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Chapter ¢
Results and Conclusions

6.0 Review of Resylts and Conclusions

The major resuits presentaed in Chapters 4 énd 5 are summarized in
sections 6.1 ang 6.2. A summary is given with respect to the observed
~ behavior of the FT process over the conditions studied (Sectien 6.1) and
“the differences-observed between the alloy and pure component catalyst,
(Section 6.2) In sectign 6.3 2 proposed reaction network is discussed
which'is in agreement with the experimental observations and conclusions e
drawn from the present and breviousiy reported F7 investigations.

Ailoying ang catalyst morphalogy effects are discussed in section 6,4,

6.1 Summary of the observed genéra? behavior of the FT synthesis.
6.1.1 Summary of major observations Presented in Chapter 4.
1) The steady state CQ activitiés generaliy decreasa with
increasing O conversions.and are higher in the 1/3 CO/H2 feed és
Compared to the 1/1 CO/H2 feed {Section 4,1).
2} Increasing pPressure generally resylts in higher Npg values for
the iron containing catalyst while the (g cafalyst'has the Highest
measured Neg values at 1 atm. (Sectien 4.1).

3) Since there is no irreversible Joss of CO activity during the



4.1.6)

7) Lower methangT Product yields ape obtained in the 1/1 feed ag
Opposed tg the 1/3 CO0/H, feeq, (Sectign 4.1.8)

8} The pfoduct mole fraction gf methanol decresgses with increasing
Cd tonversipn indicatfng product inhibitian and/or consumptioﬁ
through secondanry reactions, {Sectian 4.1.6)

9)  The water gas shift activity deCreases with increasfng pressure

énd the COZ/HZO Product ratig ig typically Tess thap 1% of itg?

(Section 4,3)
13} Methane yields decrease With 1ncreasfng Pressure and are Tower
in the 1/7 feed Compared to the 1/3 CO/H, feed, (Sections 4,3,5

and 4.3.?)
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14) The product_distributfon generally shifts towards Tonger chain
products with'increasing Pressure and g conversign, (Section 4.4)
TS}IThe hydrocarbon Product distribytign compliied with the_SchuTi.

Flory model for chain lengths (n) of Ch>»a at all prassures studied.

{Section 2.5)

insensitive tg CO conversign Tevels put increases with both higher
€0 partial pressures énd total feed Pressure. (Section 4.5)

17) The 111 CO/H, feed genebaily resulted in on]y.margina1'
improvements in the growth Prabability as compared to the 1/3 Co/H,
feed. (Section 4.5)

18} lUnder transient conditions imposed by changing the gas hourly
Space velocity, there is a sequential increase in hydrocarbon
product yields based on carbon chain Tength, {Section 4.6)

19) The water gas shifg activity decreases while the methangl

{Section 5.1}
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2)  There is evidence suggesting the PossTbility of 1-pentena
cracking over the Co catalyst at 7.8 atm, (Section 5.1 and 5.2.2)
3) The fraction of feed gas ethylene which is attributed tn
enhanced Cpvo product Yields is under 3% for the iron containing
catalyst, (Section 5.2.1)
4) The enhancement 1n.Cn>2 product yieids due to feed gas
ethylene significantly decreases with intreasing pressﬁré for the
Co catalyst. (Section 5.2.1) |
5) The fraction of feed ethylene which enters into secondary
chain growth reactions appears to decrease with increasing pressure,
(Section 5.2.7) |
&) The Percentage increases . in Chy2 product yields due to feed gas
ethylene appears to decrease with increasing conversidn. {Section
5.2.1)
7) The amount of feed 1-pentene which eﬁter into secondary chain
growth reactions is typically 1% or Tess. {Section 5.2.5)
8) Qlefin containing feed gas sdpresses the methano] activity
of the Fe catalyst while the shift activity rEmains-unchanged.
(Section 5.2.5) |
8) The presence of the feed gas olefins generaliy have negligible
effects of the Schulz Flory growth probability established by the
Cn>4 products, (Section 5,3.1)
10} The deviation from the ideal Schuiz Flory yield for the Csq
Products at 7.8 atmospheres with the purse CO/H2 Teed is correcteq

with the ethy1ene_c0ntainjng feedt {Section 5.3.1)




362
11) The ethylene/ethane ratio obtained in the ethylene/CO/H, feed
is comparable to that obta1ned with the pure CO/H, feed, indicating
that ethylene adsorptTOn is not rate Timiting in the secondary
reaction pathways. (Sectfon 5.4.2.1)
12) Ethylene hydrogenation turnover frequencies are typically 10 to
20 times higher than the corresponding Co turnover frequencies when
comparad on a hjdrogen chemisorption site basis., (Section 5.4.2.1)
13) fhe efhy]ene hydrogenation activity generally decreases with
decreasing gas hourly space velocities in a similar manner to that
abserved with the C0 activity, but to a greater extent. (Section
5.4,2.1)
.?4) There is no change in the Ca and C; olefin/paraffin
selectivities due to the presence of l-pentene in-thg CO/H2 feed,
except in the case of the Co catalyst at 7.8 atm. where cracking

produced lower Nps/Ng, values. (Section 5.4.4)

