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a b s t r a c t 

In recent years, significant developments have been made in solid-fuel combustion. Paraffin-based fuels could be 
a potential solid fuel for hybrid and ramjet applications due to their high regression rate, low cost, and minimal 
environmental impact. This study examines the thermal and combustion performance of paraffin-based fuels 
loaded with CeO 2 combustion catalysts and Al additive. A typical melt-cast technique was used to prepare three 
different fuel formulations, which are paraffin/10 wt.% of Al (S2), paraffin/10 wt.% of CeO 2 (S3), and CeO 2 -Al 
(10:10 wt.%) binary composite (S4). The pure paraffin (S1) fuel was manufactured as a reference formulation. 
The CeO 2 -Al binary composite powder was prepared by ball-milling of CeO 2 and Al powders. The CeO 2 and 
Al nanoparticles were characterized by X-ray diffraction (XRD), particle size distribution (PSD), and scanning 
electron microscope (SEM). The PSD study revealed that the majority of CeO 2 , Al, and CeO 2 -Al binary composite 
particles are 29 nm, 34 nm, and 26 nm in size, respectively. The thermogravimetric analysis (TGA) was used 
to investigate the effect of CeO 2 and Al on the thermal decomposition of paraffin. The results indicate that the 
paraffin decomposes faster and at a higher rate when CeO 2 and CeO 2 -Al binary composite additives were added. 
The activation energy of paraffin-based fuel (S4) was reduced from 254 kJ/mol to 214 kJ/mol when a CeO 2 -Al 
combustion catalyst was added. The lab-scale ballistic tests showed that the average regression rate of paraffin-Al 
(S2) and paraffin-CeO 2 (S3) samples increased in the range of 1.1-1.4 mm/s and 1.12-1.38 mm/s, respectively, 
whereas, with the CeO 2 -Al binary composite (S4) sample, a reasonable improvement of 1.15 mm/s to 1.49 mm/s 
was reported. 
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. Introduction 

The term "hybrid rocket motor" (HRM) refers to a promising chemi-
al propulsion technology that uses propellants in different phases, the
ost prevalent of which are solid fuel and liquid oxidizer [1–3] . Due

o different phases of propellant, HRM holds several advantages such as
nherent safety, high reliability, minimal environmental impact, thrust
odulation, and low development cost. However, the low regression

ate and poor combustion efficiency of polymeric fuels such as hydroxyl-
erminated polybutadiene (HTPB), polymethyl methacrylate (PMMA),
nd polyethylene (PE) used in HRM are the main drawbacks limiting
heir applications [4–9] . The motor operating conditions and composi-
ion of the solid fuel can strongly affect the fuel regression rate, which is
onsidered a vital motor design parameter. Several techniques, such as
olid fuel loaded with energetic additives [ 3 , 4 , 10–15 ], non-conventional
uel geometries [16–24] , and changing the fluid dynamics of oxidizer
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njection [ 2 , 25–30 ], have been developed to improve the fuel regres-
ion rate. Paraffin-based fuels have been studied as a high regression
uel due to their low cost, reduced complexity, and increased perfor-
ance. According to Karabeyoglu et al. [31] , the paraffin-based fuels

eported a 3–4 times higher regression rate than the classical polymer-
ased fuels. A technical grade paraffin wax is saturated hydrocarbons
ith low molecular weight and a melting point ranging from 45 °C to
2 °C [ 32 , 33 ]. During the combustion process in HRM, low viscosity and
urface tension melting layer forms on the burning surface, and droplet
ntrainment of melt paraffin occurs under the influence of high-speed
xidizer flow. The additional mass entrainment of paraffin droplets into
he combustion zone is responsible for the high regression rate of fuel.
s a result, paraffin has the most significant potential to be the best solid

uel for HRM [34] . 
For liquefying hybrids, the combustion reactions mainly occur in the

urbulent boundary layer, and much more fuel can be entrained into the
ombustion zone before being vaporized. However, our previous studies
ber 2022 
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Table 1 

Properties of fuel matrix and additives 

Properties Paraffin Aluminum Cerium o xide 

Chemical formula C 31 H 64 Al CeO 2 

Density (g/cm 

3 ) at 25 °C 0.920 2.70 7.22 
Melting point (°C) 59 660 2600 
Particles size pellets 30-40 nm < 30 nm 

Thermal conductivity (W/mK) 0.2-0.4 230 7-12 

Table 2 

Tested paraffin-based fuel formulations 

Sample Paraffin (wt.%) Al (wt.%) CeO 2 (wt.%) 

Pure paraffin (S1) 100 - - 
10Al (S2) 90 10 - 
10CeO 2 (S3) 90 - 10 
10Al/10CeO 2 (S4) 80 10 10 
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ound that paraffin did not undergo complete combustion despite con-
rolled vaporization into the combustion zone [ 7 , 35 ]. Since paraffin has
 low melting point and poor mechanical properties, which restricts its
se in the chemical propulsion system, subsequently vibrations and im-
act loads during manufacturing, transportation, storage, and operation
an break up and collapse fuel grain structures. The combustion reac-
ions in hybrid rocket combustion take place mainly in the turbulent
oundary layer located above the burning surface, and the regression
ate is largely determined by the flow of oxidizer and the heat feedback
rom the high-temperature flame to the burning fuel surface. The dis-
ance between the burning fuel surface and the combustion flame will
ecrease if some burning catalysts accelerate oxidation reactions, and
hen the regression rate will increase due to increased heat feedback
36–40] . The increased heat feedback from the flame surface makes
hese active catalysts more efficient at decomposing paraffin fuel and
mproving its regression rate. 

