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Carbon dioxide and water are renewable and the afmstdant feedstock for production of chemicals
and fungible fuels. However, the current technaedior production of hydrogen from water are not
competitive. Therefore, reacting carbon dioxidehvhiydrogen is not economically viable in the near
future. Other alternatives include natural gasgas or biomass for production of carbon dioxide,
hydrogen and carbon monoxide mixtures that reagtigtnl chemicals and fungible fuels. The latter
process requires a high performance catalyst titsreces the reverse water-gas-shift (RWGS) reaction
and Fischer-Tropsch synthesis (FTS) to higher hgattmons combined with an optimal reactors system.
Important aspects of a novel catalyst, based om spkhel and a three-reactor system developedhi®r t
purpose published in our recent paper and paterd imgestigated in this study. Potassium was found
to be a key promoter that improves the reactioasraf RWGS and FTS and increases selectivity to
higher hydrocarbons while producing mostly olefihghanged the texture of the catalyst, stabilitrex
Fe-Al-O spinel thus preventing decomposition in®@; and ALO; increased the content of §&
while shifting Fe in the oxide and carbide phasea more reduced state and the relative exposure of
carbide iron on the catalysts surface and increslsedCQ adsorption and adsorption strength. A
detailed kinetic model of the RWGS, FTS and methianaeactions was developed for the Fe spinel
catalyst based on extensive experimental data meghsover a range of operating conditions.
Significant oligomerization activity of the catatysas found. Testing the pelletized catalyst witB,C

CO and H mixtures over a range of operating conditions destrated its high productivity to higher
hydrocarbons. The composition of the liquid.{Gvas found to be a function of the potassium aante

and the composition of the feedstock.

1. Introduction

Crude oil is the dominant feedstock for productidtiquid fuels, as clearly stressed in a recet IE
report. Most of the foreseen output rise over the nes¢ehdecades will be produced in the Middle
East. Biofuels share is currently only 8%, expedtedemain at this level until 2040, supported by
increasing subsidies. The IEA report sends a vémng message regarding the L£emissions,

expected to increase dramatically, unless low-garimvestments will increase by a factor of four
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beyond current values. All those projections inticthat the search for alternative, renewable and
sustainable sources for production of fungible aochpetitive fuels needs to be accelerated. Biomass
has been the main source for renewable fuels, ynathlanol and biodiesel. A fierce debate related to
future use of biomass has been conducted over dse gecade. A recent repfogiresents a less
optimistic view of the future of bioenergy in Gemmyaconcluding that with the exception of the use of
biogenic waste, the larger scale use of biomas=nagsgy source is limited. Proper assessment of the

impact of biofuels is critical

Liquid fuels are mixtures of hydrocarbons that mgscific standards updated from time to time.
Carbon dioxide, an environmentally damaging greesbogas, and water are the most abundant and
low-cost sources of carbon and hydrogen needegrémtuction of hydrocarbons. The current scientific
and technological challenge is to develop and impl®& environmentally-friendly processes that
convert CQ and HO into commercially-viable, fungible and compatililesls, using green energy. A
viable route is the reaction of captured carborxid® from flue gases with hydrogen produced from

water. Methods for both G@apture and water splitting have been recentlievesd'.

Solar water splitting using photoelectrochemicdlscecalled artificial photosynthesis has been
extensively studied, aimed at developing efficieobust and scalable processes for productionvef lo
cost, commercially-competitive hydrogén In spite of the extensive scientific effort toopide
innovative solutions, the question raised in a meqrublicatioff “Will Solar-Driven Water-Splitting
Devices See the Light of Day?” remains open. Tharsthermochemical cycle method is another
promising route being pursued, although no largeestacilities have been developedctually the
only commercially-proven technology and operatedasge scale for water splitting is electrolySis
The cost of hydrogen produced by this method deperainly on the cost of electricity, estimated ¢ b
~$3/kg at the electricity cost of <$0.055/kWh. Ty far higher than the cost of hydrofer$1/kg)
produced using the dominant commercial technolsggam reforming of natural gas. The projected
cost of hydrogeH produced by other water splitting methods is algmificantly higher ($3.5/kg -
$10/kg).

An economic analysi$ of the production of liquid solar fuels from carbdioxide and water was
reviewed recently. Employing a modified Fischer{isch process for reacting captured carbon dioxide
from flue gas with hydrogen produced by electrayfir water (using electricity from wind energy)
yielded an estimated cost of $5.25/gal of gasolirre relative high cost of the fuel resulted frdme t
high cost of hydrogen. Another stddlyeviewed sustainable hydrocarbon fuels produdtipnecycling
CGO, and HO with renewable or nuclear energy concluded ti34ga gasoline could be achieved at
electricity cost of $0.04-0.05/kWh. The significgndifferent production cost of the fuels estimatgd
the two studies results from the different assuomgimade in estimating the cost of the electrolgsis

the Fischer-Tropsch processes.
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A recent papéf reviews the catalytic CChydrogenation to hydrocarbons and describes al fi@ve
spinel catalyst coupled with a system of three pddbed reactors in series with interim removal of
water and condensed hydrocarbons that reached acdd®@ersion of 89% and s hydrocarbons
productivity of >0.5 kg/kg cat/h. The pure-spinatalyst displayed a significantly higher activityda
selectivity than the other Fe catalysts publishredhi literature. This process produces hydrocarbon

mixtures that can readily be converted to liquielsu

Although the CQ hydrogenation process is a very promising routeetewable and fungible fuels,
its implementation is limited by the availabilityf tow-cost hydrogen produced from water. Only
specific locations with access to extremely lowtcetectricity (<$0.03/kWh) will operate such
competitive processes unless a significantly higlost fuel is acceptable for specific purposes like
military use. Therefore, other sources of hydrogieould be sought like fossil natural gas or rendsvab
biogas or biomass. Natural gas has been appliedneonially” as feedstock for production of fuels
through conversion to syngas followed by the Fisdrepsch synthesis (FTS). The syngas is generated
by steam reforming, partial oxidation and autotrermeforming that produce a mixture of hydrogen
and carbon monoxide at a molar ratio close to 2b@a dioxide generated in those processes is
normally separated because it could be detrimaataklectivity or at best is a diluent. Biomassa s
potential renewable feedstock for gasificationyiogas, containing CO, G@nd H, which is fed to the
FT process. Comprehensive reviéWs$ describes the potential catalysts, effect of irtjms; the
economics and the challenges of such processesmparison of several routes for production of fuels
from biomass, carbon dioxide and electrititbased on economical evaluation indicated that the
thermochemical route (gasification and conversioriuels) is by far the preferred route. Biogas is
another renewable feedstock that can be readilyarted to syngas. This syngas contains a significan
amount of CQ, as pointed out in a recent reviéwrl herefore, the development of suitable FT catalys
that handle mixtures of GO CO and H and are the basis for environmentally-acceptalolé a

competitive processes is a major challenge.

