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The development of suitable draw solutes for forward osmosis (FO) process is a big obstacle on the way of its real
industrialization. In this work, a novel draw solute, ethylenediamine tetrapropionic (EDTP) acid (salt) is developed for
FO application. The successful synthesis is confirmed by Fourier transform infrared spectroscopy, nuclear magnetic res-
onance spectroscopy, and high resolution mass spectrum. By optimizing the pH of EDTP solution, its composition is
varied, and therefore, its water solubility and osmotic pressure are effectively improved. The effects of EDTP concentra-
tion on the osmotic pressure and FO performance are also investigated. Its outstanding osmotic pressure and big molec-
ular size result in a high water flux of 22.69 LMH and a low salt flux of 0.32 gMH with 0.8 M EDTP draw solution
(water as the feed solution, pressure retarded osmosis mode). The good stability and easy recovery by nanofiltration of
EDTP solution also demonstrate its great potential as the draw solute for future FO applications. VC 2015 American

Institute of Chemical Engineers AIChE J, 61: 1309–1321, 2015
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Introduction

In the past few decades, various technologies have been
developed for seawater desalination and wastewater reuse to
alleviate the severe water shortage problem. Especially, the
membrane-oriented separation technologies, including
reverse osmosis (RO), nanofiltration (NF), membrane distil-
lation (MD), and so forth.1–6 are popular for providing a
steady supply of clean water without impairing or straining
natural fresh water ecosystems.7 However, all above technol-
ogies are still inherently energy-intensive. It is, therefore,
imperative to develop some more robust and energy efficient
desalination technologies for water reuse. Forward osmosis
(FO) has emerged as an attractive membrane technology
recently for water recovery and treatment, owing to its high
recovery, low fouling tendency, high energy efficiency, and
so forth.8–10 It is expected to become a potential alternative
technology to alleviate the stress of freshwater scarcity in
the future.

Despite of the superior advantages of FO technology, its
development is still hindered by the selection of suitable FO
membranes and the limited choice of available draw sol-
utes.11 Numerous previous researches have focused on the
fabrication of high-performance FO membranes (e.g., thin
film composite membrane, layer by layer membrane) to

reduce the effects of internal concentration polarization
(ICP), reverse salt diffusion, antifouling, and so forth.12–19

While the lack of suitable draw solution with high osmotic
pressure and easy recovery ability is still the big obstacle on
the way of FO industrialization. In recent years, more atten-
tion has gradually been paid on the exploration of novel
draw solutes.20

Table 1 lists some common draw solutes used in FO pro-
cess. In the early studies, conventional inorganic salts or
organic molecules including NaCl, MgCl2, and sugar are
extensively investigated with resultant reasonably high water
fluxes in FO process. However, their high reverse salt flux is
always the major obstacle for their further development.
Later, some natural products (e.g., glucose21 and amino
acid22) were used as the draw solutes in FO process. Recent
progresses on synthetic draw solutes, such as thermolytic
salts,23–26 hydracids complexes,27 “dendrimer-like” com-
pounds,28,29 polyelectrolytes,30 “smart-type” magnetic nano-
particles,31 and stimuli–responsive hydrogels32 were also
explored as novel draw solutes in FO process for their high
osmotic pressure, high water flux, and reasonable draw sol-
ute rejection. However, the severe reverse salt flux of ther-
molytic salts, possible biodegradation of organic compounds
and agglomeration of magnetic nanoparticles limit their
applications as draw solutes, since a low water flux could be
resulted with the diminished osmotic pressure.31,33,34 Investi-
gation of some novel synthetic compounds as draw solutes
have always been the research focus of FO scientists in
recent years, especially the carboxyl-containing organic draw
solutes.30,35,36 Because their high osmotic pressure and
expanded molecular structure, a high water flux and a
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relative low salt flux can be expected. Recently, Hau et al.28

and Zhao et al.36 successfully used carboxyl-containing ethyl-
enediamine tetraacetic acid (EDTA) and some dendrimers as
draw solutes in FO application, respectively. The result shows
a superior FO performance as compared with most previously
reported draw solutes. It may, therefore, provide a new thought
to design the next-generation draw solutes for FO process.

In this study, a novel tetracarboxyl compound—ethylene-
diamine tetrapropionic (EDTP) acid/salt is synthesized and
explored as the draw solute for FO application. Since EDTP
compound has a unique chemical structure, which makes it
to be modified easily by iterative method for the synthesis of
dendrimers or other macromolecules, the synthesis of EDTP
could, therefore, be the research basis of the future study of
mini or mid-scale dendrimers as FO draw solutes. EDTP
acid (Figure 1) was synthesized by a simple three-step proce-
dure as displayed in Scheme 1. Chemical structures of syn-
thesized compounds are fully characterized by Fourier
transform infrared spectroscopy (FTIR), nuclear magnetic
resonance spectroscopy (NMR), and high resolution mass
spectrum (HRMS). The pH of the EDTP sodium solution is
optimized to investigate the effect of the solution composi-
tion on the resultant osmotic pressure and FO performance.
The effect of the draw solute concentration and its stability
have also been evaluated. The recovery of diluted draw solu-
tion after FO tests is carried out through a pressure-driven

NF membrane process. It is envisioned that this study may
provide further insight into the future research direction for
the development of “ideal” organic draw solutes.

