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Abstract

A series of precipitated Fe/Cu/K/Si®ischer—Tropsch synthesis (FTS) catalysts incorporated with the magnesium promoter were prepared by
the combination of coprecipitation and spray-drying technology. The catalysts were characterized by phiygidérption, Hor CO temperature-
programmed reduction (TPR), X-ray diffraction (XRD), and&4ébauer spectroscopy (MES) methods. The results show that the addition of the
magnesium promoter increases the BET surface area of the catalyst, and leads to the formation of the relatively smaller crystallifeesze of
in the catalysts, facilitating the reduction and carburization. The extent of carburization increases with the increase of the magnesiundcontent, a
passes through a maximum at an Mg/Fe weight ratio of 0.07. The FTS performance of the catalyst were tested in a fixed bed reactor under tt
conditions of 250C, 2.0 MPa and 2000 for 230 h on stream with syngas (molar ratia/E0 = 2) used as feed gas. The results indicate that an
appropriate amount of magnesium can improve the activity and stability of the catalysts, enhance the selectividytai®@i increase the space
time yield of G* hydrocarbon. The magnesium promoter can also slightly inhibit the activity of WGS, resulting in the decling sl€Qivity
and increase of the carbon utilization. However, excessive addition of the magnesium promoter will lead to a rapid deactivation of the catalyst. Thi
optimal catalyst with Mg/Fe =0.07 (M-3) has high activity and good stability, and keeps the selectivities of effective hydrocagb@)sHCs*)
and CH, at about 83% and 8%, respectively, during the entire run period.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of methane, enhance the selectivities of olefins and higher
molecular weight products and facilitate the WGS reaction
Fischer—Tropsch synthesis (FTS) as an alternative route fdii1-12] However, there is little work reported on adding mag-
converting syngas that was derived from coal or natural gasesium as a promoter. Recently, Luo and D compared
to transportation fuels and other chemiddls3], has attracted group Il alkali-earth metal-promoted iron-based catalysts with
much interest in recent yeaj4—6]. Due to the high FTS and potassium-promoted and unpromoted catalysts under medium
water—gas-shift (WGS) activity, iron-based catalyst is the prepressure conditions appropriate for slurry reactor operations.
ferred catalyst for FTS using low4ACO ratio syngas from coal The results showed that the catalysts promoted with magne-
gasification or CQ reforming of natural gagZ/—8]. sium have lower FTS activity and lower chain growth factor
In order to improve the catalytic performance of iron-basedhan the potassium-promoted iron catalyst, but higher activ-
catalyst, researchers have studied the effects of some meigl and chain growth factor than an unpromoted catalyst. In
promoters, especially potassiuf@—10] Potassium addition addition, it was found that the magnesium promoter has a neg-
can restrain the hydrogenation ability, suppress the formatioative effect on WGS activity. Gallegos et §1.3] investigated
the Fe/SiQ-MgO catalysts for FTS reaction. The experimen-
tal results showed that the rate of total hydrocarbon formation
* Corresponding author. Tel.: +86 351 413 0337; fax: +86 351 413 0337. increased with the increase of the MgO content, and that the
E-mail address: ywl@sxicc.ac.cn (Y. Li). optimal content of MgO could increase the selectivity to olefins
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and suppress the formation of @Hrhe catalysts were charac- sieved to retain 20—40 mesh particles prior to loading to a fixed
terized by using selective chemisorption of CQ,Wlumetric  bed reactor.
oxidation and Mdssbauer spectroscopy (MES). The results indi-
cated that MgO concentrated the surface of S#&dd could  2.2. Catalyst characterization equipments and methods
modify the metal crystal size. Dry and OosthuiZéd] stud-
ied the role of alkali earth metals on the chemisorption heat BET surface area, pore volume and average pore diame-
of syngas on the surface of a promoted iron FTS catalyster of the fresh and activated catalysts were measuredoby N
The results showed that the MgO promoter did not signifi-physisorption at-196°C using a Micromeritics ASAP 2500
cantly change the heat of adsorption for any gas and acteslystem. Samples were degassed at°T2fbr 6 h prior to mea-
purely as a structural promoter. Dutartre et[4b] studied the  surement.
activation of B over an Fe/MgO catalysts with the helps of = Temperature-programmed reduction (TPR) studies were per-
Mossbauer spectroscopy and magnetic techniques. Putanovfetmed using a mixture gas of 5%F95% Ar (Ho-TPR) or 5%
al. [16] studied the effects of MgfD, (prepared from mag- CO/95% He (CO-TPR). In HTPR experiment, about 40 mg of
nesium nitrate and magnesium acetate) as a support precursmatalyst was packed in an atmospheric quartz tube flow reactor
on the properties of iron/magnesium catalysts. Their result§5 mmi.d.). Then the catalyst sample was heated in a flow of 5%
indicated that the catalyst with the support prepared from mag-»/95% Ar from room temperature to 80C at a heating rate of
nesium nitrate had the higher activity by one order of magnitud& °C/min, and the flow rate of the reduction gas was 40 ml/min
than that from magnesium acetate, but the catalyst with than the standard state. Hydrogen consumption was monitored by
support prepared from magnesium acetate showed better irthe change of thermal conductivity of the effluent gas stream.
tial selectivity toward alkenes and a lower initial deactivationThe conditions of CO-TPR experiment are similar to those for
than that from magnesium nitrate. However, these previous studd,-TPR, and the only difference is that a liquefied nitrogen bath
ies did not give a detailed explanation about the effects of thevas used to remove Gdormed during the carbon monoxide
group Il alkali-earth metals on the performance of an iron-basededuction.
catalyst. Powder X-ray diffraction (XRD) patterns of the catalyst sam-
This paper aims at a systematic understanding of the effeqiles were determined on a D/max-RA X-ray diffractometer
of the magnesium promoter on precipitated Fe/Cu/KfQi@la-  (Rigaku, Japan) with Cu &radiation ¢ =0.154 nm), operated
lysts under industrially relevant operation conditions. Particulaiat 40 kV and 100 mA. Standard powder XRD cards, compiled by
attention is focused on the effect of magnesium on the catahe Joint Committee on Powder Diffraction Standards (JCPDS)
lyst activation, on the textural properties and on the bulk phasand published by the International Center for Diffraction Data,
structures of the fresh, activated and used catalysts. The FTS angre used to identify the iron phase of the fresh, activated and
WGS activity, olefin and oxygenate selectivity, and hydrocarborused catalysts. Thedésbauer spectra of catalysts were recorded
product distribution are correlated with the catalyst characteriat room temperature by using a CANBERRA Series 40 MCA

