CHAPTER VI
EFFECT OF DILUENT GAS ON ETHYLENE EPOXIDATION ACTIVITY
OVER VARIOUS Ag-BASED CATALYSTS ON SELECTIVE OXIDE
SUPPORTS
(Submitted to Catalysis Communications)

7.1 Abstract

The influence of different diluent gases (He, Ar, N2, CH4, and CH4 halanced
with He) on the epoxidation of ethylene was comparatively studied over a
commercial 14.86 wt% Ag/a-AECh, a himetallic 141 wt% Cu-17.16 wt%
Ag/SrTi03 and 0.32 wt% Sn-promoted 139 wt% Cu-17.16 wt% Ag/SrTi03
catalysts. The best diluent gas was found to be CHa balanced with He over all studied
catalysts for the ethylene epoxidation. CHs enhanced C2H4 conversion while He
provided both high EO selectivity and yield. Thus, the diluent gas 35 % CHs
balanced with 53 % He could give the highest synergistic effect towards ethylene
epoxidation reaction, corresponding to the lowest coke formation.
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7.2 Introduction

Ethylene oxide (EO) is an important intermediate in manufacturing of
several petrochemical products, such as ethylene glycol, surfactants, anti-freezers,
adhesives, explosives, lubricants, plasticizers, and solvents [1-3]. EO s
commercially produced through the partial oxidation of ethylene using either air or
oxygen over Ag catalysts loaded on a low surface area o Al20s3 support, based on the
original concept by Lefort in 1931 [4-5], A generalized reaction stoichiometry of the
process is as follows:

CoHs + 0502 - ) CaHiO AG°298K = -404 kj/rnol
Apart from the ethylene oxide formation, the by-products including CO, CQz2, and
H2) are simultaneously formed [6] The selectivity towards ethylene oxide
production has been improved by the use of different catalyst preparation techniques
[7-15], different silver precursors [16-21], and different promoters [22-24],

Cesium as an alkali metal promoter has been received a great interest over
the recent decades. The presence of Cs was found to result in the complete coverage
of Ag on the support and it mainly lied in the subsurface region with a small amount
at the catalyst surface, suggesting that Cs acts as a binder between the Ag and a-
Al203 support through stabilizing or creating the bond between two phases [25],
Grant and Lambert [26] found that Cs neutralizes acid sites on the oxide support
which are responsible for isomerization of the epoxide to acetaldehyde, followed by
combustion. It also increases the crystalline lattice defects (electrophilic oxygen
located area) and decreases the amount of nucleophilic oxygen which leads to the
total oxidation of ethylene. After that, Campbell [27] investigated the electronic
effect of added Cs on Ag catalysts. The influence of Cs on Ag(l 11) was observed
and a surface cesium oxide species (csos) existed in islands which was decomposed
to form gaseous Cs and 02 at 610 K. Linic and Barteau [28] pointed out that ethylene
oxide was produced through the formation of an oxametallacycle intermediate (favor
the transition state). Thus, the addition of Cs promoter which modifies the electric
field or dipole-dipole interactions (electronic effect) resulted in the higher transition
state, leading to more ethylene oxide. Epling et al. [29] showed that there was a
chemical interaction (electronic effect) between the Al, Cs, and Ag which might be
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responsible for changes in the electronic properties of the Ag catalysts. Moreover,
Yinsheng et al. [30] compared the Ba and Cs promoting effects on a silver surface,
affecting the ethylene epoxidation reaction. Ba was found to increase the activity in
term of conversion but slightly lower EO selectivity. On the contrary, Cs enhanced
the EO selectivity with a lower activity in terms of ethylene conversion,

