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Flow patterns in the course of transesterification of waste cooking oil (WCO), sun-
flower oil (SFO) with water and/or oleic acid as a model of WCO, and pure SFO in
the presence of a KOH catalyst in microtubes were investigated. FAME yield for the
transesterification of WCO reached more than 89% in the microtube reactors with a
residence time of 252 s at 333 K. The flow patterns when using WCO were changed
from a liquid–liquid slug flow at the inlet region to a parallel flow at the middle
region, and then to a homogeneous liquid flow at the outlet region as the reaction pro-
ceeded at 333 K. Fine droplets containing glycerol and methanol generally formed in
oil slugs when using pure SFO, but were almost unobservable when using WCO. The
soap produced from free fatty acids was considered to be the main factor affecting the
flow patterns of WCO and SFO. VVC 2009 American Institute of Chemical Engineers AIChE J,

56: 1383–1390, 2010
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Introduction

Microchannel reactors have many advantages over con-
ventional reactors, including great improvement in reaction
rate and product yield, energy efficiency, and on-site/on-
demand production.1–3 The reaction between immiscible

liquids can be enhanced by using a slug-flow microchannel
reactor.4–12 Transesterification of vegetable oil with methanol
to produce biodiesel fuels (BDF) is a typical two-phase reac-
tion. To improve the mass transfer between the two phases,
vigorous agitation is needed in a conventional batch reac-
tor.13–15 Recently, it was suggested that a microreactor was
suitable for use in the transesterification of vegetable oil in
the production of BDF.16–20 It was reported that the required
reaction time was remarkably reduced when a microreactor
was used instead of a batch reactor, suggesting that mass
transfer across the boundary of immiscible liquids in a

Correspondence concerning this article should be addressed to K. Kusakabe at
kusakabe@fwu.ac.jp

Current Address of Guoqing Guan: Institute of Industrial Science, The Univer-
sity of Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo 153-8505, Japan

VVC 2009 American Institute of Chemical Engineers

AIChE Journal 1383May 2010 Vol. 56, No. 5

ENVIRONMENTAL AND ENERGY ENGINEERING



microchannel could be significantly enhanced. The complex
interaction between the two immiscible phases during the
transesterification of sunflower oil (SFO) with methanol was
characterized by using a transparent FEP microtube reactor
in our previous study.21 Fine droplets containing the pro-
duced glycerol and methanol formed at the interface between
oil and methanol phases, and then moved into the oil slugs.
Fine glycerol-methanol droplets formed in the oil slugs were
attributed to the existence of diglyceride and monoglyceride
produced at the beginning of transesterification, which
served as an emulsifier to stabilize the surface of the formed
droplets.

In this study, waste cooking oil (WCO), SFO with water
and/or oleic acid as a model of WCO, and pure SFO were
used as the feedstock of BDF. The flow patterns in the
microchannel were investigated. WCO contains a large
amount of free fatty acids (FFA) and water. In this case, the
following reactions should be considered when using the
alkaline catalyst.

Triglyceride ðTGÞ þ CH3OH ,
Fatty acid methyl ester ðFAMEÞ þ Diglyceride ðDGÞ ð1Þ

DGþ CH3OH , FAMEþMonoglyceride ðMGÞ (2)

MGþ CH3OH , FAMEþ Glycerol ðGLÞ (3)

FFAþ KOH ) Soapþ H2O (4)

FAMEþ H2O ) FFAþ CH3OH (5)

The reaction mixture is composed of TG, methanol, DG,
MG, FAME, GL, H2O, soap, and catalyst. Therefore, the
flow patterns may be different when using pure SFO. This
study has three objectives: (1) to characterize the flow pat-
terns when using different feedstock; (2) to investigate the
interface phenomena in order to explain the flow pattern
transitions; and (3) to examine the relationship between flow
patterns and FAME yield.

