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A B S T R A C T

We developed a KOH/corncobs-derived activated carbon (AC) heterogeneous catalyst for the single stage bio-
diesel production from highly acidic waste vegetable oil, which was active in both the esterification and
transesterification reactions. Among the different AC preparation conditions tested, a sulfuric acid to raw corn
cobs (volume/weight) ratio of 5:1, activation temperature and time of 600 °C for 1 h were selected as the best
conditions. The specific surface area (SSA) was 627 m2/g but among all the samples, the highest SSA was
however 1131 m2/g. The main factors affecting the simultaneous esterification-transesterification were in-
vestigated with a full factorial design combined with response surface methodology via central composite de-
sign. The optimum conditions were 1 h reaction time, 18:1 methanol:oil molar ratio, 1 wt% catalyst loading and
45 °C temperature, at which the yield was 97.8%. The biodiesel obtained, in such conditions, matched the ASTM
standards. The catalyst was stable for up to five successive times to catalyze esterification, but KOH leached
easily and the catalyst became inactive in the transesterification.
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1. Introduction

Biodiesel can be produced through either transesterification or es-
terification depending on the feedstock [1–3]. Transesterification con-
verts crop oils in the presence of alcohols into fatty acids alkyl esters
and glycerol as a co-product [4]. Esterification is instead the reaction
between carboxylic acids or fatty acids, e.g. oleic acid, and alcohols to
produce esters and water as a side product in the presence of an acid
catalyst [5,6].

Bases, e.g. potassium hydroxide [7] or sodium hydroxide [8], acids
[9] or even enzymes [10] can be used as catalysts for transesterification
reactions. Homogenous base catalysts are currently preferred because
they are more active than acid ones at milder reaction conditions [11].
However, in acid feedstocks homogeneous base catalysts react with free
fatty acids forming soaps [12,13]. On the other hand, homogeneous
acids are suitable for the esterification of free fatty acids as either pure
feedstock or highly acidic ones, as for instance waste frying oil [14].
The most common homogenous acid catalyst is H2SO4 [15]. However,
this process is not favored at the commercial scale due to different
reasons including high operating temperature (up to 200 °C) and
pressure (up to 10 atm) and slower kinetics in general (up to 48 h) [16].
Moreover, mineral acids, in particular if adopted in concentrations
exceeding 5%, pose corrosion problems. Homogeneous catalysts also
carry the typical reuse and regeneration issues, as well as they leave
impurities in the products, which need further purification [17], thus
increasing the total capital investment on the process. On the other
hand, enzymes are considered as the cleanest transesterification cata-
lysts, as they are highly selective and yield pure esters and glycerol
[18]. Nevertheless, the production cost of these biochemical green
catalysts is too high and they are easily inactivated at higher tem-
peratures [19], thus hindering their application at the larger industrial
scale. Therefore, shifting towards a heterogeneous catalyst, possibly bi-
functional and active towards both the transesterification and ester-
ification, would be key to warrant the feasibility of a more sustainable
biodiesel production at the commercial scale [20]. A heterogeneous
catalyst has the advantages of being insoluble in the reaction mixture,
which facilitates its separation after the reaction and minimizes was-
tewaters. Also, it can be reused several times besides being not corro-
sive. Heterogeneous catalysts can be basic, acidic and bifunctional [21].
Several basic solid catalysts are available on the market and include
metal oxides, mixed oxides and hydrotalcites. On the other hand, het-
erogeneous acid catalysts are oxides of transition metals, zeolites, ion-
exchange resins and carbonaceous catalysts [22]. It is worth men-
tioning the industrial process Esterfip-H, which adopts Zn-Al mixed
oxides in a fixed bed and operates at 210 °C and 70 bars [23]. One
advantage of this process is that it produces almost pure glycerol
(> 98% purity). Disadvantages of heterogeneous catalysts include
harsher operating conditions compared to homogeneous catalysts, in-
ternal mass transfer limitations, above all in the presence of big catalyst
grains, and lower selectivity.

Catalysts derived from biomass sources are referred to as bio-based
or green catalysts. Currently, the application of natural and biological
sources of calcium and carbon has become a potential source of het-
erogeneous catalysts for the production of biodiesel from vegetable oil
[24]. Adopting active bio-based solid catalysts would increase even
more the process feasibility and sustainability, and can be produced
using biomass, which is wildly available and whose cost is relatively
low. In addition, biocatalysts are biodegradable, hence, eliminating
disposal issues. The list of raw materials that can be potentially used for
the production of such green catalysts includes both industrial and
domestic wastes such as fly ash [25] and cement kiln dust CKD [26]
egg-shell [27], bones [28], mollusks [29], etc., which would also
eliminates some waste.

Concerning the catalyst supports for either transesterification or
esterification, they are countless and include ZnO [30], CaO [31], MgO
[32], Al2O3 [33], ZrO2 and TiO2 [34,35], zeolites [36], activated

carbon [37], resins. Activated carbon (AC) as a support for catalysts to
produce biodiesel can be obtained from waste materials and biomass.
These include municipal solid waste [38], spent tires [37], sugars [39],
cacao shells [40], seeds shells [41], corncobs [42] and chicken egg-
shells [43] among others. The success of AC as a support is due to its
interconnected network of micro-meso-macro-pores and high specific
surface area, which makes it ideal to be impregnated with either basic
or acidic moieties [44,45]. Preparing activated carbon from waste
biomass is usually a two-step process, viz carbonization and then acti-
vation using both chemical (FeSO4, H2SO4) and physical processes
(steam or nitrogen) to boost surface properties [46,47]. Activated
carbon is often functionalized to sulfonate it. Indeed, sulfonated carbon
has proven to be stable, reusable and to have the same acid strength as
H2SO4 [48].

This work is original for several reasons: i) we design a bifunctional
heterogeneous catalyst for biodiesel production from an agricultural
waste i.e. corn cobs, which is abundant in Egypt; ii) our catalyst is bi-
functional, i.e. catalyzes the concurrent esterification and transester-
ification; iii) we optimize its preparation parameters including acid to
biomass ratio, type of acid, pyrolysis temperature and duration; iv) we
adopt this catalyst to produce biodiesel from high free fatty acids waste
cooking oil; v) We optimize the biodiesel production conditions with a
full factorial design of experiments in conjunction with response surface
methodology via central composite design; vi) we perform the leach-
ability and reusability tests as well The biodiesel produced at optimum
conditions was characterized according to ASTM standards. The biggest
novelty of this work definitely lies in the production of a new bio-based
bi-functional solid catalyst that catalyzes both esterification and
transesterification efficiently and simultaneously.

2. Materials and methods

2.1. Materials

Waste corn cobs were used as the precursor of the activated carbon
carrier. Typical properties of the used corn cobs are listed in Table 1.

Waste cooking oil from a mixture of sunflower and soybean oils was
used as feedstock and its properties are presented in Table 2 after solids
and water removal.

Methanol, ethanol, sulfuric acid, potassium hydroxide, phenol
phthalein, nitric acids and phosphoric acid of analytical grade were
purchased from El-Nasr for Pharmaceutical and Chemicals Company,
Cairo-Egypt and used without further purification.

2.2. Methods

This section covers all the methods employed during the current
study including carrier and catalyst production and characterization
besides biodiesel synthesis optimization and characterization as illu-
strated in Fig. 1.

2.2.1. Catalyst preparation and characterization
2.2.1.1. Carrier preparation. Table 3 summarizes the different

Table 1
Corncobs properties.

Property (unit) Value Standard Test

Cellulose amount (wt %) dry basis 45 ASTM E1721 - 01
Hemi-cellulose amount (wt %) dry

basis
35 ASTM E1721 - 01

Lignin amount (wt %) dry basis 15 ASTM E1721 - 01
Ash content (wt %) dry basis 2 ASTM E830
Initial moisture content (wt %) 10 ASTM D1348
Fixed carbon (wt %) 16 ASTM E870 and ASTM D3172 -

13
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conditions adopted to prepare different sample of activated carbon
from corn cobs.

The collected corn cobs went through a pretreatment before being
used to produce the activated carbon carrier. Firstly, we removed
physical contaminations such as dust by sieving them. Then they dried
at 105 °C to decrease their moisture content to below 5%. For the
purpose of having an efficient and rapid conversion and carbonization,
the dried cobs were size reduced via crushing and grinding. Finally,
these particles were screened to complete the carbonization steps for
the particles to have a size below 125 µm and the larger particles were
rejected and recycled to the grinding mill.

The obtained fine particles were transferred to a beaker where they
were gradually treated with concentrated mineral acids to perform the
first carbonization step under stirring. After the addition of the entire
predetermined acid amount and agitation for 1 h, an equal amount of
distilled water was added to the mixture to decrease its viscosity and
facilitate the agitation. This slurry mixture was then aged for 1 day and
then further diluted with an additional equal volume of distilled water.
A saturated KOH solution was added gradually to neutralize the acid.
After complete neutralization, the solid partially carbonized particles
and the crystallized potassium salts (chemical activator) were then
filtered and separated. The solids were dried at 110 °C for 2 h. The dried

solids were then transferred to a tube furnace where they were pyr-
olyzed under nitrogen at different temperatures (500–800 °C) for dif-
ferent times (1–4 h). Finally, the obtained solids were washed several
times with hot distillated water. The activated carbon was then dried

2.2.1.2. Functionalization. The functionalization was carried out by
wetness impregnation, where activated carbon was immersed in a
saturated KOH solution and agitated at 700 rpm for 4 h and then kept
under stirring for another 20 h. After immersion, the heterogeneous
mixture was filtered to separate the wet loaded carrier from the
solution. The wet solid was then dried in an oven at 105 °C for 2 h
and calcined under inert atmosphere at 450 °C for another 2 h.

Table 2
Properties of waste cooking oil after filtration and dehydration.

Property Value ASTM method

Density (kg/m3) (@20 °C) 930 D1298
Viscosity (mm2/s) (@20 °C) 60.35 D445
Acid value (mg KOH/g Oil) 25 D974
Pour Point (oC) −3 D5773
Cloud point (oC) −1 D2500
Freezing point (oC) −5 –
Water content (vol %) Nil D6304
Solid content (wt %) Nil –

Fig. 1. Organization chart of current work methodology.

Table 3
Specific surface area and pore volume of the samples.

