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ABSTRACT:  When fuel gases (H2 and CH4) for fuel cells are produced from fossil fuels and biomass, there is a 
high possibility of presence of hydrogen sulfide (H2S). Because H2S can poison fuel cells and cause long lasting 
damage, it is necessary to rigorously remove H2S from fuel gases before use in fuel cells. With the advantages of 
high efficiency and low energy consumption, desulphurisation via adsorption at low temperatures has attracted 
the attention of many researchers and has seen recent advances. This review compares the performance of 
commonly-studied porous materials (metal oxides, activated carbon, zeolites, silica, and metal-organic 
frameworks (MOF)) that are used for adsorption at low temperatures. Test conditions such as feed gas 
compositions, feed gas velocity, and breakthrough concentration threshold are considered when comparing the 
adsorption performance of the materials. High performing materials from each material category are identified 
and future research directions are discussed.  

Keywords: Hydrogen sulfide, Adsorption, Activated Carbon, Mesoporous Silica, Metal-

organic Frameworks  

1. Introduction 

With the increasing urgency of tackling global warming and climate change, many countries 

have agreed to take actions to reduce greenhouse gas emissions. In the EU, an 80 - 95% 

reduction in greenhouse gas emissions (compared to the 1990 levels) target has been set for 

2050 [1]. Many new technologies have been proposed to mitigate greenhouse gas emissions 

and among these, fuel cells have been gaining attention lately. Fuel cells are electrochemical 

devices that utilise fuel gases and air to generate power via electrochemical reactions. When 

H2 is used as the fuel gas, the only byproduct of the reaction is water. Compared to traditional 

combustion processes, they have the advantages of much higher efficiencies and cleaner 

processes. Hence, they are seen as a crucial element in reaching greenhouse gas emission 

reduction targets [1]. Commonly used fuel gases for fuel cells are H2 and CH4, depending on 

the type of fuel cell. For example, proton exchange membrane fuel cell (PEM) and alkaline 

fuel cell (AFC) can only use H2 as fuel gas. By contrast, molten carbonate fuel cell (MCFC) 
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and solid oxide fuel cell (SOFC) can use both H2 and CH4 as their fuel gases [2]. Figure 1 

shows typical compositions of H2S in various gas sources for hydrogen production. After they 

are converted into hydrogen, the H2S content can stay between a few ppm to more than 1% 

depending on the production methods [3-11].  Research has shown that even the existence of 

ppm levels of H2S is enough to poison fuel cell components and cause irreversible damage [12-

16]. The international standard for hydrogen fuel quality (ISO 14687) will be mandatory in the 

EU from November 2021 and currently states a  maximum concentration limit of 0.004 ppmv 

for sulphur compounds [17]. With the potential damage caused by poisoning of fuel cells and 

particularly stringent legislative requirements, it is vital to thoroughly remove H2S from fuel 

gases before use.  

 

Figure 1. Compositions of raw H2S-containing gases from different sources [11]. 

There have been many methods developed to remove sulphur from gas streams/fossil fuels, 

especially in industrial oil refineries. This includes hydrodesulphurisation, oxidative 

desulphurisation, biodesulphurisation, absorption, selective adsorption, and membrane 

separation among others [11, 17, 18]. In a commercial environment, the most commonly 

employed methods to remove sulphur from gases are absorption methods (e.g. amine scrubbing 

and physical solvent process). However, different methods have different pros and cons, 

affecting their suitability to be adopted for industrial applications. In addition, factors such as 

types of impurity gases, the content of sulphur in the feedstock, and stages of fuel processing 

should also be considered when selecting a desulphurisation method in practical applications.  

For example, the fossil fuel conversion stage normally uses hydrodesulphurisation or thermal 
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cracking methods to remove sulphur. By contrast, the finishing stage in a refinery normally 

employs methods such as absorption methods and membrane separation system to remove 

sulphur from gases. In addition, when the partial pressures of acid gases are low, amine 

scrubbing process can be very effective in removing the majority of sulphur from gases. When 

the partial pressures of acid gases are higher than 345 kPa, physical solvent absorption methods 

tend to be utilised. [18, 19].  

  

With advantages such as high efficiency and low energy consumption, many researchers have 

been focusing on the study of desulphurisation using adsorbents at low temperatures during the 

last decade. Shah et al reviewed a wide range of separation technologies (absorption, adsorption, 

membranes, and cryogenic distillation) and materials that have been reported for H2S removal. 

The materials summarised in the paper include liquid and solid compounds which were 

reported to remove H2S from gases at either room temperatures or high temperatures [11].  

Ahmad et al reviewed the progress of adsorbents derived from waste materials in biogas 

desulphurisation and concluded that further exploration is required for the commercialisation 

of the materials despite their great potential [20]. Khabazipour et al summarised porous 

materials that have been modified using different methods for H2S removal at either room 

temperatures or high temperatures [21]. More review papers focusing on H2S removal from 

different gas streams can also be found in the following references [22-25]. Despite the high 

number of review papers on H2S removal with porous materials, past work generally focuses 

on reporting the progress that has been made for a given type of material following a timeline, 

modification technique, or different synthesis method. In addition, most combine the 

performance of a material in removing H2S at both low temperatures (20-40 °C) and high 

temperatures (40-800 °C). With the vast difference in experimental conditions and adsorption 

capacity units, the performance of each material in removing H2S has not yet been compared 

using a constant basis, and it is unclear which material is the highest performing under a given 

set of conditions.  

 

This review will focus on collating and comparing the experimental data of materials that have 

been reported to remove H2S from oxygen-free gas mixtures with relatively high performance 

at room temperature in the last decade, in gas mixtures relevant for use in fuel cells. This 

includes metal oxides, activated carbon, mesoporous silicas, zeolites and MOFs. The aims of 

this review are to identify the highest performing materials in H2S removal from gas streams 

at low temperatures, and to provide a comprehensive listing of these to facilitate further 



3 
 

research in this area. In order to compare the performance of the materials from different 

papers, experimental conditions such as feed gas composition, feed gas velocity, H2S 

adsorption capacity and breakthrough concentration threshold are compared simultaneously. 

The units for above factors and H2S adsorption capacities are:  

• Feed gas composition: %,  

• Feed gas velocity: cm/s,  

• Breakthrough concentration threshold (BT concentration): ppmv,  

• H2S adsorption capacity: mgH2S/gadsorbent.  

Where possible, experimental conditions and results from papers using different units from 

above have been converted into the same units. Not all papers reported regeneration of 

materials after H2S exposure, therefore the regeneration performance of materials will only be 

summarised for high performing materials if available. 

