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The following study presents the first quantitative performance data for a novel laminar flow biodiesel reactor/
separator. The reactor ideally achieves high conversion of vegetable oil triglycerides to biodiesel while
simultaneously allowing glycerol to phase separate and settle from the reacting flow. The reactor was operated
using pretreated waste canola oil as a feedstock; potassium hydroxide dissolved in methanol was used as a
catalyst. Reactor performance was assessed by computing conversion of vegetable oil triglycerides to biodiesel
as well as subsequent separation of the coproduct glycerol stream. At slightly elevated temperatures (40-50
°C), an overall feed of 1.2 L/min, a 6:1 molar ratio of methanol to vegetable oil triglycerides, and a 1.3 weight
% catalyst loading, the reactor was able to achieve greater than 99% conversion of pretreated waste canola oil
to biodiesel and remove 70-99% of glycerol produced.

Introduction
Background. The production of biodiesels, or alkyl esters,
has recently garnered attention due to an increasing interest in
alternative fuels.1-10 Biodiesel fuel is nontoxic, biodegradable,
and can be used in most diesel engines with little or no
modification.4,9,10 Biodiesel is typically prepared via the acidor base-catalyzed reaction between vegetable oil triglycerides
and methanol.11,12 The overall reaction scheme for the methanolysis of triglycerides, illustrated in Scheme 1, is comprised
of three sequential reactions R1-R3, where TG, DG, and MG
represent tri-, di-, and monoglycerides, respectively, G represents
glycerol, and FAME represents fatty acid methyl esters or
biodiesel.
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The majority of current biodiesel production methods employ
batch reactor technology,13,14 which has limited capability for
a number of reasons. Owing to the immiscibility of vegetable
oil triglycerides and methanol (reactants), and also biodiesel
and glycerol (products), the synthesis of biodiesel takes place
as a two-phase reaction. Batch reactors utilize intense mixing
to create and maintain a stable emulsion in order to minimize
mass transfer limitations and to allow the reaction to reach
kinetic equilibrium. Under batch operation, subsequent separation stages are required to remove the coproduct glycerol and
methanol from the biodiesel product. Additionally, due to
stringent ASTM specifications for free and total glycerine
content, the equilibrium conversion obtained in a batch system
often does not meet ASTM fuel standards;15 this is due to an
excess of partially reacted glycerides.
Transesterification conversion can be driven toward completion by the continuous removal of the glycerol phase during
the reaction. There are several existing biodiesel reactor
technologies that are capable of simultaneously removing the
glycerol phase and driving the reaction to conversions exceeding
99%; they are generally very energy intensive and may require
highly elevated temperatures and pressures. Two strategies that
have been employed to-date to achieve continuous biodiesel
production coupled with glycerol removal are continuous
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Scheme 1. Transesterification reaction between triglycerides and methanol to form fatty-acid methyl esters (bio-diesel).

centrifuge technology16 and reactive distillation.17-20 The former
requires additional equipment and energy costs associated with
their operation, and the latter introduces substantial energy costs
for vaporization of lighter components.
Static mixing can be utilized to avoid energy-consuming
mechanical agitation. Static mixing has been studied for
immiscible liquid-liquid systems and high-viscosity systems
in several applications.21-23 In addition, static mixers have been
used in numerous ways for biodiesel synthesis. Frascari et al.
used static mixers for injection into a stirred tank via semibatch
operation.24 Static mixers have also been used for continuous
plug flow type tubular reactor operation.16,25,26 Thompson et al.26
studied biodiesel synthesis in a closed-loop reactor comprised
completely of static mixers. Still, although high conversion can
be achieved,16,24-26 operating with these reactor designs does
not allow for simultaneous glycerol separation.
The present study analyzes the performance of a novel reactor/
separator for which a static mixing unit was exploited as an
injector to a reaction chamber with no moving parts. Reaction
conditions took place at slightly elevated temperatures (40-50 °C)
and atmospheric pressure. The reaction chamber was composed
of a small static mixing unit encompassed by a much larger
reaction vessel; reactants flow through tortuous pathways in the
static mixer before entering the main reaction vessel. When the
emulsified reactants are released into the main reaction vessel,
bulk velocity in the axial direction is decreased due to a large
increase in column diameter. By operating under laminar flow
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conditions, glycerol that forms and phase separates settles
downward as long as the upward flow velocity is slower than
the settling velocity of glycerol.
Reactor Operating Concept. The laminar flow reactor/
separator ideally achieves high conversion (>99%) and simultaneously separates glycerol by allowing the glycerol to settle
to the bottom of the reactor while the reacting flow moves
upward. Glycerol is removed from the reacting flow, encouraging the forward reaction and limiting the reverse reaction. The
miscibility limitations of methanol with the triglycerides are,
interestingly, overcome once a small amount of methyl esters
are produced in the static mixing injector system. The settling
of particles and droplets consisting of one material through a
fluid of another material is well described by eq 1 below.27
(Fh - Fl)gd2
Vs ) Vf 18µ

