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ABSTRACT

This study focused on the investigation of the boron rejection from model solutions using a
forward osmosis (FO) membrane. A laboratory-scale plate-and-frame membrane module
and stirred cell device were used for the experiments. The boron rejection were examined
in both reverse osmosis and FO operating modes. A theoretical model based on the film
theory was applied for the analysis of boron rejection. Experimental results indicated that
the boron rejection by FO membranes was improved by raising pH, suggesting that the
removal of boron is done either by charge repulsion or by size exclusion. FO treatment of
feedwater containing a high proportion of boric acid led to relatively high concentration of
boron in the permeate water. This implies that FO membrane may require another process
to attain sufficient rejection to boron. The model calculation was also compared with the
experimental data for better understanding of boron rejection in FO membrane systems.
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1. Introduction

Desalination of seawater and brackish water is
becoming increasingly important due to water scarcity
resulting from pollution and the growth of population.
One of the promising approaches to seawater desali-
nation is the application of forward osmosis (FO)
membrane [1,2]. FO uses a concentrated draw solution
to generate high osmotic pressure, which pulls water
across a semi-permeable membrane from the feed
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solution. The draw solute is then separated from the
diluted draw solution to recycle the solute, as well as
to produce clean product water [1]. Since FO does not
require high pressure for separation, it has potential to
allow lower energy consumption to produce water
than reverse osmosis (RO). Therefore FO, a potential
alternative to conventional membrane processes, has
been considered a novel technology for seawater
desalination [2].

However, there are challenges that have to be over-
come to apply FO process for seawater desalination.
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One of them is the removal of boron from seawater.
Boron is an essential micronutrient for plants and ani-
mals [3], and also a useful component for numerous
commercial activities, including glass industry and
semiconductor manufacture [4]. However, excess
boron can cause toxic effects in both plants and ani-
mals [3-7]. For example, crops such as avocado and
most citrus types are sensitive to boron at the concen-
tration range 0.5-0.75 mg/L [8]. Although the World
Health Organization had recently updated up the
guidelines for boron concentration in drinking water
from 0.5 to 2.4 mg/1 [9], the demand to maintain a low
level of boron concentration (0.3-0.8 mg/L) in desali-
nated waters will remain unchanged [10].

Boron exists in the seawater at an average concen-
tration of 4-6 mg/L [11,12]. In seawater, dissolved
boron is present as boric acid, B(OH); and borate ion,
B(OH),, depending on the pH and concentration of
boron [13]. The distribution of two components, boric
acid and borate ion, depends on the dissociation con-
stant of boric acid (pK,), which is a function of tem-
perature, pressure, pH, and ionic strength. In typical
seawater conditions, the dissociation constant is
approximately 8.7. Thus, boric acid is the major form
of boron in natural seawater (pH of ~8) [13]. Since
boric acid is an uncharged compound, its removal by
RO membrane is difficult, leading to relatively high
boron concentration in the treated water [14].

Considering the mechanisms of boron rejection by
RO and FO membranes [8,13], it is likely that the
removal of boron by FO is also difficult. This implies
that boron rejection should be considered in the
design and operation of the FO process for seawater
desalination. Accordingly, this study aims at the
investigation of the boron rejection from model
solutions using an FO membrane. The effect of solu-
tion pH and operation mode on boron rejection by FO
was considered using a laboratory-scale experimental
system. Moreover, theoretical analysis was carried out
for better understanding of boron rejection in FO
process.

2. Theory

A theoretical model was applied to calculate the
transport coefficients of water, salt, and boron through
an FO membrane operated in RO and FO modes.
According to the solution-diffusion model, water flux
(J»), salt flux (J) and boron flux (Js p) equations for
RO operation mode are given by [15]:

Jw = Ly(AP — Ang,) ¢))
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]s = Ls(cm - Cp) (2)
]s_B = LS_B (Cm_B - Cp_B) (3)

where L, is the water transport coefficient, L; is the
salt transport coefficient, L; p is the boron transport
coefficient, C,, is the salt concentration on the mem-
brane surface, C,, g is the boron concentration on the
membrane surface, C, is the salt concentration at the
permeate side, C, p is the boron concentration at the
permeate side, Anc,, is the osmotic pressure at the salt
concentration of C,, and AP is the trans-membrane
pressure.

