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a b s t r a c t

The desalination of model solutions containing iminodiacetic acid (IDA) and NaCl was examined using
three commercial nanofiltration (NF) membranes (NF270, Desal-5 DL, Nanomax50). Experimental results
showed that with all the three membranes, the rejection of IDA increased with the increase of pH from 8

−
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to 11, and negative rejection of Cl was found in filtration in a certain range of pH. NF270 was chosen to
further investigate the effect of permeate flux, temperature and solutes concentration on the separation
of IDA and NaCl. The results showed that IDA rejection decreased with the increase of temperature and
salt concentration, and the high concentration of IDA could induce a lower rejection of NaCl. Furthermore,
the desalination and recovery were examined with model solution in different operation modes and a

an in
be m
esalination laboratory scale test with
the recovery of IDA could

. Introduction

Iminodiacetic acid (IDA) is widely used as a chemical inter-
ediate and a chelating reagent for the production of glyphosate

erbicides, electroplating solutions, chelating resin, surfactants,
nticancer drugs, etc. [1–3]. There are two major methods to syn-
hesize IDA: direct synthesis via hydrocyanic acid and catalytic
ehydrogenization of diethanol amide [4]. In both processes IDA
alts (sodium or potassium) are obtained first in the synthetic step.
n order to convert these salts into IDA, the conventional meth-
ds are neutralization and crystallization by adding concentrated

norganic acids (hydrochloric or sulfuric acid). In this process, the
aximum recovery of IDA is around 85% because a massive salt

emaining in solutions can obstruct IDA crystallization [5]. As a
esult, quite a lot of IDA and high concentration of salts would
emain in the crystallization mother liquor, hence constituting a
ollution problem if it is discharged directly as a waste stream.
herefore, it is necessary to recover the IDA and to reduce the salt
n the effluent in order to tackle the problems of low IDA recovery
nd environment pollution in conventional IDA production.

Generally, 2–6% (w/v) IDA and 8–14% (w/v) NaCl are left in the
ffluent in conventional IDA production. To recover IDA from the

∗ Corresponding author at: National Key Laboratory of Biochemical Engineering,
nstitute of Process Engineering, Chinese Academy of Sciences, PO Box 353, Beijing
00080, China. Tel.: +86 10 62650673; fax: +86 10 62650673.

E-mail address: yhwan@home.ipe.ac.cn (Y. Wan).

376-7388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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dustrial fluid was also performed. Under suitable conditions, with NF270,
ore than 95% while the NaCl removal was greater than 58%.

© 2009 Elsevier B.V. All rights reserved.

effluent, conventional approach normally consists of evaporation,
concentration and crystallization, which is energy intensive and
expensive. Recently, Zeng et al. [6] reported the recovery of IDA by
electrodialysis at the isoelectric point of IDA, and the total recov-
ery of IDA could be up to 99.4%. However, the pH of solution could
change during the electrodialysis, and once the pH value is away
from the isoelectric point, most of IDA will be lost. In addition, elec-
trodialysis requires relatively high capital investment and operating
cost.

Nanofiltration (NF) is a membrane separation technology based
on both charge (Donnan effect) and size (sieving effect). It was
reported that NF technology could separate low molecular weight
solutes (e.g. glucose, saccharides, amino acid, and peptide) from
inorganic salt solutions [7–12], showing great potential in desali-
nation and/or the recovery of valuable organic substances. To our
knowledge, there has been no report yet regarding the separation
and recovery of IDA and the removal of NaCl using NF technology
from the effluent in IDA production.

Although tangential flow (or cross-flow) filtration is widely used
in industry and laboratory experiments, it normally consumes rel-
atively large amount of feed solution. Moreover, permeate flux will
vary with time if constant pressure (constant transmembrane pres-
sure) operation is employed, therefore, it is impossible to exclude

the effect of permeate flux variation when another parameter is
being examined. Previous studies [13–15] demonstrated that the
problem could be tackled by dead-end filtration at constant per-
meate flux. In the present study, dead-end filtration at constant
permeate flux was employed to examine rapidly the feasibility of

http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:yhwan@home.ipe.ac.cn
dx.doi.org/10.1016/j.memsci.2009.06.019
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experimental set-up for nanofiltration.
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Table 1
Property of NF membranes tested.

