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Abstract Forward osmosis (FO) has emerged as a
viable technology to alleviate the global water crisis. The
greatest challenge facing the application of FO technology is
the lack of an ideal draw solution with high water flux and
low reverse salt flux. Hence, the objective of this study was to
enhance FO by lowering reverse salt flux and maintaining
method involved small

high water flux; the adding

concentrations of AIl,(SO4)3 to a MgCl, draw solution.
Results showed that

0.5 M MgCl, mixed with 0.05 M of AI,(SO4); at pH 6.5
achieved a lower reverse salt flux (0.53 gM H) than that of
pure M gCl, (1.55gM H) using an FO cellulose triacetate non-
woven (CTA-NW ) membrane. Thiswas due possibly to the
flocculation of aluminum hydroxide in the mixed draw solu-
tion thatconstricted membrane pores, resulting inreduced salt
diffusion. M oreover, average w ater fluxes of 4.09 and 1.74 L/
m 2-h (LM H) were achieved over 180 min, respectively, when
brackish water (5 g/L) and sea water (35 g/L) were used as
feed solutions. Furthermore, three typesofmembranedistilla-

tion (M D) membraneswere selected for draw solution

recovery; of these, a polytetrafluoroethylene membrane with
a pore size of 0.45 pm proved to be the most effective in
achieving a high salt rejection (99.90% ) and high water flux
(5.41 LM H)inadiluted draw solution.
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Introduction

D esalination has become a pragm atic approach to augment
fresh water supplies in many coastal areas around the world
(Khawaji et al. 2008). Large-scale desalination processes
using therm al distillation (e.g., multi-stage flash and m ulti-
effect distillation) or reverse osmosis (RO) have been widely
applied to extract fresh water from brackish or seaw ater for
fresh water provision (Schiermeier 2008, Semiat 2008).

Thermal distillationdesalination processes involve the phase
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change of water from liquid to vapor and vice versa to obtain
desalted water; thus, they consume huge amounts of energy
(i.e., mostly in the form of heating) to produce a volume of
fresh water. In contrast, RO desalination exploits a high hy-
draulic pressure that pushes liquid water through a semiper-
meable membrane. The RO membrane is permeable to water
w hile retaining all particulates, virus, bacterium , and m ostly
dissolved salts (Elimelech and Phillip 2011). As aresult, RO
can produce fresh water directly from brackish or seaw ater
with a significantly reduced energy consum ption when com -
pared to the therm al distillation processes. Itis,however,note-
worthy that RO desalination requires high-pressure pumps
(i.e., hence, costly duplex stainless steel tubing), and ishighly
susceptible to membrane fouling, thusinvolving considerable
feed water pre-treatmentand process maintenance.

Forward osmosis (FO) embodies notable attributes that
render ita viable alternative to therm al distillation or RO for
desalination applications.In FO ,liquid w aterisextracted from
a saline solution feed using asemipermeable membrane and a
highly concentrated draw solution (Achilli et al. 2010;
N guyen et al. 2016; Nguyen et al. 2013). Unlike in RO, the
transport of fresh water through the membranein FO isdriven
by the osmotic pressure difference between the feed and draw
solutions. Consequently, FO desalination processes can be
operated at a moderate hydraulic pressure, which obviates
the need for high-pressure pumps and duplex stainless steel
tubing as required by RO. M ore importantly, given the ab-
sence of ahigh hydraulic pressure, FO candirectly filtersaline
feed solutions with less fouling propensity compared to RO .
M em branes used in FO processes are also highly selective and
therefore offer a high rejection of a wide range of contam i-
nants as achieved by RO .

Draw solution plays a vital roleinan FO desalinationpro-
cess (Achilli et al. 2010; Hau et al. 2014). During the FO
process, salts from the draw solution reversely permeate
through the mem brane to the feed solution coincidentally with
the transportof fresh waterfrom the feed to thedraw solution.
The reverse salt flux results in a reduction in the osmotic
pressure gradientacrossthe FO membrane, thusreducingpro-
cess water flux. The reverse diffusion of draw solutes to the
feed solution also entails the subsequent replenishment of the
draw solution to sustain the FO process water flux. Thus, an
ideal draw solution isexpected to offer high water flux with a
limited salt reverse diffusion.In addition, itis worth noting
that FO must be coupled with another process for the regen-
eration of the draw solution and simultaneous extraction of
fresh water. The draw solution regeneration process largely
determines the energy consumption of the FO desalination
process. Therefore, an ideal FO draw solution is also desired
to be effectively regenerated with low energy requirem ents.

