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Abstract: With the development of health service, animal husbandry, aquaculture and chemical
industry, more and more pollutants are discharged into the water environment, including
antibiotics and heavy metal ions. These hazard substances pose a great threat to environment safety
and human health. As two kinds of new green solvents, ionic liquids (ILs) and deep eutectic solvents
(DESs) are widely used in various fields including separation and environmental engineering,
which are attracting huge attention from academia and industry. In this study, the optimal ionic
liquid and deep eutectic solvent were selected and their complex with [3-cyclodextrin (3-CD) were
firstly prepared by simple and effective inclusion way. After necessary characterization and
analysis, two kinds of complex were applied to prepare a special sorbent disc with two different
sides by adding diluent (excipient) and pressing under 5~15 MPa. As the result, the IL and DES
could be stably immobilized on the disc and play the key role in selective adsorption for targets.
Besides that, the experiments of different hazardous substances achieved the expected results. Based
on this study, the complex disc showed a lot of merits in the separation performance, easy
preparation and use, simple operation, and good stability. It was believed to be a useful tool for
water purification and detection.

Keywords: ionic liquid; deep eutectic solvent; cyclodextrin; sorbent disc; water environment

1. Introduction

With rapid development of society and economy, the impact of industry, agriculture and urban
life on the environment has become increasingly prominent, and water pollution problems of
different types and degrees are widespread all over the world [1,2]. In industry, harmful substances
such as heavy metals, dyes, phenols and various saline wastewaters are discharged. For agricultural
production, pesticides are widely used and only 20% of them was absorbed by crops; the rest is
gasified into the atmosphere, while the other part penetrates into soil and groundwater through the
earth surface. In addition, a large amount of garbage and drug residues produced by urban life. All
these hazardous objects pose a serious threat to human health and sustainable development, and the
incidence of tumors, skin diseases, allergies, malformations and nervous system diseases is greatly
increased in the past decade [3].

As the two kinds of new green solvents, ionic liquids (ILs) and deep eutectic solvents (DESs) are
attracting huge attention from academic and industrial circles [4]. Among them, the former refers to
the salts that appear liquid at or near room temperature, which is completely composed of cation and
anion. Their low melting point is ascribed to that the asymmetry of some substituents in their
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structure makes the ions unable to accumulate into crystals regularly. The most common cations are
imidazole salts, while the frequently applied anions include halogen, tetrafluoroborate, and
hexafluorophosphate ions, etc. As for DESs, they are composed of hydrogen bond acceptors and
hydrogen bond donors with a certain stoichiometric ratio (commonly molar ratio=1:1). Most DESs
are two-component mixtures, and a few eutectic solvents are three-component mixtures. Water
molecules can be used as one of the components of some eutectic solvents. The most common
hydrogen bond acceptor is choline chloride, and hydrogen bond donors such as urea, carboxylic acid,
polyol, amino acid, sugar and so on. In separation science, more and more ILs and DESs are being
successfully applied for their advantages of good selectivity, designability, stability, recyclability and
so on [5].

At present, researchers pay their great interests on the removal and detection of aforementioned
hazardous substances in various forms and ways. Among them, adsorption methods based on
various innovative sorbents have the most active performance [6,7]. From the theoretical, mechanistic,
and practical perspectives, the aforementioned green solvents have enormous potential for
application in this field. Especially, the immobilized ILs or DESs on some supports or related sorbents
modified with them can make their use more convenient, which also save consumption and avoids
residue of them [8,9]. For instance, a modified IL clay was prepared to remove Pb(II), Co(II) and Zn(II)
ions from water [10], and its catalytic activity after treated with heavy metal ion solutions was proved
in the reduction of nitroarenes to its corresponding amines. Various metal organic frameworks
combined with imidazolium, quinolinum and benzothiazolium ILs were developed for removal of
three antibiotics from water [11]. Besides, a series of natural and low-cost menthol-based
hydrophobic DESs were synthesized to extract triphenylmethane (TPM) dye micropollutants from
dilute aqueous solution [12]. DES-modified mixed iron hydroxide-silica was successively used in
magnetic solid-phase extraction for enrichment of organochlorine pesticides [13]. In summary, ILs
and DESs have achieved great success as extractants and sorbents together with their immobilized
forms for treating related targets. However, there is no report to use these two green media
simultaneously in the same sorbent, and the immobilized way of them together with separation way
can be further simplified. Under these backgrounds, a unique composite sorbent disc was invented
to achieve above goals, which was expected for contribution to sustainable development. The
technical route of the whole work is shown as Scheme 1.
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Scheme 1. The preparation and application of two immobilized green solvents on 3-CD and related
composite sorbent disc with different sides.
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2. Materials and Methods

