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Abstract. Metal-organic framework (MOF) is a poriferous 3D framework, composed of organic 
ligands and central metal ions. The MOFs are often preferred for SO2 capture due to their ligand 
function, large pore volume, simplicity of preparation as well as their relatively low cost of reactivation. 
In this review, the synthesis strategies achieving the formation of MOFs with higher porosity and 
strengthened reversibility were introduced. The synthesis processes include conventional heating, 
modulated synthesis, and post-synthetic modification (PSM). Conventional heating is categorized 
into two different methods, including electric heating and solvothermal synthesis. Electric heating 
usually involves using temperature change to produce target MOF whereas solvothermal synthesis 
is defined as reactions in enclosed containers under autogenic pressure past the boiling point of the 
solvent. Modulated synthesis and PSM also guarantee low by-products and great stability. The 
mechanisms of SO2 adsorption were also discussed, which mainly focused on the physisorption that 
enables the utilizing resources to be efficiently used, as MOFs with physisorption are reusable. The 
adsorption site including strong hydrogen bonds and the uncoordinated atom with strong 
electronegativity also determines MOF’s ability. In addition, the influencing factors were interpreted 
to help demonstrate the mechanism of SO2 adsorption. The SO2 adsorption in the MOF is influenced 
by the pore structure, both the pore arrangement and the pore size, the guest binding to the SO2 
and the linkers to the SO2. 
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1. Introduction 

Sulfur dioxide, SO2, is a well-known gas contaminant. It’s pungent and toxic. SO2 combines with 

water and then forms sulphurous acid in human respiratory tracts. The membranes there are gradually 

corroded. People especially children who live near the petrochemical industry, the source of SO2, 

easily suffer from respiratory diseases, allergic diseases and asthma [1]. In general, it’s generated 

artificially by vehicles, energy stations and most industries that need materials containing sulfur 

elements, particularly the steel industry. In the natural world, a volcanic eruption brings out 

tremendous amounts of SO2. Environmentally capturing them in time protects the health of all 

organisms. 

With the increased attention to the treatment of SO2 emission, the mechanisms of SO2 capture 

have been largely studied. Capturing SO2 with the metal-organic framework (MOFs) will be more 

efficient and has a lower energy cost. Every microcosmic unit of MOFs is in the shape of a 3D or 2D 

network. Like coordinated compounds, each junction is a specific metal ion surrounded by organic 

ligands. And these junctions are arranged regularly to form the network. The progress in SO2 capture 

highly involves the evolution of synthesis methods such as conventional heating or modulated 

synthesis and promoted reusability of MOFs suitable for SO2 adsorption and the deep study of the 

influencing factors including pore arrangement, pore size and so on. There’re varieties of effective 

MOFs. For instance, MFM-300(In) takes up 8.28 mmol SO2 per gram at a maximum of 298 K, 1 atm 

[2].  

This review intends to discuss the synthesis strategies of MOFs suitable for SO2 capture and the 

mechanisms of the reversible adsorption process of SO2 by MOFs, as well as the influencing factors 
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of SO2 capture efficiency. It is expected to provide the basic information required to know the SO2 

adsorption of MOFs to guide the new design or more efficient use of MOFs in SO2 capture by 

discussing existing MOFs to offer the inspirations, which could lead to the appearance of more 

advanced material in SO2 capture. 

2. Preparations of MOFs 

MOF is a porous 3D framework that can have various combinations with different characteristics, 

which requires being synthesized in different methods [3]. In addition, to compose MOF in a certain 

form, such as thin film, membrane and so on, which is needed in different applications, the ways of 

synthesis are varied [4]. Because of the massive number of methods of the synthesis of MOFs, this 

paragraph mainly gives a brief introduction of some certain steps that are indispensable to producing 

stable MOFs and some common methods of synthesis of the MOFs which are suitable for adsorption 

of SO2. 

2.1. Conventional Heating 

Conventional heating is the relatively most common method of synthesizing MOFs. This method 

can categorize into two different methods: electric heating and solvothermal synthesis. In the case of 

electric heating, it usually involves using temperature change to produce the target MOF [4]. The 

synthesis of MFM-601 shows an excellent performance in the adsorption of SO2 gas. Heat a mixture 

of ZrCl4, H4L and benzoic acid as a modulator in dimethylformamide (DMF) at 120 oC for 24 hours. 

Then, isolate the MOF product as simple, colorless, plate-shaped crystals [5].  