(1)

In eq 1, Vf and Vs represent the upward velocity of the lower
density oil and the settling velocity of the higher density
glycerol, respectively. The settling velocity is a function of the
difference in densities of the liquids (Fh - Fl), the viscosity of
the lower density liquid (µ), and the diameter of the higher
density droplet (d). Although this equation assumes that the
settling particles are rigid and spherical, thereby limiting its
quantitative predictions, in the present case of a two-phase liquid
system, it is sufficient to indicate the major parameters controlling glycerol settling through an oil phase consisting of reacting
vegetable oil and biodiesel methyl esters.
According to eq 1 the settling velocity is proportional to the
difference in densities of the two phases, the droplet size of the
settling phase (glycerol), and the viscosity of the continuous
phase (oil and biodiesel). In the upflowing oil phase, molecules
of glycerol are created by reaction. The glycerol molecules
nucleate into small droplets, most likely via a heterogeneous
mechanism due to very small particulate contamination in the
vegetable oil as well as hydrophobic interactions. The small
droplets initially flow upward with the oil phase since their
settling velocity downward is much smaller than the upward
velocity of the oil phase. The small droplets coalesce with each
other to form larger droplets,28 and when of sufficient size they
begin falling downward as the settling velocity becomes larger
than the upward oil velocity.
The above description of the reactor/separator operation is
idealized. The actual behavior is complicated by several factors
(27) Zhou, W.; Boocock, D. JAOCS 2006, 83, 1047–1052.
(28) Shinnar, R.; Church, J. M. J Ind Eng Chem 1960, 52, 253–6.
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Figure 1. Diagram of laminar flow reactor/separator with digital images
representing different positions within the reactor during operation.

