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Abstract

Electrodialysis (ED) method showed an effective separation ability of soluble saccharides from the ionic liquid (IL) aqueous
solution confirmed by our previous work. This paper focused on the fouling mechanisms of ion exchange membranes (IEMs),
i.e., the cation exchange membrane (CEM) and the anion exchange membrane (AEM). Firstly, the effects of operation time,
IL concentration, glucose concentration, and temperature of dilute solution on membrane fouling were investigated. Results
indicated that the low IL concentration also resulted in the fouling of the IEMs. The addition of glucose had a slight effect
on the AEMs, but a serious effect on the CEM. The effect of temperature on the IEM fouling was the most significant, Over
the temperature range from 25 to 40 °C, the ion exchange capacity (IEC) of CEMs and AEMs decreased from 0.5370 mol/kg
and 0.4565 mol/kg to 0.4171 mol/kg and 0.3172 mol/kg, respectively. Subsequently, the characteristic results showed that the
surface hydrophobicity of the IEMs decreased due to the adsorption of the hydrophilic components, i.e., anions and cations of
ILs. The IEM fouling during the ED process for the separation of glucoses from the IL aqueous solution was mainly caused by
the adsorption of the ILs through the electrostatic interactions. Glucoses was easier to be enriched on the surface of the CEMs,
which could promote the cluster behavior of the ILs and then block the membrane pores or interlayers, thus increasing the
irreversible fouling of CEM. In addition, compared to the other cleaning solution, the HCI solution showed a good cleaning
effect for the fouled IEMs. Under the optimized conditions, the performance of the fouled CEMs could be recovered to 94.57%
of the pristine membrane, and that of the fouled AEMs could be recovered to the pristine membrane level by a long cleaning
process.
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1. Introduction considerable attention [1-6]. Especially, the solvent 1-ethyl-
» 3-methylimidazolium  diethylphosphate  ([Emim]Dep)

Ionic liquids (ILs) are one of the best “green solvents
has been shown to be an effective cellulose dissolving and

available, in the cellulose dissolution field that has gained
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regeneration agent [7-10]. However, during the steps of draft
and water washing for the dissolution process of cellulose
with IL as the solvent, a substantial volume of IL aqueous
solution containing the cellulose hydrolyzed products, i..,
soluble saccharides, was produced. To achieve the recycling
and reuse of ILs, it is desirable to develop a method for
separating soluble saccharides from IL aqueous solution that
is both effective and environmentally friendly. Our previous
work testified that the Electrodialysis (ED) method could
effectively separate the organic compounds which were
generated during the process of cellulose regeneration with
the IL as a solvent, from the IL aqueous solution. The removal
efficiency of soluble saccharides was up to 98.11% under
optimal conditions [11]. To further obtain the optimized
parameters for the ED method, it is necessary to investigate
the mechanisms of membrane fouling, and then establish the
effective cleaning method of the fouled IEMs.

One of the most serious difficulties in the operation of the
electrodialysis desalination process is fouling of the ion
exchange membrane (IEM) [12-15]. Membrane fouling
is essentially caused by the adsorption of foulants on the
membrane surface or the blockage of foulants inside the IEM
pores, resulting in the increase of the membrane resistance
and the decrease of the ion exchange capacity (IEC) [16-20].
The characteristics and mechanisms of membrane fouling
caused by the different types of components are also different.
Therefore, different methods can be used to reduce the
occurrence of IEM fouling. Usually, the prevention and control
measures of the IEM fouling during the ED process include
the pretreatment of raw materials [21,22], the optimization of
operating conditions [23,24], the modification of ion exchange
membrane [25,26], and the membrane cleaning process
[27,28]. Among these methods, the membrane cleaning
method is relatively simple, and it is possible to overcome the
shortcomings of multi-type fouling adaptability. Generally,
water, alkali, acid, and surfactants solutions are often used as
the cleaning solutions for membrane fouling [29].

The main objective of the research is to investigate fouling
of homogenous IEM during the ED process for removing
glucose from an aqueous solution containing ILs formed
during the cellulose dissolving process using [Emim]Dep
IL as the solvent. The impact of operational factors such as
operating time, initial [Emim]Dep concentration in the feed
solution, initial glucose concentration in the feed solution,
and temperature on [EC and IEM contact angle was first
examined. The cleaning effect of different cleaning solutions
on the fouled IEM was investigated, in order to select suitable
cleaning solutions. The properties of the fouled IEM were
characterized by Fourier transform infrared spectroscopy
(FT-IR), X-ray photoelectron spectroscopy (XPS), elementary
analysis, and scanning electron microscopy-energy dispersive
X-ray spectroscopy (SEM-EDS) to further study the fouling
mechanism. Finally, the fouling mechanism model of IEM in

the process of removing glucose from the aqueous solution
containing ILs by the ED method was proposed.