2.1. Reagents and materials

Choline chloride, glacial acetic acid, methanol, absolute ethanol, potassium hydroxide,
acetonitrile and standard metal salts as well as pigment were all purchased from Kelong chemical
factory (Chengdu, China). (-CD (molecular weight: 1135 g/mol), N-methylimidazole, 2-
bromoethylamine hydrobromate, methyl, ethyl and carboxymethyl cellulose were purchased from
Aladdin chemical reagent factory (Shanghai, China). Except for chromatographic grade methanol
used for quantitative analysis, all reagents and solvents were analytical pure grade and were used
without further purification if not stated otherwise. All the standard hazardous substances were
purchased from Aladdin and Aike chemical reagent factory (Shanghai, China), and all of their purity
was not lower than 98.0%. Experimental water was prepared with Milli-Q water purification system
(Millipore, Bedford, USA). Actual water samples were collected from local.

2.2. Instruments

Conductivity was detected with DDSJ-319L conductivity meter (0.000 pS/cm-3000 mS/cm, +0.5%
FS, Leici Instrumental, Shanghai, China). NMR spectra of the IL and DES were performed on AV II-
400 MHz spectrometer (Bruker, Basel, Switzerland). A Spectrum Two L1600300 Spectrometer (Perkin
Elmer, USA) was pplied to record Fourier transform infrared spectra (FT-IR) in the range of 4000450
cm!. Thermogravimetric analysis (TGA) was performed on a TGA/DSC 2 type instrument (Mettler
Toledo, ImLangacher, Switzerland) with a heating rate of 10°C/min from 30°C to 600°C in nitrogen
atmosphere. The contents of hazardous substances were determined by an AOE380 UV spectrometer
(Aoyi Instrument Co., Ltd., Shanghai, China). Quantitative determination of hazardous substance
was performed by UltiMate3000 high performance liquid chromatography (DIONEX Co., Sunnyvale,
USA).

2.3. Preparation of IL and DES

According to current reports and our pilot experimental screening, the IL of 1-aminoethyl-3-
methylimidazole bromide ([NH2emim][Br]) and DES of choline chloride-acetic acid (1:2) were chosen
for current studies. The former was synthesized through reported way [14] as following: 0.15 mol of
2-bromoethylamine hydrobromate and equimolar N-methylimidazole were mixed and stirred with
30 mL absolute ethanol as solvent for 10 min. After thorough stirring, the radiation power of the XH-
300UL multifunctional microwave synthesizer (Xianghu Technologies, Beijing, China) was set to 300
W, and the reactive duration was 20 s and three-round reaction was completed with interval of 5 min.
After that, 15 mL of 0.01 mol/mL KOH aqueous solution was added into the synthesized product and
stirred in ice water bath) for 5 min. At last, the system was kept at 0°C until no more sediment formed
and then filtered, the filtrate was concentrated and dried, which was further mixed with enough
absolute ethanol to precipitate KBr. Yellow viscous [NHzemim][Br] could be successfully obtained
after final filtration and dryness under vacuum, and the yield of the IL was 91%.

Secondly, with choline chloride as hydrogen bond acceptor and acetic acid as hydrogen bond
donor, their molar ratio was set at 1:2. In actual operation moderately modified from previous way
[15], solid choline chloride was added in liquid acetic acid and the mixture was thoroughly stirred at
60°C for 80 min to form a colorless, uniform and transparent liquid. There is no solid precipitation
after long-term storage at room temperature, which indicated the final formation of a stable DES
(yield near to 100%).