such as methanol and catalyst partitioning between the oil and
glycerol phases. Methanol partitioning affects the densities of
each phase, the viscosity of each phase, and the size of the
glycerol droplets. The partitioning of both catalyst and methanol
can affect the rate of reaction as well. Furthermore, nucleation
and coalescence of glycerol, at any particular location within
the reactor, are influenced by glycerol droplets settling from
above. Figure 1 shows a diagram of the laminar flow reactor/
separator along with digital images representing different
positions within the reactor during operation. In Figure 1, digital
image No. 1 shows a distinct glycerol layer at the bottom of
the reactor that has accumulated from settling glycerol droplets.
Image No. 2 shows a two phase mixture where phase-separated
glycerol droplets containing both methanol and catalyst are
settling as the reacting flow moves upward. Finally, image No.
3 displays the product leaving the top of the reactor; in image
No. 3 glycerol phase droplets are not clearly visible. The basic
concept of glycerol settling at the same time as the reacting oil
flow proceeds upward appears sound based on visual observations shown in Figure 1 and the experimental data presented in
following sections.
In the present study, the reactor was operated continuously for
6 h using pretreated waste canola oil as the feedstock. Pretreated
waste canola oil was heated to approximately 65 °C and fed to the
reactor at 0.95 L/min while room temperature methanol was fed
at 0.22 L/min containing potassium hydroxide at 1.3 wt % of waste
canola oil, a typical catalyst loading.12,29-31 Flow rates were held
constant throughout the extent of the experiment.
Reactants were pumped into the reaction vessel, first combining through a Y-joint and then through a static mixing unit
extending into the bottom of the reactor. Product was continuously removed from the top of the reaction vessel while glycerol
was continuously removed from the bottom. Glycerol accumulation was maintained at a level below that of the injection.
Samples were drawn periodically during the operation of the
reactor from both the top and bottom outlets. Samples were
analyzed for free and total glycerin, biodiesel methyl esters,
and methanol. Reactor performance was measured by calculating
the conversion of vegetable oil to biodiesel as well as the
glycerol separation efficiency.
Experimental Section
Equipment Setup. The equipment consisted of three main
components, labeled 1-3 in the schematic presented as Figure 2a;
(29) Vicente, G.; Martinez, M.; Aracil, J.; Esteban, A. Ind. Eng. Chem.
Res. 2005, 44, 5447–5454.
(30) Darnoko, D.; Cheryan, M. JAOCS 2000, 77, 1263–1267.
(31) Bambase, M.; Nakamura, N.; Tanaka, J.; Matsumarai, M. J. Chem.
Technol. Biotechnol. 2007, 82, 273–280.
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a picture of the actual equipment is shown in Figure 2b. The reactor,
labeled 1, was composed of a 1.2 m glass column with a 15 cm ID
and an 18 cm OD. The glass column was enclosed by two brass
caps, each equipped with an O-ring and three female threaded holes;
the injection unit was attached to the bottom end-cap. The injection
unit comprised a 15 cm static mixer with a 2 cm ID and a metal
disk with holes over the static mixer to disperse the flow radially.
A 190 L sealed PVC plastic tank, labeled 2 in Figure 2, was used
as a mixing and storage unit for potassium hydroxide dissolved in
methanol; the tank was kept in an extractor-fan-equipped chemical
safety hood. The largest piece of equipment was a 450 L water
heater (Vangaurd 240/280 V), labeled 3 in Figure 2; The water
heater was used for heating the raw oil feedstock and was equipped
with two heating elements.
There were several places throughout the apparatus where
temperature, level, and flow were measured as indicated by T, L,
and F in Figure 2, respectively. Both temperature gauges and flow
meters were equipped with digital readouts. There were three
metering valves, noted by v1-v3 in figure 2(a), used to manually
control the flows of raw canola oil and methoxide entering the
column, as well as glycerol leaving the bottom of the column.
Waste Oil Pretreatment. Waste canola oil (400 L) containing
approximately 5 wt % free fatty acid (FFA) was pretreated by
reacting FFA down to less than 0.5 wt %. This was achieved by
esterification with methanol using hydrochloric acid (HCl) as a
catalyst. The waste canola oil was treated in two 200 L batches. In
each batch, methanol (50 L) and 36% HCl (1 L) were added to the
waste oil; circulation was applied for agitation, and the mixture
was allowed to react for 5 h at room temperature. HCl and unreacted
methanol were recovered from the first batch after settling, and
were used again to treat the second batch. The recovered methanol
layer containing the HCl contained some water from esterification;
however, due to its superior tolerance for water compared to sulfuric
acid, the HCl effectively catalyzed the FFA esterification in the
second 200 L batch. 32 An extensive discussion of the motivation
for pretreatment and the various methods are also provided in ref
32.
Feedstock Preparation. Treated waste canola oil was added to
the 450 L water heater where it was circulated by a positive
displacement pump (Tuthill pump Co., Aerovox motor 370 V) and
heated to 65 °C. Methanol (115 L) was added to the 190 L storage
tank that was set in a chemical safety hood. Potassium hydroxide
(6 kg) flakes (Oxychem 88 wt % caustic potash anhydrous) were
mixed into the methanol over a period of 30 min by agitation with
a variable speed 115 V motorized mechanical impeller; the mixture
was simultaneously circulated with a positive displacement pump
(Tuthill pump Co., Aerovox motor 370 V). The oil temperature of
65 °C was chosen so that the mixture of oil and room temperature
methoxide (methanol and potassium hydroxide) fed to the reactor
would have a temperature substantially below the normal boiling
point of methanol.
Starting the Reactor. Before pumping reactants into the reactor,
the reactor was filled with B100 methyl esters (25 L) at room
temperature. Although the reactor can be started empty, the wet
start used here allows a faster startup and simulates the more
interesting scenario of an industrial restart after temporary shutdown.
The reactant flows were started in full recycle mode, by setting the
valves labeled v1 and v2 in Figure 2a to direct all methoxide and
waste vegetable oil back to their respective storage tanks. Valve
v2 was then changed to direct waste oil to flow to the reactor and
its flow was adjusted to the desired value. Immediately after,
methoxide was allowed to flow to the reactor by adjusting valve
v1. The flows were monitored continuously and valves v1 and v2
were adjusted to maintain the desired flows of vegetable oil and
methoxide.
Data Collection. Immediately after reactants were allowed to
flow to the reactor, a stopwatch was started and temperatures and
flow rates were recorded every 10 min for the extent of the
(32) Boucher, M. B.; Unker, S. A.; Hawley, K. R.; Wilhite, B. A.; Stuart,
J. D.; Parnas, R. S. Green Chem 2008, 10, 1331–1336.
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Figure 2. (a) Schematic of reactor apparatus. (b) Digital image of reactor apparatus.

