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Abstract

Three types of catalyst samples, namely alumina carried Fe/K, zinc aluminate car-
ried Fe/K, and (zinc aluminate + alumina) composite carried Fe/K, were prepared
under calcination conditions of 350 °C. The catalysts were characterized by XRD,
ICP-OES, N, physical adsorption, field emission electron microscopy as well as
CO,-TPD. The performances of the catalysts in CO hydrogenation were tested in
a fixed bed reactor. The results show that under similar conversions, the C,”—C,~
hydrocarbon selectivity of the prepared (zinc aluminate 4+ alumina) composite car-
ried Fe/K catalyst can reach 5 times that of the prepared alumina carried Fe/K cata-
lyst and 9 times that of the prepared zinc aluminate carried Fe/K catalyst, exhibiting
a typical synergistic effect based on carrier composition. The basis for this synergis-
tic effect is the significant difference in base sites on the catalyst surface.
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Introduction

Syngas is a type of mixed gas (including carbon monoxide and hydrogen) that can be
produced by reforming and processing carbon containing raw materials (such as coal,
biomass, natural gas, etc.), and further adjusting the composition ratio of the mixed
gas through processes such as water—gas shift [1, 2]. Through the catalytic conversion
of syngas, which is the implementation of CO hydrogenation, also known as Fischer
Tropsch synthesis, it can be used to produce many important basic organic chemical
raw materials, greatly reducing the dependence on petroleum [3-6]. The products of
CO hydrogenation include gasoline, diesel, kerosene, wax, alcohol, ether, lower olefins,
etc. The selectivity of the products mainly depends on the type of catalyst and specific
process conditions such as space velocity, temperature, and total pressure [7—10].
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Lower olefins usually refer to short carbon chain olefins such as ethylene, propyl-
ene, and butene, written as “C,™—C,~” [10]. Syngas can be used to indirectly pro-
duce lower olefins or directly to produce lower olefins. The direct Fischer—Tropsch
to lower olefins (FTO) synthesis process has three main types of catalysts: iron
based [11-13], cobalt based [14], and oxide/zeolite based [15-17].

The Na/S modified catalyst of K.P. de Jong’s group is an extremely important
achievement in iron-based FTO catalysts [11, 12]. However, Na/S promoter has a
certain degree of water solubility, and in the CO hydrogenation process, water vapor
is an inevitable product, so there is a risk of Na/S promoter being lost [18, 19].
Therefore, it is necessary to further develop iron based FTO catalysts that can with-
stand water vapor environments and are not prone to loss of promoters [18, 19].

Composite oxides (such as AB,0O, spinels) typically have excellent characteris-
tics such as adjustable properties, few losses of composition, and resistance to water
vapor. The performance of zinc-containing composite oxide carriers in cobalt-
based and iron-based CO hydrogenation catalysts has gradually received attentions
[18-20]. The application of composite oxides in FTO reactions mainly involves two
major combinations: one is the combination of zeolite molecular sieves and compos-
ite oxides [15]; the second is the combination of iron and composite oxides [13, 18].
These two major combinations have made considerable progress in the field of FTO,
and Zn element has indeed become a key element in the composite oxide composi-
tion of FTO catalysts [13, 15, 18].

For FTO catalysts, if NaHCO; is employed as the precipitant in the carrier prepa-
ration process, although some catalysts have good performance, this sodium-con-
taining precipitant can also cause different sodium content in the sediment of each
reactor’s carrier. This is because sodium ions have variable adsorption capacity, and
no matter how they are washed and filtered, they cannot be completely washed or
simply fixed at a specific content [18-20]. In addition, if high temperatures such
as 1200 °C are used in a study, the crystalline phases in the carrier will also be
quite complicated [18, 19]. Therefore, in this study, in order to eliminate the inter-
ference of different sodium contents and high-temperature calcination, ammonium
type compound ((NH,),CO;) (rather than NaHCO;) was used as the precipitant in
the preparation processes of different carriers, and the calcination of the carriers
was also set to a mild temperature of 350 °C. This method was used to specifically
explore the influence of carrier components on the FTO catalytic performance of
Fe/K catalyst samples. Due to the overly strong alkalinity of ZnO found in previous
investigation, which is not suitable for CO hydrogenation [21], the ZnO carrier was
not included in this study.