2.4. Preparation of IL/DES@B-CD

It was reported that inclusion and encapsulation of an ionic liquid with 3-CD [16], which can
immobilize the former and then make it more convenient and stable during application. The
solubility of 3-CD in 60°C water was 7.29 mg/g, and its saturated solution at 60°C was first prepared
according to this data, and then the DES of choline chloride-acetic acid with five times the amount of
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-CD was added in the solution of the latter and stirred thoroughly at 60°C for 2 hours. After the
loading was completed, the system was placed in the freezer and refrigerated for 24 hours. It could
be observed that there was much crystal had been precipitated. After suction filtration, the complex
of IL and CD was dried under vacuum to obtain white granular solid (DES@[3-CD) for further disc
pressing. Similarly, the saturation p-CD solution at 60°C was prepared and then the IL of
[NHzemim][Br] with five times the amount of 3-CD was used to form the IL@3-CD complex under
stirring for 4 hours. After the crystallization and dryness, white granular solid (IL@B-CD) was
obtained.

2.5. Preparation of IL/DES@B-CD discs

After thorough drying and primary sieving, the complex of IL/DES@B-CD was mixed with
diluent (substituted celluloses) evenly with the mass ratio of 0.15:0, 0.125:0.025, 0.1:0.05, 0.075:0.075,
0.05:0.1, 0.025:0.125 (diluent: IL/DES@(-CD, g/g). After passing through 200 mesh sieve, the powders
were pressed in a stainless steel mold with a diameter of 13 mm under the pressure of 5~20 MPa for
0~3 h. With the increasing dosage of the complex of IL/DES@(3-CD and diluents at fixed mass ratio,
various tablet weight of 0.1 g, 0.15 g, 0.2 g and 0.3 g could be obtained and their thickness ratio was
1:1.5:2:3. Furthermore, if it was needed to make a coin-like double-face sorbent disc, the equivalent
powders of IL@3-CD and DES@p-CD were successively spread in the mold to form two layers. After
pressing, the faces of IL@3-CD and DES@(3-CD could be successfully formed and play respective role
of selective adsorption for different targets.

2.6. Remouval of hazardous substances from water

After obtaining the stable sorbent discs based on IL/DES@3-CD, they were placed in the aqueous
solution of hazardous substances at the preset concentrations and actual water samples collected
from local. During the adsorption process, the whole system was continuously shaken in the constant
temperature shaker at R.T. After the investigated duration, appropriate volume of the supernatant
was taken out and analyzed, and the adsorption efficiency (%) was determined by the ratio with the
target concentration before and after adsorption, which was used to evaluate the removal
performance of the new sorbent discs.

3. Results and discussion

3.1. Structural identification of the IL and DES

In order to indentify the two green solvents before their applications, "H-NMR (400 MHz,
DMSO-ds) was firstly applied to determine their structures. For [NH2emim]([Br], the signals included
9.24 ppm (s, -N-CH=N=), 7.82 ppm (d, =N-CH=CH-N=), 7.75 ppm (d, =N-CH=CH-N=), 4.22 ppm (t,
=N-CH>-), 3.84 ppm (s, =N-CHs3) and 2.72 (m, NH2-CH>-). For choline chloride-acetic acid, the signals
at 5.64 ppm (t, -CH2-Cl), 3.77 ppm (t, -CH2-N*) and 3.39 ppm (s, -CH3x3) originate from the hydrogen
bond acceptor of choline chloride, and those at 11.90 ppm (s, -COOH) and 1.86 ppm (s, -CHs) result
from acetic acid. Compared with those before forming DES, their chemical shift was a little increased
for the intermolecular hydrogen bonds. Above results proved the structure of the two green solvents
as well as their successful preparation [14,15,17].