In recent decades, intensive studies have been conducted
on FO draw solutions exploitation and their regeneration

methods (Table S1). Notable examples include the study

undertaken by M cCutcheon et al. (2006). Using 1.6 M
NH;HCO; as a draw solution, an FO process with a 29.25-
g/L NaClsolutionfeed could achievea high waterflux (Jy)of
10.08 L.m “.h (M cCutcheon et al. 2006). The diluted N H 3/
CO, draw solution could be effectively regenerated using a
low -tem perature distillation process and requiring relatively
low energy consum ption. However, a significant salt reverse
flux (i.e., J¢ = 18.20 gM H) was observed during the FO pro-

cess when using 067 M NH,;HCOj ;asadraw solution due to

+ —

the small sizes of mono valent ions (NH, ,HCO 3 ) (Achilli
etal.2010). The reason wasthatthe mono valent ions (NH 4+,
HCOgi) in draw solution was easy to reversely permeate
through the FO membrane. To overcome this issue, Tan and
Ng (2010) used divalent salts (M gSO 4 and CaCl;) as the FO
draw solutes and reported a significantly lower salt reverse
flux as com pared to the process using NH,;HCO ;. The diva-
lent salt draw solution was subsequently regenerated by a
nanofiltration (NF) process.However,the NF processdem on-
strated a limited saltrejection athigh M gSO 4 and CaCl, con-
centrations, thus inevitably leading to draw solution loss. H au
et al. (2014) employed ethylenediaminetetraacetic acid
(EDTA) as a draw solution in an FO nanofiltration (FO-NF)
hybrid system . The favorable solubility of EDTA in water
helped the FO process achieve a noticeably high water flux
(i.e., 12.60 L/mz-h (LM H) with a0.7-M EDTA draw solu-
tion). Nevertheless, The FO process with EDTA draw solution
experienced a high N a+ reverse flux,and the NF processcould
remain only 93% of EDTA during itsregeneration. Similar to
ED TA , polyelectrolytes of aseriesof polyacrylic acid sodium
salts (PAA-Na) were also explored given their high water
solubility (Geetal.2012). Recently,several new draw solutes,
including synthesized magnetic nanoparticles, hydrolyzed
poly (isobutylene-alt-maleic acid), hexavalent phosphazene,
and 2-methylimidazole-based organic compounds, have been
tested for FO (Bai et al. 2011; Ge et al. 2014; Kum ar et al.
2016; Ling et al. 2010; Lutchmiah et al. 2014; Stone et al.
2013a; Stone Stone et al. 2013b; Yen et al. 2010). Although
these draw solutes could be great potential in application,
synthesizing the solutes is costly and recovery of the draw
solutions is complex, consequently motivating the author to
carry out this work. In this study, a novel draw solution for
minimizing the reverse flux of ionsduring FO desalination to
decrease the cost forreplenishing lostdraw solute.
Thisstudy aimstoelucidate the feasibility ofabrackishand
seaw ater FO desalination process using a noveldraw solution
coupled with a membrane distillation (M D) process for its
regeneration. The proposed novel draw solution was prepared
by adding low Al,(SO4)zconcentrationinto M gCl, solution.
It was hypothesized that flocculated aluminum atoptimal pH
values in the draw solution could absorb ions and form an
additional layer onthe FO mem brane surface, thus alleviating
the reverse flux of the draw solutes to the seawater feed.

Therefore,the influencesof the draw solution pH and



concentration on the FO process performance were first sys-
tem atically evaluated using deionized (D) water as the feed
solution. Then, the FO desalination process with brackish wa-
ter and seaw ater feeds using the novel draw solution was
dem onstrated. Finally, the regeneration of the proposed FO
draw solution using an M D process was scrutinized. As a
thermally driven mem brane separation process, M D was en-
visaged to offer viable, low -costdraw solution regeneration to

the FO process.

M aterials and methods

The draw and feed solutions

The draw solution was prepared by dissolving mixtures
of laboratory-grade M gCIl,:A1,(SO4); (Merck Co., Ltd.,
Germany) at molar ratios of 2:1, 6:1, 10:1, 14:1, and
20:1 in DI water at room temperature. The pH of the
draw solution was then adjusted to 2.9 to 3.5, 5.0, 6.5,
and 7.0 using NaOH. The prepared draw solutions were
continually stirred for 24 h prior to all FO experiments.

