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Conversion of mixtures of methane and acetylene or ethylene into
higher molecular weight hydrocarbons over metal-loaded and
unloaded HZSM-5 zeolite catalysts
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Abstract

A mixture of acetylene and hydrogen was reacted over HZSM-5 zeolite catalyst a€20@roduce ethylene. A stream
containing ethylene and methane was then reacted over gallium-loaded and copper-loaded ZSM-5 to produce higher molecular
weight hydrocarbons. The effect of co-feeding methanol or chloroform on the product distribution was also investigated. On the
other hand, a mixture of acetylene and methane was reacted over metal-loaded ZSM-5 catalysts to produce higher molecular
weight hydrocarbons with a carbon number of five and more. Palladium, platinum, and nickel were among the transition
metals tested.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Methane conversion; Acetylene conversion; Ethylene conversion; Modified HZSM-5

1. Introduction noticed that molybdenum metal and oxides interacted
strongly with methane at 70€ to give H, H>0,
Methane conversion into higher molecular weight COg, and a trace amount of ethane. When these com-
hydrocarbons has been the focus of many researchergpounds were contacted with ZSM-5, ethane, ethylene,
in recent decades. Olgii] was the first to convert —and benzene were formed. Shu et[dl. studied the
methane by using a super acid “magic acid” that con- promotional effect of Ru on the dehydrogenation
tained a mixture of fluorosulfuric acid and antimony and aromatization of methane in the absence of oxy-
pentafloride (HS@F/SbF). The yield was low and  gen over Mo/HZSM-5 catalysts. They reported that
the acid system was depleted very quickly. methane can be activated in the absence of oxygen
In their work Weckhuysen et al[2] converted over Mo/HZSM-5 catalyst with a conversion of 6-8%
methane into aromatics (benzene, toluene, and naph-and a selectivity of aromatics to 90% at 7@
thalene) over different transition metal-loaded ZSM-5  In another process developed by Allenger e{%l.
zeolites (Fe, V, W, Mo, and Cr) at a reaction temper- methane reaction with acetylene was reported to take
ature of 750C. Solymosi et al[3] investigated the  place over a solid acid catalyst containing fluoride to
reaction of methane over supported and unsupportedproduce isobutene. Timmons et ] reported the re-
Mo-based catalyst at high temperature (7G). They action of acetylene over nickel or cobalt-containing
zeolite catalyst in the presence of a hydrogen donor
* Corresponding author. co-reactant to produce higher molecular weight hydro-
E-mail address: rg-anthony@tamu.edu (R.G. Anthony). carbons. White et a[7] have developed a process to
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react acetylene with itself or with any of the follow- In another experiment the effect of adding methanol to
ing compounds: hydrogen, methane, and ethane overthe feed was investigated. A small amount of methanol
zeolite catalyst. An aromatic rich stream containing was added to the feed by allowing ethylene to bub-
10wt.% benzene, toluene, and xylene was obtained. ble through methanol then mix with methane before
In this work, the ultimate goal is to convert methane entering the reactor. Methanol was introduced to the
into higher molecular weight hydrocarbons. Methane reaction mixture in an attempt to generate carbinium
is first converted into acetylene via a process describedions which help to initiate the reaction and produce
elsewhere[8]. Acetylene is then either mixed with  heavier components.
methane and converted directly into higher molecu-  The effect of co-feeding chloroform on the product
lar weight hydrocarbons over metal-loaded zeolites or distribution was also investigated. Chloroform was in-
hydrogenated into ethylene over HZSM-5 where ethy- troduced to the feed in two ways: (a) bubbling ethylene
lene in a feed mixture comprising methane is then thorough the chloroform before mixing with methane;
reacted over a catalyst to produce higher molecular (b) saturatingy-alumina with chloroform and allow-
weight hydrocarbons. The effect of co-feeding chloro- ing ethylene to pass through the saturayealumina
form or methanol with the feed mixture on the product column before mixing with methane. Chloroform was
distribution is also investigated. introduced to the feed mixture in an attempt to increase
the acidity (Lewis acidity) since aluminum trichloride
is known to have Lewis acid sites. In another exper-
2. Experimental iment the catalyst (Ga/ZSM-5) was reduced with hy-
drogen and tested for activity, feeding only methane
The experimental work was conducted using a stain- and ethylene.
less steel fixed bed reactor system described elsewhere Copper-loaded zeolite (Cu/ZSM-5) was also inves-
[9]. The reactor system was operated under continuoustigated for the reaction of methane and ethylene. The
flow and it could be operated under a range of pres- catalyst was loaded with 1.34 wt.% copper. The activ-
sures starting from atmospheric up to 1500 psi and a ity tests were conducted feeding methane and ethylene
range of temperatures of 0—1200. The reactor tube  in one case and co-feeding chloroform with methane
and the piping system were made of 316-type stainlessand ethylene in the other one. Methane and ethylene
steel. Copper was avoided as a material of construc- were fed to the reactor in a molar ratio of 6-1, WHSV
tion because of its high reactivity with acetylene. of 0.41, atmospheric pressure, and reaction tempera-
In this work, different mixtures of gases were fed to ture of 300°C.
the reactor at different operating conditions to achieve  The effect of loading HZSM-5 (30) catalyst with
certain product distribution in each case. A mixture different transition metals such as: palladium, plat-
of acetylene and hydrogen was reacted over HZSM-5 inum, and nickel was also investigated. The catalyst
with silica to alumina ratio of 280 at a temperature of was loaded with 0.5wt.% palladium, 0.5wt.% plat-
200°C and atmospheric pressure to produce ethylene.inum, or 3wt.% nickel. The feed consisted of methane
The feed mixture, which was diluted with nitrogen, has and acetylene in a molar ratio of 6-1, WHSV of 1,
amolar composition of 15.7, 6.2, and 78.1% hydrogen, and a reaction temperature of 40D.
acetylene, and nitrogen, respectively and was fedtothe Since the feed mixture contained acetylene, spe-
reactor at a total weight hourly space velocity (WHSV) cial safety precautions were taken into consideration.
of 3.24. Copper, which is highly reactive with acetylene, was
On the other hand methane and ethylene were fed toavoided as a material of construction. The acetylene
the reactor in a molar ratio of 6-1 at WHSV of 0.41, cylinder was secured in a safe place avoiding heat
atmospheric pressure, and a reaction temperature ofsources and mechanical shocks. The experimental
300°C. The catalyst (HZSM-5 with silica to alumina setup was checked for leaks before each experiment.
ratio of 30) was loaded with 1.48wt.% gallium. Dif- This is an important measure because of the wide
ferent experiments were conducted: in one case therange of flammability of acetylene (2.5-100%). More-
reaction was carried out over the (Ga/ZSM-5) catalyst over, acetylene partial pressure in the feed mixture
feeding only methane and ethylene with no additives. was kept below 25% in all cases.
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Fig. 1. Product distribution for the reaction of acetylene with hydrogen over HZSM-5 (280) at=TC&Enin, T = 200°C, andP = 1atm.

