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A B S T R A C T   

Green diesel produced from palm fatty acid distillate (PFAD) could decrease reliance on fossil fuels and GHG 
emissions. Thus, this work reports a solventless hydrodeoxygenation (HDO) reaction using zeolite beta and La- 
zeolite beta (LZ) to convert PFAD into diesel-rich fuel. Specifically, LZ-catalyzed reaction dominated the hy
drocarbon fraction over zeolite beta with high HDO and DO activity. Lewis’ acid sites remove oxygenated 
species, while Brønsted acid sites aid in cracking. Since most HDO reactions happened on LZs’ exteriors, pore size 
did not affect HDO. The HDO optimum reaction activity was attained at 400 ◦C using 1 wt% of LZ under 5 MPa 
H2 pressure within 3 h. LZ showed 84 % diesel selectivity and greater hydrocarbon output in the N2 flow 
environment (DO reaction) than the H2-reaction conditions. The H2 atmospheric reaction system prevented LZ 
coking, confirming its effect on catalyst stabilisation. The HDO process yielded a paraffinic hydrocarbon product 
with ~73 % selectivity of hexadecane (C16H34), demonstrating the formation of liquid fuel with reduced ox
ygenates. A vacuum distillation technique purified the crude liquid product (CLP) into a refined liquid product 
(RLP) with 99 % diesel component renewable diesel (RD 100) met ultra-low sulfur diesel requirements that 
closely resemble those derived from petroleum. This affirms that the high-quality R100 can be used in existing 
diesel engines efficiently without modifications. Based on reusability studies, the LZ catalysts are capable of 
performing HDO and DO for up to 5–6 cycles, proving their positive impact on process efficiency and catalyst 
longevity. Overall, the LZ-catalyzed hydrogen-assisted process is a more promising technology for the oil and gas 
industry, where hydrogen can be produced from various refinery feedstocks, hence, its implementation could 
significantly enhance efficiency and sustainability in refining operations.   

1. Introduction 

The depletion of fossil fuel reserves and the global warming associ
ated with excessive CO2 emissions have driven the demand for inno
vative and sustainable transportation energy sources (Wan Khalit et al., 
2021). Biodiesel, a widely considered alternative biofuel, is hindered by 
inherent issues like poor cold flow characteristics and weak oxidation 
stability. These drawbacks pose challenges, rendering its practical 
application as a transportation fuel unfeasible (Aziz et al., 2024). 
Moroever, biodiesel typically contain higher oxygenates species, which 

results in problems that limit their utilization such as: lower heat of 
combustion, higher hygroscopicity and higher reactivity with other 
materials. Due to this reason, liquid hydrocarbons that are chemically 
fungible with fossil fuels are therefore required. Noted, the only fossil 
fuel substitute available is green diesel due to their similarities to fossil 
fuels (Abdulkareem-alsultan et al., 2021). 

Malaysia, as the world’s second-largest palm oil producer after 
Indonesia, produces more than 700,000 metric ton of palm fatty acid 
distillate (PFAD) annually (Lam et al., 2022). PFAD is a lower-value 
by-product which is generated in the fatty acid stripping and 
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deodorization stages. It is potentially a valuable, low-cost feedstock for 
the production of green diesel. Indeed, PFAD mainly comprised of free 
fatty acid (FFA) ~80 %-rich of oxygenated species. As mentioned 
earlier, oxygenated species are problematic and should be eliminated. 
One of the most important research area in transformation of fatty acid 
is catalytic hydrodeoxygenation (HDO) and deoxygenation (DO) (Som
nuk et al., 2020). By enabling the efficient conversion of PFAD into 
high-quality green diesel, this technology helps reduce reliance on fossil 
fuels. Biofuels derived from PFAD potentially have a lower carbon 
footprint compared to fossil fuels, assuming sustainable practices in 
palm oil production and processing. This contributes to the reduction of 
greenhouse gas (GHG) emissions, aligning with global climate change 
mitigation efforts (Xu et al., 2020). 

The HDO of fatty acids is a process of removing oxygen to produces 
alkanes (Cn) with the same number as the corresponding fatty acid chain 
in the form of water (H2O). Meanwhile, DO of fatty acids is a process that 
removes oxygen atoms in the form of H2O or carbon oxides (COx) in 
order to produce green diesel or hydrocarbons that resemble diesel from 
renewable sources. Reaction pathways for the DO of fatty acids consist 
of decarboxylation (DCX) and decarbonylation (DCN). The DCX pro
duces CO2 and n-alkanes with the loss of one carbon atom (Cn-1) from the 
original fatty acid feedstock (Cn). In case of DCN, both CO and H2O are 
lost from the original fatty acid feedstock while alkenes are generated 
(Thongkumkoon et al., 2019). Noted, both of these processes generated 
long-chain deoxygenated hydrocarbons with a high cetane number, 
making it fully compatible with fossil diesel fuel and provides a prom
ising approach for the production of renewable diesel-like hydrocarbons 
(Han et al., 2011). Note, in term of economic viability, DO route is 
highly preferable than HDO which consume much hydrogen during the 
reaction. Nevertheless, HDO product that contained saturated species 
showed superior properties such as high calorific values, more stable 
and less reactive product, and more efficient and cleaner combustion, 
reducing emissions of pollutants during the burning of biofuels, and the 
biofuels derived from saturated HDO can be seamlessly integrated into 
the existing biodiesel production facilities (Mailaram and Maity, 2019). 

Noteworthy, catalyst has a crucial role in determining the yield of 
liquid products (green liquid petroleum gas (C14 − C20), green jet fuel 
(C11 − C13), and green diesel (C13 − C14). A catalyst with high HDO 
ability would create a lot of green naphtha, whereas a catalyst with mild 
HDO ability would likely yield mostly green diesel (Júlia de Barros et al., 
2020). Recent studies have reported the successful conversion of PFAD 
into renewable diesel through the HDO process utilising a fixed-bed flow 
reactor system using mesoporous catalysts (PtSn/20Al/SBA-15 and 
PtSn/ALPO-11 (Si/Al: 0) (Kim et al., 2021). Kim et al. (2021) further 
reported that high HDO activity owing to the large pore size, high 
acidity, and great metal dispersion on mesopores supported catalyst. Oh 
et al. (2018) findings align with Kim’s discoveries, demonstrating that 
PtSn/20Al/SBA-15 and PtSn/ALPO-11 catalysts efficiently yield 
63–66 % of diesel-rich (C16, C18) fuel. This is attributed to the presence 
of abundant rich acidic sites, including Lewis and Brønsted sites, which 
facilitate the favorable cleavage of C––O bonds through HDO and DO 
reactions. Former study by Gao et al. (2016) also discovered that high 
Si/Al favored C––O bond cleavage activity owing minimal acidity of the 
Zeolite Socony Mobil–5 (ZSM5). This occur due to fewer Al sites avail
able in the ZSM5 framework when the Si/Al ratio increases (more silicon 
relative to aluminum). Indeed, the presence of abundant Lewis acid sites 
on ZSM5 facilitates the coordination of carbonyl groups, such as C––O, 
with these sites. This simultaneous interaction serves to reduce bond 
order while enhancing the HDO reaction (Corral-Pérez et al., 2019; 
Jonsson et al., 2021). Moreover, the acidic sites exhibits good linear 
correlation with the coke content and apparently Lewis acid sites may 
inhibit coking acitivity (Li et al., 2021). 

ZSM5 is one of the most frequently used catalyst supports owing by 
recombination meso and microporous and rich Lewis acid sites charac
ters (Gamliel et al., 2017). The ZSM5 is reported consist of 10-membered 
ring with a 3D channel with a diameter of 5.1–5.7 Å. Nevertheless, 

Hernandez’s found that small pore diameter of ZSM5 limit the HDO 
reaction activity (Hernandez et al., 2016). Zeolite beta, in fact, has a 
larger pore diameter than ZSM5, displaying an average pore diameter 
falling within the 5.5–7.0 Å range. Furthermore, it can be effortlessly 
synthesised with a Si/Al ratio ranging from 12 to 200. However, the 
micropores strucure of the zeolite beta tends to collapse at high tem
perature (>600 ◦C) due to the dealumination process (Simancas et al., 
2021). Remarkably, the incorporation of metal species into zeolite beta 
has been identified as the key factor contributing to its improved 
structural stability at high temperature. 

Currently, utilization of inexpensive metals such as rare earth (RE) 
elements, i.e. La2O3, Nd2O3, and CeO2, has recently gained interest in 
catalytic cracking process for the production of diesel-rich hydrocarbons 
(Rahimi and Karimzadeh, 2011). However, La’s price is susceptible to 
fluctuations due to the impact of global supply chains. Indeed, the RE 
showed enhancement of catalyst stability by boosting the high temper
ature resistancy and high surface acid-basic sites (Escobar et al., 2019). 
This was affirmed by literature, in which the addition of La2O3 species 
with high acid-base character into zeolite Y not only improves the 
dispersion of active metal but also strengthens its thermal stability (Yu 
et al., 2021). Certainly, Li et al. (2021) corroborated that the inclusion of 
La not only aids in preserving the foundational structure of zeolite beta 
and ZSM5 but also significantly reduces its crystallinity. Incorporation 
of La species promote structure stability as La is an excellent sintering 
inhibitor agent. Furthermore, the presence of basic sites within La 
functions as a highly effective coke inhibitor, thereby restricting the 
catalyst deactivation due to coking during the HDO reaction (Zhang 
et al., 2009). La predominantly exhibit Lewis acid sites character, 
whereby the addition of high disperse of La into zeolite beta or ZSM5 
will allow Lewis acid sites character of the La-containing catalyst to 
enhance significantly. 