Here, C,, is calculated according to the film theory
to interpret the concentration polarization, and the salt
concentration profile on the surface can be calculated
according to the following equation [15].

Cm_C‘y Jw
m P of 4
G-C @

where k is the mass transfer coefficient for the back
diffusion of the solute from the membrane to the bulk
solution on the high-pressure side of the membrane.

In a stirred cell, the growth of the concentration
boundary layer is limited by stirring according to the
mass transfer coefficient, using the following equation
[16]:

- ud\ %4 £ v\07 /C,\ 077 /DY 07
k_o.551o<7> (5) <7> (d_h) ()

where u is the crossflow velocity, d, is the hydraulic
diameter, v is the kinematic viscosity, p is the solution
density.

The boron concentration on the membrane surface,
Cy_g is calculated same as C,,.

For FO operation mode, the water flux (J,), solute
flux (J5), and boron flux (J5) equations can be defined
as follows [17]:

Jo = Lo <TCD,b exp <_ %) Ty exp (%)) ©
Js =Ls (CD,b exp <_ ]{_w> — Crpexp <£ﬂ>> -
D F
= Jo T
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where 7p ) is the osmotic pressure on the draw bulk
solution side, zr is the osmotic pressure on the feed
bulk side, Cp; and Cgj are the salt concentrations of
the draw bulk solution and the feed bulk solution,
respectively, Cpj g and Cg; p are the boron concentra-
tions of the draw bulk solution and the feed bulk solu-
tion, respectively, kr is the mass transfer coefficient for
external concentration polarization, kp is the mass
transfer coefficient for internal concentration polariza-
tion.

Base on the mass transfer correlations, kr and kp
are given as [15]:

D

0.33
kp = 185@ (Resc) (9)
kp = D¢ (10)
7l

where D is the diffusion coefficient, d, is the hydraulic
diameter, R, is the Reynolds number, S, is the Schmidt
number, ¢ is the porosity of support layer, | is the
thickness of support layer, and 7 is the tortuosity of
support layer.

3. Materials and methods
3.1. Materials

Commercially available flat sheet FO membranes
manufactured by Hydration Technologies (Albany,
OR), was used in this study. This membrane is known
to be made of cellulose triacetate. Reagent-grade boric
acid, sodium chloride, hydrochloric acid, and caustic
soda from Merck (Damsdalt, Germany), were used in
the experiments. Dried boric acid and sodium chloride
were dissolved directly into DI water according to
respective experimental concentration while 0.1 M
hydrochloric acid and 0.1 M caustic soda were pre-
pared for pH adjustment during the experiments.

3.2. Setup

The boron rejection experiments in RO operation
mode were performed in batch mode using a stirred
cell as shown in Fig. 1. The stirred cell was made of
316L stainless steel. The diameter of the stirred cell was
49 mm and the working volume was 300 ml. A mag-
netic stirrer coated with Teflon to improve chemical
stability was positioned just above the membrane. The
working pressure was controlled by a high pressure
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Fig. 1. Schematic diagram of the stirred cell device.

nitrogen cylinder and by a gas pressure regulator.
A feed solution was prepared by adding boric acid into
50 mL of DI water to make 5 mg/L of boron. Then,
required amounts of NaCl (32,000 mg/L) were added
and pH adjusted. The experiments were carried out
under the following operating conditions: the feed pres-
sure, 32 bar; stirring speed, 100 rpm; recovery (the ratio
of total permeate volume to initial feed volume), 40%.
The temperature of the feed solution was adjusted to
25 +1°C. The permeate flux was consecutively mea-
sured using the balance (Ohaus, UK) that was con-
nected to the computer.

The FO filtration system shown in Fig. 2 was used
to measure boron rejection. A plate-and-frame mem-
brane module was used for the tests. Counter-current
flow is used to reduce strain on the suspended mem-
brane. The draw and feed solution volume flow rate
were 1.0 L/min. The channel has dimensions of 8 cm
length, 7 cm width, and 0.3 cm height, providing an
effective membrane area of 5.6 cm”. The draw solution
is flowing on the support layer and the feed solution
on the active layer. An electronic balance connected to
a personal computer was used to measure the water
flux. 1.0 L of 4 M, NaCl solution was used for draw
solution, and 0.4 L of 32,000 mg/L, NaCl solution was
used for feedwater. The temperature of draw and feed
solution was maintained to be constant at 25 + 1°C by
a temperature control unit.

