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ABSTRACT

A series of Raney iron (Fe) and Raney iron-manganese (Fe-Mn)
catalysts have been investigated for app]iéatioh to the hydrogen-
ation of carbon monoxide for the production of low molecular wefgh;
olefins (C,-C4).

The Raney Fe and Raney Fe-Mn catalysts were prepared by
Teaching the aluminum from Al-Fe (50/50 weight percent; wt %) and
Ai-Fe-Mn (59/38/3 wt'%)valToys with an aquegus solution of sodium
hyaroxide. The variables investigated in the catalyst préparation
and activation studies included 1éaching temperature (298 - 363 K),

NaOH concentration (2 to 20 wt %), and leaching mode (alloy addition
' or caustic addition). The extent of aluminum leaching was defermingd

by the evalution of hydrogen gas during the leaching process:

2 NaGH-+ 2 A1 + 2 Hy0 = 2 NaAlO, + 3 Hy + .

The extent of aluminum Iea;hing increased with increasin§ Ieacﬁing
temperature and increasing sodium hydroxide concentration, irrespeé;
‘tive of leaching mode. . | -
The Réney catalysts were characterized by X=ray diffractidn
and BET surface area measurements. The major phase in all- the Raney
Fe and Raney Fe-Mn catalysts was a-Fe. Magnetite was found in'the
catalysts activated at the high Teaching temperature (363 K), |

whereas unreacted aluminum a]?oy phases were found in the catalysts
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‘prepared at a Tow leaching temperature (298 K). The BET surface area
of the Raney Fe catalysts varied from 26 to 54 mélg, while the BéT
surface area of Raney Fe-Mn varied from 64 to 116 m2/g depending on
the preparation conditions. _

Tﬁe crystallite size of thé d-Fe in the Raney catalysts was
estimated by X-ray line broadening and ranged-from 70 to 250 8.. The
crystallite size increased with increasing leaching temperature. A

| linear relationship existed between the surface area and the
reciprocal of the crystailite size.

Thermogravimetric analyses have been carried out to determine
the‘optimum réduction conditions for both the Raney and precipitated
jron and the Raney and coprecipitated irqn-manganese catalysts. The
optimuh reduction temperature was 648 K for the Raney_tataiysts @nd
was 673 K for the precipitated catalysts. .Both types of catalyst
underwent essentially complete reduction.in flowing H, within 5
hours at the above reduction temperatures.

The Raney and precipitated catalysts, reduced in-situ in
flowing hydrogen, were evaluated in a high pressure fixed-bed reactor
to assess cataiytic activity and selectivity fbr the hydrogenation of
carbon monoxide at the f011qwing stahdafd reaction conditions:
pressure = 1465 KPa'(ZUO psig);.space vé]ocity = 3.0 cm3g’15'1,

H2/C0 = 2.0, and reaction temperature of 423 to 473 K.

The catalytic activity of the Raney catalysts (Fe and Fe-Mn),
as measured in terms of carEcn monoxide conversion, generally :
increased with increasing leaching temperature for each mode of
preparation. The Raney Fe and Raney Fe-Mn catalysts were 2 to 4 times

v



more active than the corresponding precipitated Fe and Fe-Mn
catalysts, respectively, at the standard reaction conditions. The
activation energy ranged from 96 to 139 KJ/mol depending on different
catalysts.

The C2-C4 hydrocarbon yields for the Raney Fe and the Raney
Fe-Mn catalysts were similar, ranging from 34 to 40 percent at 453 K.
However, the Raney Fe-Mn catalysts showed higher C,-C, olefin
selectivity than the Raney Fe catalysts. The same trend was found
for the precipitated Fe and coprecipitated Fe-Mn catalysts. Less than
7 wt % Mn in the coprecipitated Fe-Mn and in the Raney Fe-Mn
catalysts increased the olefin selectivity of the catalyst by a

factor of about two.



The Hydrogenation of Carbon Monoxide
over Raney Iron-Manganese Catalysts

Francis V. Hanson
Alex G. Oblad

Introduction

The Fischer-Tropsch process, commerc'i_aﬁzed in Germany in the
1930s, was developed mainly to produce gasoline-bailing range hydro-
carbons from carbon monoxide and hydrogen over metal catalysts such as
iron, nickel, and cobait. This process is gquite flexibie in that a
wide spectrum of hydrocarbons such as gasoline, fuel o0il, alcohols,
and high molecular weight waxes can be produced by using an appropri-
ate catalyst and by adjusting.the process operating conditions.

After the Second World War and until recently, this process
did not .attract widespread interest in the United States due to the
relative abundance of low cost petroleum resources. Today the only
commercial Fischer-Tropsch plant in service in the worid is at
Sasolburg in South Africa. However, the recent paucity of reliable
petroleum supplies, especially after the 1973 oil embargc, Ted to a
resurgenbe of interest in development efforts on alternativejfossi]
energy resources such as coal, heavy oil, shale oil, and tar sands.
The prime objective of these investigations was to develop technoiogy
for the production of 1liquid fuels from these resources.

A serious ijmbalance in the demand and supply of chemical
feedstocks for the chemical process industries is expected in the near

future. This is especially true with regard to low moiecular weight



hydrocarbons such as ethylene, propylene, and butenes which are among
the most important feedstocks.]

Recently, a number of active catalyst research and development
programs have been initiated to explore the potential of carbon
monoxide hydrogenation as a source of light olefins.

The selective production of low molecular weight olefins and
oxygenated compounds from carbon monoxide and hydrogen at elevated
temperatures and pressures has been reportedz’3 for iron and cobalt
catalysts, for iron-manganese catalysts, and for metal catalysts
promoted with vanadium, manganese, and chromium. An iron-manganese
catalyst (Mn/Fe atomic ratic 9/1) was claimed to be extremely
selective for the production of low molecular weight olefins at a
reactor temperature of 553 K, a reactor pressure of 1465 KPa, a
hydrogen-to-carbon monoxide ratio of 0.71, and a space velocity of
340 GHSV.Z’3 The olefin-to-paraffin ratio for the low molecular
weight hydrocarbon (CZ'C4) fraction was 2.3 to 1 at a conversion
(H2 + C0) of 76 percent. Yang and co-workers4'7 conducted an exten-
sive catalyst écreening program to determine the activity and
selectivity of a wide variety of catalysts for the production of low
molecular weight (C2-C4) olefins. The screening included unsupported
and supported catalysts and promoted and unpromoted catalysts. The
most promising catalyst system to emerge from these studies was the
iron-manganese series of catalysts. An extensive process variabie
investigation with the coprecipitated iron-manganese catalysts has

8,9

been carried out by Tsai and co-workers. The process variables

studied included reactor temperature, reactor pressure, reactant

space velocity, and hydrogen-to-carbon monoxide ratio. The catalyst



3
;ompositions ranged from an atomic ratio of 1.1 Mn/100 Fé to an atomic
ratio of 607 Mn/100 Fe. The most selective catalysts had manganese-to-
iron atomic ratios in the range of 2 Mn/100 Fe to 60 Mn/lOd Fe, that
is, the C2—C4 hydrocarbon yield was 50 mole percent of which 75 percent
was olefinic. Above an atomic ratio of 70 Mn/100 Fe the olefin-to-
. paraffin ratio declined significantly at the standard gperating
conditions.

A variety of other metal cata1ysts have been evaluated for the
synthesis of Tow molecular weight hydrocarbons from hydrogen ahd‘

10 . 12 :

carbon monoxide, that is, cobalt, =~ nicke and

rhodium,
mo!ybdenum.]3 However, the selectivities of thesg catalysts for 02;64
olefins were much lower than that reported for coprecipitated ifon-
manganese catalyst5u2’3‘
Raney metal catalysts have been successfully used as hydro-
genation catalysts in the synthesis of a variety of chemicals,
however, Tittle has been reported in the literature regarding their
application in Fischer-Tropsch type synthesis. The only excep?ibns
involve methanation studies.14'1? A Raney nickel catalyst was %ound
 to be faf more active than any of the conventioﬁal nickel cata1ysts
investigated for methanation applications in fixed-bed and fluid-bed
reactors.17 |
The objective of this investigation was to assess the
potential of Raney iron and Raney ironémanganese catalysts for the
production of low molecular weignt olefins from hydrogen and carbon'
monexfde at commercially feasible process operating conditions.  The

main focus of the experimental program was the preparation,



characterization, and evaluation of the Raney iron and Raney iron-

manganese catalysts.



EXPERIMENTAL METHODS AND MEANS

Alloy Preparation

Electric Heating Furnace

An electric heating furnace was built to prepare the Al-Fe
and the Al-Fe-Mn alloys. A schematic of the furnace is presented in
Figure 10 and detailed drawiﬁgs of the furnace design are included in
Appendix A.

The furnace consisted of six Kanthal Super 33 heating
elements, a mullite tube, and a copper Sea]%ng and cooling unit. The
temperature of the furnace was controlled by a SCR power controller
(Research Incorporated. Modef 64600) and a temperature controlief
(Research Incorporated, Model 61011). An S-type thermocouple was
positioned just above the alloy sample to control the temperéture.
Another S-type thermocoupie was installed near the heating element in
the hot box to prevent overheating thé furnace.

The dimensions of the hot box were determined based on the
maximum aﬁount of the alioy sample desired from each batch. The
number of heating elements was determined based on the hot box size-
power input relationship obtained from the Kanthal Handbook. 92 The
dimensions and positions of other parts, such as a muilite tube and a

copper sealing unit, were determined according to the dimension of

the hot box.




Figure 10

Schematic of Electric Heating Furnace
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The power source for the furnace was 208 volt x 30 ampere
AC. The voltage of the incoming power to the transformer (Matra
Electric, Inc., single phase 2 wire output) was stepped down 4 to 1 to
obtain a high electric current in the heating elements. The maximum
electric current in the heating elements was limited to 150 amperes
to protect the elements from overloading.

The mullite tube was a cylinder with one end open, 3.75 inch
diameter, and 22 inches long so that it could accommodate a 3-inch
diameter x 6-inch long graphite cricible, which was fabricated from a
graphite rod (Union Carbide, P2976).

The open end of the mullite tube was sealed vacuum tight with
a copper sealing unit and a rubber O-ring. Below this sealing unit
& copper water jacket was in contact with the outer diameter of the
mullite tube to cool it and to prevent burning of the O-ring. Four
e1eétric fans were installed along the periphery of the furnace
steel case to cool the top part of the mullite tube as well as to
cool the aluminum braides, which connected the terminals of the
heating elements. Gas inlet and outlet tubes were connected to the
top of the copper sealing unit to control the gas atmosphere in the

mullite tube. The alloys were generally formed in an argon gas

atmosphere.