Experimental

Materials and chemicals

Reagents used in this work, methyl acrylate (MA, �98%),
ethylenediamine (EDA, >99%), methanol (CH3OH,
>99.5%), sodium hydroxide (NaOH, 99%), sodium chloride

Table 1. Benchmarking with Previously Reported Draw Solutes for FO Applications

Draw solute

Osmotic
pressure

(bar) Feed Membrane

Water
flux

(LMH)
Reverse salt
flux (gMH)

Regeneration
method Ref.

EDTP sodium
0.8 M

118.14 DI water, 25�C,
pH 8 0.3 mL min21

HTI-CTA flat
sheet membrane

22.69 PRO 0.32 NF This work

EDTP sodium
0.6 M

77.14 DI water, 25�C,
pH 8 0.3 mL min21

HTI-CTA flat
sheet membrane

18.6 PRO 0.26 NF

Glycine, 1.24 M 24.2 DI water, 2162�C,
6.25 L min21

HTI-CTA flat
sheet membrane

�5 PRO 2.13 – 22

EDTA sodium,
0.8 M

85.77 a DI water, 23�C,
pH 8 384 cm min21

HTI-CTA flat
sheet membrane

�12.9 PRO �0.32 – 28

Sodium lignin
sulfonate,
600 g/1000 g
water

78.23 DI water, 23�C HTI-CTA flat
sheet membrane

8 FO 15 PRO 26 No need 40

Hydroacid com-
plexes Fe-CA,
1.0 M

– DI water HTI-CTA flat
sheet membrane

11 FO 21 PRO 0.1–0.2 NF 27

Hexavalent phos-
phazene salts,
0.5 M

52 DI water,30�C HTI-CTA flat
sheet membrane

�7 FO – Not studied 29

Sodium propio-
nate, 1.06 M

42 DI water, 25�C,
1.5 L min21

HTI-CTA flat
sheet membrane

10.69 FO 2.29 RO 35

Polyelectrolyte
PAA-Na 1800

55 DI water, 25�C HTI-CTA flat
sheet membrane

19 PRO – Ultrafiltration 30

Sucrose, 1 M 26.7 DI water CA hollow fiber 12.9 FO – – 21
MgCl2, 2 M 93.7 DI water CA hollow fiber 17.1 PRO – – 21
NaCl, 0.87 M 42 DI water, 25�C,

1.5 L min21
HTI-CTA flat

sheet membrane
12.17 FO – – 21

NH4HCO3, 1.1 M 42 DI water HTI-CTA flat
sheet membrane

10.26 FO – – 23,24

2-Methylimidazole
based solutes,
1 M

70 DI water HTI-CTA flat
sheet membrane

13 PRO – Membrane
Distillation

46

Surface-functional-
ized Magnetic
nanoparticles,
0.05 M

37.76 DI water, 22�C HTI-CTA flat
sheet membrane

7.5 FO 12 PRO – Magnetic
field

31,33

aThe osmotic pressure of EDTA sodium solution was tested at pH 8 by ourselves.

Figure 1. Structure of ethylenediaminetetrapropionic
acid (EDTP acid).
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(NaCl, 99.5%), EDTA (99%), and concentrated hydrochloric
acid (HCl, 37%) were all supplied from Sino-pharm Chemi-
cal Reagent Co. Before use, MA was treated by a chroma-
tography column filled with aluminum oxide to remove
polymerization inhibitor, while EDA was fully dried with
activated molecular sieves. Others were used as received.
Pouch-type flat-sheet FO membrane with cellulose triacetate
(CTA) casted on woven substrate was provided by Hydration
Technologies Inc. (HTI).37 The deionized water used in FO
test was generated in lab by a Wuhan Pin Guan Ultrapure
LAB system with a resistivity of 18.25 MX cm.

Synthesis and characterization of EDTP acid

EDTP acid was synthesized by a three-step reaction as
shown in Scheme 1. First, methyl ethylenediamine tetrapro-
pionate (EDTP ester) was generated by Michael addition
reaction according to the literature.38,39 In a typical experi-
ment, 0.1 mol EDA and 40 mL of dry methanol were placed
in a 250 mL three-neck round-bottom flask. The mixture was
cooled to 0�C and degassed for about 30 min. Then, a solu-
tion of 0.8 mol MA in 60 mL methanol was added slowly
through a constant pressure dropping funnel under nitrogen
protection. The resulted solution was kept in dark and stirred
at room temperature for 7 days. The reaction mixture was
then concentrated under reduced pressure with rotary evapo-
rator to remove methanol and redundant MA. The crude
product was further dried in a vacuum oven at 60�C for 5 h
to yield a colorless oil product—EDTP ester. The yield is
about 97%.