Several studies reported thermal and decomposition kinetics of
araffin under N 2 , O 2, and Ar environments [39–42] . Jaw et al.
41] evaluated the kinetic parameters of thermal decomposition us-
ng non-isothermal DTA/TGA techniques. It was found that the paraffin
inder decomposed into gaseous products at the temperature range of
50–320 °C and decomposition activation energies of 90-116 kJ/mol.
onen et al. [39] reported the effects of zinc stearate addition on paraf-
n degradation using the DSC and TGA techniques. The paraffin decom-
osed more rapidly in an air environment than nitrogen. 

Further, it was described that adding ZnSt 2 into paraffin significantly
mproved the rate of thermal degradation in air and nitrogen environ-
ents. In our previous study, it was found that the addition of aluminum

nto paraffin accelerated the decomposition and oxidation process, while
he boron-loaded fuel samples exhibited higher heat release. Paraffin
oaded with metallic additives can improve the peak exothermic tem-
erature of combustion and net exothermicity [ 13 , 43 ]. The thermal re-
ction kinetics of paraffin-based fuels loaded with LiAlH 4 metal hydrides
as examined by Boiocchi et al. [44] , and the decomposition enthalpy
f fuel improved with increasing the weight percentage of LiAlH 4 in
ormulations. Recently, Liu et al. [40] investigated the thermal reac-
ion characteristics of paraffin in the presence of combustion catalysts
uch as catocene, copper chromite, and cobalt stearate. The decom-
osition and oxidation processes of paraffin were reported in single-
tage, and two-dimensional diffusion (D2 model) was adopted as the
inetic model of the decomposition process. Further, it was shown that
he cobalt stearate promoted paraffin decomposition, whereas copper
hromite significantly favored paraffin oxidation and regression rates.
erium oxide (CeO 2 ), also known as ceria, has been considered for po-
ential heterogeneous catalysis because of its remarkable reactivity and
edox properties [45–49] . It was revealed that by combining the CeO 2 
ith various metals, highly multifunctional catalytic composites could
e produced, which can enhance the decomposition and oxidation pro-
ess due to the synergistic metal-ceria interactions [50] . Therefore, this
tudy examined the effect of CeO 2 combustion catalysts and Al additive
n the thermal decomposition and combustion performance of paraffin-
ased fuels. The thermal reaction kinetics of paraffin were estimated
hrough non-isothermal measurements using TGA experiments. Further,
o assess the regression rates of prepared fuel formulation, the lab-scale
allistic tests were performed under an oxygen environment. 

. Experimental method 

.1. Material and solid fuel composition 

Commercial grade paraffin wax (CAS Number: 8002-74-2) was used
s a fuel binder, nano-size aluminum, called "Alex®" (CAS Number:
429-90-5) of 30-40 nm particle size (as supplied by the manufacturer)
nd CeO 2 (CAS Number: 1306-38-3) of particle size < 30 nm were used
s a fuel additive and catalyst, respectively. The properties of all mate-
ials procured in this study are listed in Table 1 . Four fuel formulations
218 
ere prepared: (S1) pure paraffin wax, used as a control sample; (S2)
araffin doped with 10 wt.% Al; (S3) paraffin doped with 10 wt.% CeO 2 ;
nd (S4) paraffin loaded with CeO 2 -Al binary composite additives. The
etails of the prepared fuel samples are shown in Table 2 . 

.2. Preparation of fuel samples 

The ball milling, sol-gel method, and ultrasonic mixing techniques
re frequently used to assemble nano thermites [51–54] . The sol-gel and
ltrasonic techniques can demonstrate poor mixing at the nanoscale if
he agglomeration of nanopowders is not broken up during ultrasoni-
ation. The ball milling method has shown great promise to produce
inary composite powder and mature in technology that can be used
or large-scale production of nano thermites [ 55 , 56 ]. The preparation
f nano-thermite is very sensitive to experimental conditions such as vi-
ration intensity, time, and process control agent (PCA) [ 51 , 53 , 55 , 56 ].
n this study, 10 wt.% CeO 2 -Al binary composite powder was prepared
y ball-milling CeO 2 and Al powders. The milling process was performed
n a MM 400 RETSCH mixer mill using zirconia balls in a 50 mL stainless
teel container filled with n-hexane as a PCA. During the ball milling,
he vibration frequency was 50 Hz with an amplitude of 6.52 mm, and
he average energy intensity was 0.75 W/g. The powder was milled for
0 h with a milling cycle of 60 min followed by 15 min in standby. In or-
er to retrieve the evaporation of the PCA in the sample, PCA was added
ach time. The milling container was kept in an argon-filled glove box
ith O 2 and H 2 O contents lower than 1 ppm to prevent the powders

rom oxidation. The prepared CeO 2 -Al binary composite powder was
aintained above the boiling temperature (69 °C) of the n-hexane for 2
ours to remove the PCA. 

