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omagnetic sulphonated
impregnated Ni/Mn/Na2SiO3 as catalyst for
esterification of palm fatty acid distillate

Naeemah A. Ibrahim,a Umer Rashid, *a Thomas Shean Yaw Choongb

and Imededdine Arbi Nehdicd

The deterioration of the environment due to anthropogenic disturbances has become a major concern to

scientists and engineers. This study responds to the concern by developing a novel nanomagnetic

carbonaceous solid acid catalyst using empty fruit bunches (EFBs) as a precursor. The EFB was

sulphonated to obtain acidic EFBs (AEFBs). The impregnation method was performed to incorporate

metal oxides, namely, NiO, MnO and Na2SiO3, on the AEFBs. This process resulted in three

nanomagnetic catalysts, namely, Na2SiO3–NiO–MnO/AC, NiO–MnO/AC and NiO/AC. According to X-

ray diffraction analysis, the crystal size of the NiO/AC, NiO–MnO/AC and Na2SiO3–NiO–MnO/AC

catalysts were 13.87, 28.38 and 39.64 nm, respectively, whereas their Brunauer–Emmett–Teller surface

areas were 23.78, 12.69 and 16.8 m2 g�1, respectively. To confirm the incorporation of active metallic

species (Ni, Mn, Na and SiO) into the carbon surface, we performed X-ray photoelectron spectroscopy.

TPD-NH3 absorption showed that the Na2SiO3–Ni–MnO/AC catalysts substantially increased in the

active sites and exhibited higher acidity. FESEM images showed the morphology of the surface, pore

sizes and agglomeration of the catalysts. Moreover, the vibrating sample magnetometer depicted that

the Na2SiO3–Ni–MnO/AC catalyst was ferrimagnetic with magnetisation and magnetic saturation values

of 40.27 and 86.04 emu g�1, respectively. The optimal reaction conditions were as follows: PFAD/

methanol ratio of 16 : 1, 2 wt% mass of the catalyst, temperature of 120 �C and time of 4 h. Using the

synthesised nanomagnetic catalyst exhibited 96% conversion of PFAD to methyl esters. Furthermore, the

Na2SiO3–Ni–MnO/AC catalyst was easily separated from the reaction mixture using an external magnet

and was recycled six times. The modified nanomagnetic catalyst could be an efficient catalyst for

discarded feedstocks for biodiesel production.
Introduction

Fossil fuel is the primary source of energy at present, but this
fuel is nonrenewable and nonbiodegradable. However, bio-
diesel is a natural source of energy, environmentally friendly,
renewable, carbon-neutral, nontoxic and biodegradable.1–3

Biodiesel production from palm fatty acid distillate (PFAD)
using methanol and acid is realised by esterication and, to
a lesser extent, via a trans-esterication method.4 Massive
amounts of waste are accumulated from industrial organic and
inorganic materials, and this waste has to be recycled or reused
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08
for other purposes. The common secondary products from
processing the remains of rened edible palm oil are PFAD by-
products. In 2016, about 17.4 million metric tons of waste from
the palm oil industries inMalaysia were generated.5 The current
methods of waste removal are recycling and waste treatment.
However, these methods are expensive, difficult to implement
and time consuming.6 The handling process degrades the fat in
the fruit accompanied with taste, odour and colour. This fat has
to be removed by distillation before the crude palm oil is ready
for consumption. Moreover, PFAD is used in other industries
that make various commodities, such as soap, candles and
other oleochemical products.7 Other palm wastes include empty
fruit bunches (EFBs) and palm kernel shells,8 which can be used
as raw materials for producing other useful products and as
sources of carbon-based precursors because of their high
percentage of carbon content. These carbon-based materials are
used as supporters for catalysts.7,9

A homogeneous catalyst has good catalytic activity but has
some drawbacks, such as separation difficulties, poses envi-
ronmental hazards, corrodes equipment and high cost.10,11 A
This journal is © The Royal Society of Chemistry 2020
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possible solution for these limitations is to use a heterogeneous
catalyst instead because of its effective activity, recyclability,
non-corrosion and easy separation ability from the reaction.12,13

However, heterogeneous catalysts are characterised by their
long reaction time (>24 hours) and high reaction temperature
(>170 �C).14 Magnetic nanoparticle catalysts are oen utilised to
address these issues because of their ease of separation from
products and large surface area.15–17 Nanomaterial catalysts,
such as NiO, MnO and SiO2, are considered as links between the
gaps of homogeneous and heterogeneous catalysts.18 Several
researchers used nanomagnetic catalysts to evaluate the
production of biodiesel from crude jatropha oil, and they
reached efficiency of up to 96.7%.19 Another study was con-
ducted to clarify the function of magnetic Fe–Ca oxide catalysts
for the biodiesel production from hemp oil using co-
precipitation method to reach a magnetisation saturation rate
of 45.6 emu g�1, and the result was a conversion rate via trans-
esterication reaction of up to 92.16%.20 Li et al.21 produced
biodiesel by the trans-esterication reaction of Na2SiO3 on
Fe3O4 nanoparticles and found that the magnetic catalysts have
high activity with ease of separation and recyclability.

