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Abstract

The Fischer-Tropsch synthesis (FTS) process cen®$t surface-catalyzed reactions that
collectively convert syngas into hydrocarbons, @oates, Ce water, and heat. In this work, five Fe-
based, carbon-supported catalysts were synthesttetacterized, and evaluated for FTS reaction
performance. Carbon supports consisted of largeeter multi-walled carbon nanotubes (MWNTS),
small-diameter MWNTSs, carbon nanofibers, and graphe@noplatelets and each catalyst was tested under
both gas phase and supercritical reaction conditiormore thoroughly interrogate their behavior.

All of the carbon-supported catalysts were highdiie relative to a more traditional precipitated
catalyst, but wide variations in conversion, L6€electivity, propagation probability, and product
functionality between catalysts make it clear that carbon support structure can significantlyactg=TS
catalyst performance. Of the catalysts studied, Khgromoted catalyst supported on large-diameter
MWNTS had the most unique behavior, producing lohgin aldehydes under both gas phase and
supercritical reaction conditions. This productamd extraction of significant quantities of aldebydn
Fe-catalyzed, gas phase FTS is unprecedented ilitetaure, where such behavior is limited to slur
phase or supercritical conditions. In the largemtert of the catalyst’s behavior, this unique resigo
serves as significant evidence that an oxygenaeebamechanism is active in product formation in Fe-

based FTS.
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Chapter 1: A Review of Fischer-Tropsch Synthesis
1.1 General
1.1.1 Motivation

Currently, much of the world’s energy supply isided from fossil fuels. Due to the finite nature
of these fuels and an increased concern for their@nmental impact, the use of fossil fuels must b
supplemented and eventually replaced by alternatimzgy sources. While nuclear, hydroelectric, wind
and solar methods are increasingly feasible foreweble electricity generation, the transportation
infrastructure in the United States and elsewhestili very dependent on liquid transportationl$udt is
because of this dependence upon liquid fuels Heaetexists a demand for a liquid petroleum alterea

that can be more sustainably produced while remgiaconomically competitive.

1.1.2 Introduction

Fischer-Tropsch Synthesis (FTS) is a process wyahydrocarbons and oxygenates from carbon
monoxide and hydrogen. Because CO andt#&h be generated from resources such as coatahgss,
and biomass, FTS enables the production of mang fued chemicals that are typically thought of as
petrochemicals without the use of crude oil. Likede oil however, the FTS product ‘syncrude’ migtur
contains a variety compounds and must be refinedeparation and upgrading reactions to obtainenigh
yields of desired products.

A general overview for the process of convertincpebon resource into fuel is shown in Figure
1.1. Collectively, the process for generating, leg, and utilizing syngas to produce liquid ful&nown
as XTL where ‘TL’ is the conversion ‘to liquid’ afi®’ can be biomass (BTL), coal (CTL), natural gas

(GTL), or some other carbon source.

Biomass

Coal S F;uriﬁed Seia . Fuels+
Natural Gas Gasification yngaS. Syngas yngas > Fischer-Tropsch |>Y > Syncrude |Chemicals
P steam Reforming Cleanup Synthesis Refining >

Figure 1.1 Overview of XTL process adapted from Durham.



As with many energy conversion technologies, ihigch preferred to conduct the Fischer-Tropsch
process at large (hundreds of thousands of tonggze) capacities due to economies of s¢aléth the
significant costs of syngas cleanup and oxygenrg¢ioal? FTS becomes very capitally intensive process
whose profitability is highly dependent on the vibddaprice of petroleurhas well as the cost of feedstock.
Due to the generally challenging economics, buaetitve potential of the process to generate fuséa)y
researchers are focused on improving various aspéthe XTL process in an effort to bring the whol

process closer to the realm of profitability.

1.1.3 Fischer-Tropsch Synthesis History

The Fischer-Tropsch (FT) process has its firstgaotthe work of Sabatier and Senderens, two
French scientists who, in 1902, discovered the lifippaof iron, cobalt, and nickel to convert COdaH,
into methané.It wasn't until the 1920'’s that Drs. Franz Fisched Hans Tropsch of the Kaiser Wilhelm
Institute in Germany began to produce hydrocarlmwes an Fe-based catalyst via coal-derived syhgas.
By the 1930’s, industrial scale FTS was up andingim Germany aided by the nation’s strong co&kéco
supply and desire to overcome its dependence @igfoil? The global FT capacity expanded rapidly
from approximately 2,000 BPD in 1935 to 12,000 BR 9433

While one high temperature Fischer-Tropsch GTLlitgdoriefly operated in Brownsville, Texas
from 1951-1957, for the decades following WWII, thistory of FTS is largely synonymous with that of
South Africa’s Sasdl.Sasol greatly advanced FTS catalyst and reaatbntdogy and demonstrated the
commercial viability of Fischer-Tropsch synthedis. of the opening of its Mossel Bay facility in 299
Sasol's portfolio included three facilities produgifuels and a wide array of chemicals from coal an
natural gas via Fischer-Tropsch synthesis.

More recently, cheaper natural gas and fluctuatihgrices have caused an increased interest in
Fischer-Tropsch synthesis for GTL applicatiéms.addition to the continued operation of Sasbklbhas
constructed GTL plants in both Malaysia and Qadad while Shell's Qatar facility is the largest GTL
plant yet constructed with 260,000 barrels perafdiguid products capacitycompanies such as Rentech,

2



Calumet, British Airways, and numerous others hiavested in and are building smaller scale faetiti
around the globe as well. The current outlook aicker-Tropsch synthesis in the U.S. seems slanted

towards GTL utilizing low cost natural gas and $lade, rather than cracking, of heavy wax prodUcts.

1.1.4 Fischer-Tropsch Reaction Overview

Fischer-Tropsch synthesis is the heterogeneousfacgdcatalyzed polymerization and
hydrogenation of carbon monoxide, typically utitigi either a cobalt or iron-based catalyst. Generall
conducted in the range of 200-350 °C and 10-60 BBS produces a product slate that can be skewed

towards light olefins, gasoline, diesel, or heaax®s, all with very low sulfur conteff.

1.1.4.1 Reaction Chemistry

The major reactions of Fischer-Tropsch synthesissammarized as follow$:

2NH2+nCO  -(CHy)-n +nH0 (1.1)
CO+HO CO+H 1.2)
3H,+CO CHi+ H,0 (1.3)
2CO C+CQ (1.4)

Eq. 1.1 is the primary reaction of FTS and the loyevhich the hydrocarbon monomer unit is generated.
From this equation, it follows that, ideally, sysged to a FT reactor should have a ratio ¢fCD of
approximately 2. Eqg. 1.2 is the water-gas shift @Y@action. While Co and Ru catalysts have ndgégi
WGS activity, a typical K-promoted, Fe-based cathlg very WGS active, making such catalysts more
tolerant of different HCO ratiost The final two reactions, shown in Eqg. 1.3 and redpectively, are
methanation and the Boudouard reactions, each whwivastes’ carbon by forming an undesired side

product.



As written, each of the reactions shown in Eqshkegla significant exotherm. The most exothermic
and thermodynamically favoraBtaeaction, methanation, has &r° = -213 kJ/mol at 250 °C, while the
Boudouard, polymerization, and WGS reactions hadg® of -175.6 kJ/mol, -158.5 kJ/moh & 1), and -
39.5 kJ/mol at 250 °C, respectively. At elevatedgeratures, thermodynamic control and an endotleermi
product desorption step lead to more methanatidrshart-chain productsThus, to obtain good selectivity
towards heavier, more valuable products, maintgikinetic control by managing the reaction tempeeat

is of utmost importanc¥.

1.1.4.2 Mechanism and Products

While FTS products consist primarily of linear gére and linear, terminal olefins, other product
types and functionalities can be produced dependinghe reaction conditions and cataf/stOther
products can include alcohols, aldehydes, ketaresyatics, carboxylic acids, cyclic compounds, dgn
esters, ethers, furans, and phefddléhere applicable, linear isomers with terminaldiional groups are
far more predominant but branched compounds artupts with non-terminal functional groups do form.
The mechanisms that account for this variety otipod types are a matter of contention, but theckas
the reaction and formation of products can be wstded in the context of polymerization without agse
grasp of each elemental step. A simple reactioarselic is shown in Figure 1.2.

Figure 1.2 is only for illustrative purposes, ahdhiist be emphasized that it does not show the true

CHs« C2Hs CzHs

T’.H: T’.H: T+H:

CO+2H; T cgaz = CoHs = CiHs ——>-
Hz:0

+CH; ls l { +cH:

C2Hs C3Hs
Figure 1.2 Simplified FTS reaction schematapted fror
Dry.t

initiation, elongation, and termination steps foe polymer chain, but rather accounts for theseskeys

in the polymerization in a simplified manner. Foyaiven carbon chain length, the growing hydrooarb



chain adsorbed to the catalyst surface can furdsst in two ways. First, the chain can terminéte,
example by desorption or hydrogenation, to genexgieduct molecule. Alternatively, the growing icha
can further react and integrate another >Cfdr equivalent, depending on mechanism) moncnidre
chain growth chance for an adsorbed intermediatgisally indicated as. An important feature that this
simplified reaction schematic has in common withsmaf not all, of the more detailed proposed
mechanisms is that it shows the generally accagesdof carbon chain growth as occurring one cadion
a timel

As for the true mechanism of the FTS reaction dadeilementary steps, there are numerous
proposed reaction pathways with varying degreesupport and popularity. Four such pathways are
summarized in Table 1.1 and enumerated in thevitig sections. Generally, it is assumed that migtip

parallel pathways each contribute to the ultimaitelpct distribution in FTS.



Table 1.1Summary of some popular FTS reaction mechanisnstediérom Steynberg and Dfy.

Mechanism Chain Initiator Chain Propagation
)
Alkyl CH- CH, —p CH,

(IL;HR (IijR
CH, CHR
Alkenyl . I HC{ HG
CH CH CH, —) CH, —p °CH
i 1 S
T
. oOH R OH OH R OH HC_ OH

& & I
(0] CH; R C —)p C —Pp CH,
Insertion | | || | |

1.1.4.2.1 Alkyl Mechanism

Perhaps most widely accepted mechanism proposkd so-called alkyl mechanism, which was
developed by Brady and Peltifrom the carbide mechanism proposed by CraxfodiRideal in 19394
In both the proposed carbide mechanism and thd alkghanism, CO chemisorbs dissociatively to the
metal surface. Oxygen reacts with hydrogen or CO desorbs as 4 or CQ. Carbon is sequentially
hydrogenated to CH, GHand then Ck the chain initiator. Propagation occurs as addél CH units
insert into the growing C#R chain. The growing chain can terminate to a teatlefin ( -olefin) via 3-
H-elimination or as a paraffin via hydrogenationhil® olefins can readsorb and continue to readinch
growth and termination to paraffins are regardenrasersible, although some cracking activity bagn

observed.



The alkyl mechanism struggles to explain the preserfibranched paraffins and oxygenates in the
product. Branched products could be generatedeadsorbed olefins incorporating into a growing ehai
at the olefin’'s 3 carbon, but branched productéareed in higher quantities than would be expeéteih
this mechanism. Oxygenates could be formed by ¢aetion of an adsorbed surface hydroxyl group
reacting with or terminating the growing polymerach but there is not yet sufficient experimental

evidence to support this mechaniém.

1.1.4.2.2 Alkenyl Mechanism

Similar to the alkyl mechanism, the alkenyl meckeamiproposed by Maitht® posits that CO
dissociatively chemisorbs and is hydrogenated.Kdrili the alkyl mechanism, in the alkenyl mechanism
CH and CH form and react to form a surface vinyl group (CH Which acts as the chain initiator. Chain
propagation occurs when GHhserts between the vinyl group and metal surfasalting in an allyl group
(CH.,CHCHR) which isomerizes back into a vinyl grougctmtinue propagation. Hydrogen addition leads
to desorption of an-olefin.

Branched products could result from the allyl intediate isomerizing (growing chain shifts from

-carbon to [3-carbon) prior to the allyl-vinyl isorization. This mechanism fails, however, to explhia

primary production of paraffins or formation of mgnates.
1.1.4.2.3 Enol Mechanism

Unlike in the alkyl and alkenyl mechanisms, in #rel mechanism proposed by StoteIGO
chemisorbs non-dissociatively. CO is hydrogenatedCHOH which acts as both chain initiator and
monomer. Propagation occurs when two monomersroorgomer and a growing chain react, eliminate
water to form a RCCOH intermediate, and hydrogetm®RCHCOH. Branched hydrocarbons could form
from the intermediate if the COH from the mononginistead hydrogenated to ¢lfbrming RCOHCH,.
Termination can occur via desorption, forming algigs. Additionally, the surface-bound carbon can be

hydrogenated once, allowing arolefin to form, which could then hydrogenate fartinto a paraffirt:'’



The enol mechanism can explain formation of moggjerates, but would lead to paraffinic species
being secondary products formed from readsorbefths|evhich is inconsistent with experimental data

showing paraffins as primary produéts.

1.1.4.2.4 CO Insertion Mechanism

Similar to the enol mechanism, in the CO insertimechanism postulated by Pichler and Scfiulz
CO chemisorbs nondissociatively. CO is hydrogenabed methyl group which remains on the metal
surface and acts as the chain initiator. Propagatazurs as CO inserts into the metal-alkyl bonthef
growing chain and sequentially hydrogenates to RBH0Ben RCH, eliminating water. As with the alkyl
mechanism,n-paraffins and -olefins form via hydrogenation and (-carbon hyeérogelimination,
respectively. Aldehydes can form from the hydrogemaof the intermediate acyl (RCO) species or
hydrogen elimination from RCHOH followed by isoneaiion. Alcohols form via hydrogenation of the

same RCHOH intermediafé?

1.1.4.3 ASF Kinetic Model

The Anderson-Schulz-Flory (ASF) kinetic model isa@ommon way of describing FTS kinetics
and predicting product carbon number distributiénthe heart of the ASF model is the observatiat th
the molar amount of products declines exponentiailly carbon numbetThis implies that a single-carbon
monomer is responsible for chain grovitf.he ASF model is slightly idealized and assumasttie chain
growth probability, , is a constant independent of chain length andlkibth chain initiation and chain
addition occur via single carbon monomers. Fronsg¢hivo assumptions, it is possible to derive the
following equation:!

Y= "(1-) (1.5)

Wo=n ™(1- )2 (1.6)



2.7)

In — =nin( ) +1In

wherey, andW, are the mole fraction and weight fractiomd&ngth carbon chain molecules in the product,
respectively. Ideally, when I#/n) is plotted against as per Eq. 1.7, a straight line will result, aliogv
for the determination of. This is known as an ASF diagr&m.

The key implications of the ASF kinetic model arattthe product distribution of the FTS reaction
is constrained and entirely dependent ofit is impossible, for example, to obtain an 8%udelectivity
towards diesel-ranged products from FTS under t8E fodel. A plot of product weight selectivity as a

function of is shown in Figure 1.3.

100%

9000 Gas (C-Ca) - — — Gasoline (Cs-Cyz)
o T -
----- Diesel (Ci3-Cz0) Heavy Wax (Cz1+)

80% -
T 70% -
Jris]
=< 60% -
£ 50% - ==
E P - = -~
O 40% A - ~
9 . \
& 30% - -7 N

~ - e = ~
20% - PPt N
- - - ‘1' b \\\\
- - \
10% 4+ - - N
- AN
_______ "
0% T _— T T T —
0.4 0.5 0.6 0.7 0.8 0.9 1

Pr'opagation Probability (d)
Figure 1.3 Fischer-Tropsch synthesis product selectivity as a function of

As seen in Figure 1.3, yields of various produessés undergo maxima as a function .0Df
particular note is the diesel-range yield, whicmeximized near = 0.882 This is a typical target for many
LTFT facilities as the saturated, linear hydrocaib the FTS product are inherently well-suiteduse
as diesel fuel. Alternatively, it is possible to attempt to maxa®i , (approximately = 0.95) then crack
excess heavy waxes back into the fuel range, abtpindiesel yield of around 80%bAnother view of the
effect of on product distribution can be seen in Figure tudich shows the product carbon number

distribution for a single, fixed value of HTFT facilities tend to operate at a lowevalue to produce more
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light products and because the operation of aifladibed would be severely inhibited by heaveuitiq

products
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Figure 1.4 FTS product distribution by carbon number for ideal ASF kinetics witt0.8

1.1.4.4 Reaction Modes and Catalysts

Fischer-Tropsch synthesis is can be operated itethperature range of approximately 200-350
°C. This temperature range can be further dividaed the two primary FTS reaction modes: high
temperature (HTFT), which is typically conducte@n&40 °C with an iron catalysgnd low temperature
(LTFT), which is utilized at temperatures betwe@®0-240 °C° Ni, Fe, Co, and Ru are all active catalysts
for LTFT, but the high methanation activity of ngtland extreme cost of ruthenium leave iron anditob
as the sole viable catalyst options for industibs?!

