- \
v
A4

http://pubs.acs.org/journal/acsodf

Heoo®06

Effective Absorption Mechanism of SO, and NO, in the Flue Gas by
Ammonium-Bromide-Based Deep Eutectic Solvents

Tengteng Zhoy, I T4 and Y2 Yonggi Zhao,!| % 24 Y2 < Xinvin Xiao, Yixuan Liu, Hongcun Bai,

Xingxing Chen, Jinxiao Dou,* and Jianglong Yu*
I: I Read Online

Article Recommendations |

Cite This: ACS Omega 2022, 7, 29171-29180

ACCESS |

ABSTRACT: Simultaneous capture of SO, and NO, from flue gas is critical for SOy N0, ciedFluess
coal-fired power generation. In this study, environmentally friendly and high- mE
performance deep eutectic solvents based on ethylene glycol and ammonium
bromide were designed to capture SO, and NO, simultaneously. The SO, and NO,
absorption performances and absorption mechanisms were systematically
investigated by "H NMR and Fourier transform infrared (FT-IR) spectroscopy riue s so.xo) =
in combination with ab initio calculations using Gaussian software. The results
showed that EG-TBAB DESs can absorb low concentrations of SO, and NO, from !
the flue gas simultaneously at low temperatures (<50 °C). 'H NMR, FT-IR, and | i O

simulation results indicate that SO, and NO, are absorbed by forming EG-TBAB- | y?';?i‘fféffi': ) — .
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SO,—NO, complexes, Br™ is the main active site for NO, absorption, and NO, is
more active in an EG-TBAB-NO,—SO, complex than SO,. EG-TBAB DESs exhibit
outstanding regeneration capability, and absorption capacities remain unchanged
after five absorption—desorption cycles. The fundamental understanding of simultaneous capture of SO, and NO, from this study
enables DES structures to be rationally designed for efficient and low-cost desulfurization and denitrification reagents.

1. INTRODUCTION

Coal-burning releases large amounts of sulfur- and nitrogen-
containing harmful emissions (SO, and NO,), and these
pollutants are the major causes of large-scale haze in China. To
address the growing environmental dilemma, these harmful
emissions should be removed from flue gas before being
released into the atmosphere. At present, conventional flue gas
treatment technology mainly revolves around flue gas
desulfurization and denitrification treatment processes, per-
forming wet desulfurization, selective catalytic reduction
(SCR), and selective noncatalytic reduction (SNCR) deni-
trification. Although these techniques have a wide range of
applications in the industry, they suffer shortcomings of high
investment cost, complex process operation, generation of
wastes, ammonia leakage, etc.' ™

In recent years, new innovative techniques for flue gas
desulfurization and denitrification have been widely developed.
Using ionic liquids (ILs) for the removal of SO, and NO, in
flue gas is one of the newly developed desulfurization and
denitrification techniques.”™” An ionic liquid is a substance
that is entirely composed of an anion and a cation and is liquid
at normal temperature or near-normal temperatures. ILs
possess many physicochemical properties including negligible
vapor pressure,” high thermal stability,” low flammability,"’
capability to absorb most gases (such as SO,, H,S, CO,, and
other acid gases), and recyclability.'' However, many literature
works have also pointed out the high toxicity,'"> poor
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biodegradabili‘fy,13 combustible characteristic,'* high viscos-
ity,"> or high-cost production of ILs,'® which hinder their
industrial applications. Instead of finding suitable candidates to
replace ILs, researchers are developing new ways to exploit the
positive properties of ILs while avoiding their negative
characteristics. Deep eutectic solvents (DESs) have been
introduced as a new type of ionic liquid. These solvents consist
of two or more substances with a melting point lower than
their constituents.'” DESs are typically, but not always,
obtained by mixing a quaternary ammonium halide salt, a
hydrogen-bond acceptor (HBA) with a hydrogen-bond donor
(HBD) molecule, which is capable of forming a complex with
the halide, leading to a significant increase in the freezing
point.'® For some compounds, a melting point cannot be
detected; hence, a glass transition temperature is obtained
instead. Thus, DESs are also known as low-transition-
temperature mixtures (LTTMs)."” As an ionic liquid, DES is
not only similar in physical and chemical properties to ionic
liquids but also has the advantages of a simple preparation
process, low cost, and degradability. Therefore, DESs are
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widely used in many fields. Additionally, DES has functional
gas absorption capacity, especially in the field of air pollution
prevention and control.