Some chloring-containing compounds i.e. 1,2-dichloroethane (DCE), HCL,
ethyl chloride, etc. is used as the feed additive to promote the EO selectivity over Ag
catalysts in an industrial practice [22,27,31], Meanwhile, the added chlorinate
promoter on the surface of Ag catalysts produces more AgCl in which can poison the
catalysts. To overcome the poisoning problem by 1,2-dichloroethane (DCE),
paraffing are added to the feed. Compared with methane and ethylene, ethane is the
most effective dechlorinating agent. Lafarga and Varma [32] investigated the effect
of 1,2-dichloroethane (DCE) addition in the ethylene epoxidation reaction. The EO
selectivity increased to greater than 80 % but the ethylene conversion decreased with
increasing DCE concentration in the feed (0-3.3 ppm). The deactivation of the
catalyst for the highest level of DCE was observed after a few hours of the reaction.
Thus, ethane with a relatively low concentration (ca. 1%) was added in the feed to
moderate the deactivation (control the amount of chlorine adsorbed on the catalyst
surface) to maximize the benefit from the DCE addition. The optimum DCE level
was found to be 1-2 ppm to yield the maximum EO yield with highly stable activity.
Recently, Dellamorte et al. [33] studied the promotional effect of Re on Ag and Cu-
Ag bimetallic catalysts for the epoxidation of ethylene. Rhenium addition enhanced
the selectivity at very small loadings with a large decrease in the catalytic activity.
The optimum rhenium loading was 25 ppm on the Ag catalyst and between 50 and
100 ppm on the himetallic Cu-Ag catalyst to obtain the maximum EO selectivity.
The Re-promoted Ag catalysts were found to contain more uniform distribution of
the reaction sites for oxygen adsorption than the unpromoted ones, resulting in the
enhancement of the EOQ selectivity. Moreover, the Re promoter might improve the
EO selectivity through the stabilization of defect regions or through weakening the
Ag-0 bond.

The ethylene epoxidation processes comprise of ethylene, oxygen, and
diluent gas (balanced gas in the feed beyond the reactant gases, cora and o2, S0
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called “third gas”) in the reactant feed. Most researchers used helium [16,34-35] or
nitrogen [3,36-37] as the diluent gas with various oxygen to ethylene ratios.
However, the effect of diluent gas on the ethylene epoxidation activity has not been
reported in the scientific literature.

From our previous work [38-40], the most promising catalyst was the 0.32
wt.% Sn-promoted on 139 wt% Cu-17.16 wt% Ag/SITiCh catalyst, followed by
141 wt.% Cu-17.16 wt.% Ag/SITiCss catalyst. In this part of the study, these two
catalysts were employed in the ethylene epoxidation experiments, as compared to the
14.86 wt.% Ag/a-AfCh catalyst (commercial catalyst) in various diluent gases i.e.
He, Ar, N2, cw .+, and cw . balanced with He. The optimum O2t0 c 2w« ratio, as well
as the most effective diluent gas, was investigated to obtain the best reaction
conditions for the ethylene epoxidation reaction.

1.3 Experimental

1.3.1 Materials

oarzos (0109 ma/g) was purchased from Fluka. Silver nitrate
(AgNCh) was purchased from S.R. Lab. Tetraisopropyl orthotitanate (TIPT,
Ti(OCH(CHa)2)4), strontium nitrate  (Sr(NC>3)2), copper nitrate trihydrate
(Cu(NC>3)2-3H20), and laurylamine (LA, CH3(CH2)nNH2) were supplied by Merck.
Acetylacetone (ACA, CHsCOCH2COCH3) was obtained from S.D. Fine-Chemical.
Tin chloride (SnCI2) was purchased from Aldrich. Hydrochloric acid (HC1) and
ethanol (C2HsOH) were supplied by Labscan. All chemicals used were an analytical
grade and used as received without fiirther purification.

1.3.2 Catalyst preparation procedures
The mesoporous-assembled  SITiCs  nanocrystal  support  was
synthesized via a sol-gel process with the aid of a structure-directing surfactant [38-
40], Briefly, ACA was first added to TIPT at an equimolar ratio. In a separate beaker,
the LA surfactant was dissolved with 0.5 ml of the HCL and then was added to a
Si(NC>3)2 solution containing a specified amount of Sr(NC>3)2 and ethanol to obtain
the SrNC>3)2LAIHCI solution. Afterwards, this mixed solution was poured into the
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TIPT/ACA solution and kept continuously stirring. The resultant mixture was
incubated at 353 K for 4 d to obtain a complete gel formation and was further dried
at 353 K for 4 d. Finally, the dried gel was calcined at 923 K, which was found to be
the optimum support calcination temperature in our previous work [39], to produce
the mesoporous-assembled nanocrystal SrTiCss support,

