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a b s t r a c t

The base catalyzed production of biodiesel (FAME) from sunflower oil and methanol in a continuous
centrifugal contactor separator (CCS) with integrated reaction and phase separation was studied. The
effect of catalyst loading (sodium methoxide), temperature, rotational frequency and flow rates of the
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feed streams was investigated. An optimized and reproducible FAME yield of 96% was achieved at a feed
rate of 12.6 mL min−1 sunflower oil and a sixfold molar excess of MeOH (3.15 mL min−1) containing the
catalyst (1 wt% with respect to the oil). A jacket temperature of 75 ◦C and a rotational frequency of 30 Hz
were applied. The productivity under those conditions (61 kgFAME m−3

liquid min−1) was slightly higher than
for a conventional batch process. The main advantage is the combined reaction–separation in the CCS,

of a s
INC V02 eliminating the necessity

. Introduction

Concerns for the environment combined with the current high
rude oil prices have stimulated the interest in biofuels from renew-
ble resources [1–3]. In January 2007 the European Commission
ublished the New Energy Policy for Europe, targeting a 10% share
f biofuels in the transportation sector and raising the share of
enewable energy to 20% by 2020 [1]. This has stimulated the pro-
uction of biofuels in Europe considerably, with biodiesel being
he most important example. The projected biodiesel consump-
ion for 2007 was 3.8 MTOE, a 70% increase compared to 2006
4].

Typically, biodiesel, also known as FAME (fatty acid methyl ester)
s produced from plant or vegetable oils and fats by transesteri-
cation with an alcohol (Fig. 1) [5,6]. A wide variety of different
ils and alcohols can be used for the production of biodiesel. Most
requently methanol is the alcohol of choice, although higher alco-
ols like ethanol, 2-propanol and 1-butanol may be applied as well
7]. Glycerol is a byproduct from the transesterification and has to
e separated from the FAME after the reaction [8]. FAME produc-
ion may either be catalyzed by acidic or basic catalysts. Typical
xamples of homogeneous base catalysts are sodium hydroxide,

otassium hydroxide and sodium methoxide [9], well known exam-
les of homogeneous acidic catalysts are sulfuric acid, phosphoric
cid and hydrochloric acid [10]. Both types of catalyzed reactions
ave been extensively studied [11–13]. Besides homogeneous acidic
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ubsequent liquid–liquid separation step.
© 2009 Elsevier B.V. All rights reserved.

and basic catalysts, enzymes [14] and heterogeneous catalysts have
been explored as well [11,15].

FAME production is most commonly performed in batch opera-
tion, although continuous processes are emerging [11,16–21]. New
catalyst, reactor and process concepts for biodiesel production have
been reported the last decade. An interesting example is the use of
supercritical methanol [22]. In this medium, complete conversion
is obtained within 5 min of reaction time without the need of a
catalyst.

We here report the use of highly intensified centrifugal contactor
separator (CCS) equipment (CINC V02 [23]) for biodiesel synthesis.
In the CCS device reaction and separation are combined in a single
apparatus, thus making it a good example of process intensification
(PI). PI is currently one of the most significant trends in process engi-
neering and aims at replacing large, energy consuming processes
[24] by small, highly integrated processes to reduce the size and
energy consumption of process plants. Some well known examples
of PI are reactive distillation, reactive extraction and the application
of micro-reactors [24,25].

The CINC V02 (Fig. 2) is basically a rotating centrifuge in a static
reactor housing. The immiscible liquids are fed to the CCS where
they are dispersed in the annular zone between the static housing
and the rotating centrifuge. The dispersion is then transferred into
the hollow centrifuge, through a hole in the bottom plate, where the
phases are separated by centrifugal forces of up to 900 × g, making it

possible to separate fluids with densities that differ only 10 kg m−3.
Both liquid phases are collected individually, making use of a weir
system.

