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Hydrogenation of ethylene and propylene was carried out over the protonated ZSM-5 (HZSM-5) and
the alkaline earth metal-containing ZSM-5 type zeolites (M-HZSM-5, M: alkaline earth metal).
Products, both of low and high molecular weights, were formed through a variety of reactions such as
polymerization, isomerization, cracking, and hydrogenation. The lower molecular weight hydrocar-
bons produced over the HZSM-5 were mainly paraffins. The yields of light olefins were dependent on
the kinds of zeolite used and increased in the following order: HZSM-5~Mg-HZSM-5<Ca-
HZSM-5<Sr-HZSM-5<Ba-HZSM-5. Hydroconversion of benzene was also carried out over these
zeolites. The catalytic activity of M-HZSM-5 was lower than that of HZSM-5. In the case of
M-HZSM-5, the hydrogenated product, cyclohexane, and its skeleton isomer, methylcyclopentane, were
detected in the reaction products at about 300°C. In order to clarify the essential sites for the
hydrogenation, effects of impurities, especially iron, contained in the zeolites as hydrogenation catalysts,
were studied in detail. It was found that the HZSM-5 zeolite, which does not contain iron at all, showed
a significant hydrogenation activity. From these results, we have concluded that the active sites for the
hydrogenation of ethylenic double bonds are the strong acid sites of the HZSM-5 zeolite, and that the
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hydrogenation activity decreases upon the modification of the zeolite with alkaline earth metals.

1. Introduction

Zeolites containing catalysts have been used in
numerous petrochemical reactions such as crack-
ing, alkylation, oligomerization, isomerization,
and disproportionation due to their shape-selective
characteristics, acidic natures and well-defined
structures?-?.  However, relatively little informa-
tion on the hydrogenation ability of zeolites is
available. It is very important for the design of
zeolite catalysts to know if the zeolite alone has the
hydrogenation ability. In this paper, the hydro-
genation ability of the protonated ZSM-5 zeolite is
described.

2. Hydrogenation of Light Olefins

The conversion of synthesis gas to hydrocarbons
in a two-stage system consisting of a methanol
synthesis reactor containing Zn-Cr oxide (Zn/
Cr=2) catalyst followed by a hydrocarbon-forming
reactor containing the protonated ZSM-5 zeolite
(HZSM-5, Si/Al=120) was carried out. The results
obtained are shown in Fig. 1. The Gz and Cs
hydrocarbons produced were mainly paraffins
when the pressure of the second reactor (the
hydrocarbon-forming reactor) was above 20 kg/
cm2.  As this fixed-bed unit is a two-stage system,
it is reasonable to consider that the Cz and Cs
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paraffins are produced on the HZSM-5 zeolite.
There is no doubt that the light olefins are
produced as intermediate products and converted
to higher hydrocarbons through a variety of
reaction steps in the conversion of methanol to
hydrocarbons over the zeolite?. It is also well
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Fig. 1 Synthesis of Light Olefins from Synthesis Gas
in Two-stage System
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Fig. 2 CoHs-Hzand CoHs-He Reactions over HZSM-5
Zeolite

known that the hydrogen transfer reaction to light
olefins takes place on solid-acid catalysts.
Therefore, the following two possibilities can be
considered for the production of light paraffins; (1)
the hydrogen transfer reaction to light olefins over
the HZSM-5, (2) the subsequent hydrogenation of
light olefins over the HZSM-5.

From these viewpoints, two kinds of mixed
gases, CoH4-H2 and CeHs-He, were passed over
the HZSM-5 zeolites. The results obtained are
illustrated in Fig. 29. In the case of the CoH4—Hs
system, the CgHs yield increased remarkably by
raising the reaction temperature; about 95% of
C2Hy4 was converted to CoHg at 545°C.  On the
other hand, in the case of the CaHs-He system, the
C2He yield increased slightly; only about 10% of
CeH4 was converted to CeHg at 550°C.  Therefore,
it seems that most of the CaeHg obtained in the
C2H4-Hz system is produced by hydrogenation of
C2Has.  Moreover, in order to investigate the effect
of impurities contained in the HZSM-5, the zolites
before and after CoH4—H3z reaction were carefully
analyzed. First, the zeolites were treated with a
mixture of sulfuricand nitric acids (HeSO+/HNQOs=
1/1, vol/vol) to dissolve the impurities. As a
result, no metal impurities were detected. Second,
the zeolites were completely dissolved with hydro-
fluoricacid to determine the amounts of impurities
contained in them. Only a trace amount of Fe
was detected. Other metals were far below the
detection limits of the Shimadzu ICP-50 induc-
tively coupled argon plasma emission spectro-
scope. The amounts of Fe detected in the zeolite
before and after the reacction were 0.0065 wt% and

