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Abstract Mesoporous materials were prepared in choline
chloride deep eutectic solvents by triblock copolymer-tem-
plated hydrothermal synthesis. The mesoporous materials
were characterized by thermogravimetric analysis, scan-
ning electron microscopy and nitrogen sorption analysis.
The mesoporous material-based choline chloride-ethylene
glycol (1:2 mol ratio) deep eutectic solvent had a flower-
type shape, but the material-based choline chloride-urea
(1:2) and based choline chloride-acetic acid (1:2) had
mesoporous spherical shapes. These mesoporous materials
were applied to high-performance size exclusion chroma-
tography column packing. The separation effect of the two
dextrans was better from the choline chloride-acetic acid
deep eutectic solvent-based mesoporous spheres packed
in a high-performance size exclusion chromatography
column. In addition, the three polysaccharides, dextran-1
(molecular weight: 670 KD), dextran-2 (molecular weight:
50 KD) and dextran-3 (molecular weight: 5 KD), were sep-
arated successfully using the choline chloride-acetic acid
deep eutectic solvent-based mesoporous spheres packed
in a high-performance size exclusion chromatography col-
umn. The mesoporous spheres-based deep eutectic solvents
are a potential packing material in high-performance size
exclusion chromatography. The separation conditions of
more target compounds will be explored in future studies.
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Introduction

With the increasing attention on the development of green
chemistry, green chemistry has encouraged the application
of more eco-friendly substances and more green products
generated in more chemical processes. Ionic liquids (ILs),
which consist of an organic cation paired with an organic
or an inorganic anion, as a new type of green solvent, have
been applied widely in chemical process by researchers
over the past 20 years [1-4]. On the other hand, most ILs
with hazardous toxicity and poor biodegradability, have
been reported; hence, there is some doubt regarding fully
eco-friendly ILs [5-7]. The discount of the green property
of ILs hampers their development, and promotes new sol-
vent generation with greener properties. Under this back-
ground, deep eutectic solvents (DESs), have emerged as
eco-friendly solvents in chemical research and aroused the
interest of many researchers.

A DES is generally composed of a mixture consisting of
a hydrogen bond acceptor (HBA), such as a quaternary salt,
with a hydrogen bond donor (HBD), such as amines, car-
boxylic acids, alcohol, and carbohydrates [8]. Choline chlo-
ride (ChCl) with great biodegradability and low toxicity,
has been selected popularly as a HBA [9, 10]. In addition,
these HBDs are also common organic compounds from
organisms. Therefore, DESs have greener credentials than
ILs, and have attracted considerable attention in related
chemical research. From the appearance of the DESs defi-
nition in 2003 to now [8], DESs have been applied rapidly
to some branches of chemistry, such as electrochemistry,
nanomaterial preparation, and biochemistry [11-14]. Based
on the green affiliation of DESs and the compositional flex-
ibility, DESs have attracted interest in materials preparation
[15]. In addition, mesoporous materials have been applied
widely in areas, such as catalysis, sorption, ion exchange,
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Table 1 Compositions of the o .
ChCl DESs in this work Abbreviation HAD HBD HAD/HBD ratio
[0}
DES-1
HyN NHa
Urea
[ I* Cr
—I~""0H HO. .
DES-2 NN 2
ChCl Ethylene glycol
o)
DES-3 Aon

Acetic acid

etc., in various chemical processes. Therefore, the prepara-
tion of mesoporous materials in DESs should be examined.

Among mesoporous materials, triblock copolymer-tem-
plate hydrothermal synthesis has been applied widely in
the preparation of a stable mesoporous siliceous material
[16, 17]. In the synthesis of mesoporous siliceous materi-
als, surfactants with ionic hydrophilic groups and hydro-
phobic tails, can as template for the ordered arrays of pores
in mesoporous materials [18]. Based on flexible structure
of DESs containing both an organic group and an anion,
DESs might be a potential surfactant in the preparation of
mesoporous siliceous materials and be explored. In this
study, three choline chloride DESs with different HBDs
were applied to the preparation of mesoporous materials.
If mesoporous materials have uniform pore structures and
excellent stability, they can be applied as packing materials
to high-performance size exclusion chromatography (HP-
SEC) [19, 20]. Therefore, the three prepared mesoporous
materials in choline chloride DESs were packed in a HP-
SEC column for the separation of polysaccharides.

