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Abstract

Novel plasma torch generated Pd/C, and PdAg/C catalysts were tested for reactivity for two hydrogenation reactions and characterized using
a number of techniques. The general conclusion reached was that the metal catalysts created in this fashion were extremely highly dispersed
(>50% in some cases) and had concomitantly high activity on a gram basis. The PdAg/C catalysts exceeded the selectivity gDPdAg/Al
catalysts for selective hydrogenation of acetylene. The selectivity of Pd/C catalysts for 1-butene isomerization was equal or better than that
of catalysts prepared by conventional means, and the activity nearly as high. One surprise was the finding that plasma generated PdAg/C
catalysts had no apparent activity for 1-butene isomerization. A second surprise was the finding that the plasma treatment did not increase the
crystallinity of the carbon but did result in the loss up to 30% of the surface area.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction face area of the support alumina and concomitantly the sup-
ported metal. The support melted as it passed through the
The use of an atmospheric pressure torch to produce suphot zone of the plasmd; > 3000 K [3], leading to the loss
ported metal catalysts from an aerosol containing alumina of much of its porosity, and likely the ‘burial’ of metal parti-
support and metal precursor molecules was first demon-cles in closed pores, when the alumina ‘refroze’ in the cool
strated about 5 years adb]. Surprisingly little work has  afterglow. The positive change in selectivity also appeared
gone into exploring this new technology since the original to reflect a change in the support. In this case, the trans-
invention; given that the little data available suggest there formation by the plasma of the support froyrto o phase
are both potential advantages and disadvantages to the techjramatically impacted the selectivity.
nique[2]. On the advantage side of the ledger was the find-  The finding that the plasma technique is capable of pro-
ing that the selectivity of Pd/ADs catalysts produced with  ducing highly dispersed metal particles on transformed
the torch was far higher for 1-butene isomerization than supports suggests additional avenues for study. This study
conventionally generated Pd/ADs catalysts of the identical  represents a first effort to use the lessons learned in the
composition. On the disadvantage side of the ledger was theearlier studies to design plasma generated catalysts with
finding that on alumina the plasma generated catalysts wereynique structure and properties. Specifically, a support that
far less active over the temperature range of interest thanwill not melt (carbon) was employed instead of a refrac-
catalyst prepared by conventional means. With more effort tory oxide. The expectation was that this would lead to the
some unique and valuable catalysts can be produced usin@reation of high surface area, high dispersion catalysts. In
this technology. fact, the resulting catalysts were found to have these fea-
The relatively low activity of the plasma generated alu- tyres, although there was more transformation of the carbon
mina supported catalysts was shown to reflect a loss of sur-support than anticipated. The net result was the produc-
tion of plasma generated catalysts showing high activity
* Corresponding author. and selectivity for two different selective hydrogenation
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Table 1
Key conditions employed in catalysts preparation
Catalyst Concentration Concentration Plasma and Flow rate of plasma Flow rate of aerosol
of Pd (wt.%) of Ag (wt.%) aerosol gas gas (I/min) gas (I/min)
Pd/C (400W) 1 0 Argon 0.81 0.36
Pd/C (500 W) 1 0 Argon 0.81 0.36
Pd/C (600 W) 1 0 Argon 0.81 0.36
Pd/C (700 W) 1 0 Argon 0.81 0.36
PdAg/C (500 W) 0.5 0.5 Argon 0.81 0.36
PdAg/C (600 W) 0.5 0.5 Argon 0.81 0.36
PdAg/C (700 W) 0.5 0.5 Argon 0.81 0.36
Pd/AlLO32 0.5 0 NA NA NA
PdAg/Al,O352 0.5 0.5 NA NA NA

apd/AlLO3 and PdAg/AbO3 catalysts were prepared by incipient wetness impregnation and coimpregnation, respectively.