Solvothermal synthesis is defined as reactions in enclosed containers under autogenic pressure 

past the boiling point of the solvent [4]. An example of the solvothermal synthesis of MOF that 

specializes in the adsorption of SO2 is NH2-MIL-53(Al), which is a useful tool in the adsorption of 

SO2 in the flue gas. NH2-MIL-53(Al) is synthesized by mixing AlCl3⋅6H2O, 2-aminoterephthalic 

acid, DMF and water, and heating the mixture in a Teflon-lined stainless-steel autoclave at 150 oC 

for 24 hours [3]. However, these two methods usually contain high costs due to the installation of the 

equipment required to produce the needed MOF without too much yield of by-product [6]. 

2.2. Modulated Synthesis 

Though there is a lot of interest in stable MOFs, which is necessary for practical application in the 

future, the inert metal-ligand linkages present considerable synthesis hurdles, which means that the 

process of MOF growth is hard due to the strong bond. To allow sufficient structural rearrangement 

or defect repair, the crystallization process necessitates a balance between crystal formation and 

dissolution, but throughout the MOF development process, the strong coordination connections in 

robust MOFs are difficult to separate. Therefore, it is necessary to carry out the step of modulation 

which is the process of regulating the coordination equilibrium by using modulators that either 

compete with metals for coordination or suppress linker deprotonation. Adding solutions like acid, 

for example, is one way to lower the rate of crystal growth to assist to form highly crystalline MOFs 

[7].  For instance, Zirconium-fumarate (Zr-Fum) is synthesized by using fumaric acid to modulate 

the Zr-oxo cluster to have a larger yield with lower costs [5]. 

2.3. Postsynthetic Modification 

The introduction of post-synthetic modification (PSM) to the standard one-pot synthesis of MOFs 

is critical, as it can reduce the formation of by-products effectively. PSM enables target MOFs to 

possess an additional advantage because they can survive challenging alteration conditions while 

keeping their crystallinity and porosity, which enables MOFs to have more space to capture SO2. This 

makes it possible to perform a broader range of PSM reactions on stable MOF platforms [7]. As the 

most common method of PSM, covalent modification can functionalize MOFs to have customed 

internal surfaces suitable for the specific application. Apart from covalent modification, dative 
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modification is also an effective way to be applied in post-synthetic metalation [5]. The metal ions 

exchange is another efficient method to obtain the MOFs that are hard to form. The inert bond in 

stable MOFs, which is thought to be able to significantly suppress the exchange process of ligands 

and metal ions, has been proved by researches that the stability of such bond is overestimated. 

Therefore, the metal ions exchange can be realized to strengthen the stability by substituting the labile 

metal nodes with more stabilized ones [7]. 

Zhang et al. reported MOF-808 using PSM. Originally, due to the coexistence of O2 and water, 

SO2 will convert to sulfate, which would lead to poor performance in the adsorption of SO2. By using 

ethylene diaminetetraacetic acid (EDTA), the adsorption site of MOF-808 transfers to the N and 

COOH group in EDTA-MOF-808 that enabling MOF-808 to acquire excellent reversibility and 

stability to SO2 [9]. 

3. The adsorption process of SO2 in MOFs 

Physisorptions are core to successful gas capture. Except for many traditional materials, the 

adsorptions in some original MOFs are also irreversible. The bonds formed between adsorbents and 

target molecules are excessively strong, including non-physisorptions and producing extra substance. 

the MOFs’ structures will be permanently changed and the adsorption ability will be weakened. 

Therefore, Researchers modify these MOFs by shielding open metal sites with organic ligands. Then, 

a large percentage of desorption and adsorption are easily achieved. Adsorption mainly happens at 

adsorption sites. The physical interaction here between MOF and gas is strongest and more sites 

increase the amount of SO2 uptake. For modifying original MOFs, take the example of MIL-101(Cr) 

with the empirical formula [Cr3(O)(BDC)3(X)- (H2O)2], BDC = benzene-1,4-dicarboxylate, X = F 

or OH depending on synthesis conditions [10]. As open sites in the MOF, Cr3+ accepts electrons 

transferred by O atoms in SO2. The bond formed in the length of 1.995Å and adsorption enthalpy 

change -121 kJ⋅mol-1 is relatively strong. As the result, MOF’s structure is damaged: after 10 cycles 

of removing in a low-temperature vacuum, the SO2 is removed only by ~60 %. As shown in Fig.1, 

the amount of gas uptake, equal to desorbed in the last cycle, was finally reduced to 60%. Zhang et 

al modified this MOF by binding mmen (N,N′-dimethylethylenediamine ) to metal sides. Because of 

the different polarity of N and S atoms, the dipole-dipole interactions were built. Besides, H and O 

atoms formed hydrogen bonds. Fig. 2 shows the way of binding between SO2 and two MIL-101. 

