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Abstract Modified kaolinites possess excellent
adsorption properties and, therefore, are regarded
widely as potential catalytic components. The use of
modified kaolinites as a catalytic component for Fis-
cher-Tropsch synthesis (FTS) has remained unex-
plored, however. In the current study, delaminated
and pit-rich nano-kaolinite was prepared via acid
treatment of N-methylformamide (NMF)-interca-
lated kaolinite (intercalation-etching strategy), and
was used as a support to prepare a cobalt-based FTS
catalyst (denoted as 15%-Co-HNKIn). Compared
with other FTS catalysts, the supports for which
were raw kaolinite or directly acid-treated kaolinite,
the 15%-Co-HNKIn showed several advantages such
as large specific surface area, dispersed Co particles
with small particle size, more new active sites, and
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significant surface acidity. Given the aforementioned
advantages, the 15%-Co-HNKIn -catalyst demon-
strated very good FTS performance. Compared with
that of the raw kaolinite-supported FTS catalyst, the
CO conversion rate and Cs—C,;, hydrocarbon selec-
tivity of 15%-Co-HNKIn increased by 20% and 15%,
respectively.

Keywords Acid treatment - Cobalt-based catalyst -
Fischer—Tropsch synthesis - Intercalation - Modified
kaolinite

Introduction

Kaolinite is among the best known clay minerals and
an important industrial material. The chemical for-
mula of kaolinite is Al,05-25i0,-2H,0, and it has a
structure of 1:1 dioctahedral layers where each layer
consists of a single silica tetrahedral sheet and a sin-
gle alumina octahedral sheet (Abdullahi & Othman,
2017; Gruner, 1932; Hendricks, 1936). Much research
has been devoted to the modification of kaolinite to
improve its performance in certain fields (Chen & Lu,
2014; Hai & Asuha, 2015). The application of kaolin-
ite is found in diverse fields, and employing modified
kaolinite as a catalytic component is appealing due to
its excellent adsorption properties (Li & Dionysiou,
2018, Li & Sun, 2020). Catalytic reactions produc-
ing renewable fuels are of interest, among which the
Fischer-Tropsch synthesis (FTS) is a hotspot owing
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to its ability to convert syngas (CO and H,) to valu-
able chemicals or fuels (Fischer & Tropsch, 1926).
Exploring the use of kaolinite as a catalytic compo-
nent for FTS is, thus, a worthwhile venture.

To make kaolinite more suitable for catalytic
applications, such as FTS, a proper modification is
required. Certain characteristics of raw kaolinite, such
as small specific surface area and thick stacking lay-
ers, are known to be detrimental to catalytic perfor-
mance (Qu & Yang, 2023). The most common solu-
tion to this problem is to modify the kaolinite via the
intercalation-delamination/exfoliation method, which
effectively reduces the thickness of stacking layers of
kaolinite and leads to increases in the specific surface
area and the number of reactive sites. The intercala-
tion-delamination/exfoliation method has been stud-
ied widely since the lattice expansion of kaolin miner-
als treated with potassium acetate, as investigated by
Wada (1961). One of the intercalation-delamination/
exfoliation agents used commonly is dimethylsulfox-
ide (DMSO) (Abukhadra & Lugman, 2021; Tian &
Ibrahim, 2020; Zuo & Yang, 2018). Nevertheless, for
certain catalytic reactions such as FTS, the residual
sulfur in the DMSO-intercalated kaolinite will poi-
son the catalyst and, therefore, deactivate the catalytic
reaction. Introducing non-sulfur intercalation agents
would, therefore, be beneficial to FTS. The dielec-
tric properties of intercalated kaolinites were inves-
tigated by Orzechowski and Gtowinski (2006) who
found that N-methylformamide (NMF) was interca-
lated almost perfectly, whereas, in the case of potas-
sium acetate, the estimated efficiency was only 81%.
Therefore, for the current study, the non-sulfur NMF
is an excellent alternative to the DMSO.

Besides delaminating/exfoliating the kaolinite lay-
ers, creating pores/pits on the surface of kaolinite
is also favorable to catalytic reactions. The surface
pores/pits can not only increase the specific surface
area but also confine the size of the active compo-
nent (Lim & Aditya, 2018; Prieto & De Jongh, 2014;
Wang & Zhang, 2017). Hierarchical structure kao-
linite nanospheres with abundant mesopores were
reported by Zhang & Liu (2019). These kaolinite
nanospheres had a much greater specific surface area
than the raw kaolinite and calcined kaolinite, thus
showing excellent adsorption performance with high
uptake efficiency to Methylene Blue. An Au/CeO,
catalyst with a high density of surface pits, which
was used for low-temperature CO oxidation was
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demonstrated by Cai and Guo (2022). The surface
pits confined the Au species and made them resistant
to sintering. As a result, stabilized Au species were
formed on the CeO, support, and the Au/CeO, cata-
lyst showed high stability (Cai & Guo, 2022). Hence,
delaminated/exfoliated kaolinite with surface pores/
pits are expected to be more suitable for FTS than raw
kaolinite.