Tl ik

Sekiyu Gakkaishi,

0.0072 wt%, respectively, so that it may be neglected
completely in comparison with the amount of Al
These results indicate strongly that the hydro-
genation of light olefins takes place on the acidic
sites of the HZSM-5.

In order to further clarify the essential sites for
the hydrogenation, the following experiments
were conducted. Iron-containing silicalite and
ZSM-5 type zeolites were prepared from an Fe(Il)
compound or from Fe(ll) and Al compounds.
The BET surface area of these iron-containing
zeolites was about 350 m2/g. Peaks correspond-
ing to iron oxide were not observed in the X-ray
powder diffraction pattern. Fe(Il) did not replace
a portion of the silicon atoms in the crystal lattice
and was present in an enveloped form with the
zeolite®. Therefore, the iron-containing silica-
lite had no acidic nature. On the other hand, the
iron-containing ZSM-5 type zeolite had the acidic
nature derived from Al when the zeolite was
protonated in hydrochloric acid solution. The
amount of Fe in the silicalite was 2.18 wt%. In the
HZSM-5, the atomic ratio of Si/Al and the amount
of Fe were 20 and 0.815 wt%, respectively. Hydro-
genation of CO was carried out over these iron-
containing zeolites at 300—450°C, as they were
inactivated above 450°C. A large difference in the
product distribution was observed between the two
zeolites (Fig. 3)¥. The Cz and Cz hydrocarbons
produced over the iron-containing silicalite were
mainly olefins, and those produced over the
iron-containing HZSM-5 were mainly paraffins,
though a small difference in the (CoH4+CoHe+CsHe+
C3Hz) selectivity of both zeolites was observed.

Based on all above results, it 1s concluded that
the hydrogenation of light olefins takes place on
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Fig. 3 CO Hydrogenation over ZSM-5 Type Zeolite
Containing Iron
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the HZSM-5 zeolite, i.e., the acidic sites of the
zeolite.

3. Depression of Hydrogenation Activity by
Alkaline Earth Metals

In order to clarify the relationship between
hydrogenation activity and acid properties of zeo-
lite, the hydrogenation of ethylene and propylene

(R) C Hy-H, (CoHy-He)
0r =% = 1 ]
- 53 c C6 + ct
e, 6 ot ot Ce 6
- = % 6
80 | C3
c; Cs
L B
I I V'3 ] BTX
_. 60 1 5
5 — -
S B (o I ool I o s
5 ol 12 c 4 -
@ Y, S -
= | C3 3 C4
-1 1 [ =
- ; |
20 | - - | &
G C3 — =|cy
I a3
L oo — 2 Jc, 4 -
Z c ol == 2
ol == =Lc2 |3 22
1 Cé
c; (B) C4Hg-H, (CHg-He)
100 ~ A — —
C| -+ ct
L 2] C¢ 6 R
— | ¢t (%
6 + 6
80 | B ; Ce
i C5 Cs p—
- — (o
—~ 60} 5 A -
5 - 5
5 Z _ - .
B R < G ¢ |
=1 2 c: -
T W
T L .
L L% i
¢
- i I T
20 ST I (oo R I O O P B
I Cé ——'EZ _c, c2 E§
oL R 7 % ! %ﬁ
3 ¢ 9 7 o9\
- w 5 = z 5 9% .
o ) ~N ~ ~N ~N 1
>L) = 1 1 + Il %
= B2 3 3 3 T 7
& =+ 2 3 & 3 T

Reaction conditions: P=40 kg/cm?, T=400°C, SV=5,000
h~1, CeHs(CsHe)/Ha(He)/Ar=2.5/
50/47.5.

