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Abstract
The carboxylic multi-walled carbon nanotube-loaded nickel (Ni/c-MWCNT) cata-
lyst prepared by the excess impregnation method was used for the hydrogenation 
of oleoresin-based turpentine (OBT) into high energy density fuel. Benefiting from 
small nickel nanoparticle sizes (about 10  nm) and the carrier’s high surface area, 
a hydrogenation rate of 99.1% was achieved at 145  °C and 3  MPa, superior to a 
commercial 5 wt.% Pd/C. Hydrogenated oleoresin-based turpentine (HOBT) satis-
fied the density, flash point, and freezing point outlined by the American Society 
of Testing and Materials standard. Hydrogenation improved the oxidative stability, 
smoke point, and calorific value of OBT while changing its color to water white. 
The impact of blend ratio on the blended biomass fuel performance was evaluated 
by measuring the smoke point, density, kinematic viscosity, calorific value, freezing 
point, and flash point of biofuels blended with HOBT and exo-tetrahydrodicyclo-
pentadiene (JP-10). When HOBT was blended up to 20% (v/v) with JP-10, the per-
formance of blended biomass fuel was comparable to that of JP-10 and even supe-
rior at freezing temperatures.
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Introduction

High energy density (density greater than 850 kg/m3 at 20 °C and volumetric calo-
rific value upwards of 36.0  MJ/L) is vital regarding an aerospace vehicle’s flight 
range and payload capacity because the high density and volumetric net heat of com-
bustion can bestow aircraft with augmented range and load-bearing capacity for a 
given fuel tank volume [1, 2]. Compared with other fuels, the density of exo-tetrahy-
drodicyclopentadiene (JP-10) can reach 936 kg/m3 and offers notable performance 
benefits regarding freezing point and viscosity. However, these fuels are derived 
from fossil resources. To alleviate the pressure of depleting finite oil reserves and 
to achieve the goal of carbon neutrality, there is a need to develop sustainable and 
environmentally friendly high energy density biomass fuels [3].

Turpentine is a natural product obtained by distilling oleoresin from live pine 
trees. The pinus tree genus is found almost worldwide, most commonly in Asia, 
Europe, North America, Mediterranean Africa, and different island countries 
[4]. Approximately 0.6 million tons of oleoresin were produced yearly in China 
[5], and 350 kt of turpentine were produced worldwide [6]. Oleoresin consists 
mainly of non-volatile rosin (cyclic resin acid C20) and a small amount of vola-
tile turpentine (cyclic terpenes C10 and C15). Turpentine is composed primar-
ily of the monoterpenes (C10) α-pinene and β-pinene, with lesser amounts of 
carene and camphene, as well as small quantities of sesquiterpenes (C15) such 
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as caryophyllene and longifolene. Some studies have shown that as a potential 
renewable fuel, turpentine can be blended with diesel [7] or petrol [8] with mini-
mal or no adjustments to the engine. However, owing to the affluent unsaturated 
hydrocarbons (carbon–carbon double bond), which hurt both sooting tendency 
and fuel stability, turpentine is unsatisfactory as a direct constituent of jet fuel [9, 
10].

Hydrogenation is a promising approach that can alter the hydrocarbon composi-
tion to saturation, and therefore, an improvement in the sooting tendencies and oxi-
dative stability of jet fuel can be achieved [11, 12]. In contrast to catalytic hydro-
genation, electrochemical hydrogenation does not require hydrogen. However, it 
necessitates separating the product from the electrolyte, which can result in lower 
process economics [13]. Therefore, most hydrogenation reactions still use tradi-
tional methods. The performance of hydrogenated turpentine with hydrogenation by 
Pt/Al2O3 catalyst and oxygenated turpentine was analyzed and compared in diesel 
fuel applications [14]. A 5 wt.% Pd/C was used as a catalyst to hydrogenate tur-
pentine, and the hydrogenated turpentine’s gaseous and particle matter emissions 
and combustion analysis were compared with those from diesel fuel [15]. Currently, 
the focus of turpentine hydrogenation in preparing renewable fuel is mainly on the 
properties of hydrogenated turpentine as various fuels, including diesel, gasoline, 
and jet fuel. The catalytic hydrogenation process also predominantly uses precious 
metal catalysts such as Pd-based and Pt-based catalysts. Therefore, it is desirable to 
develop an inexpensive Ni-based catalyst of turpentine to jet fuel under relatively 
mild reaction conditions.

