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Abstract: MIL-53(Fe) was prepared and modified with benzoic acid to prepare MIL-53(Fe)-BA
additive, which was used to improve the catalytic oxidation rate of sulfite, prevent the scaling
of the desulfurization tower, and improve the desulfurization efficiency during the wet flue gas
desulfurization (WFGD) process of power plants. MIL-53(Fe)-BA exhibits abundant Lewis acid
sites because of the appearance of coordination unsaturated Fe atoms. Due to the excellent sorption
capacity, Ca(OH), was used as the main SO, desulfurizer. The composite desulfurizers were prepared
by mixing MIL-53(Fe)-based additives and Ca(OH),, and were characterized by SEM, XRD, and FT-IR.
A desulfurization unit was set up at laboratory scale to study the effect of catalytic oxidation additives
on sulfite oxidation and desulfurization efficiency. The results showed that the addition of MIL-53(Fe)-
BA can increase the oxidation capacity of sulfite by 159%, and greatly improve the desulfurization
efficiency. These composite desulfurizers broaden the adaptability of the desulfurizing system to
high-sulfur coals, and provide support for improving the desulfurizing efficiency of power plants.

Keywords: catalytic oxidation; oxidative desulfurization; wet flue gas desulfurization; calcium
hydroxide; MIL-53(Fe); Lewis acid sites

1. Introduction

Fossil fuels have been widely used since the industrial revolution in the 1860s. The
harmful gases such as SO and NOy have been continuously discharged into the atmo-
sphere, resulting in the generation of acid rain, which seriously endangers human health.
Effectively removing SO, from flue gas has been a research goal of many scientists [1]. At
present, the desulfurization process is mainly divided into wet desulfurization, semi-dry
desulfurization, and dry desulfurization [2]. The limestone-gypsum wet flue gas desulfur-
ization (WFGD) technology has the characteristics of high desulfurization efficiency and
low cost, and is most widely used in coal desulfurization [2].

However, with the world’s increasing attention to CO, emissions and the proposal
of China’s goals of “carbon peaking” in 2030 and “carbon neutralization” in 2060, the
world has higher and higher requirements for CO, emission reduction. In the existing
limestone-gypsum WFGD process, CaCOj reacts with SO, to generate calcium sulfate
dihydrate (gypsum) and release CO; (Equation (1)). Taking the power plant with a planned
total installed capacity of 600 MW as an example, using the current limestone-gypsum
WEGD process, the annual CO, emission can reach 25,900 tons, seriously affecting the
realization of the world’s CO; emission reduction target. Therefore, new, environmentally
friendly, low-carbon desulfurizer has become one of the materials urgently needed for
power plant desulfurization.

1
50, + CaCOs3 + 502 + 2H,0 = CaS0Oy - 2H,0 4 CO, (1)
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Ca (OH),, as a potential substitute for CaCO3 desulfurization, has attracted more and
more attention because of the potential to achieve low CO, emission and highly efficient
desulfurization [3,4]. The chemical reaction of Ca(OH), with SO, is shown in Equation (2).
Therefore, if Ca(OH); is used to replace CaCOj in the WFGD process, there will be no CO,
emission in the whole process. Ca(OH), was researched for partial or full replacement of
CaCOs3 in the WFGD process, and the results showed that SO, at the outlet of the plant
meets the standard, and the consumption of desulfurizer was reduced [4].

1
SO, +Ca(OH), + EOz + H;O = CaSOy - 2H,0 2)

Compared with traditional CaCOs slurry (pH = 8.2~8.7), Ca(OH); exhibits higher
pH (13.2), stronger alkalinity, and higher desulfurization rate [4]. However, in the reaction
process of Ca(OH) ; and SO,, CaSO5-1/2H,0 was formed in the first step, and then was
completely oxidized to form CaSOy4-2H,0 (gypsum). Ideally, CaSOs5-1/2H;0 in the slurry
pool can be completely oxidized to CaSOy by the air introduced into the desulfurization
tower. According to the crystal growth theory [5], gypsum preferentially precipitates
on the seed crystals. Because most of the seed crystals are concentrated in the slurry
of the desulfurization tower, therefore, under the condition of complete oxidation, the
desulfurization system is not subject to scaling [5].