Alloy Preparation Procedure

Initially each metal component was weighed according to the
desired composition of the alloy to be prepared. The maximum weight
of the sample loaded into the crucibie for each batch was about 600

grams. About 1/3 of the weighed aluminum was loaded into the



crucible, then the same portion of the weighed iron (and manganese

- when used) was placed on top of the aluminum. This Toading sequence
was repeated three times. The metal components used were Jarge graihs
or chips, rather than fine powders, to facilitate the evacuation of
remaining air in the mullite tube before heating. |

The metal components were purchased from Alpha Products and
had the following puritieé; aluminum 99.95%, iron 99.98%, and
manganese 99.98%. After loading the metal samples into the crucible,
it was placed on the bottom of the mullite tube with the aid of
molybdenum wires, which were attached to the top of the crucible.

The copper sealing unit and cooling jacket were assembled, foliowed
by evacuation of remaining air in the tube with a vacuum pump. ' Then
an oxygen-free grade argon gas (maximum oxygen content 0.5 ppm,
Linde) was introduced into the tube after evacuation. This procedure
was repeated three times to ensure complete evacuation of air in the
tube to avoid any oxidation of meta] sampies during heating. Eaéh-
evacuation and argon gas Tlow lasted for 10 minutes. ‘Fina11y the
argon gas was introduced into the tube at a fiowrate of 40 Titers/
hour. | _

The furnace was heated to the desired temperature,- 1523 K
(1250°C), about 100 K higher than the melting points of both typés
of alloys (A1/Fe = 50/50 wt %, Al-Fe-Mn = 59/38/3 wt %), for 24 hours.
Near the end of the heating period, the aiioy.sampies were heated to
1623 K (1350°C) for 1 hour to avoid solidification of the molten
alloy during casting of tﬁe a11ey into a graphite.mold.

| After the héating the Eoﬁper seaffng.unjt was disassemb?ed'.

and the crucible was femo?ed from the muliite tube. The molten alloy
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was cast into graphite moids (1 inch I1.D., 5 inch depth) and was
air cooled. This casting step had to be done as quickly as
possible before the molten Alloy solidified. The casting process
took about 2 to 3 minutes. Some degree of mixing of the alloy
expected during this casting generated more homogeneous alloy
samples. No further homogenization was attempted. After the solid
alloy was cooled to room temperature, it was crushed with a pestle
and a mortar to get the desired particle size (-25+50 mesh, U.S.

sieve).

Allgy Characterization

X-ray diffraction. The x-ray powder diffraction technique

has been used to identify phases present in the alloy samples with a
Phillips Norelco vertical goniometer (Model XRG-2500). The alloy was
crushed into a fine powder (passed through a 270 mesh U.S. series
sieve) prior to analysis.

A collimated copper radiation (Cu Ka) was diffracted from the
mounted sample to a graphite monochromator set and the radiation was
transmitted to a scintillation counter. The tube current and the
voltage were20 mA and 35 kV, respectively. The sample was scanned
between 10° and 85° (28) at a scanning speed of 2%min.

Optical micrograph. An optical microscope (0lympus, Model

BHM) was used to observe the surface of the etched atuminum alloy
samples. A standard metallographic technique was used to prepare

specimens for the optical micrograph.

The aluminum alloys (Al-Fe, Al-Fe~Mn) were mounted on a resin

(Transoptic powder from Bahler). This mounted specimen was ground
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and polished to expose an undistorted suﬁface according to the
procedures outlined in thg 1iterature.153 The grinding/po]ishinégwas
done with silicon carbide abrasive papers in order of decreasing
particle size (240, 320, 400, and 600 grit size). The 'specimen
.sﬁrface was polished with magnesium oxide fine powders (Magomet ffom
Bﬁh?er) on a rotating wheel as suggested by Mondo]fc.]s4 This fjﬁal
po1ishiﬁg step was continued until there was no evidence of scratch
marks on the specimen surface. The absence of scratches was confirmed
with the optical microscope. | |

~ The polished surface of the specimen was eéchéd wWith an
agueous solution of sulfuric acid (20 volume percent at 343 K) for

155

30 seconds to reveal the'grain boundaries.  Then the optical

microscope was used to take pictures (Olympus camera, Model PM-10-M)
of the specimen surface. ' |

Electron micreprbbe anéTysis. The electron microprobe '

anajysis has been carried out with an electron probe microanalyzer
(Apﬁiied Research Laboratory, Model ARL-EMX) to identify'metai
phéses in fhe alloys by elemental composition aﬁa1ysis. A1thoggh the
x-ra} diffraction technique can identify major phases in the sampie, |
minor phases, if present, cannot be détected_wifh the technique.
Arother objective was to obtain a ppéitive confirmation of.the
prasence of a ;—FeA12 phase in the Al-Fe alloy (50/50 wt %). The Al-
Fe alioy is expecfed to consist of two phases, ;—FeA]Z and n—Fe2§!5'
phases, at‘eéui1ibrium, but an x-ray diffraction pattern of.the
;—FéA12-phase is not available from the JCPDS fiTe. |

The specimens of the‘a11oy'samp1es used for electron micro-

probe analysis were prepared in the same manner as those used for the
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optical micrograph. After fine polishing of the specimen, a thin film
of carbon was deposited under vacuum on the surface of the sample to
get better conduction of electrons, which prevents overheating or hot
spot formation on the sample.

The electron probe microanalyzer had a fixed take-off angle
(52.5%) and was used at the following conditions:

Accelerating botentia1: 15 Kev

Emission current: 0.200 micro-ampere

Sampile currvent: 0.04 micro-ampere

Count time: 40,000 integrated counts via a current to

frequency converter.

The pure elements Al, Fe, and Mn were used to calibrate the noise by
continuum x-rays for each determination of Al, Fe, and Mn content in
the sample, respectively. ADP and LiF crystals were used to obtain
Ka] 1ines of aluminum and Ka] lines of iron and manganese, respective-
1y. A computer program (Magic V, developed by Tracor-Northern, Inc.)
was used to process the raw data. The computer program has a built-

in subprogram, which hakes the ZAF correction.

Alloy Activation

Activation Reactor

The Raney catalysts were activated in a four-necked 1-liter
resin flask. The reactor (?igure 11) was immersed in a constant
temperature water-bath (number 1 in Figure 11) whose temperature was

controlled by a temperature controller (Haake, Model E-2) (3) which

also circulated water in the bath.




Figure 11

Alley Activation Reactor

13
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The aluminum component in the alloy was Ieached.by a sodiﬁm
hydroxide solution. The temperature of the solution‘in the reacto%
was monitored by a thermometer or a thermocouple in the reactor{ The
temperature of the bath was adjusted to give a constant rééctbr
temperature during the leaching process. A water-cooled condenser (6)
was connected to the top of the reactor to condense any escaping -

.water vapor from the solution, especially at a high leaching temper-
ature. A burette (7) was attached to the reactor only when sodium
hydroiide solution was added during the leaching'proceés and a glass
stopper was used whea alloy particies were added into the reactor |
during the ieaching period. The volume of hydrogen gas produced duriﬁg
the leaching was measured by a dry testmeter (11) and was a convenient
means for estimating the extent of teaching.

‘The activated alloy particles (Raney catalyst) were trans-
ferred to the wash apparatus (Figure 12) at the end of the }eaéhiﬁg
process where the remaining caustic solution was removed. A de-
ionized water reservoir (number 4 in Figure 12) supplies fresh water
continuously to the wash flask {1). The flask was equipped witﬁ gaé A
iniet and outlet connections to provide an inert gas atmosphere in the
flask during the washing process. Continuous washing was achieved
with a spent wash watef overfiow. The water in the flask was

constantly stirred during the washing process.

Activation Procedure

The alloys prepared in this investigation were activated by
two methods: . caustic addition method and alloy addition. The

primary difference between the two procedures is the reactant added to



Figure 12
Activated Raney Catalyst Washing Apparatus

16
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reactor during the leaching process. The sodium hydroxide solution is
added to the reactor in the caustic addition method whereas the alloy
particles are added to the reactor in the alloy addition method.

Caustic addition method. The deionized water reservoir was

degassed for about 3 hours with flowing argon before starting the
activation of the alloys. This argon flow was quite efficient in
removing gases dissolved in the water, especially, oxygen. The oxygen
was removed to below 1 ppm. The desired amount of alloy and de-
ionized water were added into the activation flask and were constantly
stirred. The temperature of the reactor was increased to a tempera-
ture 10 to 20 K Tower than the actual leaching temperature. The

final leaching temperature depends on the amount of alloy used and

the desired leaching temperature. The alloy-water slurry was equili-
brated at the water-bath temperature.

If 50 grams of an alloy was to be activated, 250 cm3 of de-

ionized water was added into the flask at the outset. Then 250 cm3

of
a 40 wt % sodium hydroxide solution was added as follows: 5 cm3 of
the sodium hydroxide solution was added at 3-minute intervals for 90

3 3

minutes. The remaining 100 cm increments at 10-

was added in 50 cm
minute inter#a}s. The total elapsed time for the addition process was
about 2 hours. At the end of 2 hours most of the aluminum was leached
out, as indicated by the volume of hydrogen gas evolved during the
leaching process. The alloy particles were subjected to an addition-
al 90 minutes leaching until there was no evolution of hydrogen gas.

The temperature of the reactor was kept constant by adjusting the

time interval between successive caustic additions or by using a



19

stainless steel cooling tube, which was immersed in the reactor and

through which cold water was‘péssed. The temperature fTuctuatibns in
the reactor were less than + 5 K from the desired leaching temperature
during the course of an experimént; B |

After the leaching process was completed, the sodium hydroxide
solution was decanted and the actiVated alloy was washed with de- |
jonized water 5 times. Then the alloy particles were transferred into
the washing flask where any remaining caustic was removed. The
activated alloy was washed until the decanted Jiquid-ind%cated tﬁé
same pH value as that of the fresh deionized water (ph = 7). The pH
value was monitored by a Corning pH metér (Model 12). The activated
alloy was washed with 95% ethanol 3 times, followed by washing with

absolute ethanol 3 times. The activated alloy, that is, the Raney

. catalyst, was then stored under absoiute ethanol and was kept at

273 K in a refrigerator. In the caustic addition method the'a1i§y
wasexpésedinitia11y to a very low concentration of sodium hydrgﬁide h
solution (Tow pH'vaTUé), followed by exposure to an 1ncréasing1y'high
cancentration (high pH value) as the sodium hydroxide so]utipn was
added to the reactor.

