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Abstract 

Sulfanation of SBA-15 by use of H2SO4 as the synthesis acid and post surface sulfanation of 

hydrothermally synthesized V-, Fe-SBA-15 samples with different M/Si mole ratios were 

carried out by use of dilute sulfuric acid. The doubling of hydrogen ions’amount in case H2SO4 

usage led to partial deterioration of the ordered structure. X-ray diffraction patterns showed 

that the metal loading to SBA-15 matrix caused increases in (100) plane reflections up to four-

five times supporting the formation of longer hexagonal arrays. The improved ordered 

structure of metal-SBA-15 was not destroyed by post-sulfanation. Micro-mesoporus structure 

of the samples resembled type IV nitrogen isotherm with a H1 hysteresis loop of IUPAC 

classification. Increase of BET surface area accompanied with around 20% increase in 

micropore volume took place by metal contribution. Increases both in Saito–Foley (SF) mean 

micropore and Barrett–Joyner–Halenda (BJH) mean mesopore sizes were designated by the 

increase of M/Si ratio in the synthesis solution. Around 150-200 m2.g-1 decreases in BET 

surface area were accompanied by the decreases in the mesopore volume and mean mesopore 

dimensions, and partly increases in the micropore volume and mean micropore diameters were 

observed with sulfanation. 
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1. INTRODUCTION 

 

Nanoporous materials whose structural properties are fully designed have important technological 

application areas such as adsorbents, clean energy storage and catalyst/catalyst support and membrane 

support. In addition to the properties related with increasing the catalytic activity and selectivity in 

multiple reaction system, possessing high surface area, adjustable proper pore size distribution and 

high thermal stability are also required in applications. For the necessity of elimination of diffusion 

limitations the meso-porous structures, including micropores come to the fore in recent studies.  

 

Micro-mesoporous ordered SBA-15, a member of SBA-n (Santa Barbara Amorpous-n) with high 

surface area and thicker pore walls is a good candidate as catalyst support. In addition to its one 

dimensional hexagonal uniform mesopore size distribution which controls the mass transfer and 

selectivity in multi reaction system, its microporous structure provides the area for reaction. The 

exhibited high hydrothermal and mechanical stability due to its thicker walls and high surface area 

caused by the formation of micro-pores in the thick pore wall are the main advantages [Zhao et al., 

1998a, b; Meynen et al., 2009]. Although these superior textural properties, it exhibits low catalytic 

activity due to the neutral surface combination. Catalytic activities of SBA-15 can be improved with 

some modifications done during and/or after the synthesis. Metal incorporation is one of the most 

effective of these methods [Taguchi and Schüth, 2005; Chmielarz et al., 2010; Zhang et al., 2012; Hea 

et al., 2015; Karthikeyan et al., 2016; Chirieac et al., 2016]. The regular sizes channels and the 

micropores within the silica wall are the advantages of SBA-15 structure although the catalytic activity 

is concerned. The hydrothermal incorporation of metals has the advantages of both the uniform 
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distribution of metal species in the matrix and preservation of the ordered structure in addition to its 

one-pot synthesis economy. 

 

Iron and vanadium metals are common active species that are used to enhance the activities especially 

in selective oxidation, dehydration, alkylation of low molecular weight organics [Popova et al, 2009; 

Hess et al., 2005; Capek et al.,2008; Moreno et al., 2008; Tsoncheva et al., 2008; Gracia et al., 2009; 

Zhang et al., 2009]. Sulfanation which gives rise in the number of surface functional groups is another 

technique which is used mostly. The studies in the literature showed that surface sulfanation increased 

the surface acidity by the adsorbtion of sulfur groups to metal oxide surfaces [Hua et al., 2001; Kilos 

et al., 2005; Hess et al., 2005]. Functionalizing the surface can be done by use of sulfur containing 

compounds during the hydrothermal synthesis. Post modification especially with sulfuric acid 

treatment of the synthesized sample or impregnation of salts of sulfate to the host are also applicable. 

The contribution of surface functional groups can be achieved using sulfuric acid or like sulfur 

containing compounds during the synthesis or post-treatment enhances the catalytic activity by 

increasing the surface acidity. The regular sizes channels and the micropores within the silica wall are 

the advantages of SBA-15 structure although the catalytic activity is concerned. Post treatments such 

as sulfate impregnation limits the activity by hindering the metal active species as it blockage the pore 

entrance. It was reported that the sulfanated metal supported on mesoporous structures such as 

Al2O3, MCM-41 or pillared clay exhibited superior catalytic performance [Chen et al., 2001; Mishra 

and Parida, 2006; Fuxiang et al., 2007; Zhao et al., 2008; Garg et al., 2009]. 

 

In this study it was aimed to investigate the effects of metal addition and sulfanation on SBA-15 

support. Vanadium and iron containing SBA-15 structures were hydrothermally synthesized and 

surface sulfanation were performed in one pot synthesis. Sulfuric acid as a sulfanation source was also 

used as synthesis acid to see its effect on crystalline structure of SBA-15. The surface properties of the 

samples were investigated.   

