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Abstract—Fatty acid methyl esters (FAMEs) were produced by the esterification of free fatty acids (FFA) with metha-
nol, and sulfuric acid as the catalyst in a rotor-stator spinning disc reactor (RSSDR). The RSSDR, which shows excel-
lent mixing efficiency and fast phase separation, was used as a novel continuous-flow esterification reactor. The
influence of the variables (e.g., rotational speed, volume flow rate, rotor-stator distance, methanol-FFA molar ratio, cata-
lyst dosage, and temperature) on esterification conversion (77) and productivity of FAMEs (Pp,,;) were investigated. It
was found that the experimental parameters have a great impact on the 77 and Pgy,,;; in the RSSDR system, due to the
effect of micromixing intensity and residence time distribution. Furthermore, to compare with other traditional esterifi-
cation reactors, the values of 7, Py and Ppyyy per unit reactor volume (Ppyy/Vy) in the RSSDR were also employed
to assess the performance for the production of FAMEs. It shows that the maximum values of Ppyy;, and Ppyye/Vy
attained were 0.14 mol/min and 3.06x10™> mol/(mL min), respectively. Therefore, the RSSDR is proven to be an effec-
tive esterification reactor with high esterification conversion in comparison to conventional esterification reactors.
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INTRODUCTION

The global energy crisis and climate change have recently become
more and more severe because of CO, emissions and the increased
demand for energy [1,2]. In recent years, biodiesel has become the
focus of investigation due to its renewability and low CO, emis-
sion [3,4]. In addition, biodiesel is a non-toxic fuel. Because there
is no sulfur and only about 11% oxygen by weight in biodiesel,
resulting in a remarkable reduction of harmful emissions in com-
parison to petroleum fuel, especially of sulfur dioxide, particulate
matter, unburned hydrocarbons and carbon monoxide [5]. Hence,
biodiesel plays a key role in future energy production based on the
above mentioned advantages.

Animal fats, vegetable oils, and microbial oils, which can be con-
verted to fatty acid alkyl esters via an esterification reaction with
alcohol and catalyst, are the raw materials of biodiesel [6]. As the
concentration of free fatty acids (FFAs) in the oils has a significant
influence on the production of biodiesel [7]. Most biodiesel is pro-
duced from edible oils with low FFA concentration, like palm oil,
soybean oil, and rapeseed oil, which require fertilizer, are relatively
high-cost, and even pose a serious threat to food crops for land [8-
10]. Thus, to achieve the aim of economical and environment-
friendly production of biodiesel, low-cost triacylglycerol feedstocks
(e.g., waste frying oils and nonedible oils) are used as raw materi-
als [11,12]. However, there are excessive amounts of FFAs contained
in low-cost feedstocks, which would be saponified by the alkali
catalysts employed in the process of transesterification, leading to
difficulties in separation between the esters and glycerin, and also
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Fig. 1. The reaction scheme.

decreasing the yield of fatty acid methyl esters (FAMEs) [13,14]. As
for the alkaline transesterification reactions, no more than 1 wt%
FFAs should be contained in the feedstocks [15]. Thus, feedstocks
with significant amount of FFAs should be pretreated to convert
FFAs into biodiesel through the esterification process using an acid
catalyst [16]. H,SO, is regarded as one of the most common acid
catalysts employed for the esterification reaction [13]. The transes-
terification reaction scheme is shown in Fig. 1.

Traditional esterification reactors used for esterification process
are commonly stirred tank reactors [17,18]. However, these reactors
have some disadvantages, such as a long time ranging from one
hour to several hours needed in the esterification process, high oper-
ating cost, and difficulty in process control [19]. To improve bio-
diesel conversion, decrease the reaction time and the process cost,
several novel reactors have been proposed, including ultrasound reac-
tor [20], microwave reactor [21], bubble column [22], and rota-
tional packed bed [13]. Although these reactors are a significant
improvement on biodiesel conversion and reaction time, there are
various disadvantages presented in some of these reactors, such as
low productivity, scale-up limitation, and high cost [21]. Therefore,
the in-depth development of reactors with high productivity and
biodiesel conversion is needed.