These relatively weaker interactions are accompanied by enthalpy change in -209 kJ⋅mol-1 and 

similar lengths. Ultimately, according to experiments, SO2 adsorbed successfully increased to ~85% 

(Fig. 1) by physisorptions and stabilized at this value [11]. 

 

Figure 1. Comparison of SO2 adsorption-desorption cycling performance for MIL-101(Cr) and 

mmen-MIL-101(Cr) [11]. 
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Figure 2. Structures of  MIL-101(Cr) (a) and mmen-MIL-101(Cr) (b) when binding with SO2 

[11]. 

Zhang et al. reported EDTA-MOF-808 and MOF-808 for SO2 capture. In XPS spectra, they 

observed the binding energy of 2p orbital in S atoms was between 168.9 and 169.2 eV. The adsorption 

of SO2 in MOF-808 is irreversible due to the generation of formic acid when Zr-O clusters chemically 

bind with SO2 in MOF-808. The condition was severer with the presence of O2 because of negative 

Gibbs free energy (298 K, -136.0 kJ∙mol-1). In the SO2 adsorption field, EDTA-MOF-808 was more 

advanced. Adding EDTA allowed SO2 to bind with its N atoms and COOH group instead of the Zr-

O cluster inside it. The physisorption was much more reversible and it’s supported by Fig. 3: In 

simulated real fuel gas, the SO2 uptake stabilized at 3.75 mmol/g-1, 2.55 higher than that of MOF-

808. So, EDTA-MOF-808 performs better in both actual flue gas (mix SO2 with CH4 and CO2) and 

pure SO2 [12]. 

 

Figure 3. The solid red shows the calculated SO2 capacity of MOF-808 in pure SO2 and solid blue 

shows that of EDTA-MOF-808. Transparent color respectively shows their SO2 capacities in actual 

flue gas conditions [12]. 

Additionally, in the adsorption of SO2 in MOF, when bond lengths cause similar effects to 

adsorption, more adsorption sites for one gas molecule lead to better performance for adsorbing that 

gas. In general, there are two kinds of adsorption sites: strong hydrogen bonds and the uncoordinated 

atom with strong electronegativity such as nitrogen. Ren et al conducted experiments for adsorption 

of HBU-20 [Zr6 (μ3-O)4 (μ3-OH)4 (CH3CO2)6 (L)1.5]⋅(DMF)9⋅(H2O)6 L = tetrabenzoic acid, in real 

fuel gas condition. The capture capability of SO2 is the best among the three gases. The reason was 

there were more adsorption sites for SO2. SO2 forms more bonds and it’s graphically shown in Fig. 
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4. Besides the acetate ligands which attracted both two gases, some H atoms on phenyls interact with 

O atom in SO2 but only μ3-OH interacts with O in CO2 [13]. Also, they can be determined by lower 

binding with DFT calculation [14]. The number of sites will be limited because of atoms existing in 

different planes in 3D space. Otherwise, if there are multi hydrogen bonds in one plane or muti parts 

of the target molecule are attracted by forces in different directions, there must be an adsorption site 

in the position of that target molecule. 

 

Figure 4. Possible adsorption sites to SO2 (a), CO2 (b) [13]. 

4. Factors for MOFs in SO2 capture 

4.1. Pore Structure 

The internal pore structure of MOFs is essential as it determines its flexibility by influencing the 

overall adsorption process and quality and their adsorption capability and consequently SO2 capture 

[15-17]. Considering the high diversity of metals or potential ligands, the number of possible MOF 

structures is virtually unlimited. Some of the types include UMCM-2, DO-MOF, NOTT-116, 

Be12(OH)12BTB4, MIL (101) and ZIF-21. The adsorption of SO2 is different in these different types 

of MOF structures. The adsorption of SO2 differences in these different types of MOF structures. One 

study indicated that the max adsorption capacity of SO2 was 51 mg/g for benzothiophene in MOF-5. 

The adsorption capacity becomes 0.19 mmol/g (35 mg/g) and 0.45 mmol/g (83 mg/g) for 

dimethyldibenzothiophene (DMDBT) and dibenzothiophen (DBT) respectively while taking UCM-

150 [17].  