3.3. Sample analysis

The boron rejection, permeate boron concentration,
and flux were expressed in terms of concentration fac-
tor (F.). The concentration factor, defined as a ratio of
the feed volume to concentrate volume, indicates the
extent of concentration:
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Fig. 2. Diagram of the FO membrane filtration system.

Vr VE
Ve Ve-Vp (an
where Vi is the feed volume, V. is the concentrate
volume, and Vp is the permeate volume.

Boron was analyzed by ion-coupled plasma optical
emission spectrometry (ICP-OES) model Optima
5300DV of PerkinElmer (Waltham, MA, USA). Other
parameters such as pH and temperature were mea-
sured by potable meters (Thermo-Scientific, 550A from
USA).

4. Results and discussion
4.1. Basic properties of the FO membrane

In order to evaluate the basic properties of the FO
membrane, pure water permeability and NaCl

200

150

100

Model flux (LMH)

] 50 100 150 200
Experimental flux (LMH)

(a)

rejection were measured in RO operation mode using
the batch-stirred cell. Pure water permeability test was
carried out at the feed pressure as to range from 5 to
40 bar. NaCl rejection tests were carried out under the
following operating conditions: the feed pressure,
32 bar; stirring speed, 100 rpm; feed concentration,
32,000 mg/L. The water permeability coefficient, L,,
and salt permeability coefficient, L; obtained were
352 x10"? m/sPa and 6.07 x 10°® m/s, respectively
(Fig. 3).

4.2. Boron rejection in RO operation mode

Fig. 4 shows the comparison of boron rejection and
water flux at different pH conditions in RO operation
mode. Except for pH conditions, all other experimen-
tal conditions including feed pressure, feed tempera-
ture, feed salt concentration, boron concentration, and
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Fig. 3. Comparison of experimental data and model data to find water permeability coefficient and salt permeability coef-
ficient of the FO membrane: (a) Flux and (b) Permeate TDS (mg/L).
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Fig. 4. Comparison of boron rejection and water flux at different pH conditions in RO operation mode: (a) Flux and (b)

Boron rejection.

stirring speed were constant. In other words, only the
impact of pH on boron rejection was determined. RO
operation mode tests were carried out under the fol-
lowing operating conditions: pH 5.0/8.0/11.0; the feed
pressure, 32 bar; stirring speed, 100 rpm; feed concen-
tration, 32,000 mg/L; boron concentration, 5.0 mg/L.
The feed pressure was determined 32.0 bar to obtain
the same initial flux as that in FO operation mode.
The permeate flux was constant regardless of pH
change, but the permeate flux decreased as the con-
centration factor increased shown as Fig. 4. When the
concentration factor was reached to 1.22, the flux
decreased to approximately 3.0 LMH compared with
the initial flux, 8.0 LMH. This was due to an increase
in the osmotic pressure, as the concentration of the
feed solution was enriched according to the concentra-
tion factor. Boron rejection increased as the pH
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increased but boron rejection decreased rapidly as
concentration factor increased because flux rapidly
decreased due to increasing of osmotic pressure. The
boron rejection was very low at pH 5.0 and 8.0 where
rejection efficiencies were around 36-68% and 51-80%,
respectively. In RO operation mode, the FO membrane
did not produce drinking water that satisfies the low
boron concentration (0.3-0.8 mg/L) under pH 8.0. But
at pH 11.0, the rejection increases up to 93-98% to
achieve low boron concentration under 0.5 mg/L, due
to the increased proportion of borate ions as the pH
rises. The results of high boron rejection at high pH
condition suggest that the major species of boron
are borate ions which have negative charge and
thus electrostatic repulsion between the ions and
membrane surface become more dominant at high pH
condition.
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Fig. 5. Comparison of boron rejections and water flux at different pH conditions in FO operation mode: (a) Flux and (b)

Boron rejection.
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4.3. Boron rejection tests in FO operation mode

Fig. 5 shows the comparison of boron rejection and
water flux at different pH conditions in FO operation
mode. FO operation mode tests were carried out
under the following operating conditions: draw solu-
tion concentration, NaCl 4 M, feed salt concentration,
32,000 mg/L; feed boron concentration, 5.0 mg/L;
cross flow, 1 L/min.