The majority of studies investigating the production of liquid hy
drocarbons from various vegetable oils through catalytic HDO and 
deCOx (DCX and DCN) have underscored the importance of optimizing 
operational parameters to enhance hydrocarbon yield and diesel selec
tivity (Silva and de Andrade, 2021). Notably, reaction temperature 
exhibited most impactful factor on determining the hydrocarbon selec
tivity. Due to the endothermic nature of DCX and DCN, some researchers 
have observed that higher temperatures (T> 300 ℃) are preferred 
(Krobkrong et al., 2018). In the case of HDO, it was discovered that the 
HDO reaction is extremely exothermic in nature, by mean is unfavorable 
at high temperature (Baharudin et al., 2020). Ding et al. (2015), for 
instance, has succesfully obtained 100 % conversion and 92.2 % selec
tivity towards hexadecane over 5 % MoO2/CNTs catalysts at a lower 
HDO temperature of 220 ℃. Note, H2 atmopshere in HDO reaction also 
favours the formation of aliphatic hydrocarbon (7.6–92.2 %) which is 
generally less reactive than unsaturated ones. Therefore, it can ensure 
the stability of hydrocarbons, thereby optimizing the combustion ability 
of green diesel and producing a clean, non-sooty blue flame (Ding et al., 
2015). 

Based on aformentioned discussion, indeed, HDO still can be 
considered as an ideal process for production rich aliphatic hydrocar
bons. Nevertheless, concerns about safety in HDO processes often arise. 
Hence, led to a continued reevaluation of the DO reaction by former 
studies. It is evident that a greater quantity of hydrocarbons (92 %) is 
attained through the DO reaction within 2 h under inert conditions 
(Safa-Gamal et al., 2021). Thongkumkoon et al. (2019), reported similar 
findings on DO of oleic acid, PFAD, refined palm stearin (RPS) and 
refined palm olein (RPO). Notably, although HDO and DO provide their 
own advantages, only a limited amount of research on palm by-product 
using RE metal catalyst was done using these two methods. Hence, the 
current study focuses on producing diesel-like fuel from HDO of PFAD 
over a La-modified zeolite-based catalyst. DO reaction was also carried 
out as comparison. The parametric study including the effects of reac
tion temperature (350–400 ◦C), catalyst loading (1–7 wt%), H2 pressure 
(1–5 MPa), and reaction time (3–5 h) were carried out using OVAT. The 
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renewable diesel (RD 100) obtained was further evaluated for its fuel 
properties to observe its compatibility with petroleum diesel. 

2. Experimental 

2.1. Materials 

The zeolite beta (SiO2/Al2O3 = 38, SBET = 710 m2g− 1) was pur
chased from Alfa Aeser in the United States. The R&M Company sup
plied lanthanum (III) nitrate hexahydrate with a purity exceeding 99 %. 
Standard solutions of alkanes and alkenes (C8–C20) and the internal 
standard 1-bromohexane with >98 % purity (GC grade) was purchased 
from Sigma Aldrich and utilised without further purification for gas 
chromatography (GC) analysis. For dilution, Merck (Germany) supplied 
N-Hexane (GC grade) with a purity of > 98 %. PFAD was obtained from 
Sime Darby Jomalina Sdn. Bhd. refinery, Teluk Panglima Garang, 
Selangor, Malaysia and used directly without any treatment. Acid con
tent of the PFAD was evaluated using the AOCS Cd 3d-63 standard 
method. The PFAD was comprised of 55.2 % of saturated fatty acid and 
46.4 % of unsaturated fatty acid with free fatty acid content of 84 %. 

2.2. Synthesis of La-zeolite beta catalysts 

The La-modified zeolite-based catalyst was prepared via the wet 
impregnation approach. 5 g of zeolite beta was initially impregnated 
with 10 wt% of the aqueous solution of metal salts described in Section 
2.1. The mixture was then stirred for 4 h and dried at 100 ℃ for 24 h. 
The dried catalysts were then calcined at 500 ◦C for 4 h under atmo
sphere conditions at a heating rate of 10 ◦C min− 1 before being reduced 
at 700 ◦C for 5 h using 5 vol% H2 in argon at a heating rate of 2 ◦C min− 1. 
The catalysts were designated as La-zeolite beta (LZ). In the case of 
catalyst support, it will be denoted as zeolite beta. 

2.3. Characterization of La-zeolite beta catalysts 

The crystalline structure of catalysts was determined using XRD 6000 
instrument (Shimadzu, Japan) in the range of 2θ = 5◦ - 80◦. The crys
tallite size was calculated using the Debye–Scherrer equation at 2θ =
23◦. TPD-CO2 and NH3 were utilised to measure the acidity and number 
of acidic/basic sites on the surface of catalysts. A quartz tube containing 
0.05 g of sample was added to a thermal analyser (Thermo-Finnigan 
TPDRO 1100, USA), and the sample was prepared as reported elsewhere 
(Yan et al., 2018). Furthermore, a Bruker Tensor 27 FTIR spectrometer 
was employed to analyse the identity, structure, orientation, and 
bonding of NH3 adsorption and desorption species on the catalyst sur
face. The output data from FTIR is presented by plotting the intensity 
(absorbance) as a function of the wavenumber or temperature 
(TPD-FTIR). The self-supporting wafer samples were prepared according 

to Yan et al. (2021b). The absorbance value was calculated following Eq. 
1: 

Absorbance = − log
(Transmittance 100%)

100
(1) 

Eventually, SEM equipped with an EDX analyser was used for 
observing the surface morphology and elemental compositions of the 
catalysts. Thereafter, the SEM connected to the Bruker X Flash 6I10 
spectrometer for determining the elements like C, O, La, Si and Al pre
sent in the catalysts. The catalyst powder was initially dispersed on the 
aluminium sample holder covered by silver tape. Then, a thin layer of 
gold (Au) was used in coating the sample, representing a type of con
ducting material to avoid electric charging during the scanning process. 
The surface structure and morphology of the catalyst, underwent 
investigation under the electron microscope with a resolution of 3.5 nm. 
The instrument was operated at accelerating voltages of 20 kV and a 
current of 12 mA. TGA was applied to evaluate the thermo-stability of 
the catalyst using TGA, Mettler Toledo 990. The catalyst was heated 
under a 50 mL min− 1 N2 stream gradually to 900 ◦C at a rate of 30 ◦C 
min− 1. 

2.4. Catalytic performance activity 

The catalytic performance of PFAD over synthesized catalysts were 
conducted as illustrated in Fig. 1. In the case of HDO reaction, a total of 
150 g of PFAD and 5 wt% of catalyst was mixed in a 600 mL high 
pressure, high-temperature reactor, the Novoclave type 3 (Buchi
glasuster, Switzerland) (Fig. 1 A). Prior to the reaction, the reactor was 
purged with N2 at 40 ◦C for 10 minutes to produce an oxygen-free 
environment, then purged with pure H2 for 10 minutes to create a 
complete H2 environment, and the pressure of H2 in the reactor was 
increased to 5.0 MPa. To obtain crude liquid product (CLP), the mixture 
was heated to 400 ◦C for 3 h while being agitated at 400 rpm. The CLP 
was distilled to obtain the refined crude product (RLP), which was purer 
and had a more attractive appearance for the industry besides could 
produced a qualified green diesel based on standard requirement. It is 
anticipated that extremely pure hydrocarbons would be produced 
(Cheng et al., 2019; Kiatkittipong et al., 2013). In contrast to HDO re
action, the DO of PFAD will be carried out in semi-batch reactor under 
N2 atmosphere following method reported by Wan Khalit et al. (2022) 
(Fig. 1 B). The reactor was continuously stirred and flushed with inert N2 
gas for 3 h at a gradually increasing temperature of up to 350 ◦C. Finally, 
upon cooling at 20 ◦C, the vapour product was condensed with an 
external water cooler. GC-FID and GC-MS were used to analyse the 
collected liquid product from DO and RLP from HDO and GC-TCD for 
gas-phase analysis. A similar method was used for kinetic study, in 
which was investigated at three different temperatures (400 ℃, 420 ℃, 
and 450 ℃) for 1,2, 3, 4, 5 and 6 h of reaction. The catalyst’s reusability 

Fig. 1. Schematic diagram for (A) HDO and (B) DO reactors.  
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was assessed by simply washed the spent catalyst with methanol fol
lowed by dried overnight at 110 ◦C. The spent catalyst was reactivated 
by calcination and reduction of the catalyst as mentioned in Section 2.2. 