For both iron and cobalt, the catalyst metal oxédigpically synthesized with promoters and/or a
support prior to being placed into the reactor erdiiced with hydrogen, carbon monoxide, or syigas.
Promoters can act in a variety of different capegiincluding providing physical support, spaciakggring
catalyst electronic properties, and assisting réolu@ndin situ re-reductiort:?>-*Reduction activates the
catalyst, helps to increase metal surface area,depending on conditions, can improve selectigity

activity 122223
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The first FTS reaction mode, HTFT, is utilized faonduction of lighter hydrocarbons, aromatics,
and particularly olefins, generally with a targedguct of light olefins, which can be sold as amlual
feedstock or oligomerized into fuel compourti8ecause cobalt has stronger hydrogenation activity
relative to iron, at higher temperatures its meghaelectivity is excessiv@.As a result, HTFT is
exclusively conducted on iron catalysts, generafiysed magnetite catalyst with adde®kand structural
promoters:?® HTFT was utilized in the Brownsville, Texas FTSm in the 1950’s, and is still used
extensively by Sasol in their older ‘Synthol’ aneMrer ‘Sasol Advanced Synthol’ (SAS) reactors which
are in the Mossel Bay and Secunda, South Affidghese Synthol and SAS reactors respectively atiliz
circulating and fixed fluidized beds and keep t@ction propagation probability in the neighborhobd
= 0.7 in order to balance productivity, coking, gmdduct selectivity.

In contrast to HTFT, LTFT is utilized primarily the direct production of heavy waxes and liquid
fuels and can be conducted in either the gas phike fixed bed reactor or in a liquid medium wih
slurry bed reacto® The liquid product yield is maximized by raisifgetreaction and hydrocracking
excess waxes into the diesel raAgeTFT, especially utilizing a cobalt catalyst, specially industrially
relevant with the current glut of cheaper natues®J_arge scale LTFT facilities include Shell’s Bintuyl
Malaysia plant as well as the Pearl GTL pEroth the Pearl GTL plant and the Oryx GTL planpiat
venture between Sasol and Qatar Petroleum, usilizebalt-based catalyst, and are located in Rderb,af
Qatar, where they utilize a low cost, stable supplyatural gas as a feedstdéR.he Sasol ARGE reactors,

an older, fixed bed design at the Sasolburg facilitilize an iron-based cataly%t.

1.2 Low Temperature Fischer-Tropsch Synthesis

As the work covered in this document is solely @ned with the low temperature Fischer-

Tropsch reaction, additional background informatiornthe catalyst, reactor, and process are merited.
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1.2.1 Catalysts

As mentioned in section 1.1.4.4, the two indudiriedlevant LTFT catalysts are cobalt-based and
iron-based catalysts. Both iron and cobalt candsel o make viable LTFT catalysts, but their propsr
lead to slightly different applications for each.

The first and perhaps most important differencevben iron and cobalt catalysts is cost. Cobalt
metal is roughly three orders of magnitude moreeasjve than scrap irdnWhile a seemingly
insurmountable disadvantage, the initial cost tdilgat can be less significant relative to othgritzd costs
as well as the indirect costs of potential prosbsgdown, less favorable product selectivity, eslefficient
reactant usage that could result from using a @vezgtalyst with less favorable propertigs.

Primarily as a result of the cost of the metal, atblis almost always supported in order to
economically maximize the reactive surface &®@&°Supports also give the catalyst physical streagth
attrition resistancét Supported cobalt catalysts typically contain om ¢ihder of 20% Co dispersed onto
the surface and into the pores of oxidic supparthss alumina, silica, titania, and zinc oxidéZeolite
and carbon-based supports can also be vidBi€atalyst supports can have a significant impaanetal
dispersion, which in turn greatly impacts partisiee, reducibility, activity, and selectivity>° With the
correct formulation and reaction conditions, supgebcobalt is highly active and stable, allowingJery
long catalyst lifetimé:?

In contrast to cobalt, iron-based catalysts aretmftsn precipitated, rather than supportechn
catalysts’ strong interactions with traditional pops tend to lower activity and worsen selectivafy
supported iror¥> Without a support, precipitated iron catalystshwitigh surface area are physically
weaker—and more subject to attrittéa-than supported cobalt catalysts. Structural prensofor iron
include silica, which acts as a binder and spaesryvell alumin® and zinc, which increase surface area
and help to prevent sintering low to moderate (<L@%ding®’ Precipitated iron catalysts have a higher
active site density relative to supported cobaltps a mass basis, their activities are closer waurld be

expected from the higher turn-over frequency ofatodlone?®
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Another significant difference between iron and alblis their sensitivity to contaminants. For
example, while both catalysts are irreversibly ¢igated by sulfur, iron is more resistant relatiwe
cobalt®® Consequently, to minimize the very significant expe of syngas cleanup, iron catalysts are
favored in applications where the feed containmifi@ant levels of sulfur in particuldr.The prime
examples of a feed justifying the use of an iroeduacatalyst are biomass and coal, as their low ot
H2/CO and, in the case of coal, sulfur content até bffset by iron’'s WGS activity and improved suilfu
tolerance, respectivefy.Cobalt on the other hand is very well suited foplecations with syngas derived
from natural gas due to natural gas’ higher puaitg favorable (higher) ratio of,io CO?®

The way cobalt and iron catalysts behavsitu are significantly different. Cobalt, as previously
mentioned, has stronger hydrogenation activitytiredato iron! Related to this, cobalt produces a more
paraffinic product and more methane—around 5% B8eigcat the lowest—but is more resistant to
coking?’313°With the possible exception of surface atoms ay wenall (<5nm) particles, cobalt is not
oxidized by watef? which would inhibit the catalyst at higher convens. Because of their resistance to
water inhibition and lack of WGS activity, cobaditalysts can function at higher single-pass conwess
but require a richer syngas with a ratio oftel CO near 2:° Relative to iron catalysts, cobalt catalysts
produce a negligible amount of @ Combined, its properties mean tivasity, a supported cobalt has a
relatively clean metal surface, good chemicallyp#ity, and high sustained activity.

In contrast to cobalt, iron’s relatively lower hpdenation activity results in an olefin-rich protuc
and less metharferon catalysts produce significant amounts of,@0e to WGS activity, but can use a
leaner syngas, such as that produced from coabordss®! Unlike cobalt, at high syngas conversion, iron
is inhibited by the water produced by F¥S.

The final practical difference between iron-based eobalt-based catalysts is catalyst promotion.
Pure cobalt deposited on a support is a good Fieys but cobalt can also be promoted with aegri
of metals such as ruthenium, lanthanum, rheniurm, @atinum*#! In some cases, these promoters may

enhance heavy product selectivity, but the prinfienyefit is that they can increase cobalt’s abitityeduce
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and re-reduce in situ to maintain a clean, catajli active surfacé? The ability to be re-reduced helps
to extend the life of the expensive catalyst angeiy useful for industrial reactors.

Whereas the addition of a promoter can signifigaintiprove catalytic performance for cobalt, for
an iron catalyst, promotion is an absolutely viigp towards obtaining acceptable levels of perdmica.
Alkali metals lower methane selectivity, increas&®/shift activity, raise olefin selectivity relagivto
paraffins at higher carbon numbers, and elevateehigydrocarbon selectivify#?*42Utilizing the correct
level of alkali metal is integral to obtaining goodtalytic activity as well as selectivity towarkdeavy
hydrocarbons. Potassium in particular has been shovibe a superior promoter relative to sodium and
lithium in terms of both activity and selectivitywards heavy producté .t is thought alkali metals may
affect selectivity by increasing the amount of @@ttchemisorbs to the iron surface relative to bgen
and thus increasing the likelihood of resulting-Cidonomers’ forming and combining rather than being
hydrogenated.

While alkali metals, particularly potassium, are thost important component in a good iron-based
catalyst, other promoters also enhance performaDbopper promotion facilitates the activation of the
catalyst by reduction of iron oxide to the baseai#et* In practice, this allows for a lower activation
temperature and the use of syngas or pure hydrogdrer than carbon monoxide for this sté@ther
promoters include structural promoters, which hel@dd physical and thermal stability to the caggaly
particles?* Silica is the classic choice for structural proemdhat acts as a binder and spacer while reducing
sintering? while zinc has also been shown to increase agtithout detrimental effects on selectivity.

For both iron and cobalt catalysts, reduction ésfthal step of catalyst preparation prior to react
and how a catalyst is reduced can have a signtfiogract on its behavior. Reduction of metal oxites
the base metal is generally perfornedituat elevated temperatures in the range of 200866 Cobalt
is reduced with KHbut Cu-promoted, Fe-based catalysts can be redwithdH,, CO, or synga%.The
specifics of reduction temperature and gas seleatie fairly catalyst-dependent, but in generaiglseems
to be a trade-off between increased extent of témluat higher temperatures and reduced dispeesidn
sintering, which decreases available reactive sarfae&’*?Highly dispersed catalysts and high reduction
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temperatures can also induce reaction betweeneted and oxidic supports to form effectively irrethle

inactive mixed oxides such as cobalt silicatedumaates:!

1.2.2 Reactors

As previously mentioned, controlling the reactiemperature in FTS is vital in order to obtain
good selectivity. Reactor design is one of the primmethods to manage reaction heat and is thesya v
important aspect of FTS® In LTFT, there are two dominant reactor typesedbed and slurry bed. Fixed
bed reactors utilize a shell-and-tube design wiftxed catalyst bed in each of the many paralleetu
Slurry bed reactors were developed by Sasol inl889’s and, similar to a CSTR, operate by bubbling

syngas through a liquid wax media with suspendeel datalyst particles.

1.2.2.1 Fixed Bed Reactors

Fixed bed reactors are an older and simpler desigtive to slurry bed reactors. As can be seen in
Figure 1.5, these reactors manage the large heaadtfion in FTS by utilizing numerous parallelrtical
tubes to increase heat transfer area and minireeistance between catalyst bed and heat exch&tiger
The shell side of the reactor contains water asoirgg medium and produces steam for power gemerati
while each tube consists of a fixed reactor bedre/ineactant gases and products flow downward across
the metal catalystTail gas is often partially recycled and co-feiijtthg the reactants and increasing the
linear velocity of the gas, which in turn servesrtorease the rate of heat trangfétarrow tubes aid heat
transfer between catalyst and cooling medium, baitrelatively expensive for a given catalyst loaglin
hard to unload and reload, and result in a largegure drop across the reaction bed. Wider tuleesaaier
to load and have a lower pressure differential vioutld impede heat transf&As a compromise between
the opposed design drives, the tubes in this reactfiguration are preferentially on the ordeibatim in
diameter for iron-based catalysts. As cobalt isevamtive, it generates more heat per unit volunaeitsn

tubes must be narrower still to manage that heat.
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Because on-line catalyst replacement is not passifih a fixed bed, catalyst lifetime becomes a
very important variable in catalyst selection aodrfulation as well as reactor operation. For gasseh
FTS in a fixed bed reactor, generally poor heaidier exacerbates the tendency of the catalystters
due to elevated temperatures and localized ovengeathile liquid products are slow to diffuse aitthe
catalyst pores. Thus, poor catalyst selection,toeatesign, or reactor conditions can easily lemcdh t
sintered, coked catalyst with little to no activityrcing a reactor shut down for a costly replaest?>°

Fixed bed reactors are costly to scale*upuyt there are a few benefits offered by the reacto
configuration as well. Because reactor scale-ugingply accomplished by the addition of more tubes,
commercial scale performance can be predictedyeadtih a small pilot plant. For syngas with higher
contaminant levels, the top catalyst in the bedawdras a sorbent, protecting the remainder obéueand

helping maintain activity.Finally, because the catalyst is fixed in placd both reactants and products
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flow freely downward, separation of products aritgas is relatively simplé The Sasol ARGE, shown in

Figure 1.5, and Shell Middle Distillate Synthesagtors are examples of this design in current use.

1.2.2.2 Slurry Bed Reactors

In contrast to the simplicity of the multi-tubuli@xed bed reactor, the slurry bed reactor developed
by Sasol is a more complicated system. The sluey feactor is a 3-phase system; syngas is bubbled
through a liquefied heavy hydrocarbon media withaken catalyst particles slurried withthThe liquid
media acts as a heat sink and conductor, allowongriore thermally uniform operation and a slightly
elevated reaction temperatiifeThe catalyst particles are smaller than are usdikéd bed operatiof,
allowing for higher activity with similar or lowdoading. Unfortunately, the catalyst activity isvewhat
offset by the slow diffusion of syngas through ligeiid and into catalyst microporé$Due to its design,
on-line catalyst replacement is possible for arglbed system, allowing longer ruA€ompression costs
are lower for slurry operation because the presdifferential across the slurry bed is due onlytte
hydrostatic head of the media, rather than theltiglacked fixed bed®*°

The improved temperature control and product sbtylan the slurry bed reactor system allow for
higher selectivity towards heavy products and nefas well as reduced GHelectivity?® Slurry bed
operation introduces the challenge of separatiadjtie catalyst particles, products, and media.l\®asol
did eventually devise a method for this separatibis, hurdle and the risk of a new reactor typeuged
Sasol’'s implementation of the slurry reactor and ba far left Sasol as the only company to utilize
commercially.

Economically, the slurry bed reactor is a significemprovement over the fixed bed reactor for
LTFT. The cost of a slurry bed reactor train isya2%-60% of the cost of a fixed bed system withdame
capacity*?3° Low catalyst loading results in catalyst consuomptfour times lower’ than in a fixed b&d.
More isothermal operation allows for higher temp@m operation, higher conversion, and, with online

catalyst replacement, much lower down tide.
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1.2.3 Process Condition Effects

While catalyst and reactor selection have a lamgeact on LTFT, operating conditions also have
a significant impact on the reaction performance selectivity. Operating temperature is probably th
biggest factor, but reactant partial pressurea] wessure, reduction, and extent of conversionatiect
the process.

At elevated temperatures, LTFT begins to more reéseMTFT in some respects. Conversion,
methane selectivity, coking, and more hydrogenateadst chain product selectivities increase, whdavy
product selectivity decreas&¥:**Secondary products such as branched products)dsetmd aromatics
are also formed with increased frequency at hitgv@peraturesMany of these effects of temperature are
largely due to desorption, a primary terminaticgpsbeing endothermic and more favored as temperatu
rises? More generally, with an increase and temperatoceraaction rates, thermodynamic control begins
to dominaté.

Cobalt catalysts have a marked increase in heaxyseiectivity with increasing presstuifewhile
iron catalysts are largely unaffect®dncreased pressure is also linked to decreasdtameiselectivity
and increased oxygenate selectififjhe impact of the ratio of O partial pressures in the feed is fairly
intuitive. As this ratio is increased, hydrogen diees more available to the catalyst and hydrogemati
becomes a more dominant aspect of the reactionn@®rayths shorten, methane selectivity increased,
products become more saturatadlith higher H partial pressure, coking is also decreased.

The extent of conversion—closely tied to syngasspelocity—also affects the selectivity in the
FTS reaction. Decreasing space velocity resulttdneased conversiod,decreased productivity and
hydrocarbon selectivit§, increased COformation?® decreased CHformation®'2 either increaséed or
unchangett long-chain hydrocarbon selectivity, and decreasefin selectivity? Many of these results
are attributed to the inhibiting effect of water ioon, increasing relevance the water gas shifttiea at

elevated conversion, and shift towards primary potelat low conversioff.
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1.3 Advances in Fischer-Tropsch Synthesis Technology

While in its industrial application low-temperatuf@S has remained relatively unchanged since
the advent of the slurry bed in the 1990's, in &caid, there have been numerous advances in FTS
technology that can improve upon the process. Tawamces in particular are relevant to this work and
will be discussed here: the use of a supercrificéd as a reaction medium and the use of nanoscale

catalysts.

1.3.1 Supercritical Fluids

Under gas phase conditions, the Fischer-Tropscbtiosahas a high reaction rate and high
diffusivity of gaseous reactants and products,dmar heat transfer and a tendency for liquid presite
agglomerate in catalyst pores and block reactasa® The high reaction rate and poor heat removal tend
to cause catalyst sintering, coking, and elevatethame selectivity Slurry phase operation was designed
to mitigate the problems of gas phase FTS. Theyshed’'s heavy hydrocarbon media enhances heat
transfer and solubility of heavy products, but Haes disadvantages of impeding syngas diffusiorhéo t
active sites within the porous metal catafjdtleally then, it follows that FTS would perform Wwim a
medium with gas-like diffusivity, but more liquitke thermal density, conductivity, and product sdity.