Entry Conditions Specific
Surface Area
(m2/g)

Pore Volume
(cc/g)

1 H2SO4:biomass = 5:1, 600 °C, 4 h 877 0.873
2 H3PO4:biomass = 5:1, 600 °C, 4 h 180 0.176
3 HNO3:biomass = 5:1, 600 °C, 4 h 415 0.333
4 H2SO4:biomass = 3.5:1, 600 °C, 4 h 540 0.917
5 H2SO4:biomass = 2:1, 600 °C, 4 h 126 0.104
6 H2SO4:biomass = 5:1, 500 °C, 4 h 490 0.593
7 H2SO4:biomass = 5:1, 700 °C, 4 h 1311 1.12
8 H2SO4:biomass = 5:1, 800 °C, 4 h N.D.* N.D.*
9 H2SO4:biomass = 5:1, 600 °C, 1 h 627 0.637
10 H2SO4:biomass = 5:1, 600 °C, 2 h 643 0.525
11 H2SO4:biomass = 5:1 without

pyrolysis
179 0.0408

12 H2SO4:biomass = 5:1, 600 °C, 4 h
(with removal of sulfate salts

330 0.300

13 Direct pyrolysis at 600 °C, 4 h without
chemical pretreatment

211 0.203

* Biomass decomposed entirely.
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2.2.1.3. Carrier and catalyst characterization. The carrier and KOH/
corn cobs AC catalyst particles were characterized chemically and
physically. Typical carbon and sulfur compositions of the carrier were
determined according to ASTM E 1019-11 method using ELTRA CS
2000 equipment. In addition, FTIR spectroscopy qualitatively
determined the functional groups on the beads surface. Sieve analysis
was carried out to calculate the average particle size of both carrier and
catalyst. Their morphology was determined by scanning electron
microscopy with a “FEI QUANTA, Inspect S microscope” instrument,
while XRD analysis of KOH/ corn cobs AC was recorded on a Bruker D8
Advance XRD Analyzer. Specific surface area and the isotherms of
carrier and catalyst were obtained by applying the BET gas sorption
technique on a “Quantachrome NOVA Automated Gas Sorption”
system. Average pore size and total pore volume values were
determined according to the DFT method using the same gas sorption
system. The basic strength (H_) of KOH/ corn cobs AC catalyst was
determined using the Hammett indicators method [49]. Thermal
gravimetric analysis of carrier and catalyst was recorded by a SDT
Q600 Thermal Analysis Instrument. Total active sites concentration, i.e.
KOH concentration, was determined using back titration like what have
been done in different previously published research studies [50,51].

2.2.2. Biodiesel production and characterization
2.2.2.1. Simultaneous esterification-transesterification. Simultaneous
esterification-transesterification reactions were carried out in batch
with conventional mechanical stirring. In a typical experiment, 15 g of
oil were added to the reaction flask. After adding the oil, methanol and
the catalyst were added in different quantities for different reaction
times and reaction temperatures according to the experimental design
to be discussed in the next section. At the end of the reaction, the
mixture was cooled down to room temperature and quenched with
methanol, and filtered through filter paper to remove the catalyst. To
separate the two phases, i.e. ester layer and glycerol layer, a separating
funnel was used. The ester layer was further purified by drying it at
80 °C and then washed with distilled water to remove KOH, glycerol
and methanol. After washing, the ester layer was dried with calcium
chloride desiccant. Finally, the esters yield was calculated as follows (1)
[52,53]:

= ×yield
Weight of ester layer

weight of waste cooking oil used
FAME purity\%

\; \;\; \; \;
\; \; \; \; \;

\; \%

(1)

With respect to the esterification reaction, the acid value of the oil
before and after the reaction was measured to determine the conversion
of free fatty acids into fatty acid methyl ester according to the standard
ASTM D974 test of acid value determination. The conversion of ester-
ification reaction was calculated as follow (2) [54]

=
−

×EST A V A V
A V

\% . . . .
. .

100\;\%B A

B (2)

where,

EST % is free fatty acid conversion into fatty acid methyl ester
A.V.B is the acid value of oil before reaction
A.V.A is the acid value of the ester layer after reaction

The conversion of transesterification (TRANS %) can be estimated
from the glycerol weight as in the Eq. (3) [55–57].

= ×TRANS
weight of produced glycerol

weight of glycerol at complete conversion
\;\% \;

\; \; \;
\; \; \; \; \;

100\%

(3)

Glycerol was purified from soap traces, leached KOH and excess
methanol through a sequence: first it was heated up to 80 °C to remove
excess methanol and then cooled at ambition conditions. Afterwards,
glycerol with leached KOH and soap traces was treated with a solution

of ethanol and phosphoric acid to neutralize KOH and precipitate any
soap traces. These solids were removed by filtration. Finally, the filtrate
which consisted of glycerol and ethanol was heated to vaporize ethanol
to obtain a nearly pure glycerol.

2.2.2.2. Experimental design. Four independent factors were selected,
i.e. time (0.5–1 h), catalyst loading (1–3 wt%), methanol to oil molar
ratio (6:1–18:1) and temperature (45–65 °C). The experiments were
conducted through 2n full factorial design in combination with response
surface methodology (RSM) via central composite design for a total of
thirty runs (sixteen factorial points, six centers and eight stars). The
dependent parameter was biodiesel percentage yield calculated from
Eq. (1).

The significance of equation terms was measured through t-test and
calculations of p-value. In addition, the validity of models was tested
through determination of R2 (Determination Coefficient) and per-
forming F-test. Moreover, optimum conditions of reaction were ob-
tained by RSM.

2.2.2.3. Biodiesel characterization. After optimization, a large sample
was prepared at the obtained optimum conditions to determine the
biodiesel characteristics. The characterization according to the ASTM
standards included density, viscosity, pour point, cloud point, freezing
point, flash point, carbon residues, acid value and iodine value. In
addition, ester composition was characterized using an HP 6890 GC
system equipped with flame ionization detector (FID). From this
composition, some other specs were estimated such as cetane number
and calorific value according to literature [58–61].

2.2.3. Catalyst leachability and reusability (testing deactivation aspects)
Leaching and reusability tests were conducted on the developed

catalyst according to the methodology described earlier in 2017 by Al-
Sakkari et al., [62]. In the case of leachability test, catalyst is firstly
mixed with methanol at the optimum conditions but without the pre-
sence of WCO. Then, the catalyst is separated and methanol added to
the oil to perform the reaction at the same optimum conditions but
without adding the catalyst in this stage of the test. Finally, conversion
is determined in order to confirm whether leaching took place or not.
On the other hand, regarding the reusability, it is tested by reusing the
catalyst several times at the same conditions, i.e. optimum reaction
conditions, in order to track the activity drop due to each use.

3. Results and discussion

3.1. Carrier preparation

Table 3 summarizes the specific surface area (SSA) and pore volume
data of the samples.

H2SO4seemed to be the best mineral acid to pretreat corncobs as it
resulted in the highest specific surface area compared to other mineral
acids (entry 1 to 3 in Table 3). Increasing temperature likely increases
the decomposition rate of the lignocellulousic substances in the natural
matrix. The volatile components then evaporate and escape from the
bulk of the solid particles, which results in more porous solid carbo-
nized material [63]. Performing the pyrolysis at 800 °C biomass de-
composed completely, hence, neither the surface area nor the pore
volume was determined. Similarly as the temperature, longer retention
times also have the advantage to allow the decomposition and de-
polymerization reactions to happen and consequently having materials
with a more porous structure [64]. Regarding acid to biomass ratio,
increasing the ratio increases the ability of initial carbonization and de-
polymerization during the chemical pretreatment. In addition, the
amount of sulfate salts will increase during the neutralization, which
will then accelerate and enhance the activation process as these sulfates
act as a chemical activator during the pyrolysis process [65].

The thermal treatment and the presence of sulfates with the
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partially carbonized particles during pyrolysis play a key role and have
a significant impact on the activation process. As exhibited in Table 3,
the specific surface area (SSA) of corn cobs after chemical pretreatment
only and after thermal treatment without sulfates are 178 and 330 m2/
g, respectively. These values are way too low compared to those ob-
tained with thermal treatment in the presence of sulfate salts as an
activator. Moreover, the chemical pretreatment with mineral acids
followed by neutralization seems to be also key parameter. Indeed, the
SSA of the corn cobs pyrolyzed at 600 °C for 4 h without any chemical
pretreatment does not exceed 250 m2/g, whilst its value reached
877 m2/g when they were chemically treated with H2SO4 at an acid to
biomass ratio of 5:1 followed by neutralization and pyrolysis at the
same conditions.

It can be concluded that, in the range of this study, the best con-
ditions to obtain an activated carbon carrier with adequate structural-
morphological properties from corn cobs are H2SO4 to biomass ratio of
5:1 (volume / weight), 700 °C pyrolysis temperature and pyrolysis time
of 4 h. However, from an economical perspective, the pyrolysis time
and temperature were selected to be 1 h and 600 °C, respectively for the
preparation of carrier, which is going to be further loaded with KOH. At
the selected conditions, the SSA of the activated carbon carrier was
630 m2/g (Table 3), which is relatively high value.

3.1.1. Comparison with previous attempts for producing carbonaceous
materials

Activated carbons and biochars are produced from various sources
through different methods and techniques as better explained in the
introduction [5,13,31,32,34–37,39–43,66–71]. The produced carbons
are then used in different applications such as supporting catalysts [72],
adsorption of hazardous contaminations from industrial wastewaters
[73] and energy storage, i.e. production of super capacitors [74]. For
instance, steam [75] and carbon dioxide [76] can be used as physical
activators at high temperatures. Whereas KOH, CaCl2, NaOH, ZnCl2 and
other chemical compounds can be mixed with raw materials or carbo-
nized ones at different ratios via different methods [77–79]. Then, these
mixtures can be thermally processed, i.e. pyrolyzed, to complete the
thermo-chemical activation process.

From another perspective, the main concern nowadays for re-
searchers is to obtain low-cost activated chars; hence, they oriented
their focus to the utilization of wastes, especially agricultural wastes,
for this purpose [80,81]. Table 4 summarizes some of the efforts and
research done for converting biomass and wastes into activated carbons
or biochars. Moreover, it compares them with the method followed in
the present study with respect to the obtained SSA and pore volume.