Turpentine’s high calorific value, low viscosity, and low boiling point enable 
efficient fuel atomization and vaporization, resulting in improved exothermic rates 
[16]. However, the density of approximately 860 kg/m3 falls significantly short of 
high-density fuels, which possess densities surpassing 900 kg/m3. Compared with 
monoterpenes C10, diterpenes C20 possessing a 3-ring configuration could be more 
encouraging substrates for fabricating dense, sustainable aviation fuels [17]. How-
ever, oleoresin has poor properties, such as low viscosity and calorific value. Using 
oleoresin-based turpentine (OBT) as feedstocks to prepare high-density hydrocarbon 
jet fuels would exhibit intriguing potential.

In summary, no reports specifically address the catalytic hydrogenation of OBT 
to create high energy density fuel oil from biomass. In this work, high-density oleo-
resin of Masson pine (Pinus massoniana Lamb.) was blended with low-viscosity, 
high-calorific-value turpentine of Masson pine in varying ratios to achieve the per-
formance of JP-10. The Ni/c-MWCNT catalyst prepared by excess impregnation was 
used to hydrogenate OBT. The catalyst achieved 99.1% hydrogenation of OBT at 
145 °C, 3 MPa  H2, and 1 h, whereas the hydrogenation rate of a commercial 5 wt.% 
Pd/C catalyst under the same conditions was only 92.8%. Gas chromatography-mass 
spectrometry (GC–MS) was used to study the composition of OBT and hydrogen-
ated oleoresin-based turpentine (HOBT) to calculate the hydrogenation rate. The 
effects of hydrogenation and compounding on the performance of blended biomass 
fuels were investigated using color, smoke point, density, kinematic viscosity, calo-
rific value, flash point, and freezing point as the main parameters, and the potential 
of HOBT as a high-energy–density renewable biomass aviation fuel was assessed.
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Material and methods

Materials

The c-MWCNTs (outer diameter of 5–15  nm and length of 10–30  µm, purity 96 
wt.%) were purchased from Chengdu Jiacai Technology Co., Ltd. Oleoresin of Mas-
son pine was newly collected in Dadeng Village, Santang Town that year. Turpen-
tine of Masson pine was purchased from Guangxi Wuzhou Richeng Forest Products 
Chemical Co., Ltd. Superior pure polyvinyl pyrrolidone K30 (PVP) was purchased 
from Sinopharm Chemical Reagent Co., Ltd. Analytically pure Ni(NO3)2·6H2O was 
bought from the Guangdong Provincial Chemical Reagent Engineering Technology 
Research and Development Centre.

Catalysts preparation

Catalysts were prepared using the excess impregnation method. The 0.6  g of 
c-MWNTs were added to water containing 0.013  g PVP and stirred by magnetic 
force for 2 h at room temperature. Next, the 1.27 g Ni(NO3)2·6H2O was dissolved 
in deionized water and added to the mixture of c-MWCNTs and PVP. The mixture 
was stirred further at room temperature using a magnetic agitator for 4 h. The excess 
water was removed using a rotary evaporator. After that, it was dried in an oven at 
100 °C for 24 h. Finally, the Ni/c-MWCNT catalyst with a 30% nickel loading was 
acquired through reduction at 350 °C for 3 h under an argon gas environment with 
5% hydrogen concentration. The process is shown in Fig. S1.

Catalyst characterization

The Scanning Electron Microscope (SEM) used for SEM characterization was a 
GeminiSEM360. Ni/c-MWCNT was harder to disperse in water. It was transferred 
to a tube containing anhydrous ethanol for ultrasonic dispersion to prevent the cata-
lyst from oxidizing and achieve more efficient dispersion. Finally, the sample was 
deposited on the conductive glue to create the sample.

Crystal structure information of catalysts was identified in a Bruker D8 X-ray 
diffractometer. The experiment was conducted using Cu-Kα radiation with a wave-
length of 0.154 nm. The voltage and current used were 40 kV and 40 mA. The scan-
ning angle covered a range from 5° to 90°. Powder samples were placed horizontally 
onto a slide surface previously cleaned by alcohol and flattened with another slide.