The CCS was originally designed for waste water cleaning in the
nuclear industry [26] and has been used successfully for oil–water

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:h.j.heeres@rug.nl
dx.doi.org/10.1016/j.cej.2009.04.047
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Nomenclature

a specific interfacial area (m2 m−3)
dd drop diameter (m)
FMeOH methanol flow rate (mL min−1)
Foil sunflower oil flow rate (mL min−1)
kL mass transfer coefficient (m s−1)
�c viscosity of the continuous phase (N s m−2)
N rotational frequency (Hz)
r radius of the rotor (m)
�c density of the continuous phase (kg m3)
�d density of the dispersed phase (kg m3)
Tjacket jacket temperature (◦C)
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vs settling velocity (m s−1)
ω angular momentum (rad s−1)

eparation [27] (e.g. for cleaning oils spills [28]), for extraction of
ermentation broths [29] and several other extraction processes
30–33]. We recently demonstrated the use of the CCS for enan-
ioselective extractions of amino acid derivatives [34] and reported
rocess integration in the CCS by combining biphasic (bio)catalytic
onversions with the separation of the catalyst and the reaction
roducts in the device [35]. These examples clearly illustrate the
otential of the CCS equipment for the combined reaction and sep-
ration for liquid–liquid systems. The use of the CCS for biodiesel
ynthesis was also mentioned in this communication. We here
eport the results of an in depth experimental study to optimize
he biodiesel yield in a CCS. The effects of process variables like
he temperature, the flow rates and the rotational frequency on the
iodiesel yield will be provided and rationalized and the potential
f the CCS for biodiesel manufacture will be discussed.

. Methods

.1. Materials

Methanol (99.8%) was obtained from Labscan, sodium methox-
de solution 30% in methanol (5.4 M) was obtained from Fluka.

2O (99.9%) and CDCl3 (99.8%) were obtained from Sigma–Aldrich.
ydrochloric acid (37%) was obtained from Merck and the sun-
ower oil was purchased from Albert Heijn, the Netherlands.

.2. Equipment and conditions

The experiments were performed in a CCS of the type CINC V02
CINC stands for Costner Industries Nevada Corporation) equipped
ith a heating/cooling jacket, a high-mix bottom plate and a

.925 in. weir. The CCS was operated at ambient pressure and jacket
emperatures ranging from 60 to 75 ◦C using a Julabo MV basis tem-

erature controlled water bath (accuracy ±0.01 ◦C) connected to the

acket. Two Watson-Marlow 101U/R MK2 peristaltic tube pumps
ere used to feed the CCS. The temperature was monitored at each

f the two CCS outlets using CMA B016BT temperature sensors con-
ected to a PC via a Coachlab II (CMA) interface. The system was

Fig. 1. The transesterification of a plant or
Fig. 2. Schematic cross-sectional view of the CINC (courtesy of Auxill, the Nether-
lands).

operated at atmospheric pressure by positioning air inlets in the
liquid in and outlets. A schematic illustration of the set-up is shown
in Fig. 3. The impeller in the annular zone is for illustrative purposes
only. In a CINC, mixing in the annular zone is the result of rotation
of the centrifuge.

2.3. Experimental procedure

The CCS was operated in a once-through mode for both liquids
without recycle of the exit streams. The supply vessels containing
the pure sunflower oil and the methanol with sodium methoxide,
respectively were preheated to 60 ◦C and the water bath was set
to the pre-determined temperature (60–75 ◦C). The centrifuge was
started (20–90 Hz) and the CCS was fed with pure sunflower oil
(12.6–40 mL min−1). The molar ratio of methanol to oil was set at
6:1 in all experiments. As soon as the oil started flowing out of
the heavy phase outlet, the reaction was started by feeding the
methanol and sodium methoxide solution (1% (w/w) with regard
to sunflower oil) at 3.15–10 mL min−1. After steady operation was
achieved (typically 10–35 min), a glycerol stream with some unre-
acted methanol exited the CCS through the heavy phase exit. FAME
with unreacted oil left the CCS through the light phase exit. The
dissolved catalyst is present in both outlet phases. Samples were
taken at regular intervals from the light phase outlet and analyzed
using 1H NMR.

2.4. Analytical methods

The FAME yield was determined using 1H NMR. Hereto, a 1 mL
sample of the light phase was directly quenched by adding 1 mL of

0.1 M HCl in water to neutralize the remaining sodium methoxide.
The mixture was vigorously shaken and centrifuged for 10 min. A
few drops were taken from the top layer and dissolved in CDCl3. The
samples were analyzed using a 200 MHz Varian NMR. To determine
the FAME yield [36], the intensity of the characteristic signal of the

vegetable oil or fat with methanol.
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ig. 3. Schematic representation of the CINC set-up for biodiesel synthesis. T: tem-
erature sensors.

ster (2.3 ppm) was compared with that of the characteristic signal
f the methyl end group (0.9 ppm) present in both sunflower oil and
AME.