The filtration characteristics in FO operation mode
are similar to those in RO mode. As the concentration
factor increased, the permeate flux gradually
decreased because of decreased driving force (osmotic
pressure difference between feed and draw solution
sides). The permeate flux was low even at high draw
solution concentration, 4 M ranged from 7.9 to
82 LMH due to internal concentration polarization.
The boron rejection characteristics in FO mode are dif-
ferent to those in RO mode. The boron rejection was
found to range from 77 to 81% and from 81 to 85% at
pH 5.0 and 8.0, respectively. The boron rejection in FO
mode is much higher than that in RO mode under pH
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8.0. In FO operation mode, FO membrane also did not
produce drinking water that satisfies the low boron
concentration (0.3-0.8 mg/L) under pH 8.0. But at pH
11.0, the rejection increases up to 96-98% to achieve
low boron concentration due to the increased propor-
tion of borate ions as the pH rises.

4.4. Model fit

For each pH condition and operation mode, the
model calculation was performed to find the parame-
ters that minimize the difference between model pre-
dictions and experimental results under different
concentration factor. Thus, the R? value was calculated:

N
R% = Z (]v,i_m - ]v,i_e)z/]g,i,m
i=1

N
R% = Z (Cp7i_m - CZJA,IA_E)Z/C;,I'_WI
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Fig. 6. Model fit base on the test results in RO operation mode: (a) flux at pH 5.0, (b) permeate conc. at pH 5.0, (c) boron
conc. at pH 5.0, (d) flux at pH 8.0, (e) permeate conc. at pH 8.0, (f) boron conc. at pH 8.0, (g) flux at pH 11.0 (h) permeate

conc. at pH 11.0, and (i) boron conc. at pH 11.0.
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Fig. 6. (Continued).

N
RE = (Cppi_m — Copi_e)/Copi_m
i=1

where N is the total number of experimental data,
Ju,i_m is the ith value for calculated flux, J,; . is the ith
value for the experimental flux, C,; ,, is the ith value
for calculated TDS, C,,; . is the ith value for the experi-
mental TDS, C,,; » is the ith value for calculated

(i)

boron concentration, and C,; . is the ith value for the
experimental boron concentration.

Fig. 6 shows the model fit of the test results of RO
operation mode and the analysis results of the solu-
tion-diffusion model, while considering the concentra-
tion polarization. The model calculation was
performed to find the parameters (L,, L, Ls p) that will
minimize the difference between the model predic-
tions and the experiment results under different
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Table 1

Comparison of parameters in RO operation mode for each pH

pH L, (m*s/kg) Ls (m/s) Ly, (m/s) R® (Ly/Ls/Lgp)
5.0 3.52 x 10712 6.07 x 1078 7.15x 1077 0.17/0.22/0.35
8.0 3.45 x 10712 6.01 x 1078 453 %1077 0.22/0.19/0.17
11.0 3.60 x 10712 6.10 x 1078 0.78 x 1077 0.14/0.20/0.28

experiment conditions using the residual constant R*.
It is evident from the model fit that the test results
and the model data are relatively matched well. As
shown in Table 1, the water, salt, and boron transport
parameters were calculated, respectively.

There were few changes of L, and L, regardless of
pH change, but the L,z decreased as the pH
increased. Especially at pH 11.0, L, p rapidly
decreased.

Fig. 7 shows the results of model fit to the test data
in FO operation mode. The model matches the
experimental data very well. The internal concentra-
tion polarization coefficient was calculated as

10
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130 x 10® m/s. As shown in Table 2, the solvent
transport parameter and the solute transport parame-
ter were calculated. There were few changes of L, and
L; regardless of pH change but the L; 5 decreased as
the pH increased same as RO operation mode.