DESs are more economical alternatives for CO, NH;, and
CO, capture and SO, and H,S removal.”’ Wu et al. found that
the SO, absorption capacities of L-car + EG DES and Bet + EG
DES with a mole ratio of 1:3 were 0.820 mol/mol and 0.332
mol/mol at 40 °C, respectively. The results showed that
—COO— on Bet and L-car had strong chemical interaction
with SO,”" Guo et al. developed tetrabutyl ammonium
bromide (TBAB)- and caprolactam-based DESs. They
reported that a 1:1 mole ratio exhibited the highest SO,
absorption capacity, and the DES can be reused for several SO,
absorption cycles, while it did not have high absorption
efficiency.”” Liu et al. developed a variety of caprolactam-based
DESs. The experimental results indicated that the absorption
of SO, is physical absorption and the solubilities of pure SO, of
0.1 MPa in caprolactam-ethanamide DES and caprolactam/
imidazole are 0.497 and 0.624 g/g, respectively at 30 °C.”* In
fact, the SO, and NO, concentrations in the flue gas are very
low, and the solubility is too low to have a practical use.

Our previous work showed that NO was mostly physically
adsorbed.”* However, EG-TBAB DES showed the highest
NO, absorption capacity and can easily be removed.
Therefore, the development of environmentally friendly and
efficient DESs that can simultaneously absorb low concen-
trations of SO, and NO, in the flue gas is of significant
importance. One significant advantage of the proposed
approach is the generation of high-purity SO, and NO, during
the regeneration of ammonium bromide-type DESs, and the
other advantage of the proposed approach is recyclic utilization
of the DESs for reducing the cost. In this study, the SO, and
NO, absorption performance and absorption mechanism of
the EG-TBAB DESs at different mole ratios of HBA to HBD
were systematically investigated at various temperatures and
SO, partial pressures, and the regeneration experiments of SO,
and NO, were also conducted.

2. EXPERIMENTAL SECTION

2.1. Preparation of Ammonium Bromide-Type DESs.
The sample material (ethylene glycol (EG) (AR grade, 99.5%),
ethanol (ET) (AR grade, 99.5%), glycerol (GL) (AR grade,
99.5%)), tetraethyl ammonium bromide (TEAB) (AR grade,
99.5%), tetrapropyl ammonium bromide (TPAB) (AR grade,
99.5%), and tetrabutyl ammonium bromide (TBAB) (AR
grade, 99.5%) were purchased from Sinopharm Chemical
Reagent Co. Ltd. Various types of DESs with different molar
ratios were synthesized. The mixtures were stirred at 25 °C for
at least 1 h in our previous study.”**®

2.2. Characterization of SO, and NO, Adsorption. The
attenuated total reflectance Fourier transform infrared (ATR-
FT-IR) spectra were recorded using a Thermo Fisher Nicolet
iSs.

"H NMR spectra of DES sample before and after absorption
of SO, and NO, were recorded with a 400 MHz spectrometer
(Bruker Avance III, Switzerland) using heavy water (D,0) as a
solvent and tetramethylsilane (TMS) as an internal standard.

The physical properties including the freezing point and
melting point were measured by a differential scanning
calorimeter (DSC 200 F3).

2.3. Quantum Chemical Calculations of DES Absorp-
tion. All of the com(?utational calculations were carried out
with Gaussian 16.”° Quantum chemical calculations of

interaction of DESs, SO,, and NO, were performed by the
B3LYP method based on density function theory (DFT) at the
6-31G++(d, p) basis set.

2.4. Methods. The SO, and NO, absorption experiments
with ammonium bromide-type DESs were performed using a
bubble reactor, under absorption temperatures ranging from
30 to 70 °C; the schematic diagram of the experimental setup
is described extensively in our previous study.”* The simulated
flue gas was composed of 0.10 vol % SO, and 0.1S vol % NO,
balanced by N,. Furthermore, 0—10 vol % O, and S vol %
steam were added when the impact of oxygen presence was
investigated. The concentrations of SO, and NO, at the inlet
and outlet of the reactor were monitored by an online flue gas
analyzer (MRU MGAS, Germany). The residence time of SO,
and NO, in the glass vessel was observed to be 6 s. The SO,
and NO, desorption experiments were conducted using the
same absorption experiment; however, the bubbled gas was
changed to pure N, and the desorption temperature was
increased to 90 °C.

