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Abstract A series of phosphorus modified Al-MCM-41

molecular sieves with various P/Al ratios were prepared via

impregnating method and tested in the selective transfor-

mation of ethyl mercaptan into ethylene and hydrogen

sulfide. The resulting samples were characterized by a

combination of X-ray diffraction, N2 adsorption, ICP-OES,

NH3 -TPD, 27Al and 31P MAS NMR spectroscopy. The

experimental findings demonstrated that P modification can

effectively increase the concentration as well as the

strength of weak acid sites. Intermediate acid sites were

gradually decreased with phosphorus addition, and the

product distribution was found to vary with the acidity of

the zeolites. Phosphorus content has strong influence on

catalytic stability and ethylene selectivity. Upon P treat-

ment, the amount of coke drastically decreased and the

catalyst lifetime prolonged. The notable results could be

useful for developing a viable process for removing ethyl

mercaptan from natural gas.

Keywords Ethyl mercaptan � P modification � Al-MCM-

41 zeolite � Gas desulphurization

1 Introduction

Sulfur-containing compounds are the major impurities in

natural gas, which are very harmful to the environment [1].

With the stringent specifications, the sulfur contents should

be reduced to below 5 ppmv and even lower in the near

future [2–4]. The traditional Claus deacidification process

can efficiently eliminated hydrogen sulfide from the natural

gas. However, the gas still contains more than 30 ppmv

total sulfur and mainly present in the form of C1–C3

mercaptans, which have strong pungent and undesirable

odors [1, 2]. It needs to remove these compounds prior to

further processing or transporting to prevent pollution and

to protect equipment [5, 6]. In consequence, the deep

reduction of the mercaptans from natural gas has attracted

more and more attention.

At present, the main processes for the elimination of

mercaptans on industrial scale are alkaline treatment,

hydro-desulfurization and reaction with olefins [7]. In most

of these works, a large amount of reagents must be added

and face the problems of waste generation and partial

conversion. An alternative way to eliminate mercaptans is

selectively transforming mercaptans into hydrocarbons and

hydrogen sulfide in the presence of catalysts. The produced

hydrogen sulfide can be removed through subsequent

deacidification process.

Various solid acid catalysts have been investigated for

this reaction, such as alkaline earth, transition metals and

zeolites. Among them, zeolites were thought to be superior

to others due to their particular porosity and acidity.

Cammarano et al. [1] have applied ZSM-5 with various Si/

Al ratios, Ferrierite, Y, SAPO-34 to the decomposition of

ethyl mercaptans. Their experimental results confirm that

the conversion of ethyl mercaptan into ethylene and

hydrogen sulfide can be successfully achieved in the

presence of zeolites. However, the formation of significant

amounts of coke, diethylsulphide and aromatics still

accelerated the deactivation of the catalysts, makes this

process unviable for industrial applications. There is a need

to search for the zeolites that exhibit better catalytic per-

formance, especially for prolonged lifetime.
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Recent studies show that MCM-41 has excellent anti-

coking ability and a modified MCM-41 structure zeolite

with moderate acidity and pore structure may be promising

for this reaction [8]. Pure Si-MCM-41 almost has no

obvious acidity and Al-containing MCM-41 material pre-

pared by partial replacement of Si ions with Al ions can

improve the acidity of MCM-41. Prior literature has con-

cluded that phosphorus modification is an effective way to

optimize the acidity of zeolite and thus improve catalytic

performance [9, 10]. Therefore, a series of phosphorus

modified Al-MCM-41 zeolites were synthesized. Their

performance on the activity, selectivity and stability in the

selective transformation of ethyl mercaptan was evaluated.

To the best of our knowledge, no detailed studies have

been reported on this topic.

2 Experimental

2.1 Catalyst preparation

Al-MCM-41 (Si/Al = 20) zeolite was purchased from

Catalyst Plant of Nankai University (Tianjin, China) and

used as parent sample. Phosphorus modified samples were

prepared by impregnating Al-MCM-41 with an aqueous

solution containing the desired amount of P. The slurry was

mixed thoroughly and placed in open air at room temper-

ature for 24 h, followed by drying at 383 K for 3 h and

calcining at 773 K for 4 h. The P loadings in the P modi-

fied samples were 2, 4, and 6 wt%, respectively. The pre-

pared samples were denoted as PA-x, where x represented

the phosphorus content.

