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aracterization of sulfonated
mesoporous NiO–ICG core–shell solid sphere
catalyst with superior capability for methyl ester
production

Soroush Soltani, *a Nasrin Khanian,b Umer Rashidc and Thomas Shean Yaw
Choonga

In the present research, a mesoporous NiO core–shell solid sphere was hydrothermally synthesized, using

polyethylene glycol (PEG; 4000) as a surfactant and incomplete carbonized glucose (ICG) as a template.

Then, thermal decomposition of ammonium sulphate was employed to convert the as-synthesized

material to sulfonated mesoporous NiO–ICG catalyst, in order to accelerate conversion of waste

cooking palm oil (WCPO) into ester. The structural, textural, morphological, and thermal characteristics

of the synthesized sulfonated mesoporous NiO–ICG catalyst were evaluated using X-ray diffraction

(XRD), Raman spectroscopy, temperature programed desorption (TPD), Brunauer–Emmet–Teller (BET),

thermogravimetric analysis (TGA), and transmission electron microscopy (TEM). Furthermore, the effect

of different reaction parameters against reaction time were investigated. Under the optimal

transesterification conditions; catalyst loading of 1 wt%, methanol to WCPO ratio of 9 : 1, operation

temperature of 100 �C and mixing intensity of 450 rpm, an optimum ester yield of 95.6% was achieved.

Additionally, a recyclability study proved that the spent catalyst was highly potential to be reused for nine

successive transesterification reactions without further treatment. Finally, the physicochemical

characteristics of the produced WCPO methyl ester were evaluated which were highly in accordance

with both European (EN; 14214) and American Standards for Testing Materials (ASTM; D6751) specifications.
1. Introduction

Recently, biodiesel has been nominated as a promising biode-
gradable source of energy to overcome the diminution of
petrochemical fuels.1 Biodiesel possesses unique characteristics
close to petroleum-based fuels in terms of cetane value, ash
point and kinematic viscosity.2

Biodiesel production can be classied into homogeneous or
heterogeneous catalysis reactions regarding on the type of
feedstock. Those of catalysis methods are further divided into
base or acid catalysts. At the moment, homogeneous basic
catalysts are conventionally being used for the synthesis of fatty
acid methyl ester (FAME). In contrast with acidic catalysts, base
catalysts require lower operating temperature (25–70 �C) in
order to enhance reaction rate at atmospheric pressure.3,4

Unluckily, homogeneous basic catalysts generate a certain
amount of water, even in the presence of water-free raw
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materials, due to the interaction between alcohol and hydrox-
ides. The generation of even a small amount of water conse-
quently leads to formation of soap. The saponication drops the
FAME yield and causes a complicated process of separation and
thus boosts the cost of ester production. On the other side, the
use of heterogeneous solid acid catalysts has fascinated scien-
tic attentions because of elimination of soap formation. It also
simplies the separation process which subsequently reduces
the operation cost. Moreover, the heterogeneous solid-acid
catalysts are highly potential to catalyze both trans-
esterication and esterication of feedstocks containing high
free fatty acids (FFAs).5,6 Indeed, using heterogeneous solid acid
catalysts can efficiently eliminate using of two steps process of
ester generation including basic catalysis transesterication
and acid catalysis esterication reactions. It should be noted
that diffusion of the polar by-products to the surface of the
catalyst causes deactivation of the catalyst.7 Moreover, solid acid
catalysts are simply regenerated and recycled in comparison
with homogenous base/acid catalysts.8 As a consequence, the
reusable eco-friendly solid acid catalysts are potential to be
replaced with environmentally unfriendly homogeneous acid/
base catalysts.9
This journal is © The Royal Society of Chemistry 2019
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Table 1 Physicochemical properties of the spent WCPO by AOCS
method

Quality Unit WCPO

Acid value mg KOH per g 34.0
Saponication value mg KOH per g 171.0
Density (15 �C) g cm�3 0.91
Kinematic viscosity (40 �C) mm2 s�1 33.0
Free fatty acid % 17
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Heterogeneous acid catalysts are categorized into three
major groups including: ion-exchange resin, metal and carbon-
based catalysts. On the other hand, the most of these catalysts
are not proper for transesterication of feedstocks because of
several undesired limitations such as low specic surface area
(SSA), low porosity and poor mechanical/thermal stabilities.10

Recently, a new generation of sulfonated carbon-based solid
acid catalysts have been synthesized (through either the sulfo-
nation of a carbonized inorganic/organic compound or
carbonization of sulfopolycyclic aromatic hydrocarbons) as
potential catalysts for ester production. However, these classes
of catalysts are highly stable and active via catalysis reaction,
they possess a so aggregation of polycyclic aromatic hydro-
carbons. Having no rigid carbon sources may cause leaching of
the –SO3H from the active sites of the catalyst. In case of
transesterication of triglyceride over high temperature,
applying carbon materials with so aggregation of polycyclic
aromatic hydrocarbons is not suitable where the protonation of
the carbonyl group of a triglyceride is difficult.11