Experimental

Chemicals

WCO was provided from a biodiesel production factory.
SFO for use in cooking was purchased. Dehydrated metha-
nol, potassium hydroxide, oleic acid, glycerol, acetic acid,
and phloxine B were obtained from Wako Pure Chemical
Ind. Ltd., Japan. The acid and saponification values of the
oil were determined using standard titration methods.22 The
molecular weight of the oil was determined from the saponi-
fication and acid values. Water content in the oil was
determined using a Karl-Fischer moisture titrator (MKC-610,
Kyoto Electronic Manufacturing). The viscosity was deter-
mined with a torsion-balanced, oscillation-type viscometer
(VM-1G, CBC Materials). The density was determined using
a density meter (DA-130N, Kyoto Electronic Manufactur-
ing). The physical properties of the oils are summarized in
Table 1. According to the contents of water and FFA in
the WCO, SFO was adjusted to be an oil mixture contain-
ing either 0.8 wt % H2O, or 6.6 wt % oleic acid, or both.
When FFA is assumed to be composed of oleic acid, an acid

value of 13.1 mg KOH g�1 corresponds to 6.6 wt% of oleic
acid.

Observation of flow patterns

Transparent PTFE tubes with a diameter of 0.46, 0.68,
0.86, and 0.96 mm were used for the transesterification reac-
tion and for observation of flow patterns. The experimental
setup has been described elsewhere.21 To obtain clear images
of the flow patterns in the microtube, a 4.5 wt % methanol
solution of KOH was dyed with inert red phloxine B. Red
phloxine B is soluble in glycerol, but is insoluble in oil. The
transparent PTFE tube with a length of 800 mm fixed onto a
silicone rubber plate was placed on a hot plate. A transparent
glass plate closely covered the microtube for prevention of
heat loss. Syringe pumps were used to feed the oil and meth-
anol. They were mixed at a T-shaped joint before entering
the microtube reactor. For the 0.96 mm microtube, the total
flow rate was fixed at 2.3 � 10�6 mm3 s�1, corresponding
to a residence time of 252 s. To standardize the residence
time in different microtubes, total flow rates for 0.86, 0.68,
and 0.46 mm microtubes were fixed at 1.8 � 10�6, 1.1 �
10�6, and 5.3 � 10�7 mm3 s�1, respectively. The flow rate
of methanol with KOH was equal to that of oil. The reaction
temperatures were fixed at 40 and 60�C. Pictures of the
microtube were taken with a digital single-lens reflex cam-
era. Details of the flow behavior in the microtube were
observed and recorded using an optical microscope equipped
with a digital camera. The shutter speed was 1/40 s.

The change of the interface tension in the oil during the
methanol phase at 298 K was observed using the pendant
drop technique.23,24 Methanol or a 4.5 wt % methanol solu-
tion of KOH was used to fill a rectangular pyrex cell (10
mm � 10 mm � 45 mm). The temperature was controlled at
exactly 25�C. Using an injection glass needle with a diame-
ter of 0.9 mm, the oil was slowly introduced into the metha-
nol phase and a single drop was formed on the tip of the
needle. The change in the shape of the oil drop on the tip of
the glass needle was observed with the reaction time noted,
a pictures were taken automatically every 30 s. Apparent
interfacial tension was determined from the characteristic
length of an oil drop and by the density difference between
the oil and the methanol phase. The volume of the drop was
evaluated from the maximum diameter of a drop, assuming
that its shape was a sphere.

Determination of FAME yield

The transesterification was carried out at 313 and 333 K,
and the methanol and oil flow rates were the same. At a
point 200, 400, or 800 mm from the inlet, the microtube was

Table 1. Physical Properties of WCO and Sunflower oil

Waste
cooking oil

Sunflower
Oil

Water content, wt % 0.8 \0.1
Acid value, mgKOH g�1 13.1 0.41
Saponification value, mgKOH g�1 233.1 192.4
Molecular weight, g mol�1 765.2 876.6
Viscosity, mPa s (20�C) 55.6 62.1
Density, g cm�3 (25�C) 0.92 0.91
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connected to an acetic acid solution line for the termination
of the reaction, and the sample was collected at each point.
The sample was then centrifuged at 6000 rpm for 1200 s.

The upper FAME layer was washed several times with
deionized water to remove residual inorganic components.
Then, 1 � 10�4 mm3 of the washed sample was diluted in 3

Figure 1. Two-phase behaviors in a microtube reactor with a diameter of 0.96 mm when using oils with different
compositions: (a) SFO (333 K); (b) SFO 1 0.8 wt % H2O (333 K); (c) SFO 1 6.6 wt % oleic acid (333 K); (d)
SFO 1 0.8 wt % H2O 1 6.6 wt % oleic acid (333 K); (e) WCO (333 K); (f) WCO (313 K).

