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ABSTRACT: In this study, alkali and bifunctional catalysts were
synthesized for waste frying oil methyl ester (WFOME) synthesis.
Coffee husk (CH) and CH blended with Eragrostis tef straw (TS)
(CH−TS) lignocellulosic biomasses (LBs) were utilized during the
catalysts’ synthesis. The alkali catalysts were CH and CH−TS
ashes, both modified by KNO3 impregnation. They are designated
as C-45 and C-Mix, respectively. Zirconia (ZrO2) promoted CH
ash catalysts via precipitation followed by impregnation (Bic-PP)
and in situ precipitation−impregnation (Bic-Dm) were the
bifunctional ones. CH and CH−TS chars were the supporting
frameworks during the catalysts’ composite materials (CCMs)
preparation. The combustion performance of LBs and CCMs was
evaluated and associated with the catalysts’ physicochemical
properties. Using XRD, SEM, FTIR, alkalinity, TOF, and BET surface area analysis, catalysts were characterized. The combustion
performance of the LBs was in the order of TS > CH−TS > CH. Among CCMs, the highest combustion performance was for CCM-
Mix (KNO3/(CH−TS char)) and the lowest was for CCM-45 (KNO3/ CH char). The C-Mix catalyst was a light green powder due
to the reaction between inorganic components, whereas C-45 was dark gray due to the presence of unburned char. The CCMs for
bifunctional catalysts had moderate combustion performance and yielded light gray powdered catalysts containing tetragonal ZrO2.
The optimum WFOME yields were 98.08, 97, 92.69, and 93.05 wt % for C-Mix, C-45, Bic-Dm, and Bic-PP assisted WFO
transesterification, respectively. The results were obtained at a reaction temperature of 65 °C, time of 1 h, and methanol to WFO
molar ratio of 15:1 using catalyst amounts of 5 and 7 wt % for the alkali and bifunctional catalysts, respectively. The greatest
moisture resistance was offered by the C-Mix catalyst. The best reusability was for the C-45 catalyst. Catalysts’ deactivation modes
include active site leaching and poisoning.

■ INTRODUCTION
In addition to lowering energy costs, producing energy from
renewable resources makes the environment convenient for
living. Currently, the transport sector uses the majority of the
energy produced from fossil fuels, which is close to 80% of the
total.1 Therefore, investigating a facile method of biodiesel
synthesis for petrodiesel substitution is a great contribution.
Biodiesel is a viable renewable fuel because of its low toxicity,
high flash point, low sulfur content, low toxicity, and
environmentally friendly exhaust emissions.2 One of the
main topics in the biodiesel sector is the synthesis of
appropriate catalysts for the transesterification of low-cost
feedstocks.3 Heterogeneous solid catalysts are the subject of
current studies because they have many advantages including
reusability and recyclability.4

Heterogeneous catalysts have drawbacks such as low
strength, active site leaching, poor resistance to CO2 and
water contamination, and small surface areas.5 They are

expensive, and the steric hindrance of reactants to the active
site due to lower pore size is also a challenge.6 Therefore, the
synthesis or utilization of customized catalysts with better
stability, activity, and selectivity is one of the things that the
biodiesel production sector requests. The catalyst stability,
activity, and selectivity rely on the nature of catalytic
precursors and synthesis methods.1 The strength, concen-
tration, and dispersion of the active sites including the catalyst
texture also matter.7 So, to produce a catalyst with the desired
properties, attention must be paid to the catalyst synthesis
method and precursor selection.
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Among heterogeneous catalysts, alkali catalysts provide the
highest transesterification rate.8 Alkali catalysts containing
metallic carbonates and oxides have recently gained interest,
and they can be made using biological and chemical
precursors.9,10 The metallic carbonates are usually K2CO3,
Na2CO3, CaCO3, and K2Ca(CO3)2. They have a strong alkali
nature.1 If the carbonates are transformed into oxides, the
alkali strength will be better. The conversion of individual
carbonates into oxides usually requires a high thermal energy.
However, it can be decreased by employing precursors
containing a mixture of carbonates and carbonate composites
with modifying agents.11 Lignocellulosic biomasses (LBs) are
among the precursors that are renewable, relatively cheap, and
environmentally friendly. Their calcination yields ash with
mixed metallic carbonates and other compounds.9,10 Thermal
processing of LBs and their blend with chemical precursors
also provides catalysts having blended oxides whose perform-
ance and stability are usually better than single oxides.1

However, alkali catalysts are only efficient for transesterifica-
tion of feedstocks having low free fatty acids because of the
soap formation reaction.3 Bifunctional catalysts can handle this
problem by undergoing simultaneous transesterification and
esterification of feedstocks having a high FFA content.
Incorporating amphoteric oxides into alkali compounds
derived from low-cost materials can provide bifunctional
catalysts that can be used to valorize a range of feedstocks
into biodiesel.12,13 An amphoteric metal oxide that is usually
employed as a Lewis acid site is ZrO2.

14,15 The catalytically
active polymorph of ZrO2, tetragonal ZrO2, is unstable unless
it is integrated with other materials. This can be made possible
via ZrO2 supporting and blending.

15,16 Supporting ZrO2 and
other metallic oxides on materials such as silica-rich LB ash
also reduces active site leaching due to the formation of
metallic silicate.17 The method of catalyst preparation (for
example, mechanical mixing vs in situ titration,18 coprecipita-
tion, precipitation, and sol−gel method19) also influences the
catalyst’s physicochemical properties and stability.
The most popular method for obtaining the catalyst’s active

components involves calcining precursors in a limited supply of
air. During the calcination process, combustion also occurs.
Thus, the combustion performance of precursors and catalyst
composite materials (CCMs) plays a crucial role in establish-
ing the catalyst’s physicochemical properties.20 For instance,
the ashes produced when the more thermally reactive
component in LBs is oxidized may prevent air from penetrating
and cause the char produced by the less reactive component
not to oxidize.21 This in return slows the decomposition of
organic and inorganic compounds into more catalytically active
components.1 The combustion performance of biomasses can
be tuned by techniques such as biomass blending22 and
chemical modification.23 With this scenario, it may be possible
to synthesize catalysts that have more activity and resistance to
deactivation from a blend of LBs and chemicals.1 Thermal
analyses, including thermogravimetric and differential thermal
analysis techniques, can be employed to understand the
combustion mechanism of biomasses and their derivatives.21

Coffee and Eragrostis tef (teff) are abundant crops in
Ethiopia. Their processing introduces byproducts called coffee
husk (CH) and teff straw (TS) to the environment. CH ash is
rich in alkali metals,9 whereas TS ash is rich in silica.24 TS also
contains alkali metals such as K and Ca compounds in a small
amount. In this study, chars were made from CH and CH
blends with TS (CH−TS) as catalyst active site sources and

support. The combustion behavior of CH, TS, and CH−TS
was investigated. The chars obtained from the calcination of
CH and CH−TS were modified with KNO3 for alkali catalyst
synthesis. Bifunctional catalysts containing ZrO2 as a Lewis
acid site and alkali sites from CH ash were also synthesized via
precipitation of Zr(NO3)4·H2O solution followed by impreg-
nation and direct impregnation of Zr(NO3)4·H2O onto CH
char by using an ultrasonic bath. The comparative performance
and reusability test of the synthesized catalysts were performed
by crude WFO transesterification. The catalysts’ response to
the transesterification of water-blended WFO was also
investigated. The scientific community potentially gets new
knowledge from this study toward the preparation of
customized catalysts for biodiesel synthesis by integrating
biological (LBs) and chemical precursors.

