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Abstract 

ZnO presents favorable thermodynamics, equilibrium constant and stability for H2S 

chemisorption and sepiolite has excellent sorptive and rheological properties to be 

employed as support. Four conformed ZnO/sepiolite composites are prepared, two by 

impregnation in zinc nitrate solution -one using activated carbon as dispersing and pore 

generating agent- and two by dry mixing of the clay with dispersed or hierarchically 

assembled ZnO nanoparticles. The extrudates obtained with a mixture of sepiolite and 

nanodispersed ZnO particles are the most active for H2S chemisorption in temperature-

programmed tests performed in inert atmosphere, which can be correlated to the higher 

and homogeneous ZnO dispersion. ZnO sulfidation is reversible in the presence of O2. 

Thus, the activity can be regenerated, and these materials act as catalysts for H2S to SO2 

oxidation in air. 
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1. Introduction 

Hydrogen sulfide must be removed from gaseous streams emitted to the atmosphere, in 

order to meet environmental and safety regulations, and also from streams that are further 

used in industrial processes, to prevent downstream catalyst poisoning and corrosion. 

Many technologies are available for H2S elimination; oil and natural gas refining industry 

typically uses the Claus process (large, concentrated gas streams), whereas H2S sorption 

is a common solution for trace amounts. H2S sorbents are widely used due to their 

efficiency and reliability; zeolites,1 activated carbon,2 clays,3 and metal oxides4 such as 

CaO, Fe2O3, MnO2, ZnO, etc. have been studied in desulfurizing processes. H2S removal 

mechanism may involve physical adsorption onto the solid surface or the liquid water film 

formed thereon, dissociation, reaction with metal oxides to form sulfides, with alkaline 

species to give neutralization products, or with surface oxygen species to give redox 

reaction products such as elemental sulfur or sulfate. Among metal oxides, Zn-based 

sorbents are very attractive for H2S removal because of the favorable thermodynamics and 

the high equilibrium constant for the non-catalytic sulfidation reaction, and also due to the 

thermal stability of the sorbents and their sulfides.5, 6 Various commercial products use zinc 

oxide and operate in the 200-400 °C range; the maximum sulfur loading on these products 

is typically 300-400 mg S/g sorbent.7 It is believed that this gas–solid reaction is controlled 

at low temperature by either diffusion of HS− into the pores (H2S is known to dissociatively 

adsorb as HS− and H+ on ZnO surface) to react with the oxide or by lattice diffusion of 

generated water and fresh oxide that migrates to replenish the sulfided surface.8 High 

temperatures may lead to ZnO volatilization or thermal sintering, reducing the activity.9 

Moreover, phenomena like reduction of the oxide must be avoided. Aforementioned 

sintering or volatilization risks also apply to the process of regeneration of the oxide with 

oxygen to generate highly concentrated SO2 and recover the sorption capacity. 

Additionally, stable undesired ZnSO4 may be produced when the regeneration is carried 

out at low temperatures or with high content of oxygen;10 meanwhile, from an economic 

point of view, in order to obtain SO2 concentrations suitable for H2SO4 production, the 

oxygen molar fraction in the feed gas should be higher than 10%.  

Multi-component sorbents may present synergetic effects for H2S elimination. Fe, Co, Ni, 

Cu, Al, Ti, Mn or Ce are typical promoters of Zn-based sorbents.11 These may help 

achieving high sulfidation yields even at low temperatures.4 On the other hand, supporting 
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the oxides may minimize volatilization, reduction and sintering problems during sulfidation 

and regeneration,10, 12 increase the surface area and porosity, and disperse the ZnO 

particles. Besides, with appropriate supports conformed materials may be obtained by 

extrusion.13 In this mainly unexplored line, sepiolite seems very interesting as support for 

ZnO-based H2S sorbents. Up to now, ZnO/sepiolite mixed materials have only been 

prepared in powdered form by sol–gel method, being successfully tested for the 

photocatalytic degradation of a dye.14 Sepiolite is a natural hydrated magnesium silicate 

fibrous clay with inter- and intra-particle porosity and chemical composition 

Si12Mg8O30(OH)4(H2O)4·8H2O, which possesses excellent sorptive, rheological and 

catalytic properties for multiple applications.15, 16 It has been employed as support and 

binder for composites with metal oxides, especially TiO2, for catalysis 17 and 

photocatalysis;18, 19 the combination of photocatalytic and adsorptive properties in 

