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Abstract 

Direct desulfuization of syngas is an important measure to further increase the 

efficiency of IGCC systems. Solid-phase, metal oxide adsorbents which sequester the sulfur by 

converting H2S to a metal sulfide are the only desulfurization technology capable of 

withstanding the combustion temperatures present at the outlet of the gasifier. Copper oxide is 

of particular interest due to its favourable thermodynamics across a wide range of temperatures. 

Cu-ETS-2 is a copper exchanged form of the sodium titanate ETS-2 and functions analogously 

to CuO for the conversion of H2S into CuS at temperatures ranging from ambient to 950 °C.  

The results of this study show that Cu-ETS-2 is capable of removing H2S from H2S/He mixture 

to concentrations below a mass spectrometer’s detection limit at temperatures as high as 950°C. 

Temperature is, however, only one of the challenges facing a direct-desulfurization adsorbent; 

high concentrations of H2 and water vapour are present in the syngas stream which can 

influence the oxidation state of the metal and the efficiency of H2S removal. In an attempt to 

prevent reduction of CuO, Chromium was successfully used to stabilize the oxidation state of 

copper oxide and maintain constant adsorption capacity throughout the whole temperature 

range. 

While several studies have examined the effect hydrogen in the feed, there are few studies 

exploring the influence of water vapour on the efficiency of H2S removal and none that explore 

the effect of water vapour at elevated temperatures. This study can be considered the only study 

to investigate the influence of water vapour on the desulfurization of a dilute H2S stream at 

temperatures between 350 and 950 °C using copper oxide-based adsorbents. The findings 

demonstrate that the presence of water vapor promotes production of H2, resulting in faster 

reduction of CuO to Cu2O and elemental copper, leading to less adsorption capacity. 

In the final chapter, the ability of the adsorbent for regeneration and use as a multi-cycle 

adsorbent was investigated. The results indicate that the adsorbent is capable of regeneration 
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for at least four times with no sign of reduction in capacity. The results also indicate that the 

exothermic nature of oxidation reaction results in temperatures up to ~1700°C causing the 

partial melting of the quartz glass tube. However the adsorbent can withstand such high 

temperatures and does not lose adsorption capacity after the first oxidation step. This 

phenomenon is due to having nanotitanate ETS-2 as the support in the adsorbent. 
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1-1 Hydrogen Sulfide and Power Generation 

Hydrogen Sulfide (H2S) is a colorless, highly flammable and extremely toxic gas 

with the characteristic odor of rotten eggs. The odor is so intense that the threshold 

for humans is as low as 0.1 ppmv
1
. Just five minutes exposure to H2S with 1000 

ppmv concentration is fatal to humans
2
. In nature it can be found in hot springs, 

volcanic gases, crude oil and natural gas. It can also be naturally produced as a result 

of bacteria digestion of organic matter and human or animal waste under anaerobic 

conditions. 

H2S can also be released into the atmosphere due to human activities. Burning coal 

can be one of the major sources. Depending on the origin, coal can have between 0.1 

to 6 wt% sulfur content, which is released in the form of H2S during coal 

gasification and production of syngas for power generation
3
. Later, syngas should be 

free of H2S in order to prevent serious corrosion of gas turbines and pipelines. 

H2S can also be found in natural gas. Natural gas is considered “sour” if it contains 

more than 5.7 milligrams per normal cubic meter. According to the Clean Air Act 

(1989), pipeline and sales standard levels of H2S should be no more than 4 ppmv. 

Necessity of H2S removal 

In many different areas, hydrogen sulfide is an undesired and harmful gas and needs 

to be removed. Among these areas, coal gasification process and the water-gas shift 

reaction can be named. 

Coal gasification process 

Nowadays, the main usage of coal is in electricity generation. More than half of the 

electricity in the U.S. is generated from coal
4
. As long as we rely on fossil fuels, 

coal will play a more important role due to its low price. 

The Integrated Gasification Combined Cycle (IGCC) is considered to be the most 

efficient and environmentally acceptable technology for power generation from 

coal. This advanced process is one of the cleanest and most efficient available 
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technologies for coal-based power generation, with emissions comparable to natural 

gas-based power plants
5
. IGCC is a process in which syngas is produced by 

gasification of coal and it is later used as a fuel for the gas turbine and electricity 

generation. Figure 1-1 shows a schematic flow diagram of an IGCC plant. 

 

Figure 1-1 Schematic flow diagram of an IGCC plant
6
 

As the figure shows, the carbon source is crushed and mixed with water to form a 

slurry and is pumped into the gasifier together with oxygen. The gasifier is operated 

under pressure and gasification takes place rapidly at temperatures as high as 

1200°C. The generated gas is mainly composed of H2, CO, CO2 and H2O. The sulfur 

in coal is mostly converted to H2S and small amounts of COS. The raw fuel gas 

leaves the gasifier together with molten ash and a small amount of unburned carbon. 

The gas-molten solid mixture enters a radiant syngas cooler (RSC) and convective 

syngas cooler (CSC) to cool down the gas to about 150°C (27 bars) by generating 

additional steam. The gas stream is further cooled down through a gas scrubber and 
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a low temperature gas cooling section to reduce the raw fuel gas temperature to 

40°C, prior to entering the sulfur removal unit. 

Removing pollutants from fuel gas is required for effectively using this technology 

not only to protect equipment from corrosion, but also to meet the environmental 

legislation for sulfur emissions
7
. At the moment, H2S adsorption at most gasification 

plats is done using MDEA (Methyl diethanolamine) solutions. The disadvantage of 

this method for using in IGCC process and also water-gas shift reaction is that hot 

coal gas (Generally, 500°C or above
10

) must be cooled down for desulfurization by 

MDEA solution and then preheated to high temperature before being fed into gas 

turbine. As a result, the thermal efficiency of the system is significantly reduced. 

Due to this reason, it is important to perform the desulfurization process at high 

temperatures.  

1-1-1 Water-gas shift reaction 

There has been a huge demand for hydrogen in recent years due to its widely use in 

chemical and petroleum industries and also as a new source of energy in proton 

exchange membrane fuel cells. One way to produce hydrogen is through gasification 

of fossil fuels or biomass and then, adding steam to convert carbon monoxide to a 

mixture of carbon dioxide and hydrogen by the so-called water-gas shift reaction 

(WGS) at temperatures around 350°C8
 before feeding the gas to the gas turbine. 

CO (g) + H2O (g) → CO2 (g) + H2 (g) ∆H= - 41.09 kJmol
-1

, ∆G= -28.6 kJmol
-1  

(1-1) 

To obtain pure hydrogen, further separation processes such as physical or chemical 

sorption or membrane separation is needed to be done afterwards.  

In order to increase hydrogen production while reducing carbon monoxide content, 

it is necessary to run reaction (1-1) at low temperatures. However, in order to obtain 

high reaction rates, higher temperatures are required. The high temperature reaction 

is performed at 320-350°C using Fe-Cr oxides catalyst, while the low-temperature 

shift reaction is conducted at 200-250°C and a Cu/ZnO/Al2O3 catalyst is commonly 

used
9
.  
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Both of the above-mentioned catalysts can react with H2S and as a result, the 

catalysts become inactive. In order to prevent inactivation, the gas stream should be 

free of H2S prior to water gas shift unit. 

Among the several desulfurization methods, adsorption of metal oxides has shown 

great potential to be used as an efficient high temperature desulfurization process.  

 

1-2 What does success look like? 

In order to enable direct desulfurization of the syngas stream (prior to the WGS 

beds) the desulfurization system needs to accept syngas at temperatures between 

400-700°C depending on the process design, having a H2 concentration ranging 

from 15 to 30 mole%, a water loading of 7-20 mole% and, ideally be regenerable for 

many cycles
11

. The desulfurization capacity should also be maximized to minimize 

the size of the reactor needed for desulfurization. 

1-3- Literature review: Methods of H2S removal 

Prior to the early 1990’s sulfur recovery and acid gas flaring were the most 

commonly used and most economic methods of handling the acid gas streams
12

. Gas 

streams containing less than 10 tons of sulfur a day used to be flared because at this 

amount, running a sulfur recovery unit was not economically reasonable.  

As a result of public concern over human health and negative environmental 

impacts, flaring H2S-containing gases was restricted. On the other hand, a weak 

sulfur market resulted in sulfur recovery units being uneconomical
13

. As a result, 

technologies for H2S conversion, long term storage of sulfur or H2S have gained 

more attention in recent years. 

There are several commercial treatment techniques that are commonly used to 

remove H2S, such as absorption in liquids (alkaloamines, ammonia solution…), 

biological processes, the Claus process, adsorption on activated carbon and metal 

oxides, and also separation by molecular sieves. 
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Almost all the H2S removal processes can be categorized into liquid absorption 

processes and dry processes.  

1-3-1 Liquid adsorption processes 

 Alkanolamines 

H2S is slightly soluble in water and once it is dissolved, makes the solution acidic: 

𝐻2𝑆(𝑔) → 𝐻2𝑆(𝑎𝑞)↔𝐻
+ + 𝐻𝑆−      (1-2) 

In order to increase the amount of dissolved H2S, a chemical should be added to the 

solution that can consume either H
+ 

or HS
-
. The easiest choice would be a source of 

alkalinity that can consume H
+
 in the solution and increases the amount of H2S 

absorbed. 

The most commonly used sources of alkalinity for H2S absorption are alkanolamines 

(monoethanolamine (MEA), diethanolamine, triethanolamine), among which, 

(MEA) is more often used. It reacts with H2S to form amine sulfide and 

hydrosulfide
14

: 

2𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2 + 𝐻2𝑆 ↔ (𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻3)2𝑆     (1-3) 

(𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻3)2𝑆 + 𝐻2𝑆 ↔  2𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻3𝐻𝑆   (1-4) 

Biological processes 

Biological processes have also been used for reduction of H2S from gas streams. In 

these processes H2S is converted to sulfuric acid under aerobic conditions: 

𝐻2𝑆 + 2𝑂2
𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎
→      𝐻2𝑆𝑂4        (1-5) 

In this process, the gas stream is passed through a packed bed biofilter where H2S is 

absorbed into a liquid film and oxidized by bacteria. In such processes, it is possible 

to reach 99% or even higher conversions for gas streams with up to 1000 ppm H2S 

concentrations
15

. 
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In some cases, H2S removal is done under anaerobic, inorganic acid gas 

bioconversion through the photosynthetic van Niel reaction
16

: 

2 𝐻2𝑆 + 𝐶𝑂2
𝐿𝑖𝑔ℎ𝑡,𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎
→          2 𝑆 + (𝐶𝐻2𝑂) + 𝐻2𝑂    (1-6) 

𝐻2𝑆 + 2 𝐶𝑂2 + 2 𝐻2𝑂 
𝐿𝑖𝑔ℎ𝑡,𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎
→          2(𝐶𝐻2𝑂) + 𝐻2𝑆𝑂4   (1-7) 

In this process, photoautotrophic bacteria provide nearly 100% H2S removal. 

The main problem with biological processes is that they are not flexible and rapid 

enough on a large scale and much work related to the application of these processes 

for treatment of H2S still needs to be done
17

. 

 

1-3-2 Dry adsorption processes 

These processes involve using a dry adsorbent in a reactor that facilitates the flow of 

the gas stream through the adsorbent. The adsorbent will eventually become 

saturated with the contaminant and becomes inactive. In order to prevent the 

interruption in the adsorption process, there are usually two reactors operating in 

parallel so one vessel can be in service while the other one is offline for adsorbent 

change or adsorbent regeneration. 

Generally, dry adsorption processes are divided into two categories: chemical and 

physical adsorption. 

1-3-2-1 Chemical processes 

Chemical adsorption processes are based on the reaction of an adsorbent with a 

target molecule to form a new compound.  

 The Claus process  

The Claus process is a technology that is able to remove H2S from a gas stream and 

recover sulfur in elemental form
18

. It was first developed over 100 years ago and is 

suitable for gases with high H2S concentrations (above 20% v/v), on a large scale
18

. 
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The process consists of two steps; thermal and catalytic. During the thermal step, 

H2S reacts in a substoichiometric combustion above 850°C and at the downstream 

process gas cooler, elemental sulfur is formed. 

𝐻2𝑆 +
3

2
 𝑂2↔𝐻2𝑂 + 𝑆𝑂2       (1-8) 

2𝐻2𝑆 + 𝑆𝑂2↔3𝑆 ↓ +2𝐻2𝑂       (1-9) 

In the catalytic step, the process continues with activated Al2O3 or TiO2 in order to 

boost the sulfur yield. 

A single Claus reactor can usually achieve H2S conversions of up to 70%. In 

industry, several stages are usually used to achieve conversions of about 95-97%. 

The problem with the Claus process is that the exit gas still contains up to 2-3% of 

H2S together with other gases such as COS, CS2 and CO2. These concentrations are 

still above the current allowable standards and further treatments are required on the 

gas stream before its release in the atmosphere
19

. 

 Adsorption on metal oxides 

For small scale desulfurization processes of less than 10 tons of sulfur per day, 

adsorption by metal oxides is an effective and economical method of removing H2S 

from gas streams. Metal oxide sorbents work by reacting with H2S to form metal 

sulfides. Metal sulfides can later be converted back into metal oxide during an 

oxidation (regeneration) process by exposing to air or oxygen. 

Oxides of many metals such as Zn, Cu, Fe, Co, W, Mo, Ca, Ba, and Sr have been 

reported to be efficient adsorbents even at high temperatures
20

. 

One of the first metal oxides to be used as a sulfur removing agent was iron oxide. It 

was first used in the 19
th

 century
21

. Once iron oxide is exposed to H2S, iron sulfide is 

formed and after the adsorbent become inactive, it can be regenerated by air to 

oxidize the iron sulfide and generate elemental sulfur. After several regeneration 

cycles, the reactor will be clogged by sulfur and has to be shut down for sulfur 

removal. Ferric oxide based sorbent, CG-4 has even been used in small scale natural 
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gas processing plants in Canada. The adsorbent is reported to have sulfur adsorption 

capacity of 150 mg sulfur per gram of adsorbent
12

. However, the adsorbent is 

designed for low temperature processes and due to having porosity in its structure; it 

is prone to pore blockage and severe loss of adsorption capacity when used in humid 

gas streams. One of the significant drawbacks of the sorbent is that it is just 

regenerable for just 2 or 3 cycles. 