DI water and synthetic brackish water and seaw ater were
used as feed solutions. DI water was used in the experiments
to determine the optimal pH and concentration of the FO draw
solutions. Synthetic brackish water and seaw ater were
employed in the desalination dem onstration of the FO process.
The specifications of these feed solutions were provided in

Table 1.

FO and MD membranes

Cellulose triacetate (CTA) nonwoven membrane
(15 x 22 cm ) obtained from Hydration Technology
Innovations (HTIs OsMem ™ CTA membrane 121204,
Albany, OR, USA) was utilized for the FO setup. The
FO membrane had an active layer on the top of a sup-
port layer and had a total thickness of 50 pm. The FO
membrane was relatively hydrophobic (Jin et al. 2012;
Xie et al. 2012a) with the determined contact angle of
60°-80°. In addition, at pH > 4.5, it was negatively
charged (Xie et al. 2012b).

Three types of polytetrafluoroethylene (PTFE) membranes
from Ray-E Creative Co., Ltd. (Taiwan) were employed for the
M D setup. Their pore sizes and contact angles are given in

Table 2.

Table 2 Pore size and contactangle of PTFE membranes used for

mem branedistillation

Membrane

Pore size (pm)

Contactangle (°)

PTFE #1

PTFE #2

PTFE #3

126 £5

114 + 4

126 £ 2
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system
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membrane cells,
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The FO membrane cell (FO Sterlitech)

m etric channels

9.2, and 0.2 cm
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respectively, generating

2
of 41.40 cm for
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reservoir (Fig. 1).
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mass transfer.

Similarly, the M D membrane cell (Ray-E Creative Co.,

Ltd., Taiwan) was
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M D mass transfer
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Table 1 Properties of
. ) Feed solutions
synthetic brackish water

Totaldissolved solid, ppm Viscosity, cp

Osmoticpressure,

and seaw ater as feed

barBrackish water (5 g/L NaCl) 5000

solutions
Seaw ater (35 g/L NacCl)

35,000

0.96

1.14

27.78
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Fig.1 A schematic diagram ofthe lab-scale FO-MD hybrid system

the distillate tank was regularly weighted for M D water

flux measurement.

Analytical methods

FO water flux (Jy) was calculated as follow s:

J av 1
"= AAr W
where Jy, wasin lez-h (LM H), AV was the feed volum e
changeoveratimeinterval At (hours),and A wastheeffective
FO membrane area (m 2).The reverse solute flux Js, (in g/m .
h) of draw solution, was determined by the conversion of its
electrical conductivity measured by a conductivity meter
when MgCl, and AIl,(PO 4)3 salt dissociated in its aqueous

solution as follow s:

o VgC;_VOCO (2)
N At '

At

I

Fig.2 A photo of the FO
setup fordesalination of

seaw ater

Concentrated draw solution

Clean water
for reuse

Digital weighing Scale

where Cyand Vi were the concentration and volume of the
feed solution, respectively, measured attime t, and Co and V
were theinitialconcentration and volume ofthe feed solution.

The specific reverse salt flux (Js/Jy ing/L),which was the
ratio of salt flux Js and water flux J,, was used to determ ine
the amount of draw solute loss per aunitvolume of produced
w ater during an FO process.

The performance of the M D process forregenerationofthe
draw solution was evaluated using the process water flux and
salt rejection. M D water flux wasdetermined similarly to FO

w ater flux, while M D saltrejection (R) was calculated using
Eq. (3):

C \

R 14 1— Ecdislillale a3pb

100%6;
EC feed

where EC jigijae 3Nd ECifeeqg were the conductivity of the
M D distillate and feed, respectively.