TiO2/sepiolite composites has given interesting results for H2S removal.19, 20 Additionally, 

sepiolite may catalyze the Claus reaction.21, 22  

The synthesis is a key component in the economic and environmental value of synthetic 

materials. In industrial practice, supported metal and metal oxides constitute the most 

important group of heterogeneous catalysts and thus their synthesis is of greatest scientific 

and manufacturing importance. Certainly, the most common synthesis routes comprise the 

impregnation of a preexisting support with a solution of a metal salt, and differ in terms of 

solvent (polar or nonpolar), metal salt choice, and post-impregnation treatments.23-25 The 

dispersed active phase (i.e., the metal oxide or the metal in the reduced state) is usually 

obtained after a thermal treatment. The fundamental phenomena underlying impregnation 

and drying steps are extremely complex though the practical execution is apparently 

simple. Typically, metal precursor and support interactions are limited, thereby permitting 

the redistribution of the active phase over the support body during drying. Finally, a 

reagglomeration of the active phase occurs frequently due to the evaporation of the 

solvent taking place on the outer surface of the support particles. Alternatively, the use of 

dry mixing procedures has been demonstrated as an efficient route to tailor catalytic 

performance.26, 27 

The scope of this work is to obtain conformed solids with high surface area and porosity 

containing a good active phase for H2S sorption, ZnO, preserving the nanodispersion and 

the sulfidation capacity. Nanostructured composite materials containing sepiolite and 

disperse ZnO nanoparticles have been prepared by impregnation and dry mixing methods 
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and conformed as monoliths by extrusion. Their activity for H2S chemisorption has been 

evaluated.   
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2. Experimental Section 

2.1. Synthesis 

Four different conformed composites were prepared with α-sepiolite (Pansil 100, Tolsa) as 

support, having a composition of 20/80 wt./wt. ZnO/sepiolite. This composition ratio was 

choosen according to the surface area of ZnO and sepiolite, ~20-30 and ~120-130 m2/g 

respectively, in order to maximize the appearance of ZnO/sepiolite interphases. Two 

samples were prepared by wet impregnation in excess water, using a solution of a zinc 

salt as precursor of the oxide (Zn(NO3)2.6H2O, Sigma Aldrich), and the other two by dry 

mixing of the sepiolite with ZnO nanoparticles. The composition ratio was kept constant in 

the different composites as a way to evaluate the effect of the ZnO nanoparticles 

dispersion in the cataltytic activity. 

Impregnation procedures (ZnO-I and ZnO-ICP series):) An aqueous solution with 8.3 g 

of the salt was impregnated onto 4.7 g of sepiolite by two different methods: either directly 

onto the sepiolite powder (samples hereafter named as ZnO-I), or, following the previously 

reported impregnated carbon procedure,28 first onto 4.7 g of activated carbon (Pulsorb 

FG5), to which the sepiolite was subsequently added(samples henceforth referred to as 

ZnO-ICP).  

Dry mixing procedures (ZnO-N and ZnO-NH series): The sepiolite powder was 

manually mixed with the metal oxide nanoparticles. Two different types of nanoparticles 

were used. In the case of the samples named ZnO-N, commercially available nanosized 

zinc oxide was employed (99.99%, SkySpring Nanomaterials Inc.). The morphology of this 

material is characterized by small spherical particles of 15-30 nm, which are forming 

globular agglomerates, see Supporting Information Figure S1(a). On the other hand, the 

catalyst named ZnO-NH was prepared using hierarchically organized nanoparticles of zinc 

oxide that were synthesized by a solvothermal method previously reported by Jianxing Shi 

et al.29 The morphology of the hierarchical material employed is characterized by ZnO 

nanoparticles of ~20-25 nm aggregated to form uniform spheres of ∼ 400 nm, as it is 

observed in the FE-SEM image of Figure S1(b).  

In order to make extrudates, the necessary amount of water was added to all the dry-

mixed ZnO/sepiolite powders and wet-impregnated supports. The smples were manually 

kneaded for some minutes until adequate rheological properties were achieved, then the 

doughs were manually extruded with a syringe and cut in the shape of pellets (d=1.86 mm, 
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L=5 mm). Finally, for comparative reasons and to ensure the dehydration of the sepiolite 

and the complete removal of precursor remnants in the impregnated materials, all samples 

were dried at room temperature and heat treated at 500 ºC for 4 h in air. 

2.2. Physico-chemical characterization 

Thermal characterization: Simultaneous thermogravimetric and differential thermal 

analyses (TGA-DTA) of Zn(NO3)2�6H2O, which was used as ZnO precursor in the 

impregnation and impregnated carbon procedures, were carried out in a flowing air 

atmosphere using a NETZSCH STA 409/C analyzer. Around 50 mg of powder were 

placed in a Pt/Rh crucible and heated up to 600 ºC with a heating rate of 3 ºC/min. 

TGA-DTA coupled with gas-phase Fourier transform infrared (FTIR) spectroscopy was 

used to characterize the uncalcined, calcined and used composites. The analysis was 

performed in a simultaneous thermal analizer (STA 6000) connected to a Frontier IR 

spectrometer equipped with a gas cell, both from PerkinElmer. Around 15 mg of powder 

were placed in alumina crucibles and submitted to a temperature ramp of 10 ºC/min up to 

950 ºC in air flow atmosphere. IR spectra were collected from 650 to 4000 cm-1 at a 

resolution of 2 cm-1 with 2 accumulations. 

Structural characterization: The phase identification was performed by X-ray 

diffractometry (XRD, X'Pert PRO Theta/2theta, PANalytical, The Netherlands) on powder 

obtained by milling the ZnO/sepiolite monoliths at room temperature. The patterns were 

recorded over the angular range 5–70° (2θ) with a step size of 0.0334° and a time per step 

of 100 seconds, using Cu Kα radiation (λ = 0.154056 nm) with working voltage and current 

of 40 kV and 100 mA, respectively. 