The solid fuels for thermal and ballistic tests were prepared by heat-
ng the paraffin wax to 80°C on a hot plate. The prepared CeO 2 -Al binary
omposite powder was added to the hot molten paraffin wax, and the
ixture was stirred for 15 min. Additives with large particle surfaces

end to aggregate and agglomerate in paraffin wax when conventional
ixing is used. Sonication was employed to ensure homogeneous dis-
ersion of the additives. The paraffin-additive mixture was sonicated for
pproximately 15 min. As a final step, the mixture was poured into the
old rapidly and in one movement to avoid the formation of air bub-

les. After mixing the fuel sample, the mold was placed in the oven and
ured at room temperature for 6 hours to remove air bubbles. In order
o evaluate the quality of the prepared fuel sample, it was fractured and
he surfaces were visually analyzed. It was observed that the prepared
eO 2 -Al binary composite powder uniformly dispersed and completely
ensified solid without any voids, air bubbles, and other geometrical
efects. 
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Fig. 1. (a) Schematic of hybrid rocket test facility. (b) Schematic of ballistic evaluation hybrid motor (all dimensions in mm). (c) Fabricated circular-port grains. 
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.3. Characterization techniques 

The microstructural study and phase evolution of the as-received
nd milled powders was characterized by an X-ray diffraction pattern
sing the DAVINCI instrument (BRUKER D8 Advance, USA), equipped
ith a copper target (Cu-K 𝛼 radiation 1.5418 Å) and scanning in the

ange of 2 𝜃 = 10° to 80°. The particle size distribution of as-received
nd post-milled powders was measured using Malvern/Nano ZS-90
Malvern-PANalytical, Malvern, UK). Approximately 300 mg of powder
as dispersed in ethanol, and measurements were performed with laser
iffraction. The surface morphology elucidations of both as-received
nd milled powders were studied using a scanning electron microscope
SEM) JEOL JSM-6490LV (Jeol Ltd., Japan). The surface of the fuel
amples was sputtered with Au-Pd to prevent overcharging. Using Spec-
219 
rum Two Fourier transform infrared (FTIR) spectrometer (PerkinElmer,
SA), the functional groups of fuel and binary composites were identi-
ed by scanning in the range 350–4000 cm 

− 1 at a resolution of 4 cm 

− 1 .
he heat of combustion of fuel samples was evaluated using an isother-
al bomb calorimeter (IKAC2000). In typical bomb calorimetry exper-

ments, 1 g of fuel sample is burnt at an oxygen pressure of 2.5 MPa.
ach fuel sample was tested three times, and the average value from
he statistical analysis was presented for analysis. A thermogravimetric
nalyzer (TGA/DSC3 + , Mettler-Toledo, Switzerland) was used to assess
he degradation temperature and weight loss percentage of fuel samples.
he 10 mg of fuel sample was used, and the low-temperature thermal
ecomposition carried out a 10 °C/min heating rate under an N 2 at-
osphere. A bomb calorimeter, ParrModel 1108, manufactured by Parr

nstrument Company, was used to measure the heat of combustion of
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Fig. 2. FTIR spectra of paraffin-based fuels (S1-S4) doped with Al, CeO 2, and 
ball-milled CeO 2 -Al binary composite. 
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he paraffin-based solid fuels. The combustion bomb of the calorime-
er is capable of withstanding a hydrostatic pressure of 20 MPa at room
emperature. Nichrome ignition wire of known specific heat, 2.3 cal/cm,
as used for sample ignition. A pellet press was used to compress the

ample into a compact form to ensure the complete combustion of the
ample. All the calorimetric experiments were performed under isother-
al conditions. 

.4. Lab-scale ballistic tests 

On a lab-scale static motor, a series of ballistic tests were performed
ith gaseous oxygen as the oxidizer. This test setup consists of a lab-

cale rocket motor, thrust stand, oxidizer feed system, pyrogen igniter,
nd data acquisition system ( Fig. 1 (a)). Schematic of a lab-scale static
ybrid motor is shown in Fig. 1 (b). A hybrid motor has an oxidizer
ettling chamber measuring 33 mm long and 55 mm in diameter. A
tainless-steel axial flow injector with a 47 mm pitch circle diameter
as used to deliver the oxidizer into the combustion chamber. An ig-
iter located at the head end of the motor will produce an initial heat
ource in the chamber that exceeds the ignition temperature of the fuel
rain. In this process, the chamber is pre-heated, allowing the fuel to
vaporate and react effectively with the oxygen. A combustion chamber
f 150 mm in length and 42 mm inner diameter was designed to accom-
odate the fuel grain. A convergent-divergent nozzle with a 14.34 mm

hroat diameter, a 45° semi-convergent angle, and a 13° semi-divergent
ngle was used. A pressure regulator and a solenoid valve were used
o control the oxidizer mass flow rate. An oxidizer mass flux range of
5.7 kg/(m 

2 ⋅s) to 130.4 kg/(m 

2 ⋅s) was used to test the fuel formula-
ions. Fabricated fuel formulations are shown in Fig. 1 (c). All the fuels
ere casted in single-port cylindrical grain configurations. A cylindrical
ard-cardboard tube was used as a fuel mold. After the firing test, one
an precisely remove the burned fuel grains from combustion chambers
sing cardboard tubes. The regression rate can be accurately predicted
wing to the efficient removal of grain from the motor. The regression
ate and fuel mass consumption were the post-test measurements. 

