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Abstract: Hypersonic aircrafts suffer from heat management problems caused by the air friction
produced at high speeds. The supercritical catalytic cracking of fuel is endothermic and can be
exploited to remove heat from the aircraft surfaces using specially designed heat management
systems. Here, we report that an acid/base-treated activated carbon (AC) catalyst shows superior
performance to the conventional ZSM-5 catalyst at 4 MPa and 450 °C. Further, under these conditions,
coke formation is thermodynamically avoided. Of the prepared catalysts, the AC catalyst treated
with NaOH and subsequently with HNO; (denoted AC-3Na-N) was the most active catalyst,
showing the highest selectivity toward light olefins and best heat sink capacity. The acid/base-treated
ACs and ZSM-5 catalysts were characterized by scanning transmission electron microscopy, X-ray
photoelectron spectroscopy, NH3 temperature-programmed desorption, and Fourier-transform
infrared spectroscopy measurements. Characterization reveals the importance of acid strength and
density in promoting the cracking reaction pathway to light olefins observed over the acid/base-treated
AC catalysts, which show comparable activity at 450 °C to that of the ZSM-5 catalyst operated above
550 °C. The low-temperature activity suppressed coke and aromatic compound (coke precursors)
formation. The stability of the acid/base-treated activated carbon catalysts was confirmed over
a time-on-stream of 30 min.

Keywords: activated carbon; acid/base treatment; n-dodecane cracking; heat sink; Brensted acids;
Lewis acids

1. Introduction

Hypersonic aircrafts suffer from heat management problems caused by the air friction produced
at high speed. At Mach 7, the combustor adiabatic wall temperature has been reported to reach up
to 2200 °C, which is beyond the thermal limits of metallic (1200 °C), as well as ceramic (1800 °C),
materials [1]. Thus, one of the main challenges facing the commercialization of hypersonic aircrafts is
the development of heat management systems specially designed to remove the heat generated by air
friction at high speeds. However, strict criteria, such as the heat sink capacity, weight, and operating
temperature window, must be observed to preserve the propulsion momentum of the hypersonic engine.

In contrast to heat-insulating ceramics, cooling systems using the endothermic reaction heat
derived from the catalytic cracking of liquids have recently received much attention with respect to
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expandability and lightness. Specifically, the liquid hydrocarbon fuel used for the hypersonic engine
is injected into the channels of a specially designed heat exchanger, and heat control is achieved by
absorption of the endothermic heat from cracking and dehydrogenation reactions, as well as by the
physical absorption of sensible heat. The gaseous and olefinic products from the cracking reactions
are also reported to enhance propulsion efficiency by reducing the ignition delay time [2-7], which is
another critical issue in hypersonic engines operating under supercritical conditions.

To date, many researchers have focused on the development of catalytic systems based on
acid catalysts, such as ZSM-5 zeolite and composite oxide catalysts, which are mostly active above
550 °C [8-14]. However, the conventional ZSM-5 zeolite catalyst, which has abundant Brensted acid
sites and is active above 550 °C, is easily deactivated by coke deposition, which results in the blockage
of the microporous structure [15]. On the other hand, composite oxide catalysts could be resistant to
coke deposition because of the lower acid density than that of the ZSM-5 zeolite, although this results
in lower activity and poor heat sink capacity, even at high temperatures [16].

The reaction mechanism of hydrocarbon cracking over heterogeneous solid acid catalysts has
been well defined [17-23]. The catalytic cracking of n-paraffins is generally accepted to be a multistep
process, as illustrated in Scheme 1. The protolytic cracking proceeds via a penta-coordinated alkanium
ion formed by the protonation of paraffin at the Brensted acidic site (step 1). The transition state
alkanium ion is decomposed to form hydrogen or light paraffins (mainly CH, and C,Hg) and a smaller
carbenium ion (step 2). Subsequently, the carbenium ion yields olefins, giving back the proton to the
catalyst to regenerate the Brensted acid sites (reverse step 5) or proceeds to (3-scission to produce
light olefins and smaller carbenium ions (step 3). Carbenium ions can also be generated by hydride
abstraction from paraffins on Lewis acid sites (step 4) and by the protonation of olefins over Brensted
acid sites (step 5).

Alkanium ion

B acid
Protonaion
Alkane Step 2 C-H or C-C bond cleavage
Step 4 H,, CH,, C,H;
L acid v - -
Hvydride abstraction . .
Carbenium ion Lacd
Alkene Step 3 B - scission
Step S _
B acid Alkene
Protonaion
v
Smaller
Carbenium ion

Scheme 1. Cracking reaction mechanism over heterogeneous solid acid catalysts.

Interestingly, hydrogen and light paraffins, such as methane and ethane, are only produced
from the decomposition of alkanium ions to carbenium ions (step 2), and only paraffins are
generated by (-scission. Crucially, the product’s distribution depends on the number and type
of reactions, which is dictated by the type of acid catalyst, as well as the acid site strength and density.
Wojciechowshi et al. [18,19] suggested that differences in the speed of interionic reactions depending
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on the acid strength and properties of the solid heterogeneous catalyst affect product selectivity and
coke formation during n-paraffin cracking.