Morphological and chemical characterization: The particle size and morphology of the 

powders were evaluated using a JEOL 2100F transmission electron microscope 

(TEM/HRTEM) operating at 200 KV and equipped with a field emission electron gun 

providing a point resolution of 0.19 nm. For TEM sample preparation, the particles were 

carefully suspended in ethanol. The suspension was dropped on a copper TEM grid with 

carbon film support. The particles were kept at the grid after evaporation of ethanol. The 

microscope is coupled with an INCA x-sight energy dispersive X-ray spectrometer (EDXS), 

from Oxford Instruments, used for chemical elemental analysis. Additional chemical 
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analyses were performed by inductively coupled plasma-optical emission spectroscopy 

(ICP-OES) in a PerkinElmer Optima 3300DV instrument. 

Textural characterization: Specific surface area data were calculated from nitrogen 

adsorption/desorption isotherms obtained at −196 °C in an ASAP 2420 apparatus 

(Micromeritics), after application of the BET equation. Cumulated pore volume and pore 

size distribution data in the meso- and macro-pore range were determined in an AutoPore 

IV 9510 mercury intrusion/extrusion porosimeter (Micromeritics). Pore size was calculated 

using the Washburn equation for cylindrical pores: Pore diameter = -(4γ cosθ )/P, where 

γ=surface tension (484 mN m−1), P=pressure, and θ=contact angle (141 º). 

2.3. Catalytic activity tests  

The activity for H2S elimination was evaluated in a stainless steel tubular reactor (φint = 7.5 

mm) filled to a height of 117 mm with 3 g of material (0.6 g ZnO). The gas flow rate was 1 

L�min-1, corresponding to a GHSV of 11485 h-1 and a linear velocity of 0.37 m�s-1, and the 

concentration of H2S was 450 ppmv. The gas phase composition was analyzed with an 

online microGC (CP4900, Varian). After stabilization of the pollutant concentration in 

bypass, the gas flow was passed through the reactor at 50 ºC. When the adsorption 

equilibrium was reached the reactor was submitted to a heating ramp from 50 to 500 ºC at 

1 ºC/min, and then maintained at this temperature until deactivation. Blank tests with SiC, 

as a reference inert material, and with pure sepiolite, as reference for the effect of the 

support, were performed in the same conditions. 

3. Results and Discussion 

3.1. Thermal behavior, physico-chemical properties and morphology of the 

ZnO/sepiolite systems  

Thermal analysis methods are used to establish the conditions in which the precursor, 

Zn(NO3)2�6(H2O), decomposes to ZnO. TGA and DTA curves in Figure S2 of the 

supporting information suggest three steps which occur during the progressive heating of 

the coordination compound. Zn(NO3)2�6(H2O) exhibits two endothermic dehydration DTA 

peaks in the 25-260 ºC temperature range. The associated TGA weight losses correspond 

to the evolution of 4 and 2 water molecules, respectively. This behavior has been 

previously described for different transition metal precursors, which are based on 

M(NO3)2�6(H2O) (M=metal).30 The final strong endothermic effect, with maximum at 340 
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ºC, is due to ligands combustion with liberation of gaseous nitrogen oxide, and finally, the 

formation of ZnO by reaction with oxygen. These facts indicate that the thermal treatment 

should be performed at temperatures over 400 ºC. Based on these results, and on the 

temperature required to consolidate the anhydrous sepiolite structure31 and to burn out the 

carbon of the ZnO-ICP sample, the heat treatment selected was 500 ºC for 4 h for all 

samples. Figure 1 elucidates the thermal decomposition process of ZnO-I (a) and ZnO-ICP 

(b) composites. DTA-TGA-FTIR data guarantee the complete decomposition of the 

Zn(NO3)2�6(H2O) precursor and, in the case of the the imprenated carbon procedure, also 

of the activated carbon.  
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Figure 1. TGA (1) and DTA (2) analysis toghether with online gaseous FTIR spectroscopy curves (3) obtained 

during the thermal treatment in air atmosphere of uncalcined ZnO-I (a) and ZnO-ICP (b) 

samples. 

The composites prepared have been investigated by XRD. Figure 2 illustrates the 

diffractograms obtained for the thermally treated samples from the impregnation series 

(ZnO-I and ZnO-ICP) and the dry mixing series (ZnO-N and ZnO-NH), along with the 

references of the raw materials: fresh sepiolite, sepiolite thermally treated at 500 ºC 

(anhydrous) and ZnO. All the diffraction peaks in the ZnO-I and ZnO-ICP patterns are 

readily indexed to sepiolite (anhydrous and hydrous forms) and a wurtzite structure of 

ZnO, indicating the complete transformation of Zn(NO3)2�6(H2O) to ZnO at 500 ºC. 