The TG209 F3 thermogravimetric (TG) analyzer determined the active metal 
loading of the catalysts. After reduction, a 5 mg sample of the catalyst was taken 
into a ceramic crucible, heated to 40  °C and maintained for 20  min, followed by 
a thermogravimetric analysis. During the experiment, the temperature was varied 
between 40 °C and 850 °C with a heating rate of 10 °C/min. An air atmosphere was 
employed, and the airflow rate was maintained at 30 mL/min.
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Feedstock selection and hydrogenation

Oleoresin and turpentine were mixed in mass ratios of 1.5:1, 1:1, 1:1.5, and 1:2. The 
oleoresin and turpentine mixture was heated to 95 °C to dissolve the oleoresin com-
pletely. The mixture was filtered to eliminate impurities before the measurements of 
density, kinematic viscosity, and calorific value.

A process of hydrogenation is shown in Fig. S2. The hydrogenation of OBT was 
performed in a 100 mL stainless-steel autoclave equipped with a temperature, pres-
sure, and speed controller. A specific portion of OBT was added to the autoclave, 
with a catalyst representing 5% of the oleoresin’s weight in the feedstock. Next, a 
circulating water multi-purpose vacuum pump was used to evacuate the air in the 
autoclave and reduce the pressure to 0.009 MPa, which was maintained for 5 min. 
The autoclave’s pressure was raised to 2 MPa and maintained for 5 min to ensure 
tightness. The pressure in the autoclave was released to 0.5  MPa, then raised to 
2 MPa, and switched three times back and forth to completely displace the air in the 
vessel, and the last time the pressure was still held at 2 MPa. Next, the reaction sys-
tem was heated while stirring constantly at 200 rpm. Once the pre-set temperature 
was achieved, the stirring speed was increased to 500 rpm to initiate the reaction. 
The pressure was consistently maintained at the set level using a hydrogen cylinder 
during the response.

At the end of the hydrogenation process, the temperature was lowered, and the 
pressure was released; the catalyst was removed by filtration to produce the final 
liquid product. HOBT with 43%, 67%, 90%, and 99.1% hydrogenation were synthe-
sized by controlling the hydrogenation time and were designated HOBT1, HOBT2, 
HOBT3 and HOBT4.

GC–MS analysis

The OBT and HOBT underwent qualitative analysis by Agilent GC–MS 
7890A-5975C gas chromatography-mass spectrometry, which employed a capil-
lary column of HP-5MS with dimensions of 30 m in length, 0.25 mm in diameter, 
and 0.25 μm in film thickness. The injection temperature utilized was 540 K. High-
purity nitrogen was used as the carrier gas with a split ratio of 25:1, and the injec-
tion volume was 0.4 μL. The heating procedure comprised of the following: increas-
ing from 338 to 353 K at a rate of 3 K/min, followed by a rate of 20 K/min to 433 K, 
then 8  K/min to 493  K, 1  K/min to 503  K, and finally 20  K/min to 523  K, then 
maintain this temperature for 3 min. The obtained mass spectra underwent screen-
ing against a database, and characterization was performed using HOBT as per the 
pertinent literature.

The HOBT was quantitatively analyzed using an Agilent GC7820A meteorologi-
cal gas chromatograph (DB-5: 30 m × 0.25 mm × 0.25 μm, FID). The GC ramping 
process was identical to that of GC–MS, with component contents calculated using 
area normalization. The hydrogenation rate in the reaction of OBT is determined by 
the conversion of pinene and abietic acid, as shown in Eq. 1.
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WA0 Percentage sum of α-pinene and β-pinene in OBT. WA1 Percentage sum of 
α-pinene and β-pinene in HOBT. WB0 Percentage sum of palustric acid, abietic acid 
and neoabietic acid in OBT. WB1 Percentage sum of palustric acid, abietic acid and 
neoabietic acid in HOBT.

Characterization of biomass fuel and its blends

The sample’s color change before and after hydrogenation was measured using a 
Gardner colorimeter, following standard ASTM D1544-2004.

The density was measured at 20  °C using a 10  mL capillary plug pycnometer 
based on the standard ASTM D891-18.

According to the kinematic viscosity measurement method of ASTM D445, the 
glass capillary viscometer was used to measure the viscosity at 20  °C. Capillary 
viscometers with different inner diameters were used according to the sample kin-
ematic viscosity to ensure the reliability of the results.

