processes, all of them involve
diffusion of molecules in a dense polymer, but under dif-
ferent driving forces. Any of the driving forces, the pres-
sure, the temperature, and the concentration on both
sides of the semi-permeable membrane determines the
concentration gradient of the diffusing species.

The SD model is solidly built on thermodynamics, that
the driving force of pressure, temperature, concentration,
and the electrical potential are interconnected. The overall
driving force generates a gradient of chemical poten-
tial, which determines the permeation across the mem-
brane. Thus the flux of the solute, J, can be described by
the following relationship:

dp
=L = 7
=L W
where dy /dx is the chemical potential gradient of the solute
and L_is a proportionality coefficient, which is not neces-
sarily constant. The chemical potential for concentration
and pressure gradient as driving force can be written as:

T Rglen(ys ”5) +v, dP (8)

where 7_is the mole fraction of the solute (mole/mole), vy, is
the activity coefficient (mole/mole) linking mole fraction
to activity, P is the pressure, and v, is molar volume of the
solute.

For incompressible liquids having constant volume,
Eq. (8) can be integrated with respect to concentration and
pressure as follows:
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u,=pl+RTdIn(y, n)+o, (P-P) )

where W is the chemical potential of the pure solute at
a reference pressure, P, which can be defined in this case
as the saturation vapour-pressure of the solute.

By assuming constant activity coefficient for the sol-
ute, v, Eq. (8) can be substituted in Eq. (7) to produce the
following:

; :_RgTLS % (10)
’ n. dx

According to the SD model, Eq. (10) has been modelled
for permeation by assuming: (a) the fluids on either side
of the membrane are in equilibrium with the interface of
the membrane material and the rate of diffusion through
the membrane is much lower than the rates of absorp-
tion and desorption at the interface, and (b) the pressure
across the membrane, if applied, is constant and takes the
highest value of either side; this assumes that the pres-
sure is uniform within the membrane and the chemical
potential gradient across the membrane is expressed only
by the concentration gradient.

In Eq. (10), the gradient of solute species is represented
by n, which is the mole fraction. In order to use better
pracﬁcal form, the weight concentration of the solute, c,
can be introduced:
c=M,_ pn, (11)
where c has units of, for example, g/L, M, is the molecu-
lar weight of the solute, in, for example, g/mol, and p is the
molar density of the solution with units of, for example,
mol/L.

Hence, Eq. (10) can be written as:

RTL, de

: c dx

(12)

The term (RQTLS/C) in Eq. (12) is analogous to the dif-

fusivity of the solute inside the membrane, D_,, in Fick’s

law, thus:

]5 = _Dsm E (13)
dx

For comparison, the values of the diffusion coefficients
of some inorganic cations, inorganic anions, and organic
ions at infinite dilution, D, are listed in Table 1, noting
that the diffusivity inside the membrane material is lower
than that in the diluted solution, and that the diffusivity
decreases as the solute concentration increases. However,
it can be indicated from Eq. (13) that solute flux is pro-
portional to the solute diffusivity, while it decreases by
increasing the membrane thickness. This can also explain
the effect of fouling at the membrane surface, as it increases
the actual membrane thickness. The transfer of solutes,
as well as water flux, decreases as the membrane fouling
increases.

By integrating Eq. (13) over the thickness of the mem-
brane, d , the following relationship can be obtained:

(14)

where ¢, ~and c are the solute concentrations at the
membrane interfaces at both sides (FW and DS, respectively).

The above modelling is analogous to the FO pro-
cess across the membrane dense material only. However,
the concentration at the bulk fluid can be related to that
at the membrane interface by equating their chemical
potentials, that is, by using Eq. (9), which produces the
following at both sides of the membrane:

ln('Ys ns) = ln (’stm nsfm) (15)
and thus:
nS*H’l = L nS (16)
’YS*ﬂl
By substituting in Eq. (11):
c,= Vs P c 17)
'YS*IVI p

Eq. (17) can be simplified by defining a solute sorption
coefficient, K, assumed equal at both sides of the mem-
brane, hence:

Cm = Ksmc (18)
Now by substituting Eq. (18) in Eq. (14), the relationship
for solute flux can be written as follows:

D, K,
___sm sm(

J,= 19)

o _Cs)

m

The product (D_ K_ ) is referred to as the solute perme-
ability coefficient, B, in some references [17]; however, it is
more common to use the whole term (D_ K_ /0 ) as the B,
and thus Eq. (19) can be rewritten as:
J.=B,(c;—c,) (20)

Eq. (20) is the same as Eq. (6) and implies the use of
the average values of the diffusivity and the sorption
coefficient over the membrane thickness [17].