SSA and pore volume differ according to the process and material
used. For example, activation of chestnut oak at 800 °C in the presence
of CO2 created activated carbon particles with a SSA of 1100 m2/g and
1.06 cc/g pore volume. Whereas, thermo-chemical activation of vitex
mombassae charcoal by KOH as an activator resulted in activated car-
bons with a SSA of 2050 m2/g. SSA and porosity of activated carbons
differ according to the application; for instance, super capacitors need
carbons with high specific surface areas that may reach 2000 m2/g as
well as high specific capacitance and iodine number [87,92]. In addi-
tion, activated chars used for toxic gases removal in gas masks and
filters have relatively high surface area of around 1000 m2/g besides
strong adsorption abilities [93–95].

As a consequence, the proposed preparation method is comparative
and competitive with the ones already available in the literature as it
achieved a SSA and pore volume of 1311 m2/g and 1.12 cc/g, respec-
tively, at the relatively mild pyrolysis conditions of 700 °C for 4 h.

3.2. Carrier and catalyst characterization

Screen analysis revealed that the average particle size of the catalyst
is about 100 µm. As mentioned before, the SSA of the unloaded carrier
was about 630 m2/g; while after loading KOH and calcination, the SSA

decreased to 43 m2/g because KOH covered the AC surface and filled its
pores.

FTIR analyses of both carrier and catalyst are reported in Figure S1
in supplementary materials. The most obvious difference in the FTIR
spectra of all the tested samples is the broad peak around
3400–3500 cm−1, which appears due to presence of [–OH] group. This
peak is very intense in the case of the KOH/ corn cobs AC catalyst.
Differently, its intensity is relatively low in the case of AC carrier before
loading and even lower in the case of raw corn cobs, without any
chemical treatment. In addition, there is a strong peak at 1040 to1100
cm−1 in the case of raw corncobs, weak in the case of the activated
carbon carrier before loading with KOH. The same peak almost van-
ishes in the case of KOH/ corncobs AC, which may be related to C-O
stretching. The strong peak at 1375–1400 cm−1, in the case of KOH/
corncobs AC, may be related to S=O stretching due to presence of some
sulfates entrapped in the structure of the catalyst. There is a weak peak
at 1550–1650 cm−1 in the case of the activated carbon carrier before
loading with KOH, which may represent C=C stretching. Furthermore,
an absorption peak at 1620–1630 cm−1 appears in the case of KOH/
corncobs AC ascribable to the C=C stretching. The peak at 1720 cm−1

for the pyrolyzed raw corncobs represents the carboxylic acid C=O
stretching. The peak at 2960 cm−1 represents C–H stretching; it is
strong in the case of raw corncobs, weak in the case of the activated
carbon carrier before loading with KOH, and almost vanishes in the
case of KOH/ corncobs AC. Small peaks at 820 cm−1 and 995 cm−1 in
the case of KOH/ corncobs AC represent C–H bending and C=C
bending, respectively.

Moreover, Figure S2 in supplementary materials shows the XRD
analysis of the KOH/ corn cobs AC catalyst. It shows a clear strong peak
of KOH at about 32.5° in addition to another weak one at 13° due to the
presence of some traces of potassium sulfate. It also shows other very
weak peaks of the activated carbon support amorphous structure.

In order to study the thermal stability of carrier and catalyst, TGA
were done for both of them. These analyses are presented in supple-
mentary Figure S3. The catalyst showed a good stability until reaching
750 °C as the weight loss was about only 10%; then it started a dramatic
decomposition at an onset temperature of 780 °C to completely di-
minish at around 960 °C. On the other hand, the carrier lost about 16%
of its weight till 105 °C and this loss can be attributed to the evapora-
tion of physical water and release of adsorbed gases. Then the weight
loss continued gradually due to decomposition of lignocellulousic ma-
terial and release of volatiles till reaching the value of about 40% at
1000 °C. It should be noted that TGA was done under inert atmosphere
to avoid combustion.

As previously mentioned in Section 2.2.2, surface morphology was
imaged using SEM (Fig. 2). As it can be observed, the highly porous
structure of activated carbon carrier was filled and covered with KOH.
From these images in addition to the results of the BET analysis, it can
be deduced that the catalyst is relatively non-porous and the reactions
take place mostly on its surface. EDAX analysis was also carried out for
both the carrier and catalyst (Fig. 2 (c)).

Hammett indicators method illustrated that the catalyst basicity or
basic strength is (H_> 18.4) and through titration it was observed that
the concentration of the active sites on the catalyst particles is about
9.903 mmol KOH/g catalyst.

3.3. Biodiesel production

3.3.1. Model development
As previously mentioned, the simultaneous esterification-transes-

terification reaction was conducted through conventional mechanical
stirring using the developed heterogeneous catalyst. After performing
the different runs according to the proposed experimental design,
Table 5 was obtained. It should be noticed that the values and ranges of
different parameters in this table were pre-determined before the main
experimental work based on preliminary lab screening and common
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economical ranges previously stated in literature.
Optimization and model validation were based on the relation be-

tween FAME yield % and different factors. It should be noticed that, the
conversion of WCO into FAME reached almost complete conversion in
the case of many data points in the experimental design, hence, FAME
yield% was used as a more representative response than conversion. To
develop the model, the data presented in the previous table were fitted
to linear model with two-factor interactions. In order to test the sig-
nificance of the resulted coefficients, the equations of both models were
first converted to a dimensionless form. The results of the significance
test are reported in supplementary table S1.

It can be observed that in the case of the linear model with two-
factor interactions, the significant coefficients are all the factors except
a1234, whilst those of the quadratic model are [a0, a3 and a11] (Table
S1).

Then the final equations of the linear and quadratic models are
presented in Eqs. (4) and (5), respectively.

= + + + + −

− − − − −

+ + + +

y Z Z Z Z Z

Z Z Z Z Z Z Z Z Z Z

Z Z Z Z Z Z Z Z Z Z Z Z Z

86.027 4.626 4.201 5.498 4.418 1.805

4.519 3.81 3.992 3.712 4.543

1.311 1.417 2.54 2.679

1 2 3 4 1

2 1 3 1 4 2 3 2 4 3

4 1 2 3 1 2 4 1 3 4 2 3 4 (4)

= + +y Z Z Z73.247 14.526 23.9893 1 1 (5)

Table 4
Comparison between the carbonaceous materials produced in this work and the literature.

Precursor Preparation/activation conditions Specific surface area and
pore volume

Ref.

Corncobs 1- 700 °C, 4 h under N2 after H2SO4 pre-treatment
2- 600 °C, 4 h under N2 after H2SO4 pre-treatment
3- 600 °C, 4 h under N2 without H2SO4 pre-treatment

1- 1311 m2/g, 1.12 cc/g
2- 877 m2/g, 0.873 cc/g
3- 211 m2/g, 0.203 cc/g

This work

Waste tires Carbonization followed by chemical activation using KOH and thermal processing at 550 °C
for 2 h

236 m2/g, – [82]

Wood biomass Gasification at 900 °C followed by thermal activation at 880 °C for 5 h under CO2 atmosphere 1224 m2/g, – [83]
Corncobs Pyrolysis under Ar at 700 °C for 2 h followed by thermo-chemical activation by KOH (4:1

KOH to charcoal mass ratio) at 700 °C for 2 h under Ar
1471 m2/g, – [84]

1- White Pine
2- Chestnut Oak

800 °C under CO2 atmosphere 1- 900 m2/g, 0.85 cc/g
2- 1100 m2/g, 1.06 cc/g

[85]

1- Pristine Hickory Wood
2- Modified with nano-sized
AlOOH

600 °C under N2, 1 h 1- 222 m2/g, –
2- 421 m2/g, –

[86]

Vitex mombassae Carbonization at 450 °C for 1 h followed by chemical activation by KOH (3:1 KOH to charcoal
mass ratio) then pyrolysis at 700 °C for 2 h

2044 m2/g, – [87]

Tropical hardwood sawdust of Tectona
grandis tree

1- Hydrothermal carbonization at 190 °C for 24 h followed by thermo-chemical activation by
ZnCl2 (2:1 ZnCl2 to hydrochar mass ratio) at 800 °C for 4 h
2- Hydrothermal carbonization at 190 °C for 24 h followed by thermo-chemical activation by
K2CO3 (2:1 K2CO3 to hydrochar mass ratio) at 800 °C for 4 h
3- Hydrothermal carbonization at 190 °C for 24 h followed by thermal activation, i.e.
pyrolysis, at 800 °C for 4 h

1- 1757 m2/g, 1.027 cc/g
2- 1013 m2/g, 0.418 cc/g
3- 792 m2/g, 0.345 cc/g

[88]

Fox Nutshells Pretreatment of biomass with 0.5 N NaOH solution for 12 h then thermo-chemical activation
by ZnCl2 (2:1 ZnCl2 to biomass mass ratio) at 700 °C (heating rate of 5 °C/min and 60 min
activation time) under N2 followed by soaking in 0.5 N HCl aqueous solution for 24 h

2869 m2/g, 1.96 cc/g [89]

Barley straw Steam activation at 700 °C and 1 h hold time 552 m2/g, 0.2304 cc/g [90]
Waste palm shell Microwave steam activation at 550 °C for 10 min 571 m2/g, 0.262 cc/g [91]

Fig. 2. SEM Images of carrier (a) and catalyst (b) in addition to EDAX analyses of both of them (c).
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Table 5
Results of the experimental design.