Alloy addition method. In the alloy addition method the

alloy particles were divided into 10 equal amounts and each,porfion ‘
of the alloy was added to the reactor, which contained 500'cm3 of 20
wt % sodium h}droxide solution, at 3-minute intervals. If 50 grams of
an allaoy was to be activated, 5—gram samples of the alloy were added
to the reactor at 3-minute intervals for 30 hinutes. Additional
leaching was done for 90 minutes. The procedure for washing the-

catalyst was the same as described for the caustic addition method.
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In the alloy addition method the alloy was exposed to a high concen-
tration of sodium hydroxide from the beginning. A more vigorous
evolution of hydrogen gas was observed, even in the eaf]y stage of

the activation, when compared to the caustic addition case.

Preparation of Pretipitated
Catalysts

A precipitated iron and a coprecipitated iron-manganese

catalyst were also prepared following the procedures of Yang4 and
Ti11metz.2 An appropriate amount of iron nitrate (about 500 grams),
Fe(N03)3‘9H20, was dissolved in 1 liter of hot distilled water.
Manganese nitrate solution [50 %, Mn (N03)2] was added to the aqueous
solution of iron nitrate when a coprecipitated Fe-Mn catalyst was
prepared. The amount of manganese nitrate was adjusted to give a
desired composition of the catalyst, that is, the desired Fe/Mn atomic
ratio. The solution was continuously stirred and heated to the
boiling point.

The precipitated catalyst was formed by slowly adding an
ammonium hydroxide solution (20% as NH3) to the metal nitrate
solution. Near the end of the addition of ammonium hydroxide the pH
value of the sotution was monitored and the pH value was kept higher
than 9 to enéure complete precipitation of the metal jons. After
the preqipitation the wet catalyst cake was filtered and washed
with boiling distilled water until there was no trace of.nitrate ion
in the filtrate. The presence of trace nitrate ion was checked by
the brown ring test, suggested by Sorum and Legowski]56 as follows:
In a test tube 2 or 3 drops of filtrate is mixed with 10 drops of

concentrated sulfuric acid and is cooled for a few minutes. Then 3
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drops of iron sulfate solution (0.2 M, Fe504)_is added in the tube.
The presence of trace nitrate ion is confirmed by formation of &
brown ring on the top layer of the solution in the test tube.

The wet catalyst cake was dried in air in an oven at 393.K
for 24 hours and was crushed to the desired particle size (-25+5O
mesh). A1l the chemicals used in the preparation of these catalysts

were reagent grade from J. T. Baker.

Catalyst Characterization

X-Raytﬂiffraction

Phase identification. The identificatfoh of phases in the
Raney cataiysts was accomplished by x-ray powder.diffractibn The
Phillips Norelco vertical goniometer, which was used to analyze thev
alloy samples, was also used to analyze the Raney catalysts. .

The sample preparation and the operat1ona1 procedures wéfe
discussed previousiy. The only difference in the preparation of the
Raney catalyst samples was the coating of the fine cata?yst powders
with Collodion solution (2% nitrocellulose so1uticn in amylacetate
from Bﬁh1er) to prévent oxidation of:samples during fhe test. Theﬁun
cafaﬁysts were ground to a fine powde?’undér absolute ethaﬁp},'LAfggf
decanting the excess ethanol, the catalyst was coated with the -
Coliodion solution by mixing the catalyst with a few d?ops of
‘Collodicn. The catalyst slurry was mounted on an X-ray d1ffract1on
samp1e holder and dried in air before the x-ray ana?ys1s was

performed.
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Crystallite size measurement. The crystallite size of the

o-Fe in the Raney catalyst was determined by an x-ray line broadening
technique. . The sample preparation procedures were the same as those
for the phase identification study. The operating procedures were
the same as those described previously, however, the sample was
scanned at a scanning speed of 1/2°/min (29) during the crystallite
size measurements.

Alpha-quartz powder (5 micron size from Minusil) was used as
a reference standard. The instrumental broadening was determined at
half-maximum intensity from a diffraction peak of the alpha-quartz

at (2, 0, 1) plane (2o = 45.78%).

BET Surface Area

The total surface areas of the Raney catalysts were measured
at 1liquid nitrogen temperature with a Micromeritics Surface and Pore
Volume Analyzer (Model 2100). Before mounting the catalyst sample on
the BET analyzer, most of the ethanol was evacuated at room temper-
ature by a rotary vacuum pump. Degassing was done at 393 K for 24
hours under high vacuum ( <1.37 x 10'2 Pa). The operating procedure
for surface area measurements is thoroughly discussed and outlined

in the Instruction Manual for the model 2'100.]57

Atomic Absorption -

The composition of the Raney catalysts have been determined

by atomic absorption spectroscopy (Instrumental Laboratory, Model IL-
351).
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Sample preparation. Initially, the wet catalyst, stored

under absolute ethanol, was dried in the sample holder (Figure 13)
by heating the sample to 353 K under vacuum by a rotary vacuum
pump. Usually an hour was required before the catalyst weight
stabilized. Deionized water was introduced intc the sample from the
top of the samplg holder to immerse the catalyst in water. The

catalyst-water slurry was transferred to a 100 cm3 flask where the

3

catalyst was completely dissolved in 50 cm” of concentrated hydro- -

chloric acid. After the’cata1ysf had been compietely dissolved,
the solution was diluted with defonized water to a volume of 100 cm3.
The concentration of the solution was then adjusted to about 10,000
ppm total metal content. - | |
The so]ution of dissolved catalyst was diluted to a

concentration range with respect to each element in which the con-
vcentration éhd the absorbance exhibited a 1inear relationship. The
diTution_was carried out just prfor to the analysis for each ele-
ment, since some ofvtﬁe"elements, such as iren; undergo pfecipita—
tion at a very low concentration 1ea€ing to erroneous results.

| Operation. ‘The atomic absorption spectrometer was warmed up
for at iéast half an hour before each anaiysis. The Al, Fe, énd'ﬁn
holiow céthode lamps were used for the elemental analysis of Al,
Fe, and Mn, respectively. The instrument was set for the standard
operdting conditions for each element before igniting the flame.
Thase cond%tions included the lamp current, the wavelength of
radiation beam, the silt width, and the air fuel rati§.158 The

instrument was readjusted by adjusting the above-mentioned parameters



Figure 13
Raney Catalyst Sample Holder
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after igniting the flame to give a maximum sensitivity as specified

in the manual.

Several standard solution samples containing different
concentrations of a specific element were aspirated into the burner
head at a flowrate of!Scm3/min after the adjustment of the instru-
ment. The absorbance values of the standard samples were obtained
and an absorbance-concentration calibration curve was obtained. This
procedure was repeated at least twice for each analysis. The
absorbance value of an unknown sample was obtained and the corres-

ponding concentration was determined from the calibration curve.

Thermogravimetric Reduction Study

A thermogravimetric reduction study was conducted to deter-
mine an optimum reduction condition (reduction temperature and
reduction time) for precipitated and Raney iron and iron-manganese
catalysts. A DuPont TGA Model 951 was used for the thermal analysis
of the precipitated catalysts. A Perkin-Elmer Model TGS-2 was used
for the thermal analysis of the Raney catalysts, since there was an
electromagnetic interaction between the DuPont TGA furnace and the
Raney catalysts.

A schematic of the thermogravimetric system is presented in
Figure 14. The hydrogen (Linde, 99.999% purity) and helium (Linde,
99.995% purity) gases were purified by a hydrogen purifier _
(Matheson, Model 8362) and a Hydroxpurifier (Matheson, Model 8301),
respectively.

A cold trap (mixture of ice and acetone) was used between the

hydrogen purifier and a vacuum pump to prevent any intrusion of vacuum



Figure 14

Schematic of the Thermal Analyé%s
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pump 01l vapor into the purifier. Air (Matheson, ultra-zero grade)
was purified by passage through a m019cu1ar sieve column and was
used without further purificatioh. The flowrate of each gas was
controlled by a rotameter (Fisher-Porter, Model 10A1376) to give 50
cm3/min. The fliowrates were measured by a bubble flowmeter.
Typically 20 to 40 mg of the catalyst was loaded onto a sample pan
which was then placed in the furnace. The instrument was operated in
both the temperature programmed and isothermal modes and the weight

Toss was recorded on a chart recorder.

Catalyst Screening Test

Fixed-Bed Reactor Apparatus

R high pressure fixed-bed reactor was built to test.the
activity and selectivity of the catalysts. A schematic of the .
fixed-bed unit is presented in Figure 15.

A mixture of carbon monoxide and hydrogen (Linde, primapy‘
standard) passed through a column of activated carbon to remove any
impurities, such as water and metal carbonyls.. The activated carbon
was regenerated in flowing helium at 423 K for & hours. The flow-
rate of the reactant gas into the reactor was controlied by a mass
flow controlfer (Union Carbide, Model FM 4550).. Hydrogen gas (Linde;
99.99% purity), purified by a Deoxo unit (Mathescn, Model 64-1010),
was used for the in-situ reduction of the cata1ysté. Helium gas
(Linde, 99.995% purity) was used without further purification to leak
test the apparatus after the reactor was piaced on the unit.

The fixed-bed reactor consisted of a i-inch 0.D. and 1/2-inch

I.D. stainless steel tube. which was embedded in a 3/4-inch thick
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cylindrical copper block to achieve a uniform temperature profile
along the reactor length. An electric heating furnace was used to
heat the reactor. The furnace was controlled by a temperature
controller (Love, Model 49). The temperature profile of the catalyst
bed was monitored by a travelling thermocouple in a thermowell on
the centerline of the reactor.

The catalyst bed was positioned in the middle of the reactor.
Ceramic packing (Denstone, -25+50 mesh, Norton Co.) was placed in the
zone above the catalyst as a preheater. The ends of the reactor tube
were sealed by stainless steel gaskets. Detailed design drawings of
the reactor are included in Appendix B.

A Grove back-pressure regulator was installed after the
reactor to maintain the reactor pressure during the reaction by
releasing excess pressure to atmospheric pressure. The exit gas
passed through a cold trap, in which high boiling products were
trapped. The volume of the exit gas was measured by a wet test-

meter. A gas sampling bottle was used to take gas samples for gas

chromatography.