Nevertheless, the sulfonated mesoporous metal oxide cata-
lysts can be potential candidates to overcome these limitations
due to possessing rigid aggregation of polycyclic aromatic
hydrocarbons. These materials are highly attracting because of
their other unique characteristics such as large surface area,
adjustable pore size, and high thermal steadiness. The combi-
nation of these characteristics increases the penetration of the
reactants easily to the active sites which consequently increases
the rate of production.11,12 Moreover, sulfonated mesoporous
metal oxide catalyst prevents agglomeration of the molecules of
water around the active sites that signicantly improves the
yield of nal product.

Furthermore, attempts have been made to maximize the
activity and selectivity of these materials through either in situ
or post-functionalization of the high interior surface areas and
internal frameworks of mesostructured in presence of specic
organic/inorganic components (prior to post-sulfonation treat-
ment). One route to modify textural characteristics of meso-
porous materials is simultaneously incorporation of desire
functional components (Al, Zn, Cu, Ni, Ti, etc) into mesostruc-
tured materials. More recently, the performance of Ni as
support on carbon materials for the deoxygenation of plant oil
into hydrocarbon-fuel has been reviewed. The Ni-based cata-
lysts have demonstrated high activity and great selectivity due to
their superior properties.13,14 In a recent research work, various
Ni loadings (5 wt% Ni, 10 wt% Ni, 40 wt% Ni and 100 wt% Ni)
was applied as support on hexagonal mesoporous silica (HMS)
for deoxygenation of triolein into hydrocarbon-biofuel produc-
tion.15 According to the experiment results, 10 wt% Ni loading
gave 92.5% and 95.2% of conversion and selectivity rates,
respectively. The excellent catalytic performance was assigned
to the excellent textural properties (surface area of 512 m2 g�1

and pore size of 5.39 nm) of the catalyst and uniformly
dispersion of Ni particles on the HMS (Si–O–Ni).

In the present work, a sulfonated mesoporous NiO–ICG
catalyst was hydrothermally synthesized and then post-
functionalized using thermal decomposition of ammonium
sulphate. The main advantage of core–shell nanoparticles is to
This journal is © The Royal Society of Chemistry 2019
simultaneously enhance thermal stability and reduce reactivity
of the core materials due to the shell material coating. Besides,
the shell material can provide surface chemistry for further
modication and functionalization of the nanoparticles. Ni was
selected as a dynamic support to stabilize the as-synthesized
mesostructured ICG, to increase penetration of guest particles
into the active sites (due to the high mass transfer) which
subsequently accelerated the transesterication of WCPO. The
catalytic performance and recyclability of the synthesized cata-
lysts were examined through transesterication of waste cook-
ing palm oil (WCPO) using autoclave reactor. Finally, the
physicochemical qualities of the produced ester were assessed
and then compared with both of ASTM; D6751 and EN; 14214
specications.
2. Materials and methods
2.1 Materials

The analytical reagents; nickel nitrate [Ni(NO3)2$6H2O], poly-
ethylene glycol [PEG, C2nH4n+2On+1, Mn ¼ 4000 g mol�1],
methanol (CH3OH; $99.5%), and ethanol (C2H6O; $99.5%)
were purchased from Fisher Scientic. Urea [CO(NH2)2], D-
glucose (C6H12O6), and ammonium sulphate [(NH4)2SO4;
$99.5%] were purchased from Sigma-Aldrich. The standard
methyl esters for GC analysis, consist of heptadecanoate,
methyl palmitate, methyl oleate, methyl myristate, methyl
stearate, and methyl linoleate were provided by uke, USA.

The WCPO containing 17.0% FFA was supplied by local
market, Malaysia. All the physicochemical characteristics of the
WCPO are characterized by AOCS method and summarized in
Table 1. From GC-MS analysis, the used oil contained ve major
FFAs including palmitic acid (C16:0, 34.80%), linoleic acid (C18:2,
12.59%), oleic acid (C18:1, 42.78%), stearic acid (C18:0, 7.13%),
and myristic acid (C14:0, 2.70%).
2.2 Preparation of mesoporous SO3H–NiO–ICG catalyst

