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a b s t r a c t

To allow water recycling and nutrient recovery from reverse osmosis (RO) concentrates from a food indus-
try plant, separation of salts from the organic fraction and from nutrient anions is required. In this study,
the use of ion-exchange membranes in electrodialysis was investigated to this purpose. Two types of
anion-exchange membranes from PCA, Germany, were investigated: a nonselective membrane (SA) and
a membrane selective for monovalent anions (MVA). Different approaches including lowering the initial
current density and increasing the initial pH were applied. The transport properties of different anions
and different small charged organic compounds through ion-exchange membranes were discussed. The
separation efficiency, which represents the selectivity, was compared under different conditions. The
results show that separation of non-nutrient anions from nitrate and phosphate was difficult, whereas
separation of salts from the organic fraction was feasible provided that the organic solutes are similar to
uncharged test solutes used in the experiments; it was shown that a higher molar mass of the organic

solute has a positive effect on the separation. Lowering the current density can increase the separation
efficiency of monovalent/multivalent anions with either the SA membrane (a nonselective membrane) or
the MVA membrane (a monovalent selective membrane). When the initial pH was increased, the separa-
tion efficiency of monovalent/multivalent anions can be improved for the MVA membrane, however, no
obvious change was found for the SA membrane. Finally, experiments on real RO concentrates proved that

m org
ible.
the separation of salts fro
solutes and therefore feas

. Introduction

During the past 50 years, electrodialysis has been developed and
pplied for desalination and concentration of industrial streams
1]. Nowadays, water shortage and shrinkage of mineral reserves
ave become global issues. With the innovation of technologies,
ater reclamation and nutrient (or mineral) recovery from waste

treams become technically and economically possible. Specifically,

ome waste streams, e.g. fermentation waste, farming waste and
gricultural waste, contain organic compounds, nutrient salts and
ther dissolved solids, which can possibly be selectively removed
ith water recovery. Electrodialysis process is generally the most

∗ Corresponding author.
E-mail address: bart.vanderbruggen@cit.kuleuven.be (B. Van der Bruggen).

376-7388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2009.01.030
anics by electrodialysis is similar to the separation of salts from uncharged

© 2009 Elsevier B.V. All rights reserved.

economic process compared with reverse osmosis (RO) when the
salinity of target water is less than about 5 g L−1 [2]. However, the
desalination of high salinity waters (up to about 35 g L−1) was also
successfully performed through electrodialysis [3]. Electrodialysis
is one of the technologies that give a possibility to separate different
charged organic and inorganic components. Therefore, electrodial-
ysis gets more and more attention for water reuse and nutrients
recovery.

Different possibilities for nutrient salts recovery by electrodial-
ysis and other technologies have been suggested in the literature.
Pronk et al. [4] and Maurer et al. [5] suggested that recovery of

nitrogen and phosphate and separation of micropollutants from
urine by electrodialysis are feasible. They also mentioned that
nanofiltration is an alternative. For nutrient recovery and water
reuse of black water (concentrated household wastewater), van
Voorthuizen et al. discussed three kinds of pretreatment processes

http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:bart.vanderbruggen@cit.kuleuven.be
dx.doi.org/10.1016/j.memsci.2009.01.030
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ncluding UASB (Upflow Anaerobic Sludge Blanket) plus membrane
ltration, anaerobic Membrane Bioreactor (MBR) and aerobic MBR

6]; and studied nutrient removal efficiency by nanofiltration and
everse osmosis membranes [7]. Results show that the rejection of
hosphate was 74–99%, which was sufficient for the desired pur-
ose. Kumar et al. [8] demonstrated that polymeric ligand exchange
esins (PLEs) can be used successfully to remove phosphate from
O concentrate. In both Pronk’s and Kumar’s research, struvite pre-
ipitation was chosen for concentrated phosphate recovery. Shu et
l. [9] made an economic evaluation of struvite crystallization for
hosphate recovery and obtained a positive conclusion. The work

rom Mondor et al. [10] showed the potential interest to recover
mmonia from swine manure by RO and electrodialysis.

In order to separate multivalent ions and monovalent ions (such
s the separation of potassium from magnesium, phosphate from
hloride or the separation of nitrate from sulfate), different kinds of
on-exchange membranes (such as monovalent selective cation or
nion-exchange membranes) are required, when membrane tech-
ologies are considered. Moreover, it is necessary to investigate the
electivity of the ions with the same charge sign by ion-exchange
embranes for salts separation.

Sata [11] proposed that the selectivity of ion-exchange mem-
ranes for a specific ion can be caused by three different
echanisms: control of the permselectivity of ions with the same

harge on the basis of their size; rejection of certain ions by a thin
urface layer on the membrane with the same charge as the ions;
nd specific interactions between the ion-exchange groups of the
embrane and the mobile ions.