To obtain a porous/pitted surface, kaolinite is
often treated with acid (Gao & Asuha, 2016; Panda
& Singh, 2010); nevertheless the acid-etching pro-
cess is often inefficient without the delamination/
exfoliation of kaolinite. Two problems need to be
solved. First, the efficiency of the acid-etching pro-
cess needs to be improved via the delamination of
kaolinite layers. The first objective of the present
study, therefore, was to develop a new method that
integrates the NMF intercalation with the acid-treat-
ment technique (intercalation-etching) by treating
the NMF intercalated kaolinite with nitric acid. The
hypothesis was that the delamination and etching
process could occur simultaneously, which would
improve the etching efficiency. The second objec-
tive was to load the delaminated and pit-rich nano-
kaolinite with Co and then investigate its application
as a FTS catalyst. The hypothesis was that Co in the
surface pits would be beneficial in improving its
FTS performance.

Materials and Methods
Materials

Natural raw kaolinite (KIn) was purchased from
Sigma-Aldrich (Burlington, Massachusetts, USA).
NMF (analytical reagent, AR) was obtained from
Aladdin (Shanghai, China). Nitric acid (AR), cobalt
nitrate hexahydrate (Co(NO;),-6H,0, AR), and
absolute ethanol were purchased from Tianjin Feng-
chuan Chemical Reagent Co., Ltd (Tianjin, China).
All chemicals were used directly without further
purification.

Preparation of NMF-Intercalated Kaolinite
10.00 g of kaolinite was dispersed in 100 mL of NMF

solution and the mixture was stirred at 80°C for 24 h.
The resulting product was collected by centrifuging
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and washed several times with ethanol. Then the solid
was dried at 60°C for 12 h to obtain a NMF-kaolinite
intercalation complex, which is denoted as NMF-Kln.

Acid Treatment of Kaolinite Samples

5.00 g raw kaolinite was added to a 100 mL flask,
and then 50 mL of 2.5 mol/L nitric acid was added.
The mixture was stirred magnetically at 50°C for 24 h.
Then the resulting product was centrifuged and dried
at 60°C for 24 h. The sample obtained was labeled as
HNO;-KlIn. To make a comparison, the NMF-KIn was
also treated with nitric acid, which shared the same
procedure with the acid treatment of HNO;-Kln, and
the product was denoted as HNO;-NMF-Kln.

Preparation of FTS Catalysts

The FTS catalysts were prepared by loading Co parti-
cles on the kaolinite samples through the wet impreg-
nation method. Typically, 0.89 g of Co(NO;),-6H,0O
was dissolved in 10.00 mL of deionized water to pre-
pare a salt solution. Subsequently, 1.00 g of Kln was
added to the salt solution and stirred at room tem-
perature for 1 h. Then, the mixture was treated with
ultrasonic-assisted impregnation for 1 h. The sample
obtained was retrieved by centrifugation and dried at
110°C for 24 h. Subsequently, the sample was crushed
to powder and heated from room temperature to
350°C with the heating rate of 2°C min~!. The calcina-
tion process was maintained for 4 h at 350°C in air.
As a result, the Kln was loaded with Co;0, particles,
which was the precursor of a FTS catalyst. Because
the nominal loading content of Co particles was
15 wt.%, the precursor was named as 15%-Co0,0,-
Kin. The HNO;-Kln and HNO;-NMF-KIn were
treated with the same procedure and the precursor
FTS catalysts achieved were denoted as 15%-Co0;0,-
HKIln and 15%-Co;0,-HNKIn, respectively.