Iron-based catalysts®! that display significant reverse water gas shRWGS) activity are
employed in processes for converting CO,,@ad H mixtures to fuels and chemicals. Specifically, a
recent papéf discusses the K/Fe-Cu-Al catalyst performance galaith carbon deposition by
variation of the C@CO ratios. The authors report that in experimamntsrated for 40 h at 300°C, 20
bar, CQ:CO:H, molar ratio of 1:1:7 and weight hourly space vaéloQVHSV) of the carbon oxides of
about 0.83 H, the conversion of CO was 96% while the conversibrCO, was only 12%. The
selectivity to methane was about 10% while the cteity to Cs. was about 60%. The significant
conclusion of this study was that operating at ghhCQ/(CO + CQ) ratio and high pressure and
temperature prevents carbon deposition on the Becbaatalyst. A recent paténtextends the

information on the novel catalytic systﬁ‘rfrom mixtures of CQand H to CGO,, CO and H mixtures.
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Potassium was identified as an important compooénhe Fe-based catalysts for the FTS. In a
recent review, the authors concluded that the presence of potas®duces the formation of GH
while increasing the selectivity to higher hydrdmams. A similar effect was reported in an earlygtti
of CO, hydrogenation. This effect was related to the ankd carburization of the Fe catalyst in the
presence of potassium. A recent sfidyeported the effect of potassium on the ,Ci@ the
hydrogenation of mixtures of CO and €@pparently, increasing the K content did not @ase the

catalyst activity while the average product molaculeight increased.

It is generally accepted that K acts as electrgmmomoter when adsorbed at the surface of
Fe’/FeQ/FeG phases particles lowering the iron work functiae do interaction between alkali metal
valence state and conduction band states in datalyase®*". Donating electron density to the vacant
d-orbital of iron enhances the dissociative adsonpdf CO while lowering the Hadsorption abilit§/.
Depressing hydrogenation activity is associateth Vatver rates of Cliformation, higher selectivity to
olefins and long-chain hydrocarbons. The oxidateton of CQ and excessive water on Fe-carbide
phase® during CQ hydrogenation creates more oxidized iron on thalgsts that may modify the

action of the K promotor.

The hydrogenation of mixtures of CO and £i® a complex process that requires optimization
through modeling and simulations. A recent stidyescribes the simulation that includes steam
reforming of natural gas with addition of GOThe FTS was simulated using experimental results
previously published by the authors. While numerous kinetic models Haeen proposed for Fe-based
FT catalysts, limited information was published t¢me kinetic behavior of catalysts for the
hydrogenation of CO A kinetic study® of CO, hydrogenation proposed two rates expressionsfasne
reverse WGS and the other for the FT. The expetisnerere conducted at 10 bar and stoichiometric
H,/CO, ratio of 3. The highest measured £fnversion was 45% at 300°C to 60% at 400°C dtieeto
equilibrium limitation of the reverse WGS. Anothenetic study' was conducted at high,#€O, molar
ratios of 4 and 8 that produced a light product(0.2-0.3). A similar kinetic model that includaso
reactions (reverse WGS and FT) was used. The Higl@sconversion was 44% atK O, molar ratio

of 8. Increasing temperature and residence timealidncrease the conversion.

A more detailed kinetic study of FTS on K/Fe-Cu-MhO; catalysts has been publisfiedt
includes 10 reactions of CO and, iine of them to light paraffins (€,) and olefins (C,). The last
reaction represents the production gf Bydrocarbons lumped in one componegitiz. The selection
of hexane means that the liquid product was vegltland mostly paraffinic. No oxygenates were

mentioned in this study.

Potential applications of catalytic processes fonverting mixtures of Cg CO and H to
hydrocarbons and oxygenates to be readily conveadiduid fuels and chemicals requires sustained

research aimed at improving the performance ofctitalysts (selectivity to higher hydrocarbons and
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olefins, activity and stability) and optimizatiof the processes. One of the most important compsnen
of Fe-based catalysts is potassium. Developingterbenderstanding of the effects of potassium as
promoter is a key factor in improving performan@mptimization of the process requires a reliable
kinetic model to be implemented in modeling andwations. The scope of this study is to determine
some of the fundamental effects of potassium ofR@espinel catalyst, to develop a detailed kinetic
model of the C@hydrogenation on the Fe spinel catalyst and ptesféects of the feed composition

and operating conditions on the performance op#iketized Fe spinel catalyst in a fixed bed reacto

2. Experimental
Catalysts preparation

The K-promoted, pure Fe-Al-O spinel Fe{fd,),0, catalyst used in this study was prepared and
characterized according to procedures describetvabré®. Potassium was added to the dried Fe-Al-
O spinel precursor by incipient wetness impregmatiith an aqueous solution oL,&O;, followed by
overnight drying at 110°C and calcination in aid&D°C for 6 h. Three Fe-based spinel catalysts wit
different K content were prepared: unpromoted 1083fwt% K (Cat.Fe-OK), 100Spinel/2wt% K
(Cat.Fe-2K) and 100Spinel/4wt% K (Cat.Fe-4K).