The rotor-stator spinning disc reactor has attracted a great deal
of attention with its excellent mixing efficiency and mass transfer
performance in recent years [23-26]. The RSSDRs are extensively
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used in liquid-liquid systems [27,28], solid-liquid systems [29], and
gas-liquid systems [30]. During the process of biodiesel production,
the significant micromixing effect and the removal of reaction by-
product water are the key to accelerate the esterification reaction
and promise a high biodiesel conversion [31]. In the RSSDR, there
is a rotor disc which can be operated to adjust the rotational speed,
and a stator disc which is only a millimeters narrow gap from the
rotor disc [32]. Due to the influence of shear force and centrifugal
force in the narrow gap, where the reactants are contacted, the tur-
bulence intensity, velocity gradient, and large specific surface area
are generated to provide the excellent micromixing effect for the
RSSDR. Note that the micromixing time in the RSSDR is evalu-
ated to range from 10 to 107 s [33]. Furthermore, as a continuous-
flow reactor, the residence time distribution of reactants in RSSDR
is a few seconds [33], because the reactants are thrown outward to
the housing cavity by the centrifugal force. And the reaction by-
product water can be separated from the FAMEs by the high cen-
trifugal force in the RSSDR [34]. Due to the advantages of struc-
tural characteristic and low cost, the RSSDR has been expected as
a promising reactor to improve the esterification reaction conver-
sion, and enhance biodiesel conversion performance, leading to
achieving the goal of economic and industrialization of the bio-
diesel production.

Therefore, the objective of this work was to develop a novel tech-
nique for biodiesel production using the RSSDR as an esterifica-
tion reactor, which also shows a new application of RSSDR in the
area of biodiesel production. In this work, the esterification of the
FFAs with methanol using sulfuric acid (H,SO,) as the catalyst in
RSSDR was carried out. Methanol was chosen as the alcohol used
in this work because it is the cheapest alcohol [13]. To evaluate the
performance of the esterification reaction process, the influence of
the variables such as rotational speed (N), volume flow rate of Oleic
acid (Qg), rotor-stator distance (H), methanol-FFA molar ratio
(np/Mgy), catalyst dosage based on the weight of oil (W,,), and
temperature (T) on the esterification conversion (77) and productiv-
ity of FAMEs (Ppyy;;) was investigated. Furthermore, to compare
with other conventional esterification reactors, the values of 7, Py
and Ppyy per unit reactor volume (Ppyy/Vy) in the RSSDR were
also employed to evaluate the performance of FAMEs.

EXPERIMENTAL

1. Material

High FFAs oleic acid was purchased from Kelong Chemical
Co,, Ltd. (Chengdu, China) with an acid of 146 mg NaOH/100 g,
a density (o) of 0.896 g/mL and the average molecular weight of
282.5 g/mol. The methanol was bought from Changliao Chemi-
cal Co,, Ltd. (Chengdu, China) with a density (0,;) of 0.785 g/mL
and the molecular weight of 32 g/mol and the boiling point of
methanol is 64.9 °C. The H,SO, (98.1% purity) used as the catalyst
was also obtained from Changliao Chemical Co., Ltd. (Chengdu,
China). The sodium hydroxide, Isopropyl alcohol, and absolute ether
employed for analysis of the concentration of FFAs were produced
by Kelong Chemical Co., Ltd. (Chengdu, China).
2. Setup and Procedure

The experimental setup employed for esterification of FFAs is
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Fig. 2. Schematic drawing of the RSSDR set-up (1) motor, (2) ther-
mocouple, (3) heater, (4) stator disc, (5) rotor disc, (6) pipe,
(7) constant flow pump, (8) methanol-H,SO, storage tank,
(9) FFAs storage tank, and (10) collection bottle.

Table 1. Specification of the RSSDR and operating parameters used
in this work

Items Range of values

Geometrical parameters of RSSDR

Radius of rotor disc (cm) 7.5

Radius of stator disc (cm) 7.5

Radial of kerve (cm) 19

Volume of the RSSDR (mL) 4.42-44.18

Operating parameters

Rotational speed (rpm) 300-2,400
Volume flow rate of FFAs (mL/min) 5-50

Rotor-stator distance (mm) 0.25-2.50

/Ny 2.97-23.77

W, (%) 0-20

T (°C) 20-60

displayed in Fig. 2. As shown there, it is obvious that RSSDR is a
continuous-flow esterification reactor, leading to the time saving and
production efficiency improvement compared to the stirred batch
reactor. The experimental system mainly includes the RSSDR, stor-
age tanks, constant flow pumps, motors, heaters, and stirrers. The
specifications of the RSSDR are presented in Table 1.

