
INTRODUCTION 

	 Sulfur compounds are well known as a 
problem affecting not only the environment but also 
human health. Thus, in recent decades research 
centers dedicated to proposals to protect the 
environment and public health have focused their 
efforts on proposing fast, efficient and economic 
solutions to solve this problem. As we wrestle with 
this problem, it is worth mentioning that hydrogen 
sulfide (H2S) is found naturally in petroleum, 
natural gas, volcanic gases and hot springs. H2S 
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ABSTRACT

	 SBA-15 modified with Cu or Fe was used for adsorption/oxidation of methyl in the vapour 
phase. These solids were synthesized from SBA-15 using the template method with a non-ionic 
surfactant and impregnating the SBA-15 with Cu and Fe. The solids were characterized by using 
XRD, FTIR and isotherms of adsorption in N2. An increase in the surface area, pore volume and 
mesoporosity of the SBA-15 with each metal was observed.  Adsorption microcalorimetry is an 
effective method to measure thermal effects generated during the decomposition of methyl.

Key words: Adsorption microcalorimetry, methyl, isotherms, SBA-15.

is released primarily as an environmental gas and 
can be transformed into sulfur dioxide (SO2) and 
sulfuric acid (H2SO4), contributing to the formation 
of acid rain. H2S causes problems in the handling 
and processing of natural gas due to its high toxicity 
and corrosiveness, formation of sulfur dioxide (SO2) 
(highly toxic and corrosive during combustion), 
and decreased gas calorific value, promoting the 
production of hydrates; sulfur compounds such as 
mercaptans (RSR), carbonyl sulfide (SCO) and 
carbon disulfide (CS2) also have unpleasant odors, 
so it is necessary to remove them from natural gas 
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to levels that ensure the health and environment1-3. 
Currently, chemical absorption processes are 
generally used to removing H2S from natural gas, with 
amine, MEA (monoethanolamine) being the oldest 
and best known process4,5. All the alkanolamines 
used are strongly carcinogenic and their application 
as aldehydes (formaldehyde, acrolein) is undesirable. 
Studies have been on the removal of H2S on Cu 
impregnated carbons, or coal sludge derived from 
mixtures of carbon and clays impregnated with Fe, 
Cu or Zn; zeolite 13X Zinox 380 (88% ZnO), ZnO 
and CuO nanoparticles on SBA-15 have proven to be 
appropriate solids for removing H2S

2,4. Various studies 
show that clays modified with metal cations such as 
iron, copper and zinc improve the H2S adsorption 
capacity due to the ease of forming sulfides6,7. At 
present there are no studies on H2S removal using 
surfactant-modified mesoporous materials, either 
exchanged or impregnated with metals. Therefore, 
the objective of this investigation was to assess the 
ability of mesoporous solids prepared from a natural 
clay to remove H2S.

	 Within the family of mercapthans, one 
of the more toxic is methyl. Methyl (CH3SH) is a 
highly odorous and volatile compound emitted to 
the atmosphere; the presence of only a very small 
amount of CH3SH in air (minimum odor threshold 
about 5 ppm) makes us uncomfortable. The removal 
of CH3SH from air is important for our comfort. 
To remove methyl mercapthan from air, activated 
carbons are widely applied as effective adsorbents8-

11. In these applications of activated carbons, methyl 
mercapthan is physically or chemically adsorbed on 
the activated carbons. In general, the adsorption of 
organic compounds by activated carbons is largely 
influenced by pore characteristics such as pore size, 
distribution, morphology and surface properties. 
Because the methyl mercapthan molecule is small 
in size, surface properties and pore characteristics 
are supposed to play an important role in the 
adsorption of methyl mercapthan. On the other hand, 
it was reported that oxidation of methyl mercapthan 
to dimethyl disulfide takes place at the surface of 
activated carbons having functional groups such as 
carboxyl group in dry/wet air12-14. In addition, there are 
a few reports on the adsorption/oxidation of methyl 
mercapthan on surface-modified activated carbons15-