Experimental section
Preparation of samples
The composition of a sample is represented by the nominal composition of the

elements. The iron (Fe) in the sample composition is the active center (during
the reaction process, iron may undergo some degree of carbonization, generating
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iron carbide [10]). K,O in the sample composition is used as a promoter [10]. The
Al, O3, ZnAl,O,, ZnAl,0,-Al,05 in the sample composition represent the nomi-
nal composition of different carriers.

Preparation of sample Al (i.e. 15%Fe+2%K,0+83%Al,0;, mass fraction,
the same below): Weigh AI(NO;);-9H,0 and precipitant (NH,),CO;, and dissolve
them in deionized water to form two solutions. Drop these two solutions into
water simultaneously at 40 °C and stirring conditions to undergo precipitation
reaction. Wash thoroughly after suction filtration. After partially dehydrating the
filter cake in an 80 °C air drying oven, add a small amount of sesbania gum pow-
der, mix and knead, squeeze into shape, air dry, and then oven dry. Afterwards,
calcine at 350 °C for 4 h to obtain an aluminum oxide type carrier, namely Al,Oj.
According to ICP-OES measurement, the Na element content of the Al,O5 car-
rier is only 0.0274% (mass fraction). Weigh K,CO; according to the composition
ratio of the sample, conduct an incipient wetness of the Al,O; carrier with aque-
ous solution of K,CO;, and then dry it. Weigh ammonium iron citrate, conduct an
incipient wetness again, and then dry it. Then calcine at 350 °C for 4 h to obtain
the sample A1 in oxide status.

Preparation of sample A2 (i.e. 15%Fe+2%K,0+83%ZnAl,0,): weigh
Zn(NO;),-6H,0 and Al(NO;);-9H,0O with proper dosage of the nominal composi-
tion, add deionized water to dissolve both nitrates into a solution. Weigh (NH,),CO,
and dissolve it in deionized water to form another aqueous solution. The other steps
are similar to the corresponding preparation steps of sample Al. According to ICP-
OES measurement, the Na element content of the prepared ZnAl,O, carrier is only
0.0392% (mass fraction). The obtained sample is sample A2 in oxide status.

Preparation of sample A3 (i.e. 15%Fe+2%K,0+83%ZnAl,0,-Al,05): The
preparation steps are similar to those of sample A2. According to ICP-OES meas-
urement, the Na element content of the prepared ZnAl,0,-Al,O; carrier is only
0.0296% (mass fraction). The obtained sample is sample A3 in oxide status.

The oxide status samples A1, A2, and A3 need to be reduced by a gas mixture
(50%H,/50%Ar by molar ratio) at 550 °C for 6 h in a tubular furnace or a Fis-
cher—Tropsch reaction apparatus to obtain corresponding freshly reduced samples
Al, A2, and A3. More details for the preparation of samples are available in the
Supplementary Information.

Characterization

The structure of samples was determined using an X’Pert Pro X-ray powder dif-
fractometer. The elemental compositions of samples were determined using the
Elan 9000 inductively coupled plasma mass spectrometer. The pore texture of the
sample was measured using a NOVA1000 surface area and pore size analyzer.
Use a ChemStar™ chemical adsorption analyzer to determine the surface alkalin-
ity of samples. The morphology of the sample was observed using a QUANTA
Q400 field emission electron microscope. More details for the characterization of
samples are available in the Supplementary Information.
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Catalytic performance tests