Nevertheless, the XRD peaks are quite broad, which is due to both their low crystallinity 

and the small size of the crystalline domains. The X-ray diffraction patterns of the ZnO-N 

and ZnO-NH samples can also be indexed on the basis of a phase mixture constituted by 

a majority of anhydrous sepiolite and a minority of ZnO. Within the XRD resolution, there 

was no evidence in any sample of metallic Zn, ZnNO3 or any additional phases other than 

sepiolite and wurtzite ZnO. 
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Figure 2. XRD patterns corresponding to the raw materials and the thermally treated ZnO/Sepiolite composites 

prepared by impregnation (ZnO-I and ZnO-ICP) and dry mixing methods (ZnO-N and ZnO-NH). 

The triangle symbols are associated with the sepiolite support, whereas the ZnO pattern is signaled 

with dash lines. 

Since the samples have been calcined at 500 ºC, the coordination water of sepiolite 

support should have mostly been removed and the structure should have already been 

irreversibly folded in its anhydrous form.31, 32 However, the diffractograms of the samples 

prepared by impregnation of the precursor indicate that the structure is only partially 

folded, because they present the characterictic reflections related to the hydrated form of 

sepiolite, especially the one at 2θ=7.5, in addition to those of the folded sepiolite. This 

effect has been confirmed by TGA-DTA analysis of the calcined ZnO-I and ZnO-ICP 

samples (see Supporting Information Figures S3 b and c), where the folding of the 

structure by loss of the coordinating water is still observed at around 260 ºC. Conversely, 
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the samples prepared by dry mixing with ZnO nanoparticles behave as expected and do 

not show any of the XRD peaks of the hydrated form. XRD analyses suggest, therefore, 

that the removal of water coordinated to Mg atoms of sepiolite is modified due to the 

interaction between the ionic species of the precursor and sepiolite, for instance redox 

reactions or partial ion exchange of the Mg cations by Zn2+.33. 

Regarding the composition, chemical analyses by ICP-OES indicate that all the samples 

prepared contain 19±1 wt.% ZnO, close to the nominal 20 wt.% zinc oxide and 80 wt.% 

sepiolite composition. Besides the main components, the samples contained 4 wt% Al2O3, 

20 wt% MgO, 55 wt% SiO2 and other minor compounds from the sepiolite.  

The textural characterization indicates that all samples present similar type IV N2 

adsorption/desorption isotherms, typical of materials with mesopores such as sepiolite. 

When ZnO nanoparticles were used in the synthesis, the nanodispersed samples exhibit a 

BET surface area of 112 m2�g-1, slightly higher than when the precursor of the salt was 

impregnated on the sepiolite (102 m2�g-1) or on the activated carbon (96 m2�g-1), which 

indicates that the smallest pores of sepiolite have been partially blocked in the 

impregnation procedure. ZnO-I sample exhibits a total porosity  obtained by mercury 

intrusion of 50 %, which is slightly lower than the porosities exhibited by the samples 

prepared by dry mixing, both around 58%. The pore size distribution of the materials, 

shown in Figure 3, elucidates why the sample obtained by the impregnated carbon 

procedure presents the highest porosity (68%). This high porosity  is related to its bimodal 

pore size distribution, with a maximum in the mesopore range (35 nm), like the rest of the 

samples, and another at 2.5 µm, associated to the macroporosity created by the 

elimination of the activated carbon during the calcination. A similar generation of 

macroporosity has been observed for other samples prepared by this method.28 
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Figure 3. Cumulated pore volume (a) and pore size distribution (b) obtained by mercury intrusion porosimetry 

of ZnO/sepiolite composites. 

In order to clarify the dispersion state of the ZnO nanoparticles supported on the sepiolite, 

TEM characterization has been carried out on the ZnO/sepiolite series. The micrographs, 

presented in Figure 4, illustrate the characteristic fibrous structure of sepiolite.15, 18 Next to 

each image a scheme of the ZnO/sepiolite materials is proposed based on the TEM 

results, illustrating the agglomeration state and distribution of the ZnO nanoparticles on the 

sepiolite fibers. Figure 4(a.1) contains a HRTEM image of the ZnO/sepiolite sample 

prepared by impregnation showing the high agglomeration and heterogeneous distribution 

of the ZnO nanoparticles on the sepiolite fibers. The nanoparticles average sizes cover a 

broad range, between 40 and 60 nm, and agglomerates of approximately 200 nm are 

formed (see the scheme in Figure 4(a.2)). The lattice spacing of the nanoparticles 

obtained by HRTEM is ∼ 1.385 Å, which is indexed as the ZnO (112) plane according to 

JCPDS file #79-0206. This result supports the phase assignment of the ZnO-I XRD bands 

of Figure 2 reported before. Figures S1(a.1-a.3) provide supporting information about the 

crystalline assignment of the ZnO-I composites. 
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Figure 4. TEM images (1) and proposed cartoon (2) of the thermally treated samples synthesized by 

impregnation method, ZnO-I (a), by impregnated carbon procedure, ZnO-ICP (b), and by dry mixing 

with isolated ZnO nanoparticles, ZnO-N (c), and hierarchically organized nanoparticles, ZnO-NH 

(d).  
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The composites obtained by the impregnated carbon procedure present two different 

agglomeration patterns, according to Figure 4(b): disperse ZnO nanoparticles of 15-25 nm 

supported on sepiolite and agglomerates of ZnO nanoparticles with size around 400 nm. 