For migration of ions with the same charge, Van der Bruggen
t al. [12] showed that nitrate removal was slower than chlo-
ide in electrodialysis when different salts (NaCl, Na2SO4, MgCl2,

gSO4 and NaNO3) were separated by AMV/CMV Selemion mem-
ranes and ACS/CMS Tokuyama membranes in electrodialysis.
lmldaoui et al. [13] found the anion selectivity in the following
rder: NO3

− > Cl− > HCO3
− > SO4

2− when they studied the removal
f nitrate from ground water of Morocco by ACS anion-exchange
embrane (Tokuyama Soda Co., Japan). Monovalent and bivalent

nion selectivity was reported in various articles [14–17], which can
e ascribed to the size and charge effects. Ion competition also takes
n important role on ion selectivity in electrodialysis process on
ixed salts solutions. Kabay et al. [14] studied the separation of flu-

ride from the binary mixture (F−:Cl−), (F−:SO4
2−) and the ternary

ixture (F−:Cl−:SO4
2−) by Neosepta® AMX (anion exchange) mem-

ranes and found that the competition between fluoride and
hloride ions was much greater than the competition between flu-
ride and sulfate ions. Although various researches have been done
n ion selectivity, further systematic discussion may be needed.

Nanofiltration is another option to separate monovalent from
ultivalent ions. Ions with different size and charge can be

eparated by nanofiltration by means of size elimination (by mem-
rane pore size) and electrical repulsion (by charged nanofiltration
embranes), which has been investigated in various publications

18–21,34]. However, the selectivity for the ions with similar size
nd charge (e.g. Cl−/NO3

−) is much lower. Some studies showed the
ossibilities to separate nitrate from chloride [22,23] by nanofiltra-
ion, but the results were not sufficient for industrial application.

Different investigations have been done to compare the separa-
ion efficiencies between nanofiltration and electrodialysis. Van der
ruggen et al. [12,24] compared separation efficiencies of mono-
alent and divalent anions and cations of different nanofiltration
embranes and ion-exchange membranes. They concluded that
he properties of the ion-exchange membrane resin are the main
arameters for separation efficiency by electrodialysis; while pore
ize and charge of membrane are important factors for ion sep-
ration efficiency by nanofiltration. They also pointed out that,
ompared with nanofiltration, electrodialysis could remove ions
Science 332 (2009) 104–112 105

down to any concentration, if a longer residence time is applied and
the limiting current is not reached. This is regarded as an advantage
of electrodialysis to nanofiltration for ion separation.

Organic compounds are often an unignorable fraction in waste
streams. Some compounds are charged and could migrate by an
electrical field. Moon et al. [25] studied a mixture of formic, acetic,
lactic and succinic acid during separation by monoselective and
nonselective anion-exchange membranes. Montiel et al. [26] suc-
cessfully retained aromatic amino acid from high concentrations
of sulfate and phosphate: they removed 78% of sulfate and 84% of
phosphate and recovered 87% of aromatic amino acid by using elec-
trodialysis in a long term (319 h) experiment. Due to the fact that
charged organics in aqueous environment are always weak acids,
weak bases or zwitterions, migration mechanisms in ED are deeply
affected by pH. Singlande et al. [27] showed that acetic acid as a
neutral compound (pH not mentioned) was retained in ED in the
presence of salt (NaCl or Na2SO4). Results showed that mass trans-
fer of acetic acid as a neutral compound is only due to diffusion and
affected by salt nature.

Charged small organics (several hundred Daltons) in natural
water or wastewater could penetrate through the membrane or
block the pores [28–30]. Apparently, organic compounds are impor-
tant, and could contaminate the product or foul the membrane.
However, transport mechanisms of charged organics in electrodial-
ysis are not well investigated yet.

In this study, wastewater from a food industry plant was treated
by ultrafiltration and RO to fulfill the discharge requirement in
Belgium. But in the RO concentrate, salts, nutrients and organic
compounds are concentrated several times compared to the feed
streams. In this case, the concentration of phosphate and organic
compounds in the concentrate stream is about 120 mg L−1 (phos-
phate) and 120 mg L−1 (organic compounds measured as TOC).
Therefore, the concentrate streams cannot be discharged directly to
natural water body and have to be treated. On the other hand, as the
concentration of nutrients is high, nutrient salts may be separated
and recovered by electrodialysis.

In this work, synthetic waters, simulating this RO concentrate,
are used to study the behavior of nutrient anions and organic com-
pounds in an electrodialysis stack containing standard cation and
standard or monovalent selective anion-exchange membranes.
Theoretically, separation of specific anions (e.g., separation of
multivalent from monovalent anions) can be effectively achieved
if preparation methods of the ion-exchange membranes and/or
electrodialysis methods to permeate specific ions are established
[31]. This work evaluates the separation of multivalent anions from
monovalent anions. Furthermore, the behavior of small and larger
organic molecules and ions is studied to determine the size and
charge effect. Acetic acid, aspartic acid, glycine, methylamine and
lysine are chosen to achieve this aim. During the experiment at a
neutral pH, acetate and aspartate are negatively charged, methy-
lammonium ion and protonated lysine are positively charged and
glycine is a zwitterion. Thus, in neutral solution, acetate or aspar-
tate should penetrate through the anion-exchange membranes
and methylammonium ion or protonated lysine should penetrate
through the cation-exchange membranes during electrodialysis,
however, glycine should be retained in the feed (diluate). From
the results, mechanisms of selectivity in ion-exchange membranes
and migration of charged small organic compounds will also be
discussed.