The methanol and FFAs were stored in tanks. Based on a spe-
cific value of the catalyst dosage (W, % w/w), a calculated amount
of H,SO, was added to the methanol before the experiments. During
all of the experiments, the heat of methanol and FFAs was pro-
vided by the heaters. The temperature of the heaters was controlled
by the PID controllers at preset values within +1 °C. The RSSDR
was wrapped in glass fiber heating tape (Guorui Thermal Control
Electric Co,, Ltd.) to control the temperature of the reactants through-
out the system. The methanol and FFAs at the preset volume flow
rates, which were controlled by the constant flow pump (CP1020,
Sanwei Scientific Instrument Co., Ltd.), were simultaneously mixed
prior to entering the rotor-stator cavity via the T-junction inlet in
the center of the bottom stator disc. The liquids run from the cen-
ter of the rotor-stator cavity to the periphery of the rotor-stator cav-
ity due to the centrifugal force, and then the reaction products were
collected by the collection bottle. All of the experimental parame-
ters in this work are presented in Table 1. Every experiment was
operated at atmospheric pressure, and every data was repeated three
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times under steady state.
3. Analysis of Samples

To ensure complete phase separation, the reaction products were
settled for 20 minutes at room temperature after they had been
collected. To stop reaction occurring outside the reactor, the col-
lect tube was pre-filled with iced deionized water. The sample was
quenched in the collect tube by placing the tube into iced water
[35]. Subsequently, the ester phase was washed three times with
distilled water (water/ester phase volume ratio of 1) to remove res-
idue such H,SO,, methanol [36,37]. After that, the ester phase was
purified using the centrifuge (TG16-WS, Hunan Xiangyi Scientific
Instrument Co., Ltd.) to remove the water. The concentration of
FFA was calculated from the reduction of the acid value, which was
determined by the titration of the samples according to the stan-
dard method GB/T 5530-2005 published by China National Stan-
dardization Management Committee.
4. Measurement of Biodiesel Production Performance

The reduction of acid value can be chosen to represent the ester-
ification conversion by the following equation [38,39]:

FFA,-FFA,
= ———x100% 1)

FFA,;

1

where FFA, represents the FFAs content at the end of the reaction.
FFA, is the initial FFA content.

The productivity of FAMES (Pp,y;) is defined as the following
[13]:

Pranis=QueraOra M Mg (2
RESULTS AND DISCUSSION

1. Effects of Various Parameters on Biodiesel Production Per-
formance
1-1. Effect of Rotational Speed

Fig. 3 illustrates 77 and Py, values as functions of N from 300
to 2,400 rpm at a fixed Qg of 20 mL/min, H of 0.25 mm, ny/ngz,
of 11.89, W_, of 10%, and T of 60 °C. It is clear that the values of 7
and Py, increase with the increase of N from 300 to 900 rpm.
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Fig. 3. Effect of rotational speed N on esterification conversion n
and productivity of FAMEs Ppy,;:. Conditions: W,,=10%,
Q=20 mL/min, T=60 °C, n,;/ng;,=11.89, and H=0.25 mm.

Whereas the values of 77 and Pg,,; display an inverse trend with
increasing N from 900 to 2,400 rpm. The similar trend where 7
and Pgyp vary with the N in RSSDR was also observed in the
rotating packed bed, as reported by Chen et al. [13]. The explana-
tion for this phenomenon may be depicted as follows. Due to the
increase of the relative velocity between the discs and liquids, and
the enhancement of turbulence at the liquids contact interface, the
micromixing performance can be significantly intensified with
increasing N from 300 to 900 rpm, resulting in the improvement
of esterification conversion ability [33]. Nevertheless, the liquid veloc-
ity can be added with the increase of N, leading to the decrease of
residence time of reactants in the rotor-stator cavity. The chance
for the reactants to react decreases due to the reducing residence
time, which plays a negative role in esterification conversion per-
formance [40]. The decrease of residence time of the reactants be-
comes the primary factor with increasing N from 900 to 2,400
rpm, leading to the reducing of esterification conversion.
1-2. Effect of Volume Flow Rate

Fig. 4 displays the influence of Qg from 5 to 50 mL/min on 7
and Ppy; at a fixed N of 900 rpm, H of 0.25 mm, ny/ngg, of 11.89,
W, of 10%, and T of 60 °C. It is obvious that Qg has a remark-
able effect on 77 and Pryu An outstanding increase in 77 can be
observed at Qg from 5 to 20 mL/min and then a slight decrease
in 7 is obtained when Qg is higher than 20 mL/min. This is be-
cause the impinging velocity between the reactants can be in-
creased with increasing Qg, which has a positive effect on the
renewal of the reactant contact interface and micromixing effi-
ciency [40]. Mass transfer limitations play a negative role in the
rate of reaction conversion. The way to eliminate the mass trans-
fer limitation is to ensure that the micromixing rate is less than the
kinetic reaction rate of the esterification of free fatty acids (about
107 s) [41]. In our previous work, we found that the micromixing
time of RSSDR can be up to 10~ s, which is less than the kinetic
reaction rate of esterification of free fatty acids [33]. Therefore,
RSSDR can minimize the mass transfer limitation on the esterifi-
cation of free fatty acids reaction, leading to the significant im-
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Fig. 4. Effect of volume flow rate of oleic acid Qg on esterification
conversion 77 and productivity of FAMEs Pp,,;. Conditions:
W,..=10%, N=900 rpm, T=60 °C, n,/ng;=11.89, and H=0.25
mm.
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Fig. 5. Effect of rotor-stator distance H on esterification conversion
77 and productivity of FAMEs Py,,;:. Conditions: W,,=10%,
N=900 rpm, T=60 °C, n,;/ng;;=11.89, and Q=20 mL/min.