The flash point was measured by SC-261 closed flash point tester following 
standard ASTM D93.

The freezing point was determined by implementing liquid nitrogen as a coolant 
with the ASTM D2386 standard. The thermometers utilized in the standard, with 
a temperature range of − 80–20 °C, have been substituted with thermometers that 
possess a temperature range of – 90–30 °C.

The smoke point was measured in a standardized lamp according to standard 
ASTM D1322.

The calorific value was measured at room temperature using the SHR-15B heat 
of combustion experiment device.

Results and discussion

Characterization of Ni/c‑MWCNT catalysts

The specific surface area of catalyst is a crucial macroscopic physical property 
that affects the catalyst’s activity and lifetime. Table S1 displays the physical and 
chemical properties and hydrogenation rate of the blank carrier c-MWCNT and 
catalyst reduced at different temperatures (350 °C-Ni/c-MWCNT and 450 °C-Ni/c-
MWCNT). Table S1 demonstrates that c-MWCNT has an external surface area of 
up to 275.7  m2  g−1, which offers a loading advantage and aids in the dispersion of 
active metals. The external surface area and pore volume of c-MWCNT decreased 
after loading with metal active ingredients. This may be due to the presence of 
Ni and NiO on the surface or in the pores of the carrier [18]. The 350  °C-Ni/c-
MWCNT exhibited higher external surface area and hydrogenation rate than the 
450 °C-Ni/c-MWCNT.

(1)X =
W

A0
−W

A1
+W

B0
−W

B1

W
A0

+W
B0

× 100%
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It can be seen that the high external surface area of c-MWCNT allows the catalyst 
to have good hydrogenation activity, which is due to the significant reduction of the 
mass transfer limitations that dominate the liquid-phase reaction, inducing the trans-
port of the reactants from the bulk of the liquid to the external surface of the catalyst 
[19].

Fig. 1 illustrates the X-ray diffraction (XRD) profiles of c-MWCNT, 350 °C-Ni/c-
MWCNT, and 450 °C Ni/c-MWCNT catalyst. The peaks observed at 24.94° (002) 
and 42.49° (100) pertain to carbon nanotubes. The XRD profile of 450  °C-Ni/c-
MWCNT observed diffraction peaks located at 43.86°, 51.29°, and 75.83°, which 
were attributed to the (111), (200), and (220) crystal planes of Ni, indicating the 
presence of Ni loaded onto the c-MWCNT [20]. The XRD curves of 350 °C-Ni/c-
MWCNT observed diffraction peaks consistent with NiO at 36.42° (111), 62.05° 
(220), and 78.00° (311) in addition to Ni peaks [21]. The results showed that both 
NiO and Ni coexist at 350 °C-Ni/c-MWCNT. Combined with the activity evaluation 
of the catalysts, it is evident that the synergistic effect of NiO and Ni led to a more 
muscular catalytic activity of 350 °C-Ni/c-MWCNT [22]. Finally, the average parti-
cle size of NiO and Ni in the catalyst was calculated according to Scherrer’s formula 
[23], and the Scherrer equation was acquired using Eq. (2):

 
Here k is a constant with a value of 0.89, λ represents the X-ray wavelength 

(λ = 0.154056  nm), θ indicates the diffraction peak angle, and β denotes the half-
peak width of the observed diffraction peak. Consequently, the catalyst’s mean sizes 
of Ni and NiO particles were 10.3 and 11.2 nm.

Fig. 2 shows the TG of Ni/c-MWCNT catalysts in the air atmosphere. The alter-
ation in the catalyst mass could be categorized into three zones. The initial stage 
occurred at temperatures below 200 °C, where a minor mass reduction was attrib-
uted to the escalation in temperature that eliminates the low level of water adsorbed 

(2)D =
k�

� cos �

Fig. 1  XRD patterns of 
c-MWCNT, 350 °C-Ni/c-
MWCNT and 450 °C Ni/c-
MWCNT
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within the catalyst [24]. The second region, ranging from 200 °C to 350 °C, exhib-
ited slight weight gain due to the oxidation of Ni by atmospheric oxygen, resulting 
in the formation of NiO. In the third region, when the temperature exceeded 350 °C, 
the thermal decomposition of carbon nanotubes caused a significant reduction in the 
overall mass, resulting in a final loss of 61.7%. At the end of the TG analysis, a 
residual weight percentage of approximately 38.3% indicated the amount of nickel 
oxide, and obtaining the nickel oxide content, the loading amount of nickel could be 
obtained by conversion [25, 26]. The weight percentage of nickel was calculated to 
be 30.0%.

