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G R A P H I C A L A B S T R A C T
� n-pentane cracking over MFI zeolites
with various Si2O3/Al2O3 ratios (30, 80,
280, 500, and 1500) was investigated.

� MFI (280) zeolite at 650 �C showed 51%
selectivity for light olefins (C3

¼/C2
¼ ¼

0.7) with 23.8% undesirable C2-C4

alkanes.
� Phosphorous-modified large crystal MFI
catalyst with moderate acid sites inhibi-
ted hydrogen transfer reaction.

� P/HZ280-LC provide improved light
olefins production (selectivity 52.2%,
C3
¼/C2

¼ ¼ 1.3).
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n-pentane catalytic cracking was studied over a series of MFI zeolites with varying SiO2/Al2O3 ratios (30, 80, 280,
500, and 1500) using a fixed-bed reactor operated at temperature 550–650 �C. Other MFI zeolites (SiO2/Al2O3 ¼
280) with various crystal morphology and size (such as large crystal and nano size) were also synthesized and
tested for n-pentane cracking. The effects of MFI zeolite modification with ammonia and phosphorus on its
physiochemical properties and catalytic activity were investigated. Among the parent MFI zeolites, MFI (280)
demonstrated high selectivity (51%) towards light olefins (C3

¼/C2
¼ ¼ 0.7) at 650 �C with undesired C1–C4 alkanes

(38%). Surface modified MFI (280) zeolites of different crystal size and morphology showed improvement to-
wards propylene selectivity by suppressing undesired reactions. Phosphorous-modified MFI zeolite with a large
crystal size was found to improve light olefin selectivity (52.2%) with C3

¼/C2
¼ ¼ ~1.3 and reduce undesired C1–C4

alkanes (8%) formation due to suppressed strong acidic sites. The characterization and evaluation results for the
modified MFI (280) revealed that the incorporation of phosphorous created moderate acidic sites, which were
stabilized by some non-framework aluminum species, thereby leading to suppressing the formation of undesired
C1–C4 alkanes with improved light olefins selectivity.
reshi).
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1. Introduction

The rapid development of light olefins (propylene and ethylene)
mostly in majority of polymer and petrochemical industries sparked
attention for the development of novel catalytic production techniques
using alkanes as the starting raw material [1, 2]. Propylene and ethylene
are generally obtained from the steam pyrolysis/cracking of C2–C4 al-
kanes, and light naphtha at temperatures ranging from 800-1000 �C [1,
3]. The major constraint in steam cracking is high process temperature,
which estimates for 40% of energy required for the global petrochemical
industries [4, 5]. Light naphtha stream (mainly n-C5 and n-C6) has
become an unfavorable gasoline blending component due to its high
vapor pressure and low octane number [6]. Moreover, pyrolysis process
leads to high amount of CO2 liberation, a major contributor to global
warming [7]. Thus, there is a need to find out a catalytic route to control
the product distribution through mild operating conditions.

Some well-known catalytic conversion methods for producing light
olefins include dehydrogenation of light alkanes (propane and ethane)
[8], metathesis of alkenes (butene and ethylene) [9], methanol to olefin
(MTO) [10, 11], and fluid catalytic cracking (FCC) [12]. Catalytic
cracking of light alkanes (C2–C5) to produce ethylene and propylene is an
efficient process due to their availability and low cost relative to the
corresponding alkenes, thus resulting in an economic advantage [13].
Catalytic cracking reaction uses variety of hydrocarbon feed-stocks such
as naphtha [14], heavy oil [15], and C4/C5 hydrocarbons [16], for pro-
ducing light olefins. C5 raffinate, a byproduct of FCC refinery streams and
naphtha cracking is a potential source to make light olefins.

Several investigations were conducted on various types of zeolite
frameworks for the production of light olefins from the cracking of n-
pentane. Gruver et al. [17] cracked n-pentane over four series of deal-
uminated zeolites; HY (DHY), H-mordenite (DHM), MFI (DHZ) and
fluorinated ultrastable Y (USYnF). It was revealed that, the selectivity to
isomerization or cracking products depended on the zeolite structure.
Cracking was enhanced over DHZ, whereas DHY and USYnF favored
isomerization. The selectivity to isomerization in DHM was almost 50%.
Hou et al. [18] investigated n-pentane cracking reactions over HZSM-35,
H-Beta, and HZSM-5 zeolites. MFI zeolite demonstrated the greatest
selectivity for light olefins, while Ag-incorporated MFI aided in C–H bond
cleavage, hence increasing selectivity to light olefins. Thivasasith et al.
[19] studied the effect of nano-cavities in different zeolite structures
(H-FAU, H-ZSM-5, and H-FER) on the reaction mechanism for n-pentane
cracking utilizing density functional measurements. Ethylene-propane
and ethane-propylene activation energies differed by 0.5, 5.0, and 6.7
kcal mol�1. It was concluded that using small pore zeolites (H-FER) re-
sults in a high propylene to ethylene ratio.