2. Experimental

2.1. Materials

All the reagents within the analytical grade were used
as received while not more purification. Glucose and
hydrochloric acid (HCl) were purchased from Sinopharm
Chemical Reagent Co., Ltd (China). Sodium hydroxide
(NaOH), phenolphthalein, and methyl orange were obtained
from McLin Biochemical Technology Co., Ltd (China).
1-ethyl-3-methylimidazolium diethylphosphate ([Emim]
Dep) was synthesized in our laboratory in step with the
strategy taken from the literature [21]. [Emim]Dep was
characterized by 'H and *C NMR, and the characterization
results were shown in Supporting Information Figure S1 and
Figure S2, respectively. In this work, to avoid the introduction
of other ions, the aqueous solution containing 40 g/L [Emim]
Dep was used as the electrode solution [11]. High-purity
Milli-Q water (resistivity > 18.2 MQ-cm and conductivity <
0.1 uS-cm™) was used to prepare all aqueous solutions.

2.2. Experimental Set-Up

ED apparatus was provided by Hefei ChemJoy Polymer
Materials Co.,Ltd (China). The membrane fouling experiments
were carried out in a five-compartment ED stack with two
homogeneous CEMs (CJMC-3, Hefei ChemJoy Polymer
Materials Co., China) and one homogeneous AEM (CJMA-3,
Hefei ChemJoy Polymer Materials Co., China) as shown in
Figure 1. The CEM with functional sulfonic groups and the
AEM with functional quaternary ammonium were composed
of styrene-divinylbenzene co-polymer. The parameters of the
ion-exchange membranes are shown in Table 1. The effective
area of each membrane was 189 cm’ The neighboring
membranes were separated by a spacer with a thickness of 0.8
mm. The solution temperature was controlled by a thermostat
ET-3030 (Shenzhen Bangqichuangyuan Technology Co.,
China). All of the compartments in the ED set-up were
flushed with distilled water before each experiment.

2.3. Membrane Fouling Experiments

The membrane fouling experiments were carried out in
an ED apparatus, as shown in Figure 1. The membrane
stack with two CEMs and one AEM which were alternately
arranged between the cathode and anode was divided into the
dilute compartment (DCT), the concentrated compartment
(CCT), and the electrode compartment (ECT). The CCT was
filled with 2 L deionized water. The DCT, in which the initial
solution was 2 L mixed solution containing IL and glucose, i.e.
the feed solution. To avoid the introduction of other ions, such
as Na"and SO, 1 L of 40 g/L [Emim]Dep aqueous solution
was used as the electrode rinse solution. The solutions in the
three vessels were circulated through the DCT, CCT, and
ECT, respectively, and then flowed into the three vessels. For
all experiments, the corresponding magnetic drive pump
circulated three types of solutions at a flow rate of 40 L/h. Each
fouling experiment with the same type of IEM was conducted
three times, with the average of the three measurements used
to determine the characterization result. The utilized IEM was
cleaned with ultrapure water after each test and then air-dried
for further characterization.
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Table 1: Physical and chemical properties of ion-exchange
membranes.

Properties Indexes

AM CM
Thickness in dry state (um) 140-160 180-210
Ion-exchange capacity (meg/g) 0.5-0.6 0.8-1.0
Water content (%) 15-20 40-50
Burst strength (MPa) >0.35 >0.35
Resistance of surface (Q-cm?) 3.5-4.5 2.5-3.5
Permselectivity (%) >93 >93
Temperature tolerance (°C) <40 <40

feed solution deionized water

®
CEM : Cat

«

hange membrane

Figure 1: Scheme of ED stack used in this study.

2.4. Membrane Cleaning Experiments

Several cleaning solutions, such as high-quality rinse-water,
alkali, acids, and surfactants, were regularly or even daily
employed to wash membranes in industries to reduce the
impacts of membrane foulants [30]. In this work, three kinds
of solutions, i.e., ultra-pure water, hydrochloride solution,
and sodium hydroxide solution, were selected as the cleaning
solutions. A number of membrane samples of 40 mm x 40 mm
were immersed in 100 mL of a cleaning solution (ultra-pure
water, 0.1 mol/L HCI solution, or 0.1 mol/L NaOH solution)
in an Erlenmeyer. Subsequently, each sample removed from
the solution after a specified cleaning duration (1, 2, 3, 4, 5
day-Dl, D,D,D, D5), was rinsed in 100 mL ultra-pure water
for 24 h, and then was air-dried for further characterization.