- 6.2 Summary of the observed differences between the altloy catalyst and
the pure component catalyst |

6.2.1 Summary of the major observations presented in Chapter 4,
1) The FeCo catalyst. has the lowest measured CO activity (Ncg)
at 1 atm. however at higher pressures the activity is comparable
1o that of Co in both the 1/1 and 1/3 CO/Hz.feeds. {Section 4.1)
2) The Ngg for the alloy catalyst appears to be proportional to
the total pressure with the 1/3 CO/H; feed.
3) The methanol product fraction is highest for the FeCo catalyst

with the 1/ CO/H, feed. The fraction obtained with the 1/3 feed is
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siightly less than that Obtained with iron. The Co catalyst
produced little or no methanol under the feed and pressure
conditions stugied. {Section 4.1.6)

4} The FeCo catalyst prodyces the highest ethylene yields at one

to that of iron.

5)  The olefin/paraffin selectivities for the €, and ¢, products

undergo the Targeét decrease with increasing pressure for the alloy,
NC;/NCZI undergoes.a modest decrease with inéreasing Pressure, Both
ratios decrease slightly for the Co catalyst, (Section 4.3)

6) The a]ioy Catalyst éxhibits the smallest decfease in methane
yields with increasing Pressure. {Sections 4.3.5 and 4.3.7)

7)  The altoy catalyst Senerally produces the smaliest product
fraction of long chain products (Cn>4) for a given conversfon for
ali Pressures studied. |

8) The chain growth Probability {(a) for the allgy tatalyst
decfeases with 1ncreasing breSsure while the values obtained for
the pure companent catalyst increase, (Section 4.5) |

9) The FeCa céta]yst has fhe smailest valye of at the higher

Pressures. (Section 4.5)

6.2.2 summary of the major observations presented inp Chapter 5,

1) The etherne/ethane mole fractign ratio for the FeCo catalyst
is essentially jdentica) for both the ethylene containing and
pure 1/3 CO/H, feed while the ratio is higher with the ethyiene
CO/H2 feed for the pure -component catalyst at higher gHsy vaiues.,

(Section 35.4)
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2} The ethflene hydrogenation activity appears to be
independent of the GHSV (% CO conversion) at 7.8 atm. for the
“alloy catalyst as opposed to a decrease in activity with
increasing GHSY observed with pure component ;ata?yst.
6.3 Generalized Reaction Sequence Involving Multiple Intermediates
An important yet 1ittle understood aspect of the FT synthesis
1nv01ygs the product distribution dependence on gas hourly space
velacity (GHSV) and pressure. It is a wall established fact that
the production of the high moTecu]ar weight products is favored with
Tncreasing pressure and/or decreasing space velocity. The
readsorption and chain insertion of primary o olefin products can
only partially responsible for this dependence since the predominant
secondarg reactions are hydrogenation and isomerization.
Readsorption does play an impartant role in the overalllsynthesis
process"but i:s' effect may manifest itself through rate inhibition
of selective surface pathways. Consider the proposed reaction
séquence presented in section 5.4.2 and 5.4.5, shown below in

equation 6,3.1,
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At higher pressures the net rate of Ch”™ chain growth increases dua
to.the enhanced surface toncentrations of Cp*h resulting from the higher
fraction of gas phase a-Ch® adsorbed.  The decrease in the ¢p activity
with increasing pressure observed for the Go catalyst provides further
support for this effect, The net effect is an increase in the rate of Cp*
.propagation.reiative to its rate of termination, therefore an increase in
a. The decrease in the growth probability observed for the alloy
catalyst with incréasing pressure is discussed in section 6.4,

Litt?e 1s known involving the nature of the active sites which are

involved in the primary and secondary reactions. In Chapter 2 various

graphite like phases. The arguments presented in Chapter 5 indicate that
independent hydrogenation sites {i.e., metal) do not exist under FT
conditions. The chain growth and various secondary reactions appear tg
he occurring on the same site or Possibly different ensambles of similar

sites, Since the total number of sites jg fixed for-a given cataiyst the

Readsorption and'formation of the surface intermediates Cn*h tie up
growth sites and can be responsible for the loss in activity with

decreasing GHSY. However it appears that the presence of relatively high

Not enhanced via Secondary insertion reactions are Jowar in the case of
the eiefin containing feed. Fgp the FeCo and co catalyst there is

generally no appreciable thange in these ¥lelds for both the alefin
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containing and pure CO)HZ feeds, These results indicate that Possibiy