2. Metal Oxides 

Many metal oxides have been studied for desulphurisation processes, especially at high 

temperatures. It is worth noting that the performance of the materials in adsorbing H2S is 

influenced by many factors such as temperature, pressure, flow rate, feed compositions, 

breakthrough concentration definition, etc.12. Although zinc-based materials are recommended 

for high temperature (400 °C) desulphurisation [26], CuO was suggested to be more suitable 

for low temperature applications [27]. According to the sulfidation Gibbs free energy at 298 K 

(ΔG298), the other promising transition-metal oxides for desulphurisation at room temperature 

include ZnO (−76 kJ/mol), NiO (−74 kJ/mol), CuO (−126 kJ/mol), Fe2O3 (−136 kJ/mol) and 

Co3O4 (−251 kJ/mol) [28, 29]. Figure 2 shows the adsorption capacities of metal oxides and 

their corresponding experimental condition parameters using data from references [27, 30-36]. 

There are two types of data being compared in Figure 2:  

1) Static adsorption capacity: the adsorption capacity of the adsorbent when 

leaving the them in an equilibrium cell at a fixed temperature. 

2) Dynamic adsorption capacity: the adsorption capacity of the adsorbent as the 

feed gas flows through them at a fixed flow rate, temperature and pressure [37]. 

The adsorption capacities of the first few metal oxides in Figure 2 are static adsorption 

capacities. Therefore, their feed gas velocity and breakthrough concentration threshold are not 

shown on the graph. As can be seen in Figure 2 (c), the CuO (283 mgH2S/gadsorbent) sample 

reported by Xue et al [27] shows the highest adsorption capacity compared to the other 
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materials. However, it is worth noting that their test result refers to static adsorption capacity, 

which provides the material with longer contact period and leads to higher adsorption capacity 

than dynamic adsorption processes [37].  
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Figure 2. H2S adsorption capacities of metal oxides and corresponding experimental condition 
parameters from reference [27, 30-36] (a) feed gas composition, (b) H2S content in the feed gas and 
feed gas velocity, (c) breakthrough capacities of metal oxides and breakthrough concentration 
threshold  

By comparing the dynamic adsorption capacity results in Figure 2 (c), the metal oxide that 

showed the highest H2S adsorption capacity is α- Fe2O3 – PEG reported by Liu et al [30]. The 

authors prepared mesoporous iron oxides using solid-state reaction method with different 

structure-directing agents. The obtained samples were tested in gases consisting of 2900 ppmv 

H2S, 9.3% H2O, N2 at ambient temperature at a space velocity of 7000 h-1.  The authors 

suggested that the structure directing agent (polyethylene glycol: PEG) increased the number 

of mesopores and surface hydroxyl groups in the metal oxide, which led to a higher 

performance. Despite showing the highest dynamic adsorption capacity (282.6 

mgH2S/gadsorbent), the concentration of H2S in the feed gas is also higher than many other papers 

(see Figure 2 (a) and (b)). In addition, there is a high level of water in the feed gas which will 

promote a higher adsorption capacity [38-42]. Due to the lack of sample bed dimension in the 

paper, the feed gas velocity cannot be identified and compared against other paper. Furthermore, 
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the breakthrough threshold concentration was not clarified in the paper, which could influence 

the adsorption capacity to a great extent.  

 

The metal oxide based materials that showed the second and the third highest dynamic H2S 

adsorption capacities in Figure 2 (c) are Co3O4 3D-SCE57 (201 mgH2S/gadsorbent) [35] and 

3DOM Zn(73)/SiO2 (181 mgH2S/gadsorbent) [32] reported by Wang et al, who have investigated 

synthesising metal oxides (ZnO, CuO, Co3O4, Fe2O3 etc.) and silica composites with three 

dimensionally ordered micropores (3DOM) structure [32, 34, 35, 40, 41]. The above materials 

were tested in feed gas consisting of 3% H2O, 360 ppmv H2S balanced by N2. The authors 

suggested that silica contributed to the well-connected macropores, increased quantity of 

mesopores, and better dispersion of metal oxides. This resulted in the high performance of the 

materials. It is worth noting that this does not suggest Co3O4 and ZnO have higher adsorption 

capacity than the other metal oxide composites with similar structures. The amount of metal 

oxide in each composite is not the same. In addition, a quick comparison of the data in Figure 

2 shows that their materials generally show much higher H2S adsorption capacities than 

samples from other reports. This could be attributed to the effective structure in the materials 

introduced by their synthesis method. However, the authors also reported that moisture in the 

feed gas had a positive impact on the performance of the materials (performance improvement 

of 8.4 times). Similar phenomenon has also been reported by other researchers [38-42]. The 

moisture in the feed gas have been reported to enhance the adsorption capacity of the material 

by forming a water film on the surface of the material. The water film absorbs H2S in the feed 

gas and disassociate the H2S into HS- and H+. At the same time, the basic component of the 

adsorbents (e.g. ZnO) promotes alkalinisation of the water, making it easier to react with the 

dissolved H2S [32, 43-46]. 

 

Considering the contribution of moisture and high H2S content of comparable candidates [32], 

Fe0.44Cu3AlOx reported by Zhang et al would appear to exhibit a higher performance than other 

materials. The material was tested in N2 with 1000 ppmv H2S under a gas velocity of 13.3 cm/s. 

Despite the higher gas velocity (see Figure 2 (b)) and the lack of moisture,  the material was 

able to show a high adsorption capacity (125 mgH2S/gadsorbent) [33]. However, the higher 

temperature which Fe0.44Cu3AlOx was tested under (40 °C in this paper vs 30 °C for Meso – 

Co3O4-250 in reference [31]) could help increase the adsorption capacity by assisting kinetics 

of the sulphur removal reaction and the diffusion of gases to the reaction sites [47]. 
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3. Activated carbon 

With its low price and high surface area, activated carbon is widely used in adsorption and 

catalytic processes. Activated carbon adsorption materials can be derived from various sources 

such as wood, coal, and others. Factors that influence H2S adsorption performance include 

specific surface area, pore size, volume, surface chemistry, etc. In order to achieve high 

adsorption capacities for H2S, activated carbon materials generally require modifications via 

either impregnation with chemicals or doping with heteroatoms [10, 11, 24, 48]. Activated 

carbon-based materials with relatively high H2S adsorption capacities and corresponding 

experimental condition parameters using data from references [49-57] are summarised in 

Figure 3.  
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Figure 3. Breakthrough capacities of activated carbons and corresponding experimental 
condition parameters from reference [49-57] (a) feed gas composition, (b) H2S content in the feed 
gas and feed gas velocity, (c) breakthrough capacities of activated carbons and breakthrough 
concentration threshold  

From Figure 3 (c), the activated carbon material with the highest adsorption capacity is a 

commercial material Desorex K43-NaOH (155.72 mgH2S/gadsorbent) reported by Catrillon et al. 