3.2. Loading of IL/DES on -CD

In order to achieve better loading performance and kinetics, various loading methods were
compared besides the aforementioned way of 3-CD saturation solution in this section. Based on
current studies [18,19], the other two were selected as ultrasound assistance and grinding method,
respectively. In detail, ultrasonic wave was used for strengthening loading in the former method and
resulted in more uniform system; after preparing 40/60°C (-CD saturated aqueous solution, the
IL/DES with five times the amount of 3-CD was added in the solution and ultrasonicated (300/600
W) at 40/60°C for 1 hour. After the loading was completed, the system was put into the freezer for


https://pubmed.ncbi.nlm.nih.gov/30423733/
https://doi.org/10.20944/preprints202305.1371.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 May 2023 doi:10.20944/preprints202305.1371.v1

refrigeration for 24 hours. When there was no more crystallization, the solid complex was collected
for comparison. Compared to ultrasonic method, grinding method is mainly carried out in the dry
state, and the loading process involves squeezing, shearing, and friction effects. In detail, a certain
amount of dry 3-CD was added in distilled water with 2 times the mass of 3-CD, and the mixture
was evenly ground in the mortar. Then the equimolar IL/DES was added in the system, which was
continuously ground for 30 min to obtain a uniform paste. After that, the mixture was placed in the
freezer and refrigerate for 24 hours. It was observed that the solid phase was white (see Figure 1a).
After suction filtration and dryness, it was obtained as the complex of IL/DES on 3-CD. Taking the
example of IL@B-CD, it can be found that through the comparison on corresponding IR spectra of
different products obtained by above three ways (see Figure 1b,c), the saturation solution way
resulted in the expected complex because the IR absorbance peak of IL around 1570 cm was
observed in related product. Therefore, this way was finally applied for loading both IL and DES on
-CD. Based on the online measurement of conductivity, the loading process (complex formation
process) for them can be fit as the following equations:

y=-4851.4x+1974.8 (for the IL, R2=0.9887) (1)
y=-4520.1x+2075.4 (for the DES, R?=0.9953) @)

where x was the concentration of 3-CD (mol/L), and y was the system conductivity (uS/cm). As the
result, the conductivity decreases remarkably with increasing [3-CD concentration, which proves the
inclusion complex formation between (3-CD and IL/DES. Moreover, the conductivity curve shows a
good linear relationship (R? > 0.98) at a concentration range of 0~0.025/0.050 mol/L 3-CD (see Figure
1d,e). Compared the loading process in the tunnels (inner diameter: 10~30 nm) of carbon nanotubes
in our previous study [20], the inner cavity size of 3-cyclodextrin is in the range of 0.5~0.8 nm and
immobilization method in this study is based on supramolecular interactions and inclusion effect
instead of loading. Both of the two modes can result in enough stability of green solvents and are
easier than the chemical modification.
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Figure 1. (a) Complex of DES/IL-B-CD; (b) IR spectra (KBr) of 3-CD, IL and their complex from
saturation solution, ultrasound and grinding ways; (c) IR spectra (KBr disc) of B-CD, DES and their
complex from saturation solution way; (d) curve of conductivity and -CD concentration for IL
immobilization; (e) curve of conductivity and 3-CD concentration for DES immobilization.
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3.3. Preparation of IL/DES@B-CD sorbent discs

In the first round of screening through pre-experiments, it was found that ethyl cellulose could
obtain more ideal mechanical strength of sorbent disc than methyl cellulose and carboxymethyl
cellulose at the same dose. Then a single complex of IL or DES@B3-CD was ground into powders and
mixed with the diluents of ethyl cellulose in different proportions. Here the pressure of 15 MPa was
selected according to the pilot experiments, which is lower than that of common pressed tablets
(20~410 MPa) [21]. After sieved with 200 mesh sieve and pressed under 15 MPa for 30 min to obtain
white tablet (0.15 g), and the relationship between hardness and diluent dose was explored. As shown
in Figure 2a, it can be seen that the hardness of the IL@p-CD disc increases slowly when the diluent
dosage is in the range of 0~0.1 g, and reaches the ordinary disc hardness (around 100 N) at 0.1g. When
it exceeds 0.1 g, the hardness increases rapidly. For comparison, the DES@B-CD disc shows more
stable growth of strength after the diluent dose was around 0.1 g (Figure 2b); its hardness is a little
higher than that of IL@(3-CD disc below 0.1 g, which means higher density and tighter combination
of involved components; after that it begins to become lower.