3. Results and discussion only (6.5%) of that stream. Production of ethy-
lene from this step can be useful for the reaction
3.1. Acetylene reaction into ethylene of ethylene with other additives over metal-loaded

zeolite catalysts as will be discussed later in this
Fig. 1 shows the product distribution for the re- Paper.

action of acetylene with hydrogen over HZSM-5  Fig. 2 shows the ethylene selectivity with respect
catalyst. The feed mixture comprises acetylene, hy- to acetylene conversion. High ethylene selectivity
drogen, and nitrogen with a molar composition of Was achieved throughout the course of the exper-
6.2, 15.7, and 78.1%, respectively. Ethylene was the iment. Eighty five percent selectivity for ethylene
predominant product; in addition, ethane and small was achieved at acetylene conversion of 64%. When
amounts of some other higher molecular weight hy- acetylene conversion dropped to 49% at the end of
drocarbons were produced. At the time that 90% the experiment as a result of partial deactivation of
of the product stream was ethylene; ethane formed the catalyst, ethylene selectivity was 80%.
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Fig. 2. Ethylene selectivity decrease with acetylene conversion decrease as a result of partial deactivation of the catalyst for the reaction
carried out over HZSM-5 with silica to alumina ratio of 280,= 200°C, P = 1atm.
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Fig. 3. A comparison of the product distribution for the heavy components for the reaction of methane and ethylene with different additives
over Ga/ZSM-5, TOS= 15min, T = 300°C, P = 1atm.

3.2. Ethylene reactions into hydrocarbons toluene, G, and Cg , however it showed a slight ef-
fect in producing @ hydrocarbons. In all cases a high
The product distribution of the reactions carried out ethylene conversion (99%) was achieved, however, no
over gallium-loaded zeolite (Ga/ZSM-5) is shown in methane was converted.
Figs. 3 and 4The reactions produced heavy products =~ When methanol was co-fed to the reactor instead
(Cs to Cf) as well as lighter products ¢o Cy) in of chloroform, a significant amount of heavy compo-
addition to hydrogen in many cases. As can be seennents was produced. Although the percentage ©f C
from Figs. 3 and 4introducing chloroform into the  in the product stream was lowered when methanol
feed through the-alumina saturated column has sig- has been introduced to the feed, a significant increase
nificantly increased the percentage of i@ the prod-  in the production of heavier components such gs C
ucts. About 22% of the products in the absence of toluene, and ¢ has been achieved. About 41% of
chloroform in the feed are 42 but once chloroformis  the products are £to Cg when methanol was intro-
introduced this number jumps to 59%. Reducing the duced to the feed, compared to 0% when there was no
catalyst with hydrogen showed a similar effect on the methanol in the feed. Although methanol is known to
production of G. On the other hand introducing chlo-  convert to dimethylether (DME) over ZSM-5, no DME
roform into the feed did not show a significant effect was detected in the product stream. It is believed that
in the production of heavier products such as benzene,any DME formed was converted into other forms of
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Fig. 4. A comparison of the product distribution for the light components for the reaction of methane and ethylene with different additives
over Ga/ZSM-5, TOS= 15min, T = 300°C, P = 1atm.
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Fig. 5. A comparison of the product distribution for the heavy components for the reaction of methane and ethylene over Cu/ZSM-5
catalyst in the presence and absence of chloroform in the feed,=TC&min, T = 300°C, P = 1atm.