experiment. Temperature was measured at both the outlet of the
water heater and the outlet of the reactor, indicated by “T” in Figure
2a. Flows of both methoxide and waste oil were measured before
entering the reactor at positions indicated by “F” in Figure 2a. Flow
of glycerol leaving the reactor bottom was measured indirectly by
maintaining a constant level of glycerol 10 cm above the reactor
bottom (5 cm below the point of injection). The level of separated
glycerol was maintained within ( 1 cm by manually adjusting the
valve labeled v3 in Figure 2a. Glycerol was allowed to flow
continuously into a one liter graduated cylinder, and time was
recorded each time 1 L of glycerol was accumulated.
After 1 h of initial startup (three 20 min residence times), sample
collection started. Ten milliliter samples were drawn every 30 min
from both top and bottom reactor outlets. Samples drawn from the
top outlet were immediately quenched with 5 drops of 36% HCl
(Sigma Aldrich reagent grade) and refrigerated. These samples from
the top of the reactor were prepared for gas chromatography (GC)
by ASTM method 6584-00 and were analyzed for free and total
glycerine. 15
Samples drawn from the bottom outlet of the reactor were kept
refrigerated to avoid evaporative loss of methanol; each sample
was then analyzed by thermal gravimetric analysis (TGA) using a
high-resolution Q500 TGA equipped with a 0-200 mg microbalance. Three drops of each sample were placed in a platinum TGA
dish using a Pasteur pipet. The sample entered a sealed temperaturecontrolled chamber in the presence of argon gas where temperature
was ramped from room temperature to 100 °C at a rate of 10 °C
per min. Temperature was then held isothermally at 100 °C for 10
min, after which it was ramped to 400 °C at a rate of 10 °C per
min. Immediately after reaching 400 °C, oxygen was allowed to
enter the chamber while the temperature was held isothermally at
400 °C in order to burn off any decomposed glycerol. Throughout
the course of the sample analysis, as temperature increased, the
change in mass of the sample was recorded every 0.5 s. This method
is particularly effective for analyzing the composition of methanol
in the glycerol stream because methanol and glycerol boil at widely
separated temperatures. Separate samples of 88 wt % KOH pellets
were conducted to verify that KOH does not decompose until
temperatures greater than 700 °C.
Bottom samples were also titrated for KOH content using 0.5
M sulfuric acid. Titration solutions were prepared by mixing 5 g
of sample with 5 mL of DI water and titrating with 0.5 M sulfuric
acid.27 Control titrations were conducted using HPLC grade
methanol (JT Baker), reagent grade glycerol (Acros), and reagent
grade KOH (88 wt % JT Baker).