The group carried out an H2S adsorption test at 30 °C using a feed gas containing 1000 ppmv 

H2S in N2. The flow rate of the feed gas was 200 ml/min (velocity: 1.7 cm/s) [52]. The 

impregnated NaOH in Desorex K43-NaOH potentially formed NaHS and N2S during the 
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breakthrough tests. The authors accredited the high H2S adsorption capacity of the material to 

the surface basicity introduced by the impregnated NaOH. Despite the high adsorption 

capacity, it is worth noting that the breakthrough concentration threshold used in this paper was 

50 ppmv, which is higher than some other reports (e.g. 6.59 ppmv for ACS-1 (activated carbon 

from coconut shell source) from Shi et al [51] and 0.11 ppmv for Mg0.2Zn0.8/AC from Yang et 

al [57]). Compared to using a lower breakthrough concentration threshold value, using a higher 

value means a later end time of the breakthrough test. With the extra time gained included in 

the calculation of adsorption capacities of the materials, a higher adsorption capacity value is 

obtained consequently. Besides, the gas velocity in their test is much lower than many other 

reports (see Figure 3 (b)), which meant a longer retention time, leading to a higher adsorption 

capacity [58-60]. 

 

The material showing the second highest H2S adsorption capacity in Figure 3 (c) is Zn-Fe 

hydroxide/AC (10 wt%) (143 mgH2S/gadsorbent) reported by Lee et al. They used ZnCl2, FeCl3 

and a different amount of peat-based activated carbon (0-30 wt%) to prepare bimetallic 

hydroxide materials under different conditions. The samples were tested in H2S (3333 ppmv) 

in N2 at a flow rate of 300 ml/min at room temperature. The Zn and Fe in Zn-Fe hydroxide/AC 

formed ZnS and FeS after breakthrough experiment. They were reported to have synergetic 

interactions, which improved the morphology and structure of the material, leading to an 

enhanced H2S adsorption capacity [55]. It is worth noting that the concentration of H2S in the 

feed gas is much higher than in many other papers (see Figure 3 (b)). The gas composition in 

this paper is closest to the report from Balsamo et al. [53] (3000 ppmv H2S balanced by N2). 

By comparison, the concentration of H2S used for deciding breakthrough moments in this paper 

(166.7 ppmv) is much higher than other reports (e.g. 30 ppmv for Cu0.5Zn0.5O/AC from 

Balsamo et al. [53]). In addition, the gas velocity used in this paper (6.4 cm/s) is lower than 

that used by Balsamo et al. (velocity: 8 cm/s). These factors would also contribute to a higher 

adsorption capacity [58-60].  

 

The material with the third highest H2S adsorption capacity in Figure 3 (c) is Mg0.2Zn0.8/AC 

(96.5 mgH2S/gadsorbent) reported by Yang et al. The authors dispersed different molar ratios of 

MgO and ZnO (20 wt%. loading in total) onto coal based activated carbon pellets. The obtained 

materials were tested in N2 containingH2S (612.5 ppmv) gas at a flow rate of 100 ml/min 

(velocity: 5.9 cm/s) and 30 °C. The authors suggested that MgO enhanced the desulphurisation 

process by promoting the formation of HS-
, which could then react with ZnO or oxygen to 
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produce ZnS and S [57]. Despite the seemingly higher adsorption capacity value than their 

previous report [56], the concentration of the H2S in the feed gas was also higher than the 

earlier report , which could also contribute to the higher adsorption capacity [56]. 

 

One material that is worth pointing out is a commercial activated carbon material of coconut-

shell source (ACS-1: 69.3 mgH2S/gadsorbent) reported by Shi et al. The sample was tested in a 

feed gas containing 20, 000 ppmv H2S, 10, 000 ppmv SO2 in N2 at 30 °C [51]. Despite a much 

higher sulphur content than other reports (see Figure 3 (a) and (b)) which would help with 

achieving a higher adsorption capacity, the SO2 may also compete with H2S by occupying 

micropores of the same size (0.5 nm) and reacting with adsorbed oxygen in the adsorbent [51]. 

This could lead to a lower H2S adsorption capacity. Besides, the velocity of the feed gas was 

significantly higher than other reports (see Figure 3 (b)). Furthermore, the material can be 

regenerated completely and maintains stable performance for at least five continuous 

adsorption-regeneration cycles (see Figure 4) [51]. A high adsorption capacity at low retention 

times and positive stability characteristics during the regeneration process make the material a 

very promising candidate for sulphur removal.  

 

Figure 4. Breakthrough sulphur capacities of the ACS-1 sorbent over five adsorption–
regeneration cycles (Reprinted with permission from [51]. Copyright (2019) American Chemical 
Society)  
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4. Zeolites 

Zeolites are commonly used in a wide range of industries such as adsorbents for water 

purification and catalysts in the oil and gas industry. They are porous crystalline 

aluminosilicates with a general molecular formula of Mx/n[(AlO2)x(SiO2)y] ∙ zH2O (M are 

alkali or alkali earth elements).  There are many types of zeolites with different structure and 

properties [11, 25, 48, 61, 62]. In general, the performance of unmodified zeolites in removing 

H2S at low temperatures is poor [63-65]. Typically, the performance of zeolites can be 

improved by modifying the method of synthesis, exchanging the cations with other elements, 

and impregnating other chemicals (e.g. metal oxides) [65-72]. In this section, experimental data 

from various references, which report the performance of zeolites removing H2S from various 

gases at temperatures between 25 °C and 40 °C, are summarised and compared in Figure 5 [63-

72]. 
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Figure 5. Breakthrough capacities of zeolites and corresponding experimental condition 
parameters from reference [63-72] (a) feed gas composition, (b) H2S content in the feed gas and 
feed gas velocity, (c) breakthrough capacities of zeolites and breakthrough concentration 
threshold  

The zeolite materials with the highest and the second highest adsorption capacity in Figure 5 

(c) are AgX (Ag exchanged NaX: 52.7 mgH2S/gadsorbent) and CoX (Co exchanged NaX: 48.3 
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mgH2S/gadsorbent) reported by Chen et al [67]. The authors used an ion-exchange method and 

modified NaX with Zn, Co and Ag to remove sulphur from a feed gas (2% H2S, 140 ppmv 

COS, 35% CO2, 63% N2) at a flow rate of 15 ml/min (velocity: 0.65 cm/s) at 25 °C. The AgX 

sample can also be regenerated with only 6.5% capacity loss. The regenerated sample was able 

to maintain its performance during the regeneration cycles in the paper (see Figure 6). The 

authors ascribed the enhanced sulphur adsorption capacities of sample to the chemisorption 

between H2S and Ag+ (sulphur-metal interaction) instead of physisorption [67]. Considering 

the potential competition from the high concentration of CO2 in the feed gas, AgX seems to be 

a promising candidate for sulphur removal. However, the sulphur concentration in the feed gas 

is much higher than in other reports (e.g. 8 ppmv H2S for 13X-Ex-Cu in ref [65]). Further, the 

velocity of the gas used is lower when compared to other papers (see Figure 5 (b)). Both these 

factors contribute to the demonstration of a higher adsorption capacity. 