4.1.1 Pore Arrangement.  

The arrangement of the pores in a MOF can determine how efficient SO2 will be removed. It is 

affirmed that the pore arrangement impacts SO2 removal and informs the efficiency of the process 

[15]. In the experiment dealing with a Cu-based MOF, the pore arrangement allowed the 

dissemination of copper oxide in strategic locations within the MOF allowing the consumption of 

both stimulated semi-coke and MOF prototypes. Also, the study noted that an arrangement can bring 

together complementary components, such as in this research’s process where a substrate and Cu-

BTC were arranged together as the sacrificial model and copper foundation respectively [15]. This 

arrangement made the MOF obtain a well-developed porous structure equally associated with 

effective SO2 removal as elaborated above. With an originally low loading of 0.19 % at Cu+ metal 

cites, the optimized sample shows the breakthrough of SO2 adsorption capacity of 233.11 mg/g and 

the stable SO2 removal efficiency of close to 100%. Also, it’s more advanced than coke-base 

desulfurizers reported previously. A study that reported MOF-5-CXX, associated pore arrangement 

with the ability to create variance identification that facilitates the capture of minor SO2 molecules 

[17]. As their gas adsorption isotherms show, their SO2 adsorption capacities reached 2.5 mmol/g.  
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4.1.2 Pore Size.  

Various researchers have mentioned the need to use microporous and MOFs with high porosity 

during SO2 capture. One study discusses the role of microporous MOF and associates them with 

efficiency and improved separation capacities [17]. At 298K and 0.002 bar partial pressure of SO2, 

SIFSIX-2-Cu-i exhibited distinguished SO2 capacity as 2.31 mmol/g under mixed gas of N2 and SO2, 

which is equivalent to 2000 ppm SO2 in the flue gas. It is explained that the pore size influences SO2 

capture as it determines attachments to a specific polar site. In the experiment, 61.2 cm3g-1
, a high 

capacity, combined with outstanding selectivity (10:90 in volume) of SO2/N2 (4064), SO2/CH4 (871) 

and SO2/CO2 (30) under 298K and 1 bar, was achieved due to the polar sites and pore size [24]. 

Therefore, the pore size is important in SO2 removal, including not only flue gas but also other SO2-

containing gases. This efficiency persists despite the combination of gases available or the ambient 

conditions to which the MOF is subjected since it improves the capture sites. 

High porosity is equally a factor since it makes the capture process efficient and generally valuable, 

like the SO2/N2 selectivity illustrated by the used porous materials [24]. The research explains that 

the pore size can enhance SO2 capture ability and selectivity. Analysis of adsorption selectivity at 298 

K using ideal adsorbed solution theory shows that the transformation of MFM-600 to MFM-601 is 

accompanied by an increase in selectivity of SO2 over N2. Study shows that during SO2 capture, there 

is often the tendency to selectively separate the molecules based on their molecular sizes [17]. The 

MOF pores may influence the type of derivative captured. For instance, when the molecular sizes of 

thiophen and its derivative are smaller than the MOF pores, the molecules will enter the channels 

inside MOF and then become temporarily fixed on adsorption sites. In contrast, if the molecular sizes 

are similar or larger than the pore sizes, spacial hindrances then forbid the molecule to penetrate the 

framework inside. As the result, adsorption won’t take place. Also, some pore sizes may induce 

region-selective interaction to facilitate SO2 capture while some may make this impossible, such as 

mesoporous silica as a possible MOF constituent. 

It is explained that the pore size influences the stability of the MOF used in experiments and may 

encourage research on the separation and capture of SO2 including where a different small molecule 

of gases is present [20]. The research designed and synthesized Zr(IV)-MOF (HBU-20). With the 

BET calculation, it achieves a surface area of 1551.1 m2/g and a considerable pore volume of 0.896 

cm3/g. In the condition of 298 K and 100 kPa, it shows an SO2 adsorption capacity of 6.69 mmol/g. 

When the volume ratio of SO2 and CO2 or CH4 is 1:99, the experimental selectivities respectively 

reach 81.1 and  117.6. 

4.2. Guest Binding 

Guest binding impacts SO2 capture, particularly through the modulation of the pore environment. 