Consistent with the testing method in relevant literature [18-20], the catalytic reac-
tions for CO hydrogenation to lower olefins are conducted using a fixed-bed tubular
reactor with an internal diameter of 8 mm and unreduced 40-60 mesh catalysts (i.e.,
in oxide status, 4 mL each). Loaded catalyst is reduced by a pre-mixed gas of 50%
H,/50% Ar at a pressure of 1 atm. Catalysts A1-A3 are activated by reducing in
H,/Ar at 550 °C for 6 h. The in-situ activated catalysts are tested with a pre-mixed
syngas (H,/CO/Ar=45/45/10, by mol%) at a space velocity (SV) of 1500 mL g
cat™! h™! and a total pressure of 2.0 MPa. Argon is used as the internal standard
component of syngas for GC analysis. CO, CH, and CO, are analyzed by a GC with
a TCD detector equipped with a TDX-01 packed column (6 m in length). Incon-
densable gaseous hydrocarbons are analyzed by a GC with a FID detector equipped
with a PLOT AlL,O5/S (50 mx0.53 mmX25 pm) capillary column. Water phase is
analyzed by a GC with a TCD detector equipped with a GDX-102 (2 m X3 mm)
packed column. Condensed oil and wax (dissolved in cyclohexane) are analyzed by
a GC with a FID detector equipped with an OV-101 (50 m x0.25 mm x 0.5 pm) cap-
illary column. Spent catalysts were unloaded from the reactor at room temperature
in Ar, stored in glass vials in air, and then tested by XRD in air.

The data processing of conversion and selectivity is based on the amount of car-
bon atoms in the substance. The CO conversion (xq,%) is the amount of converted
CO divided by the amount of introduced CO. CO, selectivity (scg,,%) is the amount
of CO converted to CO, divided by the amount of all converted CO. Hydrocarbon
selectivity (syc) is the percentage of carbon-based substances represented by C,
(i.e. methane), C,—C,, and Cs, hydrocarbon (HC) products in the total hydrocarbon
products. The olefin/paraffin ratio (O/P) is the molar ratio of the carbon-based sub-
stances in olefins to those in alkanes of the same carbon number in hydrocarbons.

Results and discussion
Structure features

Fig. 1 shows the XRD patterns of the samples discharged from the Fischer—Tropsch
apparatus after the catalytic reactions, where the structure of a discharged sample is
very close to its structure during the reactions. The major crystalline phase of dis-
charged sample Al is y-Al,0; (JCPDS 10-0425), while its crystalline phases of iron
species are Fe;O, (JCPDS 65-3107) and FeO (JCPDS 06-0615) with weak diffrac-
tion peaks, and no diffraction peaks of iron carbide were found. Other iron species in
discharged sample Al is X-ray amorphous.

The major crystalline phase of discharged sample A2 is ZnAl,0, (JCPDS
05-0669), while zinc species also include ZnO (JCPDS 36-1451), indicating that the
zinc species have not fully combined with aluminum species, resulting in a small
amount of remaining crystalline ZnO and X-ray amorphous Al,O;. The crystalline
phase of the iron species in discharged sample A2 is Fe;0,.
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Fig. 1 XRD patterns of discharged samples

The major crystalline phase of discharged sample A3 is also ZnAl,O,. Its other
aluminum species is X-ray amorphous Al,O;. The crystalline phases of iron spe-
cies in discharged sample A3 are FesC, (JCPDS 51-0997) and a small amount of
FeO.

The XRD pattern of discharged sample A2 shows the presence of ZnO phase,
while the XRD pattern of discharged sample A3 does not show the presence of
ZnO phase. This indicates that when the nominal composition of the carrier is only
ZnAl,O, but there is no Al,O5 (i.e. in the case of sample A2), the ZnAl,O, phase
in the crystalline phase is not very stable and may partially decompose to produce
ZnO and Al,O;. At the same time, it also indicates that when the nominal composi-
tion of the carrier includes both ZnAl,O, and Al,O; (in the case of sample A3), the
ZnAl,O, phase in the crystalline phase is very stable and will not decompose to ZnO
and Al,O;. That is to say, the Al,O; component (except the Al species in ZnAl,O,)
in the nominal composition of the carrier can effectively inhibit the decomposing
reaction of ZnAl,O, phase. It plays a role similar to the principle of Le Chatelier
that increasing product concentration can suppress a forward reaction.