In the second step, sodium ethylenediamine tetrapropio-
nate (EDTP-4Na) was obtained by hydrolysis of the ester
product, with sodium hydroxide as the base and methanol as
the solvent.38 First, NaOH (0.5 mol) was dissolved in
150 mL methanol and cooled to 0�C. Then, EDTP ester
(0.1 mol) was diluted by being added into 50 mL dry metha-
nol and the obtained mixture was slowly added to above
NaOH solution below 5�C for 1 h. The reaction solution was
refluxed and stirred under mechanical agitation for 5 h. The
crude reaction mixture was then filtered with a Buchner fun-
nel, and the filtrated cake was washed with dry methanol
(30 mL each for twice), followed by further dry in a vacuum

oven at 60�C for 5 h to yield the white solid product—
EDTP-4Na. The yield is about 91%.

To enhance the product purity, EDTP-4Na was further
converted to EDTP acid in the last step. 0.1 mol EDTP-4Na
was dissolved in 60 mL deionized water, and the solution
was stirred and cooled to 0�C. A 6 M HCl solution was
added to adjust the pH of EDTP-4Na solution to around 2.
Then, a white precipitate was formed in this process. The
mixture was stirred for another 30 min. The solvent was
removed by filtration, and the crude solid was washed with
deionized water for three times to yield a white solid prod-
uct—EDTP acid. The yield is about 92%.

The as-synthesized structures are examined by NMR and
HRMS spectra. 1H and 13C NMR spectra are recorded on
Bruker AVANCE III 400 MHz Instrument. CDCl3 with tet-
ramethylsilane as an internal standard and D2O were used as
deuterated reagent for the NMR test. HRMS spectra are
measured on a Bruck micrOTOF-Q instrument. FTIR
spectra were recorded with a Brucker VERTEX-70
spectrophotometer with the range of 4000–400 cm21 wave-
numbers. The melting points of synthesized chemicals were
detected by the Melting Point Instrument (X-4, YUHUA
instrument).

Preparation of EDTP sodium salts draw solution

To have a suitable draw solute with a good solubility and
osmotic pressure, the composition of the EDTP acid/salt
solution is optimized via pH adjustment. With the addition
of 1 M NaOH (2.75–3.05 mL) into 0.2 M EDTP acid solu-
tion (a turbid solution), the resulted EDTP sodium solutions
will exhibit various pH values (6–8). The pH value of their
aqueous solutions were measured by a pH meter (Sartorius
AG, UB-7) and listed in Table 2. The water solubility of the
EDTP solute was also measured at 25�C. All EDTP sodium
solution was further purified by the dialysis bag with molec-
ular weight cut off (MWCO) of 100 Da before use.

Measurement of osmotic pressure and relative viscosity

In this work, the freezing point depression method was
used to determine the osmotic pressure of EDTP sodium sol-
utions.40 Freezing point depression is a general colligative
property of the dilute solution, where its freezing point

Scheme 1. Synthetic route of EDTP acid.
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decreases when another compound is added. The freezing
point depression was measured using a lab-scale set-up (Fig-
ure 2), which is assembled by a freezer (down to 220�C), a
platinum resistance thermometer (Cole-Parmar 90080-12,
with an accuracy of 60.05�C) to record the temperature pro-
file, and a computer to export data. From the temperature
curve, we can obtain the freezing points of pure water (T0)
and the solution (Tt). The freezing point depression value
(DT 5 T0 2 Tt) in NaCl, EDTA, and EDTP solutions of vari-
ous concentrations (0.1–0.8 M) were recorded and the corre-
sponding osmotic pressures (p) were calculated according to
Eq. 1

p5
DT

1:86
322:66ðbarÞ (1)

A linear relationship between DT and the solution concen-
tration C was obtained (DT 5 3.53748C 2 0.05117,
R2 5 0.9982). This phenomenon is consistent with previous
reported literature data.40

The relative viscosity of draw solutions (against DI water)
was determined by an Ubbelohde viscometer. The operating
temperature of 25�C was maintained by a temperature-
controlled water bath in the lab according to the previous
work.30