2.2 Catalyst characterization

The chemical composition of the samples was measured by

ICP-OES (Vista MPX, Varian Company). N2 adsorption

was conducted on the Quantachrome Autosorb-1 Instru-

ments. The catalysts were outgassed at 573 K for 6 h and

then measured by N2 adsorption–desorption at 77 K. The

powder X-ray diffraction (XRD) patterns of the catalysts

were recorded on a PANalytical X’Pert Pro diffractometer

using Cu Ka (k = 1.54056 Å) radiation source operated at

45 kV and 30 mA. Data were collected in the range of

2h = 1�–10� with a step size of 0.02�.
Temperature-programmed desorption of ammonia

(NH3-TPD) was carried out on a conventional apparatus

equipped with a thermal conductivity detector. The sample

(0.1 g, 20–30 mesh) charged in a quartz tube was pre-

treated in a N2 flow of 50 mL/min at 773 K for 2 h, and

then cooled to ambient temperature. NH3 was supplied to

the sample as pulses through a six-way valve until satu-

ration adsorption and a flat baseline was obtained. After

flushing with nitrogen at 373 K for 1 h to remove physi-

cally adsorbed NH3, the TPD profile was obtained by

heating the sample from 373 to 823 K at a rate of 15 K/

min. The desorbed NH3 was trapped in boric acid followed

by titration with a standard H2SO4 solution.

Solid state magic angle spinning nuclear magnetic res-

onance spectrometry (MAS-NMR) was carried out to

characterize the Al and P environment in the samples. 27Al

and 31P NMR spectra were obtained by a Varian Infinity-

Plus 300 NMR spectrometer equipped with a MAS probe.
27Al NMR spectra were working at 78.13 MHz with a

spinning rate of 8.0 kHz, a pulse length of 0.6 ls and a

pulse delay of 3.0 s. 31P NMR spectra were recorded at

121.38 MHz with a spinning rate of 8.0 kHz, a pulse width

of 1.0 ls and a pulse delay of 35.0 s. Chemical shifts were

given in ppm from Al(NO3)3 (0 ppm) and 85 % as the

external standard references for Al and P, respectively.

2.3 Catalytic performance evaluation

The decomposition of ethyl mercaptan was carried out in a

fixed-bed reactor (stainless steel tube, i.d. = 9 mm) oper-

ated at atmospheric pressure. Prior to each experiment,

0.5 g of the catalyst (20–30 mesh) loaded in the constant-

temperature zone was pretreated at 873 K for 2 h. After

cooling to reaction temperature, ethyl mercaptan was fed

into the reactor with weight hourly space velocities

(WHSV) = 0.5 h-1. Nitrogen was used as the carrier gas

in this experiment. The feed composition was adjusted with

flow meters to obtain the following gas mixtures: C2H5SH/

N2 (0.5/99.5, v/v). Standard experiments were performed at

T = 693 K, P = 1 atm and WHSV of 0.5 h-1. The prod-

ucts were analyzed online by gas chromatography equip-

ped with a flame ionization detector and a flame

photometric detector. At end of each experiment, the

reactor was purged with nitrogen at the reaction tempera-

ture for 2 h to remove any possible residual reactants. The

spent catalyst was unloaded and characterized by thermo-

gravimetric analysis (TG) on a Perkin-Elmer Pyris 6 ana-

lyzer in air flow-rate of 100 mL/min and a heating rate of

10 K/min from room temperature to 1073 K.

3 Results and discussion

3.1 Physicochemical properties

The low-angle powder XRD patterns of the zeolites are

displayed in Fig. 1. All sample exhibit a typical peak

around 2.3� and a broad peak around 5�, indicating that the

catalysts maintained the hexagonal structure and no addi-

tional phases emerged [11]. However, the phosphorus

modified samples presented a clear decrease in intensity
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around 2.3�. This can be attributed to the partial loss of

long-range structural ordering, which may be caused by the

formation of AlPO4 species [12, 13]. As shown in Fig. 1,

the peak positions of different samples around 2.3� showed
a tendency toward the wide angle with the introduction of

different phosphorus contents. This implies the framework

collapse of the P-modified samples [14].

Table 1 lists the chemical composition and physical

properties of the parent and phosphorus modified samples.