2.5. Characterizations

The zeta potential of mixed solution containing IL and
glucose was measured by Nanoparticle size and Zeta potential
analyzer (DelsaNano C, Beckman Coulter, USA). 'H and
BC NMR spectra were recorded on a 600 MHz liquid NMR
spectrometer (AVANCE IIT HD 600, Bruker, Switzerland). The
surface structure of the IEMs was characterized by Fourier
Transform Infrared spectrophotometer (FT-IR) (Nicolet 380,
Thermo Nicolet Corporation, USA) from 4000 to 600 cm™!
and X-ray photoelectron spectrometer (XPS). The surface
morphology of IEMs was observed by SEM (Hitachi SU8020,
Japan) at an accelerating voltage of 5 kV and a current of 10
pA. EDS was used to obtain the surface and cross-section
element mapping of IEMs at an accelerating voltage of 20 kV
and a current of 10 pA. The roughness of the surface of the
IEMs was determined by atomic force microscopy (AFM)
(MultiMode 8, Bruker, Germany). The elemental content of
the CEM was analyzed by elemental analyzer (vario EL cube,
Elementar Analysensysteme GmbH, Germany). The surface

contact angle of IEMs was determined by contact angle
instrument (K100, Kruss, Germany).

The IEC of IEMs was determined by titration [31]. The
determination steps of IEC of AEM are as follows: the AEM
with the size of 30 mm x 30 mm was weighed as m, (g), and
then the AEM with known weight was immersed in the 20
mL of 0.1 mol/L NaOH solution for 24 h to ensure that all
the opposite ions were converted into OH . Subsequently, the
NaOH solution was titrated with the 0.01 mol/L HCl solution.
The volume of HCl solution was recorded as V, (mL), and the
IEC of AEM can be obtained by Eq. (1). The determination
method of IEC for CEM was the same as that of AEM. The
difference was that the CEM was immersed in the 0.1 mol/L
HClI solution, and the HCI solution was titrated with the 0.01
mol/L NaOH solution.

3. Results and Discussions

3.1. Determination of Limit Current Density

When the current density reaches the limit current density
(LCD), H,0 molecules on the membranes surface are
dissociated into H* and OH ions, causing membrane fouling
to worsen. As a result, the LCD value is a critical parameter
for the ED process, and it can be calculated using the current
density and potential relationship [32,33]. The LCD parameter
was tuned in this study by looking at the applied voltage drop
across the membrane stack. The experiment was conducted
with a 2 L dilute solution (10 g/L IL and 0.5 g/L glucose), a
2 L concentrated solution (distilled water), and a 40 L/h flow
rate. The changing patterns of the current density during the
ED process as the voltage declines were depicted in Figure 2.
The slope was clearly modified due to H,O dissociation on the
membrane surface, and the LCD was then around 1.73 mA/
cm?, which was employed in the subsequent ED studies.

3.2. Zeta Potential of IL and Glucose in a Mixed

Solution

Zeta potential is another important parameter to control the
electrostatic interaction between organic compounds and
membranes [12]. Figure 3 shows the zeta potential variation
of a mixed solution containing IL and glucose as a function of
[Emim]Dep and glucose concentrations. It was obvious from
Figure 3(a) that the surface potential of the mixed solution
was negative and its absolute value increased with the increase
of [Emim]Dep concentration. From Figure 3(b), it was clear
that the absolute value of surface potential decreased with the
increase of glucose concentration. This might be attributed to
the fact that glucose was easier to adhere to the surface of CEM.
Therefore, it was speculated that the higher the concentration
of glucose in the feed solution, the more serious the fouling of
CEM would be [34].

3.3. Analysis of Fouling for IEMs

To reduce the effect of concentration polarization on
membrane fouling, the experimental current density should
be controlled below the LCD. From the above experimental
results, the applied voltage corresponding to the LCD was
7.64 V. As a result, the applied voltage of 6 V was chosen for
further studies based on LCD requirements.
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Figure 3: Zeta potential Variation of the mixed solution containing

IL and glucose with the concentration of [Emim]Dep (a), glucose(b).