FO performance experiments

FO test was carried out through a bench-scale FO–NF
coupled system as depicted in Figure 3. Before experiment,
the HTI membrane was stabilized by being soaked in DI
water for 30 min to remove glycerin on membrane surface.
The membrane with an effective membrane area of 18.9 cm2

was placed in a membrane cell with the rectangular channel
size of 9 3 2.1 3 0.23 (length 3 width 3 depth) cm on
each side of the membrane. Both the feed and draw solution
side flow cocurrently through respective cell channels at the
same flow rate of 0.3 L min21 driven by two peristaltic
pumps (Changzhou Kejian, BT00–600 M). DI water as the
feed solution and the synthesized EDTP sodium solution as
the draw solution were maintained at a temperature of
25 6 0.5�C during all FO tests. A balance (AND, EK4100i)
was used to monitor the weight change of the draw solution
and a computer to export the data every 30 s. All FO tests
were performed for 30 min each time. The FO tests are oper-
ated in two different modes, that is, FO mode (rejection
layer contacting feed solution) and pressure retarded osmosis
(PRO) mode (rejection layer contacting draw solution). The
water flux Jw (L m22 h21, noted as LMH) was calculated
from the weight change of the draw solution according to
Eq. 2

Jw5
Dm

qADt
ðLMHÞ (2)

where Dm (g) is the weight change of the draw solution after
a predetermined time Dt (h), A is the active membrane area
(m2), and q is the water density.

The salt flux Js (g m22 h21, noted as gMH) was calcu-
lated from the concentration change of the feed solution
according to Eq. 3

JS5
CtVt2C0V0

ADt
gMHð Þ (3)

where C0 and Ct (mg L21) are the initial feed concentration
and that after a predetermined operation time Dt (h), which
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are measured by a calibrated conductivity meter (Mettler tol-
edo, FE30) at total dissolved solids (TDS) mode directly. V0

and Vt (L) are the initial feed volume and volume after a
predetermined time Dt.

With time passing by, the draw solution will be diluted. It
is therefore necessary to supplement a fresh EDTP salt into
the draw solution to maintain the constant concentration.
The supplemented amount of EDTP salt is calculated accord-
ing to the following Eq. 4

msupp5
Dm

qwater

3Cdraw (4)

where Dm is the mass increment of draw solution during
testing time, qwater is the water density (�1000 g L21), and
Cdraw (g L21) is the initial concentration of the draw
solution.

Recovery of EDTP sodium dilute solution

A pressure-driven NF setup (SuZhou Faith & Hope Mem-
brane) was used to regenerate the diluted EDTP sodium
draw solute after FO test. The feed solution used is 0.01 M
EDTP solution diluted from 0.2 M draw solution (pH 8), and
the upstream pressure is 1 bar. Polybenzimidazole NF mem-
branes with MWCO of 400 Da (SuZhou Faith & Hope
Membrane) were used. A pure water flux of 0.73 LMH
bar21 can be obtained with this membrane under an
upstream pressure of 1 bar. The salt rejection of the NF sys-
tem that indicates the capability of membrane isolation
against to the draw solute was calculated by Eq. 5

R5 12
Cp

Cf

� �
3100% (5)

where Cp (mg L21) and Cf (mg L21) are the solute concen-
tration in the permeate and the feed solution, respectively,
and detected via a calibrated conductivity meter (Mettler tol-
edo, FE30) at TDS mode directly.

Results and Discussion

Synthesis and characterization of EDTP acid

As mentioned in the experimental part, EDTP acid was
synthesized via a three-step reaction route (Scheme 1). The
water solubility test shows that the as-synthesized EDTP
acid has a very low water solubility (<1 g), significantly
lower than that of EDTP-4Na (>100 g). The maximum
amount of EDTP acid in the solution can be obtained by
adjusting the solution pH to 2 as determined by the dissocia-
tion constant (pKa 5 3.00) of EDTP acid.41

To confirm the successful synthesis of EDTP ester, salt
(EDTP-4Na), and acid, chemical structures of the obtained
compounds are examined by NMR, HRMS, and IR. The 1H
NMR and 13C NMR spectra in Figures 4 and 5 both show a
structural evolution of EDTP compound, respectively. In the
1H NMR spectra, the peak of methylene groups (ACH2A)
splits into two triplets, which could be ascribed to the two
methylene groups on ANCH2CH2COA structure with different
chemical environment. The one nearer to the N-terminal

Figure 3. Schematic diagram of the lab-scale FO2NF system.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. The bench-scale system of freezing point
determination.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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(ANCH2CH2COA) has a higher shift value than that close to
the carbonyl group (C@O), because the stronger electron-
withdrawing effect of nitrogen (N) could reduce the electron
shielding effect. This result indicates the existence of the ester
bond in the as-synthesized EDTP ester. In addition, the peak
characteristic of methoxy groups (at 3.67 ppm) exists in spec-
trum of EDTP ester (Figure 4a) but disappears in the spectrum
of EDTP-4Na (Figure 4b), indicating that ester bonds of EDTP
ester have been hydrolyzed completely and converted to

EDTP-4Na successfully, under a strong alkaline condition.38

Results of 13C NMR in Figure 5 also confirm the successful
hydrolysis since the characteristic peak of the methoxy group
(OCH3) located at 49.76 ppm in spectra of EDTP ester (Figure
5a) cannot be observed in that of EDTP-4Na (Figure 5b).
Based on above results, it can be concluded that the ester
groups (ACOOCH3) in EDTP ester has been fully converted
into carboxylate groups in EDTP-4Na. The characteristic peaks
are summarized in the Supporting Information in details.