2. Materials and methods
2.1. Electrodialysis equipment and membranes

A lab-scale electrodialysis apparatus was used in all experi-
ments. For each membrane, the active surface area is 0.0064 m2



106 Y. Zhang et al. / Journal of Membrane Science 332 (2009) 104–112

Table 1
Information on PCA standard cation and anion-exchange membranes and monovalent selective anion-exchange membranes.

Membrane Thickness (�m) Ion-exchange capacity (mequiv./g) Chemical stability (pH) Permselectivity Functional groups Surface potential (� cm2)

PC-SK 130 ca. 1 0–11 >0.96 –SO Na 0.75–3
PC-SA 90–130 ca.1.5 0–9
PC-MVA 100 ca. 1 0–7

Table 2
Components and concentrations in synthetic waters.

Salt Concentration (mmol L−1)

MgSO4 4.46
NaCl 7.63
NaNO3 0.31
N
N
O
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aHCO3 8.20
a2HPO4 0.44
rganic compounds 0 or 120 g L−1 TOC

nd the flow channel width between two membranes is 0.5 mm.
here are five cell pairs in the stack, each containing a dilu-
te and a concentrate compartment, so in total five pieces of
nion-exchange membranes and six pieces of cation-exchange
embranes were used. PCA SK standard cation-exchange mem-

ranes and PCA standard (SA) or monovalent selective (MVA)
nion-exchange membranes are used in the stack. Information
bout the membranes is given in Table 1, which was supported
y the manufacturer. The membranes and the stack were sup-
lied by PCA-Polymerchemie Altmeier GmbH and PCCell GmbH,
eusweiler, Germany. The configuration of stacks can also affect

he performance of electrodialysis [32], but it will not be discussed
n this article.

.2. Experimental procedure

The composition of the synthetic feed waters is given in Table 2.
he organic compounds used in the experiments are shown in Fig. 1.

During the experiments, the volume of diluate, concentrate and
lectrode rinse solution was 7 L. As initial concentrate and dilu-
te, the same solution was used. As electrolyte solution circulating
n electrode compartments (electrode rinse solution), 0.1 M H2SO4

as used. Operation parameters for experiments are referred in
he operation manual of the stack [33]: the maximum applied volt-
ge was 2 V for each cell pair, i.e., the applied voltage to the stack

hould not be over 10 V. Total voltage drop, including voltage drop
n the membrane stack as well as on the electrodes, was measured
n the experiments. Flow rate of diluate and concentrate were both
0 L h−1; flow rate of electrode rinse solution was 150 L h−1.

ig. 1. Structural formula and molecular formula of acetate, glycine, methylammo-
ium ion, l-aspartate, and protonated l-lysine.
3

>0.93 –NR4Cl 1–1.5
>0.97 N/A N/A

The applied current started from 0.5 A, and was held constant
until the voltage reaches 10 V. Then the current was decreased with
0.1 A. This sequence was repeated until the current was only 0.1 A.
To investigate the effect of the current efficiency on ion selectivity,
in some experiments the applied current started from 0.3 A.

Prior to the experiments in neutral environment, pH was cor-
rected by HCl or NaOH, especially when methylammonium ion,
acetic acid, aspartic acid or protonated lysine was used in the exper-
iment. In some experiments, the initial pH was adjusted to 9.

2.3. Analytical methods

All the chemicals in the experiments are analytical grade.
Samples are collected every 30 min and when current is low-
ered. Anion concentration is measured by ion chromatography
(DX-120 Ionchromatography with IONPAC AS12A Analytical Col-
umn, DIONEX, USA). The eluent contains 1.8 mmol L−1 CO3

2− and
0.2 mmol L−1 HCO3

−.
The concentration of bicarbonate and organic compounds are

measured as ionic carbon (IC) and total organic carbon (TOC) using
a TOC Analyzer (TOC 5000A TOC Analyzer and autosampler, Shi-
madzu, Japan).

2.4. Data analysis

All figures and tables refer to concentration changes in the dilu-
ate. The mass balance of the ions present in the feed solution was
verified for diluate, concentrate and electrode rinse solution. Thus,
data for concentrate and electrode rinse solution will not be pre-
sented in this article.

As current (density) decrease in time during the experiments,
mean values are determined using

I =
∑

j

�tjIj∑
j�tj

where I is the mean current [A] and Ij the constant current [A] in a
time interval �tj [s] during the experiment.

Ion migration can be quantitatively expressed by means of cur-
rent efficiency. The current efficiency is the fraction of the current
that is used to transfer a certain ion. In this work, the average cur-
rent efficiency of different anions is discussed. This average current
efficiency is calculated by the following equation:

� =
∑

j

�tj�j∑
j�tj

whereby � is the current efficiency [%].
Selectivity, represented as separation efficiency, was calculated

by the method introduced in the literature by Van der Bruggen et al.