17. Among current problems the most studied is natural 
gas, a vital component of the world’s supply of energy. 

It is one of the cleanest, safest, and most useful of 
all energy sources. Because natural gas generated 
energy provides the means for day-to-day needs and 
activities, and energy production from fossil fuel has 
detrimental effects on the environment, countries in 
America and Europe have been developing improved 
natural gas power systems that are cleaner and 
more fuel efficient, namely, fuel cells18,19. Fuel cells 
are expected to play a major role in these countries’ 
energy future. They are pollution-free power sources 
capable of on-site power generation. Since there is 
no combustion, there is no emission of the pollutants 
commonly produced by boilers and furnaces. For 
fuel cell application, natural gas is converted to H2 
and CO in a steam-reforming reactor, which yields 
the highest percentage of hydrogen19-21. Natural 
gas fuel contains naturally occurring reduced sulfur 
compounds such as hydrogen sulfide, mercapthans 
and tetrahydrothiophene. These compounds, due to 
their ability to poison the catalyst, are detrimental to 
subsystems within the fuel processor and to the fuel 
cell stacks, and so must be completely removed from 
the fuel prior to the fuel reforming operation18. 

	 On the other hand, a novel and highly 
sensitive thermodynamic technique has not 
been used in this field of research. Adsorption 
microcalorimetry has long been used in different 
areas of chemistry, but mainly in catalysis22. For 
example, many microcalorimetric studies have dealt 
with the adsorption of basic molecules (e.g. NH3) 
on zeolites and metal oxide catalysts to probe the 
strength of acid sites23. In contrast, microcalorimetry 
has only been used to a lesser extent to probe sites 
on metal-based catalysts, since reduced metal 
surfaces might be more susceptible to poisoning by 
trace oxygenates (e.g. O2, H2 O, CO and CO2) present 
in high-vacuum systems. Thus, it is often difficult to 
prepare clean metal surfaces and maintain them 
in a zero-valence state for microcalorimetry. New 
advances in adsorption microcalorimetry have made 
it possible to measure differential heats of adsorption 
on single metal crystals22,23, polycrystalline metal 
films24,25, and metal powders and metal based 
catalysts that are reactive towards oxygenates26. 
Microcalorimetry has been used effectively to 
probe sites on supported metal catalysts (e.g. Pt/
SiO2) that are not overly sensitive to poisoning by 
oxygenates. However, this sensitive technique has 
not yet been explored as a tool to determine the heats 
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of adsorption/decomposition in situ on mesoporous 
solids, important data if you want to use a pilot 
plant employing solid catalyst beds for mesoporous 
decomposition reactions, because it is necessary to 
establish the amount of energy released during the 
process22,27.

	 In this paper we investigated the adsorption/
oxidation of methyl mercapthan on catalyst SBA-15 
with particles of Cu and Fe. The effects of these 
metals on the catalytic activities are also discussed. 
The effects of these particles on the pore structure 
of the SBA-15 and the capacity to adsorb methyl 
mercapthan were also analysed. SBA-15, copper and 
iron were impregnated and characterized by nitrogen 
adsorption, XRD, and FTIR. Catalytic studies were 
performed by determining the breakthrough curves 
and, in a new development, the energy released 
during the adsorption of methylmercapthane 
on the catalysts was measured with adsorption 
microcalorimery. SBA-15 was chosen as the catalyst 
support in consideration of its large pore size, high 
surface area and hydrothermo-stability. 

EXPERIMENTAL

Chemicals 
	 The chemicals used in this study 
included triblock copolymer poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide), Pluronic 
P123 (MW: 5800, Aldrich, St. Louis, MO, US), 
tetraethyl orthosilicate (TEOS, 98%, Aldrich), 
hydrochloric acid (Merck), 3-aminopropyltrie-
thoxysilane (APTES, Aldrich), hydrated copper 
nitrate  (J.T. Baker) and hydrated iron nitrate 
(Merck). 