Activated carbon (AC) is frequently used in many industrial applications because of its large
specific surface area, easy control over the pore structure by simple physicochemical treatment, and cost
competitiveness for mass production. A large amount of AC is used to remove the organic impurities
contained in electroplating solutions for metal finishing. It is also widely employed in environmental
processes, such as drinking water filtration, volatile organic compound (VOC) capture, mercury
scrubbing from coal-fired power plants, and air purification [24-31]. ACs are generally produced by
carbonization at temperatures in the range of 600-900 °C in an inert atmosphere from source materials
such as bamboo, coconut husk, wood, coal, and willow peat. The activation process is carried out by
exposing the carbonized material to mild oxidizing conditions between 600 and 1200 °C [32]. Chemical
activation is achieved by subjecting the carbon materials to chemicals such as acids, bases, or salts
at 250-600 °C. Chemical activation resulted in the formation of a microscopic pore structure with
high surface area. Furthermore, acid treatment also generates surface acidity because of the addition
of surface oxygen functional groups (OFGs), such as phenolic hydroxyl (C-OH, -C-O-), carboxylic
(-COOH), and carbonyl (C=0) OFGs [32-38], as shown in Figure 1.

CKal_2 O Ka1

Figure 1. SEM surface texture and EDX elemental maps of AC, AC-3Na, and AC-3Na-N catalysts.

On the other hand, base treatment with KOH or NaOH generates both micro- and meso-porous
structures by the formation of defects from the redox reactions of hydroxide and carbon skeleton.
The hydroxide reduction results in the formation of H, and Na or K metal and carbon is oxidized to
metal carbonates according to the reaction shown in Equation (1). The metal carbonates further oxidize
the carbon skeleton or are decomposed to metal oxides, producing gaseous CO, and CO (Equations (2)
and (3)). The metal oxides can be removed from the surface by washing [39-41].

6NaOH + 2C — 2Na + 3H, + 2Na,CO; 1)
NayCO; + C — NayO + 2CO, @)
NayCO; — Na,O + CO 3)

2Na + CO, — Na,O + CO 4)
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In this work, acid/base-treated AC catalysts were applied to the supercritical catalytic cracking of
n-dodecane for the heat management of hypersonic vehicles operating at speeds greater than Mach 7.
To maximize the generation of surface OFGs, the sequence of the acid and base treatments was optimized.
An initial base treatment was found to be effective to build defects and a micro- and meso-porous
structure. Consecutive acid treatment mainly generated carboxylic (-COOH) OFGs, yielding an acidic
surface structure in the AC catalyst. Catalyst characterization using X-ray photoelectron spectroscopy
(XPS), ammonia temperature-programmed desorption (NH3-TPD), and Fourier transform infrared
(FT-IR) spectroscopy were used to identify the OFGs, to quantify the acid type, strength, and density,
and quantify the activity and selectivity of the catalysts based on the reaction mechanism. This is
the first report of an AC catalyst being treated first with NaOH and further with HNO3 (AC-3Na-N).
Crucially, the catalyst had comparable activity at 450 °C to that of the ZSM-5 catalyst operated above
550 °C (see Table S5). The low-temperature activity suppressed the formation of coke and aromatic
compounds known to be coke precursors. The stability of the acid/base-treated AC catalysts was
confirmed over a time-on-stream of 1 h.

2. Results

The prepared AC catalysts are labeled based on the sequence of the base (-Na) and acid
(-N) treatment process, where the number preceding (-Na) denotes the NaOH/AC weight fraction.
As an example, the AC-3Na-N catalyst represents the AC catalyst treated first with NaOH ata NaOH/AC
weight fraction of 3 subsequently treated with HNOj3. The bare AC and ZSM-5 catalysts are labeled
AC and ZSM-5, respectively.

2.1. Physical Properties of the AC Catalysts

The N, adsorption—desorption isotherms of the ACs and ZSM-5 zeolite catalysts are shown in
Figure S2a. Type IV behavior was observed for all catalysts. The characteristics of a microporous
structure can be observed in the range of 0 to 0.47 atm, and the presence of mesoporous structure is
indicated by the hysteresis loops between 0.47 and 1 atm. The pore size distributions calculated by the
Barrett-Joyner—-Halenda method are shown in Figure S2b. The average pore diameter was between 3
and 4 nm for all the AC catalysts, but the AC-3Na-N catalyst was observed to have additional large
pores (4 to 8 nm, see Figure 52). On the other hand, the ZSM-5 zeolite catalyst had an average pore size
of 2.5 nm, which indicates the presence of a dominant microporous structure. The physical properties
of the ACs and ZSM-5 zeolite catalysts are summarized in Table 1. The acid (HNOj3)-treated AC-N and
AC-3Na-N catalysts showed a 5% decrease in specific surface area and 30% decrease in pore volume
compared with AC and AC-3Na catalysts, respectively. On the basis of previous studies of the nitric
acid treatment of AC, this phenomenon can be explained by the fact that the newly formed OFGs might
distort the initial flat carbon layers, blocking the original pores between layers [42,43]. In contrast,
the base-treated AC-1Na and AC-3Na catalysts showed increases in both the micro- and mesopore
surface area. Notably, the specific surface area and pore volume of the AC-3Na catalyst increased by
2.3 and 2.2 times, respectively, compared with that of the bare AC catalyst. As discussed, additional
mesopores might have been generated by the formation of defects when the carbon framework was
eroded by the reduction in NaOH [39-41].