2.5. Data Processing Method. The number of absorbed
SO,(NO,) (mass ratio of SO,(NO,) to DES, desulfurization
and denitrification capacity) was determined using eq 1°**/

mSOZ(NOZ)(mg S0,(NO,)/g DES)

tZ
Mpgs X Pg oy X Q ft (C, — Cro(t))dt

tpgs X Mgo, (no,) (1)

where mgq (yo,) is the mass absorption capacity of SO,(NO,)

in EG-TBAB DES, Q (mL/min) is the flow rate of the gas
stream, t; and t, are the starting time of the absorption process
and the breakthrough time (i, the time at which the
S0,(NO,) concentration in the outlet stream increased to that
in the inlet stream), respectively, mpg is the mass of the DES
used for absorption, and pgo,no,) is the density of S0O,(NO,)

under the experimental condition, which is calculated by NIST
Refprop software.

The SO, (NO,) absorption efficiency (7(SO,(NO,))) was
determined utilizing eq 2

C,—C
n((S0,(NO,)) = —2—— x 100%

Cin (2)
where C,, and C,, are the measured values of SO, (NO,)
(ppmv) from the inlet and outlet, respectively.

3. RESULTS AND DISCUSSION

3.1. Melting/Freezing Point of DES. Figure 1 shows that
the melting points or the freezing points of EG-TBAB DESs
measured by the DSC were much lower than those of the pure
constituents at various EG/TBAB molar ratios. Interestingly,
the melting points of the EG-TBAB DESs with molar ratios of
4:1 and S:1 could not be observed at a temperature ranging
from —150 to S0 °C. Instead, a glass transition temperature
was detected at —120 °C for both mixtures. The molecular
structure of the hydrogen-bond donor and receptor, lattice
energy, charge distribution, and the strong interaction between
ions dictate the melting point of DES.”® In general, the
stronger the interaction between the hydrogen-bond donor
and receptor, the higher the destructive force on their crystal
structure, hence a high reduction of the melting point degree.
To explain the decrease in freezing point in EG/TBAB (5:1)
compared to the parent materials, the interactions between the
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Figure 1. Melting points of the EG-TEAB, EG-TPAB, and EG-TBAB
DESs.

ions with each other and the HBD were extensively studied
computationally. In addition to the expected BrHN hydrogen
bonds, EG also exhibited hydrogen bonding with the bromine
cation (e.g, OHNBr), resulting in both Ch-EG and Br-EG
clusters. This phenomenon may explain why the eutectic point
occurs at SEG:1TBAB. DESs contain a large number of
asymmetric ions, which in turn causes lower lattice energy. The
delocalization of charges in hydrogen bonds between halogen
ions and HBD is credited for the reduction in the melting
point of DES.” The larger volume of anions and cations and
the conformational flexibility in the DES reduced the lattice
enthalpy while increasing the lattice entropy, leading to a
decreased lattice free energy (AG) and, thus, reducing the
melting points.”” The structure of the cation also played an
important role in impacting the melting point of the DESs.
The low glass transition temperature (Tg) also agreed with
the results obtained in the literature.”" As also shown in Figure
1, both the melting point (T,,) and T, temperature of DESs
were noticed. The appearance of T, indicates that the lattice
structure between the hydrogen-bond donor and acceptor was
significantly destroyed during the formation of DESs and
consequently the crystal structure of pure substances
disappeared. It was observed that at temperatures below the
T, temperature, the DESs became glasslike amorphous molten
substances. Only glass transition temperatures were detected
for EG-TBAB DESs at molar ratios of 4:1 and S5:1, which

indicated that at such molar ratios, only glass structures existed
and the crystal structures were completely destroyed.