However, due to the complexity and variability of the coal market, the coal quality
is unstable, the sulfur content of the coal fluctuates greatly, and high sulfur or uneven
coal blending often exists. Therefore, when high-sulfur coals are used, 8032’ cannot be
completely oxidized, and CaSOs in the slurry tends to be saturated relative to CaSOy.
Because the gypsum content in the desulfurization tower is very low, the crystallization
process of CaSOy is prevented because of insufficient seed crystals. Thus, incomplete
oxidation occurs and leads to crystallization and precipitation of CaSO3 and CaSOy on the
surfaces of the equipment, resulting in scaling and blockage, which will eventually reduce
the desulfurization efficiency and affect the stable operation of the system. As a result of
using high-sulfur coals, the lack of oxidation capacity will lead to scaling and blockage of
the desulfurization tower. Therefore, adding catalytic oxidation additives is a necessary
step to ensure the normal operation of desulfurization system.

To promote the catalytic oxidative desulfurization, many catalysts have been re-
searched, including metal oxides such as Fe,O3 [6,7], which has also been proven to
play an important catalytic role in converting sulfite into sulfate, titanium containing
porous materials [8,9], reduced graphene oxide [10-12], and metal organic frameworks
(MOFs) [13-18]. Among them, MOFs have attracted much attention because of variable
metal centers, high specific surface areas, and large pore volumes. MOFs are crystalline
porous materials composed of organic ligand linked secondary building units (SBU), which
exhibit both the rigidity of inorganic compounds and the flexibility of organic ligands. In
addition, the abundant metal centers in MOFs can also provide a large number of catalytic
active centers for chemical reactions. Because Fe>* has been proven to have high catalytic
oxidation activity [6,7], catalytic oxidation additives based on Fe3+ containing MOFs are
very promising [19-21].

Researchers have explored the catalytic oxidation performance and mechanism of
several Fe-based MOFs [22-24]. For example, iron-based MOFs exhibited high catalytic
activity because of large amount of LASs and abundant pores, which are favorable for fast
mass transfer [22]. Iron-based MIL-88A(Fe) showed an excellent catalytic ozonation activity
due to the existence of large amount of LASs, where O3 was catalytically decomposed to
reactive oxygen species at the surface LASs of MIL-88A(Fe) [23]. Additionally, MIL-100(Fe)
exhibited better catalytic activity than that of commercial Fe,O; in the selective catalysis
of HjS to sulfur. DFT calculation indicated that the difference is due to the discrepancy
in the amount of LASs [24]. Thus, the Lewis acid sites (LASs), which originated from
the coordinated unsaturated metal sites in MOFs, are the active centers to promote the
oxidation of the catalytic substrate. Therefore, the regulation of LASs has been proven to
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be an effective method to regulate the catalytic oxidation activity of Fe-based MOFs [21].
Although previous work such as ligand modification [25] and metal doping [21,26] have
been proven feasible, convenient and efficient regulation of MOFs is still a challenge.

In this study, we selected MIL-53(Fe) (Fe(OH)BDC-xH,;BDC, H,BDC is terephthalic
acid) as the catalytic oxidation additives of Ca(OH),. We hope that the composite desulfur-
izer prepared by combining MIL-53(Fe) and Ca (OH), can improve the catalytic oxidation
rate of sulfite, prevent the scaling of desulfurization tower caused by high sulfur—coal
environment, and improve the desulfurization efficiency at the same time. To increase the
LASs of MIL-53(Fe), we replaced some terephthalic acid ligands with benzoic acid during
the preparation process to generate more LASs through coordination defects of Fe atoms
and improve the catalytic activity. Although benzoic acid vapor is irritating, it will form a
stable coordination bond with iron atom, and the prepared complex will not decompose
during the wet desulfurization process and pollute the environment [27]. While the use
of MIL-53(Fe)-BA increase some costs, the high stability in the slurry assures its recycling
in the desulfurization tower and environmental friendliness. Therefore, this technology
exhibits the potential application prospect in the wet desulfurization industry.

2. Materials and Methods
2.1. Materials

Calcium hydroxide slurry (30 wt.%) was supplied by Guangdong Energy Group
Science and Technology Research Institute Co., Ltd. (Guangzhou, China), with particle
size of less than 10 um, and an SSA of 28.79 m?/g. The 1,4-benzenedicarboxylic acid
(AR), benzoic acid (AR), FeCl3-6H,0 (AR), NayS,0O3 (AR), hydrochloric acid (AR), iodine
(AR), methanol (AR) and DMF (AR) were purchased from Aladdin Reagent Co., Ltd.
(Shanghai, China) and used without further treatment.