Shaded parts indicate Cz to Cs olefins.

Fig. 4 Olefin Hydrogenation over ZSM-5 Type Zeolites
Modified with Various Alkaline Earth Metals
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was carried out over various ZSM-5 type zeolites
containing alkaline earth metals (M-HZSM-5,
M: alkaline earth metal) (Table 1). We have
previously reported that part of the alkaline earth
metals changes the strong acid sites of HZSM-5 to
weak ones®:?.  Figure 4 shows some typical results
of the hydrogenation®. The shaded parts in Fig. 4
indicate Gz to Cs olefins. Products, both of low
and high molecular weights, were formed through
a variety of reactions such as polymerization,
isomerization, cracking, and hydrogenation. The
yields of light olefins and higher carbon-number
hydrocarbons (Cet) increased in the following
order: HZSM-5~Mg-HZSM-5<Ca-HZSM-5<Sr-
HZSM-5<Ba-HZSM-5. In the case of the C2H4(CsHs)-
H. system over these alkaline earth metal-
containing zeolites, aromatic hydrocarbons (BTX)
were hardly obtained as compared with those in
the CoH4(CsHe)-He system over HZSM-5 (self-
hydrogenation). These results indicate that the
hydrogenation activity of HZSM-5 is depressed by
modification with alkaline earth metals. The
increase in the Cet yields over the zeolites modified
with alkaline earth metals may be attributable to
the occurrence of other reactions such as poly-
merization, isomerization, and cracking, that take
place in preference to hydrogenation.

The temperature programmed desorption (TPD)
spectra of NHs for HZSM-5 zeolite exhibited two
peaks whose maximum temperatures were about
170 and 450°C. By addition of alkaline earth
metals, the amount of desorbed NHs above 350°C,
which corresponded to that of the second peak, for
various zeolites decreased in the following order:
HZSM-5>Ca-HZSM-5>Mg-HZSM-5>Sr-HZSM-
5>Ba-HZSM-5. In Fig. 5 are plotted the molar
ratios of the Cg to Cs paraffins (Ca~—Cs™) to the Cg
to Cs olefins (Ce=—Cs=) over these zeolites (given in
Fig. 4) against the normalized amount of desorbed
NHj3 based on that of HZSM-5, NHz/NH3(HZSM-
5), where NHs and NH3(HZSM-5) are the amounts
of desorbed NHj3 above 350° C for M-HZSM-5 and
HZSM-5, respectively®. Except for Mg-HZSM-5,
the (Ca~—Cs™)/(C2=—Cs=) molar ratio decreased as
the amount of desorbed NHjs decreased, namely,
the basicity of alkaline earth metal increased.

Table 1 Characteristics of HZSM-5 Type Zeolites Modified with Various Alkaline Earth Metals
Atomic ratios BET surface area

Cat. No. : -

at- o Si/Al alkaline earth metal/Al [m?*/g]
1. HZSM-5 120 — 342
2. HZSM-5 395 — 356
3. Mg-HZSM-5 94 1.30 336
4. Ca-HZSM-5 117 1.63 341
5. Sr-HZSM-5 93 1.29 301
6. Ba-HZSM-5 90 1.35 301
7. Silicalite — — 345
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Fig. 5 Relationship between (Co™—Cs57)/(Ce=—Cs™)
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Various Zeolites

From these results, it is concluded that the
hydrogenation of olefins takes place on the strong
acid sites of HZSM-5 and that the hydrogenation
activity is depressed by modification with alkaline
earth metals. Therefore, it is expected that the
selectivity of light olefins in the conversion of
synthesis gas to hydrocarbons over the dual-
functional catalyst, Zn-Cr oxide catalyst and the
protonated zeolite, increases by such a modifica-
tion of the zeolite. The conversion of synthesis
gas to hydrocarbons in a two-stage system was
carried out using various M-HZSM-5. Figure 6
shows the typical results?. The Cy and Cs hydro-
carbons produced over HZSM-5 are mainly paraf-
fins. As we would expect, by modifying the
HZSM-5 with alkaline earth metals, the (CoHst
CsHs) selectivity increased in the order: HZSM-5
(Si/A1=120)=Mg-HZSM-5<HZSM-5(Si/
Al=395)<Ca-HZSM-5<Sr-HZSM-5<Ba-HZSM-5.
On the other hand, the (CoHs+CaoHg+CsHet+CsHs)
selectivity was hardly depended upon the kinds of
zeolites.
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Fig. 6 Synthesis of Light Olefins from Synthesis Gas
in Two-stage System Utilizing HZSM-5 Type
Zeolites Modified with Various Alkaline Earth
Metals