zation results. constant-acceleration désbauer spectrometer (CANBERRA,
USA). Thevy-ray source was’Co/Pd. All spectra were ana-

2. Experimental lyzed with a non-linear least squares fitting routine that models
the spectra as a combination of singlets, quadruple doublets and

2.1. Catalyst preparation magnetic sextuplets based on a Lorentzian line shape profile.

Magnetic hyperfine fields were calibrated with the fieldefFe

Mg-promoted Fe/Cu/K/Si@ catalysts used in this study atroomtemperature. The hyperfine parameters, the isomer shift
were prepared by a combination of co-precipitated andlS), the quadruple splitting (QS), and the magnetic hyperfine
spray-dried method. A solution containing Fe(®&9H,0O, field (Hhf), were used to identify the spectral components. Usu-
Cu(NG3)2-2H20 and Mg(NQ)2-6H20 in the desired ratio was ally it was assumed that theddsbauer area ratios are equal to
added to a continuously stirred tanker together with a sodiuna relative amount of the associated species.
carbonate solution. When the slurry pH value was maintained at
7—7.5, a precipitate was obtained. The precipitate was washedd3. Reactor system and operating procedures
completely with deionized water, subsequently filtered. The final
cake was reslurried in deionized water. The potassium silicate The catalytic performances of the catalysts for FTS were
was added in rigorous stirring. Then the slurry was spray dried¢onducted in a stainless steel fixed bed reactor with an internal
at 250°C in a QZR-5 spray drier (Linzhou Spray Dryer Co., diameter of 12 mm and an effective bed length of approximately
PR China) in air, and the spray-dried powder as prepared wakb cm. The feed gas with4ACO ratio of about 2.0 was prepared
calcined at 320C for 5h in a muffle furnace. The fresh cat- by the decomposition of methanol. Prior to entering the reactor,
alysts exhibit good micrometer-scale spherical particles wittthe feed gas passed through a series of columns (a sulfur-removal
an average size of 38m. The compositions of the five cata- trap, an oxygen-removal trap, an activated charcoal trap and a
lysts are 100Fe/5Cu/6KMg/20SiQ, (x=0, 2, 4, 7, 11). Which  silica-gel/SA molecular sieve trap) to remove tiny amounts of
were labeled as M-0, M-1, M-2, M-3 and M-4, respectively. Thesulfur, oxygen, carbonyls and water. The flow rate of the purified
detailed preparation method can be found elsewfErg In syngas was adjusted with a mass flow controller. After leav-
all tests, the catalysts were pressed into particles, crushed aimy the reactor, the stream passed through a hot trap°@30
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collecting the high molecular weight hydrocarbons) and a cold 16
trap (0°C, collecting the liquid products) at the system pres-
sure. After the product collectors, the pressure was released
through a backpressure regulator. The flow rate of the tail gas 12t A
was monitored by a wet-gas flow meter. A detailed description of 5 | [ e —a— M-1
the reactor system used in this study was introduced elsewheree I/

[18,26] 1‘

In FTS reaction experiments, 5 ml of the catalyst was packed
in the reactor and then activated for 15 h using syngas with an
H,/CO ratio of 2.0 under the conditions of 250, 0.25 MPa and
1000 L. After activation, the reactor temperature was cooled
to 150°C, and then the reactor system was adjusted to desired
pressure and space velocity. The temperature was gradually 00
increased to 258C within 7 h. During the whole reaction period, T T
the products in the hot and cold traps are collected usually with Pore diameter (nm)
the intervals of about 12 h.

