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Abstract

This work deals with the investigation of the irdhce of the preparation procedure and
Co content on the activity of CoBEA zeolite in Fisc — Tropsch synthesis. For this purpose
the Co-containing zeolites were prepared by a cutimeal wet impregnation (GAIBEA
series) and a two-step postsynthesis methodSiIB&A series). Calcination at 500 °C, for 3h
in air and then reduction at 500 °C in flow of 95H4 — 5 % Ar stream of as prepared
CoAIBEA and CQSIBEA zeolites led to obtain Red-C-2dBEA and Red-C-C¢SiBEA
catalysts with different properties in Fischer -osch reaction. The most active catalysts
were Red-C-CSIBEA and Red-C-C@SIBEA with high CO conversion of 90 — 95 % and
selectivity towards liquid products of 85 % contagh C; — Gg n-alkanes, isoalkanes and
small amount of olefins. In the case of Red-GAIBEA catalysts the CO conversion was of
68 % and selectivity towards liquid products of @/ The identified liquid products were
mainly G — G n-alkanes. Moreover, Red-C-(3BEA catalysts demonstrated better
stability and resistance to coke formation than-BeGoAIBEA ones. It is probably related
to higher dispersion of cobalt nanoparticles in ®e@qSIBEA than in Red-C-CAIBEA
catalysts and absence of strong Brgnsted acidis sitthe former after removal of aluminium

in the first step of two-step postsynthesis preji@mgrocedure.



1. Introduction

The Fischer — Tropsch synthesis (FTS) is a progesshich saturated and unsaturated
liquid hydrocarbons are produced from synthesis das3]. It is the process of great
importance due to the possibility of alternativelfuproduction.

Cobalt and iron supported on $jOAlI,O3 or TiO, are widely used as catalysts
of Fischer — Tropsch synthesis [2, 4]. In the tase the zeolites are also used as the catalyst
supports in FTS [4]. It was shown [2, 4] that hagttivity and selectivity of supported cobalt
catalysts in FT reaction depend on amount of aates@ers present on catalysts surface as
metallic cobalt nanopatrticles. Very often the atfiwf supported cobalt catalysts depends on
the metal dispersion and reduction state ofzphase [2, 4].

Usually, the application of supported cobalt amhicatalysts in FT synthesis leads to
the formation of linear hydrocarbons and waxes.hSliguid products have high cetane
number but very low octane number. To obtain hydroons with higher octane number
zeolites modified by cobalt was applied as potémiES catalysts. These zeolites materials
have several advantages, such as high surfacenaiera,— and mesoporous structure, which
can improve metal dispersion and thus lead to phsanaller size of metal nanopatrticles.
Additionally, their well known catalytic propertie® cracking can cause a decrease of
selectivity toward long—chain paraffins and an @ase of selectivity towards shorter—chain of
saturated and unsaturated hydrocarbons. In conseguene can expect an increase in the
octane number of liquid products of FT synthesjsi7].

As it was recently shown [8, 9], the physicochermmaperties of catalyst, such as,
reducibility of supported cobalt species, a preseoic mononuclear Co species and cobalt
dispersion have strong impact on catalysts activitfT synthesis. This knowledge makes

easier the optimalization and design of new indaistatalysts.



Supported metal/BEA zeolite catalysts were inveséid in FT reaction due to the
presence of acidic sites, which can increase thegitgcand selectivity of catalysts in CO
hydrogenation [10, 11]. The modification of BEA #&® by dealumination followed by
the introduction of transition metals can improwe tactivity of cobalt zeolite catalysts in
Fischer-Tropsch synthesis and enable the selgatoduction of liquid hydrocarbons.

This work is focused on the determination of phgsiemical properties and catalytic
performance in FT reaction of CoBEA zeolite matsriprepared by conventional wet
impregnation and two-step postsynthesis procedufée. activity of Red-C-CAIBEA
zeolite catalysts prepared from HAIBEA zeolite @ning Brgnsted acidic sites is compared
with that of Red-C-C(IBEA zeolite catalysts prepared from SIiBEA zeoliat do not
contain this type of acidic sites. The remarkalfilect of the two-step postsynthesis procedure
on the catalytic activity of CoSIBEA zeolites inethrischer-Tropsch Synthesis has been

demonstrated in this work.