The morphology and elemental composition of the Ni/c-MWCNT catalyst were 
studied via SEM–EDS analysis. SEM image (Fig.  3a) revealed the presence of 
c-MWCNTs with a nanotube structure of 5–15 nm in diameter. Ni particles were 
loaded onto the surface of carbon nanotubes without significant aggregation. It was 
consistent with the information observed in the literature [27]. Additionally, energy 
spectrum analysis results, depicted in Fig. 3b–d, validated the presence of C, O, and 
Ni in the catalyst. Moreover, the catalyst tended to have a uniform Ni and O distribu-
tion across the carrier.

The above characterization shows that the high outer surface area of c-MWCNTs 
allows the particle size to remain small even when nickel is heavily loaded on them.

The above characterization indicates that the high external surface area and pore 
structure of c-MWCNT reduces the mass transfer limitation in the liquid-phase reac-
tion, which allows the small-sized nickel oxide and nickel loaded on it to better con-
tact with the reactants and exhibit synergistic effects leading to the catalysts exhibit-
ing good hydrogenation activity.

Selection of raw materials

The appropriate proportion of OBT as a biomass feedstock was determined by com-
paring the fuel properties of different proportions of the blends. The density, kin-
ematic viscosity, and calorific value of OBT at different ratios are shown in Fig. S3. 

Fig. 2  TG curve of 350 °C-Ni/c-
MWCNT
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When the proportion of oleoresin was raised from a 1:1 ratio to 1.5:1, the mixture’s 
density peaked at 971 kg/m3, and the kinematic viscosity increased over three times 
its original value. Compared to pinene (C10) in turpentine, the abietic acid (C20) in 
oleoresin has more carbon molecules and a more cyclic structure. As the number of 
molecules increases, the fuel’s density and viscosity also increase [28]. In contrast, 
the addition of oleoresin is worth the decrease in the calorific value of the mixture. 
Because the calorific value of oleoresin is only 34.9–37.2  MJ/kg, which is lower 
than that of turpentine [29]. As the proportion of turpentine increased, the density 
and kinematic viscosity of the OBT decreased gradually while the calorific value 
steadily increased. When the ratio of oleoresin to turpentine exceeded 1:2, the den-
sity was likely to drop below 900 kg/m3. At this point, there was a deceleration in 
both the increase of calorific value and the decrease of viscosity. Therefore, OBT, 
an oleoresin to turpentine ratio of 1:2, was ultimately chosen as the feedstock for 
biomass fuel.

In conclusion, using oleoresin directly as a feedstock for jet fuel production not 
only increases fuel density by utilizing the C20 fraction of oleoresin but also reduces 
energy consumption and preparation costs for distilling turpentine from oleoresin.

Optimization of reaction conditions for hydrogenation of OBT

Univariate hydrogenation reactions of OBT were conducted to investigate 
the effect of each factor individually, such as catalyst amount, reaction time, 

Fig. 3  SEM (a) and EDS (b–d) images of 350 °C-Ni/c-MWCNT catalyst
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temperature, and  H2 pressure. Optimization of reaction variables ensures that 
resources are maximized and feedstock hydrogenation rates are significantly 
increased. Fig. 4 shows the effect of various factors on the hydrogenation rate of 
OBT. When a 5% catalyst was used, with the temperature raised to 145 °C and 
pressure set to 3 MPa for 60 min, the hydrogenation rate increased dramatically 
to 99.1%.

There was not much room for the hydrogenation rate to increase when the con-
ditions were raised afterward. The above conditions were set as the optimal reac-
tion conditions while maximizing the use of resources. Hydrogenation rates of 
merely 92.8% were attained using a commercial 5 wt.% Pd/C catalyst under the 
same conditions. To sum up, compared to conventional hydrogenation of abietic 
acids and terpenes over Pd-based catalysts, in this work, high loading and small 
reactive metal particle size loaded non-precious metal catalyst was synthesized 
using large surface c-MWCNT as carriers, and a hydrogenation rate was achieved 
to 99.1% at more moderate 145 °C and 3 MPa which superior to commercial 5 
wt.% Pd/C.