 

Figure 6. The breakthrough adsorption capacity for H2S (a) and COS (b) adsorption on AgX 
regeneration (Reprinted from [67], with permission from Elsevier). 

The zeolite material that shows third highest H2S adsorption capacity in Figure 5 (c) is Cu 

exchanged Engelhard titanosilicate-2 (Cu-ETS-2: 12.5 wt% Cu) reported by Rezaei et al. The 

material was tested in N2 containing10 ppmv H2S at 25 °C using a gas flow rate of 100 ml/min 

(velocity: 14.7 cm/s). Three other commercial materials were also tested under the same 

conditions. The group showed that Cu-ETS-2 had a higher H2S adsorption capacity (47 

mgH2S/gadsorbent) than most commercial materials, apart from R3-11G (see Figure 7) [71]. 

However, despite a higher Cu content and a less competitive balancing gas (He instead of N2) 

in the H2S breakthrough test, the Cu-ETS-2 (13.2 wt% Cu) [72] reported by the same authors 

a few years later showed a lower H2S adsorption capacity (29.7 mgH2S/gadsorbent) than the Cu-

ETS-2 (12.5 wt% Cu (47 mgH2S/gadsorbent)) [71] in this paper. In reference [72], the authors 

used a similar method to exchange Engelhard titanosilicate-2 (Na-ETS-2) with different metal 

cations (Cu+2, Ag+, Zn2+, Ca2+). The samples and commercially available R3-11G were tested 
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in He with10 ppmv H2S at 100 ml/min at room temperature [72]. Although Cu-ETS-2 (13.2 

wt% Cu) showed a lower H2S adsorption capacity than Cu-ETS-2 (12.5 wt% Cu), it showed a 

higher H2S adsorption capacity than R3-11G (see Figure 8). By comparing the two tests, the 

higher adsorption capacity of Cu-ETS-2 (12.5 wt% Cu) in earlier test may be due to the 

discrepancy in surface structure and surface area caused by addition of Ludox HS-40 colloidal 

silica during granulation and smaller granule sizes (20-50 mesh [71] instead of 16-30 mesh 

[72]). 

 

Figure 7. H2S breakthrough times of Cu-ETS-2 (12.5 wt% Cu) and commercial adsorbents in N2 
with 10 ppmv H2S (Reprinted from [71], Copyright (2012) American Chemical Society) 
 

 

Figure 8. H2S breakthrough times of R3-11G and Ag, Ca, Cu and Zn exchanged Na-ETS-2 in He 
with 10 ppmv H2S (Reprinted from [72], with permission from Elsevier) 
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5. Mesoporous silica 

With their large and uniform pore sizes, high surface area, and adjustable structures, 

mesoporous silica materials have attracted the attention of researchers in many fields such as 

catalysis, separation, and development of novel functional materials [73, 74]. Similar to 

zeolites, there are many types of mesoporous silica with different structures [73].  With their 

neutral frameworks, the H2S adsorption capacity of silica materials cannot compete with other 

material classes. However, the structural properties of silica compounds make an excellent 

platform for other functional groups (e.g. amines, metal oxides, MOFs). Using data from 

references [36, 60, 75-89], the performance of silica materials and silica materials modified 

with different functional groups in removing H2S from a range of gases is shown in Figure 9. 

According to Figure 9 (a) and (c), apart from the silica materials modified with ZIF-8 reported 

by Saeedirad et al [85] , materials tested in gases containing H2O (highlighted in the red grid 

in Figure 9) generally show higher adsorption capacities than materials tested in dry gases. The 

presence of moisture in the gas has been reported to have a positive impact on the H2S 

adsorption capacities of materials impregnated with metal oxides or amine [32, 90] . According 

to Wang et al, the performance of the material can be improved by up to 8.4 times when 

moisture exists in the gas [32]. With the potential of significant impact on the performance of 

the materials by moisture, it is challenging to compare materials tested with differing humidity 

of feed gas. Therefore, they will be compared separately. 
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Figure 9. Breakthrough capacities of silica materials and corresponding experimental condition 
parameters from reference [36, 60, 75-89] (a) feed gas composition, (b) H2S content in the feed gas 
and feed gas velocity, (c) breakthrough capacities of silica materials and breakthrough 
concentration threshold, (c1) zoomed out view of Figure 9 (c) showing breakthrough capacities of 
silica based materials that are significantly higher than the other silica based materials. 

5.1 Silica based materials tested in dry gas 

Among papers using dry feed gas in Figure 9, UVM-7@ZIF-8, MCM-41@ZIF-8, and SBA-

15@ZIF-8 reported by Saeedirad et al show significantly higher adsorption capacities than the 

other materials (see Figure 9 (c1)). They used various silica materials (MCM-41, SBA-15 and 

UVM-7) as supports and grew ZIF-8 on them. Their H2S adsorption tests were carried out in 

N2(flow rate: 200 ml/min) containing 3699 ppmv H2S at 30 °C. The adoption capacities of the 

samples (MCM-41, SBA-15 and UVM-7) were: 5228, 5536, and 6503 mgH2S/gadsorbent 

respectively. Physical adsorption was reported to be the main process during H2S removal. The 

authors suggested that the π-complexations formations between Zn active sites and 2-

methylimidazole linkers in ZIF-8 contributed to the high performance of the materials. This 

was in addition to the mesopore structures and pore sizes of the silica materials. In addition, 

they can be regenerated with very little decrease in the adsorption capacities of samples even 

after three regeneration cycles (see Figure 10). With the highest adsorption capacity and 
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regeneration performance, UVM-7@ZIF-8 was suggested as a promising material for 

removing H2S [85].  