To convert the precursors into freshly reduced FTS
catalysts, the 15%-C0;0,-KlIn, 15%-Co50,-HKlIn, and
15%-Co;0,-HNKIn went through an in situ reduction
at 380°C for 10 h under a H, atmosphere. Because the
Co;0, on the precursors was reduced to Co(0) after
pretreating with H,, the freshly reduced FTS catalysts
were labeled as 15%-Co-Kln, 15%-Co-HKln, and
15%-Co-HNKIn, respectively.
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Characterization

X-ray diffraction patterns (XRD) were obtained on
a Malvern Panalytical (Almelo, Netherlands) X’Pert
PRO type diffractometer equipped with target CuKa
irradiation (A=0.15418 nm) at 40 kV and 40 mA,
with a scanning speed and slit width of 0.4°26/s
and 55 mm, respectively, and without the use of a
monochromator. The samples characterized by XRD
analysis were crushed into powder form. Fourier-
transform infrared (FTIR) spectra were obtained
using a Thermo Fisher Scientific (Waltham, Mas-
sachusetts, USA) Nicolet 6700 FTIR Spectrometer
with a DTGS/KBr detector; the resolution and num-
ber of scans were 2 cm™! and 40, respectively. The
samples characterized by FTIR analysis were diluted
about 200 times with KBr, and then pressed into tab-
lets under 2 MPa of pressure. The morphology of
the samples was examined using a Hitachi (Tokyo,
Japan) S-4800 scanning electron microscope (SEM)
and a FEI Tecnai G*> F20 field-emission transmis-
sion electron microscope (TEM). The samples char-
acterized by SEM and TEM analysis were dispersed
in 2 mL of ethanol (1 mg) and treated ultrasonically
for 30 min. The elemental analysis of catalyst surface
was carried out by using a Bruker (Billerica, Massa-
chusetts, USA) energy-dispersive X-ray spectroscopy
(EDS) equipped on the HITACHI S-4800 scanning
electron microscope. The chemical composition was
analyzed by X-ray fluorescence (XRF, ZSX model)
manufactured by Rigaku (Tokyo, Japan). The sam-
ples characterized by XRF were diluted about 20
times with boric acid and then pressed into tablets.
The thermal mass loss of the sample (0.05 g) was
analyzed on a Hitachi (Tokyo, Japan) EXSTAR TG/
DTA 7300 Thermogravimetry—Differential Thermal
Analyzer under a N, flow (15 mL/min) with a heating
rate of 5°C/min. The amount of elemental Co in the
catalysts was determined by the Thermo Jarrell Ash
IRIS Advantage inductively coupled plasma-optical
emission spectrometer (ICP-OES) manufactured by
the Thermo Fisher Scientific (Waltham, Massachu-
setts, USA). The samples analyzed by ICP-OES were
dispersed into aqua regia before testing. H,-TPR
(temperature programmed reaction) and CO-TPD
(temperature-programmed desorption) were obtained
using a ChemAutoll 2920 automated chemisorption
analyzer from Micromeritics Instrument Corporation
(Norcross, Georgia, USA). The samples characterized
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by the H,-TPR and CO-TPD analysis were crushed
into powder form and purged at 200°C under an Ar
atmosphere for 2 h.

The average thickness of kaolinite samples and the
particle size of Co;0, on the precursors of FTS catalysts
were calculated by the Scherrer equation (Scherrer, 1918):

L=K-\/P-cosb

where L represents the crystallite size, K is a dimen-
sionless shape factor, A represents the X-ray wave-
length, P represents the full width at half maximum of
peaks, and 0 is the Bragg angle.

The intercalation ratio of the NMF-kaolinite inter-
calation complex (NMF-KlIn) was calculated by the
intensity of XRD reflections (Wiewiéra, 1969):

The CO conversion rate of the freshly reduced FTS
catalysts was calculated according to mass balance:

MCO(inlel) - MCO(off—gas)

CO conversion (%) = X 100%

MCO(inlel)
The product selectivity of the freshly reduced FTS
catalysts was calculated using the following equation:

C.
S, (%) = —— x 100%
2GC

where Mg (iniery a0d Mg (off-gas) TePresent moles of
CO at the inlet and outlet, respectively. C; represents
the moles of C of the product i.

Intercalation Ratio = [I(OOI)complex/(](O()l)complex + I(O()l)kaolinite)] x 100%

where /(591)complex epresents the basal peak inten-
sity of NMF-kaolinite intercalation complex, and
Lo01)kaotinite TEPTesents the basal peak intensity of
unexpanded kaolinite component in the complex.

Catalytic Evaluation

0.8 g of each freshly reduced FTS catalyst was used
for the evaluation. The catalytic performance was
evaluated under reaction conditions of H,/CO=2:1,
T=220C, and P=2.0 MPa. The composition of off-
gas was detected by an online gas chromatography
(GC) system (Shimadzu GC-2014C, Japan).