The model fit results showed that the boron trans-
port coefficient in FO operation mode is about 18%
lower than that in the RO operation mode under pH
8.0 for the same membrane. This means that the boron
rejection in FO operation mode is higher than that in
RO operation mode under pH 8.0. It has been
reported that the boron rejection in FO operation
mode was mainly attributed to reverse salt diffusion

400
350 *  Experimental data
Model data
:‘E 300
Z
= 250
;' . 0
= 2001 *“— . . . =
150
100 T ¥ T -
1.0 1.2 1.4 1.6 1.8 20

Concentration factor

(b)
10
S -
E {. \1__‘_
= ' _'h__“"‘“;
5 4
=
2 *  [xperimental data
Model data
0 + T — . . ¥
1.0 1.2 1.4 1.6 1.8 2.0
Concentration factor
(d)

Fig. 7. Model fit base on the test results in FO operation mode: (a) flux at pH 5.0, (b) permeate conc. at pH 5.0, (c) boron
conc. at pH 5.0, (d) flux at pH 8.0, (e) permeate conc. at pH 8.0, (f) boron conc. at pH 8.0, (g) flux at pH 11.0 (h) permeate

conc. at pH 11.0, and (i) boron conc. at pH 11.0.
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Fig. 7. (Continued).
Table 2
Comparison of parameters in FO operation mode for each pH
pH L, (m®s/kg) Ly (m/s) Ly, (m/s) R? (Ly/L/Lgp)
5.0 3.52x 1072 6.07 x 107® 5.70 x 1077 0.08/0.10/0.11
8.0 3.50 x 1072 6.07 x 1078 3.8x1077 0.12/0.10/0.11
11.0 3.48 x 1072 6.00 x 10°® 0.73 x 1077 0.10/0.12/0.10
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Fig. 8. Zeta potentials of the FO membrane a function of
solution pH.

[18]. However, the value of L; 5 in FO mode is almost
identical to that in RO mode at pH 11.0 since the
boron is removed by size exclusion and charge repul-
sion at high pH condition.

In the FO operation mode, permeate salt concentra-
tion was calculated by dividing the salt flux by the
water flux (J;/],). The permeate salt concentration is
constant regardless of concentration factor since the
decrease ratio of salt flux and water flux was same in
accordance with increasing concentration factor.

4.5. Zeta potential of FO membrane

Zeta potential of the FO membrane was measured
under different pH conditions using a streaming
potential analyzer (SurPASS, AntonPaar GmbH, Graz,
Austria). A background electrolyte solution of 10 mM
KCI was used, and solution pH was adjusted to be
within the range of pH 3.0-11.5 with proper addition
of 0.1 M of HCl or NaOH. Measurements were con-
ducted at a temperature of 24-25°C and zeta potential
was calculated from the measured streaming potential
using the Helmholtz-Smoluchowski equation with the
Fair brother and Mastin substitution [19]. Zeta poten-
tial of the FO membrane decreased rapidly with
increasing pH shown as Fig. 8. This means that the
boron rejection by the FO membrane using this study
has been improved through raised pH since the force
of repulsion between boron and membrane increased
with increasing pH.

5. Conclusions

In this study, theoretical and experimental analysis
of boron rejection by FO membranes was investigated.
The following conclusions were withdrawn:

(1) Experiments were conducted to investigate the
impacts of pH and operation mode on boron

Y.-J. Choi et al. | Desalination and Water Treatment 57 (2016) 24615-24625

rejection in RO and FO operation modes. In
both cases, the boron rejection increases with
increasing the pH of feed solution. However,
the higher boron rejection in FO compared to
RO was observed under acidic (pH 5) and neu-
tral conditions (pH 8), which is mainly attribu-
ted to reverse salt diffusion [8].

(2) At pH 11, the boron rejections in RO and FO
operation modes were similar, implying that
boron in the form of negatively charged borate
ion separated in FO mode is similar to those in
RO mode.

(3) Similar to RO, the overall boron rejection by
FO is dependent on the boric acid/borate ion
ratio. In other words, the FO membrane for
feedwater under acidic and neutral pH condi-
tions will lead to relatively high levels of boron
in the permeate water.

(4) The application of the solution—diffusion model
was found to be effective to understand the
transport properties of ions and boron species
through the FO membrane.
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