Membrane NF270 Desal-5 DL Nanomax50

Manufacturer Filmtec (DOW) Osmonics (GE) Millipore
Surface material Polyamide Polyamide Polyamide
Molecular weight cut-off 150–200 [16] 150–300 [16] 400 [17]
Lp (L m−2 h−1 bar−1) 25 ◦C 13–14a 7–8a 8–9a

Max. temperature (◦C) 45 50 50
Max. pressure (bar) 41 40 41
pH range 3–10 2–11 4–10

injected into the injection column (Superloop 50 mL, Pharmacia,
Sweden) and then pumped into the stirred cell. Due to the high
osmotic pressure induced by the solutes (IDA and salts) near the
membrane during filtration, low permeate flux had to be adopted
to ensure the TMP would not exceed the pressure limit of the mem-
Fig. 1. Schematic diagram of the

esalination and recovery of IDA using NF technology with model
olutions containing IDA and NaCl and practical effluent in IDA pro-
uction. Model solutions were used to examine the effect of various
perating parameters on the separation of IDA and NaCl, including
H, temperature, permeate flux and concentration of IDA and NaCl.
he desalination and recovery of IDA were examined in different
peration modes, and a laboratory scale test with practical efflu-
nt was also performed. The focus of this work was to identify the
uitable operation conditions and operation mode for the efficient
ecovery of IDA and desalination under high NaCl concentration
sing NF technology.

. Experimental

.1. Experimental set-up and membranes

Fig. 1 shows the set-up for NF experiments. The dead-end fil-
ration experiments were conducted with a home-made magnetic
tirred cell in concentration or diafiltration mode. The working vol-
me of the cell was 12.8 mL, which could be fitted with a membrane
isc having an effective diameter of 24 mm within the module, and
he effective membrane surface area was 4.52 × 10−4 m2. The oper-
tion temperature was controlled by water bath. Feed or deionized
ater was pumped at constant flow rate into the filtration cell using
high performance positive displacement pump (P-500, Pharma-

ia, Sweden), and the data of transmembrane pressure (TMP) were
ontinuously monitored by a pressure sensor (MLH040BSB09A,
oneywell, USA) and logged into a computer. All the experiments
ere performed at constant permeate flux conditions so as to

xclude the effect of flux variation throughout the experiments,
s reported elsewhere [13–15]. Three commercial NF membranes
NF270, Desal-5 DL, Nanomax50) were used in the present work.
ased on the manufacturers’ data sheet and the literatures [16–19],
he properties of these NF membranes are shown in Table 1.

.2. Solutions

Model solutions containing 0–1.5 mol L−1 NaCl and 0–60 g L−1

DA were prepared by dissolving NaCl (MW = 58.5) and IDA

MW = 133) (both were of analytical grade and purchased from Bei-
ing Chemicals Reagent Company, China) in deionized water. Fig. 2
hows the chemical structure and dissociation equilibrium of IDA.
s a bivalent organic acid with pKa of 2.98 and 9.89 [20], the rela-

ionship between pH and the acid/base ratio can be described by
Isoelectric point (pH) ∼5.3 [18] ∼4.2 [18] 4.5 [19]

Lp: pure water permeability.
a Our own measurement.

the Henderson–Hasselbalch equation [21]:

pH = pK + log
(

proton acceptor
proton donor

)
(1)

The original pH of model solutions was 2.1–2.2 before adjust-
ment. The pH of feed could be adjusted with NaOH (1 mol L−1) to
specific values as required. All the feed and deionized water were fil-
tered through 0.22 �m microporous filters (MEMBRANA, Germany)
before use.

