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H-ZSM-5 zeolite was treated with phosphorus acid by impregnating H-ZSM-5 with aqueous solutions of phos-

phoric acid at various concentrations.
lyst for the methanol-to-olefin reaction.
measured by EDX analysis.

in the solution, which might be caused by partial dealumination of H-ZSM-5 by the H3PO, treatment.

H-ZSM-5 (P-HZSM-5) modified with phosphoric acid was used as a cata-
The molar ratios of P/Si and Si/Al in H-ZSM-5 and P-HZSM-5 were
The Si/Al molar ratios of P-HZSM-5 increased with higher concentration of H3PO4

The P/Si

molar ratio of P-HZSM-5 after washing was proportional to the H3PO4 concentrations in the aqueous solutions.
The remaining phosphorus species after the washing must be strongly adsorbed by interaction with the pore sur-

face of H-ZSM-5 zeolite.

anol conversion of 100%.
lysts.
acid treatment.
selectivity and catalyst stability.

Keywords

The P-HZSM-5 catalyst showed very high propylene selectivity up to 57% with meth-

Furthermore, catalyst stability was significantly improved for the P-HZSM-5 cata-
Ammonia TPD spectra showed that the strong acid sites of H-ZSM-5 disappeared after the phosphoric
Consequently, the formation of aromatics and coke was inhibited, resulting in higher light olefin

ZSM-5, Methanol-to-olefin, Light olefin, Phosphoric acid, Propylene production, MFI

1. Introduction

Light olefins, especially propylene, are important
starting materials for many chemical processes, so
demand continues to rise every year. Light olefins
provide very versatile building blocks for synthesis
and are the feedstocks for a wide range of important
monomers, polymers, intermediates and chemicals.
Primary production of light olefins is based on either
steam cracking or recovery from refinery processes.
However, methanol can be easily obtained from the
huge reserves of natural gas, so the methanol-to-olefin
(MTO) reaction has gaining interest recently.

Many researchers have concentrated on converting
methanol to hydrocarbons such as methanol to gasoline
(MTG), methanol to hydrocarbons (MTH) and MTO
using zeolitic catalysts such as ZSM-5D"3, zeolite
Beta¥”, and SAPO-349"%_ and the reaction paths of
MTO and MTG processes over zeolitic catalysts have
been reported”. Silicoaluminophosphate SAPO-34
(pore size ca. 0.43 nm) is an excellent catalyst for the
selective production of light olefins (ethylene and pro-
pylene) in the MTO reaction. However, this catalyst is
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rapidly deactivated by coke accumulation in the internal
narrow channels of SAPO-34 crystals'®!D,

ZSM-5 has medium pore size (ca. 0.55 nm), so may
be stable in the MTO reaction. However, the strong
acid sites of the catalyst result in large fractions of by-
products formed through oligomerization reactions'?,
especially aromatic compounds. Several techniques
have been proposed to improve the catalytic specificity
of ZSM-5 catalyst for the selective formation of light
olefins'»~19. Recently, phosphorus modified H-ZSM-5
catalysts were proposed for cracking butene and C4-
alkanes to produce light olefins!”!'®, A high fraction
of light olefins could be obtained over the modified
H-ZSM-5 because the acid strength of the H-ZSM-5
catalyst was weakened by phosphorus addition.

In the present study, we used phosphoric acid-modified
H-ZSM-5 catalysts to take advantage of the stability for
the production of propylene in the MTO reaction. The
effect of the treatment with phosphoric acid on the light
olefin selectivity and catalyst stability was evaluated.

2. Experimental

2.1. Catalyst Preparation and Characterization
H-ZSM-5 (Tosoh Corp., crystal size=ca. 3 um,

Si02/A1,03 =310 (EDX analysis)) was used as the cat-
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Sample Preparation

Sample name 1P-Z

2P-Z 3p-Z 4.5p-Z 5.5P-Z

H-ZSM-5 added [g] 1.00
Water added [g] 5.00
85 wt% H;PO, added [g] 0.037
Final concentration of H;PO4  [wt%] 0.74
Mass ratio of P/H-ZSM-5 [g/g] 0.01

