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Application of acid-activated bentonite and SO3H-functionlized multiwall carbon

nanotubes (SO3H-MWCNTs) for lowering free fatty acids (FFAs) content of low-quality

residual olive oil, prior to alkali-catalyzed transesterification was investigated. The used

bentonite was first characterized by Scanning Electron Microscopy (SEM), Inductively

Coupled Plasma mass spectrometry (ICP-MS), and X-ray fluorescence (XRF), and was

subsequently activated by different concentrations of H2SO4 (3, 5, and 10N). Specific

surface area of the original bentonite was measured by Brunauer, Emmett, and Teller

(BET) method at 45 m2/g and was best improved after 5 N-acid activation (95–98◦C,

2 h) reaching 68 m2/g. MWCNTs was synthesized through methane decomposition

(Co-Mo/MgO catalyst, 900◦C) during the chemical vapor deposition (CVD) process. After

two acid-purification (HCl, HNO3) and two deionized-water-neutralization steps, SO3H

was grafted onMWCNTs (concentrated H2SO4, 110
◦C for 3 h) and again neutralized with

deionized water and then dried. The synthesized SO3H-MWCNTs were analyzed using

Fourier-Transform Infrared Spectroscopy (FTIR) and Transmission Electron Microscopy

(TEM). The activated bentonite and SO3H-MWCNTs were utilized (5 wt.% and 3 wt.%,

respectively), as solid catalysts in esterification reaction (62◦C, 450 rpm; 15:1 and

12:1 methanol-to-oil molar ratio, 27 h and 8 h, respectively), to convert FFAs to their

corresponding methyl esters. The results obtained revealed an FFA to methyl ester

conversion of about 67% for the activated bentonite and 65% for the SO3H-MWCNTs.

More specifically, the acid value of the residual olive oil was decreased significantly

from 2.5 to 0.85 and 0.89mg KOH/g using activated bentonite and SO3H-MWCNTs,

respectively. The total FFAs in the residual olive oil after esterification was below 0.5%,
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which was appropriate for efficient alkaline-transesterification reaction. Both catalysts can

effectively pretreat low-quality oil feedstock for sustainable biodiesel production under

a biorefinery scheme. Overall, the acid-activate bentonite was found more convenient,

cost-effective, and environment-friendly than the SO3H-MWCNTs.

Keywords: acid-activated bentonite, SO3H-functionlized multiwall carbon nanotube (SO3H-MWCNTs), waste olive

oil, high free fatty acid, biodiesel production, biorefinery

GRAPHICAL ABSTRACT

INTRODUCTION

Clay, particularly bentonites (clay mineral with different
colors) are very popular in various industries (Christidis,
2013). Bentonite, has been applied as adsorbent, bleaching
earth, and catalyst, as well as in eutrophication management
and remediation of pollutions (Önal, 2006; Jeenpadiphat and
Tungasmita, 2014; Copetti et al., 2016; El Korashy et al., 2016;
Rezende and Pinto, 2016). Smectites are major clay minerals in
bentonite with a 2:1 structure, or in another word, two silica
tetrahedral sheets sandwich, an aluminum octahedral sheet or,
a three-layer structure in which an aluminum octahedral sheet
is located between two silica tetrahedral sheets. Replacement of
some trivalent ions such as Al3+, by some divalent ions like Fe2+

or Mg2+ in the octahedral layer, or substitution of Si4+ with Al3+

in the tetrahedral layer generates a net negative electric charge
on the surface of clay. This negative charge is balanced by either

Abbreviations: BET, Brunauer, Emmett and Teller; CEC, Cation exchange
capacity; CNT, Carbon nanotube; CVD, Chemical vapor deposition, FFA, Free
fatty acid; FTIR, Fourier-Transform Infrared Spectroscopy; ICP-MS, Inductively
Coupled Plasma mass spectrometry; SEM, Scanning Electron Microscopy, SO3H-
MWCNT, SO3H-functionlized multiwall carbon nanotube, TEM, Transmission
Electron Microscopy; XRF, X-ray fluorescence.

Ca2+ or Na+ cations on the surface of clay in Na-type bentonite
or Ca-type bentonite, respectively, (Shen, 2001; Önal, 2006; Önal
and Sarıkaya, 2007).

