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Higher boron rejection with a new TFC forward osmosis membrane
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ABSTRACT

Due to the stringent limits for boron in drinking and irrigation water, water treatment
facilities have to incur additional treatment to remove boron down to a safe concentration.
Forward osmosis (FO) is a membrane technology that may reduce the energy required to
remove boron present in seawater. In direct FO desalination hybrid systems, fresh water is
recovered from seawater using a recoverable draw solution, FO membranes are expected to
show high boron rejection. This study focuses on determining the boron rejection capabili-
ties of a new generation thin-film composite (TFC) FO membrane compared to a first gener-
ation cellulose triacetate (CTA) FO membrane. The effects of water permeate flux,
membrane structure, draw solute charge, and reverse solute flux on boron rejection were
determined. For TFC and CTA FO membranes, experiments showed that when similar
operating conditions are applied (e.g. membrane type and draw solute type) boron rejection
decreases with increase in permeate flux. Reverse draw solute flux and membrane fouling
have no significant impact on boron rejection. Compared to the first generation CTA FO
membrane operated at the same conditions, the TFC FO membrane showed a 40% higher
boron rejection capability and a 20% higher water flux. This demonstrates the potential for
boron removal for new generation TFC FO membranes.
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1. Introduction

One of the biggest challenges in reverse osmosis
(RO) desalination is boron removal, which is usually
obtained with special high-boron-rejection RO mem-
branes (with the drawback of lower water permeabil-

*Corresponding author.

ity) or a pretreatment step to increase pH; both
involve additional cost to achieve drinking water qual-
ity standards [1]. Another solution for boron removal
is using a double-pass RO system, which is more sus-
ceptible to severe scaling problems [2]. The World
Health Organization lowered its boron guideline value
for drinking water down to 2.4 ppm [3]; however,
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most governments and environmental agencies have
not applied this new value to regulations.

Boron exists as non-ionic boric acid form at the
natural pH level of seawater, which is about 7-8.5 due
to its high pKa (9.2). Rejection mechanisms are mostly
based on size exclusion at these pH values. At a pH
higher than 9.2, concentrations of borate and other
ionic forms of boron become dominant compared to
non-ionic forms, which are easier to remove by RO
membranes due to the electrostatic repulsion mecha-
nism. The reason of the low rejection of boric acid
(non-ionic) in membrane systems is because of its abil-
ity to diffuse through the membranes in a non-ionic
form in the way similar to carboxylic acids or water
[4,5].

Forward osmosis (FO) has the potential to reduce
the energy consumption of producing fresh water
from seawater, when compared to conventional high-
pressure membrane processes such as RO. FO can find
a niche application as a lower energy process to
achieve a high quality water [6,7], particularly if it is
used in a hybrid direct desalination process. A FO
direct desalination process uses saline water as the
feed solution (FS), and an osmotic reagent as the draw
solution (DS). The DS gets diluted with the water per-
meating through the membrane. This diluted solution
can be converted in high quality water by an addi-
tional treatment step involving low pressure RO,
enabling a robust lower cost desalination system com-
pared to traditional high pressure seawater RO sys-
tems.

The rejection of boric acid by cellulose triacetate
(CTA) FO membranes has been studied in the past
with debatable results [8], and demonstrated that the
rejection of boric acid was between 12 and 33%,
depending on the flux conditions. Other studies with
the same membrane [9-11] showed that boron rejec-
tion can be as high as 70%, depending on the DS used
in the process, the pH of the feed water and the flux
of water through the membrane. This highlights the
importance of reverse salt diffusion in FO as one of
the key mechanisms governing the boron flux. Inde-
pendently, the use of non-charged draw solutes has
been proposed to reduce the reverse salt diffusion
through the membrane [12], but has not yet been
shown to reduce the boron solute flux in a FO direct
desalination process.

In this study, a new generation of thin-film com-
posite (TFC) FO membranes was tested and compared
to a commercially available CTA FO membrane. The
study focused on determining the boron rejection of
the membranes, where a deionized (DI) water and
5mM H3BO; solution was used as FS. Two solutions
(0.32M NaCl and 1M glucose) with the same approxi-
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mate osmotic pressure were used as DS independently
to assess the interaction of charged solutes with the
membrane in terms of reverse draw solute flux, and
their role in the rejection of boron.

2. Materials and methods
2.1. FO membranes

Two FO membranes were used for this study: (i) a
CTA membrane with an embedded polyester mesh
and (ii) a TFC membrane with an identical embedded
polyester mesh on the support layer. Both membranes
were purchased from Hydration Technologies Innova-
tion (HTI, Scottsdale, AZ, USA).

Tests were made with both membrane orientations:
active layer (AL) facing the feed solution (AL-FS) and
active layer facing the draw solution (AL-DS). Tests
on pure water flux and DS rejection were completed
in the AL-FS orientation, which has been proven to be
the most effective in preventing fouling of the FO
membrane [13-16].