 

2. MATERIAL and METHOD 

 

The recipe suggested by Zhao and co-workers [1998a] was followed for the synthesis of SBA-15 

using sodium silicate as silica source, plunorik123 [amphiphilictriblock copolymer, poly (ethylene 

glycol)-block-poly (propylene glycol)-block-poly (ethylene glycol)] as surfactant and deionized water 

as solvent. The host SBA-15 was synthesized by use of synthesis acid as 1M HCl or 1M H2SO4. One 

pot synthesis of V- and Fe-SBA-15 samples were carried out with H2SO4 by changing M/Si molar 

ratios as 0.06 and 0.09 using vanadly sulphate trihydrate (VOSO4.3H20) and iron sulfate dihydrate 

(FeSO4.2H2O) as vanadium and iron sources respectively to enhance the surface sulfanation. The 

separated powders were calcined in an air by a heating rate of 1 oC/min until 550 oC with 6 h dwell 

time at that temperature. Post surface sulfanation of the synthesized samples was also performed by 

the treatment of them with dilute (1 M 15 mL/g) sulfuric acid for an hour at room temperature. The 

sulfanated samples were separated, dried at 100 oC followed by the same calcination steps used in one 

pot synthesis [Yüksel, 2012]. 

 

The powder X-ray diffraction (XRD) patterns of samples were recorded on a Philips PW 3040 

diffractometer equipped with CuKα radiation source (λ=0.15406 nm) in the 2θ range of 0.5–90° with a 

scan speed of 0.025 (s-1) and a step size of 0.02 to determine crystalline structure and metal phases. 

Nitrogen adsorption/desorption isotherms of the samples pre-dried at 373 K and outgassed at 573 K 

were obtained by means of a Quanthrocrome Autosorb 1C gas adsorption system at liquid nitrogen 

temperature within the P/Po range of 10-7-0.99. The total pore volume (Vtotal), micro+meso pore 

volume (Vµ+m) values were estimated from the desorption data at P/Po values of ~ 0.99 and 0.96, 

respectively. The t-method was used to determine the micropore volume values. BET surface area 

(SBET) values were calculated within P/Po values of 0.05-0.30. The mean micro and meso pore 

dimensions were read from the maximas of size distributions [Lowell et al., 2006]. 
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3. RESULTS and DISCUSSION 

 

The characteristic of long range hexagonally ordered as reflection peak (100) and the other two or 

three reflection peaks (110), (200), (210) were observed in the sample synthesised by HCl as the 

synthesis acid as consistent with the literature [Zhao et al., 1998a; Kilos et al., 2005; Zhang et al., 

2009, Qiang et al., 2009]. (100), (110) and (200) plane diffractions were seen at 0.840, 1.450 and 1.670 

Bragg angles (Figure 1). Use of H2SO4 as the synthesis acid resulted in small decreases in (100) plane 

peak intensity which occurred a little lower value while two others were almost destroyed. It was 

reported that the decrease of pH caused some deformation in the ordered structure [Aktaş et al., 2011]. 

This distortion was the result of increase of doubling the H+ ions in the synthesis solution which 

decreased the pH of the synthesis media.  

 

 
Figure 1. XRD patterns of SBA-15 samples 

 

The metal loading resulted in a small shift at the Bragg angle of most prominent characteristics of 

SBA-15 structure as a result the cell parameter (d spacing -d100, wall thickness-δ, center to center 

distance-a) values were increased a little  (Figure 2A, 2B, Table 1). The high increases in (100) 

diffraction peak’s intensity occurred in all cases by metal incorporation. The increase up to four-five 

times was the confirmation of the formation of long scale ordered structure in addition to the 

improvements in the textural properties. Diffractions of (110) and (200) planes followed nearly the 

same pattern for d-spacing shifts as the (100) peaks which defined the hexagonal symmetry in general. 

Due to the increase of metal concentration, the mechanism of micelle formation could be affected, 

resulting in the formation of different lengths of hexagonal array template. The diffraction intensity of 

(110) and (200) planes of vanadium incorporated sample decreased a little by the increase of M/Si 

ratio while the distortion become evident by use of iron source. It was also seen that post sulfanation 

did not change the structure of Metal-SBA-15 too much for both metal sources at low M/Si ratio. For 

high iron loaded sample, the second and third peaks were almost diminished after sulphating as the 

result of the crystal structure deterioration. In the studies carried out in the literature, crystal structure 

deterioration and delamination were observed especially in the iron and iron-containing pillared clays 

[Balcı and Gökçay 2002; Moronta et al., 2008, Yuan et al. 2008; Balcı and Gökçay, 2009].  
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Figure 2. XRD patterns of (A) vanadium (B) iron containing samples in the range of 1-10o (C) 

vanadium containing samples in the range of 10-70o 

 

Support SBA-15 and metal loaded SBA-15 gave similar XRD patterns in Bragg angle range of 10-70o 

and no obvious diffraction peaks contributing to the crystalline metal/metal oxide and sulfur 

compounds were not identified in Bragg angle range of 10 – 70o. This could be caused by the well 

distribution of them within the amorphous silica wall with small sizes that could not be identified by 

the XRD measurements or low metal loading under severe acidic synthesis environment. 

