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Deep eutectic solvents (DESs), composed of hydrogen bond acceptors (HBAs) and
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hydrogen bond donors (HBDs), are widely used in flue gas desulfurization due to their

(cc)

excellent SO, absorption properties. In this work, 14 DESs with pyrimidine derivatives
and their isomers (including 2-Aminopyrimidine (AmPyr), 2-Chloropyrimidine, 2-
Bromopyrimidine, 4-Amino-2-hydroxypyrimidine, 2,4-Dihydroxypyrimidine, 4,6-
Diaminopyrimidene, 2-Aminopyrazine, and 3-Aminopyridazine, respectively) as
HBDs and [-Ethyl-3-methylimidazolium Chloride (C,mimCl) or 1-Ethyl-3-
methylimidazolium Bromide as HBAs have been successfully prepared and used for
SO, absorption. Among them, C,mimCl-7 + AmPyr exhibited the highest SO,
absorption (19.032 mol kg!, at 298.15 K and 1.0 bar), rapid gas-liquid equilibrium time

within 40 s, and exceptional ideal selectivity of 528.7 for SO,/CO,. After 30 cycles of
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absorption-desorption, the SO, absorption capacity remained as high as 18.265 1ol kgo39/051M003178

A dual-site reaction equilibrium thermodynamic model (DS-RETM) was established
for absorption behavior analysis. Using C,mimCl-7 + AmPyr as a case study, Henry’s
constant, equilibrium constants, and other thermodynamic parameters were determined.
DS-RETM fitting further enabled visualization of the potential absorption behavior of
each DESs component, facilitating comparison of HBAs and HBDs effects on SO,
absorption. This study offers new insights into the development of high-performance
flue gas desulfurization absorbents and introduces a novel model for thermodynamic

analysis of SO, absorption in DESs.

Keywords: Deep eutectic solvents; SO, absorption; Pyrimidine; Thermodynamic;

Selectivity.

1 Introduction

The various fuels burned in factories during the production process, such as coal,
oil, natural gas, etc., will produce a large amount of flue gas.! The harmful gases
contained therein, especially sulfur dioxide (SO,), cause serious damage to the
ecological environment and pose a significant threat to human health.> In the
atmosphere, SO, oxidizes into sulfuric acid mist or sulfate aerosols, which are important
precursors for environmental acidification. The content of SO, exceeding 0.5 ppm has
potential impacts on human health, while when its concentration exceeds 1.5 ppm,
healthy individuals may suffer from chronic bronchitis, laryngitis, and severe
respiratory infections.> # Thus, it is necessary to remove SO, before it is released into
the atmosphere. Flue gas desulfurization (FGD) is the process of separating SO, from
flue gas through various technologies and converting it into harmless or usable
substances.’ According to the state of the absorbent and product during the reaction
process, it can be divided into wet, dry, and semi-dry desulfurization. Wet

desulfurization technology is relatively mature, efficient, and easy to operate, and is the
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most widely used desulfurization method, including limestone gypsum #sethiogse/nsimoos17e
ammonia absorption method, etc. However, these traditional absorbents have
drawbacks such as irreversibility, volatility, and secondary environmental pollution.6
Developing efficient, selective, and renewable absorbents is one of the key challenges

in FGD technology.

Among all reported efficient absorbents, deep eutectic solvents (DESs) have been
regarded as a promising one, because of their high selectivity, remarkable absorption
capacity, green characteristics, efc.” DESs were first proposed by Abbott in 2003 and
are widely regarded as one of the green solvents.® ° They are formed by the interaction
between hydrogen bond donors (HBDs) and hydrogen bond acceptors (HBAs) through
hydrogen bonds, halogen bonds, or van der Waals forces, and have advantages such as
easy synthesis, recyclability, and designability, etc.'%-'?> Due to the wide variety of
HBDs and HBAs, theoretically there could be at least 10° types of DESs, which can be
designed with specific functions based on application requirements.!? Since Han et al.'*
first used choline chloride-glycerol deep eutectic solvents to absorb SO, in 2013,

various DESs have been developed for flue gas desulfurization. Among them, DESs

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

using nitrogen-containing heterocyclic organic compounds as HBDs or HBAs,

including imidazole,'>"!® triazole,'® tetrazole,’® benzimidazole,?! pyrazole,??> and
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pyridine,?3-26 efc., have been reported successively.
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Pyrimidine, a six-membered nitrogen-containing heterocyclic organic compound,
differs from pyridine in that it contains two alternating N atoms and has lower toxicity.
Schroder et al.! reported that the N atom of the pyrimidine ring can form dipole-dipole
interactions with the O atom in S=0, indicating that pyrimidine-based adsorbents are
excellent candidates for SO, absorption. However, the physical interaction formed by
electrostatic attraction between polar molecules is relatively weak, which limits the
ability of materials to remove SO,. Notably, DESs prepared from pyridine derivatives
containing functional groups such as -NH,, -OH, and —COOH exhibit excellent SO,

absorption capacity.?> 2¢ Thus, to prepare pyrimidine-based DESs with high SO,


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5im00317b

Open Access Article. Published on 14 January 2026. Downloaded on 1/15/2026 2:22:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Industrial Chemistry & Materials

Page 4 of 30

View Article Online

absorption performance, pyrimidine derivatives containing functional groups stich!a§039/051M003178

NH,, C=0, —Cl, and —Br have been inferred to enhance their interactions with SO,.