Fig. S1 shows the XRD patterns of the freshly reduced samples (i.e., 550 °C
for 6 h in 50%H,/50%Ar before catalytic reactions). Each freshly reduced sample
won’t have the FesC, phase because they have not encountered the CO molecules
yet. The reduced iron phase in these three samples is not Fe® (JCPDS 06-0696)
but FeO, verifying that the iron species in them are not thoroughly reduced. The
order of XRD peak intensity of FeO phase from strong to weak is A3 > A2> Al,
indicating that the iron species of sample A3 is most easily to be reduced, while
that of sample Al is the most difficult to be reduced. Combining above analysis,
one may find that iron species supported on (ZnAl,0,-Al,0O;) composite carrier is
more prone to be reduced during the reduction process than on ZnAl,O, carrier
and Al,O; carrier, and is also more prone to carbonization and formation of iron
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carbide in subsequent catalytic reactions. The XRD analysis results are consistent
with those in analogous studies from the literature [18-20].

Texture features

The N, physical adsorption—desorption result of the freshly reduced sample A3
is shown in Fig. 2 and Fig. S2. From Fig. 2a and Fig. S2a, it can be seen that the
N, adsorption—desorption isotherm of this sample belongs to type IV of IUPAC
classification, indicating that this sample belongs to mesoporous adsorbent [22].
Its hysteresis loop can be classified as H3 type, indicating that this sample has
narrow slit shaped pores formed by the aggregation of layered (or plate-like)
particles [22]. The mesoporosity is calculated by the BJH method [22] using
the adsorption branch of isotherm plot. Fig. 2b and Fig. S2b show that this sam-
ple has micropores ranging from 1.2 to 1.9 nm, mesopores ranging from 2.1 to
44.4 nm, and macropores ranging from 70.8 to 134.6 nm. The BET specific sur-
face area of this sample is 46.6 m? g~!, the single point total pore volume is 0.362
cm® g7!, and the average pore diameter is 31.0 nm.

Electron microscopy studies

Fig. 3 shows the FESEM images of the freshly reduced sample A3. As shown in
Fig. 3c, the sample consists of two types of particles. One is a layered particle with
a width of approximately 0.2-2.0 pm which belongs to the carrier ZnAl,0,-Al,04
phase, as aluminum-containing oxides often exhibit a layered microstructure [18,
19]. The other type is a mixture of iron and potassium species, consisting of approxi-
mately spherical small particles with a diameter of approximately 1040 nm, carried
on the surface of layered particles. Fig. 3b shows that these layered carrier particles
aggregate into a stacking structure, with rich stacking layers, strong three-dimen-
sional sense, and relatively dense stacking degree. The stacking structures formed by
these layered particles can generate pores with different shapes.
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Fig.2 Physical adsorption isotherm and pore diameter distribution of sample A3. a Isotherm plot; b BJH
pore diameter distribution
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(a) sample A3 magnified by 5000 times; (b) sample A3 magnified by 20000 times; (c) sample A3 magnified by 100000 times

Fig. 3 FESEM images of sample A3. a sample A3 magnified by 5000 times; b sample A3 magnified by
20,000 times; ¢ sample A3 magnified by 100,000 times

Surface alkalinity of samples

Software OriginPro 2019b is employed for the curve fitting of CO,-TPD results,
which is a universal analytical method and has been used in our previous reports
[18-20]. Fig. 4 shows the CO,-TPD curves of three freshly reduced samples, and
the corresponding curve integration data are listed in Table 1. The low-temperature
desorption peak refers to the low-temperature region desorption peak with the peak
position below 300 °C, the medium-temperature desorption peak is the intermediate
temperature region desorption peak between 300 and 600 °C, and the high-temper-
ature desorption peak is the high-temperature region desorption peak above 600 °C.