2. Experimental 3. Reaction tests

Palladium, silver and palladium-silver supported metal 3.1. Selective hydrogenation of acetylene
catalysts were generated by passing a physical (completely
dry, no solvents) mixture of crushed Norit C carbon (par-  For polymerization reactors to create the highest qual-
ticle size order of 5Qum) and nitrates of palladium and/or ity polyethylene, all acetylene must be removed from the
silver as an aerosok(0.1% solid) in an argon feed stream feed streanj6,7]. A catalyst able to selectively remove this
through a vertically oriented plasma. The plasma torch species without converting ethylene to ethane is required.
and the aerosol system are described in detail elsewhere The selective hydrogenation test reaction was performed
[4,5]. Indeed, Pd/AIO3 catalysts were prepared in a vir- on a premixed gas consisting of 35%HG, 0.5% GHo,
tually identical mannef1,2]. Thus, only the key features 1000 ppm CO, and the balance hbtained from Scott Spe-
will be noted here. The aerosol (carbon particlesitrates cialty Gases; the mixture was designed to mimic the feed
in Ar) enters the plasma (approximately 700 Torr pres- conditions found in industry. This gas mixture together with
sure) through a central alumina tube (3mm i.d.) near the hydrogen gas was passed over catalyst loaded in a fixed-bed
center of the coupler region, where the plasma is proba- quartz micro-reactor of about 3 mm i.d. with 25 mg of cat-
bly above 3500K[3]. This gas, ‘aerosol gas’, mixes with alyst loaded into the reactor and retained between quartz
a second gas (also Ar in this case), called the ‘plasmawool.
gas’, at the center of the coupler region. The plasma gas Comparisons were made between catalysts prepared in
enters the torch (17 mm i.d.) from below in the annular the plasma torch and PdAg/AD; catalysts prepared by in-
region surrounding the central alumina tube. The aerosol cipient wetness with the same metal weight loading as the
gas appears to form a jet within the (incompletely) mixed plasma generated catalysts. All alumina supported catalysts
stream, and this jet carries the particles out of the hot were given a pretreatment, generally consisting of oxidation
zone of the torch, and into the afterglow, in less than 0.1s. in 20% G and 80% He at 50& 5°C, for 4 h, followed by
The catalytic material that forms during this rapid pas- reduction in flowing H at 500°C for 4 h before introduction
sage of the aerosol is then captured downstream on filterof the reaction mixture. In some cases a lower temperature
paper. was employed in the Htreatment, as noted. This treatment

The mechanism of catalysts generation is presumed toprotocol was selected because it improves the performance
include the following steps. First, the precursors nitrate de- of PdAg/AlL O3, as prior work clearly showg,8]. Carbon
composes due to the high temperatures encountered. Secsupported catalyst were just reduced at moderate tempera-
ond, the metal atoms released by the decomposition adsorliures (100C).
on the carbon particles also presented in the aerosol. Third, The premixed gas (10sccm) was mixed with 2sccm of
high velocity diffusion of atoms on the carbon surface leads UHP H, to make the reaction mixture. For each reaction
to particle formation. High velocity diffusion and particle run, the reaction was started at temperatures in which the
growth ceases in the cool afterglow. initial acetylene conversion was between 40 and 50%, a

Pd/ALO3 and PdAg/AbO3 catalysts were prepared by temperature far below the ‘clean up’ temperature (tem-
incipient wetness impregnation and coimpregnation respec-perature at which 99% of acetylene in the feed has been
tively using solutions of Pd nitrate and Ag nitrate in deion- converted). Reaction temperature was then increased to
ized water. After impregnation, the slurry was dried in an study the influence of increased acetylene conversion and
oven at 100C overnight and then calcined at 580 in increased temperature on product distribution. By starting
air for 6 h. Table 1 summarizes the catalyst preparation the reaction at a low temperature and exposing all catalysts
condition. to the reaction mixture for about 2 h, we sought to ensure
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that all catalysts had comparable levels of carbonaceousTable 2

deposit. BET areas and metal dispersion by chemisoprtion
An on-line HP 5890 gas chromatograph was used cCatalyst Total area  Total metallic Dispersion
to analyze the composition of the reaction effluent. (m?/gcat.) area (mM/gcat.) (%)
The products were separated on a PLOT capillary col- Carbon 1338 - -
umn, CP-AbO3/NapSOy 25m x 0.25mm x 4pum, from Pd/C (500 W) 1029 153 57
Pd/C (600 W) 1096 169 63
Chrompack. Only hydrocarbon products are detected by thePd/c (700W) 1108 148 >
flame ionization detecFor, hence selectivity and conversion PdAG/C (500W) 964 33 15
were based on analysis of the hydrocarbons alone. PdAg/C (600 W) 951 35 17
The selectivity of catalysts for ethylene hydrogenation PdAg/C (700W) 985 28 13
was defined as: Pd/Al,03 337 65 49
PdAg/Al,O3 327 71 53

CyHg (outlet — CyHg (inlet) Ag/C 1128 B -

CsH> (inlet) — CoH» (outlet)

selectivity=

4, X-ray diffraction
As the practical concern is the selective removal of acety-
lene, activity is not of great interest, however relative activ- Powdered samples were analyzed by X-ray diffraction
ity data is shown irFig. 2 (XRD) in the XRD Laboratory in the Department of Earth
and Planetary Sciences at the University of New Mex-
ico, using a Scintag Pad V diffractometer with DataScan
3.1 software (from MDI, Inc.) for system automation and
o ) data collection. Ni-filtered Cu K radiation (40 kV, 35 mA)
Alkylation is widely employed to create gasoline range was used with a Bicron Scintillation detector (with curved

hydrocarbon.s (eg. C',8) from smaller moIeCl_JIes. In thg Casegraphite-crystal monochromator). Data were analyzed with
of C4 alkylation, the highest octane product is formed if the :