The reaction of H2S with iron oxide is as follows
22

: 

𝐻2𝑆(𝑔) +
1

3
𝐹𝑒2𝑂3(𝑠) →

1

3
𝐹𝑒2𝑆3(𝑠) +  𝐻2𝑂(𝑙)     (1-10) 

One of the problems with using iron oxide as a high temperature H2S adsorbent is 

that the adsorption reaction is best carried out at room temperature. If performed at 

higher temperatures, iron oxide will become dehydrated and results in considerable 

reduction in the rate of reaction
22

.  

Active iron oxide adsorbents are usually sold under several trademarks related to the 

different support media, such as Iron sponge, Sulfa Treat, Sulfur-Rite, Media-G2, 

and CG-4. Detailed information of these adsorbents is presented in table 2-1. 

Table 1-1 – detailed information of commercial active iron oxide sorbents 

Adsorbent 
Operating 

Temperature 
Ability to regenerate Cons / Pros Manufacturers 

Iron sponge 20-23 °C Max 2-3 times High labor cost 
Connely GMP, 

Physichem, Verac 

Sulfa Treat 20-23 °C No Easy to handle Sulfatreat 

Sulfur Rite 20-23 °C No 
Prepackaged- forms 

iron pyrite 
US Filter, Merichem 

Media G-2 20-23 °C Up to 15 times 

Requires multiple 

regenerations for high 

efficiency 

ADI international 

CG-4 20-23 °C Max 2-3 times 
High sulfur loading- 

easy to handle 

CLEAN Catalysis and 

Purification Tech. 
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Zinc, copper and calcium oxides are also good H2S adsorbents. They have 

spontaneous reactions with H2S at room temperature. The reactions are as follows: 

𝑍𝑛𝑂(𝑠) + 𝐻2𝑆(𝑔) → 𝑍𝑛𝑆(𝑠) + 𝐻2𝑂(𝑙)     (1-11) 

𝐶𝑢𝑂(𝑠) + 𝐻2𝑆(𝑔) → 𝐶𝑢𝑆(𝑠) + 𝐻2𝑂(𝑙)        (1-12) 

𝐶𝑎𝑂(𝑠) + 𝐻2𝑆(𝑔) → 𝐶𝑎𝑆(𝑠) + 𝐻2𝑂(𝑙)      (1-13) 

Calcium oxide is believed to be a better choice for H2S adsorption at high 

temperatures (250-500°C) and zinc oxide appears to have better adsorption capacity 

at temperatures lower than 100°C23
. 

Rare metal elements include 15 lanthanides together with Sc and Y. Among them, 

lanthanium and cerium(III) oxides have shown great H2S adsorption capacity 

especially in realistic reformate gas compositions, such as steam reforming, 

autothermal reforming, or partial oxidation of heavy oils, diesel, jet fuels or coal 

gasification
24

. 

Li et al.
25

 investigated the catalytic oxidation of H2S to elemental sulfur on four rare 

earth orthovanadates (Ce, Y, La and Sm) and three magnesium vanadates (MgV2O6, 

Mg2V2O7 and Mg3V2O8). For the rare earth orthovanadates, it was found that sulfur 

yield increased in the order LaVO4< SmVO4< YVO4< CeVO4.  

Flytzani- Stephanopoulos et al.
26

 developed adsorbents based on cerium and 

lanthanum oxide surfaces and capable of reversible adsorption of H2S for several 

cycles at temperatures up to 800°C. They reported a very fast adsorption and 

desorption process together with the ability to remove H2S to a sub-ppm level at 

very short (millisecond) contact time. According to these authors any type of sulfur-

free gas, including water vapor, can be used to regenerate the adsorbent. 

In order to improve the adsorptive performance of metal oxides, strategies such as 

doping with other metals have also been used. As an example, zinc ferrite was used 

as an adsorbent for H2S in coal gases at 538°C27
. Mixed oxides of copper together 

with Cr, Ce, Al, Mg, Mn and Ti have also been investigated and CuCr2O4 (CuO-
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Cr2O3) and CuCeO2 were found to be the most efficient adsorbents at high 

temperatures
28

. 

Hee Kwon et al.
7
 used a mixture of zinc oxide, titanium oxide, nickel oxide and 

cobalt oxide together with an inorganic binder bentonite to prepare Zn-Ti based 

adsorbents for H2S removal. Adsorbents showed very good sulfur removing capacity 

even after 15 cycles of regeneration, while conventional Zn-Ti sorbents deactivate 

much earlier. Nickel and cobalt worked as the active sites for desulfurization 

reaction and they also helped to stabilize the structure of the adsorbent. 

In 1997, Li et al.
25

 compared ZnO based adsorbents with copper oxides and realized 

that CuO can be used at much higher temperatures than ZnO based adsorbents. They 

also reported reduction of H2S from several thousand ppm to sub-ppm levels using 

CuO and Cu2O sorbents. The disadvantage of their sorbent was that it reduced to 

elemental copper by H2 and CO present in the gas stream. 

Li
25

 also tested a CuO-CeO2 adsorbent and reported that H2S levels were reduced to 

concentrations as low as 5-10 ppm from a gas stream containing several thousand 

ppm at temperatures between 650-850°C. 

Increasing the surface area of the adsorbent, results in an increase in the number of 

active sites. In order to enhance the utilization of active chemicals (metals/metal 

oxides) and their H2S breakthrough capacities, increasing the number of active sites 

is required. This can be achieved by substituting the active compound on the surface 

of different supports such as Al2O3, TiO2, SiO2 and zeolites. As a result, the surface 

area and the number of active sites are increased and the structural stability is also 

improved. 

Lew et al.
29

 studied the adsorption of H2S on pure zinc oxide and zinc titanates. The 

authors concluded that zinc titanate reduces more slowly to volatile zinc; therefore, 

it can be used at higher temperatures. Ko et al.
30

 compared the H2S adsorption 

capacity of Mn, Fe, Cu, Co, Ce and Zn when substituted on Al2O3 in syngas at 500-

700°C. They reported 100% utilization for copper and manganese. Another study
31
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showed that when Cu, Mo and Mn are supported on SP-115 zeolite, the mechanical 

strength of the adsorbent is considerably increased.  

Kyotani et al.
32

 investigated H2S adsorption of Cu supported on natural zeolites 

(Mordenite and Clinoptilolite) and SiO2. They also compared the results with 

adsorption on pure copper oxide. The conclusion was that the breakthrough capacity 

is almost the same at 600°C for Cu on SiO2 (15wt% Cu) and zeolite (20 wt% Cu) as 

for pure copper oxide.  

The study also revealed the weaknesses of using pure copper oxide. It was observed 

that it has the lowest reactivity for sulfidation due to formation of dense copper 

sulfate on the adsorbent. 

 

 Adsorption on carbon-based materials 

When molecules are adsorbed on the carbon surface, they are bound by Van der 

Waals forces that work mostly in small pores. Moreover, the surface of activated 

carbons promotes catalytic/ oxidative reactions due to the basic and acidic functional 

groups, resulting in the adsorption and catalysis for H2S oxidation
33

. 

The wide application of activated carbons is mainly due to their large surface area 

exceeding 1000 m
3
/g, high pore volume, high density of carbon atoms in graphite 

layers and surface hydrophobicity. 

Carbonaceous materials are usually made from different organic sources including 

peat, wood, coconut shells, and polymers. In order to activate the carbonaceous 

materials by physical activation, they are carbonized at temperatures ranging from 

700-1000°C and then exposed to steam or carbon dioxide at temperatures ranging 

from 800-1000°C. During the chemical activation process, different chemicals such 

as phosphoric acid, zinc chloride or potassium hydroxide are mixed with the 

material and then carbonized under various temperatures. Sometimes, in order to 

improve the performance of the sorbents, carbons are impregnated with chemicals 

such as KI, KMnO4, KOH or NaOH. Using different activation processes gives rise 
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to activated carbons with different features, including surface area, porosity and 

surface chemistry
34

. 

Activated carbon sorbents can effectively remove H2S from gas streams. Carbons 

impregnated with caustics can lead to fast and complete dissociation of H2S in the 

basic environment and lead to its oxidation to elemental sulfur. A combination of 

porosity and surface chemistry results in the oxidation of H2S mainly to sulfuric acid 

which can later be removed by water washing
35, 36

. 

Bandosz et al.
37

 investigated the use of activated carbon as an H2S removing agent. 

Results of the experiments showed that the surface functional groups (containing 

oxygen and phosphorous) and the porosity of carbon significantly contribute to the 

process of H2S removal. They also discovered that functional groups present on the 

carbon surface act as a catalyst for H2S oxidation.  

Activated carbon fibers have special advantages compared to the usual activated 

carbons: (i) narrow pore size distribution, (ii) larger surface area and, (iii) faster 

adsorption kinetics. Moreover, their adsorption capacity for sulfur can be increased 

by the formation of suitable nitrogen-based surface groups through reaction with 

ammonia gas at high temperature
39

. Figure 1-2 shows a scanning electron 

microscopy image of activated carbon fibers. As can be seen, activated carbon fibers 

consist of long thin sheets of carbon. A single ACF filament is a thin tube with a 

diameter of 5-8 micrometers. 

 

Figure 1-2 – SEM image of activated carbon fibers (38) 
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1-3-2-2 Physical processes 

 Classical molecular sieves 

Another approach to H2S removal is physisorption of H2S onto a solid surface. 

Zeolites or molecular sieves are naturally occurring or synthetic silicates with a 

highly uniform pore size and large surface area, making them ideal for adsorption 

applications. They are commonly used in chemical industries as H2S adsorbents due 

to the fact that polar compounds such as water, H2S, SO2 and NH3, are strongly 

adsorbed. 

Zeolites have three dimensional frameworks that bring about their unique 

characteristics. They have crystalline, microporous hydrated aluminum silicate 

structures of (SiO4)
4-

 and (AlO4)
5-

 linked together and forming pores with diameters 

ranging from 2.5 to 10Ǻ. All AlO4 units in the framework have a negative charge 

which is balanced by non-framework cations like Na
+
, K

+
 or Ca

+
. These cations can 

be replaced by other cations through ion exchange. Figure 1-3 shows the structure of 

a zeolite framework: 

 

Figure 1-3 - structure of Clinoptilolite, a naturally occuring zeolite
40

 

Since zeolites have high surface area and unique porous structure, molecules like 

H2S can be adsorbed into their framework, resulting in the removal of the target 

compound from a gas stream. One disadvantage of using zeolites is pore blockage 

due to the presence of water in gas streams. Water can occupy the adsorption sites 

and inhibit H2S from adsorbing. The presence of a very high amount of water can 
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flood the zeolite structure but even at low levels (50 ppm), the capacity for H2S can 

be reduced to nearly zero. Normally, water is considered a poison for 

aluminosilicate zeolites when the application is gas adsorption. 

Mixed coordination molecular sieves, ETS-4 and ETS-10 

Mixed octahedral/ tetrahedral titanium silicate molecular sieves consist of three 

dimensional frameworks of interconnecting channels. In 1973 a natural molecular 

sieve called Zorite with a titanosilicate framework was discovered in trace amounts 

on the Siberian Tundra
41

. A synthetic form of Zorite were later developed under the 

commercial name of ETS-4 and patented at 1989
42

. They can be identified by the 

following molecular ratio of the oxides: 

1.0 ± 0.25 𝑀2/𝑛𝑂 ∶ 𝑇𝑖𝑂2 ∶  𝑦 𝑆𝑖𝑂2 ∶ 𝑧 𝐻2𝑂 

M is at least one cation having a balance of n, y ranges from 1.0 to 10.0 and z is 

between 0 and 100. M is typically a mixture of alkali metal cations like sodium and 

potassium. Later, another titanosilicate structure (ETS-10) with nearly the same 

molecular ratio of the above mentioned oxides was also developed and patented by 

Kuznicki
41

. The structure of ETS-10 comprises corner-sharing SiO4 tetrahedra and 

TiO6 octahedra linked through bridging oxygen atoms resulting in a 12-membered 

ring structure. Figure 1-4 shows a high-resolution transmission electron micrograph 

of ETS-10 together with a computer simulation of the structure
43

. 
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Figure 1-4 – The structure of titanosilicate ETS-10 

ETS-4 and ETS-10 have been used in different applications ranging from catalysis 

to adsorption and ion exchange. 

Sodium nanotitanate, ETS-2 

ETS-2 is a sodium nanotitanate structure which was developed by Kuznicki in 

1989
41

. ETS-2 has a fundamental difference with ETS-4 and ETS-10. It doesn’t 

have a porous structure. ETS-2 is a form of sodium titanate which by addition of 

silica during synthesis becomes a highly efficient ion exchanger. ETS-2 has a semi-

crystalline framework with a high surface area due to its small particle size. Since 

ETS-2 does not have a porous structure, it does not suffer from pore blockage or 

capillary condensation. Another advantage of ETS-2 is that is has a huge affinity 

towards divalent atoms like copper. As a result, it is easy to substitute copper on top 

of ETS-2 through an ion exchange process. Once copper is exchanged onto the 

surface, it can be formed into copper oxide by heating the adsorbent to high 

temperatures (up to 500°C) in an atmospheric environment.  

SEM analysis of ETS-2 reveals that the particles tend to forms clusters, typically a 

few micrometers in size while each particle is 5-10 nanometers. XRD pattern of 

ETS-2 also shows that it is almost an amorphous material with some degree of 
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crystallinity (~20%) due to anatase and rutile TiO2. Figures 1-5 and 1-6 show SEM 

images of ETS-2 particles and their XRD spectrum, respectively. 