2.2. Preparation of MIL-53(Fe)

FeCl3-6H,0 (0.675 g) and 1,4-terephthalic acid (0.206 g) were mixed in 15 mL DMF.
Then, the resulting mixture was poured into a 50 mL polytetrafluoroethylene-lined stainless
steel autoclave. After that, the autoclave was placed into an oven at 150 °C for 15 h. After
cooling to room temperature, the obtained samples were washed with deionized water
and soaked in ethanol for 24 h. Finally, an orange sample was obtained after the vacuum
drying for 24 h (vacuum: 50 mbar, temperature: 60 °C).

2.3. Preparation of MIL-53(Fe)-BA

MIL-53(Fe)-BA was obtained with a slight modification of the preparation method
of MIL-53(Fe). Typically, 0.038 g benzoic acid was added dropwise into the mixture
of FeCl3-6H,0 and 14-terephthalic acid. After the vacuum drying, the orange-colored
MIL-53(Fe)-BA was obtained.

2.4. Preparation of MIL-53(Fe)/Ca (OH); Desulfurizers

The mass ratio of MIL-53(Fe) and Ca(OH), was controlled to be 1%, 2% and 3%
respectively, and then appropriate amount of MIL-53(Fe) was added to 6.25 wt.% Ca (OH),
slurry. MIL-53(Fe)/Ca(OH), desulfurizers were obtained after 1 h sonication. The mass
percentage of MIL-53(Fe) refers to 3% unless otherwise specified in this paper.

2.5. Preparation of MIL-53(Fe)-BA/Ca (OH), Desulfurizers

The mass percent of MIL-53(Fe)-BA in the composite of MIL-53(Fe)-BA /Ca(OH);
was controlled to be 1 wt.%, 2 wt.%, and 3 wt.%, and then the appropriate amount of
MIL-53(Fe)-BA was added to 6.25 wt.% Ca(OH); slurry. MIL-53(Fe)-BA /Ca(OH), desulfu-
rizers were obtained after 1 h sonication. The mass percentage of MIL-53(Fe)-BA refers to
3 wt.% unless otherwise specified.
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2.6. Characterization

The morphologies of MOFs and desulfurizers were observed on a scanning electron
microscope (SEM, JSM-7500F) using an accelerating voltage of 200 kV. The crystal structure
was verified by powder X-ray diffraction (XRD, D/MAX2200 Rigaku) using Cu Ka (1.541 A)
as the radiation source. The intensity data were collected over a 2-theta range of 5°~60°
with a step size of 0.02° using a counting time of 0.2 s per point. The tested data were
analyzed by JADE 6.0 software. XRD samples were prepared according to the following
steps. First, grind the desulfurizer with a mortar, and then add the powder to the middle
of the groove of the sample rack to make the loose sample powder slightly higher than the
plane of the sample rack. Then press the surface of the sample gently using a glass slide, so
that the surface of the powder is scraped flat and is consistent with the plane of the frame,
and scrape off the excess powder that is not in the groove. FI-IR was recorded in KBr pellet
technique with a PerkinElmer Spectrum 100 Fourier transform spectrometer.

2.7. Catalytic Oxidation of Calcium Sulfite

The catalytic oxidation of calcium sulfite experiment was carried out on the experimen-
tal setup shown in Figure 1. A beaker was used as the reactor, and 6.25 wt.% Ca(OH), slurry
was used as the main desulfurizer. The temperature of the water bath was set to 50 °C, and
the pH value of the slurry was continuously monitored by ZD-2 pH titrator. First, Ca(OH),
slurry was poured into the beaker, then the reactor was sealed with plastic wrap. N, was
injected into the reactor to remove the air to prevent the oxidation of CaSOj in the slurry.
After that, SO, was injected into the beaker until the pH value of the slurry lowered to 5.5.
When pH was stable, the gas was changed from SO, to compressed air (0.1 m3/h), and the
SO32~ concentration at this time was set as the initial concentration. Subsequently, samples
were taken out at every 10 min interval to analyze the SO32~ concentration in the slurry.
The whole oxidation process lasts for 1 h.