 

Compared to other silica-based materials, the adsorption capacities of these three materials are 

very high. However, it is worth noting that the concentration of H2S in the feed gas in this paper 

was higher than many other reports (see Figure 9 (b)). In addition, the concentration of H2S for 

defining breakthrough moment in this report (1849 ppmv) was much higher than other papers 

(see Figure 9 (c)), which will contribute to a higher adsorption capacity [86]. A closer 

examination of the breakthrough curve of UVM-7@ZIF-8 (see Figure 11) shows that using 

1849 ppmv (50% of the H2S concentration in feed gas) as the threshold value for breakthrough 

concentration correspond to approximately 400 min as the breakthrough time. However, if a 

lower H2S concentration is used as the threshold value for breakthrough concentration (e.g. 

5%), the corresponding breakthrough time would be about 320 min. Using the shorter time to 

calculate the breakthrough capacity of the sample would lead to at least 20% lower value than 

what was used by the authors.  Aside from the results reported by Saeedirad et al [85], the H2S 

adsorption capacity of silica-based samples from other reports are in the range of 5.8 

mgH2S/gadsorbent to 42.3 mgH2S/gadsorbent when tested in dry gas.  

 

 

Figure 10. (a) H2S and (b) CH3CH2SH adsorption capacities of hybrids after regeneration cycles 
(Reprinted from [85], with permission from Elsevier) 
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Figure 11. Breakthrough curves of UVM-7@ZIF-8 for removal of hydrogen sulfide at different 
temperatures (Reprinted from [85], with permission from Elsevier) 

5.2 Silica based materials tested with wet gas 

Compared to materials tested in dry gases, there are more materials showing H2S adsorption 

capacities above 100 mgH2S/gadsorbent (see Figure 9 (c)). In particular, ZnO/Co3O4 (30)-SiO2 

reported by Yang et al showed an adsorption capacity of 200.2 mgH2S/gadsorbent and they 

prepared zinc-cobalt-silicon ternary material via a sol-gel method using different ratios of ZnO 

and Co3O4. The obtained samples were tested in gases containing 800 ppmv H2S, 3% moisture 

with N2 as balanced at 100 ml/min (velocity: 5.9 cm/s) at 30 °C [87]. Despite the high H2S 

adsorption capacity, it is worth noting that the breakthrough concentration in their experiment 

(8 ppmv H2S) was higher than other papers (e.g. 0.11 ppmv for CuO/SiO2 in ref [88]). In 

another paper reported by the same authors, they used different amounts of AC and synthesised 

ZnO/SiO2 using the sol-gel method [88]. Under the same gas flow rate and temperature as in 

reference [87], the sample that showed the highest adsorption capacity was ZnO-SiO2/AC (7%) 

(161 mgH2S/gadsorbent) [88]. Although this is not as high as ZnO/Co3O4 (30)-SiO2, the 

concentration of H2S in the feed gas (622 ppmv [88] vs 800 ppmv [87]) and the breakthrough 

capacity concentration defined in this paper are much lower by comparison (0.11 ppmv instead 

of 8 ppmv as in ref [87]). The high adsorption capacity makes this material a promising 
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candidate for H2S removal. However, it is worth noting that the H2S adsorption capacity of the 

material decreased to 75 mgH2S/gadsorbent (over 50% loss) after three regeneration cycles [88]. 

6. Metal Organic Frameworks 

Metal organic frameworks (MOF) consist of metal ions or clusters linked by organic ligands. 

Both structure and properties may be tuned by combining different metal elements and organic 

linkers which makes them very attractive candidates for many applications [11, 22, 48, 91-95]. 

It is worth noting that the concentration of H2S in feed gas compositions from different papers 

ranges from less than 100 ppmv to 15%, and some papers reporting pure H2S isotherms of 

MOF materials. The adsorption capacities of MOFs obtained via their isotherms are very 

different from dynamic breakthrough capacities since the isotherm measurements are carried 

out with pure gas in a static environment. Because the concentration of the impurity gas and 

retention time could impact the performance of the materials [96-98], MOFs that measure pure 

H2S isotherms are compared separately from the ones with dynamic adsorption capacities. For 

similar reasons, materials tested in feed gases with greater than 1% H2S are compared 

separately.   

6.1 H2S adsorption capacities of MOF using pure H2S 

Figure 12 summarises H2S adsorption capacity of MOFs using pure H2S at 1 bar and 0.1 bar 

from references [99-112]. These data are from papers reporting H2S adsorption isotherms at 

different temperatures and pressures. H2S adsorption capacities at lower pressure are also listed 

here since the adsorption capacities of some MOFs can vary significantly with pressure. For 

example, the H2S adsorption capacity of COF-6 decreased by 87.5% when the pressure of H2S 

was reduced from 1 bar to 0.1 bar [109]. By contrast, there was only 24.3% decrease in H2S 

adsorption capacity for MIL-47(V)-Br with the same pressure differential [110].  
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Figure 12. Adsorption capacities of MOF materials using pure H2S at different partial pressures 
and temperatures from references [99-112] 

From Figure 12, it seems that MOFs tested at 1 bar and 25 °C generally show much higher H2S 

adsorption capacities than those tested at 1 bar 30 °C. However, the effect of temperature on 

the performance of MOFs varies with different materials. For example, MIL-47(V) [110] and 

IRMOF-3 [113] have been reported to show lower H2S adsorption capacities as the working 

temperature increased. By contrast, HKUST-1 (MOF-199) has been reported to benefit from a 

higher working temperature [114, 115]. Furthermore, the simulation results from Zhang et al 

[116] showed a conflicting result from references [114, 115] and suggested that higher 

temperatures decreased the H2S adsorption capacity of MOF-199. Due to the variance of 

performance of materials at different temperatures, the H2S adsorption capacities of MOFs 

tested under the same temperature are compared and summarised below. By comparing H2S 

adsorption capacities of different MOFs measured at 30 °C, MOF materials that show the three 

highest H2S adsorption capacities at 1 bar are Ni-CPO-2 (408 mgH2S/gadsorbent) [100], MIL-

125(Ti)-NH2 (270.3 mgH2S/gadsorbent) [108], MIL-101(Cr) (250.2 mgH2S/gadsorbent ) [102] and 

MIL-53(Fe) (250.2 mgH2S/gadsorbent ) mgH2S/gadsorbent [102]. At 25 °C and 1 bar, the top three 

MOF materials with high H2S adsorption capacities are Mg-MOF-74 (482.8 mgH2S/gadsorbent), 

Mg-DOBDC (476 mgH2S/gadsorbent), and HKUST-1 (472.3 mgH2S/gadsorbent ) reported by Zhou 
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et al [111]. The authors used molecular simulations to study the performance of 89 MOF 

materials in capturing toxic gases (NH3, H2S, NO2, NO and CO). The report provides valuable 

information on the performance of MOF materials in capturing toxic gas. However, there is 

some difference between experimental and simulated results, despite the general agreement of 

simulated data trends with experimental results. Considering the discrepancies between 

experimental results and simulation, H2S adsorption capacities of MOF materials obtained 

experimentally at 25 °C and 1 bar are also compared. Under these conditions, the top three 

performing MOF materials are ED-ZIF-8 1st (321.3 mgH2S/gadsorbent) [104], MIL-101-HNO3-1 

(278.8 mgH2S/gadsorbent) [107] and MIL-101@M-0.5-0.5 (258.4 mgH2S/gadsorbent) [99].  