From Fig. 4, it can be seen that the CO,-TPD curves of samples Al and A2
have similar shapes, with desorption peaks in both the low-temperature and
high-temperature regions, and the desorption peaks in the low-temperature
region are significantly larger than those in the high-temperature region. How-
ever, the CO,-TPD curve of sample A3 showed no desorption peaks in both the
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Fig.4 CO,-TPD profiles of samples (Curves Al and A2 both follow the right ¥ axis, while curve A3 fol-
lows the left Y axis.)
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Table 1 Integral data of CO,-TPD results of Fig. 4

Catalyst code ~ Low-temperature des-  Medium-temperature des- High-temperature des- A
orption peak (<300°C) orption peak (300-600°C) orption peak (>600°C)

7°C Alow Rlow/% 7°C Amedium Rmedium/% 7°C Ahigh Rhigh/%
Al 185 3479 53 - - - 629 2608 40 6532
766 445 7
A2 188 4199 74 494 1171 21 672 308 5 5678
A3 - - - 555 202 100 - - - 202

Ao total integral area; Ay, integral area of high-temperature desorption peak; Aj.giym, integral
area of medium-temperature desorption peak; A,,,, integral area of low-temperature desorption peak;
Rhigh7 (Ahigh/Atota]) X 100%; R (A /Atotal) X 100%; Rlow’ (Alow/Alolal) x100%

“No data

medium> \“*medium

low and high temperature regions, with only weak medium-temperature desorp-
tion peak in the intermediate temperature region. These properties indicate that
the catalytic properties of samples Al and A2 may be similar, while the catalytic
properties of sample A3 will be significantly different from those of samples Al
and A2.

From Table 1 and Fig. 4, it can be seen that the sequence of the total inte-
grated area (A,y,) of the CO,-TPD curves from large to small is A1(6532
A.U.)>A2(5678) > A3(202), indicating that the sequence of the total quantity
of base sites on the sample surface from large to small is A1>A2> A3. The
order of the integral area of the high-temperature desorption peaks from large
to small is also A1> A2> A3, indicating that the order of the surface alkalin-
ity of the samples from strong to weak is also A1 > A2> A3. The characteris-
tic of sample A1l is that the surface weak base sites and strong base sites are
almost half, accounting for 53% and 47%, and its total quantity of base sites is
the highest. The characteristic of sample A2 is that the quantity of weak base
sites (74%) > the quantity of moderate base sites (21%) > the quantity of strong
base sites (5%), and its total quantity of base sites is only a little less than sam-
ple Al. The characteristic of sample A3 is that it has and only has moderate base
sites (accounting for 100%), and its quantity of base sites is much smaller than
samples Al and A2.

The surface alkalinity derived from carriers and/or electronic promoters has a
significant impact on the CO hydrogenation performance of a sample. For exam-
ple, potassium promoter (usually abbreviated as K,O or K) is commonly used
in the CO hydrogenation process with iron catalysts. K,O promoter can act as
electron donors to push electrons towards the iron active center, enhance the
strength of the Fe—C bond, promote the chemical adsorption of CO molecules,
and adjust the reaction rate of CO hydrogenation. At the same time, K,O pro-
moter can reduce the heat of H, adsorption, reduce the coverage of H, adsorp-
tion, and play a role in inhibiting hydrogenation and increasing the olefin/paraf-
fin ratio [23].
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Catalytic performance tests
Catalytic activity

The reaction performance data of the catalyst samples are shown in Tables 2, 3, 4
and Figs. S3—-S10. Supporting Information Fig. S3a shows the CO conversion at dif-
ferent reaction temperatures, while Supporting Information Fig. S3b shows the iron
time yield at different reaction temperatures. Iron time yield (FTY) represents moles
of CO converted to hydrocarbons per unit of Fe per second.

According to the commonly used comparison method of catalyst activ-
ity by half conversion [18-20], as shown in Supporting Information Fig. S3a, the
sequence of the Fischer—Tropsch reaction activity of the samples from high to low
is A3>A2> Al, and the difference in sample activity between A2 and Al is not
significant. The activity sequence of these samples shows an inverse relationship
with the total desorption peak area (A,,,) of CO,-TPD, as well as with the desorp-
tion peak area in the medium/high temperature region (A egiym + Apign) Of CO,-TPD.
However, this activity sequence has no significant relationship with the desorption
peak area in the low-temperature region (4,,,). These phenomena indicate that the
desorption peak area in the medium/high temperature region determines the activ-
ity of a sample, while the desorption peak area in the low-temperature region lacks
a significant impact on the activity of a sample. That is to say, the quantity of base
sites with moderate or higher alkalinity determines the activity of the sample and is
inversely related to the activity of a sample. The quantity of weak base sites lacks
significant impact on the activity of a sample. Therefore, it can be inferred that the
stronger the alkalinity on the surface of a sample, the stronger the inhibitory effect
on the activity of this sample.