2. Experimental part

2.1. Samples preparation

The series of GAIBEA and CQSIBEA zeolites (where x = 10 and 20 Co wt %) were
prepared by conventional wet impregnation and ttep-spostsynthesis procedure,
respectively [12—-14].

Tetraethylammonium BEA (TEABEA) zeolite provided BYPP (China) was divided
into two fractions. The first one was calcined,(&b h, 550 °C) in order to obtain an organic -
free AIBEA zeolite (Si/Al = 12.5). The GAIBEA zeolites were prepared by impregnation
of AIBEA with an agueous solution of Co(Nf@ 6 H,O (pH = 2.6) under aerobic conditions

[12—-14]. Then the suspensions were stirred at 8@FQ@ h until water was evaporated and



the resulting solids were dried in air at 80 °C 2dr h, calcined in air at 500 °C for 3 h and
labelled C-CAIBEA.

The second fraction of TEABEA was treated in a 18 th™* HNO; aqueous solution (4
h, 80 °C) to obtain a dealuminated and organiee f8iBEA support (Si/Al = 1300) with
vacant T-atom sites (where T = Al). SIBEA was tlsaparated by centrifugation, washed
with distilled water and dried overnight at 80 °T incorporate C8 ions in vacant T-atom
sites, 2 g of SIBEA was stirred under aerobic coowls for 24 h at 25 °C in 200 mL
of Co(NGs), 6 H,O aqueous solution (pH = 2.4 - 2.6) with differenhcentrations to obtain
the solids with various Co content [12-14]. Thdme suspensions were stirred for 2 h at
80 °C until water was evaporated and the resukoigls were dried in air at 80 °C for 24 h
and labelled as GBIBEA. Then, the solids were calcined in air at 8G0for 3 h and labelled
C-CoSIBEA.

Before FT reaction tests, C-dBEA and C-CQSIBEA were treatedn situ under
atmospheric pressure in flow of 95 % H5 % Ar stream at 500 °C for 1 h and such obthine

catalysts were labelled as Red-CzABIBEA and Red-C-C¢5IiBEA, respectively.

2.2. Methods of samples characterization

DR UV-Vis spectra were recorded under ambient apineie on a Cary 5000 Varian
spectrometer equipped with a double integrator witlytetrafluoroethylene as reference.

Powder X — ray diffractograms were recorded onwekBr D8 ADVANCE using Cu K
radiation § = 154,05 pm) in @ range of 5 - 90°.

The TPR — H measurements were carried out in an automatic §jBEem (AMI-1) in
the temperature range of 25 — 900 °C, usiagttéam (5 % bi— 95 % Ar, flow 40 mtmin'™).

H, consumption was monitored by a thermal condugtigtector (TCD).



The TPD — NH measurements were carried out in a quartz reaiong gaseous
ammonium. NH was adsorbed on zeolite catalysts at 100 °C fomiifutes in flowing He.
Before NH adsorption catalysts were dried at 500 °C in Hawflfor 30 minutes.
The temperature programmed desorption o Mids carried out in the temperature range 25
— 500 °C, after removing physisorbed ammonium ftbencatalyst.

Before FTIR Py adsorption/desorption experimenit® self-supported wafers were
activated by calcination in static conditions aB# for 3 h in Q (~ 3.0 16 Pa) and then
outgassed under secondary vacuum at 573 R PH) for 1 h. These wafers were contacted at
room temperature with gaseous Py (133 Pa) via aragpcell containing liquid Py. The
spectra were then recorded following desorptiomfd23 and 573 K with a Bruker Vector 22
spectrometer (resolution 2 &mn 128 scans). The reported spectra were obtaingst af
subtraction of the spectrum recorded before Pyratisa.

The crystal morphology and the size of nanopadioleCo(0) formed in C-GAIBEA
and C-C@SIBEA upon TPR — K experiment were identified by TEM (JEM-100 CX I
ELECTRON MICROSCOPE, JEOL).