Oil flow rate ¼ 1.15 � 10�6 mm3 s�1; methanol flow rate ¼ 1.15 � 10�6 mm3 s�1. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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� 10�3 mm3 of hexane for analysis. The concentration of
unreacted oil that remained in the sample was analyzed
using a high-performance liquid chromatograph (HPLC,
Tosoh Corp.) equipped with a silica-gel column (Shimpack
CLC-SIL, Shimadzu Corp.) and a refractive index detector.
The mobile phase was n-hexane/2-propanol ¼ 99.5/0.5 (v/v)
and the column temperature was kept constant at 313 K.
Two peaks that were attributed to the sum of FAMEs and
the unreacted glycerides (sum of mono-, di-, and tri-glycer-
ides) appeared in the liquid chromatogram. The FAME yield
in the product was calculated as follows:

FAME yield ¼ CFAME

3Coil

� 100 (6)

where Coil and CFAME are the concentrations of triglycerides in
the inlet and FAME in the product, respectively.

Results and Discussion

Figure 1 shows the flow patterns when different oil feed-
stock was used in a PTFE microtube with a diameter of
0.96 mm. The total flow rates were fixed at 2.3 � 10�6 mm3

s�1, and the flow rate of methanol with KOH was equal to
that of oil. As shown in Figures 1a, b, the flow patterns in
the cases of either SFO or SFO with 0.8 wt % water were

similar. Clear stable segments (a-1 and b-1 in Figure 1) in
the microtube were formed in the inlet region. Then red fine
droplets (a-2 and b-2 in Figure 1), which were composed
mainly of glycerol and methanol,21 were observed forming
in the oil slugs, and their fraction was increased along the
flow direction. In the middle region, the aggregation of the
formed fine droplets was enhanced due to the internal circu-
lation flow and large droplets formed in the oil slug (a-3 and
b-3 in Figure 1). In the outlet region, the aggregated droplets
in the oil phase almost completely merged into the methanol
phase and disappeared (a-4 and b-4 in Figure 1). However,
the coalescence of segments seemed simple in the presence
of water, as shown in Figure 1b. In our previous study,21 a
FEP microtube was used, and the fine droplets formed in the
oil segments were formed in a similar manner, but the seg-
mented flow was converted to a quasi-homogeneous one in
the exit region of the microtube when using pure SFO. How-
ever, the same phenomena were not observed when using a
PTFE tube, suggesting that the surface properties of a micro-
tube could strongly affect the flow patterns, but, it had no
effect on the formation of fine droplets in the oil segments.

The flow pattern in the case of WCO (Figure 1e) was sim-
ilar to those of SFO with 6.6 wt % oleic acid (Figure 1c)
and to the SFO with 6.6 wt % oleic acid plus 0.8 wt %
water (Figure 3d). Flow patterns of the separated oil and
methanol phases in the inlet region could also be seen (d-1

Figure 2. The shape change of oil drop in 4.5 wt % KOH-methanol phase at 298 K. (a) SFO, (b) WCO.
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and e-1 in Figure 1), but slug aggregation (c-1 in Figure 1)
also occurred in this region. In the middle parts along the
flow direction, the coalescence became vigorous, but no fine
droplets appeared in the oil segments from the inlet to the
middle regions (c-2, c-3, and d-2 in Figure 1). Simultane-
ously, the shape of some slugs began to deform (c-3, d-3,
e-2, and e-3 in Figure 1). For WCO, the separated slug flows
could easily become parallel (e-2 in Figure 1).