1.00 1.00 1.00 1.00
5.00 5.00 5.00 5.00
0.074 0.112 0.167 0.205
1.47 2.18 3.24 3.93
0.02 0.03 0.045 0.055

alyst. H-ZSM-5 was impregnated with phosphoric
acid (H3POs4) aqueous solutions of various concentra-
tions. First, 1.00 g H-ZSM-5 was mixed with 5.00 g
of deionized water, then the appropriate amount of
85 wt% H3PO4 was added. The amounts of 85 wt%
H3PO4 added and the concentrations of the H3PO4 aque-
ous solutions are listed in Table 1. The solvents were
completely evaporated by heating. Therefore, all
H3PO4 molecules in the solutions were loaded on the
H-ZSM-5. The mass ratios of phosphorus (P) in the
solutions to H-ZSM-5 were 0.01, 0.02, 0.03, 0.045 and
0.055. The H-ZSM-5 samples modified with H3PO4
(P-HZSM-5) were designated as: 1P-Z, 2P-Z, 3P-Z,
4.5P-Z and 5.5P-Z, respectively. The P-HZSM-5 cata-
lysts were dried again at 383 K for 5 h and then cal-
cined in air at 873 K for 5 h with a heating rate of 1 K-
min~!. After calcination, the samples of 1P-Z, 2P-Z,
3P-Z, 4.5P-Z and 5.5P-Z were washed with deionized
water to remove excess H;PO4 on the catalysts. Here,
the P-HZSM-5 samples were immersed in deionized
water for 3 h at room temperature with stirring, then
dried at 383 K and calcined again at 873 K for 5 h.
After washing, the samples were renamed W1P-Z,
W2P-Z, W3P-Z, W4.5P-Z and W5.5P-Z.

The products were characterized by X-ray diffraction
(XRD) using a Rigaku Miniflex with Cu-Ke¢ radiation.
The chemical compositions of the samples were ana-
lyzed by Energy Dispersive X-ray Spectrometry (EDX).
The acidic strength of the samples was analyzed by
temperature-programmed desorption of ammonia (NHs-
TPD) using an Autosorb-1-Chemi (Quantachrome
Instruments) in the temperature range from 373 to
973 K. A 0.2 g sample was pretreated in helium at
773 K for 1 h, then cooled to 373 K for 1 h. After NH3
was adsorbed on the samples for 2 h, temperature-
programmed desorption was started at 10 K-min™! from
373 to 973 K using a Quantachrome TPRWin v2.0.

2.2. Catalytic Test

MTO reactions over H-ZSM-5 and P-HZSM-5 cata-
lysts were performed using a fixed bed reactor made of
quartz glass (i.d. 4 mm) with a continuous flow system
under atmospheric pressure. The temperature and W/F
(mass of the catalyst [kg] divided by the feed rate of
methanol [mol/h]) were systematically varied for com-
parison. The reaction products were analyzed by a
GC-14B (Shimadzu Corp.) gas chromatograph
equipped with a flame ionization detector (FID) using
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Fig. 1 XRD Patterns of H-ZSM-5 and P-HZSM-5

an SM-6 column (6 m, 3 mm) and a gas chromatograph
GC-2014 (Shimadzu Corp.) equipped with a flame ion-
ization detector (FID) using a Xylene Master column
PRC 7791 (50 m, 0.32 mm).

3. Results and Discussion

3.1. Catalyst Characterization

Figure 1 shows the XRD patterns of the H-ZSM-5
and P-HZSM-5 catalysts. The MFI structure of
H-ZSM-5 was retained after the treatment with H3POs.
The XRD patterns of P-HZSM-5 did not contain a
broad peak indicating an amorphous phase. However,
the peak intensity of the XRD patterns decreased after
the H3POy4 treatment, possibly due to partial blockage
of HZSM-5 pores by excess H;PO4 molecules because
the XRD peak intensity of P-HZSM-5 decreased with
higher contents of H3;PO4 and recovered after removal
of the excess H3PO4 by washing.

The molar ratios of P/Si and Si/Al in H-ZSM-5 and
P-HZSM-5 were measured by EDX analysis as shown in
Fig. 2. The molar ratio of P/Si was greatly decreased
after washing. The H3PO4 molecules deposited on the
external surface and on the entrances of the pores of
H-ZSM-5 would be easily removed. The P/Si molar
ratio was directly proportional to the H;PO4 concentra-
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Fig. 2 Molar Ratios of P/Si and Si/Al Measured by EDX Analysis

o

HO-P-OH :P\:OH OiP:O

N /O\ P /O O P \S-/\ PN
siUTOAT st AT ’/',,?\I\ /S\LA\I‘

(a) (b) (©)

Fig. 3 Models for the Interaction of Phosphorus with the Bronsted
Acid Sites of H-ZSM-5 (a) Proposed by Keading et al.?? (b)
Proposed by Lercher ef al.?® and (c) Proposed by Xue et

al. 17

tions in the aqueous solutions. The remaining phos-
phorus species after the washing must be strongly ad-
sorbed by interacting with the pore surface of H-ZSM-5
zeolite.

