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� Low ultrasonic energy and magnetic
Na2SiO3@Fe3O4/C for biodiesel
production.
� Soybean and Jatropha biodiesel yields

reached 97.9% and 94.7%.
� The catalyst resisted high acid value

(AV) oils under ultrasonic.
� 93.2% and 82.5% Jatropha biodiesel

yield at AV of 4.8 and 7.3 mg KOH/g.
� The catalyst is stable for 5 cycles with

biodiesel yield >70% at AV of 4.8.
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Magnetic heterogeneous catalyst (Na2SiO3@Fe3O4/C) was prepared for the production of biodiesel from
oils with high acid value (AV) under ultrasonic (US) irradiation and magnetic stirring (MS). With the cat-
alyst and assisted by US, soybean biodiesel yield reached >90% in only 20 min (or at 318 K) and 97.9%
under the optimal conditions. It was easily magnetically separated for 5 cycles with 94.9% recovery rate
and biodiesel yield >80% with both US and MS. The catalyst transesterified Jatropha oil with biodiesel
yields of 94.7%, 93.2% and 83.5% at AV of 1.3, 4.8 and 7.3 (mg KOH/g) with US, and was cycled 5 times
with yield >70% at AV of 4.8 assisted by US and MS. High biodiesel yield (90.7%) was still achieved from
high AV oil (4.8) at low US energy density (0.1 W/mL) and MS. The catalyst combined with US and MS can
find practical application for direct production of biodiesel from oils with high AV.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

It is strategic important to convert renewable biomass to fuels
due to limited fossil resources and the increasing atmospheric
CO2 concentration caused by the combustion of fossil fuels [1,2].
Biodiesel [3] is considered as a good alternative source for fossil
fuels because it is clean, renewable and carbon neutral [4].
Biodiesel production by transesterification with homogeneous cat-
alysts (e.g., sodium methoxide, sodium or potassium hydroxide) is
one of the most common methods, but it is difficult to recycle
because they are dissolved in methanol and glycerol mixture [5].
So, researchers have focused on finding suitable heterogeneous
catalysts, such as K2CO3 supported activated carbon [6], CaO [7],
Sr/MgO [8], MnO and TiO [9], to replace homogeneous catalysts.
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Solid Na2SiO3 was widely studied as a heterogeneous catalyst to
synthesize biodiesel due to its excellent catalytic activity for trans-
esterification [10–11], and the deactivated Na2SiO3 can be still
used for the hydrothermal production of hydrogen from by-pro-
duct glycerol [11]. However, parts of these heterogeneous catalysts
are hard to be recovered during separation by filtration or centrifu-
gation [12].

Magnetic heterogeneous catalysts can be separated easily from
biodiesel and crude glycerol by an external magnetic field [13]
with high recovery rate (mass of recovered catalyst/mass of fresh
catalyst, wt%), e.g., the rate for Na2SiO3/Fe3O4 magnetic catalyst
is 1.7 times that for Na2SiO3 catalyst (92.17% vs. 54.36%) [14].
But, biodiesel yield catalyzed by the reported catalyst Na2SiO3/
Fe3O4 dropped rapidly from about 98.6% to 85% and 65% due to
soap formation from free fatty acids (FFAs) when acid value (AV)
of crude oil rose from 1.0 to 3.0 and 5.0 mg KOH/g [14]. So,
Na2SiO3/Fe3O4 is not suitable to catalyze the transesterification of
crude oils with high AV, such as waste frying oils [15], animal fats
[16], and Jatropha oil [17]. Furthermore, long reaction time (e.g.,
3 h) was required for biodiesel production with Na2SiO3/Fe3O4

under mechanical stirring [14], which was much longer than that
with ultrasonic (US) irradiation [18]. US is an attractive and effec-
tive method to shorten reaction time [19] because it can promote
the mixture and enhance the mass transfer of immiscible reactants,
i.e., oil and methanol, as well as heterogeneous catalyst [20,21].