Ulteriorly, to investigate the absorption behavior, the SO, absorption process of
DESs was analyzed through a thermodynamic model. Zhang et al.?’ obtained the
physical and chemical absorption enthalpy changes (A,H,,) of acidic protonic ionic
liquid (APIL) based DESs through a reaction equilibrium thermodynamic model
(RETM). In our previous work,”® we also successfully used RETM to demonstrate that
purine-based DESs exhibit chemical absorption in the low-pressure region and physical
absorption in the high-pressure region, and obtained a series of thermodynamic
parameters. The absorption behavior of different DESs can be observed through RETM,
but how to gain more comprehensive insight into the absorption capacity of each
component still needs further exploration.

In this work, a series of DESs with pyrimidine derivatives (one of 2-
Aminopyrimidine, 2-Chloropyrimidine, 2-Bromopyrimidine, 4-Amino-2-
hydroxypyrimidine, 2,4-Dihydroxypyrimidine, and 4,6-Diaminopyrimidene) or
isomers of 2-Aminopyrimidine (2-Aminopyrazine or 3-Aminopyridazine) as HBDs
with 1-Ethyl-3-methylimidazolium Chloride or 1-Ethyl-3-methylimidazolium Bromide
as HBAs have been successfully prepared. The relationship between temperature and
the densities as well as viscosities of the prepared DESs was analyzed, and the thermal
decomposition temperature (T;) was further determined through thermogravimetric
analysis. Subsequently, the SO, absorption performance of the prepared DESs was
measured to investigate the effects of the molar ratio (HBAs: HBDs), HBDs type,

pressure, and temperature. Moreover, the time-dependent SO, absorption, SO,/CO,

selectivity and regeneration performance of pyrimidine-based DESs were also explored.

Specifically, the physical and chemical absorption behavior of prepared DESs was
investigated using a dual-site reaction equilibrium thermodynamic model (DS-RETM),
which can further elucidate the influence of HBAs and HBDs on SO, absorption and

thermodynamic parameters. Finally, the possible interaction between pyrimidine-based
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DESs and SO, was further elucidated. Our findings offer a novel strategy for the@egign2/o5iMo03178
of high-performance, high-selectivity SO, absorbents and introduce a new

thermodynamic model for SO, absorption in DESs.
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2.1 Characterization of pyrimidine-based DESs

The densities of as-prepared DESs with C,mimCl as HBAs were measured under
different temperatures, as shown in Fig. 1a and 1b (Table S1 and S2). Obviously, as the
molar ratio increases from 2:1 to 7:1, the density of C,mimCl-n + AmPyr DESs
gradually decreases from 1.164 g cm™ to 1.151 g cm™ at 298.15 K. Thus, the increase
of C,mimCl is beneficial to decrease the density of C,mimCI-n + AmPyr DESs. As for
the DESs of C,mimCl-7 + HBDs, the order of density (arranged by HBDs) at the same
temperature is: AmPz < AmPd = AmPyr < ChPyr < DAmPyr < Cyt < Ura < BrPyr.
Considering that the molar ratio of C,;mimCl to HBDs remains unchanged, there exists
a significant difference in density, indicating that the molecular structure of HBDs will
affect the density of DESs significantly.?’ The density of DESs was fitted to the
temperature (7) (ppess = o + BT, Table S3 and S4 provide detailed parameters). The
results show that R;? and R,? are 0.999, revealing a linear relationship between densities
and temperatures.

Subsequently, the viscosities of pyrimidine-based DESs was measured at different
temperatures, as shown in Fig. 1c and 1d (Table S5 and S6). The results in Fig. 1c are
similar to the effect of temperature on densities, indicating that increasing C,mimCl is
beneficial for reducing its viscosities, which may be due to the formation of more
intramolecular hydrogen bonds.3% 3! In Fig. 1d, the order of viscosities (at 298.15 K)
for different C,mimCl-7 + HBDs DESs is: C,mimCl-7 + BrPyr < C,mimCI-7 + ChPyr
< ComimCl-7 + AmPz < C;mimCI-7 + Ura < C,mimCl-7 + AmPd < C;mimCI-7 +
AmPyr < C,mimCl-7 + DAmPyr < C,mimCI-7 + Cyt. Owing to the different types,
positions, and numbers of functional groups in HBDs, their ability to form
intramolecular hydrogen bonds with C,mimCl differs from one another, demonstrating
that the structures of HBAs and HBDs significantly alter the viscosities of DESs.?° In
addition, the viscosities of C,mimCl-7 + AmPyr is higher than that of C,mimBr-7 +

AmPyr, which may be because the different anions of HBAs, leading to the weaker
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ability of C,mimBr and AmPyr to form intermolecular hydrogen bond$¥ 1Theo/Ds5iM003178

viscosities were fitted to the temperature (7) (VFT equation: n = ny-exp (¢/(T-Ty)),>* and

the detailed parameter data are shown in Table S7 and Table 1). The results indicate

g that R3* and R, are 0.999, suggesting an exponential relationship between viscosities
% 3 4 D)
(8]
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Fig. 1 The densities of (a) C;mimCl-n + AmPyr (n =2, 3, 4, 5, 6, 7) and (b) C,mimCI-7 + HBDs;
The viscosities of (¢) C,mimCl-n + AmPyr (n =2, 3,4, 5, 6, 7) and (d) HBAs-7 + HBDs.