Results and Discussion
Characterization of Kaolinite Samples

The powder XRD was conducted to identify the crys-
talline structure of the Kln, HNO;-Kln, NMF-KlIn,
and HNO;-NMF-KIn (Fig. 1). In the case of Kln, the
reflection at 12.39°20 corresponded to the (001) plane
of kaolinites, which revealed the stacking degree of
layers in the c-axis direction (Zuo and Yang, 2018).
The narrow reflection of the (001) plane of Kln indi-
cated a high stacking degree of kaolinite layers. As
for HNO;-Kln, nearly all of the reflections from Kin
were retained after the acid-treatment process, and
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moreover, the narrow (001) reflection of HNO;-KIn
indicated that the stacking degree of layers was hardly
affected by the direct acid-treating process. After
the intercalation of NMF, the reflection of the (001)
plane of NMF-Kln shifted to a lower angle (8.23°20),
which indicated an expansion of the interlayer space,
implying that the NMF had been intercalated success-
fully into the interlayer space of kaolinites (Sugahara
& Kato, 1990). According to the formula described
in the materials and methods section, the intercalation
ratio of NMF was 98%. After treating NMF-KIn with
HNO; (sample HNO;-NMF-Kln), the (001) reflec-
tion shifted to a higher angle of 12.39°26, which was
due to the elimination of NMF and the subsequent

N

||||||||||

54800 10.0kV 5.7mm x20.0k SE(W)

1.00um [ $4800 10.0kV 5.4mm x30.0k SE(M)

shrinkage of interlayer space. The FWHM of the
(001) reflection of HNO;-NMF-KIn was obviously
larger than that of Kln (0.53 vs 0.18); this was due
to the delamination of kaolinites caused by the break-
up of hydrogen bonds between the kaolinite layers.
According to the Scherrer equation, the average thick-
ness of HNO;-NMF-KIn was calculated as 14 nm.
In addition, all of the kaolinite samples exhibited the
reflection located at 62.26°20, which was attributed to
the (060) plane of kaolinite, reflecting the character
of a dioctahedral clay mineral (Letaief & Detellier,
2011). Clearly, the typical dioctahedral structure was
preserved in both direct acid-treatment and intercala-
tion-etching process.

|||||||||||||||||||||

54800 10.0kV 6.1mm x25.0k SE(M)

||||||||||| < I BN

1.00um f§ $4800 10.0kV 5.7mm x30.0k SE(M)

Fig. 2 a,d SEM and g TEM images of Kln; b,e SEM, and h TEM images of HNO;-KIn; ¢.f, and i TEM images of HNO;-NMF-Kln
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The morphology of the kaolinite samples was
characterized by SEM and TEM (Fig. 2). The sam-
ple Kln (Fig. 2a, d) presented a well-ordered pseu-
dohexagonal lamellar structure with thick stacking
layers. After the direct acid-treatment process, the
HNO;-Kln exhibited negligible delamination (Fig. 2b
and 2e).The stacking layers of HNO;-KIn were still
thick, with relatively small lamellae due to the etching
process. After the intercalation of NMF, the morphol-
ogy of the sample NMF-KIn exhibited few changes
compared with that of Kln (as shown in Supplemen-
tary Information Fig. S1). For HNO;-NMF-Kln, an
obvious delamination was observed. As shown in
Figs S2 and 2f, the thickness of stacking layers of
HNO;-NMF-KIn was reduced significantly compared
with that of Kln, which was consistent with the XRD
result. Meanwhile, Fig. 2c shows that the edges of
kaolinite nanolayers in HNO;-NMF-KIn were par-
tially curled and slightly damaged, which was due to
the break-up of hydrogen bonds and leaching of the
surface during the acid-treatment process. Impor-
tantly, the TEM images demonstrated that the surface
of HNO;-Kln (Fig. 2h) and HNO;-NMF-KIn (Fig. 2i)
had many small pits (light spots in the figures) while
Kln did not (Fig. 2g). The diameter of these surface
pits ranged from~3 to 17 nm for both samples. The
formation of surface pits was due to the removal of Al
from AI-O(OH) in kaolinites by H* during acid treat-
ment (Hu & Yang, 2013).

To determine the functional groups in the kaolin-
ite samples, FTIR spectra were collected (Fig. 3). In
the raw kaolinites, the band at 3620 cm™ belonged to
the OH-stretching modes of inner hydroxyl groups,
while the bands at 3695 and 3669 cm™! were attrib-
uted to inner-surface hydroxyl groups (Zhu & Yan,
2016). Meanwhile, the bands at 1101, 1033, and
1009 cm™ were assigned to the stretching vibra-
tion mode of Si—O bonds. After HNO; treatment,
the FTIR spectrum of HNO;-Kln was similar to
that of Kln, with no new bands and with all origi-
nal bands still present. Nevertheless, the relative
intensity of the bands in 3620-3695 cm™' was weak-
ened for HNO;-Kln, implying that both types of the
hydroxyl groups were reduced due to the removal
of Al from AIl-O(OH). After NMF intercalation,
the band at 3695 cm™ in Kin shifted to 3678 cm™
in NMF-KlIn, which was due to the formation of
new hydrogen bonds during NMF intercalation
(Komori & Kuroda, 1998), proving that NMF was