Thermal analysis data (SETSYS 16/18, Setaram (E)aand mass spectrometer
ThermoStar, Balzers (Germany)) were used to defiree formation of carbon deposit.

The measurements were made in the range of 250 1D flowing air.

2.3. Catalytic tests

The FT catalytic tests were carried out in a fiestl reactor using a gas mixture
of H, and CO with molar ratio 2/1 and total flow of reags 60 mL min™. Reaction was
carried out under 30 atm at 260 °C and gaseousemémgvere analyzed by GC gas
chromatograph (Shimadzu GC - 14) equipped with T@d&ector and two columns:

measuring — Carbosphere 7A and comparative — mlalesieves 7B. Parameters of GC



measurements: column’s temperature — 45 °C, detedeEmperature — 120 °C, detector’s
current — 100 mA, carried gas — He. Before FT iieactcatalysts were reduceéasitu under
atmospheric pressure in a flow of 95 %-HS5 % Ar gas mixture at 500 °C for 1 h. The liquid
products were analyzed by GC — MS coupled techni@as chromatograph (6890N Network
GC) was equipped with capillary column HP — 5MS i{&gt Technology) and coupled with
guadrupole mass spectrometer (5973 Network Masct8ed Detector). The liquid products
in the aim of water removal, which could formedidgrreaction, were concentrated by SPE
method on octadecyl columns C18. Before extracéanh of column was preconditioned
with 2 mL of n — hexane. After this process 1 mUigtiid products sample were injected on
column and then it was washed with 2 mL of n — hex&C — MS analysis were carried out
in helium flow (0.7 mL min™) in temperature range 60 — 280 °C with linear terapre
increase of 10 °C mih The volume of analyzed sample was 13mm

The quantitative analysis of CO conversiorzgKand selectivity towards CGQScoy),
CH, (Schg) and liquid products ($) were calculated in the following way:

SIL‘Hin. - Sl::mu-i

Keg =—————*= 100%
€0 Sﬂﬂin
I wﬂ:
CHy Xl!'.'[-[.;u:mut
x _ XE[{.}S *Keo
CHyout 1000
X oo * 1000
Sco, = ——=—/F
€02 Xﬂﬂznut f
X _ Xco,s *Keo
COyout 100%

where: Keo— CO conversion

Soin— the peak’s surface of CO on inlet before readtsbandard)



Soari— the peak’s surface of CO after reaction

Sna— selectivity towards CH

Q02— selectivity towards CO

Xcnai— the peak’s surface of GHbrmed during reaction

Xo2i— the peak’s surface of G@rmed during reaction

Xnaout— the teorethical peak’s surface of Okthich could be formed during
reaction in the case when all CO isveoted to CH

Xo20ut— the teorethical peak’s surface of Sfhich could be formed during

reaction in the case when all CO isveoted to CQ

Xcnas— the peak’s surface of Gltandard when only methane is analyzed
Xoz2s— the peak’s surface of GGtandard when only carbon dioxide is analyzed
F — contraction coefficient taken intzaunt the changes of flow and

differences between gaseous substrateBcuid products:

F= S15!|.ri

Ar s
Qri — peak’s surface of Ar (inert gas) during reaction
Qr s — peak’s surface of Ar on inlet before reacticarfdard)
The G — G hydrocarbons were not identified during GC analydihe selectivity

towards liquid products (all formed liquid productgas calculated from following equation:

Stp =100 — (84 + S02)

3. Results and discussion

3.1. The state and nature of cobalt in G&IBEA and CoAIBEA as determined by DR

UV—vis and XRD studies



In Figure 1 the DR UV — vis spectra of as prepa@m®AIBEA, Co,0SIBEA and
CoSIiBEA are presented. For both series, the baatigelen 515 and 455 nm are observed,
which can be assigned to octahedral Co(ll) spg@ié‘sonfiguration) and/or cobalt oxides, in
line with earlier reports on Co-containing zeolif¢2 — 16].