Bentonites, by virtue of montmorillonite, have high
absorption capacity for exchanging some certain cations
from solutions with their own molecules. Bentonite quality and
properties (i.e., clay minerals loading, cation exchange capacity
(CEC), porosity, selectivity, surface acidity, surface area) are very
important in industrial applications and could be modified by
activation methods (Önal and Sarıkaya, 2007). In another word,
prior to effective application of bentonite in industry, some of its
properties should be improved through activation or treatment
procedures. There are four major ways to activate bentonite and
improve many of its properties. Those include (i) chemical, (ii)
physical, (iii) pillaring, and (iv) thermal procedures. Bentonite is
activated by the application of inorganic acids (such as H2SO4

or HCl) for replacing the exchangeable ions of bentonite during
chemical procedure. Physical procedure involves mechanical
improvement of bentonite’s surface area by crushing it into
smaller pieces. Similarly, pillaring procedure also improve
bentonite’s surface area as well as adsorption capacity. However,
during pillaring procedure, these improvements are obtained
through intercalating some elements or metal hydroxides
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between the lamellar structures of bentonite creating pillars. In
the last procedure, crystalline structure, or chemical composition
of bentonite is thermally modified by heating bentonite at
appropriate temperatures depending on its type. Amongst the
aforementioned procedures, chemical treatment is the most
common, and convenient method. It is worth mentioning that
acid-activated bentonite could be used as solid acid catalyst
in various reactions, such as esterification of oil for biodiesel
production.

Carbon nanotubes (CNTs), first synthesized in 1991, have
many applications as fillers, chemical sensors, hydrogen storage,
electronic devices, catalyst supports, and etc., due to their unique
properties including chemical stability, electrical, and thermal
properties, high surface area, mechanical characteristic, etc.
(Ham et al., 2004). CNTs are divided into single-wall CNTs and
multi-wall CNTs (MWCNTs), arranged like a single rolled-up
graphite sheet and like multiple layers of graphite rolled-up on
themselves to form a tube shape, respectively (Kalamkarov et al.,
2006). These structures can provide good support for various
functional groups of specific features.

Oil feedstocks could be converted into biodiesel through the
transesterification reaction (Aghbashlo et al., 2018b,c); however,
food vs. fuel debate prevents the application of edible oils
for this purpose (Hasheminejad et al., 2011; Aghbashlo et al.,
2015, 2017b; Sahafi et al., 2018). On the other hand, ∼70–88%
of the total biodiesel production cost arises from the cost of
raw material (Haas et al., 2006). Therefore, biodiesel may be
synthesized under a waste-oriented biorefinery scheme to address
the aforementioned issues (Aghbashlo et al., 2018a, 2019). Under
this concept, non-edible oils, such as waste cooking oils, and
vegetable oil refinery waste oil that are either generated during
processing oily crops into edible oil or their subsequent residuals
from food processing sectors could be recycled into biodiesel
(Aghbashlo et al., 2017a; Hajjari et al., 2017). For example, 0.11–
0.22 billion liters a year residual olive oil is recovered from olive
cake (Pütün et al., 2005). Therefore, one prominent feedstock for
the reduction of biodiesel production cost is such waste/residual
oil resources such as residual olive oil. The main drawbacks
of such oil feedstock are; however, their high water, and free
FFA contents, lowering the yield of direct alkaline-catalyzed
transesterification of oil into biodiesel due to the consumption
of high amounts of catalyst and the formation of soap.

Alternatively, biodiesel may be produced from high FFA oil
feedstock through acid-catalyzed (trans) esterification reaction,
in which FFAs and triglyceride simultaneously react with alcohol
to produce methyl ester (biodiesel) (Pan et al., 2017). The
main disadvantage of this strategy is the lengthy process that
requires highmethanol-to-oil molar ratios. Therefore, often acids
are only used as a pretreatment (esterification) method only
to lower FFA or acid value to the acceptable points (0.5% or
1mg KOH/g, respectively), prior to the commencement of the
alkaline-catalyzed transesterification reaction (Montefrio et al.,
2010; Hasheminejad et al., 2011). Homogeneous acids (such as
HCl, H2SO4, H3PO4) have been widely applied as catalyst for
esterification of high FFA oil feedstocks (Photaworn et al., 2017;
Murad et al., 2018). Overall, the main shortcomings of using
homogeneous acids include high quantity of alcohol consumed,

and that the acid used could not be recovered and should be
neutralized as well. Moreover, the corrosive nature of some of
these acids, for example H2SO4, could increase the maintenance
costs by damaging the equipment.