3.3.1. Effect of the Operating Time on Membrane Fouling

The effect of operation time on membrane fouling was
evaluated in this study using a 2 L dilute solution (30 g/L IL and
0.2 g/L glucose), a 2 L concentrated solution (distilled water),
a 6 V applied voltage, a 25 °C dilute solution temperature,
and a 40 L/h flow rate. The IEC of fouled membranes is listed
in Table 2. It was obvious that the IECs for both AEMs and
CEMs decreased with the increasing operating time. When the
operating time was increased from 0 to 4 h, the IEC of IEMs
was obviously decreased. A further increase of operating time
from 4 h, caused a slight change for the IEC of IEMs. It might
be due to the fact that a large amount of [Emim]|Dep in the
DCT were transferred into the CCT during the initial stage
of ED process. The variance of the permeation ratio for IL
with the operating time has been investigated in our previous
study [11]. It was found that in the first third of the whole
separation process, nearly half of [Emim]Dep in the DCT
were transferred through the IEMs to the CCT. Moreover, the
time required for the complete transfer of [Emim]Dep to the
CCT in this condition experiment was about 8 h. Therefore, in
the first 4 h, most of [Emim]Dep in the DCT were transferred
to the CCT through the IEMs, leading to deterioration of the
IEC due to the internal blockage of IEMs. In addition, it can
also be found from Table 2 that the IEC of CEMs decreased
faster than that of AEMs, due to the fact that glucoses was
easy to be enriched on the surface of the CEM, which might

promote the formation of IL clusters on the surface of the
CEM, and further lead to the blockage of ILs in the membrane

pores or interlayers, thus accelerating the membrane fouling.

Contact angle is an important parameter to characterize the
hydrophilicity of membrane surface. The results of contact
angle measurements for the fouled IEMs at different operating
time are shown in Figure 4. The pristine IEMs used in this
study were hydrophobic due to the fact that contact angles for
these membranes were higher than 90°. The surface contact
angles of AEMs and CEMs decreased with the extension of
operation time, indicating that the membrane surface became
less hydrophobic due to the adsorption of [Emim]Dep or
glucose. It needs to be mentioned that, as shown in Figure 4,
when the operation time increased from 0 h to 4 h, the surface
contact angles of CEM and AEM showed a slight change. But
with the further increase of the operating time from4hto 6 h,
the contact angle of membrane surface decreased obviously.
However, when the operating time increased from 6 h to 8 h,
the contact angle showed no obvious change. This could be
due to the fact that the amount of [Emim]Dep adsorbed on
the surface of IEMs gradually reached the maximum with the

extension of operating time.

Figure 5 shows the surface morphologies of pristine IEMs
and different fouled IEMs. It was shown that the surface
morphology of contaminated AEMs had changed in some
way. The longer the operating time, the more obvious the
changes of surface morphology. As shown in Figure 5(b),
the surface morphology of AEM was similar to Figure 5(a),
but the ILs were found on the surface of AEM. In addition,
it was clear from Figure 5(c) to Figure 5(e) that the surface
morphology of fouled AEMs was completely different from
that of pristine AEM, due to the formation of dense fouling
layer.

It can also be seen from Figure 5 that the surface morphology
of CEM only happened a slight change. However, according to
the changes of IEC and surface contact angle, it can be found
that the extension of operating time also increased the fouling
degree of CEM. No obvious change in morphology might
be due to the fact that the surface morphology of pollutants
is similar to that of pristine CEM. The surface roughness of
pristine and fouled IEMs were examined to further validate
the fouling of IEMs. The results are shown in Figure 6. As
can be observed from this figure, the surface roughness of all
the fouled IEMs at different operating time increased, further

indicating that the surface of IEMs was fouled.



Xu et al. | Membrane Fouling Mechanism during Purification Ionic Liquids by Electrodialysis

Table 2: IECs of fouled membranes at different operating

times.
Time (h) IEC (mol/kg)
CEM AEM
0 0.8663 0.5721
2 0.6535 0.5156
4 0.5625 0.4751
6 0.5370 0.4565
8 0.5082 0.4011
E
100 {» {» H —I—
%} 80 I
I
E 40 -
20
! 0 2 4 6 8
Time (h)

Figure 4: Contact angles on CEMs and AEMs at different operating
time.

Figure 5: SEM images of the fouled AEMs and CEMs (a to e are 0,
2,4,6,8h).
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Figure 6: Roughness of CEMs and AEMs at different operating time.

The XPS spectra for IEMs were analyzed to elucidate the
mechanisms, as shown in Figure 7. It can be seen from Figure
7(a) that the surface of pristine AEM mainly contained C, O,
and F elements, and that of fouled AEM was still dominated by
C, O, and F elements, but a new peak of P2p. The adsorption of
Dep anion on the surface of fouling AEM was thought to be
the origin of the alterations in chemical structure. It also was
obvious from Figure 7(b) that the surface of pristine CEM

mainly contained C, O, and F elements, and that of fouled
CEM was still dominated by C, O, and F elements except for
anew peak of N1s. This could be due to the fact that [Emim]*
cation was adsorbed on the surface of CEM.