Fig. 4  a Effect of catalyst dosage on the OBT hydrogenation rate, reaction condition:  H2 3 MPa, 60 min, 
145 °C. b Effect of reaction time on OBT hydrogenation rate, condition:  H2 3 MPa, 5% Ni/c-MWCNT, 
145 °C. c Effect of reaction temperature on the OBT hydrogenation rate, reaction condition:  H2 3 MPa, 
5% Ni/c-MWCNT, 60 min. d Effect of reaction pressure on OBT hydrogenation rate, condition: 5% Ni/c-
MWCNT, 60 min, 145 °C
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Composition

Commercial or military jet fuels typically have carbon numbers ranging from 
C8 to C16 [30]. Higher-density hydrocarbon fuels cycloalkane have higher den-
sity and heat of combustion [31]. The OBT, consisting mainly of cyclic terpene 
hydrocarbon monoterpenes (C10) like pinene, sesquiterpenes (C15) such as 
longifolene, caryophyllene, and diterpene resin acids (C20) with cyclic back-
bones, is a potential feedstock for jet fuel or high-density hydrocarbon fuels. Dit-
erpene resin acid comprises multiple variations of abietic acids with the chemical 
formula  C20H30O2.

The unsaturated double bonds in OBT are chemically reactive and become 
unstable when exposed to oxygen, heat, metal ions, and light, resulting in per-
formance degradation due to thermodynamic instability [32]. Hydrogenation of 
OBT entails mainly converting pinene to pinane and various types of abietic acid 
to hydrogenated abietic acid. Hydrogenation markedly improves the stability of 
OBT by transforming the unsaturated double bonds in its structure into single 
bonds. The abietic acid molecule can easily absorb one mole of hydrogen to form 
dihydroabietic acid. However, the second pair of double bonds were more resist-
ant to hydrogenation and required harsher conditions to continue the conversion 
to tetrahydroabietic acid. The rate constant for reaction value for the generation of 
dihydroabietic acid was higher than that of tetrahydroabietic acid, while the acti-
vation energy was reversed, confirming that the generation of dihydroabietic acid 
was faster than that of tetrahydroabietic acid [33, 34]. Therefore, the hydrogena-
tion products of diterpene acid consist mainly of dihydroabietic acid and a small 
amount of fully hydrogenated tetrahydroabietic acid. The primary hydrogenation 
reaction is shown in Fig. S4.

Ultimately, HOBT4, which possesses the highest hydrogenation rate, is com-
bined with JP-10 to mitigate the effect of double bond instability on the fuel. The 
quantitative hydrogenation of α-pinene and dipentene was mentioned in the lit-
erature as early as 1930 [35]. However, most oleoresin components are isomers 
with comparable physicochemical properties, making their separation and iden-
tification challenging with previous methods. Therefore, GC–MS and GC were 
used for qualitative and quantitative analysis directly of the raw materials and 
mixture products. The GC–MS of HOBT4 is shown in Fig. S5. In Fig. S5, 5–8 
are isomers of dihydroabietic acid with the same molecular formula  C20H32O2. 

Table 1  Composition of HOBT4 by GC–MS

Component molecular formula Composition/wt.%

1–2 Pinane C10H18 53.80
3 Longifolane C15H26 2.22
4 Caryophyllane C15H26 1.74
5–8 Dihydroabietic acid C20H32O2 19.67
9 Tetrahydroabietic acid C20H34O2 5.31
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The main components in HOBT4 are shown in Table 1. The results indicated that 
the content of pinane was 53.8%, whereas dihydroabietic acid and tetrahydroabi-
etic acid were 19.67% and 5.31%. Overall, pinane was the dominant compound in 
HOBT.

Color

The ASTM D1655 does not specify color requirements for the fuel. Nevertheless, 
the fuel should ideally appear water-white to pale yellow in ordinary circumstances 
with no out-of-the-ordinary color deposits. The color change of OBT after hydro-
genation is demonstrated in Fig. S6. The chromaticity of colors from left to right 
is 3, 3, 2, 1, 1, as per Gardner standards. Biomass fuel color gradually lightens 
with increasing hydrogenation rate. The clarified solution of OBT was bright yel-
low, which became lighter after hydrogenation and finally became water white. At 
this stage, the color of the mixed solution is a valuable indicator of quality and the 
degree of hydrogenation.