Figure 4. 1H NMR spectra of (a) EDTP ester (b) EDTP-4Na, and (c) EDTP acid.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. 13C NMR spectra of (a) EDTP ester, (b) EDTP-4Na, and (c) EDTP acid.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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However, since NMR cannot detect the hydrogen on car-
boxyl groups, the difference between EDTP-4Na and EDTP
acid cannot be observed well using above characterization
techniques. Further verification of the hydrolysis process is
established by HRMS. The HRMS spectra in Figure 6
reveals that molecular weights of the obtained EDTP ester
(M1H), EDTP-4Na (M1Na), and EDTP acid (M1H) are
405.2215, 459.0706, and 349.1614, which agree very well
with their theoretical molecular weights of 405.2237,
459.0708, and 349.1611, respectively.

In addition, FTIR spectra displayed in Figure 7 also exhib-
its the similar structural evolution of the EDTP compound
from ester to salt to acid. The characteristic peak located at
1738 cm21 can be attributed to the lattice absorption of car-
bonyl groups (C@O), while the peak around 1198 cm21 is
contributed by the stretching vibration of carboxyl groups
(ACOO2). Besides, the peaks at 1462 and 1412 cm21 of the
CAH vibration and at 724 cm21 of the CAH in-plane rocking
vibration further confirm the presence of methylene groups
(CH2). The characteristic absorption bands centered at �2953
and 2828 cm21 are caused by CAH stretching in CH2 and
CH3 groups. The above characteristic absorptions indicate that
EDTP ester was formed successfully. In addition, it is noted
that the peak (at 2828 cm21) of CH3 groups disappears in the
spectra of EDTP salt and acid, suggesting that the hydrolysis
reaction from EDTP ester to EDTP acid is complete. The
weak broad peak located at �3455 cm21 also indicates the
successful formation of the OAH bonds in EDTP acid.42

Optimization of the pH value of the EDTP sodium
solution

Despite that EDTP-4Na owns a good water solubility and
generates a high osmotic pressure in the aqueous solution,

which result in a superior water flux in FO process, the high

pH of pure EDTP-4Na draw solution has a severe impact on

the stability of the CTA membrane and may lead to a high

reverse salt flux (see in Supporting Information, Figure S1).

This phenomenon may be due to the hydrolysis reaction on

the selective layer of CTA membrane under an extortionate

pH condition (up to 12.33). On the other side, the pH of

0.2 M EDTP acid solution is around 2, which is beyond the

pH tolerance limit of the CTA membrane (3–8).43 EDTP

acid also has a poor solubility in water. Therefore, both

EDTP-4Na and EDTP acid were not suitable to be used as

the draw solution alone.
By adjusting the solution pH to a suitable value, the bal-

ance between a good water solubility of the draw solute, an
acceptable pH to the membrane, and therefore, a good FO
performance can be achieved. As well known, generally the
ion or hydrogen bond is the original root of the osmotic
pressure. If a compound is fully dissolved in water, it can
generate lots of ions or hydrogen bonds resulting in a high
osmotic pressure. According to Table 2, the pH values of
0.2 M solution of EDTP-4Na and EDTP acid are 12.33 and
1.99, respectively. More specifically, the as-prepared draw
solution is a multicomponent mixture, where the contents of
EDTP acid, EDTP-Na, EDTP-2Na, EDTP-3Na, and EDTP-
4Na experience a regular variation with pH increasing from
5.5 to 9, as displayed in Figure 8. To investigate the compo-
nents’ distribution in the mixture solution, the dissociation
constants (pKa)41 and pH of EDTP acid are introduced to
calculate the distribution coefficients of 0.2 M EDTP sodium
salts (details provided in the Supporting Information). It can
be seen that concentrations of EDTP-3Na and EDTP-4Na
salts in the total EDTP content increase from 14.48 and 0%
to 92.29 and 2.31%, respectively, when the solution pH

Figure 6. High resolution mass spectra of (a) EDTP ester, (b) EDTP-4Na, and (c) EDTP acid.

AIChE Journal April 2015 Vol. 61, No. 4 Published on behalf of the AIChE DOI 10.1002/aic 1315



increases from 6 to 8. But the content of EDTP-2Na
decreases from 84.87 to 0% when the pH varies from 5.5 to
9. In addition, the contents of EDTP acid and EDTP-Na
drop to zero as pH value exceeds 6.5. Clearly, the EDTP-
2Na and EDTP-3Na salts are the main contents of the solu-
tion. For instance, the 0.2 M solution at pH of 8 contains
92.25% EDTP-3Na, 5.44% EDTP-2Na, and 2.31% EDTP-
4Na.