— Figure 1 —

Similar bands were observed for Co-MFI and Co-APzeélites [12 — 14, 17 — 20]. For
all studied zeolites, the band at 300 nm appeanschams related to charge transfer (CT)
transition between oxygen and cobalt in pseudatetiral and/or octahedral Co(ll), in line
with earlier reports [12 — 14, 21, 22].

For C-CQeAIBEA, C-Co0AIBEA and CQeSIBEA and CgeSIBEA a significant
difference in the DR UV-vis spectra are observeat ttan be related to the methods of their
preparation. As shown in Fig. 2, &£8iBEA prepared by two-step postsynthesis procedure
exhibits three kinds of cobalt species, the isdlgiseudo-tetrahedral Co (ll) (band at 640
nm), octahedral Co (ll) (band at 511 nm) and cotlties (band at 464 nm). For GAIBEA
only broad band of octahedral Co (1) and/or cobaltles at 460 nm are observed.

- Figure 2 —

The DR UV - vis results show that dealuminationBEA zeolite leads to better
dispersion of cobalt species in BIBEA containing different cobalt species: isolated
pseudo-tetrahedral Co (Il), octahedral Co (ll) aobalt oxides. In contrast, the introduction
of high amounts of cobalt into AIBEA leads to obt&gAIBEA with octahedral Co(ll) and
cobalt oxides as shown, for example forBEA in Fig. 2.

Figures 3 and 4 present XRD diffractograms of Go8BEA and C-Cg/AIBEA (Fig.

3) and C-CgSIBEA and C-CgSIBEA (Fig. 4). For these samples the lines charéastic for

BEA zeolite (® = 22.4°) and CsD, (20 = 36.7; 58.6; 64.6 °) are observed. The similaedi



related to the presence of {0 were obtained by A. Martinez and G. Prieto for I+
zeolite containig 10 Co wt % (with highest integpdsdr 20 = 36.7 °) [28].
-Figure 3 —

-Figure 4 —

3.2. Nature and strength of acidic centers as detained by FTIR

To determine the nature and strength of acidicezennh both SIBEA and HAIBEA
supports and, as-example, ins@BIBEA and CgdAIBEA, the FTIR spectra of adsorbed
pyridine taken as probe molecules have been redorde

The IR bands typical of pyridinium cation are olveer at 1546 and 1637 chfor
HAIBEA (results not shown), indicating presenceBognsted acidic sites. The other bands at
about 1622, 1610, 1491 and 1455 ‘trobserved for HAIBEA correspond to pyridine
interacting with Lewis acidic sites, in line witlirdier data. Pyridinium cation (bands at 1546
and 1637 cil) and pyridine bonded to Lewis acidic sites (baal$622, 1491 and 1455 tm
1) are present in the IR spectra even after outggssi HAIBEA at 573 K, suggesting the
presence of strong Brgnsted and Lewis acidic sitélsis zeolite. The incorporation of Co in
the HAIBEA leads to decrease the amount of Brgnatédic sites and to increase the amount
of Lewis acidic sites. Moreover, the shift of thend from 1455 (for HAIBEA) to 1450 cfn
(for Cos,0AIBEA) indicates a decrease of the strength ofltbwis acidic sites in zeolite when
Co is incorporated in the HAIBEA.

For SIBEA, the bands characteristic of pyridiniuaticn and coordinatively bonded
pyridine are absent in FTIR spectrum indicating ésence of Brgnsted and Lewis acidic
sites By contrast, the incorporation of cobalt in SiBE#adls to appearance of the bands at
1610, 1491 and 1450 ¢hfresults not shown) suggesting the formation of hewis acidic

sites related to the presence in this zeoliteahtsd pseudo-tetrahedral Co(ll) species.
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3.3. The acidity of C-CQSIBEA and C-CgAIBEA as determined by TPD — NH studies

The acidity of C-CQAIBEA and C-CqQSIBEA was investigated by TPD
of NHs. The results of TPD — Ndbtudies are showed in the Figures 5 and 6 andceTabl

For C-CQoAIBEA and C-CgAIBEA (Fig. 5), two peaks with maximum at 220 °Cdan
470 - 480 °C are seen related to the presenceai amd strong acidic sites, respectively.

