CHAPTER V
RESULTS AND DISCUSSION

In this chapter, the results and discussion are classified into two major parts.
Firstly, characterization of the Mo/HZSM-5 and Mo/HY catalysts by XRD, SEM,
BET, XRF, UV-Visible and ’Al MAS NMR is described in section 5.1. Secondly,

5.1.1 X-ray Di

The X-
Figures 5.1 and 5.2.

samples are shown in
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Figure 5.1 XRD patterns of various catalysts with different Mo loading. (a) HZSM-5;
(b) 5%Mo/HZSM-5; (c) 8%Mo/HZSM-5; (d) 10%Mo/HZSM-5.
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Even for the 10%Mo/HZ similar to that of HZSM-5
only showing the characteri ¢ ] th the main 26 values of about
8,9 and 23-25° as shown in Flgtm;SrL 7‘ J; crystallites could be detected. This
may be an indicatio sed on HZSM-5 and the
particle size is smaller thai-4-ni-so-thai-& hey cannot be ected by XRD technique
[Jiang et al. (1999)]. . r 8%Mo/HY c S ﬁ the same structure as HY
(Figure 5.2).
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used ca ysts are shown in Figures 5.3-5.7. The morphology and crystallite
distributions of the fresh catalysts before and after metal loading were resemble. It
was observed that the impregnation did not greatly alter the shape of crystal.
Additionally, after the methane conversion reaction, the used catalyst showed the
similar morphology and crystallite distributions compared with the fresh one.

Average crystallite diameter of ZSM-5 was 5 um whereas that of Y was 0.5 um.



(b) The used HZSM-5 catalyst

Figure 5.3 Scanning electron micrograph of the fresh and used HZSM-5 catalysts.
(Reaction temperature of 700°C with GHSV of 2000 h™")
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Figure 5.4 Scanning electron micrograph of the fresh 5%Mo/HZSM-5 catalyst.
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(é) The fresh 8'%M6/HZSM-5 catalyst
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(b) The used 8%Mo/HZSM-5 catalyst

Figure 5.5 Scanning electron micrograph of the fresh and used 8%Mo/HZSM-5
catalysts. (Reaction temperature of 700°C with GHSV of 2000 h™")
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Figure 5.6 Scanning electron micrograph of the fresh 10%Mo/HZSM-5 catalyst.
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(a)"‘The frg§h 85,}NO/HY catalyst
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(b) The used 8%Mo/HY catalyst

Figure 5.7 Scanning electron micrograph of the fresh and used 8%Mo/HY catalysts.
(Reaction temperature of 700°C with GHSV of 2000 h™")
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5.1.3 BET surface area

BET surface area of the various catalysts with different Mo loading is
shown in Table 5.1.

Table 5.1 BET surface area of various catalysts with different Mo loading

BET surface area

Catalysts
(m*/g of catalyst)

' 2

351

5%Mo/HZS 77/ | 310

’ PN 266

10%Mo 2ABN\Y 246

| 659

553
From Table 5.1, the ET 3 1ht1y decreased when Mo was
loaded in. This introduces the ck n of a small amount of metal or pore
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Table 5.2 Mo contents in HZSM-5 and HY

% Mo loaded (by weight) % Mo observed (by weight)
5%Mo/HZSM-5 4.22%Mo/HZSM-5
8%Mo/HZSM-5 7.30%Mo/HZSM-5
10%Mo/HZSM-5 9.24%Mo/HZSM-5

8%Mo/HY 7.8%Mo/HY
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5.1.5 UV-Visible

Diffuse reflectance spectrum (DRS) of the fresh 8%Mo/HZSM-5
catalyst and the transformation of a spectrum to obtain the absorption edge energy are
shown in Figures 5.8 and 5.9, respectively. As seen in Figure 5.9, intrapolation of the
slope of the spectrum into x-axis resulted in the absorption edge energy at

approximately 3.00 eV, which was reperted in the literature as the characteristic UV
absorption edge of MoO; [Weber (19 & can be concluded that MoO3 was
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Figure 5.8 Diffuse reflectance spectrum of melybdenum oxidés'su
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Figure 5.9 Intrapolatio f ;' : e spectrum into x-axis of the

5.1.6%4l
Z i
77l Mg [R"spectra ¢ 0 and @d HZSM-5 catalysts are

shown in Figures 5.10 and'5.11. The methane, reaction caused the appearance of the 0

ppm resonancﬂs% %ﬂ%@ﬂo&lﬂeﬂe alattice aluminium.

Loading with molybdenum also geg,erated extralattlce alummuna,specxes (Flgure

AR TR TR
m incr oMo catalyst. Additionally, a broad line can be

seen at about 30 ppm due to pentacoordinated nonframework Al [Rocha et al. (1991),
Alemany and Kirker (1986)].
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Figure 5.10 27Al HZSM-5 catalyst.
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Figure 5.11 *’Al MAS NMR spectrum of the used HZSM-5 catalyst. (Reaction
temperature of 700°C with GHSV of 2000 h™)
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/ . : \\\ 0/HZSM-5 catalyst.