Catalysts characterization

The spent catalysts were characterized after Hetingeand passivation. After testing, the catalysts
were treated in He flow at 300°C for 3 h for removhiresidual adsorbed organics and passivated in
CO; flow at 25°C for 1 h. The textural properties loé tcatalysts, surface area, pore volume and pore
size, were calculated from,Nadsorption-desorption isotherms using conventidB&l and BJH
methods. The isotherms were recorded on a NOVA @ZQ@antachrome) at the temperature of liquid
nitrogen after degasing in vacuum at 100Y@e phase composition of the catalysts was detemin
based on their X-ray diffraction patterns. XRD meaments were conducted at the Phillips 1050/70
powder diffractometer fitted with graphite monoatmator, at 40 kV and 28 mA using software
developed by Crystal logic. The phase identifiaatieas performed by using a SBIIDS computer
search/match program coupled with the ICDD. Thatiet content of iron oxide and carbide phases
was obtained by Rietveld refinement of the XRD feoby using the DBWS-9807 prograrifihe
elemental composition of the catalysts was meashyethe EDS method (Quanta-200, SEM-EDAX,
FEI Co instrument). The G&XPD measurements were performed using Chemisaorghioalyzer
Autochem 1l 2920 instrument, Micrometrics Co. Tlaanples were saturated with €@t 40°C before
recording the desorption spectra with a heating 58€ mifl in 5%CQ/He flow of 25 ml mif". XPS
data were collected using X-ray photoelectron spawter ESCALAB 250 ultrahigh vacuum (110
bar) apparatus with an Ald<X-ray source and a monochromator. The spectrapooents of C and Fe

signals were found by fitting a sum of single comgat lines to the experimental data by means of non
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linear least-square curve fitting. The EX05 argom gystem performed controlled removal of surface

layers allowing the depth profile analyses of eletae
Catalysts performance testing

Measurements of the catalysts activity and seliggtincluding data for the kinetic model were

carried out in two units:

1. A computer-controlled bench rig equipped with thoeatinuous-flow fixed bed reactors
connected in series including devices for remowvater and organic liquid between
reactord’ for the kinetic runs (packed with 50 — 200 um perwydand CQ, CO and H
mixtures (packed with 1.4-1.7 mm pellets) runs. Pe#ets were prepared by pressing the
powder catalyst. The catalyst was mixed with silpzavder diluent and packed in the

reactors.

2. One fixed-bed reactor packed with diluted (silipayvder catalyst followed by a cooler and

a gas-liquid separator for studying the effectafgsium.

The hydrocarbon liquid mixture and oxygenates famneous products were separated and analyzed
by GC-MS (Agilent Technologies 6890N network GCteps equipped with 5973 Network mass-
selective detector). GDOH,, CO and GCs hydrocarbons were analyzed on line using GC insgtnim
Agilent Technologies, model 7890A equipped withdves / 7 columns (PLOT and packed)/2 TCD/
FID detectors. The organics content in aqueousyatodas measured by TOC analysis (instrument
TOC-Vcpy Shimadzu Co.).

3. Results and Discussion
3.1 Effects of potassium as promoter of the Fe-spinehtalyst

The catalysts were activated in situ by®D carburization with a stream of 0.03:0.03:0.1#LN
min’t g‘lcat of CO, H and He, respectively, at 300°C for 3 h. The catalywere tested at constant
conditions of 20 bar, 320°C and/B80O, molar ratio of 3. The WHSV of CQOwvas adjusted to reach
about 30% C@conversion so as to achieve differential operatibthe reactor and calculate directly
the reaction rates. The catalysts reached steadyg gtelding constant GOconversion / products
selectivity after 120 h on stream. After the endhaf run, the catalysts were treated with He aed th

passivated with Ctbefore discharged from the reactor.
Effect of potassium on the performance of Fe-Al-O spinel catalyst in CO, hydrogenation

The performance measured with the three catalgsisFe-OK, Cat.Fe-2K and Cat.Fe-4K, listed in
Table 1 demonstrates a significant effect of pasasson the catalyst activity and selectivity. The
RWGS rate of reaction was calculated from the tBfitial measurements of the €€nversion (30%)

and WHSV. The rate of methanation was calculatethfthe molar flow rate of methane and the
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catalyst weight. Similarly, the rate of FTS reactimas calculated from the molar flow rate of all

hydrocarbons (without methane) and oxygenatestandatalyst weight.

Adding 2 wt% potassium increased dramatically bibth RWGS and FTS rates of reaction and

decreased the rate of methanation. Further inergdbe potassium content decreased the reactien rat

of RWGS. The methanation rate displayed an extrémp thus increasing the selectivity of the desired
products. The FTS reaction rate decreased mildtyudily, the ratio of the FTS/RWGS reaction rates

increased gradually as the potassium content iseceavhich has a very important impact on the

process. The effect of potassium on selectivity wery impressive and dominant. Beyond the drop in

the methane selectivity, the significant increasehie selectivity to higher hydrocarbonss{Cis a

substantial factorThose findings are in agreement with the resulesgmted in other studies of Fe-

catalysts in CO and GMydrogenatiofi>>

Table 1 Effect of potassium on the performancessAFO spinel catalyst in C£hydrogenation
Testing conditions: 20 bar, 320°C, molay®0, = 3, 120 h on stream

Reactions rates,

Products selectivity,

mmol g *h* Wt%
Catalyst ETS/ C,-C, Cs.
RWGS FTS CH, CO | CH4
RWGS Olefins | Paraffins| Oxygenate
Cat.Fe-OK 125 62 46 0.50 15 40 15 15 8 7
Cat.Fe-2K 179 112 34 0.63 22 23 24 11 4 16
Cat.Fe-4K 123 95 6 0.77 22 6 24 5 10 33

Effect of potassium on the texture, chemical/ phase composition and surface chemistry of Fe-Al-O spinel