Procedures of Fixed-Bed Run

The first step in the fixed-bed run was to load a weighed
amount of catalyst into the reactor. Since the Raney catalyst is
quite pyrophoric when exposed to air, a special handling procedure
was required to load it into the reactor. Raney catalysts are
usuaily weighed with a picnometer when the density of the catalyst is
known. Thus the density of each different catalyst must be known or

measured in order to measure the weights of different catalysts. An
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alternative loading procedure has been devised for fhisvinvestigé~
tion: An appropriate amount of catalyst was transferred from the
storage bottle into a sample holder (Figure 13). The excess ethanol
was decanted and the remaining ethanol was evacuated at 353 K by a
rotary vacuum pump. After abdut an hour the weight change was quite
negligible. The catalyst weight was obtained by difference between
the weight of an empty sample holder and that of a lcaded one. The
catalyst was immersed again in absolute ethanol by adding ethanol to
the sampie holder through the inlet. The catalyst-ethanol slurry
was then immersed in deionized water, since pure ethanol was drieﬁ up
quickly within a few minutes from the céta]yst'surface and the
catalyst was exposed to air during loading the catalyst into the
reactor. Loading the cata1yst into-the reactor and leak testing of
the fixed-bed unit took about 15 minutes.

After confirming that there were no leaks in the system by
pressurizing the system with He?ium at the reaction pressure, the
wet catalyst was dried by flowing hydrogen gas through the catalyst
bed for about an hour at room temﬁerature and then at 353 K for
another hour. The catalyst was heated siowly to the desired
reduction temperature (648 K for the Raney catalysts and 673 K for
the precipitated caté]ysts} under flowing hydrogen at a pressure of

150 KPa and a space velocity of 3 o (STP)g'1s'1.

It took about 2
hours. The reduction was continued for 5 hours at the reduction

temperature.
After reduction the reactor was cooled in flowing hydrogen
to the reaction temperature, usué11y 423 K. When the reactor

temperature reached 423 K, the hydrogen flow was repliaced with a
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mixture of carbon monoxide and hydrogen. The reactor pressure was
increased slowly to the reaction pressure, 1465 KPa (200 psig). The
following standard conditions were used for screening all the
catalysts: ;a total reaction pressure of 1465 KPa (200 psig), a

reactant space velocity of 3.0 cmBg'] !

s~ ', a hydrogen-to-carbon
monoxide ratio of 2, and a reactor temperature range of 423~ 473 K.
The flowrate of the.reactant gas mixture was adjusted to give a
desired space velocity as follows: First the desired flowrate was
estimated by multiplying the catalyst weight measured to a space
velocity desired. Then the flowrate was controlled by adjusting the
flowmeter setting to the desired flowrate, which was read from a
flowrate-flowmeter setting calibration chart.

The reactant gas was allowed to flow through the reactor
until the catalyst activity and selectivity reached a steady state at
a reaction condition. This was checked by intermittent product gas
sampling and analysis by a gas chromatograph from the start of the
fixed-bed run. If two successive gas chromatographic analyses of
the exit gas were the same, it was assumed that the catalyst had
reached a steady state at the reaction condition. It took about 4 to
5 hours at‘423 K to reach steady state, depending on the catalyst
type. The activity of the catalyst was evaluated in the tempera-
ture range of 423- 473 K by increasing the reactor temperature in

10 K increments. The flowrate of the exit gas was measured for each

evaluation at the different temperatures to provide a carbon mass

balance.
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~ Product Analysis

The product'from tﬁe hydrogenation of carbon monoxide'waé -
analyzed by a gas chromatograph (Héw]ett Packard, Model 5830A);}
using both TCD and FID detectors. The TCD detector was used for
carbon monoxide and carbon dioxide gases, and ‘the FID was used for
all hydrocarbon products up to C7. Dual columns of Chromosorb 102
(80 - 100 mesh, 20 i) wére used for the gas analysis. Siﬁce most of
the activity tests were conducted at low levels of carbon monoxide
chyersion, there was eésential]y a negligible amount of 1iquid -
products (water, alcohol, and high molecular weight hydrocarbons)
collected in the cold trap in all runs. Thus it was not pdssib]e to
collect sufficient Tiquid hydrocarbon sample to perform product
analysis under the test conditions.

The compositions of the product gas were analyzed as follows:
The absolute response areas for pure methane and carbon monoxide
were obtained by injecting'lcmBOf pure methane and'carbon monoxide
Jjust prior to each activity test for a giVen,cataiyst. These -
absolute response areas may change depending on thé conditions'qf :
detectors and had to be determined at 1gast on a‘daiiy basis. The
absolute response areasAfrcm‘Tcm3injections of other pure components
were calculated by a computer program, instead of injecting fhe pure
samples into the gas' chromatograph, based on the relative response
factor values Tisted in the prcgrém and the abéo]ﬁte resﬁonse areas
obtained from 1cm31njections of pure methane and carbon monoxide
(see Appendix D for an example of the calculation). One cm3 of_the
product gas was taken by a syringe from a gas sampling bettie and

was injected into the gas chromatograph for composition analysis of
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the product gas. A1l the pertinent data, such as response area for
each component in the product, input reactant and output product gas
flowrates, and reaction conditions, were fed into the program to
estimate the catalyst activity and product selectivity (see Appendix
C for an example).

The catalyst activity was defined in terms of carbon
monoxide conversion, which was defined in two ways in the program

as follows:

i) Carbon monoxide conversion % (output basis): D2

D2 = (1 - XZ/K) x 100 (63)
X1 = viNT
K = zxi = ZViNi

V.i is the mole fraction of component i in the product gas, Ni is

the number of carbon atoms in the molecular formula for component i
(e.qg., N; = 2 for ethane or ethylene), Xo is the mole fraction of
carbon monoxide in the product, and K is the sum of carbon atom mole
fraction of all the product containing carbon atoms. This conver-
sion represents the actual carbon monoxide conversion within
experimental limits of product analysis (including liquid and solid
high molecular weight hydrocarbons).

ii) Carbon monoxide conversion ¢ (input - output basis): D1

D1 = [1-X- F]/(C1 . Fl)] x 100 . (64)
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In Equation (64), Fy is the flowrate of inbut reactant gas, Fy is the
flowrate of exit product gas, and C]'is the mole fraction of carbon
monoxide in the reactant gas.

- The two conversions should agree within an experimental
error if all the products can be collected and counted at a steady
state reaction condition. Under actual experimental conditions, the
second definition was more 1ikely to be in error than the first
definition. The first definition seems to be reasonable under the
test conditions in which the carbon monoxide conversion was low
enougn to ensure that negligibje amount of high molecular weight
hydrocarbons was formed. Therefore, the first definition was
exclusively used when Eomparing activities of different catalysts.

The selectivity was also defined in two ways: -

i) Product carbon atom selectivity: Yi

Y. = -~ x 100 : | - (65)

In Equation (65), K1 is the sum of carbon atom mole fraction of all
the products containing carbon atoms except for carbon monoxide, that
1s, carbon dioxide plus all hydrocarbons.

ii) Hydrocarbon selectivity: Zi

j = gy X100 . (66)

N
il

K2=K-x2"X3-
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In Equation (66), Kz is the sum of carbon atom mole fraction of all
the hydrocarbons excluding carbon monoxide and carbon dioxide from the
product. The first definition includes carbon dioxide in the product,

while the second one does not.

Carbon Mass Balance

A carbon mass balance was computed for each fixed-bed run. A

carbon mass balance error, G, was defined as follows:
G = (G.I - 62)/61 x 100 (67)

61 = G x Fq X (650/760)/(82.05 x 291.2)

Gy = KxFyx (P]/760)/[82.05 x (273.2 + T])]

where P] is‘the ambient pressure in mm Hg and T.l is the ambient
temperature in degree centrigrade at the time of the activity test.
61'15 the total input number of moles of carbon atoms in the reactant
gas per unit time and 62 is the total output number of moles of
carbon atoms in the product from the reactor per unit time. The
input flowrate of the reactant gas was calibrated at a standard
condition, that is, an ambient pressure of 650 mm Hg and an ambient
temperature of 291.2 K (18°C); however, the output flowrate of the
product gas was measured at various ambient conditions. The above
mass balance equation is meaningful under actual testing conditions
only when the formation of high molecular weight hydrocarbon products

is negligible. When there is a considerable amount of 1iquid and

solid hydrocarbons formed, this must be taken into account for the



carbon mass balance. A sample calculation for the carbon mass

balance is included in Appendix p.

39



RESULTS AND DISCUSSION

Alloy Characterization

X-Ray Diffraction

The x-ray diffraction technique was used to identify the
metal phases present in the aluminum alloys. Only the single phase,
e-FeA13, was expected for an Al-Fe-Mn alloy (Al/Fe/Mn = 59/38/3 wt %)
according to the ternary alloy phase diagram (Figure 5). Since the
atomic size of manganese is similar to the size of iron, manganese
atom can be easily incorporated into the crystal lattice of FeA13
phase by rep]acing the iron atom. The actual formula of the phase
would be (Fe,Mn)A13.

The x-ray powder diffraction pattern of the Al-Fe-Mn alloy
was identical to the diffraction pattern of FeA13 filed by JCPDS]40
based on a comparison of the 26 values of the peaks and the
relative intensities of the peaks (Table 2). Therefore, the major
phase present in the Al-Fe-Mn alloy was the FeA]3 phase, although
some minor phases may be present and remained undetected by x-ray
diffraction. _

The x-ray diffraction pattern data for the Al-Fe alloy (50/50
wt %) is listed in Table 3. Two phases, z~FeAl, and n-Fe,Alg, were
expected according to the binary alloy phase diagram (Figure 4).

The Al-Fe alloy had the diffraction peaks of Fe2A15 phase in



Table 2
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X-Ray Diffraction Data for Al-Fe-Mn Alloy

Miller Index

(hkT)?®

(10,2,0)
(12,2,0)
(4,4,0)
(2,2,2)
(8,0,2) .
(6.2,2)
(3,3,3)
(5,3,3)
(11,1,3)
(18,2,2)
(6,6.2)
(571,2220)
(14,6,0)
(16,4,2)
(0,0.4)
(553,2 3 11)
(0,8,0)
(480,1533)

(22 2 4,30 2 2)

(14,6,4)
(24,0.4)
(0.,8,4)
(11,9,3)
(0.0,6)
(0,12,0)

(Deggee)

. 21.93
22.49
24.16
25.13
26.75
26.51
27.33
38.44
40.04
40.39
42.61
43.25
43.47
43,91
44,36
44,82
45.79
47.04
47.57
64.17
65.18
66.22-
66.76
68.42
69.50 .
73.32

Relative Intensity

PRl pi_pemn Alloy
80 13
40 13
60 13
60 17
20 1
20 6
10 n
60 8
40 g
40 g --
40 19
106 57
40 32
40 a0
100 100
100 51
20 1
40 13
20 6
60 26
60 19
20 6
40 9

" 20 -
a0 -
60 9

iller Index for FeAlz phase.

boiffraction pattern of Fefls phase from JCPDS file. 140



Table 3

X-Ray Diffraction Data for Al-Fe Alloy

42

Miller Index

(hk1)®

(2,0,0)

(020,111)

(0,0,2)

(1,3,0)

(1,1,2)

(202,131)

26
(Degree)
19.0

21.0
22.2
23.0
24.4
24.8
25.2
26.8
27.9
35.5
37.2
38.8
42.7
42.8
43.7
44.1
44.5
44.8
46.8
47.6
49.5
50.0
61.7
63.6
64.2

Relative Intensity

b
Fe2A15

25

40

100
100

100

10

Al-Fe Alloy
40

15
5
15
25
24
17
15
20
7
5
13
80
85
100
86
40
45

14

13
12

*Miller Index for Fe,Alg phase.