To the authors' knowledge, this unique catalyst has never
been synthesised and used for biodiesel production. The
nanomagnetic solid acid catalyst with active groups on the
carbonaceous support from EFB was synthesised and charac-
terised by X-ray diffraction (XRD), Brunauer–Emmett–Teller
(BET) method, X-ray photoelectron spectroscopy (XPS),
temperature-programmed desorption of ammonia (TPD-NH3),
eld emission scanning electronmicroscopy (FESEM), vibrating
sample magnetometer (VSM) and thermal gravimetric analysis
(TGA). The uniquely synthesised catalyst was successfully tested
to produce biodiesel from PFAD via esterication. The reus-
ability and leaching of the catalyst were determined. The spent
catalyst was also characterised.
Experimental
Materials

EFB was obtained from a nearby wastage eld in Selangor,
Malaysia. The feedstock PFAD, a by-product of palm oil renery,
was provided by Jomalina R&D, Bhd., Malaysia. Methanol and
ethanol (purity of 99%) were purchased from J.T. Baker. H2SO4

condensation (purity of 98.0%), phenolphthalein and potas-
sium hydroxide (purity of 99.9%) were obtained from Sigma-
Aldrich, Malaysia. Ni(NO3)2$6H2O and Na2SiO3$9H2O (purity
of 98.0%) were purchased from Friendemann Schmidt, Malay-
sia. Urea (99.5%) was supplied by R&M Chemicals, Malaysia.
Mn(NO3)2$4H2O (purity of 99.9%) was purchased from Merck,
Germany.
Fig. 1 Synthesis procedure of the magnetic catalysts.
Catalyst synthesis

Preparation of acidic EFB (AEFB). About 30 g of the EFB
powder was mixed with 400 ml water and 12 ml H2SO4. The
solution underwent hydrolysis by suspension at 150 �C for 2 h
with stirring at a speed of 350 rpm. The solution was ltered,
and the solid was washed with hot water (80 �C). The sample
This journal is © The Royal Society of Chemistry 2020
was dried at 75 �C and sieved with a 200-mesh sieve (Endecotts)
to produce AEFB.

Synthesis of nanomagnetic catalysts. The rst catalyst (NiO/
AC) was prepared by mixing 200 ml deionised water, 30 g solid
urea and 12 g AEFB as obtained earlier with 2%, 5%, 10% and
15% Ni(NO3)2$6H2O, relevant weight of which was calculated
using eqn (1).

NiðNiO3Þ2% ¼ x
�
NiðNiO3Þ2

�

x
�
NiðNiO3Þ2

�þNiðNiO3Þ2
(1)

The mixture was reacted at 135 �C in a 500 ml three-neck
ask equipped with a condenser. The solution was stirred at
500 rpm for 10 h. At the end of the process, a solid product with
Ni(OH)2 was collected and dried in an oven at 100 �C for 24 h
and calcined at 700 �C for 2 h. A total of four nanomagnetic
catalysts consisting of four NiO/AC catalysts based on the 2%,
5%, 10% and 15% of Ni (NO3)2$6H2O were obtained.

The second catalyst (NiO–MnO/AC) was prepared by mixing
the optimised 5% nano Ni(NO3)2$6H2O, 200 ml deionised
water, 30 g solid urea and 12 g AEFB doped with 2%, 5%, 10%
and 15% of Mn(NO3)2$4H2O, whose weights were determined
using eqn (1). The preparation of NiO–MnO/AC catalyst was
similar to that the rst catalyst. Screening procedure was per-
formed to determine the best-performing catalyst.

The third catalyst (Na2SiO3–NiO–MnO/AC) was prepared by
mixing 10 g of each of the four catalysts with 2%, 5%, 10% and
15% NiO–MnO/AC, 30 g Na2SiO3$9H2O and 5 ml deionised
water. The solution was heated to 85 �C until it was converted to
gel-like solid and dried in an oven at 70 �C for 24 h. The solid
was calcined at 400 �C for 2 h and crushed with ball milling for
2 h and at spinning of 230 rpm to produce Na2SiO3–NiO–MnO/
AC (Fig. 1), which was nally screened.
Catalyst characterisation

XRD (Shimadzu XRD-6000 with anode Cu-Ka radiation) was
conducted to estimate the crystal structure and phase compo-
sition of the catalysts. The thermal gravimetric method was
performed to determine the change in sample mass as a func-
tion of temperature. Mettler Toledo TGA-SDTA was used with
a temperature range of 25–1000 �C and nitrogen ow of 30
ml min�1. Surface characteristics of the catalyst relative to the
RSC Adv., 2020, 10, 6098–6108 | 6099
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number and size of the active sites on the surface were deter-
mined via TPD-NH3 (Thermo Scientic TPDRO 1100). The
magnetic saturation (MS) of the catalysts was measured using
VSM (Lake Shore 7407). The test was performed at room
temperature with external magnetic range of �20 000 to 20 000
G. The ratio of elements C, Ni, Mn, Na and SiO were determined
using XPS and recorded using achromatic Al Ka (1486.6 eV) X-
ray source that operated at 15 kV. The morphology of the
adsorbents was observed through FESEM (Nova NanoSEM 230,
FEI, USA). Specic surface area, total pore volume and average
pore size were measured by the adsorption and desorption of N2

at 77 K using an automated device (Micromeritics ASAP 2020).
Prior to analysis, the samples were outgassed at 250 �C for 4 h.
The surface area and pore size distribution were obtained via
BET and Barrett–Joyner–Halenda calculations.
PFAD methyl ester