2.3. Experimental procedure

A fresh membrane was used for each set of experiments. The
virgin membranes were soaked in deionized water for at least 48 h
prior to use. In order to diminish the effect of pressure on mem-
brane performance in subsequent tests, the membranes were then
pre-pressured for at lest 30 min at the flux of 398.2 L m−2 h−1 with
deionized water until a constant pressure (∼30 bar) was obtained.
To determine solute rejection, about 15 mL model solutions were
Fig. 2. Equilibrium dissociation of IDA.
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rane in the experiments for solute rejection measurement. After
min filtration at a constant flux of 33.2 L m−2 h−1, filtration perme-
te and the corresponding retentate were collected for subsequent
nalysis. To examine irreversible fouling of membrane after filtra-
ion, the pure water permeability (Lp) and hydraulic resistance of

embranes were determined before and after each set of exper-
ments. In diafiltration test, deionized water was used as diluent
nd pumped into the cell at certain rate using constant volume
iafiltration mode.

.4. Analytical methods

The pH values and NaCl concentration of the solutions were
easured using an ion meter equipped with pH and Cl− electrodes

PXSJ-216, Precision & Scientific Instrument, China). IDA concentra-
ion was measured with a spectrophotometer (UV757CRT, Precision

Scientific Instrument, China) at 235 nm after nitrosation [22].

.5. Data processing

In NF experiments, the observed rejection (Robs) of a solute by
he membrane is defined as:

obs(%) =
(

1 − CP

CR,av

)
× 100 (2)

here CP is the solute concentration in permeate; CR,av is the aver-
ge concentration in the cell during filtration.

In retention experiments, the values of CR,av were calculated in
erms of mass balance equation shown below:

RVO = CR,OVO + COVP − CPVP (3)

R,av = CR,O + CR

2
(4)

here CO is the solutes concentration of feed, CR,O, CR are the solutes
oncentration in retentate before and after experiments, respec-
ively; VO is the volume of the stirred cell; VP is the volume of
ermeate.

In diafiltration test, the concentrations of solutes in the retentate
CR) during filtration can be calculated by measuring their concen-
rations in the feed and permeate, respectively.

R = COVO − CPVP

VO
(5)

The IDA recovery (%) is represented as:

ecovery (%) = CR

CO
× 100 (6)

The salt removal (%) is represented as:

emoval (%) = CPVP

COVO
× 100 (7)

. Results and discussion

.1. Effect of pH

The existing state of IDA in solution could be in three differ-
nt forms (e.g. IDAH2, IDAH−, IDA2−), depending on solution pH.
n terms of Eq. (1), the molar fractions of different forms at dif-
erent pH values could be calculated using respective pKa values
see Fig. 2) and the results are shown in Fig. 3 (full lines). As the

eparation performance of NF membranes depends on both the
ieving (steric-hindrance) effect and the Donnan (charge repulsion)
ffect, it would be reasonable to find that the observed rejection of
DA was closely correlated to its existing states because of Donnan
ffect. Fig. 3 shows the effect of pH on IDA rejection with three NF
Fig. 3. Effect of pH on IDA rejection with three NF membranes. IDA: 30 g L−1, NaCl:
1.37 mol L−1, flux: 66.37 L m−2 h−1, T: 25 ◦C, stirring speed: 1200 rpm.

membranes. As can be seen from Fig. 3, when Desal-5 DL mem-
brane was used, the rejection of IDA increased significantly with
the increase of pH in the range of 2–5. This could be because the
fractions of IDAH− increased significantly with increasing pH, thus
a loose concentration polarization would be expected. Meanwhile,
the surface charges of membrane changed from positive to negative
as the isoelectric point of the membrane is around pH 4.2 [18,23],
thus the electrostatic repulsion between the membrane and solutes
would increase accordingly. The rejection of IDA with Desal-5 DL
also increased significantly in the range of pH 8–11. The reasons
could be that the negative charge at membrane surface as well as
the concentration of IDA2− increased remarkably with increase in
pH, therefore strong Donnan effect would be expected. However,
as pH increased from 5 to 8, the rejection of IDA decreased slightly,
though the molar fractions of ionic species of IDA dominated and
remained approximately constant and a strong electrostatic repul-
sion between the membrane and solutes was expected. This could
not be explained by Donnan effect alone. It was reported that in
NF operation, the membrane skin could swell with increase of pH
[18], and the swelling could be much more susceptible to pH in
concentrated salt solutions [7,24–26]. In this case, the decrease of
IDA rejection resulted from membrane swelling could be more pro-
nounced than the increase of IDA rejection caused by electrostatic
repulsion effect, as a result, a net decrease in IDA rejection was
found. As for the case of pH > 8, IDA has strong negative charge,
electrostatic repulsion effect could be more pronounced than mem-
brane swelling effect, and consequently leading to the increase in
IDA rejection. Concentration polarization could be another factor
affecting the observed rejection of IDA. When pH increased from 2
to 11, the fractions of charged IDA molecules or the charge of IDA
molecules increased accordingly, resulting in an increase in electro-
static repulsion between IDA molecules, therefore, the formation
of looser concentration polarization layer could be expected. As
a result, the wall concentration of IDA would decrease with the
increase in pH, and subsequently a decrease in observed trans-
mission or an increase in the observed rejection of IDA would be
expected.