The desire to find such a reaction medium is wlagt lbed researchers into investigations of supararit
fluids.

A supercritical fluid (SCF) consists of any subs&rabove a substance-specific critical point,
which consists of a critical temperature and acaiippressuré'“” In the supercritical phase, the properties
exhibited by the fluid are intermediate betweerséhof a liquid and those of a gas, with the potéfidir
gases and liquids to be, respectively, misciblesaluble in the SCE.Near the critical point, the
thermophyscial properties of a SCF are highly tlmabth small temperature and pressure chafgas.

a result of this tenability of thermophyscial prapes, while operating near the critical point #$@&F, it is
possible to obtain a reaction medium that has émeticial combination of liquid-like density ancetimal
properties, gas-like diffusivity and viscosity, anery low surface tensidfi.
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1.3.1.1 Supercritical Fluid Effect on Fischer-Tropsch

In terms of their application as a FTS solvent meadithe unique properties of SCFs bring utility
in a few significant ways. Due to the tunable prtipe of SCFs lying between those of a gas anguad]

a SCF reaction medium can offer a combination @tinefits of each. Because gases and liquidstaee e
miscible or soluble in SCFs, a SCF reaction medaliows for single-phase fixed bétThe liquid-like
density and thermal conductivity of SCFs aid heagfer, reducing local superheaffhthpot spots’ and
increasing thermal uniformity without requiring anaplicated media separation stéjhiquid-like density
and low viscosity allow the SCF to extract heawydurcts from the catalyst surface as well as frothiwi
catalyst pores, greatly enhancing mass trari$feas-like diffusivity allows reactant and produessgs to
diffuse into and away from active sites more effety than in the slurry bety.

As a result of the process enhancements SCFs faanraimerous benefits have been documented.
Yokot&'®, working in Kaoru Fujimoto’s group, was the fitst use SCFs for Fischer-Tropsch synthesis.
Using a cobalt catalyst, it was demonstrated thaupercriticain-hexane reaction medium manages heat
far better than in a gas phase reaction and cotlyaiaa liquid medium. This enhanced heat manageme
drastically reduced methane selectivity relativehiogas phase reaction. Arrhenius plots indiceledated
apparent activation energy for the supercriticattien, similar to the gas phase, relative toitpgd phase
reaction. As depressed apparent activation energydicative of mass transfer limitatibhthis result
indicated that the supercritical hexane medium érdtanced syngas diffusion to surface and micropore
active sites. Finally for this work, Yokota and fupto observed a much higher selectivity towardsios
in the SCF phase reaction relative to either géigaid phase. The olefin production was attributedore
efficient overall product extraction. In the gasapb, heavy products cannot easily desorb, whitban
liquid phase, diffusion is slow. In both cases, teess transport limitation allows for longer contame
of the primary olefin product with the catalystoaling for more hydrogenation or isomerization. the
supercritical fluid has enhanced extraction anfiligibn relative to gas phase and liquid phase gasely,
product olefins can be removed from the catalyistrppo further reaction.
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Since the Fujimoto group’s publication of the iaitstudies® on SCF reaction media use in FTS,
numerous other groups have done related reseansfirnsimg and expanding upon those results.
Experiments have been conducted with iron-b&E$&dS cobalt-baseld+14344465456-59gn0d ruthenium-
based' > catalysts and a few results are typical throughioeiiterature. Firstly, as Yokota and Fujimoto
found, 1-olefin selectivity—particularly for higherarbon numbers—is increased under supercritical
operation?®43:44.51,52,54.55.59.8acause more olefin intermediates are extractied {or further reactiof? the
selectivity towards side products such as 2-oléfitisis reduced. CO conversion is often either
intermediaté&-4%->%r improved!-2843575%¢|ative to gas and liquid phase operation. Agtimaintenance is
improved by heat management and wax extrattfdh Methané!434450535457-5nd CQ311:44.53.54
selectivities are typically depressed relativdhmgas phase, andand heavy product selectivity are similar

or improved relative to the gas phase and elevalative to the liquid phagé:?1:43:44.46.54,57-59

1.3.1.2 Process variables

With the introduction of a supercritical fluid ré@mn media, two new process variables—solvent
selection and media ratio—are introduced. Additignather process variables’ effects on the remrcti
performance can be altered.

Yokota and Fujimot¥f proposed the following criteria for supercriticahction media selection in

FTS:

1. The critical temperature and pressure of thie flhould be slightly below the temperature and
pressure of the reaction

2. The fluid should be stable under reaction cdomktand should not poison the catalyst

3. The fluid should have a strong affinity for géres in order to better extract products from the

catalyst and reactor.

According to the criteria set out by Yokota andifgto, saturated hydrocarbons, particularly pentarge
hexane, seem to be the most likely candidates fedianselection as they are have suitable critical
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properties, are inert in FTS, and are very suitableents for FTS productsUnsurprisingly then, the most
commonly used solvents in supercritical FTS aretgre}'*4457:58and hexanéll:2841:44,53-5662 pt
numerous other solvents including hydrocarB®ti$152545%ike propane, heptane, decane, and benzene or
oxygenates like methantthave also been utilized at supercritical or nedical conditions.

Liu et aP® compared Fischer-Tropsch reaction performance avitbbalt catalyst under a variety
of solvents. Fon-paraffin solvents ranging from hexane to hexadecéimy saw negligible effect of
solvent carbon chain length orvalue, CH selectivity, or light olefin selectivity, but dicbserve a slight
decrease in CO conversion and significantly moravihel-olefins under operation with longer-chain
solvents. Reactions conducted with branched saweate comparable to theirparaffin counterparts in
most respects, but had a lower selectivity towdrddefins. In similar work, Linghu et &.compared
solvents with carbon chain lengths between fivanignee) and ten (decane) and saw little impact ef th
solvent on CO conversion, Gldelectivity, or . Compared to supercritical pentane, supercritieaiane,
and near-critical heptane, decane was well outsidbe supercritical region and had a corresponding
lower selectivity towards olefins as well as a leigkelectivity towards £Cs hydrocarbons. Irankhah and
Haghtalab® saw results similar to those of Linghu, with pextahexane, heptane, and mixed solvents
having little impact on CO conversion, CBkelectivity, or CQ selectivity. Perhaps most importantly for
industrial application, mixed solvents do not se¢erave a negative impact on FTS performance, alipw
for a solvent feed via a partial solvent/productycde 503

Along with solvent selection, the introduction oBapercritical reaction media adds the ratio of
media to syngas as a process variable. The relataints of solvent and reactants in the reactectaf
the residence time, reactant concentrations, cotitae, as well as the mixture properties. Elbasinid
Robert§* varied the ratio of hexane to syngas over a caiadidtlyst. They saw that transitioning from gas
phase to supercritical FTS (hexane:syngas = 3¢ased , decreased CHproduction, and had little effect
on CO conversion. When going to higher ratios ofdme:syngas (6:1, 9:1), there was significant decli
in conversion, a minor decrease in Q3¢lectivity, and minimal impact on Similarly, Linghu et &
used nitrogen as a balancing gas to compare heyagas ratios from 0.5 to 3.5 at constant totadqaree.
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They saw very little difference in conversion, S3électivity, or product distribution, but incredskeolefin
selectivity at higher hexane:syngas ratios. Fustldren comparing the olefin selectivity between a
hexane:syngas ratio of 2.5 and 3.5, the higherrreepartial pressure led to a very much enhancdthole
selectivity. This higher selectivity was attributiedenhanced extraction due to the critical pressfithe
fluid being surpassed—perhaps more concretely detraimg the advantage of a SCF solvent over a more
traditional liquid solvent.

In addition to the new process variables introdusét the inclusion of a SCF reaction medium,
the presence of the SCF media can also alter fieeteff more traditional process variables such as
temperature, pressure, gas flow rate, or syngéSratio. In general, the effect of changing pesce
conditions under a supercritical solvent is simitathat seen in the gas phase, but less sé\&ia. some
cases however, perturbing reaction conditions iadwx change in solvent properties which can in turn
cause larger or different changes in reaction hieh#évan would be expected due to the perturbatione.
Elbashir and Robeftsdetermined the critical point for the bulk reantimixture obtained from FTS over
a cobalt-based catalyst at ~75% CO conversion 2238, 37.2 bar), then examined the effect of
temperature and pressure variations around thétatripoint. In gas phase operation, increasing
temperature results in a monotonic decreaseand increase in CO conversion. Under the influerice
supercritical solvent, reaction behavior is mormpbcated. Varying temperature from 230 °C to 260 °
they saw a maximum in both CO conversion arad 250 °C among conditions studied. Similarly yiray
pressure from 35 to 80 bar, they saw a maximunOrc@nversion at 65 bar among the pressures examined
and very little influence of pressure onsave that decreased at the highest pressure studied. Bachnia
and Subramaniafi,in their work with an iron-based catalyst in supitical hexane, also saw increased
pressure greatly improving CO conversion as wed#lasating 1-olefin selectivity. The observed chesg
in the reaction behavior under a SCF media nearitisal point are not attributed to the changedaction
kinetics but rather to changing solvent properdied resulting absorption/desorption equilibria.

In similar work, Durham et &l saw a SCF reaction media mitigate the effect of@ss conditions
on an iron-based catalyst. They saw minimal imgdayngas HHCO ratio on activity or liquid product
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selectivity. Upon increasing temperature near ttitical point, they saw increasing apparent acibrat
energy—consistent with decreased diffusion rest®taras the solvent becomes gas-like and less dense.
When pressure was increased, selectivity towardshgtles increased significantly. As aldehydes are
believed to be a reaction intermediate not seergas phase operation, their presence was aédlat

the extraction caused by increased solvent stresfgiiie more dense SCF. Finally, none of the véegab

investigated greatly impactedfor their system.

1.3.2 Nanoscale Catalysts

The second advance in Fischer-Tropsch technolaiydhelevant to this work is that of nanoscale
catalysts. While somewhat arbitrary, ‘nanoscaldl bé used here to describe catalysts that ardantain
100 nm in at least one dimension. Such catalygtsrareasingly of interest academically, and remain
desirable in some commercial catalysis as well.

Small catalyst particles have higher surface aegarass and, as FTS is a heterogeneous reaction
that takes place on the metal surface, increabmtgurface density’ of the catalyst should incesssparent
catalyst activity’® In a simple catalyst whose structure plays no irokeaction, increasing activity should
be seen as catalyst particles approach the simawidual atoms and the catalyst effectively beesm
entirely surface. While this is not quite the casETS, smaller particles do have higher activityatpoint.
Iglesia et af’ saw that in the range of 10-100 nm, cobalt paichctivity almost directly corresponded to
the level of dispersion, which is inversely propmral to particle size. In addition to the activiyd
throughput increases that come with the increasgdce area, some nanoscale catalysts have also bee
shown to give benefits such as increased olefactglty 85°The benefit of increased surface area, backed

by findings such as Iglesia’s, gives an incentossyinthesize and research nanoscale catalysts far F

1.3.2.1 Nanoscale Catalyst Supports
While cobalt catalysts are almost universally dispd onto a support in order to maximize surface
area per mass of the more expensive metal, traditivon catalysts, because of their lower cost and
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unfavorable interactions with oxidic supports, &ygically unsupported. In contrast, for both iromda
cobalt catalysts on the nanometer scale, literataueces tend to use a support—such as the muéaval
carbon nanotubes (MWNTSs) shown in Figure 1.6—ineortb reduce attrition as well as to provide
structural stability?*354068-72As with a typical cobalt catalyst, this also aidsnaximizing the use of the

available catalytic surface.

Figure 1.61Iron nanopatrticles White) supported on MWN¥'s.

The first option for Fischer-Tropsch catalyst suppare traditional, oxidic supports such as
alumina, titania, and silic&.”® These supports have high surface araag porous? and can have strong
interactions with the catalyst metalUnfortunately, while stronger catalyst-supportemtctions can
increase dispersion and impede sintering by statmji small crystallite$® they can also lead to the
formation of inert oxides such as cobalt siliéater iron aluminaté; lower activity, and cause poor
selectivity towards heavier produéesThus, oxidic supports can yield a well-dispersathlyst, but risk
poor selectivity, irreducibility and extreme actjvidecline as inert compounds fofm.

To combat the issues arising from overly stron@lgat-support interactions seen with oxidic
supports, one alternative is carbon-based supfiketscarbon nanofibers (CNFs) or carbon nanotubes
(CNTSs). Carbon nanofibers and nanotubes are staiglénert under FTS conditioti€® and eliminate the
possibility of excessive particle-support interact, even for nanoscale catalysts. In additiorltevang
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for better reducibility and activity, this allowsrfdeconvoluting particle-support effects from judetsize
effects for nanoscale catalysts. Both Bezemer.¥tald den Breejen et &used ‘fishbone’ type CNFs
with diameters around 30 nm for this express pupbs both studies, the CNFs provided an adequate
catalyst support, but neither author focused oir henefits aside from negating the drawbacks adliox
supports.

Carbon nanotubes are a second viable carbon-bagpdrs. Because of their tubular structure and
outstanding properties, CNTs present an interestengdidate for a catalyst support material. While
individual properties are dependent on tube typNT<€ typically have excellent heat and electrical
conductivities, resistance to a variety of chensicgbod mechanical properties, high specific sertaea,
and a unique molecular structure that presentseistieg possibilities for catalyst suppotté-"® Studies
have also shown that in FTS, carbon-based suppootdde higher selectivity to olefins, a valuable
chemical class in most cases, and that among catiports, CNTs were more selective §tif

Bahome et & demonstrated an active, stable iron-based catalpgtorted on multi-walled carbon
nanotubes (MWNTSs). Testing showed that the MWNTpsupwas inert, stable up to 550 °C, and that the
catalyst was stable with time on stream with lovitrage selectivity. In contrast, van Steen and Rxiry$
with a slightly different iron-on-carbon catalysgw low activity and significant deactivation witime on
stream. Van Steen and Prinsloo suggested thatrisihe the structure of their herringbone CNT suppo
might have been inaccessible to hydrogen for réolucBahome et al. attributed the deactivationh t
herringbone, rather than tubular CNT support stmectHerringbone CNTs allow for stronger catalyst-

support interaction and better dispersion at tle¢ abmore difficult reduction.

1.3.2.2 Catalyst Synthesis Techniques
Synthesizing and incorporating nanometer scaldysasainto the Fischer-Tropsch process is no
simple task. As a result, researchers utilize aewidriety of methods to controllably synthesizeirthe

catalysts. Each method has benefits and drawbbukshe catalyst preparation methodology is impurta
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because it can affect particle size, shape, sieilalition, and catalyst-support interactions,aélivhich
affect the activity of the final produgt.

In addition to those methods covered below, theesrmmerous colloidal methods, methods
utilizing pH and electrostatics to deposit catalystnd moré,but these synthesis methods covered were

chosen due to either their popularity, efficacy,jothe case of the microemulsion method, novisimal.

1.3.2.2.1 Incipient Wetness Impregnation

One method, perhaps the simplest dispersing a metal catalyst onto a supporeserfs incipient
wetness impregnation or IWI. In the incipient weimenethod, the pore volume of the support is first
determined. Typically, this is done by additionfloid such as DIUF water until a certain visual sbe
such as “looking sticky” is observétiNext, a catalyst precursor such as a metal acetatirate salt is
added to a quantity of solvent equivalent to the#ded to ‘wet’ the desired quantity of dry suppéut.
calculated amount of the precursor-solvent solutsothen added dropwise to dry support material and
dried. After drying, the catalyst precursor andup are calcined at elevated temperature in otoler
convert the acetate or salt catalyst precursortheanetal oxidé.

Some significant variables that can affect thelfpraduct include solvent choice, which can be
ethanol, water, or even hexane, the catalyst psecursalt or acetate—as well as catalyst loading tre
support, rate of liquid addition, and the tempemand duration of drying and calcinatitiiThe amount
of catalyst loading, for example, has been showbetinversely related to dispersion and particte ¥i
The use of ethanol in lieu of water as a solvesb @leems to decrease particle size, as ethanal&s lo
surface tension increases wetting of the suppofase, increasing dispersidhAdditionally, because of
the method in which it dries, use of an acetateys®r tends to give increased disperSiovhich again
has been shown to also yield smaller catalystgest*

IWI is one of the more straightforward methods toduice a catalyst with small particles but it is

not without its drawbacks. Because the rate ofigartieposition is somewhat roughly controlled, som
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researchers have seen a broad size distributiothéocatalyst particlesThis is not always the case

however, as Bezemer et al. saw distributions wihdard deviations below 20% of the particle $fze.