Recent literature studies for catalytic cracking of C5 hydrocarbons
using micro- and mesoporous MFI catalysts confirmed that, the existence
of a unique pore shape and moderate acid sites resulted in higher light
olefin yields [18, 20, 21]. Lee et al. [22] developed a range of micro- and
mesoporous MFI catalysts using a carbon templating method (0–50
wt.%). The increased mesoporosity of the MFI catalysts, which enhanced
reactant diffusion into the catalyst active sites, resulted in a high C5
raffinate conversion (69%) and increased yield (40%) in light olefins.

Hou et al. [23] studied the impacts of regeneration of metal-modified
MFI-based catalysts mostly on selectivity to light olefins. Regenerated
Ag-MFI achieved 69 wt.% selectivity towards light olefins, which was
approximately 25% higher than the parent MFI zeolite. At 500 �C light
olefins yields of over metal-incorporated MFI catalysts (Zr, Ag) and re-
generated MFI were 19.0%, 21.7%, and 25.6%, respectively, compared
with yield over the parent MFI (12.0%) [24]. However, at 550 �C, the
Zr-MFI catalyst exhibited an increase in light olefins production, which
was related to increase in hydride transfer reactions resulting from the
Brønsted acid sites thus improving catalytic performance. Cordero-Lanzac
et al. [25] explored n-pentane cracking over Zr-incorporated MFI catalysts
prepared via impregnation and chemical liquid deposition (CLD) method.
Strong acid sites on the surface of surface modified MFI catalysts were
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significantly reduced, resulting in higher catalytic activity and improved
selectivity for light olefins [26, 27].

In this study, n-pentane catalytic cracking was investigated to pro-
duce light olefins using a range of MFI zeolites of varying SiO2/Al2O3
ratios (SAR). To improve selectivity towards propylene and suppress the
undesirable reactions, MFI zeolite (SAR ¼ 280) with different crystal
sizes and morphologies were further investigated. The impact of surface
modification by ammonia treatment and phosphorous loading on phys-
iochemical properties and catalytic activities of n-pentane catalytic
cracking to produce light olefins was reported.

2. Experimental procedure

2.1. Chemical reagents

98% pure tetrapropylammonium bromide, tetrapropylammonium
hydroxide (40% aqueous solution), 99.99% aluminum sulfate hydrate,
98% pure anhydrous n-pentane, 99% pure tetraethyl orthosilicate, 98%
pure ammonium fluoride, 99.8% pure fumed silica; obtained from Sigma-
Aldrich and phosphoric acid (85%w/w) from Samchun Chem. were used
without being purified any further.

2.2. Preparation of catalysts

Zeolyst International provided NH4 form MFI zeolites with SAR (30,
80, 280, 500, and 1500). The parent zeolites were converted into H-form
via calcination in air for 5 h at 550 �C. They are denoted as catalyst HZ30,
HZ80, HZ280, HZ500, and HZ1500. Preparation methods of different
MFI catalysts (SAR ¼ 280) were used as reported previously and are
denoted as HZ280-ns (ns: nano size), HZ280-LC (LC: large crystal), and
HZ280-LC-NH3 (ammonia modified) [28].

2.2.1. Nano size HZ280 catalyst
In a typical synthesis, fumed silica (12.0 g) was combined with tet-

rapropylammonium hydroxide (TPAOH, 3.46 g), aluminum sulfate (0.24
g) and water (13.4 g). The resultant mixture was transferred in a Teflon
autoclave and hydrothermal crystallization was carried out for 4 days at
90 �C. The resulting gel had a total composition of 1.0 SiO2/0.085
TPAOH/0.00357 Al2O3/3.72 H2O. Following crystallization, obtained
solid was centrifuged and washed thoroughly with deionized water three
times. The resulting solid was dried overnight at 90 �C before being
calcined at 750 �C for 6 h (heating rate 1 �C/min). The zeolite catalyst
obtained using this method was designated as HZ280-ns.