Hydrophobic solid acid catalysts could be used to overcome
the above-mentioned drawbacks of the homogeneous acid
catalysts. Carbonized vegetable oil asphalt, ferric sulfate
supported on silica, and tolune-4-sulfonic monohydrate acid are
some solid acid catalysts investigated for pretreating low-quality
oil feedstock for biodiesel production (Hayyan et al., 2010; Shu
et al., 2010; Dokic et al., 2012). Unfortunately, despite their
comparatively high catalytic activity, they suffer from high
production cost, complexity of preparation methods, or harsh
operating conditions.

Having considered the disadvantages of the acid pretreatment
methods discussed above, searching for more efficient, less
expensive, and easier to operate strategies is inevitable.
Considering that, this study was set to investigate the catalytic
performance of acid-activated bentonite in converting FFAs of
low-quality, high FFA-containing residual olive oil into methyl
esters. This could be regarded as a pretreatment step for FFA
removal prior to basic-catalyzed transesterification reaction. To
achieve that, bentonite was characterized, acid-activated, and
its performance in decreasing FFA content of residual olive oil
through conversion to methyl esters was evaluated. Moreover,
MWCNTs were also synthesized, SO3H functionalized, and their
performance in FFA removal from residual olive oil was evaluated
and compared with that of the acid-activated bentonite.

MATERIALS AND METHODS

Chemicals
Raw bentonite with the following physicochemical properties
was used: surface area of 45 m2.g−1, mean pore diameter of
7.7 nm, total pore volume of 0.0898 cm3.g−1, swelling index of
15 mL/2 g, and CEC of 58 meq/100 g. Residual olive oil was
purchased from an olive oil refinery and its FFA profiles and
physical properties were investigated. All the chemicals used
in this study were purchased either from Merck (Germany) or
Sigma-Aldrich (Germany).

Bentonite Preparation, Activation, and
Characterization
A uniform sample of bentonite with the size of about 130µmwas
obtained by passing it through different sieves with appropriate
mesh sizes. Then, aliquots of 50 g were weighted for the acid
activation step.

Three different concentrations of H2SO4 (i.e., 3, 5, and 10N)
were used for the activation of 50 g bentonite. The treatment
was conducted in a water bath (95–98◦C, atmospheric pressure)
and 250ml H2SO4 was slowly added while the mixture was
agitated at 400 rpm using a magnetic stirrer. After 2 h, samples
were washed (i.e., pH 7) with deionized water until reaching
a neutral pH. The remaining slurry was subsequently dried
in an oven at 130◦C for 2 h. The dried bentonites were kept
in a desiccator until further use. The acid-activated bentonite
was characterized by Scanning Electron Microscopy (SEM)
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(Tescan Vega3, Czech Republic), Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) (Agilent, United States), and X-ray
fluorescence (XRF) (Spectro, Germany). The specific area of the
bentonite was measured by BET technique with N2 adsorption,
at 77K, using BELSORB Mini instrument (Bel Japan, Inc.) based
on the ASTM 4567.

MWCNTs Synthesis and Characterization
MWCNTs were synthesized through methane decomposition
(900◦C, atmospheric pressure, 20–50min) over cobalt-
molybdenum nanoparticles supported by nanoporous
magnesium oxide during a chemical vapor deposition (CVD)
process as described previously (Rashidi et al., 2007). Briefly, the
reaction was performed using a flow of methane (50 mL/min) as
carbon source and a flow of hydrogen (250 mL/min) as career
gas at 900◦C for 30min. Upon the completion of the reaction,
the furnace was cooled under a nitrogen atmosphere and then
the product was purified. To achieve that, the resultant material

FIGURE 1 | (A) SEM micrograph of the bentonite used and (B) TEM

micrograph of the synthesized MWCNTs.

was first dissolved in HCl solution (18%) for a duration of 16 h
at ambient temperature (25◦C ± 1) followed by filtration and
several rounds of rinsing by distilled water. Subsequently, the
product was dissolved in a nitric acid solution (6M) for 6 h
at 70◦C. The slurry was then filtered, dried, and heated in a
furnace at 400◦C for 30min. Then, the synthesized MWCNTs
were subsequently sulfonated with 98% H2SO4 (110◦C for 3 h),
and neutralized (pH 7) by washing with deionized water. The
sulfonated MWCNTs (SO3H-MWCNTs) were dried and kept
until further use.