Table 1 The viscosities fitting results and T, of C,mimCI-7 + HBDs.

HBDs
Parameters —~; AmPyr DAmPyr AmPd  Ura AmPz  ChPyr _ AmPyr’  BrPyr
7o x 10 6591+ 5847+ 4233+ 9167+ 1350+ 1590+ 1220+ 1400+ 18.60=
(Pa-s) 3.095 2319  1.846 3933 4797 3598 2858 858  4.826
£ K) 6967+ 6012+ 800.0%+ 563.1+ 5220+ 4482+ 4921+ 4957+  396.2+
83.61 5998 8588 6687  S8.61 3534 4115 1155  46.08
7, ) 2089+ 2207+ 2000+ 2197+ 2172+ 2220+ 2140+ 209.1+ 2154+
5231 3.644 5216 4482 4495 298] 3567 1069 5018
R/ 0999 0999 0999 0999 0999 0999 0999 0999  0.999
T, (K) 508 443 503 514 503 519 464 444 393

AmPyr": C,mimBr-7 + AmPyr


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5im00317b

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 14 January 2026. Downloaded on 1/15/2026 2:22:47 AM.

(cc)

Industrial Chemistry & Materials

Page 8 of 30

View Article Online
DOI: 10.1039/D5IM00317B

To investigate the thermal stability of pyrimidine-based DESs, HBAs-7 + HBDs
were analyzed by thermogravimetry (TG), as shown in Fig. S1 and Table 1. Thermal
decomposition temperature (T,;) can be used to judge the absorption temperature of
absorbent and desorption temperature during regeneration, which is generally defined
as the temperature at which the mass loss exceeds 5%. The maximum T, value is 519
K (ComimCl-7 + AmPz), and the minimum value is 393 K (C,mimCI-7 + BrPyr),
indicating that pyrimidine-based DESs have excellent thermal stability during
absorption-desorption processes and have the potential for flue gas desulfurization at

high temperature.

2.2 SO, absorption of pyrimidine-based DESs

To explore the optimal molar ratio of HBAs to HBDs, the SO, absorption capacity
of ComimCl-n + AmPyr was investigated. Fig. 2a shows the SO, absorption of
ComimCl-n + AmPyr at 298.15 K and 1.0 bar. As the molar ratio of C,mimCI to AmPyr
increases, the SO, absorption of C,mimCl-n + AmPyr increases gradually, reaching a
maximum of 19.032 mol kg~!. With the increase of C;mimCl, the viscosity of C,mimClI-
n+AmPyr decreases, which is more beneficial to mass transfer;3* Nevertheless, the
charge-transfer interaction between the highly electronegative Cl~ in C,mimCl and the
S atoms in SO, (Cl--S0O,) is beneficial for improving SO, absorption.?> 3¢ According
to the above analysis, the optimal molar ratio of C,mimCI to AmPyr is 7:1.

Furthermore, a series of HBAs-7 + HBDs DESs were synthesized, and their SO,
absorption capacity is shown in Fig. 2b. Besides, Table S8 shows the SO, absorption
capacity of synthesized DESs compared to other materials, which are superior to many
solid absorbents. For DESs with different HBAs, the absorption capacity of C,mimBr-
7 + AmPyr (14.630 mol kg!) is significantly lower compared to C,mimCl-7 + AmPyr
(19.032 mol kg™), indicating that anions have a greater influence on SO, absorption
capacity. In other words, the greater the electronegativity is, the higher the absorption

capacity of SO, will be.?®- 32 As isomers of AmPyr, AmPd, and AmPz were also used

8
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to form DESs with C,;mimCl. The SO, absorption capacities of ComimCI-7 FOAMPZ/D51M003178
and C,mimCl-7 + AmPd are 18.017 mol kg~! and 18.746 mol kg, respectively. These

values, all lower than that of C,mimCl-7 + AmPyr (19.032 mol kg!), demonstrate that

the position of the nitrogen atoms within the heterocyclic ring structure of the HBDs

also significantly impacts the performance of DESs, and the pyrimidine ring is more
conducive to SO, absorption.