2.5. Product analysis 

The total acid number (TAN) of the liquid product was evaluated by 
employing the AOCS Cd 3d-63 standard, as shown in Eq. 2. The quan
tification of liquid products were analysed using an Agilent 7890 A se
ries GC (USA) with FID and an HP-5 capillary column (dimension: 30 m 
inner diameter x 0.32 mm film) at 300 ◦C. The liquid products from HDO 
of guaiacol were analysed using an Agilent GC-6980 MS equipped with 
an Rtx-200 MS (30 m length, 0.25 mm ID, 0.5 μm film thickness) col
umn. For quantification and the analysis of methanol, GC-FID was 

analysed using a 2014 Shimadzu GC, fitted with a Restek Stabilwax 
column (30 m, 0.32 mm ID with 1 μm film thickness). A GC-MS (Shi
madzu QP2010 Plus) equipped with a Zebron ZB-5 MS column 
(dimension: 30 m × 0.25 mm × 0.25 m) was employed to separate the 

compounds in the CLP via the splitless inlet. The samples were first 
diluted with GC-grade hexane. The components of the spectra peaks 
were then identified according to the NIST database at 95 – 100 % 
similarity. Eq. 3 and Eq. 4 were employed to calculate product selec
tivity and hydrocarbon yield, respectively. Meanwhile, the yield of 
organic compounds (hydrocarbon fractions, alcohol) was calculated 
using Eq. 5. 

TAN(%) =
A × N × 56.11 g mol − 1

w
x100 (2) 

A represents the KOH employed (mL), N is the normality of KOH, 
56.11 g mol− 1 is the molar mass of KOH, and w is the mass of the sample 
(g).   

Sproduct =
Cy

Σny
(5) 

Fig. 2. A) XRD patterns for zeolite beta, La and LZ catalysts and Bi) TPD-NH3 and Bii) TPD-CO2 for zeolite beta and LZ.  

Gasoline
/

Diesel selectivity(%) =
Hydrocarbon yield(C8 − C12)/(C13 − C18)
Total hydrocarbon in product (C8 − C20)

x100 (3)  

Hydrocarbon yield =
Total mole of n − alkane (C8 − C20) in product × 100

(Theoretical mole of HC in product)
(4)   
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Where Sproduct is the yield of organic compound (%), Cy represents the 
area of the desired organic compound, and ny is the total area of organic 
compounds. 

The gaseous products collected were evaluated by the Agilent USA. 
Approximately, 2 mL of the collected gases were injected in an off-line 
GC (Agilent Model G1540N, USA) equipped with TCD to identify the 
type and concentration of gas produced during the DO and HDO 
reactions. 

2.6. Fuel properties of renewable diesel from PFAD via HDO reaction 

The RD 100 produced was further analysed using the method pro
vided by the US biodiesel standard, which includes the TAN (AOCS Ca 
5a − 40), kinematic viscosity (ASTM D445), density (ASTM D5002), 
calorific value (ASTM D 5865 − 0), and C, H, N, and S contents (ASTM 
D5373) using LECO CHN 628 and LECO S 628. The temperature and 
time of the combustion for CHN 628 ranged within 850–950 ◦C and 
3 min, respectively, while the combustion analysis for S 628 was fixed 
within 2 min at 1350 ◦C. The concentration of oxygen (O) was calcu
lated by subtracting 100 % to the sum of C, H, N and S. 

3. Results and discussion 

3.1. Catalyst characterization 

Fig. 2A displays the XRD patterns for zeolite beta, La, and LZ. The 
crystalline phase of zeolite beta is confirmed by the strong diffraction 
peaks at 2θ = 7.8◦, 14.6◦, 22.6◦, 25.3◦, 27.1◦, and 64.6◦ (JCPDS File No. 
48 0038), while La is represented by 2θ = 17.7◦, 29.8◦, 34.4◦, 45.5◦, 
53.3◦, 60.7◦, and 65.2◦ (JCPDS File No. 00–08–04). Interestingly, the 
introduction of La species to zeolite beta did not influence the XRD 
patterns, however, showed notable peaks associated with cubic metallic 
of lanthanum aluminium silicate at 2 = 26.1◦, 29.2◦, 30.1◦, 39.7◦, and 
46.3◦ as well as highly crystalline characteristic peaks, attributed to the 
hexagonal La metallic phase at 2 = 29.4◦, 31.2◦, and 48.4◦ (JCPDS File 
No. 00–002–0618). JCPDS file No. 01–076–0642 resemblance to the 
parent zeolite, demonstrating that the distribution of La on zeolite beta 
is uniform. Sadek et al. (2020) suggested that modifications of the 
zeolite beta upon integration of an active metal indicate that the struc
ture of the zeolites remains constant after loading the zeolite beta 
catalyst with various metals (Sadek et al., 2020). 

The TPD patterns of the zeolite beta and LZ catalysts demonstrated 
that the NH3 desorption peaks at Tmax = 150 ℃ < 280 ℃ > 500 ℃ were 
associated with the presence of the weak, medium, and strong acid sites, 
respectively (Fig. 2Bi). Zeolite beta exhibited high amount of weak
+medium acid sites (5909 µmol g− 1), followed by a strong acid site 
(2883 µmol g− 1) (Table 1). Conversely, LZ catalyst displayed a reduced 
weak+medium acid site (4700 µmol g− 1) and strong acid site (833 µmol 
g− 1) compared to zeolite beta. Evidently, the strong acid site corre
sponded to the Brønsted sites originated from the incorporation of Si-Al 
into the La framework, whilst the weak+medium acid sites were linked 
to the presence of Lewis acid types (Liu et al., 2013). Noted, the total 

acid sites (weak+medium and strong acid sites) dramatically decreased 
when La was added to zeolite beta, implying that the presence of the 
base characteristics of La contributed to the reduction of the acid sites 
(Abdulkareem-Alsultan et al., 2019). Previously, catalysts with weak, 
medium and strong acid sites were assumed to promote the DCX or DCN 
process through the C-O bond cleavages (Asikin-Mijan et al., 2020). 
Meanwhile, Botas et al. (2014) stated that the strong acid sites could 
have contributed to the excessive cracking and olefin oligomerisation, 
resulting in the generation of lighter hydrocarbon fractions and coke 
that lowered the HDO activities. 

The basic sites were also detected in zeolite beta and LZ catalysts 
(Fig. 2 Bii). The weak, medium and strong basic sites are the main basis 
of active sites with variation dominant type of basic sites. However, it is 
noteworthy that the total amount of basic sites in both catalysts was 
97 % lower than the total amount of acid sites, underscoring the 
dominance of acid sites as the primary active sites in zeolite beta. 
Nevertheless, the basic sites remained crucial for the oxygen elimination 
via the DCX pathway (Abdulkareem-Alsultan et al., 2020). It is worth 
noting that the LZ catalyst demonstrates a 38 % higher density of strong 
basic sites compared to zeolite beta, suggesting its dependency on La 
species for basicity. Furthermore, the abundant strong basic sites on the 
LZ catalyst position it as an effective coke inhibitor, enhancing catalyst 
stability while sustaining catalytic activity. 

The IR spectra from the NH3 adsorption on zeolite beta and LZ, 
respectively was illustrated in Figure S1. Both spectra reveal the pres
ence of multiple major peaks between 1300 and 1600 cm− 1. The peak 
located at 1455 cm− 1 was corresponded to the main vibrations of NH4

+

ions produced by the protonation of NH3 on Brønsted acid sites (Lónyi 
and Valyon, 2001). The band centred at approximately 1620 cm− 1 was 
assigned to the symmetric bending vibrations of NH3 coordinated on the 
Lewis acid sites (La, Al) (Yan et al., 2019). The remarkable decrease in 
the peak intensity of the LZ catalyst after addition of La species indicates 
the decreased bridging of Si(OH)Al groups due to the ion exchange be
tween NH4

+ and La3+. This is due to the La3+ that eliminated a fraction of 
protons on the Al3+ sites, thus, lower the NH4

+ vibration intensity at 
1457 cm− 1, and consequently generated new La3+ Lewis acid sites (Yan 
et al., 2021a). Consequently, LZ was found to have fewer Brønsted and 
Lewis acid sites than the parent zeolite beta (Table 1), as evidence by the 
symmetric bending vibrations of NH4

+ coordinated on La3+. Reduced 
Brønsted and Lewis acid concentrations may be attributable to the 
blocking of acid sites on zeolite beta by La (Ma and Zhao, 2014). 
Furthermore, the presence of Lewis-bound NH3 revealed that a portion 
of the metallic La sites were re-oxidized during wafer production, 
resulting in the formation of cationic La, which operated as a Lewis site 
(Yan et al., 2021a). Overall, the acid sites of LZ strongly relied on the 
acidity of zeolite beta, while the presence of basic sites originated from 
La2O3 (Yu et al., 2021). 

Table 1 showed the surface area of LZ reduced from 648 to 
556 m2g− 1 in comparison to the original zeolite. Reduction of surface 
area of LZ owing to the modification of the zeolite’s structural caused by 
the introduction of lanthanum ions. This transformation may result in a 
partial collapse or reform of the zeolite framework which can decrease 

Table 1 
Physicochemical analysis of zeolite beta and LZ (Nur Azreena I. et al., 2021).  