Again, the lattice spacing of the nanoparticles has been determined and is consistent with 

that of ZnO. In this case, polycrystalline domains are observed, where the lattice distances 

are ∼ 2.462 Å (black trace), ∼1.630 Å (yellow trace) and ∼ 1.477 Å (red trace), which match 

well with that of the (101), (110) and (103) planes (JCPDS# 79-0206), respectively. See 

Supporting Information Figures S4(b.1-b.3). 

The above experimental proofs demonstrate that the impregnation process, used in ZnO-I 

and ZnO-ICP series, leads to agglomeration and an uneven distribution of zinc oxide 

nanoparticles on the sepiolite support. They are grouped in 3D aggregates and form bulk 

oxide phase that lead to a poor dispersion of the active phase.  

TEM also unveils details of the ZnO/sepiolite composites prepared by the dry-mixing 

method. Figure 4(c.1) shows a low-magnification image where the ZnO-N structure can be 

clearly observed. Isolated ZnO nanoparticles are highly and uniformly monodispersed on 

the sepiolite fibers, with 10-20 nm average size, as its cartoon depicts in Figure 4(c.2). 

This uniform dispersion is consistent with the narrower pore size distribution of ZnO-N. 

HRTEM images in Figure S4(c) show that the nanoparticles present a lattice spacing 

consistent with the (110) and (112) planes of ZnO phase.  

Unlike the series with isolated nanoparticles, the ZnO-NH materials, dry-mixed with 

hierarchically organized ZnO nanoparticles, present a completely different morphology. 

TEM image in Figure 4(d.1) shows that, in this particular case, ZnO aggregates favor the 

deposition of sepiolite fibers on their surface, which is completely and uniformly covered by 

the clay. ZnO-NH consists of spheres of hierarchically organized nanoparticles coated by 

sepiolite fibers, creating a core-shell-type structure depicted in the cartoon of Figure 4(d.2). 

The diameter of the ZnO core is ∼ 400 nm, meanwhile the thickness of the shell created by 

the sepiolite fibers coating is near 100 nm.  

The low isoelectric point of sepiolite (IEPsepiolite~234) faccilitates the interaction with 

positively charged ions such as Zn2+, or with compounds with high isoelectric point, which 

is the case of ZnO (IEPZnO ∼935). When powdered ZnO nanoparticles and sepiolite fibres 

are stirred together, the good contact and soft conditions faccilitate their mixing 

maintaining the original morphology: the nanodispersed particles are well dispersed on the 
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sepiolite fibres, meanwhile the hierarchically organized spheres, due to their size, are 

covered by the sepiolite, and only few nanoparticles are dispersed on the sepiolite fibres 

covering the agglomerates. The trend of sepiolite to cover the metal oxide particles has 

been previously observed as well for TiO2,
34 Rh/Al2O3,

36 and VOx-ZrO2-SO4
2-.37 When the 

active phase is incorporated by impregnation, the zinc oxide formation process favors the 

agglomeration at the concentration of precursor employed: on the impregnated sepiolite 

fibers only small agglomerates form, meanwhile the preimpregnation of the activated 

carbon particles, in much lower amount than sepiolite (30 g of activated carbon per 100 g 

of final material, containing 80 wt.% sepiolite), results in the concentration of the precursor 

in its pores, which leads to the formation of bigger agglomerates. ZnO is formed before the 

carbon burnout, according to Figure S2(b), and therefore despite the affinity of sepiolite for 

the oxide it is only partially dispersed after the elimination of the activated carbon with 

generation of macroporosity. Thus, with this preparation method two agglomeration 

patterns appear. 

In summary, ZnO-I and ZnO-ICP materials exhibit a different tendence to agglomeration 

and heterogeneous distribution of zinc oxide nanoparticles on the sepiolite fibers; 

meanwhile the main feature of the ZnO-N samples is the high dispersion of isolated zinc 

oxide nanoparticles on the sepiolite surface. Finally, in ZnO-NH the hierarchically 

organized nanoparticles of the oxide are surrounded by fibers of sepiolite. These four 

preparations deliver different scenarios for H2S removal studies.  

3.2. H2S chemisorption by ZnO/sepiolite systems in inert atmosphere 

Blank tests performed without any sample and with pure sepiolite showed that there is no 

significant H2S elimination in the absence of ZnO. However, in the presence of the active 

phase H2S is removed when adequate temperatures are reached. The activity of the 

different ZnO/sepiolite samples is calculated according Eq.1-3: 

H2S conversion	=	 
[H2S]in�[H2S]���

[H2S]in
        Eq. 1 

SO2 selectivity	= 
[SO2]out

[H2S]in�[H2S]���
       Eq. 2 

SO2 yield	= 
[SO2]out

[H2S]in
         Eq. 3 
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At this point it must be mentioned that the online microGC detected in the reactor inlet, 

besides the desired concentration of H2S, trace amounts of carbonyl sulfide (COS), which 

is formed in the H2S/N2 cylinder. COS is completely removed at similar temperatures as 

H2S in presence of the ZnO/sepiolite composites. This fact may be significant since COS, 

which is formed by reaction of hydrogen sulfide with carbon oxide or carbon dioxide, is a 

typical problem in many desulfurization applications, because it is highly corrosive 38 and 

presents low reactivity with ZnO.6, 39-41 During the blank tests performed, COS was 

removed by sepiolite, but not by SiC, which is indicative of possible synergistic effects 

using sepiolite as support for ZnO. However, COS elimination is beyond the scope of this 

work and no further analyses on this issue will be made. 