2.2. Surface Texture and EDX Elemental Mapping SEM Images of the AC Catalysts

The scanning electron microscopy (SEM) surface texture and energy dispersive X-ray (EDX)
elemental maps’ images of the AC, AC-3Na, and AC-3Na-N catalysts are shown in Figure 1. The EDX
and XPS determined surface compositions are summarized in Table S1. As shown by the SEM images,
the base-treated AC-3Na and AC-3Na-N catalysts showed additional development of a porous structure
compared with that of the bare AC catalyst. The effect of nitric acid treatment is clearly shown by the
increased intensity and distribution of the formed OFGs, as shown in the EDX map for oxygen in the
AC-3Na-N catalyst (Figure 1).
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Table 1. Physical properties of fresh AC and ZSM-5 zeolite catalysts.

Sample SBeT? Micropore S.A b Mesopore SAAS  Vigat?  Vimicro®  Vimeso! ps
(m?-g 1) (cm3-g.cat™1) (nm)

AC 565 321 244 0.41 0.17 0.24 4.7
AC-N 538 299 239 0.39 0.16 0.23 4.6
AC-1Na 670 374 296 0.47 0.20 0.27 44
AC-3Na 1315 673 642 0.88 0.35 0.53 4.0
AC-3Na-N 983 460 523 0.63 0.24 0.39 3.5
ZSM-5 294 248 46 0.18 0.12 0.06 2.5

2 Brunauer-Emmett-Teller (BET) surface area (S.A.); Microporous surface area, Microporous S.A = Sggt — f-plot; €
Mesopore surface area Mesopore S.A = Sger — Micropore S.A; 9 Total volume adsorbed at P/Py = 0.99; ¢ Micropore
volume (r < 2 nm); f Mesopore volume, Vineso = Viotal = Vmicro; & Average pore diameter.

As mentioned in the introduction, the formation of OFGs by acid treatment with nitric acid can
proceed by two reactions, as illustrated in Scheme 2. Because carbon atoms have excellent stability in
the condensed aromatic structure, OFGs are likely to be formed on defect sites with sp> hybridized
carbon atoms, known as aliphatic side chain carbons [44]. The dicarboxylic acid OFG can be formed
by the C-C bond cleavage of aliphatic side chains. Ketone OFGs can be generated on aliphatic side
chains containing methylene groups, which is similar to the oxidation of diphenylmethane [35,36].
The sequential treatment of base and acid was found to be effective to induce the formation of abundant
OFGs. The resultant enlargement in surface area, as well as defect sites with base treatment, increased
the number of OFGs by 22.5 at.%, as confirmed by EDX elemental composition analysis.

QO’ }*x»

‘v,

Aliphatic side chain (sp®) 5 HNO; S HNO, H,0
{+

e >

Aliphatic side chain (CH,) 2 HNO; Cc=0 5 HNO, H,0

Scheme 2. Oxygen functional group generation on Activated carbon (AC) after HNOj acid treatment
(adapted from [35,36]).

2.3. XRD Analysis of the ACs and ZSM-5 Zeolite

Figure S3 presents the X-ray diffraction (XRD) patterns of the AC and ZSM-5 zeolite catalysts.
The XRD pattern of the ZSM-5 catalyst is consistent with that of the typical H-ZSM-5 (JCPDS 44-0003).
For the AC catalysts, broad peaks with low intensity were observed at 23° and 43°, and these are
characteristic peaks of the (002) and (101), respectively, crystal faces of ACs. The lattice layer spacing
(doo2) and crystallite size were calculated using the (002) face, and the values are summarized in
Table S2.

The acid treatment was found to reduce the lattice layer spacing with apparent decrease in
crystallite size, whereas the base treatment showed completely the opposite phenomenon. The base
treatment might enlarge the lattice layer spacing by the formation of defect sites from the decay of
the framework carbon atoms in the condensed aromatic structure [32]. In contrast, acid treatment is
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believed to narrow the layer spacing by the formation of bent OFGs in the sp® hybridized carbon atoms
rather than the flat sp2 structure. The formation of sodium metal, oxides, and salts was not detected.

2.4. XPS Analysis of AC Catalysts

The wide-scan XPS scans of the five catalysts are shown in Figure S4. The atomic elemental
compositions calculated from the relative sensitivity factors and spectral areas are also summarized
in Table S1. The narrow-scan XPS spectra of Cls and Ols are presented in Figure S5 and Figure 2,
respectively, and were used to understand the identity and composition of the surface FGs using the
deconvolution technique.
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Figure 2. Deconvolution of the XPS O1s spectra of the AC catalysts: (a) AC, (b) AC-N, (c¢) AC-1Na,
(d) AC-3Na, (e) AC-3Na-N, and (f) oxygen species content (B.E. = binding energy).

The deconvolution of the C1s spectra of the AC catalysts yielded a main peak at 284.8 eV, which can
be assigned to the graphitic sp? carbon structure [44]. Furthermore, the peak centered at 285.7 eV can
be attributed to the aliphatic sp? carbon structure present at defect sites [44], whereas those located at
286.7,288.5, and 290.0 eV correspond to carbon atoms bound to one, two, and three oxygen atoms,
respectively [45,46]. Finally, the peak observed at 292.1 eV can be assigned to the 7—* transition loss
peak. Based on the deconvolution of the Ols spectra between 529 and 536 eV, four different types of
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OFGs were identified. The peak at 529 eV can be attributed to the bulk oxygen physically adsorbed on
carbon, whereas that at 531 eV was attributed to the oxygen double bonded to carbon. The peak at
533 eV was assigned to the oxygen linked to carbon by a single bond, and that at 536 eV was assigned
to oxygen from adsorbed water molecules [44].