Figure 5.12 27A] MA
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Figure 5.13 *’Al MAS NMR spectrum of the used 8%Mo/HZSM.-5 catalyst.
(Reaction temperature of 700°C with GHSV of 2000 h™")
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5.2 Catalytic reaction

In this section, the catalytic performance of Mo-modified HZSM-5 and HY

catalysts in the absence of oxygen is investigated.

5.2.1 Effect of the reaction temperature on the conversion of methane

2000 b,

Conversion (%)

Time on stream (mixm
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Figure 5.14 Convers10n of methanen 8%Mo/HZSM-5 at differefitt
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Figure 5.15 Theproduct selectivity at reactio temperature of 600°C.
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Figure 5.16 The product selectivity at reaction temperature of 650°C.
() CeHs, (0) C2Ha/CyHg, (A) CO,, (x) CO.
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Reaction of methaﬂ'F&ver 0/HZSM-5 was observed at different
temperatures (Figure 5_11 4). At tHe begmhmg of the ml?‘_l partial reduction of the

-

catalyst predominated, s indicated by the formation of C 0; €0, and H;0. At 700°C,
5%, gpich decayed to 8% after
2.5h. After 30 min on s%cam the evolutlon of H0 and CO, ceased, and only Co

and hydrocarboﬁ\ﬁ: ﬁ?%ﬁ ﬁﬁ}wmﬂﬁd were CoHg, CoH,

and CgHg, with minor amounts of C;Hg and C7Hs (Figures 5. 15 5.17). Methane

actlvatlo mlaos\aeﬁ mo ﬁrﬂlcally stable
product ob m te C-H bonds
(435 kJ/mol) [Koerts et al. (1992)]. Thus, methane dissociation on MoO; was

favorably occurred at high temperature, the molybdenum carbide species was formed

the highest methane cg-ﬁvfersion reached abo

which leaded to hydrocarbon product. As a result, at high temperature (700°C),
methane conversion and benzene selectivity were higher than that of at low
temperature (600°C) and the reaction used the shorter time to generate benzene.

In Mo/HZSM-5 samples, CO, and H,O were formed as the

predominant initial products. These products were formed via reactions of CH,4 with
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O-atoms in MoOj3 precursors. As O-atoms in MoOy were depleted by reduction, CO
and H, became the predominant gas-phase products. Hydrocarbons ultimately
became the catalytic products of CH, reactions as oxygen removal rates decreased; C,
and aromatics (benzene) were detected in the gas phase as CO and H, formation rates
decreased. This is in agreement with Kim et al.(2000), i.e., as isolated molybdenum

carbide species were formed, catalytic, CH, conversion began to produce C,H,

/) atics on acid sites in HZSM-5.

products, which were then rapidl

_.J
5.2.2 Effect of th

methane conversion.

The me
in different percentage
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Figure 5.18 Conversion of methane at different percentage of Mo loading over
HZSM-5 catalysts



Selectivity (%)
3

20

d : J .4__
07_‘ . At A AI1A

Figure 5.19 SM-5. (0) C¢Hs,

28,
22 Belectivity (%)

YR

Time on stream (min)

Figure 5.20 The product selectivity over 8%Mo/HZSM-5. (0) C¢Hg,
(0) C:H4/C2He, (4) CO,, (x) CO.
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Figure 5.21 Theproduct sélectivity ove 10%MOMHZSM:S. (0) CeHe,

is clearly observed ﬂS the ¢ l SM-5 gave the maximum methane conversion
at 12.43% and be ;: ‘

on the sample with Z}v
impregnation which ected to the poorly dlspersed formatlon of MoCy species

2::; ;h; I: :@y ﬂepaeﬂ Wﬁﬂmﬂﬁxmd by the reaction
ama&‘ﬁ%‘mwﬁ%ﬂﬁaﬂ

3.2.3 Effect of the GHSV on the methane conversion.

) showing the excessive

The methane conversion and product distributions with time on stream
at various GHSV are shown in Figures 5.22-5.25.
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The reaction was carried out over 8%Mo/HZSM-5 at reaction
temperature of 700°C.
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Figure 5.22 Conversion of methane on 8% ZSM-5 at different GHSV:
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Figure 5.23 The product selectivity at GHSV of 2000 h™'. (0) CgHs,
() C2Ha/CaHs, (A) CO, (x) CO.
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Figure 5.25 The product selectivity at GHSV of 6000 h™'. (0) CgHg,
(0) C2H/CHg, (A) COy, () CO.
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From Figures 5.22-5.25, the methane conversion increased with

decreasing space velocity and the selectivity toward benzene decreased with time on

stream when increased space velocity. At GHSV of 2000 h, a benzene selectivity of