The texture measurements of the spent catalysts @eration of 120 h listed in Table 2 indicate a

significant decrease of the surface area, porenweland diameter as potassium content increasesl. Thi

may be attributed to increasing crystal size oregation of nanoparticles of the Fe-oxide and clrbi

phases produced from Fe-Al-O spinel during activatind self-organization in presence of K as was

observed iff for other Fe-catalysts. It may also be attributethe blocking of pores with coke or wax

which was increasingly deposited as the potassumteat increased.
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Table 2 Effect of potassium on the texture paramaaitFe-Al-O spinel spent catalysts
Testing conditions: 20 bar, 320°C, molayE€i0, = 3, 120 h on stream

Surface area,| Pore volume Average pore
Catalyst 2.1 3 1 diameter,
m-g cm’g
nm
Cat.Fe-OK 78 0.23 60
Cat.Fe-2K 55 0.16 ce
Cat.Fe-4K 42 0.10 e

The chemical composition of spent catalysts expass the weight ratio related to Fe is shown in
Table 3. The catalyst containing 2 wt% K accumulaabout the same amount of total carbon as the
catalyst with no K. Increasing the amount of patasgto 4 wt% increased the total carbon contentfro
0.23 to 0.42. In all cases, the atomic ratio C/fas greater than unity, much higher than in anyaf i
carbide phases FgGtable at testing conditions (i.e.sEg FeC;). It means that the spent catalysts

contained a significant amount of coke or wax cartdeposited during self-organization.

Table 3 Chemical composition of Fe-Al-O spinel dpeatalysts
Testing conditions: 20 bar, 320°C, molayE€i0, = 3, 120 h on stream

Chemical composition

Catalyst _ . .
wt ratio Atomic ratio
Fe Al C K Fe Al C K
Cat.Fe-OK 1 0.21 0.25 0.0 1 0.44 1.2 0.0
Cat.Fe-2K 1 0.22 0.23 0.05 1 0.45 1.1 0.08
Cat.Fe-4K 1 0.20 0.42 0.10 1 0.42 1.9 0.13

The quantitative XRD phase analysis revealed axgtedfect of potassium promoter on the phase
composition of the spent catalysts as illustratgdhie results listed in Table 4. The calculatiohshe
phases content and their average crystal size emrducted based on their X-ray diffraction patterns
shown in Fig. 1. All catalysts contain two Fe-cdibphasesy- FeC, and FeC; formed as a result of
spinel activation and self-organization when pdrtiron was removed from the spinel phase. This
decreases the x value in the formula of spinel @ira$(Fe",Al 1.,),]O, from 0.5, in fresh catalyst, to 0.2

- 0.3 in Fe-poor spinel residua measured accortinige positions of characteristic reflections iway

diffractograms.
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exp
Fe O,

Fe(Fe Al )0,
Fe C,
Fe C,

4 X o e

Intensity

Fig. 1.XRD pattern®f Fe-Al-O spinel catalyst after reaching steadtesin catalytic testing run. (a)
“Cat.Fe-OK”, (b) “Cat.Fe-2K", (c) “Cat.Fe-4K”. Tasg conditions: P= 20 bar, T= 320°C,/B0,=3,

120 h on stream

Table 4 Phase composition of Fe-Al-O spinel spatdlgsts
Testing conditions: 20 bar, 320°C, molay®0, = 3, 120 h on stream

Catalyst Spinel | Crystal | Magnetite | Crystal | yx- F&C, | Crystal | Fe,C; | Crystal - FesCof
wit% size, nm wit% size, nm wit% size,nm | wt% | size, nm | (y-FesCyt+ Fe,Cs)
Cat.Fe-OK 27 8 18 35 34 25 21 35 62
Cat.Fe-2K 41 5 0 - 47 30 12 40 80
Cat.Fe-4K 42 6 0 - 42 35 16 40 72

A very significant result is the removal of Fe frdfm-Al-O spinel in catalyst Cat.Fe-OK that was
partially decomposed into Fe-poor spinel (27 wt@horphous alumina whose reflections cannot be
observed in the diffractogram and magnetite (18 wiB@ding potassium prevents the formation of
magnetite phase while the content of Fe-poor sphwekased to 41-42 wt%. Potassium also enhances
carburization of the Fe-Al-O spinel precursor te #ttivey- Fe,.C, phasé. Interestingly, the content of

v- F&C, phase decreased as the potassium content incrisase@ wt% to 4 wt%. A relatively little

-9-
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change in the crystal size of the two iron carbithases in two potassium promoted catalysts was

observed.

The XPS spectra of the spent unpromoted and K-ptexinee-Al-O spinel catalysts, as-received and
after Ar-etching, are shown in Fig. 2 and 3. The flBEdetected peaks and surface concentrations of
corresponding atoms are given in Tables 5 and @& Main peaks were detected in the XPS spectra of
iron. The first is attributed to the iron carbidas lower binding energy around 707.1-707.5 eV
corresponding to near-metallic state of iron arel gecond belongs to iron ions in oxide phases with
higher binding energy in the range of 710.4.5-716\5 The latter peaks represent superposition of
signals contributed by Fewith BE of 709.5 and of Péwith BE of 711.2 eV**’. Insertion of 2 wt%
potassium shifted the BE of carbide and oxide iatoms to lower values: from 707.5 (707.4 after
etching) to 707.3 eV and from 711.5 (710.8 aftehielg) to 710.8 (710.4 after etching) eV. This
corresponds to formation of more reduced stategoof in carbides and in Fe-poor spinel due to

electron-donation of K-promotér”.