Catalysts Surface area (m2/ 
g) 

Pore 
volume 
(cm3/g) 

Pore size diameter 
(nm) 

Acid strength 
(µmol g− 1)a 

Basic strength 
(µmol g− 1)b 

Total acid amountc 

Weak + medium 
acid 

Strong 
acid 

Weak + medium 
basic 

Strong 
basic 

Brønsted 
acid 

Lewis 
acid 

Zeolite 
beta  

648.0  0.22  2.03  5099  2883  158  90  598  119 

LZ  556.4  0.29  2.09  4700  833  97  145  385  77  

a Determined by TPD-NH3 analysis. 
b Determined by TPD-CO2 analysis. 
c Determined by FTIR-NH3 analysis. 
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the overall surface area (Yu et al., 2021). The increase in pore diameter 
and volume (2.03–2.09 and 0.22–0.29, respectively) suggests that the 
introduction of lanthanum ions into the zeolite framework may have 
caused dealumination, that rearranged the Si/Al in the zeolite’s struc
ture through the elimination of aluminium atoms. This rearrangement 
create larger voids or mesopores as aluminum atoms are removed and 
replaced with larger lanthanum ions, thereby increasing the average 
pore diameter and pore volume if enough framework spaces are 
enlarged (Eschenbacher et al., 2021). 

It worth nothing that both of zeolite beta and LZ exhibited pore size 
which is smaller than former reported active zeolite catalysts (usually 
within range of 5–20 nm)(Serrano et al., 2021; Sihombing et al., 2020). 
In the present study, the PFAD used apparently consist of long hydro
carbon chains fatty acid (C16 and C18:1, see Section 2.1) with an average 
molecular weight of PFAD approximately 284.14 g/mol (Oo et al., 
2022). Indeed, smaller pore size of zeolite beta and LZ (Table 1) and 
substantial size structure of PFAD may hinder its ability to penetrate the 
internal pores of zeolite. Hypothetically, it can be suggested that the 
majority of the reaction occurs on the surface of zeolite-based catalyst. 
interestingly, the inaccessibility of reactions within pores is not a 
concern, as the majority of active sites (metallic, acidic sites) synthe
sized in this study are typically located on the external surface of the 
zeolite particles (see SEM-EDX of LZ (Figure S2)) (Ghiaci et al., 2006). 
This assertion finds support in the studies by Zuo et al. (2013), who 
investigated the HDO of palm oil using Ni supported on nano-sized 
SAPO-11 catalysts. Despite the studied zeolite catalysts exhibiting 
smaller average pore diameters (2.0–2.3 nm), the HDO reaction was 
notably superior with hydrocarbon yield ~79 % and diesel selectivity 
~53 %. 

Fig. 3 A and 3 B show the surface morphology of the catalysts via 
SEM imaging. The zeolite beta showed an aggregates of regular cubic 
shape, while LZ appeared as uniform cubic crystals. The La were visible 
and well-distributed on the catalyst surface, yielding a La-rich condition. 
In addition, Fig. 3 C and 3 D display the Si, Al, and La contents on the 
surface of zeolite beta and LZ catalysts based on the EDX mapping. The 
uniform distribution of the La-rich region across the zeolite beta matrix 
was notable, which was ascribed to the La2O3 particles, and could have 
contributed to the high efficiency of the reactions. The EDX analysis also 
revealed that zeolite beta consisted of 2.5 wt% Al, 45.9 wt% Si, and 

51.6 wt% O2, whereas the LZ contained 1.7 wt% Al, 28.1 wt% Si, 
56.0 wt% O2, and 14.2 wt% La. Following the La loading, the increased 
O2 was due to the formation of an oxide phase as a result of the oxygen- 
rich environment. Based on Table 1, the basic properties of LZ were 
highly affected by the oxygen-rich species (Ahmad et al., 2016). The 
presence of La elements on the LZ catalyst surface also implies that the 
La was successfully bound to the zeolite matrix. 

3.2. Catalytic performance activity of PFAD via HDO reaction 

The HDO of PFAD was carried out in the absence of catalyst (blank), 
zeolite beta, and LZ under the following reaction conditions: 5 wt% 
catalyst loading, 400 ℃ at H2 pressure of 5 MPa for 3 h with a stirring 
speed of 400 rpm. Fig. 4 A depicts the hydrocarbon yield and selectivity 
profiles of the uncatalysed and catalysed products, respectively. Under a 
blank reaction, the hydrocarbon (C8 − C20) yield was not detected, while 
57 − 75 % of hydrocarbons were obtained through catalysed reactions. 
Comparatively, LZ recorded a higher hydrocarbon yield than beta 
zeolite. This is associated with the large density of 4700 µmol g− 1 of 
weak+medium acid sites (referred to as Lewis acid sites) and the low 
density of strong acid sites (referred to as Brønsted acid sites) at 833 
µmol g− 1. Although beta zeolite demonstrated an 8 % increase in 
weak+medium acid sites, it’s noteworthy that the density of strong acid 
sites was found to be 72 % greater than that of LZ. It’s important to 
recognize that an excess density of strong acid sites is undesirable, as it 
inevitably promotes cracking activity, resulting in the formation of light 
hydrocarbons and volatile species. Indeed, zeolite beta catalysed reac
tion showed higher shorter chain hydrocarbon (C8-C12) (39 %) product 
than longer hydrocarbon (C13 − C18) (36 %). 

The PFAD was comprised of 55.2 % of saturated fatty acid and 
46.4 % of unsaturated fatty acid (Section 2.1) and majorly composed of 
C16 (palmitic acid) and C18 (oleic acid) (Wan Khalit et al., 2022). 
Effective HDO PFAD typically yields hydrocarbons rich in C16 and C18 
compounds, while DO will result in the production of C15 and C17 
fractions (Wan Khalit et al., 2022). Based on Fig. 4B, eventhough LZ 
showed greater hydrocarbon yield (75 %) and diesel selectivity (55 %), 
yet minimal detection of C16 (2 %) and no detection of C18 compounds 
were observed (Kalai et al., 2017). Nevertheless, LZ produced major C15 
and minor C8-C11 (~42 %), suggesting that LZ also experienced C-O and 

Fig. 3. A-D. SEM-EDX mapping and elemental analysis for zeolite beta and LZ.  
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aggressive C− C bond cleavage via the deCOx and cracking reactions. 
Indeed, insignificant formation of HDO product by LZ catalysed reaction 
suggesting that the HDO product possibly undergoes cracking reaction 
forming shorter hydrocarbons. It’s worth noting that C15 (52 %) was 
significantly more prevalent than C17, which was found at only around 
3 %. This suggests that LZ triggers aggressive DCX reactions that 

primarily target shorter-chain fatty acids over longer-chain ones 
(Baharudin et al., 2019). 

Overall, LZ still superior than zeolite beta but the product selective 
toward DCX hydrocarbon, due to existence of rich weak+medium acid 
sites (4700 µmol g− 1). In the case of zeolite beta, although this catalyst 
exhibited higher weak+medium acid sites (5099 µmol g− 1), yet liquid 

Fig. 4. A) Hydrocarbon yield and selectivity for HDO of PFAD and B) Carbon distribution of HDO of PFAD at 5 wt% of LZ loading, 400 ℃, 5 MPa of H2 pressure 
for 3 h. 

Fig. 5. A-D) Variety effect of catalyst loading, reaction time, reaction temperature and hydrogen pressure on the hydrocarbon selectivity HDO of PFAD, Ai-Di) 
Variety carbon distribution of HDO reaction for PFAD at different catalyst loading, reaction time, reaction temperature and hydrogen pressure. 
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product mainly results in wide distribution of hydrocarbon C8-C18, 
suggesting large strong acid (2883 µmol g− 1) on zeolite beta predomi
nantly promote C-C bond cleavage than C-O bond cleavage. Nonethe
less, zeolite beta demonstrated the presence of HDO product (C16+C18) 
(24 %) due higher acidity of zeolite beta than LZ which also beneficial in 
promoting the isomerization reactions of C16 and C18 than cracking re
action. Evidently, 1.3 % of -Cyclohexyldecane (C16H32) and 3-Methyl
heptadecane (C18H38) isomer species detected in the liquid product 
(see Figure S4). 

3.3. Optimization of HDO reaction and its comparison with DO reaction 

The optimal condition of LZ was determined using 5 wt% LZ loading 
at 400 ℃ and H2 pressure of 5 MPa for 3 h. The optimisation study for 
the HDO of PFAD using LZ catalyst was investigated by OVAT approach 
(Abdulkareem-Alsultan et al., 2019) to determine the optimum balanced 
condition for all variables. This method offers the simplest imple
mentation and primarily assists in the selection of significant parame
ters, including the amount of catalyst loading (1, 3, 5, and 7 wt%), 
reaction time (3 − 5 h), reaction temperature (350 − 400 ◦C), and H2 
pressure (1 − 5 MPa) that affect the hydrocarbon yield and selectivity. 