73% at a methane conversion of about 12.4% was achieved over a 8%Mo/HZSM-5
catalyst. Furthermore, the selectivity toward C, hydrocarbon, mainly ethylene
decreased with decreasing space veloci is implies that ethylene was the initial
product of methane activation @r @ , such as benzene, are formed by
subsequent reaction of ethy% .&
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Figure 5.26 Conversion of methane on various zeolite catalysts.
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Figure 5.27 The pro talyst. (O) C,H4/C,Hs,
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Figure 5.28 The product selectivity over 8%Mo/HZSM-5 catalyst. (0) C¢Hg,
(@) C2HW/CyHe, (A) CO,, (x) CO.
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100 -

Selecticity (%)

ArIOUS zeoli& at reaction temperature of

700°C with GHSV of 2000 &
@] i ﬂs:l]ecfwt‘?(%b
e q ﬂ CO,
_ kN 235 0
8%Mo/HY 1.0 93.1 1.58
HZSM-5 2.32 0 0.09 96.9 3.01

Remark : Values reported at maximum hydrocarbon yield

The methane conversion and product selectivity with time on stream

over various zeolite catalysts are shown in Figures 5.26-5. 29 and summarized in
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Table 5.3. It can be seen that Mo improved the methane conversion reaction, and
Mo/HZSM-5 resulted in the relatively higher activity than Mo/HY. Therefore, zeolite
structure had a significant effect on the catalytic performance. ZSM-5 possesses a
pore diameter nearly equal to the dynamic diameter of a benzene molecule and has
two- dimensional channel systems. Thus the effective formation and desorption of

benzene formed in the channel 1 may minimize the formation of

thermodynamically stable polyaroma‘h characteristic will indirectly lead
to high catalytic activity. ‘ﬁuohte 1&

structure, this structure is advaniag eou to gene.:gt&n-of condensed ring aromatics
type deposited carbof he ch&nanly, and also causes low
tl&e [Zhang et al (1998)]

ore and has three-dimensional

selectivity to aromatics v

From Figures t, wps}bsy ed that the selectivity for CO was

constant with time. bsence of oxygen on HZSM-5
and oxygen in zeolite fram orlfrf;can Figures 5.10 and 5.11 that the
alum1n1um species, implying some
parts of zeolite frame_gvork were desirofed For M/?ZSM-S catalysts, CO was

probably formed ,‘_, action of methane with O-atoms il MoO; precursors and with
O-atoms in zeolite fraywork. ' Al I\@S NMR spectra in Figures
5.12 and 5.13, the 1nten.%ty of extra-frame k aluminium in used 8%Mo/HZSM-5

catalyst 1ncreﬁiu%ﬁﬂm tfgsfwlﬂ ’Tlﬂe‘jesults showed some

structural degradation of the zeolite dunng methane converswn reactlon

Wm\mmum"mmaa
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In this study, Mo/HZSM-5 catalysts were prepared by incipient wetness
impregnation of NH4ZSM-5 with ammonium heptamolybdate aqueous solution
[AHM; (NH4)6M07024.4H,0], followed by treatment in air at 500°C. Large aqueous
molybdate ions do not exchange directly onto HZSM-5 cation exchange sites during
impregnation. = AHM decomposed in air between 227-377°C to form MoO;
Wang et al. (1996), Liu ef al. (1997)]. At

[
500°C, MoOj crystallites dxsperspd‘o\hu_
exchange within zeolite ch

—
that the isolated MoOx SpECies il
diffusion and then could 3
(MoO»(OH))" species, whi
dimer and H,O :

crystallites on external zeolite surface

ZSM-5, and ultimately migrate and

The Mons species on (

|I|*'

Mo,05s>* species can be reduced to?ﬁ‘rm ve MoCy complex during the initial

A i
_....-‘-r..r"' ,f"' h'

stages of methane conﬂersmn reactions. <

(AlOSl)%)Ox‘!-CH@_ Zlo YMoCy + H,0

MoC; sites co ﬂ-ﬂ W mﬁ eact to form Cg-Cyg
aromatics on acid sites via rapid o ngomenzatlon cracking and cychzatlon reactions.
The activ qtim:l@lﬁﬁnj 1&&%{2&1 nlﬂ(;)l)ﬁ l%-llows:

CH4 + MoCy/HZSM-5 ——> H,C*MoC/HZSM-5 +H,
CHs4 + Hy,C"~MoCy/HZSM-5 = H,C™H,C-MoCy/HZSM-5 + H,




66

The terminal C,H, adsorbed on the catalyst can be liberated:

H,C-H,C-MoCy/HZSM-5 ——> C2H; + Mo'C,/HZSM-5

The formation of H, is probably the first irreversible step (or steps) and the driving

force up to this stage of the reaction. e transient product C,H4 is tuned and

Alternatively, H,C* —H,C

ld react with methane via an

\

t\t 1™MoC,/HZSM-5 +H,

oligomerization process:

CH + HCt (H;C)y-MoC,/HZSMS > 1,
.n*.ﬁ?-'fi

VT

The long-chain complex is capa aatization under assistance of the three-

T

fr {‘
H,C* (H,C)s~MoC/HZSM-

v 0C%{ZSM-S +3H,
‘a o |
i ot L 3V t the critical
MﬂoL ﬁ]ﬁﬁownﬁl(a}ﬂ % meet the criti

requirement of
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