2.2.1. Preparation of incomplete carbon glucose (ICG). The
pyrolysis process was performed in a muffle furnace tube where
10 g of D-glucose was positioned in a ceramic boat and then
loaded into the furnace. The pyrolysis was set from room
temperature to 400 �C for 12 h with nitrogen (N2) gas ow rate at
100 mL min�1 to produced ICG. Next, the sample was cooled at
room temperature, followed by milling at 1000 rpm for 1 h to
form homogenized ne powder. The precursor was then
pounded to powder form for further modications.
RSC Adv., 2019, 9, 31306–31315 | 31307
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2.2.2. Preparation of mesoporous NiO–ICG catalyst. A
polymeric mesoporous NiO catalyst was initially generated
using autoclave-assisted method.16 The optimum hydrothermal
conditions were found to be: Ni(NO3)2 of 2 g, urea of 5 mmol,
ICG : metal ratio of 5 : 1, PEG of 15 g, and deionized water of
150 mL. Then, the mixture was transferred into the Teon-lined
stainless-steel autoclave. Next, the autoclave was sealed and
maintained at 200 �C for 18 h under autogenous pressure. The
formed powder was further annealed at 600 �C for 4 h under N2-
ow gas to eradicate residual volatiles along the process
through decomposition of the initial materials.

2.2.3. Sulfonation by thermal decomposition of ammo-
nium sulphate. The post-sulfonation treatment is a well-known
approach to modify the nature of the parent materials by
increasing the aromatic chains and decreasing the aliphatic
rings. Typically, it enhances the hydrophobic nature of the
materials, particularly, near the active sites. The prefabricated
mesoporous NiO–ICG material was sulfonated through thermal
decomposition of ammonium sulphate. In this procedure, 2 g
of synthesized NiO–ICG was dispersed in 50 mL of (NH4)2SO4

reagent and sonicated for 1 h. Then, the mixture was immedi-
ately poured into the Teon lined stainless steel autoclave. Next,
the autoclave was sealed and maintained at 200 �C for 30 min.
Next, the sample was washed with mixture of deionized water
and ethanol to eradicate organic moieties on the surface. The
sample was then dried out at 100 �C for 24 h in an electrical
vacuum oven. Finally, the sulfonated mesoporous NiO catalyst
was fully activated through post-annealing treatment at 600 �C
for 4 h under N2-ow gas. The nal product; sulfonated meso-
porous NiO–ICG catalyst was prepared in large scale for further
examinations.
2.3. Catalyst characterization

The pore distribution diameters and specic surface areas were
assessed by Barrett–Joyner–Halenda (BJH) and adsorption–
desorption isotherm methods, respectively using Thermo Fin-
nigan apparatus. Initially, the procedure started by elimination
of water and degassing of the sample through preheating of
samples at 150 �C for 2 h under hydrogen ow. Then the sample
tube was immersed into a gaseous container of N2 (�196 �C).
The amount of N2 adsorption was computing to the relative
pressure. Raman spectroscopy was employed to study structural
features of the synthesized mesoporous SO3H–NiO–ICG cata-
lyst, using a Renishaw Raman spectrometer with 514 nm laser
excitation. X-ray diffraction (XRD; 6000 Shimadzu) patterns
were obtained with a scanning range of 10–80 degree at
a scanning rate of 2 degree per min across a metal target
(copper) with wavelength of 0.154 nm. Ammonia temperature-
programmed desorption (NH3-TPD; Thermo Finnigan TPDRO
1100) equipped with a thermal conductivity detector (TCD) was
employed to investigate the nature and acidity of the sites. In
this procedure, 0.4 g of the mesoporous catalyst was initially
treated under owing argon gas at 150 �C. Then, the catalyst was
exposed to a continual ow of NH3 for 1 h. Lastly, the overall
volume of adsorbed NH3 was measured through heating the
sample up to 900 �C via TCD with a heating rate of 15 �C min�1
31308 | RSC Adv., 2019, 9, 31306–31315
in 50 mL min�1 helium gas. Thermogravimetric analysis (TGA;
TG-50 Mettler) was applied to assess the mass-losses of the
functional groups over the surface of the synthesized sulfonated
mesoporous NiO–ICG catalyst. The TGA experiment was carried
out from room temperature to the maximum of 1000 �C in
airow of 200 mL min�1 with the rate 10 �C min�1. The
microscopic morphology of the synthesized catalyst was exam-
ined by transmission electron microscopy (TEM, Hitachi H-
7100) with electron beam energy of 100–200 keV. Prior to TEM
analysis, the sample was transferred to a glove box to inhibit
being exposed to air.
2.4. Transesterication reaction

Prior to set up transesterication reaction, the WCPO feedstock
was pre-treated in order to eliminate the presence of moisture
and other residues. In this regard, the prepared WCPO was
heated up at 120 �C for 20 min and then ltered. Then, the
transestericationmixture consisting of the mesoporous SO3H–