 

Figure 1-5 – SEM images of ETS-2 particles 

 

Figure 1-6 - XRD pattern for ETS-2 

EDX analysis of the particles also verifies the presence of Ti, Si, O and Na elements 

in the ETS-2 structure as shown in Figure 1-7.  
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Figure 1-7 – EDX analysis for ETS-2 

1-4 motivation for the research 

Several chemical and physical separation methods are commonly used in industries 

for this purpose such as reaction with alkaloamines, biological processes, Claus 

process, adsorption on metal oxides, activated carbons, zeolites and molecular 

sieves. The disadvantage of these techniques for using in the IGCC process and also 

the water-gas shift reaction is that hot coal gas (generally,  500°C or above
10

) must 

be cooled down to around 40°C for desulfurization and then preheated to high 

temperature before being fed into gas turbine. As a result, the thermal efficiency of 

the system is significantly reduced. Due to this reason, it is economically important 

to perform the desulfurization process at high temperatures. Among the several 

desulfurization methods, adsorption of metal oxides has shown great potential to be 

used as an efficient high temperature desulfurization process.  
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2-1- Abstract: 

The H2S breakthrough capacity of copper-exchanged Engelhard TitanoSilicate-2 

(ETS-2) was measured at temperatures up to 950 °C and it was found that the 

adsorbent efficiency remains unchanged across the entire temperature range. Below 

750 °C, the adsorption capacity at breakthrough is 0.7 moles of H2S per mole of 

copper while above 750 °C the capacity of the adsorbent is halved. The change in 

H2S capacity is due to Cu
2+

 reduction by the H2 which is formed through the thermal 

dissociation of H2S. The adsorbent shows good potential for use over a wide range 

of operating temperatures in H2S scrubbing processes. 

Keywords: H2S, ETS-2, High temperature, Desulfurization, Copper oxide, 

Adsorption 

 

2-2. Introduction 

Hydrogen sulfide (H2S) is a highly odorous and toxic gas, which can be 

found in the majority of coal gasification plants, petrochemical industries and 

wastewater treatment plants.
1
 H2S is known to severely poison catalytic systems. It 

takes ppm quantities of sulfur contaminants to reduce the lifetime of a supported 

metal catalyst to a few months or even a few weeks.
2
 

Depending on the origin, coal can have between 0.1- 6 wt% sulfur content, 

which is released in the form of H2S during coal gasification processes and 

production of syngas for power generation using IGCC process.
3, 4

 In IGCC syngas 

is produced by gasification of coal and it is later used as a fuel for the gas turbine 

and electricity generation. Syngas is also used to produce hydrogen in a process 

called water-gas shift reaction at temperatures between 250°C and 350 °C. However, 

to prevent serious poisoning of the water-gas shift catalyst and corrosion of the 

pipelines and equipment in IGCC, syngas should be free of H2S.
5
 

Several commercial treatment techniques are commonly used to remove H2S, 

such as absorption in liquids (alkaloamines, ammonia solution, and alkaline salt 

solution), biological processes,
6
 adsorption on activated carbon

7
 and metal oxides,

8
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and separation by molecular sieves.
9
  The disadvantage of most of these processes is 

the low operating temperatures which necessitates the cooling down and subsequent 

reheating of the hot gas produced from coal gasification. The system efficiency 

increases when high temperature desulfurization is used.
10,11

  

Among different methods for H2S removal, adsorption on metal oxides has 

shown good potential for use at temperatures as high as 1500 °C. Oxides of many 

metals such as Fe, Cu, Zn, Co, W, Mo, Ca, Ba, and Sr are reported to be efficient 

adsorbents at high temperatures.
12 

Iron oxide is one of the first metal oxides to be used for H2S removal since 

19
th

 century.
13

 Iron oxide when exposed to H2S forms iron sulfide which can be 

regenerated by air; the resulting SO2 can be used in the Claus process to produce 

elemental sulfur.
14

 After several regeneration cycles, the reactor will clog and has to 

be shut down for sulfur removal. Another disadvantage of using iron oxide 

adsorbents is that they are not capable of removing H2S to an absolute concentration 

below few hundreds parts per million and therefore, they have to be used in 

combination with another adsorbent to reach a level of less than 10 ppm.
15

  

Copper oxides have also been reported to reduce H2S from several thousand 

ppm to sub ppm levels. However the disadvantage of copper oxide is that in the 

presence of a reducing agent (like H2 and CO) in the gas stream Cu
2+

 reduces to 

metallic copper lowering the sulfidation efficiency.
16,17

 

In order to improve the adsorptive performance of metal oxides, strategies 

such as doping with other metals have been used. Recently a Ca-Ba -based sorbent 

was used to reach H2S concentration below 0.5 ppm at 800-900 °C.
18

 Zinc ferrite 

was used as an adsorbent for H2S in coal gases at 538 °C.
19

 

Mixed oxides of copper together with Cr, Ce, Al, Mg, Mn and Ti have also 

been investigated with CuCr2O4 (CuO-Cr2O3) and CuCeO2 found to be the most 

efficient adsorbents at temperatures as high as 850 °C.
20

  

Li et al.
21

 tested an CuO-CeO2 adsorbent and reported an H2S reduction 

down to 5-10 ppm from a gas stream containing several thousand ppm at 

temperatures between 650-850 °C. 
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In order to enhance the utilization of the adsorbents and their H2S 

breakthrough capacities, the number of active sites has to increase. This can be 

achieved by substituting the metal oxide on the surface of different supports such as 

Al2O3, TiO2, SiO2 and zeolites. Ko et al.
10

 compared the H2S adsorption capacity of 

Mn, Fe, Cu, Co, Ce and Zn when supported on Al2O3 in syngas at 500-700 °C. They 

reported 100% utilization for Mn-Al2O3. A result of substitution is the increased 

mechanical strength of the adsorbent, as reported by Gasper-Galvin et al.
22

 when Cu, 

Mo and Mn were supported on SP-115 zeolite.  

In this paper improvements were made to the support material using a high 

surface area nanotitanate Engelhard TitanoSilicate-2 (ETS-2) as the support and 

copper oxide as the active species. ETS-2 was first introduced by Kuznicki
23

 and is a 

high surface area sodium nano-titanate with superior ion exchange capabilities 

formed by the alkaline digestion of TiO2. The caustic digestion converts the surface 

of the TiO2 particles into sodium titanate, which is an effective ion-exchanger; 

particularly for transition metals.
24

 The material has no measurable microporosity 

which makes it immune to pore blockage or capillary condensation.
23,24

 Having no 

measurable microporosity, its surface area can be as high as 250 m
2
/g due to the 

nano-scale platelets. ETS-2 particles are on the order of 50 - 100 nanometers long. 

The core of these particles is presumed to be TiO2 while the surface titania species 

carry a net negative charge which is offset by sodium ions. 

ETS-2 has been demonstrated to be an effective support for transition metals 

and for removing trace levels of H2S at ambient temperature. In our previous 

study,
24

 copper was exchanged onto the surface of ETS-2 and the H2S removal 

efficiency was measured at ambient temperature using a dynamic breakthrough 

system. Samples were pre-conditioned at various temperatures before testing and it 

was determined that at pre-treatment temperatures beyond 500 °C, the material 

underwent a structural change and lost the majority of its H2S capacity. The 

adsorption capacity of the samples, however, was always measured at ambient 

temperature. In the present study, the adsorption capacity of Cu-ETS-2 was 

measured at temperatures between 250 and 950 °C to understand whether the 

structural changes that occur as the adsorbent is heated beyond 500 °C limit the H2S 
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capacity of the adsorbent. Another goal was to understand the stability and the 

performance of Cu-ETS-2 as high temperature H2S adsorbent in a non-reductive 

environment at temperatures ranging from 250 to 950 °C.  

 

2.3 Materials preparation 

ETS-2 was hydrothermally synthesized according to a procedure published 

elsewhere
23

 and was used as-made. ETS-2 is typically synthesized by addition of 

sources of titanium, silica, alkalinity and water. Solid TiO2 is used as the source of 

titanium and sodium silicate (29% SiO2, 9% NaOH) as the source of silica. 

Cu-ETS-2 was prepared by mixing the as-made ETS-2 with a copper nitrate 

solution. The weight proportion of adsorbent to copper salt and water was 1:2:100. 

The copper salt was first dissolved in water and ETS-2 was added afterwards. The 

amount of water used in our preparation is higher than the amount cited by Rezaei et 

al.
24

 so that the suspension could be more easily stirred. The mixture was kept 

mixing at 80 °C for approximately 1 day. In the next step, the ion-exchanged sample 

was filtered and washed extensively with deionized water and dried in a vacuum 

oven at 60°C overnight. Prior to sulfidation experiments, a 10 g sample of the 

adsorbent was activated by heating to 500 °C under a static airflow in a furnace at 10 

°C/min with an isothermal dwell of 2 hours. 

 

2-4 Characterization 

The crystal structure of the powders was analyzed by powder X-ray 

diffraction (XRD) using a BRUKER D4 Endeavor diffractometer (Bruker-AXS, 

Karlsruhe, Germany). The measurements were carried out with Cu Ka radiation, a 

step size of 0.05° and a step time of 5 s. The acceleration voltage was 40 kV and the 

emission current was 40 mA. The computer program HighScore Plus (PANalytical, 

2004) was used for phase identification of the samples. 

The microstructure of the adsorbents was investigated by Scanning Electron 

Microscopy (SEM) using a Zeiss Ultra 55 device (Carl Zeiss NTS GmbH, 

Oberkochem, Germany).  
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High resolution TEM images were collected using Zeiss Libra (Fa. Carl Zeiss 

Microscopy, Oberkochen, Germany) 200 Cs (200 KeV) combined with an objective Cs 

corrector. The elemental analysis was carried out by energy-dispersive X-ray 

spectroscopy (EDX) using an INCA energy-dispersive X-ray analysis system 

(Oxford Instruments, Uedem, Germany).  Point specific elemental analysis by the 

EDX detector attached to the SEM instrument was used to estimate the amount of 

copper atoms exchanged on the surface of ETS-2. Three separate spots (measuring a 

few hundred nm in size) were analyzed. Data was collected for the elements Na, Ti, 

Si, Cu, and O and the copper loading was calculated as the weight fraction of this 

combination of elements. The measured copper loading was identical within the 

sensitivity of the instrument for all spots measured. 

For the mass spectrometry measurements a standard ABB Extrel mass 

spectrometer (Questor QGP) capable of detecting down to 100 ppb concentrations 

was used. 

2-5 Experimental setup 

The experimental setup consists of a gas mixing unit, an electrical heated 

tube reactor furnace and mass spectrometer. To ensure the temperature uniformity, 

the furnace has 3 temperature zones with a total length of 600 mm. 1g of adsorbent 

was packed between plugs of quartz wool inside a heat resistant alumina tube with 

internal diameter of 6 mm. The tube was then placed inside the furnace and was fed 

by a continuous flow of 500 mL/min of He/ H2S mixture. The H2S concentration in 

the feed gas stream was 500 ppmv. The flow rates were controlled by electronic 

mass flow controllers.  

The mass spectrometer was used to determine the H2S concentration at the 

exit of the adsorbent bed. The H2S concentration was monitored continuously during 

the experiment at 1 minute intervals. The breakthrough point was determined when 

the H2S concentration exceeded 5 ppmv and the adsorption experiments were 

stopped at exit concentration of 50 ppmv.  

 

2-6. Results and discussion 
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Figure 2-1 presents the electron microscopy graphs of ETS-2. It shows that 

the particles tend to forms clusters. SEM analysis presented in Figure 2-1 a) shows 

that each cluster is almost 1 micron in size. TEM analysis presented in Fig. 1 b) 

shows each particle is typically between 50-100 nm long and almost 20 nm wide.  

 

Figure 2-1. a) TEM and b) SEM images of nanotitanate ETS-2 showing the particle size and cluster structure. 

The results of point specific EDX analysis (Table 1) indicated presence of 

about 7.5 atomic% (equivalent to 17 wt%) of copper on the sample. 

 

Table 2-1. Point-specific EDX analysis of Cu-ETS-2 for 3 randomly selected points on the sample (values are in 

atomic%) 

 

Elements 

Point number 

Si  Ti  Cu  O  

1 1.7 26.6 7.5 64.2 

2 2.2 26.1 7.5 64.2 

3 2 26.4 7.5 64.2 

 

Figure 2-2 shows the XRD patterns of ETS-2 and Cu-ETS-2. ETS-2 pattern 

consists of broad peaks, which are characteristic of nano-scale particles of anatase.
25

  

The presence of these reflections is to be expected as only the surface of the particles 

have been converted to sodium titanate and the bulk of the particle is TiO2.  
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Figure 2-2. XRD patterns of ETS-2 and Cu-ETS-2. 

The adsorbent was tested for H2S capacity at temperatures between 250 °C to 

950 °C at 100 °C intervals. Figure 2-3 shows a typical adsorption breakthrough 

curve for Cu-ETS-2 at 550 °C. The inlet concentration of 500 ppmv H2S is 

effectively removed by the adsorbent as the concentration of H2S in the outlet is 

maintained below the detection limit of the instrument (100 ppbv) for a significant 

period of time. As time passes, the H2S concentration rises above baseline and the 

curve inflects as H2S “breaks through”. 

 

Figure 2-3. Breakthrough curve for H2S adsorption by Cu-ETS-2 at 550 °C. 
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 The concentration rises rapidly after breakthrough as a result of the 

adsorbent becoming saturated and having fewer sites with which to react with H2S. 

The capacity of the adsorbent is calculated by multiplying the mass flow rate of H2S 

into the bed by the time it takes for the outlet to show a concentration of 5 ppmv 

H2S. Figure 2-4 shows the breakthrough curves for different adsorption experiments 

carried out at varying temperatures to understand how this variable affects the 

capacity of the adsorbent.  

 

Figure 2- 4. Breakthrough curves for Cu-ETS-2. 

The capacity of the adsorbent for H2S at different temperatures is presented 

in Figure 2-5. The H2S adsorption capacity is largely equivalent between 250 °C to 

650 °C. As the temperature is increased to 750 °C, the adsorption capacity 

undergoes a step change and the adsorbent loses about half of its capacity. The 

capacity stays at nearly the same level up to 950 °C.  
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Figure 2- 5. Breakthrough capacities of Cu-ETS-2 at different temperatures. 

In order to understand the reason for the sudden change, the adsorbent was 

characterized by XRD analysis after adsorption. The results are presented in Figure 

2-6. 
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Figure 2-6. XRD patterns of Cu-ETS-2 after H2S adsorption at 350 °C, 550 °C and 750 °C. 

The analysis results show that titania in the adsorbent becomes more 

crystalline at higher temperatures as evidenced by the growing intensity of the peaks 

and the sharpness of the reflections. At 350 and 550°C, TiO2 is present in the form 

of tetragonal anatase while at 750 °C TiO2 peaks are sharper still, and indicate a 

phase transformation to rutile.  