■ MATERIALS AND METHODS
Materials. Coffee husk (CH) and teff straw (TS) were

collected from Dilla and around the Addis Ababa region,
Ethiopia, respectively. Potassium nitrate (KNO3 (98%)) and
zirconium nitrate (ZrO(NO3)2·H2O (99%)) were bought from
local chemical retailers in Addis Ababa, Ethiopia.

Material Preparation and Characterization. The waste
frying oil (WFO) that was obtained from local sellers of fried
fish was filtered, dried, and stored in a sealed container. Using
ISO 660:2020 and AOCS 920.160 standard procedures, the
WFO ready for the transesterification acid and saponification
values were determined, respectively. Using calculations based
on the peak area for protons in various environments, the
composition of the oil was determined by 1H NMR
spectroscopy analysis (eqS 1−4).25
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In these formulas, Ln is linolenic, L is linoleic, O is oleic, and
S is the saturated acids of the triglyceride. A represents the
methyl hydrogen atom of saturated oleic and linoleic acyl
groups; B represents methyl hydrogen atoms of linolenic acyl
groups; C represents methylenic hydrogen atoms in position α
in relation to one double bond (also named allylic protons); D
represents methylenic hydrogen atoms in position α in relation
to a carboxyl group; and E represents methylenic hydrogen
atoms in α position with respect to two double bonds, also
named bis-allylic protons.
The CH and TS moisture content was reduced via sun

drying followed by oven drying and then ground with a coffee
grinder (M.M2112). A CH and TS blend (CH−TS) was also
prepared by homogenizing the CH and TS powders using the
coffee grinder. The blending was aimed to get a complex of
silica and alkali metal compounds during catalyst preparation.
TS ash is rich in silica,24 whereas CH ash is rich in alkali metal
compounds as per our previous study.9 Silica and alkali metal
compounds react during calcination to generate metallic
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silicates, which improve the chemical stability of the catalyst.17

Our preliminary experiments showed that the formation of
metallic silicates was successful when utilizing char derived
from CH−TS with a CH to TS blending weight ratio of 4 to 1
during catalyst preparation (explained in the Alkali Catalyst
Preparation section). The CH proximate analysis values were
taken from our previous study.9 The TS and CH−TS
proximate analyses were performed according to the ASTM
standard methods. These are E1756-08 for the moisture
content (MC), E1755-01 for the ash content (AC), and E872-
82 for the volatile matter content (VM). The fixed carbon
(FC) content was calculated using eq 5:

FC(wt%) 100 MC AC VM= (5)

Alkali Catalyst Preparation. The method from our
previous research was adopted for the alkali catalyst synthesis
procedure with slight modifications.9 The CH and CH−TS
powders were calcined at 600 °C for 2 h to obtain chars that
were designated as A/C and mA/C, respectively. A 24 g
portion of A/C and 24 g of mA/C were separately
impregnated (incipient wetness impregnation) with 3.06 g of
KNO3 in an ultrasonic bath and then dried at 110 °C for 4 h to
get catalyst composite materials (CCMs). The dried CCMs
were labeled as CCM-45 (i.e., KNO3/(A/C)) and CCM-Mix
(i.e., KNO3/(mA/C)). The sample CCM-45 was calcined at
600 °C for 3 h to obtain the alkali catalyst (i.e., C-45).
Similarly, the other alkali catalyst (i.e., C-Mix) was obtained by
calcination of CCM-Mix at 600 °C for 2.5 h and then at 700
°C for 0.5 h in a limited air. The label “C” in C-45 and C-Mix
stands for catalyst, whereas “45” and “Mix” stand for the
amount of KNO3 in wt %

9 and mixture of coffee husk and TS
char, respectively.

Bifunctional Catalyst Preparation. To examine the
impact of the catalyst synthesis effect, two bifunctional
catalysts were synthesized. The first one was ZrO(NO3)2·
H2O (ZN) precipitation using a titrant extracted from CH ash
dissolution in distilled water followed by incipient impregna-
tion onto A/C. The CH ash for titrant extraction was prepared
by calcination of the dry CH at 800 °C for 2 h followed by
open-air burning for an hour. The titrant solution was then
dropped at 1.5 mL/min into a ZN solution in a beaker (3.06 g
ZN in 35 mL distilled water) until a viscous precipitate was
obtained. The precipitate was then impregnated onto the A/C
at 35 °C for 1 h using an ultrasonic bath. The catalyst
composite material was then dried in a circulating air oven at
110 °C for 4 h and calcined for 3 h at 600 °C to get the catalyst
(Bic-PP). The other bifunctional catalyst (Bic-Dm) was made
in a similar condition to the alkali catalyst (C-45) with the
exception that ZN was impregnated onto A/C. Because A/C is
alkaline in nature, precipitation takes place simultaneously
during the ZN impregnation process.

Catalyst Characterization. The crystalline phases in each
catalyst were determined using an X-ray diffractometer
(Shimadzu XRD-7000, Japan) that used Cu Kα radiation
(=0.15406 nm) and operated at 40 kV and 44 mA. With a step
size of 0.02° and a scanning speed of 10°/min, the 2θ values
had a range of 5 to 80°. The surface area of catalysts was
estimated using the Brunauer−Emmett−Teller (BET) method
using a surface area analyzer (Horiba Instruments, Inc. SA-
9600 series, USA). The samples were oven-dried overnight at
110 °C and degassed for 3 h at 150 °C before the experiment
for BET analysis. The catalysts’ surface morphology was
scanned using a scanning electron microscope (JCM-6000Plus,

Germany). A Thermo Scientific Nicolet IiS50 ABX smart iTX
Fourier transform infrared spectrometer was used in
conjunction with the ATR technique to identify the vibration
mode of functional groups in the catalysts. In the range of 400
to 4000 cm−1

, 32 scans with 16 cm−1 resolution were made.
The catalysts’ pH was measured by taking each catalyst

filtrate (extracted from a dissolution of 0.5 g of catalyst in 10
mL distilled water for 30 min) and measuring their pH using a
digital pH meter (Hanna Instruments pH meter, HI 83141).26

The Hammett indicator method, as described in our previous
work,9 was used to measure the strength of the alkali sites on
the C-45 and Bic-Dm catalysts. The total alkalinity of the
catalysts was assessed using the phenolphthalein Hammett
indicator and 0.01 M benzoic acid in toluene as a titer. The
first 30 min was spent stirring a suspension of 0.15 g of
catalysts in a solution of phenolphthalein in toluene (2 mL, 0.1
mg/mL). Finally, the suspension was titrated using a 0.01 M
solution of benzoic acid in toluene. The titration end point was
seen as when the mixture turned from pink to colorless. The
leachable alkalinity determination was started by stirring 0.5 g
of the catalyst in 50 mL of distilled water for 1 h at room
temperature. Then, the solution was filtered to get a clean
filtrate free of catalyst particles. The clear filtrate was mixed
with a methanol solution of phenolphthalein (5 mL, 0.1 mg/
mL) and titrated using a toluene solution of benzoic acid (0.01
M).27

Thermal Analysis. By utilizing methods previously
stated,28,29 the combustion performance of CH, TS, CH−
TS, and catalyst composite materials (CCMs) was examined
using thermal gravimetric analysis (TGA) results. Thermal
gravimetric analysis (TGA) was conducted by employing a
Shimadzu DTG-60H (Japan) instrument. The DTG curve was
generated from TG vs time (t) data. The TG-DTG curves
were used to estimate the necessary values for the combustion
indices such as indices of comprehensive combustion (S),
burnout (Df), ignition (Di), and combustion stability (Hf)
value calculation. The sample size during each thermal analysis
was 10 ± 0.0001 mg in alumina crucibles. The temperature
ranged between room temperature and 800 °C. The thermal
decomposition took place with a heating rate of 20 °C/min in
the absence of external feed flow rate of air with the TG
system. Thermograms were plotted using data from duplicate
trials and averaged.