Run Time (h) Methanol to Oil Molar ratio Catalyst Loading (wt %) Temperature (oC) Conversion (%) Yield (%)

1 1.00 18.00 3.00 65.00 99.60 90.99
2 1.00 18.00 3.00 45.00 99.60 91.71
3 1.00 18.00 1.00 65.00 99.60 91.74
4 1.00 18.00 1.00 45.00 97.77 97.77
5 1.00 06.00 3.00 65.00 99.60 89.49
6 1.00 06.00 3.00 45.00 99.60 94.35
7 1.00 06.00 1.00 65.00 92.86 92.83
8 1.00 06.00 1.00 45.00 76.36 76.36
9 0.50 18.00 3.00 65.00 99.60 90.16
10 0.50 18.00 3.00 45.00 99.60 94.08
11 0.50 18.00 1.00 65.00 90.85 90.85
12 0.50 18.00 1.00 45.00 74.54 74.54
13 0.50 06.00 3.00 65.00 99.60 94.96
14 0.50 06.00 3.00 45.00 86.48 86.47
15 0.50 06.00 1.00 65.00 82.55 82.54
16 0.50 06.00 1.00 45.00 37.64 37.61
17 0.75 12.00 2.00 55.00 86.48 86.45
18 0.75 12.00 2.00 55.00 89.10 89.07
19 0.75 12.00 2.00 55.00 89.98 89.97
20 0.75 12.00 2.00 55.00 88.51 88.51
21 0.75 12.00 2.00 55.00 88.23 88.22
22 0.75 12.00 2.00 55.00 87.35 87.34
23 1.15 12.00 2.00 55.00 99.60 97.47
24 0.35 12.00 2.00 55.00 70.73 70.69
25 0.75 21.64 2.00 55.00 99.60 97.05
26 0.75 02.36 2.00 55.00 22.08 22.02
27 0.75 12.00 3.61 55.00 99.60 90.15
28 0.75 12.00 0.39 55.00 26.03 26.02
29 0.75 12.00 2.00 71.06 99.60 95.39
30 0.75 12.00 2.00 38.94 24.88 24.87

Fig. 3. Response surface and contour plot of the effect of methanol to oil molar ratio and time (h).
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where, Z1, Z2, Z3 and Z4 refer to the dimensionless form of time h,
methanol to oil molar ratio, catalyst loading in wt% and temperature in
oC.

As shown from the previous two equations, the first order equation
has more terms to relate response to the independent variables, which
gives more prediction reliability of the yield than the second equation.

3.3.2. Model selection and validation
The values of the determination coefficient R2 for the linear model

with two-factor interactions and the quadratic model were 0.998 and
0.845, respectively. Therefore, the linear model is more adequate to
represent the experimental data. F-test was conducted to further test the
validity of the models. The F-calculated values were 4.4 and 23.9, and
the critical values were 6.6 and 8.8 for the linear and quadratic model,
respectively. It is very clear that the quadratic model is not adequate as
F-calculated is higher than F-critical. In contrast, the linear model is
adequate because F-calculated is in this case very low compared to the
critical value. The observed yield values were plotted against the cal-
culated values for the linear model and reported in Figure S4 of the
supplementary materials.

3.3.3. Effect of reaction parameters on the reaction yield
The four parameters time, methanol to oil molar ratio, catalyst

loading and temperature, and their interactions were investigated via
response surface methodology. Response surfaces and contour lines that
relate reaction yield to the studied parameters are presented by
Figs. 3–8. The yield is directly proportional to all the factors. Despite
this direct proportion, the two factors interactions have a negative ef-
fect on the yield. This was predicted from Eq. (4), whereby the sign of

the parameter is positive for each individual variable, while it is ne-
gative in the case of two factors interaction terms. Additionally, the
three factors interactions terms have positive signs, meaning that the
presence of the effect of another additional factor breaks the negative
effect of two factors interaction slightly, which makes the yield almost
stabilize at high values of the studied parameters. Accordingly, this
confirm that using RSM to study the change in all factors together ra-
ther than studying each parameter separately is very effective and
better than old school method where a certain factor is studied while
the others are constants.

As shown in Fig. 3, at a molar ratio of 6:1 increasing the time from
0.5 to 1 h, increases the yield from 76% to 92%; while, at a molar ratio
of 18:1 increasing the time from 0.5 to 1 h, increases the yield from
84% to 92%, which is a smaller change. On the other hand, at a time of
0.5 h, increasing the molar ratio from 6:1 to 18:1, increases the yield
from 76% to 88%. In contrast, at a time of 1 h, increasing the molar
ratio from 6:1 to 18:1 does not affect the reaction yield significantly
because the yield increases only by 4%.

Additionally, in Fig. 4, at a time of 0.5 h, increasing the catalyst
loading from 1 to 3 wt%, increases the yield from 75% to 90%. In
contrast, at a time of 1 h, increasing the catalyst loading from 1 to 3 wt
% does not affect the reaction yield very significantly because the yield
increases only by a percentage of only 5% from 85 to 90%. At a catalyst
loading of 1 wt% it can be seen that the time has a significant effect on
changing the yield as increasing the reaction time from 0.5 to 1 h in-
creases the yield from 75% to 90%. However, at a catalyst loading of
3 wt%, changing the reaction time has not a significant effect on the
biodiesel yield.

Moreover, as shown in Fig. 5 it is obvious that the effect of

Fig. 4. Response surface and contour plot of the effect of time (h) and catalyst loading (wt%).
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increasing time on reaction yield is positive and significant at low levels
of reaction temperature, however it is almost insignificant at high
temperatures (i.e. 60–65 °C). Similar observations can be drawn in the
case of temperature. For example, at a reaction time of 1 h, the change
in reaction yield upon changing temperature is almost negligible.

Furthermore, as shown in Fig. 6 the molar ratio and catalyst loading
have a positive impact on biodiesel yield. Nonetheless, the significant
positive effect of changing both molar ratio and catalyst loading ap-
pears only at their low levels. From Eq. (4) it can be predicted that the
coefficient of catalyst loading and molar ratio interaction term has a
negative sign, which means that the interaction between them has a
negative impact on the reaction yield. This negative impact appears
clearly at high catalyst loading (e.g. 3%) as the reaction yield almost
stabilizes at the value of 90% at this catalyst loading value.

In the case of the effect of temperature and molar ratio and their
interaction on the reaction yield, in addition to the effect of tempera-
ture and catalyst loading and their interactions, similar observations as
in the case of catalyst loading and molar ratio were drawn (Figs. 7 and
8).

In general, temperature has a positive effect on esterification and
transesterification conversions and this is due to both kinetics and
thermodynamic reasons [96,97]. However, at higher temperatures
methanol leaves reaction vessel as the boiling temperature of pure
methanol is 65 °C [98]. In addition, catalyst loading also plays a posi-
tive role. Increasing catalyst implies more active sites that consequently
increase the chances of reactant molecules to evolve towards the

desired products. Nevertheless, there is always an optimal catalyst
amount beyond which the conversion does not increase at a given time,
which is determined by the relative concentration of the reagents [99].
In the case of reaction time, the conversion keeps increasing until the
equilibrium is achieved [100]. Furthermore, molar ratio is a very im-
portant factor affecting the reaction extent. Both the transesterification
and the esterification are reversible as aforementioned; thus, increasing
the methanol amount as a reactant will shift the reaction towards the
desired products, i.e. towards the forward reaction path, according to
principle of Le Chatellier [101].

3.3.4. Optimization and comparison with previous studies
From the response surface plots illustrated in Figs. 3–8 to obtain the

maximum yield at the specific values of different factors, it was found
that the optimum conditions are time of 1 h, methanol to oil molar ratio
of 18:1, 1 wt% of catalyst loading and a temperature of 45 °C, at which
the maximum predicted yield was 97.8%. An experiment was con-
ducted at these conditions and the observed yield was equal to 97.1%
with a prediction error lower than 0.7%. Therefore, the model proposed
was adequate to both predict the system behavior, as well as to predict
the optimal conditions.

Comparing the performance of the catalyst developed in the present
study with those prepared in other studies [46,102–108], our catalyst
stands out with some advantages. For instance, in 2018, Bora et al,
[102] developed a novel acid catalyst supported on activated carbon
derived from waste residue to catalyze the transesterification of Mesua

Fig. 5. Response surface and contour plot of the effect of time (h) and Temperature (oC).
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ferrera oil. A conversion of 95.6% was obtained within 120 min at the
optimum conditions of 6:1 methanol to oil molar ratio, 10 wt% catalyst
loading, 55 °C and 750 rpm. Sulfonic treated biochar was used at a
loading of 10 wt% of waste cooking oil to perform its alcoholysis at
alcohol to waste cooking oil (WCO) molar ratio of 10:1 and 140 °C. The
maximum conversion of 90% was achieved in only 15 min [103]. Ja-
tropha based biodiesel was produced at a conversion of 95.9% over
magnetic carbonaceous acids derived from hydrolysates of Jatropha
hulls as solid heterogeneous catalyst [104]. Here, the optimum condi-
tions were 18:1 alcohol to oil molar ratio, 7.5 wt% catalyst loading,
reaction temperature as high as 180 °C and reaction duration of 7.5 h.
In a more recent study by Hussain and Kumar in 2018 [105], corncobs
were used as an efficient precursor for the synthesis of an acid solid
supported catalyst. The optimum preparation conditions were impreg-
nation with phosphoric acid at a ratio of 1:1 by mass within a time of
5 h, carbonization at 450 °C under inert atmosphere for 8 h and finally a
15 h sulfonation step at 120 °C. The catalyst activated the oleic acid
esterification and the maximum yield was 94.4%. Moreover, the
treatment of acidic Karanja oil was studied using this novel corncob
derived catalyst where a conversion of around 90% of free fatty acids
was reached at 10 wt% catalyst loading, 20:1 methanol to Karanja oil
andat 65 °C after of 2 h.

From another perspective, other researchers investigated the suit-
ability of activated carbon to support base catalyst to catalyze the
transesterification. For example, the Taguchi method was employed to
optimize the production of biodiesel from rubber seed oil utilizing KOH
supported on flamboyant pods derived activated carbon [46]. Activated
carbon was produced through a two-step process of carbonization fol-
lowed by steam activation. After activation, AC was impregnated by

KOH to obtain an AC supported catalyst. The optimum conditions ob-
tained using Taguchi method were 15:1 methanol to oil molar, 3.5 wt%
catalyst loading, 55 °C temperature and 1 h reaction time, where the
maximum observed conversion was 89.81%. The agitation speed was
kept constant at a relatively high value of 750 rpm. Rubber seed oil was
also used in a further study to produce biodiesel using biomass derived
activated carbon supported catalyst [106]. The biomass source was
Albizia Lebbeck pods. Under the conditions of 2:5 methanol to oil vo-
lume ratio, 1.5 wt% catalyst loading at 55 °C, a conversion of 97.2%
was obtained within 90 min. biomass was dried firstly and then treated
with H2SO4 and pyrolyzed to activate it. In addition, the activated
carbon was impregnated with a mix of KOH and NaOH. In 2016,
Sandhya et al., [107] prepared a new basic catalyst supported on ac-
tivated carbon and derived from coconut shell to catalyzed waste
cooking oil transesterification with the assistance of microwave. Bio-
diesel was optimally produced at 12:1 methanol to oil molar ration,
5 wt% catalyst loading and within a relatively short time of 40 min at
80 °C where WCO conversion of 91.3% was achieved. In a very recent
research study, Shokrani, R., and Haghighi, M. prepared a nano-struc-
tured CaO/ZSM-5 bi-functional catalyst to be used for the purpose of
catalyzing biodiesel production from sunflower oil [108]. The highest
conversion obtained was 90.4% upon conducting the transesterification
reaction for three hours in an autoclave at the conditions of 4 wt%
catalyst loading, 12:1 methanol to sunflower oil molar ratio and 110 °C.
Indeed, the most prominent advantage of the catalyst we developed is
that it can catalyze both esterification and transesterification simulta-
neously. In addition, the fatty acid methyl esters (FAME, i.e. biodiesel)
yield was 97.8% at the relatively mild conditions of methanol to oil
molar ratio of 18:1, 1 wt% catalyst loading and temperature of 45 °C

Fig. 6. Response surface and contour plot of the effect of methanol to oil molar ratio and catalyst loading (wt%).
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after 1 h.