. Results and discussion

.1. Exploratory experiments

The experiments were carried out with sunflower oil and NaOMe
s the catalyst. Sunflower oil is readily available in high purity with
low free fatty acid number (FFA). The latter is important as a high
FA number renders the base catalyzed biodiesel synthesis cum-
ersome due to the formation of the sodium salts of free fatty acids
soap). The FFA number of the sunflower oil applied in this study
as below 1 wt%. The molar ratio of methanol to oil was set at 6:1

n all experiments, in line with batch studies in the literature for
unflower oil and methanol [37].

In an exploratory experiment the CCS was fed with sunflower oil
40 mL min−1) and a solution of NaOMe in MeOH (10 mL min−1, 1%
w/w) with regard to sunflower oil). The reaction was performed
ith a jacket temperature of 60 ◦C and a rotational frequency (N) of

0 Hz. The profile of the FAME yield in time is shown in Fig. 4.

It takes about 15 min to reach the steady-state FAME yield of

bout 65%. The liquid residence time in the CCS is estimated to
e about 3.5 min, based on a total liquid hold-up of 180 mL [38]
nd a total liquid flow rate of 50 mL min−1. Thus, steady-state is

ig. 4. FAME yield as a function of time. Conditions for both runs—Tjacket: 60 ◦C, Foil:
0 mL min−1, FMeOH/NaOMe: 10 mL min−1, (6:1 molar ratio of methanol to oil), N: 50 Hz,
nd NaOMe: 1% (w/w) with regard to sunflower oil. Yield is the average steady-state
ield for at least 2 h runtime.
Fig. 5. Effect of Tjacket on the yield of FAME. Conditions—N: 30 Hz, Foil: 12.6 mL min−1,
FMeOH/NaOMe: 3.15 mL min−1 (6:1 molar ratio of methanol to oil), and NaOMe: 1%
(w/w) with regard to sunflower oil, line is for illustrative purpose only. Yield is the
average steady-state yield for at least 2 h runtime.

reached in just over 3 residence times. After reaching steady-state,
the FAME with residual sunflower oil exited the CCS as the light
phase, whereas the heavy phase consisted of glycerol in MeOH. To
gain insights in the reproducibility, a second run was performed
under identical conditions. The results are shown in Fig. 4 as well
and imply that reproducibility is good.

These exploratory experiments clearly indicate the proof of prin-
ciple of biodiesel synthesis in a CCS. In the following part of this
paper, the effect of process conditions (temperature, catalyst load-
ing, flow rates, rotational speed of centrifuge) on the biodiesel yield
will be described, with the objective to obtain 95+% yield in a single
run.

3.2. Effect of reaction temperature

The effect of the reaction temperature on the FAME yield was
studied by adjusting the jacket temperature in the range 60–75 ◦C,
while keeping all the other variables constant (N: 30 Hz, Foil:
12.6 mL min−1, FMeOH/NaOMe: 3.15 mL min−1, and NaOMe: 1% (w/w)
with regard to sunflower oil).

The steady-state FAME yield at the lowest temperature in the
range (60 ◦C) was 87%. At 75 ◦C, the yield increased to 96%, see
Fig. 5 for details. It is well known that the FAME yield is a strong
function of the temperature, with higher temperatures leading to
higher yields for a given reaction time [35]. Higher jacket temper-
atures to further enhance the yield could not be applied due to
excessive methanol evaporation.

3.3. Effect of catalyst loading

The amount of catalyst has a profound effect on the rate
of biodiesel formation. Typically 1 wt% of catalyst on the oil is
applied. This loading was also used in the exploratory experi-
ments described above. A number of experiments were performed
at higher catalyst loadings (1–1.3% (w/w) with regard to sun-
flower oil) with all other conditions at constant value (N: 30 Hz,
Foil: 12.6 mL min−1, FMeOH/NaOMe: 3.15 mL min−1, and Tjacket = 60 ◦C).