H2S conversion and yield to SO2 obtained with the ZnO/sepiolite composites are illustrated 

in Figure 5. H2S adsorption is negligible at 50 ºC, but all samples present activity for H2S 

elimination at higher temperature. It is known that hydrogen sulfide reacts with zinc oxide 

to form zinc sulfide according to Eq.4.  

ZnO(�) + H�S(�) 	
∆�
�� 	ZnS(�) + H�O(�)       Eq. 4 

S atoms gradually replace the O atoms in the solid active phase, yielding water molecules 

that are desorbed to the gas phase. No other reaction products are observed in the outlet 

gas stream during at least 4h. However, later, at higher temperatures, when H2S 

conversion values are above 50 %, SO2 in generated in low increasing amounts. 

Apparently, at high temperatures and when some saturation is achieved, part of the S 

retained as sulfide on the surface is oxidized to SO2, and then desorbed, in a reaction 

similar to the regeneration process described by Eq. 5:5, 6, 42 

2ZnS(�) + 3O�(�) 	
∆�
��	 2ZnO(�) + 2SO�(�)      Eq. 5 

In absence of oxygen molecules, the oxidation could take place by reaction with surface 

hydroxyls, either coming from the sepiolite support or generated during the sulfidation 

process and retained in the composite.  
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Figure 5. Temperature programmed reactive adsorption of H2S by ZnO/sepiolite composites in inert 

atmosphere. Conversion as a function of the temperature (a), yield to sulfur dioxide as a function of 

the temperature (b). 

ZnO-N, with homogeneously nanodispersed particles, is the most active material; some 

H2S sorption is observed even at low temperatures and all the H2S is retained above 400 

ºC. On the contrary, ZnO-I, with the most aggregared particles, is the worst sorbent, with a 

maximum molar conversion of 0.75, obtained at 500 ºC. In both cases, sulfur dioxide 

appears in the outlet when hydrogen sulfide molar conversion values exceed 0.6, at 300 

ºC for ZnO-N and 400 ºC for ZnO-I. However, the selectivity of the process to SO2 is very 

low: only 1% of the pollutant removed is transformed into the oxide at 0.75 molar 

conversion, the rest remains stored in the active phase. The selectivity to the oxide of the 

nanodispersed material is higher than 5% only above 0.9 molar conversion.  

ZnO-NH and ZnO-ICP samples possess similar morphology (some dispersed particles of 

about 20 nm and agglomerates of 400 nm) and both exhibit similar performance up to 

300ºC, where they remove 45% of the pollutant. This is somewhere between the 

performance of dispersed and aggregated systems (ZnO-N and ZnO-I). Some differences 

are apparent at higher temperatures: H2S conversion with ZnO-NH sharply increases, 

accompanied by a higher selectivity to SO2. This effect has not been observed in the other 

samples and could be related to the significantly different ZnO/sepiolite dispersion of ZnO-

NH composite. The core-shell-type structure, with sepiolite covering the ZnO core, seems 

to present a good contact between the oxidizing species and the sulfided core and not to 

(b) 
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affect the accessibility of H2S to the ZnO particles. Regarding the ZnO-ICP composite, its 

characteristics favor H2S conversion with respect to the ZnO-I sample, which might be a 

consequence of the higher porosity achieved with the elimination of the activated carbon, 

but with a similar trend and similar low yield to SO2. The sulphurous oxide is not detected 

until a 0.75 H2S molar conversion is attained, at 400ºC.  

3.3. Comparison of H2S chemisorption in inert atmosphere and in the presence of O2 

In order to compare and understand the reaction mechanism, the most active sample 

(ZnO-N) was also tested for hydrogen sulfide removal from an air stream in the same 

operating conditions. Figure 6 shows the temperature programmed evolution of the reactor 

outlet composition over time in the presence and absence of oxygen.  