The XRD results indicate the presence of predominantly CuS crystals at 350 

°C and Cu2S at 750 °C. At 550 °C, new crystal morphology is also observed which 

indicates copper to sulfur ratios between 9:5 and 2:1 called digenite. According to 

literature,
26

 digenite can be formed during copper sulfidations from temperatures as 

low as 80 °C (low digenite) up to 775 °C (high digenite). In our study digenite is 

presumed to have formed due to partial reduction of Cu
2+

 at the same temperature 

range.  
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The change in copper sulfide species seen in the XRD patterns can be 

explained by a change in the oxidation state of copper and change in the adsorption 

mechanism due to the presence of hydrogen introduced by thermal dissociation of 

H2S. It has been established that at higher temperatures, H2S is dissociated into 

hydrogen and sulfur as indicated by reaction (1)
27

: 

 

xH2S→xH2+Sx            (2-1) 

 

where Sx indicates different allotropes of sulfur. On the basis of thermodynamic 

data, Barin and Knacke
28

 suggested that at temperatures above 627 °C the reaction 

(1) can be written as: 

2H2S→2H2+S2        (2-2)  

According to Table 2, at temperatures up to 627°C, just a small amount of 

H2S is dissociated to form H2. In this region CuO is the predominant active species 

and adsorption is governed by the following reaction: 

CuO + H2S  CuS + H2O          (2-3) 

 

 

 

Table 2-2. Equilibrium concentration of hydrogen in decomposition of hydrogen sulfide under 1 atm 

(calculated) (27). 

Temperature, °C Equilibrium concentration, mol% 

127 1.3×10
-3

 

227 6.1×10
-3

 

327 2.0×10
-2

 

427 4.8×10
-2

 

627 1.9 

927 13.1 

1127 25.6 

 

As the temperature increases, the amount of hydrogen generated increases 

significantly (estimated to be 7 mol%) which, with an incoming stream of 500 ppmv 

H2S, must be enough to effectively reduce CuO to Cu as per equation (4)
29

:  
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CuO+ H2Cu+H2O          (2-4) 

Once in its metallic form, the copper sulfidation reaction proceeds as per equation 

(5): 

 

2Cu+H2SCu2S+H2        (2-5) 

The copper to sulfur stoichiometry in Equation (5) is half that compared to Equation 

(3). Thus, while the metal utilization may remain unchanged, the amount of sulfur 

that will be adsorbed scales with the oxidation state of the metal.  

The observation that the adsorption capacity of Cu-ETS-2 does not change 

dramatically as a function of temperature is likely the result of a shift in the 

adsorption mechanism. The XRD patterns suggest a continual sintering process, 

evidenced by the increasing intensity of the titania peaks (Figure 2-6) compared to 

the starting material which might be expected to have a negative effect on the 

adsorption capacity. 

 

(a)     (b) 

 

(c)     (d) 

Figure 2-7. SEM images of Cu-ETS-2 after adsorption at: a) 350 °C, b) 550 °C, c) 750 °C and d) 950 °C. 
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The SEM images in Figure 2-7, however, clearly show a growth in the size 

of the copper sulfide crystals as the sulfiding temperature is increased. The growth 

of these crystals as a function of temperature suggests that the cupper sulfide crystals 

behave as an active adsorption site. While Cu-ETS-2 may progressively sinter, 

which could lead to a loss of copper adsorption sites, the loss of these sites is 

compensated for by the growth of the copper sulfide crystals. The two effects 

apparently counter each other and provide for a relatively constant adsorption 

capacity under our test conditions. 

 

2-7. Conclusions 

Cu-ETS-2 is found to be an efficient H2S adsorbent at temperatures suitable 

for direct desulfurization of gas streams. Under our test conditions, the H2S capacity 

for Cu-ETS-2 remains unchanged up to 650 °C after which a change in the oxidation 

state of copper causes a reduction in capacity. At breakthrough, 99% of the H2S has 

been removed and almost 0.7 moles of H2S per Cu is adsorbed below 750 °C, while 

above this temperature close to 0.35 mole H2S is adsorbed per mole Cu. The 

reduction in H2S adsorption capacity is due to the reduction of Cu
2+

 in the presence 

of H2 generated from thermally dissociated H2S.  
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3-1 Abstract 

Engelhard Titanium Silicate -2 (ETS-2), a sodium nanotitanate, was surface 

functionalized by ion exchanging the solid with copper and chromium ions. The 

ability of this bi-metallic adsorbent to remove H2S at elevated temperatures was 

assessed using a dynamic breakthrough system and contrasted against an analogous 

mixed metal oxide, Cu-Cr-O. Unlike Cu-Cr-O, the H2S capacity for CuCr-ETS-2 

remains unchanged from 350°C up to 950 °C. Using ETS-2 as a support for the 

metals increased the adsorbents surface area and improved its sulfur capacity from 

35 mg H2S/g for Cu-Cr-O to 61 mg H2S/g adsorbent for CuCr-ETS-2. The consistent 

presence of Cu9S5 on the sulfided adsorbents suggests that chromium effectively 

stabilizes the copper against reduction to metallic copper up to temperatures as high 

as 950 °C. 

Keywords: H2S, ETS-2, CuCr2O4, High temperature, Desulfurization, Adsorption 

 

3-2. Introduction 

Coal constitutes the largest portion of the world’s fossil fuel resources and, 

each year, provides around one third of world’s electricity requirement.
1
 One of the 

challenges in the energy conversion industry is to extract energy from coal with the 

minimum environmental impact. Sulfur is a key contaminant that must be removed 

in order to facilitate more efficient conversion processes.
2,3

 IGCC or Integrated 

Gasification Combined Cycle is a clean and efficient process to lower the 

environmental impact of using coal for the purpose of power generation.
4
 In an 

IGCC system, carbonaceous feedstock is gasified to produce syngas.
5
 Depending on 

the origin, coal may contain different amounts of sulfur components, which is 

released in the form of H2S during gasification.
6,7

 The H2 content of the syngas is 

increased through water-gas shift reaction at temperatures ranging from 200 °C up to 

450 °C depending on the catalyst.
8-10

 The longevity of different catalysts in this 

reaction is limited by their sensitivity to sulfur poisoning. As a result, production of 

H2S free syngas is of high importance.
11,12
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Different treatment techniques are used for H2S removal, among which are 

adsorption by activated carbon, incineration or catalytic combustion, condensation, 

chemical oxidation and wet absorption.
13,14

 The disadvantage of most of these 

processes is that they operate at, or near ambient temperature, which necessitates 

cooling down the hot gas produced from coal gasification and subsequently re-

heating it prior to the water-gas shift process. 
1,13,15

 

Activated carbon has low capacity for high temperature H2S adsorption from 

gas streams, but using it as a support with certain metal oxides has increased the 

capacity in hot gas cleanup in an IGCC system. The breakthrough time, when zinc 

impregnated carbon is used, approached that of the best metal oxides. In addition, it 

is cheaper and unlike CuO and ZnO it retains its activity in temperatures lower than 

550°C.
13,16,17

 

Metal oxide-based H2S adsorbents such as oxides of iron, copper, zinc, 

manganese, cerium, calcium and tin have been studied for high temperature 

applications.
18-21

 Among different metal oxides, zinc oxide was believed to possess 

the best qualities like high diffusion rate and high H2S adsorption. Copper oxides 

have attracted much attention to substitute zinc oxide adsorbents because they have 

lower vapor pressure, making them non-volatile at high temperatures, and also 

possess the highest sulfidation equilibrium constant.
22

 In the presence of a reducing 

agent like H2, however, CuO reduces to Cu2O and eventually to elemental copper, 

which increases the solid diffusion resistance due to sintering and sulfide formation 

of onion-like dense layers. 
23, 24

  

To avoid formation of onion-like sulfide structures different studies sought to 

disperse the metals on a support material such as alumina (Al2O3), titania (TiO2), 

silica (SiO2), and chromia (Cr2O3). Kyotani et al.
25

 studied different copper oxides 

and showed that impregnation of CuO on zeolite and on SiO2 led to adsorbents 

having higher copper utilization compared to when CuO was used as a pure metal 

oxide. At sulfidation temperatures between 500–700°C Ko et al.
24

 studied metal 

oxides including Zn, Cu, Fe, Mn, Co and Ce supported on -Al2O3 and investigated g
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their H2S removal performance. They achieved an adsorption capacity as high as 29 

mg sulfur/g adsorbent and the results showed Mn and Cu had the best performance.  

In recent years, several studies exploring mixed metal oxides have showed 

superior properties in comparison to single metal oxides. Studies of different copper 

oxides such as Cr2O3-Al2O3, MgO- Al2O3, TiO2- Al2O3 and CuFe2O4 or CuAl2O4 

have shown that the reduction of CuO at high temperatures was slower in 

comparison to pure CuO in metal oxide compounds.
26, 27

 Other oxides, such as MgO, 

TiO2, and CeO2 do not form compounds or oxide solid solutions with CuO due to 

immiscibility of certain metal oxides at high temperatures. Instead, they might be 

used as dispersants of copper.
27, 28

 Abbasian et al.
29

 evaluated several copper-based 

mixed compounds and showed that the H2S removal capacity of Cu-Cr-O with 

surface area of 3 m
2
/g exceeds that of elemental copper at temperatures around 650 

°C.
29

 The work to date suggests that mixed copper and chromium oxides possess the 

highest thermodynamic stability and the slowest reduction rate of all oxide 

compounds of copper. Binary oxides of CuO-Cr2O3 and Cu-CeO2 have also been 

studied. The presence of stable CuCr2O4 in CuO-Cr2O3 solids is believed to preserve 

copper in Cu
2+

 or Cu
+
 oxidation form. Preserving the oxidation state of copper is 

important for H2S removal because if the copper oxide reduces to elemental copper 

the H2S adsorption will decrease, as sulfidation equilibrium constant for copper 

oxide is ten orders of magnitude higher than that of metallic copper.
22, 27

  

In this paper, a high surface area nanotitanate, Engelhard Titanium Silicate -2 

(ETS-2) was used as a metal support to create an analogous metal titanate 

comparable to the bi-metal oxide Cu-Cr-O. ETS-2 was first introduced by 

Kuznicki
30

 and is a high surface area (up to 300 m
2
/g), non-porous sodium 

nanotitanate formed by the alkaline digestion of titania. The caustic treatment 

converts the surface of the titania nanoparticles to sodium titanate which is a 

powerful ion exchanger, particularly for transition metals.
31,32

 The core of the ETS-2 

particles is presumed to be TiO2 while the surface titania species carry a net negative 

charge which is offset by sodium ions. The surface area of ETS-2 is derived entirely 

from the scale of its nano-platelets. ETS-2 particles are on the order of 50-100 
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nanometers long and almost 20 nm wide. The lack of microporosity makes ETS-2 

non- susceptible to pore blockage or capillary condensation.
33,34

 Cu-exchanged ETS-

2 has been demonstrated to be effective at removing trace levels of H2S at ambient 

temperature. 
31

 

3.3 Adsorbent preparation 

Two adsorbents were prepared: ETS-2 functionalized with copper and 

chrome, and the copper/chrome oxide CuCr2O4. Both adsorbents were tested for H2S 

removal from an inert gas stream at temperatures ranging from 350 to 1100 °C.  

ETS-2 was synthesized according to the literature.
30, 31

 It was hydrothermally 

synthesized from a mixture of titanium and silica, a source of alkalinity and water. 

Solid TiO2 was used as the source of titanium while sodium silicate (29% SiO2, 9% 

NaOH) was the source of silica.  

Copper (II) nitrate trihydrate (Cu(NO3)23H2O), chromium(III) nitrate 

nonahydrate,  (Cr(NO3)39H2O) and citric acid were all purchased from Sigma-

Aldrich and used as received. Spinel copper chromite (CuCr2O4) was synthesized 

according to literature.
35-37

 Target masses of Cu(NO3)23H2O and Cr(NO3)39H2O 

were dissolved in distilled water  to achieve a stoichiometric ratio of Cu:Cr =1:2: 

9Cu(NO3)2.3H2O +18Cr(NO3)3.9H2O + 20C6H8O7.H2O → 9CuCr2O4 + 36N2 + 120CO2 + 289H2O 

          (1) 

Citric acid was added as an 18:5 molar ratio to nitrate ions. The temperature was 

kept at 50 °C while stirring vigorously. Then the temperature was increased and 

further kept at 80 °C until a transparent and viscous gel was attained. The remaining 

viscous gel was heated up to 130 °C for 3 hours until a foamy dark powder was 

formed. The powder was activated in air at 10 °C/min to 650 °C and held 

isothermally for two hours.  

To introduce copper and chromium to ETS-2, the same synthesis procedure 

was followed. As the viscous gel was formed, ETS-2 was added to the gel and the 
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mixture was kept under mixing overnight at 80 °C. During this time the desired ions 

substitute on the surface of ETS-2 through ion-exchange process. The ion-exchanged 

ETS-2 was then filtered out of the mixture washed by deionized water and dried 

overnight in a vacuum oven at 60 °C. The adsorbent was later heated in a furnace 

under air atmosphere to 500 °C at a rate of 10 °C/min.  The sample was maintained 

at 500 °C for 2 hours.  

3-4 Characterization 

The crystal structure of the powders was analyzed by powder X-Ray 

Diffraction (XRD) using a BRUKER D4 Endeavor Diffractometer (Bruker-AXS, 

Karlsruhe, Germany). The measurements were carried out with Cu Ka radiation with 

a step size of 0.01° and time interval of 0.5 s. The acceleration voltage and emission 

current were equal to 40 kV and 40 mA, respectively. The computer program 

HighScore Plus (PANalytical, 2004) was used to evaluate the composition of the 

sample. 

The microstructure of the adsorbents was investigated by Scanning Electron 

Microscopy (SEM) using a Zeiss Ultra 55 device (Carl Zeiss NTS GmbH, 

Oberkochem, Germany).  

High-resolution Transmission Electron Microscope (TEM) images were 

collected using Zeiss Liba (Fa. Carl Zeiss Microscopy, Oberkochen, Germany) 200 

Cs (200 KeV) combined with an objective Cs corrector. 

The elemental analysis was carried out by Energy-Dispersive X-ray 

spectroscopy (EDX) using an INCA energy-dispersive X-ray analysis system 

(Oxford Instruments, Uedem, Germany).  