The purpose of this work is to prepare a novel magnetic solid
catalyst that is easily separated for recycles and effectively used
for biodiesel production from crude oils with high acid value. First,
magnetic Na2SiO3@Fe3O4/C catalyst is prepared. It is further used
to transesterify both soybean and Jatropha oils (AV of 0.7–7.3 mg
KOH/g) to biodiesel with ultrasonic and magnetic stirring (MS)
assistances.
2. Experimental

2.1. Materials

The analytical reagents Fe(NO3)3�9H2O (P98.5%), Na2SiO3�9H2O
(P99.0%), dehydrated methanol (P99.5%), urea (P99.0%) and
H2SO4 (P98.0%) were purchased from Xilong Chemical Factory
Co., Ltd. (Shantou, Guangdong). Active carbon (powders, specific
surface area: 216.1 m2/g) was bought from Aladdin Factory Co.,
Ltd. (Shanghai). Standard heptadecanoic acid methyl ester (HDAM;
C17:0) and other methyl esters [palmitate (C16:0), linolenate (C16:1),
stearate (C18:0), oleate (C18:1), linoleate (C18:2) and linolenate
(C18:3)] (P99.0%) were purchased from Sigma (Shanghai). Soybean
oil (refined, molecular weight of 880.0 g/mol, AV of 0.7 mg KOH/g)
was purchased from COFCO Oils Co., Ltd. (Qinzhou, Guangxi).
Crude Jatropha oil (stored for five years, AV of 17.2 mg KOH/g)
was obtained from our Garden in Xishuangbanna (Yunnan).
2.2. Catalyst preparation

Aqueous solution (500 mL) of Fe(NO3)3�9H2O (0.6 mol), solid
urea (1.5 mol) and the active carbon (3.05 mol) were added into
a three-neck flask (1 L) with a water-cooled condenser. The flask
was submerged in an oil bath at 408 K with vigorous stirring for
10 h for reaction to form Fe(OH)3 by ammonium hydroxide caused
by slow urea decomposition in hot water. The formed Fe(OH)3 pre-
cipitates together with solution were transferred to a conical bea-
ker (1 L), and washed thoroughly with deionized water to remove
residual urea. After filtered (pore size 1–3 lm), the solid product
was dried at 378 K to a consistent weight, and heated to 973 K
(at 5.6 K/min heating rate) for 2 h calcination in a tubular furnace
(SGL-1100, Shanghai Daheng Optics and Fine Mechanics Co., Ltd.)
under nitrogen flowing (200 mL/min) to form Fe3O4 by dehydra-
tion and reduction [Fe(OH)3 ? Fe2O3 + H2O; Fe2O3 + C ? Fe3O4 +
CO/CO2]. Solid particles were obtained and identified as Fe3O4/C
by X-ray diffraction (XRD) (Fig. S1a) with strong magnetism
(Fig. S2a). The magnetic Fe3O4/C powders (20 g) were added into
aqueous sodium silicate solution (300 wt% Na2SiO3�9H2O,
150 mL) in a flask (1 L) and stirred at 358 K in an oil bath to achieve
a gel by evaporation. The dried gel was heated to 673 K (at 3.1 K/
min heating rate) for 2 h calcination in the tubular furnace under
nitrogen flowing (200 mL/min), and milled by a ball-mill with
ZrO2 balls (SHQM-0.4L, Chunlong Petroleum Instrument Co., Ltd.,
Lianyungang, Jiangsu) at spinning speed of 230 rpm for 12 h, and
sieved by 200-mesh. The obtained catalyst (powders) was desig-
nated as fresh Na2SiO3@Fe3O4/C catalyst (Fig. S1b) (containing
56 wt% Na2SiO3).

After transesterification, liquid products were removed and the
used catalyst remained in the reactor by a permanent magnet
(NeFeB, Ø37 mm � H18 mm) (Fig. 1b) and directly used for next
runs without any treatment. At 5 cycles, the catalyst was washed
by ethanol under MS thoroughly, and dried at 378 K to a consistent
weight. The recovery rate of Na2SiO3@Fe3O4/C catalyst was calcu-
lated by the equation:

Recovery rate ðwt%Þ¼ ðmass of recovered catalystÞ=ðmass of fresh catalystÞ
�100%

ð1Þ

2.3. Catalyst characterization

Synthesized solid particles and prepared catalyst (Fe3O4/C and
Na2SiO3@Fe3O4/C) were analyzed by XRD (Rigaku Rotaflex RAD-C,
Tokyo) using a Cu Ka radiation source. Their morphologies were
examined using a scanning electron microscope (SEM; Quanta
200, FEI, Hillsboro, OR). Temperature programmed desorption
(TPD; Chemisorption analyzer, Quantachrome Instruments, Boyn-
ton Beach, FL) was used to assess their surface basicity. In TPD ana-
lysis, sample (about 50–100 mg) was preheated to 673 K at a
heating rate of 5 K/min and cooled to 328 K exposed with He flow-
ing (85 mL/min), and absorbed CO2 by flushing pure CO2 (85 mL/
min) for 80 min. The sample was subsequently desorbed by heat-
ing to 673 K at a heating rate of 5 K/min and kept for 60–90 min
under a He flowing (85 mL/min). Four different volumes (0.5, 1,
1.5, 2 mL) of a standard CO2 gas (10% CO2 and 90% helium) were
used to calibrate the basicity. The magnetic properties of catalyst
were measured at room temperature by using a vibrating sample
magnetometer (VSM; HH-15, Nanjing Nanda Instrument Plant,
Jiangsu).

2.4. Biodiesel production and analysis

Refined soybean oil or pretreated Jatropha oil (4.4–4.6 g), a rele-
vant amount of dehydrated methanol and catalyst were added in a
40 mL special plastic reaction tube (Ø25 mm � H95 mm) (Fig. 1a).
An ultrasonic generator (JY92-IIDN, 9–900 W, Ningbo Xinyi ultra-
sonic equipment Co., Ltd., Zhejiang) operated for 4 s per 5 s at pow-
er of 9–36 W (1.5–6 W/mL energy density; about 6 mL sample) and
frequency of 20–25 kHz was fitted with the tube for biodiesel pro-
duction. The transducer horn was immersed in reaction solution
(up to 4–6 mm deep) to transmit ultrasound from its tip into the
reactants and catalyst (Fig. 1a) [22]. A magnetic bar at the bottom
of the tube was stirred (200 or 400 rpm) to mix oil, methanol and
catalyst for reaction heated by an oil bath at 323–338 K. All the
experiments were repeated at least two times (except orthogonal
runs), and the reported values are average of the individual runs.
The experimental errors were within 5% of the value of extent of
conversion.
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After reaction, biodiesel at upper layer (Fig. 1b) was removed
and filtered (pore size 0.22 lm) for analysis by Gas Chromatogra-
phy (GC; GC-2014, Shimadzu, Kyoto) with a capillary column of
Rtx-Wax (30 m � Ø0.25 mm � 0.25 lm) under analytical condi-
tions of column temperature 493 K, injector temperature 533 K,
detector temperature 553 K, carrier gas (helium) with flow rate
of 1 mL/min and the split ratio 40/1. HDAM (C17:0) was used as
internal standard for quantitative analysis, according to the
weights and GC peak areas of crude biodiesel and HDAM, biodiesel
yield was calculated by the equation:

Biodiesel yieldðwt%Þ ¼ ½ðAC16:0=f C16:0 þ AC16:1=f C16:1 þ AC18:0=f C18:0f
þ AC18:1=f C18:1 þ AC18:2=f C18:2 þ AC18:3=f C18:3

þ ACothersÞ=AC17:0� �weight of C17:0g=
ðweight of crude biodieselÞ � 100% ð2Þ

where fCn (1.014, 1.023, 1.076, 1.038, 1.019 and 0.926) (n = 16:0,
16:1, 18:0, 18:1, 18:2, 18:3) is the relative response factor of six
standard methyl esters [palmitate (C16:0), linolenate (C16:1), stearate
(C18:0), oleate (C18:1), linoleate (C18:2) and linolenate (C18:3)] to that
of HDAM. It was separately calibrated for each GC peak in our pre-
vious work [23]. ACn is area for Cn peak. ACothers is area for other
components except ACn.
3. Results and discussion

Experimental setup and catalyst separation for biodiesel pro-
duction with ultrasound are given in Fig. 1. The characteristic
results of SEM, XRD, VSM and CO2-TPD for Fe3O4/C and Na2SiO3@
Fe3O4/C are showed in Figs. 2, S1, S2 and S3, respectively.
2 µm 

(a) 

Fig. 2. SEM images of (a) magnetic Fe3O4/C carrier, a
Comparison results between US and MS for single-factor optimiza-
tion of soybean biodiesel are presented in Figs. 3–6. An orthogonal
experimental design and variance analysis for the transesterifica-
tion of soybean oil are summarized in Tables 1 and 2. Catalyst
cycles, stability and activity for oils with various AV are given in
Figs. 7–9 and S4–S6.