https://doi.org/10.1007/s42860-023-00249-1 Published online by Cambridge University Press

intercalated successfully into the interlayers of kao-
linites. Meanwhile, in NMF-KIn, the bands at 2908
and 1350 cm™ belonged to the symmetric stretch-
ing and bending vibrations of CH;, respectively
(Tunney & Detellier, 1997), the bands at 3419 and
1529 cm™! were attributed to the stretching and bend-
ing vibrations of N-H, respectively, while the band
at 1682 cm™! was assigned to the stretching vibra-
tion of C=0 (Kelleher & O’Dwyer, 2002a, 2002b).
All of the bands mentioned above proved further the
successful intercalation of NMF into the interlayers
of kaolinites. As for HNO;-NMF-KIn, a weak NMF
band at 1684 cm™' was noted in the FTIR spectrum,
and the band associated with the new hydrogen bond
(3678 cm™) in NMF-Kln shifted to 3695 cm™ in
HNO;-NMF-Kln, which indicated the breaking of
the new hydrogen bond formed during NMF inter-
calation. The FTIR data of HNO;-NMF-KIn above
demonstrated that most of the NMF was eliminated
after HNO; treatment. More importantly, the peak
area ratio of Si-O bonds (1009 to 1101 c¢cm™) to
inner and inner-surface hydroxyl groups (3620 to
3695 cm™') of HNO;-NMF-KIn was greater than
that of HNO;-Kln (4.5 VS 4.2), which indicated that
more Al,O; was leached for HNO;-NMF-Kln due to
a more efficient etching process.

The three kaolinite samples were analyzed by XRF
(Table 1). The concentration of metal elements is
given in the form of oxides. Clearly, the raw kaolin-
ite (Kln) was composed mainly of SiO, and Al,O;,
with small amounts of other metal oxides presented
as impurities. After direct acid treatment of raw kao-
linite, the chemical composition of HNO;-Kln was
changed slightly, which was due to an insufficient
etching process. By contrast, the HNO;-NMF-Kln
showed obvious change in its chemical composition,
with SiO, increased to 70.10% while Al,O decreased
to 26.14%, which indicated that Al,O; was leached
efficiently and selectively during the etching of
NMF-KIn. Evidently, the expanded interlayer space
of NMF-KIn enabled a more efficient leaching of
the internal aluminum atoms due to more nitric acid
being able to enter the interlayer space of kaolinite,
leading to the sharp decrease in the amount of Al,O;
in HNO;-NMF-Kln. The XRF result was consistent
with the TEM and FTIR analysis.

The thermal mass loss of the kaolinite samples
was presented as TG and DTG curves (Fig. 4). As can
be seen, the Kin, HNO;-Kln, and HNO;-NMF-KIn
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Fig. 3 FTIR spectra of various kaolinite samples

exhibited a mass loss at 500, 494, and 487°C, respec-
tively, all of which were attributed to the dehydrox-
ylation of kaolinite (Horvath & Cseh, 2003). Note
that the HNO;-NMF-KIn not only showed the lowest
dehydroxylation temperature among the three sam-
ples, but also exhibited a continuous mass loss from
50 to 600°C. The reason for this phenomenon was that
more hydroxyl groups in kaolinite were exposed on
the surface for HNO;-NMF-KIn due to the delamina-
tion of the layers, thus less energy was required for
the dehydroxylation process because these exposed
hydroxyl groups could not form hydrogen bonds
between the adjacent layers. As for NMF-Kln, two
mass-loss peaks could be observed from the TG
and DTG curves. The first mass loss at 135°C was
attributed to the decomposition of NMF between

Table 1 Chemical composition (wt.%) of the kaolinite sam-
ples analyzed by XRF

Samples Kin HNO;-KlIn HNO;-NMF-KIn
Chemical

Composition

Sio, 57.11 60.85 70.10
ALO, 38.80 35.52 26.14
Fe,0, 0.58 0.60 0.27
TiO, 0.59 0.80 0.84
Na,O 0.63 0.13 0.02
K,O 2.16 2.02 2.54
CaO 0.13 0.08 0.09
@ Springer
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the kaolinite layers (Adams, 1978; Li & Komarneni,
2017), while the second mass loss, which appeared
at 504°C, was assigned to the dehydroxylation of
kaolinites, and this temperature was greater than
for the other samples. The reason for this increased
dehydroxylation temperature was the breaking of
new hydrogen bonds formed during NMF intercala-
tion, where more energy was required (Kelleher &
O’Dwyer, 2002b; Li & Komarneni, 2017). The results
above demonstrated further the successful intercala-
tion and removal of NMF, as well as the delamination
of kaolinite layers.