The change of chemical bond on the surface of AEM was
further analyzed by the peak fitting function of XPSPEAK
4.0. Figure 8(a) and Figure 8(b) gave the fitting results of Ols
peak. Ols was divided into six peaks, N-O, C-O, H-O, C=0/
P-O, H-O, and C-O-C, with values of 530.57, 531.04, 531.50,
531.96, 532.44, and 533.10 eV, respectively. Figure 8(c) shows
the peak fitting results of P2p. As shown in this figure, P2p
was divided into two peaks, i.e. P-O and P=0, and their values
were 133.07 and 133.92 eV, respectively, corresponding to
Dep anion.

Similarly, the peak fitting function of XPSPEAK 4.0 was used
to analyze the change of chemical bonds on the surface of
CEM. Figure 9(a) and Figure 9(b) gave the results of Ols
peak fitting. Ols was divided into four peaks, -SO,H, C=0,
C-0, and C-OH, with peaks of 531.11, 531.67, 532.31, and
533.10 eV, respectively. Figure 9(c) and Figure 9(d) show the
fitting results of N1s peak. N1s was divided into three peaks,
C-N, H-N, and C-N*, and the corresponding values were
399.70 eV, 400.14 eV, and 401.50 eV, respectively. It also can
be seen that the pristine CEM was dominated by H-N and
C-N peaks. H-N peak accounted for the largest proportion.
While the C-N* peak ratio of CEM increased significantly
after fouling. It was inferred that the changes in the chemical
bond of fouled CEM surface were caused by the adsorption of
[Emim]* cation. In addition, it was also obvious from Figure
9(a) and Figure 9(b) that the ratio of C-OH peak for CEMs
increased from 0% to 8.95% after fouling. It is speculated that
glucoses could be adsorbed on the surface of CEM.

The operating time of 6 h was chosen for future studies in
order to better understand the fouling mechanisms of IEMs,
and based on the results of the impacts of operating time on
membrane fouling.

3.3.2. Effect of the IL Concentration on Membrane Fouling

At a dilute solution of 2 L (0 g/L glucose), a concentrated
solution of 2 L (distilled water), an applied voltage of 6 V, a
dilute solution temperature of 25 °C, and a flow rate of 40 L/h,
the influence of IL concentration on membrane fouling was
examined. It can be seen from Supporting Information Table
S1 that the IECs of CEMs and AEMs decreased from 0.8663
mol/L and 0.5721mol/L to 0.5720 mol/L and 0.4905 mol/L,
respectively, when the initial IL concentration in the DCT
increased from 0 to 10 g/L, indicating that the IL concentration
had a great influence on the IEC of CEMs. This might be due
to the fact that glucoses was easier to adhere to the surface of
the CEM based on the results obtained in section 3.2, which
promoted the clustering of ILs on the surface of the CEM and
intensified the blockage of CEMs. With the further increase
of IL concentration from 10 to 40 g/L, the IECs of AEMs and
CEMs showed a slight change, indicating that the adsorption
capacity of ILs on the AEMs reached a maximum value.
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Figure 7: XPS spectra of AEMs (a) and CEMs (b) before and after
fouled (t = 6 h; 30 g/L IL; 0.5 g/L glucose).
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In order to further explain the phenomenon, the elemental
content of the fouled membrane was analyzed. It was obvious
from Figure 10 that the P content for the fouled AEMs

surface increased with the increase of IL concentration and

hardly happened any changes for the fouled CEMs surface.
However, it can be seen from Figure 11 that the N content
for the fouled CEMs obviously increased. This could be due
to the fact that Dep™ anion and [Emim]* cation of the IL were
adsorbed in AEMs and CEMs, respectively. In addition, it
was obvious from Figure 10 and Figure 11 that the P content
on the AEM and the N content on the CEM were 3.68% and
2.37% at the IL concentration of 10 g/L respectively. With the
further increase of IL concentration, however, the changes in
the P content on the surface of AEMs and the N content on
the CEM were not obvious.

The contact angle of the fouled IEMs at different IL
concentrations is shown in Supporting Information Figure S3.
It was clear that when the concentration of IL increased, the
contact angle of [IEMs reduced, due to the fact that ILs were
adsorbed on the surface of IEMs. However, IL investigated
in this work was hydrophilicity, leading to a decrease for the
hydrophobicity of the fouled membranes.

FT-IR spectra for the pristine IEMs and the fouled IEMs
dried naturally were used to analyze the changes in chemical
structure for the surface of the fouled IEMs. The results are
shown in Figure 12. It can be seen from Figure 12(a) that,
for the fouled CEMs, two new absorption peaks appeared
at 1571 cm? and 1337 cm’, and their peak intensities
increased with the increasing IL concentration. The two new
peaks corresponded to C=N and C-N stretching vibration,
respectively, which was consistent with the characteristic
peak of [Emim]*. Moreover, The characteristic peak of the
S-O bond in the functional group sulfonic acid group of
the cation exchange membrane shifted before and after the
fouling, changing from 1036 cm™ to 1030 cm™. This might be
attributed to the adsorption of the [Emim]* on the surface of

the CEM by electrostatic interaction.