A mass loss method was used to estimate the regression rate, which is
he most accurate and widely used [31] . By using Eq. (1) , we calculated
he average regression rate for paraffin-based fuel. 

̇ = 

𝑑 b − 𝑑 ig 

2 𝑡 b 
(1) 

where 𝑑 b and 𝑑 ig are the diameter of the grain after combustion and
efore ignition, respectively. The 𝑡 b is the burning time between the start
f the ignition process and the end of the oxidizer supply. The final fuel
iameter was calculated using the following Eq. (2) . 

 b = 

√ √ √ √ 

( 

𝑑 2 ig + 

𝑚 b 
π
4 𝜌f 𝑙 f 

) 

(2) 

Where 𝜌f is solid fuel density, 𝑚 b indicates the burned mass of the
uel, and 𝑙 f represents the fuel length. The paraffin fuel droplets pro-
uced by the unstable molten liquid layer are not completely burned
n the fuel port and ejected out the exhaust nozzle during combustion.
s a result, the final unburned fuel mass uncertainty due to spilling of

he unburned mass from the engine was roughly estimated to be 5% of
he final fuel mass. The uncertainty in the measurement was evaluated
ased on the root-sum-square uncertainty rule [57] . The uncertainties in
easurement are presented in Table 3 . The regression rate and oxidizer
ass flux uncertainties are found to be ± 0.18 mm/s and ± 4.6 kg/m 

2 s,
espectively. The average oxidant mass flow was calculated according
o Eq. (3) 

 ox = 

�̇� ox 
𝐴 p 

(3) 

where A p is the cross-sectional area of the fuel port and �̇� ox is the
xidizer mass flow rate. It was estimated by averaging the diameter of
220 
he post-combustion port and fuel port before ignition ( Eq. (4) ) 

 P = 

𝜋

4 

( 

𝑑 b + 𝑑 ig 

2 

) 2 

(4) 

. Results and discussion 

.1. Characterization of the prepared materials 

The FTIR spectra of paraffin and the CeO 2 -Al-doped samples are
hown in Fig. 2 . From the FTIR spectrum, it is observed that the peak
avelength of paraffin wax did not significantly change when Al and
eO 2 particles were added. The spectra indicated the appearance of the
ond peaks corresponding to the O-H stretching at approximately 3433
m 

− 1 , which is probably due to the adsorbed humidity. The absorption
ands at 2916 cm 

− 1 and 2890 cm 

− 1 could be attributed to the strong
ymmetrical C-H stretching vibration and medium asymmetrical C-H
tretching vibrations of alkanes, respectively. The peaks at 1627 cm 

− 1 

nd 1121 cm 

− 1 were ascribed to medium scissor vibration of the C-H
ond and medium rocking skeleton vibration of the C-C bond, respec-
ively. The absorption peaks at 721 cm 

− 1 and 618 cm 

− 1 were due to the
ocking vibration of CH 2 . These peaks appeared in all the paraffin-based
amples doped with Al, CeO 2, and CeO 2 -Al binary composite. As for the
pectrum of S2, additional absorption peaks at 1349 cm 

− 1 and 918 cm 

− 1 

ere due to the characteristic Al-O stretching vibrations, whereas weak
eaks (S3, S4) in the lower frequency region 467 cm 

− 1 were identified
f cerium–oxygen groups having a lower double-bond character and of
e–O–Ce chains. The FTIR spectra confirm that the chemical reaction
ccurred between the CeO 2 -Al and carbon of the paraffin matrix. Thus,
dding Al and CeO 2 into paraffin showed good chemical compatibility
nd did not alter the chemical structure of paraffin. By using these FTIR
pectra, vibrational changes can be detected as evidence of possible in-
ermolecular interactions. There are interactions between the paraffin
atrix and added additives when the peak intensity decreases, absorp-

ion peaks appear, or the appearance of new peaks. 
Fig. 3 displays the XRD patterns of as received and milled powders.

he characteristic peaks for CeO 2 nanoparticles located at 2 𝜃 = 28.2°,
2.2°, 47.2°, 55.8°, 58.6° and 75.7° were assigned to (111), (200), (220),
311), (222) and (400) lattice planes, respectively. The x-ray diffraction
attern of nAl powder shows two dominant peaks corresponding to the
resence of aluminum. The diffraction peaks at 37.4°, 43.7°, 63°, and
6.9°, respectively, assigned to the (111), (200), (220), and (222) re-
ections of Face-Centered Cubic. The XRD patterns of CeO 2 -Al binary
omposite powder after 10h milling time show broader diffraction peaks
ith low relative intensity. These peaks also confirms the phase transi-

ions during the high-energy ball milling process. For the CeO -Al binary
2 
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Table 3 

Measurement uncertainty analysis based on the root-sum-square uncertainty rule 

Parameters Uncertainty analysis Uncertainty equation 

# Regression rate( ̇𝑟 ) ± 0.18 mm/s 𝜁𝑟 = 
√ 

[ ( 𝜕 ̇𝑟 
𝜕𝑑 b 

𝜁𝑑 b ) 
2 
+ ( 𝜕 ̇𝑟 

𝜕𝑑 ig 
𝜁𝑑 ig ) 