To investigate the specific surface area and tex-
tural structure of the kaolinite samples, BET analy-
sis was conducted. As the N,-adsorption/desorption
isotherms show (Fig. 5), all of the kaolinite sam-
ples exhibited a type II isotherm, which represents
a nonporous or macroporous solid. In the present
cases, all of the samples were macroporous, and the
majority of the pores were generated by the accumu-
lation of delaminated kaolinite layers. In addition,
HNO;-NMF-KIn had the largest adsorption volume
among all the kaolinite samples, while Kln had the
lowest. Interestingly, the absorption volume of NMF-
Kln was close to that of HNO;-NMF-KIn, which was
probably due to the expansion of interlayer space
caused by the NMF intercalation.

The specific surface area and pore volume of Kln,
HNO;-Kln, NMF-KIn, and HNO;-NMF-KIn are
listed in Table 2. Compared with Kln, the HNO;-Kln,
NMF-KIn, and HNO;-NMF-KIn exhibited increased
specific surface area and pore volume. Note that the
HNO;-NMF-KIn possessed the largest specific surface
area and pore volume. A significant increase in spe-
cific surface area for HNO;-NMF-KIn was due to the
delamination of kaolinite layers and generation of sur-
face pits, and the delamination process was critical. The
increased pore volume for HNO;-NMF-KlIn was due
to the generation of more accumulation pores formed
by the accumulation of delaminated kaolinite layers.
According to the BET analysis, the HNO;-NMF-KlIn
would be expected to be the most efficient catalyst sup-
port among all the kaolinite samples.

Characterization of the Precursors of FTS Catalysts
After Kln, HNO;-KIn, and HNO;-NMF-KIn were

loaded with cobalt nitrate hexahydrate and then cal-
cined, the precursors of FTS catalysts were obtained,
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Fig. 4 a TG and b DTG curves of Kln, HNO;-Kln, NMF-Kln, and HNO;-NMF-KIn

which were denoted as 15%-Co;0,-Kln, 15%-C0,0,-
HKln, and 15%-Co0,;0,-HNKIn, respectively. Powder
XRD was conducted to analyze the crystalline struc-
ture of the three precursors (Fig. 1b). Obviously, all
of the reflections of raw kaolinites were preserved in
the precursors, which indicated that the structure of
kaolinite was not destroyed. Meanwhile, new reflec-
tions at 18.99°20 (111), 38.54°20 (222), and 65.23°20
(440) appeared in all precursors, which were assigned
to Co;0, (PDF: 01-078-1969). According to the
Scherrer equation, the average size of Co;0, parti-
cles of 15%-Co;0,-HKIn and 15%-Co;0,-HNKIn
was~24 and 23 nm, respectively, which was obvi-
ously smaller than that of 15%-Co;0,-Kln (33 nm).
The reason for the reduced Co;0, particle size was
probably due to the surface pits of 15%-Co;0,-HKIn
and 15%-Co;0,-HNKIn. When Co;0, particles were

50

—=— Kin

—s— NMF-KIn

—=— HNO;-KIn

—=— HNO;-NMF-KIn

40

30

20

10+

Volume adsorption (cm®/g)

embedded in these pits, the growth of particles was
restricted.

The morphology and structure of the 15%-Co0,0,-
Kln, 15%-Co;0,-HKlIn, and 15%-Co;0,-HNKIn
precursors were demonstrated in the SEM,
TEM, and HRTEM images (Fig. 6). As shown in
Fig. 6a—c, the surfaces of the three precursors were
covered with small particles which were assigned
to Co;0, due to the interplanar distances of these
small particles being 0.286 and 0.245 nm (as shown
in Fig. 6f), corresponding to the (022) and (311)
lattice planes of Co;0,, respectively. Besides, the
Co;0, particles showed obvious aggregation for
15%-Co0;0,-Kln, while for 15%-Co;0,-HKIn and
15%-Co050,-HNKIn the Co,0, particles were rela-
tively dispersed, especially for 15%-Co;0,-HNKIn.
The reason 15%-Co;0,-HNKIn demonstrated the
greatest dispersion of Co;0, particles was that
it had the largest specific surface area. The TEM
images demonstrated that the Co;0, particles of
15%-Co;0,-HKIn (Fig. 6d) and 15%-Co;0,-HNKIn
(Fig. 6e) were quite uneven in size. The significantly
smaller Co;0, particles were probably embedded
in the surface pits, while the obviously larger ones