3.2. Effect of HBA on Absorption Performance of SO,
and NO,. Figure 2 shows that the simultaneous removal
efficiency of SO, and NO, of the DES sample gradually
decreased as the reaction time was increased. At 260 min
absorption time, it was noticed that the desulfurization and
denitrification efficiency of EG-TEAB was extremely reduced
and its desulfurization and denitrification effects were no
longer noticed. Like EG-TEAB, the desulfurization and
denitrification efficiency of EG-TBAB DES after 260 min
absorption was also significantly reduced; however, its
denitrification efficiency was noted to be slightly better than
the desulfurization efficiency. The experimental results showed
that the desulfurization and denitrification efficiency of EG-
TBAB was significantly better than that of EG-TEAB and EG-
TPAB DES, and the simultaneous desulfurization and
denitrification efficiency of EG-TBAB DES was the highest
among the three DESs. Therefore, with an increase in length of
the carbon chain of the quaternary ammonium bromide, the
desulfurization and denitrification effect of the binary DES,
which was composed of ethylene glycol and quaternary
ammonium bromide, showed better absorption properties.
This phenomenon can be ascribed to the increase in the
carbon chain length, which resulted in a less compact
molecular arrangement, thereby creating a large free space;
hence, the gas absorption capacity became strong.

The SO, and NO, absorption capacities of different kinds of
ammonium bromide-type DESs were calculated using eq 1 and
plotted against the absorption time, as shown in Figure 3. The
SO, and NO, absorption capacity of the DES was noticed to
be directly proportional to the carbon chain length of HBA;
the highest SO, and NO, absorption value was achieved with
the longest carbon chain of HBA. The desulfurization and
denitrification efficiency shown in Figure 1 followed a similar
trend, with EG-TBAB DES delivering the highest SO, and
NO, absorption capacity.

In the first 300 min, a rapid increase in the absorption rate
for all of the DESs examined was detected. From 0 to 300 min,
about 0.18 g SO,/g DES and 0.252 g NO,/g DES were
absorbed; the process stabilized after 300 min, reaching
equilibrium. Figure 3 shows the simultaneous SO, and NO,
absorption capacity of different ammonium bromide DESs.
The absorption capacity of EG-TBAB DES was higher than
that of EG-TEAB and EG-TPAB DES. As a result, EG-TBAB
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Figure 2. Desulfurization (a) and denitrification efficiency (b) of different ammonium bromide-type DESs (HBD/HBA = S, At 50 °C with a

residence time of 6 s).
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Figure 3. Desulfurization (a) and denitrification capacity (b) of EG-TBAB with different ammonium bromide-type DESs (at 50 °C with a

residence time of 6 s).

had the highest desulfurization and denitrification efficiency
and also the highest absorption capacity among the
ammonium bromide DESs. It can be concluded that EG-
TBAB DES effectively removed SO, and NO, during the
desulfurization and denitrification experiments. The SO, and
NO, absorption capacity of EG-TBAB DES was found to be
better than that of the other two kinds of DESs (EG-TEAB,
EG-TPAB). The desulfurization and denitrification effect of
EG-TEAB DES was also better than that of EG-TPAB DES
and EG-TEAB DES. It was observed that the stronger the
interaction between the hydrogen-bond donor and HBA, the
smaller the absorption rate. This result may be attributed to
the increase in length of the quaternary ammonium salt carbon
chain and the desulfurization and denitrification effect of the
binary DES, which was composed of ethylene glycol and
tetrabutyl ammonium bromide. At the same time, we also
found that the denitrification capacity of DES was better than
the desulfurization capacity, which was credited to NO, being
more polar than SO,, as it was easier to form a hydrogen bond
with Br, SO, reacts with N, which is existed in the EG-TBAB
and thus more easily removed by it.”*

3.3. Absorption Mechanism for the Removal of SO,
and NO, by EG-TBAB DES. The 'H NMR spectra of EG-
TBAB before and after the absorption process are shown in
Figure 4. The typical peaks of the hydrogen atom in TBAB at
3.65, 3.35, and 1.3 ppm, which are associated with the chemical
shift of the hydrogen atom connected to C(2) and C(4,5),
shifted downward to 1.40 and 3.40 ppm, accordingly. It was

—EG-TBAB
—— EG-TBAB+S0, +NO,

/.

T

1.0 1.5

L v ] v L v 1 v 1 hd
20 25
6 (ppm)

0.5

Figure 4. '"H NMR spectra of EG-TBAB DES before and after
absorption.
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also noticed that the —CH,— peak in the EG shifted upward
from 3.65 to 3.70 ppm. This indicates the formation of
hydrogen bonds between EG and SO,/NO, gas, which may
promote SO, and NO, absorption.”” The detected peaks all
showed a slight change in the height and strength, which is
believed to be due to the reaction of SO, and NO, with OH--
Br.