When NF 270 membrane was used, the rejection of IDA was
more or less constant (around 90%), this could be due largely to its
molecular weight cut-off close to the molecular weight of IDA, and
size effect could be the dominated factor affecting IDA transmis-
sion through the membrane. However, the change in IDA rejection

with increase of pH could still be found, particularly when pH > 8,
which was less significant than that of Desal-5 DL, as can be seen
from Fig. 3. This phenomenon was probably due to the difference
in “pore size” of the membrane skin layer between Desal-5 DL and
NF270 membranes, and much greater charge effect on rejection
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3.3. Effect of temperature

Increasing temperature will lead to an increasing mass trans-
fer of both water and solutes, thus affecting the concentration
ig. 4. Effect of pH on NaCl rejection with three NF membranes. IDA: 30 g L−1, NaCl:
.37 mol L−1, flux: 66.37 L m−2 h−1, T: 25 ◦C, stirring speed: 1200 rpm.

f IDA ions existed for the Desal-5 DL membrane. Again, the IDA
ejection could be the comprehensive result of membrane swelling,
lectrostatic interactions between IDA molecules and membrane,
nd concentration polarization.

When Nanomax50 membrane was used, as expected, a lowest
ejection for IDA among three NF membranes was found in the
H range examined and most IDA would pass through the mem-
rane since its MWCO is 400, much higher than the molecular
eight of IDA. Therefore, manipulating the electrostatic repulsion

etween the membrane and IDA molecules would be the most
ffective method if this membrane was used to recover IDA, as
emonstrated in the separation of albumin from immunoglobu-

ins (IgG) by ultrafiltration [27]. As shown in Fig. 3, the rejection of
DA with Nanomax50 increased gradually with the increase of pH

hen pH > 8. Since Nanomax50 membrane had negative charges at
H > 4.5 and IDA2− concentration increased sharply at pH > 8, there-

ore there existed an increasing electrostatic repulsion between the
embrane and solutes. The increase of IDA rejection when pH > 8

ndeed illustrated the significance of Donnan effect in NF of IDA
olution with the Nanomax50 membrane.

Fig. 4 shows the effect of pH on NaCl rejection with three mem-
ranes. It was found that NaCl rejection decreased gradually when
H increased from 2 to 11, and negative NaCl rejection was found

or all the NF270, Desal-5 DL, Nanomax50 membranes when pH > 6.
his phenomenon was also found in the filtration of other fluids
8,28,29]. This could be attributed to a number of mechanisms,
uch as the charge repulsion effect, the charge equilibriums and
he competition for permeation between co-ions with different
iffusion, size and charge [28]. In our case, the membranes were
egatively charged at pH > 6, Cl− could pass through the membrane
ore freely than IDA− and IDA2− since the later two possess big-

er size or higher charge, resulting in chloride enrichment in the
ermeate.

Fig. 5 shows the effect of pH on TMP with three membranes. As
hown in Fig. 5, except for NF270, when the pH increased, the trends
f TMP variation were similar with IDA rejection trends. NF270 has
he highest rejection of IDA and NaCl at pH < 7 (Figs. 3 and 4), result-
ng in the highest TMP in the present work due to concentration
olarization caused by the retained IDA and NaCl. When pH > 7, the
aCl rejection of NF270 became negative and the difference of IDA
ejection between NF270 and Desal-5 DL was small (Figs. 3 and 4).
herefore, the highest TMP with Desal-5 DL at pH > 7 could be due to

ts lowest water permeability (see Table 1). Because NF270 showed
highest recovery of IDA, it was chosen to further examine the feasi-
Fig. 5. Effect of pH on TMP with three NF membranes. IDA: 30 g L−1, NaCl:
1.37 mol L−1, flux: 66.37 L m−2 h−1, T: 25 ◦C, stirring speed: 1200 rpm.

bility of recovering IDA under the conditions similar to the practical
effluent in IDA production (e.g. pH 5.0–5.2).