\ y ’ 9 prod Jade 5 Software (from MDI, Inc.) using the ICDD PDF2
input olefins are 2-butenes, as the alkylation of 2-butenes Cre-yatabas¢l1]

ates ‘branched’ chains (e.igo-octane), whereas the alkyla-

tion of 1-butenes creates lower octane straight chains. Thus

in many alkylation processes the C4 stream is ‘pretreated’ 5. Surface area determination
to convert 1-butene to 2-buteri@ 10]. The preferred cata-

lyst for pre-treating a C4 olefin stream is Pd/8%, hence An Accelerated Surface Area and Poroimetry (ASAP)
we use the activity and selectivity of these catalysts as 25010 system was used to measure the surface area. A
benchmark for evaluating the quality of the plasma gener- 125mg catalyst sample was placed in a Pyrex cell holder,
atethd/C:l ca_talystst; . o . | heated to 100C, and evacuated to % 10 ®bar. The
The se e_Ct'VE _1' utene |somer|z§1t|on reactlon. was alsog, adsorption—desorption isotherm was obtained at 77K,
perfor'med ina fixed-bed quartz micro-reactor with 25 mg using UHP nitrogen as the adsorbing gas. Surface areas
OI SO“S (mleuhre of 5mg|of Suppo(;tebd catalyst and 20 m? were calculated using the BET equation. Carbon monoxide
oh_cag ((;n with no met(;a_) rftleta|_ne etweenfquarr:zbwoo. chemisorption was used to measure the palladium disper-
T IS bed was pretreated in .owm.gzl-dt i sion on the catalyst sample. All data were judged reliable as
fore introduction of the reaction mixture. Several gases were ;i1 o of six data points were always collected during

used in this experiment: UHP hydrogen and helium, and o isotherms and there the resulting linearized plots were
99.99% 1-butene, purchased from Tri-Gas. MKS mass flow .oy jinear(R2 > 0.99). It is generally believed that Ag will
c_ontrollers meter were use_d to obtain a feed stream CON-1 6t adsorb CO8,12-18] The stoichiometry of CO:Pd is
sisted of 50an°’lmm of helium, 90 crﬁ/mln of hydrogelj assumed to be 1:1 for this study. There is some controversy
and 10 cri/min of 1-butene. All reaction test were carried in the literature and some workers suggest lower values for
out at a temperature of 3C. this ratio (between 0.7 and 1.0), reflecting the fact that a

An on-line HP, ,5890 gas chromatograph coupled with a mixture of bridged and linear forms of CO are found on the
ther_mal conductivity _detector was used to analyze the COM- 5 \yrface[19,20] Thus, the dispersion given ifable 2 are
position of the reaction effluent. The products were sepa- .i0iim dispersions

rated on an ALLTECH packed column, 0.19% piric acid on
carbograph 2AP 80/100 mesh. The selectivity of catalysts
for 1-butene isomerization was defined as:

3.2. Sdective hydrogenation of 1-butene

6. Transmission electron microscopy

(Cis-butene+ trans-buteng (outled A 200 kV JEOL 2010F high resolution transmission elec-
—(C|s-but.ene+trans-butene) (inlet tron microscope with point-to-point resolution of 0.19 nm
(1 — butene (inlet) — (1 — butene (outled was used for this work. Samples were prepared by dipping

selectivity=
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—o—Pd/C (400 W)
—e—Pd/C (500 W)
—O—Pd/C (600 W)
—8—Pd/C (700 W)

O Pdag/Al203 (100 C)
—8— PdAg/AI203 (500 C)
—A—PdAg/C (500 W)

Selectivity

Conversion

Fig. 1. Near the point of total conversion of the acetylene the plasma generated PdAg catalyst is as good, as the optimum alumina supported cataly:
(pretreated at 500C) and clearly better than non-optimized alumina supported catalysts (pretreated°&).1Bd only catalyst have lower selectivity.
Note: the fonts are larger than the measurement errors.