Crude Jatropha oil was pretreated to various AV for experiments
as follow: a three-neck flask (500 mL) with a water-cooled con-
denser was filled with 200-g crude oil, the esterification reaction
was carried out with 0.60 w/w methanol to oil ratio in the presence
of 1% w/w concentrated H2SO4 as catalyst at 323 K for 0.25, 0.5,
0.75, 1 and 1.25 h [24]. After reaction, the pretreated oil was
washed with deionized water until the washing-water was neutral,
dehydrated by centrifuging at 37,565 RCF (relative centrifugal
force; 3–30 K, Sigma Laborzentrifugen GmbH, Osterode am Harz,
Germany) for 20 min and dried at 378 K to a constant weight.
According to the Chinese National standards (GBT 5530-2005 and
5534-2008), AV and SV (saponification value) of the pretreated
Jatropha oil (for 0.25, 0.5, 0.75, 1 and 1.25 h) were measured by
titration as (7.3, 4.8, 3.2, 2.1 and 1.3 mg KOH/g) and (193.2,
189.5, 188.9, 188.5 and 188.1 mg KOH/g). Their corresponding
molecular weights were (923.7, 914.2, 907.8, 903.9, 901.0 g/mol),
calculated by the formula {M = (56.1 � 1000 � 3)/(SV–AV)}
[25,26].
3.1. Catalyst characterization

The crystalline phases of Fe3O4 and Na2SiO3 in the solid
particles and catalyst were determined by XRD (Fig. S1) as com-
pared with the cards from Joint Committee on Powder Diffraction
(b)

nd (b) fresh magnetic Na2SiO3@Fe3O4/C catalyst.
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Standards (JCPDS: 74-0748, 16-0818). Fig. S1a shows that the solid
particles have well-crystallized Fe3O4 structures with characteris-
tic and symmetric reflections, and the average particle size is cal-
culated as 14.0 nm by Scherer equation: Dc = Kk/(bcosh) [where
Dc is the average particle size; K (0.89) is the Scherer constant; k
(0.1541 nm) is the X-ray wavelength of Cu Ka radiation; b
(0.59 � 3.14/180 = 0.0103) is full-width at half-maximum; h (at
35.47�/2 = 17.735� or 17.735 � 3.14/180 = 0.31) is the diffraction
angle of the XRD reflection] [27]. Fig. S1b confirms that the fresh
prepared catalyst has well-crystallized structures of Na2SiO3 and
Fe3O4 (designated as Na2SiO3@Fe3O4/C). There is no peak from
the active carbon.

Hysteresis loops measurement gives the specific magnetic
saturation values (Ms) of 109 and 48.6 Am2 kg�1 for Fe3O4/C and
fresh Na2SiO3@Fe3O4/C, respectively (Fig. S2a and b). The catalyst
has stronger magnetism than that of the Na2SiO3/Fe3O4 catalyst
prepared in previous work (48.6 vs. 0.5 Am2 kg�1) [14] that is
unable to be separated by a magnet. However, the prepared cata-
lyst in this work is easily separated by a magnet for recycles
(Fig. 1b and c).

SEM image illustrates that the Fe3O4/C particles are composed
of large carbon particles (<50 lm) with numerous spherical
Fe3O4 nanoparticles (20–100 nm) on the surface (Fig. 2a). The
nanoparticle size is a little bit larger than the above calculated
datum by Scherer equation. The fresh Na2SiO3@Fe3O4/C catalyst
still remains the spherical Fe3O4 nanoparticles but is covered with
Na2SiO3 gel after evaporating, drying, calcining and milling
(Fig. 2b).
CO2-TPD profiles of Fe3O4/C particles and fresh Na2SiO3@Fe3O4/
C catalyst are given in Fig. S3. Particles of Fe3O4/C have no obvious
CO2 desorption (Fig. S3a) with a very weak basicity <0.01 mmol/g.
However, after loaded with Na2SiO3, the catalyst has a strong peak
at 400–500 K (Fig. S3b) for CO2 desorption with basicity of
0.56 mmol/g.