As a precautionary step, the Na2SiO3–NiO–MnO/AC catalyst was
dried in an oven at 10 �C for 60 min to remove the moisture
present. Catalyst performance was analysed via esterication
using various methanol-to-PFAD ratios (6–24) mixed in a 250 ml
ask at different temperatures (80–120 �C) under constant
stirring at 350 rpm for a maximal period (1–6 h) and catalyst
loading (0.5–6.0 g) before cooling down to room temperature.
Aer the reaction, the mixture was poured into a separation
funnel. When the reaction cooled down, the separation process
was started by separating the magnetic catalyst using an
external magnet. The biodiesel and methanol were taken to
another ask where the methanol was removed by heating the
solution at 70 �C until the layer that contained methanol was
completely removed, thereby leaving the biodiesel. The bio-
diesel produced was subjected to conversion factor test to
measure the percentage of free fatty acid (FFA) in the biodiesel.
Eqn (2) depicts the conversion factor in terms of the initial acid
value (Av0) and the acid value at the time of terminating the
reaction (Avt).

Conversion ð%Þ ¼ Av0 �Avt

Av0
� 100 (2)
Fig. 2 XRD patterns of NiO/AC, NiO–MnO/AC and Na2SiO3–NiO–
MnO/AC catalysts.
Reusability and leaching analysis

The catalyst was separated from the reaction mixture by using
an external magnet and was initially washed with hexane to
remove nonpolar compounds, such as methyl esters, from the
catalyst surface. The catalysts were washed with methanol to
remove polar compounds, such as glycerol, and dried at 100 �C
for 8 h. The leaching of the catalyst into the reaction mixture
was investigated by inductively coupled plasma-mass spec-
trometry (ICP-MS). The sample was vaporised, atomised and
partially ionised in plasma. The atoms and ions were excited
and emitted light at characteristic wavelengths in the ultraviolet
or visible region of the spectrum. The emission line intensities
were proportional to the concentration of each element in the
sample. The elemental composition of the samples was deter-
mined by digesting each sample (0.025 g) in 5% nitric acid.
6100 | RSC Adv., 2020, 10, 6098–6108
Results and discussion
XRD

XRD was performed to examine the crystallinity of the nano-
magnetic catalysts NiO/AC, NiO–MnO/AC and Na2SiO3–NiO–
MnO/AC, as shown in Fig. 2. Three strong characteristic peaks
for Ni, NiO and carbon in the NiO/AC catalyst appeared at 2q-
reections of 44.5�, 51.5� and 76.3�. This result is concordant
with that of previous works.22,23 The peaks from NiO/AC
appeared on the NiO–MnO/AC peaks plus the new MnO peaks
at 2q of 35�, 40.5� and 58.7�, as reported previously.24 Six extra
peaks of the Na2SiO3–NiO–MnO/AC catalyst appeared that can
be attributed to Na2SiO3 at new 2q-reections of 16.9�, 25.1�,
29.5�, 37.3�, 48.1�, 64.5� and 66.3�. All reections were matched
with the JCPDS les of the respective dopants, starting with NiO
(JCPDS-ICDD: 00-014-0481), MnO (JCPDS-ICDD: 01-082-8819)
and Na2SiO3 (JCPDS-ICDD: 01-072-0079).

Further, crystal size (d) was calculated in terms of q and the
constants K, l and b, as depicted in eqn (3).

d ¼ Kl

b cos q
(3)

The crystal size of the NiO/AC catalyst was estimated to be
13.87 nm. However, the size increased to 28.38 nm when MnO
was added, an expected result because the insertion of MnO in
the carbon lattice enlarges crystallite sizes.25 Finally, the crys-
talline size of the Na2SiO3–NiO–MnO/AC catalyst was estimated
to be 39.64 nm. The increase in crystal size was likely caused by
the increase in the effective surface area of the crystal formed
that can be achieved by either increasing the number or size of
the pores or both.26 The various crystal sizes were calculated
using Scherrer's equation, as shown in Table 1.
XPS

XPS was performed to characterise the surface species through
a survey scan of Na2SiO3–NiO–MnO/AC catalyst up to 1200 eV
(Fig. 3a). The following peaks were detected: 285.7 (C1s), 641.5
(MnO 3/2), 652.7 (MnO 1/2), 855.6 (NiO 3/2), 873.2 (NiO 1/2),
1071.5 (Na1s), 532.4 (O1s) and 102.1 eV (Si2p). The C1s peak
at 284.8 eV that appeared in the whole spectra was narrowly
This journal is © The Royal Society of Chemistry 2020
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Table 1 Crystallite size of catalysts NiO/AC, NiO–MnO/AC and
Na2SiO3–NiO–MnO/AC