Hence, to develop pyrimidine-based DESs with superior performance, the SO,
absorption of DESs using pyrimidine derivatives with different functional groups as
HBDs was investigated. Firstly, with BrPyr, ChPyr, and AmPyr as HBDs, the SO,
absorption capacity is C,mimCl-7 + BrPyr < C,mimCl-7 + ChPyr < C,mimCl-7 +
AmPyr. Typically, the higher the viscosity, the smaller the absorption capacity. Here,
the main reason that affects the absorption capacity is that AmPyr contains weak basic
functional groups (-NH,), which may have acid-base interaction with SO, molecules.3’
Then, the SO, absorption of DESs with multifunctional pyrimidine derivatives (Ura,
Cyt, and DAmPyr) as HBDs was further investigated. The SO, absorption of the three

DESs is C,mimClI-7 + Ura (17.791 mol kg™!) < C,mimCl-7 + Cyt (18.243 mol kg!) <

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

ComimCl-7 + DAmPyr (18.595 mol kg™'). Thus, the pyrimidine-based DESs with

optimal SO, absorption is C,;mimCl-7 + AmPyr.

Open Access Article. Published on 14 January 2026. Downloaded on 1/15/2026 2:22:47 AM.

It is universally known that pressure plays a key role in affecting the gas absorption

(cc)

capacity of DESs.3® Fig. 2¢ shows the SO, absorption of pyrimidine-based DESs at
298.15 K and 0-1.0 bar. The SO, absorption capacity of C,mimCl-n + AmPyr increases
nonlinearly with the increase of pressure. Taking C,mimCl-7 + AmPyr with the highest
absorption capacity as an example, with the pressure increasing from 0.1 bar to 1.0 bar,
the absorption capacity of SO, increases from 7.911 mol kg! to 19.032 mol kg!. It
shows that increasing the pressure can promote the absorption of SO,. Conversely,
reducing the pressure can be considered to desorb SO,.*: 40 Additionally, the SO,
absorption increases rapidly between 0-0.1 bar, probably owing to the chemical

interaction between the absorbent and SO, molecules.*! However, the growth rate of
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absorption capacity decreases between 0.1-1.0 bar, which may be due to the Ggrtaduale/psiMo03178

occupation of absorption sites, so rapid absorption has been completed, resulting in the
process being dominated by physical absorption. Therefore, it is speculated that the
absorption process of SO, via pyrimidine-based DESs includes chemical absorption
and physical absorption.*?

According to the existing literature,® 2% 43-46 temperature is another important factor
affecting the absorption capacity of DESs. Hence, C,mimCl-7 + AmPyr was selected
to investigate the SO, absorption performance at different temperatures, as shown in
Fig. 2d. With the increase of temperature, the SO, absorption capacity of C,mimCl-7 +
AmPyr decreases contentiously, and the absorption capacities are 22.055, 19.032,
16.972, 14.611 and 11.238 mol kg™!, respectively. This result shows that increasing the
temperature is beneficial to the regeneration of absorbent. Furthermore, it should be
noted that C,mimCI-7 + AmPyr still has a high absorption capacity at high temperatures,
indicating that pyrimidine-based DESs could be used as a candidate absorbent for high-

temperature flue gas desulfurization.?

10
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Fig. 2 The SO, absorption of (a) C;mimCl-n + AmPyr and (b) HBAs-7 + HBDs, T=298.15 K, P =
1.0 bar; (c) The effect of pressure on SO, absorption of C,mimCl-n + AmPyr, T = 298.15 K; (d)
The effect of temperature on SO, absorption of C,mimCI-7 + AmPyr; P = 1.0 bar.

2.3 Analysis of SO, absorption behavior for pyrimidine-based DESs
A DS-RETM equation was established for fitting the SO, absorption.*” It is assumed

that the absorption of SO, by C,mimCl-7 + AmPyr DESs involves the following steps:

SO, (g) = SO, () (D
S0, (g) + C,mimCl (/) — C,mimCl-SO, (/) )
SO, (g) + AmPyr (/) — AmPyr-SO, (/) 3)

where g and / stand for gaseous and liquid states, respectively. C,mimCI-SO, stands for
ComimCl interacts with SO,, and AmPyr-SO, stands for AmPyr interacts with SO,. Eq.
(1) denotes the physical absorption process, and could be described by following
equation:

Mphys-SO
_ 'phys-SO,
P—H'Vsog'

4

where P is the pressure (bar) of SO, (g); H is the Henry’s law constant with the same

11
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unit as P; M50, is physical absorption molality (mol kg™'); yso, is the tagtivigyo/osimoosize

coefficient; m° is 1.0 mol kg™'. Eq. (2) and Eq. (3) denote the chemical absorption

process, and could be described by following equation:
Me,mimCI-SO,

i YComimCI-SO," m s
ComimCl — P . 'mszimCl ( )
F’ VComimCl m
MCmimCl = MComimCl-S0, T MCymimci (6)
y M gmPyr-SO,
AmPyr-SO,* m
kAmPyr = P m (7)
.- . AmpPyr
P yAmPyr m
M gmpyr = MAmPyr-SO, + M gmpPyr (8)
o 1
mec,mimcl = 9
? MCZmimCl ( )
. 1
mAmPyr = (10)
MAmPyr

where kc,mimc1 and kyppy, stand for the equilibrium constants; Yc,mimci-s0,> ¥ComimcCl,
YamPyr-S0,, and y4,py, are the activity coefficients; mc,mimci-so,, MC,mimcCl, MamPyr-SO,s
and m 4, p,, are the molality (mol kg1); P”is 1.0 bar; moczmima and m;mpyr are constants
(mol kg") that could be calculated by Eq. (9) and Eq. (10). Mc,mimci and M ,p, are the
molar mass of C,mimCl and AmPyr, respectively, in g mol~!.