Figure S shows the Fourier transform infrared (FT-IR)
spectra of EG-TBAB DES before and after the absorption

(®)

Transmittance/%

T T T T

T
4000 3500 3000 2500 2000 1500
Wavenumber/cm!

T
1000 500

Figure S. FT-IR spectra of EG-TBAB DES before (a) and after (b)
desulfurization and denitrification.

reaction. The peaks in the range of 4000—2000cm™’,
associated with functional groups, remained unchanged before
and after the reaction; FT-IR peaks located in ranges of 1545—
1570, 700—900, ~1610, and 1560—1490 cm™' that were
associated with the aromatic ring C=C, aromatic C—H
groups, and aromatic carbon and stretched aromatic rings were
recorded for all samples,‘?’1 From Figure 5, the new absorption
peaks appearing in the spectrum for the SO,-saturated EG-
TBAB DES at 1321 (vs S=O) were assigned to the
symmetrical stretching vibration of (vs S=O) and could be
a result of the physical absorption of SO,. The peaks at 1650
and 1350 cm™ could be assigned to N—O stretching
vibrations.”> The above results showed that the oxygen of
EG-TBAB physically interacts with SO,/NO, and suggested
the presence of dual-site chemical N---SO, and O---SO,
interactions, which lead to the improvement of NO, and
SO, chemisorption by EG-TBAB DESs. SO, molecules reacted
with N—H in cations to form N—S bonds, and the acid ions
formed corresponding acids; the N—S bond was reversible;
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ACS Omega 2022, 7, 29171-29180


https://pubs.acs.org/doi/10.1021/acsomega.2c03221?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03221?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03221?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03221?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03221?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03221?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03221?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03221?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03221?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03221?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03221?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03221?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

HO, OH | |CHs

\ CHs
CHjy

0
H;C Br- N<<
+S0, , +NO, HaC MN" 0
—_—

-0, , -NO,

(a)

7.602¢72

(b)

2HPCc@o@PN Js@sr

Figure 7. Optimized structure of complexes (a) EG-TBAB DESs and (b) EG-TBAB DESs with SO, and NO,.

under heating or vacuum conditions, the N—S bond could
break and release SO,. The DES could be regenerated and
reused. The reaction mechanism is shown in Figure 6. From
"H NMR and FT-IR spectra, it could be concluded that NO, is
primarily chemically absorbed in the case of EG-TBAB. SO,
and NO, were absorbed by forming the EG-TBAB-SO,—NO,
complexes in the DES, and this complexing interaction did
break the chemical structure of EG-TBAB DES.

3.4. Quantum Chemical Calculations of SO, and NO,
Absorption by EG-TBAB DES. Computational studies were
carried out to fundamentally investigate the interaction
between the elemental component of EG-TBAB DES and
SO,/NO,. Figure 7 shows the lowest-energy structures found
for the EG-TBAB DES ion pair interacting with SO, and NO,
gas contaminants. This was done by studying the geometry
optimizations from different initial structures; several slightly
different low-energy EG-TBAB DES-SO,—NO, structures are
produced. However, all of the structures consist of an EG O
atom forming a H-bond with the H at C, on TBAB, and the X
atom in the XO, absorbate is attracted noncovalently toward
one of the EG O atoms. Table 1 summarizes the optimized X—
O EG-TBAB DES and TBAB H—O EG distances and also lists
the XO, absorption enthalpy (AH) and Gibbs energy (AG)

Table 1. Optimized X—O EG-TBAB DES and TBAB H-O
EG Distances; SO,, NO,, and SO, and NO, Interaction
Energy (AE); Absorption Enthalpy (AH); and Gibbs
Energy (AG) with EG-TBAB at 298 K

structural parameters DES-SO, DES-NO, DES-SO,—NO,
AE (kJ/mol) —101.2 —110.8 —98.8
AH (kJ/mol) —124.2 —135.7 —153.4
AG (kJ/mol) —-10.5 -30.6 -32.5