only a small fraction of the totaj surface sites are involved with

(=.2 moiecules/site-sec). This value g Still lower than typical
hydrogenation activities (34). Dautzenberg et, a7. (34) suggest that ihe
Tow activities associateq With the FT process are.due to the Jow
intrinsic rates of .the Propagation steps, Hdwever the decrease ip
activity with decreasing GHSY most Tikely reflects the loss of sites dye

to secondary readsorption,
6.4 Designing an efficient FeCo alloy catalyst,

the desirable FT catalytic properties of each component in hopes of
obtaining .a synergistic effect, This was indead obseryed by Amelsa et

al. {5) at 1 atm. using 1/3 CO/HZ feed, However a5 shown in Section 4,3

atm. with the 1/3 CO/Hz feed, At higher Pressures the Fe(o catalyst
Produces the greatest amount of €, and C3 paraffins and possesses the

Smallest growth probability at pressures greater than 1 atm. These
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results can provide some insight into the nature of the catalytic surface
of the FeCo catalyst.

The C0 activity of the FeCo catalyst is at most 50% of the Fe
activity at any givén set of reaction conditions indicating that the
surface is not predominantly iron (section 4.1). At pressures greater
than 1 atm. the FeCo and Co catalyst possesses siﬁi?ar CO activities but
there product yields differ significantly, Comparing the product
distributions given in section 4.4 it appears that at higher pressures
the Feto catalyst yields a similar product distribution to that of Fe but
has the activity of the CQ catalyst. These results indicate that the
surface of the alloy catalyst contains iron and cobalt atoms which mest
Tikely electronically interact with each other since the resultant
catalytic activity/se]eﬁtivity is not a simple combination of the
individual pure component surfaces.

Unmuth {119) and Amelse et al. (5) report tha the FeCo cata1yst
exist as a BCC alloy with a non-uniform compesition. This might explain
the higher relative hydrogenation activity of the catalyst, The
resultant catalytic surface associated with a bulk Fe metallic phase can
possess high hydrogenation activity compared to that associated with a
bulk carbide, But this ¢learly does not hold for the Co catalyst which
does not form a bulk carbide.

The Tow growth probabilities assaciated with the alloy catalyst may
.be due to a chain growth reaction sequence involving an ensamble of.twu
or more sites. If the ensamble includes various combinations of iron and
cobalt atoms with different fntrinsic surface rates one would not expect
@ simple relationship to exist between surface composition and catalyst

dctivity and selectivity.



Chapter 7
Some Considerations for Future Ft Research
The results presénted in Chapters 4 and 5 have raised some
interesting questions with respect to the actual mechanism of hydrocarbon
chain growth under FT conditions. For instance, what is the actual
mechanism responsible for enhanced Tong chain product fractions with
increasing preésure or CO conversion? Does the surface concentration of
the C; insertion monomer play a rale in limiting the overali rate of
reaction? In section 7.1 some experiments invelving alcohol and olefin
enhanced feed mixtures are discussed in an attempt to further clerify the
unanswered questions, Diépersion and catalyst morphology effects on

overall catalyst performance are discussed in Section 7.2.

7.1 Future Experiments Involving Secondary Reaction Studies
7.1.1 0lefin Enhanced Feeds |

In Cﬁapter 5 the effects of secondary reactions on the catalysts’
overall performance is examined by using varieus alefin CO/Hy feed
mixtures. The results indicate that the readsorption of a product olefin
forms a surface intermediate common to all subsequent secondary reactions
sucﬁ as hydrogenatiaon, isomerization, and chain growtﬁ. A major drawback
in the product analysis is that one can not differentiate prodﬁct
fractions formed from the feed olefin from those formed through the
synthesis reaction from CO. This distinction can be accomplished through
the use of 13C enhancement in the feed olefin. For example, a 13¢ label
in the 1-pentené of the 1-pentene CO0/H, feed would enable one to measure

the fraction of -Cnyg products due to l-pentene chain growth reactions.
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Consider the proposed reaction mechanism given equation 5.4.12.

The enhanced production of leng chain products with increasing

- pressure and/or €0 conversion is due to product readsorption which
effectively decreases the net termination rate (kgfcs*-kgrtzh).
Consequently- one should.obsarve a decreasing fraction of labeled 13Chyg

products with increasing pressure and/or CQ conversion.