3.2. Comparison experiments between US and MS

Comparison experiments between US (energy density: 6 W/mL)
and MS (400 rpm) assistances were conducted to produce biodiesel
from refined soybean oil (AV of 0.7 mg KOH/g) with catalyst
(Na2SiO3@Fe3O4/C) under different conditions of methanol/oil
molar ratio, catalyst dosage, reaction temperature and reaction
time (Figs. 3–6). The initial conditions set below for single-factor
optimization are referred to the previous orthogonally optimized
results (methanol/oil molar ratio of 6/1, catalyst of 5 wt%, reaction
temperature of 338 K, and reaction time of 100 min) [14].

3.2.1. Methanol/oil molar ratio
Molar ratio of methanol/oil is one of the important factors that

affect the conversion degree of transesterification. Each mole of oil
requires 3 mol of methanol for complete reaction, excess metha-
nol/oil molar ratio is usually needed, and values from 5/1 to 9/1
were used in this work. The effect of methanol/oil molar ratio on
biodiesel yield assisted with US or MS is given in Fig. 3 under con-
ditions of 338 K for 100 min with 5 wt% catalyst. When methanol/
oil molar ratio rose from 5/1 to 7/1, biodiesel yield increased to the
maximum of 96.3% from 73.5% with US, and 94.9% from 87.5% with
MS, respectively. When the ratio reached 9/1, biodiesel yield with
US decreased slightly to 95.1%, but dropped sharply to 91.5% with
MS. The decline in biodiesel yield is possibly due to the relative low
concentration of catalyst in the reaction system caused by excess
methanol.

US was less efficient for transesterification than MS at low
methanol/oil ratio (<7/1) and less sensitive to excess methanol
(>7/1) because some of methanol was vaporized due to the effect
of ultrasonic cavitation. Methanol/oil molar ratio of 7/1 with max-
imum biodiesel yields for both US and MS is selected as the best
value for the next experiments.

3.2.2. Catalyst dosage
The effect of catalyst dosage from 1 to 9 wt% was studied for

transesterification under fixed conditions of methanol/oil molar
ratio of 7/1, reaction temperature of 338 K and reaction time of
100 min with US or MS. Much higher biodiesel yield was achieved
by ultrasonic enhancement (72.1% and 90.4%) than that with MS
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(50.6% and 79.4%) with 1 and 3 wt% catalyst, respectively (Fig. 4).
As catalyst grew further from 5 to 7 and 9 wt%, biodiesel yield
changed little: slight growth with US (96.3%, 96.5% and 96.8%)
but minor decline with MS (94.9%, 94.0% and 91.2%). US was more
effective to mix liquid reactants and solid catalysts because it gen-
erated the emulsion droplets of methanol and oil that were easily
contacted with the catalyst particles well-dispersed by US [28]. But
high concentration of solid catalyst may cause difficult mixing of
liquid reactants with the catalyst by MS [23]. So, 5 wt% catalyst
is selected as the best value for the next experiments because bio-
diesel yield was high (>95%) and changed little for further increase
in catalyst amount.
3.2.3. Reaction temperature
Five different reaction temperatures from 318 to 338 K were

used for biodiesel production under conditions of methanol/oil
molar ratio of 7/1, catalyst of 5 wt%, reaction time of 100 min with
US or MS (Fig. 5). Overall, US was more effective than MS to pro-
mote biodiesel production, particularly at temperature <333 K,
e.g., biodiesel yield of (91.8%, 94.4% and 96.6%) with US vs.
(54.3%, 72.5% and 82.9%) with MS at (318, 323 and 328 K). As tem-
perature grew further from 328 to 338 K, biodiesel yield declined
Table 1
Orthogonal experimental design L16(4)5 and results for the transesterification of
soybean oil (only one experiment was done for each run).

No. A B C D E Biodiesel
yield (%)Methanol/oil Catalyst

(wt%)
Temperature
(K)

Time
(min)

US
(W/mL)