hydrocarbons (aromatics, olefins, etc.). A high ethy- earlier, the catalyst was loaded with Pd (0.5wt.%),
lene conversion (99%) was also achieved at the time Pt (0.5wt.%), or Ni (3wt.%). The results show that
that no methane was converted. palladium-loaded ZSM-5 produced the highest per-
One can obviously see that the addition of chloro- centage of heavy components;(© C;{). Eighty per-
form to the feed gives the highest percentage of heavy cent of the product stream iss@ Cg of which 31%
components in the products (64%) most of it is On is C4. Significant amounts of toluene, benzene, and
the other hand, intrOdUCing methanol into the feed will C6 are also present in the product stream. This shows
give a little lower—but still significant-percentage of g significant improvement over the performance of
the heavy components (55%) but it gives better prod- non-loaded HZSM-5. As shown ifig. 6, heavy com-
uct distribution (more ¢, toluene, and §). ponents were produced when reacting acetylene over
Another set of experiments was conducted using a non-loaded HZSM-5, however, lower amounts af C
copper-loaded zeolite (Cu/ZSM-5). The results shown g Cg (62%) were produced.
in Fig. 5 demonstrate that these reactions are capa- Nickel loaded zeolite (Ni/ZSM-5) also showed
ble of producing some heavy components. When no 5 petter performance than that of the non-loaded
chloroform was co-fed to the reactor, benzene and HzSM-5(30). Significant amounts of benzene,

small amounts of & Ce, and G were produced.  toluene, and ¢ were produced. Sixty eight percent
On the other hand when chloroform was introduced, of the product stream is £Cto Cg which is con-
the amount of € in the product stream increased gjstent with work reported in the literature. As an
significantly from 0.88 to 38.4% but no benzene, eyample Timmons et al. reported that 68.8% of the
toluene, or § were detected. A high ethylene con-  hroduct stream to beddr higher. They reacted acety-
version (99%) was obtained and no methane was |ane over Ni (13 Wt.%)/ZSM-5/A03. When water
converted. and hydrogen were co-fed with acetylene they re-
ported higher percentage of the heavy products in the
3.3. Acetylene reactions into hydrocarbons product stream. Platinum-loaded zeolite (Pt/ZSM-5)
was tested, and heavy components such as benzene,
Fig. 6 shows the results obtained from reacting toluene, and ¢ were produced, however the percent-
methane and acetylene with a molar ratio of 1-6 over age of these components in the product stream (43%)
HZSM-5 and metal-loaded HZSM-5 at a temperature is much less than that obtained when using palladium-
of 400°C and atmospheric pressure. As mentioned loaded HZSM-5 or non-loaded HZSM-5.
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Fig. 6. A comparison of the product distribution for the reaction of methane and acetylene over different metal-loaded HZSM-5,
TOS=15min, T = 400°C, P = latm.

Fig. 7 shows the comparison of the conversion of experiment. The powder form of the ZSM-5, however,
acetylene over time on stream for each type of the cat- deactivated faster than the pellet form. After only 2h
alysts used. Palladium, platinum, and Ni-loaded pel- of operation, acetylene conversion dropped to 22%
let form of the ZSM-5 showed relatively prolonged and lower.
time of high conversion. For the first 3h and 15 min The average carbon number data for the product
acetylene conversion was almost 100%, whereas thisstreams for the different types of catalysts used are
number dropped to 37% for Ni-loaded ZSM-5, 44% shown inFig. 8 The non-loaded powder form of the
for Pd-loaded ZSM-5, and 53% for Pt-loaded ZSM-5 ZSM-5 produced heavier components during the first
at the last hour of operation (4.25h time on stream). hour of operation than all other catalysts. Pd-loaded
On the other hand non-loaded HZSM-5 showed a high ZSM-5 produced components with the highest av-
conversion (100%) at the first hour of operation then erage carbon number among the pellet form metal-
it decreased gradually to reach 41% at the end of the loaded ZSM-5 catalysts tested. A comparison of the
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Fig. 7. Acetylene conversion over different metal-loaded and non-loaded ZSM-5 catdlystdp0°C, P = 1atm.
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Fig. 8. Average carbon number for product streams for different metal-loaded and non-loaded ZSM-5 cataly460°C, P = 1atm.

performance of the catalysts used, based on conversionethylene increased the fraction of heavy components
and average carbon number of the products, shows thatin the product stream when compared with products
Pd-loaded ZSM-5 is the catalyst with the best perfor- from HZSM-5.

mance.
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