I
L]

Speed controller

Sampling

Rotameter

o ¢

Water bath

point
pH
meter

Gas mixing tank |

N A

Figure 1. Scheme of calcium sulfite catalytic oxidation experiment.

The concentration of SO32~ is determined by iodometric method. First, 20 mL of
iodine solution with a concentration of 0.05 mol/L was added to 10 mL slurry from the
reactor. To the resulting mixture, 5 mL of hydrochloric acid (1 + 4) solution was added to
provide the acidic environment required for the reaction. Then, the mixture was kept in the
dark for 5 min. Second, 0.05 mol/L NayS,0j3 solution was used to titrate the solution until
the pale yellow color disappeared. The Na,;S,O3 volume consumed during each titration
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V1 was recorded. Third, the blank test of distilled water was carried out in the same way.
Thus, the concentration of CaSO3 (c) was calculated according to Equation (3).

(Vo — V1) x M x 40

c= v ®)

where V; is NayS,O3 volume consumed for the titration of sample containing SO32~ (mL),
and V, is NayS,03 volume consumed for the titration of distilled water (mL). M is concen-
tration of NayS,O3 (mol/L), and V is the sample volume (mL).
The oxidation percentage (X;) of sulfite after ¢+ mins was calculated according to
Equation (4).
ACq

C

o
03

X; = 4)

S0%~,0
where ACSOZ* is the difference of calcium sulfite concentration between a certain time and
3

the initial time, and Cg is the initial concentration of sulfite.

2
0% 0

2.8. Desulfurization Process

The desulfurization efficiency was assessed on the desulfurization tower shown in
Figure 2, which simulates the typical limestone-gypsum WEFGD process. The diameter of
the desulfurization tower and the reaction tank at the bottom are 160 mm and 420 mm,
respectively. The distance between four spray layers is 180 mm. The flue gas flow was set
to 15 m3/h, the SO, concentration at the inlet was 2000~5000 mg/m3, the liquid-gas ratio
was 6~16 L/Nm?, and the desulfurization liquid was 6.25 wt.% Ca(OH), slurry containing
MIL-53(Fe)-based additives. The air pumped by the fan and the SO, (purity > 99.999%)
from the steel cylinder were mixed by the gas mixer and entered the desulfurization tower
through the bottom, which was in reverse contact with the Ca(OH);, slurry uniformly
sprayed from the top of the desulfurization tower, and the purified flue gas was discharged
from the top of the tower. Two mechanical agitators were installed on the reaction pool
at the bottom of the tower to mix the slurry evenly. SO, concentration was monitored
in real time by BH-4/BH-90 flue gas analyzer, and the pH value of slurry was measured
in real time by Mettler Toledo FE28 pH meter. SO, gas flow, air flow, and circulating
slurry flow were measured by D08-3F mass flowmeter, GL10-15F rotameter, and LZB-6
rotameter, respectively.

Figure 2. Scheme of desulfurization tower. 1—SO, cylinder, 2—blower, 3—rotor flowmeter, 4—mass
flowmeter, 5—gas mixer, 6—mechanical agitator, 7—spray tower, 8—pH meter, 9—flue gas analyzer,
10—slurry circulating pump.

The desulfurization performance of Ca(OH), and composite desulfurizers containing
Ca(OH); and MIL-53(Fe)-based catalytic oxidation additives were studied under the con-



Energies 2022, 15, 5851

6 of 14

ditions of different additive dosage, different liquid—gas ratio, and different SO, inlet
con-centration. The desulfurization efficiency is calculated according to Equation (5).

(Cs0,,in — Cs0p0ut)
Cs0,,in

Nso, = x 100 )

where "5 is desulfurization efficiency (%), Cso,,ix is the inlet SO, concentration (mg/ m?),
and Cso, out is the outlet SO, concentration (mg/ md).

3. Results and Discussion

Lewis acid sites (LASs) of MIL-53(Fe) were modulated using benzoic acid as modulator
(Figure 3). During the crystal formation process, benzoic acid can partly replace H,BDC.
As a result, defects were formed in the crystal structure around some Fe atoms, which
caused coordinationally unsaturated metal sites, while the crystal frame was retained. This
modulation also improved the pore sizes since the adjoining pores can be merged together,
which is favorable for the exposure of catalytic LASs and fast mass transport [28,29].

o

FeCly-6H,0

> p (&) 0
. _}ﬁ{ benzoic acid (modulator)

1,4-benzenedicarboxylic acid

o s % MIL-53(Fe)-BA
Ideal MIL-53(Fe)

Figure 3. Scheme for the synthesis of defective MIL-53(Fe)-BA using benzoic acid as modulator.