2.2.2. Large crystal HZ280 catalyst
In a typical synthesis, tetrapropylammonium bromide (TPAB, 4.26 g),

ammonium fluoride (0.74 g), and aluminum sulfate (0.24 g) have been
dissolved in deionized water (72 mL). The obtained solution was then
combined with fumed silica (12.0 g) until the formation of homogeneous
gel. The resultant gel was transferred in Teflon autoclave and hydro-
thermal crystallization was carried out for 2 days at 200 �C. The resulting
gel had a total molar composition of 1.0 SiO2/0.08 TPAB/0.1 NH4F/
0.00357 Al2O3/20 H2O. Following crystallization, obtained solid was
washed thoroughly with adequate amount of deionized water, filtered
and dried overnight at 80 �C before being calcined at 750 �C for 6 h in air
to get rid of the template. The zeolite catalyst obtained using this method
was designated as HZ280-LC.

2.2.3. Ammonia-modified large crystal HZ280 catalyst
Surface modification was accomplished in a glass beaker by

combining 4 g of HZ280-LC with 20 g solution containing ammonium
nitrate (10 g, 7.5 wt.%) and aqueous ammonia (10 g, 25 wt.%). The
suspension was swirled for 1 h at 90 �C at autogenous pressure in a
polypropylene bottle. The final solid was extensively washed using
deionized water, dried for 4 h at 110 �C and calcined in air for 5 h at 550
�C. The ammonia-modified sample was denoted as HZ280-NH3.



Figure 1. Schematic diagram of the fixed-bed reactor.

Z.S. Qureshi et al. Heliyon 8 (2022) e09181
2.2.4. Phosphorous-modified large crystal HZ280 catalyst
The preparation of phosphorous-modified MFI catalyst was carried

out by impregnation method. In 10 mL of deionized water a calculated
amount of phosphoric acid (85% w/w) was dissolved. 3 g of HZ280-LC
catalyst was disseminated in the phosphoric acid solution with steady
mixing for 5 h at 40 �C. The solid material was then dried for 12 h at 100
�C before being calcined for 5 h at 650 �C. ICP-OES analysis indicated
that 0.457 wt.% of P was deposited onto the P/HZ280-LC catalyst.

2.3. Catalyst characterization

The Rigaku Miniflex II instrument was used to analyze powdered X-
ray diffraction (XRD) arrays of the catalyst samples utilizing Cu-Kα ra-
diation with a wavelength, λ ¼ 1.5405 Å and 30 kV, 15 mA operating
parameters. A scanning angle of 2θ ¼ 5.0–60�, step size of 0.02� and
angular speed of 2�/min were utilized.

Phosphorous content was evaluated using Vario Micro Cube, Ele-
mentar inductively coupled plasma optical emission spectrometry (ICP-
OES analysis). Micromeritics ASAP 2020 instrument was used in
obtaining N2 adsorption-desorption isotherms. The pore information and
surface areas were computed using the Barret-Joyner-Halenda (BJH)
method and Brunauer-Emmett-Teller (BET) equation, respectively.

The catalysts acidic property was determinedwith TGA,Mettler Toledo
apparatus using the NH3 temperature programmed desorption experi-
ments. 0.05 g of the sample was weighed and pretreated at 300 �C for 2 h
in a 25 mL/min He stream. The catalyst was cooled to 25 �C, and NH3 gas
(50 mL/min) was used to saturate the catalyst acid sites at 100 �C for 30
min. The physically adsorbed NH3 was removed by heating at 120 �C for 2
h in a 50mL/min He atmosphere. In a 25mL/min He flow, the sample was
allowed to cooled to 50 �C before being heated to 700 �C (10 �C/min). A
thermal conductivity detector was used to detect the desorbed NH3 (TCD).