NiO–ICG catalyst, WCPO and methanol was placed into an
autoclave reactor which was equipped with an electronic time
controller, electronic heater and magnetic stirrer.
Hydrothermal-autoclaving technique is known as one of the
greenest process as the operation can be taken place under
a sealed system condition. This method can provide high
conversion rate under high temperature and high pressure
(HTHP) conditions at a shorter reaction time. Besides, a hydro-
thermal condition provides higher interface between reactants,
results in higher mass transfer.17 Under the HTHP system,
hydrogen atoms attached to the surface of the catalyst cleave
and subsequently link with FFAs, continues with catalysing into
methyl ester (ME).12

The preliminary transesterication was carried out at a non-
optimized transesterication conditions: catalyst amount of
1 wt%, methanol to WCPO molar ratio of 6 : 1, operating
temperature of 80 �C, and mixing intensity of 300 rpm. At the
end of each transesterication reaction, the sample was
centrifuged to separate the catalyst from other liquid parts.
Finally, remaining amount of the methanol was evaporated,
and then the rest was placed into a separating funnel to sepa-
rate synthesized ester from glycerol.

The EN 14103 standardmethod was introduced to determine
the content of produced ester. The EN 14103 standard is
a method which typically applied for calibration of the FAME by
relative reply to an internal standard. The biodiesel yield was
evaluated by gas chromatography ame ionization detector
(GC-FID; Agilent 7890A). The methyl heptadecanoate was
utilized as an internal-standard while methyl stearate, methyl
myristate, methyl oleate, methyl palmitate, andmethyl linoleate
were used as reference-standards. The yield of conversion was
evaluated via eqn (1):18

C ¼
P

A�P
Ameh

Ameh

� Cmeh � Vmeh

Wt
� 100% (1)

where; C is the percentage of ester yield,
P

A is the summation
of full area for the FFA peaks, Ameh is peak area of internal-
standard, Cmeh is the total loading of the methyl
This journal is © The Royal Society of Chemistry 2019



Table 2 Some textural characteristics of prepared mesoporous
SO3H–NiO–ICG catalyst
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heptadecanoate, Vmeh is the total volume of the methyl hepta-
decanoate, and Wt is the mass of the produced FAME.
Catalyst aSSA bDp
cVp

dNH3 acidity density

SO3H–NiO–ICG 411 3.1 0.13 3.10 � 0.05

a Specic surface area (m2 g�1). b Average pore diameter (nm). c Total
pore specic volume at P/Po ¼ 0.99 (cm3 g�1). d Based on NH3-TPD
measurements (mmol g�1).
3. Results and discussions
3.1. Catalyst characterization

The N2 adsorption–desorption isotherm and pore diameter
allocation of the synthesized sulfonated mesoporous NiO–ICG
catalyst are displayed in Fig. 1A and B, respectively. In accor-
dance with Brunauer, Deming, Deming, and Teller (BDDT)
isotherm categorization, the shape of N2 adsorption/desorption
isotherm was of typical as type IV, conrming the mesopore
structure of the synthesized sulfonated mesoporous NiO–ICG
catalyst.19 At the initial part of the isotherm (P/Po < 0.4), a weak
N2 adsorption was observed while at the middle part (P/Po > 0.4),
the adsorption increased which evidenced the presence of
monomodal mesopore size distribution. However, at the end
part of the isotherm (P/Po > 0.8), adsorption/desorption over-
lapped to gain shape a tale which might be corresponded to the
slits between ICG and NiO nanoparticles. Fig. 1B conrms that
the pores diameter was monomodal with a sharp curve at
3.1 nm. All the studied textural characteristics are displayed in
Table 2.
Fig. 1 (A) Adsorption (-)/desorption (C) isotherm, and (B) pore
diameter distributions of the prepared sulfonated mesoporous NiO–
ICG catalyst.

This journal is © The Royal Society of Chemistry 2019
The structural feature of the prepared sulfonated meso-
porous NiO–ICG catalyst was investigated using Raman spec-
troscopy system. Fig. 2A shows Raman spectra veried in the
spectral range of 1000 cm�1 to 2500 cm�1. The Raman spectra
of the sulfonated mesoporous NiO–ICG catalyst demonstrated
a strong G peak at 1575 cm�1 which was corresponded to E2g
mode scattering of phonon of the sp2 C atoms.20 Besides, an
expanded D peak veried at 1352 cm�1 which was attributed to
K-point phonons of A1g equilibrium.21,22

Fig. 2B depicts the progress of the crystallization of the
sulfonated mesoporous NiO–ICG catalyst. As clearly can be
seen, major X-ray diffraction peaks of (111), (200), (220), and
Fig. 2 (A) Raman spectra of the sulfonated mesoporous NiO–ICG
catalyst; (B) XRD pattern of the sulfonated mesoporous NiO–ICG
catalyst.