Catalyst Crystalline size (nm)

NiO/AC 13.87
NiO–MnO/AC 28.35
Na2SiO3–NiO–MnO/AC 39.64
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tted, as shown in Fig. 3a. This peak consisted of three peaks
corresponding to C–C/C]C (284.8 eV), carbonyl groups (288.8
eV) and C–O hydroxyl groups (285.8 eV). Ni appeared at peaks
855.6 (NiO 3/2) and 873.2 eV (NiO 1/2). As a close t in Fig. 3b to
these two peaks, results showed that these two peaks are stan-
dard, and no subsequent peaks can be observed. These two Ni
peaks can be assigned to 2p3/2 Ni(OH)2 (855.6 eV) and 2p1/2 NiO
(873.2 eV). However, the spectrum showed two satellites at 861.7
and 870.0 eV corresponding to 2p3/2 and 2p1/2, respectively. The
satellite peaks were attributed to the existence of multi-electron
excitation.27 In terms of Mn, the XPS spectra showed two stan-
dard peaks at 641.5 and 652.7 eV. A close t curve for these two
Fig. 3 (a) Survey scan, (b) NiO (3/2, 1/2) spectrum, (c) MnO (3/2, 1/2)
spectrum, (d) Na1s spectrum and (e) Si2p of Na2SiO3–NiO–MnO/AC
catalyst.

This journal is © The Royal Society of Chemistry 2020
peaks suggested a satellite peak at 645.1 eV, which corre-
sponded to 641.5 eV, as shown in Fig. 3c.28 The XPS spectra also
showed a strong peak at 1071.5 eV corresponding to Na1s,
which supported the existence of Na in the catalyst (Fig. 3d).
Na1s peak was tested according to the best tting program, and
a single Na peak appeared, a result that agrees with that of
a previous study.29 This peak at 102.7 eV based on XPS is
attributed to SiO2 in Fig. 3e.
TPD-NH3 analysis

The amount of acid sites present in the catalysts was estimated
by calculating the desorption peak area of ammonia, which was
used to determine acid strength as a function of the maximum
temperature (Tmax). The number and size of the pores on the
surface of the crystal and the vacancies inside the bulk play an
important role in determining the amount of NH3 absorbed by
the surface.30 Three distinct regions appeared at 450 �C, 700 �C
and 950 �C in the NiO/AC catalyst (Fig. 4). The rst desorption of
NH3 is attributed to those pores located directly on the surface.
The high-temperature NH3 desorption at 700 �C and 950 �C
belonged to the vacancies located underneath the surface. As
NiO was doped with the catalyst NiO/AC, the desorption
features remarkably changed. The rst and most important
change was the disappearance of the low-temperature NH3

desorption at 450 �C. This occurrence was caused by the
reduction in the pores on the NiO–MnO/AC catalyst surface by
the MnO molecules, thereby leaving the vacancies underneath
the surface intact.31 The desorption of NH3 started as the
temperature increased to 650 �C, suggesting that NH3 was more
conned (bonded) to the bulk of the catalyst. The second peak
of NH3 desorption from the NiO–MnO/AC catalyst required high
temperature to overcome the bond of NH3 to the bulk.32 The
addition of Na2SiO3 to the NiO–MnO/AC catalyst produced the
Na2SiO3–NiO–MnO/AC catalyst. The shi of the rst peak
toward lower temperature (from 450 �C in NiO–MnO/AC to
about 500 �C in the Na2SiO3–NiO–MnO/AC catalyst) could be
attributed to the demographic changes in the number and size
of the pores. The peak appeared broader than its corresponding
peak in NiO–MnO/AC, indicating that more pores were created
Fig. 4 TPD-NH3 profile of NiO/AC, NiO–MnO/AC and Na2SiO3–NiO–
MnO/AC catalysts.

RSC Adv., 2020, 10, 6098–6108 | 6101
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on the surface. The peak was less intense than its corresponding
peak on the surface of NiO–MnO/AC, suggesting that the peak
was smaller in size, thereby resulting in higher surface area. The
last peak that appeared at about 1000 �C was very broad and less
intense. Na2SiO3 seemed to inuence the number and size of
these underneath vacancies.33 The effect of doping NiO, MnO
and Na2SiO3 on the surface of the carbon substrate was clear
and could be described as remarkable changes in the behaviour
of the substrate.
FESEM with energy dispersive X-ray (EDX) analysis

The FESEM image of the raw EFB is shown in Fig. 5a. Large
irregular aggregate bres with different sizes can be seen as
a result of the effect of moisture and themethod of handling the
raw bunch.34 As illustrated in Fig. 5b, the surface of AEFB
appeared smoother than that of EFB due to the effect of H2SO4.
The NiO/AC catalyst is shown in Fig. 5c. When Ni(NO3)2$6H2O
was used with Mn(NO3)2$4H2O, the morphology of the surface
and the number and size of the pores varied. As shown in
Fig. 5d, the effect of developing the NiO–MnO/AC catalyst
substantially affected the surface as numerous pores were
created with different sizes. The surface contained several areas
of agglomeration, whereas small pores were still noticeable on
the other areas (Fig. 5d). In the Na2SiO3–NiO–MnO/AC catalyst,
the morphology and pores were also affected when Na3SiO2 was
added (Fig. 5e), a result similar to that obtained by Zhang et al.32
Fig. 5 FESEM image of (a) EFB, (b) AEFB, (c) NiO/AC, (d) NiO–MnO/AC
and (e) Na2SiO3–NiO–MnO/AC catalysts.