Images of the catalysts samples were captured using a JEOL JSM-5800
scanning electron microscope (SEM) at a magnification of 17000. Under
vacuum, the catalyst samples were covered with a thin layer of gold by
using cressington sputter ion-coater operated at 15 mA current for 20 s.
3

2.4. Catalytic evaluation

In a fixed-bed tubular reactor system, n-pentane catalytic cracking
was carried out (Figure 1). Main features of the reactor system comprise a
feed section, pre-heating section, a once-through reactor and a separator
section. The feed section consists of a metering pump to feed in liquid, a
mass flow meter to measure gas feed. The reactor is a haste-alloy tube of
12-inch length and 10 mm ID. It is heated by a three-zone electrical
furnace. The pre-heater zone consists of a stainless steel tube, heated by
an electrical furnace. The reaction products were passed through a cooled
jacketed vessel, to separate gaseous and liquid products. Gas products
were analyzed off-line in an Agilent 3000A fast micro gas chromato-
graph. Liquid product is analyzed using an Agilent 5870 GC based
detailed hydrocarbon analyzer, which works according to ASTM D6730.

After preheating to 250 �C, a pump delivered 2 cc/h of n-pentane into
the reactor. Nitrogen was utilized as a carrier gas at 20 cc/min. 1.0 g of
MFI catalyst (30–40 mesh size) was placed at the top half of a reactor
tube, supported by quartz wool and a reactor insert. The reaction was
carried out at atmospheric pressure, temperature ranging from 550-650
�C with a liquid hourly space velocity (LHSV) of 2.0 h�1 and a time-on-
stream 1–4 h. The reactor temperature was raised to the required tem-
perature before the feed was sent in. Reaction was allowed to take place
for 60 min, when steady state was reached. The reaction products were
passed through the separator, to separate gaseous and liquid products,
which are collected for analysis.

Eqs. (1), (2), and (3) were used to calculate conversion (X) of n-
pentane, yield (Y(i)) to species i and selectivity (S(i)) to species i.

X ¼ 100 – (Unreacted n-Pentane) (1)

YðiÞ¼ Wi
Wt% of n� Pentane

� 100 (2)

S(i) ¼ Y(i)/X (3)

where, Wi weight (%) of species i.

astm:D6730


Figure 2. (a) XRD patterns of MFI zeolites with various SAR and (b) parent and
modified HZ280 catalysts.

Figure 3. (a) N2 adsorption-desorption isotherms of MFI zeolites with various
SAR and (b) modified HZ280 catalysts.

Table 1. Physiochemical properties of parent and modified MFI zeolites.

Catalyst SBET
[m2/g]

Pore vol.
[cm3/g]

Pore dia.
[nm]

Amount NH3

desorbed [mmol/g]

<300 �C 300–550 �C Total
Acidity

HZ30 351 0.17 4.68 1.12 0.53 1.65

HZ80 390 0.15 3.27 0.81 0.38 1.19

HZ280 359 0.18 2.17 0.24 0.12 0.36

HZ500 334 0.15 2.08 0.16 0.09 0.25

HZ1500 321 0.05 3.27 0.15 0.08 0.23

HZ280-ns 409 0.19 4.78 0.23 0.18 0.41

HZ280-LC 355 0.13 1.85 0.20 0.14 0.34

HZ280-
LC-NH3

332 0.17 2.47 0.25 0.13 0.38

P/HZ280-LC 327 0.13 2.04 0.19 0.11 0.30
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3. Results and discussion

3.1. Characterization of the catalysts

Figure 2 presents XRD patterns for MFI catalysts with different SAR
and modified HZ280 catalysts. All the catalysts in Figure 2(a) showed the
typical MFI structure peaks in 2θ ranges of 7–10o and 22-25o [29].
Figure 2(b) depicts XRD pattern of the different modified MFI catalysts
with SAR 280. The peak intensity at 2θ¼ 7.4 was higher than 2θ¼ 8.5 for
HZ280 and HZ280-ns. However, it was reverse in the case of HZ280-LC
catalysts. The presence of fluoride ion during large crystal synthesis
promoted the formation of (020), (200), (�111) and (111) faces.
Furthermore, no significant impurities other than sharp MFI character-
istic peaks in XRD patterns were observed after HZ280 catalyst was
modified with ammonia treatment and phosphorous loading.