RSC Adv., 2019, 9, 31306–31315 | 31309
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(331) were detected at 37.54�, 43.48�, 63.60�, and 75.80�,
respectively. The X-ray diffraction peaks were perfectly matched
to the cubic phase NiO nanoparticles (JCPDS card no. #47-
1049).23,24 In the XRD pattern, no other crystalline phases
appeared which was corresponded to the high purity of the
cubic phase NiO nanoparticles.

The NH3-TPD prole of the sulfonated mesoporous NiO–ICG
catalyst is displayed in Fig. 3A. The two distinctive peaks were
observed on the prole. The rst NH3 desorption was detected
at around 540 �C which was associated to the presence of weak
acid as a result of decomposition of carboxyl groups.25 The
second NH3 desorption was detected at 730 �C which was
assigned to the existence of strong acid as a result of decom-
position of sulfonic groups.26 As indicated in Table 2, the
sulfonated mesoporous NiO–ICG catalyst possessed NH3 acidity
of 3.10 mmol g�1.

Fig. 3B depicts TGA and DTA curves of sulfonated meso-
porous NiO–ICG catalyst. Three endothermic curves were
detected in the DTA plot from room temperature to 100 �C,
100 �C to 350 �C, and 350 �C to 450 �C which were assigned to
the adsorption of molecules of water, carbon and sulfonic
compounds, respectively.26,27 Obviously, no other exothermic
curve took place at temperature above 450 �C to conrm re-
crystallization of NiO spinal.

The strategy for synthesizing SO3H–NiO–ICG core–shell solid
sphere catalyst is represented in Fig. 4. Initially, NiO–ICG core–
shell solid sphere precursor was prepared through a simplistic
hydrothermal-assisted method along with post-calcination
treatment. It is assumed that during the reaction, NiO nano-
particles were predominantly situated around the hydrophilic
shell of the ICG as the template (carbon spheres). The subse-
quent post-sulfonation treatment was performed to function-
alize mesopore channels with sulfonic compounds.

The morphology of the synthesized sulfonated mesoporous
NiO–ICG catalyst was examined by the TEM image (shown at
Fig. 4 (le corner image)). The formation of carbon core spheres
and distribution of NiO nanoparticles were displayed in black
and gray colors, respectively.
Fig. 3 (A) Typical NH3-TPD profile of the synthesized sulfonated mesop
oporous NiO–ICG catalyst.

31310 | RSC Adv., 2019, 9, 31306–31315
3.2. Effect of reaction parameters on the conversion yield

To optimize the transesterication conditions, the impact of
various factors (such as catalyst loading, the carbon length of
alcohol, and alcohol to oil molar ratio, operating temperature
and mixing intensity) on the yield of produced FAME were
evaluated, where the reaction time was untouched.

3.2.1. Effect of catalyst concentration. It should be noted
that esterication reaction is a reversible reaction and thus,
catalyst dosage should be sufficient to catalyse both the reaction
and the converse reaction. However, further amount of catalyst
may increase the viscosity of the mixture and subsequently
decrease mass transfer.28,29 The impact of the sulfonated mes-
oporous NiO–ICG catalyst over ester production was carried out
through different experiments over different loading of the
catalyst (0.25, 0.5, 0.75, 1.00, 1.25, and 1.50 wt%). In the
preliminary stage, the methanol to WCPO molar ratio, reaction
temperature andmixing intensity were 6 : 1, 80 �C and 300 rpm,
respectively. Fig. 5 depicts the effect of different loading of the
sulfonated mesoporous NiO–ICG catalyst on the FAME yield
against reaction time. Obviously, loading higher concentration
of the catalyst from 0.25 wt% to 1.00 wt%, resulted in the
highest ester yield. It was corresponded to increasing the
number of active sites and surface contacts by increasing the
dosage of the catalyst. However, the conversion rate level off
upon higher mesoporous catalyst concentrations as it was ex-
pected and mentioned above. Thereby, the optimal dosage of
the catalyst was found over 1.00 wt%, which was considered in
further experiments.

3.2.2. Effect of the carbon length of the alcohol. Both of
methanol and ethanol are vastly being used for trans-
esterication reaction. However, biodiesel production in pres-
ence of the ethanol is eco-friendlier, methanol is the most
favourite alcohol because of its polar aspects.29 Fig. 6 depicts the
effect of alcohol type on transesterication of WCPO over
1.0 wt% of the synthesized sulfonated mesoporous NiO–ICG
catalyst. It was claried that the FAME yield obtained in pres-
ence of methanol was quite higher when compared with
ethanol. Obviously, the reaction rate with ethanol was slower as
orous NiO–ICG catalyst; (B) DTA-TGA curves of the sulfonated mes-

This journal is © The Royal Society of Chemistry 2019



Fig. 4 Schematic illustration of the formation of SO3H–NiO–ICG core–shell solid sphere catalyst; TEM image of the synthesized sulfonated
mesoporous NiO–ICG catalyst (left corner image).
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compared with methanol. This behaviour might be assigned to
the carbon length of the used alcohol. Furthermore, the effect of
methyl nucleophile was stronger than the ethyl nucleophile,
resulted in lower reaction rate. Similar results were reported in
previous researches.30,31 By drawing on the results, methanol
was found to be more potential to methanolized the WCOP to
methyl ester over the synthesized sulfonated mesoporous NiO–
ICG catalyst.