- Figure 5 —

For C-CqeSIBEA and C-CgSIBEA (Fig.6), the desorption peaks with the maximat
190 and 410 — 430 °C are seen which can be assignegak and strong acidic sites,
respectively. The lower temperature of high tempeeadesorption peaks for C-GSIBEA
and C-CgoSIBEA than for C-C@AIBEA and C-C@iAIBEA is related to removal of strong
acidic sites upon dealumination process in thé $tep of two-step postsynthesis procedure.

-Figure 6 —

The quantitative TPD — Nfresults presented in Table 2 confirm that dealatron
process leads to decrease acidity of BEA zeoliteline with our ealier works [13, 14].
The amount of adsorbed Nt more than 2 times lower for C-IBEA (1390umolg* for
C-Co,SIBEA and 101Qumolg? for C-CeSIiBEA) than for C-CQAIBEA (2760 umolg® for
C-Co0AIBEA and 2440umolg™ for C-CaeAIBEA). The smaller amount of adsorbed NH
for C-CaoAIBEA than for C-CqoAIBEA is probably related to much stronger porechkiag
by cobalt oxides in the former than in the latter.

-Table 2 —

3.4. The reducibility of cobalt in C-CqSIBEA and C-CoAIBEA as determined by TPR —

H>
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The TPR — H of C-CgeAIBEA and C-CgiAIBEA (Fig. 7) and C-CeSIBEA and C-
Co0SIBEA (Fig. 8) show that for both series the regucprocess is multistage.

For C-CqAIBEA and C-CgeAIBEA reduction peaks are observed at the rangE36¢f
600 °C with maximum at 130 — 160, 245 — 290 and 320elated to reduction of cobalt
oxides. The peaks at 590 °C could be assigneddiectien of octahedral Co(ll) species well
dispersed in BEA structure.

- Figure 7 —

For C-CqSIBEA two peaks observed at about 230 - 300 °C4rid- 415 °C (Fig. 8)
could be related to reduction of £& to metallic cobalt Co(0). Third reduction peak lwit
maximum at 580 °C for C-GeSIBEA and at 630 °C for C-Gg5iBEA can be assigned to
reduction of octahedral Co(ll) species. The redaucpeaks at the highest temperature, at 810
°C for C-CQqeSIBEA and 760 °C for C-G@SIBEA are probably related to reduction
of isolated pseudo-tetrahedral Co(ll) presentamfework of BEA zeolite.

-Figure 8 —

It seems that the easier reduction of cobalt in GABEA than in C-CQSIBEA is

related to the presence in the former of cobaltnigan extra-framework position as cobalt

oxides and in the latter of pseudo-tetrahedral KLeftongly bonded to zeolite structure.

3.5. The morphology of cobalt nanoparticles as dat@ined by TEM analysis

In the Figure 9 the TEM images of C-GAIBEA (Fig. 9a) and C-CgSIBEA (Fig. 9b)
after reduction in hydrogen flow at 900 °C are preged. They show the typical shape of
BEA zeolite and small Co(0) nanopatrticles.

- Figure 9 —
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As it is shown in Table 1, the average nanopadicieze of Co(0) in reduced
C-CoSIBEA is 14 nm and is much lower than those fornmededuced C-CAIBEA (31
nm).

- Table 1 -

The TEM EDSanalysis suggests that BEA zeolite dealuminatiod imgorporation
of Co into zeolite structure ensure very good disijpa of metal and thus creation of small
Co(0) nanopatrticles. It seems that the higher dsspe and smaller Co(0) nanoparticles in
reduced C-C&IBEA than in reduced GAIBEA can lead to obtairof the better catalytic

properties in Fischer — Tropsch reaction.

3.6. The catalytic activity of Red-C-C@SIBEA and Red-C-CgAIBEA in Fischer —

Tropsch synthesis

The Red-C-C¢5IBEA and Red-C-CAIBEA catalysts were tested in Fischer —
Tropsch synthesis. CO conversion and selectivityatds CH, CO, and liquid products were
analyzed. The influence of the Co content on theviac of Red-C-CQSIBEA and Red-C-
CoAIBEA in Fischer — Tropsch reaction is presented in KEgl®. The most active and
selective catalyst towards liquid hydrocarbons appeRed-C-C@SIiBEA and
Red-C-Cg¢SIBEA catalysts, obtained by two-step postsynthgsiscedure. The CO
conversion of 92 and 97 % and the selectivitiesatol liquid products of 83 and 84 % for
Red-C-Cq SIiBEA and Red-C-CgSIBEA were achieved respectively.