The Ag catalysts used in this work were prepared by the incipient
wetness impregnation using the CARO3 and SrTiCxs supports with a silver nitrate
solution to obtain the nominal Ag loadings of 15 wt.% (actual Ag loading = 14.86
wt.%) and 17.5 wt% (actual Ag loading = 17.16 wt.%), respectively which were
found to provide the hest catalytic performance towards the ethylene oxide formation
[38-40], After that, the Ag impregnated on the o Al203 or SITiCh support was dried
at 383 K overnight and calcined at 773 K for 5 h to produce Ag/oAfCh and
Ag/SITICss catalysts. Next, the Ag/SrTiCs catalyst was further impregnated with the
Cu(No3)2-3Ha0 precursor to obtain a nominal Cu loading of 15 wt.%. Following
that, the catalyst sample was dried at 383 K overnight and then calcined in air at 773
K for 5 hto obtain the bimetallic Cu-Ag catalyst.

After that, the bimetallic Cu-Ag catalyst was promoted by tin using tin
chloride precursor with the optimum nominal tin loading of 0.4 wt.% [40], The
mixture was first dried at 383 K overnight and finally calcined at 673 K for 2 h to
produce the 0.32 wt.% Sn-promoted 1.39 wt.% Cu-17.16 wt.% Ag/SrTi03 catalyst

[41].

1.3.3 Activity testing experiments

The catalytic performance towards the ethylene epoxidation reaction
on the 14.86 wt.% Agla-AfCh, 141 wt.% Cu-17.16 wt.% Ag/SrTi03 or 0.32 wt.%
Sn-promoted on 1.39 wt.% Cu-17.16 wt% Ag/SITiCss catalyst was performed in a
packed-bed s-mm D tubular reactor under 24.7 psia and a reaction temperature of
548 K [40] with various diluent gas systems. Initially, 30 mg of any studied catalyst
powder packed in the reactor was pretreated with oxygen at 473 K for 2 h. The feed
gas was a mixture of 40 % ethylene in He, pure oxygen (HP grade), and a diluent gas
(He, Ar, vz, cwe OF cwe balanced with He). The feed gas compositions of ¢ «
ethylene and 3-7.5 % oxygen with different diluent gas balance (He, Ar, v 2, c« OF
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CHa balanced with He) were achieved by using mass flow controllers. The space
velocity of the feed gas through the reactor was maintained at 6000 h1 for all
experimental runs. The compositions of the feed and effluent gases were analyzed by
using an on-line gas chromatograph (Perkin Elmer, ARNEL) equipped with a 60/80
CARBOXEN 1 packed column (capable of separating carbon monoxide, carbon
dioxide, ethylene, and oxygen) and a Rt-U PLOT capillary column (capable of
separating EO, ethane, and propane). The formation of acetaldehyde was not
detected under the studied conditions because of further oxidation to carbon dioxide
and water so it appeared only in trace amounts [42], The catalytic activity of each
investigated catalyst was compared at 6 h of operation. The experimental data with
less than 5 % error were averaged to assess the catalytic performance. Moreover, the
studied catalysts with different diluent gases under their own optimum conditions
were operated at 72 h of time on stream to investigate their long-term stability and
performance. Finally, the best catalyst (0.32 wt.% Sn-promoted on 1.39 wt.% Cu-
17.16 wt.% Ag/SrTiCh) was operated up to 7 d (168 h) to observe the long-term
stability and performance towards ethylene epoxidation reaction.

1.3.4 Catalyst characterization techniques

The N2 adsorption-desorption isotherms of the prepared catalysts were
obtained by using a surface area analyzer (Quantachrome, SAA-IMP). The Brunauer-
Emmett-Teller (BET) approach was applied to determine the specific surface areas
using the adsorption data. The actual metal loadings of the investigated catalysts were
analyzed by an atomic absorption spectrophotometer (AAS, Varian, Spectr AA-300).