7.1.2 Alcohol Enhanced Feeds

The methancl vield is found to increase with pressure but no other
alcohols afa produced in measureable quantitiés under the reaction-
conditions used in this study. This may be due to the Tow CO -conversion
Tevels employed and/or the intrinsic nature of these particular cataiyst.
Since primary alcohols can readily undergo secondary chain growth
reactions to form hydrocarben products (53,54), many FT mechanisms
(Chapter 2} assume a common surface intermediate for both alcohol and
hjdrocarbon'synthesis pathways. The series chain growth reaction

network discussed in section 6.3 is given belaow
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7.2

The‘addition of the €™ monomer to a growing hydrocarbon chain obeys
SF kinetics indicating that the propagatfon'(insertion) rate is
independent of chain tength (at Teast for Chsa). Readsarption of gas
ph;se methano] will most probably reSulf only in an increase in tgta]
- yields and Possibly a change in the growth Probability a since the net
sffect is an increase in the C,* surface concentration. This effec% can
be readily observed by use of 3 meth_ano?/CO/H2 feed mixture. IT the

Propagation rate is limited by the Ci* surface Concentration under normal

dependence of the methane yields obtained with both methanol containing
and pure .CO/H, feeds one may obtain some insight intp the nature of the
reaction intermediates invelved with methane and methanol production,
Comparison of the shift acti#ity obtained with these two feeds can
indicate whether or net the shift reaction and methanoT'production accur

over similap sites under FT cond?tions. If the shift ativity is
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inhibited by the presence of methanal in the gas phase, the decrease in

the C0,/H,0 rates with increasing pressure can be readily explained in

therms of enhanced methanol production.

1.2 Dispersidn &nd Merphology Studigs-

Many catalytic reaction are dependent on the crystalline size of the
catalyst particle (6). This is commonly referred to as structure
sensitivity. The mount of chemisorbed CO and Ho was found to be
depéndent on the particle size of silica supported nickel (14,15). It
was found that improved olefin selectivity and smaller fractions of
methane was produced with increasing silica supported Nickel dispersion
(14,15). Nijs and Jacobs (86) suggest that the overal] product
distribution fo the FT synthesis is rea]ted to the catalyst particle size
- distribution of FT catalyst. In an attempt to decrease the dispersion of
the silica supported Fe and Co catalyst various preparation techniques

were employed using impregnation. These will not be briefly discussed.

7.2.1 Preparing Higher Dispersion Silica éupporfed catalyst

The impregnation of silica gel Qsing dqueous Fe3*; (N0;)~! solution
can favor the formation of large metal clusters dﬁe to the agueous
chemistry of the Fe3+ jon., The ferric jon can hydrolyze and form various
compiexes in an aqueous solution depending upon the pH ?eveT Typical
aqueous solution depending upen the pH Tevel, Typical agqueous complexes

along with their equilibrium constants are shown below (30).

[Fe(Hy0)g13 * « [Fe(H,0)s (OH)]2 *+ + H+ Kk = 710-8.0S 7,14
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[Fe(Ha0)s(0H)I2* « [Fe(M,0),(OH) T+ + W+ Kk = 10-6.31  7.1p

10-2.91 7.1¢C

L]

2[Fe(H,0) 13+ - [Fe(Hy0) 4 (OH) yFE(H,0), J+2H*

As can be seen from thé equilibrium relations, a pH of 2 to 3 {typical
value in distiilgd water) will resu1t:1n the hydrolysis of Fe ions. In
fact if the pH is sufficient]y targe (pH > 5) the iron will complex into
an amorphous gel, If a targe fraction of the iron is contained in multi
Fe complexes it 15 reasonable to expect that calctnation and subsequent
reduction will lead to relatively large particle sizes and possibly
“grape 1ike" iron clusters sitting on the support. This is the
\morphology of the Fe and FeCo catalyst as evidenced by TEM studies
conducted by R.J. Matyi in this laboratory. This morphology has been
reported by Amelse et al. (2).

In order to minimize this effect the pH of the iron nitrate solution
is lowered by the addition nifric acid. FeCo alloy and potassium
promoted Fe catalysts have been prepared in this manner using total metal
toadings of 5 wt%. In these cases the pH was lowered to a value of
approximafe1y zefo, in which case fhe fron exist predominantly as Fe3+
{30). In the case of the FeCo a]iﬁy catalyst prepared using this
technique the amount of H, chemisorbed is 34.9 nm/gm compared to 22.7
nm/gm obtained with the Fe Lo catalyst prepared using distilled water
only. Similar results were obtained with the FeK catalyst.

Another technique which may be used to increase the dispersion and
minimize particle c1us£er formation employs a technigue called blast

heating. The procedure used on the catalyst used in this work involved
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drying the impregnated silica overnight at 125°¢ (Section 3.2). This
removed the water from the s5ilica pares relatively slowly and may have
resulted in the formation of catalyst precusors {iron nitrates) on the
mouth of the pores. However it has been found that rapid calcining
(500°C for 1 hr) impregnated of the silica results in a more uniform
catalyst morphology with a far smaller fraction of the catalyst existing
as clusters. The comparison between the two morpho]ogies resulting from

these procedures has been reported for the fe catalyst (2).