3.2. Effect of permeate flux

Permeate flux is a key operating factor affecting membrane fil-
tration since it could significantly affect concentration polarization
and membrane fouling during filtration operation, as well as sepa-
ration of the solutes in solution. Fig. 6 shows the effect of permeate
flux on the rejection of IDA and NaCl at pH 5.2. With the increase
of flux, IDA rejection was almost constant while NaCl rejection
increased slightly and negative rejection of NaCl was found at flux
<33.19 L m−2 h−1. Similar results were also found by Yunoki et al.
[8], they reported that the apparent rejection of Cl− decreased with
decreasing permeate flux. As shown in Fig. 6, the relation between
TMP and flux showed a perfect linearity, suggesting that the fil-
tration was operated below the “critical flux” [30]. Measurement
of membrane resistance before and after filtration suggested that
membrane fouling could be negligible (data not shown).
Fig. 6. Effect of permeate flux on solute rejection and TMP with NF270. IDA: 30 g L−1,
NaCl: 1.37 mol L−1, pH 5.2, T: 25 ◦C, stirring speed: 1200 rpm.
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3.5. Diafiltration process

To evaluate the feasibility of NF for desalination of IDA, a con-
tinuous constant volume diafiltration (CVD) was conducted with
ig. 7. Effect of temperature on solute rejection and TMP with NF270. IDA: 30 g L−1,
aCl: 1.37 mol L−1, pH 5.2, flux: 66.37 L m−2 h−1, stirring speed: 1200 rpm.

olarization, flux and solutes rejection. Fig. 7 shows the effect
f temperature on the rejection and TMP obtained at flux of
6.37 L m−2 h−1. As the temperature went up, the TMP in filtration
ecreased significantly at constant flux, this could be attributed to
n increase in water diffusion and a decrease in the viscosity of
he solution with increasing temperature. However, higher tem-
erature inevitably resulted in some changes in solutes observed
ejections (Fig. 7). The reasons could be, firstly, higher temperature
ccelerated the solutes diffusion through the membrane because
f the higher diffusivity of solutes and the lower viscosity of solu-
ion. Secondly, because the layer of adsorbed water molecules on
he pore walls became thinner at higher temperature, the hydro-
ynamic drag forces inside the pores would be decreased as the
ffective pore diameter increased with temperature, as reported by
suru et al. [31] and Goulas et al. [32], thus the solutes could more
asily pass through membrane pores. Thirdly, with increasing tem-
erature, there was a decrease in concentration polarization due to
he increase of the diffusivity of solutes molecules, as a result, the
oncentration of solutes at membrane surface would be reduced,
nd a decrease in TMP and the observed rejection of IDA would be
xpected. Nevertheless, IDA can be largely retained by NF 270 while
aCl can pass through the membrane freely due to the dominant

ize effect, therefore, the changes in IDA and NaCl rejection were
ot remarkable.

.4. Effect of NaCl and IDA concentration

It is well known that the existence of salt can affect the solutes
ermeation in NF due to charge screening effect and salt induced
embrane swelling, as reported by Freger et al. [7,25] and Bouchoux

t al. [33]. As shown in Fig. 8, when NaCl concentration increased
rom 0 to 1.4 mol L−1, the IDA rejection decreased gradually from
8.8% to 90.8%. The possible explanation could be the increase of
embrane permeability due to membrane swelling [33,34] or/and

harge screening effect under higher salinity conditions [24]. At pH
.2, IDAH− would be the dominant species in solution. The effects of
aCl concentration on charge screening could be interpreted with

he Debye screening length (�−1), where �−1 ∝ 1/C1/2, and C is the
oncentration of the electrolyte solution [26]. With increasing NaCl
oncentration, the Debye screening length (�−1) will decrease and a
denser” concentration polarization layer will be formed. All these

ill increase the transmission of IDA and in turn reduce the rejec-

ion. Moreover, the increase in TMP with NaCl concentration could
lso be attributed to the formation of the denser concentration
olarization layer.
Fig. 8. Effect of NaCl concentration on solute rejection and TMP with NF270. IDA:
30 g L−1, pH 5.2, flux: 66.37 L m−2 h−1, T: 25 ◦C, stirring speed: 1200 rpm.