Results and Discussion
Pretreated waste canola oil was injected into the continuous
flow reactor/separator for a total of 6 h. During the 6 h span,
flow rates and temperatures were recorded periodically at
locations denoted by T and F, shown schematically in figure

Figure 3. Digital images of reactor during operation to help visualize
glycerol droplet settling as well as distinct separation between glycerol
and emulsified reactants

2a. All flow rates were manually controlled using metering ball
valves. Both raw canola oil and methoxide flows were held
constant throughout the experiment, while the glycerol outlet
flow was adjusted to maintain the desired glycerol level. Figure
3 shows the reactor during operation. Figure 3a is a zoom shot
of the bottom of the reactor when backlighting was applied to
help visualize falling glycerol droplets; Figure 3, panels b and
c, applied no backlighting to show a more distinct separation
between the glycerol layer and emulsified reactants.
During reactor operation, falling glycerol droplets were clearly
visible, especially when backlighting was applied. It was
observed that falling glycerol droplets were the largest as they
approached the bottom of the reactor and were scarcely visible
at the top of the reactor, which is consistent with a glycerol
nucleation, coalescence, and settling model discussed in the
Introduction. The large glycerol droplets near the bottom fell
rapidly, were not spherical, and clearly disturbed the flow pattern
in their vicinity, complicating the reactor operation compared
to the simple laminar flow and idealized droplet settling models
discussed. Significant research is therefore required to fully
understand the detailed fluid mechanics of this reactor.
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Figure 4. Sample gas chromatograph readouts (a) corresponding to pretreated waste canola oil and (b) corresponding to reactor outlet sample at
time ) 300 min.

Throughout the experiment samples were drawn from the top
of the reactor, quenched, and prepared for GC by ASTM method
6584-00 to be analyzed for free and total glycerine. Figure 4
shows sample GC readouts of pretreated waste oil (a) and a
sample drawn from the top of the reactor (b) at 300 min into
the experiment.
As shown in Figure 4a, the treated waste oil was composed
mainly of vegetable oil triglycerides (76 wt %) as well as a
small amount of diglycerides (14 wt %) and C-18 methyl ester
(10 wt %). Small amounts of methyl ester were attributed to
the esterification of FFA during pretreatment of the raw waste
oil via reaction R4 shown below, and conversion of TG f DG
via reaction R1.
catalyst

FFA + MeOH y\z FAME + H2O

(R4)

Figure 4b corresponds to a sample drawn 300 min into the
experiment, when the conversion of waste oil triglycerides to
methyl esters was greater than 99%. A small glycerol peak was
also visible, indicating imperfect separation in the reactor, but
the reactor outlet sample had not yet been washed.
Samples drawn from the bottom outlet of the reactor were
kept refrigerated and were analyzed by TGA for the weight
percent of methanol. As TGA temperature was ramped, the
weight of the sample was monitored with time. Figure 5a is a
sample plot of the raw data and Figure 5b is the corresponding
plot of the rate of change of mass (dm/dt) with increasing
temperature; Figure 5 corresponds to a sample taken two hours
into the experiment.
As shown in Figure 5b, there were three very distinct peaks.
The first peak was attributed to the initial evaporative loss of
methanol. As temperature approached the boiling point of
methanol at its particular concentration in glycerol, dm/dt
increased significantly until it reached a local maximum. At
100 °C, temperature was held isothermally for 10 min, where
a decrease in dm/dt was observed until it was considerably low
and steady. At this point it was safely assumed that the majority

Figure 5. (a) Sample of raw data provided by TGA readout. (b) The
rate of change in mass with increasing temperature for a typical TGA
sample.