The products of FTS and the feed gas were all analyzed OﬂEig. 1. Pore size distribution of the fresh catalysts with different magnesium
line using gas chromatographs (GC),HCO and CH were contents.

separated on a GC 920 (Shanghai Analyzer Co., China) with a : A .
13x molecular sieve packed column (1508 mm i.d.. Ar car- wax for preventing the oxidation and then sealed for characteri

. . ... zation of XRD and MES. The catalysts for the characterization
rier), and then they were analyzed using a thermal COI’IdUCtIVIt%f BET were reduced under above conditions. The reduced cata-
detector (TCD). @—Cg hydrocarbons in the tail gas were ana- |

lyzed on a Shimadzu-7A GC equipped with a modified@y lysts were washed several times with xylene, and protected with

packed column (1.5m 3mmi.d., N carrier) and a flame ion- absolute ethanol for characterization.
ization detector (FID). The oil phase collected in the cold trap . .
was analyzed on an Agilent 6890N (Agilent, HP) gas chromato>: Results and discussion
graph using a DB-1 quartz capillary column (66¢0.25 mm ) )
i.d., N carrier) and an FID under temperature programming,j']' Textural properties of the fresh and activated catalysts
and oxygenates in the water phase were measured by an Agilent ) ) o
6890N gas chromatograph with a DB-WAX quartz capillary col- Textural properties apd pore size dlstr|bu'F|ons of the fresh
umn (30 mx 0.32 mm i.d., FID, H carrier). Wax collected in |ron-bas_,ed catalysts vv_lth different magnesium contents are
the hot trap was analyzed on a GC 920 with a*L[AT) stain- shown inTable 1anq Fig. 1, respectlvel)_/. It can clearly _be. .
less capillary column (30m 0.53 mm i.d., N carrier) and an seen that the addition of the magnesium promoter signifi-
FID under temperature programming. A GC 920 with a packecfantly IMproves the_ BET surfa<_:e area of the fresh catalysts
column (401, 1 nx 3mm i.d., H carrier) and TCD were used (Tqble ). However, in the experimental range of Mg/Fe mass
to analyze the amount of GOn the tail gas. The C@concen- ratio (0.02-0.11), t.he BET surfgce area of the fresh gatalysts
tration was calculated by the external standard method. monotonously declines with the increase of the magnesium con-
tent. As shown ifTable 1andFig. 1, the pore size distribution
of the fresh catalysts without the magnesium promoter or with
2.4. Catalyst activation higher magnesium content show a shoulder peak, but those of
the catalysts with lower content of the magnesium promoter only
The catalyst samples used for XRD and MES characterizashow a single peak.
tion were activated in a quartz tube under the same conditions Textural properties of the activated catalysts are summarized
(250°C, 0.25MPa, H/ICO=2 and 1000h!) for 15h. After  in Table 2 Compared withTable J, one can see that, after the
activation, the quartz tube was cooled to room temperature arattivation, the BET surface areas and the pore volumes of the
sealed in an inert atmosphere. Then the quartz tube was trarectivated catalysts significantly decrease, and that the pore diam-
ferred to a glove box with Ar protection, in which the reducedeters significantly increase. The BET surface areas of the all
samples were transferred to glass tubes and coated with paraftictivated catalysts are in the range of 81-8fyvand there is
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Table 1

Textural properties of the fresh catalysts with different magnesium contents

Catalysts Mg/Fe (wt/wt) BET (Rig) Pore volume (ci?g) Maximal probability pore diameter (nm)
M-0 0 214 0.27 35,55

M-1 0.02 250 0.28 4.5

M-2 0.04 246 0.27 4.5

M-3 0.07 237 0.33 3.5,6.0

M-4 0.11 230 0.36 35,65
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Table 2

Textural properties of the activated catalysts with different magnesium contents

Catalysts Mg/Fe (wt/wt) BET (fig) Pore volume (crig) Maximal probability pore diameter (nm)
M-0 0 82 0.22 7.3

M-1 0.02 84 0.19 6.0

M-2 0.04 89 0.21 6.0

M-3 0.07 86 0.23 7.0

M-4 0.11 91 0.27 7.3

no clear correlation between the BET surface areas of the actinagnesium content, except for the catalyst M-4 with the high-
vated catalysts and the magnesium promoter content. The poest magnesium content (Mg/Fe =0.11). This suggests that the
size distributions of the activated catalysts show single peaks. #ddition of the magnesium promoter enhances the reduction of
is clearly seen that the distributions of small pores with diameea-Fe;O3 in Ho and which results in a decrease in the reduction
ter less than 3.5 nm of catalysts significantly decrease, and thegmperature. For the catalysts with lower magnesium content,
the maximal probability pore diameter significantly increasesnamely M-0, M-1 and M-2, the area of the first small reduction
(from 3—-4 nm to 6—7 nm) after activation. The probable reasompeak (ca. 300C) increases with the increase of the magnesium
is that the smaller pores collapse forming bigger pores duringontent. Such results indicate that the addition of small amount
the activation process. Similar results over iron-based catalystsf magnesium promotes the dispersion of Cu promoter, improv-

have also been reported by other researcliéxs21] ing the reduction o&-Fe,O3 that interacts with the Cu promoter.
However, for the catalysts M-3 and M-4 with higher magne-
3.2. Temperature-programmed reduction sium content, the area of the first small reduction peak declines,

especially for M-4, the first smaller reduction peak almost disap-

The effects of the magnesium promoter on the reductiorpears. Meanwhile, the second small reduction peak significantly
behavior of the catalysts were measured ByTHPR and CO- increases and the reduction temperature shifts to higher temper-
TPR. The profiles of HFTPR and CO-TPR are presented in ature with the increase of the magnesium content. The probable
Figs. 2 and 3respectively. As shown ifrig. 2, all catalysts reason is that small amount of magnesium promoter can pro-
present two main reduction peaks at about 3D@&nd 550C mote the dispersion of Cu promoter which enhances the effect
in the H-TPR profiles. It has been postulated that the first stagef Cu promoter and improve the reduction of the catalyst, and the
corresponds to the reductionsw@fe,03 to magnetite (F§04) excessive Mg promoter may weaken the interaction between Cu
and CuO to Cu, whereas the second stage corresponds to subged Fe oxide and results in a restraint of the catalyst reduction.
quent reduction of F#,4 to metallic iron (-Fe)[8]. It is also As shown inFig. 2 the reduction temperature of the second
found that the first stage can be further separated into two peakstage (the reduction of E&4 to a-Fe) of the Mg-promoted cat-
the first peak corresponds to the reduction of the solid solutiomlysts promoter shifts to higher temperature. This may be due
of CuO and part ok-Fe,O3 to Cu and FeO4 [8], and the second
small peak is ascribed to the reduction of the residukE,O3