[12] In this method, the separation efficiency S between component
A and B is evaluated as:

S(t) (%) = (cA(t)/cA(0)) − (cB(t)/cB(0))
(1 − cA(t)/cA(0)) + (1 − (cB(t)/cB(0))

× 100
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Fig. 2. (a and b) Concentration decrease of ions by SA and MVA membranes. (a)
Reflects the concentration decrease by the SA membrane and (b) reflects the con-
Y. Zhang et al. / Journal of Mem

The average separation efficiency is calculated to express the
electivity of the membranes during the experiments:

=
∑

j

�tjSj∑
j�tj

. Results and discussion

.1. Anion transport by the SA and the MVA membrane under
ifferent conditions

To recycle reverse osmosis concentrates, it is necessary to sepa-
ate nutrient anions (i.e., nitrate and phosphate) from other anions.
he anion separation was carried out using a nonselective mem-
rane (SA) and a monovalent selective membrane (MVA) at initial
eutral pH and an initial current of 0.5 A (reference conditions).
he effect of pH was studied by increasing the initial pH to 9 at the
ame initial current (0.5 A). The effect of current density was studied
y lowering the initial value to 0.3 A at initial neutral pH. Further-
ore, membrane permselectivity will be compared by means of

eparation efficiency of different pairs of anions.

.1.1. Comparison of nonselective membrane and monovalent
elective membrane

Fig. 2 shows the decrease of the concentrations in the diluate
omponents as a function of time during the experiments. Phos-
hate ions exist as a mixed composition of H2PO4

− and HPO4
2−.

hus, HxPO4
y− is used to express the phosphate ions. It can be seen

hat the concentration decrease of monovalent ions (Cl−, NO3
− and

CO3
−) is similar for both the SA and the MVA membrane, while the

ifferences in concentration profiles are large for multivalent ions
HxPO4

y− and SO4
2−). After 200 min, the concentration reduction

f the monovalent ions, i.e., Cl−, NO3
− and HCO3

− is 96%, 92% and
5%, respectively; while the concentration reduction of multivalent

ons, i.e., HxPO4
y− and SO4

2−, is 86% and 95%, respectively when the
tandard membrane SA is used. For the monoselective membrane
VA, the concentration reduction of Cl−, NO3

− and HCO3
− is 98%,

8% and 95%; while for HxPO4
y− and SO4

2− this is 56% and 77%.
hese results suggest that the MVA membrane can effectively sep-
rate multivalent ions from monovalent ions in contrast to the SA
embrane.

Selectivity towards ions with a different valence is due to the
act that the monovalent selective membrane (MVA) has a permse-
ective layer. The principle of the monovalent anion-permselective

embrane functional layer is argued between steric-hindrance and
lectric-repulsion [34]. Above results may exhibit both the steric-
indrance effect (size of multivalent ions is larger than monovalent

ons) and electric-repulsion (charge of multivalent ions is higher
han monovalent ions).

.1.2. Effect of current and pH
In Fig. 3, the concentration decrease of the anions is compared

or the reference conditions (i.e., initial neutral pH and initial cur-
ent 0.5 A) with that obtained with a lower current density (i.e.,
nitial neutral pH and initial current 0.3 A).

A lower current density results in a lower concentration
ecrease for all anions. However, in Fig. 3(a) for the SA membrane,

or monovalent ions, the effect is relatively small (i.e., less than 10%
f monovalent ions were retained at the end of the experiment).
ut for multivalent ions, the effect is extreme: more than 80% of

xPO4

y− and SO4
2− was retained in the diluate compartment after

00 min when the initial current was decreased to 0.3 A. Similar
esults were observed in Fig. 3(b), for the MVA membrane, a lower
urrent density resulting in a lower concentration decrease for Cl−

nd NO3
−. Again, the influence of current density is bigger for the
centration decrease by the MVA membrane. The left axis shows the concentration
of Cl− , HCO3

− and SO4
2− and the right axis shows the concentration of NO3

− and
HxPO4

y− .

multivalent ions SO4
2− and HxPO4

y−. Almost none of these ions per-
meated through the membranes when the initial current was 0.3 A.
The results imply that a lower current density can separate multi-
valent anions from monovalent anions, to some extent, even when
a nonselective membrane (SA) is used. For the MVA membranes
also, the separation between monovalent and multivalent ions is
significantly improved when the current is lowered. This is due to
the fact that a lower current causes a lower flux of ions through the
membrane. With respect to this lower current, the flux of the big-
ger sized multivalent ions is affected more than for the monovalent
ions.