Synthesis of SBA-15
	 A sample of SBA-15 was prepared 
according to the methodology described by Zhao28. 
Eight grams of Pluronic P123 were dissolved in an 
aqueous solution of 2.5 M HCl using a tricblock 
copolymer as organic template. The temperature 
of the solution was raised to 50 °C and next TEOS 
was added drop by drop to the system as the silica 
source while stirring vigorously for 15 minutes. The 
stirring rate was then lowered and kept at this rate 
for 24 hours. Subsequently, the reaction mixture was 
heated to 85°C for 48 hours. The resulting white 
precipitate was separated from the liquid phase by 

filtering and further washed with deionized water. 
Finally, the polymer was removed by calcination 
in air at 550°C for 12 hours. The nominal molar 
composition for this synthesis was: 0.045 TEOS: 
7.09 H2O:0.37 HCl:0.0008 P123. SBA-15 was used 
as the carrier of the catalysts.

Synthesis of catalyts with Cu and Fe on SBA-
15
	 An impregnation method was introduced 
to load Cu and Fe on SBA-15. Cu(NO3)2.9H2O 
and Fe(NO3)3, .9H2O were selected as precursors 
of copper and iron elements, respectively. The 
precursors were dissolved in deionized water at 
a concentration dependent on the desired metal 
loading. A certain amount of SBA-15 was dispersed 
into the above solutions by ultrasonic vibration, 
and then the mixture was evaporated and dried 
thoroughly at room temperature. After impregnation, 
the acquired powders were calcined at 550°C 
again for 12 h to obtain the final catalysts. These 
catalysts are denoted as Cu/SBA-15 and Fe/SBA-15, 
respectively. 

Characterization of samples
Adsorption of nitrogen
	 Isotherms were used with the BET 
(Brunauer, Emmett and Teller) model29 to calculate 
the specific surface areas obtained from the 
nitrogen adsorption experiments measured at -196 
°C after degassing the samples below 10–6 Torr 
at 150 °C overnight using an IQ2 (Quantachrome 
Inc., Boynton Beach, USA) unit. The pore size 
distribution was determined from the desorption 
branch of the isotherm by the BJH (Barrett-Joyner-
Halenda) method [30]. The total pore volume was 
calculated as the amount of nitrogen adsorbed at 
a relative pressure of ca 0.99. Pore wall thickness 
was calculated as: Pore wall thickness = d(100)*2/
d3 pore diameter, where d(100)*2/d3 represents the 
unit cell parameter and d(100) is the d-spacing value 
of the (100) diffraction peak in the XRD pattern of 
each sample.

DRX and FTIR
	 The crystallographic structure was also 
determined by analyzing the X-ray powder diffraction 
taken with a PW 1830 diffractometer (Rigaku PDLX, 
Japan), using a monochromatized X-ray beam with 
nickel-filtered CuKá radiation (ë = 0.154021 nm). The 
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average crystallite size was evaluated according to 
Scherrer’s equation. In addition, Fourier Transform 
Infrared Spectroscopy (FTIR) was used to study 
each of the samples obtained. The functional groups 
present in the SBA-15 were determined using a 
NICOLET® NEXUS 470 spectrophotometer.