As far as NaCl rejection was concerned, the rejection increased
with increasing NaCl concentration in the range from 0 to
0.4 mol L−1, and when NaCl concentration was more than
0.4 mol L−1, the rejection was more or less constant. On the whole,
NaCl could not be retained by the membrane.

Fig. 9 shows the effect of IDA concentration on solute rejection
and TMP. As shown in Fig. 9, with an increase in IDA concentration,
there was a slight decrease in IDA rejection, while the decrease in
NaCl rejection was more pronounced. The decreasing IDA rejec-
tion with increasing IDA concentration in feed could be attributed
to the increased wall concentration of IDA due to concentration
polarization.

Fig. 9 also shows that NaCl rejection decreased with increasing
IDA concentration, similar phenomenon was reported by Yunoki et
al. [8] in NF of amino acid and sodium chloride solution. This may
be explained by salt induced membrane swelling since increasing
IDA concentration could also increase the salinity of the solution,
thus making the membrane more permeable for NaCl. The increase
in TMP with increasing IDA concentration could be due to concen-
tration polarization alone since no detectable fouling was found by
measuring the membrane resistance before and after filtration.
Fig. 9. Effect of IDA concentration on solute rejection and TMP with NF270. NaCl:
1.37 mol L−1, pH 5.2, flux: 66.37 L m−2 h−1, T: 25 ◦C, stirring speed: 1200 rpm.
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ig. 10. Effect of V/VO on CR/CO and pH during diafiltration with NF270. CO, IDA: 30 g−1,
O, NaCl: 1.37 mol−1, pH 5, flux: 66.37 L m−2 h−1, T: 25 ◦C, stirring speed: 1200 rpm.

he model solution containing IDA and NaCl. The experiment was
arried at a constant flux of 66.37 L m−2 h−1 at 25 ◦C and the stirring
peed kept at 1200 rpm. The initial IDA concentration was 30 g L−1

ith pH 5.0. Fig. 10 shows the variation of pH and solute concentra-
ion in the retentate during dialfiltration. Based on the experimental
esults in Fig. 10, when diafiltration volume number (V/V0) was 3,
he recovery of IDA in retentate could be 85.2%, and 94.2% of NaCl
as removed (only 5.8% NaCl in total remained in the solution).
oreover, unlike electrodialysis, pH only changed slightly during

iafiltration, which could be easily adjusted by adjusting the pH of
iluent if required.

A process simulation for diafiltration can be performed simply
ased on mass balance and rejection equations. For a constant vol-
me system, the loss of a solute in the cell was equal to that found

n the permeate, that is,

0dC = −CpdV (8)

Supposing the rejection was constant, by substituting Eq. (2) into
q. (8), the following equation can be obtained at V = 0, C = C0,

CR

CO
= exp

[
(Robs − 1)

V

V0

]
(9)

here Robs was the average rejection obtained from Fig. 8. The simu-
ation results are shown in Fig. 10. It can be seen that the predicted
alues of solutes concentration agreed well with the experimen-
al data, suggesting that this mathematical model could predict the
oncentration of solutes in retentate and provide a guide for process
ontrol in industrial production.