For evaluating the impact of different alcohol to oil molar
ratio, ve experiments were conducted with different alcohol-
: WCPO molar ratio (1 : 3, 1 : 6, 1 : 9, 1 : 12, and 1 : 15), while
the catalyst concentration was 1.00 wt%, the reaction temper-
ature was 80 �C and the stirring intensity was 300 rpm. The
conversion yield was reached to its highest value by increasing
alcohol to oil molar ratio to 9 : 1 and 12 : 1 for methanol and
ethanol, respectively. Based on a chemical dynamic setting,
Fig. 5 The effect of the sulfonated mesoporous NiO–ICG catalyst
dosage on the FAME yield versus operating time (MeOH : WCPOmolar
ratio, reaction temperature and mixing intensity were 6 : 1, 80 �C and
300 rpm, respectively).

This journal is © The Royal Society of Chemistry 2019
a rise in the amount of alcohol accelerated the conversion rate.
However, excess amount of alcohol did not improve the FAME
yield which might be due to the fact that glycerol separations
Fig. 6 The effect of carbon length of alcohol; (A) methanol and (B)
ethanol on the FAME yield versus operating time (the catalyst amount,
alcohol to WCPO molar ratio, operating temperature and mixing
intensity were 1.0 wt%, 80 �C and 300 rpm, respectively).

RSC Adv., 2019, 9, 31306–31315 | 31311
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became more complex over higher alcohol ratios.2 The higher
ratio of alcohol is not recommended as the excess amount of
alcohol adsorbed on the surface of the catalyst, resulted in
deactivation of the catalyst. Besides, further increasing in the
methanol ratio caused ooding of active sites which prevented
entirely protonation of FFAs at the active sites. Results proved
that gaining higher conversion in lower methanol : oil was
more possible which corresponded to better absorption capa-
bility of methanol (due to its polar properties) in comparison
with ethanol.

3.2.3. Effect of reaction temperature. The impact of oper-
ating temperature on catalytic activity of the synthesized
sulfonated mesoporous NiO–ICG catalyst was examined at
various temperatures (60, 80, 100, 120, 140 �C). Other reaction
parameters including catalyst concentration, MeOH : WCPO
molar ratio, and mixing intensity were 1.0 wt%, 9 : 1, and
300 rpm, respectively. Fig. 7 displays the impact of operating
temperature on the conversion yield. It was observed that by
increasing the operating temperature from 60 �C to 80 �C, the
initial FAME yield increased and further increasing on the
temperature up to 100 �C, resulted in highest biodiesel yield
(probably equilibrium was achieved) while by increasing the
temperature above 100 �C, the FAME yield decreased. Since the
operation via hydrothermal-autoclaving technique was done
under a sealed system over HTHP conditions, the loss of
methanol was avoided while evaporated methanol forced back
to the reaction phase. On the other hand, increasing in the
reaction temperature above the equilibrium point may cause
the formation of a large quantity of bubbles whichmay interfere
the catalysis reaction. Results were in line with previous
research where transesterication of groundnut oil with meth-
anol was examined in presence of methanol over sulfated niobia
supported on KIT-6 catalyst at various temperatures (100, 120,
150 and 170 �C).32 The optimum operating temperature was
found to be at 150 �C, however, further increasing above
optimal temperature caused reduction in FAME yield. By
drawing on the results, the optimum reaction temperature was
found to be 100 �C with the FAME yield of 94.11%.
Fig. 7 The effect of operating temperature on the FAME yield versus
operating time (the catalyst concentration, MeOH : WCPOmolar ratio,
and mixing intensity were 1.0 wt%, 9 : 1, and 300 rpm, respectively).