The values of Ys0,, YComimCLSO> YComimCls VAmPyr-SO,> ANd Y 4mpy, are all regarded as

1.0.28 48 Thus, the DS-RETM could be expressed by Eq. (11) and Eq. (12):
my = Mppys-50, T MCmimCl-S0, T MAmPyr-sO, (11)

P kczmimCl'P'mCQmimCl kAmPyr-P'mAmPy,,
H kczmimCl'P—i_l kAmPyr.P +1

(12)

m; =

where m, (mol kg') is the total SO, absorption.

The SO, absorption of C,mimCl-7 + AmPyr at different temperatures and pressures
was correlated according to Eq. (12), and fitted lines are shown in Fig. 3a. Notably, the
fitting curve matches well with the experimental data, with Rs’ values greater than 0.999,
indicating that the established thermodynamic model has extremely high reliability. The

corresponding fitting parameters were calculated and revealed in Table 2. The Henry’s

12
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law constants keep an increasing trend, while the equilibrium constants bReépi0ad/DsiMo03178
decreasing trend, which is consistent with the negative dependence of SO, absorption
on temperature.

Based on the H, k¢ mimci, and kmpyr, the mpyj 50, M mimcr-so, and Mmpy-so, could
be obtained. As shown in Fig. 3b and 3c, both physical absorption and chemical
absorption decrease with increasing temperature. The 71,550, is most significantly
controlled by temperature, followed by m4,pyr-s0,, and mc,mimcr-so, 1s least affected,
indicating that the interaction between C,mimCl and SO, is stronger than AmPyr, and
the physical interaction is the weakest. Besides, the physical absorption capacity
increases linearly with increasing pressure, while the chemical absorption capacity
increases nonlinearly and gradually approaches equilibrium. Thus, the absorption

capacity of DESs for SO, gradually increases linearly with the increase of pressure.

N
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N
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|
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| & 31345k 8 31315K - v 7/ o

\ 33?.1_5 K 333.15K
lines: fitting results

o
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Fig. 3 (a) DS-DETM equation fitting of C,mimCI-7+AmPyr for SO, absorption; The calculated (a)
physical and (b) chemical absorption of SO, by C,mimCl-7 + AmPyr.
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(cc)

According to the relationship of InH and Ink to 1/7T (Fig.4a), the parameters of
enthalpy change (AH,,), Gibbs free energy change (AG,,), and entropy change (AS,,)

could be obtained by the following equations:

= " 1
Aphysl_lm R(a(]/T)) ( 3)
ApiysGy = RTInH,, (14)
A H, -A G
_ Pphysttm phys ' m
AphysSm - T ( 1 5)
all’lkc imCl
Acmincitly = -R(—50m (16)

o(1/T)

13
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A H =-R (alnkAmPyr ) DOI(&O???S%%T&SC%??S
AmPyritm a(]/n
Acheml_lm = ACgmimCll_Im + AAmPyr]_Im (1 8)
Achem Gm = ’RT(lnkCZmimCl + lnkAmPyr) (19)
Achem[—]m - Achem Gm
AchemSm = T (20)

Here, ApjyHy, ApjysGr, and A0S, are corresponded to the physical process;

Ac,mimciH,

m»>

A gmpyrH iy Achem s AchemGm, and A cpenS,, are corresponded to the chemical
process (Table 2). As can be seen, the values of AH,,, AG,, and AS,, are always less
than 0, which indicate the absorption process is exothermic, spontaneous, and increased
orderliness.

Besides, the InH, Inkc,pimc1, and Ink 4,p,, at 298.15 K can be calculated, and the SO,
absorption of s, MCmimcis Mampyr, and m/; could be further obtained. Fig. 4b shows
that the calculated SO, absorption keeps consistent with the experimental values (such
as 19.051 mol kg! vs 19.032 mol kg™! at 1.0 bar), indicating the high reliability of the

DS-RETM equation.

4 b 20
a InH = -4329.225/T + 12.634 & InH me 5
©  Inke mimei -12 — o mi g
AypysH,, = -35.993 kJ mol™ Ink N g
04 ) AmPyr 2] Me mimei 5
lines: fitting results X 15
E\B\ﬂ.\ﬂ 3 M pmpyr 9993
-8 £ m y
£ phys
z 4 K¢, ime; = 6138.869/T - 15.791 < S 5
o
-8 é f
-0 o~ 51¢
12 INKy 5, = 2536.941/T - 8.342 8 ]
AppyHy = -21.092 kJ mol™!
T T T T T '4 0 T T T T T
0.0030  0.0031 0.0032 0.0033 0.0034 0.0 0.2 0.4 0.6 0.8 1.0
1T Pressure (bar)

Fig. 4 (a) The fitting results of InA and Ink to 1/T of C,mimCI-7+AmPyr; (b) The calculated SO,
absorption of C;mimCl-7 + AmPyr at 298.15 K.