 

At 0.1 bar and 30 °C, MOF materials with the three highest experimentally obtained adsorption 

capacities are Ni-CPO-2 (255 mgH2S/gadsorbent) [100], MIL-53 (Al)-pellet (76.5 

mgH2S/gadsorbent) [103], MIL-53(Cr) (74.8 mgH2S/gadsorbent) [102],  and MIL-53(Cr)LP (74.8 

mgH2S/gadsorbent) [102]. It is worth noting that Xu et al [110] used molecular simulations to 

evaluate the performance of MIL-47(V) and halogenated MIL-47(V) materials in adsorbing 

H2S. The materials in the paper also displayed high H2S adsorption capacities at 30 °C and 0.1 

bar (74.8 - 86.2 mgH2S/gadsorbent). However, these values are much higher than the performance 

of the same material MIL-47(V) tested experimentally by Hamon et al (14.96 mgH2S/gadsorbent 

[102] and 15.64 mgH2S/gadsorbent [101]). With the vast difference between the simulation and 

experimentally obtained results, further research should be carried out to confirm the 

performance of the material at lower pressures. There are a limited number of papers reporting 

the H2S adsorption capacities of MOF materials at lower pressures and 25 °C (see Figure 12). 

According to the molecular simulation of 89 MOF materials in adsorbing H2S at 0.1 bar and 

25 °C, the top three MOF materials are Mg-MOF-74 (136 mgH2S/gadsorbent), Mg-DOBDC 

(112.2 mgH2S/gadsorbent), and IRMOF-13 (61.9 mgH2S/gadsorbent) [111].  

6.2 MOFs tested with low H2S content in the feed gas 

Figure 13 shows the H2S breakthrough capacities of MOF materials tested in mixed gases 

containing various concentrations of H2S so that the performance of MOFs under H2S can be 

compared easily. The graph within the red grid in Figure 13 are for MOFs tested in gases 

containing 1% or less H2S using data from references [103, 113-115, 117-121] and will be 

looked into more details in this section. The samples outside the red grid are for MOFs tested 

in gases containing more than 1% H2S using the data from references [104, 122-126]. They 

will be discussed in more detail in the next section. According to the information in the red 
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grid in Figure 13 (c), the highest H2S adsorption capacity is reported by Huang et al [118]. 

With the incorporation of glucose and graphene oxide (GO), they prepared Zn based MOF-

5/GO composites with different amount of GO (1.75 - 7 wt%). The samples were tested in 100 

ppmv H2S in N2 at 20 °C and 1 atm. At a gas flow rate of 300 ml/min (velocity = 17.7 cm/s) 

and breakthrough threshold of 1 ppmv H2S, the sample that showed the highest H2S adsorption 

capacity was MG-G3 (130.1 mgH2S/gadsorbent). The authors suggested that the high performance 

of the sample was due to the synergetic effect between glucose and GO when they are combined 

in the right ratio [118].  
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Figure 13. Breakthrough capacities of MOFs and corresponding experimental condition 
parameters from reference  [103, 113-115, 117-126] (a) feed gas composition, (b) H2S content in 
the feed gas and feed gas velocity, (b1) zoomed out view of Figure 13 (b) showing H2S content in 
the feed gas that are significantly higher than other tests. (c) breakthrough capacities of MOFs 
and breakthrough concentration threshold, (c1) zoomed out view of Figure 13 (c) showing 
breakthrough capacities of MOFs that are significantly higher than other MOFs. 

The MOF material with the second highest adsorption capacity was reported by Zhang et al. 

They impregnated different types of amine onto MOF-199 (also known as HKUST-1 or Cu-

BTC). The feed gas for the desulphurisation test consisted of 438.7 ppmv H2S in N2. At 30 °C 

and a gas flow rate of 100 ml/min (velocity = 5.9 cm/s), the sample that showed the highest 

adsorption capacity was TEA/MOF-199-2 (93.2 mgH2S/gadsorbent)  [121]. Although TEA/MOF-
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199-2 [121] shows the second highest H2S adsorption capacity among MOFs shown in the red 

grid in Figure 13 (c), it is worth noting that the concentration of the H2S in the feed gas in this 

paper is also higher than some of the other papers (e.g. 99.6 ppmv H2S in N2 for HK-02 by 

Bhoria et al  [115]). This would contribute to a higher adsorption capacity [125].  

 

Bhoria et al used two types of copper nitrate hydrates to prepare HKUST-1 and modified them 

with two types of polyethyleneimine (PEI) and GO. The H2S breakthrough tests at 25 °C used 

a feed gas (99.6 ppmv H2S in N2) flow rate of 40 ml/min (velocity = 5.3 cm/s). The samples 

synthesised using copper nitrate hemi pentahydrate generally showed higher H2S adsorption 

capacities than the samples synthesised using copper nitrate hydrate. In addition, apart from 

PEI modified HKUST-1(PHHK-02) showing a much lower H2S adsorption capacity, the other 

HKUST-1 based samples of the copper nitrate hemi pentahydrate source showed similar H2S 

adsorption capacities with the unmodified HKUST-1 (HK-02) showing the highest H2S 

adsorption capacity (56.1 mgH2S/gadsorbent) [115]. Although the HK-02 based samples reported 

by Bhoria et al did not show as high H2S adsorption capacity as TEA/MOF-199-2 [121], it is 

worth noting that the concentration of H2S in the feed gas for HK-02 (99.6 ppmv H2S in N2) is 

only less than a quarter of that for TEA/MOF-199-2 (438.7 ppmv H2S in N2). Because higher 

feed concentrations have been reported to linearly increase the adsorption performance of 

material by assisting the gas diffusivity [60, 127]. This suggests that HK-02 may have a 

similar/better performance as TEA/MOF-199-2 in removing H2S if they were tested under the 

same condition. This also indicates that the unmodified MOF-199 (feed gas: 438.7 ppmv H2S 

in N2 ) reported by Zhang et al [121] have lower/similar H2S adsorption capacity to HK-02 

(feed gas: 99.6 ppmv H2S in N2) [115] despite their similar H2S adsorption capacity values. 