PDiffraction pattern of Fe Al from JCPDS file.

140



1
addition to a set qf unidentified peaks, which is subposedly the
diffraction peaks of the FeA12 phase. The diffractidh pattern of -
the Al-Fe alley is illustrated in Figure 16. The dotted lines are
the diffraction peaks of the Fe2A15 phase. From the X-ray
diffraéfﬁon study of the Al-Fe alloy, only the FezAls pﬁase could be
identified due to the unavai1abi1ity of information on.thé
diffraction pattern of FeA]Z phase. Other characterization |

techniques should be used to confirm the presence ¢f the FeA]Z phase.

Optical Micrograph

The Al-Fe (50/50 wt %) alley has been examined with an .
optical microscope. The alloy sample was heat treated at 1173 K for
2 days in an evacuated quartz tube. . |

The optical mfcragraphs of the Al-Fe alioy at two different
magnifications, 100 and 400, are pfesented in Figure 17. The micro-
graphs revealed the existence of two regions with different shades
indicating the presence of two phases in the alloy. The 1ightly
shaded phase was embedded in the second, darkly shaded phase. A
grain size of about 100 microns and dendrite structures were observed.
(The elongated-blade-shaped grains joined Tike tree branches showm |
on the upper left corner of the picture with a higher magnifiéatidn

in Figure 17.)

Electron Probe Microanalysis

Electron probe microané1yzer has been used to identify
phases present in the Al-Fe (50/50 wt %) and Al-Fe-Mn (59/38/3 wt %)
alley and to check the homogeneity of sampies; An unetched sampie

of the Al-Fe alloy, heat treated at 1173 K for 2 days, was scanned



Figure 16

X-Ray Diffraction Pattern for an
Al-Fe Alloy

Composition: Al/Fe = 50/50 wt %
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Figure 17
Optical Micrograph of Al-Fe Alloy
Composition: Al1/Fe = 50/50 wt %
Heat Treatment: 1173 K, 48 hours
Etching: 20 volume percent sulfuric

acid solution at 343 K
for 30 seconds
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with the microprobe analyzing 100 points along the surface of the
alloy with each point 10 microns apart. Apparently, there were two
regions with different metal compositions. One region had a compo-
sition of 55.2 wt % of aluminum and 44.8 wt % of iron, which
corresponded to a formula of FezAls. The other region had a composi-
tion of 49.5 wt % of aluminum and 50.5 wt % of iron, which
corresponded to the formula FeA]z. From this microprobe data it has
been confirmed that the Al-Fe alloy consisted of two phases, ;-FeA]Z
and n-FeyAle.

Another sample of the Al-Fe alloy, heat treated at 1173 K for
2 days and etched with 20 volume percent sulfuric acid solution, was
analyzed with the microprobe. In this case the objective of the
analysis was to differentiate between two phases with different
shades, that is, to determine which phase was FeA]2 and which phase
was Fe2A15. Microprobe results showed that the lightly shaded phase
was FeA]Z and the darker one was FezAls. The n-FezAls phase appeared
to have been leached with acid during the etching, that is, aluminum
in the surface Tayer was slightly dissolved, however, the composition
of the FezAls phase in the etched sample was the same as in the un-
etched sample. This indicated that the etching procedure did not
affect the composition analysis of the Al-Fe alloy and an etched
sample can be used for a microprobe analysis.

An unetched sample of Al-Fe-Mn (59/38/3 wt %) alloy, heat
treated at 1173 K for 2 days, was scanned with the microprobe. One
hundred points were analyzed along the surface of the alloy with
each point 10 microns apart. The averaged composition of the sampile

was 59.9 wt % of aluminum, 37.0 wt % of iron, and 4.1 wt % of
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manganese, which -corresponded to the formula, (Fe,Mn)A13. Micro-
probe data also showed that the composition of the alloy was quite

uniform with no indication of phase segregation.

Activation of Aluminum Alloys

The Al-Fe and Al-Fe-Mn alloys were activated with a NaOH
solution to Teach out the aluminum from the alloys, making porous and
active Raney catalysts with high surface areas. The activation
was carried out at various leaching conditions:

Leaching temperature: 298, 323, and 363 K

NaQH concentration: 2 wt %, 10 wt %, and 20 wt %

Activation method: alloy or caustic addition.

The difference between the above two methods was described
previously. A special notation was used to identify the Rane_y‘
catalysts prepared at different leaching conditions as follows: R
denotes a Raney catalyst; Fe denotes iron and FeMn denotes iron-
manganese catalyst, respectively; A or C indicates that the catalyst
was prepared by the alloy addition or the caustic addition method,
respectively; numbers following A or C indicate the leaching tempe}—
ature in degrees centigrade; numbers in parenthesis indicate the
concentration of the NaOH solution. If there is no number foliowing
the leaching temperature it is an indication that the\ﬁata]yst had
been leached with 20 wt % NaOH solution. As an example, R-FeMn-A50
(10 %) means a Raney iron-manganese catalyst preparéd by the alloy
addition method at 323 K (50°C) with a 102 NaOH solution. R-Fe-C90

means a Raney iron cata1yst prepared by caustic addition method at

363 K (90°C) with a 20% NaOH solution.
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Alloy Addition Method

The percent aluminum leached during the activation process,
estimated by hydrogen gas evolution during the leaching process, is
presented in Table 4. The extent of aluminum leached increased with
increasing leaching temperature and with increasing sodium hydroxide
concentration for both Raney Fe and Raney Fe-Mn catalysts irrespec-
tive of the preparation method, that is, alloy addition or caustic
addition method. The variation of the percent aluminum leached
with different leaching temperature for the Al-Fe alloy is presented
in Figure 18. The extent of leaching increased with increasing
temperature. The Al-Fe alloy obtained from Alpha Products underwent
less extensive leaching of the aluminum than the alloy prepared in
the laboratory at the same leaching temperature, 363 K. There was a
period during which no evolution of hydrogen was observed at the
beginning of the leaching period (Figure 18). This phenomenon is
apparentiy related to the presence of aluminum oxide film on the Al-

Fe alloy sﬁrface. Bernard and Randaﬂ100

observed the same
phenomenon during the reaction of aluminum with water and named it the
inhibition period. Vedder and Vermilyea10] called it the induction
period. The duration of the induction period increased with
decreasing leaching temperature as has been observed by other
investigators.wo’w1 The dissolution reaction of aluminum does not
commence until hydroxyl ion penetrates the oxide film which is broken
down during the induction period. The extent of the leaching of
aluminum from an Al-Fe-Mn alloy at three different temperatures is

presented in Figure 19. The extent of the aluminum leached increased

as the leaching temperature increased from 303 to 363 K as expected.
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Figure 18

Leaching of Aluminum from an Aluminum-Iron Alloy
by Alloy Addition Technique

Sodium Hydroxide Concentration =20 wt %
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Figure 19

Leaching of Aluminum from an Aluminum-Iron-Manganese
Alloy by Alloy Addition Technique

'Sodium Hydroxide Concentration = 20 wt %
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An induction period was also observed during the leaching of the Al-
Fe-Mn alloy; however, the duration of the induction period was
shorter than for the Al-Fe alloy.

The extent of aluminum leached from an Al-Fe-Mn
alloy at a single temperature (323 K), but at different catalyst
preparation conditions, is presented in Figure 20. The Al-Fe-Mn
alloy obtained from Alpha Products was less reactive than the
alloy prepared in this Taboratory. An activation with 20 wt % NaOH
solution resulted in a higher extent of leaching than the activation
with 10 wt % solution. The activation with 20 wt % NaOH solution
showed shorter induction period than the activation with 10 wt %

solution as shown in Figure 20.

Caustic Addition Method

The percent aluminum leached from the Al-Fe alloy
at three different temperatures is presented in Figure 21. Two
duplicate preparations showed excellent agreement with regard to the
extent of aluminum leached at 363 K (Figure 21 and Table 3).
Activation at 323 K gave almost the same extent of aluminum leached
as the activation at 298 K, however, the extent of aluminum leached
was lower than that obtained at 363 K.

A period during which no hydrogen evolution took place was
observed after the initial evolution of hydrogen (Figure 21). This
phenomenon occurred when the addition of the caustic solution was
stopped in order to maintain the leaching temperature constant. This
was necessary to avoid an excessive temperature increase due to the

highly exothermic nature of the reaction. When the addition of the



F%gure 20

Leaching of Aluminum from an Aiuminum-lron-Manganesé
- Alloy by Alloy Addition Technique

Sodium Hydroxide Concentration =20 wt %;

Temperature = 323 K
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Figure 21

Leaching of Aluminum from an Aluminum-Iron
Alloy by Caustic Addition Technique

Sodium Hydroxide Concentration = 20 wt %
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caustic solution was stopped, the hydroxyl jon concentration of the
solution in the reactor was quite low due to the reaction of the
hydroxyl ion with the aluminum. At a pH value below 11 the formation
of amorphous aluminum oxide and aluminum hydroxides is favored |
resulting in a thickening of the oxide or hydroxide iayer, which

retards or prevents the aluminum dissclution reaction. 01104

The
aluminum dissoiution reaction resumes when the hydroxyl ions penetrate
the oxide or hydroxide layers or when thgse layers are dissolved at
a high pH value (i.e., after addition of sodium hydroxide solution).

The effect of the‘concentration of the sodium hydroxide
solution at a constant reaction temperature (363 K) on the extent of
aluminum leached is presented in Figure 22. The extent of leaching
increased as the concentration of the sodium hydroxide solution
increased from 2 to 20 wt %. _

The Teaching of the aluminum from an Al-Fe-Mn alloy at two
different temperatures is presented in Figure 23. The extent of:
leaching was greater at the higher temperathre (363 K). Tl.'ae

extent of leaching from a dupiicate sample of an A1~Fe-Mn alloy

at 323 K was quite close to that for the original at 323 K.