To explore the synthesis of mesoporous siliceous mate-
rials in the green solvent of DESs, three choline chloride
DESs, ChCl-Urea, ChCl-Ethylene glycol and ChCl-Malonic
acid, were applied to hydrothermal synthesis, as shown in
Table 1. After the syntheses, the prepared materials were
characterized by thermogravimetric analysis (TGA), scan-
ning electron microscopy (SEM) and nitrogen sorption anal-
ysis. All the mesoporous materials were packed in HP-SEC
columns and applied to the separation of polysaccharides.

Experimental
Materials

Choline chloride (ChCl) (>98.0 %), ethylene glycol
(>99.5 %), urea (>98.0 %) and 1,3,5-trimethylbenzene

@ Springer

(TMB, 99 %) were purchased from Tokyo Chemical Indus-
try Co. Ltd. (Tokyo, Japan). Acetic acid (>99.0 %) was sup-
plied by Duksan Pure Chemicals Co., Ltd. (Ansan, Korea).
Poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol) (PEG-PPG-PEG), and three polysac-
charides standards, dextran-1 (analytical standard, for GPC,
molecular weight: 670 KD), dextran-2 (analytical standard,
for GPC, molecular weight: 50 KD) and dextran-3 (ana-
Iytical standard, for GPC, molecular weight: 5 KD), were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Teraethoxysilane (TEOS, 98 %) was supplied by Alfa
Aesar (Heysham, England). Hydrochloric acid (HCL, 36 %)
was obtained from Kosdaq Co., Ltd. (Siheung, Korean).
All other organic solvents and inorganic reagents were
acquired from Duksan Pure Chemicals Co., Ltd. (Ansan,
Korea). Distilled water was filtered using a vacuum pump
and filter (HA-0.45, both from Millipore, USA) prior to
use. All samples were filtered (MFS-25, 0.2 wm TF, What-
man, USA) before being injected into the HPSEC system.

Preparation of DESs

Three DESs were prepared by heating ChCl salt and a
HBD, such as urea, ethylene glycol and malonic acid, at a
ratio of 1:2 (mole ratio) to 60 °C for 30 min with constant
stirring until a homogeneous liquid had formed. Table 1
lists the compositions of the prepared DESs.

Synthesis of Mesoporous Siliceous Materials in DESs

The mesoporous materials were prepared using the hydro-
thermal polymerization method shown in Fig. 1 and syn-
thesized using the following synthetic scheme. 4.0 g of
PEG-PPG-PEG as a copolymer was dissolved in 65.0 mL
of H,O and 10.0 mL of HCI solution in a reactor, which
was followed by the addition of 5.0 g of TMB. The mix-
ture was stirred at 40 °C for 2 h. Subsequently, 9.0 mL of
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Fig. 1 Synthesis of the ChCl
DES-based mesoporous sili-
ceous spheres

(c2H40)x(c3H60)y(cZH40)z

PEG-PPG-PEG

TEOS was added to the reaction mixture, and the mixture
was transferred to an autoclave at 40 °C for 20 h. The DES
was then added to the autoclave, and the temperature was
increased to 150 °C and held at that temperature for 24 h.
After aging, the resulting white precipitate was filtered,
washed sequentially with water and ethanol, and dried at
60 °C. The white powder was then calcined at 900 °C in
a muffle furnace for 6 h. After cooling, the desired DES-
based mesoporous materials were obtained as white parti-
cles [21].

Characterization of the Mesoporous Materials

The mesoporous materials were characterized by TGA
(SCINCO thermal gravimeter S-1000), field emission-
scanning electron microscopy (FE-SEM, S-4200, Hitachi,
Ontario, Canada) and Brunauer-Emmett-Teller (BET)
analysis. The TGA data was obtained at a heating rate of
10 °C min~! under N,. The BET surface area (N, atmos-
phere at —195.8 °C) was measured using an ASAP2020
surface area analyzer (Micromeritics, Norcross, GA, USA).

Packing HP-SEC and Analysis
The mesoporous material was packed in a 250 x 4.6 mm

stainless steel column using a dry packing method. The
HPSEC system was comprised of an M930 solvent delivery

+ HBD

CsH,,CI,NO
ChCl based DESs

CgH,00,Si
TEOS

DESs based
mesoporous siliceous spheres

pump (Younglin, Korea) and a refractive index detector
(RID, Younglin, Korea). To prepare the standard solutions,
a series of aqueous dextran-1, dextran-2 and dextran-3
solutions at accurate concentrations (5.0 mg mL™!, respec-
tively) were obtained to characterize the prepared col-
umn, and 10.0 pL of each standard solution was injected.
The mobile phase was methanol (flow rate: 0.5, 1.0 and
1.5 mL min™ ).