1.3.2.2.2 Deposition Precipitation

Another major technique being used to synthesinestale catalysts is deposition precipitation or
DP. Similar to IWI, a catalyst precursor salt issdilved, typically in water, and added to a cataypport.

In contrast to IWI, for deposition precipitatiohgetsupport is slurried. Next, a precipitating agarth as
K2CQO;, ammonia, or urea is added to the stirring slumyhis technique, the precipitating agent setees
shift the solution’s pH, causing the metal saltoatrollably precipitaté!

Van Steen and Prinsl&oinvestigated the effect of using®O; and urea DP methods alongside
IWI and saw that the methods yielded significamtifferent catalysts. In their study, both DP method
yielded highly dispersed catalyst metals, but #talgst prepared usingROs had much larger crystallites.
Of the three catalysts, the IWI catalyst actuallyperformed both DP catalysts, but deactivated dtmwvn
comparable levels with time on stream, as showigare 1.7. Selectivity was comparable between the
three differently prepared catalysts and it is higpsized that differing particle size distributidretween
the catalysts led to differing activities.

In contrast to the results of van Steen and Pringezemer et &f saw that DP produced particles
larger than IWI, but the DP catalyst synthesizetthwmmonia had selectivity towards higher hydrooagh
(Cs+) superior to that of the IWI catalyst. Further,nBme et af® saw that the while selectivity was
comparable between different catalysts, catalysisgred via a modified DP with a urea precipitaaggnt
showed conversion similar to that of a catalyspared via IWI, but as the DP catalyst had a lowading

of active metal, the DP catalyst was more activéherbasis of its mass of metal.
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Figure 1.7 Conversion data for IWI and DP catalysts with
on streani?

From the three studies comparing synthesis methbdsems that the modified DP with urea
produces a catalyst that can be comparable initgctovthat produced by IWI, but that with potetigia

superior selectivity towards more valuable (hegypeoducts.

1.3.2.2.3 Solvothermal

A third method, wholly different from the contraledeposition present in both IWI and DP
methods, is the solvothermal method. In this metmogetal nanoparticles are synthesized and deposited
onto a catalyst support in separate steps. Foc#tedyst preparation method, a metal oleate psecwvas
used by both Park et &and Guczi et &° In those studies, a metal oleate precursor wasrgtad from a
metal salt and either sodium oleate or oleic a€lte metal (iron or cobalt) oleate was then plaged i
octadecene and decomposed via controlled heatar.tBok the synthesized nanoparticles and disderse
them in hexane, while Guczi dispersed the particlesthanol. In both cases, the dispersed nanofesti
were added to a support followed by drying.

Using the solvothermal catalyst synthesis methoatk® showed that the produced metal
nanoparticles are relatively spherical and unifaamseen in Figure 1.8, with size being directigtes to

the temperature at which oleate decomposition make. For temperatures between 130 °C and 250 °C,
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synthesized iron oxide particles ranged from 2

130°C to 12.4 nm at 250 °C. After XRD analysisyais
the support, there was no significant partic
produced at elevated temperatures were activegwitd

selectivity. When compared to a control catalysdme

via IWI, the solvothermally produced catalysts we¥

superior, but the catalyst produced from W1 mayehe S s g i A0S e

Figure 1.8 Relatively wiform, spherical iro

also been impeded by particle size effects. oxide nanoparticles as synthesized from
oleate at 200 °C',

In contrast to Park’s process, the temperature ithwGuczi et at® decomposed the oleate

precursor is not given. Additionally, the synthesidron oxide particles are less uniform and, @& e
Figure 1.9a, tetrahedral. The particles agglomdraie significant extent when placed onto the supp
Similarly, cobalt nanoparticles produced in by saene method were large—on the order of 250 nm—and

non-spherical. Both the iron and cobalt nanocatalgsoduced in this study had very low chain growth

2 04 8 8 10 12 4 16 18 30
particle size fnm) i

Figure 1.9 (a) Terhedrl iron oxideparticle pr ecoef |ron oleate ar
(inset) histogram of particle size. (b) Iron oxide particles agglontkedter deposition onto multiwall
carbon nanotubés.

30



probabilities, which resulted in poor selectivibpards fuel range @) products. Incomplete reduction is
offered as a possible explanation of the poor agtobserved for these catalysts. A second seatysts
in this study were prepared via IWI with an acetatcursor. These catalysts outperformed thoseapedp
via the solvothermal method in reducibility, adviand selectivity.

It appears from the data presented by Park ét thiat the solvothermal method of catalyst
preparation has the potential, when tightly comdihlto create uniform spherical nanoparticles trat
active and possibly superior to catalysts produgadwI. Unfortunately, the catalysts were unproett
so it is hard to draw conclusions on realistic parfance. The data published by Gétan the other hand,

shows that catalysts produced from oleate decorposiould also be very poor FTS catalysts.

1.3.2.2.4 Microemulsion

While thus far less utilized for FTS catalyst syedis, microemulsions are another possible method
for nanoparticle synthesis. Similar to certain pody synthesis techniques, catalyst synthesis by
microemulsion involves the use of a mix of hydradpicphydrophilic, and surfactant molecules togetber
create small micelles in which catalyst particlas éorm® Using this method allows for creation of a
‘nanoreactor’ in the stable, isotropic solution wdie it is possible to control size, geometry, and
morphology of precipitating particlé&’® In this technique, two microemulsions can be mit@éhduce
precipitation, or a precipitating/reducing agem t& added to a microemulsion. In either caseabbes
such as relative amounts of surfactant, water,agdnic phases, reducing compound, temperature, and
electrolyte presence can theoretically be manipdlad yield a highly tailored catalyst synthesighoe ®"°

Because of the how extensively the method caniloedd, is possible to synthesize precisely sized
particles with very narrow particle size distrilauts via microemulsions. Some synthesized catalsts
been shown to have good selectivities in termsadpcing more heavy hydrocarbons and less methane.
Unfortunately, though direct scale up seems tottzghtforward, the volumetric yield is still a litimg
factor® Additional drawbacks include the requirement dditigely harsh chemicals such as hydrazine and
the possibility of poor catalyst dispersion on slpport. While microemulsions are theoreticallyeanty
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perfect synthesis method, as a result of its carafdd nature and limited reliability, the methodstigi

largely limited to being a curiosity in FTS.

1.3.2.3 Particle Size Effect

Some of the most interesting findings in Fischevpich research relate to particle size effects. On
both iron and cobalt catalysts, activity and cosigr increase as particle size decreases fromsdumalle
down to the nanometer scéfe As Fischer-Tropsch Synthesis is a surface-catdlyeaction and reducing
particle size increases specific surface areajghisbe expected. Interestingly, the trend allyuptverses
for catalysts around 6-8 nm. Below that particleesiactivity and selectivity to heavier products
plummet3*7475This phenomenon is well-documented in the casmbélt catalysts, but less so for iron-
based catalysts.

Figure 1.10 and Figure 1.11 display various aspefdise particle size effect for nanoscale cobalt
catalysts supported on carbon nanofibers. In Figutéa>* turnover frequency—a normalized surface
activity—is displayed as a function of particleesiFor particles larger than about 6 nm, this ntizad
activity is constant; for given surface area, thevay is constant regardless of particle sizeloBethat
threshold, the catalyst activity per surface arepsl precipitously. This drop off can also be sedfigure

1.10b3* which shows activity on a mass basis, rather ghan a surface area basis. As shown in this figure,

as catalyst size decreases, the surface per magagns. This trend dominates and causes decreasing
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Figure 1.10 (a) Turnover frequency of Co-CNF catalyst as a function of Co particle size

(b) Activity of Co-CNF catalyst as a function of Co particle size. (220°Q;,1HECO = 2§74
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Figure 1.11 (a) Residence time ( seconds) of reversibly bound CO andx@&hction intermediates a
function of Co particle sizéb) Residence time ( seconds) of reversibly bound CO andQ&kctior
intermediates as a function of Co particle size (210°C, 1.85 b&@OH= 10)7°

particle size to greatly increase activity untgwden fall in activity below around 6 nm. Figur&1l® is
from follow-up work by the same group and showsgalar trend and offers some insight into the cause
of the plummet in activity. The figure shows methaelectivity and the ratio of octane to octenehea
plotted as a function of cobalt particle size. Botlthese variables are related to the cataly$tsityato
hydrogenate reactants, specifically CO and octBegemer postulated that the continued hydrogenation
and hydrogen dissociation at small particle sizexy mndicate that the active sites for chain groaté
becoming inactive, leaving more carbon speciestfulty hydrogenated:

Interestingly, a very similar trend of active larparticles and inactive small particles was also
observed at a more industrially relevant pressBebar. The particle size at which the sudden igtiv
decrease occurred was 8 nm rather than 6 nm, &nél thm particles which were near-optimal at 1 bar
showed poor activity at the elevated presstire.

After ruling out other alternatives such as cobalbide formation, Bezemer et al. concluded that
the particle size effects seen in Co-CNF nanocstiskyere a result of “nonclassical particle siZeat$ in
combination with the invasive character of C®h short, it was hypothesized that the FTS reactio
requires multiple different types of active sitesl ahat below a certain particle size, the activmdins are
unstable or contain the wrong sorts of sites fer itidividual reaction steps. This greatly elevdtes
activation energy required for the reaction as alefand as a result, the optimal particle sizectuyalt
catalyzed FTS is around or slightly above 6-8%m.
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Den Breejen et dP. sought to explain the particle size effect seeBéyemer. While the catalyst
was prepared identically to that of the previoupgrathe FTS reaction itself was conducted very
differently. The heart of this study is SSITKA—slgestate isotopic transient kinetic analysis. SSATK
involves observation of the reacting catalyst stgfa situ. During steady-state operation, a reactant in the
feed stream is replaced with a different isotoP€Q@ vs?CO or Iy vs H) and the isotopically labeled
reactants and products are then monitored via GCIMIS data allows for additional insight into nce
time and surface coverage of reactants and reaotemmediates. Here again, the inert nature ot#rbon
nanofiber support is integral to the utility of thecess, allowing for the observation catalysfqrerance
free of interference from the support.

From the SSITKA experiments and subsequent analgsigas concluded that a few different
mechanisms may be at work to cause the partickeedfect observed in both studies. First, as caseba
in Figure 1.12, the reversibly bonded Cahd OH surface residence times dramatically increase for
particles below 6-7 nm. This may point to increalsedding strength between these intermediatestand t
cobalt surface, decreased CO dissociation, or sidwelrogenation of these precursors to methane and

water respectively? Similarly, for small particles, the surface coyggaof CO, CH, and OH decrease
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Figure 1.12 (a) Residence time ( seconds) of reversibly bound CO andxC&hction intermediates
a function of Co particle sizéb) Residence time ( seconds) of reversibly bound CO and®@&hctiol
intermediates as a function of Co particle size (210°C, 1.85 b&@0OH= 10)”®
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while that of H increases. This and an increase
irreversibly bound CO on small particles togeth
led to the conclusion that irreversibly bound C
blocked some of the cobalt surfa€e.

A cuboctahedral geometric model, show

in Figure 1.13, was constructed in an effort

explain observed surface coverage and reside _
0.40 4 =

time effects based on the geometry of the cata
0.354
particles. Briefly, coordination number, the numb > 0.30-
. . O 025
of adjacent atoms for a given catalyst atom, cany
o 0.204 y
related to the geometry of the particle and g 0.154
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diameter. Using calculated irreversible C(_)
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coverage and particle size data along with 1 0.00 s
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fraction atoms CN 4-6

then be related to the fraction of surface sitek wFigure 1.13 Cuboctahedral geometric model
corresponding plot of irreversible CO coverage

sites’®

1.137® From the plot in the figure, the correlation

geometric model, the irreversible CO coverage ¢

between low coordination humbers—which are morendbat in small particles—and irreversible CO
coverage is clear. Den Breejen et al. concludeditiieorbed CO could bind irreversibly to low coasdion
number sites because of the sites’ more localizddnee electrons and that this phenomenon was a
contributing factor towards poor catalyst perforagifor particles less than 6-7 AP final observation
was that while coverage of most compounds droppesimall particle sizes, the;ldoverage rose for these
catalysts, possibly supplying a reason for elevaiethanation at these patrticle sizes.

The particle size effects seen for small cobaltigas can likely be attributed to the fact that, a

the surface area to volume ratio is increasingfaall particles, the geometry and chemical affioityhat
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surface may change as well, leading to selectiver@rersible adsorption of one reactant or intaliate,

ultimately compromising the catalyst activity’®
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Chapter 2: Influence of a Carbon Nanotube Support ad Supercritical Fluid Reaction Medium on

Fe-catalyzed Fischer-Tropsch Synthesis

Foreword

The content of this chapter is largely that of pgraby the same name, published in Applied
Catalysis A: GenerdP. Follow-up work, featured in Chapter 3, calls sonfieghe conclusions regarding
carbon support effect into question, but the texehs kept close to as-published, save where e T

data allowed for more accurate reporting relatetiétal content.

2.1 Introduction

Fischer-Tropsch synthesis (FTS) is a well-estabtistatalytic process that produces liquid fuels
and chemicals via the polymerization and hydrogenadf CO. FTS is a surface-catalyzed process
typically conducted over an iron-based or cobattdaacatalyst. The most common products are straight
chain paraffins and -olefins, but FTS product functionalities can aisclude alcohols, aldehydes,
branched hydrocarbons, and aromatitdmong the more desirable FTS products are the lidgifin
fraction, which can be used as a feedstock for nodimgr processes, the heavy wax fraction, andids=d
fraction, which has low sulfur, low aromatics carteand a high cetane numi§eéf:28

Gas phase and slurry phase FTS reaction modeaffanfsom significant heat and mass transfer
limitations as a result of their multiphase, hegemeous nature. As an alternative to these traditio
reaction modes, research has been conducted aatimitj transport limitations via the use of a saptcal
fluid (SCF) reaction medium. SCF properties arerimediate between those of a gas and a liquidreszal,
the critical point, are highly tunable with smadimperature and pressure charfgess a result of this
tunability, it is possible to simultaneously obtdiquid-like density and thermal properties, ga®li
diffusivity and viscosity, and very low surface seam“¢ A well-selected SCF should be unreactive, slightly
above its critical pressure and temperature attimaconditions, and capable of solvating reaction

products>* Alkanes fit these criteria as they are inert un&@iS conditiond!'® can solvate FTS
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hydrocarbon products, and some, particularly hex@e 234°C, P= 2.97 MPa) have critical points near
the reaction conditions of low temperature FTS. WBEFs are utilized as an FTS reaction medium (SC-
FTS), their impact is largely due their abilityreimove heat and soluble products from the reabtiuh to
enable single-phase operation, and to balance prathsorption and diffusion relative to gas phase o
slurry phase operatidfi.

Since the pioneering study by Yokota and Fujint8togsearchers have reported a variety of
benefits from SC-FTS. Because a SCF reaction medilows for the extraction of olefin intermediates
from the catalyst bed prior to further reactf8n:olefin selectivity, particularly at higher carbanmbers,
is increased under supercritical operafiots;*+46.:51.52545.598%hjle selectivity towards side products such
as 2-olefing? is reduced. Similarly, Durham et %lobserved significant extraction of aldehydes and
methyl ketones with a K-promoted, precipitated icatalyst under SC-FTS. Improved mass transferrunde
SC-FTS can also lead to improved CO conversiortiveldo gas and slurry phase operafibff:4357:%8
Improved activity maintenance is often observedtdube capability of the SCF to remove heat arale
hydrocarbons from the reaction bed, which mitigataetalyst deactivation via sintering and coking,
respectively?**¢*Improved heat management under SC-FTS supprestbhamation, while more effective
removal of water inhibits the water-gas shift r&act As a result, lower selectivity toward methamel
CO; are commonly observed under SC-PRE?34446:505354575Einglly, the heavy product selectivity
observed under SC-FTS is often similar or improkedtive to gas phase FTS operation and elevated
relative to slurry phase FTS operatfdril:43:44.46.54.57-59

For a surface-catalyzed reaction like FTS, the Isigicific surface area of nanoscale (<100 nm
diameter particles) catalysts presents an oppaytuaiobtain enhanced activity relative to traditi
precipitated catalysts, but in order to reducatiaitr and provide mechanical strength, nanoscatialysts
typically require incorporation onto a support miate®® Typical oxidic supports (e.g. Si{Dcan prevent
sintering and provide mechanical strength, butataa have strong interactions with catalyst pasic@nd
prevent reduction, especially for smaller, morepéised particle¥:** More recent investigations have
demonstrated that carbon supports, especially narlamotubes, can largely avoid excessively strong
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catalyst-support interactions while offering supefTS performance relative to precipitated irocabpalt
Catalysts’%_4,68,70,72,73,81—83

Given that with traditional, precipitated catalyatSCF medium can offer significant operational
advantages and enable probing of the FTS reactimtupts and mechanism, a study was undertaken to
investigate whether similar benefits could alscobeerved over a nanoscale, carbon-supported datalys
This chapter focuses specifically on the impad efipercritical hexane reaction medium on FTS i@act
performance over iron-based nanopatrticle catatygiported on carbon nanotubes, including a congraris

with a traditional precipitated catalyst.