The prepared MWCNTs were characterized by transmission
electron microscopy (TEM, CM30, Philips, Netherland) for
morphology determination. For FTIR analysis, the samples were
milled with KBr to form a very fine powder, followed by their
compression into pellets. FTIR spectra were recorded on a
Thermo Nicolet Nexus 670 FT-IR ESP (Thermo Nicolet Corp.,
Madison, WI, United States). The specific area of the MWCNTs
wasmeasured by same BET technique used for bentonite, but was
analyzed by an ASAP 2010 (Micromeritics, United States).

Catalytic Activity of the Catalysts
Catalytic activities of the acid-activated bentonite (5 wt.% of oil)
and SO3H-MWCNTs (3 wt.% of oil) were calculated in respect
to the esterification reaction with methanol-to-oil molar ratio

TABLE 1 | Inductively coupled plasma mass spectrometry (ICP-MS) and X-ray

fluorescence (XRF) results for the used bentonite as well as surface area data

obtained using BET technique for bentonite samples activated by different

concentration of H2SO4.

Element Concentration (ppm) Element Concentration (ppm)

ICP-MS ANALYSIS

Ag <0.01 Li 0.04

Al 270 Mg 22.8

As 0 Mn 1.4

B 99 Mo 0.1

Ba 9 Na 94

Be <0.01 Ni 0.3

Ca 68 Pb 0.3

Cd <0.01 Sb 0.0

Co 0.03 Sc 0.0

Cr 0.17 Se <0.02

Cu 0.06 Sr 0.7

Fe 125 Ti 11.0

K 32 V 0.2

La 0.04 Zn 0.3

XRF ANALYSIS (WT.%)

L.O.I.a 8.37 K2O 0.94

Na2O 3.17 MgO 0.95

CaO 2.38 TiO2 0.46

Al2O3 12.75 Fe2O3 4.46

SiO2 64.13

BET SURFACE AREA ANALYSIS (m2/g)

Raw bentonite 45

3N acid-activated bentonite 62

5N acid-activated bentonite 68

10N acid-activated bentonite 66

aLoss On Ignition (L.O.I.).
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of 15:1 and 12:1, respectively. The reaction was conducted in a
magnetic stirred tank reactor (450 rpm) equipped with an alcohol
reflux system at 62◦C. The acid value was determined at certain
intervals and the pretreatment step was continued until the
value reached about 0.5mgKOH/g. Samples were withdrawn and
immediately placed in an ice bath to stop the reaction, followed
by centrifugation (3,500 rpm, 5min). Then, these samples were
used for FFA reduction measurements.

Determination of FFA Conversion
The composition of the methyl esters produced by esterification
of residual olive oil and methanol in the presence of acid-
activated bentonite or SO3H-MWCNTs as solid acid catalyst

TABLE 2 | Free fatty acid profile and physical properties of residual olive oil used

in the present study.

Fatty Acid composition Wt.%

Palmitic (C16:0) 12.29

Palmitoleic (C16:1) 0.61

Stearic (C18:0) 2.44

Oleic (C18:1) 73.67

Linoleic (C18:2) 9.42

Linolenic (C18:3) 0.40

Arachidic (C20:0) 0.36

Others 0.82

Characteristic Value

Free Fatty Acid (wt. %) 1.3

Mean Molecular weight (g/mol) 885.4

Viscosity (mPa.s) 34.52

Density (g/cm3) 0.89

Acid value (mg KOH/g) 2.5

Iodine No. 94

was determined using gas chromatography (GC; Claus 580 GC
model, Perkin Elmer Co., United States). The conversion of
the waste oil into methyl esters was determined by using the
following equation:

conversion(%) =

∑
A× AIS

AIS
×

m

M
× 100 (1)

where
∑

A is the total area of the peaks, AIS is the peak of the
internal standard (C17:0), m is weight of internal standard, and
M is the sample weight.