One study explains that the modulation of the pore environment can act as an operational tactic when 

it comes to optimizing guest binding in porous materials, facilitating effective SO2 capture [19]. Guest 

binding also determines the circulation of cationic and anionic cores, a process that enhances 

adsorption capacities and selectivity. Guest binding can also reinforce the realization of SO2 binding 

in the respective MOF. Binding interactions, especially with pore surfaces, determine SO2 capture as 

they equally influence the binding attraction to other gases within the same spectrum [22]. Similarly, 

the guest binding ability is critical in SO2 capture since it influences SO2 selectivity and capture ability 

[24]. Guest binding influences region-selective interactions as they determine the pore channels 

through which SO2 capture occurs [17]. Studies also show that the guest binding energy equally 

influences SO2 capture by reinforcing its selectivity [20]. Guest binding Influenced the performance 

of MOF adsorption of SO2. Because of numerically dense CF3SO3
- groups which contain SO2 

adsorption sites, not only the SO2 capture ability, capacity, is enhanced to 61.2 cm3g-1 but also the 

selectivity (10:90 in voulume, at 1 bar, 298K) of SO2 between CO2 and SO2 between CH4 increase to 

30 and 871 respectively [24].  
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4.3. Linkers 

Linkers are essential in functionalizing MOFs as various researches elaborate, a critical element 

in the capture of SO2. Missing linkers improve pore convenience in terms of access and interaction 

boost [21]. There is increased SO2 capture and variance in the applied processes. It is equally easier 

to identify malfunctioning constituents associated with possible original non-defective ones as they 

are connected to the missing linkers. Linkers are associated with improved interaction between SO2 

and the MOF, influencing its capture [24]. The research explains that dynamic breakthrough 

experiments have associated aromatic linkers with regeneration stability and excellent separation 

performance improvement. Linkers, similar to modulators enhance host-guest interactions [23]. The 

research explains that the coordinating linkers improve SO2 reaction and its resulting capture. With 

the existence of an alkyne ligand rather than only a phenylene one, both the surface area and pore 

volume are increased. Take the typical example of Cu3(BHEHPI). The impact of linkers on adsorption 

is attributed to their effect on the pore size and structure of MOFs. Enhancing the pore volume and 

surface area involves using longer organic ligands to expand the MOF structure but remaining 

underlying topology as same [21]. The longer linkers are associated with larger volumes of unit cell 

and pores. In an experiment to investigate the desulfurization abilities of adsorbents DBT and 4,6-

DMDBT, it is indicated that HKUST-1 illustrated a 17.4 smaller cell volume than MOF-399 due to 

shorter linkers [21]. Thus, it indicated an adsorption desulfurization capacity of 0.15 mmol/g (83 mg/g 

than HKUST-1). 

5. Conclusion 

With the increased concerns about the environmental influences of SO2, studies on SO2 have 

largely arisen. As one of the potential porous nanomaterials, MOFs have been discussed as an 

effective solution in the application of SO2 capture in the last few years. Constant endeavors have 

been made to develop advanced MOFs in SO2 adsorption under different circumstances. In this article, 

the synthesis strategies including conventional heating, modulated synthesis and post-synthetic 

modifications of MOFs were introduced in this review. The adsorption process, including non-

physisorptions and producing extra substances, was discussed. This process changes the MOF 

structures permanently, possibly weakening the adsorption ability. The research acknowledges the 

ability of physisorptions to increase the successful removal of SO2. Adsorption sites are crucial since 

bond lengths cause similar effects to adsorption, more adsorption sites for one gas molecule lead to 

better performance for adsorbing that gas. In general, there are two kinds of adsorption sites including 

strong hydrogen bonds and the uncoordinated atom with strong electronegativity such as nitrogen. 

Furthermore, different factors influence the SO2 adsorption process, namely pore structure which 

influences MOF performance in terms of the adsorption process, capabilities and quality, pore 

arrangement determines how efficient SO2 will be removed, pore size linked to efficiency and 

improved separation capacities, exposure factors like water vapor and acidic gases associate with 

improved stability, guest binding particularly through the modulation of the pore environment, host-

guest interaction for efficiency and quality of the capture process, and linkers which improve pore 

convenience in terms of access and interaction boost.  

The recent concern about the practical application of MOFs fitting for SO2 adsorption is the high 

cost caused by the installation and operation, which could be one respect that should be focused on 

in the future study. However, although many challenges have not been settled for practical application 

yet, the appealing porosity and storage capacity and astonishing diversity of structure of MOF suggest 

that the application of MOF has extremely large potential to be eventually feasible. 
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