The model described above accounts for the mass
transfer through the membrane dense material in sym-
metric membranes, or the skin active layer in asymmetric
membranes; it is unable to describe or to predict all of the
phenomena associated with this process [20]. However,
the concentration polarization (CP) model is suggested
in literature to describe mass transfer in the membrane
porous substrate or the fluid film alongside the membrane
surface. CP model simplifies the problem by assuming
several ideal behaviours for the fluid. Estimation of CP
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Table 1
Diffusion coefficients, D, of some ionic solutes at infinite dilution

Inorganic cations

Cation Charge of ion D, /107 (m?%/s) References
Ag +1 1.648 [18]
Al +3 0.559 [19]
Ba +2 0.848 [19]
Be +2 0.599 [18]
Ca +2 0.793 [19]
CaHCO, +1 0.506 [19]
Cd +2 0.717 [19]
Co +2 0.732 [18]
Cr +3 0.595 [18]
Cu +2 0.733 [19]
Fe +2 0.719 [19]
Fe +3 0.604 [18]
H +1 9.310 [19]
Hg +2 0.913 [18]
K +1 1.960 [19]
Li +1 1.030 [19]
Mg +2 0.705 [19]
MgHCO,  +1 0.478 [19]
Mn +2 0.688 [19]
Na +1 1.330 [19]
NH, +1 1.980 [19]
Pb +2 0.945 [19]
Sr +2 0.794 [19]
uo, +2 0.426 [18]
Zn +2 0.715 [19]
Inorganic anions
Anion Charge of ion D, /107 (m?%/s) References
Br -1 2.010 [19]
Cl -1 2.030 [19]
CO, -2 0.955 [19]
CN -1 2.077 [18]
CNO -1 1.720 [18]
CrO, -2 1.132 [18]
F -1 1.460 [19]
H,AsO, -1 0.905 [18]
H,PO, -1 0.846 [19]
HCO, -1 1.180 [19]
HPO, -2 0.690 [19]
HS -1 1.730 [19]
HSO, -1 1.330 [19]
I -1 2.045 [19]
KSO, -1 0.746 [19]
MnO, -1 1.632 [18]
MoO, -2 1.984 [18]
NaCO, -1 0.585 [19]
NaSO, -1 0.618 [19]
NO, -1 1.910 [19]

Inorganic anions

Anion Charge of ion D,/107° (m?/s) References
NO, -1 1.900 [19]
OH -1 5.270 [19]
PO, -3 0.612 [19]
S -2 0.731 [19]
SeO, -2 1.008 [18]
SO, -2 1.070 [19]
Organic anions

Organic Charge of ion D, /107 (m?/s) References
anion

Acetate -1 1.089 [18]
Benzoate -1 0.863 [18]
Butyrate -1 0.868 [18]
Citrate -3 0.623 [18]
Dihydrogen

citrate -1 0.799 [18]
Formate -1 1.454 [18]
Hydrogen

oxalate -1 1.070 [18]
Isovalerate -1 0.871 [18]
Lactate -1 1.033 [18]
Malate -2 0.783 [18]
Maleate -2 0.824 [18]
Oxalate -2 0.987 [18]
Phenyl

acetate -1 0.815 [18]
o-Phthalate -2 0.696 [18]
m-Phthalate -2 0.728 [18]
Pivalate -1 0.849 [18]
Salicylate -1 0.959 [18]
Suberate -2 0.479 [18]
Succinate -2 0.783 [18]
Tartarate -2 0.794 [18]

effect requires applying numerically a suitable empirical
relationship (Sherwood correlation) to calculate the mass
transfer coefficient through the fluid thin film. The mass
transfer correlations are usually borrowed from non-
porous smooth duct flow, and therefore their application
in the case of membrane operation has been criticized,
since neither membrane’s porosity nor diffusivity due to
CP are taken into consideration [21]. However, a combi-
nation is used in the literature to join the CP model with
the membrane models, for example, the SD model [12].
This combination was found to represent the experimen-
tal results rather poorly. Therefore, there is still a need to
develop new analytical mass transfer models that combine
both the fluid properties and the membrane micro-struc-
tural parameters, and account for diffusion and pore flow
characteristics.