Catalytic tests: determination of breakthrough 
curves
	 To evaluate the capacity of the synthesized 
samples, catalytic experiments were carried out 
in the adsorption/oxidation dynamic phase similar 
to those reported in the literature3,5,7,11,13-18 in order 
to make comparisons with our results. The design 
was adjusted to our laboratory conditions. Dynamic 
tests were carried out at 25°C to evaluate the 
decomposition and adsorption capacity of methyl 
mercapthan on the synthesized samples. A sample 
of 0.1 g was placed in the center of a glass column 
(size of particle: of 1-2 mm) and packed into a glass 
column (length: 310 mm; internal diameter: 10.5 
mm; bed volume: 8 cm3). The column was placed in 
an electric furnace with an automatic temperature 
controller. A K-type thermocouple was inserted in 
the sample. Before the start of the experiment, the 
sample was purged at 100°C for 1 h with a nitrogen 
flow of 100 mL/min. Methyl mercapthan in N2 (200 
ppm) was used as an adsorbate without further 
purification and the adsorbate was passed through 
the column of sample at 15 mL/min. A mass flow 
controller was used for the control the adsorbate 
flow11. The inlet and outlet concentrations of the 
adsorbate were measured by gas chromatography 
with an FID detector (Shimadzu 2014). The amount of 
methyl mercapthan adsorbed was calculated directly 
from the breakthrough curves8,9. The CH3SH test was 
repeated at least twice for each sample.

Adsorption microcalorimetric measurements 
	 The differential heats of methyl mercapthan 
adsorption were measured using a Tian-Calvet heat 
flow microcalorimeter built in our laboratory22, 33-36. 
Before performing injections into the microcalorimetry 
cell where the catalysts were placed (Cu/SBA-15 
and Fe/SBA-15), the catalysts were evacuated to 
10-6 Pa. Then, the microcalorimeter heat sink was 
subsequently raised around the cell and the system 
was allowed to equilibrate overnight. A schematic 
diagram of the microcalorimetric system is shown in 
Fig. 1. The microcalorimeter is capable of operating at 

temperatures from 77 to 573 K. This microcalorimeter 
is connected, by means of a specially designed set 
of calorimeter cells, to a volumetric system equipped 
with a vacuum system (dynamic vacuum of 10-5 Pa), 
a gas handling system with probe molecule reservoir, 
and a calibrated dosing volume employing Pfeiffer 
transducer manometers (± 1.9x10-5 Pa). The leak rate 
of the volumetric system is 10-3 Pa/min in a system 
volume of approximately 70 cm3 (i.e. 10-4 ìmol.min-1). 
In this model, we modified the microcalorimetric cells 
and had them built in quartz by a specialist to avoid 
interactions of methyl mercapthan with the metals 
with which these cells are usually constructed.  
These cells measure about 25 cm long and about 
6 mm wide. Two identical receptacles of the same 
material are connected to the ends of each cell’s 
stems with modified Cajon VCR fittings. The length 
(10 cm), diameter (5 mm), and distance apart (12 
cm) of these receptacles were chosen to match the 
depth, diameter, and spacing of the transducer wells 
in the microcalorimeters (Fig. 1). The calorimetric 
cell containing the sample as well as two diffusers 
is placed along each of the cell stems to minimise 
convective air currents within the transducer well. A 
quartz holder near the top of the stems, equipped 
with Viton O-rings, provides a seal between the cell’s 
stems and transducer wells, and serves to isolate the 
cell in the calorimeter33-36.

	 The upper portion of each cell is fitted with 
a MDC bellows-sealed linear motion feed fixed to 
the top of the cell using standard, copper-gasketed, 
0.5 inch outside diameter vacuum flanges (MDC). 
A system of precision valves allows dosing of the 
respective amounts of gases. In a typical experiment, 
a measured mass of catalyst (typically 0.5–2.0 g) is 
loaded into the glass cell, followed by purging with 
helium (ca. 4 h) at an elevated temperature to remove 
the adsorbed gases, cooling to room temperature 
in flowing helium, and subsequent evacuation to 
ca. 1x10-5 Pa. The sample is then transferred into 
the quartz cell, which is subsequently immersed 
in the heat sink. The cells are evacuated to ca. 
1x10-5 Pa and allowed to reach thermal equilibrium 
with the calorimeter (ca. 5–6 h), at which point 
a stable differential heat response (baseline) is 
achieved. The microcalorimetric measurements are 
initiated when doses of the methyl mercapthane 
(dosages ca. 10–30 ìmol) are sequentially admitted 
to the catalyst (Cu/SBA-15 and Fe/SBA-15) until 
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it becomes saturated or the reaction with methyl 
mercapthan ends. The resulting heat response for 
each dose is recorded as a function of time and 
subsequently integrated to determine the amount of 
heat generated (mJ). The amount of gas adsorbed 
(ìmol.g-1) is determined volumetrically from the dose 
and equilibrium pressures, and the system volumes 
and temperatures. The differential heat (kJ.mol-1), 
defined as the negative of the enthalpy change in 
adsorption per mole of gas, is then calculated for 
each dose by dividing the heat generated by the 
amount of gas adsorbed33-36.