Table 3 depicts the current efficiencies, calculated as discussed
above. The values are strongly dependent of the (initial) concen-
tration of the different ions during the experiment. For example,
values for nitrate are never high, due to the very low concentration
of nitrate in the diluate (Table 2). Furthermore, the mean value
for the current of the different experiments is added, as this factor
also influences current efficiencies. When the initial current was
lowered to 0.3 A, the current efficiency of multivalent anions

(i.e., HxPO4

y− and SO4
2−) was severely decreased for both the

SA membrane and the MVA membrane. However, the current
efficiency of monovalent anions (i.e., HCO3

−, Cl− and NO3
−) was

increased from 16.8 to 37.0, 17.4 to 30.0 and 0.9 to 1.5, respectively,
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Fig. 3. (a and b) Influence of initial current density on the ion concentrations as a
function of time by the SA (a) and the MVA (b) membranes. The reference conditions
are initial pH neutral, initial current 0.5 A. The left axis shows the concentration
o
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Fig. 4. (a and b) Influence of initial pH on the ion concentrations as a function of
time by the SA (a) and the MVA (b) membranes. The reference conditions refer to the

is very low, while the retention of HxPO4
y− and SO4

2− is improved

T
C

M

S
S
S
M
M
M

n

f Cl− , HCO3
− and SO4

2− and the right axis shows the concentration of NO3
− and

xPO4
y− (solid symbols: reference conditions; hollow symbols: initial pH neutral,

nitial current 0.3 A)

or the SA membrane. For the MVA membrane, there was a slight
hange for NO3

− and HCO3
−, from 0.5 to 1.3 and from 21.0 to 21.7,

espectively. However, a significant difference is found for Cl− (from
6.7 to 28.6). These results imply that transport of multivalent
nions is strongly affected by the electrical field, especially for the
onselective membrane. When the electrical field is lowered; the

ecrease in flux for HxPO4

y− and SO4
2− is much larger than the

ecrease in flux for the monovalent ions i.e., HCO3
−, Cl− and NO3

−.
When comparing the concentration decreases between the

xperiments at neutral pH and pH 9, it can be seen from Fig. 4(a)

able 3
urrent efficiency and mean current for experiments concerning influence of pH and init

embrane Initial conditions HCO3
− Cl−

A I = 0.5 A, pH neutral 16.8 17.4
A I = 0.3 A, pH neutral 37.0 30.0
A I = 0.5 A, pH 9 21.4 17.4
VA I = 0.5 A, pH neutral 21.0 16.7
VA I = 0.3 A, pH neutral 21.7 28.6
VA I = 0.5 A, pH 9 n.m. 25.9

.m.: not measured.
following conditions: initial pH neutral, initial current 0.5 A. The left axis shows the
concentration of Cl− , HCO3

− and SO4
2− and the right axis shows the concentration

of NO3
− and HxPO4

y− (solid symbols: reference conditions; hollow symbols: initial
pH 9, initial current 0.5 A)

that the concentration difference between neutral pH and pH 9 of
monovalent and multivalent ions after 200 min is below 10%, i.e.,
a higher pH does not affect the transport of anions through the
standard membrane SA. Table 3 also shows that there is no obvious
difference towards the current efficiencies of Cl−, NO3

−, HxPO4
y−

and SO4
2− by the SA membrane in these two different conditions.

Fig. 4(b) shows that at pH 9, the retention of all monovalent anions
a lot by increasing the pH. This indicates that increasing the pH
can improve the permselectivity of the MVA membrane but can-
not affect the performance of the SA membrane. This effect can be
due to changes in the anion-exchange membrane surface charge

ial current density.

NO3
− HxPO4

y− SO4
2− Iaverage

0.9 1.9 22.4 0.28
1.5 0.7 7.6 0.17
0.8 1.5 21.4 0.28
0.5 1.7 18.9 0.23
1.3 0.2 3.5 0.14
1.3 1.8 16.0 0.20
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nd the solute charge for HxPO4
y−: on the one hand, an anion-

xchange membrane will be less positively charged when the pH is
ncreased, while on the other hand, a shift from H2PO4

− to HPO4
2−

pKa2 = 7.2) occurs. By the calculation of CurTiPot [35], the fraction
f HPO4

2− changed from around 60% (pH neutral) to around 98%
pH 9). Hence, the electrical attraction between the multivalent
nions (i.e., HxPO4

y− and SO4
2−) and the anion-exchange mem-

rane is decreased. Referring to Table 3, the current efficiency of
O4

2− decreased from 18.9 till 16.0 when pH was increased from
eutral to 9. Therefore, the lower concentration decrease towards
xPO4

y− and SO4
2− by the MVA membrane in high pH environ-

ent may indicate that the main effect is due to a change of the
VA membrane charge itself.