All concentration polarization phenomena have nega-
tive effect on the obtainable water flux through membranes
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due to the drop in the net osmotic pressure driving force. In
osmotic processes, mass transfer is critical on both sides of
the membrane. As indicated earlier, most of the membranes
currently used in FO processes are asymmetric composed of
several layers (active layer, intermediate layer, and porous
substrate layer). The porous substrate of the membrane
exerts a negative effect on the water flux, as an internal con-
centration polarization (ICP) may take place. The ICP occurs
in one of two manners, dilutive (DICP) or concentrative
(CICP), within the porous substrate depending on which
side of the substrate is against the DS or the FW. Hence,
using dense membranes composed of one single active
layer would improve the FO processes performance.

2. Materials and methods
2.1. FO membrane

The FO membrane used in this study is a dialysis
cellulosic membrane, supplied by Medicell International
Ltd., (UK), type DVT03500. This membrane has a molec-
ular weight cut-off (MWCO) value of 3,500 Da. According
to the manufacturer datasheets, this membrane is made
of natural cellulose (cotton linters). It is fabricated by
dissolving cellulose in special inorganic solvents, the poly-
mer then reformed by taking away the solvent to form
the membrane as a flat sheets or tubes. This membrane is
highly resistant to organic solvents, elevated temperatures,
and extremes of pH. It is made of one dense layer with an
average thickness of 77 um.

The name code of the membrane DVT03500 refers to its
MWCO, which is 3,500 Daltons. It has a mean pore diam-
eter of about 2.8 nm, as calculated using the following
empirical relationship between the molecular weight and the
molecular diameter [22]:
D, =0.066M,:° 1)
where Dp is the approximate diameter of the molecule in
nano-meters and M_, is the molecular weight in g/mol.

Most of the FO studies published so far utilize RO asym-
metric membranes with thinner active layers and smaller
mean pore diameters, for example, 0.25-0.30 nm [23]. This
study investigates the FO process using a dialysis mem-
brane with larger mean pore diameter and made of one
single dense layer in order to avoid the effects of the ICP.

2.2. Osmotic cell

The FO process is investigated in this study using the
set-up schematically represented in Fig. 1. It is composed
of two plastic (PVC) tanks; the first tank is an osmotic cell
has a capacity of 18 L contains the DS, while the other
tank has a capacity of 15 L contains the FW. Each tank is
equipped with a tap and a water level indicator. The FO
cell is composed of 12 parallel membrane tubes arranged
horizontally in three rows by four columns. The length of
each membrane tube is 300 mm with a diameter of 16 mm.
The membrane tubes are connected between the DS tank
sides submerged under the level of the DS solution. It is
designed that the FW flows inside the membrane tubes,

while the DS on the outside. The total surface area of the
membrane is calculated to be 0.181 m? The inlets and out-
puts of the membrane tubes are collected outside the DS
tank using a configuration of connectors and plastic tubes.
Each of the DS and the FW tanks are equipped with
a small submersible pump; the first pump circulates the
DS solution inside the DS tank homogenising the solute
concentration, while the other pump circulates the FW
between the two tanks through the tubular membranes.
The flow rate of the DS pump is 10 L/min, while the flow
rate of the FW pump is 7.44 L/min; both pumps are of
about 1 m head. The average FW flow rate inside each
tubular membrane is 0.62 L/min, providing a laminar flow
pattern with a Reynolds number value of about 922.

2.3. Specifications of the FW and the DS

Industrial mixed wastewater, comparable to brack-
ish water, obtained from a mining site was used as FW,
while a concentrated RO reject of a groundwater desali-
nation process was used as DS. Several FO runs, 10 runs
in total, were conducted using the same starting solutions.
All experiments and tests were carried out at similar oper-
ational conditions and ambient temperature (~24°C). Some
of the FO runs lasted for 5 h, while others stopped after 1,
2,3, or 4 h, in order to take enough samples for the chem-
ical analyses of the diluted DS. The average mean of the
experimental results was considered to record the readings
taken at the similar times.