Viscosity and conductivity of the feed and draw so-

lutions were determined using a Vibro Viscometer (AD




Fig.3 A photo of the M D

setup for w ater recovery

Company, Japan) and conductivity meter (SenslON156,
Hach, China). The contact angles of the M D membranes
were measured using the sessile drop method (i.e., drop-
let volume of 10 * 1 pL) on a CAM 100 (Opto-
M echatronics P Ltd., India). AIll measurements were
conducted at room temperature (25 °C). The concentra-
tions of Mgz+, CI_, AI3+, and 5043_ were analyzed
using ion chromatography (Dionex ICS-90) and an

ultraviolet-visible spectrophotometer (HACH Model

MD module
W

discussion

Results and

Effect of pH on water flux and reverse salt flux

Thevalues of water flux, reverse saltflux, specific reversesalt

flux,and osmolality corresponding to differentpH values of

draw solution are shown water was

+0.05 M

in Figs. 4 and 5. DI
employed as a feed solution, 0.5 M M gCl,

Al1,(SO4); was used as draw solution for the initial experi-

DR-4000, Japan). The osmolality of the solutions was ment. The initial pH of the given draw solution was found to
measured using an osmometer (model 3320, Advanced be 2.87.
Instruments, Inc., USA), based on the freezing-point de- The waterfluxincreased from 4.01to 4.79 LM H inthe FO
pression method (Gadelha et al. 2014). The draw solu- mode (withthe active layer facing the feed solution)and from
tion’s particle size was measured using a nanoparticle 7.30 to 8.92 LM H in the pressure retarded osmosis (PRO)
analyzer (SZ-100, Horiba, Japan). mode (with the active layer facing the draw solution) as the
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pH is increased from 2.87 to 6.50. This can be explained as increase in the solution’s viscosity and thus to a de-
follows:theaddition of NaOH increased the osmolalityof the crease in the water flux. Therefore, the optimum pH
draw solution. Also, the reverse salt flux decreased from 1.62 condition for 0.5 M MgCl, + 0.05 M AI,(SO,4)3 in both
to 0.52 gM H in the FO mode and from 3.01 to 0.92 gM H in the FO and PRO modes was found to be 6.5. The os-
the PRO mode as the pH increased from 2.87 to 6.50. molality of the draw solution corresponding to the opti-
This was due to a large amount of flocculation of mum pH was 2200 mOsm/kg.
aluminum hydroxide in the mixed draw solution at pH At a pH of 6.5, the water flux and reverse salt flux
6.50 (particle sizes of draw solution was large shown in of 0.5 M MgCl, + 0.05 M Al;(SO4); were 8.92 LMH
Figure S1) that formed as a second layer on the FO and 0.94 gM H, respectively, in PRO mode. W hen only
membrane and constricted membrane pores, resulting 0.5 M MgCl, was used, the water flux and reverse salt
in reduced salt diffusion (Figure S2). As the pH in- flux were 8.27 LMH and 2.76 gMH, respectively, in

creased from 6.50 to 7.00, the water

flux started to

PRO mode. Therefore, when 0.05 M A 1,(SO,)3 is added

decrease in both FO and PRO modes, as shown in to the draw solution, the reverse salt flux decreases to a
Fig. 4. The decrease was due to excess formation of great extent due to the formation of flocculation, as
flocculation in the draw solution, which led to an discussed earlier.
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Figures 6 and 7 illustrate the reverse salt flux, water flux,

viscosity, and osmolality for five draw solutions with various
M gCl, concentrations (from 0.1 to 1 M ) coupled with a fixed
Al,(SO4)3concentration of 0.05 M . As shown in Fig.6, the
water flux increased from 3.15 to 15.09 LM H in the PRO
mode and from 1.71 to 8.18 LM H in the FO mode as the
concentration of M gCl, increased from 0.1 to 1 M. This can
be explained by the sharp increase in the sample’sosmolality.
Also, the reverse salt flux increased from 0.52 to 2.65 gM H in
the PRO mode and 0.299 to 1.61 gM H in the FO mode be-
cause of the increase in M g2+ ionsin the draw solution. Thus,
the higher concentration of M gCl, in the draw solution
achieved a higher water flux; however, the nonlinearity of
the variation of water flux with respect to the concentration
was due to the effects of viscosity and internal concentration
polarization (Fig.7).

Figure 6 shows that 1 M M gCl, coupled with 0.05 M
A1,(SO4)3 as draw solution achieved the lowest specific reverse
salt flux (Js/Jy = 0.096 g/L in PRO and Js/J, = 0.151 g/L in FO).
This clearly demonstrated that a molar ratio of M gCl,/

A1,(SO4)3 = 20 was the optim al condition for the draw solution.