Catalyst Performance Evaluation. The effect of temper-
ature (35 to 75 °C with 10 °C increment), catalyst loading (1
to 9 wt % with 2 wt % increment), methanol to WFO molar
ratio (9:1 to 21:1 molar ratio with 3:1 increment), and reaction
time (20 to 120 min with 20 min increment) at a fixed mixing
rate of 600 rpm on the performance of the catalysts for
transesterification of WFO were investigated. Based on our
earlier9 and preliminary analysis, the range of the parameter
values was established. After the transesterification reaction
completion, the catalyst was separated via centrifugation at
1200 rpm for 20 min, and then the WFO glycerol mixture was
aged overnight to aid in glycerol separation. The residual
contaminants in the WFOME were removed by washing with
hot distilled water.9 The washed WFOME was then dried at
110 °C for 4 h and stored in a sealed container for further
analysis. The WFO and WFOME weights were related using
eq 6 to calculate the WFOME yield.30 Further, to show the
potentiality of the catalysts, their turnover frequency (TOF)
was calculated using eq 7.31 During TOF calculation, the total
alkalinity of the catalysts was considered, and the molecular
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weight (MW) of the WFOME was assumed to be one-third
that of the WFO.

Y(wt%)
WFOME weight

WFO weight
100= ×

(6)

where Y represents the yield of the WFOME (wt %)

TOF
moles WFOME produced(mmol)

catalyst’s alkalinity(mmol) time(h)
=

× (7)

Catalyst Reusability Test. The catalyst was recovered for
a reusability test via methanol followed by acetone washing of
the spent catalyst. The reusability test was also performed after
regeneration using the recalcination of recovered catalysts at
600 °C for 2 h for all catalysts except for the recovered C-Mix.
The recovered C-Mix was regenerated via calcination at 600
°C for 1 h followed by 700 or 0.5 h. The reusability test was
performed using 15:1 methanol to WFO molar ratio at a
reaction temperature 65 °C for 1 h reaction time with catalyst
loading of 5 wt % for the alkali and 7 wt % for the bifunctional
catalysts.

■ RESULTS AND DISCUSSION
WFO Characteristics. The WFO had an acid value of 2.52

mg KOH/g oil (i.e., 1.26% of FFA). It is close to the waste
cooking oil FFA content (1.27%) reported by Al-Hamamre et
al.32 The saponification value of WFO was found to be 197 mg
KOH/g. The fatty acid composition of the WFO was
calculated based on integral areas of the the WFO 1H NMR
spectrum (Figure 1) using eqs 1−4. It was revealed that WFO

comprises monounsaturated, polyunsaturated, and saturated
fatty acids (Table 1). The amount of linoleic and oleic acid was
determined to be 28.87 and 36.65%, respectively. The WFO
contains about 34.88% saturated fatty acids. In Ethiopia, it is
common to fry foods in palm oil, and it may be the reason that
the WFO fatty acid profile contained high concentrations of
unsaturated fatty acids. The lower unsaturated fatty acid
composition than palm oil (CPO) (Table 1) may be due to
blending with other oils such as sunflower oil. Compositional
changes during frying (for example, UnFO vs UFO (Table 1))
may also be the reason.33 The WFO in this study is suspected

of offering biodiesel with poor cold flow characteristics due to
the higher percentage of saturated fatty acids.34 However, the
presence of a higher saturated fatty acid composition is good
for the oxidation stability of biodiesel.1 Therefore, to obtain
biodiesel with better cold flow properties and oxidation
stability, blending the WFO with feedstocks having higher
unsaturated fatty acid compositions like UFO, RSO (Table 1),
and others may be recommended.1

Proximate Analysis of CH, TS, and CH−TS. The
proximate analysis of the LB samples is presented in Table
2. The moisture content (less than 10 wt %) of the biomasses

is less than most undried biomasses and is convenient for
combustion. The primary component in the biomasses is the
volatile matter (70.02 to 75.05 wt %), which can be eliminated
during the pyrolysis stage of the calcination and serves as a fuel
that promotes biomass burning during the preparation of the
chars (A/C and mA/C).36 Biomass blending resulted in a
catalyst precursor (CH−TS) having more volatile matter
content than CH, which contributes to the better combustion
performance of CH−TS than CH.37 The ash content of the
CH, TS, and CH−TS is close to the ash content of the
pineapple leaves (6 wt %) and higher than cupuacu seeds (2.6
wt %) that were previously studied as a precursor for
heterogeneous ash catalyst preparation.38 Even though their
low ash content yields a low amount of catalyst, it will make
them convenient for energy production in combustors.36

Because of its larger fixed carbon content, CH is predicted to
have a higher heating value than TS and CH−TS.39

Thermal and Combustion Performance Analysis.
According to the TG, DTG, and DTA thermograms of CH,
TS, and CH−TS (Figure 2a−c), the first step is moisture
removal, which contributed 5, 6.8, and 4.8 wt % of the mass
loss, respectively. The loss may also comprise a small quantity
of light volatile matters. For CH, the second stage might result
from the hemicellulose’s xylan backbone side chain cleavage,40

which is demonstrated in the CH’s DTG curve at a peak
temperature of 222 °C. The CH−TS experienced this peak at

Figure 1. 1H NMR spectra of the WFO.

Table 1. Fatty Acid Composition of WFO and Comparison
with Those of Earlier Studiesa

fatty acid
structure
(CX:Y)

a composition (%)

this
study RSO25 CPO35 UnFO33 UFO33

linoleic
acid

18:2 28.87 39.86 10.2 57.36 53.86

linolenic
acid

18:3 13.17 0.3 6.25 3.02

oleic acid 18:1 36.25 27.06 39.8 23.0 28.87
saturated
acid

X:0 34.88 19.91 47.8 13.45 14.25

aX and Y are the numbers of carbon and a double bond in the fatty
acids, respectively. UnFO: unused frying oil, UFO: used frying oil,
CPO: crude palm oil, and RSO: rubber seed oil.

Table 2. Proximate Analysis of the Biomasses for Catalyst
Synthesis

lignocellulosic
biomass

MC
(wt %)

AC
(wt %)

VM
(wt %)

FC
(wt %)

CH 5 5.26 70.02 22.32
TS 6 5.24 75.05 13.71
CH−TS 5.02 5.43 72.05 17.50
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226 °C, whereas the TS did not. The cellulose−hemicellulose
decomposition peaks for TS were merged and appeared at a
peak temperature of 323 °C with a maximum weight loss rate
of 15.89 wt %/min. Because of the degradation of
predominantly cellulose and partially hemicellulose as well as
lignin, a third DTG peak for CH was observed around 326 °C.
The DTG peak in the 385−585 °C range shows that the CH
degradation proceeded, along with residual lignin degradation
and previously produced char burning.41 The DTG peak for
the CH at 640 °C is due to residual char burning and probably
inorganic component volatilization.42 This peak most likely
occurred as a result of the previously developed ash’s
nonporous character for air transfer.21 The absence of the
residual carbon combustion peak, which appeared during the
CH calcination, is most probably due to the porous nature of
previously produced ash and char from TS and CH−TS
decomposition for air transport. This suggests that TS mixing
enhanced the CH’s combustion performance by most likely
altering the ash’s composition and increasing the volatile
matter content.21,43 Therefore, according to the thermal
analysis, 600 °C is adequate for the efficient breakdown of
CH, TS, and CH−TS while still leaving some char for active
site precursor’s (KNO3 and ZN) impregnation during the
preparation of the catalysts. From the DTA curves, the
maximum heat flows for CH, TS, and CH−TS decomposition
were found to be 37, 31, and 42 μV at 457, 465, and 447 °C,

respectively. The higher heat flow at the main burning stage is
an indicator of CH−TS’s better burning property.42
The TG-DTG-DTA curves for catalyst composite materials