2.4. Measuring methods

Water flux was calculated experimentally by dividing the
DS volume increase (V, — V) by the membrane area (4, ) and
the relevant time difference (t, - t,), as follows:

Vz _Vl

]w ) Am (tz - tl)

(22)

The concentration measurements of the ions in the
FW and the DS, as well as the other solution properties
(pH, temperature, electrical conductivity, total dissolved
solids, and turbidity), were obtained using the following
laboratory equipment: (1) pH and temperature: HQ11D
Digital pH meter by Hach (USA), providing 0.01 pH and
+0.3°C temperature accuracy, (2) electrical conductivity
and total dissolved solids (TDS): ULTRAMETER II 6PFCF
by Myron L Company (USA), providing an accuracy of
*1% of electrical conductivity and TDS readings, (3) con-
centrations of ions: DR6000 UV-VIS Spectrophotometer
by Hach (USA), and (4) turbidity: 2100Q-IS Turbidimeter
by Hach, providing an accuracy of *1% of readings.
The total alkalinity of the solutions was measured
using the titration method with sulphuric acid.

3. Results and discussions

Fig. 2 shows the average volumes of water transferred
from the FW to the DS at the end of each hour of operation
time. The average membrane water flux is calculated using
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DS Tank

Membrane tubes

DS Pump

FW Tank FW Pump

Fig. 1. Schematic representation for the FO bench-scale experimental setup.
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o

Fig. 2. Average volume of water transferred from the FW to the
DS as a function of operational time utilizing the membrane
DTV03500 in several FO experiments at ~24°C.

Eq. (22) and found to be 1.09 L/m? h. The trend of water
volume increase, and water flux, was almost stable during
the 5 h operation time; although, the small reduction in
the osmotic pressure difference across the membrane, AIL
On average, the AIl is decreased from 2.8 bar initially to
1.8 bar at the end of the 5 h run, as can be indicated from
the data of Table 2. The approximate osmotic pressure values
were calculated from the TDS readings using the van't Hoff
Eq. (3) on the assumption of that the solution is ideal and
the TDS is spread over Sodium (Na*) and chloride (CI") ions.
The freshwater recovered at the end of each of these
FO runs was about 0.9 L. Accordingly, starting from an ini-
tial FW volume of 15 L, the recovery rate is calculated to be
6%. Similarly, from an initial DS volume of 18 L, the dilu-
tion rate of the DS is calculated to be 5%. These rates can be
improved in practice by increasing the membrane area or
the FW solution residence time, as can be explained in Eq.
(22), or by increasing the membrane permeability and the
osmotic pressure difference, as it is explained in Eq. (2).
Table 2 shows the specifications of the FW, the waste-
water, at the initial conditions and after the end of the 5 h
of operation. It also shows the conditions of the DS solu-
tion, the RO reject, initially and at the end of each of the
5 h of operation. The results show a consistent transfer of
the ions across the FO membrane from high concentration

side to low concentration side. The tested ions were pres-
ent at different concentrations in the FW and the DS at
the start of the experiments. Free chlorine and total coli-
forms, by membrane filtration method, were also tested in
the FW and the DS, but were not detected and, therefore,
not shown in this table.

The total permanent hardness of water, expressed as
equivalent of calcium carbonate, was calculated from the
concentrations of the calcium ion, [Ca?], and the magnesium
ion, [Mg?*], using the following relationship, where M refers

to the molecular weight:
M
CaCoO, Mgh
M,

The properties and results listed in Table 2 are plot-
ted in the following figures for more clarification. Fig. 3
shows the decreasing trend of the TDS at the DS side with
time. The reduction is due to an obvious dilution effect of
freshwater transfer from the FW to the DS. TDS at the DS
decreased from 5,335 to 4,543 ppm, while it increased at
the FW from 1,716 to 2,221 ppm. Ideally, the TDS increase
at the DS should be equal to the decrease at the FW; how-
ever, due to that the TDS is more relevant to the electrical
conductivity of the solution rather than the nature and the
concentration of the dissolved species in the solution, con-
sidering the variety of the solutes present in these experi-
ments, the TDS values should be considered as an indication
only.