of methanol had been removed from the sample, and the change
in mass was used to calculate the corresponding weight percent
of methanol.
After the analysis was complete, there was remaining mass
that was unaccounted for by TGA. Due to the inability to
accurately measure the glycerol content by TGA, it was
measured indirectly by titrating for KOH content. It was
assumed that after measuring both methanol and KOH content
that the remaining mass was glycerol. Titrations were conducted
as previously described
Results from the analysis of the top and bottom samples
drawn from the reactor are summarized in Figure 6. Figure 6a
shows the mass percent of methyl ester and bound glycerine in

Energy & Fuels, Vol. 23, 2009 2755

Two-phase Continuous Flow Biodiesel Production

Figure 6. (a) Mass fraction of individual species in the oil phase at
reactor top outlet; (1) FAME, (O) TG, (b) DG. (b) Mass fraction of
individual species in the glycerol phase at reactor bottom outlet; (∆)
methanol, (2) glycerol, ([) KOH.

the oil phase leaving the top of the reactor, and Figure 6b shows
the mass percent of methanol, glycerol, and KOH leaving the
bottom of the reactor. Note that each plot contains a dual y-axis,
and components with relatively low concentrations in either
phase are represented on the right axis.
With the data obtained and presented in Figure 6 along with
the flow rates measured, a complete mass balance of all species
entering and leaving the system was conducted. Using reported
densities for individual species,33 the mass balance conducted
around each data point was closed within 3 wt %, indicating
that the reported top and bottom product compositions are
consistent with each other.
Reactor performance was assessed by calculating both the
conversion of triglycerides to methyl esters and simultaneous
separation of glycerol achieved. Using data provided in figure
6a, conversion was calculated. Assuming reaction R1, TG f
DG, is the rate limiting step, conversion can be expressed as
shown in eq 2 below.
x)

[TG]0 - [TG]
[TG]0

(2)

Using the data in Figure 6b along with monitored flow of the
glycerol phase leaving the bottom of the reactor, separation
efficiency was calculated. Separation efficiency was defined as
the ratio of glycerol leaving the bottom of the reactor (FG-S) to
the total glycerol produced by reaction (FG-P) and is expressed
in eq 3 below.
separation efficiency )

FG-S
FG-P

(3)

A summary of reactor performance is provided in Figure 7
below. A long-lived steady state was not achieved for reasons
discussed below. Nevertheless, a number of encouraging trends
are observed. Figure 7a depicts conversion of triglycerides to
methyl ester, as defined by eq 2, throughout the entire
(33) Tate, R. E.; Watts, K. C.; Allen, C. A. W.; Wilkie, K. I. Fuel 2006,
85, 1004–1009.

Figure 7. Summary of reactor performance during length of operation.
(a) Conversion of TG to FAME as defined in eq 2. (b) Separation
efficiency as defined in eq 3. (c) Temperature measurements; (1)
pretreated waste canola oil feed, (3) reactor top outlet.