RESULTS AND DISCUSSION

Characterization of the SBA-15 and catalysts
	 The textural properties of the SBA-15, 
Cu-SBA-15 and Fe-SBA-15 synthesized samples 
were studied by nitrogen adsorption isotherms. The 
isotherms investigated are shown in Fig. 2a. The 
samples exhibited type IV isotherms, according 
to IUPAC classification, featuring a narrow step 
due to capillary condensation of N2 in the primary 
mesopores37. Filling of the mesopores of the SBA-
15, Cu-SBA-15 and Fe-SBA-15 materials occurred 
at P/Po = 0.65–0.96, which was reflected as a steep 
increase in the isotherm. All isotherms exhibited 
an H1-type hysteresis loop that was mainly due 
to the capillary condensation and desorption of 
nitrogen, which strongly suggests the presence of 
large mesopores in the Cu-SBA-15 materials. The 
typical BJH pore size distributions (Fig. 2b) indicate 
narrow pore size distributions for the samples, 
which become broader with increasing copper 
content, attributed to particles within the mesopores 
narrowing the mesoporous channels. 

	 As shown in Table 1, the surface area of 
the SBA-15 support was reduced to some degree 

after doping with the active metals (Cu and Fe), 
suggesting the metal particles were incorporated into 
the mesoporous channels and possibly deposited at 
the mouths of the SBA-15 channels. Additionally, it 
was also found that a drop in the pore size and a rise 
in the wall thickness occurred simultaneously with 
the addition of the active components. These findings 
offer further evidence that some metal species are 
confined inside the SBA-15 channels.

Characterization of synthesized samples with 
XRD and FTIR 
	 In order to establish the structure 
characteristics of the synthesized samples, XRD 
and FTIR studies were performed. The small angle 
XRD patterns of the SBA-15, Cu/SBA-15 and Fe/
SBA-15 materials are shown in Fig. 3. For the SBA-
15 sample, three well-resolved peaks at (100), (110), 
and (200) can be clearly seen in the range of 2è 
= 0.5–2.5°, which correspond to the well-ordered 
hexagonal mesoporous structure. The (210) peak 
is too weak to be recognized, probably due to the 
incorporation of heteroatoms (Cu and Fe) into the 
framework of SBA-15, which may cause a decrease 
in the ordered structure38,39. Therefore, it is clear that 
the intensity of these peaks decreased when the Cu 
and Fe were added to the SBA-15, showing that this 
has a negative effect on its structure.

	 The other bands in the FT-IR spectra of 
the various samples synthesized (SBA-15, Cu/
SBA-15 and Fe/SBA-15) are given in Fig. 4. For 
pure silica SBA-15, the bands at 1120 cm-1 and 
800 cm-1, assigned to an anti-symmetric stretching 
vibration and the symmetric stretching vibration of 
[SiO4] in SBA-1540,41, shift to lower wavenumbers as 
heteroatoms are introduced, while the band at 490 
cm-1, assigned to the rocking vibration of [SiO4]

40-44, 
is unchanged. The same phenomenon has also 

Table 1: Chemical compositions and textural properties of the samples synthesized

Sample  Specific	 Pore volume (cm3.g-1)		 Mean 	 d100	 Cell 	 Wall 
surface area 					     pore	 (nm)	 parameter	 thickness
(m2.g-1)					     diameter	 ao (nm)	 (nm)
		  Micropore  Mesopore   total	 (nm)				  
       