 

 

Figure 6. Temperature programmed H2S removal by ZnO-N sample in inert atmosphere (a) and in the 

presence of O2 (b).  
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The different performance of ZnO-N composite with hydrogen sulfide in both environments 

is dramatic. In the absence of oxygen, the reaction demands higher temperatures to occur, 

and the conversion decreases as the available active site become fewer due to the 

replacement of available oxide ions by sulfide ions. In air, however, total H2S 

chemisorption is achieved below 300 ºC and hydrogen sulfide is almost completely 

oxidized to sulfur dioxide above ca. 400 ºC. Furthermore, no deactivation of the sample is 

observed after 17 h operation with total conversion (the last 13 h at 500 ºC). The sorbent 

acts as a catalyst, since the sulfided ZnO is constantly regenerated, yielding SO2. An 

additional test was performed in air with just pure sepiolite, without ZnO. Hardly any SO2 is 

generated, although some H2S removal is observed while heating from 100 to 500 ºC, but 

H2S removal quickly decayed to virtually zero upon reaching and holding 500 ºC. This 

result indicates that in the operating conditions studied the noncatalytic combustion of H2S 

to give SO2 is limited, confirming that the combustion observed in the presence of the 

ZnO/sepiolite composite is catalytic.  
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Figure 7. Thermal analysis in flowing air of ZnO-N sample: fresh (a), and after use for H2S elimination in inert 

atmosphere (b), or in the presence of O2 (c). 

Figure 7 shows the results obtained in the TGA-DTA-FTIR analysis of ZnO-N as-calcined 

and after use in both environments. As it has been commented above, after the calcination 

of these samples the sepiolite structure is already irreversibly folded in the anhydrous form 

because most of the coordination water of has been removed, and consequently only the 

reversible elimination of the hygroscopic water is observed. Besides other two 

transformations related to the support are produced. The first weight loss takes place at 
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approximately 678 ºC, with simultaneous CO2 formation. This weight loss must be related 

to the decomposition of the carbonate impurities of the sepiolite, such as calcite.43 The 

second weight loss takes place at 820 ºC and is related to the exothermal sepiolite-to-

enstatite transformation, with loss of the structural water by dehydroxylation acording to 

Eq. 6:44, 45 

Mg8Si12O30(OH)4→8MgSiO3 +4SiO2 +2H2O      Eq. 6 

These phenomena are observed in Figure 7 a, b and c, but at higher temperatures in the 

samples used for hydrogen sulfide chemisorption, especially the first transformation that is 

retarded to 744 ºC. Additionally a new endothermic weight loss occurs at lower 

temperature, with a maximum at 670 ºC. This weight loss is produced by the reaction of 

oxygen with the sulfided surface to regenerate the zinc oxide yielding gaseous SO2, as the 

online IR gas cell indicates. The amount of SO2 released from the sample used for H2S 

elimination in oxidizing atmosphere is very low because most of the H2S removed in the 

presence of O2 is converted to SO2 and released to the atmosphere, preventing the 

deactivation of the catalyst. In inert atmosphere it is kinetically difficult for a sulfur atom to 

remove several oxygen atoms from ZnO to form a sulfur oxide.46 Thus, instead, sulfide 

ions easily replace oxide ions in ZnO lattice, which possesses the same structure as ZnS, 

and this accumulates sulfur. Consequently, a significantly higher amount of SO2 forms 

during the thermal analysis of the sample used in N2. These profiles show that the 

elimination of sulfur starts at 500 ºC and is complete below 750 ºC. Similar regeneration 

temperatures have been reported in the literature for Zn-based sorbents.4, 5 The absence 

of weight gain during the thermal treatment in O2-containing atmosphere cannot discard 

the formation of intermediate oxidized sulfur species at lower temperature before total 

desulfurization takes place40, 42, 47, because this effect may be masked by the weight loss. 

 The TGA-FTIR results for ZnO-N are consistent with the XRD patterns of the used ZnO-N 

samples depicted in Figure 8.  The X-ray diffraction patterns of the fresh and used ZnO-N 

(Figure 2 versus Figure 8) indicate that its crystalline structure did not change upon use for 

H2S elimination in air: the diffraction peaks of sepiolite and ZnO present similar relative 

intensities. However, the crystalline structure is modified upon use for H2S chemisorption 

in N2 flow: the partial substitution of its oxide ions by sulfide ions is illustrated by the 

development of the diffraction peaks of ZnS and the weakeing of the intensity of the ZnO 

peaks.5 
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Figure 8. (a) XRD patterns of ZnO-N sample: after use for H2S elimination in inert atmosphere (N2), or in the 

presence of O2 (air). (b) Schematic representation of H2S chemisorption mechanism on the ZnO-N 

system, which is characterized by two steps: (1) Hydrogen sulfide reacts with zinc oxide to form zinc 

sulfide, and (2) ZnO is regenerated by reaction of ZnS with O2. 

The data presented above suggest that H2S removal takes place in two steps, illustrated in 

Figure 8(b), which depend on the reaction conditions. The cartoon was developed based 

on TGA-FTIR and XRD information to describe the observed trends. Step (1) consists in 

the reaction of the ZnO nanoparticles with hydrogen sulfide to produce zinc sulfide (Eq. 3) 

and can take place under both reaction conditions, in an inert atmosphere, such as N2, as 

well as in presence of O2 (oxidizing reaction conditions). The sulfidation of ZnO is 

reversible under oxidizing conditions (Eq. 4), which is represented by the reaction process 

marked as (2) in Figure 8(b). Therefore, in air atmosphere both processes (1) and (2) 

occur, the latter at a faster rate, and the activity for H2S-to-SO2 conversion is maintained 

over time. Conversely, in an inert atmosphere only the first step may take place and oxide 

ions are progresively replaced.  