provement of the esterification conversion performance. Mean-
while, the residence time of the reactants decreases with the in-
crease of Qppy, which plays a negative role in the esterification con-
version performance. The residence time of the reactants is a more
principal factor than the renewal rate of interface in the esterifica-
tion conversion performance with the Qg over 20 mL/min [42].

It also can be seen that Py, increases as the increase of Qg
and the maximum value of Py, is up to 0.14 mol/min under the
optimum experimental conditions. Based on Eq. (2), the Ppyy sig-
nificant increases with larger Qg values due to the larger handling
capacity of the Q.
1-3. Effect of Rotor-stator Distance

Fig. 5 shows the influence of varying H from 0.25 to 2.5 mm on
77 and Py at a fixed N of 900 rpm, Qggy, of 20 mL/min, ny/ngg,
of 11.89, W, of 10%, and T of 60 °C. It is clear that H has an im-
portant impact on the value of 7 and Py As H increases, both
the value of 77 and Pp,);; decrease. This may be caused by the rea-
son that both the stator disc and rotor disc occur a boundary layer
formed due to the increase of H, respectively [43]. Meanwhile, the
two boundary layers are separated by a region which rotates with
a constant tangential velocity. Therefore, due to the increase of H,
the shear force in the rotor-stator cavity becomes weaker and weaker,
resulting in a weaker turbulence and lower esterification conversion.
1-4. Effect of n,,/ngx, Ratio

Fig. 6 depicts the variation of 77 and Py, with ny,/ng, from 2.97
to 23.77 at a fixed N of 900 rpm, Qgs, of 20 mL/min, H of 0.25
mm, W, of 10%, and T of 60 °C. A significant increase in 77 and
Prue can be obtained with the increase of n,,/ng, from 2.97 to
11.89. And then a slight increase in 77 and Pp,,; is obtained when
the ny/ng, is over 11.89. And the maximum value of 77 can be up
to 99.37% under the optimum experimental conditions. The expla-
nations for this phenomenon may be that based on the theoretical
stoichiometry of the ny,/n, ratio, the chemical equilibrium is driven
toward the production of the esterification reaction with the increase
of ny,/ng, ratio from 2.97 to 11.89, leading to an outstanding in-
crease of the esterification conversion [44]. At the same time, the
increase of n,,/ng, ratio means that the methanol increases too.
Because methanol has an affinity with the hydrophilic stainless-
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Fig. 7. Effect of catalyst dosage W, on esterification conversion 7
and productivity of FAMEs Py, .. Conditions: n,,/ng;,=11.89,
N=900 rpm, T=60 °C, H=0.25 mm, and Q=20 mL/min.

steel rotor disc, the excess methanol may change the flow pattern
of the liquids, resulting in the decrease of oleic acid in the rotor-
stator cavity [45]. Thus, both the residence time of the oleic acid
and micromixing efficiency would decline, which will slow the
increase rate of the esterification conversion.
1-5. Effect of Catalyst Dosage

Fig. 7 shows 77 and Py, values as functions of W,,, between 0
and 20% at a fixed Qpg, of 20 mL/min, H of 0.25 mm, n,,/ng, of
11.89, N of 900 rpm, and T of 60 °C. It can be seen that 7 and
Py show an outstanding increase as W, increases from 0 to 1%
and then has a moderate increase with the increase of W, between
1 to 8%. A slight decrease is obtained with W,,, over 8%. The cor-
relation between 77 and W, in this work is a resemblance to that
in another type of rotating reactor, as reported by Chen et al. [43].
This may be caused by the reasons that the active sites can be
obtained to promote the reaction between methanol and oleic acid
due to the addition of H,SO, catalyst, leading to a significant in-
crease in the esterification conversion. However, when the W,
increases from 1 to 8%, the restriction of mass transfer within the
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reaction may play a negative role in the rate of reactants diffusion
into H,SO, active sites, resulting in a slight improvement in the
esterification conversion. As H,SO, over 8%, both the saturation
and dilution effect of the catalyst may possibly occur. Thus, the
esterification conversion shows a decline trend [13,46].
1-6. Effect of Temperature