3.3.5. Biodiesel characterization
This section introduces the results of physicochemical analysis done

on the sample obtained at the optimum conditions for the simultaneous
esterification-transesterification conditions. Table 6 illustrates the fatty
acids compositions, obtained by GC, of the produced biodiesel; while
Table 7 lists the physical and combustion characteristics of the sample.
As it can be observed the sample has physicochemical characteristics
matching the ASTM D6751 standards.

In comparison with available literature data such as [109], the
viscosity of the biodiesel produced in the current study is remarkably
higher compared to pure biodiesel B100 at 40 °C (4.339 mm2/s).
However, the viscosity of our sample still falls in the ASTM range.
Nonetheless, blending the produced biodiesel with petro-diesel is re-
commended [110].

3.4. Catalyst reusability and regeneration

Unfortunately, the developed catalyst was leachable as a conversion
of 45% was still detected in the presence of the catalyst leachate
without the presence of the solid.

Also, upon reusing the solid catalyst after washing with methanol at
the same previous conditions, the total conversion dropped sig-
nificantly in the second run, from almost complete conversion to only
35% (Fig. 9). This drop and activity loss is due to the leaching of KOH.
However, it maintained a good stability and activity towards the

esterification of the free fatty acids as it had the ability to be reused for
5 successive cycles without significant drop in its activity (Fig. 9). As it
can be detected, the FFA esterification conversion reached 92% in the
fifth cycle with a drop of only 5% from the first one. Although our
catalyst is leachable, it has the advantage of performing both ester-
ification of FFAs and triglycerides transesterification simultaneously
without significant saponification. The activated carbon seems to avoid
saponification as it catalyzes the esterification of FFAs before they are
neutralized (saponified) by KOH.

The exhausted catalyst can however be regenerated to re-establish
its catalytic activity. Regeneration of the catalyst can be done via the
following procedure:

1. Washing with methanol and hexane to remove any polar and non-
polar contaminations.

2. After drying at 50 °C, the dried AC particles are immersed in satu-
rated KOH solution and agitated as described in Section 2.

3. The wet particles are dried and pyrolyzed at 450 °C for 2 h to obtain
the regenerated KOH/ corn cobs AC catalyst.

Clearly, the stability of the catalyst remains to be addressed.

4. Conclusion

A bifunctional catalyst was synthesized, whereby the support was
activated carbon (AC) obtained from raw corncobs, a waste that is
widely abundant in Egypt. The developed porous AC support has acidic

Fig. 7. Response surface and contour plot of the effect of methanol to oil molar ratio and Temperature (oC).
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sites and was loaded with KOH to perform the concurrent esterification
and transesterification of highly acidic WCO. The optimum FAME
synthesis conditions, obtained using CCD-RSM, were 18:1 methanol to
oil molar ratio, 1 wt% catalyst loading, time of 1 h and temperature of
45 °C, at which the optimum observed yield was 97.8%. The properties
of the biodiesel produced at these optimum conditions complied with

the ASTM standards. Despite RSM was very effective in our case, it has
limitations including the fact that is a “black-box”, whereby variables
and methods are chosen in almost entirely arbitrary way; besides, it is a
local analysis, i.e. the developed response surface is invalid for regions
outside the factor ranges under study.

Reusability and leachability tests revealed that the active phase
leaches in the reaction medium and loses its activity towards the
transesterification. However, it can be used for up to five successive
times to perform esterification. Leachability is still an aspect that re-
mains to be tackled. Although this leaching problem, the developed
catalyst may be starting point for more cost-effective and greener path
for biodiesel production than the other previously developed catalysts.
The merit of this catalyst over the others is that it is capable of pro-
ducing high quality biodiesel from acidic oil in a single stage at

Fig. 8. Response surface and contour plot of the effect of catalyst loading (wt%) and Temperature (oC).

Table 6
Chemical Properties of Biodiesel obtained at optimum conditions.

Fatty Acid Lauric Palmitic Stearic Oleic Linoleic Linolenic

Carbon Number 12:0 16:0 18:0 18:1 18:2 18:3
Percentage (wt %) 0.74 15.46 10.69 25.43 41.46 3.96

Table 7
Results of product characterization.

Properties Biodiesel produced at optimum conditions ASTM Method and (Standard Value)

Viscosity (mm2/s) (@ 40 °C) 6 D445 (4.0–6.0)
Density (kg/m3) (@ 20 °C) 880 D1298 (860–900)
Pour Point (oC) −3 D5773 (-15 to 10)
Cloud Point (oC) −1 D2500 (-3 to 12)
Freezing Point (oC) −5 –
Flash Point (oC) 140 D93 (100–170)
Carbon Residue (wt%) 0 D4530 (0.050%)
Iodine Value (g Iodine/100 g FAME) 33 D5554-15 (< 40)
Calorific Value (kJ/kg) 41.39 D240 (42000–35000)
Acid Value (mg KOH/g FAME) 0.8 D974 (Max. 0.8)
Cetane Number 56.67 D613-18a (48–65)
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relatively mild conditions.

CRediT authorship contribution statement

Marwa M. Naeem: Investigation, Validation, Formal analysis,
Writing - original draft, Visualization. Eslam G. Al-Sakkari:
Investigation, Validation, Formal analysis, Writing - original draft,
Visualization, Conceptualization, Methodology, Project administration.
Daria C. Boffito: Conceptualization, Methodology, Writing - review &
editing, Supervision. Mamdouh A. Gadalla: Conceptualization,
Methodology, Writing - review & editing, Supervision. Fatma H.
Ashour: Conceptualization, Methodology, Resources, Funding acquisi-
tion, Writing - review & editing, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

The authors would like to thank Prof. G. El-Diwani and Prof. Nahed
K. Attia from National Research Center in Egypt very much for their help
in the characterization of Biodiesel samples. In addition, we would like
to show our sincere gratitude to Prof. Magdi F. Abadir from Chemical
Engineering Department at Cairo University and Prof. Omayma A. Elkady
and Mr. Amr from Powder Metallurgy Department at Central Metallurgical
Research and Development Institute for facilitating the use of tube fur-
naces in their institutions to produce the activated carbon samples. This
research was undertaken, in part, thanks to funding from the Canada
Research Chairs Program.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.fuel.2020.118914.

References

[1] Feyzi M, Hosseini N, Yaghobi N, Ezzati R. Preparation, characterization, kinetic
and thermodynamic studies of MgO-La2O3 nanocatalysts for biodiesel production

Fig. 9. Catalyst reusability (a) total conversion (%), (b) FFA conversion (%).

M.M. Naeem, et al. Fuel 283 (2021) 118914

13

https://doi.org/10.1016/j.fuel.2020.118914
https://doi.org/10.1016/j.fuel.2020.118914
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0005
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0005


from sunflower oil. Chem Phys Lett 2017;677:19–29.
[2] Diamantopoulos N, Comprehensive Review on the Biodiesel Production using Solid

Acid Heterogeneous Catalysts, J Thermodynamics Catalysis, 2015;06:01, doi: 10.
4172/2157-7544.1000143.

[3] Ahmad J, Bokhari A, Yusup S. Optimization and parametric study of free fatty acid
(FFA) reduction from rubber seed oil (RSO) by using response surface methodology
(RSM). Australian J Basic Appl Sci, Special 2014;8(5):299–303.

[4] Al-Sakkari EG, El-Sheltawy ST, Soliman A, Ismail I. Transesterification of low FFA
waste vegetable oil using homogeneous base catalyst for biodiesel production:
optimization, kinetics and product stability. J Adv Chem Sci 2018;4:586–92, doi:
10.30799/jacs.195.18040305.

[5] Pirola C, Manenti F, Galli F, Bianchi CL, Boffito DC, Corbett M. Heterogeneously
catalyzed free fatty acids esterification in (monophasic liquid)/solid packed bed
reactors (PBR). Chem Eng Trans 2014:553–8.

[6] Chuah LF, Bokhari A, Yusup S, Klemeš JJ, Akbar MM, Saminathan S. Optimisation
on pretreatment of kapok seed (Ceiba pentandra) oil via esterification reaction in
an ultrasonic cavitation reactor. Biomass Conv Bioref 2017;7(1):91–9.

[7] Rahmani Vahid B, Haghighi M. Biodiesel production from sunflower oil over MgO/
MgAl 2 O 4 nanocatalyst: effect of fuel type on catalyst nanostructure and per-
formance. Energy Convers Manage 2017;134:290–300.

[8] Bencheikh K, Atabani AE, Shobana S, Mohammed MN, Uğuz G, Arpa O, Kumar G,
Ayanoğlu A, Bokhari A. Fuels properties, characterizations and engine and emis-
sion performance analyses of ternary waste cooking oil biodiesel–diesel–propanol
blends. Sustainable Energy Technol Assess 2019;35:321–34.

[9] Thangaraj B, Solomon P, Muniyandi B, Ranganathan S, Lin L, Catalysis in biodiesel
production—a review. Clean Energy, 2018;3(1):2–23, doi: 10.1093/ce/zky020.

[10] Bet-Moushoul E, Farhadi K, Mansourpanah Y, Nikbakht AM, Molaei R, Forough M.
Application of CaO-based/Au nanoparticles as heterogeneous nanocatalysts in
biodiesel production. Fuel 2016;164:119–27.

[11] Gurunathan B, Ravi A. Process optimization and kinetics of biodiesel production
from neem oil using copper doped zinc oxide heterogeneous nanocatalyst.
Bioresour Technol 2015;190:424–8.