The SEM image of MIL-53(Fe) is shown in Figure 4a, which exhibits irregular bulky
morphology in the size range of 2~10 pm. After the addition of benzoic acid, the shape
and size of MIL-53(Fe)-BA remains basically the same as MIL-53(Fe), indicating there is no
obvious change in the morphology (Figure 4b). Pure Ca(OH), desulfurizer with average
particle size in the range of 100~200 nm (Figure 4c) is much smaller than that of traditional
industrial limestone (typically 44 um) [2], signifying the fast reaction with SO,. After the
mixture of MIL-53(Fe)-BA with Ca(OH),, we can see that MIL-53(Fe)-BA crystals were
surrounded by nanoparticles of Ca(OH), (Figure 4d), which is favorable for the catalytic
reaction of Fe3*, and generated sulfite from Ca(OH), and SO, [25].
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Figure 4. SEM images of modified MIL-53- and new Ca (OH),-based desulfurizers. (a) MIL-53(Fe),
(b) MIL-53(Fe)-BA, (c) Ca(OH),, and (d) MIL-53(Fe)-BA /Ca (OH),.

It can be seen from Figure 5 that the characteristic diffraction peaks of MIL-53(Fe)
appear at 5.89°,9.21°, 11.46°, 12.65°, 17.61°, 18.56°, 25.41° and 28.01° respectively, which
are consistent with the peak positions of the standard MIL-53(Fe) spectrum [30]. There is no
obvious impurity peak in the XRD, indicating that pure phase of MIL-53(Fe) was formed.
The sharp diffraction peaks assure that the prepared MOFs have high crystallinity. The
XRD diffraction pattern of MIL-53(Fe)-BA synthesized by adding benzoic acid is basically
consistent with that of MIL-53(Fe), indicating that the addition of benzoic acid has not
changed the crystal shape of MIL-53(Fe), which further supports the SEM observation.
Only a tiny peak at 10.5° hints a little change of crystal growth direction, which was
reported before for the Fe-based MOFs [31]. The pure Ca(OH), desulfurizer exhibits
characteristic diffraction peaks at 17.96°, 28.62°, 34.04°, 47.00°, 50.74°, and 54.34° [3]. After
the mixture of MIL-53(Fe)-based catalytic oxidation additives and Ca(OH), desulfurizer,
the characteristic peaks of MIL-53(Fe)-BA/Ca (OH), desulfurizers are very similar to
those of Ca(OH),, except a tiny peak at 12.65° proving the existence of a small percent of
MIL-53(Fe)-BA additive.

FT-IR spectra of MIL-53(Fe)-based additives and desulfurizers are shown in Figure 6.
The peaks at 748 cm ! and 1017 cm ! are attributed to the C-H bending vibration and out
of plane bending vibration of the aromatic rings. The peak at 1380 cm ™! is attributed to
the C-H bending vibration, while 1582 cm ™~ is caused by the C=C skeleton vibration of
aromatic rings [31]. After the modulation, a new peak at 1682 cm~! appeared, which is
attributed to the successful introduce of carboxyl group of benzoic acid [27,30,31]. As for
Ca(OH), and MIL-53(Fe)-BA /Ca(OH), desulfurizers, the typical characteristic peaks at
860 cm ™!, 1640 cm !, and 1400-1500 cm ! justified the presence of Ca(OH); [34].