The results of ions concentrations show a normal trend
of transfer across the membrane from a high concentra-
tion side to a low concentration side. As it is shown in
Figs. 4-6, all the tested ions (chloride, sulphate, calcium,
magnesium, nitrite, phosphate, iron, nitrate, and fluoride)
diffused from the DS towards the FW opposite to the direc-
tion of water flux, except the ammonium ion, as shown in
Fig. 5, diffused from the FW to the DS. The ammonium
ion initial concentration at the FW side was higher than
that at the DS, due to the nature of the wastewater used
in this study, which is a mixture of industrial and munic-
ipal wastewaters discharged from an industrial mining
site. The rate of the transfer of each ion depends on many

(23)

Ca

M
[CaCO, |= A(;;C%{Caz* } -
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Table 2

Summary of the test results of properties and ion concentrations in both FW and DS solutions

# Parameter FW DS
Initial End Initial 1h 2h 3h 4h 5h

1 pH 8.36 8.4 8.13 8.08 8.07 8.06 8.05 8.04
2 Temperature, °C 24 23.7 24 241 24.3 24.5 24.5 24.5
3 Electrical conductivity, mS/cm 2.305 2.947 6.588 6.306 6.130 5.958 5.814 5.675
4 TDS, ppm 1,716 2,221 5,335 5,091 4,942 4,792 4,667 4,543
5 Osmotic pressure, bar 1.35 1.74 4.19 4.00 3.88 3.71 3.66 3.57
6 Turbidity, NTU 1.84 0.85 0.78 0.71 0.78 0.58 0.63 0.65
7 Total permanent hardness, ppm of CaCO, 1,261 1,831 3,839 3,772 3,580 3,535 3,362 3,280
8 Calcium, Ca*, ppm 168 329 550 533 507 471 441 410
9 Magnesium, Mg*, ppm 205 246 601 595 564 575 551 550
10 Total alkalinity, ppm 170 290 823 783 745 728 704 700
11 Chloride, CI, ppm 250 490 921 758 731 728 709 702
12 Nitrite, NO,, ppm 0.00 0.05 0.10 0.09 0.08 0.06 0.05 0.05
13 Ammonium, NH}, ppm 0.43 0.26 0.10 0.13 0.17 0.20 0.22 0.25
14 Phosphate, POF, ppm 0.05 0.33 0.61 0.56 0.45 0.40 0.38 0.35
15 Sulphate, SO*, ppm 220 356 1,164 1,143 1,130 1,070 1,028 1,015
16 Iron, Fe*, ppm 0.01 0.04 0.09 0.08 0.07 0.06 0.05 0.04
17 Nitrate, NO;, ppm 0.90 1.50 3.37 3.30 3.20 3.10 3.00 2.80
18 Fluoride, F-, ppm 0.65 1.60 3.31 2.55 25 2.48 244 244
19 Silica, SiO,, ppm 12.0 18.0 26.0 25.0 23.0 22.0 22.0 21.0
£ 5400 2 1400
52383 . =ms | gl00y N u .
£ 5100 - B E 1000 u
S oo | m g o YT A
2 4800 F--mmmmm oo T EEEREE g 600 x i X X X
£ 4700 F---m-mmmmmmmm e gt S 400
@ 4600 oo s S 200 , _ ,
E 4500 - @ Chloride  mSulphate Calcium X Magnesium

0 1 2 3 4 5 6 0

Time, Hr 0 1 3 6
Time, Hr

Fig. 3. TDS average values of the DS as a function of experiment
time in several FO experiments carried out at ~24°C.

factors, such the ion specific diffusivity and the driving
force of the concentration difference across the membrane.

The rate of the ion transfer depends also on the hydra-
tion properties of the ions; specifically, the activity or the
hydration strength. In ionic solutions, the higher the charge
density, the more heavily hydrated the ion, while the neu-
tral molecules, for example, organic molecules, have weak
linkages with water molecules. A suitable measure for the
comparison between molecules in their extent of hydra-
tion is the value of the hydration number. For example,
an experiment based on the ion transport through cello-
phane membrane gave the following hydration numbers
for several inorganic ions, Li*: 22, Na*: 13, K*: 7, Cs™: 6, F
7, CI: 5, Br: 5, SO 12, Sr**: 29, and Mg*: 36. These partic-
ular results for the hydration numbers show the following
trends: (a) cations have a tendency to be more hydrated

Fig. 4. Chloride, sulphate, calcium, and magnesium ions concen-
tration in the DS as a function of experiment time in several FO
experiments carried out at ~24°C.

than anions, (b) the greater the charge, the more heavily
hydrated is the ion, and (c) for a given charge type, the
smaller the crystal radii, the more heavy is the ion hydra-
tion [24].