to FeOg4. The profiles clearly show that the first reduction peaks
of catalysts shifts to lower temperature with the increasing of the N
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Fig. 3. CO-TPR profiles of the fresh catalysts with different magnesium con-
Fig. 2. H-TPR profiles of the fresh catalysts with different magnesium contentstents.
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to the formation of a solid solution of &, and MgO that is

difficult to be reduced during the course of the TPR at higher M

temperature. However, the effect of the magnesium content on

the reduction temperature of this stage is not clear. M
The effects of the magnesium content on CO-TPR of the cat-

alysts are shown ifrig. 3. It is found that all the five catalysts

show four-peak patterns. For the catalyst without the magne-

sium promoter, M-0, the area of the first small peak (ca.°Z0)0

is bigger than the area of the second small peak (ca®QR0

The first peak is probably attributed to the reduction of the solid M

solution of CuO andx-Fe,O3 to Cu and FgQO4, and the sec-

Intensity (a.u.)

ond small peak is attributed to the reduction efFe,O3 to ‘ ‘ , a-Fe,0,
Fes04 [8]. In contrast to this, the magnesium-promoted cata- S { R E—
lysts present only one small peak below 3@Jand the area of 20 30 40 50 60 70
the first small peak (ca. 20Q) is bigger than that of the catalyst 26 ()

M-0. These result; squeSt that a certain content Qf magngsmgb 4. XRD patterns for the fresh catalysts with different magnesium contents.
can promote the dispersion of CuO, strengthen the interaction of

CuO anda-Fe0O3 and improve the reduction ef-Fe0Os. The
results are consistent with those observed TR Fig. 2).
According to the literaturg8], the other two reduction peaks
(ca. 360°C and 490C) of the catalyst M-0 may correspond to
the transformation of R, to iron carbide g-carbides) and

a-Fe O3 in the fresh catalysts were weakened, and only two
broad diffraction regions appeared. Such results indicate that
addition of magnesium into the catalyst can promote the disper-
sion ofa-Fe O3 crystallite, which is consistent with the results
of the BET surface area mentioned above. No characteristic sig-

the inter-transformationyfcarbides to cementite) among vari- ! - )
ous iron carbides, since cementite is the stable carbide phase'&'S of MgO can be observed in the X-ray diffraction patterns,

high temperature. The magnesium-promoted catalysts presehtTPly that MgO is well dispersed in the catalysts.

three reduction peaks at temperatures of ca°82630°C and _ Thg Mossbauer parameters of the fresh catalysts are summa-
600—~700°C, respectively. It can be seen that, for the magnesiumti2€d inTable 3 The MES spectra of the catalyst M-0 include
promoted catalysts, the peak of ca. 320corresponding to the & Sextet and a doublet, whereas the MES spectra of the magne-
reduction of magnetite tg-carbide shifts to the lower temper- SiUm promoted catalysts include only a doublet. According to

ature which indicates that the addition of the magnesium cal{'¢ MES parameters listed fable 3 the sextet is assigned to

facilitate the carburization of the catalysts. It is well-known thattn® magnetie-FeOs with crystallites size larger than 13.5nm

the Boudouard reaction (2CG C + COy) which leads to the [22:24} The doubletis typic;_al for the superparamagnetic _(spm)
carbon deposition usually accompanies the phase transform€. ons on the non-cubic sitg23]. The caﬁalys%rM—O consists
tions during the reduction process of the catalysts. Recently, Jiff 26-5% ferromagnetie-Fe;O3 and 73.5% Fe” (spm) and

and Datye[8] studied the Fe/Cu/SiOcatalyst and found that & t+he magnesium-promoted catalysts are composed of 100%
the carbon deposition occurs in parallel with carbide formation€ " (Spm). The results indicate that the magnesium promoter
no carbon deposition being observed in the catalyst that was nGgN €nhance the dispersion of tié¢e,03 phase. These results

carburized. Fronfrig. 3, it is found that there is no peak in the '€ well consistent with the results of BET and XRD character-

pattern of the catalyst without the magnesium promoter ovef?@tion- Gallegos et a[13] studied the Fe/SigMgO catalysts
500°C, whereas the magnesium-promoted catalysts presentfﬁr FTS by selective chemisorption of CO, volumetric OX|dat|9n
bigger peak in the range of 600700, especially for the cata- a"d MES, and found that MgO covers on the surface 0LSiO
lystwith higher Mg content (M-3 and M-4). This is probably due and modifies the metallic crystal size; it is well agree with our
to the carbon deposition. This difference strongly suggests th&BSUlts:
the magnesium can promote the carburization of the catalysts,
leading to a significant carbon deposition during reduction.  3.3.2. Activated catalysts
The XRD patterns of the catalysts with different levels of
3.3. Bulk phase structure magnesium after being activated with syngas/@GO =2.0) at
250°C, 0.25 MPa and 10001 for 15 h are presented Fig. 5.
XRD and Missbauer spectroscopy are used to detect the bulkhe XRD pattern of the catalyst M-0 shows the characteristic

phases of the fresh, reduced and used catalysts. peaks ofa-Fe0O3 at 2 values of 33.1, 35.6, 54, 62.5 and
64°, and no FgO4 and iron carbides can be detected by XRD.
3.3.1. Catalysts as prepared The XRD patterns of the catalysts promoted with magnesium