For Red-C-CAIBEA catalysts, the best activity and selectivibyvards liquid products
was found for Red-C-GgAIBEA catalyst (CO conversion of 68 %; selectivibyvards liquid
hydrocarbons of 57 %). Red-C-AIBEA catalyst shows much lower activity than Red-C

Co0AIBEA with CO conversion of 7% and selectivity tosda liquid hydrocarbons of 53 %.
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Traditional used Co/AD; catalysts (containing 15 wt % of Co [29] or 7 wi),%
prepared by incipient wetness impregnation, sho@@dconversion of 34.5 - 88.9 % [29,30]
and selectivity towards hydrocarbonsg,©f 81.5 % (p = 20 Bar, T = 220 °C) [29, 30]. It
shows that Red-C-GS8IBEA zeolite catalysts prepared by two-step podtssis method are
much more active than usually used cobalt suppoiie®; catalysts. In contrast, Red-C-
CoAIBEA zeolite catalysts are a little less activanlitraditional used Co/AD; catalysts.

- Figure 10 —

The higher activity of Red-C-GS8IBEA than Red-C-CAIBEA catalysts in Fischer —
Tropsch synthesis seems to be related to bettealtcalispersion and smaller cobalt
nanoparticles size in the former than in the latfdre similar effect of Co dispersion on
activity and selectivity of cobalt catalysts in ¢her — Tropsch reaction was earlier observed
for Co/ITQ [2] and Col/Y [6]. The differences in eeflivity towards CH and higher
hydrocarbons were also observed during Fischersttogynthesis carried out on Co/ZSM —
5,ZSM - 11, ZSM - 12 and ZSM - 34 zeolites [31jeTactivity of these catalysts decreased
in following order: ZSM-12 (12 MR) > ZSM-5 and ZSM: (10 MR) > ZSM-34 (8 MR) [31].
S. Bessels connected an increase of activity inh€isTropsch synthesis with increasing of
cobalt dispersion [31].

It is also found that the activity and selectivily COBEA zeolites changed with
changing of the acidity of these materials. Thealiacihas influence on the kind of forming
liquid products and on the amount and nature obarardepositionFor the most active
catalysts in FT synthesis (Red-CsAIBEA, Red-C-Cq SIBEA and Red-C-CgSIiBEA),
the changes of CO conversion and selectivity tow&#l, CO, and liquid products versus

time are shown in the Figures 11 — 13.
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After 18 h time on stream on Red-C-gAIBEA catalyst, CO conversion decreases by
10 % (from 68 to 58 %) with slight decreases oésiVity towards liquid hydrocarbons (from
54 to 52 %) and slight increases of selectivitydode CH (from 35 to 38 %) (Fig. 11).

- Figure 11 —
At the same time, on Red-C-S8IBEA catalyst one can observe a much higher dsescia
CO conversion (from 90 to 44 %) and selectivity &osls liquid products (from 83 to 76 %)
and increases of selectivity towards JHom 12 to 18 %) (Fig.12a). The most stable gatal
is Red-C-CgSIBEA (Fig. 12b), for which any significant changesCO conversion and
selectivity towards liquid products are observedthis case the CO conversion remains near
90 % and selectivity towards liquid products nead8 after 20 h of reaction. The selectivity
towards CQis stable and remains at the level of 5 % focatalysts under study.

-Figure 12 —

The liquid products fraction was analyzed using ©®S technique. Results of this
analysis are presented in the Figure 13 and ga#iaétanalysis is showed in Table 3. During
FT reaction carried out on Red-C@4BEA catalysts the main liquid products are satieda
hydrocarbons (£— C7). The ratio of isoalkanes to n-alkanes is 0.10Red-C-CiAIBEA.