For the mass spectrometry measurements a standard ABB Extrel mass 

spectrometer (Questor QGP) capable of detecting down to 100 ppb concentrations 

was used. 

3-5 Experimental Setup  
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The adsorption test system consists of a gas blending unit, an electrically 

heated tube reactor furnace and a mass spectrometer. 1 g of the adsorbent was 

packed between plugs of quartz wool inside a heat resistant alumina tube with an 

internal diameter of 6 mm. The tube was then placed inside a high temperature 

furnace and was fed by a continuous flow of 500 ml/min of He/H2S mixture. The 

H2S concentration in the feed gas stream was 500 ppmv. The flow rates were 

controlled by electronic mass flow controllers.  

Exit H2S concentration was monitored continuously during the experiment at 

1 minute intervals. The breakthrough point was determined when the H2S 

concentration exceeded 1 ppmv and the adsorption experiments were stopped at exit 

concentration of 30 ppmv. Adsorption experiments were performed at different 

temperatures starting from 350 °C up to 1100 °C. 

 

3-6. Results and Discussion 

SEM analysis of ETS-2 revealed that the needle-like titania nanocrystals tend 

to form clusters, typically few micrometers in size. Figure 3-1 shows the clusters of 

titanate particles that are about 1 micron in size together with TEM image showing 

each particle is typically between 50-100 nm long and almost 20 nm wide. 

 

Figure 3-1. SEM (a) and TEM (b) images of nanotitanate ETS-2. 
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SEM images of CuCr-ETS-2 in Figure 3-2 show no dramatic change in the 

morphology of the nanotitanate particles after the ion exchange and activation 

process.  

 

Figure 3-2.  SEM images of CuCr -ETS-2 before adsorption. 

EDX analysis was performed on CuCr-ETS-2 before adsorption to observe 

the elements on the adsorbent. The result demonstrates the existence of five 

elements; titanium, chromium, copper, silicon and oxygen. TiO2 and SiO2 are base 

components of ETS-2 while chromium and copper are ion exchanged on the surface. 

3-6-1 Spinel Cu-Cr-O  

Single adsorption experiments were performed on the adsorbent at 

temperatures as low as 350 °C up to 1100 °C with 100 °C intervals. In a typical 

adsorption experiment, the H2S concentration in the exit gas stream is almost zero 

until a certain time, after which it starts to rise and then increases rapidly. The time 

of the abrupt change of slope in the H2S concentration is called the breakthrough 

time.  
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Figure 3-3 shows the breakthrough curves for the adsorbent at different 

temperatures. The results are presented in terms of ppmv of H2S in the exit stream 

versus time. The further the profile is shifted to the right, the higher the capacity of 

the adsorbent. It can be seen that for temperatures from 450 °C to 850 °C the 

adsorbent was capable of removing the H2S from 500 ppmv (in the feed) to 

concentrations below the detection limit of approximately 100 ppbv for up to 90 

minutes. 

 

Figure 3-3: Breakthrough curves for H2S adsorption on Cu-Cr-O from a 500 ppmv mixture of H2S 

and He with a flow rate of 500 ml/min at different temperatures. 

      According to Figure 3-4, Cu-Cr-O is an effective H2S adsorbent at elevated 

temperatures. While different studies have studied the adsorbent for H2S removal at 

temperatures between 600°C to 800°C,
22, 26, 29

 it has not been tested for lower 

temperatures. In our experiments, the adsorbent has higher capacity at temperatures 

ranging from 450 °C to 850 °C with a maximum capacity 35 mg H2S/mg adsorbent. 

Our results indicate at temperatures below 450 °C and above 850 °C the adsorption 

capacity is considerably lower.  
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Figure 3-4: Breakthrough capacities of Cu-Cr-O at different temperatures as measured in 1 ppmv H2S in the exit 

gas. 

3-6-2 CuCr-ETS-2 

The adsorption capacity and breakthrough times for CuCr-ETS-2 were 

obtained using the same test system and under the same conditions as described in 

the previous section. A stream of gas with 500 ppmv H2S content was used. 

Adsorption tests were conducted at temperatures from 350 °C to 1100 °C. The 

results are shown in Figure 3-5. 
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Figure 3-5: Breakthrough curves for CuCr-ETS-2 from a 500 ppmv mixture of H2S and He with a flow rate of 

500 ml/min at different temperatures. 

Unlike Cu-Cr-O, CuCr-ETS-2 maintains the high adsorption capacity at 

temperatures as low as 350 °C up to 950 °C. This behavior makes CuCr-ETS-2 a 

good candidate for a wide range of desulfurization applications from low 

temperature water-gas shift to near combustion-temperature gas streams. A 

comparison between the two adsorbents shows an increase in the adsorption 

capacities from 35 mg H2S/g adsorbent for the Cu-Cr-O to about 60 mg/g adsorbent 

for Cu-Cr-ETS-2.  
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Figure 3-6: Breakthrough capacities of CuCr-ETS-2 at different temperatures. 

The reaction of our adsorbent with H2S in an inert atmosphere should follow one of 

the following mechanisms. CuCr-ETS-2 may react directly with the H2S to form a 

copper sulfide and water. The stability of the measured adsorption capacity of CuCr-

ETS-2 over a wide temperature range could be due to the ability of chromium to 

stabilize copper against complete reduction by H2, which is formed through the 

autothermal dissociation of H2S at high temperatures.
38

  

It is also possible that the adsorbent undergoes a reaction with H2S given by reaction 

(2).
39 

6CuO + 4H2S → 3Cu2S + 4H2O + SO2      (2) 

The initial reaction in the sequence that combines to produce Eq. 2 has CuO reduced 

to Cu2O with the production of SO2 and H2. The H2 produced in this reaction could 

risk reducing the copper oxide to copper metal at elevated temperatures. The 

stability of CuCr-ETS-2’s adsorption capacity suggests that the chromium in the 

adsorbent stabilizes the oxidation state of copper and prevents its reduction to metal. 

We have tested, under the same conditions, Cu-ETS-2 with no chromium and found 

that the capacity of the adsorbent is not stable across as wide a temperature range as 

when chromium is added. 
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According to Yasyerli and Flytzani
22,38

 different copper sulfides will form 

during adsorption of H2S on Cu2O with copper to sulfur ratios between 1.8 (digenite) 

to 2 (chalcocite). XRD analysis of the adsorbent after adsorption shows formation of 

the same species. At lower temperatures (350 °C and 550 °C), Cu9S5 (digenite) with 

a copper to sulfur ratio of 1.8 was the only detected copper sulfide species. As the 

temperature increases to 750 °C, Cu2S starts to form together with Cu9S5 and at 950 

°C and 1100 °C, Cu2S is the only detected copper sulfide species. XRD data, 

showing almost the same copper to sulfur ratio, are in good agreement with the 

calculated H2S adsorption capacity of the adsorbent (Figure 3-6), as the capacity 

does not significantly change at different temperatures. Having comparable 

adsorption capacities throughout the whole temperature range suggests the existence 

of the same reaction stoichiometry at different temperatures. The presence of 

chromium on the adsorbent is believed to be the reason, as it keeps copper in the 

Cu
2+

 or Cu
+
 oxidation state.

22
 In our experiments, taking into account the copper to 

sulfur ratio indicated by XRD analysis, the oxidation state has been kept constant at 

+1 throughout the whole temperature range, in good agreement with Eq. (2). 

Figure 3-7 shows the SEM micrographs of CuCr-ETS-2 after adsorption 

testing at 350, 550, 750, and 950 °C.  As the images show, two visually different 

crystals have been formed on the surface of adsorbent. At lower temperatures (e.g. 

550 °C) almost all the copper sulfide crystals are pseudo hexagonal, which according 

to XRD analysis are Cu9S5 (digenite). At 750 °C, both pseudo hexagonal and card-

like structures are observed. Card-like structures represent Cu2S (chalcocite). At 950 

°C all the observed sulfides are card-like structures, which are Cu2S according to 

XRD analysis. Figure 3-8 shows that at 1100 °C the adsorbent undergoes 

widespread sintering which is believed to explain the dramatic loss in H2S capacity 

observed at this temperature. 
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                                         (a)                                                   (b) 

 

          (c) (d) 

Figure 3-7. SEM images of CuCr -ETS-2 at: a) 350 °C, b) 550 °C, c) 750 °C and d) 950 °C. 

 

Figure 3- 8. SEM image of CuCr-ETS-2 at 1100 ⁰C. 
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XRD analysis (Figure 3-9) also reveals a morphology change in the titania as 

the temperature is increased. At lower temperatures, (350 °C), the dominant titania 

phase is anatase while at 750 °C peaks of rutile appear. At 950 °C rutile is the only 

form of TiO2 in the adsorbent. The change in morphology has no apparent effect on 

the sulfur capacity of the adsorbent. 

 

Figure 3-9: XRD patterns of CuCr-ETS-2 after adsorption at different temperatures. 

 

3-7- Conclusions 

H2S removal directly from a syngas stream is needed to maximize efficiency 

of IGCC systems and for any process using metal catalysts susceptible to sulfur 

poisoning. The Cu-Cr-O mixed-metal oxide adsorbent system was adapted by 

dispersing copper and chromium oxides on the surface of ETS-2 via ion exchange. 

The H2S breakthrough testing showed that CuCr-ETS-2 has twice the sulfur capacity 

compared to Cu-Cr-O for temperatures between 450°C to 850°C. CuCr-ETS-2 also 
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has a wider temperature range and maintains its sulfur capacity between 350 and 950 

°C making the same adsorbent equally good for both low and high temperature 

desulfurization. The presence of Cu9S5 in the sulfided adsorbent strongly suggests 

that the chromium is able to stabilize oxidation state of copper at +1. 
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4-1 Abstract 

 

The removal of H2S at combustion temperatures can be accomplished using 

metal oxides which react and sequester H2S as a metal sulfide. Cu-ETS-2 is an ion-

exchangeable titanate which has been modified to hold about 17 wt% copper 

supported on its surface. Cu-ETS-2 has previously been shown to be an effective 

adsorbent for removing hydrogen sulfide from dry, inert gas streams at temperatures 

as high as 950 °C. This study measured the influence of water vapor on the H2S 

adsorption capacity of Cu-ETS-2 using an inert stream containing 500 ppm H2S and 

10 vol% H2O. The results demonstrate that the presence of water vapor reduces the 

capacity of the adsorbent at temperatures greater than 350 °C. The loss in capacity 

can be explained by an unexpected increase in the amount of H2 present in the humid 

gas stream at elevated temperatures. 

 

Keywords: H2S adsorption; Hydrogen sulfide; ETS-2; High temperature; Copper 

oxide; Desulfurization; Effect of water 

 

4-2. Introduction 

Integrated gasification combined cycle (IGCC) power systems are appealing 

due to the potential to achieve higher efficiency and cleaner power from a variety of 

fuel sources, including coal. The synthesis gas produced from gasification contains 

CO, CO2, CH4 and H2 and, due to presence of sulfur in most coals, H2S is present in 

quantities ranging from 0.1 to 6 wt% 
1
.  The H2S generated during the gasification 

reaction needs to be removed from the syngas to prevent corrosion concerns with the 

system equipment and to protect catalysts downstream of the gasifier. 

After exiting the gasifier, syngas typically undergoes a catalytic water-gas 

shift (WGS) reaction at temperatures between 250 and 450°C to generate additional 

hydrogen by using steam to convert CO to CO2. H2S can rapidly poison the WGS 

catalysts and thus must be removed to a level below at least 20 ppmv before being 
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introduced to the WGS process
2
. Several treatment options exist for removing H2S 

from syngas streams, including chemisorption on solid adsorbents, catalytic 

combustion, chemical oxidation, and absorption in liquids
3, 4

 . Most of the 

techniques, however, are operated at temperatures lower than the gasifier 

temperature which requires the syngas to be cooled down prior to desulfurization 

and subsequently reheated before being introduced into the water-gas shift reaction
3, 

5
. An ideal H2S adsorbent for an IGCC system would be able to desulfurize the 

syngas stream without requiring the gas to be cooled or dehumidified.  As a result, 

adsorbents capable of adsorbing H2S at temperatures greater than 500°C have 

become of growing interest. 

Different metal oxides have been used for the purpose of H2S removal from 

high temperature gas streams
6-8

. Among them, zinc oxide has been shown to have 

high hydrogen sulfide adsorption capacity and suitable diffusion rate
9, 10

, however 

ZnO sinters at temperatures around 700°C and thus has a limiting thermal stability.  

Copper oxide has appealing thermodynamics at higher adsorption temperatures and 

has been the subject of a number of investigations
5, 11-13

. However, the existence of 

hydrogen in the gasification stream leads to the rapid reduction of CuO to Cu2O and 

eventually to elemental copper; a sequence of events which increases the solid 

diffusion resistance due to sintering and the formation of onion-like, dense layers of 

copper
14-16

. Metallic copper has a sulfidation equilibrium constant 10 orders of 

magnitude lower than CuO or Cu2O
17

 which renders it ineffective as an adsorbent.  

Gasification streams also contain a significant amount of water ranging from 

5 to 50 vol%
18

. One study showed, for H2S streams having a range of humidity, the 

presence of moisture in the gas stream can dramatically lower the adsorption 

capability of H2S for a Cu-impregnated activated carbon
19

. Huang et al attributed the 

loss in adsorption capacity partially to competitive adsorption from water on the 

surface of the carbon as well as to the reduction of Cu(II) to Cu(I) in the presence of 

water.  The breakthrough measurements, however, were carried out at 303K and so 

the results of this study do not necessarily predict the behaviour of such systems at 

or near combustion temperatures. 
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Previous work by the authors examined copper-exchange ETS-2 (Cu-ETS-2) 

for high temperature (250°C -950°C) H2S removal
20

 ETS-2 was first reported by 

Kuznicki in 1989
21

 and is prepared through the caustic digestion of TiO2, which 

converts the surface titania groups to sodium titanate. ETS-2 is non-porous yet, due 

to the size of the individual platelets, can have a BET surface area as high as 

300m
2
/g. ETS-2 particles composed of a TiO2 core covered with charged, titanate 

groups are on the order of 50-100 nm long and 20 nm wide
22

. Cu-ETS-2 is prepared 

through simple ion exchange of the substrate with an aqueous solution of a copper 

salt. The previous testing used a dry stream containing 500 ppm H2S in He. The 

results demonstrated that Cu- ETS-2 had a consistent sorption capacity of between 

50 and 60 mg H2S/g(Cu-ETS-2) which was reduced by half at temperatures above 750 

°C
20

. 