2 
+ ( 𝜕 ̇𝑟 

𝜕𝑡 b 
𝜁𝑡 b ) 

2 
] 

### Oxidizer mass flux (Gox) ± 4.6 kg/(m 

2 ⋅s) 𝜁𝐺 ox = 
√ 

[ ( 𝜕 ̇𝑟 
𝜕 �̇� ox 

𝜁�̇� ox ) 
2 
+ ( 𝜕 ̇𝑟 

𝜕𝐴 p 
𝜁𝐴 p ) 

2 
] 

# Where, 𝜁𝑟 , 𝜁𝑑 b , 𝜁𝑑 ig , and 𝜁𝑡 b are the uncertainty in the regression rate, burn port diame- 

ter, initial port diameter, and burn time, respectively. ### Where, 𝜁𝐺 ox , 𝜁�̇� ox , and 𝜁𝐴 p are the 
uncertainty in the oxidizer mass flux, oxidizer mass flow, and port area, respectively. 

Fig. 3. X-ray diffraction patterns of as-received Al, CeO 2 particles, and ball- 
milled CeO 2 -Al binary composite. 
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omposite powder, the crystallinity decreased when compared with that
f raw materials. This should have also resulted from the ball-milling
ince the mechanical energy from the friction of balls could transfer
o the CeO 2 -Al binary composite and affect its crystalline structure.
n order to confirm the particle size of the additive and catalyst sup-
lied by the manufacturer, the grain/crystallite size of these as-received
nd milled Nanoparticles was calculated using the Scherrer equation
 Eq. (5) ) based on the broadening of these peaks. 

 = 

𝐾 S 𝜆

( cos 𝜃) 𝜏
(5) 

here D is the mean size of the crystalline, K S is a shape factor con-
tant in the range 0.8–1.2, 𝜆 is the X-ray wavelength, 𝜏 is peak width at
WHM, and 𝜃 is the Bragg angle. It was found that the average particle
ize of CeO 2 and Al was 28 nm and 35 nm, respectively. Similarly, the
ean particle size of the CeO 2 -Al binary composite was 25 nm after a
illing time of 10 h. 

Fig. 4 (a)-(c) show SEM images of as-received and milled powder. As
videnced in Fig. 4 (a) and (b), Al and CeO 2 powders exhibit spherical
orphology with agglomeration that might occur due to magnetic in-

eraction among nanoparticles. Some larger particles can be observed
ue to aggregation or overlapping of smaller particles. After 10 h of ball
illing, the CeO 2 -Al binary composite particle shape is almost spherical
ith a size less than 30 nm ( Fig. 4 (c)). However, due to the formation
f agglomerates, no significant difference in size was found. Fig. 4 (d)
hows the histogram of the size distribution of as-received and milled
articles. The broader peaks indicating aggregates of primary crystal-
ites and mean particle size of Al, CeO 2, and CeO 2 -Al obtained were ap-
roximately 34 nm, 29 nm, and 26 nm, respectively. This indicates that
article sizes obtained using Malvern/Nano ZS-90 are in good agree-
ent with sizes calculated using the Scherrer equation. A ball milling
rocess reduces agglomeration and particle size considerably, which in
urn improves thermal decomposition kinetics and combustion perfor-
ance. 

.2. Thermal decomposition and Kinetic Study 

The thermal decomposition behavior of paraffin and CeO 2 -Al doped
araffin samples were studied using TGA. The TG and corresponding
221 
TG curves are shown in Fig. 5 (a) and (b). The mass loss of S1, S2,
3, and S4 samples started at 260 °C, 251 °C, 242 °C, and 235 °C, and
as completed at 404 °C, 398 °C, 377 °C, and 349 °C under an N 2 at-
osphere at a heat rate of 10 °C/min. It suggested that Al, CeO 2, and
eO 2 -Al binary composite have a positive effect on paraffin decompo-
ition. Furthermore, the DTG curve in Fig. 5 (b) shows that S3 and S4
amples have faster degradation and a higher decomposition rate than
he pristine paraffin sample. The primary decomposition reaction of the
1 sample occurred between 270 °C and 400 °C and resulted in a mass
oss of 97 percent. However, in the case of the paraffin sample doped
ith additives, the primary decomposition reaction accelerated at a low

emperate range between 242 °C and 351 °C with a mass loss of 23
ercent at the end of the decomposition reaction as reported in Table 4 .
owever, the slow decomposition of pure paraffin may form high molec-
lar weight hydrocarbons during the initial decomposition reaction.
 40 , 41 ]. According to the maximum mass loss, paraffin could almost
ompletely decompose into gas products. Furthermore, DTG curves of all
ested samples show a single peak with the maximum rate of mass loss
etween 311-354 °C, confirming single-stage decomposition reactions
 Fig. 5 (b)). However, paraffin molecules have different chain lengths
hat behave similarly to most of the reactants under similar reaction
onditions. When they are heated, they start to degrade into smaller
hain lengths. At high temperatures, paraffin undergoes simultaneous
yrolysis and oxidation. Further, the decomposition products; alcohol,
cid, aldehyde, and ketones are formed which complicate the decompo-
ition/oxidation process. 