Table 2 Calculated Henry’s law constants, reaction equilibrium constants, and thermodynamic

parameters of SO, absorption in C;mimCl-7 + AmPyr DESs.
Parameters 293.15K 303.15K 313.15K 333.15K

H (bar) 0.10814 + 0.21585 + 0.30983 + 0.66939 +

14
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0.00279 0.00688 0.01596 016117, | wewhrice onlre
ke mimci 173.03801+  99.15970+ 3628764+  15.10983 +

72.62040 14.25614 2.19755 0.82593
Koimpyr 127796+ 111052+ 080265+ 046775+

0.09255 0.05036 0.04400 0.06859
Ry 0.999 0.999 0.999 0.999
AppysHy (KJ mol) -35.993 -35.993 -35.993 -35.993
ApjysGyn (kJ mol) -5.421 -3.864 -3.051 1112
ApiysS (I mol K1) -104.287 -105.983 -105.197 -104.701
ActenHy (kI mol™!) -72.131 -72.131 72.131 -72.131
AchenGr (k] mol) -13.158 -11.850 -8.779 -5.416
ActenSn (J Mol K1) -201.169 -198.85 -202.308 -200.254
A,H,, (kJ mol-!) -108.124 -108.124 -108.124 -108.124
4,G, (kJ mol) -18.579 -15.714 -11.829 -6.528
4,8, (J mol K1) -305.457 -304.833 -307.505 -304.955

To further investigate the absorption behavior of different pyrimidine-based DESs,
moczmima and m, py I Eq. (12) were replaced with the initial molality of the
corresponding HBAs and HBDs (1,4, and m;;zp,), resulting in DS-RETM equations

for different HBAs-7 + HBDs DESs. Subsequently, the SO, absorption of different

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

pyrimidine-based DESs at 298.15K was fitted, and the detailed results are shown in Fig.

S2 and Table S9. Based on the obtained H, kyp4s, and kygps, the myys, mppas, and mypps

Open Access Article. Published on 14 January 2026. Downloaded on 1/15/2026 2:22:47 AM.

of corresponding HBAs-7 + HBDs DESs could be calculated separately, which is of

(cc)

great significance for insight exploration of the absorption behavior of each component
in DESs (Fig. S3). Compared with C;mimBr-7 + AmPyr, the mpppg, Mmup4s, and m,p, of
C,mimCl-7 + AmPyr were significantly increased, indicating that Cl~ has a key impact
on the SO, absorption of DESs. Obviously, for DESs using the same HBAs (C,mimCl-
7 + HBDs), there is not much difference in myp4s (also known as mc,mimcr) (Fig. S3a
and S3b), attributed to the same molar mass of C,mimCl, which forms a strong charge
transfer interaction between ClI- and the S atom of SO, (Cl—--SO,). However,
significant differences in mppps and myy;,, between C,mimCl-7 + HBDs DESs could be

observed. Notably, the order of mypp, is not the same as the SO, absorption of their

15
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corresponding DESs (Fig. S3c and S3d). Among them, m4,,ps and mpp,, @& BOth/D5IM003178

greater than m 4,,p,,, but the SO, absorption of C,mimCl-7 + AmPyr is greater than that
of C;mimCl-7 + AmPd and C,mimCI-7 + DAmPyr. Interestingly, for the physical
absorption (m,,) of CmimCl-7 + HBDs (Fig. S3e and S3f), there is even a
phenomenon opposite to the SO, absorption of the corresponding DESs. For instance,
C,mimCl-7 + BrPyr has the minimum SO, absorption but the maximum ;. To sum
up, the types and numbers of functional groups in HBDs determine their varying
abilities to absorb SO,, while also affecting the physical absorption properties of the
corresponding DESs. Hence, DS-RETM fitting could visualize these potential
absorption behaviors, which is more conducive to exploring the physical and chemical

absorption processes of the prepared DESs.

2.4 Kinetic analysis of SO, absorption for pyrimidine-based DESs

A typical time-dependent SO, absorption process involves taking a certain amount
of DESs (~0.10 g) and observing the change in SO, absorption capacity over time at an
initial pressure of ~1.0 bar. The time-dependent SO, absorption capacity of C,mimCl-
7 + HBDs at 298.15 K is shown in Fig. 5a. Interestingly, the as-prepared DESs can
absorb SO, rapidly, which is suggests the absorption process is mainly dominated by
chemical absorption. To further observe the SO, absorption rate, Boltzmann equation
(Eq. (21)) fitting was performed on the experimental results,’? and the first derivative
of the curve is the absorption rate of the as-prepared pyrimidine-based DESs (Fig. 5b).
Clearly, C,mimCl-7 + AmPyr achieved the maximum absorption rate in the shortest
possible time. Moreover, the as-prepared DESs can rapidly absorb SO, and basically
achieve absorption equilibrium within 40 s, which is superior to numerous reported
DESs.3% 4931 This result shows that pyrimidine-based DESs have potential for flue gas

desulfurization.