a copper grid in an ethanol solution in which mechanically monometallic Pd/C catalysts are not as selective as PdAg
ground, plasma generated carbon supported catalysts weralloy catalysts made using either the plasma or the standard
well dispersed. approacheq7]. SeeTable 1for more detail on catalyst
preparation.
Fig. 2shows the effect of preparation method on the acti-
7. Results vation energy of Pd and PdAg catalysts supported on carbon
and alumina for ethylene hydrogenation. These values are
Fig. 1 shows the effect of preparation method on the important in evaluating catalysts for industrial use. Clearly
selectivity of Pd and PdAg catalysts supported on carbon the plasma generated catalysts have the lower activation en-
an alumina for acetylene hydrogenation in a large excessergy. Also, it is clear that the PdAg catalysts generally are
of ethylene. A positive selectivity near the temperature at less active for this reaction than the Pd only catalysts. Note
which 99+% of the acetylene is converted indicates that the rates of acetylene hydrogenation were not measured as
acetylene is being converted to ethylene more rapidly thanthe concentrations were very low and the conversion vir-
ethylene is hydrogenated. The plasma generated PdAg/Ctually complete. This makes high fidelity analysis of rates
catalysts are at least as selective as the best Pd#@4Al  impossible.
catalyst. In this figure it is shown that at the point at For the selective hydrogenation of 1-butene both activity
which nearly all the acetylene is converted, the selectiv- and selectivity are significant, although the latter is far more
ity of the plasma generated PdAg/C catalyst is as good significant. The activity of the plasma generated PdAg/C
as the catalyst of the same metal composition on alu- catalysts is lower than that of the best alumina supported
mina made by a conventional route. Not surprisingly, the catalyst Fig. 3). On the other hand, the selectivity of the

O Pd/C (400 W) Ea =16

N

»

3
.

¢ Pd/C (500 W) Ea = 22

OPd/C (600 W) Ea =14

-16.5
@ Pd/C (700 W) Ea = 19

OPdAg/AI203 (500 C) Ea =22

-18.5

B PdAg/AI203 (100 C) Ea =29

-In( Mole Ethane formed/g cat. s)

APdAg/C (500 W) Ea =13

-20.5 - ,
0.0024 0.0026 0.0028 Ea (Kcal/mol)

T (1/K)

Fig. 2. A Boltzmann plot of differential rates of ethylene conversion as a function of temperature yields activation energies. Note, in the process of
removing acetylene impurities from the ethylene stream there is inevitably a differential conversion of ethylene.
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Fig. 3. Activity and selectivity measurements were collected &tC3@nd the same flow rates, and the same metal mass, for all catalysts. Note that the
PdAg/C catalyst had no activity. Errors in selectivity values are estimated to be less than 3%.

plasma generated catalysts match that of catalysts prepared Efforts to measure Pd particle size using other techniques
using incipient wetness. were consistent with both of these measures. For example,

A couple of surprises were found in the 1-butene isomer- XRD data show no reflections due to metal particles. Only
ization study. First, the best catalysts, in terms of activity two broad lines, consistent with turbostratic carbon, were
and selectivity were the PdAg/4Ds catalysts. Second, the found in all of these catalysts. The absence of detectable
plasma generated PdAg/C catalyst had absolutely no activ-Pd reflections is consistent with very small particles, and
ity. This result was found repeatedly. concomitantly very broad/weak XRD signals.

Other results showed that the power at which the Pd/C In contrast to the Pd/C catalysts the surface area of
catalysts were produced has a significant impact on the ac-the PdAg/C catalyst was measured to be relatively low
tivity of the plasma generated catalysts. Those Pd/C cata-(dispersion< 20%). These lower dispersion measurements
lysts produced at 400 and 700 W had activity about 1/3 as are consistent with TEM imageFi@. 6), which show some
high as the Pd/AlO3 catalysts. Those two catalysts, and the particles of a complex ‘snake’ shape with moderate disper-
other Pd/C catalysts, had selectivity as high as the aluminasion. It must be noted there are complications in interpreta-
supported catalysts. tion of the results of CO adsorption on PdAg. For example,

Studies of the plasma generated catalysts using bothit is believed that CO only adsorbs on RJ. The fact that
chemisorption and TEM show dispersions greater than 50% any CO adsorption is measured may suggest that the surface
(Table 2. Fig. 4 shows the images taken from the Pd/C of the particles is enriched in Pd. Yet this interpretation is
(600 W) catalyst. This sample contains small particles of Pd not consistent with the finding that PdAg/C catalysts have
with an average diameter of 2.6 nm. Fig. 5 the patrticle no activity for the selective hydrogenation of 1-butene.
size distribution for Pd/C (600 W) catalyst obtained using  Although XRD studies clearly indicate the plasma treat-
Digital MicrograpH™ Version 3.6.1 is shown. ment did not ‘graphitize’ the carbon, it did decrease the

10 nm
—

Fig. 4. TEM micrographs clearly show that the palladium particles are only a few nanometer across on the Pd/C (600 W) sample.
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02 13 25 36 47 658 70 81 92 103 115 126 13.7 148 16.0 More

Particle size (nm)

Fig. 5. Particle size distribution for Pd/C (600 W) obtained by TEM. Mean particle diameter is 2.6 nm.