In this work Cu-ETS-2 was challenged by blending 11 vol% water with the 

500 ppm H2S (balance He) stream. The water loading was selected as typical of the 

syngas composition before the water gas shift reaction (WGSR)
23

.  Breakthrough 

profiles for a number of gases were collected simultaneously at temperatures ranging 

from 250°C to 950°C to understand the difference, if any, in H2S adsorption capacity 

under dry and humid conditions.  It was elected to explore pure Cu-ETS-2 as 

opposed to a bi- or tri-metallic form of the adsorbent to isolate the influence of steam 

on the reaction of H2S with copper oxide. 

4-3 Materials preparation 

ETS-2 was synthesized hydrothermally using an alkaline source, solid, nano-

particulate TiO2, and sodium silicate (29% SiO2, 9%NaOH) as based on the previous 

methods reported in the literature
20, 24

. Copper-exchanged ETS-2 was similarly 

prepared as reported previously
22

 by ion-exchanging of slurry of solid ETS-2 mixed 

with copper nitrate solution using the weight proportions of 1:2:100 for adsorbent to 

salt and water respectively. The slurry was stirred at 80 °C for approximately 24 

hours. Afterwards the ion exchanged sample was filtered and washed with deionized 

water and dried in a vacuum oven overnight at 60 °C. Prior to the adsorption 
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experiments, the Cu-ETS-2 adsorbent was activated in air by heating it to 500 °C in 

a muffle furnace at 10 °C/min with an isothermal dwell of two hours. 

4-4 Characterization 

Powder X-ray Diffraction (XRD) Analysis: 

A BRUKER D4 Endeavor X-ray diffractometer (Bruker-AXS, Karlsruhe, 

Germany) was used to collect the powder X-ray diffraction patterns. The 

measurements were carried out using Cu K radiation, a step size of 0.01° and a step 

time of 0.5 s. The acceleration voltage was 40 kV and the emission current was 40 

mA. The computer program HighScore Plus (PANalytical, 2004) was used to 

evaluate the composition of the sample. 

Scanning Electron Microscope (SEM): 

Zeiss Ultra 55 device (Carl Zeiss NTS GmbH, Oberkochem, Germany) 

Scanning Electron Microscopy (SEM) has been used to study the microstructure of 

the adsorbents.  

Transmission Electron Microscope (TEM): 

Samples in powder form were dispersed in methanol in an ultrasonic bath for 

10 min. One or two drops of each of these suspensions were then placed on a Carbon 

Type B, Au grid (300 mesh) and dried prior to analysis. The image was taken by a 

JEOL 2010 and JEOL 2100 with Lab6 filament transmission electron microscopes. 

Mass Spectrometry: 

The gas species present in the exhaust stream of the reactor were sampled 

using a Pfeiffer Omnistar GSD 320 with QMA 200 residual gas analyzer has been 

used. Fragments at m/z = 2, 34, 48, and 64 were tracked using a 500 ms sampling 

time and an electron muliplier voltage of 800 C to monitor the relative 

concentrations of H2, H2S and SO2 in the exhaust stream. 
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4-5 Humidification and Reactor Configuration  

A Bronkhorst CEM (controlled evaporator mixer) system was used to 

humidify the H2S stream.  The CEM system uses separate gas flow and a liquid flow 

controllers to meter specified amounts of each component into a heated evaporator-

mixer that was maintained at 110 °C. The humid stream exiting the CEM was fed 

through a heat-traced tube (similarly maintained at 110 °C) to a quartz tube reactor 

placed in an electrically heated furnace. The CEM system can provide both dry and 

humidified gas and for the humidified experiments 500 sccm of gas was blended 

with 0.052 ml/min of liquid water to generate a stream that was 11 vol% steam. This 

water loading corresponds, roughly, to a gas stream at 50 °C and 100% relative 

humidity.  

Figure 4-1 shows a schematic of the reactor system used in the experiments. 

For every run, 0.5 g of adsorbent was packed between two plugs of quartz wool in 

the center of an 8 mm (ID) quartz tube. The sample was first equilibrated under 500 

sccm helium for 5 minutes before the three-way valve was switched to the start an 

equal flow of dilute H2S. The same sequence was used for the humidified 

experiments where both He and H2S/He mixtures were humidified to the same level. 

The gas stream exiting the adsorbent bed was passed through a condenser to knock 

out excess water before being sampled by the quartz capillary connected to the mass 

spectrometer to analyze the composition. The H2S concentration was determined at 3 

second intervals and the breakthrough point was defined as when the concentration 

of H2S exceeded 1% of its maximum concentration.  When the concentration of the 

gas approached the inlet gas concentration the experiments were stopped.   
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Figure 4-1. Schematic of the humidification and reactor system. 

4-6. Results and Discussions 

Figure 4-2 shows a transmission electron micrograph (TEM) of as-

synthesized ETS-2 and scanning electron micrographs (SEM) of ETS-2 and Cu-

ETS-2. As the TEM image in Figure 4-2a shows, each ETS-2 particle is typically 50 

to 100nm in length and 20 nm wide. The SEM image in Figure 4-2b demonstrates 

that particles tend to form aggregates or clusters. As reported in a previous study, 

each cluster is, on average, about 1-2 µm in diameter
22

. Figure 4-2c is an SEM 

image of the copper-exchanged ETS-2 and this image indicates that, after ion 

exchange with the copper solution, the morphology of the material does not change. 
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   (a)      (b) 

 

(c) 

Figure 4-2. (a) TEM and (b) SEM images of ETS-2 together with (c) SEM image of Cu-ETS-2 showing the 

particles cluster size and morphology. 

The adsorption experiments were performed both with and without the 

presence of water at intervals of 100 °C ranging from 250 ºC to 950 ºC. Fresh 

adsorbent was used for each experiment. Figure 4-3 shows typical H2S breakthrough 

curves for humid and dry streams at three different temperatures ranging from 350 

°C to 750 °C. 
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Figure 4-3 – Comparison between H2S breakthrough curves for dry and humid stream at (a) 350 °C, 

(b) 550 °C and (c) 750 ºC 

The curves related to dry H2S adsorption in Figure 4-3 show a progressive 

reduction in breakthrough time and the roughly 50% reduction in capacity between 

350 and 750 °C has been previously attributed to the thermal dissociation of H2S and 

the associated formation of H2, which promotes the reduction of CuO to Cu2O and 

elemental copper
24

.  Under our dynamic adsorption conditions metallic copper is 

effectively non-adsorbing and thus does not contribute to the desulfurization 

capacity of the adsorbent
25

. Under humid conditions there is a measurable loss 

(compared to the dry experiments) in H2S capacity at 350 and 500 °C but at 750 °C 

the H2S capacity loss was, unexpectedly, almost absolute.    

The samples exposed to humid H2S were measured using powder X-ray 

diffraction to determine whether the products of reaction are changing with the 

introduction of moisture.  Figure 4-4 shows the diffraction patterns for samples of 

Cu-ETS-2 that had been exposed to dry and humid H2S at 550 and 750 °C. The 

measurable loss in H2S capacity seen in the breakthrough profiles at 550 °C is not 
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accompanied by any change in the crystalline phases present in the sample.  At 750 

°C, however, the XRD pattern for the sample exposed to humid H2S stream shows a 

significant amount of metallic copper present in the sample which is not present in 

the control sample exposed to dry H2S.  The presence of a large amount of non-

adsorbing, metallic copper in the sample exposed to the humid stream explains the 

abrupt loss in adsorption capacity for this sample. The presence of metallic copper in 

the sample can only be reasonably explained by the presence of a higher H2 

concentration in the feed stream.  
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Figure 4-4. XRD pattern of Cu-ETS-2 after H2S adsorption at (a) 550ºC and (b) 750°C for dry and 

humid streams 

Only two reactions were identified that could generate H2 using the feed gas 

specified. The endothermic, thermal decomposition of H2S is described by Equation 

1.  

H2S ↔ H2 + ½S2          (4-1) 

The contribution of H2 to the system through this reaction is obvious in the 

dry experiments as a coating of yellow solid builds up on the outlet of the reactor as 

it exits the furnace and is cooled on exhaust.  The deposition of elemental sulfur is 

more pronounced at longer run times and at temperatures above 650 °C. 

There was no evidence of elemental sulfur deposit anywhere in the exhaust 

system for the experiments run under humid conditions.  The absence of this 

signature product was unexpected because elemental sulfur is not known to react 

with water. It was considered that the H2S may be reforming with the excess water 

vapor to generate H2 via Equation 2. 
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H2S + 2H2O ↔ SO2 + 3H2        (4-2) 

Since both reactions are endothermic the reactor system was adapted to 

sample the gases at high temperature to prevent the reactants from recombining as 

the gas cools on exhaust.  To study the high temperature gas phase species, the 

exhaust system shown in Figure 4-1 was removed and a longer, stainless steel 

capillary with a 5 micron ID was mounted to the mass spectrometer.  The capillary 

was inserted directly into the quartz reactor tube so that the inlet to the capillary for 

the mass spectrometer was at the center of the furnace.  In addition, the 60 cm long 

10 mm OD quartz tube used for the adsorption reaction was replaced with 1.5 m of 

0.25” OD, serpentine-folded quartz tubing.  The additional length of tubing was 

selected to encourage the reactions to reach equilibrium by extending their residence 

time in the furnace. The inlet of the mass spectrometer was heated to 150 °C and the 

capillary was heated to 200 °C to ensure liquid water did not condense in the 

sampling system of the mass spectrometer.  

The concentration of H2 as a function of temperature was measured under 

both dry and humid conditions by ramping the furnace at 5 °C/min from 200 °C to 

800 °C.  The furnace was pre-heated to 200 °C to prevent water from condensing 

anywhere in the reactor system and the ramp program was started once stable 

baseline signals were achieved on the mass spectrometer. The difference in 

sensitivity and total system pressure between experiments was accounted for by 

dividing the H2S signal for the humid experiment by the H2S signal for the dry 

experiment. The H2 signal for the humid experiment was then divided by this ratio.  

Both the humid and dry traces were then baseline corrected so that the signal at 200 

°C was reduced to zero. The baseline correction is valid, and effectively cosmetic, 

because the amount of H2S converted at 200 °C is expected to be below the detection 

threshold of the instrument. 
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Figure 4-5 Standardized and baseline-corrected H2 signal as a function of temperature for humid and 

dry 500 ppm H2S in He 

Figure 4-5 shows the H2 signal from the mass spectrometer as a function of 

temperature for both the humid and dry gas experiments. The trend for the dry 

stream in shows a series of inflections; the first at about 400 °C and again at about 

600 °C before the H2 concentration trends steadily upward above 750 °C. This 

behavior is not characteristic of an endothermic reaction where a steady exponential 

trend is expected as a function of temperature. The lack of uniformity in the H2 

profile for the dry experiment could be due to a combination of instrument 

sensitivity and, potentially, adsorption/desorption effects on the stainless steel 

capillary.  The trend for the humid experiment, however, is more uniform and shows 

the expected profile for an endothermic reaction. The cause of the difference in the 

uniformity of the trends is not entirely clear though the water vapor is expected to 

provide a passivating influence on the steel capillary.  

The trends for the humid and dry streams diverge between 500 and 600 °C 

where the H2 signal for the humid experiment consistently exceeds that of the dry 

experiment. At 800 °C the H2 signal for the humid experiment is 2.5 times greater 

than that for the dry experiment. The mass spectrometry data can be considered, at 
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best, semi-quantitative due to the challenges associated with maintaining the high 

temperature equilibrium conditions for the gases sampled from the reactor. The 

trends seen in Figure 4-5 do, however, clearly indicate the presence of larger 

amounts of H2 in the humid stream, particularly at the highest temperatures. 

The breakthrough data in Figure 4-3 demonstrated that the presence of water 

vapor had no effect on the H2S capacity of Cu-ETS-2 at 350 °C, caused a modest 

reduction in capacity at temperatures around 550 °C, and caused a virtually complete 

reduction in capacity at 750 °C. The data in Figure 4-5 coupled with the XRD data in 

Figure 4-4 suggest the explanation for this trend lies in an increase in H2 

concentration and the associated reduction of copper oxide to copper metal brought 

about by the presence of a greater amount of H2 in the feed stream. 

The mechanism for the increase in H2 concentration was probed by looking 

at the SO2 signal. If H2S is, indeed, reforming with water then the concentration of 

SO2 should increase as the H2 concentration increases. In fact, the SO2 trend (not 

shown) for both the dry and humid experiments as a function of temperature is 

largely the same and shows no obvious trend except for a slight tapering reduction as 

the temperature increases. The signals at m/z = 48 and 64 were compared to see if 

the partial oxidation of sulfur was perhaps contributing in some way but the trend for 

both fragments was identical. While it remains possible that H2 and SO2 might 

combine in the capillary to reform H2O and H2S, the indications from the 

experiments suggest that the generation of additional H2 is not associated with SO2 

formation. As a result H2 generation via Equation 2 is an unlikely route to explain 

the virtually complete reduction of copper at 750 °C under humid conditions. 

The thermal cracking reaction described by Equation 1 is not facile and a 

residence time of even 2 seconds is insufficient to approach equilibrium at 

temperatures below 1000 °C
26

. Using a flow rate of 500 ml/min, our serpentine 

reactor allowed even shorter residence times; about 1.5 seconds at 200 °C and 

dropping to about 650 ms at 850 °C. The short contact time afforded by our reactor 

implies that the thermal cracking reaction described by Equation 1 is certainly far 

from equilibrium.  Accepting that H2 is the only reactant in our system capable of 
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reducing copper oxide to elemental copper - coupled with the observation SO2 is not 

apparently a product of reaction - it remains that Equation 1 is likely the sole source 

of the H2 in the system. Though speculative, and only partially supported by the 

data, it appears that the presence of moisture may promote the thermal cracking 

reaction by providing a diluting effect on the products in much the same way that it 

does during an ethane cracking reaction
27

. 