2.2 Materials and Methods
2.2.1 Catalyst Preparation

In this study, two carbon-supported, iron-based osaeale catalysts were synthesized,
characterized, and tested for their FTS catalyifgpmance. The nanoparticle catalysts were supgan
multi-walled carbon nanotubes (MWNTSs) and were gred both with and without potassium promotion
in order to enable deconvolution of support andnuter effects. The K-free catalyst is denoted as@F
while the K-promoted catalyst is denoted as CFeCliKserve as a basis of comparison for catalytic
performance for the carbon-supported catalystsaditional, co-precipitated catalyst, denoted FeZnC
was also synthesized, characterized, and tested.

The MWNT support for the nanoscale catalysts washased from Sigma Aldrich (Catalogue No.
659258-10G) and had listed properties of D = 11041im, L = 5-9 m, and 90+% purity on a carbon basis.
In order to remove amorphous carbon, increase@igeea, and provide functional group anchoriregsit
for the catalyst particles, a procedure adapteoh fAbbaslou et al* was used to pretreat the MWNT
support. A portion of the as-received MWNTs waduwefd in 200 mL/g of 35 wt% HNO(from 70%
HNOs, EMD Inc., ACS grade) at 107 °C for 16 hours. Afiering and rinsing with DIUF water, the

support was dried at 80 °C for 8 hours.
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The acid-pretreated MWNT support was ground withoatar and pestle, then promoted with iron,
copper, and potassium with a method slightly medifirom the deposition precipitation with urea (DPU
method of van Steen and PrinsfdoCalculated amounts of Fe(N9H.O (Alfa Aesar, 98%),
Cu(NGs)2 3H20 (Acros Organics, 99%), KN(JAlfa Aesar, 99%) and urea (Amresco, ultra puradg)
were dissolved in DIUF water, then immediately atideopwise to the acid-washed support. The promoted
support was maintained at ambient conditions fbo@rs, and then dried under 0.75 bar of vacuun®at 9
°C for 30 minutes. The catalyst precursor was flaoed in a 120 °C oven for 16 hours. After gmggdi
with mortar and pestle, the promoted catalyst pgemuwas calcined under;Nlow with temperature
ramping 5 °C/min to 350 °C then held for 4 houms: the potassium-free CFeCu catalyst, the targeted
composition was 9.1 wt% iron, with 1 Fe:0.03 Cuaomolar basis. For the K-promoted CFeCuK catalyst,
the targeted composition was 9.1 wt% iron and 0.88:Cu:0.02 K on a molar basis.

For comparison of the nanoscale catalysts with gertraditional catalyst, a precipitated FeZnCu
catalyst was also synthesized. First, a solutiob\bf~€* and 0.1M ZA*was made from Fe(Ng 9 H:0,
Zn(NGs)2 6 HO, (Alfa Aesar, 99% metals basis) and DIUF waterthis case, Zn is present to serve as a
structural promotet* A second solution, saturated with (WKCOs (Alfa Aesar, ACS grade), was also
created. A large 3-necked flask was placed intB@PAC water bath, filled with approximately 150 ol
DIUF water, and agitated with a small, stainleselsimpeller. The F&/Zn?* solution was added to the 3-
necked flask at a rate of 3 mL/min while the pH weasntained at 7.0 via manual addition of the gNEO;
solution. After filling the flask to a desired vohe, the addition of solution was halted and theems of
the flask were allowed to age for an hour whiletlzea stirring were maintained. The aged, co-pratgd
catalyst precursor solution was vacuum filteredhttiesed with the filtrate. Using 80 °C DIUF wattre
precursor was re-slurried and vacuum filtered thmeee times before finally being rinsed with ethlano
The resulting filter cake was dried overnight aP8)ground, and then calcined in air at 400 °Glfoours.

The dried FeZn catalyst precursor powder was predwith Cu(NQ)2 3 H.O dissolved in DIUF
water and dried overnight at 80 °C. The FeZnCuyresr was again ground with a mortar and pestén th
calcined in air at 400 °C for 4 hours. The finallan@omposition was 1 Fe:0.1 Zn:0.03 Cu.
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2.2.2 Catalyst Characterization

A Micromeritics Tristar Il surface area analyzersassed to determine the BET surface area and
pore volume of the calcined, precipitated FeZnCialgat, the as-received MWNTSs, the acid-washed
MWNTSs, the calcined CFeCu catalyst, and the catti@&eCuK catalyst. Prior to analysis, the samples
were degassed under flowing helium, with tempeeatamping from ambient to 350 °C at 5 °C/min then
held for 4 hours.

A TA Instruments Q5000 sorption analyzer was usedrhermogravimetric Analysis (TGA) in
air to evaluate the thermal stability of the MWNIpport as well as the CFeCu catalyst. Temperatase w
ramped at 10 °C/min to 120 °C, held for 20 minuttesn ramped 10 °C/min to 800 °C.

Raman spectroscopy analysis was used to deterimeneftect of acid washing on the MWNT
surface. Analysis was conducted on samples ofghie@eived MWNTSs as well as the acid washed MWNTs
using a Renishaw inVia 80W with a 514 nm laser%tfower and WIiRE software. For each sample, 3
scans were taken with each consisting of 10 acationk with a 10 second exposure per accumulation.

Using a Nicolet Avatar 360, FT-IR spectroscopy wmsformed to characterize the surface
functionalization of the carbon support before aftdr acid washing.

Temperature programed reduction with hydroger TPAR) was conducted for each catalyst to
determine reduction behavior. A Micromeritics Chgonb 2750 system with an attached ChemiSoft TPx
was used. An approximately 0.1 g sample was deddesd. hour at 200 °C under 30 SCCM of He and
reduced under 50 SCCM of 10% kh Argon as temperature was ramped from ambiem0®°C at 5
°C/min. Outlet gas from the sample was detected @@ and H consumption was logged automatically.
The degree of reduction was calculated from therdtecal H consumption for the case where all Fe in
the catalysts is in the form of £& and is fully reduced to Fe

Transmission electron microscopy (TEM) was use¢ktify the support and particle sizes for the
carbon-supported nanoscale catalysts, while scgnelactron microscopy (SEM) was used for the

precipitated catalyst. Samples for TEM were pregpdmedrop-casting catalyst suspended in ethanal ont
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carbon-coated copper grids and viewed using a Z¥44.0. SEM imaging was performed with a JEOL
JSM-7000F operating at 20 kV with samples attacbheddages via double-sided carbon tape.

A Bruker D8 di ractometer using Cu K-radiation operated at 40 kV and 40 mA was used to
obtain XRD patterns for each catalyst prior to plaent in the reactor as well as the post-reactobomn
supported catalysts. The daction patterns were collected using a step dife0d° and 0.2 s/step count
time from 10° 2  80°. The obtained peaks were compared to thogmafn compounds using the

International Center for Draction Data (ICDD) database to determine the sgqmiesent.

2.2.3 Reactor System
The reactor system used for this work is represintBigure 2.1. In this system, hydrogen (Airgas,
UHP grade), nitrogen (Airgas, UHP grade), and pxeghisyngas (Airgas certified standard spec, 1.50%

N2, 35.39% CO, balance Hflow from pressurized cylinders with flowratesntlled via mass flow

F
ok
= I
F—u—&&—
&%&% Reactor Online GC
—iu—%— |
Vent
o C3JQ
Ha n [+ B © Cold Trap
H2

¢ - - - = Offline GC

Hexane

Figure 2.1 Schematic diagram of the reactor system
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controllers (Brooks 5850E). A trap containing adidxsased sorbent (BASF E-315) is located between the
syngas feed and the remainder of the system toveman carbonyls. Nitrogen in the syngas is usedra
internal standard. Under supercritical operatiaxames (EMD Millipore, 98.5% ACS, Cat. No HX0299),
a mixture of G isomers, are pumped by an HPLC pump (Beckman 140H)mixed with the gaseous
reactant prior to the reactor. Under gas phasetipar hexane bypasses the reactor and is insetadred
directly to the cold trap.

The tubing, reactor, and hot trap are heated \aditpwires (Omegalux FGH-051) controlled by
Omega CSC32 mini benchtop controllers and insulatithl fiberglass tape. The reactor preheat zone,
catalyst bed, and post-reactor tubing each haventratler set point of 240 °C and are monitored via
thermocouple, while the hot trap is similarly monéd and set to 220 °C. The cold trap is waterezbahd
kept at 5 °C.

The reactor is a tubular 10” downflow fixed bedatea (HIP) with the upper half having a diameter
of 5/8”, while the bottom half has a diameter df@/ This creates a shelf in the middle of the teawhere
a stainless steel frit sits and supports the csttddgd. The catalyst bed consists of 0.5 g of ysital
immobilized between layers of glass wool. A 6-pdimtrmocouple runs from the bottom of the reactor
through the catalyst bed and allows for temperasarapling above, within, and below the bed. System
pressure was maintained via a back pressure reg(BRR, Equilibar EB1-ULF) between the hot trapd an
the cold trap.

Effluent gas from the cold trap passes throughnsag-valve that directs the stream either to vent
or to a 50 L sample loop and subsequently to a GC-TCD. Orgaseanalysis was performed with a Varian
Chromopack CP-3800 equipped with a packed colunayékep DB 100-120 mesh, 30ft x 1/8"). Liquid
samples were drawn from the cold trap at approxipat2 hour intervals and analyzed offline with a
Bruker 430-GC with a FID detector and a DB-5 colurBamples for GC-FID were each injected in
duplicate and verified against another sample taknin 12 hours of time on stream, for a totaldof

chromatograms in close agreement for all repoitpdd product data.
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Gas concentrations and flow rates were obtainagdyussponse factors derived from gas standards
in conjunction with the Binternal standard. GC-FID response factors welitzded relative to dodecane

using the effective carbon number methodology netliby Scanlon and Willfs.

2.2.4 Reaction Procedure

For each reaction run, the reactor system was pteth¢éo 350 °C for reduction under flowing
nitrogen. N flow was stopped and 25 SCCM of Was allowed to flow over the bed for 24 hoursflBw
was then halted, and:Xlow was used to then pressurize the system & ldar. (250 psi) while the reactor
cooled from 350 °C to the 240 °C reaction tempeeatu

After pressurization, gas phase FTS operation waslucted with a flowrate of 25 SCCM of a
premixed syngas (HCO = 1.78). Hexanes were pumped directly intocibid trap at a rate of 0.4 mL/min
in order to facilitate product condensation as vesllto allow for more direct comparison (equivalent
dilution) with samples from the later supercritiphlase operation.

Each FTS reaction experiment was initiated undsmiase reaction conditions. If CO conversion
was stable after a minimum of 50 hours of timetogegn, then the reaction was transitioned to suipiest
operation. This transition to supercritical opargtconditions was achieved by redirecting the hegan
from the cold trap to the feed stream and adjudtiegBPR to 68.9 bar (1000 psi). The reaction press
for supercritical operation was chosen to keegstimgas partial pressure constant while maintaiaiBgl
ratio of hexane to syngas molar flow. After 140-20tl hours of time on stream, supercritical opera
was stopped by halting syngas flow. After haltihg teaction, the reactor was rinsed with supecatiti

hexane, purged with nitrogen, cooled, and finaipréssurized.
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2.3 Results and Discussion
2.3.1 Catalyst Characterization

BET surface area, pore volume, and pore radiitier catalysts and support as determined by
nitrogen physisorption are summarized in Table @/hile surface area and pore volume are low for the
MWNT support and nanoscale catalysts relative éopitrecipitated FeZnCu, they are very comparable to
those observed by Bahome ef®hnd Abbaslou et &F.using very similar catalyst synthesis techniques.

Acid washing slightly increased surface area, potame, and pore radius.

Table 2.1 Characterization results for carbon support mdtard catalysts
Precipitated As-received  Acid washed

CFeCu CFeCuK

FeZnCu MWNTs MWNTs

BET surface area (ity) 120 13 17 23 36
Pore volume (cifg) 0.26 0.024 0.043 0.054 0.065
Average pore radius (nm) 3.5 4.1 51 4.5 3.6
Temp. of Max

Decomp. Rate (°C) -- 788 765 612 609
Residual Ash (%) -- 0.66 0.90 11.22 12.30
TPR degree of reduction 81% -- -- 69% 91%

XRD crystallite size

- - -- 4.2/9.9 2.2/13
(pre/post rxn, nm)

For the as-received MWNTSs, acid-washed MWNTSs, QFe@talyst, and CFeCuK catalyst, the
adsorption isotherms, shown in Figure 2.2, are typimilar to those observed by Gheorghiu efaljth
the almost-linear middle region of the isothermeexiing to very low relative pressure. A type llitlsgrm

is characteristic of an adsorbent with few to noeposmaller than macropor@sThe FeZnCu catalyst

— 200 — .

= —e—FeZnCu g 20 —a—As-received MWNT

@ 150 ¢, 40 = —e—Acid-washed MWNT
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£ £ 30

2 100 L

z = 20

e 50 e
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Figure 2.2Nitrogen physisorption isotherms for the catalysts, raw MWNTS, andrsstied MWNTSs
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exhibited a Type IV adsorption isotherm which imitar to a type Il isotherm, but with a significant
hysteresis loop that is characteristic of non-mgiglé pore volumé®

Thermal stability of the as-recieved MWNT suppaxtid washed MWNTSs, CFeCu catalyst, and
CFeCuK catalyst were measured via TGA in air aeddita are shown in Table 2.1. In air, the as-vedei
MWNTSs began decomposition around 600 °C and therdposition rate reached a maximum at 788 °C.
After acid treatment, promotion, and calcinatidre tatalyst was less thermally resistant butstible at
reaction temperatures with decomposition of CFeQhK,least stable sample, beginning around 400 °C
and peaking at 610 °C. This observed drop in #iaislin line with that seen by Motchelaho et®iwho
also saw depressed stability of MWNTs as a reduftoth HNQ; treatment and residual catalyst. After
TGA analysis of the MWNT support, the residual ieigyas less than 1% of the initial sample masschwhi
indicates near-negligible non-combustible impudbntent. In addition, the derivative weight cur{est
shown) for each sample contain singular peaks, wisicharacteristic of nanotubes with no carbonaseo
impurities® Assuming all metals are present in their respeativides (Fgs, CuO, KO) and that ash
content of the promoted catalyst samples is indieatf metal loadings, both the CFeCu (7.5 wt% &e)
CFeCuK (8.3 wt% Fe) catalysts are close to, bghdly below the targeted iron loading levels.

Raman spectroscopy, specifically the ratio of therisities of the D band (~1350 ¢pand G band
(~1600 cnt) peaks, was used to characterize the relativetigyaf surface defects present in the MWNTSs
before and after acid washing. Before washingDité&ratio was 0.13+0.01, while after it was 0.13863.
This negligible change indicates there was litl@® functionalization of the MWNT sidewalls asezult
of the acid washing. This observation mirrors tlesuits of Bahome et &.who also saw little
functionalization with a milder HN&treatment.

FTIR spectroscopy was also used for surface charaation of both the raw and acid-washed
support material. The primary observation in tmalgsis is that the characteristic peak of the €uidtch
was present in the acid-washed tubes, but notaraiareceived tubes. This indicates that the rairid

treatment had at least some effect, but as furaiization is most likely to occur at the ends a thbes,
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this is not necessarily inconsistent with the rsstrom Raman spectroscopy, whose response depends
primarily on the characteristics of the sidewalfishe tubes.

Reduction behavior for each catalyst was investiata H-TPR and is shown in Figure 2.3. For
iron oxide, reduction typically takes place in tateps: Fg0; to FeO., represented by the peaks between
approximately 100 °C and 250 °C, and thegOk¢o metallic Fe, represented by the larger peakghwh
extends to almost 700 °C for the FeZnCu catdlyRaw TCD response vs temperature data was scaled
based on the moles of Fe present in the sampleg aaltulated degree of reduction is shown in Talle
The breadth of the FeZnCu peak is most likely aduigsthigher metal content and relatively diluteuded
in the reduction process.