.6. Operation modes

There were two conventional approaches for achieving solute

ecovery and salt removal: concentration and diafiltration [24,35].
o compare the performance under different operation modes, the
embrane filtration was carried out at constant flux, and the fil-

ration time was kept the same, therefore, the total volume to be
rocessed (feed plus diluent) was the same (e.g. 25.6 mL in total,

able 2
ffect of operation modesa.

peration modes Feed volume (mL) Water

iafiltration 12.8 12.8
oncentration 25.6 0
oncentration + diafiltration 19.2 6.4

a Feed: IDA: 30 g L−1, NaCl: 1.37 mol L−1, pH 5.2, flux: 66.37 L m−2 h−1, T: 25 ◦C, stirring s
Fig. 11. TMP profiles during desalination in different modes.

see Table 2). Table 2 shows the experimental results in diafiltration
and concentration modes under the specific operating conditions.
When concentration mode was used, the obvious advantages were
that more feed could be processed and there was no water con-
sumption. Moreover, IDA recovery was higher than that obtained in
diafiltration mode, but its NaCl removal ratio was less than that in
diafiltration mode. However, the TMP profile during concentration
(Fig. 11) shows that it kept increasing rapidly and reached 38 bar
(very close to the pressure limit of the membrane) very quickly,
suggesting that concentration mode could be impractical in appli-
cation. In diafiltration process, the TMP was much lower than that in
concentration process, but it consumed quite a lot of water and the
process efficiency was much lower in terms of feed being processed
in a definite time duration.

To combine together the advantages of concentration and
diafiltration modes, a new operation mode which employs both
concentration and diafiltration was examined, as reported by
Castino and Wickramasinghe [36]. The objective was to increase
processing efficiency, reduce water consumption and ensure mem-
brane filtration being performed in an acceptable TMP range. In the
experiment, 19.2 mL feed was firstly concentrated to 12.8 mL, then
the diafiltration step was performed with 6.4 mL deionized water
in a CVD mode. The experimental results are also shown in Table 2
and Fig. 11. It can be seen that the new mode had much higher feed
processing capability, much lower water consumption than diafil-
tration mode, and lower TMP than concentration mode. Therefore,
the new operation mode could be more suitable for IDA recovery
and desalination in terms of IDA recovery (95.8%), NaCl removal
(58.4%) and relatively low TMP (<30 bar).

When the new operation mode is employed, water usage can be
minimized by maximizing the feed volume processed in concentra-

tion step. However, as the feed is concentrated, the concentration
of IDA in retentate will increase, hence leading to an increase in
TMP. Therefore, there exists an optimum concentration factor in this
new operation mode to obtain the least water usage while keeping
the TMP not exceeding the pressure limit of the membrane during

usage (mL) IDA recovery (%) NaCl removal (%)

95.7 60.7
96.8 49.5
95.8 58.4

peed: 1200 rpm.
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peration. As for the pilot-scale test under constant pressure con-
itions, optimization of operation mode should involve minimizing
he desalination time [36]. This work is still in progress.

An industrial feed sample supplied by a plant was also tested for
DA recovery and desalination using the new operation mode. The
ample contained 45.5 g L−1 IDA, 112.6 g L−1NaCl, pH 5.2. With the
ame processing procedure mentioned above, the recovery of IDA
as about 95.6%, NaCl removal was 60.3%.

. Conclusions

NF was employed to examine the desalination and recovery of
DA from its sodium chloride mixtures by NF at different pH, perme-
te flux, temperature and solutes concentration. Different operation
odes were also studied. The conclusions can be summarized as

ollows:

1) pH of solution played a key role in IDA recovery and NaCl
removal. NF270, Desal-5 DL showed high rejection of IDA when
pH > 4, and negative rejection of Cl− was found in filtration at
a certain range of pH for all membranes examined. In terms of
TMP profile, IDA recovery and desalination performance, NF 270
was more suitable for IDA recovery and NaCl removal from the
effluent in IDA production.

2) When NF270 was used, at pH 5.1 ± 0.1, IDA rejection decreased
slightly with the increase of temperature, NaCl and IDA concen-
tration. Low flux, high temperature and high IDA concentration
favored the transmission (or removal) of NaCl.

3) IDA recovery and desalination by diafiltration could be simu-
lated using a simple model, the experimental data agreed well
with the calculated values. For practical purpose, a new opera-
tion which combines concentration and diafiltration modes was
proposed and tested for IDA recovery and NaCl removal, show-
ing great potential in IDA recovery and desalination in terms of
IDA recovery (95.8%), NaCl removal (58.4%) and relatively low
TMP (<30 bar).
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