4-7. Conclusions  

The presence of water vapor in an inert gas stream containing 500 ppm H2S 

promotes the reduction of copper on the surface of Cu-ETS-2. The influence of 

moisture is most clearly seen in the breakthrough experiments carried out at 

temperatures above 750 °C where the presence of moisture virtually eliminates the 

H2S capacity for the adsorbent and the XRD for the reacted sample shows the 

presence of elemental copper on the surface. Though the mechanism remains 

somewhat ambiguous, the H2 responsible for reducing the copper appears to come, 

not from the direct reaction of H2S and H2O, but through an apparent enhancement 

in the degree of thermal cracking of the H2S.   
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5-1 Introduction 

In the previous chapters the reaction between Cu-ETS2 and H2S was discussed in 

detail. In summary, CuO is consumed during adsorption to produce Cu2S. This step 

can function as a stand alone unit, however due to economic reasons it is preferred to 

avoid disposing of consumed adsorbent and replacing it with fresh materials.  

A regeneration process is complementary to the adsorption process and can oxidize 

Cu2S back to CuO. During this process SO2 is generated, which can also be further 

oxidized to SO3. The generated SO3 can in turn be used to produce sulfuric acid
1
. 

The objective of the experiments presented in this chapter is to investigate the ability 

of Cu-ETS2 to be regenerated and present the reactions that can occur during the 

oxidation of copper sulfide. The result presented in this chapter together with the 

detailed understanding of copper oxide sulfidation presented in the previous chapters 

can be used to enable an optimal design of an adsorption/regeneration process for 

H2S separation. 

The concept of copper sulfide oxidation has been widely investigated due to its use 

in refining naturally occurring copper sulfides. It has been found that during 

oxidation, CuS is first converted into Cu2S and generates elemental (gaseous) 

sulfur
2
. The formed Cu2S is then oxidized further into Cu2O and eventually into 

CuO. At temperatures above 663 °C CuO was the only observed final product; at 

temperatures below 663 °C copper sulfate was also found.  

Lewis et al.
3
 studied the oxidation of Cu2S (powder with a particle size between 

0.149 -0.074 mm) in both air and in pure oxygen at temperatures between 250 and 

700 °C. The main objective of the study was to determine the amount of water 

soluble components formed. They found the optimum temperature for the formation 

of water soluble copper components (CuSO4) to be 450 °C, when using air or 

oxygen as the reaction gas. When using pure oxygen as oxidizing agent only 8% of 

the Cu2S was converted into water soluble copper components. 
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In a study conducted by Ganguly and Mukherjee
4
, it was found that once CuS is 

subject to oxidation, the first step in the overall reaction is the decomposition of CuS 

to Cu2S and elemental sulfur. The formed elemental sulfur immediately reacts with 

oxygen to form SO2. 

Asaki et al.
5
 studied the oxidation of a pellet of Cu2S at atmospheric pressure, under 

various temperatures and oxygen concentrations. The reaction temperature was 

varied between 750 and 850 °C. The oxygen concentration was varied between 5 

and 20 vol%. They used pellets with an approximate diameter of 6 mm. The 

oxidation of Cu2S appeared to be a two stage process. First Cu2S was oxidized to 

Cu2O, which was then oxidized further to CuO. The results were supported by the 

intersection of a partly oxidized pellet. This pellet showed a layered structure with 

the core being unreacted Cu2S, the inner layer being Cu2O, and the outer layer 

consisting of CuO. Under the experimental conditions the rate of the reaction was 

determined by the gas phase mass transfer resistance. As the reaction proceeded, 

diffusion through the product layer was assumed to become rate determining. At a 

temperature of 850 °C the pellets were partially melted due to the exothermic 

reaction. The time needed for complete conversion of a single pellet of Cu2S to CuO 

was estimated to be 3 hours. 

Shah and Khalafallah
6
 studied the oxidation of covellite, CuS, in detail to determine 

the sequence of reactions and intermediate phases during its roasting. They studied 

the reaction under different conditions using DTA (differential thermal analysis), 

TGA, and XRD of the reaction products. They reported that tenorite, CuO, and 

dolerophenite, CuO.CuSO4, form prior to the formation of the copper sulfate phase 

and that they are physically located below the CuSO4 layer. Their proposed sequence 

was
7
: 

CuS → Cu9S5 → Cu2O → CuO.CuSO4 → CuSO4 → CuO.CuSO4 → CuO 
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5-1-1 Thermodynamics 

Figure 5-1 shows the phase diagram of Cu-S-O system as a function of oxygen and 

sulfur dioxide partial pressures at 727 °C plotted using the thermodynamic data 

given by Brian
8
. 

 

Figure 5-1- Phase diagram of Cu-S-O system at 727°C 

 

As Figure 5-1 indicates, CuO is the most stable component when a copper- sulfur 

component is brought in contact at 727°C with partial pressure of O2 being more 

than 10
-4

 and a partial pressure of SO2 less than 10
-2

. As Figure 5-1 shows higher 

partial pressures of oxygen and lower partial pressures of SO2 favor formation of 

CuO.  
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Considering the aim of this study to be the first investigation on the ability of Cu-

ETS-2 to be regenerated, oxygen was used as the oxidizing agent for our 

experiments instead of air, which is commonly used in industries. Having negligible 

amount of SO2 in the feed also ensures formation of CuO after the regeneration 

process and enables us to have a better understanding of the regeneration behavior of 

Cu-ETS-2. 

5-2 Materials preparation: 

ETS2 was prepared according to the same procedure described in chapters 1- 4 and 

later ion exchanged with copper nitrate solution. During ion exchange, the weight 

proportion of ETS-2 to copper salt to water was 1:2:100. The mixture was kept at 

80°C and stirred for 1 day. Copper exchanged ETS-2 was later filtered and washed 

extensively with deionized water and dried in a vacuum oven at 60°C overnight. 

Prior to adsorption experiments, the adsorbent was activated by heating at 500°C 

under static air flow in a furnace for two hours. 

5-3 Characterization 

Powder X-ray Diffraction (XRD) Analysis 

The crystalline structures of the adsorbents were examined by XRD measurements 

using a Rigaku Geigerflex model 2173 diffractometer equipped with a cobalt (λ = 

1.790 21 Å) rotating anode source and a graphite monochromator for filtering the 

Kbeta wavelengths. 

Mass spectrometry 

The gas species present in the exhaust stream of the reactor were sampled using a 

Pfeiffer Omnistar GSD 320 with QMA 200 residual gas analyzer. Different gas 

fragments were tracked using a one second sampling time to monitor the relative 

concentrations of H2S and SO2 in the exhaust stream. 

Scanning Electron Microscope (SEM): 
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Zeiss Ultra 55 device (Carl Zeiss NTS GmbH, Oberkochem, Germany) 

scanning electron microscopy (SEM) has been used to study the microstructure of 

the adsorbents.  

5-4 Experimental setup 

The experiments were performed in the same setup used in the previous experiments 

and described in previous chapters. For every run, 0.5 g of adsorbent was packed in 

the center of an 8 mm (ID) quartz tube between two plugs of quartz wool. 

The setup was equipped with an oxygen stream and a three way valve to switch 

between a He-H2S stream for adsorption and O2 for oxidation cycles. Figure 5-2 

shows a schematic of the reactor system used in the experiments. 

 

Figure 5-2- Schematic diagram of the experimental setup 

 

5-5 Results and discussion 

The adsorbent was tested for several adsorption and regeneration cycles at 350, 550, 

750 and 950°C.  

A typical adsorption breakthrough curve for adsorption experiment is presented in 

Figure 5-3. The inlet concentration of 470 ppmv H2S is effectively removed by the 

adsorbent as the concentration of H2S in the outlet is maintained below the detection 

limit of the instrument. As time passes, the H2S concentration rises above the 

baseline and the curve inflects as H2S “breaks though”. The concentration rises 
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rapidly after breakthrough as a result of the adsorbent becoming saturated and 

having fewer sites which can react with H2S. 

As the figure shows, the adsorbent shows almost the same breakthrough time for 

different adsorption cycles. During adsorption CuO reacts with H2S to from Cu2S 

and SO2 as per reaction 1
9
. 

6CuO + 4H2S → 3Cu2S + 4 H2O + SO2     (5-1) 

Reaction (1) is the overall reaction of four sub reactions (2-6) (7): 

4CuO + H2S → 2Cu2O + SO2 + H2      (5-2) 

2Cu2O + 2H2S → 2 Cu2S + 2H2O      (5-3) 

Hydrogen generated in reaction (1) can further react with CuO to reduce it to Cu2O. 

Cu2O later react with H2S to form Cu2S: 

2CuO + H2 →Cu2O +H2O       (5-4) 

Cu2O + H2S → Cu2S + H2O       (5-5) 
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Figure 5-3 – Typical adsorption breakthrough curves for multiple adsorption cycles on Cu-ETS-2. (the presented 

data are for experiments at 550 °C) 

 

Figure 5-4 shows the breakthrough times for adsorption experiments at different 

temperatures and different adsorption cycles. It is worth mentioning that 

breakthrough time has been chosen to be the time in which H2S concentration in the 

exit reaches 10% of the amount in the feed stream. 
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Figure 5-4 - Breakthrough times (in minutes) for different adsorption cycles at different temperatures 

 

As Figure 5-4 shows, average adsorption breakthrough times are in agreement with 

the results for the previous experiments presented in chapter 1 with the reduction of 

breakthrough time to almost a half after 750°C. In this section and unlike chapter 1, 

the results are presented in breakthrough time instead of adsorption capacity because 

we developed a better understanding on the adsorption capacity and H2S stability at 

higher temperatures compared to chapter 1. For 350, 550 and 950°C experiments, 

the adsorbent underwent 4 adsorption and 3 regeneration processes. Terminating the 

experiments with an adsorption cycle enabled us to investigate the morphology and 

surface chemistry of the adsorbent after desulfurization. At 750°C, the experiments 

were terminated by an oxidation (regeneration) step in order to investigate the 

adsorbent after consumption by H2S.  

During oxidation (regeneration) process, copper sulfide reacts with oxygen to form 

copper oxide and sulfur dioxide. The reaction happens in two steps. Oxidation of 

copper sulfide to Cu2O and then further oxidation of Cu2O to CuO: 

Cu2S + 3/2 O2 → Cu2O+SO2      (5-6) 
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Cu2O + 1/2 O2 → 2 CuO      (5-7) 

Figure 5-5 shows a typical SO2 concentration change versus time during the 

oxidation process at different oxidation cycles. As the figure shows, a considerable 

amount of SO2 is generated at the very early stages of the oxidation process, 

indicating a fast reaction rate. Having considerable higher superficial feed gas 

velocity in the tube at higher temperatures, results in a different SO2 profile for low 

and high temperature experiments. Figures 5-5-A and 5-5-B show SO2 concentration 

changes at 350 and 950°C respectively. As Figure 5-5-A show, SO2 concentration 

increases as the oxidation reaction proceeds and after a few minutes, plateaus before 

decaying to almost zero at 350°C while at 950°C, the maximum is observed almost 

instantaneously in the beginning of the process followed by a decay to zero. 

 

 (A) 

 

(B) 

Figure 5-5 – Change in SO2 concentration in the exit at (A) 350 and (B) 950 °C 
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As reported in the literature (3), other products can also be formed during the 

oxidation process such as CuO.CuSO4. It is formed through the reaction of SO2 

produced by reaction (6) with Cu2O and oxygen: 

Cu2O + 1/2 O2 + SO2 → CuO.CuSO4      (5-8) 

Since CuO.CuSO4 is stable between 450 and 600 °C (10), it is expected to be 

present on the adsorbent for oxidation processes of 350 and 550°C resulting in lower 

adsorption capacities for the 2
nd

, 3
rd

 and 4
th

 cycles. However as Figure 5-4 shows, 

adsorption breakthrough times are almost constant for all four cycles and no decline 

is observed.  

In order to understand the reason behind a rather constant adsorption breakthrough 

time, XRD analysis was performed on the samples. The results revealed an 

interesting phase change in the adsorbent. As reported in chapter 1, the TiO2 in 

ETS-2 is in the form of anatase. However once it is heated above 700°C, it 

transforms into rutile. The results of XRD analysis for the sample regenerated at 

350°C is presented in Figure 5-6. As the figure shows, the only detectable phase on 

the sample other than Cu2S is TiO2 in the form of rutile.  

 
Figure 5-6 – XRD analysis of the adsorbent after 4 adsorption and 3 oxidation cycles at 350°C 
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The presence of rutile indicates that the heat of the exothermic oxidation reactions 

(reactions 6 and 7) are so high than the adsorbent heats up to at least 700°C.  

Massive heat generation during the oxidation process and exceeding temperatures 

above 700°C was discovered to be the reason behind having no CuO.CuSO4 at the 

end of the oxidation process and as a result formation of fresh adsorbent at the end 

of each oxidation cycle.  

5-5-1 Thermodynamic simulation 

To investigate the adiabatic reaction temperature and also possible phases that can 

formed during regeneration, FactSage
®
 thermodynamics software was used to model 

the process. The same amount of sorbent, gas concentration and temperature range 

used in the experiments was used as inputs for the simulation. The software uses an 

incremental Gibbs free energy minimization algorithm to calculate the stability of 

solid and gas species in the presence of a constant flow of a specified gas stream. 

The results of each step are then used to calculate the next stage until equilibrium in 

the solid composition is obtained. Figure 5-7 shows the change in the solid phases 

(in mol) during oxidation process versus the amount of oxygen (in mmol). 

 

Figure 5- 7 – change in solid phases versus the amount of oxygen entering the system for oxidation process at 

350°C 

As the figure shows, once oxygen is in contact with Cu2S, it oxidizes and forms 
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reactoion 7. Once enough oxygen is fed into the system, Cu2S totally converts into 

Cu2O and eventually CuO and the only active solid phase found on the adsorbent is 

CuO. 

The same analysis was also performed on the adsorbent at 950°C and the results for 

solid and gas phases are shown in Figures 5-8 and5- 9. 

 

Figure 5-8 - change in solid phases versus the amount of oxygen entering the system for oxidation process at 

950°C 

 

Figure 5-9 - change in gas phases versus the amount of oxygen entering the system for oxidation process at 

950°C 
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Interestingly at 950°C, thermodynamic simulations indicate that Cu2S reduces to 

elemental copper at the early stages of oxidation and later oxidizes to Cu2O and 

eventually CuO in the presence of oxygen. The reason behind initial formation of 

elemental copper in believed to be the massive heat generated through the early 

stages of the oxidation reaction at 950°C. Also, according to Figure 5-9 and as 

reported in the literature
1
, the SO2 generated by reaction (6) partially oxidizes and 

forms SO3.  