6102 | RSC Adv., 2020, 10, 6098–6108
The most important difference was the surface appeared to be
covered by a large amount of the combined material of NiO,
MnO and SiO2, as these three oxides are all magnetic in nature.
Moreover, the pores were heavily covered by a layer that
appeared to be thin in some parts of the surface due to the
power construction. In other parts, a thick layer based on the
agglomeration of the three nanomagnetic oxides was observed.

EDX analysis was performed to determine the chemical
composition of the NiO/AC, NiO–MnO/AC and Na2SiO3–NiO–
MnO/AC catalysts, and the results are presented in Table 2. In
the NiO/AC catalyst, a high percentage of Ni (5.8%) was
observed with the presence of carbon (80.69%) and oxygen
(13.51%). However, the percentage of Ni declined 5.8 to 4.22%
on the catalyst surface because of doping with 9.6% Mn.
Accordingly, the percentages of C and O changed. However, the
Na2SiO3–NiO–MnO/AC catalyst showed a considerable change
in C and a slight change in Mn and Ni percentages with the
addition of 24.4% Na and 12.8% silica. This result proved that
the pores on the C surface of the Na2SiO3–NiO–MnO catalyst
had different concentration of Ni, Mn, Na and Si.

ICP represents the metal analysis of the NiO/AC, NiO–MnO/
AC and Na2SiO3–NiO–MnO/AC catalysts. The NiO/AC catalyst
showed Ni content (5.3%), whereas, decrease in nickel
concentration (4.72%) was observed in NiO–MnO/AC catalyst
due to the addition of manganese (9.37%) which were accu-
mulated signicantly by penetrating into the pores of the NiO–
MnO/AC catalyst. Additionally, the accumulation of sodium
(24.4%) and silica (12.8%) is evident in the Na2SiO3–NiO–MnO/
AC catalyst as can be observed in Fig. 5e and also in Table 2.
VSM

The magnetization properties of the NiO/AC, NiO–MnO/AC and
Na2SiO3–NiO–MnO/AC catalysts were measured at room
temperature via VSM between 2 and �2 T, as shown in Fig. 6
and Table 3. TheMS levels of the three catalysts were recorded at
26.97, 51.32 and 40.27 emu g�1, respectively. The increase in
magnetization level of NiO–MnO/AC from 26.97 emu g�1 to
51.32 emu g�1 was expected because MnO is another magnetic
material added to the original matrix. The MS of Na2SiO3–NiO–
Table 2 Elemental compositions (C, O, Ni, Mn, Ni, Si) of NiO/C, NiO–
MnO/AC and Na2SiO3–NiO–MnO/C catalysts using EDX and ICP

wt% NiO/AC NiO–MnO/AC Na2SiO3–NiO–MnO/C

Ca 80.69 71.89 33.81
Oa 13.51 14.29 15.9
Nia 5.8 4.22 4.1
Mna — 9.6 8.99
Naa — — 24.4
Sia — — 12.8
Nib 5.3 4.72 4.48
Mnb — 9.37 9.65
Nab — — 2.4
Sib — — 1.1

a Analysed by EDX. b Analysed by ICP.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 VSM magnetization curves of NiO/AC, NiO–MnO/AC and
Na2SiO3–NiO–MnO/AC catalysts at room temperature.

Fig. 7 N2 adsorption–desorption isotherms of NiO/AC, NiO–MnO/AC
and Na2SiO3–NiO–MnO/AC catalysts.
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MnO/AC was 40.27 emu g�1, which was lower than that of NiO–
MnO/AC but higher than that of NiO/AC. The presence of the
nanomagnetic SiO2 in the Na2SiO3 induced a negative effect on
the magnetic eld caused by the ferromagnetic materials of NiO
and MnO. The effect of SiO2 was discussed previously,35 which
showed that the presence of SiO2 as coating to Fe3O4 reduces
the MS of Fe3O4. The MS of Fe3O4–SBA-15–SO3H and graphene
oxide Fe3O4 nanocomposite catalysts were previously re-
ported16,36 as 12.1 and 7.62 emu g�1, respectively. These MS

values were less than that of the produced Na2SiO3–NiO–MnO/
AC catalyst in the present study (40.27 emu g�1).
BET surface area analysis

Fig. 7 illustrates the nitrogen adsorption–desorption plot of the
three catalysts. The highest surface area was obtained from the
NiO/AC catalyst, suggesting that its surface had more pores and
active sites to support the reaction.WhenNiO/ACwasmodied by
the addition ofMn(NO3)2$4H2O, the surface area was covered with
more materials, resulting in lesser surface area than the NiO/AC
catalyst. When NiO–MnO/AC was doped with Na2SiO3 to
produce the Na2SiO3–NiO–MnO/AC catalyst, the surface area of
the catalyst was reduced due to the blockage of several pores by
the Na2SiO3 molecules.32 The N2 adsorption–desorption isotherm
plot exhibited a typical type IV adsorption–desorption isotherm,
which is a characteristic of a mesoporous material.37 Table 2
shows the surface area, pore size and pore volume of the catalysts.
TGA