From the quantitative analysis of the carbon species content by XPS shown in Figure S5f, AC was
found to contain 56.0 at.% of sp? carbon species, which represents the most stable carbon structure in
the AC catalysts. The base treatment with NaOH was found to convert the sp? carbon species of the
stable framework to sp? carbon species, thus forming a defective structure. In particular, in the case of
AC-3Na, of the AC catalysts, the content of sp> carbon species reached the highest value of 16.2 at.%.

From the quantitative analysis of the oxygen species content by XPS shown in Figure 2f, the AC-N
and AC-3Na-N catalysts treated with HNOj3 acid showed significant increase in the total oxygen content
(7.9 and 11.3 at.%, respectively) compared to that of the bare AC catalyst, mainly by the formation
of doubly (C=0) and triply (O-C=0) oxygen-bound carbon. Interestingly, base-treated AC-1Na and
AC-3Na catalysts were also observed to have increased total surface oxygen contents (7.0 and 4.5 at.%,
respectively) compared to that of the AC catalyst, respectively. Defect sites with uncoordinated sp®
hybridized carbon atoms might have been formed after the base treatment. Subsequently, the surface
oxidation of the uncoordinated sp® hybridized carbon atoms would have proceeded to generate OFGs
in a similar way to the activation process by physical treatment reported in our previous work [47].
Therefore, it is difficult to interpret the results of the quantitative analysis of OFGs derived from the
base treatment alone.

2.5. FT-IR Analysis of AC Catalysts

To identify the surface FGs present on ACs before and after the acid/base treatment, FT-IR analysis
was performed in absorbance mode. Because it was difficult to discriminate the differences in the
intrinsic sensitivity between samples, only a qualitative assignment of absorbance bands at different
wavenumbers was conducted to differentiate the surface FGs present on the surface of the ACs.
Additionally, the intensity of the peak corresponding to adsorbed gaseous CO, at 2349 cm™! was too
strong to provide any useful information. Thus, the absorbance band data from 2400 to 1900 cm™!
are omitted in Figure 3. A broad band between 3663 and 3002 cm™~! was observed in the spectra of
all ACs and can be attributed to the stretching O-H vibrations of hydroxyl groups and physically
absorbed water [48-50]. The characteristic bands of O-H stretching from carboxylic (3500 cm~!) and
phenolic (3605-3393 cm ™) FGs are present and overlapped between 3663 and 3002 cm ™! [51]. The two
bands located at 2916 and 2844 cm™! are assigned to C-H symmetrical and asymmetric stretches of
methylene (-CH,-) FG, respectively [52]. In general, the typical absorption bands of OFGs present on
ACs were observed between 2000 and 1000 cm™~!. The band located at 1710 cm~! was assigned to the
C=0 stretches of carboxylic acids (COOH) FG [53] and the band at 1571 cm™! to that of the ketone
FG [53,54]. The band located at 1128 cm™! was attributed to O-H stretching of the phenolic FGs [55].
The absorption bands corresponding to carboxylic, ketone, and phenolic OFGs were observed on the
acid-treated AC-N and AC-3Na-N catalysts. In contrast to the bands in the spectra of the AC and
AC-3Na catalysts, sharp absorption bands of carboxylic OFG can be clearly seen in the spectra of the
AC-N and AC-3Na-N catalysts, indicating the introduction of OFGs with acid treatment. In particular,
for the AC-3Na catalyst, the relative intensity of the absorption band of OFGs was definitely broadened
because of the abundance of OFGs by sequential treatment with base and acid.
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Figure 3. FT-IR spectra of AC catalysts.

2.6. Acid Properties of AC and ZSM-5 Zeolite Catalysts

Investigation of solid aluminosilicate catalysts has shown that the catalytic activity and product
selectivity for the cracking of hydrocarbons are related to the type of solid acid catalyst [18,19].
The XPS and FT-IR analyses confirmed that sequential treatment of base and acid was effective in
generating OFGs on the AC defect sites. In particular, the carboxylic FG might function as an acidic
site that can catalyze the cracking reaction. For the quantitative measurement of acid properties of
the catalysts, NH3-TPD analysis was performed and the results are presented in Figure 4. From the
NH;-TPD profiles, three types of acid strength were assigned depending on the desorption temperature:
weak (o sites: 50-250 °C), medium (3 sites: 250—490 °C), and strong acid sites (y sites: 490-720 °C).
The differentiation between Bronsted (B) and Lewis (L) acid can be easily made using NHj in situ
FT-IR analysis. Absorption bands at 1440-1470 and 1610-1640 cm™! are characteristic of B and L
acid sites, respectively [56-59]. The acid site densities (ASD) and B/L acid ratio were calculated
from the quantitative analysis of NH3-TPD and NHj in situ FT-IR (Figure 5), and the values are
summarized in Table 2. Assuming that the NHj adsorption sites for FT-IR spectroscopy and TPD
analysis are identical, the B and L ASDs were calculated by multiplying the total ASD by ( B/L ) or

B/L+1
(7 ) respectively [601. i
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Table 2. Acid site densities of ACs and ZSM-5 zeolite.