[12] Nongbe MC, Ekou T, Ekou L, Yao KB, Le Grognec E, Felpin F-X. Biodiesel pro-
duction from palm oil using sulfonated graphene catalyst. Renewable Energy
2017;106:135–41.

[13] Boffito DC, Pirola C, Bianchi CL. Heterogeneous catalysis for free fatty acids es-
terification reaction as a first step towards biodiesel production. Teknoscienze
2012;30(1):42–7.

[14] Ezebor F, Khairuddean M, Abdullah AZ, Boey PL. Oil palm trunk and sugarcane
bagasse derived solid acid catalysts for rapid esterification of fatty acids and
moisture-assisted transesterification of oils under pseudo-infinite methanol.
Bioresour Technol 2014;157:254–62.

[15] Boulal A, Atabani AE, Mohammed MN, Khelafi M, Uguz G, Shobana S, Bokhari A,
Kumar G. Integrated valorization of Moringa oleifera and waste Phoenix dactyli-
fera L. dates as potential feedstocks for biofuels production from Algerian Sahara:
An experimental perspective. Biocatalysis Agricultural Biotech 2019;20:101234.
https://doi.org/10.1016/j.bcab.2019.101234.

[16] Tariq M, Ali S, Khalid N. Activity of homogeneous and heterogeneous catalysts,
spectroscopic and chromatographic characterization of biodiesel: a review. Renew
Sustain Energy Rev 2012;16(8):6303–16.

[17] Yusup S, Bokhari A, Trinh H, Shahbaz M, Patrick DO, Cheah KW, Azizan MT, Ramli
A, Ameen M, Osman N, Shuhaili AFA, Singh HKG, Chapter 2 - Emerging
Technologies for Biofuels Production, Biofuels: Alternative Feedstocks and
Conversion Processes for the Production of Liquid and Gaseous Biofuels (Second
Edition), Academic Press, 2019, p. 45–76, ISBN 9780128168561, doi: 10.1016/
B978-0-12-816856-1.00002-6.

[18] Moazeni F, Chen Y-C, Zhang G. Enzymatic transesterification for biodiesel pro-
duction from used cooking oil, a review. J Cleaner Prod 2019;216:117–28.

[19] Baskar G, Aiswarya R. Trends in catalytic production of biodiesel from various
feedstocks. Renew Sustain Energy Rev 2016;57:496–504.

[20] Abbaszaadeh A, Ghobadian B, Omidkhah MR, Najafi G. Current biodiesel pro-
duction technologies: a comparative review. Energy Convers Manage
2012;63:138–48.

[21] Borges ME, Hernández L, Ruiz-Morales JC, Martín-Zarza PF, Fierro JLG, Esparza P.
Use of 3D printing for biofuel production: efficient catalyst for sustainable bio-
diesel production from wastes. Clean Techn Environ Policy 2017;19(8):2113–27.

[22] Torres-Rodríguez DA, Romero-Ibarra IC, Ibarra IA, Pfeiffer H. Biodiesel production
from soybean and Jatropha oils using cesium impregnated sodium zirconate as a
heterogeneous base catalyst. Renewable Energy 2016;93:323–31.

[23] Bournay L, Casanave D, Delfort B, Hillion G, Chodorge JA. New heterogeneous
process for biodiesel production: a way to improve the quality and the value of the
crude glycerin produced by biodiesel plants. Catal Today 2005;106(1-4):190–2.

[24] Maneerung T, Kawi S, Dai Y, Wang C-H. Sustainable biodiesel production via
transesterification of waste cooking oil by using CaO catalysts prepared from
chicken manure. Energy Convers Manage 2016;123:487–97.

[25] Sharma M, Khan AA, Puri SK, Tuli DK. Wood ash as a potential heterogeneous
catalyst for biodiesel synthesis. Biomass Bioenergy 2012;41:94–106.

[26] El-Sheltawy ST, Al-Sakkari EG, Fouad M. Modeling and process simulation of
biodiesel production from soybean oil using cement kiln dust as a heterogeneous
catalyst. J Solid Waste Tech Manag 2016;42:313–24.

[27] Mansir N, Teo SH, Rashid U, Saiman MI, Tan YP, Alsultan GA, Taufiq-Yap YH.
Modified waste egg shell derived bifunctional catalyst for biodiesel production
from high FFA waste cooking oil. A review. Renew Sustain Energy Rev
2018;82:3645–55.

[28] Farooq M, Ramli A, Naeem A. Biodiesel production from low FFA waste cooking
oil using heterogeneous catalyst derived from chicken bones. Renewable Energy

2015;76:362–8.
[29] Konwar LJ, Boro J, Deka D. Activated carbon supported CaO from waste shells as a

catalyst for biodiesel production. Energy Sources Part A 2018;40(6):601–7.
[30] Alba-Rubio AC, Santamaría-González J, Mérida-Robles JM, Moreno-Tost R,

Martín-Alonso D, Jiménez-López A, Maireles-Torres P. Heterogeneous transester-
ification processes by using CaO supported on zinc oxide as basic catalysts. Catal
Today 2010;149(3-4):281–7.

[31] Boffito DC, Galli F, Pirola C, Patience GS. CaO and isopropanol transesterify and
crack triglycerides to isopropyl esters and green diesel. Energy Convers Manage
2017;139:71–8.

[32] Boffito DC, Neagoe C, Edake M, Pastor-Ramirez B, Patience GS. Biofuel synthesis in
a capillary fluidized bed. Catal Today 2014;237:13–7.

[33] Ghalandari A, Taghizadeh M, Rahmani M. Statistical optimization of the biodiesel
production process using a magnetic core-mesoporous shell KOH/Fe 3 O 4 @ γ -Al
2 O 3 nanocatalyst. Chem Eng Technol 2019;42(1):89–99.

[34] Boffito DC, Crocellà V, Pirola C, Neppolian B, Cerrato G, Ashokkumar M, Bianchi
CL. Ultrasonic enhancement of the acidity, surface area and free fatty acids es-
terification catalytic activity of sulphated ZrO 2 –TiO 2 systems. J Catal
2013;297:17–26.

[35] Boffito DC, Pirola C, Bianchi CL, Cerrato G, Morandi S, Ashokkumar M, Sulphated
Inorganic Oxides for Methyl Esters Production: Traditional and Ultrasound-
Assisted Techniques. In: Luque R, Balu A (Eds.) Book: Producing Fuels and Fine
Chemicals from Biomass Using Nanomaterials, CRC Press; 2014.

[36] Pavlović SM, Marinković DM, Kostić MD, Janković-Častvan IM, Mojović LV,
Stanković MV, Veljković VB. A CaO/zeolite-based catalyst obtained from waste
chicken eggshell and coal fly ash for biodiesel production. Fuel 2020;267:117171.
https://doi.org/10.1016/j.fuel.2020.117171.

[37] Ayoob AK, Fadhil AB. Biodiesel production through transesterification of a mixture
of non-edible oils over lithium supported on activated carbon derived from scrap
tires. Energy Convers Manage 2019;201:112149. https://doi.org/10.1016/j.
enconman.2019.112149.

[38] Ibrahim SF, Asikin-Mijan N, Ibrahim ML, Abdulkareem-Alsultan G, Izham SM,
Taufiq-Yap YH. Sulfonated functionalization of carbon derived corncob residue via
hydrothermal synthesis route for esterification of palm fatty acid distillate. Energy
Convers Manage 2020;210:112698. https://doi.org/10.1016/j.enconman.2020.
112698.

[39] Adhikari SP, Hood ZD, Borchers S, Wright M, Lachgar A. Biofuel production with
sulfonated high surface area carbons derived from glucose. ChemistrySelect
2020;5(4):1534–8.

[40] Bureros GMA, Tanjay AA, Cuizon DES, Go AW, Cabatingan LK, Agapay RC, Ju Y-H.
Cacao shell-derived solid acid catalyst for esterification of oleic acid with me-
thanol. Renewable Energy 2019;138:489–501.

[41] Akinfalabi S-I, Rashid U, Yunus R, Taufiq-Yap YH. Synthesis of biodiesel from palm
fatty acid distillate using sulfonated palm seed cake catalyst. Renewable Energy
2017;111:611–9.

[42] Rocha PD, Oliveira LS, Franca AS. Sulfonated activated carbon from corn cobs as
heterogeneous catalysts for biodiesel production using microwave-assisted trans-
esterification. Renewable Energy 2019;143:1710–6.

[43] Goli J, Sahu O. Development of heterogeneous alkali catalyst from waste chicken
eggshell for biodiesel production. Renewable Energy 2018;128:142–54.

[44] Dhawane SH, Kumar T, Halder G. Central composite design approach towards
optimization of flamboyant pods derived steam activated carbon for its use as
heterogeneous catalyst in transesterification of Hevea brasiliensis oil. Energy
Convers Manage 2015;100:277–87.

[45] Dhawane SH, Kumar T, Halder G. Parametric effects and optimization on synthesis
of iron (II) doped carbonaceous catalyst for the production of biodiesel. Energy
Convers Manage 2016;122:310–20.

[46] Dhawane SH, Kumar T, Halder G. Biodiesel synthesis from Hevea brasiliensis oil
employing carbon supported heterogeneous catalyst: optimization by Taguchi
method. Renewable Energy 2016;89:506–14.

[47] Halder G, Khan AA, Dhawane S. Fluoride Sorption Onto a Steam-Activated Biochar
Derived From Cocos nucifera Shell : Water. Clean: Soil, Air, Water
2016;44(2):124–33.

[48] Konwar LJ, Boro J, Deka D. Review on latest developments in biodiesel production
using carbon-based catalysts. Renew Sustain Energy Rev 2014;29:546–64.

[49] Wang JX, Chen KT, Wen BZ, Liao YHB, Chen CC. Transesterification of soybean oil
to biodiesel using cement as a solid base catalyst. J Taiwan Inst Chem Eng
2012;43:215–9.

[50] Liu Z, Li JPH, Qi X, Dai Y, Yang Y. Applying low-temperature titration for de-
termination of metallic sites on active oxide supported catalysts. Catal Sci Technol
2019;9(8):2008–18.

[51] Brocklehurst K, Resmini M, Topham CM. Kinetic and titration methods for de-
termination of active site contents of enzyme and catalytic antibody preparations.
Methods 2001;24(2):153–67.