The Si/Al ratios were increased after washing. The
Si/Al molar ratios increased with higher concentration
of H3POy4 in the solution, which might be caused by
partial dealumination over H-ZSM-5 by the H3POq4
treatment. For the 5.5P-Z samples, more than half of
the Al was dissolved from the H-ZSM-5 framework.

The models for H;PO4 deposited on the external sur-
face and inside the pore before and after calcination
were previously described'®. Various interactions of
phosphorus with the Bronsted acid sites of H-ZSM-5
prepared by impregnation with H3PO4 and calcinations
have been proposed by some researchers?®~2%. The
models proposed by Kaeding er al.>" and Lercher et al.”®
are illustrated in Figs. 3(a) and (b), respectively.
Recently, a schematic mechanism for the phosphorus
interaction with H-ZSM-5 was suggested as shown in
Fig. 3(¢)'?. Two zeolitic hydroxyls are condensed
with one phosphate molecule after calcination in air
leading to a decrease in the number of OH groups on P
modification. This mechanism has been convincingly
supported by Do/OH measurements.

Figure 4 shows the NH3;-TPD profiles of H-ZSM-5
and P-HZSM-5. There are two desorption peaks for
H-ZSM-5, one in the range of 373-473 K and the other
from 523 to 723 K, corresponding to the weak acid sites
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Fig. 4 NH;-TPD Profiles of the H-ZSM-5 and P-HZSM-5 Catalysts

and strong acid sites, respectively. The peak intensity
for the strong acid sites decreased with higher H;PO4
content whereas the desorption peak for weak acid sites
was not changed so much. After washing with de-
ionized water, the peak for strong acid sites slightly re-
appeared. These new acid sites might be caused by
the interaction of phosphorus with the Bronsted acid
sites of H-ZSM-5 as shown in Fig. 3.

3.2. MTO Reactions over H-ZSM-5 and

P-HZSM-5

The methanol conversions and product selectivities
over various catalysts are listed in Table 2. The prod-
uct selectivities were calculated based on the total
amount of the products, including aromatic compounds.
With increasing H;PO4 content, the selectivities for eth-
ylene and aromatics were decreased and the propylene
selectivity was increased. The highest propylene
selectivity obtained in this study was about 57%, which
is very high compared to the reported values. Ethylene
was formed predominantly via aromatics such as
xylenes and/or trimethylbenzenes'?. The hydrogen
transfer reactions take place on strong acid sites.
Apparently, the formation of aromatics and ethylene
was inhibited by the decrease in the numbers of strong
acid sites after the H;PO, treatment.

The selectivity for propylene reached 54.9% over
3P-Z catalyst. However, by increasing the H3PO4 con-
tent further, the methanol conversion over 5.5P-Z
decreased to 71.1% and light olefin selectivity was
about 3%. Instead, dimethylether (DME) was a main
product. After the removal of excess H;PO4 by wash-
ing, the selectivity for ethylene and aromatics as well as
propylene was increased again due to the partial recovery
of strong acid sites. However, the acidity of the strong
acid sites was still lower than that on the untreated
H-ZSM-5 due to the partial dealumination.

Figures 5-10 show the changes in methanol conver-
sions and product selectivities with reaction time. The
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Table 2 Methanol Conversion and Product Selectivity over H-ZSM-5 and P-HZSM-5 Catalysts

Conversion Selectivity [%]
Catalyst
[%] C, C- GG G~ C C~ Cs- DME Aromatics

H-ZSM-5 100 15 225 31 390 37 134 5.8 0 11.0
1P-Z 100 17 199 24 441 33 164 7.9 0 43
2P-Z 100 19 174 13 484 21 180 8.2 0 2.9
3p-Z 100 1.9 89 07 549 1.6 17.10 139 0 1.3
4.5P-Z 86.8 438 68 04 526 07 183 14.7 0.6 1.1
5.5P-Z 71.1 13 23 04 05 04 0.3 03 945 0

WIP-Z 100 21 220 38 373 52 147 7.6 0 7.4
W2P-Z 100 26 226 33 407 43 151 7.0 0 44
W3P-Z 100 15 199 24 457 28 167 8.1 0 3.0
W4.5P-Z 100 12 96 06 570 10 188 10.7 0 1.1
W5.5P-Z 97.4 26 114 04 529 09 162 14.4 0 1.1