 

The MOF material that showed the third highest adsorption capacity was reported by Liu et al. 

The authors tested the desulphurisation performance of 11 MOF materials in a feed gas 

consisting of 1% H2S, 10% CO2, and 89% He at 25 °C. The tests includes MOF-5, MOF-74 

(Mg, Zn), ZIF-8, UiO-66, UiO-66(NH2), MIL-101(Cr), M-BTC (Cu, Fe, Ce), and Cu-

BDC(ted)0.5. At a gas flow rate of 30 ml/min (velocity: 3.98 cm/s), the H2S adsorption 

capacities of the samples are shown in Figure 14. By comparison, Cu-BDC(ted)0.5 showed the 

highest H2S adsorption capacity (59.8 mgH2S/gadsorbent) via chemisorption mechanism. 

However, the partial damage in its structure during the desulphurisation process also led to a 

much poorer performance after regeneration (see Figure 14). According to the breakthrough 

adsorption results, the tested MOF materials can be classified into two groups:  
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(1) One-off materials with high H2S adsorption capacity and selectivity (Cu-BDC(ted)0.5, 

Zn-MOF-74, MOF-5, Cu-BTC, UiO-66(NH2)and MIL-100(Fe) gel).  Most of the 

materials remove H2S through chemical reactions between their metal centres and H2S. 

Apart from UiO-66(NH2) that could partially recover its performance, the structural 

impairment caused by the chemical reactions is not reversible for the other MOF 

materials. 

(2) Reversible materials but with lower adsorption capacity and selectivity (MIL-101(Cr), 

UiO-66, Mg-MOF-74, Ce-BTC and ZIF-8). These materials remove H2S through 

physical adsorption mechanisms and can be regenerated for repeated application. 

Materials in this group (UiO-66, Mg-MOF-74, and MIL-101(Cr)) were also 

recommended as candidate materials for H2S removal by Liu et al. [120]. 

 

Figure 14. H2S uptake on 11 MOF materials. The filled column refers to the uptake on fresh MOF 
adsorbents, and the striped column indicates that on the refreshed adsorbents (Adapted with 
permission from [120]. Copyright (2017) American Chemical Society) 

6.3 MOFs tested with high H2S content in the feed gas 

For MOF materials that have been tested in feed gases with higher H2S content (see Figure 15), 

the materials that showed the highest and the second highest desulphurisation performance are 

ED-ZIF-8 (3298 mgH2S/gadsorbent) and WS-ZIF-8 (1496 mgH2S/gadsorbent) as reported by Jamel 

et al [104]. They modified ZIF-8 nanoparticles with ethylenediamine (ED) using different 

methods and tested their desulphurisation performance in gases containing 3% H2S, 7.3% CO2, 

1.0% He, 88.7% CH4 at 25 °C at 2 bar. The authors suggested that the high surface area and 
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the increased H2S affinity from amine additions led to the high H2S adsorption capacities of 

the material. The adsorption process during sulphur removal involved both physical and 

chemical adsorption with physical adsorption being the main process. It was reported that the 

samples were able to maintain their structural stability after being regenerated under vacuum 

at 120 °C. It is worth noting that the more acidic CO2 in the feed gas could compete with H2S 

and lead to a lower H2S adsorption capacity [11, 122]. According to Figure 15 (a), not all MOFs 

were tested in feed gases containing CO2. Despite the presence of CO2 in the feed gas, the fact 

that ED-ZIF-8 was able to show a higher adsorption capacity than other MOFs (see Figure 15 

(c)) makes it a promising candidate material for H2S removal. However, the flow rate and 

velocity of the feed gas were not specified in the paper. Besides, the pressure of the feed gas is 

higher than other papers, which would also contribute to the higher adsorption capacity [60, 

127]. Furthermore, despite being structurally stable after regeneration, the desulphurisation 

performance of the regenerated samples was not reported. This is worth further investigation 

especially considering the absence of a peak (2θ = 32.3°) in the XRD pattern of the sample 

after being regenerated [104].    
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Figure 15. Breakthrough capacities of MOFs tested in high H2S content in the feed gas and 
corresponding experimental condition parameters from reference [104, 122-126] (a) feed gas 
composition, (b) H2S content in the feed gas and feed gas velocity, (c) breakthrough capacities of 
MOFs and breakthrough concentration threshold 
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Díaz-Ramírez et al prepared MIL-101(Cr)-4F(1%) by incorporating 2,3,5,6-tetrafluoro-1,4-

benzenedicarboxylate (BDC-4F) into MIL-101(Cr) during the synthesis stage and tested the 

desulphurisation performance of the material at 30 °C and 0.689 bar [124]. Although the 

sample showed the third highest H2S adsorption capacity in Figure 15, it is worth noting that 

the feed gas used in the desulphurisation test consisted of 15 vol% H2S (balanced by N2) which 

is significantly higher than the other papers (see Figure 15 (b)). In addition, the velocity of the 

feed gas (1.3 cm/s) is lower than many other papers (e.g. 17.7 cm/s for MG-G3 in ref [118]). 

The longer gas stream residence time would lead to a higher breakthrough capacity [58, 59].  

Furthermore, the breakthrough capacity is calculated using the complete breakthrough time 

(saturation capacity). This also helped increase the H2S adsorption capacity value by a large 

extent compared to using a lower breakthrough threshold (see Figure 16).  

 

Figure 16. H2S adsorption capacity of MIL-101(Cr) and MIL-101(Cr)-4F(1%) (Reproduced from 
Ref. [124] with permission from The Royal Society of Chemistry) 

Another MOF material that showed relatively high H2S adsorption capacity is MIL-53(Al)-

TDC reported by Zárate et al. The authors tested the material in 5% H2S and 95% N2 at 30 

ml/min (velocity: 1.3 cm/s) at 30 °C and 1 bar [126]. However, it is worth noting that, similar 

to the report from Díaz-Ramírez et al [124], the velocity of the feed gas in the desulphurisation 

test is relatively low and the breakthrough capacity is calculated using the complete 

breakthrough time (saturation capacity). Both of these factors would contribute to a higher 

breakthrough capacity value. Figure 17 (b) shows breakthrough curves of MOFs tested under 

similar conditions as MIL-53(Al)-TDC as shown in Figure 17 (a). By comparing the two 

figures, the H2S almost breakthrough immediately at the beginning of the experiment for MIL-