On the other hand, current efficiency of different anions in
able 3 can be explained by the theory of competitive ion trans-
ort in electrodialysis, which was developed by Nikonenko et
l. [36,37] and Zabolotsky et al. [38]. This theory states that a
embrane specific selectivity can be achieved for ion-exchange
embrane at low current density (lower than the limiting cur-

ent density); whereas when the current density approaches the
imiting current density or even higher, the effective transport num-
ers of the ions will be close to the values in the bulk solution. As
able 3 shows, at initial current 0.5 A and neutral pH for the SA
embrane, the current efficiency of HCO3

−, Cl−, NO3
−, HxPO4

y−

nd SO4
2− was 16.8, 17.4, 0.9, 1.9 and 22.4, respectively. Those

atios are very similar with the ratios of the ion concentration
n Table 2 multiplies the charges it carry (i.e., at pH 7.5, HCO3

−

.20 × 1 × 0.9 + 8.20 × 0 × 0.1=7.38 mol L−1, Cl− 7.63 mol L−1, NO3
−

.31 mol L−1, HxPO4
y− 0.44 × 1 × 0.3 + 0.44 × 2 × 0.7 = 0.75 mol L−1,

O4
2− 4.46 × 2 = 8.92 mol L−1); however, at initial current 0.3 A and

eutral pH for SA, the current efficiencies of monovalent anions
ere increased (HCO3

−, Cl−, and NO3
− was 37.0, 30.0 and 1.5,

espectively) and were decreased for multivalent ions (HxPO4
y− and

O4
2− was 0.7 and 7.6). A similar trend was also observed for the

VA membrane although which is a selective membrane. Based
n the theory of competitive ion transport in electrodialysis, the
esults reveal that the membrane’s specific selectivity was achieved
t lower initial current (0.3 A), whereas the selectivity was shielded
t higher initial current (0.5 A), which approached to the limiting
urrent.

.1.3. Membrane selectivity
Separation efficiencies (range from −1 to +1) of different pairs

f monovalent and multivalent ions in the experiments are shown
n Table 4. In this table, a more positive value means that the lat-
er ion is more retained at the diluate side, while a more negative
alue means that the former ion is more retained at the diluate
ide. According to the aims of the project, separation of nutrient
nions from other anions is needed. Thus, Cl−:HxPO4

y−, Cl−:NO3
−,

nd SO4
2−:HxPO4

y− should be emphasized.

From Table 4, it can be concluded that the SA membrane has

o selectivity towards Cl−:NO3
− and Cl−:SO4

2− since the values
re close to zero, but is slightly selective to Cl−:HxPO4

y− and
O4

2−:HxPO4
y− in pH neutral and initial current 0.5 A (reference

xperiment). However, when the current density was lowered,

able 4
eparation efficiency of monovalent and multivalent ions.

embrane Initial conditions Cl−:SO4
2− Cl−:HxP

A I = 0.5 A, pH neutral 0.02 0.21
A I = 0.3 A, pH neutral 0.84 0.75
A I = 0.5 A, pH 9 0.02 0.28
VA I = 0.5 A, pH neutral 0.33 0.50
VA I = 0.3 A, pH neutral 0.89 0.99
VA I = 0.5 A, pH 9 0.50 0.67

.m.: not measured.
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the separation efficiency of Cl−:HxPO4
y− and Cl−:SO4

2− increased
to 0.75 and 0.84, respectively. The selectivity of SO4

2−:HxPO4
y−

decreased from 0.18 to −0.05. It means that for larger sized ions,
although having a higher valence, the flux through the membrane
decreases more than for smaller monovalent ions when the electri-
cal field is lowered. Thus, the multivalent ions were more retained
at the feed side, which corresponds with a higher selectivity.

In the reference condition (Ii = 0.5 A, pH neutral), the MVA
membrane showed a good permselectivity to monovalent ions
(Cl−:SO4

2− 0.33, Cl−:HxPO4
y− 0.50) and a slight selectivity to

SO4
2−:HxPO4

y− (0.21). Lowering the initial current to 0.3 A resulted
in an increase of selectivity in monovalent ions to multivalent ions,
similar to the SA membrane. On the other hand and again similar
with what happens when the SA membrane is used, the separation
efficiency of SO4

2−:HxPO4
y− decreased from 0.21 to −0.16.

As Table 4 shows, increasing the initial pH to 9 did not result
in a selectivity change for Cl−:SO4

2− and Cl−:HxPO4
y− towards

the SA membrane. However, selectivity changes were found for
Cl−:NO3

− (−0.05 to 0.28). It can be concluded that a less posi-
tive surface charge can affect the penetration of nitrate through
the SA membrane. Increasing the pH also results in a slight sepa-
ration of Cl−:HCO3

− (0.20). From the results, it can be concluded
that the increase of pH cannot change the SA membrane separation
efficiency of monovalent to multivalent ions.

Table 4 also shows that an increase of the pH can enhance the
separation efficiency of Cl−:SO4

2− (0.33–0.50) and Cl−:HxPO4
y−

(0.50–0.67) and slightly decrease the selectivity of SO4
2−:HxPO4

y−

(0.21–0.06) by the MVA membrane.
These results show that multivalent anions can be separated

from monovalent anions and retained in the diluate compartment
by the selective membrane (MVA). The separation efficiency of
the MVA membrane can be improved either by increasing pH or
decreasing the applied current. The results also show that the non-
selective membrane (SA) can also have some selectivity by reducing
the applied current. However, no significant evidence supports the
selective separation of the same (similar) charged anions (i.e., sepa-
rating NO3

− from Cl− and HxPO4
y− from SO4

2−) by the membranes
applied in this work.