3.4. Isothermal H2S removal 

In order to proof that the activity of the spent ZnO/sepiolite system may be regenerated by 

thermal treatment in presence of O2 and to evaluate the sulfur capacity of the sorbent the 

isothermal experiment depicted in Figure 9 was performed with the ZnO-N sample at 500 

ºC in a 1L min-1 gas flow with variable composition. In a first step H2S was fed in oxidating 

conditions and it was totally removed and converted into SO2; when H2S was removed 

from the feed no more S-compunds were detected in the outlet. Then the system was 
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purged with N2, and H2S was added again to the feed in by-pass before switching to the 

reactor to evaluate the sorption capacity in inert conditions. The accumulated sorption 

capacity in inert atmosphere of this material at 500 ºC was measured to be 140 mg S/g 

ZnO before H2S concentration in the outlet reaches 10 ppm. After 9 h operation, H2S in the 

outlet was 246 ppm and the sulfur capacity reached 336 mg S/g ZnO, 86 % of the 

theoretical sulfur capacity if all the ZnO is consumed (393 mg S/g ZnO). The saturation 

capacity estimated from the length of unused bed (LUB), calculated with the breakthrough 

(0.1) and stoichiometric points (3.6 and 6.9 h, respectively), is 350 mg S/g ZnO, 89% of 

the theoretical value. The long time needed to saturate the adsorbent is associated to 

mass transfer limitations because the reaction system has not been optimized. Smaller 

pellets would reduce the void volume and improve the diffusion phenomena.  

 

Figure 9. Performance of ZnO-N sample in a continuous experiment including H2S removal in the presence of 

O2, H2S removal in inert atmosphere until deactivation, regeneration, and subsequent H2S removal in inert 

atmosphere. Temperature = 500 ºC. 

Almost identical H2S sorption capacity was obtained in a second use under inert 

atmosphere after regeneration in air, indicating that the ZnO was recovered and the lean 

temperature employed did not substantially affect the properties of the ZnO/sepiolite 

composite. However, the regeneration time was long and a fraction of the oxidized sulfur 

species formed under air flow remained initially adsorbed on the surface, probably as 

ZnSO3, since the S atom of the formed SO2 bonds to a surface oxygen atom to from an 

analogical SO3 structure48. In inert atmosphere and once hydrogen sulfide is added these 

species are decomposed and SO2 desorbs until their total consumption. As Figure 7 

indicates, higher regeneration temperatures would facilitate a complete and faster removal 
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of the sulfur species from the spent sorbent. However, processes such as sintering or 

volatilization of the active phase10 or porosity shrinkage must be carefully controlled. ZnO 

regeneration is still subject of optimization and has been investigated by several authors10, 

48, because on one side the sorbent can be reactivated, and on the other side the SO2 

obtained can be valorized to avoid its accumulation as pollutant. Sulfur dioxide can be 

used to produce H2SO4, one of the chemicals manufactured in largest quantity in terms of 

mass, or as preservative in the food industry (labeled as E220 in Europe), for instance for 

wine and dried fruits.  

4. Conclusions 

Sepiolite can be used as binder and support to obtain monoliths with nanostructured ZnO 

by the four preparation methods explored, two based on impregnation with a soluble zinc 

precursor and two based on dry mixing with ZnO nanoparticles. The properties of the 

composites depend on the preparation method. The removal of coordinated water to 

obtain the anhydrous form of sepiolite is partially hindered by the interaction/reaction of 

sepiolite with the precursor ions, more precisely with Zn2+, since many metallic nitrates 

have been previously used as precursors to synthetize sepiolite-supported catalysts and 

this effect was not observed. The impregnated active carbon procedure demands 

calcination temperatures above 500 ºC to ensure thorough carbon combustion, whereby 

macroporosity is generated. The activity results are consistent with an H2S removal cycle 

occurring in two stages: (1) Hydrogen sulfide reacts with zinc oxide to form zinc sulfide and 

water is generated; this process takes place in both an inert atmosphere and in the 

presence of O2. (2) Reoxidation of the sulfided surface with generation of sulfur dioxide; 

this step is only possible under oxidizing conditions, and does not happen in inert 

atmospheres, where the sulfur is accumulated as ZnS. The activity for H2S sorption is 

favoured in the composites prepared by dry mixing of the clay with dispersed ZnO 

nanoparticles, where the nanostructure of the ZnO used is maintained. The use of ZnO 

nanoparticles adds green chemistry49 and economical value to the synthesis of a material 

for environmental remediation, since zinc salts precursors need impregnation, drying and 

calcination steps. In order to recover the activity the spent material must be heated in an 

oxidizing atmosphere. The presence of water could further improve the performance of the 

materials.39, 50 
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Finally, it should be emphasized that the general strategy and design principles described 

in this study open the possibility of obtaining ZnO/sepiolite composites conformed as 

honeycomb monoliths to minimize the emission of pollutants such as hydrogen sulfide. 
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