Assessment of catalytic oxidation is based on the setup shown in Figure 1. The
ventilation capacity, water bath temperature, pH, and agitation strength are adjustable
parameters, which can simulate the environment of catalytic oxidation of sulfite. As shown
in Figure 7, when there is no additive, the oxidation percentage of sulfite after 60 min was as
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low as 27%. After adding MIL-53(Fe)-based additives, the oxidation percentage increased
to 55% and 70% for MIL-53(Fe) and MIL-53(Fe)-BA, respectively. For MIL-53(Fe)-BA, the
oxidation capacity increased by 159%. The total oxidation rate of calcium sulfite involves the
oxygen diffusion rate R, the dissolution rate Ry,, and the intrinsic oxidation rate R,. Without
catalyst, the total oxidation rate is controlled by R}, and R.. According to the free radical
reaction mechanism of Backstrom catalytic oxidation [32], under the catalytic condition
of MIL-53(Fe), SO32~ reacts with oxygen molecules under acidic conditions to form SO,
thereby triggering the free radical chain reaction, accelerating the mass transfer process
of oxygen, greatly improving the intrinsic oxidation R,, and finally improving the total
oxidation reaction rate R. This is also consistent with the result of sulfite oxidation promoted
by Cobalt-based metal-organic frameworks [32]. In addition, the catalytic oxidation activity
of MIL-53(Fe)-BA is better than that of MIL-53(Fe). The main reason is that through the
coordination of benzoic acid, more LASs are formed around the iron atom. LASs can act
as electron acceptors to adsorb the sulfur atoms with electron-rich properties in sulfite,
thus improving the catalytic oxidation efficiency [20,29]. The significant improvement of
oxidation ability guarantees sufficient conversion of sulfite in the slurry tank to sulfate,
thus greatly reducing the scaling risk [27,33].

MIL-53(Fe) (b) Ca (OH),
5
XS
B
i)
=
2
=
', P A
1 1 1 1 1 ! 1 1 1 1
10 20 30 10 50 10 20 30 10 50
20/° 20/°
MIL-53(Fe)-BA (d) MIL-53(Fe)-BA/Ca (OH),
s
=z
5
b vty PRI Y »
1 1 1 1 1 1 " 1 " 1 " 1 "
10 20 30 10 50 10 20 30 40 50
20/° 26/°

Figure 5. The XRD patterns of the synthesized MIL-53(Fe)-based additives and new desulfurizers.
(a) MIL-53(Fe), (b) Ca(OH);, (c) MIL-53(Fe)-BA, and (d) MIL-53(Fe)-BA /Ca(OH);.

To verify the beneficial effects of as-prepared additives under the actual WEGD condi-
tions, a series of desulfurization experiments were carried out on the simulated laboratory-
scale desulfurization tower (Figure 2), including the effects of additive content, liquid—gas
ratio, and inlet SO, concentration.
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Figure 6. The FT-IR spectra of the synthesized MIL-53(Fe)-based additives and new desulfurizers.

70
—e— MIL-53(Fe)-BA/Ca(OH),

60 | +MIL-53(F3)/C3(OH)2
—a— Ca(OH),
50
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Oxidation rate of calcium sulfite/%

10
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Figure 7. Catalytic oxidation of sulfite by MIL-53(Fe)-based additives.
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The desulfurization efficiency and cost should be comprehensively considered for
the use of additives. Increasing the dosage of additives will not only increase the desul-
furization efficiency, but also bring high costs. Therefore, there should be an optimal
dosage of additives. For both MIL-53(Fe) and MIL-53(Fe)-BA, when the additive dosage
was less than 3 wt.%, the desulfurization efficiency increased almost linearly with the
increase of additive (Figure 8). For MIL-53(Fe), the desulfurization efficiency increased
from 89.2% to 95.0%. The rapid improvement of desulfurization efficiency is due to the high
specific surface area of MIL-53(Fe), which provides many Fe* active sites. In contrast, for
MIL-53(Fe)-BA, the desulfurization efficiency increased significantly from 89.2% to 99.1%.
The high desulfurization efficiency is comparable to the state-of-the-art technology of cou-
pling WFGD with condensation desulfurization using a condensing heat exchanger [34].
This further improvement of desulfurization efficiency was due to the presence of more
LASs in MIL-53(Fe)-BA after benzoic acid modification, which greatly improved the desul-
furization efficiency [31,35]. When the catalyst concentration continued to increase over 3%,
we found that the increase in desulfurization efficiency slowed down. In the typical WFGD
process, the mechanism of the sulfite oxidation is coordination catalytic oxidation of free
radicals [36]. Fe3* reacts with the substrate to form dihydroxy iron and dimeric dihydroxy
iron complexes, which react with SO32’ under the environment of O, to form SO; , thus
initiating the free radical reaction [36]. According to Barron’s experiments, the total reaction
rate is controlled by the chain transfer [37]. When the content of additives reaches 3%,
enough free radicals have been formed in the system. Therefore, increasing the content of
additives has little effect on the further improvement of desulfurization efficiency.