Above phenomenon is consistent with the literarure [18, 19] about Fe/K sup-
ported on 1200 °C-annealed Al-O—Zn carriers, which can be deduced that the cata-
lytic activity is negatively correlated with the strength of stronger basicity sites of
the catalysts. This phenomenon is also consistent with the theory of Maitlis et al.
[24], because the neutralization of the Lewis acidity of a support by a base may
weaken the activation of CO molecules and thus slow down the reaction rate. This
research result is also consistent with the result of Prieto et al., which suggests that
basic oxide may significantly lower down CO hydrogenation rate via a “selective
blockage” of some sites on transition metal which are important for CO hydrogena-
tion [25, 26].

CO, selectivity

Due to the different activity of each sample, the reaction temperature range varies
greatly. Therefore, the following Figures not only show the trend of selectivity with
temperature (i.e., panel a of each figure), but also the trend of selectivity with CO
conversion (i.e., panel b of each figure). CO, is an inevitable product of the Fis-
cher—Tropsch reaction, and its selectivity is generally not higher than 50% [18]. As
shown in Tables 2, 3, 4 and Supporting Information Fig. S4, the CO, selectivity data
of samples Al and A2 follow this pattern, both below 50%. The CO, selectivity of
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A2 is slightly lower than that of Al. The CO, selectivity of sample A3 is higher than
50%, indicating that this sample may have a little higher water—gas shift activity
[18]. The CO, selectivity of these samples is positively correlated with the ratio of
desorption peak area in the medium/high temperature region (R,cgium + Rpign)- This
ratio (Ry,e4ium + Rpign) Tepresents the percentage of base sites with moderate or higher
strength in the sum of all surface base sites. The lower the value of this ratio, the
more weak base sites tend to dominate. The higher the value of this ratio, the more
dominant the moderate/strong base sites tend to be.

Hydrocarbon selectivity (Cs,)

Theoretically, heating up will lower down the Cs, hydrocarbon selectivity. The rea-
son for this rule is that the desorption rate of intermediates will accelerate during the
increase of reaction temperature, which will reduce the chances of forming longer
carbon chains. As shown in Tables 2, 3, 4 and Supporting Information Fig. S5, the
important property of these samples lies in that their C5, hydrocarbon selectivity
data are all below 20%, and the Cs, hydrocarbon selectivity data of samples Al and
A3 are even lower than 10%, indicating that all three samples have the property of
inhibiting C—C coupling.

The trend of Cs, hydrocarbon selectivity in samples A2 and A3 rises with
increasing temperature in their lower reaction temperature ranges, and then lowers
down with further temperature increase in their higher reaction temperature ranges.
This indicates that in their lower reaction temperature ranges, the Cs, hydrocar-
bon selectivity of samples A2 and A3 is dominated by their own inhibition of C-C
coupling properties. However, as the temperature gradually increases in their lower
reaction temperature ranges, the inhibition of C—C coupling properties of samples
A2 and A3 will be gradually weaken, leading to a gradual increase in Cs, hydrocar-
bon selectivity.

After the Cs, hydrocarbon selectivity reaches its highest point, samples A2
and A3 enter their higher reaction temperature ranges. In these higher tempera-
ture ranges, the influence of temperature has completely surpassed the influence of
the sample’s own properties and begins to dominate. Therefore, the Cs, hydrocar-
bon selectivity trend of samples A2 and A3 shifts to decrease with the increase of
temperature.