Figure 3 displays the N2 adsorption-desorption isotherms of parent
and modified MFI catalysts. All the MFI catalysts show adsorption at
very low pressures because of the interaction of the pore walls with the
adsorbate, typical of microporous materials. Table 1 depicts the textural
characteristics of parent and modified MFI catalysts. The surface area of
parent MFI zeolites was measured using BET method, and it decreased
4

as SAR increased from 80 to 1500. BET surface area of modified HZ280
catalysts was also influenced by surface modification with different
methods. As expected BET surface area of HZ280-ns increased due to
decrease in particle size and large surface area. For HZ280-LC catalyst



Figure 4. SEM images of (a) HZ280, (b) HZ280-LC, (c) HZ280-ns, (d) HZ280-LC-NH3 and (e) P/HZ280-LC.
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BET surface area decreased after the addition of phosphorous, which is
ascribed to the destruction of some microspores, during phosphorous
modification [30]. Average pore diameter increased with phosphorous
loading which is attributed to the production of the mesopores caused
by dealumination, thereby improving diffusion. Similar observation
was also reported in the literature for phosphorous impregnated MFI
catalyst [31].

SEM images of parent and modified HZ280 catalysts are presented in
Figure 4(a-e). The SEM image of parent HZ280 (Figure 4a) shows rela-
tively quadrangular prism-like crystallites. Figure 4b shows that the large
crystal HZ280 zeolite represents a highly ordered large quadrangular
Figure 5. Temperature effects on n-pentane cracking and product distribution (a) 5
propylene/ethylene ratio for MFI catalysts with various SAR.
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prism-like crystallites morphology with large crystal size of about 40 μm
HZ280-ns was observed to consist of only small spherical nanoparticles of
average 300–400 nm crystal size (Figure 4c). After surface modification
of HZ280-LC with 0.5 wt.% ammonia and phosphorous, a mixture of
large crystallites with few small particles were observed, as shown in
Figure 4d and e. The morphology revealed that P loading slightly
damaged the structure of the MFI sample.

NH3-TPD analysis were made to investigate the acid characteristics of
parent and modified MFI zeolites, as shown in Table 1. Both the weak
acidity (<300 �C) and strong acidity (300–550 �C) of MFI zeolites
decreased with the increase of SAR. Furthermore, among the modified
50 �C, (b) 600 �C, and (c) 650 �C; (d) ethylene and propylene selectivity and



Table 2. Effect of temperature on n-pentane cracking and product distribution for MFI catalysts with various SAR.

Catalyst Temp. (oC) Conv. (%) Yield (%) Selectivity (%)