Table 2 Specific surface area and pore volume of Kin,
HNOj;-KIn, and HNO;-NMF-KIn

Specific surface area Pore volume

* (m’/g) (m¥/g)
0.0 02 04 0.6 08 10 Kin 9.75 0.04
PP, HNO,-KIn 38.43 0.07
NMF-Kln 41.25 0.08
Fig. 5 N,-adsorption/desorption isotherms of Kln, HNO;-Kln, HNO;-NMF-Kln 47.53 0.10
NMF-KlIn, and HNO;-NMF-KIn
@ Springer
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Fig. 6 SEM images (at various magnifications) of a 15%-Co;0,-Kln, b 15%-Co;0,-HKIn, and ¢ 15%-Co;0,-HNKIn; TEM images
of d 15%-Co0,0,-HKIn, e 15%-Co0,0,-HNKIn, and f HRTEM image of 15%-Co;0,-HNKIn

were simply dispersed on the surface. The embed-
ding strategy has an advantage in controlling the
size of metal particles and preventing the migration
of metal, thus the small Co;0, particles embedded
in the surface pits are very likely to improve the FTS
performance. Based on the discussion above, the
15%-Co30,-Kln is expected to be an inferior precur-
sor to 15%-Co;0,-HKIn and 15%-Co;0,-HNKIn.
Furthermore, due to the delaminated kaolinite lay-
ers, the thickness of 15%-Co,;0,-HNKIn was less
than that of 15%-Co;0,-Kln (as shown in Fig. S3),
which was consistent with the thickness of Kln and
HNO;-NMF-KIn support.

EDS mapping was conducted for the three precur-
sors (Fig. S4). The actual distributions of elemental
Co revealed that the Co;0, particles of 15%-Co;0,-
Kln showed obvious aggregation, while 15%-Co;0,-
HNKIn had the most dispersed particles. This result
was consistent with the SEM analysis. Meanwhile,
as shown in the EDS analysis, the three precursors
exhibited similar peak values of Co, which demon-
strated similar Co;0, loading amounts among the
three precursors.

@ Springer
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To determine further the amount of Co in the
three precursors of FTS catalysts, ICP-OES was con-
ducted. The loading amounts of Co of 15%-Co;0,-
Kln, 15%-Co;0,-HKIn, and 15%-Co;0,-HNKIn were
16.5, 15.9, and 15.7 wt.%, respectively (Table 3). The
similar loading amounts of the three precursors indi-
cated that the loading process was scarcely affected
by either direct acid treatment or by the intercalation-
etching strategy.

H,-TPR profiles for all precursors are shown in
Fig. 7a. For sample 15%-Co0;0,-Kln, two peaks cen-
tered at 280 and 315°C were observed, which corre-
sponded to the reduction of Co>* to Co?* and Co**
to CoY, respectively (Irandoust & Haghtalab, 2017).

Table 3 Loading of Co in the catalyst precursors analyzed by
ICP-OES

Catalysts 15%-Co30,- 15%-C030,-  15%-Co030,-
Kin HKIn HNKIn
Co loading 16.5 15.9 15.7
(Wt.%)
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Fig. 7 a H,-TPR of the 15%-Co0;0,-Kln, 15%-Co;0,-HKIn, and 15%-Co;0,-HNKIn precursors and b CO-TPD spectra of 15%-Co-

Kin, 15%-Co-HKIln, and 15%-Co-HNKIn catalysts

As for 15%-Co;0,-HKlIn, the reduction tempera-
tures of Co>* to Co?* and Co?* to Co” appeared at
270 and 307°C, respectively. A small peak appeared
at the right shoulder of the 307°C peak, which was
assigned to the reduction of the small CoO particles
embedded in the surface pits. As is well known,
smaller particles have greater interactions with the
support than larger ones, thus a higher temperature
was required to reduce the CoO particles (Akbar-
zadeh & Johan, 2018). For 15%-Co;0,-HNKIn,
the Co** to Co” reduction peak shifted to a much
higher temperature of 465°C, which indicated that
the interaction between CoO particles and support
was much stronger in this sample. In other words,
the size of CoO was much smaller for 15%-Co;0,-
HNKIn because this sample had a larger specific
surface area and more surface pits, which was ben-
eficial to the dispersion and confinement of CoO
particles.