experiment. In the initial reactor startup there was some
oscillation observed in the calculated conversion. However, once
the reactor outlet temperature became relatively steady, as shown
in Figure 7c, conversion began to increase and also became
moderately stable for the last two hours of the experiment. As
is well-defined in several kinetic studies,11,12,29-31 the reaction
rate of transesterification is a strong function of temperature.
As temperature at the reactor outlet increased an expected
response of increasing conversion was observed. Although the
response was delayed, conversion eventually reached a moderately stable value ranging from 98.5 to 99.3%.
To compare the conversion achieved in the continuous
reactor/separator to that expected in a batch system at similar
conditions, rate constants for the forward and reverse reactions,
previously defined as R1-R3, were obtained from a study
conducted by Vicente and co-workers on transesterification
kinetics.29 This particular study was chosen because Vicente et
al. explored a broad range of conditions using the same catalyst
(KOH) as used in the present study. Using Polymath software
version 5.1, a series of six differential equations were defined
assuming elementary reversible kinetics described by Vicente
et al. Conversion was defined as previously shown in eq 2, and
reported rate constants were used to solve for concentrations
of each species as well as conversion at any time, thereby
simulating a batch reactor. It is important to note that by
inputting initial concentrations of TG, DG, methanol, and FAME
equal to that of the pretreated waste canola oil, a comparison
between the continuous reactor and a corresponding batch
system using the same feedstock could be made.
Using rate constants reported by Vicente et al. for a catalyst
loading of 1.5 wt % of vegetable oil triglycerides, at a
temperature of 45 °C, an equilibrium conversion of 99% was
calculated for a batch process. However, in the 19 min residence
time of the continuous reactor, the calculated batch conversion
was only 98.3%. A dotted line representing a conversion of
98.3% is shown in Figure 7a. During the last 3 h of the
continuous run, represented by the final four data points in
Figure 7a, the average temperature at the reactor outlet was 46
°C; however, the catalyst loading was only 1.35 wt % of the
waste canola oil feed. Regardless of the unfavorable difference
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in catalyst loading, the conversion produced by the continuous
reactor during this time was consistently higher than that
achieved in the equivalent time by a batch process. For a short
period of time during the last two hours of the continuous run,
the outlet conversion exceeded the calculated equilibrium
conversion for the batch process.
While simultaneously achieving high conversion, the reactor
also achieved significant separation of glycerol produced by
reaction. It was observed that the rate of accumulation of
glycerol increased throughout the first several residence times
of sampling the reactor. Relatively large error bars are shown
in Figure 7b, representing the effect of the uncertainty of
glycerol flow leaving the bottom of the reactor on the separation
efficiency. This uncertainty arises from the manual level control
on the glycerol in the bottom of the reactor obtained with
valve v3.
As the temperature at the outlet of the reactor peaked at
approximately 49 °C, the glycerol separation efficiency reached
a value greater than 99%, within experimental error. However,
due to on/off control applied to the heating elements by the
water heater’s thermostat, the waste canola oil feed temperature
slowly cooled by nearly 8 °C, Figure 7c, before increasing again
after 300 min. Consequently, as shown in Figure 7b, the
efficiency of glycerol separation decreased significantly. This
result agrees with eq 1 provided earlier. According to eq 1, the
settling velocity of glycerol is inversely proportional to the
viscosity of the continuous oil phase. Viscosity has an exponential dependence on temperature,34 and small changes in
temperature can cause a large change in the settling velocity of
glycerol, and therefore change the separation efficiency of the
reactor. Nevertheless, the separation efficiency at all times
exceeded 70%.
More work is needed to verify this hypothesis that the
separation efficiency is very sensitive to reactor temperature
(34) Parnas, R. S. Liquid Composite Molding; Hanser Gardner Publications Inc.: Cincinnati, OH, 2000.
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since other explanations may also explain the observed data.
For example, at the higher conversions achieved after 150 min,
illustrated in Figure 7a, the glycerol droplets could be smaller
and more numerous than at lower conversions. Smaller glycerol
droplets would result in a larger fraction of glycerol being swept
out the top of the reactor, and therefore smaller separation
efficiency.
Conclusions
Pretreated waste canola oil was fed to a novel continuous
flow reactor/separator for a total of 6 h in order to achieve high
conversion to biodiesel and simultaneous separation of the
coproduct glycerol. It was determined that after initial start up
fluctuations the reactor was able to achieve as high as 99.3%
conversion of waste canola oil to biodiesel and separate as much
as 99% of glycerol produced. The reactor was able to reach
conversion higher than that obtained in a batch system for the
equivalent residence time and feedstock, and for a short period
of time, achieved conversion exceeding the equilibrium conversion attained by a corresponding batch system. It was speculated
that the separation efficiency was a strong function of temperature, as indicated by a large drop in separation efficiency due
to a gradual drop in waste canola oil feed temperature. Ongoing
work to improve the reactor control system and conduct basic
measurements of the glycerol separation dynamics will provide
more quantitative understanding of the separation behavior in
this new reactor design.
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