Acid Site Density Acid Site Density
Sample Weak Medium Strong Total 2 B/L ASD Ratio?  Brensted© Lewis®
() ()] )
(mmol-NHj3/g-cat) (mmol-NHj3/g-cat)
0.061 0.258 0.54
AC (7.1%) (30.0%) (62.9%) 0.859 0.99 0.43 0.43
0 0.376 1473
AC-N %) (20.3%) 79.7%) 1.849 1.30 1.04 0.81
0.138 0.468 0.733
AC-1Na (10.3%) (35.0%) (54.7%) 1.339 0.52 0.46 0.88
0.057 0.574 0.571
AC-3Na (4.7%) (47.8%) (47.5%) 1.202 0.74 0.51 0.69
0.239 0.418 2.071
ACINaN o (15.3%) 75.9%) 2.728 3.16 2.07 0.66
0.511 0.461 0
ZSM-5 (52.6%) (47.4%) (0%) 0.972 2.36 0.58 0.39

2 The acid site densities were obtained by integrating the NH;-TPD curves shown in Figure 4. ? B/L ratios were
calculated by the in situ NH3 desorption FT-IR spectroscopy results shown in Figure 4. © Numbers of Brensted and
Lewis acid were calculated using total acid amount and B/L ratio.

From the results of NH3-TPD analysis, the total acid site density present on catalysts decreased in
the following order: AC-3Na-N > AC-N > AC-1Na > AC-3Na > ZSM-5 > AC. This result shows that
the acid and base treatment increased the acidity of the AC catalysts. In particular, the AC-3Na-N
catalyst sequentially treated with base and acid showed a significant increase in strong y acid sites:
up to 2.071 mmol-NHj/g-cat. In our previous study, carboxylic OFGs were found to produce strong
acidity on physically treated AC catalysts [43]. In accordance with XPS and FI-IR analysis results, the
sequential base and acid treatment led to the formation of many carboxylic acid OFGs, as shown by the
increase in the strong ASD by the formation of Brensted acid sites. On the other hand, Lewis acid sites
are thought to form at defect structures with sp> hybridized unsaturated carbon atoms, which could
accept a pair of nonbonding electrons. Thus, it can be concluded that the base treatment generated
Lewis acid sites by the formation of undercoordinated sp® hybridized carbon atoms. The base-treated
AC-1Na and AC-3Na catalysts were found to have a larger amount of Lewis ASD compared with
acid-treated AC-N and AC-3Na-N catalysts.

2.7. Cracking Activity

The thermal and catalytic cracking of n-dodecane were assessed at 4 MPa and 450 °C over the
AC and ZSM-5 catalysts. The results are shown in Figure 6. The use of the catalysts clearly improved
the liquid fuel conversion, as well as gas yield and heat sink capacity. Among the tested catalysts,
the AC-3Na-N catalyst showed the highest liquid fuel conversion of 77.4%, which decreased in the
following order: AC-3Na-N (77.4%) > AC-N (63.6%) > AC-1Na (59.2%) > AC-3Na (55%) > ZSM-5
(48.3%) > AC (45.5%) > thermal cracking (26.9%). The liquid fuel conversion order between catalysts
was in complete coincidence with their order of total ASD. Therefore, we suggest that all the acid
sites present on the catalyst surface were involved in the conversion of n-dodecane. Similarly, the gas
production yield showed to decrease in the order of AC-3Na-N (61.1%) > AC-N (45.3%) > AC-1Na
(39.9%) > AC-3Na (37.7%) > AC (26.9%) > ZSM-5 (24.3%) > thermal cracking.
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Figure 6. Conversion, gas production yield, and heat sink capacity at 450 °C and 4 MPa.

The heat sink capacity was found to decrease in the order of AC-3Na-N (3223.6 kJ/kg) > AC-N
(2817.4K]/kg) > AC-1Na (2656.5 kJ/kg) > AC-3Na (2592 k] /kg) > AC (2535.6 kJ/kg) > ZSM-5 (2514.4 k] /kg)
> thermal cracking (1986.1 kJ/kg), in the same manner as the strong ASD and gas production yield.

Figure 7 shows the gaseous product distribution and olefin-to-paraffin ratios based on the cracking
reaction of n-dodecane carried out at 450 °C and 4 MPa. The main gaseous products were methane,
ethane, ethene, propane, propene, n-butane, and 1-butene. The olefin-to-paraffin ratios of the gaseous
products (O/L ratio) were all higher than 1, except for the ZSM-5 zeolite catalyst. In particular, the AC-N
catalyst showed the highest O/L ratio of 1.32.
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Figure 7. Gaseous product yield at 450 °C and 4 MPa.

The overall product distribution is illustrated in Figure 8 and Table S4. Paraffins, C;—C4 olefins,
C5—Cq; olefins, aromatics, and naphthenes were the main products. Overall, the treated AC catalysts
showed higher product selectivity toward olefins than the ZSM-5 and AC catalysts and thermal cracking,
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which exceeded 72% of product selectivity to paraffins. Catalysts with strong ASDs, such as AC-3Na-N
and AC-N catalysts, tended to produce larger amount of gaseous C;—-Cjy olefins. In particular, AC-3Na-N
showed the highest gaseous olefin product selectivity of 32.7%. Interestingly, ZSM-5 catalyst exhibited
considerable production of aromatics and naphthalenes, which are well-known coke precursors.