In order to clear the interface phenomena, an oil droplet
in the methanol containing 4.5 wt % of KOH were observed
at 298 K. As shown in Figure 2, the drop size of SFO and
WCO decreased as the reaction proceeded. FAME produced
by the transesterification could dissolve in methanol and oil.
Glycerol is soluble in FAME and oil to a negligible extent,
but is completely soluble in methanol.25–27 The produced
FAME and glycerol on the interface could diffuse into meth-
anol, resulting in shrinkage of the oil drop. In the case of
SFO, fine droplets could be observed in the oil drop at
780 s, then the fine droplet size in the oil drop increased
with the reaction time. After a reaction of 1020 s, the
grown-up droplets inside the oil drop fell into the methanol
by gravitational force, resulting in a sharp decrease in the
volume of the oil drop. To the contrary, the shrinkage rate
of the WCO drop was smaller than that of the SFO drop,
suggesting that the reaction rate was very slow in the pres-
ence of FFA. As with the results shown in Figure 1, no fine
droplets were observed in the oil phase. Although the envi-
ronment of the static state was different from that of the
flow state in the microtube, the interface change was similar
in both cases.

Figures 3a,b show the volume ratio and the apparent inter-
facial tension of the drop, respectively. The SFO drop ini-
tially expanded in the absence of the KOH catalyst due to
the diffusion of methanol into the oil phase. In the presence
of a KOH catalyst, the drop size of SFO constantly
decreased due to the diffusion of FAME and glycerol pro-
duced by the transesterification in the methanol phase. On
the other hand, the WCO drop size slightly decreased regard-
less of the existence of the catalyst during the first 600 s of
the reaction. This means that the transfer of water and FFA
into the methanol phase played an important role regardless
of the saponification of FFA, which hindered the progress of
the transesterification of TG in the initial period.

The apparent interfacial tensions were calculated by
assuming that the densities of the oil drop and methanol
phase were constant. The apparent interfacial tensions of the
SFO and WCO drops were slightly changed even in the
absence of a KOH catalyst, as shown in Figure 3b. The
interfacial tension of WCO-methanol containing 4.5 wt %
KOH (2.174 mN/m) was �2 times lower than that of the
SFO-methanol (3.991 mN/m) at the beginning of the reac-
tion. The two-phase flow patterns in the microchannel were
strongly related to the Capillary and Reynolds numbers and
decrease in interfacial tension tended to form parallel flows.6

Therefore, in comparison with a SFO-methanol system, the
lower interfacial tension in a WCO-methanol system could
more easily result in the change from a slug flow to a paral-
lel flow, as shown in e-2 of Figure 1.

As shown in Figure 3b, the interfacial tension of SFO-
methanol decreased according to the progress of the transes-
terification. The reduction in the interfacial tension might

have been caused by the formation of DG and MG, which
have a higher hydrophilicity than TG. Thus, fine droplets
consisting of glycerol and methanol were formed at the
interface between the oil and methanol phases due to the sta-
bilization effect of weak surfactants like DG and MG and
been dispersed into the oil phase due to the friction caused
by the internal flow and the interfacial tension.21 Meanwhile,
the interfacial tension of WCO-methanol increased with the
increase in reaction time. In the first 600 s reaction in the
static state, the saponification of FFA was the main reaction,
and therefore, the produced fatty acid soap influenced the
interfacial phenomena. It was reported that the formed fatty
acid soap existed almost completely in the methanol-glycerol
phase.26 The interfacial tension of WCO-methanol was lower
than that of the SFO-methanol at the beginning of the reac-
tion. This means that the FFA and other impurities in WCO
could stabilize the surface, then the fatty acid soap produced
by the saponification of FFA on the surface was easily trans-
ferred to the methanol phase, resulting in the slight rise in
interfacial tension. The high interfacial tension of WCO-
methanol after a reaction time of 600 s could prevent the
transportation of glycerol and methanol and the formation of
their fine droplets in a WCO drop.

As the reaction proceeded, FAME also increased in the
reaction system. The formed FAMEs served as co-solvents

Figure 3. Volume ratio of oil drop (a) and apparent
interfacial tension between oil and methanol
(b) at 298 K.

l*: SFO-methanol; n&: WCO-methanol; ln: 4.5 wt %
KOH in methanol; *&: pure methanol.
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of unreacted oil and methanol. Therefore, the homogeneous
phase was formed more easily in the microtube reactor at
the final stage of the reaction. In the pendant drop system,
most of the FAME could be transported into the large
amount of methanol.