Fig. 8 displays the variation of 77 and Py, with from 20 to
60°C at a fixed N of 900 rpm, Qg of 20 mL/min, H of 0.25 mm,
W, of 10%, and ny,/ny, of 11.89. It is clear that 7 and Py, have
a remarkable improvement with the increase of temperature from
20 to 40 °C. It is because a higher esterification reaction rate can be
obtained due to the increase of temperature. There is a slight in-
crease in temperature, which increases from 40 to 60 °C. It may be
that the vaporization of methanol has a negative effect on the ester-
ification conversion due to the increase of temperature [45]. In
addition, the solubility of reaction by-product water in the oleic
acid may increase at the high temperature, which has an adverse
effect on the improvement of the esterification conversion [13].
2. Comparison with other Esterification Reactors

The comparison of 7, Py and Ppyys/Vy obtained in RSSDR
with that of other esterification reactors is presented in Table 2. Note
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that the Ppy: value of the stirred batch reactor is calculated as
V e 0Oeea ) (Mppat;), where Vi, represents the volume of the FFA
in this reactor [13]. It is obvious that the RSSDR has the highest
Ppayi/ Vi value among the esterification reactors. And the value of
Py is much higher than that of stirred batch reactor and adsorp-
tion column. It means that the RSSDR has super productivity and
esterification conversion ability than the other esterification reac-
tors. Furthermore, the RSSDR also shows advantages such as sim-
ple operation and low cost. Consequently; the RSSDR turns out to
be a promising process intensification equipment for biodiesel
production.

CONCLUSION

The process of esterification of FFA in a continuous-flow esteri-
fication reactor named RSSDR was investigated, with the metha-
nol-oleic acid reaction as working system. Preliminary research
was carried out on the influence of various parameters, such as
rotational speed, volume flow rate, rotor-stator distance, methanol-
FFA molar ratio, catalyst dosage, and temperature on esterification
conversion and productivity of FAMEs. It was found that these
parameters have a significant impact on the esterification conver-
sion and the maximum value of Pgy;, and Pryy,/Vy can up to
0.14 mol/min and 3.06x10"* mol/(mL min), respectively. In addi-
tion, based on the value of esterification conversion, productivity
of FAME:s and its per unit reactor volume, the esterification con-
version performance of RSSDR was compared with that of other
esterification reactors. It has been proved that the RSSDR shows
higher esterification performance than the other conventional esteri-
fication reactors, which means that the RSSDR has a broad appli-
cation prospect in biodiesel production.
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NOMENCLATURE

H  :rotor-stator distance [mm]

Table 2. Comparison of esterification conversion ability with other reactors

: W 0 o Praye P/ Vex10°
Ref. Reactor Chemical system Catalyst  1y,/npg (% wiw) TCC) n%) (mol/min)  (mol/(mL min))
13 izizfnal packed )+ acid-ethanol H,S0, 25337 0291 21-60 100966  0.042-120 0.171-4.88
Fixed-
14 pﬁi;ed reactor - leic acid-methanol H,S0, 185 210 60  699-975 0.0003-0.00046 0.0075-00114
16  Adsorption column Oleic acid-methanol HSO, 39 0510 90-110 612-997 00060009  0.058-0.087
17  Stirred batch reactor Oleic acid-methanol H,SO, 42-101 1.0-51 35-55 84.4-969 0.0008-0.00095 0.0016-0.0019
18  Stirred batch reactor Palm fatty acids-methanol H,SO, 3 0-0.1 130  20.4-93.8  0.004-0.07 0.001-0.003
20  Ultrasonic reactor  Oleic acid-methanol H,SO, 5-9 1.0-50 90-110 62.2-954  0.020-0.149 0.002-0.015
Psr;s;;lt RSSDR Oleic acid-methanol H,S0, 2972377 020  20-60 095994  0.0006-0.14 0.14-31.60

Korean J. Chem. Eng.(Vol. 38, No. 8)
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Mz, :average molecular weight of FFA [g/mol]

N :rotational speed [rpm]

Ny : FFA molar mass [mol]

n, :methanol molar mass [mol]

Ppaz : productivity of FAMES [mol/min]

Qs : volume flow rate of Oleic acid [mL/min]

T  :temperature [’C]

t,  :residence time in reactor [min]

Vi  :volume of the reactor [mL]

W, :catalyst dosage based on the weight of oil [% w/w]

Greek Letters

Prea - density of FFA [g/mL]

Py :density of methanol [g/ml]
n  :esterification conversion [%]
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