In contrast, for Red-C-GgAIBEA only saturated hydrocarbons (n-alkanes) drseoved (Fig.
13 and Table 3). On Red-C-(IBEA catalysts both saturated (n-alkanes andksoals) and
unsaturated (£— GCg) hydrocarbons are identified (Figure 13). For Re@0,0SiBEA
catalyst the isoalkanes to n-alkanes ratio is @4® ratio of olefins to n-alkanes is 0.16. For
Red-C-CgoSIBEA catalyst the isoalkanes to n-alkanes rati0.28. The ratio of unsaturated
hydrocarbons to n-alkanes is 0.01 for Red-Go,SBEA (Table 3).

The difference between identified liquid products Red-C-CQAIBEA and Red-C-
CoSIBEA catalysts seems to be caused by the pres#nagious acidic sites in both types

of catalysts. It is believed that hydrocarbons mhpropagation occurs at metallic Co
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nanopatrticles, located in extra-framework zeolisippon and then formed hydrocarbons are
transformed into lighter products, containing lasskanes, in line with earlier report [31].
- Figure 13 —
-Table 3 -

It is very interesting to understand what processesir on zeolite catalysts during FT
reaction and how the liquid hydrocarbons are fornfguese studies are undertaken and will
be subject of further publication.

The serious problem in Fischer — Tropsch synthisstsrbon deposition which blocks
active sites of this reaction. We investigated ami@und type of carbon deposit on both types
of zeolites catalysts by TG — DTA — MS techniqubeTesults are presented in Figure 14 and
in Table 4. As it is seen the carbon depositiohigher for Red-C-CAIBEA (12 — 18 %)
than for Red-C-C&IiBEA (11 — 12 %) (Table 4). The oxidation of camboccurs in two
stages for Red-C-Gg¢5IBEA, Red-C-CeSIBEA and Red-C-CAIBEA catalysts. Both
forms of carbon deposition are easily oxidised. dxielation proceeds up to 500 °C (Fig. 14).
In the case of Red-C-Gg\IBEA catalyst (Fig. 14a) two peaks of G@rmation (MS profile)
with maximum at 300 °C are assigned to removaludiase waxes or surface carbides forms
whereas the peak with the maximum at 420 °C magttoduted to the removal of polymeric
carbon, in line with earlier reports [32, 33, 38¢r Red-C-CgSIiBEA catalyst (Fig. 14b) two
peaks of CQ@formation are also observed and both of them esbgbly related to removal
of surface carbides forms or surface waxes, asestigg recently for Co/SiOnaterials by
Lee and Moodley [33,34].

-Figure 14 —

-Table 4 —
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4. Conclusions

Two different Co-containing zeolite systems weré&oted by two different preparation
procedures, C-GAIBEA by conventional wet impregnation and CySBEA by two-step
postsynthesis method. These zeolite systems shaolffedlent physicochemical properties
related to Co species being in a weak and strongraction with zeolite supports,
respectively.

Red-C-C@SIBEA catalysts showed a very good catalytic afgtiun Fischer-Tropsch
synthesis. The most active and stable catalysts e w&ed-C-C@SIBEA and
Red-C-CgeSIBEA with very high CO conversion (near 90 — 95 &6f selectivity towards
liquid hydrocarbons (saturated n-alkanes and isma& and unsaturated hydrocarbons) near
85 %.

Moreover the amount of carbon deposition on Rede(SBEA catalysts (11 — 12 %)
was lower than that on Red-C-@¢BEA catalysts (12 — 18 %).