1 6/1 3 323 40 1.5 80.9
2 6/1 5 328 60 3 96.8
3 6/1 7 333 80 4.5 97.7
4 6/1 9 338 100 6 96.4
5 7/1 3 328 80 6 97.6
6 7/1 5 323 100 4.5 97.2
7 7/1 7 338 40 3 95.2
8 7/1 9 333 60 1.5 95.1
9 8/1 3 333 100 3 96.2
10 8/1 5 338 80 1.5 96.7
11 8/1 7 323 60 6 96.2
12 8/1 9 328 40 4.5 95.0
13 9/1 3 338 60 4.5 95.9
14 9/1 5 333 40 6 87.8
15 9/1 7 328 100 1.5 96.8
16 9/1 9 323 80 3 97.2
K1 92.95 92.65 92.88 89.73 92.38
K2 96.28 94.63 96.55 96.00 96.35
K3 96.03 96.48 94.20 97.30 96.45
K4 94.43 95.93 96.05 96.65 94.50
R 3.33 3.83 3.68 7.58 4.08
slightly from the maximum of 96.6% to 96.3% with US, but
increased from 82.9% to the maximum of 94.9% with MS. Using
US, lower temperature was enough to achieve high biodiesel yield,
e.g., 91.8% with US at 318 K vs. 93.5% with MS at 333 K. It is
because the high temperature in the microenvironment could be
reached by acoustic cavitation effect that gives additional energy
to the reactants to counteract the detrimental effects of low tem-
perature on the reaction kinetics [28,29]. Temperature of 338 K is
selected as the best value for the next experiments because biodie-
sel yield reached the highest of 94.9% for MS and 96.3% remained
for US.

3.2.4. Reaction time
The effect of reaction time on transesterification assisted with

US or MS was studied from 20 to 100 min under conditions of
methanol/oil molar ratio of 7/1, catalyst of 5 wt% and reaction tem-
perature of 338 K. Similar trends for time to temperature were
observed from 20 to 100 min with biodiesel yield increased from
90.6% to 96.3% with US, and 66.0% to 94.9% for MS (Fig. 6). Reaction
was much faster assisted by US than MS with biodiesel yield of
90.6% vs. 66.0% for 20 min. The cavitation effect by US could accel-
erate the transesterification reactions as compared with MR assis-
tance, but the introduction of US does not change the chemical
mechanism of catalytic transesterification [28,30].

The best conditions for both US and MS are methanol/oil molar
ratio of 7/1, catalyst of 5 wt%, reaction temperature of 338 K and
reaction time 100 min with biodiesel yield of 96.3% with US and
94.9% with MS, respectively. Under US, the catalyst showed highly
active with biodiesel yield >90% in only 20 min or with 3 wt% cat-
alyst or at low temperature 318 K. However, at least 40 min, 5 wt%
and 323 K conditions were required to produce high biodiesel yield
for the catalyst Na2SiO3/Fe3O4 with MS [14].

It can be concluded that ultrasonic irradiation is much more
efficient to promote biodiesel production as previous reported
[31], particularly under mild conditions such as lower tem-
perature, less catalyst and shorter reaction time. Therefore, a sta-
tistical experimental method was designed to further optimize
biodiesel production assisted by US in the next Section.

3.3. Optimization of soybean biodiesel production with ultrasound

In order to optimize US effect on transesterification, biodiesel
production from soybean oil was carried out according to an ortho-
gonal experimental design L16(4)5 (Table 1) with 5 factors: metha-
nol/oil molar ratio (A: methanol/oil: 6/1, 7/1, 8/1 and 9/1), catalyst
dosage (B: catalyst: 3, 5, 7 and 9 wt%), reaction temperature (C:
temperature: 323, 328, 333 and 338 K), reaction time (D: time:
40, 60, 80 and 100 min) and US energy density (E: US: 1.5, 3, 4.5
and 6 W/mL). K values (K1, K2, K3 and K4) of the 5 factors at differ-
ent levels as well as biodiesel yield were calculated and listed in
Table 1. The results show that the optimal reaction conditions were
A2 B3 C2 D3 E2 (methanol/oil molar ratio of 7/1, catalyst of 7 wt%,
reaction temperature of 328 K, reaction time of 80 min and US
energy density of 4.5 W/mL) with average biodiesel yield 97.9%
(97.8% and 98.0% for two repeated runs). According to the R-square
Table 2
Variance analysis of orthogonal experimental results for the transesterification of
soybean oil (Critical value of F0.1 was 2.49).