The XRD patterns of the fresh catalysts are showRi 4. show a broad peak centered at' 4Bccording to the Data of
For the catalyst M-0, the only detectable phasei6e03, JCPDS, since most iron carbides have the characteristic peaks
which has characteristic diffraction peaks étv2lues of 24.3, at about 43, the broad diffraction region may be attributed to
33.3,35.8,40.9,49.6,54.2,57.6 and 64.1. With the incor-  iron carbides or the overlap of @4 and iron carbides. Itis also
poration of the magnesium promoter, the characteristic peaks édund that the peak intensity increases with the increase of the
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Table 3
Mossbauer parameters of the fresh catalysts with different magnesium contents
Catalysts Phases ddsbauer parameters Spectral contribution (%)
IS (mm/s) QS (mm/s) Hhf (kOe)
M-0 a-Fe03 0.35 -0.24 490 26.5
Fe* (spm) 0.33 0.78 - 735
M-1 Fe** (spm) 0.33 0.83 - 100.0
M-2 Fe* (spm) 0.34 0.80 - 100.0
M-3 Fe* (spm) 0.33 0.83 - 100.0
M-4 Fe* (spm) 0.33 0.82 - 100.0

magnesium content and reaches a maximum at the Mg/Fe = 0.@nd 0.27-0.43 mm/s, Hhf of 181-187 kOe, 219-225kOe and
(M-3). Beyond this content, the intensity of the diffraction peaks104—116 kOe can be attributed to I, Il and Il siteyefFe;Co,
declines. These results suggest that the catalysts get easy torespectively. As shown ifable 4 there is no FgO4 in the
reduced and carburized with the increase of the magnesium cohulk phases of the activated catalysts with the magnesium pro-
tent when the Mg/Fe mass ratio is below 0.11, however, thenoter and no iron carbide in the bulk phases of the catalysts
excessive addition of the magnesium promoter will suppress thigl-0 and M-1. The content of the iron carbide in the catalysts
reduction and carburization. This is consistent with the resultsvith the magnesium promoter increases with the increase of the
of H>-TPR and CO-TPR. magnesium content and reaches a maximum at the content of
The Mossbauer parameters of the activated catalysts are priétg/Fe =0.07 (M-3). After the maximum point, the content of

sented inTable 4 The Massbauer spectrum of the catalyst M-0 iron carbide declines with the increase of the magnesium con-
show three sextets and two doublets. However, for the catalystent. These results indicate that an optimal amount of magnesium
promoted with magnesium, M-1 has only two doublets, M-2 anccan promote the carburization of the iron-based catalysts. And
M-4 have one sextet and two doublets and M-3 has three sextetfse extent of reduction increases with the increase of the mag-
and two doublets. According to the spectral parameters summaesium content and reaches a maximum at the Mg/Fe =0.07,
rized in Table 4 the values of the sextet with isomer shift of then declines with further increase in the magnesium content.
0.35 mm/s, quadruple splitting of 0.01 mm/s and hyperfine fieldrhe CO-TPR pattern shows that the CO consumption of the cat-
of 490kOe imply the presence ofFe,O3. The sextets with alyst M-4 is the biggest one among the five catalysts, but the
Hhf of 465k0e and 425kOe can be attributed to the tetraheMES result of the catalyst M-4 shows that the content of the
dral (A site) and octahedral sites (B site) okPR, respectively iron carbide is lower than that of M-3. This suggests that there
[25—-26] The doublets with isomer shift of 0.68—0.97 mm/s andis significant carbon deposition on the catalyst M-4. The MES
quadruple splitting of 1.69-2.13 mm/s are attributed t6'fens  results obtained agree well with those of-RPR, CO-TPR and
in superparamagnetic state, and the doublets with isomer shikRD.
of 0.33-0.38 mm/s, quadruple splitting of 0.71-0.80 mm/s are
attributed to F&' ions in superparamagnetic state. The val-3.3.3. Used catalysts
ues of the sextets with IS of 0.26-0.34 mm/s, 0.3-0.39 mm/s The XRD patterns of the catalysts after FTS reaction with

syngas (H/CO =2.0) at250C, 2.0 MPa and 20001 for 230 h

are presented ifig. 6, and the Mdissbauer spectra parameters

Moa are summarized iffable 5 As shown inFig. 6, the XRD pat-
terns of the five catalysts are similar to each other. There are a

YA . big and broad peak at 43.5nd two weak and broad diffraction

regions at the range of 39-%m the patterns. According to the
data reported in the JCPDS database and in the literf28te
most of the carbide phases have prominent peaks ‘aad

Intensity (a.u.)
: FZ

e M 43 . Therefore, the peaks at 39-24and 43.5 may be assigned
Mo to the presence of iron carbides. Due to the poor crystallographic
i NS N form of iron carbides, itis impossible to specify which carbide is
obtained under these conditions or to determine the stoichiom-
1 ‘ . ! N | Fe . etry of those carbides from the XRD patterns.
‘ \ wFe.O The Mossbauer spectra of the catalysts after reaction can be
, : i L | SR U et S fitted by three sextets and two doublets. No sextets gDire
30 40 50 60 70 are found in the patterns any of the catalysts. Huang §2 ],
26 () Shroff et al.[28] and Bian et al[29] reported that F, is