W/F=0.065kg h- mol™!, reaction temperature =723 K, reaction time = 30 min.
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Fig. 5 Methanol Conversion and Product Selectivities over
H-ZSM-5 at 723 K

selectivities for hydrocarbons were calculated from the
product amounts excluding aromatic compounds. The
selectivity for propylene over the 3P-Z catalyst was
slightly decreased after several hours with the presence
of DME. The selectivity for DME was slightly
increased after 200 min, indicating that catalytic de-
activation by coke formation occurred over the catalyst
with high phosphorus contents. Catalytic deactivation
was obviously observed over the 4.5P-Z and 5.5P-Z
catalysts (Figs. 9 and 10). After the deactivation,
DME was mainly produced. DME is formed by meth-
anol dehydration, which is the first step of the MTO re-
actions. The strong acid sites must have been covered
with excess H3PO4 molecules which inhibited the con-
version of DME into other hydrocarbons. In addition,
for the samples before washing (4.5P-Z and 5.5P-7),
octahedral aluminum species must have remained in-
side the pores as a result of dealumination in the H3PO4
solutions with high concentrations. These aluminum
species would reduce the durability in the MTO reac-
tion.

The methanol conversions and propylene selectivities
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Fig. 6 Methanol Conversion and Product Selectivities over (a): 1P-
Z; (b): WIP-Z at 723 K

over the P-HZSM-5 catalysts were much improved after
washing. The catalyst performance of W4.5P-Z and
W5.5P-Z was very stable with very high propylene
selectivities because the acidity of the strong acid sites
of H-ZSM-5 after dealumination was lower than that of
untreated H-ZSM-5.

The effect of W/F on the product selectivities is
shown in Fig. 11. The reactions were performed over
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Fig. 7 Methanol Conversion and Product Selectivities over (a): 2P-
Z; (b): W2P-Z at 723 K

the 3P-Z catalyst at 723 K. The data were collected
after reaction for 30 min. The selectivities for hydro-
carbons were calculated based on the amount of products
excluding aromatic compounds. The conversion of
methanol was 100% for each W/F. However, a small
fraction of DME was formed at a low W/F of 0.024 kg -
h-mol™!, indicating that the contact time was not suffi-
cient to convert all DME to olefins. The highest selec-
tivities for propylene were obtained at W/F from 0.033
to 0.065 kg-h-mol ™.

The effects of reaction temperature on methanol con-
version and product selectivity are shown in Fig. 12.
The reactions were carried out at W/F=0.065 kg-h-
mol™! over the 3P-Z catalyst. The methanol conver-
sion was nearly 80% at 573 K, whereas the main prod-
uct was DME with other hydrocarbons as minor prod-
ucts. On the other hand, MTO reaction over untreated
H-ZSM-5 showed nearly 100% methanol conversion
with a small amount of DME at 573 K. These results
indicate that the acidity was weakened by the H3PO4
treatment, suggesting that higher temperatures are re-
quired for MTO reactions over P-HZSM-5 catalysts.
The highest selectivity for propylene (nearly 57%) was

J. Jpn. Petrol. Inst.,

Vol. 53,

30
20 r %3 ——§—

(@)
100 & ) w - —
_. 90 t
= —4—Ethylene  —<Propylene
> 80
S —e—Butene —*—DME
k] 70
% & Conversion
@ 80
o
c
§ sl T
=
o
‘® 40 r
g
c 30
3
20 .w
S e ——
0 *—r K 3
0 50 100 150 200 250 300 350
Time on stream [min]
(b)
100 = = = » =
_. 90 t
= —&—Ethylene  —<Propylene
> 80
2 —8—Butene -*-DME
g 70
D —&-Conversion
@ 60
°
&
8 50 I
(=}
I 40 |
[
>
=
o
(&)

0 50 100 150 200

Time on stream [min]
WI/F=0.065 kg*h-mol™".

Fig. 8 Methanol Conversion and Product Selectivities over (a): 3P-

Z; (b): W3P-Z at 723 K

obtained at 723 K, although the selectivity for aromat-
ics was not significantly increased at other tempera-
tures.

4. Conclusions

H-ZSM-5 catalyst was treated with H3PO4 solutions
of various concentrations. The selectivities for olefins
over P-ZSM-5 in the MTO reactions were significantly
improved by the H3POs treatment. Higher phosphorus
content in P-HZSM-5 significantly decreased the selec-
tivity for ethylene and aromatics due to lower acidity
of the strong acid sites of H-ZSM-5 caused by de-
alumination. The highest selectivity for propylene
over modified P-HZSM-5 reached 57% with small
amounts of aromatic by-products. The removal of
excess H3POy after washing resulted in partial recovery
of the strong acid sites. The catalyst performance of
washed P-HZSM-5 was very stable with very high pro-
pylene selectivities.

The significant increase in propylene selectivity over
P-HZSM-5 catalysts has important practical applica-
tions in current petroleum chemistry.
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