4. Hydroconversion of Benzene

As described above, the HZSM-5 zeolite is active
for olefin hydrogenation. It is expected that
HZSM-5 zeolite alone is also effective for hydro-
conversion of aromatic hydrocarbons. The
hydroconversion of benzene was carried out over
various HZSM-5 zeolites, which had SiO2/Al20s
ratios of 30—240. Typical results obtained are
shown in Figs. 7(A) and (B)1®. The amounts of
aluminium in the zeolites (Al/(Si+Al)) affected
both the conversion of benzene and yields of
products. The conversions of benzene increased
markedly with increasing amount of aluminium.
The products obtained were methane, ethane,
propane, and alkylbenzenes (toluene, xylenes). A
remarkable increase in the yields of methane and
ethane was observed with increasing amount of
aluminium. The yield of toluene also increased
with the amount of aluminium only in the region
of low benzene conversion. However, the yield of
toluene instead decreased after attaining a
maximum vyield of about 15%, as the amount of
benzene present to form toluene by alkylation
largely decreased. Since the increase in the Al/
(Si+Al) ratio corresponds to that in conversion,
t.e., catalyst contact time, the presence of a
maximum yield of toluene can well be understood.

The amounts of hydrogen incorporated into the
products were calculated from the product yields.

Vol. 35, No. 2, 1992
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Fig. 7

Against the amount of aluminium was plotted the
normalized amount of hydrogen based on carbon,
[(H/C)y—(H/C);], where (H/C), and (H/C), are
ratios of hydrogen and carbon atoms in the
hydrocarbons in the effluent and the feed,
respectively. The only hydrocarbon in the feed is
benzene, so that (H/C); is 1. As shown in Fig. 7
(B), a remarkable increase in [(H/C),—1] was
observed with an increase in the amount of
aluminium!?. These results suggest that the
hydroconversion comprising hydrogenation of
benzene, hydrocracking, and alkylation occurs at
the acidic sites of HZSM-5 zeolite.

The amounts of deposited carbon in the zeolites
after reaction (15 h) were less than ~1%, so that the
amount of hydrogen from benzene found in the
conversion products is almost negligible in
comparison with the total amount of hydrogen in
these products. Therefore, it is not considered
that the hydrogenated hydrocarbons are mostly
produced by a hydrogen transfer reaction.

However, it is difficult to rule out that small
amounts of impurities, especially iron, in the
zeolites are the active sites. In order to determine
the effect of iron in the zeolite as a hydrogenation
catalyst, various iron-containing ZSM-5 type
zeolites were synthesized hydrothermally in the
presence of an iron compound (FeSO4). We have
previously reported that Fe(ll) can replace a
portion of the silicon atoms in a zeolite lattice and
give Bronsted acidity®, whereas Fe(Il) cannot
replace a portion of the silicon atoms and give
Bronsted acidity. Some analytical data are listed
in Table 2. The results of the hydroconversion of
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Hydroconversion of Benzene over Various HZSM-5 Zeolites

Table 2 Characteristics of Various Iron-containing
HZSM-5 Zeolites

Cat. o BET surface area Amount of Fe
No. Si/Al [m?/g] (W%
8. 35 340 0.0093
9. 35 349 0.021
10. 35 357 0.102
1. 35 358 0.205
12. 36 358 0.483
13. 36 357 0.599
14. 38 360 0.693

benzene carried out using the iron-containing
zeolites are illustrated in Fig. 81V. Although Fig. 8
(A) shows scattered results, the conversion of
benzene seem to be constant, being independent of
the amount of iron. On the other hand, a
remarkable change in the yields of products was
observed. The yields of ethane and propane
increased with the amount of iron, while that of
toluene decreased. The [(H/C),—1], which
indicates the rate of hydrogenation, increased
slightly. Itisthe moststriking when the line [(H/
C)p—1] vs. Fe wt% is extrapolated to 0 wt% Fe, the
intercept indicates the significant hydrogenation
activity of the zeolite which does not contain iron
at all.