The lower peak temperature of the DTG curve also indicates
hat the decomposition reactions are probably easier to proceed with
he addition of nano Al and CeO 2 additives. Further, the chemi-
al reaction between Al and CeO 2 may consist of the following two
arts: 

 Al + 3∕2 CeO 2 → Al 2 O 3 + 3∕2 Ce (1) 

 Al + 6 CeO 2 → Al 2 O 3 + 3 Ce 2 O 3 (2) 

Al can react with the CeO 2 , and form Al 2 O 3 and Ce 2 O 3 as products.
urthermore, the resulting Ce 2 O 3 product most likely also has catalytic
roperties. These possible reactions also release heat and affect the com-
ustion performance of the fuel grains. Thus, we have performed the
sothermal heat of combustion tests as a pre-burning characterization to
nderstand the effect of these additive combustion performances. The
eat of combustion of the fuels was evaluated using pure oxygen as
n oxidizer and the results are presented in Table 4 . The average heat
f combustion value for pure paraffin wax was found to be 41.28 ± 1.1
J/kg and the addition of Al and CeO 2 to paraffin increased the heat of

ombustion. However, the S3 sample exhibited lower heat of combus-
ion compared to the S4 sample, which can be attributed to the incom-
lete combustion of CeO 2 particles. The addition of Al into the paraffin
atrix improved the thermodynamic characteristics (heat capacity and

hermal conductivity), due to the uniform heating of the matrix. This
an also be interpreted by the oxidation reactions, which produce inter-
etallic fuel compounds that react with the oxidizing gaseous species,

nd hence increase the temperature of the burning surface and acceler-
te the decomposition process [58] . Furthermore, if the mass of addi-
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Fig. 4. SEM images of (a) as-received Al par- 
ticles. (b) As-received CeO 2 . (c) Ball-milled 
CeO 2 -Al and (d) histogram of the size distribu- 
tion of as-received and milled particles. 

Fig. 5. (a) TGA and (b) DTG curves of paraffin- 
based fuels 

Table 4 

Thermal decomposition and kinetic parameters of the paraffin fuels under N 2 environment 

Sample Al/CeO 2 conc. T onset (°C) T max (°C) E a (kJ/mol) ln( A ) (min − 1 ) K (min − 1 ) Heat of combustion (MJ/kg) 

S1 0:0 260 350 254 14.97 0.016 41.28 ± 1.1 
S2 10:0 251 354 242 14.43 0.015 44.50 ± 1.2 
S3 0:10 242 316 222 11.49 0.013 42.78 ± 1.3 
S4 10:10 235 311 214 10.24 0.011 45.41 ± 1.2 

t  

t
 

t  

e  

s  

a  

a  

m  
ives in the fuel formulation is too large, the additives do not have time
o warm up to the temperature of paraffin. 

A mathematical model established by Coats-Redfern (CR) was used
o evaluate the kinetic parameters (activation energy E a and pre-
xponential factor A ) of thermal decomposition [59] . This method de-
222 
cribes the relationship between the conversion rate of the reaction ( 𝛼)
nd absolute temperature to calculate the kinetic parameters. The CR
pproach is widely considered a flexible method for determining ther-
al degradation mechanisms using TGA data. CR provides the following
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Fig. 6. Typical plots between log[-log(1- 
𝛼)/ T 2 ] versus (1/ T ) obtained for S1, S2, S3, 
and S4 samples using the Coats-Redfern model- 
fitting method. 
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orrelation Eq. (6) : 

n 
( 

𝛽

𝑇 2 ( 1 − 2 RT ∕ 𝐸 a 

) 

= ln 
( 

− 

AR 

𝐸 a ln ( 1 − 𝛼) 

) 

− 

𝐸 a 
RT 

(6) 

For a fixed heating rate ( 𝛽), the weight fraction conversion ( 𝛼) is
efined as Eq. (7) : 

= 

𝑊 0 − 𝑊 𝑡 

𝑊 0 − 𝑊 ∞
(7)

Where W 0 , W t , and W ∞ are the initial weight of the sample at a given
emperature (or time t ) and the final weight. The activation energy ( E a )
nd frequency factor ( A ) can be estimated from the plot between log ( 𝛽

𝑇 2 
)

nd 1/ T , which yields a straight line with a high correlation coefficient.
The paraffin wax is a straight-chain hydrocarbon, and when exposed

o heat, it starts to decompose into smaller chain lengths. The chain
ength can significantly alter the thermal decomposition kinetics when
reated with metal ions catalysts [ 36 , 40 ]. The thermal decomposition
inetics of paraffin is assumed to be first-order reactions. Fig. 6 shows
he plots between log[-log(1- 𝛼)/ T 2 ] versus (1/ T ) obtained after fitting
he experimental data to the integral kinetic function. The activation
nergy ( E a ) for the single-step decomposition reaction was calculated
rom the slope given in Table 4 . From experimental data fitting of E a 
uggests that the correlation coefficients of all slopes were more than
.99, which indicates the high reliability of TG data and the CR method.
able 4 represents the E a obtained by the method mentioned above. It
an be observed that the activation energy ( E a ) was calculated in the
ange of 214–254 kJ/mol. 