with EG-TBAB at 298 K. As expected, SO, and NO, had small
binding enthalpies with EG-TBAB DES compared to SO,,
which correlates to the large decrease in the X—O EG bonding
distance as the X binding strength increases. At the same time,
the strong bond of SO, reduces the H-bonding interaction
between TBAB and EG as reflected by the longer EG O—H
TBAB bonding distances of these two molecules. Finally, the
AG values suggest that NO, can readily bind with EG-TBAB
DES. These results correlate well with the experimental results
observed for the single gas contaminant sorption by EG-TBAB
DES, which had a higher breakthrough time and capacity for
NO, sorption compared to that for SO, and NO,. However,
the AH and AG binding energies of EG-TBAB NO, were
different from those computed for the SO, and NO, adsorbed
on EG-TBAB, suggesting that the NO, interaction is not
strongly influenced by the presence of SO,. The adsorption
energy (AH and AG) of the additional SO, was slightly lower
comparing to the initial SO, adsorption energy on EG-TBAB.
The increase in bond length of N—O EG-TBAB from 2.514 A
in EG-TBAB-NO, to 2.604 A in EG-TBAB-NO,—SO, suggests
that the NO, interaction with EG-TBAB was weakened by SO,
adsorption. This is in direct correlation with the simulated gas
contaminant breakthrough data for EG-TBAB, which indicates
an abrupt overshoot of NO, at the outlet as SO, begins to
break through (Figure 7b). The breakthrough curve data
suggest that there are preferential binding sites on deep
eutectic solvents for NO, and SO,. However, once the SO,-
preferred binding sites are filled, SO, begins to occupy the
NO, sites due to the larger binding energies for SO, than those
for NO, by the EG-TBAB DES. Furthermore, after initial SO,
adsorption by EG-TBAB, the adsorption energies for either
NO, or SO, will be significantly reduced. A careful selection of
the DES cation or a combination of the DES with other DES
should enable fine-tuning of the adsorption properties for the
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DES anion, thus enabling reversible and selective absorption of
SO, and NO, **

Table 2 illustrates the structural parameters of the optimized
geometries before and after SO, and NO, absorption. The

Table 2. Structural Parameters of EG-TBAB DESs before
and after SO, and NO, Absorption

structural parameters SO, NO, DES-SO,—NO, A
0-N-O (°) 179.98 116.09 63.89
0-8-0 (°) 11624 134.05 -17.81

organization of gas molecules around the anion is related to
absorption. As shown in Table 2, the average O—N—O angle
bends from 179.98 to 116.09° and the average O—S—O angle
bends from 116.24 to 134.05°. The angle change for NO, was
more pronounced in an EG-TBAB-NO,—SO, complex than
that for SO,. Bromide anions in the EG-TBAB DES
maintained strong interactions with NO, via hydrogen
bondin§, leading to increased NO, adsorption in our previous
study.””** This result further indicated that NO, was primarily
absorbed by the Br anion site in EG-TBAB DES, and NO,
interaction with EG-TBAB is easier compared to SO,.

3.5. Effect of Operation Temperature on the
Desulfurization and Denitrification Performance of
DES. Figure 8 demonstrates the desulfurization and
denitrification capacity of DES vs temperature. The SO, and
NO, absorption of fresh DES increased with the temperature
increasing from 30 to 50 °C. At 50 °C, the SO, and NO,
absorption capacities of DESs were 0.226 g SO,/g DES and
0.296 g NO,/g DES, respectively, which were much higher
than 0.12 g SO,/g DES and 0.07 g NO,/g DES (Figure 8).
The simultaneous desulfurization and denitrification capacity
at 50 °C was significantly better than that at 30°C and 70°C.
The results show that maintaining an appropriate absorption
temperature is critical to achieving high absorption capacity,
and high temperature negatively impacted the adsorption of
SO, and NO,. This observation may result from the
temperature-independent viscosity effect. During SO, and
NO, absorption, viscosity affects the transfer of mass greatly,”*
and especially, DESs are typically high-viscosity solvents. When
the temperature increases, the molecular motion in the system
of the SO,, NO,, and DES intensifies, leading to an increase in
the saturated vapor pressure of SO, and NO,, resulting in the
breaking of the intermolecular forces, leaving SO, and NO, to

easily escape from the DESs, and correspondingly decreasing
the SO, and NO, absorption rate.