SBA-15	 834	 0.19	 0.98	 1.17	 6.13	 8.78	 10.4	 4.27
Fe/SBA-15	 796	 0.14	 0.81	 0.95	 5.67	 8.75	 10.2	 4.53
Cu/SBA-15	 758	 0.16	 0.70	 0.86	 5.45	 8.73	 10.2	 4.75
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Fig 2:  (a) Isotherm’s of N2 at 77 K of samples (b) Typical BJH pore size distributions of samples

Fig. 3:  The low angle range of XRD powder patterns for SBA-15, Fe/SBA-15 and Cu/SBA-15

Fig. 1: Schematic of an adsorption microcalorimeter: 1 Precision valves, 
2 Calibration volume, 3 Pressure transducter of full pressure, 4 Cold Trap, 

5 Injection gases, 6 High- vacuum pump, and 7 Adsorption microcalorimeter
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Fig. 4:  FTIR spectra of SBA-15, Cu/SBA-15 and Fe/SBA-15

Fig. 5: Breakthrough curves for methyl mercapthan on Fe/SBA-15 and Cu/SBA-15

Fig. 6: Thermogram of pulses of adsorption calorimetry 
corresponding to methyl mercapathan on Fe/SBA-15
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been reported in metal-substituted mesoporous 
materials42, indicating a strong interaction between 
heteroatoms and silicon; for example, Si–O–M bonds 
can be formed. 

	 These changes have been related by 
various authors to the incorporation of Cu and Fe 
atoms into the SBA-15 framework. The band at ca. 
990 cm-1, assigned to a stretching vibration of a [SiO4] 
unit bonded to heteroatoms, may be evidence of the 
existence of framework metal ions40. However, silanol 
groups í(Si–OH) in pure mesoporous silica materials 
can also contribute to this band39. Therefore, there 
is some dispute over the assignment of the band 
at 990 cm-1 40-43. In order to solve the problem of 
the assignment, it is necessary to measure the IR 
spectra in situ at elevated temperatures. According 
to previous research40, the intensity of the band 
(970 cm-1) for Si–OH decreased and disappeared 
completely by increasing the temperature, while 
in the case of Si–O–M this band did not disappear 
at elevated temperature. However, experiments 
performed by other authors have shown that at 
elevated temperatures the band at 990 cm-1 in the 
IR spectra of Cu-SBA-15 gradually disappears with 
increasing temperatures and thus is assigned to 
Si–OH groups. Therefore, the band at 990 cm-1 
cannot be taken as proof of metal ion incorporation 

into the framework of SBA-15. The same argument 
can be used for other metals, including Fe.

Catalytic activity of Fe/SBA-15 and Cu//SBA-15 
samples  
	 Fig. 5 shows the breakthrough curves for 
methyl mercapthan on Fe/SBA-15 and Cu/SBA-
15. The reacted and adsorbed amounts of methyl 
mercapthan for the samples synthesized in this work 
can be calculated using the breakthrough curves. The 
results are presented in Fig. 5.

	 Based on the breakthrough times, the 
performances of the catalyst differ significantly. 
Methyl mercapthan adsorption capacities for the 
samples are presented in Fig. 5. The greatest amount 
adsorbed was found for the Fe/SBA-15 catalyst, even 
though the breakthrough test had to be stopped at 35 
ppm due to the fact that the strongly catalytic nature 
of this catalyst facilitates rapid oxidation of MM to 
dimethyl disulfide (DMDS), which is not detected by 
the sensor used in our experiments; this had already 
been reported by other authors11,14-18. The capacity of 
the Cu/SBA-15 catalyst was less. To understand what 
governs the process of MM adsorption on the catalyst 
samples, a deeper insight into the nature of the SBA-
15 under investigation and the surface features that 
lead to the differences in their capacities is needed. 