As shown in Table 1, the specific surface area and pore

volume decreased significantly with phosphorus addition.

For example, when PA-0 was transferred to PA-4, the

specific surface area and pore volume reduced from

978 m2/g and 0.915 cm3/g to 816 m2/g and 0.740 cm3/g,

respectively. After loading with 6 % H3PO4, the specific

surface area and pore volume further reduced to 528 m2/g

and 0.490 cm3/g. This may be due to the formation of new

AlPO4 species outside or near pore entrances, which par-

tially blocked zeolite channel openings [15–17].

Figure 2 shows the NH3-TPD profiles of the parent and

phosphorus modified Al-MCM-41 catalysts. Acid concen-

trations with differing strengths are summarized in Table 1.

All samples produced two desorption peaks around 410 and

580 K, which represented ammonia desorption from weak

and intermediate acid sites [18–20]. After modification

with phosphorus, the high-temperature peak gradually

shifted to a lower temperature and lost its intensity, sug-

gesting that the strength and concentration of intermediate

acid sites decreased. This can be ascribed to the removal of

aluminum from the zeolite framework caused by phos-

phorus modification and subsequent calcinations [21]. With

increased phosphorus content, the weak acid peaks also

shifted toward lower temperatures, but the number of weak

acid sites first increased and then decreased (Table 1).

These observations imply that the appropriate amount of

phosphorus addition can generate some new weak acid

sites, but higher phosphorus contents lead to a decrease in

weak acid sites [22].

The coordination state has noticeable impact on the

acidity of zeolites. In order to investigate the influence of

different trivalent framework atoms on the acidic proper-

ties, 27Al and 31P NMR of the catalysts are performed. As

shown in Fig. 3a, there are two peaks in the 27Al NMR

Fig. 1 XRD patterns of the catalysts

Table 1 Physical and acidic properties of the catalysts

Samples Al/Pa SBET (m2/g) Pore volume (cm3/g) Pore diameter (Å) Weak acid sites (mmol/g) Intermediate acid sites (mmol/g)

PA-0 – 978 0.915 37.4 0.614 0.301

PA-2 3.57 853 0.777 36.4 0.705 0.261

PA-4 2.95 816 0.740 37.1 0.964 0.246

PA-6 1.27 528 0.490 36.1 0.698 0.214

a Real molar ratio of Al/P in the sample

Fig. 2 NH3-TPD profiles of parent and P-modified samples
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spectra of PA-0, which can be assigned to tetrahedral Al in

the zeolite framework (53 ppm) and octahedral Al in the

extra-framework (0 ppm), respectively. Upon P modifica-

tion, three peaks are observed in PA-4 at 53, 42 and

-14 ppm. The new signal appeared at 42 ppm can be

attributed to aluminum–phosphorus species formed by the

interaction between P and framework Al. This provides

evidence of the existence of P–O–Al structure that tetra-

hedral Al bonded to phosphorus atoms via oxygen bridges

[23]. Additionally, chemical shift at -14 ppm was

assigned to octahedral Al attached to phosphorous (alu-

minium phosphates).
31P MAS NMR spectrum of PA-4 shows a broad peak at

-23 ppm. Previous studies linked this signal to new P

species which was formed through the reaction between

phosphate and silanol left by dealumination. Consequently,

partial Al–O bond in the Al–O–Si should be broken and the

new P species (P–O–Si) was formed through the interaction

between P and Al–O. From the above analysis, the for-

mation of Si–O–P–O–Al structure seems to be favored than

Si–O–Al–O–P bridges at the surface of MCM-41 [24]. This

is in line with the results of TPD, the amount of surface

acidic OH groups increased with the formation of Si–O–P–

O–Al. The amount of bridge bonded hydroxyl group

decreases due to the replacement of bridge bonded

hydroxyl group by (H2PO4
-). Thus, the desorption area of

weak acid sites increases while the intermediate acid sites

decreases [25, 26].

3.2 Catalytic conversion of ethyl mercaptan

As a blank experiment without any catalyst, ethyl mer-

captan conversion remained below 5 % all the time at

693 K. While at the same temperature, the conversions of

ethyl mercaptan were all higher than 95 % over the parent

and modified Al-MCM-41 samples, indicating that this

reaction was a catalysis process. Catalytic testing of the

conversion of ethyl mercaptan was carried out at

WHSV = 0.5 h-1, reaction temperature = 693 K.