SEM and TEM images are provided in Figure 2.4, f@gR.5, and Figure 2.6. TEM imaging
confirmed the dimensions of the MWNT support anovetd that catalyst particles are present, relativel
dispersed on the surface of the MWNTSs, and on pipecximate scale of 20-30 nm. SEM imaging showed
the micron-scale catalyst particles in the preatpil FeZnCu catalyst.

XRD patterns for the carbon-supported catalystk before and after reaction are shown in Figure
2.7. For each sample, the peak near aafgle of 26.5° is indicative of the graphitizedeswshell of the
MWNTs [00-041-1487]. Peaks near 33° and 35° fofthgh catalysts are characteristic o§®-g00-033-
0664], while those near 42.7° for the used catslyst consistent with the presence of carburized[00-
037-0999]. The XRD pattern for the FeZnCu catalgst shown) had only small peaks characteristiarof

amorphous sample.

FeZnCu

0 100 200 300 400 500 600 700
Temperature, °C

Figure 2.3 TPR curve for the FeZnCu, CFeCu, and CFe(
catalysts, scaled by moles of Fe per sample analyzed
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HT: B0k TEM Magnification: 31.5k ELL )]
Figure 2.5 TEM image of the CFeCu catalyst. Note: the measure
displayed in the image are a product of the image processimgass
and the number of displayed digits does not indicate precision.
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Figure 2.6 TEM image & the CFeCuK catalyst. Note: 1
measurements displayed in the image are a product of the
processing software and the number of displayed digits dos
indicate precision.
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Figure 2.7 XRD patterns for carbon supported catalysts before and after reaction
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2.3.2 Reaction Performance

The FTS performance of the precipitated FeZnCuysitahe MWNT-supported CFeCu catalyst,
and the MWNT-supported CFeCuK catalyst was testefbiugas phase conditions (GP-FTS) as well as
under supercritical phase conditions with a hexaaetion medium (SC-FTS). The results of these FTS
experiments are summarized in Table 2.2. More léetaiata showing performance with time on stream is
shown in Figure 2.8, where data from gas phaspigesented by square markers and data from sujeicri
operation is represented by diamond markers.

Table 2.2 Fischer-Tropsch synthesis performance* for preaipd and MWNT-supported catalysts
under gas phase (GP) and supercritical phase €aChon conditions

FeZnCu CFeCu CFeCuK
GP SC GP SC GP SC
CO Conversion (%) 45 64 24 28 16 19
H, Conversion (%) 36 51 25 28 10 14
CHs Sel. (%) 5.1 5.4 5.3 6.5 15 1.1
CO; Sel. (%) 15 17 5.0 5.8 15 13
H2:CO Usage Ratio 1.3 1.2 1.7 1.6 1.1 1.2
Activity? 3.2 4.6 7.1 8.1 4.3 5.2
Cr+ 0.64 0.79 0.71 0.72 0.69 0.79

*Data shown represents average values for stahtgion behavior at the specified conditions
1 Activity = 102 molco st
2Apparent 2-alpha distribution with break aroung, @iven data is average for @ Cyo
For each of the three catalysts, the CO convemsemrelatively stable with only a slight decline
during GP-FTS. Under supercritical operation, C@wversion for each catalyst increased before again
stabilizing. Increased, stable conversion undeF$S-is consistent with the literature, where sustévior
attributed to the enhanced product extraction aasldnized reactant/product mass transport under SC-
FTS.]']"57’61
The CO conversion observed for the CFeCu and Cke&atalysts is much lower—approximately
one half and one third, respectively—than thatefprecipitated FeZnCu catalyst. It should be nttead
for the MWNT-supported catalysts, the metal contemess than a tenth (~8%) of that of the preatpit

catalyst. As a result, the activity of the MWNT-popted catalysts is actually significantly higher the

basis of metallic mass, likely due to the smablpérsed nature of the supported nanoparticles.h&not
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contributor to elevated activity could include thigher partial pressure of.Hand lower HO partial
pressure at lower conversié®

The CQ and CH selectivities (note: not at isoconversion) forleaatalyst as a function of time
on stream are shown in Figure 2.8. For precipitdiednCu catalyst, the GHand CQ selectivities
fluctuated, but were approximately 5% and 15% oeragye, respectively, throughout the course of the
reaction. Direct comparison of Glnd CQ selectivity with other studies in the literatuende misleading
due to differences in conversion, catalyst formakgtand reaction conditions, but some literatungrses
are similar enough in each regard for a rough coisga. Bukur et af? reported CHand CQ selectivities
of approximately 17% and 45%, respectively, (250 9gCO = 1, CO conv. ~70%) while Li et #i.
reported a Chiselectivity of 6.5% and C{selectivity of 10.2% (220 °C, HCO = 2, CO conv. ~15%).
Durham et af® obtained 8% Chiselectivity and 4% Cgselectivity in SC-FTS (240 °C KO = 1.56, CO
conv. 45%). In the context of these experimentsRZnCu catalyst performed within the range thghtn
be expected for a catalyst of its type.

For the CFeCu catalyst, GBelectivity was comparable to that of the FeZnCualgat, but CQ
selectivity was significantly depressed, averad@sg than 6% in both GP-FTS and SC-FTS.

In iron-catalyzed FTS, alkali metal promoters, jgaittirly potassium, are known to promote CO
chemisorption, inhibit lichemisorption, and suppress secondary reactidms.résults in lower methane
selectivity, increased WGS shift activity, elevatidfin selectivity relative to paraffins at highesrrbon
numbers, elevated higher hydrocarbon selectivitg, slightly depressed activity:>**2Figure 2.8 shows
that, as might then be expected from the additiba potassium promoter, the CFeCuK catalyst had
significantly depressed GhHselectivity (~1%) relative to the other catalyats well as C@ selectivity
comparable to the FeZnCu catalyst and elevatetivel® the CFeCu catalyst.

In contrast to some sources in the literattif&>*the transition from GP-FTS to SC-FTS had little
effect on the selectivity toward Glbr the catalysts and conditions investigatedhis $tudy. Reduced GH

selectivity in SC-FTS relative to GP-FTS is genlgrattributed to improved heat managem8ince the
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flowrate of syngas, conversion, and resulting lgesteration in this study were relatively low, theras

low CH, selectivity in GP-FTS and consequently little rommimprovement under supercritical operation.
As shown in Figure 2.9a, the GP-FTS products fer pinecipitated FeZnCu catalyst consist

primarily of alkanes and olefins with alcohols esto a much lesser extent. Products taper cffively

quickly at higher carbon numbers and the data earepresented by a 2ASF plot (Figure 2.10), with:

= 0.73 from G to Gg, and » = 0.48 from Gs to G. Products are increasingly hydrogenated at higher

carbon numbers. Both increased hydrogenationt@desulting reduction in at higher carbon numbers
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Figure 2.9 Selectivity among & products for the FeZnCu catalyst undigas phase operation (240
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are can be attributed to inhibited desorption aiifliglon for less-volatile reaction intermediatesda
products’®

Figure 2.9b shows the liquid products for the s&®&nCu catalyst in SC-FTS. The selectivities
toward olefins, alcohols, and heavy products ageificantly elevated relative to GP-FTS. The SC-FTS
liquid product distribution can be represented byA&F plot with = 0.79 (Figure 2.11). As reported in
the literature, elevatedand elevated selectivity towards less-hydrogenaiteducts in SC-FTS are a result
of the capability of the SCF to extract and stabilproducts and reaction intermediates, partiguiairl
higher carbon numbefé*Under SC-FTS operation, CO conversion, and selectivity in the range @f C
Cis were all extremely similar to those observed byHam et af® for a similar K-free catalyst.

The liquid product distributions for the CFeCu ¢ggaunder GP-FTS and SC-FTS are shown in
Figure 2.12a and Figur212b, respectively. Relative to the FeZnCu catalye CFeCu catalyst seems
more prone to hydrogenation as liquid productsligiger and mostly paraffinic. As with the FeZnCu
catalyst, SC-FTS products for the CFeCu catalgsshghtly heavier and less hydrogenated relatv@Pr-
FTS. While olefins are more typically the dominaah-paraffinic product for iron-catalyzed FTS, dlots
are more predominant in the non-paraffinic prodécigshe CFeCu catalyst. ASF plots for these prbduc

samples are shown in Figure 2.13 and Figure 2.tv&s 0.71 for GP-FTS and 0.72 for SC-FTS. The singl
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Figure 2.11 ASF plot for the FeZnCu catalyst under TS (240 °C, 1000 psi, 0.
catalyst, 25 SCCM syngas)
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Figure 2.13 ASF plot for the CFeCu catalyst under 6PS (240 °C, 250 psi, O.
catalyst, 25 SCCM syngas)

distribution exhibited by the CFeCu catalyst, ewamder GP-FTS, is attributed to a lack of the heavy
olefins whose hydrogenation led to a #istribution for the FeZnCu catalyst. That the BFS data here
can be represented by a singl&SF plot also effectively rules out the accumwatof liquid in the hot
trap as a cause for a Aistribution seen elsewhere in this work.
It can be seen in Figure 2.15 that, as expected fhe literature, under GP-FTS the potassium
promoted CFeCuK catalyst has a much greater sétgdtowards less-hydrogenated products relative to

the K-free CFeCu catalyst. Olefins dominate theitigproducts in GP-FTS, but there is also significa
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Figure 2.14 ASF plot for the CFeCu catalyst under TS (240 °C, 1000 psi, 0.
catalyst, 25 SCCM syngas)

selectivity towards both alcohols and methyl ketondost noteworthy however, is the production and
extraction of relatively large quantities of alddeg which, to the author’'s knowledge, has only been
reported for FTS with a supercritical or liquid cdan medium over K-promoted iron cataly$s-°or
with a CoMn catalyst prepared by oxalate precijaitét. As with the FeZnCu catalyst, liquid product data
for the CFeCuK catalyst under GP-FTS can be reptedéy a 2- ASF plot (Figure 2.16) with;=0.76

up to Gsand , = 0.52 from Gs to Co.
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Figure 2.15 Selectivity among & products for the CFeCuK catalyst under
phase operation (240 °C, 250 psi)
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Figure 2.16 ASF plot for the CFeCuK catalyst under GPS (240 °C, 250 p:
0.5g catalyst, 25 SCCM syngas)

As shown in Figure 2.17, under SC-FTS the CFeCuldlyst produced near-equal quantities of
paraffins, olefins, and aldehydes with smaller quias of methyl ketones and alcohols. The AS[Figure
2.18) was elevated relative to GP-FTS, increasiry®0. Aldehyde selectivity increased very sigaifitly

and was accompanied by a decrease in olefin antdd@lselectivities.
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Figure 2.17 Selectivity among & prodwcts for the CFeCuK catalyst un
supercritical operation (240 °C, 1000 psi)
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2.3.3 Discussion

The marked selectivity of the CFeCuK catalyst talgaaldehydes catalyst invites comparison with
the work of Durham et at3%®where significant aldehyde production was obsemesiC-FTS and which
offers a few conclusions relevant to this worksEias supported by the data in this study andsthé
is concluded that potassium promotion is essettiadbserve non-negligible production of aldehydes
utilizing an Fe-based catalyst.

In the work of Durham, the observation of heawehlydes in the SC-FTS product stream is
attributed to the ability of the SCF reaction medito enhance mass transfer and thereby extradiorac
products and intermediates from reaction sitesrpwosecondary hydrogenation to products such as
alcohols, olefins, and paraffiidFor the CFeCuK catalyst in this study, the sigaifit increase in aldehyde
selectivity in SC-FTS relative to GP-FTS was accamed by plummeting olefin and alcohol selectitie
This observation is consistent with the hypothtsis aldehydes are among the primary FTS products a
can sequentially hydrogenate to other products psioemoval from the reactor.

This observed trade-off between the production|délaydes and more-hydrogenated products
parallels the well-documented effect in SC-FTS awere traditional iron-based FTS catalysts—namely

that increased olefin selectivity relative to GPSH$ accompanied by depressed paraffin selectivigym

58



these two analogous trends, it appears that tkeofdhe SCF reaction medium in SC-FTS is to aithe
extraction of reaction intermediates, be they ajdel or olefins, and that what products are ulthyat
extracted is dependent on the individual catalyst.

In contrast to the results seen by Durham et al. Ristor and BelP>°! where aldehydes were
extracted from the reactor only supercritical guid-mediated FTS, in this study, significant levef
aldehydes were detected under both GP-FTS and SOakh the CFeCuK catalyst. This indicates that
while supercritical fluids clearly aid in the extteon of aldehydes, for some catalysts, aldehydeshe
observed in the reactor effluent even in the alseafia liquid or SCF reaction medium. Additionally,
because the CFeCuK catalyst composition, savéhéocarbon support, is very similar to that of Dunha
(1 Fe:0.02 K), these results suggest that the pecesaf the carbon support was a key factor in englthe
observation aldehydes in the GP-FTS product.

According to Butts et af a strong Lewis acid can promote CO insertion laydasing the rate of
alkyl group migration from the metal surface to tabon of adsorbed CO as well as by stabilizireg th
resulting acyl group. Dictor and B¥8lkuggest that in K-promoted, Fe-based catalysehgtit production
is enabled when the potassium*KHon acts as a Lewis acid, accepting electronmftbe oxygen of
adsorbed CO and facilitating the carbonylation (ib€ertion) step in chain propagation. One possible
explanation for the influence of a carbon supporpmoduct selectivity seen in the Fe-catalyzed BiTiis
work is that the known capacity for carbon nanosuloereadily accept and conduct electPbnssulted in
an effect similar to that of potassium on the getametal and thereby facilitated increased oxytgena
selectivity and the production of aldehydes.

Several studies in the literatdfé?84344.46.50.5354.57-Rave illustrated that a SCF reaction medium
can have a significant influence on both heat aadswtransport in FTS. Under the conditions invastig
in this study, the supercritical hexane reactiowlion® appears to primarily be influencing mass tpans
This effect is most clearly seen in the markededase in the extraction of olefins and oxygenatekeun
SC-FTS operation for the FeZnCu and CFeCuK catalscause, in this case, SC-FTS operation had very
little impact on CH selectivity, it is unlikely that the observed poatl extraction is due to improved heat
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management, which can reduce methandfiéhAs a result of increased extraction of reaction
intermediates and unhydrogenated products in SG-Edi$version and increased as active sites were
made available more rapidly and intermediates w&ble to readsorb and continue propagation.

The final effect of the mass transfer enhancementdit on by the use of a SCF is the elimination
of the 2- distribution seen in GP-FTS for FeZnCu and CFeCtitt. both of these catalysts in GP-FTS,
the product distribution drifts away from a line&SF plot around & as reaction intermediates and
products become increasingly heavy and diffuse malon@ly. For both of these catalysts, the transitm
SC-FTS eliminated this deviation, likely due to #mhanced solvation and stabilization of unhydraggh
intermediates.

2.4 Conclusions

In this chapter, we present data from the preparatnd characterization of Fe-based nanopatrticle
catalysts supported on a multi-walled carbon nas®tupport both with and without a potassium premot
These carbon-supported catalysts were tested botiegas phase and supercritical phase Fischers@hop
synthesis conditions alongside a K-free precipitatatalyst. Relative to the precipitated catalyisg
carbon-supported catalysts had high activity, loisGelectivity, and elevated selectivity toward
oxygenates. The transition from gas to superctifptease FTS resulted in increased conversion, an
increased chain growth factor and increased selectivity toward unhydrogenatediycts. Significant
guantities of aldehydes were produced over thedfapited catalyst, while aldehydes were not detdated
the products of the other catalysts. These resuisate that potassium is essential for the prodo@nd
recovery of aldehydes in Fe-catalyzed FTS. FoKtpeomoted catalyst, the production of aldehydes wa
observed under gas phase operation and furthesitetbunder supercritical operation. This data sigis
for the first time that while a supercritical fluidaction medium can enhance the production ohalies,
for some catalysts, significant aldehyde productian be observed in Fe-catalyzed FTS in the abs#nce

a supercritical or liquid medium.
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Chapter 3: A Comparison of Carbon Catalyst Supportdor Fe-Catalyzed Fischer-Tropsch Synthesis
3.1 Introduction

The Fischer-Tropsch synthesis (FTS) process remiesae of the few ways to generate long-chain
hydrocarbon products with a potentially renewablan-petroleum feedstock. As such, when there is a
demand for hydrocarbon fuels or chemicals but corscabout dependence on foreign crude supplies,
environmental impact, or even impurity content, F§®ne technology that serves as a potential answe
FTS consists of the surface-catalyzed polymerinagiod hydrogenation of CO with a product spectrum
including hydrocarbons of variable carbon chairgtbrand functionality. Selectivity is highly dekmt
on management of the large reaction exotherm asasel wide variety of variables such as the cataly
metal and promoters, conversion level, and reatémperaturé:?