The Cs, hydrocarbon selectivity of sample Al gradually decreases with the
increase of temperature, which is consistent with above mentioned theoretical rule.
However, it does not indicate that the reaction temperature plays a dominant role in
the entire process of Cs, hydrocarbon selectivity of sample Al. Because the Cs,
hydrocarbon selectivity of sample Al is lower than 5% even at the lowest reac-
tion temperature and is only 2% at the highest reaction temperature, which is at an
extremely low level throughout the entire process, this actually means that sample
Al itself has extremely strong properties in inhibiting C—C coupling. Therefore,
sample A1 did not show a significant increase and then decrease in Cs, hydrocarbon
selectivity as in the other two samples, which may be due to its surface having par-
ticularly strong base sites (i.e., desorption temperature up to 766 °C in CO,-TPD).
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Hydrocarbon selectivity (C,-C,)

Tables 2, 3, 4 and Fig. S6 show the trend of C,—C, hydrocarbon selectivity in the
samples. Cs, is the hydrocarbons with longer carbon chains, while C,—C, is the
hydrocarbons with shorter carbon chains, and the sum of the two is equal to 100%.
The stronger the sample’s ability to suppress C—C coupling, the higher the C,—C,
hydrocarbon selectivity. The variation trend of C;—C, hydrocarbon selectivity is the
horizontal axis mirror image of the variation trend of Cs, hydrocarbon selectivity.

Hydrocarbon selectivity (CH,)

Tables 2, 3, 4 and Fig. S7 show the trend of CH, hydrocarbon selectivity in the sam-
ples. CH, is the C, in C,—C, hydrocarbons, and its hydrocarbon selectivity value is
a part of the C,—C, hydrocarbon selectivity value, which is inevitably significantly
influenced by the latter, that is, by the sample’s property of inhibiting C—C coupling.
Meanwhile, CH, is also a completely hydrogenated product, which will be inevita-
bly influenced by the hydrogenation property of the sample. Among the three sam-
ples, sample A3 has the lowest selectivity for CH, hydrocarbons, while its selectiv-
ity for C,—C, hydrocarbons is not the lowest. Therefore, the hydrogenation property
of sample A3 must be the mildest among the three samples. The CH, hydrocarbon
selectivity data of samples Al and A2 are higher than sample A3, indicating that
their hydrogenation properties are stronger than sample A3.

Hydrocarbon selectivity (C,—-C,)

Tables 2, 3, 4 and Fig. S8 show the trend of C,—C, hydrocarbon selectivity in the
samples. C,—C, hydrocarbons are a part of C,—C, hydrocarbons. Due to the fact that
the C,—C, hydrocarbon selectivity of sample Al is generally the highest among the
three, it seems that Al should also have the highest C,—C, hydrocarbon selectivity.
However, due to its significantly higher CH, hydrocarbon selectivity than sample
A3, Al does not actually have the highest C,—C, hydrocarbon selectivity. Although
the C,—C, hydrocarbon selectivity of sample A3 did not reach the highest value
among the three, its CH, hydrocarbon selectivity was lower than Al and A2, result-
ing in A3 having the highest C,—C, hydrocarbon selectivity among the three.

C,-C, olefin/paraffin ratio

Tables 2, 3, 4 and Fig.S9 show the trend of the C,—C, olefin/paraffin ratio of the
samples. The primary reaction product of CO hydrogenation is not alkanes, but
linear 1-n-alkenes. The linear 1-n-alkenes generated by the primary reaction can
continue to undergo secondary reactions on the surface of the sample, generating
alkanes [26]. The order of the C,—C, olefin/paraffin ratio of the three samples from
high to low is A3>A1> A2. The ratio of the desorption peak area (Rycqium *+ Rnign)
in the medium/high temperature region of the three samples also ranges from high to
low in the order of A3(100%)> A1(47%) > A2(26%). Therefore, similar to the CO,
selectivity, the C,—C, olefin/paraffin ratio of these samples also shows a positive
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relationship with the proportion of desorption peak area (R cgiym+ Rhign) 10 the
medium/high temperature region. Having a simple moderate strength surface base
site (such as sample A3) seems more suitable for mild hydrogenation than having
other (weak, strong) base sites (such as those in samples Al and A2). Structurally
speaking, XRD results show that only A3 of the three samples contains a certain
amount of FesC, crystalline phase. The literature indicates that the characteristic of
iron carbide is mild hydrogenation [4, 11], so sample A3 exhibits significantly dif-
ferent CO,-TPD characteristics from Al and A2, and has a higher C,—C, olefin/par-
affin ratio than A1 and A2.