Acid value of the samples was also measured according to the
method of Cd 3d-63 provided by AmericanOil Chemists’ Society.

RESULTS AND DISCUSSION

Characterization of the Acid-Activated
Bentonite
The morphology of the natural bentonite as shown by SEM
are presented in Figure 1A. The CEC of natural bentonite (58
meq/100 g) was, to a certain extent, lower than the expected range
for smecite (80–150 meq/100), showing the presence of some
impurities. The characterizations of the acid-activated bentonite
synthesized in this study are presented in Table 1. The results
of ICP-MS revealed that the bentonite used was of Na-type.
Moreover, XRF data indicated that the bentonite structure was
mostly composed of Al2O3 and SiO2, providing good structure
stability. It was expected that H3O+ ions replaced some of these
elements (such as Na and calcium) as a result of acid pretreatment
(Rezende and Pinto, 2016). Bentonite activation was performed
with three different concentration of H2SO4 (3, 5, and 10N),
in order to investigate the impact of acid concentration on the
surface area. Compared with natural bentonite, acid-activated
bentonite displayed about 38–51% larger surface area (Table 1).
It can be deduced from the BET data tabulated in Table 1,

FIGURE 2 | FTIR spectroscopy of the SO3H-MWCNTs.

Frontiers in Energy Research | www.frontiersin.org 5 December 2018 | Volume 6 | Article 137

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Rahimzadeh et al. Economic Solid-Catalysts for Biodiesel Production

TABLE 3 | The impact of 5N acid-activated bentonite and SO3H-functionalized MWCNT as catalyst in the esterification reaction (methanol-to-oil molar ratio of 15:1 and

12:1, respectively), on FFA removal through its conversion into methyl esters and acid value over time.

Time Final FFA conc. (wt.%)* Conversion of FFA(%) Acid value (mg KOH/g)

Acid-activated

bentonite

SO3H-functionalized

MWCNTs

Acid-activated

bentonite

SO3H-functionalized

MWCNTs

Acid-activated

bentonite

SO3H-functionalized

MWCNTs

20min 1.27 – 2.3 – 2.45 –

40min 1.21 – 6.9 – 2.39 –

1 h 1.18 1.2 9.2 7.7 2.30 2.4

2 h 1.14 1.14 12.3 12.3 2.27 2.27

3 h 1.03 0.98 20.8 24.6 2.04 1.95

4 h 0.99 0.81 23.8 37.7 1.97 1.6

5 h 0.97 0.71 25.4 45.4 1.91 1.41

6 h 0.95 0.68 26.9 47.7 1.95 1.35

7 h – 0.60 – 53.8 – 1.20

8 h – 0.47 – 64.4 – 0.89

23 h 0.51 – 60 – 1.00 –

25 h 0.53 – 59.2 – 1.08 –

27 h 0.43 – 66.9 – 0.85 –

*Initial FFA content = 1.3 (wt.%).

FIGURE 3 | GC chromatograms used for calculating methyl ester yield through the esterification reaction, with 5N acid-activated bentonite and the SO3H-MWCNTs

as catalyst.

that the activation of bentonite with 5N solution of H2SO4

triggered the largest surface area. In another word, increasing
acid concentration from 3 to 5N had a positive impact on the
surface area, and consequently, on the number of hydrogen
ions anchored on bentonite‘s surface. However, further elevation
of acid concentration to 10N must have damaged bentonite
structure by collapsing some of its layers by dissolving them.
In fact, the lower surface area obtained through the activation
by 10N H2SO4 solution signifies that fewer hydrogen ions were
anchored, and thus, less catalytic activity was achieved. On

this basis, bentonite sample activated by 5N acid solution was
selected for the FFA reduction experiment.