100 b Ca(OH),: 6.25%
SO,: 4500 mg/m’

Liquid gas ratio: 14
pH: 5.5

—e— MIL-53(Fe)-BA/Ca(OH),
—4— MIL-53(Fe)/Ca(OH),
20 —=&— Ca(OH),

Desulfurization Efficiency / %

1 . 1 . 1 . 1 . 1 . 1
0 1 2 3 4

Content of additives (wt. %)

[$7]

Figure 8. Effect of additive amount on desulfurization efficiency.

Liquid-gas ratio is another important operating parameter of WFGD, and its value is
directly related to the performance and economy of WFGD. SO; in the flue gas contacts
with more desulfurizers when the liquid-gas ratio increases, thus increasing the reaction
probability between SO, and Ca(OH);, and improving the desulfurization efficiency. At the
same time, the load of the circulating slurry pump increases, the corresponding power con-
sumption increases, and the operation cost increases. Here, the liquid—gas ratio is changed
by changing the number of spray layers. The desulfurization efficiency of the system under
different liquid—gas ratios is shown in Figure 9: when the liquid-gas ratio increases from
10 to 20, the desulfurization efficiency is greatly improved whether additives are added or
not. Under the same liquid—gas ratio, the addition of additives significantly improves the
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desulfurization efficiency. The lower the liquid-gas ratio, the more obvious the effect of
additives. Compared with MIL-53(Fe), MIL-53(Fe)-BA exhibited higher desulfurization
efficiency because of more Lewis acid sites [31]. We also noticed that when Ca(OH); is used
as desulfurizer, the liquid-gas ratio needed is lower than that of traditional CaCOs, which
decreased by ~23% [38]. The main reason is that Ca(OH);, has stronger alkalinity and faster
reaction speed than limestone. After adding MIL-53(Fe) additive, the required liquid-gas
ratio is further reduced, which greatly reduces the energy consumption of the power plant.
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Figure 9. Effect of liquid-gas ratio on desulfurization efficiency.

For desulfurization, whether it can adapt to various SO, concentrations is an impor-
tant evaluation parameter. The change of desulfurization efficiency under different SO,
concentrations is shown in Figure 10. With the increase of SO, concentration at the inlet,
the desulfurization efficiency decreases, especially for the desulfurizers without additives.
When the inlet SO, concentration was increased from 2000 mg/m?3 to 4500 mg/m?, the
desulfurization efficiency of pure Ca(OH), was reduced from 94.0% to 90.2%, decreased by
3.8%. This is because when the concentration of SO, at the inlet increases, the concentration
of calcium bisulfite in the slurry droplets increases, which hinders the absorption of sulfur
dioxide. After adding MIL-53(Fe), the desulfurization efficiency was reduced from 99.1% to
97.5%, decreased by 1.6%, while the desulfurization efficiency of MIL-53(Fe)-BA decreased
from 99.9% to 99.1%, only decreased by 0.8%. Increasing the inlet SO, concentration will
reduce the pH value of the gas-liquid interface and reduce the oxidation rate of sulfite.
Thus, after the introduction of MIL-53-based additives, the desulfurization efficiency was
increased because of the increased oxidation rate. Therefore, MIL-53(Fe)-BA with higher
activity can more effectively offset the reduction of desulfurization efficiency.
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Figure 10. Effect of SO, concentrations on desulfurization efficiency.

4. Conclusions

In general, an efficient catalytic oxidation additive was prepared by modifying MIL-53(Fe)
with benzoic acid. Compared to pure Ca(OH), slurry, the addition of MIL-53(Fe)-BA
improved the oxidation capacity of SO32~ by 159%, which can effectively reduce the risk
of scaling in a desulfurization tower caused by high sulfur—coal environment. When
the dosage was 3 wt.%, the desulfurization efficiency increased from 89.2% to 99.1%.
MIL-53(Fe)-BA also exhibited superior desulfurization efficiency even in high concentration
of 5O,. Under the same liquid—-gas ratio, additive dosage, and SO, concentration, the
desulfurization behavior of MIL-53(Fe)-BA was better than that of MIL-53(Fe) because of
the introduction of Lewis acid sites, which greatly improved the catalytic performance and
desulfurization efficiency. Thus, the use of Fe-based MOFs in the preparation of Ca(OH),-
based desulfurizers is an easy and good method to improve their desulfurization capacity.
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