3.2. Behavior of organic compounds in the electrodialysis stack

Besides the topic of the behavior of nutrient and non-nutrient
anions in the stack, the separation of inorganic ions from charged
and uncharged organics is important for recycling the nutrient
rich fraction. To simulate this, a selection of test solutes was
made in view of studying negatively charged, positively charged
and neutral (zwitterion) organic solutes. These compounds were
tested in the stack using standard as well as monovalent selective
anion-exchange membranes. As cation membranes, the standard
SK membranes were always used.
Fig. 5(a and b) shows the concentration decrease of different
organic ions (anion, cation and zwitterion) during electrodialysis
with standard membranes (SA) and monovalent selective mem-
branes (MVA). As can be seen in Fig. 1, acetate and aspartate are
negatively charged organic ions, methylammonium and protonated

O4
y− Cl−:HCO3

− Cl−:NO3
− SO4

2−:HxPO4
y−

−0.01 −0.05 0.18
−0.04 −0.23 −0.05
0.20 0.28 0.22
0.07 −0.03 0.21
0.01 −0.04 −0.16
n.m. 0.08 0.06
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ig. 5. (a and b) Concentration decrease of organic ions by electrodialysis under ref-
rence conditions (initial pH neutral, initial current 0.5 A. (a) Experiments with SA/SK
embranes and (b) comparison between SA/SK and MVA/SK stack (solid symbols:

A membrane; hollow symbols: MVA membrane).

ysine are positively charged organic ions, and glycine is a zwitte-
ion.

As shown in Fig. 5(a) (using the SA membrane), for the organic
nions, i.e., acetate and aspartate, both concentrations in the feed
ompartment decreased with time. During the first 150 min of the
xperiments, the concentrations of acetate and aspartate decreased
ith 85% and 53%, respectively. Just to compare, it is mentioned

hat after the same time in all the experiments with the SA mem-
rane, the concentration of chloride decreased over 90%. The fact

hat acetate is removed faster than aspartate can be attributed to
molar mass effect. The molar mass of acetate is 59 g mol−1 and

he molar mass of aspartate is 132 g mol−1. With the same (net)
harge of acetate and aspartate, the difference of molecular weight
eems to cause a different solute flux in the electrical field [21]. On

able 5
eparation efficiency of SO4

2− and Cl− to organic ions and mean current under reference

ompound Acetate Methylammonium ion

A anion membrane in stack
SO4

2−/organic solute 0.17 0.03
Cl−/organic solute 0.17 0.07
Iaverage 0.27 0.33

VA anion membrane in stack
SO4

2−/organic solute −0.15 −0.54
Cl−/organic solute 0.30 0.19
Iaverage 0.20 0.25
Science 332 (2009) 104–112

the other hand, as Fig. 1 shows, the l-aspartate has one positively
charged functional amino group in the molecule. Although the net
charge of l-aspartate is negative, the positive functional group can
also affect the organic anion transport through the anion-exchange
membrane due to the positively charged membrane.

The membrane type can also affect the transport of organic
anions. Fig. 5(b) shows the differences in concentration decrease
of acetate by the nonselective membrane (SA) and the selective
membrane (MVA). It can be seen that the SA membrane permeated
more acetate than the MVA membrane (around 20% more acetate
was removed). A first reason for this difference is found in the mean
current densities during those two experiments. Because of the fact
that the electrical resistance of the MVA membrane is higher, the
limiting voltage drop of 10 V was reached earlier when the MVA
membrane was used. As a result, the mean current for the experi-
ment with the SA and the MVA membranes was respectively 0.27
and 0.20, as seen in Table 5, resulting in less driving force for the per-
meation of acetate in case of the MVA membranes. A second reason
can be size exclusion. The MVA membrane is probably more dense
than the SA membrane, thus, both the diffusion and the electrical
transport are affected by the smaller pores of the MVA membrane.

For the organic cations, i.e., methylammonium ion and proto-
nated lysine, both of their concentration in the feed compartment
decreased with time, which is similar as for the organic anions
mentioned above. The concentration decrease in the feed com-
partment of smaller organic cation (methylammonium ion,
MM = 30 g mol−1) was faster than the larger one (protonated lysine,
MM = 147 g mol−1), i.e., 97% of methylammonium ion was removed
and 54% of protonated lysine was removed by the stack, which leads
to the same conclusion as the organic anions mentioned above.
Thus, it can be concluded that the size effect takes an important
role in the transport of organic ions in electrodialysis. Comparing
the experiments with the SA and MVA membranes, again it is found
that the removal rate is higher in the case of SA membranes in the
stack. For both experiments, the same SK membranes were used.
So, this effect is solely due to the fact that the mean current for
the stack lowered from 0.33 to 0.25 when the SA membranes are
replaced by the MVA membranes.

From Fig. 5(a and b), it can be seen that for glycine, the concen-
tration in the diluate changed by less than 8% by both the stacks
containing SA membranes and MVA membranes. If it is assumed
that glycine is not transported by the electrical field (being over-
all neutral), the only transport mechanism is by Fickion diffusion.
Since the electrodialysis membranes are relatively tight [28], dif-
fusion coefficients are assumably low. This is confirmed by the
experimental results for the SA as well as for the MVA membrane.