Fig. 6. TEM image taken from the PdAg/C (500 W) catalyst, which show particles of an ordinary shape as well as some with a complex ‘snake’ shape
with moderate dispersion.

surface area of these carboifialfle 9. Some possible mech-  for the in-depth study of the use of metal clusters to gen-
anisms for surface area reduction are discussed in the nexerate supported metal catalysts was the possibility that the
technique was equivalent to using single atoms, or small

section.
atom clusters as the precursors. This might lead to the for-
mation of catalysts of the ultimate dispersion with unique
8. Discussion catalytic chemistry, particularly improved selectivity. It was

found, unfortunately, after literally hundreds of studi2s],
Novel techniques to generate supported metal catalyststhat the decomposition process was invariably accompanied

potentially can create novel structures and hence possiblyby oxidation of the metal by surface hydroxyls. Subsequent

improved catalytic properties. For example, the motivation reduction processes invariably resulted in sintering and the
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formation of reduced metal particles of a size readily pre- species on the surface can be either palladium or silver, as
pared by conventional approaches such as incipient wetnessa function of the precise treatment sequence. Possibly the
In sum, in most cases, there is apparently little advantageplasma generated PdAg/C catalysts are dominantly silver on
to the use of organometallic clusters for the generation of the surface.
supported metal catalysts. Also, Fig. 2 reveals an interested feature of the plasma

The use of the aerosol-through-plasma technique repre-generated catalysts: most of them have lower activation en-
sents a novel, and virtually unstudied, means of generat-ergy than the alumina supported catalysts. Activation en-
ing metal catalysts. The first studies of plasma generatedergy modifications may reflect changes in the way CO in
catalysts, performed on Pd/alumina catalysts, clearly in- the feed adsorbs on the palladium particles. In a previous
dicated that unique catalysts can be created using thereport[23], it was shown that the lower activation energies
aerosol-through-plasma technique?]. Unfortunately, this are obtained when linear CO adsorption is dominant over
first study demonstrated that refractory oxide supports loosebridge type adsorption. IR spectra of adsorbed CO showed
surface area, during the plasma processing. Invariably, thisthat the presence of Ag affects the bonding of CO, favoring
reduces the activity of the final catalyst product. The most linear CO over the bridged forms; this effect is even more
likely mechanism is the ‘burial’ of metal in pores that are pronounced after higher-temperature reduction jn H
closed when the liquefied alumina ‘freezes’ in the afterglow  Another interesting findingHig. 2) is that PdAg catalysts
region. Still, the selectivity of alumina supported catalysts are generally less active than Pd only catalysts for ethylene
generated with a plasma torch in many cases were as goodiydrogenation. This could partially account for the fact that
in terms of selectivity and nearly as good, in terms of activ- PdAg catalysts are more selective than Pd only catalysts.
ity (per gram metal) as alumina supported catalysts madelndeed, the best catalyst for removing acetylene from an
by incipient wetness with the same metal loading. ethylene stream would have high rates of acetylene hydro-

In this current study carbon was used as the support ongenation and low rates of ethylene hydrogenation.
the basis of the supposition it would not melt, and hence Finally, there was some loss of surface area from the
could not lead to metal ‘burial’ in pores during freezing. The carbon during this treatment. It is possible that this loss of
data ([Table 2 clearly show that burial did not take place as surface area reflects a removal of all oxygen groups and
the dispersions were remarkably high. Also, all data show consequently the formation of a hydrophobic, inert substrate
the catalytic performance of the catalysts was quite good.[24,25] The impact of this on catalytic behavior could be
For both reactions studied plasma generated catalysts wergronounced26]. It is also possible that during the high
as selective, or more selective, than catalysts of identical temperature treatment in the torch some limited and local
metal loading prepared using conventional techniques. Also, reorganization of carbon atoms takes place, leading to the
for both reactions the plasma generated catalysts had ac<losure of some pores and the loss of some surface area.
tivities only slightly lower than those of the conventionally Although this is very speculative, it is consistent with the
supported catalysts. In sum, this study clearly indicates thatobservation that significant surface area of the carbon is lost
unique, and potentially valuable catalysts can be generatedduring plasma treatment.
using this novel approach.

The data suggest the process of making active catalysts
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