(a)= (b)
160 140
140 - 120
Zz w 2w
- 100 n
a o s
£ = £
B w =E
]
I I
20 20
a o M| J L
o 0.025 0.05 0075 01 0125 o 0025 00s 0075 01 0.125
Diluentdose (g) Diluent dose (g)
350 350
() (d)
300 300
2%0 250
E’ 200 E. 200
@ "
3 ‘g 150
c c
e B
w 1w 5 10
== ==
50 50
o — 5 i . o —
o 0.025 0.05 0075 01 5 10 15
Diluent dose (g) Pressure (MPa)

Figure 3. Relationship of diluent dose on hardness of (a) IL-3-CD disc, (b) DES-B-CD disc, and (c)
double-sided disc, respectively; (d) relationship of pressure on hardness of double-sided disc.

For double-faced discs composed of DES@B-CD and IL@B-CD simultaneously, the mixture
powders of 1.5 g DES@3-CD and ethyl cellulose was firstly spread in the mold as a thin layer (bottom
side), and the same amount of IL@3-CD and ethyl cellulose mixed powders was spread on this layer
as another layer (top side). After pressed at 15 MPa for 5 min to obtain white double-faced discs, the
relationship between its hardness and diluents dose was also explored (Figure 2c). Interestingly, it
can be found that the hardness of the double-sided disc formed by the combination of the two
complexes is much higher than that of the single-component disc with the same amount of diluent.
When it is above 0.075 g, the hardness increase will become very slow; and the obtained double-sided
disc can be kept in the shaker (500 rpm) for more than 5 h without any disintegration, which can
ensure its stable work in the adsorption process. When the amount of diluent reached 0.125 g, the
force sensor was overloaded, indicating the hardness was excessive high. In the investigation on the
pressure on the hardness (see the results in Figure 2d), the mixture powders composed with complex
and diluents (1:1) were pressed under different pressures for 5 min, and the hardness of the discs was
measured. It can be found 15 MPa is enough for preparing stable disc with the hardness near to 300
N. When the pressure is higher than 15 MPa, the force sensor will be overloaded. Moreover,
excessively tight matrix is not beneficial for mass transfer [22], which will make the duration is very
long to reach adsorption equilibrium.

doi:10.20944/preprints202305.1371.v1
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Moreover, Figure 3a—c provide the micro morphology of IL@B-CD and DES@(3-CD layer sections
together with appearance of double-sided disc, respectively. Obviously, no apparent pores, cavities,
and uneven color areas can be found; moreover, the DES@3-CD layer shows fewer cracks at the same
magnification, which accords with the aforementioned results of strength measurement. That is,
higher density and tighter combination of involved components was achieved in the DES@3-CD layer
than in the IL@B-CD layer. As seen in Figure 3c, two layers can form a clear and smooth boundary
through the simple stacking and pressurization process, which is easy to enlarge and repeat than
other preparation methods of current sorbents. Finally, the current adsorption tablets were
continuously stirred (300 rpm) in water for 72 hours without any disintegration phenomenon,
indicating its good stability in possible working environments during applied for separation.

Figure 3. SEM photos of (a) IL-B-CD layer section and (b) curve of DES-B-CD layer section; (c)
appearance of double-sided disc.