Figure 9 shows the results of the hydroconver-
sion of benzene over various M-HZSM-5 zeolites1?,
The catalytic activity of M-HZSM-5 was lower
than that of the HZSM-5 and decreased with the
amount of alkaline earth metal. The hydrogenat-
ed product, cyclohexane, and its skeleton isomer,
methylcyclopentane, were detected in the effluent
gasatalow reacton temperature of 300°C. These
results indicate strongly the occurrence of hydro-
Vol. 35,

No. 2, 1992
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Metals
Table 3 Product Distribution for Hydrocracking of Cyclohexane?
. Selectivity [Ce-%]
Catalyst Cyclohexane conv. [%] G G Cs % Cs T X
HZSM-5 100 48.4 50.0 0.3 0 0 0.6 0.6 0.1
(0) (0)®
Ba-HZSM-5 100 41.9 49.9 3.9 0.1 0 1.8 1.9 0.5
(0) (0) (0)
HZSM-5Y 58.7 11.4 30.5 20.8 7.5 4.4 16.0 7.5 1.9
(0.35) (0.80) (0.96) (0.47)
HZSM-59 (95.4)9 45.8 46.8 0.7 0 0 4.8 1.9
0 0

a) Reaction conditions: P=40 kg/cm?2, T=573°C, SV=5,000 h~!, CsH12/H2=3/97.

mixed gas of CsHj2 and He instead of mixed gas of CeHi2 and Hs.

fraction.

e) Benzene conversion.
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b) The reaction was carried out using
c) Hydroconversion of benzene was carried out.

d) Olefin



cracking through the hydrogenation of benzene on
the strong acid sites of the zeolite. Moreover, the
hydrocracking of cyclohexane was carried out over
HZSM-5 (Si/A1=20) and Ba-HZSM-5 (Si/Al=20,
Ba/Al=0.075) (Fig. 10, Table 3)19. The conver-
sion of cyclohexane over these zeolites was 100% at
reaction temperatures above 360°C. The product
distribution over these zeolites was similar to that
resulting from the hydroconversion of benzene
over HZSM-5 and was considerably different from
that resulting from the benzene-He system.

From all above results, we concluded that the
active sites for the hydrogenation were the strong
acid sites of HZSM-5 and proposed the following
reaction scheme (A).

© slow
[Acid sites])

fast
O €1 Gy

(A) Proposed reaction scheme of
hydroconversion of benzene

It is known that the equilibrium constant of the
hydrogenation of benzene at high temperatures
above 450°C is very small (<107¢), namely, the
equilibrium lies far to the left. Therefore, if the
hydroconversion of benzene proceeds by the fol-
lowing reaction scheme(B) in which the rate-
determining step is the hydrocracking of cyclo-
hexane, itis difficult to rule out completely that the
hydrogenation of benzene takes place on the
impurities contained in the zeolite.

O=—0

[Fe)

Paraffin

Olefin

(B) Reaction scheme of hydroconversion
of benzene

So, a brief kinetic study was carried out to check the
possibility of the reaction scheme(B). As shown
in Fig. 11, it is found that the rate of the hydro-
conversion (r) is first-order dependent on the
pressure of benzene, as 1s expressed by the follow-

ing Eq. (1).
r =—dPy/dt = kuPs (1)

where Py is the partial pressure of benzene, ¢ is the
catalyst contact time and ky 1s an apparent rate
constant. Integrating Eq. (1), we have

In (Ps/P%) =—knut (2)

il ek
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Fig. 11 Plots of In(Ps/PP%) vs. Catalyst Contact Time

where P%% is the initial partial pressure of benzene
in the mixed gas of CéHg and Hz. The apparent
rate constants at various reaction temperatures
were calculated from the straight lines, and they
were

ku(480° C)=0.596X103(1/h)
ku(510°C)=1.55X103(1/h)
ku(541°C)=4.64X103%(1/h)
ku(573°C)=8.72X10%(1/h)

From the Arrhenius plots of ky obtained, the
apparent activation energy (AE,) was 34.8 kcal/
mol (Fig. 12).