Weight loss was determined using the TGA curves of the NiO/AC,
NiO–MnO/AC and Na2SiO3–NiO–MnO/AC catalysts (Fig. 8). The
Table 3 Magnetic properties (VSM) and surface areameasurement (BET)

Catalyst

VSM BE

MS (emu g�1) Hc (Or) Sur

NiO/AC 26.97 28.05 23.
NiO–MnO/AC 51.32 67.3 12.
Na2SiO3–NiO–MnO/AC 40.27 86.04 16.

This journal is © The Royal Society of Chemistry 2020
data were obtained under nitrogen atmosphere at the interme-
diate temperature rate of 25 �Cmin�1. The TGA curve of the NiO/
AC catalyst also displayed two events where the rst event rep-
resented mass loss within the temperature range of 23.8–204 �C
caused by the removal of water and the second loss within the
range of 568–656 �C, which is attributed to the decomposition of
NiO in addition to insignicant impurities.38–40

According to the TGA analysis of the NiO–MnO/AC catalyst,
the weight loss appeared between 452.8 �C and 655.3 �C, which
can be attributed to the decomposition of MnO and NiO.41,42

The TGA analysis of the Na2SiO3–NiO–MnO/AC catalyst showed
a decomposition at 289.4 �C and 569.2 �C.

Screening of catalysts for PFAD

During the esterication of PFAD conversion to FFA by the
catalyst NiO/AC at different Ni concentrations (2%, 5%, 10%
and 15%), the reaction condition was xed at a reaction time of
3 h, catalyst loading of 0.5% wt, temperature of 60 �C and
methanol-to-PFAD ratio of 16 : 1. The esterication reaction by
the 5% NiO/AC achieved the highest FFA conversion of 70% �
2.1%, whereas the 15% NiO/AC catalyst showed the lowest
biodiesel conversion of 56% � 2.1%. The biodiesel conversion
was reduced when the amount of Ni was increased to >15%.
Subsequently, the best-performing catalyst (NiO/AC, 5%) was
doped with Mn to prepare the other catalyst (NiO–MnO/AC)
with different Mn concentrations of 2%, 5%, 10% and 15%
under the same reaction conditions. The conversion rate was
increased by the 2%, 5% and 10% NiO–MnO/AC catalysts to
62%, 78% and 84%, respectively, but the conversion rate
decreased to 65% when the catalyst was doped with >15% Mn.
The 10% NiO–MnO/AC catalyst performed the best and was
results of NiO/AC, NiO–MnO/AC and Na2SiO3–NiO–MnO/AC catalysts

T

face area (m2 g�1) Pore size (Å) Pore volume (cm3 g�1)

78 5.76 0.0256
69 18.79 0.0062
80 21.27 0.0092

RSC Adv., 2020, 10, 6098–6108 | 6103
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Fig. 8 TGA profile of NiO/AC, NiO–MnO/AC and Na2SiO3–NiO–
MnO/AC catalysts.

Fig. 10 Optimization studies for FFA conversion to esters by manip-
ulating (a) PFAD/methanol ratio, (b) catalyst mass, (c) reaction
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used to synthesise another catalyst by doping NiO (5%)–MnO/
AC (10%) with Na2SiO3 to yield Na2SiO3–NiO–MnO/AC under
the same reaction conditions. As illustrated in Fig. 9, the 10%
Na2SiO3–NiO–MnO/AC achieved the highest conversion rate of
92% among other concentrations (2%, 5% and 15%), which
showed conversion rates of 68%, 89% and 79%, respectively.
temperature and (d) reaction time.
Optimization of reaction process parameters

The optimization process was performed using the conversion
factor for PFAD to produce esters, as shown in Fig. 9. Several
factors affected the conversion factor. However, only four
important parameters were considered in this study according to
the approach adopted previously.43 The rst parameter, the
PFAD/methanol ratio, was set at 6 : 1, 9 : 1, 12 : 1, 16 : 1 and
24 : 1 (Fig. 10a). Results showed that increasing the ratio beyond
24 : 1 had almost no effect on yield. The 74% conversion rate was
obtained at 16 : 1, whereas the 75% conversion rate of PFAD to
esters was obtained at 24 : 1. The ratio of 16 : 1 was selected
considering the economic factor as the cost of extra methanol
and the small difference in yield of about 1% have no economic
benet. Thus, the 16 : 1 ratio was better than the 24 : 1 ratio.

The second parameter, which is mass of the Na2SiO3–NiO–
MnO/AC catalyst, was used in the conversion process (Fig. 10b).
Fig. 9 Screening of catalysts (NiO/AC, NiO–MnO/AC and Na2SiO3–
NiO–MnO/AC) for FFA conversion at the following reaction condi-
tions: reaction temperature of 120 �C, reaction time of 2 h, methanol-
to-PFAD ratio of 16 : 1 and catalyst loading of 0.5 wt%.