The oxygen and ethylene uptakes of the synthesized catalysts were
calculated from the desorption peaks which were obtained by using a temperature-
programmed desorption (TPD) analyzer (Quantachrome, Chembet 3000). Oxygen
(4.99 % O2 in He) or pure ethylene (99.99 % c+.) was initially adsorbed onto the
catalyst surface at 473 K for 2 h for the TPD experiments. After that, the catalyst
samples were cooled down to room temperature in a high-purity of He stream. Then,
the catalyst samples were heated from room temperature to 1173 K with a heating
rate of 10 K/min, and the desorbed gas was swept by the high-purity He at a flow



rate 0f 20 cnf/min. A thermal conductivity detector (TCD) was used to measure the
concentration profile of oxygen or ethylene in the effluent gas.

The surface morphologies of the studied catalysts hefore and after the
reaction experiments with their own optimum diluent gas systems were observed by a
field emission scanning electron microscope (FE-SEM, JEOL 5200-2AE). Prior to
analysis, the samples were coated with Pt to improve their conductivity. Furthermore,
the particle sizes of loaded metals on the catalyst samples were examined by
transmission electron microscopes (TEM, JEOL 3011 at 300 kv and JEOL 2010 at 200
KV). The specimens for TEM analysis were prepared by ultrasonically dispersing the
catalyst powders in ethanol and then placing drops of the suspension onto a grid coated
with a carbon film. The existence of Ag, Cu, and  particles on either the (v-a1205 OF
SrTiUs support was verified by using an energy dispersive X-ray spectroscope (EDS)
attached to the TEM. The metal particle sizes were determined from statistical data of
the TEM images.

The amounts of coke deposited on the spent catalysts were quantified
by a thermogravimetric-differential thermal analyzer (TG-DTA, PerkinElmer, Pyris
Diamond).

7.4 Results and Discussion

14.1 Catalyst characterization results
1.4.1.1 Specific surface area results

The characterization results of all investigated catalysts
(14.86 wt.% Agla-Al20 3 141 wt% Cu-17.16 wt.% Ag/SrTi03 and 0.32 wt.%
promoted on 1.39 wt% Cu-17.16 wt% Ag/SITiCh catalysts), including specific
surface areas, metal particle sizes, O2 uptakes and .« uptakes are summarized in
Table 7.1. All studied catalysts had very low specific surface areas and the 14.86
wt% Ag/oAlns catalyst possessed the lowest specific surface area. The tin
promoter slightly decreased the specific surface area of the bimetallic Cu-Ag
catalyst.



Table 7.1 Characteristics of 14.86 wt.% Ag/oAl203 141 wt.% Cu-Ag/SrTios and 0.32 wt.% Sn-promoted on 1.39 wt.% Cu-Ag/SrTi03
catalysts at their own optimum metal loadings (corresponding to the highest ethylene epoxidation activity)

Characteristics 14.86 wt.% Agla-Al203 141 wt.% Cu-Ag/SITiOj* 032 wt.% Sn-1.39 wt.% Cu-Ag/SrTiO,*
Specific surface area (ma/g) 0.03 11 0.8
Ag particle size2 (nm) 436104 5 £0.5 58 £05
2mimetal particle sizes (nm) - 47104 (Cu) 28203 ( *),55204 (Cu)
o uptakeh(/imol g1 6 6935 1429
C2Hz uptakeo (ftmol ¢') 0 5767 6065
CHa uptaked (nmol g') 259 486 403
*From TEM analysis_ bhased on the temperature range of 400-700K
*17.16 wt.% Ag loading (actual) chased on the temperature range of400-700K

Sn-promotedon Cu-Ag bimetallic catalyst dbased on the temperature range of 325-600K
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1.4.1.2 TPD results

Table 7.1 also summarizes the adsorption capabilities of oxygen,
ethylene, and methane on the catalyst surfaces, in terms of ( 2, C2H4, and CHa uptakes.
The main oxygen and ethylene desorption peaks in the temperature range of 400-700 K,
together with the main methane desorption peak at 325-600 K were used to calculate the
uptake results [40], The highest amounts of both Oz and C2Ha uptakes were found on the
0.32 wt.% Sn-promoted on 1.39 wt.% Cu-17.16 wt.% Ag/SrTi03 catalyst, followed by
the 141 wt.% Cu-17.16 wt.% Ag/SrTi0s catalyst. However, the 14.86 wt.% Ag/a-AhCh
catalyst adsorbed only a very small amount of oxygen with the absence of ethylene
adsorption. Among the investigated catalysts, the 141 wt.% Cu-17.16 wt.% Ag/SrTi03
catalyst had the highest methane uptake while the lowest amount of the methane uptake
was found on the 14.86 wt.% Ag/a-AfCb catalyst. The results indicate that the strong
interaction between Ag-Cu and the SrTi03 support greatly enhances both ethylene and
oxygen uptakes as compared with the weak interaction between Ag and the o Al2CE
support. The addition of a small amount of ~ promoter can increase hoth ethylene and
0Xygen uptakes significantly.