C2
¼ C3

¼ C2
¼þC3

¼ C4
¼ þ C4

2¼ C5
¼

þ C6
¼ C1 C2–C4 BTX* C9þ C2

¼ C3
¼

Blank 550 3.3 0.7 1.0 1.7 0.5 0.1 0.3 0.6 0.0 0.1 21.2 30.3

600 13.7 3.4 4.8 8.2 2.3 0.1 1.3 1.9 0.0 0.0 24.8 35.0

650 41.6 12.2 13.9 26.1 4.9 0.7 5.0 4.9 0.0 0.0 29.3 33.4

HZ30 550 99.6 5.8 3.5 9.3 0.8 4.5 22.3 42.4 14.0 6.2 5.8 3.5

600 99.8 6.3 2.0 8.3 0.2 7.3 20.9 23.9 28.2 11.0 6.3 2.0

650 100.0 4.3 0.8 5.1 0.0 7.5 16.6 14.9 41.1 14.7 4.3 0.8

HZ80 550 96.4 14.8 13.8 28.5 4.8 2.9 6.4 38.8 12.2 2.7 15.4 14.3

600 99.5 15.6 11.8 27.3 3.2 4.1 9.9 31.4 17.0 6.5 15.7 11.9

650 100.0 14.2 4.3 18.5 0.5 7.3 15.2 20.6 25.2 12.6 14.2 4.3

HZ280 550 67.9 12.8 16.3 29.2 5.4 2.0 3.5 27.1 0.1 0.6 18.9 24.0

600 90.2 21.4 22.2 43.5 5.6 2.2 6.8 30.7 0.0 1.3 23.7 24.6

650 99.1 29.9 21.1 51.0 3.6 3.3 12.2 25.8 0.0 3.3 30.2 21.3

HZ500 550 48.7 8.8 13.7 22.5 5.2 1.9 2.5 16.3 0.0 0.3 18.1 28.1

600 73.3 15.8 20.7 36.5 7.0 2.1 4.9 22.1 0.0 0.8 21.6 28.2

650 92.8 25.9 23.5 49.4 5.7 4.1 9.6 21.7 0.0 2.3 27.9 25.3

HZ1500 550 12.0 1.6 3.9 5.4 1.9 0.7 0.7 3.1 0.0 0.1 13.3 32.5

600 34.8 7.0 11.1 18.1 4.8 1.0 2.7 8.1 0.0 0.2 20.1 31.9

650 63.9 17.3 19.3 36.6 6.0 1.9 7.5 11.4 0.0 0.6 27.1 30.2

* BTX ¼ Benzene, toluene, xylenes, LHSV ¼ 2 h�1, TOS ¼ 1 h.
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HZ280 catalysts, the ammonia-modified catalyst exhibited an increase in
total acidity (0.41 mmol/g). The increase in acidity is related to the
enhancement of silanol group upon treatment with ammonia [32].
Moreover, P modified HZ280 reduced its strong acidity and total acidity
as a results of dealumination from the tetrahedral framework aluminum,
indicating that phosphorus was more related with the acidic sites of the
HZ280 zeolite. Ji et al. [33] proposed that a significant number of weak
acid sites over the surface of zeolite catalyst are required for the viable
Figure 6. Temperature effects on n-pentane cracking and product distribution (a) 5
propylene/ethylene ratio for modified HZ280 catalysts.

6

conversion of n-dodecane to produce light olefins. Strong acid sites in
high concentrations may be accountable for the formation of undesirable
products such as lower alkanes and aromatics [34]. It was clear from
NH3-TPD experiments that, the number of weak and strong acid sites is
essential for the production of light olefins. According to Blasco et al.
[34] an interaction exists between phosphorus and the acid sites corre-
sponding to Al pair framework. This stabilizes the aluminum and varies
the acidic property. Cracking is mainly enhanced on strong acid sites,
50 �C, (b) 600 �C, and (c) 650 �C; (d) propylene and ethylene selectivity and



Table 3. Effect of temperature on n-pentane cracking and product distribution over modified HZ280 zeolites.

Catalyst Temp. (oC) Conv. (%) Yield (%) Selectivity (%)

C2
¼ C3

¼ C2
¼þC3

¼ C4
¼ þ C4

2¼ C5
¼

þ C6
¼ C1 C2–C4 BTX* C9þ C2

¼ C3
¼

HZ280 550 67.9 12.8 16.3 29.1 5.4 2 3.5 27.1 0.1 0.6 18.9 24.0

600 90.2 21.4 22.2 43.6 5.7 2.2 6.8 30.8 0 1.3 23.7 24.6

650 99.1 29.9 21.1 51 3.6 3.3 12.2 25.7 0 3.3 30.2 21.3

HZ280-ns 550 40.4 6.7 11.9 18.6 5 1.2 2 13.3 0 0.3 16.6 29.5

600 64.1 12.5 19.3 31.8 7 1.4 4.1 19.4 0 0.3 19.5 30.1

650 89 23.2 24.9 48.1 6.3 2.5 9 21.7 0 1.4 26.1 28.0

HZ280-LC 550 60.9 10.5 16.9 27.4 6.8 1.6 3.4 21.5 0 0.3 17.2 27.8

600 91 21.9 24.9 46.8 7.2 2.6 6.7 26.8 0 1 24.1 27.4

650 98.6 27.7 23.5 51.2 5.5 4.1 11.6 23.8 0 2.4 28.1 23.8

HZ280-LC-NH3 550 83.1 11.2 20.3 31.5 8.8 10.2 2.7 17.9 1.9 10 13.5 24.4

600 85.1 16.6 23.8 40.4 8.8 3.8 5.4 24 0.4 2.3 19.5 28.0

650 96.7 25.3 22.9 48.2 5.2 3.8 11.3 25.6 0 2.4 26.2 23.7

P/HZ280-LC 550 68.9 3.8 12.2 16 5.8 16.8 1.2 6.8 3.3 19 5.5 17.7

600 80.8 8.7 20.2 28.9 9 13 2.8 10 2.7 14.4 10.8 25.0

650 90.5 20.7 26.5 47.2 9.5 7.6 7.2 9.7 1.4 8 22.9 29.3

* BTX ¼ Benzene, toluene, xylenes, LHSV ¼ 2 h�1, TOS ¼ 1 h.
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thereby producing by-products and eventual coke deposition. As a
consequence of the phosphorus modification, the acid amount over
P/HZ280-LC catalyst decreased to 0.3 mmol/g, which helped n-pentane
from over-cracking, reduced carbon deposition, and avoided blockage of
zeolite micropores. As a result, the access of the reactants to the micro-
pores and subsequent reaction on the acid sites became unrestricted [35].