The higher activity of Red-C-GBIBEA than Red-C-CAIBEA in Fischer-Tropsch
synthesis was probably related to the higher dssperof Co(0) nanoparticles with smaller

size and particular acidic properties of formecamparison with the latter one.
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Table 1

The average nanoparticles size for Red-Go8IBEA and Red-C-CgSIBEA

catalysts calculated from TEM EDS data

Average crystallites size

Sample
(nm)
Red-C-CgiAIBEA 30.8
Red-C-Cg,SIBEA 14.3

Table 2

The quantitative analysis of TPD-Nlheasurements

The amount of adsorbed NH

Sample (mol g
C-CaAIBEA 2760
C-Co0AIBEA 2440
C-Coy,SIBEA 1390

C-CoSIBEA 1010
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Table 3
The ratios of isoalkanes to n-alkanes and alkepes-alkanes calculated from GC-MS

analysis data of liquid products obtained duringr&dction on various catalysts

Catalyst iso/n-alkanes ratio| pld,y/n-GHan+o ratio Reference
Red-C-CqcSIBEA 0.49 0.16 This work
Red-C-CqiAIBEA 0.10 0.00 This work
Red-C-Cg¢SIBEA 0.28 0.01 This work
Red-C-CgoAIBEA 0.00 0.00 This work

Co/Al,O; 0.02 0.07 [30]

22



Table 4

Carbon deposit on Spent-Red-C;8MBEA and Spent-Red-C-G8IBEA catalysts after

Fischer — Tropsch reaction

Total weight loss

Weight loss related

Weight loss related

to carbon deposition

Catalyst to H,O removal
(%) oxidation
(%)
(%)
Spent-Red-C-
154 3.8 11.6 (1 step)
Co0AIBEA
Spent-Red-C-
15.8 4.9 10.8 (2 steps)
Co010SIBEA
Spent-Red-C-
21.2 3.3 17.9 (2 steps)
CoAIBEA
Spent-Red-C-
14.4 2.1 12.4 (2 steps)
Co,SIBEA
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Figure captions :

Figure 1. DR UV — vis spectra of gAIBEA, Co;0SIBEA and CgySIiBEA recorded at room

temperature and ambient atmosphere.

Figure 2. DR UV — vis spectra of C-@AIBEA and C-CgcSIiBEA recorded at room

temperature and ambient atmosphere.

Figure 3. XRD patterns of C-G&#IBEA and C-CgiAIBEA recorded at room temperature

and ambient atmosphere.

Figure 4. XRD patterns of C-G¢5IBEA and C-CgSIBEA recorded at room temperature and

ambient atmosphere.

Figure 5. TPD — Nhklprofiles of C-C@iAIBEA and C-CgiAIBEA.

Figure 6. TPD — Nhlprofiles of C-Cg@cSIBEA and C-Cg,SiBEA

Figure 7. TPR — Kprofiles of C-CeuAIBEA and C-CgoAIBEA.

Figure 8. TPR — Hprofiles of C-Cg@eSIBEA and C-CaSIiBEA.

Figure 9. TEM images of R-C-Gg\IBEA (a) and R-C-Ca,SIBEA (b).

Figure 10. The conversion of CO and selectivityaods CQ, CH,; and liquid hydrocarbons
after 15 h of reaction at 260 °C and 30 atm on RedeAIBEA, Red-C-CoiAIBEA,

Red-C-Cg@,SIiBEA and Red-C-C@SIBEA catalysts.

Figure 11. Changes of CO conversion and selecttaiyards CQ, CH; and hydrocarbons

C,. versus time for Red-C-GgAIBEA catalyst.

Figure 12. Changes of CO conversion and selecttaiyards CQ, CH; and hydrocarbons

C,. versus time for Red-C-G¢5iBEA catalyst (a) and for Red-C-&8iBEA catalyst (b).
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Figure 13. GC — MS analysis of liquid products aied in FTS carried out on Red-C-
Co0AIBEA catalyst (a), Red-C-GgSIBEA catalyst (b), Red-C-GgAIBEA (c) and Red-C-

C20SIBEA (d).

Figure 14. DTG, DTA and MS analysis of Spent-Re@&G,AIBEA (a) and Spent-Red-C-

C0,0SIBEA catalyst (b).
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Figure 9
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Highlights:

* The most active catalysts were Red-G&IBEA with high CO conversion of 90 — 95
%.

* The selectivity towards liquid hydrocarbong (€C,g) on these catalysts was 85 %.

¢ Cobalt nanopatrticles in Red-C-£&BEA were much better dispersed than that in
Red-C-CqAIBEA
* The carbon deposition on Red-Cs;SBEA was lower than that on Red-C-B{BEA