(CCMs) are presented in Figure 2d−g. In the range of 30 to
155 °C, moisture removal is the initial stage for all TG-DTG
curves of the CCMs and is then followed by the evacuation of
volatile matters. The difference in shape and temperature range
of the CCMs DTG profiles in the main combustion stage
shows the differences in the CCMs’ heterogeneity. The
heterogeneity may arise from compositional differences and
nonuniformity in the dispersion of components. The burnout
temperature is 651 °C for CCM-45 and greater than 800 °C
for the other CCMs. These burnout temperatures are greater
than most biomass-derived chars and close to coal.44

Therefore, the combustion performance of the CCMs is
poor compared to LBs chars that were used as a building block
to make them.
Based on the corresponding TG-DTG graphs (Figure 2),

temperatures for maximum weight loss rate (Tp), maximum
weight loss rate (DTGmax), burnout temperature (Tb), and
ignition temperature (Ti) were estimated (Table 2) according
to the method reported by Liu et al.29 The other values that
were determined from the TG-DTG curves are the maximum
peak time (tp), burnout time (tb), and the time range of DTG/
DTGmax = 0.5 (Δt1/2). In contrast to its inverse relationship
with peak temperature, sample combustion reactivity is directly
related to the maximum rate of weight loss.22 In this regard, TS

Figure 2. TG-DTG-DTA curves of (a) CH, (b) TS, (c) CH−TS, (d) CCM-45, (e) CCM-Mix, (f) CCM-Dm, and (g) CCM-PP under air
atmospheres.
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attained the maximum weight loss rate (15.81 wt %/min)
followed by CH−TS (11.18 wt %/min); these values are by far
larger than the CH’s (5.6 wt %/min) with insignificant peak
temperature differences. The higher temperature for the
maximum weight loss rate of the CH is an indicator of CH’s
higher fixed carbon content (Table 2). Teff straw has a higher
rate of weight loss because it contains the highest amount of
volatile matter (Table 2). By having lower burnout temper-
ature (Tb) and burnout time (tb) values than CH, CH−TS
exhibited a higher combustion performance. This implies that
the char from CH−TS (mA/C) for KNO3 impregnation can
be obtained with a shorter calcination time than the char from
CH (A/C). Additionally, for identical combustion conditions
of CH and CH−TS, the unburned carbon loss will be smaller
for CH−TS if used as a fuel.22 Therefore, via CH blending
with TS, CH−TS with better thermal reactivity than CH was
obtained.
The combustion indices (Table 3) were also employed to

compare the combustion performance. They were determined
using formulas taken elsewhere.20 The indices were burnout
(Df), comprehensive combustion (S), ignition (Di), and
combustion stability (Hf). Having the highest Di, Df, and S
and lower Hf values implies that the material has the best
combustion performance. In this regard, the TS demonstrated
excellent combustion performance. The lowest combustion
performance belongs to CH. However, by the 20 wt % TS
addition into CH, the CH−TS with a combustion performance
between TS and CH was obtained. This is most probably
because of the TS addition; the CH−TS acquired a higher
volatile matter concentration than CH, which contributes to
the improved combustion performance.37

The combustion indices’ values of the CCMs are also
presented in Table 3. Because of the elimination of volatile
components, the CCMs displayed lower thermal reactivity
when compared to the LBs.42 The higher Di, Df, and S and
lower Hf values are for CCM-Mix, which indicate its higher
thermal reactivity. The order of thermal reactivity is CCM-Mix
> CCM-Dm > CCM-PP > CCM-45. Generally, based on the
thermal reactivity, CCM catalysts with different physicochem-
ical properties were obtained. For example, the higher thermal
reactivity may be the reason for obtaining C-Mix catalyst from
CCM-Mix calcination with K2O (Figure 6) and negligible
unburned char content and light green color from visual
observation (Figure 3).45 The composition of the CCM and
ash derived from it may play a role in affecting the thermal
reactivity; for example, for small-size samples, ash rich in alkali
compounds plays a catalytic role for char combustion, but for
large-size samples, it has physical effects.21 The TG-DTG-DTA
(Figure 2d−g) curves show the heterogeneity in the

combustion of the CCMs. Therefore, attenuation in thermal
reactivity for less reactive components is likely due to an
oxidation delay caused by the reduced air transfer rate because
of ash formed from completely burnt more reactive
components.21

Catalysts’ Visual Observation. The appearance of the
catalysts is depicted in Figure 3. These samples came in a
variety of tones, from dark gray (Figure 3a) and light green
(Figure 3b) to light gray (Figure 3c,d). The dark color of C-45
was probably due to the unburned char residue, which
indicates incomplete combustion of the CCM-45 contents.46

This is probably due to the lower thermal reactivity of the
CCM-45 sample (Table 3). Additionally, a reduced global
thermal reactivity for a larger sample size during the C-45
synthesis may also contribute. During the calcination of CCM-
45, ash may rapidly be formed and increase resistance for air
transport, which then reduces char oxidation at the bottom in a
crucible.21 The C-Mix catalyst was obtained as a light bright
green powder, indicating the reaction of components such as
silica from TS ash with potassium and another trace amount of
alkali metals to form metallic silicate. For a silica-supported
chromium complex catalyst, the same phenomenon was also
noted as reported by Monoi and Sasaki.47 Rice straw ash
changed from dark gray (450 °C) to light gray (600 °C) and
then to light purple at 815 and 1000 °C.45 The color change
observed during the calcination process was justified by the
reaction of the ash components.45

Catalysts’ pH and Alkalinity. The pH of catalysts was
determined to be 11.93 (C-45), 12.94 (C-Mix), 11.17 (Bic-
Dm), and 11.23 (Bic-PP) (Figure 4). The pH of the bare CH
ash catalyst from the calcination of A/C at 600 °C for 3 h
without KNO3 impregnation was measured to be 11.4. This
pH value was close to lignocellulosic biomass ashes derived
from waste Sesamum indicum plant (11.3)26 and Karanja seed
shell (11.46).48 However, these pH values are lower than the
pH of alkali catalysts in this study, which may be due to an
increase in K content via the KNO3 impregnation.

9 Because
CCM-Mix has better combustion performance than CCM-45
(Table 3), C-Mix may acquire a larger density of basic

Table 3. Combustion Characteristic Parameters of Coffee Husk, Teff Straw, Blend of Husk and Straw, and Composite
Materials at 20 °C/min Heating Ratea

property⃗
materials ↓

Ti
(°C)

Tb
(°C)

Tp
(°C)

DTGmax (
wt %/min)

ti
(min)

tb
(min)

tp
(min)

DTGav
(wt %/min)

Δt1/2
(min)

Di
(wt % min−3)

Df *104
(wt % min−4)

S *107
(min−2 °C−3)

Hf (wt %
min−1 °C3)

CH 188 484 326 5.86 8.10 22.94 14.52 3.59 8.77 0.050 20.00 12.3 291
TS 272 397 322 15.81 12.34 18.60 14.84 8.64 13.01 0.086 66.36 46.51 132
CH−TS 249 415 320 11.18 10.55 18.81 14.06 5.54 11.76 0.075 35.95 24.07 241
CCM-45 329 651 487 3.78 15.24 31.36 23.15 3.02 17.25 0.011 3.02 1.62 849
CCM-Mix 283 nd 411 5.03 12.87 nd 19.27 nd 16.92 0.020 nd nd nd
CCM-Dm 318 nd 424 4.52 14.18 nd 19.48 nd 16.78 0.016 nd nd nd
CCM-PP 331 nd 437 4.43 14.65 nd 19.95 nd 17.55 0.015 nd nd nd

and: not determined.