Aromatics  Naphthenes
0.9

_Paraffin C~Cy Paraffin C~C,, olefins C5~C golefins C5~Cy
ZSM-5 147 57.4 128 13
0.4 1
AC-3Na-N 28.1 26.6 327 112
0.1 0.6
AC-3Na 17.6 469 20 14.8
0.1 1
AC-1Na 182 437 215 155
02 0.7
AC-N 19.6 40 25.6 14
0.1 0.8
AC 123 60.6 158 10.4
T 0.1 0.2
Thermal
. 58 76.5 6.2 112
cracking
———T————— T
0 20 40 60 80 100

Mol fraction (%)

Figure 8. Overall product distribution at 450 °C and 4 MPa.
3. Discussion

From the results of XPS, FI-IR, and NH3-TPD analysis, it can be concluded that base treatment of
AC resulted in the formation of unsaturated sp> hybridized carbon sites, which might act as acceptors
of nonbonded ion pairs and, thus, act as Lewis acid sites. The acid treatment of AC gave rise to the
formation OFGs such as carboxylic acids (COOH), which might act as Brensted acid sites. Moreover,
the sequential base and acid treatment on AC was effective in generating both Brensted and Lewis
acid sites with strong acidity, as well as a large ASD. As mentioned in the previous section, the initial
step of n-dodecane cracking involves the formation of penta-coordinated alkanium ion at the Brensted
acidic site. The alkanium ion is decomposed into a smaller carbenium ion producing light paraffins
such as methane, ethane, or hydrogen. Considering the overall reaction mechanism, light paraffins are
mainly produced during the above step. The produced carbenium ion is further decomposed to much
smaller carbenium ion, thus producing olefins via 3-scission. Olefins can be further decomposed to
smaller olefins via step 5 in Scheme 1 on Brensted acid sites or rearranged to form cyclic and aromatic
compounds. Cyclic and aromatic compounds can further react, polymerize, and form coke, and it
has been reported that the steric blockage of the formed aromatic compounds within the micropores
facilitates the formation of coke [61]. Even though the catalytic cracking was carried out at a relatively
low temperature of 450 °C, the formation of aromatic compounds was noticeable within the ZSM-5
zeolite catalyst, as shown in Figure 8. This phenomenon can be explained by the fact that the ZSM-5
zeolite catalyst contains mainly micropores with Brensted acid sites; thus, the produced olefins might
further react to form aromatic compounds within the blocked micropores. The formation of coke is
widely reported to occur at 550-600 °C over the ZSM-5 zeolite catalyst [10]. In our present study,
the cracking reaction was carried out at 450 °C, which seemed to retard coke formation within the
micropores of ZSM-5. The catalytic activity of ZSM-5 catalyst on n-dodecane reported in the literature
is summarized in Table S5. It seems reasonable that the liquid fuel conversion reached above 70% when
the reaction temperature was increased up to 550-600 °C, at which coke formation was inevitable.
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The main advantage of the AC catalysts is that they were active at lower reaction temperature (450 °C)
than the ZSM-5 catalyst, and coke formation was thermodynamically suppressed, even at a high
liquid fuel conversion level of 70%. Furthermore, the mesoporous structure of ACs might enhance the
mass transfer within the pores, which would restrain the further reaction of olefins to form aromatic
compounds. AC catalysts showed aromatic and naphthalene product selectivities of less than 1%.
However, in the case of AC-3Na-N, the abundance in the Bronsted acidic site is believed to generate
non-negligible amounts of aromatic compounds.

In addition to the type of acid (Brensted and Lewis acid), the acid strength, as well as ASD, should
also be considered to account for the product distribution and yield. Strong acid sites might lead to
the formation of more stable carbenium ions with increased turnover number on the catalyst surface,
thus intensifying (3-scission reactions. Furthermore, a higher ASD would have direct effect on the
number of active sites present on the surface of catalyst for the conversion of liquid fuel. By all accounts,
the catalytic cracking of n-dodecane should be understood in-depth based on the type, strength,
and acid density of the acid catalysts. From the cracking activity results presented in Figures 6-§,
two strong correlations were observed. First, the liquid fuel conversion and gaseous paraffin (C;-Cy)
yield showed proportional relationship with total ASD in the following order: AC-3Na-N > AC-N
> AC-1Na > AC-3Na > ZSM-5 > AC > thermal cracking, whereas the liquid paraffin (Cs-Cy) yield
showed the reverse trend. Second, the overall gaseous product yield, gaseous olefin (C1-Cy) yield,
and heat sink capacity matched the order of strong ASD: AC-3Na-N > AC-N > AC-1Na > AC-3Na >
AC > ZSM-5 > thermal cracking. These two correlations are similar with the exception of the AC and
ZSM-5 catalysts. The gas production yield of the bare AC catalyst exceeded that of ZSM-5 despite the
lower liquid fuel conversion level. Strong acidic sites are reported to result in C-C bond cleavage from
normal paraffin to produce gaseous products such as methane, ethane, and hydrogen by the formation
of alkanium ions in the initial stages of the cracking reaction, as illustrated in Scheme 1. Even though
the ZSM-5 catalyst had a greater ASD than the bare AC catalyst, it showed lower gas production
yield because of the deficiency of the strong acidic site. The bare AC catalyst used in this work was
commercial grade, and activation was carried out via mild oxidative treatment. As shown in our
previous work, physical treatment at high temperatures (up to 400 °C) under mild oxidizing conditions
is effective in generating OFGs with strong acidity. Thus, the high ASD of 0.54 mmol-NHj3/g-cat was
determined to be due to the initial OFGs present in the bare AC catalyst.