Interestingly, it may be noted that the activation energies of S2 -S4
amples decreased when nano Al additive and CeO 2 catalyst were added
o the paraffin. The lower activation energy values indicate the early
egradation kinetics of CeO 2 -Al doped paraffin sample (S4), while the
igher values of the activation energy observed with S1, and S2 sam-
les indicate the decomposition of the paraffin matrix becomes fairly
onstrained by random chain scission process [60] . During the decom-
osition reactions, several high-weight hydrocarbons and porous com-
ounds were formed, which could have catalyzed the decomposition of
223 
araffin with autocatalytic reactions, resulting in the lower E a . Polymer-
ased materials generally display such types of decomposition [38] . The
re-exponential factor ( A ) and rate constant ( k ) for the degradation of
ach sample were calculated using the intercept of the line drawn from
xperimental data using the CR method. The value of A , and k for the
araffin-based fuel is shown in Table 4 . It was found that adding CeO 2 
nd Al into paraffin reduced the energy required to initiate the decom-
osition process. This is critical during the initial ignition phase of the
ombustion process, where the heating rate is minimal. It can also be
oted that the addition of additive and catalyst slightly reduced the de-
omposition rate constants ( k ) and pre-exponential factor ( A ). 

.3. Regression rate study 

On a lab-size ballistic hybrid motor, pure paraffin, paraffin with
0% Al, and CeO 2 fuel samples were burned in GOX under a range of
xidizer mass fluxes (69.13–132.86 kg/m 

2 s) and pressures (0.59–0.89
Pa). Fig. 7 shows the average regression rates vs. average oxidizer
ass flux of paraffin-based fuel. The solid lines indicate the model fit

f regression rate data to a power-law approximation using the least-
quares regression method. The regression rate exponents ( ̇𝑟 = 𝑎𝐺 

𝑛 
ox ) for

ach set of fuel formulations are evaluated and given in Table 5 . The ad-
ition of the additives to paraffin resulted in relatively higher exponent
alues ( n = 0.34-0.39), indicating that the paraffin-based fuel displays a
imilar regression rate behavior as the oxidizer mass flux increases. The
alue of oxidizer mass flux in classical diffusion-limited theories is re-
orted as 0.8 [5] , which is significantly higher than the value observed
n paraffin-based formulation ( n = 0.34-0.39). The paraffin fuel loaded
ith binary composite CeO 2 -Al exhibited a regression rate increase of
pproximately 1.49 mm/s over the baseline (1.03 mm/s) at oxidizer
ass fluxes of 132 kg/(m 

2 ⋅s). On the other hand, at oxidizer mass fluxes
 > 95 kg/(m 

2 ⋅s)), the fuel grain loaded with Al additive (S2) and CeO 2 
atalyst (S3) outperforms compared to the pure fuel sample. It can be ob-
erved that the addition of 10 wt.% of CeO 2 and Al into paraffin has rea-
onably improved the regression rate. In the case of S3 sample, at a low
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Table 5 

Regression rate results of paraffin-based fuels under an oxygen environment 

Fuel sample 
Average chamber 
pressure (MPa) 

Initial mass of 
fuel (kg) 

Final mass of 
fuel (kg) 

Oxidizer mass flux 
gox, (kg/(m 

2 ·s)) 
Regression rate 
(mm/s) 

Regression rate exponents 

a n 

S1 0.72 0.64 0.49 70.76 1.03 0.235 ± 0.01 0.34 ± 0.02 
0.69 0.61 0.45 81.59 1.11 
0.81 0.66 0.41 103.16 1.19 
0.72 0.54 0.32 125.22 1.27 

S2 0.71 0.66 0.29 71.68 1.1 0.23 ± 0.02 0.37 ± 0.01 
0.62 0.62 0.35 84.42 1.22 
0.76 0.68 0.37 102.21 1.34 
0.88 0.69 0.27 132.66 1.4 

S3 0.66 0.52 0.22 69.13 1.12 0.245 ± 0.02 0.35 ± 0.03 
0.59 0.66 0.25 81.81 1.15 
0.81 0.68 0.23 104.23 1.31 
0.76 0.67 0.31 130.14 1.38 

S4 0.74 0.62 0.24 71.68 1.15 0.215 ± 0.01 0.39 ± 0.02 
0.89 0.59 0.30 84.42 1.28 
0.82 0.67 0.31 102.21 1.39 
0.78 0.65 0.28 132.86 1.49 

Initial port diameter = 30 mm; fuel grain length = 150 mm; burn time = 5.5 s. 

Fig. 7. Comparison of average regression rate for various paraffin samples with 
additives. 
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xidizer mass flux range (69.13-81.81 kg/(m 

2 ⋅s)), the regression rate in-
reased in the range of 1.12-1.15 mm/s compared to that of pure paraf-
n (1.03-1.11 mm/s), whereas 1.31 mm/s and 1.38 mm/s improvement
as seen with intermediate flux (90-100 kg/(m 

2 ⋅s)) and highest oxidizer
ass flux (101-130 kg/(m 

2 ⋅s)), respectively. Whereas the regression rate
f the S2 sample increased in the range of 1.1 mm/s to 1.22 mm/s at
he low oxidizer mass flux range (71.68-84.42 kg/(m 

2 ⋅s)), and an im-
rovement of 1.34 mm/s to 1.4 mm/s was observed at an intermediate
ux (85-102.2 kg/(m 

2 ⋅s)) and highest oxidizer mass flux (103-132.66
g/(m 

2 ⋅s)), respectively compared to pure paraffin. Therefore, the re-
ression rate enhancement can be ascribed to the improved catalytic
ctivity of CeO 2 with paraffin. Stephens et al. [36] showed that adding
anoscale TiO 2 and CeO 2 catalytic additives in composite propellants
nhanced the burn rate performance. 