Furthermore, phosphorous content of P/HZ280-LC catalyst was
determined using ICP-OES analysis. It was found to be 0.457 wt.%, which
matches the designed value, indicating successful impregnation of P in
HZ280-LC catalyst.
3.2. n-Pentane catalytic cracking using MFI zeolites

3.2.1. Blank experiments
The experiments were conducted in a blank reactor containing only

SiC (1.0 g) as diluent using the following conditions: n-pentane: 2.1 cc/h;
N2: 20 cc/h; atmospheric pressure; temperature: 550–650 �C. The results
obtained for the blank test are presented in Figure 5 and Table 2 n-
Pentane conversion at 550, 600, and 650 �C was found to be approxi-
mately 3.3, 13.7, and 41.6 wt.%, respectively. At 650 �C, yield of light
olefins (propylene and ethylene) was 26.1 wt.%, by around 10 wt.% al-
kanes (C1–C4) (Figure 5c).

3.2.2. Influence of SiO2/Al2O3 ratio
The performance of MFI catalysts with SAR from 30 to 1500 at

550–650 �C was carried out. The conversion of n-pentane and the
detailed product distributions are summarized in Figure 5 and Table 2.
The major reaction pathways over MFI catalysts are cracking, hydrogen
transfer and cyclization resulting in the formation light olefins, alkanes
and aromatics. In the blank experiment reaction conditions, n-pentane
Scheme 1. Possible n-pentane c
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cracking towards light olefins was not significant. This shows that acidic
sites are necessary for higher n-pentane conversion. The conversion of n-
pentane decreased as SAR increased. Catalysts with low SAR had more
acidic sites than catalysts with higher SAR. When compared to other
catalysts, HZ30 and HZ80 catalysts with total acidity of 1.65 and 1.19
mmol/g increased the production of benzene, toluene, xylenes (BTX) and
higher C9þ aromatics. It is well known that, over MFI catalyst, the yield
of aromatics increases with reduction in SAR [36, 37]. MFI catalysts
having lower SAR (high acidic sites) at 650 �C also gave rise to undesired
alkanes like C1–C4 hydrocarbons from 18.9 % (SAR 1500) to 31.5% (SAR
30), as shown in Figure 5c. This is attributed to cracking followed by
hydrogen transfer reaction (Table 2). Furthermore, as the acid sites were
reduced, the aromatic yield decreased from 41.1% (SAR 30) to 0 % (SAR
1500). This reveals that the aromatic products formation proceeded
through cracking followed by hydrogen transfer reaction, which require
strong acid sites. Suppression of strong acid sites minimizes the degree of
the hydrogen transfer reaction and, as a consequence increases ethylene
and propylene yield. An enhanced production of light olefins is caused by
moderate acid sites. Interestingly, HZ280 catalyst is the most active
catalyst, not only in suppressing the undesired hydrogen transfer reaction
but also producing the highest yield of ethylene and propylene (51%)
having a propylene/ethylene ratio of 0.7 and 38% yield of C1–C4 hy-
drocarbons, as shown in Figure 5c, d.

3.2.3. Modified MFI (HZ280) catalysts
The primary objective of n-pentane cracking over modified catalyst is

the formation of ethylene and propylene. Modifications of the HZ280
catalyst were made in particular to suppress the strong acid sites, thereby
decreasing reactions caused by hydrogen transfer and resulting in the
formation of lower alkanes (C2–C4). Figure 6a–c and Table 3 displayed
atalytic cracking pathways.
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the conversion of n-pentane, product yields over modified HZ280 cata-
lysts (HZ280, HZ280-ns, HZ280-LC, HZ280-LC-NH3, and P/HZ280-LC) at
different reaction temperatures (550, 600, and 650 �C). Figure 6d com-
pares the total selectivity for light olefins (propylene and ethylene), and
propylene/ethylene ratio, for various modified HZ280 catalysts at tem-
peratures ranging from 550 to 650 �C.