Table 5 Binding energies and concentrations ofageriitoms Fe-Al-O spinel spent catalyst
Testing conditions: 20 bar, 320°C, molay€i0, = 3, 120 h on stream

Catalyst name C 1S core Fe 2R, core

BE, eV % Atomic BE, eV % Atomic | Fean/Fex
284.3 11
284.8 31 707.5 4

Cat.Fe-OK 285.5 19 0.04
286.5 17 711.5 96
288.6 22

Cat Fe.2K 284.1 18 707.3 10

at.Fe-

284.8 48 710.8 9 0.11
285.4 34
284.0 19 707.1 11

Cat.Fe-4K 285.1 55 0.12

710.7 89

286.3 26

-10-
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Table 6 Binding energies and concentrations ofaseriitoms Ar-etched Fe-Al-O spinel spent catalyst
Testing conditions: 20 bar, 320°C, molay€i0, = 3, 120 h on stream

C 1S core Fe 2R, core
Catalyst BE. eV % Atomic BE. eV % Atomic | Feud/Feu
284.3 26 707.4 23
Cat.Fe-OK 284.8 36 0.30
710.8 77
285.6 39
283.6 16 707.3 36
Cat.Fe-2K 284.8 53 0.56
710.4 64
2855 31
284.0 19 7075 34
Cat.Fe-4K 285.1 55 0.52
710.8 66
286.3 26

Insertion of K increased the surface concentratimm relative exposure of carbide iron.
Deconvolution of XPS envelops recorded for C 1@ @trow the coexistence of three groups of signals:
peaks with BE 283.6-284.3 eV corresponding to Fbida carbon, 284.8-285.1 eV belonging to C-C
sp and sp in carbon and hydrocarbons (-&#€H) deposits and 285.4-288.6 eV characteristic for
adsorbed carbon oxygenates moieties containing G5, CH-O, O-C=0 and other oxygen
group$®®** Insertion of potassium increases the relativeosue of carbide carbon at the spent
catalysts surface (from 11 to 19%). This is in agrent with growing of the exposure of carbide iron.
Potassium also significantly increases the relagxposure of carbon belonging to graphite and
hydrocarbons deposits from 31% (36% after etching)he unpromoted catalyst to 48-55% in the
catalysts containing 2-4wt% K. At the same timeertisn of potassium removes the oxygenated
moieties with high C 1S BE from 58% (39% after @igh in the unpromoted catalyst to 26-34% in the

K-promoted catalysts.

-11-
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Fig. 2. XPS spectra recorded with as-received dpewtl-O spinel catalysts : a) — C 1S core; b) sFe
core: 1 —unpromoted catalyst; 2 — 2 wt%K; 3 —t%ouc
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Fig. 3. XPS spectra recorded with spent Fe-Al-Onalpicatalysts after Ar-etching: a) € 1S
core; b) — Fg,core: 1 — unpromoted catalyst; 2 — 2 wt% K; 3 —t%0ouK.
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Potassium is expected to increase the basicite&IFO spinel thus increasing the surface coverage
with acidic CQ reagent molecules. The GOPD spectra illustrated in Fig. 4 indicate that thwt% K
catalysts displayed one G@esorption peak centered at ~¥S@vhich represent relatively weak surface
basic sites. Increasing of K content to 4 wt% fertincreased the weak basicity by a factor of 2.5.
Furthermore, at high K content of 4 wt% appeared &dditional CQdesorption peaks centered at 550
and 856C, corresponding to very strong basic sites. Theselts may be explained assuming strong
interaction between Fe-Al-O spinel and potassiuiloiv concentrations of K, it mainly stabilizes the
Fe-Al-O spinel phase, as detected by XRD. But g lzioncentration of 4 wt%, potassium may exist in

a free form of adsorbed,R, displaying strong surface basicity.
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Fig. 4. CQ-TPD spectra recoded with fresh K/Fe-Al-O spindhbssts
3.2 Kinetic model

Kinetic data were measured for the 4 wt% spinetdtalyst in a three-reactors-in-series system over
a range of operating conditions (300-340°C, 20-28 molar H/CO, = 2.9, WHSV = 1-6 1). In
essence two processes took place in series: RWGEBB. Oligomerization of light olefins was also
found to be important. In contrast to the recenek modef that employed power law expressions for
all 10 reaction rates of FTS, our model consistel8HW (Langmuir-Hinshelwood-Hougen-Watson)
expressions that include an adsorption term indgr@minator. This term contains two components:

H,O and CQ. The reactions were selected so as to reflectritu@ findings of the kinetic study: the
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RWGS reaction, methanation reaction, 7 FTS reastmmd 4 oligomerization reactions. The 7 FT
reactions (3-9) produce light paraffins,{Cs), four light olefins (G, C; C, and G), C. represented by
decene and oxygenates represented by butanoicTamdligomerization reactions (10-13) convert the
light olefins to G, products represented by decene. The reactiondisted in Table 7. The mass
balances expressed by equation (1) assume plug#ldwno internal or external mass and heat transfe

resistances:

= R - Wco, in * Mw; )

d(W;SV)

wherew; is themass fraction of componentWHSV is the weight hourly space velocity of £®, is

the rate of change in the reaction where componisna reactantjproduc&)coz,m is the mass fraction

of CO, at inlet andYw; is the molecular weight of component

The kinetic expressions are also listed in Tabl&ifietic modeling of the experimental data was
conducted employing MATLAB, using 216 data pointsasured at the outlet of the first, second and
third reactor. The MATLAB function “ode113" solvele differential equations system. Kinetic models
were fitted to the data using “Fmincon” functioredsto find the minimum SSE value. The kinetic
constants, including pre-exponent coefficient actdzation energy, are listed in Table 8. The adsonp
constants, including the adsorption pre-exponefatbr and the heat of adsorption, are listedabl@&

9. A parity plot ofw; of all components at the outlet of each reactor ibidects the good agreement of
the experimental data with values calculated withrodel R calculated using regression statistics is
0.99) is depicted in Fig. 5. The predicted and expental weight fractions of Cand CO at the outlet

of each one of the three reactors at 320°C anch@®8 bar, depicted in Fig. 6, are in good agre¢men
They illustrate the significant contribution of éaceactor and the relatively weak effect of total

pressure.