Catalyst Characterization

BET Surface Area

The total surface areas aof the Raney catalysts have beeh
measured by the BET surface area technique. Mars, et a1.113‘
reported that the BET surface area of a Raney nickel catalyst stored
in water showed a significant decrease with increasing degassing

temperature. They ascribed the decrease to the highly exothermic



Figure 22

Leaching of Aluminum from an Aluminum-Iron -Alloy
by Caustic Addition Technique

Temperature = 363 K
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Figure 23

Leaching of Aluminum from an Aluminum-Iron-Manganese
Alloy by Caustic Addition Technique

Sodium Hydroxide Concentration =20 wt %
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reaction of aluminum with residual water remaining in the catalyst
pores, resulting in sintering of the catalyst.

The effect of the degassing temperature on the BET surface
area has been studied with a Raney iron catalyst (R-Fe-C90), a co-
precipitated iron-manganese catalyst, and a precipitated iron
catalyst. The Raney iron catalyst was degassed at 353 K for 24 hours
and the BET area was determined. The catalyst was then degassed at
393 K for another 24 hours and the surface area was once again
determined. This procedure was repeated up to 473 K. Another
sample of the same catalyst was degassed at higher temperatures, that
is, the initial degassing was done at 523 K, followed by degassing at
a progressively higher temperature up to 673 K.

The effect of the degassing temperature on the BET surface
area of the Raney iron catalyst (R-Fe-C90) is presented in Table 5
and Figure 24. The surface area of the Raney iron catalyst remained
constant afier degassing at 393 K and 433 K, however, it
decreased after degassing at 473 K. The low surface area after
degassing at 353 K appeared to be due to insufficient removal of
volatile matter, such as water and ethanol. Degassing at 523 K and
abeve gave essentially the same surface area as degassing at 393 Ky
however, tﬂe surface area decreased by about 10% after degassing
at 673 K.

The precipitated catalysts, iron and iron-manganese, were
also subjected to the same procedures as the Raney iron catalyst.
The degassing was carried out in the temperature range of 393 to
673 K. The effect of degassing temperature on the BET surface areas

of the precipitated catalysts, iron and iron-manganese, is presented



Table 5

Effect of Degassing Temperature on

BET Surface Area

Catalyst
Type

R-Fe-C90

R-Fe-C90

Precipitated
iron
(ppt Fe)

Coprecipitated |

iron-manganese
(coppt Fe-Mn)

Degassing
Temperature (K)
353
353
433
473

523
573
623
673

363
473
543
603
673

393
473
543
603
673

BET Surface

Area (mzlg)

46
49
50
43

49
48
a7
44

232
242
1233
214
152

242
244
237
221

- 203
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Figure 24

Effect of Degassing Temperature on
BET Surface Area

Catalyst: R-Fe-C90
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in Table 5 and Figure 25. The surface areas of the precipitated Fe
and coprecipitated Fe-Mn catalysts showed a noticeable decrease
after degasSing at 603 K and above as indicated in Figure 25.

These experiments indicated that degassing the catalyst at
393 K for 24 hours seems to be proper for both the Raney and the
precipitated type catalysts to obtain representative surface areas
without altering the surface structure significantly.

The surface area data for the Raney iron catalyst (Table 5)

indicates that the catalyst was not affected by the degassing

temperature. Freel, et a1.1]5

also found that the surface area of a
Raney nickel catalyst, stored under absolute ethanol, remained
constant irrespective of degassing at different temperatures except
for degassihg below 393 K. A sharp decrease in surface area of a
Raney nicke1 with increasing degassing temperature observed by Mars,
et a1.113 seemed to be due to the relatively abundant residual water
remaining in the catalyst compared to the Raney nickel catalyst
stored under absolute ethanol. All the catalysts have been degassed
at 393 K for 24 hours just prior to each BET surface area méasurement.
The BET surface area data is presented in Table 6. The surface area
of the Raney iron catalyst prepared with 20 wt % NaOH solution

ranged from 41 to 54 mz/g, depending on the preparation temperature.
The only exceptions were the Raney iron catalysts, prepared at 363 K
by thealloy addition method, R-Fe~A90, for which the surface areas
were 26 m2/g and 29 m2/g, depending on the source of the Al-Fe alloy
used. No trend or correlation could be found between the surface area
of the Raney iron catalyst and the preparation conditions- such as

leaching temperature.



Figure 25

-Effect of Degassing Temperature on
BET Surface Area

Catalyst: Precipitatéd Fe and
Coprecipitated Fe-Mn
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The surface areas of Raney iron-manganese catalysts were

higher (64~ 116 mz/g) than the surface areas of the Raney iron
catalysts (26 - 54 m2/g). This difference may be due to the differ-
ences in alloy type and compositions. In the case of the Raney Fe-Mn
catalyst a high leaching temperature, generally, yielded a catalyst
with large surface area.

At the same leaching temperature lower concentration of the
sodium hydroxide solution produced a catalyst with lower surface
area, when compared to the catalyst prepared with 20 wt % NaOH
solution as can be seen from the surface area of R-Fe-C90 (10%),
R-Fe-C90 (2%), and R-FeMn-A50 (10%) in Table 6. This can be
explained by a Tow extent of aluminum leached with the low concentra-
tions of sodium hydroxide solution (10 or 2%) during the leaching
process. Thereby, the development of pore structure is rather
incomplete, yielding a low surface area catalyst. The precipitated
catalysts as prepared had much higher surface area than the Raney

catalysts (Table 6).

X~Ray Diffraction

The Raney catalysts were characterized by x-ray powder
diffraction to identify the metal phases present in the catalyst and
to estimate the crystallite size of the catalyst.

Phase identification. The metal phases identified are

listed in Table 7. Alpha-iron phase was identified in all of the
Raney iron and Raney iron-manganese catalysts. Magnetite (Fe304)
was identified in catalysts activated at 363 K by the caustic

addition method, however, catalysts (Raney Fe and Fe-Mn) activated



Table 7
Resuits of X-Ray Diffraction Study

Crystallite

Catalyst Phases © _Size (R)
R-Fe-AS0 a-Fe _ 252
R-Fe-AS0 a-Fe 4 o 126
R-Fe-A30 a~Fe, Fe-ATl Alloy . e
R-Fe-A25 ' o-Fe, Fe-Al Allay . -
R-Fe-A30° o-Fe | 222
R-Fe-(90 o-Fe, Feg0y 182
R-Fe-C50 a~Fe 149
R-Fe-C25 a-Fe, Fe-Al Allay - -
R-Fe-C90 (10%) a-Fe, Fe-Al Alloy -

F8304 :
R-Fe-C30 (2%) o«-Fe, Fe-Al Alloy -
- R-FeMn-A90 a -Fe - 107
R-FeMn-A50 a -Fe - .93
R-FeMn-A30 o -Fe, Fe-Al-Mn Alloy _ -—
R-FeMn-A502 | ¢ -Fe 74
R-FeMn-A50 (10%) « -Fe, Fe-Al-Mn Alloy --
R-FeMn-C90 ; a -Fe, Feg0g . .93
R-FeMn-C50 o -Fe ; 74
ppt Fe - | o -Fey03 . . -
Coppt Fe-Mn a —Fe203, Mn304 o --

aA11oy from Alpha Products.
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at the same temperature by the alloy addition method did not have any
magnetite bhase. The magnetite must have been formed from a«-Fe by an
oxidation reaction during the leaching period. The Raney catalysts
prepared at a Tow temperature (298 K) or with low concentrations of
sodium hydroxide solution (2 wt % and 10 wt %) contained unreacted
aluminum alloy phases in addition to the a-Fe phase (Table 7).

109

Schwarzendruber and Evans also found that -a Raney iron catalyst

contained both a-Fe and magnetite phases when an aluminum-iron alloy
(50/50 wt %) was activated with a 25 wt % NaOH solution at 353 K and
above. No magnetite was found in catalysts leached at or below
343 K and iron hydroxide, Fe(OH)z, was identified in the catalysts
prepared at low temperatures (273 K and 298 K) in addition to an
aluminum-depleted aluminum-iron ailoy and a-Fe phases.]09 No Fe(OH)2
cou]& be identified in this study due to its lack of crystallinity.
The x-ray diffraction patterns of the Raney catalysts showed
a gradual depletion of the alloy phases and a more distinct
appearance of .the a-Fe phase as the alloy activation temperature

increased (Figure 26). Robertson and Andeur-son]07 and Dirksen and

L1'nden]7

identified gibbsite (a-A1,05°3H,0) or bayerite (8-A1,0,°
3H20) in Raney nickel catalysts activated at 353 K with a 2 wt % NaOH
solution. No such aluminum hydroxide could be detected in a Raney
iron catalyst activated atA363 K with a 2 wt % solution [R-Fe-C90
(2%)1. The extent of aluminum leached, monitored by hydrogen gas
evolution, was only 9% in the case of Al-Fe alloy under the above
leaching cdnditions, while the A1-Ni alloy (50/50 wt %) was reported
to have had more than 90% of the aluminum leached under a similar

condition.



Figure 26

X-Ray Diffraction Pattern of Raney Iron Catalysts

A: Al-Fe Alloy Phase
F: a-Fe

M: Magnetite
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The significant differences in the reactivity for the

aluminum dissolution reaction between the twa types of allays may be
due fo different crystal structures. At such a low extent of
a1umiﬁum leached from an Al-Fe alloy (9%), the gibbsite or bayefiie
may not have been formed to an appreciable amount to be detected by
x-ray diffraction.

The précipitated catalysts (Fe and Fe-Mn) showed very broaa
and diffuse x-ray peaks, indicating incomplete crystallization during
the éata]yst preparation. The diffraction pattern of precipitated
iron catalyst indicated the presence of hemétite (G'FEZOB)’ while the
coprecipitated Fe-Mn indicated the presence of hausmannite (Mn304) in’
addition to the hematite phase.

It is noteworthy that none of the Raney iron-manganese
catalysts indicated the presence of a manganese-containing phase, such
as mangénese oxide or manganese metal, alfhough the manganese contents
of the two types of tﬁe caté]yst, coprecipitated and Raney, were
almost the same. This indicated that theé Mn atoms in the Raney
Fe-Mn catalyst were}inco%porated into the o-Fe crystal lattice and

did not form a separate manganese-containing phase.