14.1.3 Surface morphology

The TEM/EDS technique was applied to verify the existence of
metal nanoparticles of the studied catalysts. The average catalyst particle sizes are
summarized in Table 7.1. Both promoted and unpromoted bimetallic 141 wt.% Cu-
17.16 wt.% Ag catalysts had larger Ag particle sizes (58 nm) than the 14.86 wt.% Ag/a-
AL20 3 catalyst (44 nm). Moreover, the Sn-promoted on 1.39 wt% Cu-17.16 wt%
Ag/SITi03 catalyst possessed the slightly higher Cu particle size (5.5 nm) than the
unpromoted one (4.7 nm). After the reaction, the average Ag particle sizes slightly
increased from 58 nm for the fresh catalyst to 60 mu for the spent catalyst, while the
average Cu particle sizes slightly increased from 5.5 to 5.8 nm and the average
particle sizes slightly increased from 2.8 to 2.9 nm for the 0.32 wt.% Sn-promoted on
1.39 wt.% Cu-17.16 wt.% Ag/SrTi03catalyst at the optimum conditions with 6 % Oz, 6
w cans N0 35 % cwe balanced with 53 % He diluent gas system. Moreover, for the
141 wt% Cu-17.16 wt% Ag/SrTi03 catalyst, the average Ag particle sizes slightly
increased from 58 nm for the fresh catalyst to 61 nm for the spent catalyst, while the



average Cu particle sizes increased from 4.7 to 58 nm after the reaction testing
experiment conducted at the optimum conditions (s % (2. 6 % coue With 30 % c
balanced with 58 % He diluent gas system, a pressure of 24.7 psia, and reaction
temperature of 548 K). On the other hand, for the 14.86 wt.% Ag/a-AbCh catalyst, the
average Ag particle sizes increased from 44 nm for the fresh catalyst to 49 nm for the
spent catalyst after the reaction testing experiment conducted at the optimum conditions
with 25 % ¢+ balanced with 63 % He diluent gas system. The small increases in the
metal particle sizes of all studied catalysts after the reaction testing experiments point out
that the sintering or agglomeration of the investigated catalysts during the studied
reaction conditions is not a great deal because of the low temperature (548 K) used for
the reaction experiments.

The surface morphologies of the best catalyst (0.32 wt.%
promoted on 1.39 wt.% Cu-17.16 wt.% Ag/SrTi0s catalyst) under various diluent gas
systems after the reaction, as compared to the fresh catalyst, are illustrated in Figure 7.1,
The insignificant changes in surface topologies can be clearly observed after the reaction
for all diluent gas systems except the system with 35 % ¢« . balanced with 53 % He,
showing a larger size with rounder shape of the Ag particles. Furthermore, Figure 7.2
compares the surface morphologies of the studied catalysts under their own optimum
conditions with ¢« « balanced with He as diluent gases before and after the reaction. The
most significant changes on the catalyst surface morphology after the reaction in terms of
surface agglomeration was seen for the 141 wt.% Cu-17.16 wt.% Ag/SrTi0s catalyst,
becoming smoother with a less amount of attached particles (Figure 7.2¢ and 7.2d).