Historically, the large heat of reaction has beddressed by methods including the use of
numerous small diameter tubular fixed-bed reactarsydrocarbon wax-mediated slurry reaétar; novel
catalyst design®. Another approach that has been studied sinceatbelD80’s is to utilize a supercritical
fluid (SCF) reaction mediurtf.Because of their unique combination of propertidsich are tunable near
the critical point and intermediate between thdsegas and a liquid, SCFs offer a flexible toahftuence
heat and mass transfer in FTS. With the use of & ®@ction medium, researchers have realized FTS
performance improvements such as improved extracfitneavy and unhydrogenated products, increased
conversion and activity maintenance, and reducledtbéty towards CH and CQ.11:28:43.53,58.59,65

In Chapter 2, we demonstrated that a carbon ctslypport can significantly impact FTS activity
and performance and that a SCF reaction mediunfucter improve and help to probe reaction behavior
Briefly, in that work, Fe-based nanoparticles weyathesized on large-diameter multi-walled carbon
nanotubes (MWNTS) then tested in both gas phaseaR@iSCF-mediated FTS. The C-supported nanoscale
catalysts proved to be more active that their pitated counterpart, and relatively selective talvar
oxygenates. Most interestingly, long carbon chadelaydes were observed in the liquid product strEam

the C-supported, K-promoted catalyst (CFeCuK) urm#h gas phase and supercritical operation. This
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behavior had not previously been observed in Faheadd FTS without a SCF or liquid reaction medium
and merited further investigation.

Accordingly, the work presented in in this chapters undertaken to see what, if any, benefits
could be realized by utilizing carbon catalyst suppnaterials that are similar to the previouslyestd
large diameter MWNTSs. The results of synthesizat@gracterizing, and testing three such carbon stgppo
in FTS are presented in this chapter. The suppovisstigated consist of carbon nanofibers (CNFs),
MWNTs with a smaller ~8 nm diameter (SMWNTSs), amdgihene nanoplatelets (GNPs). CNFs were
chosen to see whether the performance of the MW&T-supported catalyst could be replicated on an
inexpensive carbon support that lacked thengpridized surface that is characteristic of carbanotubes,
but that has similar dimensions. Similarly, the sSMWsupport provided a contrast in support diamaier
the GNPs allowed investigation of a carbon supportace that was chemically similar, but planaheat
than curved. Each catalyst was tested under batiplgase and supercritical phase conditions in doder

investigate the impact of differing mass and hestgfer regimes on FTS activity and selectivity.

3.2 Materials and Methods
3.2.1 Catalyst Preparation

In this study, three carbon-supported, iron-bas€8 Eatalysts were prepared with copper and
potassium promoters. To facilitate comparisongcttalyst preparation methodology followed our poesi
method® as closely as possible. Each catalyst had a tatgetmposition of 9.1 wt% iron loading and 1
Fe:0.03 Cu:0.02 K on a molar basis. The first gataldenoted CNF-FeCuK, was supported on carbon
nanofibers. The remaining two catalysts, suppostedmall-diameter multi-walled carbon nanotubes and
graphene nanoplatelets, are denoted SMWNT-FeCulGaifeFeCuk, respectively.

The CNF, sMWNT, and GNP support materials wer@athased from Sigma Aldrich. The CNF
support (Cat. No. 719803) consists of nested cohgmphitized carbon. Its listed properties are D00

nm, L = 20-200 m, and >98% purity on a carbon basi§4000 ppm iron). The SMWNT support (Cat.
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No. 724769) has listed properties of D = 6-9 nms, & um, and >95% purity on a carbon basis. The GNP
support, xGnP® grade C-750, (Cat. No. 900407) Hesteal flake diameter of less than 2 pm.

As per our previous methodology adapted from Alhast al.’® each as-received carbon support
material was refluxed in 200 mL/g of 35 wt% Hi@om 70% HNQ, EMD Inc., ACS grade) at 107 °C
for 16 hours. This treatment was intended to rensmwe amorphous carbon or residual impurities while
potentially functionalizing the carbon surfaceshadixygenates, which could serve as anchoring fites
the catalyst metal particles. The CNF and sMWNTpsuis were filtered from the acid solution and the
resulting carbon filter cakes were rinsed with D]UFied overnight at 80 °C, then ground with a mort
and pestle.

The GNP support could not be removed from the a@dhing solution via the same vacuum
filtration methodology as the other carbon suppmaterials, so it was instead separated via cegaifan.
Specifically, the acid/GNP mixture was allowed &ttle for a day before removal of approximately 80%
of the supernatant then rinsed with ~100 mL DIUReraThis process of settling, decanting, and migsi
was repeated two more times as the supernatand fadeolor, but remained a muddy red-brown. As
separation became more difficult, a Heraeus Megafi@was utilized to centrifuge the rinsed sample a
5000 RPM for 3 minutes. Brownish supernatant wasked, and the soft carbon pellet again rinsed with
DIUF. The ~150 mL of washed GNP sample was diluegith 60 mL of ethanol to ease drying, then
centrifuged a final time for 1 hour at 5000 RPM.oligh some carbon was stably suspended in the
completely opaque ethanol solution, most of the @aBon formed a pellet which was extracted aretidri
for 8 hours at 120 °C. TGA (data below) indicated presence of some less-stable material in tltk aci
washed GNP, so it was then calcined for 4 houd®@t°C in air.

Calculated amounts of Fe(NJ@9H.O (Alfa Aesar, 98%), Cu(N§)» 3H.O (Acros Organics, 99%),
KNOs (Alfa Aesar, 99%) and urea (Amresco, ultra puradg) were dissolved in DIUF water, then
immediately added dropwise to the acid-treated stippThe promoted supports were kept at ambient
conditions for 2 hours, and then dried under 0.&56df vacuum at 90 °C for 30 minutes. The catalyst
precursors were then dried for an additional 16$ati 120 °C. After grinding with mortar and pestie
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promoted catalyst precursors were calcined undépiN with temperature ramping 5 °C/min from amhien

to 350 °C then held for 4 hours.

3.2.2 Catalyst Characterization

Due to concern about the combustion potential afin&d graphen&,*®a TA Instruments Q5000
sorption analyzer was used for Thermogravimetrialpsis (TGA) to evaluate the thermal stability loé t
as-received and acid-washed supports as well groneoted catalysts in air. Temperature was ranaped
10 °C/min to 120 °C, held for 20 minutes, then radhp0 °C/min to 800 °C.

A Micromeritics Tristar |l surface area analyzersassed to determine the BET surface area and
pore volume of the as-received catalyst supportaels as the promoted, calcined catalysts. Prior to
analysis, the samples were degassed under flovelign, with temperature ramping from ambient to 350
°C at 5 °C/min then held for 4 hours.

Raman spectroscopy analysis was conducted on saoffilee as-received and acid washed carbon
support materials using a Renishaw inVia 80W wii1d nm laser at 5% power and WIiRE software. For
each sample, 3 scans were taken with each comgs@ftin0 accumulations with a 10 second exposure per
accumulation.

Transmission electron microscopy (TEM) was usegetdy the support and particle sizes for each
of the carbon-supported nanoscale catalysts. SanfiptesTEM were prepared by drop-casting catalyst

suspended in ethanol onto carbon-coated coppes gnd viewed using a Zeiss EM 10.

3.2.3 Reactor System

The reactor system used for this work is the samé¢hat used in the previous work and is

represented in Figure 2.1 and described in se2tds3.

3.2.4 Reaction Procedure
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The reaction procedure utilized in this work igktly modified from our previous methodology,
primarily to avoid issues with the nitrogen intdratandard and gas phase deactivation. After |apttia
catalyst and pressure testing for each reactiontherreactor was heated to 350 °C under flowitrggen
to prepare for reduction. The catalyst was themiged under 25 SCCM of-ht 350 °C for 24 h. After
reduction, the reactor was cooled to 240 °C, pungitd He, and pressurized with He to 1000 psi for
supercritical operation.

Under supercritical operation, the syngas hadwréite of 25 SCCM, while hexanes were pumped
to the reactor at a rate of 0.4 mL/min (3:1 hexsyregas molar ratio). After 100-125 hours of operati
the reaction was transitioned to gas phase conditiy lowering the pressure to 250 psi and redirgct
the hexane flow to the cold trap. After approxinha®00 hours of total time on stream, syngas floasw
halted and the reaction stopped. The reactor wagdiwith supercritical hexane, purged with nitrgge

cooled, and finally depressurized.

3.3 Results and Discussion
3.3.1 Catalyst Characterization

TGA data for the carbon support materials and cagupported catalysts is shown in Table 3.1.
The TGA curves of the GNP support taken after &reidtment and before calcination are shown in Eigur
3.1. The slight (5.7%) but non-negligible mass lied occurred for this support below 350 °C ingisa
that while this oxidized support might ultimately btable at the reaction temperature and not explos
controlled burn-off was merited prior to promoticBalcination of the acid-washed GNP support—a
deviation from the catalyst preparation methodolofjthe other two catalysts as well as from thatLis
Chapter 2—was thus merited to ensure that the ysatdédading levels would be comparable after
calcination and the carbon mass loss that it wotlidrwise entail.

With the assumption that residual ash from TGAyisosiymous with total metal content and that

all metals are in their base oxide {Bg¢ CuO, K0O), metallic iron content of the CNF, sSMWNT, GNIRda
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large MWNT supported catalysts wer

100 1.4
10.1%, 13.6%, 8.7%, and 8.3% b 80 12 O
S
. . 1 X
mass, respectively. Each catalyst, wi \&o\ 0 e E,i,
v
the exception of SMWNT-FeCuK, wa: 0.6 &
s 40 . 6
thus near the targeted 9.1 wt.C o Mass 0.4 3
Mass Change 0.2 =
loading.
0 _— 0
0 200 400 600 800

BET surface area, pore
Temperature, °C

volume, and average pore radilFigure 3.1 TGA curves for the uncalcined, HN®@eated GN

support in air
obtained from nitrogen physisorption

are summarized in Table 3.1 alongside the D/G sdtmm Raman spectroscopy. No physisorption data is
shown for the acid treated, uncalcined GNP samgtalse 4 repetitions of the analysis all yield&Ea&
surface area of ~53g and negligible pore volume. As such a low sefaea is unlikely to be an accurate
representation of the material in the context ef hsults for the as-received GNP and the GNP-FeCuK
catalyst, it is likely that the post-wash separatad processing led to agglomeration of the Gislkes.
Adsorption isotherms are shown in Figure 3.2 fahesupport before and after acid treatment as
well as for the final promoted catalysts. AlImosisdtherms are Type #f,where the middle region persists

to the lower P/Rlimit of the instrument and a small or negligilbigsteresis loop. Type Il isotherms are

Table 3.1 Characterization results for carbon support mdtard catalysts

CNF- SMWNT- GNP- MWNT-
CNF FeCuK SMWNT FeCuK GNP FeCuK MWNT** FeCuke
BET surface area (fiy) 21/30 25 180/340 360 880/-- 260 13/17 36
Pore volume (Cfig) 0.06/0.08 0.07  0.73/1.3 1.4 14~  0.24 0.043 0.065
Avg. pore radius (nm)  6.3/6.0 6.3 8.0/8.0 7.8 4.0/-- 2.1 5.1 3.6
Temp. of Max 682/673 583  591/598 449  625/662 457 788/765 609
Decomp. Rate (°C)
Residual Ash (%) 35/1.3 151 2.30.7 203 09/02 129 0.66/0.9  312.
Low T. Mass Loss (%) 0/0 0.1 0.7/3.8 1.2 2.7/5.7 0.85 0/0 0.5
D (Raman shift, cr) 1357+2/1357+1 1357£1/1355£1 1347+1/13561 13556813
G (Raman shift, crf 1579+1/1580+1 1593£1/1594+1 1577+1/1588+2 15828015
0.4920.04 1.16£0.01 0.756+0.001 0.1320.01
Raman D/G 0.61+0.02 1.12+0.01 0.953+0.008 0.135:0.003

1Data for as-received/acid washed support matéflta from previous paper for comparigotPercent dry wt. lost prior to reaching 350
°C during TGA temperature ramping
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characteristic of materials with little to no a) ©

—8— As received

microporous or mesoporous volume. The only
exception to the trend of Type Il isotherms is GNP-

FeCuK, which has a significant hysteresis loop at

Adsorbed N, (cm?/g)
N

=

0 0.5

higher relative pressure, indicative of a Type IV
Relative Pressure, P/P,

isotherm. Type IV isotherms are closely related ) 000

[ 4
Type I, but indicate a non-negligible volume of %3700 —B-Asrecieved 0@:

S —»%— Acid treated

micropores or mesopores.

As might be expected due to their similar

dimensions, the CNF support and catalyst hac 0 0.5 1

physisorption results comparable to those reportet) 1000
S00

—8— As recieved

for large-diameter MWNTSs. Both the SMWNT and

500 | —e—GNP-FeCuk

GNP supports and catalysts had far higher surfaci

area than the large-diameter materials, however

Adsorbed N, (cm3/g)

For the CNF and sMWNT supports, the acid

treatment increased surface area but only increeFiguré 3.2 Adsorption isotherms for the a) C
support and catalyst, b) SWMNT support andlgata

pore volume for the SMWNT support. As end ca@nd ¢) GNP support and catalyst

and defect sites are more susceptible to reatitiis could be a result of the acid treatment apgtine
SMWNT end caps and exposing the tube interiorio N

In Raman spectroscopy, the D band (~1350)cand G band (~1580 cthpeaks are, respectively,
associated with defects fgpybridized or amorphous carbon) and graphitizatgpt-hybridized carbon)
in the surface of carbon materials. The ratio effthand G band intensities is thus a popular wayiitokly
assess relative quality of carbonaceous samté8. As with the large-diameter MWNT support, the
SMWNT support was only minimally affected by thedareatment. For the CNF support, acid treatment
had a slight effect on the D/G ratio, which indesasome minimal reaction of the HA@ith the tube
sidewalls. In contrast, and GNP supports seeme& susceptible to the acid, as, in addition to th#i*G
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support’s observed solubility in water, its RamatGDatio increased more significantly, indicating a
increased quantity of defects in its carbon stmectelative to the as-received material.

TEM images of the CNF-FeCuK, sMWNT-FeCuK, and GNFCEK catalysts are shown in Figure
3.3, Figure 3.4, and Figure 3.5, respectively. €Hegires can be used to see the approximate steuahd
size of the carbon supports and catalyst partaigsersed on the carbon surfaces, but as eaclsegyse
such a minute sample size, are not necessarilgseptative of the catalyst as a whole. From Figudeit
can be seen that the CNF support is on the ordeéd-a20 nm in diameter, while the catalyst partcie

it are polydisperse, ranging from a few nm up agipnately 50 nm. Similarly, Figure 3.4 shows SMWNT

wrl 269.%90'0

1/31/2017  Exposure Time: 2.00 Sec  4:07:59 PM " .
HT: 60kV Mag. calibration TEM Magnification: 63k 250nm

Figure 3.3 TEM image of the CNF-FeCuK cataly®ote: the measurements displayed in the i
are a product of the image processing software and the nufmbisplayeddigits does not indica
precision.
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9/27/2017 Exposure Time: 5.00 Sec 2:39:18 PM PR
HT: 60kV Mag. calibration =~ TEM Magnification: 100k 100nm
Figure 3.4 TEM image of the sMWNTFeCuK catalyst. Note: the measurements displayed in the
are a product of the image processing software and the numbeplafydibdigits does not indica
precision.

tubes ranging from 10-25 nm in diameter, while ¢healyst particles are smaller on average, buhen t
order of 10-20 nm. Finally, Figure 3.5 shows tlmt GNP flakes can be as small as ~150 nm in diamete

and, as with CNF-FeCukK, the catalyst particlespaigdisperse and range up to ~30 nm.
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9/27/2017 Exposure Time: 2.00 Sec 3:24:38 PM Sttt
HT: 60kV Mag. calibration =~ TEM Magnification: 100k 100nm

Figure 3.5 TEM image of the GNH~eCuK catalyst. Note: the measurements displayed in theiaragc
product of the image processing software and the number of displayed digits doekcatd precision.
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3.3.2 Reaction Performance

The FTS performance of the CNF-FeCuK, SMWNT-FeCaid GNP-FeCuK catalysts was tested
under gas phase (GP-FTS) conditions as well ag&itml (SC-FTS) conditions with a hexane reattio
medium. The results of these tests are summariZéahle 3.2 alongside the data for the previousigisd
CFeCuK catalyst, which consists of a large-diam&®NT support loaded with iron, copper, and
potassium at the same levels and by the same rasaines other three catalysts. The data for CO ¢eiore
H> conversion, Chiselectivity, and C@selectivity with time on stream is shown in Fig@té for each of
the catalysts in this study. ASF plots were filiqoiid product data and are shown in Figure 3.7.