Table 7 Key components and reactions and rateesgjons of the kinetic model

Comp. Name Formula | Comp. Name Formula
1 Carbon Dioxide CO, 7 Propylene CsHg
2 Hydrogen H, 8 Propane* CsHg
3 Carbon Monoxide CO 9 1-Butene C4Hsg
4 Water H,O 10 Pentene CsHag
5 Methane CH, 11 Decene** CigHag
6 Ethylene C,H, 12 Butanoic acid*** | C,HgO-
* C,-Cs paraffins; ** Gg+; *** oxygenates
P1°P2 — %
1. CO,+H,«~ CO+HO n = kl'm
2. CO +3H — CH,+ H,0 r, = ky P22
. 2 2 = K3

1+K4'ps+K1D1

-14-



Page 15 of 22

Faraday Discussions

1 ps py>
3. CO+2 ~C,H4 + H,O 3= kg  ——2—
B — —CoHy + Hy 3 3 " 14Ky patKipn
1 ps P>
4, CO+2 -C3Hg + H,O = ky —————
l_k - 3C\/3) 6 2 4 4 1+K4'p4+K1'p1
7 1 ps Py
+= - + = —_—
5. CO 3H2—>303H8 HO Ts ks 14Ky pa+K1 D1
6. CO + 2H — ~CHg + H,0 o= kg o P3P
) 4 4178 2 6 6 1+K4'p4_+K1'p1
1 ps3 P>
+ = + = —_—
7. CO 2|_k - 5C5H10 HZO r7 k7 1+K4'p4+K1'p1
1 ps P>
+ — + = _—
8. CO 2"& — 1OC:I'OH20 Hzo Tg k8 1Ky Dot Ky Py
6 1 2 ps vy
+- = + = = —_—
9. CO+7H; — ~CHg0, + 7H0 o= ko 14Ky Pa+K1D1
10. C;Hy — ~CyoH r k P
1 — P
P g0 10 10 14Ky patKyps
11. CHg — —CyH iy = dyy P
. Lalg 3310120 11 — 11 14Ky patKy Dy
12. CyHg — —CyH r k Py’
L — P
' 4178 2.5 101720 12 12 1+K4'p4+K1'p1
13. CoHyo— ~CyoH riy = kyg B0
- sf10 = ShtoM2o 137 M3 Kk, patKyDy
Table 8 Kinetic constants of the rate expressions
ki Ko Units E;, kJ mol™ ki Ko Units E;, kJ mol*
k, | 5.5E+06 mol ¢ h* MPa? 72.2 ks | 4.0E+03 mol g h* MPa*? 33.4
k, | 1.0E+09 | mol g h* MPa&t? 98.0 ke | 3.6E+03 | molg”h* MPa* 315
ks | 1.2E+04 | mol g h* MPa&t? 45.0 ko | 2.7E+03 | mol g h™ MPa™® 25.8
k, | 1.2E+05 | mol g h* MPa&t? 53.6 ky | 1.4E+04 | molg' h™ MPa'® 35.5
ks | 1.8E+04 | mol g h* MPa&? 46.4 ki, | 3.7E+04 | mol g h' MP&™® 40.7
ke | 1.1E+03 | mol g h* MPa&t? 315 kis | 6.0E+07 | mol g h™ MPa™® 88.8
k; | 9.0E+02 | mol g h* MPa*? 315
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Fig. 5. Parity plot of the calculated and experitaédata

Table 9 Adsorption constants of génd HO

Ki Koi,MPa AH 4 kJ mol™?

K, 2.1E-02 334
K4 2.4E-02 315
0.05 -
0.9 - b)
a)
08 1 0.04 -
0.7 -
2 0.03 -
X 0.6 - E
' O 0.02 -
—8— 20 bar exp
0.4 - =5-=20 bar calc —@— 20 bar exp
—k— 28 bar exp 0.01 - =@© 20barcalc
0.3 -</-=28 bar calc —— 28 bar exp
=X 28barcalc
p-
0.2 0
Rlin R1out R2 out R3 out R1 out R2 out R3 out

Fig. 6. Calculated vs. experimental weight fractanCQO, (a) and CQb) at the outlet of the three
reactors system at molag/80,= 2.9, 326C, WHSV = 3 i
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The kinetic developed for the catalyst containingt% K will be further extended to account for the
significant effect of potassium. Furthermore, itlle employed to evaluate the effectiveness faotor
the reactions in the model for pelletized catalg€d. in the process feed will also be examined. Wiils
facilitate the application of the kinetic model gnulate the performance of the process at opegratin

conditions that are relevant to commercial appilicest
3.3 Conversion of CQ,, CO and H, mixtures to higher hydrocarbons

The process described in this study was conducittdareed containing C{and H and a mixture
that contained C§ CO and H. The data presented here were measured with ipetefl.4-1.7 mm)
catalysts containing 3 wt% and 4 wt% K over a raofgieed compositions and operating conditions to
examine the potential of the process at conditi@hsvant for commercial applications. Furthermore,

the data will be employed in the simulations of phecess.

Experiments were carried out in the three-reacgetesn at 20 and 30 bar, 320 and 330°C, over a
range of operating conditions, including feed cosian and WHSV. The results of 5 runs, 4 of them
at 20 bar and run P-63-300 at 30 bar, are listediable 10. The oxygenates listed in Table 10 are
dissolved in water. The composition of the orgditaid collected in runs P-63-164 and P-65-69 is
given in Table 11. WHSV is calculated as mass flate of CQ and CO divided by the mass of
catalyst. The other parameters are defined in TAblesCQ is defined so that a molanidCQ, = 1 is

stoichiometric for all feed compositions. The mbakance in all 4 runs was >94%.

Run P-63-164 was carried out with catalyst contgjl wt% K at 20 bar with stoichiometric feed.
The conversion was relatively high and the selégtito Cs. was >50 wt%. P-63-300 was conducted
with sub-stoichiometric ratio. Thus the g€@onversion was lower than that of. WWVHSV and the
pressure were increased from 1amnd 20 bar to 1.3%and to 30 bar, respectively. Increasing WHSV
should lower the conversion while increasing pressiould increase the conversion. Apparently, the
two changes offset each other thus the converdianged little. The selectivity in the runs is rathe
similar, although the methane selectivity in rur632300 is slightly lower and thesCselectivity

slightly higher.