Because FO process is an osmotically driven membrane
process, the osmotic pressure of the used draw solution is a
critical parameter to determine the water flux in the FO pro-

cess. For simple inorganic compounds as draw solutes (e.g.,
NaCl and MgCl2),44 their osmotic pressures can be easy cal-
culated by van’t Hoff empirical formula or commercial soft-
ware (OLI Stream Analyzer).45 But for complex compounds
(e.g., 2-methylimidazole-based compounds,46 polyelectro-
lytes,40,47 or magnetic particles,33,48) it is difficult to estimate
the osmotic pressure by above methods. In previous works,
osmometer is frequently used to determine the osmotic pres-
sure of draw solutions.29,47 In one recent work, the freezing
point depression method was also used by Duan et al.40 to
measure the osmotic pressure of the polyelectrolyte draw

Figure 8. The distribution coefficients of each compo-
nent in EDTP solution (0.2 M) with various pH
values.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 9. Effects of pH value on the osmotic pressure
of EDTP solution (0.2 M).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 7. FT-IR spectra of (a) EDTP ester (b) EDTP-4Na, and (c) EDTP acid.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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solute directly. In this work, the osmotic pressures of draw
solutions with various pHs (from 6 to 8) are measured by
the same method, and the result is shown in Figure 9. It
shows an increasing trend with the increase in the solution
pH, because of the increment in the free ion number.

To further explore the potential of EDTP as the draw sol-
ute, the pH effect of EDTP sodium solution on the resultant
FO performance is evaluated, as shown in Figure 10. The
water flux is recorded in FO mode. Figure 10a shows that
water flux increases slowly with the increasing pH in the
draw solution, which is consistent with the trend of the
osmotic pressure. However, the salt leakage shows a slight
increase (0.14–0.16 gMH) in the pH range of 6–7.5 and then
a slight decreases at pH 8. The possible reason of the severer
salt leakage is due to the increased free ions in the draw
solution with the increasing pH value (6–7.5), leading to
more free ions into the feed solution. According to the
reported literature, the sodium ion with a hydrated radius of
0.36 nm49 is able to pass through the membrane with a
mean pore radius of 0.37 nm50 into the feed solution under a
low pH of 6–7.5. But under a higher pH condition, sodium
ions’ permeation from the draw solution to the feed solution
will be limited to maintain the charge balance according to
the Donnan equilibrium effect.51 Besides, EDTP32 ions, the
main component (92.25 %) in the EDTP solution at pH of 8,
exhibit more charge in the draw solution than others except
EDTP42, and could not pass through the FO membrane
(CTA) easily. The combined effect of the above factors
cause the resultant decline in the salt leakage at pH 8. With
0.2 M, EDTP draw solution at pH 8 for FO process, a water
flux up to 5.89 6 0.25 LMH could be obtained, which is
much higher than that with 0.2 M NaCl as draw solution
(4.39 6 0.25 LMH), together with a lower salt flux of
0.16 6 0.02 gMH than that with NaCl draw solution
(2.9460.24 gMH), as shown in Figure 10b.

Effect of Draw Solute Concentration on FO Performance.
As discussed above, the EDTP draw solution with optimized
pH and solubility could exhibit a great potential for FO
application. This could be proved by its outstanding osmotic
pressure as compared with conventional NaCl and EDTA
draw solutions as shown in Figure 11. Different with the lin-
ear increasing trend of the osmotic pressure of EDTA and
NaCl draw solutions with the concentration increase, the
osmotic pressure of EDTP draw solution has an exponen-

tially increasing trend. Despite NaCl are strong electrolytes,
since EDTP salt contains more carboxyl groups, the number
of ions contained in EDTP draw solution is much higher
than that of NaCl with the same mole concentration, result-
ing in a much higher osmotic pressure than that of NaCl, as
shown in Figure 11. As compared with EDTA draw solution,
in spite of their similar chemical structures, their physico-
chemical properties could be significantly different. It is
noted that a larger amount of NaOH is consumed with
EDTP acid solution than that with EDTA acid in the prepa-
ration of draw solutions with the same concentration and pH
8, indicating again that the former has more ions than the
later.

Figure 12 presents the effect of draw solution concentra-
tion on the water flux (Jw) and salt flux (Js) under both FO
and PRO modes. As expected, the water fluxes with EDTP
draw solution are higher than those with EDTA and NaCl, in
both FO and PRO modes. Here the FO performance with
EDTA draw solutions of 0.1–0.8 M at PRO mode is similar
with that in the reported literature.28 In addition, the water
fluxes in PRO mode are all higher than those in FO
mode.52,53 This is because that the ICP in the porous CTA