6104 | RSC Adv., 2020, 10, 6098–6108
The mass of the Na2SiO3–NiO–MnO/AC catalyst varied at 0.5,
1.0, 2.0, 4.0 and 6.0 g. Results showed that with 0.5 g, the
conversion rate was 28% and it increased as the mass of
Na2SiO3–NiO–MnO/AC increased, attaining 84% when the mass
was 2 g. As the mass increased beyond 2 g, the conversion factor
decreased until it reached 72% when the mass was 6 g. The
saturation level at which the mass of the catalyst has no effect
was not tested because the conversion slightly decreased
between 4 and 6 g. The optimum conversion rate was reached at
2 g, which can be explained by the amount needed to convert
PFAD into biodiesel as a result of reducing the activation
surface of the catalyst by closing more pores.44 The saturation
was studied for each catalyst, and the results differed according
to the type, synthesis and usage of the catalyst.45

The third parameter, temperature, varied between 80 �C,
100 �C, 120 �C, 140 �C and 150 �C (Fig. 10c). The maximum
conversion rate of 95% was achieved at 120 �C, suggesting that
yield is temperature dependent and increases with temperature
to a certain point beyond which conversion rate decreases due
to increased volatility and miscibility.46

The fourth parameter, which is reaction time, is illustrated
in Fig. 10d. The maximum yield was obtained aer using the
Na2SiO3–NiO–MnO/AC catalyst for 2 h where the yield was 96%
for usage times of 1, 2, and 6 h. This result is an important
economic consideration because contact time is required and
critical for optimum FFA conversion. Moreover, saving energy
and reducing any further reaction are imperative.
Proposed mechanism of Na2SiO3–NiO–MnO/AC catalyst
involving PFAD for esterication reaction

Briey, as per Fig. 11 in proposed mechanism, (a) FFA accepts
a proton from acid catalyst, (b) the alcohol molecule attacks the
This journal is © The Royal Society of Chemistry 2020
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Fig. 12 Reusability of Na2SiO3–NiO–MnO/AC catalyst in esterification
of PFAD.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

12
:0

1:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
protonated carbonyl group to yield an intermediate, (c) the
intermediate loses a water molecule and produces a protonated
ester and (d) a proton is transferred to the acid catalyst to
produce an ester.

Catalyst reusability

The reusability of the Na2SiO3–NiO–MnO/AC catalyst was
determined by conducting the reaction cycles at optimised
conditions (2 wt% catalyst loading, 16 : 1 methanol-to-PFAD
ratio, 120 �C reaction temperature and 2 h reaction time)
through which the catalyst was washed and dried again for the
next cycle (Fig. 12). The reusability of the catalyst depended on
the amount of leached Na, Ni and Mn in biodiesel conversion,
which corresponded with the amount of these elements lost
from the catalyst during the usage. The amount of these three
elements in the conversion increased from 14 ppm to 34 ppm,
5 ppm to 18 ppm, and 3 ppm to 24 ppm, respectively. The
amount of leached Na in the reaction mixture substantially
increased due to the disruption and dissolution of active metals
during the multiple cycles. The activity of esterication
decreased during the reaction because of the release of Na from
the catalyst. This release might be attributed to the active sites
lled by the intermediate types produced within the reaction.
The nal yield of 77% on the sixth run under optimum reaction
conditions was similar to that obtained by Zhang et al.32 The
amount of Ni and Mn leaching was less than that of Na. The
reusability of the Na2SiO3–NiO–MnO/AC catalyst in terms of Ni
and Mn particles showed that this catalyst could be used
economically up to six times.

Comparison of sulphonated activated carbon-based catalysts

Table 4 presents the comparison between suphonated activated
carbon-based catalysts and the catalyst produced in the present
study. Li et al.47 reported a low biodiesel conversion percentage
of 75% with high catalyst loading (20 wt%) under high reaction
temperature (80 �C) at 3 h. The FAME yield was inuenced by
the reaction conditions, as stated by Bureros et al.48 A typical
rise in biodiesel yield (93%) when the time was increased to 24 h
was demonstrated. However, the catalytic activity of cacao shell-
derived solid acid catalyst declined aer four consecutive runs.
Fig. 11 Proposed mechanism.