Fig. 7: Differential heat of adsorption of methyl mercapthan over Fe/SBA-15 and Cu/SBA-15
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One explanation for why the catalytic capacity of the 
catalyst with iron is higher with respect to the copper 
catalyst is due to differences in the textural properties 
of the SBA-15. Greater surface area allows greater 
diffusion of methyl mercapathan within the crystal 
lattice, and thereby the occurrence of a faster 
reaction and subsequent adsorption process.

	 Some authors have suggested some 
interesting reactions to explain the influence of iron 
in these catalysts; these reactions are interesting 
and should be considered in explaining the process 
of decomposition of methyl mercapthan13,14.

CH3SH  →  CH3S
-   +   H+

Fe3+    +     CH3S
-  →    Fe2+  CH3S

Ÿ

2CH3S
Ÿ →   CH3SSCH3

Fe2+     +    O2   + H+    →    Fe3+    + HO2
Ÿ

CH3S
-    +   HO2

-  →   CH3S
Ÿ    +   HO2

-

HO2
-   +  H+   →    H2O2

2CH3SH   +   H2O2 →  2CH3S
Ÿ    +   2H2O

	 As can be seen from the above listed 
reactions, the role of iron is to promote formation of 
thiolate radicals and reduction of oxygen, resulting 
in the presence of very active superoxide species 
that go on to form radicals under either wet or dry 
conditions in the MM removal process14-18. 

Adsorption calorimetry analysis
	 Typical pulse data for methyl mercapthane 
on Fe/SBA-15 are shown in Fig. 6. The signals 
for each pulse are recorded when a quantity of 
methyl mercapthane is injected onto the catalyst. 
If no adsorption/oxidation of methyl mercapthane 
occurs in the samples of Cu/SBA-15 and Fe/SBA-
15 (not shown here for Cu/SBA-15), a flat baseline 
is recorded. The adsorption/oxidation appears as a 
peak above the baseline.

	 Complete adsorption/oxidation (catalyst 
depletion) of the catalyst under the experimental 
conditions can be easily detected from the pulse data 
as described earlier, when the signal of adsorption 
microcalorimeter output returns to its baseline. While 
following the adsorption/oxidation phenomena, 
exothermic peaks in the adsorption microcalorimeter 
output were observed, as shown in Fig. 6. The 
extent of irreversible reaction decreased gradually 
with subsequent pulses and the corresponding 

heat release also showed this decreasing trend 
up to the seventh pulse. The amount of methyl 
mercapthane adsorbed per gram of the catalyst up 
to this stage roughly corresponded to the sites with 
acidic character in the catalysts47-50. Starting from the 
ninth pulse each adsorption event was followed by 
desorption of reversibly adsorbed methyl mercapthan 
and corresponding endothermic peaks were seen in 
the adsorption microcalorimetry thermal curves. 
From the 11th pulse onwards, all methyl mercapthane 
adsorption was essentially reversible. Throughout 
the experiment, the exothermic peak for methyl 
mercapthane adsorption during each pulse was 
preceded by a small endotherm in the pulse thermal 
curve (Fig. 6).

	 These results clearly show that the 
chemical process is carried out within the network 
of the catalysts synthesized. In the initial portion, 
clearly exothermic processes are associated with 
the oxidation of methyl mercapthan. The reactions, 
which have been widely disseminated and analysed, 
are illustrated below:

Step (1)  2RSH + 2FeO  → RSSR    +   Fe2O  +  
H2O
Step (2) 2RSH + 2Fe2O → 2RSFe    +   H2O

	 where, in the first step, reduction/oxidation 
occurs between the thiol of the methyl mercapthan 
and FeO to form a disulfide and iron (I) oxide. 