For the AEMs, As shown in Figure 12(b), it was obvious
that two new absorption peaks appear at 1045 cm™ and 943
cm™ after the experiment of membrane fouling, and the peak
intensity increased with the increase of IL concentration. The
two new peaks corresponded to P=O and P-O stretching
vibrations, respectively, which were consistent with the
characteristic peaks of Dep". The characteristic peak of the
C-N bond in the functional group quaternary ammonium
group of the anion exchange membrane shifted before and
after the fouling, changing from 1169 cm™ to 1167 cm™. This
could be due to the fact that Dep™ anions were adsorbed on the
surface of AEM by electrostatic interaction. And the increase
of IL concentration in the DCT led to an increase in the total

amount of Dep- anions absorbed on the AEM surface.
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Figure 12: FT-IR spectra of CEMs (a) and AEMs (b) before and after

fouled at different IL concentrations.

3.3.3. Effect of the Glucose Concentration on Membrane
Fouling

Experiments were carried out using a dilute solution of 2 L
(30 g/L IL), a concentrated solution of 2 L (distilled water), an
applied voltage of 6 V, a dilute solution temperature of 25 °C,
and a flow rate of 40 L/h to determine the influence of glucose
concentration on the IEC of membrane. Table 3 shows the

results of the experiment.

As shown in Table 3, the glucose concentration hardly
affected the IEC of the AEMs. However, the glucose
concentration showed a certain influence on the IEC of

CEMs. The IEC of CEMs declined from 0.5465 mol/kg to

0.4978 mol/kg during the glucose concentration range of 0 to
0.5 g/L. This might be due to the fact that glucose was easily
adsorbed on the surface of CEMs. The interactions between
1-butyl-3-methylimidazolium carboxylate IL and glucose
were investigated by Zhuo et al. [35]. The hydrogen bonds
between H2 in the imidazolium ring and H,O molecules
were discovered to be weakened when glucose was added to
the aqueous solution. The interaction between the IL anion
and glucose was stronger than the interaction between the
IL cation and glucose, and a small amount of glucose might
produce a change in the aggregation characteristics of IL. As a
result, the aggregations of glucose and IL on the surface of the
CEMs increased as the glucose concentration increased. This
caused a negative impact on the charged groups in the CEMs,

and thus reducing the IEC of the CEM.

The glucose concentration hardly affected the contact angle of
AEMs, but did have a slight effect on the contact angle of CEMs,
as shown in Figure 13. The contact angle of CEMs declined
from 82.93° to 77.27° during the glucose concentration range
of 0 to 0.5 g/L. This might be since an increase in glucose
concentration increased the aggregations between glucose
and IL, thus further increased the adsorption contents of
IL and glucose on the surface of the CEMs. Especially, the
hydrophilic glucose and IL absorbed on the surface of CEMs

reduced the hydrophobicity of membrane surface.

3.3.4. Effect of Temperature on Membrane Fouling

At a dilute solution of 2 L (30 g/L IL and 0.2 g/L glucose),
a concentrated solution of 2 L (distilled water), a voltage of
6V, and a flow rate of 40 L/h, the influence of temperature
on membrane fouling was examined. Supporting Information
Table S2 listed the IEC of the fouled membranes at different
temperatures. It was obvious that the temperature had a
great influence on the IEC of CEMs and AEMs. Over the
temperature range from 25 to 40 °C, the IEC of CEMs and
AEMs decreased from 0.5370 mol/kg and 0.4565 mol/kg to

0.4171 mol/kg and 0.3172 mol/kg, respectively.
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Table 3: IECs of fouled membranes at different glucose

concentration.

Concentration IEC (mol/kg)

glucose (g/L) CEM AEM
0 0.5465 0.4632
0.1 0.5377 0.4592
0.2 0.5370 0.4565
0.3 0.5164 0.4581
0.5 0.4978 0.4511

However, it can be found from Figure 14 that with the
increase of temperature, the contents of P element on the
surface of AEMs and N element on the surface of CEMs
showed slight changes. These findings showed that as the
temperature increase, the degree of membrane fouling
increase as well. Other researchers have also drawn the same
conclusion [36]. They found that higher temperature led to
the change of membrane structure and morphology, which
had a negative impact on the charged groups in the IEMs, and
thus decreased the IEC of IEMs.