After the three precursors were converted
to freshly reduced FTS catalysts (15%-Co-Kln,
15%-Co-HKlIn, and 15%-Co-HNKln), CO-TPD
was conducted to characterize the adsorption
and desorption of CO on the surface of the cata-
lysts (Fig. 7b). Through this characterization, the
active sites on the surface of the FTS catalysts

https://doi.org/10.1007/s42860-023-00249-1 Published online by Cambridge University Press

can be investigated. As shown in the CO-TPD pat-
tern, only one CO desorption peak centered at
522°C was observed in 15%-Co-Kln, while two
major peaks were observed for both 15%-Co-HKIn
and 15%-Co-HNKIn. The desorption peak which
appeared at~520°C in all of the samples belonged
to the active sites of normally dispersed Co parti-
cles, while the new desorption peak which appeared
at~730°C in 15%-Co-HKIn and 15%-Co-HNKIn
was assigned to the new active sites of highly dis-
persed Co particles with small particle size embed-
ded in surface pits. Note that the peak area associ-
ated with the new active sites was much larger for
15%-Co-HNKIn, which indicated that this sample
possessed the largest number of new active sites (or
surface pits), implying that 15%-Co-HNKIn went
through the most efficient acid-etching process.
Moreover, rich surface pits were beneficial to the
generation of small particles and thus it was rea-
sonable that 15%-Co-HNKIn exhibited the greatest
CoO reduction temperature as shown in the TPR.

Catalytic Performance

The catalytic performance of freshly reduced FTS
catalysts was evaluated under the reaction conditions

@ Springer
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Fig. 8 CO conversion rate and product selectivity of 15%-Co-Kln, 15%-Co-HKIn, and 15%-Co-HNKIn catalysts

of H,/CO=2:1, T=220C, and P=2.0 MPa (Fig. 8,
Table 4). Clearly, the CO conversion rate and
Cs—C,, hydrocarbon selectivity of 15%-Co-HKIn
and 15%-Co-HNKIn were significantly greater than
those of 15%-Co-Kln, and 15%-Co-HNKIn demon-
strated the best FTS performance. The reason that
15%-Co-HNKIn exhibited the highest CO conver-
sion rate was that it had the largest specific surface
area, the most dispersed Co particles with small-
est particle size, as well as the richest new active
sites. Besides, as concluded in the CO-TPD analysis
above, the 15%-Co-HNKIn went through the most
efficient acid-etching process and, thus, the surface
acidity of this sample was the greatest in the sam-
ples. Because significant surface acidity was benefi-
cial to the generation of hydrocarbons with longer
chains (Wang and Hu, 2019), the 15%-Co-HNKIn
showed the greatest Cs—C,, hydrocarbon selectivity.

Conclusions

In the present study, delaminated and pit-rich nano-
kaolinite was obtained via the intercalation-etching
strategy, and FTS catalyst was prepared after load-
ing Co particles on the nano-kaolinites (15%-Co-
HNKIln). Compared with other FTS catalysts, the
supports for which were raw kaolinite or directly
acid-treated kaolinite, the 15%-Co-HNKIn catalyst
showed several advantages such as the largest specific
surface area, the most dispersed Co particles with
smallest particle size, the richest new active sites, and
the greatest surface acidity. Because of the advan-
tages mentioned above, the 15%-Co-HNKIn showed
the best FTS performance among the three cata-
lysts, with the highest CO conversion rate of 53.47%
and the highest Cs—C,, hydrocarbons (gasoline)
selectivity of 51.49%. Compared with that of raw

Table 4 Catalytic performance of 15%-Co-Kln,15%-Co-HKIn, and 15%-Co-HNKIn catalysts

Catalyst (6(0) CH, C,-C, Cs-Cpy Ci5-Cyo Oxides
Conv.* (%) Selec.” (%) Selec. (%) Selec. (%) Selec. (%) Selec. (%)
15%-Co-KIn 329 28.3 25.4 37.4 1.7 7.2
15%-Co-HKln 43.2 25.9 17.9 45.8 5.0 54
15%-Co-HNKIn 53.5 22.3 17.0 51.5 4.8 4.4

#“Conv.” represents “Conversion”

b“Selec.” represents “Selectivity”
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kaolinite-supported FTS catalyst, the CO conversion
rate and Cs—C, hydrocarbons selectivity of 15%-Co-
HNKIn showed increases of 20 and 15%, respectively.
Clearly, the kaolinite could be modified efficiently
by the intercalation-etching strategy and, therefore,
the FTS performance of kaolinite-supported catalyst
could be improved significantly. This study provides
new guidance to the modification and catalytic appli-
cation of kaolinite.
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