Introducing CO to the feed in the system packeti watalyst containing 4 wt% K led to a gradual
deterioration of the catalyst performance as shimwmin P-65 depicted in Table 10. This was redifie
in Run P-66 by replacing the catalyst in the friesaictor with a 3 wt% K catalyst that displayed Eab
performance. The performance of two reactors ireseP-66-396 R1 (after one reactor) and R2 (after
two reactors) listed in Table 10, indicates tha tonversion of CO is much higher than the,CO

conversion in both reactors. The selectivity inhbaactors is similar.
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Table 10 Performance of G@nd CO hydrogenation process on pelletized cdtalys

run | WIS temp | Hasco, | O [ |k | sl S s | s | s | s | S

! °C molar moxlar % % % % % % % % % %
P-63-164 1.0 320 1.0 1.0 82 81|7 10.5 6.2 1850 p.2.7 51.9 8.2
P-63-300 1.3 320 0.9 1.0 776 87.9 9.6 5.5 15.6.1 2 2.6 54.11 10.5
P-65-45 0.9 330 1.1 0.7 638 709 92.0 11.6 7.0 719.1.8 2.5 49.1 7.9
P-65-69 0.9 330 1.1 0.7 616 687 90.3 11.3 6.6 917.1.8 2.5 51.8 8.1
P-65-93 0.9 330 1.1 0.7 58/6 686 90.0 1R.0 6.7 218.2.0 3.1 50.4 7.8
P-65-141 1.0 330 1.1 0.7 48)]3 630 83.2 1B.8 r.5 .7122.4 3.5 50.7 9.8
P-66-396 R1 1.0 320 0.7 0.8 2016 339 48.7 129 7.42.4 1.9 2.9 45.0 7.2
P-66-396 R2 1.0 320 0.7 0.8 390 66.8 8.7 11.1 6.21.0 2.3 2.9 47.8 7.9

The reactants are defined as: GOA;; H, = A,; CO= A; while the products are listed as: £HA,;
CHay = As; CHetCyHg = Ag; CoHg = A7, CeHgtCyH1o = Ag; Csi = Ag; OXygenatess Ajg, H,O = Aqg
sCQ = 3*CO, + 2*CO; CQ=CQG + CO; xis the conversion of reactant j;;i§ the selectivity of
product j expressed as the mass fraction of tHeocaconverted to that product

The composition of the organic phase in ru83A64 and P-66-396 is listed in Table 11. As
expected, the liquid contained much more olefir@5(wt%) than paraffins (<25 wt%). A comparison of
the products distribution between naphtha andlldigts in the two experiments and the data measured
with the 3 wt% K catalyst published elsewhére depicted in Fig. 7. Surprisingly, the first cea
packed with 3 wt% K catalyst in run P-66-396 yielde slightly heavier product compared with the
product in the second reactor of the same run anithé three combined reactors in run P-63-164,
packed with 4 wt% K catalyst. This is probably do¢he fact that the feed to the first reactor aored
a significant concentration of CO. Furthermore, pheduct obtained with a stoichiometric mixture of

H, and CQ in a three-reactor unit packed with a 3 wt% K lyata’ yielded a much lighter product than
produced with a 4 wt% K catalyst.
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Table 11 Composition of the organic liquid in rih$3-164 and P-66-396

P-66-396
Reactor 1 | Reactor2 | 03164
Non a-olefins 10.8 9.2 10.1
a-olefins 16 19.9 21.4
Non n-
Ce-Cuo paraffins 51 8.4 6.1
n-paraffins 5 5.9 6.0
Aromatics 2.2 2 2.6
Oxygenates 1.6 1.7 3.3
Non a-olefins 10.5 12.4 12.7
o -olefins 20.7 18 17.1
Non n-
CirCop paraffins 9.5 5.9 5.8
n-paraffins 7.8 5.8 54
Aromatics 2.3 3 4.8
Oxygenates 1.3 3.2 3.0
Non a-olefins 1 0.6 0.4
>Cy, a-olefins 5.5 3.4 1.3
Paraffins 0.7 0.6 0.0

100

90 -
80 -
70 -
60 -
50 -
40 H
30 +
20 -
10 -
0 T T T

P-66-396 P-66-396 P-63-164 Ref.[14]
Reactor1 Reactor 2

Composition of the organicliquid, wt%

HC5-C10 mC11-C22 m>C22

Fig. 7. A comparison of the liquid organic prodbetween the first two reactors in run P-66-1693P-6
164 and Ref [14]. First reactor in P-66-169 is kdadvith 3 wt% K, second reactor in P-66-169 is
loaded with 4 wt% K. P-63-164 is loaded with 4 Wwk%
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4. Conclusions

Potassium was found to be a key promoter that emsasignificantly the reaction rates of RWGS
and FTS and increases the selectivity to higherdoaibons while producing mostly olefins. The
methanation rate was decreased extensively onrtimegbed catalysts. Those effects are a resultef th
lower hydrogenation activity, consistent with tHeservation of more reduced states of iron atontiseat
spent steady state Fe-Al-O catalysts surface aétdition of potassium. They could be attributedh®
donation of electron density to vacant d-orbitalirofi in both Fe-poor spinel and carbide phases thu
enhancing the dissociative adsorption of CO wliledring the H adsorption ability. The stabilization
of Fe-poor spinel phase that prevented decompositomagnetite phase contributed to the higher
activity and selectivity of the catalyst. Furthemmopotassium enhanced the catalysts surface gw/era
with CO, as shown by COTPD data. The FTS reactions were acceleratedégnhichment of catalyst

surface with carbide iron, especially more actiegl; phase as established by the XRD and XPS data.

A detailed kinetic model was developed based omrsite experimental data. It includes the
RWGS, methanation, 7 FTS, 4 oligomerization andgexytes formation reactions. The fit of the
kinetic model to the experimental data was verydgd®pecifically, the significant oligomerization
activity of the catalyst that converts light olefito higher hydrocarbons should be mentioned. Rignni
mixtures of CQ, CO and H in the three reactor system packed with pelletzatdlyst yielded a high
productivity of higher hydrocarbons. The compositiof the G, product was a function of the
potassium content and the composition of the féetieavier product was measured with a catalyst
containing 4 wt% potassium compared with the 3 wa8tassium catalyst and with a feed containing
CO,, CO and Hcompared with a feed containing only £&hd H.