31312 | RSC Adv., 2019, 9, 31306–31315
3.2.4. Effect of mixing intensity. The effect of different
mixing intensities (200, 300, 400, 500, and 600 rpm) on the yield
of methyl ester were investigated. The effect of mixing intensity
on the conversion yield is depicted in Fig. 8, where the catalyst
dosage, MeOH : WCPO molar ratio, and operating temperature
were 1.0 wt%, 9 : 1, and 100 �C, respectively. Obviously, when
the mixing intensity was at the lowest rate (150 rpm), the
conversion rate was very low. By increasing mixing power to
450 rpm, the highest conversion yield of 95.6% was attained.
However, the FAME yield was almost same with further
increasing in the mixing intensity, which was similar with
previous reports.33 The higher mixing intensity might cause to
sticking of the catalyst particles to the Teon cup which kept
them out of the reaction. Therefore, the optimal mixing inten-
sity was found to be 450 rpm.
3.3. Recyclability of the sulfonated NiO–ICG catalyst during
ester production

It should be noted that diffusion of the polar by-products to the
surface of the catalyst causes deactivation of the catalyst.7 As
a consequence, recyclability of the catalyst is a matter interest.
In comparison with environmentally unfriendly homogeneous
acid catalysts, reusable ecofriendly solid acid catalysts can be
simply regenerated and recycled which signicantly reduce the
cost of production.8,9 The recyclability of the sulfonated meso-
porous NiO–ICG catalyst was tested through ester production
using autoclave-assisted reactor within 80 min when the
MeOH : WCPO molar ratio was 9 : 1, catalyst loading was
1.0 wt%, reaction temperature was 100 �C, and mixing intensity
was 450 rpm. As the reaction was ended, the spent catalyst was
separated and then washed with a mixture of hexane and
ethanol to get rid of adsorbed compounds on the active sites,
and nally it was dried in an electrical vacuum oven during the
night at 100 �C. According to the recyclability results, the
content of WCPO methyl ester was found to be 95.6%, 95.3%,
94.5%, 93.7%, 91.7%, 88.1%, 85.4%, 80.7% and 75.9% while the
sulfonated mesoporous NiO–ICG catalyst was applied for nine
Fig. 8 The effect of mixing intensity on the FAME yield versus reaction
time (the catalyst concentration, MeOH : WCPO molar ratio, and
operating temperature were 1.0 wt%, 9 : 1, and 100 �C, respectively).

This journal is © The Royal Society of Chemistry 2019
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repeated transesterication reactions (illustrated in Fig. 9). The
leaching of the active species was determined by CHNS-
elemental analyser. The CHNS results showed slight reduction
of the sulfur content from 1.80 wt% to 1.33 wt% for the rst to
ninth transesterication runs, respectively. Obviously, the loss
of activity in each run was very insignicant which meant that
the leaching had not affected the bonded sulfuric acid
compounds and inner pore walls. The high catalytic activity
through reusability process may be corresponded to (i) excellent
textural and structural properties of the synthesized sulfonated
mesoporous NiO–ICG catalyst and (ii) covalently attachment of
the sulfonic groups into the inner surface of the mesostructured
catalyst through post-sulfonation by thermal decomposition of
ammonium sulphate. As can be seen in Fig. 9, the catalytic
activity gradually decreased (19.7%) over nine continuous
reactions which might be due to blockage of the mesopore
channels (as a result of chemisorption of reactants on the active
sites), formation of sulfonate ester, or slight leaching of the
sulfonic components.34,35

3.4. Fuel characteristics of the synthesized WCPO methyl
ester

Table 3 depicts fuel characteristics of the synthesized WCPO
methyl ester in comparison with American Standard Testing
and Materials (ASTM) and European Nation (EN) standards.
The fuel properties were investigated to determine that the
synthesized ester possessed adequate value to be used as bio-
fuel in accordance with those of ASTM; D6751 and EN; 14214
specications.

3.4.1. Density. The density has huge impact on the
atomization of the oil through combustion system especially
in airless condition. According to those of ASTM; D6751 and
EN; 14214 specications, the biofuel must have a density
within range of 0.83–0.93 g cm�3. From the results, the
Fig. 9 The reusability of the mesoporous sulfonated mesoporous
NiO–ICG catalyst for nine cycles under optimum transesterification
conditions: MeOH : WCPO molar ratio of 9 : 1; catalyst loading of
1.0 wt%; operating temperature of 100 �C; and mixing intensity of
450 rpm.

This journal is © The Royal Society of Chemistry 2019
density of the synthesized ester was 0.86 g cm�3 which was
lower than the density of the WCPO feedstock.

3.4.2. Kinematic viscosity. The kinematic viscosity (KV)
is a parameter which strongly related to the fatty acid
components of the fuel. According to those of ASTM; D6751
and EN; 14214 specications, the KV of the biodiesel must
be within range of 1.9–6.0 mm2 s�1 and 3.5–5.0 mm2 s�1,
respectively. From the results, the KV of the produced
biodiesel was measured (4.10 mm2 s�1) which was
extremely lower than the viscosity of the WCPO feedstock
33.0 mm2 s�1.

3.4.3. Acid value. The acid value (AV), which affects the
fuel aging, shows the FFAs content in the biodiesel. The
hydrolytic cleavage of the methyl ester bonds might increase
the value of FFAs content, results in the corrosion of the
metal part in the engine because of high melting point of
FFAs. According to those of ASTM; D6751 and EN; 14214
standards, the AV of the ester must be maximum 0.5 mg
KOH per g. The AV of the synthesized WCPO methyl ester
was 0.30 mg KOH per g, which was within specications
range.