Fig. 5. XRD patterns for the reduced catalysts with different magnesium conJ-[he Only phase in the used iron-based CatalyStS by XRD analy_

tents. Reduction conditions: #CO =2, 250°C, 0.25MPa and 1000# for sis, which is different from the results of the present study. By
15h. comparing the analysis of the used catalysts with that of the
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Table 4

Mossbauer parameters of the activated catalysts with different magnesium contents
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Catalysts Phases ddsbauer parameters Spectral contribution (%)
IS (mm/s) QS (mml/s) Hhf (kOe)

M-0 a-Fes0;p 0.35 0.01 490 21.9
Fe304 (A) 0.41 0.04 465 2.6
Fe304 (B) 0.75 —0.04 425 5.7
Fe** (spm) 0.97 1.86 - 34.2
Fe** (spm) 0.37 0.74 - 35.5

M-1 Fe** (spm) 0.97 1.69 - 56.3
Fe** (spm) 0.35 0.80 - 437

M-2 x-F&Co 0.29 0.01 189 36.2
Fe** (spm) 0.77 1.76 - 23.9
Fe** (spm) 0.39 0.73 - 39.9

M-3 x-Fe&sCa (1) 0.26 —-0.03 182 318
x-FesC (1) 0.31 —0.03 221 26.7
x-FesCo (11l 0.27 0.19 107 19.0
Fe** (spm) 0.68 2.13 - 6.9
Fe** (spm) 0.33 0.72 - 15.6

M-4 x-F&Co 0.29 —0.06 189 25.8
Fe** (spm) 0.97 1.75 - 37.7
Fe** (spm) 0.37 0.80 - 36.5

Activation conditions; H/CO =2, 250°C, 0.25 MPa and 10001 for 15 h.

Table 5

Mossbauer parameters of the used catalysts with different magnesium contents

Catalysts Phases ddsbauer parameters Spectral contribution (%)

IS (mm/s) QS (mm/s) Hhf (kOe)

M-0 x-FesCo (1) 0.26 —0.05 181 28.6
x-FesCo (1) 0.31 —-0.01 220 24.7
x-FesCz (11l 0.27 0.09 110 17.0
Fe* (spm) 0.72 2.10 - 5.4
Fe** (spm) 0.37 0.87 - 24.3

M-1 x-F&sCo (1) 0.26 -0.10 184 25.4
x-FesC (1) 0.31 —-0.07 222 20.5
x-FesCo (11l 0.27 0.00 116 30.2
Fe* (spm) 0.73 2.16 - 3.8
Fe** (spm) 0.34 0.8 - 20.2

M-2 x-F&sCo (1) 0.26 —-0.10 183 28.0
x-FesC (1) 0.31 —-0.05 220 28.4
x-FesCo (11l 0.27 0.01 112 18.9
Fe* (spm) 0.74 2.11 - 4.8
Fe** (spm) 0.33 0.85 - 19.9

M-3 x-FesCo (1) 0.26 —0.05 182 30.1
x-FesCo (1) 0.31 —-0.02 221 26.8
x-FesCz (11l 0.27 0.12 110 19.0
Fe* (spm) 0.73 2.07 - 6.0
Fe** (spm) 0.32 0.90 - 18.1

M-4 x-FesCa (1) 0.26 -0.07 180 32.2
x-FesCo (1) 0.31 —0.04 220 26.9
x-FesCo (11l 0.27 0.09 112 14.8
Fe* (spm) 0.70 2.17 - 6.4
Fe** (spm) 0.31 0.77 - 19.6

Reaction conditions: piCO =2,7=250°C, P=2.0 MPa and GHSV =2000# for 230 h.
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Fig. 6. XRD patterns for the used catalysts with different magnesium contentdzig. 7. CO conversion and stability of the catalysts with different magne-
Reaction conditions: lHCO = 2,7=250°C, P = 2.0 MPa and GHSV = 2000# sium contents. Reaction conditions»/80 =2, T=250°C, P=2.0 MPa and
for 230h. GHSV=2000Hh".

activated catalysts, one can find thag®Bg in the bulk phase of cluded that the reduced fresh catalyst has “no” Fischer—Tropsch
the catalyst M-0 has disappeared. For the catalysts M-0, M-Iactivity. It will take several episodes for catalyst to construct
M-2, M-4, the amounts of P& and Fé" ion in the superpara- the actual catalytic phase and reach the steady-state. They pro-
magnetic state decrease markedly and the amougtFatCy posed that Fischer—Tropsch activity of catalyst was generated
increases significantly, whereas the phase composition of cata4th time, when thex-Fe reacted with carbon from CO disso-
lysts M-3 has no obvious change. Such results suggest that all tligation and quantitatively consumed the iron for iron carbide
reduced catalysts except for M-3 are far from complete reducfparticularly FeC,) formation. Thus, they suggested that iron
tion and carburization and can be further reduced and carburizezirbide surface in its “actual state during synthesis” is the “true
during the FTS reaction process. As showrnTable 5 for all Fischer—Tropsch catalyst”. These results in our work are con-
the used catalysts, the contents of iron carbides are similar tistent with that obtained by Riedel et ). Similar results
each other, ca. 70%, after the reaction of 230 h. The above mealso are obtained by Motjope and co-worki34] and Mansker
tioned analysis showed that an optimal amount of magnesiurand co-worker$35]. It is also found that the initial activities of
can accelerate the carburization of the catalysts during the redutiie catalyst M-0 and M-1 are nearly the same, but the catalyst
tion process, however, after a long time reaction, the extents dfl-1 has better stability. In order to obtain a quantitative com-