Figure 10. (a) Effects of pH value on the water flux and salt flux with EDTP solution (0.2 M) as the draw solution in
FO mode; (b) Comparison of the water flux and salt flux with 0.2 M EDTP solution (pH of 8) and NaCl
solution as the draw solution in FO mode.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 11. Effects of draw solute concentration on the
osmotic pressure.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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support layer is much severer in FO mode, which reduces
the net osmotic driving force and leads to a lower water
flux.23,54 Figure 12 also shows that, when the solute concen-
tration increases from 0.1 to 0.8 M, the water flux also
increases from 3.36 to 11.77 LMH in FO mode (Figure 12a),
while from 5.31 to 22.69 LMH in PRO mode (Figure 12b).
Basically this trend is consistent with the change of the
osmotic pressure with the concentration change (Figure 11),
but no exponential growth trend is observed as that of the
osmotic pressure. This is probably caused by the existence
of the ICP in FO mode,55 which cause the decline of the
water flux at high draw solute concentration. With regard to
the reverse salt flux, a slight growth trend is also observed in
both FO and PRO modes owning to more free sodium ions
with the increasing EDTP sodium concentration.

With regard to the reverse salt flux with EDTP draw solu-
tion, they are all significantly lower than those with EDTA
and NaCl solutions, mainly because of the much bigger
molecular size of the EDTP compound. A slight growth
trend is also observed in both FO and PRO modes owning to
more free sodium ions with the increasing EDTP sodium
concentration. The maximum salt flux was found at the con-
centration of 0.8 M in both FO and PRO modes, where that
in the former is slightly lower (0.29 gMH) than that in the
later (0.32 gMH).

The ratio of salt flux to water flux (Js/Jw) is generally
used as a performance index to evaluate the draw solute
leakage and the FO performance. Figure 13 compares the
Js/Jw ratios under FO and PRO modes with various draw
solution concentrations. The results show that the Js/Jw ratios
in the FO test with EDTP draw solutes are all lower than
0.027 and 0.016 g L21 in FO and PRO modes, respectively,
indicating a much lower leakage than those with conven-
tional NaCl draw solution (in the range of 0.61–1.14 g L21).
Therefore, the FO test with EDTP sodium as draw solute
show superior FO performance to that with conventional
EDTA and NaCl draw solute, not only in terms of higher
water fluxes, but also lower salt leakage. The great potential
of EDTP sodium salts as draw solutes for FO application is
highly expected.

Most engineering osmosis in industrial applications are for
high salinity cases, which is beyond RO capability.10 Draw
solutions with high concentrations are also generally pre-
ferred to obtain a high osmotic pressure, and therefore, a
high water flux.10 Currently, most FO research works are
with the draw solution concentration ranging from 0.1 to
1.0 M, or 0.02–720 g L21, or 9.3–60 wt %22,28,30,36,40,56–58

(See Table S1 in the Supporting Information). However, the
draw solution with a high concentration generally suffers
high viscosity causing a severe concentration polarization in
FO process.10 In this work, EDTP draw solutions of 0.1–
0.8 M (0.042–0.34 g mL21 or 4–30 wt %) were used. The
highest viscosity is about 4.4 of 0.8 M EDTP draw solution,
which is still far lower than most other reported
works29,30,36,56 (See Table S2 in the Supporting Information).
This indicates the great potential of the novel EDTP draw
solution for FO applications from another aspect.

Stability and recovery of EDTP draw solution

Stability of the draw solution is an important parameter
for FO application.11 If the draw solute experiences biode-
gradation20,21,59 or agglomeration31 during FO tests, its
osmotic pressure may drop significantly, leading to a reduced
water flux. In this study, a FO test is carried out to monitor
the durability of the 0.2 M EDTP sodium solution at pH 8 at
room temperature over a 15-day period, and the result is
shown in Figure 14. It can be seen that water flux fluctuates

Figure 12. FO performance with EDTP sodium salt,
EDTA sodium salt and NaCl as draw solute
in (a) FO mode and (b) PRO mode. (Feed: DI
water; membrane: commercial HTI-CTA FO
membranes).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 13. Js/Jw ratios under FO and PRO modes with
various draw solution concentrations.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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slightly in a range of 5.79–5.87 LMH and the salt flux
remains quite constant within a range of 0.21–0.25 gMH.
This result suggests that EDTP salt solution at pH 8 is quite
stable and compatible well with the CTA membrane.

In FO process, because of the water transport and the
draw solute leakage, the concentration of the draw solution
may become more and more dilute, causing the sharp decline
in its osmotic pressure and resultant water flux. The recovery
of the draw solution is, therefore, a critical issue not only for
the replenishment of the draw solution but also for the har-
vest of clean water product.9 Depending on the molecule
weight and structural size of the draw solutes to be recycled,
a low pressure-driven membrane-based separation process,
including NF,60,61 UF,48 and MD59,62 can be used, which
basically determines the energy consumption in FO recon-
centration process. In other cases, using waste heat energy to
recover the draw solutes (thermolytic salts)23,25,26 could
make FO an energy-efficient process.