3.4.4. Water content. The biodiesel which is contami-
nated with moisture may cause the corrosion of the engine
in metal parts. Moreover, molecules of water may interact
with glycerides in the fuel, results in the formation of soap
which denitely interferes the smooth pumping of the fuel.
In this regard, the ASTM; D6751 and EN; 14214 standards
specied a maximum value of 0.05% of the water in the fuel.
From the results, the water content of the synthesized ester
was in the range of specication.

3.4.5. Cold ow properties. The cloud point (CP) and
pour point (PP) are two of the most important cold ow
features of the fuels. The cloud point is an evaluation of the
oil temperature, at which point the oil starts solidifying. The
pour point is an evaluation of the oil, at which point the oil
starts owing. According to the of ASTM; D6751 specica-
tion, the CP and PP of the ester must be within range of
�3 �C to 12 �C, �15 �C to 12 �C, respectively. However, the
EN; 14214 standards have not specied any limitations for
those of CP and PP because the world's climate condition is
very considerable.36 The CP and PP of the produced WCPO
methyl ester were found �6 �C and �9.5 �C, respectively
which were in range of ASTM; D6751 specication.

3.4.6. Flash point. The ash point (FP) is a measure of
the oil temperature, at which point the oil starts to vaporize
viameasured lab condition. In case of fuel management and
safety, especially in fuel transportation and storage, deter-
mination of the FP is extremely important. Obviously, fuels
which possess higher FP value are able to highly reduce the
risk of combustion. However, the higher ash point of the
biodiesel is a considerable advantage of biodiesel as
compared with petroleum-based fuel. From the results, the
FP of the synthesized WCPO methyl ester was found to be
180 �C which was within specied range of those ASTM;
D6751 and EN; 14214 standards.
RSC Adv., 2019, 9, 31306–31315 | 31313



Table 3 Fuel properties of the synthesized WCPO methyl ester over the sulfonated mesoporous NiO–ICG catalystb

Parameters WCPO methyl ester EN 14214 ASTM D6751 Diesel

Cloud point (�C) �6.0 � 1.30 aNS �3–12 aNS
Pour point (�C) �9.5 � 0.20 aNS �15–12 aNS
Density at 15 �C (g cm�3) 0.86 � 0.01 0.86–0.90 0.82–0.90 0.85
Flash point (�C) 176 � 2.00 120 min 130 min 68
Kinematic viscosity at 40 �C (mm2 s�1) 4.10 � 0.10 3.5–5.0 1.9–6.0 2.6
Acid value (mg KOH per g) 0.30 � 0.05 0.5 max 0.5 max 0.35
Water content (mg kg�1) 0.01 � 0.01 0.05 max 0.03 max 0.02

a Not specied. b Values are mean � standard deviation of triplicate determinations.

RSC Advances Paper
4. Conclusion

The current research has shown that the synthesized sulfonated
mesoporous NiO–ICG catalyst was highly potential to convert
spent WCPO into methyl ester over hydrothermal assisted
method. The best possible conversion rate of 95.6% was
attained over optimal operating conditions; catalyst dosage of
1.0 wt%, MeOH–WCPO molar ratio of 9 : 1, operating temper-
ature of 100 �C and mixing intensity of 450 rpm. Nevertheless,
the use of WCPO ridiculously diminished the biodiesel
production cost. According to the recyclability results, the
recycled catalyst possessed excellent catalytic performance for
nine repeated reaction runs with negligible loss of activity. The
excellent recyclability of the synthesized catalyst was assigned to
the excellent textural and structural properties of the synthe-
sized sulfonated mesoporous NiO–ICG catalyst, covalently
attachment of the sulfonic groups into the inner surface of the
mesostructured catalyst through post-sulfonation by thermal
decomposition of ammonium sulphate. Furthermore, the
physicochemical characteristics of the produced WCPO methyl
ester were assessed which were highly in line with those of EN;
14214 and ASTM; D6751 specications.
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26 L. J. Konwar, P. Mäki-Arvela, E. Salminen, N. Kumar,
A. J. Thakur and J. P. Mikkola, Appl. Catal., B, 2015, 176–
177, 20–35.

27 J. A. Melero, L. F. Bautista, G. Morales, J. Iglesias and
R. Sánchez-Vázquez, Chem. Eng. J., 2010, 161, 323–331.

28 X. Liang, H. Xiao and C. Qi, Fuel Process. Technol., 2013, 110,
109–113.

29 K. Jacobson, R. Gopinath, L. Meher and A. Dalai, Appl. Catal.,
B, 2008, 85, 86–91.
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