 

Table 1. Structural Properties of Samples 

Sample 
d100 

nm 

a 

nm 

δ 

nm 

SBET 

m2.g-1 

Vtot 

cm3.g-1 

Vmeso+mic 

cm3.g-1 

Vmic 

cm3.g-1 

dBJH 

nm 

dSF 

nm 

SBA-15 10.51 12.14 5.41 791 1.13 1.07 0.28 6.73 0.87 

V6-SBA-15 10.63 12.27 5.47 808 1.25 1.16 0.33 6.79 0.88 

V9-SBA-15 10.76 12.42 5.60 870 1.25 1.13 0.31 6.82 0.86 

S@V6-SBA-15 10.76 13.06 6.08 615 1.31 1.28 0.34 7.23 1.01 

S@V9-SBA-15 11.32 12.42 5.20 651 1.14 1.10 0.30 6.98 0.99 

Fe6-SBA-15 10.76 12.42 5.49 971 1.34 1.29 0.34 7.03 0.87 

Fe9-SBA-15 10.89 12.57 5.84 600 1.60 1.11 0.51 6.73 0.95 

S@Fe6-SBA-15 10.76 13.06 6.95 675 1.34 1.33 0.45 7.22 0.98 

S@Fe9-SBA-15 *** 12.42 8.54 509 1.47 1.15 0.44 6.11 0.85 
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77 K nitrogen adsorption/desorption isotherms of all samples shown in Figure 3 resembled the type IV 

isotherm with H1 type hysteresis loop based on  IUPAC (International Union of Pure and Applied 

Chemistry) classification corresponding to typical of mesoporous materials which have hexagonal 

arrays. All samples had high gas adsorption at low relative pressures (P/Po< 0.02). Increase of BET 

surface area from 800 m2.g-1 up to 970 m2.g-1 and an around 20% increase in micropore volume were 

observed by metal contribution (Table 1). The iron loading resulted in more enhancement in textural 

properties consistent with the results of XRD. Higher gas adsorption values especially in mesopore 

range may be caused by the increase in the length and number of hexagonal arrays after iron 

incorporation. In the severe acidic synthesis media, the (SoH+)(XI+) ionic interaction took place (Zhao 

et al., 1998b). Here I+ was the protonated Si-OH moiety, and So and X represented the nonionic 

surfactant and halide anion, respectively. It was proposed that metal compounds directed to the 

surfactant heads resulted in more interaction with silica and surfactant ends hence the settling of silica 

under this condition led improvements in pore formation. 

 

 
Figure 3. 77 K nitrogen adsorption/desorption isotherms of (a) vanadium (b) iron containing SBA-15 

samples (S@:sulfanated samples). 

 

Increases in BJH mean mesoporous size and SF mean microporous sizes read from the maxima of 

poresize distribution curves (Figure 4) were designated by the increase of metal/silica ratio in the 

synthesis solution. It has been determined that the post sulfation process could lead to the pore 

deformation and destruction of some pore wall and accordingly, decreases in BET surface area about 

20% accompanied by decreases in mesopore volume and mean mesopore dimensions, and partly 

increases in micropore volume and mean micropore diameters were observed for each sulfanated 

materials (Table 1). The occurred distortion in the ordered structure seen by XRD (Figure 2B), 

especially for high iron loaded sample (Fe9-SBA-15), resulted in disturbance in the mesopore size, 

and the uniform mesopore size distribution (Figure 4) relative to vanadium loaded samples were 

observed. In the studies carried out in the literature, crystal structure deterioration and delamination 
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were observed especially in the iron and iron-containing pillared clays [Balcı and Gökçay 2002; 

Moronta et al., 2008, Yuan et al. 2008; Balcı and Gökçay, 2009]. In the X-ray diffraction patterns for 

Fe/Si molar ratio of 0.09 the second and third peaks which were present in other samples in the 1-200 

Bragg angle range after material sulphating, were not visible. This crystal structure deterioration 

observed in iron-containing samples showed that the mechanism of micelle formation was affected in 

the presence of iron. 

 

 

 
Figure 4. Saito–Foley (SF) micro and Barrett–Joyner–Halenda (BJH) mesopore size distribution of 

samples 

 

 

4. CONCLUSIONS 

 

The SBA-15 ordered structure was improved by metal loading showing an increase in the XRD peak 

intensities. Post sulfanation did not destroy the ordered hexagonality.  The well-ordered metal-SBA-15 

catalysts having a high surface area were successfully synthesized with surface areas and pore 

dimensions reaching to 971 m2/g and 7.0 nm, respectively. Surface functional groups and metal 

loading success increased by use of H2SO4 as synthesis acid. 
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