Figure 4 shows the flow patterns when using microtubes of
different diameters for the transesterification of WCO with
methanol at 333 K. The residence time of the reaction mix-
ture in the microtubes was kept constant (252 s at 800 mm
away from the inlet). In this case, although the total flow rates
for different microtube were set at different value, the flow
velocities of the reactants in each microtube were the same.
As shown in Figure 4, flow patterns for the four microtubes
(0.96, 0.86, 0.68, and 0.46 mm) were similar and changed
from separated slug flow through coalescence of slug to par-
allel flow and then to homogeneous state. However, the
elapsed time to form a homogeneous state became extended
for the 0.96 mm microtube. If the total flow rate was set at
the same value, the moving velocities of reactants in different
microtube were different, and the smaller the microtube, the
faster the moving velocity. In this case, the flow patterns of
different microtube were completely different.

The FAME yields along the microtube during transesterifi-
cation of WCO are also shown in Figure 4. The FAME yield
increased with the decrease in the microtube diameter, and
the FAME yields reached higher than 89% for all cases at
the 800 mm point away from the inlet, corresponding to a
residence time of 252 s. When batch reactor experiments
were performed for comparisons under 600 rpm at 333 K by

using 100 cm3 flask, FAME yield was 78.3% at a reaction
time of 240 s. The homogeneous state in the microtube
should be a benefit for the transesterification of WCO due to
the enhancement of the mass transfer between oil and metha-
nol. It should be noted that the highest FAME yield from
the used WCO in the present study did not exceed 93% even
when using a batch reactor with a long enough reaction time
at 333 K. As shown in Figure 4, the FAME yields at the
points of 800 mm for different microtubes were very close,
in the range of 89.2–92.8%, suggesting that the reaction was
almost completed for all these microtubes. Although the
FAME yield of a 0.46 mm tube at this point was a little bit
smaller than that of a 0.68 mm tube, we considered the
result an experimental accidental error.

FAME yields as a function of microtube size at the same
residence time for different oil feedstock are shown in Fig-
ure 5. The residence time of the reaction mixture at the
points of 200, 400, and 800 mm in the microtube were 56,
112, and 224 s, respectively. The flow rate ratio of methanol
and oil were kept constant for all cases. When the tempera-
ture was 313 K, as shown in Figure 5a, the FAME yield
decreased with the increase in microtube diameter. This was
similar to the results when using a stainless microtube, or
FEP tube, in our previous study.21 The smaller microtube
could be a benefit for heat transfer from the hotplate to the
reaction mixtures. Furthermore, as shown in Figure 1, the
main flow pattern in this area was the separated slug flow.
According to the Young-Laplace equation for the slug flow
of a microtube,9,28 the pressure drops of oil (DPoil) and

Figure 4. Flow patterns and FAME yield along the flow direction when using WCO for the production of BDF at 333 K
in the microtube reactor with different diameters: (a) 0.96 mm; (b) 0.86 mm; (c) 0.68 mm; (d) 0.46 mm.

Residence time ¼ 252 s. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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methanol segments (DPmethanol) can be calculated using Eqs.
7 and 8, respectively:

DPoil ¼ 16loilUoilLoil=D
2 (7)

DPmethanol ¼ 16lmethanolUmethanolLmethanol=D
2 (8)

where D is the diameter of a microtube, l the liquid viscosity,
and L is the total length of the segment. The segment flow
velocities of oil (Uoil) and methanol (Umethanol) are considered
to be the same. The total pressure drop ratio in different
microtubes was DP(D ¼ 0.96 mm) DP(D ¼ 0.86 mm):
DP(D ¼ 0.68 mm): DP(D ¼ 0.46 mm) ¼ 0.23:0.29:0.46:1.
This means that shear forces between the segments and the

tube wall became strong with a decrease in microtube size, and
resulted in strong internal circulation within the segments in
the entrance region and in enhancement of the reaction rate.

PTFE had a greater affinity for oil than methanol. Accord-
ingly, a thin oil film could be formed around the inner wall
of the PTFE tube. The film thickness (hfilm) could be esti-
mated by Bretherton’s law using the following equation9,29

hfilm ¼ 0:67DðloilUoil=coilÞ2=3 (9)

where coil is the surface tension of oil. Obviously, with the
same flow velocity corresponding to the same residence time
in the microtube, the formed film thickness decreased with the
decrease in microtube size. Thus, in the radical direction, the
mass transfer distance between the two phases decreased with
the decrease in microtube size. In this case, the whole surface
of the segment takes part in the mass transfer between two
phases. For microtubes with different diameters, the specific
surface area (S/V0) of the methanol segment in the absence and
presence of the thin film can be expressed as Eqs. 10 and 11,
respectively.