carburization of the catalysts will tend to become similar. parison of the stability of the catalyst, the deactivated rates of
the catalysts are calculated. We calculated the deactivated rates
3.4. Activity and stability of the five catalysts. The deactivation rates of the catalysts M-0

to M-4 are 0.99%/d, 0.21%/d, 0.08%/d, 0.91%/d, and 1.37%/d,

The influence of the magnesium content on CO conversion afespectively. The deactivated rate of the catalysts firstly declined
the catalysts is shown ifig. 7. The activities in the tests firstly with the increase of the magnesium content and then reaches a
increase with time on stream (TOS), then reach the maximal C@inimum at the Mg/Fe =0.04. Beyond this ratio of Mg/Fe, a
conversion after about 50 h on stream, and subsequently eithsronotonic increase in the deactivated rate of the catalysts is
stabilize (catalyst M-1, M-2 and M-3) or decline (catalyst M-0 observed with the further increase of the magnesium content.
and M-4) with TOS. The CO conversions of the catalyst M-1
with Mg/Fe weight ratio of 0.02 is similar to that of the unpro- 3.5. Product selectivity
moted catalyst. When the Mg/Fe weight ratio is higher than
0.02, the CO conversion of the catalysts increases significantly Typical data of FTS activity, C®selectivity and hydrocar-
with the increase of the magnesium content and passes througbn distribution of the catalysts are summarizediable 6 The
a maximum at the Mg/Fe=0.07 (M-3). Beyond this magne-CHjy selectivity of the five catalysts is in the range of 5.5-8.5%
sium concentration, a decrease in catalyst activity is observednd there is no clear correlation between the,Gélectivity and
There is a clear correlation between the carburization exterthe magnesium contentable 6shows that the effect of mag-
and the catalytic activity; the higher extent of carburization innesium content on olefin selectivity is significant. The olefin
the catalyst the higher CO conversion. Many studies have beg€,—C, and G—C;;) selectivity of catalyst M-1 with Mg/Fe
devoted to the investigation of the active phase for FTS reaoweight ratio of 0.02 is lower than that of unpromoted catalyst.
tion [30—-35] however, the controversy still remains. Riedel etHowever, the olefin (&-C, and G—C7,) selectivity of the cat-
al. [4] studied the Fe-Al-Cu-KO catalyst for Fischer—Tropsch alysts with magnesium promoter increases with the increase of
synthesis, they found that time on stream (TOS) had dominarihe magnesium content and reaches a maximum at the Mg/Fe
influence on composition and structure of the catalyst, and corratio of 0.07. Above this magnesium content, a decrease in the
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Table 6
FTS performances of the catalysts with different magnesium contents
Catalysts
M-0 M-1 M-2 M-3 M-4
842 229 86% 2302 86* 230 2302 86% 2307
CO conversion (mol%) 69.25 60.99 68.03 65.89 79.79 78.64 86.80 82.34 84.78 75.17
Hy conversion (mol%) 30.38 26.42 28.14 29.80 37.23 37.37 42.91 39.21 36.53 32.56
CO + H, conversion (mol%) 44.41 36.12 41.89 42.25 51.40 51.11 57.34 53.39 52.50 40.33
(H2/CO)RP 0.93 0.94 0.79 0.85 0.93 0.95 1.01 0.97 0.87 0.85
(H2/CO)rc® 4.43 4.91 4.35 3.91 6.22 5.87 8.83 7.03 8.43 5.97
CO rate (mmol/(gcat h) 21.79 19.95 21.68 21.00 24.88 24.52 31.03 28.43 27.55 25.08
FTS rate (mmol/(gcat h) 11.97 10.82 13.65 13.32 15 14.97 18.42 17.58 16.57 14.97
CO, rate (mmol/(gcath) 9.82 9.13 8.03 7.68 9.88 9.55 12.61 10.85 10.98 10.11
Carbon usage rate 0.55 0.54 0.63 0.63 0.60 0.61 0.60 0.62 0.60 0.60
Selectivity (mol%)
CO, 43.37 42.87 37.04 36.59 39.72 38.95 40.62 38.17 39.84 40.30
Hydrocarbons and oxygenates 56.63 57.13 62.96 6341 60.28 61.05 59.38 61.83 60.16 59.70
Oxygenates in oil (wt%) 16.33 17.98 21.93 22.33 22.02 23.33 22.85 23.13 22.07 22.29
HC distribution (wt%)
C1 7.49 8.15 6.06 5.46 7.95 8.39 8.05 8.06 6.40 6.52
Co—Cs 17.50 18.83 26.22 26.76 24.31 24.88 23.65 23.11 17.58 18.42
cG—C, 9.73 11.34 13.68 14.62 14.05 15.60 14.26 14.46 9.77 10.74
Cs—Ci1 19.75 21.75 22.87 24.26 24.99 25.49 27.06 29.02 29.44 30.66
C12—Cig 26.00 25.27 21.16 21.22 20.22 19.28 20.12 19.24 25.16 25.31
Cio" 29.26 26.00 23.68 22.29 22.54 21.96 21.12 20.57 21.41 19.09
Co—C, +Cs* 84.74 84.36 81.39 82.39 81.80 82.33 82.57 83.28 85.79 85.80
Olefin selectivity
C5—C,/C—Cy 0.56 0.60 0.52 0.55 0.58 0.62 0.60 0.63 0.56 0.58
C;—Ci/Cs—Cu1 0.51 0.54 0.50 0.51 0.53 0.57 0.55 0.58 0.52 0.53
Chain growth probability
ar” 0.72 0.71 0.70 0.69 0.70 0.69 0.69 0.68 0.68 0.68
a2 0.88 0.87 0.85 0.84 0.85 0.84 0.84 0.83 0.84 0.83
Yst(Cs™)d (g/micath) 0.11 0.13 0.13 0.14 0.15 0.16 0.17 0.17 0.15 0.15
Y st (HC) (g/micath) 0.16 0.17 0.16 0.15 0.19 0.18 0.21 0.19 0.18 0.16