Characterization of the Synthesized
SO3H-MWCNTs
The BET surface area of the synthesized SO3H-MWCNTs was
measured at 230 m2/g, with the pore volume and diameter
recorded at 0.76 cm3/g and 11 nm, respectively. This high BET
surface area was because of inducing the repulsion force between
SO3H and COOH groups on the MWCNTs surface (Shuit et al.,
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FIGURE 4 | Acid value and FFA content reduction through the esterification reaction (A) with 5N acid-activated bentonite and (B) with SO3H-MWCNTs, as catalyst

vs. time; and diagrams of FFA conversion to methyl esters (C) using 5N acid-activated bentonite and (D) using SO3H-MWCNTs.

2015), The morphology of the SO3H-MWCNTs as shown by
TEM are presented in Figure 1B. As it can be observed, the
sidewalls of SO3H-MWCNTs are not smooth due to the oxidizing
effect of HNO3. FTIR data confirmed successful functionalization
of the MWCNTs with SO3H (Figure 2). As revealed in the
figure, a strong peak representing the stretch vibration of the
SO3H functional group anchored on the MWCNTs appeared
at around 1,000–1,080 cm−1. Moreover, a broad band in the
region 3,100–3,400 cm−1 was assigned to OH group caused
by the purification step implemented. In addition, the strong
band observed at 1,709 cm−1, and the weak band at 1,338
cm−1 could be attributed to the stretching modes of sulfate
groups.

Impacts of the Synthesized Catalysts on
FFA Conversion
The characteristics of the residual olive oil used in this study,
i.e., FFA profiles and physicochemical properties are presented
in Table 2. Respectively, the applications of 5N acid-activated
bentonite and SO3H-MWCNTs efficiently decreased the FFA
content of residual olive oil to 0.43 and 0.47% that were
less than the maximum acceptable value of 0.5% (Table 3).
Intriguingly, original bentonite sample used as control did not
show any positive impacts on FFA reduction. The results related

to the FFA content reduction as determined by GC analysis
(Figure 3), through their conversion to methyl esters are shown
in Table 3 and Figure 4. These findings well demonstrate the
catalytic activity of the acid-activated bentonite and the SO3H-
MWCNTs.

The acid-activated bentonite acted as a solid acid catalyst
due to the hydrogen ions already anchored among its smectite’s
layers during the activation process. In another word, acid-
activated bentonite acted as a proton donor catalyst expediting
the esterification reaction. As seen in Figure 4, ∼67% of the
FFAs contained in the residual olive oil were converted to methyl
esters within the 27 h experimental period. It is worthmentioning
that a methyl ester yield of 1.3% would be achieved from 100%
conversion of the total FFA. However, the total methyl ester
measured was 2.06% from 67% conversion of total available
FFAs. This unexpected difference implies that some of the methyl
ester yield (∼1.1 out of 2.06%) arose from acid-transesterification
of triglycerides and not from the esterification of FFAs. This
indicates that, although very minor, the active sites present on
the surface of acid-activated bentonites could also attack the
huge triglyceride molecules, and converted them into methyl
esters.

Moreover, SO3H-MWCNTs was shown to possess favorable
catalytic activity as 65% of the contained FFAs were converted,
reaching the final concentration of 0.47%, in just 8 h of
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TABLE 4 | Comparison of some studies in which acid-activated bentonites and SO3H-functionlized multiwall carbon nanotubes (MWCNT) were used as catalysts in FFA

esterification process.

Study Catalyst Preparation Characteristics features Feedstocks

(molar ratio)

Esterification

conditions

FFA

conversion

yield (%)Surface area

(m2/g)

Pore diameter

(nm)

Pore volume

(cm3/g)

Shuit et al.,

2015

SO3H-MWCNTs 10 wt.%

(NH4)2SO4,

ultrasonication

(10min), heating

(235◦C, 30min)

92.37 12.3 0.25 Palm fatty acid

distillate +

methanol

(1:20)

2 wt.% catalyst,

170◦C, 1 MPa, 3 h

84.9

Current study SO3H-MWCNTs Concentrated

H2SO4, 110
◦C,

3 h

230 11 nm 0.76 Residual olive oil +

methanol

(1:12)