The zeta potential (ZP) of both FO membranes was
calculated with an Anton Paar Zeta Potential Analyzer
(Austria). For this analysis a solution of 10 mM KCI
was used as electrolyte. The ZP is measured in the pH
range in which the membrane can be used safely (4 to
8 for the CTA membrane and 2 to 10 for the TFC), so
the proper injection of acid (0.1 M HCI) or base (0.1 M
KOH) is added in the titration process to assess the ZP.

2.2. Experimental setup and procedure

The system consisted of a cross-flow FO cell accom-
modating a 2cm x10cm membrane coupon. Experi-
ments were performed at a flow rate of 200 mL min},
equivalent to a cross-flow velocity of 0.084ms™". One
liter of feed and DS were used for each condition. This
configuration has been used in previous FO studies
[17].

Two FSs were used: DI water and DI water spiked
with 0.002M H3BOs;. For the DS, two solutes were
used at a concentration that could generate the same
osmotic power, determined with osmolality measure-
ments: a 0.32 M NaCl solution (corresponding to 1.8%
NaCl solution), and a 1M glucose solution. Each
experiment recovered 100 mL from the FS to the DS.

Water temperature was kept constant with a
heating/chilling device at 20+ 1°C. The pH of the feed
water was maintained at 7.2. No dissociation of B is
expected due to the stability of boric acid at this pH [10].

Three fluxes were measured/calculated and
reported in the results and discussion section: (i)
water flux through the FO membrane (from FS to DS),
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(ii) boron flux through the FO membrane (from FS to
DS), and (iii) reverse solute flux (from DS to FS),
which refers to the DS molecules being transported
through the membrane in opposite direction of the
water flux.

An additional experiment was run with a pre-
fouled membrane to study the effect of fouling caused
by natural organic matter (NOM). A SEPA CF II filtra-
tion cell (Sterlitech, Kent, WA, USA) accommodating a
139 cm membrane sheet was used in dead-end mode
for 24 h at a pressure of 100 psi to foul the membrane
with a solution containing 20mgL™" of Xanthan gum
to simulate a fouling layer of biopolymer.

3. Results and discussion

An overview of the studies is given in Table 1.

3.1. Membrane characterization

Fig. 1 shows scanning electron microscopy (SEM)
images of both CTA and TFC membranes. The CTA
membrane has a smooth uniform layer on both sides,
and no pores can be identified on its surface. On the
other hand, the support layer of the TFC membrane
(Fig. 1(f)) shows a highly porous structure, one of the
reasons why the membrane presents a higher water
flux due to reduced concentration polarization effect
(as specified by the membrane supplier, and found as
well in this study). For the TFC membrane, the poly-
amide thin-film layer (Fig. 1(e)) serves as the separa-

CTA

TFC
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tion layer (AL). The polyester mesh filaments can be
seen in the cross section for both CTA and TFC mem-
branes (Fig. 1(a) and (d)).

The results for ZP presented in Fig. 2 were calcu-
lated using the Helmholtz-Smoluchowski equation
[18]. The CTA membrane has a slight negative charge
after pH 4.5, for both AL and SL. The TFC membrane
has a negative charge for the AL, and a significantly
stronger negative charge for the SL.

In summary, the new TFC membrane has higher
water permeability than the CTA membrane. The
stronger negative charge of the TFC membrane on
both SL and AL is expected to have an effect on the
reverse draw solute flux compared to the less nega-
tively charged CTA membrane. Such effect is dis-
cussed further in Section 3.3 in relation with boron
flux results.

3.2. Membrane performance
3.2.1. Water flux

Fig. 3 shows the water flux (permeate flux) pat-
terns for the two membranes after the extraction of a
fixed water volume (100mL) through the FO mem-
brane. Figure 3(a) represents the water flux obtained
with DI water as FS, whereas Fig. 3(b) shows the
results obtained with DI water spiked with 0.002M
H3BO;5 as FS. There is no significant difference in the
water flux when boron is added to the FS. Neverthe-
less, there is a clear difference between using NaCl
and glucose as DS, considering that both solutions

(c)

Fig. 1. SEM images showing the different structure of a CTA and a TFC FO membrane: (a) and (d) cross section (magnifi-
cation 1,000x) showing the polyester embedded mesh (fibers), (b) and (e) AL (magnification 5,000x), and (c) and (f) sup-

port layer (magnification 5,000%).
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Fig. 2. ZP measured with a 10 mM KCl electrolyte for the
CTA (same composition for AL and support layer (SL))
and TFC (polyamide AL and polysulfone SL) FO mem-
branes. The TFC FO membrane has a more negatively
charged surface on both sides, compared to the CTA mem-
brane.

have similar osmotic pressure. The lower water flux
obtained with glucose may be explained by a higher
viscosity of the DS, which is a phenomenon known to
occur with concentrated solutions of saccharides such
as glucose or sucrose [19]. When comparing the per-
formance of the two membranes, the new TFC mem-
brane has about 20% higher water flux than the CTA
membrane, regardless of the DS used under the exper-
imental conditions in this study.