Figure 3. Photograph image of catalysts (a) C-45, (b) C-Mix, (c) Bic-
Dm, and (d) Bic-PP visual observation
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components due to the absence of unburned char. This
phenomenon was confirmed during the visual observation of
the catalysts and thermal analysis of CCMs. The decreased pH
of the Bic-Dm and Bic-PP catalysts compared to the alkali
catalysts is due to the amphoteric nature of the impregnated
ZrO2.

15 This evidenced that the nature of the heterogeneous
catalysts is tunable to the required acidic or basic strength. In
addition to the ZrO2 impregnation, the catalyst pH was
affected by the biomass blending. The reason behind the high
pH of all catalysts was due to the catalyst potassium and other
alkali compound contents, as explained during the XRD and
FTIR analysis (Figures 5 and 6).

The estimated leachable alkalinity values of C-45, C-Mix,
Bic-Dm, and Bic-PP catalysts were found to be 7.79, 8.66, 4.75,
and 5.02 mmol/g, respectively. The respective values for the
total alkalinity were 3.13, 4.20, 1.85, and 2.63 mmol/g (Figure
4). The C-Mix catalyst has the highest leachable and total
alkalinity values. The highest alkalinity of the C-Mix catalyst
was due to high quantities of K, C, and O in the form of
carbonate of K and other metals.49 Alkali silicates, mainly
potassium silicate as indicated in the XRD analysis of C-Mix
(Figure 6), may also be the reason for the strong alkalinity.8

The lower alkalinity of C-45 compared to C-Mix may be due
to the presence of unburned char, which reduces the relative
composition of metallic carbonates and oxides. The lower
leachable and total alkalinities of the bifunctional catalysts
(Bic-Dm and Bi-PP) are probably due to the presence of the
amphoteric t-ZrO2

15 and lower concentration of K-containing
compounds.49 In all cases, the total alkalinity is lower than the
leachable alkalinity (LB) maybe because of the catalysts’ very
low surface area (<3 m2/g). Water washing makes it possible
for the alkali sites inside the structure to be leached, whereas a
catalyst with a low surface area conceals those sites and
prevents toluene titration.9,27 The presence of metal oxides and
carbonates in all of the present catalysts was supported by the
XRD analysis (Figure 6). According to Sharma et al.,11

chemically activated wood ash (calcined at 800 °C) loaded
with K2CO3 and CaCO3 produced 12.7 and 8.8 mmol/g of
soluble alkalinity, respectively, which are greater than catalysts
in this work. In another study, it was reported that the
estimated leachable alkalinity values of Musa Champa peel,
stem, and rhizome ash catalysts were found to be 7.13, 4.77,
and 5.21 mmol/g, respectively, which are lower than the
alkalinity of alkali catalysts and close to bifunctional catalysts in
this study.49

FTIR Analysis of Catalysts. All catalysts have similar FTIR
spectra, except for a few differences. The C-Mix showed bands
at 471 and 973 cm−1 that belong to the Si−O stretching and
1017 cm−1 asymmetric stretching for Si−O−Si bond
vibrations.50 These bands are most probably due to the
presence of potassium silicate that is potentially responsible for
the light green color of the C-Mix catalyst.51 The characteristic
band vibration at 515 is also evidence of the presence of a Si−
O bond.52 The PO4

3− bending vibration band at 1131 cm−1 for
the C-45 that shifted to 1117 cm−1 with increased intensity
(may be due to increased polarity) for Bic-Dm and Bic-PP is
an indicator of the incorporation of t-ZrO2 in their structure.
For all catalysts, the bands represented by 1035 cm−1 belong to
P−O symmetric stretching vibrations in carbonated hydrox-
yapatite.53 The catalysts also revealed the carbonate com-
pounds’ existence in their structure via bands at 145 and 1364
cm−1 that belong to the C−O stretching and bending
vibrations, respectively.9 The bands at 562, 618, and 700
cm−1 are for M−O vibrational stretching where M represents
metals, mainly K.26,54 According to the results of the FTIR
study, the active sites for transesterification are found to
contain metallic carbonates and oxides.

XRD of Catalysts. The qualitative information on
crystalline phases in the catalysts was extracted from XRD
diffraction patterns (Figure 6) analysis. Our earlier catalyst
XRD analysis9 served as the foundation for the peak
assignment in this work. Additionally, JCPDS cards with the
numbers 11-0655 for K2CO3·1.5H2O, 21-1287 for K2Ca-
(CO3)2, 71-1466 for K2CO3, and 17-0923 for tetragonal
zirconia (t-ZrO2) were used. Further, the literature that

Figure 4. Synthesized catalysts pH, leachable alkalinity (LB), and
total alkalinity (TB) values.

Figure 5. FTIR spectra of the synthesized alkali and bifunctional
catalysts.

Figure 6. XRD profiles of the synthesized alkali and bifunctional
catalysts.
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investigated acai seed ash54 and waste Musa paradisiaca plant55

ash solid alkali catalysts was also considered to identify the
presence of K2O crystals. Supported zirconia bifunctional
catalysts were also considered.56,57 The main crystals found in
the alkali catalysts are K2Ca(CO3)2, K2CO3, and K2CO3·
1.5H2O. These components are common in ash catalysts
derived from lignocellulosic biomasses such as cocoa pod
husk−plantain peel blend,58 waste Musa paradisiaca plant,55

and wood ash.11 Based on the XRD patterns (Figure 6), the
relative composition of K2Ca(CO3)2 seems higher in the C-45
catalyst when compared to the others. The XRD peaks at 28.5,
40.5, and 48.4° indicated the presence of K2O. The presence of
K2Ca(CO3)2, K2CO3, and K2O contributed to the alkalinity
strength of the catalysts (Figure 4). In addition to these
crystals, the bifunctional catalysts included the Lewis acid site
source tetragonal zirconia (t-ZrO2) crystal in their structure.
Because it is the catalytically active form, obtaining only the
tetragonal (t-ZrO2) than the monoclinic (m-ZrO2) and cubic
polymorphs of ZrO2 is advantageous.

59 However, obtaining a
catalyst with a mixture of t-ZrO2 and m-ZrO2 is the most
common one.56,57 A catalyst with only the t-ZrO2 phase is
rarely reported.15,59 The t-ZrO2 phase in the bifunctional
catalysts was successfully obtained for this study. Characteristic
peaks were observed at 30, 50, and 60°, which reveal the
presence of t-ZrO2 crystals in Bic-Dm and Bi-PP structures.
Thus, the bifunctional nature of Bic-Dm and Bic-PP was due to
the presence of alkali metal carbonates, K2O, and the
amphoteric t-ZrO2 phases. This enables the bifunctional
catalysts to undertake simultaneous esterification and trans-
esterification of WFO free fatty acid and triglycerides. A
K2SiO3 crystal in C-Mix may also contribute to peaks at 28.53
and 31.7°. This crystal was investigated as an alkali site in a
catalyst for biodiesel production and offered high alkalinity.8

SEM Analysis of Catalysts. Scanning electron microscopy
(SEM) was used to examine the surface morphology and
revealed the presence of agglomerated and large particles for all
of the catalysts (Figure 7). The SEM image in Figure 7 for C-

45 demonstrated a mixture of particles having flake and rod
morphologies in a variety of sizes and shapes. This morphology

might be due to the presence of mixed carbonates and a
relatively large K2Ca(CO3)2 content, as explained during XRD
analysis. A fairly similar flake and rod-like morphology was also
reported for the SEM image of potassium−calcium (K−Ca)
double carbonate containing materials.60 The C-Mix catalyst
showed a morphology with relatively small-size agglomerates.
Contrary to the C-45 catalyst, the K2Ca(CO3)2 content of the
C-Mix catalyst seems lower, which could account for the
smaller agglomerate sizes. For Bic-Dm and Bic-PP catalysts,
this behavior was not observed, probably because of the
relatively lower concentration of K2Ca(CO3)2. The agglomer-
ation in the C-Mix catalyst may be due to the formation of
metallic silicates. Some metallic silicates may have lower
melting points and a sticky character that can induce
agglomeration.61 This may cause pore blockage and reduce
the surface area. The C-Mix morphology was near to the one
reported by El-Maghraby et al.62 for a K2SiO3-containing
compound induced from catalyst composite calcination at 800
°C. The ash catalyst from the calcination of orange peel63 in
which the dominant phase is K2CO3 showed a nearly similar
morphology to Bic-Dm and Bic-PP. The slight difference may
arise due to composition differences, mainly the presence of t-
ZrO2 in the bifunctional catalysts. The porous nature of the t-
ZrO2-containing catalyst was reported by Fatimah et al.