The amount of catalyst showed a significant effect on the rate of HDO 
reaction, as well as the yield and selectivity of the desired products.  
Fig. 5 A depict the effects of different LZ loads (1 − 7 wt%) on the hy
drocarbon yield and selectivity at 400 ◦C for 3 h under 5 MPa of H2. The 
results showed that the HDO reaction (diesel selectivity) decreased 
proportionally from 84 % to 64 % as the catalyst loading was increased 
from 1 wt% to 7 wt% (Fig. 5 A) (Khan et al., 2020). The highest hy
drocarbon yield and diesel selectivity of 75 % and 84 %, respectively, 
were recorded using 1 wt% catalyst loading. Meanwhile, the 
C15-dominated diesel selectivity also increased as the catalyst loading 
increased from 1 wt% (43 %) to 3 wt% (51 %) (Fig. 5 Ai). The hydro
carbon yield decreased to 75 % and 65 % when the catalyst loading 
increased from 1 wt% to 7 wt%, respectively. This resulted in not only 
the decreased diesel selectivity containing C15 from 51 % to 23 % but 
also a higher hydrocarbon of C19 and C20 (~0.8 − 8 %) and lighter 
hydrocarbon (C8 − C12; ~14 − 19 %). In general, the overloading of the 
catalyst increased the possibility of undesirable side reactions, such as 
oligomerisation and C − C bond cleavage, which induced the formation 
of heavier hydrocarbons (Douvartzides et al., 2019). Therefore, 1 wt% 
catalyst loading was the most cost-effective option for the HDO reaction 
under the selected variables to produce the highest hydrocarbon yield 
and selectivity of C15. 

Fig. 5 B shows the effect of reaction time on the HDO reaction ac
tivity at 400 ℃, H2 pressure of 5 MPa, and amount of catalyst loading at 
1 wt% revealed that the hydrocarbon yield increased from 70 % to 76 % 
when the reaction time increased from 3 h to 5 h. Additionally, the 
maximum diesel selectivity was 84 % at 3 h of reaction time with the 
highest C15 (43 %). In contrast, the prolonged HDO reaction to 5 h 
resulted in a significant reduction in diesel selectivity from 84 % to 
29 %, followed by the reduction of C15 from 36.4 % to 27.4 % (Fig. 5 Ci). 
Furthermore, C8 − C10 (~1 − 17 %) was detected after 5 h of reaction 
time due to thermal cracking and unfavourable side reaction (such as 
polymerisation), which resulted in the lowest diesel selectivity. Based on 
the results, the HDO reaction was time-dependent as the diesel selec
tivity significantly changed when the reaction was prolonged. Overall, 
the optimal conditions for the catalytic activity of HDO of PFAD were 
determined at 400 ◦C using 1 wt%. 

In Fig. 5 C, the rate of HDO activity based on the hydrocarbon yield 
increased with the increasing temperature from 350 ◦C (54 %) to 380 ◦C 
(79 %) but gradually decreased to 69 % when the reaction temperature 
was further increased to 400 ◦C. The trend was attributed to the high 
hydrocracking of hydrocarbons into volatiles species. Cracking and hy
drogenation reactions take place concurrently in the hydrocracking 
process. The acid sites of the catalyst is required for isomerization and 
cracking activities while the metallic sites required for hydrogenation 

and dehydrogenation reactions (Wang et al., 2012). Correspondingly, 
the increasing reaction temperature from 350 to 400 ◦C significantly 
improved the diesel selectivity from 33 % to 84 %. According to Fig. 5 
Bi, the C15 selectivity increased from 41 % to 43 % while C17 selectivity 
increased from 4.9 % to 5.2 % when the reaction temperature was 
increasd from 380 to 400 ℃ implied the more significant deCOx reaction 
in PFAD at higher reaction temperatures. Interestingly, the increased 
reaction temperature from 350 to 400 ℃ showed a lower amount of 
lighter hydrocarbon (C8 − C10), suggesting that the low amount of 
catalyst (1 wt%) containing mostly weak and medium acidity was 
unfavourable for thermal cracking at high reaction temperatures (Li 
et al., 2019). Overall, the recommended optimum reaction temperature 
was 400 ◦C for 3 h using 1 wt% LZ and H2 pressure of 5 MPa. 

When the H2 pressure was varied at 1 − 5 MPa, the HDO of PFAD 
using LZ showed an increase in the hydrocarbon yield from 54 % to 
76 % and diesel selectivity from 53 % to 84 %, while the gasoline 
selectivity decreased from 47 % to 16 % (Fig. 5 D). As shown in Fig. 5 Di, 
the liquid product consisted mostly of C15 (46 %), suggesting the 
occurrence of the deCOx reaction, which yielded Cn− 1 hydrocarbon 
products, as well as that the LZ catalyst promoted the C− O bond 
cleavage. Based on a previous study (Ding et al., 2015), a high H2 
pressure (5 MPa) improved the production of diesel range fuel and 
prevented undesirable cracking processes. Other studies have shown 
that the H2 level influenced the catalyst reaction (Rozmysłowicz et al., 
2012) and assists in maintaining the catalytic activity while reducing the 
coke formation (Yang et al., 2020). Furthermore, a significant number of 
cracking products (C11 – C14) indicated an increased C – C bond cleav
age. In short, the optimum H2 pressure for the maximum hydrocarbon 
yield and selectivity of the HDO of PFAD was determined at H2 pressure 
of 5 MPa, 400 ℃ using 1 wt% of LZ for 3 h. 

3.4. DO of PFAD over zeolite beta and LZ catalyst under N2 atmosphere 

Apart from that, the DO reaction of PFAD was conducted under N2 
atmosphere to observe the impact of the different reaction mediums on 
the catalytic activity of LZ at 350 ◦C, 5 wt% of zeolite beta and LZ within 
2 h of reaction time (Figure S3). It shows that the hydrocarbon yield 
increased from 44 % to 86 % when LZ was introduced in N2 DO, 
implying the occurrence of an improve catalytic DO reaction with the 
addition of La to the zeolite beta surface. When compared to the opti
mised H2 pressure of the HDO reaction (5 MPa), the DO reaction showed 
a higher hydrocarbon yield (86 %) compared to the HDO reaction 
(76 %). Moreover, an increased hydrocarbon yield is observed at a high 
H2 pressure of 5 MPa, suggesting that elevated pressures promote a 
greater extent of cracking (Di Vito Nolfi et al., 2021). N2, on the other 
hand, prevented surface poisoning of La, thereby making metal sites 
more accessible for the DO reaction (Duan et al., 2019). Based on study 
by Asikin-Mijan et al., (2020), they mentioned that although DO does 
not involved H2 for the hydrogenation step, the unsaturated hydrocar
bon was still hydrogenated into saturated hydrocarbon involving the H2 
source from cracking or water-gas shift (WGS) (Eq. 6).  

Water-gas shift reaction = CO+H2O ⇋ CO2+H2                              (6) 

Aforementioned study also claimed that the deoxygenated product 
(C15H30 and C17H34) also will undergo in-situ hydrogenation/dehy
drogenation to produce C15H32 and C17H36. Assuming that PFAD is 
predominantly composed of C16 and C18:1 fatty acid derivatives, and 
effective DO under a N2 atmosphere will lead to the formation of hy
drocarbons mainly comprised of C15 and C17, along with by-products 
such as CO, CO2, or H2O (Lycourghiotis et al., 2021). It should be 
emphasised that since this reaction did not involve H2, the H2 source for 
hydrogenation might be supplied through cracking. The cracking could 
occur directly on the deoxygenated product leading light hydrocarbons. 
The occurrence of cracking reaction also in agreement with formation of 
cracking product such as C13 and C14 was detected in the DO reaction 
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using both catalysts, implying the occasional occurrence of the C − C 
cleavage. In fact, the addition of La to the zeolite beta enhanced the C −
O bond cleavage, resulting in the generation of an exceptionally 
high-quality diesel fraction (Wan Khalit et al., 2020). The high C − O 
cleavage was in accordance with the high amount of weak and medium 
acid sites in LZ that led to the excellent DO activity and increased 
amount of the diesel fraction. Overall, the introduction of N2 during LZ 
reaction resulted in a higher hydrocarbon yield (86 %) compared to H2 
(76 %) although the diesel selectivity was found to be equivalent (83 −
84 %). The findings showed that the reaction pathway was unaffected by 
neither H2 nor non-H2 environments, thus preserving the diesel 
selectivity. 

3.5. Comparison of LZ catalyzed DO-diesel with purified LZ catalyzed 
HDO-diesel 

Some compounds in the CLP, a non-purified HDO diesel indirectly 
promote undesirable qualities that potentially restricting their usage as 
transportation fuel. Therefore, additional processing, such as distillation 
is essential to obtain RLP with better physical and chemical properties or 
within limits specified by the regulatory agencies. Thus, in present 
study, the purification of CLP via the vacuum process was conducted to 
obtain the RLPs, which is also denoted as RD 100. In the purification 
process, the CLP further distillated within the distillation temperature 
139–300 ◦C (Figure S5). The distillated liquid product further classified 
as “middle distillates (180–250 ℃)” and “lower distillate (< 180 ℃)” 
(Mancio et al., 2018). 