The catalytic performances of different catalysts are

investigated and the conversion and stability results are

presented in Fig. 4. To obtain a quantitative measurement

of stability, the lifetime of the catalysts is defined as the

time at which the initial conversion (TOS = 1 h) drops by

5 %. Initially (TOS = 1 h), the conversion of all the P

modified samples are above 99 %, a little higher than

97.8 % of PA-0, indicating that the presence of P has

positive effect on the conversion of ethyl mercaptan. As

shown in Fig. 1, the lifetime of PA-0 is only 19 h, while

the conversion of PA-2 drops by 5 % within 31 h. With the

increase of P content, the lifetime of PA-4 extends to 77 h.

However, when further increased P content on PA-6 brings

about negative effect and deactivation is observed after

Fig. 3 MAS NMR spectra of the catalysts a 27Al and b 31P

Fig. 4 Conversion of ethyl mercaptan with TOS of the catalysts.

Reaction: T = 693 K, P = 1 atm, WHSV = 0.5 h-1
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37 h. This shows that the decomposition of ethyl mercap-

tan strongly depends on the amount and strength of the

weak acid sites. Desorption of ethylene is fast due to its

relative weak acidity and thus by-reactions are prevented.

From the NH3-TPD results, it can be found that the

incorporation of P increases the concentration of weak acid

sites notably. Therefore, the better stability of PA-4 than

PA-2 and PA-6 may be ascribed to more weak acid sites,

and higher concentration of weak acid sites is beneficial for

the stability of the catalysts.

Table 2 displays product distributions of the ethyl

mercaptan decomposition on different catalysts. For all

tests, the carbon balance was very accurate. The catalytic

test was carried out using the fresh sample for 10 h time-

on-stream. The formation of ethylene and hydrogen sulfide

largely prevails in this experiment. And the main by-

products are diethyl sulfide, CS2, as well as benzene,

toluene and xylene (BTX). The selectivity presented in

Table 2 are values averaged over the 10 h tos. The traces

amount of thiophene reported before is not present in our

research. The selectivity for ethylene over P modified

zeolites is higher than that of PA-0. However, the loading

up to 6 % H3PO4 leads to a decrease in selectivity to

93.8 %. This indicates that the selectivity for ethylene

strongly depends on the amount and strength of the acid

sites. Our results indicate that more abound weak acid sites

combined with certain acid strength are favorable to the

formation of ethylene. Therefore, 4 % loadings is optimum

P content for obtaining high ethylene selectivity in our

present investigation.

The investigation of deactivation behavior has a certain

guiding significance for the improvement of catalytic per-

formance. TG–DTA analysis was performed to try to fig-

ure out the relations of the deposited carbon and stability at

different reaction temperatures. The coke content was

measured at tos = 10 h. Among the four samples, PA-0

shows the largest amount of coke (3.1 g). P modification

can reduce the coke formation significantly and the coke

that preferentially formed on intermediate acid sites is

considerably inhibited. Additionally, the hard coke was

preferentially formed on the intermediate acid sites and P

modification decreased its strength and concentration

remarkably, thus improves the catalyst’s anti-coking ability

and prolong lifetime. To gain a better insight into the

catalyst deactivation, long-term experiments (72 h) were

carried out at 693 K in the presence of PA-4 sample. The

coke amount at TOS = 72 h is only slightly higher than

that built up after 10 h of reaction, pointing out that the

coke is generated mainly at the early stage of the process.

4 Conclusions

In present work, we explore the catalytic performance of

parent and P modified Al-MCM-41 zeolites for the

decomposition of ethyl mercaptan. Introduction of phos-

phorus in Al-MCM-41 leads to a decrease of intermediate

acid strength and concentration, along with the formation

of new weak acid sites. And variation of P loadings enables

modifying of the acidity. The catalytic performance results

reveal that P modification can effectively improve the

ethylene selectivity and prolong catalyst lifetime. The

highest activity and selectivity were observed on PA-4 with

the appropriate weak acid sites and acid strength. The

selective catalytic conversion of mercaptans (ethyl mer-

captan) into H2S and hydrocarbons over acid solid catalysts

could be incorporated as a stage into an integrated system,

including the adsorption/desorption of sulfur compounds

on molecular sieves.
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