132

-

Figure 71 SEM images of 0.32 wt% Sn-promoted on 139 wt% Cu-17.16 wt%
Ag/SrTios catalysts after the reaction at various diluent gas systems (a) fresh catalyst,
(b) He, (c) Ar, (d) 2,(&) cwe. and (f) 35 % cw . balanced with 53 % He (50,000x).
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Flgure 72 SEM ima es of 14 86 wt% %/oAbe catalysts, before the react|on )and
after the reaction in 25 % c« . balanced with 63 % He (the dil uent (?as system) (b

wt.% Cu-17.16 wt.% Ag/SITICss catalysts before the reactlon (c) and after the reactlon in
30 % ¢« balanced with 58 % He (dg 0.32 wt.% Sn-promoted on 1.39 wt.% Cu-17.16
wt,% A(g/SrT|C>3 catalysts before the reaction (e) and after the reaction in 35 % cw-
balanced with 53 % Heé (f) (50,000x) (the reaction conditions: 6 % 02,6 % c2w4, a Space
velocity of 6000 h"1, a pressure of 24.7 psia, and a reaction temperature 0548 K).



14.14 Cokeformation results

Table 7.2 summarizes the amounts of coke formation on different
spent catalysts after the ethylene epoxidation reaction at 6 and 72 h with various diluent
gas systems. The highest coke formation was found on the 14.86 wt.% Ag/o-Al03
catalyst (6.4 % at 6 hand 17.6 % at 72 h) with ¢+« as the diluent gas. On the contrary,
the 0.32 wt.% Sn-promoted on 1.39 wt.% Cu-17.16 wt.% Ag/SrTi03 catalyst possessed
the lowest coke formation of 1.7 % at 6 h (He as the diluent gas) and 2.7 % at 72 h (35 %
cn+ balanced with 53 % He as the diluent gas), followed by the 141 wt% Cu-17.16
wt% Ag/SrTiOs catalyst (2.4 % at 6 hand 4.0 % at 72 h) with He as the diluent gas.
From the results, the tin addition leads to the decrease in the coke formation. For any
given catalyst, the diluent gas containing ¢« « balanced with He generally provided the
lowest coke formation.

1.4.2 Ethylene epoxidation activity results

The effects of various oxide supports (a-Al203 A 03C, a1203acia, SIC2
90, Ti02 SrTi03 MgTi03 CaTi03 and BaTi03) and several loaded metals (Ag, Au,
Au-Ag, Cu-Ag, Ba-Ag, Pd-Ag, and  -Ag) on the best support (SrTi03) for the ethylene
epoxidation reaction were investigated in our previous work [38-40], The 0.32 wt.% Sn-
promoted on 1.39 wt.% Cu-17.16 wt.% Ag/SrTi03 catalyst provided the highest catalytic
performance in terms of EO yield and EO selectivity, enhancing the EO selectivity to
95.1 %, the highest EO yield 0f5.2 %, and the best long-term stability at 72 h oftime on
stream. Furthermore, the secondly best catalyst was found to be the 141 wt.% Cu-17.16
wt.% Ag/SrTi0s catalyst. As a result of that, these two catalysts were comparatively
studied with the 14.86 wt.% Agla-Al203 catalyst (commercial catalyst) in this present
work. The effect of various diluent gases (Ar, N2 CHs, and CHs balanced with He)
compared to He diluent gas which used in the previous work was further investigated to
improve the ethylene epoxidation system.



Table 7.2 Coke formation on spent catalysts after 6 h and 72 hon stream of the ethylene
epoxidation reaction (a space velocity of 6000 IT1, a pressure of 24.7 psia, and a reaction
temperature of 548 K)

Catalysts Diluent gas Coke Coke
formation at formation at
6 h (Wt.%) 12 h (wt.%)
14.86 wt.% Aglcv-AbO} 88 % He 43 117
88 % Ar 51 12.2
89.5 % N2 5.8 138
88 % CHs 6.4 176
25 % CHa+63 % He 4.9 12.3
1.41 wt.% Cu-17.16 88 % He 24 4.
wt.% Ag/SrTiO? 88 9% Ar 30 49
89.5 % N2 29 5.4
88 % CHs 48 1.1
30 % CHa+58 % He 2.6 45
0.32 wt.% Sn-1.39 wt.% 88 % He 17 2.9
Cu-17.16 wt.% 88 0 Ar 25 28
AgaTTID: 695 %N2 27 46
88 % CH4 39 11
35 % CHa+53 % He 2.2 2.1

Note: The optimum concentrations ofs % ( 2 and 6 % C2H« were found for all systems,
except for the N2 diluent gas system which its optimum concentrations of Oz and CzHa
were 4.5 % and 6 %, respectively.