Fig. 6A-B showed the comparison color for PFAD to the CLP, middle 
distillates (RD100) and DO product. Indeed, an immediate colour 
change from dark brown liquid (also reffered as CLP) (Fig. 6 Bii) to 
colourless (RD 100) (Fig. 6 Biii) was observed after post-purification. In 
contrast, the liquid product from the DO reaction was yellow in color 
(Fig. 6 Bi). The yellow color in the DO product is mostly caused by re
sidual such as pigments, oxidation products, or trace elements that 
remain during the DO process and are present in the final product 
(Ruangudomsakul et al., 2021). Based on GCMS finding, the DO was 
composed of a mixture of gasoline (C8 − C12) and diesel hydrocarbon 

(C13 − C17) fractions, while the RD 100 consisted of a greater variety of 
diesel hydrocarbon fractions (C13 − C15) (Fig. 6 C i-iii). 

Distillation process on CLP can be considered an effective approach 
for purification of the CLP into narrow range diesel fractions. This also 
supported by Fig. 6 C ii-iii and Figure S4 A, whereby the hydrocarbon 
fractions obtained in middle distillate product mainly comprise of hex
adecane, C16H34 (73 %), followed by pentadecane, C15H32 (16 %). 
Hence, this finding confirming the middle distillate product is in 
exclusive diesel-ranged hydrocarbons. In short, the middles distillate 
obtained from CLP meet fuel quality like the RD 100. Noteworthy to 
mention, the result was also compared with the distillation curves of a 
petroleum diesel (Figure S5). The distillation temperature curve for RLP 
was higher than distillation curve petroleum diesel, indicated that the 
hydrocarbons in RLP may have higher molecular weights and boiling 
points compared to the hydrocarbons present in petroleum diesel, which 
is derived from crude oil through refining processes (Zhao et al., 2015). 
The curve has no plateau or flattening, indicating no azeotropic points in 
this temperature range. Azeotropic points result in a constant boiling 
point mixture when the vapor and liquid phases have the same 
composition at a given temperature and pressure. This implies that the 
separation of each fraction of the CLP is not hindered by the formation of 
constant boiling mixtures (Ohta et al., 2015). The yield of the middle 
distillates of CLP was 369 mL, while, the lower distillates obtained was 
13.7 mL. No light naptha ranged below 100 ℃ and high distillates 
ranged > 300 ℃ containing heavy fractions yield were obtained. Indeed, 
the distillation residue boiling above 250 ℃ accounts for 30 % of the 
total mass and is solid at room temperature. This suggests that the 
distillation process used is suitable for separating the components with 
good efficiency. 

Fig. 6 E illustrates the Van Krevelen diagram of the H/C and O/C 
atomic ratio of PFAD, CLP, and RD 100 obtained using LZ via the HDO 
and DO reactions. The result shows that the H/C and O/C atomic ratios 
of the PFAD were 0.5 and 0.3, respectively. Meanwhile, the H/C atomic 
ratio of the RD 100 and DO product were 0.5 and 1.9, respectively. In the 
case of O/C atomic ratio, all the catalysed products showed an O/C 
atomic ratio of 0.1 − 0.2, which was less than that of the PFAD feedstock 
at 0.3. According to the results, the oxygenates in PFAD were reduced 

Fig. 6. A) PFAD as feedstock,Bi - Biii) DO, CLP and RD 100 liquid products, Ci - Ciii) Carbon distribution for DO and RD 100 liquid products, D) Chromatogram of RD 
100, DO, standard C8-C20 and petroleum diesel and E) H/C and O/C ratio for PFAD and liquid products obtained using LZ via HDO (RD 100) and DO unrefined 
product (Van Krevelen diagram). 
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almost entirely by the HDO. Indeed, in this investigation, HDO is far 
more preferred than DO. Similar trends also discovered by Ooi et al. 
(2019), whereby HDO exhibits remarkable advantages as high efficiency 
in removing oxygen atoms and maintaining the carbon number in the 
products. Indeed, the catalyst’s efficacy in removing oxygenates is 
closely tied to its stability in a H2 atmosphere. In this environment, H2 
plays a crucial role by hindering the adsorption of carbon on the cata
lyst’s surface. Noted, H2 prevent the deposition of carbonaceous species 
on the catalyst surface. H2 competes with oxygenated compounds for 
adsorption sites on the catalyst, limiting the availability of reactive sites 
for carbon deposition (Dutta, 2020). Beside, in a H2-rich atmosphere, 
carboxylic acids hydrogenate to form partially deoxygenated aldehyde 
intermediates and pure hydrocarbons and CO (Wai et al., 2022). How
ever, since HDO is a hydrogen-intensive process, ensuring an adequate 
and consistent supply of H2 can be challenging, especially on a large 
scale. In addition, handling of H2 and operation at high pressures and 
temperatures pose safety risks that must be carefully managed. 

3.6. Proposed reaction pathway 

Based on the findings from GCFID, GC-MS and GCTCD (Fig. 5, 
Figure S4 and S6) the proposed reaction pathway for HDO of PFAD using 
LZ catalyst was established. Since PFAD is composed of 55.2 % saturated 
palmitic acid (C16) and 46.4 % of unsaturated fatty acid majorly oleic 
acid (C18:1), possible reactions include HDO and hydrocracking or DCN 
and DCX occurred during the reaction were illustrated in Fig. 7. The 
products yielded from HDO reaction of PFAD catalyzed by LZ catalyst 
was tabulated in Table S1. It can be proposed that hexadecane (A1) is 
generated via hydrogenation (-H2) and HDO of palmitic acid under a 
hydrogen-rich atmosphere, producing water as a by-product. Conse
quently, 38 % of saturated pentadecane (C15H32) (A2) was produced 
from DCX of hexadecane (-CO2, H2O) in A1 as can be referred to 
Table S1. In addition, a minor of undecane (C11H24), (0.43 %) was also 
produced from hydrocracking of hexadecane (A3). 

Another potential pathway is through hydrogenation and HDO of 
oleic acid producing octadecane (C18H38) (B1). Meanwhile, the hy
drocracking and DCN of oleic acid formed 7-tetradecene (C14H28) (B1) 
that consequently hydrogenated forming tetradecane (C14H30) (B2). In 
fact, it may also undergo cyclization forming cyclo-tetradecane 
(C14H28) (0.98 %) (B3). Additionally, the octadecane (C18H38) 

formed by hydrogenation and HDO of oleic acid was possibly hydro
cracked and undergo DCN reaction to possibly produced undecane 
(C11H24), tridecane (C13H28) and hexadecane (C16H34) with CO as 
by-product. Additionally, the presence of lighter hydrocarbons (C10, C11, 
C12, and C14) demonstrated that the C − C bond could be broken into a 
short-chain hydrocarbon through cracking of the octadecane (See 
Fig. 7). During HDO reaction, the CO and H2O will produce as a by- 
product under certain conditions. The CO produced from HDO re
actions which is arises from secondary reactions such as WGS (Eq. 6) or 
Boudouard reactions (Eq. 7) (Silva and de Andrade, 2021). This fact was 
in agreement with GC-TCD analysis (Figure S6), whereby significant CO 
were detected in HDO reaction. For DO reaction, high CO species owing 
active occurrence of DCN reaction activity. In both reactions, notably, 
no detection of CO2 was observed. In the case of the HDO reaction, the 
absence of CO2 can be attributed to the high likelihood of reverse 
water-gas shift (RWGS) and Boudouard reactions, predominantly 
occurring due to the elevated reaction temperatures and pressures 
characteristic of the HDO process (Sonthalia and Kumar, 2017). In fact, 
the presence of desired HDO product (paraffinic hydrocarbon; hex
adecane (C16H34)) further confirm the HDO reaction took placed. 
Indeed, the occurrences of DCX reaction in DO reaction is supported by 
formation of rich pentadecane (C15H32) (see Figure S4).  

Boudouard reaction = 2CO ⇋CO2 + C                                            (7) 

Based on Section 3.6, water can be produced via hydrogenation, 
HDO and DCN. Indeed, the presence of water in the reaction product can 
affect the catalyst acidity and, consequently, its reaction activity. Noted, 
the La2O3 exhibits hygroscopic behaviour when water molecules are 
adsorbed onto its molecular bonds and undergo a hydroxylation reac
tion that alters the molecular arrangement of La2O3 (Asikin-Mijan et al., 
2015). This absorption causes La2O3 to be reduced to La(OH)3. The 
hydroxyl group from La(OH)3 can potentially reduce the original acidity 
of the LZ catalyst (Riza et al., 2020). The formation of La(OH)3 was 
proved by the XRD patterns of the spent LZ catalyst which showed the 
presence of La(OH)3 phases at 2θ = 22.4, 25.7, 27.1, 30.5, 35.3, 44.6 
(JCPDS card No. 00–036–1481) (Figure S7). Although water molecules 
may inhibit acidity of catalyst, nevertheless, former studies on HDO 
discovered that the presence of water positively promote saturation of 
hydrocarbons forming rich alkanes hydrocarbons products via hydro
genation reaction (Badawi et al., 2011; Bettahar, 2020). Indeed, rich 

Fig. 7. Proposed HDO reaction pathway of PFAD.  
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alkanes species will increase cetane numbers of fuel and improve com
bustion efficiency and engine performance (Mancio et al., 2018). 
Notably, the use of alkane-rich fuel not only contributes to cleaner en
gine combustion but also enhances the efficiency of energy systems 
(Monteiro et al., 2022). 