Forward osmosis desalination

process

To compare the efficiency levels of the desalination

process with various feed solutions, three different feed
solutions were used: DI water, brackish water (total dis-

solved solid (TDS) = 5000 ppm), and sea water

(TDS = 35,000 ppm); 1 M MgCl, + 0.05 M

Al1,(SO4); was used as a draw solution for desalination.

Figures S2 and S3 show the water flux decreased

quickly in both FO and PRO modes when the osmotic

pressure gradient between the draw and feed solutions

decreased. During the first 30 min of the FO process,

the DI water used as a feed solution achieved the

2
highest water flux (Jy, = 15.12 L/m h in PRO mode

2
and J, = 8.09 L/m h in FO mode), followed by brack-

2
ish water with a TDS of 5000 ppm (J, = 9.40 L/m h

2
in PRO mode and J, = 5.03 L/m h in FO mode), and
2
sea water with TDS of 35,000 ppm (Jy = 3.95 L/m h

2
in PRO mode and J, = 2.11 L/m h in FO mode).

W hen the desalination process was continued for addi-

tional time, the water flux was slightly decreased be-

cause of increases in the osmotic pressure of the feed
solution (Table S2), which indicated that membrane

fouling was neglected.

Table 3 Theeffectof PTFE

membraneporesizes in M D M D membrane Conductivity in permeate (uS/cm) Rejection (%) M D waterfluwa,L/mzh
system onremovalefficiencies
and water flux fordiluted draw PTFE #1 69.2+ 15 99.93 4.95 +0.11
solutionrecovery PTFE #2 93.8+ 1.9 99.90 541 +0.11

PTFE #3 893.0+ 2.4 99.06 5.70 £ 0.12




Recovery of diluted draw solution by

membrane distillation

A membrane distillation process was tested to recover the
diluted draw solution for reuse in the FO process. The three
PTFE membranes with different pore sizes were used to de-
termine the most suitable membrane. The water flux through
these mem branesisshown in Table 3. Theresults indicatethat
the highest water flux,5.70 LM H,was achieved by the PTFE
#3 of 1-pm pore size. The water fluxes through the PTFE #2
(pore size of 0.45 ym) and PTFE #1 (0 pore size of 0.1 pm)
membranes were 5.41 and 495 LM H, respectively. The water
flux increased with increases in pore size as the pore radius
influenced the vapor transport; thus, a high pore radius tends
to result in a high water flux. This confirmed the study con-
ducted by Adnan et al. (2012), which discussed the influence
of pore size on M D flux. The rejection percentage was found
to be close to 100% in the PTFE #1,PTFE #2 (99.90% ), and
PTFE #3 (99.06% ) mem branes. The reported resultisconsis-
tent with previous studies by Duong et al. (2015), em phasiz-
ing the significant rejection of M D membrane due to partial
vapor pressure differences across the membrane. As seen in
Table 3, the difference in the water flux between the PTFE#3
and PTFE#2 membranes was not appreciable; however, the
PTFE#2 membrane retained a considerably higher amount of
ions. Hence, the PTFE #2 membrane was found to be most
suitable forrecovery of draw solution through mem brane dis-
tillation with the conductivity rejection of approxim ately
100% and the concentration of conductivity in the permeate
flux was as low as 93.8 pyS/cm, respectively, which was suit-
able forwaterreuse and drinking w ater.

Diluted draw solution as initial feed with

TDS = 61,483 mg/L, EC = 95,300 pS/cm, and pH = 6.5.
Errorswere based on the standard deviationsofthreereplicate

testsof the threeindependent M D membranes.

Conclusions

A successful application of 1 M M gCl, coupled with 0.05 M
Al1,(SO4); as a draw solution in a forward osmosis desalina-
tion process was dem onstrated. The high solubility of the salt
and flocculation created by Al,(SO4)s not only provided a
high osmotic pressure for high water flux but also led to a
reduced reverse salt flux as com pared with numerous other
inorganic salts. The chosen draw solution was able to desali-
nate brackish and sea water at water flux values of 4.09 and
1.74 LM H ,respectively, using a CTA nonwoven (NW ) mem -
brane in FO mode. Furthermore, the PTFE #2 membrane
(pore size of 0.45 pm ) wasselected asthe mostsuitable mem -
brane for recovering the diluted draw solutions with a solute
rejection of approximately 100% and a M D water flux of

541 LMH.
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