This journal is © The Royal Society of Chemistry 2020
Huang et al.49 identied a 95.4% conversion rate at a high
reaction time of 7 h. By contrast, the present study achieved
a 96% conversion rate in less than 2–3 h. The catalytic activity of
the pyrolyzed lignin sulphonated catalyst declined aer ve
cycles probably because of the leaching of the –SO3H groups
linked with relatively unstable aliphatic groups. Shu et al.50

obtained an 80.5% FFA conversion rate using high reaction
temperature of 220 �C and long reaction time of 4.5 h. In
another study, Shuit et al.51 used carbonised vegetable oil
asphalt-based catalyst and demonstrated promising results in
the esterication of PFAD with 93.5% yield. However, this result
was achieved at a high reaction temperature of 170 �C. In the
present study, 96% biodiesel yield was achieved at 2 wt% cata-
lyst loading, 16 : 1 methanol-to-PFAD ratio, 120 �C reaction
temperature and 2 h reaction time. The Na2SiO3–NiO–MnO/AC
catalyst also showed better reusability (six times) than the other
sulphonated catalysts.
Spent Na2SiO3–NiO–MnO/AC catalyst characterisation

The used catalyst was characterised using XRD and TPD-NH3.
The catalyst stability agreed with the XRD pattern of the used
catalyst aer six runs. Fig. 13a shows the pattern that was typical
of the fresh Na2SiO3–NiO–MnO/AC, indicating that it retained
its active metal phase structures. The average crystallite size of
the spent catalyst was calculated using the diffraction peak of
NiO at 2q ¼ 45� (111) (JCPDS card no. 00-014-0481), which
became signicantly larger aer six reaction runs. This nding
conrmed that the active metal on AC underwent sintering
during the esterication reaction, which might result in
decreased surface area.52,53

The ICP-MS results showed that the total metal leaching of
209 ppm prevented further reaction on the surface of the cata-
lyst, which simultaneously resulted in the lowering of biodiesel
production. The metal leaching from the surface of the catalyst
was inevitable and generally acknowledged to be the main
reason for deactivation of the catalyst in esterication reac-
tion.54,55 The small amount of metals leaching from the AC
surface led to the decrease in catalyst acidity, which resulted in
RSC Adv., 2020, 10, 6098–6108 | 6105
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Table 4 Comparison among the yield and reaction parameters of sulphonated-based catalysts using different oils

Catalysts Reaction conditions
Catalytic activity
(% yield) Feedstock Reusability (no. of cycle)

Sulphonated activated
carbon bre catalyst
(SACF)47

Esterication: 1.5 h, 20 wt%,
80 �C

75 Acetic acid —

Cacao shell-derived solid
acid catalyst (CS-SAC)48

Esterication: 24 h, 45 �C,
7 : 1; 5 wt%

93 Oleic acid 3

Pyrolysed lignin
sulphonated catalyst49

Esterication: 7 h, 80 �C,
5 wt%, 12 : 1

95.4 Oleic acid 5

Carbonised vegetable oil
asphalt-based catalyst50

Esterication and trans-
esterication: 4.5 h; 220 �C;
0.2 g, 16.8

80.5 Waste vegetable oil 5

Sulphonated multi-walled
carbon nanotubes51

Esterication: 2 h, 170 �C,
20 : 1; 3 wt%

93.5 PFAD 4

Nanomagnetic
carbonaceous solid acid
catalyst (present study)

Esterication: 2 h, 120 �C,
16 : 1; 2 wt%

96 PFAD 6

Fig. 13 (a) XRD result and (b) TPD-NH3 profile of the fresh and spent
Na2SiO3–NiO–MnO/AC catalyst.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

12
:0

1:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the rapid deactivation of the catalyst in each run. The TPD-NH3

results in Fig. 13b showed that the catalyst acidity was reduced
from 4391 mmol g�1 to 1248 mmol g�1, and the catalyst strength
also decreased to lower temperature because of the metal
centering during the biodiesel reaction.
Conclusions

In this work, EFB was doped with nanomagnetic oxides to
produce three different magnetic catalysts that were used in
PFAD conversion to esters. These catalysts, namely, NiO/AC,
NiO–MnO/AC and Na2SiO3–Ni–MnO/AC, were characterised
by XRD. The reection peaks for the constituent materials with
6106 | RSC Adv., 2020, 10, 6098–6108
crystalline sizes of 13.87, 28.38 and 39.64 nm were found. The
TPD-NH3 analysis showed two states of the NiO/AC and NiO–
MnO/AC catalysts and three states of the Na2SiO3–Ni–MnO/AC
catalyst with all peaks shied toward high temperatures,
thereby suggesting the effect of doping of the magnetic
materials on the surface. The morphology of the surface and
the agglomeration of the magnetic oxides on the surface were
tested via FESEM. The magnetization of the catalysts was
measured via VSM, which showed that theMS of Na2SiO3–NiO–
MnO/AC was 40.27 emu g�1. Such MS was sufficient to ensure
the recovery of the nanomagnetic catalyst by an external
magnet. The BET results demonstrated that the N2 adsorp-
tion–desorption isotherm was type IV. The TGA results showed
that NiO/AC, NiO–MnO/AC and Na2SiO3–Ni–MnO/AC lost
weight at 568–618 �C, 568.8–673.8 �C and 452.88–655.39 �C,
respectively. The inuential variables for the best catalyst (i.e.,
Na2SiO3–Ni–MnO/AC) were PFAD/methanol ratio of 16 : 1,
catalyst mass of 2 wt%, temperature of 120 �C and reaction
time of 2 h. The Na2SiO3–Ni–MnO/AC catalyst was tested for
reusability; results showed that it can be used for six cycles. In
conclusion, the nanomagnetic catalysts are effective, easy to
handle with high conversion factor of about 96% and
economical because of their potential reusability and use of
cheap waste raw material.
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