Determination of crystallite size. The crystaliite size of

the o~Fe in the Raney catalyst was estimated from.the line broadening
of a diffraction peak at the (110) plane of the «-Fe, using the

Scherrer equation.so

The Scherrer equation is regarded to give a
relatively accurate measure of a crystaliite size, especially for a
group of catalysts prepared by the same procedures such as the Raney

catalysts used in this investigation.
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Since the Al-Fe and Al-Fe-Mn alloys both have intense

reflections near the diffraction peak of s-Fe at (110) plane, the
above estimate could not be made for the catalysts which contained
some remaining alloy phases due to the overlapping of the
diffraction peaks. This was the case for catalysts prepared below
323 K or prepared with low concentrations of NaOH solution (< 20%).
The crystallite size of the Raney catalyst is also presented
in Table 7. From the table it can be seen that a high temperature
(363 K) leaching produced a catalyst with a larger crystallite size
compared to the one prepared at a lower temperature (323 K), when the
other prepération conditions were the same. The effect of the
leaching temperature on the crystallite size was most pronounced in
the case of Raney iron catalyst prepared by the alloy addition
method. A‘difference of 40 K in leaching temperature resulted in a
difference in crystallite size of about two times. The change in
crystallite size with increasing leaching temperature was quite
conﬁistent with observations made by Robertson and Anderson]07 who
found that a lower temperature or a shorter teaching time produced a
nickel catalyst with a smaller crystallite size. The crystallite
size of the Raney catalyst ranged quite widely from 70 R to 250 R,
while it ranged from 35 to 60 R in the case of Raney nickel catalyst.
The Raney catalysts prepared from Alpha Products alloys had
smaller crystallite size than the Raney catalysts prepared from

alloys made in this laboratory at the same preparation conditions.

107

Robertson and Anderson correlated the BET surface area of

Raney nickel catalyst with the crystallite size of the nickel,
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measured by the X-ray line brdadening technique using an equation

suggested by Allred, et ai.:]59
.
Kf i0
s = M (70)

where S is the surface area (mz/g), K is the geometric factor equal
to 6 for spherical or cubic crystallites, f is the fraction of
crystallite surface available for gas adsorption, d is the density
(g/cms), and L is the mean size of crystallite (ﬂ)_ The surface
areas and the reciprocals of the crystailite size for the Raney
catalysts are listed in Table 8. A reascnable linear re1atioﬁship
existed between the BET surface area and the reciprocal of the
crystallite size as illustrated in Figure 27. The f value was calcu-
lated from the slope of the plot in Figure 27, usihg K=6andd=
7.86 for the body-centered cubic crystals of a-Fe. The real
density of the o~Fe in the Raney catalyst may be lower than 7.86.
The f value obtained was 0.63, which is quite clase to 0.65
for Raney nickel catalyst with face-centered cubic structures obtained

by Robertson and Anderson.107

Atomic Absorption

The elemental compositions and the extent of aluminum leached
as determined by atomic absorpfion are listed in Table 9 for the
Ransy iron—mangaﬁese catalysts and in Table 10 for the Raney iron
catalysts, respectively. The tables aisc include the extent of

aluminum leached and the elemental compositions of the catalysts as

estimated by hydrogen evolution.
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Fi gure 27

Correlation of BET Surface Area
and Crystaliite Size

Catalyst: Raney Iron and Iron-Manganese

83



84

I T I N N S

O O O O o o O
w % @ ™~ 7] ) < (2]

120 —
"o ~

(b/ zw) v3Iuv 3OVvidENS 136

0 12 14 16 I8

-t B,
s Xto=taA™)



85

*S30npoad eydly wodj »o—~<m,

0

o ww .. (es6) -

, . o , 'Y - . G606 - Up-94 1ddo)

(£9°21) | - (0'e)  (8'68) . (0°8E) |
16711 ¢t - L78S _me foL 1y uW-od-LV
o¥ €l 00L  B'L6 €L 0 L"¢6 L9 §°€ 8768 06J-NWad-d
€ 9l 6°98 9°86 1’9 89l 0°LL 9°'¢ G°¢E 6°06 049 -uped -y
69°¥1 8°99 ..mm St €86  ¢°LS A ¢t . L°19 (%0L) 0OSvy-upsi-y
L0791 G°08 2°66 LS 6°1¢ v eL - LS L°¢ 9° 16 wom<L=zmugz
LE'EL 00L 9°L6 gL 0 L°26 LS 9°¢ 9°68 06Y-Ulo4-Y
621 5°06 6°L6 9 0°¢L CS°8 €9 L°E 0°06. 0SY-ule4-d
oL°9t T A 16°LL b°S 892 8°L9 L'y 6°62 0°99 OEY-upei-y

oLley Nz VY Up Ly 94 uw LY 94 ‘ asAjeje)
Ui/24 (% M) uoLIN{OA] USDOAPAH (% 3m) uoljdaosqy 2Lwoly
patiesT] SLSAjeuy |ejuswalj

WNULWNLY U243

s3sAiele) asauepuep-uoaj Aauey Jo uoLilsoduo)

6 9Lqel



86

*s3onpodd eydiy wouas »d—~<m

2°6 6°€C 9L A4 AR 8°99 (%2) 063-94-Y
6°EY €19 0°9¢ 0°t9 6°L¢ L7¢L (%01) 063-°4-Y
L€8 8°¢6 0°vlL 0798 L9 £°€6 06J-91-Y
L°6L 9°68 0°L1 0°¢8 v°6 9°06 06J-94-Y
L76L S°6L 0°LL 0°€8 0° L1 0°€8 G2J-84-d
2°G8 2°G6 o°¢l 0°/8 9y ¥°66 o067-24-Y
L°68 2°86 €°6 L°06 8L ¢°'86 06Y-24-d
9°'¢L 9°G8 0°1L2 0°6L 921 v°(8 0sy-9d-d
£°6S 6°€8 0°LE 0°69 6°€l 1798 0ev-a4-y
9°1¢ 8°0L 6°€EY L°9S 9°¢e voLL Gev-o4-d
oy VY Ly 94 Lv 24 3sAjele)
payoeaT (% 1m) (% M)
wnuiwniy uoL3n{oA3 uaboupAy uoL3daosqy O Lwoly
JUREUELNER] SLSAleuy |eFuswdil ‘

mumxpmumo uoa] Aauey 4o uollLsoduo)

0L °ilqe}



87
The elemental compositions of the Rahey iroh-manganese

cata1y$ts obtained by the two methods show reasonable agreements
except for the catalyst R-FeMn-AS0, prepared from an Al-Fe-Mn-allay
furnished by Alpha Products. This catalyst was not comp1efe1y dié—
solved even with concentrated hydrochloric acid solution iﬁ the
preparation of the étomic absorption sample solution, leaving some
white precipitatfon, which appeared to be aluminum oxide. Theliron/
manganese ratios (weight basis) for all the Raney ironfmanganese
catalysts were higher than the ratio for the original alloy, 15,91.
This indicated that some of the manganese atoms were removed during
the dissolution of aluminum with the NaOH solution, since ironvatoms
are not dissolved in alkaline soiution. Approximately 20% of the
manganese atoms were removed during the activation process. ‘Russe1,

15 also reported that manganese atoms were partially disso]véd

et al.
during the leaching of an aluminum alioy containing manganese with
sodium hydroxide solution. | |

The extent o? aluminum leached calculated from atomic
absorption analysis, generally gave higher values, when compared to
the vaiue.obtained from hydrogen evolution. One of the pTauéiE]e |
expianations for this observation is the retention of a 1érge volumeg
of hydrogen gas in the Raneyvcata]ysts, which may accouﬁt for as
much as 5% error in the volume of hydrogen evolved (and also in the
extent of aluminum Teached) based on the Tact that the Raney | '
catalyst may contain as much as 30 cm3 (STP) hydrogen per gram of

1,113,132

meta The extent of aluminum leached based on the atomic

absorption analysis was calculated assuming neither iron nor
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manganese was dissolved with NaOH solution during the activation
period.

The composition of the aluminum-iron-manganese alloy was
determined by atomic absorption analysis to check the accuracy of
the atomic absorption technique. The numbers in parentheses are the
actual compositions of the metal elements. There is an excelient
agreement between the two sets of values.

The composition of the coprecipitated iron-manganese
catalyst was determined and was compared to the values in the
parentheses, which was the actual composition of the catalyst
during the mixing of two metal components when preparing the
catalyst. Two sets of data showed good agreement indicating that
all the metal ions (iron and manganese) were completely precipitated
during the‘catalyst preparation.

The elemental composition of the Raney iron catalysts as
determined by atomic absorption analysis as well as those estimated
from the hydrogen evolution data are presented in Table 10.
Generally, there is reasonable agreement between the two sets of
data, except for the catalysts R-Fe-A25 and R-Fe-A30. The large
discrepancy in alTuminum contents for these two catalysts seems to be
due to the‘reaction of residual aluminum with water during the
washing of the catalysts in water. Continued evolution of hydrogen
was observed during the washing of the two catalysts, indicating that

some portion of the remaining aluminum was dissolved out.
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Thermogravimetric Reduction Study

Precipitated Catalyst
l A series of catalyst reduction studies havevbeen carried out
with a coprecipitated iron-manganese catalyst (Mn/Fe = 5/100 atoﬁic
ratic) using a DuPont TGA Modél 951 and a Perkin-Elmer TGS-2 system.
The weight Toss curve for the coprecipitated catalyst thle
‘heating to 773 K in flowing helium at two different heating rates
(0.5 and 2 K/min) is presentéﬁ in Figure 28. Heating the catalyst at
the slower rate (0.5 K/min) resulted in a more complete removal of
the volatile matter, water, or residual NO3' ion that remained in.the
catalyst after the washing process. The catalyst did not lose
additional weight even after prolonged heating at 773 K. The deriva-
tive of the weight change with respect to temperature is shown %n the
lower curve im Figure 28. The derivative curve revealed that a
significant weight change took place atkabaut'533 K. The effect of
different heating rates on the catalyst weight loss in fiowing hydrogen
is shown in Figure 29. A1l three heating rates (0.5, 2.0, and‘s.o
K/min) resuited in the same final weight loss, 35.4 wt %. After
heating in hydrogen to 773 K, the catalyst sample was cooled to room
tefperatire ¥n Tiowing hydrogen. The sample was flushed with helium
gas at room temperature and air was introduced intc the furnacé
chamber. The sample was heated to 773 K in flowing air at the same
heating rate, 0.5 K/min, for all threevcases. : |
The catalysts which were heated in hydrogen at heating rates
of 0.5 and 2 K/min gained weight. The weight gained corresponded to
the final weight of the catalyst cbtained after heating under helium,

that is, 9.4% Tower than theé original weight. However, a sampie



Figure 28

Temperature Programmed Thermal Analysis (TGA)
Curves

Coprecipiteted Iron-Manganese Catalyst;

Helium Atmosphere
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Figure 29

Temperature Programmed Thermal Analysis (TGA)
Curves \

Coprecipitated Iron-Manganese Catalyst:;

Hydrogen/Helium/Air Atmosphere
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heated at a heating rate of 5 K/min, gained less weight than the above
two samples, that is, 13.2% below the original weight. This experi-
ment indicated that the reduction-oxidation cycle was irreversible
when the heating rate during the reduction in hydrogen was too high,
5 K/min. The ijrreversibility may be due to sintering of the
crystaliites or to changes in pore structure of the catalyst when the
catalyst was reduced at the high heating rate.