Results and Discussion
Synthesis in DESs

Previous studies reported the preparation of mesoporous
materials using block copolymers as templates in hydrother-
mal synthesis and the mesoporous structure induced by each
reagent in the synthesis [22, 23]. Because inorganic salts are
a popular reagent in the preparation of mesoporous mate-
rials, DESs containing a quaternary salt with a HBD have
attracted attention and were introduced in the synthesis [24,
25]. In this study, three ChCl-based DESs were selected
for the preparation of mesoporous materials, as shown in
Table 1. The three DESs with hydrogen-bonds can inter-
act with the copolymer PEG-PPG-PEG, and those with an
ionic group can interact with TEOS as a surfactant template.
Compared to previous prepared mesoporous materials,
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Fig. 2 TGA thermograms of the three DES-based mesoporous sili-
ceous materials

these prepared materials have ionic groups on the surface
and have an ion exchange property, as shown in Fig. 1.
The selected DESs with three different HBDs, including
alcohols, organic base and organic acid, were explored to
determine their influence on the preparation of mesoporous
materials. All the structural features, including shape, parti-
cle size and pore size, of the three prepared materials were
characterized and compared in the following text.

TGA Analysis

To check the stability of the mesoporous materials, these
materials were characterized by TGA. The total weight loss
of each of these materials from 200 to 700 °C was less than
2 %, as shown in Fig. 2. For the little loss, the desorption
of water, the evaporation of TMB and the decomposition
of organics were already performed during the calcination
process. Therefore, only a little of the fly ash was removed
from the prepared materials under the TGA conditions.

SEM Analysis

Figure 3 shows SEM images of the three mesoporous
materials; an obvious difference in their structure was
observed. The materials synthesized with DES-1 and
DES-3 had uniform spheres, but DES-2 based materials
did not. The results showed that different DESs affect
the particle morphologies of these mesoporous mate-
rials. The ChCl DESs of DES-1 with urea and DES-3
with acetic acid interacted with PEG-PPG-PEG to shape
the uniform mesoporous spheres. On the other hand, the
material-based DES-2 had a cauliflower-type morphol-
ogy and was not spherical. The DES-1 or DES-3 based
mesoporous spheres were larger in size than the other
ChCl DES-based materials, as shown in Table 2. For the
morphologies of ChCl DES-based mesoporous materials,

10-Dec-14

WD 6.8mm 15.0kV x2.5k

SE 10-Dec-14

Fig. 3 SEM images of the three ChCl-based DESs of the DES-1 (a), DES-2 (b), DES-3 (c) and (d)
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Table 2 Comparison of our mesoporous spheres with others

Parameters DES-1 based DES-2 based DES-3 based Tian et al. [26] Zhao et al. [27] Ma et al. [28]
Surface area (m? g~!) 487 162 475 639 800 713
Average pore size (A) 243 100 174 120 81 66
Average particle size (jum) 2.5 1.5 34 0.4 2 3-6
Porous volume (cm® g~ 0.83 0.16 0.89 1.39 1.05 1.35
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Fig. 4 Isotherm, pore volume distribution and pore area distribution of the DES-1 (a), DES-2 (b) DES-3 (c) based mesoporous materials in

BET data

the spherical particles were very convenient to pack a HP-
SEC column with the ChCI DES-based mesoporous mate-
rials, which also had an excellent performance at macro-
molecule separation.

BET Analysis

The BET data was used to examine the porosity of these
mesoporous materials by nitrogen sorption and desorption.
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Fig. 5 Effect of the three DESs based materials packed in HP-SEC
columns for separation of dextran
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Fig. 6 Effect of the mobile phase velocity for the separation of dex-
tran-2 and dextran-3

The popular sorption and desorption isotherms at the rela-
tive pressures were used to characterize the surface area,
pore size and pore volume of the materials, as shown in
Fig. 4. The isotherms had larger quantity adsorption and

desorption values with the same relative pressures in Fig. 4a,
¢ than in Fig. 4b. The isotherms in Fig. 4a, ¢ show that DES-
1-based and DES-3-based mesoporous spheres have more
absorptive capacity and evaporation with a larger porous
volume than DES-2-based materials. In addition, the data
of the porous volume of the three mesoporous materials are
agreement with the isotherms listed in Table 2. The porous
volumes of DES-1 and DES-3 were larger than 0.8 cm® g™,
but the porous volumes of DES-2 was less than 0.8 cm? g~ .
In addition, the pore size of all the DES-based materials
was larger than 8 nm and suitable for the separation of large
molecules based on the SEC principle [26-28]. Therefore,
the mesoporous materials were packed in the HP-SEC col-
umn for the separation of macromolecules.