Unfortunately, when using sodium methoxide intakes higher than
the standard 1% (w/w) on sunflower oil, precipitation of solids was
observed in the centrifuge. Analyses by NMR show that these solids
are rich in fatty acids and suggest that the solids are sodium salts
of the fatty acids (soap). These may be formed by saponification
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Fig. 7. Effect of the rotational frequency on the FAME yield at different tempera-
tures. Conditions—(�) Tjacket: 70 ◦C, (©) Tjacket: 60 ◦C, Foil: 12.6 mL min−1, FMeOH/NaOMe:

lar momentum, we can expect that the dispersed phase volume
ig. 6. Effect of flow rate variation on the FAME yield. Conditions—Foil:FMeOH/NaOMe:
:1 (6:1 molar ratio of methanol to oil), Tjacket: 60 ◦C, NaOMe: 1% (w/w) with respect
o sunflower oil, and N: 50 Hz, line is for illustrative purpose only. Yield is the average
teady-state yield for at least 2 h runtime.

f the triglyceride and reaction of the remaining free fatty acids
ith NaOMe. Thus, yield enhancement by the application of higher

ntakes of catalyst is not possible due to solid soap formation in the
entrifuge.

.4. Effect of liquid flow rates

The effect of the liquid flow rates on the FAME yield was studied
n the range 12.6–40 mL min−1 for sunflower oil. In all cases, the

ethanol flow rate was 25% of the sunflower flow rate to ensure a
xed sixfold molar excess of methanol over sunflower oil [37].

The FAME yield drops when increasing the sunflower flow rate
rom 12 to 40 mL min−1, see Fig. 6 for details. The prime reason
s likely a reduction of the mean residence times of both phases
n the CINC when increasing the flow rates, leading to lower con-
ersions. Recent work by Schuur et al. [39] have shown that the
iquid hold-ups at these relatively low feed rates (<100 mL min−1)
re essentially independent of the flow rates, implying that the
ean residence time is a function of the flow rate. Further reduc-

ion of the sunflower flow rates below 12 mL min−1 to increase the
AME yield is not possible due to incomplete phase separation of
oth outlet streams.

.5. Effect of rotational frequency

The rotational frequency was varied from 20 to 90 Hz for two
acket temperatures (60 and 70 ◦C) while keeping the other parame-
ers constant (Foil: 12.6 mL min−1, FMeOH/NaOMe: 3.15 mL min−1, and
aOMe: 1% (w/w) with regard to sunflower oil).

The FAME yield is a strong function of N and varied between 60
nd 94% (Fig. 7). At low rotational frequencies (N < 30 Hz), a strong
ncrease of the yield was found with increasing N. The yield reaches

maximum between 30 and 40 Hz. A further increase leads to a
owering of the yield. Similar trends were observed for the biphasic
sterification of oleic acid with 1-butanol catalyzed by a Rhizomucor
iehei lipase [35], where a maximum at 40 Hz was observed.

The overall sunflower conversion in this biphasic system is

xpected to be determined by the intrinsic kinetics of sunflower
ormation as well as by mass transfer effects. The trends in Fig. 7

ay be rationalized by taking these two factors into account. At
ow rotational speed (N < 30 Hz), the overall conversion is likely

ainly determined by mass transfer effects (mass transfer limited
3.15 mL min−1 (6:1 molar ratio of methanol to oil), and NaOMe: 1% (w/w) with
regard to sunflower oil, lines are for illustrative purpose only. Yield is the average
steady-state yield for at least 2 h runtime.

regime). The power input is rather limited, leading to relatively large
droplets in the annular zone and thus to a relatively low value of
the volumetric mass transfer coefficient (kLa) [40–43]. The increase
in the yield when going from 20 to 30 Hz is likely due to the forma-
tion of smaller droplets and a concomitant increase in the value
of kLa. The specific annular interfacial area for the biphasic system
dichloroethane–water has been studied in detail in the CINC using
an on-line laser probe (FBRM). It was shown to be highly depend-
ing on the value of N, with high N values leading to larger interfacial
areas [39].