@ Time on stream (TOS, h).

b The ratio of H/CO usage.

¢ H,/CO mole ratio in tail gas.

d Space time yield.

* a1 anday are growth probabilities in carbon number ranges §+Cg and Go—Cao, respectively.

selectivity of olefins is observed. This indicates that appropriat¢he addition of magnesium slightly suppresses the chain growth
amount of magnesium addition can improve the olefin selectivability of catalysts, and with the increase of the magnesium con-
ity, however, less or excessive magnesium addition will inhibittent chain growth probability; anda, decrease from 0.72 to
olefin formation. A monotonic increase from 19.75% to 30.66%0.68 and 0.88 to 0.84, respectively. Recently, Luo and Davis
in the selectivity of gasoline product §EC11) is observed with  [10] compared group Il alkali-earth metal-promoted iron-based
the increase of the magnesium content. The study of Gallegasatalysts with potassium-promoted and unpromoted catalysts for
et al.[13] found that the size of metal crystal and basicity of theFischer—Tropsch synthesisinaslurry reactor. The results showed
support mainly influence the selectivity to olefins of the catalystthat the catalysts promoted with magnesium have lower FTS
In the present study, the catalyst incorporated with an optimactivity and lower chain growth probability than the potassium-
amount of MgO (Mg/Fe =0.07) is the one which well controls promoted iron catalyst, but higher activity and chain growth
the particle size and produces more olefins. The selectivity gbrobability than unpromoted catalyst.

diesel fuel product (&—Csg) first decreases, reach a minimum  The space time yields ofgC and of total hydrocarbon first
attheratio of Mg/Fe =0.07, and then increases. The selectivity dhcrease with the increase of the magnesium content and reach
the high molecular hydrocarbon{§) monotonously decreases a maximum at the Mg/Fe =0.07. Then the decline of the space
from 29.26% to 21.41% with the increase of the magnesiuntime yields of G* and of total hydrocarbon is observed. The
content. As shown iffable 6 the chain growth probabilities for selectivity of the effective hydrocarbon3€C, + Cs*) of cat-
catalysts with different magnesium content were calculated imlyst M-1 is lower than that of unpromoted catalyst, dropping
carbon number range of3€Cg and Go—Cpo. It is clear that from 84.5% dropto 81.5%. However, for the catalysts containing
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magnesium, the selectivity of the effective hydrocarbonsium content and reach a maximum over the catalyst M-3, then
monotonously increase with the increase of the magnesium corecline. A maximum in catalytic activity (FTS) is obtained at
tent. The selectivity of oxygenates in oil phase on the catalysta particular level of magnesium (Mg/Fe =0.07), and there is a
promoted with magnesium is obviously higher than that on thelecline in activity at magnesium levels in excess amount.
catalysts M-0, but the selectivities of oxygenates among the Magnesium is an effective promoter to shift FTS selectivity
catalysts are similar to each other. Overall, the promoter of mage lighter molecular weight hydrocarbons, especially for gaso-
nesium in the catalysts is an effective promoter to shift producline product (G—Cj1) and it suppresses the hydrogenation of
selectivity to lighter molecular weight hydrocarbons and olefinsJight olefins (G—C;), which causes the increase of light olefin
especially for gasoline products{&C;1). contentin the products. The space time yieldsf&nhd of total

As shown here and ifiable § the CQ selectivity of the cat- hydrocarbon increase with the increase of the magnesium con-
alyst M-0 is the highest among the five catalysts, but there is ntent, and pass through a maximum at the Mg/Fe =0.07. After
obvious difference in the Celectivity among the magnesium- the maximum point, the space time yields of*Cand total
promoted catalysts. The decrease of GfWer Mg-promoted hydrocarbon decrease with further increase of the magnesium
catalyst is due to the slight suppression effect of magnesiurnontent. The effect of the magnesium promoter on the selectiv-
on the WGS reaction. It is well known that the CO conver-ity of oxygenates is not obvious. The catalyst M-3 is the best
sion level has an important impact on relative activities of FTSamong the five catalysts. The catalyst M-3 has a high CO con-
and WGS over iron-based catalyst, resulting in different productersion of 90%, the selectivity to the total effective hydrocarbon
selectivity values. As shown ifeble 6 the rates of CO conver- (C5—C; + Cs*) of 83%, CH, selectivity of about 8%, and better
sion of the catalysts M-0 and M-1 is similar to each other, butstability during the whole course of the reaction.
the rate of CO conversion over the magnesium-promoted cata-
lysts increases with the increase of the magnesium content angiknowledgements
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