4. Materials and Methods

4.1. Materials

ZSM-5 zeolite (Si0,/Al,O3 molar ratio = 23) was purchased from Zeolyst (Zeolyst Co., Kansas,
KS, USA). The granular type AC was purchased from Sigma-Aldrich (Sigma-Aldrich Co., St. Louis,
MO, USA). Before use, particles between 30 and 50 mesh were selected. HNOj (analytical grade,
70%) and NaOH (analytical grade, >98%) were used as purchased from Sigma-Aldrich without any
further purification.

4.2. Catalyst Synthesis

Base treatment with NaOH was employed as follows: AC was mixed with a 2 g and 6 g NaOH.
The mixed sample was heated from room temperature to 850 °C at a heating rate of 10 °C/min and was
maintained at 850 °C for 3 h under an argon atmosphere to prevent surface oxidation. The collected
solid sample was washed with 0.1 M nitric acid solution and deionized (DI) water until the filtrate
reached a pH of 7. The obtained solid was dehydrated at 100 °C overnight in an oven. The amount of
NaOH used in the treatment was varied from a NaOH/AC weight fraction of 1 to 3.

Acid treatment with HNOj; was carried out by adding 2 g of fresh AC to 60 mL of 70% HNO3
to a 500-mL single-necked round-bottomed flask fitted with a simple reflux system. Aging was
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undertaken at 60 °C for 16 h. The slurry was filtered and rinsed repeatedly with DI water until the
filtrate reached a pH of 7. The obtained solid was dried overnight at 100 °C in an oven.

4.3. Catalytic Activity Evaluation

As shown in Figure S1, the catalytic cracking of n-dodecane was carried out under supercritical
reaction conditions using a fixed-bed reactor. n-dodecane was supplied to a stainless-steel tube reactor
(SUS-316L, O.D. 1/4 in., thickness 0.89 mm, length 310 mm) at 0.2 mL/min using a high-performance
liquid chromatography (HPLC) pump (YL9200N, Young Lin Instrument Co., Anyang, Gyeonggi-do,
South Korea), where 0.1 g of catalyst was fixed with the aid of quartz wool. The reactor temperature was
increased using an electric heater and a proportional-integral-derivative (PID) controller. The power
consumption of the electric heater was monitored to determine the heat sink capacity. The reaction
was carried out at 450 °C and 4 MPa using a back-pressure regulator (TESCOM Co., Pflugerville,
TX, USA). The product gas and liquid were cooled at the condenser and then, separated in liquid
collector. The volume of the gaseous products was measured using a wet gas meter (W-NKDa-1B,
Shinagawa Co., Inagi-shi, Tokyo, Japan) and then, collected in gas-tight bags (TEDLA (CEL Scientific
Co., Cerritos, CA, USA), 10 L). The collected C5—Cy; liquid hydrocarbons were analyzed with an offline
gas chromatography (GC) system (Agilent 7890B, Agilent Co., Santa Clara, CA, USA) using the detailed
hydrocarbon analysis (Detailed Hydrocarbon Analyzer (DHA), ASTM D6730) method [62]. The C;-Cy4
gaseous products were analyzed by GC (6500YL, Young Lin Instrument Co., Anyang, Gyeonggi-do,
South Korea) using a flame ionization detector (FID) and GS-GasPro capillary column (30 m X 0.32 mm).
Detailed GC analysis conditions were summarized in Tables S6 and S7. The conversion of n-dodecane,
the product selectivity, and the heat sink capacity were calculated using Equations (5)—(7) after 20 min,
at which steady-state was reached and sustained within 1 h on stream. The products analysis was
conducted with the samples collected within 10 min after steady-state conditions were reached.

. Initial moles of linear dodecane — Final moles of linear dodecane
Coversion (X) = (

Initial moles of linear dodecane ) x100%  (5)

Moles of each product

Selectivity (S) = ( x 100% (6)

Moles of total products

Heat sink ity (Q) Electrical power(kW) X Thermal efficiency(n) )
eat sink capacly ~ Mass flow rate of linear dodecane (kg/s)

The power consumption of the electrical heater was measured during catalytic cracking to maintain
isothermal reaction conditions at 450 °C. The heat loss to the environment is reflected by the thermal
efficiency, 1. The power consumption during heating from room temperature (RT) to 450 °C with Np
flow was measured, and 1 was calculated as the ratio of the ideal sensible heat of N, to the power
consumption during the calibration test. The N, flow rate was maintained at 2 L/min to produce
turbulent conditions to prevent heat transfer limitations in the axial direction. A constant heat capacity
(Cp) value of 30.93 kJ/k-mol K and ideal gas behavior were assumed for N,. The calibrated value of
1 was 0.255 during the experiments. The heat sink capacity (Q) was calculated using Equation (7)
assuming that the net power consumption was provided to maintain isothermal conditions against the
endothermic reaction heat [47].