15 The
SEM image analysis shows that the morphology of the
heterogeneous catalyst can be tuned based on the CCMs
composition and synthesis method.

BET Surface Area Analysis. The catalyst surface area was
measured using the BET method from N2 adsorption−
desorption data and is presented in Table 4. The surface
areas are low when compared to most heterogeneous catalysts.
However, higher transesterification performance with lower
surface area was reported for several heterogeneous cata-
lysts.32,64,65 Hence, the catalytic performance of heterogeneous
catalysts for transesterification reaction strongly depends on
active site strength as compared to the surface area (Tables 4
and 5). Further, the present study shows that the surface area
of catalysts is a function of the CCM type. The maximum
surface area was 2.644 m2/g for a catalyst from CCM-Dm
calcination (Bic-Dm). The larger surface area of Bic-Dm may
be related to its porous nature, as demonstrated during the
SEM image analysis (Figure 7c). Even though the agglomerate
sizes for C-Mix look smaller, the surface area was also smaller
(Figure 7b). The result was attributed to the pore blockage via
melting of the produced metallic silicates.61 The formation of
metallic silicates is described during FTIR and XRD analysis of
the catalysts. The larger agglomerate size is probably the
reason for the low BET surface area of the C-45 catalyst (0.776
m2/g). The degree of crystallinity and amorphous nature that
can be demonstrated by the XRD peak intensity and broadness
may also potentially contribute to the variation of the BET
surface area of the catalysts in this study.9

WFOME Characterization Using 1H NMR Spectrosco-
py. The synthesized WFOME’s chemical makeup was
identified using 1H NMR. A new signal (not appearing in
the WFO’s 1H NMR spectrum (Figure 8)) was observed that

Figure 7. SEM micrographs of (a) C-45, (b) C-Mix, (c) Bic-PP, and
(d) Bic-Dm.

Table 4. BET Surface Area of Catalysts Obtained under Different Synthesis Conditionsa

catalyst C-45b C-Mixb Bic-Dmb Bic-PPb Li2CO3-PHA64 KNO3/OSA32 CaO/FA65 KNO3/FA66 ZrO2/BLA15

surface area (m2/g) 0.776 0.873 2.644 nd 1.21 1.759 0.701 0.38 56.12

and: not determined, PHA: peanut husk ash, OSA: oil shale ash, FA: fly ash, and BLA: bamboo leaf ash. bThis work.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08108
ACS Omega 2024, 9, 2815−2829

2822

https://pubs.acs.org/doi/10.1021/acsomega.3c08108?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08108?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08108?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08108?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08108?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


matched with the proton range from the methyl ester group
(−COOCH3) that appeared at around 3.57 ppm. This signal
revealed the formation of WFOME. Additionally, −CH2
protons at 2.23 ppm were employed to assess the conversion
of WFO to its methyl esters. The carbon chain’s methylene
proton, the carbonyl methylene proton, and the degree of
unsaturation displayed signals at 1.23, 1.51, and 5.26 ppm,
respectively. The proper removal of glycerol from the WFOME
can be observed by the absence of a peak at 4.16 ppm. The
absence of signals between 4.08 and 4.28 ppm (glycerol moiety
protons of the WFO) was due to the nearly complete
conversion of triglycerides to WFOME.9 The conversion of
fatty acids into methyl esters was estimated by eq 8.32

X(%) (
2
3

) 100= ×
(8)

where X (%) is the conversion of triglycerides of WFO to its
fatty acid methyl ester, β is the integral value of methoxy
protons of methyl ester, and α is the integral value of the α-
methylene protons of methyl ester.
The maximum WFO conversion in this study using 1H

NMR analysis (Figure 8) is 99.5% and belongs to the C-Mix
catalyst-assisted transesterification. The reaction condition was

a temperature of 65 °C, a reaction time of 1 h, a catalyst
loading of 5 wt %, and a methanol to WFO molar ratio of 15:1.

Effect of Transesterification Parameters on WFO to
WFOME Conversion. To analyze the effectiveness of various
catalysts with various reaction variables, several factors were
considered, such as the impact of catalyst loading (1 to 9 wt
%), methanol-to-oil ratio (9:1 to 21:1), reaction time (20 to
120 min), and reaction temperature (35 to 75 °C). One
variable at a time was investigated, as presented in Figure 9.

Effect of Reaction Temperature on Catalyst Performance.
The performance of the catalysts was assessed using WFO
transesterification. The impact of the reaction temperature is
shown in Figure 9a. This study examined the response of all
catalysts to temperature variations between 35 and 75 °C for
1.13 h reaction time using a molar ratio of 13.55:1 and catalyst
loading of 5.42 wt %. The WFOME content increased with the
increase in reaction temperature. Because it is within the range
of the methanol’s boiling point, the temperature for the
maximum WFOME yield was between 55 and 65 °C. The
WFOME content appears to decrease when the temperature
rises above 65 °C. These phenomena were mentioned in some
earlier published research as well for both alkali8 and
bifunctional12 catalysts. At low reaction temperatures, the
viscosity of the reaction mixture is higher, which makes the
contact between the catalyst and reactants inadequate.
However, because of liquid phase changes at higher temper-
atures, the biodiesel yield and ester concentration may
decrease. Furthermore, the cost of production will increase
as the temperature rises.12 The largest WFOME yield was for
C-Mix catalysis up to 65 °C most probably because of its
higher alkalinity.1 However, at a higher temperature, the C-Mix
performance was lower. This may be due to a higher
concentration of active sites in the reaction mixture because
of leaching.9 At reaction temperatures below 65 °C, the
catalyst performance was directly proportional to their
alkalinity. According to reports, alkalinity has a major role in
the performance of catalysts during alkali transesterification.1

Effect of Reaction Time on Catalyst Performance. Figure
9b displays the impact of the reaction time on the WFOME
yield for each catalyst. The reaction time ranged from 20 to
120 min, whereas other parameters are fixed at temperature of
65 °C using a molar ratio of 13.55:1 and catalyst loading of
5.42 wt %. According to Figure 9b, the catalyst amount of 5.42
wt % caused the WFOME content to rise during the first 20
min and reach as high as 76.05, 83.03, 72.55, and 73.45% for

Table 5. Synthesized Catalysts’ Performance Comparison with Other Heterogeneous Catalyst for Biodiesel Productiona

catalyst

calcination conditions (tem. (°C), time (h)) transesterification reaction conditions

BD (wt %) reffor active siteb, supportc for CCM calcination CL (wt %) MOMR Rt (h) RT (°C)
C-45

(600, 2)c

600, 3

5 15:1 1 65

97.07

this work
C-Mix 600, 2.5 then 700, 0.5 98.08
Bic-Dm 600,3 92.69
Bic-PP 600, 3 93.05
ZrO2/BLA (600, 4)c 400, 4 12 15:1 2a 50 89.99 15
KNO3/OSA 700, 4 10 45:1 2 65 100 32
Li2CO3-PHA (900, 2)c blending 5 12:1 4 65 98.4 64
CaO/FA (1000, 4)b 1000, 2 1 6.9:1 5 70 96.97 65
KNO3/FA 500, 5 8 15:1 15 170d 87.5 66
MLA (500, 2)b 6 6:1 2 65 86.7 68

aMicrowave-assisted reaction. BD: biodiesel yield, CL: catalyst loading, MOMR: methanol/oil molar ratio, PHA: peanut husk ash, Rt: reaction
time, RT: reaction temperature, OSA: oil shale ash, FA: fly ash, BLA: bamboo leaf ash, and MLA: moringa leaf ash. bCalcination condition during
active site preparation. cCalcination condition during the active site support preparation. dReaction in autoclave.