3.4. Performance validation of the sorbent discs to capture hazardous substances

Heavy metal wastewater is considered one of the industrial wastewater that causes serious
environmental damage and poses significant harm to humans [23]. Unlike other organic compounds,
heavy metal elements in water cannot be degraded and have enrichment properties. Therefore, it was
first selected as our adsorption object. Because if the existence of -NHz in the structure of the IL, the
single IL@B-CD disc showed wide removal effect for heavy metal ions in our study, which included
Cu?, Cd*, Ni*, As*, Co?, and Pb?*. The amino groups can form stable chelates with these target ions,
so as to make the disc play the role of adsorption. Among them, the removal efficiency of Cu? and
Pb?* was the highest two (experimental conditions: a 0.15 g disc, 1 mg/mL ion concentration, 10 mL
solution, 300 rpm, unadjusted pH, adsorption until the solution color no longer became lighter, R.T.),
which reached 95.2 and 88.7 mg/g (see Figure 4a) according to previous quantitative method [20,24].
The further adsorption improvement can be realized by adding the loading IL amount and
optimization on the separation conditions. As for the adsorption of kinetics of Cu?, it was found that
the pseudo second-order model has higher correlation coefficient (R?=0.9902, k,=3.09%102 g/mg min)
than pseudo first-order kinetic models (R?=0.9712, k£1=0.028 /min), indicating overall rate process is
influenced by both intraparticle diffusion and external mass transfer. Moreover, chemisorption is the
rate-limiting step during adsorption [25].
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Figure 4. (a) Comparison of adsorbed amounts of metal ions and (b) thermogravimetric analysis (TGA)
of double-sided disc before and after reuse.
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On the other hand, cationic dyes are widely used in textile, dyeing and finishing industries. Once
they appear in water environment, they have a significant impact on the water chromaticity.
Therefore, we chosen alkaline red 18 (C.1.11085) here as the target of the investigation for the single
DES@(-CD disc in this section; although it is easier to be adsorbed by acidic adsorbents from the
perspective of its structure, here it was aimed to investigate whether DES of choline chloride-acetic
acid would also play a certain role. After the adsorption experiments (experimental conditions: a 0.15
g disc, 1 mg/mL ibuprofen concentration, 10 mL solution, 300 rpm, unadjusted pH, 24 h, R.T.), the
adsorption efficiency of alkaline red was 60.8 mg/g according to the developed quantitative way [26],
which was in the reported range from over ten to hundred of mg/g in current studies of similar
sorbents [27]. Based on all above performance, the double-face disc of two complexes was used to
adsorb these substances with its two sides simultaneously, and the actual water sample was collected
from Mingyuan Lake in Jiangan campus of Sichuan University, Chengdu. Before adsorption
experiment, it was spiked with standard Cu?* and alkaline red 18 to the concentration of 100 pg/L
according to the previous way [28]. As the result, 96.5% Cu? and 94.9% pigment were adsorbed by
the double-face sorbent disc. After the desorption of 0.12 M HCl solution, the disc can be regenerated
for the recycling use. As shown in Figure 4b, the thermogravimetric analysis results indicate that
there is no significant change in the composition of the double-layer composite disc before and after
reuse. Because the polysaccharides including cyclodextrin and substituted cellulose were the main
components in the tablet, the main weigh loss around 300~400°C corresponds to their decomposition
[29,30]. The two green solvents are not as stable as them and begin to degrade before this temperature
range. If there is a decrease in adsorption performance after multiple uses, it is suggested to crush the
tablet and employ ethyl acetate to remove ethyl cellulose from the powders; then the remaining
complexes of green solvents and -CD were further washed with HCl and UP water again. After
drying, the resulted powders were mixed with clean diluent in preset proportion for repressing the
new tablet.

4. Conclusions

As two kinds of new green solvents, ILs and DESs are widely used in various fields including
separation and environmental science, which are attracting huge attention from academia and
industry. However, they have not been used in the same sorbent simultaneously and current forms
of sorbents need to be extended and renewed. In this communication, the suitable IL. and DES were
selected for those potential targets and their complex with 3-CD were firstly prepared by simple and
effective inclusion way. After that, two kinds of complex were applied to prepare a special coin-like
sorbent disc with two different sides by adding diluent and pressing for appropriate duration. As the
result, the IL and DES could be stably immobilized on the different sides of the disc for selective
adsorption some possible pollutants in water with the merits of easy use and simple operation. It was
expected to be a useful tool for water purification and quality detection, which realize the
combination of green solvents and adsorption technologies in the feasible mode.
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Research Highlights:

v Two green solvents were immobilized in 3-CD as adsorbents by Inclusion effect.

v The design of coin-like double-sided disc can combine the adsorption selectivity .

v The preparation process is proved to be simple, flexible, feasible and easily scaled up.
v/

Several hazardous substances in water sample can be captured simultaneously.
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