4. Conclusions

In forward osmosis (FO) process water transfers nat-
urally across a semi-permeable membrane from a low
osmotic pressure side, the feed water (FW), to a high
osmotic pressure side, the draw solution (DS). An import-
ant potential application of FO is the dilution of the concen-
trated rejects of reverse osmosis (RO) processes by fresh-
water extracted from industrial or municipal wastewaters.



LA. Alenezi et al. | Desalination and Water Treatment 261 (2022) 1-10 9

0.7
£ W Nitrite
s 06 ¢ . Ammonium
Q: @ Phosphate
c 0.5
2 P X Iron
§ 0.4 * ®
] *
$03
o
§ 0.2
o
§ 0.1 x X X x x .
0.0
0 1 2 3 4 6

Time, Hr

Fig. 5. Nitrite, ammonium, phosphate, and iron ions con-
centration in the DS as a function of experiment time in
several FO experiments carried out at ~24°C.
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Fig. 6. Nitrate and fluoride ions concentration in the DS as a func-
tion of experiment time in several FO experiments carried out at
~24°C.

The RO rejects has higher osmotic pressure than that of the
wastewater; hence, water can be transferred using FO from
the wastewater to the RO rejects. However, this transfer of
freshwater is accompanied by another mutual transfer of
the existing ions. Some ion concentrations may exceed the
limits of the end use specifications and affect the quality
of the produced water. This study investigates the trans-
fer of ions between both sides of an FO membrane using
real solutions. The experiments were conducted at a con-
stant temperature of ~24°C and using a symmetric cellu-
losic membrane has a molecular weight cut-off (MWCO) of
3,500 Daltons, equivalent to a membrane mean pore diam-
eter of about 2.8 nm.

This study aims to provide an informative assessment.
The results of this study in terms of water flux and ion
transfer will be used as a guideline to design a pilot plant
to implement this application. The by-product of the RO
processes, the rejected concentrated brine, is a present eco-
logical problem, while large quantities of freshwater are
wasted and much energy is consumed by the WWT plants.
This research project aims to turn the ecological problem of
the RO rejected brine to an economic opportunity to recover
the wasted freshwater during wastewater treatment.

The FO experiments were carried out using the reject
of a ground-water RO desalination process as DS, while a

mixed wastewater discharged from an industrial mining
site was used as FW. This study investigated the mutual
transfer of ions between both sides of the FO membrane.
The ions tested were calcium (Ca*), magnesium (Mg?),
chloride (CI), nitrite (NO;), ammonium (NH}), phosphate
(POY), sulphate (SOZ), iron (Fe*), nitrate (NOj;), and fluo-
ride (F"). Other tests were also carried out for the pH, the
electrical conductivity, the TDS, the turbidity, and the total
alkalinity. The osmotic pressure of the solutions and the
total permanent hardness were calculated using empirical
equations. The count of coliforms and free chlorine were
also tested, but not detected in both solutions.

The recovery achieved of freshwater from the FW at
the end of each of these FO runs was about 0.9 L, start-
ing from an initial FW volume of 15 L, that is, 6% recov-
ery rate, while the achieved DS dilution rate, which is
started at a volume of 18 L, was 5%. These rates can be
improved in practice by increasing the membrane area,
as well as by increasing the membrane permeability and/
or the osmotic pressure difference. The recovery rates
can also be increased by increasing the operational resi-
dence time; however, this may affect the quality of the
produced solution due to continuous solute transfer.

The results of the ions’ concentrations show a nor-
mal trend of transfer from the high concentration side to
the low concentration side across the semi-permeable
membrane. All the inspected ions (chloride, sulphate,
nitrite, phosphate, iron, nitrate, and fluoride) diffused
from the DS towards the FW opposite to the direction of
water flux, except the ammonium ion diffused from the
FW to the DS. The ammonium ion initial concentration
at the FW side was higher due to the nature of the waste-
water examined, which was a mixture of industrial and
municipal wastewater discharged from a mining site.
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