Factor R-square value Freedom degrees F value

(A) Methanol/oil 28.73 3 0.50
(B) Catalyst (wt%) 34.67 3 0.60
(C) Temperature (K) 34.54 3 0.60
(D) Time (min) 147.25 3 2.54
(E) US (W/mL) 44.16 3 0.76
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values in variance analysis (Table 2), the factors influenced
biodiesel yield are listed in a decreasing order as follows: reaction
time (147.25)� energy density (44.16) > catalyst dosage
(34.67) � reaction temperature (34.54) > methanol/oil molar ratio
(28.73). Reaction time is significant among the 5 factors. Metha-
nol/oil molar ratio (6/1–9/1), catalyst (3–9 wt%), temperature
(323–338 K) and US energy density (1.5–6 W/mL) are not sig-
nificant at selected ranges because excess US energy density was
used that could more effectively promote the mixture of methanol,
oil and catalysts as well as increase local temperature. However,
time is still important even high US energy was irradiated.

3.4. Catalyst cycles

Due to the reusability of catalyst is one of the important factors
for its commercial application, so, Na2SiO3@Fe3O4/C catalyst was
recycled for soybean biodiesel production under the optimized
conditions (328 K for 80 min with 7/1 methanol/oil molar ratio
and 7 wt% catalyst) with US (energy density: 4.5 W/mL)/MS
(400 rpm) (Fig. 7). Biodiesel yield was 97.9%, 87.0%, 79.3%, 66.5%
and 40.4% with US (Fig. 7a), and 84.3%, 73.2%, 53.0%, 48.5% and
48.9% with MS (Fig. 7b) for 1–5 cycles. The catalyst can be cycled
3 times with US (biodiesel yield >79%) and 2 times with MS (bio-
diesel yield >73%) assistances, respectively. Biodiesel yield dropped
sharply at the fourth cycle with US and the third cycle with MS.
After the fifth cycled, with US assistance, Na2SiO3 gel disappeared
(Fig. S4a) with only 0.16 (vs. 0.56 for fresh catalyst) mmol/g basi-
city (Fig. S4b). However, the morphology of catalyst with MS chan-
ged little (Fig. S5a) with 0.45 mmol/g basicity (Fig. S5b). These
results show that active component of Na2SiO3 was leached into
reaction solution gradually by US [10,28]. Both the leached frag-
ments and exposed active sites on the catalyst surface further pro-
moted transesterification to result in higher biodiesel yield by US
than MS. Recovery rate of catalyst after 5 cycles was 89.0% with
US, and 96.1% with MS, respectively.

Since the catalyst was deactivated sharply by US with 4.5 W/mL
after 3 cycles, lower US energy density may alleviate the deactiva-
tion. So, US with lower energy density (3.0 W/mL) combined with
MS at lower stirring speed (200 rpm) was used to test catalyst
cycles under the same optimized conditions. Results proved the
catalyst was stable and could be cycled at least 5 times with bio-
diesel yield >80% (Fig. 7c; 91.5%, 93.8%, 91.3%, 82.4% and 81.5%
for 1–5 cycles). After 5 cycles, SEM image and TPD analyses
(Fig. S6) show that the catalyst still kept gel structure with strong
basicity (0.42 mmol/g). Recovery rate of catalyst was 94.9% after 5
cycles, which is slightly higher than the value (92.2%) for the
reported Na2SiO3/Fe3O4 catalyst after 1 cycle [14].

The prepared magnetic catalyst was easily recovered and
showed highly active and stable for soybean biodiesel production
assisted by US and MS. However, it is unknown its behavior for
the oils with high AV. Pretreated Jatropha oil with different AV
was used to test its activity and stability in the next Section.

3.5. Jatropha biodiesel production

Na2SiO3@Fe3O4/C catalyst was used to test its resistance to FFAs
by using Jatropha oil with different AV (1.3, 2.1, 3.2, 4.8 and 7.3 mg
KOH/g) pretreated from different times for biodiesel production
assisted with US (4.5 W/mL), MS (400 rpm) as well as both US
and MS (3.0 W/mL and 200 rpm) under the same optimized condi-
tions obtained for soybean oil (i.e., 328 K for 80 min with 7 wt%
catalyst and 7/1 methanol/oil).