Figure 8. 1H NMR spectrum of the WFOME produced using the C-
Mix catalyst.
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the catalysts C-45, C-Mix, Bic-Dm, and Bic-PP, respectively.
Further, with an increase in the reaction duration to 60 min,
the WFOME content reached and remained almost constant as
a result of near-equilibrium conditions at 96.68, 97.08, 92.69,
and 91.67% for C-45, C-Mix, Bic-Dm, and Bic-PP, respectively.
The WFOME content decreases with a longer reaction time,
possibly due to the reversibility of the transesterification
reaction.1

Effect of Catalyst Loading on Catalyst Performance. The
catalyst loading ranged from 1 to 9 wt % at a fixed reaction
time (1 h) for a temperature of 65 °C using a molar ratio of
13.55:1. Results regarding the impact of catalyst quantity on
catalytic activity are shown in Figure 9c. The quantity of
catalyst utilized in this investigation had an impact on the
transesterification. By increasing the amount of alkali catalyst
from 1 to 5%, the content of WFOME increased from 75.23 to
97 and 79.4 to 98.08 (wt %) for C-45 and C-Mix, respectively.
The WFOME yield at 1 wt % of Bic-Dm and Bic-PP was 70
and 61 wt %, respectively, and it reached 92.69 and 93.05 wt %
at 7 wt % of catalyst loading. Therefore, the optimal catalyst
loading is 5 and 7 wt % for alkali and bifunctional catalysts,
respectively. This is because the possibility of an interaction
between the catalyst and the reactant directly influences the
rate of the reaction. Further increasing of the catalyst loading
showed different effects, which may be a combination of higher
active site concentration and inadequate stirring speed while
the solution became more viscous.8

Effect of Methanol to Oil Molar Ratio on Catalyst
Performance. The molar ratio of methanol and oil is one of
the important variables that affects the transesterification
reaction. According to stoichiometry, 3 mol of methanol is
needed for every mole of WFO, and an excess of the methanol
will cause the equilibrium to shift in favor of the WFOME
production. However, the extra methanol must be recovered

and removed from the WFOME, which drives up the cost of
production. Therefore, the increase in the process expense
must be taken into account while choosing an optimal molar
ratio. Figure 9d shows the response of WFOME yield to
methanol to oil molar ratios of 9:1, 12:1, 15:1, 18:1, and 21:1
for a 1 h reaction time at a temperature of 65 °C using a
catalyst loading of 5 wt % (for C-45 and C-mix) and 7 wt %
(for Bic-Dm and Bic-PP). The maximum WFOME yield was
obtained when the methanol/oil molar ratio is raised to 15:1
(Table 5). The WFOME content cannot be raised by adding
more methanol. This is due to glycerol’s solubility in methanol
and methanol in biodiesel, which causes the equilibrium
concentration of glycerol in biodiesel to increase in response to
the unnecessary excess methanol. This makes the separation of
WFOME and glycerol difficult. Additionally, the methanol
removal process becomes more complex.67

A comparison of alkali and bifunctional catalysts for the
production of biodiesel is shown in Table 5. These catalysts
were synthesized by impregnating various ash supports, such as
bamboo leaf ash (BLA), oil shale ash (OSA), peanut husk ash
(PHA), and fly ash (FA), with different active site precursors
for alkali and bifunctional catalysts. When compared to the
catalysts listed in Table 5, the catalyst created in this study
performed better than the majority of them in terms of
reaction speed and oil-to-methyl ester conversion.

Turnover Frequency of Catalysts. Because heteroge-
neous catalysts usually have different surface areas and pore
sizes, judging their activity with the biodiesel yield only will be
misleading. This can be eliminated by measuring catalysts’
turnover frequency (TOF).69 The TOFs of catalysts were
found to be 21.79, 16.31, 24.96, and 17.65 h−1 for C-45, C-
Mix, Bic-Dm, and Bic-PP catalysts, respectively. These results
reveal that Bic-Dm had the highest TOF, indicating its highest
efficiency during the WFO transesterification reaction.54 This

Figure 9. Effect of WFO transesterification reaction parameters: (a) reaction temperature, (b) reaction time, (c) catalyst loading, and (d) methanol
to oil molar ratio on WFOME yield.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08108
ACS Omega 2024, 9, 2815−2829

2824

https://pubs.acs.org/doi/10.1021/acsomega.3c08108?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08108?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08108?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08108?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08108?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


may be associated with its highest BET surface area (Table 4)
as compared to the other catalysts in the present study.69 A
similar observation was reported for Al2O3 supported CaO
catalysts with TOFs of 100.8 and 43.2 h−1.69 On the other
hand, the lowest TOF belongs to the C-Mix catalyst even
though it had the highest WFOME yield (98.08 wt %). Lower
TOFs of peduncle burnt ash (9.13 h−1)31 and acai seed ash
catalyst (4.90 h−1)54 were reported in the literature as
compared to catalysts in this study.

Moisture Resistance of the Catalysts. The presence of
water and free fatty acids makes the alkali catalytic process
challenging. Triglycerides will hydrolyze into free fatty acids
and glycerol in the presence of water, promoting the
production of soap. This impedes the separation of biodiesel
and glycerin and decreases the biodiesel yield.70 The
performance of catalysts in response to 5 wt % moisture
content was examined in this study, and the result is presented
in Figure 10. The C-Mix catalyst assisted WFO trans-

esterification process was less sensitive to the presence of
water as compared to the other catalysts in this study. The
result may be attributed to the presence of silica in the C-Mix
(Figure 6), which absorbs the water molecules.71 The biodiesel
yield dropped from 98.08 to 72 wt % with 5 wt % additional
water in the form of moisture. The performance drop was
much lower than the reported value for a bare potassium
silicate catalyst (98.2 to 40 wt %).8 The performance of
catalysts in the presence of 5 wt % water then followed the
order C-45 > Bic-Dm > Bic-PP with a WFOME yield of 53, 45,
and 32 wt %, respectively. The C-45 catalyst’s better moisture
resistance might be explained by its hydrophobic character as a
result of the unburned char in it. Hydrophobicity prevents the
deactivation of active sites in a polar environment.72 Lewis
acids are sensitive to moisture, which may account for the poor
performance of the bifunctional catalysts.72 That may be the
reason the bifunctional catalysts showed low moisture
resistance. When the water-added WFO was transesterified
using Bic-Dm, the majority of the excess methanol and
contaminants were separated into the upper phase (Figure 10).
The bottom phase could be a mixture of WFOME,
monoglycerides, diglycerides, and triglycerides.73 For the Bic-
PP-assisted transesterification of water-mixed WFO (Figure
10), more than two heterogeneous phases were observed.