	 The reaction continues as the thiol reacts 
with the surface iron(I) oxide to form iron(I) thiolate. 
A similar chemistry occurs between the surface of 
the copper metal and thiol according to the following 
reaction where, in this case, the copper metal serves 
as a reducing agent to liberate H2:

2RSH  + 2Fe →  2RSFe   +  H2

	 During the process of adsorption, at the end 
of the process (after finishing the oxidation process) 
it is well known that thiols will self-assemble into 
strictly arranged monolayers (commonly known as 
SAMs) on the surface of coinage metals, especially 
gold, silver, copper and iron. These SAMs have 
been intensely researched and are of great interest 
due to the unique properties of the resulting 
surfaces, including stabilization and passivation to 
electrochemistry and other reactions. While much 
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of the study of copper/thiol and iron/thiol chemistry 
has been restricted to the formation and properties 
of SAMs, it has been shown that multilayers can form 
into independent lamellar structures.

	 In the second part of the adsorption 
microcalorimetry, when small endothermic peaks 
appear, it is clear that the decomposition of 
methyl mercapthan has finished and the process 
of adsorption/desorption onto the catalysts is the 
predominant one. This is a new and interesting 
finding, that with this technique it is possible to 
quantify and establish when the thermal effect of this 
interesting catalytic phenomenon appears.

	 Therefore, the main contr ibution of 
the present work is the use of an adsorption 
microcalorimeter built in our laboratory to measure 
the heat adsorption of methyl mercapthan onto 
two different SBA-15 surfaces modified with 
great precision. The differential molar enthalpy of 
adsorption (∆adsH) was determined from the thermal 
effect of the successive injections of the adsorbate 
into the calorimetric cell containing the Cu/SBA-15 
and Fe/SBA-15 particles. Is necessary to let the 
signal fully equilibrate so as to avoid introducing 
errors in each step and therefore subsequently in 
the calculations (Fig. 7.).

	 The difference shown in the graph between 
the first drop in the enthalpy and the first plateau 
reached corresponds to what we have called the 
∆ox-adsH oxy-ads of methyl mercapthan enthalpy.

	 All ∆ox-adsH values collected that are shown in 
Fig.7 are negative, indicating that this process is an 
exothermic, energetically favourable process. For the 
two catalysts studied, the drastic decrease in ∆ox-adsH 
corresponds to methyl mercapthan descomposition. 
A comparison between the adsorption enthalpies of 
the catalysts synthesized shows that the Cu/SBA-15 
is less exothermic with respect to the Fe/SBA-15.  

	 These results are in very good agreement 
with the textural properties found in this study and 
the catalystic results, where the catalyst with the 
larger superficial surface area (Fe/SBA-15) produces 
greater thermal effects, which are associated in 
these mesoporous solids with the properties of 
these solids. This shows that the Fe/SBA catalyst 

achieves higher methyl mercapathan oxidation 
capacity and, subsequently, when the catalyst is 
spent, the mesoporous solid begins to adsorb the 
methyl mercapthan, allowing a double function: 
methyl mercapthan decomposition and adsorption. 
The results of the microcalorimetry experiments 
show that the heats of adsorption generated over a 
mesoporous catalyst modified with Cu and Fe show 
thermodynamic values associated with each phase 
of the process that takes place within the catalyst 
network.

CONCLUSIONS

	 The catalysts were characterized by their 
FTIR XDR patterns, effectively demonstrating 
that they corresponded to these samples. Further 
tests were carried out establishing catalytic activity 
breakthrough curves and it was found that the iron 
catalyser has greater activity.

	 A significant contribution to the study of 
the adsorption/oxidation of methyl mercapthan 
onto Cu/SBA-15 and Fe/SBA-15 at the solid–gas 
interface was the determination of the differential 
molar enthalpy of adsorption under the same 
physicochemical conditions as those applied during 
the adsorption isotherm measurements. The profile 
of an enthalpy curve is complex because various 
adsorption/oxidation mechanisms are present 
successively or simultaneously. The successive steps 
in adsorption can be identified and differentiated 
owing to calorimetric investigation. Moreover, the 
chemical state of the Cu/SBA-15 and Fe/SBA-
15 surface is very important and determines the 
shape of the interfacial aggregates at the end of the 
adsorption process.
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