Figure 7.3 shows the ethylene epoxidation activity of the studied catalysts
as a function of o 2-to-C2H ratio in various diluent gases (He, Ar, N2, and CHa) at 6 h on
stream. The optimum Cz-to-C2H4 molar ratio of L1 (6 % Oz2and 6 % C2Hs) was found to
provide the highest EO selectivity and/or yield for all diluent gases, except N2 with the
optimum ratio 0f 0.75:1 (4.5 % Ozand 6 % C2Hs). The He diluent system had the highest
EO selectivity in all investigated catalysts and the maximum EO yield in some cases.
However, the CHs diluent system provided the highest EO yield for the 14.86 wt.%
Agla-AliCE and the 141 wt.% Cu-17.16 wt.% Ag/SrTiCss catalysts at 6 h of operation.
Hence, the CH4 gas was mixed with He gas to investigate the synergistic effect of these
two diluent gases at different percentages of CHs to obtain the optimum % CHa balanced
with He for the three studied catalysts. The ethylene epoxidation activity of the studied
catalysts at 6 and 72 h on stream under different diluent gases is summarized in Table
1.3. The addition of CHs gas with a proper fraction halanced with He was found to
improve the ethylene conversion (the data not shown here) with high EO selectivity and
yield at 6 h on stream for all studied catalysts. The ethylene conversion increased from
3.6 % for He diluent gas to 3.8 % for 25 % CHs balanced with He (14.86 wt.% Agla-
Al203 catalyst), 5.8 % for He diluent gas to 6.0 % for the 30 % CH4 balanced with He
(141 wt% Cu-Ag/SrTiUs catalyst), and 5.5 % for He diluent gas to 5.6 % for the 35 %
CHa balanced with He (0.32 wt.% Sn-promoted on Cu-Ag/SrTios catalyst). For any
given catalyst, the EO selectivity dropped substantially after 72 h of operation. Among
all the investigated diluent gases, the most effective diluent gas was the CH4 balanced
with He, providing the maximum EO selectivity and the superior long-term stability at
72 h of time on stream. Moreover, the 0.32 wt.% Sn-promoted on Cu-Ag/SrTi0s and the
141 wt.% Cu-Ag/SrTios catalysts showed a much better catalytic performance than the
14.86 wt.% Ag/oAl2Cs catalyst. It should be noted that for any given catalyst, the CHs
conversion was higher in the CH diluent system than that of the CH4 halanced with He
system. Moreover, the conversion of CHs was considerably very low for all cases.
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Figure 7.3 EO yield and EO selectivity as a function of 02to c2Ha ratio of the studied
catalysts at 6 h on stream in various diluent gas systems: (a) and (b) in He, (c) and (d) in

Ar, (e) and (f) in N2 (g) and (h) in cra (a fixed cona concentration of 6 %, a space
velouty 06000 h'L a pressure of 24.7 psia, and a reaction temperature of 548 K).




Table 7.3 Ethylene ¢ OXIdt act|V|ty of studied catalysts at 6 h and 72 h on stream (a space velocity of 6000 h"], a pressure of 24.7
psia, reaction tempera ure ot 548 K)

Catalysts Diluent gas 6 h of time on stream 72 h of time on stream
EO selectivity EQ yield EO selectivity EQ yield CH4 conversion
(%) (%) (%) (%) (%)
14.86 wt.% Agla-Al203 83 % He 77.39 28 4337 13
83 % Ar 1443 2.1 41.02 12
89.5 % N2 73.86 2.6 371.18 11 |
88 % CH4 75.32 3.0 28.35 0.9 3.0
25 % CH4+63 % He 79.96 3.0 40,01 13 24
141 wt.% Cu-17.16 88 % He 99.27 5.7 90 45 -
Wt.% AgiSrTios 88 % Ar 96.05 53 86.62 42
89.5 % N2 96.89 5.3 835 4.0 -
83 % CH4 93.09 6.0 76.9 41 2.2
30 % CH4+58 % He 99.29 5.9 913 5.0 L7
0.32 wt.% Sn-1.39 83 % He 99.2 5.4 95.08 5.2 _
Wt.% AC‘}glzrl-&Wt'% 88 % Ar 96.84 5.2 91.75 48
gt 895 N2 97.04 51 89.42 45 |
88 % CH4 93.89 5.3 79.81 40 2.6

35 % CH4+53 % He 99.45 5.5 96.72 51 2.2



Note: The optimum concentrations of 6 % ce and 6 % cora were found for all
systems, except for the N2 diluent gas system which its optimum concentrations of
oe and CzHa\vere 4.5 % and 6 %, respectively.