3.7. Kinetic study of HDO PFAD over LZ catalyst 

Based on the greater oxygenated species elimination in RD 100 
produced from HDO reaction, the details kinetic study for HDO of PFAD 
within 1 – 6 h reaction time and at temperatures within 400 – 440 ◦C 
using LZ were further investigated. It is recommended that the kinetic 
model of PFAD in hydrogen atmosphere follow the first order kinetic 
model with respect to the liquid phase components (Kumar et al., 2019). 
In this kinetic model, the rate of the reaction is assumed to be directly 
proportional to the concentration of the reactant. The first order kinetic 
model can be expressed as follows (Eq. 8); 

Rate =
− d[CHC]

dt
= k[CHC] (8)  

Where k is the rate constant, t is reaction time, and [CHC] representing 
the concentration of hydrocarbon. In the kinetic study, the change in the 
hydrocarbon concentration with the time was following from the start of 
the reaction, [CHC]0 at t=0, to [CHC]t at time t. Hence, the integration of 
rate law is as in Eq. 9: 

Ln
[CHC]t
[CHC]0

= − kt (9) 

Therefore, the HDO of PFAD experimental results were plotted as a 
function of ln [CHC]t/[CHC]0 versus time, t (s) (Fig. 8a) for 1, 2, 3, 4, and 
6 h at temperatures of 400, 420 and 440 ℃ (673, 693 and 713 K) and the 
rate constant was shown by the graph’s slope (k). This graph showed a 
good agreement with Eq. 8 due to the acceptable value of the correlation 
coefficient (R2>0.79), proves that the assumption made in this analysis 
was correct. In addition, the obtained graph was linear with increasing 
slopes, demonstrating that the HDO of PFAD was a first-order reaction, 
that provide evidence in favour of the hypothesis that the rate of the 
reaction is proportional to the reactant’s concentration. The slopes of the 

graph of ln [CHC]t versus time (t) were used to calculate the values of rate 
constants (k) for each reaction temperature, which were then tabulated 
in Table S2. It has been found that as the reaction temperature rises, the 
rate constant drops. This effect occurs due to an increase in temperature 
allows the reactant molecules to move more freely, leading them to 
catalyse the HDO reaction of PFAD more quickly (Hermida et al., 2016). 
This demonstrated that the temperature had a beneficial effect in 
speeding up the reaction rate but it also had an impact on the desired 
product. 

The activation energy for the reaction could be calculated from the 
value of the rate constant, ks, using the Arrhenius equation (Eq.10). The 
Arrhenius equation is a relationship for the dependence of a reaction 
rate on temperature. It considers the activation energy (Ea), the pre- 
exponential factor (A), the universal gas constant (R), and the rate 
constant (ks) for chemical reactions at a given temperature (T). The 
activation energy refers to the minimum amount of energy needed to 
cause the molecular changes in a reactant (Duan et al., 2019). 

lnks = lnA −
− Ea
RT

(10)  

lnk =
− Ea

R

(
1
T

)

+ lnA (11) 

The Arrhenius plot of ln k versus 1/T (Fig. 8B) was constructed by 
referring to Eq. 11, yielding a straight line from which the activation 
energy (Ea) and pre-exponential factor (A) could be calculated. A high 
correlation coefficient (R2>0.90) for a straight line was found, demon
strating that the rate constant agrees with the Arrhenius equation. 
Indeed, the HDO of PFAD had an Ea of 144.4 kJ/mol, which is signifi
cantly lower than the previous study’s value of 157 kJ/mol for the HDO 
of p-cresol to toluene (Duan et al., 2019) and 159 kJ/mol for HDO of 
stearic acid (Arora et al., 2019). This is to show that the catalyst used in 
this study is more active. 

3.8. Reusability and stability of LZ catalyst 

The reusability of the catalyst is important in determining the 
feasibility of large scale production of LZ catalyst. In this section, both 

Fig. 8. A: Plot ln [CHC]t/[CHC]0 versus reaction time at various temperature for HDO of PFAD using LZ catalyst and 8 B: Arrhenius plot for HDO of PFAD using 
LZ catalyst. 
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reusability and stability study were discussed on both DO and HDO re
action to understand the catalyst durability and efficiency across 
different reaction types, aids in optimizing catalyst formulation for 
specific reactions. These findings are crucial for scaling up from labo
ratory to industrial applications, ensuring both economic viability and 
environmental sustainability. In this study, the HDO reaction was con
ducted for six consecutive runs. Between the first and sixth runs, there 
was a sharp decline in the hydrocarbon production and diesel selectivity 
(from 84 % to 29 %, and 76–21 % respectively) (Figure S8 Ai). The DO 
reaction on the other hands showed that the catalyst is active for five 
consecutive runs with decreasing trend of hydrocarbon yield from 67 % 
to 32 % and diesel selectivity of 55–31 % (Figure S8 Aii). It was believed 
that the catalyst’s deactivation was the cause of the active sites 
decreasing in each subsequent run and the main cause of catalyst 
deactivation is coking (Camargo et al., 2020). 

In fact, this observation aligns with the TGA (Figure S8) and EDX 
(Figure S9) analysis. TGA results depicted in Figure S8 Bi-ii, where both 
the spent LZ catalysts post-HDO and DO reactions yielded soft and hard 
coke residues. The 12 wt% of soft coke (T= 287–361 ◦C) and 7 wt% hard 
coke (T= 440–515 ◦C) were found in HDO reaction. Meanwhile for DO, 
both soft coke (T= 227–349 ℃) and hard coke (T= 397–529 ℃) were 
10 %, respectively. This finding was in agreement with studies by Loe 
et al. (2019), Zhang et al. (2017). Among these cokes, hard coke residues 
tend to inhibit active sites (Abdulkareem-Alsultan et al., 2020), which 
tends to negatively affect the catalytic reaction activity. Nevertheless, 
when compared with former HDO and DO studies (Aliana-Nasharuddin 
et al., 2019; Hafriz et al., 2022), the average of hard coke form were 
35 % lesser which suggests successful inhibition of LZ active site deac
tivation. Based on EDX results (Figure S9), only 6.2 % of carbon was 
found on the LZ-post HDO catalyst, while 12.9 % of carbon for LZ-post 
DO catalyst. Again formation of carbon affirmed TGA findings and its 
noteworthy that the utilization of H2 reaction environment significantly 
reduce coking activity by 52 % when compared to the DO reaction. This 
underscores the advantageous nature of H2 in the saturation process, 
effectively curbing polymerization reactions which lead to coke depo
sition (Zanuttini et al., 2015). 

3.9. Comparison studies of different catalyst used for HDO and DO 
reactions 

To summarize, Table 2 presents a detailed comparison between 
zeolite-based catalysts and industrial catalysts (NiMo and CoMo) in HDO 
reactions, revealing key factors influencing reaction activity. Indeed, 
former studies showed positive connection with effective HDO reaction 
activities with the presence of hydrogenating sites (metallic sites such as 
La, Al, Si, Ni and Co), Brønsted acid sites (weak+medium acid sites), 
total acid density, surface area, and synergistic interaction (Ameen et al., 
2020; Aziz et al., 2023; Shim et al., 2015). Indeed, the present catalyst, 
LZ catalyst with rich weak+medium acid sites (4700 µmol/g) and larger 
surface area (556 m2/g) showed similar trends with former studies. 
Interestingly, metallic species in LZ (La, Al and Si) and synergistic 
interaction of Si-Al (2θ=8.8◦), Si-La (25.5◦), La-Al (28.8◦) (see Fig. 2A) 
existed on LZ catalyst also contributing to higher reaction activity 
leading rich diesel (C13-C15) product (84 %) (see Fig. 5). It should be 
noted that the LZ resulted in formation of rich HDO product (C16H34) 
(73 %) while the other studies HDO product within range of 17–25 % 
(Ameen et al., 2019; Shim et al., 2015), suggesting LZ has been shown to 
be effective in producing diesel like hydrocarbon fuel. In brief, most 
studies on catalytic HDO activity have concentrated on acid sites, but the 
role of basicity has remained limited. However, in our study, we found 
that the effectiveness of LZ is also tied to the presence of basic sites. 
Regarding pore size, although LZ had a smaller size (2.1 nm) compared 
to other catalysts (6–51 nm) (Ameen et al., 2019; Shim et al., 2015) but 
this factor alone didn’t solely determine its effectiveness. Evidently, LZ 
consistently outperformed previous studies in HDO activity. Moreover, 
LZ displayed effective DO activity, resulting 86 % yield of DO products. 
This finding confirms LZ’s effectiveness not only in an H2 environment 
but also in a H2-free reaction environment, showcasing its versatility and 
potential applicability across various reaction conditions. 

3.10. Fuel properties of renewable diesel from PFAD 

Table 3 compares the fuel properties of RD 100 produced by LZ via 
the HDO and DO reactions, including the TAN, density, kinematic vis
cosity, oxygen content, calorific value, and cetane index, to petroleum 

Table 2 
Comparison study of LZ, industrial and zeolite- based catalyst in HDO reaction.  