5. Acknowledgements

This work was supported by Israel - Strategic Algive Energy Foundation ( I-SAEF), the I-CORE
Program of the Planning and Budgeting Committee dihé Israel Science Foundation (grant
No0.152/11) and grant N&82/13 of the Israel Science Foundation. The asthoe grateful to Dr. A.

Erenburg for XRD characterization of catalystad to Dr. N. Froumin for characterization of

catalysts by XPS.

6. References

1. World Energy Outlook, IEA, 12 November, 2014.
2. B. Friedrich, B. Schink, and R. K. ThauBipenergy- Chances and Limits, German National
Academy of Sciences Leopoldina, 2012, pp 1-1h8v.leopoldina.ory

-20-



Page 21 of 22 Faraday Discussions

3. F. Creutzig, C. von Stechow, D. Klein, C. Hunsbergje Bauer, A. Popp, and O. Edenhoferb,
Economics of Energy & Environmental Palicy, 2012,1, 65-82.

4. J. A. Herron, J. Kim, A. A. Upadhye, G. W. Hubeda®. T. Maraveliasznergy Environ. <.,
2015,8, 126-15.

G. Centi and S. Perathon@hemSusChem, 2010,3, 195 — 208.
K. S. Joya, Y. F. Joya, K. Ocakoglu, and R. vaa#, Angew. Chem. Int. Ed., 201352, 10426
-10437.

7. B. A. Pinaud, J. D. Benck, L. C. Seitz, A. J. Fonna. Chen, T. G. Deutsch, B. D. James, K. N.
Baum, G. N. Baum, S. Ardo, H. Wang, E. Millere and~. JaramilloEnergy Environ. i,
2013,6, 1983-2002.

8. J. R. McKone, N. S. Lewis, and H. B. Gr&hem. Mater., 2014,26, 407-414.

C. Agrafiotis, M. Roeb and C. Sattlé&enewable and Sustainable Energy Reviews, 2015,42,
254-285.

10. S. P.S. Badwal, S. Giddey and C. MunningsREs Energy Environ, 2013,2, 473-487.

11.J. A. Trainham, J. Newman, C. A. Bonino, P. G. Hioand N. AkunuriCurrent Opinionin
Chemical Engineering, 2012,1, 204-210.

12. J. Newman, P. G. Hoertz, C. A. Bonino, and J. Aifflmam J. Electrochem. Soc., 2012,159(10)
Al1722-A1729.

13. C. Graves, S. D. Ebbesen, M. Mogensen and K. KnesidRenewable and Sustainable Energy
Reviews, 2011,15, 1-23.

14. M. V. Landau, R. Vidruk, and M. HerskowitZhemSusChem, 2014,7, 785-794.

15. D. A. Wood, C. Nwacha and B. F. Towldr Natural Gas <ci. and Eng., 2012,9, 196-208.

16. A. H. Lillebg, A. Holmen, B. C. Enger and E. A. Bkan,WIRES Energy Environ, 2013,2, 507—
524.

17. R. Rauch, J. Hrbek and H. HofbaudiREs Energy Environ 2014,3, 343—-362.

18. I. Hannula,Biomass and Bioenergy 2015,74, 26-46.

19. L. Yang, X. Ge, C. Wan, F. Yu and Y. [Renewable and Sustainable Energy Reviews, 2014,40,
1133-1152

20. S. C. Kang, K.-W. Jun and Y.-J. Ldgnergy Fuels, 2013,27, 6377-6387.

21.Y. Yao, X. Liu, D. Hildebrandt and D. Glassémd. Eng. Chem. Res. 2011,50, 11002—-11012.

22. M. V. Landau, R. Vidruk, and M. Herskowitz, WO Patt2014111919, 2014.

23.J. Yang, W. Ma, D. Chen, A. Holmen and B. H. Dagplied Catalysis A: General, 2014,470,
250- 260.

24. M.-D. Lee, J.-F. Lee and C.-S. ChaBgll. Chem. Soc. Jpn., 1989,62, 2756-2758.

25. M. Martinelli, C. G. Visconti, L. Lietti, P. Forzat C. Bassano and P. Deiarizgtalysis Today,
2014,228 77-88.

26. H. P. Bonzelsurf. Sci. Reports, 1987,8, 43-125.

-21-



Faraday Discussions Page 22 of 22

27. M. E. Dry, T. Shingles, L. J. Boshoff and G. J. @agen,J. Catal., 1969,15, 190-199.

28. E. de Smit and B. M. Weckhuysebhem. Soc. Rev., 2008,37, 2758-2781.

29. C. Zhang, K.-W. Jun, K.-S. Ha, Y.-J. Lee, and SKéng,Environ. Sci. Technol., 2014, 8,
8251-8257.

30. T. Riedel, G. Schaub, K.-W. Jun and K.-W. Liel. Eng. Chem. Res. 2001, 40, 1355-1363.

31. M. Iglesias, C. de Vries, M. Claeys and G. Sch&abalysis Today, 2015,242 184-192.

32. N. Park, J.-R. Kim, Y. Yoo, J. Lee and M.-J. Pdrkgl, 2014,122, 229-235.

33. M. E. Dry, Catal.Today, 1990,6, 183-206.

34. H. Wan, B. Wu, C. Zhang, H. Xiang and Y. lli,Moal. Catal. A: Chemistry, 2008,283 33-42.

35. B. H. Davis,Catal. Today, 2009,141, 25-33.

36. J. B. Butt,Catalysis Letters, 1990,7, 61-82.

37. K. B. Sunil, , A. V. Anupama, B. Bikramijit and SalBram, J. Phys. Chem. C, 2015,119, 6539-
6555.

38. http://xpssimplified.com/elements/carbon.php

39. A. Furlan, U. Jansson, J. Lu, L. Hultman and M. kagpn, L. Phys. Condense Matter, 2015,27,
045002 (9p).

40. X. An, B. Wu, H-J. Wan, T-Z. Li, Z-C. Tao, H-W. Xig and Y-W. Li,Catal. Commun., 2007,8,
1957-1962.

-22-