[52] Aboelazayem O, El-Gendy NS, Abdel-Rehim AA, Ashour F, Sadek MA. Biodiesel
production from castor oil in Egypt: process optimization, kinetic study, diesel
engine performance and exhaust emissions analysis. Energy 2018;157:843–52.

[53] Aboelazayem O, Gadalla M, Saha B. Biodiesel production from waste cooking oil
via supercritical methanol: Optimisation and reactor simulation. Renewable
Energy 2018;124:144–54.

[54] Gaurav A, Dumas S, Mai CTQ, Ng FTT. A kinetic model for a single step biodiesel
production from a high free fatty acid (FFA) biodiesel feedstock over a solid het-
eropolyacid catalyst. Green Energy Environ 2019;4(3):328–41.

[55] Asikin-Mijana N, Lee HV, Taufiq-Yap YH. Synthesis and catalytic activity of hy-
dration–dehydration treated clamshell derived CaO for biodiesel production.
Chem Eng Res Des 2015;102:368–77.

M.M. Naeem, et al. Fuel 283 (2021) 118914

14

http://refhub.elsevier.com/S0016-2361(20)31910-4/h0005
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0015
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0015
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0015
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0025
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0025
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0025
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0030
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0030
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0030
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0035
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0035
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0035
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0040
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0040
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0040
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0040
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0050
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0050
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0050
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0055
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0055
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0055
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0060
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0060
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0060
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0065
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0065
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0065
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0070
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0070
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0070
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0070
https://doi.org/10.1016/j.bcab.2019.101234
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0080
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0080
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0080
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0090
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0090
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0095
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0095
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0100
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0100
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0100
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0105
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0105
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0105
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0110
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0110
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0110
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0115
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0115
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0115
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0120
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0120
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0120
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0125
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0125
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0130
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0130
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0130
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0135
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0135
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0135
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0135
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0140
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0140
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0140
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0145
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0145
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0150
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0150
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0150
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0150
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0155
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0155
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0155
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0160
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0160
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0165
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0165
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0165
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0170
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0170
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0170
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0170
https://doi.org/10.1016/j.fuel.2020.117171
https://doi.org/10.1016/j.enconman.2019.112149
https://doi.org/10.1016/j.enconman.2019.112149
https://doi.org/10.1016/j.enconman.2020.112698
https://doi.org/10.1016/j.enconman.2020.112698
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0195
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0195
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0195
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0200
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0200
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0200
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0205
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0205
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0205
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0210
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0210
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0210
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0215
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0215
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0220
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0220
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0220
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0220
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0225
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0225
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0225
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0230
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0230
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0230
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0235
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0235
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0235
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0240
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0240
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0245
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0245
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0245
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0250
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0250
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0250
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0255
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0255
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0255
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0260
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0260
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0260
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0265
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0265
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0265
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0270
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0270
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0270
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0275
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0275
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0275


[56] Shajaratun Nur ZA, Taufiq-Yap YH, Rabiah Nizah MF, Teo SH, Syazwani ON, Islam
A, Production of biodiesel from palm oil using modified Malaysian natural dolo-
mites, Energy Conversion and Management, 2014;78:738–44.

[57] Al-Sakkari EG, El-Sheltawy ST, Attia NK, Mostafa SR. Kinetic study of soybean oil
methanolysis using cement kiln dust as a heterogeneous catalyst for biodiesel
production. Appl Catal B 2017;206:146–57.

[58] Braun J, dos Santos V, Mazzini Fontoura L, Pereira E, Napp A, Seferin M. et al. GC-
FID methodology validation for the fatty esters content determination in biodiesel
with hexadecyl acetate as the internal standard. Química Nova; 2017. doi: 10.
21577/0100-4042.20170103.

[59] Hawash S, AboEl-Enin SA, ElDiwani G. Direct conversion of dry algae to biodiesel
under supercritical methanolysis. Int J Agric Innovations Res 2014;2(6):1090–5.

[60] Refaat AA. Correlation between the chemical structure of biodiesel and its physical
properties. Int J Environ Sci Technol 2009;6(4):677–94.

[61] Hosokai Sou, Matsuoka Koichi, Kuramoto Koji, Suzuki Yoshizo. Modification of
Dulong's formula to estimate heating value of gas, liquid and solid fuels. Fuel
Process Technol 2016;152:399–405.

[62] Al-Sakkari EG, El-Sheltawy ST, Abadir MF, Attia NK, El-Diwani G. Investigation of
cement kiln dust utilization for catalyzing biodiesel production via response sur-
face methodology. Int J Energy Res 2017;41:593–603.

[63] Boutaieb Mouzaina, Guiza Monia, Román Silvia, Nogales Sergio, Ledesma Beatriz,
Ouederni Abdelmottaleb. Pine cone pyrolysis: optimization of temperature for
energy recovery. Environ Prog Sustainable Energy 2020;39(1):13272. https://doi.
org/10.1002/ep.v39.110.1002/ep.13272.

[64] Lv Xuemei, Zhang Tiankai, Luo Yunhuan, Zhang Yongfa, Wang Ying, Zhang
Guojie. Study on carbon nanotubes and activated carbon hybrids by pyrolysis of
coal. J Anal Appl Pyrol 2020;146:104717. https://doi.org/10.1016/j.jaap.2019.
104717.

[65] Zhang Huai-Hao, Ma Chi, Tong Jie, Hu Yong-Feng, Zhao Jing, Hu Bin, Wang Chen-
Yin. Effect of potassium sulfate in mineral precursor on capacitance behavior of as-
prepared activated carbon. Fuel Process Technol 2016;142:235–41.

[66] Danish Mohammed, Ahmad Tanweer. A review on utilization of wood biomass as a
sustainable precursor for activated carbon production and application. Renew
Sustain Energy Rev 2018;87:1–21.

[67] Wang Tengfei, Zhai Yunbo, Zhu Yun, Li Caiting, Zeng Guangming. A review of the
hydrothermal carbonization of biomass waste for hydrochar formation: process
conditions, fundamentals, and physicochemical properties. Renew Sustain Energy
Rev 2018;90:223–47.

[68] González-García P. Activated carbon from lignocellulosics precursors: a review of
the synthesis methods, characterization techniques and applications. Renew
Sustain Energy Rev 2018;82:1393–414.

[69] Nizamuddin Sabzoi, Baloch Humair Ahmed, Griffin GJ, Mubarak NM, Bhutto
Abdul Waheed, Abro Rashid, Mazari Shaukat Ali, Ali Brahim Si. An overview of
effect of process parameters on hydrothermal carbonization of biomass. Renew
Sustain Energy Rev 2017;73:1289–99.

[70] Jain Akshay, Balasubramanian Rajasekhar, Srinivasan MP. Hydrothermal con-
version of biomass waste to activated carbon with high porosity: a review. Chem
Eng J 2016;283:789–805.

[71] Ao Wenya, Fu Jie, Mao Xiao, Kang Qinhao, Ran Chunmei, Liu Yang, Zhang
Hedong, Gao Zuopeng, Li Jing, Liu Guangqing, Dai Jianjun. Microwave assisted
preparation of activated carbon from biomass: a review. Renew Sustain Energy
Rev 2018;92:958–79.

[72] Pradana YS, Rochim N, Mukaffa HS, Satriawan HB, Hidayat A, Budiman A.
Activation of coconut shell - Randu wood biochar and its use as heterogeneous
catalyst support for biodiesel production. IOP Conf Ser: Mater Sci Eng
2019;543(1):012064.

[73] Park Junyeong, Hung Ivan, Gan Zhehong, Rojas Orlando J, Lim Kwang Hun, Park
Sunkyu. Activated carbon from biochar: Influence of its physicochemical proper-
ties on the sorption characteristics of phenanthrene. Bioresour Technol
2013;149:383–9.

[74] Tan Xiao-fei, Liu Shao-bo, Liu Yun-guo, Gu Yan-ling, Zeng Guang-ming, Hu Xin-
jiang, Wang Xin, Liu Shao-heng, Jiang Lu-hua. Biochar as potential sustainable
precursors for activated carbon production: multiple applications in environmental
protection and energy storage. Bioresour Technol 2017;227:359–72.

[75] Rashidi Nor Adilla, Yusup Suzana. A review on recent technological advancement
in the activated carbon production from oil palm wastes. Chem Eng J
2017;314:277–90.

[76] Jung Su-Hwa, Kim Joo-Sik. Production of biochars by intermediate pyrolysis and
activated carbons from oak by three activation methods using CO2. J Anal Appl
Pyrol 2014;107:116–22.

[77] Angın D, Altintig E, Köse TE. Influence of process parameters on the surface and
chemical properties of activated carbon obtained from biochar by chemical acti-
vation. Bioresour Technol 2013;148:542–9.

[78] Kiliç M, Varol EA, Pütün AE. Preparation and surface characterization of activated
carbons from Euphorbia rigida by chemical activation with ZnCl2, K2CO3, NaOH
and H3PO4. Appl Surf Sci 2012;261(15):247–54.

[79] Açıkyıldız Metin, Gürses Ahmet, Karaca Semra. Preparation and characterization
of activated carbon from plant wastes with chemical activation. Microporous
Mesoporous Mater 2014;198:45–9.

[80] Sartova Kulumkan, Omurzak Emil, Kambarova Gulnara, Dzhumaev Isaak, Borkoev
Bakyt, Abdullaeva Zhypargul. Activated carbon obtained from the cotton proces-
sing wastes. Diam Relat Mater 2019;91:90–7.

[81] Mohamad Nor Norhusna, Lau Lee Chung, Lee Keat Teong, Mohamed Abdul
Rahman. Synthesis of activated carbon from lignocellulosic biomass and its ap-
plications in air pollution control—a review. J Environ Chem Eng
2013;1(4):658–66.

[82] Hosney HA, Farrag TE, Farah JJ, Abd-Elwahhab MZ. Preparation of activated
carbon by thermal decomposition of waste tires for pollution control. J Eng Tech
2015;34:2.

[83] Koutcheiko S, Vorontsov V. Activated carbon derived from wood biochar and its
application in supercapacitors. J Biobased Mat Bioenergy 2013;7(6):733–40.

[84] Yang S, Zhang K. Converting corncob to activated porous carbon for super-
capacitor application, Nanomaterials 2018;8:181, doi: 10.3390/nano8040181.