S=V0 ¼ 2=L (10)

S=V0 ¼ 2=Lþ 4=D (11)

where V0 and L are the volume and the length of the methanol
segment, respectively. From Eq. 11, it is apparent that the
specific interfacial area around the segment (4/D) increased
with a decrease in microtube diameter. As a result, and as
indicated in Figure 5a, the mass transfer between the two
phases were considered to increase with the increase in the
specific interfacial area in the presence of oil film. Kashid and
coworkers.9,10 also found that the volumetric mass-transfer
coefficient in PTFE tubes increased with a decrease in the
microtube diameter for the liquid–liquid extraction of the
nonreactive systems. However, the homogeneous flow formed
from the middle region hindered the size effect of the
microtubes in this study.

The water in the oil phase could transfer through the inter-
face to the methanol phase, and hinder the reaction to some
extent. However, the effect of water on the FAME yield in
the microtube was much lower than that of FFA, as shown
in Figure 5a. When FFAs existed in the oil, it could also
transfer through the interface and react with KOH to form
soap immediately. The formation of soap consumed a part of
the catalyst in the methanol, and simultaneously hindered the
contact of the oil and the methanol. As a result, the FAME
yield decreased to a great extent at 313 K.

When the reaction temperature was raised to 333 K, the
flow pattern was changed, as shown in Figure 1. The effects
of an addition of oleic acid and water to the SFO on the
FAME yield at 333 K decreased to some extent, especially
for the small microtube as shown in Figure 5d. The FAME
yield for WCO was obviously lower than that for SFO con-
taining oleic acid and H2O because of unknown organic
components. The FAME yield reached higher than 89% at
the outlet and almost the same value after a residence time
of 252 s in the microtube at 333 K for all oils used (Figure
5b). As shown in Figure 1, the shape and the flow state in
the slug changed greatly in the region from the inlet to the

Figure 5. FAME yield as a function of microtube diame-
ter for the oils with different compositions:
*, SFO; ~, SFO 1 0.8 wt % H2O; &, SFO 1
6.6 wt % oleic acid; ^, SFO 1 0.8 wt % H2O
1 6.6 wt % oleic acid; n, WCO.

Residence time is the same for each sampling points.
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point of 400 mm, and as a result, FAME yield increased
sharply in this region. For SFO and SFO with water, the
transesterification reaction was almost completed at this
point. For oil that contained FFA, the flow state was trans-
ferred from slug flow to homogeneous flow from a point at
400 to 800 mm. In the homogeneous state, the effect of soap
and water should become weaker on the reaction rate. There-
fore, the homogeneous flow was a benefit for the completion
of transesterification of oil containing FFA in the microtube,
particularly in the case of WCO.

Conclusions

Flow patterns in microtube reactors with different diame-
ters during biodiesel production from WCO were investi-
gated in detail. To investigate the effect of FFA and water in
the WCO on the flow patterns and FAME yield, oleic acid
and/or water were added to SFO. In the case of SFO with
FFA and WCO, the presence of FFA greatly changed the
flow pattern. No fine droplets containing glycerol and metha-
nol were observed at the interface of the oil and methanol
phase at the entrance region. The formation of soap with a
strong surfactant property in the presence of FFA could
change the interface properties to a great extent, and could
hinder the formation of fine droplets in the oil phase. FAME
yield along the microtube was greatly influenced by the flow
patterns. The formation of a homogeneous flow at the outlet
region in the microtube when using the oil with FFA reduces
the negative effect of soap and water on the FAME yield.
As a result, the FAME yield for the transesterification of
WCO reached higher than 89% in microtubes of different
sizes with a residence time of 252 s at 333 K.

Acknowledgments

This work was supported by the Research Institute of Innovative
Technology for the Earth (RITE) and FWU Grant-in-Aid for Science
Research.

Literature Cited
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