Catalysts’ Reusability. When a catalyst is used on an
industrial scale, its capacity to be reused is quite important. A
reusability test was performed for both recovered and

regenerated forms of spent catalysts. The spent catalysts
were recovered by solvent washing followed by oven drying.
Regeneration was conducted via the recalcination of the
recovered catalysts. The recovered catalysts were designated by
C-ri and the regenerated ones by C-rci (Figure 11). The letter

“C” stands for the catalysts (C-45, C-Mix, Bic-Dm, or Bic-PP),
r stands for the recovered catalyst, and rc stands for regenerated
catalysts. The subscript “i” denotes both the reuse cycle and
regeneration being performed after a catalyst was recovered
and was ready for the “ith” reuse cycle. The recovered C-45
catalyst showed the best potential for reuse, yielding 80.68,
64.42, and 51 wt % of WFOME for the first (C-45-r1), second
(C-45-r2), and third (C-45-r3) cycles, respectively. However,
the WFOME drastically dropped from 98.08 to 45 wt % when
the recovered C-Mix catalyst (C-Mix-r2) was employed during
the transesterification reaction. The WFOME yields declined
significantly from 92.69 and 93.05 wt % to 48 and 35 wt %,
respectively, for the recovered Bic-Dm (Bic-Dm-r1) and Bic-PP
(Bic-PP-r1) catalysts used as a first cycle reuse. The reusability
result shows that the recovered catalyst from C-45 has the best
catalytic performance as compared to that of the catalyst
recovered from C-Mix, Bic-Dm, and Bic-PP during trans-
esterification of WFO (Figure 11). The presence of char in the
C-45 may be one of the reasons for its higher reusability
because the char induces catalyst hydrophobicity, facilitating
the preferential adsorption of triglycerides and preventing the
deactivation of active sites in a polar environment.72 The
presence of char may also slow the active site leaching process
from C-45 via steric hindrance that slows the vulnerability of
the active sites for leaching. The C-Mix and bifunctional
catalysts probably lack these properties. The kind and makeup
of the compounds in the catalysts structure were also potential
reasons for the difference in the reusability.17

The effect of regeneration using calcination of recovered
catalysts was analyzed for the catalyst yielding less WFOME
(Figure 11). The WFOME yields were increased from 51 to
73, 48 to 92, and 35 to 48 wt % on regeneration of C-45-r3,
Bic-Dm-r1, and Bic-PP-r1 catalysts, respectively. However, the
yield of WFOME was reduced when the regenerated C-Mix-r2
(i.e., C-Mix-r2c) was employed in the transesterification of
WFO as compared to the recovered catalyst (C-Mix-r2). This
may be due to the sintering and agglomeration of the metallic
silicate in the C-Mix catalyst.61 Further, the results were
confirmed by using FTIR analysis (Figure 12).

Figure 10. Catalysts’ performance under an additional 5 wt %
moisture content in WFO.

Figure 11. Catalyst reusability after recovery and regeneration
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Using FTIR analysis of fresh, recovered, and regenerated
catalysts (Figure 11), it was attempted to elucidate the catalyst
deactivation mechanism. The FTIR spectrum interpretation of
the reused catalysts is identical to that of fresh catalysts (Figure
5) with a few differences, for example, at 2921 and 2852 cm−1.
These bands did not appear in the FTIR spectrum of the C-45
catalyst, which was ready for reuse (Figure 12a). The peaks at
wavenumbers 2921 and 2852 cm−1 represent the C−H bond
vibrations and demonstrate that the catalyst recovery
procedure was ineffective in removing organic compounds
(triglycerides and glycerol) from the catalyst surface (Figure
12b−d). Further, the color observation shows that the spent
catalyst becomes dark in color, which also reveals the presence
of the organic compounds on the surface of the recovered
catalysts.74 This contamination reduces the density of active
sites and causes catalyst deactivation.74,75 The C-45-r3 FTIR
spectrum mimics that of the carbonated hydroxyapatite in its
as-prepared state as reported by Zhou et al.76 This most likely
occurred as a result of the leaching of the other carbonates that
had previously obscured the carbonated hydroxyapatite, not
revealing its characteristic FTIR spectrum. The weakening of
the C−O and metal−O vibration bands and the rise in the
PO4

3− vibration intensities for C-45-r3 compared to C-45 were
indicators of the carbonate leaching (Figure 12a). As can be
seen from the C-45-rc3 FTIR spectrum, the recalcination of C-
45-r3 resulted in the recrystallization of compounds, and the
WFOME yield reached 78 wt % (Figure 11). The same
phenomena were observed for the C-Mix-recovered catalyst
(C-Mix-r2). But when C-Mix-r2 was recalcined (C-Mix-rc2),
new phenomena appeared, including the removal of the CO3
bending band at 878 cm−1 and the C−O bond vibrations at
1401 and 1457 cm−1. Only bands corresponding to Si−O−Si

and Si−O vibrations were observed, which may be due to a
reaction of metallic carbonates with silica to form metallic
silicates. There was a transition from the light gray color of C-
Mix-r2 to the light green C-Mix-rc2 during the regeneration
process that gives supportive information for this phenomen-
on. This chemical change may reduce the catalyst activity in
two different ways: the formation of more stable compounds
(certain stable compounds have lower catalytic activity8) and
the chemical change that could cause eutectic melting and
sintering, which reduces the accessibility of active sites.61 Bic-
Dm and Bic-PP catalysts have nearly similar FTIR patterns,
except for a few differences. The pattern shows that there is
leaching of the active sites, especially in alkali metal carbonates.
However, in their recovered and regenerated version, the
catalyst Bic-Dm performed better than Bic-PP. This is
probably due to surface active site poisoning of the Bic-PP
catalyst with products, reactants, or both in addition to active
site leaching.77

■ CONCLUSIONS
The alkali and bifunctional catalysts containing heterogeneous
active sites were derived from composites of lignocellulosic
biomass (LB) ash, and chemical sources were efficient for the
waste frying oil methanolysis. The alkalinity of the catalysts
played a primary role in affecting their activity. That is, a higher
catalyst alkalinity offered a higher WFOME yield. The alkali
catalysts obtained their strong alkalinity due to the presence of
single and double alkali metallic carbonates in their structure.
The carbonates were also accompanied by strong alkali
metallic oxides such as CaO and K2O. In addition to the
metallic carbonates and oxides, the bifunctional catalysts

Figure 12. FTIR spectra of catalyst at different reuse cycles: (a) C-45, (b) C-Mix, (c) Bic-Dm, and (d) Bic-PP.
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contained the Lewis acid site source t-ZrO2 and the alkali C-
Mix catalyst K2SiO3. The compositional change caused the
bifunctional catalysts to have relatively lower alkalinity. The
highest alkalinity was for C-Mix due to its lower unburned char
content compared to C-45. Differences in catalyst texture and
crystallinity also possibly induced the activity difference. The
results indicated that the combustion performance of LBs and
catalyst composite materials (CCMs) had a great impact on
the physicochemical properties of catalysts. The maximum
WFOME yields were 98.08, 97, 93.05, and 92.69 wt % for C-
Mix, C-45, Bic-PP, and Bic-Dm catalyst, respectively. The TOF
results were found to be in the order of Bic-Dm (24.96 h−1),
C-45 (21.79 h−1), Bic-PP (17.65 h−1), and C-Mix (16.31 h−1).
The reusability of the catalyst was better for alkali catalysts and
better for the C-45 catalyst. The highest WFOME yield of 92
wt % was obtained for the regenerated Bic-Dm catalyst during
the reusability test. The C-Mix catalyst had a high tolerance to
an additional 5 wt % water into WFO, and the yield of
WFOME was 72 wt %. The overall result shows that the
catalysts that were derived from LBs and chemical precursor
composites are promising heterogeneous catalysts for biodiesel
production as green, low-cost, and renewable materials.
However, further investigation is recommended to develop
strategies to increase the rate of reuse of the catalysts.
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