Then, the “true” activation energy for reaction
scheme(B) was calculated by using the apparent
activation energy (AE,) obtained. K is an equilib-
rium constant of the hydrogenation of benzene and
is expressed by the following Egs. (3) and (4).

10

T
/

(o]

AE=34.8 kcal/mol (o]

ky x1073 (1/h)
\BRAL

1T x10% (1/K)

Fig. 12 Arrhenius Plot of ku
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K = Pc/PpPy® (3)
. Pc = KPgPy® (4)

where Pc and Py are the partial pressures of cyclo-
hexane and hydrogen, respectively. Therefore,
the rate of the hydroconversion of benzene for
reaction scheme(B) 1s expressed by using Eq. (4) as
follows.

r =—dPs/dt = kPc = kKPgPy® (5)

where k is a rate constant of the hydrocracking of
cyclohexane. K and k are also expressed by the
following Eqs. (6) and (7).

K = e—AF/RT (6)
k = koe —AE/RT (7)

where AF is the free energy of the hydrogenation of
benzene and AE is the activation energy of the
hydrocracking of cyclohexane.

S (kK) =koe —AE/RTe—AF/RT
=koe —AE/RTe —(AH—TAS)/RT

=koe —AS/Re ~(AE+AH)/RT

where AH is the enthalpy of the hydrogenation of
benzene. Therefore,

AE, = 34.8 kcal/mol = AE + AH (8)
As AH is approximately —49.3 kcal/mol,
AE = 84.1 kcal/mol (9)

As it is generally reported that the activation
energy of cracking is 20—35 kcal/mol12.13 the
activation energy (AE=84.1 kcal/mol) obtained is
considerably larger than those values above.
Therefore, it can be concluded that the possibility
of reaction scheme(B) is low and that the iron
contained in the HZSM-5 is not the essential site
for the hydrogenation of benzene.

5. Conclusion

It has been found that the strong acid sites of
HZSM-5 zeolite exhibit the significant hydrogena-
tion activity for ethylenic double bonds, and their
hydrogenation activity is depressed by modifica-
tion with alkaline earth metals. The detailed
mechanism of the hydrogenation cannot be
clarified at the present time. Several investigators
have reported that alumina, silica-alumina gels,

T ik

Sekiyu Gakkaishi,

and crystalline aluminosilicates (mordenite) as
solid acids also show such hydrogenation activity
and suggested that the active sites for the
hydrogenation are the Lewis acid sites in the
zeolitel9~19,

We expect that new reactions and catalysts will
be developed in the near future by utilizing the
hydrogenation or the reduction ability of the
HZSM-5 zeolite20.2D,
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ZSM-5 €4 51 b DKFE{LEE

B G
L HERTRFZERT, 305 FKIRIE D < IEHH 1-1

70 b L7 ZSM-5 (HZSM-5) BX U7 v A ) 18
S EA ZSM-5 RI¥ 4 54 b (M-HZSM-5, M: 7V Y
THGE) LcaFL oI 7ruL rokELEIT- 70
A, B, 299 F% vy, KEICSEORIECHHRT S
O, EEMIEFFEOLOPOEMFTFROLDE THEKL
720 HZSM-5 ECHART S FRED L DIZFEILNT 7 4~
Thot:o BHRAL 74 v OIEZHCLEY L T4 P OMEEIC
AL, KON L 720 HZSM-5=Mg-HZSM-5< Ca-
HZSM-5< Sr-HZSM-5< Ba-HZSM-5, X > ¥ > O K FEL%
L INH6DEA T A b ETIT- 720 M-HZSM-5 D&
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300°C TRIGAEBHRICKFILERY THL L 7unFH b
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FAOFEEELBHBICTA720, ¥4 T4 FRICETRAARHM
M, FCHOKEMEE L COMBELERRI L, 20
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