The addition of CeO 2 improves the oxidation rate of the paraffin
uel matrix, forming a large number of active species and, as a result,
mproves the regression rate performance [ 36 , 61 , 62 ]. Nano CeO 2 has
ignificant potential due to its demonstrated success as an effective oxi-
izing catalyst [63] . In the combustion process, CeO 2 particles undergo
umerous reactions before leaving the flame zone rather than being
onsumed. During the oxidation process, the CeO 2 donated oxide ions
hich facilitated further oxidation of Al. As a result of the transportation
f reactive oxygen ions from CeO 2 oxidizer to Al fuel, a large amount
f heat was released which ultimately improved the regression rate of
uel. During combustion, paraffin fuel develops a liquid film on the fuel
urface [34] . The increased Re number can enhance the diffusion of
araffin droplets from the liquid surface layer at higher oxidizer fluxes,
224 
eading to enhanced fuel mass transfer by droplet entrainment. Unsta-
le wavelets form on the liquid surface when an oxidizer stream flows
ver a thin, low-viscosity liquid layer, creating tiny paraffin droplets
olling up at the edge of the surface. These droplets are entrained with
l and CeO 2 particles and burnt in the combustion zone with oxidizer
ow. With the entrainment of liquid droplets, the low-viscosity and un-
table liquid layer promote additional mass transfer to the combustion
one [31] . The presence of Al particles in the combustion zone can en-
ance the radiative heat transfer, the heat of oxidation, and adiabatic
ame temperature, which can ultimately enhance the specific impulse
f a hybrid rocket [ 3 , 4 , 64–66 ]. Al can speed up the regression rate by
eleasing a significant amount of energy during oxidation. 

However, the regression rate of CeO 2 doped paraffin grain (S3) is
ower than that of the Al-based fuel (S2) sample. This could be due to
he fact that the Al melts around 660 °C and CeO 2 melts around 2600
C, and during the combustion process, the CeO 2 melting phase could
nhibit better heat transfer and result in lower performance. Under the
ame operating condition, the regression rate of the tested paraffin fuel
oaded with binary composite CeO 2 -Al (S4) shows a similar enhance-
ent trend. The released oxygen from CeO 2 makes the liquid-solid phase

xidation reaction and combustion more complete. At the same time, the
eleased oxygen may react with the excess Al powder and release sig-
ificant heat (as we can observe from Table 4 , S4 has the highest heat
elease). The regression rate was improved from 1.28 mm/s at the low
xidizer mass flux (71.68-80 kg/(m 

2 ⋅s)), to 1.39 mm/s at the interme-
iate flux range (92-102.21 kg/(m 

2 ⋅s)) and to 1.49 mm/s calculated at
he highest oxidizer flux (103-132 kg/(m 

2 ⋅s)) when compared to pure
araffin (1.03 -1.11 mm/s). It is evident that the catalytic and syner-
etic effect of CeO 2 -Al additives (S4 sample) is most prominent at high
xidizer mass flux. 

. Conclusions 

this study focuses on the thermal decomposition kinetics and com-
ustion performance of paraffin-based fuel in the presence of CeO 2 cat-
lyst and Al additive. The paraffin-based fuels were manufactured us-
ng a typical melt-cast technique. Paraffin decomposition was positively
ffected by adding Al, CeO 2 , and CeO 2 -Al binary composite additives.
uel samples with additive and catalyst exhibited faster degradation and
 higher decomposition rate than the pristine paraffin sample. The ki-
etic model of decomposition suggests that the addition of CeO 2 and
l into paraffin reduced the amount of energy ( E a : S1 > S2 > S3 > S4) re-
uired to initiate the decomposition process. It is also observed that
dding additive and catalyst slightly reduced the decomposition rate
onstants ( k ) and pre-exponential factor ( A ). The overall decomposition
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eaction profile displayed single decomposition steps of paraffin-based
uel, and more complex chemical kinetic modeling is needed to describe
he reaction mechanism of these prepared fuels. The lab-scale ballistic
ests showed that the average regression rate of paraffin-Al (S2) and
araffin-CeO 2 (S3) samples increased in the range of 1.1-1.4 mm/s and
.12-1.38 mm/s, respectively, whereas, with the CeO 2 -Al binary com-
osite (S4) sample, a reasonable improvement in the range of 1.15-1.49
m/s was reported. The regression rate enhancement can be ascribed

o the improved catalytic activity of CeO 2 and enhanced radiative heat
ransfer due to the presence of Al in the combustion zone. The kinet-
cs committee of the International Confederation for Thermal Analysis
nd Calorimetry (ICTAC) recently advised the use of a single heating
ethod to calculate kinetic parameters. Therefore, the kinetic studies

f paraffin-based fuel in the presence of CeO 2 catalyst and Al additive
re to be performed at various heating rates would be part of future
tudy to compare to the existing results. 
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