Smoke point

Smoke point is a feature of fuel combustion that leads to soot production. There 
is no specified smoke point limit for synthetic hydrocarbons, according to ASTM 
D7566. However, fuels with higher smoke points tend to smoke less, indicating 
superior combustion properties. Terpenes containing oxygen can inhibit soot for-
mation, but at the same time, structural features in terpenes (e.g., double bonds and 
rings) promote soot formation [36].

As shown in Fig. S7a, the smoke point of OBT at different hydrogenation rates. 
The smoke point of OBT rose gradually with an increasing hydrogenation rate, from 
16 mm to 21.8 mm, an increase of 36.3%. Hydrogenation substantially lowers the 
smoking tendency of the fuel, thereby rendering biomass fuel cleaner and more 
environmentally friendly. The same conclusion was reached in the literature [37]. 
To eliminate the impact of sooting tendencies and fuel stability, the HOBT4 with the 
highest hydrogenation rate was blended with JP-10 in ratios of 20%, 40%, and 60%, 
80% by volume. The blend biomass fuel demonstrated anti-synergistic properties at 
20%, 40%, and 60% HOBT4 content in the blend, resulting in lower overall fuel per-
formance than the individual fuel (see Fig. S7b).

Density

For limited-sized aerial vehicles, high-density fuels enable greater payload and 
increase the aircraft’s range without altering tank capacity [38]. This is due to the 
impact of density on the fuel’s volumetric calorific value. The density of the OBT 
was 920  kg/m3, significantly surpassing the ASTM D7566 requirement. The abi-
etic acid in the OBT could increase density due to the hydrophenanthrene rings, 
which were believed to have cycloaliphatic and aromatic structures [39]. Long-chain 
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(> C15) hydrocarbons such as n-alkanes, iso-alkanes, cycloalkanes, and aromatics 
are essential factors in increasing fuel density [40].

The density of HOBT declined as the hydrogenation rate increased, from 921 kg/
m3 to 911 kg/m3, a decrease of 1.1%, as shown in Fig. S8a. As anticipated, density 
decreases as unsaturation decreases; in other words, hydrocarbon fuels with higher 
H/C ratios exhibit lower density [41]. The density of the blended biofuel decreased 
linearly as the HOBT4 content increased (see Fig. S8b) when measured at a tem-
perature of 20  °C. Although hydrogenation reduces density, the resulting density 
remains above 900 kg/m3, comparable to JP-10.

Calorific value

High calorific value is a crucial characteristic of jet fuel, as it delivers more incred-
ible propulsive energy, resulting in enhanced flying range for aircraft. Fig. S9a dis-
plays the fluctuation of the calorific value in HOBT across four conversion levels. 
There was a considerable rise in calorific value as the hydrogenation rate increased, 
from 40.5 MJ/kg to 41.8 MJ/kg, an increase of 3.2%, resulting from an increased 
H/C molar ratio in OBT [42]; the effect of the H/C molar ratio on fuel density is 
the exact opposite of this. Hydrogenating OBT primarily involves converting pinene 
into pinane and abietic acid into hydrogenated abietic acid. These isomeric abietic 
acids contain two double bonds. If a catalyst is used to produce more tetrahydroabi-
etic acid, the calorific value of the product significantly increases due to the large 
number of hydrogen atoms added. The heating values gap between OBT and com-
mercial fuels could be narrowed using hydrogenation.

The calorific value of blends containing HOBT4 and JP-10 decreased as the 
amount of HOBT4 increased (see Fig. S9b). When the proportion of HOBT4 was 
higher, the calorific value of the blends was marginally lower than that of pure 
HOBT4, and a mild anti-synergistic effect was detected. The conversion of mass cal-
orific value to volumetric calorific value indicated a linear decrease with increased 
HOBT. It was primarily due to the influence of two factors on volumetric calo-
rific value: density and mass calorific value. When the content of HOBT4 reached 
20%, the blended biofuel yielded a calorific value total of 39.1 MJ/L, with a slight 
0.4 MJ/L variance compared with JP-10.