Based on this rationalize, the overall conversion rate for
N > 40 Hz is determined solely by the intrinsic kinetics of biodiesel
synthesis and the FAME yield is expected to be independent of the
value of N (kinetic regime). However, this is not the case and the
yield is lowered at higher N values. It is well possible that this reduc-
tion is related to the changes in the volume of the reactive phase in
the CINC as a function of the value of N. For a biphasic reaction with
relatively fast kinetics, the reaction only takes place in a dispersion
consisting of a continuous and a dispersed phase of small droplets.
In the CCS, this dispersion is found in the annular zone as well as
in parts of the centrifuge. The volume of the dispersed phase in the
annular zone is about constant at these low flow rates and inde-
pendent of N [39]. However, the volume of the dispersed phase in
the centrifuge is expected to be a function of the rate of rotation N.
This may be rationalized by considering the settling velocity of indi-
vidual drops in the centrifuge. In a centrifugal settler the settling
velocity for individual drops is given by Eq. (1) [44]:

�S,CCS = d2
d(�d − �c)ω2r

18�c
(1)

The settling velocity of the droplets in the dispersed zone is thus
proportional to the difference in density, the angular momentum
and the squared drop diameter.

Due to the proportionality of the settling velocity with the angu-
in the centrifuge will be reduced considerably at high rotational
speeds, see Fig. 8 for details. Thus, the observed reduction of the
FAME yield in the kinetic regime at N > 40 Hz, is likely due to a
strong reduction of the volume of the reactive, dispersed phase in
the centrifuge of the CCS.
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.6. FAME synthesis at optimum settings

With the effects of the most important process variables on the
AME yield established, experiments at optimum settings were per-
ormed (N = 30 Hz, catalyst load of 1% (w/w), jacket temperature
5 ◦C, flow of the oil and of the methanol/methoxide feed of 12.6
nd 3.15 mL min−1, respectively). The results for two duplicate runs
re shown in Fig. 9.

After about 30 min, steady-state is reached and the FAME yield
as on average 96%. Reproducibility is good, see Fig. 9 for details.

.7. Volumetric production rate in the CCS

The volumetric production rate of FAME production in
he CINC V02 at optimized settings were calculated to be
1 kgFAME m−3

liquid min−1. This corresponds with an annual produc-
ion rate of about 5.6 ton/year. The largest CCS of the CINC type
vailable is the CINC V20 with a maximum flow through put of
57 L min−1. When assuming that the same volumetric production
ate can be achieved in this CCS and taking a volumetric ratio of
oth devices of about 400, the productivity in the large CINC V20 is
stimated to be about 2.2 kton/year.
It is of interest to compare the volumetric production rate in the
INC V02 with that for a typical batch process. Literature data imply
hat 98% yield is typically obtained in 20 min reaction time [45]. This
orresponds with a productivity of about 40 kgFAME m−3

liquid min−1.

ig. 9. The yield of FAME in time, duplicate run. (N = 30 Hz, catalyst load of 1% (w/w),
acket temperature 75 ◦C, flow of the oil and of the methanol/methoxide feed of 12.6
nd 3.15 mL min−1, respectively (6:1 molar ratio of methanol to oil), yield is the
verage steady-state yield for at least 2 h runtime.)

[

d: dispersed zone, light grey: lighter phase, and darker grey: heavier phase.

Thus, it appears that the productivity in the CINC V02 is at least
comparable and likely higher than state of the art batch processes.

However, compared to batch the CCS has other advantages,
the main being that a liquid–liquid separator after reaction is not
required as this function is already integrated in the CCS. From
the literature [46] it is known that it may take up to 2 h to obtain
complete phase separation. Furthermore, the obvious advantages
of continuous processes compared to batch are also valid in this
case (e.g. product consistency and operator effort).

4. Conclusions and outlook

In this study, the proof of principle for the continuous biodiesel
manufacture in a highly integrated CCS of the type CINC V02 is pro-
vided. As such, it demonstrates the potential of CCS equipment to be
used for combined reactions and separation for biphasic (catalytic)
systems. At optimum conditions a reproducible FAME yield of 96%
was achieved. The volumetric production rates are at least compa-
rable to state of the art batch processes. Further improvements are
likely by hardware modifications, and particularly by modifications
of the annular zone to allow for higher flow rates while maintaining
a high conversion level. These studies as well as reactor engineering
studies including detailed kinetics and hydrodynamics features are
in progress at the moment.

Due to the compact size and flexibility in operation, the CCS
equipment is likely very suitable for biodiesel production in mobile
units in developing countries. A cascade of two CINCs in series, one
for biodiesel production and one for a subsequent aqueous wash
to remove remaining glycerol and catalyst, followed by a methanol
stripper, may be a very attractive process option for further explo-
ration and demonstration.
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