Copper exchanged nanotitanate for high temperature H2S adsorption
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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 Cu2+ 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.
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1. 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 carbon7 and metal oxides,8 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 ⁰C. 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 19th 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 Cu2+ 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 ⁰C.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 ⁰C.
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 substituted on Al2O3 in syngas at 500-700 ⁰C. 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 Kuznicki23 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 m2/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 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. Experimental
2.1 Materials preparation
ETS-2 was hydrothermally synthesized according to a procedure published elsewhere23  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.

2.2 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). 
[bookmark: _GoBack]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 the 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.

2.3 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. 

3. Results and discussion
Figure 1 presents the electron microscopy graphs of ETS-2. It shows that the particles tend to forms clusters. SEM analysis presented in Figure 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. 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.
Figure 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 particles is TiO2. 
The adsorbent was tested for H2S capacity at temperatures between 250 °C to 950 °C at 100 °C intervals. Figure 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”. 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 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. 
The capacity of the adsorbent for H2S at different temperatures is presented in Figure 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. 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 6.
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 Cu2+ at the same temperature range. 
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    										(1)

where Sx indicates different allotropes of sulfur. On the basis of thermodynamic data, Barin and Knacke28 suggested that at temperatures above 627 °C the reaction (1) can be written as:

2H2S→2H2+S2										(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   									(3)

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 Eq. (4)29: 

CuO+ H2Cu+H2O 										 (4)

Once in its metallic form, the copper sulfidation reaction proceeds as per Eq. (5):

2Cu+H2SCu2S+H2										(5)

The copper to sulfur stoichiometry in Eq. (5) is half that compared to Eq. (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 6) compared to the starting material which might be expected to have a negative effect on the adsorption capacity.  The SEM images in Figure 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 copper 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, this loss 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.

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 Cu2+ in the presence of H2 generated from thermally dissociated H2S. 
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Table 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



















Table 2. Equilibrium concentration of hydrogen in decomposition of hydrogen sulfide under 1 atm (calculated).27

	Temperature, oC
	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













List of figure captions:

Figure 1. a) TEM and b) SEM images of nanotitanate ETS-2 showing the particle size and cluster structure.
Figure 2. XRD patterns of ETS-2 and Cu-ETS-2.
Figure 3. Breakthrough curve for H2S adsorption by Cu-ETS-2 at 550 °C.
Figure 4. Breakthrough curves for Cu-ETS-2.
Figure 5. Breakthrough capacities of Cu-ETS-2 at different temperatures.
Figure 6. XRD patterns of Cu-ETS-2 after H2S adsorption at 350 ⁰C, 550 ⁰C and 750 ⁰C.
Figure 7. SEM images of Cu-ETS-2 after adsorption at: a) 350 ⁰C, b) 550 ⁰C, c) 750 ⁰C and d) 950 ⁰C.
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