In general, thermal cracking favors the formation of ethylene, whereas
catalytic cracking improves the formation of propylene. It was observed
that, all modified HZ280 catalysts exhibited very good n-pentane conver-
sion (89–99.1%) at 650 �C (Figure 6c). Among HZ280 zeolites with
different crystal morphologies, such as nano size and large crystal, HZ280-
LC showed a higher n-pentane conversion (98.6%) as well as an increased
yield of light olefins (51.2%). However, after 1 h of reaction at 650 �C, the
conversion was identical to that of HZ280 catalyst. When HZ280-LC-NH3
was compared to the parent HZ280-LC, light olefins selectivity remained
nearly identical with propylene/ethylene ratio at ~0.9 at 650 �C.

The phosphorous-modified HZ280-LC catalyst demonstrated a signifi-
cant decrease in the yield of lower alkanes (C2–C4) 9.7%at 650 �C (Table 3).
It was the lowest yield among the modified HZ280 catalysts. P/HZ280-LC
showed improved propylene selectivity with propylene/ethylene ratio
~1.3 and good yield of light olefins (47.2%). This is mainly due to the
catalyst’s moderate acidity, which favored catalytic performance in terms
of suppressing lower alkane formation (C2–C4), and higher yield of light
olefins. Lee et al. [27] noticed a similar trend in which MFI zeolite with
phosphorous treatment not only reduced strong acidity of the catalyst but
also improved catalyst stability in catalytic cracking of C5 raffinate.

3.2.4. Light olefins formation
The propylene to ethylene ratio revealed that propylene selectivity

dependent on the kind of feedstock and reaction conditions. Figures 5d,
6d presents the propylene/ethylene ratio for MFI catalysts with different
SAR and modified HZ280 catalysts at different reaction temperatures
(550, 600, and 650 �C). The propylene/ethylene ratio for MFI catalysts
with varying SAR was 2.4–1.6 at temperatures ranging from 550 to 600
�C. However, modified HZ280 catalysts demonstrated a propylene to
ethylene ratio of 3.2–2.3, which decreased to about 1.3 at 650 �C. Pro-
pylene has been reported to be catalytically generated by the β-scission of
long chain saturated hydrocarbons [38]. Because cracking aided by
catalysts predominate at reduced temperatures (500–550 �C), an
enhanced propylene yield was obtained as compared to ethylene. It is
interesting to note that, even at a higher reaction temperature (650 �C),
P/HZ280-LC catalyst favored catalytic cracking reaction resulting in
improved propylene to ethylene ratio (~1.3). The results of n-pentane
cracking reactions showed an enhanced propylene selectivity for the
phosphorous-modified HZ280-LC due to moderate acidity.

As shown in Scheme 1, catalytic cracking of alkanes includes both
desired and undesirable reaction pathways. Catalytic cracking of n-
pentane produces smaller species such as alkane and alkene, which is a
desired reaction pathway. Furthermore, because zeolite has a high acid
density and acid strength, undesirable side reactions like as oligomeri-
zation, isomerization, and aromatization occur frequently [39]. As a
consequence, selectivity to light olefins, and there is a large concentra-
tion of an undesirable product, giving rise to coke species [21]. As a
consequence, in order to improve selectivity toward light olefins, un-
wanted pathways must be suppressed.

4. Conclusions

A series of MFI zeolites having SAR (30, 80, 280, 500, and 1500),
different crystal sizes (HZ280-ns, HZ280-LC) and surface modified
zeolite (P/HZ280-LC, HZ280-LC-NH3) were synthesized, characterized
and tested for n-pentane cracking. Among the parent MFI catalysts,
HZ280 showed highest yield of light olefins, along with undesired al-
kanes due to cracking accompanied by hydrogen transfer reaction.
Controlling the acid sites in the catalyst can often be used to reduce
hydrogen transfer reactions. Among different crystal sizes of HZ280
8

catalyst, the larger crystal size catalyst showed improved n-pentane
conversion (98.6%) and light olefins selectivity (C3

¼/C2
¼ ¼ ~0.85)

compared to nano size catalyst (conversion 89%, C3
¼/C2

¼ ¼ ~1.07). The
larger crystal size HZ280-LC catalyst had less density of acid sites, which
suppressed the hydrogen transfer reactions. Modification with phos-
phorous on HZ280-LC catalyst, reduced strong acid sites further and
enhanced light olefin selectivity 52.2% with C3

¼/C2
¼ ¼ ~1.3 and minimal

formation of C2–C4 (8%) hydrocarbons.
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