3.6. Effect of the Molar Ratio of EG to TBAB on the
Desulfurization and Denitrification Performance of
DESs. The absorption capacity of SO, and NO, by DESs
with different molar ratios is shown in Figure 9. It was
observed that the molar ratio of HBA to HBD composites in
DES influenced the desulfurization and denitrification capacity
of DES. This is possibly related to various intermolecular
behaviors with DESs consisting of different EG:TBAB ratios.
When the EG:TBAB ratio was lower than 5:1, the parent
TBAB salt ions and HBD molecules in the DES systems were
more likely to interact with each other through the electrostatic
and H-bonding interactions, thus showing weaker affinities for
SO, and NO, molecules and leading to lower desulfurization
and denitrification efficiency and absorption capacity. How-
ever, when the EG:TBAB ratio was higher than 10:1, the
concentration of EG was believed to be at a point where the
system had lost the DES physicochemical properties and acted
as a solution with TBAB salt dissolved in EG. The anion—
HBD interaction force was significantly destroyed at such
molar ratios, leading to a reduced H-bonding network between
the HBD and ions and thus resulting in a reduced SO, and
NO, absorption capacity.

3.7. Effect of Oxygen and Steam on the Desulfuriza-
tion and Denitrification Performance of DES. Figure 10
shows the absorption capacity of SO, and NO, with different
oxygen and steam concentrations in the simulated flue gas. To
understand the effect of oxygen content in flue gas on the
desulfurization and denitrification capacity of EG-TBAB DES,
different oxygen partial pressures ranging from 0 to 10% were
studied. Figure 10 shows that in the absence of oxygen and
steam, the desulfurization and denitrification capacity of DES
was the lowest. As the oxygen and steam partial pressure
increased to 5%, the SO,/NO, adsorption capacity of the
developed DES was significantly increased. Therefore, it can be
concluded that oxygen and steam had a promotion effect on
the desulfurization and denitrification capacity during the
simultaneous desulfurization and denitrification process of EG-
TBAB DES, which was possibly due to the natural affinity
between the polar H,O, SO,, and NO, molecules. SO, and
NO, can react with O, and H,O to form HNO; at low
reaction temperatures, as shown in eqs 3—7.
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Figure 8. Desulfurization (a) and denitrification capacity (b) of EG-TBAB DESs at different operation temperatures (at an EG to TBAB molar

ratio of 5:1 and a residence time of 6 s).
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NO,(g) + DES(I) —» DES — NO,(1) (4)
H,0(g) + DES(1) — DES — H,0(1) (3)
0,(g) + DES(1) —» DES — O,(1) (6)

DES — O,(1) + DES — SO,(1) + DES — NO,(1) + DES

— H,0(1) » DES — H,SO,(l) + DES — HNO,(1)
7)
The results proved that the EG-TBAB DES had a high capacity
to absorb the generated HNO; and H,SO,*> However, in the
presence of steam (10% concentration), the desulfurization
and denitrification capacity was not obviously increased. The

results further indicated that the presence of steam can
effectively promote SO, and NO, absorption of DES. This

29177

result was attributed to the high viscosity of DES, which is not
conducive to mass transfer, thus affecting the absorption rate
and efliciency of SO, and NO, when steam exists in the flue
gas. It was found that the viscosity of the DES was reduced,
while its absorption capacity did not decline. Therefore, the
presence of steam is highly conducive to SO, and NO,
absorption.**’

3.8. Regeneration Performance of EG-TBAB DES.
Absorption/desorption process reversibility is a major criterion
for industrial solvents. SO, and NO, desorption and recycling
of EG-TBAB DES were investigated in this study, and the
experimental findings are displayed in Figure 11. SO, and NO,
absorbed by EG-TBAB DES can easily be separated from the
solvent by bubbling N, at 100 °C within 60 min, indicating a
simple desorption process of SO, and NO,. This observation
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Table 3. Comparison with Other DESs from the Literature under Low Partial Pressures of SO, and NO,“?

absorbents T (°C)  Cso, (%) and Cyo, (%) in volume fraction

EG-TEAB S0 0.1, 0.15
EG-TPAB NV 0.1, 0.15
EG-TBAB N 0.1, 0.15
Im-H,0 40 02
[P4442][Tetz] 20 02
EmimCI-NFM 20 0.2
PPZBr-Gly (1:6) 20 0.1
[E,Py]Cl 20 20
Bisazole-based DESs 20 0.1
EmimCI-EPyBr (3:1) 20 0.1
TBAB-CPL DESs 20 0.1

absorption capacity of SO,  absorption capacity of NO,* refs
0.186 0.186 this work
0.186 0.206 this work
0.226 0.296 this work
0.267° 38
0.190° 39
0.135° 40
0.130° 41
1.155° 42
1.402° 43
0.698°¢ 44
0.764° 45

“In units of grams of NO, per gram of DES. “In units of grams of SO, per gram of DES. “In units of grams of SO, per gram of IL.