3.4. Membrane Cleaning
3.4.1. Effect of the Type of Cleaning Solution on the
Performance of Cleaning

Table 4 listed the IEC of the fouled membranes immersed
in different cleaning solution. It can be seen that when the
fouled CEMs were immersed in the distilled water, 0.1 mol/L
HCI and 0.1 mol/L NaOH solutions, the IECs of the CEM
were 0.5436 mol/kg, 0.8193 mol/kg, and 0.8287 mol kg,
respectively. Compared with the distilled water, the cleaning
effects of the NaOH and HCI solutions were better. The
distilled water had a little cleaning effect on fouled AEMs and
AEMs, indicating that the adsorption of IL on the membrane
might be happened by the chemical interaction between
IL and the IEM. In addition, the HCI solution showed the
best cleaning effect for the fouled AEMs. This result might
be attributed to the Hoffmann elimination reaction and
nucleophilic substitution reaction of quaternary ammonium
groups of AEM under alkaline conditions [36].

The roughness of the pristine and cleaned IEMs were analyzed,
as shown in Figure 15. It was obvious that the roughness of
the fouled IEMs cleaned by the distilled water happened with
little changes. The roughness values of the AEMs cleaned by
the HCI and NaOH solutions were 13.6 nm and 14.5 nm,
respectively, which were close to the roughness value of the
pristine AEM (14.0 nm). This result indicated that almost
all the foulants absorbed on the surface of the AEMs could
be effectively removed by the cleaning of the HCI or NaOH

solution.
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Figure 13: Contact angles on CEMs and AEMs at different glucose
concentrations.
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Figure 15: Roughness of the fouled membrane after immersion in
different cleaning solutions.

Table 4: IECs of fouled membranes at different conditions.

Conditions IEC (mol/kg)

CEM AEM
Pristine 0.8663 0.5721
Fouled 0.5370 0.4565
H,0-D, 0.5436 0.4659
HCl—D5 0.8193 0.5678
NaOH-D, 0.8287 0.5382

It also can be found from Figure 15 that the roughness
values of the CEMs cleaned by the HCI and NaOH solutions
were 30.6 nm and 31.2 nm, respectively, which were a little
higher than that of the pristine CEM (12.8 nm). Most of the
foulants adsorbed on the surface of CEMs could be removed
by the cleaning of the HCl and NaOH solutions. The residual
foulants on the CEM after cleaning had a certain influence on
its surface morphology, resulting in the increase of the surface
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roughness of the CEM. This result might be attributed to the
intensification of IL clusters resulting in the blockage of CEM.

Based on the above experimental results, it can be seen that the
cleaning effect of the distilled water was the worst. Therefore,
taking into account the recovery of the performance of the
fouled IEMs and the 0.1 mol/L HCI solution was selected as
the cleaning solution for the subsequent experiments.

3.4.2. Effect of the Cleaning Time on the Performance of
Cleaning

It can be seen from Supporting Information Table S3 that the
IEC of CEMs could be recovered to 0.8260 mol/kg after one
day of immersion. With the increase of cleaning time, the IEC
of CEMs showed a slight change. The element analysis results
for the CEMs were obtained by quantitative analysis test, as
shown in Figure 16. It was obvious that after the fouled CEM
was immersed in the HCI solution for one day, the content of
N decreased from 2.78% to 0.79%. With the further increase of
cleaning time, the content of N for the CEM happened almost
no change, indicating that most of the foulants adsorbed on
the CEMs could be removed by the method of immersion
cleaning, and the CEM fouling was partially irreversible, due
to the fact that ILs and glucoses blocked in the CEM pores or
interlayers could not be effectively removed.

It can also be seen from Supporting Information Table S3 that
the IEC of AEM was restored from 0.4565 mol/kg to 0.4769
mol/kg after the AEM was immersed in the HCI solution
for one day. After five days of immersion, the IEC was
0.5678 mol/kg, slightly lower than that of the pristine AEM,
indicating that the ILs adsorbed on the AEM could also be
removed by the method of immersion cleaning. The element
mapping of the fouled AEM immersed in the HCI solution
for different time was shown in Figure 17. For the pristine
AEM, the elements of C and O were evenly distributed on
the membrane surface, and the P element should be the
component of crosslinking agent for the synthesis of AEM.
It also was obvious that the contents of O and P elements for
the fouled AEM increased from 17.89% and 0.16% to 22.03%
and 3.54%, respectively. When the immersion time of the
fouled AEM was only one day (D,), the contents of O and
P elements changed slightly in comparison with the pristine
AEM. It was analyzed that the immersion cleaning of one day
caused a small part of foulants on the fouled AEM (D) to fall
off and most of them to become loose. With the cleaning time
increase to five days, the distribution of O and P elements (D,)
decreased significantly to 18.15% and 0.19%, respectively,
indicating that the foulants on the surface of AEMs could be
removed through the long-term immersion cleaning process.