4.4. Catalyst Characterization

XRD measurements were carried out on a D/MAX-2500V X-ray diffractometer (Rigaku,
Akishima-shi, Tokyo, Japan) with Ni-filtered Cu K« (A = 0.154 nm) radiation at 40 kV and 200 mA.
The XRD patterns were obtained in continuous scan mode in the 20 range of 15-90° at 5°/min. The layer
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spacings (d) and crystallite sizes (T) of the catalysts were calculated using the Bragg (Equation (8)) and
Scherrer (Equation (9)) equations, respectively, for the (002) crystal face.

_A
2517’16002

®)

doo2 =

K
Boo2¢0s0002

Here, A is the X-ray wavelength, § is the line broadening at half the maximum intensity (FWHM)
after subtracting the instrumental line broadening in radians, and 0 is the Bragg angle.

SEM images were obtained using a field-emission scanning electron microscope (FESEM S-4700,
Hitachi Ltd., Chiyoda-ku, Tokyo, Japan) equipped with an EDX detector. The Brunauer-Emmett-Teller
(BET) surface area, pore volume, and average pore diameter were determined using sorption analysis
and porosimetry system ASAP2020 (Micromeritics Co., Norcross, GA, USA) based on N, physisorption
at liquid nitrogen temperature (77 K). The elemental (C, O, N, and Na) compositions of the carbon
surfaces were determined by XPS using an AXIS ultra-delay line detector (Kratos Analytical Ltd.,
Manchester, UK) using monochromatic Al K, (1486.6 eV) radiation. The XPS spectra were deconvoluted
and the atomic compositions were determined after Shirley background subtraction. NH3-TPD profiles
were obtained using Bel-Cat-41 apparatus (MicrotracBel Co., Osaka, Japan). Before analysis, 50 mg
of sample was pretreated at 500 °C under He flow for 1 h to remove water and impurities and then,
saturated with a gas mixture of 2% NHj balanced in He at 50 °C for 30 min. The samples were
subsequently treated with pure helium for 30 min to remove physisorbed NH3 and then, heated under
He flow to 750 °C at a rate of 10 °C/min. The chemically desorbed NHj profiles were measured using
a TCD. The IR spectra for the identification of the functional groups on the catalyst surfaces were
acquired using a Nicolet iS50 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA ) equipped
with a deuterated triglycine sulfate (DTGS) detector. Samples were prepared by mixing 1 mg of the
catalyst with 300 mg of KBr. Then, a thin pellet was obtained after compression at 50 MPa. The in
situ NH3 desorption IR spectrum analysis was measured using a DRIFT cell equipped with a mercury
cadmium telluride (MCT) detector. Prior to the analysis, 20 mg of catalyst was pretreated to remove
impurities and water under N, atmosphere at 300 °C. The background spectra were obtained after
cooling to 50 °C. Subsequently, the sample was saturated with 2% NHj3 gas mixture and purged with
pure N, for 30 min. Finally, the spectra were recorded up to 500 °C in intervals of 100 °C.

©)

5. Conclusions

In this study, acid/base-treated activated carbon catalysts were investigated as novel catalysts
for low-temperature endothermic supercritical cracking of n-dodecane applicable for use in heat
management systems in supersonic vehicles. The treatment of AC with base results in the formation of
unsaturated sp’ hybridized carbon atoms acting as Lewis acid sites, whereas acid treatment induces the
formation OFGs such as carboxylic (COOH), which act as Brensted acid sites. Moreover, the sequential
base and acid treatment on AC was effective in generating both Brensted and Lewis acid sites with
strong acidity, as well as large ASDs. The liquid fuel conversion and gaseous paraffin (C;-Cy4) yield
showed correlation with total ASD. In contrast, the overall gaseous product yield, gaseous olefin
(C1-Cy) yield, and heat sink capacity matched the order of strong ASD. The acid/base-treated AC
catalysts showed high activity at 450 °C, and the formation of coke was thermodynamically suppressed,
confirming their potential for the development of a heat management system for supersonic vehicles.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/10/1149/s1,
Figure S1: Experimental device for the catalytic cracking of n-dodecane, Figure S2. N2 adsorption—desorption
isotherms, Figure S3. XRD patterns of the fresh ACs and ZSM-5 zeolite, Figure S4. X-ray photoelectron spectroscopy
survey scans of AC catalysts (B.E. = binding energy), Figure S5. Deconvolution of the XPS C1s spectra of the AC
catalysts, Figure S6. Gas formation profiles over ACs and ZSM-5 at 450 °C and 4 MPa, Table S1 Energy-dispersive
X-ray analysis (EDX) and surface concentration (at%) determined by XPS of the ACs, Table S2 Lattice spacings
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(d002) and crystallite sizes (t) of the ACs, Table S3 Assignments of FI-IR vibration bands in Fig. 5, Table S4 Effects
of AC and ZSM-50n the liquid products of n-dodecane cracking as determined by GC-DHA, Table S5 Catalytic
performance of supercritical catalytic cracking of n-dodecane in the references, Table S6 GC conditions for liquid
product analysis, Table S7 GC conditions for gaseous product analysis.
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