When US was applied, the highest Jatropha biodiesel yield of
94.7% was obtained at AV of 1.3 mg KOH/g. The catalyst can resist
high AV with biodiesel yield of 93.2% and 83.5% at AV of 4.8 and
7.3 mg KOH/g, respectively (Fig. 8a). However, only low-AV oil
can be used for the MS production of biodiesel with yield of
81.3% and 81.1% at AV of 1.3 and 2.1 mg KOH/g. As AV increased
to 7.3, biodiesel dipped rapidly to 48.5% (Fig. 8b). With previous
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reported Na2SiO3/Fe3O4 catalyst assisted by MS, biodiesel yield was
only about 85% and 65% at AV of 3.0 and 5.0 mg KOH/g, respective-
ly [14]. Our catalyst under US showed strong resistance to FFAs
with biodiesel yield of 93.2% at AV of 4.8, and 83.5% at high AV
of 7.3 mg KOH/g.

The catalyst assisted with US resisted FFAs which could be due
to two aspects: (i) The formation of free radicals caused by the
breakdown of methanol and oil molecules on asymmetric cavita-
tion bubble collapse [28,32] promotes the esterification of FFAs
to fatty acid methyl esters (biodiesel) and inhibit the saponification
of FFAs [33]; and (ii) extremely high temperature in the microen-
vironment caused by acoustic cavitation [28,32] would melt the
saponified products that may form a semi-solidified or viscous
substance at reaction temperatures, and transesterification reac-
tions will proceed. Salamatinia et al. [33] also found that less soap
formed and lower AV of biodiesel obtained by US than MS
assistance.

Jatropha oil with AV of 4.8 mg KOH/g was used to test the cata-
lyst stability (Fig. 9). It was found that under US (4.5 W/mL), the
catalyst can be cycled 2 times with biodiesel yield of 93.2% and
82.1% for the first and second cycles but the yield sharply dropped
to 60.0% at the third cycle (Fig. 9a). However, similar to Section 3.4,
under both US and MS (3.0 W/mL and 200 rpm) assistances, the
catalyst can be cycled 5 times with biodiesel yield gradual decreas-
ing from 90.8% to 71.4% (Fig. 9b).

High US energy density (1.5–6 W/mL) was used in the above
experiments due to the small volume of sample (about 6 mL) in
the 40-mL plastic tubular reactor (Fig. 1a), so most of US energy
was lost. In order to save energy for practical application, more
reaction sample (90 mL) was used in a large flask (Fig. 1c). Five
experiments with two repeated runs were conducted at US energy
density of (4.5, 3, 1, 0.3 and 0.1 W/mL) with MS (at 200 rpm) for
Jatropha oil with 4.8 AV under the optimized conditions (i.e.,
328 K for 80 min with 7 wt% catalyst and 7/1 methanol/oil), sur-
prisingly, biodiesel yields were very high with 95.2 ± 0.9%,
93.0 ± 1.0%, 95.8 ± 1.0%, 92.7 ± 0.6% and 90.7 ± 0.5%, respectively.
Biodiesel yield reached the highest 95.8% at 1 W/mL, and still
maintained 90.7% at 0.1 W/mL US energy density. The catalyst is
expected to be damaged less and recycled more times at low US
energy density (e.g., 0.1 W/mL) based on the above recycled
experiments in Section 3.4. These results showed that low ultra-
sonic energy density was effective to resist high free fatty acids
and promote biodiesel production. The energy density can be fur-
ther optimized by reactor design (shape), volume of samples, posi-
tion of transducer horn as well as combination with MS stirring.
4. Conclusions

Magnetic solid (Na2SiO3@Fe3O4/C) catalyst was obtained by
precipitation, calcination and catalyst loading. It had strong mag-
netism with high recovery rate and presented active, stable, recy-
clable and resistant to free fatty acids for biodiesel production
assisted by ultrasonic irradiation and magnetic stirring. Soybean
biodiesel yield of 97.9% was achieved with 5 catalyst cycles (bio-
diesel yield >80%) and recovery rate of 94.9% under both ultrasonic
and magnetic stirring conditions. Jatropha biodiesel yields were
93.2% and 83.5% at acid values of 4.8 and 7.3 (mg KOH/g) under
ultrasound, respectively. It is also found that low ultrasonic energy
density was effective to resist high free fatty acids and promote
biodiesel production, with Jatropha biodiesel yield of 90.7% at acid
value of 4.8 (mg KOH/g) and ultrasonic energy density of 0.1 W/
mL. The catalyst can find practical application but further study
is required to optimize ultrasonic energy density, ultrasonic fre-
quency, reactor design (shape), volume of samples, position of
transducer horn, magnetic stirring as well as reaction variables.
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