3.2.2. Draw solute rejection

The rejection percentage of DS is summarized in
Table 1. The rejection for both, NaCl and glucose
molecules, is equally high for both CTA and TFC
membrane types. When results in Fig. 3 are compared
to rejection results (Table 2), the TFC FO membrane
shows to have a better performance (higher water flux
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at the same driving force) without compromising the
low solute flux characteristic of membranes designed
for osmotic processes.

Based on the results for water flux and draw solute
rejection, both TFC and CTA FO membranes are suit-
able for desalination in terms of solute rejection for
charged (NaCl) and neutral (glucose) osmotic agents,
even when boron is present in the feed water, which
had no impact on the water flux or reverse draw sol-
ute flux.

In conclusion, the new TFC FO membrane shows a
better performance than the first generation CTA FO
membrane for water permeability.

3.3. Boron flux

The boron flux in mgm™>h™' for the different
membranes and DSs used can be seen in Fig. 4(a) and
(c). The interaction with a charged and non-charged
molecule (NaCl and glucose, respectively) as DS does
not directly impact the boron flux. This might be
related to the neutral charge of boric acid at pH 7. On
the other hand, the membrane orientation does play a
role in boron flux, which increases when the AL-DS.

The effect of NOM membrane fouling on boron
removal was studied with pre-fouled CTA and TFC
membranes. The NOM fouling layer, composed of a
biopolymer, does not seem to play an important role
in promoting or decreasing boron transport through
the membrane, as suggested by Jin et al. in previous
studies [10].

Fig. 4(b) and (d) shows the reverse solute flux for
both membranes under different membrane orienta-
tions. When glucose is used as DS, the reverse draw
solute flux is significantly lower for both membranes
in both orientations due to the larger molecule size
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Fig. 3. Water flux patterns for different FO membranes. (a) Flux patterns for DI water as FS for both CTA and TFC mem-
brane using different DSs (NaCl and glucose); (b) flux patterns for DI water spiked with boron as FS for both CTA and
TFC membranes using different DSs. All experiments were performed in AL-FS orientation.
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Table 1

Scheme of experimental studies on CTA and TFC FO membranes
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6,000 -

Study Figure Table Results section
Membrane characterization
SEM observation 1 3.1
Zeta potential measurement 2 3.1
Membrane performance
Water flux 3 3.2.1
Draw solute rejection 2 322
Boron flux
Impact membrane orientation 4,5 3.3
Impact of draw solution 4,5 33
Impact fouled membrane 4,5 33
Table 2
Total rejection of solutes from DS to the feed by FO membranes
Rejection*(%)
Membrane type NaCl Glucose NaCl + B** Glucose + B**
CTA 99.2 99.9 99.2 99.9
TFC 99.1 99.8 99.1 99.9
*Experiments conducted in AL-FS orientation.
**Boron was added as 5 mM boric acid (H;BOj3) to the FS.
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Fig. 4. Boron flux (a and c) and reverse solute flux (b and d) in mgm >h™" for CTA and TFC FO membranes using NaCl
and glucose as DS for three conditions: AL-FS, AL-DS, and a fouled membrane in AL-FS orientation.

compared to NaCl, except for the TFC membrane

by the structure of the AL with its lower negative

charge compared to the support layer, and the highly
operated in AL-DS mode, which might be explained porous support which allows a higher number of sol-

ute molecules inside its structure.
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Fig. 5. Linear relation between boron flux and water per-
meate flux for CTA and TFC FO membrane. Independent
from the draw solute used (NaCl or glucose), boron flux is
directly proportional to the permeate flux. The TFC FO
membrane enabled a lower boron flux than the CTA FO
membrane.

A comparison between the membrane types, per-
meate water flux and boron flux is shown in Fig. 5. A
linear positive correlation can be observed between
the boron flux and the water flux (both boron and
water fluxes have the same direction: from FS to DS).
As the water flux increases, the boron flux increases,
for both TFC and CTA membranes.

In essence, this study shows that the new genera-
tion TFC FO membrane exhibits compared to the first
generation CTA membrane: (i) a 40% lower boron flux
and (ii) 20% higher water flux for both types of draw
solutes tested (NaCl and glucose). This demonstrates
the potential for boron removal for new generation
TFC FO membranes, even at high water fluxes com-
pared to CTA FO membranes.

4. Conclusions

Experiments on boron rejection by CTA and TFC
FO membranes have shown that:

e Membrane characteristics play a role in boron
flux. At low and high water flux, the new gener-
ation TFC FO membranes show a lower boron
flux than CTA FO membranes.

e Boron rejection is not affected by reverse draw
solute flux, nor the draw solute charge.

e Natural organic matter fouling layer on the
membrane has no significant impact on boron
flux.

This demonstrates that the new generation TFC FO
membrane is potentially suitable for direct desalina-
tion, particularly in terms of solute rejection and a
reduced boron flux.
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