The final weight loss after reduction was 35.4 wt %. Sub-
tracting the 9.4% loss due to volatile matter, the weight loss due
to reduction was 26.0 wt %. The reduction weight loss, based on the
catalyst weight on a volatile-matter free basis, was 28.70 wt 4. The
extent of reduction of the catalyst during the above reduction was
estimated from the previous weight loss data, based on the expected
weight loss after a complete reduction. The catalyst was shown to
" consist of Fe203 and Mn304 from the x-ray diffraction study and the
atomic ratio of Mn/Fe was 5/100. The weight loss after complete

reduction was:

3xAW(0) 100 , 4 x A.W(0) 5 _
e,05) X T05 * WW-(Mng0, '5"105’ 0.2951

A.M. (0) refers to atomic weight of oxygen atom and M.W. (compound)
refers to molecular weight of the compound in the parenthesis. The

extent of reduction was:

0.2870 = o
7957 X x 100 = 97 (%) -

The calculation shows that the catalyst underwent an essentially

complete reduction during the reduction period. There were two
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temperatures at which significant weight changes took place, 533 K and

673 K. The first weight change at 533 K was also observed when the
catalyst was heated in helium (Figure 28). The second weight.change
at 673 K must be due to the reduction of iron oxide to iron. It can
be concluded that a heating rate‘of 2 K/min during the redu;tion'df .
the coprecipitated catalyst is the proper value to prevent any
significant changes in catalyst structure or surface area and to
permit nearly complete reduction.

A series of isothermal runs were made to determine an optimum
reduction temperature for the coprecipitated catalyst. Since the
DuPont TGA 951 was not capable of a combined operation in which
programmed heating is fo]iowed by isotherﬁai heating period in a
singie run, the catalyst was heated in a series of isothermal steps |
with a 50 K difference between two adjoining steps to minimize an}
adverse effects of a rapid heating rate. |

The sample was heated to 393 K and the temperature was
maintained at this point until there was no further weight éhangé.
The iemperature was then increased to 443 K and was maintained at_443
K until there was no further weight change. This procedure was |
repeated until the final temperature, 773 K, was reached. The total
weight Ioss after the isothermal run at 773 K was 36.0 wt %, which
was slightly higﬁer than 35.4 wt % but reasonably consistent with-
the value obtained from the previous run. After the catalyst weight
stabilized at 773 K, helium gas was introduced into the furnace
chamber to flush out all remaining hydrogen. -Air was then intro-
duced at 773 K. The weight gain was 25.5 wt %, slightly lower than

the value obtained previously, 26.0 wt %, when the catalyst was
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heated from room temperature to 773 K in flowing air. The final

weight was 10.5% below the original weight of the sample.

It can be seen that the weight loss was gquite negligible
after 673 K (Figure 30). Then the optimum temperature for the in-
situ catalyst reduction was determined to be 673 K.

The effect of a very fast heating rate on reduction is pre-
sented in Figure 31. 'The sample was heated to the final temperature,
773 K, within 3 minutes. After the catalyst weight stabilized at
35.4 wt % loss, helium and air were introduced into the sample as
before {Figure 30). The weight gain after oxidation in air was only
2.5%, compared to the previous 26.0%.

The catalyst sample had to be heated from room temperature
to 673 K at a heating rate of 2 K/min and the temperature had to be
maintained at 673 K in order to determine a minimum reduction time at
673 K necesSany for a complete reduction. This experiment was
carried out with a Perkin-Elmer TGA unit due to the Timitations of the
DuPont TGA 951. The weight loss curve, when the catalyst was
heated from room temperature to 673 K at a heating rate of 2.5 K
followed by a period in which the temperature was maintained at 673 K
is presented in Figure 32. After a sharp weight loss at 673 K the
catalyst weight loss became negligible after 2 hours reduction at
673 K. The final weight loss was again 35.4 wt % and the minimum
time necessary for a compiete reduction was 2 hours at 673 K.

A comparison of weight change between the coprecipitated
iron-manganese and a precipitated iron catalyst at the reduction

condition is presented in Figure 33. Each catalyst was subjected to



Figure 30
Isothermal Catalyst Reduction Seguence
Coprecipitated Iron-Manganese Catalyst:

Hydrogen/Hg]ium/Air Atmospheres
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Figure 31

Effect of Fast Heating Rate on |
Catalyst Reduction

Coprecipitated Iron-Manganese Catalyst:

Hydrégen/ﬂe]ium/Air Atmosphere
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Figure 32

Reduction of Coprecipitated Iron-Manganese
Catalyst at 673 K '

Hydrogen Atmosphere
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Figure 33

Reduction of Prec1p1tated Iron and Coprec1p1tated
Iron-Manganese Cata]yst

Hydrogen/Air Atmosphere
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the same reduction-okidation cycle. The catalyst was heated from
room temperature to 773 K at a heating rate of 0.5 K/min in hydrogen
and was cooled to room temperature in flowing hydrogen. Air was .
introduced and the sample was heated again to 773 K at a heating-
rate of 0.5 K/min in air. The precipitated iron'catalyst Tost 36.0
wt % after reduction, slightly higher than 35.4% of coprecipitated
iron manganese catalyst, and gained 27.0 wt % after oxidation (Figqre
33). This experiment indicated that the two catalysts showed the
same ‘behavior under the reduction conditions and the same optimum
reduction conditions can be used for the precipitated iron catalyst

as well as the copfecipitated iron-manganese catalyst.

Raney Catalyst

A few preliminary reduction studies have been carried out for

a Raney iron-manganese catalyst (R-FeMn-AQO) with the DuPont TGA.

Howaver, an eTectromagnetic interaction between the Raney catalyst

and the TEA furnace caused an apparent weight increase instead_of'a
decrease during the reduction. Therefore, a Perk1n~E1mer TGS-2
system was used excluswvely for the reduction study of the Raney
catalysts. The TGS-2 un1t has been proved to be free from such
electromagnetic interaction with a ferrcmagnet1c sample, such as the
Raney iron or Raney iron-manganese cata]yst

A series of similar experiments was carried ouf with the |
Raney catalyst as was done with the precipitated catalyst. The
effect of different heating rates during oxidation of a catalyst,
which had been reduced in flowing hydrogen before oxidation is shown -

in Figure 34. Initially, the catalyst had been dried at room



Figure 34

Effect of Heating Rate During Catalyst
Oxidation on Weight Gain

Raney Catalyst: R-FeMn-A90;
Hydrogen/Air Atmosphere
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temperature in flowing helium to evaporate ethanol from the catalyst
surface. After the catalyst weight stabilized, it was heated to 773
Kat a ﬁeating rate of 5 K/min in flowing hydrogen. It was then
cooled to room temperature and a stream of air was introduced into
the furnace chamber. The catalyst weight increased slightly due to
oxidation at room temperature. The catalyst was then heated to 773 K
in air at three different heating rates, that is, 0.625, 2.5, and

5 K/min. The oxidation of the catalyst at the 0.625 and 2.5 K/min
heating rates resulted in a same weight gain of 11.2% over the
original weight of the sample. The oxidation at a heating rate of

5 K/min resulted in a smaller weight gain than the oxidation at the
lower heating rates, that is, a weight gain of 7.2% over the

original weight. Therefore, a heating rate of 2.5 K/min during oxi-
dation was chosen to study the effect of different heating rates during
reduction in hydrogen. The effect of different heating rates during
the reduction of the catalyst in flowing hydrogen on the subsequent
oxidation is shown in Figure 35. The heating rate during oxidation
of the catalyst was fixed at 2.5 K/min. Three different heating rates
were used during the reduction step, that is, 0.625, 2.5, and 5 K/
min. A1l of the three different heating rates during the reduction
resulted in the same weight loss, 16.8 wt % at 773 K. The samples,
which had beén reduced at the heating rate of 0.625 and 2.5 K/min,
gained the same weight, 9.6% above the original weight of the sample
after oxidation in air. The sample, which had been reduced at the
heating rate of 5 K/min, gained slightly less weight than the above

cases, 9.3 wt % above the original weight of the sample. The above
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Figure 35

Effect of Heating Rate During Catalyst Reduction
on Catalyst Oxidatiqn

Raney Catalyst: R-FeMn-A90;
Hydrogen/Air Atmosphere
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results led to the selection of 2.5 K/min as the standard heating rate
during reduction.

The Raney iron-manganese catalyst (R-FeMn-A90) was subjected
to a series of isothermal reductions to find an optimum temperature
for the reduction of the Raney catalysfs (Figure 36). Initially, the
catalyst was réduced at a low temperature until the catalyst weight'
stabilized, then the catalyst was heated to the next higher reduction
temperature and so.on. The temperature was increased in increments
of 50 K. The catalyst weight change slowed down after 648 K, a1though
there was a slight weight loss durihg the reduction between 648 and
773 K. The weight loss at 648 K was 17.52%, while it was 18.60 wt %
at 773 K. The temberature 648 K was chosen as the obtimum reduction
temperature, rather than 773 K, td avoid any adverse effects on o
cata1ysﬁ surface area via sintering during a reduction at 773 K.
Catalyst activity tests with the precipitated catalysts in a fixed-
bed reactor indicated that reduction of the catalyst at 673 K for 5
_hours resulted in a significant increase in catalytic activity, when
compared to the reduction at 773 K for 24 hours.

, Finally, a minimum reduction time necessary for a comp!efe
reduction of.the-Raney-eataiysts-was-determined-(Figu%e 37). The
catalysts were heated under hydrogen to 648 K at a heating rate of
2.5 K/min and the temperature was maintained at this level.

Bmong the several Raney catalysts tested, the R-FeMn-ASO cataiyst
took the longest time, 5 hours, until the weight stabilized at

648 K., Therefore, a reduction at 648 K for 5 hours was chosen as a
standard reduction condition for all the Raney catalysts. which were

to be subjected to a standard activity test in the fixed-bed reactor.
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Figure 36
Isothermal Catalyst Reduction Sequence
Raney Catalyst: R-FeMn-A90;
Hydrogen Atmosphere