Hydrocarbon selectivity (C,;™-C,7)

Tables 2, 3, 4 and Fig. S10 show the trend of C,”™—C,~ hydrocarbon selectivity of the
samples. The hydrocarbon selectivity of lower olefins not only has a positive rela-
tionship with the C,—C, hydrocarbon selectivity, but also with the C,—C, olefin/par-
affin ratio. Therefore, due to the fact that sample A3 not only has the highest C,—C,
hydrocarbon selectivity, but also has the highest C,—C, olefin/paraffin ratio among
the three samples, the C,™—C,~ hydrocarbon selectivity of sample A3 is significantly
higher than that of A1 and A2.

As shown in Fig. S10b, under similar conversions (i.e., xoo=ca. 63—66%), when
the nominal composition of the carrier is Al,O5 (i.e., sample Al) or ZnAl,O, (i.e.,
sample A2), the obtained C,™—C,~ hydrocarbon selectivity is 9% or 5%, respec-
tively. When the nominal composition of the carrier is a simple combination of
Al,O; and ZnAl,O, (i.e., the ZnAl,0,-Al,O5 carrier in sample A3), the obtained
C,™—C,~ hydrocarbon selectivity can reach 45%, which is 5 and 9 times higher than
samples Al and A2, respectively. This is a typical synergistic effect based on carrier
composition, which is highly worthy of further research. The basis for this syner-
gistic effect is a significant change on the surface base sites of the samples, which
means that the surface base characteristic of sample A3 becomes significantly differ-
ent from that of sample Al or A2.

In addition, it would be more beneficial to compare the catalytic activity of the
catalysts in the study with the activities of other catalysts studied in the literature on
a similar subject. This comparison has been presented in tabular form as Supporting
Information Table S1. Furthermore, reusability is particularly important for indus-
trial applications. Therefore, our future work may focus on the topics related, such as
characterization of the spent catalysts and other issues leading to catalyst deactiva-
tion (such as coke formation, catalyst sintering, etc.) as well as catalyst regeneration.

Conclusions

Three Fe/K catalyst samples supported by different carriers were prepared using
ammonium carbonate as a sodium free precipitant and under mild calcination condi-
tion at 350 °C. Iron species on (ZnAl,0,-Al,05) composite carrier is more prone to
reduction and carbonization than on ZnAl,O, carrier or Al,Oj; carrier. All three sam-
ples exhibited the property of inhibiting C—C coupling. The stronger the alkalinity
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on the surface of a sample, the stronger the inhibitory effect on the activity of the
sample. Both CO, selectivity and C,—C, olefin/paraffin ratio of a sample exhibit a
positive relationship with the proportion of desorption peak area (Rpcqium+ Rnign)
in the medium/high temperature region. For samples with relatively weaker surface
alkalinity (i.e., samples A2 and A3), the surface alkalinity plays a dominant role
in product selectivity in the lower reaction temperature range, while in the higher
reaction temperature range, it gradually becomes the reaction temperature itself who
dominates. For the sample with relatively stronger surface alkalinity (i.e., sample
Al), only the surface alkalinity of the sample plays a dominant role in the entire pro-
cess of product selectivity in the entire reaction temperature range, while the effect
of reaction temperature on product selectivity is very limited. Having a simple mod-
erate strength surface base site is more suitable for mild hydrogenation than hav-
ing other (weak, strong) base sites. When the conversion is similar (i.e., xo=ca.
63-66%), the C,”—C,~ hydrocarbon selectivity of the prepared (ZnAl,0,-Al,05)
composite supported Fe/K sample (A3) can reach 5 times that of the prepared Al,O5
supported Fe/K sample (Al) and 9 times that of the prepared ZnAl,O, supported
Fe/K sample (A2), showing a typical synergistic effect based on carrier composi-
tion. The basis for the synergistic effect is that the surface base sites of sample A3
exhibit significantly different characteristic compared to samples Al and A2, which
may be related to the relatively high content of FesC, crystalline phase in sample
A3.
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