A[’AZ

Mmso, = ] + elt-to)/dt +4, (21)

where mgp, refers to the SO, absorption capacity (mol kg'), ¢ refers to the time of SO,

16
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absorption (s), 4;, A,, ty, and dt refer to the empirical constants. DOI: 10.1039/D5IM003178
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Fig. 5 (a) The time-dependent SO, absorption and (b) SO, absorption rate of pyrimidine-based DESs;
T=298.15K.

2.5 SO,/CO, absorption selectivity of pyrimidine-based DESs
Owing to the complex composition of actual flue gas, it generally contains 0.04-
15% CO,.>? Thus, the designed absorbent for flue gas desulfurization should have high
SO,/CO; selectivity. The CO, and SO, absorption capacities of Co,mimCI-7 + HBDs

were compared at 298.15 K and 1.0 bar, as shown in Fig. 6. Obviously, pyrimidine-

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

based DESs show a negative absorption of CO,. Generally, the selectivity of SO,/CO,

keeps the ratio of SO, absorption capacity to CO, absorption capacity under given

Open Access Article. Published on 14 January 2026. Downloaded on 1/15/2026 2:22:47 AM.

conditions (Spgs; = Mmso,/Mco,)-** The comparison of SO, absorption capacity and

(cc)

selectivity with literature data is shown in Table S10. Accordingly, the absorption
selectivity of pyrimidine-based DESs is C,mimCl-7 + ChPyr (451.6), C,mimCl-7 +
Ura (494.2), C;mimCl-7 + AmPyr (528.7), C,mimCl-7 + BrPyr (536.5), C,mimCI-7
+ DAmPyr (808.5), C,mimCl-7 + Cyt (1073.1), respectively. The minimum value of
Spess has reached up to 451.6, indicating that pyrimidine-based DESs have excellent
SO,/CO; selective absorption performance and could be used as a candidate for

selective absorption of SO, from actual flue gas.
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Fig. 6 The gas absorption of C,mimCI-7 + HBDs; T =298.15 K, P =1.0 bar.

2.6 SO, absorption mechanism of pyrimidine-based DESs
To explore the mechanism of DESs formation and SO, absorption, C,mimCI-7 +
AmPyr with the highest absorption capacity was selected for FT-IR and 'H NMR
analysis. In Fig. 7a, the peaks appeared at 3325 and 3161 cm! are attributed to the
stretching vibration of —N(,)H», the peak around 1645 cm™! is attributed to the bending
vibration of —NgH,, and two peaks at 1575 and 1556 cm! are attributed to the
stretching vibration of pyrimidine ring.3? In DES (C,mimCI-7 + AmPyr), the peak of —
NH, around 1645 cm™ is red shifted to 1628 cm™!, indicating that AmPyr had
hydrogen bond interactions with C;mimCl (N;—H:---CI"). Besides, the peak of C,-H
in C,mimCl around 3056 cm! shifts to 3046 cm!’! it may be that Cl- forms
intramolecular hydrogen bonds (C;—H---Cl"), leading to a decrease in force constant
and vibrational energy, and a red shift in functional groups.?®2% 34
For the spectrum after SO, absorption, four new peaks attributed to SO, could be
observed. Among them, three peaks are attributed to the bending vibration (530 cm™),
symmetric stretching vibration (1124 cm™), and asymmetric stretching vibration (1281
cm™!) of S=0, respectively.® 2% 32 Compared with free SO,, a significant red shift was
observed in the stretching vibration of S=0, indicating that CI" in C,mimCl may form
a charge transfer interaction with S atoms in SO, (CI---SO,).>> 3¢ Hence, the original
hydrogen bonds in DESs get weakened significantly, leading to the peaks of —C g)Hs,

Cy-H and C 1 5y-H shifted from 2976, 3046 and 3140 cm™! to 2984, 3088 and 3145
18
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cm™!, respectively.3> 4 The fourth peak around 837 cm! is attributed to the bendiigge/D5iM003178
vibration of S-O, indicating that there exists chemical absorption of SO,.2% 37 Owing to

the bending vibration of —NgH, shifts and splits into two peaks around 1693 and 1680

cm™!, it is inferred that the acid-base interactions might be formed between AmPyr and

S0O,.23 Contrary to SO, absorption, the FT-IR spectrum after CO, absorption showed

no significant changes compared to before absorption, indicating that there is almost no
interaction between the as-prepared DESs and CO,, thus exhibiting extremely high
SO,/CO;, selectivity.

Fig. 7b shows the 'TH NMR spectra of AmPyr, C,mimCl, C,mimClI-7 + AmPyr, and
ComimCl-7 + AmPyr after SO, absorption. Notably, the peak of —NyH, shifts from
6.59 ppm in AmPyr to 6.66 ppm in DES, and the peak of C»—H shifts from 9.70 ppm
in C;mimCl to 9.78 ppm in DES. These down-field shifts are attributed to the formation
of Ng—H---Cl" and Cp-H---CI",?* respectively, which would reduce electron cloud
density (de-shielding effect).?>: 5 Concurrently, the peak of Cy 1 5—H shifts to down-
field, while the peaks of Cy + p—H and C—H shift to up-field. On the contrary, the

peaks of C;-H and —N)H, shift to up-field after SO, absorption. The former is

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

attributed to the charge transfer between the Cl- and S atoms (CI--SO,), while the

latter could be ascribed to the acid-base interaction between —N(g)H, and SO,.2> % The