Separation of Dextran

To evaluate the three DES-based materials as HP-SEC
packing materials, dextran-1 and dextran-2 were first
selected as the target compounds to evaluate the properties
of their packing columns.

Figure 5 clearly shows the separation effect of the three
DES-based HP-SEC, and two peaks of the targets com-
pounds only appeared in the DES-3-based HP-SEC chro-
matogram. Based on the results, the shape of the materials
is a key point and the DES-3-based spheres are suitable for
forming a uniform track in the column. The other anomalous
materials were packed disorderly in the column and could
not separate the target compounds according to their size.

To a certain station phase of the DES-3-based HP-SEC
column, the velocity of the mobile phase is a key factor
for the effective separation of samples in the prepared HP-
SEC. In this case, three velocities of the mobile phase were
selected for the separation of dextran-1 and dextran-2 in the
DES-3-based HP-SEC. Figure 6 illustrates their ability to
separate the target compounds through the DES-3-based
HP-SEC column. In addition, the resolution (R) is a key
factor for evaluating the efficiency of a HP-SEC column. R
shows how well the two target compounds are separated in
the chromatograph, and is defined as:

_ 2(tro — 1R1) :
LW+ W) M

Table 3 Separation of targets compounds by DES-3 based HPSEC column

Flow rate (mL min™") Retention time (R,, min)

Resolution (R)

Dextran-1 Dextran-2 Dextran-3 Dextran-1 to Dextran-2 Dextran-2 to Dextran-3
0.5 8.81 11.28 - 2.12 -
1.0 5.47 14.61 - 6.39 -
1.5 0.86 2.04 - 2.04 -
0.5 2.51 4.65 8.57 0.86 1.53

@

means no detection

@ Springer



Synthesis of Mesoporous Siliceous Materials in Choline Chloride Deep Eutectic Solvents and... 381

Dextran-1 & Dextran-2

\ Dextran-3
e

Intensity

T T T T T T T T T T T T T T T T T T 1

0 2 4 6 8 10 12 14 16 18 20

Time (min)

Fig. 7 Separation of three dextran by DES-3-based HP-SEC

where 1, and 1y, are the retention times of the target com-
pounds, 1 and 2, respectively, and W, and W, are the peak
widths of the target compounds 1 and 2, respectively.

Based on the R definition, Table 3 lists the resolution
data of dextran-1 to dextran-2 in three different veloci-
ties of the mobile phase. When the velocity was increased
from 0.5 to 1.0 and 1.5 mL/min, the retention time of dex-
tran-1 decreased from 8.81 to 5.47 and 0.86 min respec-
tively. On the other hand, the retention time of dextran-2
did not always decrease with increasing velocity. Nor-
mally, R decreases with increasing mobile phase velocity.
In this study, with a mobile phase velocity of 0.5 mL/min,
the R of dextran-1 to dextran-2 was 2.12 in DES-3-based
HP-SEC, as listed in Table 3. In addition, the R was 6.39
with 1.0 mL/min and the R was 2.04 with 1.5 mL/min. In
any case, R of each velocity was more than 1.5 for clear
separation of the two targets compounds. Based on the
three velocities, the R with 1.0 mL/min was the largest and
the data was consistent with the chromatograms shown in
Fig. 6.

To further evaluate the DES-3-based HP-SEC, three
dextrans were selected as the target compounds to be
separated. Figure 7 presents the chromatograms of the
three dextrans. Table 3 lists the retention time of the tar-
get compounds and the R between the different dextrans.
Although the R of dextrans in the DES-3-based HP-SEC
was less than or similar to 1.5, the prepared DESs-based
mesoporous spheres can be applied as HP-SEC column
packing for further exploration.

Conclusions

A series of ChCl DESs were applied to the synthesis of
mesoporous materials. Among these mesoporous materials,

the DES-1 and DES-3-based materials were uniform
spheres, and DES-2-based materials was cauliflower-type
particles. The stability of these mesoporous materials were
characterized by TGA, and the mesoporous structures were
characterized in detail by SEM and BET. These DES-based
materials were packed in a HP-SEC column and their
separation efficiencies were examined according to their
mesoporous structures. By evaluating the effects of the pre-
pared HP-SEC, the DES-3-based mesoporous spheres were
suitable as packing materials. Nevertheless, the separation
conditions of the DES-3-based HP-SECs require further
exploration.
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