In Table 5, the separation efficiency of salts to organic ions
is compared to evaluate how efficiently salts are separated from

different small organic ions by electrodialysis. Average separation
efficiency of SO4

2−/TOC and Cl−/TOC is calculated by the same
method as in Table 4.

Table 5 shows that the separation efficiencies of SO4
2− and

Cl− to acetate by the SA membrane are the same, which shows

conditions (experiments concerning removal of organic compounds).

Glycine Aspartate Protonated lysine

0.91 0.43 0.27
0.91 0.52 0.44
0.28 0.29 0.31

0.76
0.90
0.18



brane

t
s
(
b
b
s
t
t
t
l
S
r
0
i
a

d
s
b
t
i
m
f
T
m
t

F
R
o

Y. Zhang et al. / Journal of Mem

hat a slight separation of salts to acetate can be achieved. The
eparation efficiencies of SO4

2− and Cl− to methylammonium ion
positively charged organic ion) by the electrodialysis stack are
oth close to zero, which means that the inorganic ions cannot
e separated from methylammonium ion by electrodialysis. The
eparation efficiency of these ions to glycine by the stack con-
aining SA membranes is satisfying (over 0.90). This is due to
he fact that glycine is a zwitterion, which cannot migrate in
he electrical field. Aspartate and protonated lysine show simi-
ar separation efficiencies to the same inorganic ion by the stack,
O4

2−/aspartate and SO4
2−/protonated lysine is 0.43 and 0.27,

espectively; Cl−/aspartate and Cl−/protonated lysine is 0.52 and
.44, respectively. This means that concerning the larger organic

ons (aspartate is larger than acetate), the separation between salts
nd those organic ions is better.

When the selective membrane MVA is applied in the electro-
ialysis stack, a different conclusion can be drawn from Table 5:
eparation of Cl− to acetate and methylammonium ion can still
e slightly achieved (0.30 and 0.19, respectively), but separa-
ion efficiency of SO4

2−/acetate and SO4
2−/methylammonium ion

s negative (−0.15 and −0.54, respectively), which means that
ore organic ions (acetate and methylammonium ion) than sul-
ate ions were transported to the concentrate compartment.
his is because the selective membrane (MVA) can retain more
ultivalent ions and permit more monovalent ions penetrating

hrough it.

ig. 6. (a and b) Concentration decrease of Cl− , SO4
2− (a) and TOC (b) in diluate of real

O concentrate stream by electrodialysis. The left axis in (a) shows the concentration
f Cl− and the right axis shows the concentration of SO4

2− .
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3.3. Electrodialysis of real RO concentrates

Experiments on real RO concentrates using the nonselective
anion SA and cation SK membranes were performed to evaluate
the separation of salts from organic solutes by electrodialysis in a
realistic matrix.

Fig. 6(a and b) shows the concentration decrease of Cl−, SO4
2−

and TOC in diluate of a real RO concentrate stream by electrodialysis.
It can be seen from Fig. 6 that the concentration decrease of salts

(i.e., Cl− and SO4
2−) is similar, however, the concentration decrease

of TOC is very slow and most (over 85%) of the organic fraction was
retained at the feed side. This can be explained by the organic com-
pounds transport experiments above: most of the organic solutes
in the real RO concentrates can be assumed to have a large size,
be zwitterions, or be uncharged. Thus, by the SA membrane in
electrodialysis, salts can be successfully separated to the concen-
trate compartment while keeping the organic fraction at the feed
side.

4. Conclusions

In this study, the separation of nutrients and organic solutes
from inorganic ions was investigated. Anion transport proper-
ties through a nonselective anion-exchange membrane (SA) and a
monovalent selective anion-exchange membrane (MVA) under dif-
ferent conditions (by changing initial pH or initial current density)
were studied to investigate the separation efficiencies of monova-
lent ions to multivalent ions. It was found that lowering the current
density can separate the monovalent anions from the multivalent
anions with either the SA (nonselective) or the MVA (selective)
membranes. Furthermore, lowering the current is more effective
than increasing pH to improve the permselectivity of the MVA
membrane. However, it is difficult to separate NO3

− from Cl−

and HxPO4
y− from SO4

2−, i.e., to separate the anions with simi-
lar size and charge. Hence, further research on the improvement
of selectivity on Cl−/NO3

− and HxPO4
y−/SO4

2− by electrodialysis is
necessary.

Moreover, to separate the salts from organic compounds, small
organic ions transport mechanisms through the SA membrane and
the MVA membrane were investigated. Larger ions are retained
more efficiently than smaller ones, which points in a direction of
a size-exclusion effect. On the other hand, zwitterions are retained
almost completely in the diluate side.

Finally, an experiment was performed to prove the separation
of salts from organic solutes in the real RO concentrate streams by
electrodialysis. The fact that more than 85% of the organic fraction
in the real RO concentrate was kept at the feed side strongly sug-
gests that the separation of salts from organics by electrodialysis is
feasible.
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