3 wt.% catalyst,

450 rpm, 62◦C,

8 h

64.4

Rezende and

Pinto, 2016

Acid-activated

bentonite

10% w/v

suspension of clay,

H2SO4

(4mol.L−1 ), 90◦C,

2 h

137 56.6 0.21 Fatty acids from

residual palm oil +

methanol

(1:3) methanol

50 g catalyst/mol

fatty acid, 100◦C,

4 h

89

Jeenpadiphat

and

Tungasmita,

2014

H2SO4 or HNO3

(bentonite-to acid

ratio of 1 g/30mL),

120◦C, 1 h

42 21 0.16 Oleic acid in palm

oil + methanol

(1:23)

10 wt.% catalyst,

60◦C, 1 h

99

Current study Acid-activated

bentonite

5N H2SO4 (???

wt.%), 95–98◦C,

400 rpm, 2 h

68 – – Residual olive oil +

methanol

(1:15)

5 wt.% catalyst,

450 rpm, 62◦C,

27 h

66.9

esterification reaction (Figure 4). From the performance point
of view, SO3H-MWCNTs were found as a better choice in
comparison with acid-activated bentonite, as it led to slightly
higher FFA reduction within 3-fold shorter time period (Table 3).
This could be ascribed to its stronger acidic functional group
(SO3H).

Table 4 compares some studies in which acid-activated
bentonites and SO3H-MWCNTs were used as catalysts in FFA
esterification process. These studies differ in terms of the
procedures used for catalyst preparation though. Shuit et al.
(2015) used 10 wt.% (NH4)2SO4 solution and ultrasonication
(10min), followed by a heating step (◦C, 30min) to synthesize
SO3H-MWCNTs for biodiesel production. This process was
more advantageous than the procedure used in the present study
in terms of synthesis time and being H2SO4 free; however,
about 2.1-time higher temperature was required. Moreover,
the synthesized SO3H-MWCNTs had very lower surface area
(92.37 vs. 230 m2/g, respecively) and pore volume (0.25 vs.
0.76 cm3/g, respectiely) making it a less efficient catalyst. The
acid-activated bentonite produced herein showed about 62%
higher surface area than that prepared by Jeenpadiphat and
Tungasmita (2014). Both catalysts prepared in the current
study, especially SO3H-MWCNTs, could decrease mass transfer
limitation due to their high surface area. Nevertheless, and
despite their characteristic advantages, lower FFA conversion
yields were obtained by these catalysts in comparison with
those listed in Table 4. This could be attributed to the
fact that esterification process was not optimized in this
study. Instead, a common mild-esterification reaction was

targeted to only evaluate the catalytic performance of prepared
catalysts.

CONCLUDING REMARKS AND FUTURE
PROSPECTS

This study showed that bentonite could be applied as an efficient
rawmaterial for synthesizing solid acid catalyst, through a simple
chemical (i.e., acid) activation method, for using in solid acid
catalyzed-esterification of high FFA oils. The application of
this natural clay may encourage the production of sustainable
fuels, as there is no requirement for sophisticated methods, and
environmental hazardous chemicals as well. Acid activation of
benonite using 5N H2SO4 was found to considerably improve
its acidity as well as its specific surface area (more than
half-time), and in turn, its catalytic activity for FFA content
reduction of residual olive oil to <0.5 wt.%. It should also
be noted that bentonite is very abundant and cheap (<20
USD/ton) and therefore, 5N acid-activated bentonite could serve
as a promising pre-treatment process for esterification of low-
quality oil feedstock prior to alkali-catalyzed transesterification.
Moreover, SO3H-MWCNTs were also synthesized and their
catalytic performance was characterized. It showed excellent
specific surface area (230 m2/g), and good pore diameter
(11 nm) and pore volume (0.76 cm3/g), enhancing mass
transfer of reaction. Compared with the acid-activated bentonite,
SO3H-MWCNTs provided better catalytic performance. Despite
more favorable economic preparation of the 5N acid-activated
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bentonite and its relatively similar performance in terms of
FFA reduction with the SO3H-MWCNTs, the latter catalyst
proved more feasible for industrial application. This feasibility
can be attributed to its considerably shorter reaction time due
to more than 3.3 times higher specific surface area, significantly
lowering mass transfer limitation. Further optimization of the
esterification reaction conditions would be necessary for full
exploitation of these two catalysts for FFA conversion into
biodiesel. Overall, both of the prepared catalysts could be
used for effective pretreatment of low-quality residual olive
oil for sustainable biodiesel production under a biorefinery
scheme.
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