 

5-5-2 Adiabatic reaction temperature 

The result of the simulation on adiabatic reaction temperature for oxidation at 350°C 

is presented in Figure 5-10. As the figure shows, the temperature of the system can 

increase up to 1100°C (assuming adiabatic process) in the early stages of oxidation 

and cools down to the furnace temperature over time.  

 

Figure 5-10 – Temperature profile in Cu2S – O2 system versus the amount of oxygen fed into the system for Cu-

ETS-2 oxidation at 350°C assuming an adiabatic system 
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Due to the high temperature of the system, CuO.CuSO4 that could possibly form 

during oxidation at constant temperature of 450 °C decomposes and forms CuO and 

SO3: 

CuO.CuSO4 → 2 CuO + SO3       (5-9) 

At the highest experiment temperature of 950°C, an enormous amount of heat can be 

generated by reactions 6 and 7. Adiabatic simulation of the process predicts the 

temperature can reach temperatures as high as 2200°C. However, due to the flow of 

the gas over the adsorbent and higher rates of heat transfer at elevated temperatures, 

the system will probably not see such high temperatures and stays below TiO2’s 

melting point of 1843°C. However, SEM analysis suggests that elemental copper 

formed at the early stages of oxidation (Figure 5-8) has possibly been in liquid state 

during oxidation. 

5-5-3 SEM/ EDX analysis 

SEM analysis: 

In order to investigate the effect of heat of the oxidation reaction and to understand 

the surface chemistry of the adsorbent SEM/ EDX analysis was also performed on 

the adsorbent. As mentioned in section 5-5 at 350, 550 and 950°C the process was 

terminated with an adsorbent cycle and at 750°C, the final process was chosen to be 

an oxidation process in order to enable us to study the properties of the adsorbent 

after the adsorption and the oxidation process. 
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Figure 5-11- Scanning electron micrographs of Cu-ETS-2 after: (A) Adsorption and previously regeneration at 

350°C, (B) Only 1 adsorption at 350°C and (C) Only 1 adsorption at 950°C 

 

Figure 5-11 (A) shows the SEM micrographs of the adsorbent after 4 cycles of 

adsorption and 3 cycles of oxidation. Figures 5-11(B) and (C) are from an earlier 

study described in chapter 1. As the images show, copper sulfide crystals are formed 

on the surface of the adsorbent. Comparing Figure 5-11(A) with 5-11(B) and (C) 

confirms that the adsorbent has undergone intense heat during the oxidation process. 

Without undergoing an oxidation process, ETS-2 is almost intact at 350°C and keeps 

its needle like structure. However, once it is heated up to 950°C as shown in Figure 

5-11(C), ETS-2 particles sinter and change morphology. 

Although the adsorbent in Figure 5-11(B) has been kept in a furnace at constant 

350°C, the morphology of ETS-2 is very close to an adsorbent undergoing 

temperatures like 950°C (Figure 5-11(C)). The SEM image together with adiabatic 

heat of reaction simulations presented in section 5-6-1 confirms that during 

oxidation an enormous amount of heat is generated resulting in an immense 

temperature rise. 

SEM images of the adsorbent at 950°C experiment are also interesting. As Figure 5-

12 shows, a new morphology is seen in this sample. 
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Figure 5-12 – Scanning electron micrographs of Cu-ETS-2 after adsorption and previous oxidation at 950°C 

 

Big, needle like particles seen in Figure 5-12 are most probably formed due to 

recrystallization of TiO2 particles present in ETS-2 at very high temperatures 

because ETS-2 particles are on the average 100nm in length; however, these 

particles are almost 5 μm each. The exact nature of the needle like phases are not 
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clear to us; however, we had previously seen formation of such phases in Cu-Cr-

ETS-2 (chapter 2) experiments at 1100°C.  

 

Figure 5-13 – Needle like phases observed in a previous study after adsorption of H2S on Cu-Cr-ETS-2 at 

1100°C 

EDX analysis 

In order to further investigate the nature of the phases formed on the adsorbent at 

different temperatures, energy-dispersive X-ray spectroscopy was performed on the 

samples. 

Different regions in Figures 5-11-A and 5-12-A are marked with numbers. Tables 5-

1 and 5-2 show the composition of the phases mentioned in both images. 

Table 5-1 – EDX analysis results for the selected points on Figure 5-11-A. (All data are in atomic%) 

Point 1 

Cu Ti Si S O 

60.32 4.44 0.67 29.20 5.37 

Point 2 

Cu Ti Si S O 

0.69 20.19 5.17 0.44 73.51 

 

Table 5-2 – EDX analysis results for the selected points on Figure 5-12-A. (All data are in atomic%) 
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Point 1 

Cu Ti Si S O 

20.27 0.68 0.26 16.58 62.22 

Point 2 

Cu Ti Si S O 

67.72 1.28 1.79 10.72 17.07 

Point 3 

Cu Ti Si S O 

2.81 46.07 2.26 4.13 44.74 

 

As the data show, in Figure 5-11-A, the brighter phase (point 1) is copper sulfide 

(with atomic ratio of Cu:S being 2) and the darker phase being ETS-2. However in 

Figure 5-12-A, there are three major phases. Phase 1 being the needle like phase 

mostly containing copper, oxygen and sulfur. Phase 2 mostly consists of the reduced 

elemental copper formed during adsorption in the presence of hydrogen and phase 3 

is the sintered ETS-2 particles with a little copper sulfide formed on the surface. 

As mentioned earlier, the needle like structures formed on Cu-ETS-2 after 

adsorption and regeneration at 950°C had previously been observed during Cu-Cr-

ETS-2 experiments at 1100°C. The nature of the needle like phase seems to be the 

same in both experiments as they present almost the same EDX pattern. We believe 

that at very high temperatures, TiO2 and CuO might form a copper titanate. Figures 

5-14 and 5-15 show an SEM image of the needle line structure in Cu-Cr-ETS-2 

experiments together with the EDX pattern showing a qualitative elemental 

composition of the selected phase. As Figure 5-15 shows, similar to the composition 

of the needle like structure in Figure 5-12, the needle like phase formed at Cu-Cr-

ETS-2 experiments mostly consists of Cu, O and S. 
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Figure 5-14 – Needle like structures formed at Cu-Cr-ETS-2 experiments at 1100°C 

 

Figure 5-15 – EDX analysis for Cu-Cr-ETS2 at 1100°C 

 

5-5-4 H2S Thermal Dissociation and Adsorption Capacity 

H2S thermal dissociation 

In chapters 1 and 2 we discussed the effect of thermal dissociation of H2S on 

generation of hydrogen and consequently reduction of CuO to Cu2O and Cu. 

However, adsorption capacity results that are presented in chapters 1 and 2 are based 

on the presence of 500ppm H2S in the feed gas. In order to measure the exact 
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adsorption capacity by taking H2S thermal dissociation into account, an experiment 

was done to see the actual concentration of H2S at every temperature. Figure 5-16 

shows the mass spectrometer results for change in H2S concentration and H2 ion 

current at different temperatures starting from 150 to 950°C. It is worth mentioning 

that we were able to calculate the concentration of H2S due to having a certified 470 

ppmv gas tank purchased from Praxair. However we were not able to quantify the 

exact amount of H2 due to lack of a certified gas reference. As a result, the data for 

H2 are presented in terms of ion current in Figure 5-16. 

 
 

Figure 5-16 – the change in H2S concentration and H2 ion current at different temperatures 

The amount of H2S concentration at different temperatures is presented in Figure 5-

17. As the figure shows, H2S concentration drops down from 470 to 288ppm at 

950°C. 
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Figure 5-17 – Change in H2S inlet concentration at different temperatures due to thermal dissociation 

Based on the experimental data presented in Figure 5-17, and based on the same 

procedure for adsorption capacity calculation, the capacity of Cu-ETS-2 at different 

temperatures and adsorption cycles was calculated. The results are presented in 

Figure 5- 18. 

 

Figure 5-18- Adsorption capacity of Cu-ETS-2 in mg H2S/g adsorbent at different temperatures and adsorption 

cycles 
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5-6 Conclusions 

 

A series of experiments were performed to investigate the regenerability of sulfided 

Cu-ETS-2. Experiments were carried out to collect data for four adsorption/ 

regeneration cycles at a series of temperatures. For each experiment the adsorption 

and regeneration temperature were the same. The results indicated that the adsorbent 

is completely regenerable. This result was unexpected for the lower adsorption 

temperatures as the sulfate formed at lower temperature (CuO.CuSO4) cannot be 

easily removed due to it thermal stability. However due to the immense heat 

generated through oxidation of copper sulfides, CuO.CuSO4 also decomposes and 

forms CuO at furnace temperatures as low as 350°C, making Cu-ETS-2 a fully 

regenerable H2S adsorbent. 
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6-1 Conclusions 

The results in chapter 2 indicated that Cu-ETS-2 has a high adsorption 

capacity for H2S in non-reducing environments and is capable of removing H2S to 

levels below our detection limit (ca. 0.1 ppm) at temperatures ranging from 250 up 

to 950°C. The results, however, indicated that the adsorption capacity is sensitive to 

the presence of hydrogen in the system. Even small amounts of hydrogen in the 

system can reduce CuO to Cu2O and elemental copper, resulting in lower adsorption 

capacity. The H2 present in the otherwise inert gas was determined to be due to the 

thermal dissociation of H2S into H2 and S2 at temperatures above 750°C. This 

judgement was based on the presence of elemental sulfur at the cold exhaust of the 

reactor tube. 

In order to combat the problem associated with copper reduction, chromium 

oxide was combined with copper oxide to stabilize the oxidation state of copper. A 

previously reported Cu-Cr-O adsorbent was prepared according to the literature and 

its capacity for H2S adsorption was measured. As reported in the literature, Cu-Cr-O 

performs best at a narrow temperature range of 450 to 850°C with the highest 

adsorption capacity being 35 milligram sulfur per gram of adsorbent. The results for 

the bimetallic copper-chromium oxide prepared for this work showed no reduction 

in adsorption capacity at temperatures as high as 950°C.  

The presence of chromium has the same benefit for bimetallic, Cu-Cr-ETS-2 

adsorbents. Adsorption experiments indicated that once copper and chromium 

oxides are functionalized on ETS-2, the adsorbent develops a rather uniform 

adsorption capacity of ~55 milligram sulfur per gram of adsorbent at a wider 

temperature range of 350 to 950°C. Adsorption results for Cu-Cr-O and Cr-Cr-ETS-

2 shows that ETS-2 functions as a great support for the active adsorbent and results 

in considerable improvement in adsorption capacity. 

This study was the first to advance an understanding of the effect of water 

vapor of the adsorption characteristics of copper-based H2S adsorbents. Our results 

indicate that 10 vol% water has little influence on the H2S capacity of Cu-ETS-2 at 
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temperatures 350 °C and below. At temperatures around 550°C, under 10% 

humidity, Cu-ETS-2 is capable of removing H2S to concentrations below detection 

limit for a considerable amount of time (breakthrough time found to be almost 70% 

of dry gas experiments). The negative effect of water on the H2S adsorption capacity 

continued at higher temperature until, at 750 °C, virtually all of the copper on the 

adsorbent was reduced to non-adsorbing metal (verified by XRD). It was found that 

the presence of water vapor promotes the thermal dissociation of H2S which 

increases the amount of H2 in the feed stream.  The additional H2 promotes metal 

reduction and explains the observations made in the study. This study established 

that the presence of water vapor in a syngas stream does not create a special problem 

because the amount of H2 generated by the thermal dissociation of H2S will be 

negligible compared to the H2 present in a typical syngas stream.  

One of the desired features of an adsorbent is the ability to regenerate it 

multiple times. A series of experiments were performed to investigate the 

regenerability of sulfided Cu-ETS-2. Experiments were carried out to collect data for 

four adsorption/regeneration cycles at a series of temperatures. For each experiment 

the adsorption and regeneration temperature were the same. The results indicated 

that the adsorbent is completely regenerable. This result was unexpected for the 

lower adsorption temperatures because thermodynamics suggests that the sulfate 

formed at lower temperature cannot be easily removed. It was determined that, due 

to the use of pure O2 as the regenerating gas, the heat of reaction during regeneration 

resulted in a massive increase in temperature. The adsorbent, therefore, experienced 

temperatures much higher than the adsorption temperature and perhaps as high at 

1800°C. The heat generated during oxidation thus allowed complete regeneration of 

the adsorbent. The ability to maintain the same adsorption capacity even after 

experiencing such high temperatures shows one of the best benefits of ETS-2 as a 

support for adsorbent materials used in high temperature applications.  
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6-2 Recommendations for Future Work 

Knowing that water simply promoted H2 generation via H2S dissociation, the next 

logical step would be to gain an understanding of the effect of other species in 

syngas such as carbon monoxide. It is recommended for the future researchers to 

investigate the effect of H2:CO ratio on adsorption capacity of Cu-ETS-2 and Cu-Cr-

ETS-2. Ideally, any composition that stabilizes CuO against reduction should be able 

to limit the effects of negative effects of water and other reducing gases on the 

capacity of the adsorbent. 

 

Once the effect of independent operating parameters (temperature, pressure, gas 

composition) has been established on Cu-ETS-2 and Cu-Cr-ETS-2, the adsorbents 

should be tested under actual gasification conditions. Establishing that the adsorbent 

works under conditions that reflect the total process complexity is the final proof that 

the adsorbent should be ready for pilot trials. 

 

Rare earth metal oxides such as cerium oxide have also been reported in the 

literature to have good H2S adsorption capacity. It is also interesting to compare the 

adsorption results for Cu-ETS-2 and Ce-ETS-2 under the same operating conditions. 

Such alternate compositions may have higher adsorption capacity or may be more 

resistant to reduction. 

 

Understanding the influence of the exotherm on the regeneration of Cu-ETS-2 

requires further investigation.  Using air (a lower partial pressure of O2) should be 

investigated.  The lower temperature limit to completely regenerate sulfide Cu-ETS-

2 (or Cu-Cr-ETS-2) in air should also be determined. Lower temperatures and 

ambient gas mixtures would improve the economics of implementing the adsorbent. 
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