Open Access Article. Published on 14 January 2026. Downloaded on 1/15/2026 2:22:47 AM.

shift of other C—H signals in C,mimCl and AmPyr, indicating that the original hydrogen

(cc)

bonds in DES have been disrupted by SO,.
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Fig. 7 (a) FT-IR spectra of C,mimCl-7 + AmPyr after SO, absorption (DES + SO,), C;mimCly 7555 /0eiioosis

AmPyr after CO, absorption (DES + CO,), C,mimCl-7 + AmPyr (DES), C,mimCl and AmPyr; (b)
'TH NMR spectra of DES + SO,, DES, C,mimCl and AmPyr.

2.7 Regeneration of pyrimidine-based DESs

In order to avoid secondary pollution caused by a large number of waste absorbents,
itis usually required that the absorbents have good regeneration performance. As shown
in Fig. 8, C,mimCl-7 + AmPyr maintains the SO, absorption capacity of 18.265 mol
kg after 30 times of absorption-desorption. It represents excellent regeneration
performance compared with the reported DESs for absorbing SO,.!6: 22 23. 38, 60 Tq
investigate whether the structure of pyrimidine-based DESs is stable and maintains the
original absorption performance, the SO, absorption capacity of C,mimCI-7 + AmPyr
was measured every 7 days under the same conditions (Fig. S4). The results showed
that C,mimCI-7 + AmPyr remained liquid after 4 weeks, and maintained excellent SO,

absorption performance.
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N O ©
1 1 1

9 -

SO, Absorption (mol kg
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1 3 57 91113151719 21 23 25 27 29
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Fig. 8 The regeneration performance of C,mimCI-7 + AmPyr.

3 Conclusions

In this work, 14 different DESs were successfully developed and used for SO,
absorption. The density and viscosity of the as-prepared DESs show a negative
correlation with temperature, but the former is linear and the latter is exponential. As

the molar ratio of C,mimCl to AmPyr increases, the SO, absorption capacity of

20
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ComimCl-n + AmPyr gradually increases, ultimately reaching up to 19.032 mobkgo!@ato/05iM003178
298.15 K and 1.0 bar. The thermodynamic analysis of SO, absorption by C,mimCl-7 +
AmPyr at different temperatures was conducted using the DS-RETM equation, which
not only yielded a series of thermodynamic parameters, but also successfully calculated
the SO, absorption capacity (19.051 mol kg!) that is highly consistent with the
experimental values at 298.15 K, indicating that this model has extremely high
reliability. Subsequently, it was further applied to analyze the absorption behavior of
C,mimCl-7 + HBDs DESs, and corresponding m,,5, Mc,mimci, and mppps were obtained,
demonstrating the impact of different HBDs on SO, absorption. Dynamics analysis
shows that the as-prepared DESs could reach gas-liquid equilibrium in 40 s. Besides,
the present DESs exhibit remarkable SO,/CO, selectivity, with C,mimCI-7 + AmPyr
achieving a value as high as 528.7. After 30 cycles of absorption-desorption, the SO,
absorption of the regenerated C,mimCI-7 + AmPyr still reached 18.265 mol kg!.
Finally, combining thermodynamic analysis, FT-IR, and "H NMR results, it is indicated
that the SO, absorption process involves physical absorption and chemical absorption.

4 Experimental sections

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Preparation of DESs: C,mimCl-n + AmPyr DESs (n = 2, 3, 4, 5, 6, and 7) were

prepared by combining C,mimCl and AmPyr at specified molar ratios (2:1, 3:1, 4:1,

Open Access Article. Published on 14 January 2026. Downloaded on 1/15/2026 2:22:47 AM.

5:1, 6:1, 7:1). The mixtures underwent heating at 353.15 K for 180 min with constant

(cc)

stirring. Subsequent cooling to ambient temperature yielded homogeneous liquids
(Scheme S2).

C,mimCl-7 + ChPyr, C;mimCl-7 + BrPyr, C,mimCIl-7 + Cyt, C,mimCIl-7 +
DAmPyr, C;mimCl-7 + Ura, C;mimCI-7 + AmPd and C,mimCIl-7 + AmPz were
prepared using 2-Chloropyrimidine, 2-Bromopyrimidine, 4-Amino-2-
hydroxypyrimidine, 4,6-Diaminopyrimidene, 2,4-Dihydroxypyrimidine, 3-
Aminopyridazine and 2-Aminopyrazine as HBDs, respectively.

ComimBr-7 + AmPyr was prepared using CmimBr as HBAs and AmPyr as HBDs.

Atamolarratio of 7:1 and 353.15 K, with C;mimCl as HBAs and TAmPyr as HBDs,
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DESs could not be formed after vigorous stirring at 800 rpm for 180 min. DOI: 10.1039/D5IM003178

For other details not described, please refer to the Supporting Information.
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The data that support the findings of this study are available from the corresponding

author upon reasonable request.
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