Reaction Feedstock Catalyst Metallic 
sites 

Surface 
area (m2/ 
g) 

Porosity 
(nm) 

Acidity (µmol/g) Basicity 
Acidity 
(µmol/g) 

Main liquid 
product (%) 

Reference 

Weakþmedium 
(50–500 ℃) 

Strong 
(>500 
℃)  

HDO Rubber 
seed oil 

Non-sulphided 
Ni-Mo/ 
γ-Al2O3 

Ni, Mo, Al  77  6.3 6100 NA NA 19 % (C15) 
17 % (C16) 
25 % (C17) 
12 % (C18) 
HDO: 30 % 
DO: NA 

(Ameen 
et al., 2020) 

HDO Oleic acid CoMo Co, Mo  4.24  50.6 NA 5870 NA 6 % (C17) 
12.% (Iso C17) 
8.6 % (C9-C16) 
HDO:34 % 
DO: NA 

(Shim et al., 
2015) 

HDO PFAD Ni/Natural 
zeolite 

Ni, Al, Si  155.4  1.9 2400 NA NA 93 % (C15- 
C18) 
HDO: 84 % 
DO: NA 

(Aziz et al., 
2023) 

HDO PFAD LZ La  556.4  2.1 4700 1006 145 84 % (C13 −

C15) 
HDO:73 % 
(C16) 
57 % (C15) 
DO: 86 % 

This study 

NA= Not available 
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diesel and Ultra-low Sulphur Diesel (ULSD). Since the presence of acidic 
species in the diesel has the potential to cause corrosion in the engine 
and storage facilities, the TAN value is an essential property of a 
renewable diesel that determines the amount of acid in the diesel based 
on the mass of KOH consumed to neutralise the acids in the fuels per 
gram of fuel. Table 3 shows that TAN decreased considerably to only 
1.8 % from 84 %. The significant drop demonstrates that the majority of 
the fatty acids in the PFAD had been hydrodeoxygenated into 
hydrocarbon. 

Furthermore, density is a critical fuel quality that directly affects 
engine performance (Graça et al., 2018). According to the findings, the 
density of RD 100 at 15 ℃ was 0.8260 g cm− 3 (HDO) and 
0.7999 g cm− 3 (DO), which complied with the diesel ULSD standards 
(Recco et al., 2018). According to the results, the RD 100 would totally 
burned and thoroughly atomize, thus extending its service life (Peng, 
2015). Meanwhile, viscosity is defined as the amount of internal friction 
between molecules or the barrier to liquid flow. Low fluid viscosity is 
required to minimise the ignition delay period (Pires et al., 2018). Based 
on the results, the kinematic viscosity of RD 100 was 1.9 mm2 s− 1 (HDO) 
and 1.0 mm2 s− 1 (DO), which is within the range of the petroleum diesel 
and ULSD specification standards. This indicates that RD 100 was a 
highly effective alternative fuel. 

The calorific value of fuel indicates its energy content and efficiency. 
After the fuel is injected into the combustion chamber, its viscosity and 
density affect its atomisation and mixing with air (Aliana-Nasharuddin 
et al., 2019). Additionally, the presence of oxygen increased the vis
cosity of the fuel, whereas a greater proportion of hydrocarbons 
decreased the density (Sonthalia and Kumar, 2017). The analysis 
detected 3.1 % (HDO) and 5.5 % (DO) of oxygen, which could be related 
to the formation of oxygen-rich species, such as ketones, aldehydes, 
alcohols, and carboxylic acids. The result strongly correlated with the 
interaction of the gas phase (CO2, CO) produced during DCX and DCN 
with the liquid product in a closed reaction system. Additionally, RD 
100’s calorific value was comparable to the ULSD standard at 43.0 MJ 
kg− 1 (HDO) and 40 MJ kg− 1 (DO) (42.5 MJ kg− 1). 

The cetane index for RD100 was discovered to be 48 (HDO) and 60 
(DO), which is comparable to the ULSD (47− 55). This finding suggests 
that the RD100 (HDO) has a great ignition performance. It is believed 
that the RD100’s exceptional cetane index is closely related to its 
incredibly high fraction of paraffinic fuel components (Sonthalia and 
Kumar, 2019). Furthermore, the HDO process using a LZ catalyst can 
efficiently remove oxygen from PFAD, producing hydrocarbons that 
closely resemble those derived from petroleum. This results in 
high-quality R100 that can be used in existing infrastructure and engines 

without modifications that can reduce capital expenditures. Previously, 
Phoon et al. (2017) also identified the high oxygenate compound con
tent of diesel as a critical factor for excellent fuel combustion. In other 
words, the decrease in ignition delay and lower smoke level conse
quently increased the engine power. Thus, the quality of the produced 
RD 100 in this study was higher followed by the ULSD specification. 
Overall, the LZ-catalyzed hydrogen-assisted process represents a more 
promising techology for the oil and gas industry, where hydrogen is 
already used extensively in refining processes. In contrast, the emerging 
biorefinery industry confronts issues with H2 supply due to its restricted 
availability and high cost. However, the emerging bioenergy sector may 
find it advantageous to invest in H2 infrastructure, as it could consid
erably improve the efficiency of the process for the production of 
low-carbon fuel. 

4. Conclusion 

The study shows how LZ catalyst effectively converts PFAD into 
renewable diesel, offering a sustainable alternative to fossil fuels. The 
diesel obtained also helps in reducing carbon emissions, contributing to 
climate change mitigation. It was found that the HDO route was the 
preferred pathway for the conversion process due to the influence of the 
La-modified zeolite-based catalyst as an acid-base promoter. Principally, 
the HDO reaction using 1 wt% catalyst load at 400 ◦C under H2 pressure 
of 5 MPa for 3 h of reaction time recorded the most significant hydro
carbon yield of approximately 75 % and diesel selectivity of 84 %. LZ 
catalysts were capable of performing six HDO and five DO cycles. 
However, HDO hydrocarbon production decreased from 84 % to 29 %, 
diesel selectivity from 76–21 %, and DO hydrocarbon yield from 67 % to 
32 %, with diesel selectivity dropping from 55–31 %. Following the 
purification of the CLP in vacuum distillation at 139 − 300 ◦C, up to 
84 % of hydrocarbon yield was obtained with a narrower diesel range 
(C13 − C15, primarily C15). The findings showed that the changes in the 
reaction pathways affected the selectivity of the products. Both HDO and 
DO reactions exhibited the considerable potential to produce renewable 
diesel under optimal reaction conditions. Specifically, both reaction 
pathways resulted from high concentration of weak+medium acid sites, 
as well as a hydrogen-rich environment for the HDO reaction, thereby 
enabling greater control over the diesel-fuel selectivity. In addition, the 
incorporation of hydrogen in HDO reaction led to a 52 % decrease in 
coking compared to DO reaction. This finding suggests that H2 effi
ciently eliminates carbonaceous species from the surface of the LZ 
catalyst, thereby inhibiting the deposition of coke. Remarkably, the 
HDO reaction of C16 in PFAD produced RD 100 with abundant C16 hy
drocarbons (73 %), while the DO reaction recorded a majority of C15 
produced via the deCOx route. The quality of the RD 100 produced from 
PFAD via the HDO reaction were within the ULSD specification limits, 
indicating that the R100, a high-quality product, can be fitted into the 
existing infrastructure and engines without any modifications, or 
blended with regular diesel to significantly improve the fuel character
istics profile. Indeed, the high quality of R100 obtained from PFAD not 
only maintains customer acceptance but also contributes to realizing 
Malaysia’s plan for promoting sustainable fuel. Overall, the LZ-catalyzed 
hydrogen-assisted process is a more promising technology for the oil and 
gas industry, where H2 can be produced from various refinery feed
stocks, hence, its implementation could significantly enhance efficiency 
and sustainability in refining operations. Conversely, the new bio
refinery industry faces challenges with H2 supply due to limited avail
ability and high costs. Nevertheless, utilizing the LZ-catalyzed 
hydrogen-assisted process will not be an issue if biorefineries can 
improve their in-situ H2 production process, thereby making it worth
while for the emerging bioenergy sector. 

Ethical approval 

Not applicable 

Table 3 
Fuel properties of renewable diesel from PFAD.  

Fuel 
properties 

ASTM 
Methoda 

HDO DO Petroleum 
diesel (ASTM 
D975-03) 

Diesel 
ULSDb 

TAN (%) AOCS Ca 
5a-40  

1.8  3.4 - - 

Density at 
15ºC 
(g cm− 3) 

ASTM 
D5002  

0.826  0.799 - 0.800–0.845 

Kinematic 
viscosity at 
40◦C (mm2 

s− 1) 

ASTM 
D445  

1.9  1.0 1.9–4.1 1.4–4.1 

Oxygen 
content (%) 

ASTM 
D5373  

3.1  16.5 0 0 

Calorific value 
(MJ kg− 1) 

ASTM D 
5865–0  

43.0  40.1 - 42.5 

Cetane index D 976  48  60 40 47–55 

Test methods employed in this study. 
a ASTM= American Society for Testing and Materials. 
b ULSD= Ultra-low sulphur diesel. 
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