[85] Contescu CI, Adhikari SP, Gallego NC, Evans ND, Biss BE. Activated carbons de-
rived from high-temperature pyrolysis of lignocellulosic biomass, J Carbon Res,
2018;4:51, doi: 10.3390/c4030051.

[86] Zheng Yulin, Wang Bing, Wester Anne Elise, Chen Jianjun, He Feng, Chen Hao,
Gao Bin. Reclaiming phosphorus from secondary treated municipal wastewater
with engineered biochar. Chem Eng J 2019;362:460–8.

[87] Kibona Talam Enock. Highly microstructured porous carbon derived from vitex
mombassae for high specific capacitance supercapacitors. SN Appl Sci 2019;1(9).
https://doi.org/10.1007/s42452-019-1125-9.

[88] Vo AT, Nguyen VP, Ouakouak A, Nieva A, Doma BT, Tran HN, Chao HP. Efficient
Removal of Cr (VI) from Water by Biochar and Activated Carbon Prepared through
Hydrothermal Carbonization and Pyrolysis: Adsorption Coupled Reduction
Mechanism, Water, 2019;11:1164, doi: 10.3390/w11061164.

[89] Kumar Arvind, Jena Hara Mohan. Adsorption of Cr(VI) from aqueous phase by
high surface area activated carbon prepared by chemical activation with ZnCl2.
Process Saf Environ Prot 2017;109:63–71.

[90] Pallarés Javier, González-Cencerrado Ana, Arauzo Inmaculada. Production and
characterization of activated carbon from barley straw by physical activation with
carbon dioxide and steam. Biomass Bioenergy 2018;115:64–73.

[91] Yek Peter Nai Yuh, Liew Rock Keey, Osman Mohammad Shahril, Lee Chern Leing,
Chuah Joon Huang, Park Young-Kwon, Lam Su Shiung. Microwave steam activa-
tion, an innovative pyrolysis approach to convert waste palm shell into highly
microporous activated carbon. J Environ Manage 2019;236:245–53.

[92] Wei Qing-ling, Chen Zhi-min, Wang Xiao-feng, Yang Xiao-min, Wang Zi-chen. A
two-step method for the preparation of high performance corncob-based activated
carbons as supercapacitor electrodes using ammonium chloride as a pore forming
additive. New Carbon Mater 2018;33(5):402–8.

[93] Bai Byong Chol, Lee Hyun-Uk, Lee Chul Wee, Lee Young-Seak, Im Ji Sun. N 2
plasma treatment on activated carbon fibers for toxic gas removal: mechanism
study by electrochemical investigation. Chem Eng J 2016;306:260–8.

[94] Mafalda Ribeiro Ana, Loureiro José Miguel. Simulation of toxic gases and vapours
removal by activated carbon filters. Chem Eng Sci 2002;57(9):1621–6.

[95] Bai Byong Chol, Lee Young-Seak, Im Ji Sun. Activated carbon fibers for toxic gas
removal based on electrical investigation: mechanistic study of p-type/n-type
junction structures. Sci Rep 2019;9(1). https://doi.org/10.1038/s41598-019-
50707-x.

[96] Gulum M, Bilgin A. An experimental optimization research of methyl and ethyl
esters production from safflower oil. Environ Climate Tech 2018;22(1):132–48.
https://doi.org/10.2478/rtuect-2018-0009.

[97] Hosney Hadeel, Al-Sakkari Eslam G, Mustafa Ahmad, Ashour Ibrahim, Mustafa
Ibrahim, El-Shibiny Ayman. A cleaner enzymatic approach for producing non-
phthalate plasticiser to replace toxic-based phthalates. Clean Techn Environ Policy
2020;22(1):73–89.

[98] Baskar G, Aberna Ebenezer Selvakumari I, Aiswarya R. Biodiesel production from
castor oil using heterogeneous Ni doped ZnO nanocatalyst. Bioresour Technol
2018;250:793–8.

[99] Gülüm Mert, Yesilyurt Murat Kadir, Bilgin Atilla. The performance assessment of
cubic spline interpolation and response surface methodology in the mathematical
modeling to optimize biodiesel production from waste cooking oil. Fuel
2019;255:115778. https://doi.org/10.1016/j.fuel.2019.115778.

[100] Kamel Dena A, Farag Hassan A, Amin Nevin K, Zatout Ahmed A, Fouad Yasmine O.
Utilization of Ficus carica leaves as a heterogeneous catalyst for production of
biodiesel from waste cooking oil. Environ Sci Pollut Res 2019;26(32):32804–14.

[101] Al-Sakkari Eslam G, Abdeldayem Omar M, El-Sheltawy ST, Abadir Magdi F,
Soliman Ahmed, Rene Eldon R, Ismail Ibrahim. Esterification of high FFA content
waste cooking oil through different techniques including the utilization of cement
kiln dust as a heterogeneous catalyst: a comparative study. Fuel 2020;279:118519.
https://doi.org/10.1016/j.fuel.2020.118519.

[102] Bora Akash Pratim, Dhawane Sumit H, Anupam Kumar, Halder Gopinath.
Biodiesel synthesis from Mesua ferrea oil using waste shell derived carbon cata-
lyst. Renewable Energy 2018;121:195–204.

[103] González ME, Cea M, Reyes D, Romero-Hermoso L, Hidalgo P, Meier S, Benito N,
Navia R. Functionalization of biochar derived from lignocellulosic biomass using
microwave technology for catalytic application in biodiesel production. Energy
Convers Manage 2017;137:165–73.

[104] Zhang Fan, Tian Xiaofei, Shah Mazloom, Yang Wenjing. Synthesis of magnetic
carbonaceous acids derived from hydrolysates of Jatropha hulls for catalytic
biodiesel production. RSC Adv 2017;7(19):11403–13.

[105] Hussain Zakir, Kumar Rakesh. Synthesis and characterization of novel corncob-
based solid acid catalyst for biodiesel production. Ind Eng Chem Res
2018;57(34):11645–57.

[106] Subramonia Pillai N, Kannan P Seeni, Vettivel SC, Suresh S. Optimization of
transesterification of biodiesel using green catalyst derived from Albizia Lebbeck
Pods by mixture design. Renewable Energy 2017;104:185–96.

[107] Babel S, Faedsura E, Arayawate S, Sudrajat H. Production of Biodiesel from Waste
Cooking Oil Using Transesterification with the KOH on Carbon Support from
Waste Material and Egg Shell as the Catalyst. Environ Nat Resources
2016;14(2):60–8. https://doi.org/10.14456/ennrj.2016.13.

[108] Shokrani Reza, Haghighi Mohammad. Textural evolution of hierarchical

M.M. Naeem, et al. Fuel 283 (2021) 118914

15

http://refhub.elsevier.com/S0016-2361(20)31910-4/h0285
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0285
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0285
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0295
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0295
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0300
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0300
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0305
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0305
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0305
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0310
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0310
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0310
https://doi.org/10.1002/ep.v39.110.1002/ep.13272
https://doi.org/10.1002/ep.v39.110.1002/ep.13272
https://doi.org/10.1016/j.jaap.2019.104717
https://doi.org/10.1016/j.jaap.2019.104717
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0325
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0325
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0325
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0330
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0330
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0330
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0335
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0335
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0335
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0335
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0340
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0340
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0340
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0345
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0345
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0345
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0345
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0350
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0350
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0350
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0355
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0355
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0355
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0355
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0360
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0360
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0360
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0360
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0365
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0365
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0365
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0365
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0370
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0370
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0370
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0370
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0375
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0375
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0375
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0380
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0380
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0380
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0385
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0385
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0385
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0390
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0390
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0390
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0395
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0395
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0395
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0400
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0400
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0400
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0405
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0405
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0405
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0405
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0410
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0410
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0410
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0415
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0415
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0430
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0430
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0430
https://doi.org/10.1007/s42452-019-1125-9
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0445
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0445
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0445
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0450
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0450
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0450
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0455
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0455
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0455
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0455
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0460
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0460
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0460
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0460
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0465
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0465
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0465
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0470
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0470
https://doi.org/10.1038/s41598-019-50707-x
https://doi.org/10.1038/s41598-019-50707-x
https://doi.org/10.2478/rtuect-2018-0009
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0485
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0485
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0485
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0485
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0490
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0490
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0490
https://doi.org/10.1016/j.fuel.2019.115778
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0500
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0500
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0500
https://doi.org/10.1016/j.fuel.2020.118519
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0510
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0510
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0510
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0515
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0515
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0515
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0515
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0520
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0520
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0520
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0525
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0525
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0525
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0530
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0530
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0530
https://doi.org/10.14456/ennrj.2016.13


nanostructured ZSM-5 via sono-hydrothermal design by various carbon shapes for
efficient biodiesel production. Appl Catal B 2020;271:118940. https://doi.org/10.
1016/j.apcatb.2020.118940.

[109] Gülüm Mert, Onay Funda Kutlu, Bilgin Atilla. Comparison of viscosity prediction
capabilities of regression models and artificial neural networks. Energy

2018;161:361–9.
[110] Samuel Olusegun David, Gulum Mert. Mechanical and corrosion properties of

brass exposed to waste sunflower oil biodiesel-diesel fuel blends. Chem Eng
Commun 2019;206(5):682–94.

M.M. Naeem, et al. Fuel 283 (2021) 118914

16

https://doi.org/10.1016/j.apcatb.2020.118940
https://doi.org/10.1016/j.apcatb.2020.118940
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0545
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0545
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0545
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0550
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0550
http://refhub.elsevier.com/S0016-2361(20)31910-4/h0550

	One-pot conversion of highly acidic waste cooking oil into biodiesel over a novel bio-based bi-functional catalyst
	Introduction
	Materials and methods
	Materials
	Methods
	Catalyst preparation and characterization
	Carrier preparation
	Functionalization
	Carrier and catalyst characterization
	Biodiesel production and characterization
	Simultaneous esterification-transesterification
	Experimental design
	Biodiesel characterization
	Catalyst leachability and reusability (testing deactivation aspects)


	Results and discussion
	Carrier preparation
	Comparison with previous attempts for producing carbonaceous materials

	Carrier and catalyst characterization
	Biodiesel production
	Model development
	Model selection and validation
	Effect of reaction parameters on the reaction yield
	Optimization and comparison with previous studies
	Biodiesel characterization

	Catalyst reusability and regeneration

	Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary data
	References