In Supporting Information Figure S4, the element mapping
on the cross-sections of the pristine and fouled AEMs
immersed in the HCI solution for various times is displayed.
It was obvious that the content of P element for the fouled
AEM increased significantly, indicating that the anions of
IL not only resulted in the fouling of AEM surface, but also
blocked the pores or interlayers of AEM. In addition, with the

extension of immersion time, the content of P element in the
cross-section of AEM decreased gradually. When the AEM
was immersed in the HCI solution for five days, the content
of P element decreased from 1.47% to 0.19%, which was close
to that of the pristine AEM. These results indicated that the
Dep blocked in the membrane pores or interlayers could be
removed by the cleaning method.

3.5. Analysis of IEM Fouling Mechanism

According to the results of membrane fouling and cleaning
experiments, the fouling characteristics of the IEMs were
significantly affected by ILs and glucoses interested in this
work. Figure 18 shows a schematic diagram of fouling
behavior during ED removal of soluble saccharides from an
aqueous solution containing ILs.

By comparing the cleaning effect of deionized water,
hydrochloric acid, and sodium hydroxide solutions on the
fouled membranes, it was found that the cleaning effect of
deionized water on the AEM and CEM was worst, indicating
that the foulants such as ILs and glucoses interacted with
the IEMs not only by the physical adsorption, but also by
the chemical reaction. This result could be confirmed by the
XPS characterization results of the fouled membrane, which
showed that a new N-O bond appeared on the surface of the
AEM.

Combined with the analysis results of FTIR and XPS, it was
obvious that anions and cations of ILs could be absorbed on the
surface of AEMs and CEMs, respectively, by the electrostatic
interactions due to the fact that the AEM contained positively
charged quaternary ammonium groups and the CEMs
contained negatively charged sulfonic acid groups. However,
the IEC of the fouled membrane cannot be restored to the
original value after a long time of cleaning, indicating that the
fouling of the IEMs was partially irreversible, resulting from
the blockage of ILs in the membrane pores or interlayers.
Especially, the XPS characterization results of the fouled CEM
showed that a new bond C-OH appeared on the surface of the
fouled CEM, indicating that glucoses could be attached to the
surface of the CEM. The experimental results indicated that
the addition of glucose deteriorated the fouling level of the
CEMs, due to the fact that glucoses was easy to be enriched on
the surface of the CEM. This might promote the formation of
IL clusters on the surface of the CEM, and further lead to the
blockage of ILs in the membrane pores or interlayers.
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Figure 16: Elemental analysis of the fouled CEMs immersed in HCI
for different time.
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Figure 17: The element mapping for the pristine AEMs and the
fouled AEMs.
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Figure 18: The schematic diagram of the fouling behavior during
removal of soluble saccharides from the aqueous solution containing
ILs by ED on the IEMs.

4. Conclusions

In this work, the IEM fouling was studied during the removal
of soluble saccharides from the aqueous solution containing
ionic liquids by the ED method. In order to study the effect of
the ED process on the formation of IEMs fouling and property
changes of the fouled IEMs, the experiments of IEMs fouling
and cleaning were carried out. It was demonstrated that the
low IL concentration also resulted in the fouling of the IEMs.
The addition of glucose had a slight effect on the AEM, but a
serious effect on the CEM. The effect of temperature on the
IEM fouling was the most significant. Higher temperature
resulted in the change of the IEM structure, and the IEC
of the IEMs was significantly reduced with the increasing
temperature. In addition, the hydrochloric acid solution
showed a good cleaning effect for the fouled IEMs. A cleaning
process of short time could recover the performance of the
fouled CEMs to 94.57% of the pristine membrane, and that of
the fouled AEMs could be returned to the pristine membrane
level by a long cleaning process. During the ED process for the
separation of glucoses from the IL aqueous solution, the IEM
fouling was mainly caused by the adsorption of the anions
and cations through electrostatic interactions. Glucoses was
easier enriched on the surface of the CEMs, which could

promote the cluster behavior of the IL, and then the blockage
of ILs in the membrane pores or interlayers was intensified,
further increasing the irreversible fouling of CEM.

Supplementary Materials

Figure S1 lists the "H NMR data of the synthesized [Emim]
Dep IL. Figure S2 lists the *C NMR data of the synthesized
[Emim]Dep IL. Figure S3 provides relationships between the
contact angles of the IEMs and the IL concentrations. Figure
S$4 listing element content on the cross-section for the pristine
and fouled AEMs. Table S1 lists the effect of IL concentration
on the IECs of the fouled IEMs. Table S2 lists the effect of
the temperature of dilute solutions on the IECs of the fouled
IEMs. Table S3 lists the effect of the HCI cleaning solution on
the IECs of the fouled IEMs.
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