For the NF recovery of the EDTP draw solution, a solute
rejection about 71% is achieved. This solute rejection is rela-
tively low mainly due to the fact that the NF membrane
used in this work is only with a MWCO of 400 Da. As
exhibited in Figure 8, the main components in the 0.2 M
EDTP sodium solution at pH 8 are 92.25% HEDTP32 (Mw
of 414), 5.44% H2EDTP22 (Mw of 392), and 2.11%
EDTP42 (Mw of 436), respectively. As mentioned above,
the feed solution in NF process to be recovered is 0.01 M
EDTP solution diluted from the 0.2 M draw solution, where
the percentages of HEDTP32 and EDTP42 will increase
slightly because of their high dissociation degrees in the
diluted solution. Those ions with molecular weights below or
close to 400 Da (H2EDTP22 and HEDTP32) may pass
through the NF membrane, leading to a relative low rejec-
tion. Despite that FO is not an energy efficient process when
it is coupled with RO/NF process,10 this work is just a con-
ceptual study of the EDTP compound as the potential draw
solute in FO application. To improve the energy efficiency,
some possible approaches may be used to solve this prob-
lem. One is to develop draw solutes with bigger molecular
size, so they could be recovered with lower energy-
consumptive filtration process; the other is to use other
energy-saving technologies, such as eutectic freezing crystal-
lization technology63,64 for the concentration of aqueous salt

solutions. Besides, some other novel draw solutes, such as
thermolytic salts,23–26 magnetic nanoparticles,31 and thermor-
eponsive polymer,32 could also be regenerated by solar-light
or magnetic field in an energy-saving process.

Conclusion

In this work, a novel draw solute with EDTP acid/salt
with tetra-carboxyl groups is successfully synthesized, char-
acterized and applied for FO application. The effects of solu-
tion pH and concentration on the osmotic pressure and
resulted FO performance are systematically studied. The fol-
lowing conclusions can be drawn from this work:

1. EDTP acid with tetra-carboxyl structure has been suc-
cessfully synthesized through a simple three-step reaction.
NMR, HRMS, and FT-IR are used to confirm the structural
evolution from EDTP ester to EDTP-4Na to EDTP acid.

2. With pH optimization, the improved solubility of
EDTP sodium salts greatly enhances the osmotic pressure of
the draw solution. The components in the EDTP mixture
solution experience different distribution changes when the
pH increases from 6 to 8. In the EDTP solution at pH 8, the
main EDTP component is EDTP-3Na with a composition of
about 92.25%. The osmotic pressure and FO performance
also exhibit significant improvement with the pH increase.

3. Different with the traditional draw solution, the osmotic
pressure of EDTP solution shows an exponential growth
with the increase in its concentration, which contributes to
the great enhancement of the water flux, particularly in PRO
mode. A high water flux of 22.69 LMH and a low salt flux
of 0.32 gMH can be achieved for 0.8 M EDTP sodium draw
solution at pH 8 in the PRO mode. In addition, negligible Js/
Jw ratios (�0.05 g L21) can be achieved in both FO and
PRO modes with the EDTP draw solution.

4. The developed EDTP compound has shown a good sta-
bility for a 15-day FO test and can be easily recovered by NF
process. Further studies on EDTP compounds with bigger
molecular size and improved solubility should be devoted and
believed to hold good development prospect as draw solutes
for future FO industrialization.
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Notation

A = effective membrane surface area, m2

C0 = initial salt concentration of the feed, g L21

Cf = solute concentration in the feed solution, mol L21

Cp = solute concentration in the permeate, mol L21

Ct = salt concentration of the feed after the operation time interval, g L21

Js = salt flux, g m22h21

Jw = water flux, L m 22 h21

m0 = feed mass at time 0, kg
m1 = feed mass after time t, kg

M = molar concentration, mol L21

Mw = weight-average molecular weight, g mol21

Dm = weight change in time t, kg
pKa = acid dissociation constants

Figure 14. The assessment of CTA-membrane stability
using 0.2 M EDTP draw solution under pH 8
for 15-day test.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

AIChE Journal April 2015 Vol. 61, No. 4 Published on behalf of the AIChE DOI 10.1002/aic 1319

http://wileyonlinelibrary.com


Rs = solute rejection, %
t = time interval, h

T0 = pure solvent freezing point temperature, �C
T1 = solution freezing point temperature, �C
Dt = the operation time interval, h
DT = freezing point depression, �C
V0 = initial volume of the feed, L
Vt = volume of the feed after the operation time interval, L.

Greek letters

p = osmotic pressure, bar
q = density, kg L21.

Abbreviations

DI = deionized
ECP = external concentration polarization

FO = forward osmosis
FTIR = Fourier Transform Infrared spectroscopy
gMH = g m22 h21

HRMS = high resolution mass spectrum
ICP = internal concentration polarization

LMH = L m22 h21

MWCO = molecular weight cut off, Da
NF = nanofiltration

NMR = nuclear magnetic resonance spectroscopy
PRO = pressure retarded osmosis

UF = ultrafiltration.
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