Low‑temperature fluidity

The low-temperature flow of aviation fuel, typically evaluated based on its freezing 
point and kinematic viscosity [43], plays a crucial role in the ability of aircraft to fly 
successfully under extreme conditions, such as low temperatures and high altitudes. 
Excellent low-temperature flow characteristics prevent fuel crystals from clogging 
fuel lines and mitigate the problems of poor atomization and ignition failure caused 
by excessive kinematic viscosity at high altitudes. Turpentine, which can be used 
as a biomass fuel, has good cold flow properties and can even be prepared as a cold 
flow improver for other fuels [44].
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After hydrogenation, OBT increased in both kinematic viscosity and freez-
ing point (see Fig. S10a and Fig. S11a). Specifically, the kinematic viscosity dis-
played a clear linear trend with increasing hydrogenation rate, from 7.4  mm2/s to 
7.6  mm2/s, a 2.7% improvement, which could be attributed to the increase in sat-
uration [45]. Hydrogenation had a similarly negative impact on the freezing point 
of the OBT and became more significant with increasing hydrogenation rate, from 
− 80.3–− 73.3 °C, an increase of 8.7%. However, the freezing point of − 73 °C was 
significantly higher than the required − 40 °C specified by ASTMD 7566 and was 
close to JP-10.

The low-temperature fluidity of the blended fuel varies with the HOBT4 content 
demonstrated in Fig. S10b and Fig. S11b. The kinematic viscosity of JP-10 mixed 
with HOBT4 rose in a straight line with the increase in HOBT4. Surprisingly, when 
the content of JP-10 was higher, the freezing point of blends comprising HOBT4 
and JP-10 revealed a remarkable synergistic effect: the freezing points of the blends 
were lower than those of the individual fuels.

Flash point

The flash point defines the minimum temperature at which a flammable fuel can 
ignite or flash when in contact with a spark or flame [46]. Vaporizing liquids below 
the flashpoint also does not provide enough support for combustion. Consequently, 
the flash point is vital for storing and transporting liquid fuels. Liquids with flash 
points lower than 37.8  °C or higher than 37.8  °C are flammable or combustible 
[47]. Lower flash points pose a risk for storing and transporting the fuel. Therefore, 
ASTM D1655 and ASTM D7566 set the required minimum flash point at 38 °C.

The hydrogenation of OBT increased its kinematic viscosity, which affected the 
fuel’s atomization and, consequently, the flash point of HOBT. Fig. S12a showed 
that the flash point of HOBT increases as the hydrogenation rate increases, from 
37.3–42.8  °C, a rise of 14.7%, when the hydrogenation rate is higher than 20% 
has reached the standard requirements. Fig. S12b shows that the flash point of the 
blended biomass fuel decreased linearly with the addition of HOBT. However, the 
addition of 20% HOBT had a negligible effect on the flash point of the blended bio-
mass fuel. Overall, the flash points of HOBT4 and the blended biofuels at all ratios 
met the minimum flash point requirements specified in the standard.

Conclusion

Non-precious metal Ni/c-MWCNT catalyst via over-impregnation was used to 
hydrogenate OBT. The reaction conditions of hydrotreatment of OBT were explored, 
and the optimal conditions were as follows: catalyst dosage of 5%, temperature of 
145 °C, pressure of 3 MPa, and time of 1 h. Under the same conditions, the hydro-
genation rate of 5 wt% Pd/C catalyst was only 92.8%, which was lower than 99.1% 
for Ni/c-MWCNT.
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After hydrogenation, the smoke point of the HOBT increased by 36.3%, the calo-
rific value increased by 3.2%, and the flash point increased by 14.7% compared to 
its pre-hydrogenation state. The HOBT had a density, flashpoint, and freezing point 
in line with ASTM D7566 standards. Renewable bio-based jet fuels with properties 
comparable to or even better than the freezing point of JP-10 can be prepared when 
the content of HOBT reaches 20%.

Blended biomass fuel was synthesized by blending HOBT with JP-10 in varying 
proportions (20%, 40%, 60%, 80%). The fuel properties of the blends were assessed 
using the ASTM standard for kinematic viscosity, calorific value, density, flash 
point, smoke point, and freezing point. The density and flash point of the blended 
biomass fuel after compounding tended to decrease linearly with increasing percent-
age of HOBT, while the opposite was true for viscosity. A synergistic effect was 
observed for the freezing point of the blended biomass fuels. In contrast, an inverse 
synergistic effect was observed for the smoke point when the percentage of HOBT 
in the blended biomass fuels reached 20% and 40%.
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