Cleaned Flue gas

S0, NO,

IOMO], UOTIRPTXO)
| JOMO], UOEQTJLIIUA(]

Flue gas (SO,, NO)

l/E;Pure SO, and NO,

JOMO], UOTJRIdUSY

Figure 12. Schematic diagram of the SO, and NO, removal process by ammonium bromide DES for flue gas cleaning.

indicates that very low energy costs are required for the
regeneration process of the DES. Evidently, the EG-TBAB
DES exhibited good absorption/desorption behavior, the
absorption capacity/desorption time was well maintained,
and the SO, and NO, absorption capacity during the five
recycling cycles remained relatively unchanged. The stability of
these five absorption/desorption cycles makes EG-TBAB DES
a promising solvent, which is green, cheap, and renewable, for
the absorption of SO, and NO,.

3.9. Comparison of the SO, and NO, Absorption
Capacities of the Absorbent Investigated in This Study
with Those in the Literature. The SO, and NO, absorption
capacities of the absorbent used in this study and those found
in the literature are given in Table 3. Table 3 shows that the
absorption capacity of SO, of various solvents under different
experimental conditions varies significantly. Compared to
other DESs, this absorbent can absorb both SO, and NO,.
For instance, the absorption capacity of SO, and NO, of EG-
TBAB DES at 50 °C was 0.226 g for SO,/g and 0.296g for
NO,/g DES, which is the highest among all of the absorbents.
This indicates that the absorbent developed in this work has a
great potential to be implemented industrially.

3.10. Implications of Denitrification and Desulfuriza-
tion Technology. A schematic diagram for the removal of
SO, and NO, using ammonium bromide DES is shown in
Figure 12. During the denitrification process, NO was first
converted to NO, using vaporized O;-based peroxide complex
oxidants, followed by SO, and NO, removal in the flue gas
absorption tower using EG-TBAB DESs; the cleaned flue gas
then entered the atmosphere through a stack. In the
regeneration tower, high-purity SO, and NO, released from
the sorbent were collected for other applications; the
regenerated EG-TBAB DESs could be reused and recycled

for the next SO, and NO, absorption process. As can be seen
from Table S1, the overall energy consumption of this process
unit is 9.86 RMB/t coke. This cost is higher than conventional
desulfurization and denitrification technology due to the
separation and recovery of DES, which consumes energy; the
price of DES is also higher compared to other absorbents.
However, the recovery of EG-TBAB DES mainly depends on
the reverse extraction of water; the evaporation of water
consumes too much energy.

4. CONCLUSIONS

In this study, ethylene glycol and different length ammonium
bromide carbon chains (tetraethyl ammonium bromide,
tetrapropyl ammonium bromide, and tetrabutyl ammonium
bromide) were used to prepare deep eutectic solvents. The
experimental results showed that the best desulfurization and
denitrification performance of DES was achieved at 50 °C
absorption temperature and a TBAB:EG molar ratio of 5. 'H
NMR results showed that the EG-TBAB DESs successfully
removed SO, and NO,. Oxygen was noticed to inhibit the
absorption performance of the EG-TBAB DES, while steam
promoted the absorption performance of the EG-TBAB DES.
The absorption process mechanism in the presence of steam
was found to be due to the combination of both chemical
absorption and physical absorption, while in the absence of
steam, the mechanism of the reaction was mainly due to
physical absorption. The quantum chemical calculations of
DES absorption indicated that NO, was more pronounced in
an EG-TBAB-NO,—SO, complex than SO,, the Br anion in
EG-TBAB DES was the primary active site for NO, absorption,
and NO, could easily interact with EG-TBAB than SO,. The
regeneration experiments confirmed that DES had excellent
regeneration performance, and the SO, and NO, absorption
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capacities of the DES did not change during the five
absorption—desorption cycles conducted.
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