These results can be used to correlate with the higher coke formation in the cra
diluent system as compared with that in the cHa balanced with He system for any
given catalyst (Table 7.2). cHa may help to increase the ethylene conversion,
improve the activity of the catalysts, as well as suppress the coz formation fa3)
while He simultaneously maintains the high selectivity of ethylene oxide, resulting
in the synergistic effects for the EO formation. When cra was completely replaced
by ethylene in the feed, the product was found to contain mainly coz (the data not
shown here). This result points out that the cra addition can enhance the catalytic
activity towards ethylene epoxidation reaction only when a proper amount of cHa s
applied in the He diluent gas.

The best diluent gas (cHa balanced with He) was next applied in the
long-term stability experiments of the studied catalysts and the results are shown in
Figure 7.4. The catalytic activity of all catalysts declined with time and reached the
steady state at around 50 h of time on stream. The 0.32 wt.% Sn-promoted on Cu-
Ag/SITiCh was found to be the most effective catalyst which its EO selectivity
slightly dropped from 99.5 % at 6 hto 97 % at 72 h and EO yield decreased from 5.5
to 5.1 %. The secondly best catalyst was the 1.41 wt.% Cu-Ag/SrTio3 which the EO
selectivity decreased to 91 % and EO vyield to 5 % after 72 h of operation. On the
other hand, the 14.86 wt% Agla-Al2os catalyst exhibited the worst long-term
stability, providing the EO selectivity of only 40 % and EO yield of 1.3 % after 72 h
of time on stream. The reason for the decline in the catalytic activity of all studied
catalysts is mainly due to the coke formation on the spent catalysts (see Table 7.2).
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Figure 7.4 EO yield (a) and EO selectivity (b) as a function of time on stream for
the studied catalysts at their optimum % CHs balanced with He as the diluent gas
systems (6% o2 and 6% cara, a space velocity of 6000 h'] a pressure of 24.7 psia, a
reaction temperature of 548 K),



After that, the ethylene epoxidation experiment for the best catalyst
(0.32 wt.% Sn-promoted on Cu-Ag/SrTiCh) was conducted for 7 days (168 h) to
confirm the superior long-term stability of this catalyst (Figure 5). The EO
selectivity remained almost stable after 72 h of experiment and it slightly dropped
from 97 % at 72 h to 96 % at 168 h. The EO yield also depicted the same trend,
decreasing from 51 % at 72 h to 4.9 % at 168 h. The hest catalytic activity of this
catalyst can be related to the significantly high oxygen and ethylene adsorption
capabilities and the tin promoter that prolonged the stability towards the ethylene
epoxidation reaction [40],
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Figure 7.5 EO selectivity and EO yield as a function of 7 days of time on stream for
032 wt% -1.39 wt% Cu-17.16 wt.9% Ag/SrTios catalyst (6% o2 and 6% cora
balanced with 35% CHs+He, a space velocity of 6000 h"1, a pressure of 24.7 psia, a
temperature of 548 K).
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7.5 Conclusions

In this study, the effect of diluent gas on ethylene epoxidation was
investigated over the best catalyst (0.32 wt.% Sn-promoted on 1.39 wt.% Cu-17.16
wt.% Ag/SITiOH in comparison to the 141 wt.% Cu-17.16 wt.% Ag/SITiCE catalyst
and the 14.86 wt.% Ag/oATCr catalyst (commercial catalyst). The type of diluent
gas was found to greatly affect the ethylene epoxidation in the following order: He >
Ni ~ Ar > cHa which corresponded to the coke formation very well. Interestingly,
the addition of cra in the He diluent gas with a proper fraction was found to enhance
the ethylene epoxidation performance for all studied catalysts, especially for the
long-term activities.
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