For the CNF-FeCuK and GNP-FeCuK catalysts, conorrand selectivity were relatively stable
outside of startup and the transition from SC-FeSGP-FTS. In contrast, while the SMWNT-FeCuK
catalyst was stable under supercritical operatiogas phase operation it exhibited deactivatich wine
on stream as evidenced by decreasing conversiomarehsing Chl selectivity. As expected from the
literature, conversion and the ASFwere elevated in SC-FTS for each catalysts €¢lectivity was low
(<5% avg.) for all catalysts in both GP-FTS and SIS, but CH and CQ selectivity trends otherwise
varied between the catalysts.

The CNF-FeCuK catalyst was the least active catalymng those investigated in this study, but

had CO conversion above that of the CFeCuK catayshgside its relatively low conversion, the

Table 3.2 Fischer-Tropsch synthesis performance* for all lgata under gas phase (GP) and
supercritical phase (SC) reaction conditions

CNF-FeCuK SMWNT-FeCuK GNP-FeCuK CFeCliK

GP sC GP sC GP SC GP scC
CO Conversion (%) 18 26 40 83 25 38 16 19
H, Conversion (%) 16 22 15 41 23 32 10 14
CHs Sel. (%) 0.44 0.75 2.0 3.3 3.6 48 15 1.1
CO; Sel. (%) 5.3 9.4 29 29 13 14 15 13
H2:CO Usage Ratio 1.6 1.4 0.54 0.71 1.6 1.4 1.1 1.2
Activity? 7.6 11 14 29 13 20 4.3 5.2
Cr+ 0.71 0.78 0.77/0.31  0.83  0.70/0.37 0.75 0.76/0.52 0.79

*Data shown represents average values for stabttiom behavior at the specified conditions
1 Activity = 102 moleo consumed ~ s?

2Apparent 2- distribution with break at s for SMWNT-FeCuK, Gs for GNP-FeCuK, and £ for
CFeCuK.
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Figure 3.7 ASF plots fora) GP-FTS, CNF-FeCuk) SC-FTS, CNF-FeCuK) GP-FTS, SMWNTFeCuK
d) SC-FTS, sMNWT-FeCuK ang)) GP-FTS, GNP-FeCuK arfii SC-FTS, GNP-FeCuK

CNF-FeCuK catalyst exhibited the lowest £&hd CQ selectivities observed among catalysts studied,

though both Chland CQ selectivity were elevated alongside increased @®Ha conversion in SC-FTS.
CNF-FeCuK liguid product data is shown in Figur@ fdr GP-FTS, and in Figure 3.9 for SC-FTS.

In both GP-FTS and SC-FTS, the products are doethlay alkanes and alkenes (70-80%), though there

are an appreciable quantity of oxygenates as WelkP-FTS the liquid product data can be fit toASF

plot with = 0.71. Alcohols are the most prevalent oxygepabeluct, while methyl-ketones have a lower

selectivity and aldehydes are only detectablesicgguantities and at low carbon numbers. In SC-HES
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Figure 3.8 Selectivity among & products for the CNF-FeCuK catalyst undgx
phase operation (240 °C, 250 psi)

liquid product data can be fit to an ASF plot witlr 0.78. Selectivity in SC-FTS is more skewed taar
less-hydrogenated products, with aldehydes andyik&tones increasing their respective shares ®f th
product selectivity the most. The shift toward tagdrogenated products in SC-FTS in reminiscerd of
similar trend observed by Durham ef%afor a similarly-promoted, precipitated catalystveall as for as

the CFeCuK catalyst, where such a shifts in sefégtare attributed to enhanced product extradbgthe

SCF medium.

Figure 3.9 Selectivity among & products for the CNFeCuK catalyst und
supercritical operation (240 °C, 1000 psi, hexanes/syngas molar ratio = 3)
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On the whole, the CNF-FeCuK catalyst behaves niodisly to a precipitated catalyst: aldehydes
are only extracted in SC-FTS, and products othenhasgely consist of alkenes and alkanes, with some
alcohols. This product selectivity is extremely éamto that observed by Durham efafor a precipitated
FeZnCuK catalyst, albeit with much higher actiatyd lower . Based on this, it seems that a CNF support
of this type can serve as an adequate, inert supmoan active FTS catalyst with low Grnd CQ
selectivities, but does not significantly affect thT'S liquid product.

Of the catalysts studied, the SMWNT-FeCuK catdgst by far the highest CO conversion, but its
low H./CO usage ratio and elevated L€kelectivity indicate that the water-gas shift teac was
responsible for a large portion of that CO consuomptUnder SC-FTS operation, conversion was more
than twice that of GP-FTS with only a minimal ingse in CH selectivity and negligible difference in €O
selectivity.

Liquid product data for the SMWNT-FeCuK catalysshown in Figure 3.10 for GP-FTS and in
Figure 3.11 for SC-FTS. In GP-FTS, the productdglity was similar to that of the CNF-FeCuK
catalyst, albeit more paraffinic. Alkanes are thestrabundant product, followed by alkenes, while
alcohols are the only oxygenate present to a sogmf degree. The data for GP-FTS can be represente

by a 2- ASF plot, as the calculated propagation probatithe highest of any of the catalysts in GP-

Figure 3.1C Selectivity among & products for the SMWNT-FeCuK catalyst undar
phase operation (240 °C, 250 psi)
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Figure 3.11 Selectivity among & products for the SsMWNTFeCuK catalyst und
supercritical phase operation (240 °C, 1000 psi, hexane:syngas molar ratio = 3)

FTS—O0.77—until approximately & where oxygenate products are no longer detectatle plummets
to 0.31. In SC-FTS, products are slightly less bgénated, but still consist of alkanes, alkened, an
alcohols in order of decreasing abundance, wittettavels of other oxygenates..@roducts are well-
represented by a near-ideal ASF plot with 0.83, the highest propagation probability of théalysts

studied

In contrast to the CNF-FeCuK catalyst, aldehydesewet extracted from the SMWNT-FeCuK
catalyst under either GP-FTS or SC-FTS. Becausshgtte selectivity is inversely related to CO
conversior?? this could be a result of the rapid conversiorvenging their extraction, but that seems
unlikely, as Durham et al. saw approximately 20%¢d@vity toward aldehydes even at high carbon
numbers and 70% conversion. Because the catalgigady very WGS active with high, it also seems
unlikely that the K promotion is not effective. taad, the SC-FTS catalyst behavior is more comgiste
with the behavior of K-promoted catalyst in GP-FWhgere aldehydes, if they are indeed an alcohol
precursor, cannot desorb and are instead always¢gdated. If that were the case, it would indicate
that—as opposed to the case of the CFeCuK catalist,e aldehydes desorption is so uninhibited as to
occur even in GP-FTS—the SMWNT-FeCuK catalyst dlstiends that reaction intermediate more

strongly and eliminates desorption, even under $6-€onditions. Functionality of liquid products des;
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its activity and selectivity toward heavy productark SMWNT-FeCuK catalyst as promising support for

FTS with further potential for optimization.

CO conversion and CGelectivity for the GNP-FeCuK catalyst were intediate between that
of the CNF-FeCuK and sSsMWNT-FeCuK catalysts. Intengdy, the H/CO usage ratio is nearly identical
to that of the CNF-supported catalyst, but:G8lectivity is higher. As C{production in FTS is almost
exclusively tied H production via the WGS reactiétf,there must be a corresponding‘sink’ to yield
such equivalent usage ratio. £ptoduction could, and indeed does, contributddeatded H

consumption, but it seems that the liquid prodsiehore relevant for this catalyst.

The liquid products for the GNP-FeCuK catalyst u@®-FTS and SC-FTS are shown in Figure
3.12 and Figure 3.13, respectively. From thesedigiut is apparent that the GNP-supported catedyst
the most strongly hydrogenating catalyst of thdadied, with alkane selectivity in GP-FTS greatly
increased relative to the CNF-supported and sMWddpsrted catalysts. This hydrogenation tendency is
also reflected in the ASFvalues—the lowest of the catalysts studied—wheendency towards

termination of growing chains via hydrogenationvgkéhe product distribution towards lower carbon

Figure 3.12 Selectivity among & products for the GNP-FeCuK catalyst under gas
phase operation (240 °C, 250 psi)
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Figure 3.13 Selectivity among & products for the GNIFeCuK catalyst und
supercritical phase operation (240 °C, 1000 psi, hexane:syngas molar ratio = 3)

numbers. This behavior is somewhat mitigated inFSG; where enhanced product extraction resulted in

elevated selectivity towards alcohols and olefins.

Like with the SMWNT-FeCuK catalyst, aldehydes ao¢ produced by the GNP-FeCuK catalyst
to a significant extent in either GP-FTS or SC-FTBough this catalyst is more strongly hydrogeratin
than SMWNT-FeCukK, the same potential explanatierts, excessive conversion, ineffectual K
promotion, and inhibited desorption of aldehydggly As with the SMWNT-supported catalyst, the
literature and moderate G®electivity allow us to discard the first two pibdgies, leaving only

inhibited aldehyde desorption as plausible amoegtioposed explanations.

The GNP-supported catalyst did not demonstrateGblvand CQ selectivities like the CNF-
supported catalyst or activity as high as the sM\ASNPported catalyst. Additionally, the liquid pratiu
selectivity is generally undesirable, so utility@NPs as an FTS catalyst support seems limitedsiite

interactions with the catalyst particles can baisicantly altered.

Collectively, the results of this study seem torgborate our previod$observations regarding
SCFs and carbon-supported nanoscale catalysts)yndraefor these types of catalysts and FTS reacti

conditions, the use of a SCF reaction medium aggegrrimarily impact performance as a result of
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improving mass transfer. Mass transfer improvemelative to GP-FTS is evidenced by increased
extraction of heavy and unhydrogenated productseased , reduction of ASF deviations (indicated by
a 2- distribution), and increased CO conversion. Ashaedtion is correlated with poor heat
management;®>°the low CH selectivity observed in GP-FTS and lack of improeat in SC-FTS seem
to indicate a well-managed heat of reaction evehawui the SCF reaction medium for the catalysts

studied.

3.4 Conclusions

In this chapter, we have presented data from thegpation and characterization of three Fe-based
nanoparticle catalysts that are supported on carmmofibers, small-diameter multi-walled carbon
nanotubes, and graphene nanoplatelets. Thesestataich were tested in both gas phase Fischesdrop
synthesis as well as supercritical hexane-mediktscher-Tropsch synthesis. All of the catalystsewver
relatively active for FTS with relatively low GhHselectivity, though CO conversion, g®electivity,
propagation probability, and liquid product funci@ity varied widely between the three. Under
supercritical operation, CO conversion, propagapiabability, and oxygenate selectivity all incredsn
response to the ability of the supercritical fltiddenhance mass transfer relative to the gas pkafse.
particular note is the catalyst supported on suhialineter nanotubes, which had the highest FTSigctiv
and propagation probability among the catalyst® Wde variance in behavior exhibited by the three
catalysts despite near-identical pretreatment, ptimm, and reaction methodologies indicates thetara
support structure can have a massive impact opgHermance of iron FTS catalysts, but understandin

and tailoring that influence requires additionaldst
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Chapter 4: Conclusions & Recommended Future Work
4.1 Overall Conclusions

Based on the data presented in this work, severallgsions can be drawn related to the effect of
carbon supports on FTS catalyst performance asasettgarding the FTS reaction mechanism itselfih Wi
respect to carbon supports, the production of gide in gas phase FTS by the CFeCuK catalyst
demonstrates that carbon supports can significafffiyt the selectivity of catalysts they suppgding so
far as to enable the observation of products thepeeviously unprecedented at the reaction carditi
studied. Further, the wide spectrum of activitiesl aelectivities exhibited by the different carbon-
supported catalysts indicates that the structurehefsupport (e.g. its diameter, shape, and surface
chemistry) can greatly influence the reaction penfnce of the supported catalyst metal. The selecti
carbon support thus introduces a degree of taildsato catalyst synthesis, with the ability toiftthe FTS
product spectrum towards lighter alkanes, oxygemate a higher throughput of heavier products.
Additionally, each of investigated carbon-supportatalysts demonstrated activity above that of a
traditional, precipitated catalyst.

Durham et at® present the hypothesis that in K-promoted, Fehgegd FTS, aldehydes are
primary products alongside paraffins and olefingt that hydrogenation of the aldehyde can also
sequentially yield alcohols, olefins, and paraffazsssecondary products. The data presented imvtrlg
particularly the relative compositions of GP-FTS &C-FTS liquid products for each catalyst, is st
with and supports that hypothesis. For exampléag been demonstrated in the literature that a SCF
reaction medium can help to extract products pd@econdary reactiotige.g. hydrogenation) and for all
catalysts in this work, the product spectrum urgle+TS always contains fewer paraffins and motbef
less-hydrogenated, oxygenate products. In othedsydry preventing secondary hydrogenation, the SCF
reaction media was able to extract the ‘more pyfraefins and oxygenates before they could be eored
to paraffins. Most telling however, is the obseisatthat for the four catalysts that did not proeluc
aldehydes, alcohol selectivity is elevated in SGFIh contrast, for CFeCuK and CNF-FeCuK, alcohol
selectivity is instead significantly depressed urgigercritical operation. This is a result of #agne trend
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however, as the supercritical reaction medium ats&xtracts the primary aldehyde and thereby pteven

formation of the alcohol.

4.2 Proposed Future Work on Aldehyde Desorption

The biggest question raised from the FTS resuksented for the various carbon supports in
Chapters 2 and 3 is why aldehydes either were oe wet extracted from each individual catalyst. tTha
question, if answered, has the potential to s#tdenear-century-long debate on what exactly tpkese
on the catalyst surface in FTS. If, as we have asiggl in this work, aldehydes are a primary prodinctse
extraction is dependent on a blend of catalystserelectrochemistry and mass transport to thefluitk
it should be relatively straight-forward to decolute those two factors.

As it stands, individually testing catalysts in FiBS®xtremely time consuming and yields results
that depend on everything from time on stream t® dRact the pore volume of the support during
promotion. As an alternative, any apparatus withegia very precise, temperature tolerant scaleAjTG
or the ability to dynamically quantify effluent hymtarbon flowrates (GC) could be used to quantify
RCHO-metal bond strength for a catalyst samplaeldthis, synthesize a sample to be tested, andyasg
the use of a TGA apparatus, place it on the stldat the sample to 270-350 °C, reduce it, thengowith
He and reduce to FTS temperature (~220-240 °Q).dntotherwise inert-filled reaction chamber, flow
gaseous aldehydes of known composition. Aldehydesfanction as initiators in FTS,and can thus
adsorb to the catalyst surface, changing the maskeoscale. Ramp temperature until aldehydes desor
and the desorption temperature and rate should gigntitative metrics of that bond strength.

Admittedly, there is a chance that aldehydes dftlen can dissociate to form alkanes of length
1, or react with each other in other ways (ethemédion), but the idea is simple enough to be medifo
accommodate challenges and, once tuned, woulddeavifacile way to evaluate and quantify catalyst

surface chemistry which could then be correlatati actual FTS performance.
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4.3 Proposed Future Work Utilizing a Statistical Approach

Another alternative would be to continue this warka more linear way. Though there is not
enough proof to bring it forward in Chapter 3, thesxeems to be a link between carbon suppé#t sp
hydridization, catalyst structure (tube vs planglagerate), WGS activity, FTS activity, and product
functionality. The SMWNT-supported catalyst wasfaythe most active catalyst for WGS, but produced
no aldehydes, the GNP-supported catalyst was ewea hydrogenating, and the large-diameter MWNT,
which was unremarkable by every other metric, pceduan entirely unique product slate. With so many
interrelated variables in FTS, it seems a cleadickate for a more statistically-based approachxt@eting
data from tweaks to catalyst/support variables bdydiameter, geometry, and surface chemistry of pur
carbon. This would present an opportunity to ingasé N-doped CNTs, B-doped CNTSs, as well as tubes
of more varied diameter, and metallic vs. semicatidg tubes. That space between materials science,
catalysis, and statistics would be tough to stakelut could be jumping-off point to explore ncaroon

supports, or even different reactions.
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