53(Al)-TDC (see Figure 17 (a)). By contrast, the increase in the concentration of H2S in the 

exhaust gas happened much later in other materials (see Figure 17 (b)). 
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Figure 17. (a) Breakthrough curves of H2S adsorption by MIL-53(Al)-TDC. The inset shows the 
comparative adsorption capacities for each cycle. (b) Breakthrough curves of H2S adsorption by 
other MOFs (Reproduced from Ref. [126] with permission from The Royal Society of Chemistry) 

7. Conclusion 

With the benefits of lower energy consumption, using solid adsorbents to capture H2S from 

oxygen-free gases at ambient temperature has attracted the attention of many researchers. The 

performance of common porous solid materials in removing H2S from gas mixtures at low 

temperatures have been summarised in this review. With consideration of experimental 

conditions such as feed gas composition, gas velocity, and breakthrough concentration 

threshold, the performance is compared with high performing materials highlighted in each 

category. The material with the highest H2S adsorption capacity (6503 mgH2S/gadsorbent) is 

UVM-7@ZIF-8 reported by Saeedirad et al [85]. This value is significantly higher than the 

adsorption capacity values of most other materials. The high adsorption capacity and its good 

stability make it a promising candidate material for H2S removal. However, the cost of the 

material is much higher than traditional materials, such as activated carbon and zeolites which 

creates challenges for implementation commercially.  

 

The second highest H2S adsorption capacity was reported to be 3298 mgH2S/gadsorbent shown 

by ED-ZIF-8 94. However, similar to UVM-7@ZIF-8, the cost of the material is again higher 

than the traditional adsorbent materials. Aside from the above two materials, the highest 

reported breakthrough capacities range from 40 to 283 mgH2S/gadsorbent depending on the 

experimental conditions. The promising materials reported with high H2S adsorption capacities 

in each material category are summarised below:  
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  Metal Oxide Activated 
carbons Zeolites Silica MOF 

Highest α- Fe2O3 – PEG 
[30] 

Desorex K43-
NaOH [52] AgX [67] UVM-7@ZIF-8 

[85] ED-ZIF-8 [104] 

Breakthrough 
capacity 
(mg H2S/g) 

282.6 155.72  52.17  6503  3298 

 2nd Highest Co3O4 (3D-
SCE57) [35] 

Zn-Fe(OH)X 
/AC [55] CoX [67] SBA-15@ZIF-

8 [85] 
WS-ZIF-8 
[104] 

Breakthrough 
capacity 
(mg H2S/g) 

201 143  48.28  5536  1496 

3rd Highest 
3DOM 
Zn(73)/SiO2 
[32] 

Mg0.2Zn0.8/AC 
[57] ZnX [67] MCM-

41@ZIF-8 [85] MG-G3 [118] 

Breakthrough 
capacity 
(mg H2S/g) 

181 96.5  43.86 5228  130.1 

 4th Highest Fe0.44Cu3AlOx 
[33] ACS-1 [51] Cu-ETS-2 [71] ZnO/Co3O4(30)

-SiO2 [87] HK-02 [115] 

Breakthrough 
capacity 
(mg H2S/g) 

 114 68.3  47  200.2  56.1 

 

It is worth noting that the order of the materials summarised in the table does not represent the 

absolute performance of the materials since many of them were tested under different 

conditions. The table aims to provide an overview of high performing materials that have been 

reported in each material category. Readers should look into the detailed test conditions of the 

materials. 

 

Although some MOFs and silica-based materials showed significantly higher H2S adsorption 

capacities than the other groups of materials, they are relatively novel materials by comparison 

and are not as commercially available on a mass scale. The stability of MOFs during operation 

is another aspect that should be improved for practical applications. In addition, the cost of 

producing MOFs and silica-based materials are much higher by comparison. Therefore, metal 

oxides, activated carbons and zeolites seem to be better candidates for practical applications in 

room temperature sulphur removal. In addition to identifying high performing materials, the 

following issues were identified and present opportunities for further research: 
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1. The main fuel gases for fuel cells are CH4 or H2. However, most papers use N2 as the 

main balance gas. There exists a limited number of papers using CH4 as the balance 

gas, with a correspondingly low number of papers presenting H2 as balance gas. As the 

results listed in this paper show, a given material can have different selectivities for 

different gases, the balance gas can greatly influence the adsorption performance of a 

material. This is a particularly important effect to consider when using CH4 as the feed 

gas or where high concentrations of impurities may exist such as CO2 which is known 

to competitively adsorb onto the surface of the materials. Future research should place 

more focus on understanding the H2S selectivities over other gases for different 

materials, and testing materials in feed gases that have closer compositions to industrial 

gases.  

2. A majority of prior papers use feed gas compositions containing between 100 ppmv 

and 15 vol% H2S. There is a very limited number of papers reporting the performance 

of materials removing H2S from gases containing very low concentrations (e.g. 10 - 20 

ppmv). With the wide range of H2S content in industrial gases and the influence of H2S 

concentration on the performance of the adsorbents, more research should be carried 

out on effective adsorbents for removing H2S from gases with low H2S concentrations. 

This is not only important for fuel cell applications, but also in the range of impurities 

typically found in biogases [128-130]. 

3. There currently exists uncertainty in the concentration of H2S used to identify the 

breakthrough point of given materials in several papers included in this review. The 

selection of the breakthrough point concentration has a significant influence on the 

reported adsorption capacity of a material leading in some cases to much higher 

capacities than typically expected for a given material class. Therefore, future research 

should clearly define the H2S concentration used for breakthrough point identification. 

4. Temperature, flow rate (velocity) and gas composition among others, influence the 

performance of materials in removing H2S from process gas streams. Further research 

into the effect of each operating condition may assist in performing comparative 

analyses of different adsorbents with different experimental conditions. However, 

many researchers used the traditional method of testing one variable at a time to 

investigate the impact of each factor. This makes it difficult to quantify the impact of 

each factor and have a comparative analysis of different adsorbents with different 

experimental conditions. A potential solution to the issue is using the Design of 

Experiments approach for future experiment designs, and build mathematical models 
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to better understand the impact of various experimental factors on the performance of 

adsorbents. 

5. Materials such as impregnated activated carbons and MOFs have been reported to show 

poor performance after regeneration. Many of the papers examined in this review have 

omitted any reference to material regeneration. In identifying materials for hydrogen 

sulfide removal, it is important to consider material regeneration, which will play a 

significant role in practical applications. Therefore, more attention should be paid to 

investigating regenerating materials and to make sure they are stable in the long term 

in future research. 
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